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Abbreviations 

 

A 

aw = water activity 

AFs = aflatoxins  

AFB1 = aflatoxin B1 

AFB2 = aflatoxin B2 

AFG1 = aflatoxin G1 

AFG2 = aflatoxin G2 

ATMT = Agrobacterium tumefaciens mediated transformation 

B 

BGC = biosynthetic gene cluster 

C 

CFU = colony forming units  

CRISPR = clustered regularly interspaced short palindrome repeats 

crRNA = CRISPR-RNA 

CYA = Czapek yeast extract broth 

G 

gRNA = guide RNA 

H 

HR = homologous recombination  

M  

MEA = Malt Extract Agar 

MMEJ = micro-homology-mediated end joining  

MPA = Meat Peptone Agar 

N  

NHEJ = nonhomologous end-joining  

NRPS = non-ribosomal peptide synthetase 
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P 

PAM = Protospacer Associated Motif  

PDA = Potato Dextrose Agar  

PKS = polyketide synthase 

R 

RNP = ribonucleoprotein  

S 

SM = secondary metabolite 

T 

TALEN = transcription activator-like effector nuclease 

TC = terpene cyclase  

T-DNA = transfer DNA  

TF = transcription factor  

tracrRNA = Trans-activating crRNA 

TS = terpene synthase  

Y 

YES = Yeast Extract Sucrose 

Z 

ZFN = zinc-finger nuclease  
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Chapter 1 

Introduction: biosynthesis of fungal secondary metabolites  

 

Fungal secondary metabolites (SMs): definition and roles 

Under favourable conditions, many fungi produce an impressive array of natural 

products. These compounds are also defined as secondary metabolites (SMs) 

because conversely to primary metabolites such as vitamins, carbohydrates, proteins 

and lipids, they are not necessary for the growth, development or reproduction of 

the producing organism (Frisvad et al., 2004; Keller, 2015; Medina et al., 2015).  

Secondary and primary metabolites have been also defined as exometabolites and 

endometabolites respectively. Indeed, SMs exported outside the cell or deposited in 

the cell wall (Frisvad, 2015), while endometabolites are not secreted and are used 

for macromolecular or SMs biosynthesis.  

Despite their name, “secondary” metabolites play a central role in many biological 

processes, which were extensively reviewed in last years (Fox and Howlett, 2008; 

Keller, 2019; Macheleidt et al., 2016).  

Among the secondary metabolites produced by fungi, antibiotic and antifungal 

compounds are essential for producing organism for competition for space and the 

occupation of ecological niche. These organisms may live as saprophytes in soil or 

in other matrices and are surrounded by other competing organisms such as bacteria, 

fungi and insects (Fox and Howlett, 2008). Therefore, SMs could be considered as 

chemical weapons to defence themselves and allow the survival in the specific 

environment.  

More generally, SMs are essential for the interspecies communication and defence 

that represent only a way to (competitively) communicate with other 

microorganisms. As a matter of fact, some natural products may have a role in the 

quorum sensing processes, such as butyrolactone I in Aspergillus terreus 
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(Macheleidt et al., 2016). Moreover, many natural products are produced in vitro 

consequently to the co-cultivation of microorganisms, such as A. nidulans and 

Streptomyces spp. (Fischer et al., 2016; Guzmán-Chávez et al., 2018). The 

interaction between these organisms led to the discovery of many SMs and 

represents an extensively studied example of microbial communication.  

SMs, especially pigments, may also protect fungi from UV light. The most known 

pigments found in fungal spores or hyphae are melanins, which give colours to the 

conidia and protect fungi from UV damages (Calvo et al., 2002; Keller, 2019). 

Additionally, SMs are important for fungal development in different ways. First, 

SMs are usually produced by filamentous fungi during cell differentiation and 

development, especially in conjunction with sporulation. Secondly, deletion or 

overexpression of SM biosynthetic genes usually lead to change in fungal 

development and sexual and asexual structure formation (Calvo et al., 2002; Keller, 

2019). 

Other SMs play a role in virulence both for human and plant pathogens. Examples 

for that are the melanins which were found to safeguard pathogenic fungi from host 

defence molecules, and are consequently recognized as virulence factors in the 

human pathogen A. fumigatus and in the plant pathogen Magnaporthe grisea 

(Keller, 2019; Macheleidt et al., 2016). Moreover, virulence of several other plant 

pathogens is enhanced or mediated by SMs produced (Macheleidt et al., 2016). The 

study of their biosynthesis in plant pathogens represents a good target to reduce their 

production and improve crop protection. 

In summary, the heterogeneity of natural products (known and uncharacterized) 

reflects the multitude of functions for organisms. It is very likely that, together with 

the SMs potential, their roles in fungal life cycle and its fitness in the environment 

are underestimated and will be highlighted in further studies. 
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Importance of fungal SMs: from antibiotics to mycotoxins 

The great interest on fungal SMs arise both on the huge plethora and in the chemical 

diversity of natural products produced.  

Since the discovery of penicillin, thousands of compounds produced by 

microorganism including fungi have been described. Considering only fungal 

species belonging to Aspergillus and Penicillium genera (approximately 700 fungal 

species according to Samson et al. 2014 and Visagie et al., 2014) over 3000 

characterized compounds have been recognized (Frisvad, 2015).  

Many of these SMs have antibacterial, antifungal or anti-tumour activity and are 

therefore are extremely important for medicine and pharmaceutical applications 

(Katz and Baltz, 2016). For example, P. chrysogenum is the main producer of the 

most famous and economically important antibiotic penicillin, P. griseofulvum can 

produce the antifungal compound griseofulvin (Banani et al., 2016), P. solitum and 

A. terreus are able to produce statins, cardiovascular drugs (Frisvad, 2015; Frisvad 

et al., 2004; Katz and Baltz, 2016). Furthermore, many other novel secondary 

metabolites are bot produced by  this group of fungi when grown under laboratory 

conditions (Fischer et al., 2016; Schwenk et al., 2016; Wiemann and Keller, 2014).  

Many other compounds produced by fungi are instead toxicity for human and 

animals, these compounds falls under the category of mycotoxins definition. This 

particular class of natural products is produced by certain classes of microfungi and 

characterized by high toxicity to humans or vertebrate animals in very low 

concentration (Taevernier et al., 2016). Over 300 mycotoxins have been described, 

most of them are produced by five genera: Aspergillus, Penicillium, Fusarium, 

Alternaria and Claviceps (Nicholson, 2004). Relatively few mycotoxins have 

agricultural relevance such as aflatoxins, ochratoxins, Fusarium toxins, tremorgenic 

toxins, ergot alkaloid and patulin. There are numerous review articles on mycotoxins 

and their fungal producers (Abrunhosa et al., 2016; Ismaiel and Papenbrock, 2015; 

Richard, 2007; Sanzani et al., 2016). Regulations for the presence of these 
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compounds on several food commodities have been introduced by national and 

international organizations in order to ensure safety of foods for human and animal 

consumption (Battilani et al., 2008; van Egmond and Jonker, 2008).  

Mycotoxins can be found in a wide variety of harvested commodities, such as grains, 

fruits and nuts, on feed and on derived or processed food products such as meat, 

cheese, milk, juices. Therefore, mycotoxins are currently considered the most 

important chronic dietary risk factor, more than food additives or pesticide residues 

(Ismaiel and Papenbrock, 2015; Richard, 2007; Shi et al., 2017; Yu et al., 2015).  

In some cases, detrimental and beneficial effects of SMs can be produced by the 

same fungal species, making it necessary for an in-depth analysis of the biosynthetic 

pathway in the producer strains (Banani et al., 2016; Hoffmeister and Keller, 2007; 

Mattern et al., 2015). The study of secondary metabolism represent a source of novel 

metabolites and a possibility to enhance the production of beneficial compounds 

(Brakhage, 2013; Katz and Baltz, 2016). Moreover, by studying and characterising 

the fungal secondary metabolism it will be possible to interrupt or avoid the 

production of toxic metabolites, and to rapidly detect mycotoxigenic strains and 

mycotoxins and elucidate the role of SM on pathogenicity of fungal pathogens.  

 

Fungal pathogens in post-harvest and SMs produced 

The main post-harvest diseases associated with fresh and dried fruits are caused by 

the growth of spoilage fungi, especially Penicillium and Aspergillus species. Due to 

their tolerance to low temperatures and low free water content (water activity or aw) 

these fungi are often found in wide range of agricultural commodities and they can 

grow both in field and during storage causing significant food losses (Sanzani et al., 

2016). The development of mold does not represent only a problem in term of food 

losses, but also because these ascomycetes can produce and accumulate harmful 

mycotoxins. 
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The favourable conditions for fungal growth and mycotoxin production are variable 

depending on fungal strain studied and chemical composition of products (Jackson 

and Al-Taher, 2008; Medina et al., 2015; Sanchis and Magan, 2004). Usually 

environmental conditions allowing mycotoxin production are narrow compared to 

condition which allow the growth, as shown for A. flavus (Ojiambo et al., 2018). 

Moreover, some mycotoxins are usually produced in the field (e.g. ochratoxin on 

grapes) or in postharvest (e.g. patulin on apples), while other mycotoxins can be 

produced both in field and in post-harvest (e.g. aflatoxins on nuts) (Battilani et al., 

2008).  

The reduction of mycotoxigenic species in the field and in post-harvest as well as 

the avoidance of mycotoxin biosynthesis and accumulation represent a challenge a 

far as food safety is concerned. 

 

Classes of secondary metabolites 

From a chemical point of view, despite their enormous diversity, all SMs arise from 

a limited number of precursors of the primary metabolism, that is acetyl-coA and 

amino acids (Fig. 1) (Brakhage, 2013; Keller, 2019; Nielsen and Nielsen, 2017). 

These precursors are usually polymerized by core enzymes responsible for the 

synthesis of initial carbon structure, and later modified by several tailoring enzymes. 

Due to that, SMs are usually classified based on the core enzymes which are the 

milestone of their biosynthesis. Polyketides are produced by polyketide synthases 

(PKSs) from acyl-CoAs, non-ribosomal peptides are generated from amino acids by 

non-ribosomal peptide synthetases (NRPSs) and terpene synthases and terpene 

cyclases (TSs and TCs, respectively) synthetize terpenes from activated isoprene 

units. Many SMs are also hybrids between these classes and are therefore 

synthesized from two synthases or hybrid synthetase (Keller, 2019; Nielsen and 

Nielsen, 2017).  
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Figure 1 – Schematic overview of interconnection between primary and secondary 

metabolism. PPP: Pentose Phosphate Pathway. ETC: Electron Transport Chain. 

TCA: Tricarboxylic Acid. AAs: Amino Acids. (Nielsen and Nielsen, 2017). 

 

Biosynthesis of secondary metabolites and related gene clusters 

The availability of data from fungal genome sequencing projects together with the 

development of bioinformatic tools has greatly facilitated the characterization of 

SMs biosynthesis pathways in fungi. Through this genetic information, it was 

possible to characterize the genes responsible for the biosynthesis, export, and 

transcriptional regulation of natural products that are often arranged close to each 

other in the genome, in so called biosynthetic gene clusters (BGCs) (Keller, 2015, 

2019; Mattern et al., 2017).  

The typical structure of BGC include at least a synthase that build the SM carbon 

structure (e.g. PKS, NRPS, TCs and TSs) and tailoring enzymes (e.g. 

methyltransferases, p450 monooxygenases, hydroxylases and epimerases) which 

are able to modify the newly formed backbone structure (Fig. 2). Some BGCs can 

contain transcription factors that may act as positive or negative regulators of the 

cluster. Other genes could be found associated in the gene cluster such as genes 
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encoding proteins which can protect the producer from the toxic effect of the SM 

produced and other genes with unknown or unclear function (Keller, 2019). 

 

 

Figure 2 – Minimal composition of biosynthetic gene clusters (BGCs): a chemically 

defining synthase and/or synthetase and tailoring enzymes. Some BGCs may 

contain cluster-specific transcription factors, protective genes and genes encoding 

hypothetical proteins (Adapted from Keller, 2019).  

 

Study and characterization of biosynthetic gene clusters (BGCs) 

Traditionally, the study and discovery of SM biosynthetic genes required time-

consuming techniques, such as the development of mutants blocked in the 

production of SMs, the construction of genomic DNA libraries to complement 

mutants and consequently screening and chromosome walking techniques (Cacho 

et al., 2015). For example, the elucidation of BGC of lovastatin required to obtain 

and screen over 6000 mutants (Hendrickson et al., 1999), while 200 mutants were 

chemically analysed to identify the PKS responsible for the biosynthesis of 

sterigmatocystin in A. nidulans (Yu and Leonard, 1995). Alternatively, differential 

hybridization analysis techniques allowed to isolate genes involved in SM 

biosynthesis. However, also with this approach the generation of genomic DNA 

libraries was necessary and required the generation of thousands of Escherichia coli 

transformants (e.g. approximately 20000 and 5000 to find aflatoxin and verrucosidin 

related genes, respectively) (Aranda et al., 2002; Feng et al., 1992).  

Currently, there is no use of these laborious and time-consuming strategies. 

Conversely, the omics and bioinformatic approaches to mine and characterize BGCs 

represent the milestone strategies to study the biosynthesis of natural products. 



10 

 

Among these omics techniques, we can further distinguish between tools that allow 

finding genes in the gene cluster and techniques to associate the BGCs with specific 

metabolite production. 

 

Genome mining 

As previously indicated, several sequencing projects have been conducted, such as 

the 1000 Fungal Genome project supported by the Joint Genome Institute 

(http://1000.fungalgenomes.org). Therefore, the genome of many fungi is currently 

available; more than one thousand fungal genome sequences can be found in 

genomic portals such as MycoCosm (Grigoriev et al., 2014; Yu et al., 2015).  

Additionally, the minimal structure of BGCs has been elucidated, allowing the 

development of bioinformatic algorithms to recognize them in the genome. SMURF 

and antiSMASH were the first tools to predict BGCs in fungal genomes developed 

in 2010 and 2011 respectively. These bioinformatic software recognize core 

biosynthetic genes, such as polyketide synthases (PKSs) or non-ribosomal peptidase 

synthetases (NRPSs), and the neighbouring genes which could be involved in the 

regulation, export and modification of the natural products. Many other programs 

and databases have been developed and an exhaustive list can be found in the review 

of Weber and Kim (2016). 

Three different approaches can be used, depending on the starting information 

available, to link SMs with BGCs (Fig. 3) (Cacho et al., 2015; Kjærbølling et al., 

2019; Nielsen and Nielsen, 2017). Briefly, a target approach which adopt 

homologous research can be used when BGC for the same or a similar compound is 

known in other fungal species. Conversely, when only the chemical structure of SM 

is known, it will be possible, by retro-biosynthesis, to predict the enzymes required 

for the production of certain metabolite, and therefore scan the genome for a BGC 

putatively involved in the pathway. Finally, by using comparative genomics it is 
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possible to compare BGCs of producer fungi and narrow down the number of 

putative clusters involved in the biosynthesis of the studied compound.  

In addition to this techniques, untargeted approaches can be used to find all the 

putative BGCs in a sequenced genome, allowing to highlight the full genetic 

potential of specific fungal species. 

  

 

Figure 3 – Strategies to link SM to BGCs using whole genome sequences. 1 = 

Homology search, 2 = Retro-biosynthesis, 3 = Comparative genomics (Kjærbølling 

et al., 2019). 

 

Connect gene clusters and SM 

Thanks to gene mining approaches, thousands of gene clusters have been described 

in fungal genomes, a number which is higher compared to the chemically identified 

compounds (Yu et al., 2015). Most of these uncharacterized BGCs are not actively 

expressed under laboratory conditions, therefore are usually referred as “silent” 

BGCs. Special effort was made during last years to characterize the silent BGCs, 

that represent a source of novel compound with a potential for industrial value 

(Fischer et al., 2016). In certain cases, BGC prediction leads to misidentification of 
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BGC due to the difficulty to distinguish between functional gene cluster or 

unfunctional one that is mutated , that do not produce any compound. 

Genome-based techniques allow both to confirm the role of putative genes in BGCs 

identified and to fill the gap between BGCs found and SMs produced. These 

techniques developed to characterize gene clusters can be divided in two main 

categories: tools to investigate silent or active BGCs (Fig. 4).  

Most of these techniques have been developed to induce expression of silent BGC, 

such as cultivation on different media or screening of different organisms, 

epigenetic or chromatin remodelling, promoter exchange, overexpression of specific 

and global regulators, ribosome of RNP and PKS engineering. Several reviews 

provide a detailed description of these techniques (Fischer et al., 2016; Guzmán-

Chávez et al., 2018; Kjærbølling et al., 2019; Mattern et al., 2015; Wiemann and 

Keller, 2014; Yaegashi et al., 2014). 

To identify and characterize active BGC, the main strategy adopted is the deletion 

of synthase genes. By knocking out the putative core genes, it is expected to observe 

the lack of chromatographic peaks corresponding to the metabolite studied and 

potentially to identify new peaks corresponding to the accumulation of 

intermediates (Kjærbølling et al., 2019). 

This approach can be adopted only if the organism is cultivable and if effective 

system to genetically manipulate the species is available. Otherwise, the 

heterologous expression in other host is a viable alternative system (Keller, 2019). 
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Figure 4 – Investigation of BGC in the native host. For actively expressed gene 

cluster the gene deletion lead to lack of SM production, in which a compound 

disappears in the chromatogram of the treated/mutant compared with the 

control/wild type and potentially a new compound appears (intermediate). Strategies 

for activating silent gene cluster lead to the production of new compounds, which 

correspond to a new peak in the chromatogram (Adapted from Kjærbølling et al., 

2019). 

 

Strategies for gene knockout in fungi 

There are several ways to inactivate a gene of interest. Usually, knockout 

approaches are based on the recombination of a donor sequence of DNA with the 

gene of interest, leading to the loss of function of this gene. The DNA inserted 

generally confers antibiotic resistance to the mutant strains, making the selection of 

transformed strains possible. Alternatively, through homologous recombination 

with upstream and downstream region of a target gene it is possible to delete the 

gene without inserting any foreign DNA. In this case, appropriate methods to screen 

mutants are necessary, and in most cases they are usually based on auxotrophy (such 
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as uridin auxotrophy caused by the removal of the pyrG gene) or on different 

morphology such as white colour of conidia (Wang et al., 2017). Finally, with 

availability of specific techniques of gene editing it is possible to induce a single 

mutation in the gene of interest leading to loss of its function. In this case the 

selection can be performed by using antibiotic resistance genes or genes involved in 

primary or secondary metabolism. 

Conversely to bacteria, fungi are more complex to transform, both because of the 

multicellularity and because of the presence of the cell wall. Since the ’70s, methods 

have been developed to transform fungi and several reviews give an extensive 

overview on the available methodologies (He et al., 2017; Li et al., 2017; Wang et 

al., 2017). Among them, the main adopted are protoplast mediated transformation, 

Agrobacterium tumefaciens mediated transformation (ATMT) and CRISPR-Cas9. 

Protoplasts are obtained through the lytic removal of the cell wall and exposing them 

to polyethylene glycol to allow the foreign DNA to penetrate the protoplast 

membrane into the cell and fusing with the fugal DNA (He et al., 2017; Li et al., 

2017). The main components of the cell wall are shared among fungi, but its 

composition is variable depending on fungal species. Furthermore, the composition 

could vary depending on fungal structure. Fungal conidia are more resistant to lysis 

compared to hyphae, due to the presence of hydrophobic rodlets (Erwig and Gow, 

2016). Therefore, the main hurdles to obtain protoplasts are the selection of lytic 

enzymes which effectively degrade cell wall and the optimization of growth 

condition to obtain material accessible to the enzymes used. Moreover, the 

optimization of the regeneration of protoplasts once the cell wall has been removed 

is another point which should be taken into consideration (Li et al., 2017). The main 

advantage of the protoplasts system is that it is relatively easy to perform 

transformations once established for a certain fungal species.  

A. tumefaciens is a gram-negative bacterium largely found in soil and certain strains 

can induce tumours on tree plants. In plant systems, A. tumefaciens acetosyringone 
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induce the expression of vir genes to produce a portion of DNA (usually referred as 

transfer DNA or T-DNA) that is then cut and transferred into the host. The T-DNA 

is integrated in the genome leading to the biosynthesis of opines required for 

bacterial growth and production of hormones which eventually cause the tumours 

(Wang et al., 2017). By engineering A. tumefaciens strains, it is possible to take 

advantage of this efficient system of transformation, and to integrate foreign DNA 

into plant and fungal genomes. The system requires to obtain binary vectors, the 

induction of vir genes through acetosyringone, optimization of a co-colture of A. 

tumefaciens with the fungus and finally the removal of bacterial cells through 

addition of antibiotics.  Overall, The ATMT requires much more efforts compared 

to protoplasts but its main advantage is having a higher target transformation 

efficiency (Li et al., 2017). In the classical method (protoplasts) used to genetically 

manipulate fungi, the foreign DNA is inserted randomly in the genome, due to the 

error-prone nonhomologous end-joining (NHEJ) repair system, with only 10% of 

cases homologous recombination (HR) occur. Efficiency of homologous 

recombination can be increased though deleting genes involved in the NHEJ 

(Schuster and Kahmann, 2019). However, additional transformation rounds and 

selection procedures are required. With ATMT the frequency of homologous 

recombination is increased and therefore it is one of the most used method for 

genetic manipulation in fungi. 

Several types of nucleases have been engineered to achieve precise double strand 

break of the DNA, such as TALEN, ZFN and CAS9. Among them, Cas9 could be 

considered the most promising. In prokaryotes, Cas9 is part of the adaptative 

immune system against viruses. When the enzyme is associated with two short 

sequences of RNA (defined crRNA and tracrRNA) in the so-called 

ribonucleoprotein (RNP) it is able to recognize the alien DNA and cause a double 

strand break (Tong et al., 2019). For genetic manipulation, crRNA and tracrRNA 

can be combined in one sequence called guide RNA (gRNA). To induce the deletion 
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of target genes it requires only a gRNA which recognize the desired site of deletion 

and the endonuclease. Multiple DSB repair pathways are available, ranging from 

NHEJ, micro-homology-mediated end joining (MMEJ) and HR (Hoshijima et al., 

2016; Seol et al., 2018). Therefore, these pattern of repair can lead to diverse genome 

editing events such as indels, in-frame deletion/insertions, random deletion, 

nucleotide substitutions and so on, as described in Fig. 5 (Tong et al., 2019). 

 

 

Figure 5 – CRISPR-Cas9 system and kind of editing induced due to the different 

repair system of the DNA (Wang and Coleman, 2019). 

 

The introduction of foreign DNA (plasmid expressing gRNA and/or CAS9, gRNA) 

or of the RNP in its complex (Cas9 associated with gRNA) is facilitated by classical 

approaches such as protoplast formation or through A. tumefaciens. This represent 

the main disadvantage of the technique, despite that, the great specificity led 

CRISPR-Cas9 to be the most promising tools to genetically manipulate fungi. This 

is confirmed by several authors who summarized the main strategies used to perform 

CRISPR-Cas9 in fungi and explain in details its main advantages (Ceasar et al., 

2016; Mei et al., 2019; Schuster and Kahmann, 2019; Shi et al., 2017; Song et al., 

2019; Tong et al., 2019; Wang and Coleman, 2019). 
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Characterization of SMs produced by fungal pathogens: three case studies 

In this thesis, the secondary metabolism of three postharvest pathogens was 

investigated. The main targets were mycotoxigenic Penicillium and Aspergillus 

species isolated from different food matrices (fresh fruits and nuts); their ability to 

produce mycotoxins was assessed in vitro and in vivo. The biosynthesis of three 

SMs was investigated using different strategies (Fig. 6), ranging from the study of 

environmental conditions which promote mycotoxin production (Chapter 4) to 

bioinformatic and genetic tools to find and characterize related gene clusters 

(Chapters 2, 3).  

 

 

Figure 6 – Workflow to study and characterize SMs produced by fungal pathogens.  

 

To facilitate the understanding of the strategies used to investigate fungal SMs, a 

brief overview of the three main case studies included in our work is presented.  

 

Penicillium griseofulvum and griseofulvin on apples  

P. griseufulvum cause apple blue mold in postharvest. The annotation of its genome 

in 2016 allowed the identification of several putative SMs BGCs including that 

putatively involved in the biosynthesis of griseofulvin (Banani et al., 2016). The 

griseofulvin gene cluster was previously identified in P. aethiopicum but the 

putative transcription factors found in the BGC were not characterized (Chooi et al., 

2010). The first goal of the present thesis was to investigate the regulation of 
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griseofulvin biosynthesis in P. griseofulvum using deletion mutants obtained 

through ATMT. Additionally, promoter analysis allowed to identify many putative 

global regulators involved in the biosynthesis and the role of the availability of 

carbon and nitrogen was investigated in vitro. Furthermore, the role of griseofulvin 

for virulence was assessed by inoculating apples with the wild type and deletion 

mutants for the PKS (unable to produce griseofulvin) and for the putative regulatory 

genes. 

