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ABSTRACT 

Mycoviruses are becoming increasingly recognised for their potential as biocontrol 

agents against phytopathogenic fungi which has raised the question to what extent 

mycoviruses could be effective and applicable to the control of Aspergillus, possibly 

including human infections. A total of 50 clinical and environmental Aspergillus 

isolates were screened for the presence of dsRNAs, indicative of mycovirus 

infection. Eight isolates contained dsRNAs, six of which also contained isometric 

virus-like particles. Of particular interest was an isolate of Aspergillus thermomutatus 

which exhibited very low asexual sporulation. Sequencing of the dsRNAs identified 

the virus as a chrysovirus, tentatively named Aspergillus thermomutatus chrysovirus 

1 (AthCV1), the genome of which consists of four segments encoding; a putative 

RNA-dependent RNA polymerase (3589 nt, 1114 aa), a CP (2772 nt, 825 aa), and 

two HPs (2676 nt, 768 aa and 2514 nt, 711 aa). A genetically identical virus free A. 

thermomutatus line, cured by cycloheximide treatment, produced large numbers of 

conidia but no ascospores at both 20⁰C and 37⁰C, whereas the virus infected line 

produced large numbers of ascospores at both temperatures and ten-fold fewer 

conidia at 20⁰C. To study possible effects of AthCV1 on other Aspergillus species, 

virus free isolates of A. fumigatus, A. nidulans and A. niger were transfected with 

AthCV1 particles and their phenotypic reaction assessed. Both virus free and virus 

infected A. fumigatus produced only conidia at both temperatures, but with at least a 

ten-fold reduction in sporulation in the virus infected line. Conidial production was 

also significantly reduced in the infected lines of A. nidulans and A. niger at 37⁰C. 

Transcriptome profiling of virus free and virus infected isolates of all four Aspergillus 

species at 37⁰C showed changes in the expression of a variety of genes with a wide 

range of functions, including several genes with known roles in sexual and/or 
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asexual sporulation. The successful virus transfection to different Aspergillus species 

accompanied by the substantial decrease in A. fumigatus sporulation at both 37⁰C 

and 20⁰C provides a starting point for evaluating the potential of mycoviruses as an 

alternative control method to treat Aspergillus infection.  
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1.1 Aspergillus and aspergillosis 

Certain fungi are responsible for causing disease in humans, plants, animals, and 

insects. In humans, common fungal genera are Absidia, Ajellomyces, Arthroderma, 

Aspergillus, Blastomyces, Candida, Cladophialophora, Coccidioides, Fusarium, 

Geotrichum, Microsporum, Mucor, Nectria, Penicillium, Pichia, and Rhizopus. In 

1729, Micheli was the first to describe the fungal genus Aspergillus which was 

named due to the shape of the conidial head with its spore racemes radiating from a 

centre, which resembles an aspergillum (Denning, 1998). A few years ago, the 

genus Aspergillus (Fig 1.1) was placed in the family Aspergillaceae which belongs to 

the order Eurotiales, class Eurotiomycetes and phylum Ascomycota (Houbraken and 

Samson, 2011). There are hundreds Aspergillus species which mainly occur as 

saprophytes on dead plant material in soil and on decaying vegetables. However, 

some species are found to have either positive or negative impact on mankind. For 

instance, Aspergillus oryza and Aspergillus sojae are economically grown in Asia to 

produce rice wine and soy sauce through certain fermentation processes. 

Aspergillus niger is also utilized in the production of citric acid (Buzina, 2013) and in 

a similar industrial way Aspergillus terreus is used for the production of itaconic acid 

(van der Straat et al., 2014). In contrast, some Aspergillus species such as 

Aspergillus flavus and Aspergillus parasiticus can act as spoilers of vegetables and 

crops and they can also produce toxins that contaminate food and animal feed.  

Aspergillus causes a range of diseases amongst immunocompromised patients. The 

term ‘Aspergillosis’ refers to a range of diseases caused by Aspergillus. Aspergillosis 

ranges from non-invasive forms, such as Aspergilloma (fungus mycelia ball) or the 

development of allergic bronchopulmonary aspergillosis, to invasive pulmonary 
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disease. Although infection with Aspergillus most frequently occurs in the upper 

airways, lungs, and surrounding structures, it has been reported in other body 

organs. Invasive aspergillosis is a major cause of morbidity and mortality in 

immunocompromised individuals including those undergoing stem cell and solid 

organ transplantation, those with Human immunodeficiency virus (HIV) infection or 

hereditary immunodeficiency, and those using oral corticosteroids or tumour necrosis 

factor- inhibitors. Moreover, patients admitted to intensive care units (ICUs) can 

also be susceptible (Meersseman et al., 2007; Buzina, 2013). Due to the increasing 

number of immunocompromised patients, the incidence of Aspergillus infection has 

dramatically increased in the last few decades (Lumbreras and Gavaldá, 2003; Ruiz-

Camps, 2011) and elimination of Aspergillosis in those immunosuppressed patients 

is becoming intractable due to the toxicity of antifungal drugs (Mihăilă, 2015; Moen et 

al., 2009; Nicholl et al., 1995; Silva, 2010) and the presence of antifungal drug 

resistant Aspergillus isolates (Arendrup, 2014; Buzina, 2013).  

In the 3rd addition of the Atlas of Clinical Fungi around 45 Aspergillus species (Table 

1.1) were listed as clinical fungi (Cited after Buzina, 2013). Aspergillus 

thermomutatus (teleomorph Neosartorya pseudofischeri) was reported to be isolated 

from patients with cystic fibrosis (Balajee et al., 2005). Aspergillus udagawae has 

been reported to frequently cause invasive Aspergillosis (Sugui et al., 2010) and it 

was also isolated from eye infection (Posteraro et al., 2011). Aspergillus foetidus was 

obtained from the respiratory tract (Alcazar-Fuoli et al., 2009).  

The most common five species frequently responsible for Aspergillosis are 

Aspergillus fumigatus (O'gorman et al., 2009; Petrak et al., 1985), A. flavus (Drakos 

et al., 1993; Harley et al., 1995; Mori et al., 1998), Aspergillus terreus, and 
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Aspergillus niger (Steinbach and Stevens, 2003; Nakagawa et al., 1999) and 

Aspergillus nidulans (Dagenais and Keller 2009). Other species of less significance 

include, Aspergillus quadrilineatus (Drakos et al., 1993 ), Aspergillus glaucus 

(Yoshida et al., 1990), Aspergillus granulosus (Fakih et al., 1995), A. nidulans (Lucas 

et al., 1999; Mitchell et al., 1987; Horre et al., 2002; Dotis et al., 2003; Mizuki et al., 

1994; Rosen-Wolff et al., 2004; Morris et al,. 1995), Aspergillus ustus (Carrizosa et 

al., 1974; Gene et al., 2001; Nakai et al., 2002), and Aspergillus versicolour 

(Galimberti et al., 1998; Torres-Rodriguez et al., 1998; De Amicis, 1950; Rotoli et al., 

2001; Liu et al., 1995; Hodgson et al., 1998).  

Despite the important impact that antifungal drugs can have on Aspergillosis, 

resistant fungal strains remain a major challenge (Buzina, 2013). Resistance to 

antifungal drugs is either intrinsic or acquired. The latter is expected to occur as a 

response to agricultural fungicides or as a result of long-term treatment in patients 

with allergic or chronic forms of aspergillosis (Arendrup, 2014). For enstance, 

resistant Aspergillus infections in the antifungal drug-naïve patients are becoming 

more frequent as the numbers of environmental A. fumigatus isolates, that are 

resistant to azole, are increasing. There is also a remarkable increase in the 

acquired resistance amongst chronic aspergillosis patients with long term azole 

treatment (Arendrup, 2014). A new strategy seems essential to selectively fight 

aspergillosis and other invasive opportunistic human pathogenic fungi (Pfaller and 

Diekema, 2007; Polinder et al., 2008).  
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Fig 1.1: Light microscope photos of different Aspergillus propagules; 1: hulle cells 
produced by A. nidulans and a conidiophore carrying a conidiophore head (CH); 2: 
conidia produced by A. thermomutatus; 3: Asci and ascospores produced by A. 
thermomutatus (Teleomorph Neosartorya pseudofischeri); 4&5: Asci and ascospores 
released from cleistothecia (A. thermomutatus); 6: hulle cells, asci and ascospores 
produced by A. nidulans (Teleomorph Emericella nidulans); 7: conidia and 
conidiophores (A. nidulans).  
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Table 1.1: List of human pathogenic Aspergillus species published in the 3rd eddition 
of the Atlas of Clinical Fungi (Cited after Buzina, 2013). 

 

 

1.2 Mycoviruses 

Mycoviruses are viruses that selectively infect fungi. They have been reported in a 

wide variety of fungi, including yeasts. Mycoviruses do not have an extracellular life 

cycle phase, but they are successfully transmitted intracellularly via cell fusion, cell 

division and sporogenesis. They typically have narrow natural host ranges of closely 

related vegetatively compatible fungal groups (Ghabrial, 1998). 

The description of virus-like particles (VLPs) linked to diseased Agaricus bisporus 

mushrooms (Hollings, 1962), encouraged researchers to look more widely at fungal 

viruses. However, knowledge and understanding of mycoviruses is still in its infancy 

compared to other areas of virology and current mycovirus publications are primarily 

concerned with economically important fungi such as cultivated mushrooms, yeasts, 

and fungal pathogens of plants (Pearson et al., 2009). In recent years there has 
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been substantial interest in the possibility of using viruses to combat plant 

pathogenic fungi (Choi and Nuss, 1992; Hillman, and Suzuki, 2004; Castro et al., 

2003; Chiba et al., 2009) but use of mycoviruses as a tool to combat invasive fungal 

infection in animals and humans has not yet been explored in any detail (van de 

Sande et al., 2010). Although data on mycoviruses of human pathogenic fungi is 

limited, there is evidence of mycoviruses in various fungal genera such as Alternaria 

alternate, Penicillium spp, Aspergillus spp, and yeasts that are pathogenic to 

humans (Aoki et al., 2009; Bozarth, 1972; Border et al., 1972; El-Sherbeini et al., 

1987; Van Diepeningen et al., 2006).  

Mycoviruses are known to exist and multiply in all phyla of fungi (Jamal et al., 2010; 

Pearson et al., 2009; Nuss, 2005) and in Oomycetes (Hacker et al., 2005; Gillings et 

al., 1993; Mayhew et al., 1992). In human pathogenic fungi, a range of isometric 

VLPs have been observed (Table 1.2); for instance, 44–50 nm isometric particles 

containing a monopartite double-stranded Ribonucleic Acid (dsRNA) genome were 

reported from the human pathogenic fungus Blastomyces dermatitidis (Kohno et al., 

1994), in 1973 isometric particles of 50-60 nm were found in Candida utilis by 

Kozlova, other isometric particles of 100-170 nm in Candida tropicalis have been 

reported by Nesterova et al 1973 (cited after Sharma et al., 2011), large 80-120 nm 

isometric particles in Candida tropicalis (Nesterova, et al., 1978), a dsRNA element 

contained in 35 nm isometric particles was isolated from Candida curvata (Matte et 

al., 1990) and VLPs of 12, 18, and 28-30 nm have been found in Candida albicans 

(Mehta et al., 1982). 

Aspergillus has been found to contain isometric particles of different sizes (Table 

1.3). In fractions from mycelial cultures of black Aspergillus, isometric virus particles 

of approximately 25-40 nm have been seen (Van Diepeningen et al., 2006). In 
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Aspergillus flavus, the occurrence of 33 nm isometric VLPs have been reported 

(Silva et al., 2001). Virions of around 30 nm have been observed in the same 

species by Mackenzie and Adler 1972 (cited by Lemke and Claude, 1974) and by 

Gussack et al. (1977). An isometric partitivirus (Bhatti et al., 2011a) and a 

chrysovirus (Jamal et al., 2010) with unpublished size were reported in A. fumigatus. 

In A. foetidus 33-37 nm particles have been observed (Kozlakidis et al., 2013a; 

Kozlakidis et al., 2013b; Kozlakidis et al., 2013c) while a third study showed the 

presence of 40-42 nm in this species and in A. niger (Banks et al., 1970). Hollings 

and Stone (1971) have published the occurrence of isometric particles of about 25 

nm in A. glaucus. 

The vast majority of the reported mycoviruses have dsRNA genomes and a lesser 

number of them have single-stranded ribonucleic acid (ssRNA) positive sense (+) 

genomes, but only a few mycoviruses possess single-stranded deoxyribonucleic acid 

(ssDNA) or double-stranded deoxyribonucleic acid (dsDNA) genomes (Yu et al., 

2010). Consequently isolation of high molecular weight dsRNA is frequently the 

method of choice for Ribonucleic Acid (RNA) virus detection as dsRNA is the 

genome of many mycoviruses and also produced during the replication of ssRNA 

viruses. In addition dsRNA is more resistant to enzymatic degradation than ssRNA 

and not usually found in uninfected tissues (Morris and Dodds, 1979). Despite the 

fact that the vast majority of mycoviruses have no or little obvious impact on their 

host, there are reports of phenotypic changes in some plant pathogenic fungi due to 

viral infection. These alterations include reduction in fungal virulence and growth on 

its host plant (Boland et al., 1993; Hammar, 1989; Boland, 1992; Bottacin et al., 

1994; Punja, 1995), cytological alterations of cellular organelles (Newhouse et al., 

1983), changes in pigmentation (Chu et al., 2002), and enzymatic activities (Rigling 
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and Alfen, 1993). Moreover, dsRNAs of viral origin are known to be interferon 

inducers (Banks et al., 1970). Some mycoviruses confer an advantage on their 

fungal host such as production of killer toxins by Saccharomyces cerevisiae to which 

this yeast is resistant or immune, whereas other strains of the same or different 

yeasts are susceptible (Magliani et al., 1997; Park et al., 1996). It has also been 

found that a mycovirus was required for the heat tolerance conferred on tropical 

panic grass by Curvularia protuberata (Márquez et al., 2007). 

Transmission of mycoviruses can take place intercellularly, among fungal individuals 

that are vegetatively compatible, through hyphal anastomosis and heterokaryosis or 

sexual and asexual spores (Chu et al., 2004; Xie et al., 2006). Recognized viral 

families of plant pathogenic fungi are listed in Table 1.4 (King et al., 2012). 

Mycoviruses that are associated with fungal genera that can cause human fungal 

disease and are also formally recognised by the International Committee on 

Taxonomy of Viruses are listed in Table 1.5 (van de Sande et al., 2010). 

Different Aspergillus species have been reported to be infected with mycoviruses, 

including Aspergillus section Nigri (Varga et al., 1994), Aspergillus section Flavi 

(Elias and Cotti, 1996), Aspergillus section Circundati, Aspergillus section Fumigati 

(Varga et al., 1998), Aspergillus section Clavati (Varga et al., 2003), A. foetidus 

(Buck and Ratti, 1975; Ratti and Buck, 1972), A. niger (Buck et al., 1973), A. flavus 

(Schmidt et al., 1986; Silva et al., 2001), A. fumigates (Bhatti et al., 2011a; Bhatti et 

al., 2012; Jamal et al., 2010; Wood et al., 1974), and A. ochraceus (Kim and 

Bozarth, 1985; Liu et al., 2008). Investigation of mycoviruses in Aspergillus species 

is often restricted to a description of the presence of dsRNA segments, with an 

incidence of 0–13% in all examined species, with no further molecular 

characterisation (Jamal et al., 2010). 
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Table 1.2: Virus-like particles previously reported in human pathogenic fungi.  

 

Table 1.3: Virus-like particles previously reported in Aspergillus spp. 
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1.3 DsRNA mycoviruses 

DsRNA mycoviruses are classified into the five families Partitiviridae, Reoviridae, 

Chrysoviridae, Totiviridae, and Endornaviruses. All members of these families 

possess encapsidated, non-enveloped particles except those belonging to 

Endornaviridae which are not encapsidated (Fig 1.2). The Hypoviridae, which was 

originally thought to have dsRNA genomes, are now known to have unencapsidated 

+ssRNA viruses which have selectively porous protein compartments containing the 

genome and polymerase (Nuss and Hillman, 2012). The predominant presence of 

dsRNA in hypovirus infected hyphal extracts seems to be replicative intermediate or 

replicative form of RNA (Nuss, 2005). With the exception of the genus Mycoreovirus, 

family Reoviridae, which have spherical double-shelled particles 80 nm in diameter, 

dsRNA mycoviruses are usually encapsidated in isometric particles with a diameter 

of 25-50 nm (King et al., 2012). In addition to the mycoviruses, these families 

encompass members that infect organisms such as protozoa and plants.  

 

 
1.3.1 Family Totiviridae 
  
Members of this family have non-segmented dsRNA genomes of about 4.6 - 7 kb in 

size, with two open reading frames (ORFs) encoding the coat protein (CP) and the 

RNA-dependent RNA polymerase (RdRp). This genome is encapsidated in a single 

isometric particle with 33-40 nm in diameter with a buoyant density of 1.33-1.43 gcm-

3 in caesium chloride (CsCl) (Wickner et al., 2012). 

Totiviridae is classified into four genera; Giardiavirus, Leishmaniavirus, Totivirus and 

Victorivirus. The first two are known to infect protozoa and the type species of the 

genus Giardiavirus is Giardia lamblia virus while the type species of Leishmaniavirus 

is Leishmania RNA virus 1-1. The other two genera are Totivirus and Victorivirus and 
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they have been reported to infect plant pathogenic fungi. Examples of Totivirus 

species are Saccharomyces cerevisiae virus L-A (L1), Saccharomyces cerevisiae 

virus L-BC (La), and Ustilago maydis virus H1 (Table 1.4). The type species of 

Victorivirus is Helminthosporium victoriae virus-190S. Sequence comparison 

analysis of the amino acid sequences of the RdRp of totiviruses demonstrated that 

they share significant sequence similarity and contain the eight motifs conserved in 

RNA-dependent RNA polymerases (RdRp) of dsRNA mycoviruses (Bruenn, 1993; 

Kozlakidis et al., 2006). Yeast or smut killer strains of Saccharomyces cerevisiae and 

Ustilago maydis are usually associated with a satellite dsRNA (M-dsRNA), which is 

dependent on a helper totivirus for encapsidation (Magliani et al., 1997). The satellite 

dsRNA encodes a toxin protein. The yeast and smut fungal isolates that host the M-

dsRNA are immune to the encoded toxin. On the other hand, the isolates that are not 

associated with the M-dsRNA are sensitive to the produced toxin and are eradicated. 

This phenomenon is known as the yeast or smut killer system (Ghabrial, 1998). 
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Fig 1.2: Description of dsRNA mycovirus families which are associated with pathogenic fungi, Adapted from Darissa, (2011) 
           #: Family Hypoviridae recently classified under +ssRNA viruses. 
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Table 1.4: Summary of formally named and recognized mycoviruses extracted from King et al. (2012). 
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Table 1.4: Continued. 
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Table 1.5: List of mycoviruses of fungal genera known to be pathogenic to humans formally named and recognised by the 

International Committee on Taxonomy of Viruses (ICTV) (van de Sande et al., 2010).  

 

Note: Confirmed species in italics; tentative and unassigned mycoviruses in regular font.
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1.3.2 Family Partitiviridae 
  
Members of this family have isometric particles of 30–43 nm in diameter with 

bipartite dsRNA genomes of 1.4-2.4 kb (packaged into separate particles). 

Segments are usually similar in size, one encodes the RdRp and the other encodes 

the CP. Virions with nucleic acid have a buoyant density of 1.34-1.36 gcm-3 (Ghabrial 

et al., 2012).  

Genera in the family Partitiviridae are Partitivirus, Alphacryptovirus, Betacryptovirus 

and Cryspovirus (Ghabrial et al., 2012). Only members of the Partitivirus have been 

known to infect fungi while Alphacryptovirus and Betacryptovirus encompass viruses 

that infect plants and the genus Cryspovirus comprises viruses isolated from 

protozoa. Recently, the International Committee on Taxonomy of Viruses 

(Talk.ictvonline.org) ratified the replacement of the three genera Partitivirus, 

Alphacryptovirus, Betacryptovirus with four new genera (Alphapartitivirus, 

Betapartitivirus, Gammapartitivirus, and Deltapartitivirus) in addition to the genus 

Cryspovirus. Both the Alphapartitivirus and Betapartitivirus comprise plant and fungal 

viruses, whereas the genus Gammapartitivirus contains only fungal viruses. All 

species of the genus Deltapartitivirus have been isolated from plants.  

 

1.3.3 Family Chrysoviridae 

An important taxonomic change in the 8th ICTV report (Jiang and Ghabrial, 2004; 

Ghabrial et al., 2005) was the creation of the family Chrysoviridae to accommodate 

Penicillium chrysogenum virus (PcV) and related viruses that have four dsRNA 

segments that were previously classified in the family Partitiviridae. Chrysoviridae 

encompasses members with isometric particles 35–40 nm in diameter with 

multipartite dsRNA genomes (four segments of 2.4 - 3.6 kb) encapsidated in 
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separate particles. Virions have a buoyant density of 1.34-1.39 gcm-3 (Ghabrial et al., 

2005). The largest genome segment, dsRNA1, codes for the RdRp and dsRNA2 

codes for the CP, but the roles of dsRNA3 and dsRNA4 are not clear. Studies of the 

amino acid sequences of the RdRp indicate that chrysoviruses are more closely 

related to totiviruses than to partitiviruses. The four dsRNA segments share highly 

similar sequences in their 5`- and 3`-untranslated regions (UTRs). Approved 

members of the genus chrysovirus are the type species Penicillium chrysogenum 

virus (PcV), Helminthosporium victoriae virus 145S, Penicillium brevicompactum 

virus, Penicillium cyaneo-fulvum virus (Ghabrial and Caston, 2012). Related 

proposed fungal chrysoviruses that have not yet been approved include 

Cryphonectria nitschkei chrysovirus 1, Fusarium oxysporum chrysovirus 1 (Ghabrial 

and Caston, 2012), Magnaporthe oryzae chrysovirus 1-A & Magnaporthe oryzae 

chrysovirus 1-B (Urayama et al., 2014), Aspergillus fumigatus chrysovirus (Jamal et 

al., 2010), and Verticillium dahliae chrysovirus 1 (Cao et al., 2011). 

 

1.3.4 Family Reoviridae 

Reoviridae includes viruses that infect vertebrates, invertebrates, plants, and fungi. 

Members of the family Reoviridae that infect fungi are classified in the genus 

Mycoreovirus. Mycoreoviruses have 11-12 dsRNA monocistronic genomic segments 

between 0.7 - 5 kb in size, encapsidated in double-shelled particles about 80 nm in 

diameter. Except for several RdRp motifs, the functions of the proteins (10-11) 

encoded by mycoreoviruses are not well characterized. To date, only three 

mycoreoviruses have been identified which are associated with hypovirulence of 

their fungal hosts. Two of these have been reported in Cryphonectria parasitica 

which are Cryphonectria parasitica mycoreovirus-1 (type species) and Cryphonectria 
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parasitica mycoreovirus-2 with a genome of 11 segments. A third mycoreovirus that 

possesses a genome of 12 segments has been reported in Rosellinia necatrix and 

known as Rosellinia necatrix mycoreovirus-3 (Attoui et al., 2012). The family 

Reoviridae is classified into two subfamilies Sedoreovirinae and Spinareovirinae, 

under which the genus Mycorevirus is classified. Genera belonging to the latter 

subfamily are Orthoreovirus, Aquareovirus, Oryzavirus, Fijivirus, Mycoreovirus, 

Cypovirus, Idnoreovirus, Dinovernavirus, and Coltivirus. The subfamily 

Sedoreovirinae includes Orbivirus, Rotavirus, Seadornavirus, Phytoreovirus, 

Cardoreovirus, and Mimoreovirus (Viralzone.expasy.org/all_by_species/104.html). 

 

1.3.5 Family Endornaviridae 

The genome of Endornaviruses consists of a large linear dsRNA (14-17 kb), 

nonencapsidated, encoding a single protein with RdRp and RNA helicase motifs. 

Oryza sativa endornavirus is the type species of the only recognized genus 

Endornavirus in this family. Only two formally described Endornaviruses infecting a 

fungal host have been reported. These viruses are Helicobasidium mompa 

endornavirus 1 and Phytophthora endornavirus 1 (Fukuhara and Gibbs, 2012). Other 

reported proposed but not yet recognized Endornaviruses infecting fungi include 

Rhizoctonia solani endornavirus - RS002 (Das et al., 2014), Chalara elegans 

endornavirus 1 (Chen and Punja, 2014), Tuber aestivum endornavirus (Stielow et al., 

2011) and Alternaria brassicicola endornavirus 1 (Shang et al., 2015). 

 

 

1.4 Positive-sense single-stranded RNA mycoviruses  
 
Mycoviruses with positive-strand RNA genomes (9-17 kb) and no CP belong to the 

families Hypoviridae, and Narnaviridae (King et al., 2012). Some of these viruses 
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were classified originally as dsRNA mycoviruses, probably because they exist mostly 

as the dsRNA replicative form in their hosts (Ghabrial and Suzuki, 2009; Pearson et 

al., 2009; Nuss, 2005). 

 

1.4.1 Family Hypoviridae 

Hypovirus is the only genus currently recognized in the family Hypoviridae. 

Hypoviruses have linear RNA genomes of 9-13 kb in dsRNA replicative forms 

associated with polymerase activity and pleomorphic membranous host-encoded 

vesicles (50-80 nm) that have a buoyant density in CsCl of around 1.27–1.3 g cm-3 

(Nuss and Hillman, 2012). The approved four members of the genus Hypovirus were 

isolated from the chestnut blight fungus Cryphonectria parasitica are Cryphonectria 

hypovirus 1, the type species which is known to reduce host virulence (Shapira et al., 

1991), Cryphonectria hypovirus 2 (Hillman et al., 1994), Cryphonectria hypovirus 3 

(Smart et al., 1999), and Cryphonectria hypovirus 4 (Linder-Basso et al., 2005) and 

they were isolated from the chestnut blight fungus Cryphonectria parasitica. Other 

hypoviruses that have not been approved include Fusarium graminearum hypovirus 

1 (Wang et al., 2013), Fusarium graminearum Hypovirus 2 (Li et al., 2015), 

Phomopsis longicolla hypovirus 1 (Koloniuk et al., 2014), Sclerotinia sclerotiorum 

hypovirus 1 (Xie et al., 2011), Sclerotinia sclerotiorum hypovirus 2 (Khalifa and 

Pearson, 2014), and Valsa ceratosperma hypovirus 1 (Yaegashi et al., 2012) 

 

1.4.2 Family Narnaviridae 

The family Narnaviridae encompasses two genera; Narnavirus and Mitovirus. 

Members of this family have RNA genomes of 2.3–2.9 kb, coding only for RdRp and 

the viruses are present as RNA-RdRp nucleoprotein complexes (non-encapsidated 
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positive-strand). Mitovirus infections associated with hypovirulence in 

phytopathogenic fungi were reported for Cryphonectria mitovirus 1 and Ophiostoma 

mitoviruses 3a, 4, 5, and 6 (Hillman and Esteban, 2012). Members of the genus 

Narnavirus have been found in the cytosol of their hosts like Saccharomyces 

cerevisiae (Rodríguez-Cousiño et al., 1998) and in Phytophthora infestans (Cai et 

al., 2012), whereas those belonging to the genus Mitovirus have been found in the 

mitochondria of filamentous fungi such as Ophiostoma novo-ulmi mitovirus 4 (Hong 

et al., 1999), and Cryphonectria parasitica mitovirus 1-NB631 (Polashock and 

Hillman, 1994). Thanatephorus cucumeris mitovirus is potentially capable of 

replicating in both mitochondria and in the cytosol (Lakshman et al., 1998). 

 

1.4.3 Family Alphaflexiviridae 

Alphaflexiviridae is classified into five genera, two of which include members that 

infect fungi. These two genera are Botrexvirus and Sclerodarnavirus. The latter has 

only one recognized species Sclerotinia sclerotiorum debilitation-associated RNA 

virus and appears to cause hypovirulence to its fungal host (Xie et al., 2006). Even 

though members of the genus lack a capsid, phylogenetic analysis of RdRp places 

them within this family. Members of the genus have genomes of ssRNA (+) with 

5470 nt which has only one ORF encoding for a replicative protein. 

The type species of the genus Botrexvirus is Botrytis virus X and it is the only 

recognized species of the genus. Particles are flexuous filaments of 720 nm in length 

and around 13 nm in diameter and nucleic acid is ssRNA (+) of 6966 nt excluding the 

3` polyadenylated end. The RNA encodes for five ORFs, one for RdRp and another 

for a CP while the other three encode for unknown predicted proteins (Adams et al., 

2012a).  
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1.4.4 Family Gammaflexiviridae 

The only genus recognized in this family is Mycoflexivirus which include the only 

recognized species Botrytis virus F. Particles in this species are flexuous filaments of 

about 720 nm in length and about 13 nm in diameter. The genome is ssRNA (+) of 

6827 nt in length, excluding the 3` polyadenylated tail. It consists of two ORFs; 

ORF1 encodes for methyltransferase, helicase and RdRp while ORF2 encodes for 

the CP (Adams et al., 2012b). 

 

1.4.5 Family: Barnaviridae 

Barnavirus is the only one recognized genus in this family. Particles are non-

enveloped bacilliform; their size is around 19 nm in width and 50 nm in length. The 

viral genome is an ssRNA (+) of about 4 kb in size. Virions have buoyant density in 

caesium sulphate (Cs2So4) is 1.32 g cm-3. The type species is Mushroom bacilliform 

virus (MBV) (Revill, 2012).  

 

1.5 Positive-sense single-stranded RNA mycoviruses that replicate 

through a DNA intermediate (Reverse Transcription (RT))  

 

1.5.1 Family: Metaviridae  

This family is classified into three genera: Metavirus, Errantivirus, and Semotivirus. 

Collections of virions are diverse in their characters due to their maturation stage. 

There are intracellular and extracellular particles, and the latter are enveloped. The 

genome is a ssRNA (+) with an approximate length of 4-10 kb (Eickbush et al., 

2012). Saccharomyces cerevisiae Ty3 virus is the type species of the genus 

Metavirus while for Errantivirus, Drosophila melanogaster Gypsy virus is the type 
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species and in the case of Semotivirus, the type species is Ascaris lumbricoides Tas 

virus. 

 

1.5.2 Family: Pseudoviridae  

Viruses in this family infect algae, fungi, invertebrates, plants and protozoa. The 

three genera of this family are Pseudovirus, Hemivirus and Sirevirus, and the first 

two genera include members that infect fungi. The viral genome consists of a linear 

ssRNA (+) encapsidated in irregular round or ovoid virions with dense centres. In 

some cases, regular VLPs can be observed. Viral RNAs range in length from 5 to 9 

kb and the dsDNA provirus form that integrates into the host genome is around 5.5-

10 kb and encodes a single ORF (Boeke et al., 2012). Type species are 

Saccharomyces cerevisiae Ty1 virus for Pseudovirus, Drosophila melanogaster 

copia virus for Hemivirus and for Sirevirus the type species is Glycine max SIRE1 

virus. 

 

1.6 DNA mycoviruses 

 
The only reported mycovirus with a DNA genome is Sclerotinia sclerotiorum 

hypovirulence-associated DNA virus 1 (SsHADV-1). The virus has a circular ssDNA 

genome of 2.166 kb contained in an isometric particle of 22 nm in diameter. This 

ssDNA segment encodes two proteins; a replication initiation protein and the CP (Yu 

et al., 2010).  
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1.7 Transmission of mycoviruses  

1.7.1 Extracellular transmission 

Unlike many animal and plant viruses, which can live in the extracellular environment 

and spread throughout their hosts via different means of transmission, mycoviruses 

do not have any known vector or extracellular phase. Until recently, attempts to 

extracellularly transmit virus particles had proven unsuccessful. However, 

protoplasts have been successfully infected with purified virus particles (Pearson et 

al., 2009). The first successful extracellular transmission was obtained by growing a 

mixture of purified particles of Sclerotinia sclerotiorum hypovirulence-associated 

DNA virus 1 (SsHADV-1) with either protoplasts or mycelia fragments in the absence 

of polyethylene glycol (Yu et al., 2013). The SsHADV-1 particles were able to infect 

hyphae of S. sclerotiorum when applied to fungal media or sprayed on growing 

mycelia (Yu et al., 2013). 

An earlier questionable study had reported successful transmission of purified virions 

from infected Laccaria laccata fruiting bodies to virus-free fruiting bodies (Blattny and 

Kralik, 1968). In this experiment, which was performed outdoors, spores from 

infected fruit bodies or infected mycelia could have reached the site of the 

experiment and contaminated healthy fruit bodies. Another possibility is that there 

might already have been an undetectable virus titre infecting the fruiting bodies that 

thought to be virus-free. Later virus titre increased and caused symptoms.  

1.7.2 Intracellular transmission 

Although in many cases vertical transmission via asexual spores is known to be 

more efficient than via sexual spores (Van Diepeningen et al., 2008; Hillman and 

Suzuki, 2004), it seems that there is no consistent relationship between transmission 
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rates for sexual and asexual spores. In general, transmission through both types of 

spores is known to occur frequently. Horizontal transmission can happen when two 

vegetatively compatible hyphae meet and facilitate protoplasmic fusion and 

exchange between different hyphae. This phenomenon is known as “hyphal 

anastomosis” and it has successfully been used to transmit mycoviruses between 

virus-free and virus-infected fungi (Pearson et al., 2009). In fact, vegetative 

incompatibility remains a major obstacle that limits horizontal transmission of 

mycoviruses between fungi (Dalzoto et al., 2006; McCabe et al., 1999). 

1.8 Mycoviruses as biocontrol agents 

Many mycovirus infections are cryptic but some have obvious effects on host 

phenotype including hypovirulence (Pearson et al., 2009; van de Sande et al., 2010). 

These changes include reduced growth, abnormal pigmentation, and altered 

reproduction and decreased virulence (Chu et al., 2004; Nuss, 2005). Mycovirus 

associated hypovirulence effect have been reported in several fungi such as 

Botryosphaeria dothidea, Cryphonectria parasitica, Diaporthe perjuncta, Fusarium 

graminearum, Helminthosporium victoriae, Magnaporthe oryzae, Ophiostoma ulmi, 

Ophiostoma novo-ulmi, Rosellinia necatrix, Rhizoctonia solani, Sclerotinia 

homoeocarpa, and Sclerotinia sclerotiorum (Ghabrial et al., 2015; Nuss, 2005; Son 

et al., 2015). The successful use of a hypovirulent strain to biologically control 

Cryphonectria parasitica, the cause of chestnut blight in Europe, has encouraged 

mycovirologists to search for hypovirulence associated mycoviruses for potential use 

to combat other plant pathogenic fungi (Anagnostakis, 1982; Anagnostakis, 1995). 

However, heterokaryon incompatibility was perhaps the reason behind the 

inefficiency of the attempted biological control of chestnut blight by hypovirus in 
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North America as this restricted virus transmission between incompatable strains of 

the fungus (Milgroom and Cortesi, 2004). In order to overcome this barrier, 

researchers tested laboratory based transmission methods such as transfection 

protoplasts using purified virus particles, full-length viral cDNA clones, and protoplast 

fusion (Potgieter et al., 2013; Marzano et al., 2015; Wu et al., 2012). Although these 

methods have successfully been able to transfect mycoviruses into new hosts and 

therefore expand virus host range, they are still restricted to the level of laboratory 

experiments other than field applications. It seems that intensive research on the 

virus-host environment interaction will be needed before a large-scale field-level 

suppression of fungal diseases might be achieved. 

 

1.9 Aims and objectives 

The research presented in this thesis aimed to fulfil the following objectives: 

1) Screen clinical and environmental isolates of Aspergillus spp. for the presence 

of viruses based on the presence of dsRNAs and/or VLPs. 

2) Partially sequence detected viruses to obtain a provisional identification 

3) Select one or more viruses to study the effects on growth and reproduction of 

the original fungal host species. 

4) Determine the host range of the selected virus(es) and the effect on the 

growth and reproduction of additional hosts. 

5) Determine the effect of virus infection on gene expression in the various host 

species with a view to providing insights that may contribute to developing 

novel control measures.  
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Chapter 2 

Survey of double-stranded RNA and virus-like 

particles in Aspergillus spp. 
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2.1 Introduction 

As discussed in chapter 1, significant advances have been made in disease 

diagnosis and in antifungal drug improvement. However, invasive Aspergillosis 

related deaths among severely immunosuppressed patients reach 48% of 

Aspergillosis infections (Pagano et al., 2007). This has increased the necessity of 

exploring different options for control to help treat those patients. 

 

It has been reported that Aspergillus has frequently been infected with dsRNAs 

encapsidated in isometric particles (chapter 1, Table 1.3), some of which cause 

alterations in host physiology (Van Diepeningen et al., 2006; Bhatti et al., 2011b). 

Due to the fact that the majority of mycoviruses possess dsRNA or ssRNA genomes 

and the latter produces dsRNA at some stage during replication (Replicative form), 

dsRNA extraction has been repeatedly a preferable choice for viral detection when 

investigating RNA viruses (Morris and Dodds, 1979). This is probably because 

fungal screening for the presence of dsRNA is capable of detecting the genome of 

dsRNA viruses as well as the replicative form formed by ssRNA viruses during their 

replication. Many approaches have been suggested for dsRNA isolation. However, 

most of these approaches are impractical especially when multiple samples are 

being diagnosed. Among dsRNA extraction procedures, cellulose column extraction 

is the most practical (Dodds et al., 1984). The method is based on cellulose 

adsorption of dsRNA and at the same time elution of DNA and ssRNA in buffer 

containing 15-18% ethanol. The buffer that does not contain any ethanol can then be 

used to elute dsRNA (Valverde, 1990; Dodds et al., 1984).  
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 2.2 Materials and methods 

2.2.1 Source of Aspergillus isolates 

Environmental Aspergillus cultures were obtained from Landcare Research, Tamaki, 

Auckland. A full list of isolates is provided in Table 2.1a. Clinical isolates were each 

isolated from a different patient and were obtained from Auckland hospital, Grafton, 

Auckland, and Middlemore hospital, Otahuhu, Auckland. A complete list of these clinical 

isolates is shown in Table 2.1b. 

Table 2.1a: Environmental Aspergillus isolates used in the current study.  

 
1
: LR= Landcare Research. 

2
: W= Wool, St= Solanum tuberosum, B= Bambusa sp, MFH: Myristica 

fragrans Houtt, H: Hyacinthus sp, PBT: Polyester butcher's twine, AA= Actinidia arguta. ICMP = 
International collection of microorganisms from plants  
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Table 2.1b: Clinical isolates of Aspergillus spp used in this study. 

 

CAPD*: Continuous Ambulatory Peritoneal Dialysis. Each isolate was from a different patient. Isolates 

provided by Dr. David Holland, Clinical Director Infection Services, Middlemore hospital and Wendy 
McKinney, Mycology Reference Laboratory, Auckland Hospital.  
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2.2.2 Growth conditions and media for fungi 

Unless otherwise mentioned, growth conditions and media are as follows: Potato Dextrose 

Agar (PDA, DifcoTM) or Malt Extract Agar (Merck) was dispensed in plastic Petri dishes (9 

cm Ø). Inoculated plates were incubated in the dark at 37⁰C for 5-7 days. 

Liquid cultures were grown in Yeast Extract Peptone Dextrose broth (YPD) (Yeast Extract 

5 g/L, Microbiological peptone 3 g/L, and Dextrose 10 g/L). Media (200 ml) in 500 ml flasks 

were inoculated with ~100 conidia per ml and incubated on an orbital shaker for 3 days at 

180 Rpm and 37⁰C in the dark. Mycelium was harvested on filter paper using vacuum 

filtration, washed with distilled water and pressed between two paper towels to remove 

excess moisture. Mycelium was either used directly for further investigations or stored 

frozen at -20. 

 

2.2.3 Single spore isolation 

Prior to testing Aspergillus isolates for the presence of dsRNAs, single spore isolates were 

produced, as illustrated in Fig 2.1. Each Aspergillus isolate was cultured on PDA medium 

(DifcoTM) and incubated at 37⁰C in the dark. After one week 2 ml of 0.01% Tween 80 was 

spread on the plate using cell spreader and then 10 µl of the resulting spore suspension 

was spread on a 3% Water Agar plate and incubated at 37⁰C for 10 h in the dark. After 

that, three isolated germinating spores were individually plugged under a microscope 

using a sterile capillary tube, grown on PDA and incubated in the dark at 37⁰C for 1 week 

before they were screened for the presence of dsRNA according to the method of 

Valverde, (1990) using CF-11 cellulose chromatography, (WhatmanTM) which was 

replaced by MN301 (Macherey-Nagel Germany) when it was no longer available.  
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Fig 2.1: Preparation of single spore cultures. 

 

 

2.2.4 DsRNA Extraction and electrophoresis analysis 

DsRNA was extracted according to the method of Valverde, (1990). Steps of this 

method are shown in Fig 2.2. Briefly, in the presence of liquid nitrogen 3-5 g of 

mycelium was ground to a fine powder with a mortar and pestle. The resultant 

powder was then transferred into a 50 ml centrifuge tube containing: 8 ml 1 x STE 

Buffer (100 mM Sodium chloride, 50 mM Tris-(hydroxymethyl) aminomethane (Tris), 

1 mM Ethylenediaminetetraacetic acid (EDTA), pH 6.8), 1 ml 10% SDS, 0.5 ml 2% 

aqueous bentonite and 9 ml STE saturated phenol. The mixture was homogenized 

on an orbital shaker in ice for 30 min before it was centrifuged at 10,000 x g and 4⁰C. 

Ethanol was added to the aqueous phase at a final concentration of l6% v/v and 

passed through a CF-11 cellulose chromatography column (replaced by MN301 

(Macherey-Nagel Germany) when it was no longer available) which selectively binds 
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the dsRNA. Then dsRNA was eluted by passing pure STE buffer through the 

column. This was repeated through a second CF-11 cellulose column to obtain 

dsRNA free of impurities. Eluted dsRNA was then ethanol precipitated at -20⁰C 

overnight after which it was recovered by resuspending in 100 µl ultrapure water 

(Invitrogen) and kept frozen until further investigations.  

