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AAbbssttrraacctt  

 

The ecological significance of mycoviruses is becoming increasingly recognised, not just for 

their potential as biocontrol agents but also as driving forces in the evolution and diversification 

of fungi. Therefore, it is important to understand how mycoviruses and fungi interact on the 

molecular and biochemical level. To this end the interaction between Botrytis cinerea and the 

mycoviruses Botrytis virus F and Botrytis virus X was studied. Relative and absolute real time 

PCR protocols were developed for monitoring the titres of BVX and BVF during transfection 

studies to monitor changes in virus titre in relation to phenotypic and metabolic changes in the 

fungal host. Phenotypic changes included severe phenotypical alterations, which were 

associated with extreme up regulation of carbohydrate, amino acid and lipid metabolism, and 

induction of stress responses (vacuolisation/cell lysis, increased pigmentation). To study the 

location and distribution of BVX in infected Botrytis the BVX coat protein was recombinantly 

expressed in E. coli, BVX specific polyclonal antibodies produced, and protocols developed for 

the serological detection and visualisation of BVX. Immuno-fluorescence microscopy was used 

to studying the distribution of BVX within growing Botrytis cultures indicated that the virus is 

present in aggregates located attached to the cell membrane, the septum, in spores, and in 

hyphal tips. A combination of light and electron microscopy showed that BVX is often closely 

associated with cell walls, suggesting that the virus may be moving across the cell wall by 

altering cell wall composition. If this is shown to be the case then it provides an alternative 

method to transmission via hyphal anastomosis, which is currently considered to be the only 

method of horizontal transfer. 
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‘It takes a lot of courage to release the familiar and seemingly 

secure, to embrace the new. But there is no real security in 

what is no longer meaningful. There is more security in the 

adventurous and exciting, for in movement there is life,  

and in change there is power.’ 

 

——  AAllaann  CCoohheenn  
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FFoorrmmuullaass  
  

Formula 1: 

 

                                                              

 

(Abbreviations: E = PCR efficiency; ref = PCR efficiency of gene expressed under ‘normal’ conditions; 

target = PCR efficiency of gene expressed under experimental conditions; control = Ct value of 

housekeeping gene (expressed under ‘normal’ or experimental conditions); sample = Ct value of 

‘impacted’ sample gene (expressed under ‘normal’ or experimental conditions)) 

 

 

Formula 2: 

 

                             

 

 

 

 

Formula 3: 

 

 

Copies per µl =        (Fronhoffs et al., 2002)          

(Abbreviations: ccRNA represents concentration of cRNA produced, MW = molecular weight; average 

MW of one ribonucleotide= 340 g/mol; BVX SP6/T7 template size = 171 bp) 

  

Relative expression ratio (RER) = (Paffl, 2001)    

 

RERTUB/NAD=                                                                

 

 

RERTUB/NAD  = REtarget/REreference = RERMIX 

(Pfaffl et al., 2004)   

(2) 
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Formula 4: 

 

RERreference gene =  

          

(Abbreviations: Esample = PCR efficiency of reference gene; Ctsample =Ct value of reference gene; Eaverage 

= global average of all PCR efficiencies of respective reference gene; Ctaverage = global average of all Ct 

values of respective reference gene) 

 

Formula 5: 

 

                                  

 

 

(Abbreviations: EBVX = PCR efficiency of BVX; ΔCtcond1 = difference between Ct of BVX and 

housekeeping genes; EBVF = PCR efficiency of BVF; ΔCtcond1 = difference between Ct of BVX and 

housekeeping genes; control = Ct value of housekeeping genes; sampleBVX/BVF - Ct value of virus gene) 

 

Formula 6: 

 

Absorbance ratio A =                   /                                     (NTC= partial virus purification of RH106-5) 

 

Formula 7: 

 

Spore concentration CPlate = CPlug  x 81        

  

(A 1 cm plug represents an area of 0.7854 cm
2
, which is a 81

st
 of a whole plate: Ø = 9cm, 63.61725 cm

2
. 

Abbreviations: CPlate: Spore concentration of whole plate and CPlug = Spore concentration of a plug) 

 

   = 
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1. Introduction 
 

1.1 Botrytis cinerea 

 

1.1.1 General background information 

 

Botrytis cinerea Persoon ex Fries (Botrytis cinerea Pers.:Fries) represents one of the first described 

ascomycetes and is an economically important plant pathogen worldwide. The taxonomic name includes 

‘Persoon’ and ‘Fries’, which points to the two mycologists who classified Botrytis cinerea. Christiaan 

Hendrik Persoon (Synopsis Methodica Fungorum, 1801) categorised B. cinerea first, and twenty years 

later Elias Magnus Fries (Systema Mycologium, 1821) confirmed Persoon’s classification. The genus 

and species name were already erected 70 years earlier. In 1729, Micheli called this group of fungi 

‘botrytis’ (Greek for ‘bunch of grape berries’), because of its ‘grape like bundled’ spores on their 

conidiophores (Rosslenbroich, 2000a). For the species part of the name ‘cinerea’ the Latin word for 

‘grey’ or ‘grey-haired’ was chosen referring to the grayish colour of the spores. 

 

B. cinerea, which is the prominent form in nature, represents the asexual part of the fungus. The 

teleomorph name was only added decades later (1866) by Heinrich Anton de Bary, when he found the 

genetic connection between the anamorphic/asexual and the teleomorphic/sexual phase. He called the 

sexual form Botryotinia fuckeliana in honour of the mycologist Karl Wilhelm Gottlieb Leopold Fuckel. 

The final name Botryotinia fuckeliana (de Bary) Whetzel was created only in 1945, after the official 

taxonomic genus Botryotinia was erected by Whetzel. The late taxonomic classification of B. fuckeliana 

(de Bary) Whetzel is due to its rare occurrence in nature and the use of the name B. cinerea still 

dominates in research and published literature (Elad, 2004). 

 

B. cinerea is a globally feared plant pathogen, because of its wide host range and excellent survival in 

almost every climatic zone. It is the only Botrytis species that is not confined to a single host and can 

attack more than 230 plant species (Jarvis, 1977). Short generation cycles and high amounts of progeny 

allow it to colonize host plants rapidly and abundantly. It causes grey mold, leaf blight, blossom blight, 

bunch rot disease, and post-harvest fruit rots (Jarvis, 1977; Elad, 2004). As illustrated in Figure 1, B. 

cinerea attacks many commercially important crops like vegetables (e.g. celery, zucchini, lettuce), 

flowers (e.g. sun flower, rose, tulip), bulbs (e.g. garlic, various flower bulbs) and fruits (e.g. grapevine, 

strawberry, kiwifruit). It produces a noticeable gray-mold fruiting layer on the affected tissue (Fig. 1a 

and b). 
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Figure 1: Crops infested with Botrytis cinerea: a) grapes, b) strawberry, c) tomato, d) onion, and e) 

lilium. 
[ a) http://plant-disease.ippc.orst.edu/disease.cfm?RecordID=514;  

  b) http://commons.wikimedia.org/wiki/File:Aardbei_Lambada_vruchtrot_Botrytis_cinerea.jpg;  

  c) http://www.plantmanagementnetwork.org/pub/php/research/2006/botrytis/;  

  d) http://www.gov.mb.ca/agriculture/crops/mwvr/2008/summary/index.html;  

  e) http://www.pestid.msu.edu/PlantDiseases/Botrytisblight/tabid/107/Default.aspx ] 

 

 

It is most damaging as blossom blights, fruit rots, stem cankers, leaf spots, tuber, corm and bulb rots 

(Agrios, 2006). The main targets are upper plant parts at pre- and post-harvesting stages. B. cinerea is 

the most important post-harvest plant pathogen and the most common disease of green-house crops 

damaging plant products during storage, transit, and on markets (Agrios, 2006).  

 

Looking at damage costs, the control of Botrytis with anti-Botrytis products has reached a market size of 

USD 15-25 million during the last few years (Elad, 2004). In New Zealand, direct losses to the wine and 

grape growing industry have been estimated of about NZD 30 million per year (Elad, 2004). In 

vineyards Botrytis bunch rot is the most difficult fungal disease to control because many of the 

registered fungicides cannot be applied after flowering if the grapes are destined for export wine 

production (Wicks, 2002). However, under specific climatic conditions B. cinerea can be beneficial and 

is also known as the ‘noble rot’ (Fig. 2), which is used for the production of ‘botrytised’ wines. These 

wines are also known under the names La Pourriture Noble (French), or Edelfäule (German), or Muffa 

(Italian). This type of infection is highly sought after in many regions worldwide, creating some of the 

world’s best sweet white wines. 

 

 

 

 

 

 

 

 

 

 
Figure 2: a) Noble rot growing on grapes; b) Normal and botrytised grapes. 
[a) http://dailyparasite.blogspot.com/2010/06/june-26-botrytis-cinerea.html; b) http://blog.hugel.com/en/harvest/] 

 

a)        b)          c)          d)            e) 

a) b) 
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For production of ‘botrytised wines’, grapes are inoculated either by spore sprays or by natural 

inoculations from spores present in the environment. The grapes become partially raisined and dried 

(Fig. 2), which increases the amount of sugar in the grapes. These grapes are so valuable that they are 

collected by hand, berry by berry. Many wineries charge an average of USD 40-150 for a 0.75 liter 

bottle compared to USD 12-40 for a normal white wine (http://www.wines-and-spirits.com/ 

bordeaux/sauternes/). 

 

1.1.2 Taxonomy and genetic characteristics of Botrytis cinerea 

 

As already mentioned, B. cinerea belongs to the genus Botryotinia (Tab. 1), which comprises 22 

recognized species and one hybrid (Staats, 2005). Botryotinia belongs to the family Sclerotiniaceae 

indicating that individuals produce sclerotia and stroma. The Sclerotiniaceae also contains other 

important plant pathogenic genera including Monilinia and Sclerotinia. In contrast to other species 

within the Botryotinia genus, Botrytis cinerea demonstrates a high molecular and morphological 

variability (Beever, 2007), which might explain its ability to adapt to so many different environments. 

Beever et al. also noted that host-specific taxa data are primarily associated with northern hemisphere 

temperate hosts. Therefore it seems that Botryotinia originated in the northern hemisphere and was 

passively transported with plant material, mammals, or insects to the southern part of the world and is 

now ubiquitously present all over the globe. 

 

Table 1: Taxonomic classification of Botrytis cinerea. 

Taxonomic classification of Botrytis cinerea 

Kingdom:       Fungi 

Phylum:    Ascomycota 

Subphylum:    Pezizomycotina 

Class:    Leotiomycetes 

Order:    Helotiales 

Family:    Sclerotiniaceae 

Genus:    Botryotinia 

Species:    Botrytis  cinerea 

Binomial name 

Botryotinia cinerea (De Bary) Whetzel 

 
 

To date, species of Botryotinia have been distinguished primarily due to their morphology, cultural use, 

and host specificity (Hennebert, 1973; Jarvis, 1977). For many fungi the sequence of the rDNA internal 

transcribed spacer (ITS) region has been widely used to define species, however this does not apply for 

Botrytis as its ITS region does not vary significantly (Nielsen et al., 2001). In Botrytis the rDNA 

intergenic spacer region might present a better target (Giraud et al., 1997), even though it is prone to 

recombination (Beever, 2007). 
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Most Botrytis isolates are heterothallic and can be either male or female, although only ‘male’ isolates 

were found to produce sclerotia (Faretra et al., 1987, Elad et al., 2004). Many fungi and especially 

Botrytis possess various ‘extrachromosomal genetic elements’ like mitochondrial chromosomes, 

plasmids, transposons and viruses (Rosewich&Kistler, 2000). Although the transmission of such genetic 

elements readily takes place through conidia, the transfer via ascospores may be limited to a greater or 

lesser extent.  

Furthermore, the existence of many vegetative incompatibility groups may limit transmission through 

hyphal fusion (Elad et al., 2004). Somatic cell fusion (Fig. 3a), which is regulated by vegetative 

incompatibility genes can lead to local cell death if genotypes are not compatible (Fig. 3b).  

 

 

 

 

 

 

 

 

 

Figure 3: a) Transmission of cytoplasmic elements by hyphal fusion (Roca et al., 2005);  

b) Incompatible reaction [http://www.wsl.ch/forest/wus/phytopath/reschestnut/reschest2-

de.ehtml]. 

 

 

1.1.3 Somatic compatibility 

 

Somatic compatibility describes the ability of fungi of the same species to fuse with each other in order 

to exchanges cytoplasmic content. It is used to subdivide fungal species into different vegetative 

compatibility groups (VCGs) mainly by using auxotrophic mutants (Beever, 2007). In particular chlorate 

resistant and nitrate non-utilising (Nit) mutants have been utilised, because it is relatively easy to 

produce spontaneous mutations and to classify them using minimal medium with different nitrogen 

sources and complementation assays (Beever, 2007). Besides nitrogen, selenate has also been used for 

complementation experiments (Korolev et al., 2008). 

 

A great number of VCG’ are present within B. cinerea populations (Beever, 2007). The genetic basis of 

vegetative incompatibility in B. cinerea is not known yet. But evidence suggests it complies with 

systems found in other ascomycetous fungi (Glass et al., 2000). Vegetative incompatibility in Botrytis is 

normally associated with a set of genes (vic or het), which can be present on two or more alleles 

b) a) 
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(Beever, 2007). Only isolates with identical alleles with vic/het genes at the exact same loci are able to 

fuse.  

 

Due to the numerous combinations of vic genes and loci possible, the number of likely VCG’s can be 

relatively high. For example when six vic genes with two allels per locus are present a population of 

theoretically 64 groups could be formed (Beever, 2007). Additionally, in B. cinerea VCG’s can be 

created by sexual crossings (Beever & Parkes, 2003). Beever et al. (2004) found 66 different VCG’s 

which is compatible with the existence of more than seven vic genes identified in B. cinerea. The high 

number of VCG’s found in the field as well as the comparably low number of isolates per VCG supports 

the theory that sexual recombination is important in nature.  

 

However, Delcán and Melgarejo (2002) observed the development of an ‘interaction line’ during 

unsuccessful fusion of mycelia and suggested that vegetative incompatibility is not solely driven by one 

factor but by several. Similarly, Beever and Parks also noticed a dark area when pairing Nit mutants and 

concluded that vegetative and mycelial incompatibility of B. cinerea might be based on several 

processes. 

 

1.1.4 Characteristics, pathogenesis, and disease cycle of Botrytis cinerea 

 

Botrytis  cinerea belongs to the phylum Ascomycota, which comprises following main characteristics 

(Deacon, 2006): 

 

 Development of a fruiting body or ascocarp (perithecium, apothecium, cleistohecium, or 

pseudothecium),which is usually embedded in a pad of tissue (stroma) 

 Formation of ascospores within an ascus 

 Production of asexual spores (micro- and macroconidia) on conidiophores by mitosis 

 

Although B. cinerea very rarely develops an apothecium in nature, they can be easily produced in vitro 

(Faretra&Antonacci, 1987; Faretra et al., 1988). The asexual conidia spores are produced by 

conidiophores, which develop directly from the mycelium (Fig. 4) on the surface of plant tissue. They 

represent the inoculum, which can travel over long distances by wind and can be transported around the 

world by inconspicuous or latent infections of plants (Deacon, 2006). It is generally assumed that spores 

and sclerotia are ubiquitous and their production never stops (Jarvis, 1980).  

 



  Chapter 1 

6 

 

The life cycle of B. cinerea starts after overwintering in the soil or on dying leaves, flowers, or bulb 

(Fig. 4). The fungus requires temperate (18-23 °C) and damp conditions for spore release, growth, 

germination, and establishment of infection.  

 

First, a relatively weak hydrophobic interaction of spores and the host surface has to take place. Several 

hours later a much stronger adhesion establishes by production of a noticeable gray-mold fruiting layer 

on the affected tissue, which is characteristic for Botrytis diseases (Doss et al., 1993). After successful 

adhesion a penetration peg harboring a germ tube is formed, also called appressorium. Mainly due to 

pressure applied by the appressorium the germ tube can perforate the plant surface and grows into the 

sub tissue. Botrytis can either actively or passively penetrate host tissue. Wounds created by physical 

forces or microbial activity are perfect entry sites for this opportunistic fungus. Besides appressoria 

infection cushions (Garcia-Arenal et al., 1980) can also be formed. Those claw-like infection cushions 

are multicellular, densely ramified and developed at the tips of Botrytis hyphae (Choquer et al., 2007). 

Infected fruits and succulent stems became soft, watery, and light brown. Infection of belowground 

parts, such as bulbs, corms, tubers, and roots, may also begin to rot while these organs are still in the soil 

or at harvest (Agrios, 2006; Reis et al., 2005; Kars et al., 2005; Valette-Collet et al., 2003; Brito et al., 

2006).  Furthermore, Botrytis might also be so successful, because it can combine apoptotic (triggering 

of cell death in the host) with necrotic strategies (Williamson et al., 2007).  

Although all parts of the fungal thallus can start to regrow, sclerotia are considered as the main structure 

for overwintering of Botrytis. Sclerotia are very versatile and can fulfill many functions, including the 

production of apothecia after a sexual crossing or vast amounts of asexual spores after overwintering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Disease cycle of Botrytis grey mold (Agrios, 2006). 
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In contrast to sclerotia, the survival of spores (mainly macroconidia) relies on suitable environmental 

conditions like moderate temperatures and sufficient humidity, absence of competitive microbes, and 

minimal sunlight exposure. Botrytis spores are easily distributed by wind, rain or flying insects.  

They are highly hydrophobic and rain drops are especially advantageous as they can transport single 

spores or aggregates on their surfaces repeatedly from leaf to leaf. As well as macroconidia (~10 x 8 

µm), microconidia (~3 µm) can also be produced (Grindle, 1979), usually in aging cultures, and 

represent an alternative propagule type for Botrytis. Microconidia can be released from mature hyphae, 

appressoria or sclerotia, and are even produced inside empty hyphal cells (Jarvis, 1980; 

Lorenz&Eichhorn, 1983). Their production is induced by nutritional deficiency, the O2 concentration 

determining whether macro- or microconidia will develop (Urbasch, 1985). Botrytis microspores have 

the ability to form aggregates and can, due to a protective layer (Hülle), survive up to six month. This is 

also the reason why plate cultures can remain viable in the fridge for half a year.  

 

1.1.5 Chemical and microbial control 

 

Due to its ability to produce large quantities of spores, travel over long distances, and quickly adapt to 

new fungicides and environments B. cinerea is a constant threat in all agricultural areas of the world. 

For control the application of high fungicide dosages onto Botrytis infested crops is still the most 

common treatment and often unavoidable. Applications range from 2000-3000 g/ha for dichlorfluanid 

and 400-500 g/ha for carbendazim (Korolev, 2006; Rosslenbroich et al., 2000b), with up to 20 

treatments per year and fruits, seeds and bulbs are often treated with fungicides after harvest (Baroffio, 

2003). The chemical control of Botrytis infections is hampered by the concerns of consumers towards 

the use and safety of pesticides. In many countries new laws controlling pesticide usage have restricted 

the use of both new and established fungicides (Gullino et al., 1995). 

Integrated pest management (IPM) programs and help to reduce the amount of fungicides used by 

including non-chemical measures (Shtienberg, 2007) such as the use of resistant or tolerant cultivars, 

disease forecasting, rotation, and biocontrol agents.   

 

A possible alternative to fungicides could be microbial control or biocontrol of Botrytis spp., which have 

been intensively studied during the last half century (Leroux, 2007). Biocontrol agents (BCAs) could be 

a suitable complement to conventional disease control practices for two main reasons. Firstly, they are 

often perceived to be environmental friendly by the public. Secondly, it is much harder for Botrytis to 

develop resistance due the ‘complex mode of action’ of most BCAs (Leroux, 2007). Furthermore, the 

search for new Botrytis-controlling agents is also driven by the need of more cost-effective products. 

According to Elad et al. (2007) the cost for fighting Botrytis worldwide had already reached a high of 

USD 15-25 million, of which only 1 % was for biopesticides (www.frost.com).  
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1.1.6 Biocontrol agents for Botrytis cinerea and their modes of action 

 

Biocontrol of fruit and vegetable diseases as well as flower products have been studied extensively since 

the middle of the 20
th
 century.  The first biocontrol agents (BCAs) were used against B. cinerea were 

antagonistic fungi (Fusarium spp. and Penicillium claviforme) which prevented the early 

establishment/germination of Botrytis spores (Newhook, 1951; Wood, 1951). Nowadays, three main 

groups of microorganisms (filamentous fungi, yeasts and bacteria) are used the biocontrol of B. cinerea. 

Amongst these, the filamentous fungus Trichoderma is most important but other fungi like Gliocladium 

and Ulocladium, bacteria like Bacillus and Pseudomonas, and yeasts like Pichia and Candida are also 

used frequently (Elad, 2004).  

 

The modes of action of most BCAs for B. cinerea are based on following strategies (Elad et al., 2007): 

 

i) Exploitation of the extreme susceptibility of Botrytis to competition due to its need for sugars 

during germination, germ-tube growth and infection 

ii) Exploiting the sensitivity of Botrytis against microbial substances (e.g. antibiotics, lyases) on the 

plant surface 

iii) Reduction of Botrytis saprophytism, spore distribution, and pathogenicity 

iv) Induced resistance of the host plant in order to recognize and attack latent infections 

v) The combined effect of several antagonists with different modes of action 

 

A good example of (i) is Pseudomonas spp., which can change plant surface properties (e.g. the 

wettability) and interfere with establishment and propagation of the pathogen (Bunster et al. 1986). 

Other examples are the faster removal of amino acids by Pseudomonas sp., or the ability to colonize 

wounds more rapidly than Botrytis, which can be used as protection against stem infections (Elad, 

2004). An example of (ii), provided by Peng&Sutton, (1992) is where several microorganisms (e.g. 

Gliocladium roseum, Trichoderma viride, Fusarium sp.) coexisting with B. cinerea on a leaf or fruit 

surface were able to decrease the amount of mycelia and conidiophores produced. Similar findings were 

also reported by Yu&Sutton et al. (1997), Morandi et al. (2000), and Köhl et al. (1995). Although many 

authors do not explain the exact mechanisms behind the suppression effect, it appears that in addition to 

antagonistic metabolites (e.g. antibiotics) environmental conditions are required which advantage the 

growth of the antagonists and diminish the growth and fitness of Botrytis. If several microorganisms are 

involved (v) synergistic effects are often involved. For example, one organism (e.g. Pseudomonas 

syringae) might produce antibiotics and the other (e.g. Trichoderma spp.) produces cell wall degrading 

enzymes (Lorito et al., 1994).  
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Another example would be the combined usage of P. guilliermondii and Bacillus mycoides, where 

B. mycoides adds an ‘induction of host plant resistance effect’ (iv) to the antibiotic production of 

P. guilliermondii, resulting in an increased suppression compared to the sum of the effects of the 

individual microorganism (Guetsky et al., 2002). The best studied and most widely used BCA is the 

fungal antagonist Trichoderma. It parasitises Botrytis and produces cell wall-degrading enzymes 

(CWDEs) and inhibitory compounds, which repress Botrytis growth and invasiveness (ii). 

 

Although commercially available BCA products currently constitute only a small part of the world 

pesticide market (~ 1 %), biopesticides numbers are increasing albeit at a slow rate. Examples for 

commercially available BCA’s as displayed in Figure 5 are: Binab (Binab-Innovation B, Sweden) based 

on Trichoderma harzianum and T. polysporum, Mycostop (Kemira Gro Oy in Finland) based on 

Streptomyces griseoviridis (K61), Serenade (Agra Quest, USA) based on Bacillus subtilis (QST 713), 

Botry-Zen (Botry-Zen Ltd, New Zealand) based on Ulocladium oudemansii, Aspire (Ecogen, USA) 

based on Candida oleoohila (“I-182”), Bio-save (Eco Science Corp., USA) based on Pseudomonas 

syringae. 

 

 

 

 

 

 

 

 

 

Figure 5: Examples of commercially available biocontrol agents. 
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1.2 Mycoviruses 

 

1.2.1 Introduction 

 

Mycoviruses are obligate parasites of fungi. They are widespread throughout all major taxonomic 

families of plant pathogenic fungi and although their existence has been known for over 50 years, not 

much is known about the relationship between viruses and fungi. Only after the dawn of molecular 

techniques like PCR and sequencing technologies did our understanding began to deepen. 

 

Most mycoviral infections are latent without causing any discernible phenotypic changes (Buck, 1986) 

and therefore did not attract much scientific attention. The discovery of viruses that decrease virulence 

(also called hypovirulence) and fitness of plant pathogenic fungi and their potential use as biocontrol 

agents changed that (Nuss, 2005). The successful application of a hypovirulent isolate combating 

chestnut blight in Europe encouraged many researchers to investigate this virus-fungus relationship 

more thoroughly. The hypovirulent reaction can be observed for certain virus-fungus combinations, 

where the fungal host suffers severe reductions in virulence, growth, sporulation, and sometimes 

changes in pigmentation. Therefore mycoviruses, which alter the virulence of phytopathogenic fungi, 

are of special interest for agriculture and post-harvest storage of fruits and vegetables. 

 

The first record of an economic impact of mycoviruses on fungi was recorded by cultivated mushrooms 

(Agaricus bisporus) in the late 1940’s and was called the La France disease (Hollings, 1962). Although 

the symptoms (degeneration of mycelium, various sporophore abnormalities, waterlogging of tissues, 

and malformed fruiting bodies) were known for a long time, the connection between virus and this die-

back disease of mushroom was only established ten years later (Hollings, 1962). Hollings found more 

than three different types of viruses in the abnormal sporophores. This report marks the beginning of 

mycovirology (Ghabrial et al., 2008).  

