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1 Introduction 

 

1.1 Maize - a global staple facing climate challenges and emerging pathogens 

Maize (Zea mays) stands as a pivotal crop wielding significant importance in Africa, Central 

America, and Europe. Revered as the “queen of cereals”, its reputation is rooted in unrivaled 

versatility and adaptability (Karnatam et al., 2023). Beyond serving as a vital food source, maize 

fulfills roles in fodder production and bioenergy generation (Kashyap et al., 2023). Diverse in its 

types, including yellow/white grain, sweet corn, waxy corn, high amylase corn, and quality protein 

maize, this crop plays a central role in global food production (Maqbool et al., 2021). With a 

domestication history dating back 5000 years to southern Mexico, maize has traversed continents, 

was introduced to Europe and is now globally dispersed (Jeffreys, 1955; Sluyter & Dominguez, 

2006). Worldwide, maize is cultivated across 166 countries on more than 197 million hectares, 

making it the second most widely grown crop following wheat with an annual global contribution 

that surpasses 1 billion metric tons (Erenstein et al., 2022). The significance of maize transcends 

its role as a primary food source; it is a linchpin in various industrial applications (Obadi et al., 

2023). Biotechnological advancements have brought market changes, enhancing its productivity 

and applications (Chavas et al., 2018). In Europe, the demand for maize has surged, with harvested 

grain reaching 196.9 million metric tons in 2021, up from 192.8 million in 2020, accompanied by 

higher apparent yields (https://ec.europa.eu/eurostat). 

However, the trajectory of maize cultivation faces challenges in the wake of climate change. 

Europe, experiencing increased dryness and warmth, anticipates elevated abiotic stress conditions, 

particularly during crucial growth stages like silking and kernel filling (Miedaner & Juroszek, 

2021). Simultaneously, the changing climate fosters opportunities and threats, as various plant 

pathogens and pests adapt to evolving conditions (Meena & Nirupma, 2021). Recent monitoring 

in European maize fields reveals the emergence of fungal diseases including anthracnose leaf 

blight (ALB) caused by Colletotrichum graminicola, common rust caused by Puccinia sorghi, 

grey leaf spot caused by Cercospora zeae-maydis, Kabatiella eyespot caused by Aureobasidium 

zeae, and Northern corn leaf spot caused by Bipolaris zeicola (Miedaner & Juroszek, 2021). These 

diseases present significant challenges for maize producers across Asia, Africa, and Europe 

(Ekwomadu & Mwanza, 2023; Kumar et al., 2022). 

https://ec.europa.eu/eurostat
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Anthracnose, caused by the hemibiotrophic fungal pathogen C. graminicola, poses significant 

danger to maize impacting various plant tissues with stalk rot and seedling blight being 

economically damaging (Rogerio et al., 2023). ALB is globally important, causing yield losses up 

to 40%, with severe cases leading to lodging rates of 80% (University of Delaware; 

https://www.udel.edu/academics/colleges/canr/cooperative-extension/fact-sheets/anthracnose- 

leaf-blight-and-stalk-rot-of-corn/). Anthracnose can infect corn throughout the growing season 

manifesting in phases like leaf blight, top dieback, and stalk rot (Sukno et al., 2008). The “leaf 

blight” phase, occurring early with moderate temperatures and damp conditions, shows 

inconspicuous lesions progressing from bottom to upper leaves. Infected leaves wither and die, 

displaying tan to brown coloration. In fields with significant anthracnose pressure, “top dieback” 

may occur post-tasseling, where the upper plant section dies prematurely while the lower part 

remains green. The “stalk rot” phase leads to pith and vascular system decay, reducing water 

translocation to upper leaves, and causing them to dry down. Disease onset, just before plant 

maturity results in the entire plant dying with rotted nodes. Shiny black discoloration appears later 

in the season on the stalk surface, especially on lower internodes accompanied by internal stalk 

tissue discoloration and softening (Bayer Crop Science; https://www.cropscience.bayer.us/article 

s/bayer/anthracnose-corn-disease). 

 

 

1.2 Life cycle, infection process, and genomic insights of Colletotrichum graminicola 

C. graminicola, belonging to the family of Glomerellaceae in the order of Glomerellales is a 

facultative pathogen and well adapted to corn-based agrosystems (Cannon et al., 2012). With a 

short 3- to 4- day life cycle, it prolifically produces asexual spores (conidia), aiding its widespread 

dissemination in corn fields. The fungus can also thrive on maize residues and overwinters through 

saprophytic growth on decomposing plant debris. In its reproductive cycle, C. graminicola 

generates sickle-shaped conidia from acervuli enveloped in a water-soluble spore matrix, or 

mucilage, containing polysaccharides and proteins (Hutchison et al., 2002 ; Mattupalli et al., 2014 

; O'Connell, 1991; Pain et al., 1996). This matrix sustains conidial viability, and dispersal of 

conidia occurs mainly through water splashing and raindrop impact (Bergstrom & Nicholson, 

1999). Following the dispersal of conidia from acervuli and their deposition on a potential host 

surface, a signal transduction cascade is activated, triggering the expression of genes crucial for 

https://www.udel.edu/academics/colleges/canr/cooperative-extension/fact-sheets/anthracnose-leaf-blight-and-stalk-rot-of-corn/
https://www.udel.edu/academics/colleges/canr/cooperative-extension/fact-sheets/anthracnose-leaf-blight-and-stalk-rot-of-corn/
https://www.cropscience.bayer.us/article%20s/bayer/anthracnose-corn-disease
https://www.cropscience.bayer.us/article%20s/bayer/anthracnose-corn-disease
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establishing the pathogen-host interaction. This process includes the secretion of glycoproteins 

essential for spore adhesion and signals for germination (Hutchison et al., 2002). Conidial 

adhesion, occurring within 30 minutes post-inoculation is a critical step for initiating penetration 

and invading the host cells (Epstein & Nicholson, 2016). 

Around five to six hours later, a germ tube emerges from two-celled septated conidia. In some 

instances, both halves of the conidia generate germ tubes and appressoria with the infection cell 

often differentiating directly beside the conidium, resulting in an extremely short germ tube 

(Bergstrom & Nicholson, 1999). Appressoria facilitates the direct penetration of the host 

epidermis. This process typically takes around 15-20 hours after conidial adhesion to fully 

differentiate into a black spherical appressorium approximately 7µm in diameter. The 

differentiation involves the establishment and maintenance of high turgor pressure into the cell 

wall of the appressorium and the synthesis of osmolytes like glycerol within the appressorium 

(Loehrer et al., 2014). The pressure is then directed through an infection pore at its base to the 

host’s epidermal cell wall (Bechinger et al., 1999; Deising et al., 2000). Following the successful 

penetration of the host’s epidermal cell, the fungus undergoes a crucial developmental stage 

marked by the formation of an infection vesicle and primary hyphae. Operating in a biotrophic 

mode to this point, the fungus uptakes nutrients from the living host cell and employs diverse 

strategies to elude plant defense responses, including the concealment of invading hyphae and the 

active suppression of plant defense mechanisms (Oliveira-Garcia & Deising, 2013; Perfect et al., 

1998). 

The transition to the necrotrophic mode of nutrition occurs 24 to 36 hours after the initiation of 

penetration. In this phase, the fungus develops thin-branched secondary hyphae that penetrate host 

cell walls and membranes. Enzymes responsible for degrading plant cell walls facilitate the 

invasion of hyphae and utilization of polymeric cell wall compounds as a nutrient source (Howlett, 

2006; Perpetua et al., 1996). As the pathogen proliferates within plant tissue, initial symptoms 

appear as chlorotic spots. With further development, necrotic spots emerge, becoming sites for the 

fungus to form acervuli and conidia (Bergstrom & Nicholson, 1999). 

Comparative genomics of C. graminicola revealed extensive sets of genes related to pathogenicity 

encoding secreted effectors, secondary metabolism enzymes, transporters, and peptidases. The 

genome-wide transcript profiling uncovered a sequential activation of genes, aligning with critical 
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phases of pathogenicity. More specifically, the initiation of effectors and secondary metabolism 

enzymes takes place before and during the biotrophic stage, whereas the increased expression of a 

majority of hydrolases and transporters occurs at a later stage, coinciding with the transition to 

necrotrophy (O'Connell et al., 2012). C. graminicola is predicted to harbor about 12,000 protein- 

coding genes. Employing Markov clustering (MCL) to analyze the proteomes revealed a total of 

5342 genes and small molecule efflux pumps. C. graminicola also possesses a robust repertoire of 

genes encoding carbohydrate-active enzymes (CAZymes) involved in plant cell wall degradation 

and fungal cell wall modification. Concerning cell wall related enzymes, a higher percentage of 

cellulase and hemicellulose-related genes are activated during the necrotrophy phase (de Oliveira 

Silva et al., 2024). Notably, a higher number of secondary metabolism genes were also identified, 

organized into 42 distinct clusters. As each of these clusters contributes to the biosynthesis of a 

specific metabolite, C. graminicola is anticipated to produce unusually extensive and conspicuous 

spectra of secondary metabolites (SMs), possibly including previously unidentified molecules 

(O'Connell et al., 2012). 

 

 

1.3 Life cycle, genomics, and chemistries of Aspergillus nidulans 

The ascomycete Aspergillus nidulans is a saprophytic and ubiquitous filamentous fungus with a 

haploid genome. The life cycle of Aspergillus nidulans is a multifaceted adaptable process, 

showcasing the fungus’s reproductive versatility. The single conidiospore germinate giving rise to 

a network of hyphae and collectively forming a mycelium, thereby facilitating substrate 

colonization and nutrient acquisition (Lee & Adams, 1994). Under favorable conditions, the 

fungus engages in asexual reproduction through conidiophore development, generating conidia. 

These conidia, as resilient propagules, disperse anemochorically and upon encountering a 

conducive environment, germinate to establish new colonies, perpetuating the vegetative growth 

phase (Son et al., 2023). 

The life cycle also includes sexual reproduction, introducing genetic diversity. This entails 

cleistothecium formation where ascogenous hyphae undergo gametogenesis, yielding ascospores 

(Noble & Andrianopoulos, 2013). Notably, this phase involves nuclear fusion and meiosis, 

resulting in genetically diverse ascospores. Upon cleistothecium rupture, ascospores are released, 
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germinating to initiate new hyphal colonies. Completing the life cycle, ascospores germinate and 

give rise to vegetative development (Han, 2009). 

The genome of A. nidulans strain FGSC A4 was sequenced in 2005, which is ~30 mega base pairs 

(Mbp) in size contained in eight chromosomes and harbors over 11,000 genes (Pinar et al., 2019). 

It has received global attention as a prototypical eukaryote and acts as an ideal candidate for 

genomic approaches (Pontecorvo et al., 1953) to study the regulation of metabolic pathways 

involving SMs (Chemudupati et al., 2019; Horio et al., 2019; Németh et al., 2019). Some of the 

notable SMs produced by A. nidulans include penicillin (1991), sterigmatocystin (STC) (1996), 

ferricrocin (2003), emericellamide (2008), orsellinic acid (2009), and asperfuranone (2009). In the 

last decade, there has been a tremendous increase in the discovery of SMs from this species 

including xanthone (2011), austinol (2012), aspernidine A (2013), nidulanin A (2013), aspercryptin 

(2016), diorcinol (2019), and viridicatumtoxin (2020) (Caesar et al., 2020). Comprehending these 

genetic clusters is imperative for understanding their diverse purposes, including the clarification 

of the biochemical pathways associated with the synthesis of SMs and the revelation of the 

functions these metabolites serve in fungal biology. As a pivotal model organism, investigating the 

secondary metabolite biosynthetic gene clusters (SMBGCs) in A. nidulans has not only deepened 

our understanding of fungal genetics but also significantly advanced genetic and biochemical 

research, and holds promise for practical applications in domains such as agriculture, and 

medicine. 

 

 

1.4 Life cycle, genomics, and applications of Bacillus spp. 

Bacillus species are a diverse group of rod-shaped, gram-positive bacteria commonly found in soil, 

water, and air (Schaechter, 2009). Known for their ability to form endospores, they can survive 

extreme environmental conditions such as high temperatures, radiation, desiccation, and toxic 

chemicals (Nicholson et al., 2000). The life cycle of Bacillus encompasses three distinct phases 

viz. vegetative growth, sporulation, and germination. Vegetative growth is marked by binary 

fission under nutrient-abundant conditions, during which chromosomal replication and cell 

division are tightly coordinated. Sporulation is initiated by multiple environmental signals, 

including nutrient depletion, high cell density, and specific mineral concentrations, which activate 

a phosphorelay system leading to the phosphorylation of the master regulator, Spo0A. This process 



6  

triggers a cascade of gene expression events resulting in the formation of a highly resilient 

endospore (Sella et al., 2014). Germination is triggered when favorable environmental conditions 

are detected, such as the presence of specific nutrients or changes in pH and temperature. This 

process involves the activation of germination receptors (e.g., GerA, GerB, GerK) on the spore’s 

inner membrane, leading to the degradation of the protective cortex and rehydration of the core. 

Subsequent stages include the resumption of metabolic activity, protein synthesis, and eventual 

outgrowth into a vegetative cell (Sella et al., 2014). 

The genomics of Bacillus species revealed significant diversity in genetic content, reflecting their 

adaptability to various environments and ecological roles. The genome size of Bacillus generally 

ranges from 3 to 6 Mbp, with a high proportion of genes dedicated to metabolic versatility and 

environmental stress responses (Fritze & Pukall, 2001). Notably, species like Bacillus subtilis have 

a well-annotated genome of approximately 4.2 Mb, containing over 4,100 protein-coding genes 

(Barbe et al., 2009). This genome is characterized by the presence of genes encoding diverse 

enzymes, transporters, and regulatory proteins, facilitating rapid adaptation to changing 

conditions. Moreover, genomic analyses have revealed a considerable number of mobile genetic 

elements such as plasmids and transposons in many Bacillus species, contributing to horizontal 

gene transfer and the acquisition of antibiotic resistance and virulence factors (Turnbull, 1996). 

Comparative genomics also highlights significant genomic plasticity, with strain-specific genes 

often involved in niche adaptation, pathogenesis, and symbiosis (Didelot et al., 2009). 

Bacillus species are notable for producing a wide range of SMs that aid in their survival and 

ecological interactions. These include antibiotics, enzymes, and bioactive compounds like 

surfactin, fengycin, and iturin, which exhibit broad-spectrum antimicrobial activity (Ongena & 

Jacques, 2008). Additionally, they also produce polyketides (PKs) such as difficidin and bacillaene 

with antibacterial and antifungal properties (Stein, 2005). Besides being prolific producers of SMs, 

Bacillus species are renowned contributors as biocontrol agents. For instance, Bacillus 

amyloliquefaciens produces antimicrobial compounds like bacillomycin, bacillibactin, and 

bacilysin which inhibit the growth of plant pathogens (Arguelles-Arias et al., 2009). Similarly, 

Bacillus velezensis is known for producing bacillomycin D and macrolactin, which have broad- 

spectrum antifungal and antibacterial activities (Zhu et al., 2020). The application of Bacillus 

species as biocontrol agents through field spraying has shown promising results by inhibiting the 
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growth of pathogens such as Fusarium oxysporum and Botrytis cinerea. When sprayed, these 

bacteria colonize the plant surface, producing antimicrobial lipopeptides and PKs that suppress 

harmful microbes (Serrão et al., 2024). Thus, Bacillus species is assumed to hold considerable 

promise for sustainable agriculture due to their versatile life style, genomic capacity to produce 

diverse SMs, and demonstrated effectiveness in biological control. 

 

 

1.5 Synthetic and eco-friendly chemistries in plant disease management 

Plant diseases are caused by various pathogens, including fungi, bacteria, and viruses that 

adversely affect growth, development, and productivity of plants. Effective management of 

diseases involves a combination of preventive measures, cultural practices, chemical treatments, 

and biological control, all aimed at minimizing the impact of disease on crops and ensuring global 

food security (Singh et al., 2021). Chemical fungicides are designed specifically to eliminate 

fungal infection in plants and have been used for decades to protect crops (Doble & Kumar, 2005). 

Since the early use of copper and sulfur (McCallan, 1949), copper hydroxide or copper sulfate 

have been regarded as contact fungicides, damaging cell membranes and interfering with cellular 

mechanisms (Tamm et al., 2022). When cells are exposed to copper-based fungicides, copper ions 

penetrate fungal spores and induce the generation of reactive oxygen species (ROS), leading to 

oxidative stress and damage to essential cellular components like DNA, proteins, and lipids. 

Additionally, copper binds to sulfhydryl groups, disrupting protein function and enzyme activity, 

which compromises several biochemical processes. This mechanism triggers apoptosis-like cell 

death, as seen in yeast cells where DNA fragmentation occurs. In addition, copper's high affinity 

for thiol groups reduces antioxidant capacity, further enhancing its cytotoxic effects (Burandt et 

al., 2024). 

Several classes of highly effective fungicides have been developed thereafter, including various 

lanosterol 14α-demethylation inhibitors (DMIs), which were used as ergosterol biosynthesis 

blockers in both agriculture and medicine (Tyndall et al., 2016). For the control of maize diseases, 

several fungicides are commonly used, but they depend on the specific diseases present, local 

conditions, and the stage of crop growth (Smart, 2003). Classes of Triazoles (DMI fungicides) 

such as tebuconazole, propiconazole, and metconazole are used against gray leaf spot and northern 

corn leaf blight due to their ergosterol inhibitory activity (Carpane et al., 2020; Russell, 2005). The 
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dithiocarbamate fungicide mancozeb in combination with biocontrol agent Bacillus cereus C1L 

has shown efficacy against southern corn leaf blight (Lai et al., 2016). In specific, the primary 

mechanism of action of mancozeb involves disruption of fungal cell’s thiol groups critical for 

metabolism, respiration, and energy production. This impairment leads to the accumulation of 

toxic metabolic by-products, ultimately causing cell death (Scariot et al., 2016). Due to its multi- 

site activity, mancozeb is less prone to resistance development, making it valuable for integrated 

pest management strategies (Gullino et al., 2010; Soares et al., 2023). On top of that, quinol 

oxidation inhibitors (QoIs) group of fungicides act by disrupting fungal mitochondrial respiration 

by binding to the Qo site of cytochrome bc1 complex, leading to a halt in ATP synthesis and energy 

production (Fernández-Ortuño et al., 2008). Combination of fungicides have also been studied to 

control plant diseases. For instance, an amalgamation of flutriafol and azoxystrobin applied in two 

doses (0.5 and 0.6 g/L) employing a CO2 pressurized sprayer was found to be effective against 

foliar diseases in corn (Silva et al., 2021). 

While chemical fungicides are valuable tools in agriculture, they come with several stumbling 

blocks. A major concern is its effect on crop growth, physiology, and development (Petit et al., 

2012). Of particular relevance is the azole group of fungicides conferring pathogen resistance in 

Aspergillus fumigatus which is thought to have risen from agricultural use. Current literature also 

states the effect of azole fungicides on humans, including craniofacial malformations, birth defects, 

and mammalian steroidogenesis (Crofton, 1996), and a considerable number of agricultural azole 

fungicides target the human liver as the primary organ for toxicity (Marx-Stoelting et al., 2020). 

They have also been associated with the inhibition of cytochrome P450 monooxygenase CYP19 

which is a crucial enzyme in estrogen biosynthesis (Trösken et al., 2006). These studies underscore 

the need for careful management and regulation of azole fungicides, considering both their 

agricultural benefits and associated risks to human health. 

Amid growing societal and political concerns, stricter regulatory practices in fungicide legislation 

are leading to fewer fungicides being registered than banned (Beckerman et al., 2023; Brauer et 

al., 2019). This shift prompts the urgent exploration of alternative and ecologically compatible 

plant protection strategies. As antifungals face a decline, the European Union (EU) strives to fulfill 

the European Green Deal objective, aiming for 25% of agricultural land to be under synthetic 

chemistry-free organic  farming by 2030 (https://commission.europa.eu/strategy-and-policy/ 

https://commission.europa.eu/strategy-and-policy/%20priorities-2019-2024/european-green-deal_en
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priorities-2019-2024/european-green-deal_en). In place of synthetic chemistries, microorganisms 

exhibiting hallmark antagonistic properties are thought to warrant control of diseases in crops. 

Presumably eco-friendly measures such as the application of microbial biological control agents 

(MBCAs) have achieved global attention due to their notable effectiveness against plant pathogens 

(Ghorbanpour et al., 2018). 

SMs produced by MBCAs are key to their ability to suppress plant diseases. These metabolites are 

organic compounds that, while not directly involved in the primary growth or reproduction of the 

organisms, play critical roles in ecological interactions such as competition, defense, and 

communication. Examples include antibiotics (e.g., penicillin from Penicillium), antifungals (e.g., 

amphotericin B from Streptomyces), and immunosuppressants (e.g., cyclosporine from 

Tolypocladium inflatum) (Demain & Sanchez, 2009). These compounds often have complex 

structures and are biosynthesized via specialized pathways involving multifunctional enzymes 

such as polyketide synthase (PKS) or non-ribosomal peptide synthetase (NRPS) (Hwang et al., 

2020). SMs such as PKs, fatty acids, and some terpenoids, are synthesized through biosynthetic 

pathways that utilize acetyl-CoA or other acyl-CoA derivatives as building blocks (Hwang et al., 

2020). In the polyketide biosynthesis pathway, acetyl-CoA or malonyl-CoA is used as a starter 

unit, and additional acyl-CoA units are sequentially added by PKSs through Claisen condensation 

reactions (Shen, 2003). This process involves the formation of a carbon-carbon bond between two 

acyl groups, resulting in a growing carbon chain that can undergo cyclization, reduction, oxidation, 

and glycosylation to form structurally diverse and biologically active compounds (Cane et al., 

1998). For instance, PKs such as erythromycin are assembled by Type I PKS that contain multiple 

catalytic domains in a single polypeptide chain. Each domain in the PKS enzyme is responsible 

for a specific reaction, such as chain initiation, elongation, and modification. This modular 

organization allows for the assembly of a wide variety of PKs with complex structures and diverse 

biological activities (Khosla et al., 2007). Similarly, NRPS use acyl-CoA derivatives as substrates 

to produce non-ribosomal peptides such as antibiotic penicillin and immunosuppressant 

cyclosporine. The acyl-CoA units are activated and linked together by specific enzymes, leading 

to the production of linear or cyclic peptide chains (Walsh, 2004). 

In general, various fungal and bacterial biocontrol agents are extensively used in suppressing 

phytopathogens primarily due to the fact that they extensively produce SMs. For instance, 

https://commission.europa.eu/strategy-and-policy/%20priorities-2019-2024/european-green-deal_en
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compounds such as surfactin, iturin, and fengycin, produced by B. subtilis are critical for their 

antagonistic interactions against plant pathogens (Ongena & Jacques, 2008). Similarly, 

Pseudomonas fluorescens produces phenazine and pyrrolnitrin, which have been reported to 

effectively control root diseases caused by Rhizoctonia solani and Pythium ultimum (Haas & 

Défago, 2005). In specific, a study conducted on maize showed the role of pyoluteorin (PLT) 

produced by Pseudomonas protegens Pf-5 in suppressing the growth of fungal pathogenic Pantoea 

ananatis causing brown rot on leaves in maize (Gu et al., 2022). In addition, Trichoderma species, 

which are highly interactive in roots and soil environment, also produce SMs such as 

anthraquinones, daucanes, pyranes, viridiofungins, and 6-pentyl-2H-pyran-2-one (6PP) as agents 

suited to control other microorganisms (Daoubi et al., 2009; Reino et al., 2008). The recombinant 

B. subtilis 26DCryChS line containing the gene Btcry1la from Bacillus thuringiensis synthesizes 

the lipopeptide surfactin and inhibits the growth of the fungal pathogen Stagonospora nodorum 

(Maksimov et al., 2020). These findings highlight the potential of MBCAs and their SMs as 

effective, eco-friendly strategies for managing a wide range of plant pathogens. This focus on 

MBCAs underscores the critical role of SMs in ecological interactions, particularly as chemical 

defenses against other microorganisms. 

 

 

1.6 Microbial chemical defense - SMs and their regulation 

The primary defense strategy employed by fungi and bacteria when confronted by other 

microorganisms is chemical defense (Kunzler, 2018), which involves the production of SMs. 

Depending on their ecological niche, microbes produce several structurally and functionally 

distinct SMs that originate from central metabolic pathways and primary metabolic reservoirs. 

These compounds are synthesized by SMBGCs under tight transcriptional control. The regulation 

of SM synthesis involves a complex network of cluster-specific, global, and pathway-specific 

regulators (Lim et al., 2012). Cluster-specific regulators are proteins encoded within SMBGCs, 

including pathway-specific transcription factors (PSTFs) such as AflR. For example, AflR in 

Aspergillus species, encoded by a gene within the aflatoxin (AF) and STC clusters, directly binds 

to the promoter regions of SMBGCs, activating or repressing the transcription of pathway genes 

like aflD, aflM, and aflP, which are responsible for AF production (Ehrlich et al., 1999). 

Additionally, global regulator such as the nuclear methyltransferase-domain protein LaeA in 
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A. nidulans, influence the expression of multiple SMBGCs, coordinating SM production in 

response to broader environmental cues (Brakhage, 2013). However, a major limitation is that 

many SMBGCs remain cryptic under lab conditions but are activated only in the presence of 

microbial predators (Netzker et al., 2015), highlighting the need for further research into their 

ecological role and regulatory mechanisms. 

Over the past four decades, co-culturing methods that are simple and are thought to mimic natural 

competitions have been increasingly applied to spark cryptic SMBGCs (Netzker et al., 2015). A 

review study by Bertrand and co-workers emphasized the effectiveness of co-culture experiments 

in enhancing the diversity of chemical compounds, playing a vital role in SM production (Bertrand 

et al., 2014). Several examples demonstrate the novel chemistries induced by co-cultivation 

strategies. For instance, the antibacterial alkaloid aspergicin was obtained from coculture of 

Aspergillus species (Zhu et al., 2011). Similarly, the co-cultivation of Acremonium sp. TBP-5 with 

Mycogone rosea DSM 12973 led to the discovery of the lipoaminopeptides, acremostatins A, B, 

and C (Degenkolb et al., 2002). Another notable example includes a confrontation study between 

A. sydowii and B. subtilis, which led to the production of four novel metabolites namely 4´-alkenyl 

serine sydonate (N6), serine sydonate (N7), hydroxyl serine sydonate (N9), and an isomer of 

macrolactin U, renamed macrolactin U´ (N20) (Sun et al., 2021). These studies highlight the 

immense potential of activating SMBGCs through microbial competition and defense, offering a 

valuable approach for discovering novel SMs with global applications. While these activation 

strategies hold great promise for understanding novel SMs, it is also important to recognize that 

the toxic SMs produced under microbial co-cultivations can have unintended detrimental effects 

in natural environments. 

 

 

1.7 Toxic chemistries in microbes - health risks and regulatory considerations 

As previously mentioned, microbial communities often employ a range of toxic SMs as chemical 

weapons to outcompete or suppress other microorganisms in their environment. Among these toxic 

compounds, mycotoxins, primarily synthesized by species of Aspergillus, Fusarium, and 

Penicillium pose significant threats not only to microbial competitors but also to human and animal 

health (Madariaga-Mazón et al., 2019). Notable examples include lovastatin from A. terreus, 

which targets the molecule HMG-CoA-reductase, strobilurin from Oudemansiella mucida 
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targeting cytochrome b, and aflatoxin B1 (AFB1) from A. flavus which targets DNA (Kunzler, 

2018). The most prevalent and toxic mycotoxins with substantial impacts on human and animal 

health include AF and STC produced by various species of Aspergillus (Figure 1). 

In addition, mycotoxins such as deoxynivalenol (DON), fumonisin (FUM), and zearalenone (ZEA) 

produced by Fusarium species, as well as patulin and ochratoxins (OTA) produced by Aspergillus 

and Penicillium species, are also significant due to their frequent occurrences in various food and 

feed commodities (Alshannaq & Yu, 2017; Díaz Nieto et al., 2018). These compounds cause a 

range of toxic effects on human health, including hepatotoxicity, carcinogenicity, 

immunosuppression, nephrotoxicity, teratogenicity, and disorders affecting the intestines and 

reproductive system (Benkerroum, 2020b; Heussner & Bingle, 2015; Knutsen et al., 2017; Voss & 

Riley, 2013). Notably, aflatoxicosis outbreaks have occurred occasionally in Africa and Asia 

(Benkerroum, 2020a). A major aflatoxicosis outbreak in eastern Kenya in 2004 resulted in 125 

deaths of people (Azziz-Baumgartner et al., 2005). Maize samples collected from the affected 

regions revealed alarmingly high concentrations of AFB1, reaching up to 4400 parts per billion 

(ppb), which is 220 times greater than the 20 ppb safety limit set by Kenyan authorities for food 

(Probst et al., 2007). The acute toxicity of other mycotoxins such as ochratoxins, DON, and patulin, 

as indicated by their LD50 values, ranges between 3 - 20 mg/kg, 46 - 78 mg/kg, and 29 - 55 mg/kg, 

respectively (Alshannaq & Yu, 2017). 

While assessing the acute toxicity of mycotoxins, it is also informative to compare these values to 

those of synthetic fungicides, which are commonly used in agricultural settings. For comparison, 

the acute oral LD50 for triazole group of fungicides in rats ranges between 1453 and >2000 mg/kg 

of body weight (b.w.) (Rachid, 2010), while the oral LD50 of AFB1 in male and female rats is 

equivalent to 7 and 16 mg/kg b.w., respectively (Butler, 1964). A synthetic insecticide, 

dichlorodiphenyltrichloroethane (DDT) has been banned in the United States since 1972 due to its 

adverse environmental and human health effects (Mansouri et al., 2017). The oral LD50 of DDT 

ranges between 113 and 118 mg/kg b.w. in rats and is classified as moderately toxic by the U.S. 

