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Chapter 1: General Introduction 

Numerous small animals (arthropods, oligochaetes, mollusks and nematodes) and fungal 

species coexist in nature (Gange & Brown, 2002). Predatory, mutualistic, parasitic and 

pathogenic fungi–invertebrate relationships exist that have been extensively described 

(Renker et al., 2005; Maraun et al., 2003; Lilleskov & Bruns, 2005). 

 

1. Fungi as invertebrate food source 

1.1. Invertebrate diet 

Invertebrates such as collembolans, mites, and nematodes, play an important role in 

decomposer networks by consuming and transforming organic matter in soil (Pflug & 

Wolters, 2000). Fungi represent as a high-quality food source. They contain ergosterol, 

steroids, proteins, vitamins and lipids. Non-entomopathogenic fungi can provide rich 

nutrient sources for a wide variety of insects and nematodes. Fungivorous animals, such as 

arachnids, acari, collembolans and nematodes mainly rely on fungal fruiting bodies and 

spores as a food source (Schigel, 2012). Invertebrates usually live in nutrient-poor 

environments. Consuming nutrient-rich fungi provides a more balanced diet (Fano et al., 

1982).  

1.2. Effect of predation on fungal biomass  

Generally, the comparatively low number of animals in the field cannot reduce the 

population of fungi but rather facilitate its proliferation. However, intensive grazing by 

invertebrates can decrease the fungal population, though the effect species-specific 

(Crowther et al., 2012a).  

Ciid beetles (Octotemus glabriculus and Cis boleti) can reduce fungal reproductive 

potebtial by 30 - 58%, while, in the short range, they reduce the amount of fungal 

mycelium (Guevara et al., 1999). Wolfarth et al. (2013) reported that the nematode 

Aphelenchoides saprophilus and the collembolan Folsomia candida reduce the biomass of 

Fusarium culmorum. Meloidogyne spp., by contrast, enhance the severity of Fusarium wilt 

in cotton root (Hasan, 1993).  

Generally, the enchytraeid Enchytraeus crypticus and the oribatid mite Euzetes globulus 

do not affect fungal growth in natural sites. The collembolans F. candida and nematode 
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Panagrellus redivivus, however, affect fungal community structure. The woodlice Oniscus 

asellus significantly affects fungal species composition in wood decomposer communities 

(Crowther et al., 2011a, b). 

 

2. Mutualism between fungus and invertebrate 

Invertebrate hosts cannot survive without their microbial symbionts. A wide range of fungi 

and invertebrates developed long-term, intimate, and mutually beneficial relations (Dowd, 

1992; Engel & Moran, 2013). The invertebrate benefits from the fungus in terms of 

predigestion of food and detoxification of toxins.  

Higher termites (e.g. Atta cepbalotes) are reportedly using garden fungal cultures as food 

source (Mueller et al., 2002). Dowd (1992) revealed that fungi could produce cellulolytic 

enzymes that facilitate feeding on wood to beetles. Cochliobolus lunatus, isolated from 

Palythoa haddoni, was able to produce resorcylic acid lactones that defend the host against 

pathogenic fungi (Liu et al., 2014). Aspergillus unguis, isolated from Sinularia sp., 

produce phenolic and triterpenoid compounds that protect the host against the pathogenic 

fungi Candida albicans and Aspergillus flavus (Putri et al., 2015). In addition, saprophytic 

fungi can detoxify allelochemicals in wood, decompose lignin, and enhance nitrogen 

availability (Dowd, 1992). 

 

3. Entomopathogenic fungi  

The potential of application in biological pest management has initiated many studies of 

entomopathogenic fungi. Around 1,000 fungal species are reportedly able to infect or kill 

invertebrates, among them fungi from various divisions such as Ascomycota, 

Basidiomycota, Entomophthoromycota, Microsporidia and Chytridiomycota (Araujo & 

Hughes, 2016; Vega et al., 2012). 

Fungi are able to attack invertebrates and cause death through various mechanisms (Mora 

et al., 2017). Smittium morbosum invade mosquito larvae through the gut and inhibit 

moulting of the cuticula, which eventually leads to the death of the animal. It invades the 

ovaries of black flies (Simuliidae). The fungus Ophiocordyceps even infects the brain of 

the ant Camponotus. As a result, the ant loses control over its behavior by choosing a place 
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to die that is also suitable to the fungus, for example the underside of leaves (Araujo et al., 

2015; Araujo & Hughes, 2016).  

 

4. Fungi can repel invertebrates 

Various fungal–invertebrate interactions have been studied. However, fungi that are not 

attractive to fungal-feeding insects are yet to be investigated. For example, Jorgensen et al. 

(2005) found 33 different fungal species in soil. Eight of them were detected on the surface 

of the collembolan Protaphorura armata, but only one was found in its gut. This suggests 

that the majority of fungi may repel collembolans successfully. The potentially involved 

mechanisms have not been explored yet. 

 

5. Animals as vectors for fungal spores 

Usually, invertebrates are considered as important vectors for fungal dispersal (Lilleskov 

et al., 2005; Jacobsen et al., 2017). Invertebrates have been found related to a variety of 

fungal species (Renker et al., 2005; Hu et al., 2015), which raises the possibility that these 

fungi could potentially be dispersed in the natural ecosystem by their invertebrate host. For 

example, various fungal spores can be isolated from bodies of bark beetles, which 

eventually reach their plant host with transportation of beetles (Paine et al., 1997). 

Fungal spores occur in the gut, on the surface and in fecal pellets of invertebrates (Klepzig 

et al., 2001). Some fungal spores are resistant to digestion by invertebrates and are still 

viable after passing through the gut of invertebrates (Vannier, 1979). Reportedly, fungi can 

manipulate the animal brain to disperse them to suitable locations (Araujo et al., 2015). 

Hypogeous fungi only reproduce underground in a closed system and thus soil animals 

contribute to their spore dispersal. 

The presence of Meleodogyne incognita, M. hapla and Heterodera glycines increased the 

severity of Fusarium wilt infection in tomato, cotton, peas and tobacco (Mai, 1987). Kluth 

et al. (2002) showed that Aphis fabae, Uroleucon cirsii and Cassida rubiginosa enhance 

the infection of Puccinia punctuformis on the weed Cirsium arvense. The increased 

severity might largely be due to the spread of fungal spores by invertebrates. 

 

6. Invertebrate food preference 
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Small animals are considered feed selectively and are attracted to various fungi by 

different signals that are probably caused by differences in morphology and mycelial 

chemistry (odor, color, nutrient content, undigested compounds, amongst others). Kaneda 

& Kaneko (2004) reported that Folsomia candida prefers mycelium of the fungus 

Pisolithus tinctorius cultured on MMN agar medium (modified Melin-Norkrans medium) 

more than if it occurs as mycorrhiza of pine trees. Maraun et al., (2003) reported that 

invertebrates usually prefer dark pigmented microfungi. Penicillium spp. and Aspergillus 

spp., however, are exceptions. Occasionally, other pathogenic fungi are a preferred by 

collembolans (Scheu & Folger, 2004; Maraun et al. 2003). Interestingly, fungi (such as 

Aspergillus spp.) are repellent to collembolans when separately cultured, but this 

phenomenon disappears when they grow together (Scheu et al., 2004a, b; McGonigle, 

2007). 

Invertebrate grazing causes specific effects on fungal communities (A’Bear et al., 2013; 

Crowther et al., 2011a, b). Invertebrate selective grazing is not only able to alter fungal 

community composition but also can enhance fungal diversity (Rotheray et al., 2011). 

Different food preference likewise facilitate the coexistence of different invertebrates in 

the ecological niche (Fano et al., 1982).  

 

7. Fungal defense against predation 

High nutritive value and lack of motility cause fungi to be attractive to predators. 

However, when threatened by predation, fungi try to defend themselves either by 

mechanical means, such as crystals (Böllmann et al., 2010), or chemical means, secondary 

metabolites, peptides and proteins, amongst others (Rohlfs et al., 2007; 2011; Stötefeld et 

al., 2012; Tayyrov et al., 2018). As a result, they become less palatable and more toxic.  

Biosynthesis of additional metabolites costs energy. Therefore, fungi can produce certain 

potential chemical weapons in specific ecological conditions. Some metabolites that are 

constitutively produced during fungal growth, can also serve as chemical defense. Others 

are only expressed or induced in response to antagonism, such as attack by predators or in 

stress conditions (Rohlfs, 2015). 

Fungivory damages fungal tissue during chewing, which probably triggers signal cascades 

leading to induction of toxic chemicals. For instance, higher fungi synthetize wound-

activated precursor compounds which convert to highly toxic products following tissue 
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damage (Spiteller, 2008). Until now, many studies have convincingly demonstrated that 

fungi are capable of displaying an induced chemical response to invertebrate predator 

attack (Döll et al., 2013; Spiteller, 2008; Rohlfs
 
et al., 2007; 2011).  

 

8. Molecules mediates interactions between fungi and invertebrates  

The investigation of interaction between fungi and invertebrate has accelerated in recent 

years. Molecules, including fungal secondary metabolites and proteins, are essential 

components that mediate these interactions. On one hand they facilitate the location and 

invasion of the insect body, on the other hand some of them attract and others deter  

predators.   

8.1. Secondary metabolites 

Fungi emit volatile chemicals emitted that can attract invertebrates. Morath et al. (2012) 

reported that 1-octen-3-ol, -cadinene, β-guaiene, isoledene and γ-patchoulene produced 

by Trametes can attract fungus-eating beetles. Chokol K and a methyl ester, methyl (Z)-3-

methyldodec-2-enoate released by Epichloe attracts Botanophila flies. Protaphorura 

armata and other species are attracted to volatile compounds that have been extracted from 

their preferred fungal food sources (Bengtsson et al., 1991; Hedlund et al., 1995). 

Fungal secondary metabolites can deter small animals. Furocoumarin (neurosporin A) is 

able to deter the collembolan Sinella curviseta (Zhao et al. 2017). Fungi synthetize 

pungent or bitter compounds in their fruiting body in attempts to deter fungivores 

(Spiteller, 2008). Accumulation of calcium oxalate crystals and increased skin thickness 

reduce the palatability of fungal fruiting bodies (Böllmann et al. 2010). Naphthalene 

produced by Muscodor vitigenus repels insects effectively (Morath et al., 2012). Grazing 

by invertebrates induced several secondary metabolites (sterigmatocystin, emericellamide, 

austinol and dehydroaustinol) in Aspergillus nidulans (Döll et al., 2013).  

In addition, secondary metabolites can cause reduce animal fitness if they are present in 

their diet. Feeding experiments on mutant lines that lack the respective biosynthetic 

capabilities corroborated this effect. For instance, the crude extract of five Penicillium 

strains caused weight loss and mortality of the cotton leafworm Spodoptora littoralis 

(Paterson et al., 1987). Rohlfs et al. (2007) discovered that ∆lae Aspergillus nidulans, 

which is lack of gene in regulation of production of secondary metabolites, increased the 
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fitness and reproductive rate of feeding invertebrates compared to the wild type strain. 

∆PksP Aspergillus fumigatus, whose melanin biosynthesis pathway had been disrupted, 

appeared to represent a diet of higher quality to collembolans (Scheu and Folger, 2004).  

Many secondary metabolites, such as destruxins, cytochalasin D, beauvericin, oosporein, 

bassianolide, cordycepin, serinocylin A and beauverolides, metabolites possess insecticidal 

effects (Molnar et al., 2010; Wei et al., 2017).  

Some compounds cause no measurable effect on insect fitness, but contribute in a more 

subtle way. NG-391, a mycotoxin that is similar to fusarins produced by Fusarium spp, 

accumulates during Metarhizium robertsii infection of Spodoptera exigua. However, it 

causes no measurable negative effect to the insect (Donzelli et al., 2010). 1, 4-

benzoquinone oxidoreduetase produced by Beauveria bassiana assist fungal infection by 

detoxifying benzoquinone containing secretions on the epicuticle of red flour beetle 

(Tribolium castaneum) (Pedrini, 2015). 

The role of secondary metabolites in fungus–invertebrate interactions has been studies in 

some cases. Our knowledge, however, is still rudimentary and many further studies are 

needed to increase the insights. 

8.2. Proteins 

The ability of a fungus to distinguish itself from others is an important part of defense. 

Fungi are able to recognize compatible cells (reproductive process) from non-compatible 

cells by proteins (Bidard et al., 2013). Certain fungivory-induced proteins can be 

recognized by the host fungus and thus initiate a defense process. 

Fungal proteins are capable of targeting epithelial surfaces in lumen of host digestive tract, 

which results in inhibiting the host’s development or killing it. Ascomycota and 

Basidiomycota  produce hololectin that is reported to help fungi to resist insect attacks. 

Several fungal proteins are reportedly highly toxic to insect and nematodes (Künzler, 

2015; Butschi et al., 2010; Sabotic et al., 2016). Melanizing proteins from several fungal 

species have been proven to cause insecticidal effect as well (Mora et al., 2017). 