 

The best known mycovirus is Cryphonectria parasitica hypovirus 1 (CHV1). CHV1 is exceptional 

amongst mycoviral research due its success as biocontrol agent against chestnut blight (Fig. 6) in 

Europe, but also because it is a model organism for studying hypovirulence in fungi. However, this 

system is only being used in Europe routinely, because of the relative small number of vegetative 

compatibility groups (VCGs) on this continent. In contrast, in North America the distribution of the 

hypovirulent phenotype is often prevented because fungal hyphae cannot fuse and exchange their 

cytoplasmic content due to an incompatibility reaction. In the United States of America at least 35 

VCGs were found (Anagnostakis, 1998). A similar situation seems to be present in China and Japan 

where 71 VCGs were identified so far (Liu&Milgroom, 2007). 
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Figure 6: 1) Chestnut blight canker; 2) Cryphonectria parasitica : a) virulent isolate, and  

b) hypovirulent isolate. (Anagnostakis, 2000) 

 

 

1.2.2 Diversity of mycoviruses 

 

The majority of mycoviruses have double stranded RNA (dsRNA) genomes and isometric particles 

(Fig. 7) but approximately 30 % have positive single stranded RNA (ssRNA) genomes (Pearson et al., 

2009). 

 

 

 

 

 

 

 

 

 

 

Figure 7: Families of viruses infecting algae, fungi, yeast and protozoa (Fauquet et al., 2005). 

 

So far there is only one true example of a ssDNA mycovirus. A geminivirus-related virus was found in 

Sclerotinia sclerotiorum conferring hypovirulence to its host (Yu et al., 2010). 

 

2a 

2b 

1 
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The updated 9th ICTV report on virus taxonomy (King et al., 2011) lists over 90 mycovirus species 

covering 10 viral families, of which 20 % were unassigned to a genus or sometimes not even to a family. 

Isometric forms predominate mycoviral morphologies in comparison to rigid rods, flexuous rods, club-

shaped particles, enveloped bacilliform particles, and Herpesvirus-like viruses (Varga et al., 2003). The 

lack of genomic data often hampers a conclusive assignment to already established groups of viruses or 

makes it impossible to erect new families and genera. The latter is true for many unencapsidated dsRNA 

viruses, which are assumed to be viral, but missing sequence data prevented their classification so far 

(Pearson et al., 2009). Table 2 lists all formally named and recognised mycoviruses by the ICTV up to 

2011 (King et al., 2011). 
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Table 2: Listing of all formally named and recognised mycoviruses summarised from “Virus 

Taxonomy: The Ninth Report of the International Committee on Taxonomy of Viruses”  

(King et al., 2011). 
 

Genome Family Genus Species Morphology 

dsDNA Adenoviridae Rhizidiomyces Rhizidiomyces virus (RhiV) 60 nm, not enveloped 

dsRNA 

Chrysoviridae Chrysovirus 

Penicillium chrysogenum virus   

Helminthosporium victoriae virus 145S 30-35 nm,  

Penicillium brevicompactus virus not enveloped,  

Penicillium cyaneo-fulvum virus multiple components 

Agaricus bisporus virus 1   

Hypoviridae Hypovirus 

Cryphonectria hypovirus 1 (CHV-1)   

Cryphonectria hypovirus 2 (CHV-2) pleomorphic vesicles,  

Cryphonectria hypovirus 3 (CHV-3) 50-80 nm 

Cryphonectria hypovirus 4 (CHV-4)   

Reoviridae Mycoreovirus 

Mycoreovirus-1   

Mycoreovirus-2 isometric ~80 nm,  

Mycoreovirus-3 not enveloped 

Rosellinia necatrix mycoreovirus-3/W370   

Partitiviridae Partitivirus 

Atkinsonella hypoxylon virus   

Agaricus bisporus virus 4 (AbV-4) 

Asparagus virus 1   

Aspergillus ochraceous virus (AoV)   

Discula destructiva virus 2   

Fusarium poae virus 1 (FpV1)   

Fusarium solani virus 1 (FsV1)   

Gaeumannomyces graminis virus 019/6-A   

Gaeumannomyces graminis virus T1-A   

Gaeumannomyces abietina RNA virus T1-A   

Gremmeniella abietina RNA virus MS1 isometric 30-40 nm,  

Helicobasidium mompa virus not enveloped 

Heterobasidion annosum virus 

Ophiostoma partitivirus 1 
  

Penicillium stoloniferum virus S   

Rhizoctonia solani virus 717 

Rosellinia necatrix virus 1 
  

Diplocarpon rosae virus   

Penicillium stoloniferum virus F 

Pleurotus ostreatus virus 1 
  

Phialophora radicicola virus 2-2-A   

Totiviridae Totivirus 

Saccharomyces cerevisiae virus L-A   

Saccharomyces cerevisiae virus L-A (L1)   

Saccharomyces cerevisiae virus L-BC (La)   

Ustilago maydis virus H1 (UmV-H1) isometric 30-40 nm, 

Aspergillus foetidus virus S (AfV-S)  not enveloped 

Aspergillus niger virus S (AnV-S)   

Gaeumannomyces graminis virus 87-1-H   

Mycogone perniciosa virus (MpV)   
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Table 2 (continued): Listing of all formally named and recognised mycoviruses summarised from 

“Virus Taxonomy: The Ninth Report of the International Committee on Taxonomy of Viruses”  

(King et al., 2011). 

 

Genome Family Genus Species Morphology 

  Totiviridae 

Victorivirus 

Agaricus bisporus virus 1  

 not enveloped 

Chalara elegans RNA Virus 1 (CeRV1) 

Epichloë festucae virus1 (EfV1 ) 

Gremmeniella abietina RNA virus L1 

Helicobasidium mompa totivirus 1-17 

Helminthosporium victoriae virus 190 S 

Magnaporthe oryzae virus 1 (MoV1) 

Unassigned 

Allomyces arbuscula virus (AAV) 40 nm, not enveloped 

Aspergillus foetidus virus F (AFV-F) ~ 40 nm, not enveloped 

Botrytis cinerea virus-CVg25 40 nm, not enveloped 

Colletotrichum lindemuthianum virus 30 nm, not enveloped 

Fusarium graminearum virus DK21 no virions 

Gaeumannomyces graminis virus 45/101-C 29 nm, not enveloped 

Helminthosporium maydis virus 48 nm,not enveloped 

LaFrance isometric virus 36 nm, not enveloped 

Lentinus edodes virus 39 nm, not enveloped 

Perconia circinata virus 32 nm, not enveloped 

satellite Satellites of Saccharomyces cerevisiae L-A virus sub-viral NA molecules, 

ds-RNAs Satellite of Ustilago maydis killer M virus requires helper virus 

ss(+)RNA 

Barnaviridae Barnavirus Mushroom bacilliform virus (MBV) 
19x50 nm, 

not enveloped 

Narnavriridae 

Mitovirus 

Cryphonectria mitovirus 1   

Ophiostoma mitovirus 3a (OMV3a)   

Ophiostoma mitovirus 4 (OMV4)   

Ophiostoma mitovirus 5 (OMV5) no true particles, 

Ophiostoma mitovirus 6 (OMV6) virions consist of a 

Ophiostoma mitovirus 1a (OMV1a) nucleoprotein complex, 

Ophiostoma mitovirus 1b (OMV1b) not enveloped 

Ophiostoma mitovirus 3b (OMV3b)   

Ophiostoma mitovirus 2 (OMV2)   

Gremmeniella mitovirus S1   

Narnavirus 
Saccharomyces 20S RNA narnavirus (SNV-20S) nucleoprotein complex, 

Saccharomyces 23S RNA narnavirus (SNV-23S) not enveloped 

Unassigned Rhizoctonia virus M2 
no particles 

Unassigned Unassigned Diaporthe ambigual RNA virus 
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Table 2 (continued): Listing of all formally named and recognised mycoviruses summarised from 

“Virus Taxonomy: The Ninth Report of the International Committee on Taxonomy of Viruses”  

(King et al., 2011). 

 

Genome Family Genus Species Morphology 

dsRNA 

Endornaviridae Endornavirus Phytophthora endornavirus 1 (PEV1) not enveloped 

Alphaflexiviridae Sclerodarnavirus 
Sclerotinia sclerotiorum debilitation-associated 

RNA virus 
not enveloped 

ss(+)RNA-

RT 

Pseudoviridae Hemivirus Candida albicans Tca2 virus (CalTca2v) 
30-40 nm, 

not enveloped 
  

    Candida albicans Tca5 virus (CalTca5v) 

    Saccharomyces paradoxus Ty5 virus (SceTy5V) 

  Pseudovirus Saccharomyces cerevisiae Ty1 virus (SceTy1V) 
30-40 nm, 

not enveloped 

  

    Saccharomyces cerevisiae Ty2 virus (SceTy2V) 

    Saccharomyces cerevisiae Ty4 virus (SceTy4V) 

Metaviridae Metavirus Cladosporium fulvum T-1 virus (CfuT1V) 

50 nm, irregular, 

enveloped, 

nucleoprotein complex 
  

  

    Fusarium oxysporum Skippy virus (FoxSkiV) 

    Saccharomyces cerevisiae Ty3 virus (SceTy3V) 

    Schizosaccharomyces pombe Tf1 virus (SpoTf1V) 

    Schizosaccharomyces pombe Tf2 virus (SpoTf2V) 

ss(+)RNA 

Alphaflexiviridae 

  

Botrexvirus 

  

Botrytis virus X 

  

~ 600-720 nm 

Flexuous 

Gammaflexiviridae 

  

Mycoflexivirus 

  

Botrytis virus F 

  

~ 600-720 nm 

Flexuous 

 

Looking at Table 2, it is clear that members of the families Partitiviridae, Totiviridae, and 

Narnavriridae are dominating the ‘mycovirus sphere’.  

 

 

1.2.3 Host range and incidence 

 

Mycoviruses are common in fungi (Herrero et al., 2009) and are found in all four phyla of the true fungi: 

Chytridiomycota, Zygomycota, Ascomycota and Basidiomycota. Fungi are commonly infected with two 

or more unrelated viruses and also with defective dsRNA and/or satellite dsRNA (Ghabrial et al., 2008; 

Chu et al., 2004; Howitt et al., 2006). There also viruses, which use fungi only as vectors and are 

distinct from mycoviruses, because they cannot reproduce in the fungal cytoplasm (Adams, 1991).  

 

Data concerning occurrence and variability of mycoviruses have generally been derived from dsRNAs 

profiles, which have been found in many plant pathogenic fungi with incidence ranging from a few to 

one hundred percent (Pearson et al., 2009). Although dsRNA profiles may show geographic structure 



  Chapter 1 

16 

 

(Park et al., 2006; Voth et al., 2006), their high diversity often makes a conclusive interpretation 

difficult.  

Tsai et al. (2004) analysed dsRNA profiles in Monilinia fructicola and found highly divers profiles even 

amongst isolates from fruits of the same tree. Additionally, it is not always clear whether one profile 

represents only one virus or a mixture of several viruses. 

 

It is generally assumed that the natural host range of mycoviruses is confined to closely related 

vegetability compatibility groups that allow for cytoplasmic fusion (Buck, 1986), but some mycoviruses 

can replicate in taxonomically different fungal hosts (Ghabrial et al., 2009 (Suppl. Section 1)). Good 

examples are mitoviruses found in the two fungal species Sclerotinia homoeocarpa and Ophiostoma 

novo-ulmi (Deng et al., 2003). Furthermore, Nuss et al. (2005) described that it is possible to extend the 

natural host range of CHV1 to several fungal species that are closely related to C. parasitica using in-

vitro virus transfection techniques (Chen et al., 1994). CHV1 can also propagate in the genera Endothia 

and Valsa (Ghabrial et al., 2008), which belong to the two distinct families Cryphonectriaceae and 

Diaporthaceae, respectively.  

 

Rosellinia necatrix is another fungus which could be successfully transfected with Rosellinia necatrix 

megabirnavirus 1 (RnMBV1) (Chiba et al., 2009), a member of the genus mycoreovirus (Sasaki et al., 

2007) and a virus (Rosellinia necatrix partitivirus 1-W8 (RnPV1-W8)) of the family Partitiviridae 

(Sasaki et al., 2006). Chiba et al. (2009) also mention the probability that other dsRNA viruses, 

presumably containing all necessary enzymatic activities for transcription, like members of the families 

Chrysoviridae and Totiviridae might also have a broader host range.  

 

1.2.4 Origin and evolution of mycoviruses 

 

DsRNA as well as ssRNA are assumed to be very ancient and presumably originated from the ‘RNA 

world’ as both types of RNA viruses infect bacteria as well as eukaryotes (Forterre, 2006). Although the 

origin of viruses is still not well understood, Koonin (2008) recently presented data which suggest that 

viruses invaded the emerging ‘supergroups’ of eukaryotes from an ancestral pool in a very early stage of 

life on earth. According to Koonin, RNA viruses colonized eukaryotes first and subsequently co-evolved 

with their hosts. This concept fits well with the proposed ‘ancient co-evolution hypothesis’, which also 

assumes a long co-evolution of viruses and fungi (Varga, 2003; Pearson et al., 2009). ‘The ancient co-

evolution hypothesis’ could contribute some explanation why mycoviruses are so diverse (Varga, 2003). 

Dawe&Nuss (2001) also suggested that it is very likely that plant viruses containing a movement protein 

have evolved from mycoviruses by introducing of an extracellular phase into their life cycle, rather than 

eliminating it. Furthermore, the recent discovery of an ssDNA mycovirus tempted Yu et al. (2010) to 

suggest that RNA and DNA viruses might have common evolutionary mechanisms. 
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However, there are many cases, where mycoviruses grouped together with plant viruses. For example 

CHV1 showed phylogenetic relatedness to the ssRNA genus Potyvirus (Fauquet et al., 2005) and some 

ssRNA viruses, which were assumed to confer hypovirulence or debilitation, were often found to be 

more closely related to plant viruses than to other mycoviruses (Pearson et al., 2009). Therefore, another 

theory arose that these viruses moved from a plant host to plant pathogenic fungal host or vice versa. 

This ‘plant virus hypothesis’ may not explain how mycoviruses developed originally, but it could help to 

understand how they evolved further. Moreover, Roossinck (2010) defined and discussed characteristics 

of persistent plant viruses (e.g. no obvious symptoms, latent infection, does not move from cell to cell, 

seed transmission almost 100 %, low horizontal transmission, low titre), which seem to have very 

similar features. 

 

Another aspect of the RNA nature of viral as well as of mycoviral genomes is their existence as 

‘dynamic swarm’ (Holland & Domingo, 1998). ‘RNA swarms’ are presumed to have a selective 

advantage over other microorganisms when entering a new environment (García-Arenal et al., 2001) 

and might have helped them (and their hosts) to evolve in multiple directions and occupy new niches of 

live.  

 

Interestingly, the two closely related fungi Botrytis and Sclerotinia are host of two mycoviruses 

(Sclerotinia sclerotiorum debilitation-associated RNA virus (SsDVR) and Botrytis virus F (BVF)), 

which are closely related to each other and also cluster together with several allexiviruses, including: 

Garlic virus E, Garlic virus A, Garlic virus X and Shallot virus X (Adams et al., 2004). Howitt et al. 

(2006) noted that Botrytis and Allium probably share a long evolutionary relationship. Many Allium 

species are hosts of the mentioned allixiviruses and could have been virus donors for Botrytis and 

Sclerotinia (Pearson et al., 2009). 

 

1.2.5 Transmission and movement of mycoviruses 

 

A significant difference between the genomes of mycoviruses to other viruses is the absence of genes for 

‘cell-to-cell movement’ proteins. It is therefore assumed that mycoviruses only move intercellularly 

during cell division (e.g. sporogenesis) or via hyphal fusion (Ghabrial et al., 1994; 2008). Mycoviruses 

might simply not need an external route of infection as they have many means of transmission and 

spread due to their fungal host’s life style: 

 

- Plasmogamy and cytoplasmic exchange over extended periods of time 

- Production of vast amounts of asexual spores 

- Overwintering via sclerotia (Liu, 2009) 

- More or less effective transmission into sexual spores 
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However, as mention earlier, there are potential barriers to mycovirus spread due to vegetative 

incompatibility and variable transmission to sexual spores. Transmission to sexually produced spores 

can range from 0% to 100 % depending on the virus-host combination (Ghabrial et al., 2008).  

For example Tan et al. (pers. comm.) recorded transmission rates of 35-50% for BVX to ascospores of 

B. cinerea, where one parent was virus infected. Pearson et al. (2009) reviewed several studies and 

concluded that transmission of mycoviruses through sexual spores is not unusual and patterns or 

differences between viral content of asexual and sexual spores are not consistent. While vegetative 

incompatibility can prevent viral transmission, this is not always the case. For example, Charlton et al. 

(2007) found transmission of dsRNA between two incompatible isolates of Rhizoctonia solani. Biella et 

al. (2002) suggested that the vegetative incompatibility reaction might be affected by both virus and 

fungal host, which is supported by asymmetric viral transmission between VCGs of Cryphonectria 

parasitica (Carbone et al., 2004). 

 

Transmission between species of the same genus sharing the same habitat has also been reported 

including Cryphonectria (C. parasitica and C. sp), Sclerotinia (S. sclerotium and S. minor), and 

Ophistoma (O. ulmi and O. novo-ulmi) (Liu et al., 2003; Melzer et al., 2005). Intraspecies transmission 

was also reported by van Diepeningen et al. (2000) between Fusarium poae and black Aspergillus 

isolates. However, it is not known how fungi overcome the genetic barrier; whether there is some form 

of recognition process during physical contact or some other means of exchange, such as vectors. 

Studies by van Diepeningen (2006) using Aspergillus sp. indicated that transmission efficiencies might 

depend on the hosts viral infection status (infected with no, different, or same virus), and that 

mycoviruses might play a role in the regulation of secondary mycoviral infection. Whether this is also 

true for other fungi is not yet known.  

 

In contrast to acquiring mycoviruses spontaneously, the loss of mycoviruses seems very infrequent (Van 

Diepeningen, 2006) and suggests that either viruses actively moved into spores and new hyphal tips, or 

the fungus might facilitate the mycoviral transport in some other way. 

 

Movement of mycoviruses within fungi 

 

Although it is not known yet whether viral transport is an active or passive process, it is generally 

assumed that fungal viruses move forward by plasma streaming (Sasaki et al., 2006). Theoretically they 

could drift with the cytoplasm as it extends into new hyphae, or attach to the web of microtubuli, which 

would drag them through the internal cytoplasmic space. That might explain how they pass through 

septa and bypass woronin bodies. However, some researchers have found them located next to septum 

walls (Vilches & Castillo, 1997; Bozarth, 1972), which could imply that they ‘got stuck’ and were not 

able to move actively forward themselves. Others suggested that the transmission of viral mitochondrial 
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dsRNA may play an important role in the movement of mitoviruses found in B. cinerea (Wu et al., 

2010). 

 

1.2.6 Effects of mycoviruses on host phenotype 

 

Phenotypic effects of mycoviral infections can vary from advantageous to deleterious, but most of them 

are symptomless or cryptic. The connection between phenotype and mycovirus presence is not always 

straight forward. Several reasons may account for this. First, the lack of appropriate infectivity assays 

often hindered the researcher from reaching a coherent conclusion (McCabe et al., 1999). Secondly, 

mixed infection or unknown numbers of infecting viruses make it very difficult to associate a particular 

phenotypic change with the investigated virus. 

 

Although most mycoviruses often do not seem to disturb their host’s fitness, this does not necessarily 

mean they are living unrecognized by their hosts. As described by May&Nowak (1995) and Araújo et 

al. (2003) a neutral co-existence might just be the result of a long co-evolutionary process. Accordingly, 

symptoms may only appear when certain conditions of the virus-fungus-system change and get out of 

balance. This could be external (environmental) as well as internal (cytoplasmic). It is not known yet 

why some mycoviruses-fungus-combinations are typically detrimental while others are symptomless or 

even beneficial.  

Nevertheless, harmful effects of mycoviruses are economically interesting, especially if the fungal host 

is a phytopathogen and the mycovirus could be exploited as biocontrol agent. The best example is 

represented by the case of CHV1 and C. parasitica (Ghabrial et al., 2008). Other examples of 

deleterious effects of mycoviruses are the ‘La France’ disease of Agaricus biporus (Hollings, 1962; Ro 

et al., 2006) and the mushroom diseases caused by Oyster mushroom spherical virus (Yu et al., 2003) 

and Oyster mushroom isometric virus (Ro et al., 2006). 
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In summary, the main negative effects of mycoviruses are:  

 

i) Decreased growth rate (Moleleki et al., 2003) 

ii) Lack of sporulation (Moleleki et al., 2003) 

iii) Attenuation of virulence (Suzaki et al., 2005) 

iv) Reduced germination of basidiospores (Ihrmark et al., 2004) 

 

Hypovirulent phenotypes do not appear to correlate with specific genome features and it seems there is 

not one particular metabolic pathway causing hypovirulence but several (Xie et al., 2006). Looking at 

B. cinerea several mycoviruses have been associated with phenotypical changes, including a Mitovirus 

(Wu et al., 2007) and a 33nm isometric dsRNA mycovirus (Castro et al., 2003) associated with a 

hypovirulent phenotype (reduced sporulation, laccase activity, and fungal invasiveness).  

 

In addition to negative effects, beneficial interactions do also occur. Well described examples are the 

killer phenotypes in yeasts (Schmitt et al., 2002) and Ustilago (Marquina et al., 2002). Killer isolates 

secrete proteins that are toxic to sensitive cells of the same or closely related species while the producing 

cells themselves are immune. Most of these toxins degrade the cell membrane (Schmitt et al., 2002). 

There are potentially interesting applications of killer isolates in medicine, food industry, and agriculture 

(Schmitt et al., 2002; Dawe&Nuss, 2001). Other examples of the beneficial effects of mycovirus 

infection are provided by Ahn & Lee, (2001) who described a 6-kbp dsRNA virus that upregulated the 

virulence of Nectria radicicola by perturbing signal transduction pathways. And Marquez et al. (2007) 

who describe a three-part system involving a mycovirus of an endophytic fungus (Curvularia 

protuberata) of the grass Dichanthelium lanuginosum, which provides a thermal tolerance to the plant, 

enabling it to inhabit adverse environmental niches. 

 

In summary, mycovirus fungal interactions can range from pathogenic to symbiotic, depending on the 

fungus-virus combination. 
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1.2.7 Mycoviruses as biological control agents 

 

Mycoviruses are not widely used as BCA’s yet because naturally occurring hypovirulent systems are an 

exception from the ‘normal’ symptomless state and we are still lacking an understanding about what 

triggers a hypovirulent phenotype (Choi&Nuss, 1992; Anagnostakis et al., 1998, Wu et al., 2010).  

 

However, the use of mycoviruses as biocontrol agents depends on two main prerequisites: 

 

 - Stable expression of hypovirulent phenotype under various environmental conditions 

 

 - Compromised fungal host needs to be able to spread the virus effectively (moderate 

  growth and ability to fuse with other fungal hosts) 

 

In the case of CHV1 and C. parasitica biocontrol works successfully in Europe due to a limited number 

of VCGs (Heiniger&Rigling, 1994). This is in contrast to North America where the diversity of VCGs is 

much higher and spread of CHV1 is not sufficient (Nuss, 1992). Nevertheless, the study of a range of 

mycoviral-induced phenotypes could help to elucidate the nature of virus-fungus-interactions and 

provide opportunities to develop novel biocontrol agents against phytopathogenic fungi (Ghabrial et al., 

2008). 

 

Looking towards the future, a different utilization of mycoviruses could be the exploitation of the 

amenable genome structure of ssRNA viruses belonging to the family Flexivridae. Given that their 

structure is similar to Potato virus X, which has been used successful for the expression of several plant 

genes (Smolenska et al., 1998; Hendy et al., 1999; Kopertekh et al., 2004; Wagner et al., 2004), 

mycoviruses like BVX, BVF, and SsDRV would be prime candidates as gene vectors (Pearson et al., 

2009). One desirable vector function could be the elimination of incompatible reactions, which would 

allow unlimited virus spread. 
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1.2.8 Molecular techniques and the study of the virus-fungal interactions 

 

The most common method used to screen for mycoviral presence is to employ dsRNA profiles (Fig. 8).  

Although often the presumed mycoviruses detected have not been shown to be associated with virus-like 

particles, in some cases the dsRNA profiles may give indications of family or group affiliation (Herrero 

et al., 2009). Furthermore, they may also represent a mixture of two or more viruses and consequently 

are not always easy to interpret (Pearson et al., 2009). 

Figure 8: Examples of dsRNA profile (Howitt et al., 1995). 

 

Virus purification and electron microscopy (EM) are also used for detection of mycoviruses but in 

general have proved far less successful for initial detection and are usually used after dsRNAs have been 

detected to obtain additional information. However, when encapsidated particles are present virus 

concentrations are often very low and partial purification may be required prior to electron microscopy 

or other forms of analysis.  