National Toxicology Program (NTP, https://ntp.niehs.nih.gov/). 

https://ntp.niehs.nih.gov/
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Figure 1. SMBGCs involved in the biosynthesis of the mycotoxins AFB1 and STC. 

(A) The AFB1 SMBGC consists of 30 genes, including a core PKS gene and two transcription factors (TFs). 

(B) The STC SMBGC comprises 24 genes, also featuring a core PKS gene and two TFs. (A and B) The 

horizontal arrows represent the SM genes, indicating their transcriptional direction. The color code indicates 

the putative function of each gene, with corresponding gene names annotated below each gene in the 

clusters. The chemical structures of AFB1 and STC, obtained from PubChem are shown below their 

respective SMBGCs, illustrating the molecular products synthesized by these gene clusters. The scale bar, 

located at the lower right of each cluster, represents 5 kb. 
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Another mycotoxin, STC, produced by Aspergillus species, can induce moderate yet potentially 

life-threatening effects. Although it is not as widely studied as AFs, the health concerns related to 

this toxic compound remain poorly addressed. The International Agency for Research on Cancer 

(IARC) has classified STC as a potential human carcinogen Group 2B (The European Food Safety 

Authority EFSA) (EFSA, 2013), which has been found to exhibit immunotoxic and 

immunomodulatory activity (Liu et al., 2014), along with mutagenic effects (Gao et al., 2015). As 

STC acts as a vital precursor in AF biosynthesis pathway, these mycotoxins exhibit shared toxic 

effects including genotoxicity and carcinogenicity (Theumer et al., 2018). STC demonstrates an 

acute oral toxicity with LD50 values ranging between 120 and 166 mg/kg b.w., primarily targeting 

the liver and kidneys (Ráduly et al., 2020), which is higher than most synthetic fungicides. STC is 

metabolized in the liver and lungs by various CYP enzymes, producing diverse hydroxy 

metabolites that are subsequently excreted in bile and urine (Díaz Nieto et al., 2018). The CYP 

enzymes oxidize STC to form highly reactive epoxide intermediates, which can covalently bind to 

DNA, specifically at the N7 position of guanine, forming STC-N7-guanine adducts that may lead 

to genetic mutations (Essigmann et al., 1979). Another study describes an alternative mechanism 

involving the hydroxylation of the aromatic ring to form a catechol 9-hydroxy-STC, capable of 

reacting with DNA, thereby inducing genotoxic effect (Pfeiffer et al., 2014). Animal experiments 

have further corroborated the carcinogenic potential of STC, demonstrating its ability to induce 

liver tumors and other malignancies that align with studies in human-derived cell lines (Díaz Nieto 

et al., 2018; Tong et al., 2013). Upon oral exposure to STC, there have been reports of premalignant 

and malignant lesions, including hepatocellular carcinomas and angiosarcomas in brown fat tissues 

of mice (Enomoto et al., 1982). Additionally, studies on human bronchial epithelial cell lines have 

shown that STC induces DNA double-strand breaks, which could potentially lead to 

adenocarcinomas (Cui et al., 2017). Given the complex mechanisms of action and the varying 

levels of toxicity associated with microbial toxins like AFs and STCs, understanding the 

interactions and competition among microorganisms becomes crucial. Exploring these interactions 

helps to elucidate the role of antagonistic microorganisms and their secreted metabolites in natural 

environments. 
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1.8 Complexity and specificity of SM dynamics in microbiome 

The intricacy of SM formation appears significantly heightened in natural environments, 

particularly in the phyllosphere. Reports indicate an average of 106-107 bacteria per cm2 of leaf 

surface (Vorholt, 2012), and while fungal propagules on leaves are presumed to be less complex, 

their significance remains notable (Lindow & Brandl, 2003). Since microbial defense heavily 

relies on chemistry, the multitude of organisms in the phyllosphere is expected to generate a diverse 

range of unique SMs. This variety can be amplified through the exchange and enzymatic 

modification of these compounds. Adding to the complexity of SMs formed and secreted in 

interactions, a confrontation partner may take up SMs formed by another, modify, and secrete them 

again, resulting in a highly diverse chemical environment (Figure 2). 

 

Figure 2. Regulation of chemical defense mechanisms during microbial interactions. 

A graphical illustration depicting two types of microbial confrontations: fungus vs. fungus and fungus vs. 

bacterium. The production and exchange of SMs (represented by purple circles and brown stars for fungal- 

fungal confrontation, and red squares and green triangles for fungal-bacterial confrontation) are illustrated 

in response to these rivalries, highlighting their role in chemical defense and competitive strategies. Adapted 

and modified from (Kunzler, 2018), this figure visually represents the dynamic responses of microbial 

communities under competitive stress. 
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Experimental findings involving mutants with defects at different sites/steps of melanin 

biosynthesis, i.e. the Δpks1 mutant of the maize anthracnose fungus C. graminicola, lacking PKS1, 

and the Scd- mutant of the cucumber anthracnose fungus C. lagenarium, lacking the scytalone 

dehydratase, highlight the exchange of SMs across species (Deising et al., 2017; Kubo et al., 1996). 

The maize anthracnose fungus was unable to begin dihydroxy naphthalene (DHN) melanin 

formation due to the disruption of the first gene of the pathways, PKS1, encoding a PKS (Ludwig 

et al., 2014). The melanin-deficient scytalone dehydratase mutant 9201Y (Scd-) of C. lagenarium 

was salmon-colored (Kubo et al., 1996) like the PKS1 mutant of C. graminicola. At the peripheries 

of these mutants, scytalone produced by the C. lagenarium 9201Y strain diffused into the 

C. graminicola melanin-deficient strain with a biosynthetic defect upstream of SCD1 and was 

further converted into DHN-melanin, indicating SM exchange across species. In another study, 

advanced MALDI-TOF and MALDI-FT-ICR imaging mass spectrometry (MALDI-IMS) with 

MS/MS networking investigated the trans-kingdom interaction between the opportunistic 

pathogens, P. aeruginosa and A. fumigatus in the lungs of cystic fibrosis patients. This technique 

visualized and identified metabolites secreted by these microorganisms. Specifically, the 

bacterium P. aeruginosa produced phenazine metabolites, including pyocyanin and 1- 

hydroxyphenazine, which inhibited the fungus A. fumigatus (Kerr et al., 1999). Notably, 

A. fumigatus transformed bacterial metabolites into phenazine dimers potentially establishing a 

defense mechanism (Moree et al., 2012). Imaging mass spectrometry revealed intricate trans- 

kingdom chemical transformations in this microbial interaction. The significance of these findings 

in assessing the risk associated with SMs produced by antagonistic microorganisms, whether by 

target or non-target microbes has not been envisioned or experimentally addressed. To investigate 

the impact of newly introduced bacteria on the bacterial rhizosphere community, Gilbert and co- 

workers conducted field and growth chamber experiments using soybean seeds coated with the 

biological control agent B. cereus. Analyses of 2651 isolates revealed significant differences in 

bacterial rhizosphere communities between non-treated and B. cereus-coated seed-grown plants in 

some experiments (Gilbert et al., 1993). This complexity presents a challenge for dissecting the 

molecular, biochemical and, importantly, chemical tools active in shaping populations. 

To create a model microbiome for genetic dissection of community behavior, B. cereus as a model 

rhizosphere bacterium and the “hitchhikers”, Psedudomonas koreensis, and Flavobacterium 

johnsoniae were employed in trilateral analyses, revealing a hierarchical interstrain-competition 
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network. Interestingly, P. koreensis produced koreenceine, an alkaloid antibiotic inhibiting 

F. johnsoniae growth, and in turn the production of that compound was inhibited by B. cereus, 

thereby stabilizing the consortium (Lozano et al., 2019). Comparative meta-transcriptomics and 

meta-metabolomics indicated that the transcripts of the SMBGCs differed, suggesting community- 

dependent secondary metabolism dynamics (Chevrette et al., 2022). These experiments with the 

defined bacterial community designated as THOR for “the hitchhikers of the rhizosphere” showed 

that SMs are synthesized in a community-dependent manner. To add to the complexity of intimate 

microbial interactions, a co-cultivation study from Schroeckh and co-workers involving 

A. nidulans and 58 soil-residing actinomycetes, led to a striking discovery of an intimate physical 

interaction between the bacterium Streptomyces hygroscopicus and the fungus and to identifying 

a PKS gene required for the production of orsellinic acid (Schroeckh et al., 2009). Another research 

exposes a highly complex tripartite plant-symbiotic-pathogen relationship in rice, where a 

Rhizopus species controls an endosymbiotic bacterium of the genus Burkholderia, leading to the 

production of a mycotoxin, rhizoxin. It was long assumed that rhizoxin was produced by the fungus 

itself, however, this study led to the surprising finding of a pivotal bacterium as an essential player 

in interaction between a fungal pathogen and its host plant (Partida-Martinez & Hertweck, 2005). 

Given the species complexity of microbial communities (Vorholt, 2012), given the large number 

of SMBGCs present and putatively activated under micro-organismic confrontations (Baral et al., 

2018; Kunzler, 2018; Osbourn, 2010), and given a resulting putative enhancement of compound 

complexity due to exchange and modification of compounds in different species (Deising et al., 

2017; Kubo et al., 1996), one may assume that any disturbance of a consortium by introduction of 

MBCAs would cause massive changes in SM patterns. These changes could include formation of 

chemical cocktails of novel compounds with unknown structures and toxicities, and some of these 

chemistries may even exhibit carcinogenic activity (Deising et al., 2017). Given the potential for 

MBCAs to alter SM patterns, it is naïve to assume that the formation of putatively toxic microbial 

SMs poses no risk to consumers or the environment. These compounds, with unknown structures 

and toxicities, could have unforeseen harmful effects on human health including cytotoxicity and 

carcinogenicity. Therefore, it is imperative to enforce stricter societal and political regulations to 

rigorously monitor the toxicological effects of MBCAs and their associated chemical metabolites. 

This focus on regulation is crucial to safeguard public health and environmental safety. 



18  

2 Materials and Methods 

 

2.1 Biological Materials 

 

2.1.1 Fungal material 

2.1.1.1 Colletotrichum graminicola 

The reference wild type (WT) strain CgM2 (syn. M1.001) of C. graminicola (Ces.) G.W. Wilson 

(teleomorph Glomerella graminicola D. J. Politis) (Bergstrom & Nicholson, 1999) was gifted by 

R. L. Nicholson, Purdue University, IN, USA (Nicholson & Moraes, 1980). The WT CgM2 strain, 

along with the generated ectopic (ect.) and ∆pks27 strains (see section 2.4.5), were cultivated on 

oat meal agar (OMA) (Refer appendix 7.2.1) in petri dishes (Ø 5 cm) in an incubator (KB 400, 

Binder GmbH, Tuttlingen, Germany) at 23 ⁰C to induce formation of conidia. Conidia from CgM2 

WT, ect. and the deletion strains were rinsed with sterile distilled water from OMA plates and 

preserved in 25% (v/v) glycerol at -80 ⁰C. 

 

 

2.1.1.2 Aspergillus nidulans 

The auxotrophic strain RMS011 of filamentous fungus Aspergillus nidulans (teleomorph 

Emericella nidulans) (Stringer et al., 1991) was provided by Dr. Vito Valiante, Hans-Knöll 

Institute, Jena, Germany. The strain was cultured on potato dextrose agar (PDA) plates (Difco, 

Becton, Dickinson and company, Maryland, USA) (Refer appendix 7.2.1) for a duration of three 

weeks at 23 ⁰C. Post cultivation, the conidia were harvested by rinsing with sterile distilled water 

and preserved in 25% (v/v) glycerol at -80 ⁰C. 

 

 

2.1.1.3 Fungal strains 

Unless otherwise stated, the microbial strains were obtained from our lab stocks and grow on PDA. 

The phytopathogenic fungal strains include Alternaria tenuis PP1, Cochliobolus heterostrophus 

C12 (Aliyeva-Schnorr et al., 2023) provided by Dr. Stefan Wirsel (Martin Luther University, Halle 

(Saale), Germany) and Colletotrichum higginsianum KU70 (Ushimaru et al., 2010). The 

filamentous ascomycetes Coprinellus domesticus BRFD1 and a non-defined Cladosporium 

species BRFD2 were isolated from leaves of Zea mays cultivar (cv.) ‘Mikado’ grown in the 
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greenhouse at the Institute of Agricultural and Nutritional Sciences, Halle (Saale), Germany. The 

isolates were grown on fresh glucose yeast malt (GYM) plates (recommended by DSMZ, 

Braunschweig, Germany, https://bacmedia.dsmz.de/medium/65; Refer appendix 7.2.1) and 

incubated at 23 ⁰C. The fungal biocontrol strains include Trichoderma asperellum JKI-BI 7375 

and Trichoderma harzianum JKI-BI 7374 (Fernando Devasahayam et al., 2024) (both provided by 

Dr. Ada Linkies, Julius-Kühn Institute, Institute for Biological Control, Dossenheim, Germany) 

and Trichothecium roseum PP2. The killer toxin producing yeast strain Saccharomyces cerevisiae 

T158C (Siddiqui & Bussey, 1981) was provided by Manfred J. Schmitt (Saarland University, 

Germany). All the cultures were inoculated onto the respective medium and grown under 

controlled conditions of 23 ⁰C for one week. All fungal stocks were made with sterile distilled 

water, preserved in 25% (v/v) glycerol, and stored at -80 ⁰C for future use. 

 

 

2.1.2 Bacterial strains 

2.1.2.1 Biocontrol strains 

The biocontrol bacterial strains used were Bacillus amyloliquefaciens JKI-BI 7332/2, Bacillus 

subtilis JKI-BI 7325/1 (Pfeiffer et al., 2021), (both provided by Dr. Ada Linkies, Julius-Kühn 

Institute, Institute for Biological Control, Dossenheim, Germany). Bacillus velezensis NCCB 

100737 (Ruiz-García et al., 2005) was obtained from the Westerdijk Fungal Biodiversity Institute, 

Utrecht, The Netherlands, and another B. subtilis strain was isolated from Pflanzenarzt Boden-Fit 

fertilizer (F. Schacht GmbH & Co, Bültenweg, Braunschweig, Germany). About 2 mL of the 

fertilizer was subjected to centrifugation in a microcentrifuge tube (Ratiolab, Dreieich, Germany) 

and the pellet was washed multiple times with sterile distilled water. The obtained pellet was 

streaked onto a lysogeny broth (LB) medium (Refer appendix 7.2.1) and incubated at 37 ⁰C in an 

incubator (C25 classic series, New Brunswick Scientific, NJ, USA) for 16 hours. An individual 

colony was transferred to and maintained on PDA at 37 ⁰C and designated as “commercial Bacillus 

subtilis” in this study. All the bacterial stocks were made with 25% (v/v) glycerol and stored at - 

80 ⁰C for future use. 

https://bacmedia.dsmz.de/medium/65
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2.1.2.2 Escherichia coli 

Escherichia coli XL1-Blue (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIq 

Z∆M15 Tn10 (Tetr )] (Stratagene, CA, USA) (Bullock, 1987) was cultivated on LB plates at 37 ⁰C. 

To initiate liquid cultures, a colony was inoculated into LB medium and incubated at 37 ⁰C and 

200 rpm. The selection and addition of antibiotics to the media were determined by the specific 

selection marker employed (See section 7.2.3). A stock culture of E. coli was prepared with 7% 

(v/v) DMSO and stored at -80 ⁰C. 

 

 

2.1.3 Plant material 

2.1.3.1 Zea mays 

The maize cv. ‘Mikado’ was grown in steamed compost in 12 cm diameter pots, with three plants 

per pot, in a controlled greenhouse at 22 ⁰C and 60% relative humidity (r.h.). Additional light was 

provided at a maximum of 15 µE/m2/s using OSRAM Plantastar 600W (OSRA, Munich, 

Germany). 

Alternatively, maize plants were cultivated in a climate chamber (AR-75L, Percival Scientific, 

Perry, USA) at 16 hours daylight at 50% r.h. and temperatures of 25 ⁰C (daytime) or 20 °C 

(nighttime). 
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2.2 Chemicals 

Chemicals, unless otherwise stated, were from Carl Roth (Karlsruhe, Baden-Württemberg) 

Germany), Thermo Fisher Scientific (Schwerte, Nordrhein-Westfalen, Germany), VWR Life 

Science (Darmstadt, Hessen, Germany), or Sigma-Aldrich (Steinheim, Nordrhein-Westfalen, 

Germany). 

 

 

2.2.1 Media, buffers, and solutions 

Media, buffers, and solutions used in this study are listed in the appendix (Refer appendix 7.2). 

 

 

 

2.2.2 Primers 

Primers used in this study were obtained from Eurofins Genomics (Ebersberg, Bayern, Germany) 

and are listed in the appendix (Refer appendix 7.3). 

 

 

2.3 In vitro micro-organismic growth and plant assays 

 

2.3.1 Growth inhibition assays 

2.3.1.1 Confrontation assay 

The biocontrol bacteria B. amyloliquefaciens, and fungus A. nidulans were screened for their 

ability to suppress the mycelial growth of plant pathogenic fungus C. graminicola M2 in in vitro 

confrontation assays. A 4 mm agar disc from 14-days-old OMA culture plates of C. graminicola 

was inoculated at the center of a fresh PDA plate (Ø 9 cm) (Greiner Bio-One GmbH, 

Frickenhausen, Germany). The biocontrol bacteria and A. nidulans were inoculated 2.5 cm away 

from the Colletotrichum mycelial disk (Li et al., 2021). As solo cultures, C. graminicola, B. 

amyloliquefaciens and A. nidulans were inoculated on fresh PDA plates. All combinations were 

carried out in triplicates and the plates were incubated at 23 °C. Growth inhibition was evaluated 

by measuring the distance between microbial colonies and the plates were photographed at 12 days 

post inoculation (dpi). To evaluate the effect of volatile inhibitors, growth assays were performed 

on split plates (Tuoxun trade, Zhongshan, China, 2 compartments, Ø 9 cm). 
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In addition, confrontations were also established between A. nidulans and the biocontrol bacteria 

B. amyloliquefaciens, B. subtilis, the commercial B. subtilis strain, and B. velezensis. Moreover, 

confrontations  between  A.  nidulans  and  fungal  strains  A.  tenuis,  C.  heterostrophus, 

C. higginsianum, T. roseum, a strain of an unknown Cladosporium species, C. domesticus, 

T. asperellum and T. harzianum, and yeast S. cerevisiae were also investigated. The confrontation 

assay was carried out as described above with modifications. A mycelial disk of 4 mm2 size was 

excised from margins of three-week old cultures of A. nidulans and inoculated centrally onto fresh 

PDA plates for solo and co-cultures. After seven days at 23 ⁰C, the biocontrol bacteria and fungus, 

the phytopathogenic fungal strains and yeast were inoculated, and the plates were incubated at 

23 ⁰C for another 7 days. As solo cultures, the confrontation partners were inoculated on individual 

PDA plates. In the case of A. nidulans solo culture, the plates were photographed at 14 dpi, whereas 

for the solo cultures of confrontational partners, the plates were photographed at 7 dpi. Fungal 

growth inhibition was evaluated by measuring the growth inhibition distance between microbial 

colonies at 14 dpi. 

 

Furthermore, confrontation assay was also performed on low-rich minimal medium (MM) plates 

(Refer appendix 7.2.1) plates. Confrontations were established between C. graminicola and 

biocontrol B. amyloliquefaciens, B. subtilis, and B. velezensis and the experimentation was 

performed as described above. 

 

 

2.3.1.2 Fungal growth inhibition by Iturin A and STC 

The inhibitory activity of Iturin A (Sigma-Aldrich, Steinheim, Germany) and STC (Sigma- 

Aldrich, Missouri, USA) were evaluated by the Kirby-Bauer disc diffusion assay (Bauer et al., 

1959). PDA plates were centrally inoculated with C. graminicola and sterile filter discs with 6 mm 

diameter were placed at a distance of 2.5 cm from the pathogen. Ten µL containing 50, 100, 300, 

500, and 1000 in µg/mL of the respective compounds were impregnated onto the filter discs. 

Solvents (ethanol for Iturin A and methanol for STC) served as negative controls. The experiment 

was performed in triplicates and the plates were incubated at 23 ⁰C for 12 days. Antagonistic 

activities were evaluated as described (Skidmore & Dickinson, 1976). 
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2.3.1.3 Co-cultivation of microbes in liquid medium 

The co-cultivation study was performed to identify novel class of compounds produced under 

confrontations. Three mycelial plugs (4 mm diameter) from C. graminicola or A. nidulans were 

excised from 2-week-old PDA plates and transferred into sterile potato dextrose broth (PDB). After 

4 days of incubation at 28 °C, a single plug (4 mm2) from a four-day-old PDA plate with 

B. amyloliquefaciens was excised and added to the fungus and incubated for 8 more days. After 12 

days, the culture broth was filtered (Ø 0.2 µM pore size, Sartorius Stedim Biotech GmbH, 

Göttingen, Germany), and the culture filtrates were used for metabolite extraction. 

 

 

2.3.2 Plant infection 

2.3.2.1 Maize inoculation assay 

Conidia of C. graminicola were harvested from OMA plates at 14 dpi, suspended in 0.02% (v/v) 

aqueous Tween-20, and adjusted to 105 conidia/mL for microscopy and 106 conidia/mL for 

macroscopic symptom assessment. For disease symptom evaluation, third leaves of 14-day-old 

plants were detached and placed into 12 cm2 petri dishes (Greiner Bio-One GmbH, Frickenhausen, 

Germany) containing moist filter paper. Five 10 µL droplets of conidial suspensions prepared from 

OMA plates were inoculated onto the mid-rib of the adaxial lead surface. The plates were then 

sealed and placed in a growth chamber (Binder GmbH, Tuttlingen, Germany) and kept at 23 °C in 

darkness. Mock inoculations were done using 0.02% (v/v) Tween-20. Anthracnose disease 

symptoms were photographed at 96 hpi. 

To assess appressorial penetration rates, leaves were sectioned into small segments at 96 hpi. The 

abaxial midrib opposite to the inoculation point was removed, and the segments were bleached in 

ethanol-acetic acid (3:1 (v/v)) for 24 hours. Infection sites were observed by bright field 

microscopy (Eclipse 600, Nikon, Düsseldorf, Germany). 

 

 

2.3.2.2 Leaf imprint assay 

Zea mays leaves cv. ‘Mikado’ obtained from the experimental station of Martin Luther University 

(Kühnfeld, Halle (Saale), Germany) were imprinted onto GYM plates. After removal of leaves, 

plates were incubated at 23 °C for two weeks in darkness and photographed. 
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2.4 Molecular Biology 

 

2.4.1 Preparation of nucleic acid 

2.4.1.1 Genomic DNA isolation from Fungi 

The fungal genomic DNA was isolated by a method described by Udo Döbbeling with some 

modifications (Döbbeling, 2000). Fungal mycelium weighing approx. 500 mg, aged 6 to 8 days in 

complete medium (CM) (Refer appendix 7.2.1) was dried briefly on absorbent paper towel and 

then pulverized into a fine powder using a mortar and pestle in liquid nitrogen until homogeneous. 

To this frozen powder, a mixture of 800 µL of DNA extraction buffer I (Refer appendix 7.2.2) and 

800 µL phenol : chloroform : isoamylalcohol (25:24:1) was added and thoroughly blended. The 

milky mixture was centrifuged in a benchtop centrifuge (Heraeus Fresco 17, Thermo Fisher 

Scientific, Schwerte, Germany) at 13000 g for 20 minutes at 4 °C. The top phase was transferred 

to a new microcentrifuge tube and 800 µL of chloroform : isoamylalcohol (24:1) was added, 

vortexed and homogenized. The resulting phases were separated by centrifugation at 13000 g for 

10 minutes at 4 °C. The upper aqueous phase was carefully transferred to a new tube, and DNA 

was precipitated by the addition of 800 µL of ice-cold isopropanol and incubating at -20 °C 

overnight. After centrifugation at 6800 g, 15 min, 4 °C, the DNA pellet was dissolved in 700 µL 

of DNA extraction buffer II (Refer appendix 7.2.2). Subsequent treatment involves digestion with 

RNase A (10 mg/mL) (Carl Roth, Karlsruhe, Germany) at 37 °C for 30 min, followed by SDS 

(20%) (Carl Roth, Karlsruhe, Germany) and Proteinase K (20 mg/mL) (Analytik Jena, AJ 

Innuscreen GmbH, Berlin, Germany) treatment at 60 °C for 60 minutes to remove RNA and 

remaining proteins. Additional phenol : chloroform : isoamylalcohol and chloroform : 

isoamylalcohol extractions were performed, followed by isopropanol precipitation as described 

above. The resulting DNA pellet was washed with 70% ethanol, centrifuged (13000 g for 10 

minutes at 4 °C) and air-dried. Finally, the pellet was re-suspended in DEPC-treated H2O (Refer 

appendix 7.2.3). 

Alternatively, DNA isolation was also carried out using innuPREP Plant DNA kit (Analytik Jena, 

AJ Innuscreen GmbH, Berlin, Germany) according to the manufacturer’s instruction. 
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2.4.1.2 DNA isolation from Bacteria 

Bacterial DNA isolation was carried out by employing a few modifications from the method 

descried by Wright and co-workers (Wright et al., 2017) involving several sequential steps to 

ensure efficient isolation. About 1.5 mL of mid-to late-log-phase culture (0.5 to 0.7 OD600) was 

transferred to a microcentrifuge tube. Subsequently, the cells were pelleted through centrifugation 

at 12000 g for 2 minutes at 4 ⁰C, with the supernatant being discarded. Following this, the cell 

pellet was resuspended in 450 µL of TE buffer (Refer appendix 7.2.2) containing lysozyme (20 

mg/mL), along with the addition of 5 µL of RNase A (10 mg/mL). The mixture was thoroughly 

mixed through inversions and incubated at 37 ⁰C for 30 minutes in a heat block with shaking to 

facilitate cell lysis. Following the incubation, 15 µL of 20% SDS and 3 µL of proteinase K (10 

mg/mL) were added and the mixture was gently inverted and incubated at 50 ⁰C for 60 minutes. 

Subsequently, 550 µL of phenol : chloroform : isoamylalcohol (25:24:1) solution was added, and 

vortexed thoroughly before centrifugation at 13800 g for 15 minutes at 4 ⁰C. The upper aqueous 

phase containing the DNA was carefully transferred to a sterile 1.5 mL microcentrifuge tube, 

precipitated with 550 µL of ice-cold absolute isopropanol and incubated overnight at -20 ⁰C. The 

precipitated DNA was then pelleted by centrifugation at 13800 g for 20 minutes at 4 ⁰C. The 

supernatant was discarded, and the pellet was washed with 500 µL of 70% ethanol followed by 

centrifugation at 13800 g for 5 minutes at 4 ⁰C. The DNA pellet was then dried under sterile 

conditions and resuspended in nuclease-free water. 

DNA concentrations were measured using DeNovix DS-11 FX+ spectrophotometer / Fluorometer 

(Biozym Scientific GmbH, Hessisch Oldendorf, Germany) and quality was determined by 0.7% 

agarose gel (See section 2.4.1.5). 

 

 

2.4.1.3 Total RNA isolation from Fungi 

Total RNA isolation from C. graminicola and A. nidulans were carried out by employing 

peqGOLD plant RNA kit (VWR Life Science, Leuven, Belgium) following the manufacturer’s 

instruction. PDA plates were made with 5.5 x 5.5 cm nylon membrane (0.45 µM, Carl Roth, 

Karlsruhe, Germany) as a substratum for the growth of microbes. The inoculation was carried out 

as described above (See section 2.3.1.1) and the plates were incubated at 23 °C for 12 days. Total 

RNA was isolated after the designated time period by using a cell scrapper (13 mm, SPL Life 
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Sciences, Gyeonggi, Korea). The collected fungal material was transferred to a fresh 

microcentrifuge tube placed in liquid nitrogen and was grinded with the help of micro pestle 

(Eppendorf, Thermo Fisher Scientific, Schwerte, Germany). Total RNA was isolated from the 

powdered sample, purified, and concentrated using the GeneJET RNA cleanup and Concentration 

Micro kit (Thermo Fisher Scientific, Vilnius, Lithuania). Genomic DNA was removed using the 

peqGOLD DNase-I-Digest-kit (VWR Life Science, Leuven, Belgium) and the resulting RNA was 

stored at -80 °C for future use. 

 

 

2.4.1.4 Total RNA isolation from Bacteria 

Total RNA isolation from bacteria was carried out by a method described by Rodiguez and co- 

workers with several modifications (Villa-Rodríguez et al., 2018). TE buffer-soaked Q-tips were 

employed to sample bacterial cultures from PDA plates containing nylon membrane. Wet Q-tips 

were used to swab the confronted bacterial cells, transferred to a microcentrifuge tube with 500 

µL of TE buffer, and vortexed thoroughly. Subsequently, centrifugation was carried out at 

12000 g for 3 minutes at 4 °C and the resulting pellet was stored at -20 °C for one hour. To further 

process the samples, homogenization was carried out with the aid of mortar and pestle to create a 

fine powder. Then, 200 µL of TE buffer containing freshly added lysozyme (20 mg/mL) was added 

to the powder and vortexed thoroughly. The mixture was then incubated at 37 °C for 30 minutes 

with occasional shaking. Following this, 1.5mL of TRIzol reagent (Invitrogen, Carlsbad, 

California, USA) was added, and the solution was vortexed. The mixture was allowed to incubate 

on ice for 5 minutes before adding 300 µL of chloroform and shaking vigorously. Subsequent 

centrifugation was performed at 13000 g for 15 minutes at -3 °C. The aqueous phase was carefully 

transferred to fresh 1.5 mL microcentrifuge tube, and twice the volume of isopropanol was added. 

