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Abstract 

Filamentous fungi are a major source of secondary metabolites with potential industrial 

applications. Genome sequencing has revealed that only a small fraction of the biosynthetic capacity 

of fungi has been characterised. However, accessing the compounds encoded in fungal genomes is 

limited by the low expression of biosynthetic gene clusters (BGCs) under laboratory conditions. 

Additionally, BGCs are often found in genetically intractable fungi and need to be transferred to a 

heterologous host for expression. Current methods for expressing BGCs remain cumbersome and 

time-consuming, thus limiting the rate of compound discovery. The aim of this thesis is to develop 

new synthetic biology tools for filamentous fungi to address some of the current bottlenecks in 

genomics-driven natural product discovery. 

In Chapter I, I present an overview on genomics- and synthetic biology-enabled natural 

product discovery in fungi, with a focus on the use of Aspergillus nidulans as chassis for heterologous 

expression. Limitations on current methods for expressing BGCs are identified, that will motivate 

the development of novel tools for fungi in the following chapters. 

Implementing new tools for efficient targeted activation of silent BGCs can advance our 

capability to discover novel metabolites. In Chapter II, I developed a system of artificial 

transcriptional activators based on CRISPR (CRISPRa) for filamentous fungi that can be easily 

programmed to target any gene by changing a guide RNA sequence. Vector sets based on 

CRISPR/dSpCas9-VPR and CRISPR/dLbCas12a-VPR were built and tested in A. nidulans. Different 

constructs and expression strategies for CRISPRa components were validated by observing 

activation of a fluorescent reporter. In Chapter III, I further evaluated the use of the 

CRISPR/dLbCas12a-VPR system for the activation of silent biosynthetic genes in A. nidulans. 

Different strategies were tested targeting the native nonribosomal peptide synthetase-like gene 

micA, observing up to 30-fold increases in the production of the metabolite microperfuranone. Then, 

I further demonstrated the potential of CRISPRa by targeting multiple genes within the mic cryptic 

BGC, resulting in the discovery of the final cluster product. Alternative CRISPRa strategies and 

dLbCas12a- variants were also evaluated, providing a framework for the further development of 

CRISPRa in filamentous fungi.  

In parallel, in Chapter IV, I aimed to identify the BGC and elucidate the biosynthesis of 

burnettiene A from A. burnetti by cloning of the candidate gene cluster and heterologous expression 

in A. nidulans. Strains were created harbouring episomal vectors containing fragments of the bue 

cluster, leading to the production of burnettiene A and pathway intermediates. Additionally, 

strategies were explored for improving compound titres.  

Building A. nidulans strains for stable expression of heterologous BGCs is important for 

scaling-up for industrial production. However, current methods for the targeted chromosomal 
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integration of large BGCs show limited efficiency. To overcome this limitation, in Chapter V, I 

developed a system for one-step integration of large heterologous DNA fragments into A. nidulans 

using Cre/lox recombination. Targeted transformation efficiency of different donor vectors at two 

landing loci was characterised, including the integration of a ~20 kb fragment of the bue BGC. 

Chromosomal expression from the recombinant strains was benchmarked against episomal 

expression by observing a fluorescent reporter and production of burnettiene B.  

The final Chapter VI contains a general conclusion and a brief perspective on A. nidulans as 

a chassis for synthetic biology. The tools and methods established in this work represent a valuable 

expansion to the filamentous fungi synthetic biology toolbox for natural product discovery and 

beyond.  

 

KEYWORDS: Aspergillus nidulans, filamentous fungi, secondary metabolites, synthetic 

biology, CRISPRa, recombinases, biosynthetic gene clusters, heterologous expression. 
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Chapter I : Synthetic biology for fungal natural product 
discovery 

I.1. Prologue 

Our capability to tap into the biotechnological potential of microbes increases as we gain 

access to their genetic information and develop ways to manipulate it. Synthetic biology aims 

to engineer organisms using molecular biology to perform new functions, such as producing 

chemical compounds on demand. Therefore, one of the fields that benefits by the advances of 

synthetic biology is natural product discovery (Awan et al., 2016; Medema et al., 2011; 

Smanski et al., 2016). Natural products (NPs) are bioactive molecules synthesised by living 

organisms with useful applications. Some groups of organisms, like filamentous fungi, are 

prolific producers of NPs of pharmaceutical importance (Keller, 2019).  

It was not until the last century, with the discovery of the fungal-derived compound 

penicillin, that the era of mass-produced antibiotics started. Currently, natural compounds 

serve as scaffolds for 50–70% of all drugs in clinical use (Newman and Cragg, 2020; Walsh 

and Tang, 2017). Many of these drug leads were discovered during the “golden age” of NP 

discovery (1940s–1970s). During this time, culture based assays and analysis of extracts had 

allowed for the identification of the main groups of fungal NPs. However, the efficiency of 

traditional screening soon decreased after most of the “accessible” metabolites were 

discovered. The consequent high rate of rediscovery and lack of productivity lead to a decrease 

in NP research in pharmaceutical industries (Bérdy, 2012; Wright, 2017).  

A re-emergence in natural product discovery arrived with the genomic era. Accessing 

microbial genomes revealed that fungi encode a bigger biosynthetic capacity than anticipated 

with traditional screening methods. It is now estimated that only ~10% of the biosynthetic 

capacity of each fungus is detectable under laboratory culture conditions (Walsh and Tang, 

2017). This motivated the development of novel tools and methodologies for genomics-based 

NP discovery, ranging from bioinformatics to genetic manipulation. These approaches, 

collectively known as genome mining, promised a more selective and efficient way to access 

the hidden chemical diversity of fungi (Gilchrist et al., 2018). With >1000 fungal genomes 

already sequenced, it is estimated that <3 % of the metabolic potential from fungi has been 

explored (Li et al., 2016b). Thus, the cryptic NPs encoded in fungal genomes represent an 

almost unexplored reservoir of compounds with potential biotechnological applications. 

However, translating fungal genetic information to compounds still faces several bottlenecks 

which limit the rate of compound discovery.  
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The aim of this thesis is to develop novel synthetic biology tools to accelerate NP 

discovery in fungi. In the following sections of this introductory chapter, I present the 

relevance of fungal NPs, the genetic basis of their biosynthesis and an overview of the genetic 

tools available for genomics-driven NP discovery. Based on this overview, I will identify 

innovation gaps that will inspire the development of novel synthetic biology tools for fungi in 

the following chapters. The structure of the thesis is also described at the end of this chapter. 

I.2. Fungal secondary metabolites 

NP can include organic compounds from primary metabolism, common to most 

organisms, but the term is most used to refer to compounds derived from specialised 

secondary metabolism. Secondary metabolites (SMs) are low molecular weight (usually 

<1,500 Da) and display a remarkable structural diversity, that is reflected in their broad 

spectrum of bioactivities (Keller, 2019). SMs are considered dispensable for the basic 

biological functions of an organism, but advantageous at specific ecological or developmental 

situations. SMs intrinsically possess drug-like proprieties, as they have been selected by 

evolutionary pressures to interact with biological targets with high specificity. Additionally, 

selection pressures could also act on other desirable traits such as optimal stability and 

bioavailability (Medema et al., 2011). Overall, SMs remain a promising source of new drugs 

with potential new modes of action. 

Filamentous fungi represent a major source of SMs, which can be classified by their 

biosynthetic origin (Figure 1.1). Major classes of fungal SMs are polyketides (PKs), non-

ribosomal peptides (NRPs), terpenoids, alkaloids and ribosomally processed and post-

translationally modified peptides (RiPPs) (Figure 1.1). Some outstanding examples of the 

drug potential of fungal SMs are the antibiotics penicillin (NRP) and cephalosporin (NRP), the 

cholesterol-lowering lovastatin (PK) and the immunosuppressant cyclosporin (NRP). There 

are many other successful applications of fungal SMs in pharmaceutical and agricultural 

industries, as for example anticancer agents, fungicides and herbicides (Schueffler and Anke, 

2014). 
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Figure 1.1 Representation of the chemical space of fungal secondary metabolites (SMs) with the structure of 
some SM examples. The different colour highlights different groups of secondary metabolites according to 
their biosynthetic origin. RiPPs stands for ribosomally processed and post-translationally modified peptides. 

The observed bioactivity of fungal SMs extracts for anthropocentric applications do not 

necessarily reflect their role in fungal biology at ecological concentrations. Nevertheless, SMs 

are key players in many processes of fungal biology and ecology. The study of fungal secondary 

metabolism is particularly relevant to understand fungal pathogen-host interactions. Several 

SMs have been demonstrated to be essential for fungal pathogenesis and disease development 

in plants or humans (Scharf et al., 2014). Fungi are the main causal agent of crop plant 

diseases, which imposes a major risk to food security due to crop yield losses or contamination 

with harmful mycotoxins (Chooi and Solomon, 2014). Opportunistic human pathogens, such 

as Aspergillus fumigatus, represent a major health risk for immunocompromised patients 

(Raffa and Keller, 2019). Therefore, advancing our understanding of fungal SMs also offers 

new avenues to control fungal pathogens. Besides pathogenesis, filamentous fungi play 

relevant, and often overlooked, roles in ecosystems across a wide variety of lifestyles. SMs are 

involved in fungal development, securing habitat and inter- and intraspecific communication 

(Keller, 2019). Therefore, the study of the fungal secondary metabolism is also relevant to 

understand the ecological fitness of this diverse group of organisms. 

I.3. Biosynthetic gene clusters 

The analysis of fungal genomes not only revealed the high number of genes dedicated to 

secondary metabolite biosynthesis, but also their signature architecture. The genes encoding 

a SM biosynthetic pathway are usually found in a contiguous fashion, forming biosynthetic 

gene clusters (BGCs) (Figure 1.2a). Fungal BGCs contain 2-20 genes and can span genomic 
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regions of more than 50 kilobases (kb) (Keller, 2019). The hallmark of a BGC is the presence 

of a core enzyme, such as polyketide synthases (PKSs) or non-ribosomal peptide synthetases 

(NRPSs). Both NRPS and PKS are large mutidomain and multimodular enzymes. These 

enzymes build the secondary metabolite scaffold in a process that involves the polymerization 

of primary metabolites. The different enzyme modules are responsible for one chain 

elongation step, and each module can be subdivided into domains that control the choice of 

extender unit and their modifications (Brakhage, 2013). Core enzymes can also rely on the 

iterative use of domains within a single module through multiple catalytic cycles (Chooi and 

Tang, 2012). The SM scaffold is then further modified by tailoring enzymes encoded within 

the BGC as for example, acyltransferases, cytochrome p450 enzymes, and epimerases, that 

confer additional structural functionalities to the final SM (Keller, 2019). BGCs often contain 

transporter genes and other genes necessary for the self-protection against toxic BGC 

products. Some BGCs also include transcription factors (TFs) that positively regulate the genes 

within the cluster.  

Advancing our understanding of the enzymatic functions encoded on BGCs is also one 

of the aims of contemporary NP discovery. The discovery of novel biosynthetic enzymes and 

catalytic functions is of great interest not only for drug development, but also for other 

biocatalyst applications such as green chemistry. For example, the understanding of the role 

and substrate range of the acyltransferase LovD from the lovastatin pathway led to the 

development of novel routes for the production of semisynthetic drug simvastatin (Xie and 

Tang, 2007). Expanding the enzymatic toolbox is also useful for engineering new metabolic 

routes with combinatorial biosynthesis and other metabolic engineering applications (Pickens 

et al., 2011). Ultimately, the study of SM biosynthesis also sets the foundation for the synthetic 

design of novel enzymes and drugs. For example, decoding the mechanisms of an iterative 

fungal NRPS allowed for the engineering of enzyme variants that synthetise novel molecules 

(Yu et al., 2017). 

The sequencing of fungal genomes also evidenced that SM biosynthesis is taxonomically 

restricted. BGC-rich taxa include several classes of Ascomycete and Basidiomycetes (Figure 

1.2b) (Keller, 2019; Rokas et al., 2018). Among the Ascomycete class, fungus from subphylum 

Pezizomycotina, also known as filamentous fungi, are prolific SM producers. Filamentous 

fungi usually contain 30-70 BGCs per genome. One of the most explored genus for SM 

discovery is Aspergillus, that comprises ~340 species (Li et al., 2016b). Interestingly, the 

majority of BGCs are species-specific (Robey et al., 2020). For example, there is low overlap 

on the BGCs between related species like Aspergillus nidulans, A. fumigatus and A. niger 

(Lind et al., 2015). Variations on BGC content have been observed even within different 

environmental isolates of the same species (Lind et al., 2017). Thus, exploring BGCs at species 
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level represents significant opportunity for NP discovery. Considering that there are >2.5 

million predicted fungal species, it is estimated that the number of fungal BGCs is over several 

million (Figure 1.2b) (Hawksworth and Lücking, 2017; Keller, 2019).  

 

Figure 1.2 Fungal biosynthetic gene clusters (BGCs) a. Schematic of a BGC containing a core backbone 
enzyme (e.g. PKS/NRPS) which builds the compound scaffold defining its chemical class. The most 
abundant type of genes are tailoring enzymes that are responsible of the subsequent steps of the biosynthesis 
of the final SM. BGCs can contain transcription factors that regulate the expression of the BGC, transporters 
or genes that protect the fungus from toxic pathway products. Often BGCs contain hypothetical genes whose 
function remains to be elucidated. b. Fungal BGCs represent an untapped source of new bioactive molecules. 
Example of BGC-rich fungal taxa and estimated number of species is indicated. Infographic based in the 
numbers and categories outlined in Keller 2019, Li et al. 2016 and Rokas et al. 2018. 

It has been proposed that the evolutionary forces driving clustering of biosynthetic genes 

are related to favouring horizontal gene transfer and BGC transcriptional coregulation (Rokas 

et al., 2018). BGCs are often coregulated in accordance with their ecological function (Keller, 

2019). For example, many of the BGCs from the wheat pathogen Parastagonospora nodorum 

are upregulated during the infection in plant (Chooi et al., 2017; Li et al., 2018). As a result of 

their tight regulatory control, the vast majority of BGCs remain silent or lowly expressed under 

laboratory conditions and the encoded products are not detected (Figure 1.3). This explains 

why during traditional NP screenings only a small fraction of the SMs encoded in fungal 

genomes were observed. In this thesis, we will referrer to BGCs with low or no expression as 

“silent”. BGCs with no linked metabolite product are referred to as “cryptic” or “orphan”. In 

principle, the lack of observable metabolite could due to limitations in any of the multiple steps 

involved in the biosynthesis of the metabolite and the downstream extraction and analysis 

(Figure 1.3) (Machado et al., 2017). Nevertheless, most “cryptic” BGCs are also 

transcriptionally “silent”, and therefore controlling their expression is key for accessing novel 

SMs. To design artificial ways to control the expression of silent BGCs with synthetic biology, 

it is relevant to understand how BGCs are naturally regulated in fungal biology. 
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Figure 1.3 Overview of steps and requirements necessary for SM production and analysis. BGC genes are 
controlled at the transcriptional level by a complex network of regulators that respond to a wide array of 
environmental and developmental stimuli. Chromatin-dependent regulation plays an important role in 
regulation, with most clusters found flanked by heterochromatinic regions. Although transcriptional 
silencing is one of the main reasons a BGC can remain “cryptic”, there are many other aspects that could also 
influence compound production. Postranscriptional regulation, precursor and cofactor availability, correct 
protein localisation, the precence of competing pathways or shunt products could influence the final 
compound concentration. In the downstream processing for SM analysis, the methods used for extraction 
and detection also play a role in the efficiency and sensitivity of SM detection.  

At a transcriptional level, BGC genes are tightly coregulated by a complex network of 

pathway-specific and global transcriptional and epigenetic regulators. Around half of all BGCs 

contain a transcription factor (TF) encoded within the cluster that often acts as a positive 

regulator of that BGC. The most common type of cluster-specific TFs contain a Zn2Cys6 DNA 

binding motif, that is unique to fungi (Brakhage, 2013). Global regulators translate 

environmental signals and regulate several BGCs in both positive and negative ways, along 

with other processes of fungal biology. They respond to a wide array of stressors, such as pH, 

temperature, nutritional input, redox status, light, or the presence of other organisms (Keller, 

2019) (Figure 1.3). Global regulators include DNA-binding TFs, for example carbon catabolite 

repressor CreA, as well as transcriptional complexes, as the heteromeric Velvet complex 

(Macheleidt et al., 2016).   

It has become evident that chromatin is a central regulator of fungal BGC expression 

(Collemare and Seidl, 2019). In fungi, as in all eukaryotes, the DNA in the nuclei is organised 

in complex with proteins and RNA, forming the chromatin (Keung et al., 2015). The nuclear 

DNA is wrapped around histone octamers, forming nucleosomes. Nucleosomes can be 

biochemically modified and positioned by the action of many chromatin-modifying proteins. 

As a result, chromatin is dynamic, transitioning between “open” states permissive for gene 

expression named euchromatin, and “closed” states that result in gene silencing named 
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heterochromatin. BGCs are often flanked by heterochromatinic regions (Palmer and Keller, 

2010). 

 Several components of the epigenetic machinery have been shown to regulate SM 

biosynthesis, however their effect can be varied on different BGCs (Pfannenstiel and Keller, 

2019). For example, the deletion or chemical inhibition of the histone deacetylase RpdA in A. 

nidulans leads to nearly equal numbers of metabolites up- and down-regulated by 100-fold 

(Albright et al., 2015). Disrupting the epigenetic machinery also can result in pleiotropic 

effects that could influence BGC expression, which complicates the analysis of regulatory 

mechanisms (Pfannenstiel and Keller, 2019). How chromatin regulates BGC expression still 

remains a mostly unexplored but promising field, with the role of more epigenetic marks yet 

to be characterised (Collemare and Seidl, 2019). 

I.4. From genes to compounds with fungal genome mining 

The reduced cost of next generation sequencing (NGS) has made obtaining genomic 

information for NP discovery increasingly accessible. The high sequence conservation in the 

domains of biosynthetic genes and their co-localisation make BGCs easily identifiable with 

bioinformatic algorithms. This has led to the development of an extensive suite of 

bioinformatic tools for BGC identification, for example AntiSMASH (antibiotics and 

secondary metabolite analysis shell) (Blin et al., 2019). Additionally, curated BGC databases, 

such as MIBIG, are rapidly expanding allowing the comparison of cryptic BGCs by homology 

to known BGCs for filtering and selection (Gilchrist et al., 2018; Medema et al., 2015). As the 

expression of genes within a BGC is co-regulated, transcriptomic data can also be used to 

identify cluster boundaries and prioritise BGCs by ecological relevance (Chooi and Solomon, 

2014). Altogether, bioinformatic resources for genome mining help prioritising BGC 

candidates increasing the chance of discovery of novel molecules or molecules with desired 

bioactivities (Gilchrist et al., 2018; Kjærbølling et al., 2019). However, the final chemistry of 

the compounds encoded in cryptic fungal BGCs cannot yet be estimated bioinformatically, and 

the structure of the encoded compound must be empirically determined. 

To characterise a novel compound, production levels that enable downstream analysis 

by methods of metabolite identification are needed (Rutledge and Challis, 2015). Analytical 

methods such as liquid chromatography coupled to diode array detection and mass 

spectrometry (LC-DAD-MS) are routinely used to compare metabolic profiles. Examination of 

a compound UV absorption spectra, m/z molecular weight mass and fragmented ions by LC-

MS/MS can also offer clues on SM identity. In most cases, analysis by nuclear magnetic 
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resonance (NMR) spectroscopy of pure compound and/or X-ray crystallography (if the 

compound can be crystalised) is needed for final structural elucidation.  

A wide variety of approaches has been explored to elicit the expression of “cryptic” BGCs 

to levels that allow compound analysis (Keller, 2019; Rutledge and Challis, 2015). Some 

strategies rely on triggering global changes in the organism resulting in the direct or indirect 

upregulation of BGCs (Rutledge and Challis, 2015). Cultivating a fungus on different media or 

coculturing with other species can result in changes in compound production in some cases. 

For example, co-cultivation of A. nidulans with some species of actinomycetes leads to the 

activation of the ors cluster and production of orsellinic acid (Schroeckh et al., 2009). At a 

genetic level, deletion or overexpression of global transcriptional regulators has resulted in the 

activation of some BGCs (Oakley et al., 2017). Disrupting chromatin modifying proteins with 

genetic tools or with small molecule inhibitors can also result in changes in compound 

production (Albright et al., 2015). However, these pleiotropic strategies have failed to identify 

a universal way to activate BGCs. Additionally, the outcome of global and pleiotropic changes 

on the fungus fitness is often unpredictable impacting other aspects of its biology and may 

cause abnormal growth (Lyu et al., 2019).  

On the other hand, cluster specific strategies allow for the direct exploration of the BGC 

of interest in more controlled conditions (Figure 1.4) (Rutledge and Challis, 2015). Cluster 

specific TF overexpression via promoter exchange has been used frequently to activate 

expression of entire BGCs (Bergmann et al., 2007; Lyu et al., 2019). For example, upregulation 

of the TF afoA resulted in the production of the SM asperfuranone in A. nidulans (Chiang et 

al., 2009). However, many BGCs lack an identifiable cluster specific TF, and often TF 

overexpression fails to activate the whole BGC. For example, Ahuja and co-workers observed 

products in only 3 of 18 BGC whose putative TF was overexpressed in A. nidulans (Ahuja et 

al., 2012). Interestingly, Grau and co-workers demonstrated that by fusing the activation 

domain of AfoA to an otherwise inactive cluster specific TF, they could activate the production 

of the final cluster compound (Grau et al., 2018).  

When TF overexpression is not an available strategy, the main alternative is to exchange 

the promoters of each gene in the BGC with strong promoters (Ahuja et al., 2012; Yeh et al., 

2016). This strategy was successful to identify the first metabolite product of several PKS 

clusters in A. nidulans (Ahuja et al., 2012). However, for complete BGC overexpression in the 

native organism, promoter exchange (also known as refactoring) can be cumbersome due to 

the need for marker recycling for the multiple chromosomal manipulations (Chiang et al., 

2013). Overall, cluster-specific approaches for BGC activation in a native host organism 

mostly rely on biosynthetic gene (BG) or TF promoter refactoring. This leads to the first 
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innovation gap identified on this thesis: novel methods are needed for targeted activation of 

BGCs under their native regulatory sequence, to bypass the need for promoter refactoring. 

 

Figure 1.4 Pipeline for genome mining of cryptic BGCs with cluster specific aproaches. After genome 
sequencing and annotation, bioinformatic tools are used for the identification and priorisation of candidate 
BGCs. To activate gene expression, BGC engeniering is often necessary, often through the replacement of the 
promoter region of all genes. For clusters found in fungi with no genetic tools available, the BGC is 
transferred to an heterologous host for production. The downstream analysis include extraction and often 
purification for structural chemistry analysis and bioactivity evaluation.  

New cryptic BGCs are often identified in fungal species with no established genetic 

manipulation protocols or those that are difficult to cultivate. In those cases, a heterologous 

host with well-established genetic tools is preferred for expression (Figure 1.4) (Alberti et al., 

2017). Although popular chassis organisms like Escherichia coli and Saccharomyces 

cerevisiae have been used to express fungal BGCs, they are not naturally prepared for SM 

biosynthesis and face several limitations. Some of the aspects to consider when expressing 

BGCs in distant host organisms are limitations on building blocks for SMs, different codon 

usage to the heterologous source, susceptibility to SMs (e.g. antibiotics), lack of the machinery 

for post-translational modifications and splicing incompatibility. Nevertheless, some S. 

cerevisiae strains have been engineered for increased compatibility to SM biosynthesis, and 

used for high throughput screening of BGCs (Harvey et al., 2018). For example, the yeast 

platform developed by Harvey et al. uses strains that contain posttranslational modification 

enzymes for BGC expression, and relies on DNA synthesis to create a custom yeast-compatible 

expression cassettes. However, as BGCs are often >20 kb, the costs of DNA synthesis still 

remain restrictive for most research groups for creating custom BGCs. To obtain the sequence 

of BGCs for heterologous expression, most researchers currently rely instead on PCR 

amplification (Hu et al., 2019) or genome capture (Clevenger et al., 2017).  

 In that context, filamentous fungi are the most compatible heterologous hosts for 

expression of BGCs from intractable filamentous fungi, due to the correct mRNA splicing, the 

presence of specialized cellular compartments and secretion systems, and overall better 

genetic portability (Anyaogu and Mortensen, 2015; He et al., 2018; Zhang et al., 2019). Several 
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Aspergilli have been widely used as host for SM production. For example, A. nidulans has 

been successfully utilised as a heterologous host by several groups (Caesar et al., 2020; Chiang 

et al., 2013; Clevenger et al., 2017; Liu et al., 2019c; Nielsen et al., 2013a), including ours (Hu 

et al., 2019; Li et al., 2020a).  

A. nidulans has played a key role as a chassis for SM production due to its well-

established genetic toolbox (Caesar et al., 2020). Current strains used for heterologous 

expression have been engineered for auxotrophic selection, improved homologous 

recombination efficiency and a cleaner metabolic background. For example, the strain A. 

nidulans LO8030 has eight native BGCs deleted, not only resulting in a minimal baseline 

metabolic profile, but also benefiting from a more available pool of SM precursors (Chiang et 

al., 2016). Additionally, many genetic parts, such as promoters and terminators, have been 

shown effective for heterologous BG expression (Hu et al., 2019). However, refactoring of 

BGCs for heterologous expression requires the cloning of multiple and often large biosynthetic 

genes, which can be cumbersome. Other methods to express BGCs, such as engineered 

polycistronic mRNA, also rely on amplification or synthesis of all BGC genes (Unkles et al., 

2014).  

In the last years, autonomously replicating episomal vectors based on the AMA1 

(autonomous maintenance in Aspergillus) sequence have been widely adopted for 

heterologous expression in A. nidulans (Caesar et al., 2020). AMA1 confers high 

transformation efficiency, although is genetic stability is limited and has to be maintained with 

selection pressures (Gems et al., 1991). Chromosomal integration of large BGCs (≥20 kb) into 

A. nidulans to create strains for stable expression of heterologous BGCs remains limiting due 

the low efficiency of integration methods such as homologous recombination. This is identified 

as the second technological gap to address in this thesis: new tools are needed for the fast 

construction of stable strains for heterologous expression of large BGCs. 

To sum up, although several approaches have been developed for BGC activation, they 

are not considered universally effective. Strategies with higher success rates, such as promoter 

replacement remain laborious due to challenging and time-consuming cloning steps. As a 

result, current genome mining strategies cannot keep up with the increasing amount of 

bioinformatically identified BGCs. New methods for the precise activation of BGC expression 

are needed that offer higher throughput and scalability. Additionally, new tools are necessary 

for faster engineering of stable strains for heterologous expression in A. nidulans, to facilitate 

scaling up and compound purification. Overall, breakthrough technologies to manipulate 

BGCs for SM expression have the potential to accelerate fungal genome mining. 
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I.5. Aspergillus nidulans as a synthetic biology chassis 

Synthetic biology aims to rationally engineer biological parts, devices, and systems, 

while also establishing standards for design and characterisation. The synthetic biology 

pipeline makes use of iterative cycles of Design-Build-Test-Learn (DBTL) in order to create 

and optimise novel biological functions (Figure 1.5). Strategies from synthetic biology have 

broadly impacted natural product discovery in fungi and other organisms (Medema et al., 

2011; Smanski et al., 2016). However, many developments have been first established using 

conventional chassis organisms, such as E. coli and yeast, and filamentous fungi synthetic 

biology is comparatively underdeveloped.  

 

Figure 1.5 Proposed design-build-test-learn cycle for the establishment of novel tools for natural product 
discovery using Aspergillus nidulans as a synthetic biology chassis. The design stage involves identification 
of the problem and the design of the genetic tool and the experimental strategy, including the selection of 
genetic parts, chassis strains, pathways to be explored, etc. The build phase involves the assembly of new 
DNA parts, creation of novel strains. The test phase consists of evaluation and validation of the design 
through analysis of the novel biological system with analytical techniques or reporter genes. Finally, the learn 
component of the cycle involves the analysis of the data, to obtain insights on critical aspects of design that 
could feed a new iteration on the cycle towards an improved tool prototype.  

A synthetic biology chassis is defined as an organism that has been engineered for 

efficacy for a desired function and that counts with a good engineering toolbox for further 

construction of genetic devices or circuits (Calero and Nikel, 2019; De Lorenzo et al., 2021). 

In that sense, engineered A. nidulans holds potential as a synthetic biology chassis, as it is a 

well-established system for natural product biosynthesis (Caesar et al., 2020). Other 

characteristics that make A. nidulans an attractive organism include (i) it is normally haploid 
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and has uninucleate spores, allowing simple genetic screening, (ii) transformation protocols 

are well established and protoplasts can be stored cryogenically, (iii) supports fast growth on 

solid and liquid minimal media, (iv) its ~30 Mbp genome has been thoroughly annotated 

(Galagan et al., 2005), (v) as result of being a model organism for fungi its biology is deeply 

characterised as well as its metabolism (vi) several tools are available for its genetic 

manipulation like replicative and integrative vectors and CRISPR gene editing (Aleksenko and 

Clutterbuck, 1997; Galagan et al., 2005; Nødvig et al., 2015; Todd et al., 2007). Overall, A. 

nidulans has played a central role in pioneering genetic tools in fungi. From genetic parts to 

devices, many of the constructs developed in A. nidulans have allowed cross-species and even 

cross-genus portability to other fungi (Aleksenko and Clutterbuck, 1997; Nødvig et al., 2015; 

Pall and Brunelli, 1993). Considering that Aspergilli contains many species of 

biotechnological and medicinal relevance; for example A. niger, A. oryzae, A. fumigatus and 

A. terreus; the development of tools for filamentous fungi can also benefit other fields (Meyer 

et al., 2016).  

However, there is still a long road towards the complete development of A. nidulans as 

a standardised synthetic biology chassis. The standardisation of genetic parts and protocols is 

one of the hallmarks of synthetic biology and aims to increase the reproducibility and 

portability of the constructs. Another relevant milestone of a synthetic biology chassis 

development is the availability of advanced genetic tools and securing the stability of the 

genetic constructs (De Lorenzo et al., 2021). In that sense, several of the synthetic biology tools 

developed in the recent decade (Meng and Ellis, 2020) remain untested on A. nidulans and 

there is opportunity for development. Furthermore, little is known about the genetic stability 

of devices engineered in A. nidulans (e.g. stability of episomal constructs).  

The development of A. nidulans as a bona fide synthetic biology chassis would also likely 

contribute to the development of synthetic biology for filamentous fungi in general. 

Filamentous fungi are widely used in industrial biotechnology, with applications such as 

metabolite biosynthesis, enzymes production and structural materials (Meyer et al., 2020; 

Wang et al., 2020). As filamentous fungi are efficient decomposers and can grow on a wide 

range of carbon sources, fungal chassis have great potential to contribute to a bio-based 

economy. Similarly, advanced genetic tools developed for multicellular fungi can contribute to 

basic research in mycology. Considering that <6% of fungal species have been described 

(Hawksworth and Lücking, 2017), there is a big biodiversity reservoir whose study will benefit 

from advanced genetic tools. To sum up, advancing the development of synthetic biology in A. 

nidulans and multicellular fungi will be beneficial for research and industry. 
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I.6. Thesis statement and outline 

Breakthrough methods are needed to accelerate natural product discovery in 

filamentous fungi. The synthetic biology pipeline in the chassis A. nidulans offers a frame for 

developing novel devices for genome mining (Figure 1.5). In this introductory chapter, I 

identified two bottlenecks for translating BGC genomic information to compounds that will 

guide the development of novel synthetic biology tools in the following chapters. First, new 

tools are needed for activating the expression of biosynthetic genes under their native 

promoters, bypassing the need for promoter replacement. Secondly, new tools are needed for 

the fast construction of stable strains for the heterologous expression of large biosynthetic 

gene clusters. The following chapters of this thesis address the development of synthetic 

biology tools and their evaluation for NP discovery. Each chapter contains an introduction, 

providing a frame for each synthetic biology tool or application, results, discussion, and 

methods section. 

To activate the expression of genes under their native promoter, in Chapter II, I aim to 

establish a system of CRISPR-based artificial transcription factors for programmable gene 

activation. This chapter includes building several activator prototypes and evaluating their 

function targeting a proof-of-concept reporter in A. nidulans. This represents the first 

demonstration of CRISPR-based transcriptional activation in filamentous fungi. In Chapter 

III, I further evaluate the platform of artificial transcriptional activators by targeting silent 

biosynthetic genes in A. nidulans. Activation of the expression of the cryptic mic cluster leads 

to the discovery of the final cluster product. Part of the results of Chapter II and Chapter 

III have been published in ACS Synthetic Biology (Roux et al., 2020). 

In Chapter IV, I evaluate the use of episomal vectors for the expression and elucidation 

of a BGC encoding the novel polyketide burnettiene A, from Aspergillus burnetti in A. 

nidulans. This work was done in collaboration with Dr Andrew Piggott and Dr John Kalaitzis 

and the team at Microbial Screening Technologies Ltd. via a CRCP-funded project. 

In Chapter V, I aim to establish an artificial system for one-step chromosomal 

integration of large transformant DNA on A. nidulans using site-specific recombinases. After 

testing different chromosomal integration strategies, I further evaluate the recombinase 

system by integrating a~20 kb fragment containing the genes for burnettiene B biosynthesis 

(elucidated in Chapter IV). Different aspects of chromosomal and episomal expression are 

evaluated by observing a fluorescent reporter and compound production in A. nidulans.  

Chapter VI contains a general conclusion and a brief perspective on aspects of 

synthetic biology development in A. nidulans that are shared between all chapters. Overall, 

this thesis explores the potential of establishing synthetic biology tools in filamentous fungi, 
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setting the foundation for novel methods for accelerating genome mining of bioactive 

metabolites from fungi.  
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Chapter II : Establishing a CRISPRa system for 
filamentous fungi 

II.1. Introduction  

II.1.1. Programmable synthetic transcription factors for genome mining in fungi 

Tools for the synthetic control of gene expression allow us to study gene function as well 

as programming cells to perform tasks, such as producing chemicals (Brophy and Voigt, 2014). 

As described in Chapter І, the main method for targeted overexpression of silent BGCs consists 

in the replacement of the native regulatory regions of BGCs with characterised strong 

promoters. If a BGC contains a TF, overexpression of the TF under a strong promoter often 

results in the transcriptional activation of the rest of the genes in the cluster from its native 

sequence (Figure 2.1a). Otherwise, all the promoter regions of the genes within a BGC must 

be replaced to bypass its native regulation and achieve overexpression (Figure 2.1a). The 

process of BGC refactoring can be cumbersome, requiring the cloning of multiple and often 

large biosynthetic genes (Hu et al., 2019). BGC re-engineering represents a major bottleneck 

in accessing the products of bioinformatically identified silent BGCs (Gilchrist et al., 2018). 

Therefore, new synthetic biology tools that allow targeted activation of gene expression from 

their native regulatory sequences have the potential accelerate natural products discovery 

(Figure 2.1a). 

 In nature, TFs are key contributors to gene expression regulation. TFs are sequence-

specific DNA binding proteins that control the transcription rate of their target genes by 

binding to regulatory regions, such as promoters. In eukaryotes, TFs act through many direct 

or indirect mechanisms, resulting in the activation or repression of gene expression. Canonical 

activator TFs usually contain effector domain(s) that mediate transcriptional activation of its 

target gene by recruiting co-activators of the transcriptional machinery, or by modifying the 

chromatin state making it permissive for transcription (Roeder, 2019). However, the use of 

natural TFs to build gene circuits is limited by their sequence specificity, making their 

application restricted to their naturally targeted promoters or to engineered ones. 

Programmable sequence-specific DNA-binding proteins coupled with transcriptional effectors 

can be repurposed as synthetic TFs (sTFs) (Purcell et al., 2014). sTFs have the capacity control 

the expression of genes from their native sequence, bypassing the need for promoter 

replacement. Additionally, sTFs offer more specificity and orthogonality than natural TFs 
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(Purcell et al., 2014). Thus, activator sTFs represent a valuable tool for gain-of-function 

studies and hold potential as a method for BGC activation.  

 

Figure 2.1 Synthetic transcription factors (TFs) based on CRISPRa for BGC activation. a. Overview of 
different strategies to activate the expression of BGCs, such as TF overexpression and promoter refactoring. 
Programmable synthetic TFs have the potential to upregulate BGC expression from their native regulatory 
sequences. b. Schematic of components in a CRISPR-based activator. 

The first programmable sequence-specific sTFs were based on transcription activator-

like effector proteins (TALEs) or zinc finger proteins (ZFs) (Thakore et al., 2016). TALE and 

ZFs sTFs rely on protein-DNA interactions by multiple linked protein domains, each domain 

recognising 1 or 3 bp, respectively. Therefore, reprogramming the DNA binding specificity to 

target a new sequence requires the design and construction of a new custom protein. The 

engineering of custom ZFs and TALEs is challenging, preventing these tools from being widely 

adopted (Strauß and Lahaye, 2013). This is because ZF domains not always behave in a 

modular fashion when stacked, often requiring further optimisation of the custom protein. 

TALE repeat domains are more predictable to stack, but the repeat-prone nature of the TALE-

coding sequences makes their assembly challenging. Overall, they remain restrictive for 

applications that require targeting multiple and varying genes.  

