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ABSTRACT 
 

 
For decades, secondary metabolites (SMs) from fungi have been exploited as a rich source of 

diverse chemical structures with useful bioactivities. Recently, fungi have been discovered to 

possess an additional class of SMs in their biosynthetic repertoire, the ribosomally synthesized 

and post-translationally modified peptides (RiPPs). Biosynthetic gene clusters (BGCs) encoding 

these peptides have been shown to be ubiquitous in fungal genomes, but only a limited 

number of these BGCs have been investigated. Despite being vastly underexplored, fungal 

RiPPs have already been shown to possess a range of promising features, including a 

propensity for varied bioactivities, access to unique chemical structures due to their often-

extensive post-translational modifications (PTMs) and inherent malleability and product 

diversity of their biosynthetic pathways.  

Here, I aim to further our current understanding regarding the biosynthesis, structures and 

biological functions of one family of fungal RiPPs, the dikaritins, by investigating the 

biosynthesis of a select few, biologically significant family members.  

After an introduction on fungal SMs generally and fungal RiPPs specifically in Chapter 1, I 

report my investigations into the fungal RiPP victorin in Chapters 2, 3 and 4. Victorin is a 

famous fungal toxin first encountered in the 1940s, when its producer, Cochliobolus victoriae, 

infected and destroyed susceptible oat cultivars at an epidemic scale. After decades of 

investigations had failed to answer the question how victorin was synthesized by its producer, 

we finally revealed it to be a fungal RiPP of the dikaritin family. To this end, in Chapter 2, we 

re-sequenced the genome of C. victoriae, assembled it into 22 supercontigs and identified 

three copies of victorin backbone-encoding gene vicA. Subsequently, we performed gene 

deletion experiments to confirm the roles of vicA and two adjacent genes in victorin 

biosynthesis.  

In Chapter 3, I describe my efforts to further unravel the victorin biosynthetic pathway, 

impeded by the unusual scattering of putative victorin biosynthesis genes over two genomic 

loci. After heterologous expression experiments of suspected victorin genes failed to produce 

any detectable compounds, I instead focused on the elucidation of two dikaritin BGCs closely 

related to victorin biosynthesis genes, arranged in a more conventional BGC layout. 
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Heterologous expression of these BGCs yielded a novel compound, but tandem mass 

spectrometry (MS) data has so far proven inconclusive. 

I then attempted to gain insight into victorin biosynthesis through an RNA-sequencing (RNA-

seq) experiment, described in Chapter 4. Genome sequencing and differential gene expression 

analysis comparing two strains with different levels of victorin production revealed disruption 

of a histone acetyltransferase (HAT) to result in increased gene expression across both 

genomic loci harbouring victorin biosynthesis genes. 

In Chapter 5, I describe investigations of a dikaritin BGC found in the genome of important 

wheat pathogen Zymoseptoria tritici. This BGC had previously been shown to be upregulated 

during infection, suggesting a role in mediating pathogen virulence. Overexpression of a 

predicted fungal transcription factor contained in the dikaritin BGC resulted in the apparent 

production of four compounds as indicated by MS data, but their structures could not be 

elucidated. 

Lastly, I summarize my findings in Chapter 6, discuss their significance as well as obstacles 

encountered during my investigations. The chapter concludes with a published article where 

we use insights from our and other researchers’ findings to classify all known fungal RiPPs into 

three distinct families based on their features and give recommendations on future genome 

mining efforts for fungal BGCs. 

Overall, this work advances our understanding of the biosynthesis of fungal RiPPs. 

Furthermore, here I reveal for the first time a fungal RiPP to be central to an important host-

pathogen interaction. This demonstrates that investigating fungal RiPPs – in addition to 

unlocking their potential for industrial applications – could help unravel the molecular basis 

for plant diseases caused by fungi.  
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Chapter 1: Introduction  

1.1 Secondary metabolites from fungi 

Members of the taxonomic kingdom of fungi encompass an enormous number of species that occupy 

a huge variety of ecological niches. Recent estimates have put the number of fungal species at between 

2.2 and 3.8 million, outnumbering plant species almost ten to one.5 One feature that enables fungi to 

adapt to a range of conditions, colonize hosts, outcompete rivals and avoid being preyed upon is their 

ability to produce an arsenal of secondary metabolites (SMs), also known as natural products (NPs). 

They are small, bioactive molecules that often increase the overall fitness of the producer but are not 

strictly necessary for survival.  

Exploring the structural diversity and understanding the biosynthesis of these compounds benefits us 

in many ways. Fungal SMs exhibit diverse bioactivities that make them a valuable source of novel drugs, 

with penicillin arguably being the most famous fungal SM. A study tracking newly approved drugs 

between 1981 and 2014 found that about 45% of them were SMs or SM-derived.6 Especially in the 

search for compounds with antibiotic activity, microbial SMs have proven to be a far more rewarding 

source than libraries of synthetic compounds, due to the evolutionary refinement of SMs for overcoming 

microbial defence mechanisms.7 On the other hand, SMs can also cause harm to humans and animals. 

A striking example is the amatoxin α-amanitin produced by the Destroying Angel and other mushrooms. 

It inhibits RNA polymerase II, and the dose fatal to humans of only about 12 mg can be contained in a 

single mushroom.8 Yet even toxicity can be exploited for pharmaceutical uses, as demonstrated by the 

application of α-amanitin in cancer therapy.9 

Understanding fungal SM biosynthesis not only facilitates the development of new drugs, it also benefits 

agriculture. Fungal plant pathogens affect a variety of crops and are responsible for major reductions in 

harvest yields globally.10 Since the purpose of SMs in nature is often modulating the biological functions 

of a wide range of target organisms, many SMs are inherently suited for use as pesticides. For 

agricultural purposes, SMs need to combine useful bioactivities and a way to be cheaply produced in 

high quantities.11 Nevertheless, 36% of all pesticides newly registered in the USA between 1997 and 

2010 were NPs or NP-derived.12 Beyond their potential use as pesticides, investigating the mode of 

action and biosynthetic logic of SMs is crucial to protecting crops, since host pathogen interactions of 

plant pathogenic fungi are often mediated by SMs.13 Understanding the mediators of this interaction 

unlocks the rational engineering of resistances in crop plants. 
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1.2 RiPPs – the newest class of fungal secondary metabolites 

Fungal SMs can be classified by their biosynthetic pathway. Until fairly recently, only four main classes 

of fungal SMs were known: polyketides, non-ribosomal peptides, terpenes and indole alkaloids.14 

However, in 2007 α-amanitin and related toxins were shown to be produced ribosomally.8 This revealed 

ribosomally synthesized and post-translationally modified peptides (RiPPs) as a fifth class of fungal SMs, 

which were until then thought to be exclusive to plants and bacteria. Compared to other classes of 

fungal SMs or even bacterial and plant RiPPs, fungal RiPPs are vastly underexplored, despite being a 

highly promising source of novel drug leads due to their inherent properties. They are small in size and 

often endowed with extensive post-translational modifications (PTMs) that give them access to unique 

structural features (Figure 1). One of those PTMs, macrocyclization, is common to all known fungal RiPPs, 

and enhances their structural rigidity, metabolic and chemical stability and cellular penetration.15-17 

Additionally, the small number of fungal RiPPs that have been discovered so far show a variety of 

interesting bioactivities: phytotoxicity18 and inhibition of microtubule assembly19 by ustiloxins, tubulin 

inhibition by phomopsins,20 nematicidal activity by omphalotins,21 inhibition of RNA polymerase by 

amanitin22 and of actin depolymerisation by phalloidin23 and immunosuppression by cycloamanides.24 

Overall, their favourable structural attributes and apparent propensity for bioactivity make fungal RiPPs 

a highly promising reservoir within the biosynthetic SM repertoire of fungi, that is – unlike other SM 

classes – virtually untapped.  

 

1.3 Prevalence of fungal RiPP biosynthetic gene clusters 

Like genes of other SMs, fungal RiPP genes form biosynthetic gene clusters (BGCs). Currently, no 

comprehensive study exists on the abundance of RiPP BGCs in fungal genomes, mainly because the 

only hallmark gene that is common to all of them is the gene encoding the amino acid backbone, which 

has different features based on the type of fungal RiPP. Consequently, each family of fungal RiPPs has 

their own hallmarks that facilitate genome mining specifically for that family. A glimpse of the 

Figure 1 Representative fungal RiPPs. PTMs are highlighted in colour. The macrocycle-forming bonds are 
highlighted in green. 
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prevalence of RiPP gene clusters in fungal genomes was recently given by a survey of genomes from 

1461 fungal strains.25 The author detected a gene combination generally assumed to be the hallmark 

of BGCs of the fungal RiPP family of dikaritins26 (described below) to occur up to ten times in the 

genomes of certain Ascomycota classes, namely the Sordariomycetes, the Dothideomycetes, the 

Eurotimycetes and the Leotiomycetes.25 However, this number only considers a single family of fungal 

RiPPs, of which the hallmarks are far from fully understood. Nevertheless, these findings are congruent 

with a general uneven distribution of SM biosynthetic talent in filamentous fungi,27 indicating that the 

abundance of RiPP BGCs in fungal genomes aligns with the abundance of SM BGCs generally. High 

numbers of SM BGCs seem to be mostly concentrated in the Pezizomycotina with a per-genome 

average of nearly 40 SM BGCs, and more specifically in the four taxonomic classes mentioned above.27 

A rough estimate puts the total number of SM BGCs contained within the genomes of biosynthetically 

talented fungal species at a lower limit of several million,28 suggesting an estimated total of at least 

several hundred thousand RiPP BGCs in those genomes. This wealth of compounds potentially beneficial 

to humanity has barely been tapped into, and even less so for fungal RiPPs than for other SMs. However, 

to harness the potential contained in fungal RiPPs, a better understanding of their biosynthesis is 

needed.  

 

1.4 Biosynthesis of fungal RiPPs 

RiPP pathways follow a straightforward biosynthetic logic. In contrast to the biosynthesis of non-

ribosomal peptides, where the backbone of the respective compound is assembled by a large 

multidomain synthetase, the RiPP backbone is encoded directly in the genome. The amino acid 

sequence of the backbone, the core peptide (CP), is embedded within the sequence of the precursor 

peptide (PP), which provides recognition sequences for the cellular machinery for translocation and 

processing of the CP during RiPP maturation.26, 29, 30 RiPP biosynthesis consists of two main processes: 

cleaving the CP from the PP and installing PTMs on the CP to yield the mature compound. However, 

biosynthesis of fungal RiPPs is still poorly understood, and little is known about the order or cellular 

compartments in which these steps occur.  

Beyond these general principles, there are biosynthetic mechanisms that are specific to different groups 

of more closely related fungal RiPPs. In our very recently published highlight article,31 which is part of 

Chapter 6, we have firmly categorized all known fungal RiPPs into three distinct families and outlined 

their hallmarks, incorporating results from this thesis and the current body of literature. However, when 

this project was conceived in 2017, three groups of related fungal RiPPs were only loosely established 

(Figure 1) – the cycloamanides (originally known as the MSDIN family of peptides), the borosins 
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(originally known as the omphalotins) and the dikaritins – and a few individual fungal RiPPs were not 

assigned to any RiPP family.  

Members of cycloamanides were the first fungal peptides demonstrated to be RiPPs.8 While the CP of 

members from this group is highly variable, their PPs share a conserved N-terminal stretch of amino 

acids containing the name-giving motif MSDIN, although this motif turned out to be not perfectly 

conserved in all members.32 Structurally, the only commonality of peptides from this family is their head-

to-tail macrocycle, installed by prolyl oligopeptidase B (POPB).33  

A second distinct group of fungal RiPPs are the borosins. Like the cycloamanides, they are head-to-tail 

cyclized by POPB. Additionally, borosins feature N-methylations on their amino acid backbone as a 

structural hallmark, installed by a unique methyltransferase fused to the N-terminus of the PP.34, 35  

Lastly, ustiloxins were discovered to be of ribosomal origin in 201436 and the closely related phomopsins 

in 2016.3 The name “dikaritins” was chosen by Ding et al. for RiPPs with a high degree of similarity to 

ustiloxins and phomopsins, based on a very specific set of rules pertaining to the architecture of the 

BGC and the PP.3 Other authors have included into the dikaritin family RiPPs that do not fulfill the strict 

requirements established by Ding et al., but that are nevertheless very dikaritin-like.26, 37 In Chapter 6, 

we argue for more loose inclusion criteria for the dikaritins, and add asperipin-2a,38 epichloëcyclins4 as 

well as the RiPPs that are subject of this thesis to the dikaritin family.31 In this thesis, I use this broader 

definition when referring to dikaritins. Irrespective of terminology, the RiPPs investigated in this work 

are much more closely related to the ustiloxins, phomopsins, asperipin-2a and the epichloëcyclins than 

to members of the cycloamanides or the borosins. Therefore, features of dikaritin peptide structures, 

their biosynthesis and their BGCs are described in detail below.  

 

1.4.1 Unique features of the dikaritin precursor peptide  

Dikaritin biosynthesis differs from that of other fungal RiPPs in a few key aspects. Firstly, the dikaritin PP 

contains multiple perfect or imperfect repeats, each repeat containing a copy of the CP and peptidase 

cleavage sites (Figure 2). The presence of multiple CPs within the PP is unique to dikaritins among fungal 

RiPPs and rare in RiPPs from bacteria or plants.39 Although the functional reason for multicore PPs is 

not known for certain, it is one way of creating product diversity from a single PP,40 as described below. 

Furthermore, for the cyanobactins, bacterial multicore RiPPs, it has been shown that product yields 

increase with the number of CPs.41  

A second major difference between dikaritin biosynthesis and that of cycloamanides and borosins is the 

peptidase involved in PP processing. Whereas both cycloamanide and borosin PPs are cut and cyclized 

by a POP, dikaritin PPs are processed by kexin proteases and therefore feature the corresponding 
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conserved cleavage site, a dibasic motif of either Lys-Lys, Lys-Arg or Arg-Arg.38 During maturation, the 

removal of the recognition motif itself on either side of a CP is achieved by the activity of kexin proteases 

Kex1 and Kex2, which cut N- and C-terminally of the motif, respectively.38 The importance of kexin 

proteases for dikaritin production has been demonstrated in Aspergillus flavus, where the deletion of 

kexB, a kex2 orthologue, from the genome of an ustiloxin-overproducer strain abolished ustiloxin 

production.42 However, at least in the cases of some dikaritins like ustiloxins, phomopsins and 

epichloëcyclins, additional cleavage by peptidases other than kexin must occur, since kexin cleavage 

sites are not immediately adjacent to the CPs on both sides (Figure 2). Although non-kexin peptidase 

genes can often be found in BGCs of dikaritins,3, 38 direct proof of their involvement in biosynthesis of 

the corresponding RiPP has only been shown for ustiloxins, where deletion of either of the peptidase 

gene encoded in the ustiloxin cluster resulted in diminished ustiloxin yields, but did not completely 

abolish production.2 This, together with the fact that heterologous reconstruction of the ustiloxin 

biosynthesis pathway did not require expression of either peptidase1 indicates that their functions are 

at least partially redundant with other, less specialized peptidases encoded in the genomes of 

filamentous fungi. Similarly, with the exception of the epichloëcyclin BGC,43 the kexin peptidase gene is 

usually not part of dikaritin BGCs, suggesting a more general role in the fungal metabolism beyond RiPP 

processing.  

 

1.4.2 Dikaritin posttranslational modifications 

PTMs of dikaritins are diverse, but macrocyclization via an ether bond is common to all dikaritins and a 

hallmark of this RiPP family (Figure 2). Although all dikaritins possess this structural feature, there are 

subtle differences regarding its formation and its position: In asperipin-2a38 and likely in epichloëcyclin4 

biosynthesis, the para-substituted hydroxyl group of the tyrosine is incorporated into the ether bridge,44 

while in ustiloxin and phomopsin biosynthesis it has been proposed that first a meta-substituted 

hydroxyl group is installed on a tyrosine by a tyrosinase, then selectively incorporated into the ether 

bond, with the para-hydroxyl group remaining untouched.1 Whereas ustiloxins, phomopsins and 

epichloëcyclins all feature a single ether bond, asperipin-2a is the only known dikaritin to possess two.  

Through heterologous reconstruction of the ustiloxin biosynthesis pathway, proteins containing the 

domain of unknown function 3328 (DUF3328) have been revealed as an important enzyme responsible 

for installing this macrocycle,1 although the specifics have so far eluded researchers. The combination 

of two DUF3328 genes and a tyrosinase are required to yield a macrocyclic, hydroxylated intermediate 

in heterologous ustiloxin biosynthesis,1 while the combination of one DUF3328 protein and a isoflavone 

reductase-like protein are needed in asperipin-2a biosynthesis to achieve macrocyclization.45 In both 

studies no intermediates could be detected when any of the genes were omitted from the respective 
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combination of heterologously expressed genes, likely because an omission resulted in a linear 

intermediate that was quickly degraded. Taken together, these features – the absence of detectable 

linear intermediates in incomplete dikaritin biosynthesis pathways in vivo and the requirement for 

multiple enzymes to achieve cyclisation – impede the assignment of individual functions to genes of a 

biosynthetic gene cluster through in vivo experiments like heterologous expression or gene deletions. 

At the same time, some dikaritin BGCs seem to contain a surplus of DUF3328 protein genes, suggesting 

additional roles in dikaritin biosynthesis besides macrocyclization. For example, the phomopsin BGC 

features five DUF3328 protein genes,3 whereas macrocyclization of the structurally closely related 

ustiloxins is achieved by only two DUF3328 proteins (Figure 2). Consequently, functions of DUF3328 

proteins are still poorly understood, even though they are central to dikaritin biosynthesis.  

Other PTMs that have been observed in multiple dikaritins are hydroxylations and N-methylations. In 

asperipin-2a a hydroxy group replaces the N-terminal amino group, installed by either DUF3328 protein 

AprY or isoflavone reductase-like AprR,44 whereas in ustiloxins and phomopsins the β-carbon of the N-

terminal tyrosine is hydroxylated, likely by a DUF3328 protein.1 Ustiloxins and phomopsins are 

methylated on the nitrogen of the N-terminal amino group by a methyltransferase,1, 3 while a 

methyltransferase methylates the lysine side chain in epichloëcyclin biosynthesis.4 

Figure 2 Structures, PP sequences and BGCs of known dikaritins. For ustiloxins, phomopsins and epichloëcyclins, 
one representative structure of each is shown, with PTMs highlighted in colour. In the PP sequences, the predicted 
signal peptide is underlined, the core peptide is in bold font and putative kexin cleavage sites are represented by 
green lines. For the phompsin BGC, only coding sequences have been published.3 For epichloëcyclins, the presence 
of an ether bond has not been conclusively demonstrated.4  
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1.4.3 Biosynthesis of ustiloxin B 

Most of our current understanding of dikaritin biosynthesis is based on the elucidation of the Aspergillus 

flavus ustiloxin B pathway, especially through its heterologous reconstruction in Aspergillus oryzae.1 As 

the most thoroughly researched dikaritin pathway, ustiloxin biosynthesis, summarized below, 

demonstrates both the extent and the limits of our current knowledge (Figure 3).  

The ustiloxin PP gene codes for 16 repeats, each containing a copy of the CP sequence YAIG. After 

translation, the N-terminal signal peptide of the PP facilitates the translocation into the endoplasmic 

reticulum.42 It has been proposed that kexin cleavage is performed in the Golgi apparatus, inferred from 

evidence of the cellular location of the homologous Kex2 in Saccharomyces cerevisiae.42 Due to the 

distance of the kexin cleavage sites from the ustiloxin CP, mere kexin cleavage without processing by 

additional peptidases would result in additional amino acids attached on both sides of the CP, forming 

the linear peptide NSVEDYAIGID. It is unknown if these excess residues serve a function in ustiloxin 

biosynthesis or if they are immediately cleaved before biosynthesis proceeds, but their high degree of 

conservation between the individual repeats of dikaritin PPs suggests the former. These residues could 

potentially be recognition sites necessary for dikaritin PTM enzymes, a feature observed in the PPs of 

the two other families of fungal RiPPs: in cycloamanides sequences both upstream and downstream of 

the CP have been shown to be important for CP excision and cyclisation33 and a similar function has 

been proposed for the C-terminal recognition sequence in borosin PPs.46 The multicore PPs of the 

cyanobactins, bacterial RiPPs, have been shown to possess multiple highly conserved recognition sites 

that allow processing enzymes to recognize the CP substrates, even with a high degree of variation in 

the CP sequence.47 In ustiloxin biosynthesis, if the excess residues serve any biosynthetic purpose at all, 

they can only be involved in the installation of the first set of PTMs, since they are missing from the first 

detectable pathway intermediate. This intermediate is the ether bond-cyclized and hydroxylated CP, 

afforded by the combined actions of two DUF3328 proteins and one tyrosinase.1 The individual roles of 

each the three enzymes in this reaction have not been disentangled as of yet, as described above. 

Subsequent PTMs are N-methylation by a methyltransferase and attachment of a norvaline residue by 

a cytochrome P450 (CYP) enzyme, two flavin- containing monooxygenases, and a pyridoxal phosphate-

dependent enzyme. Unlike the macrocyclization reaction, the addition of the norvaline residue is 

performed in four discrete steps, each producing a detectable intermediate in heterologous expression.1 
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Additionally, deletion experiments have shown that transporter ustT as well as transcription factor ustR 

are essential for ustiloxin production.2  

1.4.4 Diversity-generating mechanisms of dikaritin biosynthesis 

Unlike in pathways of the primary metabolism, SM biosynthesis enzymes often accept intermediates 

from different steps in the pathway, which generates product diversity by varying combinations of 

compound modifications.40 RiPP biosynthesis pathways, like other SM pathways, usually produce 

multiple compounds. This is observed in the biosynthesis of all three families of fungal RiPPs, where 

pathway-associated enzymes install different combinations of PTMS on their substrate. A defining 

feature of dikaritins appears to be their ability to produce an even higher degree of variability in the 

products derived from a single biosynthetic pathway. Dikaritins achieve this by employing two diversity-

generating mechanisms that are not known from cycloamanides or borosins. Ustiloxins, phomopsins 

and epichloëcyclins all encode at least two different CP sequences in their PP, which results in a 

corresponding variability of the amino acid backbone in the mature peptide. In the case of 

epichloëcyclins, this backbone variability is compounded by alternative peptidase cut sites within the 

CP sequence, producing amino acid backbones of different lengths from the same CP.43 Even when the 

final number of products derived from a single dikaritin biosynthesis pathway is not higher compared 

to that of cycloamanide or borosin pathway, combining different principles of generating diversity 

Figure 3 Biosynthesis of ustiloxin B. In the PP, the predicted signal peptide is underlined, the core peptide is in bold 
font and peptidase cleavage sites are represented by vertical lines. Timing and order of peptidase processing steps 
is unknown. The figure is adapted from two publications describing heterologous expression experiments1 and 
deletion strains.2 
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results in a higher degree of variability of the generated peptides. This aspect of dikaritin biosynthesis 

makes them especially attractive targets for pathway engineering efforts. 

 

1.5 Secondary metabolite discovery strategies  

Fundamentally, RiPP discovery approaches, like for SMs generally, can be either top-down or bottom-

up. The former starts with the isolation of a compound of interest, usually guided by bioactivity, and 

proceeds with structural elucidation. In these approaches, elucidation of the biosynthetic pathway is not 

strictly necessary.  

However, top-down discovery of a NP works only for those compounds that are biosynthesized in 

sufficient quantities by their native producer to be detected in the first place. Such compounds are the 

“low-hanging fruit”48 among the SM repertoire of a species and they are also the ones most prone to 

rediscovery. On the other hand, the production of the majority of SMs depends on external triggers or 

specific conditions. These signals are usually obscure, and – even if they are known –often highly 

complex49 and thus difficult to recreate in the lab. Genome sequencing efforts have revealed that 

compounds that are inaccessible by classic NP discovery approaches – the biosynthetic “dark matter” in 

microbial genomes – make up the overwhelming majority of the total SM biosynthetic capabilities in 

microbes.50  

To access this hidden biosynthetic wealth, bottom-up discovery approaches are necessary. These 

approaches start at the genomic level and take advantage of a helpful feature in bacteria and fungi: 

genes that are cooperatively involved in the biosynthesis of a particular SM are usually clustered in close 

vicinity on the genome, forming BGCs.50 If necessary, bottom-up discovery approaches are preceded by 

genome sequencing, genome assembly, annotation and prediction of BGCs. BGCs for which the 

corresponding compound is unknown are referred to as a “cryptic” or “orphan” BGCs.51 Once a specific 

cryptic BGC has been chosen as a target, pathway activation strategies generally follow one of two 

avenues: genetic manipulation of the native host or reconstructing and engineering the BGC in a 

heterologous host.  

For work within the native host, a number of approaches have been proven successful: exchanging 

individual promotors of all genes within the BGC52 or replacing the promoter of a cluster-specific53, 54 or 

global55 transcription factor. However, often the native host is difficult to culture under lab conditions 

or not amenable to genetic manipulation, or the BGC of interest itself is poorly suited for the strategies 

mentioned. In these cases, expression of the BGC in a heterologous host can be a viable alternative.56  

Similar to strategies in the native host, many heterologous expression approaches use either promoter 

exchange for every heterologous gene57, 58 or native promoters along with promoter exchange for a 
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cluster-specific transcription factor59 to activate the silent gene cluster. Recently, an activation system 

based on CRISPR-mediated transcriptional activation has been demonstrated to work in filamentous 

fungi for the first time.60 Two studies reporting success rates of an expression system for a large number 

of BGCs are of particular interest, since usually publications only report the expression of a single or 

very few BGCs, while failed attempts usually are not reported at all. The first system captures large 

sections of fungal gDNA and introduces them into a heterologous host without any additional activation 

strategies, which has yielded the corresponding SM product for 17 out of 56 BGCs.61 On the other hand, 

a different system combining promoter exchanges with heterologous expression has resulted in a 

success rate of 22 out of 41.58 Although the two systems are not directly comparable, they still 

demonstrate the importance of an activation strategy along with heterologous expression to improve 

the odds of success. Yet these results also show how even with a solid activation strategy, success of a 

heterologous expression experiment is far from guaranteed.  

 

1.6 Experimental approaches for investigation of dikaritins 

Dikaritin RiPPs have been discovered and investigated using a range of methods (Figure 4). Ustiloxins 

were recognized to be RiPPs in 2013 in an untargeted SM discovery approach.36 For this, Umemura et 

al. used a newly-developed algorithm that detected differentially regulated SM BGCs in transcriptomics 

datasets. When applied to transcriptomics data of A. flavus cultured at different temperatures, three 

BGCs were discovered to be differentially regulated. Disruption of one of them resulted in the 

disappearance of an ion from the culture extraction chromatogram with a mass corresponding to 

ustiloxin B.36 Subsequent gene deletion,2 transcription factor overexpression2, 42 and heterologous 

pathway reconstruction1 studies elucidated individual functions of almost all genes in the ustiloxin BGC.  

The biosynthetic origin of phomopsins was solved in 2016, when the genome of their producer, 

Phomopsis leptostromiformis, was sequenced and a query with the amino acid backbone sequence 

deduced from their structures returned the PP-encoding gene.3 Gene deletion and in vitro enzyme 

activity experiments targeting genes from the putative phomopsin BGC confirmed it to encode the 

phomopsin biosynthetic pathway.  

Epichloëcyclins were discovered when the PP encoding gene gigA – which was targeted by the 

investigators due to being highly expressed during host infection – was deleted and the corresponding 

compound disappeared from chromatograms of culture extractions.4 Epichloëcyclins have not been 

placed in the dikaritin family by other authors, mainly because structure elucidation by tandem mass 

spectrometry (MS) did not unambiguously resolve the nature of the macrocycle-forming bond of 

epichloëcyclins. However, the presence of an ether bond is supported by the tandem MS data and the 

corresponding BGC contains a DUF3328 protein, which have been shown to be involved in ether bond 
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formation in ustiloxin biosynthesis.1 Additionally, gigA encodes a PP with features similar to ustiloxins 

and phomopsins: multiple imperfect repeats with a core peptide and a kexin cleavage site each.4 Thus, 

epichloëcyclin biosynthesis is certainly more closely related to that of ustiloxins and phomopsins than 

to cycloamanide or borosin biosynthesis. 

Different approaches have been used to mine specifically for dikaritin BGCs in genomes of filamentous 

fungi. Detection criteria used by Nagano et al. for dikaritin BGCs required the presence of a DUF3328 

protein in combination with a PP predicted to possess dikaritin features, i.e. an N-terminal signal 

peptide, multiple CP-containing repeats and kexin cleavage sites.38 As proof of concept, a putative PP 

gene detected in the genome of A. flavus using this algorithm was deleted, the corresponding 

compound identified in culture extractions and its structure elucidated. The compound, named 

asperipin-2a, was revealed to feature two ether bond macrocycles, a structural hallmark of dikaritins.38 

Ding et al. used a more restrictive approach for dikaritin-targeted genome mining, setting five detection 

criteria based on ustiloxin and phomopsin BGC features: a PP containing an N-terminal leader peptide 

and repeated core motifs, the presence of a homologue to phomopsin tyrosinase phomQ, a 

methyltransferase, multiple DUF3328 proteins and transporters or peptidases.3 Lastly, the popular SM 

BGC prediction tool antiSMASH can also recognize dikaritin BGCs. For this, a BGC needs to contain either 

a ustH homologue in combination with a CYP, or a DUF3328 protein in combination with one of the 

following: a ustH homologue, a S28 peptidase or a S41 peptidase.62 

 

1.7 Project outline 

As described above, the investigation of fungal RiPP pathways promises to provide access to otherwise 

inaccessible chemical structures with interesting bioactivities as well as for understanding their 

Figure 4: Flowchart of main experimental approaches used in the investigation of dikaritin RiPPs. 
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biological roles as mycotoxins and mediators of fungal pathogenicity. This thesis aimed to further our 

understanding of the biosynthesis of fungal RiPPs, specifically members of the dikaritin family, due to 

the apparent propensity of their biosynthetic pathways for generating extraordinary product diversity. 