After gentle mixing, precipitation was carried out at -80 °C overnight. The precipitate was then 

centrifuged at 13000 g for 15 minutes at -3 °C. The resulting pellet was washed with 1 mL of 75% 

ethanol and centrifuged at 13000 g for 5 minutes at -3 °C. The supernatant was discarded, and this 

washing step was repeated thrice. Finally, the pellet was air-dried in ice under sterile hood and 

resuspended in 35 µL of nuclease-free water (Ambion, Life Technologies, Texas, USA). 

RNA quantity was determined with the help of DeNovix DS-11 FX + spectrophotometer / 

Fluorometer and quality by 2% agarose gel (See section 2.4.1.5). 
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2.4.1.5 Agarose Gel Electrophoresis (AGE) 

DNA or RNA fragments were separated on agarose gels with concentrations ranging from 0.7% to 

2% (w/v) (VWR Life Sciences, Leuven, Belgium). The agarose was dissolved in 1x TAE buffer 

(prepared from 50x stock; Refer appendix 7.2.2) and prior to loading, 2 µL of DNA/RNA samples 

were mixed with 1 µL of 6x loading buffer (Refer appendix 7.2.2). Electrophoresis was conducted 

under constant current conditions ranging between 70 to 95 V in an appropriate electrophoresis 

chamber. The gels were visualized under UV light at a wavelength of 320 nm and photographic 

documentation using a UV solo TS2 imaging system (Biometra GmbH, Göttingen, Germany). Size 

estimation of the resolved fragments was facilitated by including a GeneRuler mix (Refer appendix 

7.2.2) (Thermo Fisher Scientific, Vilnius, Lithuania) containing defined sizes of DNA fragments. 

 

 

2.4.2 Sequencing of nucleic acids 

2.4.2.1 DNA sequencing 

For DNA sequencing, templates were either PCR products or plasmids. In case of species 

identification, the genomic DNA extracted from the fungal isolates of maize leaves were subjected 

to a standard PCR reaction (See section 2.4.4.1) by employing the universal ITS primers ITS1 and 

ITS4 (Refer appendix 7.3, Table 6). In addition, the fungus T. roseum was also subjected to ITS 

sequencing employing the same primers. Furthermore, B. amyloliquefaciens and B. subtilis were 

sequenced by using 16s rRNA primers 27F and 1492R (Refer appendix 7.3, Table 6). 

For sequencing of cloned plasmid, positive clones were chosen from colony PCR and was 

subjected to plasmid DNA isolation by using GeneJet Plasmid Miniprep kit (Thermo Fisher 

Scientific, Vilnius, Lithuania). 

In all cases, 15 µL of the sequence reaction mix was prepared according to the instructions of the 

manufacturer (Microsynth Seqlab GmbH, Göttingen, Germany) and was sequenced. Sequence 

evaluation was carried out by employing BLAST searches and MEGA 11 (See section 2.8). 
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2.4.2.2 RNA sequencing 

Total RNA isolated from fungi and bacteria were subjected to RNA-seq according to the 

manufacturer’s instructions (GENEWIZ, Azenta Life Sciences, Leipzig, Germany). 50 µL of 

purified RNA at a final concentration of 50 ng/µL was provided for sequencing purposes. The 

integrity and quality of the RNA was determined by Qubit assay. High-quality RNA with a RQN 

of greater than 6 was used for mRNA library construction. Strand-specific RNA-seq analysis was 

performed with the Illumina NovaSeq platform with 2 x 150 bp paired-end sequencing. The 

parameters were applied to achieve a depth of 15 - 20 million reads per sample, ensuring 

comprehensive coverage of the transcriptome. In fungi, the preferred method for ribosomal RNA 

(rRNA) removal involved polyA section, which targets and enriches messenger RNA (mRNA) 

species that have a polyadenylated tail. Conversely, in bacteria where polyadenylation is less 

common, rRNA removal involved depletion strategies that specifically target rRNA molecules. 

The raw FASTQ files obtained after sequencing were used to perform RNA-seq analysis by Galaxy 

(See section 2.4.3.1). 

 

 

2.4.3 Transcriptomics 

2.4.3.1 RNA-seq analysis by Galaxy 

The computational profiling of gene expression from RNA-Seq by identifying the Differentially 

Expressed Genes (DEGs) was accomplished with the help of Galaxy Europe server 

(https://usegalaxy.eu/) (Batut et al., 2018; Hiltemann et al., 2023). The quality of raw reads was 

analyzed using FastQC v0.73. Adapters and low-quality reads were trimmed by the Trimmomatic 

v0.38.1. The obtained clean reads were mapped to the following reference genomes using RNA 

STAR v2.7.8a as follows: 

Colletotrichum graminicola M1.001 (ENSEMBL Fungi, accessed on 20 July 2022, 

https://fungi.ensembl.org/Colletotrichum_graminicola/Info/Index), 

Aspergillus nidulans FGSC A4 (NCBI, accessed on 14 September 2022 and 19 November 2023, 

https://www.ncbi.nlm.nih.gov/genome/17?genome_assembly_id=299190), and 

Bacillus amyloliquefaciens DSM 7 (NCBI, accessed on 12 February 2024, 

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000196735.1/). 

https://usegalaxy.eu/
https://fungi.ensembl.org/Colletotrichum_graminicola/Info/Index
https://www.ncbi.nlm.nih.gov/genome/17?genome_assembly_id=299190
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000196735.1/
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The reads per gene were counted by employing FeatureCounts v2.0.1. DEGs were obtained with 

the help of DESeq2 v2.11.40.7 with a cutoff of p < 0.05, Fold Change (FC) > 2 as upregulated, 

and FC < 0.5 as downregulated. Principal Component Analysis (PCA) and correlation matrix plots 

were also obtained with the DESeq2 package. A Venn diagram of the DEGs was drawn using 

BioVenn (https://www.biovenn.nl/index.php) (Hulsen et al., 2008). 

 

2.4.3.2 Functional enrichment studies of DEGs 

The three GO ontologies namely molecular function (GO:MF), cellular component (GO:CC), and 

biological process (GO:BP) for the DEGs from C. graminicola and A. nidulans were analyzed by 

gProfiler to perform the functional enrichment analysis (https://b2t.cs.ut.ee/gprofiler/gost) 

(Raudvere et al., 2019). The respective gene IDs were uploaded into the gProfiler server, and the 

analyses were performed with the default parameters. In case of B. amyloliquefaciens, the gene 

IDs of DEGs were uploaded into ShinyGO 0.80 tool (http://bioinformatics.sdstate.edu/go/) (Ge et 

al., 2019) and the gene ontologies were obtained. A gene ontology (GO) bubble plot for the 

enriched genes was obtained with the help of SRplot (https://www.bioinformatics.com.cn/en) 

(Tang et al., 2023). 

 

2.4.3.3 SMBGCs analysis by antiSMASH 

The antiSMASH (antibiotics & Secondary Metabolite Analysis Shell) tool was employed to 

identify the SMBGCs of fungal (https://fungismash.secondarymetabolites.org/#!/start), and 

bacterial genomes (https://antismash.secondarymetabolites.org/#!/start). By incorporating profile 

Hidden Markov Models (pHMMS) from various databases, antiSMASH accurately predicts 

specificities of key domains such as PKSs, and NRPSs (Medema et al., 2011). By employing this 

comprehensive platform, the whole genome file in FASTA format of respective fungi and bacteria 

were uploaded to the server and was mined for SMBGCs. By using options such as 

KnownCLusterBlast analysis, SubClusterBlast analysis, and ActiveSiteFinder, the online 

antiSMASH job was submitted and the calculations for the identification and analysis of the 

SMBGCs were carried out on the server (Blin et al., 2023). The obtained SMBGCs were studied 

in detail to get more insights on different chemical compound production. Moreover, the DEGs 

were manually curated to various SMBGCs, and validation was confirmed using the reference 

genome of C. graminicola (O'Connell et al., 2012). To validate differentially expressed SMBGCs 

https://www.biovenn.nl/index.php
https://biit.cs.ut.ee/gprofiler/gost
http://bioinformatics.sdstate.edu/go/
https://www.bioinformatics.com.cn/en
https://fungismash.secondarymetabolites.org/%23!/start
https://antismash.secondarymetabolites.org/%23!/start
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genes of A. nidulans, the published reference genome was used (Inglis et al., 2013; Soukup et al., 

2012). 

 

 

2.4.4 Polymerase chain reaction (PCR) 

2.4.4.1 Standard PCR 

All PCR reactions were performed in Biometra TAdvanced thermocycler (Analytik Jena, 

Göttingen, Germany). The buffer and enzyme for standard PCR reactions were obtained from 

Thermo Fisher Scientific (Vilnius, Lithuania). Typically, a 50 µL reaction mix was set up as 

follows: 

Components Volume 
 

DreamTaq Buffer (10x) 12.5 µL 

 

dNTPs (10 mM) 2.5 µL 

 

Forward/Reverse primers (10 µM) 2.5 µL each 

Template DNA (50 ng/µL) 2.5 µL 

DreamTaq DNA polymerase (5 U/µL)  1.25 µL 

Nuclease-free H2O ad. 50 µL 
 

 

 

The standard PCR cycles were conducted as follows: 

 

Time Temperature Step Cycles 

 

 

2 min 

98 °C 

 

98 °C 

Hold 

 

Initial denaturation 

 

30 s 

 

30 s 

95 °C 

 

Tm + 3-5 °C 

Denaturation 

 

Annealing 

 

 

30 - 40 

1 min/Kb 72 °C Extension 
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5 min 72 °C Final extension 

 

4 °C Hold 
 

 

 

2.4.4.2 PCR with high fidelity (HF) polymerase 

All PCRs for amplifying deletion and fusion constructs were performed using Phusion High- 

Fidelity DNA polymerase. All components were from (Thermo Fisher Scientific, Vilnius, 

Lithuania). The annealing temperature depends on the Tm of the chosen primers and was calculated 

using the New England Biolabs (NEB) Tm calculator (https://tmcalculator.neb.com/#!/main). The 

duration of the extension step depends on the size of the amplified fragment (30 s/Kb). Typically, 

a 50 µL PCR reaction mix was set up as follows: 

Components Volume 
 

Phusion GC Buffer (5x) 10 µL 

 

dNTPs (10 mM) 1 µL 

 

Forward/Reverse primers (10 µM) 2.5 µL each 

Template DNA (50 ng/µL) 2.5 µL 

Phusion polymerase (2 U/µL) 0.5 µL 

 

Nuclease-free H2O ad. 50 µL 
 

 

 

The standard PCR cycles were conducted as follows: 

 

Time Temperature Step Cycles 

 

 

3 min 

98 °C 

 

98 °C 

Hold 

 

Initial denaturation 

 

30 s 

 
30 s 

98 °C 

 
65 °C 

Denaturation 

 
Annealing 
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45 s 72 °C Extension 

5 min 72 °C 

 

4 °C 

Final extension 

 

Hold 

 

 

2.4.4.3 Double-Joint PCR (DJ-PCR) 

The creation of deletion cassette, also known as knock-out (KO) for target genes was accomplished 

using the double joint PCR (DJ-PCR) technique (Yu et al., 2004). Initially, PCR reactions of 50 

µL were conducted to produce 5’- and 3’- flanks and fused with the hygromycin B 

phosphotransferase gene (hph) (Punt et al., 1987) by DJ-PCR (Yu et al., 2004). The stoichiometric 

relation of 5’- flank : resistance marker : 3’- flank is 1:3:1. The product of the first DJ-PCR reaction 

(DJ1) was used as a template for the second DJ-PCR reaction (DJ2) (See section 2.4.5). Typically, 

a 50 µL PCR reaction mix was set up as follows: 

 

DJ1 Components DJ2 

10 µL Phusion GC Buffer (5x) 10 µL 

4 µL dNTPs (10 mM) 1 µL 

- Forward/Reverse primers (10 µM) 2.5 µL each 

1 µL 5’ - flank (50 ng/µL) - 

3 µL Resistance cassette (50 ng/µL) - 

1 µL 3’ - flank (50 ng/µL) - 

- Template (50 ng/µL) 1 µL 

0.5 µL Phusion polymerase (2 U/µL) 0.5 µL 

ad. 50 µL Nuclease-free H2O ad. 50 µL 
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The PCR program for the DJ-PCR (DJ1 and DJ2) was performed as follows: 

 

Time (DJ1) Cycles (DJ1) Temperature Time (DJ2) Cycles (DJ2) Step 

 

 

2 min 

 
98 °C 

 

98 °C 

 

 

2 min 

 
Hold 

 

Initial denaturation 

30 s 

 

30 s 

 

 

15 

98 °C 

 

66 °C 

30 s 

 

30 s 

 

 

30 

Denaturation 

 

Annealing 

2:15 min 
 

72 °C 2:15 min 
 

Extension 

10 min 
 

72 °C 

 

4 °C 

5 min 
 

Final extension 

 

Hold 

 

 

2.4.4.4 PCR for synthesis of hybridization probes 

The PCR for synthesis of southern hybridization probes were performed using Thermopol buffer 

and Taq DNA polymerase obtained from NEB, Frankfurt, Germany. The standard dNTPs were 

substituted by DIG DNA labeling mix obtained from Roche Diagnostics (Mannheim, Germany) 

(See section 2.4.6). Typically, a 20 µL reaction mix was set up as follows: 

Components Volume 
 

Thermopol Buffer (10x) 2 µL 

 

DIG labeling mix (10x) 2 µL 

Forward/Reverse primers (10 µM) 1 µL each 

Template DNA (50 ng/µL) 1 µL 

Taq DNA polymerase (5 U/µL) 0.3 µL 

 

Nuclease-free H2O ad. 20 µL 
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The PCR cycles were conducted as follows: 

 

Time Temperature Step Cycles 

 

 

30 s 

95 °C 

 

95 °C 

Hold 

 

Initial denaturation 

 

30 s 

 

30 s 

95 °C 

 

57 °C 

Denaturation 

 

Annealing 
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1 min 68 °C Extension 
 

5 min 68 °C 

 

4 °C 

Final extension 

 

Hold 

 

 

 

2.4.4.5 Analyses of gene transcripts using reverse transcription-polymerase chain reaction 

(RT-qPCR) 

To analyze the transcript abundance of SM genes under confrontations, total RNA was isolated 

from C. graminicola, A. nidulans, and B. amyloliquefaciens using the peqGOLD plant RNA kit 

for fungi (See section 2.4.1.3) and a manual method for bacteria (See section 2.4.1.4). RT-qPCR 

was performed using the iTaqTM Universal SYBR® Green One-Step kit (Bio-Rad laboratories, 

California, USA) according to the manufacturer’s instructions in CFX Connect Real-Time PCR 

detection system (Bio-Rad, Singapore). A 10 µL reaction mix was set up as follows: 

Components Volume 

SYBR Green reaction mix (2x) 5 µL 

Forward/Reverse primers (10 µM) 0.2 µL each 

iScript reverse transcriptase (125 x) 0.08 µL 

Nuclease-free H2O 2.52 µL 

RNA (10 ng/µL) 2 µL 
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The PCR cycles were conducted as follows: 

 

Time Temperature Step Cycles 

30 min 

 

10 min 

48 °C 

 

95 °C 

Reverse transcription 

Polymerase activation & 

DNA denaturation 

 

15 s 

 

1 min 

95 °C 

 

60 °C 

Denaturation 

Annealing / Extension 
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10 s 

 

5 s 

95 °C 

 

65 °C 

 

95 °C 

Pre-melting 

Melt-curve start 

Melt-curve end 

 

 

 

A sigmoidal curve-fitting has been performed for all RT-qPCR analyses (Rutledge, 2004) and 

relative transcript abundance was quantified by 2-ΔΔCt method (Livak & Schmittgen, 2001). 

Normalization was carried out using the constitutive housekeeping genes as follows: α-actin for 

C. graminicola (Krijger et al., 2008), actA for A. nidulans (Gao et al., 2011), and gyrA for 

B. amyloliquefaciens (Liu et al., 2022). Each reaction was carried out using three independent 

biological replicates with three technical replicates each. Gene-specific primers used for RT-qPCR 

are listed in the appendix (Refer appendix 7.3, Tables 1, 2, 3, and 4). 

 

 

2.4.5 Deletion of Type I PKS in C. graminicola 

Deletion cassette was created through DJ-PCR (See section 2.4.4.3), following the method 

outlined by Yu and co-workers (Yu et al., 2004). The 5’ - and 3’- flanking regions of the PKS27 

gene (GLRG_10537) were amplified using primer pairs PKSCgF5/PKSCgR5 and 

PKSCgF3/PKSCgR3 with 50 ng of genomic DNA as the template. The hygromycin 

phosphotransferase (hph) cassette was amplified from plasmid pAN7-1 (Punt et al., 1987) 

employing primers UniHygTF and UniHygTR. Subsequently, the 5’- and 3’- flanks were fused 
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with the hph cassette in a DJ-PCR, and the entire construct was amplified using primers PKSCgF5 

and PKSCgR3. The resulting 4055-bp product was inserted into vector pJET1.2/blunt (Thermo 

Fisher Scientific, Waltham, USA) according to the manufacturers’ instructions. Thermocompetent 

E. coli (XL1-Blue strain) cells were prepared according to (Chung et al., 1989) (Details on LB 

medium, TSS buffer, and tetracycline selection marker can be found in appendix 7.2). 

Transformation of thermocompetent E. coli strains and subsequent steps were performed according 

to standard protocol (Details on medium, buffers, and ampicillin selection marker used for 

transformation can be found in appendix 7.2). The deletion constructs were amplified by PCR, 

using primers PKSCgF5 and PKSCgR3 and then transformed into conidial protoplast as described 

by (Werner et al., 2007) (Details on the regeneration medium (RM), yeast extract sucrose medium 

(YES), Sorbitol Tris Calcium chloride (STC) buffer, and Protoplastization solution used can be 

found in appendix 7.2). To aid in screening for positive candidate clones containing the KO cassette 

homologously, genomic DNA was isolated using the DNA isolation method described (See section 

2.4.1.1) from fungus grown in CM. Homologous recombination and correct integration of a single 

copy of the deletion cassette was confirmed by PCR and southern hybridization. For PCR 

screening, primer pairs PKS10537F and PKS10537R were employed. Southern blot was 

conducted to confirm the correct integration site of the KO cassette, using the appropriate enzyme, 

and hybridized with specific probes as following: 411 bp-PKS probe was amplified using 

PKSCgProbeF and PKSCgProbeR. All primers used in the deletion study are listed in the appendix 

(Refer appendix 7.3, Table 5). 

 

 

2.4.6 Southern hybridization 

2.4.6.1 Generation of DIG-labeled probes 

Hybridization probes were produced using a PCR method with Thermopol buffer, with the 

modification of substituting the typical dNTP mix with a mixture containing digoxigenin (DIG)- 

dNTPs (See section 2.4.4.4). This mixture comprised of 1 mM dATP, dCTP, and dGTP, along with 

0.65 mM dTTP each, and 0.35 mM DIG-dUTP (DIG DNA labeling mix, Roche diagnostics, 

Mannheim, Germany). Successful labeling was verified by AGE. Fragments labeled with DIG 

appeared larger in size than the non-labeled reference fragments attributable to the presence of 

digoxigenin. 
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2.4.6.2 Genomic DNA digestion and gel electrophoresis 

DNA samples (8 µg) were digested overnight, approx. 16 hours, employing the restriction enzyme 

BamHI and buffers at 37 ⁰C in Biometra T-personal 48 thermocycler (Biomedizinische Analytik 

GmbH, Göttingen, Germany). The resulting DNA fragments were then separated into a 0.7% 

agarose gel (60 V for 2.5 h) following the addition of 6x loading buffer (Refer appendix 7.2.2). 

 

 

2.4.6.3 Capillary transfer, hybridization, and detection 

Post electrophoresis, the DNA was depurated in 0.25 M HCl for 15 minutes. Subsequently, the gel 

was subjected to incubation in 0.4 M NaOH lasting for 30 minutes to denature the double-stranded 

DNA fragments. The fragmented DNA was then transferred to a positively charged nitrocellulose 

membrane (Hybond-N, GE Healthcare, Amersham, UK) using downward capillary transfer in STC 

buffer (Refer appendix 7.2.2) for approximately 16 hours. 

Following transfer, the DNA fragments on the membrane were cross-linked twice by exposing to 

UV-light (1200 x 100 µJ/cm2). Subsequently, the membrane was pre-hybridized in 20 mL of 

hybridization buffer (Refer appendix 7.2.2) at 65 ⁰C for 2 hours. The denatured probe (previously 

heated to 99 ⁰C for 5 minutes and chilled in ice) was then added to the hybridization buffer and 

incubated overnight at 65 ⁰C (HL-2000 HybriLinker, UVP, Upland, CA, USA). 

Following hybridization, the membrane was washed stepwise employing wash buffer I and wash 

buffer M (Refer appendix 7.2.2) as follows: twice with 2x wash buffer I at room temperature (RT) 

for 5 minutes, once with 0.5x wash buffer I at 68 ⁰C for 15 minutes, once with 0.25x wash buffer 

I at 68 ⁰C for 15 minutes, once with 0.1x wash buffer I at 68 ⁰C for 15 minutes and finally 

equilibrated for 1 minute with wash buffer M at RT. Subsequently, the membrane was incubated 

for 1 hour in blocking buffer (Refer appendix 7.2.2), after which anti-DIG antibody (diluted to 

1:10000, anti-DIG AP Fab-Fragment, Roche Diagnostics, Mannheim, Germany) was added to the 

blocking buffer. Unbound antibodies were removed by three 10-minute washing steps using wash 

buffer M at RT. 

The membrane was briefly immersed in detection buffer (2-minute) (Refer appendix 7.2.2) and 

placed between two plastic sheets after adding few drops of CSPD solution (0.25mM CSPD ready- 

to-use, Roche Diagnostics, Mannheim, Germany), followed by a 5-minute incubation in darkness. 



38  

The membrane was then sandwiched between two plastic sheets and exposed onto an X-ray film 

(Hyperfilm ECL, Amersham Pharmacia Biotech, Freiburg, Germany). The exposure time varied 

depending on the signal strength, ranging from 2 to 4 hours. Finally, the film was developed using 

a fixing and developing solution (CEA Röntgen, Assamstadt, Germany). The X-ray film was 

transferred to a fixing solution (CEA Röntgen Tank-Fixierer) and incubated for 3 minutes followed 

by 1 minute incubation in a developing solution (CEA Röntgen Tank-Entwickler). The film was 

then transferred to water and incubated for 1 minute and visualized. 

 

 

2.5 Metabolomics 

 

2.5.1 Solvent extraction of metabolites by Ethyl acetate 

The extraction of SMs from PDA plates was done as described (Nickles et al., 2021), with 

modifications. At 12 dpi, 3 mm stripes of the edges of solo cultures (25 petri dishes) or of cultures 

at the confrontation sites (100 petri dishes) were excised and transferred into an Erlenmeyer flask. 

In addition, PDA from the confrontation zone without microbial cells were excised. Non-colonized 

PDA served as control. Samples were macerated using an Ultra-Turrax homogenizer (T8.01, IKA 

Labortechnik, Staufen, Germany), suspensions were kept in a shaker (Unitron, Infors AG, 

Bottmingen, Switzerland) for 3 hours at 200 rpm and filtered (Whatman cellulose round filters, 

ø125 mm, Carl Roth, Karlsruhe, Germany). Extracts were dried in a rotary evaporator at 45 ⁰C and 

240 mbar (Laborota 4000, Heidolph Instruments GmbH, Schwabach, Germany). The resultant 

crude extracts were transferred to a pre-weighed glass vial, and dry weights of the crude extracts 

were measured, and samples were adjusted to a concentration of 1 mg / mL methanol. 

 

 

2.5.2 Solid phase extraction (SPE) by C18 column 

The culture filtrates obtained from co-cultivation experiment in PDB was enriched using solid 

phase chromatography extraction (SPE) on a Chromabond C18 column (Machery-Nagel, Düren, 

Germany). The column was conditioned with 1 mL of methanol (MeOH), followed by 1 mL of 

2% (v/v) formic acid. The culture filtrate was loaded onto the column, the column was washed 

twice with 1 mL of water and eluted twice with 1 mL of MeOH containing 2% (v/v) formic acid. 

The eluates were dried under vacuum (Concentrator Plus, Eppendorf AG, Hamburg, Germany) for 
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6 h at 40 ⁰C and subsequently dissolved in 70% (v/v) MeOH in an ultrasonic bath (Elmasonic S 

100KH, SK Sonic, Mörfelden-Walldorf, Germany) for 30 min. The eluates were then centrifuged 

at 13000 g for 10 min at 20 °C. 

 

 

2.5.3 Liquid Chromatography - Tandem mass spectrometry (LC-MS/MS) 

Untargeted metabolome analyses using LC-MS/MS was conducted by Dr. Henriette Uthe at the 

German Centre for Integrative Biodiversity Research (iDiv) and the Leibniz Institute for Plant 

Biochemistry (IPB). LC-ESI-Q-ToF-MS measurements were based on (Böttcher et al., 2009) with 

several modifications. Chromatographic separations were performed at 40 °C on an UltiMate™ 

3000 Standard Ultra-High-Pressure Liquid Chromatography system (Thermo Fisher Scientific, 

Vilnus, Lithuania) equipped with an Acclaim Rapid Separation Liquid Chromatography (RSLC) 

120 column (150 x 2.1 mm, particle size 2.2 µm, Thermo Fisher Scientific, Vilnus, Lithuania). The 

following gradient was used at a flow rate of 0.4 mL/min: 0 - 1 min, isocratic 95% A [water/formic 

acid 99.95/0.05 (v/v %)], 5% B [acetonitrile/formic acid 99.95/0.05 (v/v %)]; 1 - 2 min, linear 

gradient from 5 to 20% B; 3 - 8 min, linear gradient from 20 to 25% B; 8 - 16 min, linear gradient 

from 25 to 95% B; 16 - 18 min, isocratic 95% B; 18 - 18.01 min, linear from 95 to 5% B; 18.01 - 

20 min, isocratic 5% B. The injection volume was 3 μL (full loop injection). Eluted compounds 

were detected from m/z 90 to 1600 at a spectra rate of 5 Hz using an ESI-UHR-Q-ToF-MS (maXis 

impact, Bruker Daltonics, Bremen, Germany) equipped with an Apollo 2 electrospray ion source 

in positive ion mode. The instrument settings for positive ion mode : nebulizer gas, nitrogen, 2.5 

bar; dry gas, nitrogen, 11 L min - 1, 220 °C; capillary voltage, 4500 V; end plate offset, 500 V; 

funnel 1 radio frequency (RF), 200 Volts peak-to-peak (Vpp); funnel 2 RF, 220 Vpp; in-source 

collision-induced dissociation (CID) energy, 0.0 eV; hexapole RF, 120 Vpp; quadrupole ion 

energy, 4 eV; quadrupole low mass, 100m/z; collision gas, nitrogen; collision energy, 10 eV; 

prepulse storage, 7 µs. Stepping: on; basic mode; collision cell RF, from 400 Vpp to 1000 Vpp; 

transfer time, from 30 µs to 70 µs, timing; 50 % / 50 %, collision energy for MSMS, 80 %, timing 

50% / 50%. Calibration of the m/z scale was performed for individual raw data files on sodium 

formate cluster ions obtained by automatic infusion of 1.66 µL/min of 10 mM sodium format 

solution of NaOH in 50/50 (v/v %) isopropanol/water containing 0.2% (v/v) formic acid at the end 

of the gradient (HPC mode). For the acquisition of CID (collision induced dissociation) mass 

spectra, the same settings as above were used with additional settings for data dependent 
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acquisition (AutoMSMS): Mode: CID, intensity threshold 600, number of precursors, 3; precursor 

background subtraction on, active exclusion on after 2 spectra, release after 0.5 min, smart 

exclusion, on, 5x; isolation and fragmentation settings, size and charge dependent, width 3-15 m/z, 

collision energy 20-30 eV, charge states included: 1z, 2z, 3z. 

 

 

2.5.4 Data processing and annotation 

Pre-processing of data from LC-MS/MS was conducted by Dr. Henriette Uthe. LC-MS and 

MS/MS data were processed with MetaboScape 5.0 (Bruker Daltonics, Bremen, Germany), using 

Bruker’s T-ReX 3D algorithm with the following settings: intensity threshold 1000 counts, 

minimum peak length 7 spectra, feature signal = intensity, and mass recalibration auto-detect. 

Recursive feature extraction: minimum peak length (recursive) 5 spectra, a minimum number of 

features for recursive extraction 6 of 213. Bucket filter: Presence of features in a minimum number 

of analyses 6 of 213. 

Annotation of compounds was based on 1) an in-house library of analytical standards and known 

plant metabolites according to mass, retention time (rt) and spectrum, 2), the KNApSAcK family 

(Afendi et al., 2012) considering mass and spectral similarity to compound class, and 3) via 

spectral similarity to the databases NIST17, WEIZMASS (Shahaf et al., 2016), Sumner Spectral 

library (Bruker Daltonics, Bremen, Germany), MoNA (https://mona.fiehnlab.ucdavis.edu/), GNPS 

(https://gnps.ucsd.edu/), ReSpect (Sawada et al., 2012) and an in-house database via the spectral 

library search function of MetaboScape. 

 

 

2.5.5 Post data-processing 

Post-data processing of the metabolome using bioinformatic tools was conducted by Dr. Yvonne 

Poeschl at iDiv and the Institute of Biometrics and Agricultural Informatics, Martin Luther 

University, Halle (Saale), Germany. Features obtained from preprocessing of metabolome data 

were uniquely characterized by a pair of mz and rt values. Features can be seen as putative 

compounds. The feature or compound table resulting from MetaboScape data processing contained 

samples derived from the assay but also quality control samples like ACN samples and a PDA 

sample. These are used to account for technical contamination during the MS analysis on 
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instrument and for unwanted background compounds from the medium (PDA). Hence, only 

compounds that were not detected in ACN or PDA samples and are additionally marked with 

“include” by MetaboScape are retained. Other compounds were removed from the compound table 

and excluded further analyses. Also, corresponding ACN and PDA samples were removed. To 

account for unreliable measurements, uncertain intensities below 1500 were set to 0. The threshold 

of 1500 corresponds to the same value used in MetaboScape. 