 

Since the introduction of molecular techniques (polymerase chain reacting (PCR), cloning, automated 

sequencing) our knowledge of mycoviruses and their diversity has increased enormously. Furthermore, 

recent immunochemistry technologies, including raising antibodies from synthetic or recombinant 

peptides in Escherichia coli (Ounouna et al., 2002) or yeasts, have provided us with faster and more 

effective tools to exploit the antigenicity of mycovirus particles. Nowadays immuno-histochemistry 

combined with high resolution microscopy (e.g. epi-fluorescent, confocal microscopy, life cell imaging) 

can magnify the viral microcosm and make the ‘mycovirus sphere’ visible for the human eye. 
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Current PCR based detection methods (e.g. cDNA microarray, real time PCR) are sufficiently sensitive 

and rapid to conduct large scale surveys, to track movement/transmission of mycoviruses, and to 

compare virus titers between different virus species (mixtures or isolates),or different experimental 

conditions. For example, a C. parasitica cDNA microarray was developed to monitor transcriptional 

changes caused by mycoviral infections (Allen et al., 2003). It was found that the expression of certain 

genes for e.g. regulation of transcription or production of stress proteins changed significantly and that a 

substantial part of C. parasitica’s transcriptome was persistently altered. Furthermore, it was also shown 

that C. parasitica has an antiviral defense system and is able to silence dicer-like genes of CHV1 

(Segers et al., 2007). 

 

Another interesting area of mycoviral research is the introduction of infectious cDNA or virus particles 

into virus free fungi. Such systems are providing an excellent opportunity to compare genetically 

identical fungal cultures infected and uninfected with mycoviruses (Xie et al., 2006). For example, Nuss 

et al. (1992) produced infectious clones of C. parasitica by transforming the fungus with cDNA, which 

attenuated the fungal pathogenicity. Other researchers have either used purified virus (Hillman et al., 

2004, Sasaki et al., 2007), dsRNA (Stanway&Buck, 1984), or in vitro-transcribed RNAs (Moleleki et 

al., 2003) to transfect fungal spheroplasts and study mycoviral affects. These techniques also allow the 

researcher to extend the host range of mycoviruses (Chen et al., 1994) without the challenge of 

vegetative incompatibility. However the making of infectious clones of dsRNA genomes can also be 

difficult (e.g. no translation in the cell due to missing transcriptase) and additional plasmids and/or +/- 

strand RNA templates need to be engineered depending on the particular replication of the virus. 
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1.3. Mycoviruses of Botrytis cinerea 

 

1.3.1 Introduction 

 

Botrytis cinerea provides a habitat to several mycoviruses, including dsRNA elements. They are 

summarised in the following Table 3. 

 

Table 3: Mycoviruses of Botrytis cinerea. 

Genus Species Appearance Genome  Phenotypical changes Reference 

Unassigned Unassigned Isometric 

particles, 30 - 45 

nm; bacilliform, 

25x63 nm 
 

dsRNA 

not 

determined 

None, latent infection Howitt  

et al., 1995 

Unassigned Unassigned Naked dsRNA dsRNA 

not 

determined 
 

None, latent infection Howitt  

et al., 1995 

Unassigned Botrytis cinerea 

virus-CVg25 

Isometric VLP’s  

(L dsRNA),  

~40 nm 

dsRNA (L, 

M1, and 

M2), 8.3 kb 
 

None, latent infection Vilches  

et al., 1997 

Mycoflexivirus Botrytis virus F Flexuous,  

270 nm 

+ssRNA, 

~6.8 kb 
 

None, latent infection Howitt  

et al., 2001 

Unassigned Unassigned Isometric,  

33 nm 

dsRNA,  

6.8 kb 

Reduced sporulation, 

laccase activity, and 

invasivity 
 

Castro  

et al., 2003 

Botrexvirus Botrytis virus X Flexuous,  

270 nm 

+ssRNA, 

~6.9 kb 
 

None, latent infection Howitt  

et al., 2006 

Unassigned Unassigned 

(BcMV1) 

Naked dsRNA dsRNA, 

3.0 kb 

Abnormal 

mitochondria, 

reduced mycelia 

growth 

Wu et al., 

2007; 2010 

 

 

Looking at the phenotypical changes associated with Botrytis mycovirus infections (Tab. 3) a range of 

phenotypes have been observed from symptomless to mild impact, or more severe phenotypic changes 

including reduction in growth/suppression of mycelia, sporulation and sclerotia production, formation of 

abnormal colony sectors (Wu et al., 2010) and virulence. Zhang et al. (2010) also described the 

decreased formation of infection cushions of isolate CanBc-1 of B. cinerea infected by the mitovirus 

BcMV1.  
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Interestingly, although the virulence was lowered in the virus infected isolate, the production of 

pectinase, toxic metabolites, laccase and oxalic acid (OA), which are regarded as important virulence 

factors, were either steady or were even increased (laccase, OA). This indicates that invasiveness of B. 

cinerea might be caused by high mycelia growth rather than by biochemical degradation (Zhang et al., 

2010).  

However, as all infections occurred naturally we do not know when and how these phenotypes 

developed. Therefore it is crucial to conduct transfection/transmission experiments in order to elucidate 

the factors involved in the interaction of B. cinerea and its mycoviruses. Examples of successful virus 

transfection are described by Castro et al. (2003) and Wu et al. (2007). In both cases it was possible to 

transfer the hypovirulent phenotypes to virus free Botrytis isolates. 

 

To date, only three Botrytis viruses, the unencapsidated BcMV1 and the two flexiviruses BVF and BVX 

have been fully sequenced. Since most hypovirulence research has been conducted on dsRNA 

mycoviruses (Ghabrial, 1998) the complete sequence data of BVX and BVF provide a unique 

opportunity to gain insights into the molecular and cellular properties of the less studied filamentous 

ssRNA mycoviruses.  

 

 

1.3.2 Botrytis virus F and Botrytis virus X 

 

BVF and BVX are positive single stranded RNA viruses with flexuous rod-shaped particles of about 720 

nm (Fig. 9) which have be found in several B. cinerea isolates (Arthur, 2007).  

 

 

 

 

 

 

 

 

 

 

Figure 9: Flexuous particles of A) BVX and B) BVF. 

 

A B 
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In 2007 both were assigned to the new family of Flexiviridae together with Sclerotinia sclerotiorum 

debilitation associated RNA virus (SsDRV), which is an unencapsidated mycovirus (Martelli et al., 

2007). Besides these three mycoviruses, all other virus species in that group are plant viruses.  

Although BVF and BVX are very similar in appearance they do differ molecularly and belong to two 

different subfamilies (Fig. 10). Due to their complete sequence data and their uniqueness, BVF and 

BVX became type species for their two new genuses Mycoflexivirus and Botrexvirus, respectively. 

 

 

Figure 10: Simplified phylogenetic tree grouping of BVF and BVX (ICTV, 2011). 

 

BVX and BVF were first detected in Botrytis isolates isolated from strawberry plants in Auckland, New 

Zealand. Since then (Fig. 11), both viruses have been found separately in 52 more isolates including 

isolates from North America and Europe (Arthur, 2007) and several different hosts (tomato, lettuce, 

grape, strawberry), implying that the viruses are able to spread between different Botrytis VCGs in the 

field. 

 

Gammaflexiviridae

Botrytis virus X

Mycoflexivirus

Botrexvirus

Botrytis virus F

Alphaflexiviridae

Tymovirales

Order Family Genus Species

Betaflexiviridae

Tymoviridae

Allexivirus

Lolavirus

Mandarivirus

Potexvirus

Sclerodarnavirus

Capillovirus

Carlavirus

Citrivirus

Foveavirus

Trichovirus

Unassigned

Vitivirus

Maculavirus

Marafivirus

Tymovirus
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Figure 11: Distribution of BVX (      ) and BVF (      ) in Europe. 

 

Also, given the wide geographic distribution of BVX and BVF they have likely been associated with 

Botrytis for a long period of time, which could explain their symptomless co-existence. 

 

1.3.2.1 Genetic characteristics of BVF and BVX 

 

The following text represents a summary of two publications describing the genome characterization of 

BVF (Howitt et al., 2001), and BVX (Howitt et al., 2006) plus some conclusions drawn from the 

comparison of the two viruses sequences. 

 

Botrytis virus F 

 

The BVF genome only contains 2 open readings frames (ORFs) as shown in Figure 12. Furthermore, it 

also seems to produce defective RNA (D-RNA species). 

 

 

 

 

 

 

 

 

 

Figure 12: Genome organisation of BVF (Howitt et al., 2001). 
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ORF1 includes three areas identified as methyl transferase (MTR), helicase (HEL), and RNA-dependent 

RNA replicase (RdRp; POL). The RdRp had highest identity with a replicase from ‘tymo-‘ and ‘potex-

like’ viruses, like allexivirus [garlic virus X (GVX), 23%], tymovirus [turnip yellow mocaic virus 

(TYMV), 23%], potexvirus [strawberry mild yeloow edge-associated virus (SMYEV), 22%], and a 

vitivirus [grapevine virus B (GVB), 22%]. Phylogenetic analysis of this RdRp region showed that BVF 

clustered with ‘potex-like’ viruses. 

 

ORF2 contains conserved areas that have been associated with a ‘putative salt bridge/hydrophobic core 

in filamentous ssRNA plant viruses (Dolja et al., 1991). And although BVF shows high amino acid 

identity to a trichovirus and a vitivirus, the RNA sequence encoding the putative coat protein of BVF 

was high in cytosine and would suggest a closer relationship to potexviruses. This area of the genome is 

unusual because it has a long C-terminal region not found in plant potexviruses, 139 bp in comparison to 

an average 54 bp for the same region of closely related viruses. 

 

Interestingly, BVF’s genome also seems to produce a defective RNA (D-RNA) species encoding for a 

putative protein, which contains the first 84 amino acids of ORF1 and the last 52 amino acids of ORF2. 

It was postulated an internal deletion event during replication might have resulted in the fusion of these 

two parts. White et al. (1992) suggested that such D-RNA’s might be essential for RNA stability. 

Furthermore, there seems to a parallelism between the presence of an overlapping protein lacking an 

AUG initiation codon (instead of having a movement protein) and a similar genetic arrangement/amino 

acid content (proline-rich) in a marafivirus OBDV, which is also restricted to intracellular tissues 

(Edwards et al., 1997). 

 

In comparison to other plant potexviruses and tymoviruses BVF’s main difference is the absence a 

movement protein either as a single peptide or triple gene block. Due to this distinctiveness from other 

viruses it was assigned to the new created genus Mycoflexivirus, where it was chosen as the genus’s type 

virus (Taxonomic proposal to the ICTV Executive Committee by Adams&Kreuze, 2009b). 
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Botrytis virus X 

 

In contrast to BVF, the genome of BVX contains 5 ORFs (Fig. 13). ORF1 of BVX includes the essential 

sequences encoding methyl transferase (MTR), helicase (HEL), and RNA-dependent RNA replicase 

(POL). 

 

 

 

 

 

 

 

 

Figure 13: Genome organisation of BVX (Howitt et al., 2006). 

 

Similar to BVF, BVX, also aligns with replicase peptides from the ‘tymo-’ and ‘potex-like’ viruses: 

allexivirus (garlic virus A [GarV-A], 49%) and potexvirus (cymbidium mosaic virus [CymMV], 36%). 

When comparing this RdRp area, BVX was closest related to allexivrius within the 

Allexivirus/Potexvirus genera. Remarkably, the RdRp region of BVX and the same region in GarV-A 

show a high amino acid identity of 73%. This is greater than in any previously reported example of 

sequence homology between plant and fungal viruses. Two reasons were proposed: Either there might 

have been a recent branching-off of the two viruses, or recombination with other viruses infecting 

Botrytis took place. 

 

ORF2, 4 and 5 do not show any significant homology when compared with other nucleotide and amino 

acid sequences. This might be due to the lack of comparable sequence data, or these genes might have 

been arisen de novo by overprinting or were acquired by the host. 

Similar to BVF, BVX’s putative coat protein gene (ORF3) clusters with the genera Allexivirus. The 

most interesting feature of ORF3 is the C-terminal with 189 amino acids encoding a 20 kDa protein 

(p20). P20 is most similar to the coat proteins of ‘potex-like’ viruses: Potexvirus (CymMV, 35%), 

Allexivirus (garlic virus X [GarV-X], 34%) and Carlavirus (garlic latent virus [GarLV], 34%).  

 

BVX also has an area, which was associated with a putative salt bridge/hydrophobic core found in 

flexuous ssRNA plant viruses, but was most similar to CymMV (65%). BVX also has a unique genome 

layout which is significantly different from ‘tymo-’and ‘potexlike’viruses and also from BVF. 

Therefore, it was assigned to the new genus Botrexvirus, as a type virus of that group (Adams&Kreuze, 

2009a). 
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Comparison of BVF and BVX 

 

Although both viruses are morphologically similar and their genome size is very similar, they have 

distinct genome structures and differ markedly in both replicase and coat protein genes. Comparing the 

replicase genes reveals that BVX is much more closely related to allexiviruses than is BVF (73% in 

contrast to 40 %). Similar differences are also seen when looking at the conserved putative salt bridge 

region: BVX clusters with the ‘potex/carla’ lineage while BVF is clustering with ‘capillo’ lineages.  

 

Despite the differences in their replicase and coat protein genes it is very intriguing that their base 

composition and their high content of cytosine, followed by adenine, are quite similar. Howitt et al. 

hypothised that similar base composition might be imputable to the fungal host, although it is not known 

what kind of interaction exists between the fungus and these viruses. Another very obvious similarity 

between BVX and BVF is the absence of a movement protein which is presumably not required for 

movement in a coenocytic (without septa) host like Botrytis with no serious movement barriers, like 

plasmodesmata in plants. 

 

As both viruses are closely related to pant viruses this raised the possibility of these viruses, or their 

RNA, was transmitted from dying/lysing plant cells to the fungal mycelia during the very intimate 

infection phase. Allium species, which are hosts of many Botrytis species, are hosts to many ‘potex-like’ 

viruses and could have been a virus donor to infecting fungi. Reports of genetic transfers between plants 

and fungi, including a report from Wostemeyer (1997), found a high molecular-weight DNA transmitted 

to fungi (Plasmodiophora brassicae and Aspergillus niger). Based on high sequence similarities 

between the ‘RdRp-like’ domains in the mitochondrial genome of Arabidopsis thaliana and Vicia faba, 

and mycoviruses from Rhizoctonia solani Marienfeld et al. (1997) suggested that mycoviruses may be 

able to bridge the gap between fungi and plants. Furthermore, plant invading fungi seem to manipulate 

the cell to cell signaling and the shape of the plasmodesmata of the plant (Kankanala et al., 2007) in 

order to ensure their own cell to cell movement. Hence it seems feasible that viral RNA could be 

transmitted to the plant during those processes. More research needs to be undertaken in order to 

confirm the results and elucidate the mechanisms behind it. 
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1.4 Research aims 
 

Mycoviruses are common in filamentous fungi, yet not much is known about their effect on the fungal 

host. Understanding the virus-fungal relationship is crucial in order to determine the ecological 

significance of mycoviruses as well as their potential as biological control agents. In order to study the 

interaction between mycoviruses and fungi, Botrytis cinerea and its mycoviruses BVX and BVF were 

chosen due to the economic importance of B. cinerea in agriculture and the fact that genomes of BVX 

and BVF had been fully sequenced. In order to achieve this, the PhD project consisted of three main 

objectives: 

 

 

I. Development of tools for studying virus-fungi-interactions at both the cellular and 

molecular level using the available sequence data from BVF and BVX 

 

II. Investigating the movement and replication of mycoviruses (BVX) in B. cinerea  

 

III. Determination of the effects of BVX and BVF on the phenotype, virulence and 

metabolism of B. cinerea  

 



 

Chapter 2 

 

 

 

 

Material and Methods 
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2. Material and methods 
 

This chapter describes general materials and methodology used in the thesis. Methods specifically 

developed or adapted for certain experiments are described in their respective chapters. 

 

In order to investigate different aspects of virus-fungal interactions a wide range of methods were 

utilised. Besides standard laboratory methods such as culturing of fungi or bacteria, the majority 

consisted of molecular methods in combination with microscopy and other protocols, e.g. virus 

purification. 

 

 

2.1. Fungal isolates and plant material 

 

All original fungal isolates used in this study were provided by Dr. Ross Beever (Landcare Research 

Ltd, Auckland, New Zealand) and are summarised in Table 4a.  

 

Table 4a: Botrytis cinerea isolates used in this study. 

ICMP # / Isolate ID # Plant host NZ location / year of isolation BVF / BVF / dsRNA 

12259 / RH 106-10 Fragaria Auckland / 1994 BVF / BVX / neg 

16611 / REB 655-1 Fragaria Auckland / unkown neg. / BVX / neg. 

- / RH 106-18 Fragaria Massey / 1994 BVF/ neg. / dsRNA 

16620 / REB 695-1 Vitis Auckland / unknown neg. / neg. / neg. 

- / RH 106-5 Fragaria Massey / 1994 neg. / neg. / dsRNA 

10934 / B05.10, (haploid 

derivative of isolate SAS56
1
) 

Vitis Italy / ~1987 (SAS56) neg. / neg. / neg.
2
 

 

 

Botrytis cinerea clones created by virus transfection are listed in Table 4b (details are described in  

Chap. 5.2.4 and 6.2.4). 

  

                                                           
1 Faretra et al., 1988 
2 Pers. comm. Andy Bailey (University of Bristol, Bristol, UK) 
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Table 4b: Botrytis cinerea clones created by virus transfection with BVX, BVF and BVX+BVF (see 

Chap. 5.2.4). 

Clone ID #
3
 

Donor Isolate ID #  

(Tab. 4a) 

Donor virus 

content 

D655.1, D655.2, D655.3, D655.4, D655.11 REB655-1 BVX 

D10.4, D10.5, D10.6, D10.7, D10.8, D10.9 RH106-10 BVX+BVF 

D18.3, D18.3b, D18.5, D18.6, D18.6b, D18.7, D18.8, 

D18.8b, D18.11, D18.12, D18.14, D18.15 
RH106-18 BVF 

 

Plant material used for pathogenicity assays were either Malus domestica cv. ‘Pacific Rose’ (apple) or 

detached leaves of Phaseolus vulgaris (common bean).  

 

 

2.2 Culturing conditions of Botrytis cinerea isolates 

 

All fungal cultures were maintained on 3 % malt extract agar (Oxoid, Adelaide, Australia) at 23 ºC 

under a diurnal light regime (12 hrs photoperiod) and subcultured onto fresh plates every two weeks.  

 

During experiments fungi were cultured on with 1.5 % agar (w/v, Invitrogen, Carlsbad, CA, USA) 

containing Vogel's Medium N salts’ (Vogel, 1956) supplemented, with 0.5 % sucrose (Sigma-Aldrich, 

Sant Louis, USA), and 0.5 % yeast extract (w/v, Difco, Lawrence, KA, USA). The recipe for ‘Vogel's 

Medium N salts’ (V’s medium) is attached in Appendix A.1. Both malt extract and Vogel's medium 

were used for broth cultures for mass production of mycelia, either for subsequent virus purifications or 

to measure biomass yields. Depending on the amount of mycelia needed up to 1 L broth was inoculated 

with spores to a final of concentration of ~ 10
6
 spores per ml, incubated on an orbital shaker at 20 ºC 

(180 rpm) and harvested after two days.  

 

For short term storage (up to six month) agar plate cultures were kept at 4 °C. For longer periods than 

six month, a ‘silica gel’ storage method was used (Perkins, 1977). Under sterile conditions, an ice cold 

20 % milk powder solution was used to suspend Botrytis spores on a fully overgrown agar plate. The 

milk solution containing the Botrytis spores was then applied onto dry, ice-cold silica gel crystals, which 

were kept in glass tubes enclosed by cotton bungs and sealed with Parafilm
®
 (Pechiney Plastic 

Packaging Company, Chicago, IL, USA). The glass tubes were stored at 4 °C under dry conditions. 

Under these conditions tubes can be stored for at least 20 years (pers. comm. Ross Beever).  

                                                           
3
 Nomenclature is descripted in Chapter 6.2.4 
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2.3 Molecular protocols 

 

2.3.1 DNA and RNA extraction 

 

RNA extraction from Botrytis cultures 

 

Reliable and reproducible isolation of viral RNA from Botrytis cultures was considered an important 

factor in this study. Therefore a wide range RNA extraction methods were evaluated in order to find the 

most efficient and reliable technique (Chap. 3.2.2.2). The following protocol represents the overall best 

method identified. 

 

Total RNA was extracted from either spores or mycelium using a TRIzol-based method as follows: Each 

reaction contained either 10
7
 spores or 20 - 50 mg of tissue (either from agar plate or broth culture). 

Before cell disruption samples were frozen at -80°C for at least 2 hours. A 5 mm stainless steel ball was 

added to each of the sample tubes, which were then placed in a pre-cooled tube holder of a TissueLyser 

II (Retsch QIAGEN, Haan, Germany) and shaken for 1 min (power setting 3). After cell disruption 500 

µl of cold TRIzol (Invitrogen) was added, the samples incubated at room temperature (RT) for 5 min 

and centrifuged for 5 min at 13,200 rpm in a bench top centrifuge (Eppendorf, Hamburg, Germany). The 

supernatant was transferred to a new reaction tube, 250 µl chloroform added, followed by incubation for 

5 min at RT and centrifugation for 10 min at 13,200 rpm. The upper aqueous phase was transferred to a 

new reaction tube, mixed with 250 µl isopropanol and incubated for 15 min at RT. The precipitated 

RNA was pelleted by centrifugation at 13,200 rpm for 10 min and the supernatant was discarded. The 

pellet was washed with 75 % RNase free ethanol, centrifuged for 15 min at 8,000 rpm, the ethanol 

discarded and the pellet air dried for 15 min and resuspended in 50 µl RNase free water. 
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DNA isolation from Botrytis spores 

 

The protocol used was adapted from a ‘user-developed protocol’ published by Qiagen (Isolation of 

plasmid DNA from yeast using the QIAGEN
®
 Plasmid Midi Kit, 2001): Each reaction contained 

10
7
 spores resuspended in 150 µl lysis buffer (1 M sorbitol, 0.1 M NaAc, 60 mM EDTA, 10 mg/ml 

zymolase enzyme, and 10 µl/ml ß-mercaptoethanol, pH adjusted to 7.0) and incubated for 1 hour at 

37 ºC. Spheroplasts were spun down at 6000 g for 5 min, resuspended in 250 µl P1 buffer (QIAGEN
®
 

Plasmid Midi Kit) and incubated for 15 min at 37 ºC. Then 250 µl of P2 buffer (QIAGEN
®
 Plasmid 

Midi Kit) were added to the tube and mixed gently before incubating for 10 min at 65 ºC. Afterwards 

500 µl of 3M potassium acetate buffer (pH 5.5) was added and mixed immediately to avoid localized 

SDS precipitation and incubated for another 10 min at RT. The remaining steps followed the 

manufacturers recommended protocol (QIAGEN
®
 Plasmid Midi Kit, Hilden, Germany). 

 

Plasmid DNA isolation from Escherichia coli 

 

Plasmid DNA from E. coli cells was extracted using either QIAGEN
® 

Plasmid Miniprep, Midiprep or 

MaxiPrep Kit (Hilden, Germany), depending on the amount of plasmid needed. The protocols followed 

the manufacturer’s recommendations. 
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2.3.2 PCR reactions and primer design 

 

PCR techniques were routinely used for detection of viral RNA and host DNA, including real-time PCR 

(rt-PCR) for the detection of very low virus titers and measuring relative expression ratios.  

 

 

2.3.2.1 Primer design 

 

The primer pairs used in this thesis and their application/targets are listed in Table 5. Primers were 

designed by selecting appropriate areas for amplification (conserved genome area, and G and C in start 

and end of the primer sequence, if possible), using the program Oligo Analyzer 1.0.2 (Kuulasmaa, 2002) 

for ∆G calculation (strength of primer dimer binding) and the ‘Biomath Calculator’ 

(http://www.promega.com/biomath/calc11.htm) for annealing temperature estimation. In addition, rt-

PCR primer pairs (BVX F3/R3 and BVF F5/R5) had to fulfill the following criteria:  

Amplicon size between 70-200 bp; Primer length between 19-24 nt; Annealing temperature of ~ 60-68 

°C); GC content between 40-60 %; Weak or no self-annealing and / or dimer formation. NAD F/R1 and 

TUB F/R1 were used for relative quantification of BVX and BVF amplicons. 

 

Table 5: Primer design used for general screening. 

Application Primer 

pair 

Forward and Reverse primer (5’>3’) Amplicon 

Size 
    

Detection of BVX / Real-

time PCR 

 

BVX F3 

BVXR3 

GCCTCCACTGCACTGATGTACTC 

CGGGTAACATGAACCTTGTCTGGG 
121 bp 

Detection of BVF / Real-

time PCR 

 

BVF F5 

BVF R5 

CGCTTCGCCACGTTCGACATTG 

CGGTCATGCAGTTGTTGTTCCAGG 
85 bp 

Reference gene / relative 

Real-time PCR  

 

NAD F1 

NAD R1
4
 

GGAAAGAATACGAAGAAGCCCTTGG 

GCATGTTCCTTGAGACGGTGCTG 
100 bp 

Reference gene / relative 

Real-time PCR  

 

TUB F1 

TUB R1
5
 

CGTCTACTTCAACGAGGCTTCTG 

CGGGACGGAAGAGTTGACCG 
120 bp 

 

The evaluation of reference genes is described in Chapter 3.2.3.1. 

 

 

                                                           
4
 cpr1 gene (Botrytis cinerea cpr1 gene for NADPH cytochrome P450 oxidoreductase, exons 1-3; GenBank reference no. 