A simpler DNA-binding platform was developed using clustered regularly interspaced 

short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) technologies. The 

CRISPR/Cas ribonucleoprotein complex recognises its target by Watson–Crick base pairing 

between the guide RNA and the target DNA (Figure 2.1b) (Doudna and Charpentier, 2014). 

Therefore, by modifying a short sequence of ~20 nt within the CRISPR guide RNA the 

CRISPR/Cas complex can be reprogrammed to target custom regions. Additionally, many 

genes can be targeted simultaneously by co-expressing multiple CRISPR guide RNAs 

(McCarty et al., 2020). Unlike CRISPR genome editing that uses nuclease-active CRISPR/Cas 

for targeted DNA cleavage, in CRISPR-based sTFs the CRISPR/Cas complex is nuclease-
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deactivated and linked to transcriptional effectors that modulate gene expression (Figure 

2.1b) (Chavez et al., 2015; Tak et al., 2017). CRISPR-based transcriptional activation 

(CRISPRa) has been established as a feasible tool for higher-throughput overexpression in a 

wide range of eukaryotic systems, such as yeast and human cell lines (Bowman et al., 2020; 

Wang et al., 2019a). At the start of this project CRISPRa had not been applied in filamentous 

fungi. To advance towards a CRISPRa-based method for BGC activation in filamentous fungi, 

first a CRISPRa platform for filamentous fungi had to be developed. In the following sections 

of the introduction of this chapter, I review aspects of CRISPRa systems that will inspire the 

design of a CRISPRa system for filamentous fungi. 

II.1.2. From bacterial defence to a technological platform : CRISPR/Cas9 and 

CRISPR/Cas12a systems 

A central aspect of the design of CRISPR-based sTFs is deciding which CRISPR/Cas 

system to use for programmable DNA binding. Their biology is relevant to understand how 

the different CRISPR/Cas systems work and how they are repurposed technologically. 

CRISPR/Cas technologies repurposed components from the naturally occurring CRISPR/Cas 

systems present in many bacteria and archaea. In these organisms, CRISPR/Cas provides 

immune memory against foreign nucleic acids such as virus (Makarova et al., 2015). There is 

an extensive diversity in CRISPR loci architectures and mechanisms. The two most popular 

CRISPR/Cas systems adopted for CRISPRa applications are CRISPR/Cas9 and 

CRISPR/Cas12a (previously known as Cpf1). 

 Cas9 and Cas12a systems have a distinct evolutionary origin, which is reflected in 

differences in the structures and molecular mechanisms that mediate different stages of the 

CRISPR response (Swarts and Jinek, 2018). In general, the CRISPR immune response can be 

dived in three stages: adaptation, expression/maturation, and interference (Figure 2.2) (Stella 

et al., 2017). The process is mediated by the genes encoded in the CRISPR locus, composed of 

a CRISPR array, several Cas proteins, and sometimes additional genes. The adaptation phase 

involves acquiring a short sequence from the infecting nucleic acid (termed protospacer) and 

integrating it into the CRISPR array gene as a spacer (Figure 2.2). During expression, the new 

spacer is cotranscribed with the rest of the CRISPR array, composed by all the spacers of 

previous infections separated by short palindromic repeats (termed scaffolds). The array is 

then processed to mature CRISPR RNAs (crRNAs), which each contains a single spacer. In the 

case of Cas9 systems, crRNA processing involves a trans-activating crRNA (tracrRNA), which 

forms a short region of double stranded RNA (dsRNA) with the scaffold from the pre-crRNA 

array, making it substrate of a housekeeping dsRNA specific RNAse III. In the case of Cas12a, 
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the crRNA processing is simpler. No auxiliary RNAs are necessary, and the crRNA array is 

processed by an RNAse motif present in Cas12a (Fonfara et al., 2016).  

Both Cas9 and Cas12a are examples of Class 2 CRISPR/Cas systems, a category that 

encompasses systems that require only one Cas protein for the interference step (Stella et al., 

2017). In the interference step, the ribonucleoprotein complex composed of the mature 

guiding RNA(s) and a Cas protein is directed to the target sequence containing the 

protospacer, performing a double-stranded DNA break (DSB) which inactivates the foreign 

nucleic acid (Stella et al., 2017). To avoid cleaving its own spacer sequences, CRISPR/Cas 

systems also require for targeting a short protospacer adjacent motif (PAM), that is present in 

the foreign DNA but absent in the bacterial CRISPR array locus (Figure 2.2).  

 

Figure 2.2 CRISPR/Cas immune defence, exemplified with Cas9 and Cas12a systems. Cas1–Cas2 
adaptation complex mediates the acquisition of spacers from protospacers in the foreign DNA sequence 
found adjacent to a PAM sequence, resulting in the incorporation of spacers into the CRISPR array gene. 
The crRNA array is expressed as a long RNA, and its maturation to individual crRNAs varies between 
different CRISPR/Cas systems. In the case of Cas9, a tracrRNA is necessary for processing of the crRNA 
array by housekeeping RNAse III. The tracrRNA:crRNA is also necessary for the recognition by Cas9 and 
the CRISPR/Cas complex activity. In the case of Cas12a, the crRNA array is recognised and processed by 
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Cas12a without the need of accessory RNAs. Cas9 and Cas12a systems also differ in the PAM sequence they 
recognise. Figure inspired by a diagram by Stella et al. (2017). 

The understanding of the CRISPR response along with the biochemical characterisation 

of the CRISPR/Cas system components paved the way for their biotechnological application 

(Adli, 2018). Class 2 systems were first adopted as a tool due the simplicity of a two-component 

ribonucleoprotein complex and ease of gRNA programming (Knott and Doudna, 2018). 

Harnessing its natural capability to create directed DNA DSB, the first CRISPR/Cas 

technological application was gene editing. The first system adopted for gene editing was the 

Class 2 type II-A CRISPR/Cas9 system found in Streptococcus pyogenes (SpCas9) (Cong et 

al., 2013; Jinek et al., 2012; Mali et al., 2013a). As Cas9 natural mechanism of crRNA array 

processing is hard to engineer, technological applications relied on the delivery of individual 

Cas9 guiding RNAs. To bypass the requirement of both a tracrRNA (~75 nt) and a crRNA (39–

42 nt), a chimeric crRNA:tracrRNA was developed named single guide RNA (sgRNA) of ~100 

nt in length (Jinek et al., 2012). In the rest of the thesis, the term gRNA will be used to refer 

to all guiding RNAs (crRNA, sgRNA, crRNA:tracrRNA) in a generic way. 

The Class 2 type V-A system Cas12a, as described above, has the capability to process 

individual crRNAs (~40 nt) from a crRNA array without auxiliary RNAs or enzymes. This 

feature allows to deliver multiple crRNAs from a single construct, facilitating CRISPR 

applications that require multiplexing (Zetsche et al., 2015). Additionally, it has been shown 

that Cas12a can process crRNA arrays embedded in mRNA transcripts in eukaryotic cells 

(Zhong et al., 2017). Several Cas12a orthologues have been repurposed technologically, such 

as the systems from Acidaminococcus sp. (AsCas12a), Lachnospiraceae bacterium 

(LbCas12a) and Francisella novicida (FnCas12a) (Zetsche et al., 2015). 

Both Cas9 and Cas12a are modular proteins in which the DNA binding and 

endonuclease activities can be decoupled. This allows the generation of DNAse deactivated 

Cas (dCas) mutants that act as DNA binding ribonucleoprotein with no catalytic activity (Jinek 

et al., 2012; Qi et al., 2013). Favoured by the slow dissociation kinetics of the CRISPR/dCas 

complex with its cognate DNA target, dCas can be repurposed as a programmable DNA-

binding complex (Jeon et al., 2018). This led to the development of a wide diversity of 

CRISPR/dCas tools by linking different proteins effectors to CRISPR/dCas (Dominguez et al., 

2016).  

Transcriptional regulation and epigenome engineering are one of the main 

CRISPR/dCas applications (Xu and Qi, 2019). CRISPR/dCas-based transcriptional regulation 

was first explored for CRISPR-based interference (CRISPRi). In CRISPRi the CRISPR/dCas 

complex is repurposed as a steric roadblock of the RNA polymerase during transcription, 

resulting in decreased gene expression. This phenomenon has been widely observed in 
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prokaryotic systems, however in eukaryotes CRISPR/dCas binding is generally not sufficient 

for strong gene repression. In eukaryotic systems, fusion to a repressor effector domain, such 

as KRAB, is necessary for efficient CRISPRi (Dominguez et al., 2016). By the same token, 

linking CRISPR/dCas to activator domains was explored resulting in CRISPRa tools.  

II.1.3. CRISPR/dCas-based activators for eukaryotes 

The concept behind CRISPRa is mimicking a canonical activator TF by recruiting 

transcriptional coactivators to the regulatory regions of the target genes. In principle, targeting 

sTFs to a window of <400 bp upstream a gene transcription start site (TSS) would secure 

targeting within the proximal promoter to activate expression (Dominguez et al., 2016). An 

archetypal activator TF contains a well-structured DNA-binding domain and transcriptional 

activation domain(s) (TAD). However, mimicking natural eukaryotic TFs is a challenging task 

due the lack of complete understanding of the mechanisms by which TADs effect activation 

(Roeder, 2019). Eukaryotic TADs usually are low-complexity poorly-conserved intrinsically 

disordered protein regions, often consisting in short motifs rich in hydrophobic and acidic 

residues (Staby et al., 2017).  

The engineering of early sTFs, relied on some well-defined “parts” known to behave as 

potent and autonomous TADs in several species (Purcell et al., 2014). Some popular TADs are 

the activation domain VP16 from Herpes Simplex Virus (Cress and Triezenberg, 1991), the 

P65 subunit of the human nuclear factor kappa B (Schmitz and Baeuerle, 1991) and Rta from 

the Epstein-Bar virus (Hardwick et al., 1992). Many of the functions of these TADs have been 

characterised, such as the capability of VP16 to recruit various transcription coactivators and 

a histone acetylase complex (Hall and Struhl, 2002). In this context, first generation CRISPR-

based activators consisted of the direct fusion of a single TAD to dCas9, such as p65 or VP64, 

this last one being a tetramer of VP16 (Farzadfard et al., 2013; Gilbert et al., 2013; Maeder et 

al., 2013a) (Figure 2.3). However, the activation strength observed when targeting with one 

sgRNA per gene was generally low, requiring multiple sgRNAs per gene for enhanced 

activation. To push the limits of activator potency, more complex activators were developed 

following the assumption that increasing the number and diversity of TADs linked to dCas 

would increase the system potency due to cooperative effects between activators.  
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Figure 2.3. Overview of different CRISPR/dCas9 or -dCas12a based activators. Transcriptional activation 
domains (TADs) act by recruiting coativators of the transcriptional machinery or cofactors that modify 
chromatin structure. Different strategies have been used to link TADs to either dCas9 or dCas12a, such as 
direct protein fusion or recruitment by RNA- or protein- based scaffolds. Many of the TADs used for 
CRISPRa are originated from viral effectors, TFs of different species or components of the epigenetic 
machinery.  

Second generation activators were built by increasing the amount and variety of TADs 

fused to dCas9/12a, or by using RNA- or protein-based scaffolds to recruit multiple TADs 

(Figure 2.3). Chavez and co-workers fused the tripartite activator VP64-p65-Rta (VPR) to the 

C- terminus of dCas9, and showed up to 300-fold improved activation over the first generation 

dCas9-VP64 (Chavez et al., 2015). This foundational work also highlighted the importance of 

the order by which the TADs were fused, with some configurations resulting in a better synergy 

between TADs. dCas9-VPR has been shown to outperform first generation activators across a 

wide range of species, and similarly dCas12a-VPR outperformed dCas12a-p65 in human cell 

lines (Chavez et al., 2016; Tak et al., 2017). To further increase activation potency, some 

constructs contain TADs fused to both C- and N- terminus of dCas9/12a. For example, the 

split activator dCpf1-SA2.0 (Nihongaki et al., 2019), consists in four pairs of TADs directly 

fused at both ends of two split dCas12a pairs. However, stacking multiple TADs in a single 

construct can be challenging due the generation of highly repetitive regions and possible 
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genetic and protein instability. For example, while the long activator protein dCas9-TV that 

includes six copies of the effector TAL with eight VP16 copies is an effective activator, further 

addition of TADs triggered expression problems and protein degradation (Li et al., 2017).  

To bypass the requirement of repetitive genes, other second-generation activators make 

use scaffolds to multimerically recruit activators by protein-protein interactions. For example, 

SunTag consists of a peptide array that can be fused to dCas9 or dCas12a, and acts as an 

epitope to recruit multiple antibody parts fused to activator domains (Gilbert et al., 2014; 

Tanenbaum et al., 2014; Zhang et al., 2017b). The first SunTag system had the capability to 

recruit 10 copies of VP64, which enabled strong activation (10- to 50-fold) in a locus where 

the activation with dCas9-VP64 was minimal (Tanenbaum et al., 2014). Recently, other types 

of protein scaffolds have been developed, such as the CCC-tag (Lebar et al., 2020) that makes 

use of orthogonal coiled-coil peptide heterodimers to recruit activators. Protein-based 

recruitment also allows more flexibility to evaluate different TADs compared to direct protein 

fusion, but their implementation relies on the delivery and optimisation of more constructs.  

A possible limitation of all the systems mentioned above is that in each experiment that 

the same TADs are recruited to all target genes. As an alternative, RNA-based scaffolds were 

developed by engineering RNA aptamers on the sgRNA or tracrRNA of Cas9, allowing custom 

recruitment of different TADs per target (Mali et al., 2013b; Sanson et al., 2018; Zalatan et al., 

2015). The combined use of the direct fusion dCas9-p65 along a modified sgRNA recruiting 

p65-HSF1 lead to a new activator complex named synergistic activation mediator (SAM) 

(Konermann et al., 2015). RNA-based recruitment of TADs has been diversified to other RNA-

binding proteins, such as pumillio in the Casilio system (Cheng et al., 2016). Nevertheless, 

RNA-based recruitment is limited to CRISPR systems that allow gRNA engineering, which is 

not the case for Cas12a crRNAs so far (Nihongaki et al., 2019).  

Initial comparisons between different second generation activators demonstrated 

similar performance between dCas9-VPR and first versions of dCas9-based Suntag and SAM, 

with gene-to-gene variability in relative potency (Chavez et al., 2016). Direct protein fusion or 

scaffold-based recruitment has also been used to recruit specific epigenetic effectors for 

transcriptional activation. For example, the direct fusion of dCas9 to the acetyltransferase 

domain p300 core was used to modulate chromatin by histone acetylation, resulting in gene 

activation (Hilton et al., 2015). Suntag has been used to recruit TET1, which induces DNA 

demethylation, leading to upregulation in demethylation-dependent loci (Morita et al., 2016). 

Some works explored the use of TADs from the native regulatory machinery of the target 

organism for CRISPRa. For example, several plant TADs have been used for CRISPRa such as 

EDLL and TAL (Li et al., 2017; Lowder et al., 2018; Piatek et al., 2015) and other human TADs 

are widely used like HSF1 (Weltner et al., 2018). 
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To sum up, there is a great diversity of CRISPRa systems that make use of different TADs 

and recruiting strategies. Among the second-generation activators, the direct fusion with VPR 

is the most compact system, which can facilitate initial evaluation of CRISPRa in fungi. 

II.1.4. Delivery of CRISPR/Cas components in filamentous fungi: lessons learned from 

gene editing 

The successful heterologous expression of CRISPR/Cas components made it a 

technology easily adaptable to a broad range of organisms. However, as CRISPR/Cas is a 

native prokaryotic system, there are some aspects to consider for the expression of CRISPR 

components in eukaryotes. First, the addition of a nuclear localisation signal (NLS) to the Cas 

protein is required for its transport to the eukaryotic nucleus. Most importantly, due 

differences in prokaryotic and eukaryotic transcription, some considerations must be taken 

for gRNA expression. Protein-coding genes in eukaryotes are transcribed by the RNA 

polymerase II (RNAPII) in a process where the transcript is subject to terminal modifications 

as 5′ mRNA capping and 3′ polyadenylation. Short non-coding RNAs (ncRNAs) such as tRNA 

genes or small nuclear RNAs are instead transcribed by the RNA polymerase III (RNAPIII) 

(Roeder, 2019). RNAPIII promoters have been widely used to deliver CRISPR gRNAs, because 

they allow defined start and end of transcription without further modifications. For example, 

the human U6 promoter was early adopted for CRISPR gene editing in human cell lines due 

to its characterised TSS and known nucleotide preference for transcriptional initiation, and 

used along with a poly-T terminator (non-template strand) that is a general terminator for 

RNAPIII transcription (Cong et al., 2013; Ma et al., 2014; Nielsen et al., 2013b). 

CRISPR/Cas based genome editing has been successfully applied in several filamentous 

fungi species, making use of different strategies for gRNA delivery (Deng et al., 2017; Shi et 

al., 2017). In initial CRISPR gene editing applications in filamentous fungi, several candidate 

RNAPIII promoters were identified by homology to known ncRNAs and then validated 

experimentally for gRNA delivery (Table 2.1). Some works reported successful gRNA 

expression with heterologous RNAPIII promoters from distant species such as S. cerevisiae 

(Zheng et al., 2018a). In other cases, some RNAPIII promoters were not effective when 

transferred between species as closely related as A. nidulans and A. fumigatus (Nødvig et al., 

2018). To our understanding, it remains undemonstrated if there is a universal RNAPIII 

promoter that is highly portable between filamentous fungal species. 
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Table 2.1 Example RNA polymerase III promoters validated for gRNA delivery in filamentous fungi. 

Species RNAPIII promoters validated Reference 
Aspergillus niger Homo sapiens RNU6-1, 

 S. cerevisiae RNU6, and A. niger RNU6  
A. niger 5s rRNA 

(Zheng et al., 2018a) 
 
(Zheng et al., 2018b) 

Aspergillus nidulans A. fumigatus U3  (Nødvig et al., 2018) 
Aspergillus fumigatus  A. fumigatus U6-1, U6-2, and U6-3 (Zhang et al., 2016a) 
Aspergillus oryzae  A. oryzae U6 (Katayama et al., 

2016) 
Pyricularia oryzae P. oryzae U6-1, U6-2 (Arazoe et al., 2015) 
Penicillium chrysogenum P. chrysogenum 145 tRNA , Utp25, U6  (Pohl et al., 2016) 
Neurospora crassa  S. cerevisiae PSNR52 (Matsu-ura et al., 

2015) 
Myceliophthora thermophila M. thermophila U6 (Liu et al., 2017) 
Ustilago maydis U. maydis U6 (Schuster et al., 2018) 

 

Alternatively, RNAPII promoters and RNA processing mechanisms can be used for the 

expression and release of individual gRNAs. There are several advantages of using RNAPII 

promoters for gRNA delivery, such as higher processivity, availability of inducible promoters, 

and lack transcript length restriction (McCarty et al., 2020). To eliminate the 5′ and 3′ 

modifications on a RNAPII-driven transcript, many systems flank the gRNA with self-cleaving 

sequences. In filamentous fungi this has been achieved with tRNA splicing mediated gRNA 

release (Nødvig et al., 2018) and ribozymes (Nødvig et al., 2015; Weber et al., 2017). These 

strategies are applicable to RNAPIII promoters as well, and have been used for the delivery of 

multiple Cas12a crRNAs in A. nidulans (Vanegas et al., 2019). However, engineered self-

cleaving processing can be challenging especially when delivering arrays of multiple gRNAs 

(McCarty et al., 2020). At the start of this project other gRNA multiplexing strategies, such as 

Cas12a-mediated crRNA processing, remained untested in filamentous fungi. 

Several gene editing applications in fungi relied on the delivery of genes encoding 

CRISPR/Cas components. AMA1 vectors have been widely used for encoding CRISPR/Cas, 

and used for gene editing of A. nidulans (Nielsen et al., 2017; Nødvig et al., 2018; Pohl et al., 

2016; Vanegas et al., 2019). Chromosomal expression of CRISPR/Cas components has also 

been used in filamentous fungi, with no toxicity reported (Tong et al., 2019). In many fungal 

CRISPR/Cas gene editing applications a codon optimised version of Cas was employed 

(Nødvig et al., 2018; Vanegas et al., 2019). Nevertheless, human codon optimised Cas9 has 

also been reported to work successfully in Aspergilli (Zhang et al., 2016a) and other fungi 

(Tong et al., 2019). 
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The successful application of CRISPR gene editing in fungi sets a foundation for the 

further expansion of the fungal CRISPR toolbox to include CRISPRa. However, multiple 

aspects of design must be revisited, as CRISPRa has different requirements for optimal activity 

compared to CRISPR gene editing. For example, CRISPR-based sTFs have different 

requirements for expression. This is because gene editing relies on a single event for DSB, 

ideally during the early developmental stages of the transformant strains, which can be 

achieved by transient CRISPR/Cas activity. For CRISPR sTFs, genetic stability and ongoing 

expression of the CRISPR activator components is necessary to maintain continuous gene 

activation. In this chapter, different CRISPRa systems are built and evaluated in A. nidulans. 

Part of this chapter has been published in ACS Synthetic Biology (Roux et al., 2020) and 

additional experiments are included. 

II.1.5. Chapter II hypotheses and aims 

Based on the literature review of Chapter II, the following hypotheses were made: 

1. CRISPR/dCas-based activators can be used to activate the expression of “silent” fungal 

promoters. 

2. Cas12a-mediated processing of crRNA arrays encoded on RNAPII transcripts can be 

used for multiplexing in filamentous fungi. 

3. The tripartite activator VPR is functional in filamentous fungi.  

To test those hypotheses, the following aim was stablished for Chapter II: 

1. Building CRISPRa systems for fungi based on CRISPR/dSpCas9-VPR and 

CRISPR/LbCas12a-VPR and testing activation of a fluorescent reporter in A. nidulans. 

II.2. Results 

II.2.1. Design and construction of CRISPRa systems for filamentous fungi 

To establish a system of artificial transcription factors for programmable activation of 

BGs under their native promoter, we first need to develop a CRISPRa platform for fungi. To 

build the first CRISPRa system for filamentous fungi, we used the direct fusion of dCas protein 

to the activator VPR, as it is a compact yet strong activator in eukaryotes (Figure 2.4a). Due 

the different characteristics of CRISPR/Cas systems outlined in the introduction, we 

constructed both dLbCas12a-VPR and dSpCas9-VPR based CRISPRa systems. We decided to 

use LbCas12a as it was the first Cas12a orthologue adopted for CRISPRa by Tak et al. (2017), 
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after preliminary evidence where it outperformed the orthologue AsCas12a. Additionally, the 

orthologue LbCas12a has been reported to be active in a broader range temperatures than 

AsCas12a (Moreno-Mateos et al., 2017), which could be advantageous for establishing 

CRISPRa in diverse fungi. We decided to also build a system based on SpCas9 to have as a 

benchmark. 

We constructed an expression cassette for dCas-VPR (either dLbCas12a-VPR or 

dSpCas9-VPR) with commonly used parts such as the constitutive promoter gpdA (PgpdA) and 

trpC terminator (TtrpC). To evaluate alternative strategies for expressing either dCas-VPR 

effector, we created A. nidulans parent strains with a chromosomally integrated dCas-VPR 

expression cassette. We selected as locus for chromosomal integration by homologous 

recombination the region containing the scar from the deletion of the Sterigmatocystin (St) 

cluster in A. nidulans LO8030 (Figure 2.4c) (Chiang et al., 2016). The integration cassette, 

once NotI linearised, consisted 1 kb homology arms flanking a 7.5 kb sequence that included 

the PgpdA-dCas-VPR-TtrpC cassette along the bar maker for glufosinate selection. Despite the 

large insert size, chromosomal integration by homologous recombination in A. nidulans was 

efficient, resulting in several colonies containing the expected integration event as verified by 

diagnostic PCR (Figure 2.4d). We did not observe any effect in the fitness of strains with 

chromosomal dSpCas9-VPR or dLbCas12a-VPR, as observed by comparing the growth rate 

to the WT 8030 A. nidulans (Figure 2.4e). Thus, generating strains with stable and constitutive 

chromosomal expression of dCas-VPR is feasible. 
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Figure 2.4 Integration of dCas-VPR expression cassette by homologous recombination. a. Schematic of 
either dSpCas9- dLbCas12a-VPR (dCas-VPR) fusions, indicating nuclear localization signal (NLS), 
mutations for deactivation of the DNAse activity and other relevant features. b. Schematic of the AMA1-
riboB vector used for dCas-VPR delivery. c. Schematic of the genomic integration of dCas-VPR expression 
cassette and the selection marker gene bar flanked by 1 kb arms for homologous recombination into the ΔSt 
locus. Primers used in the screening are represented in green and blue. b. Diagnostic PCR of both dSpCas9-
VPR and dLbCas12a-VPR integration events in multiple A. nidulans colonies. e. Growth rate analysis of 
strains with chromosomal expression of either dCas-VPR. Spores of each strain were grown until 72 h at 37 
°C. Representative images of the strains at 72 h are shown next to the growth curve.  

On parallel, we also built a fungal vector for episomal expression of dCas-VPR (Figure 

2.4b). This would allow us to compare the performance of the AMA1-episomally encoded 

CRISPRa systems with the systems with chromosomally encoded dCas-VPR. The AMA1 

sequence acts as an extrachromosomal vector replicator and confers increased transformation 

frequency in several filamentous fungi species (Aleksenko and Clutterbuck, 1997). We built 

on the triple auxotrophic mutant A. nidulans LO8030 (Chiang et al., 2016), which can 

maintain up to three different AMA1 vectors simultaneously by complementation with the 

selectable markers pyrG, riboB, pyroA (Hu et al., 2019). The AMA1 vector set allowed us to 

separate the key components of the CRISPRa system into different vectors for modularity 

during the initial validation. 

For gRNA delivery, we designed expression cassettes for TypeII-S scarless cloning using 

the restriction enzyme BsmBI (Figure 2.5, sequences at Appendix 1 Note 7.1). As our AMA1- 

vectors are large and contain several BsmBI sites, at this stage of the project the gRNA cloning 

strategy relied on a two-step cloning procedure. First, spacers are created with annealed oligos 

and cloned in a small entry vector free of additional BsmBI sites, and then the expression 

cassette is re-cloned into a fungal vector.  
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Figure 2.5 Schematic of gRNA cloning sites of LbCas12a and SpCas9 entry vectors. All systems make use of 
Type II S cloning with BsmBI. The expression cassettes are flanked with PacI and NotI to facilitate recloning 
in a fungal vector. a. Cassette for LbCas12a crRNA array delivery. The cassette for PgpdA driven delivery of 
Cas12a crRNA arrays contains two LbCas12a scaffolds that become part of the array, with two BsmBI 
cloning sites. An EcoRI site was added in the middle of the BsmBI sites for screening, as the site would be 
lost once the spacers are incorporated. b. Cassette for single LbCas12a crRNA delivery. PAfU3 is followed by 
an LbCas12a scaffold at the 5′ of the spacer cloning site, and a poly 8x poly T terminator at the 3′. An EcoRI 
site was added for screening and additional sites restriction sites were added for possible sequential cloning. 
c. Cassette for Cas9 sgRNA delivery. The Cas9 sgRNA scaffold is at the 3′ of the spacer cloning site, followed 
by an 8x poly-T terminator. Between the BsmBI sites there is a fragment of LacZ that is lost during the spacer 
cloning, allowing screening for different fragment sizes. 

 As individual crRNAs can be excised by LbCas12a from arrays embedded in RNAPII-

driven transcripts, we built a crRNA array expression cassette with PgpdA promoter and TtrpC 

terminator, which is an expression cassette widely portable across fungal species (Pall and 

Brunelli, 1993) (Figure 2.5a). The Cas12a RNAPII crRNA array expression cassette design was 

adapted from Tak et al. (2017). The proposed strategy to create multiple crRNA arrays relied 

on the annealing of long oligos (~80 nt) creating different 4-nt 3′ and 5′ overhangs that direct 

the assembly between annealed oligo fragments and the BsmBI-digested vector. 

To evaluate single Cas9 sgRNA or single Cas12a crRNA delivery we used the RNAPIII 

promoter U3 from Aspergillus fumigatus (AfPU3), previously validated by Nødvig et al. (2018) 

to be functional in A. nidulans. The cloning and screening strategies are outlined in Figure 

2.5b and c. 

II.2.2. Construction of a proof-of-concept CRISPRa test target  

To test if we could activate the expression of a “silent” biosynthetic gene promoter with 

CRISPRa, we first constructed a fluorescent protein reporter. This would enable a fast 

qualitative analysis of CRISPRa activity by fluorescence microscopy of A. nidulans mycelia. 

Target reporter constructs for CRISPRa in the literature usually consist of a promoter with low 

basal expression fused to the coding sequence of the reporter gene.  

For the fungal CRISPRa reporter we fused the heterologous promoter from 

Parastagonospora nodorum elcA (PelcA) to the fluorescent protein gene mCherry (Figure 

2.6a). PelcA belongs to the silent polyketide synthase gene elcA (Chooi et al., 2017), part of a 

BGC previously characterised in our group. We delimited elcA promoter to ~ 600 bp upstream 

the elcA start codon, as P. nodorum transcriptomic data was not available to estimate elcA TSS 

(Figure 2.6a). This region has been annotated as a possible bidirectional promoter containing 

a second gene in the reverse strand, SNOG_08613. However, SNOG_08613 is not coregulated 
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with the genes on the elc cluster and does not have homology to other genes, being probably a 

result of wrong annotation (Chooi et al., 2017).  

As a positive control of activation, we hypothesised that the elc cluster specific TF ElcR 

would activate the expression PelcA-mCherry. We built the proposed positive control vector 

adding a cassette for constitutive expression of elcR (Figure 2.6cb).  

 

Figure 2.6 Design of the proof-of-concept test target. a. Schematic of the proof-of-concept construct, with 
the elcA promoter (PelcA) promoter fused to mCherry. The section of the BGC selected as PelcA is indicated 
above, in a schematic representing the neighbouring regions to PelcA at scale. b. Proposed positive control of 
the reporter system, containing an expression cassette for the cluster specific TF elcR. 

II.2.3. CRISPR/dSpCas9-VPR proof-of-concept activation in Aspergillus nidulans 

For CRISPR/dSpCas9-VPR mediated activation, four sgRNA were tested individually 

with both episomally and chromosomally expressed dSpCas9-VPR (Figure 2.7a). Due to the 

lack of characterization of the TSS of the elcA gene, the sgRNAs targeted a window 162–342 

bp from the reporter start codon. Each sgRNA was delivered in a single AMA1-pyrG vector 

also encoding the reporter construct PelcA-mCherry. We observed that the system with 

chromosomal expression of dSpCas9-VPR resulted in activation levels only noticeable at 

prolonged exposure times (Figure 2.7b), while the system with episomally expressed dSpCas9-

VPR resulted in stronger fluorescence (Figure 2.7c). A possible interpretation is that the 

single-copy chromosomal dSpCas9-VPR cassette failed to achieve expression levels above the 

required threshold for strong observable activity, making the multicopy AMA1-encoded 

system more effective in comparison (Aleksenko and Clutterbuck, 1997). We also observed 

that the activation level was stronger for the sgRNAs 1 and 2 that target 162 bp and 190 bp 

upstream elcA start codon, respectively, compared to the sgRNA 3 and 4 that targeted 291 bp 

and 342 bp upstream elcA (Figure 2.7c). CRISPR-mediated activation has been reported to be 

stronger targeting closer to the upstream region of a gene TSS (Jensen, 2018) but in this case, 

we lack information about elcA TSS. 
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Figure 2.7. CRISPR/dSpCas9-VPR mediated activation of PelcA-mCherry is dependent on CRISPRa 
component delivery and sgRNA targeting position. a. Experimental set up for the evaluation of different 
sgRNAs and expression strategies for dSpCas9-VPR b. CRISPRa samples with dSpCas9-VPR 
chromosomally expressed and sgRNA 1 resulted in low activation the mCherry reporter, although samples 
were distinct to the no sgRNA control when observed at prolonged exposure times and increased sensitivity 
(1s exposure and 31.4x analog gain). c. The AMA1-encoded CRISPR/dSpCas9-VPR system resulted in 
strong fluorescence observable in mycelia at short exposure times when targeting the reporter construct with 
sgRNA 1 or sgRNA 2. The two sgRNAs targeting regions further away from the gene start codon (sgRNA 3 
and sgRNA 4) resulted in low fluorescence localized in spores or isolated hyphae, but distinguishable from 
the no sgRNA negative control. Images are 2× digitally zoomed to show the fluorescence of the spores (white 
arrows). The spores for each sample were collected from three individual colonies and grown overnight in 
liquid stationary culture at 37 °C. Samples with similar mycelial growth were observed under mCherry filter 
and brightfield (BF). Scale bar 100 µm. 

We further attempted to deliver the two stronger sgRNAs from an independent AMA1-

pyroA vector, but when co-transformed with the reporter vector and the dSpCas9-VPR 

expression vector, fluorescence was not observed (Figure 2.8). The more compact two-vector 

system could be favoured to the three-vector system, as it ensures sgRNA expression in all 

cells that contain the reporter construct.  
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Figure 2.8 Evaluation of Cas9 sgRNA delivery on a AMA1-pyroA vector, in a three-vector system 
configuration. The strong activation by the episomally delivered dSpCas9-VPR system observed with sgRNA 
1 and sgRNA 2 is abolished when the sgRNA is delivered encoded in a separate AMA1-pyroA vector 
(represented in adjacent diagram). The spores for each sample were collected from three individual colonies 
and grown overnight in liquid stationary culture at 37 °C. Samples with similar mycelial growth were 
observed under mCherry filter and brightfield (BF). Scale bar 100 µm. 

Interestingly, when evaluating our proposed positive control of activation using the 

cluster specific TF ElcR, we did not observe clear evidence of activation of PelcA-mCherry 

(Figure 2.9). Overexpression of elcR results in the upregulation of the elc cluster in P. nodorum 

(Chooi et al., 2017), however its mechanism and targeting sites remain unknown. The lack of 

observable activity of ElcR in A. nidulans could be due to the need of post-translational 

modifications, lack of binding sites on PelcA delimited promoter, or other unexpected effects of 

targeting on an episomal context. Because of the lack of observable activity, we discard the use 

of ElcR as a positive control for future experiments. 

 

Figure 2.9.Evaluation of the proposed positive control ElcR. Mycelia containing the reporter PelcA-mCherry 
and expressing elcR did not present fluorescence comparable to the CRISPRa sample. The CRISPRa sample 
used as reference contains sgRNA 1 and episomally expressed dSpCas9-VPR. The spores for each sample 
were collected from two individual colonies and grown overnight in liquid stationary culture at 37 °C. 
Samples with similar mycelial growth were observed under mCherry filter and brightfield (BF). Scale bar 
100 µm. 
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II.2.4. CRISPR/dLbCas12a-VPR proof-of-concept activation in Aspergillus nidulans 

We sough assessing the capability of dLbCas12a-VPR to process a crRNA array 

embedded in a RNAPII fragment in A. nidulans. We used the expression cassette built with 

PgpdA and TtrpC to deliver a four-crRNA array targeting a window of 88–327 bp upstream of the 

reporter open reading frame start codon (Figure 2.10a). We delivered the four-crRNA array 

on an AMA1-pyroA vector co-transformed with the PelcA-mCherry reporter. After growing 

mycelial mass, we observed activation of mCherry expression in the CRISPRa transformants 

compared to the no crRNA control, in both chromosomally and episomally expressed 

dLbCas12a-VPR systems (Figure 2.10b). The results demonstrated the viability of the 

RNAPII-promoter PgpdA to deliver LbCas12a crRNA arrays that can be processed by 

dLbCas12a-VPR. 

 

Figure 2.10 CRISPR/dLbCas12a-VPR proof-of-concept with crRNA array delivery. a. Schematics of the 
constructs tested, where dLbCas12a-VPR, the crRNA array and the target construct were delivered from 
independent constructs. Chromosomally integrated dLbCas12a was also tested. b. Fluorescence microscopy 
images of A. nidulans mycelia demonstrate mCherry fluorescence when the poly-crRNA array is present in 
both episomally and chromosomally expressed dLbCas12a-VPR systems, distinct from the no crRNA 
control. This is indicative of activation of the fluorescent reporter PelcA-mCherry by CRISPR/dLbCas12a-
VPR. The spores for each sample were collected from three individual colonies and grown overnight in liquid 
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stationary culture at 37 °C. Samples with similar mycelial growth were observed under mCherry filter and 
brightfield (BF). Scale bar 100 µm. 

On parallel, the PAfU3-based cassette was tested for the delivery of single Cas12a crRNAs 

from an RNAPIII promoter, in a similar two-vectors configuration than the Cas9-driven 

CRISPRa proof-of-concept (Figure 2.11a). Two of the spacers that constituted the previously 

validated crRNA array were re-evaluated in this mode of delivery. We did not observe 

fluorescence with any of the crRNA tested. However, when co-transforming the crRNA array 

as a control, activation was reconstituted, validating that PelcA-mCherry was functional in these 

constructs (Figure 2.11b). As RNAPII promoter delivery of crRNA arrays was effective, we did 

not pursue further optimisation of RNAPIII-promoter delivery of Cas12a crRNAs. 