 

Penicillium polonicum and verrucosidin on chestnuts 

P. polonicum is a ubiquitous fungus, able to contaminate different food matrices 

especially meat, grains and nuts. The strain X6 was previously isolated from 

chestnut and it was able to produce in vivo and in vitro a neurotoxin called 

verrucosidin (Prencipe et al., 2018b). The biosynthesis of verrucosidin was poorly 

investigated, therefore in the third chapter a putative verrucosidin gene cluster was 

searched in the genome of P. polonicum. Many putative BGCs were found and their 

activity was invistigated by RT-qPCR. Then, two gene clusters were further 

characterized through target deletions of PKS. To do that, a method to obtain P. 

polonicum protoplasts was developed and optimized and the deletion was mediated 

by CRISPR-Cas9 in vitro. 

 

Aspergillus flavus and aflatoxins on hazelnuts 

Aflatoxins represent the most dangerous mycotoxins for human health, and they are 

produced mainly by A. flavus and A. parasiticus. The presence of A. flavus and A. 

parasiticus on hazelnuts is well documented as well as the contamination of 

hazelnuts and derived products with aflatoxins (Aycicek et al., 2005; Baltaci et al., 

2012; Golge et al., 2016; Gürses, 2006; Kabak, 2016; Ozay et al., 2008; Prelle et al., 

2012; Şimşek et al., 2002). Growth conditions, including temperature of processing 
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and storage, available water on nuts (water activity or aw) and chemical composition 

of products, largely influence aflatoxin biosynthesis (Kumar et al., 2017). The main 

strategy used to avoid fungal contamination and aflatoxin production is drying, 

which allow reducing moisture content of nuts and consequently aw. In the fourth 

chapter the influence of two important drying parameter (time and temperature of 

drying) on aflatoxin production was evaluated. Furthermore, the influence of drying 

treatments on the reduction and viability of fungal spores was investigated. 
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Chapter 2 

Elaborated regulation of griseofulvin biosynthesis in Penicillium 

griseofulvum and its role on conidiation and virulence  
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Abstract 

Penicillium griseofulvum, the causal agent of apple blue mold, can produce in vitro 

and on apple a broad spectrum of secondary metabolites (SM), including patulin, 

roquefortine C and griseofulvin. Among them, griseofulvin is known for its 

antifungal and antiproliferative activity, and has received interest in many sectors, 

from medicine to agriculture. The biosynthesis of SM is finely regulated by 

filamentous fungi and can involve global regulators and pathway specific regulators, 

which are usually encoded by genes present in the same gene cluster as the backbone 

gene and tailoring enzymes. In the griseofulvin gene cluster, two putative 

transcription factors were previously identified, encoded by genes gsfR1 and gsfR2, 

and their role has been investigated in the present work. Analysis of P. griseofulvum 

knockout mutants lacking either gene suggest that gsfR2 forms part of a different 

pathway and gsfR1 exhibits many spectra of action, acting as regulator of 

griseofulvin and patulin biosynthesis and influencing conidia production and 

virulence on apple. The analysis of gsfR1 promoter revealed that the regulation of 

griseofulvin biosynthesis is also controlled by global regulators in response to many 

environmental stimuli, such as carbon and nitrogen. The influence of carbon and 

nitrogen source on griseofulvin production was further investigated and verified, 

revealing a complex network of responses and confirming the central role of gsfR1 

in many processes in P. griseofulvum. 

Key words  

Transcription factor, knockout, gene cluster, regulation, secondary metabolites, 

apple blue mold 
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1. Introduction 

Blue mold of pome fruit is one of the most important postharvest diseases of apple 

fruit. The major causal agent is Penicillium expansum, but many other Penicillium 

spp. can be found together causing blue mold, such as P. griseofulvum, P. 

aurantiogriseum, P. crustosum, P. verrucosum, P. carneum, P. commune, P. 

brevicompactum, P. solitum and P. puberulum (Moslem et al., 2010, 2013; Spadaro 

et al., 2011; Wu et al., 2019). 

These species, as other Penicillium spp., can produce a wide range of secondary 

metabolites (SMs), which are so called because they are not essential for primary 

metabolism and growth, but they play an essential role in the interactions, such as 

competition or communication with other microorganisms, and in many other 

cellular processes (Brakhage, 2013b). Many of these SMs have industrial value, 

such as antibiotics and antitumor compounds, while other metabolites can be toxic 

for humans and animals and are defined as mycotoxins. 

In apples, the major concern is related to the presence of patulin, which is a 

mycotoxin with acute and chronic toxicity, characterized by stability in acid 

environment and during thermal processes, and therefore can be found in apples, 

apple juices and other derived products (Reddy et al., 2010). 

Among causal agents of blue mold, P. griseofulvum is able to produce elevated 

amount of patulin, even higher compared to P. expansum, up to 4,500 µg/kg in vivo. 

The European residue limit for patulin is between 10 and 50 µg/kg depending on 

food commodities (Banani et al., 2016; Moslem et al., 2013; Spadaro et al., 2008). 

P. griseofulvum can also produce other well-known mycotoxins such as roquefortine 

C and cyclopiazonic acid, and a well characteristic secondary metabolite called 

griseofulvin (Banani et al., 2016). Griseofulvin was initially recognized as an 

antibiotic, this antifungal compound is classified as a potential carcinogenic for 

humans by the International Agency on Research on Cancer (World Health 

Organization, 2001). Nevertheless, griseofulvin is commonly found in many 
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medical and veterinary products to treat cutaneous dermatophyte infections and it 

was recognized in 2017 as an essential medicine by the World Health Organization 

for its antifungal properties (World Health Organization, 2012). Moreover, its  role 

against cancer cells has been investigated by many researchers (Mauro et al., 2013; 

Rathinasamy et al., 2010).  

Because of its antiproliferative activity, griseofulvin and derived compounds have 

also been investigated for their potential use against fungal pathogens, such as 

Botrytis cinerea, Sclerotinia sclerotiorum, Magnaporthe grisea, Corticium sasaki, 

Puccinia recondita, Blumeria graminis f. sp. hordei, Alternaria solani, Fusarium 

solani and Colletotrichum gloeosporioides, and showed inhibitory activity both in 

vitro and in vivo (Bai et al., 2019; Ribeiro et al., 2018; Stierle and Stierle, 2015; 

Tang et al., 2015).  

Due to the importance of griseofulvin in a wide range of applications, ranging from 

medicine to agriculture, griseofulvin biosynthetic genes were previously identified 

in P. aethiopicum (Chooi et al., 2010). The putative griseofulvin gene cluster 

consists of 13 genes, including a nonreducing polyketide synthase (PKS), tailoring 

enzymes and two putative transcription factors. The gene cluster was later 

determined in P. griseofulvum in which 10 genes of the cluster were found in the 

same order, but genes encoding for a reductase (gsfK), an hydrolase (gsfH) and a 

transcription factor (gsfR2) were not located in the same genomic region (Banani et 

al., 2016).  

The putative genes encoding the backbone enzyme (gsfA), O-methyltransferases 

(gsfB, gsfC, gsfD) halogenase (gsfI), dehydrogenase /reductase (gsfE) and 

cytochrome P450 (gsfF) were confirmed by producing deletion mutants (Cacho et 

al., 2013; Chooi et al., 2010), but the role of the putative transporter as well as the 

regulatory genes remains to be investigated.  
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Regulatory genes are an interesting target for mutagenesis because silencing or 

promoting their expression can provide significant enhancement of production of 

compounds with industrial value.  

In this work, the regulation of griseofulvin biosynthesis was investigated by 

characterizing knockout mutants for the putative transcription factors encoded by 

gsfR1 and gsfR2 and comparing them with wild type and deletion mutants for the 

backbone gene of the cluster, gsfA. However, the regulation of SM biosynthesis is 

complex and involves not only pathway-specific regulators, which are commonly 

encoded by genes located inside the gene cluster, but also global regulators 

expressed in response to various environmental stimuli (Brakhage, 2013). A second 

approach aimed to study the involvement of global regulators of the cluster was 

therefore investigated, particularly by evaluating the effect of carbon and nitrogen 

sources on P. griseofulvum growth and on griseofulvin biosynthesis. The findings 

reported here led to a better understanding of griseofulvin biosynthesis and its role 

in the growth and virulence of P. griseofulvum. 

2. Materials and Methods 

2.1. Fungal strain  

Penicillium griseofulvum Dierck strain PG3 was previously isolated from rotten 

apples in Piedmont, Italy (Spadaro et al., 2011) and grown on Potato Dextrose Agar 

(PDA, Merck KGaA, Darmstadt, Germany) with 50 μg/mL streptomycin (Merck) 

in the dark at 25 °C for 7-10 days. P. griseofulvum transformed strains were grown 

on PDA containing 500 µg/mL of hygromycin B (ThermoFischer Scientific, 

Waltham, MA USA) under the same conditions. Conidial suspensions were 

obtained by adding 5 mL of sterile water with 0.01 % (w/v) Tween-20 and gently 

scraping the surface of fungal cultures grown on Petri plates. The final conidia 

concentration was measured using a hemocytometer and adjusted to the required 
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concentration, depending on the type of experiment. Conidial suspension of wild 

type and transformed strains were maintained in glycerol (40%) at -80 °C. 

2.2 Bioinformatic analysis 

The promoter regions of the genes gsfR1 and gsfA were extracted from the genome 

of P. griseofulvum PG3 (Genbank: GCA_001561935.1), and scanned for 

transcription factor (TF) binding using the CIS-BP database with default parameters 

(http://cisbp.ccbr.utoronto.ca/TFTools.php). P. chrysogenum was used as model 

species when performing the analysis. Identified P. chrysogenum TFs were blasted 

against PG3 proteome to check for their presence in P. griseofulvum, and they were 

then identified by blasting against NCBI non-redundant protein database. 

2.3 Obtaining of knockout mutants 

Knockout mutants were obtained as previously described (Ballester et al., 2015), by 

amplifying 5’ (promoter) and 3’ (terminator) flanking regions of gsfA, gsfR1 and 

gsfR2 genes from the genomic DNA of P. griseofulvum PG3 with specific primers 

pairs (O1/O2 and A3/A4, Tab. S1) containing a tail for USER cloning (Frandsen et 

al., 2008). Amplified fragments were mixed with pRFHU2 vector pre-digested with 

PacI and NtBbVCI (New England Biolabs, Ipswich, MA, USA) and treated with 

USER enzyme (New England Biolabs). Five µL of the USER mixture was directly 

used to transform chemically competent cells of Escherichia coli strain DH5α, with 

heat shock protocol, then bacterial cells were recovered and plated on Luria Bertani 

Agar (LB, Miller, Merck) supplemented with 25 μg/mL of kanamycin 

(ThermoFischer Scientific). Resistant transformants were screened by colony PCR 

and plasmid DNA for positive colonies containing both promoter and terminator 

using NucleoSpin® Plasmid EasyPure kit (Macherey-Nagel, Düren, Germany) 

following the manufacturer’s instructions. The correct integration of promoter and 

terminator of genes was confirmed by sequencing the amplified fragments with 
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primers pairs RF1/RF6 and RF2/RF5 (Tab. S1). Then, 10 ng of plasmid were 

introduced by electroporation into electro-competent A. tumefaciens AGL1 cells and 

A. tumefaciens mediated transformation of P. griseofulvum was conducted as 

described by Buron-Moles et al. (2012). Transformants were maintained on PDA 

with 500 μg/mL of hygromycin B, according to the results of a sensitivity assay 

performed on PDA for P. griseofulvum.  

2.4 DNA and RNA extraction 

DNA of P. griseofulvum PG3 and knockout mutants was obtained using E.Z.N.A.® 

Fungal DNA Mini Kit (Omega Bio-tek, Norcross, GA, USA) or using the slightly 

modified protocol for isolation of high molecular weight DNA from fungal 

mycelium (Möller et al., 1992). Briefly, a conidial suspension (105 conidia/mL) was 

inoculated in 50 mL of Glucose Yeast Peptone medium (GPY; 4% w/v glucose, 

0.5% w/v yeast extract and 0.5% w/v peptone) and incubated on a rotary shaker (200 

rpm) at 24 °C for 2 days. Fungal mass was collected, dried and frozen in liquid 

nitrogen. DNA extraction from 0.5 g of frozen mycelium was performed in 50 mL 

tubes containing 5 mL TES (100 mM Tris HCl, pH 8.0, 10 mM EDTA, 2% SDS), 

25 μL proteinase K, and 50 μL ß-mercaptoethanol. DNA concentration and purity 

were checked by spectrophotometer (Nanodrop 2000, Thermo Scientific, 

Wilmington, USA). 

RNA extraction was performed according to Ballester et al. (2015) with some 

adjustments. First, 5 μL of a conidial suspension (106 conidia/mL) were inoculated 

on PDA with a cellophane membrane and incubated at 24 °C in the dark. One 

hundred mg of mycelium were collected in 2 mL tube at 5, 7 and 10 dpi and frozen 

in liquid nitrogen. Two tungsten beads (diameter: 2.7 mm) were added to the 

mycelium that was crushed using TissueLyser (Qiagen, Hilden, Germany) for 1 min 

at 20.00 Hz speed. Then, 750 μL of extraction buffer (100 mM Tris-HCl pH 8.0; 

100 mM lithium chloride, 10 mM EDTA pH 8.0; 1% SDS; 1% PVP-40; 1% β-
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mercaptoethanol) and 375 μL of phenol:chloroform:isoamyl alcohol (25:24:1, 

v:v:v) were added and the mixture was vortexed and incubated at 65 °C for 10 min. 

After cooling, 375 μL of phenol:chloroform:isoamyl alcohol (25:24:1) were added 

and the extract was vortexed. The homogenate was centrifuged at 13,800 x g for 10 

min and the aqueous phase was re-extracted with 750 μL of 

phenol:chloroform:isoamyl alcohol. Nucleic acids were precipitated by adding 1/10 

volume of 3 M sodium acetate pH 5.2 and 2 volumes of cold 100% ethanol and then 

incubated at -20 °C for 60 min. The precipitated RNA was pelleted by centrifugation 

for 15 min at 13,800 x g. After washing with 500 μL of 70% ethanol, the pellet was 

dissolved in 600 μL of TES buffer (10 mM Tris–HCl pH 8; 5 mM EDTA pH 8; 

0.1% SDS) and precipitated overnight at −20 °C with 200 μL of 12 M lithium 

chloride. After centrifugation at 13,800 x g for 60 min, the pellet was washed with 

500 μL of 70% ethanol, suspended with 250 μL of 3 M sodium acetate, pH 6.0, to 

remove residual polysaccharides and washed with 70% ethanol. Finally, RNA was 

dissolved in 50 μL of DEPC-water and its concentration was measured 

spectrophotometrically and verified by gel electrophoresis. 

DNase treatment was performed using TURBO DNA-free™ Kit (Thermo Fischer 

Scientific). The samples were diluted 1:2 in a final volume of 50 μL and  rigorous 

DNase treatment followed. First-strand cDNA was conducted with High Capacity 

cDNA Reverse Transcription Kit (Thermo Fischer Scientific) using 1 μg of total 

RNA.  

2.5 PCR and qPCR 

Upstream and downstream fragments of gsfR1, gsfR2 and gsfA genes were amplified 

by PCR with Top-Taq DNA polymerase (Bioron Diagnostics GmbH, Römerberg, 

Germany) and a T100™ Thermal Cycler (Bio-Rad, Hercules, CA, USA). The 

cycling conditions of the PCR were 5 min at 94 °C, followed by 35 cycles of 15 s at 

94 °C, 20 s at 58 °C, 90 s at 72 °C and a final extension of 5 min at 72 °C. The PCR 
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mixture contained 1X PCR Buffer, 0.2 mM dNTPs, 0.4 µM of each primer, 0.5 U 

of polymerase and 10 ng of genomic DNA of P. griseofulvum. Taq DNA 

Polymerase (Qiagen) was used to perform the other PCRs. To confirm the correct 

integration of T-DNA in the genome, several PCRs were conducted to amplify the 

hygromycin cassette and gsfA, gsfR1 and gsfR2 genes. The cycling conditions of the 

PCRs were 3 min at 94 °C, followed by 35 cycles of 30 s at 94 °C, 45 s at 58 °C, 90 

s at 72 °C and 5 min at 72 °C. 

To verify the efficiency of the DNase treatment, a PCR was performed using ITS1 

and ITS4 universal primers. The cycling conditions of the PCR were 3 min at 94 °C, 

followed by 40 cycles of 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C and 5 min at 

72 °C.  

RT-qPCRs were performed with StepOne™ and StepOnePlus™ Real-Time PCR 

System with Power SYBR™ Green PCR Master Mix (ThermoFischer Scientific); 

cycling conditions were 5 min at 95 °C, followed by 45 cycles of 10 s at 95 °C, 30 

s at 58 °C and 30 s at 72 °C. In order to determine the number of insertions in the 

genome of the transformants, the 2∆∆cq method (Pfaffl, 2001) was used using 

genomic DNA of samples and comparing the amplification of β-tubulin gene or 

histone H3, with the amplification of the promoter of the corresponding gene target 

of deletion.  

To determine the expression of gsfA and gsfR1 genes in ∆gsfR1 mutants, cDNA was 

added in the reaction instead of gDNA. 

All primer sequences used in the PCR and qPCR reactions are listed in Tab. S1. 

2.6 Characterization of mutants in vitro 

To check growth rate conidiation, and griseofulvin production, deletion and ectopic 

mutants were compared with wild type P. griseofulvum PG3 by inoculating 5 µl of 

spore suspension (1 x 106 conidia/mL) on PDA and incubating the plates at 25 °C in 

the dark. Some mutants were also inoculated on Malt Extract Agar (MEA, 2% malt 
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extract, 2% glucose, 0.1 % peptone, 2% agar) and Meat Peptone Agar (MPA, 2.5% 

meat extract, 0.25% peptone, 2% agar) under the same conditions. Colony diameter 

(cm), number of asexual spores (conidia/plate) and griseofulvin production 

(µg/plate) were measured up to 10 days post inoculation (dpi). At least 5 plates were 

inoculated for each strain and every assay was performed three times. 

2.7 Characterization of mutants in vivo 

Apples ‘Golden Delicious’ were purchased from a local supermarket and stored at 

4 °C until use. Fruits were surface disinfected with sodium hypochlorite (1% as 

chlorine), washed with deionized water and allowed to air dry before inoculation. 

Then 21 fruits for each treatment were inoculated by wounding in three points at the 

equatorial region of the fruits with a sterile needle (3 mm depth, 3-4 mm wide) 

(Spadaro et al., 2013). Ten µl of conidial suspension (1 x 108 conidia/mL) of each 

strain were pipetted into each wound, while controls were inoculated with deionized 

water. Wounded apples were placed in plastic trays, covered with a transparent 

polyethylene film and stored at room temperature for 3-14 days. 

2.8 Griseofulvin and patulin extraction 

Griseofulvin and patulin produced in vitro were extracted simultaneously from the 

mycelium and the medium by washing the plates with 3 mL of methanol. The plates 

were gently scraped and then placed in rotary shaken at 450 rpm for 15 min. The 

liquid was then collected and centrifuged (13000 x g) at room temperature for 5 min. 

After that, the supernatant was filtered through a 0.45 μm syringe filter and analysed 

by HPLC.  

Griseofulvin was extracted from rotten apples as previously described by Banani et 

al. (2016) with some modifications. Briefly, the decayed portion around the 

inoculation sites from 7 apples was collected and combined. Ten g of each sample 

were weighed and then placed in a centrifuge tube with 10 drops of pectinase 
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enzyme solution (Sigma Chemical Co., St Louis, USA; 5 U/g juice) and 10 mL of 

water were added. The mixture was left at 38 °C for 2 hours and then centrifuged at 

3,600 x g for 5 min. Five mL of clear liquid were placed into a clean tube and 

griseofulvin was extracted with 5 mL of ethyl acetate (three times). The organic 

phase was evaporated to dryness using rotary evaporator and the residual dissolved 

in 500 μL of MeOH:H2O (1:1, v/v) and transferred into a HPLC vial for HPLC-

MS/MS analysis. 

2.9 Chemical analyses 

To assess the production of griseofulvin and patulin on PDA, the analyses were 

carried out using the method previously described by Banani et al (2016) with few 

modifications. A Waters HPLC system equipped with a 600 Consolider pump, a 717 

plus Autosampler and a 2996 photodiode array detector was used. The analytical 

column used was a Kinetex 5 μm Biphenyl 100Å column (150 x 4.6 mm; 

Phenomenex, Torrance, CA, USA) coupled to a SecurityGuard ULTRA Cartridges 

UHPLC Biphenyl guard column (4.6 mm; Phenomenex). The chromatography 

conditions were: flow rate of 1 mL/min on a linear gradient of 5 to 95 % solvent B 

in 30 min followed by isocratic 95 % solvent B for another 10 min (solvent A: acid 

water pH 4.0 with acetic acid; solvent B: acetonitrile); the injection volume was 20 

μL. The spectra were acquired between 200 nm and 600 nm wavelength, and patulin 

and griseofulvin quantifications was performed at 294 nm and 304 nm, respectively. 

Patulin and griseofulvin were identified in the samples by comparing the retention 

time and UV-vis spectra with those of chemical standards. 

Comparison of griseofulvin production on different growth media and in vivo was 

analysed by liquid chromatography coupled with mass spectrometry. The HPLC-

MS/MS system consisted of a binary pump and a vacuum degasser (1260 Agilent 

Technologies, Santa Clara, CA, USA) connected to a Varian auto-sampler Model 

410 Prostar (Hansen Way, CA, USA), equipped with a 20 μL loop and coupled with 
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a Varian 310-MS TQ Mass Spectrometer. The sample was injected (10 μL) onto 

Luna C18(2) (150mm x 2mm i.d. 3μm, Phenomenex) and eluted under a flow of 

200 μL/min. The mobile phase was an isocratic mixture of ACN:HCOOH 0.05% 

(60:40, v/v) for 5 min.  

The mass spectrometer was equipped with an electrospray ionization (ESI) source 

operating in positive ion mode. Griseofulvin detection and quantitation were carried 

out using multiple reaction monitoring (MRM) mode by selecting three transitions: 

m/z 353 > 285 CE 18 eV (monitoring), m/z 353 > 215 CE 16 eV (quantification) 

and m/z 353 > 165 CE 16 eV (monitoring). The collision gas (Ar) pressure was set 

at 2 mbar for all experiments.  

Quantification was performed by external calibration using a calibration curve for 

each mycotoxin. The calibration curves were prepared by dilution of standard 

solutions of griseofulvin and patulin.  

2.10 Statistical analysis 

All statistical analyses were performed with one-way ANOVA followed by Duncan 

test using IBM SPSS statistics software version 24 (SPSS Inc., Chicago, IL, USA), 

p < 0.05 was considered significant. The REST 2009 Software (Qiagen) was used 

for the statistical analysis of RT-qPCR and qPCR results. 

3. Results 

3.1 Knockout mutants for gsfR1 and gsfR2 and their role in griseofulvin 

biosynthesis 

The role of putative transcription factors for griseofulvin biosynthesis encoded by 

gsfR1 and gsfR2 was assessed by obtaining deletion mutants and they were 

compared with the wild-type strain and a deletion mutant for gsfA, the gene 

encoding the PKS.  
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The deletion of genes was mediated by A. tumefaciens transformation, which 

delivered a T-DNA containing a hygromycin resistance cassette flanked by the 

promoter and terminator of target genes. Due to the presence of these flanking 

regions, homologous recombination led to replacement of genes with the antibiotic 

resistance cassette (Figs. 1-2, S1).  

The knockout mutants were then assessed by amplifying the hygromycin resistance 

cassette and target gene by PCR (Figs. 1 B, 2 B, S1 B). As expected, the deleted 

genes were not amplified in knockout mutants, while hygromycin resistance cassette 

was only absent in the wild type PG3. Ectopic strains had a functional copy of the 

target gene and the antibiotic resistance cassette, due to non-target integration into 

the genome of the T-DNA.  

To confirm the right insertion of the cassette, PCRs with primer pairs designed on 

the hygromycin resistance cassette and on 3’UTR or 5’UTR of deleted gene were 

performed (Figs. 1 C, 2 C, S1 C). These primer pairs can only amplify if the T-DNA 

has been introduced by homologous recombination at the target sites in the 3’UTR 

and 5’UTR flanking regions. As expected, the PCR fragments were amplified in the 

knockout mutants, and amplification failed in the wild type PG3 and in the ectopic 

mutants. 

