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Summary 

Filamentous fungi produce a wide range of bioactive compounds, classified as secondary metabolites, 

which have the potential to be used as pharmaceuticals, insecticides, fungicides and food additives. 

Secondary metabolites also include mycotoxins, which are produced by fungi that contaminate food and 

feed. Secondary metabolites therefore both have a positive and deleterious impact on the human health. 

The increase in available genome sequences of fungi has revealed that there is a large number of putative 

secondary metabolite biosynthetic gene clusters to be discovered and potentially exploited as 

pharmaceuticals. Access to this unexploited reservoir is hampered as many of the clusters are silent or 

barely expressed under laboratory conditions. Methods for activating these pathways are therefore 

essential for pathway discovery and elucidation.   

Filamentous fungi and Aspergillus species in particular are used in industrial applications for the production 

of these bioactive compounds and other chemicals as well as for enzyme production. Especially Aspergillus 

niger and Aspergillus oryzae are used as industrial workhorses for the production of various enzymes. Many 

of the secreted proteins are glycosylated, indicating that glycosylation plays an important role in the 

secretory pathway. Thus, understanding the role and process of glycosylation will enable directed 

glycoengineering in Aspergilli to improve protein production and expand the repertoire of proteins, which 

can be produced by these fungi.  

Aspergillus nidulans has been used as a model organism for a range of research disciplines and many 

genetic engineering tools are available for working in this organism.  This PhD study therefore employed A. 

nidulans as a model system to address the following on two aspects: 1) Developing A. nidulans as a 

platform for pathway discovery of secondary metabolites and 2) Developing A. nidulans as a model system 

for protein production with human-like glycan structure.  

The first part of this study resulted in the development of a method for the transfer and expression of 

intact biosynthetic gene clusters to A. nidulans to facilitate pathway and product discovery. As proof of 

concept the biosynthetic gene cluster for production of the polyketide geodin was identified and 

transferred from A. terreus to A. nidulans. The cluster was integrated in a well characterized locus in A. 

nidulans. Reconstitution of the cluster resulted in the production of geodin. Expression of the enzymes in 

the pathway was validated by transcription analysis and the functions of specific genes were investigated 

by gene deletions. This proved that this method is a fast and easy way to transfer biosynthetic gene clusters 

regardless of size and characterize them. Furthermore, a different approach to activate silent clusters was 



 
 

demonstrated, as the heterologous expression of a putative transcription factor from A. niger in A. nidulans 

induced the synthesis of insect juvenile hormones in A. nidulans, which had previously not been reported 

as fungal metabolites.  

The second part of the study focused on understanding the glycosylation pathway in A. nidulans and 

engineering a strain capable of producing precursors for the further modification of the glycan structure 

towards a more human-like pattern. Previous studies have shown that the deletion of the first 

mannosyltransferase in the ER (alg3) resulted in the accumulation of sizes from Man3GlcNAc2 to 

Man7GlcNAc2. This study shows that the remaining mannosyltransferases in the ER do not use the 

truncated structure generated from the alg3 deletion as a substrate, thus the remaining 

mannosyltransferase activity must take place in the Golgi. Furthermore, there is an indication that the 

Man5GlcNAc2 structure generated from the alg3 deletion is trimmed to Man3GlcNAc2 and extended to 

Man5GlcNAc2, which has a different structure that the first generated structure by the alg3 deletion. The 

work done during this study gives more insight into the glycosylation pathway of A. nidulans, which can be 

used as a basis for further engineering of the pathway to produce humanized glycans in Aspergilli.   

 

  



 
 

Sammenfatning 

Filamentøse svampe producerer en række bioaktive molekyler, klassificeret som sekundære metabolitter, 

som har potentialet til at bruges som lægemidler, insekticider, fungicider og tilsætningsstoffer til fødevarer. 

Sekundære metabolitter omfatter også mykotoksiner, som produceres af svampe, når de kontaminerer 

fødevarer. Sekundære metabolitter har derfor både en gavnlig og en skadelig påvirkning på menneskers 

helbred. Den øgede tilgængelighed af svampes genomesekvenser har afsløret, at der er et stort antal af 

formodede sekundære metabolit biosyntetiske genklustre, som kan opdages og potentielt anvendes som 

lægemidler. Adgang til denne uudnyttede kilde er hindret af, at mange af disse klustre ikke er udtrykt eller 

er knapt udtrykt under laboratorie betingelser. Metoder til at aktivere disse synteseveje er derfor vigtige 

for at opdage og karakterisere ukendte synteseveje.     