AJ609393.1) 
5 β-tubulin gene (Botryotinia fuckeliana B05.10 tubulin beta chain (BC1G_00122) partial mRNA; NCBI reference sequence: 

XM_001560987.1) 
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2.3.2.2 General gel electrophoresis procedure  

 

PCR products (200 - 1000 bp) were mixed 5:1 with loading dye (Tab. 5) and loaded into a 1 % agarose 

gel prepared in 0.5x Tris/Borate/EDTA (TBE) buffer (Tab. 6), and run at 85 V for about 30 min. 

 

Table 6: General gel electrophoresis reagents. 

General gel electrophoresis reagents 

 

1x TBE buffer 

 

40 mM Tris-base, 20 mM Boric acid, 1 mM Na2EDTA (pH 8.0) 

PCR loading dye 30% Glycerol, 1x TBE, 2% Ficoll-400, 0.25% Xylene cyanol,  

0.25% Bromophenol blue 

UltraPure
TM

 agarose (Invitrogen), ethidium bromide (Sigma-Aldrich) 

 

Gels were stained in ethidium bromide (0.5 µg/ml) for at least 20 min. Amplified fragments were 

visualised by placing the gel under ultra violet (UV) light in a Bio-Rad Gel Doc imaging system 

(BioRad, Milan, Italy) and digital images were recorded using Quantity One software (Bio-Rad version 

4.5.1). 

 

 

2.3.2.3 Screening for presence of plasmid-DNA inserts 

 

For screening of the presence of plasmid-DNA sequence, the following reaction mixture and program 

was used: A 25 µl master mix contained 2.5 μl 1X PCR buffer, 2.5 mM MgCl2, 0.24 mM dNTPs, 

0.24 pmol forward primer, 0.24 pmol reverse primer, 3 Weiss Units of AmpliTaq
®
 (Applied Biosystems, 

Foster City, CA, USA), and 50-200 µg of template DNA, DNase free water to 25 µl volume. The 

amplification program consisted of 2 min at 94 °C (denaturation), followed by 35 cycles of 15 sec at 94 

°C, 30 sec at 55 °C (annealing), and 35 sec at 72 °C (extension), and a final extension step for 3 min at 

72°C. The success of the PCR reaction was analysed by gel electrophoresis. 

 

 

2.3.2.4 Detection of viral RNA by reverse transcription PCR and real-time PCR 

 

Viral RNA (BVF and BVX) was routinely detected by one-step reverse transcription PCR (RT-PCR) 

and rt-PCR using virus specific primers (Tab. 5).  

 

For reverse transcription (RT)-PCR a 20 µl reaction and the ‘SuperScript
®
 One-Step RT-PCR kit with 

Platinum
®
 Taq’ (Invitrogen) was used according to the manufacturer’s protocol. The 20 µl reaction mix 

contained: 10 μl 2X Reaction Mix (a buffer containing 0.4 mM of each dNTP, 3.2 mM MgSO4), 
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0.25 pmol forward primer, 0.25 pmol reverse primer, 50 U Superscript III RT/1.25 U Platinum Taq mix, 

1 µl RNA template, and water to volume.  

 

For real time (rt)-PCR the ‘SuperScript
®
 III Platinum

®
 SYBR

®
 Green One-Step qRT-PCR Kit’ 

(Invitrogen) was used in a 10 µl reaction containing 5 μl 2X SYBR
®
 Green Reaction Mix (includes 

0.4 mM of each dNTP and 6 mM MgSO4), 0.25 pmol forward primer, 0.25 pmol reverse primer, 

50 U Superscript III RT/1.25 U Platinum Taq mix, 1 µl RNA template, and water to volume. To 

decrease contamination risks forward and reverse primers were mixed together prior to adding them to 

the master mix. The amplification program for both types of PCR followed the same temperature 

sequence: 3 min at 55 °C (reverse transcription), 2 min at 94°C, followed by 35 cycles of 10 sec at 94 

°C, 30 sec at 64 °C (annealing and extension). A final extension step followed if used as RT-PCR, a 

dissociation cycle (15 sec at 95°C; 15 sec at 60 °C; 15 sec at 95 °C) followed if used as rt-PCR program. 

 

Rt-PCR runs were programmed and run using the SDS 2.4 (Applied Biosystems, Foster City, CA, USA) 

software and an ABI 7900HT (Applied Biosystems) rt-PCR machine. The real-time data (Ct values and 

Delta Rn) were exported to the program LinRegPCR 7.2 (Ramakers et al., 2002) to calculate PCR 

efficiencies from the Delta Rn raw data sets. Data with PCR efficiencies below 1.6 or above 2.0 were 

excluded from further analysis. As described by Pfaffl (2001) it is very important to include PCR 

efficiencies when calculating gene expression values because of greater reliability and exactness than 

the often used ‘delta-delta’-method. Therefore the following equation (1) would have been applied if 

only one reference gene was used: 

 

 

                                                              

 

(Abbreviations: E = PCR efficiency; ref = PCR efficiency of gene expressed under ‘normal’ conditions; 

target = PCR efficiency of gene expressed under experimental conditions; control = Ct value of 

housekeeping gene (expressed under ‘normal’ or experimental conditions); sample = Ct value of 

‘impacted’ sample gene (expressed under ‘normal’ or experimental conditions)) 

 

 

In this study, two control or housekeeping genes were used: (a) β-tubulin gene (Botryotinia fuckeliana 

B05.10 tubulin beta chain (BC1G_00122) partial mRNA; NCBI reference sequence: XM_001560987.1) 

amplified with primer pair TUB F/R1; and (b) cpr1 gene (Botrytis cinerea cpr1 gene for NADPH 

cytochrome P450 oxidoreductase, exons 1-3; GenBank reference no. AJ609393.1) – amplified with 

Relative expression ratio (RER) = (Paffl, 2001)   (1) 
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primer pair NAD F/R1. In order to average the results of the two housekeeping genes the following 

equation (formula 2) was used: 

 

                             

 

 

 

The averaging of the two control genes reduces variance between replicates and makes interpretation of 

RER results easier. 

 

 

  

RERTUB/NAD  =                                                                

 

 

RERTUB/NAD  = REtarget/REreference = RERMIX 

(Pfaffl et al., 2004)   (2) 
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2.3.3 Cloning of DNA fragments 

 

Cloning is a very powerful tool for analysing DNA fragments (e.g. sequence, size or restriction sites) 

and/or for construction of various kinds of vectors (e.g. for expression, knock out, transcription into 

RNA). Within this thesis, cloning was mainly used for amplification, sequencing and gene expression 

purposes. 

 

Preparation of DNA fragments 

 

Before cloning a DNA fragment into a cloning vector the target DNA was amplified by PCR and 

resolved by gel electrophoresis. For cloning purposes, Tris-base/acetic acid/EDTA (TAE) buffer 

containing crystal violet (Sigma-Aldrich) was used (Tab. 7) allowing the visualization of bands on a 

light box without using UV light, thus reducing the risk of damaging the DNA structure.  

 

Table 7: Crystal violet gels. 

Crystal violet gels 

1x TAE buffer 40 mM Tris-base, 20 mM Glacial acetic acid, 1 mM Na2EDTA (pH 8.0) 

Crystal violet 5 µg per ml, or 2 mM 

Crystal violet loading dye 100 µg/ml Crystal violet, 1 mM EDTA, 2% Ficoll-400, 30% Glycerol 

 

The visualised DNA band was excised with a sharp scalpel and purified using ‘QIAquick Gel Extraction 

Kit’ (QIAGEN) according to the manufacturer’s protocol. The concentration of purified DNA was 

measured using a NanoDrop 2000 spectrophometer (Wilmington, DE, USA). 

 

 

2.3.3.1 Ligations and digests 

 

For sequencing purposes, the amplified DNA was ligated into a pGEM
®
-T Easy Vector system 

(Promega, Madison, WI, USA). The ligation reaction contained 5 µl 2x Rapid ligation buffer, 

50 ng pGEM-T Easy vector, 3 Weiss units T4 ligase, and 4 µl insert. The reaction was incubated 

overnight at 4 °C. Molarity of the insert was calculated by using an online ‘ligation calculator’: 

http://www.insilico.uni-duesseldorf.de/Lig_Input.html. The ligation mixture was incubated over night at 

4 °C. The next day the ligated plasmid was transformed into competent E. coli DHα5 cells (Invitrogen).  

 

 

  

http://www.insilico.uni-duesseldorf.de/Lig_Input.html
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2.3.4 Transformation of Escherichia coli DHα5 cells 

 

After ligation, E. coli DHα5 cells were transformed as follows: 30 µl of competent E. coli DHα5 cells 

were mixed with 5 µl of ligation reaction and kept on ice for 20 min. The cells were then heat shocked at 

42 °C for 45 sec, mixed with 250 µl of SOC media (0.5% Yeast Extract (w/v), 2% Tryptone (w/v), 

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM Glucose) and placed on ice again 

for 2 min. The cell culture was then shaken for 1-2 hours at 37 °C and plated (100 µl per plate) onto agar 

plates containing 0.4 mM ampicillin, 0.05 mM bromo-chloro-indolyl-galactopyranoside (X-Gal) 

solution, and 0.1 mM Isopropyl-β-D-1-thiogalactoside (IPTG). Plates were then incubated overnight 

(~16 hrs) at 37 °C. The next day cells containing plasmids were selected by blue-white screening and 

individual colonies were transferred into 5 ml of Luria-Bertani (LB, 10 % Tryptone (w/v), 5 % yeast 

extract (w/v), 172 mM NaCl, pH 7.0) medium supplemented with 0.4 mM ampicillin. The 5 ml cultures 

were incubated overnight and tested for presence of DNA insert by PCR. Positive cultures were used for 

DNA extraction and sequencing. If plasmids were needed at a later stage glycerol stocks were made by 

mixing 75 µl of liquid culture with 75 µl of 50 % glycerol and storing these at -80 °C. 
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2.4 Partial virus purification 

 

The fungal mycelium and associated spores were harvested from a 2 days old liquid culture by 

centrifugation (10,000 g for 20 min). The pellet was washed once in distilled water and vacuum filtered 

through a Whatman
®
 filter paper (grade #1, 9.0 cm). The filter cake was either used immediately or 

stored at -20°C until required. Virus particles were partially purified as described by Howitt et al. (1995) 

with minor modifications. Five grams of mycelium was ground to a fine powder in liquid nitrogen using 

a mortar and pestle, 10 ml of ice-cold 0.1 M phosphate buffer pH 7.0 (App. A.2) was added and the 

mixture transferred to a 50 ml centrifuge tube. The homogenate was mixed with 0.5 vol chloroform, 

shaken at 130 rpm for 20 min on an orbital shaker, and then centrifuged at 10,000 rpm for 30 min at 

4°C. The upper aqueous phase was transferred to a 15 ml centrifuge tube, mixed with 0.02 w/v NaCl and 

0.12 w/v PEG6000 and shaken in an ice bath at 130 rpm for 1 hr. The mixture was then centrifuged at 

10,000 rpm for 20 min at 4 °C and the supernatant discarded (P1). The pellet was resuspended in 500 µl 

of ice-cold 20 mM phosphate buffer, pH 7.0 using a glass rod to mix the pellet into a paste before adding 

a further 15 ml of 20 mM phosphate buffer and storing in the fridge overnight. After centrifugation at 

6000 g for 10 min (clarification) the supernatant (P2) was made up to 10 ml with 20 mM phosphate 

buffer and ultra-centrifuged at 120,000 g at 4 °C for 2 hrs. The pellet was resuspended in 500 µl 20 mM 

phosphate buffer (P3), transferred to a 1.5 ml Eppendorf tube and stored overnight at 4°C. The 

suspension was centrifuged at 10,000 g for 5 min, and the supernatant retained. Samples were used 

directly or stored at 4°C until examined by electron microscopy or used for antigen coated plate-

enzyme-linked immune-sorbent assay (ACP-ELISA). 

 



 

Chapter 3 
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3. Virus detection and quantification using real time-PCR 
 

3.1 Introduction 
 

Studying viral infections relies on methods for detection and quantification of the virus(es) being 

investigated (Watzinger et al., 2006). For BVX and BVF the entire genomes were sequenced by Howitt 

et al. (2001, 2006) and provided the basis for the development of a one-step real-time (rt) (reverse 

transcription)-PCR (rt-PCR) of BVX and BVF, for absolute as well as for relative quantification.  

For quantification as well as for detection the RNA templates of both (BVX and BVF) positive single-

stranded RNA (+ssRNA) viruses are reverse transcribed into cDNA prior to PCR amplification. 

Currently available methods, which both detect and quantify cDNA amplicons are quantitative real time-

PCR (qrt-PCR) and flow cytometry. Generally rt-PCR techniques are either based on the usage of the 

fluorescent dye ‘SYBR Green 1’ or fluorescently labeled TaqMan
®
 probes. While SYBR Green is 

incorporated into amplified double-stranded DNA (dsDNA), TaqMan technology uses specially 

designed probes, which only bind to the target ssDNA. TaqMan generally has higher specificity and can 

also be multiplexed while SYBR Green based rt-PCR requires less initial preparation time and can be up 

to 10 times faster (Bookout et al., 2003), and is significantly less expensive. For BVX and BVF SYBR 

Green based rt-PCR has proven to be quick, sensitive and sufficient for quantification of BVX and BVF 

RNA templates. 
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Principle of real time-PCR using SYBR Green 1 

 

SYBR Green 1 is a cyanine dye and binds to double stranded DNA (dsDNA), which is produced during 

rt-PCR. The basic principle is: The more dsDNA fragments (each holding a finite amount of dye per 

fragment) are produced, the higher the emission of fluorescent light during template amplification. 

During amplification of target genes the fluorescent light is being detected by the real-time PCR 

machine. The number of cycles required for the fluorescence to reach certain threshold intensity is the 

threshold cycle (Ct) value (Fig. 14). The Ct value is used to calculate either absolute or relative 

expression values (RE), which are used for calculating relative expression ratios (RERs) (Chap. 2.3.2.4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Example of amplification curves of two target genes (gene1, gene2). 
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3.2 Development of real-time PCR systems for BVX and BVF 

 

The development of a real time PCR system for BVX and BVF is divided into two parts:  

         A)  Absolute quantification of BVX copy numbers using an external cRNA standard, and  

         B)  Relative quantification of BVX and BVF using Botrytis housekeeping genes as internal  

                reference 

Qrt-PCR was used to determine the efficiency of several different RNA extraction techniques and 

relative rt-PCR was used to monitor BVX and BVF titres in Botrytis cultures. 

 

3.2.1 Primer design 

 

As described in Chapter 2.3.2.1 primer pairs BVX F/R3 and BVF F/R5 were used for detection as well 

as for relative quantification. BVX F/R3 was also used for absolute quantification. 

For relative quantification three Botrytis housekeeping genes (Tab. 8) were evaluated for use as 

reference genes (Chap. 3.2.3.1).  

 

Table 8: Primer design for Botrytis housekeeping genes.

                                                             
1 actA gene (Botrytis fuckeliana actA gene for actin; GenBank reference number: AJ000335.1) 
2 cpr1 gene (Botrytis cinerea cpr1 gene for NADPH cytochrome P450 oxidoreductase, exons 1-3; GenBank reference no. 

AJ609393.1) 
3 tubA gene (Botryotinia fuckeliana B05.10 tubulin beta chain (BC1G_00122) partial mRNA; NCBI reference sequence: 

XM_001560987.1) 

Primer 

pair name 

Template location/ 

size/NCBI/GenBank # 
Sequence (5’ – 3’) 

Size /  

Basic Tm 

ACT F1 

ACT R1
1
 

701-854/72 bp 

(intron: 711-795)/ 

AJ000335.1 

CGTCATCATGGTATTATGATTGGTATGG 

TGGAGATGAAGCGCAATCCAAGCG 

28 bp / 57 °C 

24 bp / 59 °C 

NAD F1 

NAD R1
2
 

2036-2199/100 bp 

(intron: 2040-2099)/ 

AJ609393.1 

GGAAAGAATACGAAGAAGCCCTTGG 

GCATGTTCCTTGAGACGGTGCTG 

25 bp / 59 °C 

23 bp / 59 °C 

TUB F1 

TUB R1
3
 

1401 – 1573/120 bp 

(intron: 1416-1470 bp)/ 

Z69263.1 

CGTCTACTTCAACGAGGCTTCTG 

CGGGACGGAAGAGTTGACCG 

23 bp / 57 °C 

20 bp / 58 °C 
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Reaction optimisation (e.g. MgCl concentration, annealing temperature) for rt-PCR is not described 

because they did not change the initial protocol greatly. 

 

3.2.2 Absolute quantification of BVX  

 

Absolute quantification of RNA relies on the usage of serially diluted external standards, which are used 

for the construction of a standard curve (Heid et al., 1996). Generally, such absolute standard curves are 

prepared using either copy DNA or copy RNA (cRNA) templates (Wong et al., 2005). In this study a 

cRNA template was used in order to imitate the natural conditions as closely as possible and also 

because it is less time consuming (Fronhoffs et al., 2002).  

 

3.2.2.1 External standards and creation of a standard curve 

 

For production of an external standard (cRNA transcript) a dsDNA template was generated from 

nucleotides 6619-6787 of BVX RNA extracted from REB XXX. The binding of a SP6 RNA polymerase 

was facilitated by using the primer pair BVX-SP6-F1(5’-ATTTAGGTGACACTATAGAACACAACC 

ACAAGAC-3‘) / BVX-T7-R1 (5’- TAATACGACTCACTATAGGCCTGGAGTGTGAATT-3‘) with 

basic annealing temperatures of 61 °C and primer size of 34 bp and 33 bp, respectively. The reverse 

primer also contained a T7 polymerase binding site in order to transcribe antisense RNA if needed, or to 

produce double stranded RNA. 
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For cRNA transcription the MAXIscript SP6 Kit (Ambion Inc., Austin, TX, USA) was used. The 

process consists of three steps (Fig. 15):  

 

1
st
)  A double stranded DNA template was created with a SP6-RNA polymerase binding site 

2
nd)

  Single stranded +sense RNA was produced by transcription using the SP6-RNA polymerase, and 

3
rd
)  The ssRNA concentration was measured and copy number per µl was calculated (formula 3): 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Main steps of cRNA transcription using Ambion
®
MAXIscript. 

 

 

Copies per µl =    (Fronhoffs et al., 2002)        (3) 

(Abbreviations: ccRNA represents concentration of cRNA produced, MW = molecular weight; average 

MW of one ribonucleotide= 340 g/mol; BVX SP6/T7 template size = 171 bp) 

 

After the cRNA was produced, a standard curve was created by using a dilution series of cRNA 

transcripts ranging between 1.8·10
1
 and 1.8·10

10
. It was found that most total RNA extracts from 

Botrytis spores had RNA concentrations between 10
4
 and 10

8
 (Fig. 16). 
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Figure 16: Example of a standard curve using cRNA transcripts (BVX RNA template) in 

concentrations ranging from 1.8·10
4
 to 1.8·10

8
. Black dots=cRNA standards. Crosses=Extracted 

RNA from spores of isolate REB655-1. 

 

Figure 16 shows that a precise and linear relationship (R
2
=0.99) between threshold cycles and the log of 

the initial copy number was achieved using serially diluted BVX copy RNA transcripts. 

 

The developed qrt-PCR system was used to evaluate different RNA extraction methods and is described 

in the following subchapter.  
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3.2.2.2 Evaluation of RNA extraction techniques using absolute qrt-PCR 

 

The absolute qrt-PCR system was used to compare the efficiency of various RNA extraction techniques 

to determine the level of consistency and sensitivity when detecting and quantifying BVX. The RNA 

extraction step influences the quality (purity and intactness) of the RNA and quantity of the RNA, as 

well as the PCR performance and efficiency, and therefore has a great impact on the accuracy of the 

results.  

 

Within this study (Boine et al., 2007) ten different RNA extraction protocols were evaluated using 

different combinations of type of fungal material (3 day liquid mycelial culture; spore suspensions from 

10 days agar plates), RNA extraction kit (RNeasy Mini Kit, Qiagen; TRIZOL, Invitrogen; and YeaStar 

RNA Kit
TM

, Zymo research, San Diego, CA, USA), and cell disruption technique (grinding in liquid 

nitrogen, beating with silica beads, cell lysis with Zymolase).  

 

Table 9 summarises all selected protocols. The first 8 methods (M1 until M8) used 10
6
 spores as a RNA 

source, while methods M9 and M10 used 100 mg (fresh weight) of fungal tissue harvested from a three 

days liquid culture.  
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Table 9: RNA extraction protocols compared for quantity and quality of RNA. 

M# Source Disruption RNA extraction Description 

1 

 

Beating
4
 RNeasy

®
 Mini Kit 

60 s beating,  

RNeasy
®
 Mini Kit

5
 

2 
Zymolase/ 

Vortexing 

RNeasy
®
 Mini Kit 

YeaStar RNA Kit
TM 

60 min incubation with Zymolase,  

40 s vortexing with beads,  

RNeasy
®
 Mini Kit protocol

6
 

3 
Zymolase/ 

Beating
7
 

RNeasy
®
 Mini Kit 

YeaStar RNA Kit
TM 

60 min incubation with Zymolase, 

20 s beating, 

RNeasy
®
 Mini Kit protocol

9
 

4 
Zymolase/ 

Vortexing 
YeaStar RNA Kit

TM 

60 min incubation with Zymolase, 40 s 

vortexing with beads,  

YeaStar RNA Kit
TM 

protocol 

5 
Zymolase/ 

Beating
7
 

YeaStar RNA Kit
TM 

60 min incubation with Zymolase, 20 s 

beating,  

YeaStar RNA Kit
TM 

protocol 

6 Beating
7
 TRIZOL

® 40 s beating with TRIZOL buffer, 

Invitrogen protocol 

7 
Zymolase/ 

no beating 
YeaStar RNA Kit

TM 60 min incubation with Zymolase 

YeaStar RNA Kit
TM

 protocol 

8 
Zymolase/ 

no beating 

RNeasy
®
 Mini Kit 

YeaStar RNA Kit
TM 

60 min incubation with Zymolase 

RNeasy
®
 Mini Kit protocol

9
 

9 
 

Liquid 

Nitrogen 
TRIZOL

® 3 days liquid culture  

Invitrogen protocol 

10 
Liquid 

Nitrogen 
RNeasy

®
 Mini Kit 

3 days liquid culture,  

RNeasy
®
 Mini Kit protocol

7
 

                                                             
4 Bead beating: - Beads (Zirconia/Silica), caps and vials were purchased by BioSpec Products (Inc, DainTree, 

Scientific PTY, Australia), bead mixture: 1:1 of 0.5 and 2.5 mm beads; total weight was 2.5 g, beater: 
BIO101/Savant FastPrep FP120; speed: 4.0 ms-1 
5 Qiagen protocol: Purification of total RNA from Yeast; mechanical disruption (1c) 
6
 RNeasy® Mini Kit-protocol for purification of total RNA from Yeast; enzymatic lysis (1b) 

7 RNeasy® Mini Kit-protocol for isolation of total RNA from plant cells and tissues and filamentous fungi 
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For protocols using disruption by bead beating, extra sturdy ‘Polypropylene Microvials’ from 

BioSpec Products (DainTree Scientific PTY,TAS, Australia) were used. All reactions using bead 

beating were cooled on ice (4 °C) prior and after each beating step. 

 

As indicated in Table 9, protcols M2, M3, and M8 used a combination of two kits: YeaStar RNA 

Kit
TM

 and RNeasy
®
Mini Kit. The YeaStar RNA Kit

TM
 was used to digest the cell wall of the spores 

resuspended in 80 µl YR digestion buffer plus 5 µl of Zymolase solution and incubated at 37 °C for 1 

hour (according YeaStar RNA Kit
TM

 protocol). Subsequently the recommended protocol of the 

RNeasy
®
Mini Kit was followed. The TRIZOL based methods (M6 and M9) followed the protocol 

describe in chapter 2.3.1 with minor modifications. M6 used Silica beads and a BIO101/Savant 

FastPrep FP120 beater instead of the TissueLyser II (Retsch QIAGEN). And M9 used grinding with 

liquid nitrogen instead of beat beating. Furthermore, two different dilutions (1:10 and 1:100) of 

extracted RNA were tested in order to detect the presence of PCR inhibitory substances.  

 

The overall performance of various RNA extraction methods was evaluated using the following 

criteria:  

 

1- RNA yield and purity using total RNA concentration of a 60 µl sample and absorbance ratio  

of A260nm/A280nm. RNA concentrations and A260nm/A280nm absorbance values were measured with a 

NanoDrop 1000 spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, USA). 

2 - BVX concentration using BVX copy number per ng total RNA 

 

3 - PCR performance and variability using PCR efficiencies and relative variability within 

replicates of BVX copy numbers (RVBVX). PCR efficiencies were determined using the program 

LinRegPCR 7.2 (Ramakers et al., 2003). 

4 - Practicality of protocols, considering time consumption, number of steps and costs per  

reaction.  

