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Summary 

I 

 

Summary 

 
In recent years, the development of tools for manipulating gene expression has significantly 

advanced. These tools have been applied to model organisms, including mammalian cells, 

plants, bacteria, and fungi, to unravel complex cellular mechanisms and natural interactions. 

This study focuses on the model organism Ustilago maydis, a biotrophic fungal plant pathogen 

that produces corn smut disease in maize (Zea mays). U. maydis is amenable to reverse genetic 

engineering, is easy to manipulate in laboratory conditions, has a sequenced genome and well-

defined interactions with its host maize. One of the most relevant fields of research carried out 

in U. maydis is the study of its effector genes and their functions in virulence. 

Various techniques have been used in U. maydis to functionally characterize its effector genes. 

However, there are still limitations due to their functional redundancy, or the indispensability 

of certain genes for the development of the disease, making knockout approaches ineffective. 

In this study, new genetic tools to enhance recombinant gene expression in U. maydis are 

introduced. This dissertation describes a novel methodology called “Modular Recombinant 

Fungal toolkit for gene expression”, or “MoRFunG toolkit”, which leverages the Golden Gate 

and Molecular Cloning systems. 

As a proof of concept, tailor-made transcript units were constructed and tested in U. maydis, to 

show the capacity of the technique to complement large genomic deletions. Additionally, steps 

towards standardization of the method were taken, in order to establish a group of promoters 

available to be used for differential gene expression during the infection process. Furthermore, 

experimental development was carried out to incorporate this system in the routinely cloning 

genetic locations already established and well-defined in U. maydis. Moreover, novel 

optogenetic tools were evaluated for potential implementation in U. maydis as a methodology 

to control the expression of effector genes.  

Thusly, this study summarizes a series of experiments that serve to introduce a new high 

throughput cloning methodology, allowing systematic, user-friendly, and time-saving options 

for the manipulation of gene expression in the U. maydis system.
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1 Introduction 

 

1.1 Synthetic biology 

 

Synthetic biology is a rather new discipline that bridges engineering and life science (Braguy 

& Zurbriggen, 2016; Andres et al., 2019). Nevertheless, there has not yet been a unanimous 

definition (Cameron, et at., 2014). Even though the origins of the synthetic biology concept 

can be traced to more than 50 years ago, the range and scope increased significantly in the 

mid-2000s, when experts from multiple disciplines came together fusing ideas from 

contemporary engineering into molecular biology (Cameron et al., 2014). 

Synthetic biology as a discipline aims to construct tailor-made systems by combining 

engineering and molecular biology techniques (Kuruma et al., 2009). The goal is to develop 

tools that rewire and reprogram organisms (Khalil & Collins, 2010), by applying engineering 

principles to a modular and combinatorial assembly of biological parts into higher structures 

(Andres et al., 2019). Synthetic biology harnesses the modular architecture of biological 

systems (Andres et al., 2019), while also providing the characteristics of standardization and 

application of construction principles (Purnick & Weiss, 2009). Modularity allows the 

independence of the parts with predictable behaviors. Standardization translates into 

consistency, and in practical terms can be understood as robustness. Lastly, the application of 

construction principles, in which these independent parts can be combined as a whole, 

recreating biological processes with targeted modifications. 

 

1.2 Manipulation of gene expression 

 

In recent years, many molecular tools applicable to synthetic biology have been developed. 

Gene manipulation at a single-gene scale and whole-genome scale aims to introduce precisely 

designed changes, to explore emergent phenotypes and/or introduce new functionalities, 

elucidating causal links between genotypes and phenotypes (Haimovich et al., 2015). These 

designed changes can refer for example, to gene deletions, gene up- and down- regulation, 

and selective transcriptional activation. Another example is the manipulation of single or 

multiple genes, not only to observe their phenotypical behavior under specific experimental 

conditions, but also to predict them. 
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1.2.1 Reverse genetics: the CRISPR-Cas system 

 

Genetic research aims to identify specific genes that contribute to specific phenotypes. In 

order to do this, there are two different approaches: forward genetic screens and hypothesis-

driven reverse genetic methods (Shalem et al., 2015). In forward genetics, massive gene 

modifications are done, and the sampled cells/organisms are selected based on their phenotype 

for the analysis of the originally unknown mutation/s. Conversely, reverse genetics uses 

previous knowledge to test specific perturbations and their causal consequences (Shalem et 

al., 2015). In other words, while in forward genetics specific genotypes are selected based on 

observed phenotypes, in reverse genetics the genotypes are previously known. 

Over the recent past, reverse genetics’ techniques have improved dramatically. In 

consequence, numerous questions that in the past have been addressed using forward genetics, 

can now also be approached with reverse genetics. A remarkable first step in genome editing 

was the incorporation of DNA into a host genome using homologous recombination 

(Capecchi, 1989; van der Oost & Patinios, 2020). The homologous recombination was later 

improved with the incorporation of artificial endonucleases. One of the advantages of using 

endonucleases is the increased efficiency shown in homologous recombination, and non-

homologous end joining, when a double break in the DNA was produced (Cohen-Tannoudji 

et al., 1998; van der Oost & Patinios, 2020). Another benefit of the usage of external 

endonucleases was increased specificity of the mutations due to the specific recognition sites 

of the enzymes used. Amongst the modern technologies used for site specific gene editing, 

are the Mega Nucleases (MegNs), Zinc Finger Nucleases (ZFNs), Transcription Activator-

Like Effector Nuclease (TALENs) and Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) (van der Oost & Patinios, 2020). The CRISPR technology is one of the 

most disruptive technologies in the area of reverse genetics (Hille & Charpentier, 2016). This 

system was first discovered as a part of a bacterial immune system in Streptococcus pyogenes 

(Barrangou et al., 2007). By now the use of the CRISPR- Cas system has been successfully 

adapted to many organisms. 

There are different classes of CRISPR systems, based on the occurrence of effector Cas 

proteins (Makarova et al., 2015; Shmakov et al., 2015; Hille & Charpentier, 2016). One of 

those classes, the CRISPR- associated RNA-guided Cas9 endonuclease, has been applied to a 

wide range of species (Wright et al., 2016; Leisen et al., 2020). The system is characterized 

for a double strain break of the DNA that occurs by the recognition of complementary 
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sequences of a single guide RNA leading the endonuclease to the target region (Leisen et al., 

2020).  

The CRISPR-Cas9 system requires an additional sequence known as PAM (protospacer 

adjacent motif) and a NGG located in the 3’ extreme of the target region (Sternberg et al., 

2014; Leisen et al., 2020). After the double strain DNA breaks, the cell repairs the damage, 

either through small deletions or insertions. Alternatively, major modifications can be done 

by providing donor DNA containing flanking regions to the targeted area, resulting in large 

deletions or insertions by CRISPR-Cas9 mediated homologous recombination. 

 

1.2.2 Golden Gate and Molecular cloning 

 

One of the most ambitious approaches of geneticists has been the endeavor to manipulate the 

behavior of cells or even complete organisms. Nowadays, several methodologies provide the 

option to achieve this. Some approaches consist of the deletion of specific gene/s, 

incorporation of specific mutations, generation of artificial transcripts and selective 

transcriptional activation. 

In recent years, new high-throughput methodologies have been developed to facilitate the 

integration of foreign transcripts into a genome. Advances such as TA cloning and GC cloning 

have significantly improved the efficiency of conventional cloning (Ashwini et al., 2016) by 

simplifying the cloning process, reducing the number of required steps, and enhancing 

recombination efficiency, among other benefits. Additionally, methodologies like Gateway 

cloning, and SLIC (Sequence and Ligation Independent Cloning) further streamline the 

cloning process by making it easier to generate recombination events and increasing the 

number of fragments that can be inserted into a host cell. 

A method capable of assembling up to nine DNA fragments in one single step of cloning, 

without the requirement of long homology ends, has been developed (Engler et al., 2008, 

2009; Engler & Marillonnet, 2014). This system is known as Golden Gate cloning, and it is 

based on the mechanism of action of type IIS restriction enzymes BpiI and BsaI. The 

recognition sites of these enzymes get automatically eliminated of the ligated fragments, not 

being available to re-digestion in the restriction-ligation one pot reaction as explained by 

(Engler & Marillonnet, 2014). The type IIS restriction enzymes have a distinct mechanism of 

action characterized by their ability to cut the DNA outside of their recognition sequence, 
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generating defined, non-palindromic overhangs, which increases the overall efficiency of the 

Golden Gate cloning process. 

Taking as a base the Golden Gate cloning methodology, a modular cloning system (MoClo), 

was engineered with the aim to facilitate the construction of complex genetic inserts (Weber 

et al., 2011). The MoClo system comprises a standardized library of level 0 modules with the 

capacity to contain different genetic elements. In a higher hierarchy of cloning, different level 

0 modules can be assembled into a construct that works as a single transcript unit (level 1 

modules). On an even higher level, multigene constructs can be then constructed from a 

combination of these transcript units (level 2 modules) (Engler & Marillonnet, 2014). 

 

1.3 Synthetic Biology and model organisms 

 

The application of new methodologies to control cellular behaviors, allows scientists to 

engineer cells with practical application in areas like bioremediation, biosensing, biofuel 

production and even medical therapies (Gilbert et al., 2003; Khosla & Keasling, 2003; 

Anderson et al., 2006; Rajendran & Ellington, 2008; Steen et al., 2008; Mukherji & Van 

Oudenaarden, 2009; Waks & Silver, 2009). This type of research is typically developed in 

model organisms. In the past, the term model organism has been applied to those species 

whose traits facilitate their experimental manipulation due to their small size and short 

generation time. With the increase of whole-genome sequencing, this definition has 

broadened, for example by the inclusion of organisms with agronomic and economic 

importance (Hedges, 2002). The research focused on these organisms has contributed to the 

core of biological knowledge, applied to animals, plants, prokaryotes, protists, and fungi. 

 

1.4 Fungal plant pathogens and their way of interaction with their host 

 

Fungal plant pathogens likely represent the group with the most diversified traits in ecological 

and economic terms (Doehlemann et al., 2017). Since ancient times, fungal diseases of crops 

have been reported to produce massive yield losses, resulting in substantial social and 

economic impacts. The incidence of fungal diseases in global crop production can be 

indirectly estimated, for instance, by examining the usage of fungicides in recent years. 

According to the Food and Agriculture Organization of the United Nations (FAO) database, 

the consumption of fungicides and bactericides with agricultural application worldwide has 
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increased in the period between 1990 and 2020 (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Total usage of fungicides and bactericides worldwide from 1990 until 2020. Data and figures were 

obtained on the official webpage Food and Agricultural Organization of the United Nations on Jan 26th. 2023. 

https://www.fao.org/faostat/en/#data/RP/visualize. Figure created with BioRender.com. 

 

 

Fungal plant pathogens can be categorized into three primary groups based on their lifestyle 

and interaction with their plant hosts: biotrophic, necrotrophic, and hemi-biotrophic 

pathogens. The first group is characterized by the establishment of intimate interaction with 

plants, in which the fungus utilizes the nutrients from living host tissue to complete their 

pathogenic life cycle. In contrast, necrotrophic pathogens kill host tissue to extract nutrients 

(Doehlemann et al., 2017). The third group consists of certain fungal plant pathogens known 

as hemi-biotrophs. These organisms exhibit both biotrophic and necrotrophic stages in their 

life cycle (Perfect et al., 1998; Yi & Valent, 2013; Doehlemann et al., 2017). Despite the 

seemingly mild overall symptoms caused by biotrophic pathogens, these fungi are responsible 

for the most devastating plant diseases (Doehlemann et al., 2017). For instance, rust diseases 

produced by Puccinia spp, rank third in the list of top 10 fungal pathogens, based on their 

scientific and economic importance (Dean et al., 2012). 
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1.5 Ustilago maydis as a model organism 

 

The fungi Ustilago maydis belongs to the Ustilaginales and serves as a well-defined model 

organism for the study of molecular plant-pathogen interactions (Brefort et al., 2009). Some 

of the advantages of using U. maydis as a model include its accessible and completely 

sequenced genome, an efficient transformation system, accessibility to dominant selection 

markers (Gold et al., 1994; Keon et al., 1991; Kojic & Holloman, 2000; Steinberg, 2004; 

Wang et al., 1988), and a well-established plant-pathogen system among others. Furthermore, 

U. maydis has contributed to the elucidation of several cellular processes, such as long-

distance transport, mitosis, and motor-based microtubule organization in higher eukaryotes( 

Steinberg & Perez-martin, 2007). The U. maydis system has also been used for the analysis 

of DNA recombination and for cell biology studies (Holliday, 1964; Feldbrügge et al., 2004; 

Matei & Doehlemann, 2016). Moreover, the creation of the haploid solo-pathogenic strain has 

simplified its manipulation under laboratory conditions (Bölker et al., 1995) as it eliminates 

the need for mating to produce filamentous infectious strains. 

Additional techniques that have been adapted in this organism include for example: PCR-

based gene replacement ( Kämper, 2004; Steinberg et al.,2004), the possibility to monitor gene 

expression during axenic growth and pathogenic development via marker genes such as ß-

glucoronidase and GFP (Genet & Urban, 1996; Spellig & Bottin, 1996; Basse et al., 2000; 

Steinberg, 2004), inducible promoter systems to enable controlled gene expression (Spellig & 

Bottin, 1996; Brachmann & Weinzierl, 2001; Straube et al., 2001; Steinberg, 2004), and the 

highly efficient CRISPR-Cas9 gene editing system (Schuster et al., 2016; Zuo et al., 2020). 

While many important advances have been made in U. maydis, more techniques are being 

developed that can be adapted and applied to this pathosystem. These techniques are oriented 

to manipulate the behavior of its effector genes during different stages in the infection process 

to facilitate their functional characterization. 

 

1.6 Ustilago maydis as a plant pathogen 

 

Ustilago maydis is a fungal plant pathogen capable of infecting maize (Zea mays) plants. U. 

maydis induces tumor formation in all aerial parts of its host-plant including leaves, tassel, 

and ears (Doehlemann et al., 2008; Matei & Doehlemann, 2016). In Mexico, the tumors 

produced by U. maydis are called “huitlacoche” and is considered a culinary delicacy (Lu, 
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1998) , although this pathogen can cause severe yield losses, since all the corn cub can be 

replaced by tumors. 

The biotroph U. maydis has a biphasic lifecycle that involves a saprophytic stage and a 

pathogenic one (Doehlemann et al., 2017). The transition from the saprophytic to the 

pathogenic stage occurs on the host surface with the germination of the haploid sporidia. When 

two compatible mating types of haploid sporidia come across, they fuse and form a dikaryotic 

infectious filament. This filament can directly penetrate the host cell through appressorium 

formation. During colonization, the hyphae are mostly intracellular and surrounded by the 

host plasma membrane. The area between the hyphal cell membrane and the host cell 

membrane is known as biotrophic interface, and is the area of exchange of nutrients, signals, 

and effector secretion (Brefort et al., 2009; Doehlemann et al., 2009; Lanver et al., 2017). 

Subsequently, the infectious fungal hyphae reaches the bundle sheath cells (Matei & 

Doehlemann, 2016) where it manipulates the host to develop tumors, involving plant cell 

enlargement as well as increasing cell division (Doehlemann et al., 2008; Matei et al., 2018). 

Later during the infection process, within the dikaryotic fungal cells, karyogamy occurs and 

teliospores are formed from the fragmented hyphal cells. Teliospores accumulate in the tumors 

and disperse the fungal inoculum in the environment (Banuett & Herskowitz, 1996; Begerow 

et al., 2006) to start a new pathogenic life cycle. The life cycle and pathogenic development 

of U. maydis is schematized in Figure 2. 
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Figure 2: Life cycle and pathogenic development of U. maydis. This biotrophic fungus has a dimorphic life 

cycle, a yeast-like saprophytic phase, and a filamentous, pathogenic biotrophic stage. A. The teliospores from U. 

maydis are in the environment in a latent stage. B. Under specific conditions, those spores can germinate acquiring 

a yeast-like cellular form. C. When compatible yeast-like U. maydis cells meet on the surface of maize leaves, 

they can mate and form a dikaryotic infectious filament. The filament can penetrate the plant surface and initiate 

the infection process. D. Upon penetration the hyphae develop mostly intracellularly, surrounded by the plant 

plasma membrane. In between the fungus and the plant, an interaction zone is formed. This interaction is necessary 

for the establishment of a successful biotrophy. E. In advanced stages of the infection, U. maydis hyphae can 

develop intercellularly reaching deeper cellular levels inside the plant. After karyogamy hyphae fragmentation 

occurs, and teliospores are formed. F. Teliospores are accumulated in tumors. The tumors can develop in all aerial 

parts of the maize plants, for example leaf, tassel, and corncobs. Pictures from leaf, tassel and corncob tumors 

were done by Dr. Amey Redkar. Figure created with BioRender.com. 

 

 

1.6.1 Effector genes 

 

As a biotroph pathogen, U. maydis keeps its host cell alive during the infection process. In 

this context, U. maydis secretes effector proteins to manipulate the host metabolism and 

suppress the immune system. These effector proteins enable U. maydis to successfully 

establish the biotrophy, without induction of any defense-mediated, programmed cell death 

(Djamei & Kahmann, 2012; Lo Presti et al., 2015; Matei & Doehlemann, 2016; Djamei et al., 

2023).  

Within the genome of U. maydis, approximately 553 genes are predicted to encode for 

secreted effector proteins, many of those with unknown function or lack of defined functional 

or structural domains (Dutheil et al., 2016; Schuster et al., 2018). Several effector genes are 

co-located in genomic clusters, likely originated from gene duplication events for effector 
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diversification (Kämper et al, 2006). Sequences encoding predicted effector proteins are 

usually found in genomic regions with low sequence conservation. This genetic variation is 

consistent with an evolutionary perspective, reflecting co-evolution between the pathogen's 

effector race with its host targets for efficient defense suppression (Schirawski et al., 2010).  

Effector proteins can be functionally grouped in relation to the infection stage in which they 

are most required (Matei & Doehlemann., 2016) to guarantee a normal disease progression. 

Some proteins of U. maydis are defined as “core” effectors. These effector proteins are 

essential to colonize and infect the host tissue. Their activity is associated with the evasion of 

the plant’s first barrier of defense. A fitting example is the essential effector protein Pep1. 

This effector suppresses the plants immune reaction by inhibiting peroxidase activity in maize 

(Hemetsberger et al., 2012, 2015; Matei & Doehlemann, 2016).  

For a successful pathogenic development of U. maydis, it is crucial to establish and maintain 

biotrophy throughout the various stages of infection(Skibbe et al., 2010; Schilling et al., 2014; 

Matei & Doehlemann, 2016). Biotrophy is maintained, for example, through the secretion of 

the effector Pit2, which suppresses host immunity by inhibition of the maize cysteine 

proteases(Mueller et al., 2013; Matei & Doehlemann, 2016). Another example is the effector 

Pep1, which is not only required for establishment of biotrophy, but also for its maintenance 

throughout the entire infection process. Without this effector, U. maydis cannot complete its 

sexual cycle (Brefort et al., 2009; Doehlemann et al., 2009; Hemetsberger et al., 2012). 

Another example is the Cmu1 effector (secreted fungal chorismite mutase) which is one of 

the most highly upregulated effectors during plant colonization. It is taken up by the host cells, 

altering their metabolic status trough metabolic priming (Osorio et al., 2011). Additionally, 

the effector protein Tin2, which modifies the lignin biosynthesis path in favor of the disease 

progression (Tanaka et al., 2014; Matei & Doehlemann., 2016).  

Alternatively, there are effectors that function in an organ/tissue specific manner. One 

example is the effector protein See1. This effector promotes the tumor formation in leaves by 

reinitiating cell division in vegetative tissue (Redkar et al., 2015; Matei & Doehlemann, 2016). 

Another effector directly related to tumorgenesis in Sts2 (small tumor on seedlings 2), which 

was identified as a leaf-specific effector. (Schilling et al., 2014; Djamei et al., 2023). 
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1.6.2 Approaches to functional characterize Ustilago maydis effector 

genes 

 

The interaction between plants and their pathogens often is described as a co-evolutionary 

“arms race”(Lanver et al., 2017). This arms race is a three steps process. In a first step, the 

plant is attacked by a pathogen. The plant’s fitness is reduced, and in consequence novel 

defenses are selected and spread among the plant population. Subsequently, effectively 

defended plants decrease the pathogen’s fitness. As third step, a selection of a pathogen’s 

genotype, with effector genes that can overcome the plant defenses is spread across the 

pathogen population (Jones., 2006).  

The relatively small and well annotated genome of U. maydis, along with its efficient 

transformation system, positions this model organism as one of the few eukaryotic plant 

pathogens in which effector proteins can be studied at a functional level (Dean et al., 2012; 

Stotz et al., 2014; Lanver et al., 2017). New bioinformatic tools, including Effector P 

(Sperschneider et al., 2016) Effector P 2.0 (Sperschneider et al., 2018), Effector P 3.0 

(Sperschneider & Dodds, 2022), Effector Hunter (Carreón-Anguiano et al., 2020),and Wide 

Effector Hunter (Gisel et al., 2022) among others, have enabled scientists to narrow down the 

number of genes that meet the requirements to be defined as “effector” in U. maydis. These 

criteria include the presence of a secretory signal, specific motifs, small size, a high cysteine 

residue content, expression during pathogenic development, and the absence of known 

structural functional domains (Win et al., 2012; Lanver et al., 2017).  

Without this preselection, a genome-wide knockout approach would be necessary (Lanver et 

al., 2017). However, such an approach is not feasible because virulence is often unaffected by 

the deletion of single genes, presumably due to functional gene redundancy (Saitoh et al., 

2012; Giraldo & Valent, 2013; Ali et al., 2014; Lanver et al., 2017). Furthermore, effector 

genes can contribute to the pathogenicity in a host-lineage-specific manner or under specific 

circumstances (Depotter & Doehlemann, 2020; Depotter et al., 2021; Schurack et al., 2021) 

Bioinformatical tools together with a wide range of approaches from the areas of 

biochemistry, genetics, and cell biology together with high throughput cloning methods, 

functional genomics, and phylogenetic assays, have made it possible to identify and 

functionally characterize many effector proteins of U. maydis. As (Lanver et al., 2017) 

discussed, a major task is to group effector genes based on their expression profile, to define 
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time-dependent and/or space dependent mechanisms of actions. This could increase the 

recognition of for example co-regulated transcription factors, enabling those regulatory 

networks to different stages of infection. 

 

1.7 Optogenetics as a tool for gene manipulation in Ustilago maydis 

 

Synthetic biology systems rationally assemble components present in biological systems and 

apply them in other organisms. Light is a common environmental element essential not only 

for photosynthetic but also non-photosynthetic organisms, which during evolution have 

evolved numerous mechanisms to sense and respond to light stimuli (Müller & Weber, 2013). 

Synthetic biologists have adapted the components of such systems and transferred them to 

adaptable toolboxes to control specific processes, having the advantages of a high temporal 

and spatial resolution (Müller & Weber, 2013). One of the most used light-responsive systems 

in eukaryotes is based on LOV domains. The blue light sensing light-oxygen-voltage (LOV) 

proteins are approximately 125 kDa, and are usually found in prokaryotes (Losi, 2004), fungi 

and plants (Müller & Weber, 2013). These proteins respond to light by undergoing 

conformational changes or dimerization upon illumination with blue light in a reversible 

manner (Müller & Weber, 2013). 

The PhD dissertation of Lisa Cristin Hüsemann; AG Zurbriggen at the University Düsseldorf, 

describes the establishment and quantitative characterization of a LOVpep/ePDZ-based blue 

light inducible gene expression system in U. maydis. has the potential to enable spatial-

temporal gene regulation in the U. maydis-maize pathosystem through the utilization of 

different wavelengths. In this study, the vectors systems for the blue-on and blue-off, 

originally described, has been modified to control the expression of the organ-specific effector 

gene, see1, as depicted in Figure 3 This modification was undertaken to evaluate the 

possibility of using light as a regulatory factor for the real-time expression of effector genes 

during biotrophy of U. maydis.  
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Figure 3: Blue-on and Blue-off vectors adapted for the expression of see1: A. The blue-on system: Reporter 

plasmid containing the firefly luciferase (FLuc) in frame with the effector gene see1 and an operating sequence 

(PIR3) upstream of a minimal promoter. Additionally, the blue-on plasmid has a bi-directional promoter that 

control the expression of a light-sensitive protein (LOVpep), an ePDZZ fused with a trans activator and a nuclear 

localization sequence. The PIP-LOVpep fusion protein binds to the operating sequence (PIR3), after illumination 

with blue-light, this protein suffers a conformational change that leads to the uncaging of a peptide tag that is 

accessible to the ePDZ domain, bringing the trans activator near the minimal promotor, inducing in this way the 

expression of see1FLuc. B. The blue-off system: Two vector design of an EL222-based blue light-controllable 

gene expression system in U. maydis. The reporter plasmid has a firefly luciferase (FLuc) as a reporter in frame 

with the effector gene see1 and several repeats of the EL222 operating sequence (C120) upstream of a minimal 

promoter (Pmin). The second vector counts with a constitutive promoter (Pconst) controlling the expression of an 

EL222 with a N-terminally fused U. maydis-derived Sql1 repressor (and a nuclear localization sequence (NLS). 

In presence of blue light, the protein EL222 dimerizes and binds to the DNA in the C120n region, this interaction 

brings the repressor close to the minimal promoter repressing the expression of see1FLuc. Technical information 

about the strains in supplementary section 6.9. Figure created with BioRender.com. 

 

 

 

 

. 
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1.8 Objectives of this study 

 

The major aim of this study was to construct and test genetic tools that facilitate the functional 

characterization of effector genes in U. maydis. In order to do this, a standardized cloning 

methodology named MoRFunG toolkit (Modular Recombinant Fungal toolkit for Gene 

expression) was developed. Accordingly, the main objectives were to: 

1. Develop a standardized cloning methodology adapted to U. maydis that allows the 

systematic study of effector genes and their impact on virulence using the Golden Gate 

and the MoClo technologies. 

2. Generate defined modular cloning units integrated in the MoRFunG toolkit to provide 

the system with independence as well as predictability. 

3. Generate transcript units able to recreate the behavior of the wild-type effector genes 

in terms of expression pattern and impact on virulence of U. maydis. 

4. Use the MorFunGtoolkit as a high throughput cloning methodology that allows the 

functional complementation of large genomic deletions.  

5. Identify effector genes with relevant functions within the virulence cluster 6A of U. 

maydis as a proof of concept. 

6. Manipulate the expression pattern of relevant effector genes by using tailor-made 

transcript units with the exchange of promoter regions. 

7. Achieve ectopic integration by homologous recombination without major 

modifications of the genetic background. 

In addition to these main objectives, a trial study was done to evaluate the utilization of 

optogenetic systems for manipulation of the expression of effector genes in the U. maydis- 

maize pathosystem.  
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2 Results  

 

2.1 Set up of the MoRFunG toolkit in Ustilago maydis 

 

2.1.1 Ustilago maydis cluster 6A deletion and its impact on virulence 

 

The 18,6% of all the genes encoding secreted proteins in U. maydis are organized in physical 

clusters in the genome (Kämper et al., 2006), and deletions of five of those clusters had an 

impact on the virulence performance of this biotrophic pathogen (Kämper et al., 2006). In this 

study, the cluster 6A, which is required for full virulence of U. maydis (Kämper et al., 2006), 

was selected as a starting point for the setup of the MoRFunG toolkit as a high throughput 

cloning methodology. This decision was made based on several factors. Firstly, the cluster 

deletion exhibited a virulence defect (Kämper et al., 2006). Secondly, there is a lack of 

knowledge regarding specific virulence functions of individual genes within the cluster. 

Finally, previous attempts at complementation using established cloning methodologies have 

been highly challenging and unsuccessful until now. 

 

Figure 4: Deletion of Cluster 6A of U. maydis. A:. The cluster 6A of U. maydis consist in 8 genes predicted to 

be effector proteins. In this representation the genes are represented for arrowed shapes. Each arrowed shape in a 

specific color represents one gene. Completed arrows are genes that contain only one exon. In interrupted arrows 

the interruption represents introns. In the left and right extremes of the figure, squared shapes (red and blue) 

represent 1Kb flanking regions of the cluster. B. Scheme of the deletion of cluster 6A in a co-approach using 

CRISPR-Cas9 mediated homologous recombination to generate a genetic scar composed by the left and right 

flanks together. Scissors cutting double-strand DNA represent the targets of the CRISPR multiplex used for the 

generation of the cluster deletion. Figure created with BioRender.com. 
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For this study, deletion mutants of the cluster 6A (Figure 4), which includes the genes 

umag_02533, umag_11415, umag_02535, umag_11416, umag_02537, umag_02538, 

umag_11417 and umag_02540, were created in the U. maydis SG200 solo-pathogenic genetic 

background. The deletion was performed using the CRISPR-Cas9 gene editing system in 

combination with homologous recombination. This approach allowed the creation of deletion 

strains without the introduction of resistance cassettes. A CRISPR-Cas9 multiplex plasmid 

(#2307-pCas9HfI_02533_02535_02540) containing sgRNAs targeting 3 out of the 8 genes of 

the cluster (umag_02533, umag_02535 and umag_02540) was used to generate double strain 

breaks in the DNA. Together with the CRISPR plasmid, a donor template containing the left 

and right flanking genomic regions of the cluster was co-transformed (#2305-pGAM1311Lb-

Rb). This led to a CRISPR-Cas mediated homologous recombination that resulted in a 

complete deletion of the cluster 6A .The flanking regions were assembled by a Gibson 

Isothermal reaction (Gibson et al., 2009; Gibson, 2011) and transformed into U. maydis as a 

circular vector, shortening the cloning steps previous to the mutant generation, since plasmid 

linearization and clean-up was not required. The mutants were selected based on carboxin 

resistance conferred by the CRISPR vector. The cluster deletion and the generation of the 

genetic scar of the generated strain were confirmed by southern blot analysis, PCR, and 

sequencing (supplementary section 6.6) Three independent mutants were selected, and their 

virulence was evaluated in maize infection assays. 
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Figure 5: Virulence assay U. maydis SG200 Δ6A: Virulence assays including U. maydis SG200 and three 

independent mutants for the cluster 6A deletion strains (SG200 Δ6A) in Golden Bantam (GB)maize leaves. The 

scoring was performed at 12 days post inoculation (dpi). Disease rates are given as a percentage of the total number 

of infected plants. Three biological replicates were carried out. “n” represents the number of infected maize 

seedlings. Significant differences between strains were analyzed by unpaired Student’s t-test analysis (*: P ≤0.05, 

**P≤0,01). 

 

 

The results revealed that all the 3 independent mutants with deletion of cluster 6A had a 

reduced virulence phenotype when compared with the U. maydis SG200 control (Figure 5). 