Filamentøse svampe og især Aspergillus arter anvendes i industrien til produktionen af disse bioaktive 

molekyler og andre kemikaler lige så vel som enzym produktion. Hovedsagelig Aspergillus niger og 

Aspergillus oryzae bruges til produktionen af forskellige enzymer. Mange af de proteiner, som udskilles, er 

glykosyleret, hvilket peger på at glykosyleringen spiller en vigtig rolle i denne proces.  At få mere indblik i 

glykosyleringens rolle og proces vil derfor gøre det muligt at ændre glykosyleringen for at forbedre protein-

produktionen og udvide repertoiret af proteiner, som kan produceres af aspergilli.  

Aspergillus nidulans har været brugt som en modelorganisme i en række forskningsområder, og mange 

genetiske værktøjer er tilgængelige, når man arbejder i denne organisme. Dette PhD studium har derfor 

brugt A. nidulans som et modelsystem til at tage sig af de følgende to aspekter: 1) At udvikle A. nidulans 

som en platform til at opdage biosynteseveje for sekundære metabolitter og 2) At udvikle A. nidulans som 

modelsystem for produktion af proteiner med de samme sukkerstrukturer, som der findes i mennesker. 

Den første del af dette studie resulterede i udviklingen af en metode til at overføre og udtrykke intakte 

genklustre i A. nidulans for at muliggøre opdagelsen af biosynteseveje og produkter. Som et eksempel blev 

genklustret for biosyntesen af polyketiden geodin identificeret og overført fra A. terreus til A. nidulans. 

Genklustret blev integreret i et karakteriseret sted i A. nidulans genomet. Dette førte til produktionen af 

geodin. Ekspressionen af generne i syntesevejen blev eftervist med transskriptionsanalyse, og funktionerne 

af specifikke gener blev undersøgt vha. gendeletion. Dette beviste, at denne metode er en hurtig og nem 

måde at overføre genklustrer, uanset størrelse, og karakterisere dem. Ydermere blev en anden metode til 

at aktivere biosynteseveje demonstreret, da heterolog udtryk af en formodet transkriptionsfaktor fra A. 

niger i A. nidulans inducerede syntesen af insekt juvenile hormoner, som ikke tidligere var blevet 

observeret som metabolitter produceret af svampe. 



 
 

Den andel del af studiet fokuserede på at forstå glykosyleringens biosyntesevej i A. nidulans og udvikle en 

stamme, som er i stand til at producere byggesten, som kan anvendes til at ændre sukkerstrukturen til et 

mere humaniseret mønster. Et tidligere studium havde vist, at deletionen af den første 

mannosyltransferese i ER (alg3) resulterede i akkumuleringen af sukkerstruktur svarende størrelse fra 

Man3GlcNAc2 til Man7GlcNAc2. Dette studie viser, at de resterende mannosyltransferaser i ER ikke anvender 

den afkortede struktur, genereret af alg3 deletionen, som et substrat. Den resterende mannosyltransferase 

aktivitet må derfor finde sted i Golgi. Der er derudover en indikation om, at Man5GlcNAc2, genereret af alg3 

deletionen bliver trimmet til Man3GlcNAc2 og efterfølgende forlænget til Man5GlcNAc2, hvilket har en 

anden struktur end den første struktur genereret af alg3 deletionen. Arbejdet udført her giver mere indsigt 

i glykosylerings syntesevej i A. nidulans, hvilket kan bruges som et fundament for yderligere at manipulere 

syntesevejen til at producere humaniseret sukkerstrukturer i aspergilli.      
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NRP Non-ribosomal peptide 
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SiaT Sialyltransferases 
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UDP Uridine diphosphate 
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1 Introduction 

1.1 Introduction to thesis 

Filamentous fungi are used for the production of a pharmaceuticals, enzymes and food additives. The 

ability of fungi to produce bioactive compounds with important activities including antifungal, antibacterial, 

anticancer and immunosuppressive activities has been exploited since the discovery of penicillin (Fleming, 

1929). Genome sequencing has revealed that there is a huge potential of undiscovered secondary 

metabolites (SMs), as the number of potential SM gene clusters is much higher than the number of 

characterized gene clusters. Therefore, methods for discovering and activating these pathways are 

essential for product production and pathway elucidation.    