 

 

2.5.6 Data analyses 

With respect to the C. graminicola confrontation study, compounds were considered present in the 

confrontations if found in at least one sample. To streamline analysis, three samples were merged 

into one artificial sample representing the confrontation. Overlapping compounds with two control 

samples were then computed and visualized using Venn diagrams. Two subsets were generated for 

each confrontation assay: one containing all compounds produced and another containing 

exclusively produced compounds not found in corresponding control assays. The final compound 

tables include the three confrontation assay samples and the described subsets of compounds. 

 

 

2.5.7 Plots generation for metabolome dataset 

The confrontation assays employing tripartite system (based on three sample positions - 

Supporting Figures S4A, C. graminicola vs B. amyloliquefaciens and S4B, C. graminicola vs. 

A. nidulans) in petri dishes were used to create seven distinct prototype profiles representing 

different combinations of compound presence or absence. These profiles range from “present _ 

present _ present” to “not-present _ not-present _ present”. These profiles were utilized in the 

Profile-Interaction-Finder (PIF) algorithm, developed by (Poeschl et al., 2014; Trenner et al., 

2016), to categorize compounds into sets based on their similarity to these prototype profiles. Each 

set is defined by the shape of the corresponding profile. Compounds are assigned to the profile 

they most closely resemble based on their intensity, allowing for a systemic analysis of compound 

distribution across the sample positions in the petri dish. 

Sunburst plots were employed to visually represent hierarchical data. Such as annotation 

information, in a structured manner from the most general to the most specific levels. These plots 
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consist of circular rings, each representing a different level of hierarchy from the innermost to the 

outermost ring. The fractions displayed within the rings denote specific proportions of the data. In 

the context of metabolome, annotation information typically includes compound classes ranging 

from superclass to most specific subclass. The fractions depicted in the rings can be calculated 

either based on the frequency of compound classes or by aggregating the measured intensities of 

compounds within each class. 

In C. graminicola project involving two confrontations (C. graminicola vs. B. amyloliquefaciens 

and C. graminicola vs. A. nidulans), a composite compound table from assay-specific tables was 

created based on sorting by RT. Subsequently, compounds with matching pairs of mz and rt values 

were identified across both tables, allowing for slight deviation of 0.001 in mz values and up to 10 

seconds in rt. This process yielded the composite compound table, facilitating comparative 

analyses and visualization using alluvial plots. 

The analysis of compound table was conducted using R software (RCoreTeam, 2022) 

(https://www.R-project.org/) along with specific packages: ggplot2 (Wickham, 2016) for 

generating violin plots, line plots, and bar plots; plotly (Sievert, 2020) for creating sunburst plots; 

ggalluvial (Brunson & Read, 2019) for constructing alluvial plots; and eulerr (Larsson, 2018) for 

generating Venn diagrams. These tools facilitated the exploration and visualization of the 

compound data, enabling comprehensive insights into the metabolome profiles derived from the 

assays. 

 

 

2.5.8 Computational toxicity by ProTox 3.0 

To evaluate the toxicity of various compound classes, ProTox 3.0 webserver was employed 

(https://tox.charite.de/protox3/index.php?site=compound_input) (Banerjee et al., 2024). This in 

silico tool predicts the acute toxicity of chemical compounds by estimating the median lethal dose 

(LD50). Each compound was individually analyzed, which categorizes toxicity into six classes 

namely class 1 (LD50 ≤ 5), class 2 (5 < LD50 ≤ 50), class 3(50 < LD50 ≤ 300), class 4 (300 < LD50 

≤ 2000), class 5 (2000 < LD50 ≤ 5000) and Class 6 (LD50 > 5000). The compounds were 

subsequently color-coded according to their respective toxicity classes for clear visualization and 

comparative analysis. 

https://www.r-project.org/
https://tox.charite.de/protox3/index.php?site=compound_input
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2.5.9 Molecular networking and compound classification 

LC-MS/MS data obtained for the co-cultivation experiment in PDB medium was analyzed by 

Global Natural Products Social Molecular Networking (GNPS v1.3.16) using the mzML format 

for positive mode ionization (Wang et al., 2016). GNPS was performed by Diana Astrid Barrera 

Adame from the Institute of Pharmacy, Martin Luther University, Halle (Saale), Germany. A 

molecular network was created with a cosine score above 0.7, and the minimum number of 

matched fragments ions was adjusted to 6. Further edges between two nodes were kept in the 

network only if each of the nodes appeared in each other’s respective top 10 most similar nodes. 

Additionally, before networking, the filter “Spectra from G6” was set as “Blank”. The MS/MS 

spectra were searched against GNPS’ spectral libraries, using a minimum of 6 matched fragments 

for spectral matching. Cytoscape v3.9.0 was employed for molecular network visualization. 

Manual classification of compound clusters was achieved by submitting the mzML output files 

from MSConvertGUI (v3.0.19330, ProteoWizard, USA) to Sirius 5.7.2 + CSI: FingerID + 

Canopus for prediction of the elemental composition (C,H,N,O,S,P) (Dührkop et al., 2019; 

Dührkop et al., 2021; Dührkop et al., 2015; Shen et al., 2014) and molecular structure database 

search with m/z tolerance set to 5 ppm. 

 

 

2.6 Microscopical examination 

Differential interference contrast (DIC) and fluorescence microscopy were performed with a 

Nikon Eclipse 600 microscope (Nikon, Düsseldorf, Germany). Digital images were taken with a 

Nikon microscope camera DS-Ri2, and the image processing was performed with NIS-Elements 

imaging software (Nikon). 

 

 

2.6.1 Calcofluor white staining 

A Calcofluor white stain (CFW) (Refer appendix 7.2.3) dissolved in 10% KOH (1:1) was used to 

stain fungal cell walls (Monheit et al., 1984). Antagonists-induced distortions of hyphae were 

examined by excising thin squared slices of mycelia at the confrontation interface with a sterile 

blade and placed on a clean glass slide. About 20 µL of CFW was applied to the sample and was 

covered with a sterilized coverslip. The specimen was sealed with foil and incubated for 10 minutes 
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at RT before being visualized by fluorescent microscopy. A 40X plan Fluor leans at an excitation 

wavelength of 350 nm and a laser light transmission of 25% was used for imaging. 

 

 

2.6.2 FM lipophilic styryl dye staining 

FM dyes are lipophilic styryl compounds used in studies concerning plasma membrane and 

vesiculation. A commercially available FM4-64 dye (Thermo Fisher Scientific, Schwerte, 

Germany) (Refer appendix 7.2.3) was used in this study to stain the fungal mycelia (Vida & Emr, 

1995). 5µL (1 µg/mL) of the red lipophilic dye was used on the specimen, sealed with a foil, and 

incubated for 20 minutes on ice. Mycelia was then washed with HBSS (Thermo Fisher Scientific, 

Illinois, USA), and the specimen was visualized by fluorescent microscopy. A 40X Plan Fluor lens 

at an excitation wavelength of 633 nm and an emission wavelength ranging between 580 to 660 

nm (650LP detection channel) was employed. 

 

 

2.6.3 Schaeffer-Fulton staining 

Bacterial endospores were visualized by employing the Schaeffer-Fulton staining technique with 

the use of malachite green and safranin (Schaeffer & Fulton, 1933). The staining process involves 

heat-fixing a bacterial smear on a slide and flooding it with malachite green, which penetrates the 

endospores. After cooling, excess stain is removed from vegetative cells with water. 

Counterstaining with safranin highlights vegetative cells pink, while endospores retain their green 

color. 

 

 

2.7 Cytotoxicity assay 

Cell viability studies and post data processing were carried out by Dr. Robert Rennert at IPB. In 

this study, the impact of metabolic extracts from confrontation cultures of A. nidulans against B. 

amyloliquefaciens, B. subtilis, and T. roseum were assessed. The viability and proliferation of 

human cells were evaluated using in vitro cell viability assays with HEK-293 (human embryonic 

kidney) and HCT-116 (colorectal carcinoma) cell lines. Both cell lines were obtained from ATCC 

(Manassas, VA, USA) and DSMZ (Braunschweig, Germany), respectively. For cell culture, MEM 
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(high glucose) and McCoy’s 5A basal media, fatal calf serum (FCS), L-glutamine (200 mM), 

phosphate buffered saline (PBS), and 0.05% trypsin-EDTA were purchased from Capricorn 

Scientific GmbH (Ebsdorfergrund, Germany). Trypan blue was procured from Invitrogen 

(Waltham, MA, USA), resazurin and digitonin were from Sigma Aldrich (Taufkirchen, Germany), 

and DMSO was from Duchefa Biochemie (Haarlem, The Netherlands). Cell culture plastics were 

supplied by TPP (Trasadingen, Switzerland), Greiner Bio-One (Frickenhausen, Germany), and 

Sarstedt (Nümbrecht, Germany). The HEK-293 and HCT-116 cells were maintained in their 

respective growth media: MEM (high glucose) for HEK-293 and McCoy’s 5A for HCT-116, each 

supplemented with 10% heat-inactivated FCS and 2 mM L-glutamine. Cells were cultured in T-75 

flasks in a humidified atmosphere with 5% CO2 at 37 ⁰C until they reached 70 -80% sub confluency 

before being sub-cultured or used in assays. Cells were rinsed with PBS and detached using 0.05% 

trypsin-EDTA in PBS for passaging and seeding. 

The effects of the extracts on cell viability and proliferation were evaluated using fluorometric 

resazurin-based cell viability assays, following a protocol established by (Kufka et al., 2019; Lam 

et al., 2023). HEK-293 cells were seeded at 6,000 cells/well and HCT-116 cells at 10,000 cells/well 

in 96-well plates, achieving an initial confluency of 10-20%. Cells were allowed to adhere 

overnight and then treated for 48 hours with metabolic extracts from confronted A. nidulans, as 

well as reference extracts from PDA and non-confronted A. nidulans, in a concentration range of 

0.98-250 µg/mL. Controls included 0.5% DMSO (negative control, set to 100% cell viability). 

After the 48 hours treatment, media were discarded, and cells were rinsed with PBS. Fresh 

resazurin solution in basal medium was added to a final concentration of 50 µM and cells were 

incubated under standard conditions for 2 hours. The conversion of resazurin to resorufin by viable 

cells was measured fluorometrically (λexc. 540 nm / λem. 590 nm) using a SpectraMax iD5 

multiwell plate reader (Molecular Devices, San Jose, USA). Data were collected from at least four 

biological replicates with technical triplicates. IC50 (half-maximal inhibitory concentration) curves 

and values were determined using a four-parameter function and GraphPad Prism v10.1 software 

(San Diego, CA, USA). 
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2.8 Bioinformatic tools 

In silico sequence analyses, gene deletion, gene fusion, and primer construction were made using 

Clone Manager 9 professional (Sci-Ed, Cary, NC, USA) 

Phylogenetic analyses was conducted using MEGA11 software (Tamura et al., 2021) and MrBayes 

(Huelsenbeck & Ronquist, 2001). The query sequence was blasted with the available highly similar 

sequences in the GenBank database by using the BLAST algorithm 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1997) and thereafter aligned with our 

query sequence using the MUSCLE algorithm in MEGA 11. The sequences for alignment were 

chosen based on sequence homology and various literature searches. The aligned sequences were 

used to determine the optimal evolutionary model based on Akaike’s Information Criterion (AIC) 

(Luo et al., 2010). Further, the conversion to NEXUS file via MEGA11 was performed and 

imported into MrBayes v3.2.7a for the construction of phylogenetic tree (Huelsenbeck & Ronquist, 

2001). MrBayes relies on the Markov chain Monte Carlo (MCMC) numerical method to estimate 

the posterior probability distribution of model parameters. The acquired data was visualized using 

FigTree v1.4.4 (Rambaut, 2010) (http://tree.bio.ed.ac.uk/software/figtree/) to generate a 

phylogenetic tree based on branch probabilities. 

Statistical differences between groups were performed using a single-factor ANOVA test, 

followed by Tukey-HSD with an alpha degree of p < 0.05. The data were assessed with the help 

of Microsoft Excel and R (RCoreTeam, 2022). 

 

 

2.9 Photography 

All photographs of petri dishes, conical flasks, and plants were shot in Sony Cyber-shot DSC- 

HX100V camera (Minato, Tokyo, Japan). 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://tree.bio.ed.ac.uk/software/figtree/
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3 Results 

 

3.1 Metabolic re-programming in confrontations of C. graminicola and A. nidulans with 

Bacillus biocontrol agents 

 

3.1.1 Confrontations between C. graminicola and different Bacillus species on MM cause 

formation of hyphal conglobations 

On MM, C. graminicola exhibits radial growth and develops filamentous hyphae, as shown by 

DIC and fluorescence microscopy after CFW staining (Figure 3A). Under UV-light, fungal 

colonies show only background auto-fluorescence (Figure 3A). In contrast, all Bacillus species 

tested exhibited massive fluorescence under UV-light (Figure 3B, green arrow). The fact that 

fluorescence surrounded the entire bacterial colony suggested that fluorescing compounds are 

constitutively produced and secreted into the medium, and that C. graminicola encounters these 

and other compounds at confrontation sites. 

The effects of these Bacillus SMs on C. graminicola are notable. Indeed, microscopy of fungal 

hyphae confronting colonies of B. amyloliquefaciens, B. subtilis, or B. velezensis exhibited severe 

swellings, similar as those induced by cyclic lipopeptides such as iturin A or plipastatin A (Gong 

et al., 2015) produced by Bacillus species (Figures 3C - 3E, arrowheads). Fluorescence around 

Bacillus colonies and occurrence of hyphal conglobations at confrontation sites revealed that SMs 

are present in the inhibition zone. Intriguingly, in interactions with B. amyloliquefaciens and B. 

velezensis, but not in the interaction with B. subtilis, a red pigment was formed (Figures 3C and 

3E, red arrows), suggesting differential secretion of SM(s) at specific confrontations. 
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Figure 3. In vitro microbial confrontations of the maize pathogen C. graminicola and 

biocontrol Bacillus spp. on MM agar at 12 days post inoculation (dpi). 

(A, B) show solo cultures of C. graminicola and B. subtilis. (C - E) Confrontations between C. graminicola 

and B. amyloliquefaciens, B. subtilis, and B. velezensis. Circled areas of the plates show UV light excitation; 

DIC and fluorescence microscopy images after CFW staining of hyphae (highlighted in rectangles) are 

displayed below the petri dishes. Arrowheads in (A) point to smooth hyphae of the fungus, while 

arrowheads in (C - E) indicate hyphal protrusions in response to biocontrol bacteria. Green arrows denote 

fluorescing chemistries secreted by Bacillus strains, and red arrows indicate red discoloration of fungal 

mycelia. Scale bars represent 20 µm. CFW, Calcofluor White; DIC, Differential Interference Contrast; UV, 

Ultraviolet. 

 

 

Not only on solid substrata, but also in liquid medium, confronting interactions between 

C. graminicola and A. nidulans with the biocontrol bacterium B. amyloliquefaciens were observed 

(Figure 4). In co-cultures both fungi formed smaller ball-like colonies, in comparison to large- 

diameter colonies formed in solo cultures (Figure 4, compare mono- and co-cultures, left panel, 

white boxes). Moreover, like on solid substrata, hyphae of the maize anthracnose fungus 

C. graminicola exhibited large protrusions in co-cultures in liquid PDB, rather than hyphal 
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filaments, as revealed by DIC and fluorescence microscopy after CFW-staining (Figure 4, C. 

graminicola + B. amyloliquefaciens, blue arrowheads; compare with Figure 3, C. graminicola vs 

B. amyloliquefaciens, DIC and CFW, white arrowheads). Intriguingly, by contrast, the hyphal 

morphology of A. nidulans appeared to be not affected by the biocontrol bacterium (Figure 4, A. 

nidulans + B. amyloliquefaciens, DIC and CFW). These findings highlight the complexity and 

differential interactions between fungus and bacteria, where Bacillus-derived SMs significantly 

affect fungal growth and morphology, potentially offering insights into toxic biocontrol 

mechanisms. 

 

 

Figure 4. Phenotypical and microscopical observation of micro-organismic interaction 

between C. graminicola and A. nidulans with B. amyloliquefaciens in PDB. 

Photographs were taken at 12 dpi. The left panel shows mycelial balls from control and confrontation 

samples (indicated by white squares). The right panel presents microscopy images of fungal hyphae 

obtained by DIC and fluorescence microscopy after CFW staining. The arrowhead indicates regions of large 

hyphal swelling. Size bars represent 20 µm. CFW, Calcofluor White; DIC, Differential Interference 

Contrast. 
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3.1.2 Confrontational  metabolome  of  liquid  co-cultures  of  C.  graminicola  and 

B. amyloliquefaciens indicated major metabolic re-programming 

Changes in pigmentation, presumably indicative of altered secondary metabolism were clearly 

seen in culture filtrates obtained from the confrontations, but not or to lesser extent in those of solo 

cultures (Figure 5A). 

In order to detect metabolic differences of mono-cultures of C. graminicola and co-cultures of this 

fungus with B. amyloliquefaciens, the culture filtrates were analyzed by LC-MS/MS, and the data 

were compared using the GNPS platform (Allard et al., 2016). The resulting molecular networking 

of the co-cultivated C. graminicola + B. amyloliquefaciens samples consisted of 417 nodes 

representing compound ions, as compared with 310 and 315 ions detected in the mono-cultures of 

C. graminicola and B. amyloliquefaciens, respectively (Figure 5B). The global molecular 

networking-based Venn diagram displays the ion distribution obtained from culture filtrates of 

mono- and co-cultures (Figure 5C). Importantly, 96 ions, many of which belong to the fatty amines 

according to prediction with the software SIRIUS (https://bio.informatik.uni- 

jena.de/software/sirius/), were only present in the co-culture. Several ions indicative of highly 

unsaturated compounds as well as α-amino acids and their derivatives were formed by B. 

amyloliquefaciens monocultures (Figures 5B and 5C). 

Collectively, LC-MS/MS analyses showed an enormous plasticity of metabolic responses in this 

microbial confrontation. The assumption that microbial confrontations would modify SM 

production led to the discovery that SM formation can easily be visualized in liquid media. The 

method described here would be applicable to two- or multi-membered consortia and may allow 

preliminary evaluation of consumers’ risks imposed by biological control agents at early stages of 

legislation. 

https://bio.informatik.uni-jena.de/software/sirius/
https://bio.informatik.uni-jena.de/software/sirius/
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Figure 5. Metabolome re-programming in liquid cultures under confrontations at 12 dpi. 

(A) Induction of SM formation in C. graminicola and A. nidulans co-cultivated with B. amyloliquefaciens, 

compared to their respective solo cultures. (B) Global molecular network of the co-culture between 

C. graminicola and B. amyloliquefaciens. Nodes represent detected ions: White nodes for ions from 

C. graminicola solo cultures, light-blue nodes for ions from B. amyloliquefaciens solo cultures, and dark- 

blue nodes for ions from co-cultures. Clusters unique to co-cultivation include fatty amines and amino acid 

derivatives, indicating specific metabolome reprogramming during microbial. (C) Venn diagram based on 

the molecular network, showing unique and shared ions among the cultures. Red indicates ions obtained 

from fungal solo culture, green from bacterial solo culture, and purple from co-cultures, with 96 unique 

ions identified in the co-culture. 
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3.2 Microorganismic confrontations elicit a wide spectrum of SMs with potential human 

toxicity 

3.2.1 Confrontations of the maize pathogen C. graminicola with the biocontrol bacterium 

B. amyloliquefaciens or the saprophytic model fungus A. nidulans 

The biocontrol bacterium B. amyloliquefaciens effectively inhibits anthracnose disease symptom 

expression caused by the pathogen C. graminicola (Fig 6A). To characterize microbial 

interactions,  confrontations  of  the  maize  anthracnose  fungus  C.  graminicola  with 

B. amyloliquefaciens and with the non-pathogenic model fungus A. nidulans were established in 

vitro (Fig 6B). In both interactions, distance inhibition (Bertrand et al., 2014) occurred at the 

confrontation sites, suggesting secretion of inhibitory chemistries (Figures 6B and 6C). The fact 

that growth inhibition did not occur opposite of the confrontation partner nor on split petri dishes 

argues that inhibitory chemistries were not volatile (Figure 6B and Supporting Figure S1). 

Fluorescence microscopy of Calcofluor White-stained hyphae of C. graminicola confronting B. 

amyloliquefaciens and DIC microscopy revealed massive conglobations (Figure 6D, arrowheads) 

and vacuolation, as indicated by FM4-64 staining (Figure 6D, DIC, arrows in insert). 

Conglobations and vacuolation are known to be induced in fungal hyphae by bacterial cyclic 

lipopeptides such as iturin A and/or plipastatin A, respectively (Gong et al., 2015). In fact, large 

swellings were also observed in C. graminicola hyphae growing in the vicinity of filter disks 

soaked with commercially available iturin A (Supporting Figures S2A, Iturin A and S2B). Hyphae 

of C. graminicola from control plates (Figure 6D, C. graminicola) and from confrontations with 

A. nidulans (Figure 6D, C. graminicola vs. A. nidulans) were normal filaments, with regularly 

spaced septae (Figure 6D, Calcofluor White, arrows). Importantly, environmental communities of 

microorganisms isolated from maize leaf surfaces by imprinting onto a petri dish only rarely 

exhibit inhibition zones (Figure 6E). 

Collectively, these data suggest that growth of both confrontation partners of the C. graminicola 

vs. B. amyloliquefaciens and of the C. graminicola vs. A. nidulans interaction are strongly inhibited 

at the confrontation zone, resulting in distance inhibition. Moreover, these data highlight that non- 

volatile secreted inhibitory compounds, either newly formed or modified in the confrontation, 

represent molecular determinants of the outcome of the interactions between the maize 

anthracnose fungus and either a biocontrol bacterium or a ubiquitous fungus. 
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Figure 6. In vitro confrontation assay with the maize pathogen C. graminicola versus. the 

biocontrol bacterium B. amyloliquefaciens or the ubiquitous fungus A. nidulans. 
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(A) Maize leaves inoculated with C. graminicola showed severe anthracnose disease symptoms, but leaves 

pre-treated with B. amyloliquefaciens did not. Leaves only treated with B. amyloliquefaciens and mock- 

inoculated leaves showed no disease symptoms. Photos were taken at 7 dpi. (B) Confrontation assay 

between C. graminicola and B. amyloliquefaciens or A. nidulans on PDA indicate distance inhibition. White 

asterisks indicate C. graminicola. Photos were taken at 12 dpi. (C) Distance between microbial colonies 

indicated distance growth inhibition at 12 dpi. Error bars represent + SDs and asterisk indicate significant 

differences between the samples (*** p < 0.001). (D) Microscopy revealed that hyphae of C. graminicola 

formed swellings in confrontation with B. amyloliquefaciens, but not with A. nidulans or in solo cultures. 

The cell wall dye Calcofluor white visualized hyphal swellings in confrontation with B. amyloliquefaciens 

(Calcofluor White; arrowheads) and thin hyphae with regularly spaced septae (Calcofluor White; small 

arrows). The membrane dye FM4-64 (DIC, inserts) highlighted vacuolization in confrontation with B. 

amyloliquefaciens (FM4-64, arrows). Photos were taken at 12 dpi. The merged image displays the overlay 

of DIC and CFW channels. Scale bar represents 50 µm. (E) A maize leave imprint on GYM medium 

showing diverse microbial colonies contacting each other without inhibition zones. Experiments were 

performed in triplicates. DIC, Differential Interference Contrast; Cg vs. Ba, C. graminicola vs. 

B. amyloliquefaciens; Cg vs. An, C. graminicola vs A. nidulans. 

 

 

3.2.2 The confrontational transcriptome 

To identify genes de-regulated in confrontations of C. graminicola with B. amyloliquefaciens or 

A. nidulans, mRNA was isolated from the peripheral 5 mm of three individual colonies of each 

partner facing the confrontation zone. RNA extracted from margins of three independent solo 

cultures of C. graminicola, B. amyloliquefaciens and A. nidulans growing on control plates without 

a confrontation partner served as controls. The three independent libraries of C. graminicola, B. 

amyloliquefaciens and A. nidulans solo cultures yielded a total of 23.9, 32.2, and 32.7 million clean 

reads, respectively. From the confrontation with B. amyloliquefaciens and A. nidulans, 43.2 and 

33.5 million clean reads were obtained for C. graminicola, and 40.2 and 34.6 million clean reads 

were obtained for B. amyloliquefaciens, and A. nidulans. The obtained clean reads were mapped 

to the 12,399 genes of the C. graminicola reference genome and to the 4,147 and 10,518 genes of 

the B. amyloliquefaciens and A. nidulans reference genomes (See section 2.4.3.1), respectively. 

DEGs in individual microbes in distinct confrontations were identified by DESeq2, with a -fold 

change (FC) of > 2 defined as upregulated, and a FC of < 0.5 as downregulated. 

PCA showed clear separation of three independent biological repeats of pure cultures of C. 

graminicola (Cg), B. amyloliquefaciens (Ba) and A. nidulans (An) and the confrontations between 

C. graminicola and B. amyloliquefaciens (Cg vs. Ba) or C. graminicola and A. nidulans (Cg vs. 

An) (Figures 7A - 7C). The dissimilarities between the groups were supported by the heatmaps of 
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the correlation matrices, with sample clustering based on the normalized transcript counts (Figures 

7D - 7F). In all confrontations, more genes showed decreased than increased transcript abundances 

in all partners. In C. graminicola, confrontations with B. amyloliquefaciens or A. nidulans resulted 

in a total of 1,606 and 2,389 DEGs, respectively, with 570 showing increased and 1036 decreased 

transcript abundances in the confrontation with the bacterium, and 892 showing increased and 

1497 decreased transcript abundances in the confrontation with A. nidulans (Figure 7G, Cg vs. Ba 

and Cg vs. An). Nine-hundred-and-thirty-five DEGs were specific for the C. graminicola vs. B. 

amyloliquefaciens confrontation, and 1718 distinct DEGs were identified in the C. graminicola vs. 

A. nidulans confrontation. Highlighting the specificity of responses in the fungus vs. bacterium 

and fungus vs. fungus interaction, only 671 DEGs were shared in both confrontations (Figure 7H). 

Intriguingly, 82 of all DEGs of Colletotrichum in the confrontation with B. amyloliquefaciens and 

116 in the confrontation with A. nidulans belonged to the category of secondary metabolism genes. 

Thus, more than 50% of the 300 C. graminicola genes categorized as SM genes (O'Connell et al., 

2012) were de-regulated in the microbial confrontations studied, with 12% of the SMBGC genes 

de-regulated in both confrontations (Figure 7I). While more SM genes showed increased transcript 

abundances in the confrontation partners, more SM genes showed decreased transcript 

concentrations in C. graminicola in confrontations (Figure 7J). 

Due to the establishment of distance inhibition in the confrontations of C. graminicola with the 

bacterial and with the fungal partner (Figure 6B), and due to the prominent response of SM genes 

(Figure 7I), I decided to study genes organized into SMBGCs in more detail. 
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Figure 7. Transcriptome analysis of DEGs under confrontations. 
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(A) Principal component analyses (PCA) show clear cluster separation of C. graminicola (Cg) solo cultures 

and hyphae confronting B. amyloliquefaciens (Cg vs. Ba) or A. nidulans (Cg vs. An). (B) PCA plot showing 

distinctness of B. amyloliquefaciens (Ba) solo cultures and cultures confronting C. graminicola (Ba vs. Cg). 

(C) PCA plot showing distinctness of solo cultures of A. nidulans (An) and mycelia confronting 

C. graminicola (An vs. Cg). Sample groups are indicated by different color codes. Each replicate is plotted 

as an individual data point. (D) Heatmap of the sample-to-sample distance matrix obtained from solo 

cultures of C. graminicola and confrontations with B. amyloliquefaciens and A. nidulans. (E) Heatmap of 

the sample-to-sample distance matrix of B. amyloliquefaciens solo cultures and cultures confronting 

C. graminicola. (F) Heatmap of the sample-to-sample distance matrix of A. nidulans solo cultures and 

cultures confronting C. graminicola. The color codes in figures (D - F) indicate the distance between the 

samples, as based on the Z-score. Dark blue denotes shorter distance i.e., replicates are grouped closer in 

distance. (G) DEGs identified in different confrontations and confrontation partners. Red and blue bars 

indicate increased (FC > 2) and decreased (FC < 0.5) transcript abundances with adjusted p < 0.05. 

(H) Venn  diagram  representing the distribution of the  DEGs  of  C.  graminicola  confronting 

B. amyloliquefaciens (Cg vs. Ba) or A. nidulans (Cg vs. An). The number in the overlap denotes the mutual 

DEGs between distinct confrontations. (I) Scatter plot showing confrontation-specific and shared DEGs of 

C. graminicola. Genes are grouped according to functional categories. (J) Bar graph showing the number 

of SM genes deregulated in different confrontation partners in distinct confrontations. Red and blue bars 

indicate increased and decreased transcript abundances of differentially expressed SM genes. Experiments 

were performed in triplicates. Cg, C. graminicola; Ba, B. amyloliquefaciens; An, A. nidulans; Cg vs. Ba, 

C. graminicola vs. B. amyloliquefaciens; Cg vs. An, C. graminicola vs A. nidulans; Ba vs. Cg, 

B. amyloliquefaciens vs. C. graminicola; An vs. Cg, A. nidulans vs. C. graminicola; DEGs, Differentially 

Expressed Genes; SMBGC, Secondary Metabolite Biosynthetic Gene Cluster; PC, Principal Component; 

TFs, Transcription Factors; CAZymes, Carbohydrate-Active Enzymes; Z-score, Standard normal 

distribution. 