 

Figure 2.11 CRISPR/dLbCas12a-VPR proof-of-concept with single crRNA delivery. a. Schematics of the 
constructs tested, where single crRNA was delivered in the same construct than the PelcA-mCherry reporter 
and evaluated with chromosomal dLbCas12a-VPR expression. As a positive control, the previously validated 
crRNA array was cotransformed into A. nidulans with the vector of single crRNA A. b. Mycelia from the 
strains with a single crRNA delivered from PAfU3 do not present fluorescence. As a positive control, one of the 
vectors was evaluated with the previously validated crRNA array. The spores for each sample were collected 
from three individual colonies and grown overnight in liquid stationary culture at 37 °C. Samples with 
similar mycelial growth were observed under mCherry filter and brightfield (BF). Scale bar 100 µm. 

Overall, the intensity of mCherry signal observed with CRISPR/dLbCas12a-VPR best 

performer configurations was in the range of the observed with the best configurations of 
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CRISPR/dSpCas9-VPR. Unlike the dSpCas9-VPR system, dLbCas12a-VPR supported 

expression from both chromosomal an episomal contexts. 

II.2.5. Towards and inducible CRISPR/dSpCas9-VPR system 

As dynamic regulation is useful for bioproduction (Fontana et al., 2018), we explored 

the feasibility of a fungal CRISPR/dSpCas9-VPR inducible system. We constructed a vector 

with dSpCas9-VPR under the control of the promoter from alcohol dehydrogenase I gene 

(PalcA), that is inducible by cyclopentanone, and tested it targeting the proof-of-concept 

construct (Figure 2.12a).  

PalcA is both controlled positively by the transactivator AlcR (alcohol induction) and 

subject to repression by the general carbon catabolite repressor CreA (Fillinger et al., 1995). 

To test the inducible CRISPRa system, we cultivated the transformant strains in media 

containing glucose (induced- initially repressed growth condition) or lactose (induced-initially 

derepressed growth condition) as carbon source (Figure 2.12b). After induction of fungal 

submerged shaken cultures, we observed faint fluorescence in the samples with the inducible 

CRISPRa system in fungal pellets grown both lactose and glucose (Figure 2.12c,d) compared 

to the control without dSpCas9-VPR. The samples grown in lactose presented higher 

fluorescence allowing to observe defined structures, while the samples in glucose presented 

lower fluorescence (Figure 2.12c). When observing a positive control with direct expression of 

mCherry from PalcA, we observed similar signal in pellets grown in both carbon sources. This 

indicates that catabolic repression should be absent in the moment of induction. The better 

performance of the CRISPRa system grown in lactose could be product of the higher basal 

expression during the early fungal growth stages before induction. 

As the final fluorescence observed in the inducible dSpCas9-VPR expression system was 

lower than the system with constitutive expression of dSpCas9-VPR (data not shown), we did 

not pursue further characterisation at this stage of inducible CRISPRa, and instead continued 

working with constitutive expression of all CRISPRa components. 
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Figure 2.12. Testing of an inducible CRISPR/dSpCas9-VPR system. a. Schematics of the constructs tested, 
with dSpCas9-VPR under the inducible promoter PalcA. b. Schematic of the experimental setting. Spore 
suspension was inoculated in glucose minimal media and lactose minimal media. c. Representative 
microscopies from fungal pellets from submerged liquid 20 hours after induction. The CRISPRa system in 
both glucose and lactose minimal media shows fluorescence compared to the control sample. The cultures 
grown in lactose show fluorescence in defined hyphae and spores, compared to undefined fluorescence in 
the fungal pellets grown in glucose. The positive control that contains a mCherry protein fusion under the 
control of PalcA shows fluorescence in both growth conditions. d. Representative microscopies from fungal 
pellets from submerged liquid 42 hours after induction. The fungal pellet grown in lactose showed more 
fluorescence signal, defined in hyphae. Images were taken at 10x.  

II.2.6. Towards a quantitative assay of mCherry content in mycelial growth 

To facilitate testing multiple CRISPRa configurations with the mCherry reporter, we 

sought to establish a microplate reader assay to quantify fluorescence in fungal growth. This 

could enable the simultaneous testing of many strains grown in 96 or even 384 wells plates. 

However, the few precedents found in the literature of microplate reader assays with 

filamentous fungi cultures have mostly been used to compare samples with large differences 

in fluorescence intensity or dynamics (Lin et al., 2018; Shoji et al., 2005; Soanes et al., 2002). 

In the literature, often the cultures were synchronised only by inoculating an equivalent 

number of spores, with some cases reporting fluorescence signal normalised to optical density 

(OD). 

 We wanted to assess if microplate reader measurements of mycelial mass could be 

useful to analyse incremental changes in fluorescence, as e.g. the differences between sgRNAs 
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performance in CRISPRa. To this end, we inoculated equivalent concentrations of spores from 

fungal strains with different CRISPR/dSpCas9-VPR CRISPRa configurations. We evaluated 

cultures in both transparent and black light-absorbing 96-wells plates, as transparent plates 

allow dual measurements of OD and fluorescence, while black plates allow measuring 

fluorescence with higher sensitivity (Figure 2.13a). To determine the amount of mycelial mass 

for detectable measurements, we analysed the microplate culture at multiple time points. To 

overcome the non-homogeneous character of mycelial growth, each well value was obtained 

from a matrix scan of multiple points per well.  

In our hands, we could only observe fluorescence values above the blanks for all samples 

when the assay was grown after 36 h measuring in a black microplate. At that timepoint larger 

mCherry signal was observed in strains harbouring three of the four sgRNAs tested and a 

PgpdA-mCherry positive control, compared to the no sgRNA control strain (Figure 2.13b). 

However, we observed a large biological variability, and we could not normalise to the OD in 

the black plates.  

When analysing the assay grown in transparent plates, mCherry signal above the blank 

was not observed at any time point tested due low sensitivity. However, detectable OD 

(OD450≥0.2) was observed after 23 h of growth in transparent plates. When analysing the 

OD450 at 36 h in the transparent plate assay, some of the values fell outside the optimal for 

Lambert–Beer’s Law (OD450≥0.8) and denoted variability between biological replicates. 

We did not continue with the optimisation of the quantification of mCherry as a 

fluorescent reporter for CRISPRa due the lack of sensitivity and resolution between strong 

samples as PgpdA-mCherry and intermediate samples as the ones of CRISPRa. Nevertheless, 

this precedent shed light on the possible limitations of plate reader measurements of A. 

nidulans, as the need for more sensitive equipment for mCherry detection, or the need of a 

second fluorescent normaliser for growing in black plates and more biological replicates. 

Other reporter systems as luciferase could facilitate the analysis in transparent plates (Mauri 

et al., 2019). However, the filamentous nature of fungal growth might impose an inherent 

limitation for the direct quantification of fluorescence in plate reader assays. 
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Figure 2.13 Towards a microplate reader method for quantification of CRISPRa activity with a fluorescent 
reporter. a. Schematic of the experimental setting tested, evaluating both black and transparent plates. b. 
Fluorescence signal of the strains grown in a black microplate during 36 h. The high variability between 
biological replicates evidences limitations to solve fluorescence differences between samples with 
incremental changes in CRISPRa efficiency.  

II.3. Discussion 

In this chapter we demonstrated activation of the silent promoter elcA with two different 

CRISPRa systems in A. nidulans, based on CRISPR/dSpCas9-VPR and CRISPR/dLbCas12a-

VPR. While doing so, we validated that VPR is as an effective activator in filamentous fungi. 

To the best of our knowledge, this is the first demonstration of CRISPRa in an ascomycetous 

filamentous fungus belonging to the Pezizomycotina taxon. When comparing dSpCas9- and 

dLbCas12a-driven systems, CRISPR/dLbCas12a-VPR presented advantages in multiplexing 

capability and supported expression of CRISPRa components in various configurations. 

Additionally, we showed that dLbCas12a can process crRNA transcripts driven by the 

commonly used fungal RNAPII promoter PgpdA.  

Firstly, we evaluated CRISPRa with individual gRNA delivery. We showed that PAfU3 can 

be used for the direct delivery of Cas9 sgRNAs using a poly-T terminator in A. nidulans, unlike 

precedents in the literature where PAfU3-driven sgRNA transcripts were flanked with self-

cleave sites (tRNA processing or HDV ribozyme) (Nødvig et al., 2018). However, when we 

tried to use direct delivery from PAfU3 of Cas12a single crRNAs, we did not observe evidence of 

activation. This promoter has been shown effective to deliver Cas12a crRNAs for genome 

editing in A. nidulans by Vanegas and colleagues, but flanking the crRNAs with self-excising 

tRNAs (Vanegas et al., 2019). As the TSS and nucleotide preference for transcriptional 

initiation of PAfU3 has not been characterised, we hypothesise this could be restrictive for direct 

expression of Cas12a crRNAs, as transcripts truncated in the 5′ end would result in a 

disruption the scaffold sequence.  

On parallel, we demonstrated that the RNAse activity of Cas12a can mediate crRNA 

array processing in filamentous fungi. Cas12a-mediated crRNA processing bypasses the 

requirement of using additional systems for crRNA release, making it versatile for 

multiplexing. By the start of this project, the demonstration by Zhong et al. (2017) of crRNA 

array delivery embedded on a human mRNA transcript was the only precedent in eukaryotes 

of Cas12a-mediated processing of RNAPII-derived transcripts. This inspired us to 

demonstrate that the fungal RNAPII-promoter PgpdA can be used to deliver Cas12a crRNA 

arrays in A. nidulans. The crRNA array expression cassette PgpdA-TtrpC is derived from one of 

the most popular expression vectors for fungi (pBARGPE1) that has been proven effective in 
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several fungal species (McCluskey, 2011). Therefore, building the CRISPR/dLbCas12a system 

with RNAPII promoters also increased the potential portability across related fungal species 

for genome mining. There are other advantages of RNAPII delivery of crRNA arrays, for 

example the availability of inducible promoters, higher processivity than RNAPIII, and that it 

allows the incorporation of oligo -T stretches that would result in an early termination in 

RNAPIII transcripts (McCarty et al., 2020).  

On the other hand, multiplexing with Cas9 sgRNAs would require expression from 

multiple cassettes driven by RNAPIII promoters, or additional RNA processing mechanisms 

if expressed as an array driven by RNAPII promoters (McCarty et al., 2020). Nevertheless, the 

CRISPR/dSpCas9-VPR system developed in this work could be expanded in future works to 

allow multiplexing. dSpCas9-based synthetic TFs in filamentous fungi could remain 

advantageous for other applications as e.g. simultaneous CRISPRa and CRISPRi using 

modified sgRNA-scaffolds and recruitment of specific effectors per gene.  

We also evaluated the use of AMA1-vectors for the expression of CRISPRa components, 

as AMA1 phenotypic stability has been reported to be limited (Aleksenko and Clutterbuck, 

1997). We observed similar performance between the systems with dLbCas12a 

chromosomally and episomally encoded. Interestingly, we observed improved performance 

when dSpCas9-VPR was AMA1-encoded over the chromosomally expressed counterpart. The 

low performance observed in the A. nidulans strain with chromosomal expression of dSpCas9-

VPR has the potential to be solved by integrating the expression cassette in a locus more 

favourable for higher expression than the one used in this work, the boundaries of St locus. 

On parallel, we evaluated a system for alcohol inducible expression of dSpCas9-VPR, but we 

observed limited activation compared to the constitutively expressed dSpCas9-VPR. For 

future experiments, other gene versions of dSpCas9 with more favourable codon usage for A. 

nidulans could be evaluated for better expression.  

Overall, the system based on CRISPR/dLbCas12a-VPR that made use of PgpdA-driven 

crRNA arrays demonstrated the biggest potential for multiplexed activation, a requirement for 

biosynthetic pathway activation. To further evaluate the targeting requirements for strong 

activation (crRNA per gene, targeting position), a method for effectively quantifying the 

expression output is required to better resolve differences in system performance. The 

fluorescent reporter PelcA-mCherry proved useful for the qualitative validation of CRISPRa, 

but the quantitative measurement of fluorescence in mycelia remains challenging. As the final 

goal of the CRISPRa system is to activate silent BGCs, in the following chapter I moved to 

evaluate the CRISPR/dLbCas12a-VPR system by activating biosynthetic genes and observing 

changes in compound production in A. nidulans. 
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II.4. Methods 

II.4.1. Vector construction  

All vectors built are listed in Table 2.2. Vectors were generated using one of the following 

methods: restriction enzyme cloning with PacI, NotI and T4 DNA ligase (New England 

Biolabs, MA, USA) ; Type IIS assembly with BsmBI (New England Biolabs, MA, USA) and 

annealed oligo cloning; in vivo homologous recombination in S. cerevisiae BJ5464 or 

isothermal assembly with NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, 

MA, USA). Details on cloning method per vector are found at the extended table in Roux et al. 

(2020). For all cloning procedures we used E. coli 10-Beta electrocompetent (New England 

Biolabs, MA, USA) or in-lab made equivalent for increased transformation efficiency. All PCR 

primers and other oligonucleotides used are listed in Appendix 1 Table 7.2. Information of the 

oligo destination construct and source of DNA template is found in the extended table in Roux 

et al. (2020). Relevant plasmid maps are found in Appendix 1 Figure 7.1. 

The coding sequence of mCherry was amplified from pMP7601 (Boyce et al., 2012), 

which was a gift from Prof. Andrianopoulos (University of Melbourne), and fused to PgpdA from 

Pbargpe1. The sequence of PelcA was amplified from pYFAC-CH6. (Hu et al., 2019). The 

expression cassette containing elcR was amplified from the plasmid pBG-elcR (Chooi et al., 

2017). In all cases when using PgpdA and TtrpC , the sequences consisted of the versions present 

in the expression cassette from pBARGPE1 (Pall and Brunelli, 1993), (obtained from the 

Fungal Genetics Stock Centre) or the modified version pBARGPE1-LIC (Chooi et al., 2013). 

The AMA1 fungal vector pKW20088 (Tsunematsu et al., 2013), was a gift from Prof Kenji 

Watanabe, University of Shizuoka, and the vectors pYFAC-riboB, pYFAC-pyroA, pYFAC-CH2, 

pYFAC-CH3, pYFAC-CH4 were built previously (Hu et al., 2019). To clone dSpCas9-VPR it 

was amplified from pAG414GPD-dCas9-VPR that contains Cas9m4, (Chavez et al., 2015) 

which was a gift from George Church (Addgene plasmid #63801). The coding sequence of 

dLbCas12a (mutation D832A) was amplified from a plasmid kindly provided by Christian 

Pflüger which was constructed from pY027 (Zetsche et al., 2017), a gift from Feng Zhang 

(Addgene plasmid # 84742), by site-directed mutagenesis and fused to VPR amplified from 

pAG414GPD-dCas9-VPR. (Chavez et al., 2015). AfPU3 was amplified from Aspergillus 

fumigatus 293 gDNA. An adapted version of pGEM-T (Promega) was used to build the Step 1 

crRNA and sgRNA cloning vector. The Cas9 sgRNA cloning cassette was synthesized as gBlock 

and re amplified when fused to AfPU3 (Sequence in Appendix 1 Note 7.1). The PgpdA Cas12a 

crRNA cloning cassette was created by annealed oligo cloning (Sequence in Appendix 1 Note 
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7.1). Selected vectors of Table 2.2 were made available via Addgene 

(https://www.addgene.org/Yit_Heng_Chooi/). 

Table 2.2 Vectors built on Chapter II 

Vector name Purpose 

Plasmid 
ID as in 
Roux et 
al, 2020  

pGEM-LS-Bar-PgpdA-
dLbCas12a-VPR-Ttrpc-LS 

Genome Integration of PgpdA-dLbCas12a-VPR-
TtrpC pCRI001 

pGEM-LS-Bar-PgpdA-dSpCas9-
VPR-TtrpC-LS Genome Integration of PgpdA-dSpCas9-VPR pCRI003 
pYFAC-riboB-PgpdA-
dLbCas12a-VPR-TtrpC Episomal expression of dLbCas12a-VPR pCRI004 
pYFAC-riboB-PgpdA-dSpCas9-
VPR-TtrpC Episomal expression of dSpCas9-VPR pCRI006 
pGEM-PgpdA-Cas12aScaffold-
BsmBI-TtrpC 

crRNA entry cloning vector for PgpdA expression of 
LbCas12a crRNA ( 2-steps cloning) pCRI007 

pKW20088-PelcA-mCherry-
TtrpC-PacI-NotI Proof-of-concept fluorescent reporter pCRI009 
pGEM-PgpdA-4xcrRNAarray-
elcA-Cas12aScaffold-TtrpC Step 1 Cloning Cas12a crRNA targeting elcA pCRI010 
pYFAC-pyroA-PgpdA-
4xcrRNAarrayelcA-TtrpC Delivery of Cas12a crRNA array targeting elcA pCRI011 
pGEM-PacI-PU3-BsmBI-NotI 1st step to build PU3 Cas9 entry cloning vector pCRI012 
pGEM-PacI-PU3-BsmBI-
Cas9Scaffold-8xT-NotI  PU3 Cas9 sgRNAs entry cloning vector pCRI013 
pGEM-PacI-PU3-E1-
Cas9Scaffold-8xT-NotI Step 1 Cloning Cas9 sgRNA 1 targeting elcA pCRI014 
pGEM-PacI-PU3-E2-
Cas9Scaffold-8xT-NotI Step 1 Cloning Cas9 sgRNA 2 targeting elcA pCRI015 
pGEM-PacI-PU3-E3-
Cas9Scaffold-8xT-NotI Step 1 Cloning Cas9 sgRNA 3 targeting elcA pCRI016 
pGEM-PacI-PU3-E4-
Cas9Scaffold-8xT-NotI Step 1 Cloning Cas9 sgRNA 4 targeting elcA pCRI017 
pCRI009-PU3-E1-Cas9Scaffold-
8xT 

Fluorescence reporter along expression cassette for 
Cas9 sgRNA 1 pCRI018 

pCRI009-PU3-E2-Cas9Scaffold-
8xT 

Fluorescence reporter along expression cassette for 
Cas9 sgRNA 2 pCRI019 

pCRI009-PU3-E3-Cas9Scaffold-
8xT 

Fluorescence reporter along expression cassette for 
Cas9 sgRNA 3 pCRI020 

pCRI009-PU3-E4-Cas9Scaffold-
8xT 

Fluorescence reporter along expression cassette for 
Cas9 sgRNA 4 pCRI021 

pYFAC-pyroA-PU3-E1-
Cas9Scaffold-8xT Cas9 sgRNA delivery from AMA1 pyroA pCRI022 
pYFAC-pyroA-PU3-E2-
Cas9Scaffold-8xT Cas9 sgRNA delivery from AMA1 pyroA pCRI023 
pKW20088-PelcA-mCherry-
TtrpC-elcR Putative positive control with elcR TF - 
pKW20088-PgpdA-mCherry Constitutive expression of mCherry - 
pCRI009-PU3-Cas12ascaffold-
A-8xT Single Cas12a crRNA delivery - 
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pCRI009-PU3-Cas12ascaffold-
C-8xT Single Cas12a crRNA delivery - 
pGEM-PacI-PU3-
Cas12aScaffold-BsmBI-8xT-NotI Cloning of single Cas12a crRNA - 
pYFAC-riboB-PalcA-dSpCas9-
VPR-TtrpC Alcohol inducible Cas9 expression -  

 

II.4.2. Design and cloning of sgRNA and crRNA 

Targeting sequences were identified with Geneious 11.03 and selected based on the 

distance to elcA start codon, listed on the Appendix 1 Table 7.4. The target sequences of each 

crRNA or sgRNA and corresponding PAM sequence are listed on the extended table found at 

Roux et al. (2020). All crRNA and sgRNA were synthesized as oligonucleotides with overhangs 

whose sequence is indicated in Appendix 1 Table 7.1. Oligos were mixed in equal proportion 

(10 nM), annealed on a thermocycler, if necessary (crRNA arrays) also phosphorylated with 

T4 polynucleotide kinase (New England Biolabs, MA, USA) and ligated with T4 DNA ligase in 

previously BsmBI digested vectors.  

For some Cas12a crRNA array, oligos with encoded crRNA were first cloned into the 

pGEM-T derived vector pCRI007, and the expression cassette further PCR amplified with 

primers that reconstituted full PgpdA and added homology arms. The amplicon was then cloned 

to the final YFAC fungal vector with homology-based cloning.  

For Cas9 sgRNA and Cas12a single crRNA , the gRNAs were first cloned into pCRI010 

or pGEM-PacI-PU3-Cas12aScaffold-BsmBI-8xT-NotI and the PacI NotI flanked expression 

cassette digested, gel purified and ligated to a PacI NotI digested pCRI011 reporter vector. 

II.4.3. Aspergillus nidulans transformation and strain construction 

A. nidulans strains with either dSpCas9-VPR or dLbCas12a-VPR chromosomal 

expression cassettes were created by polyethylene glycol (PEG)-calcium-based transformation 

(Lim et al., 2012) with the previously NotI linearized vectors pCRI001/3 containing 1 kb 

homology regions to facilitate homologous recombination in A. nidulans 8030 stcJΔ locus 

(Appendix 1 Figure 7.1). The fragment also contained the bar marker, and colonies were 

selected for resistance to glufosinate extracted from Basta (Bayer, Vic., Australia) as in Chooi 

et al. an the event was confirmed by diagnostic PCR (Chooi et al., 2017). Complete genotype 

of the parental strains is indicated in Table 2.3. 

Table 2.3 Genotype of parental strains used in Chapter II  

Parental strains Relevant genotype 
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LO8030 (Chiang et 

al., 2016) 

pyroA4, riboB2, pyrG89, nkuA::argB, Sterigmatocystin cluster (AN7804-

AN7825)Δ, emericellamide cluster (AN2545-AN2549)Δ, asperfuranone 

cluster (AN1039-AN1029)Δ, monodictyphenone cluster (AN10023-

AN10021)Δ, terraquinone cluster (AN8512-AN8520)Δ, austinol cluster 

part1 (AN8379-AN8384)Δ, austinol cluster part2 (AN9246-AND9259)Δ, 

f9775 (AN7906-AN7915)Δ, asperthecin cluster (AN6000-AN60002)Δ 

LO8030+GI 

dCas12aVPR 

LO8030 + PgpdA-dCas12aVPR-TtrpC-bar:: Sterigmatocystin cluster 

(AN7804-AN7825)Δ 

LO8030+GI 

dCas9VPR 

LO8030 + PgpdA-dCas9VPR-TtrpC-bar:: Sterigmatocystin cluster (AN7804-

AN7825)Δ 

 

For each transformant strain genotype the protoplasts used and vectors transformed are 

listed in Table 2.4, indicating whether the auxotrophies are complemented by the vectors or 

supplemented in the media. Protoplasts of A. nidulans LO8030 and dCas-VPR expressing 

parental strains were prepared from germlings as in Lim et al. (2012), mixed with a quarter 

volume PEG 60% to a final concentration of 108 protoplasts per mL and frozen at -80 °C for 

later use. AMA1-vectors were transformed into A. nidulans protoplasts modifying Lim et al. 

(2012) in order to minimize the required transformation volume. In a 2 mL microcentrifuge 

tube, 60 µL of thawed protoplast solution was incubated with 50 µL of STC buffer (1.2 M 

sorbitol, 10 mM CaCl2, 10 mM Tris–HCl, pH 7.5) and 3 µg of each vector contained in 

maximum total volume of 10 µL. After 20 min of incubation on ice, 350 µL of the calcium PEG 

60% mix was added and mixed gently by inversion, followed by a 20 min incubation at room 

temperature. After adding 1 mL of STC buffer the mix was spread on Sorbitol Minimal 

Medium (SMM) (For 1 L SMM: 218.6 g sorbitol, 10 g glucose, 6g NaNO3, 1.52 g K2HPO4, 0.52 

g KCl, 0.52 g MgSO4·7H2O, 22 mg ZnSO4·7H2O, 11 mg H3BO3, 5 mg MnCl2·4H2O, 1.6 mg 

FeSO4·7H2O, 1.6 mg CoCl2·5H2O, 1.6 mg CuSO4·5H2O, 1.1 mg (NH4)6Mo7O24·4H2O, 50 mg 

Na4EDTA, adjusted to pH 6.5, 16 g agar) (Hu et al., 2019). If needed the media was 

supplemented with uracil 0.56 g L-1 , uridine 1.26 g L-1, pyridoxine-HCl 0.0001 % w/v and 

riboflavin 0.00025 % w/v . Plates were then incubated for three days at 37 °C to generate 

transformant colonies. 

Table 2.4 Strains of A. nidulans constructed in Chapter II.  

Parent Strain 
pyrG auxotrophic 
complementation 

riboB auxotrophic 
complementation 

pyroA auxotrophic 
complementation 

LO8030+GI 
dCas9VPR 

pCRI023(pCRI009-
PU3-E1-Cas9Scaffold-
8xT) pYFAC-riboB pYFAC-pyroA 
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LO8030+GI 
dCas9VPR 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) pYFAC-riboB pYFAC-pyroA 

LO8030 

pCRI018(pCRI009-
PU3-E1-Cas9Scaffold-
8xT) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) pYFAC-pyroA 

LO8030 

pCRI019 (pCRI009-
PU3-E2-Cas9Scaffold-
8xT) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) pYFAC-pyroA 

LO8030 

pCRI020 (pCRI009-
PU3-E3-Cas9Scaffold-
8xT) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) pYFAC-pyroA 

LO8030 

pCRI021 (pCRI009-
PU3-E4-Cas9Scaffold-
8xT) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) pYFAC-pyroA 

LO8030 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) pYFAC-pyroA 

LO8030 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) 

pCRI022 (pYFAC-pyroA-
PU3-E1-Cas9Scaffold-8xT) 

LO8030 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) 

pCRI006 (pYFAC-
riboB-PgpdA-dSpCas9-
VPR-TtrpC) 

pCRI023 (pYFAC-pyroA-
PU3-E2-Cas9Scaffold-8xT) 

LO8030+GI 
dCas12aVPR 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) pYFAC-riboB 

pCRI011 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayElcA-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) pYFAC-riboB pYFAC-pyroA 

LO8030 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-
TtrpC) 

pCRI011 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayElcA-
TtrpC) 

LO8030 

pCRI009 (pKW20088-
PelcA-mCherry-TtrpC-
PacI-NotI) 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-
TtrpC) pYFAC-pyroA 

LO8030 
pKW20088-PelcA-
mCherry-TtrpC-elcR pYFAC-riboB pYFAC-pyroA 

LO8030+GI 
dCas12aVPR 

pCRI009-PU3-
Cas12ascaffold-A-8xT pYFAC-riboB 

pCRI011 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayElcA-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI009-PU3-
Cas12ascaffold-C-8xT pYFAC-riboB pYFAC-pyroA 

LO8030+GI 
dCas12aVPR 

pCRI009-PU3-
Cas12ascaffold-A-8xT pYFAC-riboB pYFAC-pyroA 
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LO8030 

pCRI019 (pCRI009-
PU3-E2-Cas9Scaffold-
8xT) 

pYFAC-riboB-PalcA-
dSpCas9-VPR-TtrpC pYFAC-pyroA 

LO8030 
pKW20088-PalcA-
8616-mcherry pYFAC-riboB pYFAC-pyroA 

LO8030 

pCRI019 (pCRI009-
PU3-E2-Cas9Scaffold-
8xT) pYFAC-riboB pYFAC-pyroA 

LO8030 
pKW20088-PgpdA-
mCherry pYFAC-riboB pYFAC-pyroA 

 

II.4.4. Fluorescence microscopy and culture conditions 

For each transformant strain, spores from three individual colonies were picked as 

biological replicates and grown in small petri dishes containing liquid Glucose Minimal Media 

(GMM) (SMM without sorbitol or agar) to obtain mycelia. Samples were incubated at 37 °C 

and grown overnight. Fluorescence images were captured at 20x on the epifluorescence 

inverted microscope Eclipse Ti2 (Nikon), using Plan Apo λ 10x /0.45 numerical aperture (NA) 

objective lens (Nikon) and a Camera DS-Qi2 (Nikon) controlled by NIS Elements Advanced 

Research (Nikon). Fluorescent microscopy was carried out under a mCherry filter set (562/40 

nm excitation, 593 nm dichroic beamsplitter, and 641/75 nm emission), using an 800 ms 

exposure and 9.6x analog gain unless specified otherwise. Brightfield images were captured at 

a 300 ms exposure time with 1x analog gain. Images were recorded using NIS-Elements 

Advanced Research software package (Nikon).  

For the images of Figure 2.12, the microscopies are performed in fungal pellets from 

shaking liquid culture. For that, spores were harvested from plates in 1 mL of 0.1% Tween 80 

(Sigma, MO, USA) and after counting under Neubauer chamber, 2×108 spores were inoculated 

into 250-mL flasks containing 50 mL liquid GMM medium as described previously. Cultures 

were grown for 2.5 days with shaking set to 200 rpm and 37 °C. For PalcA promoter induction, 

cyclopentanone at a final concentration of 10 mM was added to the medium after 18 h of 

incubation. Microscopies were taken in the hours post induction indicated in the figure, using 

an Olympus IX71 fluorescence microscope, with an Olympus DP70 camera controlled by 

DPController software. Images were captured with a 10x lens, with the mCherry filter U-

MRFPHQ (535–555 excitation and 570–625 nm emission) and 1/5 second exposure and 

ISO400. Bright field images were taken with automatic exposure time. 
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II.4.5. Aspergillus nidulans growth rate analysis  

To assess the radial growth rate, a 3 µl droplet of a suspension of 4x106 spores per mL of 

the indicated strains was inoculated onto the centre of a GMM plate with all supplements 

(riboflavin, pyridoxine, uracil, and uridine). Plates were incubated for 72 h at 37 °C. 

II.4.6. Microplate reader assay 

The microplate reader assays were performed using a BMG Fluostar Optima. 

Fluorescence was measured from the top with 540-10 nm for excitation and 610-10 nm 

emission mCherry filters, using matrix scan of 5x5. We used the black and transparent 96-well 

plates from GREINER. For each strain, previously validated by microscopy as representative 

of the corresponding CRISPRa configuration, we performed biological triplicates originated 

from the spore suspension of one transformant colony. To synchronise the cultures spores 

were diluted to a concentration of 105 spores per mL in GMM supplemented with pyridoxine 

and with ampicillin, and grown at 37 °C in stationary conditions until 36 h. Triplicate blank 

containing only media also were assayed for mCherry fluorescence and OD450 and the results 

from these subtracted from the raw data. In the figure biological replicates values with the 

blank subtracted are represented as dots and the error bars represent SD. 
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Chapter III : CRISPR-mediated activation of biosynthetic 
genes in Aspergillus nidulans 

III.1. Introduction 

III.1.1. CRISPRa for fungal genome mining: combining bioproduction and gene 

function discovery 

As described on Chapter II, CRISPR-based activators can be easily programmed to target 

virtually any gene by changing a short RNA sequence. The modularity and ease of CRISPR 

programming is driving a biotechnological revolution in many fields (Knott and Doudna, 

2018). CRISPRa could also transform our abilities to tap into the hidden biosynthetic potential 

of fungi, allowing programmable BG activation on demand. Compared to the extensive gene 

manipulation required for BG reengineering, the instructions to direct a CRISPR-based 

activator to its BG target could be encoded in as short as 40 bp. Additionally, the cloning of 

CRISPR gRNAs can be standardised and scaled up, which could enable high-throughput 

methods to accelerate fungal genome mining. 

The immense potential of CRISPRa for genome mining of SMs in fungi has been 

suggested multiple times in the literature (Hautbergue et al., 2018; Kjærbølling et al., 2019; 

Mei et al., 2019; Meyer et al., 2016; Tong et al., 2019), yet remained undemonstrated until the 

recent study by Roux et al. (2020), which is largely constituted of the work derived from this 

Chapter III of my thesis. We envision a CRISPRa-based fungal genome mining pipeline that 

would consist of (i) bioinformatic prioritisation of target BGC and Cas12a crRNA design (ii) 

crRNA array cloning and fungal transformation (iii) screening of CRISPRa transformant 

strains for novel compounds or bioactivities (Figure 3.1).  

 

Figure 3.1 Schematic of a CRISPRa-based genome mining pipeline. After BGC bioinformatic prioritisation, 
the designed crRNAs are rapidly assembled by Type IIs cloning from annealed oligos in an expression vector 
and transformed into the fungal host along with the dCas effector. The CRISPRa complex is targeted to the 
regulatory regions of the selected BGC, upregulating gene expression and consequently increasing 
production of the encoded compound(s). Higher titres facilitate compound detection, screening for 
bioactivity and further chemical characterization. 
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CRISPRa as a tool for fungal genome mining is a new application with aspects in 

common with two other existing application areas of CRISPRa (Figure 3.2) : (i) CRISPRa-

based metabolic engineering in industrial microbes ( Fontana et al., 2018) (ii) CRISPRa-based 

gain-of-function screening. Even though CRISPRa is a recent technology (first activators 

developed in 2013), there are several examples of successful applications in both areas. 

 In the area of metabolic engineering of eukaryotic cell factories, most precedents of 

CRISPRa come from applications in ascomycetous yeasts. In most cases, CRISPRa has been 

used for the fine tuning of genes already expressed at medium basal levels. Driven by the need 

to assay multiple perturbations for bioproduction optimisation, CRISPRa has been often used 

in combination with other effectors, such as the simultaneous application of orthogonal 

CRISPRa, CRISPRi and CRISPR KO in the CRISPR-AID pipeline for S. cerevisiae (Lian et al., 

2017). Simultaneous CRISPRa and CRISPRi was also used to regulate genes in from a 

heterologous violacein pathway in S. cerevisiae. By activating and repressing different gene 

combinations of the violacein pathway, all the possible metabolite products were obtained 

(Zalatan et al., 2015). Dual CRISPRa and CRISPRi was also used to identify rate-limiting 

bottlenecks in glycerol biosynthesis, xylose utilization and the 3-dehydroshikimate pathway 

(Deaner and Alper, 2017). These foundational works also highlighted possible challenges of 

CRISPRa for increasing in bioproduction. For example, when targeting genes for the 

biosynthesis of isoprenoids and triacylglycerols with CRISPRa, it was evident that extensive 

pre-screening of gRNAs was necessary to identify effective gRNAs, and increases in production 

were often modest in the range of 2.5- fold increase (Jensen et al., 2017). Although most works 

targeted genes with noticeable basal expression, there are also encouraging precedents of 

CRISPRa targeting silent genes, for example the activation of pathways from the silent primary 

metabolism in Yarrowia lipolytica. CRISPRa-mediated activation of cryptic β-glucosidase 

genes allowed to expand Y. lipolytica substrate range, facilitating growth in cellobiose as only 

carbon source (Schwartz et al., 2018). Interestingly, CRISPRa has been used to tune the 

expression of an heterologous BGC encoded in an operon in the bacterial host Myxococcus 

xanthus (Peng et al., 2018). By observing changes in the expression of known epothilones, 

they evaluated different CRISPR-based activators and targeting criteria. Altogether, these 

precedents in microbial cell factories support the notion that CRISPRa can be a useful tool to 

improve the production of metabolites by fungal strains. 

Even though CRISPRa has not been used for screening of novel secondary metabolites, 

it has been widely used to screen for gain-of-function by observing strong phenotypic changes. 

CRISPRa gRNA libraries have been used to discover new gene functions at a genome scale, 

especially in the biomedical field. For example, novel genes encoding tumour-associated 

antigens have been discovered with CRISPRa-library based screening, by observing antitumor 
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immunity (Wang et al., 2019a). CRISPRa has also been used to identify genes for stem cell 

reprogramming (Yang et al., 2019). The flexibility of CRISPRa has allowed it to reveal both 

coding and non-coding genes involved in drug resistance in cancer cell lines (Bester et al., 

2018). Thus, CRISPRa holds potential for gain-of-function screenings in other eukaryotic 

organisms, such as filamentous fungi. 

 

Figure 3.2 Infographic representing different areas of CRISPRa application that share characteristics with 
CRISPRa for fungal genome mining. CRISPRa has been successfully applied to increase the production of 
metabolites in microbial cell factories and has been used as a tool for gene function discovery. 

III.1.2. CRISPRa targeting criteria 

In all the above mentioned CRISPRa applications, a central aspect of design was the 

CRISPRa targeting strategy. CRISPRa targeting optimisation aims to achieve robust, strong 

target activation in a simple and standardized gRNA configuration. Advancing better rules of 

design will make CRISPRa more efficient and user friendly, avoiding the need of several 

rounds of optimisation. In this regard, a key step for CRISPR efficiency is selecting gRNAs 

with optimal activity.  

 With both Cas9 and Cas12a systems gRNA efficiency can be often unpredictable, with 

most CRISPR applications still relying on the design of 3–4 gRNAs per gene (Creutzburg et 

al., 2020). Nevertheless, there are several aspects known to influence guide RNA efficiency 

that can be considered (Figure 3.3). First, the nucleotide sequence of the gRNA can affect its 

folding and secondary structure, which can impact CRISPR/Cas complex recognition. This is 

because the secondary structure of the invariable repeat of the gRNA is important for protein-

RNA interactions mediating recognition by Cas. In the case of Cas12a pre-crRNA arrays, the 

pseudoknot structure formed by the invariable scaffold is necessary for Cas recognition and 

processing, for which is important that the spacer sequences adjacent to the pseudoknot do 

not compete for base pairing (Creutzburg et al., 2020) (Figure 3.3a). However, there are no 

algorithms for structurally-aware design of crRNA arrays for Cas12a yet, neither are there 

RNA folding algorithms that can predict all possible folding combinations for a crRNA array 

(Creutzburg et al., 2020). Nevertheless, avoiding intra-array complementarity and 

pseudoknot-spacer interactions could be considered when designing Cas12a crRNA arrays. 
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Figure 3.3 Aspects that can influence crRNA efficiency. Green arrows represent favourable assets, like (a) 
correct crRNA array folding, (b) good DNA target accessibility and (c) close distance to the target gene TSS. 
Red arrows represent unfavourable characteristics, such as (a) incorrect crRNA folding, (b) targets located 
in regions of low DNA accessibility and (c) targeting outside the optimal window of distance from the TSS. 
d. Targeting with multiple gRNAs per gene can increase the chances of selecting an efficient gRNA and can 
result in cooperative effects where the final activation is equal or higher to the addition of the effects of each 
gRNA or higher (additive or synergistic activation). 