By investigating the pathways of a few select dikaritins, I attempted to answer open questions about 

dikaritin biosynthesis generally, especially the role of the enigmatic DUF3328 proteins. With a large 

number potential targets – numerous dikaritin BGCs hidden in fungal genomes3, 38 as well as several 

known fungal peptides with dikaritin-like structural features63 – I chose dikaritin compounds or BGCs of 

known or suspected biological significance for investigation.  

In Chapter 2, I uncovered the ribosomal origin of victorin, a famous fungal effector that single-handedly 

enables virulence of oat pathogen Cochliobolus victoriae. This work was performed in cooperation with 

the Turgeon Lab at Cornell University and the Solomon Lab at the Australian National University and 

results from this chapter have been published.64  

After having demonstrated conclusively that victorin is synthesized via the RiPP pathway, in Chapter 3 I 

further investigated victorin biosynthesis genes, which did not show the clustered occurrence on the 

genome of other dikaritin BGCs, but instead were scattered over two loci in the C. victoriae genome. 

Additionally, I targeted two victorin-like BGCs in the genomes of distantly related fungi.  

In Chapter 4, I describe my efforts to elucidate victorin biosynthesis from a transcriptomics perspective 

via RNA-sequencing (RNA-seq). To this end, I performed differential gene expression analysis 

comparing a C. victoriae wild type strain to a victorin over-producing mutant strain. 

Inspired by the discovery of the dikaritin victorin at the centre of an important host-pathogen 

interaction, in Chapter 5 I investigated a dikaritin BGC I suspected – based on published transcriptomics 

data – to play a role in the infection of wheat by the destructive pathogen Zymopseptoria tritici. 

Finally, in Chapter 6 I sum up the results of this thesis. In a recently published highlight article31 included 

in this chapter, I laid out hallmarks of three distinct families of fungal RiPPs and described how these 

hallmarks can be harnessed for future genome mining efforts.  
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Chapter 2: Victorin, the host-selective cyclic peptide toxin from the oat 

pathogen Cochliobolus victoriae, is ribosomally encoded  
 
Preface 

The following paper published in 2020 in the journal Proceedings of the National Academy of Sciences 

of the United States of America by Kessler et al. investigated the biosynthetic origin of victorin, a famous 

fungal toxin that enables infection of susceptible oat cultivars by its producer Cochliobolus victoriae. 

Long believed to be synthesized non-ribosomally due to the non-proteinogenic amino acids in its 

structure, here we demonstrated victorin to be a dikaritin-type RiPP. After re-sequencing the genome 

of C. victoriae with long-read technology, we assembled it into 22 supercontigs. We then identified the 

three copies of the PP gene vicA in two genomic loci by deducing the backbone amino acid sequence 

from the structure of victorin and using the sequence as a search query. Both genomic vic loci were 

found to be gene-sparse regions with a high density of transposable elements and no clear BGC 

boundaries as usually observed for other fungal RiPPs or SMs. In the wider genomic vicinity of vicA, we 

identified 21 candidate genes with predicted functions that have been reported to be present in other 

dikaritin BGCs. Additionally, we discovered two victorin-like BGCs in the genomes of distantly related 

fungi, and – based on the genes contained in those BGCs – identified an additional victorin candidate 

gene through homology search. Deletions of four victorin candidate genes proved that vicA was indeed 

encoding the victorin backbone and demonstrated the involvement of a DUF3328 protein and a copper 

amine oxidase in installing victorin PTMs. On the other hand, deletion of an NADPH oxidase gene had 

no discernible effect on victorin production. Finally, we demonstrated in vitro that the copper amine 

oxidase performed oxidative deamination in victorin biosynthesis. 
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The necrotrophic fungal pathogen Cochliobolus victoriae produces
victorin, a host-selective toxin (HST) essential for pathogenicity to
certain oat cultivars with resistance against crown rust. Victorin is
a mixture of highly modified heterodetic cyclic hexapeptides, pre-
viously assumed to be synthesized by a nonribosomal peptide syn-
thetase. Herein, we demonstrate that victorin is a member of the
ribosomally synthesized and posttranslationally modified peptide
(RiPP) family of natural products. Analysis of a newly generated
long-read assembly of the C. victoriae genome revealed three cop-
ies of precursor peptide genes (vicA1–3) with variable numbers of
“GLKLAF” core peptide repeats corresponding to the victorin peptide
backbone. vicA1–3 are located in repeat-rich gene-sparse regions of
the genome and are loosely clustered with putative victorin biosyn-
thetic genes, which are supported by the discovery of compact gene
clusters harboring corresponding homologs in two distantly related
plant-associated Sordariomycete fungi. Deletion of at least one copy
of vicA resulted in strongly diminished victorin production. Deletion
of a gene encoding a DUF3328 protein (VicYb) abolished the produc-
tion altogether, supporting its predicted role in oxidative cyclization
of the core peptide. In addition, we uncovered a copper amine oxi-
dase (CAO) encoded by vicK, in which its deletion led to the accumu-
lation of new glycine-containing victorin derivatives. The role of VicK
in oxidative deamination of the N-terminal glycyl moiety of the hex-
apeptides to the active glyoxylate forms was confirmed in vitro. This
study finally unraveled the genetic and molecular bases for biosyn-
thesis of one of the first discovered HSTs and expanded our under-
standing of underexplored fungal RiPPs.

RiPP | host-selective toxin | victorin | copper amine oxidase | Cochliobolus

In the 1940s, the widespread planting across the United States of
oat varieties possessing “Victoria-type” resistance to the bio-

trophic crown rust fungus Puccinia coronata provoked an epidemic
of Victoria blight, a new oat disease caused by the necrotrophic
pathogen C. victoriae (1). In 1947, based on their studies of Victoria
blight, Meehan and Murphy reported the discovery and first
demonstration that certain fungal plant pathogens can secrete
secondary metabolites as HSTs that function as pathogenicity de-
terminants at low concentrations (2). For a susceptible interaction,
a corresponding, specific molecular target must be present in a host
line or cultivar (3, 4). Indeed, pathogenicity of C. victoriae depends
on the production of the HST victorin by the fungus, and on the
host side, an oat cultivar carrying the Victoria blight susceptibility-
conferring Vb gene. Remarkably, Vb is genetically inseparable from
the Pc-2 gene conferring resistance against the biotrophic pathogen
P. coronata (5, 6).
Victorin was isolated in the 1980s and shown to consist of a

mixture of heterodetic cyclic hexapeptides with victorin B (4), C (1),
D (2), E (5), victoricine (6), and HV-toxin M (3) as known members
(Fig. 1) (7–9). All derivatives contain five peptide bonds, a
12-membered ring featuring an ether bond, and different degrees of
chlorination with victorin C as the predominant form. Structural

differences among victorin derivatives were shown to have little ef-
fect on bioactivity with the exception of 3 and 6, which displayed
diminished host-selective toxicity (7, 10). Derivative 3 features a
glycyl instead of a glyoxylate residue, while 6 has a phenyl moiety in
place of a cyclopentenyl within its macrocycle (Fig. 1).
In a 2007 landmark paper, Wolpert and colleagues identified

the LOV1 gene in the victorin-sensitive model host Arabidopsis
thaliana and showed that it encoded a nucleotide-binding-site
leucine-rich repeat protein commonly involved in disease resis-
tance against biotrophic pathogens (11). Subsequently, Wolpert
and colleagues demonstrated that victorin binds to thioredoxin
TRX-h5 involved in regulating plant immunity (12). The binding of
victorin to TRX-h5 activates LOV1, which elicits a hypersensitive
response-like host cell death typically deployed to halt infection by
a biotroph but, in this case, is exploited by necrotrophic C. victoriae
for host infection (12). The discovery that necrotrophic fungi can
hijack components of plant defense signaling pathways as targets
for disease susceptibility has added a new dimension to our
knowledge of offensive arsenals deployed by necrotrophs (13).
Despite these breakthroughs in understanding plant-pathogen in-
teractions on the host side, on the pathogen side, the genetic and
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Studies of the 1940s Victoria blight of oats epidemic discovered
that some fungal pathogens secrete HSTs responsible for
symptom development and specificity of the associated disease.
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immunity pathways aimed at repelling biotrophic pathogens.
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molecular bases for biosynthesis of victorin remained an enigma
over seven decades after its initial discovery.
Fungi produce a huge variety of cyclic peptides through either

nonribosomal or ribosomal pathways (14). Compared to the better
known nonribosomal peptides biosynthesized by nonribosomal
peptide synthetases (NRPSs), e.g., the immunosuppressive agent
cyclosporine, the antifungal echinocandins, and the HST HC-toxin
produced by Cochliobolus carbonum (15), the RiPPs from fungi
have been discovered relatively recently. While bacterial- and
plant-produced RiPPs have been known for decades (16), the first
report of RiPPs in fungi was in 2007 with the discovery of the
ribosomal origin of amatoxins and phallotoxins (17). Subse-
quently, ustiloxins (18, 19), epichloëcyclins (20), asperipin-2a (21),
phomopsins (22), and, most recently, borosins (23, 24) were
demonstrated to be produced ribosomally and classified as RiPPs.
The core peptides that form the backbones of several of the re-

cently discovered RiPPs have been found to be encoded as multiple
perfect or imperfect repeats within a single precursor peptide gene
(16). After being excised from the precursor peptide by kexin pro-
teases, the core peptides are cyclized and modified posttransla-
tionally by enzymes encoded within the corresponding gene clusters.
Based on some of these initial discoveries, an abundance of putative
RiPP gene clusters has been identified in genomes of filamentous
fungi, hinting at the untapped wealth of this class of compounds in
fungi (21, 22). However, the lack of knowledge of fungal RiPP
processing impedes the prediction of the mature products of those
clusters. At the same time, extensive posttranslational modifications
(PTMs) of the core peptide can mask the ribosomal origin of known
cyclic peptides as was the case with ustiloxins (18).

Here, we reexamine the biosynthetic origin of victorin, which,
like ustiloxins and phomopsins, are heterodetic peptides that
include an ether bond as part of the macrocycle. A draft genome
for the victorin-producing C. victoriae strain FI3 was completed
in 2013 (25). Given that victorin consists of multiple non-
proteinogenic amino acids and that C. victoriae is closely related
to C. carbonum, which biosynthesizes the cyclic tetrapeptide HC-
toxin via an NRPS, victorin was assumed to be produced by an
NRPS as well. However, all C. victoriae mutants deleted for
candidate NRPSs still produce victorin (25, 26). In the present
study, we demonstrate that victorin is, in fact, synthesized ribo-
somally and is a member of the emerging family of kexin-
processed fungal RiPPs. We further uncovered a CAO that
converts the inactive forms of victorin to the potent HST.

Results
The Structure of Victorin Guided the Discovery of Its Precursor
Peptide Gene. Retrobiosynthetic analysis of the chemical struc-
ture of victorin suggested that the peptide backbone is likely made
up of the core peptide sequence "GLKLAF" if synthesized by a
ribosomal pathway (Fig. 2A). Thus, we queried the C. victoriae FI3
genome on the JGI Mycocosm database (25) with this amino acid
sequence. Among the BLASTp hits, one of the putative genes on
a 1,240-bp scaffold (scaffold 582, NW_014574810) was predicted
to encode a protein (ID 32336) with an N-terminal signal peptide
and two repeats of the query sequence "GLKLAF," both flanked
with “KR” corresponding to kexin protease cut sites. The pre-
dicted gene coding sequence was truncated 248 bp after the start
codon. Absence of a stop codon as well as the fact that kexin-
processed fungal RiPP precursor peptide genes usually contain a
higher number of core peptide repeats led us to believe that a
major part of the gene was missing.

Long-Read Sequencing Revealed Putative Victorin Biosynthesis Genes
at Two Loci. To obtain the missing 3′ end of the precursor peptide
gene as well as other victorin biosynthesis genes expected to be
clustered in proximity, we performed long-read sequencing and
assembled the strain FI3 genome de novo into 22 contigs (27).
The assembly was polished using the short-read Illumina data
available on the JGI Mycocosm database (28). Query of this as-
sembly for the core peptide sequence GLKLAF resulted in iden-
tification of three victorin precursor peptide encoding genes
(vicA1–3) with seven–nine core peptide repeats (Fig. 2B). The first
putative precursor peptide gene vicA1 was on contig 7 (named the
Vic1 locus), while two additional copies (vicA2 and A3) were located
about 51 kb apart on contig 16 (named the Vic2 locus) (Fig. 2C).
Alignment of the two contigs revealed 14 regions with over 70%
sequence identity that were longer than 1 kb, 11 of which were
within 100 kb of the three vicA gene copies (Fig. 2D). The aligned
regions included many predicted transposable elements.
Compared with previously characterized fungal RiPPs gene

clusters (21, 22), few candidate biosynthetic genes were within
close proximity of the vicA genes. Analysis of intergenic regions
in the FI3 genome showed that the three copies of vicA were in
genomic regions of relatively low gene density (Fig. 2 C and E).
Expanding the search region to within about 50 kb on both flanks
of each precursor peptide gene, we identified candidate genes
encoding putative RiPP biosynthesis-related proteins (desig-
nated according to fungal RiPP gene nomenclature where ap-
propriate). These included genes encoding a putative CAO (two
copies, vicK1/2), one NADPH oxidase (NOX5), three DUF3328
proteins (vicYa–c), two peptidases (vicPa/b), a transporter (vicT),
and a transcription factor (vicR). Genes encoding DUF3328
proteins (given the letter Y in fungal RiPP gene nomenclature)
have been a common feature found in all kexin-processed RiPP
gene clusters reported so far with several of these genes observed
within some RiPP gene clusters (29). It has recently been

1 Victorin C
R1 = CH(OH)2
R2 = CHCl2
R3 = OH

5 Victorin E
R1 = CH(OH)2
R2 = CCl3
R3 = OH

6 Victoricine
R1 = CH(OH)2

10 
R1 = CH2NH2

8 Victorinine D
R1 = CH2NH2
R2 = CHCl2
R3 = H

7 Victorinine B 
R1 = CH2NH2
R2 = CH2Cl
R3 = OH

9 Victorinine E
R1 = CH2NH2
R2 = CCl3
R3 = OH
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R1 = CH(OH)2
R2 = CHCl2
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Fig. 1. Structures of known victorin derivatives (1–6) and proposed struc-
tures of related biosynthesis intermediates (7–10).
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proposed that DUF3328 proteins are a novel family of oxidative
cyclization enzymes (30). The DUF3328 domain possesses two
“HXXHC” motifs, which are assumed to form the active sites
(21). Although only vicYa–c were predicted by NCBI CD search
to encode DUF3328 proteins, we found six additional genes at
the Vic loci encoding hypothetical proteins containing this
characteristic double motif with some of them appearing as du-
plicates. We tentatively included these genes as candidate vic-
torin biosynthesis genes and assigned them as vicYu–z (Fig. 2C).

Identification of Homologous Gene Clusters Supported Our Prediction
of Victorin Biosynthesis Genes. One strategy to identify missing
genes in fragmented gene clusters or support the involvement of
unclustered biosynthetic genes in a biosynthetic pathway is to
search for homologs, as the biosynthetic genes could be tightly
clustered in the genome of another organism (31, 32). Thus, we
searched for vicA homologs in all Ascomycota genomes in NCBI
and JGI databases and identified a single homolog in the genomes
of two Sordariomycetes, A. montagnei and C. eremochloae, which
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Fig. 2. Analysis of victorin structure, biosynthesis, and genetic background. (A) Deduction of the unmodified peptide backbone sequence of victorin C from
its structure. Red letters indicate the individual amino acids that make up the peptide repeat. (B) Precursor peptide amino acid sequence. The number of
sequence repeats varies among the three gene copies (Note: not all repeats encoded in vicA3 are in frame, thus, the predicted numbers of core peptides in
VicA3 vary with different intron–exon structure predictions). The signal peptide is underlined, the kexin protease recognition sites are shown in bold, and the
core peptide is shown in red. (C) Putative victorin biosynthesis genes (Top) and putative biosynthetic gene clusters of vicA homologs in Apiospora montagnei
and Colletotrichum eremochloae. Blue shade represents duplication of the highlighted gene or region. Numbers following a gene name indicate duplicates.
Gene name identity between species does not necessarily imply homology (SI Appendix, Table S2). (D) Schematic of the genomic regions harboring the
victorin precursor peptide genes (annotated here as A1–A3). Each chromosome is shown as a black line with the position in megabases (Mb) indicated. Gray
blocks show locations where transposable elements have been annotated, and pink blocks show annotated FI3 genes. Blocks appearing above the chro-
mosome line are encoded in the forward direction, and blocks below the line in the reverse. Other colors indicate the locations of genes with putative victorin
biosynthetic genes with the same color code as in C. The red and blue ribbons connecting the two contigs show regions >2 kb with >80% identity between
the two chromosomes. Red ribbons indicate alignments in the same direction, and blue ribbons indicate inversions. (E) Gene density heat map of the C.
victoriae genome. Genes were binned based on the lengths of their 5′ and 3′ intergenic regions. Putative victorin biosynthesis genes are overlaid as white
dots, and precursor peptide genes are overlaid as red dots.
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share remarkable similarity with VicA in terms of overall protein
sequence and the core peptides contained therein (“QLKFNF”
and “LFKFNF,” respectively) (SI Appendix, Fig. S1). Examination
of genomic regions around these two vicA homologs revealed
clustered genes encoding putative PTM enzymes with varying
amino acid sequence similarity to proteins encoded by putative vic
genes (Fig. 2C and SI Appendix, Table S2). Multiple hypothetical
proteins featuring the double "HXXHC" motifs from both clusters
shared up to 58% protein identity with putative VicY proteins not
predicted to contain the DUF3328 domain. Additionally, within
the C. eremochloae cluster was a cytochrome P450 (CYP) gene for
which a corresponding homolog (CYP1) with 44% protein identity
could be found on contig 7 of the C. victoriae genome long-read
assembly but located at about 400 kb from other putative vic genes
(Fig. 2C). These shared gene homologs and their tight clustering
in A. montagnei and C. eremochloae genomes support our pre-
dictions that the scattered candidate vic genes in C. victoriae are
encoding proteins involved in victorin biosynthesis.

Gene Deletions Resulted in Loss of Victorin Production and Host-
Specific Toxicity of Culture Filtrates. C. victoriae strain FI3 was cul-
tured as previously reported in ref. 9. The production of victorin C,
the major form of victorin, was verified by liquid chromatography–
mass spectrometry (LC–MS) in comparison to a standard charac-
terized in previous studies (8, 9) (Fig. 3A). Other previously
reported victorin derivatives could also be detected by LC–MS (SI
Appendix, Fig. S2), and all of them were verified by LC–MS/MS (SI
Appendix, Fig. S3).
To determine if the candidate genes were involved in victorin

biosynthesis, C. victoriae mutants with deletions of the precursor
peptide gene vicA (ΔvicA* and ΔvicA**) and selected putative
PTM genes encoding DUF3328 protein VicYb (ΔvicYb), CAO
VicK (ΔvicK1/2), and NADPH oxidase NOX5 (ΔNOX5) were
generated (SI Appendix, Table S5). For mutant ΔvicA*, diag-
nostic PCRs confirmed the deletion of at least one copy of vicA
and the presence of at least one remaining copy (SI Appendix,
Fig. S4). Subsequently, this mutant was subjected to a successful
second deletion experiment with a different selectable marker.
The resulting mutant ΔvicA** still had one copy of vicA in the
genome, indicating that ΔvicA* was a single copy deletion mu-
tant (SI Appendix, Fig. S4). Because the flanking DNA sequences
of the three copies of vicA are identical, we do not know which
copies were deleted. Examination of vicK mutants confirmed
that a single targeted deletion experiment successfully deleted
both copies of vicK. Targeted deletions of single copy genes
vicYb and NOX5 were also confirmed by diagnostic PCR.
The culture filtrate of each mutant was analyzed by LC–MS

(Fig. 3A and SI Appendix, Fig. S2) to detect changes in victorin
production in comparison to the wild type (WT) FI3 strain. The
culture filtrates were also tested with detached leaves of suscep-
tible and resistant oat cultivars for host-specific toxicity (Fig. 3B
and SI Appendix, Fig. S5) (10). LC–MS analysis of ΔvicA* mutant
culture filtrate showed complete loss of production for all victorin
derivatives (Fig. 3A and SI Appendix, Fig. S2). This indicated that
vicA was indeed the precursor peptide gene for victorin. However,
considering that two copies of the three precursor peptide genes
remained in this strain, the complete absence of victorin produc-
tion was surprising. Culture filtrate of ΔvicA*mutants elicited leaf
wilting symptoms in some replicates of the toxicity test but not
consistently (Fig. 3B and SI Appendix, Fig. S5). In comparison,
characteristic wilting symptoms were observed for every replicate
of WT strain FI3 culture filtrates (positive control on susceptible
oats) and for none of the replicates with victorin-minus mutant
Tx189 culture filtrates (negative control on susceptible oats). This
host-specific toxicity assay is known to be highly sensitive, with
victorin concentrations as low as 10 pM reported to induce dis-
easelike symptoms (33). Thus, this indicated that the deletion of at
least one of three vicA copies did not completely eliminate but

strongly diminished the ability of the mutant strain to produce
victorin. The culture filtrate of ΔvicA** double deletion mutants
appeared to exhibit reduced host-specific toxicity compared to
that of ΔvicA* (SI Appendix, Fig. S5).
The deletion of vicYb, vicK, and NOX5 were expected to result

in the accumulation of victorin pathway intermediates if they
were involved in later stages of victorin biosynthesis. For the
ΔvicYb mutant, no victorin could be detected in the culture fil-
trate (Fig. 3A and SI Appendix, Fig. S2). The absence of any
victorin derivative or intermediate indicated VicYb is essential
and involved in early steps of victorin biosynthesis. Consistent
with this result, the culture filtrate bioassay showed no sign of
toxicity, indicating a complete absence of victorin (Fig. 3B and SI
Appendix, Fig. S5). In contrast, the ΔNOX5 mutant showed un-
diminished victorin production (SI Appendix, Figs. S5 and S6).

A

ΔvicK1/K2, 3.3 min 
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m/z
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wild type, 3.3 min  
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victorin standard, 3.9 min 
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2 3 3.3 4 5
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FI3 Tx189 vicA* vicYb vicK1/2

FI3 Tx189 vicA* vicYb vicK1/2

3 4 2 31 2
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Fig. 3. Victorin production analysis in deletion mutants. (A) LC–MS
extracted ion chromatograms (EICs) of victorin C standard and of culture
filtrate extractions from different C. victoriae strains (Left) and spectra at
indicated elution times (Right). m/z of 815.2 (Top) corresponds to victorin C
(1), m/z of 798.2 (Bottom) corresponds to HV-toxin M (3). (B) Two replicates
(Top/Bottom) of victorin toxicity bioassay on susceptible oat cultivar (Ful-
grain) leaves with undiluted culture filtrate from different C. victoriae
strains. Arrows indicate leaf wilting. Numbers in white indicate the inde-
pendent transformants (SI Appendix, Table S5). Note only culture filtrate
from WT strain FI3 caused the typical leaf wilting symptom in the first assay
replicate (Top), whereas in the second assay replicate (Bottom), the leaf
wilting symptom was also observed with culture filtrate from the ΔvicA*
mutant strain.
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Therefore, the NADPH oxidase encoded by NOX5 did not ap-
pear to be involved in victorin biosynthesis. Interestingly, the
culture filtrate of the ΔvicK1/2 mutant contained 3, but no other
previously known victorin derivative. Like the ΔvicYb mutant,
the ΔvicK1/2 mutant lost host-specific toxicity, which was not
unexpected as 3 was reported to exhibit significantly reduced
activity compared to 1 (7).

Comparative Metabolite Analysis Uncovered Novel Victorin Derivatives
and the Role of CAO VicK.The predominant victorin C (1) contains a
glyoxylate residue. In contrast, HV-toxin M (3) possesses an un-
modified N-terminal glycine instead of glyoxylate, thus, 3 is 17 Da
less in mass compared to 1 (Fig. 1). The fact that mutant strain
ΔvicK1/2 lost its ability to produce the latter but not the former led
us to believe that VicK is involved in the conversion of 3 to 1 via
oxidative deamination of the glycine residue to glyoxylate (Fig. 4A).
Aside from 3, we detected three novel putative victorin derivatives
by LC–MS analysis in the culture filtrate of strain ΔvicK1/2 fea-
turing both the characteristic isotopic pattern expected of chlori-
nated compounds and a mass difference of about −17 Da compared
to other known victorin derivatives. These compounds appeared to
be lighter derivatives of victorin D (2), B (4), and E (5). Based on
the same mass difference between 1 and 3, we proposed structures
7–9 for these novel derivatives and performed LC–MS/MS on the
culture filtrate for confirmation. Select fragment masses matched
masses of predicted fragment structures (Fig. 4B). When comparing
MS/MS data of 7–9 against 4, 2, and 5 (SI Appendix, Fig. S3), re-
spectively, fragments covering the N-terminal moiety showed the
expected mass difference while fragments excluding the N terminus
displayed the same mass for each respective pair as in the case when
comparing 3 against 1. The MS/MS fragments of 7–9 could also be
mapped to corresponding fragments observed for the 1 standard
with the expected mass difference (SI Appendix, Fig. S7). Based on
these results, we conclude VicK to be involved in oxidative deam-
ination of 2–4 (Fig. 4A). We propose the names victorinine B (7), D
(8), and E (9) for the novel structures.

In Vitro Oxidative Deamination of HV-Toxin M Yields Victorin C. To
corroborate the function of VicK, we attempted to assay the VicK
protein in vitro. Unfortunately, expression of VicK fused to
maltose-binding protein in Escherichia coli was unsuccessful. Thus,
we heterologously expressed VicK in Aspergillus nidulans host
strain LO8030 and used its cell-free mycelium lysate to assay 3, a
technique we previously used to characterize other fungal bio-
synthetic proteins (34, 35). Incubation of the cell-free lysate with
purified 3 resulted in the accumulation of 1, whereas 1 was absent
in the negative control (Fig. 4C). Discrepancies in peak size be-
tween 3 in the negative control and 1 after incubation with VicK-
containing cell-free lysate were observed and investigated by
boiling cell-free lysate from empty vector-carrying mycelium and
incubating it with either 1 or 3 (SI Appendix, Fig. S8). Whereas 1
was largely unaffected, higher amounts of 3 in the boiled sample
compared to the untreated cell lysate suggest selective degrada-
tion of 3 by endogenous A. nidulans enzymes. Collectively, these
results confirmed VicK as a novel CAO responsible for oxidative
deamination of the glycyl moiety of 3 to the predominant 1. Al-
though 7–9 could not be isolated in sufficient quantities to per-
form the same assay, it is very likely that VicK acts on them in the
same way, converting them to the glyoxylate-containing 2, 4 and 5.