The genus Aspergillus contains many important species that are used for industrial production of enzymes 

and organic acids (e.g. A. niger), food production (e.g. A.oryzae), but also contain toxin producing food 

contaminants (e.g. A. aculeatus), and aspergillosis (e.g. A. fumigatus) as well as the well-studied model 

organism, A. nidulans.  

It is important to have an available model system or platform to enable the study of biosynthetic pathways 

whether in the context of the production of SMs or enzymes. Developing a platform with a set of available 

genetic tools will facilitate easier pathway elucidation of SMs, either native SM pathways or heterologous 

expressed SM pathways, or enable the studying of specific pathways involved in the posttranslational 

modification and secretion of proteins.  

The work presented in this thesis has focused on utilizing and developing the model organism A. nidulans as 

a platform for the study of complex biosynthetic pathways. The aim has been two-sided: The first part of 

the work focused on development of approaches for SM pathway activation and characterization in A. 

nidulans (section 2). The second part focused on expanding Aspergilli protein production capacity by 

engineering the glycosylation pathway (section 3).   

The first chapter of this thesis gives a general introduction to filamentous fungi, secondary metabolism and 

protein glycosylation, which will provide a background for the following chapters. The following chapter 

presents the results of activating SM pathways in A. nidulans and transfer of the geodin cluster from A. 

terreus to A. nidulans. Susequently, the results from the study of the glycosylation pathway in A. nidulans is 

presented.  
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1.2 Filamentous fungi 

Filamentous fungi, or moulds constitute a huge and diverse group of multicellular eukaryotes that are 

widespread in nature. Fungi have the ability to survive in very diverse environments, can consume and 

degrade a wide range of substrates and tolerate a range of temperatures and pH. Filamentous fungi are 

essential to the ecosystem, because of their ability to degrade organic matter, which shows their excellent 

ability to secrete extracellular enzymes for degradation of complex substrates. Importantly, filamentous 

fungi produce a wide range of bioactive compounds, which can be exploited to improve human health as 

e.g. antibiotics and immunosuppressants. Today the production of bioactive compounds from fungi 

comprises a billion-dollar industry. Unfortunately, filamentous fungi contaminate agricultural crops and are 

therefore also viewed as food and feed spoilers (Filtenborg et al., 1996) and some fungi are human 

pathogens (Wüthrich et al., 2012).  

1.2.1  Aspergillus nidulans 

Filamentous fungi within the genus Aspergillus have been used for more than 1000 years for brewing and 

production of fermented food (Machida et al., 2008). Today, they remain important because of their 

additional role as cell factories for production of primary metabolites and enzymes (A. niger, A. oryzae) in 

processes with GRAS (generally recognized as safe) status (Meyer et al., 2011b). Furthermore, A. nidulans is 

a well-studied model organism. On the other hand some Aspergilli are food and feed contaminants (A. 

niger, A. flavus).  

The establishment of A. nidulans as a model organism began with the pioneering work of Guido Pontecorvo 

in the 1950s within classic genetics (Pontecorvo, 1953). The status as model organism has later expanded to 

other topics such as cell biology and secondary metabolism (Timberlake, 1988; Morris, 1992) making A. 

nidulans a well-studied model organism for eukaryotes. The early access to the genome sequence of A. 

nidulans (Galagan et al., 2005) has facilitated genome mining in A. nidulans (Galagan et al., 2005; David et 

al., 2008) as well as genome wide deletion studies (Nielsen et al., 2011; De Souza et al., 2013; Brown et al., 

2013). As a result several tools for genetic engineering in A. nidulans have been developed.    

There are a number of attractive features about A. nidulans; it grows to high cell density on chemically 

defined and low-cost medium and has the ability to perform post-translational protein modification. 

Another attractive feature of A. nidulans is the possession of a defined sexual cycle, which allows for strain 

crossing, as well as an asexual cycle based on unicellular spores. In addition to the sexual and asexual cycle, 

A. nidulans also has a third lifecycle termed the parasexual cycle.  
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A. nidulans consists of tubular cells, called hyphae, which form a massive interconnected network termed 

the mycelium (see Figure 1.1). In Aspergilli, the hyphae are divided into compartments by septa. However, 

the septa are perforated walls that allow the passage of nutrients, proteins and organelles (Walther and 

Wendland, 2003). Secretion of proteins also takes place at the septa in addition to the hyphal tip 

(Hayakawa et al., 2011).   