The impaired virulence phenotype was in all cases characterized by a reduction in the size and 

amount of tumor formation. These results re-confirmed the relevance of the effector cluster 

6A for a normal U. maydis SG200 disease development in maize as shown by ( Kämper et al., 

2006).  

The combination of CRISPR-Cas9 together with homologous recombination, allowed to 

generate a “genetic scar” without resistance cassettes in the mutation zone. The dispensability 

of the resistance cassettes in this methodology makes all the available selection markers 

accessible for future experiments, without the need of eliminating the cassette in an extra 

cloning step. The “genetic scar” generated by the flanking regions, in the cluster deletion, 

served as clear genetic background for the subsequent cluster complementation using the 

MoRFunG toolkit. 
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2.1.2 Ustilago maydis cluster 6A two steps complementation 

 

The complementation of large genomic deletions is a challenging approach, mainly due to the 

technical difficulties of assembling large DNA fragments as functional units. In this study, a 

cluster 6A complementation strain was created using MoRFunG toolkit modules. This 

complementation process was carried out in two steps, employing both CRISPR-Cas9 and 

homologous recombination methods simultaneously. 

In the first step, the CRISPR vector (#2456-pCas_9HfI_ 1stComp 6A) targeted the middle of 

the genetic scar (in the right flanking region). With the aim of inducing homologous 

recombination, a donor DNA vector template (#2511-pL2M1/2 6A:R1: R6Short) was co-

transformed together with the CRISPR vector in the U. maydis SG 200Δ6A genetic 

background. The donor DNA was a MoRFunG Level 2 plasmid containing clustered arranged 

transcript units (umag_02533, umag_11415, umag_02535 and umag_11416) and the flanking 

sequences of the cluster used in the genetic scar (the left flank and a shortened right flank, 

without the recognition sequence found in the CRISPR vector to prevent plasmid linearization 

during transformation). The outcome of this first step transformation resulted in mutant strains 

with an insertion in the cluster 6A loci, containing half of the genes of the cluster 6A (SG 200 

Δ6A:: 02533/11415/02535/11416) (Figure 6B), shortly designated “SG200Δ6A/C1” in the 

virulence assays. 

In the second complementation step, the CRISPR vector (#2457-pCas_9HfI_2ndC6A) targeted 

an artificial DNA sequence generated by MoClo in between the umag_11416 and the right 

flank. The donor template (MorFunG Level 2 module #2453-pL2-F1:R6A2ndC6A) included 

the gene umag_11416 (serving as a left flank for homologous recombination) followed by the 

transcript units umag_02537, umag_02538, umag_11417, umag_02540 and the right flank, in 

its full extension, as depicted in Figure 6C. The resultant strain contained a complete cluster 

complementation done with the MoRFunG toolkit (SG200 Δ6A:: 

02533/11415/02535/11416/02537/02538/11417/02540) shortly designated “SG200Δ6A/C2” 

in the virulence assays. 

For the cluster 6A complementation, a total of 24 level 0 modules, 8 level 1 transcript units, 

three flanking regions in level 1 and two level 2 vectors each of them containing 6 tandemly 

arrange level 1 constructs were generated. 
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Figure 6: Virulence cluster 6A deletion and complementation scheme: Rectangles represent flanking regions. 

The arrow-shaped figures represent genes. Each fragment in the arrow shaped figures represents an exon. Dashed 

outlines of the shapes represent modules of the MoRFunG toolkit. Non-dashed shapes represent the genes in the 

U. maydis wild type strain. CRISPR targets are represented by scissors cutting double-stranded DNA. .A. U. 

maydis cluster 6A deletion. Co-transformation using a CRISPR-Cas vector multiplexing 3 genes of the cluster in 

the SG200 genetic background. The donor template contains the left flank of the cluster (red) and right flank 

(blue) to generate a genetic scar. B. First step complementation (SG200 Δ6A genetic background): Introduction 

of the genes umag_02533, umag_11415, umag_02535, and umag_11416 together with the flanking regions in a 

MoRFunG level 2 vector. The mutagenesis was directed in loci using a CRISPR-Cas vector targeting a sequence 

at the beginning of the right flank. C. Second step complementation (SG200 Δ6A/C1 genetic background). The 

donor DNA carried in a L2 MoRFunG vector contains the genes umag_11416, umag_02537, umag_02538, 

umag_11417 and umag_02540 together with the right flank. The mutagenesis was directed in locus using a 

sgRNA carried in the CRISPR vector that targeted an artificial sequence in between umag_11416 and the right 

flank in the first complementation. Figure created with BioRender.com. 

 

 

The complementation strains were confirmed by southern blot analysis (Supplementary 

Section 6.6). All the strains were able to form filament on charcoal plates (not shown). The 

virulence performance of one selected strain for each complementation was evaluated in 
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maize infection assays using the U. maydis SG200 and the SG200 Δ6A as controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Virulence assay of cluster 6A deletion and complementation: SG200, SG200 Δ6A, half cluster 

complementation (SG200 Δ6A/C1) and complete cluster complementation (SG200 Δ6A/C2) virulence assay on 

Golden Bantam (GB)maize leaves. The scoring was done at 12 days post inoculation (12 dpi). Disease rates are 

given as a percentage of the total number of infected plants. Three biological replicates were carried out. “n” 

represents the number of infected maize seedlings. Significant differences between strains were analyzed by 

unpaired Student’s t-test analysis (*: P ≤0.05, **P≤0,01, ***P≤0,005 n.s = no significance). SG200Δ6A/C1 

contains the genes umag_02533, 11415, 02535 and 11416.SG200Δ6A/C2 contains the genes umag_02533, 

11415, 02535, 11416, 02537, 02538, 11417 and 02540. Modification of a Figure created with BioRender.com. 

 

 

The disease assay performed with SG200, SG200 Δ6A and complementation mutants 

revealed that both complementation strains constructed with the MoRFunG toolkit fully 

recovered the virulence defect of the cluster 6A deletion (Figure 7). There were not statistical 

differences between the disease rate of the first complementation strain (SG200 Δ6A/C1) and 

the complete cluster complementation (SG200 Δ6A/C2) in relation to the SG200 strain. These 

results indicate that, potentially one or a combination of genes included in C1 (umag_02533, 

umag_02535, umag_11415 and/or umag_11416) hold the most important virulence functions 

necessary for a full virulence performance.  
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2.1.3 Gene expression in the MoRFunG cluster 6A 

 

After successful genetic and functional complementation of the cluster 6A, the gene 

expression level between the genes of the artificial cluster was compared to the wild type 

(positive control) and cluster deletion (negative control and genetic background) by 

performing qRT-PCRs. The samples analyzed were total RNA extracted from infected maize 

leaves. The samples were taken at 4 dpi. At this specific time point all the effector genes 

showed up-regulation based on RNA seq data (Lanver et al., 2018b)  as shown in 

supplementary section 6.7. 

The qRT-PCRs performed for SG200 Δ6A mutant showed the absence of gene expression for 

the cluster 6A genes. The first half complementation strain (red bars) showed detection of the 

first 4 genes of the cluster (genes mentioned in the left column) while the strain containing 

complete cluster 6A (grey bar) shows expression for all the eight genes (Figure 8). Analysis 

of qRT-PCRs demonstrated that the expression level of umag_02533/11415/02535 and 11416 

genes were comparable between SG200 Δ6A/C1 and SG200 Δ6A/C2, and in both cases 

equivalent with the gene expression exhibited for the SG200. The student’s t-test of the qRT-

PCRs results showed that only umag_02535 exhibited a significant difference between the 

complementation strains (SG200 Δ6A/C1 and SG200 Δ6A/C2) when compared to the SG200. 
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Figure 8: qRT-PCRs genes cluster 6A: qRT-PCR from each gene of cluster 6A in the different strains generated 

during the cluster 6A complementation. All the expression data was normalized against the housekeeping gene 

ppi. Three biological replicates infected maize plants and two technical replicates for the cDNA were analyzed by 

qRT-PCR for each treatment, The bars indicate the average expression of the genes from 3 independent biological 

replicates, in ratio to ppi (2-ΔCt). Significant differences between strains were analyzed by unpaired Student’s t-

test analysis (*: P ≤0.05, **P≤0,01, n.s = no significance). Modification of a Figure, originally created with 

BioRender.com. 

 

 

The results proved that the MoRFunG cluster complementation recovered the virulence 

performance and the expression of the majority the genes of the cluster 6A in comparable 

levels to the SG200 under the experimental conditions used in this study. The expression level 

of the genes umag_02533, umag_02535, umag_11415 and umag_11416 did not exhibited 

statistical differences between SG200 Δ6A/C1 and SG200 Δ6A/C2 at 4 dpi, indicating that 
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successive transformation rounds did not affect the expression of the adjacent genes. 

2.2 Elucidation of relevant genes within the cluster 6A using the 

MoRFunG toolkit 

 

Some of the effector genes of U. maydis are co-localized in clusters of virulence (Kämper et 

al., 2006), making it feasible to delete them simultaneously and evaluate the impact of the 

cluster on virulence performance. However, identifying the function of relevant genes within 

a virulence cluster, or understanding the relationship between the genes of a cluster, remains 

technically challenging due to potential transcriptional co-regulation or overlapping functions. 

This section provides a summary of the experiments conducted to gain insights into the 

significance of the genes within cluster 6A. Throughout this section, the results from 

knockouts, as well as experiments using the novel MoRFunG toolkit to understand the relation 

between the effector of the cluster 6A, are depicted. 

2.2.1 Cluster 6A of Ustilago maydis: single and multiple gene knockouts  

 

Some of the greatest difficulties when characterizing effector genes of U. maydis are their 

large number in the genome and their functional redundancy (Khrunyk et al., 2010; Zuo et al., 

2020). To understand the relation between the genes included in the virulence cluster 6A, 

single and multiple knockouts were done using CRISPR-Cas9 (Zuo et al., 2020), and their 

virulence performance compared to U. maydis SG200. In this study, strains which names 

contain the “Δ” symbol, refer to strains in which the complete sequence of the gene/s has been 

deleted of the genome. Alternatively, strains named KO (knockout) apply to strain in which a 

mutation (frameshift or premature stop-codon) was introduced into the ORF using CRISPR-

Cas9, leading to the loss of functionality of the transcript.  
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Figure 9: Virulence assay of single KOs of the genes of the cluster 6A: Virulence assay performed for all single 

Knockouts (KO) of the genes from cluster 6A in Golden Bantam maize seedlings. The scoring was done at 12 

days post inoculation (12 dpi). Disease rates are given as a percentage of the total number of infected plants. Three 

biological replicates were carried out. “n” represents the number of infected maize seedlings. Significant 

differences between strains were analyzed by unpaired Student’s t-test analysis (*: P ≤0.05, **P≤0,01, 

***P≤0,005 n.s = no significance).Figure created with BioRender.com. 

 

 

The results for the single gene knockout in a cluster context showed that none of the gene 

knockouts exhibited a virulence reduction when compared to the SG200 (Figure 9). These 

results indicate that the individual genes are dispensable for virulence when the rest of the 

cluster is present. Double knockouts of genes from the cluster 6A that showed a differential 

up regulation in different maize lines observed by Dr. Selma Schurack (umag_02533 and 

umag_02535, as well as the knockout of umag_02533 together with umag_02540), did not 

show any virulence reduction when compared to the SG200. Contrastingly, the triple knockout 

of the genes umag_02533, umag_02535 and umag_02540 showed a significant reduction in 

the virulence performance in relation to the SG200 control (Figure 10). 
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Figure 10: Virulence assay of double and 

triple KOs within cluster 6A: Virulence 

assay performed for double knockouts and 

triple knockouts of genes umag_02533, 

umag_02535 and umag_02540. Disease rates 

are given as a percentage of the total number 

of infected plants. Three biological replicates 

were carried out. “n” represents the number of 

infected Golden Bantam maize seedlings. 

These strains were generated by Dr. Selma 

Schurack. Significant differences between 

strains were analyzed by unpaired Student’s t-

test analysis (*: P ≤0.05, **P≤0,01, n.s = no 

significance).Individual graphics created with 

BioRender.com. 

 

 

 

 

Some of the genes included in the cluster 6A were previously identified as Tips (TOPLESS 

interactor proteins) (Bindics et al., 2022). These genes were shown to induce auxin signaling 

in maize plants, contributing in this way to the virulence of U. maydis. The genes 

umag_11415, umag_02535, umag_02537, umag_02538 and umag_11417 were then defined 

as Tip1- Tip5, respectively. In order to test, whether the Tips interactors had a direct impact 

on the virulence performance of U. maydis, a deletion strain of all the genes of cluster 6A 

except for umag_02533, umag_11416 and umag_02540 was generated by Dr. Mamoona Khan 

from Crop Science and Resource Conservation (INRES), University of Bonn, and their 
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virulence performance evaluated in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Virulence assay deletion of Tips in the cluster 6A Virulence assay performed for the deletion of the 

Tips genes of the cluster 6A (umag_02535, umag_11415, umag_02537, umag_02538, and umag_11417) 

Disease rates are given as a percentage of the total number of infected plants. Four biological replicates were 

carried out. “n” represents the number of infected Golden Bantam maize seedlings. These strains were generated 

by Dr. Mamoona Kahn. Significant differences between strains were analyzed by unpaired Student’s t-test 

analysis (*: P ≤0.05, **P≤0,01). 

 

 

The deletion of the Tips showed a reduced virulence phenotype compared to the SG200 strains 

(Figure 11). A potential hypothesis from this result indicates that one or more of the Tips 

interactors could potentially be essential for a fully virulence performance of U. maydis. A 

holistic analysis of all the knockout strains provided evidence indicating that not all the genes 

of the cluster are required to achieve a fully virulent performance. The combination between 

single double and multiple KOs/ deletions suggests that the genes umag_02533, umag_11416 

and umag_02540 are in principle dispensable for the normal development of the pathogenicity 

of U. maydis. Nevertheless, based on these results, is not possible to draw conclusions about 

the relevance of the rest of the effector genes from the cluster. In this context, questions related 

to the potential interactions between the cluster’s genes remain unclear. This constitutes a 

clear example of the limitations of gene deletion approaches for the understanding of tightly 

interconnected genes.  
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2.2.2 Identification of relevant genes within the virulence cluster 6A of 

Ustilago maydis using the MoRFunG toolkit 

 

Identifying genes with relevant functions for U. maydis can be challenging, especially when 

genes are clustered and co-regulated, or when they have functional homologs in the genome. 

The experimental data obtained from the gene deletions/knockouts supports the hypothesis 

that the genes of cluster 6A have functional redundancy. In this section, the modules of the 

MoRFunG toolkit used in the cluster complementation (Section 2.1.2) were used to generate 

“single gene complementation strains” with individual modular transcript units, in the SG200 

Δ6A genetic background as schematized in Figure 12. The goal was to identify, if there exist 

one or more effectors from this cluster that could individually recover the virulence defect 

from the cluster deletion in absence of the rest of the cluster. The use of the MoRFunG toolkit 

for this experiment had the advantage of a rapid assembly of the transcript units, inserted in 

locus without introduction of resistance cassette, by using CRISPR-Cas mediated homologous 

recombination. 
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Figure 12: Scheme of the single gene cluster complementation strains. Dashed shapes represent genetic 

constructs done with the MoRFunG toolkit. The CRISPR target is represented with a cut DNA molecule. Each 

donor template contained the two flanking regions (squares red and blue) with single transcript units from cluster 

6A (arrows). The insertions were done in locus in the genomic location for cluster 6A. Figure created with 

BioRender.com. 

 

 

The virulence performances of the strains SG200Δ6A/02533, SG200Δ6A/02535, 

SG200Δ6A/11415, SG200Δ6A/02537 and SG200Δ6A/02538 were evaluated. The SG200 

and SG200Δ6A strains were used as controls.  
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Figure 13: Virulence assay of single gene cluster 6A complementation strains: Virulence assay performed for 

the complementation of cluster 6A with transcript units generated with the MoRFunG toolkit. The strains 

SG200Δ6A/02533, SG200Δ6A/02535, SG200Δ6A/11415, SG200Δ6A/02537 and SG200Δ6A/02538 were 

evaluated and compared with the SG200 and SG200Δ6A. Disease rates are given as a percentage of the total 

number of infected plants. Three biological replicates were carried out. “n” represents the number of infected 

Golden Bantam maize seedlings. Significant differences between strains were analyzed by unpaired Student’s t-

test analysis (*: P ≤0.05, **P≤0,01, n.s = no significance). 
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The virulence assay (Figure 13) revealed that the strains complemented with umag_02535, 

umag_02537 or umag:02538 in the SG200 Δ6A genetic background were not able to revert 

the virulence defect of the cluster deletion. In the case of the complementation with 

umag_02533, the mutant exhibited a similar phenotype than the SG200 Δ6A, nevertheless the 

statistical results did not show significant differences either with SG200 or the cluster deletion 

strain. This intermediate phenotype could be attributed to a partial complementation with the 

effector gene umag_02533. On the other hand, the strain SG200 Δ6A/11415 fully 

complemented the virulence defect of the cluster deletion. Preliminary experimental data 

indicates that SG200Δ6A/11417 and SG200Δ6A/02540, are not capable of complementing 

the virulence phenotype of SG200Δ6A (data not shown), but additional biological replications 

need to be done to avoid statistical errors in the conclusions. 

Complementing the SG200Δ6A strain with individual transcript units created using the 

MoRFunG toolkit provided valuable insights regarding the role in virulence of specific 

effector genes within the cluster 6A. These findings were particularly valuable given the 

presumed functional redundancy of these genes, making them challenging to assess through 

knockout approaches. 

2.3 Endogenous promoters from Ustilago maydis included in the 

MoRFunG toolkit 

 

One of the greatest advantages of the MoRFunG toolkit, is the possibility to manipulate gene 

expression through the creation of tailor-made transcript units. These transcript units ideally 

exhibit a predictable expression pattern, achieved through the exchange of promoter regions. 

Endogenous promoters from effector genes of U. maydis were selected to be included in the 

MoRFunG toolkit. The selection criteria was based on the expression pattern of their effector 

genes (Lanver et al., 2018b). The two main standards for selection were: The time of up-

regulation and the presence of a peak of expression at a specific time point during the 

biotrophic stage of U. maydis. In this study, a peak of expression is understood as the 

accumulation of 30% or more of the total amount of reads in a single time point, concerning 

the total amount of reads across all the time points. Due to differences between the U. maydis 

strain and maize line used by Lanver et al., (2018a) and this study, qRT-PCRs were performed 

to confirm that the expression patterns were the same under the experimental conditions of 

this study.  
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Figure.14: qRT-PCR Native gene expression for promoter selection: qRT-PCRs performed for most of the 

effector genes whose promoters were included in the MoRFunG toolkit. The samples were infected maize leaves 

with U. maydis SG200 (3th leaf, approximately 1 cm below the inoculation point, and approximately 4 4cm long) 

The infections were performed at the stage of 3rd leaf. All the gene expression data was normalized against the 

housekeeping gene ppi. The “y” axis shows the relative expression (RE) of each gene in relation with ppi. The 

relative expression was quantified via qRT-PCR. Each time-point (1,2,4,6 and 8 dpi) show the average expression 

of the genes from 3 independent biological replicates and two technical replicates, in ratio to ppi (2-ΔCt).  

 

 

The selected effector gene’s promoters (Figure14) were divided into 3 main categories based 

on their peak of expression: early promoters (peak between 0 and 2 dpi), middle promoters 

(peak at 4 dpi) and late promoters (peak at 6 dpi or later). Promoters that exhibited an 

expression pattern comparable to the ones from (Lanver et al., 2018b), were cloned into 

MoRFunG level 0 modules. Promoter regions were defined as one Kb (Kilobase) upstream 

region (promoters of the cluster 6A were cloned with this criteria), or until the stop codon of 

the upstream adjacent gene. Promoters included in the MoRFunG toolkit are stated in Table 1 

as modules of transcript units in level 0. 
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Promoter Category Vector Level 0 

umag_02533 Middle pL0M-PU-umag_02533  

 

umag_11416 Middle pL0M-PU-umag_11416 

 

umag_02540 Early pL0M-PU- umag_02540  

umag_11415 Middle-late pL0M-PU- umag_11415 

umag_02535 Middle pL0M-PU- umag_02535 

umag_02538 Middle pL0M-PU- umag_02538 

 

umag_02537 Middle-late pL0M-PU- umag_02537 

umag_05319 Middle pL0M-PU- umag_05319 

 

umag_11417 Early-

middle 

pL0M-PU- uma _11417 

umag_06180 Middle pL0M-PU-Uumag _06180 

 

umag_05104 Early pL0M-PU- umag _05104 

 

umag_03046 Late pL0M-PU- umag_03046 

 

umag_00027 Middle pL0M-PU- umag_00027 

 

umag_10115 Early pL0M-PU- umag_10115 

 

umag_02119 Middle pL0M-PU-umag_02119 

 

umag_05311 Middle pL0M-PU- umag_05311 

 

umag_03749 Middle-late pL0M-PU- umag_03749 

 

umag_02194 Early pL0M-PU- umag_02194 

 

umag_02851 Early pL0M_PU- umag_02851 

 

otef Promoter Strong 

constitutive 

pL0M_PU_otef  

 

umag_06065 Early PL0M_PU- umag_03065 

 

 

Table1: Promoters Level 0 Modules MoRFunG toolkit: Promoters included in the MoRFunG.  
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2.3.1 Evaluation of endogenous promoter’s activity in ectopic 

simultaneous multi-gene integration without insertion of resistance cassettes 

 

2.3.1.1 ip locus Integration 
 

The MoRFunG toolkit aims to simplify and systematize the cloning process in U. maydis. As 

described previously, the cluster complementation done with this methodology was 

successfully achieved in the native locus. Nevertheless, this type of recombination event 

requires the generation of specific flanking regions depending on the genomic location.  

In U. maydis the ip locus has been established as a well-defined ectopic integration site. The 

ip locus integration methodology uses the systemic inhibitor of fungal growth carboxin (cbx) 

as selection marker. The DNA fragments can be integrated in the ip locus through homologous 

recombination. The use of this selection marker was first described by (Broomfield & 

Hargreaves, 1992), who demonstrated how a single amino acid change in the iron-Sulphur 

subunit of the Complex II (succinate-ubiquinone reductase umag_00844) involved in the 

respiratory electro transport in mitochondria, confers resistance to cbx. Since then, this locus 

is routinely used in heterologous gene expression and complementation studies in U. maydis 

(Loubradou et al., 2001). For homologous recombination in the ip locus, the sequence of 

umag_00844 is used as flanking regions for the DNA to be inserted. The left flank is the 

second half of the coding sequence from umag_00844 presenting the two nucleotides change 

described by (Broomfield & Hargreaves, 1992). The right flank contains the first half of the 

“wild type” coding sequence of umag_00844. After the recombination event, a duplication of 

the gene umag_00844 is generated, and one of the copies of umag_00844 contains the 

nucleotides change, making the transformant strains cbx resistant (Figure 15 A). The mutants 

created with this technique are easy to select and to confirm by southern blot analysis. The 

disadvantage for this methodology is the incorporation of resistance cassettes, and the 

possibility of unwanted multiple integrations.  

With the aim of standardizing the MoRFunG toolkit, and to include modules that can be used 

for ectopic insertions in known locations, the recombination in the ip locus was adapted to the 

MoRFunG toolkit. Initially experiments combining CRISPR-Cas mediated double strain 

break together with homologous recombination with MoRFunG vectors (with appropriate 

flanks for the ip locus) were done to achieve ectopically insertions of constructs in this genetic 

location (scheme not shown). These experiments were not successful because all the strains 
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generated showed a genotype compatible to the wild type SG200 in southern blot analysis 

(Supplementary section 6.8.1 and supplementary Figure S6). The experimental evidence 

suggests an inefficient target of the sgRNA, with continues presence of the CRISPR vector 

that conferred resistance to cbx to the false positive transformants strains. 

The second approach consisted of a single recombination event using only a MoRFunG level 

2 vector to be inserted by homologous recombination into the ip locus. A difference than the 

conventional ip recombination, with the MoRFunG methodology, the succinate 

dehydrogenase gene umag_00844 is not duplicated (Figure 15B). The advantages of this 

homologous recombination alternative system are the low probabilities to generate unwanted 

multiple integrations, and the minimal modification of the genetic background at the insertion 

point. In contrast to in-loci complementation using MoRFunG toolkit, where the plasmids 

used as donor DNA were introduced in U. maydis without previous linearization, for the ip 

homologous recombination a digestion of the Level 2 vectors with the restriction enzyme SspI 

is required prior transformation.  

 

Figure15: ip locus complementation: A. Scheme of the conventional homologous recombination in the ip locus 

with gene duplication by incorporation of a resistance cassette. B. Homologous recombination in the ip locus 

generated with the MoRFunG toolkit L2 vector. Yellow circles represent the mutation point that gives cbx 

resistance (cbx R). Figure created with BioRender.com. 
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U. maydis transformations done using this method showed a lower number of transformants 

in contrast with the conventional ectopic integration in the ip locus (author’s personal 

observations). I hypothesize that potentially, the large size of the vectors used could have a 

direct impact on the efficiency of the transformation. On the other hand, the system’s 

advantages rely on the high probability of cbx resistant strains to contain the right DNA 

insertion. Except for the strains generated in the work frame of the cluster 6A experiments, all 

the other strains generated this study were done using this methodology.  

 

2.3.2 Multi-tag ectopic integration 
 

The first successful ectopic integration for combined gene expression in the ip locus done with 

the MoRFunG toolkit, consisted of a “Multi-tag” Level 2 construct. The level 2 plasmid 

included the left and right flanks for the ip locus (Figure 15 B), and three transcript units to 

be ectopically inserted. The strain named SG200 

PU10115:gfp:NosT_PU03749:mCherry:NosT_PU03046:cfp_NosT (shortly mentioned in 

this study as “multi-tag”) consisted of three tailor made transcript units. Each transcript unit 

contained a promoter sequence (PU) of the genes umag_10115, umag_03749 or umag_03046, 

leading to the expression of the ORFs of gfp, mCherry and cfp respectively as schematized in 

Figure 16. Each transcript unit in level 1 also had a Nos terminator. The sequence from 

umag_00844 with the two base pairs modification for cbx resistance was used as left flank of 

the construct, and the genomic sequence downstream the umag_00844 as right flank.  

The promoters used were selected based on their time of up-regulation in combination with 

their peak of expression. In this construct the umag_10115 is an early promoter, peaking at 1-

2 dpi, the umag_03749 peaks at 4 dpi, and umag_03046 promoter has its peak of activity late 

(6-8 dpi) during the infection process. As mentioned previously, the pattern of expression of 

these genes was first selected based on RNAseq data (Lanver et al., 2018a) and corroborated 

in qRT-PCRs with the solo-pathogenic strain SG200 (Figure 14). 
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Figure 16: Schematic representation of the pattern of activity of the early, middle, and late promoters for 

the multi-tag construct. The green circle represents gfp under the control of the early promoter PU10115. The 

red circle represents mCherry under the control of the middle promoter PU030749. The blue circle represents cfp 

under the control of the late PU03046 promoter. Expression pattern from (Lanver et al., 2018b). 

 

 

After confirmation of the correct genomic insertion by southern blot (Supplementary Figure 

S7), one selected strain was evaluated in confocal microscopy to assess the production of the 

protein GFP under the control of the early promoter PU10115. 

 

Figure 17: Confocal microscopy of the “multi-tag Ustilago maydis strain: SG200 

PU10115:gfp:NosT_PU03749:mCherry:NosT_PU03046:cfp_NosT (SG200 Multi-tag) Confocal microscopy 

images of maize leaves (3rd leaf) 1 cm below the infection site at 48 hpi. Example images show intracellular 

hyphae of the U. maydis multi-tag strain. Penetrating hyphae expressing GFP driven by the PU10115 are indicated 

with red arrows. The blue contrast was given by a calcofluor white staining of the hyphae located on the leaf 

surface. Figure created with BioRender.com. 

 

 

In the microscopy images, it was possible to observe the fungal hyphae of the mutant being 

able to penetrate and proliferate in the plant tissue. The images also showed the expression of 

GFP at 48 hpi and the absence of mCherry and CFP (Figure 17). Although no virulence assay 
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was performed due to time constraints, in the maize infections done with this strain for sample 

collection, I could not see differences between the mutant strains and the SG200 in the leaves 

that I examined. The observation of fungal hyphae expressing GFP in infected plant material 

at 48 hpi suggests that the early promoter PU10115 is active in the ip locus. The results from 

this experiment are of a qualitative nature, not being possible to draw conclusions about the 

expression pattern during the whole infection process or the strength of up regulation of the 

promoter.  

The expression of mCherry or CFP was not possible to confirm by confocal microscopy. The 

visualization of fungal hyphae in manual longitudinal cuts of maize leaves has technical 

limitations. With the progression of the disease, the fungus develops in deeper layers of tissue, 

being the resolution of the confocal microscopy not enough to detect fluorescence after 48 

hpi. For the visualization of mCherry and CFP by confocal microscopy, additional studies 

need to be done.  