The number of integrations in the genome was determined by qPCR by measuring 

the difference between the quantification cycle (Cq) of target and reference genes in 

the mutant and in the control wild-type strain (Pfaffl, 2001) (Figs. 1 D, 2 D, S1 D).  
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Figure 1 – PCR analysis of gsfR1 mutants. Schematic presentation of the gsfR1 

locus in the wild type and deletion mutants, primers used are presented as arrows 

(A). Amplification of hygromycin resistance cassette (HygR) and gsfR1 gene (B); 

confirmation of orientation of inserted T-DNA (C); copies number of T-DNA 

inserted in P. griseofulvum (D) determined by qPCR on gDNA using primers 5F/6R 

and histone H3 gene as reference gene. M= GeneRuler 1Kb Plus DNA ladder, WT 

= wild type P. griseofulvum, ∆ = deletion mutants for gsfR1 and E = ectopic strains, 

Neg. = negative control (PCR mix without DNA). 
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Figure 2 – PCR analysis of gsfR2 mutants. Schematic presentation of the gsfR2 

locus in the wild type and deletion mutants, primers used are presented as arrows 

(A). Amplification of hygromycin resistance cassette (HygR) and gsfR2 gene (B); 

confirmation of orientation of inserted T-DNA (C); copies number of T-DNA 

inserted in P. griseofulvum (D), obtained through qPCR on gDNA using primers 

5F/6R and histone H3 gene as reference gene. M= GeneRuler 1Kb Plus DNA ladder, 

WT = wild type P. griseofulvum, ∆ = deletion mutants for gsfR2 and E = ectopic 

strains, Neg. = negative control (PCR mix without DNA).  

 

Three mutants with one single event of integration and two ectopic strains were 

selected for each knockout experiment and they were characterized in vitro both 

phenotypically and chemically. 
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Concerning the effect of gene deletion on phenotype, it was shown that the deletion 

of the polyketide synthase did not affect the phenotype (Fig. S2). The knockout 

mutants for gsfR1 showed the same growth rate as the wild type strain (Fig. 3A), but 

exhibited colonies with a markedly less green colour, caused by a marked reduction 

in conidiation in vitro (Fig. 3 B, C). On the other hand, knockout gsfR2 mutants 

were similar to the wild type in both growth and sporulation (Fig. 5). 

The ability of knockout mutants to produce griseofulvin was assessed on fungal 

cultures growing on PDA. Mutants lacking the gsfA gene were no longer able to 

produce griseofulvin in vitro (Fig. S2 B), while knockout mutants for the regulator 

gene gsfR1 were found to produce higher quantities of griseofulvin compared to 

wild-type strain, with an average of about 30%, 50% and 110% higher production 

compared to wild-type strain at 5, 7 and 10 dpi (Fig. 4 A, Fig. 9).  

The production of patulin was also investigated and deletion of gsfR1 showed to 

influence also the regulation of this mycotoxin, especially at 5 dpi, reaching over 

3000 µg/plate in all mutants compared to 2300 µg/plate produced by P. 

griseofulvum PG3, which was significantly different according to Duncan’s 

statistical analysis (p < 0.05) (Fig. 4 B).  

The knockout of gsfR2 did not affect griseofulvin or patulin production, nor 

conidiation or growth rate, and were comparable with the wild type and knockout 

and ectopic mutants (Figs. 5, 6).  
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Figure 3 – Effect of gsfR1 deletion on P. griseofulvum growth in vitro. Colony 

diameter (A) and conidia production (B) from 3 to 7 dpi. Plate view (front C and 

reverse D) at 7 dpi on PDA. WT = wild type P. griseofulvum, ∆ = deletion mutants 

for gsfR1 and E = ectopic strains. Values followed by the same letter are not 

statistically different by Duncan’s multiple range test (p < 0.05). 
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Figure 4 - Effect of gsfR1 deletion on griseofulvin and patulin production. 

Griseofulvin (A) and patulin (B) production were measured at 5 and 7 dpi. WT = 

wild type P. griseofulvum, ∆ = deletion mutants and E = ectopic strains. Values 

followed by the same letter are not statistically different by Duncan’s multiple range 

test (p < 0.05). 
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Figure 5 – Effect of gsfR2 deletion on P. griseofulvum growth in vitro. Colony 

diameter (A) and conidia production (B) from 3 to 7 dpi. Plate view (front C and 

reverse D) at 7 dpi on PDA. WT = wild type P. griseofulvum, ∆ = deletion mutants 

for gsfR2 and E = ectopic strains. Values followed by the same letter are not 

statistically different by Duncan’s multiple range test (p < 0.05). 
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Figure 6 - Effect of gsfR2 deletion on griseofulvin and patulin production. 

Griseofulvin (A) and patulin (B) production were measured at 5 and 7 dpi. WT = 

wild type P. griseofulvum, ∆ = deletion mutants and E = ectopic strains. Values 

followed by the same letter are not statistically different by Duncan’s multiple range 

test (p < 0.05). 
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3.2 GsfR1 negatively regulates griseofulvin biosynthesis on PDA 

The observation that the deletion of gsfR1 led to a higher griseofulvin production in 

vitro led us to hypothesize that this gene could encode a negative regulator of 

griseofulvin biosynthesis. To examine this hypothesis, the relative expression of the 

polyketide synthase gene (PKS) of three mutants and two ectopic strains was 

investigated by RT-qPCR. The ΔgsfR1 deletion mutants showed an increased 

expression of gsfA compared to the wild type, both at 5 and 7 dpi, while ectopic 

mutants exhibited a similar gene expression to the wild type (Fig. 7). 

 

 

Figure 7 – Relative gene expression (RGE) of gsfA gene, at 5 (A) and 7 (B) dpi on 

PDA. WT = wild type P. griseofulvum, ∆ = deletion mutants for gsfR1 and E = 

ectopic strains. The expression is relative to the expression of the β-tubulin gene. 
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3.3 Virulence and griseofulvin production on apples 

To evaluate the effect of griseofulvin on pathogenicity of P. griseofulvum, the 

virulence of three knockout mutants was compared with that of the wild-type strain 

and one ectopic mutant on apples (Fig. 8). ΔgsfA mutants, which were not able to 

produce griseofulvin, showed a slightly reduced virulence (Fig. 8 A). In this assay, 

the inoculation with E-A ectopic mutant, which contains 4 insertions of the T-DNA, 

led to a strong reduction of virulence on apples. However, gsfR2 mutants showed a 

similar virulence compared to the wild-type strain over a period of 14 days after 

inoculation (Fig. 8 B). On the contrary, ∆gsfR1 strains were slightly more virulent 

(Fig. 8 C) compared to the P. griseofulvum parental strain. Nevertheless, the ectopic 

mutant showed an enhanced virulence as well, although it was less virulent than the 

mutant in the first stages of the infections. For this reason, we cannot exclude that 

the enhanced virulence of the mutants was at least partly due to the transformation 

itself. 

To check if there is a relationship between increased virulence and production of 

griseofulvin in situ, the mycotoxin was extracted from apples inoculated with gsfR1 

mutants and quantified. Results showed a significant increased production of 

griseofulvin from knockout mutants at 10 dpi (Fig. 8 D), while at 14 dpi gsfR1 

mutants produced less griseofulvin compared to wild-type strain.  
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Figure 8 - Effect of gene deletions on virulence and griseofulvin production in vivo. 

Lesion diameter caused by the wild-type strain was compared with rot diameter of 

knockout ad ectopic strains for gsfA (A) gsfR2 (B) and gsfR1 (C). Griseofulvin 

production (μg/g of apple) was compared between wild type and ∆gsfR1 strains (D). 

Measurements were taken at 7, 10 and 14 dpi. WT = wild type P. griseofulvum, ∆ = 

deletion mutants and E = ectopic strains. Values followed by the same letter are not 

statistically different by Duncan’s multiple range test (p < 0.05). 
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3.4 Global regulators in griseofulvin biosynthesis 

By using information on the CIS-BP database, the promoters of gsfR1 and gsfA were 

scanned in order to find putative binding sites for global regulators. Eighty-one and 

seventy-five transcription factors were predicted to bind the promoters of gsfR1 and 

gsfA, respectively. Thirteen transcription factors seem to bind only the promoter of 

gsfR1, while 7 are typical of gsfA and 68 were predicted to regulate both genes, 

ensuing a complex scenario (Tab. S2). 

3.5 Carbon and nitrogen have a strong effect on in vitro conidiation and griseofulvin 

production 

Among the different stimuli, the availability of nutritional sources, especially 

nitrogen and carbon, is a key factor for the biosynthesis of many SMs and for the 

growth and differentiation of filamentous fungi. Because of this, it is not surprising 

that we found many putative TFs involved in carbon or nitrogen consumption, which 

could bind the promoter of gsfR1 and gsfA (Tab. S2). 

We focused our attention on the effect of carbon and nitrogen on griseofulvin 

production. To do that, two gsfR1 deletion mutants and one ectopic strain were 

grown for ten days on three different media (PDA, MEA and MPA); one knockout 

mutant for the polyketide synthase gene was also included as control (denoted as 

KO). These three media are characterized by different C/N ratios: PDA is composed 

of potato extract and dextrose and has the highest carbon content, while on MEA 

and MPA, peptone was added, increasing the nitrogen content, which is ten times 

higher on MPA (thanks to the addition of meat extract) compared to MEA (Núñez 

et al., 2000). As expected, carbon and nitrogen showed a huge impact both on 

griseofulvin and conidia production (Fig. 9). 

Conidiation of the wild-type strain was reduced in both media containing peptone, 

with a stronger reduction on MEA (Fig. 9 A), and a significant reduction of 
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griseofulvin production was observed in MPA (23%) compared to PDA or MEA 

(Fig. 9 B).  

Conidiation of the gsfA knockout mutant, lacking the gene encoding the polyketide 

synthase, was similar to that observed for the wild-type strain in the three media 

tested. However, the knockout mutant was not able to produce griseofulvin in any 

condition.  

When focusing on gsfR1 mutants, a more complex scenario was observed. Deletion 

of gsfR1 gene led to a significant reduction of conidia on MEA and PDA compared 

to wild type, ectopic strain and gsfA mutants, suggesting that this gene could play a 

role in the direct or indirect regulation of conidia production. Considering 

griseofulvin production, a significant increase of griseofulvin production was 

observed on PDA (Fig. 4 and 9 B). Instead, on the other two media, richer in 

nitrogen, there was a significantly reduced production compared to wild type. 
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Figure 9 – Effect of carbon and nitrogen on conidiation and on griseofulvin 

production in vitro. Logarithm of conidia per plate (A) and griseofulvin produced 

(B) were measured at 10 dpi in three solid media (PDA, MEA and MPA). Colony 

view on PDA (C), MEA (D) and MPA (E). WT = wild type P. griseofulvum, ∆7, 

∆23 = deletion mutants for gsfR1, E3 = ectopic strain and ∆KO = deletion mutant 

for gsfA. Values followed by the same letter are not statistically different by 

Duncan’s multiple range test (p < 0.05); n.d. = non detectable. 
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4. Discussion 

4.1 Role of transcription factors GsfR1 and GsfR2 in griseofulvin biosynthesis 

The griseofulvin gene cluster previously identified in P. aethiopicum includes two 

genes, gsfR1 and gsfR2, encoding for putative transcription factors. The gsfR2 gene 

in P. griseofulvum was located in a separated genomic region of the biosynthetic 

gene cluster, differently from P. aethiopicum. Previous reports demonstrated the 

mode in which some TFs regulate the expression of a specific gene cluster even 

when they are located outside the cluster itself. This was the case of both fum21 and 

zfr1, that are located inside and outside the gene cluster respectively, and regulate 

fumonisin biosynthesis in Fusarium verticilloides (Brown et al., 2007; Flaherty and 

Woloshuk, 2004). In this work, our aim was to elucidate the role of putative 

transcription factors in griseofulvin biosynthesis by generating deletion mutants. 

Deletion mutants for the gsfA core biosynthetic gene encoding a polyketide synthase 

lacking the ability to produce griseofulvin were obtained and used as control (Chooi 

et al., 2010).  

Our results show that the gsfR1 gene encodes a putative transcription factor not only 

acts on griseofulvin biosynthesis but also plays an essential role as an important 

regulator of P. griseofulvum development and secondary metabolism. GsfR1 seems 

to regulate griseofulvin biosynthesis as a negative regulator of the cluster when 

tested in vitro on PDA medium and on apples. Indeed, the deletion of this regulatory 

gene led to an increase in griseofulvin production under these conditions with a 

higher expression of the gsfA gene in vitro. Conversely, on media supplemented 

with peptone, gsfR1 gene positively regulates the griseofulvin biosynthesis, as all 

mutant strains were able to produce significantly less amount of the compound 

compared to wild type. Similar results were obtained with the mtfA gene encoding 

the TF of aflatoxin in Aspergillus flavus and Aspergillus parasiticus, revealing that 
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the regulatory activity of this class of enzymes is largely dependent on 

environmental conditions (Zhuang et al., 2016).  

A differential regulation of patulin production was also revealed in knockout 

mutants of gsfR1 , which displayed increased patulin production at 5 dpi in vitro. 

This result suggests that gsfR1 could be involved in regulation of other SMs 

produced by P. griseofulvum, demonstrating a multiplicity of downstream pathways 

that are regulated by the same transcription factor.  

A crosstalk between different SM gene clusters has been largely recognized. For 

instance, in Aspergillus nidulans the putative transcription factor encoded by scpR 

controls the expression of inpA and inpB, two genes involved in the biosynthesis of 

a NRP-like compound, and the same TF is also involved in regulation of 

asperfuranone biosynthesis, a polyketide compound (Bergmann et al., 2010). 

The interconnection of signals and responses is also manifested by the complex 

pattern of TFs that can putatively bind the promoters of gsfR1 and gsfA, triggering 

the activation or repression of griseofulvin biosynthesis and regulating at the same 

time other SM gene clusters and many aspects of the biology of P. griseofulvum, 

such as conidiation and virulence. Surprisingly, in the recently released genome of 

griseofulvin-producer Xylaria flabelliformis (Mead et al., 2019) the gene gsfR1 was 

missing, pointing to a possible regulation of griseofulvin biosynthesis independently 

of gsfR1 action. 

Considering the second putative transcription factor of the cluster, the deletion of 

gsfR2 seems to have no effect on growth and SMs production of P. griseofulvum, 

and it is likely that the gene is involved in a different biosynthetic pathway. Indeed, 

the gene gsfK encoding for putative reductase  is located next to gsfR2, and its 

deletion in P. aethiopicum did not affect the production of griseofulvin (Cacho et 

al., 2013). These findings led to the assumption that both gsfK and gsfR2 are 

probably involved in the biosynthesis of another SM. Moreover, in X. flabelliformis 
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(Mead et al., 2019), gsfJ and gsfG genes were missing, suggesting that these two 

genes are not necessary for griseofulvin production. 

Therefore, considering also that the knockout of gsfR2 does not impair griseofulvin 

production, we suggest that the core genes for the biosynthesis of this metabolite are 

only 7 instead of 13. 

4.2 Role of global regulators in griseofulvin biosynthesis 

Secondary metabolism gene clusters are usually regulated by several global 

regulatory proteins in response to many environmental stimuli, such as light, carbon 

and nitrogen levels, pH and redox status, iron concentration and signalling from 

other organisms (Brakhage, 2013; Hoffmeister and Keller, 2007). Many of these 

global regulators are well characterized and their putative binding sites in the 

promoter regions of genes could be detected.  

One of the transcription factors predicted to regulate gsfR1 and not gsfA is 

KXG54396.1, a P. griseofulvum gene similar to mtfA, whose deletion or 

overexpression in A. flavus causes a reduction if aflatoxins production (Zhuang et 

al., 2016). Environmental conditions influence the regulatory activity of the gene in 

A. flavus, where the deletion increases conidiation in vitro and reduces it in vivo 

(Zhuang et al., 2016).  

Other transcription factors putatively binding gsfR1 and not gsfA include NsdD, 

which is necessary for sexual development and represses asexual one (Han et al., 

2001), a quinic acid utilization activator, an homolog of the fluconazole resistance 

protein and stuA, a gene able to regulate cell pattern formation (Miller et al., 1992), 

carbon metabolism, effector expression and the synthesis of penicillin and several 

mycotoxins (IpCho et al., 2010; Sigl et al., 2011; Yang et al., 2018). Another 

transcription factor, KXG45700.1, was similar to LreA, a protein involved in 

conidiation and response to light (Igbalajobi et al., 2019), while KXG46600.1 was 

similar to Res2, necessary for meiosis (Zhu et al., 1997). KXG47124.1 has 60% 
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identity with the transcription factor Msn2 of A. parasiticus, involved in conidiation, 

hyphal growth and on occasionally stress response in several fungi (Liu et al., 2013; 

Song et al., 2018; Tian et al., 2017). KXG48399.1 is homologous to another 

transcription factor flbC related to asexual development, whose knock-out causes 

delayed conidiation in A. nidulans (Kwon et al., 2010). The gsfR1 promoter was 

predicted to be bound also by homologs of PAP1, SebA and NapA, transcription 

factors involved in oxidative stress response (Asano et al., 2007; Dinamarco et al., 

2012; Ikner and Shiozaki, 2005). The presence of the binding sites for this group of 

transcription factors suggest a complex regulation of gsfR1, that is markely 

influenced by sexual and asexual development and environmental conditions. 

The promoter of gsfA had 7 unique binding sites for transcription factor, including 

SreP, a repressor of siderophore biosynthesis in presence of high iron concentrations 

(Haas et al., 1997). Other transcription factors putatively regulating gsfA included 

two regulators of filamentous growth, a transcriptional activator of gluconeogenesis, 

a pathway necessary in A. nidulans for growing with certain carbon sources 

metabolized via Acetyl-CoA (Hynes et al., 2007), and a homolog of gal4, necessary 

in Saccharomyces cerevisiae for growth using galactose or lactose as only carbon 

sources (Riley et al., 1987). These data suggest the possible increase in gsfA 

expression, and therefore griseofulvin production, in the presence of difficult carbon 

sources, but further experiments would be required to check this possibility. 

Several transcription factors binding the promoters of both gsfR1 and gsfA have not 

been characterized yet. However, among them, there were homologs of the well-

known global regulators AreA and CreA, which are respectively a positive and a 

negative transcription factor acting in response to nitrogen or carbon sources (Katz 

et al., 2008; Wilson and Arst, 1998). Moreover, the binding sites of NirA and the 

carbon catabolite repressor MIG1 were also found in the promoters of both genes, 

increasing the possibilities that production of griseofulvin being heavily influenced 

by carbon and nitrogen availability (Burger et al., 1991; Randhawa et al., 2018). 
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Binding sites for genes regulating the utilization of different carbon and nitrogen 

sources are also present. These include: facB, regulating acetate utilization (Todd et 

al., 1998), argR, regulating arginine metabolism (Dubois et al., 1987), nirA, 

regulating nitrate utilization (Burger et al., 1991), amdR, regulating amides, omega 

amino acids and lactams catabolism (Andrianopoulos and Hynes, 1990), and the 

quinic acid utilization activator (Wheeler et al., 1996). Other two transcription 

factors, the cutinase transcription factor 1 beta and SKN7, increase the expression 

of cutinases and the resistance to ROS respectively, suggesting a role of the 

griseofulvin cluster in pathogenesis (Cao et al., 2009), as shown in the pathogenicity 

trials. 

In addition to those indicated above, other identified transcription factors were 

related to sexual and asexual development, heat shock, stress resistance, cellobiose 

response, sulphur catabolism and assimilation, iron homeostasis and adhesion, and 

hyphal growth (Tab. S2). 

Both promoters of gsfR1 and gsfA also contain binding sites similar to those 

recognized by Apa-2 (Chang et al., 1993), strengthening the hypothesis that the 

griseofulvin regulatory system is somewhat similar to the aflatoxins one, regulated 

by MtfA.  

4.3 Global regulation of griseofulvin biosynthesis is triggered by carbon and 

nitrogen 

Nitrogen is a central element for the life of living organisms, and many specific 

regulatory genes are expressed when nitrogen sources such as ammonium, 

glutamate or glutamine are scarce. These genes encode transcription factors that 

repress the utilization of nitrogen sources that are easy to assimilate, in the so-called 

mechanism “Nitrogen Metabolism Repression” (NMR). All these genes are 

responsible for the activation of pathways required for the uptake of alternative 

nitrogen sources (Marzluf, 1997; Tudzynski, 2014). AreA is one of the main 
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enzymes involved in NMR, and putatively regulate griseofulvin gene cluster, acting 

both on gsfR1 and gsfA. Similarly, the global repressor in response to carbon, CreA, 

was found to be putatively involved in the regulation of griseofulvin biosynthesis, 

together with transcription factors that modulate the utilization of different carbon 

sources. 

The effect of carbon and nitrogen sources on growth, conidiation and griseofulvin 

biosynthesis was investigated in vitro on three different media, with different C/N 

ratios. Núñez and collaborators (2000) used MEA and MPA to evaluate the effect 

of carbon and nitrogen on production of verrucosidin, showing that MEA induced a 

higher production of this compound and that the type of growth medium had 

significant influence on mycotoxin production. The wild type strain showed a 

similar pattern of griseofulvin production on PDA and MEA, while in MPA a 

significant reduction was observed. This result is reasonable because carbon is 

essential for building the polyketide structure.  

On the other hand, the deletion of gsfR1 seems to have a differential effect on MEA 

and MPA. In contrast to what observed on PDA plates, the production of 

griseofulvin drops drastically in deletants compared to wild type. The high nitrogen 

concentration in these media likely triggered the NMR, resulting in the activation of 

SM gene clusters. This could explain the higher production of griseofulvin in the 

wild type compared to gsfR1 deletion mutants. This result also indicates that GsfR1 

can regulate griseofulvin biosynthesis both in a positive and negative manner, 

depending on external stimuli. 

4.4 Regulation of griseofulvin biosynthesis and conidiation 

Fungal development and secondary metabolism are deeply connected and many 

examples have demonstrated that some compounds (especially mycotoxins) can be 

secreted at the time of conidiation, while other SM such as linoleic-acid in A. 

nidulans or zearalenone in Fusarium graminearum can induce sporulation, and 
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some of them are required for formation of sexual ad asexual spores and for their 

survival (e.g. pigments) (Calvo et al., 2002). Knockout mutants for gsfR1 produce 

less conidia compared to the parental strain, but this behaviour is not surprising since 

the deletion of regulatory genes is often associated with reduced conidiation, such 

as for deletion of aflR TF for aflatoxin biosynthesis (Wilkinson et al., 2004). The 

reduced conidiation at first was thought to be related to the antifungal properties of 

griseofulvin, which is highly produced on PDA by knockout mutants. From this 

perspective, the role of gsfR1 is to avoid an excessive production of griseofulvin, 

which is known to have an antifungal activity and could have toxic effects on the 

producer. Nevertheless, a strongly reduced production of conidia was observed in 

MEA and MPA, where the mutants exhibited a similar and lower griseofulvin 

production, respectively, compared to production on PDA. Consequently, the 

reduced conidiation of gsfR1 mutants cannot be linked with the antifungal activity 

of griseofulvin, but instead it seems to be the result of both the influence of the 

culture media and the effect of deletion of gsfR1 itself.  

Concerning the culture media, MEA and MPA were supplemented with peptone. 

The malt extract added in MEA provides carbon and nitrogen content, while in MPA 

the meat extract contributes to richness in nitrogen. In previous studies on aflatoxin 

biosynthesis it was shown that simple sugars support fungal growth, sporulation and 

aflatoxin production, unlike complex sugars and peptone, which strongly repress 

aflatoxin production (Calvo et al., 2002; Yao et al., 2018).  

The reduced number of conidia produced by all tested strains in MEA and MPA 

appears therefore to be related to the nutrient composition of these media. Instead, 

the reduced conidiation of knockout mutants in all tested media could be explained 

as a consequence of a direct or indirect positive regulation of conidiation driven by 

gsfR1. In this regard, many TFs have a role in co-regulating spore production and 

mycotoxin formation. MtfA, RtfA, NsdC, RafA and StuA all regulate aflatoxin 

production, conidiation and sclerotia development in A. flavus (Yao et al., 2018). 
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Furthermore, the regulator of patulin biosynthesis was recently proposed to be 

connected with the development of P. expansum, even though the authors suggests 

that this is only a remote possibility that have to be proved (Snini et al., 2016). 

Additionally, gsfR1 is putatively bound by transcription factors involved in asexual 

and sexual development, that strongly supports this model. Further studies are 

needed to investigate the role of gsfR1 in regulation of sporulation or conidiation, in 

addition to already known global transcription factors. 

4.5 Role of griseofulvin on pathogenicity of P. griseofulvum 

Considering that SM are not essential for primary metabolism of fungi, along the 

fact that they confer several advantages to the producer organism, it is reasonable to 

assume that they could have a role in pathogenicity of fungal pathogens. The 

relationship between SMs production and pathogenicity has been extensively 

investigated previously, and several examples linking SMs and mycotoxins with 

pathogenesis are well documented (Macheleidt et al., 2016; Scharf et al., 2014). 