 

Figure 1.1: Vegetative growth of A. nidulans. (A) A. nidulans grown minimal medium at 37°C. (B) The mycelium 

consists of a network of tubular cells, hyphae. (C) Septa divide the hyphae into compartments. 

The asexual life cycle of A. nidulans begins with a single unicellular spore called conidium. Under the right 

conditions the conidium geminates to form a germling, which further develops to form hypha and form the 

mycelium (homokaryon). Conidia are produced from specialized aerial structures called conidiophores, 

which emerges as stalks from the hyphae (Casselton and Zolan, 2002). Hundreds of identical conidia are 

produced in long chains, and the conidia will thereafter be dispersed into the environment.  

1.2.2  Genetic engineering tools in A. nidulans 

A prerequisite for the establishment of A. nidulans as a platform for genetic engineering is the availability of 

different tools for transformation and selection of transformants, as well as expression of the genes of 

interest. The selection of correct transformants is greatly facilitated by the use of genetic markers. A 

number of genetic markers have been described and characterized for use in A. nidulans including: pyrG, 

argB, trpC, ble, hph (Ballance et al., 1983; John and Peberdy, 1984; Yelton et al., 1984; Cullen et al., 1987; 

Drocourt et al., 1990; Chiang et al., 2010). Several promoters have also been characterized and used for 

genetic studies, the most widely used promoters are the constitutive PgpdA and the alchohol-inducible 

PalcA (Punt et al., 1991; Waring et al., 1989). Recently, the doxycycline inducible and tunable Tet-on/Tet-off 

system has been introduced in Aspergilli (Meyer et al., 2011a). Adding another promoter to the toolbox. 
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An important tool that makes strain construction easier in A. nidulans was the deletion of nkuA, (ku70), 

which is responsible for most of the non-homologous end-joining (NHEJ), which is the most prevalent 

mechanism responsible for DNA double stranded break repair in A. nidulans. The deletion of nkuA 

increased gene targeting efficiency by homologous recombination to > 90% (Nayak et al., 2006; Nielsen et 

al., 2008), thereby making the construction of strains by gene targeting less cumbersome.  

1.2.3 USERTM cloning 

Generation of gene-targeting substrates is an important factor in strain construction by genetic 

engineering. Methods for substrate generation can be divided into two groups: PCR based methods and 

cloning methods. The major part of the work presented in this thesis was done with Uracil Specific Excision 

Reagent (USERTM) cloning and an introduction to the method will therefore be given. Furthermore, fusion 

PCR (Erdeniz et al., 1997; Kuwayama et al., 2002; Yu et al., 2004) was used for the generation of deletion 

mutants in section 3. 

The basis of USERTM cloning is the generation of single stranded overhangs by the excision of a single uracil 

base from a PCR generated fragment. The single stranded overhang will anneal to a complementary 

overhang. The fragments are transformed into Escherichia coli where they are ligated by the native ligase of 

E. coli.  Two general approaches are used for generation of USERTM constructs.  In one approach the 

fragments are fused to a PCR amplified vector, while the second approach relies on a vector predigested 

with restriction enzymes to generate the single stranded overhangs (Nour-Eldin et al., 2006; Geu-Flores et 

al., 2007). Figure 1.2 illustrates the principle behind the last approach. In this fashion multiple fragments 

can be fused seamlessly and assembled into large constructs. 

Using USER cloning techniques, cloning vectors for gene expression in A. nidulans have previously been 

constructed (Hansen et al., 2011). The vectors are designed for the easy generation of constructs for 

targeted integration into a defined and characterized site, integration site 1 (IS1). The vector contains an 

expression cassette consisting of a promoter, a selection marker and terminator flanked by targeting 

sequences for chromosomal integration (see Figure 1.3). The gene of interest is introduced into the vector 

by USER cloning. After USER cloning correct plasmids are linearized and transformed into A. nidulans. 
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Figure 1.2: Illustrates the principle of USER cloning. The vector is prepared by digestion with restriction enzymes to 

generate single stranded overhangs. The PCR fragment is amplified by primers containing uracil. The digested vector is 

mixed with the PCR fragment and USER
TM

. USER
TM

 removes the uracil from the PCR product to generate single 

stranded overhangs which anneals to the complementary overhangs on the vector. From (Hansen et al., 2011). 