For visualization of viruses, dsRNAs were mixed 5:1 with loading dye (30% Glycerol, 

1 X Tris-Borate-EDTA-Buffer (TBE), 2% Ficoll-400, 0.25% Xylene cyanol, 0.25% 

Bromophenol blue) and the mix was loaded into a 1% agarose gel prepared in 0.5X 

TBE buffer (20 mM Tris-base, 10 mM Boric acid, 0.5 mM Na2EDTA, pH 8) prior to 

staining with 5 µl RedSafeTM nucleic acid stain (Intron) per 100 ml. The gel was run 

in 0.5 X TBE buffer at 90 v for about 45 min and visualised using the UV Gel DocTM 

XR+ system (BIO RAD).  

 

 

Fig 2.2: DsRNA extraction method performed as described by Valverde, (1990). 
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2.2.5 Confirmation of dsRNA 

Extracted dsRNA was treated with RQ1 DNase (Deoxyribonuclease, Promega) and 

RNase A (Ribonuclease A, Sigma), in both high and low salinity buffer systems. 

RNase A is a pyrimidine-specific endoribonuclease that can degrade dsRNA only in 

a low salt buffer while it degrades single-stranded RNA in both high and low saline 

buffers. This means that dsRNA digestion is hindered in high ionic buffers and, 

therefore, it is still detectable by electrophoresis. DNase (RQ1, RNase-free) was 

used to digest any possible DNA in samples.  

For RNase digestion, samples were incubated in both 0.2 X and 2 X Saline-sodium 

citrate buffer (SSC) buffers (1x: 150 mM sodium chloride, 15 mM 

Trisodium citrate dehydrate, ph 7) containing 5 ug of RNase A per µl of sample, at 

37°C for 30 min. Then an equal volume of phenol: chloroform (1:1) was added to the 

sample; the mixture was shaken for 1 min and then centrifuged at 12,000 x g for 10 

min. Three volumes of ethanol were added to the aqueous phase and stored at -

20°C overnight for the nucleic acid to precipitate. Nucleic acids were precipitated by 

centrifugation at 12,000 x g for 30 min and resuspended in 40 µl ultrapureTM water 

after they were dried under vacuum for 10 min.  

For DNase digestion, an 80 µl sample was incubated with 10 units of stock RQ1 

solution (1U/µl) and 20 µl of (RQ1 RNase-Free DNase 10 X Reaction Buffer, 

Promega (400 mM Tris-HCl (pH 8.0), 100 mM MgSO4 and 10 mM CaCl2), in a water 

bath at 37°C for 15 min and run on 1% agarose gel electrophoresis for 45 min at 

90v. 
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2.2.6 Estimation of the size of dsRNAs 

Size of dsRNA bands was estimated using Microsoft paint software on windows 7 

and a ruler app from the chrome webstore (Edge Ruler). A gel photo showing 

detected dsRNAs alongside with a 1kb plus DNA ladder was opened in Microsoft 

paint. The Edge ruler was aligned with the DNA ladder and expected sizes at all 

points along the DNA ladder lane were estimated depending on the ladder band 

sizes and migration distance (mm on ruler) between these bands. The size of the 

unknown dsRNA bands was estimated based on their migration distance relative to 

the estimated size on the ruler. 

 

2.2.7 In-vitro growth rates of Aspergillus  
 
In order to obtain a preliminary indication of the potential impact caused by 

mycoviruses on Aspergillus isolates, it was decided to compare the growth rates of 

isolates showed positive dsRNA and those isolate of the same Aspergillus species 

but found dsRNA free. In-vitro growth of virus-infected A. niger (four isolates (Ang-1, 

Ang-2, Ang-3, and Ang-4)) and A. fumigatus isolates (three isolates (Afu-1, Afu-2, 

and Afu-3)) was compared with virus-free isolates of the same species, ten A. niger 

(Ang-5 – Ang-14) & 24 A. fumigatus (Afu-4 – Afu-27). All dsRNA-free isolates were 

included in the experiment for comparison. 

To standardise the inocula, each plate was inoculated with a single germinating 

conidium placed on the furthest edge of the plate (five plates for each treatment as 

experimental replicates) and the one way analysis of variance (ANOVA) followed by 

Tukey post hoc analysis were performed using SPSS version 21 (IBM SPSS 

statistics) for data analysis. Growth rate measurements were taken by measuring 

daily growth distance. Due to the slower growth of both Aspergillus species at 20⁰C 
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than at 37⁰C, plates incubated at 20⁰C were left for a longer time in order for both 

species to reach a reasonable growth rate. Growth measurement was stopped 

whenever any mycelial growth on any of the five plates reaches the opposite edge of 

the plate. Two separate experiments were carried out at two different temperatures, 

20⁰C representing the environment, and 37⁰C representing the human body. 

 

2.2.8 Partial-purification of virus-like particles 

Approximately 10 g of Aspergillus mycelium was ground to a fine powder in the 

presence of liquid nitrogen. This powder was transferred into 50 ml falcon tube 

containing 20 ml of sodium phosphate buffer (SPB: 0.1 M pH 7) and 10 ml of 

chloroform and the mixture homogenised for 30 min in ice on an orbital shaker at 

230 Rpm. The mixture was then centrifuged at 10,000 x g for 30 min at 4°C. The 

upper aqueous phase was transferred to a 25 ml ultracentrifuge tube and additional 

0.1 M pH 7 SPB was added to fill tubes when necessary. Tubes then were 

centrifuged at 120,000 x g for 2 h at 4°C. The supernatant was then removed and 

the resulting pellet was resuspended in 1 ml SPB (0.02 M pH 7.0) with the aid of a 

glass rod and kept for 4 h at 4°C. The suspension was clarified by centrifugation at 

10,000 x g for 20 min at 4°C in order to remove non-viral materials. The supernatant 

was then transferred to a 25 ml ultra-centrifuge tube and the tubes were filled with 

the 0.02 M SPB (pH7.0). The second round of centrifugation at 120,000 x g for 2 h at 

4°C was performed. The pellet was subsequently resuspended using a glass rod in 

0.5 ml SPB (0.02 M, pH 7.0), and left overnight at 4°C. The suspension was further 

centrifuged at 10,000 x g for 20 min at 4°C in order to get rid of the fungal material. 

The resultant supernatant was then stored at 4°C and checked the same day for the 
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presence of virus like particles (VLPs) using a Philips CM12 transmission electron 

microscopy (TEM). 

 

2.2.9 Preparation of samples for electron microscopy  

A 400 mesh parlodion carbon grid was placed onto a 50 µl drop of purified virus 

preparation for 60 s. The grid was then transferred onto a drop of 2% aqueous uranyl 

acetate negative stain (pH 4.0) for a further 1 min and excess liquid was blotted off 

on a filter paper. Grids were examined with a Phillips CM12 TEM with magnification 

at x 110k. 

 

2.2.10 Determination of virion size 

Size of 100 virus particles determined from measurements to the nearest 0.5 mm on 

photomicrographs enlarged to 79X79 cm using Poster Printer software v 3.01.43 

(www.ronyasoft.com). The particle measurements were converted to actual size 

(nm) based on the scale bar (200 nm) incorporated into the EM image. The number 

of particles in each size class was determined and the predominant size class(es) 

was considered as the size of the particles. 

 

2.2.11 Sequencing of dsRNAs 
 

2.2.11.1 Random RT-PCR and cloning 

2.2.11.1.1 CDNA synthesis 

DsRNA was gel purified using an Axyprep DNA gel extraction kit (AXYGEN). The 

extracted dsRNA was used as a template for cDNA synthesis and then dsDNA 

amplification was performed as described by Roossinck et al. (2010). Briefly, 

synthesis of cDNA was performed as follows: 1 µl of dsRNA was mixed with 7 µl 
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ultra-pure water (Invitrogen), 1 µl TE buffer (10 mM Tris and 10 mM EDTA; pH 7.5) 

and 1 µl random primer 5`-CCTTCGGATCCTCCN12-3` (Pearson lab., SBS, 

Auckland university) in a 1.5 ml Eppendorf tube. DsRNA was denaturised by boiling 

the mixture for 2 min in a water bath and then the tube was immediately cooled on 

ice in order for the primer to anneal. A mixture of 1 µl Superscript III Reverse 

Transcriptase (Invitrogen), 4 µl of 5X first strand buffer (250 mM Tris-HCl (pH 8.3 at 

room temperature), 375 mM KCl, 15 mM MgCl2), 2 µl DTT (dithiothreitol) and 1 µl 

deoxynucleotide triphosphates (DNTPs, 10 mM) was added to the previous mixture 

and incubated at 50⁰C for 1hr, then treated with RNase A at room temperature for 15 

min before cDNA was purified using AxyPrep PCR Clean-up Kit (Axygen). 

 

2.2.11.1.2 Polymerase chain reaction (PCR) amplification 

A 30 µl PCR mixture was prepared containing 1 µl cDNA, 3 µl GeneAmp® 10X PCR 

Buffer II (100 mM Tris-HCl, pH 8.3, 500 mM KCl), 2.4 µl MgCl2 solution (25 mM 

MgCl2), 0.52 µl 10 mM DNTPs, 10 mM primer 5`-CGCTCCTTCGGATCCTCC-3` 

(Pearson lab., SBS, Auckland university), 0.24 µl AmpliTaq DNA polymerase 

(Applied Biosystems) and 21.84 µl ultra-pure water (Invitrogen). DNA was amplified 

according to the following protocol: One cycle at 94⁰C for 1 min, 66⁰C for 45 s, 77⁰C 

for 2 min, followed by 40 cycles at 94⁰C for 30 s, 52⁰C for 30 s, 72⁰C for 2 min, then 

72⁰C for 5 min followed by 5 more min at 37⁰C. A 20 µl aliquot of the PCR product 

was then run on 1% agarose gel for 25 min at 90 v. The section of the gel containing 

PCR products (smear) between 600 – 1500 bp (Fig 2.3) was excised using a clean 

scalpel and purified using a DNA gel extraction kit (Axygen) as described by the 

manufacturer.  
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Fig 2.3: RT-PCR products of random size appear as a smear on gel agarose; M: 1 
kb plus DNA ladder. N: Negative control (DNA sample was replaced with ultrapure 
water). RT: RT-PCR product used for cloning and sequencing of viral dsRNA found 
in A. thermomutatus isolate Ath-1. 
 
 

2.2.11.1.3 Random cloning 

The TOPO TA Cloning® Kit with pCR®2.1-TOPO® vector was used in this study. 

Briefly, cloning was performed as follows: 40 µl X-Gal (5-Bromo-4-chloro-3-indolyl b-

D-galactopyranoside) stock solution (20 mg X-Gal powder in 1 ml N,N-

dimethylformamide (DMF)) was spread on an LB agar (Luria Bertani Agar) plate 

containing 20 mg per ml ampicillin and left in a laminar flow hood. A ligation reaction 

mixture of 3 µl PCR product, 1 µl salt solution (1.2 M NaCl and 0.06 M MgCl2), 1 µl 

water and 1 µl pCR®2.1-TOPO® vector was incubated for 5 min at 22⁰C. 1 µl of the 

ligation reaction was then slowly added to 50 µl One Shot®DH5™-T1R Escherichia 

coli competent cells and gently swirled before it was incubated on ice for 20 min. The 

cells were then heat-shocked for 30 s at 42°C without shaking and immediately 

transferred to ice for 2 min. Following this 125 µl of room temperature S.O.C. 

medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

10 mM MgSO4, and 20 mM glucose) was added before it was put in a shaking 

incubator at 37⁰C for 2 h. 100 µl of this transformation mix was spread on a pre-
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warmed white-blue colony selective plate (LB agar containing 20 mg ampicillin/ml 

and 40 µl X-Gal) and incubated overnight at 37°C. The following day, 6 -10 white 

colonies were collected from each plate and cultured overnight in 4 ml liquid LB 

medium containing 50 µg/ml ampicillin. Plasmids were analysed for inserts by PCR 

screening using KAPA2G Fast Ready Mix PCR Kit (Kapa Biosystems) in the 

presence of vector-specific primers (M13 forward (-20) 5´-GTAAAACGACGGCCAG-

3´ and M13 Reverse 5´-CAGGAAACAGCTATGAC-3´). The amplification program 

was: one cycle at 94⁰C for 10 min for bacterial cells lyses followed by 95⁰C for 3 min, 

then 35 cycles of 95⁰C for 15 s, 55⁰C for 30 s  and 72⁰C for 90 s. Following PCR, 

plasmids with selected inserts were extracted using DNA-spin™, Plasmid DNA 

Purification Kit (Intron) as described by the manufacturer and a total of 40 clones 

(three from Afu-1, six from Afu-2, six from Afu-3, four from Ang-1, five from Ang-2, 

four from Ang-3, three from Ang-4 and nine from Ath-1) were sent to Macrogen Inc. 

Seoul, South Korea for Sanger sequencing which was provided by the 96-capillary 

3730XL DNA analyzer (AB,USA) and BigDye v3.1 (AB,USA) using the universal 

M13R-pUC(-40) primer 5`- CAGGAAACAGCTATGAC-3`. 

 

2.2.11.2 Sequence analysis 

Vector and primer sequences were removed from all 40 randomly cloned sequences 

using Geneious version 8.0.3 (Kearse et al., 2012) and then edited sequences were 

de novo assembled to produce consensus sequences (when applicable) using 

Geneious version 8.0.3 (Kearse et al., 2012). Resulted sequences were compared to 

those available in GenBank (blast.ncbi.nlm.nih.gov/Blast.cgi). The closest pairwise 

sequence were searched for via Basic Local Alignment Search Tool (BLAST) 

comparing nucleotide query to nucleotide (BLASTn) when possible otherwise 
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BLASTx was used to compare translated nucleotide query sequences to the 

available protein sequences in GenBank.  

 

2.2.11.3 Alignment of reads or contigs to their closest known virus sequences 

Reads or consensus sequences of contigs were aligned to their closest pairwise 

identical known sequences using Geneious version 8.0.3 (Kearse et al., 2012). 

 

2.2.11.4 454 sequencing 

Preparation of samples for 454 sequencing was performed using the methods used 

in this section for random cloning (Roossinck et al., 2010) The only difference from 

random sequencing was the use of four unique nucleotide index primer at the 5` end 

for each sample (Table 2.2) which were used to differentiate the final resulted 454 

sequences. These primers were used to generate dsDNA fragments with random 

lengths. DsDNA concentration of each sample was adjusted to 100 ng/µl using 

NanoDrop 1000 (Thermo Scientific). Eight dsDNA samples (Table 2.2) were then 

pooled and a 35 µl aliquot of the mix was sent to Macrogen Inc. Seoul, South Korea, 

for sequencing where quantity of DNA was tested with the fluorescence-based 

quantification PicoGreen® method (Invitrogen Cat.#P7589) using Victor3 fluorometry, 

purity of DNA was measured using a NanoDrop instrument and the ratio of 

absorbance at 260nm to absorbance at 280nm was used as an indication of DNA 

purity (1.8-2.0 considered pure) and then the condition of the DNA was assessed by 

gel electrophoresis. To proceed, a library was constructed using low molecualr 

weight DNA (500-800 bp) and size of the library checked by running on a Agilent 

Technologies 2100 Bioanalyzer using a DNA 1000 chip. Roche's Rapid library 

standard quantification solution and calculator was used to calculate the library 
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sample concentration Sequencing and data processing was performed using the 

Roche GS FLX Plus software (v 2.8). Sequences with a different index sequence on 

both sides and sequences without index sequence were removed and then the 

remaining sequences were sorted based on their unique index sequences. Following 

that, indices and primers were trimmed, quality of reads was checked (by Macrogen) 

and a further confirmation of sequence quality was performed using a FastQC quality 

control tool (Andrews, 2010) after conversion of sequence format into fastq format 

that is acceptable to the software. Reads were de novo assembled in Geneious 

software version 8.0.3 (Kearse et al., 2012). Using BLASTn (nucleotide to 

nucleotide), the closest pairwise sequence to the resulted contigs was searched for 

in GenBank (blast.ncbi.nlm.nih.gov/Blast.cgi). Whenever BLASTn fails to find a 

similar sequence, BLASTx (translated nucleotide to protein) was used as a second 

search option to find the closest amino acid pairwise sequence. 

 

2.2.11.4.1 Alignment of 454 contigs to their closest known virus sequences 

Consensus sequences of assembled 454 contigs were aligned to their closest 

pairwise identical known sequences using Geneious version 8.0.3 (Kearse et al., 

2012). 

 
Table 2.2: Indices and primers used for PCR amplification for 454 sequencing. 
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2.3 Results 

2.3.1 DsRNA Profiles: 

Eight out of the fifty Aspergillus isolates tested contained dsRNAs (Fig 2.4 and Fig 

2.6). The estimated sizes of all detected dsRNAs are shown in Table 2.3. DsRNA 

negative isolates comprised of 24 A. fumigatus, ten A. niger, one A. candidus, two A. 

flavus, two A. nidulans, two A. terreus and one A. versicolor. Of the dsRNA positive 

isolates, three were A. fumigatus, of which two were clinical (Afu-1 and Afu-2) and 

one was environmental (Afu-3). Four isolates were A. niger, of which three were 

environmental (Ang-1, Ang-2 and Ang-3) and one was clinical (Ang-4). In addition, 

the single clinical isolate of A. thermomutatus Ath-1 contained dsRNAs. The dsRNA 

profiles consisted of a range of band numbers and sizes. The estimated sizes of 

these dsRNA bands ranged between 0.2-6.5 kb in A. niger and 1.13-2.55 kb in A. 

fumigatus. 

Aspergillus fumigatus isolates Afu-2 and Afu-3 produced the same four band profile 

(Fig 2.4 & Table 2.3) and four of the seven dsRNA bands detected in Afu-1 isolate 

were of the same size as those found in Afu-2 and Afu-3 isolates. Six dsRNA bands 

were detected in the Ang-1 isolate of A. niger. Four (1800, 1561, 965 and 746 bp) of 

these six bands (Fig 2.5) were approximately the same size as four of the bands 

(1796, 1554 and 984 and 770 bp) of the seven dsRNA bands detected in the Ang-2 

isolate. The smallest two dsRNA bands detected in Ang-4 (1776 bp and 1587 bp) 

were approximately the size of two bands (1796 bp and 1554 bp) of the seven bands 

infecting Ang-2 and also similar in size to two dsRNA bands (1775 and 1618 bp) in 

Afu-1 isolate. Moreover, the largest band in Ang-4 (1937 bp) appears about the size 

of the third largest band (1934 bp) found in all A. fumigatus dsRNA infected isolates 
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(Afu-1, Afu-2 and Afu-3). Aspergillus thermomutatus isolate Ath-1 appeared to be 

infected with two dsRNAs (3600 bp and 2727) but subsequent electrophoresis of this 

sample in 1% agarose gel at 90 v for 12 h demonstrated that the lower band 

represented three bands of 2.5, 2.68 and 2.7 kb (Fig 2.6).  

 

Table 2.3: Estimated size of all gel detected dsRNA bands in all isolates. 

 

 

dsRNA Band 

Aspergillus solates and their dsRNA band sizes (bp) relative to a dsDNA 

ladder 

Afu-1 Afu-2 Afu-3 Ang-1 Ang-2 Ang-3 Ang-4 Ath-1 

1st band 2545 2545 2545 1800 6500 1869 1937 3600 

2nd band 2273 2273 2273 1561 2545 1759 1776 2727 

3rd band 1934 1934 1934 1325 1796  1587 2680 

4th band 1775 1195 1195 965 1554   2500 

5th band 1618   746 1240    

6th band 1195   204 984    

7th band 1130    770    

 

 

Fig 2.4: Agarose gel (1%) showing dsRNA profiles in three isolates of A. fumigatus 
(Afu-1, Afu-2, Afu-3); and in four A. niger isolates (Ang-1 (see Fig 2.5), Ang-2, Ang-3, 
Ang-4). M: 1 kb plus DNA ladder with band sizes indicated. Note: Ang-1 contains 
dsRNA band of about 200bp (Not shown on this gel). 
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Fig 2.5: Ang-1 dsRNA profile (three repeated lanes). The largest 
band of the dsRNA detected in Ang-1 isolate that is shown in Fig 2.4 
appears on this gel to consist of two dsRNA bands; A 200 bp seen in 
the first dsRNA extraction and confirmed as dsRNA (Invisible here). 

 

 

Fig 2.6: Separation of dsRNA bands in A. thermomutatus; Left side, 
1% Agarose gel electrophoresis of dsRNAs extracted from mycelium 
of A. thermomutatus Ath-1 isolate by CF-11 chromatography and ran 
for 45 min at 90 v; M: 1 kb plus DNA ladder; Ath-1: dsRNA bands 
found in A. thermomutatus isolate. Right side, Agarose gel (1%) 
showing separation of dsRNA bands found in A. thermomutatus. M: 
1 kb plus DNA ladder; Ath-1: four bands resulted from running gel for 
12 h at 90v. Band size is shown on both sides. 
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Fig 2.7: Cultures of A. thermomutatus virus-infected colonies with grey to creamy 

pigmentation and a rough surface texture grown at 37⁰C (Left) and a virus free A. 

niger isolate (Ang-12) (Right). 

 

 

2.3.2 In-vitro growth rates 

2.3.2.1 A. niger isolates 

Results of one way analysis of variance (ANOVA) followed by Tukey post hoc 

analysis showed that there was no significant difference in linear growth rate 

between A. niger virus infected and virus free isolates which were grown on Malt 

Extract Agar (MEA) plates at either 37⁰C (Fig 2.8) or 20⁰C (Fig 2.9). Four A. niger 

isolates, Ang-1, Ang-2, Ang-3 and Ang-4, were dsRNA infected whilst the rest of 

isolates of this species were all dsRNA negative. Linear growth of virus-infected 

isolates grown for 11 days at 37⁰C was between 62 and 75 mm while virus-free 

isolates were in the range of 58 to 77 mm. At 20⁰C the highest growth was 58 mm in 

both dsRNA free and dsRNA isolates, while the lowest growth was 53 and 51 mm in 

virus-infected and virus-free isolates, respectively. Ang-5 and Ang-7 revealed the 

lowest and the highest growth rate respectively when grown at 37⁰C, whereas at 
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20⁰C Ang-5, Ang-14 exhibited the lowest growth rate (51 mm) and Ang-1, Ang-4, 

Ang-9 and Ang-14 demonstrated the highest linear growth (58 mm).  

 

 

 

 

Fig 2.8: Average linear growth (five replicates) of A. niger isolates cultured on Malt 

extract Agar at 37⁰C for 11 days. Inocula of all isolates were derived from single 

conidia; virus-infected isolates presented in red columns. Values are means of five 
replicates and error bars denote SD. 
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Fig 2.9: Average linear growth (five replicates) of A. niger isolates cultured on Malt 

extract Agar at 20⁰C for 16 days. Inocula of all isolates were derived from single 

conidia; virus-infected isolates presented in red columns. Values are means of five 
replicates and error bars denote SD. 

 

 

2.3.2.2 A. fumigatus isolates 

The one way analysis of variance (ANOVA) followed by Tukey post hoc analysis 

revealed that there was no significant differences in mycelial linear growth due to 

virus infection within A. fumigatus isolates cultured on MEA dishes and incubated at 

the two different temperatures of 37⁰C (Fig 2.10) and 20⁰C (Fig 2.11). DsRNA 

infected A. fumigatus isolates were Afu-1, Afu-2 and Afu-3 and the remaining A. 

fumigatus isolates included in the experiment were dsRNA negative. Different 

temperature has influenced the growth of the isolates in a different way. The growth 

rate of virus-infected isolates for 7 days at 37⁰C was between 48 and 72 mm while 
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virus-free isolates were in the range of 23 to 78 mm at the same temperature. At 

20⁰C the highest growth among the three dsRNA positive isolates was 71mm, for 

Afu-1, and the lowest growth rate was 59 mm, for Afu-3. The highest growth rate 

within the 24 virus-free isolates was 72 mm and was achieved by Afu-13 isolate 

whereas the lowest growth rate (15 mm) was for Afu-17 isolate.  

 

 

 

Fig 2.10: Average linear growth (five replicates) of A. fumigatus isolates cultured 

on Malt extract Agar at 37⁰C for 7 days. Inocula of all isolates were derived from 

a single germinated conidium; virus-infected isolates presented in red columns. 
Values are means of five replicates and error bars denote SD. 
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Fig 2.11: Average linear growth (five replicates) of A. fumigatus isolates cultured on 

Malt extract Agar at 20⁰C for 18 days. Inocula of all isolates were derived from a 

single germinated conidium; virus-infected isolates presented in red columns. Values 
are means of the maximum linear growth and error bars denote SD. 

 

 

2.3.2.3 A. thermomutatus isolate 

Since no virus-free A. thermomutatus isolate was found, it was not possible to 

compare dsRNA infected and dsRNA free isolates. However, this isolate was 

noticeably associated with low sporulation compared with other Aspergillus species 

(Fig 2.7).  

 

2.3.3 Presence of virus-like particles 

Six of the eight dsRNA positive isolates (four A. niger (Ang-1, Ang-2, Ang-3, and 

Ang-4), one A. fumigatus (Afu-1) and one A. thermomutatus (Ath-1)) contained 
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isometric VLPs (Table 2.4 and Fig 2.12). Determination of the size of these isometric 

particles using Poster Printer software (section 2.2.10) demonstrated that Ang-1 

isolate was infected with isometric virions of two different sizes of 29 nm and 32 nm. 

Two different particle size (32 and 35 nm) were found infecting Ang-2 isolate. Each 

of the other isolates contained virions with only one size; Ang-3 contained 31 nm 

particles, Ang-4 was infected with 27 nm particles, Afu-1 isolate was found infected 

with isometric particles of about 28 nm in diameter, and Ath-1 isolate was associated 

with 35 nm isometric virions.  

In the current study, no VLPs were found in either of the A. fumigatus isolates Afu-2 

(clinical) and Afu-3 (environmental) that have the same dsRNA profile of four bands 

2800, 2273, 1934 and 1195 bp, (Table 2.3 & Fig 2.4). Four bands of the same size 

were also found in the clinical A. fumigatus isolate Afu-1 that contained seven 

dsRNA elements in total and also contained 28 nm isometric VLPs (Fig 2.12& Table 

2.4). 

In contrast, all of the four A. niger isolates that contained dsRNAs contained 

isometric VLPs (Fig 2.12 & Table 2.4). An environmental isolate (Ang-1) with six 

dsRNA bands contained isometric particles with two different sizes of about 29 and 

32 nm while isometric particles of 32 nm and 35 nm were present in the 

environmental A. niger isolate (Ang-2) that contained seven dsRNA elements. A. 

niger Ang-3 isolate was found infected with 31 nm VLPs whereas Ang-4 isolate 

contained isometric particles of about 27 nm. Aspergillus thermomutatus contained 

four dsRNA bands (Fig 2.6), and contained a high concentration of 35 nm isometric 

particles (Fig 2.12).  
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Fig 2.12: Micrographs of negatively stained partly purified virus suspension taken 
at a magnification of x110,000 on a Philips CM12 TEM. Samples were negatively 
stained with 2% aqueous uranyl acetate, pH 4. Micrographs showing different 
isometric VLPs of different sizes (arrowed) found in different dsRNA positive 
Aspergillus isolates. Scale bars = 200 nm. 

 

Table 2.4: Summary of dsRNA profiles and virus-like particles of mycoviruses 
detected in Aspergillus infected isolates.  

 

1
: LR= Landcare Research, AH= Auckland hospital, MH= Middlemore hospital. 

2
: BW= Bronchial 

washing, W= Wool, B= Bambusa sp, H: Hyacinthus sp, AA= Actinidia arguta. 
3
: Same profiles. 
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2.3.4 Sequencing of dsRNAs  
 

2.3.4.1 Random cloning 

Table 2.5 shows length and quality of all 40 random clones obtained after removal of 

vector residues and primers using Geneious software.  

 

Table 2.5: Sequence length and quality of random clones. 
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2.3.4.1.1 A. fumigatus 

 BLASTn (nucleotide to nucleotide) results of sequences obtained from A. fumigatus 

isolates using random cloning are shown in Table 2.6. All clones and contigs 

(between brackets) that belong to A. fumigatus isolates matched Aspergillus 

fumigatus tetramycovirus-1 (AfuTmV-1) (Kanhayuwa et al., 2015) with at least 93% 

BLASTn sequence identity and (0.0) E value. Each of these clones or contigs were 

very close to one of the four dsRNAs belonging to this mycovirus such as dsRNA1 

that encodes RNA dependent RNA polymerase (RdRp) (accession no: HG975302), 

dsRNA2 which encodes for an unknown protein product, dsRNA3 that encodes 

methyltransferase domain (accession: HG975304), and dsRNA4 with an ORF 

encoding PAS-rich protein (accession: HG975305). 

 

2.3.4.1.1.1 Alignment of resulted clones/contigs to their closest BLASTn hits 

2.3.4.1.1.1.1 A. fumigatus Afu-1 isolate  

Nucleotide pairwise alignment of a 631 nt clone to its closest hit dsRNA1 (2403 bp) 

of Aspergillus fumigatus tetramycovirus-1 showed that this clone lies between the 

nucleotide number 538 and 1168 on dsRNA1 (encoding for RdRp) and therefore 

covers around 26% of the complete dsRNA1 sequence (Appendix 1, Fig A1.1 (1)). 

The 498 nt long clone showed coverage of around 25% of the dsRNA3 sequence 

(1970 bp), that encodes for methyltransferase, as it aligns from the nucleotide 1411 

to 1908 (Appendix 1, Fig A1.1 (2)). The third clone of those obtained from Afu-1 

isolate was 519 nt long and it was aligned to its closest match dsRNA4 (1131 bp), 

which encodes PAS-rich protein, from the position 95 to the nucleotide number 613 

and this covers around 49% of the entire dsRNA4 sequence (Appendix 1, Fig A1.1 

(3)).
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Table 2.6: BLASTn search results of sequences obtained from A. fumigatus isolates using random cloning. 

 

Unclassified = Not currently recognised by ICTV



 

56 
 

2.3.4.1.1.1.2 A. fumigatus Afu-2 isolate  

Alignment of a 435 nt contigs (assembled clones: 430 nt and 367 nt) and a 447 nt 

clone to their closest sequence match dsRNA1 (RdRp: 2403 bp) showed coverage 

of 39% of the complete dsRNA1 sequence as they lie from the nucleotide number 

1392 to the nucleotide number 2341 leaving a 69 nt gap between them from 

nucleotide 1837 to nucleotide 1906 (Appendix 1, Fig A1.2 (1)). A 687 nt clone has 

covered the region between 1075 and 1762 of dsRNA3 (1970) which is about 35% of 

the full length of dsRNA3 that encodes methyltransferase (Appendix 1, Fig A1.2 (2)). 

A contigs of 751 nt (assembled clones: 629 and 749 nt) showed a coverage of about 

34% of dsRNA4 starting from the nucleotide no 1070 and ending at the nucleotide no 

1820 (Appendix 1, Fig A1.2 (3)). 

 

2.3.4.1.1.1.3 A. fumigatus Afu-3 isolate  

One contig of 1291 nt long (assembled clones: 405, 676, 428 and 505) aligned to its 

closest BLASTn hit (A. fumigatus tetramycovirus-1, dsRNA1 (2403 bp), encoding 

RdRp) and covered the region from nucleotide no. 548 to 1838 which is around 54% 

of the length of dsRNA1 segment (Appendix 1, Fig A1.3 (1)). Another contig of 1186 

nt long was aligned to dsRNA3 (1970 bp), the closest BLASTn match, and covered 

around 60% of the entire sequence from base no. 255 to base no. 1442 (Appendix 1, 

Fig A1.3 (2)). 

 

2.3.4.1.2 A. niger  

Table 2.7 presents BLAST(n&x) search results of sequences obtained from A. niger 

isolates using random cloning. Contig length, when applicable, is shown between 

brackets in the table. A contig of 909 nt (assembled clones: 435, 463, and 394 nt) 
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and a clone of 479 nt were obtained from Ang-1 isolate. The contig did not match 

any viral genome sequence with either BLASTn (nucleotide to nucleotide) or 

BLASTx (translated nucleotide to protein) whereas BLASTn search using the clone 

(479 nt) matched dsRNA2 of the partitivirus Aspergillus ochraceous virus 1-FA0611 

(Liu et al., 2008) which encode for CP (EU118278) with identity of 65% and E value 

of 9E-12. Ang-2 random cloning also showed a contig of 737 nt long (assembled 

clones: 440 and 491 nt) which was 38% BLASTx identical (E value: 1E-25) to the 

dsRNA2 of the betapartitivirus Cucurbitaria piceae virus 1 (Petrzik et al., 2016) that 

encodes for a CP sequence (ALT08066). Also a 639 nt clone also matched the same 

sequence (ALT08066) with 36% identity and E value of 9E-21. 

BLASTn search demonstrated that a 423 nt clone belonging to Ang-2 isolate was 

closely related (identity: 67% and E value: 3E-23) to dsRNA3 (EU118279) of the 

partitivirus Aspergillus ochraceous virus 1-FA0611 (Liu et al., 2008) which encodes 

for a hypothetical protein (HP). The clone of 613 nt long showed close relation of 

90% identity and 0.0 E value to the RdRp clone (EU289895) of the totivirus 

Aspergillus mycovirus 178 clone 178b (Hammond et al., 2008). Only one clone (597 

nt long) out of four clones obtained from A. niger Ang-3 isolate matched RdRp contig 

117.2Hv3_454_3 (HE579565) of the “uncultured” partitivirus genomic RNA 

containing putative RdRp (Feldman et al., 2012). There was no BLAST search match 

for a 1164 nt contig (assembled clones: 437,668 and 678 nt) neither for individual 

clones that belong to Ang-4 isolate and. 
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Table 2.7: BLAST(n&x) search results of sequences obtained from A. niger isolates using random cloning. 

 
Unclassified = Not yet recognised by ICVT. 
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2.3.4.1.2.1 Alignment of resulted clones/contigs to the closest BLAST(n/x) hits 

2.3.4.1.2.1.1 A. niger Ang-1 isolate  

A 479 nt clone obtained from Ang-1 was aligned to its closest hit dsRNA2 (1555 bp) 

of the partitivirus Aspergillus ochraceous virus 1-FA0611 (Liu et al., 2008) that 

encodes for CP. The alignment showed that this clone lies between nucleotides 241 

and 724 on dsRNA2 and covers around 31% of the complete dsRNA2 nucleotide 

sequence (Appendix 1, Fig A1.4).  

 

2.3.4.1.2.1.2 A. niger Ang-2 isolate  

A translated contig of 737 nt (207 aa) and a translated clone of 639 nts (182 aa) 

were aligned to their closest amino acid sequence (BLASTx), which was the CP 

sequence (662 aa) of the betapartitivirus Cucurbitaria piceae virus 1 (Petrzik et al., 

2016 ). The amino acid sequence of the contig showed sequence coverage of 

around 31% between amino acid number 238 and number 445, while the amino acid 

sequence of the translated clone covered the region between amino acids 485 and 

671, which is around 28% of the entire CP sequence (Appendix 1, Fig A1.5 (1)). 

Combined, the translated contig and the clone covered ~59% of the full CP 

sequence with 32.8% identity. The alignment of a 613 nt clone with its closest 

BLASTn sequence hit, the RdRp (2415 bp) of the totivirus Aspergillus mycovirus 178 

clone 178b (Hammond et al., 2008), spans the region from nucleotide 1473 to 2085, 

covering ~25% of the RdRp sequence (Appendix 1, Fig A1.5 (2)) with pairwise 

identity of 89.2%. Another clone, of 423 nt long, was aligned to the closest BLASTn 

hit, the partitivirus Aspergillus ochraceous virus 1-FA0611, dsRNA3 (1220 bp; 

accession: EU118279). The alignment showed that the clone covers from nucleotide 

706 to 1129 representing about 35% of the dsRNA3 sequence with 66% identity. 
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2.3.4.1.2.1.3 A. niger Ang-3 isolate  

The BLASTn search revealed that a 597 nt clone was the only one of the four clones 

was a match to a sequenced virus. The closest BLASTn pairwise sequence was an 

RdRp contig (1006 bp) of the “uncultured” partitivirus genomic RNA (accession no. 

HE579565) (Feldman et al., 2012), spanning nucleotides 258 to 865, which is about 

60% of the gene with 64.8% pairwise identity (Appendix 1, Fig A1.6). 

 

2.3.4.1.2.1.4 A. niger Ang-4 isolate  

None of the three clones that belong to Ang-4 matched any viral sequence. 

 

2.3.4.1.3 A. thermomutatus  

No matches were found using BLASTn search for any of the random clones obtained 

from A. thermomutatus isolate. However, BLASTx of all random clones from A. 

thermomutatus (Table 2.8) showed protein sequence similarity to Botryosphaeria 

dothidea chrysovirus 1 isolate LW-1 (Wang et al., 2014); For instance, six translated 

clones (524 nt (93 aa), 562 nt (177 aa), 639 nt (212 aa), 938 nt (233 aa), 983 (319 

aa), 998 nt (295 aa)) had an identity of between 44% and 57% to the CP amino acid 

sequence (748 aa; accession: AGZ84313) encoded by RNA 2 (2773 bp). Two other 

similar sized translated clones 836 nt (278 aa) and 618 nt (206 aa) had a pairwise 

alignment identity of 45% and 38%, respectively, to the amino acid sequence (746 

aa; accession: AGZ84314) of the HP encoded by RNA 3 (2597 bp), of the same 

chrysovirus. One other clone of 798 bp (266 aa) was 40% identical to the amino acid 

sequence (717 aa; accession: AGZ84315) of the HP encoded by RNA 4 (2574 bp). 
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2.3.4.1.3.1 Alignment of resultant clones/contigs to their closest BLASTx hits 

Six translated clones (524 nt (93 aa), 562 nt (177 aa), 639 nt (212 aa), 938 nt (233 

aa), 983 (319 aa)) were aligned to their closest amino acid sequence (748 aa) of the 

CP encoded by RNA 2 (2773 bp) of the chrysovirus Botryosphaeria dothidea 

chrysovirus 1 isolate LW-1. The alignment showed that these sequences together 

covered about 99% of the CP sequence (from amino acid no: 26 to no: 772) with 

40% identity (Appendix 1, Fig A1.7 (1)).  

The translated sequences of two clones (618 nt (206 aa) and 836 nt (278 aa) were 

aligned to the HP sequence (746 aa; accession: AGZ84314) encoded by RNA 3 

(2597 bp) and covered a 507 aa sequence between amino acid number 230 and 737 

with a gap of 22 aa from amino acid number 438 to number 460 with pairwise 

identity of 41.1% (Appendix 1, Fig A1.7 (2)). Another clone (798 nt (266 aa)) covered 

about 38% of the closest pairwise aligned HP sequence (717 aa; accession: 

AGZ84315) from amino acid number 402 to amino acid number 672 with 35.4% 

pairwise identity (Appendix 1, Fig A1.7 (3)). 
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Table 2.8: BLASTx search results of sequences obtained from A. thermomutatus isolate using random cloning. 
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2.3.4.2 454 sequencing 

Concentration, total amount, and purity of the original pooled dsDNA sample sent to 

Macrogen Inc. Seoul, South Korea, were 25.3 ng/µl, 0.66 µg, and 2.09 (A260/A280) 

respectively. Library concentration was 1.409012x109 molecules/µl and average size 

of library was 1131 bp and accordingly 454 GS FLX Plus platform was used, as it is 

capable of reading lengths of between 500-800 bp than 454 GS FLX Titanium (400 

bp). The 454 sequencing results for all eight Aspergillus isolates were sorted (by 

Macrogen Inc., Korea) based on their unique index sequences and those without an 

index sequence or incorrect index sequence were excluded. None of the whole 

sequences obtained from the eight samples were of low quality according to results 

obtained from the Macrogen analysis report and results obtained using FastQC 

quality control tool (Andrews, 2010). FastQC did not flag any of the sequences as 

poor quality and quality score distribution over all samples was acceptable (Phred 

quality score >=20) (www.phrap.com/phred/). Information about total reads and 

assembled contigs of all samples is presented in Table 2.9.  

 

2.3.4.2.1 A. fumigatus Afu-1 isolate  

The number of 454 sequencing reads obtained from Afu-1 isolate was 5931 none of 

which were of poor quality according to the Macrogen analysis report and to FastQC 

quality control results (Table 2.10 & Fig 2.13). 

A single 454 sequencing contig of 1594 nt long gave 98% nucleotide pairwise 

similarity (appendix 2, Table A2.1, Section 2.1.1) to Sclerotinia sclerotiorum mitovirus 

2 (Khalifa & Pearson, 2013). This contig aligned of the 1594 nt contig to the region 

between nucleotides 69 and 1658 of the Sclerotinia sclerotiorum mitovirus 2 

genome, which is about 65% of the genome (appendix 3, Fig A3.1, alignment 3.1.1).  
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Using BLASTn search in GenBank (nucleotide to nucleotide), 11 contigs, ranging in 

length from 521 to 3559 nts, matched the nucleotide sequence of dsRNA1 of A. 

fumigatus tetramycovirus-1 (AfuTmV-1), which encodes for the RdRp with identity 

ranging between 89-93% and E values of 0.0, except for 1 contig (521 nt) with an E 

value of 7e-118 (appendix 2, Table A2.1, Section 2.1.1). The seven largest contigs of 

these (>1000 nt) were aligned to the nucleotide sequence of their closest BLASTn 

match (AfuTmV-1, dsRNA1) and showed a 100% coverage (appendix 3, Fig A3.1, 

alignment 3.1.1). A further group of seven contigs (923-2314 nt) matched the 

dsRNA2 nucleotide sequence of AfuTmV-1 that encodes for a protein of unknown 

function, with 89-95% identity and 0.0 E value (appendix 2, Table A2.1, Section 

2.1.2). Alignment of five of these contigs together covered dsRNA2 nucleotide 

sequence from nucleotide number 277 up to the end of the sequence, which was 

about 87.6% of the dsRNA2 (Appendix 3, Fig A3.1, alignment 3.1.2). Four other 

contigs ranging in size between 2000 and 2822 nts showed a 91-94% identity and 

0.0 E values to dsRNA3 of AfuTmV-1, which encodes methyltransferase domain 

(appendix 2, Table A2.1, Section 2.1.3). When these contigs were aligned to the 

dsRNA3, they covered the whole nucleotide sequence (Appendix 3, Fig A3.1, 

alignment 3.1.3). For two other contigs (1507 & 1284 nt) the closest match was the 

dsRNA4 (encoding PAS-rich protein) of the same virus (AfuTmV-1) with 96% identity 

and 0.0 E value, and 97% identity with 5e-78 E value, respectively (appendix 2, 

Table A2.1, Section 2.1.4). These two contigs covered the entire dsRNA4 sequence 

(Appendix 3, Fig A3.1, alignment 3.1.4). Furthermore, there were eight different 

contigs (655- 1743 nt) that were 50-97% identical to the nucleotide sequence of the 

dsRNA1 of A. fumigatus partitivirus-1 (AfuPV-1) (Bhatti et al., 2011a) with 0.0 E 

value (appendix 2, Table A2.1, Section 2.1.5). Alignment of these five contigs with 
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AfuPV-1 dsRNA1 covered the region between nucleotides 2 and 1752, which 

comprises around 98% of the sequence (appendix 3, Fig A3.1, alignment 3.1.5).  