 

 

In C. graminicola, 300 genes belong to 42 SMBGCs (O'Connell et al., 2012). Twenty-nine and 36 

of these clusters harbor at least one transcriptionally de-regulated gene in the confrontation with 

B. amyloliquefaciens or A. nidulans, respectively (Figures 8A and 9A). 

 

In the confrontation with B. amyloliquefaciens, 40 SM genes present in 29 SMBGCs of C. 

graminicola showed increased and 42 showed reduced transcript abundances (Figures 8A and 7J, 

Cg vs. Ba). The de-regulated genes included 12 PKS, 2 NRPS, and 1 PKS-NRPS hybrid gene. 

Interestingly, in SMBGC 27, harboring a core PKS gene called PKS27 (GLRG_10537), 17 out of 

18 SM genes showed increased transcript concentrations (Figure 8A, SMBGC 27). 

In the confrontation with A. nidulans, 47 and 69 SM genes of C. graminicola, organized into 36 

SMBGCs, showed increased and decreased transcript abundances, respectively (Figures 9A and 

7J, Cg vs. An). Genes de-regulated in this fungus vs. fungus confrontation included 17 PKS, 3 
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NRPS, and 4 PKS-NRPS hybrid genes. Again, highlighting the specificity of the SM response, 45 

and  79  SM  genes  of  C.  graminicola  were  de-regulated  in  the  confrontation  with 

B. amyloliquefaciens or A. nidulans, respectively, and only 37 were de-regulated in both 

confrontations (Figures 8A and 9A). RT-qPCR experiments confirmed de-regulation of genes of 

SMBGCs 27 and 35 under confrontations with B. amyloliquefaciens and A. nidulans and supported 

RNA-Seq data (Supporting Figures S3A and S3C). 

In B. amyloliquefaciens confronting C. graminicola (Ba vs. Cg), a total of 1016 significantly 

DEGs, with 480 showing increased and 536 decreased transcript abundances was recorded (Figure 

7G, Ba vs. Cg). Of these 1016 DEGs, 113 SM genes were organized into 11 SMBGCs of 

B. amyloliquefaciens, with 60 genes showing increased and 53 decreased transcript abundances 

(Figures 8B and 7J, Ba vs. Cg). The de-regulated genes included 8 NRPS in 11 clusters. SMBGCs 

6 and 11 responsible for the production of iturin and bacilysin had 18 and 25 deregulated genes, 

respectively, across the entire clusters. To validate the authenticity of the RNA-Seq data, two iturin 

genes (ituB and ituC) and three bacilysin genes (bacA, bacC, and bacE) were subjected to RT- 

qPCR analyses, thereby confirming increased mRNA abundance of these genes (Supporting Figure 

S3B). 

Of the 1,469 DEGs of A. nidulans confronting C. graminicola (An vs. Cg), 706 and 763 showed 

increased or reduced transcript abundances (Figure 7G, An vs. Cg). In A. nidulans, 160 SM genes 

in 50 SMBGCs were deregulated, 82 of which showed increased and 78 reduced transcript 

abundances, respectively (Figures 9B and 7J, An vs. Cg). The DEGs included 14 PKS, 14 NRPS, 

1 PKS-NRPS hybrid, and 2 terpene synthase genes. Importantly, most genes of SMBGC 21 

responsible for production of the carcinogenic polyketide STC showed increased transcript 

abundances in both RNA-Seq and RT-qPCR analyses (Figure 9B, SMBGC 21; Supporting Figure 

S3D). Interestingly, commercial STC caused only minor inhibition of vegetative hyphal growth of 

C. graminicola (Supporting Figure S2A, Sterigmatocystin). 

 

Taken together, although both the bacterial and fungal confrontation of C. graminicola resulted in 

distance inhibition, comparisons of genome-wide transcriptional responses indicated specific 

recognition of different confrontation partners and translation into specific transcriptional SM 

responses. 
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Figure 8. Physical map of deregulated SMBGCs in the C. graminicola vs. B. amyloliquefaciens confrontation. 

(A) In C. graminicola, 29 out of 42 SMBGCs harbor deregulated genes in confrontation with B. amyloliquefaciens. (B) In B. amyloliquefaciens 

confronting C. graminicola, all 11 SMBGCs harbor de-regulated genes. (A and B) Horizontal arrows represent SM genes and their transcriptional 

direction. The putative function is indicated by the color code. Red and blue arrowheads denote increased or decreased transcript abundances in the 

confrontation. Scale bar represents 10 kb. PKS, Polyketide Synthase; NRPS, Non-ribosomal Peptide Synthetase. 
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Figure 9. Physical map of deregulated SMBGCs in the C. graminicola vs. A. nidulans confrontation. 

(A) In C. graminicola, 36 out of 42 SM SMBGCs harbor deregulated genes in confrontation with A. nidulans. (B) In A. nidulans confronting C. 

graminicola, 50 out of the total of 68 SM clusters are transcriptionally de-regulated. (A and B) The horizontal arrows represent SM genes and their 

transcriptional direction. Putative function as indicated by the color code is as in Figure 8. Red and blue arrowheads denote increased or decreased 

transcript abundances in the confrontation. Scale bar represents 10 kb. PKS, Polyketide Synthase; NRPS, Non-ribosomal Peptide Synthetase. 
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3.2.3 The confrontational metabolome 

Alterations in transcript abundances of genes present in SMBGC do not necessarily reflect 

alterations in SM concentrations. Therefore, to generate high-resolution compound partitioning 

data via LC-MS/MS analyses, metabolites were extracted from the edge of colonies of 

confrontation partners, as well as from the inhibition zone lacking fungal or bacterial cells but 

containing secreted chemistries (Figures 10A and 11A, red sections; Supporting Figures S4A and 

S4B, red sections). Metabolites extracted from the edges of the mycelia of solo cultures of each 

confrontation partner served as controls (Supporting Figure S4A, blue and yellow sections; 

Supporting Figure S4B, blue and brown sections). Importantly, 1,738 and 1,466 novel features 

were  detected  in  the  confrontations  of  C.  graminicola  with  the  biocontrol  bacterium 

B. amyloliquefaciens and with the ubiquitous fungus A. nidulans, respectively (Supporting Figures 

S4C and S4D). Violin plots show the intensities and distribution of all features within individual 

samples, and of seven patterns of non-overlapping feature distributions between the confrontation 

partners, referred to as profiles P1 to P7 (Figures 10B and 11B, top panel, all zones and P1 - P7). 

The profiles reflect various intensities of features detected in different contexts: those produced by 

B. amyloliquefaciens and A. nidulans (Figures 10B and 11B, P1), or C. graminicola alone (Figures 

10B and 11B, P2); features secreted into the medium by a confrontation partner and C. graminicola 

(Figures 10B and 11B, P3 and P4); features unique to the confrontation zone (Figures 10B and 

11B, P5); features common to both C. graminicola and its confrontation partner (Figures 10B and 

11B, P6); and features present in both organisms as well as the inhibition zone (Figures 10B and 

11B, P7). Correspondingly, line plots indicate compound-specific intensities, with intensities 

corresponding to one compound across samples linked by a black line (Figures 10B and 11B, 

bottom panel, all zones and P1 - P7). Importantly, patterns P3 - P5, harboring secreted chemistries, 

add up to 312 features in the C. graminicola vs. B. amyloliquefaciens, and to 224 features in the 

C. graminicola vs. A. nidulans confrontation (Figures 10B and 11B, P3 - P5). In addition, profile 

P7 shows very different numbers of features, i.e. 316 in the fungus vs. bacterium and 66 in the 

fungus vs. fungus confrontation (Figures 10B and 11B, P7). In both the confrontations, only a 

minor fraction of features was annotated (Figures 10C and 11C, top panel). 
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Figure 10. Metabolome analysis of features detected under C. graminicola vs. 

B. amyloliquefaciens confrontation. 
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(A) Diagram of a petri dish depicting the fungal vs. bacterium confrontation. Red rectangles show 

metabolite sampling sites from C. graminicola and B. amyloliquefaciens colonies and from the inhibition 

zone. (B) The set of all detected features in all zones is separated into seven profile specific subsets (P1 - 

P7). The upper panel shows violin plots revealing the distribution of measured compound intensities within 

individual samples. The lower panel represents line plots displaying the measured intensities per compound, 

where a black line links intensities corresponding to one feature over all samples. (C) Bar plots showing 

the number of total and annotated features (upper panel) and sunburst plots (lower panel) showing 

frequencies and intensities of annotated compound classes per set and sample. Four levels of compound 

annotation ranging from superclass, class, sub class, and most specific class (inside to outside) are given. 

The color code indicates compound super classes. Fractions in the upper sunburst plots are based on the 

frequency (number of occurrence) and in the lower on the sum of measured intensities. (D) Acute toxicity 

of features belonging to benzenoids, organoheterocyclic features, and phenylpropanoids and polyketides. 

Features are color-coded according to their toxicity classes, as indicated by their LD50 values. (E) Number 

and occurrence of features belonging to the three major super classes benzenoids, organoheterocyclic 

features, and phenylpropanoids and polyketides in profiles P1 - P7. P1 - P7, Profiles 1 - 7; LD50, Lethal 

dose 50%; n, Total number of features; ∑, Summation. 

 

 

Applying the software tool Canopus (https://bio.informatik.uni-jena.de/software/canopus/) and the 

chemical ontology system ClassyFire (Djoumbou Feunang et al., 2016) allowed annotating SM 

features to chemical super classes and classes. The fractions of annotated compound classes per 

set and sample have been used to generate sunburst plots, which show four compound specificity 

levels, i.e.: super classes, classes, sub classes, and most specific classes (Figures 10C and 11C, 

bottom panel, inside to outside), with color-coded annotated compound super classes. Fractions in 

the upper and lower sunburst plot panels are based on number of occurrences (frequency) or the 

sum  of  measured  intensities  (intensity),  respectively.  In  the  C.  graminicola  vs. 

B. amyloliquefaciens confrontation, of a total of 68 compounds, 33 fell into 6 classes of the super 

class of benzenoids, 29 belonged to 11 classes of organoheterocyclic compounds, and 6 belonged 

to three classes of phenylpropanoids and polyketides (Figure 10D), with distinct compounds 

attributed to different profiles (Figure 10E). In the C. graminicola vs. A. nidulans confrontation, 

the numbers of chemistries and classes they belong to were more complex, with a total of 94 newly 

synthesized compounds identified. Six, 16 and 6 classes were members of the super classes of 

benzenoids, organoheterocyclic compounds, and phenylpropanoids and polyketides, respectively 

(Figure 11D), and, as in the C. graminicola vs. B. amyloliquefaciens confrontation, were present 

in distinct profiles (Figure 11E). 

https://bio.informatik.uni-jena.de/software/canopus/
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Figure 11. Metabolome analysis of features detected under C. graminicola vs. A. nidulans 

confrontation. 
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(A) Diagram of a petri dish depicting the fungal vs. fungal confrontation. Red rectangles show metabolite 

sampling sites from C. graminicola and A. nidulans colonies and from the inhibition zone. (B) The set of 

all detected features in all zones is separated into seven profile specific subsets (P1 - P7). The upper panel 

shows violin plots revealing the distribution of measured compound intensities within individual samples. 

The lower panel represents line plots displaying the measured intensities per compound, where a black line 

links intensities corresponding to one compound over all samples. (C) Bar plots showing the number of 

total and annotated features (upper panel) and sunburst plots (lower panel) showing frequencies and 

intensities of annotated compound classes per set and sample. Four levels of compound annotation ranging 

from superclass, class, sub class, and most specific class (inside to outside) are given. The color code 

indicates compound super classes. Fractions in the upper sunburst plots are based on the frequency (number 

of occurrence) and in the lower on the sum of measured intensities. (D) Acute toxicity of features belonging 

to benzenoids, organoheterocyclic features, and phenylpropanoids and polyketides. Features are color- 

coded according to their toxicity classes, as indicated by their LD50 values. (E) Number and occurrence of 

features belonging to the three major super classes benzenoids, organoheterocyclic features, and 

phenylpropanoids and polyketides in profiles P1 - P7. P1 - P7, Profiles 1 - 7; LD50, Lethal dose 50%; n, 

Total number of features; ∑, Summation. 

 

 

Interestingly, compound classes such as piperidines and cinnamaldehydes were found newly 

synthesized in the C. graminicola vs. B. amyloliquefaciens confrontation, whereas azoles were 

discovered in both confrontations. In fact, these three classes of chemistries represent lead 

structures of synthetic fungicides, possibly explaining the establishment of inhibition zones to 

some degree. As an approximation of the toxicological potential of chemistry classes to mammals, 

toxicities of their lead structures were subjected to computational toxicity estimations, using 

ProTox 3.0 (https://tox.charite.de/protox3/index.php?site=home, (Banerjee et al., 2024). These 

algorithms employ a comprehensive database of approximately 40,000 compounds with known 

LD50 values from rodent experiments (Banerjee et al., 2024). Intriguingly, MS/MS analyses of 

chemistries produced in the C. graminicola vs. A. nidulans confrontation (Figures 11B, profile P1 

and 11D, isoflavonoid) yielded feature_562_363.19s_426.13106Da, with a rt of 363.19 seconds 

and an m/z value of 427.14. Four fragments with m/z means of 247.09, 381.13, 391.11, and 409.12 

were identified. Annotation using the MetFrag software (Wolf et al., 2010) suggests that this 

compound is an isoflavonoid, i.e. the toxic rotenoid villosinol (Figure 12). Though a toxicity class 

prediction is not provided for the chemical class of isoflavonoids, ProTox 3.0 estimates an acute 

toxicity of 4 mg/kg body weight for villosinol. This significant toxicity is plausible, as rotenoids 

act as mitochondrial respiration inhibitors interfering with the transfer of electrons from iron-sulfur 

centers of complex I to ubiquinone (https://pubchem.ncbi.nlm.nih.gov/ compound/Rotenone). 

https://tox.charite.de/protox3/index.php?site=home
https://pubchem.ncbi/
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However, it is important to emphasize that predicted acute toxicities of chemistries produced in 

confrontations, as deduced from lead structures, may differ significantly from actual toxicities of 

specific compounds produced in confrontations. 

 

 

 

 

Figure  12.  Annotation  of  compound  feature  562  from  the  C.  graminicola  vs. 

B. amyloliquefaciens confrontation using MetFrag software. 

 
The compound feature 562, identified in the confrontation assay between C. graminicola and 

B. amyloliquefaciens, was annotated as villosinol. The MS/MS spectra, with a rt of 363.19 seconds and an 

m/z value of 427.14, revealed four characteristic fragments with m/z values of 247.09, 381.13, 391.11, and 

409.12. These fragments correspond to the stepwise loss of specific groups from the villosinol molecule, 

supporting its identification. The structures of these fragments are illustrated alongside the MS/MS 

spectrum, confirming the compound's annotation. m/z, mass-to-charge ratio; Delta m/z, Difference in mass- 

to-charge ratio; Intens, Intensity; IntCov, Intensity Coverage; rt, Retention time. 
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Figure 13. Confrontation- and profile- specificity of features synthesized in the 

confrontations of C. graminicola with B. amyloliquefaciens or A. nidulans. 

(A) Venn diagram indicating that of the 1,738 and 1,466 features synthesized in the fungus vs. bacterium 

and in the fungus vs. fungus confrontation, with only 282 common to both interactions. (B) Alluvial plot 

showing comparison of the shared 282 features between both confrontations. (A and B) Profiles P1 - P7 are 

as in Figures 10 and 11. Stacked bar plots for each of the confrontations show the number of features per 

subset, with colors corresponding to profile plots. Lines connect the same individual features. Cg vs. Ba, 

C. graminicola vs. B. amyloliquefaciens; Cg vs. An, C. graminicola vs A. nidulans; n, Total number of 

features; P1 - P7, Profiles 1 - 7 
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The Venn diagram shown in Figure 13A indicates that only 282 newly formed features were 

common to both, the C. graminicola vs. B. amyloliquefaciens and the C. graminicola vs. 

A. nidulans confrontation. Indicating the specificity of the metabolic response in distinct 

confrontations, 1,456 and 1,185 novel features were detected either in the fungus vs. bacterium or 

in the fungus vs. fungus confrontation. Alluvial plots of the 282 common features indicated that 

some of these occur in different profiles, depending on the confrontations, and underline the 

plasticity of confrontation-specific metabolic responses (Figure 13B). For example, of the 153 

features newly formed in the mycelium of C. graminicola confronting B. amyloliquefaciens 

(Figure 13B, C. graminicola vs. B. amyloliquefaciens, profile P2), 132 were also present in the 

mycelium of this fungus confronting A. nidulans (Figure 13B, C. graminicola vs. A. nidulans, 

profile P2). Only a small fraction of the 153 features of C. graminicola discovered in the bacterial 

confrontation was secreted (Figure 13B, C. graminicola vs. A. nidulans, profile P5) or present in 

both confrontation partners in the C. graminicola vs. A. nidulans confrontation (Figure 13B, 

C. graminicola vs. A. nidulans, profile P6). This confrontation-specific production of SMs 

suggests that microbes strategically adjust their metabolite output depending on the microbial 

competitor. This dynamic modulation of metabolite synthesis in response to the confronting 

partner underscores the microbe’s metabolic plasticity and its evolutionary adaptation to diverse 

ecological challenges. 

Collectively, the data presented here show that activation of SMBGCs and synthesis of chemistries 

is primarily governed by the species establishing a confrontation. Untargeted high-resolution LC- 

MS/MS analyses and feature annotation based on the current state of the data bases used suggest 

that several of the features identified in the confrontations may exhibit significant acute and 

unknown chronic toxicity to mammals, questioning the health benefit expected from increasing 

biological control strategies in plant protection. 
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3.3 A type I PKS orchestrates the metabolome of C. graminicola under confrontation 

 

3.3.1 Targeted mutagenesis of a PKS27 gene in C. graminicola 

A type 1 PKS (T1PKS) gene of C. graminicola, located in SMBGC 27 was selected for a targeted 

deletion study due to its central role in synthesis of product of the cluster and due to its notable 

transcriptional upregulation in response to confrontation with B. amyloliquefaciens (Figure 8A, 

SMBGC 27). The previous transcriptional analysis revealed that SMBGC 27, comprising 18 genes, 

exhibited dramatic upregulation, with 17 genes showing increased expression under confrontation 

with bacteria. Among these, the core biosynthetic PKS gene, designated as PKS27 (GLRG_10537), 

was also significantly activated, suggesting its potential importance in the secondary metabolism 

response of the fungus, making it a prime candidate for further investigation through gene deletion 

by homologous recombination (Supporting Figure S5A). Transformants grown on hygromycin 

were tested by PCR using gene-specific primers PKS10537F and PKS10537R, which amplify a 

7.5 Kb fragment of PKS27 (Supporting Figure S5B, PCR). Primers PKSCgProbeF and 

PKSCgProbeF were used to generate PKS27-specific probe for southern blot analyses. Southern 

hybridization experiments confirmed that a single copy of the deletion cassette had integrated 

homologously in two independent ∆pks27 strains that lacked the 7.5 Kb PKS27 fragment but 

contained the 2 Kb hph fragment in BamHI-digested genomic DNA. The ectopic (ect.) strain 

displayed the WT PKS27 band along with a single, randomly integrated copy of the hph cassette 

(Supporting Figure S5B, Southern). Further characterization involved the WT strain, ect. and two 

independent deletion mutants denoted as ∆pks27. The deletion studies were performed to 

functionally characterize PKS27 with respect to its role in response to confronting microbes and 

to gain insights into reprogramming fungal secondary metabolism in micro-organismic 

interactions. 

 

 

3.3.2 ∆pks27 of C. graminicola leads to unaltered phenotype and growth effects 

After a cultivation period of 14 days on OMA, the WT, ect. and ∆pks27 mutant strains of 

C. graminicola exhibited no distinguishable phenotypic differences (Figure 14A). All strains 

demonstrated similar growth rates (Figure 14B), and detailed microscopic examination and CFW 

staining of conidia derived from these strains revealed no changes (Figure 14D), a finding further 

supported by consistent counts of colony formation across all strains (Figure 14C). Quantification 



70  

of colonies evolving from these conidia also confirmed unaltered conidial viability in ∆pks27 

strains. However, there was a mild statistical difference in conidial length between the WT, ect. 

and ∆pks27 strains, with mean lengths of 36.9 µm for the WT, 36.3 µm for the ect. and 35.2 µm 

for deletion strains (Figure 14E). In infection assays conducted on non-wounded maize leaf 

segments of the cv. ‘Mikado’, no noticeable changes in infection patterns were observed 

macroscopically at 96 hpi (Figure 14F). Quantitative assessment of appressorial penetration rates 

and formation of biotrophic hyphae showed mild significant differences, with penetration rates of 

81% for WT, 78% for ect. and 90% for ∆pks27 strains (Figure 14G). This was further corroborated 

by microscopic analysis, which revealed similar appressorial penetration and formation of 

biotrophic hyphae among the WT, ect. and deletion strains (Figure 14H). 

 

 

Figure 14. PKS27 of C. graminicola is not required for vegetative growth, conidiation and 

virulence. 
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(A) The colony phenotypes of WT, ect. and ∆pks27 strains grown on PDA, showing no discernible 

difference. Photographs were taken at 14 dpi. (B) Radial growth rates of WT, ect. and ∆pks27 strains 

measured daily, indicating no significant differences. (C) Comparable number of conidia formed by WT, 

ect. and ∆pks27 strains on PDA at 14 dpi. (D) The shape of conidia was not altered by deletion of PKS27, 

and length of conidia of ∆pks27 strains (E) was marginally reduced. (F) WT, ect. and ∆pks27 strains elicited 

comparable disease symptoms in maize (cv. ‘Mikado’) leaves 96 hpi. Percentage of appressoria 

differentiated from falcate conidia on maize leaf surfaces were slightly but statistically significantly higher 

in ∆pks27 strains (G), but appressoria (white arrowheads) of both WT and ∆pks27 strains invaded the host 

epidermal cells and formed normal biotrophic hyphae (black arrows) (H). Scale bar in (D and H) represents 

10 µm. Experiments were performed in triplicates. Error bars represent + SDs. Asterisks in (E and G) 

represents mild statistical significance (* p < 0.05). WT, Wild type; ect., Ectopic; ∆pks27, Deletion mutants. 

 

 

Altogether, these macroscopic and microscopic evaluations, along with quantitative measurements 

and infection assays, indicate that deletion of PKS27 in C. graminicola does not lead to any 

discernible morphological alterations. These data suggest that PKS27 is not required for fungal 

development and pathogenicity. 

 

 

3.3.3 Targeted deletion does not modify confrontation pattern 

In order to investigate whether the product of SMBGC 27 affects the competitiveness of 

C. graminicola, confrontation assays of the deletion mutants against B. amyloliquefaciens were 

established. Consistent with the previous findings (Figure 6B, C. graminicola vs. B. 

amyloliquefaciens), the confrontation between the fungus and bacteria resulted in inhibition at 12 

dpi, indicative of persisting secretion of SMs effectively inhibiting the confrontation partners by 

the mutant (Figure 15A, petri dishes with confrontations). Microscopic examination by CFW and 

FM4-64 revealed hyphal protrusions and vacuolations proximal to B. amyloliquefaciens in both 

WT and deletion strains (Figure 15A, Calcofluor White, arrowheads and FM4-64, arrows in 

insert). In addition, measurements of inhibition zone revealed comparable distances between WT 

and ∆pks27 with B. amyloliquefaciens (Figure 15B). Quantifying hyphal protrusions at different 

distances from the border of the C. graminicola colony revealed that cell wall-challenging 

lipopeptides and likely other chemistries migrated ~1 cm into colonies of confrontation partners at 

12 dpi (Figures 15C and 15D). These findings collectively show that SMBGC 27 did not affect 

confrontation with B. amyloliquefaciens, indicating that the product of this cluster does not 

completely contribute to fungal competitiveness with the biocontrol bacterium. 
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Figure 15. Confrontation assay of C. graminicola WT, ect. and ∆pks27 mutant strains with 

B. amyloliquefaciens on PDA. 

(A) Petri dish images of fungal vs. bacterial confrontations at 12 dpi, showing distance inhibition. 

Microscopic observations reveal hyphal protrusions stained with Calcofluor White (arrowheads) and 

vacuolization within fungal cells stained with FM4-64 (arrows) in the vicinity of bacteria. Scale bar 

represents 50 µm. (B) Measurement of inhibition zones indicating similar inhibitory effects exerted by 

B. amyloliquefaciens on WT, ect. and ∆pks27 mutant strains. (C) Schematic of the petri dish depicting the 

sample occupied zones of C. graminicola for protrusion quantification. (D) Quantification of hyphal 

protrusion areas during confrontation, demonstrating consistent responses across all strains despite 

genotypic differences. Experiments were performed in triplicates. Error bars represent + SDs. WT, Wild 

type; ect., Ectopic; ∆pks27, Deletion mutants. 
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3.3.4 C. graminicola WT and ∆pks27 show different metabolome responses in confrontations 

with B. amyloliquefaciens 

To investigate the differences in secondary metabolism between WT and ∆pks27 deletion strains 

under non-confronting and confronting conditions, high-resolution compound partitioning LC- 

MS/MS analyses of metabolites were carried out. PCA revealed clear separation and clustering of 

WT and ect. strains and of the two ∆pks27 deletion strains in non-confronting samples. In contrast, 

in confrontations, WT, ect. and ∆pks27 strains clustered closely together, suggesting a convergence 

in metabolite profiles upon bacterial confrontation (Figure 16A). Surprisingly, while PCA revealed 

massive distinctness of WT and ect. strains from Δpks27 strains in solo cultures, all strains were 

very similar in confrontations with B. amyloliquefaciens (Figure 16A). 

Moreover, in solo-cultures LC-MS/MS analyses indicated some 3,000 features in WT and the 

ectopic strain, but more than 5,100 features in the Δpks27 mutants (Figure 16B), suggesting that 

the product(s) of SMBGC 27 may indirectly or directly repress compound formation. In solo- 

cultures, 2,401 common features were detected in both the WT and the Δpks27 strains, and more 

than 2,700 features were exclusively detected in the Δpks27 mutant (Figure 16D). In the 

C. graminicola vs. B. amyloliquefaciens confrontation, however, feature numbers derived from 

LC-MS/MS studies were strongly increased in WT and ectopic strains but remained largely 

unaltered in the Δpks27 strains (Figure 16C). Unexpectedly, the shift in shared features from 2,401 

in solo-cultures of WT and Δpks27 to 3,919 in confrontations, along with the concomitant 

reduction of Δpks27-specific feature numbers from 2,726 to 810 (Figure 16E), does not support 

the hypothesis that SMBGC 27 product(s) contribute to repression of gene expression. In line with 

feature numbers, annotated SMs such as benzenoids, organoheterocyclic compounds and 

phenylpropanoids/polyketides, were increased in solo-cultures of the Δpks27 strains, when 

compared with the solo-cultures of WT and the ectopic strain. Again, very similar numbers of these 

compounds were detected in confrontations of WT, the ectopic and the Δpks27 strains with the 

biocontrol bacterium (Figure 16F). Apparently, despite the deletion in PKS27 causing a de- 

repression in feature-synthesis in solo-cultures, this effect was lost during confrontations. 

Currently, we have no explanation for this effect, but the data strongly suggest a new level of 

transcriptional control of the genes whose products are responsible for the synthesis of these 

compounds. 
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Figure 16. Differential secondary metabolism between WT and ∆pks27 mutant strains of 

C. graminicola under solo and confrontation conditions. 
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(A) PCA plot showing the separation of WT, ect. and ∆pks27 strains under non-confrontation conditions, 

while close clustering of WT and deletion strains during confrontation with B. amyloliquefaciens, indicating 

convergence of metabolite profiles. (B) Quantitative comparison of the number of detected features under 

solo conditions, with the ∆pks27 strain displaying significantly more features compared to the WT strain. 

(C) Feature comparison during bacterial confrontation, showing similar numbers of features produced by 

both WT and ∆pks27 strains. (D) Venn diagram illustrating unique and shared features between WT and 

∆pks27 under solo conditions, highlighting an increase in unique features in the mutant strain. (E) Venn 

diagram showing unique and shared features during confrontation, demonstrating a significant overlap in 

features between WT and deletion strains. (F) Quantitative comparison of the number of benzenoids, 

organoheterocyclic compounds, phenylpropanoids, and polyketides produced by WT, ect. and ∆pks27 

strains under solo conditions, with ∆pks27 showing an increase in all compound classes. Under 

confrontation, all genotypes showed similarities in the number of compounds produced. WT, Wild type; 

ect., Ectopic; ∆pks27, Deletion mutants; PC, Principal Component; 
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3.4 The ubiquitous fungus A. nidulans exhibits differential secondary metabolism responses 

in confrontations with distinct biocontrol bacteria, yeast, and filamentous fungi 

Microbial consortia exhibit complex forms of interactions, which may, for example, be neutralistic, 

mutualistic, commensalistic, or antagonistic. Antagonistic interactions have been categorized as 

distance, zone line and contact inhibitions, and overgrowth (Bertrand et al., 2014; Bertrand et al., 

2013). Distance inhibition occurs without direct contact, where a microbe releases diffusible 

compounds that inhibit the growth of the other from a distance. In zone line inhibition, a visible 

line or barrier forms between two microbial colonies, often marked by pigmentation, indicating 

mutual inhibition where neither overgrows the other. Under contact inhibition, growth of both 

microbial partners is halted precisely at the point of contact, indicating a mutually inhibitory effect. 

In case of overgrowth, one microorganism grows over and completely covers the other, ensuring 

dominance and outcompeting it for space and resources. Confrontation exhibiting distance or zone 

line inhibition are likely due to production and secretion of toxic chemistries, with the size of the 

inhibition zone depending on the toxicity and diffusion constant of the inhibitory compound(s). 