Discussion
Studies on HST victorin, the molecular basis for Victoria blight
of oats, has contributed significantly to our understanding of the
interactions between necrotrophic pathogens and plant hosts.
Over seven decades after its initial discovery (2) and three de-
cades after its structures were elucidated (8, 9), the genetic basis
for the biosynthesis of victorin has finally been solved. Contrary
to previous assumptions of it being produced nonribosomally,

here, we have conclusively demonstrated that the heterodetic
victorin peptides are RiPPs. In contrast to known fungal RiPP
biosynthetic gene clusters (21, 22), which consist of a single copy
of the precursor peptide gene with most biosynthesis-related
genes in close genomic proximity, the vic genes are loosely
clustered at two different loci and include multiple copies of the
precursor peptide gene. Although multiple gene duplicates are
found between Vic1 and Vic2 loci, we are unable to determine at
this stage whether either locus alone is sufficient for biosynthesis
of victorin due to the presence of candidate genes that are
unique to each locus, e.g., vicYa/Yu in Vic1 and vicPa/Pb in Vic2.
Both loci are gene-sparse transposon-rich genomic regions.
These Vic1 and Vic2 structural features are reminiscent of re-
gions carrying biosynthetic genes for other well-known HSTs
produced by Cochliobolus taxa, including HC-toxin (two diffuse
gene clusters spanning >500 kb) from C. carbonum, a close
relative of C. victoriae (36), and T-toxin from Cochliobolus het-
erostrophus (two loci on different chromosomes, spanning >1.2
Mb) (37). Thus, the genomic context of Vic1 and Vic2 loci is
congruent with their role in biosynthesis of a virulence deter-
minant. Additionally, in virulence loci (e.g., encoding effector
proteins) of some filamentous plant pathogens, similar structural
features have been implicated as characteristics of genomic re-
gions that evolve at an accelerated rate compared to the rest of
the genome (38).
Interestingly, there are no vic homologs found in any of the

dothideomycete genomes in the NCBI (233 species) and JGI
Mycocosm (172 species) databases. We are reminded of parallel
findings with the C. heterostrophus T-toxin biosynthetic genes,
which have been discovered in unrelated Dothideomycetes and a
few Eurotiomycetes but not in any other of the more than
50 Cochliobolus species (32). However, surprisingly, we found two
biosynthetic gene clusters containing multiple vic homologs, in-
cluding precursor peptide gene vicA homologs, in two distantly
related plant-associating sordariomycete fungi. The two “vic-like”
RiPP gene clusters in the sordariomycetes A. montagnei and C.
eremochloae featured eight genes each where their predicted
proteins showed over 30% sequence identity to predicted proteins
in the Vic1 and Vic2 loci, supporting their involvement in victorin
biosynthesis either as PTM enzymes or in other roles (e.g., regu-
lation, transport, and resistance). Additionally, the cytochrome
P450 gene apparently associated with the C. eremochlae RiPP
cluster led us to discover a homolog on contig 7 of the C. victoriae
genome. Despite the long genomic distance to other victorin
candidate genes, the homology between the two genes could in-
dicate involvement of CYP1 in the biosynthesis of victorin. The
fact that NOX5 was shown to not be necessary for victorin pro-
duction, despite being relatively close to putative vicY genes,
corresponds to the lack of a NOX5 homolog in the two Sordar-
iomycete vic-like gene clusters.
In RiPP biosynthesis, the precursor peptide gene is directly

transcribed and translated into the precursor substrate that feeds
into the pathway. Thus, the transcript dosage of the precursor
peptide gene has a proportionate effect on the yield of the RiPP
product, a trend that has been observed with the heterologous
expression of bacterial RiPP cyanobactins (39). This is reflected
in the significant drop in victorin production in the ΔvicA* strain,
even though two copies of vicA remain. By contrast, the deletion
of DUF3328 gene vicYb abolished victorin production com-
pletely. DUF3328 proteins have been shown to be involved in the
biosynthesis of the first cyclic ustiloxin intermediate (40) and in
two macrocyclization reactions in asperipin-2a (30). We rea-
soned that the absence of any victorin derivative in the culture
filtrate of the ΔvicYb strain supports that VicYb is required for
the formation of the macrocycle in victorin, as cyclization of
peptides has been shown to improve metabolic stability (41).
The aldehyde functional group on the glyoxylate moiety of

victorin was previously shown to be essential for both its host-selective
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toxicity (10) and binding to the thioredoxin TRX-h5 via cova-
lent association (12). Here, we identified the CAO VicK to be
responsible for converting victorin to the active form by oxidizing
the N-terminal glycyl residue in the peptides to glyoxylate. The

deletion of vicK in C. victoriae abolished production of glyoxylate-
containing forms of victorin and yielded three novel glycyl de-
rivatives of victorin B, D, and E alongside HV-toxin M. This
observation, along with the presence of multiple victorin derivatives
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Fig. 4. Biosynthetic function of VicK. (A) Proposed reaction catalyzed by VicK. (B) MS1 and MS2 spectra of ions corresponding to masses of compounds 3, and
7–9 with proposed structures based on diagnostic fragment ions a–e in comparison to the corresponding glyoxylate analogs 1, 4, 2, and 5 (SI Appendix, Fig.
S3). (C) In vitro oxidative deamination of 3 with cell-free lysate from A. nidulans expressing VicK. m/z of 798.2 corresponds to 3, m/z of 815.2 to 1. Chro-
matograms of samples containing cell-free lysates are from after 14 h of incubation with the substrate. Y axes of all seven chromatograms are scaled equally.
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in WT, suggest relaxed substrate specificity of enzymes in the
victorin biosynthetic pathway, resulting in a metabolic grid that
produces a set of analogs (42). The involvement of VicK in ox-
idative deamination of the glycyl residue to glycoxylate was fur-
ther verified in vitro. CAOs are known to be involved in primary
amine metabolism (43), but the participation of CAOs in sec-
ondary metabolite biosynthesis is rare. In fungi, a CAO has been
discovered to be involved in the early step biosynthesis of the
anti-Alzheimer’s alkaloid huperzine A (44). However, the in-
volvement of CAO in RiPP biosynthesis is unprecedented and,
thus, expands the known RiPP PTM enzymes.
In conclusion, this paper sets the foundation for further study

of victorin biosynthesis, in which many intriguing questions re-
main. The chlorination on unactivated carbon centers in victorin
is a novelty in fungal RiPPs that likely requires a different type of
enzyme than the one responsible for chlorination of phomopsins
(45). Presumably, they are also different from bacterial nonheme
iron/α-ketoglutarate-dependent halogenases that can chlorinate
unactivated carbon (46), as no homolog was found in the C. vic-
toriae genome. Furthermore, the multitude of DUF3328 and
DUF3328-like vicY genes suggest that some of them likely fulfill
biosynthetic tasks not yet associated with them, supported by the
presence of multiple DUF3328 genes in some RiPP clusters be-
yond the number of macrocycles in the associated RiPP products
(e.g., phomopsins, ref. 22). Importantly, the discovery of homolo-
gous vic-like gene clusters in two distantly related plant-associating
sordariomycete fungi and their absence in related dothideomycetes
hint at lateral gene transfer as the evolutionary origin of vic genes
in C. victoriae, which belongs to Pleosporales, an order proposed to
have a propensity for acquiring genes laterally (47). The discovery
also opened up questions about the biological function of the
sordariomycete victorin-like RiPPs especially whether they are in-
volved in interactions with plant hosts. Given that victorin binds
and inhibits a thioredoxin (12), a promising target for anticancer
drug development (48), the chemistry and biology of this subgroup
of victorin-like RiPPs warrants further investigation.

Materials and Methods
Fungal Strains and Growth Conditions. All C. victoriae mutant strains created
in this study (SI Appendix, Table S5) were constructed by deleting genes
from WT strain C. victoriae field isolate FI3 (victorin+, MAT1-2, unknown
geographical origin) (25). Victorin-null mutant strain Tx189, previously cre-
ated using restriction enzyme mediated integration (REMI) mutagenesis
(49), was used as a negative control for victorin production.

All C. victoriae strains were stored in liquid complete medium (CM) (50)
containing 25% glycerol at −80 °C (37). For each experiment, an aliquot was
recovered from glycerol and grown on plates containing CM with xylose

(CMX) (51) at 22–24 °C under a 16:8-h light:dark cycle as previously described
in ref. 37. For media compositions, see SI Appendix, Supplementary Material
and Methods.

Victorin Bioassays. For victorin bioassays, 10 2 × 2-mm plugs were cut from
CMX plates and transferred to 20 mL modified liquid Fries medium (52) for
12 d in the dark. Liquid was collected from below the floating mat of my-
celium, and 1-mL aliquots of undiluted or 1:10 dilutions of culture filtrate
placed in 15-mL glass tubes. Replicate cut leaves of 1-wk-old susceptible
(Fulgrain) and resistant (Red Rustproof) oats were placed in the filtrates.
Leaves were monitored for wilting daily for 3 d.

Victorin Detection by MS. WT strain FI3 and mutants were grown on CMX
plates and transferred to liquid still culture as described above. Liquid cultures
contained 50 mL of modified liquid Fries medium supplemented with 1.25 g
of oats in a 250-mL Erlenmeyer flask and were incubated at 25 °C under a
16:8-h light:dark (wavelength 365-nm) cycle for 14 d. Approximately 1 g of
Amberlite XAD-16 resin was added to the culture fluid, incubated for 1 h at
room temperature and 160 rpm, filled into a column, washed with 5%
acetonitrile, and extracted with three volumes of 1.5 mL of acetonitrile
water mixtures (20:80, 40:60, and 60:40). Acetonitrile was evaporated from
the collected fractions, and the remaining aqueous solution analyzed
with MS.

In Vitro Oxidative Deamination of HV-Toxin M. Roughly 3 μg of HV-toxin M
was incubated with 1-mM phenylmethylsulfonyl fluoride and 1.5 mL of cell-
free lysate from A. nidulans mycelium carrying either pYFAC-pyrG-vicK1/2 or
pYFAC-pyrG for 14 h at 25 °C and 400 rpm. After centrifuging, the super-
natant was passed through a Bond Elut C18 column (100 mg, Agilent, Part
no.: 12,102,001). The column was washed with 5% acetonitrile and eluted
with 2 mL of 75% acetonitrile. Acetonitrile was evaporated from the col-
lected elution, and the remaining aqueous solution analyzed by LC–MS.

Data Availability. Nanopore reads used for assembly and genome sequence have
been deposited in NCBI GenBank (accession no.: SRR10412887). The updated FI3
assembly at NCBI is accession no. AMCY00000000. The genome assembly, gene
annotations transferred from the original FI3 assembly, transposon annotations,
and manual vic gene annotations are available at GitHub, https://github.com/
megancamilla/Cvictoriae_FI3_assembly_annotations. All other study data are in-
cluded in the article and supporting information.
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Chapter 3: Victorin biosynthetic pathway elucidation 

3.1 Introduction  

Through the work presented in Chapter 2, we have established victorin to be of ribosomal origin and 

confirmed a small number of genes to be involved in the victorin biosynthesis pathway. The work 

described in this chapter aimed to identify more genes responsible for the numerous PTMs found on 

different derivatives of victorin, and, if possible, reconstruct the victorin biosynthesis pathway 

completely.  

 

3.1.1  Post-translational modifications of victorin 

Only three genes have been unambiguously identified to be involved in victorin biosynthesis: vicA 

encoding the PP, vicK encoding a copper amine oxidase that modifies the N-terminal glycyl to a 

glyoxylate residue, and vicYb encoding a DUF3328 protein. To better understand victorin biosynthesis, 

the remaining enzymes that are responsible for the PTMs on victorin need to be identified. Of special 

interest are the enzymes that catalyse the ether bond formation, the contraction of the benzene moiety 

from a six-membered to five-membered ring and the chlorination reactions (Figure 1).  

In victorin, the ether bond connects the side chains of the fourth backbone residue, leucine, and that of 

the sixth residue, phenylalanine. Similar to biosynthesis of ustiloxins and phomopsins, the oxygen at the 

centre of the ether bridge does not originate from the amino acid backbone, but has to be installed as 

a PTM before or in the process of cyclisation. In ustiloxin biosynthesis, a tyrosinase and two DUF3328 

proteins together achieve three modifications: hydroxylation at the meta-position of the aromatic ring 

of the tyrosine, ether bond formation that incorporates this hydroxylation, and hydroxylation at the β-

carbon.2 Although it is unknown which enzyme performs which of these three steps, it is likely that the 

tyrosinase performs a hydroxylation, leaving the other two reactions to be performed by the two 

DUF3328 proteins. If victorin ether bond formation follows a similar logic, then it is likely that – in the 

absence of any predicted tyrosinase gene at the vic loci – one DUF3328 protein each performs the 

hydroxylation of the phenylalanine aromatic ring and the subsequent ether bridging. However, it is also 

possible that the hydroxyl group is installed on the sidechain of leucin instead (Figure 1). As 

demonstrated in Chapter 2, the deletion of vicYb resulted in the absence of victorin or any intermediate, 

indicating a role in macrocyclisation. Based on ustiloxin biosynthesis, I hypothesize that a second 

DUF3328 protein is necessary to achieve ether bond formation in victorin biosynthesis. Thus, one aim 

of the work described in this chapter is to identify the DUF3328 proteins responsible for victorin 

macrocyclisation. This would further our general understanding of dikaritin biosynthesis, since the ether 

bridge macrocycle is a hallmark of this family of fungal RiPPs. 
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The second set of intriguing victorin PTMs are the chlorinated side chains of the second backbone 

residue, leucine, and the fifth residue, alanine. There is only one other known group of chlorinated fungal 

RiPPs, the phomopsins.4 However, no obvious candidate gene responsible for this PTM has been 

identified in the phomopsin BGC. Furthermore, whereas phomopsins feature only a single chlorination 

on an aromatic ring, in victorin between one and three chlorines are attached to an unactivated carbon 

centre. Together, this indicates that the bond formation mechanisms and their corresponding enzymes 

differ between phomopsin and victorin biosynthesis.5 Interestingly, the placement of the chlorines on 

victorin structurally resembles that of the bacterial SM barbamide, which is produced by a bacterial 

polyketide synthase–nonribosomal peptide synthetase (PKS-NRPS) hybrid. During barbamide 

biosynthesis BarB1 and BarB2, a pair of non-heme Fe(2+), alpha-ketoglutarate-dependent halogenases, 

chlorinate the pro-S methyl group6 of peptidyl-carrier linked L-leucine in tandem. More specifically, 

BarB2 is very efficient at catalyzing the addition of the first and the second chlorine in two steps, but 

highly inefficient at catalyzing the addition of the third one. BarB1 produces the trichlorinated derivative 

from its mono- and dichlorinated intermediates.7 Like with barbamide, in victorin synthesis it is also the 

pro-S methyl group of leucine that is chlorinated multiple times. Additionally, ratios of mono-, di- and 

Figure 1 PTMs and hypothetical biosynthesis pathway of victorin.  
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trichlorinated derivatives produced by BarB2 in the absence of BarB17 are similar to relative quantities 

of leucine side chain mono-, di and trichlorinated victorin species found in C. victoriae culture 

extractions. This suggests that the chlorination of the leucine in victorin could be catalysed by an enzyme 

not only with a mechanism similar to BarB2, but also with similar efficiencies at using un-, mono- or 

dichlorinated substrate. However, searching the C. victoriae genome for putative BarB1/2 homologues 

turned up only one hit, not located on either vic locus. Even though sequence similarity to BarB2 was 

low, this gene (JGI annotation COCVIDRAFT_39796) was predicted to be a member of the non-heme 

Fe(2+), alpha-ketoglutarate-dependent enzyme superfamily featuring a predicted chlorination domain 

(NCBI accession number TIGR01762). A second gene (JGI annotation COCVIDRAFT_28634) in close 

vicinity was predicted as a PKS, suggesting the halogenase to be part of a PKS cluster and not involved 

in victorin biosynthesis. For the lack of plausible alternatives, my search for the chlorination enzyme 

therefore focused on the DUF3328 proteins encoded in the two vic loci.  

Lastly, the origin of the five-membered carbon ring incorporated into the macrocycle is also unresolved. 

From comparisons between the structures of different victorin species, it appears that the aromatic ring 

of the phenylalaine side chain – which is still present in victoricine – is transformed into the five smaller 

carbon ring observed in victorin B, C, D, E and HV-toxin M (Figure 1). Due to its structure, victoricine 

could be a precursor of the other, more heavily modified victorin derivaties. On the other hand, 

alternative biosynthetic routes are also possible, with victoricine merely occurring as a shunt product. 

Either way, this ring contraction is another novelty in fungal RiPP PTMs. Although there is no obvious 

candidate gene at either vic locus, CYPs have been shown to be able to catalyse this kind of reaction.8 

Neither vic locus contains a CYP gene, but we discovered one – named CYP1 – several hundred kilobase 

pairs distant from the vic1 locus through the presence of a homologue in the victorin-like RiPP cluster 

in Colletotrichum eremochloae, described in Chapter 2. The only other characterized dikaritin RiPPs 

featuring a CYP in their biosynthesis are the ustiloxins, where one catalyses the attachment of a cysteine 

residue.2 Nevertheless, the presence of a putative CYP1 homologue in the C. eremochloae gene cluster 

hints at a role of CYP1 in victorin biosynthesis, with catalysing ring contraction as one possibility. 
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3.1.2 The YFAC system 

For heterologous expression experiments of gene 

clusters there are generally two avenues: 

transferring the entire BGC with its native 

promoters as long, continuous stretches of DNA 

into one or multiple expression plasmids or 

cloning each gene of the BGC individually while 

exchanging the promoters in the process. A 

tripartite vector system named yeast/fungal 

artificial chromosome (YFAC) – enabling the 

expression of heterologous genes under strong 

alcohol-inducible promoters – has been 

successfully established in the Chooi Lab.9 The 

YFAC system is derived from plasmid pKW2008810 

and consists of three vectors that each carries one 

of three auxotrophic markers: pyrG, riboB and 

pyroA. Additionally, each features the A. nidulans replicator AMA1,11 yeast CEN/ARS and URA3, ampR, 

an E. coli origin of replication and an expression cassette with four slots for gene insertions under control 

of alcohol-inducible promoters and terminators from the A. nidulans alc gene cluster (Figure 2).12 YFAC-

mediated heterologous expression is performed in the A. nidulans strain LO8030, which was created by 

deleting eight SM BGCs from the wild-type genome for a cleaner expression background13 and is 

compatible with the auxotrophic markers of the YFAC plasmids.  

 

3.1.3 Heterologous reconstruction of the victorin biosynthesis pathway 

The vic candidate genes being spread out over two genomic loci with large intergenic distances would 

make any attempt at cloning the loci in their entirety extremely difficult. Therefore, here I attempted to 

reconstruct the biosynthetic pathway using the YFAC system by individually replacing the native 

promoter of each gene to be expressed. 

Previous applications of the YFAC system in the Chooi Lab were all in the elucidation of non-ribosomal 

synthetase or polyketide synthase BGCs, where the heterologous expression of the megaenzyme on its 

own usually yields an intermediate. Thus, a starting point was usually the expression of the megaenzyme 

producing the compound backbone, then consecutively adding additional tailoring enzymes to 

reconstruct each step of the pathway. In contrast to this, in RiPP biosynthesis cyclisation of the amino 

acid backbone by tailoring enzymes is needed to afford a stable, detectable intermediate. I hypothesized 

Figure 2 Plasmid map of pYFAC-pyrG-e. In pYFAC-ribo-
e and pYFAC-pyro-e pyrG is replaced by riboB and pyroA, 
respectively.  
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– based on the heterologous reconstruction of the ustiloxin biosynthetic pathway2 – that two DUF3328 

proteins together perform cyclisation of the victorin backbone. Currently, DUF3328 protein functions 

cannot be inferred from their sequences, therefore my strategy to obtain a cyclized victorin pathway 

intermediate was to co-express all unique vic candidate DUF3328-encoding genes alongside the PP 

gene, and then reduce the number of genes in subsequent heterologous expression attempts until 

arriving at a minimal combination of genes needed for a cyclised product. From this minimal set of 

genes, the victorin biosynthesis could be extended gene-by-gene, until the genes for all victorin PTMs 

were accounted for. However, reconstructing the victorin biosynthetic pathway in its entirety in a single 

experiment might not be possible with the YFAC system in its current state of development, as it enables 

the simultaneous expression of only up to twelve genes. 

In addition to the PP gene vicA and DUF3328 protein-encoding genes, the initial set of heterologously 

expressed genes will also contain putative transporter vicT due to observation that both in ustiloxin and 

in asperipin-2a biosynthesis a transporter gene is essential for high product yields.14, 15  

 

3.1.4 Heterologous expression of vic-like gene clusters  

As described in Chapter 2, querying Ascomycete genomes available in the NCBI and JGI databases with 

the vicA coding sequence revealed two predicted vicA homologues in two sordariomycete fungi, apiA 

in A. montagnei and colA in C. eremochloae, both clustering with several homologues of putative vic 

genes. Thus, both gene clusters are likely to produce compounds with similar PTMs as victorin, and 

encode similar biosynthetic pathways to that of victorin biosynthesis. Therefore, here I will investigate 

these two BGCs with the aim of indirectly obtaining information on victorin biosynthesis and, through 

homology comparison, refine the list of vic candidate genes.  

For simplicity, the product of the vic-like BGC in A. montagnei will herein be referred to as AM-victorin 

and its counterpart in C. eremochloae as CE-victorin. The AM-victorin BGC contained eleven genes that 

were homologous to vic candidate genes: eight genes encoding predicted DUF3328 proteins and one 

each encoding a predicted PP, a transcription factor and a transporter. Three additional genes were 

clustered with the other eleven: a hypothetical protein apiX1, predicted esterase apiX2 and predicted 

ankyrin repeat domain-containing protein apiX3 (Figure 3). Similarly, the CM-victorin BGC was revealed 

to feature twelve vic-gene homologues: seven genes encoding predicted DUF3328 proteins, a predicted 

PP, a transcription factor and a transporter. Unlike the AM-victorin BGC, it also contains both a 

homologue of copper amine oxidase vicK and a homologue of cytochrome P450 CYP1 named colL, with 

CYP1 being discovered in the C. victoriae genome only due to the presence of colL in the CE-victorin 

BGC.16 Four additional genes were without vic homologues but clustered with other CE-victorin BGC 

genes and therefore considered to be potentially involved in CE-victorin biosynthesis: tyrosinase colX1, 
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multicopper oxidase colX2 hypothetical protein colX3 and esterase colX4. While apiX1-3 and colX1-4 

did not have any homologues among the vic genes, apiX2 and colX4 were homologous to each other 

with over 70% sequence identity of their predicted coding sequences.  

To elucidate biosynthesis of AM-victorin and CE-victorin, here I attempted to heterologously express 

both pathways using the YFAC system. Since the aim was ultimately to infer functions of putative vic 

genes from the AM-victorin and CE-victorin pathways, this focused mainly on genes that had 

homologues in the C. victoriae cluster. Unlike with the vic candidate genes, the number of vic-

homologous genes in the vic-like gene clusters did not exceed the capacity of the YFAC system, making 

the experimental approach easier. After expressing the full set of vic homologues from each BGC and 

obtaining a product, I planned to omit different genes from the set to obtain compound derivatives that 

Figure 3 Sequence identity comparison between vic genes and genes of the vic-like gene clusters in A. montagnei  
and C. eremochloae, created with clinker.1 Grey bands indicate coding sequence identity of 30% or more, with only 
the band for the highest sequence identity percentage per gene shown.  
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together would facilitate structure elucidation by tandem MS and allow inferring the biosynthetic 

function of the omitted genes.  

 

3.1.5  Cochliobolus victoriae genome manipulation 

C. victoriae strains that I used for the work presented in Chapter 2 were the wild type strain FI3 and 

deletion mutants FI3ΔvicA*, FI3ΔvicK1/2 and FI3ΔvicYb. These strains were provided by Prof B. Gillian 

Turgeon from Cornell University. To produce further evidence of the involvement of vicA in victorin 

biosynthesis and to lay the groundwork for creating additional C. victoriae deletion mutants myself, here 

I will attempt to randomly integrate a copy of vicA under the control of a strong constitutive promoter 

into the genome of strain FI3 ΔvicA* to restore victorin production that had been drastically reduced by 

the previous deletion of vicA.  

Additionally, after successfully adapting the Turgeon Lab protocols for protoplasting and transformation 

of C. victoriae,17 here I attempted to overexpress a transcription factor putatively associated with vic 

gene expression. In the literature, overexpression of fungal transcription factors has mainly been used 

to activate silent gene clusters,18, 19 whereas here I attempted to use this approach to increase yields of 

strain FI3ΔvicK1/2 to obtain more novel victorin derivatives victorinine B, D and E. Furthermore, since 

previously no derivative of victoricine with an unmodified glycyl moiety had been in detected in strain 

FI3ΔvicK1/2 possibly due to low yields, increasing victorin production through this approach could result 

in the isolation of this novel victorin derivative. 

 

3.2 Results 

3.2.1 Heterologous reconstruction of the victorin biosynthetic pathway 

For the first set of genes to be heterologously expressed, I chose all predicted DUF3328 protein genes 

from both vic loci. Although there were 14 in total, an all-versus-all sequence alignment revealed five 

of them to be gene duplicates.16 Therefore, the first attempt at obtaining a cyclised intermediate 

included the nine unique DUF3328 genes vicYa-c and vicYu, vicYv1, vicYw1, vicYx2, vicYy2 and vicYz 

(Figure 4). 
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Additionally, the gene set included the transporter gene vicT, as well as the precursor peptide gene vicA, 

and vicYw2. Four each of these 12 genes were successfully inserted into pYFAC-pyrG-e, pYFAC-ribo-e 

and pYFAC-pyro-e to yield pYFAC-pyrG-01, pYFAC-ribo-01 and pYFAC-pyro-01.  

Transformation of A. nidulans LO8030 with these expression plasmids and with the empty plasmids 

yielded strains AN-01 (Figure 4) and AN-e1, respectively. However, LC-MS traces of culture extracts 

showed large peaks of unknown origin both in the extracts from AN-01 and the control strain AN-e1. 

The high intensity of the peak and the elution time between three and five minutes meant that it hid 

potential peaks of victorin biosynthesis intermediates, which I expected at similar elution times. 

Extractions of the culture medium with addition or omission of different culture components identified 

the peaks to originate from polysorbate 80, also known as Tween 80 (Figure 5). Tween 80 is a surfactant 

that was used for preparing a spore solution to prevent clumping of the highly hydrophobic A. nidulans 

spores, which is reported to allow for the diffusion of a water-soluble germination inhibitor out of the 

Figure 4: Overview of A. nidulans LO8030 strains used in this chapter with sets of genes carried for heterologous 
expression. Genes marked with “X” indicate the corresponding strain to have been transformed with a YFAC plasmid 
carrying the gene.  
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cell.20 Tween 80 is highly ionisable,21 which not only hides 

other, less prominent LC-MS chromatogram peaks of 

compounds that the Tween 80 co-elutes with, it can also 

result in ion suppression over the entire chromatogram.  

Using only water for the spore preparation process did not 

result in any apparent germination inhibition in the liquid 

cultures compared to using Tween 80. Consequently, A. nidulans cultures that were to be extracted with 

Amberlite resin were inoculated with a water-prepared spore solution. 

Applying this inoculation method to liquid cultures of AN-e1 and AN-01 resulted in chromatograms 

with fewer interfering background peaks, but when comparing the chromatograms of the expression 

strain AN-01 to control strain AN-e1, no peaks unique to AN-01 were found (Figure 6). Although I 

hypothesized that two  DUF3328 proteins would catalyse ether bond formation, it is possible for a CYP 

instead of a DUF3328 protein to install a hydroxyl group to be incorporated into the ether bond. CYPs 

are involved in ustiloxin, α-amanitin and borosin biosynthesis, albeit not in ether bond formation. The 

absence of a CYP gene in the A. montagnei victorin-homologous BGC also indicated a role of CYP1 in 

cyclisation to be unlikely. Nevertheless, no other victorin candidate gene could conceivably fulfil this 

role. Therefore, CYP1 was added to the set of heterologous expression genes. For this, pYFAC-pyro-02 

was assembled, where CYP1 replaced vicYw2, which was already represented in the gene set by its 

duplicate vicYw1 on pYFAC-ribo-01. AN-02 was created by transforming A. nidulans strain LO8030 with 

Figure 5 Positive mode TIC of GMM 
extractions with and without Tween 80. 

Figure 6 Positive mode TICs of extractions from A. nidulans heterologous expression cultures. Each of the three 
chromatograms is made up of two overlays, each overlay consisting of five traces from individual biological 
replicates. Black traces are from biological replicates of control strain AN-e1, red traces are from heterologous 
expression strain AN-01. Percentages refer to different fractions from Amberlite resin extraction, where the 
percentage refers to the proportion of acetone used for eluting.  
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plasmids pYFAC-pyrG-01, pYFAC-ribo-01 and pYFAC-pyro-02. However, chromatograms of culture 

extraction again did not show any detectable victorin biosynthesis intermediate.  

From these results, it appeared that the genes heterologously expressed in AN-02 were not sufficient 

to achieve ether bond formation in the core peptide. To determine if these genes were involved in 

installing other victorin PTMs, I attempted to perform an assay similar to a previous experiment, where 

I had used the cell-free lysate of an A nidulans strain expressing vicK to perform oxidative deamination 

on HV-toxin M in vitro.16 Here, I tried to extract victorin from liquid cultures and to purify victoricine to 

be used as substrate for the assay, since victoricine is the victorin derivative with the fewest PTMs (Figure 

1). If any of the genes expressed in AN-02 were accepting victoricine as a substrate, I expected to detect 

a conversion to any of the other victorin derivatives or novel biosynthesis intermediates. Unlike HV-

toxin M, which in liquid chromatography eluted markedly earlier than other victorin species, victoricine 

turned out to be difficult to separate completely from other victorins, especially the abundant victorin 

C. The victorin C peak in the chromatogram also displayed a shoulder of a seemingly related compound, 

with a monoisotopic mass of 813.1 and an isotope pattern similar to victorin C, eluting even closer to 

victoricine than victorin C itself (Figure 7). Purification did not appear to change the ratio of peak heights 

between this unidentified compound and victorin C, suggesting the possibility of both compounds to 

spontaneously convert into each other and therefore to exist in a chemical equilibrium. Thus, purification 

did not result in the complete absence of victorin C from the fraction the main victoricine fraction, 

instead, the ratios of victorin C to victoricine were skewed from roughly 4:1 in the culture extraction to 

1:1 in the purified victoricine fraction (Figure 7). I deemed this an acceptable substrate for the assay. If 

the enzymes present in the cell-free lysate were responsible for all the PTMs that victoricine is missing 

compared to victorin C, I would have expected ratios to revert back to approximately 4:1. In case the 

enzymes were involved in the installation of some, but not all of the PTMs of victorin C, I would have 

expected the ratio of victorin C to victoricine to skew back in favour of victorin C, with victorin C absolute 

amounts staying the same, victoricine levels diminishing and other species of victorin appearing.  

However, incubating the substrate with cell-free lysate from either AN-e1 or AN-02 did not change the 

ratio of victorin C to victoricine (Figure 7). Furthermore, no other forms of victorin were detected. 
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3.2.2 Heterologous expression of vic-like gene clusters from two sordariomycete fungi 

For heterologous expression of the full set vic-homologous genes from AM-victorin and CE-victorin 

BGCs I assembled plasmids pYFAC-pyrG-02, pYFAC-ribo-02, pYFAC-pyro-03, pYFAC-pyrG-03, pYFAC-

ribo-03 and pYFAC-pyro-04. Several attempts at amplifying colYa from gDNA by PCR with different 

primers and conditions failed. Instead of colYa, I inserted a copy of colA in plasmid pYFAC-pyro-03, to 

be replaced later by a synthesized copy of colYa.  