In addition to the confocal imaging, qRT-PCRs were performed in these samples. The results 

were not conclusive (data not shown), probably due to a poor RNA quality, or sample 

interference due to the tandem arrangement of sequences with a high grade of similarity (gfp, 

cfp and Nos terminator). To show whether the mCherry’s ORF under the PU03749 was being 

transcribed, a screening PCR of the complete mCherry coding sequence using cDNA as a 

template was performed. This PCR evaluated the presence/absence of the translated mCherry 

sequence, at 1,2,4,6 and 8 dpi for the multi-tag samples, SG 200 (negative control) and an 

additional positive amplification control form a plasmid containing mCherry. 
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Figure18: PCR from cDNA template to evaluate the translation of mCherry ORF: PCR from cDNA obtained 

from infected plant material with SG 200 multi-tag and SG 200. The positive control is the L0 MoRFunG module 

plasmid pL0M-C-mCherry(FMTK38) containing the coding sequence of mCherry. The expected size for a 

positive amplification is 738 bp (base pairs).  

Forward primer: TTTGAAGACAAAATGGTGAGCAAGGGCGAGG 

Reverse primer: TTTGAAGACAAAAGCCTACTTGTACAGCTCGTCCATG 

Figure created with BioRender.com. 

 

 

The PCR’s result showed amplification bands matching the size of the mCherrys’s sequence 

for the multi-tag samples, also present in the positive control amplification. On the contrary, 

there was no amplification in the samples of the SG200 treatment (Figure 18). This result 

suggests that in the maize plants infected with the multi-tag construct, the mCherry ORF was 

translated to RNA, indicating that the promoter PU03749 was active in the ip locus. With this 

information it is not possible to conclude about the expression of mCherry at a protein level. 

Actually, in the samples corresponding to 1 and 2 dpi, amplification of the cDNA of mCherry 

was observed in all the early time-points in all the biological replicates for the mutant strain, 

although the fluorescence of the protein was not detected with confocal microscopy at that 

specific time-point, probably due to post-transcriptional regulations involving the UTRs.  

In synthesis, this result suggests that mCherry can be translated under the control of the 

umag_03749’s promoter in the ip-locus under the tested conditions. More experiments need 

to be done to draw conclusions about the expression of mCherry at a protein level. Concerning 

the expression of CFP, technical difficulties in the detection were experienced. The absence 
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of CFP in early stages of infection shown in the confocal microscopy pictures suggests that 

the promoter does not exhibit an early activation, but it was not possible to know if the 

promoter was active during later stages of the infection process. In contrast to mCherry, the 

sequence of cfp was impossible to distinguish from the sequence of gfp in PCR experiments. 

In synthesis, the experimental data collected from the SG200 multi-tag strain (SG200 

PU10115:gfp:NosT_PU03749:mCherry:NosT_PU03046:cfp_NosT) indicates that two of the 

three promoters inserted ectopically were able to induce the transcription of the Tag’s ORFs. 

Additional tests need to be conducted to complete the data set in this genomic location, 

including the quantitative characterization of the endogenous promoters when inserted 

ectopically, as well as their dynamic during the infection process. Some of these experiments 

are discussed in the outlook in the discussion section.  

 

2.3.3 MoRFunG mediated Δ pep1 combined complementation 

 

Core effectors of U. maydis are essential for the disease establishment in the host. One of these 

effectors is the Pep1 protein, a host apoplastic peroxidase inhibitor. It was previously shown 

how U. maydis Δpep1 was arrested upon penetration of the plant tissue, not producing any 

visible symptoms in infected maize plants (Doehlemann et al., 2009), in that publication, the 

authors also explained the relevance of the Pep1 effector protein in the suppression of the host 

immune responses. The strain SG200 Δpep1 showed a massive induction of the plant’s 

immune response, and arrestment of fungal proliferation in infected maize seedlings 

(Doehlemann et al., 2009). To evaluate whether MoRFunG- mediated Δpep1 

complementation could rescue the impaired pathogenicity of SG200 Δpep1, mutants with 

tailor-made transcript units, expressing pep1 under the combined control of different 

endogenous promoters were created. 

As structural level 0 modules, terminally tagged-pep1 ORFs with gfp or mCherry were 

introduced to the MoRFunG system. As promoters, the endogenous promoters (PU) from 

umag_02851 and umag_11415 were used. These promoters were selected based on their 

expression patterns (Lanver et al., 2018b). The gene umag_02851 shows early upregulation 

with a shutdown at approximately 2dpi, while the umag_11415 shows a later upregulation 

(starting at 2dpi) and it becomes progressively higher through the progression of the infection 

(Lanver et al., 2018b). For this experiment three mutants were generated in the SG200 Δpep1 

genetic background:  
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1. Δpep1/PU02851_pep1:gfp:NosT -ip  

2. Δpep1/PU11415_pep1:gfp:NosT -ip 

3. Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1:mcherry:NosT-ip  

 

 
Figure 19: Scheme of the dual expression pattern of pep1 in the strain constructed with the MoreFunG 

toolkit: In the left the expression pattern of pep1 is visualized. In the right the combination in the expression 

pattern of the genes umag_02851 and umag_11415. The promoters for those genes (umag_02851 and 

umag_11415) were used to lead the expression of pep1:gfp and pep1mCherry respectively. The green and red 

circles are a graphical visualization of the experiment design, representing the expression of the different pep1-

tagged genes. Between 2 and 4 dpi is expected that the expression level from both transcript units show an additive 

effect in the strain #3 that contains two copies of pep1 under the control of two different endogenous promoters: 

SG200 Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1:mCherry:NosT-ip. The strain SG200 

Δpep1/PU02851_pep1:gfp:NosT-ip is represented only with the green circle and the strain SG200 

Δpep1/PU11415_pep1:mCherry:NosT-ip only with the red circle. Expression pattern data (Lanver et al., 2018b). 

Data processed and graphics made by Dr. Jasper Depotter. 

 

 

The tailor-made transcript units expressing pep1 under the control of nonnative endogenous 

promoters were done with the MoRFunG toolkit and transformed into the SG200 Δpep1 

genetic background as schematized in Figure 19. For the mutant #1 containing only one copy 

of pep1 under the control of the early promoter PU 02851 (Δpep1/PU02851_pep1:gfp:NosT 

-ip) it was expected that the early upregulation of pep1 allows penetration and early 

proliferation of U. maydis, lost in the Δpep1 strain. It was assumed that the strain would not 

be able to fully complement the virulence defect due to the strong downregulation that the 

endogenous promoter shows after 2 dpi, considering the experimental evidence that suggest 

that Pep1 is required along the whole infection process (Doehlemann et al., 2009). For the 

mutant #2, that contains a single copy of pep1 under the control of the middle/late promoter 

PU 11415 (Δpep1/PU11415_pep1:gfp:NosT ip), none complementation was likely to occur, 

because the PU11415 starts its up-regulation slowly around 2 dpi. Since Pep1 is required in 

the establishment of biotrophy, the upregulation by the PU11415 is beyond the critical time 

limit for the pep1 expression. For this reason, a non-virulent strain was expected. On the other 



Results 

39 

 

hand, for the combinatorial mutant #3 

(Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1:mCherry:NosT-ip), it was assumed that 

the combination of the endogenous promoters PU02851 and PU11415 could potentially 

simulate the activity of the pep1 promoter, complementing the virulence defect of the SG200 

Δ pep1. All the generated strains were confirmed by southern blot analysis (Supplementary 

section 6.8.3). 

Golden Bantam maize plants were infected at the stage of 3rd leaf with the goal of collecting 

leaves samples for total RNA extraction. Virulence assays were not performed for these 

strains. Nevertheless, in the 12 dpi plants that I observed, I was not able to detect tumor 

development in any of the mutants evaluated. The inability to form tumors was expected for 

mutants containing only one copy of pep1 under the control of PU02851 or PU11415. The 

reason is that those promoters exhibited an expression pattern that individually does not meet 

the requirements for the expression of pep1 through the whole infection process. Contrarily 

to what was expected, the complementation with pep1 under the control of the combination 

of promoters (Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1:mCherry:NosT-ip) showed 

a virulence defect and no tumors were observed. 

In order to evaluate if pep1 was being expressed, and how far the infection progressed during 

early stages, plant material infected with the MoRFunG pep1 complementation strains were 

evaluated with confocal microscopy.  
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Figure 20: SG200 Δpep/pep1 MoRFunG complementation: microscopy images and qRT-PCR. All samples 

for confocal microscopy were taken from the 3th infected maize leaf, 1 cm below the infection point, at 48 hpi and 

treated with calcofluor white staining solution for hyphae visualization. A. Confocal microscopy of SG200 

Δpep1/PU02851_pep1:gfp:NosT. Red arrows indicate penetration events with GFP expression. B. qRT-PCR 

results of total cDNA obtained from infected maize plants with the strain SG200 

Δpep1/PU02851_pep1:gfp:NosT-ip at different stages post infection. The relative expression of pep1was 

normalized against ppi . C. Comparison between the relative expression of pep1 in the SG200 strain and in the 

SG200 Δpep1/PU02851_pep1:gfp:NosT-ip complementation strain. Significant differences between strains were 

analyzed by unpaired Student’s t-test analysis (*: P ≤0.05, **P≤0,01). D. Confocal microscopy SG200 

Δpep1/PU11415_pep1:mCherry:NosT-ip Red arrows indicate unsuccessful penetration events. E. Confocal 

microscopy SG200 Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1:mCherry:NosT-ip Red arrows indicate 

successful penetration events.  

 

 

The confocal imaging results showed that the strain SG200 Δpep1/PU02851_pep1:gfp:NosT-

ip (pep1 under the control of the early endogenous promoter PU02851, with a strong 

downregulation at 2dpi) could penetrate the plant tissue, and express GFP (Figure 20A), which 

indicates that the promoter was active and in consequence that Pep1 was expressed. The 

comparison between the expression of pep1 from SG200 Δpep1/PU02851_pep1:gfp:NosT-ip 

,and the pep1 expression in SG200 in the qRT-PCR at different stages post infection showed 

that at 2 dpi there were not significant differences between the mutant strain and the SG200 

control. Conversely, at 1 dpi significant differences were observed between the expression of 

pep1:gfp under the control of the promoter PU02851 and the SG200 (Figure 20C), being the 
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expression of pep1 in the mutant strain significantly lower. Taking into consideration the 

relevance of Pep1 in early stages of infection, the disparity between the expression levels of 

pep1 at 1 dpi between the SG200 and the mutant strain, could be a primary determinant for 

the success of the fungal proliferation inside the host. The differences observed in the RT-

pPCR between the “wild type” pep1 and the pep1 under the control of the PU02851, could be 

attributed to either a weaker strength of up-regulation at 1 dpi, or to a later upregulation of the 

promoter. The analysis of the expression pattern of the pep1 expressed under the PU02851 

shows a comparable behavior the native effector of the promoter (umag_02851) during the 

whole infection process (Figure 20B).  

The confocal microscopy results for SG200 Δpep1/PU11415_pep1:mCherry:NosT-ip (pep1 

under the control of the middle/late endogenous promoter PU11415), showed failed attempts 

of penetration of the fungal hyphae, and the expression of mCherry was not observed in 

confocal images (Figure 20D). These results were expected because the endogenous promoter 

PU11415 starts its upregulation slowly after 1dpi, peaking at 4 dpi and keeping the activity at 

a later stage of infection (Lanver et al., 2018a) which is past the critical time point for Pep1 to 

be able to fulfill its function. In consequence, the penetration was unsuccessful, and the 

infection process aborted. 

The 3rd mutant containing pep1 under the control of the endogenous promoters PU 02851 and 

PU11415 (SG200 Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1:mCherry:NosT-ip), was 

also unable to rescue the tumor formation under the mentioned conditions. Although the 

confocal images showed fungal penetration with expression of GFP (Figure 20E), and 

proliferation inside the host’s cell, the fungal development was weak. The inability of the 

mutant strain to recover the virulence of the Δpep1 could be explained by the difference in 

expression of the first copy of pep1 under the control of the umag_02851 promoter and the 

wild type pep1. 

It was shown that Pep1 plays an essential role for the establishment of the biotrophy 

(Doehlemann et al., 2009), reason for which even the smallest difference in the time of up 

regulation could have detrimental effects in the virulence performance of U. maydis. With the 

aim to increase the expression of pep1 at the beginning of the infection process, an extra copy 

of pep1-mCherry under the control of the promoter from umag_03065 (PU03065) was added 

to the MoRFunG complementation construct. The selection of this promoter was based in the 

association of the umag_03065 with the formation of appressoria (Mendoza-Mendoza et al., 
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2009). The new strain contained 3 copies of pep1 under the control of three different 

promoters (SG200 

Δpep1/PU03065_pep1:mCherry:NosT:PU02851_pep1:gfp:NosT_PU11415_pep1:mCherry:

NosT-ip shortly mentioned in this study as SG200 Δpep1/pep1. The same construct was 

transformed into SG200 as a positive control.  

 
Figure 21: Complementation of Δpep1 with three endogenous promoters. A. Expression pattern of pep1 (up) 

and of the three effector genes whose promoters were used for expressing pep1 with the MoRFunG toolkit 

(umag_03065, umag_02851 and umag_11415). The promoters PU03065, PU02851 and PU11415 were used to 

lead the expression of pep1mCherry, pep1:gfp and pep1 mCherry respectively. The green and red circles are a 

graphical visualization of the experiment design, representing the expression of the different tagged- pep1. 

Between 2 and 4 dpi was expected that the expression level from both transcript units show an additive effect 

Strain name: SG200Δpep1PU03065_ pep1: mCherry:NosT /PU02851_pep1:gfp:NosT_PU11415_pep1: 

mCherry:NosT-ip (shortened SG200Δpep1/pep1). Expression pattern data (Lanver et al., 2018b). Data processed 

by Dr. Jasper Depotter. B. Virulence assay performed with the strains SG200, SG200Δpep1, SG200/pep1 

(MoRFunG pep1 expression in wild type background), and SG200Δpep1/pep1 (SG200Δpep1PU03065_ pep1:m-

cherry:NosT /PU02851_pep1:gfp:NosT_PU11415_pep1: mCherry:NosT-ip.). Disease rates are given as a 

percentage of the total number of infected plants. Three biological replicates were carried out. “n” represents the 

number of infected Golden Bantam maize seedlings. Significant differences between strains were analyzed by 

unpaired Student’s t-test analysis (*: P ≤0.05, **P≤0,01, n.s = no significance). C. Example of the symptoms 

presented with the MoRFunG pep1 complementation. To the left the MoRFunG complementation of pep1 under 

the control of three endogenous promoters, in the middle the Δpep1 phenotype and to the right a typical 

symptomatology of the fully virulent U. maydis SG200 (SG200 figure courtesy of Dr. Bilal Ökmen). 

 

 

After confirmation of the strain by southern blot analysis (Supplementary section 6.8.3), two 

independent mutants for the Δpep1 triple complementation as well as the SG200 control were 

used for infection assays in maize plants. While the triple complementation construct in the 

SG200 genetic background showed a normal development regarding tumor formation, the 

triple complementation strains in the Δpep1 genetic background were surprisingly not able to 
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complement the virulence defect of their progenitor strain (Figure 21B). The visible symptoms 

were mainly chlorosis, observed with more frequency in the complementation strain than in 

the plants infected with SG200 Δpep1, although no tumor formation was present (Figure 21C). 

The fully virulent phenotype achieved by the strain containing the same construct in the 

SG200 genetic background suggests that the MoRFunG construct does not affect the 

biotrophy of U. maydis. In synthesis, these preliminary results imply that while the 

endogenous promoters can be active ectopically, they were not able to simulate the expression 

of the essential effector gene pep1.  

 

2.4 New technologies for manipulation of gene expression, applied to 

Ustilago maydis 

 

Gene expression and gene manipulation in U. maydis are of great interest to researchers. One 

promising advance in synthetic biology applied to gene manipulation is the use of light-

regulated optogenetic approaches, enabling gene expression control through light impulses. 

In collaboration with Dr. Kung Tang (AG. Zurbriggen, HHU Düsseldorf) I set up a blue-on/ 

blue-off optogenetic-system in the U. maydis-maize pathosystem.  

The aim of the experiments carried out in this section were: 

• To demonstrate proof of principle that optogenetic switches allow in U. maydis a 

stable light-regulated expression of the effector gene see1 and its secretion in the 

absence of the host. 

• Demonstrate that the implementation of the light switches in U. maydis does not 

affect the biotrophy. 

• Demonstrate that the natural light-exposure of maize leaves, needed for efficient 

photosynthesis, does not affect the optogenetically light-regulated expression of the 

effector gene see1 of U. maydis during the infection process.  
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2.4.1 Optogenetics blue-on and blue-off systems in Ustilago maydis 

strains  

 

The blue-on and blue-off optogenetic system for gene expression was originally optimized for 

U. maydis by the research led by Prof. Dr. Zurbriggen in Düsseldorf. Additionally, the 

quantitative characterization of a LOVpep/ePDZ-based blue light inducible gene expression 

system in U. maydis was described in the PhD dissertation of Dr. Lisa Cristin Hüsemann from 

AG Zurbriggen, University of Düsseldorf. With the aim to proof that the system can be utilized 

to manipulate gene expression trough light stimulation in U. maydis, strains were generated 

for a light-inducible effector gene regulation during the infection process. To do this, the 

organ-specific effector see1 (Seedling efficient effector 1 umag_02239) required during tumor 

formation in maize seedlings (Redkar et al., 2015) was selected to evaluate the performance 

of the light-inducible system in U. maydis. This effector gene was chosen because it has been 

previously shown that its ectopic overexpression did not increase the virulence of U. maydis 

in maize leaves (Redkar et al., 2015). The vector system including the see1 effector gene is 

schematized in Figure 3. 

 

2.4.2 Stable light regulated see1FLuc expression and secretion of the 

See1FLuc complex in absence of the host 

 

To test if light stimulation can lead to the expression of genes of interest in absence of the 

host, the different U. maydis strains with light regulated switches were tested in axenic culture 

under different light conditions. The measurements were done by Dr. Kung Tang in the 

installation of AG Zurbriggen.  
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Figure 22: FLuc expression of U. maydis in the blue-on and blue-off system, under different light conditions 

in YEPSlight media: The strains were inoculated in YEPSlight medium and incubated overnight at 28 °C with 

shaking at 200 rpm. U. maydis precultures were placed into 24-well plates (OD600 adjusted to 0.05 prior to the 

seeding) and incubated in light boxes at 10 or 20 µmol m-2 s-1 blue light as well as in darkness. 80 µl culture 

were taken from each well after 5 hours for FLuc measurement (method reference: Dr. Lisa Hüsemann PhD 

thesis). Bars are means ±SEM of three biological replicates and four technical replicates. Statistics were performed 

via one-ANOVA. (****, P value blue/dark < 0.0001; *, P value blue/dark < 0.0332; ns = non-significant). This 

experiment, as well as the data analysis, was done by Dr. Kun Tang, group of Prof.Dr. Matias Zurbriggen, Institute 

of Synthetic Biology, Heinrich-Heine University of Düsseldorf. Figure modified with BioRender.com. Graphic 

done by Dr. Kun Tang. 

 

 

The results show a significant level of detection of FLuc in the blue-on strains independently 

of the light intensity used, revealing substantial differences to their detection in dark 

incubation (Figure 22). The positive control (constitutive expression) on the other hand, 

showed similar levels of detection in all the conditions analyzed. The negative control in the 

blue-on system did not show significant activity in any of the light conditions evaluated in this 

experiment. For the blue-off strains, it was possible to observe a considerable activation in 

darkness, while the presence of blue light during this incubation period produced an inhibition 

in the expression see1FLuc. The preliminary experimental data suggest that optogenetic 

switches in U. maydis allow a stable light regulated gene expression in absence of the host 

under different light conditions.  
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2.4.3 Ustilago maydis optogenetic fungal strains and the maintenance of 

the biotrophic interaction with its host 

 

To test if the fungal strains can maintain the biotrophy when the light switches are introduced 

into their genome, the fitness and virulence of the above-mentioned strains were assessed 

(Figure 23).  

 
Figure 23: Fitness evaluation of U. maydis optogenetic strains: A. Preliminary virulence assay performed for 

the optogenetic U. maydis strains and the SG200 genetic background as control. Disease rates are given as a 

percentage of the total number of infected plants. Two biological replicates were carried out. “n” represents the 

number of infected Golden Bantam maize seedlings. B Filamentation assay on charcoal plate of all the optogenetic 

strains used for infection assays and the control/genetic background SG200. 

 

 

All the strains used in this section were fully able to filament on charcoal plates, indicating 

their capability to form infectious filaments on the surface of maize leaves. The virulence 

assessment requires one additional biological replicate to provide statistically significant 

information. Nonetheless, the preliminary data showed that the 'blue-on' strains tended to have 

a phenotype like SG200, while the 'blue-off' strains exhibited a slightly reduced phenotype, 

possibly due to the constant expression of a repressor. 
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2.4.4 Natural light exposure of maize leaves does not inadvertently 

affect the optogenetic light-regulated expression of see1 in U. maydis during 

the infection process 

 

To assess, whether natural light exposure of maize leaves affect the light-regulated expression 

of see1 in the infection process, the expression of FLuc in maize seedlings infected with the 

different U. maydis strains included in the blue on and blue off optogenetic systems were 

evaluated under different light conditions (Figure 24).  

 

Figure 24: Optogenetic experiment set-up in maize plants: Seedling infections were done at the three leaves 

stage of Golden Bantam (7-days old, 4 plants per pot, 2-3 cm deep for seed, grow in greenhouse, actual temp. 

22/20°C). The U. maydis SG200 strains pre-culture incubation, preparation, and injections are performed in dark 

or under green light. After injection, the plants are kept under three conditions: AG Zurbriggen_plant chamber, 

dark or constantly 10 uE blue light illumination. In the case of SG200 successful infection, small tumors appeared 

after 4-6 dpi in the plant chamber. Figure courtesy of Dr. Kun Tang.  

 

 

The results for this experiment were not conclusive. Only the positive control for the blue-on 

system with constitutive expression of see1FLuc exhibited expression in all the three 

conditions tested (white light, blue light, and darkness). This indicate that PIP-VP16 

successfully binds to PIR3 in the promoter region activating the see1FLuc expression (Figure 

25). 
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Figure 25: Establishment of FLuc kinetics on maize leaf. (A-C) In 6 dpi, leaf samples of positive control of 

Blue-on system .Photo counts are recorded every 30 mins, sample A is under blue light illumination during the 

whole measurement; B and C are kept in dark during the whole measurement. Dots, indicate the mean of each 

measurement. (n=8 for blue and white, n=4 for dark) (D-F) the values in (A-C) are normalized to the weight of 

each leaf sample. Experiments carried out by Dr. Kun Tang, in the laboratory of Prof.Dr. Matias Zurbriggen, 

Institute of Synthetic Biology, Heinrich-Heine University of Düsseldorf. Infections were done by Ute Meyer. 

Original Figure Dr. Kung Tang, modified with Biorender.com 

 

The strains containing the blue on switches did not show significant FLuc expression in any 

of the tested conditions. Prolonged exposure of the plants to constant blue illumination did not 

enhance the expression of FLuc (not shown). The same situation occurred for the strains 

containing the switches form the blue off system. 
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3 Discussion 
 

3.1 Proof of concept: the use of MoRFunG toolkit in Ustilago maydis 

and its ability to functionally complement large genomic deletions 

 

Gene deletion assays for loss of functionality have been widely used in U. maydis to identify 

genes that encode for virulence factors. In order to confirm whether a deleted gene is 

responsible for an observed phenotype (in case of a virulence reduction), complementation 

assays are performed with the respective gene in the deletion strain. In the case of a successful 

complementation (recovery of the virulence defect), a specific genotype can be assigned to a 

given phenotype as a causal consequence and not because of unrelated secondary events. 

Although there are many techniques that allow efficient deletion of genomic regions, this is 

not always the case for complementation of large genomic fragments. In this PhD dissertation, 

a modular fungal toolkit for gene expression (MoRFunG toolkit) was constructed for U. 

maydis. The general aim was to systematize and facilitate gene expression with predictable 

expression patterns in this model organism, with the additional advantage of efficiently 

manipulating large genomic DNA fragments.  

Proof of concept experiments were performed, to test the functionality of the MoRFunG 

toolkit in U. maydis. These experiments were conducted in the cluster 6A of U. maydis. This 

cluster was previously deleted (Kämper et al., 2006), and the deletion strains showed a clear 

reduction in the virulence. However, in that publication the authors were not able to 

complement such a deletion. In this study, the cluster 6A served as a template to show the 

efficiency of the MoRFunG toolkit being used as a high- throughput cloning approach. The 

successful reconstruction of the virulence cluster permitted not only to successfully 

complement the large genomic deletion at a sequence level, but also at a functional level.  

For the cluster complementation, each transcript unit was defined as the combination of 

promoters, ORFs (open reading frame) and terminators. Each one of these modules was then 

introduced into level 0 vectors (modules of a transcript unit). Subsequently, these level 0 

modules were assembled in a native arrangement in level 1 (transcript units) and later in level 

2 modules with a clustered structure. The MoRFunG system was shown to be highly efficient 

during the cloning process in E. coli, regarding the complexity of the generated construct. This 

translated into an immediate reduction of the time required to assemble big DNA fragments 

in a single vector. Although it is theoretically possible to reconstruct clusters using other 
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techniques, they are expensive and time consuming.  

Some of the advantages of the MoRFunG toolkit, when compared to other cloning approaches 

in a cluster context, include the rapid construction of vectors containing large genomic 

fragments. This is achieved through the combination of modules in a unidirectional and 

hierarchical manner. Additionally, the methodology used in the MoRFunG toolkit (Golden 

Gate and Molecular cloning) makes it possible to dispense with large overlapping sequences 

between the parts to be assembled. Moreover, the pre-determined set of vectors within the 

system contributes to making the overall cloning process user-friendly and efficient. 

In relation to cluster 6A’s experiments, its deletion resulted in a reduction of the virulence 

performance when compared to the wild type SG200 strain. The results confirmed the reduced 

virulence phenotype for the cluster 6A previously published ( Kämper et al., 2006). Sequential 

complementation of the cluster deletion revealed that, the first half of the cluster (SG200 

Δ6A/C1), including the umag_02533, umag_11415, umag_02535 and umag_11416, was 

enough to achieve a complementation in terms of virulence performance. Both the first half 

complementation strain (including umag_02533, umag_11415, umag_02535 and 

umag_11416), and complete complementation strain SG200 Δ6A/C2 (including 

umag_02533, umag_11415, umag_02535, umag_11416_umag_02537, umag_02538, 

umag_11417 and umag_02540) did not show significant differences with the SG200 positive 

control. These observations indicate that either one or a combination of the first four genes of 

the cluster suffice to achieve a full virulence performance.  

Not only was the overall virulence deficiency in the SG200 Δ6A recovered, but the individual 

MoRFunG transcript units of cluster 6A, used for complementation, also exhibited similar 

expression levels to the SG200 wild-type genes in the qRT-PCRs. These results demonstrated 

the possibility of the MoRFunG toolkit to recreate fully functional transcript units in U. 

maydis. Only umag_02535 from the complementation strains showed significant differences 

when compared to the expression of the gene in SG200 in the qRT-PCRs, under the specific 

experimental conditions used in this study. One possible explanation is that promoter elements 

were unavoidably modified during the cloning process, altering in consequence the strength 

of up regulation of this effector gene. It was however assumed, that the difference in gene 

expression did not influence the overall outcome of this experiment, because the expression 

level in the complementation strains was higher than in the SG200 control for umag_02535, 

and the virulence defect of SG200 Δ6A was not recovered when the modular umag_02535 
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was used to complement the cluster deletion individually.  

When comparing the qRT-PCR results between the genes in the first and second 

complementation mutants, and with the SG200 control, it was observed that the four genes 

introduced first (umag_02533, umag_11415, umag_02535 and umag_11416) did not show 

significant variation in relation to the SG200 in the Δ6A/C1 and Δ6A/C2 mutants. This result 

indicates that the integration of 4 additional genes (umag_02537, umag_02538, umag_11417 

and umag_02540) in a second transformation step, did not induce variations concerning the 

activity of the genes that were introduced first. These observations suggest that individual 

transcript units of the MoRFunG, show genetic stability along successive cloning steps in U. 

maydis.  

In summary, the experimental evidence shows that: 

• U. maydis strains containing tailor made transcript units can infect maize plants and 

develop a normal infection process. 

• The MoRFunG modules are functionally active in U. maydis during biotrophy. 

• Level 0 modules (promoters, ORFs and terminators) are independent, and their 

combination generates functional transcript units.  

• The MoRFunG toolkit can be successfully used in U. maydis as an efficient, fast, and 

user-friendly high throughput cloning approach. 

 

3.2 Functional gene redundancy within the cluster 6A of Ustilago 

maydis, and the role of MoRFunG toolkit 

 

In order to elucidate links between genotypes and phenotypes, genetic engineering approaches 

are employed to generate targeted genetic modifications (Haimovich et al., 2015). Gene 

deletion is one of the most frequently used experimental methodologies used by researchers, 

for example to identify genes associated with specific virulence phenotypes in pathogens of 

interest. In the model organism U. maydis gene replacement and more recently CRISPR-Cas 

mediated gene knockout has been widely used to identify effector genes with direct impact on 

the pathogen’s virulence. However, the main challenge in gene knockout is the occurrence of 

functional redundancy. Functional redundancy is understood as the overlapping function of 
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one or more effector genes making them individually dispensable (Angot et al., 2006; Birch 

et al., 2009; Kvitko et al., 2009; Stergiopoulos & De Wit, 2009; Khrunyk et al., 2010). This 

phenomenon occurs as result of gene duplication caused by the arms race between PAMP-

triggered immunity (pathogen-associated molecular patterns) and ETI (Effector triggered 

immunity) in plants, against effector genes from the pathogen side (Khrunyk et al., 2010). 