Another aspect that influences CRISPR gRNA efficiency is target accessibility (Figure 

3.3b). As CRISPR/Cas is a native prokaryotic system, is not naturally prepared to interact with 

the complex DNA organization of eukaryotic genomes. In fact, DNA binding by CRISPR/Cas9 

can be impeded by nucleosomes, and interrogation of DNA is reduced in heterochromatinic 

regions (Horlbeck et al., 2016; Knight et al., 2015). CRISPR/Cas12a has also been observed 

to be more effective in regions of high chromatin accessibility (Kim et al., 2017). Thus, 

chromatin accessibility has been incorporated in the design of optimised Cas9 and Cas12a-

based CRISPRa libraries as a good predictor of gRNA efficiency (Horlbeck et al., 2016; Kim et 

al., 2018).  

CRISPRa has additional positional requirements for strong activation. In eukaryotes, 

CRISPRa strength is observed to be dependent on its relative position to the target TSS (Figure 

3.3c). Selecting target sites 50–400 bp upstream from the TSS is advised for improved activity. 

In genes with medium to high expression levels, targeting CRISPR systems on top or 

downstream of the TSS, TATA box or other core promoter “boxes” has been observed to have 

a repressor effect (Deaner et al., 2017; Farzadfard et al., 2013).  

To achieve robust activation, the number of targeting sites per gene is also relevant 

(Jensen, 2018) (Figure 3.3d). Selecting multiple gRNAs per gene increases the chances of 

selecting an efficient gRNA, a strategy used in the design of CRISPR libraries which contain 

≥3 gRNAs per gene for higher confidence (Sanson et al., 2018). In CRISPRa applications, 

multi gRNA targeting often has the additional benefit of increasing activation potency due to 

cooperative effects such as additive or synergistic activation. Synergistic activity is an 
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emergent propriety where the overall effect of a system is higher than the sum of the individual 

components (Trosset and Carbonell, 2013). Both synergistic and additive transcriptional 

activation has been observed when targeting a gene with multiple sTFs, including TALE-

activators (Maeder et al., 2013b). Cooperative effects have been observed between natural TFs 

as well, and are the basis of most transcriptional logic AND gate operations or transcriptional 

amplifiers (Angelici et al., 2016). In CRISPRa, synergistic activation is especially important to 

reach detectable activation when working with sub-optimal activators, such as first generation 

CRISPRa systems (see Chapter II). In second generation activators such as CRISPR/dCas12a-

VPR, synergistic activation has been observed to be locus dependent, with some genes only 

reflecting the activation potency of the best performer gRNA (Tak et al., 2017). 

III.1.3. BGCs as targets of CRISPRa 

CRISPRa has the potential to activate the expression of BGC genes from their native 

regulatory sequences and genetic context, bypassing the need for promoter replacement. 

Lowly expressed BGCs represent promising targets for CRISPRa, as CRISPRa activation gain 

inversely correlates to basal target gene expression (Chavez et al., 2015). Additionally, BGCs 

have been associated with short intergenic regions (Noble and Andrianopoulos, 2013), and 

genes are often divergently oriented sharing short bidirectional promoters (Kensche et al., 

2008). This could virtually allow to activate two genes simultaneously when targeting their 

short bidirectional promoter. 

However, BGCs have several characteristics that make them challenging targets for 

CRISPRa. BGCs are often linked to heterochromatinic regions with high nucleosome content, 

which could limit target accessibility (See Chapter I). For filamentous fungi with chromatin 

accessibility profiles available, nucleosome positioning could be considered for guide RNAs 

design.  

Another possible limitation is that fungal genomes often lack TSS annotation. This is 

because natural product-motivated fungal genome sequencing prioritises obtaining BGC 

coding sequences without aiming for genome annotation completeness (Cacho et al., 2014). 

As BGC coding regions are identified and annotated by protein domain homology-based tools, 

transcriptomics-aided genome annotation is uncommon in fungal genetics. Even in A. 

nidulans whose genome was available from 2005 (Galagan et al., 2005), TSS annotation was 

not added until 2013 when strand-specific RNA-seq of 5′ ends was performed (Sibthorp et al., 

2013). As transcriptomic data from filamentous fungi becomes more accessible, this could 

facilitate approximating the TSS of BGC genes from diverse fungi in the future. However, the 
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low expression of silent BGCs under standard culture conditions could make them difficult 

targets to examine by transcriptomics. 

To sum up, CRISPRa targeting of silent fungal BGCs presents potential challenges due 

the lack of information on TSS and the possibility of heterochromatinic targets. Nevertheless, 

lowly expressed genes represent promising targets for CRISPRa with high activation gain. 

Empirical evaluation of CRISPRa for BGC activation in fungi is necessary to determine the 

utility of this tool for genome mining.  

III.1.4. Chapter III hypotheses and aims 

Based on the literature review of Chapter III, the following hypotheses were made: 

1. CRISPR-mediated activation can be used to upregulate the expression of silent 

biosynthetic genes to increase levels of encoded compounds. 

2. CRISPRa can be used to advance the study of Aspergillus nidulans secondary 

metabolism, by targeting different combinations of biosynthetic genes to reveal gene 

functions. 

To test those hypotheses, the following aims were established for Chapter III: 

1. Targeting the gene micA encoded in a chromosomal and episomal context with 

CRISPR/dLbCas12a-VPR observing production of microperfuranone.  

2. Targeting multiple genes of the cryptic mic cluster with CRISPRa to advance its 

biosynthesis. 

3. Evaluating alternative CRISPR/dLbCas12a-based variants for improving CRISPRa in 

fungi. 

III.2. Results 

III.2.1. Bioinformatic analysis of Aspergillus nidulans gene features relevant for 

CRISPRa targeting 

In Chapter II, the proof-of-concept CRISPR-based activation of PelcA-mCherry was 

performed in a “TSS-blind” manner, as annotation the TSS of the genes from P. nodorum was 

not available. The activation observed targeting CRISPR/dLbCas12a-VPR or 

CRISPR/dSpCas9-VPR a close distance upstream elcA start codon was surprising, considering 

the strict positional requirements for CRISPRa with respect the TSS. To examine the positional 
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effects of CRISPRa targeting in fungi, we decided to proceed to activate native genes from A. 

nidulans, where the TSSs are characterised. 

First, to define the space of genes targetable by CRISPRa in A. nidulans we examined 

gene traits in A. nidulans FGSC A4 genome (version 46) (Basenko et al., 2018; Galagan et al., 

2005). Considering that the location relative to the target gene TSS is relevant to optimise 

positional effects of CRISPRa targeting, we analysed the general availability of TSS annotation 

(Figure 3.4a). We found that only the 65,62 % of A. nidulans genes have an annotated 5′ 

untranslated region (UTR) different than the start codon (ATG), which we defined as a known 

TSS. Analysing the subgroup of genes within BGC boundaries, we found that 5′ UTR 

annotation was especially limiting in BGC genes, with only a 41,16 % containing a TSS 

annotation. This is probably due to BGC low expression and consequent low RNA-seq 

coverage.  

To design alternative strategies to target genes with no TSS annotation available, we 

analysed the distribution of 5′ UTR length in A. nidulans (Figure 3.4b). We found that around 

half of the 5′ UTR sequences are shorter than 100 bp, with a mean of 137 bp. The subgroup of 

BGC genes showed a similar trend with a 52.50 % of genes containing 5′ UTR shorter than 

100 bp.  

In the original analysis of A. nidulans promoter annotation by Sibthorp et al., they 

identified in most genes contain an A/T rich region between -45 and -30 from the TSS, 

although not identifiable as a canonical TATA box (TATAA) (Sibthorp et al., 2013). Based on 

the short 5′ UTR of most A. nidulans genes and the close distance of possible relevant motifs 

TATA box-like, we consider that leaving a prudential distance of 150-250 bp upstream from 

the gene start codon can be explored as an alternative CRISPRa targeting criteria if TSS 

annotation is not available. 

 

Figure 3.4 Aspergillus nidulans 5′ UTR features and annotation availability. a. Access to transcription start 
site information for CRISPRa targeting is limited in the current version of the genome of A. nidulans. The 
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proportion of genes that have annotated 5′ UTR lengths greater than zero is smaller for BGCs compared to 
the whole genome. This could be due to the low expression of most BGCs genes in the growth conditions in 
which the transcriptomic data was acquired (Sibthorp et al., 2013). Asterisk represents the significant result 
of Fisher’s exact test two-sided p<0.0001. b. Distribution of 5′ UTR length in A. nidulans genes for the whole 
genome (blue) and in genes that fall within BGC boundaries only (red), considering only genes with 5′ UTR 
annotation bigger than zero. Arrow indicates the micA 5′ UTR length. 

The practicability of CRISPRa also is dependent on PAM site availability. To analyse the 

targeting range of Cas9- or Cas12a-based CRISPRa in A. nidulans we performed an in silico 

analysis of the distribution of PAM sites in its genome. For that, we defined a 400 bp targetable 

window for each A. nidulans gene, considering the location of the TSS if available, otherwise 

estimating 100 bp upstream the start codon as approximated TSS (Figure 3.5). As SpCas9 

PAM sequence (NGG) is shorter and more permissive, its frequency is higher than LbCas12a 

PAM site (TTTV). Nevertheless, we found that A. nidulans genes have a median of ten Cas12a 

PAM sites per gene targetable region. This analysis supports that BGC genes are virtually 

targetable by CRISPR/dLbCas12a-VPR.  

 

Figure 3.5 Amount of PAM sites identified in the targetable window of A. nidulans genes (blue) and genes 
located in BGCs (red). Targetable window was defined as 400 bp upstream of the start of the gene (TSS if 
available, otherwise -100bp of the start codon) or shorter if intergenic distance is less than 400 bp. Even 
though LbCas12a has fewer targeting sites compared to Cas9, the median is 10 PAM sites per gene. 

III.2.2. CRISPR-mediated activation of the chromosomal micA gene 

To test whether CRISPR/dLbCas12a-VPR mediated activation of a fungal biosynthetic 

gene could induce metabolite production, we targeted the native A. nidulans micA (AN3396) 

gene which encodes a nonribosomal peptide synthetase-like (NRPS-like) enzyme responsible 

for the biosynthesis of microperfuranone (1) (Figure 3.6a). The biosynthetic function of micA 
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had been previously decoded by Yeh et al. using a promoter replacement strategy (Yeh et al., 

2012). Yeh at al. analysis of micA built on unsuccessful attempts to elicit the biosynthesis of 

cryptic NRPS-like products by varying A. nidulans culture conditions (Sanchez et al., 2010). 

Therefore, micA can be considered a bona fide “silent” BG with no clear product detectable 

under a variety laboratory conditions. 

We first targeted micA with multiple crRNAs to increase the likelihood of achieving 

strong activation, an approach used in CRISPRa screenings (Sanson et al., 2018). We followed 

previously devised guidelines for CRISPRa in eukaryotes (Jensen, 2018), and targeted a region 

119–303 bp upstream of micA TSS with a four-crRNA array named MU (micA Upstream TSS) 

(Figure 3.6b). To explore the utility of CRISPRa for genes that lack TSS information, we also 

tested an alternative TSS annotation-blind targeting criteria, taking the gene start codon as 

reference. Leaving some distance from the start codon, we targeted a window 139–324 bp 

upstream of the micA start codon with a four-crRNA named MD (micA Downstream TSS), 

which in the case of micA corresponds to the 5′ UTR (Figure 3.6b). 

Analysis by liquid chromatography coupled to a diode array detector and mass 

spectrometer (LC-DAD-MS) showed increases in the production of 1 in media extracts from 

all CRISPRa transformants when compared to the background levels in the controls (Figure 

3.6c). Interestingly, targeting the 5′ UTR of micA with crRNA array MD resulted in 

significantly higher production than when targeting the micA promoter region with crRNA 

array MU, reaching titres of 1 up to 0.6 mg L-1 (Figure 3.6d). Nevertheless, targeting with MU 

still led to a ~4.5-fold increase in production with a titre up to 0.2 mg L-1 compared to the 

controls. No significant difference in performance was observed when comparing between 

chromosomally and episomally expressed dLbCas12a-VPR systems for both crRNA arrays. 
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Figure 3.6 CRISPR-mediated activation of chromosomally encoded micA for microperfuranone (1) 
production. a. Upregulation of micA results in the biosynthesis of 1 from two phenylpyruvate molecules (Yeh 
et al., 2012). b. Chromosomal micA gene with individual crRNA binding sites shown in magenta (crRNA 
array MU) and blue (crRNA array MD). Numbers assigned to MD crRNAs are indicative of targeting 
position in respect to micA start codon, with their position in the crRNA array MD also indicated in the 
scheme. c. DAD (λ=254 nm) chromatograms of A. nidulans culture media extracts show increases in the 
peak identified as 1 in strains with CRISPR-mediated activation of micA (magenta and blue) as compared to 
the control with no crRNA (grey). Expected mass of 1 is observed as main ion in the peak by MS. d. CRISPR-
mediated activation of chromosomal micA. All CRISPRa strains showed a significant increase in the 
production of 1 compared to their respective dLbCas12a-VPR control with no crRNA. Targeting CRISPRa 
with MD crRNA array (blue) resulted in significantly higher production of 1 compared to targeting with MU 
crRNA (magenta). There was no significant difference between both dLbCas12a-VPR expression strategies. 

To examine the effect of each crRNA in micA activation, individual crRNAs from MD 

and MU arrays were delivered in strains harbouring chromosomally integrated dLbCas12a-

VPR (Figure 3.7a). We observed a minimal increase in the production of 1 when targeting with 

some MD crRNA, while in most cases the production of 1 was indistinguishable from the no 

crRNA control (Figure 3.7b). The single MU crRNAs tested did not result in significant 

increases of production either (Figure 3.7c). The notably difference between the production of 

1 in strains with single crRNAs and with multiple-crRNA array CRISPRa is indicative of a 

synergistic activation effect (Figure 3.7b). Thus, in this case, the synergistic multi-crRNA 

activation of micA is required for achieving metabolite production of 1 in the conditions 

tested. 

 

Figure 3.7 Testing of individual crRNAs targeting chromosomal micA. a. Chromosomal micA gene scheme 
with individual crRNA MU (magenta) and MD (blue) target sites indicated. Numbers assigned to crRNAs 
are indicative of targeting position in respect to micA TSS, with their position in the crRNA array MD or MU 
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also indicated in the scheme b. When targeting micA with single MD crRNAs low or no activation is observed 
compared to the no crRNA control. The low calculated additive of single crRNA CRISPRa (described in 
Methods) suggests a synergistic activation effect when making use of the four-crRNA array MD. c. No 
significant changes in the production of microperfuranone are observed targeting with single crRNAs 
compared to the no crRNA control. Microperfuranone titre (mg L-1) values are the mean of three biological 
replicates in which specific values are indicated as black dots, error bars represent SD. Two-sided Welch’s 
T-test with Holm-Šídák multiplicity correction per figure was performed. Asterisk indicates corrected P-
value<0.05. Individual P-values are listed in Appendix 1 Table 7.4. 

To test whether the production of 1 could be further increased, we targeted micA with 

the crRNAs from both MD and MU crRNA arrays simultaneously. To this end, we re-cloned 

the crRNA array MD into an AMA1-pyrG vector to allow co-transformation with the crRNA 

array MU encoded on an AMA1-pyroA vector (Figure 3.8a). Co-transformation of MD and MU 

crRNA arrays for micA activation resulted in further increase in the production of 1 (up to 

~0.8 mg L-1) (Figure 3.8b). Interestingly, the crRNA array MD alone delivered from the AMA1-

pyrG vector resulted in a considerable increase in the titre of 1 compared to when delivered 

using AMA1-pyroA vector, which might contribute to the dual crRNA array increased 

production (Figure 3.8b).  

 

 

Figure 3.8 CRISPRa of micA combining both MD and MU crRNA arrays. a. Overview of double crRNA 
array mediated activation of micA in strains harbouring chromosomally integrated dLbCas12a-VPR. To 
allow co-transformation of two crRNA arrays, crRNA array MD was re-cloned into an AMA1-pyrG vector. 
This allowed comparing the performance of crRNA array MD in both AMA1-pyrG and AMA1-pyroA 
vectors. b. Double crRNA array (8 crRNA) mediated activation of micA resulted in microperfuranone titres 
higher than the four-crRNA array MD alone when delivered from AMA1-pyroA. However, there is no 
significant increase from the production observed by crRNA array MD alone when delivered from AMA1-
pyrG. The differences in the production mediated by crRNA MD when using the markers pyrG and pyroA 
is not significant, although it might suggest that the marker used for crRNA delivery could influence the 
system performance. Microperfuranone titre (mg L-1) values are the mean of three biological replicates, of 
which specific values are indicated as black dots, bars represent SD. Two-sided Welch’s T-test with Holm-
Šídák multiplicity correction per figure was performed. Asterisk indicates corrected P-value<0.05, (ns) not 
significant. Individual P-values are listed in Appendix 1 Table 7.4.  
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To enable rapid cloning of different crRNAs for further testing, we established a 

domesticated version of the AMA1-pyroA expression. For that we removed removed the 

BsmBI sites on the vector, allowing to use BsmBI for one-step Type IIS cloning of crRNA 

arrays using annealed oligonucleotides (Figure 3.9). We verified the null effect of PgpdA 

domestication (Figure 3.9b). With this fungal entry vector for Cas12a crRNA cloning, the 

cloning time is reduced to 2-4 working days, relying on the simple steps of oligonucleotide 

annealing, phosphorylation, ligation, and transformation into E. coli (Figure 3.9c). In our 

hands, the ligation step can be reduced to a few hours, and future optimization of the protocol 

will allow to increase cloning efficiency of larger arrays at shorter times. 

 

Figure 3.9 One-step cloning of Cas12a crRNA with pCRI008. a. Diagram of the BsmBI domestication 
strategy used to create the vector pCRI008. Two point mutations were introduced, one in PgpdA promoter 
from the crRNA expression cassette, and the other in the pyroA marker terminator region. The components 
of pYFAC for replication in Saccharomyces cerevisiae were eliminated to avoid BsmBI sites. b. No difference 
in microperfuranone (1) activation mediated by CRISPRa is observed between systems with crRNA array 
expression driven by the original PgpdA sequence (orange) and the BsmBI domesticated version of PgpdA 

(purple), confirming the null effect of the mutation. titres of 1 (mg L-1) values are the mean of three biological 
replicates, specific values of which are indicated as black dots, bars represent SD. Two-sided Welch’s T-test 
was performed. Asterisk indicates P-value<0.05. Individual P-values are listed in Appendix 1 Table 7.4. c. 
The simplified one-vector cloning strategy with the BsmBI-domesticated pCRI008 versus the original two-
vector cloning strategy. In the two-vector strategy, a shorter PgpdA lacking a BsmBI site was cloned into a 
pGEM-T backbone to create a vector (pCRI007) for Type IIS restriction enzyme cloning. The cloned crRNAs 
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in pCRI007 are later amplified by primers that would reconstitute the full PgpdA sequence when the 
expression cassette is incorporated into a fungal vector by homology-based cloning. 

III.2.3. Activation of AMA1-encoded micA 

To evaluate the broader utility of CRISPRa targeting episomal genes in A. nidulans, we 

co-transformed additional copies of micA encoded on an AMA1 vector. The transformants 

harbouring episomal copies of micA with its full-length promoter showed relatively high basal 

production of 1 even in the absence of CRISPRa (Figure 3.10a). However, we still observed a 

consistent increase in the titres of 1 when CRISPRa of micA was performed with either MD or 

MU crRNA arrays, reaching up to over 4 mg L-1 (Figure f). We further tested targeting a shorter 

episomal micA variant with low basal production of 1. When co-transforming with MD, 

targeting the still-present 5′ UTR, we observed the largest activation fold change with a ~30-

fold increase in the production of 1 compared to the control, reaching final titres of ~1.5 mg 

L-1 (Figure 3.10b). Taken together, these results show that CRISPRa can affect the expression 

of episomally encoded genes, as the increase in the production of 1 is not explained by the 

activation of chromosomal micA alone.  

 

 

Figure 3.10 CRISPRa of episomal copies of micA. a. Increases in the titre of 1 are observed in media extracts 
of CRISPRa strains with extra episomal micA copies (high basal production) compared to the no crRNA 
control in strains with episomal micA vector. b. In strains harbouring episomal copies of a shorter micA 
variant (low basal production), CRISPRa increased the production of 1 by ~30-fold compared to the control. 
In all the figures, calculated titre (mg L-1) values are the mean of three biological replicates which specific 
values are indicated as black dots, error bars represent SD. Two-sided Welch’s T-test with Holm-Šídák 
multiplicity correction per figure was performed. Asterisk indicates corrected P-value<0.05, (ns) not 
significant. Individual P-values are listed in Appendix 1 Table 7.4.  

III.2.4. Multi-gene activation of mic biosynthetic gene cluster genes 

The gene micA (AN3396) has been proposed to belong to a multigene BGC (Andersen et 

al., 2012; Fischer et al., 2018; Yeh et al., 2012), in which the final product has remained 

uncharacterized. Besides micA, the mic cluster consists of a putative cytochrome P450 
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(AN3394) and a hypothetical gene (AN3395), referred to as micB and micC, respectively and 

lacks a pathway-specific TF.  

To assess the feasibility of performing simultaneous activation of multiple genes with 

CRISPR/dLbCas12a-VPR, we aimed to co-activate the proposed mic cluster. We co-

transformed the four-crRNA array MD targeting micA along with a second crRNA array 

targeting micB and micC (Figure 3.11a). This new three-crRNA array, named crRNA array P, 

targeted a window of 209 bp in the middle of the short 396 bp bi-directional promoter between 

the divergently oriented micB and micC genes. We delivered the two crRNA arrays from 

independent AMA1 episomal vectors in strains harbouring chromosomally integrated 

dLbCas12a-VPR (Figure 3a). To account for the above-mentioned influence of the crRNA 

delivery vector selection marker on CRISPRa strength, we tested both dual vector delivery 

combinations with pyrG and pyroA selection markers (Figure 3.11a).  

LC-DAD-MS analysis of A. nidulans culture extracts showed that both multiplexed-

CRISPRa strains presented a decrease in the precursor microperfuranone (1) and an increase 

in the size of three new peaks detected by DAD and MS, arbitrarily named peaks I, II and III 

(Figure 3.11b,c). We also observed that the magnitude of the changes in the metabolic profile 

were dependent on the marker combination used in the delivery of the crRNA arrays. The 

delivery of crRNA P on an AMA1-pyrG vector and crRNA MD in an AMA1-pyroA vector 

favoured the production of the peaks I-III (Figure 3.11e). We further tested this crRNA array 

delivery combination switching to episomally encoded dLbCas12a-VPR and observed an 

increased production of the peaks I–III relative to the peak from 1 (Figure 3.11d). Taken 

together these results indicate that CRISPRa can be used to drive the production of one 

pathway intermediate to other, and that the activity can be tuned to favour the final product 

of the cluster. 
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Figure 3.11 Multi gene CRISPRa results in changes in the metabolic profile. a. Schematic of the experimental 
set-up of mic cluster activation with two-vector crRNA arrays delivery and different markers combinations 
of pyrG (purple) and pyroA (yellow). The mic cluster genes are shown in green alongside the target sites of 
crRNA MD array (blue) and crRNA P array (orange). b–c. Overlaid DAD (λ=254 nm) chromatograms of 
acidified ethyl acetate mix media crude extracts from strains co-transformed with the multiple crRNA arrays 
MD and P (orange), crRNA array MD (green) and crRNA array P (grey); marker combination for crRNA 
array delivery in a for multiple targeting (orange), crRNA MD in an AMA1-pyrG vector and crRNA P in a 
AMA1-pyroA vector; combination in for c (orange), crRNA MD in an AMA1-pyroA vector and crRNA P in 
an AMA1-pyrG vector. Both multiple crRNA arrays (orange) for combinations b and c showed partial 
conversion of the precursor microperfuranone to the peaks I–III. Compared to b, combination c showed a 
stronger decrease in the titre of the precursor microperfuranone and higher titre of the peaks I–III. d. 
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Expression of dLbCas12a-VPR from the multicopy AMA1-vector with the same crRNA array delivery 
combination as c resulted in a further increase of peaks I–III production relative to microperfuranone. 
Chromatograms in b,c.d are represented at the same scale. In peak area quantification values are the mean 
of three biological replicates, of which specific values are indicated as black dots, bars represent SD. Two-
sided Welch’s T-test with Holm-Šídák multiplicity correction per figure was performed. Asterisk indicates 
corrected P-value<0.05, (ns) not significant. Individual P-values are listed in Appendix 1 Table 7.4. e. 
Summary of the production of each peak in multiple activation strains is dependent on CRISPRa component 
delivery strategy. 

The observed mass of the ions accumulated in the peaks I-III was m/z 265 [M+H] +, 2 

Da less than the molecular mass of 1, suggesting that an oxidation had occurred (Figure 

4.12b). Searching the chemical literature for structures related to 1 corresponding to a mass 

of 264 Da led us to a previously reported metabolite, 3-carboxy-2,4-diphenyl-but-2-enoic 

anhydride, herein renamed as dehydromicroperfuranone (2) (Figure 4.12a), which was first 

isolated from A. nidulans IFO 6398 as a plant growth promoting compound (Hamasaki et al., 

1983). To evaluate if the new peaks corresponded to 2, we analysed the crude extract of 

CRISPRa strains with MS/MS spectrometry. We observed that the MS/MS fragmentation 

pattern of the m/z 265 ions shared almost all fragment masses with the predicted spectra for 

2 by CFM-ID (Allen et al., 2014) (Figure 4.12c, Appendix 1 Table 7.11). All together, these 

results indicate that multiple gene CRISPRa can be used to explore the metabolite products of 

a cryptic BGC. 
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Figure 3.12. Tandem MS analysis of CRISPRa strain crude extracts. a. Proposed structure of 
dehydromicroperfuranone (2) structure and biosynthetic pathway. b. Representative overlaid DAD (λ=254 
nm) chromatograms of media extracts from strains with both crRNA arrays MD and P (orange), crRNA 
array MD (blue) and crRNA array P (black). Multi-gene CRISPRa results in the increase of the peaks I–III 
whose main ion m/z 265 yielded. c. fragmentation pattern of PI and PII matching 2 by LC-MS/MS analysis, 
low weight fragments match microperfuranone fragments (Appendix 1 Table 7.11 and Table 7.13). 

III.2.5. Further analysis of mic cluster products with promoter replacement strategy 

As the genetic basis for biosynthesis of 2 was not previously identified, to ensure that 

the production of the peaks I–III is due to CRISPRa co-targeting the micB–C promoter, we 

verified the final product of the mic cluster by promoter replacement of micA, micB and micC. 

When expressing micA and micB from an alcohol dehydrogenase inducible promoter (PalcA), 

the metabolic profile presented the peaks I–III as observed by CRISPRa, although the 

metabolites were produced in higher quantities (Figure 3.13a). The co-expression of micA–C 

resulted in the same metabolic profile as micA–B (Figure 3.13a). This revealed the function of 

MicB as a cytochrome P450 monooxygenase responsible for converting a secondary alcohol 

on 1 to a ketone group, forming a maleic acid anhydride moiety. 

To corroborate the structure of the compounds, we attempted to purify the peaks I–III. 

Due to increased polarity, the peaks were only extractable from the culture medium with 

acidified ethyl acetate or adsorbent resin (Figure 3.13b), which might explain why it have not 

been observed in previous studies that detected micB expression but used ethyl acetate 

extraction for metabolite profiling of A. nidulans (Oakley et al., 2017; Yeh et al., 2012). The 

peaks I-II co-eluted during semi-preparative HPLC purification, while peak III could be 

isolated as a single peak. Surprisingly, the 1H-NMR and 13C-NMR spectra of the peaks I-II 

mixture and peak III in deuterated chloroform appear to be identical and matched the 

previously reported chemical shifts for 2 (Hamasaki et al., 1983) (Appendix 1 Table 7.7 and 

Figures 7.2–7.8). When reconstituting the NMR sample in methanol for analysis by LC-DAD-

MS, the purified peaks reverted to multiple peaks (Figure 3.13c) and we further observed that 

the samples also existed as mixtures when analysed by NMR in deuterated methanol (Figures 

S13–14). These results suggest that the compounds in the peaks I-III are interchangeable 

tautomeric/cis-trans isomers or opened/closed ring forms of 2 in acetonitrile or methanol 

(Figure 3.13d) but exist as a single entity in chloroform during NMR analysis (Appendix 1 

Table 7.7).  

Taken together, the results from LC-MS/MS and NMR analysis support 2 as the 

metabolite product of the mic cluster. The results also conclusively demonstrated that multi-

gene activation can be achieved by CRISPR/dLbCas12a-VPR.  
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Figure 3.13 Verification of mic cluster product by promoter exchange and dehydromicroperfuranone 
isolation. a. DAD (λ=254 nm) chromatograms from mic cluster genes (micA–C) expression from an alcohol 
inducible promoter (PalcA). Overexpression of micA results in the expected microperfuranone peak and a 
smaller unidentified peak likely to be a side product of microperfuranone with m/z 251 (asterisk). Co-
expression of micA and micB resulted in the production of the peaks I–III peaks as expected. Co-expression 
of micA–C results in the same metabolic profile of micA–B, indicating that micC is likely not necessary to 
produce peaks I–III. All chromatograms run with a gradient of 20 min. b. Metabolic profile of highly 
concentrated samples from culture media crude extract obtained when scaling up for purification showing 
peaks I–III and a smaller IV of identical m/z 265 when extracted with acidified ethyl acetate and methanol 
mix. When extracting the same media with a solid resin we observe only the peaks IV and III. All 
chromatograms with a gradient of 10 min. c. LC-DAD-MS analysis of the purified peak III used for NMR 
analysis (top, DAD chromatogram λ=254 nm; bottom, extracted ion chromatogram m/z 265). The purified 
peak III NMR sample in chloroform-d, which appeared as a pure single chemical entity based on 1H and 13C 
NMR analysis (Appendix 1 Table 7.7 and Figures 7.2–7.6), was dried and reconstituted in methanol for the 
LC-DAD-MS analysis. LC-DAD-MS of co-purified peaks I–II shared the same profile. 1H NMR analysis of 
the reconstituted sample in methanol-d also showed that the compounds existed as mixed forms (Appendix 
1 Figure 7.7 and 7.8). d. Possible interchangeable forms of dehydromicroperfuranone based on possible 
tautomerization, interconversion between closed-ring anhydride and open-ring diacid form, and cis-trans 
isomerization of maleic acid to fumaric acid. Note: m/z 283 was occasionally observed to coexist with m/z 
265 for the peaks I–IV suggesting that some of the m/z 265 ions detected could be [M+H-H2O]+. However, 
it is difficult to determine which peak belongs to which chemical form, as the isolated peaks appear as a single 
entity in chloroform-d during NMR analysis and converted back to multiple peaks during LC-DAD-MS. 

III.2.6. A combined strategy: promoter replacement of the backbone gene and 

CRISPRa of the tailoring enzyme gene 

 



64 
 

To further analyse potential of CRISPR-based activation of tailoring enzymes, we 

performed CRISPRa of the gene encoding the p450 enzyme (micB) in a strain with excess of 

the precursor microperfuranone. For that we cotransformed the construct containing PalcA-

micA and the vectors for CRISPRa of micB with crRNA P (Figure 3.14a).  

In this configuration, CRISPRa activation of chromosomal micB failed to catalyse the 

conversion of high concentrations of microperfuranone into dehydromicroperfuranone 

(Figure 3.14b). Nevertheless, we observe an increase in the area of peaks I and II relative to 

the microperfuranone peak (Figure 3.14b,d). Interestingly, in the CRISPRa strains we observe 

an abrupt depletion of a peak of m/z 251 [M+H] + (Figure 3.14c), which is only observed at RT 

11 min in the strains with only PalcA-micA (Figure 3.14b). Analysing this peak with LC-MS/MS 

spectrometry, fragments matched to the predicted spectra by CFM-ID (Allen et al., 2014) of a 

microperfuranone derivative m/z 251 [M+H] + where the hydroxy group is replaced by an 

hydrogen. We proposed then that the ion m/z 251 [M+H] + is a pathway off-product we named 

deoxymicroperfuranone (Figure 3.14e , Appendix 1 Table 7.12).  

 These assays evidence that strong activation is necessary not only for the expression of 

the backbone enzyme genes (such as NRPS-like micA) but also genes encoding tailoring 

enzymes as micB. Nevertheless, we consider the tool at this stage can be useful for testing 

perturbations of a high titre metabolic pathways. The basis of the difference in the production 

of deoxymicroperfuranone when CRISPRa is present remain to be elucidated. 
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Figure 3.14 A combined strategy of promoter replacement of backbone gene and CRISPRa of tailoring 
enzyme. a. Schematics of the strategy combining induced PalcA-micA, which result in the production of high 
concentrations of the precursor microperfuranone, and CRISPRa of the chromosomal p450 gene micB. b 
DAD (λ=254 nm) representative chromatograms of strains expressing PalcA-micA (blue) and strains 
additionally containing micB CRISPRa (red), with a close up overlay of relevant RT. The asterisk peak 
represents a microperfuranone off-product of m/z 251 [M+H] +.c. Integrated peak areas of the different 
peaks in both strains. The changes in the production of PI-III and microperfuranone are subtle, although 
showing an increase in PI-III. Interestingly peak asterisk represents a big drop in production, being absent 
in the CRISPRa samples. Values are the mean of three biological replicates, of which specific values are 
indicated as black dots, bars represent SD. Two-sided Welch’s T-test with Holm-Šídák multiplicity 
correction was performed. Asterisk indicates corrected P-value<0.05, (ns) not significant. d. Differences in 
relative peak composition, approximated as the added areas of PI and PII divided by the area of 
microperfuranone. This further supports that the production of PI-II increases relative to microperfuranone. 
e. Based on LC-MS/MS fragments we proposed that the peak asterisk is a possible off-product of 
microperfuranone named deoxymicroperfuranone (Appendix 1 Table 7.12). 

III.2.7. Bioinformatic exploration of mic cluster boundaries 

As micA was identified early in the bioinformatic explorations of the genome of A. 

nidulans, several works have hypothesised cluster boundaries for mic genes. We originally 

took the evidence of transcriptional coregulation between micA–C (Andersen et al., 2012; 

Fischer et al., 2018; Yeh et al., 2012) as the clue for mic cluster boundaries in our CRISPRa 

experiments. However, other works have hypothesised that mic cluster can contain more 

genes. For example, Ahuja et al. performed overexpression of the putative mic cluster specific 

TF gene AN3391, although it was unsuccessful to elicit microperfuranone production (Ahuja 

et al., 2012). 

 To approximate the true boundaries of mic cluster, we analysed the co-localization of 

the genes AN3391–AN3400 in related fungal species to have an evolutionary hypothesis of 

mic cluster boundaries. Analysing AN3391–AN3400 with CBlaster (Gilchrist et al., 2020a) 

against all fungal sequences available at NCBI, we observed that the genes micA (AN3396), 

micB (AN3394) and micC (AN3395) did not cluster with orthologues of neighbouring genes 

in other species of Aspergillus (Figure 3.15a). Interestingly, we observe that micA–C were 

clustered in several Colletotrichum species (Figure 3.15). This is interesting, as Colletotrichum 

is a genus of endophytic fungi, and dehydromicroperfuranone has been proposed to be a plant 

growth promoting agent. However, to our understanding the production of microperfuranone 

or dehydromicroperfuranone has not been characterised in these species. 
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Figure 3.15 The mic cluster is not conserved among Aspergilli. a. CBlaster output showing representative 
Aspergillus strains and all the hits of micA and micB, which belonged to species of the genus Colletotrichum. 
Colour shade indicates increasing percentage of protein identity, starting from 50%. b. Homology between 
A. nidulans loci neighbouring mic cluster and representative fungal species that contain those genes, as 
visualised with clinker. We can observe that mic cluster genes show similarity to Colletrichum species, 
exemplified with C. orchidophillum IMI 309357 genes, while the genes neighbouring mic cluster are present 
in other Aspergillus species, exemplified with A. udagawae IFM 46973. All genes are drawn to scale and 
scale bar indicated. Grey boxes linking genes are shaded based on amino acid identity (0% white, 100% 
black). 
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III.2.8. Characterisation of temperature tolerance of CRISPRa systems in A. nidulans 

and conceptualization of a variant system for CRISPRa at room temperature  

In all the CRISPRa assays performed in the previous sections of Chapter II and this 

chapter, the strains were cultivated at 37 °C, which is often the standard culture temperature 

for A. nidulans, and also the optimal temperature for Cas12a activity (Moreno-Mateos et al., 

2017). 