The dsRNA2 segment of the AfuPV-1 genome showed nucleotide sequence identity 

ranging between 70-99% to ten contigs (586-1550 nt) all with an 0.0 E value, except 

a 743 nt contig with an E value of 4e-176 (appendix 2, Table A2.1, Section 2.1.6). 

When the six largest contigs (>1000 nt) were aligned to AfuTmV-1 dsRNA2 they 

covered the region from nucleotide 63 to the end of the sequence (appendix 3, Fig 

A3.1, alignment 3.1.6). Although only six BLASTn hits were obtained, A. fumigatus 

Afu-1 isolate showed seven visible dsRNA bands on gel. Presumed association 

between these detected sequences and dsRNA bands estimated length is 

summarised in Table 2.11. 

 

2.3.4.2.2 A. fumigatus Afu-2 isolate  

No poor quality sequences were detected within the 10483 reads (Table 2.9) 

obtained from Afu-2 isolate, based on FastQC quality control results (Table 2.12 & 

Fig 2.14). BLASTn search showed that the closest GenBank sequence to 22 contigs, 

between 578 and 3972 nt long, was the dsRNA1 that encodes the RdRp of A. 

fumigatus tetramycovirus-1 (AfuTmV-1). The 22 contigs were 89-94% identical to the 

nucleotide sequence with 0.0 E values for 18 of with the rest ranged between 6e-155 

and 2e-136 (appendix 2, Table A2.2, Section 2.2.1). 
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Table 2.9: Reads and assembled contigs for each sample obtained from 454 sequencing. 
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Table 2.10: Basic statistics on 454 reads of A. fumigatus Afu-1 isolate 
obtained using FastQC quality control tool. 

 

 

 
Fig 2.13: Quality scores per sequence of A. fumigatus Afu-1 isolate 
performed using FastQC quality control tool. 



 

68 
 

Table 2.11: Presumed association between dsRNA band length and virus genome segments based on 454 sequencing results 
obtained from A. fumigatus Afu-1 isolate. 

Isolate 
identifier 

dsRNA 
band size 

(bp) 

Virus name Genome segment 
(size, bp) 

Gene(s) Sequence analysis  

Appendix 2 
(BLAST) 

Appendix 3 
(Alignment) 

(Table A2.1) (Fig A3.1) 

Afu-1 2545 Sclerotinia sclerotiorum mitovirus 2 Complete cds (2438) RdRp  2.1.1 3.1.1 

 A. fumigatus tetramycovirus-1 dsRNA1 (2403) RdRp 2.1.2 3.1.2 

 2273 A. fumigatus tetramycovirus-1 dsRNA2 (2233) Unknown function 2.1.3 3.1.3 

 1934 A. fumigatus tetramycovirus-1 dsRNA3 (1970) Methyltransferase 2.1.4 3.1.4 

 1195 A. fumigatus tetramycovirus-1 dsRNA4 (1131) PAS-rich protein 2.1.5 3.1.5 

 1775 A. fumigatus partitivirus-1 dsRNA1 (1779) RdRp 2.1.6 3.1.6 

 1618 A. fumigatus partitivirus-1 dsRNA2 (1623) CP 2.1.7 3.1.7 

 1130 Unidentified - - - - 
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The dsRNA2 nucleotide sequence of A. fumigatus tetramycovirus-1, AfuTmV-1, was 

the closest hit for 25 contigs (568-3533 nt) from A. fumigatus Afu-2 isolate. These 

contigs were 91-97% identical to the dsRNA2 nucleotide sequence with 0.0 E values 

except the shortest contig (568 nt, E value 1e-169) (appendix 2, Table A2.2, Section 

2.2.2). Contig alignment to dsRNA2 resulted in full coverage of the nucleotide 

sequence (appendix 3, Fig A3.2, alignment 3.2.2). The third dsRNA of this same 

mycovirus (AfuTmV-1) was also identified in the BLASTn search, being 91-97% 

identical to nine contigs (731-2904 nt) all with 0.0 E values except the shortest contig 

(731 nt) which was 3e-153 (appendix 2, Table A2.2, Section 2.2.3). When these 

contigs were aligned with dsRNA3, they covered the complete nucleotide sequence 

(appendix 3, Fig A3.2, alignment 3.2.3). Another group of eight contigs shared 

identity of 89-97% with the nucleotide sequence of dsRNA4 of AfuTmV-1 and E 

values of 0.0 (appendix 2, Table A2.2, Section 2.2.4). When aligned to the RNA4 

they covered the entire nucleotide sequence (appendix 3, Fig A3.2, alignment 3.2.4). 

Four dsRNA bands were observed when dsRNA was extracted from A. fumigatus 

Afu-2 isolate and the expected association between dsRNA band length and virus 

genome segments based on 454 sequencing results for this isolate is demonstrated 

in Table 2.13. 
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Table 2.12: Basic statistics on 454 reads of A. fumigatus Afu-2 isolate obtained 
using FastQC quality control tool. 
 

 

 

 

 

 

Fig 2.14: Quality scores per sequence of A. fumigatus Afu-2 isolate 
performed using FastQC quality control tool. 
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2.3.4.2.3 A. fumigatus Afu-3 isolate  

The number of 454 sequencing reads obtained from A. fumigatus Afu-3 isolate was 

9927 (Table 2.9), with an acceptable quality score distribution over all reads (FastQC 

test Phred score >= 20) (Table 2.14 & Fig 2.15). 

The 454 sequencing BLASTn search of A. fumigatus Afu-3 showed sequence 

identity to A. fumigatus tetramycovirus-1 (AfuTmV-1). A total of 27 contigs (522-2374 

nt) matched dsRNA1 of this virus, which encodes for RdRp, with 0.0 E value in 25 of 

them and identity of 90-95% (appendix 2, Table A2.3, Section 2.3.1). Alignment of 20 

contigs covered the entire length of the genome segment (appendix 3, Fig A3.3, 

alignment 3.3.1). A further nineteen contigs, ranging between 748 and 3544 nt in 

length, were 93-97% identical to dsRNA2 nucleotide sequence of AfuTmV-1 with 0.0 

E values (appendix 2, Table A2.3, Section 2.3.2). Pairwise alignment of contig 

sequences to dsRNA2 showed coverage of ~98% (appendix 3, Fig A3.3, alignment 

3.3.2). BLASTn search results for an additional eight contigs (1424-3092 nt) showed 

91-97% identity to the nucleotide sequence of dsRNA3 of AfuTmV-1 with 0.0 E value 

(appendix 2, Table A2.3, Section 2.3.3). Alignment to dsRNA3 resulted in a full 

coverage of the nucleotide sequence (appendix 3, Fig A3.2, alignment 3.2.3). The 4th 

dsRNA of this same mycovirus (AfuTmV-1) was also detected by the BLASTn 

search with six contigs (383-1489 nt) showing 94-98% identity, all with 0.0 E values 

except the shortest contig (383 nt) with 5e-38 (appendix 2, Table A2.2, Section 

2.2.4). All of these four dsRNAs belong to the same virus and the expected 

association between dsRNA bands and virus genome segments, based on 454 

sequencing results for this isolate, is presented in Table 2.15. 
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Table 2.13: Presumed association between dsRNA bands length detected in A. fumigatus Afu-2 and virus segments based on 454 
sequencing results. 

Isolate 

identifier 

dsRNA band 

(size, bp) 

Virus name Genome segment 

(size, bp) 

Gene(s) 

 

 

Sequence analysis  

Appendix 2 

(BLAST) 

Appendix 3 

(Alignment) 

(Table A2.2) (Fig A3.2) 

Afu-2 2545 A. fumigatus tetramycovirus-1 dsRNA1 (2403) RdRp 2.2.1 3.2.1 

 2273 A. fumigatus tetramycovirus-1 dsRNA2 (2233) Unknown function 2.2.2 3.2.2 

 1934 A. fumigatus tetramycovirus-1 dsRNA3 (1970) Methyltransferase 2.2.3 3.2.3 

 1195 A. fumigatus tetramycovirus-1 dsRNA4 (1131) PAS-rich protein 2.2.4 3.2.4 
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Table 2.14: Basic statistics on 454 reads of A. fumigatus Afu-3 isolate obtained 
using FastQC quality control tool. 

 

 

 
Fig 2.15: Quality scores per sequence of A. fumigatus Afu-3 isolate performed using 
FastQC quality control tool. 
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Table 2.15: Presumed association between dsRNA bands length detected in A. fumigatus Afu-3 and virus segments based on 454 
sequencing results. 

Isolate 
identifier 

dsRNA band 
(size, bp) 

Virus name Genome segment 
(size, bp) 

Gene(s) Sequence analysis  

Appendix 2 
(BLAST) 

Appendix 3 
(Alignment) 

(Table A2.3) (Fig A3.3) 

Afu-3 2545 A. fumigatus tetramycovirus-1 dsRNA1 (2403) RdRp 2.3.1 3.3.1 

 2273 A. fumigatus tetramycovirus-1 dsRNA2 (2233) Unknown function 2.3.2 3.3.2 

 1934 A. fumigatus tetramycovirus-1 dsRNA3 (1970) Methyltransferase 2.3.3 3.3.3 

 1195 A. fumigatus tetramycovirus-1 dsRNA4 (1131) PAS-rich protein 2.3.4 3.3.4 
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2.3.4.2.4 A. niger Ang-1 isolate  

Quality check over all 6930 reads (Table 2.9) obtained from Ang-1 isolate showed 

that sequences are free of poor quality (Table 2.16 & Fig 2.16). BLASTn search on 

assembled contigs showed that the closest GenBank sequence to 23 contigs, 

ranging between 561 and 1739 nt in length, was the dsRNA1 (1754 nt) that encodes 

RdRp of Aspergillus ochraceous 1-FA0611 (AoV1-FA0611). These contigs were 76-

88% identical to the dsRNA1 nucleotide sequence with 0.0 E values in 15 of them 

whereas the value for the rest of the contigs was between 2e-178 and 1e-61 

(appendix 2, Table A2.4, Section 2.4.1). Alignment of the largest 11 contigs (>1000 

nt) resulted in 98% coverage of dsRNA1 nucleotide sequence from nt 1 to nt 1725 

(appendix 3, Fig A3.4, Section 3.4.1). DsRNA2 (1555 nt) of the same partitivirus 

virus (AoV1-FA0611) was the closest pairwise BLASTn match for 16 contigs 

between 836 and 2435 nt long, with identity of 69-74% and E values of between 6e-

149 and 5e-94 (appendix 2, Table A2.4, Section 2.4.2). Alignment of the seven 

longest contigs (>1000) to dsRNA2 covered the full nucleotide sequence (appendix 

3, Fig A3.4, Section 3.4.2). Similarly, five contigs had a 68-78% nucleotide sequence 

similarity to the dsRNA3 with E values ranged between 8e-163 and 2e-48 (appendix 

2, Table A2.4, Section 2.4.3). Three of these (>1000 nt), when aligned, covered 

~97% of dsRNA3 of AoV1-FA0611 genome (appendix 3, Fig A3.4, Section 3.4.3). 

Although six dsRNA bands were detected by gel electrophoresis in the Ang-1 

sample, BLAST(n&x) search identified only three known sequences. The expected 

association between dsRNA bands virus genome segments, based on 454 

sequencing of this isolate are presented in Table 2.17. 
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Table 2.16: Basic statistics on 454 reads of A. niger Ang-1 isolate obtained using 
FastQC quality control tool. 
 

 

 
 
 

Fig 2.16: Quality scores per sequence of A. niger Ang-1 isolate performed using 
FastQC quality control tool. 
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Table 2.17: Presumed association between dsRNA bands length detected in A. niger Ang-1 and virus segments based on 454 
sequencing results. 

Isolate 

identifier 

dsRNA band 

(size, bp) 

Virus name Genome segment 

 (size, bp) 

Gene(s) Sequence analysis  

Appendix 2 

(BLAST) 

Appendix 3 

(Alignment) 

 (Table A2.4) (Fig A3.4) 

Ang-1 1800 Aspergillus ochraceous 1-FA0611 dsRNA1 (1754) RdRp 2.4.1 3.4.1 

  1561 Aspergillus ochraceous 1-FA0611 dsRNA2 (1555) CP 2.4.2 3.4.2 

  1325 Aspergillus ochraceous 1-FA0611 dsRNA3 (1220) HP 2.4.3 3.4.3 

 965 Unidentified - - - - 

 746 Unidentified - - - - 

 204 Unidentified - - - - 
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2.3.4.2.5 A. niger Ang-2 isolate  

FastQC results for the 16348 454 reads from Ang-2 isolate indicated that all reads 

were of acceptable quality (Table 2.18 & Fig 2.17). BLASTn searches of contigs from 

the 454 read assembly identified matches to the complete genome sequence of 

three different viruses; a totivirus, a mitovirus and a partitivirus. However, in total, 

these three viruses consist of five nucleic acid segments and therefore they do not 

represent all of the seven dsRNA bands detected by gel electrophoresis (Table 

2.19). Nineteen contigs were 77-88% identical to to a 2415 nt partial RdRp coding 

sequence (178b; accession: EU289895) of the totivirus Aspergillus mycovirus 178, 

that was reported to have a dsRNA band of ~6 kb on a gel (Hammond et al., 2008). 

Ten of the 19 contigs had an E value of 0.0 while the remainder were between 1e-38 

- 3e-180 (appendix 2, Table A2.5, Section 2.5.1). An alignment of the contigs 

covered 99% of the nucleotide sequence of the 2415 nt GenBank sequence 

(appendix 3, Fig A3.5, alignment, 3.5.1). Hammond et al., 2008 published another 

contig (contig 178a; 1194 nt (accession: EU289894)) that is a partial coding 

sequence for the CP of the same virus Aspergillus mycovirus 178. This contig was 

the closest hit for four contigs (895, 1989, 2498, and 3276 nt) from Ang-2 with 

identities of 80,77,73, and 80% and E values of 2e-117, 0.0, 0.0, 0.0, respectively 

(appendix 2, Table A2.5, Section 2.5.2). Assembly of these contigs prodcued a 2498 

nt sequence, which is substantially longer than the 178a partial CP sequence of 

Hammond et al. (2008) (appendix 3, Fig A3.5, alignment, 3.5.2). Another two contigs 

(784 and 1532 nt) were 95 and 94% identical, respectively, to the 2583 bp nucleotide 

sequence of Sclerotinia sclerotiorum mitovirus 3 (SsMV3/SsSn-1) (Wu et al., 2016), 

with E values of 3e-159 and 1e-143 (appendix 2, Table A2.5, Section 2.5.3). A 

pairwise alignment showed that these contigs covered the region between nucleotide 
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1889 and the last nucleotide at the 3` of the complete nucleotide sequence reported 

for Sclerotinia sclerotiorum mitovirus 3 (SsMV3/SsSn-1) (appendix 3, Fig A3.5, 

alignment, 3.5.3). Another mitovirus, S. sclerotiorum mitovirus 2, was the closest 

BLASTn match to two contigs (552 & 1040 nt) which were 99 and 100% identical to 

the nucleotide sequence of the RdRp sequence (Khalifa and Pearson, 2013) with 0.0 

and 2e-160 E values respectively (appendix 2, Table A2.5, Section 2.5.4). Alignment 

of these two contigs to the nucleotide sequence of this mitovirus resulted in the 

coverage of the region between nucleotides 1070 and 2080 of the published 

sequence (appendix 3, Fig A3.5, alignment, 3.5.4). A coat protein sequence encoded 

by segment 2 of Cucurbitaria piceae partitivirus 1 (CpPV1) genome was the closest 

match to the translated nucleotide sequence (BLASTx) of 16 contigs, with identities 

ranging from 31-41% and E values between 1e-98 and 1e-22 (appendix 2, Table 

A2.5, Section 2.5.5). The full CP amino acid sequence was covered when aligned 

with these translated 16 contigs (appendix 3, Fig A3.5, alignment, 3.5.5). The 

partitivirus Aspergillus ochraceous 1-FA0611 (AoV1-FA0611) was also a BLASTn 

pairwise match for 13 contigs between 563 and 1712 nt in length, seven of which 

showed from 75 to 81% similarity to the dsRNA1 nucleotide sequence (1754 bp) of 

AoV1-FA0611 that encodes RdRp. BLASTn E value for five of the seven contigs was 

0.0 and for the other two were 4e-152 and 6e-149 (appendix 2, Table A2.5, Section 

2.5.6). Alignment of the contigs produced 100% coverage of the full nucleotide 

sequence of dsRNA1 (appendix 3, Fig A3.5, alignment, 3.5.6). When AoV1-FA0611 

dsRNA2 (1555 nt) was aligned to its closest four contig sequences ~ 98% of its full 

nucleotide sequence was covered (appendix 3, Fig A3.5, alignment, 3.5.7). These 

four contigs were 816, 911, 1526, and 1587 nts long with identities to dsRNA2 of 75, 

74, 68, and, 70% and E values of 3e-71, 8e-60, 1e-123, and 8e-152, respectively 
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(appendix 2, Table A2.5, Section 2.5.7). A further two contigs (563 and 1596 nt) 

showed 79 and 71% similarity to dsRNA3 (1220 bp) of AoV1-FA0611 with E values 

of 2e-108 and 6e-141 respectively (appendix 2, Table A2.5, Section 2.5.8), which 

when aligned to the covered ~98% of the nucleotide sequence of dsRNA3 (appendix 

3, Fig A3.5, alignment, 3.5.8). The probable association between dsRNA bands from 

the A. niger Ang-2 isolate and virus genome components, based on 454 sequencing 

results, is presented in Table 2.19. 

 

2.3.4.2.6 A. niger Ang-3 isolate  

Based on FastQC, the 15848 454 reads were of acceptable quality (Phred score >= 

20) (Table 2.20 & Fig 2.18). BLASTn search results showed that two contigs, 2299 

and 1380 nt in length, shared nucleotide sequence identity of 94 and 97%, 

respectively, with Sclerotinia sclerotiorum mitovirus 2 (appendix 2, Table A2.6, 

Section 2.6.1). This is a mitovirus (accession number JX401536) has an 

unencapsidated monopartite genome coding for an RdRp (Khalifa and Pearson, 

2013). Alignment of the two contigs to the RdRp sequence covered the region from 

nucleotide 583 to the 3` end, which comprises ~76% of the full genome sequence 

(appendix 3, Fig A3.6, alignment 3.6.1). BLASTn search results identified 27 contigs 

matching an “uncultured” partitivirus genomic RNA, represented by a single 

published 1006 nt sequence (Feldman et al., 2012) of a partial RdRp coding 

sequence that was closely related to partitiviruses. The 27 contigs ranged in length 

between 704 and 4358 nt with identities to the published sequence ranging from 66 

to 73% with E values between 2e-41 and 6e-11 (appendix 2, Table A2.6, Section 

2.6.2). Alignment of 12 contigs from the current study to that published 1006 nt 

sequence resulted in 94% coverage (appendix 3, Fig A3.6, alignment 3.6.2). While 
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Ang-3 was found to contain two dsRNA bands, the partitivirus would be represented 

by a single band. Table 2.21 shows the expected association between dsRNA bands 

from A. niger isolate Ang-3 and virus genome segments, based on 454 sequencing 

results. 

 

 

Table 2.18: Basic statistics on 454 reads of A. niger Ang-2 isolate obtained 
using FastQC quality control tool. 

 

 

Fig 2.17: Quality scores per sequence of A. niger Ang-2 isolate 
performed using FastQC quality control tool. 
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Table 2.19: Presumed association between dsRNA bands length detected in A. niger Ang-2 and virus segments based on 454 
sequencing results. 

Isolate 

identifier 

dsRNA band 

(size, bp) 

Virus name Genome segment 

 (size, bp) 

Gene(s) Sequence analysis  

Appendix 2 

(BLAST) 

Appendix 3 

(Alignment) 

(Table A2.5) (Fig A3.5) 

Ang-2 6500 Aspergillus mycovirus 178 clone 178b Contig 178b (2415) RdRp, partial cds 2.5.1 3.5.1 
 Aspergillus mycovirus 178 clone 178a Contig 178a (1194) CP, partial cds 2.5.2 3.5.2 

  2545 Sclerotinia sclerotiorum mitovirus 3 

(SsMV3/SsSn-1) 

Complete genome 

(2583) 

RdRp 2.5.3 3.5.3 

 Sclerotinia sclerotiorum mitovirus 2  complete cds (2438) RdRp 2.5.4 3.5.4 

 Not detect Cucurbitaria piceae partitivirus 1 dsRNA2 (2271) CP 2.5.5 3.5.5 

  1800 Aspergillus ochraceous 1-FA0611 dsRNA1 (1754) RdRp 2.5.6 3.5.6 

 1554 Aspergillus ochraceous 1-FA0611 dsRNA2 (1555) CP 2.5.7 3.5.7 

 1240 Aspergillus ochraceous 1-FA0611 dsRNA3 (1220) HP 2.5.8 3.5.8 

 984 Unidentified - - - - 

 770 Unidentified - - - - 
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Table 2.20: Basic statistics on 454 reads of A. niger Ang-3 isolate obtained using 
FastQC quality control tool. 

 

 

 

 

 

 
Fig 2.18: Quality scores per sequence of A. niger Ang-3 isolate performed using 
FastQC quality control tool. 
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Table 2.21: Presumed association between dsRNA bands length detected in A. niger Ang-3 isolate and virus segments based on 
454 sequencing results. 

Isolate 
identifier 

dsRNA band 
(size, bp) 

Virus name Genome segment 
 (size, bp) 

Gene(s) Sequence analysis  

Appendix 2 
(BLAST) 

Appendix 3 
(Alignment) 

 (Table A2.6) (Fig A3.6) 

Ang-3 Not detected Sclerotinia sclerotiorum mitovirus 2 Complete cds (2438) RdRp 2.6.1 3.6.1 

 Uncertain* 
«
 Uncultured 

»
 partitivirus genomic RNA Contig 117 (1006)* Partial cds, RdRp 2.6.2 3.6.2 

 1869 Not identified - - - - 

  1759 Not identified - - - - 

* Uncertain as reported sequence was incomplete (only one contig; 1006 bp). 
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2.3.4.2.7 A. niger Ang-4 isolate  

All 8893 454 sequences from the Ang-4 isolate were of acceptable quality based on 

FastQC quality control tool results (Table 2.22 & Fig 2.19). Only three dsRNA bands 

were visible by gel electrophoresis, but BLASTn pairwise alignment search of 

assembled contigs found matches tyo five different nucleotide sequences (Table 

2.23). Four of these sequences were the four dsRNA elements (dsRNA1-dsRNA4) of 

A. fumigatus tetramycovirus-1 (AfuTmV-1) (Kanhayuwa et al., 2015), that were also 

found infecting the three isolates of A. fumigatus (Afu-1, Afu-2, and Afu-3) in this 

study. Eighteen of the contigs (568-3304 nt) were 85-97% identical to the dsRNA1 

nucleotide sequence of AfuTmV-1 that encodes RdRp, with an 0.0 E value in 14 of 

them (appendix 2, Table A2.7, Section 2.7.1). Nucleotide pairwise alignment of the 

largest nine contigs (>1000) gave a full coverage of the dsRNA1 sequence 

(appendix 3, Fig A3.7, alignment 3.7.1). Another group of 27 contigs (750-3313 nt) 

were 88-95% identical to dsRNA2 nucleotide sequence (2233 bp) with an E value of 

0.0 in 23 of them (appendix 2, Table A2.7, Section 2.7.2). When aligned, the contigs 

covered the complete nucleotide sequence of the dsRNA2 (appendix 3, Fig A3.7, 

alignment 3.7.2). AfuTmV-1 dsRNA3 (1970 bp) that encodes methyltransferase was 

the closest BLASTn hit to 15 contigs (568-3580 nt) with identities ranging from 89 to 

94% and E values of 0.0 (appendix 2, Table A2.7, Section 2.7.3). Pairwise alignment 

of the contigs showed that they covered the whole dsRNA3 sequence except for the 

first 22 nucleotides at 5` end (appendix 3, Fig A3.7, alignment 3.7.3). DsRNA4 

nucleotide sequence of AfuTmV-1 was the closest BLASTn search match for one 

contig of 931 nt long with 96% identity and 0.0 E value (appendix 2, Table A2.7, 

Section 2.7.4). This contig covered the region from nucleotide number 93 to number 
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1018, which comprises 82% of the total dsRNA4 nucleotide sequence (1131 bp) 

(appendix 3, Fig A3.7, alignment 3.7.4).  

A single contig of 1285 nts had a nucleotide sequence 95 identical to dsRNA1 of A. 

fumigatus partitivirus-1 which encodes the RdRp (Bhatti et al., 2011a), with 0.0 E 

value (appendix 2, Table A2.7, Section 2.7.5). The contig aligned contig resulted in a 

covered the region between nucleotides 26 and 1342, which is around 74% of the 

RNA1 (appendix 3, Fig A3.7, alignment 3.7.5). Sequences similar to this virus were 

also found in the A. fumigatus Ang-1 isolate. 
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Table 2.22: Basic statistics on 454 reads of A. niger Ang-4 isolate obtained using 
FastQC quality control tool. 

 

 

 

 

 
Fig 2.19: Quality scores per sequence of A. niger Ang-4 isolate performed using 
FastQC quality control tool. 
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Table 2.23: Presumed association between dsRNA bands length detected in A. niger Ang-4 isolate and virus segments based on 
454 sequencing results. 

Isolate 

identifier 

dsRNA band  

 (size, bp) 

Virus name Genome segment 

 (size, bp) 

Gene(s) Sequence analysis  

Appendix 2 

(BLAST) 

Appendix 3 

(Alignment) 

(Table A2.7) (Fig A3.7) 

Ang-4 Undetected on gel A. fumigatus tetramycovirus-1 dsRNA1 (2403) RdRp 2.7.1 3.7.1 

 Undetected on gel A. fumigatus tetramycovirus-1 dsRNA2 (2233) Unknown function 2.7.2 3.7.2 

 1937 A. fumigatus tetramycovirus-1 RNA 3 (1970) Methyltransferase 2.7.3 3.7.3 

 1776 A. fumigatus partitivirus-1 RNA 1 (1779) RdRp 2.7.4 3.7.4 

 1587 Unidentified - - - - 

 Undetected on gel A. fumigatus tetramycovirus-1 dsRNA4 (1131) PAS-rich protein 2.7.5 3.7.5 
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2.3.4.2.8 A. thermomutatus Ath-1 isolate  

21807 reads were obtained from the A. thermomutatus Ath-1 isolate, none of which 

were of poor quality as tested by FastQC quality control tool (Table 2.24 & Fig 2.20). 

BLASTn failed to provide and viral matches so a BLASTx search was used on the 

translated sequence. The BLASTx search generated hits all four amino acid (aa) 

sequences encoded by the four genome segments of Botryosphaeria dothidea 

chrysovirus 1. Fourteen translated contigs (BLASTx) showed similarity of 30 to 71% 

to the amino acid sequence (1116 aa) encoded by Botryosphaeria dothidea 

chrysovirus 1 dsRNA1 segment (3654 bp). The contigs were 1007- 4341 nt long and 

the E value was 0.0 for four contigs and 1e-133 - 2e-18 for the remainder (appendix 

2, Table A2.8, Section 2.8.1). Alignment of the translated contigs provided complete 

coverage of the amino acid sequence encoded by dsRNA1 (appendix 3, Fig A3.8, 

alignment 3.8.1). Ten different contigs (1027 -2606 nt) matched the CP sequence 

(748 aa) that is encoded by dsRNA2 (2773 bp) of Botryosphaeria dothidea 

chrysovirus 1 with identities of 40-59% and E values of between 0.0 and 1e-06 

(appendix 2, Table A2.8, Section 2.8.2). When aligned to the CP sequence, the 

translated 454 contigs covered the entire amino acid sequence (appendix 3, Fig 

A3.8, alignment 3.8.2). 

The third dsRNA (2597 bp) which encodes HP (746 aa) of this chrysovirus was the 

closest hit for nine contigs, ranging from 949 -3157 nts. The amino acid sequences 

encoded by these contigs were 28-45% similar to the HP sequence with E values of 

8e-124 to 6e-05 (appendix 2, Table A2.8, Section 2.8.3). Pairwise alignment of 

amino acid sequences of the translated contigs to the amino acid sequence encoded 

by dsRNA3 resulted in full coverage of the HP sequence (appendix 3, Fig A3.8, 

alignment 3.8.3). 
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Another group of 11 translated contigs (860 - 2514 nts) showed 33-49% similarity to 

the HP sequence encoded by dsRNA4 of Botryosphaeria dothidea chrysovirus 1, 

with E values between 2e-141 to 3e-28 (appendix 2, Table A2.8, Section 2.8.4). 

When the deduced amino acid sequences were aligned they covered the whole 

protein sequence encoded by dsRNA4 (appendix 3, Fig A3.8, alignment 3.8.4). The 

presumed association between dsRNAs detected on gel and virus genome 

segments, based on 454 sequencing results, for this isolate (Ath-1) is presented in 

Table 2.25. 
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Table 2.24: Basic statistics on 454 reads of A. thermomutatus Ath-1 isolate obtained 
using FastQC quality control tool. 

 

 

 

 
Fig 2.20: Quality scores per sequence of A. thermomutatus Ath-1 isolate performed 
using FastQC quality control tool. 
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Table 2.25: Presumed association between dsRNA bands length detected in A. thermomutatus Ath-1 isolate and virus segments 
based on 454 sequencing results. 

Isolate 

identifier 

DsRNA band 

size  

(bp) 

Virus name Genome segment 

 (size, bp) 

Gene(s) Sequence analysis  

Appendix 2 

(BLAST) 

Appendix 3 

(Alignment) 

(Table A2.8) (Fig A3.8) 

Ath-1 3600 Botryosphaeria dothidea 

chrysovirus 1 

dsRNA1 (3654) RdRp 2.8.1 3.8.1 

 2727 Botryosphaeria dothidea 

chrysovirus 1 

dsRNA2 (2773) CP 2.8.2 3.8.2 

 2680 Botryosphaeria dothidea 

chrysovirus 1 

dsRNA3 (2597) HP 2.8.3 3.8.3 

 2500 Botryosphaeria dothidea 

chrysovirus 1 

dsRNA4 (2574) HP 2.8.4 3.8.4 

CP= Coat protein; HP= Hypothetical protein. 
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2.4 Discussion 

It has been reported previously that the incidence of dsRNA in Aspergillus ranged 

from 5.6-10% of isolates screened (Varga et al., 1998; Varga et al., 1994; Bhatti et 

al., 2012; Van Diepeningen et al., 2006). In the current study, 16% of 50 Aspergillus 

isolates tested contained various numbers and sizes of dsRNAs. The dsRNA 

positive isolates were mostly A. niger or A. fumigatus, although a single isolate of A. 

thermomutatus also contained a remarkably high amount of dsRNA.  

In a study by Bhatti et al. (2012) on 366 isolates of A. fumigatus, 14 isolates were 

found infected with the same dsRNA profile as observed in the Afu-2 (clinical) and 

Afu-3 (environmental) isolates in the current study. The four dsRNAs in that study, 

existed either together as a single group of four dsRNAs infecting A. fumigatus, with 

no virus particle associated (Dr. Bhatti, pers com.), or in combination with other 

dsRNA bands. It was subsequently confirmed that these four dsRNAs represent a 

single virus of tetrapartite genome which is not conventionally encapsidated as 

visualization by atomic force microscopy demonstrated that P-A-S–rich protein which 

is encoded by the smallest dsRNA is apparently coating but is not encapsidating the 

viral genome (Kanhayuwa et al., 2015). The tetrapartite virus was named (AfuTmV-

1), has a genome components of 2403, 2233, 1970, and 1131 bp long) and is 

infectious to protoplasts as dsRNA. According to dsRNA band size determined in the 

current study, the four dsRNA bands in A. fumigatus isolates, Afu-2 and Afu-3 (Table 

2.3 & Fig 2.4), are of similar size to the AfuTmV-1 genome segments (2545, 2273, 

1934, and 1195 bp). Furthermore, the TEM did not detect any particles associated 

with these dsRNAs in either isolate (Afu-2 & Afu-3). I addition, BLASTn searches of 

both random cloned and 454 sequences of these two isolates identified AfuTmV-1 as 

the closest match, with 89-98% identity and 0.0 E values for most sequences with a 



 

94 
 

~98% coverage of the AfuTmV-1 genome. These results strongly suggest the 

presence of AfuTmV-1 in the Afu-2 and Afu-3 isolates.  

In isolate Afu-1, four dsRNA bands of similar size (2545, 2273, 1934 and 1195bp) 

were found in combination with three additional bands (Fig 2.4). AS with the dsRNAS 

from Afu-2 and Afu-3, BLASTn search of both randomly cloned and 454 sequences 

from Afu-1 identified AfuTmV-1 as the closest hit, with identities of 89-97% and E 

values 0.0. The coverage of AfuTmV-1 nucleotide sequence was 100% over all 

genome components and therefore Afu-1 is also presumed to contain A. fumigatus 

tetramycovirus-1. The effect of A. fumigatus tetramycovirus-1 on its fungal host 

phenotype growth rate and biomass was reported to be statistically insignificant 

(Kanhayuwa et al., 2015), and only slightly reduced pigmentation has been noticed. 

Since AfuTmV-1 infection is known not to have virions associated (Kanhayuwa et al., 

2015) the isometric VLPs of ~28 nm that were observed in Afu-1 isolate under 

transmission electron microscopy are most-likely belonging to another mycovirus co-

infecting the same isolate. Of the dsRNA bands not representing AfuTmV-1 the 1775 

and 1618 bp (4th and 5th largest bands on Fig 2.4) are a similar size of the two 

segments (1779 bp; FN376847 and 1623 bp; FN398100) of the previously reported 

A. fumigatus partitivirus-1 (AfuPV-1) (Bhatti et al., 2011a). BLASTn search identified 

dsRNA1 of AfuPV-1, which encodes the RdRp, as the nearest pairwise match for 

eight 454 contigs and dsRNA2, which encodes CP, as the closest pairwise match for 

18 contigs, with identity between 92 and 96% and E value of 0.0. Since Afu-1 also 

contained isometric VLPs of ~28 nm which is in the size range for partitiviruses (Lim 

et al., 2005), Afu-1 is most-likely infected with AfuPV-1. This virus has been reported 

to cause an abnormal phenotype associated with non-sporulating sectors and light 

pigmentation on agar plates in A. fumigatus (AfuPV-1) (Bhatti et al., 2011b). 
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However this effect seems questionable since the yellow pigmented isolate (Af-237y) 

used for transfection with AfuPV-1 was derived from a yellow conidium mutant 

(237y) obtained from a strain 237 transformant constructed by restriction enzyme 

mediated integration mutagenesis (Aufauvre-Brown et al., 1998) and consequently 

these phenotypic changes could be due to such treatments rather than viral 

infection. Moreover, the publication does not mention any noticeable symptoms on 

the original naturally infected A. fumigatus isolate.  

Sclerotinia sclerotiorum mitovirus 2 was represented by a single 454 contig 

sequence in this isolate (Afu-1). The nucleotide identity shared between this single 

1594 nt contig with the virus genome segment was 98%, 0.0 E value. The nucleotide 

sequence length of Sclerotinia sclerotiorum mitovirus 2 is 2438 bp, which is similar to 

the size of the dsRNA1 (2403 nt) of A. fumigatus tetramycovirus-1, that encodes 

RdRp. Consequently, the two dsRNAs could appear as a single band on a gel (i.e. 

the largest dsRNA band in Fig 2.4), similar to what was found by Wu et al. (2016). 

This still leaves a single band from Afu-1 (1130 bp) that has not been identified, 

indicating the probable presence of another mycovirus or possibly a defective 

interfering dsRNA (Chiba et al., 2013).  

The A. niger isolates Ang-4 contained three detectable dsRNA bands and isometric 

particles of about ~27 nm in size, similar to those detected in the three A. fumigatus 

isolates (Afu-1, Afu-2, and Afu-3). Ang-4 was found to be infected with A. fumigatus 

tetramycovirus-1 (AfuTmV-1), and based on the BLASTn search of 454 sequences, 

DsRNAs 1, 2, and 3 were each represented by at least 15 contigs while dsRNA4 

was represented by a single contig (appendix 2, Table A2.7, Section 2.7.1-5). 

However, the only dsRNA that can be provisionally associated with a visible band on 

the gel is dsRNA3 (1970 bp) which is similar to the largest band on the gel (1937 bp) 



 

96 
 

(fig 2.4, lane Ang-4). This contrasts with isolate Afu-1 where all four dsRNA genome 

components were associated with sharp, distinct bands (Fig 2.4, lane Afu-1). It has 

previously been shown that Next Generation Sequencing has the ability to detect 

viruses that have not been detected by dsRNA isolation, cloning and Sanger 

sequencing (Khalifa et al., 2016).  

DsRNA1 of Aspergillus fumigatus partitivirus-1 (AfuPV-1) was also detected from a 

single contig of 1285 nt with 95% identity to dsRNA1 (1779 bp; FN376847) that 

encodes RdRp, with a 0.0 E value. The dsRNA band expected to represent this 

genome segment is the second largest band (Fig 2.4, lane Ang-4) with an estimated 

size of 1776 bp. Moreover, the smallest dsRNA detected was ~1587 bp, which is 

similar in size of the dsRNA2 (1623 bp; FN398100) that encodes for the CP 

sequence (442 aa) of AfuPV-1. Since Ang-4 also contained ~27 nm isometric 

particles it is likely that this isolate is also infected with Aspergillus fumigatus 

partitivirus-1.  

Aspergillus niger isolates Ang-1 yielded six dsRNA bands (1800, 1561, 1325, 965, 

746, and 204 bp) whereas seven dsRNA bands (6500, 2545, 1796, 1554, 1240, 984, 

and 770) were detected in Ang-2 isolate. BLASTn results for both random cloning 

and 454 sequencing obtained from isolates Ang-1 and Ang-2 showed matches to 

Aspergillus ochraceous virus 1-FA0611 (AoV1-FA0611) with identities of 68-88% 

and E values of 0.0 to 1e-38. This previously reported virus is a partitivirus with three 

fully sequenced dsRNA segments, but particle size has not been published (Liu et 

al., 2008). Virions of 29-32 nm were observed in Ang-1 and 32-35 nm in Ang-2, 

which are in the size range for members of Partitiviridae (Ochoa et al., 2008). The 

largest three dsRNA bands observed in Ang-1 (1800, 1561, and 1325 bp) are most-

likely associated with the presence of A. ochraceous virus 1-FA0611 which has 
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genome components of dsRNA1; 1754 bp, dsRNA2; 1555 bp, dsRNA3; 1220 bp. 

AoV1-FA0611 was the only BLAST(n&x) match with both random cloning and 454 

sequencing. Given the apparent presence of different size particles in ang-1 it is 

possible that the other three dsRNA bands (965, 746, and 204 bp) are associated 

with another virus(es).  

In Ang-2 isolate, the dsRNA bands that are expected to represent the tripartite 

partitivirus genome of AoV1-FA0611 are 1800, 1554, and 1240 bp, being very similar 

in size to the genome elements of AoV1-FA0611 (dsRNA1; 1754, dsRNA2; 1555, 

dsRNA3; 1220). As discussed above AoV1-FA0611 genome segments are most-

likely each encapsidated individually in the 32 nm isometric particles detected in both 

Ang-1 and Ang-2 isolates. In addition to the presence of the tripartite partitivirus 

AoV1-FA0611, sequence assembly and BLASTn of 19 and four contigs, 

respectively, showed 76 and 88% identity (E values 0.0-1e-38) to two partial cds 

sequences of Aspergillus mycovirus 178 clone 178b (RdRp; 2415 bp) and clone 

178a (CP; 1194 bp) obtained from the same dsRNA band (~6 kbp) of a proposed 

totivirus (Hammond et al., 2008). In the current study the largest detected dsRNA 

band was ~6.5 kb which could potentially represent this totivirus. Furthermore, the 

genome of the totivirus, Aspergillus mycovirus 178 could be contained in the 35 nm 

isometric particles observed in Ang-2, as they are in the size range for totiviruses 

(Varga et al., 2003).  

There is also a possibility of the presence of two mitoviruses, Sclerotinia sclerotiorum 

mitovirus 3 (SsMV3/SsSn-1) (Wu et al., 2016), and Sclerotinia sclerotiorum mitovirus 

2 (Khalifa & Pearson, 2013) as BLASTn search results of two contigs (for each) 

showed at least 94% nucleotide pairwise identity to their nucleotide sequences with 

E values between 0.0 and 1e-143. Sequence length of these two mitovirus is 2583 
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and 2438 bp and therefore the second largest dsRNA band observed (Fig 2.4, lane 

Ang-2) could contain both mitovirus species, similar to the observations of Wu et al. 

(2016). These two mitoviruses have no apparent impact on their fungal host. 

Mitoviruses have no true virion and no structural proteins and their genomes are 

associated with their RdRp (ssRNA-RdRp nucleoprotein complexes) (Ghabrial & 

Suzuki, 2009). Furthermore, BLASTx search of pairwise alignment of amino acid 

sequences revealed that 17 translated contigs, obtained from Ang-2 454 

sequencing, shared identity of up to 41% with the CP sequence (662 aa) of 

Cucurbitaria piceae partitivirus 1 (Petrzik et al., 2016), indicating a related but not 

identical virus. Cucurbitaria piceae partitivirus 1 has a genome of two segments, 

dsRNA1 (2071 bp) encoding RdRp (630 aa) and dsRNA2 (2271 bp) encoding CP 

and each of these genome components encapsidated in an isometric particle of 

about 40 nm in diameter (Petrzik et al., 2016). None of the contigs from the current 

research showed sequence similarity to dsRNA1 (RdRp) of Cucurbitaria piceae 

partitivirus 1 and neither were VLPs of the size reported by Petrzik et al. (2016) 

observed. However there is the possibility of a partitivirus other than A. ochraceous 

virus 1-FA0611 with smaller isometric particles similar size to those of AoV1-FA0611 

(32 nm). In addition Ang-2 also contained two dsRNAs (984 and 770 bp) which were 

not identified in this study.  