Although considerable research has been conducted in the virulence cluster 6A of U. maydis, 

the role in virulence of each effector of the cluster, or the relation among them, is still unclear. 

Previous studies were focused on the interaction of the genes included in cluster 6A of U. 

maydis and proteins of the host (Bindics et al., 2022), additionally, in the PhD dissertation of 

Dr.Selma Schurack, several genes belonging to this cluster were shown to be differentially 

upregulated in different maize lines. In this study, the MoRFunG toolkit was used to 

successfully identify a gene of relevance within the virulence cluster 6A. 

The analysis of single knockouts of the genes of the cluster did not show any virulence 

reduction when compared to the SG200 wild type. These results suggest that the genes of the 

cluster are dispensable for the virulence in the SG200 genetic background, concluding that the 

dysfunction of individual genes of cluster 6A does not affect the virulence when the rest of 

the genes are present. Previously published experimental data showed that some genes in 

cluster 6A are Topless interacting proteins (Tips). The proteins UMAG_11415 (Tip1), 

UMAG_02535 (Tip2), UMAG_02537 (Tip3), UMAG_02538 (Tip4) and UMAG_11417 

(Tip5) were shown to be auxin signaling inducers in maize plants (Bindics et al., 2022). All 

the “Tips” of cluster 6A, and the protein UMAG_11416 exhibited between 28-30% of protein 

identity, but UMAG_11416 did not show interaction with the maize Topless proteins under 

high stringency conditions, reason for which is not considered a “Tip” (Bindics et al., 2022). 

Curiously, umag_11416 has been linked with a maize-line specific virulence function 

(Schurack et al., 2021). Nevertheless, this gene did not show any specific experimental 

evidence that could identify it as relevant for the virulence of cluster 6A under the 

experimental conditions used in this study.  

The two flanking genes of cluster 6A: umag_02533 and umag_02540 did not show auxin 

signaling, and they did exhibited a lack of identity in a protein level with the rest of the genes 

of the cluster (Bindics et al., 2022). These effectors also did not exhibit a virulence reduction 

when knocked out individually, recovery of the virulence when used for single gene 

complementation of the cluster deletion, or reduction of the virulence performance when 
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knocked out simultaneously. All the experimental evidence implies that the flanking genes do 

not have a direct impact on the virulence of the cluster.  

A comprehensive analysis of the multiple knockouts mentioned in this study showed that a 

mutant containing only the umag_02533, umag_11416 and umag_02540 (Non Tips from the 

cluster 6A) and lacking all the effector genes of cluster 6A identified as Tips, exhibited a 

strong reduction in the virulence (Bindics et al., 2022). This information supports the 

hypothesis that one or a combination of the Tips interactors (umag_02535, umag_11415, 

umag_02537, umag_02538 and/or umag_11417) are potentially responsible for the virulence 

of cluster 6A in concordance with the conclusions of Bindics et al., (2022). 

Considering the double knockouts (umag_02533_02535 and umag_02533_02540), triple 

knockouts (umag_02533_02535_02540) and adding the analysis the single gene 

complementation of SG200 Δ6A, the likelihood of umag_02535 being relevant for the 

virulence of cluster 6A is rather low. The double KO including umag_02533 and umag_02535 

did not show a reduced phenotype, and the in the single gene MoRFunG complementation of 

the cluster deletion, the strains SG200 Δ6A/02535 was unable to recover the virulence. 

Surprisingly the triple KO of umag_02533_02535_02540 showed a reduced virulence 

phenotype. Although experimental data supports the theory that those genes are individually 

dispensable (KOs and single gene complementation of the cluster deletion), one potential 

explanation for these results is that an interaction among umag_02533, umag_02535, and 

umag_02540 is required for the normal development of the U. maydis. Contradictorily, in the 

two steps cluster complementation approach, it was shown that half a cluster complementation 

(umag_02533, umag_11415, umag_02535 and umag_11416) did recover the virulence 

phenotype, although umag_02540 was not present. 

Considering the results obtained from the Δ6A two steps complementation, particularly 

SG200 Δ6A/C1 with umag_02533, umag_02535, umag_11415, and umag_11416 

successfully complementing the cluster deletion's virulence defect, and evidence suggesting 

the dispensability of genes umag_02533, umag_02535, and umag_11416, I hypothesized that 

effector gene umag_11415 previously identified as one of the strongest interactions with 

Topless proteins within Cluster 6A Tips (Bindics et al., 2022) might significantly contribute 

to Cluster 6A's virulence. This hypothesis was confirmed when the single gene 

complementation in the Δ6A genetic background showed that the effector gene umag_11415 

generated with the MoRFunG toolkit was capable to fully recover the virulence defect of the 
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cluster 6A deletion. 

These results provided an explanation of how half a cluster complementation fully restored 

the virulence defect. However, these findings also raise new questions to be addressed. For 

instance, why did the triple knockout (umag_02533, umag_02535, and umag_02540) shows 

a reduced virulence performance, despite umag_11415's ability to complement the cluster 

deletion? Are umag_02535 and/or umag_02533 necessary regulator/s? Is this regulation 

dispensable when only umag_11415 is present? Is the reduced virulence in the cluster deletion 

and the phenotypic changes observed in the triple knockout caused by the same underlying 

factors? 

To address these questions, future research could employ the MoRFunG toolkit for an easy 

and convenient elucidation of further interactions among the genes within the cluster and their 

intricate network. As a suggestion for future experiments, complementing the SG200 Δ6A 

with umag_02533, umag_02535, and umag_02540 could be undertaken. This evaluation aims 

to determine whether the virulence phenotype can be restored, thus demonstrating that the 

interaction among these genes suffices U. maydis to exhibit wild-type behavior. Alternatively, 

it could investigate whether the virulence defect arises due to an imbalance in the co-

regulation among these genes, and whether the presence of umag_11415 is essential for 

virulence. 

The use of the MoRFunG toolkit as a genetic tool to investigate the role of effector genes 

within Cluster 6A marked a significant achievement. The complementation of U. maydis Δ6A 

through the single-gene complementation approach using the MoRFunG toolkit played a 

pivotal role in refining the questions surrounding the complex co-regulation between clustered 

effector genes. On one hand, the experimental evidence generated with the MoRFunG toolkit 

was of great value, as arriving at the same conclusion through the implementation of other 

methodologies would have been highly challenging, expensive, and time-consuming. On the 

other hand, this experiment exemplified the toolkit's versatility, highlighting the advantages 

of having a modular cloning system in U. maydis. The MoRFunG toolkit proves to be a 

valuable complement to the already excellent molecular instrumentarium of U. maydis. 
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3.3 MoRFunG’s exchangeable modules, tailor-made transcript units 

and their activity in Ustilago maydis 

 

MoRFunG is an abbreviation for “Modular Recombinant Fungal toolkit for Gene expression”. 

The terms “modular” and “recombinant” are key concepts to understand the advantages of 

this system. From an engineer’s point of view, the parts of a system are more efficient if they 

present an independent contribution to the whole. This “independency” allows the prediction 

of the system’s behavior (Benner & Sismour, 2005).The MoRFunG toolkit is defined as a 

cloning system in which its behavioral predictability is provided by the promoter modules. Its 

independence is determined by the capacity of the system’s modules (promoters, ORFs and 

terminators) to be combined unidirectionally, in hierarchical structure and in an unrestricted 

manner.  

 

3.3.1 Characterization of endogenous promoters using reporter genes: 

Multi-tag ectopic integration with the MoRFunG toolkit 
 

To date, the promoters included in the MoRFunG toolkit are of an endogenous nature. Some 

of these promoters were evaluated for their capacity to keep their expression patterns when 

inserted ectopically. In this dissertation, experiments were conducted to assess the possibility 

of simultaneously expressing three reporter genes (fluorescent proteins) under the control of 

three differentially upregulated endogenous promoters through a “Multi-tag” ectopic 

integration approach(Section 2.3.2). Preliminary experimental data suggests that the 

introduction of synthetic transcript units done with the MoRFunG toolkit did not affect the 

virulence performance of U. maydis. 

The methodology used for visual detection of the reporter genes was confocal microscopy. 

This technique was effective for visualizing the reporter gene in early stages of infection. At 

48 hpi, the GFP under the control of the early upregulated promoter (PU10115) was observed 

in penetrating hyphae, confirming the activity of the promoter inserted ectopically. However, 

as the infection advanced and fungal hyphae developed in deeper layers of the plant tissue, 

the reporter proteins were no longer visible in longitudinal sections of the samples. 

Suggestions for future experiments include performing cuts, for example with cryo-sectioning 

of the maize leaves at 4 dpi or later time-points. This approach could give access to deeper 

layers of tissue, avoiding chemical treatments of the leaves which can lead to loss of 

fluorescence.  
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The results of the PCRs whose template were cDNA (Section 2.3.2, Figure 18), showed that 

the second reporter gene mCherry (under the control of the middle promoter PU03749) was 

translated, and non-amplification band was observed in the SG200 control. These results also 

suggest the occurrence of potential post-transcriptional regulations, because although the PCR 

from cDNA exhibited a positive amplification band at 2dpi for the multi-tag treatment, at that 

specific time point that protein was not visualized with confocal microscopy. In combination 

these results show evidence that two out of three tailored-made transcript units done with the 

MoRFunG toolkit, inserted ectopically in the ip locus of U. maydis were active, the ORFs 

translated, and one of them confirmed to be transcribed. More experiments need to be done to 

draw conclusions about the activity of the third (late upregulated PU03046) promoter, the 

translation of the reporter genes into proteins, and the dynamic of the gene expression across 

the infection process. 

Suggestions for the future characterization of endogenous promoters to be included into the 

MoRFunG toolkit, include quantitative analysis of the promoter’s activity during the infection 

process. For a quantitative analysis of the promoters, novel synthetic biology tools could be 

implemented. Luciferases were customized and tested in U. maydis (Heucken et al., 2023) 

showing that this markers don’t affect the virulence performance of U. maydis. The use of 

(Photinus pyralis, firefly— FLuc) (Barletta et al., 2000; Heucken et al., 2023) sea pansy 

(Renilla reniformis, renilla—RLuc) (Srikantha et al., 1996; Heucken et al., 2023) , and 

Gaussia princeps, gaussia—GLuc (Wurdinger et al., 2008; Heucken et al., 2023) as tags 

proteins have the advantage of allowing a quantitative monitoring of the fungal growth and 

infection assays, by spraying the plants with luciferin and measuring the cumulative 

luminescence (Heucken et al., 2023). Additionally, the authors described a ratio-metric way 

to monitor inducible gene expression using a dual reporter. Although in (Heucken et al., 2023) 

the assay was done to evaluate inducible gene expression, the system could also be used for 

the evaluation of the profile of endogenous promoters into the MoRFunG toolkit.  

 

3.3.2 Ustilago maydis Δpep1 tailored complementation using the 

MoRFunG toolkit 
 

The effector gene pep1 has been demonstrated to play an essential role in the biotrophic 

development of U. maydis (Doehlemann et al., 2009). Substantial experimental evidence 

supports the notion that Pep1 is indispensable throughout the entire infection process. 

However, due to its critical involvement in the establishment of biotrophy, the deletion of 
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pep1 leads to the termination of the infection process, preventing researchers from 

investigating its impact during later stages of the fungal development inside its host. For 

instance, aspects such as the impact of a premature downregulation of pep1 on the virulence 

performance of U. maydis cannot be assessed. In this study, we employed the MoRFunG 

toolkit to explore a differential up-regulation of pep1. This was achieved by co-expressing 

tagged pep1 under the control of various endogenous promoters of U. maydis. The primary 

objective of this experiment was to demonstrate the applicability of the MoRFunG toolkit for 

achieving distinct expression levels of an essential effector gene.  

The results from the MoRFunG pep1 complementation (Section 2.3.3) in the SG200 Δpep1 

genetic background were not conclusive. Confocal microscopy showed fungal expression of 

GFP (tagged to pep1), confirming the activity of the early promoter PU02851 in two mutants: 

a partial pep1 complementation with the early promotor PU 02851 

(Δpep1/PU02851_pep1:gfp), and a complete complementation 

(Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1: mCherry:NosT-ip) with pep 1 under the 

control of two endogenous promoters. The microscopy images of the above-mentioned strains 

also revealed the ability of the mutants to penetrate the plant cells. Nevertheless, the fungal 

proliferation in both cases was weak, since a low number of penetrating hyphae was observed 

(authors’ personal observations). Additionally, the progression of the infection did not 

advance as expected since not tumors were observed after 12 dpi in the strain with two copies 

of pep1 under the control of two independent promoters 

(Δpep1/PU02851_pep1:gfp:NosT_PU11415_pep1: mCherry:NosT-ip) who was originally 

expected to fully recover the virulence performance. These findings indicate that although the 

mutant strains were likely able to establish an early biotrophy, the normal development of U. 

maydis was hindered by one or more yet-to-be-identified factors. To rule out that a late 

upregulation-time as the cause of the virulence defect, the promoter from umag_03065 

appressoria related virulence factor (Mendoza-Mendoza et al., 2009) was added to the 

construct. The complementation strains had both the PU02851 and the PU03065 promoters as 

early up-regulators together with the PU11415 promoter leading the expression of pep1:gfp 

or pep1: mCherry. The virulence assessment for this mutant showed a higher amount of 

chlorosis spots in infected maize plants but no tumors were observed, being the modular 

complementation of pep1 using endogenous promoters of the MoRFunG toolkit not successful 

in terms of virulence recovery. 
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Previously, the otef promoter was used to complement the virulence defect of Δpep1, 

achieving only partial complementation (Doehlemann et al., 2009). The otef promoter is 

known for its strong and constitutive expression in haploid sporidia, infecting filaments and 

in the early biotrophic stages (Doehlemann et al., 2009). However, the gene umag_02146 

(gene encoding translation elongation factor 1-alpha tef1) associated to the otef promoter, 

experiences a strong downregulation at 2 dpi based on the expression pattern (Lanver et al., 

2018a). In their study, Doehlemann et al., (2009) attributed the partial recovery of virulence 

to this downregulation with symptoms like anthocyanin, chlorosis necrosis and small tumor 

formation. This suggests that although the virulence of the complementation of pep1 with a 

foreign promoter was reduced, pep1 was present, and the biotrophy was stablished, 

disregarding that the initial translation of pep1 requires of specific promoter elements only 

present in the pep1 promoter.  

In this study, attempts to complement Δpep1 using the MoRFunG toolkit were unable to 

restore the virulence defect. In contrast to the approach taken by Doehlemann et al. (2009), 

we employed endogenous promoters from a virulence factor associated with appressoria 

formation (umag_03065) and an early upregulated effector gene (umag_02851). These 

promoters are not activated before the penetration stages of U. maydis, since they promote the 

translation of virulent factors and effector genes. One hypothesis that explains the partial 

virulence recovery achieved by otef alone, as opposed to the endogenous promoters used in 

the MoRFunG toolkit, could be attributed to the already existence of Pep1 effector at the right 

moment for penetration due the constitutive nature of Potef. The well described otef promoter 

is active prior to filamentation, being Pep1 already strongly expressed even before the 

penetration stages. Although Pep1 is not expressed in axenic conditions for U. maydis SG200 

(Doehlemann et al., 2009), probably the endogenous promoters used in this study do not 

exactly meet the requirements regarding time and/or strength of upregulation to express 

sufficient Pep1 at the right time suppressing the host immune response and establishing the 

biotrophy. 

One suggestion for future experiments, to prove that the MoRFunG can be used to fully restore 

the virulence defect of Δ pep1 is to substitute the PU03065 with the otef promoter to ensure 

that the biotrophy can be successfully established, while a full virulence phenotype will be 

completed by the expression of pep1 under the promoters PU02851 at 2 dpi and for PU11415 

during the rest of the infection process. 
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3.4 New technologies for gene expression and gene manipulation 

applied to Ustilago maydis 

 

Several times this study has mentioned the importance of the development of new genetic 

tools for targeted gene manipulation. Experimental data that shows the benefits of new 

approaches for manipulation of large genomic fragments has been discussed. Adaptation of 

the MoRFunG toolkit to avoid the utilization of resistance cassettes for selection of mutants 

have been described, as well as its usage for combined gene expression.  

Another challenge for researchers is to achieve spatiotemporal and quantitative control over 

the regulation of the gene expression (Ochoa-Fernandez et al., 2020). Chemically inducible 

systems for targeted gene manipulation have been widely employed (Moore et al., 2006; 

Andres et al., 2019; Ochoa-Fernandez et al., 2020). Nevertheless these systems present 

limitations regarding to the spatial resolution, diffusion effects, potential pleiotropic activity 

and toxicity (Ochoa-Fernandez et al., 2020). Alternative methodologies consists on the 

modification of technologies that allow targeted gene manipulation with spatiotemporal 

precision, in a quantitative manner and with minimal toxicity and invasiveness (Ochoa-

Fernandez et al., 2020). Optogenetics is a novel development that is focused on the control of 

biological systems using light (Andres et al., 2019), achieving a high level of spatial-temporal 

control with minimal invasiveness in the system. 

Previous work with optogenetic tools done in the research group of Prof. Dr. Zurbriggen 

describes two blue-light regulated systems to control the expression of heterologous genes in 

U. maydis. In this study, these systems were adapted for the light-controllable expression of 

the effector gene see1. While the optogenetic switches in U. maydis allow a stable light 

regulated gene expression in absence of the host under different light conditions, it was not 

possible to detect gene activity for the light regulated promoter during the infection process 

(section 2.4.4). The reason could be that the inoculation points in the maize plants were exactly 

in the middle of the plant’s stem, being surrounded by 3 leaves. This could partially limit the 

amount of light in contact with the pathogen. Another explanation could be that the growing 

parameters (especially temperature) were not optimized for the development of U. maydis, 

not being possible to formulate final conclusions for this experiment. It is required to optimize 

the conditions to use light regulated switches for gene expression during the U. maydis 

pathogenic development. Nevertheless, it has been proven that the incorporation of 

optogenetic regulatory elements in the genome of U. maydis did not modify the ability of the 
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organisms to establish a compatible biotrophic interaction with its host. 

The use of optogenetics as a tool for targeted gene manipulation during the U. maydis 

pathogenic development, potentially including the optogenetic switches into the MoRFunG 

toolkit, offers a versatile, efficient, and flexible work tool. The goal of using optogenetic 

switches in U. maydis is to generate an inducible system that allows an orthogonal expression 

of entire synthesis pathways, by for example targeting transcription factors. Additionally, the 

use of a non-invasive-reversible system working in U. maydis could allow the expression of 

genes that compromise the fungus viability in a controlled manner, or to modify the expression 

pattern of effector genes in real time during the infection process with the utilization of 

different light wave lengths.  

 

3.5 Overview and future perspectives 

 

In the fields of genetic engineering and molecular biology, numerous methodologies and 

techniques have emerged over the past few decades. These advancements have yielded a 

diverse array of molecular tools tailored to a wide range of organisms. Well known model-

organisms, used as metabolic factories for the overproduction of microbial compounds with 

industrial applications, have been the focus of attention in the development of genetically 

engineered systems. Availability of synthetic modular vectors that allow precise genetic 

manipulation are publicly available for Eschierichia coli (Moore et al., 2016; Pohl et al., 

2021),yeasts (Lee et al., 2015; Obst et al., 2017; Pohl et al., 2021), plants (Engler et al., 2014) 

mammalian cells lines (Martella et al., 2017), and some filamentous fungi such as Aspergillus 

niger (Sarkari et al., 2017), Sordaria macrospora and Penicillum rubens (Dahlmann et al., 

2021).  

While cutting edge technologies skyrocketed in some organisms, especially Eschierichia coli 

and Saccharomyces cerevisiae, its development in other organisms has been considerable 

slower. Although U. maydis offers great potential for developing various molecular and 

synthetic biology techniques, including inducible promoters, fluorescent reporters, epitope 

tags, and polycistronic gene expression (Brachmann et al., 2004; Müntjes et al., 2020; 

Terfrüchte et al., 2014), artificially controlled gene expression techniques are less advanced 

compared to other eukaryotic model organisms. With the aim of enlarging the molecular 

toolbox available for U. maydis, a Modular Recombinant Fungal toolkit for gene expression 

(MoRFunG toolkit) was designed and tested in this study.  
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Existing gene expression toolkits for filamentous fungi and yeast rely on standardized and 

characterized collections of vectors designed to optimize the overproduction of specific 

microbial compounds. In contrast, the MoRFunG toolkit for U. maydis is uniquely focused on 

providing researchers with a versatile molecular tool that facilitates the rapid construction of 

genetic circuits, enabling predictable and dynamic gene expression patterns during biotrophic 

development. The predictability of gene expression dynamics, encompassing factors such as 

timing and strength of up-regulation, relies on promoter sequences. Promoters are regulatory 

elements controlling gene expression quantitatively and temporally (Scalcinati et al., 2012; 

Latimer et al., 2014; Tang et al., 2020). The MoRFunG toolkit is composed of interchangeable 

modules, each containing the functional elements of a transcript unit, including at the moment 

endogenous promoters, open reading frames (ORFs), and terminators. The versatility that 

comes with the manipulation of the dynamics of effector gene expression provides valuable 

tools for various research goals. For instance, it enables the exploration of interplays between 

individual effectors at specific stages of the infection process, comprehension of intricate 

networks involving multiple effector genes, and assessment of how modifications in effector 

expression impact virulence, among other applications. Furthermore, an ambitious future goal 

for the MoRFunG toolkit is its utilization in the heterologous expression of genes from 

obligate maize pathogens. This could offer insights into their mechanisms of action, 

potentially aiding the scientific community in developing strategies such as resistant crops or 

biocontrol agents. 

The MoRFunG toolkit, as well as others already published toolkits for gene expression in 

other organisms use Golden Gate Molecular cloning as cloning technique due to its flexible 

and efficient assembly of “essential ready to use” genetic parts, which uses the same MoClo 

language, allowing the assembly of numerous constructs simultaneously in one pot reaction 

with robust and reliable assembly rules and a high transformation and integration efficiency 

(Martella et al., 2017; Sarkari et al., 2017; Pohl et al., 2021). While the controlled gene 

expression in U. maydis using the MoRFunG toolkit is promising, it requires further 

development. Fine genetic regulation is necessary to construct or manipulate pathways 

involving multiple genes, but endogenous promoters often do not meet the necessary 

requirements due to poor dynamic ranges, lack of well-defined characteristics, or not being 

orthogonal to endogenous regulations (Tang et al., 2020). Designing genetically engineered 

promoters in U. maydis poses an even higher challenge as they need to be activated during the 

infection process, and the use of inducible promoters inside the plant is limited. Additionally, 
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fine-tuning the expression of effector genes requires complete independence from endogenous 

regulation and precise control over the timing of up regulation and strength of the promoters. 

Further development of the MoRFunG toolkit to offer a highly sophisticated set of modules 

for controlling gene expression in U. maydis includes: 

• The incorporation of artificial promoters with desirable properties based on the 

promoter motif, for example: specific binding sites, enhancer elements, or 

response elements, allowing them to modulate gene expression in response to 

environmental cues or specific signals.  

• Addition of synthetic transcriptional activators or repressors. 

• Increase in the options for delivery methods for example: self-replicating 

episomal AMA1 vectors for expression tests (Pohl et al., 2021)  

• Incorporation of detection systems that allow quantification of gene expression 

inside the plant host and in real time.  

• Introduction of optogenetics promoter elements as modules of the MoRFunG 

toolkit, allowing light-inducible regulation of biological processes in an 

orthogonal manner with the aim to generate metabolic pathways independent of 

the effector’s co-regulation.  

In conclusion, the MoRFunG toolkit is a promising endeavor with great potential. This toolkit 

is set to become a valuable resource to the Ustilago scientific community, providing a 

standardized toolbox for precise genetic tuning, with the goal of detailed and predictable 

genetic manipulation of effector genes during the biotrophic development. Beyond this, 

utilizing the toolkit presents numerous additional advantages, such as its streamlined, rapid, 

and efficient cloning mechanisms, robustness, and remarkable versatility. As scientist, I 

predict that this cutting-edge methodology will open new paths for innovative research and 

contributes to a deeper understanding of the molecular mechanisms of the biotrophy of U. 

maydis as well as other relevant maize pathogens.



Materials and methodologies 

63 

 

4 Materials and methodologies 

 

The materials and methodologies applied in the experiments of this thesis are summarized in 

the following section. 

4.1 Materials and suppliers 

 

4.1.1 Chemicals, media components, and additional materials 

 

The chemicals, media components, solvents, enzymes, and reagents used in this study were 

acquired from the following companies unless stated differently: Roth, Ambion, BD, Gibco, 

Difco, Merck, GE Health Care Life Science, Honeywell Riedel-de Haen, Roche, Sigma- 

Aldrich and Invitrogen. 

 

4.1.2 Sterilization for buffers and solutions 

 

Unless stated differently, all the buffers, media, and solutions were prepared with ddH20 and 

autoclaved for 5 min at 121°C. Heat-sensitive solutions were sterilized by filtration (0,2 µm 

pore). The respective methods section indicates the media, buffers, and solutions composition. 

 

4.1.3 Enzymes, antibiotics, and markers 

 

Restriction enzymes from analytical digest and cloning were purchased from New England 

Biolabs (NEB). For high-fidelity DNA amplification, the polymerases used were Phusion® 

High Fidelity (NEB), Q5® High Fidelity (NEB,) or KOD (Merk). Golden Gate Molecular 

cloning reactions were used using BpiI Fast digest (Thermo Fisher Scientific) , BsaI (NEB,) 

and T4 ligase (NEB). For Gibson Assembly reactions, NEBuilder®HiFi DNA Assembly 

Master Mix from NEB was used. qRT-PCRs were done using qRT-PCR Master Mix 

(Promega). For digestion of the fungal cell wall Novozyme234 (Novo Nordisk) was utilized.  

The antibiotics used in this study were: Carbenicillin (Roth), Kanamycin (Sigma Aldrich), 

Carboxin (Honeywell Riedel-de Haen), Hygromicyn (Roche), Streptomycin (Roth) and 

Nourseothricin (Werner Bioreagents). The usage, as well as the working concentration for 

each antibiotic, can be found in Table 2. 
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Table 2: Antibiotics for E.coli and U. maydis Antibiotics used in this study with their respective concentration. 

 

 

The markers used to determine DNA size in agarose electrophoresis are shown in Figure 26. 

 

 

 

 

 

 

 

Figure 26: Standard 1Kb marker used in this study: Thermo Scientific GeneRuler 1 Kb DNA ladder used in 

this study for determination of DNA fragments size in agarose gel. 

 

 

4.2 Commercial kits 

 

For plasmid extractions of E.coli  the NucleoSpin® PlasmidKit (Machinerey- Nagel) was 

used. To purify DNA fragments (PCRs products and DNA from agarose gel), the 

NucleoSpin® gel and PCR Clean-up Kit (Machinerey- Nagel) was employed. PCRs 

purifications for sequencing were done using SureClean Plus kit (Bioline). For enzymatic 

degradation of DNA, we used the TURBO DNA-freeTM Kit ( Ambion®/ Thermo Fischer 

Scientific). Synthesis of cDNA was done by using RevertAid H Minus First Strand cDNA 

Synthesis Kit (Thermo Fischer Scientific).  

In all the cases the commercial kits were used according to the manufacturer's instructions. 

Antibiotic Microorganism Working 

concentration 

µg/ml 

Carbenicillin E. coli 100 

Kanamycin E. coli 50 

Streptomycin E. coli 100 

Carboxin U. maydis  2 

Hygromicyn U. maydis 200 

Nourseothricin U. maydis 150 
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4.3 Media and growing conditions 

 

The media composition of the cultures used for the cultivation of microorganisms used in this 

study is described below. All the media were autoclaved at 121°C before use unless the 

contrary is indicated. 

 

4.3.1 Media for Eschierichia coli 

 

dYT liquid media: (Sambrook et al. 1989) 1.6% (w/v) Tryptone, 1.0% (w/v) Yeast extract, 

0.5% (w/v) NaCl.  

YT Agar:  0.8% (w/v) Tryptone, 0.5% (w/v) Yeast extract 0.5% (w/v), NaCl 1.5% (w/v). 

 

4.3.2 Cultivation of Eschierichia coli 

 

E.coli was the organism used for plasmid replication. The cells were cultivated either on YT 

Agar or dYT liquid medium with the required antibiotics at 37°C with constant shaking at 200 

rpm in the case of liquid cultures.  For long-term storage of the E.coli strains, glycerol stocks 

were prepared by adding 60% sterile glycerol solution to an overnight culture in dYT in a 50% 

concentration (v/v) in a final volume of 1,5ml. The screw cap vials were then stored at -80°C. 

The antibiotics used are specified in Table 2. 

 

4.3.3 Media for Ustilago maydis 

 

Agar YEPSlight: 1.0% (w/v) Yeast extract, 0.4% (w/v) Peptone.  

Sucrose Potato-Dextrose-Agar (PD): 2.4% (w/v) Potato-Dextrose Broth, 2.0% (w/v) Agar. 

PD-Charcoal Agar: addition of 1.0% (w/v) activated charcoal to the PD-Agar medium. 

Regeneration Agar: (Schulz et al. 1990) 1 M Sorbitol, 1.0% (w/v) Yeast extract, 0.4% (w/v) 

Peptone, 0.4% (w/v) Sucrose, 1.5% (w/v) Agar. 
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4.3.4 Cultivation of Ustilago maydis 

 

In this study all the strain were generated in the genetic background of the U. maydis SG200 

solo-pathogenic strain, able to filament without prior mating (Kämper et al., 2006) 

U. maydis strains were cultivated in YEPSlight with constant shaking at 200rpm for liquid 

cultures, or Potato Dextrose (PD) Agar in case of solid cultures. In both cases, the incubation 

was carried out at 28°C. Glycerol stocks for long-term storage at -80°C were prepared in a 

50% (v/v) solution with 60% glycerol solution and U. maydis liquid culture with an OD600 

between 0,6 and 1 in a total volume of 1,5 ml. 