I have used the omnipresent ascomycete A. nidulans to study microbial interactions with four 

biocontrol Bacillus species, i.e. B. amyloliquefaciens, B. subtilis, commercial B. subtilis, and B. 

velezensis, and with the biocontrol fungi T. harzianum and T. asperellum, the plant pathogenic 

fungi A. tenuis (syn. A. alternata, A. mali, A. rugosa, Macrosporium fasciculatum and Torula 

alternata), C. heterostrophus, C. higginsianum, and T. roseum. 

To test the interaction with species naturally occurring on leaf surfaces, we used two fungi isolated 

from a leaf of Zea mays cv. ‘Mikado’. ITS fragments of approx. 600 and 500 bp were obtained by 

PCR amplification, and the isolates were identified based on nucleotide BLAST (BLASTN) 

comparisons. The ITS sequences of one isolate were highly similar to ITS sequence of 

Cladosporium allicinum and Cladosporium floccosum. As it was not possible to clearly assign the 

ITS sequence to either of these fungi, this isolate will further on be referred to as Cladosporium 

sp. (Supporting Figure S6A). The second isolate was identified as agaricomycete Coprinellus 

domesticus (Supporting Figure S6B). In addition, S. cerevisiae encompassing a killer toxin 

(Siddiqui & Bussey, 1981) that binds to ß-1,6-glucan was also used in confrontation with A. 

nidulans. 
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3.4.1 The model ascomycete A. nidulans displays distinct interaction patterns with bacteria 

and fungi exhibiting discrete lifestyles 

The confrontations between A. nidulans RMS011 and the established biocontrol agents 

B. amyloliquefaciens, B. subtilis, and B. velezensis showed clear inhibition zones of up to 2 mm 

between the colonies, indicative of distance inhibition (Figures 17A and 17B, A. nidulans vs. B. 

amyloliquefaciens, B. subtilis, commercial B. subtilis and B. velezensis, red arrows). Importantly, 

not only growth of the A. nidulans mycelium, but also of the Bacillus strains were strongly 

restricted (Figure 17A, B. amyloliquefaciens, B. subtilis, commercial B. subtilis and B. velezensis). 

Distance inhibition and growth restriction of both partners suggest secretion of toxic chemistries 

by the bacterial strains and by A. nidulans. The Bacillus species used in this study have been known 

to produce non-ribosomal cyclic lipopeptides known as iturins, which cause cell wall defects 

(Wang et al., 2020). Accordingly, as observed with C. graminicola (Figure 6D, arrowheads), 

fluorescence  microscopy  of  Calcofluor-stained  hyphae  of  A.  nidulans  confronting 

B. amyloliquefaciens, B. subtilis, and B. velezensis revealed large swellings indicative of severe 

cell wall defects (Figure 18A, A. nidulans vs. B. amyloliquefaciens, B. subtilis, commercial B. 

subtilis and B. velezensis, arrowheads). Other types of inhibition were also observed during 

microbial confrontations, including zone line and contact inhibition. 

In confrontations showing zone line and contact inhibition, i.e. in confrontations with fungi such 

as A. tenuis, C. higginsianum, T. roseum, and the Cladosporium sp., hyphae of A. nidulans also 

exhibited protrusions (Figure 17A, A. nidulans vs. A. tenuis, C. higginsianum, T. roseum, 

Cladosporium sp., orange asterisk). These protrusions were clearly distinct from those caused by 

Bacillus species. In these fungal vs. fungal confrontations, hyphal defects were frequently 

observed as protrusions and hyperbranching (Figure 18A, A. nidulans vs. A. tenuis, C. 

higginsianum, T. roseum, Cladosporium sp., arrowheads and arrows). As these confrontations were 

categorized as zone line inhibition, one may hypothesize that the close distance between the 

species may allow diffusion of either chemistries interfering with cell wall function or of cell wall- 

degrading enzymes that weaken cell walls and cause these lateral protrusions. 
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Figure 17. Confrontation assays between A. nidulans and various biocontrol bacteria and 

phytopathogens revealing distinct inhibition patterns in PDA. 
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(A) Petri dish images showing clear inhibition zones (red arrows) in confrontations with Bacillus 

amyloliquefaciens, B. subtilis, Commercial B. subtilis, B. velezensis and S. cerevisiae indicating distance 

inhibition. Zone-line inhibition (orange asterisk) was observed in confrontations with A. tenuis, 

C. higginsianum, T. roseum, and Cladosporium sp. Contact inhibition (blue diamond) was observed in the 

confrontation between A. nidulans and C. heterostrophus. In the confrontations with C. domesticus, 

T. asperellum, and T. harzianum, overgrowth (yellow arrowheads) was observed, where the antagonistic 

fungal hyphae have overgrown A. nidulans. The solo cultures of A. nidulans is placed at the top, while that 

of the confrontation partners are placed below the respective confrontation setups. Plates were 

photographed 14 dpi. (B) Inhibition distance between microbial colonies measured 14 dpi. Experiment was 

performed in triplicates. Error bars represent + SDs. 

 

 

A peculiar case of interaction was observed between A. nidulans and the maize pathogen 

C. heterostrophus. In addition to zone line, contact inhibition occurs, where a clear restriction of 

A. nidulans development was observed on both sides of the contact zone (Figure 17A, A. nidulans 

vs. C. heterostrophus, blue diamonds). This observation suggests that inhibitory compounds were 

produced and diffused into the substratum at later stages of the interaction, as indicated by the 

simultaneous occurrence of both contact and distance inhibition. At confrontation sites, 

microscopy revealed stunted hyphae and high hyphal densities at colony margins (Figure 18A, 

A. nidulans vs. C. heterostrophus, white arrows). Likewise, growth of C. domesticus was restricted 

at immediate contact with the A. nidulans colony, but growth inhibition was incomplete, and 

C. domesticus partially overgrew the A. nidulans mycelium (Figure 17A, A. nidulans vs. C. 

domesticus, yellow arrowheads). Both Trichoderma species overgrew the Aspergillus colonies 

almost completely, intensively formed aerial mycelium, and thus represented clear examples of 

competitive overgrowth (Figure 17A, A. nidulans vs. T. asperellum and T. harzianum, yellow 

arrowheads). In these overgrowth confrontations, stunted hyphal growth were also observed 

(Figure 18A, A. nidulans vs. C. domesticus and T. asperellum, white arrows). 

Intriguingly, the confrontation between A. nidulans and S. cerevisiae also resulted in distance 

inhibition, likely due to the production of a yeast toxin that inhibited the growth of the fungus from 

a distance. In addition, hyphae spread underneath the yeast colony without visible inhibition, but 

pigmentation of the Aspergillus mycelium was reduced at contact areas (Figure 17A, A. nidulans 

vs. S. cerevisiae, red arrow). Surprisingly, this confrontation also led to changes in the shape of the 

hyphal cells of A. nidulans (Figure 18A, A. nidulans vs. S. cerevisiae, indicated by arrowheads and 

arrows), suggesting an impact on the fungal cell wall, particularly affecting the β-1,6-glucan 
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component because of the presence of yeast toxin. Control plates with and undisturbed hyphae of 

solo cultures of A. nidulans are shown above confrontation plates (Figures 17A and 18A). 

 

 

Figure 18. Microscopy and quantitative analysis of hyphal modifications in A. nidulans under 

confrontations documented 12 dpi. 
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(A) Fluorescence microscopy images of Calcofluor white stained A. nidulans hyphae exhibiting large 

swellings in confrontations with Bacillus spp. (white arrowheads), and distinct protrusions (white 

arrowheads) and branchings (white arrows) under fungal confrontations. Scale bar represents 50 µm. 

(B) Quantification of hyphal alterations of A. nidulans under confrontations. The blue circle represents 

protrusions and orange triangles represents hyphal branchings. (C) Comparative analysis of protrusion areas 

(%), demonstrating a significant increase in protrusions of A. nidulans under Bacillus confrontations in 

compared to fungal confrontations. Alphabets indicate statistically significant differences between the mean 

of confrontations (Tukey HSD, p < 0.05). (D) Measurement of hyphal branching, demonstrating a 

significant reduction in length in deformed hyphae during confrontations. Experiments were performed in 

triplicates. Error bars in (C) and (D) represent + SDs. Asterisk indicate significant differences between the 

confrontations (** p < 0.01, *** p < 0.001). 

 

 

The hyphal protrusions and branchings in A. nidulans observed under various confrontations were 

quantified via ImageJ (Figure 18B). The protrusions were assessed by calculating the percentage 

mycelial area, revealing major differences between fungus vs. bacterium and fungus vs. fungus 

confrontation. Specifically, up to 30% of the area was covered by protrusions as a result of 

confrontation with biocontrol Bacillus species, whereas only 10% of the area was covered by 

protrusions in fungus vs. fungus confrontations, indicating statistically significant differences 

(Tukey HSD, p < 0.05) (Figure 18C). Additionally, hyphal branching was evaluated by comparing 

the average hyphal lengths, with deformed hyphae observed in confrontations of A. nidulans with 

S. cerevisiae, C. heterostrophus, C. domesticus, and T. asperellum showing an average reduction 

of vegetative hyphal cell length to 30 - 50 µm (p < 0.01 and p < 0.001) (Figure 18D). Collectively, 

these data suggested that distinct interactions result in distinct responses and, in turn, suggest that 

bilateral recognition of the interaction partners triggers specific responses at the transcriptional 

level. 

 

 

3.4.2 Specificity of the transcriptional response of A. nidulans to distinct confrontation 

partners 

In order to investigate the specificity of the transcriptional response of A. nidulans to distinct 

related confrontation partners, mRNA was isolated from the mycelial edge challenged by the 

biocontrol species B. amyloliquefaciens and B. subtilis, both of which exhibit distance inhibition 

and both of which cause severe swellings of Aspergillus hyphae. In addition, T. roseum, a fungus 
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with dual, i.e. pathogenic and biocontrol abilities (Huang et al., 2000; Zhu et al., 2022), was also 

chosen to study the transcriptional response of A. nidulans. Confirmation of the antagonistic 

biocontrol bacteria B. amyloliquefaciens, B. subtilis, and the fungus T. roseum was achieved 

through 16S rRNA and ITS sequencing, as reflected in the phylogenetic trees (Supporting Figures 

S7A, S7B and S7C). Transcript abundances present in hyphae of the A. nidulans strain either 

confronting biocontrol bacteria or the fungus T. roseum were compared to transcript abundances 

present in hyphae from non-confronting mycelial borders growing in solo cultures. The three 

independent biological repeats of the A. nidulans solo culture, of cultures confronting the two 

biocontrol bacteria and the culture confronting T. roseum yielded 12 libraries, the sequencing of 

which generated a total of 384.36 million raw reads with 373.6 million clean reads obtained after 

trimming and quality control. More than 97% of the clean reads were successfully mapped to the 

reference genome of A. nidulans FGSC A4 (See section 2.4.3.1) and corresponded to a total of 

10,771 expressed genes. DEGs were identified, based on a cutoff value of p < 0.05 and showed 

increased (FC > 2) or reduced (FC < 0.5) transcript abundances. 

The PCA plot showed that the samples of each treatment clustered closely, indicating uniformity 

and dependability of the independent replicates of each sample group (Figure 19A). The 

dissimilarities between the groups were supported by the heatmaps of the correlation matrices, 

with sample clustering based on the normalized transcript counts (Figure 19B). A total of 591, 

1,126 and 1,839 DEGs were obtained for A. nidulans confronting B. amyloliquefaciens, B. subtilis, 

and T. roseum, respectively. Surprisingly, B. subtilis caused deregulation of almost twice as many 

genes as the closely related bacterium B. amyloliquefaciens. Of the 591 and 1,126 DEGs in the 

bacterial confrontations, 439 and 799 genes showed increased, and 152 and 327 genes exhibited 

reduced transcript abundances in A. nidulans confronting B. amyloliquefaciens or B. subtilis, 

respectively. In the interaction between A. nidulans and T. roseum, an even larger number of DEGs 

was identified, with 978 genes showing increased and 862 decreased transcript abundances (Figure 

19C). Intriguingly, the Venn diagram (Figure 19D) revealed 266, 353, and 1037 unique DEG in 

the interactions of A. nidulans with B. amyloliquefaciens, B. subtilis, and T. roseum, and a total of 

only 91 commonly de-regulated in all three confrontations. Collectively, these data strongly 

suggest that A. nidulans is able to discriminate between and to specifically respond to individual 

bacterial and fungal challengers. 
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Figure 19. Transcriptome analysis of DEGs of A. nidulans under confrontations. 

(A) PCA show clear cluster separation of A. nidulans (An) solo cultures and hyphae confronting 

B. amyloliquefaciens (An vs. Ba), B. subtilis (An vs. Bs), and T. roseum (An vs. Tr). Sample groups are 

indicated by different color codes. Each replicate is plotted as an individual data point. (B) Heatmap of the 

sample-to-sample distance matrix obtained from monoculture of A. nidulans and confrontations with 

B. amyloliquefaciens, B. subtilis, and T. roseum. The color codes indicate the distance between the samples, 

based on the Z-score. Dark blue denotes shorter distance i.e., replicates are grouped closer in distance. 

(C) DEGs identified in different confrontations and confrontation partners. Red and blue bars indicate 

increased (FC > 2) and decreased (FC < 0.5) transcript abundances with adjusted p < 0.05. (D) Venn diagram 

representing the distribution of the DEGs of A. nidulans confronting B. amyloliquefaciens (An vs. Ba), 

B. subtilis (An vs. Bs), and T. roseum (An vs. Tr). The number in the overlap denotes the mutual DEGs 

between distinct confrontations. Experiments were performed in triplicates. An, A. nidulans; An vs. Ba, 

A. nidulans vs. B. amyloliquefaciens; An vs. Bs, A. nidulans vs. B. subtilis; An vs. Tr, A. nidulans vs. 

T. roseum; DEGs, Differentially Expressed Genes; PC, Principal Component; Z-score, Standard normal 

distribution. 
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The functional enrichment of DEGs was carried out by GO analyses, with classification terms 

involving biological processes (GO:BP) (Figure 20), molecular functions (GO:MF) (Supporting 

Figure S8), and cellular components (GO:CC) (Supporting Figure S9). In the confrontation with 

B. amyloliquefaciens, 270 genes involved in 19 biological processes were de-regulated in 

A. nidulans. Notably, 209 of these are functionally involved in formation and processing of 

ribosomal RNA, as well as in ribosome biogenesis, indicative of major translational re- 

programming in A. nidulans in this confrontation (Figure 20, A. nidulans vs. B. amyloliquefaciens). 

Re-arrangements in ribosome formation are clearly reflected also in GO:CC (Supporting Figure 

S9, A. nidulans vs. B. amyloliquefaciens). In addition to ribosome biogenesis in a broad sense, 

secondary metabolism is prominently altered at the transcriptional level, as indicated by the GO:BP 

terms asperfuranone biosynthesis and metabolism (Chiang et al., 2009) and polyketide metabolism 

(Figure 20, A. nidulans vs. B. amyloliquefaciens). Supporting the finding of altered secondary 

metabolism, tertiary alcohol biosynthesis and metabolism are also de-regulated. Tertiary alcohols 

play a key role in metabolism of sesquiterpenoid toxins, e.g. in the plant pathogen Botrytis cinerea 

(Collado et al., 2007). Intriguingly, in the A. nidulans vs. B. amyloliquefaciens confrontation, all 

genes with roles in asperfuranone biosynthetic and metabolic processes, in tertiary alcohol 

biosynthetic and metabolic processes, and six out of nine genes involved in polyketide metabolism 

were de-regulated, as indicated by gene ratios of 1.00 for the former and 0.67 for polyketide 

metabolism genes. These data indicates that reprogramming of the ribosomal protein biosynthesis 

machinery and formation of SMs are major traits in A. nidulans hyphae confronting B. 

amyloliquefaciens. 
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Figure 20. Functional enrichment analysis by GO of DEGs in A. nidulans against 

B. amyloliquefaciens, B. subtilis, and T. roseum. 

Bubble plot depicting the GO terms for biological process (BP) ranked by color codes based on the fold 

enrichment (adjusted p < 0.05). The X-axis indicates the gene ratio i.e. the ratio of DEGs to the total number 

of genes associated with a specific term. The size of each bubble indicates the number of DEGs 

corresponding to each GO term, while the color gradient reflects the significant level (-log 10 of the adjusted 

p-value). GO, Gene Ontology. 



86  

Also, in the confrontation of A. nidulans with the close relative of B. amyloliquefaciens, namely 

the biocontrol bacterium B. subtilis, GO:BP terms indicated massive transcriptional de-regulation 

of secondary metabolism (Figure 20, A. nidulans vs. B. subtilis). However, striking differences 

between the interactions of A. nidulans with the two bacteria occurred with respect to the classes 

of chemistries and compounds putatively formed. In this latter confrontation, non-ribosomal 

peptide biosynthesis, isoprenoid and, consequently, terpenoid biosynthesis and metabolism were 

affected. In detail, austinol/dehydroaustinol biosynthetic and metabolic processes as well as 

membrane transport are highlighted in the GO:BP categories (Figure 20, A. nidulans vs. 

B. subtilis). 

Intriguingly, also in A. nidulans hyphae confronting the biocontrol fungus T. roseum (Figure 20, 

A. nidulans vs. T. roseum), secondary metabolism is dramatically de-regulated, as indicated by 

GO:BP categories such as heteropentacyclic compound, toxin, secondary metabolite and, 

importantly, STC biosynthesis and metabolism. STC is a polyketide closely related to AFs and are, 

like AFs, known as a carcinogen (Brown et al., 1996; EFSA, 2013). The GO:BP category 

transmembrane transport highlights secretion of putatively formed toxic SMs by A. nidulans in 

this fungal confrontation. 

Collectively, transcriptome and functional enrichment studies revealed dramatic differences in the 

metabolic response of A. nidulans to different biocontrol partners. Each microbial interaction 

triggers distinct changes in SM biosynthesis and associated process, reflecting the unique adaptive 

and defensive strategies of A. nidulans to different microbial challenges. These findings underscore 

the dynamic and context-dependent nature of microbial confrontations in shaping secondary 

metabolism. 

 

 

3.4.3 Distinct confrontation partners cause distinct patterns of SM cluster deregulation in 

A. nidulans 

 

GO analyses highlighted fundamental differences in the transcriptional response of A. nidulans to 

the bacterial as well as to the fungal antagonists in confrontation scenarios. While in confrontation 

with B. amyloliquefaciens prominent effects were seen in ribosome biogenesis in a broad sense, 

alteration in secondary metabolism was present but less prominent (Figure 20, A. nidulans vs. 
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B. amyloliquefaciens). Confrontation with B. subtilis, in comparison (Figure 20, A. nidulans vs. 

B. subtilis), primarily evokes transcriptional reprogramming of secondary metabolism, and a 

comparably prominent SM response was observed in A. nidulans confronting the fungal biocontrol 

agent T. roseum (Figure 20, A. nidulans vs. T. roseum). Therefore, I asked how many and which of 

the 502 genes of A. nidulans harbored in 68 SMBGCs coordinating synthesis of PKs, non- 

ribosomal peptides (NRPs), hybrid PK-NRPs, indoles, and terpenes (Inglis et al., 2013; Soukup et 

al., 2012) were de-regulated in the confrontations investigated. Interestingly, even if an SM cluster 

is considered deregulated if it contains only one deregulated gene, only 21 SMBGCs were affected 

in A. nidulans hyphae confronting B. amyloliquefaciens. The only uniformly responding SMBGC 

was the asperfuranone cluster, in which all seven genes showed increased transcript abundances 

(Figure 21A, SMBGC 57; compare with Figure 20, A. nidulans vs. B. amyloliquefaciens). 

By sharp contrast, in confrontations with B. subtilis, A. nidulans exhibited 40 deregulated SM 

clusters, with only 10 showing alterations in transcript abundance of only a single gene (Figure 

21B). Intriguingly, the NRPS fellutamide B SMBGC 15 containing the genes inpB and inpA, the 

PKS asperlin SMBGC 32 containing the gene alnA, the NRPS microperfuranone SMBGC 34 

containing the gene micA, and the PKS asperfuranone SMBGC 57 harboring the two genes afoG 

and afoE, were transcriptionally increased in the presence of B. subtilis. In specific, 14 of the 24 

genes of the STC SMBGC 21, harboring the PKS stcA also exhibited transcriptionally upregulated 

genes (Figure 21B, SMBGC 21). Interestingly, 7 of the 8 genes of SMBGC 47 required for 

synthesis of 2,4-dihydroxy-6-[(3E,5E,7E)-2-oxonona-3,5,7-trienyl]benzaldehyde was 

transcriptionally decreased (Figure 21B, SMBGC 47). Several clusters exhibited transcriptional 

deregulation of only some genes, and several cases existed in which neither a PKS nor a NRPS, 

but several other genes were affected. However, the massive deregulation of a total of 124 SM 

genes and, moreover, the possibility that enzymes encoded by genes of one SM cluster may 

contribute to modifying SMs synthesized by another, suggests complex remodeling of SM 

biosynthesis in this confrontation. 
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Figure 21. Physical map of deregulated SMBGCs in A. nidulans under confrontations. 
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(A) In A. nidulans, 21 out of 68 SM SMBGCs harbor deregulated genes in confrontation with 

B. amyloliquefaciens. (B) In A. nidulans confronting B. subtilis, 40 out of the total of 68 SM clusters are 

transcriptionally de-regulated. (C) In confrontation with T. roseum, A. nidulans has 50 of the 68 SM clusters 

de-regulated. (A, B and C) The horizontal arrows represent SM genes and their transcriptional direction. 

Putative function as indicated by the color code is as in Figure 8. Red and blue arrowheads denote increased 

or decreased transcript abundances in the confrontation. Scale bar represents 10 kb. PKS, Polyketide 

Synthase; NRPS, Non-ribosomal Peptide Synthetase. 

 

 

In addition, in hyphae confronting the biocontrol fungus T. roseum, RNA-Seq analyses showed 

massive SM responses in A. nidulans, as suggested by bubble plot depiction (Figure 20, A. nidulans 

vs. T. roseum). In this confrontation, of 68 SMBGCs, 50 clusters were transcriptionally 

deregulated. Intriguingly, 15 out of the 50 SMBGCs harbored more than 50% of transcriptionally 

deregulated genes (Figure 21C). In detail, in SMBGCs 10, 32, and 45, the vast majority of genes 

showed increased transcript abundances. In the PKS SMBGC 21, responsible for synthesis of the 

carcinogen STC, 22 out of 24 genes were upregulated. In contrast, SMBGCs 1, 7, 38, 47, and 60 

contained strongly downregulated DEGs. 

The specific response of A. nidulans to B. amyloliquefaciens, B. subtilis and T. roseum can be 

attributed to the distinct metabolic interactions triggered by each microbial partner. This specificity 

arises from the unique chemical environments and molecular interactions induced by different 

microbes, leading to differential regulation of SMBGCs. B. subtilis, for example, has been known 

to produce lipopeptides like iturin, fengycin, and plipastatin (Gong et al., 2015; Wang et al., 2020; 

D. Zhang et al., 2022), which affect specific regulatory pathways in A. nidulans. In contrast, in the 

fungus vs. fungus confrontation, such as with T. roseum, may involve mycotoxins or fungal- 

specific effectors that activate distinct stress and response pathways. These interactions result in 

varied patterns of SM production, reflecting adaptive and defensive strategies against diverse 

microbial competitors (Brakhage, 2013; Netzker et al., 2015). Collectively, the data shown here 

indicates that microbial confrontations, regardless of taxonomic relatedness, elicit distinct 

transcriptional responses of SMBGCs in hyphae of A. nidulans. 
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3.4.4 RT-qPCR analyses confirmed distinct transcriptional responses of stcA to distinct 

confrontation partners 

In order to address the effect of distinct bacterial and fungal confrontation partners on the 

activation of the STC cluster (SMBGC 21), transcript abundances of the core PKS gene stcA 

(ANIA_07825) of A. nidulans was quantified by RT-qPCR analyses (Figure 22). RNA isolated 

from A. nidulans growing in solo cultures and from hyphae confronted by bacterial and fungal 

partners were subjected to RT-qPCR analyses. 

 

 

 

 

Figure 22. RT-qPCR analysis of stcA gene in A. nidulans under confrontation with various 

biocontrol bacterial and phytopathogens. 

The core biosynthetic stcA gene of the carcinogenic STC SMBGC 21 in A. nidulans was subjected to RT- 

qPCR analysis. The relative transcript levels indicate gene expression of stcA under confrontations. The 

physical map of SMBGC21 is given above the respective bar plot and the bar color indicates the color of 

the core gene stcA. The constitutively expressed actin biosynthesis gene of A. nidulans served as standard. 

Data shown is means of three independent biological replicates and three technical replicates. Error bars 

are + SDs. The statistical significance is indicated by asterisk (* p < 0.05, ** p < 0.01, *** p < 0.001). 

stcA, sterigmatocystinA. 
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Of all Bacillus confrontation partners, only B. subtilis elicited a minor but statistically significant 

(p < 0.05) increase in stcA transcript abundance. Aspergillus hyphae confronting yeast did not 

show any increase in stcA transcripts. In striking contrast, all filamentous fungi elicited 

significantly  increased  stcA  transcript  abundances,  with  those  elicited  by  A.  tenuis, 

C. heterostrophus, C. higginsianum, T. roseum, and C. domesticus identified as highly significant 

(p < 0.001). Importantly, in confrontation with T. roseum and A. tenuis, stcA transcript abundances 

increased 25- and 33-fold over the abundance in A. nidulans growing in solo culture. Also, in the 

presence of the biocontrol fungus T. harzianum, stcA transcript abundances are 10-fold increased 

as compared with transcript concentrations in the solo culture. These data strongly argue that the 

establishment of biocontrol strains in the environment may cause severe shifts in biosynthesis of 

SMs in confronted microorganisms such as the ubiquitous fungus A. nidulans. This scenario argues 

that implementation of MBCAs may potentially affect consumers’ safety. 

 

 

3.4.5 Distinct biocontrol microorganisms cause severe and differential secondary 

metabolome re-programming in A. nidulans 

Massive and distinct patterns of deregulation of SMBGC genes of A. nidulans confronting 

bacterial and fungal antagonists ask for complementary analyses of the secondary metabolome. 

Non-targeted LC-MS/MS analyses indeed revealed an enormous number of newly synthesized 

chemistries in vegetative hyphae of A. nidulans confronting different biocontrol and plant 

pathogenic species. To obtain insights into the specific features produced under confrontations, 

venn diagrams were used to visualize features obtained from solo cultures and confrontations 

(Supporting Figure S10A). In the confrontation assays between A. nidulans and the fungi 

C. domesticus, T. asperellum, and T. harzianum, instances of fungal overgrowth made it 

challenging to isolate only the hyphae of Aspergillus for metabolome analysis. To address this, the 

samples were collected from the overgrown regions where the hyphae of A. nidulans was mixed 

with the other fungal hyphae, as well as solo cultures of the respective overgrown fungi. By 

performing metabolome analyses on both the mixed samples and the corresponding solo cultures, 

it was possible to differentiate and exclude the metabolites produced by the overgrowing fungi, 

thus enabling the isolation and identification of metabolites specific to A. nidulans (Supporting 

Figure S10A, bottom panel, An vs. Cd, An vs. Ta, An vs. Th). 
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In confrontations with B. amyloliquefaciens, B. subtilis, commercial B. subtilis, and B. velezensis, 

568, 579, 545 and 593 novel features were identified and in confrontations with the fungal 

pathogens A. tenuis, C. heterostrophus, C. higginsianum, 557, 712 and 567 unique features were 

found. Remarkably, in confrontation with the biocontrol agent T. roseum, 808 newly formed 

features that had not been identified in solo culture were recorded. In addition, under 

confrontations with the biocontrol fungi T. asperellum and T. harzianum, 246 and 128 specific 

features were uncovered. Furthermore, in confrontation with the isolates Cladosporium sp., and 

C. domesticus, 535 and 792 confrontation specific features were detected. The confrontation 

between the fungus and yeast S. cerevisiae revealed a total of 495 exclusive features (Supporting 

Figure S10A). These specific features indicate that distinct micro-organismic confrontations result 

in differential SM production in A. nidulans. Intriguingly, the majority of these chemistries were 

not annotated (Supporting Figure S10B), with over 50% of the compounds in each confrontations 

remaining unidentified. This suggests that most of the secreted SMs are potentially novel. 

The annotated features specifically produced by A. nidulans under confrontations were then used 

to create sunburst plots to visualize the different classes of compounds present under specific 

confrontations. These plot illustrate four levels of compound specificity, namely super classes, 

classes, sub classes, and most specific classes (Supporting Figure S11). Importantly, the compound 

classes vary specifically, depending on the confrontations. Organic acids and derivatives were the 

most prevalent in all confrontations, followed by lipids and lipid-like molecules and 

organoheterocyclic compounds. Notably, confrontations with Trichoderma spp. led to a specific 

increase in the production of organic nitrogen compounds (Supporting Figure S11, A. nidulans vs. 

T. asperellum and A. nidulans vs. T. harzianum). This is corroborated by the bar plots, which 

effectively illustrate the variation in compound super classes under different confrontations (Figure 

23A, bar plots). The intensities of individual compounds corresponding to those in the bar plot 

were further visualized by violin plots (Figure 23A, violin plots). The distribution and density of 

compound intensities vary significantly between different confrontations. Each super class exhibits 

distinct intensity patterns, highlighting the variation in SM production by A. nidulans under 

confrontations. 

The research question on how specific these confrontations are is well answered by the upset plot 

(Figure 23B). The upset plots reveal a substantial amount of unique compounds specific to 
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individual confrontations, particularly in fungus vs. fungus interactions, indicating a high degree 

of specificity in SM production (Figure 23B, upper and middle panel). Although the fungus vs. 

bacterial interactions results in a specific metabolic response, ranging between 13 to 18 discrete 

compounds, there is also a general SM production involving about 50 compounds. This suggests 

that A. nidulans secretes a set of general SMs against the genus Bacillus in addition to the unique 

compounds. Notably, 225 unique compounds were identified in the confrontation between 

A. nidulans and the biocontrol fungus, T. roseum. Intriguingly, 214 compounds were found in the 

overgrowth confrontations between  A. nidulans and T. harzianum.  Confrontations with 

C. heterostrophus, C. domesticus and T. asperellum yielded 125, 126 and 121 unique compounds, 

respectively (Figure 23B, upper panel). 