 

 

Figure 1.3: Integration of expression cassette into IS1. The linearized vector is inserted into IS1 by homologous 

recombination. The expression cassette consists of: promoter (prom), YFG (your favorite gene), terminator (term), 

selection marker and targeting sequences, (TS1 and TSII). From (Hansen et al., 2011) 
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1.3 Secondary metabolites 

Secondary metabolites (SM) are small organic compounds, which are, in contrast to the primary 

metabolites, not essential for growth and reproduction under non-competitive conditions. However, 

secondary metabolites provide needed benefits for survival in a competitive environment or non-favorable 

conditions. Secondary metabolites have various functions in the fungi and have essential roles as 

differentiation effectors, protection against UV-light (pigments), signal molecules and defense mechanism 

against competitors (antibiotics, antifungals, insecticides) (Hoffmeister and Keller, 2007). The production of 

many SM are therefore regulated by stimuli form the environment (Brakhage, 2013). The SMs comprise a 

range of compounds that are beneficial and deleterious for humans. The beneficial SMs are used as 

pharmaceuticals (e.g. antibiotics, cholesterol-lowering drugs), food additives and pigments (Campbell and 

Vederas, 2010; Dufossé et al., 2014). The deleterious effects of SMs are most often due to the mycotoxins 

produced by the fungi, which are potent carcinogens. In addition to  the loss of crops due to the fungal 

infections (Eaton and Gallagher, 1994; Hussein and Brasel, 2001; Richard, 2007; Voss and Riley, 2013). 

Because of these impacts on human life it is important to study these compounds. 

Three of the major groups of SMs from filamentous fungi, which have interesting biological activities, are; 

polyketides (PK), non-ribosomal peptides (NRPs)/alkaloids and terpenoids. Furthermore, compounds may 

also be hybrids and consist of different moieties from the different groups (Klejnstrup et al., 2012). PKs are 

synthesized by assembly of ketide units by a polyketide synthase (PKS), which is a large multifunctional 

enzyme similar to the fatty acid synthase (FAS).  NRPs are peptides that are synthesized by a non-ribosomal 

peptide synthetase (NRPS), which are multimodular enzymes. Terpenoids are hydrocarbons made up by C5 

isoprene units (Keller et al., 2005; Marahiel, 2009; Oldfield and Lin, 2012). As the focus of this thesis has 

mainly been on PKs, a description of the synthesis of PKs will be giving in the following section. 

1.3.1  Fungal polyketide biosynthesis 

PKs are the most abundant fungal SMs, but are also widespread in plants and bacteria (Cox, 2007). PKs are 

very diverse in structure and function and contain a variety of important biological activities, such as 

antibacterial, antifungal, anticancer, cholesterol lowering and immunosuppressive properties. Some of the 

best known fungal PKs are the cholesterol lowering lovastatin (Campbell and Vederas, 2010), the 

immunosuppressant mycophenolic acid (Bentley, 2000) and the carcinogenic aflatoxin (Eaton and 

Gallagher, 1994).   

The PKSs that synthesize PKs can be classified into three groups based on their primary structure and 

catalytic mechanisms: type I PKS, type II PKS and type III PKS (Cox, 2007). The type I and type III PKS consist 

of a large multifunctional multi-domain enzyme and type I PKSs are similar to FAS. In contrast, the type II 
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broad range of SMs, and possess the required enzymes for production of SMs, which bacteria and yeast do 

not have. Furthermore, in contrast to bacteria filamentous fungi are capable of splicing introns. Moreover, 

correct protein folding and posttranslational modifications such as glycosylation might not be possible in 

bacteria. In section 2.3 contains a review of the strategies used for heterologous production of SMs in 

aspergilli. 