 

Each sample was tested in triplicates and all measurements were repeated three times. Standard 

deviations were calculated using the average of each sample. Furthermore, all samples of the dilutions 

1:10 and 1:100 were run twice and were combined at the end. 
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Results 

 

RNA yield and purity 

RNA yields are described by total RNA extracted from either 10
7
 spores (M1-M8) or 100 mg of 

fungal tissue (M9+M10), and RNA purity was determined using UV spectrophotometric ratios of 

A260/A280 measured for every sample. Standard deviations of the three replicates were calculated using 

the average of each sample, which was run as a triplicate. If the ratio had a value between 1.8 and 2.1 

it was considered as pure. In contrast, ratios under 1.8 indicated impurities by proteins, ratios above 

2.1 pointed to RNA degradation (Sambrook et al., 2001). Furthermore, it should be noted that 

spectrophotometric measurements using Nanodrop 1000 are not accurate below 2 ng/µl and above 

3700 ng/µl (Thermo Fisher Scientific, Application Note - NanoDrop 1000). These extremes were not 

reached within this study (Figure 17 shows total RNA of a 60 µl sample).  
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Figure 17: Evaluation of total RNA extracted from of either 10
7 

spores or 100 mg fungal tissue 

and RNA purity (absorbance ratio A260nm/A280nm). Method numbers refer to methods described 

in Table 10. 

 

As shown in Figure 17 it is very clear that the TRIZOL based protocols (M6 and M9) produced the 

highest amounts of total RNA (1.38·10
5
 ng and 1.21·10

5
 ng) paired with high RNA purity (2.07 and 

2.11). In contrast, methods M7 (spores, YeaStar RNA Kit
TM

, Zymolase, no beating) and M10 

(mycelia, RNeasy
®
 Mini Kit, grinding in liquid nitrogen) yielded the lowest amounts of total RNA 

and also had the lowest purity levels. Methods M7 and M8 which used only Zymolase (YeaStar RNA 

Kit
TM

) without an extra beating step yielded the lowest RNA concentration when using spores as a 

RNA source. Also the combination of fungal tissue ground in liquid nitrogen and the RNeasy
®
 Mini 

Kit (M10) did not result in either high quality or high quantity of RNA. Therefore M7 and M10 were 

excluded from further analysis. Method M8 (Spores, YeaStar RNA Kit
TM

, RNeasy
®
Mini Kit, 

Zymolase, no beating) gave the third lowest yield but did produce good quality RNA and was 

therefore included in the subsequently rt-PCR evaluation. Methods M1, M2, M3, M4 and M5 gave 

moderately total RNA yields (between 2.63·10
4
 and 1.71·10

4
) and relatively good purity (2.13 to 

2.22) and were also evaluated using rt-PCR. 
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Measuring BVX copy number with absolute rt-PCR 

The selected RNA extraction protocols were evaluated by measuring the BVX copy number using 

absolute rt-PCR quantification (Chap. 3.2.2). The results are shown in Figure 18, RVBVX (relative 

variation of BVX copy numbers) and PCR efficiencies are also presented to indicate the PCR 

consistency and performance of the RNA extraction methods tested. Looking at the results displayed 

in Figure 18, all methods produced consistent results. Only M6 (spores, TRIZOL, beating) produced 

more variable results for BVX copy numbers (NBVX) when using undiluted samples. And only M4 

(spores, YeaStar RNA Kit
TM

, vortexing) showed an increased variability of NBVX when using diluted 

samples. Furthermore, overall the 100 fold dilutions did not improve the yield or consistency in 

comparison to 10 fold dilutions. All PCR efficiencies were above 1.7 and therefore acceptable. M9 

(tissue, TRIZOL, liquid nitrogen) had the highest (Ø 1.83) and M2 (Spores, YeaStar RNA Kit
TM

, 

RNeasy
®
Mini Kit, Zymolase, vortexing) had the lowest (Ø 1.72) PCR efficiency while the others 

(M1, M3-M8, M10) ranged between 1.76 and 1.79. Therefore diluting the samples did not 

significantly increase PCR efficiencies. Overall M8 (spores, RNeasy
®
Mini Kit+YeaStar RNA Kit

TM
, 

no beating) was the best method with an average NBVX of 5·10
5
 per ng total RNA and RVBVX of 

NBVX between replicates of 0.24. Contrarily, M5 (spores, RNeasy
®
Mini Kit+YeaStar RNA Kit

TM
, 

beating), gave the lowest yield (1.2·10
4
 copies of BVX template) and RVBVX greatly increased in 

dilution 100 (0.8).  
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The NBVX for M1, M2, M3, and M4 were very similar but the RNA yields of M1 and M4 were 

slightly lower than for M2, M3, and also M8. These methods used a protocol combining the two 

commercial kits YeaStar RNA Kit
TM

 to lyse the spores cell wall and RNeasy
®
Mini Kit to separate the 

RNA from impurities. Looking at the methods using TRIZOL (M6 and M9), the diluted samples 

showed much higher BVX copy numbers (NBVX) than the undiluted samples indicating that PCR 

inhibiting compounds were reduced in the 10
th
 and 100

th
 dilution and led to better consistency 

amongst replicates. When calculating BVX copy number per spore (Fig. 19) using data of the 1/10 

dilution, M2, M3, M6, and M8 were most similar ranging from 2135 to 4265 NBVX per spore (Ø 3234 

per spore). Concentrations of BVX copy numbers in tissue (M9, 1/10 dilution) was 6.8·10
7
 (+/- 

2.3·10
4
) per µg. 

 

NBVX/spore 935.95 4265.18 2819.85 962.36 289.91 3291.31 2135.05 

SD 468.19 909.06 873.22 650.32 124.31 826.89 622.48 

 

 

 

 

 

 

 

 

 

Figure 19: Log of BVX copy numbers (NBVX) per spore (calculated using data of the 1:10 

dilution) and standard deviation (SD) of three replicates. 
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Practicability of protocols 

The time required the number of steps and costs per reaction were also taken into account in order to 

evaluate the practicability of the RNA extraction techniques (Tab. 10). The numbers of samples which 

can be processed simultaneously were the same (12 samples) and therefore were not factored into the 

calculations. 

 

Table 10: Time and cost considerations of evaluated RNA extraction protocols. 

Method 

number 

Time required Number  

of steps 

Cost for consumables 

(USD)* 

1 1 hr 12-13 9.81
8
 

2 1.5 hrs + 1 hr incubation 10-11 11.27
9
 

3 1.5 hrs + 1 hr incubation 10-11 11.27
12

 

4 2 hrs + 1 hr incubation 7 7.09
12

 

5 2 hrs + 1 hr incubation 7 7.09
11

 

6 2 hrs 12 4.07
11

 

7 1.5 hrs + 1 hr incubation 7 9.09 

8 1.5 hrs + 1 hr incubation 10-11 9.09 

9 2 hrs + 3 days culture 12 1.9 

10 2 hrs + 3 days culture 11-12 7.66 

* Prices were obtained in 2007. 

 

Table 10 shows that although there are differences in time consumption and number of steps, they are 

not major and would not be enough to exclude one protocol from the list. However, the prices do 

differ considerably between the TRIzol and the ‘kit’ based protocols, which were up to six times more 

expensive.  

                                                             
8 Beater required 
9 Beads+vials with caps costs USD 2.18* 
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Discussion and conclusions 

 

The evaluation and comparison of ten different RNA extraction protocols (Tab. 9) showed that 

considerably differences exist between the commercially available RNA extraction kits from 

QIAGEN, YeaStar, and Invitrogen, the disruption methods ‘beating’, ‘cell lysis’, and ‘grinding in 

liquid nitrogen’, as well as between the RNA sources spores and mycelia. 

Considering both quantity and quality of extracted RNA the TRIzol based methods produced about 

five times more RNA than the methods using kits from QIAGEN or YeaStar. This is due to the better 

cell lysis of TRIzol containing phenol and guanidine isothiocyanate (Invitrgen/TRIzol
®
reagent 

manual). However the RNA concentrations might be slightly overestimated when using TRIzol since 

there is column purification step to remove residual DNA which is also detected by the UV 

absorbance based quantification method. 

When spores were digested with Zymolase less RNA was released in comparison to protocols 

combining Zymolase digest with mechanical disruption like bead beating. This was evident from M7 

and M8, which only digested the spores with Zymolase without applying any further mechanical 

disruption and yielded 32 (M7) and 5 (M8) times less RNA compared to methods M1 to M5. The 

second lowest yield was produced by M10 (mycelia, RNeasy
®
 Mini Kit, grinding in liquid nitrogen). 

The reason for this might be that the RNeasy
®
 Mini Kit does not lyse the fungal cell compartments 

sufficiently, e.g. degeneration of membranes. In contrast to spores, virus particles in hyphal cells 

might be enclosed in membranous vesicles (Miller et al., 2008) and therefore are not as accessible as 

in spores.  

BVX copy number per ng total RNA was highest using M8 and lowest using M5. Interestingly, M4 

which only differed from M5 by vortexing instead of bead beating, produced a significantly higher 

NoBVX/ng, suggesting that beating increases RNA degradation, when samples cannot be cooled 

sufficiently. Although samples were cooled before and after beating, the tube holder could not be pre-

cooled and samples might have reached temperatures above room temperature. In later experiments, 

this was prevented by using the TissueLyser II (Retsch QIAGEN), which allows the usage of pre-

cooled tube holders. The combination of RNeasy
®
Mini Kit and YeaStar RNA Kit

TM
 resulted in a 

slight higher BVX copy number than either of the kits used individually. A probable explanation is 

that the RNeasy
®
Mini Kit is better in purifying the RNA, while YeaStar RNA Kit

TM
 releases more 

RNA due to the additional enzymatic cell lysis.  
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Interestingly, when using TRIzol, the diluted samples resulted in much higher BVX copy numbers 

than in the undiluted samples. This suggests that not all of the impurities which inhibit the 

performance of the PCR are removed during the RNA extraction process, although the UV 

measurements were not sufficient to reveal the impurities. The addition of a column purification step 

could solve this problem. Other researchers (Untergasser, 2008) as well as Invitrogen (TRIzol
®
 Plus 

RNA Purification Kit, used for a range of tissues including yeast) are already addressing this.  

When NBVX is calculated per spore (Fig. 18) method M2, M3 (column purification) and M6 (TRIzol) 

were most similar. This shows that TRIzol based protocols are producing similar results to ‘column 

purification’ based protocols when looking at NBVX per spore. Furthermore, the finding that every 

spore of isolate REB655-1 contained on average circa 3·10
3
 BVX RNA molecules supports the fact 

that mycoviruses are spread easily via asexual progeny (Pearson et al., 2009). The number of BVX 

copies in 1 µg of fungal tissue (6.8·10
7
) shows that the BVX concentrations are higher here in 

comparison to spores. 

 

In conclusion, TRIzol extracted the highest amounts of RNA but quality was not as good as the 

‘column purification’ based protocols.  RNA stability was an issue when using an uncooled bead 

beater, but could be avoided by using the TissueLyser II (Retsch QIAGEN), which can use pre-cooled 

tube holders and keeps the samples below 0°C during disruption. TRIzol is much cheaper than all the 

other protocols and made high throughput sampling very cost efficient. Nevertheless the addition of a 

column purification step to the TRIzol method would improve the quality of the extracted RNA, 

which might be necessary depending on the experimental design or objective. 
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3.2.3 Relative quantification of BVX and BVF 
 

Relative quantification using real time-PCR requires the use of reference genes. For Botrytis cinerea 

the most commonly gene used is the housekeeping gene of β-tubulin (Choquer et al., 2003; Mehli et 

al., 2005). This is usually in the context of B. cinerea as a pathogen infecting a plant and not as a host 

of a virus, where researchers used only one endogenous Botrytis gene in order to quantify its amount. 

However, it is apparent from the literature that certain genes are not suitable as an internal reference. 

Suarez et al. (2005) compared primers designed to the β-tubulin gene of B. cinerea, the intergenic 

spacer (IGS) region of the nuclear ribosomal DNA and a species specific sequence characterized 

amplified region (SCAR) marker (Rigotti et al., 2002) for a SYBR Green I based rt-PCR. However, 

the objective of the study by Suarez et al. was to find the most sensitive gene not the most stable. Two 

other studies by Choquer et al. (2003) and by Benito et al. (1998) used transcripts of the genes 

expressing actin and β-tubulin because of their abundant and relative stable expression in most parts 

of B. cinerea and found that both genes can be used as reference genes. According to Choquer et al. 

housekeeping genes of Botrytis spores and mycelial cells are expressed at similar levels. Therefore 

these two genes actA (GenBank: AJ000335.1) and tubA (NCBI: XM_001560987.1) were evaluated as 

reference. Additionally the cpr1 gene expressing the NADPH cytochrome P450 oxidoreductase 

(GenBank: AJ609393.1), which as part of the ‘electron transport chain’ (Hanneman et al., 2007) is 

traditionally used as a reference gene, was also included.  

In the following subchapters all relative quantification (RQ) data was log transformed for better 

analysis of increase (>1) or decrease (<1) of NBVX. RQ data is itself derived from Ct values and 

therefore non-parametric. 
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3.2.3.1 Evaluation of Botrytis housekeeping genes actA, tuba, and cpr1 as relative rt-PCR 

reference genes 

 

In order to see whether the three housekeeping genes actA, tuba, and cpr1 are expressed at consistent 

levels, an experiment was set up as follows. Triplicate samples of the isolate REB655-1 (infected with 

BVX) were grown on Vogel’s agar for 10, 15, and 20 days. At each time point 10
6
 spores were 

isolated and analysed for expression levels of the three reference genes. Following formula was used: 

 

RERreference gene =                          (4) 

 

(Abbreviations: Esample = PCR efficiency of reference gene; Ctsample =Ct value of reference gene; 

Eaverage = global average of all PCR efficiencies of respective reference gene; Ctaverage = global 

average of all Ct values of respective reference gene) 

 

Figure 20 shows that RERNAD and RERTUB range between 0.5 and 1.8 (standard deviation (SD) = 

0.54), while RERACT ranged between 0.6 and 3.1 (SD= 1.5). The expression of actA was therefore 3 

times more variable than the one of tubA and cpr1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Relative expression ratios (RERs) of the reference genes cpr1 (NAD), tubA (TUB), 

and actA (ACT) using isolate REB655-1 (BVX). RERs were calculated for day 10, 15, 20. The 

average of all three days shows the overall variability. 
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Furthermore, when using the gene transcript of gene actA, the dissociation curve data were much 

more variable and showed primer dimer formation additionally to the sample amplification peak while 

primer pairs NAD F/R1 and TUB F/R1 did not (Fig. 21). NAD F/R1 did not have primer dimers in 

negative control runs either.  

 

 

 

 

 

 

 

 

Figure 21: Dissociation curves of amplified templates of reference genes (amplification curve) 

and primer pairs (primer dimer): A) NAD F1/R1 (gene cpr1), B) TUB F1/R1 (gene tubA), and 

C) ACT F1/R1 (gene actA). 

 

Based on these results the actA gene was excluded from further experiments. 

 

The reference genes tubA and cpr1 showed the same consistency in 1-3 day old liquid cultures of 

REB655-1 (BVX), RH106-18 (BVF), and RH106-10 (BVX+BVF) as for spores of isolate RH106-18 

from 10-20 day old agar cultures. 
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3.2.3.2 Monitoring of virus titres in Botrytis liquid cultures 
 

The purpose of this experiment was the determination of the optimal time point for harvesting Botrytis 

in order to obtain maximum BVX and BVF yields during partial virus purification. The optimal time 

of harvest is when the highest possible NBVX and NBVF per g fungal tissue is combined with highest 

possible fresh weight (FW) per ml culture medium. 

 

Experimental design 

 

The first experiment using the newly developed relative rt-PCR monitored virus levels of the three 

differently virus infected Botrytis isolate: REB655-1 infected with BVX only; RH106-18 infected 

with BVF only; RH106-10 infected with BVX and BVF. 

L 

At day 0 cultures were inoculated with spores to a final concentration of 10
6 

spores per ml. All isolate 

were cultured at 20 °C for three days. At day 1, 2 and 3 post inoculation (DPI) 10 ml of each culture 

was centrifuged at 13,200rpm (bench top centrifuge, Eppendorf, Hamburg, Germany) for 5 min and 

the resultant pelleted tissue used for FW measurements and RNA extraction. Every experiment was 

run in triplicate. Relative expression values (REs) determined at day 1, 2 and 3 were expressed in 

relation to REs of day 0 (reference condition, using RNA extracted from 10
6
 spores), which resulted 

in RERMIX (formula 2: RERTUB/NAD = RE
target

/REreference= RERMIX).  

 

Furthermore titres of BVX and BVF in isolate RH106-10 were compared to each other (Fig. 28). For 

this purpose a RER
BVX/BVF

 was calculated (formula 5).  

 

 

                                  

 

 

(Abbreviations: EBVX = PCR efficiency of BVX; ΔCtcond1 = difference between Ct of BVX and 

housekeeping genes; EBVF = PCR efficiency of BVF; ΔCtcond1 = difference between Ct of BVX and 

housekeeping genes; control = Ct value of housekeeping genes; sampleBVX/BVF - Ct value of virus gene) 

 

   = (5) 
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In order to determine significance of differences between RER values ‘independent-samples t tests’  

(P< 0.05) were performed using SPSS 18 Statistics (IBM, Chicago, IL, USA). 

 

Results 

 

Isolate REB655-1, which is infected with BVX only, showed highest virus titre at day 2 (Fig. 22). 

Besides change in viral titre the fresh weight was also measured. For this purpose 1 ml of fungal 

liquid culture was centrifuged at 14,000 g, the supernatant was removed and the pellet was weighed as 

mg/ml fresh weight (FW). 

The RER of day 2 was 20.6 times higher than at day1, although the FW was similar to the FW at day 

3, indicating that the cultures at day 3 consists of a mixture of dead and live cells. This was found for 

all three replicates tested. Therefore day 2 was the best time point for harvesting BVX using isolate  

REB655-1. 

 

 

 

 

 

 

 

 

Figure 22: BVX titres in isolate REB655-1 during a growth period of three days, as determined 

using real time-PCR and calculation of Relative expression ratio of BVX titre=MIX  (calculated 

using formula 2) . Relative expression value of day 0 was used as control condition. FW=fresh 

weight of mg pelleted mycelia of 1ml fungal liquid culture. 

 

Isolate RH106-18 (Fig. 23), infected with BVF only, showed highest virus levels at day 2 (RERNAD= 

27.1) and at day 1(RERNAD= 26.1). For comparisons of the relative expression of BVX at day 2, 

RERNAD had to be used as the rt-PCR for the tubA transcript failed at day 2. However, RERNAD and 

RERTUB followed the same trend in all OTHER experiments. This also means that day 2 would have 
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had a similar RERMIX to day 1 (RERMIX=12.3). The RERMIX of day 3 was 0.1, indicating that the virus 

replication was much lower than at day 1 and 2.  

 

 

 

 

 

 

 

 

 

Figure 23: BVF titres in isolate RH106-18 during a growth period of three days as determined 

by real time-PCR and calculation of relative expression ratio of BVF titres (calculated using 

formula 2). Relative expression value of day 0 was used as control condition. NAD= RERNAD. 

TUB=RERTUB. MIX=RERTUB+NAD. FW=fresh weight of mg pelleted mycelia of 1ml fungal liquid 

culture. 

 

Therefore it was concluded that for isolate RH106-18 both days 1 or 2 would be good time for 

harvesting mycelia because of high virus levels. But taken into account that the amount of mycelia 

(FW) was about 2.5 times higher at the second day, day 2 is best. 
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Isolate RH106-10, infected with BVX and BVF (Fig. 24), showed similar results to BVX in isolate 

REB655-1 (Fig. 22), but a slightly different picture compared to BVF in isolate RH106-18.  

 
 

 

 

 

 

 

 

 

Figure 24: BVF and BVX titres in isolate RH106-10 over a period of three days as determined 

by real time-PCR and calculation of relative expression ratios of BVF titres=MIXBVF and BVX 

titres=MIXBVX (calculated using formula 2) during a growth period of three days. Relative 

expression value of day 0 was used as control condition. FW=fresh weight of mg pelleted 

mycelia of 1ml fungal liquid culture. 

 

Although the virus levels of BVX and BVF at day 1 and 2 followed a similar trend to the ones 

observed in REB655-1 and RH106-18 (Figs. 22 and 23), the relative expression of BVX in isolate 

REB655-1 increased much more between day 1 and 2 (20 fold) than in to isolate RH106-10 (7 fold). 

Therefore it appears that BVX replicates more rapidly in isolate REB655-1 during the first two days.  

In contrast, the expression of BVF in isolate RH106-18 at day 1 was about 3 times higher than at day 

2, which was similar the BVF increase (2 fold) found in isolate RH106-10 indicating a similar 

replication behavior of BVF in both isolate. 

 

However, a significant difference was observed when comparing day three of culture RH106-18 and 

RH106-10 (Figs. 23 and 24). In isolate RH106-10 virus titre levels of BVF did not sharply decline at 

day 3 in comparison to day 3 of isolate RH106-18. In isolate RH106-18 the RERBVF fall sharply by a 

factor of 170, while in isolate RH106-10 the RERBVF only decreased 8 times. 
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In order to see whether there are also significant differences in the ratios of BVX and BVF within 

isolate RH106-10, relative expression data (RE) were not put into relation to a ‘reference condition’ 

but to the RE’s of each other (REBVX/REBVF) using formula 4 (Chap. 3.2.3.1). 

 

 

 

 

 

 

 

 

 

 

Figure 25: Comparison of virus titres of BVX and BVF after calculating of relative expression 

ratios (RERBVX/BVF) using formula 5. When RERBVX/BVF is >1 BVX titres were higher than BVF 

titres. FW=Fresh weight. Because relative expression values of BVX and BVF were put into 

relation to each other, data of time point ‘day 0’ are also displayed. 

 

 

As shown in Figure 25, the titre of BVF was higher compared to the titer of BVX at time point 0 (in 

spores) and 3 (aging hyphae), similar at day 1, higher at day 2. On day 3 RE’s of BVF are 155 times 

higher than RE’ of BVX, which is due to the rapid decrease of BVX RNA in 3 day old cultures of 

isolate RH106-10 (Fig. 24). 
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Discussion and conclusions 

 

The overall aim of this experiment was to find the best time for harvesting BVX and BVF particles 

for partial virus purifications.  

When looking at BVX, virus titres in isolate REB655-1 and RH106-10 followed a similar trend 

during the three days of culturing in Vogel’s broth. BVX concentrations were highest at day 2, when 

fungal cells were still growing exponentially. Therefore it was concluded that harvesting mycelia for 

partial purification of BVX particles is best at day 2. This was similar for BVF levels in isolate 

RH106-18. These findings are consistent with assumptions that mycoviruses replicate mainly in 

actively growing part of the hyphae, where proteins, sugars, and lipids are most abundant. Also, 

+ssRNA viruses are very often found in close proximity to cell membranes or to the endoplasmatic 

reticulum (Salonen et al., 2005), which would also be functioning at their maximum rate in extending 

cells rather than in decaying hyphae.  

Interestingly, BVF titres in RH106-18 and RH106-10, while similar at day 1 and 2, differed 

significantly from each other at day 3. While BVF numbers decreased greatly after day 2 in isolate 

RH106-18, BVF titre in RH106-10 only declined slightly. This indicates that the replication of BVF 

might be influenced by the presence of BVX or some other factor in RH106-10 (e.g. another virus). 

Multiple infections are common in fungi (Ghabrial et al., 2008) and some researchers reported that 

one virus might be affected by the presence of the other one (Van Diepeningen et al., 2006).  

Furthermore, it is intriguing that copy numbers for BVF are higher than for BVX at the beginning (in 

spores) and at the end of the three days culture (steady state). This might indicate that BVF’s 

prolonged replication in RH106-10 creates an advantage for BVF over BVX during the phase when 

Botrytis produces spores and therefore enable BVF to be higher concentrated in spores.  

As a consequence BVF particles would be better distributed and moved from one place to another. 

BVF might not need such a strategy in isolate RH106-18, because BVX is not present and competing 

with another virus is not necessary. Over time this might be a way for BVF to eliminate BVX from 

the cytoplasm. 

The data presented in Chapter 3.6 answer the question “What is the best time to harvest mycelia for 

partial virus purification?”, but they also raise further questions about the interplay between the 

mycoviruses BVX and BVF and B. cinerea. 
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3.2.3.3 Monitoring virus titres in Botrytis spores 

 

BVX and BVF titres were monitored in spores isolated from 10, 15, and 20 days old agar plate 

cultures using isolate REB655-1 (Fig. 26) and isolate RH106-18 (Fig. 27). In order to determine 

differences in relative expression levels, the overall average was put into relation to three replicates of 

each time point measured. 

 

Results and discussion 

 

In isolate REB655-1 BVX titres (RERBVX/MIX) dropped significantly between day 10 and 15, but kept 

constant after day 15 (Fig. 26). Therefore, it seems advantageous to harvest spores for BVX isolation 

or propagation before or until day, otherwise the BVX titre will decrease. 

 

 

 

 

 

 

 

 

 

 

Figure 26: BVX titres in spores of isolate REB655-1 during a growth period of 10, 15, and 20 

days as determined by real time-PCR and calculation of relative expression ratios of BVX titres 

(using formula 2). The overall average of relative expression values of BVX titres was used as 

control condition. 
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In contrast, the BVF titres of isolate RH106-18 did not change after day 10 and were over the entire 

time period (Fig. 27). Hence, for BVF isolation or propagation it does not matter when spores are 

harvested. 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: BVF titres in spores of isolate REB106-18 during a growth period of 10, 15, and 20 

days as determined by real time-PCR and calculation of relative expression ratios of BVF titres 

(using formula 2). The overall average of relative expression values of BVF titres was used as 

control condition.  
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3.3 Overall summary 

 

This chapter described the detection and quantification of BVX and BVF using SYBR Green 1 based 

rt-PCR. Absolute as well as relative quantification have been demonstrated as very useful for 

determining differences in BVX copy numbers as well as for comparing titres of BVX and BVF. The 

determination of BVX copy numbers was used in order to compare ten different RNA extraction 

protocols. TRIZOL based protocols were best in terms of RNA yield and costs and even though there 

was a slight reduction in the rt-PCR performance, this was the best method overall. A relative rt-PCR 

quantification system for BVX and BVF was successfully developed using the two Botrytis 

housekeeping genes tubA and cpr1 as reference genes. These two reference genes were used for 

determining the best time of harvest (tissue and spores) for partial virus purification purposes. 