A BLASTn search of Ang-3 sequences revealed that a single randomly cloned 

sequence (597 nt) and 28 contigs from 454 sequencing share a moderate identity 

(66-73%) to a 1006 nt putative RdRp sequence of an the “uncultured” partitivirus 

genomic RNA from Stemphylium solani (Feldman et al., 2012). In that study, there 

was no information about any particles associated with the virus, but in the current 

study isometric particles of ~31 nm in diameter (within the partitivirus size range) 
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were found in Ang-3. Another virus detected from 454 sequence was Sclerotinia 

sclerotiorum mitovirus 2 (Khalifa & Pearson, 2013), which was also detected in Ang-

2 (see above).  

Notably, none of the above mentioned mycoviruses has been reported to have an 

obvious impact on their hosts (Bhatti et al., 2011b; Feldman et al., 2012; Hammond 

et al., 2008; Kanhayuwa et al., 2015; Khalifa and Pearson, 2013; Liu et al., 2008; 

Petrzik et al., 2016; Wu et al., 2016). In contrast A. thermomutatus isolate Ath-1, 

which contained four dsRNAs bands (~ 3600 bp, 2727 bp, 2680 bp, and 2500 bp) 

(Fig 2.6) and 35 nm isometric particles, showed obviously poor sporulation. 

Following BLASTx, of randomly cloned and 454 sequence showed some similarity 

(28-71%; E values 0.0 - 6e-05) to the protein sequences (1116 aa (AGZ84312); 748 

aa (AGZ84313); 746 aa (AGZ84314); and 717 aa (AGZ84315)) of Botryosphaeria 

dothidea chrysovirus 1 isolate LW-1, isolated from a hypovirulent isolate of B. 

dothidea from sandy pear (Pyrus pyrifolia Nakai). Colonies of the virus-infected strain 

exhibited debilitated growth with irregular colony edges and sector formation (Wang 

et al., 2014). The second closest BLASTx hit was the protein sequences 

(YP_003858286 (1127 aa); YP_003858289 (934 aa); YP_003858287 (799 aa); 

YP_003858288 (812 aa)) of Magnaporthe oryzae chrysovirus 1 which is 

encapsidated in 35 nm isometric VLPs and causes modulation of host traits 

(Urayama et al., 2010).  

 

Based on the above information it appears that Ath-1 is infected by a previously 

undescribed chrysovirus. Since this is associated with low sporulation and a 

sectoring phenotype and other chrysoviruses are known to debilitate growth and 
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virulence of their hosts, this isolate is a prime candidate for further evaluation as a 

potential biological control agent. 
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Chapter 3 

Molecular and biological properties of a novel 

Chrysovirus infecting Aspergillus 

thermomutatus Ath-1 isolate 
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3.1 Introduction 

A. thermomutatus was first described by Paden (1968) and re-examined by Peterson 

(1992). It is known to occur in soil and to be temperature tolerant that can grow at 

50⁰C (Benassi et al., 2014; Padhye et al., 1994). Although the species is not 

commonly known as a human pathogen (Peterson, 1992), there are several reports 

of it causing human infections (Guarro et al., 2002; Järv et al., 2004; Balajee et al., 

2005). A. thermomutatus often produces both anamorph (asexual) and teleomorph 

(sexual) stages together in the same culture (Guarro et al., 2010). As described in 

chapter 2, Ath-1 is a clinical isolate of Aspergillus thermomutatus (Paden) S. W. 

Peterson (Teleomorph: Neosartorya pseudofischeri S. W. Peterson) infected with 

one or more viruses that produce four discreet dsRNA bands when visualised by 

agarose gel analysis. BLASTx analysis of preliminary sequence data from the four 

dsRNA bands showed a close relation to Botryosphaeria dothidea chrysovirus 1 

(BdCV1), which is reported to reduce host virulence and induce sectoring phenotype 

in the infected cultures (Wang et al., 2014). 

In the current study, noticeable changes in colony texture, sector formation and 

fluctuations in sporulation rate were observed in successive subcultures of the 

dsRNA infected A. thermomutatus Ath-1. However, there were no significant 

differences in mycelial growth rate between virus-infected and virus-free cultures. 

Given the very low level of asexual spore production in this isolate, it was decided to 

characterise the virus by sequence analysis and investigate its effect on the 

phenotype of the fungus. 
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3.2 Material and methods 

3.2.1 Confirmation of fungal species 

Although A. thermomutatus isolate Ath-1 was identified based on morphological 

characteristics it was considered important to double confirm the identity by 

sequencing, especially since A. thermomutatus is rarely found as a human infection 

and is often mistaken for A. fumigatus (Balajee et al., 2005). Sequences of internal 

transcribed spacer regions (ITS) 1 and 2 have been previously used to identify 

Aspergillus species (Henry et al., 2000; Hinrikson et al., 2005). In order to perform 

this, DNA was extracted using a ZR Fungal/Bacterial DNA MicroprepTM kit (Zymo 

Research) according to the manufacturer’s protocol. The ITS regions (ITS1 & ITS2) 

in the ribosomal RNA (rRNA) was amplified by PCR in a 20 µl reaction volume 

containing 12.2 µl ultrapure water (Invitrogen), 2 µl 10X AmpliTaq® DNA Polymerase 

buffer, 2 µl 25 mM MgCl2, 0.4 µl 10 mM DNTPs mix (Life technologies)), 0.5 µl of 10 

µM ITS1F forward 5`-CTTGGTCATTTAGAGGAAGTAA-3` (Gardes and Bruns, 

1993) and 0.5 µl of 10 µM ITS4 reverse primer 5`-TCCTCCGCTTATTGATATGC-3` 

(White et al., 1990), 0.2 µl Dimethyl sulfoxide (DMSO), 0.2 µl AmpliTaq® DNA 

Polymerase (Life technologies) and 2 µl DNA sample. The amplification programme 

was as follows: an initial denaturation for 3 min at 94⁰C; 40 cycles of 94⁰C for 15 s, 

52⁰C for 45 s, and 72⁰C for 1 min, followed by a final extension step at 72⁰C for 6 

min. 

Following PCR, the 20 µl DNA product was mixed with 4 µl of loading dye (0.025% 

(w/v) bromophenol blue, 0.025% (w/v) xylene cyanol, 2% (w/v) Fico.l-400 (Sigma-

Aldrich), and 30% (v/v) glycerol in 0.5x TBE buffer (45 mM Tris-HCI, 45 mM boric 

acid, and 1 mM EDTA, pH 8.5)). The DNA-loading dye mixture was then loaded on 
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1% agarose gel containing 5 µl RedSafeTM (iNtRON) per 100 ml gel and 

electrophoresed in 0.5x TBE buffer at 90 v for 1hr. The DNA bands were then 

visualized under UV, excised and purified using an Axygen DNA gel purification kit 

and cloned into one Shot®DH5™-T1R Escherichia coli competent cells, as described 

in chapter 2 (Section 2.2.11.1.3) and sent to Macrogen Inc. (Korea) for DNA 

sequencing. Obtained DNA sequences were trimmed to remove vector sequences 

and the remaining sequence was compared to database sequences using BLASTn.  

 

3.2.2 Extraction of DsRNA from virus particles 

In order to check whether all dsRNA elements present in A. thermomutatus isolate 

Ath-1 came from the virus particles found in the isolate (Chapter 2, Fig 2.12), virus 

particles were purified as described in chapter 2 (Section 2.2.8). The purified virus 

particles were then transferred into a 50 ml centrifuge tube containing: 8 ml 1 x STE 

Buffer (100 mM Sodium chloride, 50 mM Tris, 1 mM EDTA, pH 6.8), 1 ml 10% SDS, 

0.5 ml 2% aqueous bentonite and 9 ml STE saturated phenol. The mixure was used 

for dsRNA extraction as described for dsRNA extraction from fungal mycelium in 

chapter 2 (Section 2.2.4). The extracted dsRNA was then loaded on 1% agarose gel 

as described in Section (3.2.1) at 90 v for 45 min alongside dsRNA obtained directly 

from mycelia. Another aliquot of 25 µl of dsRNA was run on 1% agarose at 90 v for 

12 h to separate the components of the smaller dsRNA band observed on the 

original gel.  

 

  



 

105 
 

3.2.3 Determination of viral genome sequence 

3.2.3.1 DsRNA Extraction, Random RT-PCR and cloning 

DsRNA was extracted from mycelium as described in chapter 2 (Section 2.2.4). 

Random RT-PCR, PCR amplification and cloning was performed as described in 

chapter 2 (Section 2.2.11). De novo assembly and analyses of sequence data were 

conducted using Geneious version 8.0.3 (Kearse et al., 2012). 

 

3.2.3.2 454 sequencing 

Sample preparation, cDNA synthesis, PCR amplification, sequencing and sequence 

analysis are described in chapter 2 (Section 2.2.11). 

 

3.2.3.3 Amplification of sequence gaps  

In order to increase the accuracy of sequence assembly, sequences from random 

cloning and contigs from 454 sequencing were dissolved (disassembled) and the 

combined sequence data set re-assembled de novo. The resultant contigs were then 

aligned against their closest genome segment of the most closely related virus, 

Botryosphaeria dothidea chrysovirus 1 isolate LW-1, using Geneious version 8.0.3 

(Kearse et al., 2012). Specific primers for each of the four viral dsRNA segments 

were designed to amplify gaps in the sequences (Table 3.1). Total RNA was 

extracted from a virus-infected fungal culture using 

Spectrum Plant Total RNA Kit (Sigma-Aldrich) as described by the manufacturer. A 2 

µl aliquot of total RNA was used as a template for one-step RT-PCR using viral 

specific primer pairs to amplify sequence gaps (Table 3.1) and the PrimeScript One-

step RT-PCR Kit (Takara Bio, Inc.) according to the manufacturer’s instructions. The 

RT-PCR protocol was: one cycle at 50⁰C for 30 min followed by 2 min at 94⁰C and 
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then 30 cycles of 30 s  at 94⁰C, 30 s  at 56⁰C and 90 s  at 72⁰C. DsDNA bands were 

cut from gels using sterile blades and recovered using AxyPrep DNA Gel Extraction 

Kit (AXYGEN) as recommended by the supplier. Cloning, sequencing and assembly 

were performed as described in chapter 2 (Section 2.2.11).  

 

3.2.3.4 Terminal sequence determination 

 Determination of terminal sequences was done as described by Yie et al. (2014). T4 

RNA ligase (Promega) was used to ligate T4L adaptor (5′-PO4-

CCCGTCGTTTGCTGGCTCTTT-NH2-3′) to the 3` ends of the viral dsRNA segments 

as follows: 6 µl of dsRNA was added to a mixture of 7 µl ultrapure water (Invitrogen), 

1ul (100µM) T4L adaptor, 4 µl (T4 10X RNA ligase buffer (Promega), 1 µl RNase 

inhibitor, 20 µl (40% PEG) and 1 µl T4 RNA ligase). The mixture was then incubated 

overnight at 16⁰C for the T4L adaptor to ligate. The T4L ligated dsRNA was 

recovered using AxyPrep PCR Clean-up Kit (AXYGEN) and then 4 µl of the purified 

T4L ligated dsRNA was mixed with 1.5 µl DMSO, 1 µl (10µM) T4LC reverse primer 

5`-AAAGAGCCAGCAAACGACGGG-3` that has sequence complementary to the 

sequence of the T4L ligated adapter, 1 µl (10µM) sequence specific forward primers 

corresponding to the individual dsRNA segments (Table 3.1), 1.7 µl ultrapure water 

(invitrogen)) and denaturized at 100⁰C for 3 min in a water bath and then 

immediately quenched on ice for 5 min. Following this, 10 µl of 2 x 1 step buffer 

(Takara Bio Inc.) and 0.8 µl PrimeScript 1 step Enzyme Mix (Takara Bio Inc.) were 

added to the denaturation mixture to perform one-step RT-PCR reaction. The 

program used for one-step RT-PCR reaction was: 50⁰C for 45 min, 94⁰C for 2 min 

followed by 30 cycles of 94⁰C for 30 s, 59⁰C for 30 s  and 72⁰C for 90 s  and then 

final extension at 72⁰C for 5 min. PCR products were run on 1% agarose, gel 
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purified, cloned into One Shot®DH5™-T1R Escherichia coli competent cells and 

sequenced, as described in random cloning in chapter 2 (Section 2.2.11.1.3).  

 

3.2.4 Mapping of sequences to Botryosphaeria dothidea chrysovirus 1 genome  

In order to check the coverage of the genome of the closest BLASTx match, 

sequences obtained from random PCR cloning, specific PCR cloning, 454 

sequencing and assembled transcripts produced using “Trinity” (chapter 5) were 

mapped to their closest genome segment of Botryosphaeria dothidea chrysovirus 1 

(BdCV-1) using Geneious (Kearse et al., 2012). In the case of 454 sequences, 

assembled contigs that matched a certain BdCV-1 segment during the BLASTx 

search were dissolved (disassembled) into reads and these dissolved reads were 

mapped to their closest BdCV-1 segment. 

 

3.2.5 Phylogenetic analysis  

Determination of ORFs of the four genome segments of A. thermomutatus 

chrysovirus 1 (AthCV1) (dsRNA1, dsRNA2, dsRNA3 and dsRNA4) and alignment of 

the deduced amino acid sequences of their closest chrysoviruses (Table 3.2) were 

conducted using MAFFT multiple sequence alignment software (Katoh and Standley, 

2013). According to Herrero and Zabalgogeazcoa, (2011), the neighbour-joining 

phylogenetic trees were constructed based on amino acid sequences with 1000 

bootstrap replications using MEGA 6 (Tamura et al 2013). Amino acid sequences of 

each of the four putative ORFs of AthCV-1 were used to construct the trees and the 

Poisson substitution model with Gamma distribution was used in the phylogenetic 

analysis. Potential secondary structure for 3` and 5` termini with the lowest energies 

were predicted using Quickfold software at 
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mfold.rna.albany.edu/?q=DINAMelt/Quickfold. Alignment of 3` and 5` terminal 

sequences of all four genome segments, to check terminal sequence similarity, and 

alignment of amino acid sequences, including eight conserved RdRp motifs, with 

related viruses were performed using Geneious version 8.0.3 (Kearse et al., 2012). 

 

 

Table 3.1: Primers used to amplify sequence gaps and terminal sequences 
of A. thermomutatus chrysovirus 1 (AthCV1). 
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Table 3.2: Information on chrysoviruses used for phylogenetic analysis and sequence alignments.  
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3.2.6 Elimination of dsRNAs from A. thermomutatus  

Cycloheximide treatment was used to obtain virus-free lines of the A. thermomutatus 

isolate Ath-1 to provide a genetically identical virus-free line that could be compared 

with an infected line. A description of the method used for cycloheximide treatment is 

presented in Figure 3.1. 

Aspergillus thermomutatus was grown on PDA plates for a week at 37⁰C in the dark, 

and then three plugs of mycelium were individually transferred to PDA media plates 

containing cycloheximide (4.2%, 2.1%, and 1.05%) and incubated in the dark for 1 

week at 37⁰C. Ten single spore isolates, generated from each treatment, were made 

as described in chapter 2 (Section 2.2.3) and grown on unamended PDA media for 3 

days at 37⁰C in the dark. Five plugs of mycelium, each from a different plate, were 

then subcultured on PDA plates containing 2.1%, and 1.05% cycloheximide (4.2% 

was excluded as the fungus did not grow) in the dark for 1 week at 37⁰C as a second 

treatment. Three single spore isolates were then made from each plate and cultured 

on unamended PDA media in the dark for 1 week at 37⁰C and sub-cultured twice 

more each was grown in the dark for 1 week at 37⁰C.  

To test for the presence of the virus, total RNA was extracted from fungal cultures 

and used as a template for one-step RT-PCR using a virus specific primer pair 

(forward primer: 5`-CGAGTGTGAGGCATCAAAGC-3` and a reverse primer: 5`-

TGTCGCATGATGCATATAATTGGG-3` ) as described in Section 3.2.3.3 The RT-

PCR protocol was: one cycle at 50⁰C for 30 min followed by 2 min at 94⁰C and then 

30 cycles of 30 s  at 94⁰C, 30 s  at 58⁰C and 1 min at 72⁰C. As an internal control a 

639 nt-long fungal sequence was amplified using the same RT-PCR amplification 

protocol, except with an annealing temperature of 52⁰C, and the universal ITS1F 
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(forward: 5`-CTTGGTCATTTAGAGGAAGTAA-3`) and ITS4 (reverse: 5`-

TCCTCCGCTTATTGATATGC-3`) primer pair for the ITS region to confirm RT-PCR 

competence of RNA. Electrophoresis and PCR product visualisation were conducted 

as in chapter 2 (Section 2.2.4). When a PCR virus free culture was obtained, dsRNA 

was extracted from that culture, ran on 1% gel agarose and visualized as described 

in chapter 2 (Section 2.2.4).  

 

 

 

 
 
 
 
 

 

Fig 3.1: A flow diagram of the cycloheximide treatment used to remove dsRNA from 
A. thermomutatus Ath-1. 
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3.2.7 AthCV1 impact on A. thermomutatus sporulation at 37⁰C and 20⁰C  

Two sporulation rate comparison experiments were conducted one at 37ºC to 

represent human body temperature and another at 20ºC to represent environmental 

temperature. For each experiment, five virus-free and five virus-infected isolates 

were isolated from single spores (five replicates for each treatment), as described in 

chapter 2 (Section 2.2.3), were individually inoculated at one edge of PDA plates (9 

cm Ø). The cultures were then incubated in the dark until mycelium growth reached 

the opposite side of the plate (7 days at 37⁰C or 16 days at 20⁰C). The cultures were 

then PCR screened for the presence of AthCV1 as described in the previous section 

to confirm the virus status had not changed. To assess the effect of AthCV1 on 

sporulation, spores were harvested from PDA plates by washing twice with 20 ml 

0.05% Tween 80 and filtering through cheesecloth into a 50 ml falcon tube. The 

spores were collected by centrifugation at 8000 x g for 10 min and resuspended in 1 

ml distilled water before being counted in a Neubabuer chamber and then 

independent samples t-test was performed using SPSS version 21 (IBM SPSS 

statistics) for data analysis. 

 

3.2.8 AthCV1 incidence in ascospores  

3.2.8.1 Isolation of ascospores from cultures on PDA 

To separate ascospores from conidia, a preliminary heat-treatment experiment was 

performed to determine the temperature at which conidia were killed and ascospores 

survived (O’Gorman et al., 2009; Girardin et al., 1995). Cleistothecia (containing asci 

and ascospores) were picked from virus-infected A. thermomutatus cultures using a 

sterile needle and washed with sterile distilled water. The cleistothecia were 

transferred to 2 ml Eppendorf tubes, each containing 0.5 ml 0.05% Tween 80 and 
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some 0.1 mm silica beads. Cleistothecia were disrupted using TissueLyser II 

(Qiagen) at the highest frequency (30 Hz) for 1 min and then aliquots of 100 µl each, 

were pipetted into 0.2 ml PCR tubes. The tubes were divided into groups of five and 

each group was heated at a certain temperature (50ºC, 55ºC, 60ºC, 65ºC, 70ºC, 

75ºC or 80ºC) for 15 min. Immediately tubes were quenched on ice for 3 min before 

their contents were individually spread on 1% water agar plates (five replicates for 

each temperature) using a disposable cell spreader. Plates were incubated at 37ºC 

in the dark and were checked for spore germination every 12 h for 7 days. After the 

results were obtained, the same procedure was repeated with a narrower 

temperature range (60ºC, 61ºC, 62ºC, 63ºC, 64ºC or 65ºC) to determine the best 

temperature that kills conidiospores and ensure pure isolation of viable ascospore. 

To determine the heat tolerance of conidia, conidia from the virus-free isolate, which 

did not reproduce sexually, were exposed to the same temperature treatments. 

 

3.2.8.2 Screening for AthCV1 presence in ascospores 

One hundred heat isolated ascospores were germinated individually on PDA plates 

for one day at 37ºC in the dark, and the germlings transferred individually to 250 ml 

flasks containing 100 ml YPD and incubated at 37⁰C for 2 days on an orbital shaker 

at 180 Rpm. Total RNA extraction, one-step RT-PCR to detect the presence of 

AthCV1, and electrophoresis were conducted as described previously in Section 

3.2.6. 
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3.2.9 Growth rate comparison of AthCV1 infected and AthCV1 free fungal 

isolates at 20ºC and 37ºC 

Genetically identical virus-free and virus-infected isolates were grown for 7 days on 

PDA in the dark. Five single spores of virus-free and virus-infected were then 

individually isolated as described in chapter 2 (Section 2.2.3) and inoculated at the 

edge of PDA plates (five replicates) and grown at 37ºC for 6 days and at 20ºC for 15 

days in the dark. The growth was measured every 24 h and at the completion of the 

experiment cultures were tested for the presence of AthCV1 using RT-PCR as 

described in Section 3.2.6 before independent samples t-test was performed using 

SPSS version 21 (IBM SPSS statistics) for data analysis. 

 

3.2.10 Testing for AthCV1 in morphologically different sectors within fungal 

cultures  

Sector formation (areas with different growth phenotype) was frequently noticed in 

the virus-infected A. thermomutatus Ath-1 isolate. These were either white cottony 

smooth sectors or with rough surface texture. Three different square plugs of 

mycelium (~1 cm2) from each sector were tested for the presence of AthCV1 by RT-

PCR using a virus-specific primer pair (forward: 5`-CGAGTGTGAGGCATCAAAGC-

3` and reverse: 5`-TGTCGCATGATGCATATAATTGGG-3`).  

 

3.2.11 Mycelial dry weight comparison experiments 

In two separate experiments, one at 37ºC for 4 days and the other at 20ºC for 15 

days, five single conidia of A. thermomutatus were individually isolated as described 

in chapter 2 (Section 2.2.3) and grown on PDA plates in the dark for 24 h (5 

replicates). Plugs of the resultant mycelium were individually transferred into conical 
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flasks containing 200 ml Yeast Extract Peptone Dextrose broth (YPD) and incubated 

on shaking incubator at 180 Rpm in the dark (five replicates). Mycelium was 

collected by vacuum filtration, 100 mg of each sample kept for viral screening (as 

described in Section 3.2.6) and the remainder of the mycelium dried at 90ºC for 72 h 

before it was weighed and then independent samples t-tests were performed using 

SPSS version 21 (IBM SPSS statistics) for data analyses.  

 

3.2.12 Protoplast preparation and virus transfection of A. thermomutatus 

Since the virus-free isolate of A. thermomutatus did not reproduce sexually, it was 

important to determine whether the virus-free culture would produce sexual spores 

when it was transfected with AthCV1. This was performed according to the method 

of Rollins (2007) with some modifications as follows: a virus-infected single spore 

isolate was grown on a PDA plate for 24 h at 37ºC in the dark, the whole mycelium 

was transferred to a 500 ml conical flask containing 200 ml YPD liquid medium and 

incubated for 1 day at 37ºC on a shaking incubator at 180 Rpm in the dark. Fungal 

mycelia (5 g) was collected and washed once with sterile distilled water and once 

with protoplast buffer (0.8 M MgS04*7H2O (FW 246.48), 0.2M Sodium citrate*2H2O 

(FW 294.1), pH 5.5). Following this, the mycelium was coarsely cut with a sterile 

blade in a glass beaker and transferred into a 150 ml flask containing 17 ml 

protoplast buffer. Then 0.2 g Lysing Enzymes from Trichoderma harzianum (Sigma-

Aldrich) was dissolved in 3 ml Novozyme buffer (1 M Sorbitol (FW 182.2), 50 mM 

Sodium citrate, pH 5.8), filter sterilised through a 0.40 µm strainer and added to the 

mycelial suspension in the 150 ml flask. The flask was then incubated in a shaking 

incubator at 85 Rpm for 4 h at 28ºC. Protoplast formation was checked every 20 min, 

starting from the first hour, and after 4 h protoplasts were passed through 75 µm 
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strainer and collected in a 50 ml tube. A 30 ml volume of KC buffer (0.6 M KCl and 

50 mM CaCl2) was immediately added to the protoplast suspension and the mixture 

centrifuged at 4000 x g. The protoplast pellet was then washed twice with 10 ml STC 

(1M Sorbitol, 50 mM Tris, pH 8, 50 mM CaCl2 *2H2O (FW 147.02)) at 4000 x g 

before being resuspended in 0.5 ml STC and kept on ice.  

For transfection, 200 µl of purified virus particle suspension (Chapter 2, Section 

2.2.8), extracted from 10 g mycelia, was mixed with 5 µl 0.05 mM spermidine 

(Sigma-Aldrich). In a separate sterile microcentrifuge tube, 130 µl PEG 4000 (60% in 

water) was mixed with 70 µl KTC (1.8 M KCl, 150 mM Tris pH 8, 150 mM CaCl2) and 

added to the spermidine-virus particles suspension. A 200 µl aliquot of protoplast 

suspension was then added to the virus suspension and mixed by twirling the tube 

for 10 s before it was incubated on ice for 30 min. After that 200 µl of PEG 4000 was 

mixed with 100 µl KTC in a separate tube and added to the previous suspension and 

slightly twirled again before it was incubated at room temperature for 20 min. 

Suspension aliquots of 40 µl each was added to 5 ml warm 0.7% top agar (Cramer 

lab, 2015), gently mixed, and quickly spread on Stabilized Minimal Medium (Cramer 

lab, 2015). Plates were sealed with parafilm and incubated at 37ºC. Individual 

colonies were picked off, grown on fresh PDA plates, and sub-cultured 3 times (each 

grown for 1 w) after which they were checked for the presence of AthCV1 using PCR 

as described in Section 3.2.6. For negative controls, three plates were spread with a 

suspension lacking virus particles to test protoplast viability, three other plates were 

spread with no protoplasts in the transfection suspension to test any possible 

mycelial contamination in virus particle suspension and three plates contain only 

SMM media as a general contamination check. 
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3.2.13 Infection stability in AthCV1 transfected and naturally infected cultures 

When grown on solid media, the naturally infected A. thermomutatus isolate Ath-1 

usually exhibited rough texture from which white cottony sectors repeatedly emerge. 

When subcultured, the white cottony sectors retained this feature and did not 

produce any sectors. In contrast, the AthCV1 transfected line only showed the white 

cottony morphology, not the creamy rough texture. In order to try and explain these 

differences it was decided to test for AthCV1 in these different phenotypes over time 

to determine the persistence of virus infection in these three cultures. In order to 

achieve this, ten serial sub-cultures (each grown for a week) were made from each 

of these phenotypes. Cultures were RT-PCR screened for the presence of AthCV1 

as described in Section 3.2.6 using AthCV1 specific primer pairs (Table 3.3). 

 

Table 3.3: AthCV1 genome segment specific primer pairs used for detection. 
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3.3 Results 

3.3.1 Confirmation of fungal species 

A BLASTn search of the obtained internal transcribed region sequence (ITS1 & 

ITS2) (639 nt including ITS primer binding sites (Fig 3.2)) showed 99% similarity with 

0.0 E value to the ITS sequence of Neosartorya pseudofischeri isolate NRRL 

GenBank accession number (AF459729), teleomorph of Aspergillus thermomutatus 

(Fig 3.3) and therefore, this result supports the morphological identification of the 

fungal species.  

 

 
Fig 3.2: A: PCR amplification of ITS1 and ITS2 region of presumed A. 
thermomutatus isolate: lane M - 1 kb Plus DNA ladder, lane1 - PCR negative 
control (DNA replaced with ultrapure water); Lane 2 - A. thermomutatus (ITS1 & 
ITS2) amplicon (639 bp including both ITS primer binding sites). B: BLASTn 
alignment of query (ITS1 & ITS2) sequence against the 99% identical and 0.0 E 
value ITS hit (Neosartorya pseudofischeri isolate NRRL, teleomorph of A. 
thermomutatus). 
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Fig 3.3: A. thermomutatus Ath-1, ITS1 & ITS2 amplicon sequence (639 bp), that was cloned then 
sequenced aligned to its closest BLASTn search match Neosartorya pseudofischeri NRRL 
(accession: AF459729), using Geneious version 8.0.3. 
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3.3.2 Mapping of sequences to Botryosphaeria dothidea chrysovirus 1 genome 

A total of 5896 reads from 454 sequencing together with 14 PCR cloning sequences 

were successfully mapped to BdCV-1 dsRNA1 that encodes RdRp sequence and 

was 57% identical to AthCV-1 dsRNA1 (appendix 4, Fig A4.1). In addition, 454 

sequencing reads only (5846) were mapped (appendix 4, Fig A4.2). The latter 

covered 89% of the dsRNA1 sequence of BdCV-1, while the former covered 92%. Of 

the sequences obtained from cloning; 10 of the 15 clones were mapped to dsRNA1, 

covering the region from nucleotide 1908 to the 3` end of the sequence (nt 3654), 

which is ~48% of the dsRNA1 sequence (appendix 4, Fig A4.3). In addition, six out 

of seven de-novo assemblies from “Trinity” were mapped to dsRNA1 (appendix 4, 

Fig A4.4). These sequences covered the region between nt 71 and nt 2926, with two 

gaps of 97 and 302 nucleotides, representing ~69% of the dsRNA1 nucleotide 

sequence. 

The dsRNA2 segment of BdCv-1, which encodes the CP, was 47% identical to 

dsRNA2 of the virus under investigation (AthCV-1) based on ten out of 42 cloned 

sequences and two out of three transcripts (RNA sequencing, chapter 5) (appendix 

4, Fig A4.5 & Fig A4.6). However, none of the 454 sequencing reads mapped to 

dsRNA2.  

The dsRNA3 and dsRNA4 of BdCV-1 were 37 and 43% similar, respectively, to 

dsRNA3 and dsRNA4 of AthCV-1, based on six (out of 33) and five (out of 20) 

cloned sequences, respectively (appendix 4, Fig A4.7 & Fig A4.8). As with RNA-2 

none of the, 454 sequencing reads mapped to either of these dsRNAs.  
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3.3.3 Extraction of dsRNA from virus particles 

DsRNA was isolated from virus particles purified from A. thermomutatus mycelia (Fig 

3.4, A). Initial electrophoresis visualised two dsRNA bands of the same size as those 

initially found in fungal mycelia (Fig 3.4, A). Subsequent electrophoresis, in 1% 

agarose at 90 v for 12 h, separated the lower band into three bands of around 2.5, 

2.68 and 2.7 kb in size (Fig 3.4, B). Again, these bands were the same size as those 

bands obtained from mycelia (chapter 2, Fig 2.6).  

 

 

 

Fig 3.4: A: Comparison of dsRNAs extracted from A. thermomutatus mycelia and 
purified virus particles (agarose, 90 v for 45 min). M = 1 kb plus DNA ladder, VPs = 
dsRNA extracted from virus particles associated with A. thermomutatus, Myc = 
dsRNA extracted from A. thermomutatus mycelia, -ve = negative control extraction 
from dsRNA free A. fumigatus. B: dsRNAs extracted from purified virus particles (1% 
agarose, at 90 v for 12 h); M = DNA marker, VPs = dsRNA extracted from purified 
virus particles. 
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3.3.4 Determination of the genome sequence of AthCV1 

The complete nucleotide sequences of the four dsRNA segments of AthCV1 were 

determined (Table 3.4 & Fig 3.5). Each dsRNA segment contained a single ORF. All 

four dsRNAs contain a highly conserved 20 nt sequence at the 5` terminus and they 

share some similarity in their 3` termini (Fig 3.6). Predicted secondary structures of 

the dsRNA1 that encodes for RdRp as well as sequence similarity of the 3` and 5` 

termini of the four dsRNA genome segments were obtained (Fig 3.7).  

All four phylogenetic trees (Fig 3.8) demonstrate that A. thermomutatus chrysovirus 

1 (AthCV1) is placed in the same clade as Botryosphaeria dothidea chrysovirus 1, 

within the genus Chrysovirus. The closest sister group to these two viruses, contains 

Magnaporthe oryzae chrysovirus 1-A (Urayama et al., 2010) and Magnaporthe 

oryzae chrysovirus 1-B (Urayama et al., 2014), except for the tree based on CP ORF 

domain (B) where Fusarium graminearum dsRNA mycovirus-2 and Fusarium 

graminearum mycovirus-China 9 are the closest sister group. The RdRps ORF 

sequences also placed Tolypocladium cylindrosporum virus 2 (Herrero and 

Zabalgogeazcoa, 2011) with Magnaporthe oryzae chrysovirus 1-A and Magnaporthe 

oryzae chrysovirus 1-B in the same sister group. 

Alignment of multiple RdRp deduced amino acid sequences showed the presence of 

conserved motifs including the eight conserved motifs characteristic of dsRNA 

mycoviruses (Fig 3.9). 
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Table 3.4: Description of AthCV1 dsRNA genome segments. 

 

 

 

 

 

 

 

 

 
Fig 3.5: Genome organization of Aspergillus thermomutatus chrysovirus 1 (AthCV1). 
The genome consists of four dsRNA segments, each of which is monocistronic. 
DsRNA1 encoded putative RdRp, dsRNA2 encoded CP, each of dsRNA3 and 
dsRNA4 encodes for HPs. 
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Fig 3.6: Comparison between the 5` UTR and 3` UTR of the four dsRNA segments of A. thermomutatus chrysovirus 1 (AthCV1). 
Identical bases are black shaded and number of bases in their original sequences is indicated. 
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Fig 3.7: Secondary structure proposed for the 5` UTR (left) and 3` UTR (right, two 
predicted structures) of the plus strand of AthCV1 dsRNA1 (putative RdRp). 
Minimum free energy is -53 and -35.7 kcal/mol for 5` and 3` termini respectively. Jop 

parameters: RNA at 37⁰C, Na+=1 M, Mg++=0 M, sequence type (linear), distance 

between paired bases (no limit). 
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Fig 3.8: Phylogenetic analysis of A. thermomutatus chrysovirus 1 and its closely 
related chrysoviruses. Neighbour-joining trees are based on RdRp amino acid 
sequences. Numbers at nodes represent bootstrap values as percentages estimated 
by 1000 replicates. (A) Putative RdRps encoded by dsRNA1, (B) CP encoded by 
dsRNA2, (C & D) unknown function proteins encoded by dsRNA3 and dsRNA4, 
respectively.  
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Fig 3.9: Alignment of amino acid sequences of the putative RdRp of A. thermomutatus chrysovirus 1 (AthCV1) with those of 

closely related chrysoviruses, motifs used for alignment are those with 0.0 E value except Agaricus bisporus virus 1 which have 

E value of 3X10-139 with a maximum score 462. The max score of the next hit is 459 and then all others in the list have max 

score less than 174. The eight conserved RdRp motifs characteristic of dsRNA mycoviruses are referred to as M1-M8; Green 

colour indicates identical amino acid residues, yellow colour indicates less amino acid identity and red colour indicates the 

lowest identity in amino acid residues.  
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Fig 3.9: continued 



 

129 
 

3.3.5 Elimination of AthCV1 dsRNA from A. thermomutatus  

PCR screening and agarose gel electrophoresis of dsRNA revealed that a virus-free 

isolate was successfully obtained following culture on PDA media containing 2.1% 

cycloheximide (Fig 3.10). Treatment with 1.05% cycloheximide failed to cure dsRNA 

whereas all cultures inoculated on PDA containing 4.2% cycloheximide failed to 

grow. Colony morphology of the virus-free isolate was white and cottony while the 

virus-infected culture was cream with a rough texture. Another notable difference 

was sector formation that occurred only in the virus-infected cultures. 

  

 
Fig 3.10: Confirmation of Effect of AthCV1 on A. thermomutatus and elimination of 

dsRNAs from A. thermomutatus. (A) virus positive culture showing creamy rough 

texture with sectoring phenotype; (B) virus negative culture with white cottony 

appearance; (C) PCR showing successful elimination of AthCV1 with cycloheximide: 

lane M = 1 kb plus DNA ladder, lane 1 = ITS1 & ITS2 DNA band confirms 

competence of PCR in virus-free culture, lane 2 = ITS1 & ITS2 negative PCR control 

(RNA replaced with ultrapure water); lane 3 = virus-specific band in virus-infected 

line used as +ve control, lane 4 = No virus-specific band in virus-free line, lane 5 = 

ITS DNA band confirms competence of PCR in virus-infected line.  
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3.3.6 Viral impact on A. thermomutatus sporulation at 37⁰C and 20⁰C 

Results for sporulation of genetically identical virus-free and virus-infected lines of A. 

thermomutatus are shown in Fig 3.11. The virus-free line produced no ascospores at 

either 20⁰C or 37⁰C, whereas the virus-infected line produced a large number of 

ascospores at both temperatures with a two-fold increase at 37⁰C. At 20⁰C 

conidiation was significantly decreased (P<0.05) in the AthCV1 infected line (Fig 

3.11) compared to cultures at 37⁰C where conidial production was ten-fold greater 

than in the virus-free line. 

 

 

 

 

Fig 3.11: Sexual and asexual sporulation in genetically identical virus-free and virus-

infected lines of A. thermomutatus at 37⁰C for 7 days and at 20⁰C for 16 days on 

PDA plates (9 cm Ø); Error bars denote SD (independent samples t-test). 
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3.3.7 Virus incidence in ascospores  

3.3.7.1 Isolation of ascospores from conidia by heat 

The preliminary heat treatment experiment showed that 60⁰C for 15 min killed all 

conidia in virus-free A. thermomutatus (no ascospores produced) whereas in the 

virus-infected line both conidia and ascospores were killed at 70⁰C for 15 min. 

Consequently 65⁰C was chosen to kill conidia and to collect viable ascospores in the 

actual experiment (Table 3.5).  

3.3.7.2 Screening for virus presence in ascospores 

PCR screening for AthCV1 demonstrated that 37% of the 100 ascospores were virus 

positive. 

 

 

3.3.8 Growth rate comparison experiments at 20ºC and 37ºC 

 There were no significant differences (P<0.05) in the rate of mycelial growth 

between genetically identical virus negative and virus positive A. thermomutatus 

lines at either 20⁰C or 37⁰C (Fig 3.12). 

 

 

3.3.9 Presence of virus in different sectors of virus-infected cultures  

PCR screening detected AthCV1 in both the creamy rough and the white cottony 

sectors that were produced in the same A. thermomutatus naturally infected cultures 

(Fig 3.13).  
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Table 3.5: Effect of temperature on the survival of A. thermomutatus conidia and 
ascospores in AthCV1 free and AthCV1 infected genetically identical lines. 
  

 

 

 

 

 

 

 
Fig 3.12: Growth rate comparison between genetically identical virus-free and virus-

infected A. thermomutatus lines at 20⁰C for 15 days and at 37⁰C for 6 days; Error 
bars represent SD (independent samples t-test). 
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Fig 3.13: A. thermomutatus AthCV1 infected cultures on PDA showing sectoring 
phenotype; Soft white cottony texture (S), creamy rough granulated texture (R).  
 

 

 

 

3.3.10 Mycelial dry weight comparison  

No significant difference was found in mycelial dry weight between genetically 

identical virus-free and virus-infected A. thermomutatus lines at either 20⁰C or 37⁰C 

(Fig 3.14). 

 

 

3.3.11 Virus transfection of virus-free  

A cured isolate of A. thermomutatus was initially successfully transfected with 

purified AthCV1 as indicated by a positive RT-PCR (Fig 3.15). However, the culture 

retained a white cottony appearance and there was no sign of sexual reproduction or 

sector formation at either 20⁰C or 37⁰C. 
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3.3.12 Infection stability in AthCV1 transfected and naturally infected cultures 

RT-PCR revealed that after four successive subcultures, AthCV1 could be detected 

in cultures obtained from both creamy rough and cottony white naturally infected 

sectors as well as in the culture obtained from protoplast transfection (Fig 3.15). In 

addition, neither the subcultures obtained from the cottony white sectors of naturally 

AthCV1 infected nor cultures obtained from protoplast transfection developed a 

sectoring phenotype (Fig 3.15 A&B). However, only cultures obtained from naturally 

infected creamy rough sectors retained AthCV1 after ten successive weekly 

subcultures (Fig 3.16).  

 

 

 

 

 

 
Fig 3.14: Comparison of mycelial dry weight between genetically identical AthCV1 

infected and virus-free A. thermomutatus grown on YPD at 20⁰C for 15 days and at 

37⁰C for 4 days. Error bars represent standard deviation.  
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Fig 3.15: RT-PCR screening for AthCv1 presence in the mycelia of 4th subculture of 
A. thermomutatus from AthCv1 back transfected colony (A) and 4th subculture 
obtained from naturally AthCV1 infected white cottony sector (B). C= RT-PCR result: 
M = DNA ladder; lanes 1,4,7 and 10 = amplicons representing RdRp, CP, HP1 and 
HP2 in 4th subculture of the naturally AthCV1 infected positive creamy rough sector 
respectively; lanes 2, 5, 8 and 11= amplicons representing RdRp, CP, HP1 and HP2 
in 4th subculture of AthCV1 positive colony obtained from back transfected colony (A) 
respectively; lanes 3,6,9 and 12= amplicons representing RdRp, CP, HP1 and HP2 
in 4th subculture of naturally AthCV1 infected white cottony sector (B) respectively. 
 