These findings indicate that A. nidulans produces a greater number of unique compounds in 

confrontations with fungal partners than with bacterial partners. The general response against the 

Bacillus biocontrol agents underscores the adaptive metabolic strategies employed by the 

ubiquitous fungus to encounter diverse microbial threats. The number of specific and general 

compounds belonging to various super classes include organic acids and derivatives, lipids, 

organoheterocyclic compounds, and benzenoids. In addition, numerous compounds identified in 

these confrontations also remain unannotated (Figure 23B, lower panel). These integrated analyses 

provide compelling evidence that A. nidulans exhibits highly specific SM production profiles, 

depending on the confrontation partner. 
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Figure 23. Visualization of unique and shared SMs produced in A. nidulans under 

confrontations. 
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(A) Bar plots and violin plots illustrating the variation in compound super classes during various 

confrontations. The bar plots display the number of compounds with specific superclass annotations for 

each confrontation setup. The violin plots show the distribution and intensity of individual compounds, with 

each dot representing a compound. (B) Upset plot demonstrating the specificity of SM production across 

different confrontations. Upper panel: Bar plot indicating the size of the intersection set, corresponding to 

the number of compounds. Middle panel: Matrix plot features the sets contributing to a specific intersection 

by black or orange dots. Black dots represent sets contributing to a general SM response, and orange dots 

indicate unique SMs specific to confrontations. The right bar plot shows the number of compounds within 

each set/confrontation assay. Lower panel: Bar plot illustrates the factions of superclass annotation within 

the displayed intersection sets. Only sets with a minimum size of 10 compounds are shown. 

 

 

Interestingly, toxic compound classes such as piperidines, phenol ethers, diazines, furans, 

pyrrolidines, and coumarins were identified under confrontations. The computational toxicity 

(LD50) of these compound classes was estimated by ProTox 3.0 (Figure 24). Notably, some 

compound classes such as azoles, furans, pyridines, and quinolines, recognized as key components 

in synthetic fungicides were present in confrontations, suggesting that A. nidulans may produce 

SMs with structural similarities to these fungicides, potentially explaining their inhibitory activity 

and acute toxicity against microbial competitors. 
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Figure 24. Balloon plot depicting the toxicity of various compound classes in A. nidulans 

under confrontations. 

The plot depicts the compound classes that are present under three major super classes viz. benzenoids, 

organoheterocyclic compounds, and phenylpropanoids and polyketides. The numbers in parentheses 

following each compound class indicate the total number of individual compounds present. The acute 

toxicity of these compounds is color-coded according to their toxicity classes, as indicated by their LD50 

values. The balloon size indicates the number of compounds present under each confrontation. LD50, Lethal 

dose 50%. 
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3.4.6 Cytotoxicity assays reveal potential human health risks associated with SMs produced 

under confrontations 

Given that A. nidulans produces large numbers of SMs under confrontations with biocontrol 

agents, it may be considered naïve to assume that biological disease control might not have the 

potential to harm consumers and/or the environment. Hence, we sought to investigate the potential 

toxicity of these compounds to humans by cytotoxicity assays. This approach aims to assess 

whether the compounds produced in response to biocontrol agents exhibit any cytotoxic effects on 

human cells. SMs obtained from A. nidulans under solo culture and in confrontations with the 

biocontrol bacteria, B. amyloliquefaciens and B. subtilis, and biocontrol fungus, T. roseum were 

subjected to toxicity assay. The cytotoxic effects of the compounds were assessed using resazurin- 

based cell viability assays on healthy human HEK-293 and colorectal carcinoma HCT-116 cells. 

Cells were treated with a concentration range of 0.98 - 250 µg/mL for 48 hours, and cell viability 

was quantified fluorometrically. IC50 values were calculated to determine the inhibitory effects of 

the extracts on cell proliferation. 

The results of the cell toxicity assays demonstrated that metabolites produced by A. nidulans under 

confrontations with biocontrol agents exhibit significantly higher toxicity to both healthy and 

cancerous human cells compared to controls, i.e. compounds extracted from PDA and A. nidulans 

grown in solo culture (Figure 25). Notably, metabolites from confrontation with B. subtilis and 

T. roseum led to cell viabilities of less than 5% in HEK-293 cells, indicating a drastic reduction in 

cell survival. In contrast, SMs from A. nidulans confronted B. amyloliquefaciens showed a toxicity 

profile in HEK-293 cells similar to that of solely grown A. nidulans, which reduced cell viability 

up to 25% (Figure 25A). This similar toxicity profile could be attributed to the possibility that 

B. amyloliquefaciens does not induce the production of additional toxic SMs in A. nidulans beyond 

its baseline level. The diverse array of toxic compounds produced by SMBGCs in A. nidulans may 

already  be  sufficient  to  exert  substantial  cytotoxic  effects.  The  confrontation  with 

B. amyloliquefaciens may not stimulate a significant alteration or enhancement in the expression 

of these clusters, resulting in toxicity levels comparable to those of A. nidulans in solo culture. The 

IC50 values further illustrate the toxicity levels of the compounds produced, with values of 135 

µg/mL and 52 µg/mL for A. nidulans against B. subtilis and T. roseum, respectively. In contrast, 

the IC50 for the interaction between A. nidulans and B. amyloliquefaciens exceeds 250 µg/mL. 



98  

 

 

Figure 25. Cytotoxic effects of SMs produced by A. nidulans under confrontations with 

biocontrol bacteria and fungus on HEK-293 and HCT-116 cell lines. 

(A) Scatter plot showing the viability of healthy human embryonic kidney cells (HEK-293) exposed to 

chemistries produced by A. nidulans when grown alone (blue circles), and in confrontation with 

B.amyloliquefaciens (brown triangles), B. subtilis (green squares), and T. roseum (red diamonds). (B) Cell 

viability on human colorectal carcinoma cells (HCT-116) under the same depiction as in scatter plot (A), 

showing drastic reductions in cell viability. (A and B) Cell viability (%) is plotted against the logarithm of 

the SM concentration (Cextract, mg/mL), showing dose-dependent cytotoxic effects. Data were collected 

from at least four biological replicates, each with technical triplicates. Error bars represent ± SDs. PDA, 

Potato Dextrose Agar; Cextract, Concentration of extract (metabolites). 
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In case of HCT-116 cells, the chemistries obtained from A. nidulans in confrontation with 

B. subtilis and T. roseum lead to cell viabilities of less than 5% similar to the ones observed in 

HEK-293 cells. In addition, metabolites from A. nidulans vs. B. amyloliquefaciens also exhibited 

moderate toxicity, with cell viability around 50%. The IC50 values further highlight the potency of 

these toxic compounds, with 214 µg/mL for A. nidulans vs. B. amyloliquefaciens, 99 µg/mL for A. 

nidulans vs. B. subtilis, and 80 µg/mL for A. nidulans vs. T. roseum (Figure 25B). Also in this case, 

compounds from non-confronted A. nidulans showed mild toxicity, which could be plausible 

because of the huge repertoire of toxic and carcinogenic metabolites the fungus harbors. 

In both the healthy and cancerous cell lines, there is a differential response of SMs produced by 

A. nidulans when confronted by B. amyloliquefaciens. This variation in response may be attributed 

to the unique metabolic or signaling pathways activated in A. nidulans during its interaction with 

B. amyloliquefaciens. In healthy cells, these pathways lead to a basal level of toxicity, while in 

cancer cells, they result in a more moderate toxicity profile. Collectively, these data underscore the 

potential health risks posed by toxic SMs produced by A. nidulans when confronted by MBCAs. 
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4 Discussion 

 

4.1 Historical and modern context of fungal SMs and their toxicity 

The detrimental toxicity of fungal SMs has harmed humanity for centuries. In humans, disease 

symptoms caused by the ergot alkaloid-producing pathogen of grasses, Claviceps purpurea, have 

been described since 600 BC (Haarmann et al., 2009; Lee, 2009). Moreover, in England approx. 

100,000 turkey poults died from groundnut meal contaminated with AFs produced by A. flavus. 

Food contaminated with AF poses a global health threat due its high acute toxicity and, even more, 

due to its enormous carcinogenic activity (Pickova et al., 2021; Wu, 2014). As a matter of fact, 

more than 300 mycotoxins, including AF and STC, are of serious concern to human health and 

livestock (Brown et al., 2021; Sun et al., 2023; Xu et al., 2022; Zingales et al., 2022). Collectively, 

fungi may produce more than 15,000 distinct SMs (Zhgun, 2023) and only in some cases the signal 

triggering activation of SMBGCs and their products are known (Brakhage & Schroeckh, 2011; 

Keller, 2019; König et al., 2013; Schroeckh et al., 2009), with few exceptions. For example, 

arginine-derived PKs of Streptomyces species have been shown to trigger fungal SM production 

in a cross-kingdom fashion and may thus shape structure and function of complex microbial 

communities in soil environments (Krespach et al., 2023). Indeed, several putatively toxic SMs 

and their targets in microbial confrontation partners have been described, and the fact that 

successful defense against competing microbes is primarily chemistry-based is widely accepted 

(Brakhage, 2013; Kunzler, 2018; Macheleidt et al., 2016). In spite of this acceptance, questions 

regarding the complexity, plasticity, and specificity of microbial chemical defense remain largely 

unanswered. The complexity and diversity of fungal SMs present significant challenges, 

particularly in understanding their toxic effects within natural environments. As focus shifts from 

individual SMs to their roles in microbial interactions, it becomes evident that evaluating SM 

production in real-world microbial confrontations is far more complex than under controlled 

conditions, due to the context-dependent activation of SMBGCs. 

 

 

4.2 Challenges in evaluating microbial antagonism in confrontations 

While testing consumer and environmental toxicity of defined chemistries such as synthetic 

chemistries is easily accomplishable, evaluation of antagonistic microorganisms is difficult, as it 

is unclear which SMBGCs are activated under confrontations with numerous distinct partners. The 



101  

difficulty is particularly evident in multi-membered confrontations e.g., on densely inhabited plant 

surfaces (Lindow & Brandl, 2003; Vorholt, 2012). The exchange and further modification of SMs 

has been demonstrated with melanin biosynthesis mutants of two different Colletotrichum species 

exhibiting distinct melanin biosynthesis defects (Deising et al., 2017). In a multi-membered 

consortium, however, one may expect an enormous increase in SM complexity, as compared with 

co-cultures consisting of two members only. Indeed, in a microcosm experiment employing three 

rhizosphere bacteria, i.e., B. cereus, F. johnsoniae, and P. koreensis, Handelsman and co-workers 

showed that the dynamics of secondary metabolism depends on community species composition 

and inter-species interactions, indicating that microbiome interactions may shape the SM 

composition in nature (Chevrette et al., 2022). These experiments also suggest that introducing 

biocontrol agents into a pre-shaped complex microbiome would significantly impact SM 

formation. 

The hypothetical complexity of the reservoirs of distinct fungal and bacterial compounds has been 

highlighted by comparative genomics and cheminformatics analyses, employing 1,037 genomes 

from species across the fungal kingdom and a set of 5,453 bacterial genomes (Robey et al., 2021). 

Remarkably, more than 36,000 fungal SMBGCs were organized into gene cluster families, with 

more than 2,000 SMBGCs providing predicted metabolite scaffolds. In total, more than 15,000 

fungal and over 9,000 bacterial compounds revealed a landscape of largely species-specific 

compound reservoirs (Robey et al., 2021), highlighting the enormous complexity of novel 

compounds to be expected in microbial confrontations driven by SMBGCs. 

 

 

4.3 Complex regulatory networks governing SM production in microbial confrontations 

The activation of SMBGCs and the resulting production of toxic SMs are often cryptic in solo 

cultures growing under laboratory conditions due to stringent transcriptional regulation, which 

ensures these compounds are synthesized only when necessary (Collemare & Seidl, 2019). To 

study the functionality of SM clusters, an “orthodox” approach involves inactivating the core 

biosynthetic gene of the SMBGC through targeted mutagenesis (Brakhage & Schroeckh, 2011). 

Deleting PKS and NRPS genes in fungi significantly impacts their secondary metabolism, altering 

the production of key bioactive compounds. For instance, in A. fumigatus, deletion of the NRPS 

gene encD, encoding a putative 2-oxoglutarate-Fe(II) type oxidoreductase, increased the 
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production of the anthraquinone compound endocrocin (Lim et al., 2012). Similarly, deleting the 

PKS gene easB in A. nidulans led to the identification of the emericellamide biosynthetic pathway 

(Chiang et al., 2008). Additionally, overexpressing transcriptional regulators of SMBGCs has also 

facilitated the identification of numerous SMs and their responsible genes. An overexpression of 

the global transcriptional regulator laeA in A. nidulans enabled the identification of a bisindole 

alkaloid, terrequinone A (Bouhired et al., 2007). The production of SMs in fungi is governed by a 

sophisticated regulatory network that includes pathway-specific, global and epigenetic regulations 

(Brakhage, 2013; Macheleidt et al., 2016; Yin & Keller, 2011). Pathway-specific regulation is often 

controlled by PSTFs within SMBGCs that bind to promoters of other genes within the same cluster. 

Among known ones, A. nidulans has 12 SMBGCs containing 16 PSTFs, while A. fumigatus has 

10 BGCs with 12 PSTFs. Notable PSTFs include AflR, which controls AF and STC synthesis in 

A. flavus and A. nidulans, respectively, and GliZ, which regulates gliotoxin synthesis in 

A. fumigatus (Caceres et al., 2020; Yin et al., 2012). Global regulation involves broad-spectrum 

regulators that respond to environmental signals and affect multiple SMBGCs and SMs 

production. For instance, the nitrogen regulator AreA controls gibberellin biosynthesis in 

F. fujikuroi (Schönig et al., 2008), the carbon regulator CreA regulates patulin biosynthesis in 

Penicillium expansum (Tannous et al., 2018), and the pH regulator PacC influences STC 

biosynthesis in A. nidulans (Ke et al., 2013). Furthermore, epigenetic regulation also modifies the 

chromosomal architecture to influence the transcriptional availability of SMBGCs. This regulation 

is mediated by proteins such as histone deacetylases (HDACs) and methyltransferases which can 

activate or repress the expression of cryptic fungal SMBGCs (Cichewicz, 2010; Collemare & 

Seidl, 2019; Karahoda et al., 2022). Fungal SM regulation is not strictly hierarchical; instead, it 

involves interactions between multiple regulatory levels. The global regulator laeA exemplifies 

this integration by regulating approximately 50% of SMBGCs and forming a heterotrimeric velvet 

complex with VelB and VeA to coordinate secondary metabolism and development in response to 

light signals (Bayram et al., 2008). Additionally, the S-adenosyl methionine binding site in laeA 

indicates its role in influencing chromatin accessibility, further linking epigenetic and global 

regulatory mechanisms to control the expression of SMBGCs. 
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4.4 Toxic and carcinogenic SMs in microbial confrontations 

Given the large number of toxic SMs putatively synthesized in a microbial community it is 

surprising that distance inhibition (Bertrand et al., 2014) did not occur on maize leaf imprint on 

agar, as indicated by the lack of inhibition zones between the numerous colonies that had formed. 

In this context, it is likewise surprising that a screen of more than 700 environmental isolates from 

apple trees and fruits of strains identified only four bacterial and three fungal isolates able to reduce 

lesion development caused by the fruit rot pathogens Pezicula malicorticis and Nectria galligena 

(Schiewe & Mendgen, 1992). It is not surprising, however, that in our study, the commercially 

available antagonist B. amyloliquefaciens and one of the best studied SM producers, i.e. 

A. nidulans, displayed distance inhibition in confrontations with C. graminicola. Importantly, 

combined transcriptome and metabolome data revealed an enormous plasticity and specificity in 

synthesis of complex arrays of novel SMs, i.e. 33 and 36 benzenoids, 29 and 40 organoheterocyclic 

features, and six and 18 phenylpropanoids / polyketides synthesized in the confrontations of C. 

graminicola with B. amyloliquefaciens and A. nidulans, respectively. Intriguingly, several 

compound classes identified in one or both confrontations, e.g. azoles or piperidines, exhibit 

structural similarities with fungicidal lead structures (FRAC codes 3 and 5). Moreover, the 

rotenoid villosinol identified in the C. graminicola vs. A. nidulans confrontation acts as a 

mitochondrial complex I inhibitor (IRAC code 21) categorized into toxicity class I. Furthermore, 

cinnamaldehydes are multi-mode-of-action biologicals targeting cell wall biogenesis by inhibiting 

synthesis of the structural core cell wall polymers chitin and β-1,3-glucan, and are also thought to 

interfere with membrane function (FRAC code BM03). Thus, interestingly, biochemistries 

synthesized in microbial confrontations resemble commercially available synthetic chemistries 

and possibly address the same targets. 

The biggest concern, however, relates to the carcinogenic activity of microbial SMs. The 

polyketide-mycotoxins AF and STC are oxidized by cytochrome P450 enzymes, yielding C-8,9- 

epoxides, which form covalent bonds between C8 of the toxin and N7 of guanine bases in DNA. 

Replication of DNA containing these adducts has been shown to cause G → T-mutations. High 

frequencies of this mutation at codon 249 in the tumor suppressor gene p53 were indeed reported 

in hepatocellular carcinoma from populations exposed to high levels of AF-contaminated food in 

South Africa and China (Wang et al., 1999). Hepatocellular carcinomas were also observed in rats 

exposed to tetralin or anthracene (National Toxicology Program, 2011; Takeda et al., 2023). 
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Features belonging to these chemistry classes were formed in the C. graminicola vs. A. nidulans 

confrontation studied here. Moreover, the insecticidal mitochondrial complex I inhibitor rotenone 

induced neoplastic, paraneoplastic, and preneoplastic lesions in rats and is considered an 

environmental carcinogen (Gosálvez, 1983). In the light of the enormous feature numbers 

observed in the fungus vs. bacterium and in the fungus vs. fungus interaction studied in our 

research, synergistic activities of toxic compounds in carcinogenesis may be highly relevant. 

Highlighting this aspect, studies employing mouse models have shown that toxins produced by 

Bacterioides fragilis and pks+ E. coli promote colon cancer in a synergistic fashion and that mice 

colonized by Bacterioides fragilis and pks+ E. coli had strongly reduced survival rates, as 

compared with those colonized by either bacterium alone (Dejea et al., 2018). 

Our study has clearly shown that a large array of novel and highly diverse chemistries is 

synthesized in the confrontations between the maize pathogen C. graminicola with the biocontrol 

bacterium B. amyloliquefaciens and the ubiquitous model fungus A. nidulans. Furthermore, our 

research study has uncovered a large array of acute toxic and putatively carcinogenic features 

formed in a confrontation-specific fashion. The confrontation-specificity of the arsenal of chemical 

weapons employed may not be surprising, given the longtime of chemical evolution during 

progression in fungus vs. bacterium and fungus vs. fungus interactions, respectively. Interestingly, 

several forms of mycoparasitism have been uncovered in the excellently preserved 400-million- 

year-old mycoflora samples of the Lower Devonian Rhynie chert ecosystem (Hass et al., 1994). 

Given this enormous time span in microbial development, it is not surprising that 1,738 and 1,466 

newly synthesized features were specific to the C. graminicola vs. B. amyloliquefaciens and C. 

graminicola vs. A. nidulans confrontation studied here, with a total of 68 and 94 benzenoids, 

organoheterocyclic features and phenylpropanoids and polyketides synthesized in the two 

interactions, respectively. These findings underscore the complexity of microbial interactions and 

the potential for the synthesis of toxic and carcinogenic SMs in such confrontations. The discovery 

of a diverse array of toxic compounds, many of which exhibit structural similarities to known 

carcinogens, highlights the importance of further investigating the safety and health risks 

associated with microbial SM production in agricultural and environmental contexts. 
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4.5 Specificity and complexity of microbial interaction dynamics in inducing cytotoxic SMs 

Our knowledge on the synthesis of SM toxins during microbial confrontations and the associated 

transcriptome and metabolome changes remains sparse. Moreover, the toxicity of SMs produced 

under microbial confrontations must be addressed in approval processes for antagonistic MBCAs 

due to their potential adverse effects on human health. It is evident that the toxicity of products of 

an enormous number of SMBGCs remain to be explored, particularly in the context of microbial 

confrontations brought about in agricultural environments. As previously mentioned, the 

deregulation of SMBGCs is highly specific to each type of microbial confrontation. For instance, 

in our study, the number of SMBGCs deregulated in C. graminicola when confronted by 

B. amyloliquefaciens or A. nidulans was significantly different, with 29 and 36 clusters affected 

respectively, resulting in distinct sets of 1456 and 1185 metabolite features, with only 282 features 

overlapping between both confrontations. This specificity shows that different microbial 

confrontations can lead to vastly discrete transcriptome and metabolome responses. 

In general, the intricate dynamics of microbial interactions often drive the induction of cytotoxic 

SMs, as organisms engage in biochemical warfare to outcompete one another. These complex 

interactions can lead to the formation of distinct inhibition patterns and the production of toxic 

compounds. In our study, the dual-culture assays involving the ubiquitous fungus A. nidulans 

demonstrated diverse inhibition patterns when challenged by various MBCAs and plant pathogens. 

Previous research from Bertrand and co-workers have highlighted multiple patterns of inhibition, 

particularly in co-cultures where induction of toxic metabolites plays a significant role (Bertrand 

et al., 2014). Chemical inhibition is impressively shown in confrontations between the fungus 

A. niger and the bacterium Collimonas fungivorans¸ resulting in distance inhibition (Mela et al., 

2011). Distance inhibition has also been observed in my study between A. nidulans and various 

biocontrol Bacillus species used in plant protection. These inhibitions are indicative of secreted 

chemistries produced during confrontations as described in various studies (Fernando 

Devasahayam et al., 2024; Murakami et al., 2020; Sun et al., 2021). In terms of secreted 

chemistries, specific regulation of SMs under microbial competitions has previously been reported 

in fungal vs. bacterial and fungal vs. fungal interactions. Intriguingly, an intimate cross-kingdom 

interplay between S. rapamycinicus and A. fumigatus resulted in the epigenetic deregulation of the 

PKS based SMBGC required for synthesis of C-prenylated fumicycline by the bacterium (König 



106  

et al., 2013). In addition, microbial toxins were also reported to be specifically produced in several 

other co-cultivation experiments. In F. culmorum, increased production of mycotoxins such as 

DON and ZEA was observed in the competition led to with two Alternaria tenuissima isolates 

(Müller et al., 2012), and in the cross-kingdom interaction between the bacterium Burkholderia 

glumae and F. graminearum, higher levels of DON were produced in F. graminearum, presumably 

as a defense response to a toxic bacterial metabolite toxoflavin (Jung et al., 2018). The SMs 

produced may not be toxic per se, but can also be modulated by certain microbial species, including 

Trichoderma. For instance, by means of direct competition and employing biochemical 

modification, T. atroviride mitigated Fusarium mycotoxins such as trichothecenes and fusaric acid 

as reported by Tian and co-workers (Tian et al., 2020). 

To increase the complexity, toxins also act as crucial weapons in microbial rivalry. A notable 

confrontation involves the potato wilt-causing bacterium Ralstonia solanacearum and the foolish 

seedling disease caused by the plant pathogen F. fujikuroi. The bacterium produces the lipopeptide 

ralsolamycin, a compound inducing formation of fungal chlamydospores, which are then colonized 

by the bacterium. In turn, in order to prevent or counteract bacterial colonization, F. fujikuroi 

increases the localized production of bikaverin and beauvericin (BEA), which exhibit antibacterial 

effects, demonstrating a sophisticated chemical counterattack (Spraker et al., 2016). In addition, 

an unique set of chemistries have been described in a comparative metabolome study between 

sponge holobionts associated with microbial cells. Within this interaction, the shared compounds 

include 2-methylbutyryl-carnitine, scyllo-inositol, and mannitol, while unique compounds include 

loliolide, fucoxanthin, and defensive metabolites such as 1-monolinoleoyl-rac-glycerol, and 

methyl vaccinate (Zhang et al., 2022). This suggests that the holobiont tailors its metabolic 

responses to different microbial adversaries, resulting in the production of unique suites of SMs. 

These findings illustrate the complexity of chemical interactions that occur during microbial 

confrontations, where each organism tailors its secondary metabolism profile to outcompete, 

inhibit, or tolerate its opponent. The dynamic interplay between microorganisms through the 

production and modulation of (toxic) SMs defines their competitive strategies. 

Of the secreted chemistries in our study, it is reasonable to assume the presence of compounds 

with cytotoxic properties against mammalian cells. Multiple reports emphasize the cell toxicity of 

mycotoxins from various fungi (Coulet et al., 2024; Gutleb et al., 2002; Wen et al., 2016). In a 
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study conducted by Ruiz and co-workers (Ruiz et al., 2011), the toxicity of toxins such as BEA, 

DON, and T-2 were evaluated in hamster ovarian cells (CHO-K1), which yielded IC50 values 

ranging between 17 and 52 nM for T-2, 0.53 to 2.30 µM for DON, and 2.77 to 17.22 µM for BEA. 

In the experiment we conducted with confrontations between A. nidulans and two distinct 

biocontrol bacteria and a biocontrol fungus, we demonstrate that some metabolites synthesized in 

confrontations result in complete loss of viability of human cells. The IC50 values for these 

metabolites ranged between 52 - 250 µg/mL for HEK-293 cells, and 80 - 214 µg/mL for HCT-116 

cells, demonstrating a significant level of toxicity. Fungal toxins may cause disruption of 

mitochondrial functions, leading to the generation of ROS and, in turn, result in DNA damage, 

apoptosis, lipid peroxidation, cell cycle arrest, and immunosuppression. Moreover, mycotoxins 

such as T-2 toxin, and DON disrupt protein synthesis by inducing a ribotoxic stress response 

(RSR), further impairing cellular functions such as cell growth, survival, inflammatory responses 

and blood-brain barrier functions (Wu et al., 2014). 

The fact than a large number of so far unidentified and putatively toxic compounds are produced 

in microbial confrontations underlines the importance of identifying and functionally 

characterizing these chemistries (Demain & Fang, 2000; Keller, 2019). The lack of comprehensive 

data on these metabolites hampers the ability to fully assess their potential impacts on human 

health and the environment. Recent advances in metabolomics and high-resolution mass 

spectrometry have highlighted the vast chemical diversity of microbial SMs produced under 

different conditions, suggesting that many potentially toxic compounds are still undiscovered 

(Patti et al., 2012; Wolfender et al., 2019). Furthermore, the complexity of microbial interactions 

and their confrontation in natural environments may frequently lead to synthesis of novel SMs that 

do not occur in standard laboratory conditions (Scherlach & Hertweck, 2009). Studies have shown 

that microbial co-cultivation can trigger the production of unique SMs, driven by interspecies 

chemical signaling or even interspecies physical contact not occurring in solo culture (Netzker et 

al., 2015). The complexity of existing data suggests that there is a growing need for more 

sophisticated screening and characterization approaches to detect compounds with potential risks 

for consumers, especially when they are produced in contexts like biocontrol or agricultural 

applications (Bottalico & Perrone, 2002; Munkvold & Desjardins, 1997). 
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4.6 Implications of microbial confrontations for biocontrol and agricultural applications 

It is not surprising that a large number of acute toxic and carcinogenic chemistries were detected 

in confrontations in the present research study, which were not synthesized in solo cultures of 

antagonists and, plausibly, would therefore not be evaluated in legislation efforts for antagonists 

to be used as biological plant protection agents. In contrast, in the EU, chemistries to be used in 

plant protection are known compounds and must be intensively evaluated and peer-reviewed by 

the member states and the European Food Safety Authority before a decision on approval can be 

made. Approval criteria defined in Regulation (EC) No 1107/2009 (https://eur- 

lex.europa.eu/eli/reg/2009/1107/oj) exclude carcinogenic or otherwise adverse chemistries. For 

known chemical compounds, it is necessary to provide comprehensive safety data, including 

toxicological risk assessments, to demonstrate that the compounds do not pose any risks to 

humans, animals, or the environment. One may argue that fungicides, though neither toxic nor 

carcinogenic, may induce SMBGCs in fungi when applied at sublethal concentrations. 

Interestingly, in F. graminearum the application of 5 parts per million (ppm) of the azole fungicide 

Tebuconazole to a SNP mutant of the TF AZR1 as well as to the Δazr1 deletion strain was used to 

investigate the transcriptional response to sublethal fungicide stress (Eisermann, 2023). In both 

experiments, the WT strain served as control and allowed assessing the response of SMBGC genes 

to a challenge by a synthetic fungicide. Even at a low threshold of log2FC ≥ 1, the WT strain 

showed only 14 and four de-regulated SM genes in these two experiments (Iris Eisermann, 

personal communication). For comparison, in my study, 82 and 116 SMBGC genes were de- 

regulated in C. graminicola in confrontations with B. amyloliquefaciens and A. nidulans, 

respectively. The great variety in newly synthesized metabolites supports the idea that synthesis 

of putatively toxic SMs is significantly more dramatic in microbial confrontations than fungicide 

challenges . 