For growing U. maydis after transformation, the media used was Regeneration Agar, 

supplemented with 2µg/ml carboxin unless stated contrarily. 

 

4.3.5 Determination of cell density 

 

When required, the cell density was determined by absorption at 600 nm (OD600) measured in 

a Genesis 10S VIS spectrophotometer (Thermo Fisher Scientific). The measurements were 

referenced with the liquid media required in each case. To ensure the linear co-dependency of 

the measurements, the cultures were diluted to absorption values below 0.8 for U. maydis. 

Absorption of 1 OD600 for U. maydis represents ~ 1,5x107 cells while for E.coli an absorption 

of 1 accounts for ~ 1x109 cells. 

 

4.3.6 Maize cultivation conditions 

 

Maize seeds from the variety Golden Bantam were placed in pots with fresh soil 

(Einheitserde® VMV800) at about 5 cm deep. The plants were grown in a greenhouse or 

phytochambers at 28°C, over a long day period with 16h light with 80% humidity and an 8 h 

night at 22°C. 

 

4.4 Virulence assay of Ustilago maydis in maize 

 

The virulence performance of U. maydis strains was tested on maize plants infected for 

injection of U. maydis inoculum at the stage of 3rd leaf. The symptoms were scored at 12 or 

9 dpi depending on external factors related to the greenhouse conditions. No difference in the 
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tumors were observed after 9 dpi. The symptoms were classified with a modification to the 

system published by (Redkar & Doehlemann, 2016) considering the size and frequency of 

tumors as shown in Figure 27. The disease rates are given as a percentage of the total amount 

of infected plants. The calculation of the disease index was done as mentioned by (Bindics et 

al., 2022). 

All the strain tested in this study were also tested in charcoal plates showing complete normal 

filamentation indicating that in case of reduced virulence, the exhibited phenotype does not 

occur due to a defect in the filamentation. 

 
Figure 27: Scoring system for U. maydis disease development in maize leaves. Disease rating used for U. 

maydis virulence assays. The category of death plants is not shown in this picture or considered in the scoring of 

virulence assays.Plant pictures were courtesy of Dr. Bilal Ökmen.Figure. Figure created with Biorender.com. 

 

 

4.5 Microbiological standard methods 

 

4.5.1 Competent Eschierichia coli cells production 

 

The production of competent E.coli cells was conducted at 4°C, with all the solutions and 

equipment precooled at this temperature. The cell manipulation was done on ice in a cold 

room. 

Pre-cultures of single E.coli colonies were grown in 15-20 ml of dYT medium at 37°C, with 

constant shaking at 200 rpm, until an OD600 of ~ 0,6. The cells were then cooled on ice for 30 
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min and centrifuged for 8 min at 4°C at 1250 xg. After discarding the supernatant, the pellet 

was resuspended in RF1-solution with 1/3 of the initial culture volume followed by a 30 min 

incubation at 4°C. After incubation, the cells were centrifuged under the same conditions 

mentioned above, and the pellet was then resuspended in RF2-solution with 1/20 of the 

original culture volume. After incubating the cell suspension for 30 min at 4°C, the cells were 

aliquoted to 50 µl in pre-cooled reaction tubes, shock froze in liquid N2, and stored at -80°C. 

RF1 solution 

 100 mM RbCl 

 50 mM MnCl2 x 4 H2O 

 30 mM potassium acetate 

 10 mM CaCl2 x 2 H2O  

 15% (w/v) Glycerol  

 pH 5.8 

 

RF2 solution 

10 mM MOPS  

10 mM RbCl  

75 mM CaCl2 x 2 H2O  

15% (w/v) Glycerol 

 pH 5.8 

 

4.5.2 Heat-shock transformation of Eschierichia coli 

 

Chemically competent E.coli cells (TOP10 /DH5α) were used in this study for plasmid 

replication.  

A concentration between 1 and 1,5 ng was added to 50 µl of competent cells and incubated 

on ice for 15 min followed by a heat shock of 42°C for 45 seconds. Immediately after the 

transformant cells were placed on ice for 2 min. For regeneration, 700 µl of dYT media were 

added, and the cells were incubated between 30 min to 1 hour at 37°C in constant shaking. 

After the regeneration period, the transformed cells were plated on YT Agar containing the 

specific antibiotic for selection and incubated overnight at 37°C. 
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4.5.3 Ustilago maydis protoplast 

 

Overnight cultures of U. maydis were diluted to OD600=0,2 in 50 ml pf YEPSlight medium and 

incubated at 200rpm at 28°C until OD600=0,8-1 was reached. The cultures were then 

centrifuged at 2000 xg for 5 min. The pellets were resuspended in 10ml of SCS followed by a 

second centrifugation step under the same conditions. After discarding the supernatant, the 

pellets were then resuspended in 2ml of a filtered-sterile solution containing SCS with 7mg/ml 

Novozyme234 (Novo Nordik). The cells in SCS/Novozyme solution were incubated for 10-

15 min at room temperature until ~30%-40% of the cells presented a protoplast morphology 

under the optic microscope (pinhead structure). When this stage was reached, the protoplast 

cells were placed on ice, and 10 ml of pre-cooled SCS was added to the suspension. The 

protoplast suspensions were centrifuged in a pre-cooled centrifuge at 4°C, 1300xg for 5 min. 

After carefully discarding the supernatant, a second resuspension with 10ml of STC was done, 

followed by a second cold centrifugation step under the same conditions mentioned before. In 

the last step, the pellet was resuspended in 500 µl of cold STC and aliquot in 50 µl in pre-

cooled sterile reaction tubes. After aliquot them, the protoplast was either used for direct 

transformation or stored at -80°C until further use. 

SCS solution 

 20 mM Na-Citrate, pH 5.8 

 1 M Sorbitol  

 sterile filtered  

 

STC solution  

10 mM Tris-HCl, pH 7.5  

100 mM CaCl2 

 1 M Sorbitol  

 sterile filtered 

 

4.5.4 Transformation of Ustilago maydis 

 

U. maydis protoplast were placed on iced and transformed or co-transformed with 1,5 µg of 

plasmid/s in a maximal volume of 10 µl together with 1µl heparin solution (1mg/ml) for every 

transformation. The transformation tubes were incubated for 10 min on ice before being 

suspended in 500 µl of STC/PEG solution. After a second incubation on ice for 15 min, the 

transformation mix was carefully disposed on two layers of Regeneration Agar consisting of 
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a first 10ml layer of medium with an additional 2X selection agent, and a top 10ml layer of 

medium without selection agent. The transformant cells were then spread by gravity across 

the whole plate and incubated for 4-5 days at 28°C.  

After the incubation period, colonies were passed to PD Agar containing the selection agent 

and incubated for 2 days at 28°C. In the last step, to remove the selection plasmid, colonies 

were selected and passed on PD Agar without selection (1 or 2 times) and incubated for 2 days 

at 28°C. 

 

4.6 Molecular biology methods 

 

4.6.1 Plasmids 

 

All the plasmids in this study were isolated from E. coli strains using the NucleoSpin® 

Plasmid Kit from Machinery-Nagel (REF 740588.250) according to the manufacturer’s 

instructions. 

 

4.6.2 Gibson Assembly 

 

For the construction of CRISPR and Optogenetic vectors, Gibson assembly cloning was done, 

using homologous recombination of small DNA fragments (Gibson et al., 2009). For this 

purpose, DNA fragments were designed to overlap with a minimum of 20 bp. The reaction 

was performed using NEBuilder®HiFi DNA Assembly Master Mix (NEB), according to the 

manufacturer’s instructions. 

 

4.6.3 CIRSPR-CAS9 vectors 

 

The CRISPR-Cas9 single target as well as the multiplex were done using as a backbone the 

non-integrative, self-replicating pCas9HFI (Zuo et al., 2020). The sgRNA were designed 

either in the E-CRISP online software www.e-crisp.org (Heigwer et al., 2014) or CHOPCHOP 

online tool https://chopchop.cbu.uib.no/, targeting regions as close as possible to the ATG of 

the gene of interest. 

In the case of multiplex CRISPR, the gRNAs targeting different genes were spaced by transfer 

RNA sequences as established by (Xie et al., 2015). 
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4.6.4 P-MiniT cloning  

 

Some sequences of DNA used in this study were introduced in p-MiniT 2.0 (NEB) according 

to the manufacturer’s instructions. 

 

4.6.5 Golden Gate Molecular Cloning 

 

All the modules included in the MoRFunG tool kit from this study were done by Golden Gate 

Molecular cloning.  

Level 0,1 and 2 reactions were carried out in T100 Thermal cyclers from Bio-Rad Laboratories 

GmbH with the following protocol: 

37°C  0:30 min 

37°C  5:00 min 

16°C  4:00 min 

Go to Step #2 27 X 

80°C  20:00 

4°C   ∞ 

All the backbones used for the MorFunG modules were described by (Weber et al., 2011) 

except indicated contrary. 

The level 0 Modules in this study were defined in 3 different categories: promoters, ORF and 

terminators, as “modules of a transcript unit”. Level 1 modules are defined by the combination 

of 3 level 0 modules (one from each category) independently if following the “like wild type 

sequence” or is a tailored made combination. Finally, level 2 modules represent combinations 

of 2 or more level 1 modules in a tandem arrangement. The system follows a hierarchical and 

unidirectional flow of cloning (Figure 28) 
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Figure 28: Representation of the MoRFunG toolkit flow of cloning: 

pl0: Plasmid level 0 is equivalent to a module of a transcript unit (promoter, ORF or terminator) 

pl1: Plasmid level1: Transcript unit. Combination of promoter, ORF and terminator in a specific vector 

pL2: Plasmid level 2: tandemly arranged 2 or more level 1 vectors. 

Figure created with Biorender.com 

 

4.6.5.1 Level 0 Modules 

 

For all the level 0 modules (including domestication in level 0) the one tube reaction 

contained: 1 µl T4 DNA ligase buffer (NEB), 0,5 µl BpiI Fast digest (Thermo Fisher 

Scientific), 0,5 µl T4 DNA ligase (NEB), 77-100 ng backbone, insert (1:2 ratio) and ddH20 

when required to achieve a final volume of 10 µl. 

The backbones used for the level 0 modules are stated in Table 3. 

Sequence to 

clone 

Vector Antibiotic  

for selection 

Promoters pICH 41295 Streptomycin 

Open 

reading 

frames 

pICH 41308 Streptomycin 

Terminators pICH 41276 Streptomycin 
 

Table 3: Level 0 Backbones from the MoClo system used in this study. 
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4.6.5.2 Primer design for level 0 modules and domestication in level 0 

 

The primers used for cloning in level 0 modules had specific tales depending on the category 

of cloning (promoter, ORF and terminators). The sequences of the primer extensions can be 

found in Table 4. 

Cloning 

category 

Primer 

Orientation 

Sequence 

Promoter Forward (vector 

ligation) 

TTTGAAGACAAGGAG 

Reverse (vector 

ligation) 

TTTGAAGACAACATT(NN)* 

Open reading 

frame 

Forward (vector 

ligation) 

TTTGAAGACAAAATG** 

Reverse (vector 

ligation) 

TTTGAAGACAAAAGC 

Terminator Forward (vector 

ligation) 

TTTGAAGACAAGCTT 

Reverse (vector 

ligation) 

TTTGAAGACAAAGCG 

 

Table 4: Primer extensions for cloning in level 0 modules:  The extensions are added to the overlapping region 

in the sequence of interest. *(NN) two extra base pairs need to be considered to codify an extra amino acid 

(excluding methionine), to keep the reading frame correct. **When the ATG is present in the primer extension, it 

should not be included in the ORF’s overlapping region to not generate an amino acid duplication. 

 

 

Independently of the category of cloning (promoters, ORF, or terminators) when necessary, 

domestication in level 0 was performed by generating PCR fragments with specific overlap to 

be included simultaneously in the level 0 reaction. For domestication, we refer to the 

elimination of BpiI and BsaI recognition sites from the sequence of interest. To this end, the 

sequence of interest was divided into 2 or more PCR fragments. For the 3’ and 5’ endings of 

the complete sequence, the extensions for vector ligation shown in Table 4 were used. For 

internal PCRs, the following overlaps were utilized: 

Forward primers for domestication: TTTGAAGACAA plus last 4 nucleotides of the 

recognition site plus homology sequence. 

Reverse primers for domestication: TTTGAAGACAA plus homology sequence. 
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An example of this process is shown in Figure 29. 

Figure 29: Cloning reaction in level 0 without domestication (promoter and terminator) and with 

domestication in level 0 (ORF): Stars represent recognition sites for the type IIS restriction enzymes BpiI or 

BsaI. Arrows oriented left to right represent forward primers. Arrows in orientation right to left represent reverse 

primers. Figure created with Biorender.com. 

 

 

4.6.5.3 Level 1 Modules 

 

For all the level 1 modules, the one tube reaction contained: 1 µl T4 DNA ligase buffer (NEB), 

0,5 µl BsaI HF (NEB), 0,5 µl T4 DNA ligase (NEB), 77-100 ng backbone, insert (1:2 ratio) 

and ddH20 when required to achieve a final volume of 10 µl. 

The backbones used for level 1 are stated in Table 5. 
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Position Vector Antibiotic  

for selection 

Position 1 

Forward 

pICH47732 Carbenicillin 

Position 2 

Forward 

pICH47742 Carbenicillin 

Position 3 

Forward 

pICH47751 Carbenicillin 

Position 4 

Forward 

pICH47761 Carbenicillin 

Position 5 

Forward 

pICH47772 Carbenicillin 

Position 1 

Reverse 

pICH47802 Carbenicillin 

Position 3 

Reverse 

pICH47822 Carbenicillin 

Position 5 

Reverse 

pICH47841 Carbenicillin 

Position 6 

Reverse 

pICH47852 Carbenicillin 

 

Table 5: Level 1 backbone vectors used in this study. 

 

 

4.6.5.4 Level 2 Modules 

 

Level 2 reactions were done according to the following protocol: 1 µl T4 DNA ligase buffer 

(NEB), 0,5 µl BpiI Fast digest (Thermo Fisher Scientific), 0,5 µl T4 DNA ligase (NEB), 77-

100 ng backbone, insert (1:2 ratio) and ddH20 when required to achieve a final volume of 10 

µl. 

In all cases the backbone Used was pAGM4673(Weber et al., 2011). The end linkers and/or 

dummies were used depending on the specific cases.  

 

4.6.6 U. maydis gDNA isolation protocol 

 

For the extraction of gDNA from U. maydis strains, a modified version of the protocol 

published by (Hoffman & Winston, 1987) was used. The pellets from 2ml overnight cultures 

from U. maydis strain were collected by centrifugation at 12000 xg in a 2 ml reaction tube. 

Between 0,2 and 0,3 g of glass beads (0,4-0,6 mm), together with 400 µl of Ustilago lysis 

buffer and 500 µl of phenol/chloroform were added to the pellet. The reaction tubes were 

incubated for 10 min at room temperature on a Vibrax-VXR shaker (IKA) at 2500 rpm. The 

samples were then centrifuged at 13300 xg for 10 min for separation of the phases. After 
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centrifugation, the upper aqueous phase containing the gDNA was transferred to a 1,5 ml 

reaction tube. The DNA was then precipitated by the addition of 1ml of 100% EtOH cold, 

inverted several times, and centrifuged at 13300 xg, at 4°C for 10 min. Following the 

centrifugation, the supernatant was removed, and the pellet was resuspended in 200 µl of 70% 

EtOH and centrifuged at 13300 xg for 5 minutes. The supernatant was completely removed, 

and the pellets dissolved in 100 µl of RNase and incubated at 37°C in a Thermomixer 

(Eppendorf) at 1200rpm for 30 min and stored at -20°C. 

Ustilago lysis buffer:    50mM Tris-HCl (pH: 8.0) 

                                       50mM Na2-EDTA 

                                       1% (w/v) SDS 

Phenol/Chloroform:    50% (v/v) Phenol (equilibrated in TE buffer) 

                                       50% (v/v) Chloroform 

 

4.6.7 Total RNA extraction from infected maize tissue 

 

For the isolation of total RNA, samples from the infected leaf of maize plants were collected 

and frozen in liquid N2. A total of ten leaves per mutant, per time point per biological replicate, 

were taken and homogenized using a mortar and pestle, keeping the freezing conditions with 

liquid N2.  

The samples were placed in previously cooled, RNase-free, 1,5 µl reaction tubes and stored 

in -80°C until the RNA extraction procedure. TRIzol®reagent (Invitrogen) was used for the 

extraction of RNA according to the manufacturer’s instructions. For each sample containing 

approximately 50-100mg of homogenized infected plant tissue, 1 ml of TRIzol® was 

immediately added and the samples were mixed in Vibrax-VXR shaker (IKA) at 2500 rpm 

for 5 min. To allow complete dissociation of the nucleoprotein complex the samples were 

incubated at room temperature for 5 minutes. After incubation, 0.2 ml of chloroform per ml 

of TRIzol® was added to the samples, and the tubes were then shaken vigorously by vortex 

for a few seconds, followed by a second incubation at room temperature for 2-3 min. 

 After centrifugation at 12000 xg for 10 min at 4°C, the supernatants containing the RNA 

fraction (approx 50% of the total volume) were carefully transferred to a new reaction tube. 

For RNA precipitation, 400 µl of 100% isopropanol per 1ml of TRIzol®, was added to the 

aqueous phase and the samples were then incubated at room temperature for 10 min, followed 

by centrifugation at 12000 xg at 4°C for 10 min. After centrifugation, the supernatant was 
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removed leaving only the RNA pellet. The RNA was then washed by adding 1 ml of 75% 

ethanol per 1 ml of TRIzol®. The samples were then briefly vortex and centrifuged at 

maximum speed at 4°C for 5 min. The RNA pellet was then dried at room temperature for 10 

min and resuspended in 50 µl of RNAse free water, incubated in a hit block at 60°C for 15 

minutes and immediately used for the DNase treatment. 

 

4.6.8 DNase treatment after RNA isolation from plant material 

 

For digestion of DNA contaminants after RNA isolation, the DNAse treatment was performed 

using the Turbo DNA-Free™ commercial Kit from Ambion Life technologies™ according to 

the manufacturer’s instructions. The total RNA samples were treated in a 50 µl reaction, 

containing 5 µl of 10X TURBO DNase Buffer and 1 µl of TURBO DNAse enzyme and 

incubated at 37°C for 30 min followed by an inactivation step for the DNase by adding 5,5 µl 

of DNase Inactivation Reagent. After incubation at room temperature for 5 min with 

occasional mixing, the samples were centrifuged at 10000 xg for 2 min, and 44 µl of the 

supernatant were then transferred to a fresh reaction tube. For checking the quality of the RNA 

samples, 2 µl were run in 1% agarose gel run at 150 V for 30 min. 

 

4.6.9 cDNA synthesis 

 

From the RNA samples, the synthesis of cDNA was performed using the Thermo Scientific 

RevertAid H Minus First Strand cDNA Synthesis kit (Thermo Fisher Scientific) according to 

the manufacturer’s instructions. The reaction consisted of 6 µl containing 1-5 µg of RNA 

template and 0,5 µl of oligo(dT)18 primer and the first incubation at 65°C for 5 min. Then, 2 

µl of 5X Reaction Buffer, 0,5 µl of RiboLock RNase inhibitor, 1 µl of 10mM dNTP Mix, and 

0,5 µl of RevertAid H Minus M-MulV Reverse Transcriptase were added and the sample was 

then incubated at 42°C for 60min. The reaction was terminated by a 70°C, 5 min incubation. 

The cDNA was stored at -20°C until further use. 

 

4.6.10 Quantification of nucleic acids 

 

Quantification of cDNA, gDNA, plasmids, and RNA was performed using a NanoDrop 

ND_1000 spectrophotometer (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. The concentration of nucleic acid was determined by µl using the appropriate 
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buffer as a blank control. 

 

4.6.11 Amplification of DNA by Polymerase chain reaction (PCR) 

 

For the amplification of DNA fragments, polymerase chain reactions were performed in T100 

Thermal cyclers from Bio-Rad Laboratories GmbH. The polymerase used depended on the 

purpose of the experiment, and the reaction conditions were according to the manufacturer’s 

instructions for each case. For analytical purposes GoTaq® green Master Mix (Promega) was 

used. For amplification of long fragments, or DNA fragments used for the construction of 

vector the enzymes Phusion®High Fidelity DNA Polymerase, Q5 ® High Fidelity DNA 

Polymerase (NEB) or KOD (Merk) were used. 

 

4.6.12 Quantitative real-time PCR (qRT-PCR) 

 

cDNA synthesized from RNA was used as a template for quantitative real-time PCR. For the 

qRT-PCR reactions, the GoTaq® qPCR Mastermix (Promega) was used according to the 

manufacturer’s instructions in a final volume of 20 µl per reaction.  

Each reaction contained 10 µl of GoTaq® qPCR Mastermix, 1 µl each primer (forward and 

reverse), 5 µl of cDNA (of a 5:195 dilution of cDNA) and 3 µl water. 

All the primers for qRT-PCR in this study were optimized. The primer efficiency was 

analyzed in serial dilution; from 10x10-4 ng/µl to 10x10-7ng/µl for plasmid templates or 4 

serial dilutions from the 1:195 dilution from cDNA. 

In all the cases the reactions were performed in an iCycler system (Bio-Rad) with the 

following program:  

95°C   3 min 

95°C   0:10 min 

62°C   0:30 min 

Repeat from step #2 45X 

65°C   0:05 min 

95°C   0:05 min 
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4.6.13 DNA digest 

 

The restriction digestion of DNA fragments was done by either New England Biolabs (NEB) 

enzymes or Thermo Fischer enzymes. The amount of digested DNA and the length of 

incubation times depended on the aim of the experiment.  

For analytical digestion, a maximum amount of 1 µg of DNA was digested, using 0,25 µl of 

enzyme in a reaction volume of 50 µl, e incubated at the indicated temperature for a minimum 

amount of 2 hours. 

For digestion of vectors with cloning purposes between 5 and 20 µg were digested in a final 

volume of reaction of 100 µl with 0,3 µl of the enzyme, overnight at the specific indicated 

temperature for each enzyme.  

For Southern blot samples, 20 µl of the DNA suspension were digested in a final reaction 

volume of 200 µl, using 0,5 µl of enzyme overnight at the indicated temperature for the 

specific enzyme. 

Either for checking analytical digest, or to control the quality of overnight digests with cloning 

purposes, 5 µl of reactions were run in 1 % agarose gel at 110V for 40 min. 

 

4.6.14 Agarose gel 

 

The visualization and separation of DNA fragments for PCRs, Southern blots, analytical 

digestions, and DNA purification, were done by agarose gel electrophoresis.  

The samples were prepared by adding 1/5 of the ample volume of 6X loading dye (NEB) or 

TriTrack DNA loading dye (Thermo Fischer Scientific) except that indicated contrary. 

For southern blots, the concentration of agarose in the gels was 0,9%(w/v), while for the other 

experiments was 1%(w/v). In the gels, 0,25 µg/ml of ethidium bromide in 1xTAE buffer. 

To estimate the size of DNA fragments, a DNA marker of defined size was run in the first 

row of each gel.  

The gels were run in electrophoresis chambers filled with 1X TAE- Buffer at 90-150 V for 

20-120 min depending on the experiment. The DNA was then visualized by UV illumination 

using a gel documentation unit (Peqlab/VWR). 
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In the case that DNA fragment needed to be extracted from the gel, the band/s of interest 

was/were cut, and the DNA extracted using NucleoSpin® Gel and PCR Clean-up Kit 

(Macherey Nagel) according to the user manual. 

50x TAE-buffer  

2 M Tris-Base 

 2 M Acetic acid 

50 mM EDTA pH 8.0 

 

4.6.15 Southern blot 

 

To identify specific genomic DNA integration and confirm genetically U. maydis mutants, 

Southern Blot experiments were done as described by (Southern, 1992) 

The gDNA from the different strains was first digested with restriction enzymes (specific for 

each experiment) to generate a clear band pattern that distinguishes the mutant of interest 

concerning the genetic background in which it was generated. 

For the restriction digest, 20 µl of DNA was digested in a final volume of 200 µl reaction 

using 1 µl of the respective restriction enzyme (or a combination of them when required in a 

1:1 ratio). After completing overnight digestion to increase the DNA concentration and purity, 

20 µl of 3 M sodium acetate was added to the samples followed by 150 µl of ice-cold 100% 

EtOH. The samples were then incubated for 30-60 min at -20°C and centrifuged for 20 min at 

4°C at 12.000 x g. After centrifugation, the pellet was washed with 75% EtOH. After 15 min 

centrifugation (same condition as mentioned above) the EtOH was removed. The samples 

were then dissolved in 24 µl of a solution containing 20 µl of water and 4 µl of TriTrack DNA 

loading dye (Thermo Fischer Scientific). And dissolved at 37°C for 30 min. 

The DNA samples were separated by gel electrophoresis (0,9% agarose) at 100V for 2 h. For 

depurination, the gels were incubated (slots down) in depurination solution for 15 min (or 

until the marker color was completely shifted from blue to bright yellow). Subsequently, the 

gels were neutralized with a transfer buffer for a minimum of 15 min until the marker was 

completely shifted from yellow to blue. 

After neutralization, the gels were blotted (upward blotting). The DNA was transferred 

overnight using transfer buffer and Whatman papers for capillarity, to an Amersham Hybond-

XL membrane (GE Health Care Life Sciences). After the transfer, the DNA was fixated to the 
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membrane by UV crosslinking (Amersham Biosciences) for 2 min.  From this step on and 

until detection, the membranes were incubated in hybridization tubes with the downside of 

the membrane facing the inner side of the tubes. Immediately after crosslinking, the 

membranes were incubated with hybridization buffer (20ml) at 65°C for 30 min-2h in a 

hybridization oven (UVP HB-1000 Hybridizer, Ultra-violet products Ltd) in constant turning.  

The probes for detection of nucleic acids were done using dioxigenin (DIG) labeled DNA 

fragments, synthesized by Phusion PCR (NEB) with the following conditions: 

10 µl of 5x Phusion buffer 

5 µl DIG labeling mix 

0,5 µl forward primer 

0,5 µl reverse primer 

50 ng DNA template (preferentially plasmid) 

1 µl Phusion polymerase 

ddH20 up to 50 µl 

The cycling conditions were: 

 98°C  30 sec 

 98°C  10 sec 

 60-72°C  10-30 sec 

 72°C  30 sec per kb (60sec)  go to 2.:  35-40x 

 72°C  5-10 min 

 12°C             ∞ 

The PCR product was mixed in 50ml of Southern-hybridization buffer. The Probe containing 

the hybridization buffer was then boiled for 10 min. The membranes were incubated at 65°C 

in the hybridization oven with the probe overnight and then washed 2 times for 15 min with 

southern wash buffer (20ml) at room temperature in a hybridization oven. The membranes 

were then incubated in DIG wash buffer (20ml) for 5 min. Next, the membranes were 

incubated for 30 min in 100 ml of DIG-buffer 2 (blocking solution) followed by a 30 min 

incubation in antibody solution at room temperature in a hybridization oven.  

The membranes were then washed 2 times for 15 min with DIG-wash buffer and equilibrated 

for 5 min in 20 ml of DIG buffer 3. 

Afterward, the membranes were placed in a transparent cut autoclaving bag and approximately 
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2,5 ml of CDP-star-solution was evenly spread across the membranes. After incubation at 

37°C for 10-15 min in an incubation over, the southern blots were detected in a 

ChemiDoc™MP (Bio-Rad Laboratories GmbH). 

Depurination solution  

0.25 M HCl 

 

Transfer buffer  

0.5 M NaOH 

1.5 M NaCl 

 

Southern hybridization buffer 

0,5 M NaPO4 pH7 

7% (w/v) SDS 

 

Southern wash buffer 

0,1M 1M NaPO4 pH7 

1%(w/v) SDS 

 

DIG buffer I 

0,1 M maleic acid 

0,15M NaOH 

Set to pH 7,5 with NaOH 

Autoclave 

 

DIG buffer II 

1g skimmed milk powder 

100ml DIG buffer 1 

 

DIG buffer III 

0,1 M Tris-HCL (pH9,5) 

0,1M NaCl 

0,05M MgCl2 
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DIG wash buffer 

6ml Tween20 

2LDIG buffer 1 

 

Southern antibody solution 

2µl Anti- Dioxigenin-AP, Fab Fragmentes (Roche) 

20ml DIG Buffer 2 

 

CDP-star solution 

200 µl CDP-Star Solution (Roche) 

20 ml DIG Buffer 3 

 

4.6.16 DNA purification 

 

Nucleic acids were purified using the NucleoSpin® gel and PCR Clean-up kit (Macherey- 

Nagel) according to the manufacturer ‘s instructions. 

 

4.6.17 Sequencing 

 

Sequencing of DNA fragments was done by the company Eurofins. The DNA fragments for 

sequencing were either from a purified plasmid template or purified PCR products. 

Sequencing DNA results were evaluated using the Clone Manager 9 Software or SnapGene 

Software. 

 

4.7 Microscopy 

 

4.7.1 Confocal laser-scanning microscopy 

 

For analysis of the presence/absence of Tag proteins (GFP or mCherry) associated or not to 

an effector gene, maize leaves infected with U. maydis mutant strains expressing the above-

mentioned proteins were analyzed with a Leica TCS SP8 Confocal Laser Scanning 

Microscope.  

The images were processed using the LEICA software LAS AFLite. 
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4.8 Optogenetics 

 

The plasmids used for the Blue-on and Blue-off system adapted to U. maydis were a 

modification of plasmids designed in the working group of Prof. Dr. Matias Zurbringgen at 

the Heinrich Heine Universität Düsseldorf. 

The incorporation of the ORF from the effector gene see1 in frame with the FLuc gene was 

done by Gibson Assembly. The plasmids modified were pLH120 for the Blue-off system and 

pNH023 for the Blue-on system. In both cases, the coding sequence from see1 was amplified 

using a proofreading enzyme with primers that contained overlaps designed for Gibson 

Assembly.  