 

Fig 3.16: RT-PCR results showing the disappearance of AthCV1 from the 
transfected A. thermomutatus as well as from the naturally infected ascospore free 
white cottony sectors formed in A. thermomutatus after ten subcultures; M = DNA 
ladder; lanes 1,4,7, 10 = naturally infected positive creamy rough phenotype ( RdRp, 
CP, HP1 and HP2, respectively); lanes 2, 5, 8 and 11= white cottony sector from 
naturally infected A. thermomutatus ( RdRp, CP, HP1 and HP2, respectively); lanes 
3,6,9 and 12 = transfected A. thermomutatus ( RdRp, CP, HP1 and HP2, 
respectively). 
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3.4 Discussion 

Chrysoviruses are non-enveloped isometric particles, known to have a multipartite 

genome of four monocistronic linear dsRNA unrelated segments. They are 

characterised by the existence of highly conserved sequences at 5` UTR and 3` UTR 

regions of all four segments (Ghabrial, 2010). The genome of the type member of 

the family Chrysoviridae, Penicillium chrysogenum virus (PcV), for instance, 

comprises four dsRNA segments (3562, 3200, 2976, 2902 bp in length); each is 

monocistronic and has a unique sequence. DsRNA1 which is the largest segment 

encoding for RdRp (1117 aa) and dsRNA2 encoding for CP (982 aa). DsRNA3 and 

dsRNA4 encoding for HPs of 912 aa and 847 aa, respectively. All four dsRNAs 

share common, highly conserved domains at their 5` and 3` termini. The 5`UTRs 

segments are relatively long; between 140 and 400 nt in length and their sequences 

have the potential to form extensive secondary structures. There are regions of high 

sequence similarity within the 5` UTRs and 3` UTRs among all four dsRNAs. A 

highly conserved 40-75 nt region with almost 90% identity is present at the 5` UTR of 

all four dsRNAs. Another conserved region of 30-50 nt with less similarity (>80%) is 

located Immediately downstream this highly conserved region. This region consists 

of a stretch of 30–35 nt (with sequence similarity above) and is composed of a 

repeated “CAA” sequence (Ghabrial and Caston, 2012; Ghabrial et al., 2013). In the 

current study, a novel chrysovirus was isolated from a clinical isolate of the fungus A. 

thermomutatus. This was supported by the phylogenetic analysis and virus particle 

shape and size (~35 nm isometric). The chrysovirus was provisionally named A. 

thermomutatus chrysovirus 1 (AthCV1) and has a quadripartite dsRNA genome. 

Segments are dsRNA1 (3589 nt) encoded for putative RdRp (1114 aa), dsRNA2 

(2772 nt) encoded for putative CP (825 aa), dsRNA3 (2676 nt) and dsRNA4 (2514 
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nt) encoded for protein (768 & 711 aa respectively) of unknown function. The 5` UTR 

of the four dsRNAs share a highly conserved sequence stretch 

U(/C)GCAAAAAAGAAGU(/A)AAAGGGG(/C) whereas the 3` UTR of all four dsRNAs 

ends with UGU. Both 5` and 3` UTRs of the four dsRNAs also contain highly similar 

internal sequences. However not all of the UTRs contain the (CAA)n repeats that are 

found in the type member of the genus Chrysovirus, Penicillium chrysogenum virus 

(PcV) (Jiang and Ghabrial, 2004). The absence of these (CAA)n repeats has also 

been reported in the genome the Botryosphaeria dothidea chrysovirus 1 (BdCV1), 

the closest chrysovirus (Wang et al., 2014). 

 

There are four previously reported chrysoviruses in the fungal genus Aspergillus; 

Ratti and Buck (1972) isolated a virus with four dsRNA elements from Aspergillus 

foetidus and other chrysoviruses were later found in A. niger (Buck et al., 1973). An 

isolate of A. flavus was also reported to be infected with a chrysovirus (Wood et al., 

1974). More recently, A. fumigatus was found to contain a chrysovirus (Jamal et al., 

2010; Bhatti et al., 2012).  

 

BLASTx and phylogenetic analysis of amino acid sequences of the four ORFs of 

AthCV1 showed a highest sequence similarity (57-37%) to Botryosphaeria dothidea 

chrysovirus 1 with phylogenetic analysis placing both viruses in the same clade with 

the tentative members of the family Chrysoviridae (Fig 3.8). Alignment of the four 

conserved RdRp motifs of AthCV1 with the other tentative chrysoviruses confirmed 

the presence of some identical residues in all aligned sequences as well as the eight 

conserved motifs characteristic for dsRNA mycoviruses. Moreover, virions of AthCV1 

are non-enveloped isometric of about 35 nm in diameter which is in the size range 
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reported for members of the family Chrysoviridae (Urayama et al., 2014; ICTVdB 

Management, 2006; Viralzone.expasy.org/all_by_species/166.html; Ghabrial, 2010). 

All of these findings strongly indicate that the virus isolated from A. thermomutatus is 

a novel species in the family chrysoviridae.  

 

Some tentative members of the genus chrysovirus such as Botryosphaeria dothidea 

chrysovirus 1 (Wang et al., 2014), Magnaporthe oryzae chrysovirus 1-A (Urayama et 

al., 2010), Magnaporthe oryzae chrysovirus 1-B (Urayama et al., 2014), Agaricus 

bisporus virus 1 (Harmsen et al., 1991) are known to decrease virulence or cause 

other phenotypic changes in their fungal hosts. In addition, Aspergillus mycovirus 

1816 was reported as a probable suppressor of RNA silencing (Hammond et al., 

2008). 

 

Although AthCV1 had no significant effect on growth rate and dry weight of A 

thermomutatus, the virus had a notable impact on reproduction. Virus-infected 

cultures produced high numbers of the sexual ascospores (at both 20⁰C and 37⁰C) 

while they were absent in the virus-free cultures. The effect of the virus on the 

production of the asexual conidia was dependant on temperature; production of 

conidia in virus-infected cultures being significantly higher at 37⁰C than at 20⁰C in 

the virus-free cultures.  

 

Vertical transmission of mycoviruses through conidia is often highly efficient and can 

be close to 100% in some cases. In contrast transmission via sexual spores is 

usually less efficient (Bao and Roossinck, 2013) although Varga et al. (1998) 

reported that transmission of dsRNAs through the ascospores of Neosartorya 
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hiratsukae (Anamorph: Aspergillus hiratsukae) was very efficiently (percentage 

unpublished). Transmission of AthCV1 through the ascospores of A. thermomutatus 

was relatively low (37%) providing a means for the fungus to escape from virus 

infection.  

 

Botryosphaeria dothidea chrysovirus 1, the most closely related virus to AthCV1, is 

reported to have a hypovirulent impact on its fungal host and to cause sector 

formation in the infected cultures (Wang et al., 2014). A similar sectoring phenotype 

was a notable feature of AthCV1 infected colonies of A. thermomutatus that did not 

occur in the genetically identical cured colony. These sectors have two different 

phenotype textures (Fig 3.13); a creamy rough granulated sector with conidia and 

ascospores and a white cottony sector with only conidia produced. When 

subcultured the latter maintained the same morphological features (as did virus-free 

culture obtained by cycloheximide treatment) whereas the former continued to 

produce colonies with sectors. Furthermore, successive subculturing resulted in the 

elimination of AthCV1 from the virus-infected white cottony phenotype and from the 

virus transfected culture (white cottony phenotype). In contrast successive 

subculturing did not remove AthCV1 from the virus positive creamy rough granulated 

sector. This probably indicates that AthCV1 exists in a low titre in the white cottony 

colonies causing a latent infection which failed to induce sexual reproduction and/or 

the sectoring. 
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Chapter 4 

The effect of A. thermomutatus chrysovirus 1 on the 

biology of A. fumigatus, A. niger and A. nidulans 
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4.1 Introduction 

Until the full description of the quadripartite genome of Penicillium chrysogenum 

virus (PcV), that led to the creation of the family Chrysoviridae, mycoviruses with four 

individually encapsidated dsRNA segments and 35–40 nm isometric particles, such 

as Penicillium brevicompactum virus (PbV) and Penicillium cyaneo-fulvum virus (Pc-

fV), were classified in the family of Partitiviridae and grouped under the genus 

Chrysovirus (Jiang and Ghabrial, 2004). Even though it was known that four dsRNA 

segments are associated with the infection of these Penicillium mycoviruses, their 

genomes were considered bipartite, with dsRNA1 and dsRNA2 coding for RdRp and 

CP respectively. The other two dsRNAs were thought to be satellite or defective 

dsRNAs (Ghabrial et al., 2000). Sequence analysis of the RdRp amino acid 

sequence (encoded by dsRNA1) of a fourth confirmed chrysovirus, 

Helminthosporium victoriae virus 145S (HvV145S), revealed a reasonably high 

sequence similarity of (42%, 41%, 40%, 39%, 39%, and 39%, respectively) to the 

RdRp amino acid sequence of Amasya cherry disease associated chrysovirus 

(ACDACV), Fusarium oxysporum chrysovirus 1 (FoCV1), Cryphonectria nitscheki 

chrysovirus 1 (CnCV1), Penicillium chrysogenum virus (PcV), Verticillium dahliae 

chrysovirus 1 (VdCV1), and Aspergillus fumigatus chrysovirus (AfCV) (Ghabrial et 

al., 2013). However, the RdRp amino acid sequence of these viruses showed a 

significantly high similarity to members of Totiviridae, but no significant amino acid 

sequence similarity to members of the Partitiviridae (Jiang and Ghabrial, 2004; 

Ghabrial et al., 2013).  

Like many mycoviruses, most chrysoviruses are associated with latent infections of 

their fungal hosts (Ghabrial and Castón, 2012); However, Botryosphaeria dothidea 
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chrysovirus 1 (Wang et al., 2014), Magnaporthe oryzae chrysovirus 1-A (Urayama et 

al., 2010), Magnaporthe oryzae chrysovirus 1-B (Urayama et al., 2014), Agaricus 

bisporus virus 1 (Harmsen et al., 1991) are known to have some impact on the 

fitness of their fungal hosts, such as decreased virulence, sector formation in culture, 

reduced growth or pigmentation alteration. Chapter 3 described the molecular 

characterisation of the complete genome of A. thermomutatus chrysovirus 1 

(AthCV1) and its effect on the growth and reproduction of A. thermomutatus. This 

chapter describes the assessment of the impact of AthCV1 on other Aspergillus 

species in order to determine (a) if they are susceptible to AthCV1 infection, and (b) 

what effects the virus has on their phenotype. As discussed in chapter 1, vegetative 

incompatibility is a serious barrier to horizontal virus transmission between fungal 

species, but in-vitro this obstacle may be overcome by using protoplast fusion 

(Madhosingh, 1994; van Diepeningen et al., 1998; van Diepeningen et al., 2008; 

Kanematsu et al., 2010) or transfecting protoplasts with purified virus particles  (Lee 

et al., 2011; Kanematsu et al., 2010). The latter approach was used to obtain virus-

infected lines of the Aspergillus species A. fumigatus (isolate Afu-13), A. niger 

(isolate Ang-9), and A. nidulans (isolate And-1) in order to investigate the biological 

effects caused by AthCV1. 

 

4.2 Materials and methods 

4.2.1 Virus transfection of Aspergillus species 

To produce genetically identical virus-free and AthCV1 infected lines of A. fumigatus 

(isolate Afu-13), A. niger (isolate Ang-9), and A. nidulans (isolate And-1), protoplasts 

were prepared from AthCV1 free isolates and transfected with purified AthCV1 as 

described for A. thermomutatus in chapter 3 (Section 3.2.12).  
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4.2.2 Effect of AthCV1 on the sporulation of A. fumigatus, A. niger and A. 

nidulans. 

Growth and sporulation was assessed for both virus-free and AthCV1 infected lines 

of A. fumigatus (isolate Afu-13), A. niger (isolate Ang-9), and A. nidulans (isolate 

And-1) at 37⁰C and 20⁰C as described for A. thermomutatus in chapter 3 (Section 

3.2.7). Five replicates of each treatment were performed and data analysis was done 

using independent samples t-test. 

 

4.2.3 Assessing the impact of AthCV1 on the growth of Aspergillus spp  

The mycelial growth diameter and dry weight production of virus-free and virus-

infected lines of A. fumigatus (Afu-13), A. niger (Ang-9) and A. nidulans (And-1) were 

assessed at 37⁰C and 20⁰C as described in chapter 3 (Sections 3.2.9 and 3.2.11) 

with five replicates each treatment and independent samples t-test was performed to 

analyse data. 

 

4.2.4 Detection of AthCV1 in ascospores  

Of the three Aspergillus species (A. fumigatus, A. niger and A. nidulans) only A. 

nidulans produced ascospores, which were in a mixture with conidia. To determine 

whether the virus was transmitted through ascospores they were separated from 

conidia by heat treatment as described in chapter 3 (Section 3.2.8.1).  

 

4.2.5 Detection of AthCV1 in sclerotia formed by virus-infected A. niger 

cultures 

 Of the three Aspergillus species (A. fumigatus, A. niger and A. nidulans) only A. 

niger produced sclerotia. Sclerotia were isolated from cultures on PDA plates 
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incubated at 37⁰C for 2 weeks in the dark, according to the method of Utkhede and 

Rahe, (1979) with minor modifications as follows: Sclerotia were picked from the 

agar plates with forceps and placed in a 100 ml beaker containing 75 ml sterile 

water. Then sclerotia were filtered through 3 layers of cheesecloth and washed with 

500 ml of sterile water before they were surface sterilized 0.25% sodium hypochlorite 

for 2 min. The sclerotia were then immediately passed through 3 layers cheesecloth 

and washed again with 500 ml sterile water. A hundred sclerotia were individually 

inoculated to PDA plates and incubated at 37⁰C for 2 weeks in the dark before 

resulted mycelia were screened for AthCV1 infection as described in chapter 3 

Section 3.2.6. 

 

 

4.3 Results 

4.3.1 Transfection of Aspergillus species 

A. fumigatus (Afu-13), A. niger (Ang-9) and A. nidulans (And-1) were successfully 

transfected with AthCV1 purified particles as demonstrated by virus-specific RT-PCR 

conducted on the 3rd subculture (Fig 4.1). 
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Fig 4.1: RT-PCR showing successful transfection of Aspergillus spp with AthCV1: 
lane M = 1 kb plus DNA ladder; -Ve= PCR negative control (RNA sample was 
replaced with ultrapure water), +Ath-1 = AthCV1 +ve control; +fu = AthCV1 
transfected A. fumigatus (Afu-13); +ng = AthCV1 transfected A. niger (Ang-9); +nd = 
AthCV1 transfected A. nidulans (And-1); –fu, –ng and –nd = original virus-free 
isolates of A. fumigatus (Afu-13), A. niger (Ang-9), and A. nidulans (And-1), 
respectively. Gel was cut off as there was too much primer dimmers making very 
bad reflections. 
 

 

 

 

4.3.2 Impact of AthCV1 on sporulation of Aspergillus spp at 37⁰C and 20⁰C  

The impact AthCV1 on sporulation of A. fumigatus (Afu-13), A. niger (Ang-9) and A. 

nidulans (And-1) together with the results for A. thermomutatus (from chapter 3) are 

presented in Figures 4.2A & 4.2B and summarized in Table 4.2. 
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4.3.2.1 A. fumigatus 

Asexual sporulation in the infected line of A. fumigatus was significantly reduced (P≤ 

0.05) due to AthCV1 infection at both temperatures being significantly higher at 37⁰C 

than at 20⁰C (Fig 4.2A). On the other hand there was no sexual reproduction 

observed for neither treatment of A. fumigatus at both temperatures.  

 

4.3.2.2 A. niger 

Asexual sporulation was significantly decreased (P≤ 0.05) in the AthCV1 infected 

line at 37⁰C while there were no significant differences between AthCV1 free and 

infected lines at 20⁰C (Fig 4.2B). Aspergillus niger also formed sclerotia only in the 

AthC1 Infected line at 37⁰C, and there was no sexual reproduction in A. niger 

cultures at both temperatures. 

 

4.3.2.3 A. nidulans 

Conidia production was significantly reduced (P≤ 0.05) in the AthCV1 infected line at 

37⁰C but no differences in conidia number between AthCV1 free and infected lines at 

20⁰C (Fig 4. 2B). There was significant increase (P≤ 0.05) in the number of 

ascospores produced by AthCV1 infected line at both temperature degrees 37⁰C and 

20⁰C (Fig 4.2B). 
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Fig 4.2A: Effect of AthCV1 on sporulation of the four tested Aspergillus species at 

37⁰C (left) and 20⁰C (right). This figure shows the effect of AthCV1 on sporulation of 
A. thermomutatus and A. fumigatus. Values are means of five replicates; 

independent samples t-test, P≤ 0.05; Error bars represent standard deviation.  
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Figure 4.2B: Effect of AthCV1 on sporulation of A. nidulans and A. niger. Values are 

means of five replicates; independent samples t-test, P≤ 0.05; Error bars represent 

standard deviation. 
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4.3.3 Effects of AthCV1 on Aspergillus growth and cultural characteristics at 

37⁰C and 20⁰C  

A summary of the effects of AthCV1 on growth and the cultural characteristics and 

mycelial dry weight of the Aspergillus species studied; including A. thermomutatus 

(data from chapter 3) are shown in Table 4.2. 

 

4.3.3.1 A. fumigatus 

Mycelial growth diameter of A. fumigatus was significantly greater in AthCV1 infected 

cultures at 20⁰C but not at 37⁰C (Fig 4.3). However, there was a significant decrease 

in mycelial dry weight associated with AthCV1 infection at 37⁰C but not at 20⁰C (Fig 

4.4). In addition, AthCV1 free culture retained with gray coloured mycelium whereas 

mycelium of the AthCV1 infected line changed from gray to white, forming sector-like 

shapes that merged together later on. This was more severe and covered most of 

the plate area when grown at 37⁰C (Fig 4.5 A) than at 20⁰C (Fig 4.5 B).  

 

4.3.3.2 A. niger 

There was a significant mycelial growth reduction in infected A. niger cultures at 

37⁰C but no difference in mycelial growth diameter at 20⁰C (Fig 4.3). There was a 

significant increase in mycelial dry weight in the AthCV1 infected line grown at 20⁰C 

but no difference between virus-infected and virus-free at 37⁰C (Figs 4.4). Sectors 

with a conidia free phenotype occurred in the AthCV1 positive culture at both 37⁰C 

and 20⁰C. At 37⁰C sclerotia were formed in these conidia free sectors (Figs 4.6 A & 

4.6 B) whereas no sclerotia were formed in cultures grown at 20⁰C (Fig 4.6 C).  
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4.3.3.3 A. nidulans 

There was a significant decrease in mycelial growth diameter of A. nidulans virus 

infected line at 20⁰C while at 37⁰C there was no difference in growth between virus 

free and virus infected A. nidulans lines (Fig 4.3). Mycelial dry weight was lower in 

AthCV1 infected cultures at 37⁰C but there was no change in mycelial dry weight at 

20⁰C (Fig 4.4). The sectoring phenotype was observed in AthCV1 infected cultures 

grown at 37⁰C which were very rich with fruiting bodies (Fig 4.7 B) but not in those 

grown at 20⁰C (Fig 4.7 A).  
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Fig 4.3: Mycelial growth diameter of AthCV1 free and AthCV1 infected Aspergillus 

species at 37⁰C (Left charts) and at 20⁰C (Right charts). Values are means of five 
replicates; independent samples t-test, P≤ 0.05; Error bars represent standard 
deviation. 
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Fig 4.4: Mycelial dry weight in AthCV1 free and AthCV1 infected, and cultures grown 

at 37⁰C (Left) and at 20⁰C (Right). Values are means of five replicates; Independent 
samples T-test (P≤ 0.05) Error bars represent standard deviation. 
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Fig 4.5: A. fumigatus grown at 37⁰C (A) and at 20⁰C (B). White mycelia produced 
due to AthCV1 infection (top plates in A and right plate in B). The amount of white 

mycelia is more intensive at in plates grown at 37⁰C than at 20⁰C; normal growth in 
the virus-free genetically identical cultures (virus-free plates) at both temperatures. 
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Fig 4.6: Sectoring phenotype and sclerotia production in AthCV1 positive A. niger. A: 

sectors formed at 37⁰C in the AthCv1 infected line of A. niger; low number of conidia 
and production of sclerotia in the sectors (arrows). B: Sclerotia under 
stereomicroscopy (X40); Yellow arrows= New developing sclerotia, Red arrows= 
Mature sclerotia. C: Conidia free sectors formed in AthCV1 positive A. niger cultures 

at 20⁰C, no development of sclerotia.  
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Fig 4.7: Sectoring phenotype in AthCV1 positive A. nidulans. A: Absence of sector 

formation in AthCV1 infected and free A. nidulans cultures at 20⁰C. B: sectors rich 
with cleistothecia formed in AthCV1 infected A. nidulans cultures at 37⁰C (arrows).  
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4.3.4 AthCV1 incidence in A. nidulans ascospores  

The preliminary heat treatment experiment showed that 60⁰C for 15 min killed all 

spores in virus-free A. nidulans (small number of ascospores produced) whereas 

both conidia and ascospores in the virus-infected line were killed at 64⁰C for 15 min. 

Consequently, 63⁰C for 15 min was chosen to kill conidia and collect viable 

ascospores in the actual experiment (Table 4.1). Once the single ascospore cultures 

had produced sufficient mycelium they were screened for the presence of AthCV-1 

as described in chapter 3 (Section 3.2.6). 

Of 100 single ascospores isolates from the culture grown at 37⁰C, 31 were found to 

be AthCV1 infected, while from the culture grown at 20⁰C 34 of 100 single ascospore 

isolates were infected. 

 

Table 4.1: Effect of temperature on the survival of A. nidulans conidia and 
ascospores. 

 

 

4.3.5 AthCV1 incidence in sclerotia formed by A. niger  

Eighteen of 100 sclerotia tested for the presence of AthCV1 were infected. 
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4.4 Discussion 

Transfection of virus-free fungal protoplasts with a purified preparation of virus 

particles has been achieved for a range of fungal species. Successful examples of 

protoplast transfection include: the transfection of virus-free Aspergillus fumigatus 

protoplasts with Aspergillus fumigatus tetramycovirus (AfuTmV-1) (Kanhayuwa et al., 

2015) and Aspergillus fumigatus chrysovirus (AfuCV) (Bhatti et al., 2011b), 

transfection of Botryosphaeria dothidea with Botryosphaeria dothidea chrysovirus 1 

(BdCV1) (Wang et al., 2014), transfection of Cryphonectria parasitica with a reovirus 

from C. parasitica (Hillman et al., 2004), transfection of Rosellinia necatrix with 

Rosellinia necatrix partitivirus (RnPV1) (Sasaki et al., 2006) and with the particles of 

the Rosellinia necatrix mycoreovirus 3 RnMYRV-3 (Sasaki et al., 2007). 

In the present study AthCV1 particles naturally infecting A. thermomutatus were 

successfully transferred to three different Aspergillus species (A. fumigatus, A. niger 

and A. nidulans) by protoplast transfection to produce genetically identical virus-free 

and virus-infected lines to effectively evaluate the effects of the virus on the fungal 

host. 

All AthCV1 infected Aspergillus species showed reduction in their production of 

conidia at 20⁰C. This reduction was statistically significant in the case of A. 

thermomutatus (91%) and in A. fumigatus (75%) (Table 4.2). At 37⁰C, while the 

naturally infected A. thermomutatus showed a significant increase in the number of 

conidia produced compared to the virus-free (Table 4.2), all other transfected 

Aspergillus species showed a reduction in conidial production; AthCV1 infected lines 

of A. fumigatus, A. niger and A. nidulans showing reductions of 96%, 90% and 60%, 

respectively. Although virus infection resulted in phenotypic changes in all species 
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tested these results demonstrate that different Aspergillus species do not respond to 

AthCV1 infection in exactly the same way and that the response is temperature 

dependant. A. fumigatus reacted consistently at both temperatures with significantly 

reduced conidial production (Table 4.2), whereas A. thermomutatus showed a 

significant increase in conidia at 37⁰C but produced significantly fewer conidia at 

20⁰C (Table 4.2 & Fig 4.2A). In AthCV1 infected A. nidulans, ascospore production 

was significantly increased at both 37⁰C (90%) and 20⁰C (170%). A. thermomutatus 

produced ascospores only when it was AthCV1 infected (Table 4.2), although the 

number produced at 20⁰C was about half that produced at 37⁰C (Fig 4.2A).  

Table 4.2: Summary of the effects of AthCV1 on the four Aspergillus species. 

 

Infected A. thermomutatus forms white cottony ascospore free sectors (transparent mycelium) within 
creamy rough area ascospore rich (creamy pigmentation); Infected A. fumigatus forms transparent 
long mycelial sectors in the gray mycelia; Infected A. niger forms conidia free sectors (lack of dark 
pigment); Infected A. nidulans forms ascospore rich sectors.  
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Coenen et al. (1997) concluded that vertical transfer of dsRNA viruses in A. nidulans 

through ascospores did not occur and suggested that viruses are excluded from 

ascospores, presumably because of vegetative incompatible groups formed as a 

result of sexual recombination in the successive generations. However, some 

previous reports showed variable transmission efficiency through ascospores, 

including transmission of Botrytis Virus X (BVX) through ascospores in Botrytis 

cinerea (Tan et al., 2007), Saccharomyces cerevisiae (Brewer and Fangman, 1980) 

and Fusarium graminearum (Chu et al., 2004). It seems that transmission of 

mycoviruses via ascospores is very variable between species but is generally less 

efficient than transmission through conidia. (Van Diepeningen et al., 1997; Refos et 

al., 2013).  

The striking increase in sexual sporulation in both A. thermomutatus and A. nidulans 

at both 37⁰C and 20⁰C and the decrease in the number of conidia is possibly the 

result of the fungal host being stressed due to AthCV1 infection, since stress is often 

a trigger for a change from asexual to sexual reproduction in fungi. Within the time 

frame of our experiments only A. niger produced Sclerotia and only at 37⁰C (Figs 4.6 

A & 4.6 B) not at 20⁰C (Fig 4.6 C). Similarly, sclerotia production in A. flavus was 

found to be temperature dependent (Rai et al., 1967). Sclerotia are believed to be 

essential for the development of sexual reproduction in the telomorph species of the 

genus Aspergillus section Flavi (Dyer and O’Gorman, 2012) and section Circumdati 

(Frisvad et al., 2014). Furthermore, in Aspergillus japonicus cleistothecia were 

formed in cavities within sclerotia (Rajendran and Muthappa, 1980). 

Frisvad et al. (2014) were the first to report the production of sclerotia by A. niger 

when it was grown on Czapek Yeast Autolysate Agar media with raisins, or other 

fruits or rice. Most of the A. niger strains used in their study failed to produce 
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sclerotia despite the multiple attempts to enhance the process. Possibly, there was 

some agent (e.g mycovirus(es)) present in the two strains that produced sclerotia 

which was responsible for the enhancement of sclerotial development, whereas the 

same agent was absent in A. niger strains which did not produce sclerotia. None of 

the many A. niger strains used in their study had been screened for the presence of 

mycoviruses. 

In the current study sexual sporulation was boosted due to AthCV1 infection in A, 

nidulans and in A. thermomutatus and also sclerotia production occurred in AthCV1 

infected A. niger while it did not occur in the same genetically identical AthCV1 free 

lines (Table 4.2). As mentioned above, sclerotia are believed to be a crucial 

prerequisite for sexual development and therefore the findings in this study indicate 

some impact that AthCV1 has on its fungal host which enhances sexual sporulation 

as well as formation of sclerotia (Frisvad et al., 2014; Ram et al., 2015). 

The effect of AthCV-1 on mycelial growth (culture diameter) varied according to 

Aspergillus species and growth temperature (Table 4.2). The impact ranged from no 

change at either temperature (37⁰C & 20⁰C), as in the case of A. thermomutatus, to 

a significantly reduced growth, as in the case of A. niger at 37⁰C and A. nidulans at 

20⁰C, or even a significant increase in the growth as with A. fumigatus at 20⁰C. A 

similar increase in linear growth due to virus infection has been previously reported 

by Nuss, (2005) where Chryphonctria parasitica cultures that were infected with 

Cryphonectria hypovirus 1 (strain Euro7) (CHV-1/Euro7) showed faster growth rate 

than the genetically identical virus free isolate. However, A. fumigatus showed a 

significant reduction in conidiation at both temperatures (37⁰C & 20⁰C) while in 

contrast, ascosporulation and sclerotia formation were enhanced, possibly as 
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response to stress induced by AthCV1 infection. While hypovirulence is important for 

mycoviruses to be used in biological control, it could also reduce fungal ability to 

spread and compete with uninfected fungal isolates in the field. The use of 

mycoviruses as effective biological control agents requires consideration of multiple 

factors (host- virus and environment) and therefore intensive research is needed to 

increase understanding of mycoviruses and their interaction with their hosts and 

environment before an applicable use of mycoviruses as biocontrol agents could 

take place (Milgroom and Cortesi, 2004). At 20⁰C, there were no significant 

differences in mycelial dry weight between virus-free and infected lines of any 

species except for A. niger, where mycelial dry weight was significantly increased. At 

37⁰C mycelial dry weight of A. fumigatus and A. nidulans were significantly 

decreased while in A. niger it was insignificantly increased (Table 4.2). The variation 

in response by Aspergillus species may indicate differences in severity of mycovirus 

infection as a result of the interaction between the virus, the fungal host species and 

the environmental conditions. Similarly, Hyder et al. (2013) found that virus strain 

impact on its fungal host can differ depending on the strain of the infected fungus 

and the degree of these effects can change according to the environment and 

ecological conditions. 

Sector formation occurred in all four AthCV1 infected Aspergillus species with some 

differences in their appearance from one species to another (Table 4.2) but none of 

the four Aspergillus AthCV1 free lines exhibited a sectoring phenotype. Sectors 

produced in virus-infected A. thermomutatus were ascospore free with a white 

cottony texture while the rest of the colony had a creamy rough texture with a high 

number of sexual fruiting bodies. In contrast, the sectors produced by infected A. 

nidulans were full of sexual fruiting bodies while the rest of the culture contained far 
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fewer. Sectors formed in A. niger were almost spore free and sclerotia were formed 

only on these spore free sectors (Fig 4.6 A). In A. fumigatus, the original gray 

mycelium turned white to form sectors of white mycelium which in turn merged 

together to occupy most of the plate area (Fig 4.5). This white sectoring in A. 

fumigatus was more severe at 37⁰C (Fig 4.5 A) than at 20⁰C (Fig 4.5 B). It is 

noteworthy that the closest chrysovirus to AthCv1, Botryosphaeria dothidea 

chrysovirus 1 (BdCV1), is also known to be associated with debilitation of growth and 

virulence and to induce sectoring phenotype to its fungal host (Wang et al., 2014). 

Variability in the nature of the sectoring phenotype and the differences in sporulation, 

mycelial growth diameter and mycelial dry weight associated with AthCV1 infection 

in the four different Aspergillus species demonstrate that the effect of AthCV1 is both 

species dependent and temperature dependent. In addition to the sectoring 

phenotype induced by Botryosphaeria dothidea infected with Botryosphaeria 

dothidea chrysovirus 1 (BdCV1), excessive sector formation as a result of virus 

infections has been reported in Helminthosporium victoriae that was naturally co-

infected with the totivirus, Helminthosporium victoriae virus 190S (HvV190S), and 

the chrysovirus, Helminthosporium victoriae virus 145s (HvV145S) (Ghabrial, and 

Suzuki, 2009). In a study by Bhatti et al. (2011b), A. fumigatus formed non-

sporulating sectors when infected with A. fumigatus partitivirus 1 (AfuPV-1) or with A. 

fumigatus chrysovirus. In the current investigation, sectors were only formed in 

infected Aspergillus isolates and this could be a fungal response to AthCV-1 

infection. In A. thermomutatus sectors were free of ascospores whereas in A. niger 

sectors were free of conidia. In the case of A. nidulans sectors were rich in 

ascospores while in A. fumigatus, sectors consisted of transparent (pigmentless) 

mycelium. 
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The results presented in this chapter provide clear evidence that in-vitro transfection 

can be used to extend the host range of a mycovirus in order to investigate its 

possible influence on new fungal hosts. This ability to overcome the barriers caused 

by hyphal incompatibility and genetic diversity may extend the application of 

mycoviruses, such as AthCV1, for fungal disease control.  
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Chapter 5 

Changes in Aspergillus gene expression 

associated with viral infection 
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5.1 Introduction 

As discussed in chapter 4, the phenotypic reaction of different Aspergillus species 

varied in response to Aspergillus thermomutatus chrysovirus 1 (AthCV1) infection 

and the environmental conditions. Accordingly, attention was drawn towards the 

importance of transcriptome sequencing and analysis for the four species, A. 

thermomutatus, A. fumigatus, A. nidulans and A. niger. Until relatively recently gene 

expression was often assessed by means of microarrays which are based on the 

sequence-specific binding of RNA to DNA oligonucleotide probes and its 

measurement using fluorescent labels. The ability of these arrays to simultaneously 

interrogate tens of thousands of transcripts has led to important advances in tackling 

a wide range of biological problems such as the study of differential gene expression 

between healthy and diseased samples or between any differently treated samples. 

However, microarrays have some drawbacks like background hybridization that 

reduces the accuracy of measurements, especially for transcripts of low abundance. 

Another disadvantage of microarrays is that it can only test genes for which probes 

are designed. The ultra-high-throughput RNA-sequencing approach (RNA-seq) is 

considered to overcome these microarray drawbacks with the ability to quantify gene 

expression in a single test and the potential to detect new genes and transcripts 

(Zhao et al., 2014; Mortazavi et al., 2008). In a previous study on Fusarium 

graminearum (Lee et al., 2014), protoplast fusion was successfully used to 

individually infect a Fusarium graminearum strain PH-1 with four viruses from 

different families (Hypoviridae (FgV1), Chrysoviriae (FgV2), Totiviridae (FgV3), and 

Partitiviridae (FgV4)). FgV1 and FgV2 had a negitive impact on both sexual and 

asexual reproduction and induced hypovirulence effect with reduced growth whereas 

the two other mycoviruses (FgV3 & FgV4) did not have these effects on the fungal 
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host. All four mycoviruses in that study had differentially affected transcriptome 

profiles, regardless of their hypovirulence effect, and each mycovirus regulated the 

expression of a totally different set of host genes. Unfortunately, transcriptome 

profiles of the naturally infected Fusarium graminearum strains do not seem to have 

been included in the investigation. The ultra-high-throughput RNA-sequencing 

approach was used to determine the differential gene expression of AthCV1 infected 

and uninfected lines. Investigating the differentially regulated genes between the two 

lines (infected and uninfected) of each Aspergillus species may provide some crucial 

information that helps interpret the molecular reasons behind the biological and/or 

physiological effects resulting from AthCV1 infection.  

Of particular interest were the effects of AthCV1 on both sexual and asexual spore 

production and whether this can be exploited as a means of reducing the impact of 

Aspergillus infections. Spores are the means of dispersal in many non-motile fungi 

like Aspergillus. Via spore dispersal Aspergillus can spread from the site of 

occupation to new sites where spores can germinate and re-establish their life cycle. 

The greater the number of spores dispersed, the more successful the establishment 

of new colonies is. Aspergillus species are mainly soil inhabitants and most 

commonly infect immunocompromised patients via inhalation of spores that are 

spread throughout the air (Meersseman et al., 2007; Segal, B. H. (2009). Infection is 

more likely when a huge number of Aspergillus spores are inhaled. The 24-fold 

reduction in the number of conidia produced by AthCV1 infected A. fumigatus at 

37⁰C (human body temperature) a potentially important factor in the possible use of 

virus as biological control agents. In contrast, the increase in the number of sexual 

spores produced by A. thermomutatus (absent in virus free line) and A. nidulans, due 

to AthCV1 infection may be an obstacle to the potential use in biological control as 
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the ascospores are more resistant to environmental factors and consquently survive 

much longer than the asexual conidiospores. A preliminary investigation to look for 

major changes in gene expression, is a step towards better understanding of 

AthCV1-Aspergillus interaction and possibly the identification of specific genes, 

especially those with expression characteristics common to more than one 

Aspergillus species, that might be exploited in developing new control measures for 

Aspergillus.  

 

5.2 Materials and Methods 

5.2.1 Aspergillus culture conditions 

Both AthCV1 infected and uninfected cultures of the four Aspergillus species (A. 

thermomutatus, A. fumigatus, A. niger and A. nidulans) were grown on sterile 

cellophane film laid over PDA media; three plates for each treatment. The cultures 

were incubated at 37⁰C for 5 days according to Zhang et al. (2014) in the dark to 

provide growth conditions that are similar to those applied to growth and sporulation 

experiments. Ideally we would have liked to have conducted transcriptomics of the 

four Aspergillus isolates at both 20⁰C and 37⁰C, to obtain the information on the 

effects of AthCV1 in both environmental clinical habitats. However, due to limited 

resources the experiment was limited to the 37⁰C treatment as it was more relavent 

to the hypothesis of the thesis. To minimise the affects of variability between different 

cultures on the results three replicate cultures, of each treatment, were pooled 

before total RNA was extracted.  
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5.2.2 Total RNA extraction 

Thirty milligrams of mycelium from each of the three plates per treatment were 

harvested and combined (90 mg) in a 2 ml Eppendorf tube and total RNA was 

extracted using a Spectrum Plant Total RNA Kit (Sigma-Aldrich), as instructed by the 

manufacturer. A 0.1 volume of 3 M sodium acetate, pH 5.2 and 2 volumes of 100% 

ethanol were added to each extract to precipitate the RNA which was sent on ice to 

Macrogen Inc. Korea, for RNA sequencing. 

 

5.2.3 Quality control check, library construction and sequencing 

All steps were conducted by Macrogen Inc. Korea, as follows: An Agilent 

Technologies 2100 Bioanalyzer 2100 Bioanalyzer with an RNA integrity number 

(RIN) value greater than or equal to 8 

(www.genomics.agilent.com/article.jsp?pageId=1648) was used to check RNA 

quality and quantity of the original samples. Fragmentation was performed on RNA 

samples before the cDNA synthesis and the cleaved RNA fragments primed with 

random hexamers. First strand cDNA was transcribed using reverse transcriptase 

according to the protocol “Truseq RNA sample preparation V2 guide” (truseq-rna-

sample-prep-v2-guide-15026495-f.pdf). The second cDNA strand synthesis was 

performed using DNA Polymerase I in the presence of RNase H. Adapters (Table 

5.1) were ligated to the DNA and then PCR amplification was performed to 

selectively enrich DNA fragments with adapter molecules on both ends and to 

amplify the amount of DNA in the library. The PCR amplification was conducted 

using a PCR Primer Cocktail which anneals to the ends of the adapters. An Agilent 

Technologies 2100 Bioanalyzer with a DNA 1000 chip was used to verify the size of 
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PCR enriched fragments, and for library quantification qPCR was used according to 

the Illumina qPCR Quantification Protocol Guide (# 11322363). Indexed DNA 

libraries were normalized to 10 nM in the Diluted Cluster Template (DCT) plate and 

then pooled in equal volumes in the Pooled DCT plate. Sequencing was conducting 

using the Hiseq2000 platform which generated reads of 100 bp X 2 (paired-end) with 

a total run output of 35-40 Gb.  

 

Table 5.1: TruSeq RNA Sample Prep Kit v2 Indexed Adapter Sequences used in 
this study. 

Sample Index name Index sequence* 

A. thermomutatus virus free  AR002  CGATGT 

A. thermomutatus virus infected  AR019 GTGAAA 

A. fumigatus virus free  AR004  TGACCA 

A. fumigatus virus infected  AR023  GAGTGG 

A. niger virus free  AR005  ACAGTG 

A. niger virus infected  AR006  GCCAAT 

A. nidulans virus free  AR012  CTTGTA 

A. nidulans virus infected  AR013  AGTCAA 

* Adapter sequence is: 

5` GATCGGAAGAGCACACGTCTGAACTCCAGTCAC[6 bases index]ATCTCGTATGCCGTCTTCTGCTTG 

 

 

5.2.4 Sequence quality control  

The FastQC quality control tool (Andrews, 2010) was run to provide quality control 

checks on each sequence data file from the high throughput sequencing pipelines. 
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5.2.5 Sequence analysis and transcriptomics 

Differential gene expression analysis of RNA sequences was dependant on whether 

a reference genome sequence for the individual Aspergillus species was available. 

In the case of A. fumigatus, A. niger and A. nidulans, where a reference genome was 

available (fungi.ensembl.org/index.html), the Tuxedo protocol (Trapnell et al., 2012) 

was used. For A. thermomutatus, where no reference genome was available, the 

Trinity de novo transcriptome assembly software (Grabherr et al., 2011; Haas et al., 

2013) was used. 

 

5.2.5.1 Tuxedo protocol 

The Galaxy-qld web-based platform (galaxy-qld.genome.edu.au) was used for 

transcriptome analysis. Genome sequences in a fasta format together with their 

relevant gene annotations in a gff3 format, were retrieved from the Ensembl Fungi 

database (fungi.ensembl.org/index.html). This was performed on the A. fumigatus 

Af293 genome (fungi.ensembl.org/Aspergillus_fumigatus/Info/Index), the A. niger 

GCA_001515345 genome 

(fungi.ensembl.org/Aspergillus_niger_gca_001515345/Info/Index) and the A. 

nidulans FGSC A4 genome (fungi.ensembl.org/Aspergillus_nidulans/Info/Index). 

Steps of the Tuxedo protocol are described briefly as follows: 

 

5.2.5.1.1 Uploading files to the Galaxy platform 

The 100 bp paired-end output reads data files were provided by Macrogen Inc. 

Korea, in fastq format; two files (forward sequeces and reverse sequences ) for each 
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treatment. Each file was approximately 5 GB in size and the file transfer protocol 

(FTP) FileZilla client software (filezilla-project.org) was used to upload these large 

files to Galaxy-qld (galaxy-qld.genome.edu.au).  

  

5.2.5.1.2 Tophat2 Gapped read mapper 

Tophat2 version 0.6 (Kim et al., 2013) was run individually on each treatment data 

set (both forward and reverse reads). This software aligns RNA-Seq reads to the 

related Aspergillus reference genome using the ultra high-throughput short read 

aligner Bowtie2 and then analyzes the mapping results to identify splice junctions 

between exons. Tophat input parameters used in the analysis are shown in Table 

5.2. 

 

5.2.5.1.3 Cufflinks for transcript assembly and estimate FPKM  

Cufflinks software version 0.0.7 (Trapnell et al., 2010) was run on each BAM file 

containing accepted hits produced by Tophat2. Reference annotations in gff3 format 

(Section 5.2.5.1) were provided and in order to improve accuracy of transcript 

abundance estimates, bias correction and multi read correction options were 

selected. A reference genome in fasta format (Section 5.2.5.1) was given for the 

same purpose. In cufflinks, the library normalization method is known as “classic-

fpkm” in which the library size factor is set to 1 and no scaling is applied to fragments 

per kilobase of transcript per million fragments mapped (FPKM) values or fragment 

number. Assembled transcripts output for each treatment was contained in a GTF 

file. The parameter settings used to run cufflinks are shown in Table 5.3.  
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Table 5.2: Parameters used to run Tophat2 that was used to map RNA-seq reads to 
Aspergillus genome sequence in fasta format (Section 5.2.5.1 & 5.2.5.2). 