Considering causal agents of blue molds in apples, previous studies have 

investigated the role of patulin in infection and development of of P. expansum, but 

contrasting results emerged. For instance, Ballester et al. (2015) and Li et al. (2015) 

pointed out that patulin produced by fungal pathogens is not essential for apple 

infection, and the deletion of patK, patL, and patN genes involved for patulin 

biosynthesis, did not affect the infection and virulence. Conversely, Barad et al. 

(2013) and Snini et al. (2016) observed a direct correlation with virulence, because 

mutants with reduced production of patulin were less virulent on apples. These 

contrasting results obtained in the same pathosystem can be explained by the use of 

different strains from different countries and by the great quantity variable factors 

involved in in vivo trials such as temperature, pH, cultivar sensitivity and storage 

conditions (Barad et al., 2016b). Among these factors, apple variety plays an 

important role as demonstrated by Snini et al. (2016). Taking into account the 
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previous works reported, patulin could be considered a virulence factor (connected 

to severity of disease), instead of a pathogenicity one (linked to the ability to cause 

the disease), contributing to the establishment of the disease when the pathogen has 

already colonized the fruit (Barad et al., 2016b). Indeed, the addition of patulin 

directly into the wound completely restored the wild-type phenotype in less virulent 

strains (Snini et al., 2016). 

According to results of the current work, griseofulvin may be involved in virulence 

and not pathogenicity. Indeed, the deletion mutants for the gsfA gene are still able 

to induce the disease, even if they are not able to produce griseofulvin, but the 

infected apples exhibit reduced lesions. This supports the idea that griseofulvin 

alone should not be considered a pathogenicity factor but can act to enhance 

virulence. 

ΔgsfR1 mutants were slightly more virulent compared to the wild type, while ∆gsfR2 

strains were comparable to the wild type both in griseofulvin production and in 

pathogenicity. Considering that ∆gsfR2 mutants displayed no differences in 

virulence compared to the wild type, the differences on development of rot diameter 

of knockout mutants for gsfA and gsfR1 genes could be related to griseofulvin 

production. The differences seen in the development of rot diameter on apples by 

∆gsfA and ∆gsfR1 mutants could suggest a role of griseofulvin production in 

virulence of P. griseofulvum. Nevertheless, the ectopic strain showed increased 

virulence compared to the wild type and therefore further studies are necessary to 

understand the molecular mechanism/s underlying this increased production. 

Concerning the griseofulvin produced in vivo by ∆gsfR1 mutants a higher 

production was observed at 10 dpi (similarly to what observed on PDA plates) and 

a lower production at 14 dpi (similarly to what observed on MEA and MPA plates). 

In establishing the interaction with the host, P. griseofulvum would activate a series 

of well characterized responses, such as biosynthesis of gluconic acid and 

ammonium depletion, in order to improve the acidification of apples and the 
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biosynthesis of polygalacturonases responsible for cell wall degradation of fruits 

(Barad et al., 2016a; Prusky et al., 2004). Reduced nitrogen availability in the site 

of infection, together with high availability of simple sugars, can trigger the 

activation of SM gene clusters, including griseofulvin, which is also enhanced in 

presence of ROS and cutinases according to the findings of our work. This 

hypothesis is supported by the fact that gsfR1 mutants produced less griseofulvin 

compared to wild type after 14 days, so it is reasonable to assume that positive 

regulation of griseofulvin biosynthesis is activated at this point. Moreover, if GsfR1 

acts as a negative regulator, it is reasonable to observe an earlier production of 

griseofulvin in the ∆gsfR1 knockout mutants, as it was found in infected apples by 

day 10, when the production of griseofulvin was higher in the knockout mutants. To 

our knowledge, the current work presents the first attempt to investigate the role of 

griseofulvin in virulence of P. griseofulvum and further investigation is necessary 

to further prove its involvement. 

5. Conclusions 

This work led to a better understanding of the complex regulation of griseofulvin 

biosynthesis. The role of putative transcription factors was also investigated. Based 

on our results, gsfR2 is not involved in the biosynthesis pathway and it is probably 

part of another gene cluster. The putative reductase gsfK, while gsfG and gsfJ are 

putatively not essential for griseofulvin biosynthesis due to their absence in the 

genome of the producer species X. flabelliformis. Therefore, the griseofulvin gene 

cluster should be considered as composed of 7 genes, instead of 13, as previously 

described.  

The gene gsfR1, on the other hand, is involved in griseofulvin biosynthesis, acting 

as a negative regulator of the cluster on PDA and on apples. However, in different 

culture conditions, characterized by nitrogen and complex sugars richness, gsfR1 

could act as a positive regulator of griseofulvin biosynthesis. These findings suggest 
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that gsfR1 can trigger different responses depending on external stimuli, especially 

nitrogen and carbon availability. The deletion of gsfR1 has a significant impact on 

many aspects of P. griseofulvum, ranging from secondary metabolism to virulence 

and conidiation. It is remarkable to notice that gsfR1 seems to be involved in the 

regulation of patulin biosynthesis, which P. griseofulvum can produce in high 

amounts on apples. This finding could lead to new strategies to limit the production 

of patulin on apples. 

Concerning pathogenicity of P. griseofulvum, the deletion mutants for gsfA were 

less virulent than the wild-type strain, while the deletion mutants for gsfR1 were 

slightly more virulent in vivo suggesting a direct role of griseofulvin on virulence of 

P. griseofulvum. Until now, this is the first study on the role of griseofulvin in 

pathogenicity, and further investigations are needed to confirm this data and to 

highlight the mechanisms of action involved. 

gsfr1 is also involved in the asexual reproduction of P. griseofulvum, as reduced 

conidiation was observed compared to the wild type in all in vitro conditions tested. 

In conclusion, gsfR1 represents a good example of how the regulation of SM 

biosynthesis and fungal development can be complex and extremely interconnected. 
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Supplementary material 

 

 

Figure S1 – PCR analysis of gsfA mutants. Schematic presentation of the gsfA locus in the 

wild type and deletion mutants, primers used are presented as arrows (A). Amplification of 

hygromycin resistance cassette (HygR) and gsfA gene (B); confirmation of orientation of 

inserted T-DNA (C); copies number of T-DNA inserted in P. griseofulvum (D), determined 

by qPCR on gDNA using primers 5F/6R and β-tubulin gene as reference gene. M= GelPilot 

Wide Range Ladder, WT = wild type P. griseofulvum, ∆ = deletion mutants for gsfA and E 

= ectopic strains, Neg. = negative control (PCR mix without DNA).  
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Figure S2 – Effect of gsfA deletion on P. griseofulvum. Colony diameter (A) and 

griseofulvin production (B) from 3 to 7 dpi. Plate view (front C and reverse D) at 7 dpi on 

PDA. WT = wild type P. griseofulvum, ∆ = deletion mutants for gsfA and E = ectopic strains, 

n.d. = non detectable. 
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Table S1 – List of primers used in this work. 

 

Name Primer sequence (5’→3’) Description 

Construction and analysis of knockout mutants 

O1- gsfR1 GGTCTTAAUGTCGGCATCGGACGAATTATAG Insertion of gsfR1 promoter in pRFHU2. Tail for USER 

reaction in red. O2- gsfR1 GGCATTAAUCATCTTTCTGAGGAGGGAGAGA 

A3- gsfR1 GGACTTAAUGCGCGAAACGGTATTTCTAT Insertion of gsfR1 terminator in pRFHU2. Tail for USER 

reaction in red. A4- gsfR1 GGGTTTAAUGTGTGAGCGTGAATGGTAATG 

O1- gsfR2 GGTCTTAAUTCGGTGTCCACGTTTCTATTC Insertion of gsfR2 promoter in pRFHU2. Tail for USER 

reaction in red. O2- gsfR2 GGCATTAAUTTGCTTGCCACGGTTATCT 

A3- gsfR2 GGACTTAAUGACGAGCCAGTTCTCCTAATG Insertion of gsfR2 terminator in pRFHU2. Tail for USER 

reaction in red. A4- gsfR2 GGGTTTAAUCTCCTTGCCCGATGTCTTATC 

O1- gsfA GGTCTTAAUGCACACCTGAGCAAGATCAA Insertion of gsfA promoter in pRFHU2. Tail for USER 

reaction in red. O2- gsfA GGCATTAAUTATTGCAGCTGCCGAGAGTA 

A3- gsfA GGACTTAAUGGTCAATTCGGCGCACTTAA Insertion of gsfA terminator in pRFHU2. Tail for USER 

reaction in red. A4-gsfA GGGTTTAAUTCGAGAGGGCAAGAATGTGT 

RF2 TCTCCTTGCATGCACCATTCCTTG 
Confirmation of terminator fusion into pRFHU2 plasmid 

RF5 GTTTGCAGGGCCATAGAC 

RF1 AAATTTTGTGCTCACCGCCTGGAC 
Confirmation of promoter fusion into pRFHU2 plasmid 

RF6 ACGCCAGGGTTTTCCCAGTC 

1F-gsfR1 CCCAACATGAGTGAAAGCATAAC 
Confirmation of orientation of inserted T-DNA. Upstream 

region of gsfR1 

1F-gsfR2 TCGCACCAGAGCAAACATAC 
Confirmation of orientation of inserted T-DNA. Upstream 

region of gsfR2 

1F-gsfA TGATAGAGCATTCGCGGTCC 
Confirmation of orientation of inserted T-DNA. Upstream 

region of gsfA 
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HPH1F ACGAGGTCGCCAACATCTTCTTCT 

Confirmation of orientation of inserted T-DNA. 

Hygromycin cassette. 

 

2R-gsfR1 AGTGCAGTCGGTCAACAATAC 
Confirmation of orientation of inserted T-DNA. 

Downstream region of gsfR1 

2R-gsfR2 GCTAGACGATGCGACACTACTA 
Confirmation of orientation of inserted T-DNA. 

Downstream region of gsfR2 

2R-gsfA TTGGGAAACTCGTCGACCTG 
Confirmation of orientation of inserted T-DNA. 

Downstream region of gsfA 

HPHPRO4 GCACCAAGCAGCAGATGATA 
Confirmation of orientation of inserted T-DNA. 

Hygromycin cassette. 

HMBF1 CTGTCGAGAAGTTTCTGATCG 
Amplification of hygromycin resistance cassette 

HMBR1 CTGATAGAGTTGGTCAAGACC 

R1-F CTTGCGGGTCTCGAAGTAAA 
Amplification of gsfR1 gene 

R1-R CCGTCATCCGAATGTCTATCTG 

R2-F TGCGAATACAACGGCCGATA 
Amplification of gsfR2 gene 

R2-R CATGAGAACCTCACGGAGAAA 

A-F GCTTTGGTTTGGTTGTCGAT 
Amplification of gsfA gene 

A-R CATCCCCTGGATCTTTCTCA 

Determination of number of integration and qPCR 

5F-gsfR1 GGATCTATCCATGTCGGAACAC Determine number of integrations of T-DNA in gsfR1 

mutants and calculate relative expression of gsfR1 

6R-gsfR1 CCTCACAGCCTGTTTGGTTA 

5F-gsfR2 GAAGCCGGATGATTTAGAGGAG Determine number of integrations of T-DNA in gsfR2 

mutants 6R-gsfR2 CATGAGAACCTCACGGAGAAA 
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5F-gsfA TGCTAGAGTGCGTGACAGT Determine number of integrations of T-DNA in gsfA 

mutants 6R-gsfA AGGACGCTCTCAAAAGGTGG 

PeHis3_F2 TCTCCGCTTCCAGTCCTCTG Amplification of histone H3 to determine number of 

integrations of T-DNA in gsfR1 and gsfR2 mutants 

PeHis3_R2 TTGGTGTCCTCGAAGAGAGAGAC 

Pgr_tub_1F CGAGTTGACCCAGCAGATGT Amplification of β-tubuline to determine number of 

integrations of T-DNA in gsfA mutants and to calculate 

relative expression of gsfR1 and gsfA. 

Pgr_tub_2R GTCTGGACGTTGTTGGGGAT 

gsfA-F AAAAGACGGACAGTGACAGC 
Calculate relative expression of gsfA. 

gsfA-R TATCCGCGATTTCACACTCG 
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Table S2 – Transcription factors putatively binding the promoter of gsfR1 and gsfA. It is reported the name of homolog and the regulated 

processes in other organisms with references when available. 

 

Protein Homolog Regulated processes Reference 

Transcription factors binding only the promoter of gsfR1 

KXG45700.1 LreA Conidiation, response to light (Igbalajobi et al., 2019) 

KXG46329.1 Fluconazole resistance protein resistance to fluconazole  

KXG46595.1 NsdD 
activation of sexual 

development 
(Han et al., 2001) 

KXG46600.1 res2 Meiosis (Zhu et al., 1997) 

KXG47124.1 Msn2 
Conidiation, hyphal growth and 

stress response 

(Liu et al., 2013; Song 

et al., 2018; Tian et al., 

2017) 

KXG47905.1 quinic acid utilization activator Quinic acid utilization (Wheeler et al., 1996) 

KXG48399.1 FlbC conidiation (Kwon et al., 2010) 

KXG48752.1 Fluconazole resistance protein 3 Fluconazole resistance  

KXG48995.1 hypothetical protein   

KXG49526.1 Transcription factor PAP1   

KXG53661.1 Transcription factor   

KXG54396.1 MtfA (ID 50%) 
regulation of aflatoxin 

production 
(Zhuang et al., 2016) 

KXG54691.1 StuA 
Regulation of cell pattern 

formation 
(Miller et al., 1992) 

Transcription factors binding only the promoter of gsfA 

KXG46092.1 gal4 
Using galactose or lactose as 

only carbon sources 
(Riley et al., 1987) 

KXG47012.1 Hypothetical protein   
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KXG47549.1 SREP 

repressor of siderophore 

biosynthesis in presence of high 

iron concentrations 

(Haas et al., 1997) 

KXG47976.1 
Zinc finger, C2H2-type/integrase, DNA-

binding 
  

KXG51025.1 transcriptional activator of gluconeogenesis 
transcriptional activator of 

gluconeogenesis 
(Hynes et al., 2007) 

KXG51359.1 Filamentous growth regulator Filamentous growth  

KXG52025.1 Achaete-scute transcription factor related   

Transcription factors putatively binding the promoters of gsfR1 and gsfA 

KXG45164.1 
Basic-leucine zipper (bZIP) transcription 

factor 
  

KXG45306.1 Zinc finger, C2H2   

KXG45454.1 Transcription factor   

KXG45545.1 Hypothetical protein   

KXG46064.1 RlmA 
response to cell wall stress, 

asexual development 

(Damveld et al., 2005; 

Kovács et al., 2013) 

KXG46347.1 RosA represses sexual development (Vienken et al., 2005) 

KXG46776.1 Homeodomain-like   

KXG46828.1 Quinic acid utilization activator Quinic acid utilization (Wheeler et al., 1996) 

KXG46909.1 Non-histone chromosomal protein 6   

KXG46994.1 Aflatoxin biosynthesis regulatory protein  (Chang et al., 1993) 

KXG47056.1 High mobility group, HMG-I/HMG-Y   

KXG47172.1 
Winged helix-turn-helix transcription 

repressor 
  

KXG47315.1 Protein of unknown function DUF3468   

KXG47412.1 NirA Nitrate induction (Burger et al., 1991) 

KXG47486.1 Tbf1 
Coordinated ribosomal protein 

(RP) gene expression 
(Hogues et al., 2008) 
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KXG47556.1 Protein of unknown function DUF3468   

KXG47599.1 CRZ1 Calcineurin pathway (Cramer et al., 2008) 

KXG47656.1 C6 transcription factor   

KXG47688.1 ARO80 
catabolism of aromatic amino 

acids 
(Lee et al., 2013) 

KXG47847.1 AmdA acetate induction (Lints et al., 1995) 

KXG47936.1 Hypothetical protein   

KXG47959.1 Hypothetical protein (RfeB)   

KXG48139.1 PrnA   

KXG48212.1 Homeodomain-like   

KXG48341.1 Activator of stress genes   

KXG48355.1 GATA transcription factor nreB   

KXG48533.1 Putative transcription factor kapC   

KXG48617.1 Protein of unknown function DUF3468   

KXG48682.1 Biofilm and cell wall regulator 1 Biofilm and cell wall 
(Nobile and Mitchell, 

2005) 

KXG48765.1 Homeodomain   

KXG48781.1 Activator of stress genes 1 stress response  

KXG48784.1 Hypothetical protein   

KXG48884.1 AtfA Spore germination (Wolfers et al., 2015) 

KXG48955.1 Hypothetical protein   

KXG48983.1 TATA-box binding protein   

KXG49138.1 Hypothetical protein   

KXG49157.1 facB 
Regulation of genes involved in 

acetate utilization 
(Todd et al., 1998) 

KXG49345.1 acu-15 
Positive regulator of acetate 

induction 
(Bibbins et al., 2002) 

KXG50499.1 carbon catabolite repressor   
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KXG50601.1 Hypothetical protein (Sfp1)   

KXG50650.1 ARO80 
catabolism of aromatic amino 

acids 
(Lee et al., 2013) 

KXG50787.1 transcription factor Prf   

KXG50810.1 HMG box protein   

KXG50911.1 Hypothetical protein   

KXG51030.1 cef1 
pre-mRNA splicing and cell 

cycle control 
(Kellner et al., 2014) 

KXG51076.1 C6 transcription factor   

KXG51406.1 cellobiose response regulator 2 cellobiose response  

KXG51472.1 Heat shock factor (HSF)-type Heat response  

KXG51622.1 Fungal transcriptional regulatory protein   

KXG51830.1 Hypothetical protein   

KXG52055.1 
CCAAT-binding transcription factor, subunit 

B 
  

KXG52059.1 bZIP transcription factor FlbB   

KXG52166.1 C6 transcription factor   

KXG52228.1 Zinc finger, C2H2-like   

KXG52264.1 
Basic-leucine zipper (bZIP) transcription 

factor 
  

KXG52366.1 Forkhead transcription factor (Sep1)   

KXG52406.1 Hypothetical protein   

KXG52464.1 
DNA damage and replication checkpoint 

protein Rfx1 
  

KXG52761.1 Respiration factor   

KXG52955.1 Hypothetical protein   

KXG53008.1 stress response transcription factor rrA/Skn7 response to oxidative stress (Cao et al., 2009) 

KXG53655.1 Acetamidase regulatory protein 
catabolism of certain amides, 

omega amino acids and lactams 

(Andrianopoulos and 

Hynes, 1990) 
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KXG53834.1 Homeodomain-like   

KXG53935.1 Cutinase transcription factor 1 beta   

KXG54406.1 MCM1 

Induces mating, growth rate, 

pathogenesis and appressorium 

formation 

(Zhou et al., 2011) 

KXG54419.1 AreA nitrogen response (Katz et al., 2008) 

KXG54528.1 Zinc finger, C2H2-like   

KXG54658.1 Transcription factor   
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Chapter 3 

Elucidation of verrucosidin biosynthesis in Penicillium polonicum 

through CRISPR-Cas9 
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Abstract 

Penicillium polonicum produces a neurotoxin called verrucosidin. This methylated 

α-pyrone polyketide inhibits the oxidative phosphorylation in mitochondria and 

thereby causing neurological diseases. Despite the importance of verrucosidin as a 

toxin, its biosynthetic genes have not been characterized yet. Here, by using 

bioinformatic methods we screened the P. polonicum genome for presence of 

biosynthetic gene clusters.  Sixteen putative clusters for the biosynthesis of α-pyrone 

polyketides were identified based on similarity analysis with polyketide synthase 

for the biosynthesis of aurovertin (AurA) and citreoviridin (CtvA). Two clusters 

were further selected based on the putative function of genes in the clusters. These 

two clusters were transcribed in Penicillium spp. able to produce verrucosidin in 

vitro, as seen through RT-qPCR. 

To prove the importance of the analysed genes for the verrucosidin gene cluster, we 

applied the clustered regularly interspaced short palindrome repeats (CRISPR) 

technology to P. polonicum. CRISPR-Cas9 reconstituted  in vitro was used to induce 

target gene deletions in P. polonicum.  This deletion approach allowed to identify 

and characterize the verrucosidin gene cluster. Deletion mutants for the PKS 

encoded by verA were no longer able to produce verrucosidin in vitro, while they 

displayed morphological characteristic comparable with the wild-type strain. Other 

identified BGCs are putatively involved in the biosynthesis of related α-pyrone 

polyketides and are therefore a valuable source of novel compounds. 

 

Keywords 

Secondary metabolites, Penicillium, mycotoxins, CRISPR/Cas, alpha-pyrone 

polyketides 
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1. Introduction 

Penicillium polonicum is a ubiquitous fungus, found as contaminant of food 

matrices, such as meat (Sunesen and Stahnke, 2003; Wigmann et al., 2018), nuts 

(Prencipe et al., 2018b) and fresh fruits such as berries and strawberries (Jensen et 

al., 2013; Santini et al., 2014), or as saprophyte in diverse environments (Sonjak et 

al., 2006). P. polonicum is able to produce a variety of secondary metabolites (SMs). 

When they exhibit toxic effects on animals and humans they are called mycotoxins. 

The most characteristic compounds produced by P. polonicum are penicillic acid, 

verrucosidin, aspterric acid, verrucofortine, cyclopenins and nephrotoxic 

glycopeptides (Frisvad et al., 2004). Among them is verrucosidin, a neurotoxic 

compound initially isolated from Penicillium verrucosum var. cyclopium, and later 

from other Penicillium species (Burka et al., 1983; Frisvad et al., 2004).  

From a chemical point of view, verrucosidin is a highly reduced polyketide, 

composed of a methylated α-pyrone, a polyene linker and an epoxidated 

tetrahydrofuran ring. Many others polyketides sharing the α-pyrone structure, such 

as citreoviridin and aurovertins have been extensively studied because of their 

ability to inhibit mitochondrial oxidative phosphorylation by binding the F1-

ATPase β-subunit, resulting in cytotoxicity and potentially antitumor activity (Li et 

al., 2018). 

Verrucosidin acts on the central nervous system, causing neurological diseases. 

These effects were previously found in cattle and experimentally confirmed in mice 

(Fink-Gremmels et al., 1991; Hodge et al., 1988). Verrucosidin is also considered 

the most cytotoxic and genotoxic compound compared to other tremorgenic 

mycotoxins (Núñez et al., 2000; Sabater-Vilar et al., 2003). Based on its 

cytotoxicity, verrucosidin has been studied for its effect against cancer cells (Park 

et al., 2007; Thomas et al., 2013), making this compound interesting for medical 

purposes. Despite the importance of this metabolite to human health and its potential 

benefit in medicine, only few studies have been conducted to elucidate its 
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biosynthesis. Nuñez and co-workers (2000) determined favourable growth 

conditions of P. polonicum for verrucosidin production, while Aranda et al. (2002) 

screened verrucosidin-producer strains to develop a molecular probe to identify 

mycotoxigenic fungi present in foodstuff, that was further used by Rodriguez et al. 

(2012) to design a TaqMan probe. Because the biosynthesis of structurally related 

α-pyrones polyenes such as citreoviridin, aurovertins and aspernidgulenes has been 

elucidated (Li et al., 2018; Lin et al., 2016, 2019), this information could form the 

basis to identify genes responsible for verrucosidin biosynthesis. 

The availability of bioinformatic tools and sequenced fungal genomes (Nielsen and 

Nielsen, 2017; Weber and Kim, 2016) opened the possibility to identify biosynthetic 

genes based on similarity. Moreover, central biosynthetic genes like polyketide 

synthases and non-ribosomal peptide synthetases are often associated with other 

genes encoding tailoring enzymes which are required for the modification of the 

carbon structure, or genes encoding transporter, transcription factors and resistance 

proteins. Such gene clusters are named BGCs (Brakhage, 2013; Keller, 2019). Many 

of the BGCs found in the genomes are “silent” because they are not actively 

transcribed under laboratory conditions and are considered as a source of novel 

compounds (Bergmann et al., 2007). The deletion of member genes of BGCs is 

usually the main strategy to assign a gene cluster to a compound.  

Among the techniques that have been used for deletion of genes, clustered regularly 

interspaced short palindrome repeats (CRISPR) technology is currently considered 

the most promising tool, especially for editing genomes of filamentous fungi (Deng 

et al., 2017; Krappmann, 2017; Song et al., 2019; Tong et al., 2019; Wang and 

Coleman, 2019; Weber et al., 2017). This system is derived from the prokaryotic 

immune system and it is based on the endonuclease Cas9. Cas9, when associated 

with small sequences of RNA called crRNA (CRISPR-RNA) and tracrRNA (Trans-

activating crRNA), recognizes sequences called protospacers in the genome, 

adjacent to a conserved motif (Protospacer Associated Motif or PAM). Cas9 then 
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cuts the double strand of DNA (Tong et al., 2019). The most pronounced advantages 

of the CRISPR-Cas9 technology are the possibility of marker-free genome editing 

and its high efficiency in generating mutations at specific sites in the genome. For 

these reasons, CRISPR-Cas9 based genome editing became the method of choice in 

genome studies including filamentous fungi (Fang and Tyler, 2016; Krappmann, 

2017; Nagy et al., 2017; Nielsen et al., 2017; Nødvig et al., 2015; Pohl et al., 2016; 

Weber et al., 2017). 