Forest soil fungi upregulate the expression of several enzymes after being grazed by soil 

animals. Among them, enzymes, such as glucosidases, cellulase, N-acetylglucosaminidase, 

phosphatases and phosphodiesterases, were found (Crowther et al., 2011). Their main 

function is accelerating the decomposition of organic compounds in soil. The mechanisms 

that confers to defense of soil invertebrates  has not been elucidated yet. 
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9. Methods used to investigate insect-fungal interactions 

9.1. Microscopy 

Light and scanning electron microscopy can be used to observe the growth of fungi, such 

as fungal colonisation location as well as adhesion and penetration structure. They are 

widely used to study fungal infection process (Asensio et al., 2005; Jolly et al., 1993; 

Gunnarsson, 1988). Böllmann et al. (2010) explored crystal formation of fungal 

metabolites by using light microscopy. 

9.2. Food preference and fitness of animals 

Food preference is investigated by offering different fungal diet at opposite ends of an 

arena and recording the number of animals visiting each fungal diet. Fitness is determined 

by measuring invertebrate body size, reproductive rate, and fecal pellet production, 

amongst others (Crowther et al., 2011, 2012; Böllmann et al., 2010; Rohlfs et al., 2007; 

Scheu & Simmerling, 2004). 

9.3. Defense analysis of grazed mycelium 

Mycelium injury is considered an important procedure to induce the biosynthesis of 

defense compounds. Specific injury-derived compounds can be identified by comparing 

mycotoxin patterns in intact to damaged mycelium using liquid chromatography (HPLC) 

with UV (DAD) or mass spectroscopy (MS) as detectors, or even combinations of them 

(Rohlfs et al., 2011).  

To explore the potential benefits of synthetizing specific mycotoxins or secondary 

metabolites, genetically modified fungal strains lacking specific biosynthetic can be 

compared the their respective wild types (Rohlfs et al., 2007; Döll et al., 2013; Zhao et al. 

2017). This approach provides us with a more realistic scenario than using pure chemical 

compounds in bioassays. 

9.4. Analysis of microorganisms associated with invertebrates  

Animal diet composition and food preference can be revealed by analyzing animal gut 

content (Hopkin et al., 1997). Culture-dependent and molecular methods were generally 

used. A variety of conditions combined with different culture media (potato dextrose, malt 

extract), temperature, oxygen levels (aerobic or anaerobic), and light conditions were used 

to isolate fungal strains from invertebrate guts. This work yielded fungal isolates from 

agricultural and forestry invertebrates. However, due to the growth bias of each fungal 



8 

 

species, it is possible that only very small portion of fungi related with each invertebrate 

species can be isolated using a culture-based method. In the last decades, many molecular 

methods such as DGGE, RFLP and TFLP have been developed that allow exploring fungal 

communities in animal guts (Grigorescu et al., 2018). 

10. Aim of this study 

Mycotoxin-producing fungi are common in the environment, which cause crop quality 

decrease, cereal yield loss, plant and animal wellness damage, economic loss and so on. 

However, the interaction between these fungi and invertebrates in the field are rarely studied. 

The goal of this study was to elucidate interactions between selected fungivorous invertebrates 

and fungi, which would provide us a better understanding of effect of collembolan grazing on 

mycotoxin-producing fungi, and the fungal secondary metabolites biological function during 

various invertebrate interact with fungi. A combination of molecular, chemical and ecological 

methods and biological assays were used in this study. 
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Abstract 

Interactions between fungi and invertebrates nearly occur in every ecosystem. Grazing 

affects fungal biomass density and is species-dependent. However, how invertebrates 

affect mycotoxin-producing fungi has not been studied yet. In our study, we exposed three 

well-known mycotoxin-producing Fusarium strains (F. graminearum, F. culmorum and F. 

verticillioides), two Aspergillus strains (A. nidulans and A. ochraceus) and one Penicillium 

strain (P. viridicatum) to intense grazing by Folsomia candida and determined fungal 

biomass gravimetrically and by quantitative real-time PCR. Our results indicated that only 

A. nidulans and F. verticillioides were consumed in larger amounts by the collembolan. 

The mycelial biomass of A. ochraceus even increased after grazing commenced. Our 

results suggest that collembolan grazing caused variable effects on the mycelial growth of 

mycotoxin-producing fungal strains but no uniform reduction. 

 

Keywords: Fusarium, Aspergillus, Penicillium, Folsomia candida, mycelial growth 

quantitation 
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1. Introduction 

As decomposition clears in the field, fungi provide temporary habitat and rich nutrition to 

the animals (Fogel & Trappe, 1978; Scheu et al., 2004a, b). Gut content analysis revealed 

that collembolans consume microfungi, among other food resources (Kaneko et al., 1998; 

Ponge 2000). Invertebrates are abundant in natural and agricultural soils and some 

dependent on fungi as food source (Innocenti et al., 2009). Interaction between fungi and 

invertebrate is common, and the effect of small animal feeding on fungi is ambiguous. 

Whether it is cord persistence, compensatory or mycelium removal depends on fungal species, 

fungal structure, age, physiological status, nutrient content and biochemistry (Crowther et al., 

2011; 2012). Ciid beetles (Octotemmus glabriculus and Cis bolete) reduce reproductive 

potential of their host fungus by 50% both by inhibiting mycelium growth and 

reproductive fitness (Guevara et al., 1999). Conversely, Hasan (1993) found that in the 

presence of the nematode Meloidogyne, the severity of Fusarium wilt in cotton root 

increased.  

Previous studies suggest that, generally, low grazing can stimulate fungal development 

whereas intensive grazing affects the fungal biomass negatively (Crowther et al., 2012). 

Moreover, different invertebrate species can affect the same fungal species in different 

ways, and conversely, different fungi tolerate grazing by the same invertebrate species 

variably (Scheu & Simmerling, 2004; Tordoff et al., 2007). The interactions have shown to 

even affect wood and litter decay rates in soil ecosystems (Crowther et al., 2011). 

Mycotoxin-producing fungi (Fusarium spp., Aspergillus spp. and Penicillium spp.) cause 

diseases in plants, animals and human beings. Aspergillus spp., Penicillium spp. are known 

as unattractive food sources to fungal-grazing invertebrates (Scheu et al., 2004; Maraun et 

al., 2003). Fusarium spp. are reported to be attractive for collembolans that graze on fungi 

(Jorgensen et al., 2003). Cases that mycotoxin-producing fungi attract invertebrates have 

been reported (Schulthess et al., 2002; Guo et al., 2014). However, the effect of 

invertebrate grazing on fungal biomass development has been neglected so far. This study 

compares the mycelial growth of several mycotoxin-producing fungal strains, including F. 

graminearum, F. culmorum, F. verticillioides, A. nidulans, A. ochraceus and P. 

viridicatum, on mycelium development in presence and absence of F. candida grazing. 

Mycelium growth was assessed both by weight determination and real time PCR. 

2. Material and methods 
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2.1. Fungal strains and animals 

F. graminearum IFA66 was obtained from Marc Lemmens (IFA Tulln, Austria) via 

Thomas Miedaner (University of Hohenheim, Germany) (Miedaner et al., 2010). and F. 

culmorum 3.37 were acquired from Prof. Heinz-Wilhelm Dehne, University of Bonn (Guo 

et al. 2014). A. ochraceus and P. viridicatum were purchased from DSMZ (German 

Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). The strain F. 

verticillioides Ita 1 was kindly donated by Francesca Cardinale (Turin University, Italy). 

The strain A. nidulans RDIT 2.3 and Folsomia candida were obtained from Prof. Dr. 

Marko Rohlfs (University of Göttingen, Germany). Collembola was cultured in 9 cm petri 

dishes with a substrate mixture of plaster of Paris:Charcoal (9:1). They were incubated in 

darkness at 15°C and fed on baker’s yeast.  

 

2.2. Fungal exposure to collembolans 

Media were prepared by adding six rice kernels to 1 mL demineralized water were added 

to Erlenmeyer flasks and autoclaved. F. graminearum and F. verticillioides fungal plugs 

served as inoculum respectively. They were cultured at 15°C in the dark for 10 days. 

Adding proper amount of autoclaved water helped to maintain humidity. Then, 60 mg of 

two-day starved F. candida animals were put into the flasks to consume the fungi, whilst 

no collembolans were added to the control. Three days later, at least four replicates of 

control and treatment samples were harvested. 

Another medium was prepared by adding 1–3 rice kernels and 90-200 µL demineralized 

water into tubes, which were autoclaved. Then spore suspensions (1000 spore/µl) of F. 

graminearum, F. culmorum, A. ochraceus, A. nidulans and P. viridicatum were used as 

inoculum. The tube cultures were incubated at 15–18°C for 5–7 days in the dark. After 

that, approximately 20 mg of two-day starved F. candida animals were put into the falcon 

tube to graze for various days, respectively. Controls were kept animal-free. Loosened 

falcon lids provided minimal air supply. At least 3 replicates were harvested at each time 

points for each group. 

2.3. Preparation of DNA standards for the determination of A. ochraceus, A. nidulans 

and P. viridicatum biomass 
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Fungal DNA was extracted from A. ochraceus, A. nidulans and P. viridicatum mycelium, 

all of which were cultured on PDA medium, by using CTAB method (Brandfass & 

Karlovsky. 2008). DNA concentrations were determined by using an Epoch microplate 

spectrophotometer (BioTek, Vermont, US). After that, DNA extracts were diluted five 

times and run on fresh 0.8 % agarose gels with Lambda DNA with known concentration in 

dilution series together. Photos were taken under in a digital imaging system (Viber 

Lourmat, Eberhardzell, Germany) Fungal DNA concentrations were determined by using 

image J with λDNA as reference. These DNA were kept as stock solution for quantitative 

PCR.  

Before using as a quantification standard, the fungal DNA extracts were diluted with 

0.5×TE buffer to 100 pg/µL as stock solution and stored at –20°C. Whenever 

quantification was needed, a three-fold series dilution of the stock solution was prepared, 

100, 33, 11, 3.7, 1.2, 0.4 and 0.1 pg/µL. 

2.4. DNA extraction of grazed and non-grazed fungal mycelia 

Each fungal species sample from the springtail bioassays (treatments and controls) were 

harvested and frozen at –20°C for two days. Then the samples were freeze-dried for three 

days.Then fungal mycelial were ground in a mill MM 200 (Retsch, Haan, Germany) for 1–

2 min. Genomic DNA was extracted from 10–20 mg mycelial powder by using CTAB 

extraction method (Brandfass & Karlovsky. 2008). DNA quality was checked in 0.8% 

agarose gel as described previously. 

2.5. Quantification of fungal DNA by qPCR 

Each fungal genomic DNA was subsequently diluted in the range of standard curve (0.1– 

100 pg/µL). Real time PCR reaction were performed in 384-well plates (Kisker Biotech 

GmbH, Steinfurt, Germany) with 4 µL reaction system in a CFX384 thermocycler (Bio-

Rad, California, US). 

F. verticillioides, F. culmorum, F. graminearum real time PCR were performed under the 

similar conditions as described by Dastjerdi (2008) with slightly modified conditions 

according to reagents manufacturer’s request. A. nidulans, A. ochraceus and P. viridicatum 

PCR conditions were optimized with MgCl2 and annealing temperature was determined 

before any sample analysis. Real time PCR was performed with 4 µL reaction system 

consisting of 1  buffer (New England Bioline, London, UK), 2–4.5 mM MgCl2 (Nippon 

Genetics Europe GmbH, Dueren, Germany), 150 µM dNTP (Bioline, Luckenwalde, 
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Germany), 0.3 µM respective primers, 0.1  SYBR green I (Molecular Probes, Eugene, 

Oregon, US), 0.025U/µL Taq polymerase (New England Bioline, London, UK). PCR was 

performed with denaturation for 2 min at 94°C, followed by 39 cycles of denaturation at 

94°C for 30 s, annealing at 58–64°C for 30 s, and primer extension at 68°C for 30s, with 

fluorescence acquisition step at the end of the extension. Melting analysis of the PCR 

product was initiated by an incubation of 68°C for 5 min, 95°C for 1 min and cooling to 

55°C for 1 min before melting curve acquisition by raising the temperature to 95°C at a 

rate of 0.5°C/s with continuous fluorescence acquisition. A final cooling step was 

performed at 20°C for 10 min. Table summarizes the used primers. The calibration curve 

R
2
 > 98% was taken as quality standard. 

Table 1: Primers used to quantify various fungal species 

Target species Primer name 5’-3’ sequence 
Fragment 

size 

Reference/ 

Accession No. 

F. culmorum 

Fg OPT 18F GATGCCAGACCAAGACGAAG 

472 bp 
Schilling et al., 

(1996) Fg OPT 18R GATGCCAGACGCACTAAGAT 

F. verticillioides 

VER 1 CTTCCTGCGATGTTTCTCC 

578bp 
Mulè et al., 

2004 VER 2 AATTGGCCATTGGTATTATATATCTA 

F. graminearum 

Fg 16NF CTCCGGATATGTTGCGTCAA 

280 bp 
Nichloson et al., 

1998 Fg 16NR GGTAGGTATCCGACATGGCAA 

A. nidulans 

AflR F AGAGCCGCATGAGAGTATCC 

206 bp U34740.1 

AflR R CTCGCTTTCTCCTTCGCTTC 

A. ochraceus 

Ao Tub F CGCGTTTACACCCATCGAAA 

245 bp KX421550.1 

Ao Tub R CCACCGGAAGCCTAGAAGAT 

P. viridicatum 

Pv Tub F GGGGTTTCCGGTAGATCACA 

212 bp AY674294.1 

Pv Tub R GGCTCCAAATCGACGAGAAC 

 

2.6. Statistical 

Bar graphs show means ±SE. Significance of difference between means was tested by un-

paired t-test by using Gaphpad Prism 5. The number of biological replicates is always 

more than three. 