Gene prediction is essential for successful expression of genes. Prediction of putative SM genes in a 

sequenced genome is performed automatically by one or several gene prediction algorithms, which create 

annotations based on domain predictions and homology search. The automated annotations are followed 

by manual inspections. In this study, predictions provided by Aspergillus Genome Database (AspGD) 

(http://www.aspergillusgenome.org/) were used for A. nidulans and predictions provided by Aspergillus 

Comparative Sequencing Project database (Broad Institute of Harvard and MIT, 

http://www.broadinstitute.org/) were used for A. terreus and A. niger. 
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Figure 1.9: Modification of glycans in the Golgi. The N-glycosylation pathway in the Golgi of mammals (right) and yeast 

(left) resulting in the production of complex (right) and high mannose (left) type glycans, respectively. For more details 

see text. 
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Elimination of the hyperglycosylated structure was achieved by deletion of the och1 gene, as this gene is 

responsible for the first step in the hyperglycosylation pathway. The deletion of this gene resulted in the 

production of glycans with Man8GlcNAc2 structures in yeast (Nakanishi-Shindo et al., 1993). Thus, the 

majority of subsequent efforts to produce more human-like glycoproteins in fungi are based on this 

deletion. 

In the yeast Pichia pastoris several genes have been introduced resulting in the production of the bi-

antennary human-like glycan structure, Sia2Gal2GlcNAc2Man3GlcNAc2 (Choi et al., 2003; Hamilton and 

Gerngross, 2007; Jacobs et al., 2009). The general strategy used to humanize P. pastoris is illustrated in 

Figure 1.10.  A suitable precursor required  for the synthesis of complex glycans was generated by deleting 

the alg3 gene, thus blocking the transfer of mannose to the Man5GlcNAc2-P-P-Dol precursor or by the 

introduction of MNS I to the Golgi. The further introduction of the genes encoding MNSII, GNT I & II, GalT 

and SiaT together with the precursors needed to produce the substrate utilized by these proteins, 

generated the complex glycan structure. The glycoengineering of P. pastoris has facilitated the production 

of erythropoietin and IgG with human-like glycan structures (Hamilton et al., 2006; Ha et al., 2011).   

 

Figure 1.10: Overview of the humanized N-glycosylation pathway in P. pastoris. Genes deleted or introduced are 

indicated on the figure. Adapted from (Hamilton and Gerngross, 2007). 

While much progress has been made in the engineering of glycoproteins in yeast, far less has been 

achieved in filamentous fungi. Several attempts have been made to modify the glycosylation pathway in 

filamentous fungi (Kalsner et al., 1995; Maras et al., 1999; Kasajima et al., 2006; Kainz et al., 2008). 

The most successful approaches were performed by Kainz and co-workers in A. nidulans and A. niger and 

were similar to the approach used in P. pastoris.  The first approach was to introduce a Golgi localized MSN 

I to generate the Man5GlcNAc2 structure and GnT I to catalyze the addition of GlcNAc. This resulted in the 

generation GlcNAcMan5GlcNAc2. 
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The second approach was to delete the alg3 ortholog (algC).  They demonstrated that the deletion of algC 

resulted in a shift of the whole glycan pattern to a lower mannose type glycosylation consisting of mainly 

Man3-6GlcNAc2 in A. niger and A. nidulans. It was also observed that the truncated structure generated by 

the algC deletion, could be further trimmed to Man3GlcNAc2 by the native mannosidases of the fungi. No 

significant morphological differences or growth defects were observed when the mutant strain was 

compared to a reference strain. A drawback in this study was the generation of a heterogeneous pool of 

glycan structures with the deletion of algC as well at the presence of Man6GlcNAc2 or higher mannose 

forms. This limits the available amount of substrate, which can be utilized in the next glycoengineering step, 

as well as generates glycoproteins with various glycan structure attached, which in undesirable. It is 

preferable to have a homogenous pool of substrates and section 3.1, describes the work to identify the 

enzymes responsible for the mannosyltransferase activity and to generate a more homogenous glycan 

pool.
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Introduction

Filamentous fungi are capable of synthesizing a wide range of
bioactive molecules important for growth and survival in complex
and competitive ecological niches [1–3]. A substantial number of
these metabolites have been found to have beneficial as well as
detrimental impact upon human health. Notable examples of both
categories include the pharmaceutically important lovastatin and
penicillin [4]; and the mycotoxins fumonisin and aflatoxin that
cause health hazards and economical losses when they are present
in infected crops [5]. With the release of the full genome sequences
of several filamentous fungi it has become apparent that the
number of predicted secondary metabolite synthases by far
exceeds the number of known metabolites [6,7]. These observa-
tions suggest that specific environmental stimuli are required for
induction of the majority of secondary metabolites [8]. Despite
attempts to identify or mimic these stimuli in order to unravel the
secondary metabolism of the model organism Aspergillus nidulans,