In the Table 6, a List of the U. maydis strains generated is listed together with the plasmid 

used in each case. 

System U. maydis strain Plasmids 

 

 

Blue-on 

U. maydis Negative 

control Blue-on 

pNH023_see1 

U. maydis Positive 

control Blue-on 

pNH023_see1 

pNH008 

U. maydis Blue-on 

system 

pNH023_see1 

pNH047 

 

Blue-off 

U. maydis Firefly 

reporter Blue-off 

pLH120_see1 

U. maydis Blue-off 

system 

pLH120_see1 

pLH126 
 

Table 6: Optogenetic U. maydis strains used in this study and the plasmids used for their generation. 

 

Technical information about the optogenetic plasmids can be found in the supplementary 

Table S3 

 

4.8.1 Determination of FLuc expression in maize leaves 
 

Maize infected plants infected with U. maydis strains included in the blue on and blue off 

optogenetic systems were kept under different light conditions in a growth chamber with white 

light, darkness or 10uE blue light. After 6dpi, the firefly luminescence was detected in 3-4 cm 

peace if the 3rd leaf of the infected plants. After recording the weight of each 0.5 cm width 

cut, the fresh samples were measured with 200 µl of 5 mM luciferin substrate with 0.1% triton-

X in the Berthold plate reader. 
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6 Supplementary 

 

6.1 Bacterial strains used in this study 

 

Backbone Construct 

pGAM1311                 #2305-pGAM1311Lb-Rb6A 

pCas9HFI  #2306-pCas9HfI_02533_02535 

pCas9HFI  #2307-

pCas9HfI_02533_02535_02540  

pICH47811 #2362-pL1M-R2:umag_02533  

pICH47761 #2363-pL1M-F4:umag_02535  

pICH47772 #2364-pL1M-F5:umag _11416  

pCas9HFI  #2406-pCas_9HfI: umag _11417 

pCas9HFI  #2407-pCas_9HfI: umag _02538 

pCas9HFI  #2408-pCas_9HfI: umag _02537 

pCas9HFI  #2443-pCas_9HfI: umag _11415 c#3 

pAGM4673 #2452-pL2-R1:R6RBlong 

pAGM4673 #2453-pL2-F1:R6R2nd comp 6A 

pICH47742 #3094-

pl1:p2F_PU10115_gfp_NosT#4 

pICH47751 #3114-pL1_P3F_PU03749_cfp_NosT 

#3 

pICH47761 #3115-

pL1_P4F_PU03046_mCherry_NosT#



Supplementary 

99 

 

4 

pICH47751 #3207-

Pl1_3F_PU03749_mCherry_NosT  

pICH47761 #3209-pL1_4F_PU03046_cfp_NosT  

pICH47802 #3210-pL1_1R_CbxNosT 

pAGM4301 #3214-

pL2_PU10115gfp_PU03749mCherry

_PU03046cfp-Cbx  

pAGM4301 #3229-

pL2_PU10115gfp_PU03749mCherry

_PU03046cfp-Cbx #7 

pCas9HFI #3277-PcasHFI_Pam173free #5 

pAGM4673 #3373-

pL2_PU10115gfp_PU03749mCherry

_PU03046cfp-Cbx D4 

pAGM4673 #3377-

pl2_1R:3R_PU11415_pep1mCherryN

osT_Cbx locus (A3) 

pAGM4673 #3378-

pl2_1R:3R_PU02851_pep1gfpNosT_

Cbxlocus (B3) 

 pNH023 #3379-pNH023_See1 Optogenetic 

 pLH120 #3380-pLH120_See1 Optogenetic 

pCas9HFI #3382-

pCas9HFI_sg200_PAM200deletion 
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 pUMa260   #163-Plasmid for Cbx probe 

pAGM4673 #3384-

Pl1_P2F_PU02851_pep1gfp_NosT 

pAGM4673 #3385-

pL1_P2F_PU11415_pep1mCherry_N

osT 

pAGM4673 #3393-

pl2_1R:5R_PU02851:pep1mCherry_

PU11415:pep1GFP 

pAGM4674 #3393-

pl2_1R:5R_PU02851:pep1mCherry_

PU11415:pep1GFP 

pAGM4675 #3394-

pL2_PU10115gfp_PU03749mCherry

_PU03046cfpCbx D4 CbxRMod 

pAGM4678 #3397-pl2_PU11415_gfp_NosT 

Cbxlocus (G2) CbxRMod 

pAGM4679 #3398-

pl2_1R:3R_PU11415_pep1mCherryN

osT_Cbx locus (A3) CbxRMod 

pAGM4680 #3399pl2_1R:3R_PU02851_pep1mC

herryNosT_Cbxlocus (B3) CbxRMod 

pAGM4681 #3400-

pl2_1R:5R_PU02851:pep1gfp_PU11

415:pep1mCherry CbxRMod 

P1Rev #3402-pL1_1R_CbxNosT  CbxRMod 
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pAGM4680 #3448-

pl1_P4F_PU03065_mCherrypep1_No

sT 

pAGM4680 #3455-

pl2_1R:5R_PU02851_11415_03065_

mCherrypep1-GFP:pep1-

mCherry:pep1_NosT 

#3302 pNH047  

#3303 pNH023  

#3304 pNH008  

#3305 pLH120  

#3306 pLH126  

pCas9HFI #2456-pCas_9HfI_ 1stC 6A. 

pCas9HFI #2457-pCas_9HfI_2ndC6A. 

pAGM4680 #2511-pL2M1/2 6A::_R1:R6Short 

 

Table S1: Eschierichia coli strains generated during this doctoral research. Level 0 modules  

from the MoRfunG toolkit are not included in this table.  

 

 

6.2 Bacterial strains containing MoRFunG modules 

 

Code  Plasmid name Plasmid 

backbone 

Gene/insert 

FMTK 1  pL0M-PU-umag_02533 pICH41295 Promoter umag_02533 

FMTK 2  pL0M-C-umag_02533  pICH41308 ORF umag_02533 

FMTK 3  pL0M-UT-umag_02533  pICH41276 Terminator umag_02533 
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FMTK 4  pL0M-UT- umag_02535  pICH41276 Terminator umag_02535 

FMTK 5  pL0M-C-umag_11415  pICH41308 ORF umag_11415 

FMTK 6  pL0M-PU-umag_11416 pICH41295 Promoter umag_1116 

FMTK 7  pL0M-UT-umag_02537 pICH41276 Terminator umag_02537 

FMTK 8  pL0M-UT-umag_02538 pICH41276 Terminator umag_02538 

FMTK 9  pL0M-UT-umag_11417 pICH41276 Terminator umag_11417 

FMTK 10  pL0M-PU-umag_02540 pICH41295 Promoter umag_02540 

FMTK 11  pL0M-UT-umag_02540 pICH41276 Terminator umag_02540 

FMTK 12  pL0M-PU-umag_11415 pICH41295 Promoter umag_11415 

FMTK 13  pL0M-PU-umag_02535 pICH41295 Promoter umag_02535 

FMTK 14  pL0M-UT-umag_11416 pICH41276 Terminator umag_11416 

FMTK 15  pL0M-C-umag_11417 pICH41308 ORF umag_11417 

FMTK 16  pL0M-C-umag_02540 pICH41308 ORF umag_02540 

FMTK 17  pL0M-C-umag_02537 pICH41308 ORF umag_02537 

FMTK 18  pL0M-C-umag_11416 pICH41308 ORF umag_11416 

FMTK 19  pL0M-C-umag_02538 pICH41308 ORF umag_02538 

FMTK 20  pL0M-PU-umag_02538 pICH41295 Promoter umag_02538 

FMTK 21  pL0M-C-umag_02535 pICH41308 ORF umag_02535 

FMTK 22  pL0M-PU-umag_02537 pICH41295 Promoter umag_02537 

FMTK 23  pL0M-PU-umag_11417 pICH41295 Promoter umag_11417 

FMTK 24  pL0M-UT-umag_11415 pICH41276 Terminator umag_11415 
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FMTK 25  pL0M-PU-umag_05319 pICH41295 Promoter umag_05319 

FMTK 26  pL0M-PU-umag_06180 pICH41295 Promoter umag_06180 

FMTK 27  pL0M-PUumag_05104 pICH41295 Promoter umag_05104 

FMTK 28  pL0M-PU-umag_03046 pICH41295 Promoter umag_03046 

FMTK 29  pL0M-PU-umag_00027 pICH41295 Promoter umag_00027 

FMTK 30  pL0M-PU-umag_10115 pICH41295 Promoter umag_10115 

FMTK 31  pL0M-PU-umag_02119 pICH41295 Promoter umag_02119 

FMTK 32  pL0M-PU-umag_05311 pICH41295 Promoter umag_05311 

FMTK 33  pL0M-PU-umag_03749 pICH41295 Promoter umag_03749 

FMTK 34  pL0M-PU-umag_02194 pICH41295 Promoter umag_02194 

FMTK 35  pL0M-C-gfp pICH41308 ORF gfp 

FMTK 36  pL0M-UT-NOST- pICH41276 Nos Terminator 

FMTK 37  pL0M-C-cfp pICH41308 ORF cfp 

FMTK 38  pL0M-C-mCherry pICH41308 ORF mCherry Stop 

codon added 

FMTK 39  pL0M_PU-umag_02851 pICH41295 Promoter umag_02851 

FMTK 40  Pl0M_C_pep1MCherry  pICH41308 ORF 

umag_01987:mCherry 

FMTK 41  Pl0M_C_pep1gfp  pICH41308 ORF umag_01987gfp 

FMTK 42  pL0M_PU_Potef pICH41295 otef constitutive 

promoter 

FMTK 43  pL0M_C_FLuc pICH41308 ORF Fluciferase 
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Optogenetics 

FMTK 44  pL0M_PU-umag_03065 pICH41295 Promoter umag_03065 

Table S2: Eschierichia coli strains generated for this study containing the level 0 for the MorFunG toolkit. 

FMTK stands for Fungal Modules ToolKit. .pL0M: plasmid level zero module. PU: Promoter and untranslated 

regions. C: ORF. TU: Terminator and untranslated regions.  

 

 

6.3 Technical information of the optogenetic plasmids  

 

Optogenetic Plasmid Description 

pLH120_see1 Upp3-(C120)5-PCMV-FLuc_see1 

pLH126 Cco1-Po2tef-NLS-Sql1-EL222 

pNH023_see1 Upp3-PIR3-PCMVmin-FLuc_see1 

pNH008 Cco1-PO2tef-PIP-VP16ff 

pNH047 Cco1-nosT-AsLOV2pep-PIP-

PhCMVmin-CMVenhacer(5’-3’)-

PhCMVminePDZb-VP16ff-nosT 

Table S3: Description of optogenetic plasmids. 
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6.4 Fungal strains used in this study 

 

Ustilago maydis strain Usage 

#1332 SG200 Δ6A #4 Cluster Deletion 

#1333 SG200 Δ6A #9 Cluster Deletion 

#1334 SG200Δ6A #11 Cluster Deletion 

#1390 SG200 KO:umag__11417 c#4 CRISPR frameshift KO  

#2406 SG200.KO.umag_11417 c#2 CRISPR frameshift KO  

#1392 SG200.KO.umag__02538 c#1 CRISPR frameshift KO  

#1393 SG200.KO.umag_02538 c#2 CRISPR frameshift KO  

#1394 SG200KO umag_02537 c#1 CRISPR frameshift KO  

#1395 SG200 KOumag_02535 c#3 CRISPR frameshift KO  

#1396 SG200 KOumag_02535 c#4 CRISPR frameshift KO  

#1397 SG200 KO umag_11416 c#4 CRISPR frameshift KO  

#1398 SG200 KO umag_11416 c#8 CRISPR frameshift KO  

#1399 SG200.KO umag_02540 c#5 CRISPR frameshift KO  

#1431 SG200 KO:umag_02537 c#3 CRISPR frameshift KO  

#1432 SG200 KO:umag_02540 c#1 CRISPR frameshift KO  

#1433 SG200 KO:umag_02540 c#3 CRISPR frameshift KO  

#1450 SG200 KO:umag_02533 #4 CRISPR frameshift KO  

#1451 SG200 KO:umag_02533 #7 CRISPR frameshift KO  
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#1627 SG200 KO umag_11417 Cl2.4 CRISPR frameshift KO 

#1654 SG200 Δ6A::umag_02533_11415_02535_11416 

1C#53 (SG 200 Δ6A/C1) 

Cluster 6A half 

complementation MoClo 

MoRFunG 

#1655 SG200 Δ6A::umag_02533_11415_02535_11416 

1C#46(SG 200 Δ6A/C1) 

Cluster 6A half 

complementation MoClo 

MoRFunG 

#1656 SG200 

Δ6A/C1::umag_11416_02537:02538:11417:02540 

#53D8(SG 200 Δ6A/C2) 

Δ6A_1C53::11416_02537_

02538_11417_02540 

MoRFunG 

1657: SG200 Δ6A/C1 

::umag_11416_02537:02538:11417:02540 #53D9 (SG 

200 Δ6A/C2) 

Δ6A_1C53::11416_02537_

02538_11417_02540 

MoRFunG 

#1658 SG200 

Δ6A/C1::umag_11416_02537:02538:11417:02540 

#46A15 (SG200 Δ6A/C2) 

Δ6A_1C46::11416_02537_

02538_11417_02540 

MoRFunG 

1659: SG200 Δ6A/C1::umag_ 

11416_02537:02538:11417:02540 #46AD7(SG200 

Δ6A/C2) 

Δ6A_1C46::11416_02537_

02538_11417_02540 

MoRFunG 

#1665 SG200 Δ6A::umag_02533 MoClo Cl#2 Δ 6A single gene 

complementation 

#1666 SG200 Δ6A::umag_02533 MoClo Cl#3 Δ 6A single gene 

complementation 

#1667 SG200 Δ6A::umag_02533 MoClo Cl#4 Δ 6A single gene 

complementation 

#1668  SG200Δ6A::umag_02537 MoClo Cl#2 Δ 6A single gene 

complementation 
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#1669  SG200 Δ6A::umag_02537 MoClo Cl#3 Δ 6A single gene 

complementation 

#1670 SG200 Δ6A::umag_02537 MoClo Cl#6 Δ 6A single gene 

complementation 

#1671 SG200 Δ6A::umag_11415 MoClo Cl#1 Δ 6A single gene 

complementation 

#1672 SG200 Δ6A::umag_11415 MoClo Cl#2 Δ 6A single gene 

complementation 

#1673  SG200 Δ6A::umag_11415 MoClo Cl#8  Δ 6A single gene 

complementation 

#1674  SG200 Δ6A::umag_02540 MoClo Cl#3 Δ 6A single gene 

complementation 

 #1675 SG200Δ6A::umag_02540 MoClo Cl#6 Δ 6A single gene 

complementation 

#1676 SG200Δ6A::umag_02535 MoClo Cl#4 Δ 6A single gene 

complementation 

#1677 SG200 Δ6A::umag_02535 MoClo Cl#6 Δ 6A single gene 

complementation 

#1678 SG200Δ6A::umag_02535 MoClo Cl#8 Δ 6A single gene 

complementation 

#1679 SG200Δ6A::umag_02535 MoClo Cl#11 Δ 6A single gene 

complementation 

#1680 SG200Δ6A::umag_02535 MoClo Cl#12 Δ 6A single gene 

complementation 

#1681 SG200 Δ6A::umag_02538 MoClo Cl#6 Δ 6A single gene 
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complementation 

#1682 SG200: Δ6A:umag_02538 MoClo Cl#7 Δ 6A single gene 

complementation 

#1683 SG200 Δ6A::umag_02538 MoClo Cl#8 Δ 6A single gene 

complementation 

#1684  SG200Δ6A::umag_02538 MoClo Cl#9 Δ 6A single gene 

complementation 

#1685  SG200 Δ6A::umag_11417 MoClo Cl#12 Δ 6A single gene 

complementation 

#1686  SG200 Δ6A::umag_11417 MoClo Cl#10 Δ 6A single gene 

complementation 

#1687 SG200 Δ6A::umag_11417 MoClo Cl#8 Δ 6A single gene 

complementation 

#1688 SG200Δ6A::umag_11417 MoClo Cl#6 Δ 6A single gene 

complementation 

#1849SG200_Multitag_gfp:mCherry:cfpPU10115_03749

_03046 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1858 SG200_PU11415:pep1mCherry:NosT (Cbx)#5.7 Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1859 SG200PU11415:pep1mCherry:NosT (Cbx)#5.9 Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1860 SG200_PU02851:pep1gfp:NosT (Cbx)#6.3 Cbx integration without 

duplication of succinate 
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dehidrogenase gene. MoClo 

#1861 SG200_PU02851:Pep1gfp:NosT (Cbx)#6.4 Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1862S SG200_PU02851:Pep1gfp:NosT (Cbx)#6.5 Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1863SG200_PU02851:pep1gfp:NosT_PU11415:pep1m

Cherry:NosT (Cbx)# 7.1 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1864SG200_PU02851:pep1gfp:NosT_PU11415:pep1m

Cherry:NosT (Cbx)# 7.3 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1865SG200_PU02851:pep1gfp:NosT_PU11415:pep1m

Cherry:NosT (Cbx)# 7.6 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

#1874 SG200 blue off_see1 #1 upp3-(C120)5-PCMV-

FLuc-cco1-Potef-NLS-

Sql1-EL222 

#1875 SG200 blue off_see1 #3 upp3-(C120)5-PCMV-

Fluc-cco1-Potef-NLS-

Sql1-EL222 

#1876 SG200 blue onn_see1 # 9 upp3-PiR3-PCVMmin-

FLuc_see1-cco1-nosT-

AsLOV2pep-PIP-

PhCMVmin-

CMVenhacer5'>3'PhCMV

minePDZb-VP16ff-nosT 
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#1877 SG200 blue onn_see1 # 11 upp3-PiR3-PCVMmin-

Fluc_see1-cco1-nosT-

AsLOV2pep-PIP-

PhCMVmin-

CMVenhacer5'>3'PhCMV

minePDZb-VP16ff-nosT 

SG200_PU02851:pep1gfp:NosT_PU11415:pep1mCherry

:NosT_PU03065pep1mCherryNosT 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

SG200_Δpep1_PU02851:pep1gfp:NosT_PU11415:pep1m

Cherry:NosT_PU03065pep1mCherryNosT #5 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

SG200_Δpep1_PU02851:pep1gfp:NosT_PU11415:pep1

mCherry:NosT_PU03065pep1mCherryNosT #7 

Cbx integration without 

duplication of succinate 

dehidrogenase gene. MoClo 

 

Table S4: Ustilago maydis strains generated during this study. 

 

 

6.5 Ustilago maydis strains belonging to the optogenetic system 

 

System U. maydis strain Plasmids 

 

 

Blue-on 

U. maydis Negative 

control Blue-on 

pNH023_see1 

U. maydis Positive 

control Blue-on 

pNH023_see1 

pNH008 

U. maydis Blue-on 

system 

pNH023_see1 

pNH047 

 

Blue-off 

U. maydis Firefly 

reporter Blue-off 

pLH120_see1 

U. maydis Blue-off 

system 

pLH120_see1 

pLH126 
 

Table S5: Ustilago maydis blue-on and blue-off strains and the vectors used for cloning. Ustilago maydis 

strains generated using the blue on and off light inducible system for the control of the effector See1and the 

plasmids used for the construction of each strain.  

The blue-on system counts with a total of three U. maydis strains including one positive and one negative control 

strain.  

The blue-off system counts with two U. maydis strains. 
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6.6 Cluster 6A deletion and complementation: genetic confirmation 

 

 

Figure S1: Genetic confirmation of the cluster 6A deletion strains 

A. Screening PCR done to determine which putative mutants contained the flanking regions forming a genetic 

scar. Green arrows represent the forward primer (TCACAGAGCGGTTCGTGCAG) and blue arrows represent 

the reverse primer (GTGATGCCGTCAATCTTGGTC). The SG200 was used as a non-amplification control since 

the complete amplicon (16634 bp) had a size outside the amplification capability of the polymerase used (go-

Tac).B. Southern blot of the putative strains for the cluster 6A deletion. The gDNA was digested with the enzyme 

NcoI. The expected size for the wild type was 7500bp and for positive strains containing the genetic scar and 

cluster deletion 5500bp. The probe was done using as template the plasmid #2305 pGAM1311Lb-Rb2020 and 

amplified with the forward primer: TAAGACATCCCGATCCGTG and reverse primer: 

GTATTTCGGCGTCGTTCAC. C. Screening PCR for amplification of the genes of the cluster in selected mutants 

with the wild type SG200 as positive control Strains indicate with * were positive. 

umag_02533: forward primer: ATGCGAACGCTTCAGCAC, reverse primer: TCAATGGACGTGCTCAAGAC 

umag_02535: forward primer: ATGATCCTCATCCAATTTCG, reverse primer: 

TCAGCTTGAGCCACCTATTG 

umag_02537:  forward primer: ATGAGGATGACGCTAACC, reverse primer: TCACGAGCGTGGACGCTTG 

umag_02538: forward primer: ATGCACGCCTCACGTATTTTG, reverse primer: 

TCATCCATGGCTGCTTTCG 

umag_02540: forward primer: ATGACAAAGATGCTCAACCTAATCAC, reverse primer: 

TCAGGACTGGTTTCTGCGGGAAG 

umag_11415: forward primer: ATGCGTTATCTCGCCTTGG, reverse primer: CTAGCTTCCACTTGTGCCG 

umag_11416: forward primer: ATGATGCTCTTGAACGTCTCC, reverse primer: TACTTTGGTGGGGCGTC 

umag_11417: forward primer: ATGATTTTTCAGATATCCTTGTTC, reverse primer: 

CTAAGATTCCGAAACAGCGTC. 

 



Supplementary 

112 

 

 
Figure S2: Southern blot of the Δ6A/1C (First complementation) 

The Figure shows the southern blot of the putative mutants for the first half cluster complementation containing 

the genes umag_02533, umag_02535, umag_11415 and umag_11416. The gDNA was digested with NcoI and 

EcoRV. The expected sizes for a positive mutant was 6186bp, Δ6A: 3767 bp and SG200: 5068 bp. The probe was 

done using as template the plasmid #2305 pGAM1311Lb-Rb2020 and amplified with the forward primer: 

TAAGACATCCCGATCCGTG and reverse primer: GTATTTCGGCGTCGTTCAC. Strains indicated with a 

blue * were considered positive. Figure created with Biorender.com  
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Figure S3: Screening PCR for putative mutants for Δ6A/2C (second complementation) 

The Figure shows the screening PCR of the putative mutants for the second half cluster complementation 

containing the genes umag_02533, umag_02535, umag_11415 and umag_02537, umag_02538, umag_11416, 

umag_11417 and umag_02540. The amplification product contain sequences from the last part of the MoRFunG 

construct to the genome. Forward primer: TATGAGCGGAAGCGAGGAAG; reverse primer: 

TGATGGGAGTCGTGATTCG. Expected sizes: SG200 (wt): 1261 bp, Δ6A/1C (genetic background, first 

complementation): no amplification, positive insertion Δ6A/2C: 1789 bp. Bands indicated with a green * were 

analysed by southern blot. 

 
FigureS4: Southern blot of the Δ6A/2C (second complementation) 

The Figure shows the southern blot of the putative mutants for the second half cluster complementation containing 

the genes umag_02533, umag_02535, umag_11415 and umag_02537, umag_02538, umag_11416, umag_11417 

and umag_02540. The gDNA was digested with PvuI and EcoRV. The expected sizes for a positive mutant was 

3106bp, and for Δ6A/1C control: 4242. The probe was done using as template the plasmid #2305 pGAM1311Lb-

Rb2020 and amplified with the forward primer: TAAGACATCCCGATCCGTG and reverse primer: 

GTATTTCGGCGTCGTTCAC. Strains indicated with a green* were considered positive. Figure crated with 

Biorender.com 
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6.7 Expression pattern of effector genes of the cluster 6A 

 

The expression pattern shown in the supplementary figure S5 were obtain from the RNA seq 

Data from (Lanver et al., 2018a). The data was processed by Dr. Deppoter. 

 

Figure S5: Expression gene from the genes of the cluster 6A. The expression pattern were obtain from the 

RNA seq Data from (Lanver et al., 2018a). The data was processed by Dr. Jasper Deppoter.Figure created with 

Biorender.com. 
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6.8 Supporting experimental data for ectopic simultaneous multi-gene 

integration without insertion of resistance cassettes. 

 

6.8.1 CRISPR mediated integration of a multi-gene construct. 
 

In the section 2.3.1.1 was mentioned that a CRISPR mediated integration for inserting a multi-

gene construct in the ip locus of U. maydis was not possible. Here is stated the experimental 

data of the experiment.  

Co-transformation of SG200 was done following the standard protocol. The vectors used were 

the CRISPR vector #3277 and the DNA donor vector # 3377 (see Table S1). The CRISPR 

vector backbone counts with the cbx resistance gene, being homologous sequence with the 

SG200 umag_00844 (sequence targeted for the sgRNA used in this experiment). To avoid 

linearization of the CRISPR vector, the plasmid # 3277 was mutagenized using site directed 

mutagenesis to delete the PAM motif that was recognized for the sgRNA.  

sgRNA: GGTTTGTTGTTCAGTGAGAG 

Mutagenesis primer forward: 

GCTTGTGGTTTGTTGTTCAGTGAGAgtttAAACGCTACGGGCAAGATGAGG 

Mutagenesis primer reverse: 

CCTCATCTTGCCCGTAGCGTTTaaacTCTCACTGAACAACAAACCACAAGC 

Transformants were selected and isolated using the standard protocol. The mutants were 

analyzed by southern blot. 
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Figure S6: Southern blot of the unsuccessful multi-gene integration strains that showed cbx resistance done 

with MoRFunG and CRISPR. The expected sizes were 3255 bp for SG200 and 5266 bp for the multi gene 

integration. DNA samples for southern blot analysis were digested with the restriction enzyme NcoI (NEB). The 

probe used was amplified using as template the plasmid # 3210 (Table S1) using the following primers: 

Forward primer: TTTGGTCTCAAGCGATGTCGCTATTCAACGTCAG 

Reverse primer:CAAATGTTTGAACGATCTGCAGCCGGGCGGCCGCTTACGACGAAGCCATGATAGGG 
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6.8.2 Multi-Tag ectopic integration using the MoRFunG toolkit and 

homologous recombination 
 

 

 

 

 

 

 

Figure S7: Southern blot of the multi-gene integration strains that showed cbx resistance done with 

MoRFunG trough homologous recombination. Green * represents strains containing the expected band. The 

strains were generated in the SG200 genetic background using the plasmid #3373 

pL2_PU10115gfp_PU03749mCherry_PU03046cfp-Cbx. The samples were digested with HindIII HF (NEB). The 

expected sizes were: Positive integration: 3560 bp and SG200: 5688 bp.  

The probe used was amplified using the following primers in the plasmid template #163 (Table S1). 

Forward primer: TTCACACAGGAAACAGCTATGACC. 

Reverse primer: ACGACGTTGTAAAACGACGGCCAG. 
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6.8.3 Complementation of Δpep1 using MoRFunG toolkit under the 

control of different promoters  
 

 

Figure S8: Southern blot of the U. maydis strains containing a single copy of pep1 tagged with GFP or 

mCherry that showed cbx resistance done with MoRFunG trough homologous recombination. Green * 

represent strains containing the expected band. Genetic background: SG200 Δpep1. The strains SG200 

Δpep1./PU02851_pep1:gfp:NosT-ip were done using the plasmid  

#3378 Pl2_1R:3R_PU02851_pep1gfpNosT_Cbxlocus. The strains Δpep1./PU11415_pep1:mCherry:NosT-ip 

were generated using the plasmid #3377 Pl2_1R:3R_PU11415_pep1CherryNosT_Cbx loci. 

The samples were digested with HindIII HF (NEB). The expected sizes were: Positive integration: 3560 bp and 

SG200: 5688 bp.  

The probe used was amplified using the following primers in the plasmid template #163 (Table S1) 

Forward primer: TTCACACAGGAAACAGCTATGACC 

Reverse primer: ACGACGTTGTAAAACGACGGCCAG 
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Figure S9: Southern blot of the U. maydis strains containing a two copies of pep1 tagged with GFP and 

mCherry under the control of the promoters PU02851 and PU11415 that showed cbx resistance done with 

MoRFunG trough homologous recombination. Green * represents strains containing the expected band. The 

strains were generated in SG200 Δpep1 genetic background using the plasmid #3400 

Pl2_1R:5R_PU02851:pep1gfp_PU11415:pep1mCherry CbxRMod. The samples were digested with HindIII HF 

(NEB). The expected sizes were: Positive integration: 3560 bp and SG200: 5688 bp.  

The probe used was amplified using the following primers in the plasmid template #163 (Table S1) 

Forward primer: TTCACACAGGAAACAGCTATGACC 

Reverse primer: ACGACGTTGTAAAACGACGGCCAG 
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Figure S10: Southern blot of the U. maydis strains containing a three copies of pep1 tagged with GFP and 

mCherry under the control of the promoters PU 03065, PU02851 and PU11415 that showed cbx resistance 

done with MoRFunG trough homologous recombination. Green * represent strains containing the expected 

band. The strains were generated in SG200 Δpep1 genetic background using the plasmid #3455 

Pl2_1R:5R_PU02851_11415_03065_mCherrypep1-GFP:pep1-mCherry:pep1_NosT.  