3. Results 

3.1. Standard curve of each fungal strain for real-time PCR 
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After comparing Ct values of real time PCR test runs, optimized MgCl2 concentration and 

annealing temperature were obtained as follows: A. ochraceus - 4.5mM and 63°C; P. 

viridicatum - 2mM and 63°C; A. nidulans - 2Mm and 59.1°C. In addition, by using these 

MgCl2 concentrations and annealing temperature, the efficiency and R
2
 for all linear 

calibration curves were more than 98% (Figure 1). Therefore, we used these linear 

calibration curves to perform further analysis. 

 

 

Figure 1: Standard curve for A. nidulans (R
2
=99.16%), A. ochraceus (R

2
=99.05%) and P. 

viridicatum (R
2
=98.42%). 

3.2. Fungal weight after animal predation 

In general, grazing by F. candida caused the dry weight of the mycelium no to differ from 

that of the intact control group, and A. nidulans was the only exception. The dry weight of 

grazed A. nidulans mycelium was gradually reduced in 43 days, at most time points of 

analysis even present significant difference (Figure 2). 

3.3. DNA quality 

Large amounts of genomic DNA were visible on the agarose gel lacking any signs of 

degradation.  However, the DNA quality for A. nidulans was quite poor (see supplement 

Figure 1). Therefore, the real time PCR analysis was continued by using genomic DNA 

extracted from all the fungal species except for A. nidulans. 
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Figure 2: Mycelium weight of each fungal species when grazed by springtails and unattacked (* 0.05 < P < 0.01, ** 0.01 < P < 0.001, ***P < 0.001) 

 



23 

 

3.4. Fungal biomass assessment by real-time PCR 

Due to the poor-quality genomic DNA from A. nidulans, real-time PCR test for this fungal 

species could not be performed. The other fungal strains (Figure 3) did not show differ in 

terms of DNA amount when unharmed and grated samples were compared. A. ochraceus 

mycelium growth appeared even to be stimulated by feeding.  F. verticillioides was the 

only tested fungal strain that was negatively affected by feeding by producing lower 

amounts of mycelium in the presence of F. candida. 
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Figure 3: DNA amount of each fungal species quantified by quantitative real time PCR when treated with and without springtails (* 0.05 < P < 0.01, ** 0.01 

< P < 0.001) 
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4. Discussion 

The primers used to detect the amount of A. ochraceus and P. viridicatum DNA were good 

enough to quantify the respective fungal species only. However, it should not be used in 

multi-fungal species samples since their specificity range has to be determined yet.  

Moreover, tubulin is an essential gene for all fungal species. It is possible it could amplify 

other unspecific Aspergillus spp. as well. On the other hand, primers for Fusarium spp.are 

chose from previous research, they approved to harbor well specificity. 

After consumption by springtails, the dry weight of F. graminearum, F. culmorum, F. 

verticillioides, P. viridicatum and A. ochraceus indicated no inhibition by grazing. This 

might be caused by the fact that no animals were removed before weighing, thereby 

contributing to some portion of the weight of the treated groups. However, in case of A. 

nidulans, even without deducting the weight of F. candida, the dry weight of this fungal 

species decreased gradually.  

DNA quality of A. nidulans was poor, which might be due to the cell wall chemistry and 

induced production of spores on rice medium. By contrast, for all other fungal species, the 

DNA extraction and real time PCR quantification worked well. 

The amount of genomic DNA of F. graminearum, F. culmorum, P. viridicatum and A. 

ochraceus showed no reduction of mycelial weight when grazed and non-gazed treatments 

were compared Aspergillus and Penicillium are well known as an unattractive diet source 

for the animals. Various secondary metabolites, peptides, proteins production might 

contribute to collembolans avoiding these fungi (Stötefeld et al., 2012). 

Cases are known that low density grazing of collembolan can stimulate fungal growth. 

Conversely, under heavy grazing pressure, fungal growth can stop (Crowther et al., 2012). 

However, in our case, when large amount of springtails were added to fungal mycelium 

grown on three-rice-kernel, the fungus probably under higher stress than in the natural 

environment. Still, the fungal biomass was not lower when grazed. 

Real time PCR indicated reduced growth of F. verticillioides when grazed. Which is 

inconsistent with weight determination results, and might due to rice substance take 

account large proportion of weight while fungal only make up a small percentage of that. 

Schulthess et al., (2002) reported that F. verticillioides can act as a growth promotor, for 

example as observed for Eldana saccharina and Cryptophlebia leucotreta, two insects that 
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are attracted to F. verticillioides-infected maize-stems. Their survival rate and growth 

improved compared to uninfected stems. Bores and beetle numbers also were higher in the 

F. verticillioides inoculated rows than in A. flavus inoculated rows in another experiment 

(Cardwell et al., 2000). The potentially stimulating effects of F. verticillioides on grazers 

could explain the detected developmental impairment by grazing. Growth stimulation of 

insects has been reported for other fungi too (Pelizza et al., 2010). 

Wolfarth et al. (2013) reported that the nematode A. saprophilus and the collembolan F. 

candida reduce the biomass of F. culmorum, which is the other way around with our study. 

The contrasting results might be explained the use of different analysis methods and 

different experimental condition. For example, Wolfarth et al. (2013) were using ELISA 

assays to quantify Fusarium protein equivalents, which might not detect spore amounts as 

accurately as real time PCR (Perestam et al., 2016).  

In our study, total DNA amount of fungi were revealed by real time PCR. This method is 

not capable of distinguishing the fungal mycelium from spores. It is known that harsh 

growth conditions (perhaps including consumption by animals) stimulate the production of 

fungal spores (Su et al., 2002). The effect of spore production of mycelial growth warrants 

more detailed explorations. 

Pathogen outbreaks in the field can be accelerated by insect as propagation vectors (Hasan, 

1993), or decreased by animal consuming pathogenic fungi (Guevara et al., 1999). In this 

laboratory study, the effects of collembolan grazing on selected fungal strains yielded 

results that concurred with the line of expectations mycotoxin-producing fungi survive 

collembolan-grazing attacks. However, some stimulating and inhibitory effects were 

observed in single cases. Real time PCR proved as more sensitive than mycelial weight 

determination. Grazing pressure could represent an important that affects the outcome of 

such studies. For example, woodlice are known to exert a more extreme grazing pressure 

to fungal communities than collembolans (Crowther et al., 2011; 2012). Moreover, 

qualitative and quantitative effects of mycotoxin production have to be taken into account 

for a more insightful understanding of effects that fungal grazers can cause on fungal 

communities (Fandohan et al. 2006).  
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6. Extended data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Extended Data Fig. 1 | Gel electrophoresis of DNA extraction yield from some fungal 

species when treated with and without springtails. λDNA as marker. 
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Extended Data Fig. 2 | Photos of various mycotoxin-producing fungal species 5 days after treating 

with and without mealworms (T. molitor). And invertebrate consumption causes no negative effect 

on fungal (Aspergillus spp. and Penicillium spp.) biomass. 

 

 

 

 

 

 

 

 

 

 

 

 

A. ochraceus                                A. ochraceus with T. molitor  

A. parasiticus                                A. parasiticus with T. molitor  

P. viridicatum                                P. viridicatum with T. molitor  
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Abstract 

Collembolans are selective feeders. Their food preference contributes to shaping of fungal 

community composition in various ecosystems. Previous experiments showed that F. 

candida grazing caused different fungal biomass loss effect on F. verticillioides and F. 

graminearum. This is intriguing regarding to their biological similarity. In this study, we 

explored the food preference of the springtail Folsomia candida between F. verticillioides 

and F. graminearum in terms of various aspects: (1) which spies is more attractive, F. 

verticillioides or F. graminearum; (2) how attractive are the mycotoxin-deficient F. 

graminearum strains, ∆DON (lacks deoxynivalenol), ∆ZEN (lacks zearalenone), ∆AUR 

(lacks aureofusarin); and (3) to which extent does mixing of cultures affect collembolan 

grazing. Collembolan activity was determined by eye observation and real time PCR of 

DNA mycelium extracts. In our assays, F. candida prefers F. verticillioides and avoids F. 

graminearum. However, the ∆AUR F. graminearum is attractive to F. candida over F. 

verticillioides. In addition, springtails prefer mixtures of two fungal strains to a single 

strain. Even the avoided F. graminearum is consumed in higher amounts, when another 

fungal strain is present. The obtained provide support for the hypothesis that fungal 

secondary metabolitecan contribute to the avoidance of a specific fungal species by a 

collembolan grazer. Additionally, a fungal strain that produces a feeding deterrent 

compound can be consumed in higher amounts in a mixed community than a sole food 

source.  

 

Keywords: F. verticillioides, F. graminearum, food preference, aurofusairn, single 

culture, mixed culture 
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1. Introduction 

Springtails (Collembola) represent a major class of soil animals which contribute to the 

fragmentation of soil organic matter and are thought to exert control effects on soil 

microbial communities (Hopkin, 1997). Many studies have focused on their food 

preferences (Jorgensen et al., 2003; Kaneda & Kaneko, 2004; Varga et al., 2002). Gut 

content analyses revealed that collembola consume considerable portions of fungal hyphae 

(Ponge, 2000). Numerous studies have reported that collembolans prefer saprophytic to 

mycorrhizal fungi (Bardgett et al. 1993; Schneider & Maraun, 2005; Jonas et al., 2007).  

Fungi produce diverse secondary metabolites (Turner & Aldridge 1983). Many of these 

fungal secondary metabolites possess toxic properties and as mycotoxins underlie strict 

control regulations concerning their concentrations in food stuffs.  According to general 

assumptions, collembola deal with this challenge by mixing their diet to be comprised of 

different fungal species. A combination of toxins and high-quality food seems to represent 

a more balanced as well as tolerable food supply (Haggle and Rowell-Rahier 1999; Bernay 

and Minkenberg 1997; Bernays et al., 1994; Rapport 1980; Pullman 1975; Freeland and 

Janzen 1974). 

Studies have shown that the quality of volatile and non-volatile secondary metabolites, 

mycelial age and its metabolic activity determine the food preference of collembola 

(Bengtsson et al., 1988; Rohlfs et al., 2007; Döll et al., 2013). Preference of F. candida for 

certain fungal species is well established: several fungal species colonies were placed at a 

distance in an arena and the number of collembolans visiting the colonies monitored. 

However, in natural environment, colonization of organic substrates by a mixture of 

different fungal species is common. Therefore, determining food preference of collembola 

with mixed culture instead of single colony is essential to study collembolan behavior in 

natural environments (Kaneda & Kaneko, 2004). 

As plant pathogens, Fusarium species cause seedling blight and root, stalk and ear rot 

worldwide. In this context, it is interesting to note that collembolans prefer Fusarium 

species as diet (Innocenti et al., 2009). Deoxynivalenol (DON), zearalenone (ZEA) and 

fumonisin B1 (FB1) belong to the most common secondary metabolites that are produced 

by F. graminearum and F. verticillioides, and, consequently, are the most common 

mycotoxins found in corn (Marin et al. 2006). And they uaually present color, because 

production of aurofusarin or bikaverin. 
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We hypothesize that the differential secondary metabolite production of F. graminearum 

and F. verticillioides influences the food preference of F. candida between the two 

species. 

In addition, the food source of collembola in a natural ecosystem is very complex. 

Therefore, we hypothesized that collembola may not recognize their preferred food in a 

mixed assay as well as when the fungi are served separately. In this study, traditional food 

preference assay and molecular techniques (real-time PCR) were used to investigate the 

food selection behavior of F. candida between F. graminearum and F. verticillioides. 

 

2. Material and Method 

2.1. Test organisms 

Folsomia candida was kindly donated by Prof. Dr. Marko Rohlfs (Georg-August 

University of Göttingen, Germany) and was cultured in 9 cm petri dishes with a substrate 

mixture of plaster of Paris:Charcoal (9:1). The collembola were incubated in darkness at 

15°C and fed on baker’s yeast.  

Fusarium verticillioides Ita 1 was kindly donated by Francesca Cardinale (Turin 

University, Italy), and F. graminearum strain IFA 66 (DON-chemotype) was received 

from M. Lemmens, University of Hohenheim, Stuttgart, Germany (Miedaner et al., 2010). 

F. graminearum ΔDON, F. graminearum ΔZEA, F. graminearum ΔAUR (Malz et al., 

2005), were kindly provided by W. Schäfer, University of Hamburg, Germany. 