the product of the majority of predicted synthases are still not
known [9,10]. Genetic approaches have been somewhat successful
through manipulation of histone methylation [11] or controlled
expression of regulatory proteins [12]. As biosynthetic pathways
towards secondary metabolites tend to be clustered in the genome
[6,7] regulatory proteins likely to be involved in secondary
metabolism may be identified by genomic co-localization.
However, the number of successful applications of this approach
is limited, possibly because far from all predicted gene clusters
contain regulatory proteins. We decided to investigate whether
induction of secondary metabolites could be achieved through
heterologous expression of regulatory genes from other filamen-
tous fungi using the expression of A. niger proteins in A. nidulans as a
test case. A selection of putative pathway specific regulators was
tested for this purpose by expressing the corresponding genes
individually from a defined locus using a constitutive promoter
[13]. This genetic approach was combined with a screen of several
complex media recently demonstrated to influence A. nidulans

PLOS ONE | www.plosone.org 1 August 2013 | Volume 8 | Issue 8 | e73369
�î�î



secondary metabolism [14]. This combinatorial approach resulted
in the identification of one regulatory protein that strongly induced
metabolites not previously reported from A. nidulans. Among the
induced metabolites were the sesquiterpene hormones methyl
farnesoate and insect juvenile hormone-III. Juvenile hormones are
required in exact concentrations for correct development of insects
and crustaceans [15–17] and therefore hold a strong potential as
insecticides [18,19]. To the best of our knowledge, this is the first
observation of a fungus with the capacity of synthesizing juvenile
hormones. In this manuscript, the biological function of juvenile
hormones in A. nidulans was addressed through interaction with the
saprophagous insect, Drosophila melanogaster. We found that when A.
nidulans was challenged by grazing insects, synthesis of juvenile
hormones was induced suggesting that juvenile hormones are part
of the fungal defense against invertebrates.

Results and Discussion

Procedure for selection of candidate genes
Selection of candidate regulatory proteins associated with

secondary metabolism was based on genomic co-localization of
gene clusters. We utilized a collection of previously published
microarray experiments from A. niger grown under diverse
conditions [20–22] to identify regulatory genes associated with
predicted secondary metabolite gene clusters using a recently
described co-expression based algorithm [23]. Seven candidate
genes associated with predicted gene clusters containing either
polyketide synthases or non-ribosomal peptide synthases, were
identified (Table 1). All seven putative transcription factors belong
to the binuclear zinc finger class of proteins, a class often
associated with secondary metabolism in fungi [24]. BLAST
analysis [25] using the predicted protein sequences against the
annotated A. nidulans genome (Aspergillus Comparative Database,
BROAD Institute) revealed that only one candidate
(fge1_pg_C_4000037) had a potential ortholog (ANID_06396,
62% amino acid identity, Table 1). Genes encoding all seven
putative regulators were expressed individually in A. nidulans under
control of the strong constitutive PgpdA-promoter from the defined
locus IS1 [13].

Chemical analysis of mutant strains identifies juvenile
hormones as metabolites of A. nidulans

The resulting mutant strains were grown on minimal glucose
media as well as four complex media representing diverse
physiological conditions. Metabolite profiles of mycelia extracts
were analyzed with liquid chromatography-high resolution mass

spectroscopy (LC-HRMS) as well as ultra-high pressure liquid
chromatography diode array detection (UHPLC-DAD) and
compared to a reference strain that constitutively transcribes the
E. coli b-galactosidase-gene (lacZ) from IS1 (NID545). Of all
combinations of candidate genes and growth conditions, only
est_fge1_pg_C_150220 (annotation from Aspergillus Comparative
Database, BROAD institute of Harvard and MIT) propagated
under high salt conditions had an immediately appreciable impact
on secondary metabolism resulting in increased accumulation of
several metabolites not previously reported to be produced by A.
nidulans (Figure 1A). Hence, we renamed est_fge1_pg_C_150220
Secondary Metabolism associated Regulatory protein A (smrA).
The strain that constitutively transcribe smrA was denoted
NID477, see Table 2. Correct integration of smrA into IS1, as
well as presence of smrA mRNA, was confirmed by Southern blot
(Figure 2) and quantitative RT-PCR (Figure 3), respectively. Two
induced metabolites displaying very similar UV-spectra were
isolated from extracts of NID477 and identified by NMR analysis
as the sesquiterpenes: methyl (2E,6E)-10,11-dihydroxy-3,7,11-
trimethyl-2,6-dodecadienoate (1) (JH-diol) [26] and its formylated
analogue (2). The formylation, however, was subsequently
demonstrated to occur during the extraction procedure and 2 is
therefore an artificial derivative of 1. The sesquiterpene 1 (JH-diol)
represents the hydrated form of insect juvenile hormone-III (JH-
III). This observation prompted us to search for JH-III and related
metabolites using targeted LC-HRMS analysis. Indeed, metabo-
lites with accurate masses corresponding to JH-III and the related
crustacean hormone methyl farnesoate (MF) [15] were strongly
induced in NID477 compared to the reference, NID545
(Figure 1A). Final identification of these metabolites as JH-III
and MF was established by comparison of retention time and mass
spectra with an authentic standard (Figure 1B), or with a reference
spectra (Xcalibur software package, Thermo Scientific), respec-
tively. The discovery of JH-III and MF as metabolites of A. nidulans
represents to our knowledge the first report of production of
invertebrate juvenile hormones in fungi.