Cas12a systems are known to exhibit reduced activity below 28 °C, making its 

implementation troublesome in ectotherm animals and some plants (Moreno-Mateos et al., 

2017). This could also compromise the wider applicability of fungal CRISPRa, as the majority 

of fungi have optimum growth temperatures between 25 °C and 30 °C (Dix et al., 1995), and 

the production of some SMs is favoured at room temperature (Keller, 2019) . In our laboratory, 

we routinely express heterologous biosynthetic genes from non-thermotolerant fungi in A. 

nidulans at 25 °C for metabolite production (Hu et al., 2019; Li et al., 2018). 

 To evaluate CRISPRa performance at temperatures lower than 37 °C, we investigated 

CRISPR/dSpCas9-VPR and CRISPR/dLbCas12a-VPR mediated activation of the PelcA-

mCherry reporter across multiple temperatures. Observing the best performer Cas9 sgRNAs 

E1 and E2, the fluorescence observed at 30 °C was comparable to the samples grown at 37 °C 

for sgRNA E2 but a decrease was observed for sgRNA E1 (Figure 3.16a). At room temperature 

(25 °C), low fluorescence was observed for sgRNA E2/dSpCas9-VPR samples, distinguishable 

from the negative control. In the CRISPR/dLbCas12a-VPR samples (Figure 3.16b) we 

observed activation at 37 °C and 30 °C, but not at room temperature. 
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Figure 3.16 CRISPRa activity is limited at room temperature. CRISPR-mediated activation of PelcA-mCherry 
fluorescent reporter is limited at low temperatures. a. The activation observed in mycelia by 
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CRISPR/dspCas9-VPR and sgRNA 2 at 37 °C is similar to that observed at 30 °C but lower at 25 °C (room 
temperature) in mycelia at a stage of equivalent growth to that observed in the other temperature conditions. 
Fluorescence at 25 °C was still distinguishable from the no sgRNA control. With sgRNA 1 we observed a 
noticeable drop in the activity at 30 °C . b. CRISPR/dLbCas12a-mediated activation was observed for 
mycelia grown at 37 °C and 30 °C but not observed at 25 °C. In all cases, the spores for each sample were 
collected from three individual colonies and grown in liquid stationary culture overnight in the case of 37 °C, 
and 30 °C and two days for the samples at 25°C. The photos represent the mCherry channel and bright-field 
(BF). Scale bar 100 µm. 

Due to the restrictions on dLbCas12a-VPR activity at room temperature a putative 

temperature tolerant variant was investigated. Taking inspiration from the AsCas12aE174R 

variant, recently reported to possess increased double stranded DNA cleavage efficiency in 

vitro at 25 °C (Kleinstiver et al., 2019), we designed an dLbCas12a mutant harbouring the 

homologous mutation D156R identified by aligning the AsCas12a/LbCas12a crystal 

structures (Yamano et al., 2016, 2017) (Figure 3.17).  

 

Figure 3.17 LbCas12a and AsCas12a crystal structures alignment for equivalent residue identification. 
Protein alignment visualized in PyMOL of LbCas12a (pink) (PDB ID: 5XUS) (Yamano et al., 2017) and 
AsCas12a (PDB ID: 5B43) (Yamano et al., 2016) (light blue) crystal structures indicates that residue D156 
from LbCas12a (Red) is an equivalent residue to E174 from AsCas12a (blue). 

The construction and testing of the variant LbCas12aD156R was performed by Woodcraft 

as part of an Honours project (Woodcraft, 2019), whose results can be found in the final 

manuscript of this project (Roux et al., 2020). During the preparation of this manuscript, the 

LbCas12aD156R variant was reported to exhibit increased low-temperature genome editing 

efficiency in vivo (Schindele and Puchta, 2020). In our work, we demonstrated that the 

temperature tolerance property is translatable to CRISPRa. Targeting micA a ∼4.5-fold 

increase in microperfuranone production was observed at 25 °C, a condition restrictive for the 

WT LbCas12a activator. We also demonstrated activation of the proof-of-concept PelcA-

mCherry at room temperature mediated by CRISPR/dLbCas12aD156R-VPR . 

The variant LbCas12aD156R has been reported to exhibit improved recognition of the non-

canonical PAM sequence TTCN (Joung et al., 2019). The presence of the PAM near the target 
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is a critical requirement for CRISPR systems, in the case of LbCas12a systems the sequence 

TTTV (Zetsche et al., 2015). Testing of a poly-crRNA array targeting TTCN PAM sites in the 

5′ UTR of micA, the dLbCas12aD156R variant had a better activity over the original dLbCas12a 

system at 37 °C (Roux et al, 2020, Woodcraft, 2019). 

III.2.9. Towards an inducible CRISPR/dLbCas12a-VPR system 

One of the main advantages of using an RNAPII promoter for the delivery of crRNA 

arrays, is that it allows the option of inducible or tissue specific promoters. In the literature, 

inducible expression of Cas12a crRNA arrays has been used for gene editing (Campa et al., 

2019). Dynamically controlled CRISPRa has been proposed as advantageous for 

bioproduction, as it could allow for example to induce bioproduction at stationary growth 

phase or create feedback circuits (Fontana et al., 2018). 

To establish an inducible CRISPR/dLbCas12a-VPR system, we delivered the crRNA 

array MU using the cyclopentanone-inducible PalcA, targeting chromosomal micA (Figure 

3.18a). We observed increased production of 1 in the media extracts from strains with the 

CRISPRa system compared to the controls. This demonstrates that Cas12a is capable of 

processing crRNA arrays from PalcA driven transcripts. However, we did not observe 

significative differences in the production of 1 in the samples induced with cyclopentanone 

compared to the non-induced (Figure 3.18b). This could be due the leaky basal expression of 

PalcA is sufficient to drive the CRISPRa system activity, even though the cultures were grown 

in glucose, which would have initial catabolic repression on the PalcA promoter.  

 

Figure 3.18 Towards an inducible dLbCas12a-VPR system. a. Schematic of the inducible CRISPRa system, 
with PalcA based delivery of the crRNA array. b. Microperfuranone production in strains grown in glucose 
(initial repressed condition) with and without induction. The CRISPRa samples have increase production 
compare to the control, but there is no difference between induced and non-induced sample. Titers of 
microperfuranone (mg L-1) values are the mean of three biological replicates, specific values of which are 
indicated as black dots, bars represent SD. 
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III.2.10. Towards a dLbCas12a activator with fungal domains 

Next generation CRISPRa tools in fungi can be created by linking dCas to different 

activation domains. Fungal activation domains involved in secondary metabolism regulation 

have the potential to outperform synthetic or exogenous effectors as VPR, as they could be 

naturally optimised to interact with the endogenous fungal transcriptional machinery. 

However, there are few characterisations of modular and autonomous activation domains 

native to filamentous fungi in the literature. 

AfoA (AN1029) is a cluster specific TF involved in the regulation of the asperfuranone 

BGC in A. nidulans (Chiang et al., 2009). AfoA is considered a good strong activator, as its 

overexpression results in good compound titres (Chiang et al., 2009). In Grau et al., the activity 

of a low performer cluster specific TF was boosted when fused with the activation domain of 

the robust TF AfoA, creating a hybrid TF (Grau et al., 2018). As AfoA C-terminal sequence 

demonstrated to work as a modular activation domain in Grau et al., we hypothesised it would 

act as an activation domain when fused to dLbCas12a.  

We built a construct replacing VPR from dLbCas12a-VPR by the AfoA C-terminal 

sequence delimited in Grau et al. (amino acids 130-666) (Figure 3.19a). When targeting micA 

with the crRNA array MD and dLbCas12a-AfoA, we did not observe any changes in compound 

production compared to a control strain (Figure 3.19b,c). Similarly, we did not observe 

activation of the PelcA-mCherry proof-of-concept when targeting with CRISPR/dLbCas12a-

AfoA, when observed with the same settings used for VPR (data not shown). 

To troubleshoot, we confirmed the correct vector assembly with whole plasmid 

sequencing. Delimiting the cause of the lack of observable dLbCas12a-AfoA activity would 

require further analysis to discard the possibility of expression problems of the new protein. 

Other limitation could be related to difference between mechanisms of dimeric TFs with 

monomeric CRISPR-based activators. In Grau et al. the C-terminal activation domain of AfoA 

was selected skipping AfoA dimerization domain. However, the final hybrid TFs contained the 

dimerization domain from the original TF along with the DNA-binding domain, making it a 

dimeric TF. The monomeric nature of the delivery of a single AfoA domain fused by Cas12a 

could represent a limitation for its activity. Overall, this first precedent on evaluating a fungal 

TAD shed light on some possible constraints when evaluating fungal activators for CRISPRa. 
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Figure 3.19 Evaluation of CRISPR/dLbCas12a-AfoA. a. Schematic of the dLbCas12a-afoA fusion. The afoA 
C-terminal sequence contains a putative NLS and two introns. b. DAD 254 nm representative 
chromatograms of extracts from the strains expressing CRISPR/dLbCas12a-AfoA targeting micA (yellow) 
and a control with CRISPR/dLbCas12a-AfoA targeting the fluorescent proof-of-concept. The arrow 
represents the basal microperfuranone peak. c. Representative EIC of microperfuranone ion (m/z 267 
positive mode) also shows basal microperfuranone production in all settings.  

III.3. Discussion 

III.3.1. The dLbCas12a-based CRISPRa toolkit for fungal SM discovery 

In this chapter we demonstrated that CRISPR/dLbCas12a-VPR-mediated activation of 

BGCs can be a useful tool for discovery of secondary metabolites in filamentous fungi. This 

approach has the potential to be highly scalable due to ease of crRNA array assembly, paving 

the way to higher throughput natural product genome mining approaches. The 

CRISPR/dLbCas12a-VPR-based CRISPRa toolkit is built with well-established fungal genetic 

parts, which increases its potential for portability to fungal species related to A. nidulans. 

Additionally, we generated a dLbCas12aD156R variant for cultures at room temperature 

expanding its application range to fungi with temperature requirements below the optimal for 

LbCas12a.  

Considering fungal genomes in databases often lack 5′ UTR annotations, in this chapter 

we examined the viability of selecting crRNA targets in a TSS annotation-blind manner. In the 

case of micA, targeting a short distance upstream of the gene start codon, despite falling in the 

5′ UTR, resulted in successful production of microperfuranone. This is surprising, given that 

the binding of a CRISPRa complex downstream of the TSS has been proposed to act as a 

roadblock of transcription (Deaner and Alper, 2017). However, our observations indicate that 

the binding of dLbCas12a-VPRs to the micA 5′ UTR region (both with crRNA array MD and 

alternative PAM site crRNA array) results in activation of this locus. In Howe et al. (Howe et 

al., 2017), they observed that the binding of dCas could result in the creation of novel TSS. In 

future works could be relevant to observe if novel TSS are created by CRISPRa targeted to 

micA 5′ UTR. This would be surprising, as the transcriptomic analysis of Sibthorp et al. classify 
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micA TSS as “tight” containing a single well supported TSS (Sibthorp et al., 2013). Activation 

via the targeting of the 5′ UTR may be a locus-specific effect, but our results suggest that a 

TSS annotation-blind targeting criteria could be a viable alternative when targeting genes with 

incomplete gene annotation, as demonstrated for micA and for PelcA driving mCherry 

expression (See Chapter II).  

We observed synergistic activation when targeting micA with multiple crRNAs. The 

requirement for multiple crRNAs per gene could in principle be lowered by using better 

activators. However, there could be other benefits inherent to targeting with multiple crRNAs 

per gene other than the gathering of more activation domains. In regions of low chromatin 

accessibility, the binding of a first CRISPR/Cas complex can introduce local changes in 

chromatin structure making adjacent regions accessible for other CRISPR/Cas complexes that 

otherwise could not access their target. This approach named proxy-CRISPR has been adopted 

in genome editing (Chen et al., 2017), but there is little information of its effect in CRISPRa. 

Interestingly, Liu et al. demonstrated that Cas fused to activators can further increase proxy-

CRISPR effects when evaluated for gene editing (Liu et al., 2019b). Considering the multiple 

mechanisms that can lead to synergistic CRISPRa efficiency, targeting with multiple crRNAs 

per gene is an advantageous strategy for robust activation.  

When activating the expression of multiple genes on the mic cluster we delivered a 

crRNA array per gene for modularity. However, longer crRNA arrays could be used to target a 

whole BGC, with encouraging precedents in the recent literature of Cas12a-mediated 

processing of 25 crRNAs from a single transcript and simultaneous upregulation of ten genes 

(Campa et al., 2019). Additionally, recently reported innovative methods to assemble long 

Cas12a crRNA arrays such as CRATES could be adopted for fungal CRISPRa (Liao et al., 

2019). As long crRNA arrays add structural complexity, guidelines for optimal RNA folding 

can be considered in future works (Creutzburg et al., 2020). 

In this work we express the CRISPRa system components from different AMA1-vectors 

for modularity in the initial testing, but CRISPRa could be adapted to a 1-vector system to test 

in fungal strains with less markers available. Alternatively, using strains with chromosomally 

integrated dLbCas12a-VPR remain a viable alternative with a low compromise in 

performance. By testing different AMA1-vector combinations, we observed that CRISPRa was 

improved when the delivery of the limiting crRNA array was done using an AMA1-pyrG vector. 

In the work by Nødvig et al. (2018) evaluating Cas9-based gene editing on A. nidulans, they 

observed that sgRNA delivery from a pyrG-based vector was more efficient than from an 

AMA1-argB vector (Nødvig et al., 2018). Our results support that the vector used for gRNA 

delivery is an aspect to be considered for CRISPR optimisation, with AMA1 vectors based on 

the marker pyrG being advantageous. 
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Multiple aspects of the current system could be optimised in future CRISPRa prototypes. 

In particular, the explored inducible CRISPR/dLbCas12a-VPR systems could be advanced 

with a tighter control of crRNA expression. Other aspect that remains to be assessed is the 

specificity of the system. In principle, the application of CRISPRa for fungal genome mining 

is less sensitive to possible CRISPRa off-targets than other applications for CRISPRa-based 

gene function discovery. This is because only changes in gene expression that result in 

differences in the metabolic profile would confound the experiment output. Nevertheless, an 

assessment of the possible off-targets or other interferences with the host of the CRISPRa 

system would be relevant to confirm specificity and orthogonality. Genome wide 

transcriptomic analysis of the CRISPRa A. nidulans strains could aid characterisation of the 

specificity of CRISPRa in future works.  

Working towards improved CRISPRa variants, we designed and tested a temperature 

tolerant dLbCas12aD156R variant, that outperformed WT dLbCas12a-VPR at room 

temperature. Recently, the effect of the mutation D156R on in vivo gene editing was 

demonstrated by Schiendele and Puchta (2020) in plants at 25 °C and 22 °C and further shown 

to improve CRISPR-aided genomic integration in plants at room temperature (Merker et al., 

2020). Additionally, the variant Cas12aD156R demonstrated activity at 18 °C for genome editing 

in flies (Port et al., 2020). As part of dLbCas12aD156R variant characterisation, we also 

demonstrated that dLbCas12aD156R allowed targeting an alternative PAM site. In the recent 

literature, the contribution of the mutation D156R on PAM specificity was extensively 

characterised, and D156R was used along other mutations to build improved Cas12a 

(impCas12a) (Tóth et al., 2020). ImpCas12a also includes the mutations G532R, K538V, 

Y542R and K595R which also contribute to further broadening of the PAM range. ImpCas12a 

was evaluated by Tóth et al. in human cell lines and could be further explored for CRISPRa in 

fungi. As new Cas12a variants are introduced in the literature frequently, in future works we 

could also explore Cas12a variants for improved activity in fungi. 

In this chapter, we also evaluated the possible activity of the fungal activation domain 

AfoA. The lack of observable activation of dLbCas12a-AfoA could due multiple reasons. 

Mainly, not all TADs act as effective autonomous domains for CRISPRa. For example, when 

Chavez and co-workers screened >20 known TADs fused to dCas9, only the TADs that 

compose VPR mediated effective activation (Chavez et al., 2015). The lack of observed activity 

could also be due problems in expression of the chimeric protein dLbCas12a-AfoA. 

Alternatively, as the TF AfoA is dimeric in nature, strategies for the multimeric recruitment of 

AfoA TADs could potentially be explored to mimic synergistic mechanisms of activation of 

dimeric TFs.  
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 Targeting more genes and in more species in future works will help us to understand 

the broader applicability of the current vector set for CRISPRa, and advance guidelines for 

achieving robust gene activation in filamentous fungi. The fungal CRISPRa toolkit also has the 

potential to be used for screening other gene functions. For example, it could be used for the 

activation of cluster-specific TFs or other genes for output titre optimisation. For example, 

Ferreira et al. used a CRISPRa screening to identify unknown genes that lead to an increase 

on the flux towards malonyl-CoA in yeast (Ferreira et al., 2019) and Bowan et al. used 

CRISPRa screening to identify genes from central metabolism whose overexpression leads to 

optimised betaxanthins production (Bowman et al., 2020). The developed CRISPRa vector set 

also contributes to establishing A. nidulans as a synthetic biology chassis by enabling novel 

genetic designs. For example, CRISPRa can be used to create complex synthetic regulatory 

networks and to create CRISPRa-inducible artificial promoter sets with different strengths 

attained by varying the number of spacers used (Santos-Moreno and Schaerli, 2020). CRISPRa 

could also represent a useful alternative for precise control of gene expression in less tractable 

fungi where targeted modifications such as promoter replacement are not available (Shapiro 

et al., 2018). In conclusion, this work represents a valuable expansion to the fungal CRISPR 

toolbox and provides a foundation for the further development of CRISPRa as a tool for the 

discovery of novel fungal SMs. 

III.3.2. Contextualising the developed CRISPRa vector set to other recent CRISPRa 

applications in fungi 

After the publication of the results present in this chapter (Roux et al., 2020), two other 

demonstrations of CRISPRa in filamentous fungi have been reported (Mózsik et al., 2020; 

Schüller et al., 2020). Mózsik et al. built a vector based on dCas9-VPR and tested its activity 

on Penicillium rubens. After demonstrating activation of a fluorescent reporter proof-of-

concept, Mózsik et al. evaluated activation of cluster specific TF macR from the macrophorin 

BGC. They observed that 2 of 20 sgRNAs tested resulted in activation of the TF and production 

of macrophorins as observed by LC-MS and bioactivity assays. When comparing 

macrophorins titres to strains with TF overexpression by promoter replacement, CRISPRa 

activation presented lower production.  

 Schüller et al. used CRISPR/VPR-dCas9 for overexpression of the cluster specific TF 

mdpE from the monodictyphenone cluster in A. nidulans. When evaluating targeting mdpE 

with a single gRNA they did not observe changes in expression, but they observed upregulation 

targeting simultaneously with 2 sgRNA or 4 sgRNA. They also evaluated targeting the 

bidirectional promoter between AN8506 and AN8507, showing increases in expression but at 

a different extent for each gene. In this experiment, they observed an up to 4,000-fold increase 
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in mRNA expression of the TF AN8507 with one of the sgRNA tested. However, there is no 

reports on compound production.  

 Interestingly, Schüller et al. performed MNase-seq analysis of A. nidulans cultures to 

aid the design of gRNAs that target nucleosome depleted regions. Schüller et al. is a good 

example of how a possible constraint on CRISPRa in fungi can also inspire advances in our 

understanding of A. nidulans biology, in this case by inspiring MNase-seq analysis. Their 

MNase-seq output is available at NCBI, giving us a chance to analyse their data against micA. 

When blasting micA regions to the MNase-seq by to Schüller et al., we observe that the micA 

5′ UTR is located on a reads-rich region, which is proxy for nucleosome presence, while micA 

promoter presents considerably lower reads (Figure 3.20). This seems to indicate that the 

region targeted by the best performer crRNA array MD could be nucleosome rich. Our results 

with micA are indicative that besides the rules for CRISPR gRNA targeting, strong activation 

could appear when targeting “not ideal” locations as well, thus the presence of nucleosome 

cannot be the sole predictor for crRNA design. Overall, the results from Mózsik et al. and 

Schüller et al. support our observations that testing multiple gRNA per gene is necessary for 

robust and reliable activation. 

 

Figure 3.20 Representative result of the region micA promoter and 5′ UTR blasted against the MNase-seq 
NCBI SRA SRX8836599 by Schüller et al. (2020). For ease of visualisation the image shows 250 reads, but 
the result of blasting against total reads gave a similar pattern with the region from the crRNA array MD 
enriched on reads (yellow box), which can be indicative of a nucleosome. 
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III.3.3 Perspective on CRISPRa for fungal genome mining 

The feasibility of a CRISPRa-based pipeline for natural products discovery is dependent 

of the method used for compound screening and characterisation. Ideally, CRISPRa strains 

should have compound titre outputs that allow compound purification at reasonable scaling-

up volumes. In this chapter we obtained up to 0.8 mg L-1 of microperfuranone production 

activating a single chromosomal copy of micA, and 4.5 mg L-1 when activating episomal copies 

of micA. A broader analysis of different target genes with CRISPR/dLbCas12a-VPR is 

necessary to contextualise the current CRISPRa system potency. Whether overexpression by 

CRISPRa can reach expression levels comparable to refactoring with strong promoters is still 

questioned even in more characterised model organisms (Brown et al., 2019). Nevertheless, 

CRISPRa still can be considered a complementary tool for the screening novel BGC products, 

allowing faster cloning and strain engineering times than promoter replacement. Thus, it 

could be used as a first strategy to analyse the products of candidate BGCs by sensitive 

techniques such as tandem MS spectrometry for evidence of chemical novelty. In the case 

production titres do not support scaling up for purification, promoter replacement can then 

be opted (Figure 3.21a). Arguably, advances towards higher sensitivity in analytical chemistry 

can also facilitate genome mining by CRISPRa if titres are limiting. For example, low volume 

capillary probe and microcryoprobe NMR has allowed analysis of samples of sub-milligram 

amounts (Molinski, 2010) and MS-based approaches for structural elucidation, such as 

molecular networking, can also be considered to maximise the information output of sensitive 

techniques (Aron et al., 2020). 

 

Figure 3.21 Possible CRISPRa genome mining pipelines. a. Candidate clusters are activated with CRISPRa, 
to confirm novelty of the encoded compounds by sensitive techniques such as LC-MS/MS. After analysis of 
the crude extract, if higher production is necessary for low-sensitivity methods such as NMR, promoter 
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replacement can be performed in the pre-selected BGCs. b. Proposed strategy for pooled crRNA screening 
for genome mining. Libraries of crRNA arrays targeting SM genes are transformed in a single event, resulting 
in the incorporation of different crRNAs per transformant colony. The colonies are selected by observable 
phenotype as e.g. inhibition halo in an antagonist bioactivity assay. Amplification and sequencing can be 
used to reveal the transformed crRNA in the selected colonies and link to the responsible BGC. c. Genome 
capture of heterologous BGC and transformation in A. nidulans along with CRISPRa of the heterologous 
genes could be used for expression of new compounds. 

Bioactivity guided screenings can offer an alternative to analytical screening. The 

presence of bioactive compounds in cell growth can be evidenced through multiple assays. For 

SM-related applications of CRISPRi in Streptomyces, both changes in the inhibition zone 

against Bacillus subtilis and colour were used to observe changes in the production of 

antibiotics and pigmented compounds respectively (Zhao et al., 2018). Depending on the 

compound activity, bioactivity assays can be considered of high sensitivity. Most importantly, 

activation outputs that result in observable phenotypic changes enable arguably the most 

powerful CRISPRa application: pooled CRISPRa screening (Figure 3.21b). Pooled screenings 

rely on a guide RNA library where each vector contains the gRNAs for the activation of a 

target(s), which in this case, could be SM genes, TFs or complete BGCs. By transforming the 

pooled library and selecting transformants with a desired trait, the discovery of desired gene 

functions is accelerated. By sequencing of the gRNA encoding vector from the selected 

transformant strains, the identity of the activated genes is revealed. Classic natural product 

bioactivity screening-based discovery leads limited success due to the high re-discovery rates 

and the low proportion of BGC active in the screening conditions (See Chapter I). In a scenario 

where all BGC could be virtually activated, pooled CRISPRa screening could increase the 

discovery rate of bioactivity-based screenings.  

CRISPRa could also serve as a valuable tool to activate heterologous BGCs captured on 

AMA1 vectors (Figure 3.21c). BGC expression in A. nidulans as a heterologous host represents 

an efficient alternative for genome mining of small molecules from less tractable fungi. 

Genomic libraries containing BGCs or assembled BGCs on AMA1-containing vectors have 

been constructed for expression in A. nidulans (Clevenger et al., 2017; Hu et al., 2019). 

CRISPRa could empower such approaches by providing a new way to upregulate heterologous 

BGCs that yield limited metabolite titres.  

CRISPRa systems are rapidly evolving and these innovations could be used to upgrade 

the current fungal CRISPRa system. While in 2015 only two PubMed papers mentioned 

“CRISPRa” in their abstract, 56 of those papers were published in 2020 (Figure 3.22a). Many 

new activators have been developed since the start of this project that could outperform the 

current dLbCas12a-VPR system and be used to expand the fungal CRISPRa toolbox (Figure 

3.22b). For example, the recently reported CRISPR/dCas9-CCC[VPR] showed remarkable 

improved performance over the direct fusion of dCas9-VPR, as well as Suntag and SAM (Lebar 
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et al., 2020). The split activator dCpf1-SA2.0 was shown to outperform dCas12a-VPR in wide 

variety of targets, including loci where dCas12a-VPR showed minimal activity (Nihongaki et 

al., 2019). Additionally, more established strategies such as Suntag have been diversified and 

optimised since the original comparison of activity to VPR by Chavez and colleagues (Chavez 

et al., 2016). In the SunTag-p65-HSF1 (SPH) system (Zhou et al., 2018) the VP64 activator 

used in the original SunTag system was replaced with the activator used in SAM, p65-HSF1, 

with final results that outperformed both the original SAM and Suntag systems. Suntag has 

also been optimised by modifications in the linkers length and number of recruiting modules 

(Papikian et al., 2019). 

 

Figure 3.22 CRISPRa is a still evolving tool. a. Number of PubMed publications over the period 2014-2019 
that had the word “CRISPRa” in the abstract, keywords, or title. The acronym CRISPRa is not adopted by 
all the users of CRISPR-based activation, so the chart is under representative. b. The CRISPRa toolbox for 
filamentous fungi can be expanded by adopting novel TADs and recruiting strategies, or by developing 
activators making use of fungal TADs. 

The engineering and optimisation of new activators require several cycles of testing, as 

adding more activators does not necessarily improves the potency of the system. For example, 

in S. cerevisiae the fusion Gal4-dCas9-VP64 was tested with only slight increases in 

performance compared to dCas9-VP64 (Naranjo et al., 2015). Additionally, repetitive 

activators can trigger instability problems, as in the case of dCas9–VP192 and dCas9–VP256 

that showed decreased potency compared to dCas9–VP128 (Li et al., 2017). The order of the 

activation domains can also have an effect in the performance, as demonstrated by Chavez and 

colleges when developing in VPR (Chavez et al., 2015). Attempts to engineer some 

configurations of chimeric activators fusing elements of VPR, SAM, and Suntag also proved 

troublesome (Chavez et al., 2016). However, other attempts to create complex hybrid 

strategies have resulted in stronger activators, such as in TREE where SAM RNA aptamers are 

used to recruit Suntag scaffolds (Kunii et al., 2018). Interestingly, some CRISPRa applications 

have used dCas to recruit other types of molecules to effect activation. This is the case of the 

chemical epigenetic modifiers based on dCas9-FK506-binding protein and the supply of 

FK506 chemically linked to a small molecule that interacts with the epigenetic machinery 
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(Chiarella et al., 2020). Another approach is using a CRISPR-assisted trans enhancer, where 

dCas9 through modifications on its sgRNA recruits a DNA enhancer for activation (Xu et al., 

2019). Finally, CRISPRa systems will keep diversifying along new CRISPR/Cas systems are 

being discovered. For example, Class 1 CRISPR/Cas systems, that make use of several Cas 

proteins in complex with the crRNA, have been adopted successfully for CRISPRa (Chen et al., 

2020).  

As our understanding of BGC regulation evolves, CRISPR-based sTFs could be tailored 

to recruit relevant cellular components involved in BGC activation. Thus, a broad evaluation 

of putative TADs from fungal SM-related TFs or general regulators could help to identify 

autonomous TADs for CRISPRa (Figure 3.22). Additionally, screening uncharacterised TADs 

for the development of sTFs also offers a new avenue to study TAD functions. For example, 

Keung et al. made use of ZF-based sTFs for a bottom-up evaluation of the activity of >200 yeast 

chromatin regulator domains (Keung et al., 2014). Thus, evaluating fungal TADs for CRISPRa 

can also help advance our understanding of the genes involved in SM gene regulation. 

Overall, the concept of CRISPR-mediated transcriptional activation is still in 

development and evolving along our understanding of gene regulation (Casas-Mollano et al., 

2020). As our understanding of the mechanisms behind fungal BGC transcriptional activation 

advance and new CRISPR/Cas-based activators are developed, the fungal CRISPRa toolbox 

could be expanded and tailored for efficient genome mining. 

III.4. Methods 

III.4.1. Computational analysis of Aspergillus nidulans features 

All Python code used are implemented in a Jupyter notebook which is available at 

https://github.com/gamcil/5_UTR_analysis/ alongside accompanying data. The genome 

assembly and corresponding gene annotations for A. nidulans FGSC A4 were obtained from 

FungiDB (denoted version 46) (Basenko et al., 2018; Galagan et al., 2005). Coordinates of 

predicted BGCs were obtained from the A. nidulans portal on the Joint Genome Institute's 

MycoCosm resource (Grigoriev et al., 2014). The genome was parsed for gene features using 

Python scripts. Genes falling within cluster boundaries were grouped, forming an additional 

dataset to facilitate comparison between the whole genome and BGC genes.  

Lengths of 5′ UTRs were determined for all genes and BGC genes, based on features 

when available, filtering the genes with 5′ UTRs equal zero. Histograms for each dataset were 

plotted using the Matplotlib library.  
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 To determine the frequency of Cas9 and Cas12a PAM sites, upstream regions for all 

genes were isolated by taking up to 400 bp upstream of the start codon. When intergenic 

distance was less than 400 bp, the distance between the start codon and the end of the previous 

gene was used. Frequencies of the different PAM sites were obtained through regular 

expression searches of the PAM sequences considering both strands. Histograms for each 

dataset were plotted as mentioned above. 

III.4.2. Vector Construction 

Vectors built for this chapter are listed on Table 3.1 and cloned following the methods 

described on Chapter II Section 4.1, using oligonucleotides listed in Appendix 1 Table 7.2. The 

sequences of mic cluster genes sequences were PCR amplified from A. nidulans LO8030 gDNA 

(Cerqueira et al., 2014) BsmBI domesticated one-step-cloning vector pCRI008 was built de 

novo with digested vector fragments and PCR fragments for site directed mutagenesis of 

pYFAC-pyroA parts (Figure 3.9). afoA activation domain was amplified from gDNA of A. 

nidulans TN02A21 strain. pYFAC-riboB-PgpdA-dLbCas12a-afoA-TtrpC sequence was 

verified with full plasmid sequencing. 

Table 3.1. Vectors built for Chapter III 

Vector name Purpose 

Plasmid ID as in 

Roux et al 

pCRI-PgpdA-

Cas12aScaffold-BsmBI-

Cas12aScaffold-TrcpT 

crRNA entry and expression vector for PgpdA expression 

of LbCas12a crRNAs. BsmBI domesticated AMA1 fungal 

vector (1-step cloning) pCRI008 

pGEM-PgpdA-

Cas12aScaffold-

4xcrRNAarrayMD-TtrpC Step 1 Cloning Cas12a MD crRNA array pCRI024 

pYFAC-pyroA-PgpdA-

Cas12aScaffold-

4xcrRNAarrayMD-TtrpC Cas12a MD crRNA array AMA1 delivery pCRI025 

pGEM-PgpdA-

Cas12aScaffold-

4xcrRNAarrayMU-TtrpC Step 1 Cloning Cas12a MU crRNA array pCRI026 

pYFAC-pyroA-PgpdA-

Cas12aScaffold-

4xcrRNAarrayMU-TtrpC Cas12a MU crRNA array AMA1 delivery pCRI027 

pCRI008- MD1 Single Cas12a crRNA delivery pCRI028 
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pCRI008- MD2 Single Cas12a crRNA delivery pCRI029 

pCRI008- MD3 Single Cas12a crRNA delivery pCRI030 

pCRI008- MD4 Single Cas12a crRNA delivery pCRI031 

pCRI008- MU2 Single Cas12a crRNA delivery pCRI032 

pCRI008- MU3 Single Cas12a crRNA delivery pCRI033 

pCRI008- MU4 Single Cas12a crRNA delivery pCRI034 

pKW20088-PmicA-5'UTR-

micA 

High basal expression episomal micA target (complete 

gene) pCRI035 

pKW20088-MinimalPmicA-

5'UTR-micA Low basal expression episomal micA target pCRI036 

pYFAC-pyroA-mutPgpdA-

4xcrRNAarrayMD-TtrpC Testing the effect of PgpdA BsmBI domestication pCRI037 

pYFAC-pyroA-mutPgpdA-

4xcrRNAarrayMU-TtrpC Testing the effect of PgpdA BsmBI domestication pCRI038 

pCRI008-3xcrRNAarrayP Cas12a P crRNA array AMA1 delivery from pyroA pCRI039 

pKW20088-PgpdA-

4xcrRNAarrayMD-TtrpC 

Cas12a MD crRNA array AMA1 delivery from pyrG 

marker  pCRI040 

pKW20088-PgpdA-

3xcrRNAarrayP-TtrpC Cas12a P crRNA array AMA1 delivery from pyrG pCRI041 

pYFAC-CH2-PalcA-micA Expression of micA under the strong promoter alcA pCRI042 

pYFAC-CH4-PalcA-micB Expression of micB under a strong promoter alcA pCRI043 

pYFAC-CH3-PalcA-micC Expression of micC under a strong promoter alcA pCRI044 

pYFAC-pyroA-PalcA-

4xcrRNAarrayMD-TtrpC Alcohol inducible crRNA array expression - 

pYFAC-riboB-PgpdA-

dLbCas12a-afoA-TtrpC Evaluation of afoA TAD - 

III.4.3. Design and cloning of crRNA 

The target sequences of each crRNA or sgRNA are listed in Appendix 1 Table 7.3, along 

with the corresponding PAM sequence and the distances to target gene start codon and TSS 

(Basenko et al., 2018; Cerqueira et al., 2014; Sibthorp et al., 2013). The spacers were also 

verified to pass the bioinformatic off-target test against A. nidulans FGSCA4 genome sequence 

with EuPaGDT (Tarleton et al., 2015). All crRNAs were synthesized as oligonucleotides with 

overhangs whose sequence is indicated in Appendix 1 Table 7.1. Cloning procedure as 

indicated in the methods section Chapter II.4.2. For some Cas12a crRNA, one-step cloning 

was possible in the fungal crRNA expression vector pCRI008.  
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III.4.4. Aspergillus nidulans transformation 

Strains created are listed in Table 3.2. Methods as indicated in chapter II section 4.3.  