Figure 7 LC-MS chromatograms and spectra from different samples of a cell-free lysate assay. For each sample two 
EICs are shown, with target masses corresponding to victoricine (m/z 743.3) and victorin C (m/z 815.2). From top 
to bottom: victorin extraction from C. victoriae Tx1-18 liquid culture to be used as substrate for cell-free lysate 
assays; substrate after further purification with liquid chromatography; substrate after incubation with cell-free 
lysate from the control strain AN-e1; substrate after incubation with cell-free lysate from strain AN-02. Peak areas 
of victorin C- and victoricine-peaks are shown. Selected spectra show isotope patterns of victorin C, victoricine and 
an unidentified compound with an m/z of 813.1. 
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Transformation of A. nidulans LO8030 with plasmids pYFAC-pyrG-03, pYFAC-ribo-03, pYFAC-pyro-04 

and pYFAC-pyrG-02, pYFAC-ribo-02, pYFAC-pyro-03 yielded strains AN-03 and AN-04, respectively 

(Figure 4). I also created new control strain AN-e2 by transforming with plasmids pYFAC-pyrG-e, pYFAC-

ribo-e, pYFAC-pyro-e. In LC-MS chromatograms of extraction from A. nidulans liquid cultures I identified 

one unique peak each for both AN-03 and AN-04 that did not show up in the chromatogram of the 

other strain, and neither peak was found in AN-e2. The compounds corresponding to the unique 

chromatogram peaks identified in AN-03 and AN-04 cultures had mass-to-charge ratios of 806.2 and 

Figure 8 Positive mode EICs of culture extractions from A. nidulans strains heterologously expressing putative AM-
victorin or CE-victorin biosynthesis genes. Each of the six chromatograms is made up of an overlay of three traces 
from individual biological replicates. Spectra shown are from the biological replicate with the largest peak in the 
chromatogram at the indicated elution time. 
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855.4, respectively, with isotope patterns indicating both to be singly charged (Figure 8). The unique 

peak found in AN-03 cultures was present in all three biological replicates, whereas the ion intensity of 

the peak in AN-04 cultures was roughly an order of magnitude lower in comparison, and hard to make 

out against the background noise in one biological replicate. Repeating the heterologous expression 

experiment from glycerol stocks resulted in a marked decrease of the 806.2 ion intensity in AN-03 

culture extractions, and complete absence of the 855.4 ion in AN-04 culture extractions.   

Next, I obtained tandem MS data of the 806.2 ion produced by AN-03 (Figure 9). The 855.4 ion from 

AN-04 could not be subjected to tandem MS analysis, since it was degraded by the time the tandem 

MS was available, and the ion could not be detected in extractions from subsequent AN-04 

heterologous expression cultures. 

To assist elemental composition predictions using the exact mass of the ion of interest, first I determined 

the mass error. For this I used the detected masses of polysiloxane, a ubiquitous contaminant in MS.22 

Polysiloxane can be reliably identified since it is a polymer that occurs as a  

series of ions with regular jumps in mass corresponding to the mass of a single siloxane unit and because 

polysiloxane ions are present over most of the chromatogram (Figure 9A). I calculated 95% confidence 

intervals from observed masses of ten randomly picked [M+NH4]+ ions each of [C2H6SiO]8, [C2H6SiO]9 

and [C2H6SiO]10 and calculated an overall mass errors of about 3-5 ppm (Figure 9B).  

The compound of interest was easily identified in the chromatogram due to a high signal-to-noise ratio. 

The corresponding spectrum with the highest ion count revealed an m/z of 806.2987 (Figure 9C). The 

distance of about 1 m/z between the isotope peaks indicated the ion to be singly charged. Therefore, 

the monoisotopic mass of the compound of interest was 806.2987 Da as measured by the tandem MS 

without correcting for the mass error. 

Next, possible elemental compositions were calculated based on a set range of allowed elements. The 

singly charged, unmodified core peptide LFKFNF that presumably forms the backbone of the observed 

compound had an elemental composition of C43H59N8O8+ with an exact mass of 815.4450 Da. This 

elemental composition then gets modified by the installation of PTMs, presumably in a similar way as 

victorin and its core peptide. However, despite both pathways likely being very similar, the only PTM 

that can be assumed with high confidence to be common to both is the ether bond cyclisation, which 

results in the net gain of one oxygen atom and the net loss of two hydrogen atoms. An additional source 

of information is the isotope patterns, which can be used to predict the degree of chlorination of the 

compound. Because the two stable isotopes of chlorine 35Cl and 37Cl naturally occur in a ratio of 3:1, 

each chlorine atom that is added to a compound skews the relative intensities of the M+ and M+2+ 

peaks towards the latter, while leaving the M+1+ peak unaffected. For a compound with roughly the 
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Figure 9 Tandem MS analysis of culture extraction from AN-03. (A) EICs and spectra of polysiloxane. (B) Ten random polysiloxane 
m/z measurements each for three polysiloxane species and the corresponding mass error calculated from expected and observed 
masses. CI stands for confidence intervall. (C) Chromatograms and spectra showing the previously observed ion of interest. (D) 
Elemental composition calculations with the allowed range of atoms per element on the left, and all possible elemental 
compositions based on these ranges and a mass error of 6 ppm or less on the right. (E) Exact mass and elemental composition of 
victorin and its precursors, and proposed corresponding structures matching one elemental composition prediction for CE-victorin. 
PTMs are highlighted in yellow. 
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same elemental composition as victorin, chlorination would result in relative peak intensities of M+1+ 

> M+2+, M+1+ ≈ M+2+or M+1+ < M+2+ for zero, one or two or more chlorine atoms, respectively. For 

the compound of interest, the M+2+ peak appeared to have an intensity way below the M+1+ peak, 

indicating a complete absence of chlorine atoms. Furthermore, the even-numbered mass of the 

monoisotopic, singly charged peak indicated an odd number of nitrogens.  

With these considerations in mind, wide ranges were set for the minimal and maximal number of atoms 

per element that could possibly make up the mature peptide (Figure 9D). Based on these ranges and a 

maximal mass error of 6 ppm, six possible elemental compositions were predicted. Of these, only one, 

C33H44O15N9, fell within the calculated range of 3-5 ppm difference between observed and theoretical 

mass. For this elemental composition, which required the loss of ten carbon atoms and the gain of two 

nitrogen atoms during maturation of the core peptide, it was not possible to predict a likely structure 

based on the victorin biosynthetic pathway, where only one carbon atom is lost and no nitrogen atoms 

are gained. In total, the transformation of the victorin hexapeptide backbone into victorin C involves the 

loss of one carbon atom, eight hydrogen atoms, one nitrogen atom and the gain of six oxygen atoms 

and three chlorine atoms (Figure 9E). Another predicted elemental composition, C38H44O13N7, mirrored 

the changes in elemental composition occurring during victorin maturation much more closely and I 

proposed a matching structure based on victorin PTMs (Figure 9E). However, applying the same 

fragmentation patterns observed in tandem MS of victorin16 to the proposed structure resulted in 

predicted fragment masses that did not match the observed fragments. Moreover, the theoretical mass 

of the unfragmented compound was slightly higher than the observed mass, which did not match the 

calculated mass error.  

To obtain different derivatives of the peptide that would facilitate assigning structures to tandem MS 

fragments based on diagnostic shifts in mass, I attempted to express different sets of genes from the 

AM-victorin and CE-victorin pathways. For AM-victorin, I created two new strains, AN-05 and AN-06 by 

adding apiX2 and either apiX1 or apiX3 to set of genes expressed in AN-04. For CE-victorin, I created 

five new strains, all of which contained colYa instead of a second copy of colA. Additionally, AN-07, AN-

08 and AN-09 contained a copy of either colX2, colX3 or colX4, respectively. AN-10 and AN-11 contained 

the same set of genes as AN-09, except for AN-10 missing colK and AN-11 missing colL. colX1 could 

not be PCR amplified and was omitted completely from the set of genes to be expressed.  

Then, EIC peak areas from mass spectrometry analysis of culture extractions were used to investigate 

production of the compound corresponding to the 806.2 ion (Figure 10). Overall, production was 

markedly lower than in extractions from the first heterologous expression culture, with AN-08 showing 

the highest titers. AN-10 and the negative control culture AN-e2 both showed no production at all, 

whereas AN-07, AN-09 and AN-11 showed moderate titers. However, no unique peak indicating the 
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presence of a derivative of the compound of interest could be detected in any of the cultures. 

Consequently, investigation by tandem MS of the culture extracts was not attempted. Similarly, neither 

the previously detected 855.4 ion in AN-04 cultures nor any other unique peak could be found in the 

chromatograms of extractions from AN-05 and AN-06. 

Figure 10 Heterologous expression of different sets of genes from the C. eremochloae vic-like gene cluster. (A) 
Positive mode EICs of extractions from A. nidulans heterologous expression cultures. Each of the six chromatograms 
is made up of an overlay of three traces from individual biological replicates. One representative spectrum is shown 
from the AN-08 biological replicate with the largest peak in the chromatogram at the indicated elution time. (B) 
Integrated peak areas of peaks at about 5.5 min elution time in the EICs of AN-07, AN-08, AN-09, AN-10 and AN-
11 and the sets of heterologously expressed genes in the corresponding strains. Thick black lines represent the 
mean from three biological replicates of each strain. 
 



42 
 

 

3.2.3 Cochliobolus victoriae genome manipulation 

To rescue victorin production in C. victoriae strain FI3ΔvicA*, I adapted a protoplasting and 

transformation protocol from the Turgeon Lab17 and assembled the vector pBARGPE1-vicA, which 

carried the BAR gene as selectable marker and vicA under control of the strong constitutive promoter 

gpdA. Transformation of C. victoriae FI3ΔvicA* protoplasts (Figure 11A) with vectors pBARGPE1 and 

pBARGPE1-vicA yielded strains CV-e1 and CV-01. Colony growth on the transformation plates was 

observed even with the highest concentration of glufosinate used (Figure 11B). No colony growth was 

observed on -DNA transformation control plates, except for where glufosinate was omitted (Figure 11C). 

Colonies transferred from the -DNA -glufosinate control plate onto glufosinate-containing plates 

showed no signs of any further growth, while colonies transferred from +DNA +glufosinate 

transformation plates resulted in reliable colony growth, albeit slower compared to colonies transfered 

onto -glufosinate plates (Figure 11B). gDNA was extracted from five transformants each from 

transformations with vectors pBARGPE1 and pBARGPE1-vicA. PCRs using this gDNA as template with 

primers binding in the gpdA promoter and in the vicA gene showed a band of the expected size (913 bp) 

for four of the five pBARGPE1-vicA transformants, while the transformants carrying the empty plasmid 

showed no vicA-specific band as expected (Figure 11D). However, culture extracts from all ten 

transformants showed that none of the transformants complemented with the vicA gene produced any 

detectable amount of victorin (Figure 11F).  

 
This result coincided with the finding that other C. victoriae strains – including wild type strain FI3 and 

copper amine oxidase vicK deletion strain FI3ΔvicK1/2 – had stopped producing victorin and its 

intermediates for unknown reasons. Therefore, the planned experiment that aimed to increase victorin 

yields in FI3ΔvicK1/2 was performed as planned, but now with the aim of reversing what I suspected 

was epigenetic silencing of vic-gene expression. To this end, I attempted to overexpress predicted 

Zn2Cys6 transcription factor vicR16 in C. victoriae FI3ΔvicK1/2 with the transformation protocol previously 

established. If this resulted in the re-activation of victorin production, the same approach could be taken 

with strain FI3, and, with a different selectable marker, with strains CV-e1 and CV-01. To overexpress 

vicR, the gene needed to be inserted into pBARGPE1 under the promoter gpdA. However, annotating 

the coding sequence of vicR proofed challenging. A misannotated coding sequence – where the wrong 

start or stop codon is picked when considering primer design and subsequent cloning – can result in 

diminished expression levels or expression of non-functional proteins. If primers are designed to bind 

inside the coding sequence a truncated protein is produced, whereas the forward primer binding far  
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Figure 11 Random genomic integration of vicA into the genome of vicA-deletion mutant C. victoriae FI3 ΔvicA*. (A) C. victoriae 
protoplasts. Scale bar: 50 µm. (B) Left: C. victoriae colonies (centre marked with red dot) from pBARGPE1-vicA transformation 
growing on molten regeneration agar plate overlayed with water agar containing glufosinate. Right: Growth of single colonies 
transferred from transformation plate onto CMX, MM+glufosinate and MM*+glufosinate plates. (C) Left: Dense colony growth of 
C. victoriae -DNA control transformation on molten regeneration agar plate without glufosinate. Right: Agar plug transferred from 
-DNA control plate onto CMX, MM+glufosinate and MM*+glufosinate plates. (D) Gel electrophoresis of PCRs with primers binding 
to gpdA (forward primer) and vicA (reverse primer) with template gDNA from five C. victoriae pBARGPE1 transformants (lanes 1-
5) and five C. victoriae pBARGPE1-vicA transformants (lanes 7-11). Lane 6 contains ladder. (E) Growth of colonies 8 d after transfer 
from transformation plates. Top: pBARGPE1-vicA transformants. Bottom: pBARGPE1 transformants. (F) EICs of m/z 815.2±0.5 
(corresponding to victorin C 1) of a victorin C standard and culture extractions from strains CV-01 and CV-e1. The CV-01 and CV-
e1 chromatograms are each made up of overlays of five traces from culture extractions of five different transformants. 



44 
 

upstream of the start codon can result in decreased expression levels due to the increased distance 

between promoter and start codon on the expression plasmid.  

Fungal Zn2C6 transcription factors feature three domains: a DNA binding domain containing a Zn2C6 

zinc finger motif, a middle homology region and an acidic region (Figure 12A).3 NCBI BLASTp can detect 

the Zn2C6 zinc finger motif, as well as the middle homology region via sequence homology. Therefore, 

a coding sequence annotation used as query for BLASTp that shows both of these domains in the 

“Identify Conserved Domains” feature and also finds other coding sequences that cover most of the 

query sequence with decent sequence similarity is highly likely to be correct. For vicR, several possible 

coding sequences were predicted with AUGUSTUS23 based on various gene models and with FGENESH24 

Figure 12 Coding sequence annotation for fungal Zn2C6 transcription factor vicR. (A) Scheme of Zn2C6 transcription 
factor domains, from 3. (B) Results from NCBI “Identify Conserved Domains” feature for the Saccharomyces 
cerevisiae transcription factor Gal4p (NCBI accession number AHY77936) as an example of the detection of the 
Zn2C6 motif (brown) and middle homology domain (dark green). (C) Different coding sequence annotation 
predictions from AUGUSTUS for vicR and two predicted downstream genes (yellow), Zn2C6 motif (blue), forward 
primer #1563 (dark green), reverse primers #1708 and #1709 (light green). (D) Results from NCBI “Identify 
Conserved Domains” feature for one exemplary predicted vicR coding sequence showing the predicted Zn2C6 motif 
but missing a predicted middle homology domain.  
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based on the Cochliobolus gene model. Whereas the start codon was easily identified based on its in-

frame proximity to the zinc finger motif, the middle homology region was detected in none of the 

predicted coding sequences. Furthermore, BLASTp results showed very few protein sequences with 

decent alignment scores for the length of any of the predicted coding sequences. Predicted VicR protein 

sequences also did not show high sequence identity with ApiR and ColR, the predicted transcription 

factors from the vic homologous BGCs in A. montagnei and C. eremochloae.16 Consequently, the stop 

codon of vicR could not be predicted with confidence. Therefore, I designed two reverse primers for 

vicR PCR amplification, the first about 2.4 kb downstream of the forward primer, immediately adjacent 

to the start codon of a predicted hypothetical protein gene immediately downstream of vicR. The 

second reverse primer was placed about 5 kb downstream of the forward primer to be sure to cover the 

entire vicR gene, since including the vicR 3’ untranslated region in the assembled plasmid should not 

have detrimental effects on vicR gene expression. However, assembly of pBARGPE1 carrying the 3’-

extended version of the vicR gene was unsuccessful, whereas assembly with the shorter version resulted 

in the plasmid pBARGPE1-vicR. Transformation of protoplast from strain FI3 ΔvicK1/2 with pBARGPE1-

Figure 13 Random genomic integration of vicR into the genome of vicK-deletion mutant C. victoriae FI3ΔvicK1/2. 
(A) Left: C. victoriae colonies (centre marked with red dot) from pBARGPE1-vicR transformation growing on 
glufosinate selection plate. Right: Growth of single colonies transferred from transformation plate onto 
MM+glufosinate plates. (B) EICs of m/z 798.2±0.5 (corresponding to HV-toxin M 3) of C. victoriae FI3ΔvicK1/2 
culture extraction from a previous LC-MS run for reference (green), and culture extractions from strain CV-01 (dark 
and light red, 30% and 60% acetonitrile elution fractions, respectively). Both CV-01 chromatograms are overlays of 
traces from eight different transformants, each with two biological replicates.  
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vicR yielded strain CV-02. Eight individual colonies from the transformation plate were picked, all 

showing glufosinate resistance (Figure 13A). Since glufosinate resistance appeared to be a good 

indicator of successful genomic integration of the promoter-gene cassette as confirmed by PCR on 

extracted gDNA in the previous transformation experiment, diagnostic PCR was omitted for this 

transformation experiment and instead all eight colonies from the transformation plate were grown and 

cultured. However, no HV-toxin M, the main victorin compound produced previously by strain FI3 

ΔvicK1/2 (Figure 13B, green trace) was detectable in chromatograms from culture extractions of any of 

the eight CV-02 transformants (Figure 13B, red traces).  

 

3.3 Discussion 

3.3.1 Heterologous reconstruction of the victorin biosynthesis pathway 

Heterologous expression of candidate victorin biosynthesis genes in A. nidulans using the YFAC system 

had failed to produce a detectable pathway intermediate. The most obvious explanation was that genes 

essential for victorin biosynthesis were missing from the sets of co-expressed genes, possibly because 

the list of candidate genes, identified in Chapter 2, might have been incomplete. Unlike genes of other 

RiPP BGCs, victorin biosynthesis genes are scattered over two genomic regions. With both vic loci 

featuring a high density of transposable elements, repetitive sequences and duplicated genes, it is 

entirely possible that additional victorin biosynthesis genes have relocated to elsewhere in the genome, 

without a copy of the precursor peptide gene vicA in their genomic vicinity to facilitate their detection. 

This was illustrated by the discovery of CYP1. CYP1 was 400 kb removed from other vic-candidate genes 

and was only identified as a vic candidate gene because the vic-like BGC in C. eremochloae encoded 

VicL, which had 44% sequence identity to CYP1.  

However, using a sequence similarity approach to detect vic-related DUF3328 proteins encoded 

elsewhere in the C. victoriae genome was difficult, because the DUF3328 domain itself is poorly 

characterized. Nothing is known about how this class of protein catalyses reactions, which have been 

shown to be diverse. A very recent paper even revealed DUF3328 proteins to be involved in biosynthesis 

of fungal cyclic peptide cyclochlorotine, which is produced non-ribosomally. Importantly, it was shown 

that a DUF3328 protein was solely responsible for the chlorination of an unactivated carbon centre,25 

indicating that vicY genes likely fulfil the same role in victorin biosynthesis. Although a sequence 

similarity network analysis of the DUF3328 proteins involved in cyclochlorotine biosynthesis showed 

some clustering according to function,25 a similar approach using vic DUF3328 protein sequences was 

inconclusive. Querying the C. victoriae genome with protein sequences encoded in DUF3328 genes from 

the vic-like clusters in A. montagnei and C. eremochloae resulted in a large number of hits. Without 

reliable bioinformatics predictions to guide which of the many DUF3328-encoding genes to investigate, 
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testing these genes for a role in victorin biosynthesis with the YFAC system – limited to the co-expression 

of twelve genes at a time – is not feasible, especially since it is likely that a combination of at least two 

genes along with vicA and vicT is needed to obtain a detectable victorin biosynthesis intermediate. 

A different explanation for the failure of the heterologous expression could be faulty annotations of the 

coding sequences of the candidate genes, which can result in diminished expression levels or the 

expression of truncated proteins. The DUF3328 proteins are especially prone to this kind of error, since 

relatively few reference sequences are available. 

A third reason for the failure of the experiment could be the YFAC system itself. Although it has been 

used successfully for the heterologous expression of SM BGCs, it has never before been used for fungal 

RiPP pathways. There are only two reports of a successful heterologous reconstruction of a fungal RiPP 

pathway in the literature: the ustiloxin2 and the asperipin-2a pathway.15 However, both BGCs are found 

in Aspergillus flavus, while the heterologous host for both was Aspergillus oryzae. A. flavus and A. oryzae 

are very closely related, with A. oryzae even containing the ustiloxin BGC, albeit not expressing it due to 

a mutated transcription factor.26 This close genetic relationship between the two strains likely makes up 

for biosynthetic deficiencies in case a transplanted BGC is incomplete, as demonstrated by the 

production of trace amounts of asperipin-2a even when only expressing the incomplete asperipin-2a 

pathway.27 On the other hand, Cochliobolus belongs to the class Dothideomycetes, whereas Aspergilli 

are Eurotiomycetes. It is possible that a Cochliobolus RiPP pathway is dependent on a biosynthetic 

context that Aspergillus does not provide.  

Lastly, intron splicing issues might have prevented the expression of functional proteins, despite both 

the native and the heterologous host belonging to the Pezizomycotina. Similar issues have been 

reported for the heterologous expression of genes from for Magnaporthe oryzae in Aspergillus oryzae,28 

and for the case of introns from an Acremonium strictum gene being spliced in two different ways in 

the native host, whereas heterologous host A. oryzae could only process them one way.29 

 

3.3.2  Heterologous expression of vic-like gene clusters 

Unlike the heterologous expression of vic candidate genes, the heterologous expression of vic candidate 

homologues from A. montagnei and C. eremochloae resulted in the appearance of one novel peak each 

in the LC-MS chromatogram per set of expressed genes. Both peaks were unique to expression of genes 

from one strain, and neither peaks was observed in the negative control. Therefore, this appeared to be 

the first instance of the YFAC system to be successfully used for the heterologous production of a fungal 

RiPP. However, several issues regarding reproducibility and variability of compound yields were 

observed, impeding structural elucidation. For the CE-victorin BGC, the very first heterologous 
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expression attempt resulted in very high yields as estimated by peak size in the LC-MS chromatogram, 

whereas yields in every subsequent attempt were markedly lower. This was observed both when starting 

the experiment from glycerol stocks of previously transformed A. nidulans strains, as well as when 

repeating the heterologous expression experiment in its entirety, including repeating the 

transformation. Additionally, much variability in compound production was observed between 

biological replicates within the same experiment. Both the experiment-to-experiment and the within-

experiment variability is likely at least partially related to the features of the YFAC system. In S. cerevisiae 

it has been shown that a heterologous expression system based on three episomal vectors resulted in 

an enormous per-cell variability between protein levels that were encoded on different episomal 

vectors, whereas production was very homogenous when the expression vectors were integrated into 

the genome.30 For heterologous production of fungal RiPPs, where cyclisation of the core peptide is 

essential for compound stability, this could result in highly inefficient production when different 

components of the biosynthetic pathway are produced at vastly different levels. Furthermore, compared 

to S. cerevisiae, the problem is likely exacerbated by the multicellular nature of host A. nidulans, where 

selection pressure exerted by auxotrophy can partially be mitigated by sharing of auxotrophic marker 

gene products amongst neighbouring cells. The resulting culture would feature a very wide range of 

subpopulations with different rates of compound production. The metabolic burden31 of sets of highly 

induced heterologous genes and maintaining high copy numbers of episomal plasmids would 

consequently give a selective advantage to populations with the lowest production rates of the 

compound of interest. Taken together, this could explain the high variability in compound titers 

observed both between biological replicates and between different experiments. 

Tandem MS structural elucidation of the compound produced through the heterologous expression of 

genes of the CE-victorin BGC remained inconclusive. Even though the corresponding precursor peptide 

only encoded one CP sequence, tandem MS fragment masses were difficult to interpret because every 

part of the structure of the mature peptide could be modified by one or multiple PTMs, resulting in an 

exploding number of theoretical fragments. To reduce this number and facilitate assigning structures 

to observed fragment masses, some educated assumptions had to be made about the peptide of 

interest. Here, I used the peptide backbone sequence from the CP as encoded in the genome, 

modification by PTMs similar to those observed on victorin, the highly accurate mass as determined by 

orbitrap and applying the same fragmentation pattern that had previously been observed for victorin.16 

However, theoretical fragment masses of a structure proposed based on these criteria did not match 

observed tandem MS fragment masses. This indicated that PTMs of this novel compound may have 

been quite dissimilar to those observed on victorin. This possibility is underlined by the apparent 

absence of any chlorination, a hallmark victorin PTM.  
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Here, I had hoped to produce a number of different structural variants of the compound of interest by 

expressing different sets of genes, since solving a structure with tandem MS becomes much more 

feasible with the availability of derivatives of the compound that differ only slightly. Furthermore, 

decreasing the number of genes expressed at the same time would strip PTMs from the compound, 

reducing its complexity. Unfortunately, no derivatives were detected in cultures with heterologous 

expression of different combinations of genes from the C. eremochloae vic-like BGC, likely due to low 

titers that made it impossible to identify novel compounds against the background noise.  

Although these different combinations of heterologously expressed genes were not useful for tandem 

MS analysis, titers of the previously identified compound with a mass of 806 Da could still offered some 

insights on the corresponding biosynthesis pathway. All five strains used in this experiment expressed 

colYa, which was not present in previous experiments with strain AN-04, indicating colYa was not 

essential in the production of the vic-like peptide. Strains AN-09, AN-10 and AN-11 each carried the 

same col genes, except for the absence of copper amine oxidase colK in AN-10 and the absence of CYP 

colL in AN-11. Absence of any vic-like compound in strain AN-10 confirmed the involvement of colK in 

the biosynthetic pathway. Conversely, similar production levels of strains AN-09 and AN-11 suggested 

colL not to be involved in biosynthesis of the vic-like peptide, and by extension, CYP1 not to be involved 

in victorin biosynthesis. Strains AN-07, AN-08 and AN-09 each carried the same genes except for one 

additional gene each: oxidase colX2 for AN-07, hypothetical protein colX3 for AN-08 and esterase colX4 

for AN-09. Results were more difficult to compare since a plasmid not featuring either of the three genes 

was not assembled in time, therefore no control strain establishing a baseline of compound expression 

was available. AN-07 and AN-09 showed similar titers of vic-like peptide, whereas AN-08 displayed 

markedly higher production. This could indicate that colX3 was involved in biosynthesis and, while not 

essential, when missing decreased yields similar to what has been observed for ustiloxin production in 

A. flavus when disrupting a number of genes from the ustiloxin BGC.14 On the other hand, these results 

could be interpreted as colX3 not being involved in biosynthesis, while colX2 and colX4 installed 

additional PTMs on the 806 Da peptide. Although this seems unlikely given the fact that no additional 

unique peaks could be detected in the chromatograms of either AN-07 or AN-09, to fully resolve this 

question, the experiment would need to be repeated while including an adequate control.  

Finally, vic-like BGCs in A. montagnei and in C. eremochloae both featured a gene encoding a 

transcription factor each, and both transcription factors were homologues. Thus, they were highly likely 

to regulate expression of their corresponding BGCs. An import permit for the strains could not be 

obtained in time for this thesis, but for future full elucidation of biosynthesis of these two BGCs by 

overexpression of the transcription factors would be a promising strategy.  
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3.3.3 Cochliobolus victoriae protoplasting and transformation 

A reliable protocol for generation of protoplasts from C. victoriae and transformation with glufosinate 

as selectable marker has been established here. However, it was not possible to determine whether the 

complementation of the vicA deletion strain with a copy of vicA controlled by the gpdA promoter was 

successful, since the lack of victorin production in the rescue strain could be caused by the same issue 

that has also resulted in the lack of victorin production in strains that previously reliably produced. 

Diagnosing the reason for the vicR overexpression experiment failing to induce victorin production was 

even more difficult. The production issue plaguing all the C. victoriae strain could simply be impervious 

to transcription factor overexpression, even assuming the transcription factor overexpression itself 

worked exactly as planned. However, there were other potential issues as well. For one, the transcription 

factor has not been established to be involved in vic gene regulation. It was located about 17 kb 

upstream of the nearest other vic candicate gene vicYy116 and could be completely unrelated to victorin 

regulation. One example illustrating this possibility is the transcription factor regulating polyketide 

asperfuranone in A. nidulans, which was found on a different chromosome than the corresponding 

BGC.32 The vic homologous BGCs in A. montagnei and C. eremochloae featured transcription factors apiR 

and colR, respectively, in the presumed centre of the gene clusters, which suggests that the victorin 

genes were controlled by one as well, or have been in the past. However, sequence identity between 

ApiR, ColR and VicR was low. A separate issue was the absence of a detected middle homology region 

in any of the coding sequences predicted for vicR. This could indicate that VicR was dysfunctional, or 

have been due to a complex intron-exon structure that made it difficult to predict. In case of the latter, 

the reverse primer for amplification of vicR could have been designed upstream of the actual vicR stop 

codon, truncating the gene in the assembled vector and rendering the overexpressed transcription 

factor dysfunctional. Although a C. victoriae strain with transcriptional over-activated victorin 

production would be valuable for further pathway elucidation experiments and isolation of victorin 

pathway intermediates, I chose not to further pursue vicR overexpression, given the many factors of 

uncertainty and how labour intensive protoplast generation and transformation was. This approach 

could be revisited if transcriptomics data can establish a link between vicR and victorin production, as 

well help clarify the boundaries of the vicR gene. Similarly, gene deletions still hold promise as a valuable 

tool for further victorin biosynthetic pathway elucidation due to the now established transformation 

protocol, but are only viable if victorin production can be revived in the wild type strain first. 
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3.4 Materials and methods 

3.4.1  gDNA extraction from Cochliobolus victoriae  

gDNA was extracted from liquid cultures. The floating mycelial mat was separated from the culture 

media and residual liquid was squeezed from the mycelial mass. Mycelium was snap frozen in liquid 

nitrogen and ground into fine powder with mortar and pestle. About 1 mL of ground mycelium was 

transferred into 500 µL of a solution of 10 mM Tris, 10 mM EDTA, SDS 1% (w/v) and 100 µg RNase A, 

and incubated at 65 °C and 400 rpm for 30 min. After incubation, 500 µL of 2.8 M CH3CO2K and then 

500 µL of 24:1 chloroform:isoamyl alcohol were added, mixing the suspension after each addition. After 

centrifugation at 10000 rcf for 10 min the supernatant was transferred, 0.7 volumes of isopropanol were 

added and kept at room temperature for 10 min. The solution was centrifuged at 10000 rcf for 10 min, 

the pellet was washed with 70% ethanol and resuspended in TE buffer. 