According to Choquer et al. (2003) and Benito et al. (1998) tuba is expressed at similar levels in 

Botrytis spores and mycelial cells (liquid culture). Hence, if cpr1 is expressed in similar way to tuba it 

can be assumed that cpr1 is also stably expressed in liquid culture. It was very clear that liquid 

cultures of virus infected Botrytis cultures produce the highest amount of virus after 2 DPI (when 

inoculated with 10
6
 spores per ml). The results also indicated that virus titres of BVX and BVF might 

be influenced by their co-existence in isolate RH106-10. 
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4. Recombinant expression of the Botrytis virus X coat protein and 

production of a polyclonal antibody to the protein 
 

4.1 Introduction 

 

This chapter describes the developmental process, which was necessary for the production of BVX 

antibodies. BVX antibodies were then used for serological detection and intracellular localisation of 

BVX in hyphal cells of Botrytis cinerea. This is described in the following Chapter 5. 

Because BVX ssRNA is surrounded by a coat protein (CP-BVX) these exposed proteins are the logical 

target for antibody production, rather than the encapsidated viral RNA. For the production of antibodies 

against CP-BVX, purified virus particles could be used, but the risk of cross-contamination with co-

purified fungal proteins and other microorganism was too high. Especially since previous attempts to 

purify BVX resulted in very low titres and significant contamination from the fungal tissue. 

Recombinant gene expression and the synthetic production of the viral coat proteins provide good 

alternatives to virus purification. Arthur (2007) attempted to produce an antibody to BVX using as an 

antigen a short amino acid sequence of the coat protein region which was predicted to be most likely to 

be exposed to the outside, but this did not succeed. Therefore I decided to express the complete BVX 

coat protein in Escherichia coli. Recombinant expression of proteins is mostly conducted in E. coli, 

because prokaryotes have high yields, simple physiology, and short generation times 

(http://www.rothamsted.ac.uk/notebook/ phar.htm), compared to eukaryotic expression systems (e.g. 

yeasts) or ‘cell free systems’ (CFS). Many researchers have used recombinant protein expression in E. 

coli successfully for the production of antibodies against plant viruses with +ssRNA genomes (Vaira et 

al., 1996; Jelkmann and Keim-Konrad, 1997; Rubinson et al., 1997; Ling et al., 2000, 2007; Moravec et 

al., 2003). However, there are no published reports describing the heterologous gene expression of a 

mycoviral coat protein. 

Recombinant gene expression in E. coli is a standard method in many labs and various expression 

constructs are available. Usually proteins are fused to a ‘purification’ tag facilitating a quick and 

efficient separation from the bacterial proteins. If antibodies are intended primarily for use in vitro, 

rather than for western blotting, it is not recommended to immunise rabbits using a homogenized protein 

band cut from a SDS gel as the success rate is very low and it is therefore regarded as unethical (pers. 

comm. Ric Broadhurst). Therefore, the recombinant expression a protein, which needs to be very similar 

to the natively folded viral coat protein and to produce antibodies recognising the natural viral coat 

protein, is very challenging. In most cases this aim is more easily achieved when the expressed protein is 

soluble in the cell lysis buffer.  
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As every protein is different, this cannot be predicted and has to be tested and optimized for each 

protein. The iso-electric point (IEP) of the viral coat protein can give some indication at which pH the 

protein will be soluble (Ikegashira et al., 2004; Michen et al., 2010) and a range of appropriate buffers 

can be selected. However, this will only help to improve the solubility after a successful overexpression 

was already achieved. 

Many expression constructs facilitating the fusion to a ‘purification’ tag (e.g. glutathione-S-transferase 

(GST)), hexahistidine (HIS), and maltose fusion protein (MBP), Strep-tag / StrepII-tag, Cellulose-

binding domain (CBD), Calmodulin-binding peptide (CBP), Intein) are available commercially 

(http://www.embl.de/pepcore/pepcore_services/cloning/choice_vector/index.html). In this study 

constructs producing protein fusions to HIS, GST, and MBP were evaluated. 

Besides the over expression of CP-BVX for antibody production, the structure of the BVX coat protein 

was also of interest (X-ray crystallography). Therefore it was also attempted to purify CP-BVX using 

ion and size exclusion chromatography. 
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4.2. Material and methods 

 

4.2.1. Construction of expression vectors containing the CP-BVX 

 

A clone which contained the complete coat protein (CP) sequence of BVX (Howitt et al., 2006) was 

used for PCR amplification of the CP gene with primers containing appropriate restriction sites (Tab. 11, 

12). Three different expression vectors were used: pET22b+ (Novagen), pET41a-SpeI and pMAL-c2x-

SpeI (provided by Richard L. Kingston, The University of Auckland). Plasmid maps are displayed in the 

Appendix (App. A.3-1 to A.3-3).  The pET22b+ vector was used for production of carboxy and amino 

terminal his-tagged proteins. For insertion of a SpeI restriction site into pET41a and pMAL-c2x in order 

to create pET41a-SpeI (Kingston, 2004), and pMAL-c2x-SpeI (Tab. 11) the QuikChange™ Site-

Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) was used. The forward primer of the pET41a 

–SpeI and pMAL-c2x-SpeI vector included a cleavage side for the tobacco etch virus protease (TEV) in 

order to achieve protein release during later purification (Tab. 12). And the constructs were designed so 

that the proteins released after protease digestion do not retain any non-native residues at the N 

terminus.
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The success of CP-BVX amplification was evaluated by gel electrophoresis. Templates amplified for 

cloning were visualized with crystal violet agarose gel electrophoresis without exposure to UV light. 

Bands of the expected size were excised and purified with QIAquick Gel Extraction Kit (QIAGEN, 

Hilden, Germany). Purified DNA was cloned into ‘pGEM®-T vector’ (Promega, Madison, WI, USA) 

and then transformed into DHα-5 competent cells (Invitrogen) for sequencing. PGEM®-T vectors with 

correct inserts and their respective expression vectors were digested using appropriate restriction 

enzymes (Tab. 12) at 37°C for one hour. Vector and insert were ligated using 3 Weiss units T4 ligase 

(Invitrogen) and incubation overnight at 4 °C. 

 

Table 12: Primer design for expression constructs.  

  

                                                             
5 Italtic letters - restriction site 
6 Underlined letters – HIS tag sequence or TEV sequence 

Parental 

vector 

Tag/ 

Terminus 

Restriction  

enzymes 

Forward primer (5’>3’)
5,6

 Reverse primer (5’>3’)
a
 

pET22b(+) HIS/C’ NdeI/XhoI GCCGGACATATGCCCAAGGA

TAAAGTCATCACCAGCAAT 

AACAACTCGAGCTCCCCCCA

TCCAATCTGTGGGCGTTT 

pET22b(+) HIS/N’ NdeI/XhoI 

(6xHIS) 

GGCTCTGGCATATGCATCAT

CATCATCATCATAGCGGGCC

CAAGGATAAAGTCATCACC

AGCAAT 

CAAAACTCGAGCTACTCCCC

CCATCCAATCTGTGGGCGTT

TGAAACCGCCTGCTT 

pET41a(+)  GST/N’ SpeI/Xho 

(TEV) 

GGCTACTAGTGAGAACCTCT

ATTTCCAGGGCAAGGATAA

AGTCATC 

AACAACTCGAGCTCCCCCCA

TCCAATCTGTGGGCGTTT 

pMAL-c2x MBP/N’ SpeI/XbaI 

(TEV) 

GGCTACTAGTGAGAACCTCT

ATTTCCAGGGCAAGGATAA

AGTCATC 

CGACTCTAGACTACTCCCCC

CATCCAATCTGTGGG 
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All enzymes were purchased from New England Biolabs (NEB, Ipswich, Massachusetts, USA). 

 

4.2.2 Protein electrophoresis 

 

Protein expression experiments were monitored by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) using a discontinuous buffer system in order to increase the resolution of 

protein separation. Solutions and recipes used for running SDS polyacrylamide (SDS-PAA) gels are 

listed in Table 13.  

 

Table 13: SDS-PAGE solutions and recipes. 

SDS-PAGE reagents and solutions 

Upper TRIS:  

0.5 M TRIS (pH 6.8, adjusted with HCl) 

 

Lower TRIS: 

1.5 M Tris (pH 8.8, adjusted with HCl) 

- 30% acylamide (AA) and bis-acrylamide ,19:1 (BioRad, USA) 

- SDS (Sigma-Aldrich) 
- Ammonium persulfate (APS) and TEMED (Biorad, USA) 

 

Separating gel (15 % PAA): 

H2O     1 ml 

Upper TRIS    4 ml 

30 % AA    5 ml 

10 % SDS 167 µl 

30 % APS   25 µl 

TEMED   25 µl  

 

Stacking gel (5 % PAA): 

H2O    1.8 ml 

Lower TRIS 0.75 ml 

30 % AA 0.36 ml 

10 % SDS     30 µl 

30 % APS       5 µl 

TEMED       5 µl 

6x Loading dye: 
1.25 TRIS (pH 6.8, adjusted with HCl), 30 % 

glycerol, 0.15 M β-mercaptoethanol, 6 % 

SDS, 1.5 % bromophenol blue 

 

Running buffer: 
0.025 M Tris, 0.2 M glycine,  

0.1 % SDS 

Gel staining solution: 

0.1 % Coomassie Brilliant Blue G-250,  

45 % methanol, 10 % acetic acid, 45 % water 

 

Gel destaining solution: 

20 % methanol, 1 % acetic acid,  

79 % water 

 

Before loading protein samples into SDS-PAA gels, they were mixed with 6x loading buffer (1:1), 

heated at 95 °C for 5 min and centrifuged for 1 min at 14,500 rpm. In every gel either a ‘Mark12™ 

Unstained Standard’ (Invitrogen) or a ‘Plus2 Pre-Stained Standard’ (Invitrogen) was run in parallel with 

the samples. Protein gels were run using a Bio-Rad mini cell apparatus electrophoresis system (Bio-Rad, 

Hercules, CA, USA) and 1x running buffer as described in Table 13. Gels were stained in Coomassie 

Brilliant Blue G-250 (Sigma-Aldrich) for at least 2 hrs, and destained for at least 2 hours in destaining 

solution (20 % methanol, 1 % acetic acid, 79 % water) on an orbital shaker.  
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4.2.3 Initial screening for protein overexpression in Escherichia coli 

 

To test for the overexpression of the recombinant protein, an initial small scale expression experiment 

was performed using the following standard protocol (http://www.genwaybio.com/index.php). The 

expression vector containing the sequence of interest was transformed into a competent E. coli protein 

expression strain, BL21(DE3) (Promega). In order to express the protein, E. coli cells were cultured in 

Luria-Bertani (LB) broth containing 0.4 mM ampicillin and 1 % glycerin.  Glycerin was used instead of 

glucose as the carbon source in the culture medium as it prevents the induction of an ‘overflow 

metabolism’ and reduces the accumulation of excess and fermentative proteins (Losen, 2004). Once the 

optical density of the culture reached 0.6 at 600 nm (OD600) (details of spectrophotometer) the 

uninduced cells were sampled (sample time point Tuninduced) and transcription was induced with 0.25 mM 

IPTG. The induced culture was then incubated by 37 °C for 4 hrs with shaking on an orbital shaker 

(180 rpm). Induced cultures were then sampled again (samples time point Tinduced). If the 37 °C 

incubation failed to produce protein, incubation temperatures of 28 °C and 18 °C were also tested.  

Samples for both time points (Tuninduced + Tinduced) were then treated with Bugbuster
®
 protein extraction 

reagent (Novagen, Merck, Darmstadt, Germany) and/or by sonication (Sonicator 3000, Misonix, Inc., 

Farmingdale, NY) in order to disrupt the cells. This was followed by separation of insoluble and soluble 

fractions by centrifugation in a bench top centrifuge at 14,500 rpm for 5 min. The resuspended pellets 

were then analysed by SDS-PAGE. 

 

If overexpression (soluble or insoluble protein) was achieved under these ‘pre-test’ conditions further 

optimization took place in order to increase yields and solubility of the protein. The optimisation process 

and protein purification procedures are described in chapter 4.  Recipes of lysis buffers with pHs 5.0, 

6.0, 7.0, 8.0, and 9.0 are listed in Appendix A.2. 
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4.2.4 Expression and purification of maltose binding protein-BVX-Coat protein (MBP-

CP-BVX) fusion protein and antibody production 

 

Initially four different expression systems were evaluated for expression levels and protein solubility 

under standard conditions (Riggs, 2000). As the pMAL-c2x was the only plasmid which produced 

soluble protein, this system was adopted. Expression was performed in Terrific Broth (TB) medium with 

0.5 % glycerol and 100 µg/ml ampicillin. Induction of the recombinant protein expression was achieved 

by the addition of 0.3 mM isopropylb-D- thiogalactopyranoside (IPTG) to an actively growing cell 

culture (OD600: 0.8), followed by incubation in baffled flasks shaken at 190 rpm for 20 hrs at 18 °C on 

an orbital rocker.  

Bacterial cells were harvested by centrifugation, resuspended in lysis buffer (25 mM MOPS-KOH, 

pH 7.0, 150 mM NaCl, 2 mM EDTA, ‘Complete Protease Inhibitor Cocktail Tablets’ (Roche 

Diagnostics GmbH, Mannheim, Germany), and 5 % glycerol ) at a ratio of 1:10 (w/w) and stored at -80 

°C until required. The chilled suspension was sonicated until clear and the supernatant passed through an 

amylose column according to the manufacturer’s instructions (NEB).  

After thorough washing with three column volumes of washing buffer (25 mM MOPS-KOH, pH 7.0, 

150 mM NaCl), the MBP-CP-BVX was eluted in 5 ml fractions with lysis buffer containing 20 mM 

maltose. Each fraction was analyzed for presence of recombinant protein by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) using 12.5 % gels. Fractions containing most MBP-

CP-BVX were pooled and incubated with Tobacco etch virus (TEV) protease (Invitrogen) overnight 

according manufacturer’s recommendations. CP-BVX was then separated from MBP by running the 

protein mixture over the amylose resin column again. The CP-BVX was concentrated using a ‘Vivaspin 

2’ concentrator (10,000 MWCO Hydrosart, Sartorius Stedim Biotech GmbH, Bohemia, USA) to about 

200 µg/µl and sent to AgResearch (Hamilton, New Zealand) for antibody (a/b) production. The 

concentration of the purified CP-BVX was measured using a NanoDrop spectrophotometer 

(Wilmington, DE, USA) and purity was evaluated with SDS-PAGE.  

 



  Chapter 4 

80 
 

4.2.5 Optimisation of culture conditions for the expression of CP-BVX in Escherichia coli 

 

For optimisation of culture conditions following factors influencing the protein expression and solubility 

were compared: 

- Temperature     37 °C, 18 °C 

- Culture medium    LB broth, Terrific broth 

- E. coli expression strain   BL21(DE3), BL21 Star(DE3), Rosetta(DE3) 

- Optical density at time of induction   0.6, 0.8, 1.0, 1.2 

- IPTG concentration    0.15 mM, 0.3 mM 

- Time of harvest    4, 6 hrs (37 °C); 16, 20, 24 hrs (18 °C) 

- Energy source    glucose, glycerol 

 

 

Culture media 

Terrific Broth is richer in nutrients than Luria-Bertani (LB) broth and is generally used if an increase in 

cell density and protein expression yield is needed. 

 

E. coli expression strain 

While BL21(DE3) is an all-purpose strain and is commonly used for high-level protein expression, 

BL21 Star(DE3) and Rosetta(DE3) are especially designed to compensate for short falls of a prokaryotic 

expression system. BL21 Star(DE3) strains increase the stability of mRNAs, and therefore improve the 

basal expression level of heterologous genes (‘BL21 Star(DE3) One Shot’ manual, Invitrogen). It is can 

also increase the expression of proteins toxic for E. coli. On the other hand, Rosetta (DE3) is designed to 

enhance the expression of eukaryotic proteins that contain codons rarely used in E. coli (Baca et al., 

2000). The Rosetta(DE3) strain supplies tRNAs for the codons AUA, AGG, AGA, CUA, CCC, and 

GGA on a compatible chloramphenicol-resistant plasmid, pRARE (Novy et al., 2001). By supplying 

rare codons, the Rosetta strains provide for “universal” translation, where translation would otherwise be 

limited by the codon usage of E. coli (Sørensen et al., 2005). Due to the presence of such ‘rare’ codons 

in the BVX coat protein sequence the Rosetta strain was also tested for the expression of MPB-CP-

BVX. 
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4.2.6 Ion exchange and size exclusion chromatography 

 

Ion exchange and size exclusion chromatography were performed in order to obtain a very pure same of 

CP-BVX protein suitable for X-ray crystallography.  

 

For anion and cation exchange chromatography an Äkta Purifier system (Amersham Biosciences, 

Uppsala, Sweden) and Q (anion) or SP (cation) sepharose resin/Hiload 16/10 HP column (GE 

Healthcare, Piscataway, NJ, USA) was used. Anion exchange chromatography was carried out under 

two pH conditions using pH 6.0 and 6.5. Gradient conditions were 0-100% B over 20 column volumes 

(0%B = 50mM NaCl; 100%B = 1M NaCl). For size exclusion an Äkta Purifier system (Amersham 

Biosciences) and the Superdex 200 resins/Hiload 16/60 HP column (GE Healthcare) was used. For 

elution a MOPS buffer/pH 7.0 (App. A.2) was used. Sample volume was 25 ml. 
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4.3 Results 

 

4.3.1 Evaluation of different expression constructs 

 

The first expression experiments using pET22(+) plasmids produced large amounts of protein (Fig. 28), 

lacked the HIS-tag due to a missing nucleotide in the reverse primer sequence This sequence error 

caused a frame shift in the tag sequence and therefore CP-BVX was expressed without a HIS-tag.  

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Over expression of CP-BVX (arrow). Ladder ranged from 4-250 kDa. 

 

Although this protein could not be used for Nickel column purification, it showed that the over 

expression of CP-BVX was possible and an evaluation of other expression constructs was worthwhile. 

Consequently the following expression constructs were evaluated: 'pET22b(+)-C’/HIS', 'pET22b(+)-

N’/HIS’, ‘pET41a –SpeI- GST/N’ and 'pMAL-c2x -SpeI-C’/MPB' as described in sections 4.2.1.1 and  

4.2.1.4.  
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While ‘pET41a –SpeI- GST/N’ did not produce any product and it was excluded from further 

experiments, the other plasmids did over express CP-BVX with a HIS tag or as an MBP fusion protein. 

The initial results are displayed in Figure 29 and clearly show that an overexpression of N’ and C’ 

terminal. 

 

 

 

 

 

 

 

 

 

 

Figure 29: Initial expression of IPTG induced protein at 37 °C for 4 hours ; A = N’terminal HIS-

tagged protein ('pET22b(+)-N’/HIS'), B = C’terminal HIS-tagged protein ('pET22b(+)-C’/HIS'), C 

= C’terminal MBP-fused protein ('pMAL-c2x -SpeI-C’/MPB'). 

 

HIS-tagged proteins could be achieved although only in insoluble form (Fig. 29A & 29B). Since the 

yields of the two HIS-tagged proteins were very similar only one of them, the C’ terminal HIS-tagged 

protein expression system, was chosen for further optimisation using different temperatures and buffer 

pH. The MBP-fused proteins were also expressed in good quantities (Fig. 29C) and a small fraction was 

also soluble (Fig. 29C, arrowed). To investigate the influence of culture temperature and pH, E. coli 

cells expressing HIS-tagged (C’ terminal) and MBP-fused proteins were cultured at 37 °C (4 hrs), 28 °C 

(4 hrs), and 18 °C (16 hrs), and soluble protein was extracted using up to five different lysis buffers 

(App. A.2) with pHs ranging between 5.0 and 9.0. Figures 30A & 30B display the results of these 

experiments for HIS-tagged proteins. Changing temperature or pH did not have an effect on the 

solubility of the overexpressed proteins. 

  

A B C 
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Figure 30: Protein expression experiment of HIS-tagged proteins using different culture 

temperatures: 18 °C and 28 °C (A), and 37 °C (B); and different lysis buffers with pHs ranging 

from 5.0 to 9.0. Uninduced = Cell pellet (soluble+insoluble) before induction. 4hrs = Cell pellet 

after 4 HPI. PH samples = Soluble fractions. 

A 

B 
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However, when the same experiment was conducted using E. coli cells expressing MBP-fused proteins 

differences in protein yields were observed (Figs. 31A-C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: Protein expression of MBP-fused proteins using culture temperatures of 18 °C (A), 28 

°C (B), and 37 °C (C); and different lysis buffers with pHs ranging from 5.0 to 9.0. Uninduced = 

Cell pellet (soluble+insoluble) before induction. 4hrs = Cell pellet after 4 HPI. PH samples = 

Soluble fractions. 

A 

B 

C 



  Chapter 4 

86 
 

The main difference between experimental conditions when expressing MBP-fused proteins was the 

higher solubility when cells were cultured at 18 °C, especially when proteins were extracted using a 

buffer with pH 7.0 (Fig. 31A). Furthermore, when comparing culture temperatures of 28 °C (Fig. 31B) 

and 37 °C (Fig. 31C) it was evident that the drop of temperature also caused a reduction in protein yield. 

Comparing yields using different lysis buffers (pH ranging from 5.0 to 9.0) pH 7.0 was best. Therefore it 

was concluded that the best expression system was using MBP-fusion proteins extracted at with pH 7.0 

lysis buffer. In an attempt to further improve soluble protein yields alternative growth media and growth 

temperatures were compared. 

 

4.3.2 Optimisation of culture conditions for the expression of CP-BVX in Escherichia coli 

 

After the culture conditions were optimised as described in 4.2.5, following conditions were found best 

for the expression of CP-BVX in E. coli. 

 

Culture medium 

Using Terrific Broth (Invitrogen) for the expression significantly increased the cell density and was 

therefore also the overall yield. Hence it was used for all further experiments. 

 

E. coli expression strain 

The three strains did not show significant differences for the expression of MBP-CP-BVX. Therefore 

the commonly used strain BL21(DE3) was used for all further experiments. 

 

Optical density (OD) and IPTG concentration at time of induction 

When testing different ODs and IPTG concentrations, it was found that OD600nm=0.8 and an IPTG 

concentration of 0.3 mM was best when culturing at 18 °C; an OD600nm = 0.8 and an IPTG concentration 

of 0.15 mM was best when culturing at 37 °C. 
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Time of harvest 

Because E. coli cells go through the typical growth stages of bacterial cultures: lag, exponential, 

stationary, and death phase, and therefore the time of harvest should be at the end of the exponential 

phase, where nutrients are not limiting the cell metabolism. 

When E. coli B21(DE3) cells were expressing MBP fusion proteins at 18 °C, the best time for harvest 

was at 20 hours after induction (HPI), when cultured at 37 °C, 3 hrs were best. Protein produced at 18 

°C was more soluble compared to proteins expressed at 37 °C. 

 

Energy source 

When comparing protein yields of cultures using glycerol instead of glucose no difference was found. 

Therefore glycerol was used for further experiments as it prevents the induction of an ‘overflow 

metabolism’ and reduces the accumulation of excess and fermentative proteins (Losen et al., 2004). 

 

Taking into account all of the results it was concluded that the following conditions produced the best 

yields of the MBP-CP-BVX fusion protein: 

 

 - Culture medium Terrific Broth (Invitrogen) at a temperature of 18 °C 

 - E. coli strain BL21(DE3) 

 - At induction: Optimal OD600nm = 0.8; Optimal IPTG concentration was 0.3 mM 

 - Time of harvest: 20 hrs 

 - Energy source: Glycerol 
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As a result of the optimisation process, the yield was significantly improved in comparison to the initial 

experiment and the solubility of MBP-CP-BVX was increased to ~100% (Fig. 32).  
 

 

 

 

 

 

 

 

 

Figure 32: Comparison of the expression of MBP-CP-BVX fusion protein before and after 

condition optimisation. 

 

 

Before                                       After 
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4.3.3 Purification of CP-BVX 

 

In order to purify CP-BVX for antibody production CP-BVX had to be separated from its fusion partner 

MBP. For this purpose MBP-CP-BVX was treated with an enzyme (TEV) which cleaves off MBP and 

liberates CP-BVX. This process can be performed prior to the removal of MBP by column 

chromatography or as an on-column digestion. As shown in Figure 33 off-column cleavage resulted in a 

more efficient reaction (Fig. 33B, Lane ‘O/N’) than on-column cleavage (Fig. 33A, Lane ‘After digest’), 

where the fusion protein MBP-CP-BVX was not completely digested. 

 

 

 

 

 

 

 

 

 

Figure 33: Comparison of on-column (A) and off-column (B) digest using TEV. Fusion protein = 

MBP-CP-BVX. Liberated BVX coat protein = CP-BVX. MBP = liberated fusion tag (maltose 

binding protein).TEV=Tobacco etch virus protease (restriction enzyme).O/N= Overnight. 