Table 3.2 Strains built on Chapter III 

Parent strain 
pyrG auxotrophic 
complementation 

riboB auxotrophic 
complementation 

pyroA auxotrophic 
complementation 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine pYFAC-riboB 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine pYFAC-riboB 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030 
Supplemented uracil 
and uridine 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030 
Supplemented uracil 
and uridine 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030 
Supplemented uracil 
and uridine 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) pYFAC-pyroA 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine pYFAC-riboB pYFAC-pyroA 

LO8030 
Supplemented uracil 
and uridine pYFAC-riboB 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030 
Supplemented uracil 
and uridine pYFAC-riboB 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine pYFAC-riboB 

pCRI037 (pYFAC-pyroA-
mutPgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine pYFAC-riboB 

pCRI038 (pYFAC-pyroA-
mutPgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI028 (pCRI008- MD1) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI029 (pCRI008 MD2) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI030 (pCRI008- MD3) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI031 (pCRI008- MD4) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI008 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI032 (pCRI008- MU2) 

LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI033 (pCRI008- MU3) 
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LO8030+GI 
dCas12aVPR 

Supplemented uracil 
and uridine Supplemented riboflavin pCRI034 (pCRI008- MU4) 

LO8030+GI 
dCas12aVPR 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) pYFAC-riboB 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) pYFAC-riboB 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) pYFAC-riboB pYFAC-pyroA 

LO8030 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) pYFAC-riboB 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030 

pCRI035 
(pKW20088-PmicA-
5'UTR-micA) pYFAC-riboB 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI036 
(pKW20088-
MinimalPmicA-
5'UTR-micA) pYFAC-riboB 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI036 
(pKW20088-
MinimalPmicA-
5'UTR-micA) pYFAC-riboB pYFAC-pyroA 

LO8030+GI 
dCas12aVPR 

pCRI040 
(pKW20088-PgpdA-
4xcrRNAarrayMD-
TtrpC) Supplemented riboflavin 

pCRI027 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMU-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI040 
(pKW20088-PgpdA-
4xcrRNAarrayMD-
TtrpC) Supplemented riboflavin pYFAC-pyroA 

LO8030+GI 
dCas12aVPR pKW20088 Supplemented riboflavin 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI040 
(pKW20088-PgpdA-
4xcrRNAarrayMD-
TtrpC) Supplemented riboflavin 

pCRI039 (pCRI008-
3xcrRNAarrayP) 

LO8030+GI 
dCas12aVPR pKW20088 Supplemented riboflavin 

pCRI039 (pCRI008-
3xcrRNAarrayP) 

LO8030+GI 
dCas12aVPR 

pCRI041 
(pKW20088-PgpdA-
3xcrRNAarrayP-
TtrpC) Supplemented riboflavin 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030+GI 
dCas12aVPR 

pCRI041 
(pKW20088-PgpdA- Supplemented riboflavin pYFAC-pyroA 
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3xcrRNAarrayP-
TtrpC) 

LO8030 

pCRI041 
(pKW20088-PgpdA-
3xcrRNAarrayP-
TtrpC) 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

LO8030 pKW20088 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) pYFAC-pyroA 

LO8030+GI 
dCas12aVPR 

pCRI042 (pYFAC-
CH2-PalcA-micA) pYFAC-CH3 pYFAC-CH4 

LO8030+GI 
dCas12aVPR 

pCRI042 (pYFAC-
CH2-PalcA-micA) pYFAC-CH3 

pCRI043 (pYFAC-CH4-PalcA-
micB) 

LO8030+GI 
dCas12aVPR 

pCRI042 (pYFAC-
CH2-PalcA-micA) 

pCRI044 (pYFAC-CH3-
PalcA-micC) 

pCRI043 (pYFAC-CH4-PalcA-
micB) 

pKW20088 pKW20088 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) pYFAC-pyroA 

pKW20088 pKW20088 

pCRI004 (pYFAC-
riboB-PgpdA-
dLbCas12a-VPR-TtrpC) 

pYFAC-pyroA-PalcA-
4xcrRNAarrayMD-TtrpC 

pKW20088 
Supplemented uracil 
and uridine 

pYFAC-riboB-PgpdA-
dLbCas12a-afoA-TtrpC 

pCRI011 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayElcA-
TtrpC) 

pKW20088 
Supplemented uracil 
and uridine 

pYFAC-riboB-PgpdA-
dLbCas12a-afoA-TtrpC 

pCRI025 (pYFAC-pyroA-
PgpdA-4xcrRNAarrayMD-
TtrpC) 

pKW20088 
Supplemented uracil 
and uridine 

pYFAC-riboB-PgpdA-
dLbCas12a-afoA-TtrpC pYFAC-pyroA 

LO8030+GI 
dCas12aVPR 

pCRI042 (pYFAC-
CH2-PalcA-micA) pYFAC-riboB 

pCRI008 (pCRI-PgpdA-
Cas12aScaffold-BsmBI-
Cas12aScaffold-TrcpT) 

LO8030+GI 
dCas12aVPR 

pCRI042 (pYFAC-
CH2-PalcA-micA) pYFAC-riboB 

pCRI039 (pCRI008-
3xcrRNAarrayP) 

III.4.5. Aspergillus nidulans culture conditions  

For each transformant strain, spores from three individual colonies were picked as 

biological replicates for culture analysis and re-streaked individually in a solidified GMM plate 

to be cultivated for three days at 37 °C. Spores were harvested from plates in 1 mL of 0.1% 

Tween 80 (Sigma, MO, USA) and after counting under Neubauer chamber, 2×108 spores were 

inoculated into 250-mL flasks containing 50 mL liquid GMM medium as described previously 

(Hu et al., 2019) Additionally, ampicillin was added to 50 µg mL-1 and riboflavin, pyridoxine, 

uracil and uridine was supplemented, if necessary, as indicated in Table 3.2. Cultures were 

grown for 2.5 days with shaking set to 200 rpm and 37 °C, unless other temperature indicated. 

In the case only of the samples needing PalcA promoter induction, cyclopentanone at a final 

concentration of 10 mM was added to the medium after 18 h of incubation. At the end of the 

culture, 20 mL of media was collected in 50 mL Falcon tubes by filtration with Miracloth 
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(Milipore, MA, USA). The metabolites were extracted from the liquid culture with 20 mL of an 

organic solvent mixture containing ethyl acetate, methanol, and acetic acid (89.5:10:0.5 ratio). 

The crude extracts were dried down in vacuo and re-dissolved in 0.3 mL of methanol for LC-

DAD-MS analysis.  

III.4.6. Metabolic profile analysis by LC-DAD-MS 

The analyses of the metabolite profiles were performed on an Agilent 1260 liquid 

chromatography (LC) system coupled to a diode array detector (DAD) and an Agilent 6130 

Quadrupole mass spectrometer (MS) with an electrospray ionization (ESI) source. In all cases 

3 μL of the methanol dissolved crude extract was injected. Chromatographic separation was 

performed at 40 °C using a Kinetex C18 column (2.6 μm, 2.1 mm i.d. 3 100 mm; Phenomenex). 

Chromatographic separation was achieved with a linear gradient of 5–95% acetonitrile-water 

(containing 0.1% v/v formic acid) in 10 minutes followed by 95% acetonitrile for 3 minutes, 

with a flow rate of 0.70 mL min-1. For the multiple target CRISPRa experiments, the gradient 

was extended to 20 min for better separation. The MS data were collected in the m/z range 

100–1000 in positive ion mode and UV observed at DAD λ=254.0±4.0 nm. 

Peak areas were determined by peak integration of DAD λ=254 nm chromatogram using 

Masshunter Workstation Qualitative Analysis (Agilent). To quantify microperfuranone (1) 

samples were compared to a calibration curve. To this end, a standard of 1 was prepared by 

weighing approximately 14 mg of purified 1 and diluting in methanol. Several dilutions of the 

standard were measured by LC-DAD-MS. The standard was weighted, and the procedure 

repeated independently three times (Appendix 1 Figure 7.2). A representative regression fit to 

zero was used to quantify 1, consisting in different concentrations of 1 (0.6, 0.5, 0.4, 0.3, 0.2, 

0.1, 0.05, 0.01, 0.001, 0 mg L-1) with three injection replicates (Appendix 1 Figure 7.2). The 

linear regression coefficient was used to extrapolate the concentrations in the crude extract to 

the culture media concentrations. 

For the calculated additive of single crRNA mediated production of 1 in Figure 3.1, the 

negative control mean was added to the summation of the difference between the mean of each 

individual crRNA production and the negative control mean, for the four crRNAs tested. 

III.4.7.LC-MS/MS analysis 

Selected samples were analysed by LC-MS/MS on a Thermo Scientific Fusion Orbitrap 

coupled to a Thermo Ultimate 3000 UHPLC. The column used was an Agilent Poroshell 120 

SB-C18 (2.1 x 30 mm, 2.7 μm) with a 20 min linear gradient of 5–95% acetonitrile-water 
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containing 0.1% v/v formic acid. Precursor ion data was collected for m/z 200 to 300 in 

positive ion mode. Fragmentation was achieved with the higher-energy collisional dissociation 

cell set to a collision energy of 15. Fragment identification was aided by CFM-ID (Allen et al., 

2014) predictions based on hypothesized structures, found in Appendix 1 Tables 7.11–7.13.  

III.4.8.Compound isolation and NMR structural characterization 

For the microperfuranone (1) standard purification, 2 L of 2-days culture media (post-

induction) from the strain with episomal expression of PalcA-micA, was extracted with a mix of 

ethyl acetate, methanol, and acetic acid (89.5:10:0.5). The crude extract was dried in vacuo, 

resuspended in methanol and loaded onto a Sephadex LH-20 (GE Healthcare, Little Chalfont, 

UK) column for fractionation. Fractions containing the target compound were combined and 

further purified by semi-prep HPLC with a C18 column (Grace, 5 µm, 10 × 250 mm) (isocratic, 

40% acetonitrile-water, 4.3mL min-1).  

For purification of dehydromicroperfuranone (2), 4 L of 2-days culture media (post-

induction) from the strain with episomal expression of PalcA-micA, PalcA-micB and PalcA-micC, 

after induction, was loaded onto a customized Diaion HP-20 (Sigma, PA, USA) column pre-

equilibrated with water. The column was then flushed with 2 column-volume of water and 

eluted with methanol. The eluent was dried in vacuo. The crude extract was resuspended with 

methanol and fractionated using the Sephadex LH-20 column. Fractions containing the target 

peaks were combined and further purified by a Reveleris flash chromatography system (Grace) 

using a C18 Preparative column (Agilent, 5 µm, 21.2 x 150 mm). A gradient method (55% 

acetonitrile-water to 85% acetonitrile-water in 12 mins, 10 mL min-1) was applied for the 

separation of peak III with peaks I–III.  

For structural characterization of 1 and 2, nuclear magnetic resonance (NMR) spectra 

were collected on Bruker Avance IIIHD 500/600MHz NMR spectrometers, with either CDCl3-

d or MeOD-d4 as solvents. NMR data in CDCl3 was in good agreement with the published data 

(Appendix 1 Tables 7.7–7.8, Figures 7.3–7.10). 

III.4.9. Alignment of Cas12a structures for residue identification 

Crystal structures of LbCas12a (PDB ID: 5XUS) (Yamano et al., 2017) and AsCas12a 

(PDB ID: 5B43) (Yamano et al., 2016) were aligned with PyMOL (The PyMOL Molecular 

Graphics System, Version 1.7.6.3) in order to facilitate identification of the equivalent residue 

to AsCas12a E174. 
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III.4.10 Statistical analysis 

Statistical analysis was done using GraphPad Prism 8.3.0. All data were analysed with 

three biological replicates and Two-sided Welch’s T-test with Holm-Šídák multiplicity 

correction per figure, using an alpha of 0.05. All Welch’s T-test P-values calculated for each 

experiment along the details for the multiplicity adjustment are found in Appendix 1 Table 

7.4. Fisher’s exact test two-sided was also performed with GraphPad. 

III.4.11. mic cluster boundaries bioinformatic analysis 

The protein sequence of the genes AN3391 to AN3340 was analysed with CBlaster 

(Gilchrist et al., 2020) against all fungal sequences available at NCBI. From that analysis, the 

sequence example strains was retrieved from NCBI and the graphic was created using clinker 

(Gilchrist and Chooi, 2020) with the built analysis and visualisation of protein homology.  
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Chapter IV : Heterologous expression of the burnettiene 
cluster from Aspergillus burnettii in Aspergillus 
nidulans for improved bioproduction and pathway 
elucidation 

IV.1. Introduction 

IV.1.1. Burnettine A, a fungal decalin polyketide 

Aspergillus burnettii is a recently reported fungal species isolated in Australia, with a 

large repertoire of biosynthetic gene clusters (Gilchrist et al., 2020b). The chemical profiling 

of A. burnettii has revealed a variety of novel unreported compounds, among them is the 

polyketide-peptide hybrid burnettramic acid A with potent activity against Candida albicans 

and Saccharomyces cerevisiae (IC50 0.5 and 0.2 μg/mL, respectively) (Li et al., 2019a). 

Another novel compound that was yet to be characterised in the previous study by Gilchrist et 

al. (2020b) is burnettiene A, which will be the focus of this chapter. 

Burnettiene A is a decalin-containing polyketide of formula C32H42O7. Secondary 

metabolites containing a decalin motif usually present a high structural and functional 

diversity due the multiple possible substitutions in the decalin scaffold or on its adjacent 

chains (Li et al., 2014). Several fungal decalin polyketides present remarkable biological 

activities (Figure 4.1). For example, lovastatin can act as potent inhibitors of 3S-hydroxy-3-

methyl-glutaryl-CoA reductase, being routinely used to treat hypercholesterolemia. 

Fusarielins, isolated from various Fusarium species, encompass fourteen members of 

different bioactivity such as anti-fungal, anti-angiogenic and antiproliferative activities (Droce 

et al., 2016; Li et al., 2020b; Sørensen et al., 2012). From the fungal plant pathogen Phoma 

betae, the phytotoxin betaenones A-C have been isolated (Ugai et al., 2015). Campafungins, 

isolated from Plenodomus enteroleucus, show a promising antifungal activity against C. 

albicans (Perlatti et al., 2020).  
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Figure 4.1 Burnettiene A, and other example fungal polyketides containing a decalin motif (decalin 

highlighted in red). 

In the above-mentioned fungal secondary metabolites, the decalin scaffold is 

synthesised by a type I HR-PKS (highly reducing polyketide synthase) from short-chain 

carboxylic acids units. Fungal type I PKSs work iteratively using a set of catalytic domains 

through many cycles in which the domains are reused in different combinations, creating 

structural diversity. The minimal domains involved in the PK chain extension are 

ketosynthase (KS), malonyl-CoA acyl transferase (AT) and acyl carrier protein (ACP) domains 

(Chooi and Tang, 2012). HR-PKS additionally include β-keto processing domains as 

ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER). Some HR-PKSs have an 

unfunctional ER domain and rely on the activity of a trans-encoded ER. For example, the 

trans-ER LovC assists the HR-PKS LovB building the lovastatin scaffold (Ames et al., 2012). 

HR-PKSs can also include a methyltransferase (MT) domain, which branches the polyketide 

chain with methyl groups using S-adenosylmethionine (SAM) as methyl donor. For decalin 

polyketides, the cyclisation from the linear polyketide substrate can happen via a Diels−Alder 

reaction catalysed within the PKS (Ma et al., 2009) or by a Diels-Alderase enzyme (Li et al., 

2016a). Lastly, HR-PKSs often require an additional releasing enzyme to offload the 

polyketide product from the ACP domain. As multiple genes are required for the synthesis and 

release of the first intermediate, screening of HR-PKS products by heterologous expression 

can be challenging.  

 Burnettine A is constitutively produced by A. burnettii MST FP2249 albeit at low titres 

and co-produced with other major metabolites, which complicates compound isolation 

(Gilchrist et al., 2020b). The availability of the genome sequences for A. burnettii presents 

opportunities to investigate the biosynthesis of burnettiene A, which is currently unknown, 

and use a heterologous expression approach for production of burnettiene A. In this chapter, 

we use AMA1-based expression in A. nidulans LO8030 as strategy for heterologous compound 

production. The multi-marker AMA1-vector system (pYFAC) allows to maintain up to three 
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different vectors simultaneously, facilitating combinatorial evaluation of gene cluster products 

(Hu et al., 2019). Additionally, large gene clusters encoded in AMA1-based vectors can be 

transformed into A. nidulans with high efficiency. Overall, heterologous expression in the 

chassis A. nidulans that has a minimal metabolic background could favour downstream 

isolation of burnettiene A compared to A. burnetti. 

IV.1.2. Chapter IV hypothesis and aims 

The following hypothesis was made for Chapter IV: 

1. The genes within the bioinformatically identified putative bue cluster are responsible 

for the biosynthesis of burnettiene A. 

To test that hypothesis, the following aims were stablished for Chapter IV: 

1. Determining the bue gene cluster boundaries by bioinformatic analysis. 

2. Creating A. nidulans strains for the heterologous expression of bue cluster genes. 

IV.2.Results 

IV.2.1.Comparative bioinformatic analysis of the putative bue gene cluster 

The sequencing of the genome from A. burnettii MST FP2249 revealed 25 putative BGCs 

containing a HR-PKS (Gilchrist et al., 2020b). Among them, the putative burnettiene gene 

cluster (bue) was identified by similarity to the fusarielin cluster from F. graminearum PH-1 

(Droce et al., 2016). As fusarielin is a decalin polyketide resembling burnettiene A, the bue 

cluster was selected as candidate for burnettiene A biosynthesis. The HR-PKS polyketide 

enzyme BueA shows a 50% identity with FSL1 and identical order domain (KS-AT-DH-MT-

KR-ACP) (Figure 4.2a,b, Table 4.1). The bue cluster also contains the trans-acting ER BueB, 

that displays 60% identity with the trans-ER FSL5. There is also homology between the gene 

products BueC/D/E and FSL2/3/4 (ranging 39-48% identity), which are an α/β hydrolase, 

epimerase, and cytochrome P450, respectively (Figure 4.2a, Table 4.1). Additionally, BueR 

encodes a TF that presents homology to the cluster specific TF FSL7. BueR also contains a 

Zn2Cys6 domain, which is the most common type of cluster specific TFs (Lyu et al., 2019).  

 To define the cluster boundaries, we searched for homologs of the putative bue cluster 

in NCBI GenBank with cblaster. We found homology to uncharacterised clusters from several 

Aspergillus species, including A. niger, A. fumigatus and A. clavatus (Figure 4.2a and c). 

Interestingly, we observed that the putative methyltransferase BueF and a major facilitator 
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superfamily (MFS) transporter BueG, that lacked homologues within the fusarielin cluster, 

seem to be highly conserved in more than ten other species (Figure 4.2c). Based on this 

analysis we delimit the putative bue cluster to the genes bueA/B/C/D/E/F/G/R, that are 

encoded within a ∼22 kb region of A. burnettii genome.  

 

Figure 4.2. Bioinformatic identification of bue gene cluster. a. Homologous clusters in other fungi. Gene 
names from the bue cluster and fusarielin cluster (FSL) are indicated. Grayscale bars linking genes indicate 
amino acid identity of the encoded protein (0% fully transparent, 100% black). b. HR-PKS domain 
architecture of FSL1 and BueA. KS, ketosynthase; AT, malonyl-CoA acyl transferase; DH, dehydratase; MT, 
methyltransferase; KR, ketoreductase; ACP, acyl carrier protein. c. Homologous clusters with high 
conservation (≥50% identity across all genes) in other fungal species identified with cblaster in NCBI 
GenBank. Fusarium FSL BGC is kept as reference. 
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Table 4.1 Conservation between bue cluster gene products and FLS cluster gene products. Identity and 
similarity values are taken from pairwise amino acid alignments analysed with Clinker. 

A. burnettii FRR 5400 
gene product name 
(accession number) 

Predicted function F. graminearum PH-
1 gene product name 

Identity Similarity 

BueA 
(ETB97_004590) 

HR-PKS FL1 0.50 0.64 

BueB 
(ETB97_004591) 

ER FL5 0.60 0.70 

BueC 
(ETB97_004594) 

α/β hydrolase FL2 0.39 0.55 

BueD 
(ETB97_004593) 

Epimerase FL3 0.48 0.60 

BueE 
(ETB97_004592) 

Cytochrome P450 FL4 0.41 0.56 

BueF 
(ETB97_004596) 

Methyl transferase --- --- --- 

BueR 
(ETB97_004595) 

TF FL7 0.25 0.35 

BueG 
(ETB97_004597) 

MFS transporter --- --- --- 

IV.2.2. Heterologous expression of the bue cluster in Aspergillus nidulans for pathway 

elucidation 

To investigate whether the putative bue cluster contains all the genes required for 

burnettiene A biosynthesis, we opted for heterologous expression in A. nidulans LO8030 using 

multi-marker AMA1-based fungal vectors. As burnettiene A is constitutively produced by A. 

burnettii MST FP2249 (Gilchrist et al., 2020b), we built vectors containing the bue genes 

under their native regulatory sequences. We built an AMA1-pyrG vector containing an 18-kb 

region that encodes bueA/B/C/D/E/R, and an AMA1-riboB vector containing bueF (Figure 

4.4). To favour high compound production, we additionally constructed an AMA1-pyroA 

vector for the overexpression of the putative cluster specific TF bueR under the strong 

constitutive promoter PgpdA, and additionally included the transporter gene bueG (Figure 4.4).  

Analysis by LC-DAD-MS of media extracts from the transformant A. nidulans strains 

expressing all the putative bue cluster genes (bueA/B/C/D/E/F/G/R) showed a peak matching 

burnettiene A (1) of m/z 537 [M − H]− , that was not found in the control strain (Figure 4.3b,c). 

The UV spectrum matched the profile for 1 previously observed in A. burnettii extracts (λ max 

318, 334,352) (Figure 4.3d). The compound was isolated from large scale cultivation on 

jasmine rice, and the structure was elucidated by NMR (Appendix 1 Table 7.10). This validates 
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that the bioinformatically identified bue cluster is responsible for the biosynthesis of 1 (Figure 

4.5). 

To elucidate the intermediates of the pathway of 1, we evaluated truncated versions of 

the bue cluster by heterologous expression in A. nidulans (Figure 4.3). We first hypothesised 

that the methyltransferase bueF would be responsible for the last step of biosynthesis. 

Effectively, when the vector encoding the methyltransferase bueF was not transformed, we 

observed high production of compound 2 with a main ion m/z of 523 [M − H]− and UV 

spectrum matching the one of 1, missing a methyl group (Figure 4.3). NMR analysis confirmed 

the structure as 2, herein named burnettiene B, where C28 in 1 changed to a carboxylic acid 

(Figure 4.5, Appendix 1 Table 7.9). When the vector encoding the methyl transferase bueF is 

present along with the rest of the biosynthetic genes in bue cluster, 2 is converted to 1. After 

four days of small-scale liquid culture, we observed that the conversion is partial as both 2 and 

1 peaks are present (Figure 4.3). Nevertheless, after 14 days of large-scale cultivation, 2 was 

totally converted to 3 (Appendix 1 Figure 7.9). This demonstrates that BueF is responsible for 

methylation of the C28 carboxylic acid on 2 and is required for the biosynthesis of 1 (Figure 

4.5). Other smaller peaks with similar UV to 1 were observed between the peaks from 2 and 

1. However, their amount was insufficient for purification and structure elucidation.  

We then cloned a truncated version of the cluster also skipping the gene encoding the 

cytochrome p450 BueE. When this vector was expressed, we observed peak 3 at high retention 

time (14.24 min) with a UV spectrum almost identical to 1 and m/z 463 [M − H]− (Figure 

4.3b). Based on preliminary NMR evidence and the molecular weight, we hypothesise that this 

intermediate consists of the decalin polyketide with a pentaene chain and reduced methyl 

residues (Figure 4.5) . This compound is herein named preburnettiene. We propose that the 

cytochrome p450 BueE catalyses regiospecific multi-oxidations C1 and C28 on 3 to the 

dicarboxylic acids on 2 (Figure 4.5).  

We then attempted to express a truncated version containing the HR-PKS bueA, the ER 

bueB, and the α/β hydrolase bueC to observe the first possible pathway intermediate. 

However, we did not observe any new peaks in the transformants expressing bueA/B/C 

compared to the control (Figure 4.3). For troubleshooting, we verified the correct sequence of 

vector pYFAC-bueA/B/C/R by next generation sequencing (Appendix 1 Figure 7.12). In the 

homologous fusarielin cluster, deletion of the epimerase gene results in the production of an 

unstable compound (Droce et al., 2016). Instability of the released product could also explain 

the lack of accumulation of the first bue cluster intermediate.  



95 
 

 

Figure 4.3 Analysis of metabolites from burnettiene cluster by heterologous expression in A. nidulans. a. 
Schematic of the vectors used for heterologous expression in A. nidulans. b. Representative DAD (λ = 330 
nm) chromatograms of culture media extracts form strains for the heterologous expression of bue cluster 
genes. c. Extracted ion chromatograms (EIC) chromatogram in negative ion mode showing production of 
the different compounds. d. UV spectra (200-600 nm) of relevant peaks.  

In parallel, we sought to evaluate if the vector for TF overexpression and transporter 

expression increases compound titres. We observed ~2-fold increase in compound production 
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in the strains containing the constructs PgpdA-bueR and bueG, compared to strains without the 

construct (Figure 4.4). This supports that TF overexpression can be an effective strategy to 

upregulate AMA1-encoded heterologous genes in A. nidulans, a strategy also used by Hu et al. 

(2019) .  

 

Figure 4.4 Strains harbouring the vector for bueR TF overexpression and bueG transporter present higher 
compound titres. Values are the mean of two (bueA/B/C/D/E/F/R) or three (bueA/B/C/D/E/F/R + PgpdA-

bueR + bueG) biological replicates isolated from individual transformant colonies, whose specific values are 
indicated as dots, and error bars represent SD. One of the three original biological replicates from the strains 
expressing only bueA/B/C/D/E/F/R was eliminated from the analysis as it did not contain evidence of 
compound production, possible being product of a false positive colony.  

Overall, these results demonstrate that burnettiene A is synthetised by the gene cluster 

composed by bueA/B/C/D/E/F/G/R. Considering the heterologous expression results, we 

propose the biosynthetic pathway of burnettiene A (Figure 4.5). BueA with the assistance of 

the trans-ER BueB synthetises the backbone polyketide from malonyl-CoA and acetyl-CoA, 

with methylations derived from SAM. A Diels-Alder reaction catalysed by BueA takes place at 

the heptaketide stage to form the trans-decalin ring from the acyclic substrate, in a mechanism 

resembling the cyclisation by LovB in lovastatin biosynthesis (Ma et al., 2009). After the 

decalin ring is formed, the chain extension proceeds until the polyketide product is released 

by the α/β hydrolase BueC. Then, the epimerase BueD is needed for the conversion to the first 

stable intermediate, preburnettiene. The cytochrome p450 BueE catalyses the oxidation of C1 

and C28 in preburnettiene to burnettiene B, and C28 is then methylated for the synthesis of 

burnettiene A by BueF. The TF BueR and the transporter BueG are likely necessary for the 

expression and transport of the produced compounds, as they favour higher titres in the 

context of heterologous expression. 
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Figure 4.5 Proposed biosynthesis of burnettiene A. KS, ketosynthase; AT, malonyl-CoA acyl transferase; 
DH, dehydratase; MT, methyltransferase; KR, ketoreductase; ACP, acyl carrier protein; ER, enoyl reductase. 

IV.3.Discussion 

In this chapter, we characterised the biosynthesis of burnettiene A from A. burnettii by 

heterologous expression in A. nidulans. We first identified bioinformatically the putative bue 

cluster boundaries, which include a methyltransferase gene and a transporter gene that are 

not present in the homologous fusarielin cluster. Heterologous expression of bue genes in the 

chassis A. nidulans proved a more favourable strategy for the production and isolation of 

burnettiene A than in the original strain A. burnetti, due the clean metabolic background and 
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higher titres obtained in A. nidulans. By cloning truncated cluster variants, we also produced 

the intermediates burnettiene B and preburnettiene, which are novel compounds and provide 

additional derivatives for bioactivity assays.  

We additionally explored a TF overexpression strategy to increase the compound titres 

by cotransforming a vector encoding PgpdA-bueR and bueG. In the related fusarielin BGC, 

overexpression of the TF FSL7 lead to increased fusarielin titre in its native host (Sørensen et 

al., 2012). Similarly, we demonstrate that overexpression of the TF bueR can increase 

compound titres in the context of heterologous expression. Cluster specific TF overexpression 

was also used to activate AMA1-encoded biosynthetic genes by Hu et al. (2019), resulting in 

elsinochrome A production. In future steps of this work, we could evaluate the contribution of 

the transporter gene bueG expression on the observed increased titre.  

This chapter results also highlight the unexplored chemical diversity within fusarielin-

like BGCs. This is particularly relevant due the wide distribution of this cluster family across 

several fungi from the Eurotiomycetes and Sordariomycetes classes. Importantly, we observed 

that the bue cluster has high similarity to uncharacterised clusters in other Aspergillus species. 

For example, six genes from the bue cluster share 74-88% identity to the homologous cluster 

from the opportunistic human pathogen A. fumigatus Af293, that does not include 

methyltransferase or transporter (Figure 4.6). This cluster (A. fumigatus cluster 4) has been 

extensively analysed across A. fumigatus strains at a genetic level by Lind and co-workers 

(Lind et al., 2017). Intriguingly, in their bioinformatic analysis of 66 A. fumigatus strains, they 

observed that cluster 4 is absent or undergoing pseudogenisation in 47 of those strains. Lind 

et al. also attempted to find the origin of this cluster family, but as there are many gain and 

loss events in both Sordariomycetes and Eurotiomycetes fungi, it remains uncertain. Overall, 

as unknown clusters in other Aspergillus species present a higher identity and synteny with 

bue cluster than to fusarielin cluster, they are likely to encode compounds structurally more 

similar to burnettienes than fusarielins (Figure 4.6). Thus, the results in this chapter can help 

interpret this extensive and elusive cluster family in those fungi. 

To sum up, heterologous expression of the bue cluster in A. nidulans with AMA1-based 

vectors proved an effective strategy to produce burnettiene A and precursors. Future steps will 

include bioactivity characterisation of the novel compounds produced.  
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Figure 4.6 Comparison of bue and FSL clusters to cluster 4 from Aspergillus fumigatus with clinker. 

IV.4.Methods 

IV.4.1. Bioinformatic analysis 

The putative bue BGC genes from A. burnettii MST FP2249 (Gilchrist et al., 2020b) 

where analysed by with Cblaster (Gilchrist et al., 2020a) against NCBI. Identified homologous 

BGC where compared by homology with Clinker (Gilchrist and Chooi, 2020). Domain 

architecture were plotted with Synthaser (Gilchrist, 2020). 

IV.4.2. Vector construction  

All vectors are listed on Table 4.2 with their purpose indicated. The different 

combinations of bue genes were cloned by PCR amplification and isothermal assembly. The 

fragments were PCR amplified with the primers listed in Appendix 1 Table 7.5 from gDNA 

extracted from A. burnettii MST FP2249 using Q5 High-Fidelity DNA Polymerase (NEB). The 

fragments were cloned into pYFAC episomal vectors (Hu et al., 2019) with NEBuilder HiFi 

DNA Assembly Master Mix (New England Biolabs, MA, USA). The PgpdA sequence was 

amplified from pBARGPE1 (Pall and Brunelli, 1993), obtained from the Fungal Genetics Stock 

Centre. The vectors were verified by next generation sequencing.  

Table 4.2 Vectors built in Chapter IV. 

Plasmid name Backbone Purpose 
pYFAC-bueABCR pKW20088 (pyrG) Fungal expression vector containing the 

genes bueA, bueB, bueC and bueR under 
their native regulatory sequences. 

pYFAC-bueABCDR pKW20088 (pyrG) Fungal expression vector containing the 
genes bueA, bueB, bueC, bueD and bueR 
under their native regulatory sequences. 

pYFAC-bueABCDER pKW20088 (pyrG) Fungal expression vector containing the 
genes bueA, bueB, bueC, bueD, bueE and 
bueR under their native regulatory 
sequences. 

pYFAC-bueF pYFAC-riboB Fungal expression vector containing bueF 
under its native regulatory sequences. 

pYFAC-bueG-PgpdA-bueR pYFAC-pyroA Fungal expression vector containing bueG 
under its native regulatory sequences, and 
bueR under the promoter PgpdA. 

pKW20088 (pyrG)  Empty backbone control 
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pYFAC-riboB  Empty backbone 
pYFAC-pyroA  Empty backbone 

IV.4.3. Aspergillus nidulans transformation and culture conditions 

Strains were created as outlined in Chapter II section 4.3. A. nidulans liquid culture was 

carried out as indicated in Chapter III Section 4.5 except that the culture temperature was 25 

°C for four days before extraction. The strains were built using A. nidulans LO8030 as parental 

strain, and are listed on Table 4.3. 

Table 4.3 Strains built in Chapter IV. The different vectors are indicated per auxotrophic marker that is 
complemented. 

Strain 
number 

Strain name 
pyrG auxotrophic 
complementation 

riboB 
auxotrophic 
complementation 

pyroA auxotrophic 
complementation 

1 A. nidulans bueA/B/C 
+bueG/R 

pYFAC-
BueABCR 

pYFAC-riboB pYFAC-BueG-PgpdA-
bueR 

2 A. nidulans 
bueA/B/C/D +bueG/R 

pYFAC-
BueABCDR 

pYFAC-riboB pYFAC-BueG-PgpdA-
bueR 

3 A. nidulans 
bueA/B/C/D/E 
+bueG/R 

pYFAC-
BueABCDER 

pYFAC-riboB pYFAC-BueG-PgpdA-
bueR 

4 A. nidulans 
bueA/B/C/D/E/F 
+bueG/R 

pYFAC-
BueABCDER 

pYFAC-BueF pYFAC-BueG-PgpdA-
bueR 

5 A. nidulans 
bueA/B/C/D/E/F 

pYFAC-
BueABCDER 

pYFAC-BueF pYFAC-pyroA 

6 A. nidulans bueGR pKW20088 pYFAC-riboB pYFAC-BueG-PgpdA-
bueR 

IV.4.4. LC-DAD-MS analysis  

Metabolic profile analysis and peak area quantification was carried out as in Chapter III 

Section 4.6, except that the UV was observed at DAD λ=330. 

IV.4.5. Large scale compound isolation 

Large scale compound isolation was conducted by a team at Microbial Screening 

Technologies Ltd.  

Preparative-scale cultivations of the fungal strains 2, 3 and 4 (Table 4.3) was carried out 

to produce preburnettiene, burnettiene B and burnettiene A, respectively. Jasmine rice was 

hydrated and sterilised in a mushroom grow bag and inoculated with a spore suspension made 
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using a seven-day old petri plate (GMM agar) of the culture. The rice cultivation was incubated 

at 24°C for 14 days, by which time the culture had reached maximal metabolite production.  

The rice was extracted with acetone, pooled, and evaporated in vacuo to an aqueous 

concentrate. The concentrate was partitioned with ethyl acetate and the organic layer 

evaporated under vacuum to an oily residue that was dissolved in methanol and defatted 

against hexane to give the crude extract. 

In the case of strain 3, the extract was subsampled (850 mg) and dissolved in 2mL: 0.5 

mL: 0.3 mL mixture of MeOH, CHCl3 and DMSO, respectively then fractionated by 

preparative HPLC (Zorbax C18, isocratic 62.5% ACN/H2O containing 0.1% TFA, 60 mL min-

1), giving an enriched fraction of 222 mg. Of this enriched fraction, (68.4 mg) was subsampled, 

dissolved in MeOH (0.9 mL) and purified by preparative HPLC (Zorbax C18, isocratic 57.5% 

ACN/H2O containing 0.1% TFA, 20 mL min-1) to yield burnettiene B (tR = 17.5 min; 13.0 mg 

yellow solid). 

In the case of strain 4, a sub-sample (980 mg) of the crude extract was dissolved in 2mL: 

1mL mixture of MeOH and DMSO respectively then fractionated via preparative HPLC 

(Zorbax C18, stepwise 67.5% ACN/H2O to 80% ACN at 16 min, containing 0.1% TFA, 60 mL 

min-1) to give an enriched fraction (185 mg) which further purified by preparative HPLC 

(Zorbax C18, isocratic 72.5% ACN/H2O containing 0.1% TFA, 20 mL min-1) to yield 

burnettiene A (tR= 16.4 min; 4 mg yellow solid).  

In the case of strain 2, a 1.0 g subsample of the crude was dissolved in 2mL: 0.6mL 

mixture of CHCl3 hexane respectively for purification by preparative HPLC (Zorbax, Si 

stepwise 5% increases between 10% to 45% ethyl acetate/hexane at 6 minute intervals, 80 mL 

min-1). 40 mL fractions were collected and subsampled for analysis by C18 analytical HPLC. 

Fractions 44-52 were pooled and evaporated, giving a pure orange residue of preburnettiene 

(tR= 27.0 min; 41.3 mg).  

IV.4.6. NMR analysis  

The NMR analysis was performed by Dr John Kaleitzis and Assoc. Prof. Andrew Piggott 

at Macquarie University. NMR tables are found in Appendix 1 as Tables 7.9 and 7.10. 
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Chapter V : Chromosomal integration of biosynthetic 
genes mediated by the Cre/lox site specific recombinase 
system in Aspergillus nidulans. 

V.1. Introduction  

V.1.1. Chromosomal integration of BGC for bioproduction in Aspergillus nidulans 

A. nidulans has been widely used as a host for heterologous expression of biosynthetic 

pathways, relying on the chromosomal integration or episomal expression of BGC genes 

(Anyaogu and Mortensen, 2015; He et al., 2018). Episomal systems based on the replicator 

AMA1 have facilitated initial testing of BGC products due to their ease of use and high 

transformation efficiency compared to integrative vectors (Clevenger et al., 2017; Hu et al., 

2019; Liu et al., 2019c). Additionally, the development of a modular multi-marker AMA1 

vector set has facilitated combinatorial testing of BGC genes for pathway intermediates 

characterisation (Hu et al., 2019) (Figure 5.1). However, the phenotypic stability of AMA1-

vectors has been shown to be limiting, even on selective conditions (Aleksenko and 

Clutterbuck, 1997). Although the specific impact of AMA1-vectors instability in SM 

production is not well characterised, the general limitations of episomal expression for 

bioproduction are well characterised across a wide range of industrial microbes (Jensen et al., 

2014; Santos et al., 2013).  

The mitotic instability of most eukaryotic plasmids results in unequal plasmid 

segregation through cell division, giving rise to a heterogeneous cell population with wide 

variations in plasmid copy number and even plasmid loss. This is particularly problematic for 

systems that rely on maintaining several different plasmids, e.g. a biosynthetic pathway 

encoded across multiple vectors. In a work by Jensen and colleagues, analysis of S. cerevisiae 

co-transformed with three high-copy plasmids encoding three different fluorescent proteins 

showed that only 6 % of the cell population contained comparable levels of the three 

fluorescent proteins, in contrast to a 95 % of the cells containing all fluorescent proteins at 

similar levels when the genes were chromosomally integrated (Jensen et al., 2014). On a 

similar note, in our laboratory it was previously observed that when expressing a pathway split 

in two instead of three AMA1-vectors, the amount of shunt products decreased and the titre 

of the final products increased (Hu et al., 2019). Multicopy-episomal systems have also been 

associated with higher metabolic burden, not only because the cell has to invest resources for 

plasmid maintenance, but also due to the possible impact of auxotrophic markers on cell 



103 
 

fitness (Karim et al., 2013). Importantly, maintaining episomal systems with selection 

pressure limits the media options for cultivation in the case of auxotrophic markers, or can 

drastically increase the production costs when antibiotics are used for selection. In fungal 

mycelium culture, the efficiency of maintaining AMA1-vectors with selection pressures 

through all stages of hyphal growth is not well characterised. The own nature of hyphal growth, 

with multinucleate cells and high cell-to-cell cytoplasmic exchange, adds complexity to 

phenotypic selection strategies (Lubertozzi and Keasling, 2009).  