 

* Mean inner distance between mate pairs was set at zero because fragment size excluding adapter 
was (~150 bp) which is less than the size of both paired end reads (200 bp). 

 

 

5.2.5.1.4 Cuffmerge  

To merge all the assembled transcripts together in one output GTF file Cuffmerge 

software version 0.0.6 (Trapnell et al., 2010), which is a part of Cufflinks, was run on 

the resultant cufflinks assembled transcript GTF files with the parameters shown in 

Table 5.4. 
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Table 5.3: Cufflinks input parameters that were used in the analyses. 

 

* Cufflinks was run on Tophat2 output Bam files (accepted hits) for each treatment individually. 
#
 Mean inner distance between mate pairs was set at zero because fragment size excluding adapter 

was (~150 bp) which is less than the size of both paired end reads (200 bp). 

 

 

 

Table 5.4: Cuffmerge input parameters that were used in the analyses. 
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5.2.5.1.5 Cuffdiff 

Cuffdiff software version 0.0.7 (Trapnell et al., 2010) was run on the GTF merged 

transcripts file obtained from Cuffmerge and the Tophat2 accepted hits BAM files to 

identify possible significant changes in transcript expression between AthCV1 

negative and positive lines. A reference genome was used for bias corrections to 

improve the accuracy of transcript abundance estimates; also, the multi read 

correction option was chosen, the option for dispersion estimation method was 

“blind” and the library normalization method was “geometric” in which FPKMs and 

fragment counts are scaled through the median of the geometric means of fragment 

counts across all libraries. Parameters used for cuffdiff are shown in Table 5.5. 

 

 

Table 5.5: Cuffdiff input parameters that were used in the analyses. 
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5.2.5.2 Trinity method for de novo transcriptome assembly 

Trinity (Grabherr et al., 2011) is a de novo transcript assembler that uses RNA-seq 

data as input. Trinity offers a way for transcriptome reconstruction in the absence of 

a reference genome, as in the case of A. thermomutatus. Trinity (version 0.0.2) in 

Galaxy-qld (galaxy-qld.genome.edu.au) creates a full length transcriptome which can 

be processed by Tophat and cufflinks. These procedures were conducted as follows. 

 

5.2.5.2.1 Trinity read normalization  

RNA-seq data pre-processing using the Trinity read normalization tool was 

conducted to reduce coverage of highly covered areas. This was done for each 

treatment with both forward and reverse read files (paired end) being loaded, using 

the default settings.  

 

5.2.5.2.2 Combining normalized reads and running Trinity 

In order to obtain a single generic assembled transcriptome, normalized RNA-seq 

data was assembled using Trinity de novo assembler. This was done after all 

forward reads (from both treatments) as well as all reverse reads were individually 

combined using the ‘Concatenate datasets’ Galaxy tool version 1.0.0. The two files 

with the combined reads (one for all forward reads and the other for all reverse 

reads) were then used by Trinity to produce a fasta file that contains all possible 

assembled transcripts from both virus positive and virus negative samples. Trinity de 

novo assembly was run with the default parameters. 
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5.2.5.2.3 Running Tophat2, Cufflinks, Cuffmerge and Cuffdiff 

All of these programmes were run as described above (Sections 5.2.5.1) in the 

Galaxy platform, with the use of the assembled transcriptome (fasta format) obtained 

from Trinity instead of a reference genome and no reference annotations were used.  

 

5.2.5.2.4 BLASTn search of transcripts obtained from Trinity assembled 

transcriptome  

From the Cuffdiff output, gene loci identifiers (e.g. comp0_c0_seq1) were used to 

retrieve their relevant transcripts from which DNA sequences were then used as 

queries for nucleotide BLASTn searches in GenBank, to find out their closest known 

gene sequence and to retrieve the identifier of that closest gene which was used to 

search for gene ontology annotations.  

 

5.2.5.3 Gene ontology annotation search 

Gene identifiers (gene ID) of those genes that were differentially expressed were 

used to search for their gene ontology annotations in Aspergillus genome databases 

(www.aspergillusgenome.org), Ensemble Fungi database 

(fungi.ensembl.org/index.html), and the UniProt Knowledgebase (www.uniprot.org). 

 

  

http://www.aspergillusgenome.org/
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5.3 Results 

5.3.1 Quality check for library construction and sequencing 

The quality and quantity check performed on the original total RNA samples, using 

2100 Bioanalyzer with an RNA Integrity Number (RIN), revealed that all of the 

samples were of acceptable quality (Table 5.6). Library construction was 

successfully performed on all samples consisting of sequences of ~260-280 bp 

(including two 63 bp adapters) resuting in a fragment size of ~140-160 bp (Table 

5.7). Results of data processing are shown in Table 5.8. FastQC, the quality control 

tool used to check the quality of the fastq files (received from Macrogen Inc.) did not 

flag any of the sequences as poor quality with an acceptable quality score 

distribution over all samples (Phred quality score >=20) (www.phrap.com/phred/). 

FastQC has also confirmed that the encoding format of the data in the RNA-seq files 

was in “Sanger / Illumina 1.9” format (Appendix 5) as required for the Galaxy 

platform.  

 

Table 5.6: Quality and quantity of total RNA (as determined using a 2100 

Bioanalyzer). 
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Table 5.7: Size and concentration of libraries. 

 

Note: Adapter sequences (126 bp) were included in the average estimated Library size shown in the 
table. 

 

 

Table 5.8: A descriptive summary on Illumina raw data sequences. 

 

# Total Bases: The total number of bases in reads identified. Read Count: The total number of 

sequence reads (foward plus reverse reads). GC(%): The GC percentage in sequence reads. AT(%): 

The AT percentage in sequence reads. Q20(%): The percentage of bases in which the phred score is 

above 20 (<1% chance that the base is called wrong). Q30(%): The percentage of bases in which the 

phred score is above 30 (<0.1% chance that the base is called wrong); One lane was used = same 

run for all samples. 
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5.3.2 Sequence analysis and transcriptomics 

All sequence analysis steps were conducted successfully. All files needed for the 

transcriptome analysis were uploaded to Galaxy-qld platform (galaxy-

qld.genome.edu.au) using the file Transfer Protocol (FTP) FileZilla client software 

(filezilla-project.org). De novo transcriptome assembly for A. thermomutatus, for 

which no genome was available, produced a fasta file (assembled transcripts) that 

contained 32074 sequences. All Tophat2 results are summarized in Appendix 6. 

Cufflinks produced a gtf file containing assembled transcripts for each treatment 

(virus negative and virus positive) and Cuffmerge produced a gtf file containing 

merged transcripts of both treatments. Estimated transcript abundances were 

reported by Cuffdiff as FPKM (expected fragments per kilobase of transcript per 

million fragments sequenced). According to the FPKM results, some genes were 

highly upregulated while others showed downregulation in response to virus 

infection, compared to a genetically identical virus-free line. Some of the up or down-

regulated genes were related to fungal sporulation. In addition, some genes were 

undetectable (i.e. showed a zero FPKM value) in either the infected or the uninfected 

sample. The number of differentially expressed genes (≥ 5 fold change or 

undetectable in either treatment) was 62 in A. thermomutatus and in A. fumigatus, 65 

in A. niger, and 34 in A. nidulans (Fig 5.1). Functional analysis of these genes is 

shown in Fig 5.2 – Fig 5.5. Results for the individual Aspergillus species are 

presented as follows: firstly, the most highly upregulated genes and then the most 

downregulated genes, regardless their function. Secondly, the most upregulated and 

most downregulated genes related to sporulation. Thirdly, genes with no detectable 

expression (Appendex 7).  
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Fig 5.1: A summary of the number of differentially expressed genes in each 
Aspergillus species. 

 

 

Fig 5.2: Functional analysis of differential expressed genes (62) in A. 

thermomutatus. 
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Fig 5.3: Functional analysis of differential expressed genes (62) in A. fumigatus. 

 

Fig 5.4: Functional analysis of differential expressed genes (34) in A. nidulans. 
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Fig 5.5: Functional analysis of differential expressed genes (65) in A. niger. 

 

 

 

 

5.3.2.1 Aspergillus thermomutatus  

5.3.2.1.1 Top upregulated genes in AthCV1 infected A. thermomutatus isolate 

compared to its isogenic AthCV1 free line. 

Expression of the upregulated genes ranged from a 7-fold change in the case of 

csnB/NFIA_070550, whose ortholog (AN4783) is required for the formation of 

cleistothecia, to a 34,266 fold increase in the case of the calcium transporter 

(NFIA_103770) (Table 5.9). Nine other genes upregulated more than 300 fold 

(NFIA_113620, NFIA_025840, NFIA_047950, NFIA_010320, NFIA_022010, 

NFIA_019610, NFIA_087440, NFIA_083680, NFIA_059050) are involved in a range 
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of metabolic functions, such as transmembrane transport, phospholipid binding, 

sterol metabolism and transcription initiation (Table 5.9), but none of these are 

known to have a specific role in sporulation. However, amongst the genes with lower 

levels of upregulation (7-55 fold) (Table 5.9), involved in a range of general metabolic 

processes, is csnB/NFIA_070550 which is known to be involved in the production of 

sexual reproductive structures (Section 5.3.2.1.3). 

 

Table 5.9: Top upregulated genes in AthCV1 infected A. thermomutatus isolate 
compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 
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5.3.2.1.2 Most highly downregulated genes in AthCV1 infected A. thermomutatus 

isolate compared to its isogenic AthCV1 free line. 

Genes that have been downregulated varied in their degree of expression from 3-

fold to 8915-fold decrease (Table 5.10). The four most highly downregulated genes 

(8915 – 671 fold reduction; Table 5.10) had varied functions but included 

LaeA/NFIA_010750 which is involved in the regulation of ascospore production 

(Section 5.3.2.1.4). Genes with downregulation in the ranges of 268 to 73 fold 

decrease (Table 5.10) and 23 to 3-fold decrease (Table 5.10) similarly had a range 

of functions but included fhbA/NFIA_030070 with an ortholog in A. nidulans required 

for cleistothecia formation (Baidya et al., 2011) and ((Section 5.3.2.1.4). 

Table 5.10: Most highly downregulated genes in AthCV1 A. thermomutatus isolate 

compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 



 

185 
 

5.3.2.1.3 Top upregulated sporulation related genes in AthCV1 infected A. 

thermomutatus isolate compared to its isogenic AthCV1 free line. 

The gene csnB/NFIA_070550 (A. nidulans ortholog (AN4783 (csnB)) which is 

essential for cleistothecia and ascospore formation (Busch et al., 2007; Busch et al., 

2003), showed a 7-fold increase in expression in the AthCV1 infected treatment 

(Table 5.11).  

 

Table 5.11: Top upregulated sporulation related gene in AthCV1 A. thermomutatus 
isolate compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

5.3.2.1.4 Most highly downregulated sporulation genes in AthCV1 infected A. 

thermomutatus isolate compared to its isogenic AthCV1 free line. 

Table 5.12 lists the most highly downregulated genes involved in spore production. 

The global regulator of secondary metabolism laeA/NFIA_010750, involved in the 

positive regulation of ascospore formation (Sarikaya-Bayram et al., 2010) showed a 

1913-fold decrease in expression whereas fhbA/NFIA_030070 with an ortholog in A. 

nidulans required for cleistothecia formation (Baidya et al. 2011) showed a 100-fold 

reduction in expression. The other gene, which showed 35-fold decrease in 

expression were MAT-1/NFIA_071100 (known to positively regulate sexual 

development together with MAT2).  
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Table 5.12: Most highly downregulated sporulation related genes in AthCV1 infected 
A. thermomutatus isolate compared to its isogenic AthCV1 free line. 

 

 Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

 

 

5.3.2.1.5 AthCV1 gene expression using Trinity assembled transcripts 

AthCV1 genes were detected in the AthCV1 infected line whereas none of them 

were detected in the AthCV1 free line (Table 5.13). 

 

Table 5.13: AthCV1 gene expression detected using Trinity assembled transcripts. 
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5.3.2.2 Aspergillus fumigatus  

5.3.2.2.1 Top upregulated genes in AthCV1 infected A. fumigatus isolate compared 

to its isogenic AthCV1 free line. 

The expression of the most upregulated genes ranged between a 9-fold increase in 

the case of arp1/Afu2g17580 to a 6427-fold increase in the case of Afu1g04410 

(Table 5.14). Four genes with unknown function; Afu1g01390, Afu4g09510, 

Afu4g09310, Afu8g01690, showed 3115, 109, 59, and a 39-fold increase in 

expression respectively (Table 5.14). The integral plasma membrane heat shock 

gene Afu6g06470 revealed 175-fold increase (Table 5.14). Some of the genes that 

showed expression in the range between 9-fold and 53-fold increase (Afu1g11180, 

Afu8g05890, Afu2g18030, Afu3g14540, Afu2g00320, Afu4g08170, Afu8g00710, 

Afu2g17560, Afu4g14670, Afu5g13800, Afu1g09470, Afu1g06440, Afu1g04150, 

Afu1g01610,) are involved in a range of metabolic functions, such as heat shock 

protein, catalase activity, oxidation-reduction process, transmembrane transport 

(Table 5.14) and some with a role in conidial pigment biosynthesis and spore 

germination (Section 5.3.2.2.3)  
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Table 5.14: Top upregulated genes in AthCV1 infected A. fumigatus isolate 
compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 
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5.3.2.2.2 Most highly downregulated genes in AthCV1 infected A. fumigatus isolate 

compared to its isogenic AthCV1 free line. 

A number of genes in AthCV1 infected A. fumigatus exhibited a very low expression 

(Table 5.15). The DNA damage repair gene (Afu7g05320) has shown an extremely 

low expression of 18,094-fold reduction. Other 19 genes with high downregulation 

were in the expression range between 121 and 7-fold decrease. These genes are 

involved in a range of metabolic roles including cation transport ATpase activity, 

stress response, transmembrane transport activity, oxidation-reduction activity and 

Afu4g10770 (ppoA) which has no effect on A. fumigatus sporulation (Dagenais et al., 

2008; Tsitsigiannis et al., 2005). 
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Table 5.15: Most highly downregulated genes in AthCV1 A. fumigatus isolate 

compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

5.3.2.2.3 Top upregulated sporulation related genes in AthCV1 infected A. fumigatus 

isolate compared to its isogenic AthCV1 free line. 

The expression of the five upregulated genes that have roles in sporulation process 

ranged between 25-fold and 9-fold increase (Table 5.16). These genes included, 

Afu1g14520 which has an ortholog N. crassa (ndi-1) with a predicted role in 
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oxidation-reduction process and spore germination (Arnaud et al., 2015), 

Afu2g17600/alb1 (alb1 for Albino) with a predicted role in virulence increase and in 

the green-bluish pigments, Afu2g17580/arp1 (for Aspergillus reddish-pink 1) with a 

role in maintaining normal conidial morphology and virulence, Afu2g17560/arp2 

(arp2 for Aspergillus reddish-pink 2) a role in maintaining normal conidial morphology 

and virulence, and Afu2g17550/ayg1 (ayg1 for Aspergillus yellowish-green 1) whose 

ortholog in A. niger (ayg1/An14g05350) involved in pigmentation and conidiophore 

development (Tsai et al., 1998; Tsai et al., 1999). 

Table 5.16: Top upregulated sporulation related genes in AthCV1 A. fumigatus 
isolate compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

5.3.2.2.4 Most highly downregulated sporulation genes in AthCV1 infected A. 

fumigatus isolate compared to its isogenic AthCV1 free line. 

Expression of all the downregulated genes was no more than 38-fold decrease 

(Table 5.17). These genes are involved in sexual or asexual sporulation such as 

Afu1g09750 which is reported to be enriched in conidia compared to mycelium of A. 

fumigatus (Teutschbein et al., 2010), PpoA/Afu4g10770 with no role in sporulation 

regulation in A. fumigatus (Dagenais et al., 2008; Tsitsigiannis et al., 2005),  
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Table 5.17: Most highly downregulated sporulation genes in AthCV1 infected A. 

fumigatus isolate compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

5.3.2.3 Aspergillus nidulans  

5.3.2.3.1 Top upregulated genes in AthCV1 infected A. nidulans isolate compared to 

its isogenic AthCV1 free line. 

Expression of the upregulated genes ranged between 39 to 5 fold increases (Table 

5.18). Three of these genes (sepA/AN6523, AN5781, AN5918) have a range of 

metabolic functions such as transmembrane transport, growth, heat shock and 

catalase activity whereas the other half of the genes have some role in sporulation 

(Section 5.3.2.3.3).  

Table 5.18: Top upregulated genes in AthCV1 infected A. nidulans isolate 
compared to its isogenic AthCV1 free line. 
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5.3.2.3.2 Most highly downregulated genes in AthCV1 infected A. nidulans isolate 

compared to its isogenic AthCV1 free line. 

The expression of the downregulated genes was no more than 44-fold reduction 

(Table 5.19). Two of these genes (AN6856, AN6005) have unknown function 

whereas the majority of the downregulated genes are related to sporulation (Section 

5.3.2.3.4). 

 

Table 5.19: Most highly downregulated genes in AthCV1 A. nidulans isolate 

compared to its isogenic AthCV1 free line. 

 

 

5.3.2.3.3 Top upregulated sporulation genes in AthCV1 infected A. nidulans isolate 

compared to its isogenic AthCV1 free line. 

Seven genes known to be involved in sexual and/or asexual sporulation showed up 

to 39-fold increases in expression in the AthCV1 infected treatment (Table 5.20). 

These included gprK/AN7795 (positive regulation of sexual sporulation) (Dyer et al., 

2012; Dyre and O'Gorman, 2012), gprD/AN3387 (regulation of asexual sporulation) 



 

194 
 

(Gehrke et al., 2010), AN3695 (cleistothecium development) (Arnaud et al., 2015), 

fhbA/AN7169 (required for cleistothecia formation (Baidya et al. 2011) and cellular 

detoxification of nitrogen compound (Schinko et al., 2010)), the light-induced 

cffA/AN5844 (conidia germination and stress response) (Arnaud et al., 2015), 

Anisin1/AN5046 (positive regulation of conidiation and response to oxidative stress 

and defence response (Eigentler et al., 2012; Zhu, 2008), pho80/AN5156 (decreases 

conidiation and increases cleistothecia at low phosphorus concentration) (Wu et al., 

2004). 

 

Table 5.20: Top upregulated sporulation related genes in AthCV1 A. nidulans isolate 

compared to its isogenic AthCV1 free line. 

 

 

5.3.2.3.4 Most highly downregulated sporulation genes in AthCV1 infected A. 

nidulans isolate compared to its isogenic AthCV1 free line. 

The most highly downregulated genes involved in spore production are listed in 

Table 5.21. These genes were expressed at the ranged between 44 and 5-fold 

decrease and they included AN3148 (ortholog of Saccharomyces cerevisiae 

(SPO71) has a role in ascospore wall assembly) (Parodi et al., 2015), cryA/AN0387 

(repression of sexual development in the light) (Bayram et al., 2008), conF/AN8640 ( 

response to stress and involved in conidia germination) (Suzuki et al., 2013), 
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nosA/AN1848 (positive regulation of sexual development) (Vienken and Fischer, 

2006; Szewczyk and Krappmann, 2010; Soukup et al., 2012), MAT1/AN2755 

(regulator of sexual development) (Paoletti et al., 2007), noxR/AN6046 (normal 

asexual development and prevents delay in cleistothecia formation) (Semighini and 

Harris, 2008), aspB/AN6688 (gene deletion caused delay in septation highly reduced 

conidiation and impaired conidiophore development) (Hernández-Rodríguez et al., 

2012; Westfall and Momany, 2002), cpcB/AN4163 (positive regulation of 

cleistothecium development) (Hoffmann et al., 2000), palA/AN4351 (ortholog of 

Saccharomyces cerevisiae has a predicted role in sporulation resulting in formation 

of a cellular spore) (The UniProt Consortium, 2015), hogA/AN1017 (repressor of 

sexual development) (Kawasaki et al., 2002), candA-C/AN2458 and candA-

N/AN10306 (positive regulation of sexual sporulation in the dark and secondary 

metabolism regulation (Helmstaedt et al., 2011), Another gene devR/AN7553 

(required for normal conidiophore development) (Tüncher et al., 2004), and 

conF/AN8640 that contributes to conidia germination and response to stress (Suzuki 

et al., 2013),  

Table 5.21: Most highly downregulated sporulation genes in AthCV1 infected A. 

nidulans isolate compared to its isogenic AthCV1 free line. 
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5.3.2.4 Aspergillus niger  

5.3.2.4.1 Top upregulated genes in AthCV1 infected A. niger isolate compared to its 

isogenic AthCV1 free line. 

Expression of the upregulated genes ranged from a 157-fold increase in the case of 

An18g06650 to a 12-fold increase in the case of An14g02460 (Table 5.22). Twelve of 

those upregulated at more than 13-fold change (An18g06650, An18g00600, 

An16g03500, An07g00820, An01g13350, An17g01530, An03g06430, An16g00910, 

An16g00930, An02g06560, An13g02000, An01g03530,) are involved in a range of 

metabolic roles, such as transmembrane transport, heat shock protein and oxidation-

reduction process (Table 5.22) but none of these are known to have a specific role in 

sporulation except the one that is reported to be enriched in conidia (An18g06650). 

However amongst the genes with lower levels of upregulation (5-30 fold) (Table 

5.22), in addition, to genes involved in a range of general metabolic processes are 

some genes known to be involved in the conidiation and/or of sexual sporulation 

(Section 5.3.2.4.3).  
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Table 5.22: Top upregulated genes in AthCV1 infected A. niger isolate compared to 
its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

 

5.3.2.4.2 Most highly downregulated genes in AthCV1 infected A. niger isolate 

compared to its isogenic AthCV1 free line. 

Genes that have been downregulated varied in their degree of expression from 326 

to 5-fold reduction (Table 5.23). The five (An04g07400, An12g00710, An13g00320, 

An13g00710, An12g04450) most highly downregulated genes (326 – 62-fold 
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decrease; Table 5.23) had a range of functions, including a positive regulation effect 

on sexual development, conidium formation, oxidation-reduction process, syncytium 

formation by plasma membrane fusion. Amongst genes with an expression between 

38 to 5-fold decrease and in addition to genes involved in a range of general 

metabolic processes are several genes known to be involved in the sexual and/or 

asexual development (Section 5.3.2.4.4). 

 

Table 5.23: Most highly downregulated genes in AthCV1 A. niger isolate compared 

to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 
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5.3.2.4.3 Top upregulated sporulation genes in AthCV1 infected A. niger isolate 

compared to its isogenic AthCV1 free line. 

Three genes known to be involved in sexual and/or asexual sporulation have been 

upregulated (Table 5.24). These include An18g06650 (Table 5.24), the ortholog of 

which in A. fumigatus (hsp30/Afu3g14540) is known as a conidia-enriched protein, 

was expressed at 157-fold increase (Teutschbein et al., 2010; Albrecht et al., 2010). 

The other two genes that showed a lower expression (18 and 12-fold increase) 

included An01g12490 with a predicted role in spore germination (Duarte et al., 

2003), and fhbA/An14g02460 with an ortholog in A. nidulans required for 

cleistothecia formation (Baidya et al. 2011). 

 

Table 5.24: Top upregulated sporulation related genes in AthCV1 A. niger isolate 

compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

5.3.2.4.4 Most highly downregulated sporulation genes in AthCV1 infected A. niger 

isolate compared to its isogenic AthCV1 free line. 

Table 5.25 lists the most highly downregulated genes involved in spore production. 

The two most downregulated genes (Table 5.25) showed 326-fold reduction in the 

case of An04g07400 (ortholog A. nidulans nosA/AN1848 has a positive regulation 

effect on sexual development (Vienken and Fischer, 2006)) and a 200-fold reduction 

in the case of An12g00710 (gene ortholog of A. nidulans esdC/AN9121 plays a role 
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in negative regulation of conidium formation, positive regulation of sexual sporulation 

(Han et al., 2008)). In addition, genes that showed expression between 31 to 5-fold 

decrease (Table 5.25) included, flbC/An02g05420 (in A. nidulans, positive regulation 

of conidium formation and spore germination (van Leeuwen et al., 2013; Adams et 

al., 1998; Ruger-Herreros et al., 2011), ppoA/An04g05880 (in A. nidulans has a role 

in the balance between asexual and sexual (Tsitsigiannis et al., 2004), but has no 

role in sporulation regulation in A. fumigatus (Dagenais et al., 2008 Tsitsigiannis et 

al., 2005)), flbD/An01g04830 (in A. nidulans, positive regulation of conidiophore 

development, conidiation and sexual differentiation (Arratia-Quijada et al., 2012)), 

An17g01580 (in A. nidulans, ortholog AN2290/steA, is an activator of sexual 

development (Vallim et al., 2000)), and stuA/An05g00480 (in A. nidulans, activation 

of asexual sporulation and conidiophore development (Nitsche et al., 2012; 

Jørgensen et al., 2010; van Leeuwen et al., 2013)),  

 

Table 5.25: Most highly downregulated sporulation genes in AthCV1 infected A. 

niger isolate compared to its isogenic AthCV1 free line. 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 
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5.3.2.5 Expression of gene orthologs of the four Aspergillus species 

In some instances, orthologs of the different Aspergillus species have reacted 

differently in their expression in AthCV1 infected lines (Table 5.26). In some 

instances, the variation was just in the degree of expression, as in the case of the 

orthologs of the global regulator of secondary metabolism LaeA/AN0807 that was 

downregulated in A. thermomutatus by -1913 fold decrease in A. fumigatus by -2 fold 

decrease and in A. niger by -4 fold decrease (no data was obtained for A. nidulans). 

In other cases, the difference was in the direction of regulation, as in the expression 

of FlbC/AN2421 which was upregulated by 4 fold in A. thermomutatus whereas in A. 

fumigatus and A. niger it has been downregulated by 3 and 31-fold, respectively and 

there was no change in FlbC expression in A. nidulans. Some genes showed 

expression change only in one species, such as in the transcription factor 

steA/AN2290 for which no changes were observed in any of Aspergillus species 

except in A. niger, where there was a 5 fold reduction.  

In addition, some genes were highly upregulated in certain Aspergillus species while 

they were repressed in another. NdiA/AN10660, for example, was completely 

repressed in A. nidulan but upregulated in A. fumigatus by 25 fold and in A. niger by 

an 18-fold. Also, there could be a very low expression of a certain gene of a certain 

species while no change occurs in another. This was seen with the transcription 

factor nosA/AN1848, which in AthCV1 infected lines, showed a reduction in 

regulation by -326 fold in A. niger, by -20 fold in A. nidulans, and by -2 fold decrease 

in A. fumigatus but no changes occurred in A. thermomutatus.  

 
 
 
 
 



 

202 
 

Table 5.26: Changes in the expression of gene orthologs of AthCV1 infected 
Aspergillus species compared to their isogenic AthCV1 free lines. 
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5.4 Discussion 

The results presented in this chapter were intended as a preliminary investigation of 

the effects of AthCV1 infection on gene expression in several Aspergillus species, to 

identify genes of interest for further, in depth investigation and hypothesis 

generation. The phenotypic changes associated with AthCV1 infection at 37⁰C are 

summarized in Table 5.27. Of particular interest are the effects on asexual and 

sexual spore production.  

 

Table 5.27: Phenotypic changes associated with AthCV1 infected Aspergillus 

species grown at 37⁰C in the dark with aeration. 

 

The methodology used is similar to that used in several other gene expression 

studies including fungi (Lee et al., 2014; Feng et al., 2012; Rowley et al., 2011). By 

default, Cuffdiff on Galaxy uses geometric library normalization method which is 

identical to the approach used by DESeq (Anders and Huber, 2010). It also provides 

a complete comparison of two conditions when the dispersion estimation method 

used is set to “blind” mode, in which case all samples in the experiment are treated 

as replicates of a single condition (cole-trapnell-lab.github.io/cufflinks/cuffdiff/). A 

comparative study between eleven methods for differential expression analysis of 

RNA-seq data conducted by Soneson and Delorenzi (2013) showed that DESeq 
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tended to provide the lowest number of true positives and low fractions of false 

discoveries.  

 

The application of molecular genetic analysis has resulted in many insights into 

various facets of fungal development. Of particular interest in the current study were 

the effects of the virus AthCV1 on asexual and sexual sporulation. Sexual and 

asexual reproduction methods are generally two competing reproductive processes 

with one hampering the other (Dyer and O’Gorman, 2012). These processes are 

primarily controlled by environmental and genetic factors and when these factors are 

unfavourable for asexual reproduction, sexual reproduction starts to develop. 

Environmental factors include nutrition, temperature, light, aeration, relative humidity 

and pH (Dyer et al., 1992). A critical genetic factor is whether a certain fungus is 

capable of reproducing sexually since for many fungi the sexual stage has not yet 

been discovered.  

 

A. nidulans, A. niger and A. fumigatus have all been extensively studied and 

annotated genome sequences have been published. In contrast, there are few 

published molecular studies of Aspergillus thermomutatus (teleomorph: Neosartorya 

pseudofischeri), but existing information indicates that the species is homothallic 

(self-fertile). As in A. nidulans, the alpha domain gene MAT1 (regulator of sexual 

development) and high mobility group (HMG) gene (MAT2) in A. thermomutatus are 

present within the same genome but on separate chromosomes (Paoletti et al., 

2007; Rydholm et al., 2007). Aspergillus fumigatus is a heterothallic filamentous 

fungus (self-sterile) and consequently sexual reproduction can only take place 



 

205 
 

between two isolates of different but complementary mating type (Rydholm et al., 

2007). Paoletti et al. (2005) provided evidence that MAT1-1 or MAT1-2 loci were 

present each in a different A. fumigatus isolate, but the sexual cycle was not 

discovered in the fungus until recently (O’Gorman et al., 2009). With respect to the 

asexual heterothallic A. niger, Pel et al. (2007) provided evidence for the presence of 

MAT-1 alpha domain mating-type gene and other early sexual development genes 

but the presence of the MAT-2 mating type (HMG-box transcriptional activator) has 

not yet been reported. 

Transcriptome analysis of the naturally AthCV1 infected A. thermomutatus and the 

AthCV1 transfected Aspergillus A. fumigatus, A. nidulans and A. niger showed 

altered gene expression as a result of virus infection. These changes included a 

wide range of genes with different functions. Expression of these genes ranged from 

upregulation, with the highest fold change of 34,266 for the A. thermomutatus gene 

NFIA_103770, which encodes a calcium transporter protein, to downregulation of -

18,094 fold change for Afu7g05320, which encodes for DNA N-glycosylase. In 

addition, some genes were detected in only one of the treatments, either the AthCV1 

negative or positive sample. AthCV1 genes were also detected in the AthCV1 

positive treatment but not in the virus-free treatment (Table 5.13) confirming the 

elimination of the virus by the cycloheximide treatment (Section 3.3.5) to generate 

the AthCV1-free isolate. In total, changes in expression of 223 genes were observed 

in response to AthCV1 infection. Genes of particular interest in relation to sporulation 

will be discussed in more detail.  
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In the homothallic A. thermomutatus MAT2/NFIA_024390 was detected only in 

AthCV1 infected treatment, whereas in A. nidulans (also homothallic) expression of 

MAT2/AN4734 increased 4-fold (< the cut-off 5-fold threshold) compared to the 

AthCV1 negative. This may be due to a difference in response to a combination of 

stress factors such as the AthCV1 infection and a relatively high temperature (37⁰C), 

since the optimal growth temperature for A. nidulans is between 20⁰C and 25⁰C 

(ATCC® 38163™). Dyer and O’Gorman, (2012) reported that approximately twice as 

many cleistothecia were produced when A. nidulans was incubated at 32°C than at 

37⁰C.  

At 20oC AthCV1 infected A. thermomutatus produced many ascospores but very few 

conidia which is consistent with the commonly observed response of ascomycetes 

switching from asexual to sexual reproduction under environmentally stressful 

conditions. However, at 37oC AthCV1 infected A. thermomutatus produced high 

numbers of both ascospores and conidiospores. A possible explanation for this is 

that several orthologs of genes known to be induced in response to stress in A. 

nidulans (including NFIA_097850, NFIA_040920, and NFIA_059250 (Table 5.10)) 

were extremely downregulated, and that the inactivation of asexual reproduction 

(conidia production) and activation of sexual reproduction (ascospore production) are 

to some extent independently controlled. To better understand this would require 

transcriptome analysis for cultures grown at 20⁰C. In addition, there is the interaction 

between the pathogen, host and environment (the disease triangle). Vainio et al. 

(2010) found that culturing conditions (such as temperature) can alter virus impact 

on its fungal host, as was observed with the four Aspergillus species being 

investigated in this study. It is also probably of relevance that A. thermomutatus is a 
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thermotolerant species (Ghebremedhin et al., 2009) with an optimal growth 

temperature of 37⁰C (ATCC® 96180™). 

In A. nidulans, Paoletti et al. (2007) have shown that overexpression of MAT2 

represses MAT1 expression and vice versa. This seems consistent with the current 

findings in both A. thermomutatus and A. nidulans as MAT1/NFIA_071100 and 

MAT1/AN2755 were downregulated in the AthCV1 infected treatment by 35-fold and 

16-fold respectively. Downregulation of MAT1 and up-regulation of MAT2 may 

explain why expression of the pheromone precursor gene (Pöggeler, 2000; Dyer et 

al., 2003) was undetected in A. thermomutatus (ppgA/NFIA_051990) in the AthCV1 

infected treatment. It is believed that in A. nidulans, MAT1 positively influences ppgA 

expression whereas MAT2 has a negative impact on ppgA expression (Paoletti et 

al., 2007; Szewczyk and Krappmann, 2010). 

Other genes that contribute to the increase in sexual sporulation in A. nidulans were 

also highly upregulated in the infected treatment. These include gprk/AN7795 (39-

fold increase) and AN3695 (13-fold), fhbA/AN7169 (12-fold). Genes that were 

undetected and whose repression might have contributed to the high reduction in 

conidiation include mst1/AN5674 (positive regulation of asexual development and 

negative regulation of sexual development) (De Souza et al., 2013) and 

nudF/AN6197 (positive regulation of conidium formation and ascospore production) 

(Xiang et al., 1995). In addition, some other genes that might have a negative impact 

on sexual reproduction if overexpressed were somewhat downregulated, possibly 

because of stressing due to virus infection. These included CryA/AN0387 (37-fold 

decrease) (Bayram et al., 2008) and hogA/AN1017 (6-fold decrease) (Kawasaki et 

al., 2002).  
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In response to AthCV1 infection, A. thermomutatus showed increased expression of 

csnB/NFIA_070550 by 7-fold which is essential for cleistothecia and ascospore 

formation (Busch et al., 2007; Busch et al., 2003). In addition, laeA/NFIA_010750, 

the ortholog of the global regulator of secondary metabolism (LaeA/AN0807) was 

downregulated by -1913 fold in A. thermomutatus, which may indicate a reduced 

biosynthesis of sterigmatocystin, which is a hepatotoxic and carcinogenic mycotoxin 

that is closely related to aflatoxin mycotoxins and is a precursor of aflatoxin 

biosynthesis (Engelhart et al., 2002).  

In AthCV1 infected A. nidulans conidiation was hugely reduced and this seems 

consistent with the increased number of ascospores, as it is known that ascospore 

production can inhibit conidiation and vice versa (Dyre and O'Gorman, 2012). 

Changes in expression of genes known to be involved in the reduction of conidiation, 

included upregulation of gprD/AN3387 (16-fold increase), and downregulation of 

conF/AN8640 (21-fold reduction), noxR/AN6046 (13-fold reduction) and 

aspB/AN6688 (12-fold reduction). 

 

AthCV1 infected A. niger showed a substantial reduction in asexual sporulation and 

production of sclerotia at 37⁰C, whereas there was no change in the number of 

conidiospores and no production of sclerotia at 20⁰C. These findings are consistent 

with an accumulated stress as a result of viral infection combined with a high 

growing temperature (37⁰C) since the optimal temperature range for A. niger growth 

lies between 24⁰C and 26⁰C (ATCC® 16888™). Although, information on A. niger 

genes are limited, genes of A. niger that were affected and possibly contributed to 

the huge decrease of conidiation in the AthCV1 treatment included flbC/An02g05420 

(31-fold reduction), An04g07400 (326 fold reduction in expression) the ortholog of 
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nosA/AN1848 in A. nidulans, An12g00710 (200-fold reduction in expression), 

An14g02460 fhbA (12-fold increase), ppoA/An04g05880 (-20 fold decrease), 

An17g01580 (-5 fold decrease), and An05g00480 (-5 fold decrease). In addition, 

An14g02540, the ortholog of the sclerotium regulator in A. oryzae 

(sclR/AO090011000215) that encodes a transcription factor with a role in hyphal 

morphology and the promotion of sclerotial production (Wada et al., 2014) was 

upregulated by 11-fold increase in the infected treatment. This most likely is an 

indication that the production of sclerotia was also related to stress as they are 

survival structures typically produced in response to environmental stress (Carlile, 

1995). In addition, An18g06650 which has a strong similarity to A. nidulans heat 

shock protein 30 (hsp30/AN2530) (van Leeuwen et al., 2013) showed a 157 fold 

increase in expression. An ortholog of this gene in A. fumigatus, 

Afu3g14540 (hsp30), has been found to be expressed in a high abundance in 

conidia and known to increase in response to the antifungal amphotericin B and in 

response to hydrogen peroxide (Teutschbein et al., 2010; Albrecht et al., 2010). 

 

In AthCV1 infected A. fumigatus there was a substantial reduction in the number of 

conidiospores produced by the treatment at both 37⁰C and 20⁰C. Genes whose 

expression were affected and potentially contributed to the huge reduction in 

conidiation in the AthCV1 infected treatment include: the Aldehyde reductase 

Afu1g09750 which was downregulated by 38-fold and known to be present in a 

higher abundance in conidia than in mycelium, the scytalone dehydratase 

arp1/Afu2g17580 (9-fold increase) which is involved in conidia pigmentation, the 

putative 30-kilodalton heat shock protein hsp30/Afu3g14540 (31-fold increase) which 

increases in response to the antifungal amphotericin B and in response to hydrogen 
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peroxide, ayg1/Afu2g17550 (13-fold increase) whose ortholog in A. niger 

(ayg1/An14g05350) is involved in pigmentation and conidiophore development, 

pksP/Afu2g17600 (13-fold increase) and arp2/Afu2g17560 (16-fold increase) that are 

involved in conidial pigment biosynthesis, and Afu1g14520 (25-fold increase) whose 

ortholog in N. crassa is involved in spore germination. In addition, there were small 

changes (< the cut-off 5-fold threshold) in the expression of sporulation related 

genes such as fhbA/Afu4g03410 (4-fold increase), the ortholog of which in A. 

nidulans is required for cleistothecia formation (Baidya et al. 2011), FlbC/Afu2g13770 

(3-fold downregulation) whose ortolog in A. nidulans (flbC/AN2421) is a transcription 

factor that has been suggested to enhance the transcription of asexual development 

genes and proposed to repress the production of sexual fruiting bodies (Kwon et al., 

2010a; Yu, 2010) and the transcriptional regulator medA/Afu2g13260 

(downregulated 3-fold in the AthCV1 infected treatment) the disruption of which 

Gravelat et al. (2010) found severely reduced conidiation and produced 

morphologically impaired conidiophores. They also suggested that medA governs 

asexual sporulation in A. fumigatus in via various pathways as compared to its 

ortholog in A. nidulans. Further, Gravelat et al. (2010) found that a medA-deletion 

mutant strain exhibited impaired adherence to pulmonary epithelial and endothelial 

cells, decreased the ability to damage pulmonary epithelial cells and reduction in 

virulence in a murine model of invasive aspergillosis. 

All four of the Aspergillus species included in this study exhibited phenotypic 

changes in response to AthCV1 infection, with some differences and some 

similarities in gene expression, associated with the phenotypic changes. This is 

similar to the findings by Hyder et al. (2013) who worked on two viruses of the wood 

decay fungus Heterobasidion and reported that a certain virus strain can cause 
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different effects on different Heterobasidion strains and the impact of a single virus 

strain on a certain Heterobasidion isolate can differ according to the changes in 

environment conditions. Consequently the virus effect on a fungus can range from a 

beneficial to a harmful. The diversity in response to viral infection observed for 

Aspergillus response to AthCv1, supports the proposition that even if a particular 

mycovirus is found to have a hypovirulent effect on a certain fungal isolate, it does 

not necessarily follow that it will have the same effect on other isolates of the same 

or closely related species. Consequently any evaluation of the potential of 

mycoviruses as biological control agents should be conducted on a range of fungal 

isolates in a range of environmental conditions.  

In addition it is important to understand the implications of specific phenotypic 

changes (e.g. spore production) under controlled experimental conditions to the 

epidemiology of the fungus in the environment. For example the high number of 

ascospores produced by the AthCV1 positive A. nidulans and A. thermomutatus and 

the enhancement of sclerotia production in A. niger. Such propagules can resist 

environmental changes and thus survive longer than conidiospores. Moreover, the 

presence of virus, directly or indirectly, could increase diversity of Aspergillus by 

stimulating sexual reproduction. While the low conidiation rate of AthCV1 infected A. 

fumigatus and A. niger could reduce the ability of the fungus to spread and compete 

with uninfected fungal isolates in the field and consequently limit the impact of 

AthCV1 on Aspergillus.  