The samples were digested with EcoRV and SacII. The expected size for positive DNA insertion was 9964 bp 

and for the SG200 Δpep1 genetic background 1926 bp 

The probe used was amplified using the following primers in the plasmid template #163 (Table S1) 

Forward primer: TTCACACAGGAAACAGCTATGACC 

Reverse primer: ACGACGTTGTAAAACGACGGCCAG 

The positive strain band is lower than the expected size but considering that the band in the negative control is 

also lower it is assumed that the strain contains the positive insertion and that the difference in sizes is due to an 

artefact of the methodology. 
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6.9 Technical supporting information for the Optogenetic experiments 

 

 

Figure S11: Southern blot of the U. maydis optogenetic strains  

A.Southern blot for the Blue On negative control: SG200 pNH023 :upp3-PIR3-PCMVmin-FLuc_see1. Samples 

digested with BamHI-SspI. Positive insertion: 9600 bp (*). Wt: U. maydis SG200: 7292 bp (*). Probe 

amplification from the plasmid: Upp3-(C120)5-PCMV-FLuc_see1. Forward primer: 

TTCACACAGGAAACAGCTATGACC. Reverse primer: GCCGCATTAATAGGCCTGAGTGG. 

B.Southern blot for the Blue Off negative control: SG200 pLH120: upp3-(C120)5-PCMV-FLuc_see1. Samples 

digested with BamHI-SspI. Positive insertion: 9665 bp (*). Wt: U. maydis SG200: 7292 bp (*). Probe 

amplification from the plasmid: Upp3-(C120)5-PCMV-FLuc_see1. Forward primer: 

TTCACACAGGAAACAGCTATGACC. Reverse primer: GCCGCATTAATAGGCCTGAGTGG. 

C.Southern blot for the Blue On strain: SG200 pNH023 :upp3-PIR3-PCMVmin-FLuc_see1// pNH047 Cco1-

nosT-AsLOV2pep-PIP-PhCMVmin-CMVenhacer(5’-3’)-PhCMVminePDZb-VP16ff-nosT. Samples digested 

with NcoI. Positive insertion: 2878 bp (*). Control: SG200 pNH023 :upp3-PIR3-PCMVmin-FLuc_see1 7712 bp 

(*). Probe amplification from the plasmid: pNH008 Cco1-PO2tef-PIP-VP16ff Forward primer: 

CATATAACGTTAGAACGTGATTGCA. Reverse primer: AAATGCCTATCGAGGATGTTG. 

 

(***) The strains for the constitutive expression of FLuc-see1 were confirmed by the 

constitutive production of F-Luciferine. 

Southern blots for the constitutive expression of FLuc in the Blue-On system, and the Switch 

off in the Blue Off system did not work with the enzyme/probe used. Due to time reason the 

genetic confirmation could not be done in this study and remain to be confirmed in the future. 
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6.10 Oligonucleotides 

6.10.1 Primers 
 

Primer Name Sequence Use 

Fp a Cluster 6a test GCAGAAGAGGATCCGATCTTCTCAG PCR check cluster 6A 

Anna Rp a CTGACCTCCTCACTACTAAG PCR check cluster 6A 

Anna Fp b CTCTCCTTCTTCGCGTGTAG PCR check cluster 6A 

Anna reverse 1 ACTAGAGCCTAGCTGCAAAG PCR check cluster 6A 

Anna Fp 2 ACATGAGCCGAGAGCGAGAG PCR check cluster 6A 

Anna RP3 TGGCAACGGAATTCGATGTC PCR check cluster 6A 

Anna Fp4 CATACGAAGCAGGCCAAATC PCR check cluster 6A 

Anna RP5 GATGGCATCTTCGCCCTCTG PCR check cluster 6A 

Anna FP6 TCATCTCCTTCGCGATCCAC PCR check cluster 6A 

Anna Rp7 GAGCCTCTGACAGGCTTGTG PCR check cluster 6A 

Anna Fp8 GTATCCAGCAGCCTCATGAC PCR check cluster 6A 

Anna Rp9 ACGCTTTCTGGAGCCTCTGAC PCR check cluster 6A 

Anna Fp10 GGGCTTCTAGCTGATTCTTG PCR check cluster 6A 

Anna Primer d CGAGCTGAGACAAGCTGTAG PCR check cluster 6A 

Anna Fp11 GCTCGAAAGGCGATGTAGTG PCR check cluster 6A 

Anna rp12 GTCTCCAGCTCATGGTTTCG PCR check cluster 6A 

Anna Fp13 ACGTCTCCGAGCCTCTTTAG PCR check cluster 6A 

Anna Rp14 ACCGGCTTCTTAACGAACAG PCR check cluster 6A 

Anna Fp15 TGCAGGTAAAGGTCGCTCTC PCR check cluster 6A 

AnnaRp16 AGTGCGGAAGCCAAGAGTCG PCR check cluster 6A 

Anna Fp17 TGTCGCCTGCGACAACCAAC PCR check cluster 6A 

Anna Rp18 TCGACCAACGGATCATCTAC PCR check cluster 6A 

Anna Fp 19 CTAGACGTGACCAGTTGAC PCR check cluster 6A 

Anna Rp20 CCCAAGCGTTCTCAAATGTG PCR check cluster 6A 

Anna Fp21 GGACGTCACCAACTGTATG PCR check cluster 6A 

Anna Rp22 CCTTTCGGACGTCGACATTG PCR check cluster 6A 

Anna Fp23 CAAACAGGCCAAACAGTGTG PCR check cluster 6A 

Anna Rp24 GTGATGCCGTCAATCTTGGTC PCR check cluster 6A 

p.Fp1_02533 TTTGAAGACAAGGAGGTCATGTAGGGAGG

TGGGAGGGCCACAAGTTAG 

MoClo 

p.Rp2_02533 TTTGAAGACAACGTCTCGTTGATCCGCGTC

CCG 

MoClo 

p.Fp3_02533 TTTGAAGACAAGACGACTTCTCTCGCTCTC

GGCTCATGTACC 

MoClo 

p.Rp4_02533 TTTGAAGACAAAGTCTCGACCAGGCGGCCA

TCC 

MoClo 

p.Fp5_02533 TTTGAAGACAAGACTTATTTAGAGCGCATA

TTTG 

MoClo 

p.Rp6_02533 TTTGAAGACAACATTCAAAGTGCTGTAGGA

AAGGGATGTTG 

MoClo 

c.Fp1_02533 TTTGAAGACAAAATGCGAACGCTTCAGCAC

TTC 

MoClo 

C.RP2_02533 TTTGAAGACAAGGCCTCGTATGAGGAAGTG

CAATC 

MoClo 

c.Fp3_02533 TTTGAAGACAAGGCCTGACAAGACGATCG

GTACAC 

MoClo 

c.Rp4_02533 TTTGAAGACAAAAAGACCCAACGCACATCT

TGTGGC 

MoClo 

c.Fp5_02533 TTTGAAGACAACTTTGCTCATTCGCACTAC

CG 

MoClo 
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c.Rp6_02533 TTTGAAGACAAGCAGACTGCTGTGCTGAAT

G 

MoClo 

c.Fp7_02533 TTTGAAGACAACTGCCGCAAAAAGCTG MoClo 

c.Rp8_02533 TTTGAAGACAAAAGCTCAATGGACGTGCTC

AAGAC 

MoClo 

t.FP1_02533 TTTGAAGACAAGCTTTCTGCATCCGTTCATC

AC 

MoClo 

t.Rp2_02533 TTTGAAGACAAAGCGGCTGAACTTGCCCCA

AAC 

MoClo 

Fp tRNA anna CGGTGCTTTTTTTGTGGTACTGCATTGGTAG

TGTAG 

PCR amplification 

Rp tRNA anna CTGCATCGACGGGGAAT PCR amplification 

Fp Scar check LB ACCAAAGATGCGCTCCAG PCR amplification 

Rp scar check LB CAACATCGCTGCTGCCCAAC PCR amplification 

FP scar check RB GTTATGAGCGGAAGCGAGGAAG PCR amplification 

Rp scar check RB GAAGGCTTGAGCTTCTCGACAAACG PCR amplification 

02533.fp check ATGCGAACGCTTCAGCAC PCR amplification 

02533rp check TCAATGGACGTGCTCAAGAC PCR amplification 

02535 FP.Check ATGATCCTCATCCAATTTCG PCR amplification 

02535 Rp.check TCAGCTTGAGCCACCTATTG PCR amplification 

02537 FP.check ATGAGGATGACGCTAACC PCR amplification 

02537 Rp.check TCACGAGCGTGGACGCTTG PCR amplification 

02538 FP Check ATGCACGCCTCACGTATTTTG PCR amplification 

02538 RP.check TCATCCATGGCTGCTTTCG PCR amplification 

02540 Fp.check ATGACAAAGATGCTCAACCTAATCAC PCR amplification 

02540 Rp.check TCAGGACTGGTTTCTGCGGGAAG PCR amplification 

11415 Fp. Check ATGCGTTATCTCGCCTTGG PCR amplification 

11415 RP.check CTAGCTTCCACTTGTGCCG PCR amplification 

11416 FP.check ATGATGCTCTTGAACGTCTCC PCR amplification 

11416 Rp.check TACTTTGGTGGGGCGTC PCR amplification 

11417 Fp.check ATGATTTTTCAGATATCCTTGTTC PCR amplification 

11417.RP check CTAAGATTCCGAAACAGCGTC 
 

p.Fp#1_11415 TTTGAAGACAAGGAGGACGCGTTCATGCCT

TGTC 

MoClo 

p.Rp#2_11415 TTTGAAGACAACAGACCACTTCTCTCGCTC

TC 

MoClo 

p.Fp#3_11415 TTTGAAGACAATCTGGTTGATCCGCGTCCC

G 

MoClo 

p.Rp#4_11415 TTTGAAGACAACATTCCTTGTAAGCTTTTCT

TGGCTAAG 

MoClo 

C.FP1_11415 TTTGAAGACAAAATGCGTTATCTCGCCTTG

GCTTC 

MoClo 

c.Rp2_11415 TTTGAAGACAAGTCCTCGCCGCTCGTTCTG

AGG 

MoClo 

c.Fp3_11415 TTTGAAGACAAGGACATCGTCAGGACCTTC

TAC 

MoClo 

d.Rp4_11415 TTTGAAGACAAAAGCCTAGCTTCCACTTGT

GCCG 

MoClo 

T.Fp1_11415 TTTGAAGACAAGCTTTATGCCTCGTGATAA

CTCCACGTC 

MoClo 

T.Rp2_11415 TTTGAAGACAAGGCCTCTACTCGGTGACG MoClo 

T.Fp3_11415 TTTGAAGACAAGGCCGAGATTAACATCGTC

ATACG 

MoClo 

T.Rp4_11415 TTTGAAGACAAAGCGCCAGCTTCTAGCCAA

GTCTTGC 

MoClo 

p.Fp1_02535 TTTGAAGACAAGGAGATATGAAGTCAGGCT

CAGACTGGC 

MoClo 
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p.Rp2_02535 TTTGAAGACAAGGTTTCTACTCGGTGACGA

GGT 

MoClo 

p.Fp3_02535 TTTGAAGACAAAACCGAGATTAACATCGTC

ATAC 

MoClo 

p.Rp4_02535 TTTGAAGACAACATTGGGCTAACATGCAGA

AAGCTGAAG 

MoClo 

c.Fp1_02535 TTTGAAGACAAAATGATCCTCATCCAATTT

CGTTGC 

MoClo 

C.RP2_02535 TTTGAAGACAAAAGCTCAGCTTGAGCCACC

TATTG 

MoClo 

T.Fp#1_02535 TTTGAAGACAAGCTTTCATCTCCTTCGCGAT

CCAC 

MoClo 

t.Rp#2_02535 TTTGAAGACAAGACACCTGTGAACGCAGTT

CC 

MoClo 

T.Fp#3_02535 TTTGAAGACAATGTCCCGCCCTCTCGCAAG MoClo 

T.Rp#4_02535 TTTGAAGACAAAGCGAGCTGCCGTTCTACT

GAGGG 

MoClo 

Fp#1Lbb TTTGAAGACAAGGAGTGAGCGGTAGCCCA

GATG 

MoClo 

Rp#2Lbb TTTGAAGACAAAGCGGACGTGATACCGAC

AAGAATG 

MoClo 

Fp1Rbb TTTGAAGACAAGGAGTCTGGAACACTGTGA

CTAAC 

MoClo 

Rp2RBb TTTGAAGACAAAGCGAAAACGACGGCCAG

TG 

MoClo 

p.Fp1_11416 TTTGAAGACAAGGAGAGGAATGGGGGCGA

CAAC 

MoClo 

p.Rp2_11416 TTTGAAGACAAGAAACCTGTGAACGCAGTT

CC 

MoClo 

p.FP3_11416 TTTGAAGACAATTTCCCGCCCTCTCGCAAG MoClo 

p.Rp4_11416 TTTGAAGACAACATTGCCAAGAATCAGCTA

GAAGCCC 

MoClo 

Quick change GCGTCCGGCTTGATTTGCGGCTGGGTTTGC

AGACTC 

MoClo 

Cds. FP#1_11416 TTTGAAGACAAAATGATGCTCTTGAACGTC

TCC 

MoClo 

Cds.Rp#2_11416 TTTGAAGACAAAAGCCTACTTTGGTGGGGC

GTC 

MoClo 

T.Fp#1_11416 TTTGAAGACAAGCTTCCATACACACTGTTC

AACGTC 

MoClo 

t.Rp#2_11416 TTTGAAGACAAAGCGTCACTACATCGCCTT

TCG 

MoClo 

p.Fp1_02537 TTTGAAGACAAGGAGCTAACTTATGTAGCA

GGCCGGAG 

MoClo 

p.Rp2_02537 TTTGAAGACAACATTGCTTTGAATCTTTTCC

CGCAAGG 

MoClo 

p.Qch#1_02537 AATGCTCGATTTCAGTGTTCCGCAGAGATG

TAGAGCTGTG 

Mutagenesis 

p.qch#2_02537 TTTCGAACACCTATATGCGACCCGTTGTAG

CCTTTTCCAC 

Mutagenesis 

Cds.Qch#1_02537 TCGGGCTGGTGAAAGGCGAGGACCAATTCT

C 

Mutagenesis 

Cds.Qch#2_02537 GGGTCGTGACCTCAGCCTGGGTATAGAAAG

C 

Mutagenesis 

Cds.Fp#1_02537 GGGTCGTGACCTCAGCCTGGGTATAGAAAG

C 

MoClo 

Cds.RP#2_02537 TTTGAAGACAAAAGCTCACGAGCGTGGAC

GCTTG 

MoClo 

T.Fp#1_02537 TTTGAAGACAAGCTTAAAGTGGTTGCGTTC

TCTGAAG 

MoClo 
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t.Rp#2_02537 TTTGAAGACAAAGCGGCGTCACAAACCCG

ACTGG 

MoClo 

p.Fp1_02538 TTTGAAGACAAGGAGACCTTTTTGTAGCTC

AAATTCCGGC 

MoClo 

p.Rp2_02538 CATTTGAAGACAACATTCCCTTGAAACCCC

GCTGAGG 

MoClo 

Quick change Cds_02538 GATGCTGGTGGAGGACTTTGCTCGC Mutagenesis 

Cds.Fp#1 TTTGAAGACAAAATGCACGCCTCACGTATT

TTG 

MoClo 

Cds.Rp#2 TTTGAAGACAAAAGCTCATCCATGGCTGCT

TTC 

MoClo 

T.Fp#1_02538 TTTGAAGACAAGCTTCTACGTTTCGTGATTT

GCATCTC 

MoClo 

t.Rp#2_02538 TTTGAAGACAAAGCGGGAAAAGAGAACAT

GGTTCC 

MoClo 

P.Quickch#1 GAGTGACGGTAAAGGGGCTCGGGCAAGC MoClo 

p.Fp#1_11417 TTTGAAGACAAGGAGTGCTCGCCGCAAGA

AAGATG 

MoClo 

p.Rp#1_11417 TTTGAAGACAACATTGTTCCTCAAGCACTT

TCGTTGAC 

MoClo 

Qch#1 Cds.11417 AGGAAGTTTCAAGAAACCTTAGACTTATG MoClo 

Cds.Fp#1_11417 TTTGAAGACAAAATGATTTTTCAGATATCC

TTGTTCATCAC 

MoClo 

Cds.Rp#2_11417 TTTGAAGACAAAAGCCTAAGATTCCGAAAC

AGCGTCTC 

MoClo 

T.FP#1_11417 TTTGAAGACAAGCTTACAGCTCCAACTAAG

GAGTG 

MoClo 

T.Rp#2_11417 TTTGAAGACAAAGCGTTTGAATGTTGAGAG

ATGAGTC 

MoClo 

p.Fp#1_02540 TTTGAAGACAAGGAGGCTCCATTTGCGACC

AAAG 

MoClo 

p.Rp#2_02540 TTTGAAGACAAGAGCCCGAACGATTCATGA

AGG 

MoClo 

p.Fp#3_02540 TTTGAAGACAAGCTCAATGCGTCTATCGCG

G 

MoClo 

p.Rp#4_02540 TTTGAAGACAACATTTTTGATGCTGACGAT

TGTCCTG 

MoClo 

Qch#1 Cds.02540 GACCACAATGCAGGACGACTCTGGAACAC Mutagenesis 

Cds.Fp#1_02540 TTTGAAGACAAAATGACAAAGATGCTCAAC

CTAATCAC 

MoClo 

Cds.Rp#2_02540 TTTGAAGACAAAAGCTCAGGACTGGTTTCT

GCG 

MoClo 

T.FP#1_02540 TTTGAAGACAAGCTTTAAGACATCCCGATC

CGTG 

MoClo 

T.Rp#2_02540 TTTGAAGACAAAGCGGACTCAACCCGAACC

CG 

MoClo 

c.Fp3_02535 TTTGAAGACAACGTCGCTGTCGTGTGAAC MoClo 

C.RP2_02535 TTTGAAGACAAGACGACCGATTGGGTATTG

AG 

MoClo 

FpLBnew#1 TCACAGAGCGGTTCGTGCAG PCR amplification flanks cluster 

6A 

RpLBnew#2 CTATTGCGTTGAACGGAGAG PCR amplification flanks cluster 

6A 

FP.LbpAGM1311 ovv AGCCTCCATCCTCACGTTAC PCR amplification flanks cluster 

6A 

Rp.LB short#4 TGCATGCCTGCAGGTCGACTAGCCTCCATC

CTCACGTTAC 

Gibson assemblyflanks cluster 6A 

Fp.RB new def #3 CCACGGATCGGGATGTCTTACTGCATCCGT

TCATCAC 

Gibson assembly flanks cluster 

6A 
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Rp.RbpAGM1311 ovv TAAGACATCCCGATCCGTG PCR amplification flanks cluster 

6A 

Rp.RB new def #4 AAAACGACGGCCAGTGAATTGTATTTCGGC

GTCGTTCACGATTG 

PCR amplification flanks cluster 

6A 

Fp.P.02533 Cbx GTATTTCGGCGTCGTTCAC PCR amplification 

Rp.P.02533 Cbx GAAGCTTGTCATGTAGGGAGGTGGGAG PCR amplification 

Fp.P.02535 Cbx GAAGCTTGCCTCGTGATAACTCCACGTCTT

G 

PCR amplification 

Rp.P.02535 Cbx GCCATGGGCTAACATGCAGAAAGCTGAAG PCR amplification 

Fp.P.02538 Cbx GAAGCTTGCTAGCCTAGACTGAAACTC PCR amplification 

Rp.P.02538 Cbx GCCATGGCTTGAAACCCCGCTGAGG PCR amplification 

Qcp.P.02538 Cbx CAAGGTGAATTGTTTCATGGCCTAAATGCA

GGTAAAG 

PCR amplification 

Fp.P.11416 Cbx GAAGCTTTCATCTCCTTCGCGATCCAC PCR amplification 

Rp.P.11416 Cbx GCCATGGCAAGAATCAGCTAGAAGCCC PCR amplification 

UMAG_04040_F GGCATGCGAGAAGTGACGATTGCTAAGCTA

GTG 

PCR amplification 

UMAG_04040_R GCCATGGTGCTGCTGCAACCACCCTAC PCR amplification 

UMAG_05928_F GGCATGCTCGAGGACACCAGCTTCA PCR amplification 

UMAG_05928_R GCCATGGCTTGGTGAAGCTTTTGCTCG PCR amplification 

UMAG_03751_F GAAGCTTGTCGCCAACATTTCCC PCR amplification 

UMAG_03751_R GCCATGGGTCGATGCTGAAGAGGACCTCAA PCR amplification 

UMAG_05311_F GAAGCTTATTGTGAGCCCGTGCTG PCR amplification 

UMAG_05311_R GAAGCTTATTGTGAGCCCGTGCTG PCR amplification 

Fp.qPCR02533 #2 CGGATCCAGCACTAGCACTC qRT-PCR 

Rp.qPCR02533 #2 GCGAAGACCCAACGCACATC qRT-PCR 

Fp.qPCR_02535 CTTCAGAAGGCATGGGAAC qRT-PCR 

Rp.qPCR_02535 TTAGCGCCATTTGTCGCTTC qRT-PCR 

Fp.qPCR_03751 CAAGCAGGTGTCGGAACAAC qRT-PCR 

Rp.qPCR_03751 GTGTTTGGCTGACGGGTAGTG qRT-PCR 

Rp.qPCR_04040 CCAGCTCTTGAAAGGAGTC qRT-PCR 

Fp.qPCR_04040#2 CCTACCTCGTCCCACTTTCC qRT-PCR 

Fp.qPCR_05311#2 TTGAATACCGACACGGTCTC qRT-PCR 

Rp.qPCR_05311#2 AGATTCTCGACGCTCCTCTC qRT-PCR 

Fp.qPCR_05928#2 CCGCCTGTCGAAATTACAAG qRT-PCR 

Rp.qPCR_05928#2 AGGATGTGTCGGACCTGATG qRT-PCR 

Fp.qPCR_11416 CCAAAGCGGAGCCTATCATC qRT-PCR 

Rp.qPCR_11416#2 GATCGTGCATCACGGTTGTTCTAC qRT-PCR 

Fp1.Domest LV1 LB TTTGGTCTCAAGCGAGCCTCCATCCTCACG

TTAC 

MoClo 

Rp1 Domst LV1 LB TTTGGTCTCACAGACCAAATGCATCGTAGA

AA 

MoClo 

Fp2. Domest LV1 LB TTTGGTCTCATCTGAAACTGGCCAACAATA

AAG 

MoClo 

Rp2 Domest LV1 LB TTTGGTCTCAGGAGCCACGGATCGGGATGT

CTTAC 

MoClo 

FP. RB L1 TTTGGTCTCAAGCGTAAGACATCCCGATCC

GTGG 

MoClo 

Rp RB L1 TTTGGTCTCAGGAGGTATTTCGGCGTCGTTC

AC 

MoClo 

p.Qch#2_11416 ACAGGTGCATTGAGGACGTTGCTCTTACTT

CATCG 

Mutagenesis 

p.Qch#2_02535 GTCATACGACTTCACGGCTGTTTTTGCGCTT

G 

Mutagenesis 

p.Qch#2_11415 TCAAAAGCGTCGCTGTCTTCCTTTTCTCGAA

AGA 

Mutagenesis 
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Qch XL 1_11416 GGAACTGCGTTCACAAGTCTCCCGCCCTC Mutagenesis 

Qch XL 1C_11417 GAGGGCGGGAGACTTGTGAACGCAGTTCC Mutagenesis 

Qch XL 2_11415 CAAAAGCGTCGCTGCCTTCCTTTTCTCGAA

AG 

Mutagenesis 

Qch XL 2C_11416 CTTTCGAGAAAAGGAAGGCAGCGACGCTTT

TG 

Mutagenesis 

FP RB 1st compl TTTGGTCTCAAGCGAGGCACAGACCAAGAT

TGAC 

PCR amplification 

FP New Probe 6A TTGGGTTGGCTCGACGACAG PCR amplification 

Rp New Probe 6A GCGTGTGACAAGGCTGCTTC PCR amplification 

UMAG_11415 RP check ACCGCTCGGAGAAATCTGTG PCR amplification 

FP11415_02535 1st 

complement check 

GAGGTGGTCGAATTTCCTCAG PCR amplification 

End RB short RP Check TCACGAGACTCACGACTTTG PCR amplification 

Anna U_11415 Fp GCAAGGTATGTTTCGCTGGTTC PCR amplification 

Fp.L1 T.02537 Left Flank. 

MoClo 

TTTGGTCTCAAGCGAAAGTGGTTGCGTTCT

CTG 

MoClo 

Rp.L1 T.02537 Left Flank. 

MoClo 

TTTGGTCTCAGGAGGCGTCACAAACCCGAC

TGGT 

MoClo 

Fp.p02473 L0 Moclo TTTGAAGACAACATTCTTGATGGAATTCGA

GTTTCTG 

MoClo 

Rp.p02473 L0 Moclo TTTGAAGACAAGGAGGGTCCTGAAGCAGTC

GAGTCTC 

MoClo 

Quick change p02473 BpiI 

correction 

CTGTGCGAGTTAGTCGAACACTACGCCTTT

TAAG 

Mutagenesis 

Fp1_p02826 MoClo TTTGAAGACAAGGAGGCGATCCACTCATGT

ATCCG 

MoClo 

Rp2_p02826 MoClo TTTGAAGACAAAAAGACACCTGATGCGTAA

G 

MoClo 

Fp2_p02826 MoClo TTTGAAGACAACTTTTCAATGTACTGTTCGC

TTC 

MoClo 

Rp4_p02826 MoClo TTTGAAGACAACATTGGTGTGCTTGATTTT

GCCTCG 

MoClo 

Qck Chng#1 P_05295 GTTCTCGACGTGGAAGTCGTCTTTTCAGCA

TTGATTC 

Mutagenesis 

Qck Chng#2P_05295 GCTGAGTAGCTGAAGGCGGGCTCTGATAGA

GTAGGAAAGC 

Mutagenesis 

Fp1P_05295 MoClo TTTGAAGACAAGGAGAGTGTTTACGTCGTC

ATCTG 

MoClo 

Rp2P_05295 MoClo TTTGAAGACAACATTCCTGCCGGATTGTGC

GTGTAG 

MoClo 

Fp1P_05319 MoClo TTTGAAGACAAGGAGTCAGCACCAATTGCT

CGTAGTA 

MoClo 

Rp2P_05319 MoClo TTTGAAGACAACATTCCCTTGGAAGGTATC

AGAGTAAG 

MoClo 

Fp1P_06180 MoClo TTTGAAGACAAGGAGGGCTCAATAGCGACT

AATAAAG 

MoClo 

Rp2P_06180 MoClo TTTGAAGACAACATTGGTTTGTCTCGCAGT

GTG 

MoClo 

Fp-qPCR_02535 GGCAGGAATCTAGCGCATCA qRT-PCR 

Rp-qPCR_02535 TATCGGTAGCTGTGTCCTGC qRT-PCR 

Fp-qPCR_02538 ACGGAACTTCGCCTTACGAT qRT-PCR 

Rp-qPCR_02538 GTCAGCATCTTTCTTGCGGC qRT-PCR 

Fp-qPCR_11416 CAGGAGAGTTACAGCCGTGG qRT-PCR 

Rp-qPCR_11416 TTGATTTGCGGCTGGGTTTG qRT-PCR 

Fp-qPCR_02537 GGAGAGAGTTCATCGGGCTG qRT-PCR 

Rp-qPCR_02537 TCGGAGACGTTGTTGTCGTT qRT-PCR 

Fp-qPCR_11415 ACATGATCGCGTTTCGTCCA qRT-PCR 
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Rp-qPCR_11415 GGCTCAGTTCCTTTCCCCAA qRT-PCR 

Fp-qPCR_02540 ACACCTGGCAACAGCATCAT qRT-PCR 

Rp-qPCR_02540 CGTTGCGGTATCCCCTTCTT qRT-PCR 

Fp-qPCR_11417 TCAATCGAAAGCGAAGCCGA qRT-PCR 

Rp-qPCR_11417 TGCACGACTCTTCTGCACAT qRT-PCR 

Fp-qPCR_02826 AGCCATACAGTGCGATCCAG qRT-PCR 

Rp-qPCR_02826 ATCTCTCTGCTTATGCGCCC qRT-PCR 

Fp-qPCR_02826 B AATCCCGAAGCCGAAGTGTT qRT-PCR 

Rp-qPCR_02826 B ACCAGAACGGGTCTTGCATC qRT-PCR 

Fp-qPCR_02473 B GCGCAGAAGGTACAGGAAGT qRT-PCR 

Rp-qPCR_02473 B AGCCATCAAGGTTTCTCGGG qRT-PCR 

Fp-qPCR_05295 CCTCGTCCGCAAGGTAATCA qRT-PCR 

Rp-qPCR_05295 AGCTCGGAAAGTCTCTGCAC qRT-PCR 

Fp-qPCR_05295 B ATATGCGACCTTCGAGCCTG qRT-PCR 

Rp-qPCR_05295 B AGTCGGTGGGACTGAAGGAT qRT-PCR 

Fp-qPCR_06180 CGGGACTTTGACTGATGCCA qRT-PCR 

Rp-qPCR_06180 GGGATGGCTCTTACCACCTG qRT-PCR 

Fp-qPCR_05319 CTGGGCACTGTCTCCTCATC qRT-PCR 

Rp-qPCR_05319 GTTTCTCTCGGCCCTCAACA qRT-PCR 

RP.U_11415 GAACAACAAGACGTGGAGTTATC PCR amplification 

FP.Outside prom 02473 CTAGAATTGTTTGGCGCACGAG PCR amplification 

RP.Outside prom 02473 TAGTGGGACAGAAGGTAGG PCR amplification 

FP.Outside prom 02826 CAACAACCGACGTGAGATG PCR amplification 

RP.Outside prom 02826 CAAATGCTACCGCGGCTTTG PCR amplification 

Fp-qPCR_05295 C TTTCATCCGCCCCAGTGAAT qRT-PCR 

Rp-qPCR_05295 c TCCACATGCACGTTAGGGAC qRT-PCR 

Fp.L1 Cds_02537 MoCLo TTTGGTCTCAAGCGATGAGGATGACGCTAA

CC 

MoClo 

Rp-L1_Cds_02537 MoClo TTTGGTCTCAGGAGTCACGAGCGTGGACGC

TTG 

MoClo 

Fp-qPCR_10115 CTCCTAGTGGCTCCTCGTCT qRT-PCR 

Rp-qPCR_10115 TGATACTTGGAGCCGAACCG qRT-PCR 

10115 B GTGCCAAGCAACCTGAAACA qRT-PCR 

10115 B CGAACCGGAAGGCACTTTTC qRT-PCR 

Fp-qPCR_02194 AGGCTATGAGCAGACTCCCA qRT-PCR 

Rp-qPCR_02194 TCGAGAGGTTCGACTGGACT qRT-PCR 

02194 B CGTTCTTGGGCGTTGTTCTG qRT-PCR 

02194 B TGGGAGTCTGCTCATAGCCT qRT-PCR 

Fp-qPCR_05104 CAACGATGGCGCTCTTAACG qRT-PCR 

Rp-qPCR_05104 AGCCAGTGTTGGAGTTACCG qRT-PCR 

05104 B CCAATGTTGGTGGTGGCAAG qRT-PCR 

05104 B TTCCGGGAAGACCAATGTCG qRT-PCR 

Fp-qPCR_04557 ACCGAGGTCAACGTCAAGTC qRT-PCR 

Rp-qPCR_04557 CAGCGTTGAACTTGTCAGCC qRT-PCR 

04557 B AACTATTTCTCGGCGCTCGG qRT-PCR 

R04557 B CAAAGTTGCAATGGTGCCCT qRT-PCR 

Fp-qPCR_02192 CTATGGCCTCGTCAGCAGAG qRT-PCR 

Rp-qPCR_02192 TGCTGGGATCCTTGCTCTTG qRT-PCR 

_02192 B GAATCCGGGCTTGTGGAAGA qRT-PCR 

02192 B TACGGAAGTCTGCGTTGACC qRT-PCR 

Fp-qPCR_03046 TGCACTTACAGCTACGGTCG qRT-PCR 

Rp-qPCR_03046 AAAGCCTTGGTCTTCACGCT qRT-PCR 

03046 B TGGACGCGGTTCTCAAAACT qRT-PCR 
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03046 B TGTCTACGCAGAAGTGGTGC qRT-PCR 