2.2. Food preference of F. candida  

2.2.1. Choice assay between Fusarium graminearum and F. verticillioides  

Spores (10
3
 spores/µL) of F. verticillioides Ita 1 and F. graminearum IFA 66 were 

cultured onto 20 mL homemade potato dextrose broth medium in a 100 mL flask at 25°C 

for 7 days in the dark. Mycelia were harvested from the edge using a sterile cork borer (12 

mm diameter). Mycelial samples of both strains were placed on opposite sides of 9 cm 

petri dishes previously filled with a layer of plaster of Paris:activated charcoal (9:1). 20 

two-day hundried F. candida individuals (starved for 2 days) were placed in the center of 

the petri dish and incubated at 15 °C in dark. The number of collembolans present on each 

fungus was counted at different time points for 66 hours. This experiment was carried with 

four replicates, the experiment repeated at least two times.  
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2.2.2. Choice assay between Fusarium verticillioides, F. graminearum and F. 

graminearum mutants 

The same experimental setup as described above was applied. However, in this case F. 

verticillioides (Ita 1), F. graminearum (IFA 66) and F. graminearum deficient mutants 

(ΔDON, ΔZEN and ΔAUR) were offered as food source. Agar plugs (12 mm diameter) 

with mycelium were placed at the edge of each petri dish.  The numbers of collembola 

visiting each type of mycelia at different time points during a 60-hour period was recorded. 

Five replicates were carried out, the experiment repeated at least two times. In the next 

assay, the same conditions and species as before were used. However, F. graminearum 

∆AUR was excluded from the diet. 

2.2.3. Choice assay between Fusarium graminearum, F. verticillioides and mixed 

fungal cultures 

25 µL mixed spore suspension of F. graminearum and F. verticillioides (2 spore/µL) were 

inoculated on two opposite site of the biomalt maize medium (BMM) and cultured at 20°C 

in dark for 4 days.  

Fungal plugs with F. graminearum, F. verticillioides and mix of themwere harvested from 

the plate using sterile cork borer (12 mm diameter): Agar plugs with each fungi were 

transferred to medium with a mixture of plaster of Paris:activated charcoal (9:1). Twenty 

Folsomia candida, starved for 2 days, were placed at the center of the petri dishes and the 

number of collembola present on each food source recorded over a 60-hour period. 

2.3. Quantitation of consumed mycelium 

2.3.1. Food preparation 

Twenty-five µL of F. graminearum and F. verticillioides spore suspension (~ 2 spores/µL) 

were inoculated on the opposite ends of BMM medium plates (30 replicates). While 50μL 

mixed spore suspension of F.graminearum and F.verticillioides (1 germination spore/μL for 

each fungal strain) was spread evenly on the BMM medium plates (30 replicates). Plates were 

cultured at 20°C in dark for 4 days.  

Ten replicates from each treatment were harvested immediately. To further 10 plates, 30 ± 

5 two-day-starved collembolans were added, the remaining 10 treatments were kept free of  

collembolans. Both treatments were harvested after 9 days.  Harvesting was performed by 

using a sterile scalpel to scrap all the mycelium and transfer it to a 2 mL Eppendorf tube, 
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to which 300 µL ethanol was added and evaporated to dryness. After that, they were 

ground in a Tissuelyzer (MM 200, Retsch, Haan, Germany). 

2.3.2. DNA extraction  

DNA extraction of ball mill-ground mycelia was performed by the CTAB method 

(Brandfass & Karlovsky, 2008). DNA quality was checked by electrophoresis in 0.8 % 

agarose gels stained with ethidium bromide  and visualized under UV light by using a 

digital imaging system (Vilber Lourmat, Eberhardzell, Germany). Chemicals were 

obtained from Carl Roth GmbH (Karlsruhe, Germany).  

2.3.3. Quantitative real-time PCR  

The primers Fg 16NF /Fg 16NR (Nicholson et al., 1998) and Ver 1 /Ver 2 (Mulè et al., 

2004) were used to quantify the amounts of F. graminearum and F. verticillioides. The 

thermocycler was a CFX384 Real-time system (BioRad Laboratories, München, 

Germany). For the real time PCR reaction, a total mixture volume of 4 µL was used in 

384-well microtiter plate (company, city, country). The reaction mixture was comprised of 

1 × buffer, 2.5 - 4.5 mM MgCl2, 100 µM - 200 µM dNTP, 0.3 µM of each primer, 0.1 × 

SYBR Green, 1.0 mg/mL BSA, and 0.03 U/µL Taq polymerase. The cycling conditions 

were as follows: initialization at 94°C / 95°C for 2 min, denaturation at 94°C for 30 sec/45 

sec, annealing at 61°C/62.5°C for 30 sec, elongation at 68°C for 30 sec/40 sec, melting at 

68°C for 5 min/4 min and 95°C for 1 min, analysis at 55–90°C in 10 sec and 20°C for 10 

min. 

 

3. Results 

3.1. F. candida food preference between F. verticillioides and F. graminearum  

In all experiments, the collembolans preferred the mycelia of F. verticillioides. Almost no 

springtails were found on F. graminearum mycelia (Figure 2). 

 

     

 

 

 

 a                                               b                                         c             
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Figure 1: (a) Springtails (F. candida) feeding on Fusarium  graminearum mycelium, and 

induction of red pigment on single mycelia string; (b) Folsomia candida feeding on Fusarium 

graminearum; (c) collembola are making holes to reach their desirable food (F. verticillioides) in 

the mixed diet which consists of F. graminearum and F. verticillioides. Red mycelium is F. 

graminearum and white mycelium is F. verticillioides.  

 

Figure 2 | Mean number of F. candida on mycelia of F. verticillioides and F. graminearum. Bars 

represent Mean ± SE. 

3.2. Food choice of F. candida offered F. verticillioides and F. graminearum mutants 

impared in secondary metabolite synthesis 

When F. verticillioides and F. graminearum were offered in a choice assay, F. 

verticilloides was preferred by Folsomia (Figure 2). However, when various F. 

graminearum mutants (∆AUR, ΔDON, ΔZEA) were provided as well, collembola only 

attracted to by F. graminearum ∆AUR. There were no more than five F. candida 

individuals on the mycelia of F. verticillioides (Figure 3A). Two or less collembola were 

present on the mycelia of F. graminearum mutants ΔDON and ΔZEA, even these mutants 

could not produce the corresponding mycotoxins – deoxynivalenol and tearalenone.  

According to above observation, we begin with another similar experiment except for 

removing of F. graminearum ΔAUR. In this case, most of the arthropods were found on F. 

verticillioides mycelia (Figure 3B), and nearly none of them can be found on the other 

strains.  
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As seen in Figure 2-3, collembolan feeding was very slow at the beginning of the 

experiment but increased from the 3rd hour. From the 3rd hour till the end of the 

experiment, significantly more collembola were found on their preferred mycelia.  

 

Figure 3 | Multiple choice assays with different fungal strains as food source (a) Folsomia candida 

prefers the ΔAUR F. graminearum mutant even more than F. verticillioides in a multiple choice 

experiment that also included the totally unattractive wild type of F. graminearum; (b) F. 

verticillioides is attractive to collembola, when ΔAUR F. graminearum mutant is absent, the wild 

type F. graminearum and its ΔDON and ΔZEN mutants are similarly unattractive. 

 

 3.3. Food preference between F. graminearum, F. verticillioides, and their mixed 

culture 

F. candida preferred feeding on the mixed diet of F. verticillioides and F. graminearum 

compared to single diet of F. verticillioides. F. graminearum diet was the least attractive 

for the springtails (Figure 4).  

 

 

Figure 4: The mean number of F. candida recorded on mycelium of F. graminearum, F. 

verticillioides and a mix of both fungal species. Bars represent mean ± SE. 
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3.4. Comparison between food selection and food preference  

According to Figure 5, in the separated assay with animals consuming, mycelia amount of 

F. verticillioides is been largely reduced, and mycelia biomass of F. graminearum is 

induced. And in the mixed assay, F. graminearum amount is decrease while the F. 

verticillioides in decline as well. However, in mixed assay, the F. verticillioides reduction 

is not as much as in the separate assay. 

  

Figure 5. Folsomia candida consumes higher amounts of F. graminearum when offered mixed 

assay (mix.) compared to pure cultures (sep.). Fungal biomass was quantified by real time PCR.  

 

4. Discussion 

According to the food preference experiment, Fusarium verticillioides turned out to be a 

preferred food source for springtails, while colonies of F. graminearum were avoided 

(Figure 2). This is consistent with results reported in chapter 2 of this thesis that DNA 

amount of F. verticillioides was significantly reduced after collembolan grazing which was 

not observed for F. graminearum. Documentation exists that Fusarium verticillioides 

promotes growth of invertebrates in laboratory and field assays (Schulthess et al., 2001; 

Cardwell et al., 2000). In addition, Munkvold (2003) pointed out that insect disperse F. 

verticillioides more efficiently than F. graminearum, which agrees with the observed and 

known results. 

Even though F. graminearum and F. verticillioides belong to the same genus, they 

differentially attract collembola (Figure 2). Nevertheless, collembola prefer the ΔAUR F. 
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graminearum, the mutant that lacks the biosynthetic pathway that producing aurofusarin. 

This indicates that aurofusarin protects the fungus from predation. In our study, however, 

the tested mutants derive from different F. graminearum wild-type strains, which, to some 

extent, could have affected the results. At least, ΔAUR and ΔZEN F. graminearum share 

the same wildtype.  

Several studies demonstrated that fungal secondary metabolites deter invertebrates. Döll et 

al. (2013) reported that F. candida preferred ungrazed to grazed Aspergillus nidulans. 

Secondary metabolites, such as austinol, dehydroaustinol, emericellamide and 

sterigmatocystin, were induced after grazing. A. nidulans ∆lae which is in deficient of 

producing various secondary metabolites, was consumed in higher amounts than the wild 

type strain (Rohlfs et al., 2007). ∆PksP A. fumigatus, whose melanin biosynthesis pathway 

had been disrupted, was more attractive to collembola (Scheu and Folger, 2004). 

Generally, F. candida preferred mixed species to single species mycelium. This is 

consistent with Scheu & Folger (2004) who suggested collembolans benefit from mixed 

diet as a consequence of better reproduction and increased fitness. When the animals fed 

on a diet comprising a mixture of F. graminearum and F. verticillioides, F. candida still 

preferred F. verticillioides, but the consumption of F. graminearum was much higher 

under conditions of mixed colonies. This might be because collembola are not able to 

distinguish their preferred diet as well when the Fusarium spp. were offered separately. 

According to Picot et al. (2012), F. verticillioides can inhibit the growth of co-cultured F. 

graminearum. Even if the F. graminearum infection was higher on maize, F. 

verticillioides could still out-compete it. In this study, with the addition of F. candida 

whose preferred food choice is F. verticillioides, the dominance of F. verticillioides is 

affected. Although in the mixed diet is still competitively dominant.  

Our results with mixed cultures indicate that traditional food choice experiments with 

spatially separated colonies of fungal isolates do not adequately reflect the behavior of 

frugivorous arthropods in natural ecosystems. Crowther et al. (2012) reported that, 

compared to collembolans, isopods ware more aggressive feeders. This supports the notion 

that feeding experiments should therefore involve co-cultures of several fungal species as 

well as different animal species.  
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Chapter 4: Nontoxic naphthopyrone pigment protects filamentous fungi 

from a wide range of animal predators 
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1. Main text 

Soil fungi play a key role in nutrient cycling by degrading recalcitrant plant biomass 

(McGonigle 2007). Predators feeding on fungi influcence fungal network architecture 

(Boddy et al. 2010) and modulate the composition (McGonigle 2007) and activity (A'Bear 

et al. 2014) of fungal communities, affecting their contribution to ecosystem services 

(Crowther et al. 2012). As a defence against predators, fungi produce toxic proteins and 

metabolites. The role of lectins and other proteins in fungal defence have recently been 

established (Schubert 2012, Künzler 2015, Wohlschlager 2014, Plaza et al. 2016) but 

evidence for defence metabolites remains inconclusive, though efforts to establish the role 

of mycotoxins in fungal defence date three decades back (Wicklow 1988, Dowd 1992). 

Here we show that nontoxic pigment aurofusarin, rather than mycotoxins, protects fungi 

from a range of phylogenetically distant predators. Springtails (collembolans), woodlice 

(crustaceans) and mealworms (insects) avoided cultures of fungus Fusarium graminearum 

accumulating aurofusarin and mealworms were repelled by wheat flour amended with 

aurofusarin. Transcription of aurofusarin synthesis genes was stimulated by feeding of 

springtails, woodlice and nematodes, causing accumulation of high amount of aurofusarin 

in mycelia (>1% dry weight). Forced-feeding on fungi accumulating aurofusarin did not 

cause mortality of springtails and woodlice and purified aurofusarin exerted low toxicity to 

mealworms and insect cells. Thus contrary to previous views (Wicklow 1988, Dowd 1992, 

Rohlfs 2015) a nontoxic antifeedant rather than mycotoxins protected F. graminearum 

from a wide range of animal predators. Bis-naphthopyrone pigments similar to aurofusarin 

are ubiquitous among filamentous Ascomycota. Together with the magnitude of the 

repellent effect of aurofusarin and its consistency across diverse predators this suggests 

that bis-naphthopyrone pigments are major defence metabolites of Ascomycota against 

grazing invertebrates. 
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The role of mycotoxins in defence of fungi against predation by has been proposed 

decades ago and many mycotoxins were shown to possess insecticidal activities (Wicklow 

1988, Dowd 1989, Dowd 1992) but efforts to prove their defence function in ecologically 

relevant context remained largely inconclusive (Ruess & Lussenhop, 2005; Rohlfs 2015). 

Circumstantial support for the defence role of mycotoxins was provided by stimulation of 

mycotoxin synthesis by arthropod grazing (Döll 2013) and mechanical injury (Brandt et al. 