 

3.4.2  Plasmid assembly 

PCRs were performed with lab-made Pfu DNA polymerase from Pyrococcus furiosus. Per 50 µL reaction 

volume 5 units of polymerase, 0.5 µM primers, 500 µM dNTPs and 5-500 ng of template DNA were 

used. Denaturing and annealing was performed at 95 °C and extension at 95 °C for 1 min per kb.  

PCR product was purified by agarose gel electrophoresis and subsequent gel clean-up with the 

FavorPrep GEL/PCR Purification Mini Kit. 5-10 µg plasmid were digested overnight with the appropriate 

restriction enzyme, the reaction was heat inactivated and then used directly with purified PCR product 

for Gibson assembly with NEBuilder HiFi DNA Assembly Master Mix according to the manufacturer’s 

instructions. 

1 µL of Gibson assembly product was used to transform by electroporation 5 µL of NEB 10-beta 

competent E. coli, which were spread on LB agar plates with the appropriate antibiotic. Colonies were 

picked to inoculate 3 mL of LB media with the appropriate antibiotic.  

Minipreps were performed by centrifuging the 3 mL cultures, discarding the supernatant and adding 

200 µL of 50 mM Tris-HCl pH 8, 10 mM EDTA and 100 µg/mL RNase A. After vortexing, 200 µL of 

200 mM NaOH and 1% SDS were added. Tubes were inverted to mix, 300 µL of 3 M potassium acetate 

pH 5.5 were added and tubes were inverted again. Tubes were centrifuges for 10 min at max speed and 

700 µL isopropanol was added to the supernatant. After inverting, tubes were incubated for 10 min, 

centrifuged and the supernatant removed. The pellet was washed with 70% ethanol, dried and 

resuspended in TE-buffer or water.  

Small amounts of miniprepped plasmids were digested and checked per agarose gel electrophoresis. 

Plasmids with the expected fragment pattern were sent for sequencing.  
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3.4.3  Aspergillus nidulans transformation, culturing and extraction 

A. nidulans LO8030 protoplasts were generated as previously described19 and stored at -80 °C in a final 

concentration of 12% (m/v) polyethylene glycol (PEG).  

For transformation, a total of 6 µg of plasmid DNA was added to STC buffer to a total volume of 50 µL 

and incubated on ice for 20 min with 60 µL of protoplast solution containing ~107 protoplasts. Then, 

625 ml of PEG solution was added and incubated at room temperature for 20 min. STC buffer was added 

to a total volume of 2 mL and the solution spread on SMM agar plates with added supplements 1.26 g/L 

uridine, 0.56 g/L uracil, 10-4% (w/v) pyridoxine-HCl, 2.5x10-4% (w/v) riboflavin where appropriate. Agar 

plates where incubated at 37 °C for 4 d.  

To inoculate a liquid culture, a single colony from the transformation plate was first transferred and 

spread onto a GMM agar plate with the appropriate supplements, which was incubated for 4 d at 37 °C. 

Spores were harvested by spreading 4 mL of 0.1% (w/v) tween 80 on the agar plate and scraping off the 

spores. In case Amberlite resin was used for compound extraction, 4 mL of water was used instead of 

tween 80. 108 spores were used to inoculate 50 mL of GMM in a 250 mL Erlenmeyer flask, with 50 µg/mL 

ampicillin and added supplements as above, where appropriate. Liquid cultures were incubated at 37 °C 

and 200 rpm for 18 h, then 2.66 mL/L of cyclopentanone were added and the cultures were incubated 

at 25 °C for 2 d. 2.66 mL/L of cyclopentanone were added again and the cultures were incubated at 

25 °C for an additional 2 d.  

For Amberlite resin extraction, mycelium was removed from the liquid culture by filtration and the filtrate 

incubated with 2 g/L (w/v) of Amberlite XAD-16 resin at room temperature and 250 rpm for 1 h. Culture 

filtrate was removed and the resin washed with 10 mL of 5% acetonitrile. Elution was performed with 

either 1.5 mL each of 20%, 40% and 60% acetonitrile or 2 mL each of 30% and 60% acetonitrile. 

Acetonitrile was evaporated from the elution fractions and volume adjusted to 500 µL with water. 25 µL 

of acetonitrile were added prior to LC-MS analysis.  

 

3.4.4  Mass spectrometry 

LC-MS analysis was performed as previously described.16 Tandem MS spectra were recorded on a 

Thermo Fisher Q Exactive Focus Orbitrap operated by Dr Frankie Busetti at Edith Cowan University. The 

column used was an Agilent Poroshell 120 SB-C18 (2.1 x 100 mm, 2.7 μm) with a 15 or 20 min linear 

gradient of 5-95% acetonitrile containing 0.1% formic acid and a flow rate of 0.3 mL/min. Fragmentation 

was achieved with higher-energy collisional dissociation (HCD) at a normalized collisional energy value 

of 20, 40 and 60% or 15, 30 and 60% (stepped collision energy). 
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MS data was analysed using Thermo Fischer FreeStyle 1.8 SP1, Agilent MassHunter Qualitative Analysis 

B.07.00 and Agilent LC/SQ ChemStation to MassHunter Translator B.04.00. 

 

3.4.5 Cell-free in vitro assay 

C. victoriae FI3 cultures were set up as previously described.16 Mycelium was removed from the liquid 

culture. The culture medium was centrifuged for 10 min at max speed and the supernatant added to an 

equal volume of ethyl acetate. After incubating at room temperature and 300 rpm for 1 h, the ethyl 

acetate was removed and an equal volume of n-butanol was added. Following incubating again at room 

temperature and 300 rpm for 1 h, the aqueous phase was removed and the n-butanol evaporated from 

the remaining phase while adding water to prevent complete drying of the extraction. Once all n-

butanol was removed, the remaining aqueous solution was checked for victorin by LC-MS.  

The victorin extraction was further purified on the Agilent 1260 liquid chromatography with a Vydac 

Denali C18 column (10 x 250 mm, 5 μm). Acetonitrile was evaporated from collected fractions and 

checked by LC-MS. Fractions with the highest ratio of victoricine to victorin C as estimated by 

chromatogram peak size were combined and used as substrate for the in vitro assay.  

Cell-free lysate was prepared from mycelium of A. nidulans strains AN-02 and AN-e1 as previously 

described.16 For the in vitro assay, 135 μL concentrated substrate were incubated with 1350 μL of cell-

free lysate and 15 μL of 100 mM phenylmethylsulfonyl fluoride at 25 °C and 400 rpm for 14 h. After 

centrifuging, the supernatant was passed through a 100 mg Agilent Bond Elut C18 column. The column 

was washed with 5% acetonitrile and eluted with 2 mL of 75% acetonitrile. Acetonitrile was evaporated 

from the elution, and the remaining aqueous solution analysed by LC–MS. 

 

3.4.6 Cochliobolus victoriae protoplast generation 

This method was based on a protocol published by the Turgeon Lab,17 with some modifications. 

Protoplasts were successfully generated from inoculum both from agar plates and liquid cultures. To 

generate inoculum from liquid culture, two 250 mL Erlenmeyer flasks containing 50 mL CMX with 

100 µg/mL ampicillin were inoculated directly from the glycerol stock and grown at room temperature 

under 16:8 h light:dark cycle (grow light wavelengths: 630 nm, 460 nm, 390 nm, 730 nm). After 10 d, the 

liquid media was removed and the mycelium from both flasks combined and shredded in a kitchen 

blender. The blended mycelium was then vortexed with Zirconox 3 mm beads for 5-10 min in a 50 mL 

Falcon tube and used as inoculum.  
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To generate inoculum from agar plates, three CMX agar plates were inoculated from glycerol stock and 

grown for 7 d at room temperature under 16:8 h light:dark cycle. The propagule was scraped off, 

vortexed with Zirconox 3 mm beads for 5-10 min in a 50 mL Falcon tube and used as inoculum. 

The inoculum from either agar plates or liquid cultures was added to one 250 mL Erlenmeyer flask with 

100 mL CM and incubated at 26 °C, 200 rpm for 2 h. The culture was then centrifuged for 5 min at 

3200 rcf and 0.5-1 g portions of the pellet were distributed into 50 mL Erlenmeyer flasks, each 

containing 0.8 g of extralyse dissolved in 10 mL of 0.7 M NaCl. The cultures were incubated at 26 °C, 

70 rpm for 2 h, filtered through two layers of miracloth and a 40 µm Greiner EASYSTRAINER cell strainer 

and centrifuged at 3000 rcf, 4 °C for 6 min. The supernatant was carefully removed with a pipette and 

the pellet was washed once with 10 mL of chilled 0.7 M NaCl and three times with 15 mL of chilled STC. 

The washed pellet was then resuspended in 200 µL STC. Then the protoplast density was adjusted to 

roughly 108/mL with STC. 

 

3.4.7 Glufosinate solution extracted from Basta 

20 ml of BASF Basta (200 g/L glufosinate-ammonium) were added to 20 mL of chloroform in a 50 mL 

Falcon tube and gently mixed by rolling the tube on the side to avoid foaming. After centrifuging for 

10 min at 3000 rcf, the aqueous layer was transferred to a new tube and the extraction repeated with 

an equal volume of chloroform. 

 

3.4.8 Cochliobolus victoriae transformation 

About 10 µg of the plasmid to be transformed were digested with a single-cutter restriction enzyme in 

a 20 µL reaction overnight. As -DNA control, plasmid was omitted from an additional overnight digest. 

120 µL of freshly prepared protoplast solution were added and kept on ice for 10 min. 200 µL, 200 µL 

and 800 µL of freshly prepared PEG were added, each time incubating the mixture for 10 min, on ice for 

the first two additions and at room temperature for the last addition. The total volume was then brought 

to 2 mL with STC. Each individual transformation was plated on five agar plates by pouring 20 mL of 

molten regeneration agar into a 100 mm petri dish, then adding 400 µL of transformed protoplasts into 

the not yet solidified agar and twirling the mixture with a pipette tip. Plates were incubated at 30 °C 

overnight. The following day, an overlay of 10 mL of water agar was added to each plate, each 

containing a different volume of glufosinate solution, since the actual concentration of glufosinate in 

the glufosinate solution was unknown. A volume of either 5, 10, 15, 20 or 30 µL of glufosinate solution 

was added to each overlay, corresponding to a total amount of 0.75, 1.5, 2.25, 3 and 4.5 mg of 

glufosinate per 10 mL of overlay, respectively, when assuming a concentration of 150 mg/mL for the 
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glufosinate solution. For the -DNA control transformation, the overlay with the highest concentration 

of glufosinate was omitted.  

All plates were incubated at 30 °C for 2 d, then at room temperature under 16:8 h light:dark cycle until 

colonies emerged. Agar plates with the highest concentration of glufosinate still showing colony growth 

were used for further processing. Colonies were transferred to new agar plates by extracting an agar 

plug from the centre of the colony, splitting it in three pieces and placing one piece each on a CMX 

plate, a MM+glufosinate plate and a MM*+glufosinate plate. Colonies from the -DNA plate without 

overlay were transferred in the same way. The agar plates containing the transferred colonies were 

incubated at room temperature under 16:8 h light:dark cycle for 7 d. gDNA was extracted and genomic 

integration of the plasmid was confirmed via PCR.  
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Chapter 4: Cochliobolus victoriae differential gene expression analysis 

4.1 Introduction  

Heterologous reconstruction- or gene deletion-based approaches for investigating polyketide synthase 

(PKS) or non-ribosomal peptide synthetase (NRPS) pathways are often successful based merely on 

general gene cluster boundary and gene function predictions. However, applying these methods to 

elucidate the victorin biosynthetic pathway in C. victoriae laid out in previous chapters have so far been 

only partially unsuccessful. A long, yet potentially incomplete list of candidate genes, uncertainty about 

the accuracy of predicted gene and intron/exon boundaries and little guidance through literature 

specific to fungal RiPPs turn these approaches into trial-and-error experiments with too many variables. 

In this chapter, I present the results from my efforts to gather genomics and transcriptomics evidence 

which could guide later pathway elucidation experiments. 

RNA-sequencing (RNA-seq) is a method for studying snapshots of genome-wide transcription levels. 

Compared to microarray assays, RNA-seq is not limited to pre-selected genes and has shown to be 

more sensitive and reproducible.4 In RNA-seq, transcript levels are measured by next-generation 

sequencing of cDNA libraries created from extracted RNA. Sequenced reads are then aligned to either 

a reference genome, or if unavailable, a reference transcriptome assembled from the sequencing data. 

Reads that align with a biological “unit” of choice (e.g. annotated genes, transcripts or exons) are 

assigned and counted. For comparison between multiple samples, read counts need to be normalized 

for sequencing depth and library composition followed by differential gene expression analysis,5 for 

which a number of different tools are available. Here, I used DESeq2,6 since it has been shown to perform 

well for a range of different test conditions7 and is available both on the Galaxy web platform8 and 

embedded in Geneious R11.  

Besides revealing gene expression levels, RNA-seq data can also be used as additional evidence by 

genome annotation pipelines such as MAKER9 to make more accurate gene and coding sequence 

predictions. Both vic loci in the C. victoriae FI3 genome as previously published1 were annotated 

manually, without including transposable elements for clarity. Here, I re-annotated the genome for 

several reasons. Firstly, differential gene expression analysis tools like DESeq2, edgeR and limma-voom 

normalize for library composition to allow for expression levels comparisons between samples. Library 

composition is based on read counts, and takes into account reads only if they are aligned to an 

annotated gene or coding sequence on the genome. Therefore, the accuracy of the differential gene 

expression analysis depends on an accurate and comprehensive genome annotation, including the 

annotation of transposable elements. Secondly, genome annotation based on RNA-seq data is more 

robust than annotations derived from de novo prediction algorithms without species-specific evidence 
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and would likely reveal any vic gene that may have been overlooked previously. Thirdly, evidence from 

RNA-seq data helps reliably predicting exon-intron boundaries of genes, since introns are not present 

in the RNA-seq raw reads. 

To obtain meaningful results from an RNA-seq experiment, the choice of samples must be considered 

carefully. RNA-seq enables the detection of differentially expressed genes between conditions. 

Production rates of SM in fungi are adjusted up or down based on the biological needs of the producing 

organism by regulating the expression levels of the genes involved in the biosynthesis of the SM.10 

Therefore, when investigating a SM of interest, comparing gene expression levels between samples from 

non-producing conditions to samples from conditions in which the SM is produced can pinpoint the 

corresponding biosynthetic genes. Accordingly, to draw conclusions on victorin biosynthesis from 

transcriptomics data, I needed to compare transcriptomics data from strains or conditions that showed 

a significant difference in vic gene expression, but as little perturbation of expression of unrelated genes 

as possible. From the C. victoriae strains that were available to me, I had a few different options that 

were potentially suitable for RNA-seq.  

C. victoriae strains that I used for the work presented in Chapter 2 were the wild type strain FI3 and 

deletion mutants FI3ΔvicA*, FI3ΔvicK1/2 and FI3ΔvicYb. These strains were provided by Prof B. Gillian 

Turgeon from Cornell University. However, after working with these strains for several months, they 

stopped producing victorin entirely (Figure 1). Victorin production has been reported as notoriously 

fickle, with orders of magnitude difference in titers reported between batches of cultures,11 and also 

observed by me. Nevertheless, the complete stop of production in multiple strains and over multiple 

batches and time points indicated a problem beyond merely widely varying compound titers. Fungal 

secondary metabolism is highly dependent on environmental signals.12 However, the culture and 

storage conditions I used replicated those reported in the literature and reliably resulted in victorin 

production in the earlier part of my work with C. victoriae. Since they had remained unchanged until 

toxin production ceased, this phenomenon is likely unrelated to the culture conditions. Instead, it is 

presumably due to the “domestication” of the strains through prolonged exposure to lab conditions. 

Figure 1 Overview of the characteristics of different C. victoriae strains mentioned in this chapter. 
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These domestication processes are based on either the accumulation of mutations or epigenetic 

changes.13 The fact that multiple strains stopped victorin production in a similar timeframe makes the 

genetic mutations an unlikely explanation and points towards an epigenetic adaption. Therefore, a good 

candidate pair for RNA-seq analysis would be comparing non-producing C. victoriae strain FI3 to the 

same strain where the epigenetic silencing of vic genes had been reversed. However, to enable this 

comparison, I first needed to revive victorin production in strain FI3. A previous attempt – 

overexpressing transcription factor vicR, reported in Chapter 3 – had failed. Instead, I attempted to 

induce victorin production with a different approach. Applying epigenetic modifiers like inhibitors of 

histone deacetylases (HDACs) or DNA methyltransferases to fungal cultures have been reported to 

induce the expression of BGCs.14, 15 Fungal BGCs located at the ends of the chromosomes are often 

regulated by epigenetic remodelling of the chromatin.16 Although assembly of the FI3 genome may 

have not reached full chromosome resolution, it was likely very close with a full assembly into only 22 

supercontigs. Both vic loci are located at the end of a supercontig and therefore presumably at the end 

of a chromosome. Additionally, both vic loci are in repeat-rich genomic areas, a feature associated with 

telomeric regions.17 Consequently, vic genes might be especially susceptible to induction by epigenetic 

modification due to their location in the genome. In a screening of 13 different compounds with 

inhibition activity towards HDACs or DNA methyltransferases, 5-azacytidine has been shown to induce 

or enhance the production of SMs in ten out of twelve strains tested, the highest success rate of all 13 

compounds16 and has been used in a number of studies to induce SM biosynthesis in filamentous 

fungi.18 Here, I attempt to induce the victorin biosynthesis pathway by adding different concentrations 

of 5-azacytidine to cultures of non-producing C. victoriae FI3.  

 
A second strategy to revive victorin production in strain FI3 was inspired by classic approaches to SM 

discovery, where a variety of culture conditions are used to induce expression of a wide range of BGCs. 

This approach is based on the observation that microorganisms in nature produce different SMs in 

response to environmental changes in their ecological niches.19 For C. victoriae specifically, the addition 

of oats to culture media has been shown to result in increased victorin titers.11 Cultivating C. victoriae 

with oats in different setups was therefore used as a second strategy to revive victorin production. 

Growing C. victoriae on leaves of susceptible oat cultivars was considered but ultimately dismissed, since 

obtaining the seeds and working with these cultivars was difficult due to heavy quarantine regulations 

in Australia. 

Additionally, I obtained two new C. victoriae strains from the Turgeon lab: HvW, a victorin wild type 

producer of unknown origin20 and Tx1-18, a victorin over-producing strain (Figure 1). Both Tx1-18 and 

Tx189, the victorin null-strain previously used as a negative control1 (Chapter 2) are restriction enzyme-
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mediated integration (REMI)21 mutants of HvW.22 REMI results in a disruption at a single random 

genomic restriction site, in this case through the genomic integration of the HindIII-digested plasmid 

pUCATPH, which confers resistance to hygromycin.23 If the different strategies to revive victorin 

production in C. victoriae strain FI3 were unsuccessful, comparing transcriptomics data between strains 

HvW, Tx189 and Tx1-18 instead could potentially illuminate the transcriptional regulation of the vic 

genes. In this regard, non-producer strain Tx189 might be less suitable than overproducer strain Tx1-

18, since the abolishment of victorin production in Tx189 could be the result of the deletion of a single 

essential vic gene and therefore not affect transcription levels of the entire victorin biosynthetic 

pathyway. On the other hand, the over-induction of victorin biosynthesis in Tx1-18 through REMI-

mediated disruption of a single gene is much more likely to be related to an upregulation of all vic 

genes and might therefore be the more promising strain to compare to HvW. In addition to being 

candidates for transcriptomics-based analysis, the three C. victoriae strains HvW, Tx189 and Tx1-18 

could also provide insights into victorin biosynthesis through comparison of the genomic vic loci to 

those identified in FI3. Furthermore, the location of the REMI sites in Tx189 and Tx1-18 could identify 

genes that are prominently involved in victorin biosynthesis. Therefore, I also decided to perform 

genome sequencing, including long-read sequencing, on all three strains. 

In summary, here I attempted to obtain transcriptomics data through RNA-seq from strain FI3, if revival 

of victorin production was successful, since a high-quality genome assembly and annotation was already 

available for this strain. Alternatively, RNA-seq could be performed on HvW and one of the HvW-derived 

REMI mutants, which I also performed genome sequencing on. Evidence from these experiments would 

facilitate finding previously missed vic genes, ruling out vic candidate genes not actually involved in 

victorin biosynthesis, correcting faulty gene annotations and guiding subsequent pathway 

reconstruction experiments. 

 

4.2 Results 

4.2.1 Cochliobolus victoriae strain FI3 DNA methyltransferase inhibitor cultures 

Due to the cytotoxic effects of 5-azacytidine, the effect on fungal growth of adding to 0.1 mM and 1 mM 

5-azacytidine to liquid cultures of strain C. victoriae FI3 were tested in comparison to addition of DMSO 

or water. The upper limit of 1 mM final concentration in the culture was chosen in line with similar 

maximal concentrations reported in the literature.14-16 Visual inspection indicated little difference in 

mycelial cell mass between control and 5-azacytidine cultures (Figure 2A). The mycelium of one culture 

containing 1 mM 5-azacytidine showed a pinkish hue, while the mycelia of the remaining cultures were 

mostly white. However, no victorin was detected in any of the extractions of the culture media.  
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4.2.2 Cochliobolus victoriae strain FI3 groat cultures 

Liquid cultures of C. victoriae used for victorin extraction contained 25 g/L of rolled oats to maximize 

victorin titers. However, to obtain enough spores to inoculate liquid cultures, C. victoriae from glycerol 

stock was previously first grown on agar plates for 7 to 10 d without any oats. To ensure continued 

exposure to oats, instead of agar plates, oat groats were inoculated with C. victoriae strain FI3 from the 

glycerol stock. Fully colonized groats were then used to inoculate oat-containing liquid cultures. Again, 

no victorin was found in any liquid culture extractions. Consequently, I ruled out using strain FI3 for 

RNA-seq analysis and instead focused on strains HvW, Tx189 and Tx1-18 (Figure 1). 

 

4.2.3 Cochliobolus victoriae strains Tx189 and Tx1-18 REMI site analysis 

As I had not yet received strain HvW from the Turgeon Lab, and because the genomes of Tx189 and 

Tx1-18 should differ from HvW merely by a single insertion at the REMI site, at this point I only 

performed whole genome sequencing for strains Tx189 and Tx1-18 with Illumina technology. Raw reads 

were assembled into 320 and 269 contigs with a mean length of roughly 100 and 120 kb, respectively. 

Next, I located the REMI sites in the genomes of both Tx189 and Tx1-18 to identify any gene sequence 

that had been disrupted by the REMI-mediated integration of pUCATPH. In Tx189, AUGUSTUS 24 gene 

prediction found no coding sequence at the plasmid insertion site. Closest to the REMI site was the 

coding sequence of a predicted major facilitator superfamily transporter (900 bp upstream) and that of 

a predicted hypothetical protein (2000 bp downstream). Therefore, the loss of victorin by strain Tx189 

production was not explained by disruption of a coding sequence through the genomic integration of 

pUCATPH. Consequently, I queried the Tx189 genome assembly for copies of vicA. Surprisingly, this and 

queries with other vic genes did not return any hits. Strain Tx189 appeared to have lost vic loci essential 

to victorin production in a genomic rearrangement event possibly related to the PEG-mediated 

protoplast transformation during the REMI experiment. In fungi, telomeric regions containing repetitive 

elements have been reported to be especially prone to recombination events.25 Therefore, strain Tx189 

could offer no insights into victorin production, neither through the identification of the REMI site, nor 

by vic locus comparison, nor through RNA-seq analysis. 

Analysis of the REMI site in strain Tx1-18 revealed a predicted histone acetyltransferase (HAT) gene, 

here named HAT1, to be disrupted by the plasmid insertion (Figure 2D). HATs acetylate lysine residues 

of core histones and act as the opposing player to HDACs. Together these enzymes tightly control the 

acetylation status of histones, and consequently transcriptional status. Interestingly, histone acetylation 

is usually associated with transcriptional activation,26 thus, the immediate impact of HAT1 disruption 

would presumably be a decrease of transcription in the genomic region targeted by the enzyme. 

Nevertheless, more and more evidence of the multifaceted functions of HATs in the lifecycle and  
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Figure 2 Selection of C. victoriae cultures for RNA-seq experiment. (A) C. victoriae liquid cultures with added 5-
azacytidine after 14 d. Top row: strain FI3. Bottom row: strain FI3ΔvicK1/2. Left to right: Addition of 5-azacytidine 
to final concentration of 1 mM, 5-azacytidine to final concentration of 0.1 mM, DMSO, water. (B) Growth of C. 
victoriae strain Tx1-18 in different media after 14 d. Left to right: Fries medium +oat, Fries medium -oat, YPD, GMM. 
(C) Growth of C. victoriae in liquid culture and on CMX agar. Growth of liquid cultures is shown for four biological 
replicates per row after 10 d. Three cultures each from top and middle rows were used for the RNA-seq experiment. 
First row: strain HvW in Fries medium +oat. Second row: strain Tx1-18 in Fries medium +oat. Third row: HvW in 
Fries medium -oat. (D) Insertion site of pUCATPHA into HAT1 in the genome of Tx1-18.  
(continued below) 
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pathogenicity of fungal plant pathogens has been emerging.27 Consequently, over-production of 

victorin by strain Tx1-18 was likely to be clearly reflected by vic gene expression levels, making Tx1-18 

a promising target for differential gene expression analysis by RNA-seq. 

 

4.2.4 RNA-seq sample selection and preparation 

Based on the identified REMI site in Tx1-18, transcription levels of vic genes were likely to show a marked 

difference to those in strain HvW. However, disruption of HAT1 in strain Tx1-18 might influence 

expression of a vast number of genes, not merely the genes of the victorin biosynthetic pathway. 

Consequently, the noise of upregulated genes unrelated to victorin production might make it more 

difficult to identify potential additional vic genes that were previously missed, as well as dismissing vic 

candidate genes that were not actually involved in the victorin pathway. Therefore, I also attempted to 

increase or diminish victorin production through the variation of culture conditions with the aim of 

obtaining RNA-seq datasets that showed more vic gene-specific differences in expression levels. Growth 

of C. victoriae in YPD and GMM liquid cultures was very poor compared to Fries medium (Figure 2B) 

and therefore not considered further. Instead, only Fries medium was used, but victorin production was 

manipulated by the addition or omission of oat supplementation. Subsequently, I set up eight liquid 

cultures each for strain HvW in Fries with oat, HvW in Fries without oat and Tx1-18 in Fries with oat, and 

I measured victorin titers and determined wet cell mass at different timepoints. Cultures containing oat 

grew considerably faster than those without, and half of the oat-containing cultures were processed 

once the floating mycelial mat covered the liquid medium entirely after ten days of incubation, the other 

half after 15 days. Cultures without oat grew slower in comparison and the mycelial mat never grew to 

fully cover the liquid (Figures 2B and 2C). These cultures were processed in two equal batches at the 15- 

and 19-day mark to allow more biomass to accumulate. Weighing of the mycelial wet (where the cell 

pellet had been placed between filter paper and most liquid had been squeezed out) cell mass (Figure 

Figure 2 (continued) (E), (F) Victorin C titers, wet cell mass and victorin C titers normalized to wet cell mass of strain 
HvW in Fries medium +oat (red), strain Tx1-18 in Fries medium +oat (blue) and strain HvW in Fries medium –oat 
(green) at two different time points each. Bars represent the mean of three or four samples. Black data points 
represent samples that were used for the RNA-seq experiment, labelled with the corresponding RNA-seq sample 
name (Table 1). Grey data points represent samples that were discarded. Victorin C titers were calculated by 
measuring the chromatogram victorin C peak areas from culture extractions. Values visualized in this figure are 
listed in Table 3. (G) Gel electrophoresis images of PCRs performed with gDNA and RNA extracted from C. victoriae 
liquid cultures for RNA-seq with primers #868 and #869 amplifying vicYa. Lanes 5, 22, 39 and 48: ladder. Lanes 1–
4: positive control with 440, 88, 17.6 and 3.5 ng/µl HvW gDNA as template. Lanes 6 to 21 and 23 to 38 (showing no 
specific bands): RNA RT reactions as template, alternating +RT and -RT, from RNA extractions of four cultures each 
from HvW (Fries +oat, 10 d), HvW (Fries +oat, 15 d), Tx1-18 (Fries +oat, 10 d) and Tx1-18 (Fries +oat, 15 d). Lanes 
40–47: HvW (Fries +oat, 10 d) RNA extractions 1:100 dilutions as template. Lanes 40–47 and 49–56: 1:100 dilutions 
of RNA extractions as template. Lanes 40–43: HvW (Fries +oat, 10 d), 44–47: HvW (Fries +oat, 15 d), 49–52: Tx1-18 
(Fries +oat, 10 d), 53–56: Tx1-18 (Fries +oat, 15 d).  
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2E) revealed slightly higher overall growth of strain HvW compared to strain Tx1-18 in oat-containing 

medium. Mycelial weight measured in HvW cultures without oat was lower compared to that of oat-

containing cultures, with the mean of the measured weights surprisingly lower at 19 days of growth 

compared to 15 days. This was likely due to a lack of measuring precision for cultures grown without 

oat. Absence of oat in the growth media resulted in cultures that did not grow into a single, thick 

mycelial mat but instead grew as several disjointed “islands” of mycelium (Figure 2C), which were 

difficult to process and measure. As a proxy for vic gene expression, victorin titers in the culture media 

were estimated by extracting victorin from the culture media and calculating the area under LC-MS 

chromatogram peaks of victorin C, the most abundant victorin species. Peak areas were normalized to 

the wet cell weight (Figure 2F). Although the addition of oat to growth media has been reported to 

boost victorin production strongly, normalized victorin titers were roughly equal between HvW oat-free 

and oat-containing cultures. Therefore, comparing these two conditions would presumably not show 

major differences in vic gene expression. Furthermore, HvW oat-free cultures showed more variability 

between biological replicates regarding victorin titers compared to oat-containing cultures, likely 

complicating RNA-seq analysis. Consequently, HvW oat-free cultures were not considered for further 

transcriptomics analysis.  