On the other hand, chromosomal expression is the standard for large-scale long-term 

stable expression in industrial bioproduction (Li et al., 2019b). Once the genes encoding a 

pathway are chromosomally integrated, there is no further requirement for selection pressure, 

and the resulting cell population is more homogeneous. However, the transformation 

efficiency for integration of large DNA constructs like BGCs at a determined chromosomal 

locus in filamentous fungi is limited. This is because the cell processes that lead to a transgene 

chromosomal integration impose a bottleneck in the transformation event. 

Chromosomal integration in eukaryotes is mediated by the machinery that repairs 

double stranded DNA (dsDNA) breaks to ensure genome integrity. There are two main 

independent and competing dsDNA repair mechanisms, homologous recombination (HR) 

and non-homologous end joining (NHEJ), also known as random integration or ectopic 

integration. Some yeast as S. cerevisiae are dominant in HR pathway but in most eukaryotes, 

including filamentous fungi, the dominant pathway is NHEJ. This makes HR efficiency low, 

requiring long stretches of homology of around a kb flanking the integrant constructs. In most 

filamentous fungi, HR efficiency is less than 5 % even with small genes (Mei et al., 2019). In 

WT A. nidulans, HR leads to 0–20 % correct gene replacement after screening with a marker 

(Yu et al., 2004). 

To increase HR efficiency, an effective strategy is impairing the competing NHEJ 

pathway by mutating genes from its machinery, as e.g. the proteins from the DNA-end-binding 

Ku complex or the DNA ligase Lig4/D. First tested in Neurospora crassa (Ninomiya et al., 

2004), nku mutants show increased HR efficiency. In A. nidulans strains with a deletion of 

nkuA HR efficiency increased to 90% with small marker genes (Nayak et al., 2006). Impairing 

the NHEJ pathway for enhanced HR was rapidly adopted in other species of filamentous fungi 

(Krappmann, 2007). HR has been widely used in A. nidulans to integrate shorter constructs 

like protein tags, promoters or small genes. However, as HR efficiency drops when integrating 

large constructs, it has been proven a limiting strategy for the integration of large biosynthetic 

pathways (Li et al., 2019b). HR-mediated BGC integration strategies in A. nidulans usually 

relied on a step-wise integration of the biosynthetic genes, requiring several rounds of 

transformation and marker recycling. Single integration events of a maximum of 15 kb have 
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been achieved, although transformation efficiency not reported (Nielsen et al., 2013a; Yin et 

al., 2013). This strategy allowed integration of the pathways responsible for the biosynthesis 

of geodin (Nielsen et al., 2013a), neosartoricin B (Yin et al., 2013) and asperfuranone (Chiang 

et al., 2013) (Figure 5.1).  

CRISPR/Cas technologies opened a way to create directed dsDNA breaks, which 

increased the efficiency of HR. However, its application was initially limited to knock-ins of 

marker genes and short constructs (Tong et al., 2019). Recently, CRISPR/Cas was 

demonstrated to aid HR knock-in of a Basidiomycota diterpene BGC in A. oryzae (Liu et al., 

2019a). The efficiency of CRISPR/Cas- aided HR allowed marker-free integration, however 

relying on step-wise integration of BGC parts. Alternatively, CRISPR/Cas-mediated dsDNA 

break can be repaired by other pathways like microhomology-mediated end joining (MMEJ), 

relying on approximately 35-bp homology arms. However MMEJ has only been used to 

integrate small constructs, such as protein fusion tags in A. fumigatus (Zhang et al., 2016a).  

The alternative dsDNA repair pathway, NHEJ, can be used to integrate constructs in 

random genomic loci. Random integration can result in high-producing strains, although at 

the expense of screening multiple highly variable transformant lines (Liu et al., 2019a; 

Lubertozzi and Keasling, 2006). This is mainly because the chromosomal locus where the 

integration takes place has a major impact on gene expression. In filamentous fungi, the 

location of BGCs is important for their regulation, with locations closer to subtelomeric 

regions and close to centromeres associated with silencing and heterochromatin (Palmer and 

Keller, 2010). Locus position-dependent inactivation of gene expression have also been 

observed to impact the effectiveness of marker genes like pyrg when integrated in some A. 

nidulans loci prone to silencing (Robellet et al., 2010). Random integration has also been used 

to create strains with multiple copies of a heterologous gene, as a strategy to increase the 

expression of heterologous genes in filamentous fungi. However, copy-number not always 

correlates with production (Lubertozzi and Keasling, 2009). Strains harbouring several copies 

of a transgene have been observed to have highly variable expression, possibly due to silencing 

related to multiplicity in copy-number (Cogoni, 2001). Additionally, if transforming a circular 

vector, the point of DSB in the process of integration can result in the disruption of the 

transgene. Random integration also possesses the risk of disrupting genes in the landing loci 

with unknown consequences and possible pleiotropic effects. Random integration of BGC has 

been achieved by either stepwise integration of BGC genes or whole BGC integration, albeit 

relying on extensive screening of transformant lines for production. As an example, in A. 

nidulans as a host, random integration was used for the expression of a polycistronic penicillin 

cluster (Unkles et al., 2014) (Figure 5.1). 
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To sum up, several strategies have been used to express heterologous BGC genes in A. 

nidulans, however all have advantages and disadvantages (Figure 5.1). Overall, chromosomal 

integration at a well-characterised locus is advantageous for large term stable bioproduction. 

In A. nidulans some loci have been observed to be good for heterologous expression, such as 

IS1(Hansen et al., 2011). With homologous recombination proving limiting for one-step 

integration of large constructs in A. nidulans, new ways for BGC chromosomal integration are 

needed. A possible solution could be introducing a heterologous recombination system, as 

site-specific recombinases (SSRs). SSR-mediated integration efficiency is independent to the 

length of the donor DNA, making it an advantageous method for the integration of large 

constructs (Olorunniji et al., 2016). To date there is no SSR-mediated system for chromosomal 

integration in filamentous fungi. Thus, SSR-chromosomal integration could offer a new 

avenue for one-step integration of large constructs in A. nidulans (Figure 5.1). 

 

Figure 5.1 Overview of different strategies used to transfer heterologous BGC to the host A. nidulans, with 
examples of compounds produced by heterologous expression. 

V.1.2. Site-specific recombinases and Cre/loxP systems 

SSRs are enzymes that catalyse DNA strand exchange between short sequences termed 
recombinase binding sites. The majority of SSRs have been found in bacteria and viruses, with 
a few reported in lower eukaryotes like yeast (Hirano et al., 2011; Meinke et al., 2016; 
Olorunniji et al., 2016). Most SSRs bind, cleave, strand exchange, and rejoin DNA 
independently of any host-encoded co-factor or accessory protein. This makes them active and 
specific across different eukaryotic hosts or in vitro. Depending on the relative orientation of 
the recombinase binding sites, the recombination event can result in excision, integration, 
inversion, and translocation (Figure 5.2a). 
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There are two major groups of recombinases, the tyrosine- and serine- recombinases. 
These groups differ in their evolutionary conserved catalytic domain, classified based on the 
nucleophilic active site catalytic amino acid residue. They also differ in their mechanisms, with 
tyrosine-type recombinases mechanism relying on a Holliday junction intermediate, while 
serine-type do a double strand break, 180-degree rotation and ligation. Representative members 
of tyrosine- recombinases are lambda integrase and the Cre and Flp recombinases. Some 
example of serine recombinases are ϕC31 and Tn3 (Hirano et al., 2011; Olorunniji et al., 2016).  

By far the most established SSR system in molecular biology is based on the 

bacteriophage P1 tyrosine-type recombinase Cre (‘causes recombination’) which performs 

recombination between two loxP (‘locus of crossover (x) over phage P1’) sites. The 34-bp loxP 

sequence consists of two 13-bp palindromic arms, which flank an 8-bp asymmetric core region 

that defines loxP directionality (Figure 5.2b). In the P1 phage cycle, Cre/loxP recombination 

has been demonstrated to aid the cyclization of linear P1 phage genome, and the resolution of 

interlinked circular P1 chromosomes favouring their independent segregation and 

maintenance (Austin et al., 1981). 



107 
 

 
Figure 5.2 Cre/loxP mediated recombination. a. Reactions mediated by recombinases. If the loxP sites are 
in opposing orientation, the recombination event would result in inversion. If the loxP sites are in the same 
orientation the result would be excision, with the inverse reaction of integration also possible. If the sites are 
on different chromosomes, the result is a translocation. b. LoxP site sequence and components c. First, the 
synaptic complex composed of a Cre tetramer and two loxP sites in opposing orientations is formed. Two 
opposite Cre monomers in “cleavage competent” conformation (dark pink) contains a nucleophilic tyrosine 
that attacks a phosphate of DNA strand, resulting in a free OH. The strand exchange happens when the free 
5′ OH attacks a free phosphotyrosine on the other cleaved DNA strand, resulting in a Holliday junction 
intermediate. This trigger small changes in the synaptic complex conformation (isomerization) that make the 
other two Cre monomers switch to “cleavage competent”, resulting in the cleavage, exchange and rejoining 
of the other two DNA strands. 

Cre was quickly adopted in eukaryotic systems, including filamentous fungi (Section 
II.1.4). As Cre is only a 38-kDa protein, it can enter the eukaryotic nucleus by simple diffusion. 
Additionally, the Cre protein contains a basic region that resembles a nuclear localisation signal 
(NLS) and allows active transport of Cre to the eukaryotic nucleus (Le et al., 1999). As 
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constitutive Cre activity has been associated with toxicity, most eukaryotic systems rely on 
stringent control of Cre expression (Olorunniji et al., 2016). 

The Cre/loxP recombination process happens in multiple steps and involves four Cre 
molecules (Figure 5.2c). The first step is the formation of the Cre tetramer in complex with two 
loxP sites with antiparallel orientation, known as “synapsis”, which is very stable. Two 
opposing Cre molecules in a “cleavage competent” conformation cleave, exchange, and ligate 
two DNA strands. This forms a Holliday-junction-like intermediate, that is followed by a small 
conformational change that makes the other two Cre monomers “cleavage competent”, 
resulting in the cleavage of the two other DNA strands, switching and re-joining to complete 
the recombination (Meinke et al., 2016).  

All the steps within the WT Cre/loxP recombination process are reversible. As a result, 
the whole recombination is bidirectional, for example Cre/loxP-mediated integration can be 
reversed to excision (Figure 5.2a). However, not all reactions are equally favoured. 
Recombinase mediated excision of a construct flanked by loxP sites (“floxed”) is a 
monomolecular reaction that results in a circular episomal product. The reversed process, 
integration, is a bimolecular reaction between the chromosomal loxP site and the episomal loxP 
site, which impose a kinetic barrier (Baer and Bode, 2001). It has also been argued that excision 
is thermodynamically favoured to integration, as it creates a decrease in entropy (Baer and 
Bode, 2001). Nevertheless, several strategies have been developed to favour unidirectional 
integration using engineered loxP variants (generically referred as lox), accompanied by 
stringent selection of the event and excess of the donor vector.  

V.1.3. Cre/lox mediated integration: RMCE and LE/RE 

As Cre/loxP recombination is sequence dependent, nucleotide substitutions can modify 

either the efficiency of cross-interaction between lox sites or their affinity with Cre. This led to 

the development of a suite of engineered lox sites to create recombination specificity and 

incompatibility. Mutant lox sites can be classified depending on which of their sections the lox 

site that harbours the mutation.  

Mutation(s) in the 8-nt core region can result in heterospecific lox sites. These sites are 

on principle self-recombining but non-interacting with other lox sites (Hoess et al., 1982). 

Some examples of efficient heterospecific sites are lox2272 and lox5171 (Lee and Saito, 1998). 

Flanking cassettes with heterospecific lox sites can be used for Recombinase Mediated 

Cassette Exchange (RMCE) (Turan et al., 2011) (Figure 5.3a). In RMCE, a first marker flanked 

by two heterospecific sites is easily integrated by homologous recombination to create a strain 

harbouring a “landing pad”. The landing pad is replaced in future transformations by a second 

equally floxed cassette encoded in a donor vector. RMCE happens by two recombination 

reactions. First, a recombinase-mediated integration of the floxed cassette along the circular 
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donor vector and a second recombinase-mediated excision of the vector sequence along the 

landing pad (Figure 5.3a). If the two recombination events of RMCE were not solved in the 

transformant strains, a second round of Cre expression could be used for the excision of the 

donor vector sequence and the landing pad (Häcker et al., 2017). 

RMCE has been used to exchange large genomic regions, which is also known as 
recombinase-assisted genome engineering (RAGE). RMCE has enabled single-step 
incorporation of as much as 59-kb-long pathways in E. coli (Santos et al., 2013), >100 kb 
replacements in mice chromosomes (Wallace et al., 2007), and replacements of 100 kb stretches 
from the genome of Mycoplasma with synthetic counterparts in yeast (Noskov et al., 2015). As 
the Cre/lox system is independent of host encoded factors, RMCE vector sets are easily portable 
between related species. For example, Wang et al. recently developed a system for chassis 
independent RAGE (CRAGE) (Wang et al., 2019b), where a single Cre/lox based system was 
portable across 25 diverse γ-Proteobacteria species for BGC integration, with similar 
recombination efficiencies for BGCs in the range of 10–48 kb. RMCE has also proven useful 
in other non-conventional organism for genome engineering when few other tools are available 
(Garcia-Morales et al., 2020). 

The other type of mutant lox sites contains nucleotide variations in the right or left 13-nt 
arms, respectively named LE and RE mutant lox sites (Hirano et al., 2011), also known as 
heteromeric lox sites. LE/RE-mediated integration relies on one mutant site integrated into the 
host genome as landing site, and the other one encoded in a circular donor vector (Figure 5.3b). 
Cre can still recognize both the LE and RE sites, with the recombination resulting in a double 
mutant LE/RE site and a WT lox site. The double mutant LE/RE has low affinity with Cre, 
making the reaction irreversible (Figure 5.3b). An example of heteromeric mutant lox sites is 
LE site lox66 or RE site lox71 (Albert et al., 1995). Unlike RMCE, LE/RE strategy results in 
the integration of the whole donor vector. In some cases, this is not ideal as it could create 
regions of homology if sequential vectors are integrated. Nevertheless, there are examples 
where LE/RE mutations are combined core mutations to create RMCE (Garcia-Morales et al., 
2020; Liu et al., 2019d). 
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Figure 5.3 Gene integration systems based in Cre/lox. a. RMCE traditionally used heterospecific lox sites 
and two recombinase-mediated reactions to exchange the floxed landing pad with the floxed cassette on the 
donor vector. b. In LE/RE integration two heteromeric lox sites are used for unidirectional integration of the 
complete donor vector. Image loosely adapted from Hirano et al. (2011). 

V.1.4. Cre/lox applications in filamentous fungi. 

SSRs have been predominantly adopted in filamentous fungi for the excision of marker 

genes, also known as marker recycling (Krappmann, 2014). After genome integration of a 

cassette containing a floxed marker, a round of recombinase activity is used to excise the 

marker, making it available for sequential applications. Recombinase mediated inversion has 

also been applied in fungi, to create On-Off switches (Zhang et al., 2016b). However, the use 

of recombinases for chromosomal integration has remained untested in filamentous fungi 

until now. 

By far the most widely adopted recombinase system used in fungi has been Cre/loxP. 

Cre/lox-mediated excision has been optimised for A. nidulans (Forment et al., 2006), A. 

fumigatus (Krappmann et al., 2005), A. oryzae (Mizutani et al., 2012), Trichoderma reesei 

(Steiger et al., 2011), Neurospora crassa (Honda and Selker, 2009), some Epichloë species 

and other ascomycetes. Other recombinases systems used in filamentous fungi are FLP/FRT 

(Kopke et al., 2010) and βrec/six (Hartmann et al., 2010). However, FLP/FRT systems are 

thermosensitive, with optimal working temperatures of 30 °C and not apt for A. nidulans 

optimal temperature (37 °C). On the other hand, the β-rec/six system only catalyses 

intramolecular recombination between close sites, for which it cannot be used for integration. 

Overall, Cre/lox stands as the only system tested on fungi that has potential to be further 

developed for recombinase-mediated integration in A. nidulans. 
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The lessons learned from the optimisation of 

Cre/loxP-mediated excision in fungi are a relevant 

starting point for the development of the fungal Cre/lox-

mediated integration system. In the literature, the main 

variable of optimisation was the transient expression of 

the Cre recombinase (Figure 5.4). At a genetic level, 

transient Cre activity can be achieved by conditional 

expression or by elimination of the expression cassette. 

The xylanase inducible promoter PxnlA, known to be 

subject to catabolic repression, was used to drive Cre 

expression from a chromosomal cassette in A. nidulans, 

with efficiencies of ~75% in marker rescue once induced 

and further selected with 5-FOA counterselection 

(Forment et al., 2006). In P. oxalicum, a tetracycline 

inducible (Tet-on) system was used for transient cre 

expression for marker recycling (Jiang et al., 2016). 

Tighter control of cre expression has also been achieved using light-switchable promoters in 

Hypocrea jecorina (Zhang et al., 2016b). Transient Cre activity was also achieved by 

unselected transient transfection of A. nidulans Δnku with a non-replicative helper vector for 

Cre expression (Florea et al., 2009). Zhang and colleagues constructed a floxed self-excising 

cassette where cre is encoded next to the marker to be excised (Zhang et al., 2017a). That way, 

once the marker deletion was performed, the Cre gene was no longer in the genome. 

Alternatively, crossing of cre and cre- strains of Neurospora was also used to eliminate the Cre 

expression cassette (Honda and Selker, 2009). 

Another strategy to achieve transient Cre activity in filamentous fungi has been direct 

introduction of Cre protein. Commercial Cre recombinase was introduced along with a DNA 

carrier in A. oryzae protoplasts by PEG-based transformation (Mizutani et al., 2012) has been 

used for marker excision. In Fusarium graminearum introduction of purified Cre protein 

without a DNA carrier was proved effective used for marker recycling (Twaruschek et al., 

2018). Finally, transient Cre activity was achieved in Cryphonectria parasitica with Cre 

delivery by anastomosis (hyphal fusion with cytoplasmic exchange). In this strategy a donor 

strain constitutively expressing Cre was cocultivated a recipient strain with a floxed marker 

(Zhang et al., 2013), and recombinant hyphae was isolated from the contact regions. 

To sum up, the Cre/loxP system has been widely used for gene deletion and inversion in 

filamentous fungi but its use as a tool for chromosomal integration remains untested. In this 

chapter, we aim to build the first recombinase-integration system for fungi. As mentioned in 

Figure 5.50 Summary of strategies for 
transient Cre activity in filamentous 
fungi for Cre/loxP mediated excision and 
inversion. 
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above sections, Cre/loxP-mediated deletion and inversion is favoured to integration. 

Therefore, establishing a system for chromosomal integration requires the use of a more 

complex strategy with engineered lox sites and involves different optimisation compared to 

Cre/loxP-mediated excision in fungi.  

V.1.5. Chapter V hypotheses and aims  

Based on the literature review of Chapter V, the following hypotheses are made: 

1. SSR-mediated DNA integration represents a viable alternative for the integration of 

exogenous DNA in a targeted chromosomal location in A. nidulans. 

2. Chromosomal expression of genes in A. nidulans is advantageous to episomal 

expression under non-selective conditions. 

To test those hypotheses, the following aims were stablished for Chapter V: 

1. Building a SSR-mediated integration system for A. nidulans based on Cre/lox that 

performs integration reliably and efficiently. 

2. Comparing episomal and chromosomal expression of a fluorescent reporter and 

biosynthetic genes.  

V.2. Results  

V.2.1. Design and construction of a recombinase-mediated integration system in 

Aspergillus nidulans 

We opted to build a chromosomal integration system based on Cre/lox due to the 

auspicious precedents of Cre/loxP-based gene deletion in filamentous fungi in the literature. 

As outlined in the introduction of this chapter, Cre-mediated irreversible integration is 

possible by different strategies (RMCE or LE/RE) that make use of different engineered lox 

sites. To simultaneously evaluate the feasibility of RMCE and LE/RE based chromosomal 

integration in A. nidulans we designed a combined strategy (Figure 5.5). We designed lox sites 

that contained both the heterospecific mutation of lox2272 (Lee and Saito, 1998) and either 

of the heteromeric mutations of lox71 and lox66 (Albert et al., 1995), creating the sites 

lox2272-71 and lox2272-66 (Table 5.1). In principle, lox2272-71 and lox2272-66 

recombination is irreversible as it results in the double LE/RE mutant site lox2272-72 and 

lox2272 (Table 5.1). Additionally, those sites are incompatible with loxP. By flanking the 
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donor cassette and landing pad by loxP and either lox2272-71 or lox2272-66, the system can 

also be used for RMCE (Figure 5.5).  

 

Figure 5.5 Overview of RMCE-LE/RE. 1. The landing pad (LP) containing the bar marker gene flanked by 
loxP and lox2272-71 is integrated in the destination locus of the A. nidulans genome by homologous 
recombination. The resultant strain A. nidulans LP is used to prepare protoplasts that can be stored for 
subsequent transformations. 2. A. nidulans LP protoplasts are transformed with the donor vector that 
contains loxP and lox2272-66 flanking the marker gene pyrG, a fluorescent reporter and the genes of interest, 
along with a second vector for constitutive and transient expression of cre recombinase. Stable integration 
can be achieved by LE/RE in 1-step recombination or in 2-steps by RMCE. 3. Selecting colonies with 
minimal media for pyrG complementation result in colonies with recombinase-mediated integration of the 
donor cassette. The vector for cre expression is not selected for and expected be lost during fungal growth. 

Table 5.1 DNA sequence of lox recombination sites used. The nucleotides that differ from the wt loxP 
sequence are underlined. The symbol used for each lox site is indicated at the right column. 

 

Site Arm Core Arm Symbol 
loxP ATAACTTCGTATA ATGTATGC TATACGAAGTTAT 

 

lox2272-71 ATAACTTCGTATA AAGTATCC TATACGAACGGTA 

 

lox2272-66 TACCGTTCGTATA AAGTATCC TATACGAAGTTAT 

 

lox2272-72 TACCGTTCGTATA AAGTATCC TATACGAACGGTA 

 

lox2272 ATAACTTCGTATA AAGTATCC TATACGAAGTTAT 
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As we could not find reports on the sites lox2272-66/71 in the literature, we first 

validated the capability of Cre to recombine them. For that, we set up a qualitative in vitro 

assay where two linear DNA fragments containing lox2272-66 or lox2272-71 were 

recombined in the presence of the Cre protein resulting in an observable linear band of higher 

molecular weight (Figure 5.6). 

 

Figure 5.6 Validation of the double mutant site lox2272-66/71. a. Experimental set up. Fragments were 
amplified by PCR containing the site lox2272-66 or lox2272-72. After in vitro recombination mediated by 
Cre, two recombination products are formed, of different length compared to the substrates of 
recombination. b. Gel electrophoresis run after in vitro recombination reveals a new band of the size of 
recombination product 1 in the sample treated with Cre recombinase compared to the control. 
Recombination product 2 is less evident due to its smaller size and mass. According to the instructions from 
the manufacturer (NEB), the efficiency of in vitro Cre recombination is low for which this assay is a 
qualitative approximation. Nevertheless, a new band of the expected size of the bigger recombination product 
was observed validating the designed lox2272-66/71 pair. 

To create the recipient fungal strain, we chromosomally integrated in A. nidulans 

LO8030 the short landing pad (LP) by homologous recombination. The landing pad consisted 

of the sites loxP and lox2272-66 (Table 5.1) flanking the marker gene bar for glufosinate 

resistance. We selected as a first landing locus the sterigmatocystin (St) biosynthetic gene 

cluster boundaries in A. nidulans chromosome IV, as this cluster was actively expressed in the 

parental strain before it was deleted to create LO8030 (Chiang et al., 2016). Furthermore, we 

previously used this locus for chromosomal expression of other genes (See Chapter II and III). 

After glufosinate selection of the transformant colonies and PCR verification, the strain A. 

nidulans landing pad 1 (LP1) was isolated for future tests. 

For transient Cre recombinase expression, we created a transient helper vector unable 

to replicate in A. nidulans. This vector encodes a cassette for constitutive expression of Cre 

under the promoter gpdA (PgpdA) and the terminator trpC (TtrpC) (Figure 5.5). As the recipient 

strain A. nidulans LP1 is deficient in NHEJ (∆nkuA), the helper vector presumably would not 

integrate into the A. nidulans genome, getting lost during fungal growth. 

To test the feasibility of RMCE/LE-RE integration of diverse vectors at LP1, we built 

different donor vectors containing the fluorescent reporter mCherry and the pyrG marker 
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flanked by loxP and lox2272-71 (Figure 5.7). Donor Vector 1 is a 6.6 kb vector that supports 

replication in E. coli (Figure 5.7a). Donor vector 2 is a 12.2 kb shuttle vector for E. coli and S. 

cerevisiae, for optional transformation-associated recombination cloning in yeast. Donor 

vector 2 also contains within the floxed donor region four cloning sites for the expression of 

biosynthetic genes under strong alcohol inducible promoters (PalcA promoter, the bidirectional 

PalcS/M promoter and PaldA from pYFAC-CH2) (Hu et al., 2019) (Figure 5.7a). As the four-

promoter multiple cloning site is flanked by EcoRI sites, Donor vector 2 can also be used to 

clone BGCs that do not need promoter replacement. To demonstrate the utility of donor vector 

2, we used it to clone an 18 kb region of Aspergillus burnettii by isothermal assembly. The 

cloned region contained the genes bueA/B/C/D/E/R responsible for the biosynthesis of 

burnettiene B (See Chapter IV) creating donor vector 2-bue (Figure 5.7a and b). As burnettiene 

A is constitutively produced in A. burnetti, we hypothesised that if the bue genes were 

chromosomally integrated at a good expression locus in A. nidulans we would observe the 

production of a precursor compound burnettiene B (Figure 5.7b). 

 

Figure 5.7 Donor vectors evaluated for RMCE-LE/RE. a. Donor vector 1 is a small 6.6 kb vector used in 
initial testing. Donor 2 is a 12.3 kb shuttle vector with components for replication and selection on S. 
cerevisiae (ura, 2µ) and E. coli (ampR, ColE1). Donor 2 allows the cloning of genes under either of four 
alcohol inducible promoters (Hu et al., 2019), and it also allows excising the multiple promoter cassette and 
cloning large gene fragments under native promoters by digesting with EcoRI (red restriction sites). As an 
example, we cloned an 18 kb region of A. burnetti containing genes from the bue BGC, resulting in a 27.3 kb 
vector. b. Overview of heterologous expression in A. nidulans of bue cluster genes responsible for the 
biosynthesis of burnettiene B. 

V.2.2. Evaluation of recombination efficiency across different donor vectors 

To evaluate the recombination system, we transformed protoplasts of A. nidulans LP1 

by a small-scale PEG mediated transformation in 2 mL microcentrifuge tubes (approximately 

5x106 protoplasts) (Figure 5.8a). We tested different amounts and ratios for each donor vector 

and the helper vector, and we also transformed the donor vector alone as control (Table 5.2). 

We consistently obtained transformant colonies in the strains cotransformed with the helper 
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vector for cre expression (3-13 colonies per transformation event). The variation in the 

number of transformant colonies was independent of the size of the transformant vector, 

which is expected for recombinase-mediated integration (Table 2). 

In the control strains without cre helper vector we mostly observed only small “abortive” 

colonies that did not support further growth. Abortive colonies arising from residual non-

integrated vector encoding pyrG have been previously reported in A. nidulans ∆nkuA (Nayak 

et al., 2006). Interestingly, we observed a higher number of abortive colonies when 

transforming the smaller Donor vector 1 compared to the larger Donor vector 2 and Donor 

vector 2-bue. Additionally, we did not observe viable colonies in the controls when 

transforming the larger Donor2 and Donor2-bue (Table 2). 

 

 

Figure 5.8 Evaluation of different possible recombination outputs with donor vector 1 and donor vector 2. 
a. Experimental setup schematic for the evaluation of donor vector 1 and donor vector 2. b. Overview of the 
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PCR screening strategy and possible outputs. c. Amount of transformant colonies obtained in different 
transformation experiments, with the integration mechanism indicated as a colour code, as analysed by PCR. 
Recombination is obtained across a different amount and proportion of donor vector and Cre helper vector. 
Recombination is observed with both donor vector 1 (6.6 kb) and donor 2 (12.2 kb). d. Representative gel 
of the PCR results of a transformation event with donor vector 1, different transformant colonies are 
indicated as numbers. e. Representative gel of the PCR results of a transformation event with donor vector 
2, different transformant colonies are indicated as numbers. 

To evaluate the mechanism of integration in the transformant pyrG+ colonies, we 

analysed the landing locus by PCR (Figure 5.8). We sought to evaluate the precise strand 

exchange by amplifying the recombination junction regions. The screening strategy consisted 

in four PCR tests per sample, designed so one primer would bind either neighbouring region 

at the 5′ or 3′ from the landing locus and the other primer would bind inside of the floxed 

region from either the original landing pad or recombination product (Figure 5.8a). The 

expected amplicon size is ~1.5 kb in all PCRs (Figure 5.8b and c) and would be indicative of 

recombination or presence of the original landing pad context for each lox site. By analysing 

the different PCR result combinations, we can enquire if RMCE was complete or if we observe 

any of the intermediaries (Figure 5.8a and c). We also further verified by Sanger sequencing 

representative PCRs, confirming that the double LE/RE mutant site lox2272-72 is the 

recombination product between lox2272-66 or lox2272-71 (Figure 5.9d). 

First, we wanted to discriminate between targeted recombinase-mediated integration 

and false positives that incorporated the pyrG marker by random integration. The frequency 

of successful recombinase-mediated integration ranged from 29% to 100% across the 

conditions tested (Table 5.2). We observed that lower recombination efficiency was found in 

transformations carried out with ≤0.9 pmol of helper vector. At higher amounts of helper 

vector transformed (≤1.5 pmol), Cre-mediated recombination efficiency for vector 1 ranged 

60-83% (Table 2). Interestingly, the targeted recombination efficiency of the larger vectors 

Donor2, and Donor2-bue ranged a 90-100% at high helper vector concentrations (Table 2, 

Figure 5.9e).  

Table 5.2 Variables and outputs of different transformation experiments per donor vector and controls.  

Don
or 

Donor 
vector 
(kb) 

Experi
ment 

pmol 
donor 
vector‡ 

pmol 
Cre 
help
er 
vect
or‡ Protoplasts 

Total 
coloni
es 

Presen
ce of 
abortiv
e 
colonie
s 

% Yes 
PCR 
colonie
s (loxp 
or 
lox227
2) 

Yes 
lox
P 

Yes 
lox2
272 

Mosai
c % 

Cre
+ % 

Don
or 
vecto
r 1 6.6 

Recomb 
1 0.63 2.41 3.12E+06 5 Many 60 3 3 20 20 
Recomb 
2 1.10 1.67 6.00E+06 6 Many 83 3 5 84 67 
Recomb 
3 0.37 0.83 6.00E+06 7 Many 29 2 1 14 29 
Control 
1 1.10 - 6.00E+06 1 Many 0.0 0 0 - 0 



118 
 

Control 
2 0.37 - 6.00E+06 1 Many 0.0 0 0 - 0 

Don
or 
vecto
r 2 12.27 

Recomb 0.94 1.67 6.00E+06 13 Few 92 10 3 62 54 

Control 0.94 - 6.00E+06 0* Few - - - - - 

Don
or 
vecto
r 2-
bue 27.27 

Recomb 
1 0.53 1.67 6.00E+06 9 Few 100 8 6 100 56 
Recomb 
2 0.64 1.67 6.00E+06 5 Few 100 5 3 0 20 
Recomb 
3 0.64 0.33 6.00E+06 3 Few 34 1 0 33 0 
Control 
1 0.53 - 6.00E+06 0* Few - - - - - 
Control 
2 0.64 - 6.00E+06 0* Few - - - - - 
Control 
3 0.64 - 6.00E+06 0* Few - - - - - 

‡ Amounts estimated based on vector size and ng/µl vector concentration as obtained by Nanodrop from vectors 
obtained by standard alkaline lysis miniprep. Measurements possibly overestimate the pmol due to nanodrop 
overestimation of DNA concentration in a complex solution. 
* The bigger star colonies were inoculated in liquid culture for further grow and DNA extraction, but no growth was 
observed. 
 Colonies with positive PCR result for original the landing site in addition to positive PCR result for the recombination 
product. 

 

Then, we analysed the difference in recombination outputs (RMCE, LE/RE) in the total 

of recombinant colonies all experiments with all donor vectors. We noted that roughly half of 

the total analysed colonies presented complete RMCE (N=17), while the rest were the 

intermediates LE/RE (N=6) and loxP intermediate (N=14) (Table 5.1). We observed a variable 

proportion between the different recombination outputs across experiments and donor 

vectors (Figure 5.8c, Figure 9e).  

While loxP recombination is technically reversible, in absence of Cre recombinase 

activity this intermediate should be stable. However, when analysing all experiments by PCR 

for presence of the cre gene we obtained PCR positive results in several colonies with high 

variability across experiments (0%-60% colonies per transformation event) (Table 5.1, Figure 

5.9f). These results seem to imply that random integration of the cre helper vector might occur 

in A. nidulans or that residual vector might be present at later growth stages. 

 Our screening strategy consisted in testing for the presence of recombination product 

along with evaluating the absence or presence of the original landing pad (Figure 5.8a,b). This 

screening strategy has been widely adopted in eukaryotic models that rely on Cre activity at 

early developmental stages, where it is expected to obtain a homogeneous genotype. The result 

of our PCR analysis seems to be indicative of genetic heterogeneity, as a big proportion of 

transformant strains gave positive PCR result for the recombination product as well as the 

original landing pad (Table 5.1). This could be due to mosaicism if the recombination event 

happened at a later polynuclear developmental stage, and the auxotrophic selection pressure 
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allow a mixed nuclei population. It could also be a PCR artifact if the sampling for gDNA 

extraction carries out material from abortive colonies.  

At this stage, we decided to proceed by investigating the phenotypic stability of the 

transformant colonies by analysing the reporter genes. 

 

Figure 5.9 Evaluation of different possible recombination outputs with donor vector 2-bue. a. Schematic of 
bue cluster integration strategy at LP1. Primer binding sites and PCR screening regions are indicated in the 
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scheme b. Experimental setup c. PCR screening results of three different transformation events with donor 
vector 2-bue, different transformant colonies are indicated as numbers. d. Confirmation of the expected event 
by Sanger sequencing of representative PCRs. e. Amount of transformant colonies obtained in different 
transformation experiments, with the integration mechanism indicated as a colour code, as analysed by PCR. 
Recombination is obtained across a different amount and proportion of donor vector and Cre helper vector. 
f. PCR screening of cre gene in transformant colonies. 

V.2.3. Evaluating expression at landing pad 1 with a fluorescent reporter and 

metabolite production 

To evaluate the strains with recombinase-mediated integration at LP1, we first analysed 

the expression of the fluorescent reporter mCherry encoded in the donor cassette. To 

benchmark chromosomal expression at LP1 against other system for heterologous expression, 

we compared the system to episomal AMA1-pyrG based mCherry expression. We observed 

markedly brighter fluorescence in mycelia of recombinant colonies compared to the negative 

control (Figure 5.10). However, fluorescence in LP1 was low compared to the AMA1-

episomally encoded counterpart under selective conditions. AMA1-expression is expected to 

be especially limited under non-selective conditions (Aleksenko and Clutterbuck, 1997). We 

observed that when hyphae from strains harbouring AMA1-pyrG encoded PgpdA-mCherry 

were grown in a media supplemented with uracil and uridine, some hyphae maintained 

fluorescence at higher levels than their LP1-integrated counterpart.  

 

Figure 5.10 Integration at LP1 results in low mCherry expression in mycelia, but distinguishable from the 
negative control. Expression at LP1 is lower than episomal expression during selective conditions. AMA1-
based episomal expression at non-selective conditions has a sparce pattern than at selective conditions, but 
still more intense than chromosomally integrated expression at LP1. The spores for each sample were 
collected from three individual colonies representing biological replicates of a recombinant strain, and grown 
overnight in liquid stationary culture at 37 °C. All samples were grown on selective media unless specified 
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otherwise. Samples with similar mycelial growth were observed under mCherry filter and brightfield (BF). 
Scale bar 50 µm. 