Fp-qPCR_12217 CACCATCGTATTGTCCGCCT qRT-PCR 

Rp-qPCR_12217 AGCCAAAAGGACAACCAGCA qRT-PCR 

12217 B TGCATGCAGTGTGATGTTCG qRT-PCR 

12217 B CCGTGGATGGCTGGATCATA qRT-PCR 

Fp-qPCR_03749 GCTTCTTTGAGCCTGACCCT qRT-PCR 

Rp-qPCR_03749 TTGCCTGTCAGAGAACGACC qRT-PCR 

03749 B GATGCCGTTTTAGCCACGTC qRT-PCR 

03749 B CGCTGCATTCTTTGCAGGTT qRT-PCR 

Fp-qPCR_01375 GCTCAGCCTTTGTTCTGCTC qRT-PCR 

Rp-qPCR_01375 GAGCTCATTGAGGCATCGGT qRT-PCR 

01375 B AAGCTCAACCGGAGATGGTG qRT-PCR 

01375 B TTGGCAGGCGGATTCTTGAT qRT-PCR 

Fp-qPCR_00027 ACATCATCTCTGTCGACGCC qRT-PCR 

Rp-qPCR_00027 ATTGCGACAGTCAGTACCCG qRT-PCR 

00027B CACCTGTGCCGTTCAGAGAT qRT-PCR 

00027B ACCAACAACAGGAGAGAGCG qRT-PCR 

Fp-qPCR_02854 AGCAGCTCAGAGTGCAAGAG qRT-PCR 

Rp-qPCR_02854 CGAACGCGTTTGTGGTTCTT qRT-PCR 

02854 B AGCTTGGAGCACTGACACTT qRT-PCR 

02854 B TGCAGTGTAAGCGAGGTTGA qRT-PCR 

Fp-qPCR_01236 TGTCTGGACCCTCGGGTAAT qRT-PCR 

Rp-qPCR_01236 AAGATGCAGCTGCTTTTGGC qRT-PCR 

01236 B GTGAACTTCGTGCGCAACAT qRT-PCR 

01236 B ATCGTGACGTTTTCTGGGCT qRT-PCR 

Fp-qPCR_02119 CTCACACCTGGTCGTCAGTC qRT-PCR 

Rp-qPCR_02119 AACACTACGCTTGTGCTCCA qRT-PCR 

02119 B CACTTATTCCGGGCAACCGA qRT-PCR 

02119 B GCGCCCCTTCTATCGATCTT qRT-PCR 

Fp-qPCR_05311 CGCACACTGGTATCCCAACA qRT-PCR 

Rp-qPCR_05311 CCAGCTTCATTGCGAGGAGA qRT-PCR 

05311 B CTCGCATGAAGAGCCAGAGT qRT-PCR 

05311 B TGCTTTCCAGATCGCTTTGC qRT-PCR 

RP 1 PCR clust 6A GTGCGAGACAAGTCTTTCGAG PCR amplification cluster 6A 

check 

FP 2 PCR clust 6 A CAAAAGCGTCGCTGTCTTCC PCR amplification cluster 6A 

check 

rp 2 pcr CLUST 6A GAAGCCCGCCTCGTTTACAG PCR amplification cluster 6A 

check 

FP 3 PCR clust 6 A TGTGGCCAAGTCCATCATTC PCR amplification cluster 6A 

check 

RP 3 PCR clust 6A GGATATGCACGCAGGATTTG PCR amplification cluster 6A 

check 

FP 4 PCR clust 6A CCCGCATCCCAATCAAGACC PCR amplification cluster 6A 

check 

RP 4 PCR clust 6A TGATCGTCCAGCTTGGGAAGG PCR amplification cluster 6A 

check 

FP 5 PCR clust 6A CGACCCAGTTGATCATACAG PCR amplification cluster 6A 

check 

RP 5 PCR clust 6A TCAGGACTGGTTTCTGCGGGAAG PCR amplification cluster 6A 

check 

FP Nos T GCTGGCCCTTCCCGCAGAAACCAGTCCTGA

GCGGCCGCCCGGCTGCAG 

PCR amplification 

RP NosT ACCGTCACACGCAAGTGGTGACATCGATGA

ATTCTCATGTTTGAC 

PCR amplification 
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FP PCR 6 clust 6A AACATGAGAATTCATCGATGTCACCACTTG

CGTGTGAC 

PCR amplification 

FP1 Pl0M 10115 TTTGAAGACAAGGAGAGCGACTCTTTGGCC

TCGAA 

MoClo 

Rp 1 10115 Domest TTTGAAGACAAaTCTTCGAACGAACTTCCC

AG 

MoClo 

Fp 2 Domest. 10115 TTTGAAGACAAAGAtGGTTAGTGACGCCTT

C 

MoClo 

Rp 2 L0m 10115 TTTGAAGACAACATTggGTTGGTTTTGCGAA

TGCCGAG 

MoClo 

Mutagenesis BsaI P_10115 GAATCTTTACATTACGAaACCATCTCAATTG

CTCATTC 

Mutagenesis 

Rp Mutagenesis BsaI prom 

10115 

GAATGAGCAATTGAGATGGTtTCGTAATGT

AAAGATTC 

Mutagenesis 

Fp  c02537for Gibson pGAM 

int. 

CAAGCTTGCATGCCTGCAGGTCGACTATGA

GGATGACGCTAACCCAG 

Gibson assembly 

Rp_Cds_02537 NosT ovv TGTTTGAACGATCTGCAGCCGGGCGGCCGC

TCACGAGCGTGGACGCTTGCT 

Gibson assembly 

Fp NosT fpr Gibson GCGGCCGCCCGGCTGCAG PCR amplification 

RP NosT pGAM ovv TCACGACGTTGTAAAACGACGGCCAGTGAA

TTTCATCGATGAATTCTCATGT 

Gibson assembly 

FP Cds_02537 L1 ovv TTTGGTCTCAGGAGATGAGGATGACGCTAA

CCCAG 

MoClo 

RP NosT ovv Pl1R TTGGTCTCAAGCGTCATCGATGAATTCTCA

TGT 

MoClo 

Mutageneses 1 BpiI 02194 GGGAAAGAGTTTGAAGAtGTGCGAAGTGAT

GAAAGCGGAAG 

Mutagenesis 

Primer mutagenesis 2 prom 

02194 

GCGTCCAGTAGACTGAAGgCTTCATTTTATT

TCAAG 

Mutagenesis 

FP.02194Moclo L0 TTTGAAGACAAGGAGcGCAGACTAAGGTCA

GGTCAGGGC 

MoClo 

"RP fow 

orient.p_02194=Primer 1" 

TTTGAAGACAACATTggGGTTGTATTCGAAA

CAGAGA 

MoClo 

FP PU05104 TTTGAAGACAAGGAGCTTTCCCACTCCGAC

TTCGG 

MoClo 

RP Pl0M Fow orient 

PU05104 

TTTGAAGACAACAttggCTCCGTTGCGAAAG

GCGTAG 

MoClo 

Mutagenesis BpiI 02192 Fow GGCGACCATCCATCTGCTAAGaTCTTCATCT

CTTTTCTTC 

Mutagenesis 

Primer mutagenesis 02192 

rever orientation 

GAAGAAAAGAGATGAAGAtCTTAGCAGATG

GATGGTCGCC 

Mutagenesis 

FP with  Rev overlap 

PU02192 

TTTGAAGACAACATTggTCTGGGACATGGG

CCGAGGG 

Mutagenesis 

Rp with fow ovv PU02194 TTTGAAGACAAGGAGACTTATCAGCGTGTG

CTCTC 

MoClo 

Fp rev ovv_PU 03046 TTTGAAGACAACATTggGGCGATTGCCGGA

TAGAAGT 

MoClo 

Rp PU03046 fow ovv TTTGAAGACAAGGAGAAAATGGCTCTGAC

GAGTCG 

MoClo 

Mutagenesis1 BpiI 03749 GCAACTACTCCGGCTAGACTCAGCTGcCTTC

AAGGAGGACCCAAGCG 

Mutagenesis 

Mutagenesis#2 BpiI 03749 GCCCGTGGGAGCTGAGTGAAGgCTGTATGG

ATCGATTGATG 

Mutagenesis 

Fp with Rev ovv PU 03749 TTTGAAGACAACATTggCCTGTTGCTCTCGC

CTGTTTT 

Mutagenesis 

Rp with fow ovv PU 03749 TTTGAAGACAAGGAGTGATGCAAGGCCGG

TACTTG 

MoClo 

FP Prom 00027 TTTGAAGACAAGGAGTCCATGACAGATGG

ACTGAA 

MoClo 

Rp prom_00027 TTTGAAGACAACATTggCACGGGCAATGGA MoClo 



Supplementary 

131 

 

TTTTGAAAA 

Mutagenesis 02119 BpiI fow CCGGTCTGTTTTGTGTGGGAAaACAACAAC

ATGTGTGAGC 

Mutagenesis 

Mutagenesis 1 BpiI 02119 

reverse 

GCTCACACATGTTGTTGTtTTCCCACACAAA

ACAGACCGG 

Mutagenesis 

Fp PU 02119 TTTGAAGACAAGGAGAGGGATGGGATGGA

AGCACGA 

PCR amplification 

RP Pu 02119 TTTGAAGACAACATTggCCCGTCTGCTCAGA

ACGCGG 

PCR amplification 

Mutagenesis1 BpiI P.05311 CAGCTCATCTGAAGGGGCGAaACCGTGTTG

CAACTCGTTT 

Mutagenesis 

Mutagenesis 2 Prom 05311 GATTCGAGCGCCAAAACCGAAGAgGCATAT

ATCGTGTCGCAAGGG 

Mutagenesis 

Mutagenesis 3 P05311 GGAGAGATTTCGTCTACACAaGTCTCAAAA

ACGGTTGTTC 

Mutagenesis 

Fp PU 05311 TTTGAAGACAAGGAGATTCTTTGACGTGCT

TCATT 

MoClo 

Rp Pu05311 TTTGAAGACAACATTggCGTTGGTGCAAGA

CTCTCTGT 

MoClo 

Fp KO 11415 chopchop AATCTGCAAGGTATGTTTCGCT PCR 

RpKo 11415 chopchop GAAGCTTGTCCCCACAGATACT PCR 

FpKO 11417 chopchop TCAAAGATTCACAAAGCCTCAA PCR 

Rp KO 11417 chopchop GGTGTGTTGGTGAAAGGGTTAT PCR 

Fp probe southern 11415 GAATCAAGCAGTAGCCAAATCC PCR 

Rp probe southern 11415 CGAGGCATGAGAGGAAAGCG PCR 

LeftFlank_Cbx_Fw_AIR AAAAAGAAAATTCGTCAGGAGGGCGTTGC PCR 

LeftFlank_Cbx_Rv_AIR GGGCGACTGAAGATGTTCACCCTC PCR 

RightFlank_Cbx_Fw_AIR CGGTCTGTACGAGTGCATTCTGTG PCR 

RightFlank_Cbx_Rv_AIR GCCGACTTCCTCAACTGCTCCTAC PCR 

Mutagenesis StopCbx AIR 

Fw 

CATCCACACCGACCATGTAATCGCTATTCA

ACTAAGTCAGCAACGGTCTT 

Mutagenesis 

Mutagenesis Stop 

Cbx_Rv_AIR 

AAGACCGTTGCTGACTTAGTTGAATAGCGA

TTACATGGTCGGTGTGGATG 

Mutagenesis 

A>G_RflankCbx BpiIFree 

multi 1X AIR Fw 

TTTGGTGAGGAGCGAAGgCAGAAGCTCGAG

AACACCTTTTCG 

Mutagenesis 

A>G_RflankCbx BpiIFree 

multi 1X AIR Rv 

CGAAAAGGTGTTCTCGAGCTTCTGcCTTCGC

TCCTCACCAAA 

Mutagenesis 

Mutagenesis 1 Left flank GAGTCTTGAACCTGAGAGTGTGCGTcTCTTC

TGACGCTTG 

Mutagenesis 

Mutagenesis 2 left flank TTCAACTAAGTCAGCAACGcTCTTCGTACCG

CTCTCCGAC 

Mutagenesis 

LeftFlank_Cbx_Fw_AIR 

MoClo 

TTTGGTCTCAAGCGAAGAAAATTCGTCAGG

AGGGCGTTGC 

MoClo 

LeftFlank_Cbx_Rv_AIR 

MoClo 

TTTGGTCTCAGGAGGGGCGACTGAAGATGT

TCACCCTC 

MoClo 

RightFlank_Cbx_Fw_AIR 

MoClo 

TTTGGTCTCAAGCGCGGTCTGTACGAGTGC

ATTCTGTG 

MoClo 

RightFlank_Cbx_Rv_AIR 

MoClo 

TTTGGTCTCAGGAGCCGTCAGCATTGTCAT

CGGTTTTTTG 

MoClo 

Fp_GFP_L0_AIR TTTGAAGACAAAATGGTGAGCAAGGGCGA

GGAGCT 

MoClo 

Rp_GFP_L0_AIR TTTGAAGACAAAAGCTTACTTGTACAGCTC

GTCCATG 

MoClo 

Fp_NosT_L0_AIR TTTGAAGACAAGCTTGCGGCCGCCCGGCTG

CAGAT 

MoClo 

Rp_NosT_L0_AIR TTTGAAGACAAAGCGCATCGATGAATTCTC

ATGTT 

MoClo 

Fp_L1ovv Cbx_Nost TTTGGTCTCAAGCGATGTCGCTATTCAACG MoClo 
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TCAG 

Rp_Cbx_NosT Ovv CAAATGTTTGAACGATCTGCAGCCGGGCGG

CCGCTTACGACGAAGCCATGATAGGG 

MoClo 

Fp NosT_GA ovv Cbx CTTCCGAGCGCCCTATCATGGCTTCGTCGT

AAGCGGCCGCCCGGCTGCAGATCGTTC 

MoClo 

Rp_NosT_GACbx_NosT L1 

ovv 

TTTGGTCTCAGGAGTCATCGATGAATTCTC

ATGTTTG 

MoClo 

Mutagenesis Sarting cbx TCGCTATTCAACGTCAGCAACGgcCTTCGTA

CCGCTCTCCGAC 

Mutagenesis 

2nd Mutagenesis Cbx GCGTGACGACTTTGGTGAGGAGCGgAGACA

GAAGCTCG 

Mutagenesis 

Mutagenesis Right Flank GACAATGCTGACGGAAGGgCTCTATGAGAT

TGCAAGG 

Mutagenesis 

Fp_Right Flank TTTGGTCTCAAGCGGGAAACGCTACGGGCA

AGATGAG 

MoClo 

Rp_Right Flank TTTGGTCTCAGGAGCAAATTCCGAGCTTCC

GAAG 

MoClo 

FP CFP AIR MoCLo L0 L0 

Cds 

TTTGAAGACAAAATGGCCGTGAGCAAGGG

CGAG 

MoClo 

RP+Stop CFP AIR L0Cds TTTGAAGACAAAAGCTCACTTGTACAGCTC

GTCCATGC 

MoClo 

Fp mCherry lo Anna Moclo 

Cds 

TTTGAAGACAAAATGGTGAGCAAGGGCGA

GG 

MoClo 

RP mCherry lo Anna Moclo 

Cds 

TTTGAAGACAAAAGCctaCTTGTACAGCTCG

TCCATG 

MoClo 

Check mCherry Fow 1 CTGAAGGGCGAGATCAAGCA qRT-PCR 

Check mCherry Rev 1 TAGTCCTCGTTGTGGGAGGT qRT-PCR 

Check mCherry Fow 2 GAAGGGCGAGATCAAGCAGA qRT-PCR 

Check mCherry Rev 2 TCGTTGTGGGAGGTGATGTC qRT-PCR 

Check CFP Fow 1 GCAGAAGAACGGCATCAAGG qRT-PCR 

Check CFPRev 1 TGCTCAGGTAGTGGTTGTCG qRT-PCR 

Check CFP Fow 2 ACGACGGCAACTACAAGACC qRT-PCR 

Check CFP Rev 2 GCCTTGATGCCGTTCTTCTG qRT-PCR 

Check GFP Fow 1 CCGACCACTACCAGCAGAAC qRT-PCR 

Check GFP Rev 1 CTCGTTGGGGTCTTTGCTCA qRT-PCR 

Check GFP Fow 2 GCAGAAGAACGGCATCAAGG qRT-PCR 

Check GFP Rev 2 TGCTCAGGTAGTGGTTGTCG qRT-PCR 

AIR 8094 Mut PAM cbx GCTTGTGGTTTGTTGTTCAGTGAGAgttAAAC

GCTACGGGCAAGATGAGG 

Mutagenesis 

AIR 8120 Fow PAMCbx_b GCTTGTGGTTTGTTGTTCAGTGAGAgtttAAA

CGCTACGGGCAAGATGAGG 

Mutagenesis 

AIR 8121 Rev  PAMCbx_b CCTCATCTTGCCCGTAGCGTTTaaacTCTCAC

TGAACAACAAACCACAAGC 

Mutagenesis 

Fp-Pl0 02851 TTTGAAGACAAGGAGCCCATTTCCATTTCC

ATTCTG 

MoClo 

Rp-Pl0 02851 TTTGAAGACAACATTggGATGAAAGAAAAA

AGACTACCGAG 

MoClo 

Fp pep1 Lo ovv TTTGAAGACAAAATGATGACCACACTGGTG

CAAACC 

MoClo 

Rp pep1 mCherry ovv CATGGCGGTGGCGATCGAGCGCATG MoClo 

Fp mCherry-pep1 ovv CGGTAGCATGTTTGGCATGCGCTCGATCGC

CACCGCCATGGTGAGCAAGGGCGAGG 

Gibson assembly 

FP pep1GFP AIR TTTGAAGACAAAATGATGACCACACTGGTG

CAAAC 

MoClo 

Rp pep1 GFP AIR TTTGAAGACAAAAGCTTACTTGTACAGCTC

GTCCATGC 

MoClo 

Fp-qPCR02851 A TCGCTCAAGAAGGCTGACTG qRT-PCR 

Rp-qPCR02851 A AGGTGGAGACAGAGCGAGAT qRT-PCR 
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Fp-qPCR02851 B GCCAAGCAGACTTTTGTCGG qRT-PCR 

Rp-qPCR02851 B GGTGTTGCGGAAGAAACCAC qRT-PCR 

Fp_see1pLH120 gaagacaccgggaccgatccagcctcATGCTCTTCACCA

CCTTCGTTTC 

Optogenetics 

RpSee1Fluc cttgatgttcttggcgtcctccatcaatttCGTCGTCGGCCCA

AATTTATAC 

Optogenetics 

Fp_see1pNH023 ovv caccgggaccgatccagcctcATGCTCTTCACCACCTT

CGTTTC 

Optogenetics 

Fow Mut 200 GATATATCATATCGTTCTTTttTCAGCACTTC

TTTTGTCAATTT 

Mutagenesis 

Rev Mut 200 AAATTGACAAAAGAAGTGCTGAaaAAAGAA

CGATATGATATATC 

Mutagenesis 

FP L0 Potef AIR TTTGAAGACAAGGAGGCATGCCTGCAGGTC

GAAATTC 

MoClo 

Rp Potef L0 AIR TTTGAAGACAACATTGGGGATCGAATTCCT

GCAGCCC 

MoClo 

Fp Check optogenetic vector 

blue on/off 

gtattggcatcaacattctgaatc PCR check 

Fp PCR 1st possition PvuII 

Ovv 

GATTTAGGTGACACTATAGAACTCGAGCAG

AGCGACTCTTTGGCCTCGAA 

Gibson assembly 

Rp NosT CATCGATGAATTCTCATGTTTGACAGC PCR 

Fp PCR 2nd possition GATAAGCTGTCAAACATGAGAATTCATCGA

TGTGATGCAAGGCCGGTACTTG 

PCR 

Rp NosT CATCGATGAATTCTCATGTTTGACAGC PCR 

Fp PCR 3 possition GATAAGCTGTCAAACATGAGAATTCATCGA

TGAAAATGGCTCTGACGAGTCG 

PCR 

Rp NosT EcoRv ovv GACTCACTATAGGGAGACCGGCAGATCTGA

TCATCGATGAATTCTCATGTTTGACAGC 

PCR 

Fp Mut Cbx Resist CTTTTCGCTCTACCGATGCCttACCATCATGA

ACTGCTCCAG 

Mutagenesis 

Rp Mut Cbx Resist CTGGAGCAGTTCATGATGGTaaGGCATCGGT

AGAGCGAAAAG 

Mutagenesis 

Fp Multitag const GCTTTACGAATTCCCATGGGGAG PCR control 

Rp Multitag const GCTTCAACTGGCGCTCAAATTCC PCR control 

Fp internal Moclo multitag TCCGCAAGAATTCAAGCTTGGA PCR control 

Rp Internal Moclo multitag TCCGAGCTCGAATTCTAGTAG PCR control 

Rp from genomic to Moclo TCCAAGCTTGAATTCTTGCGGAG PCR control 

AIR 8610 FP coo1probe CATATAACGTTAGAACGTGATTGCA PCR 

AIR8611 Rp coo1probe AAATGCCTATCGAGGATGTTG PCR 

FP Prom 03065 TTTGAAGACAAGGAGCGCGTTTCTGAGCAC

CGAGC 

MoClo 

RP Prom 03065 TTTGAAGACAACATTccCGCGAAATAGGAA

AAATGAGGTG 

MoClo 

Change BPiI 03065 fow CACAAAGCACAACCAGAAGgCAGCGCTTTC

CTTCCGAGG 

Mutagenesis 

Change BPII 03065 rev CCTCGGAAGGAAAGCGCTGcCTTCTGGTTG

TGCTTTGTG 

Mutagenesis 

qPCR FP mCherry New TCGTTGTGGGAGGTGATGTC qRT-PCR 

qPCR RP mCherry New TGCTTGATCTCGCCCTTCAG qRT-PCR 

qPCR Fow 2 mCherry AAGAAAACGATGGGCTGGGA qRT-PCR 

qPCR Rev 2mCherry TTGACCTCAGCGTCGTAGTG qRT-PCR 

qPCR Fow 3 mCherry ACTTGAAGCTGTCCTTCCCC qRT-PCR 

qPCR Rev 3 mCherry TGTAGATGAACTCGCCGTCC qRT-PCR 

qPCR mCherry pep1 F1 GCCCCAGACTCTAACGACC qRT-PCR 

qPCRmCherrypep1 R1 TGAAGCGCATGAACTCCTTGA qRT-PCR 

qPCR mCherry pep1 F2 CCCAGACTCTAACGACCAGGA qRT-PCR 

qPCRmCherrypep1 R2 CTTGAAGCGCATGAACTCCTT qRT-PCR 
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qPCR mCherry pep1 F3 CCCAGACTCTAACGACCAGG qRT-PCR 

qPCRmCherrypep1 R3 CCATGTTATCCTCCTCGCCC qRT-PCR 

qPCRpep1 GFP Fow1 CTGCTAGGAGGAATCGGTAGC qRT-PCR 

qPCRpep1GFP Rev1 GCTGAACTTGTGGCCGTTTA qRT-PCR 

qPCRpep1 GFP Fow2 GGAATCGGTAGCATGTTTGGC qRT-PCR 

qPCRpep1GFP Rev2 GACACGCTGAACTTGTGGC qRT-PCR 

qPCRpep1 GFP Fow3 GCCTGCTAGGAGGAATCGG qRT-PCR 

qPCRpep1GFP Rev3 CTTGTGGCCGTTTACGTCG qRT-PCR 

Fp GFP new 1 ACGACTTCTTCAAGTCCGCC qRT-PCR 

Rp GFP new1 TCTTGTAGTTGCCGTCGTCC qRT-PCR 

Fp GFP new 2 CACTACCAGCAGAACACCCC qRT-PCR 

Rp GFP new2 ATGTGATCGCGCTTCTCGTT qRT-PCR 

Fp GFP new 3 GAGCAAAGACCCCAACGAGA qRT-PCR 

 Table S6: Primers designed and/or primers used in this study. 

 

 

6.10.2 sgRNAs  
 

Name Sequence Use 

sgRNA 02533 

 

CAAAATTCCATTCTACAACGCTGCAAGT

GAGTTGAGCGAGTTTTAGAGCTAGAAA

TAGC 

 

Multiplex 6A 

 

sgRNA 

02535 

 

TCGATTCCCCGTCGATGCAGATTTC

GGAACTTGAACTGGGTTTTAGAGCT

AGAAATAGC 

 

Multiplex 6A 

 

sgRNA 02540 

 
TCGATTCCCCGTCGATGCAGTATCA

CGTCGCTCGTATCGGTTTTAGAGCT

AGAAATAGC 

 

Multiplex 6A 

 

sgRNA 11416 

 
TCGATTCCCCGTCGATGCAGTTTCT

CTGGCAAAAAGTGCGTTT 

TAGAGCTAGAAATAGC 

 

Single KO 

 

sgRNA 02533 

 
CAAAATTCCATTCTACAACGCTCTC

GCCACTAAATCCAT 

GTTTTAGAGCTAGAAATAGC 

 

Single KO 

 

sgRNA 02535 

 
CAAAATTCCATTCTACAACGTTCGA

GAAGCGTCCTGATGGTTT 

TAGAGCTAGAAATAGC 

Single KO 
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sgRNA 02537 

 
CAAAATTCCATTCTACAACGTTTGC

CACGATGGGTGTCAGTTTTAGAGCT

AGAAATAGC 

 

Single KO 

 

sgRNA 11415 

 

CAAAATTCCATTCTACAACGTCAAC

TTCTTACATGCCGGGTTTTAGAGCT

AGAAATAGC 

 

Single KO 

 

sgRNA 02538 

 

CAAAATTCCATTCTACAACGTACCT

GAAACGGCCGGCTTGTTTTAGAGCT

AGAAATAGC 

 

Single KO 

 

sgRNA 11415 

 

CAAAATTCCATTCTACAACGCTTCC

GTTTCAGCACTCCTGTTTTAGAGCT

AGAAATAGC 

 

Single KO 

 

SgRNA 02540 

 

TCGATTCCCCGTCGATGCAG 

GTATCACGTCGCTCGTATC 

GTTTTAGAGCTAGAAATAGC 

 

Single KO 

 

sgRNA11417 

 

CAAAATTCCATTCTACAACGAAGCA

CTAGGCCTATCGTCGTTTTAGAGCT

AGAAATAGC 

 

Single KO 

 

sgRNA 1st 

complementat

ion 

 

CAAAATTCCATTCTACAACGATGGT

ATATAGGCATCGAAGTTTTAGAGCT

AGAAATAGC 

 

cluster 6A complementation 

 

sgRNA 2nd 

complementat

ion 

 

CAAAATTCCATTCTACAACGAGGCG

ATGTAGTGACGCTTGGTTTTAGAGC

TAGAAATAGC 

 

cluster 6A complementation 

 

sgRNA Cbx 

 

CAAAATTCCATTCTACAACGGTTTG

TTGTTCAGTGAGAGGTTTTAGA 

 

Target UMAG_00844 

 

sgRNA Cbx#2 

 

CAAAATTCCATTCTACAACGAATTG

ACAAAAGAAGTGCTGGTTTTAGAG

CTAGAAATAGC 

Target UMAG_00844 
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sgRNA Cbx#3 

 

CAAAATTCCATTCTACAACGAGGAG

CGTCGTCGACTCGAGTTTTAGAGCT

AGAAATAGC  

 

Target UMAG_00844 

 

sgRNA PAM 

Pcas9Cbx 

 

AAGCTAATACGACTCACTATAGAAT

TGACAAAAGAAGTGCTGGTTTTAGA

GCTAGAAATAGCAAG 

 

Target Pam motif in pCas9HfI Cbx 

 

Table S7: sgRNAs designed and/or primers used in this study. 
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6.11 Figure licenses  
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