Surprisingly, normalized victorin titers were lower in HvW cultures both with and without oat at the later 

extraction time point, whereas it was the opposite for Tx1-18 (Figure 2F). Since victorin is very stable in 

aqueous solution, this suggested some degradation caused by C. victoriae itself. Similarly, I previously 

observed A. nidulans-derived cell-free lysate to degrade a substantial amount of victorin species HV-

toxin M within only a 14 hour period.1 Assuming C. victoriae-mediated victorin degradation at a roughly 

constant rate, the differences in victorin titers between 10 and 15 day HvW cultures would indicate net 

victorin production to exceed net degradation in the first ten days of culturing, followed by a decrease 

in victorin production rates for the following five days. On the other hand, normalized victorin titers of 

Tx1-18 oat-containing cultures incubated for 15 days were more than double the titers measured after 

ten days, indicating an increase in victorin production rates towards the final third of the culturing 

period. Overall, this suggested substantial differences in vic gene expression both when comparing HvW 

versus Tx1-18 and time points 10 versus 15 days. Consequently, I extracted RNA from 16 samples in 

total, consisting of four biological replicates per strain and time point.  

To ensure vic gene expression and to obtain a rough estimate of relative expression levels, I performed 

reverse transcription PCR (RT PCR) on all 16 samples. I chose vicYb as amplification target, since there 

was only a single copy in the genome of strain FI3 and it has been shown to be essential to victorin 

biosynthesis.1 However, gel electrophoresis of the RT PCR reactions showed no band for any of the 

samples, whereas a positive control PCR reaction using different dilutions of HvW gDNA as template 



66 
 

showed single, bright bands at the anticipated running distance (Figure 2G). The failure of the RT PCR 

reactions was likely due to old reverse transcriptase stock solution. RT PCR was not repeated due to 

time constraints, and because vic gene expression could be inferred from the victorin titers in the culture 

media. Gel electrophoresis of PCRs targeting vicYb with dilutions of the 16 RNA extractions as templates 

showed bands for two samples, indicating gDNA contamination (Figure 2G). These two samples were 

excluded from further analysis, along with the biological replicate showing highest victorin C titers of 

all the Tx1-18 10 d-cultures and the biological replicate with the lowest victorin C titers of all the Tx1-

18 15 d-cultures. The remaining 12 samples (three biological replicates per strain and time point) were 

submitted for RNA-seq analysis (Table 1). 

Table 1 Descriptions of samples submitted for RNA-seq. 

Sample name Strain Culturing Biological replicate 
H101 HvW 10 d, +oat 1 
H102 HvW 10 d, +oat 2 
H103 HvW 10 d, +oat 3 
H151 HvW 15 d, +oat 1 
H152 HvW 15 d, +oat 2 
H153 HvW 15 d, +oat 3 
T101 Tx1-18 10 d, +oat 1 
T102 Tx1-18 10 d, +oat 2 
T103 Tx1-18 10 d, +oat 3 
T151 Tx1-18 15 d, +oat 1 
T152 Tx1-18 15 d, +oat 2 
T153 Tx1-18 15 d, +oat 3 

 

4.2.5 RNA-seq data quality assessment 

For all 12 samples submitted for RNA-seq, A260/280 ratio as measured with a Nanodrop machine 

exceeded 1.8, while A260/230 exceeded 2.0. Furthermore, RNA integrity numbers (RINs) were 

determined with a TapeStation to be between 7.6 and 9.0 (Figure 3A). RNA-seq produced at least 16 

million reads per sample, with at least 92% of reads with a Phred score of 30 or higher (Figure 3B).  

 

4.2.6 HvW/Tx1-18 sequencing, genome assembly, annotation and vic gene identification 

Differential gene expression analysis can be performed for a genome or a transcriptome. Here, I chose 

the former, since I wanted to investigate expression activity of genes in the genomic context of the vic 

loci. As described above, the quality of a differential gene expression analysis partly depends on the 
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scaffold to which the RNA-seq reads are assembled. Therefore, PacBio sequencing was performed on 

gDNA from HvW and Tx1-18 to obtain a genome assembly of higher quality than the one previously 

achieved with Illumina sequencing. PacBio sequencing produced only about 19000 unique reads with 

an average length of 9.2 kb for HvW, and about 12000 unique reads with an average length of 4.9 kb 

for Tx1-18, likely due to a contamination in the submitted gDNA samples that inhibited sequencing 

reactions, despite including an anion-exchange purification step in gDNA extraction. Assuming a 

genome size similar to FI3 of about 34 Mb for HvW and Tx1-18, the produced raw reads amounted to 

5.1x coverage of the HvW genome, and 1.7x coverage for the Tx1-18 genome. However, since Tx1-18 

was the REMI mutant of HvW and therefore should only differ in the integration of the REMI plasmid in 

the Tx1-18 genome, I combined PacBio reads of both samples to achieve close to 7x coverage for 

assembly of an HvW/Tx1-18 combined genome.  

Figure 3 RNA-seq quality assessment. (A) Tapestation RIN measurement results for RNA samples submitted for 
RNA-seq. (B) Quality scores of RNA-seq raw reads for all 12 samples determined with FastQC and aggregated with 
MultiQC. Left: Whole read quality distributions. Right: Per base position mean quality scores.  
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Genome assembly with Flye28 and Racon29 resulted in 222 contigs with an average length of 147 kb for 

a total genome size of 32.7 Mb. The Benchmarking Universal Single-Copy Orthologs (BUSCO)30 tool 

detects conserved, essential genes in a genome or transcriptome and can be used as a proxy for quality 

and completeness of the assembly. BUSCO assessment of the HvW/Tx1-18 combined genome detected 

730 of 758 essential conserved fungal genes (Figure 4), indicating a mostly complete genome assembly. 

After assembly, I annotated the HvW/Tx1-18 genome with MAKER.9 MAKER combines evidence from 

different sources – including transcript and protein sequences and statistical ab initio predictions – into 

genome-wide gene and coding sequence predictions. MAKER output can also be used to train its 

algorithm, resulting in better predictions over multiple iterations. Here, I used three iterations of running 

MAKER to produce a genome annotation from RNA-seq data and from ab initio predictions by SNAP31 

and AUGUSTUS.24 After each iteration, I used BUSCO on the transcriptome generated from all MAKER-

predicted genes to assess the quality of the generated annotation. BUSCO assessment of MAKER gene 

predictions recognized 523, 712 and 714 of 758 BUSCOs after the first, second and third iteration, 

respectively (Figure 4). The third iteration of MAKER improved BUSCO scoring by only two compared to 

the second iteration, indicating that further iterations would not yield improved predictions.  

 

4.2.7 Re-annotation of the Cochliobolus victoriae FI3 genome 

Because the HvW/Tx1-18 genome assembly consisted of 222 contigs, I considered using the FI3 genome 

assembly – featuring only 22 contigs – as a scaffold for differential gene expression analysis. For this, 

coding sequences at vic loci needed to be very similar between the HvW/Tx1-18 and FI3 genome 

assemblies, to allow RNA-seq reads to map correctly to the corresponding sequences. Therefore, I re-

annotated the FI3 genome with MAKER, to improve on the previous annotation1 (Chapter 2) that was 

Figure 4 Results from running BUSCO on the C. victoriae combined HvW/Tx1-18 genome, as well as on the 
transcripts generated from MAKER annotations for all three iterations of MAKER predictions. Transcripts were 
generated with GFFread. Results were compiled with MultiQC.  
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generated without RNA-seq data input. BUSCO assessment of the C. victoriae FI3 genome assembly 

found 752 of the 758 expected essential fungal genes (Figure 5), indicating a more complete assembly 

than the one of HvW/Tx1-18. Genome annotation with MAKER for FI3 was performed in the same way 

as for HvW/Tx1-18. BUSCO assessment of transcripts generated from predicted genes by MAKER after 

each iteration of genome annotation found 493, 742 and 743 essential genes for the first, second and 

third iteration, respectively (Figure 5).  

MAKER-generated predictions at both vic loci were manually curated by overlaying the newly acquired 

genome annotation with the previous annotation as well as with mapped RNA-seq reads from multiple 

samples. Previous predictions of vic candidate genes and their intron-exon structures were mostly 

supported by the mapped reads (Figure 6), but the MAKER annotation predicted a few additional genes 

that were not part of the previous annotation. Additionally, the MAKER-generated annotation missed a 

small number of vic genes that were manually annotated in the previous annotation (Chapter 2) but 

supported by homology evidence and aligned RNA-seq reads. These genes were added to the MAKER-

generated annotation. 

Figure 5 Results from running BUSCO on the C. victoriae FI3 genome, as well as on the transcripts generated from 
MAKER annotations for all three iterations of MAKER predictions. Transcripts were generated with GFFread. Results 
were compiled with MultiQC.  
 

Figure 6 Example of manual curation of coding sequences predicted by MAKER with RNA-seq reads aligned to the 
C. victoriae FI3 genome. Sharp drops and rises in coverage as well as split RNA-seq reads were used to confirm 
intron-exon structures of predicted coding sequences. Reads were aligned with RNA STAR3 and loaded into 
Geneious R11. Left: newly predicted coding sequence by MAKER. Right: previously annotated coding sequence of 
vicYa confirmed by RNA-seq data.  
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Next, I searched for the vic loci in the HvW/Tx1-18 genome to gain insights into victorin biosynthesis 

by presence/absence comparison to the vic loci in FI3, and secondly, to investigate if the FI3 genome 

assembly was suitable as scaffold for the mapping of RNA-seq reads from HvW/Tx1-18 and for the 

subsequent differential gene expression analysis. Querying the newly annotated HvW/Tx1-18 genome 

with coding sequences from FI3 vic loci genes returned hits only on contigs 44, 54 and 149. Comparison 

using clinker2 showed a high level of synteny and sequence identity between genes on these three 

Figure 7 Comparisons of gene synteny and coding sequence identity generated with clinker.2 (A) Comparison of C. 
victoriae FI3 vic loci with vic-gene containing contigs 44, 54 and 149 of the C. victoriae HvW/Tx1-18 combined 
genome assembly. (B) Comparison of C. victoriae FI3 vic loci with vic-like gene clusters in A. montagnei and 
C. eremochloae.  
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contigs and FI3 vic loci genes and (Figure 7A). Furthermore, alignment of contigs 44 and 149 with the 

vic1 locus indicated these two contigs were likely mapping in immediate vicinity on the HvW/Tx1-18 

genome. Overall, because the vic loci in FI3 and HvW/Tx1-18 were almost identical and the overall 

genome assembly of FI3 was of higher quality, I chose to use the FI3 genome assembly as scaffold for 

the differential gene expression analysis.  

Figure 8 Quality control of different steps of the RNA-seq expression analysis pipeline, compiled with MultiQC. (A) 
Results from mapping RNA-seq reads to the C. victoriae FI3 genome with RNA STAR. Shown are the percentages 
of total reads mapped, per sample. Corresponding values are listed in Table 4. (B) Percentages of RNA-seq reads 
mapped to coding sequences from two different C. victoriae FI3 genome annotations, per sample. Corresponding 
values are listed in Table 5. Top: Results when using previous genome annotation (Chapter 2), generated without 
RNA-seq input.1 Bottom: Results when using newly generated genome annotation with MAKER and RNA-seq input.  
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Lastly, I used clinker to compare the newly generated FI3 vic loci annotation to the vic-like gene clusters 

in A. montagnei and C. eremochloae1 (Chapters 2 and 3), but none of the newly annotated genes were 

homologous to those in either vic-like gene cluster (Figure 7B). 

 

4.2.8 Differential gene expression analysis 

Except for one sample (T103), RNA STAR3 mapped over 90% of all RNA-seq reads to the reference 

genome C. victoriae FI3 (Figure 8A, Table 4), indicating that the FI3 genome was indeed suitable as a 

reference for RNA-seq data from strains HvW and Tx1-18 (Table 1). It also showed that the RNA samples 

submitted for RNA-seq were largely free from contamination with RNA from other species.  

On average close to 80% of all aligned reads mapped to predicted coding sequences of the MAKER-

generated genome annotation. In comparison, when using the previous genome annotation (Chapter 

2), only close to 70% of reads mapped to coding sequences on average (Figure 8B, Table 5).  

A DESeq2 principal component analysis (PCA) of the mapped and counted reads showed distinct 

clustering of each sample together with its biological replicates of the same strain and time point, except 

for sample H102 (Figure 9A). Principal component one (PC1) separated samples mostly by strain along 

the x-axis, with the horizontal distance between groups HvW and Tx1-18 far larger than the horizontal 

distance between time points 10 d and 15 d. Principal component two (PC2), plotted on the y-axis, 

separated samples mostly based on time point and revealed less distance between groups compared 

to PC1, indicating a lesser effect on gene expression overall. Interestingly, vertical distance between 

HvW 10 d and 15 d samples was much shorter than vertical distance between Tx1-18 10 d and 15 d, 

with HvW samples mostly positioned in between both groups of Tx1-18 replicates. This was confirmed 

Figure 9 DESeq2 analysis plots of RNA-seq data with strain as factor one and time point as factor two. (A) Principal 
component analysis. (B) Sample-to-sample distance heatmap.  
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by a heatmap of sample-to-sample distances, where Tx1-18 samples formed two distinct groups 

according to their incubation time, whereas HvW samples formed a much more closely related block of 

six samples (Figure 9B). Overall, this indicated that incubation time had a more profound effect on gene 

expression in Tx1-18 than it had in HvW. Taken together, the PCA and the sample-to-sample distance 

heatmap revealed global gene expression patterns of each sample to be the most similar to biological 

replicates of the same group, showing no sign of any unwanted batch effects. 

Groups with the highest victorin titers, H10 and T15, were diametrically opposed on the PCA plot (Figure 

9A). Therefore, victorin production did not appear to be explained by either of the principal components 

alone. To determine the best sample groupings that would result in the sharpest difference in vic gene 

expression, different DESeq2 comparisons were performed and the outcome visualized on volcano 

plots. On each volcano plot vicA, vicK and vicYb were specifically highlighted, since these genes had 

previously been confirmed to be involved in victorin biosynthesis by deletion. Additionally, because 

deletion of NOX5 had had no discernible effect on victorin production, it was highlighted on the volcano 

plot to give an indication of how specific any observed upregulation of the other three genes was to vic 

genes.  

Culturing durations had shown marked effects on victorin titers both for HvW and Tx1-18 (Figures 2E 

and 2F). Therefore, I first performed DESeq2 analysis on samples from both strains separately to 

determine if the differences in victorin titers were reflected in gene expression levels of confirmed vic 

genes. A volcano plot of DESeq2 comparison between HvW 10 d samples with HvW 15 d samples 

showed no significant change in expression levels for any of the genes except for vicA3, which was 

expressed about half as much in 15 d samples compared to 10 d samples (Figure 10A). Similarly, vicA1, 

vicA2, vicK1, vicK2 and vicYb were slightly downregulated when comparing expression levels between 

Tx1-18 10 d and Tx1-18 15 d samples, but none to less than 50% (Figure 10B).  

Next, I compared all samples that had produced low victorin titers (HvW 15 d and Tx1-18 10 d) to those 

that had produced high titers (HvW 10 d and Tx1-18 15 d). This resulted in a DESeq2 volcano plot where 

the vast majority of genes were below the significance threshold, including all vic genes (Figure 10C), 

indicating that expression levels of most genes showed major, significant differences only when keeping 

HvW and Tx1-18 samples in separate groups in the DESeq2 analysis. Interestingly, of the eight 

upregulated genes above the significance threshold, six were located on contig 15 in an apparent gene 

cluster. NCBI BLASTp queries revealed one of the genes in the cluster to be coding for a polyketide 

synthase–nonribosomal peptide synthetase (PKS-NRPS) hybrid.  

DESeq2 analysis of all HvW samples compared to all Tx1-18 samples showed significant upregulation 

of all vic genes in question, with expression levels at least five times higher in Tx1-18 (Figure 10D). Lastly, 

to see if an even higher expression fold change could be achieved by excluding samples from the 
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comparison of HvW to Tx1-18, I compared HvW 15 d samples with Tx1-18 10 d samples. The resulting 

DESeq2 volcano plot (Figure 10E) showed slightly higher upregulation of vic genes compared to the 

previous analysis (Figure 10D). Nevertheless, I based all further analysis below on the comparison of  

 

Figure 10 continued below 



75 
 

 

Figure 10 continued below 
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HvW 10/15 d versus Tx1-18 10/15 d, since the increased number of included samples resulted in higher 

statistical confidence and the fold changes in regulation of the vic genes were more consistent overall.  

Next, all vic candidate genes were highlighted in the DESeq2 HvW versus Tx1-18 volcano plot (Figure 

11). Interestingly, most genes of interest showed relative tight clustering on the graph with roughly six-

fold changes in expression levels. Notably, NOX5, the NADPH oxidase that had been shown to be not 

needed for victorin production, was upregulated to a similar degree as most vic candidate genes. Three 

vic candidate genes were separated from the remaining group of highlighted genes with only about 

two-fold changes in expression levels: vicYu, vicR and CYP1. Interestingly, these three genes were also 

the vic candidate genes with the greatest distance from the ends of the contigs they were located on, 

suggesting the possibility of the histone acetyltransferase deletion affecting expression levels of 

genomic regions instead of specific genes. Therefore, to investigate gene expression changes in their 

Figure 10 (continued) Volcano plots of RNA-seq analysis with DEseq2. X-axis showing log2 of fold change in 
expression between the sets of samples. Y-axis shows negative log10 of the adjusted p-value. Each dot represents 
a coding sequence of a single gene. Orange dots represent genes with both an absolute fold change of two or 
more and an adjusted p-value of 0.05 or less. Grey dots represent genes with either an absolute fold change of less 
than two or an adjusted p-value of less than 0.05, or both. (A) Volcano plot of DESeq2 analysis of samples H101, 
H102 and H103 compared with H151, H152 and H153. (B) Volcano plot of DESeq2 analysis of samples T101, T102 
and T103 compared with T151, T152 and T153. (C) Volcano plot of DESeq2 analysis of samples H151, H152, H153, 
T101, T102 and T103 compared with H101, H102, H103, T151, T152 and T153. Circled dots in the upper highlight 
box represent clustered genes on contig 15 of the C. victoriae genome. (D) Volcano plot of DESeq2 analysis of 
samples H101, H102, H103, H151, H152 and H153 compared with T101, T102, T103, T151, T152 and T153. (E) 
Volcano plot of DESeq2 analysis of samples H151, H152 and H153 compared with T101, T102 and T103.  
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genomic context, I plotted the HvW versus Tx1-18 log2 fold change in expression for every predicted 

gene as a genome-wide heatmap (Figure 12A). This revealed both vic loci to be the only major regions 

in the entire genome with many highly upregulated genes. Consequently, if additional vic gene-

containing loci existed on the genome, they would comprise a smaller number of genes than either vic1 

or vic2. Assuming potential additional vic genes to be upregulated to a similar degree as those within 

the vic loci, I identified 121 genes with a log2 fold change of at least two and assigned putative functions 

based on NCBI BLASTp queries with their predicted amino acid sequences. Sorting these genes by their  

 

Figure 11 Volcano plot of RNA-seq analysis with DEseq2 of samples H101, H102, H103, H151, H152 and H153 
compared with T101, T102, T103, T151, T152 and T153. The X-axis shows the log2 of fold change in expression 
between the sets of samples and the y-axis the negative log10 of the adjusted p-value. Each dot represents a coding 
sequence of a single gene. Orange dots represent genes with both an absolute fold change of two or more and an 
adjusted p-value of 0.05 or less. Grey dots represent genes with either an absolute fold change of less than two or 
an adjusted p-value of less than 0.05, or both.  
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Figure 12 Heatmap of expression level fold changes of genes predicted by MAKER in the C. victoriae FI3 genome 
mapped to their positions on the genome. Expression level fold changes were calculated by DESeq2 analysis of 
HvW samples compared with Tx1-18 samples. (A) Heatmap of the entire C. victoriae FI3 genome. Each gene is 
represented by a coloured bar of equal width. vic loci and the PKS-NRPS cluster discovered previously (Figure 10C) 
are highlighted. (B) Genes found at the vic loci with additional upstream genes. Genes and intergenic regions drawn 
to scale. Previously known vic candidate genes are labelled above, transposable elements and newly discovered 
genes labelled below. Labelled genes and their predicted functions are listed in Table 2.  
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positions on their respective contigs, this revealed ten clusters of at least two genes with intergenic 

distances of less than 10 kb, including both vic loci (Table 6).  

To identify newly annotated genes at the vic loci that could potentially be involved in victorin 

biosynthesis, but exhibited less than log2 fold change in expression, I mapped genes at both extended 

vic loci in a detailed heatmap (Figure 12B) and again annotated putative functions based on NCBI 

BLASTp queries (Table 2). Excluding previously annotated vic candidate genes, this returned an 

additional 48 genes with a log2 fold change in expression of at least 0.3. These genes received the prefix 

“x” and were numbered across both loci. 

 
Table 2 All genes predicted by MAKER in the C. victoriae FI3 genome at the vic loci and the PKS-NRPS gene cluster 
highlighted in Figure 12A. Expression fold changes were calculated from a DESeq2 analysis of HvW samples 
compared with Tx1-18 samples. Predicted functions are based on homology and conserved domain results from 
NCBI blastp queries with the predicted coding sequences. 

vic1 locus (contig 7) 

Designatio
n ID 

Differentia
l 

expression 
log2 ratio 

Differentia
l 

expression 
absolute 

confidence 

Predicted function 

x1 CDS:EUN20642 1.403 3.15 hypothetical protein 
 CDS:EUN20641 0.091 0  

x2 maker-Cvic_tig07-snap-gene-
20.4-mRNA-1:cds 1.030 2.07 transposon 

x3 CDS:EUN20639 1.209 1.35 hypothetical protein 

x4 
augustus_masked-Cvic_tig07-
processed-gene-20.32-mRNA-
1:cds 

1.212 5.38 transposon 

x5 
snap_masked-Cvic_tig07-
processed-gene-20.57-mRNA-
1:cds 

2.554 18.44 sugar isomerase 

vicYu vicYu 1.244 18.15 DUF3328 containing 

x6 maker-Cvic_tig07-augustus-
gene-20.43-mRNA-1:cds 1.081 1.22 hypothetical protein 

x7 
snap_masked-Cvic_tig07-
processed-gene-20.71-mRNA-
1:cds 

2.605 9.79 AAA domain containing 

x8 maker-Cvic_tig07-snap-gene-
20.6-mRNA-1:cds 1.936 16.84 RdRP 

vicYa vicYa 2.650 36.56 DUF3328 containing 

 maker-Cvic_tig07-snap-gene-
20.14-mRNA-1:cds 0.260 0.3 transposon 

 
snap_masked-Cvic_tig07-
processed-gene-20.73-mRNA-
1:cds 

0.307 0.53 transposon 

x9 
snap_masked-Cvic_tig07-
processed-gene-20.74-mRNA-
1:cds 

1.867 19.09 transposon 
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x10 
augustus_masked-Cvic_tig07-
processed-gene-20.35-mRNA-
1:cds 

1.533 10.37 transposon 

NOX5 NOX5 2.316 15.92 NADPH oxidase 

x11 CDS:EUN20862 2.113 7.54 hypothetical protein 

vicYv1 vicYv1 2.989 44.47 DUF3328 containing 

 
snap_masked-Cvic_tig07-
processed-gene-20.11-mRNA-
1:cds 

0.243 0.25 transposon 

x12 
snap_masked-Cvic_tig07-
processed-gene-20.76-mRNA-
1:cds 

1.487 4.25 transposon 

x13 CDS:EUN20623 3.121 6.58 hypothetical protein 

x14 CDS:EUN20624 2.300 3.34 transposon 

x15 CDS:EUN20625 2.572 7.71 hypothetical protein 

vicYw1 vicYw1 2.545 27.05 DUF3328 containing 

x16 maker-Cvic_tig07-snap-gene-
20.70-mRNA-1:cds 4.231 77.03 - 

x17 
snap_masked-Cvic_tig07-
processed-gene-20.77-mRNA-
1:cds 

2.430 18.22 transposon 

x18 maker-Cvic_tig07-snap-gene-
20.15-mRNA-1:cds 2.406 26.99 - 

x19 maker-Cvic_tig07-snap-gene-
20.8-mRNA-1:cds 2.923 25.4 transposon 

vicK1 maker-Cvic_tig07-augustus-
gene-20.45-mRNA-1:cds 2.583 20.89 copper amine oxidase 

vicA1 
augustus_masked-Cvic_tig07-
processed-gene-20.28-mRNA-
1:cds 

3.058 22.9 precursor peptide 

vicYx1 
snap_masked-Cvic_tig07-
processed-gene-20.78-mRNA-
1:cds 

2.437 22.04 DUF3328 containing 

x20 
snap_masked-Cvic_tig07-
processed-gene-20.63-mRNA-
1:cds 

1.909 33.53 transposon 

x21 
augustus_masked-Cvic_tig07-
processed-gene-20.39-mRNA-
1:cds 

2.099 13.44 transposon 

x22 
snap_masked-Cvic_tig07-
processed-gene-20.64-mRNA-
1:cds 

2.334 20.46 copper transporter 

x23 
augustus_masked-Cvic_tig07-
processed-gene-20.40-mRNA-
1:cds 

2.571 20.82 ferric reductase 

x24 maker-Cvic_tig07-snap-gene-
20.10-mRNA-1:cds 2.191 17.99 RdRP 

x25 maker-Cvic_tig07-snap-gene-
20.16-mRNA-1:cds 2.378 41.4 transposon 

vic2 locus (contig 16) 

Designatio
n ID 

Differentia
l 

expression 
log2 ratio 

Differentia
l 

expression 
absolute 

confidence 

Predicted function 

x26 maker-Cvic_tig16-augustus-
gene-2.34-mRNA-1:cds 0.359 1.05 hypothetical protein 
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x27 
augustus_masked-Cvic_tig16-
processed-gene-2.23-mRNA-
1:cds 

0.202 0.16 F-box containing 

x28 
augustus_masked-Cvic_tig16-
processed-gene-2.24-mRNA-
1:cds 

1.573 8.18 hypothetical protein 

vicR vicR 0.861 2.26 transcription factor 

x29 maker-Cvic_tig16-snap-gene-
2.42-mRNA-1:cds 0.389 0.54 transposon 

x30 CDS:EUN20469 0.846 2.21 transposon 
 CDS:EUN20425 -0.022 0.01 hypothetical protein 

 
augustus_masked-Cvic_tig16-
processed-gene-2.11-mRNA-
1:cds 

-0.067 0.04 hypothetical protein 

x31 
snap_masked-Cvic_tig16-
processed-gene-2.88-mRNA-
1:cds 

1.938 26.25 transposon 

 CDS:EUN20473 0.204 0.18 transposon 
 CDS:EUN20472 0.221 0.22 transposon 

x32 
augustus_masked-Cvic_tig16-
processed-gene-2.25-mRNA-
1:cds 

0.459 0.76 transposon 

vicYy1 vicYy1 2.452 19.47 DUF3328 

x33 
augustus_masked-Cvic_tig16-
processed-gene-2.12-mRNA-
1:cds 

0.422 0 transposon 

vicYy2 vicYy2 2.423 19.18 DUF3328 

x34 
snap_masked-Cvic_tig16-
processed-gene-2.73-mRNA-
1:cds 

0.908 2.8 transposon 

vicPa vicPa 2.506 32.99 S28 peptidase 

vicYw2 vicYw2 2.796 26.89 DUF3328 

x35 
snap_masked-Cvic_tig16-
processed-gene-2.92-mRNA-
1:cds 

1.937 26.18 transposon 

x36 
augustus_masked-Cvic_tig16-
processed-gene-2.27-mRNA-
1:cds 

1.736 5.23 transposon 

vicPb vicPb 2.733 27.13 S28 peptidase 

vicA2 
snap_masked-Cvic_tig16-
processed-gene-2.72-mRNA-
1:cds 

2.526 38.71 precursor peptide 

vicYx2 vicYx2 2.466 22.99 DUF3328 

x37 
snap_masked-Cvic_tig16-
processed-gene-2.75-mRNA-
1:cds 

1.934 25.92 transposon 

vicYz vicYz 2.805 17.4 DUF3328 

x38 maker-Cvic_tig16-snap-gene-
2.44-mRNA-1:cds 0.444 0.72 transposon 

x39 
snap_masked-Cvic_tig16-
processed-gene-2.77-mRNA-
1:cds 

1.067 3.5 hypothetical protein 

vicYb vicYb 2.527 32.46 DUF3328 

x40 CDS:EUN20665 1.300 0 transposon 

x41 
snap_masked-Cvic_tig16-
processed-gene-2.95-mRNA-
1:cds 

2.971 26.74 transposon 

vicYc vicYc 2.608 39.35 DUF3328 
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x42 CDS:EUN20435 2.710 25.21 - 

vicYv2 vicYv2 2.958 36.59 DUF3328 

vicT vicT 2.530 28.49 transporter 

x43 
augustus_masked-Cvic_tig16-
processed-gene-2.30-mRNA-
1:cds 

1.214 3.91 transposon 

x44 
augustus_masked-Cvic_tig16-
processed-gene-2.17-mRNA-
1:cds 

0.331 0.36 transposon 

x45 
snap_masked-Cvic_tig16-
processed-gene-2.97-mRNA-
1:cds 

1.063 2.16 transposon 

x46 maker-Cvic_tig16-snap-gene-
2.55-mRNA-1:cds 2.338 25.98 - 

x47 maker-Cvic_tig16-snap-gene-
2.56-mRNA-1:cds 2.362 18.39 - 

x48 
augustus_masked-Cvic_tig16-
processed-gene-2.42-mRNA-
1:cds 

3.009 21.29 transposon 

vicK2 vicK2 2.582 20.09 copper amine oxidase 

vicA3 
snap_masked-Cvic_tig16-
processed-gene-2.78-mRNA-
1:cds 

2.514 7.3 precursor peptide 

vicYx3 vicYx3 2.509 26.41 DUF3328 

PKS-NRPS gene cluster 

 ID 

Differentia
l 

expression 
log2 ratio 

Differentia
l 

expression 
absolute 

confidence 

Predicted function 

 
maker-Cvic_tig15-augustus-
gene-11.22-mRNA-1:cds -0.399 0.29 hypothetical protein 

 
maker-Cvic_tig15-augustus-
gene-11.23-mRNA-1:cds -2.189 3.03 hypothetical protein 

 
maker-Cvic_tig15-augustus-
gene-11.29-mRNA-1:cds 1.332 0.95 PKS-NRPS 

 
maker-Cvic_tig15-augustus-
gene-11.24-mRNA-1:cds 1.804 1.64 cytochrome P450 

 

snap_masked-Cvic_tig15-
processed-gene-11.116-mRNA-
1:cds 

1.917 1.85 hypothetical protein 

 

snap_masked-Cvic_tig15-
processed-gene-11.117-mRNA-
1:cds 

1.850 1.77 enoyl reductase 

 

snap_masked-Cvic_tig15-
processed-gene-11.93-mRNA-
1:cds 

2.142 2.32 AB hydrolase 

 
maker-Cvic_tig15-augustus-
gene-11.25-mRNA-1:cds 1.279 0.87 hypothetical protein 

 
maker-Cvic_tig15-augustus-
gene-11.30-mRNA-1:cds 1.882 1.8 cytochrome P450 

 
maker-Cvic_tig15-augustus-
gene-11.26-mRNA-1:cds 1.271 0.88 MFS transporter 

 
maker-Cvic_tig15-snap-gene-
11.9-mRNA-1:cds 1.463 1.31 hypothetical protein 

 
maker-Cvic_tig15-augustus-
gene-11.31-mRNA-1:cds 1.138 1.28 hypothetical protein 
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snap_masked-Cvic_tig15-
processed-gene-11.120-mRNA-
1:cds 

1.742 2.82 hypothetical protein 

 

snap_masked-Cvic_tig15-
processed-gene-11.98-mRNA-
1:cds 

0.257 0.09 metallopeptidase? 