2017) and by accumulation of toxic metabolites in reproductive structures and sclerotia 

(Calvo & Cary 2015). Challenging arthropods with fungal strains impaired (Rohlfs et al. 

2007, Trienens et al. 2010) and constitutively stimulated (Yin et al. 2012) in secondary 

metabolism generated encouraging results but pleiotropic character of these mutations 

prevented assignment of effects to causes. Mycotoxin sterigmatocystin was most often 

implicated in defence but pathway-specific mutants failed to confirm its role (Rohlfs 

2015). The only mycotoxins proven to act as defence metabolites are asparasone protecting 

sclerotia of Aspergillus flavus from sap beetles (Cary et al. 2014) and gliotoxin protecting 

A. flavus from soil amoeba (Hillmann 2015). Despite extensive efforts, the role of other 

mycotoxins in defence has not been substantiated.  

Assuming that defence metabolites are synthesized on demand, transcriptome of fungus 

Fusarium graminearum exposed to springtail Folsomia candida was investigated to reveal 

which pathways were induced by grazing. RNA was extracted from fungal cultures 

subjected to grazing and intact cultures and mRNA levels for all genes were compared by 

RNA sequencing (RNAseq). Grazing stimulated transcription of pathways for metabolites 

aurofusarin, fusarin C and fusaristatin A (Fig. 1), several gene clusters putatively involved 

in secondary metabolite synthesis (Extended Data Fig. 1), and seven genes encoding small 

cystein-rich proteins (Extended Data Fig. 2).  
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Figure 1 | Gene clusters for secondary metabolites in Fusarium graminearum up-regulated by 

springtail grazing. F. graminearum culture was exposed to springtail Folsomia candida for 48 

hours. RNA was extracted and mRNA levels were determined by RNA sequencing (RNAseq) and 

compared. Black points show log2(fold change) values for each gene. Up-regulated clusters were 

identified based on the criteria that more than 50% of the genes in the cluster and/or the gene 

encoding a signatures enzyme were significantly induced [log2 FPKM (fold change) higher than 

1.0 (dotted line) and q value was lower than 0.01]. Accession numbers: fusarin C (FGSG_07798, 

FGSG_07800 to FGSG_07805, FGSG_13222 to FGSG_13224), cluster C62 (FGSG_10606, 

FGSG_10608, FGSG_10609, FGSG_10611 to FGSG_10614, FGSG_10616, FGSG_10617), 

aurofusarin (FGSG_02320 to FGSG_02329), terpenoids (FGSG_01737 to FGSG_01749), 

fusaristatin A (FGSG_08204 to FGSG_08210, FGSG_08213, FGSG_08214), putative cluster 

(FGSG_10557 to FGSG_10560, FGSG_10562 to FGSG_10567, FGSG_10569 to FGSG_10571, 

FGSG_10573). RNAseq analysis was carried out on four biological replicates. Boxplots show the 

median for each cluster and lower and upper quartiles (Q1 and Q3). Whiskers show the largest 

(smallest) observation or 1.5-fold of the interquartile range, whichever is smaller (larger) [Q1-

1.5*(Q3-Q1) and Q3+1.5*(Q3-Q1)].  
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We selected aurofusarin for further work because it is produced by many fungal species 

belonging to several genera (Malz et al. 2005; Põldmaa  2011). Aurofusarin is a dimeric 

naphtho-γ-pyrone (Fig. 2f) causing colorizing of maize cobs infected with F. graminearum 

(Fig. 2a). All genes of the aurofusarin biosynthetic cluster except one were induced by 

springtail grazing (Fig. 2c). To examine whether aurofusarin is also induced by other 

predators, cultures of F. graminearum and F. culmorum were subjected to springtail F. 

candida and fungivorous nematodes Aphelenchoides saprophilus and Bursaphelenchus 

mucronatus for different time periods, fungal RNA was extracted and relative mRNA 

levels for five genes of aurofusarin synthesis were estimated using RT qPCR (Fig. 2j to k). 

All five genes of aurofusarin pathway were strongly induced in both Fusarium species 48 

h after exposure to springtails and 24 h after exposure to nematodes. Aurofusarin was 

extracted from mycelia of both fungi exposed to springtail grazing and its content was 

estimated by HPLC (Fig. 2d, e). In line with the induction of gene transcription, strong 

increase of aurofusarin levels was found in grazed culture as compared to controls in both 

fungi. In axenic cultures, production of aurofusarin in F. graminearum was stimulated by 

shaking (Fig. 2b). We assume that mechanical damage caused by shaking triggered 

defence responses that are normally activated by predation. 

To find out whether aurofusarin synthesis is induced by grazing in other Fusarium species, 

cultures of F. poae, F. venenatum and F. avenaceum growing on agar media were 

subjected to feeding by spring tail Folsomia candida and F. venenatum and 

F. sporotrichioides were subjected to grazing by woodlice Porcellio scaber. Mycelia 

affected by grazing turned red, indicating that feeding damage stimulated aurofusarin 

synthesis in all four Fusarium species (Extended Data Fig. 3).  

The key criterion for the involvement of a metabolite in defence against predation is that it 

reduces feeding damage. To test whether aurofusarin protected its producers from 

predation, food choice experiments with a F. graminearum strain accumulating 

aurofusarin and isogenic gene-disruption mutants unable to synthesize aurofusarin were 

carried out. Three independently obtained mutants were used to exclude effects of 

unaccounted for changes in the genome during gene disruption. Predators representing 

phylogenetically distant arthropod lineages were used: collembolan F. candida 

(Entognatha), woodlice Trichorhina tomentosa (Crustacea) and mealworm Tenebrio 

molitor (Insecta). Cultures of aurofusarin-producing and non-producing strains were 

offered to the predators on opposite sides of Petri dishes and the number of animals on or 
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Figure 2 | Aurofusarin synthesis in F. graminearum and F. culmorum is stimulated by 

springtail and nematode feeding.  a, Corn ear inoculated with F. graminearum (photo by 

courtesy of Dr. Belinda J. van Rensburg, ARC South Africa). b, F. graminearum cultures in potato 

infusion broth with and without shaking for two weeks. c, Up-regulation of genes of aurofusarin 

biosynthetic in F. graminearum after exposure to grazing by springtail F. candida for 48 h 

(RNAseq, see Fig. 1). d,e, Time course of aurofusarin accumulation in F. graminearum and 

F. culmorum cultures exposed to grazing by springtail F. candida. f, Molecular structure of 

aurofusarin. g,h, Time course of the up-regulation of genes of aurofusarin synthesis in F. 

graminearum and F. culmorum after grazing by F. candida (RT qPCR). i,j, Up-regulation of genes 

of aurofusarin synthesis after exposure to fungivorous nematodes A. saprophilus and B. 

mucronatus (RT qPCR). Means are shown as bars with whiskers showing standard error. Three to 

four biological replicates were used in all experiments.   
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in the vicinity of each culture was recorded for 8 h (springtails and woodlice) or 12 h 

(mealworms). All three predators exhibited a strong preference for aurofusarin-

nonproducing mutants (Fig. 3). For comparison, disruption of biosynthetic pathways for 

mycotoxins deoxynivalenol and zearalenone in F. graminearum has not affected food 

choice of the animals (Chapter 3) though both mycotoxins were shown to be toxic to 

caterpillars (Dowd, Miller and Greenhalgh, 1989; Dowd 1992).  

Disruption of aurofusarin pathway may have indirectly affected the synthesis of other 

metabolites. Can the preference of arthropods for aurofusarin mutants be caused by these 

differences, rather than by the lack of aurofusarin? Preference of mealworms for wheat 

flour with and without aurofusarin was investigated to answer this question (Fig. 4e). 

Strong preference of the larvae for unamended flour confirmed that aurofusarin acted as an 

antifeedant. The magnitude of the deterrence of predators by aurofusarin-containing 

cultures indicated that aurofusarin was the major—if not the only—defence compound 

responsible for the deterrence of predators by F. graminearum in these experiments (Fig. 

3).  

If aurofusarin is toxic, the ability of arthropods to sense and avoid aurofusarin-containing 

food may have developed as an adaptation reducing their exposure to the toxin. No data on 

toxicity of aurofusarin to animals are available. Toxicity of aurofusarin to poultry was 

reported (Dvorska et al. 2001) but because an aurofusarin-containing fungal culture rather 

than purified aurofusarin was used in this work, the animals were likely exposed to 

mycotoxins not accounted for in the study. To determine whether aurofusarin is toxic to 

arthropods, springtail F. candida and isopod T. tomentosa were fed on fungal cultures 

accumulating aurofusarin and on aurofusarin-free mutants for 5 weeks. Mortality of 

animals was monitored and the length and width of their bodies were determined at the end 

of the experiment (Fig. 4a, b). All animals were alive at the end of the experiment. Both 

arthropods grew faster on aurofusarin-nonproducing mutants. The differences were 

significant but small; we therefore assume that growth suppression on aurofusarin-

containing cultures was caused by reduced food consumption rather than by toxicity. 

Toxicity of aurofusarin to insects was studied by feeding mealworms on wheat flower 

amended with purified aurofusarin for 10 d and comparing the weight gain of the larvae on 

flour with and without aurofusarin (Fig. 4c). No effect of aurofusarin on mealworms  
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Figure 3 | Predators avoid fungal cultures accumulating aurofusarin. a, Mealworms in a Petri 

dish with cultures of F. graminearum accumulating aurofusarin (WT, right) and aurofusarin-

nonproducing mutant (∆AUR, left). b-d, Number of F. candida individuals on F. graminearum 

WT and ∆AUR mutants. Springtails starved for two days were placed into the center of Petri dish 

containing fungal cultures and animals on each mycelium were counted (20 animals per plate; 4 

replicates). e,f, Food preference of isopod T. tomentosa was tested in the same way with 8 animals 

per arena and 4 replicates. g, Food choice of mealworm T. molitor was examined by placing ten 

individuals in a Petri dish containing fungal cultures on microscope slides placed into opposite 

sides of the dish. The number of animals visiting each culture was recorded by taking photos and 

counting animals inside rectangles 13 x 6 cm drawn around each slide. Ten animals per plate with 

16 replicates were used. Bars represent 95% CI.  
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Figure 4 | Aurofusarin is not toxic to arthropods. a, b, Length and width of F. candida and T. 

tomentosa after feeding on F. graminearum and three aurofusarin-deficient mutants. Ten F. 

candida or five T. tomentosa individuals were placed into Petri dishes with fungal cultures. 

Animals' length and width were measured at the beginning (horizontal lines) and after 5 weeks. 

Significance of differences between means was tested by un-paired t-test (n=4, *0.05<P<0.01, 

**0.01<P<0.0001, ***P<0.0001). c, The weight of T. molitor (10 individuals) after 10 days 

feeding on wheat amended with aurofusarin. Dashed line indicates the average of the initial weight. 

Box plots show lower and upper quartiles (Q1 and Q3) and the median with whiskers for the 

smallest and largest values. Data were analysed by un-paired t-test (n=4, p=0.0027). d,  T. 

tomentosa growth status after feeding on each fungal diet for five weeks. e, Weight of wheat flour 

and faeces left by T. molitor larvae after 4 d feeding on unamended wheat flour and flour 

containing 10 mg/g aurofusarin. Significance of the difference was analysed by un-paired t-test 

(n=3, p=0.0033). f, Sf9 cell viability after 24 hours incubation with different concentrations of 

aurofusarin, Sf9 cells were seeded into 96-well cell culture plates at 5×10
3
 and 8×10

3
 cells per well 

respectively (n=3). Bars represent means with standard errors.  
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was apparent up to 1 mg aurofusarin per g flour. This concentration is two orders of 

magnitude higher that concentrations at which typical mycotoxins exert toxicity to insects 

(Dowd at al., 1989; Dowd 1992). Growth suppression was observed on flour with a very 

high concentration of aurofusarin (Fig. 4c). It should be noticed that aurofusarin content in 

fungal mycelia and especially in mycelia damaged by grazing (Fig. 2i) reached even 

higher concentrations.   

Relatively low toxicity of aurofusarin to arthropods can be accounted for by inefficient 

absorption, detoxification in the digestion track, or by fast clearance. Toxicity assays with 

cell cultures circumvent these effects. We therefore investigated the effect of aurofusarin 

on cell culture of fall armyworm (Spodoptera frugiperda), which served as a model for 

toxicity of mycotoxins to insects (Dowd at al., 1992; Dowd et al., 1989). Aurofusarin 

exhibited very low toxicity to insect cells (Fig. 4f); concentrations higher than 800 µg/ml 

were needed for the inhibition of tetrazolium-reducing exceeding 50% (Fig. 4f). Low 

solubility of aurofusarin prevented us from recording the entire dose-response curve. 

Low toxicity of aurofusarin to arthropods contradicts the current view that metabolites of 

fungal defence against predators are mycotoxins. The magnitude of the deterrence effect 

exhibited by aurofusarin and its efficacy against phylogenetically distant arthropods 

indicate that dimeric naphthopyrones are major defence metabolites of filamentous fungi. 

This may explain why attempts to substantiate the role of mycotoxins in defence against 

arthropods remained inconclusive in spite of decades-long efforts. While traditional 

mycotoxins comprise metabolites of extraordinary chemical diversity and each mycotoxin 

is produced by a single or few fungal species, aurofusarin is produced by many species of 

several genera, which inhabit temperate as well as tropical climates (Extended Data Fig. 