 

Besides the five different digestion time points shown in Figure 33B (30 min, 1 hr, 1.5 hrs, 2 hrs, and 

overnight (O/N)), the digest was also checked after 3 hrs and 5 hrs (not shown), which suggested that 

5 hrs at 4°C is not sufficient to achieve a complete digestion. Therefore the CP-BVX protein was 

liberated from MBP using an off-column digest overnight (O/N) at 4 °C.  

Purification of the CP-BVX protein was carried out according to the procedure described in the 

instruction manual “pMAL Protein Fusion and Purification System” by NEB (Vers.5, 2003). 

However, the complete removal of MBP could not be achieved using the amylose resin column system 

(Fig. 33/A/Lane ‘Eluted Protein’) due to unbound MBP co-purifying with CP-BVX. One reason for that 

could have been the aggregation of MBP and CP-BVX. In order to test this hypothesis 100 mM arginine 

was added to the digest reaction, but this did not result in a better separation of MBP and CP-BVX. 

A) On-column digest B) Off-column digest 

MBP-CP-BVX 
MBP-CP-BVX 

CP-BVX 

CP-BVX CP-BVX 

MB

P 

MBP 

TEV

P 
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After the separation of MBP and the putative CP-BVX, the identity of the liberated protein was 

confirmed by mass spectrometry (Fig. 34) using an excised PAGE band of the protein running at ~ 

20 kDa (Fig. 33). 

 

 

 

 

 

 

 

 

 

 

Figure 34: Mass spectrogram with respective database results identifying the ‘coat protein 

[Botrytis virus X] as the only protein species in the sample. 

 

Figure 34 shows that the protein running at about 20 kDa contained only the CP-BVX and no other 

proteins, which could have led to misinterpretations of the results.  

  

coat protein [Botrytis virus X] 
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After the identity of CP-BVX was confirmed, further attempts were made to purify the protein 

chromatographically in order to analyse its structure with X-ray crystallography. Therefore ion exchange 

chromatography and size exclusion chromatography (SEC) were conducted. The isoelectric point (IP) of 

CP-BVX is 8.42, which indicated that cation-exchange HPLC with gradient elution (low to high salt 

concentration) at pH 6.0-6.5 might be able to separate the two proteins more sufficiently. 

Running/elution buffers at pH 6.0 and 6.5 both failed to separate the MBP and CP-BVX which 

precipitated on the column. 

When anion-exchange HPLC at pH 9.0 was performed, MBP bound to the column, but CP-BVX could 

not be detected in any of the fractions, only free MBP was found in peak 1 and 2 (Fig. 35). 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 35: Elution profile of anion chromatography of MBP and CP-BVX with associated PAGE 

results. 

Void volume 
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When SEC was carried out using a buffer at pH 7.0 (Fig. 36) CP-BVX found in the void volume with 

many other protein impurifications, but without MBP, and in the second peak together with MBP. This 

result confirmed that although MBP and CP-BVX were no longer fused to each the proteins were still 

strongly attached to each other and it might not be possible to separate them. It was therefore concluded 

that it was best to remove MBP by repeated (3 times) running of the MBP/CP-BVX mixture over the 

amylose resin column with subsequent concentration using VIVAspin concentrators (Satorius, 

Göttingen, Germany; Cut off 5 kDa) (Fig. 37). 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: Elution profile of SEC of MBP and CP-BVX with associated PAGE results. 
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Figure 37: Comparison of digested protein mixture of liberated MBP and CP-BVX before and 

after amylose resin column chromatography: Before = Protein after TEV digestion; After = 

Partial removal of MBP using amylose resin column system and concentration with VIVAspin 

concentrators. 

 

When bands of MBP and CP-BVX were cut out (Fig. 37, Lane ‘After’), put into lysis buffer (1 ml) and 

measured with a spectrophotometer (A280nm). The protein concentrations were ~ 0.3 mg/ml for MBP and 

~ 1 mg/ml for CP-BVX indicating that MBP absorbs much more dye than CP-BVX and the true fraction 

of CP-BVX is probably much higher than suggested by the gel picture. In order to produce enough 

protein for antibody production 25 grams (fresh weight) of E. coli cells or 1.1 liters of bacteria culture 

were harvested and processed. Partially purified CP-BVX was the sent off for antibody production as 

described in Chapter 5. 

 

MBP 

CP-BVX 

36 kDa 

31 kDa 

55 kDa 

20 kDa 
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4.4 Summary and discussion 

 

This chapter describes the successful recombinant expression and purification of the Botrytis virus X 

coat protein. When three protein expression constructs: 'pET22b(+)-C’/HIS', 'pET22b(+)-N’/HIS' and 

'pMAL-c2x -SpeI-C’/MPB' were compared it was found that MBP fusion proteins were much more 

soluble than HIS-tagged proteins at all three culture temperatures of 37 °C, 28 °C and 18 °C. The hexa-

histidine tag may have interfered with the assembly/folding (Ramage et al., 2002) of CP-BVX because 

the change of culture conditions did not significantly improve HIS-CP-BVX’s solubility. CP-BVX 

might have been soluble after the removal of the HIS-tag’s as reported by others (Ramage et al., 2002). 

Also, insoluble protein can be a brought into a soluble from (GE Healthcare, ‘Recombinant Protein 

Purification Handbook’) and therefore resolubilisation of precipitated CP-BVX might have been another 

way of producing high protein yield. Nevertheless, resolubilisation of insoluble protein can be a very 

difficult and time consuming and consequently is generally only carried out if the protein of interest can 

be expressed in a soluble from, e.g. by using solubility enhancing fusion tags. 

When the culture conditions of the pMAL-expression system expressing MBP-CP-BVX were optimized 

the MBP-CP-BVX solubility increased to almost 100 %. The factors that most improved the yield and 

solubility were the reduction of the culture temperature to 18 °C and the change of the culture medium 

form LB to Terrific Broth. The lower temperature slows down the protein assembly in the bacterial cell 

allowing the proteins to fold correctly and also decreases proteolytic degradation 

(http://www.genwaybio.com/index.php).  In addition MBP generally facilitates higher solubility and 

native folding of its fusion partners (Baneyx, 1999; Kapust et al., 1999; Sørensen et al., 2005). The 

optimized culture conditions combined with MBP helping CP-BVX to stay soluble made it possible to 

express CP-BVX in higher yields. 

However in some cases proteins formerly bound to MBP disintegrate quickly after being released from 

MBP (pers. comm. R. L. Kingston). This was possibly the case for CP-BVX as it was impossible to 

purify CP-BVX without MBP despite various approaches like anion and cation exchange 

chromatography (IEC), and size exclusion chromatography (SEC). The two peaks eluted during anion 

exchange chromatography represented MBP aggregated with CP-BVX (Fig. 35, peak 1) and MBP only 

(Fig. 35, peak 2). The high pH may have caused CP-BVX to degenerate and hence it was not detected in 

the SDS gel. However, SEC was more successful as it revealed that CP-BVX is stable (at pH 7.0) 

without the presence of MBP (Fig. 36, 1
st
 fraction/void volume) and to a greater extent when associated 

with free MBP (Fig. 37, 2
nd

 fraction).  

The presence of arginine did not facilitate a better separation of CP-BVX from MBP indicating that 

MBP and CP-BVX are not aggregating tightly and CP-BVX does not form a dimer (~ 40 kDa).  
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The expression of CP-BVX showed that, it was possible to over express MBP-CP-BVX sufficient for 

antibody production although it was not possible to prepare a very pure CP-BVX solution suitable for X-

ray crystallography. Yeast expression systems (Romanos et al., 1992) might have provided a better 

environment for the expression of a mycoviral coat protein because they are also ascomycetes. But in 

comparison to E. coli expression systems they are far less standardised, and therefore would have 

required a greater time frame than it was available in this PhD project. 



 

Chapter 5 
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5. Serological detection and intracellular localisation of Botrytis 

Virus X in Botrytis cinerea 
 

5.1 Introduction 

 

In the field of mycovirology, serological techniques are mostly used for mycovirus detection or 

diagnostics (Kim et al., 2008; Ro et al., 2006). In contrast, the intracellular localisation of mycoviruses 

has only been studied by electron microscopy (EM) using ultra-thin cross-sections through fungal 

hyphae (Bozarth, 1972; Ehara, 1989; Vilches et al., 1997; Chu et al., 2002; Park et al., 2006; Zhang et 

al., 2009; Kwon et al., 2007; Nolan et al., 1988; Inoue et al., 2011), which allows observation of fine 

structure of virus particles / aggregates and their immediate environment, but not the virus distribution in 

entire cells or mycelial networks. Mycovirus distribution was demonstrated only recently by researchers 

showing macroscopic localisation/spread of dsRNA in the white rot fungus Rosellinia necatrix 

(Yaegashi et al., 2011) using dsRNA specific antibodies. The labeling of mycoviral dsRNA with 

fluorescent dyes visualised the uneven distribution of mycoviruses in the fungal mycelia for the first 

time. Sectoring of mycelia was linked to differences in virus titre before (van Diepeningen et al., 2006), 

but using molecular techniques, which only provided information about average virus concentrations of 

certain mycelial areas. However, fluorescence microscopy using antibodies conjugated with fluophores 

emitting high intensity signals can visualise particles down to a resolution of 0.2 µm 

(http://www.microscopy.com/tutorials/java/ digitalimaging/pixelcalculator/index.html, Tab. 1). 

Therefore, epi- and confocal fluorescence microscopy can provide detailed information on the location 

of viruses and help explaining how mycoviruses move through the hyphae, how they are being 

transmitted between fungal isolates, and possibly how they infect fungi.  

Chapter 4 described the expression of BVX coat protein, which was used as an antigen for the 

production of BVX antibodies. This chapter, which describes how the BVX antibodies raised in rabbits, 

was used to study BVX’s location and distribution, is subdivided into three parts:  

 

A) Evaluation of CP-BVX antiserum specificity 

 B) Development of an immuno-fluorescence microscopy protocol 

 C) Observation of BVX distribution within cultures of Botrytis cinerea 
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5.2 Material and methods 

 

5.2.1 Antibody production 

 

The recombinantly expressed BVX-CP was concentrated and resuspended in lysis buffer (App. A.2) 

plus Freund’s complete adjuvant (1:1.5) at a final concentration of 200 µg/µl and used to immunise two 

New Zealand white rabbits. This was followed at two weekly intervals with three subsequent 

immunisations of 100 µg protein in Freunds incomplete adjuvant. A terminal bleed was made seven 

days after the final immunisation and immuno-globulin G (IgG) fractions were purified from crude 

antiserum by ammonium sulphate precipitation followed by dialysis. Total IgG concentration was 

estimated based on the specific extinction coefficient A280 = 1.4 (1.0 mg/ml). 

 

 

5.2.2 Enzyme-linked immuno-sorbent assay 

 

Enzyme-linked immuno-sorbent assay (ELISA) is a semi-quantitative detection method widely used for 

large scale screening of many plant and animal viruses. In this thesis ELISA was used to test the 

reactivity and specificity of anti-BVX antibodies and to screen in Botrytis cultures for BVX using an 

indirect antigen coated-plate ELISA (ACP-ELISA) protocol.  

 

For this purpose virus particles were partially purified as described previously (Chapt. 2.4) and 

resuspended in ELISA coating buffer (15 mM Na2CO3, 35 mM NaHCO3, 2 % Polyvinylpyrrolidone 

(PVP, MW 36,000), and 0.02 % NaN3, pH 9.6) for at least 15 min. For ACP-ELISA 100 µl aliquots of 

virus dilutions (in coating buffer) were placed in a 96 well MICROLON
®
 600-Microplate (PS, F-

bottom/ST, high binding, clear; Greiner Bio-One North Amerika Inc., USA) and incubated for 1 hr at 37 

°C in a humid box. The plates were washed five times with Phosphate Buffered Saline Tween-20 

(PBST) and the well surfaces blocked with PBST containing 5 % Non fat dried milk (NFDM) powder at 

37 °C for 1 hr. After another wash step, 100 µl of 1/1000 BVX-antiserum in ECI buffer (PBST with 2 % 

PVP (MW 36,000), 0.2 % BSA, and 0.02 % NaN3, pH 7.4) was placed in each well and the plate 

incubated in a humid box overnight at 4 °C. After washing, the plate was blocked a second time, as 

described above, and washed again. ECI buffer containing 0.002 % of goat-anti rabbit IgG conjugated 

with Alkaline Phosphatase (Immuno
®
Pure, Pierce, USA) was added to each well and incubated for 2 hrs 

in a humid box at 37 °C. After washing, 100 µl of PNP solution (0.5 mM MgCl2·6H2O, 0.02 % NaN3, 

0.92 M C4H11NO2 (Diethanolamine), 2.7 mM p-nitrophenyl phosphatate (PNP), pH 9.8) was added to 

each well and the plate was incubated at RT in the dark for at least 60 min. The absorbance at 405 nm 
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was measured at regular intervals with an automated ELISA plate reader, Spectra MAX 340 PC 

(Molecular Devices, Sunnyvale, CA, USA). The positive/negative threshold was set at the mean 

absorbance plus three standard deviations of the negative control, or three times the mean of the 

negative controls (if less than 3 replicate negative controls). 

 

5.2.3 Dot blotting 

 

Dilutions of partially purified virus were applied directly onto a Protran
®
 nitrocellulose membrane (pore 

size 0.2 µm, Schleicher&Schuell, Bioscience). Subsequently the membrane was blocked with 10 % non-

fat-milk powder (NFDM) in Phosphate buffered saline (PBS: 0.15 M NaCl, 3 mM KCl, 10 mM 

Na2HPO4, 2 mM KH2PO4, adjusted to pH 7.2) plus 0.05 % v/v Tween20 (PBST) over night at 4 °C. The 

following day the membrane was incubated in ‘primary antibody-solution’ (rabbit anti-BVX antibody 

diluted 1/2000 in PBST plus 5 % NFDM powder) for two hours at room temperature (RT). After 

washing the membrane thoroughly with PBST (3 times, 20 min each), the ‘secondary antibody-solution’ 

was applied (goat anti-rabbit IgG+ horse radish peroxidase (Sigma-Aldrich) diluted 1/1000 in PBST 

plus 5 % NFDM powder) for one hour at RT followed by thorough washing. For visualization, the 

Amersham ECL western blotting system (GE Health, Milwaukee, WI, USA) was used according to the 

manufacturer’s recommended protocol. Briefly, 0.5 ml of reagent 1 was mixed with 0.5 ml of reagent 2 

and applied onto the membrane. Reagent 1 and 2 are chemiluminescent substrates for the horse radish 

peroxidase, which produces a black colour due to the breakdown of luminol (Amersham Blotting, 

Labeling & Detection Guide, 2008). After incubation  at RT for 1 min the membrane was placed into a 

LAS 3000 Image Analyzer (Fuji Life Sciences, Stamford, CT, USA), where it was developed and 

photographed. 
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5.2.4 Virus transfection of Botrytis cinerea 

 

The fungal cultures were grown for up to 14 days on 3 % malt extract agar (Oxoid, Adelaide, Australia) 

at 23 ºC under a diurnal light regime (12 hrs photoperiod). Spores were harvested by washing culture 

plates with 0.02% Tween20 (Invitrogen) solution, and filtering through a 40 µm strainer (BD Falcon, 

Mississauga, Canada) into a 50 ml centrifuge tube (spore concentration was measured 

spectrophotometically). The spores were pelleted by centrifugation (5 min at 10,000 g) and 10
7
 spores 

were resuspended in 150 ml malt extract (ME) broth and shaken at 180 rpm and 20 °C for 16 hrs 

overnight (O/N). The O/N culture was centrifuged at 10,000 g for 10 min, washed/conditioned three 

times in KC buffer (0.6 M KCl, 50 mM CaCl2). Conditioned spores were resuspended in 25 ml KC 

buffer, mixed with 25 ml sterile filtered digest solution (0.01 g/ml Glucanex (Lysing Enzymes from 

Trichoderma harzianum, Sigma-Aldrich) in KC buffer), and shaken at 140 rpm at RT for up to 2 hrs, 

depending on progress of spheroplast/protoplast formation , which was monitored every 20 min using a 

standard light microscope. Once they were perfectly round the protoplasts were filtered through a 

100 µm strainer (BD Falcon) and centrifuged at 2000 g for 10 min. Protoplasts were the resuspended in 

500 µl KC buffer, diluted 1:100, and put on ice for at least 5 min. Partially purified virus particles (Ch. 

2.4) were mixed with 5 µl 0.05 mM Spermidine (Sigma-Aldrich) and kept on ice for 5 min. Then the 

spore solution, the virus solution, and 150 µl of cold sterile filtered 150 µl PEG solution (2.1 g 

PEG4000, 3.054 g CaCl2·2H2O, 100 µl 1 M TRIS, filled up to 10 ml with H2O) were mixed and 

incubated at RT for 20 min. Afterwards another 500 µl PEG solution was added and the mixture was 

incubated another 10min at RT. The protoplast mixture was added to 200 ml warm (30-40 °C) SH-agar 

(0.6 sucrose, 5 mM HEPES, 1 mM NH4(H2)PO4, 1.2 % agar) which was stirred carefully and plated out 

into 20 plastic petri dishes (Ø 9.0 cm). The plates were incubated at 20 °C for up to 3 days before 

subculturing single protoplast colonies onto new Vogel’s agar plates. The isolated and subcultured 

colonies were called clone. 
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5.2.5 Immuno-microscopy 

 

Immuno-microscopy combines immunochemical and microscopy techniques in order to localise cellular 

components (e.g. proteins, DNA, RNA) of microorganisms or tissues under normal as well as under 

pathological conditions (Oliver, 2008). In this study epi-fluorescence microscopy was used to localise 

BVX particles within fungal hyphae of Botrytis cinerea. 

 

5.2.5.1 Epi-fluorescence microscopy 

 

Epi-fluorescence, or ‘reflected light’ fluorescence microscopy, exploits the light emitting properties of 

fluorophores bound to a specimen. If a fluorophore is being excited by absorbing light in a certain 

wavelength, created by the excitation filter (Fig. 38), it will emit a light of lower wavelength than the 

absorbed light. The emitted light is then focused back to the detector through the same objective it was 

channeled to the specimen.  

 

 

 

 

 

 

 

 

Figure 38: Operation mode of a standard epi-fluorescence microscope. 

 

Many fluorescent dyes are available commercially and emit green (e.g. Alexa fluor 488, Cys2, FAM, 

HEX), blue (e.g. Hydroxycoumarin, aminocoumarin, Alexa fluor), yellow (e.g. TRITC, Alexa fluor 555, 

Rhodamin Red-X, Tamara), or red (e.g. ROX, Texas Red, Alexa fluor 633, Cy5) fluorescent light.  

For this study Fluorescein iso-thiocyanate (FITC) was chosen because of its high fluorescence intensity 

and relatively low susceptibility to photo bleaching.  In water its absorption maximum is at 494 nm and 

emission maximum is at 521 nm.  
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Therefore UV light as a light source in combination with a long pass blue excitation filter (470 nm +/- 

20 nm) can be used to visualise fluorescence. Rabbit antibodies against BVX particles were used to 

detect the virus and secondary antibodies (goat anti-rabbit IgG) conjugated with FITC (Immuno
®
Pure, 

Pierce, USA), which bind to rabbit antibodies, facilitated the visualisation of virus particles under 

fluorescence microscopy. 

The protocol was as follows: Conidia of the Botrytis culture being observed were mixed with Vogel’s 

medium to a final concentration of 10
5
 spores/ml. A 100 µl aliquot of spore suspension was applied on 

the surface of a sterilized glass microscope slide and incubated for 24 hrs at 20 ºC.  Before proceeding 

with fixation, the resultant mycelium was washed with 1x PBS (3 times, 5 min each). Mycelium was 

fixed with 4 % para-formaldehyde (PFA) for 10 min at RT, followed by another washing step. Fixation 

was stopped by washing the specimen in cooled 1x PBS. The fixed specimen was then permeabilised 

with 0.1 % Triton-X in PBS for 5 min at RT, washed with 1 x PBS and blocked with blocking buffer (10 

% BSA in ice-cold PBST) for 1 hour at RT. The blocking buffer was removed and the primary antibody 

solution (BVX antiserum diluted 1:1000 in blocking buffer) was added without any washing and 

incubated for one hour at RT. Unbound primary antibody was removed by extensive washing (5 times) 

with PBST and the secondary antibody was applied (goat anti-rabbit IgG conjugated with FITC 

(Immuno®Pure) diluted 1:500 in blocking buffer) and incubated for another hour at RT. The secondary 

antibody was removed by washing with ice-cold PBST (5 times) before dehydrating the specimen with a 

series of 60 %, 80 %, and 95 % ethanol. The sample was then mounted with ProLong
®
 Gold 

(Invitrogen), sealed with nail polish, and cured overnight. Next day, slides were examined and 

photographed using a Leica DMR HC fluorescence microscope/Leica camera DL 500 system under 

bright field and blue light (450-490 nm) conditions. Bright field and FITC images were overlaid using 

Adobe Photoshop 5.0 (Adobe, San Jose, CA, USA). 

Ultrathin cross-sections of hyphal tubes were also examined. The preparation and fixation of specimens 

were carried out by P.W. Southerland (Plant&Food, Auckland, New Zealand) and followed the protocol 

described by Johnston et al. (2006) prior to antibody labeling as described above. 
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5.2.5.2 Immuno- electron microscopy 

 

For antibody decoration of BVX particles, Formvar coated, carbon stabilised 200 mesh grids  

(# GSCu400F-50, ProSciTech, Thuringowa, Qld, Australia) were floated on a 1:50 dilution of partially 

purified virus solution for 20 min at RT. The virus coated grids were then floated on a 1:50 dilution of 

BVX antiserum for 15 min at RT,  washed with phosphate buffer (0.02 mM, pH 7.0) and stained with 2 

% UA for 30 sec. Excess UA was removed with a filter paper wick and the grids were examined with a 

TEM. 

CP-BVX antiserum was also used to agglutinate BVX particles in order to concentrate them for electron 

microscopy (IEM) as follows. BVX antiserum was diluted 1:100 with 0.1 M phosphate buffer and 

mixed with partially purified virus particles. The mixture was incubated overnight at 4 °C and 

centrifuged at 6,000 g for 10 min. Formvar coated, carbon stabilised 200 mesh grids (# GSCu400F-50, 

ProSciTech, Thuringowa, Qld, Australia) were floated on the virus-antibody mixture for 30 sec. The 

virus coated grids were then stained with 2 % UA for 30 sec. Excess UA was removed with a filter 

paper wick and the grids were examined with a TEM. 
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5.3 Results 

 

5.3.1 Evaluation of CP-BVX antiserum 

 

5.3.1.1 Indirect antigen coated-plate ELISA 

 

The BVX antiserum (ABBVX) was tested for its reactivity and specificity to BVX coat protein using an 

indirect antigen coated-plate ELISA (ACP-ELISA) and partially purified preparations from Botrytis 

isolates REB655-1 (BVX only), RH106-10 (BVX and BVF), and BVX-free isolates RH106-5 and 

REB965-1 (Fig. 39).  

 

 

 

 

 

 

 

 

 

Figure 39: ACP-ELISA absorbances (after 30 min incubation) for Botrytis isolates REB655-1 

(BVX only), RH106-10 (BVX&BVF), RH106-5 (negative control 1), and REB965-1 (negative 

control 2) reacted with BVX antiserum. Partially purified virus samples of 10g of starting material 

were solubilised in 2.5 ml (4g/ml) of phosphate buffer. Dotted line=Detection limit (mean 

absorbance of sample buffer plus 3-fold standard deviation (0.01)). 

 

Figure 39 shows that ABBVX’s reacted specifically to partially purified BVX particles from isolate 

REB655-1 and RH106-10. Both samples produced much higher absorbances than the two negative 

controls RH106-5 and REB965-1.   
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However, when crude extracts of fungal mycelia were used, no difference between positive (REB655-1) 

and negative control could be detected (Fig. 40). 

 

 

 

 

 

 

 

 

Figure 40: ACP-ELISA absorbances measured for isolate REB655-1 (BVX only), and RH106-5 

after 1 hr incubation. 10 g of crude extract was solubilised in 10 ml of phosphate buffer, which was 

passed through a 0.2 µm filter. Dotted line=Detection limit (mean absorbance of sample buffer 

plus 3-fold standard deviation (0.22)). 

 

In order to determine the optimal partial  purification procedure for detecting BVX, the virus containing 

pellets from three stages (P1, P2, and P3) during the partial virus purification process (Chap. 2.4; 

samples were tested with RT-PCR using isolate REB655-1 (BVX) and RH106-5 (no virus/negative 

control (NTC)).  
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In addition to the original resuspended pellet (P1) a range of dilutions from 1:10 to 1:2000 were also 

tested (Fig. 41). Here, an absorbance ratio (signal to noise ratio) was calculated using  

formula 6:                 /               (NTC= mock purification of virus-free sample). If the absorbance of the 

sample exceeded the absorbance of the negative control by three fold (absorbance ratio = 3) it was 

considered positive. 

 

 

 

 

 

 

 

 

 

 

Figure 41: Absorbance ratios determined for the partially virus purifications (5 g of starting 

material) of the isolate REB655-1 (sample) and RH106-5 (NTC) using formula 6. Following 

dilutions were used: P1: 0, 10, 100, 500; P2:0, 10, 100, 500; P3:0, 10, 100, 500, 1000, 1500, 2000. 

Dotted line = Detection limit (absorbance ratio = 3).P1=Resuspended pellet after chloroform 

separation from fungal tissue (1
st
 purification step). P2=Resuspended pellet after first 

ultracentrifugation (2
nd

 purification step). P3= Resuspended pellet after second 

ultracentrifugation (3
rd

 purification step). 