 

snap_masked-Cvic_tig15-
processed-gene-11.99-mRNA-
1:cds 

0.819 0.43 metallopeptidase? 

 

snap_masked-Cvic_tig15-
processed-gene-11.100-mRNA-
1:cds 

0.220 0 peptidase 

 
maker-Cvic_tig15-snap-gene-
11.17-mRNA-1:cds 0.044 0.02 hypothetical protein 

 

augustus_masked-Cvic_tig15-
processed-gene-11.55-mRNA-
1:cds 

-0.353 0.16 helicase 

 

To gain insights into the role of HAT1 in regulation of gene expression in C. victoriae, I plotted changes 

in expression levels of HAT1 and two other HATs – here named HAT2 and HAT3 – between different 

sets of samples as calculated with DESeq2 (Figure 13). In HvW samples, all three HATs showed the same 

Figure 13 Volcano plots of RNA-seq analysis with DEseq2 of different sets of samples. The X-axis shows the log2 
of fold change in expression between the sets of samples and the y-axis the negative log10 of the adjusted p-value. 
Each dot represents a coding sequence of a single gene. Orange dots represent genes with both an absolute fold 
change of two or more and an adjusted p-value of 0.05 or less. Grey dots represent genes with either an absolute 
fold change of less than two or an adjusted p-value of less than 0.05, or both. The positions of HAT1, HAT2 and 
HAT3 on the plots are highlighted as green dots.  
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minor upregulation in 15 d samples compared to 10 d samples, whereas HAT1 was downregulated in 

Tx1-18 to almost 50% expression levels in 15 d samples. However, HAT1 was expressed almost four-

fold in Tx1-18 samples compared to HvW samples, while HAT2 and HAT3 showed no significant changes 

in expression. The difference in HAT1 expression levels between HvW and Tx1-18 was especially 

pronounced in 10 d samples.  

Lastly, I investigated the putative PKS-NRPS gene cluster discovered on contig 15 to see if BGC cluster 

boundaries predicted from patterns in expression fold changes could be confirmed by comparison with 

a homologous gene cluster. NCBI BLASTp search with the predicted coding sequence of the PKS-NRPS 

gene revealed a homologous gene in Aspergillus japonicus CBS 114.51 with 47% sequence identity (NCBI 

accession number A0A2Z5TM64), which has been shown to be involved in himeic acid A production.32 

Expression data suggested 10 genes immediately downstream of the PKS-NRPS gene to be co-

regulated with it, whereas only seven genes downstream of the PKS-NRPS gene were conserved in the 

A. japonicus gene cluster with a sequence identity of over 30% as detected by clinker (Figure 14, Table 

2).  

 

4.3 Discussion 

The victorin biosynthesis pathway has so far been difficult to elucidate fully, mainly due to the absence 

of a conventional gene cluster. Instead, PP-encoding genes vicA1-3 were found in highly repetitive, 

gene-sparse genomic regions, resulting in a long list of putative vic genes that I have been unable to 

narrow down. Here, I have investigated victorin biosynthesis from a transcriptomics perspective.  

Comparing homologous clusters in genomes of different strains or species that produce the same or a 

similar compound can provide valuable information on which genes are essential to the biosynthesis of 

the compound.33 In the case of victorin, investigation of vic genes in strains that markedly differ in 

victorin production was a promising opportunity to narrow down the list of candidate genes. 

Unfortunately, when comparing C. victoriae strains FI3, HvW, Tx189 and Tx1-18 none of the genomic 

differences that resulted in varied victorin biosynthesis capabilities allowed to draw direct conclusions 

Figure 14 Predicted PKS-NRPS gene on C. victoriae contig 15 and homologous genes in the A. japonicus genome, 
detected by clinker.2 Colours of the C. victoriae genes correspond to expression level fold changes as calculated by 
DESeq2 analysis of HvW samples compared with Tx1-18 samples. 
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about the genes directly involved in the victorin pathway. The lack of production in strain Tx189 was 

based on the complete absence of both vic loci, possibly the result of genomic re-arrangements related 

to the REMI experimental procedures. No meaningful difference was found between the vic loci in strain 

FI3 compared to those in strain HvW. Lastly, I revealed REMI-mediated disruption of HAT gene HAT1 to 

be the genetic basis of victorin overproduction in strain Tx1-18. In strain FI3, HAT1 was located on contig 

5 and therefore separate from either vic locus. Thus, investigation of the genomic basis of differences 

in victorin production between different strains yielded no direct insight into the victorin biosynthesis 

pathway.  

Consequently, I attempted to leverage the effects of HAT1 disruption on gene expression for solving 

victorin biosynthesis. HATs influence gene expression by chromatin remodelling. Chromatin consists of 

genomic DNA wrapped around core histone proteins. By neutralizing the charge of lysine side chains 

of N-terminal core histones through the covalent attachment of acetyl groups, HATs weaken DNA-

histone interaction. This, in turn, lessens the inhibitory effects of histones on DNA-dependent RNA 

synthesis, resulting in increased transcription levels at the genomic region with acetylated histones.34 

The state of genomic histone acetylation is controlled by HATs and their enzymatic antagonists, the 

HDACs. Whereas HAT activity is usually associated with increase in transcription, HDAC activity achieves 

the opposite.26 Over the last decade, a complex picture of the diverse roles of HATs and HDACs in the 

life cycle, SM production and pathogenicity of fungal plant pathogens has been emerging. Because 

HDACs have primarily been thought of as transcription suppressors, efforts to activate silent gene 

clusters through manipulation of histone acetylation have focused primarily on deletion or inhibition of 

HDACs. However, HDAC deletions in different fungi has resulted in a variety of effects. For example, in 

A. nidulans, inhibition of HDACs induced biosynthesis of a new family of SMs.35 In Fusarium fujikuroi 

single deletions of either of two HDACs resulted in downregulation of expression of some SM gene 

clusters while upregulating others, whereas deletion of a third negatively influencing fungal 

development.36  

Similarly, manipulation of fungal HATs has been revealed to result both in up- and downregulation of 

SM genes, as well as to affect a variety of other cellular functions. Although studies have shown that 

histone acetylation at BGCs increases transcription – e.g. by demonstrating that mutations that prevent 

acetylation at histone acetylation sites result in decreased SM production in A. nidulans37 – deletion or 

inhibition of HATs can both stimulate and diminish SM production.38 HATs are divided into five families 

based on conserved structural motifs. C. victoriae HAT1 is predicted to belong to the MYST family. 

Members of this family can acetylate both histones and non-histone proteins.39 Notably, disruption of 

a MYST-type HAT in Metarhizium robertsii resulted in decreased histone H3 acetylation levels, yet at the 

same time resulted in the massive upregulation of a large number of SM genes as well as production of 
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eleven new NPs.40 On the other hand, deletion of a MYST-type HAT in Pestalotiopsis microspora resulted 

in stunted growth and conidiation and diminished SM production, whereas overexpression of the HAT 

gene promoted conidiation while also decreasing SM yields.41 Overall, these studies serve as examples 

of how difficult it is to predict the effects on SM production of genetically manipulating HDACs and 

HATs because of their long list of potential targets, their interplay with other regulatory networks and 

their ability to affect general health of the organism, which in turn is linked to SM biosynthesis.  

In C. victoriae the disruption of HAT1 has a visible effect on morphology and growth only on agar plates. 

Whereas strain HvW grows as a circular colony that increases in diameter over time outward from the 

inoculation centre, strain Tx1-18 forms grows comparatively slower into a colony with a jagged outline. 

In liquid culture both strains are very similar in appearance and growth rate, although measurement of 

wet cell mass showed slightly lower overall growth for Tx1-18. These effects of HAT1 disruption are in 

line with those observed in other fungi, where some HATs are essential to survival, while the 

manipulation of others only have minor to moderate effects on different aspects of the life cycle of the 

species.18 Regarding victorin production, the results of comparing victorin titers of HvW and Tx1-18 at 

different time points are more nuanced than previously thought. Although Tx1-18 was dubbed as a 

victorin “overproducer” strain, it was outperformed by HvW in terms of victorin production at ten days 

of incubation, even when normalizing for the slightly lower mycelial cell mass of Tx1-18. However, after 

15 days of culturing Tx1-18 titers were markedly higher than at the 10-day mark, whereas, surprisingly, 

HvW titers were lower. Victorin is stable in aqueous solution, but has been shown to be degraded when 

incubated with cell-free lysate from A. nidulans.1 Thus, it appears that C. victoriae itself degrades victorin 

in liquid culture. Lower victorin titers in HvW cultures at 15 days of culturing indicated that the rate of 

victorin production was surpassed by the rate of degradation relatively early during culturing, whereas 

in Tx1-18 cultures production exceeded degradation for most or all of the 15-day incubation period. 

These observations hinted at the possible involvement of factors besides expression of vic genes to be 

responsible for victorin titers. Consequently, RNA-seq was performed for samples from different time 

points as well as from different strains in the hope that at least two sets of conditions would show vic-

gene specific changes of expression. Additionally, if one pair of sample conditions transcriptionally 

reflected the differences in victorin titers due to different time points, while a second pair did the same 

due to HAT1 disruption, taken together this could have been used to separate vic-specific regulation 

from expressional noise. However, despite differences in victorin titers, vic gene expression differed little 

between time points. Confirmed vic genes vicA, vicK and vicYb exhibited either non-significant or 

minimal expression fold change between samples from 10-day cultures and samples from 15-day 

cultures, both for HvW and Tx1-18. Assuming a constant rate of victorin degradation, a roughly 

unchanged level of transcription of vic genes in HvW between 10 and 15 days of culturing would indicate 

that peak victorin production had occurred before the 10-day mark, and then remaining at a roughly 
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constant level below the degradation rate between 10 and 15 days. Tx1-18 on the other showed 

continued accumulation of victorin between both time points. All of this taken together, if the rate of 

victorin degradation was similar in both strains, then vic genes would need to be more strongly 

expressed in Tx1-18 than in HvW at both times points. Comparison of transcription levels between both 

strains bore out this assumption, with confirmed vic genes as well as the majority of vic candidate genes 

upregulated roughly four- to eightfold. Consequently, expression fold change between HvW samples 

and Tx1-18 were used for victorin pathway elucidation in three ways: First, to confirm or dismiss 

previously identified vic candidate genes and their coding sequences, especially start and stop codons. 

Second, to identify additional vic genes at the vic loci that may have previously been missed. Third, to 

identify additional vic loci in the genome, if there were any. 

Of all vic candidate genes only CYP1, vicR and vicYu showed a markedly lower fold change in 

upregulation, possibly indicating a lack of co-regulation with confirmed vic genes. Surprisingly, NOX5 

appeared to be co-regulated with vic genes, despite a NOX5 deletion mutant showing undiminished 

victorin production. Similarly, peptidase-encoding genes vicPa and vicPb both exhibited similar 

upregulation as confirmed vic genes, even though the victorin precursor peptide likely does not need 

peptidase processing other than by kexin proteases to excise its core peptide sequences. This could 

either indicate NOX5, VicPa and VicPb all being directly or indirectly involved in victorin biosynthesis in 

unforeseen roles or suggest genomic vicinity and similar expression fold change not to be a reliable 

indicator of involvement in victorin biosynthesis.  

Secondly, re-annotation of the vic loci revealed several previously missed or – in the case of transposable 

elements – purposely omitted genes, most of them transposon-related or coding for hypothetical 

proteins. However, one of these genes, labelled x22, was predicted to encode a copper-transporting 

ATPase, a promising discovery, since copper amine oxidase VicK is encoded in close vicinity. Notably, 

copper amine oxidases from Schizosaccharomyces pombe heterologously expressed in Saccharomyces 

cerevisiae have been shown to require a copper-transporting ATPase to be functional.42 Deletion of a 

copper-transporting ATPase has resulted in the loss of pathogenicity of Botrytis cinerea, likely due to 

loss of functionality of copper-containing proteins involved in infection.43 This suggests that x22 could 

potentially play an important but indirect role in victorin biosynthesis. Two other genes, discovered in 

the vic1 locus and labelled x8 and x24, were predicted to encode RNA-dependent RNA polymerases 

(RdRPs). RdRPs are an optional part of RNA interference (RNAi) pathways in eukaryotes. Also present in 

the genome of C. victoriae but not part of the vic loci are homologues of two essential proteins involved 

in RNAi, a dicer protein which processes double-stranded RNA (dsRNA) into small RNA (sRNA) and an 

argonaute protein which is part of a complex that mediates sRNA-guided targeting of mRNA to achieve 

gene silencing through different mechanisms. The dsRNA that is processed by the dicer and argonaute 
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proteins can be viral or dsRNA be provided by RdRPs. Consequently, the RNAi pathway can serve a 

number of functions, including protection against viral invasion, genome maintenance or regulating 

physiology and development.44 Additionally, it has been shown fairly recently that fungal plant 

pathogens transmit sRNA into the host cells to modulate host cellular functions.45 Both x8- and x24-

encoded RdRPs are upregulated with vic genes, suggesting they could be involved in pathogenicity, 

potentially even by deriving dsRNA from repetitive or transposable elements encoded in the vic loci. 

However, victorin has been shown to induce disease symptoms in susceptible hosts independent of the 

pathogen.46 Therefore, additional virulence factors are unlikely to be needed for host colonization. 

Instead, it is more likely that the RdRPs at the vic1 locus play a role in genome maintenance by 

facilitating gene silencing of the vast number of transposable elements encoded in their genomic 

vicinity, which show similar upregulation of expression as the vic genes in Tx1-18. In either case, x8 and 

x24 are highly unlikely to be involved in victorin biosynthesis. Furthermore, none of the other genes 

newly annotated at the vic loci had predicted functions with any obvious relevance to victorin 

biosynthesis, and none of these genes were preserved in the vic-homologous gene clusters in 

A. montagnei and C. eremochloae. Thus, if there are more vic genes than previously discovered, they 

would be encoded elsewhere in the genome. 

A genome-wide search for upregulated clusters of genes yielded no obvious vic gene candidates based 

on predicted functions. Strikingly, the vic loci were the two genomic regions with the largest numbers 

of highly upregulated genes in Tx1-18. Based on these results, it is unlikely that additional vic loci exist 

in the genome of C. victoriae. Instead, the victorin pathway is likely encoded in previously identified 

genes found either at locus vic1 or vic2.  

Overall, the observed expression fold changes between HvW and Tx1-18 of genes in their genomic 

context suggest that HAT1 disruption did not affect vic genes specifically, but the extended vic loci as 

regions, since nearly all genes in both loci are upregulated together, including a large number of 

transposable elements, hypothetical proteins and genes unlikely to be vic genes like vicPa, vicPb, NOX5, 

x8 and x24. Furthermore, the degree of upregulation appeared to diminish gradually with increasing 

distance from the ends of the contigs. A similar but reversed regulation pattern has been observed in 

S. cerevisiae, where deletion of a HAT resulted in the downregulation of genes at the telomeres of some 

chromosomes, while not affecting others.47 C. victoriae HAT1 disruption upregulating genes in what are 

likely regions close to the telomeres suggests that HAT1 itself is only one part of a larger regulatory 

network that controls vic gene expression. Additionally, in Tx1-18, HAT1 appears to be upregulated. 

However, the differential gene expression analysis could be skewed by the integration of pUCATPH into 

HAT1, possibly resulting in a truncated HAT1 transcript and therefore affecting HAT1 RNA-seq read 

numbers. If the HAT1 differential gene expression analysis (Figure 13) was an accurate reflection of 
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relative expression levels of HAT1 in HvW and Tx1-18, it could indicate HAT1 to be part of an 

autoregulatory feedback loop that was interrupted by the integration of pUCATPH into its coding 

sequence in Tx1-18. This could explain why victorin production rates diminished over time in HvW, but 

not in Tx1-18. Interestingly, very recently it has been shown that, while HAT activity facilitates 

transcription, RNA polymerase II activity also facilitates histone acetylation, resulting in a feed-forward 

loop where transcription promotes more transcription.48 Add to this the ability of HATs to regulate gene 

expression by acetylating non-histone proteins49 and it becomes clear that the regulatory impact of 

HAT1 disruption globally and on the vic loci locally is too complex to be disentangled with the available 

data. Therefore, because expression fold changes observed at the vic loci were not vic-gene specific, 

they were unfortunately unsuited to reach definite conclusions about the involvement of individual 

genes in the victorin biosynthesis pathway.  

On the other hand, one example of a genomic region where HAT1 disruption has apparently resulted 

in gene cluster-specific upregulation is the predicted PKS-NRPS gene cluster on contig 15. Comparing 

the genes in the vicinity with a homologous gene cluster in A. japonicus revealed gene co-regulation 

patterns to align mostly with gene cluster boundaries. Of the eleven genes in immediate genomic 

vicinity in C. victoriae that appeared to exhibit notable differences in transcription levels to the 

surrounding genes, eight were conserved in the A. japonicus genome. This suggests that overall, the 

experimental approach taken here to elucidate the victorin biosynthesis pathway was not completely 

misguided.  

For future investigation of victorin biosynthesis, it would be interesting to test if victorin production 

could be revived in C. victoriae strains that have ceased production by treatment with a HAT inhibitor 

or by deletion or disruption of HAT1. However, the best candidate for a second RNA-seq experiment 

would be HvW. As detailed above, HvW appeared to have downregulated vic gene expression at some 

point before the 10-day mark, resulting in accumulating, then diminishing victorin titers over time. If 

victorin titers were monitored daily, peak vic gene expression could likely be inferred and then compared 

to a time point where victorin production was markedly lower. Yet, even with this approach there 

remains the risk that vic gene regulation is always achieved on a genome region level and is not vic 

gene specific, which would make differential gene expression analysis in general an unsuitable approach 

to elucidate victorin biosynthesis. 

 

4.4 Material and methods 

4.4.1 Cochliobolus victoriae strain FI3 DNA methyltransferase inhibitor cultures 

A total of eight 50 ml Fries liquid cultures supplemented with oats were inoculated from agar plates 

with either C. victoriae strain FI3 or FI3ΔK1/2. After 2 d of incubation, one culture of each strain was 
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supplemented with either 500 µL of freshly prepared 5-azacytidine 100 mM DMSO stock solution, 50 µL 

of 5-azacytidine stock solution, 500 µL of DMSO or 500 µL of water. Cultures were swirled and incubated 

for 7 d. Mycelium was separated from culture media, and culture media extracted with Amberlite XAD-

16 resin as previously described.1 Culture extracts were analysed by LC-MS as previously described.1  

 

4.4.2 Cochliobolus victoriae strain FI3 groat cultures 

1 mL of water was added to 10 g of groats in glass vials and autoclaved. Groat cultures were inoculated 

directly from the glycerol stock and grown at 25 °C under a 16:8-h light:dark (wavelength 365 nm) cycle 

for 10 d. Thoroughly colonized groats were used to inoculate Fries liquid cultures. Culturing, victorin 

extraction and LC-MS analysis was performed as previously described.1 

 

4.4.3 Cochliobolus victoriae Tx189 and Tx1-18 gDNA extraction for Illumina sequencing 

gDNA was extracted from liquid cultures as described in Chapter 3.  

 

4.4.4 Cochliobolus victoriae HvW and Tx1-18 gDNA extraction for PacBio sequencing 

gDNA was extracted from liquid cultures. The floating mycelial mat was separated from the culture 

media and residual liquid was squeezed from the mycelial mass. Mycelium was snap frozen in liquid 

nitrogen and ground into fine powder with mortar and pestle. gDNA extraction was performed with the 

Macherey‑Nagel NucleoBond HMW DNA kit according to instructions. For each strain 5 µg of gDNA in 

60 µL of Tris buffer were submitted for sequencing, with Nanodrop 260/280 measurements of 2.11 and 

2.16 and 260/230 measurements of 1.62 and 1.28 for HvW and Tx1-18, respectively. 

 

4.4.5 Genome sequencing 

C. victoriae Tx189 and Tx1-18 genome sequencing was performed by the Australian Genome Research 

Facilities using Illumina HiSeq 2000. 

PacBio sequencing of the C. victoriae HvW and Tx1-18 genomes was performed by Genomics WA on a 

newly set up Sequel II system as part of a trial run. Therefore, no troubleshooting was performed after 

the sequencing run produced only 350 Mb and 120 Mb of data for HvW and Tx1-18 sequencing, 

respectively.  

 

4.4.6  Genome assemblies 

Assembly of C. victoriae Tx189 and Tx1-18 Illumina-sequenced genomes was performed by Cameron 

Gilchrist, using Trimmomatic v0.38 for quality trimming and SPAdes v3.10.150 for assembly.  
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PacBio sequencing of strains HvW and Tx1-18 was assembled on the NanoGalaxy web platform 

(https://nanopore.usegalaxy.eu/).51 For all tools used on NanoGalaxy only deviations from the default 

settings are mentioned here. 

PacBio raw reads from HvW and Tx1-18 were combined with Concatenate datasets tail-to-head and 

filtered with filtlong52 to exclude reads with a Phred score of below 30 or a length less than 1000 bp. 

Reads then were assembled with Flye28 with “Mode” set to “PacBio raw” and “Number of polishing 

iterations” set to “1”. minimap253 was used to map the combined and filtered raw reads to the consensus 

output from the Flye assembly, with “Will you select a reference genome from your history or use a 

built-in index?” set to “Use a genome from history and build index” and “Select a profile of preset 

options” set to PacBio/Oxford Nanopore read to reference mapping (-Hk19) (map-pb)”. FASTQ to FASTA 

converter54 was used to convert the fastq-file containing the combined and filtered reads. Outputs from 

Flye, minimap2 and FASTQ to FASTA converter were used in Racon29 to polish the Flye genome 

assembly.  

 

4.4.7 Cochliobolus victoriae Tx189 and Tx1-18 REMI site analysis 

The REMI site in the genomes of both strains was identified by assembling the raw Illumina sequencing 

reads against the REMI plasmid pUCATPH sequence cut with HindIII in silico, since quality trimming with 

Trimmomatic removes known plasmid sequences from the raw sequencing reads before genome 

assembly. Raw reads covering part of the plasmid sequence and extending into the genome were used 

to identify the two contigs in the genome assembly that ended right at the REMI site due to raw read 

trimming by the assembly program. The genomic region containing the REMI site was reconstructed by 

fusing the ends of the two identified contig, restoring the original HindIII site where pUCATPH was 

inserted during REMI. AUGUSTUS was used to predict genes at the REMI site. 

 

4.4.8  RNA-seq sample preparation 

To test C. victoriae growth and victorin production in different media, two cultures each of 50 mL of 

Fries medium supplemented with oats, Fries medium without oats, YPD and GMM were inoculated from 

C. victoriae grown on CMX agar plates. The cultures were discarded after 14 d of incubation at 25 °C in 

the dark. 

A new batch of cultures was inoculated the same way. It contained a total of 24 50 mL cultures, eight 

biological replicates each of strain HvW in Fries medium supplemented with oats, Tx1-18 in Fries 

medium supplemented with oats and HvW in Fries medium without oats. All cultures were incubated at 

25 °C in the dark. Half of the oat-containing cultures were processed after 10 d of incubation, the other 

half after 15 d. Half of the oat-free cultures were processed after 15 d of incubation, the other half after 
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19 d. Processing consisted of separating the mycelium from the culture medium, squeezing the 

mycelium in between paper towels to remove as much liquid as possible, weighing the wet mycelium, 

snap freezing it in liquid nitrogen and storing it at -80 °C for RNA extraction. Victorin was extracted from 

the liquid medium with Amberlite XAD-16 resin as previously described,1 and eluted with two fractions, 

each 2 mL of 30% or 60% acetonitrile. LC-MS analysis was performed as previously described1 and the 

peak area of victorin C in the EIC (m/z 815.2±0.5) was calculated with MassHunter Qual B7.0. 

 

4.4.9  RNA extraction 

Frozen mycelium was ground to a fine powder with mortar and pestle and “hot phenol mixture” heated 

to 60 °C was added. Hot phenol mixture consisted of 250 µL of phenol, 5 µL of β-mercaptoethanol and 

500 µL homogenisation buffer (100 mM Tris pH 8, 100 mM NaCl, 5 mM EDTA pH 8, 0.5% SDS). The 

mixture was incubated for 15 min at room temperature and 1200 rpm, 250 µL of chloroform was added 

and incubated again for 15 min at room temperature and 1200 rpm. After centrifugation for 10 min at 

10000 rcf, 550 µL of the aqueous layer was transferred. The transferred volume was combined with 

550 µL of a 1:1 phenol:chloroform mixture, incubated for 10 min at room temperature and 1200 rpm 

and centrifuged for 10 min at 10000 rcf. After incubation, 500 µL of aqueous layer was transferred, 50 µL 

of 3 M sodium acetate and 400 µL of isopropanol was added and the mixture incubated at -80 °C for 

15 min. After the mixture was centrifuged for 30 min at 10000 rcf and 4 °C, the supernatant was 

discarded, and the pellet resuspended in 500 µL of water. 500 µL of 4 M LiCl was added, the mixture 

was incubated at 4 °C for 12 h and centrifuged for 30 min at 10000 rcf and 4 °C. Then the pellet was 

washed with 80% ethanol, dried in a vacuum desiccator and resuspended in 60 µL of water.  

 

4.4.10  RNA-seq 

RNA-seq was performed by Genomics WA. Poly adenylated (PolyA) RNA-seq libraries were prepared 

using the Agilent Sureselect stranded RNA kit. In brief, PolyA RNA was enriched from 500 ng of high-

quality RNA using poly dT beads. Enriched RNA was reverse transcribed and fragmented in the presence 

of Actinomycin D to inhibit antisense artifacts through DNA dependent DNA synthesis.55 Second strand 

was synthesized with dUTP, the ends of ds-cDNA were polished followed by adaptor ligation and PCR 

amplification in the presence of Uracil-DNA-Glycosylase to selectively degrade the second strand. 

Libraries were bead purified using Ampure beads, fragment size confirmed on Agilent Tapestation 

D1000 Screentape and quantified with Qubit. Quality control sequencing was conducted on an iSeq 

shared flow cell and sequencing was conducted on NovaSeq6000 at 2 X 50 cycles to yield 20 million 

raw read pairs per sample, equivalent to 2 Gb data per sample. 
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4.4.11  RNA-seq data analysis 

RNA-seq raw sequencing reads were uploaded to the Galaxy web platform (usegalaxy.org8) and data 

analysis was performed there unless stated otherwise. Tutorials provided by Galaxy56 were consulted as 

reference for some steps of the analysis. For all tools used on Galaxy only deviations from the default 

settings are mentioned here. A flowchart of the tools used for RNA-seq data processing is provided in 

Figure 15. 