4). Dimeric naphthopyrones similar to aurofusarin are produced by many genera of 

filamentous Ascomycetes (Extended Data Fig. 4). Viomellein was selected to determine 

whether our findings can be extended to dimeric naphthopyrones different from 

aurofusarin. Cultures of viomellein producer Aspergillus ochraceus were subjected to 

grazing of springtail F. candida and mealworm T. molitor and viomellein concentration 

was determined by HPLC. Grazing of both arthropods stimulated the accumulation of 

viomellein (Extended Data Fig. 5), indicating that viomellein may act as a defence 

metabolite, too. Food-choice experiments will be needed to determine whether viomellein 

deters arthropods from feeding.  
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The concentration of aurofusarin in fungal mycelia exceeds concentrations of typical 

mycotoxins by several orders of magnitude (Fig. 2e). Oh the other hand aurofusarin 

synthesis incurs substantial fitness costs, as evident from markedly increased growth rate 

and conidia production of aurofusarin-nonproducing mutants (Malz et al. 2005). We 

speculate that high concentrations of aurofusarin in mycelia prevented adaptation of 

predators to its antifeedant effect. Insects are notorious for rapid development of resistance 

to insecticides due to the ability of their P450 oxidases to adapt to new substrates (Scott 

1999). High concentrations of aurofusarin and other dimeric naphthopyrones in fungi may 

saturate detoxification activities or other compensatory changes in arthropods, while 

accumulation of mycotoxins to comparably high concentrations would severely reduce the 

fitness of their producers by self-poisoning.  Synthesis of nontoxic defence chemical at 

very large amounts typifies a new concept in fungal ecological chemistry with aurofusarin 

serving the first example. Re-focusing from traditional mycotoxins to naphthopyrone 

pigments opens new perspective for research in fungal chemical defence and chemical 

ecology of soil fauna.   

 

2. Materials and Methods 

2.1. Animals 

Culture of springtail Folsomia candida (Hexapoda: Collembola) was obtained from Dr. 

Marko Rohlfs (University of Goettingen, Germany). Larvae of beetle Tenebrio molitor 

(Insecta: Coleoptera) and isopod Trichorhina tomentosa (Crustacea: Oniscidea) were 

purchased from Zoo & Co. Zoo-Busch and b.t.b.e. Insektenzucht GmbH (Schnürpflingen, 

Germany). Culture of nematode Aphelenchoides saprophilus was obtained from Prof. 

Liliane Ruess, Humboldt University Berlin, Germany; nematode Bursaphelenchus 

mucronatus was obtained from Prof. Jiafu Hu, Zhejiang Agriculture and Forestry 

Universities, China.  

2.2. Fungal strains 

Fusarium graminearum strain IFA 66 (DON chemotype) was obtained from Marc 

Lemmens (IFA Tull, Austria) via Thomas Miedaner (University of Hohenheim, Germany) 

(Miedaner et al. 2010). F. graminearum 1003 and its aurofusarin-deficient mutants 

generated by disruption of the polyketide synthase gene PKS12 (Malz et. al., 2005) were 
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labelled △AUR1, △AUR2, and △AUR3. F. culmorum 3.37 was a gift from Prof. Heinz-

Wilhelm Dehne, University of Bonn (Guo et al. 2014).  

2.3. Purification of aurofusarin 

Aurofusarin was extracted F. graminearum IFA 66 grown in potato medium which 

prepared by boiling 200 g potato with peel in 1 Liter tap water for 20 min and autoclaving 

the filtrate with 20 g glucose. The cultures were grown for two weeks at 25°C with 

shaking (200 rpm). Mycelium was harvested, freeze-dried, ground and extracted with 50 

ml of chloroform-methanol (80:20, v/v) per gram mycelium. The extract was cleared by 

centrifugation and evaporated to dryness. Aurofusarin was purified by ethanol 

precipitation from phenol at 50°C (Gray at al. 1967) and crystallization from hot glacial 

acetic acid (Ashley et al. 1937). Aurofusarin standard was purchased from Bioviotica 

Naturstoffe GmbH (Göttingen, Germany).  

2.4. Exposure of fungi to predation 

5,000 fungal spores in 5 µL water were inoculated onto three rice kernels autoclaved with 

200 µl demineralized water (for arthropods) or onto 40 mg rice flour autoclaved with 150 

µl demineralized water (for nematodes) in 15 ml Falcon tubes and incubated at 15°C in 

dark. After 7-8 days, 20 mg (around 200 individual animal) of sprintgtail F. candida 

starved for two days, 2,000-3,000 individuals of nematode A. saprophilus or 1,000-2,000 

individuals of nematode B. mucronatus in 100 µl water were placed into mycelia and the 

incubation was continued. Controls were incubated under the same conditions without 

animals. Each group consisted of at least 4 replicates. 

2.5. Transcriptome analysis by RNA sequencing (RNAseq) 

F. graminearum IFA66 was exposed to F. candida as described above. After 48 h grazing 

four cultures with predators and four controls were harvested, the animals were removed 

and total RNA was extracted using RNAsnap method (Stead et al. 2012) modified as 

follows: Suspension of mycelia in of 400 µl of RNA extraction solution [95% deionized 

formamide, 18 mM EDTA, 0.025% SDS, and 1% 2-mercaptoethanol] was disrupted by 

shaking with zirconia beads (2.0 mm diameter, Carl Roth, Karlsruhe, Germany) in 

reciprocal mill MM 200 (Retsch, Haan, Germany) for 2 min at maximum power, followed 

by incubation at 95°C for 7 min. Cells debris was removed by centrifugation at 16,000x g 

for 5 min at room temperature. The supernatant was transferred into RNA precipitation 

mixture consisting of 800 µl of isobutanol, 400 µl of 5 M guanidine thiocyanate and 5 µl 
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of linear polyacrylamide used as co-precipitant (Co-Precipitant Pink, Bioline, London, 

UK). The mixture was centrifuged at 16,000x g for 5 min at room temperature and the 

pellet was washed with 75% ethanol, dried and dissolved in RNAase-free water. 

Strand-specific cDNA libraries were prepared using Illumina’s TruSeq stranded mRNA kit 

(75 bp paired-end) and sequenced on Illumina NextSeq 500V2. Data was analyzed using 

the public server of Galaxy (Afgan et al. 2016) (https://usegalaxy.org/). Before the analysis 

the reads were trimmed to remove low quality sequences (the least 12 bases). Reads were 

mapped to the reference genome (F. graminearum PH-1) using Hisat2 v2.0.5.1 (Kim et al. 

2005) using the default options for single end data. Cufflinks v2.2.1 (Trapnell et al. 2010) 

was used to determine the abundance of transcripts in FPKM (Fragments Per Kilobase of 

exon per Million fragments mapped), maximum intron length was set to 1000 nt and the 

last annotated genome ASM24013v3 was used as reference. Cuffdiff v2.2.1.3 (Trapnell et 

al. 2010) was used to determine the changes in gene expression compared to the control 

using an FDR (false discovery rate) of 0.05. Only genes with a log2 FPKM (fold change) 

higher that 1.0 and a q value lower than 0.01 were considered as significantly induced.  

To identify up-regulated secondary metabolite gene clusters, accession numbers of all up-

regulated genes were searched in the National Center for Biotechnology Information 

(NCBI) and in the European Bioinformatics Institute, EMBL–EBI (UniProt) databases to 

look for signature enzymes encoding genes for polyketide synthetases (PKS), 

nonribosomal peptide synthetases (NRPS) and terpenoid synthetases (TPS). Once more 

than 50% of the genes in the cluster and/or the signature enzyme were significantly 

induced (log2 FPKM (fold change) higher than 1.0 and a q value lower than 0.01), 

literature related to the cluster was consulted to identify associated secondary metabolites. 

In this way, gene clusters for the biosynthesis of aurofusarin (Frandsen et al 2006), C62 

(Sieber et al. 2014), fusarin C (Connolly et al. 2013, Niehaus et al. 2013, Sieber et al. 

2014), fusaristatin A (Sieber et al. 2014, Harris et al. 2016), and terpenoids (Sieber et al. 

2014) were identified. The results were corroborated with AntiSMASH 3.0 (Weber et al. 

2015). Upregulated genes located immediately before and after the signature enzyme were 

also considered part of the cluster. Putative clusters without known signature enzymes 

were identified using AntiSMASH 3.0 (Weber et al. 2015) and corroborated manually. 

Accession numbers of the genes: fusarin C (FGSG_07798, FGSG_07800 to FGSG_07805, 

FGSG_13222 to FGSG_13224), cluster C62 (FGSG_10606, FGSG_10608, FGSG_10609, 

FGSG_10611 to FGSG_10614, FGSG_10616, FGSG_10617), aurofusarin (FGSG_02320 
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to FGSG_02329), terpenoids (FGSG_01737 to FGSG_01749), fusaristatin A 

(FGSG_08204 to FGSG_08210, FGSG_08213, FGSG_08214), putative cluster 

(FGSG_10557 to FGSG_10560, FGSG_10562 to FGSG_10567, FGSG_10569 to 

FGSG_10571, FGSG_10573). 

2.6. Transcription of genes of aurofusarin biosynthetic pathway after predation 

After exposure to F. candida grazing for 0, 1, 2, 4, 8, 24, 48, 80 and 120 h (F. 

graminearum) , 80 and 120 h (F. culmorum) and nematode feeding for 24 and 80 h (F. 

graminearum), fungal mycelia were harvested, frozen in liquid nitrogen and ground. RNA 

was extracted using guanidinium thiocyanate-phenol-chloroform method (Chomczynski 

and Sacchi, 2006) and precipitated with 4 M LiCl for 3 hours on ice and reversed 

transcribed with RevertAid Reverse Transcriptase (Thermo Fisher Scientific, California, 

USA) and random primers according to instructions of the manufacturer using 400 ng 

RNA in 20 µl reactions. cDNA was used as a template for PCR which contained 

ThermoPol Reaction Buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 0.1% 

Triton-X-100, pH 8.8 at 25 °C) with  2.5-4.5 mM MgCl2, 200 µM dNTP, 0.3 µM forward 

and reverse primers (Supplymentary File 4),  SYBR Green I (Invitrogen, Karlsruhe, 

Germany), 1 mg/ml of bovine serum albumin, 0.03 U/µl of Taq polymerase (New England 

Biolabs, UK) and 1 µl of cDNA as a template. PCR conditions were as follows: 95°C for 2 

min, 35 cycles of 94°C for 20 to 30 s, 59°C for 30 to 40 s and 68°C for 30 s, with a final 

extension of 68°C for 15min followed by melting curve analysis beginning at 95°C with 

decrement of 0.5°C to 55°C.  

GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and EFIA (elongation factor 1-

alpha) were used as reference genes (Extended data 6). Amplification efficiency for each 

gene was calculated determined with the help of serial dilutions (Pfaffl 2001). Four 

biological replicates were analyzed. 

2.7. Food preference of fungivorous arthropods 

Springtails (F. candida) were cultivated on Petri dishes (92 mm diameter) filled with a 

mixture of solidified plaster of Paris and activated charcoal (9:1). The cultures were 

maintained in dark at 15°C and fed with baker’s yeast. Fungal cultures were grown on 

PDA medium (made the same as 2.3. Purification of aurofusarin) at 25°C for 7-8 days 

(until red pigment in wide-type strain could be seen) in dark. Agar plagues were cut from 

the edge of fungal colonies using a sterile cord borer (12 mm in diameter) and placed on 
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opposite sides of Petri dishes filled with plaster of Paris - activated charcoal mixture. 

Twenty F. candida individuals starved for two days were placed into the center of the Petri 

dish and the plates were incubated at 15°C in dark. The number of collembolans on each 

mycelium was counted at several time points. The same conditions were used for isopod T. 

tomentosa but eight animals were used.  

Feeding experiments with T. molitor were carried out with fungal mycelia as well as with 

wheat flour amended with aurofusarin. In the first experiment F. graminearum strains 

were cultured on glass slides covered with PDA as above. After 7-8 days at 25°C, the 

slides were placed on the opposite sides of Petri dishes 150 x 20 mm and eight T. molitor 

larvae were placed in the middle of the plates. The number of animals visiting each fungal 

culture was recorded by taking photos at time intervals for 12 h and counting animals 

inside rectangles 13 x 6 cm drawn around each slide. At least 4 replicates were used for 

each treatment and each experiment was repeated at least twice. In the second experiment 

wheat flour was amended with aurofusarin to a concentration of 10,000 µg/g. Portions of 

0.4 g of wheat flour with aurofusarin and pure wheat flour were placed put on opposite 

sides of three Petri dishes. Five larvae of T. molitor were added to each Petri dish and the 

cultures were kept for 4 days at room temperature. Then the animals were removed and the 

weight of remaining wheat flour with and without aurofusarin, mixed with fecal pellets left 

by the animals, was determined.  

2.8. Effect of aurofusarin on the fitness of fungivorous arthropods 

2.8.1. Springtails and white isopods  

Ten F. candida or five T. tomentosa individuals were placed into a Petri dish filled with a 

layer of Plaster of Paris. 7-8 days old mycelium of F. graminearum 1003 or aurofusarin-

deficient mutants were taken from PDA medium using a cork borer of 12 mm diameter 

and placed in the center of the Petri dish with animals. New mycelium was provided every 

10 days (for F. candida) and every week (for T. tomentosa). Tap water was added when 

necessary to keep humidity. F. candida was maintained at 18°C and T. tomentosa at 25°C. 