 

The use of mycoviruses as effective biological control agents requires consideration 

of multiple factors (host- virus and environment). The first goal is finding a virus that 
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is capable of inducing serious impact on its fungal host. Once such a virus is 

obtained, intensive research on how and when to use that certain virus is required 

for example the use of mycoviruses at the site of infection as with chestnut blight 

control (Muñoz-Adalia et al., 2016a). A major constraint on the use of mycoviruses is 

that natural horizontal virus spread typically requires hyphal anastomosis which is 

limited by genetically controlled hyphal incompatibility. Consequently the direct use 

of mycoviruses as biological control agents, especially in a clinical context is very 

challenging. However, an understanding of the molecular nature of the hypovirulence 

caused by a certain mycovirus may enable the development of a more direct 

approach such as targeting the expression of certain genes by pharmaceuticals.  
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Chapter 6 

Concluding discussion and future directions 
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6.1 Overview of research 

Over the last couple of decades interest in mycoviruses has been mostly driven by 

interest in their potential as biological control agents of plant pathogens. Studies 

have largely focussed on the effects of viruses on the virulence of fungal pathogens 

(Pearson et al., 2009) with much less attention being given to the effects of viruses 

on fungal life cycles, such as changes in asexual and sexual spore production. Van 

de Sande et al. (2010) raised the question whether mycoviruses might also be used 

to help treat human fungal diseases. Aspergillus is a common fungus which can 

sometimes infect humans, especially immunocompromised patients. Treatment of 

Aspergillosis by conventional chemical means is difficult and not always successful 

(van de Sande et al., 2010). A major attraction of mycoviruses as control agents is 

their high degree of specificity to fungi, making them safe to use on humans. Despite 

this, it seems too early to think about direct applications of mycoviruses to control 

human pathogenic fungi as mycovirology is still a relatively new (~ half a century) 

area of science. Intensive research is probably needed to increase our 

understanding of mycoviruses and their interaction with their hosts and environment 

before the application of mycoviruses as biocontrol agents to avoid underestimation 

of any negative consequences. Although hypovirulence induced by mycoviruses may 

decrease the ability of their fungal host to spread in the environment and compete 

with other uninfected isolates, the first goal in identifying mycoviruses with potential 

as biocontrol agents is to find a virus that is capable of inducing serious impact on 

the growth and pathogenicity of its fungal host. Once such a virus obtained, initial 

research to understand the virus-host relationship is typically conducted in-vitro, 

followed by in-vivo evaluation. The latter has been routinely conducted with plant 
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pathogens but is more problematic when evaluating the effects on animal, especially 

human, fungal pathogens because of the safety and ethical issues involved.  

 

The aim of the current study was to detect and characterize viruses infecting 

Aspergillus isolates and their effects on Aspergillus biology and gene expression. 

Eight Aspergillus isolates were found to contained dsRNAs, indicative of virus 

presence; three Aspergillus fumigatus, four Aspergillus niger and one A. 

thermomutatus (Teleomorph: Neosartorya pseudofischeri). The latter was of 

particular interest as it showed remarkably low asexual sporulation and contained 

~35 nm isometric particles. Accordingly, A. thermomutatus isolate Ath-1 was chosen 

for further investigation. The virus, which was shown to be a novel chrysovirus, 

illustrates the effects viruses can have on sporulation with potentially significant 

effects on the fungal life cycle. The virus consists of four dsRNA segments, each 

segment containing a single ORF. The longest segment (3589 nt) encodes a 

putative RdRp, and the second longest (2772 nt) encodes a putative CP while the 

two other segments (2676 nt and 2514 nt) each encode HPs. BLASTx and 

phylogenic analysis showed that the closest virus to AthCV1 (57% aa, RdRp 

similarity) is BdCV1 which induces hypovirulence in its host and produces a 

sectoring phenotype in culture (Wang et al., 2014). Phylogenetic analysis placed the 

two viruses in the same clade within the genus Chrysovirus and thus the novel 

chrysovirus was tentatively named Aspergillus thermomutatus chrysovirus 1 

(AthCV1). 

A genetically identical AthCV1 free A. thermomutatus isolate was obtained from the 

AthCV1 infected isolate using cycloheximide treatment and the biological properties 
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of these isogenic isolates were compared at 20⁰C and at 37⁰C, in order to represent 

both environmental and human body temperatures. At 20⁰C conidiation was greatly 

reduced in the AthCV1 infected isolate compared to the genetically identical AthCV1 

free line, although at 37⁰C there was a substantial increase in the number of conidia 

produced by the AthCV1 infected isolate. Interestingly there was no sexual 

reproduction (ascospore production) in the AthCV1 free line at either temperature 

while a high number of ascospores were produced at both temperatures by the 

AthCV1 infected line. 

To test the potential host range and effects of AthCV1 on other Aspergillus species, 

dsRNA free isolates of A. fumigatus, A. nidulans and A. niger were transfected with 

purified AthCV1 virus particles. Virus-infected cultures of A. thermomutatus A. 

fumigatus, and A. niger formed sectors with a different morphological appearance at 

both temperatures while A. nidulans only formed sectors at 37⁰C. Production of 

conidiospores was remarkably reduced in A. fumigatus at both 37⁰C and 20⁰C 

whereas in A. niger and A. nidulans there was substantial reduction only at 37⁰C. 

The number of ascospores was greatly elevated at both temperatures in the latter 

species. The increase in ascosporulation in AthCV1 infected A. nidulans (as well as 

in the naturaly AthCV1 infected A. thermomutatus) and the formation of sclerotia in 

AthCV1 infected A. niger could potentially hamper the use of AthCV1 in the 

biological control of these three Aspergillus isolates as ascospores and sclerotia are 

more resistant to environmental conditions and capable of surviving much longer 

than conidia (Trapero-Casas and Kaiser, 2007; Hwang and Ko, 1976; Wickow et al., 

1993). 
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To provide a better understanding of these diverse viral influences on Aspergillus 

species at human body temperature it was decided to perform RNA sequencing and 

preliminary transcriptome analysis of the AthCV1 infected and AthCV1 free isolates 

at 37⁰C to for preliminary identification of genes showing large changes in 

expression, for future studies. A total of 223 genes, with a wide diversity of function, 

showed changes in expression, both increased and reduced in response to AthCV1 

infection. These included a number of sporulation-related genes. Genes of particular 

interest for further investigation include the activation of MAT2/NFIA_024390 

(regulates sexual development) and the repression of the mating alpha-pheromone 

ppgA/NFIA_051990 in A. thermomutatus, the repression of mst1/AN5674 (positive 

regulation of asexual development and negative regulation of sexual development), 

nudF/AN6197 (positive regulation of conidium formation and ascospore production), 

the upregulation of gprK/AN7795 (positive regulation of sexual sporulation) and 

fhbA/AN7169 (required for cleistothecia formation (Baidya et al. 2011)). 

 

6.2 The effects of mycoviruses on fungal life cycles 

Although there is limited information about the effect of mycoviruses on the life cycle 

of Aspergillus, Van Diepeningen et al. (2006) found that a mycovirus infecting a 

strain of A. niger was able to induce non-sporulating sectors that had a greater 

dsRNA concentration than the surrounding normally sporulating areas. In another 

study, A. fumigatus associated with AfuCV showed non-sporulating sectors and 

changes in pigmentation (Bhatti et al., 2011b). When mycovirus impact on a fungal 

host is being investigated, the focus has usually been on fungal morphological and 
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biological changes with little investigation on the fungal–virus interaction at the 

molecular level. 

The majority of mycovirus studies to date focus on natural infections of a single 

fungal species with limited knowledge about the potential host range of these 

mycoviruses. Aspergillus thermomutatus chrysovirus 1 was successfully transfected 

to A. fumigatus, A. nidulans and A. niger resulting in substantial changes in the 

expression of a range of genes and associated phenotypic changes. The 24 fold 

decrease in conidia production by A. fumigatus illustrates one potential advantage, 

from the perspective of biological control, of introducing mycoviruses into new fungal 

hosts. Extending the known host range of a mycovirus could lead to the discovery of 

a fungal host with a maximum hypovirulence effect. When a certain mycovirus 

infects a new host, there is always a possibility that virus influence on that new host 

changes (Hyder et al., 2013). Virus effects on the new host can be less, more or 

similar to the effect it had on the original host (Lee et al. 2011; Zheng et al., 2014).  

With regards to biological control, the stability of mycovirus infection is also crucial as 

some fungal hosts may lose mycovirus infection over time, either by chance or some 

specific defence mechanism within the fungus (Son et al., 2015; Son et al., 2013; 

Wickner et al., 2013; Chang et al., 2012; Zhnag et al., 2014). For example, AthCV1 

could not be detected in the ascospore free, white cottony sectors, which developed 

naturally in infected A. thermomutatus. AthCV1 transfected culture also exhibited the 

same white cottony appearance (Chapter 3, Section 3.3.12). Virus-specific RT-PCR 

confirmed the presence of AthCV1 in the 4th successive subculture of both naturally 

infected and transfected cultures, but was not detected in the 10th successive 

subculture by either AthCV1-specific RT-PCR or dsRNA extraction. From biological 

control perspective progressive loss of the virus would decrease its effectiveness as 
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a biological control agent. Even if AthCV1 infection were stable, the value of the 

phenotypic changes to fungal control is not entirely clear. While the reduction in 

conidial production would presumably reduce natural spread of the fungus the 

substantial switch to sexual reproduction and or sclerotial production would increase 

the ability of the fungus to survive in unfavourable environments. These factors 

highlight the necessity of more intensive research on the virus-host interaction before 

any actual biocontrol application can take place.  

In the current study, the MAT2 gene is a good example of where transcriptome 

analysis has helped to understand the phenotypic changes associated with virus 

infection. The MAT2 gene (NFIA_024390) which is involved in regulation of sexual 

reproduction was inactive in the AthCV1 free treatment of A. thermomutatus but 

turned on in AthCV1 infected treatment. In plant pathogenic ascomycetes the 

production of ascospores, which often act as a survival stage in the infection cycle, is 

often induced by adverse environmental conditions such as lack of nutrients or low 

temperature. It is quite possible that MAT2 (and their genes associated with 

ascospore production) are turned on in response to stress resulting from virus 

infection.  

The presence of AthCV1 or other viruses may be a factor in explaining the 

inconsistencies in A. thermomutatus sporulation previously observed (Balajee et al., 

2005; Balajee et al., 2006; Khare et al., 2014). Attempts performed by Balajee et al. 

(2005) in the laboratory failed to induce sexual reproduction in two out of three A. 

thermomutatus isolates (Teleomorph: Neosartorya pseudofischeri);. All the three 

clinical isolates in that study were molecularly identified as A. thermomutatus and 

produced whitish furry colonies with scattered conidiation on CZD and PDA at 37⁰C 

but no conidiation was observed when grown on MEA. Two of the three isolates 
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produced no conidia at 25⁰C and no ascospores whereas the third isolate showed 

granular colony texture with sexual spores only after 10 days of growth on PDA at 

25⁰C. The authors attributed the sexual reproduction failure to the fact that frequent 

subculturing of some fungi on rich media could prevent the production of sexual 

fruiting bodies. An alternative possible explanation is that the three original A. 

thermomutatus isolates were virus-infected and lost viral infection (or contained a 

very low virus titre) as they were repeatedly subcultured, or the cultures used in the 

study were subcultured from virus-free sectors that were developed in virus-infected 

cultures, as occurred in the current study. In either case, the resultant cultures would 

probably have grown with suppressed MAT2 genes that led to the blockage in sexual 

development. Padhye et al. (1994) also reported a clinical isolate of A. 

thermomutatus (Teleomorph: Neosartorya pseudofischeri) with a high number of 

ascospores produced, with very similar features to the AthCV1 infected sample and, 

therefore, may have been virus-infected. It would possibly be interesting in future 

studies on the sectoring phenotype phenomenon to compare transcriptome data 

obtained from sectors formed in a virus-infected culture with transcriptome from the 

rest of the culture area and then the MAT2 expression can be looked at in depth and 

then mycologists should probably be advised to determine the virus status of their 

fungal isolates.  

 

6.3 Viruses as biocontrol agents against fungi  

Fungal viruses are known to selectively infect fungi and some of them are capable of 

inducing hypovirulence in their fungal hosts making them potential candidates for 

use on humans as biological control agents (Jeannine et al., 2013). Conventional 



 

221 
 

means of treatment had a limited effect on Aspergillus infection, with development of 

resistance in the fungus increasingly reported (Chowdhary et al., 2013; Buzina, 

2013). Progressive resistance to fungicides has been observed for a wide range of 

plant pathogenic fungi such as the highly destructive Botrytis cinerea. The 

development of resistant strains of the fungus and problems with fungicide residues 

have led to increased interest in alternative control measures including mycoviruses 

as biocontrol agents, especially with the discovery of hypovirulent viruses (Pearson 

and Bailey, 2013). B. cinerea is of particular interest with regard to factors that 

reduce conidia production since sexual structures are rarely found in nature and B. 

cinerea dispersal and disease epidemics are almost entirely due to conidiospores. 

Consequently, a mycovirus (like AthCV1) that can greatly reduce conidia production 

would be a good candidate for a biocontrol agent. On the downside, B. cinerea 

populations are comprised of at least 66 vegetative compatibility groups (Beever and 

Weeds, 2004), which represents a considerable barrier to the horizontal transmission 

of a viral biocontrol agent in the field. However, in Sclerotinia sclerotiorum Deng et 

al. (2002) have shown that incompatibility may not be an absolute obstacle for viral 

transmission and in some instances, viral transmission can occur between 

incompatible hyphae before barrier formation is complete. Another issue that can 

affect attempts to determine viral impact on fungal fitness is that growth rate and 

severity of infection can differ between fungal isolates (Choquer et al., 2007). An 

example of this is BVX and BVF where Botrytis isolates showed a variable response 

to viral infection including changes in pigmentation, sectoring formation, increased or 

decreased growth and some of did not show any change (Boine, 2012). 
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6.3.1 Mycoviruses as biocontrol agents for human pathogenic fungi 

6.3.1.1 The need for new control measures 

Current therapy has some positive influence on infection, but treatment failure 

remains a major problem:  

 Invasive aspergillosis leads to 50% mortality if treated and 100% if not; there 

are >100,000 deaths annually (Denning, 2012).  

 Chronic pulmonary aspergillosis leads to 15% mortality with ~450,000 deaths 

per year. (Denning, 2012). 

 

In immunosuppressed patients, Aspergillosis has become a common opportunistic 

infection and it still causing an increase in the number of infected patients and 

deceased people. In addition, the ability to control infections is being complicated by 

increased resistance against antifungal drugs (Denning and Perlin, 2011). Hence, it 

is becoming increasingly crucial and urgent to find new therapeutic measures to 

combat these infections. Mycoviruses are harmless to human beings and have 

shown potential as a biocontrol agent against phytopathogenic fungi. This 

observation led to a hypothesis that mycoviruses could also be used as ‘biocontrol 

agents’ in human fungal infections. 

 

6.3.1.2 Specific challenges of using mycoviruses as biocontrol agents 

In their natural life cycle, mycoviruses usually have no extracellular route for 

transmission. This poses the problem of how a prospective biocontrol agent might be 

transferred to an established fungal infection. While transfection can be achieved in-

vitro, natural spread may be inhibited by vegetative incompatibility. In addition, a 
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single mycovirus can show varying degrees of hypovirulence against different 

species or strains. Since in some cases of aspergillosis a patient might be infected 

with more than one species and/or strain of the fungus (Ozhak-Baysan et al., 2010) 

multiple variants of a particular mycovirus may be required. Furthermore, pre-

infection of a fungus with one or more mycoviruses could either moderate (Muñoz-

Adalia et al., 2016b) or increase (Sun et al., 2006; Potgieter et al., 2013) the 

effectiveness of the virus to be used as biocontrol agent against that fungus. While 

none of the mycoviruses, other than AthCV1, detected in Aspergillus in the current 

study (Chapter 2) have been reported to debilitate their fungal host fitness, it is 

possible that they could alter the effect of AthCV1 if they happen to co-infect the 

same fungal isolate. Consequently there is still much to be understood about 

mycoviruses and their host relationship before a biological control can be applied.  

 

6.3.2 Mycoviruses as biocontrol agents for mycotoxin producing fungi 

Transcriptome profiling of the naturally infected A. thermomutatus showed a 

reduction of expression in laeA/NFIA_010750 by 1913 fold and in 

fhbA/NFIA_030070 by 100 fold. In addition to their role in development regulation, 

these two genes are reported to positively regulate sterigmatocystin biosynthesis 

(Arnaud et al., 2015). Sterigmatocystin is a polyketide mycotoxin that shares its 

biosynthetic pathway with aflatoxins (EFSA CONTAM Panel, 2013). This observation 

raises the question whether a mycovirus like A. thermomutatus chrysovirus 1 

(AthCV1) might have an application in reducing the production of aflatoxins. The 

mutagenic and carcinogenic crop contaminant aflatoxins are mainly produced by two 

closely related Aspergillus species (Aspergillus flavus and Aspergillus parasiticus). A 
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successful biological control approach based on the application of non-aflatoxin 

producing strains of Aspergillus flavus and Aspergillus parasiticus to the soil, where 

they can compete and displace the aflatoxin-producing strains, has been achieved 

(Yin et al., 2008). It seems potentially beneficial to combine this approach with the 

use of mycoviruses, such as AthCV1, that might eliminate or, at least reduce, 

aflatoxins produced by the toxigenic strains as a result of the downregulation of the 

two genes (laeA/NFIA_010750 and fhbA/NFIA_030070). Although, vegetative 

incompatibility may still be an obstacle to viral transmission in these Aspergillus 

species (Mehl and Cotty, 2010; Barros et al., 2006), transfection with virus particles 

can be used to initiate infection of the biocontrol strains before they are applied to 

soil. 

 

6.3.3 Concluding comments 

The research presented in this thesis has demonstrated that a natural infection of 

AthCV1 has substantial effects on both asexual and sexual sporulation in A. 

thermomutatus, and that other Aspergillus species can be successfully transfected 

with the virus, with similar effects. It could be argued that a possible disadvantage of 

hypovirulent mycoviruses as biocontrol agents is that they reduce the ability of their 

hosts to spread and compete with other uninfected fungal strains. This could be true 

when a fungal isolate is to be used to compete and displace other harmful isolates, 

as in the case of the use of non-aflatoxin producing strains of Aspergillus to displace 

aflatoxin-producing strains (Yin et al., 2008), however, in most instances the virus 

infected biocontrol agents are not used to “compete” with existing field isolates but 

as sources of virus to spread to the field isolates. Obtaining a mycovirus with strong 
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influences on a fungus is the first successful step in a biological control program. 

Once such a virus has been identified, it is then necessary to figure out how and 

when to use that virus. For example, the substantial reduction of conidiation in A. 

fumigatus, that does not reproduce sexually, has obvious potential as a biological 

control in situations where AthCV1 can be specifically delivered to the site of 

infection as would be the case in treatment of an infected individual. 

We conclude that AthCV1 may have potential as a biological control agent against 

Aspergillus assuming practical issues relating to virus transmission can be 

circumvented. Even if it is not practical to use the virus directly as a control agent, 

insight into the metabolic pathways affected by virus infection may lead to other 

methods of fungal control. Mycovirus therapy may be considered as a promising 

direction for future studies that could provide an alternative to chemical control to 

combat Aspergillus infection. 
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Appendices 

 

 

 

 

 

 

 

 

Appendix 1 

Alignment of clones/contigs, resulted from random 

cloning, to their closest BLAST hits 
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 Fig A1.1: Pairwise alignment of random clones obtained from Afu-1 isolate to their closest BLASTn hit. Identity graph indicates 

pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= <30% 

identity). 1, 2 and 3: Three clones each aligned to its closest pairwise genome component of A. fumigatus tetramycovirus-1.  
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Fig A1.2: Pairwise alignment of random clones obtained from Afu-2 isolate to their closest BLASTn hit. Identity graph indicates 
pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= <30% 
identity). 1, 2 and 3: Three clones each aligned to its closest pairwise genome component of A. fumigatus tetramycovirus-1.  
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Fig A1.3: Pairwise alignment of random clones obtained from Afu-3 isolate to their closest BLASTn hit. Identity graph 
indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, 
Red= <30% identity). 1 and 2: Two clones each aligned to its closest pairwise genome component of A. fumigatus 
tetramycovirus-1.  
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Fig A1.4: Pairwise alignment of a random clone (479 nt) obtained from Ang-1 isolate to their closest BLASTn hit. Identity graph 
indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= 
<30% identity). 479 nt clone aligned to its closest pairwise genome component of Aspergillus ochraceous virus 1- FA0611, RNA 2. 
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Fig A1.5: Pairwise alignment of random clones/contigs obtained from Ang-2 isolate to their 
closest BLAST(n/x) hits. Identity graph indicates pairwise identity over all pairs in the column 
(Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= <30% identity). 1: A 
translated contig (207 aa) and a translated clone (182 aa) aligned to their closest BLASTx 
pairwise Cucurbitaria piceae virus 1, CP sequence (662 aa). 2: A 613 clone aligned to the 
closest BLASTn hit Aspergillus mycovirus 178b RdRp, and 3: A 423 nt clones aligned to its 
closest BLASTn pairwise genome component (RNA3) of A. ochraceous virus 1-FA0611. 
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Fig A1.6: Pairwise alignment of a random 597 nt clone obtained from Ang-3 isolate with 
its closest BLASTn hit. Identity graph indicates pairwise identity over all pairs in the 
column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= <30% 
identity).  

 

 

 

 

 



 

233 
 

 

Fig A1.7: Pairwise alignment of random translated clones obtained from Ath-1 isolate to their closest BLASTx hits. Identity 
graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 
identity, Red= <30% identity). 1, 2 and 3: Translated clones aligned to their closest pairwise protein sequence of 
Botryosphaeria dothidea chrysovirus 1. 
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Appendix 2 

 454 sequencing BLAST search for similarity between 

sequences using Genbank database 
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Table A2.1: BLAST search results for 454 sequencing obtained from A. fumigatus, Afu-1 isolate.  

Table 

section Isolate 

identifier 

Contig 

length 

(nt) 

BLAST 

type BLAST result Genome Family Genus Definition 

Query cover 

(%) 

E 

value 

identity 

(%) Accession 

2.1.1 
Afu-1 1594 BLASTn 

Sclerotinia sclerotiorum 
mitovirus 2 

(+) 
ssRNA Narnaviridae 

Unclassified 
mitovirus 

RdRp, complete 
cds 

99 0.0 98 JX401536 

2.1.2 

 
3559 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA1, RdRp 90 0.0 92 HG975302 

 
 

1354 BLASTn 
    

dsRNA1, RdRp 96 0.0 92 HG975302 

 
 

1640 BLASTn 
    

dsRNA1, RdRp 74 0.0 93 HG975302 

 
 

1160 BLASTn 
    

dsRNA1, RdRp 98 0.0 89 HG975302 

 
 

1020 BLASTn 
    

dsRNA1, RdRp 97 0.0 90 HG975302 

 
 

1212 BLASTn 
    

dsRNA1, RdRp 90 0.0 92 HG975302 

 
 

521 BLASTn 
    

dsRNA1, RdRp 90 7e-118 92 HG975302 

 
 

869 BLASTn 
    

dsRNA1, RdRp 54 0.0 92 HG975302 

 
 

892 BLASTn 
    

dsRNA1, RdRp 89 0.0 92 HG975302 

 
 

1897 BLASTn 
    

dsRNA1, RdRp 62 0.0 90 HG975302 

 
 

795 BLASTn 
    

dsRNA1, RdRp 95 0.0 92 HG975302 

2.1.3 
 

2029 BLASTn 
    

dsRNA2, UF 59 0.0 92 HG975303 

 
 

1122 BLASTn 
    

dsRNA2, UF 97 0.0 93 HG975303 

 
 

2314 BLASTn 
    

dsRNA2, UF 58 0.0 91 HG975303 

 
 

1894 BLASTn 
    

dsRNA2, UF 94 0.0 93 HG975303 

 
 

1297 BLASTn 
    

dsRNA2, UF 84 0.0 89 HG975303 

 
 

998 BLASTn 
    

dsRNA2, UF 57 0.0 95 HG975303 

 
 

923 BLASTn 
    

dsRNA2, UF 81 0.0 92 HG975303 

2.1.4 
 

2822 BLASTn 
    

dsRNA3, MT 58 0.0 93 HG975304 

 
 

2795 BLASTn 
    

dsRNA3, MT 67 0.0 94 HG975304 

 
 

2901 BLASTn 
    

dsRNA3, MT 55 0.0 91 HG975304 

 
 

2000 BLASTn 
    

dsRNA3, MT 86 0.0 92 HG975304 

2.1.5 
 

1507 BLASTn 
    

dsRNA4, PAS-rp 73 0.0 96 HG975305 

 
 

1284 BLASTn 
    

dsRNA4, PAS-rp 14 5e-78 97 HG975305 

Unclassified = Not recognised by ICTV yet; UF = Unknown function; MT = Methyltransferase; PAS-rp = PAS-rich protein. 
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Table A2.1: Continued. 

Table 

section 

Isolate 

identifier 

Contig 

length 

(nt) 

BLAST 

type BLAST result Genome Family Genus Definition 

Query 

cover 

(%) 

E 

value 

Max 

identity 

(%) Accession 

2.1.6 
 

1283 BLASTn A. fumigatus partitivirus -1 dsRNA Partitiviridae Partitivirus dsRNA1, RdRp 76 0.0 95 FN376847 

  
1139 BLASTn 

    
dsRNA1, RdRp 50 0.0 96 FN376847 

  
784 BLASTn 

    
dsRNA1, RdRp 60 0.0 96 FN376847 

  
655 BLASTn 

    
dsRNA1, RdRp 94 0.0 96 FN376847 

  
815 BLASTn 

    
dsRNA1, RdRp 95 0.0 95 FN376847 

  
1743 BLASTn 

    
dsRNA1, RdRp 95 0.0 96 FN376847 

  
1239 BLASTn 

    
dsRNA1, RdRp 94 0.0 92 FN376847 

  
1674 BLASTn 

    
dsRNA1, RdRp 97 0.0 93 FN376847 

2.1.7 
 

1550 BLASTn 
    

dsRNA2, CP 95 0.0 96 FN398100 

  
743 BLASTn 

    
dsRNA2, CP 99 4e-176 95 FN398100 

  
586 BLASTn 

    
dsRNA2, CP 92 0.0 94 FN398100 

  
893 BLASTn 

    
dsRNA2, CP 97 0.0 94 FN398100 

  
1130 BLASTn 

    
dsRNA2, CP 91 0.0 93 FN398100 

  
881 BLASTn 

    
dsRNA2, CP 74 0.0 96 FN398100 

  
1294 BLASTn 

    
dsRNA2, CP 80 0.0 93 FN398100 

  
1171 BLASTn 

    
dsRNA2, CP 86 0.0 93 FN398100 

  
1154 BLASTn 

    
dsRNA2, CP 70 0.0 96 FN398100 

  
1509 BLASTn 

    
dsRNA2, CP 95 0.0 94 FN398100 

  
586 BLASTn 

    
dsRNA2, CP 92 0.0 94 FN398100 

  
893 BLASTn 

    
dsRNA2, CP 97 0.0 94 FN398100 

  
1130 BLASTn 

    
dsRNA2, CP 91 0.0 93 FN398100 

  
881 BLASTn 

    
dsRNA2, CP 74 0.0 96 FN398100 

  
1294 BLASTn 

    
dsRNA2, CP 80 0.0 93 FN398100 

  
1171 BLASTn 

    
dsRNA2, CP 86 0.0 93 FN398100 

  
1154 BLASTn 

    
dsRNA2, CP 70 0.0 96 FN398100 

  
1509 BLASTn 

    
dsRNA2, CP 95 0.0 94 FN398100 
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Table A2.2: BLAST search results for 454 sequencing obtained from A. fumigatus, Afu-2 isolate.  

Table 
section 

Isolate 
identifier 

Contig 
length  

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 
(%) E value 

Identity 
(%) Accession 

2.2.1 Afu-2 2704 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA1, RdRp 94 0.0 94 HG975302 

 
 

2332 BLASTn 
    

dsRNA1, RdRp 93 0.0 90 HG975302 

 
 

3972 BLASTn 
    

dsRNA1, RdRp 60 0.0 91 HG975302 

 
 

1861 BLASTn 
    

dsRNA1, RdRp 95 0.0 91 HG975302 

 
 

1823 BLASTn 
    

dsRNA1, RdRp 98 0.0 92 HG975302 

 
 

2379 BLASTn 
    

dsRNA1, RdRp 94 0.0 90 HG975302 

 
 

1987 BLASTn 
    

dsRNA1, RdRp 92 0.0 94 HG975302 

 
 

2392 BLASTn 
    

dsRNA1, RdRp 98 0.0 91 HG975302 

 
 

1313 BLASTn 
    

dsRNA1, RdRp 80 0.0 94 HG975302 

 
 

1509 BLASTn 
    

dsRNA1, RdRp 68 0.0 93 HG975302 

 
 

1455 BLASTn 
    

dsRNA1, RdRp 75 0.0 91 HG975302 

 
 

1386 BLASTn 
    

dsRNA1, RdRp 92 0.0 91 HG975302 

 
 

1026 BLASTn 
    

dsRNA1, RdRp 93 0.0 94 HG975302 

 
 

1199 BLASTn 
    

dsRNA1, RdRp 73 0.0 91 HG975302 

 
 

1131 BLASTn 
    

dsRNA1, RdRp 91 0.0 94 HG975302 

 
 

1092 BLASTn 
    

dsRNA1, RdRp 70 0.0 93 HG975302 

 
 

814 BLASTn 
    

dsRNA1, RdRp 92 6e-155 91 HG975302 

 
 

900 BLASTn 
    

dsRNA1, RdRp 64 0.0 89 HG975302 

 
 

1194 BLASTn 
    

dsRNA1, RdRp 49 2e-136 89 HG975302 

 

 
816 BLASTn 

    
dsRNA1, RdRp 57 0.0 92 HG975302 

 
 

810 BLASTn 
    

dsRNA1, RdRp 95 6e-145 94 HG975302 

 
 

578 BLASTn 
    

dsRNA1, RdRp 94 3e-152 96 HG975302 

Unclassified = Not recognised by ICTV yet. 
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Table A2.2: Continued. 

Table 
section Isolate 

identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover  
(%) E value 

Identity 
(%) Accession 

2.2.2 Afu-2 2215 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA2, UF 95 0.0 96 HG975303 

 
 

1946 BLASTn 
    

dsRNA2, UF 98 0.0 94 HG975303 

 
 

2054 BLASTn 
    

dsRNA2, UF 95 0.0 94 HG975303 

 

 
1670 BLASTn 

    
dsRNA2, UF 80 0.0 94 HG975303 

 

 
3533 BLASTn 

    

dsRNA2, UF 76 0.0 96 HG975303 

 
 

5061 BLASTn 
    

dsRNA2, UF 65 0.0 93 HG975303 

 
 

2611 BLASTn 
    

dsRNA2, UF 97 0.0 96 HG975303 

 
 

3049 BLASTn 
    

dsRNA2, UF 54 0.0 94 HG975303 

 
 

2246 BLASTn 
    

dsRNA2, UF 95 0.0 94 HG975303 

 
 

1717 BLASTn 
    

dsRNA2, UF 90 0.0 97 HG975303 

 
 

1805 BLASTn 
    

dsRNA2, UF 97 0.0 96 HG975303 

 
 

1067 BLASTn 
    

dsRNA2, UF 78 0.0 96 HG975303 

 
 

1805 BLASTn 
    

dsRNA2, UF 97 0.0 91 HG975303 

 

 
1216 BLASTn 

    

dsRNA2, UF 65 0.0 93 HG975303 

 
 

967 BLASTn 
    

dsRNA2, UF 91 0.0 97 HG975303 

 
 

766 BLASTn 
    

dsRNA2, UF 93 0.0 97 HG975303 

 
 

1065 BLASTn 
    

dsRNA2, UF 98 0.0 92 HG975303 

 
 

1412 BLASTn 
    

dsRNA2, UF 68 0.0 92 HG975303 

 

 
767 BLASTn 

    

dsRNA2, UF 94 0.0 94 HG975303 

 
 

888 BLASTn 
    

dsRNA2, UF 98 0.0 93 HG97530 

 

 
1471 BLASTn 

    

dsRNA2, UF 31 0.0 97 HG975303 

 

 
822 BLASTn 

    

dsRNA2, UF 99 0.0 95 HG975303 

Unclassified = Not recognised by ICTV yet; UF = Unknown function. 
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Table A2.2: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length  

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

 Afu-2 731 BLASTn 
    

dsRNA2, UF 96 0.0 93 HG975303 

  708 BLASTn     dsRNA2, UF 98 0.0 92 HG975303 

 
 

568 BLASTn 
    

dsRNA2, UF 94 1e-169 97 HG975303 

2.2.3  1480 BLASTn 
    

dsRNA3, MT 75 0.0 92 HG975304 

 
 

2473 BLASTn 
    

dsRNA3, MT 90 0.0 91 HG975304 

 
 

2904 BLASTn 
    

dsRNA3, MT 88 0.0 93 HG975304 

 
 

1971 BLASTn 
    

dsRNA3, MT 83 0.0 94 HG975304 

 
 

2130 BLASTn 
    

dsRNA3, MT 78 0.0 93 HG975304 

 
 

2874 BLASTn 
    

dsRNA3, MT 41 0.0 91 HG975304 

  1464 BLASTn     dsRNA3, MT 92 0.0 94 HG975304 

 
 

1058 BLASTn 
    

dsRNA3, MT 66 0.0 92 HG975304 

 
 

731 BLASTn 
    

dsRNA3, MT 96 3e-153 97 HG975304 

2.2.4  1138 BLASTn 
    

dsRNA4, PAS-rp 91 0.0 97 HG975305 

 
 

1118 BLASTn 
    

dsRNA4, PAS-rp 94 0.0 96 HG975305 

 
 

934 BLASTn 
    

dsRNA4, PAS-rp 98 0.0 94 HG975305 

 

 
850 BLASTn 

    
dsRNA4, PAS-rp 86 0.0 96 HG975305 

 
 

793 BLASTn 
    

dsRNA4, PAS-rp 96 0.0 94 HG975305 

 

 
802 BLASTn 

    
dsRNA4, PAS-rp 93 0.0 97 HG975305 

 
 

736 BLASTn 
    

dsRNA4, PAS-rp 99 0.0 89 HG975305 

 
 

897 BLASTn 
    

dsRNA4, PAS-rp 97 0.0 96 HG975305 

UF = Unknown function; MT = Methyltransferase; PAS-rp = PAS-rich protein. 
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Table A2.3: BLAST search results for 454 sequencing obtained from A. fumigatus, Afu-3 isolate. 

Table 
section Isolate 

identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 
Query cover 

(%) E value 
Identity 

(%) Accession 
2.3.1 Afu-3 2374 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA1, RdRp 95 0.0 95 HG975302 

 
 

1570 BLASTn 
    

dsRNA1, RdRp 76 0.0 94 HG975302 

 
 

1451 BLASTn 
    

dsRNA1, RdRp 99 0.0 90 HG975302 

 
 

2164 BLASTn 
    

dsRNA1, RdRp 99 0.0 92 HG975302 

 
 

1886 BLASTn 
    

dsRNA1, RdRp 95 0.0 93 HG975302 

  1882 BLASTn     dsRNA1, RdRp 98 0.0 91 HG975302 

 
 

1728 BLASTn 
    

dsRNA1, RdRp 89 0.0 90 HG975302 

 
 

1462 BLASTn 
    

dsRNA1, RdRp 85 0.0 90 HG975302 

 
 

1776 BLASTn 
    

dsRNA1, RdRp 94 0.0 93 HG975302 

 
 

1134 BLASTn 
    

dsRNA1, RdRp 96 0.0 91 HG975302 

 
 

1210 BLASTn 
    

dsRNA1, RdRp 91 0.0 92 HG975302 

 
 

1648 BLASTn 
    

dsRNA1, RdRp 96 0.0 92 HG975302 

 
 

1458 BLASTn 
    

dsRNA1, RdRp 63 0.0 94 HG975302 

 
 

1081 BLASTn 
    

dsRNA1, RdRp 84 0.0 95 HG975302 

 
 

747 BLASTn 
    

dsRNA1, RdRp 67 0.0 95 HG975302 

 
 

1399 BLASTn 
    

dsRNA1, RdRp 22 9e-126 93 HG975302 

 
 

1034 BLASTn 
    

dsRNA1, RdRp 86 0.0 95 HG975302 

  1292 BLASTn     dsRNA1, RdRp 97 0.0 92 HG975302 

 

 
1133 BLASTn 

    
dsRNA1, RdRp 53 0.0 92 HG975302 

 

 
1137 BLASTn 

    
dsRNA1, RdRp 98 0.0 92 HG975302 

 
 

691 BLASTn 
    

dsRNA1, RdRp 93 0.0 95 HG975302 

 
 

630 BLASTn 
    

dsRNA1, RdRp 93 0.0 95 HG975302 

 
 

712 BLASTn 
    

dsRNA1, RdRp 89 0.0 94 HG975302 

 
 

1136 BLASTn 
    

dsRNA1, RdRp 93 0.0 92 HG975302 

 
 

846 BLASTn 
    

dsRNA1, RdRp 99 0.0 94 HG975302 

 
 

749 BLASTn 
    

dsRNA1, RdRp 96 0.0 95 HG975302 

 
 

522 BLASTn 
    

dsRNA1, RdRp 98 5e-124 97 HG975302 

Unclassified = Not recognised by ICTV yet. 
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Table A2.3: continued. 
Table 

section Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 
(%) 

E 
value 

Identity 
(%) Accession 

2.3.2 Afu-3 2390 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA2, Unknown function 78 0.0 96 HG975303 

  
2094 BLASTn 

    
dsRNA2, Unknown function 97 0.0 95 HG975303 

  
2278 BLASTn 

    
dsRNA2, Unknown function 77 0.0 93 HG975303 

  
1418 BLASTn 

    
dsRNA2, Unknown function 96 0.0 95 HG975303 

  
1553 BLASTn 

    
dsRNA2, Unknown function 88 0.0 96 HG975303 

  
819 BLASTn 

    
dsRNA2, Unknown function 87 0.0 97 HG975303 

  
2551 BLASTn 

    
dsRNA2, Unknown function 64 0.0 95 HG975303 

  
1968 BLASTn 

    
dsRNA2, Unknown function 89 0.0 96 HG975303 

  
1525 BLASTn 

    
dsRNA2, Unknown function 69 0.0 95 HG975303 

  
3544 BLASTn 

    
dsRNA2, Unknown function 97 0.0 93 HG975303 

  
1962 BLASTn 

    
dsRNA2, Unknown function 96 0.0 94 HG975303 

  
821 BLASTn 

    
dsRNA2, Unknown function 87 0.0 95 HG975303 

  
1742 BLASTn 

    
dsRNA2, Unknown function 96 0.0 95 HG975303 

  
2700 BLASTn 

    
dsRNA2, Unknown function 60 0.0 94 HG975303 

  
1442 BLASTn 

    
dsRNA2, Unknown function 97 0.0 93 HG975303 

  
1359 BLASTn 

    
dsRNA2, Unknown function 78 0.0 96 HG975303 

  
748 BLASTn 

    
dsRNA2, Unknown function 97 0.0 95 HG975303 

  
784 BLASTn 

    
dsRNA2, Unknown function 95 0.0 93 HG975303 

  
857 BLASTn 

    
dsRNA2, Unknown function 64 0.0 96 HG975303 

Unclassified = Not recognised by ICTV yet. 
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Table A2.3: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 
2.3.3 Afu-3 1994 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA2, MT 93 0.0 93 HG975304 

  
3092 BLASTn 

    
dsRNA2, MT 32 0.0 93 HG975304 

  
1598 BLASTn 

    
dsRNA2, MT 96 0.0 89 HG975304 

  
1912 BLASTn 

    
dsRNA2, MT 84 0.0 94 HG975304 

  
1813 BLASTn 

    
dsRNA2, MT 69 0.0 92 HG975304 

  
1476 BLASTn 

    
dsRNA2, MT 97 0.0 91 HG975304 

  
1424 BLASTn 

    
dsRNA2, MT 98 0.0 94 HG975304 

  
1890 BLASTn 

    
dsRNA2, MT 97 0.0 93 HG975304 

2.3.4 
 

1126 BLASTn 
    

dsRNA2, PAS-rp 97 0.0 96 HG975305 

  
1489 BLASTn 

    
dsRNA2, PAS-rp 39 0.0 98 HG975305 

  
816 BLASTn 

    
dsRNA2, PAS-rp 96 0.0 94 HG975305 

  
907 BLASTn 

    
dsRNA2, PAS-rp 61 0.0 97 HG975305 

  
745 BLASTn 

    
dsRNA2, PAS-rp 98 0.0 96 HG975305 

  
383 BLASTn 

    
dsRNA2, PAS-rp 29 5e-38 94 HG975305 

Unclassified = Not recognised by ICTV yet; MT = Methyltransferase; PAS-rp = PAS-rich protein. 
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Table A2.4: BLAST search results for 454 sequencing obtained from A. niger, Ang-1 isolate. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

2.4.1 Ang-1 1739 BLASTn 
Aspergillus ochraceous virus 1-

FA0611 dsRNA Partitiviridae Partitivirus dsRNA1, RdRp 
94 0.0 80 EU118277 

  
1539 BLASTn 

    
dsRNA1, RdRp 57 5e-178 84 EU118277 

  
1234 BLASTn 

    
dsRNA1, RdRp 94 0.0 82 EU118277 

  
708 BLASTn 

    
dsRNA1, RdRp 91 2e-178 84 EU118277 

  
1317 BLASTn 

    
dsRNA1, RdRp 97 0.0 81 EU118277 

  
1436 BLASTn 

    
dsRNA1, RdRp 71 0.0 78 EU118277 

  
816 BLASTn 

    
dsRNA1, RdRp 82 4e-171 80 EU118277 

  
1038 BLASTn 

    
dsRNA1, RdRp 98 0.0 76 EU118277 

  
1652 BLASTn 

    
dsRNA1, RdRp 96 0.0 77 EU118277 

  
1067 BLASTn 

    
dsRNA1, RdRp 94 0.0 81 EU118277 

  
769 BLASTn 

    
dsRNA1, RdRp 94 2e-162 78 EU118277 

  
1521 BLASTn 

    
dsRNA1, RdRp 79 0.0 79 EU118277 

  
779 BLASTn 

    
dsRNA1, RdRp 83 0.0 84 EU118277 

  
1146 BLASTn 

    
dsRNA1, RdRp 67 0.0 82 EU118277 

  
1317 BLASTn 

    
dsRNA1, RdRp 97 0.0 81 EU118277 

  
736 BLASTn 

    
dsRNA1, RdRp 97 0.0 82 EU11827 

  
793 BLASTn 

    
dsRNA1, RdRp 93 5e-170 78 EU118277 

  
774 BLASTn 

    
dsRNA1, RdRp 97 4e-145 75 EU118277 

  
1063 BLASTn 

    
dsRNA1, RdRp 95 0.0 81 EU118277 

  
703 BLASTn 

    
dsRNA1, RdRp 93 0.0 82 EU118277 

  
728 BLASTn 

    
dsRNA1, RdRp 91 0.0 84 EU118277 

  
752 BLASTn 

    
dsRNA1, RdRp 90 4e-171 80 EU118277 

  
561 BLASTn 

    
dsRNA1, RdRp 34 1e-61 88 EU118277 
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Table A2.4: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 
(%) E value 

Identity 
(%) Accession  

2.4.2 Ang-1 2435 BLASTn 
Aspergillus ochraceous virus 1-

FA0611 dsRNA Partitiviridae Partitivirus dsRNA2, CP 
72 6e-149 70 EU118278  

  
1042 BLASTn 

    
dsRNA2, CP 65 2e-112 74 EU118278  

  
1744 BLASTn 

    
dsRNA2, CP 79 2e-114 73 EU118278  

  
1051 BLASTn 

    
dsRNA2, CP 85 3e-104 69 EU118278  

  
1133 BLASTn 

    
dsRNA2, CP 93 8e-112 69 EU118278  

  
960 BLASTn 

    
dsRNA2, CP 75 2e-107 73 EU118278  

  
1032 BLASTn 

    
dsRNA2, CP 63 2e-107 73 EU118278  

  
908 BLASTn 

    
dsRNA2, CP 74 8e-111 73 EU118278  

  
921 BLASTn 

    
dsRNA2, CP 71 1e-107 73 EU118278  

  
1032 BLASTn 

    
dsRNA2, CP 63 2e-107 73 EU118278  

  
881 BLASTn 

    
dsRNA2, CP 76 5e-107 73 EU118278  

  
870 BLASTn 

    
dsRNA2, CP 78 7e-111 73 EU118278  

  
1135 BLASTn 

    
dsRNA2, CP 77 8e-106 70 EU118278  

  
836 BLASTn 

    
dsRNA2, CP 81 7e-105 72 EU118278  

  
962 BLASTn 

    
dsRNA2, CP 70 8e-111 73 EU118278  

  
879 BLASTn 

    
dsRNA2, CP 62 5e-94 74 EU118278  

2.4.3 
 

1178 BLASTn 
    

dsRNA 3, HP 95 8e-163 72 EU118279 

  
1045 BLASTn 

    
dsRNA 3, HP 79 2e-138 74 EU118279 

  
1022 BLASTn 

    
dsRNA 3, HP 81 4e-115 70 EU118279 

  
688 BLASTn 

    
dsRNA 3, HP 78 2e-48 68 EU118279 

  
638 BLASTn 

    
dsRNA 3, HP 91 2e-129 78 EU118279 

CP= Coat protein. HP= Hypothetical protein. 
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Table A2.5: BLAST search results for 454 sequencing obtained from A. niger, Ang-2 isolate. 