Biosynthesis of JH-III, JH-diol and MF in A. nidulans
Biosynthesis of juvenile hormones is well characterized in insects

[27]. Since further elucidation of the potential role of juvenile
hormones in fungal-insect antagonisms would benefit substantially
from the generation of null mutants, we attempted several
homology based strategies for identification of the biosynthetic
pathway for juvenile hormones in A. nidulans. Initially, BLAST
analysis was performed using previously characterized insect
enzymes as input, however, no obvious candidates were identified

Table 1. Candidate genes from A. niger.

Strain # Broad annotation Transcript ID Candiate A. nidulans homologues Identity percentage

NID357 fge1_pg_C_4000037 38716 ANID_06396, ANID_03269 62%, 27%

NID358 e_gw1_4.316 178503 ANID_07346 26%

NID360 e_gw1_11.945 188323 ANID_08894 25%

NID366 gw1_10.247 123782 None –

NID367 fge1_pg_C_19000192 45823 ANID_11683, ANID_07921 43%, 22%

NID476 e_gw1_8.296 184613 ANID_04485 30%

NID477 est_fge1_pg_C_150220 54836 None –

Candidate genes were selected based on co-localization with predicted gene clusters in A. niger containing either a polyketide synthase, a non-ribosomal peptide
synthase or both. Transcript ID = Annotion from the DOE Joint Genome Institute (genome.jgi-psf.org), candidate A. nidulans homologues = Highest scoring potential
homologs in A. nidulans, Identity percentage = amino acid identity percentage.
doi:10.1371/journal.pone.0073369.t001
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(data not shown). We speculate that the long evolutionary distance
between insects and A. nidulans may have obscured a common
origin, but it cannot be excluded that an alternative biosynthetic
mechanism has evolved in fungi. We tested whether the mixed
PKS/NRPS gene cluster in which smrA is located (A. niger
transcript ID: 192362, 128601, 191998, 44877, 44878, 44880

and 54837) is conserved in A. nidulans and could provide an
alternative biosynthetic route, however, the cluster is not present in
A. nidulans as evidenced by BLAST analysis of individual genes
(data not shown). Moreover, SmrA does not have any homologs in
A. nidulans (Table 1). Thus homology based methods seems to be
challenging. We expect that microarray based analysis of the

Figure 1. Induction of metabolites by SmrA. A) UHPLC-QTOFMS extracted ion chromatogram of m/z 251 (MF, [M+H]+), 289 (JH-III, [M+Na]+), 307
(JH-diol, [M+H]+) and 335 (X2, [M+H]+) recorded in positive mode of extracts from the strain constitutively expressing smrA (top) and reference
(middle) grown under high salt conditions. Chromatograms are normalized by intensity. Chemical structures of JH-diol, compound 2, JH-III and MF
are embedded above the corresponding signal peaks. Bottom panel depicts extracted ion chromatogram of m/z 289 (JH-III, [M+Na]+) of an authentic
JH-III standard (65% pure) purchased from Sigma Aldrich. Note that the standard contains several impurities. Panel B): Corresponding mass spectra of
JH-diol, compound 2, JH-III and MF in the mutant strain constitutively expressing smrA as well as the authentic JH-III standard. Chemical structure of
the corresponding molecule is embedded in each panel.
doi:10.1371/journal.pone.0073369.g001
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