At the beginning of the experiment and after 5 weeks, all animals were transferred to a 

Petri dish containing a layer of plaster with charcoal for size measurement. A digital 

photograph was taken and the length and width of each animal were determined using 

Image J (Maryland, USA). Each treatment consisted of at least four replicates. 

2.8.2 Mealworms 
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Wheat flour were amended with aurofusarin dissolved in chloroform and the solvent was 

evaporated, leading to aurofusarin concentrations of 0, 1, 10, 100, 1,000 and 10,000 µg/g. 

Ten larvae of T. molitor were weighed individually and placed on 1 g of wheat flour 

amended with aurofusarin. After 10 days at 18°C in dark, the weight of the animals was 

determined again. Each treatment consisted of four replicates; two independent 

experiments were carried out. 

2.9. Toxicity of aurofusarin to insect cells in tissue culture 

Spodoptera frugiperda 9 (Sf9) cell line was maintained on Sf-900 II medium (Thermo 

Fisher Scientific China, Shanghai, China) and grown at 28°C. The cells were seeded into 

96-well cell culture plates at a concentration of 8×103 cells per well and treated with 

aurofusarin [0, 1.25, 2.5, 5, 10, 20, 40, 80, 100, 200, 400, 600, 800 and 1000 µM dissolved 

in dimethyl sulfoxide (DMSO) for 24 h. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) solution (0.5 mg/mL) was added to each well and incubation 

was continued for 4 h. Formazan precipitate was dissolved in 150 μL of dimethyl sulfoxide 

(DMSO) and the absorbance of the solution at 490 nm was determined. The test was 

performed in triplicate.  

2.10. Determination of aurofusarin and viomellein by HPLC  

F. graminearum and F. culmorum cultures were treated with springtail F. candida and 

mealworm T. molitor as described in section 2.4. The animals were removed and 

remaining material was freeze-dried and weighed. Aurofusarin was extracted into 2 ml of 

chloroform/methanol (80 : 20) overnight. After centrifugation at 14,000 rpm for 20 min, 

600 µl of the supernatant were dried and the residue was dissolved in 80 µl DMSO. 

Aurofusarin content was determined by HPLC with a diode-array detector (Varian 

Prostar), using polar modified RP-18-column (Polaris 3 C18-Ether, 100 x 2.0 mm; Varian, 

Darmstadt, Germany) kept at 40°C. Gradient elution with solvent A (water with 0.05% 

acetic acid and 5% acetonitrile) and B (methanol with 0.05% acetic acid) was used as 

follows: 0.0-0.1 min 60% B, 0.1-12 min increase to 98% B, 12-14 min 98% B, 14-15 min 

decrease to 60% B, 15-25 min 60% B. Light absorption was monitored at 243 nm for 

aurofusarin determination detection and at 270 nm for viomellein analysis.   

2.11. Statistics and reproducibility 

Bar graphs show means ±SE; line graph shows means ±95% CI; box plots show medians 

and lower and quartiles (Q1 and Q3) with whiskers showing the largest (smallest) 
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observation or 1.5-fold of the interquartile range, whichever is smaller (larger) [Q1-

1.5*(Q3-Q1), Q3+1.5*(Q3-Q1)]. Significance of difference between means was tested by 

un-paired t-test. The number of biological replicates is listed in figure captures and the 

reproducibility of the data is all listed in Extended data 7. 
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4. Extended data 

 

Extended Data Fig. 1 | Further gene clusters for secondary metabolites in Fusarium 

graminearum up-regulated by springtail grazing. F. graminearum was exposed to springtail 

F. candida for 48 hours and mRNA levels were determined by RNAseq. Up-regulated clusters 

were identified as having >50% of the genes and/or the gene encoding the signatures enzyme 

induced [log2 FPKM (fold change) higher than 1.0 (dotted line) and a q value lower than 0.01]. 

Accession numbers: fusarin C (FGSG_07798, FGSG_07800 to FGSG_07805, FGSG_13222 to 

FGSG_13224), cluster C62 (FGSG_10606, FGSG_10608, FGSG_10609, FGSG_10611 to 

FGSG_10614, FGSG_10616, FGSG_10617), aurofusarin (FGSG_02320 to FGSG_02329), 

terpenoids (FGSG_01737 to FGSG_01749), fusaristatin A (FGSG_08204 to FGSG_08210, 

FGSG_08213, FGSG_08214), putative cluster (FGSG_10557 to FGSG_10560, FGSG_10562 to 

FGSG_10567, FGSG_10569 to FGSG_10571, FGSG_10573). RNAseq analysis was carried out 

on four biological replicates. Box plots show the median for each cluster and lower and 

upper quartiles (Q1 and Q3). Whiskers show the largest (smallest) observation or 1.5-fold of the 

interquartile range, whichever is smaller (larger) [Q1-1.5*(Q3-Q1) and Q3+1.5*(Q3-Q1)]. 
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Extended Data Fig. 2 | Springtails grazing induces cysteine-rich proteins-codifying-genes, 

fusarin C and fusaristatin A biosynthetic pathways in F. graminearum. a, Fragments per 

kilobase of mapped reads (FPKM) generated by Cufflinks of 7 most up-regulated small secreted 

cysteine-rich proteins-codifying-genes in F. graminearum when feeding by springtail F. candida 

for 48 hours according to RNAseq data and their protein structure, β-tubulin gene is presented as 

reference. b,c, Up-regulation of fusarin C and fusaristatin A biosynthetic pathways in 

F. graminearum after exposure to springtail F. candida for 48 h. RNAseq analysis was carried out 

with four biological replicates; the whiskers show standard errors. 
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Extended Data Fig. 3 | Stimulation of the synthesis red pigment in Fusarium spp. by grazing of predators. a, Left: F. poae DSMZ 62376 culture on rice 

agar with arena exposure to F. candida grazing for 2 days; right: control. b, F. venenatum RD15 culture with arena exposure to F. candida grazing for 2 days; 

right: control. c, F. sporotrichoides IPP 0249 culture with arena exposed to isopod Porcellionides pruinosus for 2 days. d, F. venenatum RD 90 culture with 

arena exposure to isopod Porcellionides pruinosus for 2 days. e, F. avenaceum BBA 92013 culture with arena exposure to F. candida for 2 days. The animals 

were confined to arenas of 15 mm diameter with the help of plastic cylinders and removed immediately before the photos were taken.
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Extended Data Fig. 4 | Production of dimeric napththopyrones by ascomycetous fungi. Taxo-

nomic affiliation of selected fungal genera that produce dimeric napththopyrones is shown on the 

left. Schematic structures of fungal bis-naphthopyrones are shown on the right. Structure classes A 

to I contain dimeric naphtho-α-pyrones and naphtho-γ-pyrones consisting of linear heptaketides; 

the classes differ by the location of links between monomers and by the presence of α-pyrone or γ-

pyrone. Metabolites of class J consist of a linear and an angular heptaketides; all metabolites of 

class J listed here contain a γ-pyrone moiety.  

 



69 

 

 

Extended Data Fig. 5 | Invertebrate grazing stimulates viomellein production by Aspergillus 

ochraceus. a, Aspergillus ochraceus was grown on maize flour medium for 5 days. Eight larvae of 

T. molitor were added to the cultures and kept on fungal cultures for 6 days. Cultures without 

animals served as controls. n=5 b, A. ochraceus 6692 were grow on rice medium for 5 days. 20 mg 

of F. candida starved for two days were added and allowed to feed on the culture for 6 days. n=6 

Extracts of the cultures into chloroform-methanol (80:20) were analysed by HPLC with a light 

absorption detector set to 270 nm. Viomellein appears as two peaks because it consists of two 

diastereomers (atropisomers) due to restricted rotation around the bond connecting the monomers. 
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Extended Data Fig. 6 | Primers were used for qRT-PCR analysis. 

Target sequence 5‘ to 3‘ sequence 
Amplicon 

size 
Application 

Related 

reference 

GAPDH F CTACATGCTCAAGTACGACTCTTCC 
 qRT-PCR 

Hallen-adams et 

al. 2011 GAPDH R GCCGGTCTCGGACCACTTG 

EF1A F AAAGACCCTCCTTGAGGCCATTGA 
 qRT-PCR 

Hallen-adams et 

al. 2011 EF1A R ACTTCAGTGGTGACGTTGGAAGGA 

AurR1 F TACAGATGACGCACTGCTGA 
196 qRT-PCR 

FGSG_02320/ 

Fcul_02391 AurR1 R CGACAACTGTGCCAAGTCAA 

PKS12 F CAGACTACGCCCAATGACTAC 
186 qRT-PCR 

FGSG_02324/ 

Fcul_02395 PKS12 R GTCTCCATAAACACCAACCACA 

Gip1 F CCGGAGTTGGAGAGTGGA 
145 qRT-PCR 

FGSG_02328/ 

Fcul_02399 Gip2 R TCAAACCACGGATCAAAGTCT 

AurJ F CTGTGTCCTCAGCAGCTAAG 
201 qRT-PCR FGSG_02326 

AurJ R TGTTGGGTAGAAGCTCGCT 

AurJ F* ACAGTTTCAGGGCTGCTTCAG 
170 qRT-PCR Fcul_02392 

AurJ R* TGCGAATGCTGTGTCGTCAG 

AurO F GACTCTGTCACCATCGACAT 
223 qRT-PCR 

FGSG_02321/ 

Fcul_02392 AurO R CTACGCCTAGACCGACATAGT 
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    Extended Data Fig. 7 | Details of statistical test in Figure 4, statistical was done by Graphpad Prism 5. 

Figure Sample size Statistical test Values 

4a length Fg /FgΔAUR1 n=4, each contains at least 10 animals at beginning unpaired two-tailed t-test P<0.0001 

4a length Fg /FgΔAUR2 as above  as above  P<0.0001 

4a length Fg /FgΔAUR3 as above  unpaired one-tailed t-test P=0.01 

4a width Fg /FgΔAUR1 as above  unpaired two-tailed t-test P=0.0001 

4a width Fg /FgΔAUR2 as above  as above  P<0.0001 

4a width Fg /FgΔAUR3 as above  as above  P=0.0085 

4b length Fg /FgΔAUR1 n=4, each contains 5 animals at beginning as above  P<0.0001 

4b length Fg /FgΔAUR2 as above  as above  P<0.0001 

4b length Fg /FgΔAUR3 as above  as above  P<0.0001 

4b width Fg /FgΔAUR1 as above  as above  P=0.0481 

4b width Fg /FgΔAUR2 as above  as above  P=0.0029 

4b width Fg /FgΔAUR3 as above  as above  P=0.0001 

4c 0/0.001 mg/g aurofusarin containing wheat n=4, each contains at least 10 animals at beginning as above  P=0.6282 

4c 0/0.01 mg/g aurofusarin containing wheat as above  as above  P=0.2906 

4c 0/0.1 mg/g aurofusarin containing wheat as above  as above  P=0.6810 

4c 0/1 mg/g aurofusarin containing wheat as above  as above  P=0.2231 

4c 0/10 mg/g aurofusarin containing wheat as above  as above  P=0.0027 

4e 0/10 mg/g aurofusarin containing wheat n=3, each with 5 mealworms consuming as above  P=0.0033 
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Extended Data Fig. 8 | Induced secondary metabolites (auorufsarin, viomellein and fusaristatin A) 

in F. graminearum when predated by F. candida, and their similar compounds. 
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Chapter 5: General discussion 

Small animals interact with various fungal species in soil ecosystems. In our study, we 

focused on mycotoxin-producing fungi of the genera Fusarium, Aspergillus and 

Penicillium. Some species of these genera cause diseases in plants and animals, 

contaminate crop products, lead to reduction of crop yield and economic loss. They are 

well-known to produce diverse toxic secondary metabolites, such as deoxynivalenol, 

zearalenone, nivalenol, fumonisin, ochratoxin A, citrinin, and penicillic acid (Karlovsky, 

1999). Interactions between mycotoxin-producing fungi and invertebrates have rarely been 

studied. 

Our study revealed that grazing of the collembolan Folsomia candida on F. graminearum, 

F. culmorum, A. ochraceus, and P. viridicatum did not negatively affected fungal biomass 

to a large extent. The effects of invertebrate grazing on fungi are known to be species-

specific and density-dependent (Crowther et al. 2012). At low density, invertebrates may 

even stimulate fungal growth; inhibition appears when the predator population exceeds a 

certain density threshold. However, the specific situation still depends on the combination 

of fungal and invertebrate species. 

Invertebrates do not prefer Aspergillus and Penicillium spp. as food (Scheu & Simmerling, 

2004; Maraun et al., 2003). The crude extract of five Penicillium strains caused weight 

loss and mortality of Spodoptora littorals (Paterson et al., 1987). The development of the 

sap beetle Carpophilus stagnated while feeding on Aspergillus flavus as much as by 

starvation (Wicklow et al. 1988).  

Wolfarth et al. (2012) reported that the nematode Aphelenchoides saprophilus and 

collembolan Folsomia candida caused reduction of Fusarium culmorum biomass. 