Here, BGCs involved in the biosynthesis of α-pyrone polyketides in P. polonicum 

were identified and the expression of some of the identified PKS genes in 

Penicillium spp. in culture conditions promoting verrucosidin production was 

verified. Furthermore, a CRISPR-Cas9 method for P. polonicum was established 

and used to characterize the putative verrucosidin BGCs. 

2. Materials and Methods 

2.1 Fungal strains  

P. polonicum strain X6 and P. crustosum strain CAL64 were isolated from chestnut 

production chain (Prencipe et al., 2018b). P. aurantiogriseum CBS 112021 was 

obtained from Westerdijk Fungal Biodiversity Institute. The strains were grown on 

Potato Dextrose Agar plates (PDA, Merck KGaA, Darmstadt, Germany) with 50 

μg/mL streptomycin (Merck) in the dark at 25 °C for 7-10 days. P. polonicum 

mutants obtained were grown on PDA supplemented with 100 μg/mL of 

hygromycin B (ThermoFischer Scientific, Waltham, MA USA) in the same 

conditions. All the strains were maintained in glycerol stock at -80 °C.  

2.2 Growth of Penicillium spp. in vitro  

Conidial suspensions were obtained by adding 5 mL of sterile water with 0.01 % 

(w/v) Tween-20 and gently scraping the surface of fungal cultures grown on Petri 
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plates. The final conidia concentration was measured using haemocytometer and 

adjusted by dilution to different concentrations depending on each assay.  

To evaluate verrucosidin production in vitro, 1 mL of conidial suspension (108 

conidia/mL) was inoculated in 30 mL of Malt Extract broth (MEA broth, 2% malt 

extract, 2% glucose, 0,1% peptone) and in 30 mL Czapek yeast extract broth (CYA 

broth, 0.5% yeast extract, 3.5% Czapek broth). Flasks were kept at 26 °C for 10 

days, 55% RH with 12 hours of light and 12 of dark. After 10 days of incubation, 

the fungal mycelium was separated from the liquid media through double layer of 

sterile gauze and half of the mycelium was immediately frozen in liquid nitrogen, 

stored at -80 °C and used for RNA extraction. The remaining fungal tissue was used 

for verrucosidin extraction. 

2.3 Bioinformatic analyses 

The primers VerF1 and VerR1, together with the TaqMan probe related to 

verrucosidin production (Rodríguez et al., 2012), were identified in the genome of 

P. polonicum strain IBT 4502 (GCA_002072265.1) by NCBI BLAST (Madden, 

2013). To identify BGCs in the genomes of P. polonicum strain IBT4502 and P. 

polonicum strain hy4 (GCA_003344595.1), antiSMASH (Weber et al., 2015) was 

used and only clusters containing a putative polyketide synthase similar to both 

CtvA protein (Q0C9L7.1) and AurA (A0A0M4L8I7.1) were further considered 

(query coverage ≥ 50 % and evalue > e-5). All genes found to be highly similar to 

the putative polyketide synthase genes were considered as part of the gene cluster 

while proteins with unknown function encoded by genes found far away from the 

core gene were omitted. The genes showing 70 % query coverage and identity with 

differentially expressed genes (DEG) of the study reported by Kim and collaborators 

(2016) were also reported. The proteins in these clusters were additionally blasted 

against P. expansum (ALJY00000000.1), and P. crustosum (GCA_902712905), to 

verify their presence in the genome of these Penicillium spp.. BLAST using Non 
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Redundant database and Interproscan (Quevillon et al., 2005) were used to find 

functional domains and predict a putative function.  

2.4 DNA extraction and PCRs 

Fungal DNA was extracted from mycelium using E.Z.N.A.® Fungal DNA Mini Kit 

(Omega Bio-tek, Norcross, GA, USA) with brief modifications. The mycelium was 

lysed by adding the required amount of lysis buffer, two tungsten beads and by using 

TissueLyser II (Qiagen, Hilden, Germany) at 20.00 Hz speed for 20 min. DNA 

concentration and purity were checked by spectrophotometer (Nanodrop 2000, 

Thermo Scientific, Wilmington, USA). 

To amplify gDNA of Penicillium spp., Taq DNA Polymerase (Qiagen, Hilden, 

Germany) was used with PCR mixture containing 1X PCR buffer, 0.2 mM dNTPs, 

0.4 µM of each primer, 0.5 U of polymerase and 10 ng of gDNA. PCR parameters 

to amplify fragments between 100-400 bp were: initial denaturation step at 95 °C 

for 3 min, 35 cycles of denaturation (30 s at 95 °C), primer annealing (30 s at 58 °C) 

and elongation (30 s at 72 °C), final elongation (5 min at 72 °C). PCR parameters to 

amplify fragments between 2-3 kbp were: initial denaturation step at 95 °C for 5 

min, 35 cycles of denaturation (30 s at 95 °C), primer annealing (45 s at 65 °C) and 

elongation (3 min at 72 °C), final elongation (5 min at 72 °C).  

To amplify DNA repair template from plasmid pUChph1 (Liebmann et al., 2004), 

the Phusion Flash High-Fidelity PCR Master Mix (Thermo Scientific, Germany) 

was used according to the manufacturer's instructions. PCR parameters were: initial 

denaturation step at 98 °C for 10 s, 30 cycles of denaturation (10 s at 98 °C), primer 

annealing (30 s at 60 °C) and elongation (20 s at 72 °C), final elongation (1 min at 

72 °C). The amplified PCR product was loaded onto an agarose gel, cut out and 

extracted using Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA, 

USA), according to the manufacturer’s instruction. All primer sequences used in the 

PCR are listed in Tab. S1. 
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2.5 RNA extraction and RT-qPCRs 

RNA was extracted from 100 mg of fungal mycelium using Spectrum Plant Total 

RNA (Sigma-Aldrich, St. Louis, MO, USA), essentially following the 

manufacturer’s instructions. Mycelium was placed in 2-mL tube with two tungsten 

beads and tubes were immersed in liquid nitrogen for 1 min. Then samples were 

immediately lysed using TissueLyser II at 20.00 Hz for 1 min.  

DNase treatment was performed using TURBO DNA-free™ Kit (Thermo Fischer 

Scientific). The samples were diluted 1:2 in a final volume of 50 μL and  rigorous 

DNase treatment followed. To verify the efficiency of the DNase treatment, a PCR 

was performed using ITS1 and ITS4 universal primers to verify the absence of 

fungal DNA. The cycling conditions of the PCR were 3 min at 94 °C, followed by 

40 cycles of 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C and 5 min at 72 °C.  

First-strand cDNA was synthesised with High Capacity cDNA Reverse 

Transcription Kit (Thermo Fischer Scientific) using 1 μg of total RNA.  

RT-qPCR was performed with StepOne™ and StepOnePlus™ Real-Time PCR 

System with Power SYBR™ Green PCR Master Mix (ThermoFischer Scientific); 

cycling conditions were 5 min at 95 °C, followed by 45 cycles of 10 s at 95 °C, 30 

s at 58 °C and 30 s at 72 °C. In order to determine relative gene expression (RGE) 

the 2∆∆cq method (Pfaffl, 2001) was used using cDNA of samples and comparing the 

amplification of β-tubulin gene, with the amplification of the target genes. P. 

aurantiogriseum was used as wild-type strain. All primer sequences used in RT-

qPCR reactions are listed in Tab. S1. 

2.6 Verrucosidin extraction  

Verrucosidin produced in vitro was extracted from approximately 0.5 g of fungal 

mycelium. The mycelium was placed in 2 ml tubes and 1.5 mL of 

MeOH:chloroform (1:2, v/v) was added to the samples that was then subjected to 

ultrasounds for 30 min. After centrifugation at 5,500 rpm for 5 min, the liquid phase 
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was transferred into a new tube. The mycelium pellet was subjected again to two 

further extractions: the first with ethyl acetate and the second with isopropanol. The 

extracts were combined and concentrated at 45 °C (Eppendorf concentrator 5301). 

The dry extracts were then resuspended in 500 μL of H2O: acetonitrile (1:1, v/v) and 

transferred into a HPLC vial for HPLC-MS/MS analysis. 

2.7 Chemical analyses 

The HPLC-MS/MS system consisted of a binary pump and a vacuum degasser 

(1260 Agilent Technologies, Santa Clara, CA, USA) connected to a Varian auto-

sampler Model 410 Prostar (Hansen Way, CA, USA), equipped with a 20 μL loop 

and coupled with a Varian 310-MS TQ Mass Spectrometer. Ten microliters of each 

extract were analysed using a Pursuit XRs ULTRA 2.8 μm C18 (100x2 mm, Varian) 

column and a binary mixture as a mobile phase: solvent A and B were composed of 

40% of 0.05% formic acid and 60% of acetonitrile, respectively. The isocratic mode 

was used at flow rate of 0.2 mL/min for 5 min. Since the verrucosidin standard is 

not commercially available, only a qualitative analysis could be performed. 

Verrucosidin qualitative analysis was performed using a mass spectrometer 

equipped with an electrospray ionization (ESI) source operating in positive ion 

mode and while Product Ion Scan (PS) mode was used for triploquadrupole: m/z 

417→100-427. The collision gas (Ar) pressure was set at 2 mbar. 

To characterize the metabolic profile of wild-type and knockout strains, samples 

were analysed using the same HPLC-MS/MS system. The LC was equipped with a 

C18 analytical column (Luna 3 μm, 150 x 2 mm, 100Å, Phenomenex, Torrance, CA, 

USA) and the chromatographic separation was achieved by gradient conditions for 

45 min at a flow rate of 300 µl/min. Solvent A was water and solvent B was 

acetonitrile both containing 0.1% formic acid. The gradient was programmed as 

follows: 0–3 min isocratic 5% B, followed by a linear gradient to 100% B, ending 

at 40 min and from 40 to 45 min isocratic 100% B. Full-scan mass spectra were 
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acquired in the positive-ion mode over the m/z range from 100 to 700 using the TQ 

mass analyser. 

2.8. Protoplasts preparation and CRISPR-Cas9 procedure 

Protocols used to obtain protoplasts from Aspergillus fumigatus (Weidner et al., 

1998), Ophiostoma piceae (Wang et al., 1999), P. nalgiovense (Fierro et al., 2004), 

P. paxilli (McMillan et al., 2003; Young et al., 1998), P. chrysogenum (Pohl et al., 

2016), P. crustosum and P. janthinellium (Nicholson et al., 2015) were used as the 

basis to design a protocol for protoplast preparation of P. polonicum. Fungal 

mycelium was obtained by inoculating 2 mL of conidial suspension (1.25 x 108 

conidia/mL) in 50 mL of YGG (8 g/L KCl, 16 g/L glucose, 6.6 g/L yeast nitrogen 

base, 1.5 g/L citric acid, 6 g/L KH2PO4, 2 g/L yeast extract). Flasks were shaken in 

a rotary shaker (180 rpm) at 26 °C for 20 h. Fungal mycelium was filtered through 

Miracloth (Merck) and washed with MgSO4 0.6 M. A pre-treatment was conducted 

mixing 5 g of mycelium in 50 mL tubes with 5 mM Na2EDTA and 25 mM 2-

mercaptoethanol; tubes were kept in horizontal position in a rotary shaker (80 rpm) 

at 30 °C for 20 min. Fungal mycelium was washed with 0.6 M MgSO4 and then 

digested with 2 g of Vinotaste®Pro (Lamothe-Abiet, Canéjan, FR) and 0.1 g of 

Lysing Enzymes from Trichoderma harzianum (Sigma-Aldrich) suspended in 15 

mL of Osmo Solution (1.2 M MgSO4, 10 mM sodium phosphate buffer). The lytic 

solution was kept at 30 °C, 80 rpm. Every 30 minutes the mycellium-lysis solution 

was mixed using a serological pipette and visually checked under microscope; about 

3-4 hours were necessary to digest the cell wall and obtain protoplasts. The 

suspension was filtered through Miracloth in order to separate and remove 

undigested mycelia. Protoplasts were then recovered using Trapping Buffer (0.6 M 

sorbitol, 0.1 M Tris-HCl pH 7) and by centrifuging for 25 min. The intermediate 

layer was separate and washed twice with STC Buffer (2.4 M sorbitol, 10 mM 

CaCl2, 10 mM Tris-HCl pH 7.5). All centrifugation steps were performed at 3,000 
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x g at 4 °C. Finally, protoplasts were resuspended in 1 mL of STC Buffer and kept 

on ice until transformation with PEG. 

CRISPR RNAs were designed using Alt-R Custom Cas9 crRNA Design Tool 

(https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM) and are 

listed in Tab. S1. The off-target analysis was performed using Blast. Alt-R® 

CRISPR-Cas9 crRNA, Alt-R® CRISPR-Cas9 tracrRNAand Alt-R® S.p. Cas9 

nuclease V3 was purchased from IDT (Integrated DNA Technologies, Inc., 

Coralville, IA, USA) and was combined to obtain ribonucleoprotein (RNP) complex 

according to the manufacturer’s instructions. Briefly, crRNA (2 nM) and tracrRNA 

(2 nM) were heated at 95 °C for 5 min and cooled at room temperature to obtain 

gRNA. Three µL of each gRNA were mixed with 4 µL of Cas9 at room temperature 

for 20 min. The entire mixture of RNP together with 10 µL of repair template (3 µg) 

and 40 µL of PEG20 solution (20% PEG6000) were gently mixed with 80 µL of 

protoplasts (107 protoplasts/mL). As a control, instead of DNA ten µL of water were 

used. The mixtures were kept on ice for 30 min, then 900 µL of PEG60 solution (60 

% of PEG6000) were added. After 30 min of incubation on ice, protoplasts were 

gently spread in Petri dishes with regeneration media (RM, Malt extract 2%, peptone 

1%, glucose 2%, sucrose 0.8 M) supplemented with hygromycin or without the 

antibiotic for positive control.  

2.9 Characterization of mutants in vitro 

Mutants were selected on PDA supplemented with hygromycin B. Conidia were 

obtained in order to assure uniformity in the genetic material. The deletion event 

was confirmed by PCR and by sequencing PCR products. 

Deletion mutants were compared with wild-type P. polonicum X6 by inoculating 5 

µl of spore suspension (1 x 106 conidia/mL) on PDA and incubating the plates at 25 

°C in the dark. Colony diameter (cm) and number of asexual spores (conidia/plate) 

were measured up to 7 days post inoculation (dpi). Additionally, deletion mutants 
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were inoculated in liquid media (CYA and MEA) as previously described in order 

to examine verrucosidin production. 

2.10 Characterization of mutants in vivo 

Apples cv. Ambrosia and cv. Opal were surface disinfected and wounded as 

described in Spadaro et al. (2013). Ten µl of conidial suspension (1 x 106 

conidia/mL) of each strain were pipetted into each wound, while controls were 

inoculated with deionized Ringer solution. Inoculated apples were placed in plastic 

trays, covered with a transparent polyethylene film and stored for 14 days at room 

temperature.  

3. Results 

3. 1 Putative verrucosidin gene cluster 

Taqman probe of Rodriguez and colleagues (2012) was localized in a retroviral 

peptidase of the A2A class in P. polonicum IBT 4502.  The genes within 15,000 bp 

of the probe were identified as a MFS transporter, an Emopamil-binding, a protein 

of unknown function DUF3292 and 6 additional hypothetical proteins (Tab. S2).  

All these proteins were also present also in P. expansum, P. polonicum strain hy4 

and P. crustosum, except of the MFS transporter and two hypothetical proteins, 

which were only found in P. polonicum IBT 4502. 

Because of the lack of PKS encoding genes in the genomic region recognized by the 

molecular probe, verrucosidin BGC was searched using as leads CtvA and AurA. 

Sixteen putative BGCs (Fig. 1) were found in the genomes of P. polonicum based 

on similarity analysis with polyketide synthase for the biosynthesis of aurovertin 

(AurA) and citreoviridin (CtvA). Ten of these clusters were found in both genomes 

of P. polonicum available, while clusters 4 (verrucosidin BGC), 12 and 13 were only 
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present in P. polonicum IBT 4502 and clusters 14, 15 and 16 in P. polonicum strain 

hy4 genome, that is deposited without annotation (Tab. S2). 

The biosynthetic genes were also searched for in the available genomes of P. 

expansum strain NRRL 62431 isolated from hazel and P. crustosum strain CAL64 

isolated from chestnuts. It was reported that some strains of P. expansum can 

produce verrucosidin (Kim et al., 2016). P. crustosum CAL64 was used as negative 

control, as this strain is unable to produce verrucosidin (Prencipe et al., 2018b).  

The backbone genes encoding the putative PKS cl5A, cl7A, cl8A, cl9A, cl11A were 

exclusively identified in P. polonicum isolates, while cl6A and cl10A were missing 

in the genome of P. expansum.  

The highly reducing (HR) PKS, found in the third, sixth and sixteenth clusters, 

contained an additional enoyl reductase (ER) domain, while cl1A2, cl9A2, cl10A2, 

cl14A2 and cl15A2 genes encoding small proteins with an enoyl reductase domain 

were found in the clusters 1, 9, 10, 14 and 15. 

The genes identified were also compared with the DEGs previously identified (Kim 

et al., 2016) where P. expansum was cultured under two conditions; in one of these 

conditions verrucosidin was produced. The putative transcription factor and the 

transporter encoded by verF (or cl4F) and cl10J3 respectively were under-expressed 

in P. expansum grown in verrucosidin-producing conditions. Conversely, the genes 

cl2U1 (hypothetical protein), cl3B (methyltransferase), cl6F (transcription factor) 

and cl15J1 (transporter) found in the second, third, sixth and fifteenth cluster, 

respectively, were overexpressed. 

The third and the fourth clusters were further considered due to the presence of genes 

encoding putative tailoring enzymes involved in the verrucosidin biosynthesis (Fig. 

1). The third cluster, present in all Penicillium spp., contained genes encoding 

putative methyltransferase (cl3B), serine hydrolase (cl3D), FAD-dependent 

oxidoreductase (cl3C) and ABC transporter (cl3J). The fourth cluster, which was 

found only in the genome of P. polonicum IBT 4502, had genes encoding putative 
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methyltransferase (termed cl4B or verB), monooxygenases FAD dependent (cl4C1 

and cl4C2 or verC1 and verC2), acyltransferase (cl4G or verG) and cytochrome 

P450 (cl4H or verH). 

 

Figure 1 – Representation of 16 Biosynthetic Gene Clusters (BGCs) found in P. 

polonicum genomes. Genes are marked by arrows and putative function is given 
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by colours. The selected clusters for confirmation through CRISPR-Cas9 are 

labelled in a square. 

3.2 Biosynthesis of verrucosidin and gene expression 

P. polonicum X6, P. aurantiogriseum CBS 112021 and P. crustosum CAL64 were 

grown in induction media in order to monitor verrucosidin production. As shown in 

Figure S1, P. polonicum and P. aurantiogriseum were able to produce verrucosidin, 

while P. crustosum failed to produce this compound.  

The fungal mycelium was additionally used for RNA extraction in order to evaluate 

the expression of some of the genes identified in the selected BGCs. Based on the 

presence of the BGCs available genomes of P. polonicum, we also found the 

putative genes in the genome of the producer strains P. polonicum X6 and P. 

aurantiogriseum CBS 112021 by PCR (Fig. S2 A). The genes encoding HR-PKS 

(cl3A) and methyltransferase (cl3B) of the third cluster were found in all the 

Penicillium spp. analysed. Finally, the verA gene encoding the putative HR-PKS of 

the fourth cluster was amplified from the genome of the verrucosidin producing 

strains P. aurantiogriseum CBS 112021 and P. polonicum X6. However, in the 

genome of P. crustosum CAL64 the gene was absent.  

The genes cl3A, cl3B and verA were used as target to evaluate their expression. The 

results showed that cl3A and cl3B were actively transcribed both in verrucosidin-

producers (Figs. 2, S2 B, C) and in P. crustosum (Fig. 2, S2 D), while verA was 

expressed both in P. polonicum and in P. aurantiogriseum (Fig. 2, S2 B, C).  
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Figure 2 – Relative gene expression (RGE) of cl3A, cl3B and verA (cl4A) genes. 

RGE in P. polonicum X6, P. aurantiogriseum CBS 112021 and P. crustosum 

CAL64 was evaluated 10 days post inoculation on CYA broth. The expression is 

given relative to the expression of the β-tubulin gene. P. aurantiogriseum was used 

as wild-type strain. 

3. 3 Deletion of PKSs through CRISPR-Cas9 

To investigate the role of PKSs encoded by cl3A and verA in verrucosidin 

biosynthesis, the genes were deleted using CRISPR-Cas9. For this purpose, a 

method to obtain P. polonicum protoplasts was developed. The method allowed to 

obtain 1 x 107 protoplasts/mL starting from 5 g of mycelium.  

In order to delete target genes with the endonuclease Cas9, the protospacers were 

designed based on the sequenced promoter and terminator of target genes in P. 

polonicum X6. To obtain the two deletion mutants, two sets of guide RNA (gRNA) 

were used allowing to cut both the promoter and the terminator and to excise each 

target gene. The endonuclease Cas9 was mixed in vitro with gRNA and a repair 

DNA template encoding the hygromycin resistance cassette. The repair DNA 

template was amplified using primers with an additional tail of 50 bp that at both 

flanking regions provided micro-homology for the DNA next to the PAM site. This 
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way, the correct integration of the repair DNA through micro-homology-mediated 

end joining (MMEJ) was achieved.  

The obtained knockout mutants were assessed through PCR, by amplifying the 

hygromycin resistance cassette and target genes (Figs. 3 B, 3 C, 4 B, 4 C). The 

deleted genes were not amplified in knockout mutants, while the hygromycin 

resistance cassette was absent in the wild type X6. Amplification of hygromycin 

resistance cassette failed also in some of the mutants obtained and these strains were 

not further characterized. Some strains with ectopic integration were also identified, 

with a functional copy of the target gene and, in addition, the antibiotic resistance 

cassette (Figs. 3 C, 4 C).  

Sixteen mutants for each deleted gene were randomly chosen and the correct 

integration of the repair template was confirmed using PCR with primer pairs 

designed for the hph gene and promoter and terminator of the deleted PKSs (Figs. 3 

D, 3 E, 4 D, 4 E). These primer pairs can only amplify the corresponding DNA 

fragment if the foreign DNA had been introduced at the target sites. PCR fragments 

were amplified in some of the correct knockout mutants and, as expected, 

amplification failed for the wild type. In most cases, ∆verA mutants were the results 

of specific integration in the genome (Figs. 4 D, 4 E), while only 7 ∆cl3A mutants 

displayed a correct amplification of both regions upstream and downstream the 

insertion of the hygromycin resistance cassette  (Figs. 3 D, 3 E). 

Some of the positive transformants were further confirmed by sequencing of the 

amplified PCR products (Fig. S3).  
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Figure 3 – PCR analysis of cl3A mutants. Schematic presentation of the cl3A locus 

in the wild type and deletion mutants, 50 bp of homology sequence are presented in 

green, primers used are labelled by arrows (A). Amplification of hygromycin 

resistance cassette (B) and cl3A gene (C); confirmation of orientation of inserted 

repair DNA (D, E); M = GelPilot Wide Range Ladder, WT = wild type P. polonicum 

X6, A-F = deletion mutants for cl3A, - = negative control (PCR mix without DNA).  
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Figure 4 – PCR analysis of verA mutants. Schematic presentation of the verA (cl4A) 

locus in the wild type and deletion mutants, 50bp of micro-homology sequence are 

presented in green, primers used are marked by arrows (A). Amplification of 

hygromycin resistance cassette (B) and verA gene (C); confirmation of orientation 

of inserted repair DNA (D, E); M= GelPilot Wide Range Ladder, WT = wild type 

P. polonicum X6, A-D = deletion mutants for verA, - = negative control (PCR mix 

without DNA). 

3. 4 Characterization of mutants 

Three mutants per each deletion event displaying a correct integration of the hph 

gene were further phenotypically characterized in vitro and on apples. Compared to 
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wild-type strain, the mutant strains displayed the same ability to grow, except for 

strain ∆cl3A-C8 which was grew slightly slower compared to the other strains (Fig. 

5 A). No significant differences in conidiation were detected (Fig. 5 B).  

The ability of knockout mutants to produce verrucosidin was assessed on CYA broth 

and MEA broth. Mutants lacking the verA were no longer able to produce 

verrucosidin, while knockout mutants for cl3A were still able to produce this 

compound (Fig. 5). Furthermore, knockout mutants displayed different 

chromatographic profiles between 17 and 23 minutes in the chromatogram (Fig. 6).  

The effect of gene deletion on virulence of P. polonicum was assessed on two 

cultivars of apples. On apples cv. Ambrosia verA deletion mutants displayed a 

slightly reduced virulence 7 days after the inoculation (Tab. S3) while this behaviour 

was not observed after 14 days of storage nor on apples cv. Opal (Figure 7). 