Inspired by comparative studies of chromosomal and episomal expression in yeast by 

Jensen et al. (Jensen et al., 2014), we analysed the spores of recombinant colonies by flow 

cytometry. We observed a much tighter distribution of fluorescence in the strains with 

mCherry integrated at LP1 (mean= 4.74) which approximated a unimodal distribution, 

distinguishable from the negative control (mean= 1.77) (Figure 5.11). We observed that the 

strains with AMA1-based episomal expression of mCherry presented a wide distribution 

(Figure 5.11) which is expected due to the phenotypic instability of AMA1-encoded genes on 

spores even under selective conditions (Aleksenko and Clutterbuck, 1997). The strains with 

AMA1-encoded PgpdA-mCherry presented a broad bimodal distribution (mean=15.07), with 

the higher end of fluorescence showing values more than an order of magnitude higher than 

LP1. These results indicate that chromosomal expression results in a more homogeneous cell 

population, but that expression at LP1 is at least one order of magnitude below the signal from 

the best performer spores of AMA1-episomal expression. Overall, our analysis of the 

fluorescent reporter at LP1 by flow cytometry and microscopy supported phenotypic stability 

which is expected of chromosomally integrated genes.  

 

Figure 5.11. Analysis of mCherry in spores by flow cytometry with biological replicates. a. Histogram spore 
count vs FL3-Height which is indicative of mCherry signal. We observe that the samples with mCherry 
integrated at LP1 show differences in fluorescence to the negative control, and a more compact distribution 
than AMA1-based expression. Event count are indicated at the right. b. Ungated plots showing the total 
events and gating strategy. 

To assess compound production at LP1, we cultivated different transformant strains of 

Cre-mediated integration of the partial bue cluster (N=9) and compared the production of 

burnettiene B with an episomally encoded counterpart (Figure 5.12a). We did not observe 
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compound production when the genes were integrated at LP1, while we consistently observed 

compound production in the strains with episomal expression, although at variable final titres 

(N=8) (Figure 5.12b). 

 

 

Figure 5.12. Evaluation of compound production. a. DAD (λ=300 nm) chromatograms of culture media 
extracts of A. nidulans encoding the genes bueA/B/C/D/E/R on AMA1 episomal vectors show burnettiene 
B production, unlike the strains where bueA/B/C/D/E/R are integrated at LP1 and in the negative control. 
b. Integrated peak area of the chromatogram in the left, showing the variability in compound production 
between strains.  

Overall, when evaluating the fluorescent reporter mCherry and burnettiene B, 

expression at LP1 is lower than its episomal counterpart. Furthermore, the lack of compound 

production at LP1 makes it a not ideal locus for BGC integration. To make our recombinase-

mediated integration system more useful, we decided to evaluate integration at a landing locus 

previously validated for production of heterologous compounds. 

V.2.4. Construction and evaluation of landing pad 2 

 The site IS1 in A. nidulans chromosome I was rationally identified by Hansen et al. 

(2011) as an active locus for expression. IS1 has been used as target site for integration of 

heterologous biosynthetic genes by homologous recombination, for example the BGC 

responsible for geodin biosynthesis (Nielsen et al., 2013a). It has also been demonstrated as 

an active for expression site using fluorescent reporters (Vanegas et al., 2019). We proceeded 

to integrate our floxed landing pad at IS1 by HR, creating the strain A. nidulans LP2 (Figure 

5.13a).  

Next, we evaluated recombinase-mediated integration at LP2 of Donor vector 2-bue 

(Figure 5.13a). In both transformations tested we obtained 100% efficiency of recombinase-
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mediated integration, with complete or intermediate RMCE, as evaluated by diagnostic PCR 

(Figure 5.13b, c, and d). 

 

Figure 5.13. Evaluation of integration of donor vector 2-bue at LP2. a. Schematic overview of the 
experimental setup to build and test LP2. b. PCR screening results of two different transformation events 
with donor vector 2-bue, different transformant colonies are indicated as numbers. c. Number of 
transformant colonies obtained in different transformation experiments, with the integration mechanism 
indicated as a colour code, as analysed by PCR. d. Sanger sequencing of representative PCR, confirming the 
site lox2272-72 after recombination at LP2. 

To evaluate expression at LP2, we first assessed expression of the fluorescent reporter 

mCherry. Inspired by Vanegas et al, where an mCherry reporter integrated at IS1 was assessed 

with fluorescent photography (Vanegas et al., 2019) we first evaluated the transformant 

colonies by a similar method. In our assay, we replicated transformant colonies in solid media 

under selective and non-selective conditions and benchmarked it against AMA1-based 

expression (Figure 5.14a). When analysing 3-day colonies with fluorescence photography in a 

transilluminator, we observed that the strains with chromosomal integration of mCherry at 



124 
 

LP2 showed uniform fluorescence in selective and non-selective conditions, distinguishable 

from the negative control. The strains with AMA1-encoded mCherry presented a patched 

pattern with some regions diplaying high fluorescence. Interestingly, we observed 

fluorescence in colonies with AMA1-encoded mCherry both under selective and non-selective 

conditions (Figure 5.14a). To further investigate the pattern of AMA1-based mCherry 

expression, we performed a spore dilution and plated under selective and non-selective 

conditions (Figure 5.14b). We observed that in non-selective supplemented media we 

obtained a mixture of colonies with no noticeable fluorescence along with colonies with 

observable patchy fluorescence. Interestingly, the colonies with fluorescence in non-selective 

media were comparable to the colonies under selective conditions. We also observed a lower 

number of colonies under selective conditions compared to non-selective conditions, 

indicative of genetic instability (70-80% of genetic stability) (Figure 5.14b).  

 

 

Figure 5.14 Visual inspection of fluorescent phenotype of integrative and episomal PgpdA-mCherry in A. 
nidulans colonies. a. Colonies growing under non-selective (ura+) and selective (ura-) conditions. Images 
were acquired from both the bottom and the top of the plate. Plate layouts are shown on the right indicating 
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the transformation event and the colony number. Images taken with green light for excitation an mCherry 
filter show uniform fluorescence in the strains with PgpdA-mCherry chromosomally integrated, compared to 
the controls. The strains with episomal AMA1-encoded PgpdA-mCherry show a patchy pattern of 
fluorescence. The mCherry signal 3D intensity plot is included to aid the interpretation of mCherry signal. 
The colorimetric images (white light) are on the bottom. Plates were incubated at 37 °C for three days. b. 
Difference in genetic stability and fluorescence pattern observed in A. nidulans colonies product of plating a 
spore dilution containing AMA1-pyrG encoded PgpdA-mCherry. As each colony arises from an individual 
spore, we can observe that under selective conditions all colonies retain fluorescence. Under non-selective 
conditions, many of the colonies do not show fluorescence. Interestingly, many of the fluorescent colonies 
under non-selective conditions demonstrate fluorescence comparable to the colonies under selection 
condition. We also observe more colonies in the plates with no selection pressure (~30 colonies) than in the 
plates with selection pressure (21-25 colonies) , which is indicative of the genetic stability of AMA1-pyrG. 
Plates were incubated at 37 °C for three days. 

To further analyse the profile of mCherry expression at LP2 in solid media, we analysed 

spores from different transformant colonies by flow cytometry. We observed that the spores 

with recombinase-mediated integrated mCherry showed a tight distribution, distinguishable 

from the negative control (Figure 5.15). We also observed some variability in the mean 

fluorescence between transformants colonies. However, the expression at LP2 was lower than 

the spores from the higher end of expression with AMA1-encoded mCherry (Figure 5.15). 

These results indicate that PgpdA-mCherry integrated at either LP2 or LP1, failed to achieve 

the fluorescence levels comparable to the best performer spores in the multicopy AMA1-

encoded PgpdA-mCherry. 
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Figure 5.15 Analysis of mCherry in spores by flow cytometry from different recombinant colonies at LP2. a. 
Overlayed histograms of spore count vs FL3-Height (gated) which is indicative of mCherry signal. We 
observe that the samples with mCherry integrated at LP2 show differences in fluorescence to the negative 
control, and a more compact distribution than AMA1-based expression b. Ungated plots showing the total 
events, y axis represent FL3-Height (mCherry) and x axis represents Forward scatter that is representative 
of particle size. 

We also analysed fluorescence in mycelia after liquid culture under selective conditions. 

We observed that the strains with PgpdA-mCherry integrated at LP2 showed uniform 

fluorescence, distinguishable from the negative control (Figure 5.16). However, the intensity 

of fluorescence was considerably lower than in the samples with episomal expression of 

mCherry (Figure 5.16). 

 

Figure 5.16 Integration of the Donor vector 2-bue at LP2 results in low mCherry expression in mycelia, but 
distinguishable from the negative control. Expression at LP2 is lower than episomal expression under 
selective conditions. The spores from each sample were collected from individual transformant colonies, and 
different transformation events when indicated, and grown overnight in liquid stationary culture at 37 °C. 
Samples with similar mycelial growth were observed under mCherry filter and brightfield (BF). Scale bar 50 
µm. 



127 
 

Next, we evaluated the production of burnettiene B in the strains with bue genes 

integrated at LP2 (IS1 locus). After cultivation, we did not observe production of burnettiene 

B in the recombinant strains (N=5) when analysing the media extract. When analysing the 

extracted ion chromatogram of the precursor ion mass (negative ion mode for m/z 523) we 

did not observe differences in the strains with the bue genes integrated at LP2 compared to 

the profile of the negative control (N=3) (Figure 5.17a). We observed a consistent production 

of the precursor compound in the strains with episomal expression of bue genes (N=3) (Figure 

5.17a). For troubleshooting, we filtered the fungal pellets from the end of the culturing period 

and analysed them with fluorescence photography. We observed that the pellet of the strains 

with chromosomal integration of mCherry at LP2 exhibited a noticeable fluorescence signal 

distinguishable from the negative control (Figure 5.17a). As positive control of fluorescence 

photography we also cultivated strains harbouring episomal AMA1-pyrG based mCherry 

expression, that also demonstrated intense fluorescence in pellets (Figure 5.17a). 

For further troubleshooting, we analysed the donor vector 2-bue by whole plasmid 

sequencing (Figure 5.17b). We did not find evidence of mutations in the region comprising 

bue genes that could explain the lack of production at LP2 or LP1.  

As a next troubleshooting step, we investigated two transformant strains with bue genes 

integrated at LP2 and one at LP1 by whole genome sequencing (Appendix 1 Figure 7.13). We 

confirmed the expected recombination with no mutations that could explain the lack of 

compound production. Thus, the lack of compound production could be due to the bue genes 

being silent when integrated chromosomally.  

 

Figure 5.17. Chromosomal integration at LP2 does not result in detectable burnettiene B production. a. 
(Left) Extracted ion chromatogram on negative ion mode for m/z 523 ± 0.5 shows a peak in the strains with 
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AMA1-encoded bue cluster genes (blue) but not in the strains with chromosomally integrated bue cluster 
genes (red) or the control (black). (Right) Fungal pellets from the end of the culturing period were filtered 
an observed by fluorescence photography. Fluorescence was observed in the strains with AMA1-encoded 
PgpdA-mCherry and strains with PgpdA-mCherry chromosomally integrated at LP2. b. The plasmid Donor2-
bue was analysed with whole plasmid-sequencing for troubleshooting the lack of compound production. No 
mutations were observed, with all the bue cluster cloned region having coverage of ≥110 and a consensus of 
≥90%.  

V.2.5. Activation of chromosomally integrated heterologous cluster by transcription 

factor overexpression 

In Chapter IV, episomal expression of burnettiene B was increased when the strains were 

cotransformed with a vector containing the construct PgpdA-bueR for TF overexpression and 

the transporter bueG (See Chapter IV). As the strains with chromosomal integration of 

bueA/B/C/D/E/R at LP1 or LP2 did not produce burnettiene B, we hypothesised that TF 

overexpression could activate the cluster in chromosomal context.  

For each landing locus, we selected a representative transformant strain with the bue 

genes integrated by RMCE and prepared protoplasts (Figure 5.18a). After transformation with 

the vector pYFAC-PgpdA-bueR-bueG, and liquid culture we analysed the metabolic profile by 

LC-DAD-MS. We observed that the strains containing the vector for TF overexpression 

presented burnettiene B production, while the control strains with an empty vector did not 

present compound production (Figure 5.18b). This result validates that the strains had 

integrated a functional and complete copy of the bueA/B/C/D/E/R. When comparing the 

strains with bue genes integrated at LP1 and LP2, we observed similar production levels 

between them (Figure 5.18c). 

One of the benefits of chromosomal expression is that cultures can be grown under non-

selective conditions without compromising productivity. For simplicity, in previous 

experiments we cultivated the strains on minimal media with no uracil and uridine, the 

selective condition of the pyrG marker. To evaluate expression under non-selective 

conditions, we cultivated replicates from the strains containing the bue genes at LP2 and TF 

overexpression in media supplemented with uracil and uridine. As expected, selection 

pressure was not needed for compound production (Figure 5.18b). Interestingly, we observed 

significatively more production in the strains grown in non-selective conditions (P-value 

≥0.024) (Figure 5.18c). The lower compound production under selective conditions could be 

to effects on the strain fitness arising of insufficient marker expression from the chromosomal 

copy of pyrG. There are several reports of “positional effects” affecting auxotrophic marker 

expression in several fungi resulting in phenotypic changes, especially for pyrG (Van Leeuwe 
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et al., 2019). For example, insufficient pyrG expression from a randomly integrated 

chromosomal has been observe to affect the sexual cycle of A. nidulans (Robellet et al., 2010).  

To sum up, overexpression of the cluster specific TF allowed to activate the expression 

of bue genes at two different chromosomal contexts. These results demonstrate that 

recombinase-mediated integration is a feasible strategy to build strains for heterologous 

compound production, but that alternative strategies might be needed for BGC activation it 

the cluster remains silent.  

 

 

Figure 5.18 Activation of chromosomally integrated bue cluster genes by transcription factor overexpression. 
a. Experimental approach. Protoplast were prepared from strains with RMCE integrated bue genes at LP1 
or LP2, and further transformed with a vector containing the construct PgpdA-bueR for transcription factor 
(TF) overexpression and bueG encoding a transporter. b. Chromatogram traces at 330 nm show activation 
of burnettiene B production on strains with transcription factor overexpression. c. Quantification of 
burnettiene B production show comparable compound levels in the strains with the genes integrated at LP1 
or LP2 with TF overexpression on minimal media. Strains grown on media supplemented with uracil and 
uridine (non-selective condition) presented higher titres than the same strain grown on minimal media 
(selective condition). Calculated integrated peak area values are the mean of three biological replicates; 
specific values are indicated as black dots, and error bars represent SD. 

V.2.6. Alternative recombination strategies evaluated 

Transient activity of Cre recombinase is preferred for stable recombinase-mediated 

integration. Direct Cre protein transformation has been successfully used for gene deletion in 

other Aspergillus species (Mizutani et al., 2012). We sought to evaluate the use of direct Cre 
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protein transformation for recombinase-mediated integration in A. nidulans. To this end, we 

co-transformed Cre protein along the Donor vector 2-bue, which would also act as a DNA 

carrier (Figure 5.18). We did not obtained colonies when cotransforming the Donor vector 2-

bue along with different amounts of commercial Cre (1µl–4µl). Interestingly, we observed that 

the plates from these transformation events presented fewer or no abortive colonies compared 

to transforming donor vector 2-bue alone (Figure 5.18). This result might indicate that 

cotransformation of Cre protein along donor vector is not a viable method for recombinase-

mediated integration in A. nidulans. 

 

 

Figure 5.19 Transformation of Cre protein along donor vector into A. nidulans. Experimental set-up and 
representative plates of the resulting phenotype where a difference in the number of abortive colonies is 
observed when transforming equal amount of donor vector. The lack of abortive colonies in the 
transformation events with Cre protein are not auspicious of the use of direct transformation Cre protein for 
chromosomal integration. 

The original configuration of recombinase mediated integration in A. nidulans made use 

of a non-replicative donor vector. This way, the marker gene selects chromosomal integration 

events. As this configuration presented high transformation efficiency, we sought to 

additionally evaluate a AMA1-replicative donor vector. In this configuration, the marker gene 

selects incorporation of the donor DNA, relying on marker-less selection of integration events. 

After transformation, we obtained ~100 colonies, and we proceeded to screen ten for 

recombination by diagnostic PCR. We did not obtained evidence of recombination events. This 

result supports the importance of selection of the chromosomal integration event and not just 

the DNA uptake. In future works, the use of an split-marker could circumvent this limitation, 

allowing to use AMA1-based donor vectors and selecting recombinant colonies that 

reconstitute the marker after RMCE.  
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Figure 5.20 Evaluation of a replicative AMA1-based donor-vector. Overview of the experimental setup and 
results of the PCR screening. 

V.3. Discussion 

In this Chapter we designed, built, and tested a system for Cre/lox-mediated 

chromosomal integration of long DNA fragments for BGC heterologous expression in A. 

nidulans. Site-specific recombinase mediated integration represents a relevant expansion to 

the synthetic biology toolbox for filamentous fungi, where recombinases had only been used 

for gene deletion or inversion. The vector set developed in this work has the potential to be 

portable or easily adaptable to related filamentous fungi species or different chromosomal 

landing loci.  

The capability to uptake and maintain complex exogenous DNA is a key requirement for 

a good chassis organism for bioproduction (De Lorenzo et al., 2021). We demonstrated 

targeted one-step integration of long DNA regions of up to 27.7 kb by LE/RE and 21 kb by 

RMCE in A. nidulans. We obtained high transformation efficiency (up to 100%) using a small-

scale transformation protocol with optimised amounts of helper vector. We additionally 

observed that the false positive rate and the presence of abortive colonies diminished when 

transforming large donor vectors (≥12 kb), making this system particularly advantageous for 

integration in the size range where HR efficiency drops. We also demonstrated that the 

resulting strains with chromosomally encoded genes presented a more uniform fluorescent 

phenotype in spore and mycelia, evidencing genetic and phenotypic stability. 

The developed Cre/lox-mediated integration system presents an advantageous 

alternative to HR for the single-step integration of large constructs. However, it also faces the 

same constraints as HR for heterologous expression using a single gene copy in a chromosomal 
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context. When integrating the heterologous genes bueA/B/C/D/E/F/R under their native 

promoter at LP1 or LP2 initially we did not observe compound production, unlike the 

episomal counterpart. Nevertheless, when overexpressing the cluster specific TF bueR we 

restored compound production from biosynthetic genes at LP1 and LP2. Strategies for BGC 

activation, such as TF overexpression, promoter replacement or CRISPRa could be then used 

to activate chromosomally integrated genes that remain silent. Alternatively, integration in 

better locus for expression could also result in improved performance. Overall, for constructs 

known to express successfully in chromosomal context, the developed recombinase system 

remains advantageous to HR for the single-step integration of large constructs  

The lack of basal production of burnettiene B from chromosomally integrated genes 

could also be due to other regulatory mechanisms acting in a chromosomal context. In other 

words, genes encoded on multicopy AMA1 vectors might face less regulatory constrains for 

expression, in concordance with observations in the literature. Clevenger et al. (2017) 

observed that genes encoded on AMA1 presented a different expression pattern than the genes 

on chromosomal context on the host strain, leading to increase compound production. In a 

previous work, we observed that the basal compound production of a silent A. nidulans 

synthetase was boosted when the gene was encoded on an AMA1 vector (Chapter III). Our 

interpretation of the results is limited by the lack of knowledge about chromatinic regulation 

(or the lack of) on AMA1 encoded genes and the copy-number of AMA1 vectors with the pyrG 

marker. 

By benchmarking chromosomal expression to AMA1-pyrG based expression, this work 

also represents an unprecedented characterisation of many other aspects of AMA1-pyrG 

episomal expression in A. nidulans. We analysed episomal expression in fungal growth in both 

solid media and submerged liquid culture, which have different morphological and 

developmental characteristics. While A. nidulans grown in solid media completes the 

developmental stages that lead to sporulation, fungal growth in liquid submerged culture gets 

arrested on an undifferentiated hyphal state with almost no conidia production (Adams et al., 

1998; Axelrod et al., 1973). In the literature, AMA1 expression has been usually characterised 

observing the phenotype of spores grown on solid selective media (Aleksenko and Clutterbuck, 

1997; Anyaogu and Mortensen, 2015; Holm, 2013). Concordant with those observations in 

the literature, we also observed limited phenotypic stability of AMA1 in spores at colony level 

(Aleksenko and Clutterbuck, 1997; Anyaogu and Mortensen, 2015; Holm, 2013). Our original 

analysis of AMA1-pyrG phenotypic stability analysing individual spores by flow cytometry 

adds a thorough and quantitative estimation of the phenotypic heterogeneity of conidia in A. 

nidulans grown under selective conditions. Additionally, our observation of colonies grown 

under non-selective solid media that maintain AMA1-pyrG based expression seem to indicate 
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that the presence of the auxotrophic marker pyrG is essential for selecting viable spores, but 

not for sustaining AMA1 based expression. These observations set a precedent for a deeper 

exploration of the role of auxotrophic pressure in the maintenance of AMA1 vectors in solid 

media. Importantly, we further characterised AMA1-pyrG episomal expression in vegetative 

hyphae of A. nidulans in liquid culture. Interestingly, we observed a strong and uniform 

reporter expression in mycelia grown in selective liquid media. In non-selective liquid media, 

we observed that fungal growth also retained regions of high reporter expression. Along with 

the robust episomal production of burnettiene B, these results support that AMA1-based 

expression is a strong platform for expression in vegetative hyphae. Overall, the results 

obtained in this chapter seem to indicate that AMA1 phenotypic stability in spores is limited, 

but during hyphal growth at liquid culture they present a more uniform phenotype. This 

observation set a precedent for the further exploration of AMA1 genetic and phenotypic 

stability in submerged liquid culture. The different complementary techniques used to analyse 

mCherry expression established in this chapter are also relevant for future analysis of reporter 

genes in A. nidulans.  

The potential Cre-mediated one-step integration is particularly relevant for building 

strains for heterologous expression of large genomic regions containing BGC cloned by 

genome capture that cannot be integrated by other means. Large vectors built by genome 

capture currently rely on AMA1-based expression (Clevenger et al., 2017). Additionally, 

recombinase-mediated integration could be beneficial for fungal cultures compared to 

episomal expression in various contexts. The possibility of using low-cost complex substrate 

as growth media is favourable for high scale culture and media optimisation, which could 

facilitate the use of A. nidulans in industrial settings.  

Lastly, there are multiple aspects of design of the current recombinase-mediated 

integration system that could be improved or re-evaluated. One of the main reasons behind of 

choosing Cre for building the integration system was that it was a more popular tool in the 

filamentous fungi research community. However, other type of recombinases, especially 

tyrosine- recombinases are naturally better for directional integration. In engineered fungal 

strains that already contain loxP scars from deletion events, the use of other recombinase 

systems could be preferred. The current system could be upgraded for directed integration in 

different loci by using multiple landing pads with different heterospecific recombination sites. 

Another delivery options could be evaluated for Cre expression. For example, creating a self-

excising Cre cassette by placing it on the backbone of the RMCE donor vector, as it was used 

in Garcia-Morales et al. (2020), where only one vector was required for transformation.  

This tool represents an important contribution to the establishment of A. nidulans as 

chassis for the heterologous expression of large biosynthetic pathways. One-step integration 
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of fragments ≥20 kb was achieved with 100% efficiency, consistently obtaining ≥3 colonies in 

a small-scale transformation procedure. This has the potential to speed up the process of 

constructing strains for stable long-term production of heterologous metabolites in A. 

nidulans. 

V.4. Methods 

V.4.1. Vector Construction 

All the oligonucleotides used for vector construction are listed in Appendix 1 Table 7.6 

with their destination vector indicated. The landing pad vector pGemLP1-loxP-bar-Lox2272-71 

was built by a sequential cloning process: pBARGPE1 (Pall and Brunelli, 1993), obtained from 

the Fungal Genetics Stock Centre, was digested with PmII and AatII and the site lox2272-71 

was created by ligation to the annealed oligonucleotides AattI-Lox2272-71Rv and AattI-

Lox2272-71Fw. A fragment containing the marker bar flanked by lox2272-71 and a loxP from 

pBARGPE1 was PCR amplified and cloned by isothermal assembly with NEBuilder HiFi DNA 

Assembly Master Mix (New England Biolabs, MA, USA) into NotI digested pGemT (Promega) 

incorporating at the 5′ and 3′ 1 kb homology arms for LP1 amplified from A. nidulans gDNA, 

creating the vector pGem-LP1. To build pGemLP2-loxP-bar-Lox2272-71, the floxed bar cassette 

was amplified from pGemLP1-loxP-bar-Lox2272-71, and two fragments containing the 

homology arms for LP2 were amplified from A. nidulans gDNA and cloned with NEBuilder 

HiFi DNA Assembly Master Mix into NotI digested pGemT. 

Cre was amplified from pBF3038 (Fang et al., 2011) and cloned into pBARGPE1-LIC 

(Chooi et al., 2013). The PgpdA-Cre-TtrpC cassette was then further amplified and cloned into 

pGemT creating pGem-PgpdA-Cre.. The donor vector was initially built using a NotI and MscI 

digested pKW20088 (Tsunematsu et al., 2013), amplifying a ~200 bp fragment containing 

loxP from pXP322 (Fang et al., 2011) and creating the lox2272-66 with a gBlock, resulting in 

the intermediate vector pKW20088-loxP-pyrG-lox2272-66. On parallel, the coding sequence 

of mCherry was amplified from pMP7601 (Boyce et al., 2012) and cloned into pBARGPE1 

under PgpdA. pKW20088-loxP-mCherry-pyrG-lox2272-66 (donor vector 3) was created after 

PacI digestion of pKW20088-loxP-pyrG-lox2272-66 and isothermal assembly of a PCR 

amplicon containing PgpdA-mCherry-TtrpC. pGem-loxp-lox71-2272 was created amplifying the 

floxed pyrG cassette from pKW20088-loxP-pyrG-lox2272-66 with primers that added NotI 

sites in the ends of the amplicon and cloning by NotI digestion and ligation to NotI digested 

pGemT (Promega). pGem-loxp-mcherry-lox71-2272 (donor vector 1) was created with PacI 

digestion of pGem-loxp-lox71-2272 and amplification of PgpdA-mCherry. pRecomb-loxp-
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mcherry-4Gcloningsite-lox71-2272-66 (donor vector 2) was created de novo by isothermal 

assembly of PCR parts containing the floxed cassette of pKW20088-loxP-pyrG-lox2272-66, 

the 4G cloning cassette from pYFAC-CH2 (Hu et al., 2019) and sequences from pKW20088 to 

include the sequences for plasmid maintenance and selection in E. coli and S. cerevisiae. 

pRecomb-loxp-mcherry-BueABCDER-lox71-2272-66 (donor2-bue) was created 

digestion Donor2 with NotI and isothermal assembly of four PCR fragments containing the 

partial bue cluster, amplified from A. burnetti gDNA. 

Table 5.3 Vectors built on Chapter V. 

Vector name Purpose and name in the text 

pGem-PgpdA-Cre 

Helper vector for the expression of Cre. Not replicative 

on A. nidulans. 

pGemLP1-loxP-bar-Lox2272-71 Vector to create LP1 by homologous recombination. 

pGemLP2-loxP-bar-Lox2272-71 Vector to create LP2 by homologous recombination. 

pGem-loxp-mcherry-lox71-2272 Donor vector 1 

pRecomb-loxp-mcherry-4Gcloningsite-

lox71-2272-66 Donor vector 2 

pRecomb-loxp-mcherry-BueABCDER-

lox71-2272-66 Donor vector 2-bue 

pKW20088-loxP-mcherry-pyrG-lox2272-

66 Donor vector 3 

 

V.4.2. Aspergillus nidulans strains construction and transformation 

A. nidulans parental strains with LP1 or LP2 were created by polyethylene glycol (PEG)-

calcium-based transformation (Lim et al., 2012) with NotI linearized vectors pGemLP1-loxP-

bar-Lox2272-71 or pGemLP2-loxP-bar-Lox2272-71 containing 1 kb homology regions at 5′ 

and 3′ of the floxed bar to facilitate homologous recombination in A. nidulans 8030. Colonies 

were selected for resistance to glufosinate extracted from Basta (Bayer, Vic., Australia) (Chooi 

et al., 2017) an the event was confirmed by diagnostic PCR.  

Protoplasts of A. nidulans LO8030 LP1 or LP2 were prepared from germlings (Lim et 

al., 2012), mixed with a quarter volume PEG 60% to a final concentration of 108 protoplasts 

per mL and frozen at -80 °C for later use. AMA1-vectors were transformed into A. nidulans 

protoplasts modifying Lim et al. (2012) to minimize the required transformation volume. In 

a 2 mL microcentrifuge tube, 60 µL of thawed protoplast solution was incubated with 40 µL of 

STC buffer (1.2 M sorbitol, 10 mM CaCl2, 10 mM Tris–HCl, pH 7.5) and the vector amounts 
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indicated in Table 5.2 and across figures on the main text. After 20 min of incubation on ice, 

400 µL of the calcium PEG 60% mix was added and mixed gently by inversion, followed by a 

20 min incubation at room temperature. After adding 1 mL of STC buffer the mix was spread 

on SMM with pyridoxine and riboflavin (u-p+r+) but deficient in uracil for auxotrophic 

selection, divided in two plates that were then incubated for three days at 37 °C to generate 

transformant colonies.  

For evaluating co-transformation of Cre protein, 5 µl of Cre (NEB) were cotransformed 

with vector Donor 1 and 2 µl of Cre were cotransformed with Donor2-bue following PEG-

mediated transformation as above mentioned. 

For the activation of the chromosomally integrated bue genes by TF overexpression, 

protoplasts were prepared from the strains A. nidulans LO8030-LP1-bueA/B/C/D/E/R and 

A. nidulans LO8030-LP2-bueA/B/C/D/E/R. Protoplasts were transformed with the vector 

pYFAC-bueG-PgpdA-bueR (See Chapter IV) and selected on SMM u-r+p-. 

Relevant strains were analysed by whole genome sequencing with the DNBSEQ-2000 

PE150 platform at BGI Tech Solutions co. (BGI, Hong Kong), resulting in ~2 Gb of raw 

genome data (150 bp, paired-end). The reads were mapped to chromosome sequences 

containing the expected recombination product using Geneious 11.03. 

Table 5.4 Genotype of parental strains used in Chapter V 

Parental strains Relevant genotype 
A. nidulans 
LO8030 (Chiang 
et al., 2016) 

pyroA4, riboB2, pyrG89, nkuA::argB, Sterigmatocystin cluster (AN7804-
AN7825)Δ, emericellamide cluster (AN2545-AN2549)Δ, asperfuranone 
cluster (AN1039-AN1029)Δ, monodictyphenone cluster (AN10023-
AN10021)Δ, terraquinone cluster (AN8512-AN8520)Δ, austinol cluster part1 
(AN8379-AN8384)Δ, austinol cluster part2 (AN9246-AND9259)Δ, f9775 
(AN7906-AN7915)Δ, asperthecin cluster (AN6000-AN60002)Δ 

LO8030-LP1  LO8030 + loxP-bar-lox2272-71::Sterigmatocystin cluster (AN7804-
AN7825)Δ 

LO8030-LP2 LO8030 + loxP-bar-lox2272-71::IS1 

LO8030-LP1-
bueA/B/C/D/E/R 

LO8030 + loxP-mchery-bueA/B/C/D/E/R-pyrG-lox2272-
72::Sterigmatocystin cluster (AN7804-AN7825)Δ 

LO8030-LP2-
bueA/B/C/D/E/R 

LO8030 + loxP-mchery-bueA/B/C/D/E/R-pyrG -lox2272-72::IS1 

 

V.4.3. In vitro validation of lox sites 

The substrate DNA fragments were PCR amplified with primers LoxP-pyrG-F and 

GBlock-R from template vector pKW20088-loxP-pyrG-lox2272-66 and with primers LIC-H1-
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F and PbarUpstream-R-Seq from pGemLP1-loxP-bar-Lox2272-71. The in vitro 

recombination was performed following the protocol of Cre (NEB, M0298M), incubating at 

1.30 h at 37 °C and heat inactivated. As control the PCR fragments were subject to the same 

treatment but without recombinase. The reaction products were run in a 0.8% agarose gel with 

2ul of the AccuRuler 1 kb DNA RTU Ladder (Maestrogen) and the image was taken with a blue 

LED transilluminator and a phone camera. 

V.4.4. Diagnostic PCRs  

For a more sensitive genotyping of the strains after recombination, gDNA of the 

transformant strains were extracted before PCR screening. Spores picked from individual 

colonies were grown overnight in liquid GMM U- at 37 °C for mycelial mass, that was grinded 

on liquid nitrogen and extracted by a clean-up with chloroform:isoamyl alcohol 24:1 followed 

by a isopropanol precipitation. The PCR amplification was conducted by 3 min at 94 °C initial 

denaturing followed by 27 cycles of 30 s at 94 °C, 30 s at 56.5 °C, 60 s at 72 °C, in a 

thermocycler with Taq polymerase, using ∼30 ng A. nidulans gDNA in a 10 µl reaction volume. 

The PCR products were run in a 0.8% agarose gel with 2 µl of the AccuRuler 1 kb DNA RTU 

Ladder (Maestrogen). All agarose gel images were acquired with a Vilber E-Box VX-2 gel 

imager.  

Representative PCRs of recombination products were amplified with Pfu polymerase for 

Sanger sequencing and mapped to the expected recombination product with Geneious 11.03 

to confirm the expected recombinant products.  

V.4.5. Fluorescence microscopy 

Spores from three or more individual colonies were picked and grown in small petri 

dishes containing liquid GMM u-p+r+, supplemented with pyridoxine and riboflavin to obtain 

mycelia. Samples were incubated at 37° C and grown overnight and submerged in mycelial 

wash (MgSO4 0.6M) before mounting the slides. Fluorescence images were captured at 20x on 

the epifluorescence inverted microscope Eclipse Ti2 (Nikon), using numerical aperture (NA) 

0.75 and Plan Apo λ 20x objective lens (Nikon) and a Camera DS-Qi2 (Nikon) controlled by 

NIS Elements Advanced Research (Nikon). Fluorescent microscopy was carried out under a 

mCherry filter set (562/40 nm excitation, 593 nm dichroic beamsplitter, and 641/75 nm 

emission), using a 400 ms exposure and 1.8x analog gain unless specified otherwise. Images 

were recorded using NIS-Elements Advanced Research software package (Nikon).  
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V.4.6. Flow cytometry 

Spores were collected with a sterile loop from colonies grown for 3 days in solid GMM 

u-p+r+ and suspended in water. The spore suspension was carefully filtered through a syringe 

containing sterile cotton to remove residual mycelia and diluted to a concentration of ~1.106 

spores/mL. Data acquisition was performed immediately after spore suspension using a 

FACSCalibur (BD Biosciences) flow cytometer operated with filtered water as shear fluid. 

mCherry signal was observed with a 488 nm excitation laser and the filter FL3 ( ≥670 nm) and 

20,000 events were detected per measurement. 

The data was processed using FlowJo V10 software (TreeStar). The output was gated 

according to FCS size to limit to the size range of spores, an example of the gating strategy is 

indicated on the image. Curves are presented as staggered histograms. Mean and SD was 

determined with the FlowJo software. 

V.4.7. Fluorescent photography 

Closed plates were analysed in ChemiDoc MP Imaging System (Bio-Rad). MCherry 

images were obtained using the excitation source Green epi illumination and the emission 

filter 605/50 nm with exposure time of 0.01 seconds. Bright field was captured with white 

illumination and a standard emission filter in automatic exposure. Images were recorded with 

ImageLab software (Bio-Rad). 

V.4.8. Culture conditions and metabolic profile analysis by LC-DAD-MS 

For each transformant strain, spores from individual colonies were picked for culture 

analysis and re-streaked individually in a solidified GMM -u-p+r+ plate to be cultivated for 

three days at 37 °C. Spores were harvested from plates in 1 mL of 0.1% Tween 80 (Sigma, MO, 

USA) and approximately 108 spores were inoculated into 250-mL flasks containing 50 mL 

liquid GMM u-p+r+ medium. Additionally, ampicillin was added to 50 µg mL-1. Cultures were 

incubated for 4 days with shaking set to 200 rpm and 26 °C. At the end of the culture, 20 mL 

of media was collected in 50-mL falcon tubes by filtration with Miracloth (Milipore, MA, USA). 

The metabolites were extracted from the liquid culture with 20 mL of an organic solvent 

mixture containing ethyl acetate, methanol, and acetic acid (89.5:10:0.5 ratio). The crude 

extracts were dried down in vacuo and re-dissolved in 0.3 mL of methanol for LC-DAD-MS 

analysis. 
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The analyses of the metabolite profiles were performed on an Agilent 1260 liquid 

chromatography (LC) system coupled to a diode array detector (DAD) and an Agilent 6130 

Quadrupole mass spectrometer (MS) with an electrospray ionization (ESI) source. In all cases 

3 μL of the methanol dissolved crude extract was injected. Chromatographic separation was 

performed at 40 °C using a Kinetex C18 column (2.6 μm, 2.1 mm i.d. 3 100 mm; Phenomenex). 

Chromatographic separation was achieved with a linear gradient of 5–95% acetonitrile-water 

(containing 0.1% v/v formic acid) in 10 minutes followed by 95% acetonitrile for 3 minutes, 

with a flow rate of 0.70 mL min-1. The MS data were collected in the m/z range 100–1000 in 

negative ion mode and UV observed at DAD λ=330 nm. 

Peak areas were determined by peak integration of DAD λ=330 nm chromatogram using 

Masshunter Workstation Qualitative Analysis (Agilent). 

  