Different experimental conditions and methods used to quantify fungal biomass might 

explain the contrasting results that were obtained in our study with F. culmorum. For 

example, Wolfarth et al. (2012) were using ELISA to quantify Fusarium protein 

equivalents, which might not able to take into account spores as accurately as real time 

PCR. In the field, the relationships might be further complicated by the effect of both 

partners on the plant host. For instance, Meloidogyne spp. increased the severity of 

Fusarium wilt in cotton roots (Hasan, 1993). Weakening plant defense or even vectoring 

the pathogen could have been the cause. 
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Strikingly, only the biomass of F. verticillioides was reduced by collembolans in our 

studies. F. verticilliodes is reported to be dispersed by various insects (Munkvold, 2003). It 

promotes the growth of various invertebrates (Schulthess et al. 2001; Cardwell et al. 

2000). Conversely, the same fungus was reported as an entomopathogen, causing the death 

of invertebrates (Pelizza et al. 2010). Fornelli et al. (2004) reported that fumonisin B1, 

which is a mycotoxin produced by F. verticillioides, show low toxicity effect to SF-9 

insect cells. Many studies demonstrated that F. verticillioides represents a relatively 

attractive food source for fungal grazers (see Schulthess et al. 2001 and work referred to 

within). 

Our research demonstrated that Folsomia candida prefers F. verticilliodes over 

F. graminearum, which is consistent with the observed larger biomass loss of F. 

verticilliodes than F. graminearum in single and mixed cultures. The finding also indicates 

that insects probably interact more often with F. verticilliodes and explains why the insect 

can spread F. verticillioides better compared to F. graminearum (Munkvold, 2003). 

Interestingly, F. candida prefers the AUR F. graminearum instead of F. verticillioides, 

which is not able to produce aurofusarin. This indicates that aurofusarin plays an important 

role for the host to avoid predation by small animals, and acts as an important defense 

agent for the fungus. The effect is similar to known antifeedants, except that aurofusarin 

synthesis was proved to be induced by grazing. Similar antifeedant compounds have been 

well-investigated in plants (Thoison et al. 2004; Simmonds, 2006). So far are only three 

antifeedant compounds have been detected in fungi (A. flavus) (Wicklow et al., 1988). 

However, the effect of these compounds on predation by fungi is uncertain. 

Regarding F. graminearum strains deficient in the synthesis of deoxynivalenol, 

zearalenone (chapter 3), aflatoxins (unpublished), fumonisins (Sal 2018) and phosphonates 

(Vinas, 2018), animals were not cable of distinguishing them from their wild types. Many 

studies indicated that toxic secondary metabolites can protect fungi from predators 

(Rohlfs, 2007; 2011), but conclusive prove was missing for all proposed defense 

metabolites. Our studies illustrated that most of the major mycotoxins appear not play a 

role in deterring fungal grazers. This contradicts the hypothesis that was held for three 

decades (Dowd et al., 1989; Dowd et al., 1992). 

Folsomia candida preferred mixed diet consisting of both F. verticilliodes and F. 

graminearum mycelia instead of single cultures of each fungal species. This is consistent 
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with the results that were reported by Scheu & Folger (2004). These authors suggested that 

feeding on mixed diet benefits collembolan through better reproduction and fitness. They 

argue that this might be due to diluted toxic metabolites and a more balanced nutrition. 

However, the underlying mechanisms are still unclear. Some Fusarium spp. have been 

shown to attract insects to infested kernels (Guo et al. 2014). Whether the increased 

preference of collembolans for mixed F. verticillioides and F. graminearum diet was due 

to the release of some volatile compound that attracted F. candida during the interaction or 

for other reasons needs further investigation. 

F. candida recognized and preferred F. graminearum mutants that do not produce 

aurofusarin. Other invertebrates, the mealworms Tenebrio tomentosa and T. molitor 

preferred non-aurofusarin-containing diet as well (F. graminearum ∆AUR and wheat). In 

adddition, the growth of the animals was reduced when fed on aurofusarin-containing diet 

(F. graminearum wild type train and wheat containing high amounts of aurofusarin). The 

observed growth reduction, however, could have been also caused the reduction of food 

intake instead of toxic effects of aurofusarin (chapter 4).  

qRT-PCR and HPLC-DAD analysis showed that aurofusarin production in 

F. graminearum was largely induced after grazing by springtails. In addition, the red 

pigment induction can be clearly seen in cultures of F. poae, F. venenatum, F. 

sporotrichioides and F. avenaceum after exposure to springtails and the isopod Porcellio 

scaber. Synthesis of secondary metabolites costs energy, and fungi are expected to 

produce potential chemical weapons only when under pressure from fungal grazers. Thus, 

the induction of aurofusarin synthesis by predator feeding provides further support for the 

hypothesis that aurofusarin has evolved as an inducible defense compound in some 

Fusarium spp.  

Viomellein is a dimeric naphtho--pyrone pigment with chemical structure that is similar 

to aurofusarin. It is produced by many fungal species, including A. ochraceus. We 

hypothesize that this secondary metabolite possesses a similar ecological function as 

aurofusarin. Accordingly, after exposure of Aspergillus ochraceus to F. candida and T. 

molitor, HPLC-DAD analysis of the grazed mycelium showed that viomellein was 

induced. However, the induced amounts of viomellein in A. ochraceus were not as high as 

aurofusarin in F. graminearum under similar conditions. We hypothesize that this 

compound might be efficient in smaller amounts than aurofusarin, but this needs further 
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investigation. In addition, the deterrence of small animals by viomellein has not been 

demonstrated yet. 

Our study also showed that aurofusarin displayed no or low toxicity and deterred 

invertebrates only at very high concentration, for example 10 mg/g. According to 

Steinberg's terminology, aurofusarin might function as quantitative defense agent, similar 

to herbivore deterrents in plants (Steinberg, 1988). Many Fusarium spp. are able to 

produce aurofusarin in a large quantity up to 5% of their dry weight. According to our 

observation, this compound is unpalatable to small animals, and thus leads to starvation if 

animals are not provided alternative food. Aurofusarin is a pigment of red or yellow color, 

depending on pH. A common fungal pigment is melanin. This tyrosine polymer that is 

hard to digest and its quantity in fungal mycelia is high (dry weight in fungal mycelium up 

to 43.9%) (Allam & El-Zaher, 2012). Scheu & Simmerling (2004) also revealed that a 

melanin-deficient strain of A. fumigatus is slightly more attractive to F. candida and P. 

armata than the wild type strain which accumulates melanin.  

We also performed RNAseq analysis for F. graminearum IFA66 treated with F. candida 

for 48 hours and for a control culture without grazing. The results showed for the first time 

that, compared with F. graminearum control, treatment with F. candida results in the up-

regulation of pathways for various proteins and secondary metabolites, which were in 

general very different from chemicals known to be involved in interactions of herbivores 

with plants. Apart from aurofusarin, we also found that fusarin C and fusaristatins A have 

been induced by collembolan grazing. Fusarin C belongs to mycotoxins and can be 

produced by various Fusarium spp., including F. graminearum, F. moniliforme, F. 

verticillioides, F. fujikuroi and F. venenatum. Until now, no biological function of fusarin 

C is known and no report about the role of fusarin C in interaction with invertebrate has 

been published. However, the secondary metabolite NG-391 produced by Metarhizium 

robertsii is very similar to fusarin C (the only difference is a methyl group on the side 

chain of one of the residues of the nonribosomal peptide moiety), suggesting that both 

metabolites may be toxic to invertebrates. However, no role of NG-391 in the virulence of 

M. robertsii on Spodoptera exigua larvae could be shown (Donzelli et al. 2010). 

Fusaristatin A belongs to acyl tetramic acid natural products and shows potential 

anticancer activity. Its biosynthesis pathway is similar to emericellamide of A. nidulans 

and has been well-studied (Sørensen et al., 2014). Döll et al. (2013) revealed that, after 
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grazing by F. candida, production of emericellamide in A. nidulans was induced. This 

suggests that this group of compounds might contribute to defense against springtails in 

different fungal species.  

The RNAseq analysis also pointed out induction of many small secreted cysteine-rich 

proteins (SSCPs), which usually function as effector proteins of plant pathogens (Qi et al., 

2016). There were 197 SSCPs in F. graminearum, 34 of which were expressed during 

wheat infection. Among them, 15 SSCP were suggested as candidate effectors assisting in 

the pathogenesis of devastating disease (Fusarium head blight) of wheat (Lu & Edwards. 

2015). It is reported that effectors can suppress plant immunity (Qi et al., 2016). We 

enumerated 8 most up-regulated SSCP during F. graminearum interaction with F. candida 

(Chapter 4), which possibly play an important role in fungal defense against springtails. 

None of the 8 peptides induced by grazing, however, belonged to the group of effectors 

induced during fungal plant colonization.  

Consistent with the low variation of grazing preferences by collembolans between 

wildtypes and mutants of Fusarium spp with present or absent production of 

deoxynivalenol, zearalenone and phosphonates, induction of the transcription of genes 

responsible for their synthesis by small animal’s grazing was not detected in RNAseq data. 

Concurringly, Blaney et al. (1986) reported that zearalenone content in maize grains was 

not affected by the extent of damage of maize ears by ear worms (Heliothis sp.).  

Many RNAseq data from F. graminearum interacting with host plants have been published 

(Puri et al. 2016; Hofstad et al., 2016). The RNAseq dataset for interaction with F. 

candida is the first report from an interaction with a fungal grazer and provides valuable 

insights into the biosynthetic pathways affected by predator grazing.  

Volatile compounds are considered to be responsible for the food preference of animals in 

many cases (Morath et al., 2012; Bengtsson et al., 1991; Hedlund et al., 1995). Other 

studies demonstrated that non-volatile secondary metabolites contribute to deterring 

phenomena (Wicklow et al., 1988; Rohlfs et al., 2007; 2011), but as compared to VOCs 

these cases are rare. In our study, we found that aurofusarin, possibly together with other 

metabolites of the dimeric naphthopyrones in other fungal species, can contribute to the 

protection of fungi from predators.  

In conclusion, reduction of the biomass of mycotoxin-producing fungi by collembolan 

grazing appears to be species-dependent. Selective feeding of collembolans on fungi is 
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likely to shape the communities of mycotoxin-producing fungi in the ecosystem. 

Accumulation of aurofusarin may account for these differences in feeding preference 

because aurofusarin is a strong antifeedant, protecting fungal mycelia from predators. 

Regarding the other metabolites induced by feeding such as viomellein, fusarin C, 

fusaristatin A and various proteins, further investigations are needed to elucidate their 

biological function. 
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Summary and outlook 

In our study, we investigated interactions between mycotoxin-producing fungi and 

invertebrates. First of all, we showed that Folsomia candida grazing did not reduce fungal 

weight of several tested Fusarium strains except for A. nidulans. In addition, quantitative 

real time PCR confirmed that DNA amounts of F. graminearum, F. culmorum, A. 

ochraceus and P. viridicatum was not reduced by collembolan grazing. Conversely, that of 

F. verticilliodes was even significantly decreased.  

After that, we checked the various aspects of food quality of F. graminearum and F. 

verticillioides to the collembolan Folsomia candida. We could show that F. candida 

preferred F. verticillioides and avoided F. graminearum. Experiments with mutant strains 

revealed that the naphthopyrone aurofusarin was the reason why collembolans preferred F. 

verticillioides to F. graminearum. In addition, F. candida preferred even more a mixture of 

F. verticillioides and F. graminearum to single cultures of the two fungi. This promotes 

further future studies of invertebrate food preference of additional mycotoxin-producing 

fungal species. 

To confirm the defensive effect of aurofusarin, we studied food preference between F. 

graminearum and its aurofusarin deficient strains with F. candida, T. tomentosa and T. 

molitor. And we proved that the induction of aurofusarin qRT-PCR of the respective genes 

and HPLC-UV of the produced mycotoxins. Collembolan and isopod grazers induced a red 

pigment in the hyphae that was aurofusarin. Aspergillus ochraceus produces viomellein, a 

naphthopyrone with a similar structure to aurofusarin. We observed a similar effect in 

assays with the same animals. However, whether it functions similarly as aurofusarin, i.e. 

protecting the fungus by causing feeding-deterrent effects, still needs more investigations. 

In the future, it might be interesting to create non-producing viomellein mutant, and 

continue with food choice assays.  

Fusarin C is also induced according to the RNAseq data. According to our observations, it 

causes no feeding deterrence effects with consecutive animal size reduction. Our 

hypothesis is that this compound might contribute to fungal defense against invertebrates 

in a subtler way. Alternatively, the negative effect might appear only after many 

generations. Nematodes reproduce very fast. Fitness experiment using these invertebrates 

might answer these questions. 
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Fusaristatin A, which is related to emericellamide produced by A. nidulans, was induced 

by F. candida grazing as well. Together with the other mentioned compounds, this might 

be a group of mycotoxins that possess potential to defend against fungal grazers. However, 

the underlying mechanisms are still not clear.  

In conclusion, interactions between invertebrates and fungi have been well-studied 

previously in an ecological context. In our study, the inclusion of mutant strains that 

lacked the production of specific feeding deterrent metabolites provided more robust 

results in terms of an unequivocal identification of defense properties of the putative 

metabolites.  
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