Figure 5 – Effect of cl3A and verA deletion on P. polonicum growth in vitro. Colony 

diameter from 3 to 7 days post inoculation (A) conidia production (B) and plate view 
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(front C and reverse D) 7 days after inoculation (dpi) on PDA. WT = wild type P. 

polonicum X6, ∆cl3A = deletion mutants for cl3A and ∆verA = deletion mutants for 

verA (cl4A). Values followed by the same letter are not statistically different by 

Tukey’s-b multiple comparison test (p < 0.05). 

 

 Figure 6 – Effect of cl3A and 

verA deletion on P. polonicum 

verrucosidin production in vitro. 

(A) Liquid chromatography-mass 

spectrometry (LC-MS) spectrum 

of wild type (in red), ∆cl3A_E2 

(in green), ∆cl3A_C8 (in yellow), 

∆verA_C10 (in blue) and 

∆verA_C11 (in purple) extracts. 

On the right, differences in the 

chromatographic peaks of wild 

type and mutants are encircled. 

On the left, the chromatographic 

peak circled in black confirms the 

presence or absence of 

verrucosidin. (B) LC-MS 

spectrum of wild-type extract and 

mass spectrum related to the 

chromatographic peak circled in 

red, which confirms the identity of 

verrucosidin (MW = 417, 

retention time 33.34 min). 
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Figure 7  – Effect of cl3A and verA deletion on virulence of P. polonicum in vivo. 

Lesion dimeter (cm) and pictures of apples cv. Ambrosia (A) and Opal (B) were 

recorded 14 days after inoculation. WT = wild type P. polonicum X6, ∆cl3A = 

deletion mutants for cl3A and ∆verA = deletion mutants for verA (cl4A). Values 

followed by the same letter are not statistically different by Tukey’s-b multiple 

comparison test (p < 0.05). 
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4. Discussion 

Bioinformatic and genetic tools were used to find the putative verrucosidin BGC in 

the genome of P. polonicum, a species known to be a verrucosidin producer (Frisvad 

et al., 2004). This was allowed by the availability of BGCs and fungal genomes 

deposited, combined with the development of many genetic tools to mine BGCs and 

characterize previously unknown or known compounds.  

4.1 Genes around verrucosidin probe 

The biosynthesis of verrucosidin has been poorly studied. Therefore, in this study 

we started with the use of molecular probes previously reported to screen the 

genomes of producer and non-producer Penicillium spp. (Aranda et al., 2002; 

Rodríguez et al., 2012). The probe itself was localized in a retroviral peptidase of 

the class A2. This class of proteins includes the proteases of leukemia viruses, 

immunodeficiency viruses, infectious anaemia viruses and mammary tumour 

viruses, as well as those encoded by several retrotransposons from fruit flies and 

yeast, and endogenous viral sequences in humans and other primates (Dunn et al., 

2002). The presence of this gene in this site is probably due to an event of 

introgression after contact with a retrovirus, but it is not trivial to predict its function 

in relation to verrucosidin production. A gene close to the probe contains an 

emopamil-binding domain (prO6). A similar protein is a virulence factor in Botrytis 

cinerea (Gioti et al., 2008). Similar proteins are sterol isomerases in mammals (Bae 

et al., 2001; Silve et al., 1996) and plants (Grebenok et al., 1998). Interestingly, 

ergosterol was one of the metabolites produced by P. aurantiogriseum together with 

verrucosidin and verrucofortine reported in the study of Hodge and colleagues 

(1988).  

However, the gene that is most likely involved in the production of verrucosidin is 

an MFS transporter gene whose product could play a role in the protection of the 

fungus against verrucosidin (Keller, 2019). In the citreoviridin BGC, for instance, 
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ctvE encodes an ATP synthase β-chain (Lin et al., 2016). The gene prJ coding for 

OQD71106.1, the MFS transporter, is not located within a gene cluster since the 

area is lacking a core biosynthetic gene such as a PKS or NRPS, but it could act as 

a protective gene against verrucosidin. As a matter of fact, it is possible that genes 

involved in the synthesis or regulation of the same metabolite are located in distant 

parts of a genome (Bergmann et al., 2010; Liu et al., 2015).  

4.2 Many α-pyrone polyketide BGCs were found in Penicillium polonicum 

The HR-PKS involved in the biosynthesis of citreoviridin and aurovertin share the 

same domains: KS-AT-DH-Met-KR-ACP (KS=ketosynthase, AT=acyltransferase, 

DH=dehydratase, Met=methyltransferase, KR=ketoreductase, ACP=acyl carrier 

protein), which are also found in the HR-PKS responsible for the biosynthesis of 

other similar compounds called aspernidgulenes (Lin et al., 2019) and fumigermin 

(Stroe et al., 2020). Therefore, we assumed that it is likely that the backbone gene 

of verrucosidin biosynthesis shares these structural domains.  

Some of the HR-PKS found in these selected BGCs had an additional domain in 

their structure, such as cl3A, cl6A and cl16A showing an additional ER domain, 

which probably reduces a double bond in a single bond.  

Considering that the biosynthesis of related α-pyrones polyketides only requires few 

enzymes, it is expected that verrucosidin biosynthesis is similarly concise. In 

particular, for the biosynthesis of aurovertin and citreoviridin, a methyltransferase 

is required for the methylation of the α-pyrone hydroxy group, a monooxygenase 

FAD dependent and a hydrolase are then involved in the oxidation and reduction of 

the epoxides to build the ring attached to the polyene linker; the others genes found 

in the BGCs are not essential for the production of these compounds (Li et al., 2018; 

Lin et al., 2016).  

In this work, genes encoding methyltransferases were found only in the third, fourth 

and sixth clusters, these enzymes are probably involved in the methylation of the α-
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pyrone hydroxy group. As suggested by Lin et al. (2019), the presence of a 

methyltransferase is a possible way to screen BGCs and distinguish between genes 

responsible for the biosynthesis of methylated and unmethylated polyenes. 

Additionally, we found that the cl3B gene was overexpressed in P. expansum 

making this cluster particularly interesting. 

Furthermore, verrucosidin and citreoviridin differ only for the epoxidation of the 

tetrahydrofuran ring and for the presence of an extra oxygen in the polyene linker. 

It is expected that the verrucosidin BGC could include a gene encoding a 

cytochrome P450 or another monooxygenase responsible for the epoxidation of the 

ring. Genes encoding oxidoreductases were found in all clusters except in the 

second, confirming that these screened BCGs could be involved in verrucosidin 

biosynthesis.  

Only clusters 3 and 4 contained genes encoding both HR-PKS and 

methyltransferase, monooxygenase FAD dependent and hydrolase, and were 

therefore considered the best candidates to investigate verrucosidin biosynthesis. 

Moreover, the gene cluster 4 was previously identified in P. polonicum by 

homologous search of aurovertin-type compounds BGCs (Li et al., 2018).  

The differential expression of some of the investigated genes in P. expansum (Kim 

et al., 2016) suggests that they could play a role in the production of verrucosidin. 

4.3 The gene expression study confirms that BGCs selected are not silent 

P. aurantiogriseum and P. polonicum were able to produce verrucosidin in vitro as 

expected, while P. crustosum did not produce this compound. However, to date the 

production of this compound by P. crustosum has not been described (Frisvad et al., 

2004). 

The presence and the expression of representative genes belonging to the third and 

fourth BGC was evaluated in P. polonicum, P. aurantiogriseum and P. crustosum. 
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The clusters were active because of gene expression in both producer species (P. 

polonicum and P. aurantiogriseum).  

Finally, the lack of verA only in P. crustosum suggests that this gene could encode 

the HR-PKS of verrucosidin biosynthesis. Furthermore, the gene expression 

analysis indicated that verA is actively transcribed in the verrucosidin-producers P. 

polonicum and P. aurantiogriseum.  

4.4 CRISPR Cas9 gene deletion is efficient method to characterize BGCs 

To delete cl3A and verA encoding putative HR-PKS responsible for the biosynthesis 

of verrucosidin, an in vitro method for CRISPR-Cas9 gene deletion was established 

in P. polonicum. Previously, in P. chrysogenum CRISPR-Cas9 was applied. 

Protoplasts of a strain harbouring the Cas9 gene on an AMA1 plasmid were 

transformed with a synthesized gRNA (Pohl et al., 2016).  

Here, the method of Abdallah and collaborators (2017) was followed that 

transformed protoplasts of A. fumigatus with RNP. This strategy does not require 

the generation of plasmids or the expression of the endonuclease Cas9. It is rather 

based on transforming protoplasts with the endonuclease protein Cas9 together with 

crRNA and tracrRNA. This strategy requires both the accurate design of the crRNA 

and an efficient protocol to transform fungi. 

Mutants for two putative PKS genes were obtained, confirming that the method is 

effective and could be used for gene editing in P. polonicum. The presence of some 

mutants displaying a wrong insertion of the foreign DNA, suggests that screening 

and confirmation of mutants are necessary. In particular, by sequencing the 

promoter and terminator regions in ∆cl3A-A2 strain and the terminator of ∆verA-B4 

strain, an unexpected insertion was observed, suggesting that the endonuclease had 

cut the double strand DNA in the expected site, but MMEJ did not occur. To our 

knowledge, there were not previous reports about MMEJ occurring only at one 

excision site. Therefore, the integration of repair DNA could have occurred by 
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nonhomologous end-joining (Krappmann, 2017). The efficiency of homologous 

recombination can be improved by adjusting the length of the homology sequence 

or by changing the amount of donor DNA, as previously shown in A. fumigatus (Al 

Abdallah et al., 2017).  

4.5 Characterization of verrucosidin BGC  

The characterization of mutants obtained allowed to identify and characterize the 

verrucosidin gene cluster. In fact, deletion mutants for the HR-PKS encoded by verA 

were no longer able to produce verrucosidin in vitro. This gene cluster was 

previously hypothesized as verrucosidin cluster in P. polonicum by Li and 

colleagues (2018) using a bioinformatic approach but the function of the cluster was 

not experimentally confirmed. Surprisingly, the verrucosidin gene cluster was 

absent in the genome of P. polonicum strain hy4, demonstrating high variability in 

clusters between strains of the same species (Ballester et al., 2015). The biosynthetic 

genes were also absent in P. expansum strain NRRL 62431. This fungal genome 

was initially deposited as P. aurantiogriseum and later assigned to another species 

(Ballester et al., 2015). Due to the lack of verrucosidin gene cluster, we can conclude 

that both P. expansum strain NRRL 62431 and P. polonicum strain hy4 are not able 

to produce this SM. 

In contrast, deletion mutants for cl3A gene were able to produce verrucosidin in 

vitro similarly to P. polonicum X6. The third gene cluster is likely involved in the 

biosynthesis of another α-pyrone type polyketide. Further investigations are needed 

to determine the SM related to this cluster, which was actively transcribed in culture 

conditions. 

4.6 Gene deletion did not affect P. polonicum growth in vitro and in vivo  

Secondary metabolites are known to play a central role in many biological processes 

such as growth development (Calvo et al., 2002) and pathogenesis (Macheleidt et 
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al., 2016; Scharf et al., 2014), which were extensively reviewed in last years (Fox 

and Howlett, 2008; Keller, 2019). In this work, the deletion of both cl3A and verA 

genes did not affect P. polonicum, both in terms of growth rate and conidiation on 

PDA. Similar results were obtained deleting the PKS encoded by pksCT responsible 

for the biosynthesis of citrinin (Ballester et al., 2015). Conversely, the deletion or 

the overexpression of the pks4 gene affected fruit bodies formation in Sordaria 

macrospora (Keller, 2019). To evaluate the effect of genes deletion on virulence, P. 

polonicum was inoculated on two cultivars of apples. P. polonicum strains can be 

found as contaminants of apples in post-harvest (Andersen and Thrane, 2006) and 

the pathogenicity of P. polonicum X6 on apples was previously verified (data not 

shown). In this work wild-type strain and deletion mutants displayed a similar 

development of rot diameter. Slight differences on virulence of ∆verA mutants were 

observed on apple cv. Ambrosia while this behavior was not observed on apples cv. 

Opal. These results are not surprising, as the apple cultivar is known to be a key 

factor in the virulence, such as in the case of patulin which may be considered a 

cultivar-dependent aggressiveness factor (Snini et al., 2016). However, the reduced 

virulence of ∆verA mutants was not observed later in the infection, therefore further 

studies are needed to confirm these preliminary observations.  

Conclusion 

The verrucosidin biosynthesis was identified by bioinformatic and genetic 

approaches. Sixteen HR-PKS gene-containing BGCs were discovered in the 

available genomes of P. polonicum. These BGCs are probably involved in the 

biosynthesis of α-pyrone type polyketides which could have many biological 

activities, such as cytotoxic, antitumor, antimicrobial and anti-germination activities 

and are therefore a source of a novel compound (Li et al., 2018; Schäberle, 2016; 

Stroe et al., 2020). Based on the putative function of the genes present in the clusters, 

two of these BGCs were further characterized through deletion approach, in order 
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to investigate their involvement in verrucosidin biosynthesis. To delete the selected 

PKS genes, CRISPR-Cas9 was adopted to P. polonicum. This promising tool of 

gene editing allowed to obtain mutants by replacing the target genes with repair 

template sequences with 50 bp of homology to chromosomal sequences. This 

procedure does neither require plasmid construction nor the endogenous expression 

of Cas9 and allowed to obtain many mutants of P. polonicum. By applying this 

technology, the verrucosidin BGC was confirmed by creating deletion mutants. The 

availability of the CRISPR/Cas technology will allow to characterise the 

biosynthetic potential of this interesting fungus. 
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Supplementary material 

 

 

Figure S1 – Verrucosidin production in vitro. P. polonicum, P. aurantiogriseum and P. 

crustosum were inoculated in CYA and MEA broth. Presence (+) or absence (-) of 

verrucosidin production 10 days after inoculation (A) and chromatograms (B).  
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Figure S2 – Presence and expression of selected genes in P. polonicum, P. aurantiogriseum 

and P. crustosum. Amplification of selected genes from gDNA (A); X = P. polonicum X6, 

A = P. aurantiogriseum CBS121001, M = GelPilot 100 bp Ladder, - = negative control 

(PCR mix without DNA). Expression of cl3A, cl3B and verA (cl4A) genes in P. polonicum 

(B), P. aurantiogriseum (C) and P. crustosum (D). Gene expression is represented as the 

negative difference between Quantification cycle (Cq) of gene and Cq of reference gene (-

∆Cq). β-tubulin was used as reference gene. 
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Figure S3 – Sequencing of deletion locus. Blu = protospacer, red = PAM, green = 

hygromycin cassette, in bold = 50 bp of homology, underline = expected site of cut, WT = 

P. polonicum X6, ∆ = deletion mutants for cl3A or verA (cl4A) gene. 
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Table S1 – Primers and sequences used in this study 

 

RT-qPCR and PCR with gDNA to verify presence of genes 

Name Sequence Amplification 

3A-F GGGTCCTTCTCAGCAGATTATAC cl3A (111 bp) 

3A-R CAGCCTGTTTGCTGTCATTG 

4A-F CCTCTATGTTGGGTCGATCAAG verA/ cl4A (119 bp) 

4A-R ATAGCAGGTTTGGGAAGATGG 

3B-F GCCGTTCAGGGTAATCTCTT cl3B (114 bp) 

3B-R GACATGGTGCAATGCCATAC 

BTUB-F CGAGTTGACCCAGCAGATGT β-tubulin 

BTUB-R GTCTGGACGTTGTTGGGGAT 

   

Primers to amplify donor DNA (hygromycin resistance cassette) 

Name Sequence Amplification 

H50P3-F ACTCGGATCGACGTGTCTGTGCAACTGATAGCCTCGCCAAGTTTAGG

CCGAGCTTGCATGCCTGCAGGTC 

50 bp micro-homology 

with cl3A promoter and 

terminator in bold H50P3-R TCCAGTATATTTCTGCACTTTCCCATCGCCAAATTAGATCAGTAACTC

ACTcagtgtgctggaattcgcccttc 
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H50P4-F CTACCAACATCATTGATAGAAGTACAAAATTACATTCCTTATCATAGC

CTAGCTTGCATGCCTGCAGGTC 

50 bp micro-homology 

with verA promoter and 

terminator in bold H50P4-R CTGGGCACCTGGGCATACGATGCAAGTTGCTGACACGCCAAGGGATC

CACCAGTGTGCTGGAATTCGCCCTTC 

Primers to verify knockout mutants 

Name Sequence Amplification 

Hygr-R CAGTGTGCTGGAATTCGCCCTTC Hygromycin resistance 

cassette (3003 bp) Hygr-F AGCTTGCATGCCTGCAGGTC 

3A-2 TGCTGACAAGACGCCAATAG Promoter of cl3A and 

verA(cl4A) 4A-2 TGTGCAGTTGGCTTTCATTTC 

HP CCGCAAGGAATCGGTCAATACA 

3A-4 CATACTTCTCGCCGCTACAG Terminator of cl3A and 

verA(cl4A) 4A-4 GATGACCTCTTGGCGCTTAT 

HP-R TGTATTGACCGATTCCTTGCGG 

Protospacer and Protospacer Adjacent Motif (PAM) 

Name Sequence – PAM On target score 

CD.Cas9.GFZS9721.AB GCAAGGAGACCGATCCACTT-CGG 80 

CD.Cas9.PKBV4077.AB AATTAGATCAGTAACTCACT-CGG 89 

CD.Cas9.TPPB7515.AE GTACTCAACCAGTGGACGGT-AGG 80 

CD.Cas9.FWKX5170.AA TGACACGCCAAGGGATCCAC-CGG 91 
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Table S2 – BGCs found in the genome of P. polonicum. In the next tables are reported genes found to be close to the molecular probe to 

detect verrucosidin-producer Penicillium spp. (Rodriguez et al., 2012) and 16 putative verrucosidin gene clusters found in P. polonicum 

strains IBT 4502 and hy4. Gene name are chosen according to previously identified genes in aurovertin biosynthesis: pr = probe, cl = 

cluster, ver = verrucosidin BGC, A = polyketide synthase, B = methyltransferase, C = Monooxygenase FMO, D = Hydrolase, E = Cyclase, 

F = Transcription Factor, G = Acyl Transferase, H = Cytochrome P450, I = Other oxidoreductases, J = Transporter, K = Dehydrogenase, L 

= Peptidase, M = Other hydrolase, N = Other transferases, O = decarboxylases, U = Unknown function. PKS in bold has similarity with 

ctvA and aurA. The name of protein in P. polonicum and presence (+) or absence (-) of the protein in the genome of other Penicillium spp. 

are reported. In putative function is reported the closest match considering BLAST and INTERPROSCAN. In notes are reported additional 

domains or gene overexpressed or underexpressed in P. expansum while producing verrucosidin (Kim et al., 2016). 
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Genes close to verrucosidin probe 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum  

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

prU1 OQD71346.1 + - - Hypothetical protein 

It has a PKS domain, part of an 

adenyl binding domain, but no PKS 

close blast matches and no predicted 

protein family membership 

prU2 OQD71664.1 + - - Hypothetical protein  

prJ OQD71106.1 + - - MFS transporter  

prL OQD71618.1 + + + 
Peptidase A2A, 

retrovirus, catalytic 
Probe attaching here 

prU3 OQD71889.1 + + + Hypothetical protein  

prU4 OQD71177.1 + + + 
Protein of unknown 

function DUF3292 
 

prU5 OQD70896.1 + + + Hypothetical protein  

prU6 OQD71058.1 + + + Emopamil-binding  

prU7 OQD71634.1 + + + Hypothetical protein  

prU8 OQD71406.1 + + + Hypothetical protein  

 

 

 

 

 

 



105 

 

Cluster 1 

Name 
P. polonicum  

IBT 4502 

P. polonicum  

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl1H OQD68095.1 + + + Cytochrome P450 oxydoreductase   

cl1U1 OQD68222.1 + + + Hypothetical protein   

cl1U2 OQD67563.1 + + + Calycin   

cl1A OQD67773.1 + + + Polyketide synthase    

cl1A2 OQD68121.1 + + + 
Polyketide synthase, enoylreductase, 

alchool deydrogenase 
  

 

Cluster 2 

Name 
P. polonicum  

IBT 4502 

P. polonicum  

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl2A OQD63672.1 + + + Polyketide synthase    

cl2D1 OQD63761.1 + + + 
Hypotetical protein with serin 

hydrolase domain 
  

cl2U1 OQD63370.1 + + + Hypothetical protein   

Overexpressed in 

verrucosidin 

producing 

conditions 

cl2U2 OQD63792.1 + + + 

Endosomal protein with GOLD 

domain (protein-protein interaction) 

and transmembrane domains 

  

cl2U3 - - - + Hypothetical protein     

cl2D2 OQD63654.1 + + + 
Hypothetical protein with glycoside 

hydrolase domain 
  

cl2J - - - + ABC transporter   
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Cluster 3 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl3J OQD60362.1 + - + ABC transporter   

cl3U1 OQD60333.1 + - + 

Protein of unknown function 

DUF3716, Phospolipase A2, 

active site 

  

cl3C OQD60328.1 + + + 

FAD-dependent pyridine 

nucleotide-disulphide 

oxidoreductase 

  

cl3B OQD60332.1 + + + 
S-adenosyl-L-methionine-

dependent methyltransferase 

Overexpressed in 

verrucosidin producing 

conditions 

cl3A OQD60358.1 + + + Polyketide synthase 
Additional Enoyl reductase 

domain 

cl3D OQD60365.1 + + + Serine hydrolase FSH   

cl3U2 OQD60340.1 + - - Hypothetical protein   
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Verrucosidin BGC (Cluster 4) 

Name 
P. polonicum  

IBT 4502 

P. 

polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl4C1/ 

verC1 
OQD69144.1 - - - 

FAD/NAD(P)-binding domain-

containing protein  
Similar to CTVC 

cl4B/ 

verB 
OQD68888.1 - - - Methyltransferase Similar to CTVB 

cl4C2/ 

verC2 
OQD69870.1 - - - 

Monooxygenase FAD-binding 

protein 
Similar to CTVC 

cl4U1/ 

verU1 
OQD69720.1 - - - 

Hypothetical protein with 

transmembrane domains 
 

cl4H/ 

verH 
OQD69071.1 - - - Cytochrome P450   

cl4A/ 

verA 
OQD69647.1 - - - Polyketide synthase   

cl4F/ 

verF 
OQD68940.1 + + - Transcription factor 

Underexpressed in 

verrucosidin producing 

conditions 

cl4U2/ 

verU2 
OQD69889.1 + + - Hypothetical protein   

cl4U3/ 

verU3 
OQD69759.1 + + - Hypothetical protein   

cl4G/ 

verG 
OQD69357.1 + + - Acyl-CoA N-acyltransferase   
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Cluster 5 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl5A OQD63426.1 + - - Polyketyde synthase  

cl5L1 OQD63428.1 + - + 
Peptidase C45, acyl-coenzyme A:6-aminopenicillanic 

acid acyl-transferase 
 

cl5I OQD63430.1 + + + Cytochrome b561  

cl5L2 OQD63436.1 + - - 
Peptidase C45, acyl-coenzyme A:6-aminopenicillanic 

acid acyl-transferase 
 

cl5U OQD63551.1 + + - Hypothetical protein  

cl5F OQD63610.1 + - - Transcription factor  

cl5M OQD63635.1 + + - Alpha-L-fucosidase  
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Cluster 6 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl6J1 OQD61059.1  + + + Cation transporting ATPase   

cl6U1 OQD61070.1  + + + Translation elongation factor    

cl6A OQD61128.1  + - + Polyketide synthase 
Additional Enoyl 

reductase domain 

cl6U2 OQD61131.1 + + + Eukaryotic translation initiation factor 2    

cl6D OQD61132.1 + + + Serine hydrolase FSH   

cl6J2 OQD61154.1  + + + Sulfate transporter   

cl6U3 OQD61177.1 + + - Hypotetical protein   

cl6U4 OQD61186.1  + + + 
CENP-A-nucleosome distal centromere 

subunit CENP-L 
  

cl6I OQD61187.1  + + + Aldo/keto reductase    

cl6N OQD61204.1  + + + 
Hypotetical protein with Protein kinase-

like domain  
  

cl6F1 OQD61216.1 + + + DNA-binding HORMA   

cl6F2 OQD61240.1  + + + Fungal transcriptional regulatory protein 

Overexpressed in 

verrucosidin 

producing 

conditions 

cl6U5 OQD61244.1 + + + DNA-directed RNA polymerase   
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Cluster 7 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl7U1 OQD64350.1  + - - Hypothetical protein with EthD domain   

cl7B1 OQD64367.1 + - - O-methyltransferase    

cl7D OQD64429.1  + - - Alpha/beta hydrolase   

cl7L1 OQD64470.1  + + + Peptidase M24   

cl7L2 OQD64500.1  + - - Peptidase M24   

cl7U2 OQD64508.1 + - - Acetate-CoA ligase   

cl7I OQD64517.1 + - - Monooxygenase   

cl7F OQD64519.1  + - - C6 finger transcription factor    

cl7H1 OQD64603.1 + - - Cytochrome P450   

cl7K OQD64659.1 + - - SirQ protein   

cl7U3 OQD64682.1  + - - Hypothetical protein    

cl7B2 OQD64738.1 + - - Methyltransferase SirN-like protein   

cl7U4 OQD64754.1  - - - Hypothetical protein   

cl7M OQD64757.1  + + + Protein phosphatase, Leucine rich repeats   

cl7A OQD64783.1  + - - Polyketide synthase   

cl7U5 OQD64845.1  + - - Translation elongation factor eEF 1   

cl7H2 OQD64894.1  + + + Cytochrome P450   
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Cluster 8 