Raw reads were trimmed with fastp57 to exclude reads with a Phred score under 15. Trinity58 was used 

to assemble transcripts from the trimmed reads with “Paired or Single-end data?” set to “Paired-end”, 

“Strand specific data” set to “Yes” and “Strand-specific library type” set to “Reverse-Forward”. Assembled 

transcripts were used to annotate the C. victoriae FI3 genome with three iterations of MAKER.9 For the 

first iteration, the Trinity-generated transcripts were used as evidence with “Infer gene predictions 

directly from all ESTs” set to “Yes” and “Select species name from a list?” set to “No”. The annotation 

generated from the first MAKER run was used to train ab-initio gene predictors SNAP31 and 

AUGUSTUS.59 MAKER was then run for a second time, this time setting the option “Re-annotate using 

Figure 15 Pipeline used for RNA-seq analysis. Bioinformatics tools with a brown background were used for genome 
annotation, tools with a green background were used for expression analysis and tools with a grey background 
were used for to obtain statistics from individual steps of the pipeline.  
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an existing Maker annotation” to “Yes” and setting “Re-use ESTs”, “Re-use alternate organism ESTs”, 

“Re-use protein alignments” and “Re-use repeats” to “Yes” with the evidences file from the first MAKER 

run as input, as well as using the generated SNAP and AUGUSTUS models as inputs. The annotation 

generated was then used for a second iteration of SNAP and AUGUSTUS training. MAKER was run for a 

third time with the same inputs as the second time, but using the second generation of SNAP and 

AUGUSTUS models. To assess the quality of the annotations, after each round of MAKER annotations, 

GFFread60 was used to compute the transcript sequences from the MAKER output with “Reference 

Genome” set to “From your history”, “reference based filters” checked to “discard any mRNAs that either 

lack initial START codon or the terminal STOP codon, or have an in-frame stop codon (-J)” and to 

“discard any mRNAs with CDS having in-frame stop codons (-V)”, “Select fasta outputs” checked to 

“fasta file with spliced exons for each GFF transcript (-w exons.fa)”, “full GFF attribute preservation (all 

attributes are shown)” set to “Yes”, “decode url encoded characters within attributes” set to “Yes” and 

“warn about duplicate transcript IDs and other potential problems with the given GFF/GTF records” set 

to “Yes”. BUSCO30 was run on the GFFread-generated transcripts with “Mode” set to “Transcriptome 

assemblies (DNA)” and “Lineage” set to “Fungi”. The annotations output was then loaded into Geneious 

R11 and gene and coding sequence predictions at the vic loci were manually curated by comparing our 

original annotation1 to the newly generated MAKER annotation as well as the aligned raw RNA-seq 

reads. The manually curated annotations were exported from Geneious and uploaded to the Galaxy web 

platform.  

RNA STAR3 was used to map the RNA-seq trimmed reads to the C. victoriae FI3 genome individually for 

each sample, with “Single-end or paired-end reads” set to “Paired-end (as individual datasets)”, “Custom 

or built-in reference genome” set to “Use reference genome from history and create temporary index”, 

“Build index with or without known splice junctions annotation” set to “build index with gene model” 

using the manually curated annotations as gene model input, “Length of the genomic sequence around 

annotated junctions” set to “49”, “Use 2-pass mapping for more sensitive novel splice junction 

discovery” set to “Yes, perform single-sample two-pass mapping of all reads”, “XS (strand flag, see 

parameter help below)” checked under “Read alignment tags to include in the BAM output” and 

“Unmapped reads” checked under “Exclude the following records from the BAM output”. 

featureCounts61 was then used to calculate reads per coding sequence for each sample with “Specify 

strand information” set to “Stranded (Reverse)” and “Gene annotation file” set to “in your history”. 

DESeq2 was used to determine expression level differences between samples, with “1: Factor” being the 

strain, “1: Factor level” selecting HvW samples and “2: Factor level” selecting Tx1-18 samples, “2: Factor” 

being the time point, “1: Factor level” selecting 10 d samples and “2: Factor level” selecting 15 d samples 

and “Output normalized counts table” set to “Yes”. Volcano plots shown in this chapter were created in 
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Geneious R11 after loading RNA STAR alignments and performing DESeq2 on different combinations 

of samples. 

clinker2 was used to compare coding sequence identity of homologous gene clusters. 
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Appendix 

Table 3 Victorin extraction chromatogram peak areas and mycelium wet weight measurements from C. victoriae 
liquid cultures. Samples with ”RNA-seq sample name” filled in were submitted for RNA-seq, the remaining samples 
were discarded. Extraction number 1 refers to the first fraction collected from the resin used for extraction, eluting 
with 30% acetonitrile. Extraction number 2 refers to the second fraction collected from the resin used for extraction, 
eluting with 60% acetonitrile. 

sample 
name 

strain culture 
medium 

culturing 
duration 
[d] 

extraction 
fraction 
number  

RNA-seq 
sample 
name 

victorin C 
peak area 

mycelium 
weight [g] 

normalize
d peak 
area [g-1] 

HvW_oat_I_
30 

HvW Fries +oat 10 1 H101 4450064 6.1 729519 

HvW_oat_II
_30 

HvW Fries +oat 10 1 H102 3349579 7.2 465219 

HvW_oat_II
I_30 

HvW Fries +oat 10 1 H103 3996140 6.6 605476 

HvW_oat_I
V_30 

HvW Fries +oat 10 1 
 

3691121 7.1 519876 

HvW_oat_V
_30 

HvW Fries +oat 15 1 
 

740704 7.7 96195 

HvW_oat_V
I_30 

HvW Fries +oat 15 1 H151 1278693 8.2 155938 

HvW_oat_V
II_30 

HvW Fries +oat 15 1 H152 2146771 9.3 230836 

HvW_oat_V
III_30 

HvW Fries +oat 15 1 H153 998660 7.8 128033 
         

Tx1-
18_I_30 

Tx1-18 Fries +oat 10 1 
 

3300963 6 550161 

Tx1-
18_II_30 

Tx1-18 Fries +oat 10 1 T101 1958736 5.4 362729 

Tx1-
18_III_30 

Tx1-18 Fries +oat 10 1 T102 2754020 5.4 510004 

Tx1-
18_IV_30 

Tx1-18 Fries +oat 10 1 T103 2313437 4.7 492221 

Tx1-
18_V_30 

Tx1-18 Fries +oat 15 1 T151 4406810 5.2 847463 

Tx1-
18_VI_30 

Tx1-18 Fries +oat 15 1 T152 4817598 6.1 789770 

Tx1-
18_VII_30 

Tx1-18 Fries +oat 15 1 T153 5110056 5.1 1001972 

Tx1-
18_VIII_30 

Tx1-18 Fries +oat 15 1 
 

5437710 5.1 1066218 
         

HvW_no_o
at_I_30 

HvW Fries -oat 14 1 
 

633358 2.6 243599 

HvW_no_o
at_II_30 

HvW Fries -oat 14 1 
 

3706914 4.7 788705 

HvW_no_o
at_III_30 

HvW Fries -oat 14 1 
 

6479798 3.9 1661487 

HvW_no_o
at_IV_30 

HvW Fries -oat 14 1 
 

815570 1.7 479747 

HvW_no_o
at_V_30 

HvW Fries -oat 19 1 
 

843344 2.1 401592 
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HvW_no_o
at_VI_30 

HvW Fries -oat 19 1 
 

1416441 2.3 615844 

HvW_no_o
at_VII_30 

HvW Fries -oat 19 1 
 

19196 1.8 10664 
         

HvW_oat_I_
60 

HvW Fries +oat 10 2 H101 12431793 6.1 2037999 

HvW_oat_II
_60 

HvW Fries +oat 10 2 H102 9207284 7.2 1278789 

HvW_oat_II
I_60 

HvW Fries +oat 10 2 H103 12396385 6.6 1878240 

HvW_oat_I
V_60 

HvW Fries +oat 10 2 
 

9520982 7.1 1340983 

HvW_oat_V
_60 

HvW Fries +oat 15 2 
 

6094838 7.7 791537 

HvW_oat_V
I_60 

HvW Fries +oat 15 2 H151 6164627 8.2 751784 

HvW_oat_V
II_60 

HvW Fries +oat 15 2 H152 6892390 9.3 741117 

HvW_oat_V
III_60 

HvW Fries +oat 15 2 H153 5500475 7.8 705189 
         

Tx1-
18_I_60 

Tx1-18 Fries +oat 10 2 
 

9309813 6 1551636 

Tx1-
18_II_60 

Tx1-18 Fries +oat 10 2 T101 5249905 5.4 972205 

Tx1-
18_III_60 

Tx1-18 Fries +oat 10 2 T102 4936853 5.4 914232 

Tx1-
18_IV_60 

Tx1-18 Fries +oat 10 2 T103 4885637 4.7 1039497 

Tx1-
18_V_60 

Tx1-18 Fries +oat 15 2 T151 12613032 5.2 2425583 

Tx1-
18_VI_60 

Tx1-18 Fries +oat 15 2 T152 13402919 6.1 2197200 

Tx1-
18_VII_60 

Tx1-18 Fries +oat 15 2 T153 12986983 5.1 2546467 

Tx1-
18_VIII_60 

Tx1-18 Fries +oat 15 2 
 

12493345 5.1 2449675 
         

HvW_no_o
at_I_60 

HvW Fries -oat 14 2 
 

2688951 2.6 1034212 

HvW_no_o
at_II_60 

HvW Fries -oat 14 2 
 

9906936 4.7 2107859 

HvW_no_o
at_III_60 

HvW Fries -oat 14 2 
 

14423490 3.9 3698331 

HvW_no_o
at_IV_60 

HvW Fries -oat 14 2 
 

2541773 1.7 1495161 

HvW_no_o
at_V_60 

HvW Fries -oat 19 2 
 

3015216 2.1 1435817 

HvW_no_o
at_VI_60 

HvW Fries -oat 19 2 
 

4540629 2.3 1974187 

HvW_no_o
at_VII_60 

HvW Fries -oat 19 2 
 

179697 1.8 99832 
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Table 4 Numbers and percentages of total RNA-seq reads aligned to the C. victoriae FI3 genome with RNA STAR. 
Visualized in Fig. 8A. 

Sample Name % of total reads aligned Number of reads aligned, in million 
H101 93.70% 14.7 
H102 93.90% 16.8 
H103 94.50% 16.4 
H151 91.60% 16.1 
H152 94.60% 15.9 
H153 92.20% 17.1 
T101 92.60% 16.4 
T102 91.60% 16.3 
T103 84.40% 15.3 
T151 90.00% 15.6 
T152 92.50% 17.8 
T153 91.90% 14.9 

 

Table 5 Numbers and percentages of total RNA-seq reads mapped to coding sequences from two different 
C. victoriae FI3 genome annotations determined with featureCounts. Visualized in Fig. 8B.  

Sample 
name 

Previous annotation New annotation 
% of total 
reads assigned 

Number of reads 
assigned, in million 

% of total 
reads assigned 

Number of reads 
assigned, in million 

H101 70.00% 10.7 77.10% 11.7 
H102 71.10% 12.4 79.90% 13.9 
H103 71.60% 12.2 79.50% 13.5 
H151 72.10% 12 80.50% 13.4 
H152 72.50% 11.9 81.80% 13.4 
H153 68.10% 12.6 76.90% 14.2 
T101 70.20% 12.3 79.30% 13.8 
T102 69.30% 12.2 79.40% 13.9 
T103 69.30% 11.4 80.10% 13.2 
T151 68.10% 11.6 78.10% 13.2 
T152 70.80% 13.4 82.60% 15.6 
T153 66.80% 10.7 77.30% 12.2 

𝒙𝒙 69.99% 11.95 79.38% 13.5 
 

Table 6 All genes predicted by MAKER in the C. victoriae FI3 genome with a log2 fold expression change of at least 
two from a DESeq2 analysis of HvW samples compared with Tx1-18 samples. Predicted functions are based on 
homology and conserved domain results from NCBI blastp queries with the predicted coding sequences. Rows are 
sorted by contigs, then by position of first base pair on the contig. Neighbouring genes on the same contig within 
10 kb are highlighted with a box.  

ID Contig Position on 
contig [bp] 

Differential 
expression 
log2 ratio 

Differential 
expression 
absolute 

confidence 

Predicted function 
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maker-Cvic_tig01-snap-gene-
2.66-mRNA-1:cds 

Cvic_tig0
1 279987 3.423 19.23 hypothetical protein 

maker-Cvic_tig01-snap-gene-
3.90-mRNA-1:cds 

Cvic_tig0
1 382573 2.178 3.63 C2H2-like zinc finger domain containing 

augustus_masked-Cvic_tig01-
processed-gene-6.29-mRNA-
1:cds 

Cvic_tig0
1 590173 3.247 7.47 hypothetical protein 

maker-Cvic_tig01-augustus-
gene-14.33-mRNA-1:cds 

Cvic_tig0
1 1389572 2.143 17.19 hypothetical protein 

augustus_masked-Cvic_tig01-
processed-gene-17.28-mRNA-
1:cds 

Cvic_tig0
1 1709582 2.466 3.66 hypothetical protein 

augustus_masked-Cvic_tig01-
processed-gene-19.50-mRNA-
1:cds 

Cvic_tig0
1 1889598 3.042 27.42 hypothetical protein 

maker-Cvic_tig01-snap-gene-
21.58-mRNA-1:cds 

Cvic_tig0
1 2093720 2.037 3.55 - 

maker-Cvic_tig01-augustus-
gene-21.71-mRNA-1:cds 

Cvic_tig0
1 2100408 2.610 5.3 hypothetical protein 

maker-Cvic_tig01-augustus-
gene-24.53-mRNA-1:cds 

Cvic_tig0
1 2420387 2.580 12.51 AB hydrolase 

augustus_masked-Cvic_tig01-
processed-gene-24.18-mRNA-
1:cds 

Cvic_tig0
1 2469762 2.282 5.24 inositol 2-dehydrogenase 

maker-Cvic_tig01-augustus-
gene-31.48-mRNA-1:cds 

Cvic_tig0
1 3143425 3.128 7.34 Polyprenyl synthetase 

maker-Cvic_tig01-augustus-
gene-31.49-mRNA-1:cds 

Cvic_tig0
1 3148004 3.179 10.62 cytochrome P450 

maker-Cvic_tig01-augustus-
gene-31.35-mRNA-1:cds 

Cvic_tig0
1 3150416 3.315 11.48 Trichodiene synthase 

snap_masked-Cvic_tig01-
processed-gene-32.11-mRNA-
1:cds 

Cvic_tig0
1 3241704 2.051 3.14 short chain dehydrogenase 

snap_masked-Cvic_tig01-
processed-gene-32.12-mRNA-
1:cds 

Cvic_tig0
1 3242053 2.120 5.57 SDR family oxidoreductase 

maker-Cvic_tig02-augustus-
gene-0.95-mRNA-1:cds 

Cvic_tig0
2 8738 2.521 5.26 Ankyrin repeat containing 

snap_masked-Cvic_tig02-
processed-gene-2.101-mRNA-
1:cds 

Cvic_tig0
2 271600 2.397 3.67 hypothetical protein 

maker-Cvic_tig02-augustus-
gene-4.35-mRNA-1:cds 

Cvic_tig0
2 413391 2.708 16.4 - 

maker-Cvic_tig02-augustus-
gene-8.100-mRNA-1:cds 

Cvic_tig0
2 840534 3.131 8.98 hypothetical protein 

maker-Cvic_tig02-augustus-
gene-28.28-mRNA-1:cds 

Cvic_tig0
2 2833464 2.488 19.58 PAN domain containing 

maker-Cvic_tig03-augustus-
gene-8.5-mRNA-1:cds 

Cvic_tig0
3 842450 2.845 16.25 hypothetical protein 

maker-Cvic_tig03-augustus-
gene-10.93-mRNA-1:cds 

Cvic_tig0
3 990596 2.057 4 glycosyl hydrolase 

maker-Cvic_tig03-augustus-
gene-12.47-mRNA-1:cds 

Cvic_tig0
3 1203489 2.799 8.91 hypothetical protein 

snap_masked-Cvic_tig03-
processed-gene-17.39-mRNA-
1:cds 

Cvic_tig0
3 1766139 2.306 8.56 but2 domain containing 

maker-Cvic_tig03-augustus-
gene-19.74-mRNA-1:cds 

Cvic_tig0
3 1893053 2.247 11.48 RTA1-like protein 

augustus_masked-Cvic_tig03-
processed-gene-20.31-mRNA-
1:cds 

Cvic_tig0
3 2051028 2.240 4.99 hypothetical protein 

maker-Cvic_tig03-augustus-
gene-20.21-mRNA-1:cds 

Cvic_tig0
3 2051915 2.332 12.7 peptidase 
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augustus_masked-Cvic_tig03-
processed-gene-26.56-mRNA-
1:cds 

Cvic_tig0
3 2662459 3.258 10.31 MFS transporter 

snap_masked-Cvic_tig03-
processed-gene-27.19-mRNA-
1:cds 

Cvic_tig0
3 2741733 2.438 2.98 hypothetical protein 

maker-Cvic_tig03-augustus-
gene-27.105-mRNA-1:cds 

Cvic_tig0
3 2756112 2.917 7.19 cytochrome P450 

maker-Cvic_tig03-snap-gene-
27.49-mRNA-1:cds 

Cvic_tig0
3 2757268 3.403 9.64 cytochrome P450 

snap_masked-Cvic_tig04-
processed-gene-10.3-mRNA-
1:cds 

Cvic_tig0
4 1009546 3.118 18.56 hypothetical protein 

maker-Cvic_tig04-augustus-
gene-18.103-mRNA-1:cds 

Cvic_tig0
4 1871344 2.116 10.56 hypothetical protein 

augustus_masked-Cvic_tig04-
processed-gene-20.89-mRNA-
1:cds 

Cvic_tig0
4 2058511 2.188 4.69 cytochrome P450 

augustus_masked-Cvic_tig04-
processed-gene-23.56-mRNA-
1:cds 

Cvic_tig0
4 2351725 2.223 8.18 hypothetical protein 

maker-Cvic_tig04-augustus-
gene-24.27-mRNA-1:cds 

Cvic_tig0
4 2413186 2.345 5.12 Argininosuccinate synthase 

augustus_masked-Cvic_tig05-
processed-gene-0.21-mRNA-
1:cds 

Cvic_tig0
5 29588 2.750 9.31 monooxygenase? 

snap_masked-Cvic_tig05-
processed-gene-1.97-mRNA-
1:cds 

Cvic_tig0
5 90663 2.004 3.41 periplasmic protein 

maker-Cvic_tig05-augustus-
gene-7.68-mRNA-1:cds 

Cvic_tig0
5 690943 2.411 11.08 MFS transporter 

augustus_masked-Cvic_tig05-
processed-gene-8.45-mRNA-
1:cds 

Cvic_tig0
5 828345 2.171 22.35 polyadenylate binding protein 

maker-Cvic_tig05-augustus-
gene-16.36-mRNA-1:cds 

Cvic_tig0
5 1604034 2.354 10.48 dioxygenase 

snap_masked-Cvic_tig05-
processed-gene-18.72-mRNA-
1:cds 

Cvic_tig0
5 1819211 4.418 24.4 - 

augustus_masked-Cvic_tig05-
processed-gene-24.0-mRNA-
1:cds 

Cvic_tig0
5 2410206 2.091 2.96 hypothetical protein 

maker-Cvic_tig06-augustus-
gene-3.69-mRNA-1:cds 

Cvic_tig0
6 336863 2.092 9.12 Pleiotropic Drug Resistance (PDR) Family 

protein 
snap_masked-Cvic_tig06-
processed-gene-12.113-mRNA-
1:cds 

Cvic_tig0
6 1263226 2.765 14.68 cytochrome P450 

snap_masked-Cvic_tig07-
processed-gene-20.57-mRNA-
1:cds 

Cvic_tig0
7 2024511 2.554 18.44 sugar isomerase 

snap_masked-Cvic_tig07-
processed-gene-20.71-mRNA-
1:cds 

Cvic_tig0
7 2031640 2.605 9.79 AAA domain containing 

vicYa Cvic_tig0
7 2040438 2.650 36.56 DUF3328 containing 

NOX5 Cvic_tig0
7 2054668 2.316 15.92 NADPH oxidase 

CDS:EUN20862 Cvic_tig0
7 2058022 2.113 7.54 hypothetical protein 

vicYv1 Cvic_tig0
7 2059093 2.989 44.47 DUF3328 containing 

CDS:EUN20623 Cvic_tig0
7 2067590 3.121 6.58 hypothetical protein 
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CDS:EUN20624 Cvic_tig0
7 2069410 2.300 3.34 transposon 

CDS:EUN20625 Cvic_tig0
7 2070102 2.572 7.71 hypothetical protein 

vicYw1 Cvic_tig0
7 2071798 2.545 27.05 DUF3328 containing 

maker-Cvic_tig07-snap-gene-
20.70-mRNA-1:cds 

Cvic_tig0
7 2073170 4.231 77.03 - 

snap_masked-Cvic_tig07-
processed-gene-20.77-mRNA-
1:cds 

Cvic_tig0
7 2074004 2.430 18.22 transposon 

maker-Cvic_tig07-snap-gene-
20.15-mRNA-1:cds 

Cvic_tig0
7 2075358 2.406 26.99 - 

maker-Cvic_tig07-snap-gene-
20.8-mRNA-1:cds 

Cvic_tig0
7 2076025 2.923 25.4 transposon 

maker-Cvic_tig07-augustus-
gene-20.45-mRNA-1:cds 

Cvic_tig0
7 2079240 2.583 20.89 copper amine oxidase 

augustus_masked-Cvic_tig07-
processed-gene-20.28-mRNA-
1:cds 

Cvic_tig0
7 2083616 3.058 22.9 precursor peptide 

snap_masked-Cvic_tig07-
processed-gene-20.78-mRNA-
1:cds 

Cvic_tig0
7 2085262 2.437 22.04 DUF3328 containing 

augustus_masked-Cvic_tig07-
processed-gene-20.39-mRNA-
1:cds 

Cvic_tig0
7 2088823 2.099 13.44 transposon 

snap_masked-Cvic_tig07-
processed-gene-20.64-mRNA-
1:cds 

Cvic_tig0
7 2094339 2.334 20.46 copper transporter 

augustus_masked-Cvic_tig07-
processed-gene-20.40-mRNA-
1:cds 

Cvic_tig0
7 2098029 2.571 20.82 ferric reductase 

maker-Cvic_tig07-snap-gene-
20.10-mRNA-1:cds 

Cvic_tig0
7 2099063 2.191 17.99 RdRP 

maker-Cvic_tig07-snap-gene-
20.16-mRNA-1:cds 

Cvic_tig0
7 2108743 2.378 41.4 transposon 

augustus_masked-Cvic_tig08-
processed-gene-0.35-mRNA-
1:cds 

Cvic_tig0
8 88386 2.078 7.25 L-2-haloacid dehalogenase 

maker-Cvic_tig08-augustus-
gene-2.70-mRNA-1:cds 

Cvic_tig0
8 187167 2.134 3.9 beta-xylosidase 

maker-Cvic_tig08-augustus-
gene-2.68-mRNA-1:cds 

Cvic_tig0
8 210862 2.489 10.15 CoA-transferase 

maker-Cvic_tig08-augustus-
gene-6.78-mRNA-1:cds 

Cvic_tig0
8 598661 2.436 6.67 15x DUF3659 containing 

snap_masked-Cvic_tig08-
processed-gene-6.4-mRNA-
1:cds 

Cvic_tig0
8 599309 2.360 6.71 hypothetical protein 

augustus_masked-Cvic_tig08-
processed-gene-17.64-mRNA-
1:cds 

Cvic_tig0
8 1784689 4.019 56.72 GMC oxidoreductase 

snap_masked-Cvic_tig08-
processed-gene-18.1-mRNA-
1:cds 

Cvic_tig0
8 1796152 2.192 2.74 hypothetical protein 

maker-Cvic_tig10-augustus-
gene-8.90-mRNA-1:cds 

Cvic_tig1
0 886119 3.221 11.7 Fungal hydrophobin 

augustus_masked-Cvic_tig10-
processed-gene-12.39-mRNA-
1:cds 

Cvic_tig1
0 1225832 3.821 26.05 Chromosome segregation ATPase 

augustus_masked-Cvic_tig11-
processed-gene-0.31-mRNA-
1:cds 

Cvic_tig1
1 7402 2.175 3.27 Heterokaryon incompatibility protein (HET) 
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augustus_masked-Cvic_tig11-
processed-gene-1.86-mRNA-
1:cds 

Cvic_tig1
1 185856 2.403 4.11 dehydrogenase/oxidase 

snap_masked-Cvic_tig11-
processed-gene-2.19-mRNA-
1:cds 

Cvic_tig1
1 201357 2.048 3.57 enoyl reductase-like 

augustus_masked-Cvic_tig11-
processed-gene-8.87-mRNA-
1:cds 

Cvic_tig1
1 803106 2.244 14.85 Heterokaryon incompatibility protein (HET) 

augustus_masked-Cvic_tig11-
processed-gene-13.16-mRNA-
1:cds 

Cvic_tig1
1 1316756 2.311 4.71 cytochrome P450 

snap_masked-Cvic_tig11-
processed-gene-17.127-mRNA-
1:cds 

Cvic_tig1
1 1757519 2.369 4.4 transcription factor/aflatoxin regulatory 

protein 

augustus_masked-Cvic_tig12-
processed-gene-5.87-mRNA-
1:cds 

Cvic_tig1
2 575010 2.254 9.04 DUF1772 containing 

maker-Cvic_tig12-augustus-
gene-6.82-mRNA-1:cds 

Cvic_tig1
2 641202 2.038 4.77 fungal type Rnase 

maker-Cvic_tig12-augustus-
gene-9.84-mRNA-1:cds 

Cvic_tig1
2 956986 2.871 6.62 1,4-beta-N-acetylmuramoylhydrolase 

augustus_masked-Cvic_tig12-
processed-gene-16.101-mRNA-
1:cds 

Cvic_tig1
2 1746821 2.614 6.21 DUF3632 containing 

snap_masked-Cvic_tig13-
processed-gene-8.34-mRNA-
1:cds 

Cvic_tig1
3 879346 2.038 5.34 hypothetical protein 

augustus_masked-Cvic_tig13-
processed-gene-15.69-mRNA-
1:cds 

Cvic_tig1
3 1620403 3.381 26.68 MFS transporter 

maker-Cvic_tig13-augustus-
gene-15.86-mRNA-1:cds 

Cvic_tig1
3 1625746 3.651 22.99 Glycine/D-amino acid oxidase 

(deaminating) 
snap_masked-Cvic_tig14-
processed-gene-0.49-mRNA-
1:cds 

Cvic_tig1
4 65000 2.487 4.1 hypothetical protein 

augustus_masked-Cvic_tig14-
processed-gene-0.13-mRNA-
1:cds 

Cvic_tig1
4 73762 2.016 2.05 DUF1996 

snap_masked-Cvic_tig14-
processed-gene-3.22-mRNA-
1:cds 

Cvic_tig1
4 310472 2.574 8.73 MFS transporter 

maker-Cvic_tig14-snap-gene-
3.87-mRNA-1:cds 

Cvic_tig1
4 316919 3.236 7.71 lysine decarboxylase? 

augustus_masked-Cvic_tig14-
processed-gene-3.63-mRNA-
1:cds 

Cvic_tig1
4 320250 2.976 9.64 Isopenicillin N synthase and related 

dioxygenases 

snap_masked-Cvic_tig14-
processed-gene-6.81-mRNA-
1:cds 

Cvic_tig1
4 598948 3.546 18.43 hypothetical protein 

snap_masked-Cvic_tig14-
processed-gene-7.88-mRNA-
1:cds 

Cvic_tig1
4 767778 2.236 7.68 hypothetical protein 

maker-Cvic_tig14-augustus-
gene-13.52-mRNA-1:cds 

Cvic_tig1
4 1342572 2.456 5.81 - 

maker-Cvic_tig15-augustus-
gene-2.57-mRNA-1:cds 

Cvic_tig1
5 268962 2.049 2.72 hypothetical protein 

augustus_masked-Cvic_tig15-
processed-gene-4.62-mRNA-
1:cds 

Cvic_tig1
5 462878 4.081 14.5 hypothetical protein 

snap_masked-Cvic_tig15-
processed-gene-11.93-mRNA-
1:cds 

Cvic_tig1
5 1184557 2.142 2.32 AB hydrolase 



107 
 

vicYy1 Cvic_tig1
6 241070 2.452 19.47 DUF3328 

vicYy2 Cvic_tig1
6 244501 2.423 19.18 DUF3328 

vicPa Cvic_tig1
6 249934 2.506 32.99 S28 peptidase 

vicYw2 Cvic_tig1
6 252533 2.796 26.89 DUF3328 

vicPb Cvic_tig1
6 258661 2.733 27.13 S28 peptidase 

snap_masked-Cvic_tig16-
processed-gene-2.72-mRNA-
1:cds 

Cvic_tig1
6 262409 2.526 38.71 precursor peptide 

vicYx2 Cvic_tig1
6 264170 2.466 22.99 DUF3328 

vicYz Cvic_tig1
6 269268 2.805 17.4 DUF3328 

vicYb Cvic_tig1
6 275687 2.527 32.46 DUF3328 

snap_masked-Cvic_tig16-
processed-gene-2.95-mRNA-
1:cds 

Cvic_tig1
6 279464 2.971 26.74 transposon 

vicYc Cvic_tig1
6 280941 2.608 39.35 DUF3328 

CDS:EUN20435 Cvic_tig1
6 282564 2.710 25.21 - 

vicYv2 Cvic_tig1
6 284683 2.958 36.59 DUF3328 

vicT Cvic_tig1
6 287739 2.530 28.49 transporter 

maker-Cvic_tig16-snap-gene-
2.55-mRNA-1:cds 

Cvic_tig1
6 302248 2.338 25.98 - 

maker-Cvic_tig16-snap-gene-
2.56-mRNA-1:cds 

Cvic_tig1
6 305170 2.362 18.39 - 

augustus_masked-Cvic_tig16-
processed-gene-2.42-mRNA-
1:cds 

Cvic_tig1
6 306995 3.009 21.29 transposon 

vicK2 Cvic_tig1
6 309077 2.582 20.09 copper amine oxidase 

snap_masked-Cvic_tig16-
processed-gene-2.78-mRNA-
1:cds 

Cvic_tig1
6 313450 2.514 7.3 precursor peptide 

vicYx3 Cvic_tig1
6 315147 2.509 26.41 DUF3328 

maker-Cvic_tig17-augustus-
gene-1.67-mRNA-1:cds 

Cvic_tig1
7 150087 2.102 11.64 CFEM domain containing 

 

 