Table 

section 

Isolate 

identifier 

Contig 

length 

(nt) 

BLAST 

type BLAST result Genome Family Genus Definition 

Query 

cover 

(%) 

E 

value 

Identity 

(%) Accession 

2.5.1 Ang-2 3543 BLASTn Aspergillus mycovirus 178 dsRNA Totiviridae 
Unclassified 

totivirus 
Contig 178b, RdRp 59 0.0 81 EU289895 

  
950 BLASTn 

    
Contig 178b, RdRp 18 1e-38 81 EU289895 

  
2179 BLASTn 

    
Contig 178b, RdRp 77 0.0 84 EU289895 

  
1343 BLASTn 

    

Contig 178b, RdRp 97 0.0 81 EU289895 

  
1613 BLASTn 

    

Contig 178b, RdRp 79 0.0 81 EU289895 

  
1211 BLASTn 

    

Contig 178b, RdRp 74 0.0 81 EU289895 

  
1806 BLASTn 

    
Contig 178b, RdRp 51 0.0 81 EU289895 

  
1175 BLASTn 

    

Contig 178b, RdRp 95 0.0 77 EU289895 

  
904 BLASTn 

    
Contig 178b, RdRp 87 5e-164 79 EU289895 

  
1073 BLASTn 

    
Contig 178b, RdRp 76 3e-180 77 EU289895 

  
3046 BLASTn 

    

Contig 178b, RdRp 30 0.0 88 EU289895 

  
629 BLASTn 

    

Contig 178b, RdRp 85 1e-124 79 EU289895 

  
1214 BLASTn 

    

Contig 178b, RdRp 68 0.0 78 EU289895 

  
1184 BLASTn 

    

Contig 178b, RdRp 77 0.0 80 EU289895 

  
1755 BLASTn 

    

Contig 178b, RdRp 81 4e-149 81 EU289895 

  
1162 BLASTn 

    

Contig 178b, RdRp 32 8e-106 83 EU289895 

  
584 BLASTn 

    

Contig 178b, RdRp 65 1e-54 76 EU289895 

  
569 BLASTn 

    

Contig 178b, RdRp 35 2e-47 83 EU289895 

  
487 BLASTn 

    

Contig 178b, RdRp 56 2e-82 86 EU289895 

Unclassified = Not recognised by ICTV yet. 
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Table A2.5: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

2.5.2 Ang-2 1989 BLASTn Aspergillus mycovirus 178 dsRNA Totiviridae 
Unclassified 

totivirus Contig 178a, CP 
49 0.0 77 EU289894 

  
2498 BLASTn 

    
Contig 178a, CP 48 0.0 73 EU289894 

  
3276 BLASTn 

    
Contig 178a, CP 36 0.0 80 EU289894 

  
895 BLASTn 

    
Contig 178a, CP 52 2e-117 80 EU289894 

2.5.3 
 

1532 BLASTn 
Sclerotinia sclerotiorum 

mitovirus 3 (SsMV3/SsSn-1) ssRNA(+) Narnaviridae 
Unclassified 

Mitovirus 
complete 
genome 

21 1e-143 94 KT365896 

  
784 BLASTn 

    

complete 
genome 

46 3e-159 95 KT365896 

2.5.4 
 

552 BLASTn S. sclerotiorum mitovirus 2  dsRNA Narnaviridae 

Unclassified 

Mitovirus 

RdRp, complete 

cds 
97  0.0 99 JX401536 

  
1040 BLASTn 

    

RdRp, complete 

cds 30 2e-160 100 JX401536 

2.5.5 
 

1682  BLASTx  Cucurbitaria piceae partitivirus 1  dsRNA Partitiviridae  

Unclassified 

Partitivirus 
CP 79 1e-78 39 ALT08066 

  
1391 BLASTx  

    

CP 
89 2e-57 40 ALT08066 

  
1600 BLASTx  

    

CP 
68  8e-43 33 

ALT08066 

  
1643 BLASTx  

    

CP 
60  3e-68 40 

ALT08066 

  
3278 BLASTx  

    

CP 
57  1e-98 41 

ALT08066 

  
2274 BLASTx  

    

CP 
62  9e-75 36 

ALT08066 

  
1446 BLASTx  

    

CP 
84  4e-52 40 

ALT08066 
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Table A2.5: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

 
Ang-2 1182 BLASTx  

    

CP 
80  1e-33 31  

ALT08066 

  
4159 BLASTx  

    

CP 
79  3e-27 41  

ALT08066 

  
1419  BLASTx  

    

CP 
78  6e-24 35  

ALT08066 

  
1651 BLASTx  

    

CP 
71  1e-23 35  

ALT08066 

  
791  BLASTx  

    

CP 
75  1e-22 34  ALT08066 

  
1269  BLASTx  

    

CP 
63  3e-56 40  ALT08066 

  
897  BLASTx  

    

CP 
88  9e-58 40  ALT08066 

  
970  BLASTx  

    

CP 
71  5e-33 36  ALT08066 

  
909  BLASTx  

    

CP 
88  4e-58 40  ALT08066 

             

2.5.6 Ang-2 1450 BLASTn 
Aspergillus ochraceous virus 1-

FA0611 dsRNA Partitiviridae Partitivirus 
dsRNA1, RdRp 89 0.0 79 EU118277 

  
1624 BLASTn 

    
dsRNA1, RdRp 95 0.0 78 EU118277 

  
761 BLASTn 

    
dsRNA1, RdRp 89 4e-152 78 EU118277 

  
1712 BLASTn 

    
dsRNA1, RdRp 95 0.0 75 EU118277 

  
1035 BLASTn 

    
dsRNA1, RdRp 97 0.0 81 EU118277 

  
716 BLASTn 

    
dsRNA1, RdRp 83 6e-149 80 EU118277 

  
1605 BLASTn 

    
dsRNA1, RdRp 95 0.0 80 EU118277 

Unclassified = Not recognised by ICTV yet. CP= Coat protein. HP= Hypothetical protein. 
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Table A2.5: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

2.5.7 
 

1587 BLASTn 
Aspergillus ochraceous virus 1-

FA0611 dsRNA Partitiviridae Partitivirus 

dsRNA2, CP 
80 8e-152 70 EU118278 

  
1526 BLASTn 

    

dsRNA2, CP 
86 1e-123 68 EU118278 

  
911 BLASTn 

    

dsRNA2, CP 
41 8e-60 74 EU118278 

  
816 BLASTn   

  

dsRNA2, CP 
51 3e-71 75 EU118278 

2.5.8 
 

1596 BLASTn 
Aspergillus ochraceous virus 1-

FA0611 dsRNA Partitiviridae Partitivirus dsRNA3, HP 
63 6e-141 71 EU118279 

  
563 BLASTn 

    
dsRNA3, HP 82 2e-108 79 EU118279 
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Table A2.6: BLAST search results for 454 sequencing obtained from A. niger, Ang-3 isolate. 

Table 

section 

Isolate 

identifier 

Contig 

length 

(nt) 

BLAST 

type BLAST result Genome Family Genus Definition 

Query 

cover 

(%) 

E 

value 

Identity 

(%) Accession  

2.6.1 Ang-3 2299 BLASTn 

Sclerotinia 
sclerotiorum mitovirus 

2 
(+) 

ssRNA Narnaviridae 

Unclassified 

mitovirus 

RdRp, complete cds 22  0.0 94 JX401536  

  
1380 BLASTn 

    
 

13  9e-81 97 JX401536 

2.6.2 
 

2860 BLASTn 
Uncultured partitivirus 

genomic RNA dsRNA Partitiviridae Unclassified 
Contig 117, partial cds RdRp 48 2e-35 67 HE579565 

  
2690 BLASTn 

    
Contig 117, partial cds RdRp 31 2e-41 67 HE579565 

  
2679 BLASTn 

    
Contig 117, partial cds RdRp 29 9e-40 66 HE579565 

  
1191 BLASTn 

    
Contig 117, partial cds RdRp 32 8e-24 68 HE579565 

  
4358 BLASTn 

    
Contig 117, partial cds RdRp 40 2e-25 68 HE579565 

  
1134 BLASTn 

    
Contig 117, partial cds RdRp 22 8e-17 67 HE579565 

  
2417 BLASTn 

    
Contig 117, partial cds RdRp 11 3e-20 70 HE579565 

  
1083 BLASTn 

    
Contig 117, partial cds RdRp 23 1e-13 66 HE579565 

  
1461 BLASTn 

    
Contig 117, partial cds RdRp 26 6e-26 68 HE579565 

  
1081 BLASTn 

    
Contig 117, partial cds RdRp 35 2e-23 68 HE579565 

  
1038 BLASTn 

    
Contig 117, partial cds RdRp 20 3e-22 73 HE579565 

  
1377 BLASTn 

    
Contig 117, partial cds RdRp 19 5e-21 70 HE579565 

  
969 BLASTn 

    
Contig 117, partial cds RdRp 27 4e-13 66 HE579565 

  
950 BLASTn 

    
Contig 117, partial cds RdRp 22 1e-13 66 HE579565 

  
975 BLASTn 

    
Contig 117, partial cds RdRp 26 1e-14 67 HE579565 

  
820 BLASTn 

    
Contig 117, partial cds RdRp 31 1e-24 71 HE579565 

  
997 BLASTn 

    
Contig 117, partial cds RdRp 24 2e-16 69 HE579565 

  
941 BLASTn 

    
Contig 117, partial cds RdRp 40 5e-25 68 HE579565 

  
1410 BLASTn 

    
Contig 117, partial cds RdRp 27 6e-13 66 HE579565 

  
994 BLASTn 

    
Contig 117, partial cds RdRp 26 5e-25 71 HE579565 

  
1141 BLASTn 

    
Contig 117, partial cds RdRp 23 1e-21 71 HE579565 

 

 



 

250 
 

Table A2.6: Continued. 

Table 

section 

Isolate 

identifier 

Contig 

length 

(nt) 

BLAST 

type BLAST result Genome Family Genus Definition 

Query 

cover 

(%) 

E 

value 

Identity 

(%) Accession  

2.6.2 Ang-3 891 BLASTn 
    

Contig 117, partial cds RdRp 28 2e-23 71 HE579565 

  
1012 BLASTn 

    
Contig 117, partial cds RdRp 26 7e-17 69 HE579565 

  
975 BLASTn 

    
Contig 117, partial cds RdRp 39 4e-20 66 HE579565 

  
1608 BLASTn 

    
Contig 117, partial cds RdRp 21 3e-11 68 HE579565 

  
875 BLASTn 

    
Contig 117, partial cds RdRp 24 2e-22 73 HE579565 

  
860 BLASTn 

    
Contig 117, partial cds RdRp 15 6e-11 73 HE579565 

  
704 BLASTn 

    
Contig 117, partial cds RdRp 36 1e-24 71 HE579565 

  
1608 BLASTn 

    
Contig 117, partial cds RdRp 21 3e-11 68 HE579565 

  
875 BLASTn 

    
Contig 117, partial cds RdRp 24 2e-22 73 HE579565 

  
860 BLASTn 

    
Contig 117, partial cds RdRp 15 6e-11 73 HE579565 

  
704 BLASTn 

    
Contig 117, partial cds RdRp 36 1e-24 71 HE579565 
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Table A2.7: BLAST search results for 454 sequencing obtained from A. niger, Ang-4 isolate. 

Table 

section 

Isolate 

identifier 

Contig 

length 

(nt) 

BLAST 

type BLAST result Genome Family Genus Definition 

Query 

cover 

(%) E value 

Identity 

(%) Accession 

2.7.1 Ang-4 3304 BLASTn A. fumigatus tetramycovirus-1 dsRNA Unclassified - dsRNA1, RdRp 97 0.0 92 HG975302 

  
1337 BLASTn 

    
dsRNA1, RdRp 97 0.0 85 HG975302 

  
1461 BLASTn 

    
dsRNA1, RdRp 96 0.0 91 HG975302 

  
2029 BLASTn 

    
dsRNA1, RdRp 98 0.0 91 HG975302 

  
1579 BLASTn 

    
dsRNA1, RdRp 98 0.0 94 HG975302 

  
1045 BLASTn 

    
dsRNA1, RdRp 97 0.0 92 HG975302 

  
1233 BLASTn 

    
dsRNA1, RdRp 68 0.0 89 HG975302 

  
614 BLASTn 

    
dsRNA1, RdRp 92 0.0 95 HG975302 

  
1279 BLASTn 

    
dsRNA1, RdRp 79 0.0 91 HG975302 

  
1114 BLASTn 

    
dsRNA1, RdRp 61 0.0 93 HG975302 

  
640 BLASTn 

    
dsRNA1, RdRp 94 0.0 91 HG975302 

  
876 BLASTn 

    
dsRNA1, RdRp 99 0.0 91 HG975302 

  
625 BLASTn 

    
dsRNA1, RdRp 19 4e-49 97 HG975302 

  
727 BLASTn 

    
dsRNA1, RdRp 53 5e-150 90 HG975302 

  
689 BLASTn 

    
dsRNA1, RdRp 98 0.0 95 HG975302 

  
596 BLASTn 

    
dsRNA1, RdRp 69 2e-178 94 HG975302 

  
803 BLASTn 

    
dsRNA1, RdRp 45 5e-144 90 HG975302 

  
568 BLASTn 

    
dsRNA1, RdRp 95 0.0 93 HG975302 

 

 



 

252 
 

Table A2.7: Continued. 

Table 
section 

Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 
Query cover  

(%) E value 
Identity 

(%) Accession 

2.7.2  Ang-4  2193  BLASTn  A. fumigatus tetramycovirus-1  dsRNA  Unclassified  -  dsRNA2, UF  81 0.0  93 HG975303 

  
1364  BLASTn  

    
dsRNA2, UF  44 0.0 91 HG975303 

  
2007  BLASTn  

    
dsRNA2, UF  46 0.0 93 HG975303 

  
2175  BLASTn  

    
dsRNA2, UF  94 0.0 92 HG975303 

  
1749 BLASTn  

    
dsRNA2, UF  82 0.0 92 HG975303 

  
1753  BLASTn  

    
dsRNA2, UF  98 0.0 88 HG975303 

  
1924  BLASTn  

    
dsRNA2, UF  64 0.0 88 HG975303  

  
3313  BLASTn  

    
dsRNA2, UF  96 0.0 92 HG975303  

  
1477  BLASTn  

    
dsRNA2, UF  47 0.0 95 HG975303 

  
2918 BLASTn  

    
dsRNA2, UF  64 0.0 95 HG975303 

  
2563 BLASTn  

    
dsRNA2, UF  41 0.0 91 HG975303 

  
1156 BLASTn  

    
dsRNA2, UF  37 9e-125 95 HG975303 

  
952  BLASTn  

    
dsRNA2, UF  23 1e-70 91 HG975303 

  
1524  BLASTn  

    
dsRNA2, UF  93 0.0 95 HG975303 

  
902  BLASTn  

    
dsRNA2, UF  19 9e-66 94 HG975303 

  
1712  BLASTn  

    
dsRNA2, UF  42 0.0 95 HG975303 

  
1263  BLASTn  

    
dsRNA2, UF  51 0.0 95 HG975303 

  
1004  BLASTn  

    
dsRNA2, UF  74 0.0 94 HG975303 

  
1062  BLASTn  

    
dsRNA2, UF  70 0.0 94 HG975303 

  
750  BLASTn  

    
dsRNA2, UF  20 3e-58 95 HG975303 

  
1337  BLASTn  

    
dsRNA2, UF  76 0.0 95 HG975303 

  
1387  BLASTn  

    
dsRNA2, UF  95 0.0 95 HG975303 

  
770  BLASTn  

    
dsRNA2, UF  95 0.0 95 HG975303 

  
984  BLASTn  

    
dsRNA2, UF  76 0.0 94 HG975303 

  
1386  BLASTn  

    
dsRNA2, UF  98 0.0 94 HG975303 

  
1322  BLASTn  

    
dsRNA2, UF  98 0.0 94 HG975303 

  
1299  BLASTn  

    
dsRNA2, UF  79 0.0 94 HG975303 

UF= Unknown function. Unclassified = Not recognised by ICTV yet. 
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Table A2.7: Continued. 

Table 
section  

Isolate 
identifier  

Contig 
length 

(nt)  
BLAST 

type  BLAST result  Genome  Family  Genus  Definition  

Query 
cover 

(%)  
E 

value  
Identity 

(%)  Accession  

2.7.3 Ang-4  3580  BLASTn  A. fumigatus tetramycovirus-1  dsRNA  Unclassified  -  dsRNA3, MT  84 0.0 93  HG975304 

  
1144 BLASTn  

    
dsRNA3, MT  96 0.0 92 HG975304 

  
1494  BLASTn  

    
dsRNA3, MT  92 0.0 92 HG975304 

  
1469  BLASTn  

    
dsRNA3, MT  82 0.0 91 HG975304 

  
2546  BLASTn  

    
dsRNA3, MT  88 0.0 93 HG975304 

  
1426  BLASTn  

    
dsRNA3, MT  99 0.0 93 HG975304 

  
1378  BLASTn  

    
dsRNA3, MT  98 0.0 90 HG975304 

  
980  BLASTn  

    
dsRNA3, MT  97 0.0 89 HG975304 

  
923  BLASTn  

    
dsRNA3, MT  95 0.0 91 HG975304 

  
838  BLASTn  

    
dsRNA3, MT  63 0.0 94 HG975304 

  
856  BLASTn  

    
dsRNA3, MT  98 0.0 90 HG975304 

  
645  BLASTn  

    
dsRNA3, MT  93 0.0 93 HG975304 

  
927  BLASTn  

    
dsRNA3, MT  78 0.0 95 HG975304 

  
743  BLASTn  

    
dsRNA3, MT  76 0.0 93 HG975304 

  
568  BLASTn  

    
dsRNA3, MT  95 0.0 94 HG975304 

2.7.4 
 

931  BLASTn  
    

dsRNA4, PAS-rp 97 0.0 96 HG975305 

2.7.5 
 

1285  BLASTn  A. fumigatus partitivirus -1  dsRNA  Partitiviridae Partitivirus dsRNA1, RdRp 65 0.0 95 FN376847  

Unclassified = Not recognised by ICTV yet; MT = Methyltransferase; PAS-rp = PAS-rich protein. 
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Table A2.8: BLAST search results for 454 sequencing obtained from A. thermomutatus, Ath-1 isolate. 
Table 

section Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

2.8.1 
Ath-1 4341 BLASTx Botryosphaeria dothidea chrysovirus 1 dsRNA Chrysoviridae 

Unclassified 
Chrysovirus RdRp, S1 

28 4e-138 62 AGZ84312 

 
 

3521 BLASTx 
    

RdRp, S1 94 0.0 57 AGZ84312 

 
 

1738 BLASTx 
    

RdRp, S1 80 1e-133 58 AGZ84312 

 
 

3410 BLASTx 
    

RdRp, S1 74 0.0 66 AGZ84312 

 
 

2588 BLASTx 
    

RdRp, S1 64 2e-18 30 AGZ84314 

 
 

2667 BLASTx 
    

RdRp, S1 89 0.0 52 AGZ84312 

 
 

3361 BLASTx 
    

RdRp, S1 71 0.0 65 AGZ84312 

 
 

1007 BLASTx 
    

RdRp, S1 73 3e-67 52 AGZ84312 

 
 

1619 BLASTx 
    

RdRp, S1 95 2e-133 52 AGZ84312 

 
 

1696 BLASTx 
    

RdRp, S1 30 2e-74 71 AGZ84312 

 
 

2285 BLASTx 
    

RdRp, S1 25 9e-65 59 AGZ84312 

 
 

1965 BLASTx 
    

RdRp, S1 47 4e-90 60 AGZ84312 

 
 

1591 BLASTx 
    

RdRp, S1 25 3e-33 58 AGZ84312 

 
 

1766 BLASTx 
    

RdRp, S1 40 4e-56 52 AGZ84312 

2.8.2 
 

1881 BLASTx 
    

CP, S2 86 3e-94 50 AGZ84313 

 
 

1697 BLASTx 
    

CP, S2 67 1e-75 51 AGZ84313 

 
 

2386 BLASTx 
    

CP, S2 81 3e-89 46 AGZ84313 

 
 

1206 BLASTx 
    

CP, S2 66 2e-41 42 AGZ84313. 

 
 

2606 BLASTx 
    

CP, S2 86 0.0 47 AGZ84313 

 
 

1785 BLASTx 
    

CP, S2 35 2e-44 44 AGZ84313 

 
 

1140 BLASTx 
    

CP, S2 42 1e-39 51 AGZ84313 

 
 

1701 BLASTx 
    

CP, S2 65 1e-59 40 AGZ84313 

 
 

1027 BLASTx 
    

CP, S2 16 1e-06 59 AGZ84313 

 
 

1414 BLASTx 
    

CP, S2 99 4e-49 47 AGZ84313 

RdRp, S1 = RdRp amino acid sequence encoded by genome segment 1 (dsRNA1); CP, S2 =CP amino acid sequence encoded by genome segment 2 
(dsRNA2).  
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Table A2.8: Continued. 
Table 

section Isolate 
identifier 

Contig 
length 

(nt) 
BLAST 

type BLAST result Genome Family Genus Definition 

Query 
cover 

(%) 
E 

value 
Identity 

(%) Accession 

2.8.3 Ath-1 3157 BLASTx 
    

HP, S3 68 8e-124 37 AGZ84314 

 
 

3064 BLASTx 
    

HP, S3 65 1e-67 45 AGZ84314 

 
 

1305 BLASTx 
    

HP, S3 47 6e-05 28 AGZ84314 

 
 

1547 BLASTx 
    

HP, S3 57 7e-22 40 AGZ84314 

 
 

1660 BLASTx 
    

HP, S3 77 7e-21 28 AGZ84314 

 
 

1357 BLASTx 
    

HP, S3 48 3e-15 35 AGZ84314 

 

 
1045 BLASTx 

    
HP, S3 58 1e-33 38 AGZ84314 

 

 
949 BLASTx 

    
HP, S3 40 4e-20 45 AGZ84314 

 

 
2588 BLASTx 

    
HP, S3 64 2e-18 30 AGZ84314 

2.8.4 
 

2331 BLASTx 
    

HP, S4 78 2e-141 43 AGZ84315 

 
 

1448 BLASTx 
    

HP, S4 41 2e-33 40 AGZ84315 

 
 

1368 BLASTx 
    

HP, S4 70 3e-28 33 AGZ84315 

 
 

1572 BLASTx 
    

HP, S4 67 2e-79 43 AGZ84315 

 
 

2514 BLASTx 
    

HP, S4 37 1e-66 47 AGZ84315 

 
 

1396 BLASTx 
    

HP, S4 68 3e-47 40 AGZ84315 

 
 

1691 BLASTx 
    

HP, S4 74 2e-37 49 AGZ84315 

 
 

1580 BLASTx 
    

HP, S4 56 2e-46 41 AGZ84315 

 
 

1067 BLASTx 
    

HP, S4 76 3e-36 35 AGZ84315 

 

 
860 BLASTx 

    

HP, S4 84 1e-32 43 AGZ84315 

 

 
1303 BLASTx 

    

HP, S4 97 3e-71 44 AGZ84315 

HP, S3/4 = Amino acid sequence of the hypothetical protein that is encoded by genome segment 3 or 4. 
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Appendix 3 

 Alignments of 454 contigs to their BLAST search match 

using Geneious 
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Fig A3.1: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-1 isolate. Identity 
graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 
identity, Red= <30% identity). 3.1.1: A contig aligned to Sclerotinia sclerotiorum mitovirus 2, RdRp gene (JX401536). 3.1.2: A 
group of contigs aligned to dsRNA1 of A. fumigatus tetramycovirus-1. 3.1.3: Another group of contigs aligned to dsRNA2 of 
the same virus. 
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Fig A3.1: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-1 isolate. 

Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 

identity, Red= <30% identity). 3.1.4: A group of contigs aligned to dsRNA3 of A. fumigatus tetramycovirus-1. 3.1.5: Another group 

of contigs aligned to dsRNA4 of the same virus. 
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Fig A3.1: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-1 isolate. 
Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 
identity, Red= <30% identity). 3.1.6: A group of contigs aligned to dsRNA1 of A. fumigatus partitivirus-1. 3.1.7: Another group of 
contigs aligned to dsRNA2 of the same partitivirus. 
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Fig A3.2: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-2 isolate. Identity graph 

indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= 

<30% identity). 3.2.1: A group of contigs aligned to dsRNA1 of A. fumigatus tetramycovirus-1. 
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Fig A3.2: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-2 isolate. 

Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 

identity, Red= <30% identity). 3.2.2: A group of contigs aligned to dsRNA2 of A. fumigatus tetramycovirus-1. 
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Fig A3.2: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-2 isolate. 

Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 

identity, Red= <30% identity). 3.2.3: A group of contigs aligned to dsRNA3 of A. fumigatus tetramycovirus-1. 3.2.4: A different 

group of contigs aligned to dsRNA4 of the same virus.  
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Fig A3.3: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-3 isolate. Identity graph 

indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= 

<30% identity). 3.3.1: A group of contigs aligned to dsRNA1 of A. fumigatus tetramycovirus-1. 
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Fig A3.3: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-3 isolate. 
Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 
identity, Red= <30% identity). 3.3.2: A group of contigs aligned to dsRNA2 of A. fumigatus tetramycovirus-1. 
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Fig A3.3: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. fumigatus Afu-3 isolate. 

Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 

identity, Red= <30% identity). 3.3.3: A group of contigs aligned to dsRNA3 of A. fumigatus tetramycovirus-1. 3.3.4: Two contigs 

aligned to dsRNA4 of the same virus.  
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Fig A3.4: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Ang-1 isolate. 
Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= 
>30% but <100% identity, Red= <30% identity). 3.4.1: A group of contigs aligned to dsRNA1 of Aspergillus 
ochraceous 1-FA0611. 3.4.2: A different group of contigs aligned to dsRNA2 of the same virus, and 3.4.3: 
Another group of contigs aligned to RNA3 of the same virus.  
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Fig A3.5: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Ang-2 
isolate. Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, 
Greeny-brown= >30% but <100% identity, Red= <30% identity). 3.5.1: A group of contigs aligned to 
contig 178b (partial cds of RdRp) of Aspergillus mycovirus 178. 3.5.2: A different group of contigs 
aligned to contig 178a (partial cds of CP) of the same virus. 3.5.3: Nucleotide sequences of two 
contigs aligned to the RNA genome sequence of Sclerotinia sclerotiorum mitovirus 3 (SsMV3/SsSn-1). 
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Fig A3.5: Continued. Pairwise alignment of 454 contigs to their closest BLAST(n&x) hits obtained from A. niger 
Ang-2 isolate. Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-
brown= >30% but <100% identity, Red= <30% identity). 3.5.4: Two contigs aligned to their nearest BLASTn hit 
Sclerotinia sclerotiorum mitovirus 2 (JX401536). 3.5.5: A group of translated contigs (deduced amino acid 
sequences) aligned to the CP sequence (662 aa) of Cucurbitaria piceae partitivirus 1 (CpPV1) (BLASTx). 
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Fig A3.5: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Ang-2 isolate. 
Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but 
<100% identity, Red= <30% identity). 3.5.6: A group of contigs aligned to dsRNA1 of Aspergillus ochraceous 1-FA0611. 
3.5.7: A group of contigs aligned to dsRNA2 of Aspergillus ochraceous 1-FA0611. 3.5.8: Two contigs aligned to dsRNA3 of 
the same virus. 
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Fig A3.6: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Ang-3 isolate. Identity graph 

indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, 

Red= <30% identity). 3.6.1: Two contigs aligned to the RNA genome sequence of Sclerotinia sclerotiorum mitovirus 2, 

RdRp, complete cds. 3.6.2: A group of contigs aligned to contig 117, encoding partial cds of RdRp of Uncultured partitivirus 

genomic RNA. 
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Fig A3.7: Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Afu-4 isolate. Identity graph 

indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, Red= 

<30% identity). 3.7.1: A group of contigs aligned to dsRNA1 of A. fumigatus tetramycovirus-1. 
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Fig A3.7: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Afu-4 isolate. 

Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but 

<100% identity, Red= <30% identity). 3.7.1: A group of contigs aligned to dsRNA2 of A. fumigatus tetramycovirus-1. 
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Fig A3.7: Continued. Pairwise alignment of 454 contigs to their closest BLASTn hits obtained from A. niger Afu-4 isolate. Identity 

graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, 

Red= <30% identity). 3.7.3: A group of contigs aligned to dsRNA3 of A. fumigatus tetramycovirus-1; 3.7.4: Two contigs aligned to 

dsRNA4 of A. fumigatus tetramycovirus-1. 3.7.5: A contig aligned to dsRNA1 of A. fumigatus partitivirus-1. 
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Fig A3.8: Pairwise alignment of 454 contigs to their closest BLASTx hits obtained from A. thermomutatus Ath-1 isolate. Identity 
graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% identity, 
Red= <30% identity). 3.8.1: A group of translated contigs (amino acid sequences) aligned to RdRp (amino acid sequence) encoded 
by dsRNA1 of Botryosphaeria dothidea chrysovirus 1; 3.8.2: Another group of translated contigs (amino acid sequence) aligned to 
CP (amino acid sequence) encoded by dsRNA2 of Botryosphaeria dothidea chrysovirus 1. 
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Fig A3.8: Continued. Pairwise alignment of 454 contigs to their closest BLASTx hits obtained from A. thermomutatus Ath-1 isolate. 
Identity graph indicates pairwise identity over all pairs in the column (Green= 100% identity, Greeny-brown= >30% but <100% 
identity, Red= <30% identity). 3.8.3: A group of translated contigs (amino acid sequences) aligned to the HP (amino acid sequence) 
encoded by dsRNA3 of Botryosphaeria dothidea chrysovirus 1; 3.8.4: Another group of translated contigs (amino acid sequence) 
aligned to the HP (amino acid sequence) encoded by dsRNA4 of Botryosphaeria dothidea chrysovirus 1. 
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Appendix 4 

Mapping of sequences to the genome segments of 

Botryosphaeria dothidea chrysovirus 1 
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Fig A4.1: A summary of consensus, coverage sequence of 5896 454 sequencing reads (represented by consensus and coverage) 

together with 14 PCR cloned sequences (each with red annotations at both ends) mapped to Botryosphaeria dothidea chrysovirus 

1 (BdCV1) dsRNA1 (3654 bp, KF688736) that codes for the RdRp. Mapping was done using Geneious software. 

  

 

Fig A4.2: A summary of consensus, coverage sequence of 5846 reads obtained from 454 sequencing mapped to Botryosphaeria 

dothidea chrysovirus 1 (BdCV1) dsRNA1 (3654 bp, KF688736) that codes for the RdRp. Mapping was done using Geneious 

software.  
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Fig A4.3: Ten PCR cloned sequences out of a total of 15 PCR cloned sequences obtained for AthCV1 dsRNA1, mapped to 
Botryosphaeria dothidea chrysovirus 1 (BdCV1) dsRNA1 (3654 bp, KF688736) which encodes for the RdRp. Sequences were 
mapped using Geneious software. 
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Fig A4.4:six out of seven transcript sequences detected in the assembled transcriptome of the A. thermomutatus virus positive 
isolate using Trinity (chapter 5) (Grabherr et al., 2011) that mapped to Botryosphaeria dothidea chrysovirus 1 (BdCV1) dsRNA1 
(3654 bp, KF688736) that encodes for the RdRp. Mapping was done using Geneious software. 
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Fig A4.5: Ten cloned sequences (three random and seven PCR cloned) out of a total of 42 clones 
obtained from the dsRNA2 of AthCV1 (six random and 36 PCR cloned), mapped to Botryosphaeria 
dothidea chrysovirus 1 (BdCV1) dsRNA2 (2773 bp, KF688737) which codes for the CP. Mapping was 
done using Geneious software. 
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Fig A4.6: Two out of three sequences detected in the assembled transcriptome of the A. thermomutatus virus positive isolate using 
Trinity (chapter 5) (Grabherr et al., 2011) (chapter 5) that mapped to Botryosphaeria dothidea chrysovirus 1 (BdCV1) dsRNA2 
(2773 bp, KF688737) that encodes the CP. Mapping was done using Geneious software. 
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Fig A4.7: six clones (one random and five PCR cloned) out of a total of 33 cloned sequences (2 random and 31 PCR cloned) 
obtained from dsRNA3 segment of AthCV1, that mapped to Botryosphaeria dothidea chrysovirus 1 (BdCV1) dsRNA3 (2597 bp, 
KF688738) which codes a HP. Mapping was done using Geneious software. 
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Fig A4.8: Five PCR cloned sequences out of a total 20 clones (1 random and 19 PCR cloned sequences) obtained from AthCV1 
dsRNA4 segment, that were able to map to Botryosphaeria dothidea chrysovirus 1 (BdCV1) dsRNA4 (2574 bp, KF688739) which 
codes a HP. Mapping was done using Geneious software. 
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Appendix 5 

Basic statistics and quality scores per sequence obtained 

by FastQC quality control tool on all RNA sequences files 
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Table A5.1: Basic statistics on the forward reads of the paired end RNA sequences 
of A. thermomutatus virus free treatment obtained using FastQC quality control tool. 

 

RNA1_1.fastq = A. thermomutatus virus free (file of forward reads).  

 

 

Fig A5.1: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. thermomutatus virus free treatment obtained using FastQC quality 
control tool. 
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Table A5.2: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. thermomutatus virus free treatment obtained using FastQC quality control tool. 

 

RNA1_2.fastq = A. thermomutatus virus free (file of reverse reads).  

 

 

Fig A5.2: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. thermomutatus virus free treatment obtained using FastQC quality 
control tool. 
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Table A5.3: Basic statistics on the forward reads of the paired end RNA sequences 
of A. thermomutatus virus infected treatment obtained using FastQC quality control 
tool. 

 

RNA2_1.fastq = A. thermomutatus virus infected (file of forward reads).  

 

 

Fig A5.3: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. thermomutatus virus infected treatment obtained using FastQC 
quality control tool. 
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Table A5.4: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. thermomutatus virus infected treatment obtained using FastQC quality control 
tool. 

 

RNA2_2.fastq = A. thermomutatus virus infected (file of reverse reads).  

 

 

 

Fig A5.4: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. thermomutatus virus infected treatment obtained using FastQC 
quality control tool. 
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Table A5.5: Basic statistics on the forward reads of the paired end RNA sequences 
of A. fumigatus virus free treatment obtained using FastQC quality control tool. 

 

RNA3_1.fastq = A. fumigatus virus free (file of forward reads).  

 

 

Fig A5.5: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. fumigatus virus free treatment obtained using FastQC quality 
control tool. 
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Table A5.6: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. fumigatus virus free treatment obtained using FastQC quality control tool. 

 

RNA3_2.fastq = A. fumigatus virus free (file of reverse reads).  

 

 

Fig A5.6: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. fumigatus virus free treatment obtained using FastQC quality 
control tool. 
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Table A5.7: Basic statistics on the forward reads of the paired end RNA sequences 
of A. fumigatus virus infected treatment obtained using FastQC quality control tool. 

 

RNA4_1.fastq = A. fumigatus virus infected (file of forward reads).  

 

 

Fig A5.7: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. fumigatus virus infected treatment obtained using FastQC quality 
control tool. 
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Table A5.8: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. fumigatus virus infected treatment obtained using FastQC quality control tool. 

 

RNA4_2.fastq = A. fumigatus virus infected (file of reverse reads).  

 

 

Fig A5.8: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. fumigatus virus infected treatment obtained using FastQC quality 
control tool. 
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Table A5.9: Basic statistics on the forward reads of the paired end RNA sequences 
of A. niger virus free treatment obtained using FastQC quality control tool. 

 

RNA5_1.fastq = A. niger virus free (file of forward reads).  

 

 

Fig A5.9: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. niger virus free treatment obtained using FastQC quality control 
tool. 
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Table A5.10: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. niger virus free treatment obtained using FastQC quality control tool. 

 

RNA5_2.fastq = A. niger virus free (file of reverse reads).  

 

 

Fig A5.10: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. niger virus free treatment obtained using FastQC quality control 
tool. 
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Table A5.11: Basic statistics on the forward reads of the paired end RNA sequences 
of A. niger virus infected treatment obtained using FastQC quality control tool. 

 

RNA6_1.fastq = A. niger virus infected (file of forward reads).  

 

 

Fig A5.11: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. niger virus infected treatment obtained using FastQC quality control 
tool. 
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Table A5.12: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. niger virus infected treatment obtained using FastQC quality control tool. 

 

RNA6_2.fastq = A. niger virus infected (file of reverse reads).  

 

 

Fig A5.12: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. niger virus infected treatment obtained using FastQC quality control 
tool. 
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Table A5.13: Basic statistics on the forward reads of the paired end RNA sequences 
of A. nidulans virus free treatment obtained using FastQC quality control tool. 

 

RNA8_1.fastq = A. nidulans virus free (file of forward reads).  

 

 

 

Fig A5.13: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. niger virus free treatment obtained using FastQC quality control 
tool. 
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Table A5.14: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. nidulans virus free treatment obtained using FastQC quality control tool. 

 

RNA8_2.fastq = A. nidulans virus free (file of reverse reads).  

 

 

Fig A5.14: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. nidulans virus free treatment obtained using FastQC quality control 
tool. 
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Table A5.15: Basic statistics on the forward reads of the paired end RNA sequences 
of A. nidulans virus infected treatment obtained using FastQC quality control tool. 

 

RNA9_1.fastq = A. nidulans virus infected (file of forward reads).  

 

 

Fig A5.15: Quality scores per sequence of the forward reads of the paired end RNA 
sequences of A. nidulans virus infected treatment obtained using FastQC quality 
control tool. 
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Table A5.16: Basic statistics on the reverse reads of the paired end RNA sequences 
of A. nidulans virus infected treatment obtained using FastQC quality control tool. 

 

RNA9_2.fastq = A. nidulans virus infected (file of reverse reads).  

 

 

Fig A5.16: Quality scores per sequence of the reverse reads of the paired end RNA 
sequences of A. nidulans virus infected treatment obtained using FastQC quality 
control tool. 
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Appendix 6 

Resulted outputs of the Tophat2, gapped-read mapper for 

RNA seq data, obtained in the current PhD study 
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Table A6.1: Tophat2 output summary for the paired end sequences of A. 
thermomutatus virus free line. 

 

 

 

 

 

Table A6.2: Tophat2 output summary for the paired end sequences of A. 
thermomutatus virus infected line. 
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Table A6.3: Tophat2 output summary for the paired end sequences of A. fumigatus 

virus free line. 

 

 

 

 

 

Table A6.4: Tophat2 output summary for the paired end sequences of A. fumigatus 

virus infected line. 
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Table A6.5: Tophat2 output summary for the paired end sequences of A. niger virus 
free line. 

 

 

 

 

Table A6.6: Tophat2 output summary for the paired end sequences of A. niger virus 
infected line. 
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Table A6.7: Tophat2 output summary for the paired end sequences of A. nidulans 
virus free line. 

 

 

 

 

 

Table A6.8: Tophat2 output summary for the paired end sequences of A. nidulans 
virus infected line. 
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Appendix 7 

Genes that showed undetectable expression (zero FPKM) 

in either virus free or virus infected treatment 
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Table A7.1: Genes with undetectable expression in AthCV1 positive A. 
thermomutatus 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. (RPKM= reads per 

Kilobases (length of transcript) per million mapped reads) 

 

 

 

 

 

 

 

Table A7.2: Genes with undetectable expression in AthCV1 negative A. 
thermomutatus 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog 
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Table A7.3: Genes with undetectable expression in AthCV1 positive A. fumigatus 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

 

 

 

 

 

Table A7.4: Genes with undetectable expression in AthCV1 negative A. fumigatus 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 
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Table A7.5: Genes with undetectable expression in AthCV1 positive A. nidulans 

 

 

 

 

 

 

 

 

 

Table A7.6: Genes with undetectable expression in AthCV1 negative A. nidulans 
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Table A7.7: Genes with undetectable expression in AthCV1 positive A. niger 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 

 

 

 

 

 

 

Table A7.8: Genes with undetectable expression in AthCV1 negative A. niger 

 

Note: Function is either for the gene if available or for A. nidulans gene ortholog. 
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