Name 

Protein in P. 

polonicum  

strain IBT 

4502 

P. 

polonicum 

strain hy4 

P. expansum 

strain NRRL 

62431 

P. 

crustosum 

strain 

CAL64 

Putative function Notes 

cl8A OQD61269.1 + - - Polyketide synthase   

cl8F1 OQD61286.1  + + + Transcription factor jumonji   

cl8N OQD61288.1 + - - Aminoglycoside phosphotransferase    

cl8I1 OQD61304.1  + - - FAD-dependent isoamyl alcohol oxidase   

cl8G OQD61318.1  + + + Acyl-CoA N-acyltransferase   

cl8U1 OQD61322.1  + + + Hypothetical protein    

cl8I2 OQD61330.1  + - - Oxidoreductase, NAD(P)-binding protein   

cl8K OQD61332.1  + - - Zinc-binding dehydrogenase   

cl8H OQD61338.1  + - - Cytochrome P450   

cl8I3 OQD61339.1  + - - Oxidoreductase, NAD(P)-binding protein   

cl8U2 OQD61365.1  + - - Hypothetical protein    

cl8O OQD61370.1  + + + Oxalyl-CoA decarboxylase   

cl8U3 OQD61375.1  + + + Hypothetical protein    

cl8F2 OQD61382.1  + - - Fungal transcriptional regulatory protein   

cl8U4 OQD61435.1  - - - Hypothetical protein    
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Cluster 9 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl9H1 OQD62930.1 + - - Cytochrome P450  

cl9U1 OQD62937.1 + - - Hypothetical protein  

cl9J1 OQD62943.1 + - - MFS general substrate transporter  

cl9N1 OQD62951.1 + - + Hypothetical protein with protein kinase-like domain  

cl9J2 OQD62954.1 - + + Amino acid transporter, transmembrane  

cl9N2 OQD62956.1 + - - 
Calcium/calmodulin-dependent protein kinase II 

isoform 
 

cl9I OQD62974.1 + - - NAD(P)-binding protein  

cl9A2 OQD63049.1 + - - GroES-like protein, enoylreductase  

cl9H2 OQD63117.1 + - - Cytochrome P450  

cl9U2 OQD63150.1 + - - Hypothetical protein  

cl9F1 OQD63214.1 + + - Hypothetical potrein with Zn2C6 DNA binding domain  

cl9F2 OQD63223.1 + - + Fungal transcriptional regulatory protein  

cl9U3 OQD63280.1 + - - Hypothetical protein  

cl9A OQD63284.1 + - - Polyketide synthase  
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Cluster 10 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl10I OQD60326.1 + + + 
Taurine catabolism 

dioxygenase TauD/TfdA 
 

cl10A2 OQD60329.1 + + + 

Polyketide synthase, 

enoylreductase, alchool 

deydrogenase 

 

cl10U OQD60337.1 + + + Hypotetical protein  

cl10K OQD60359.1 + + + acyl-CoA dehydrogenase  

cl10J1 OQD60366.1 + + + 
Amino acid/polyamine 

transporter I 
 

cl10J2 OQD60369.1 + + + Sucrose/H+ symporter  

cl10F1 OQD60370.1 + + + 
Fungal transcriptional 

regulatory protein 
 

cl10H OQD60373.1 + + + Cytochrome P450  

cl10F2 OQD60384.1 + + + Transcription factor  

cl10J3 OQD60393.1 + + + Sucrose/H+ symporter 

Underexpressed in 

verrucosidin producing 

conditions 

cl10A OQD60396.1 + - + Polyketide synthase  

cl10L OQD60403.1 + + + Peptidase M24  

 

 

 



114 

 

Cluster 11 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl11J1 OQD65718.1 + + + Transport protein  

cl11U1 OQD65662.1 - + + Hypothetical protein  

cl11U2 OQD65737.1 + + + Cyclin-like  

cl11A OQD66219.1 + - - Polyketyde synthase  

cl11U3 OQD65636.1 + - - Polysaccharide synthase  

cl11J2 OQD66164.1 - - - MFS transporter  

cl11D OQD65818.1 - + + alpha/beta-hydrolase  

cl11U4 OQD65688.1 + + + Autophagy-related protein 3  

cl11U5 OQD65906.1 + + + Hypothetical protein  

cl11U6 OQD66060.1 - + + Hypothetical protein  

cl11N OQD65617.1 - + + Hypothetical protein/Glycosyl transferase  
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Cluster 12 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl12N OQD59992.1 - - - Putative aminotransferase  

cl12A OQD59991.1 - - - Polyketyde synthase  

cl12U1 OQD59995.1 - - - putative toxin biosynthesis protein  

cl12J OQD59999.1 - 
+ (vaguely 

similar) 
- MFS transporter  

cl12F OQD59997.1 - - - Fungal specific transcription factor  

cl12H OQD59998.1 - - - Cytochrome P450  

cl12U2 OQD59994.1 - - - NAD dependent epimerase/dehydratase  
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Cluster 13 

Name 
P. polonicum  

IBT 4502 

P. polonicum 

strain hy4 

P. expansum 

NRRL 62431 

P. crustosum 

CAL64 
Putative function Notes 

cl13J1 OQD61546.1 - - - Putative transporter  

cl13U1 OQD61463.1 - - - Hypothetical protein  

cl13I1 OQD61510.1 - + + Fatty acid hydroxylase  

cl13L OQD61571.1 - - + Amidase family protein  

cl13M OQD61479.1 - + + Acyl-CoA thioesterase  

cl13N OQD61620.1 - - - 3-amino-3-carboxypropyl transferase  

cl13A OQD61552.1 - - - Polyketyde synthase  

cl13D OQD61622.1 - + - Hydrolase  

cl13U2 OQD61573.1 - - - Hypothetical protein DUF3632  

cl13J2 OQD61591.1 - + + MFS transporter  

cl13U3 OQD61653.1 - + - Hypothetical protein with NACHT domain  

cl13U4 OQD61560.1 - - + Hypothetical protein DUF3176  

cl13J3 OQD61616.1 - - - MFS transporter  

cl13I2 OQD61608.1 - - - Hypothetical protein/NADP-binding  
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Cluster 14 

Name 
P. polonicum  

IBT 4502 
P. polonicum hy4 

P. expansum 

NRRL 62431 

P. crustosum  

CAL64 
Putative function Notes 

cl14U1 + 
QPIC01000001_1_region0

04_polonicum_gene196 

+
 + Allantoicase  

cl12J1 + 
QPIC01000001_1_region0

04_polonicum_gene197 

+
 + 

Major facilitator superfamily, 

general substrate transporter 
 

cl14D - 
QPIC01000001_1_region0

04_polonicum_gene198 

+
 - Glycoside hydrolase  

cl14L - 
QPIC01000001_1_region0

04_polonicum_gene199 

+
 - 

Peptidase C45, acyl-coenzyme 

A:6-aminopenicillanic acid acyl-

transferase 

 

cl14G + 
QPIC01000001_1_region0

04_polonicum_gene200 

- - CoA-dependent acyltransferases  

cl14A1 - 
QPIC01000001_1_region0

04_polonicum_gene201 
- - Polyketyde synthase  

cl14A2 + 
QPIC01000001_1_region0

04_polonicum_gene202 
+ - 

Polyketide synthase, 

enoylreductase 
 

cl14H + 
QPIC01000001_1_region0

04_polonicum_gene203 
+ - cytochrome P450  

cl14J2 - 
QPIC01000001_1_region0

04_polonicum_gene204 
+ + 

Major facilitator superfamily, 

general substrate transporter 
 

cl14I + 
QPIC01000001_1_region0

04_polonicum_gene205 
+ + 

Cytochrome b561/ferric reductase 

transmembrane 
 

cl14J3 - 
QPIC01000001_1_region0

04_polonicum_gene206 
- - ABC transporter  
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Cluster 15 

Name 
P. polonicum  

IBT 4502 
P. polonicum hy4 

P. expansum 

NRRL 62431 

P. crustosum  

CAL64 
Putative function Notes 

cl15U1 - 
QPIC01000002_1_region0

02_polonicum_gene37 
- - Hypothetical protein  

cl15U2 + 
QPIC01000002_1_region0

02_polonicum_gene38 
+ + 

Hypothetical protein 

DUF1993 
 

cl15J1 + 
QPIC01000002_1_region0

02_polonicum_gene39 
+ + 

Amino acid/polyamine 

transporter I 

Overexpressed 

in verrucosidin 

producing 

conditions 

cl15A - 
QPIC01000002_1_region0

02_polonicum_gene40 
- - Polyketyde synthase  

cl15C1 - 
QPIC01000002_1_region0

02_polonicum_gene41 
- - 

Hypothetical 

protein/FAD-linked 

oxidoreductase 

 

cl15U3 - 
QPIC01000002_1_region0

02_polonicum_gene42 
- - Hypothetical protein  

cl15C2 - 
QPIC01000002_1_region0

02_polonicum_gene43 
- - 

Hypothetical 

protein/FAD-dependent 

monooxygenase 

 

cl15J2 - 
QPIC01000002_1_region0

02_polonicum_gene44 
- + Sucrose/H+ symporter  

cl15A2 - 
QPIC01000002_1_region0

02_polonicum_gene45 
- + 

Polyketide synthase, 

enoylreductase, alchool 

deydrogenase 

 

cl15U4 - 
QPIC01000002_1_region0

02_polonicum_gene46 
- - Hypothetical protein  
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Cluster 16 

Name 
P. polonicum  

IBT 4502 
P. polonicum hy4 

P. expansum 

NRRL 62431 

P. crustosum  

CAL64 
Putative function Notes 

cl16J + 
QPIC01000004_1_region0

01_polonicum_gene191 
+ + Putative transporter  

cl16U1 + 
QPIC01000004_1_region0

01_polonicum_gene192 
+ + 

Hypothetical 

protein/ribosomal 
 

cl16U2 + 
QPIC01000004_1_region0

01_polonicum_gene193 
+ + Hypothetical protein  

cl16A - 
QPIC01000004_1_region

001_polonicum_gene194 
+ - Polyketide synthase 

Additional ER 

domain 

cl16U3 + 
QPIC01000004_1_region0

01_polonicum_gene195 
+ + 

Hypotetical protein/Heat 

shock protein 
 

cl16U4 + 
QPIC01000004_1_region0

01_polonicum_gene196 
+ + 

Hypothetical 

protein/Lipid binding 
 

cl16I + 
QPIC01000004_1_region0

01_polonicum_gene197 
+ + 

Malic oxidoreductase 

(NADP-dependent) 
 

cl16K + 
QPIC01000004_1_region0

01_polonicum_gene198 
+ + Aldolase-type TIM barrel  
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Chapter 4 

Effect of drying temperature on Aspergillus flavus growth and 

aflatoxin production on artificially inoculated hazelnuts 
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Abstract  

Aspergillus flavus may colonise hazelnuts and produce aflatoxins in field and during 

storage. The main purpose of this study was to investigate the influence of drying 

temperature and exposure times on the viability and ability of A. flavus to produce 

aflatoxins during the drying process and storage. Hazelnuts were inoculated with A. 

flavus and dried at different temperatures to reach 6% moisture content and aw 0.71, 

a commercial requirement to avoid fungal development and aflatoxin 

contamination. Hazelnuts were dried at 30, 35, 40, 45, and 50 °C and subsequently 

stored at 25 °C for 14 days. After drying at 30, 35 and 40 °C, an increased number 

of A. flavus was evident, with the highest concentration at 35 °C (6.1 ± 2.4 x106 A. 

flavus CFU/g). At these temperatures, aflatoxins were detected only at 30 °C and 35 

°C. Aflatoxins, however, were higher after drying at 30 °C with a concentration of 

1.93 ± 0.77 μg/g for aflatoxin B1 (AFB1) and 0.11 ± 0.04 μg/g for aflatoxin B2 

(AFB2). After 14 days of storage, the highest A. flavus concentration and the highest 

level of mycotoxins were detected in samples treated at 35 °C (8.2 ± 2.1 x107 A. 

flavus CFU/g, 9.30 ± 1.58 μg/g and 0.89 ± 0.08 μg/g for AFB1 and AFB2, 

respectively). In hazelnuts dried at 45 °C or 50 °C no aflatoxins were found both 

after drying and storage, and a reduction of A. flavus viable conidia was observed, 

suggesting that a shorter and warmer drying is essential to guarantee the nut safety. 

The lowest temperature that guarantees the lack of aflatoxins should be selected to 

maintain the organoleptic quality of hazelnuts. Therefore, 45°C should be the 

recommended drying temperature to limit A. flavus growth and aflatoxin 

contamination on hazelnuts. 

Keywords  

aflatoxins; hazelnuts; Aspergillus flavus; temperature; drying 



123 

 

1. Introduction 

Hazelnut (Corylus avellana L.) is mainly cultivated in warm temperate areas, such 

as Turkey which is the first world producer, covering approximately 65% of the 

world production (675,000 tons in 2017), followed by Italy (approximately 13%), 

Azerbaijan, the United States, and China (Food and Agriculture Organization of the 

United Nations (FAO), 2020; Köksal, 2000). The abundance of nutrients in 

hazelnuts, such as lipids and carbohydrates, makes them susceptible to decay and 

mould development (Gallo et al., 2016; Özilgen and Özdemir, 2001). Several factors 

can affect fungal contamination on hazelnut, such as the variety, the composition 

and the presence of damages on shells caused by insects and environmental or 

processing conditions. Besides, other factors can favour fungal development, 

including temperature and humidity in the field, methods and time of harvest, 

processing of hazelnuts (e.g. dehulling and drying methods), time and storage 

conditions (Fontana et al., 2014; Özdemir and Devres, 1999). 

Most fungi isolated from nuts, including hazelnuts, belong to Aspergillus and 

Penicillium genera (Gürses, 2006; Khosravi et al., 2007; Kumar et al., 2008; Ozay 

et al., 2008; Prencipe et al., 2018b, 2018a; Rodrigues et al., 2012; Siahmoshteh et 

al., 2017; Şimşek et al., 2002). These ascomycetes are often present in the field, in 

the soil and in food matrices as saprophytes. Due to their tolerance to low humidity 

and temperature, they may remain latent during pre-harvest and develop later during 

storage.  

Aspergillus and Penicillium spp. are characterized by their ability to produce several 

secondary metabolites, including mycotoxins. In particular, Aspergillus section 

Flavi may produce aflatoxins, which are highly toxic and carcinogenic compounds. 

The most important mycotoxins are aflatoxins B1 (AFB1) and B2 (AFB2), mainly 

produced by A. flavus and A. parasiticus, and aflatoxin G1 (AFG1) and G2 (AFG2), 

synthesized by A. parasiticus (Perrone et al., 2014; Prelle et al., 2012; Prencipe et 

al., 2018a). The European Commission (European Commission, 2010a) imposed 
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maximum levels of aflatoxins in foodstuffs, including nuts. For hazelnuts intended 

for direct consumption, limits are fixed at 5 µg/kg for AFB1 and 10 µg/kg for total 

aflatoxins. Aflatoxins are very stable compounds which are not degraded during 

roasting or other thermal treatments (Shapira and Paster, 2004; Siciliano et al., 2016, 

2017). For this reason, it is very important to prevent conditions favourable to 

aflatoxin production both in field and during the postharvest phase (Ozay et al., 

2008; Özdemir and Devres, 1999). 

The most common technique to reduce fungal growth and prevent mycotoxins in 

nuts is drying, preferably within 72 hours after harvesting, to a moisture content (5 

 ̶ 8% depending on nuts) that corresponds to a low water activity, aw (CAC-Codex 

Alimentarius Commission, 2005; Kader, 2013). The European Commission 

(European Commission, 2002) established the maximum moisture content for nuts 

in 12% for shelled hazelnuts and 7% for dehulled nuts. Commercially, hazelnuts are 

dried until 10% and 6% moisture content for shelled and dehulled hazelnuts, 

respectively (Wang et al., 2018a). In Turkey, nuts are conventionally dried outdoor 

for a period ranging from 4 days to 2–3 weeks depending on the weather conditions, 

before being stored at room temperature for 12 months (Baltaci et al., 2012; Turan, 

2018). This prolonged and uncontrolled drying process usually promotes fungal 

contaminations that can result in fungal growth and aflatoxin production during 

storage. The use of drying machines is preferable because of the speed and 

homogeneity in reaching a low moisture content (Ozay et al., 2008; Turan and İslam, 

2018). Air temperature, relative humidity and time can be controlled with drying 

machines. Drying temperatures commonly used by growers range from 30 to 40 °C 

(Löpez et al., 1998; Ozay et al., 2008; Wang et al., 2018a). Nevertheless, air drying 

machines could result in physical damage, such as shell-cracks that could reduce the 

quality and safety of the kernels (Wang et al., 2018b). Moreover, several studies 

highlighted the influence of drying processes on hazelnuts quality, including lipid 

oxidation, fatty acid profile, enzymatic activity and kernel browning (López et al., 
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1997a, 1997c, 1997b; Mousadoost et al., 2018; Özdemir and Devres, 1999; Turan, 

2018; Turan and İslam, 2018; Wang et al., 2018a). Previously, Ozay et al. (Ozay et 

al., 2008) evaluated the effect of drying parameters on aflatoxin contamination on 

hazelnuts. The influence of drying techniques both on fungal growth and on 

aflatoxin production has not been investigated on hazelnuts so far. 

The aim of this study was to investigate the effect of two significant drying 

parameters, temperature and drying time, on A. flavus viability and aflatoxin 

production on shelled hazelnuts. The time to reach the commercial threshold of 6% 

of moisture content at 30 °C, 35 °C, 40 °C, 45 °C and 50 °C was determined. Fungal 

growth and aflatoxin concentration were determined on hazelnuts inoculated with a 

conidial suspension of A. flavus, able to produce aflatoxins in vitro and in vivo. After 

drying, hazelnuts were stored at 25 °C for 14 days to simulate commercially adopted 

practices.  

2. Materials and Methods  

2.1. Hazelnuts and sample preparation 

Fresh shelled hazelnuts ‘Tonda Gentile Romana’ (30 kg), provided by Soremartec 

Italia s.r.l., were harvested in Viterbo (Latium, Central Italy) in 2018. Hazelnuts 

were stored with shells in sealed polypropylene plastic bags at 4 °C for later use. 

Hazelnuts used for drying assays were dehulled one day before the experiment and 

kept in plastic bags at 4 °C overnight. 

Raw hazelnuts were analysed for absence of AFs (AFG1, AFG2, AFB1 and AFB2) 

using the method detailed below. Sampling of hazelnut was done according with the 

Commission Regulation (EU) No. 178/2010 (European Commission, 2010b): 15 

incremental samples were collected randomly from the lot and then mixed 

thoroughly to achieve a well homogenized aggregate sample of about 3 kg.  

2.2. Determination of moisture content, water activity and drying conditions 
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The drying experiments were performed in a drying and heating chamber (Binder 

M115-230V) while, after drying, an environmental testing chamber (Panasonic 

MLR-352H-PE) was used for storing hazelnuts at 25 °C for 14 days. Moisture 

content of nuts was determined by weighing samples before and after drying at 103 

°C for 14 hours (Prencipe et al., 2018c). Water activity (aw) was measured by using 

an electronic hygrometer AquaLab Series 3TE (Decagon Devices Inc., Pullman, 

WA, USA), which adopted the chilled-mirror technique at 25 ◦C.  

In order to mimic the moisture conditions favouring the fungal development, 

hazelnuts were soaked with sterile water for 2-14 hours. Hazelnuts were, later, 

inoculated with A. flavus, and fungal growth was visually observed after 7 days at 

25 °C. Fourteen hours of soaking were adopted in the subsequent experiments. 

To determine the time needed to reach approximately 6% of moisture content in 

healthy hydrated hazelnuts, they were dried in drying chamber using 5 temperatures 

(30 °C, 35 °C, 40 °C, 45 °C and 50 °C). Nuts were placed in aluminium trays on a 

paper towel and were covered with non-woven fabric sheet to promote drying. After 

8  ̶ 72 hours their moisture content was determined. Furthermore, the water activity 

of hazelnuts dried at 6% of moisture content was determined. 

For each treatment, the analyses were performed in three biological replicates and 

two technical replicates of 15 hazelnuts. A negative control was added. The analyses 

were performed twice. 

2.3. Fungal strain and hazelnut inoculation  

An aflatoxigenic strain of Aspergillus flavus, AFSP4, was used to inoculate 

hazelnuts in all experiments (Prencipe et al., 2018a). The strain was grown on Potato 

Dextrose Agar (PDA, Merck, Darmstadt, Germany) at 30 °C for seven days. In order 

to collect the spores, 5 mL of sterile deionized water containing 0.1% Tween 

(Merck, Darmstadt, Germany) were added to each plate and the colony surface was 

gently scraped. Conidia were pelleted using a centrifuge at 4,452 x g for 10 min and 
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resuspended in deionized water with 0.1% Tween and their number was counted 

with Bürker chamber and adjusted to a final concentration of 1x107 spores/mL. 

Before spore inoculation, hazelnuts were surface disinfected by immersion in a 1% 

sodium hypochlorite solution for 10 min and rinsed in sterile water for 10 min. Then, 

hazelnuts were soaked for 14 hours and dried for 10 min on paper towel under a 

laminar-flow hood. Hazelnuts were inoculated by stirring (ARE Hot Plate Stirrer, 

VELP Scientifica, Velate, Italy) in 200 mL of A. flavus spore suspension for 20 min, 

and then dried on paper towel in laminar-flow hood for 10 min. Inoculated and 

untreated hazelnuts were used as control.  

2.4. Effect of drying on Aspergillus flavus growth 

To evaluate the effect of drying temperatures on A. flavus growth, hazelnuts were 

dried at 30 °C, 35 °C, 40 °C, 45 °C and 50 °C. The relative humidity during drying 

was 60±5 %. For each drying condition, three biological replicates were used 

together with one negative control (hazelnuts not inoculated and dried at the same 

conditions). Biological replicates and the negative control were placed in separate 

aluminium trays.  

A. flavus CFU/g hazelnuts and aflatoxins content were determined immediately after 

drying and after 14 days of storage at 25 °C and 70±5 % relative humidity. To count 

the number of viable A. flavus CFU/g, each technical replicate of 15 nuts was 

washed in a beaker placed on a stirrer with 100 mL of sterile water containing 0.1% 

Tween for 60 min. Serial dilutions of the washing water were plated on Yeast 

Extract Sucrose Agar (YES Agar) and on PDA. Agar plates were kept at 30 °C for 

3 days and fungal colonies were visually counted, and the numbers of CFU/g nuts 

were calculated, by considering the weight of each sample. 

2.5. Effect of drying on aflatoxin production 
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The chemical analyses were performed immediately after drying and after 14 days 

of storage at 25 °C in three biological replicates and two technical replicates. Each 

technical replicate consisted of 15 hazelnuts. Each replicate was placed into a 50 

mL polypropylene tube and 30 mL of acetone/water (60/40 v/v) were added. The 

mixture was vortexed at high speed for 1 min and aflatoxins were extracted by 

sonication for 30 min. An aliquot (10 mL) of centrifuged extract (4,452 x g for 15 

min) was filtered through a Whatman No. 4 filter and then the analytes were 

extracted twice with 10 mL ethyl acetate. The organic layer was evaporated to 

dryness and recovered with 1 mL of methanol/water (30/70 v/v). 

Aflatoxin analysis was carried out using an Agilent 1100 series Quaternary pump 

LC system (Agilent Technologies, Santa Clara, CA, USA) coupled to an Agilent 

1100 series fluorescence detector (Agilent Technologies) set for excitation 

wavelength of 360 nm, and emission wavelength of 425 nm (quantification) and 455 

nm (monitoring). The AFB1 signal enhancement was performed through an 

electrochemical bromine derivatization cell (Kobra Cell, R-Biopharm, Darmstadt, 

Germany). Analytes were separated using a reversed phase Eclipse Plus C18 (3.5 

μm, 4.6 x 100 mm, Agilent Technologies) column at 25 °C. The isocratic mobile 

phase comprised water:methanol:acetonitrile (40:32:28, v/v/v) containing 

potassium bromide (119 mg/L) and 4 M nitric acid (350 μL/L) at flow rate of 1 

mL/min for 15 min. The injection volume into the HPLC system was 100 μL. 