Collectively, combinations of transcriptome and metabolome analyses of multiple fungus vs. 

fungus and fungus vs. bacterium confrontations have revealed dramatic reprogramming in 

microbial secondary metabolism and synthesis of chemistries representing enormous putative 

consumers’ health risks. Moreover, this research supports the idea that microbial confrontations 

are decided based on the ability of the interacting partners to synthesize toxic SMs. The fact that a 

large array of novel and, in part, toxic and carcinogenic chemistries are formed in confrontations 

between approved biocontrol bacterium and a plant pathogenic fungus questions the hypothesis 

https://eur-lex.europa.eu/eli/reg/2009/1107/oj
https://eur-lex.europa.eu/eli/reg/2009/1107/oj
https://eur-lex.europa.eu/eli/reg/2009/1107/oj
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that biological disease control promotes consumer safety and strongly demands more rigorous 

analyses of microbial SMs before microorganisms are approved for plant protection. 
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5 Conclusion and outlook 

The study of microbial SMs and their toxicological impacts has long been a critical area of 

research, given the significant threats they pose to human health, agriculture, and livestock. Our 

research study explored the intricate dynamics of microbial interactions, particularly focusing on 

the confrontations between the maize pathogen C. graminicola and the biocontrol bacterium 

B. amyloliquefaciens as well as the ubiquitous model fungus A. nidulans. In another part of this 

study, multiple confrontations were made between A. nidulans and various biocontrol bacteria and 

phytopathogens. Through a combination of transcriptome, metabolome (performed by Dr. 

Henriette Uthe, iDiv and IPB; and Dr. Yvonne Poeschl, iDiv, and MLU) and cytotoxicity studies 

(conducted by Dr. Robert Rennert, IPB), this study uncovered the substantial reprogramming of 

microbial secondary metabolism and the synthesis of a vast array of novel, potentially toxic and 

even carcinogenic chemistries. 

One of the most striking findings is the sheer complexity and diversity of SMs produced during 

microbial confrontations. The interactions between C. graminicola and its microbial antagonists 

resulted in the synthesis of numerous novel compounds, many of which exhibit structural 

similarities to known fungicidal and toxic chemistries. This discovery underscores the significant 

role of microbial confrontations in driving chemical diversity and the production of chemical 

compounds. The fact that these interactions can induce the production of toxic and carcinogenic 

SMs, which are not synthesized under solo culture conditions, highlights the potential health risks 

associated with the use of MBCAs in agriculture. The findings presented in this research challenge 

the prevailing assumption that biological disease control methods are inherently safer than 

chemical pesticides. While MBCA such as B. amyloliquefaciens are often considered 

environmentally friendly alternatives, this study demonstrates that their interactions with 

pathogenic fungi can lead to the production of toxic SMs. The detection of toxic compounds, 

including those with carcinogenic potential, in microbial confrontations necessitates a re- 

evaluation of the safety protocols for biocontrol agents (Figure 26). 
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Figure 26. Graphical illustration of microbial confrontations on maize leaf. 

The unaltered microbiome on the maize leaf surface undergoes significant disruption upon the introduction 

of external MBCAs, including bacterial and fungal species. This disturbance in the native microbial 

community by antagonists triggers the production of (novel) SMs, many of which are toxic. These SMs can 

be taken up and further modified by other organisms, resulting in a complex "cocktail" of chemistries. 

 

 

Given these insights, it is imperative to implement more stringent regulatory frameworks for the 

approval and use of MBCAs. Current safety assessments may not fully account for the complex 

and dynamic nature of microbial interactions that occur in natural and agricultural environments. 

Therefore, comprehensive evaluations that include detailed metabolome and transcriptome 

analyses should be mandatory before approval of biocontrol agents. Such target assessments would 

help ensure that potentially toxic or carcinogenic metabolites are thoroughly evaluated before 

approving biological control agents. Furthermore, this research highlights the need for advanced 

monitoring and risk assessment strategies in agricultural practices. The potential for MBCAs to 

synthesize toxic chemistries when confronted with pathogenic fungi calls for vigilant oversight 

and management. To ensure a comprehensive evaluation of toxic SMs produced under microbial 

confrontations, specific experimental setups can be designed to mimic relevant agricultural and 

environmental conditions. For example, potential biocontrol agents could be co-cultivated with a 

range of bacterial and fungal microbes to identify the spectrum of SMs produced under various 
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interactions. This targeted approach would help capture the specific metabolites generated in 

realistic scenarios, allowing for a thorough assessment of their toxicity and safety before the 

approval of these agents for use. 

To sum up, this research underscores the critical importance of re-thinking the use of MBCAs in 

agricultural practices. While they offer promising alternatives to chemical pesticides, their 

potential to produce SMs putatively toxic to humans poses significant health risks. Rigorous 

regulatory measures and comprehensive safety assessments are essential to ensure that biocontrol 

methods do not inadvertently give rise to new hazards. By advancing our understanding of 

microbial secondary metabolism and enhancing safety protocols, we can better harness the benefits 

of MBCAs while safeguarding public health and environmental sustainability. 
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7 Appendix 

 

7.1 Supporting Figures 
 

 

 

 

Supporting Figure S1. Split plate assays indicate that volatile organic compounds (VOCs) do 

not contribute to distance inhibition. 

Note that colonies growing in monocultures in different compartments show comparable distances to the 

split as neighboring colonies separated the split. 
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Supporting Figure S2. Growth inhibition of C. graminicola by Iturin A and Sterigmatocystin 

measured by Kirby-Bauer disc diffusion assays. 

(A) Left panel Petri dishes with colonies of C. graminicola and a filter disc (arrow) containing Iturin A or 

Sterigmatocystin (1mg/mL). Ethanol and/or methanol acts as a solvent control. Arrowheads indicate 

inhibition zones. The asterisk indicates areas of reduced conidiation. Photographs were taken at 12 dpi. 

From the area marked by the rectangle, samples were taken for microscopy. Arrowheads in DIC, Calcofluor 

White and in merged micrographs indicate hyphal swellings. Scale bar corresponds to 50 µm. (B) Halo area 

indicative of hyphal growth inhibition increased with increasing Iturin A concentrations. Data is means of 

three independent biological replicates. Error bars are + SDs. CFW, Calcofluor White; DIC, Differential 

Interference Contrast. 
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Supporting Figure S3. Validation of RNA-Seq data by RT-qPCR as an independent method. 

(A) Seventeen genes of SMBGC 27 from C. graminicola showing increased transcript abundances in 

confrontation with B. amyloliquefaciens were validated by RT-qPCR. (B) As in RNA-Seq analyses, two 

iturin and three bacilysin genes of SMBGCs 6 and 11 in B. amyloliquefaciens showed increased transcript 

abundances in confrontation with C. graminicola. (C) Confirmation of increased transcript abundances of 

the five genes of SMBGC 35 of C. graminicola confronting A. nidulans. (D) Twenty out of 24 genes of the 

STC SMBGC 21 of A. nidulans exhibited increased transcript abundances also when analyzed by RT-qPCR. 

(A, B, C, D and E) The physical maps of the corresponding SMBGCs and genes with increased transcript 

abundances, as analyzed by RNA-Seq studies, are given above the respective bar plot. The constitutively 

expressed actin biosynthesis genes of C. graminicola and A. nidulans, as well as the gyrA of 

B. amyloliquefaciens served as standards. Data shown is mean of three independent biological replicates 

and three technical replicates. Error bars are + SDs. ituc and ituB, iturin genes; bacA, bacC and bacE, 

bacilysin genes; stc, sterigmatocystin; SMBGC, Secondary Metabolite Biosynthetic Gene Cluster, PKS, 

Polyketide Synthase; NRPS, Non-ribosomal Peptide Synthetase; mRNA, messenger RNA; 



141  

 

 

Supporting Figure S4. Sample collection for metabolome analyses and Venn diagram 

showing numbers of chemistries newly synthesized in distinct confrontations. 

(A and B) Samples collected from 5 mm of the confronting culture margins and from the area between 

cultures lacking fungal or bacterial cells (red rectangles). Samples from margins of monocultures (blue, 

yellow and brown marked areas) served as controls. Blue and yellow areas denote the sample isolation 

spots in solo cultures, and red area in co-culture denotes the sample isolation from confrontation partners 

and inhibition zone. (C and D) Venn diagram showing 1,738 chemistries specifically synthesized in the 

confrontation between C. graminicola and B. amyloliquefaciens, and 1,466 in the C. graminicola vs. 

A. nidulans confrontation. 
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Supporting Figure S5. Targeted deletion of the core PKS gene of SMBGC 27 of 

C. graminicola. 

The 5’- and 3’- flanks of PKS27 and the hygromycin B resistance gene (hph) of Escherichia coli were PCR- 

amplified, ligated by DJ-PCR, and transformed into protoplasts of C. graminicola. Homologous 

recombination (A) resulted in replacement of PKS27 by hph in two independent mutants, as confirmed by 

PCR and Southern blot analyses of BamHI-digested DNA of WT, ect. and ∆pks27 strains (B). PKS27, 

Polyketide Synthase from SMBGC 27; hph, Hygromycin B phosphotransferase gene; WT, Wild type; ect., 

Ectopic; ∆pks27, Deletion mutants; SMBGC, Secondary Metabolite Biosynthetic Gene Cluster; PCR, 

Polymerase Chain Reaction; Southern, Southern blot; 
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Supporting Figure S6. Phylogenetic analysis and morphological characterization of fungal 

isolates obtained from maize leaves. 

(A) Phylogenetic tree of the Cladosporium sp. BRFD2 isolate based on the analysis of ITS sequences. The 

isolate clusters closely with Cladosporium allicinum EF679350 and Cladosporium floccosum LN834416, 

suggesting a close relationship with these species. Cladosporium salinae DQ780374 was used as an 

outgroup. Scale indicates 0.005 substitutions per site. (B) Phylogenetic tree of the Coprinellus domesticus 

BRFD1 isolate based on ITS sequence analysis. The isolate is closely related to Coprinellus domesticus 

KP132301, as indicated by the bootstrap values. Coprinus pinetorum KU686925 was used as an outgroup. 

Scale indicates 0.04 substitutions per site. (A and B) Filled and open circles in the phylogenetic trees 

indicate bootstrap values higher or lower than 90. Cladosporium sp. BRFD2 forms a dense colony with a 

greenish-gray and fluffy appearance, while Coprinellus domesticus BRFD1 forms a white, cottony, and 

velvet appearance in PDA 7dpi. Plates were photographed 7 dpi. The adjacent fluorescence microscopy 

images show Calcofluor white staining of hyphae (upper panels) and spores (lower panels), revealing the 

structural details of the fungal cell walls. Scale bars represent 50 µm. 
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Supporting Figure S7. Phylogeny and morphological characterization of biocontrol bacterial 

and fungal strains employed in transcriptome assays. 
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(A and B) shows the phylogenetic trees based on 16S rRNA gene sequences of B. amyloliquefaciens JKI- 

BI 7332/2 and B.subtilis JKI-BI 7325/1, showing its close relationship to other Bacillus species. The 

outgroup was assigned to P. aeruginosa. (A and B) shows the morphological characterization of B. 

amyloliquefaciens and B. subtilis indicating the colony morphology on PDA 4dpi, while the microscopy 

panel shows a Schaeffer Fulton stain of the bacterial cells, highlighting the presence of vegetative cells (red 

stained; indicated by white arrowheads) and endospores (green stained; indicated by red arrows). Scale bars 

represent 50 µm. (C) Phylogenetic tree based on ITS region sequences of T. roseum ATCC 13412, showing 

its relationship with other Trichothecium species. A. mougeotii GQ01 is assigned as an outgroup. 

Morphological characterization of T. roseum with colony morphology shown on petri dish with PDA 7 dpi. 

The microscopy panel shows the calcofluor white staining of hyphae (upper) and spores (lower), 

highlighting the chitin-rich cell walls. Scale bars represent 50 µm. The Bootstrap values in (A, B, and C) 

are indicated by circles, with filled circles representing higher (< 0.9) and open circles representing lower 

support (< 0.9). Scale bar of phylogenetic tree represents 0.04 substitutions per site. 
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Supporting Figure S8. Functional enrichment analysis by GO of DEGs in A. nidulans against 

B. amyloliquefaciens, B. subtilis, and T. roseum. 

Bubble plot depicting the GO terms for molecular function (MF) ranked by color codes based on the fold 

enrichment (adjusted p < 0.05). The X-axis indicates the gene ratio i.e. the ratio of DEGs to the total number 

of genes associated with a specific term. The size of each bubble indicates the number of DEGs 

corresponding to each GO term, while the color gradient reflects the significant level (-log 10 of the adjusted 

p-value). GO, Gene Ontology. 



147  

 

 

Supporting Figure S9. Functional enrichment analysis by GO of DEGs in A. nidulans against 

B. amyloliquefaciens, B. subtilis, and T. roseum. 

Bubble plot depicting the GO terms for cellular component (CC) ranked by color codes based on the fold 

enrichment (adjusted p < 0.05). The X-axis indicates the gene ratio i.e. the ratio of DEGs to the total number 

of genes associated with a specific term. The size of each bubble indicates the number of DEGs 

corresponding to each GO term, while the color gradient reflects the significant level (-log 10 of the adjusted 

p-value). GO, Gene Ontology. 
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Supporting Figure S10. Metabolome analysis of shared and specific SMs in A. nidulans 

expressed under confrontations. 
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(A) Venn diagram showing the number of compounds produced specifically during confrontations and those 

that are shared with solely grown A. nidulans. Confrontations involving A. nidulans against C. domesticus, 

T. asperellum, and T. harzianum had overgrowth contact. To account for this condition, the solo cultures of 

C. domesticus, T. asperellum, and T. harzianum were included and shown in the respective venn plots. 

(B) Bar plot demonstrating the proportion of annotated versus unannotated features, highlighting that the 

majority of the newly synthesized chemistries remain unannotated. This underscores the unique SM 

production in A. nidulans driven by specific microbial confrontations, with a significant portion of these 

metabolites remaining novel. An, A. nidulans; An vs. Ba, A. nidulans vs. B. amyloliquefaciens; An vs. Bs, 

A. nidulans vs. B. subtilis; An vs. Commercial Bs, A. nidulans vs. Commercial B. subtilis; An vs. Bv, 

A. nidulans vs. B. velezensis; An vs. Sc, A. nidulans vs. S. cerevisiae; An vs. At, A. nidulans vs. A. tenuis; 

An vs. Ch, A. nidulans vs. C. heterostrophus; An vs. Chi, A. nidulans vs. C. higginsianum; An vs. Tr, A. 

nidulans vs. T. roseum; An vs. Cladosporium sp., A. nidulans vs. Cladosporium sp.; An vs. Cd, A. nidulans 

vs. C. domesticus; An vs. Ta, A. nidulans vs. T. asperellum; An vs. Th, A. nidulans vs. T. harzianum; Cd, C. 

domesticus; Ta, T. asperellum, Th, T. harzianum. 

 

 

 

 

Supporting Figure S11. Visualization of annotated compound classes in A. nidulans under 

microbial confrontations. 

Sunburst plots illustrate the hierarchical classification of annotated compounds produced by A. nidulans 

under specific microbial confrontation. The plots depict four levels of compound specificity viz., super 

classes, classes, sub-classes, and the most specific classes (inside to outside). The color code indicates 

compound super classes. The fractions of annotated compound classes vary depending on the type of 

confrontation. 
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7.2 Media, buffers, and solutions 

 

7.2.1 Media 

Unless otherwise indicated, all media were sterilized by autoclaving at 121 ⁰C for 20 min. Heat 

sensitive ingredients were added after cooling the medium to 45 ⁰C. 

• Complete medium (CM) 

 

10 mL Solution A (see stock solution A; Appendix 7.2.3) 

10 mL Solution B (see stock solution B; Appendix 7.2.3) 

10 g Glucose 

1  g Yeast extract 

1  g Casein hydrolysate 

1  L dH2O 

 

• Glucose Yeast Malt (GYM) medium 

 

4  g Yeast extract 

10 g Malt extract 

10 g Glucose 

15 g Agar (for solid medium only) 

1  L dH2O 

 

• Lysogeny Broth (LB) medium 

 

10 g Bacto tryptone 

5  g Yeast extract 

10 g NaCl 

15 g Agar (for solid medium only) 

1  L dH2O 

 

• Minimal medium (MM) 

 

20 g Glucose 

0.01 g Yeast extract 

10 mL Solution A (see stock solution A; Appendix 7.2.3) 

10 mL Solution B (see stock solution B; Appendix 7.2.3) 

15 g Agar (for solid medium only) 
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1 L dH2O 

 

• Oat Meal Agar (OMA) medium 

 

40 g Oat flakes 

15 g Agar (for solid medium only) 

1  L dH2O 

 

• Potato Dextrose Agar (PDA) medium 

 

24 g PDB 

15 g Agar (for solid medium only) 

1  L dH2O 

 

• Regeneration medium (RM) 

 

137.2 g Sucrose (1M) 

0.4 g Yeast extract (0.1%) 

0.4 g Casein hydrolysate (0.1%) 

400 mL dH2O 

Mix well and divide into two fractions: 

100 mL add 0.6 g (0.6%) agar 

300 mL add 4.5 g (4.5%) agar 

 

• Yeast Extract Sucrose (YES) medium 

 

24 g PDB 

15 g Agar (for solid medium only) 

1  L dH2O 
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7.2.2 Buffers 

All buffers, unless otherwise stated, were autoclaved at 121 ⁰C for 20 min at 2 bar pressure. Heat 

sensitive solutions were filter sterilized using 0.2 µm pore CA membrane filter (Heinemann 

Labortechnik, Duderstadt, Germany) 

 

 

• 2x / 0.5x / 0.25x / 0.1x wash buffer I 

 

2x or 0.5x or 0.25x or 0.1x SSC 

0.1% (w/v) SDS 

 

• 20x SSC (stock) 

 

3 M NaCl 

0.3 M Sodium citrate 

pH 7.5 

• 50x TAE buffer (stock) 

 

242 g Tris base 

57.1 mL Acetic acid 

50 mM EDTA 

pH  8.5 

 

• 6x Loading buffer 

 

30% (v/v) Glycerin 

60% 10x TAE-buffer 

0.25% (w/v) Bromophenol blue 

To 1mL of the above-mentioned solution, 10µl of 10000x GelRed Nucleic acid 

stain was added and used as loading dye. 

 

• Blocking buffer 

 

2 mL 10% (w/v) blocking reagent (Roche, Mannheim, Germany) 

18 mL Maleic acid buffer 
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• Detection buffer 

 

100 mM NaCl 

100 mM Tris-HCl 

pH  9.5 

 

• DNA extraction buffer I 

 

7 M Urea 

2% (w/v) SDS 

5 mM EDTA 

50 mM Tris-HCl 

pH 8.0 

 

• DNA extraction buffer II 

 

150 mM NaCl 

5 mM EDTA 

50 mM Tris-HCl 

pH 8.0  

 

• GeneRuler mix 

 

1 mL GeneRuler DNA Ladder Mix 

6 µl GelRed Nucleic acid stain (Merck, Darmstadt, Germany) 

 

• Hybridization buffer (20mL) 

 

5 mL SSC (5x) 

200 µl N-Lauroylsarcosine (0.1% w/v) 

200 µl SDS (0.02% w/v) 

2 mL Blocking reagent (1% w/v) dissolved in 0.1 M Maleic acid 

12.78 mL dH2O 
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• STC buffer 

 

18.217 g Sorbitol (1M) 

0.5549 g CaCl2 (50mM) 

1 mL Tris-HCl pH 8.0 (1M) 

100 mL dH2O´ 

 

• TE buffer 

 

10  mM Tris-HCl 

1 mM EDTA 

pH 8.0 

 

• TSS buffer (50 mL) 

 

5 g PEG 8000 

0.3 g MgCl2 . 6H2O 

2.5 mL DMSO 

50 mL LB medium 

 

• Wash buffer M 

 

150 mM NaCl 

0.3% (v/v) Tween 20 

100  mM Maleic acid-NaOH 

pH 7.5 
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7.2.3 Solutions 

All solutions (except microscopic dyes), unless otherwise stated, were autoclaved at 121 ⁰C for 

20 min at 2 bar pressure. Heat sensitive solutions were filter sterilized using 0.2 µm pore CA 

membrane filter (Heinemann Labortechnik, Duderstadt, Germany). 

• Ampicillin stock solution 

 

100 µg/mL Ampicillin (Roth, Karlsruhe, Germany) in ddH2O, filter sterilized, and 

stored at -20 ⁰C. 

 

• Tetracycline stock solution 

 

50 µg/mL Tetracycline (Roth, Karlsruhe, Germany) in ddH2O, filter sterilized, and 

stored at -20 ⁰C. 

 

• Calcofluor white solution (CFW) 

 

A working solution of 1mL of Calcofluor White-M2R (Fluka analytical, Sigma- 

Aldrich, Steinheim, Germany) was dissolved in 1mL of 10% KOH. 

• Diethylpyrocarbonate (DEPC)-H2O 

 

0.1% DEPC in H2O 

Shake vigorously, let stand overnight and autoclave 

 

• FM lipophilic styryl dye (FM4-64) 

 

A working solution of 1 µg/mL of FM4-64 (Thermo Fisher Scientific, Schwerte, 

Germany) was dissolved in HBSS without phenol, Ca2+, Mg 2+. 

• PEG solution 

 

40% (w/v) Polyethylene glycol 4000 

0.6 M KCl 

50 mM CaCl2 

50 mM Tris-HCl 

pH 8.0 
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• Protoplastization solution (10 mL) 

 

10 mL NaCl (0.7 M) 

Autoclaved 

10 mg/mL Kitalase (Fujifilm Wako, Osaka, Japan) 

10 µl Ampicillin (100 mg/mL) 

 

• Stock solution A 

 

50  g Ca(NO3)2 

500 mL dH2O 

Autoclaved 

 

• Stock solution B 

 

10 g KH2PO3 

12.5 g MgSO4 . 7H2O 

2.7  g NaCl 

500 mL dH2O 

Autoclaved 
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7.3 Primers 

Primers used in this study are listed below. 

 

Table 1. RT-qPCR primers for C. graminicola under confrontation with B. amyloliquefaciens 
 

Primer name Sequence (5´ - 3´) 

GLRG_10530_F CTCGAGCTGGTTTGATCTTG 

GLRG_10530_R CAGAGAGGCATTTGCCGTAG 

GLRG_10531_F CTGATGGCAACGACGTCAAG 

GLRG_10531_R AAATCGACCGCAATGGACAC 

GLRG_10532_F CAGCTGAGGGAGAGCAAAAG 

GLRG_10532_R TATCCATTCCGGCGAATACG 

GLRG_10533_F CTAGCGCTTTGAAAGAATCG 

GLRG_10533_R CGTGGTCGATAGGAACGATG 

GLRG_10534_F GAGAAGGTCCGAGACATTAG 

GLRG_10534_R AAAGATTGCTGACGTGAGCG 

GLRG_10535_F CAAGCTCGACTTGGAGAAGA 

GLRG_10535_R TACTTGGAGAGGCCTGCTAC 

GLRG_10536_F ACAAGAGCGCCTTTCAAGTC 

GLRG_10536_R CTCAGGAATGTCATGCCGTC 

GLRG_10537_F GTCTAATGAAGGCGGTCCTC 

GLRG_10537_R TTGACAGAGGCTCTCCGTAG 

GLRG_10539_F ACGTCAAGATATGCACGACC 

GLRG_10539_R ACGCAGACAAGGAGCAAATC 

GLRG_10540_F ATCTCAAAGAGCGGCAGAAC 

GLRG_10540_R CCGGAGAAGACTCGGAGATG 

GLRG_10541_F CTCCCATGGTGCTCAGATTC 

GLRG_10541_R CGATATGTAACGGCGTCTTC 

GLRG_10542_F TCTCATCGCTCTGTTCTACC 

GLRG_10542_R CCCAGCTTCCGTTCACAATG 

GLRG_10543_F GAAGGCATTGTCCAATACGC 

GLRG_10543_R GCTTGAGAAGTAGTTCCAGG 

GLRG_10544_F TACCGCACCTGTCATCTTTG 

GLRG_10544_R AAGGCAGAAGCGTACAATGG 

GLRG_10545_F TTATCGAGGGTGCAGGTGTC 

GLRG_10545_R TCCGAGGATGTTGCAAAGTG 
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GLRG_10546_F CGTAAAGTCTGGTGCCAGAA 

GLRG_10546_R ACGTATTTCGCCATACGAGC 

GLRG_10547_F CCATTCTGCGGATGGAAGTC 

GLRG_10547_R TCTTGCCTCAAGATCGGTTC 

α-actin_F TCCTACGAGCTTCCTGACGG 

α-actin_R CCGCTCTCAAGACCAAGGAC 

 

 

Table 2. RT-qPCR primers for B. amyloliquefaciens under confrontation with C. graminicola 
 

Primer name Sequence (5´ - 3´) 

ituA_F CGAAAGGTGCAGCAATTGAG 

ituA_R CAGACGTTACCGTCAGATCA 

ituB_F CTGCCATTTGACGTACAGAG 

ituB_R GAACGATCAGCCAGAATAGC 

bacA_F AGGGACTAGCAGTGAGTAAG 

bacA_R GCTTAATACCGTCATACGCG 

bacC_F GGTTCAGGCGTTTCTGAATC 

bacC_R AACTTGTCAACCGCTGACAG 

bacE_F CGCTTTCGTTTATGGGAGAC 

bacE_R ACATCCGTCCACAGCATGATT 

gyrA_F AGTCAGGAAATGCGGACATC 

gyrA_R GGGTGGTACTTACCGATAAC 

 

 

Table 3. RT-qPCR primers for C. graminicola under confrontation with A. nidulans 
 

Primer name Sequence (5´ - 3´) 

GLRG_11770_F CGTCATCGACCTCCTGATAG 

GLRG_11770_R CCATGTCCTCGTCATTCATG 

GLRG_11771_F CAGAGGACCTGTTCAACAAG 

GLRG_11771_R AAGATCCGGGTAGGAGATGG 

GLRG_11772_F CGGCTAATGTGCTTCCTCAG 

GLRG_11772_R TCGGTTATCTCCTGCATGAC 

GLRG_11777_F CCTGCCAAGGACTTTGAGAG 

GLRG_11777_R GTCGGAAGAGTTGGAGATGG 

GLRG_11778_F TGGCAACACATCTGTCAAGG 

GLRG_11778_R TAAAGAAGCGGGCGTCAAAG 
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Table 4. RT-qPCR primers for A. nidulans under confrontation with C. graminicola 
 

Primer name Sequence (5´ - 3´) 

stcW_F TCATCAAAGCCTGCTGGAAC 

stcW_R CTGGATGGAAGAAGCACCAG 

stcV_F TTTCTCTACGAGCGTCGAAG 

stcV_R CTCAAAGTCGCGGTAGGAAC 

stcU_F TCTAACGCGGGAATTGTCTC 

stcU_R GCTGTGTTGGAACTTGTGAG 

stcT_F GGCTACGTATTGACGGAATC 

stcT_R CTAACGCTGGGAGGATTTCG 

stcS_F CACTCTGAGGTTGACAGTTG 

stcS_R GGCGGTTATTGTACCACATC 

stcR_F TGCCTGATGTCATCAACGAG 

stcR_R CTGCGAGTGCTTCTGCTATG 

stcQ_F TCAAACCCCGCTCTCATTTC 

stcQ_R CCACATCCCAATCCGAATAG 

stcN_F ACAACGGCCATGTCAAGAAC 

stcN_R GCCAATTGTCCCAAGTGTAG 

stcM_F GCGCTATCACCATTAGCATG 

stcM_R GATTGACCAGCCTCATTTCC 

stcL_F CCGTCATCGACGAAACCTTG 

stcL_R GTTGTATGGCGCGTAGTAAG 

stcK_F TGGAGGTGGTCAACTACAAC 

stcK_R GCAAAGGGCTTCCCTGTTAC 

stcI_F CGTATCCCGTGCAATCAATC 

stcI_R TGTATACTCTCCTCGGTCTC 

stcH_F CCTCAGTATGCCGGTATATC 

stcH_R CCAGCTTGCAGATCCAGTAG 

stcG_F GAGTCGATATGGCCAAGGTA 

stcG_R CATCCGTCCTCCAAATCATC 

stcF_F ATATCCTGCAGTGCCAATGC 

stcF_R CACCGCTCGGGAATAAACTC 

aflR_F GTCTGCCTTGCGAGTATATG 

aflR_R CGCCGTAGTAATGACAGGTG 

stcE_F CCCACGACGATAGAGGAAAG 
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stcE_R GCACATGGTAGCCAAGTAAC 

stcD_F CGCTCATCGCCATTGGATTC 

stcD_R AGAACGAAAAGCCCCAGAAG 

stcB_F GTTATGTCGGCAGCTTCTTC 

stcB_R GCTATGGACGTAGTGGATTC 

stcA_F ATGGCGATACCATTGTGCTG 

stcA_R TTGACGGCTTGTTGATTCCC 

actA_F AATGGTTCGGGTATGTGC 

actA_R ACGCTTGGACTGTGCCTC 

 

 

Table 5. PKS27 gene deletion primers. Lowercase letters are overhangs of DJ-PCR primers 
 

Primer name Sequence (5´ - 3´) 

PKSCgF5 CGGTCAACCGATACCTGTAC 

PKSCgR5 gtgcaactgacagtcgtacaGGGCAAAGATAGGAGGATAG 

PKSCgF3 gtctggagtctcactagcttAGTGAATGGTACGGACAGAC 

PKSCgR3 TGGGGAATGGGGTGGTATAG 

UniHygTF tgtacgactgtcagttgcacTGACCGGTGCCTGGATCTTC 

UniHygTR aagctagtgagactccagacGGTCGGCATCTACTCTATTCC 

PKS10537F CTATCCTCCTATCTTTGCCC 

PKS10537R GTCTGTCCGTACCATTCACT 

PKSCgProbeF GGTCAACCGATACCTGTACG 

PKSCgProbeR TCAATTTCTGCAGTCCTCCG 

 

 

Table 6. ITS and 16s universal primers employed in this study 
 

Primer name Sequence (5´ - 3´) 

ITS1 TCCGTAGGTGAACCTGCGG 

ITS4 TCCTCCGCTTATTGATATGC 

27F AGAGTTTGATCCTGGCTCAG 

1492R CGGTTACCTTGTTACGACTT 
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