Retention times of 5.6, 7.0, 8.5, and 10.9 min were registered for AFG2, AFG1, 

AFB2, and AFB1, respectively. 

AFs were quantified by external calibration curve. The standard solutions were 

prepared by diluting mixture of AFB1, AFB2, AFG1 and AFG2 using 

concentrations ranging from 2 to 500 ng/mL. Standards of the aflatoxins were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) in crystallized form.  

The limit of detection (LOD) of the method was 0.42 ng/g, 0.49 ng/g, 0.33 ng/g and 

0.25 ng/g for AFG2, AFG1, AFB2, and AFB1, respectively. The recovery of AFs 



129 

 

was determined at three concentrations in the hazelnut matrix. The blank samples 

were spiked with the standards of AFB1, AFB2, AFG1 and AFG2 at low (5 µg/kg), 

middle (20 µg/kg) and high concentration (50 µg/kg) in three replicates. The average 

recoveries for AFB1, AFB2, AFG1 and AFG2 were 90.3 ± 3.6%, 89.6 ± 2.2%, 94.6 

± 1.1% and 98.1 ± 5.4%, respectively. The calculated limits of quantification (LOQ) 

were 2.10, 1.71, 0.99, and 1.00 µg/kg for AFB1, AFB2, AFG1, and AFG2, 

respectively. 

2.6. Statistical Analysis  

Statistical analyses were performed using IBM SPSS statistics software Inc. version 

25 (Chicago, IL, USA), for variance analysis (one-way analysis of variance) using 

the Duncan test with P ≤ 0.05. Data on A. flavus CFU/g hazelnuts were 

logarithmically transformed before statistical analysis. 

3. Results 

3.1. Effect of drying time on moisture content  

The average moisture content of fresh shelled hazelnuts used in this study was 13.2 

± 0.7%, while dehulled hazelnuts had an average moisture content of 8.5 ± 1.2%, 

corresponding to a water activity of 0.82. Freshly harvested hazelnuts were already 

at a low moisture content before drying, due to the dry cropping season. As it was 

not possible to obtain consistent results about fungal development in fresh hazelnuts 

inoculated with A. flavus and stored at 25 °C for 14 days (data not shown), hazelnuts 

were soaked in water for 2 to 14 hours to increase the moisture content and 

consequently the water activity prior to drying (Table S1). After 14 days of storage 

at 25 °C, fungal growth was observed on hazelnuts soaked for at least 8 hours (Fig. 

S1). For the drying assay, hazelnuts were soaked for 14 hours to reach 35.9 ± 1.5% 
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moisture content and aw of 0.94 ± 0.02 to create conditions suitable for A. flavus 

growth. 

To calculate the time required to reach about 6 ̶ 7% moisture content using different 

drying temperatures, the moisture was determined 8 to 72 hours after the treatments 

(Table 1). We observed that at 30 °C, 35 °C, 40 °C, 45 °C and 50 °C, there was a 

need of 72 h, 33 h, 28 h, 23 h and 20 h respectively, to dry hazelnuts. The water 

activity of samples dried at these conditions was calculated (Table 1), after the 

drying treatment hazelnuts had a final aw of 0.71± 0.05. 

Table 1. Moisture content (%) of hydrated hazelnuts dried at different 

temperatures for 8 ̶ 72 hours. The time points used to reach around 6% of 

moisture content are in bold and for them the water activity was measured (in 

brackets). Values are expressed as mean values ± SD (3 replicates of 15 nuts 

per experiment, 2 repetitions of the experiment). 

 

Drying 

Time (h) 
30 °C 35 °C 40 °C 45 °C 50 °C 

8 31.8 ± 2.4 18.7 ± 0.3 17.6 ± 0.2 15.1 ± 0.4 14.8 ± 0.1 

20 - - 
- - 6.2 ± 0.1 

(0.71 ± 0.06) 

23 27.8 ± 1.0 9.2 ± 0.7 
7.8 ± 0.7 5.6 ± 0.5 

(0.67 ± 0.04) 

4.3 ± 0.3 

28 26.0 ± 0.6 7.9 ± 0.4 
6.6 ± 0.4 

(0.74 ± 0.03) 

4.6 ± 0.3 - 

33 23.5 ± 0.3 
6.5 ± 0.2 

(0.73 ± 0.03) 

5.2 ± 0.1 3.6 ± 0.1 - 

50 15.4 ± 2.9 4.2 ± 0.1 3.4 ± 0.1 2.5 ± 0.1 - 

56 12.6 ± 0.1 3.8 ± 0.1 3.1 ± 0.1 2.3 ± 0.0 - 

72 
6.4 ± 0.3 

(0.72 ± 0.03) 
- 

- - - 
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3.2. Effect of drying temperatures on A. flavus growth 

A. flavus was determined as CFU/g in the samples dried at different temperatures. 

A reduction of A. flavus growth was observed with the increase of temperature (Fig. 

1). Fungal growth was higher in hazelnuts dried between 30 °C and 40 °C. In 

hazelnuts dried at 35 °C, A. flavus reached 6.1 x 106 CFU/g, while at 45 °C and 50 

°C, A. flavus growth was significantly lower compared to the samples dried at 30 

°C, 35 °C and 40 °C and to the inoculated untreated hazelnuts (3.9 x 104 CFU/g) 

(Fig. 1A). No CFU were found on uninoculated nuts used as negative controls (data 

not shown). 

Similarly, after 14 days of storage at 25 °C, hazelnuts dried at 45 °C and 50 °C 

showed a lower number of A. flavus (CFU/g) compared to control and samples dried 

at lower temperatures (Fig. 1B). Hazelnuts dried between 30 °C and 40 °C exhibited 

a significant increase of fungal growth after the storage period, with the highest A. 

flavus concentration at 35°C (8.2 x 107 CFU/g) (Fig. 1B).  

 

  

Figure 1. Log10 of CFU of A. flavus per gram of hazelnuts counted both after drying 

at different temperatures to reach approximately 6% of moisture content (A) and 

after 14 days of storage at room temperature (B). Control refers to inoculated 

samples undried and not stored and used directly to count inoculated A. flavus 

spores. Values followed by the same letter at the same time are not statistically 
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different by Duncan’s multiple range test (P ≤ 0.05). The statistical analysis was 

performed considering separately values obtained after drying and after storage. 

 

3.3. Effect of drying temperatures on aflatoxin production 

No natural aflatoxin contamination was detected on raw hazelnuts used in this study. 

Aflatoxin production was evaluated in hazelnuts after drying at different 

temperatures and after 14 days of storage at 25 °C. The strain of A.flavus used in 

this study produces AFB1 and AFB2 (Prencipe et al., 2018a). 

As shown in Fig. 2A, production of both toxins (AFB1, AFB2) started already 

during drying at 30 °C with a concentration of 1.93 ± 0.77 μg/g for AFB1 and 0.11 

± 0.04 μg/g for AFB2. A lower toxin concentration was measured at 35 °C. At 40 

°C, 45 °C or 50 °C no aflatoxins were detected immediately after drying. 

Fourteen days after the drying treatment, aflatoxin production was observed in the 

samples dried at 30 °C, 35 °C and 40 °C (Fig. 2B). The highest level of mycotoxins 

detected was at 35 °C (9.30 ± 1.58 μg/g and 0.89 ± 0.08 μg/g for AFB1 and AFB2, 

respectively). Similar aflatoxin production was found for the samples dried at 30 °C 

for both time points tested.  

For samples dried at 40 °C, aflatoxin production was found only after 14 days of 

storage (Fig. 2B), with a concentration of 1.57 ± 0.62 μg/g for AFB1 and 0.15 ± 

0.06 μg/g for AFB2. No aflatoxins were found in samples dried at 45 °C and 50 °C, 

both after drying and after storage. 
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Figure 2. Concentration (μg/g) of AFB1 and AFB2 present in inoculated hazelnuts 

dried at different temperatures to reach 6% of moisture content. (A) shows data from 

hazelnuts collected immediately after drying; (B) shows data collected from 

hazelnuts stored for 14 days at 25 °C. N.d. = non detected. Values followed by the 

same letter at the same time are not statistically different by Duncan’s multiple range 

test (P ≤ 0.05). The statistical analysis was performed considering separately values 

obtained after drying and after storage. 
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4. Discussion 

Hazelnuts can be contaminated with mycotoxigenic fungi at various steps from 

harvesting to the final product, especially after dehulling, and drying is commonly 

used to reduce the moisture content of the nut, to avoid the fungal growth. Due to 

the dry climate conditions in the field before harvest, shelled hazelnuts used in this 

work had a moisture content of 13.2%, which is  similar to the values measured in 

Oregon hazelnuts (Wang et al., 2018a), but lower compared to those measured 

(about 25%) in hazelnuts used in other studies (López et al., 1997a; Ozay et al., 

2008; Turan, 2018, 2019). This low amount of water corresponds to a water activity 

of 0.82, that is not favourable for fungal development and mycotoxin production, 

because close to the minimum aw that ranges from 0.80 to 0.83 for fungal growth 

and is 0.85 for aflatoxin production (Abdel-Hadi et al., 2012; Giorni et al., 2011; 

Medina et al., 2017a). To investigate the effect of drying temperatures and drying 

time on fungal growth and aflatoxin production, the development of A. flavus was 

promoted by increasing moisture content and consequently water activity of 

hazelnuts. Hydrated hazelnuts with final aw of 0.94 are suitable for A. flavus growth 

(Giorni et al., 2011), and this was confirmed in our work by A. flavus growth on 

hazelnuts. 

Hazelnuts were dried at increasing temperatures to determine the time required to 

reach 6% of moisture content, which is commercially adopted to prevent fungal 

growth and mycotoxin occurrence (Wang et al., 2018a). As expected, higher 

temperatures required a shorter time of drying, however, at 30 °C, three days of 

drying were necessary (Mousadoost et al., 2018). The drying times tested were 

similar to those commercially used for hazelnuts (Ozay et al., 2008; Turan, 2018).  

Significant differences were observed in A. flavus growth among different drying 

treatments: a higher growth (measured as CFU/g) of A. flavus was found in the 

samples dried between 30 °C and 40 °C. Hazelnuts treated at 35 °C showed the 

highest fungal growth and aflatoxin production. These results were in agreement 
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with those reported in literature, showing that the optimal temperature for A. flavus 

growth ranges from 30 °C to 35 °C (Shapira and Paster, 2004), but could vary 

depending on the nature and composition of the substrate and the fungal strain 

studied (Gallo et al., 2016; Giorni et al., 2011; Lahouar et al., 2016). Indeed, in 

peanuts and sorghum the optimal temperature for fungal growth was 37 °C (Lahouar 

et al., 2016; Liu et al., 2017). In soybean and in dried Brazil nuts, however, the 

highest fungal growth was observed at 30 °C (Pratiwi et al., 2015). On rice, the 

optimal temperature was predicted to be between 30 and 32 °C (Mousa et al., 2011) 

and on chestnuts (Prencipe et al., 2018c) the highest fungal colonization was 

observed after 7 days of drying at 30  ̶  35 °C, while at 45 and 50 °C no mould growth 

was detected. Similar results were observed in the present study on hazelnuts, 

however drying times were modified according to the temperature of drying used in 

order to reach the same moisture content. Our data discourage the use of 30 or 35 

°C to dry hazelnuts, because these temperatures are favourable for A. flavus growth 

and because longer times are required to reach a moisture content unfavourable for 

fungal growth. At 45 and 50 °C, a significant reduction of A. flavus growth on 

hazelnuts was achieved. These high temperatures are therefore suitable to reduce 

the viability of fungal spores on hazelnuts, avoiding mould growth during storage.  

Mycotoxin production is often promoted under suboptimal growth conditions as an 

adaptive response (Prencipe et al., 2018c; Schmidt-Heydt et al., 2008, 2009). For 

example,  in chestnuts, drying at 40 °C resulted in a significant reduction of fungal 

growth but also in a higher production of aflatoxins (Prencipe et al., 2018c). 

Moreover, aflatoxin production is generally blocked at temperatures above 42 °C, 

as confirmed by negative regulation of genes involved in their biosynthesis (Liu et 

al., 2017). As expected, A. flavus growth was dramatically reduced at 45 °C or 50 

°C and the remaining spores were unable to produce aflatoxins. These results were 

consistent with those obtained by other researchers which showed that fungal 

development occurred in a wider range of aw and temperatures, compared to 
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aflatoxin production (Abdel-Hadi et al., 2012; Giorni et al., 2011; Medina et al., 

2017a, 2017b; Sanchis and Magan, 2004). Our results confirm that higher drying 

temperature are suitable to reduce aflatoxin contamination. The use of high 

temperature for drying is also connected with a lower time of the process, which is 

a benefit from the industrial point of view. 

Interestingly, A. flavus was able to produce aflatoxins after drying at 30 °C, and, to 

a lower extent, at 35 °C. This could be explained by the longer time for drying until 

6% moisture (Aldars-García et al., 2015). At 30 °C, 72 hours of drying were used, 

while, at 35 °C 33 h were sufficient.  

After 14 days of storage at 25 °C, an increased aflatoxin production was observed 

for hazelnuts previously dried at 35 °C and 40 °C. In these conditions, an increase 

of A. flavus growth was evident. These results highlight the need to control also 

storage conditions, such as humidity and temperature, to avoid fungal contamination 

and proliferation. Indeed, during storage, a modification of these two parameters 

can cause a rapid increase in water activity and a proliferation of filamentous fungi 

(Fontana et al., 2014; Khosravi et al., 2007; Marín et al., 2012; Özilgen and 

Özdemir, 2001), which could result in aflatoxin production.  

In conclusion, drying temperatures from 30 °C to 40 °C associated to longer times 

of drying can promote fungal development and aflatoxin production, while 45 °C 

and 50 °C seem to be optimal temperatures for drying hazelnuts, because of the 

reduction of A. flavus and the lack of aflatoxins both after drying and storage. Wang 

at al. (Wang et al., 2018a) and Turan and Islam (Turan and İslam, 2018) suggest to 

dry hazelnuts with higher temperature (43-49 °C and 45 °C, respectively). For other 

nuts, the best drying temperatures were found to be above 40 °C: 42 °C for peanuts 

(Liu et al., 2017) and 45 °C for chestnuts (Prencipe et al., 2018c). In this work, 

hazelnuts were artificially inoculated, while fungal growth and aflatoxin production 

were promoted by adjusting the moisture content, as a result, high level of aflatoxins 

were produced especially between 30 °C and 40 °C. Despite the change of the 
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natural conditions, drying at 45 °C and 50 °C led to a significant reduction of A. 

flavus and to inhibition of aflatoxins production. Further studies are required to 

confirm that the adoption of these temperatures on non-inoculated nuts, results in 

the improvement of safety of nuts (both in terms of reduction of aflatoxin 

contamination and A. flavus presence) and in the maintenance of the nutritional 

qualities of nuts. 

In previous reports, the use of temperatures above 40°C permitted to maintain the 

chemical characteristics of hazelnuts (López et al., 1997a; Mousadoost et al., 2018; 

Wang et al., 2018a). For instance, the use of drying machines at 45 °C to dry Turkish 

hazelnuts cv. Levant provided products with a better oxidative stability over 12 

month of storage at room temperature (Turan, 2018). Instead, it is not advisable to 

dry hazelnuts at temperatures higher than 50 °C because the frequency of rancidity 

reactions increases with a damage in hazelnut quality (Wang et al., 2018a). By 

considering that an increase of the temperature of drying could affect the 

organoleptic quality of hazelnut, the lowest temperature that guarantees the absence 

of aflatoxins should be selected. Therefore, 45°C should be the recommended drying 

temperature to limit A. flavus growth and aflatoxin contamination on hazelnuts.  

This is the first study concerning the effect of drying temperatures both on A.flavus 

growth and AFs production on hazelnuts. The information gained could be used to 

implement drying strategies to avoid sun drying and to limit the development of 

aflatoxigenic fungi and of aflatoxins production. Moreover, the control of the 

environmental parameters during drying and storage is essential to develop 

appropriate practices to maintain healthy and safe food products. 
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Supplementary material 

 

Table S1. Moisture content (%) of hazelnuts soaked for 2-14 hours. Values are expressed 

as mean values ± SD (3 replicates of 15 nuts per experiment, 2 repetitions of the 

experiment).  

Hours of Soaking 
Moisture content 

(%) 

2 19.92 ± 0.47 

4 20.69 ± 0.19 

6 21.29 ± 0.12 

8 26.04 ± 0.26 

10 34.23 ± 0.66 

14 35.51 ± 0.64 

 

Figure S1. Fungal development on hazelnuts, after fourteen days of storage at 

25°C. Fruits were soaked for 2-14 hours and inoculated with A. flavus spore 

suspension. 
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Chapter 5 

General discussion and outlooks 

 

Two Penicillium and one Aspergillus species able to produce harmful mycotoxins, 

through the secondary metabolism pathway, were investigated in this work. The 

biosynthesis of selected mycotoxins produced by these fungi were studied using 

chemical, molecular, bioinformatic approaches. Gene clusters, transcription factors 

and genes involved were identified and their role in biosynthesis was elucidated by 

traditional knockout methods as well as genome editing techniques.  

Bioinformatic and genetic tools provide a valuable information about SMs 

biosynthesis 

Bioinformatic software to mine gene clusters, together with the increased number 

of fungal genomes available, provide a massive amount of information regarding 

fungal secondary metabolism (Keller, 2019). However, the genetic information 

available needs to be linked with chemical and molecular mechanisms by empirical 

means. For example, in the third chapter, the verrucosidin gene cluster was searched 

in two deposited genomes of P. polonicum, considering both strains potentially able 

to produce verrucosidin. The involved BGC identified to be responsible for 

verrucosidin biosynthesis was found only in the genome of one P. polonicum strain. 

Therefore, taking into account only the presence of BGCs in both genomes, the real 

BGC would be excluded from the analysis. Instead, the presence and the expression 

of these genes was confirmed in P. aurantiogriseum and P. polonicum X6 which 

were able to produce this compound in vitro. Therefore, the validation of chemical 
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and molecular analyses is essential in order to avoid possible misinterpretation based 

only on genomic data.  

Additionally, all the predicted BGCs need to be confirmed through genetic 

approaches, such as deletion of the functional genes and TFs involved. As a matter 

of fact, borders of gene cluster may contain genes which are not involved in the 

biosynthesis of a certain compound (Weber and Kim, 2016). In this regard, the 

presence of biosynthetic genes does not mean they are actively transcribed. 

Mutation of backbone genes, for example, can lead to inactivate gene clusters, that 

become silent.  

CRISPR-Cas9 represents a promising and efficient tool to induce specific mutations 

in fungal genomes. Among CRISPR-Cas9 systems, the in vitro approach does not 

require the expression of Cas9 or the transcription of gRNA, and there is an 

immediate cleavage activity when the RNP is targeted into the cells. Furthermore, 

the RNP is degraded by the host cell within a short period, reducing the possibility 

of off-target activity (Wang and Coleman, 2019). The integration efficiency is quite 

high even in fungal genomes with functional NHEJ repair system, and could reach 

74% by adjusting the length of microhomology sequence (Al Abdallah et al., 2017). 

In Chapter 3, P. polonicum mutants with target integration were easily obtained with 

high efficiency. 

The availability of genomic information reveals the vast SMs potential of fungi 

The increased availability of fungal genomes and advanced bioinformatic tools to 

mine BGC, a massive amount of information is currently available. These BGC 

represent a source of novel bioactive compounds, potentially important for medical, 

agricultural and industrial applications. Nevertheless, many of these compounds can 

have toxic effect for humans or animals. The potential ability of fungi to produce 

mycotoxins represents a risk for human safety when contaminating foodstuff. For 

example, Prencipe et al. (2018a, 2018b) isolated more than 180 strains of 
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Aspergillus spp. and Penicillium spp. from chestnuts. Among them, Aspergillus 

section Flavi represent the main concern, due to their ability to produce carcinogenic 

aflatoxins. However, other fungal species were able to produce other harmful 

mycotoxins on chestnuts such as mycophenolic acid, meleagrin, andrastin A, 

roquefortine C, patulin, chaetoglobosin A, cyclopenin, cyclopenol, viridicatin, 

viridicatol, penitrem A, cyclopiazonic acid, verrucosidin and penicillic acid 

(Prencipe et al., 2018b). A legal threshold for these mycotoxins on nuts does not 

exist, as they are not considered a significant contributor to human and animal 

exposure (European Commission, 2010b). Similarly, P. griseofulvum was able to 

produce griseofulvin and roquefortine C in addition to patulin on apples (Banani et 

al., 2016), but only the presence of patulin is regulated by the authorities on apples 

and its derived products (European Commission, 2006). Taking into account that 

most fungi are able to produce more than one mycotoxin, and that several fungi can 

be found on the same commodities, co-occurrence of mycotoxins in food represents 

a high risk for human safety (Rodrigues and Naehrer, 2012; Smith et al., 2016).  The 

current legislation, however, does not consider the cumulative effects of many 

mycotoxins which is not easy to predict. The risk, however, needs to be further 

investigated, as it could lead to synergistic toxic effects (Smith et al., 2016). 

Challenging prediction of mycotoxin and other SM production in vivo 

The regulation of SM biosynthesis is extremely complex and involves an 

interconnection of different factors, including pathway-specific TF (Brakhage, 

2013; Keller, 2019). For example, in the griseofulvin BGC two putative 

transcription factors were identified. However, in P. griseofulvum only gsfR1 seems 

to play a role in the regulation of this compound. In Xylaria flabelliformis (Mead et 

al., 2019), on the other hand, it is expected that gsfR2 could act as griseofulvin 

regulator, as the gsfR1 gene is absent.  
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The regulation of SMs biosynthesis involves also global regulators, that respond to 

external stimuli. In general, fungi usually regulate their secondary metabolism based 

on availability of nutrients, primary metabolites and water. Additionally, 

environmental stressors, such as temperature and humidity, play also an important 

role in SMs biosynthesis. Furthermore, SMs can also serve plant pathogens as 

pathogenicity and virulence factors (Macheleidt et al., 2016; Scharf et al., 2014).  

Many global regulators were found to be putatively involved in the regulation of 

griseofulvin biosynthesis, however, this genetic information is difficult to interpret 

without the support of experimental assays performed in vitro and in planta. In our 

work, the regulation of griseofulvin biosynthesis was confirmed to be dependent on 

carbon and nitrogen availability. Similarly, Núñez and collaborators (2000) reported 

that the verrucosidin biosynthesis was found to be dependent on the concentration 

of these nutrients. Although, the main factors influencing verrucosidin production, 

in in vitro studies, were found to be temperature and water activity. These two 

factors are considered by several researchers to be the most important for mycotoxin 

production (Sanzani et al., 2016; Schmidt-Heydt et al., 2008).  

Several predictive models of fungal growth and mycotoxin production have been 

developed taking into account the influence of temperature and water activity in 

different food matrices such as maize (Battilani et al., 2013), rice (Mousa et al., 

2011) and other relevant crops (Garcia et al., 2009; Magan et al., 2011). These 

models are useful to modify harvest and postharvest practices.  

In summary, the regulation of mycotoxin biosynthesis is complex and difficult to 

predict, but the most important stimuli affecting the biosynthesis are temperature 

and water activity. Therefore, it is important to monitor these two parameters in 

order to limit the presence of mycotoxins in food. This is the reason why nuts are 

immediately dried after harvest, to prevent growth of mycotoxigenic fungi and 

therefore mycotoxin production (CAC-Codex Alimentarius Commission, 2005). As 

seen in hazelnuts, processing conditions, especially drying temperature and time, 
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largely influence both A. flavus viability and aflatoxin production. In addition to 

that, meteorological conditions in field and storage conditions need to be considered 

because they highly influence the mycotoxin production (Ojiambo et al., 2018).  

Outlooks in the study of mycotoxin and other SMs in plant pathogens 

Secondary metabolism in plant pathogens represents an interesting field of 

investigation. Studying the complex system involved in mycotoxin biosynthesis and 

regulation, would lead to the development of possible approaches to prevent the 

accumulation of these harmful compounds in food. Moreover, plant pathogens can 

use SMs to infect crops and therefore the study of virulence factors represent a good 

starting point to conceive practices for reducing food losses. 

As presented in chapters 2, 3 and 4, several approaches can be used to investigate 

fungal secondary metabolism, using chemical, bioinformatic and genetic analyses. 

These approaches could lead to misinterpretations of the importance of certain 

BGCs, genes or TFs. Therefore, a multidisciplinary approach is required to fully 

explore and understand fungal secondary metabolism. The information obtained in 

the current work can lead to develop practices to reduce the development of fungal 

pathogens, the biosynthesis of mycotoxins, reducing food losses and improving food 

safety. 
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