 

Figure 41 shows that the first pellet (i.e. least purified) gave the highest signal sample/NTC ratio, with 

the sample/NTC ratio decreasing in the second and third purification stages (P2 and P3). This indicates 

that a lot of virus particles are being lost during the second and third cycles of centrifugation, although 

during the ultracentrifugation step (P3) signal ratios increased slightly in comparison to P2 presumably 

due to removal of fungal tissue and parallel concentration of BVX. Consequently, for ACP-ELISA 

purposes PI was sufficient and sample preparation time could be reduced to 1 day instead of the original 

2 ½ days. Crushed mycelium was also tested, but absorbance values for infected samples were not 

significantly greater than those of the negative controls (data not shown), presumably because of low 

virus titres. In summary ACP-ELISA showed that ABBVX’s are reacting specifically to BVX in partially 

purified samples, but the assay was not sufficiently sensitive to detect BVX in crude fungal extracts. 
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All three stages were also monitored with EM. It was found that although P1 produces a high ELISA 

signal, virus particles were difficult to visualise with EM due to the high amount of fungal debris 

present. Therefore it was concluded that for EM purposes P3 was best.  

 

5.3.1.2 Dot blotting 

 

In order to evaluate the specifity of CP-BVX antibodies for dot blot analysis partially purified virus 

suspensions from Botrytis isolates REB655-1 (BVX), 106-18 (BVF), and 106-5 (no virus) were applied 

directly onto the nitrocellulose membrane. To test the sensitivity of the CP-BVX antibodies the 

antiserum was used at dilutions of 1:2000, 1:3000, 1:4000 and 1:6000. From Figure 42 it can be seen 

that CP-BVX antibodies reacted with partial virus purifications of REB655-1 (BVX only) and RH106-5 

(no virus) at a dilution of 1:2000 and also with REB655-1 at 1/3000. The antibodies did not react with 

RH106-18 (BVF).  

 

 

 

 

 

 

 

Figure 42: Immuno-dot blot of Botrytis samples using CP-BVX antiserum.  Botrytis isolates are: a) 

REB655-1, b) 1:5 diluted REB655-1, c) RH106-18, and d) RH106-5. BVX antiserum (ABBVX) 

dilutions are:   1) 1:2000, 2) 1:3000, 3) 1:4000, and 4) 1:6000. Secondary goat anti-rabbit 

antibodies used at 1/1000 dilution. 

 

Partial virus purifications of isolate RH106-5 showed low signal, but signals were significant lower than 

for REB655-1 (undiluted and diluted). This could have been due to non-specific bindings, which is 

commonly addressed by reducing the antibody concentration (1
st
 antibody=ABBVX). When reducing the 

antibody concentration of ABBVX no signal was observed for the RH106-5 sample. But the signal for 

REB655-1 was greatly reduced too. It was concluded it would be hard to distinguish false positives from 

negative samples; hence this method is not suitable for screening of Botrytis cinerea for BVX. 
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5.3.1.3 Immuno-electron microscopy 

 

The specifity of the CP-BVX antibodies to the naturally folded BVX coat protein on intact virus 

particles was demonstrated using immuno-electron microscopy (IEM) (Fig. 43). BVX particles were 

successfully decorated with CP-BVX antibodies resulting in a strong negative staining of the virus 

particles (Fig. 43B). 

 

 

 

 

 

 

Figure 43: BVX particle without antibody decoration (A) and with decoration (B). 

 

B A 
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5.3.2 Development of an immuno-fluorescence microscopy procedure 

 

Immuno-localisation using epi-fluorescence microscopy is a very powerful tool, which allows us to 

study the distribution of viruses within the cells of an actively growing host. Botrytis virus X is a potex-

like flexuous virus living inside the fungus Botrytis cinerea and therefore represents an intracellular 

antigen. Because fungi have a very rigid cell wall, fungal intracellular antigens are not as easily 

reachable as antigens located on the surface. Hence additional factors have to be considered and 

addressed. 

 

5.3.2.1 Considerations for development of epi-fluorescence microscopy protocols targeting 

intracellular viral antigens in fungi 

 

For the visualisation of intracellular antigens within fungal cells several factors need to be taken into 

consideration: 

  - Sufficient permeabilisation of fungal cell wall and membranes 

  - Good preservation of cell structure 

  - Low nonspecific binding of antibodies 

 

The most critical step during specimen preparation of intracellular antigens is the fixation and 

permeabilisation of the fungal cells (Willingham, 2010; Allen, 2000). In contrast to antigens located at 

the surface, intracellular proteins are more difficult to reach by antibodies because the cell 

wall/membrane surrounding the cytoplasm prevents the antibodies from accessing the cell. Also the very 

dense cytoplasm of fungi affects the fixation reaction and the movement the antibodies (Allen, 2000). 

Therefore, a permeabilisation of the cell wall/membrane enabling antibody access, a sufficient 

distribution of the antibodies within the cell and a long lasting preservation of the cell structure needs to 

be achieved. Because of the intracellular location of the antigen it is absolutely crucial that the fixation is 

durable and allows for intensive washing to remove excess of antibody solutions. Furthermore, fixatives 

as well as permeabilisation solvents can change the conformation of the target protein (e.g. inactivation 

of protein epitope) and therefore can influence or even prevent the binding of the antibodies. 

 

An experiment was set up to compare the three fixation agents acetone, alcohol, and formaldehyde 

which are recommended for intracellular viral antigens (http://www.abcam.com/ps/pdf/protocols/ 

flow_intracellular_staining.pdf; Goldman, 1968). For permeabilisation the common detergent Triton X-
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100 was used, which in combination with PFA enabled antibody access and did not destroy the 

antigenicity of the viral antigen.  

 

5.3.2.2 Comparison of relevant fixatives 

 

In general, there are two categories of fixatives: organic solvents and cross-linking reagents. Organic 

solvents (e.g. alcohols and acetone) remove lipids dehydrate the cell, while precipating the proteins on 

the cellular architecture. Cross-linking reagents (e.g. paraformaldehyde and glutaraldehyde) form 

intermolecular bridges through free amino groups and preserve the structure of the cell by creating a 

network of linked molecules.  

Although paraformaldehyde (PFA) is often the reagent of choice due its mild fixation and good 

structural preservation it can lead to loss of antigenicity of the antigen (Allen, 2000). Ethanol and 

acetone are also good fixatives and permeabilise cells at the same time by removing the cell’s 

phospholipid barriers and making all membrane-limited compartments porous, including mitochondria 

and the nucleus. Nevertheless the durability of the fixation is less stable than PFA and could also 

compromise the binding of the antiserum by precipitation of the target protein. 

The three fixatives PFA, acetone and ethanol were compared using basic protocols described at 

http://www.ihcworld.com/_protocols/general_ICC/fixation.htm. Other protocols described by Ibrahim-

Granet et al. (2003), Bardell et al. (1975), Prod’homme et al. (2001), and Antón et al. (1999) were also 

reviewed and described similar fixation protocols. 

The selected fixation agents were compared as follows: 

 

i) 100 % Acetone at -20 ºC for 5 min 

ii) Cold (4 °C) 95 % ethanol/5% acetic acid for 5 min. 

iii) 4 % PFA for 10 min at RT 

 

Although acetone and ethanol fixations do not need additional permeabilisation a Triton X-100 

treatment was still included in order to keep factors of the basic protocol constant.  
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Negative controls 

 

Rabbit isotopic antiserum, which does not react with BVX was used as negative control. As displayed in 

Figure 44, non-specific signals occurred in some parts of the hyphae (more frequently in hyphal tips). 

The non-specific reactions occurred in all preparations independently from the fixative used but were 

diffuse in nature and quite different from virus specific reactions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Non-specific signals when using isotopic antiserum. Each set of pictures consists of 

‘blue light conditions/fluorescence’ (A), ‘bright field’ (B), and ‘overlay’ (C) view. 

 

When using secondary antibodies (Fig. 45) or CP-BVX antibodies only were used no signal was 

emitted.  

 

Approximately 400 observations of negative samples were carried out including four different negative 

isolates (B05-10, REB965-1, RH106-5) tested with real time-PCR. 

 

  

A B C 
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Figure 45: Representative example of fluorescence microscopy using secondary antibodies only. 

No fluorescent signals were found. Each set of pictures consists of ‘blue light 

conditions/fluorescence’ (A), ‘bright field’ (B), and ‘overlay’ (C) view. 

 

 

Positive controls 

 

In BVX infected isolates very bright oval shaped spots (up to 0.6 µm in diameter) were observed (Fig. 

46) these were quite distinct from the diffuse non-specific reactions and were not seen in virus-free 

samples. Due to the size and discrete nature of the BVX signals, it was assumed they represent viral 

aggregates, similar to those produced by various plant infecting members of the Flexivirideae (Martelli 

et al., 2007). 

 

 

 

 

 

 

 

 

 

 

Figure 46: Immunofluorescence microscopy detection of BVX in REB655-1 following fixation with 

PFA. The set of pictures consists of ‘blue light conditions/fluorescence’ (A), ‘bright field’ (B), and 

‘overlay’ (C) view. 
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Figure 46 shows that when using PFA a very high contrast between non-specific reactions and BVX 

signal can be achieved. When using acetone, similar results were obtained although the average number 

of viral aggregates decreased (Fig. 47).  

 

 

 

 

 

 

Figure 47: Representative example of an acetone fixation of isolate REB655-1. The set of pictures 

consists of ‘blue light conditions/fluorescence’ (A), ‘bright field’ (B), and ‘overlay’ (C) view. 

 

 

 

 

 

 

 

Figure 48: Representative example of an ethanol fixation of isolate REB655-1. The set of pictures 

consists of ‘blue light conditions/fluorescence’ (A), ‘bright field’ (B), and ‘overlay’ (C) view. 

 

The reduced number of signal found suggests that the cross-linking of acetone was insufficient and 

macro molecules were able to move around and also leave the hyphal cells. Samples fixed with ethanol 

(at 4°C) did not show such large signals and did not differ much from the negative control. In total more 

than 500 positive (tested with real time-PCR) samples were examined. 
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5.3.2.3 Discussion and conclusions 

 

The most crucial criterion for all antibody-based techniques is the antigen specifity of the antibodies 

(ABs). The AB’s specificity in addition to its inherent specificity is influenced by several factors. This 

includes fixation method, ratio of antigen to primary (antigen specific) AB, ratio of secondary to 

primary AB, and the blocking reagent.  

This initial experiment confirmed that the type of fixative had a great impact on the antigenicity of the 

BVX coat protein. When using acetone BVX could be detected, but the numbers were lower and virus 

particles were always found closely attached to the cell membrane. A reason for that could be the poorer 

fixation ability of acetone (Clevenger et al., 1985), which can result in the loss of proteins through the 

porous cell membrane and wall. Ethanol fixed samples failed to show high intensity BVX signals. 

Furthermore, acetone and alcohols can also be very destructive due their protein denaturation abilities. 

Some researchers fix their specimens with PFA before fixing in acetone or alcohol in order to protect the 

antigens (Koester et al., 2000) from the damaging effect of acetone and ethanol. In addition, fixation 

with alcohols is often performed at -20°C instead of 4 °C to reduce the precipitation of antigenic 

proteins. One or more of these factors might have been the reason why ethanol fixed samples produced 

non-specific signals. 

Therefore, 4% PFA was chosen for the fixation of Botrytis samples for BVX detection. Adjusting the 

concentrations used for 1
st
 antibody (1:200 to 1:1000) and 2

nd
 antibody (1:100 to 1:600) and also for 

blocking reagent (BSA, 4% to 10%) helped to reduce the background. It should be noted that the 

necessary permeabilisation of the fungal cell wall and membrane for detection of intracellular antigens 

causes significantly greater non-specific binding in comparison to the labeling of surface antigens 

(Bauer & Jacobberger, 1994). Furthermore, insufficient washing might have contributed to the 

occurrence of non-specific binding, which would explain why some areas were almost free from non-

specific signals while others showed more non-specific labeling. However, PFA fixed samples produced 

a very high signal to noise ratio and were successfully used to study the localisation and distribution of 

BVX particles. 
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Further factors to consider when working with Botrytis are the growth properties and three-dimensional 

growth of fungal mycelia on a slide (Fig. 49). 

 

 

 

 

Figure 49: Three-dimensionally growth of Botrytis germ tubes. 

 

Although it is very convenient that Botrytis attaches to a glass slide (approximately after 1 hr), it also 

grows very fast and experiments can only be performed up to 48 hrs. This is partially because Botrytis 

needs a spore concentration of about 10
5
 to 10

7
 per ml in order to initiate germination and consequently 

cannot be used in lower densities. When using agar plugs infected with Botrytis instead a similar 

mycelia mat is formed after 48 HPI and therefore did not extent the experimental time period.  

In order to flatten out the hyphae a dehydrating ethanol series (60%, 80%, and 95%) was added after 

fixing and permeabilising of hyphae. This helped to reduce the three-dimensional effect and also 

decreased some of the background and therefore improved the quality of the pictures acquired. 
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5.3.3 Localisation and distribution of BVX within cultures of Botrytis cinerea 

 

The location and distribution of BVX was studied in hyphal cells of isolate REB655-1 and in BVX 

transfected clones (Chapter 5.2.4: clone=isolate, which underwent virus transfection) of the isolate B05-

10 (picture series consisting of blue light, bright field, and overlay view) as well as in spores of isolate 

REB655-1 and RH106-10 (BVX+BVF). In addition, ultrathin cross-sections of hyphal tubes of isolate 

REB655-1 were investigated. Every microscopic examination of positive isolates or clones included at 

least one BVX free sample (tested with real time-PCR) as a negative control. 

 

Fixed whole mycelia grown on glass slides 

 

Clusters of aggregates 

Most of the fluorescing dots observed were found to have a diameter between 0.3 and 0.6 µm. Since 

these were not present in BVX free samples and filamentous viruses are known to aggregate in other 

hosts, e.g. plants (Martelli et al., 2007), these are assumed to represent virus aggregates. Furthermore, 

these aggregates were often found in clusters of two to four (Fig. 50, 51). 

 

 

 

 

 

 

 

 

Figure 50: Occurrence of BVX double aggregates in isolate REB655-1: A) Double aggregate in the 

middle of the cell, B) Two aggregate on both sides of a septum. One aggregates trying to pass the 

septum (1) and the other one (2) presumable originated from particles broken of the first 

aggregate. Each set of pictures consists of ‘blue light conditions/fluorescence’ (1), ‘bright field’ (2), 

and ‘overlay’ (3) view.   
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When magnifying some of the fluorescent spots, it can be seen that the aggregates are not perfectly 

round (Fig. 51), suggesting an irregular or bundle-like three-dimensional structure, which is typical for 

carlaviruses (Brunt et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51: Magnified virus aggregates: A) Single aggregate (from Fig. 50), B) 2 aggregates 

clustered together (from Fig. 47B), and C) 4 aggregate clustered together (found in a germinating 

spore). Dashed lines are representing the location of the septal wall.  

 

  

B 
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Location of BVX aggregates 

A frequent location of signals was next to the septal pore (Fig. 50B, 52), which indicates that virus 

aggregates have difficulties passing through the septal pore. The fluorescent spot in Figure 52 is about 

0.7 µm while a septal pore spans only to about ~ 0.2 µm in Botrytis cinerea (Gull&Trinci, 1971). 

Although the actual aggregates are probably slightly smaller than the signal due light scattering an 

aggregate bigger than 0.2 µm might not be able to be transported through a fully developed septal pore 

and only smaller aggregates (possibly parts broken off from bigger aggregates) or single virus particles 

pass through. 

 

Furthermore, aggregates were often found closely associated with the cell membrane (Fig. 46, 53-57) as 

well as in spores (Fig. 49, 56). The association with the cell membrane can be clearly seen in Figure 53. 

Here the cytoplasm and plasma lemma detaches from the cell wall (asterix) and the fluorescent signal 

stays attached to the cell membrane/cytoskeleton (arrows).  
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Figure 52: Signal found next to the septal pore. White arrows=Fluorescent signal. Black 

arrow=Septal pore. The set of pictures consists of ‘blue light conditions/fluorescence’ (1), ‘bright 

field’ (2), and ‘overlay’ (3) view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 53: Attachment of BVX to cell membrane/ cytoskeleton. Arrow=Fluorescent signal 

associated to cell membrane. Asterix=Area of detachment of cell membrane from cell wall. The set 

of pictures consists of ‘blue light conditions/fluorescence’ (1), ‘bright field’ (2), and ‘overlay’ (3) 

view. 
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Figure 54: Detection of BVX in a germinating spore: A) At the base of the germ tube and B) 

distributed in the germ tube. Each set of pictures consists of ‘blue light conditions/fluorescence’ 

(1), ‘bright field’ (2), and ‘overlay’ (3) view. 

 

Figure 54 shows BVX aggregates in hyphal tubes of germinating spores. During the very early stages of 

germination a first septal wall is formed at the base of the germ tube presenting a very first barrier for 

virus particles. Hence, BVX particles need to pass through this barrier first in order to move forward 

into the extending hyphae. Figure 54A represents a possible example for such a process. Furthermore, 

Figure 54B shows BVX proliferation after passing through the first septum. 
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Figure 55: Localisation of BVX signals in hyphal tips: A) Emerging hyphal tip, B) ‘Mother 

daughter’ clustering of BVX, and C) BVX located in/on the hyphal tip membrane and cell wall. 

Each set of pictures consists of ‘blue light conditions/fluorescence’ (1), ‘bright field’ (2), and 

‘overlay’ (3) view.  

 

Figure 55 shows fluorescent signals in hyphal tips, the most active part of the cell. An increased signal 

could be detected during new hyphal tip growth. BVX seems to be attached to the new emerging cell 

membrane (Fig. 55A), which could facilitate movement into the new hyphal cell.  Large BVX 

aggregates might also be the origin for smaller aggregates. Figure 55B (arrows) shows a very symmetric 

arrangement of three smaller fluorescent spots in front of a bigger spot. It is very tempting to interpret 

this as a ‘mother to daughter aggregate’ scenario. In this context a ‘mother to daughter aggregate’ 

scenario is defined as follows: An aggregation of hundreds of flexuous virus particles is called a ‘mother 

aggregate’ and has an average size of 0.5 µm (+/- 0.2 µm). If a critical size (possibly ~ 0.7 to 1 µm) is 

reached or mechanical sheer forces are present subunits of the ‘mother aggregate’ can break off and 

form much smaller ‘daughter aggregates’ (size ~ 0.1 µm). Due to the smaller diameter of the ‘daughter 

aggregates’ they are able to pass septa and move quickly from hyphal cell to another.  

Looking at Figure 55C, distinct fluorescent signals were also found at the very end of a hyphal tip, 

associated to the cell membrane and the cell wall. BVX closely located to the cell membrane/cell wall 
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was also found during a potential fusion event (Fig. 56). If cell content moves from one hyphae to 

another it is very likely that virus particles would be transmitted as well. 

 

 

 

 

 

 

 

 

 

 

Figure 56: Localisation of BVX aggregates during potential fusion event. The set of pictures 

consists of ‘blue light conditions/fluorescence’ (A), ‘bright field’ (B), and ‘overlay’ (C) view. 
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Furthermore, fluorescence microscopy was also used to study BVX in transfected clones of the isolate 

B05-10 (clone=virus transfected isolate; see Chap. 5.2.4). Several BVX aggregates were closely 

attached to the membrane similar to previous findings in REB655-1 (e.g. Fig. 55&56). 

 

 

 

 

 

 

 

 

Figure 57: Localisation of BVX in clone D655 (REB655-1(BVX)).1. Arrow = BVX association with 

cell wall. Asterix = BVX association with cell membrane. The set of pictures consists of ‘blue light 

conditions/fluorescence’ (A), ‘bright field’ (B), and ‘overlay’ (C) view. 
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Detection of BVX in ungerminated spores 

When looking at conidiospores 4 hrs after incubation in Vogel’s medium (Fig. 58) it is clear that isolate 

REB-655-1 contains more BVX particles than RH106-10. These results support the ELISA results 

presented in Chapter 5.3.1.1 and might help to screen for BVX more quickly. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58: Localisation of BVX in ungerminated spores of: A) REB655-1; B) RH106-10. Each set 

of pictures consists of ‘blue light conditions/fluorescence’ (1), ‘bright field’ (2), and ‘overlay’ (3) 

view. 
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Ultra-thin cross sections 

 

The localisation of virus aggregates was also confirmed by fluorescence microscopy using ultra-thin 

cross-sections of agar plugs containing Botrytis hyphae (Fig. 59). As shown with standard fluorescence 

microscopy virus particles were found organised in round (arrow) or irregular shaped clusters (Fig. 59, 

asterix), apparently associated with the cell wall (Fig. 59, arrow+asterix), sometimes in doubles and 

triplets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59: Immuno fluorescent detection of BVX aggregates in ultrathin cross-sections of A) 

isolate REB-655-1 and B) isolate 106-5 (negative control). A1-4: Examples of clusters: round 

(arrow) and irregular (asterix). A4-5: Examples of BVX in the cell wall (arrow+asterix). Bar = 2 

µm. 
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5.4 Summary and discussion 
 

This chapter describes the development and application of immuno-microscopy techniques to visualise 

BVX in hyphae and spores of B. cinerea. CP-BVX antibodies were evaluated using an indirect ACP-

ELISA and partially purified BVX particles. The CP-BVX antibodies readily detected partial purified 

BVX particles but the assay was not sufficiently sensitive to detect BVX in crude fungal extracts and is 

therefore unlikely to replace PCR for routine virus detection. However, it did establish the utility and 

specificity of the antiserum prior to its use in other immunological assays.  

A critical step in the development of the fluorescence microscopy system is the fixation. In order to find 

the best fixative three appropriate fixatives (acetone, ethanol, PFA) were compared. PFA showed the 

best fixation with regard to cell structure and signal intensity; and was therefore adopted for all future 

experiments. After optimising other factors, including antibody and blocking agent concentrations, the 

protocol proved to be very effective for the observation of BVX aggregates in fungal hyphae and spores. 

Subsequently, the localisation and distribution of BVX was studied using the isolate REB655-1 and two 

virus transfected clones of isolates B05-10.  

 

Using the CP-BVX specific antibodies in combination with immuno-fluorescence microscopy, BVX 

particles were detected in Botrytis hyphae, typically close to the cell membrane and septum, and also in 

conidiospores. The diameter of most fluorescent spots, which are presumed to represent virus aggregates 

ranged from 0.2 to 0.6 µm. This is consistent with observations of oval aggregates of other plant 

flexuous viruses (Martelli et al., 2007) and also with aggregates found in the fungus Entomophaga 

aulicia (Nolan et al., 1988), which look very similar to the formations we found in Botrytis isolate 

REB655-1 (Fig. 60).  
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Figure 60: A) Virus aggregates in an EM ultra-thin cross section of isolate REB655-1 

(Bar=100 nm), B) Comparable virus aggregate found in Entomophaga aulicia (Nolan et al., 1988, 

Figure 5). 

 

Most of the aggregates observed were not perfectly round (Fig. 51) and were mostly of irregular shape. 

This suggests that the aggregates are rather loosely bundled/non-symmetric arrangement of particles, 

which is consistent with findings for other flexuous viruses (Medina et al., 1998; Nolan et al., 1988; 

Goodman et al., 1976; Martelli et al., 2007). In contrast, isometric or rod shaped viruses typically form 

symmetric/crystal like arrays (e.g. Martin et al., 2004). 

The frequent proximity of BVX aggregates to the cell membrane corresponds with the view that positive 

strand RNA viruses of eukaryotes are, in general, closely associated with the cellular membranes of their 

hosts (Salonen et al., 2004) in order to acquire proteins and enzymes necessary for virus assembly. The 

occurrence of large aggregates next to septa might indicate that they are unable to pass through the 

septal pores which in B. cinerea are only about 0.2 µm wide (Gull&Trinci, 1971). Nevertheless, I found 

aggregates on both sides of the septum (Fig. 53B) implying that at least fragments of the ‘mother’ 

aggregate (Fig. 50/B3/*1) are transported to the other side of the septal pore and form a ‘daughter’ 

aggregate (Fig. 50/B3/*2). A similar observation was made in a hyphal tip (Fig. 59B3) showing a large 

aggregate and its three putative ‘daughter’ aggregates. The symmetric fashion of their arrangement 

points to an organized distribution, which might have been facilitated by microtubules, actively or 

passively. Although it is generally assumed that mycoviruses move passively by plasma streaming 

(Sasaki et al., 2006) through the cytoplasm, it is not known how flexuous viruses of filamentous fungi 

are transported from cell to cell.  

The results presented here suggest that viral transport within mycelia might not be entirely passive, but 

also involves attachment to fungal cell structures, such as membranes and microtubules. The presence of 

BVX aggregates associated with the cell wall of hyphal tips points to a transportation of virus particles 

to the apex of the cell. Newhouse et al. (1990) and Jacob-Wilk et al. (2006) suggested that membrane-

bound virus like particles could be transported with the ‘trans-Golgi network’ to the hyphal tip. 

A B 

Nolan et al., 1988, figure 5 
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Although this does not explain the localisation of BVX in the cell wall, it indicates that BVX might be 

transported and exported by the secretory pathways.  

The possible secretion of mycoviruses was already suggested by McCabe et al. (1999) and the 

localisation of BVX in the cell wall of the hyphal tip suggests the presence of a virus-secretion 

mechanism in B. cinerea. It is now known that fungi export lipids, polysaccharides, or proteins (e.g. 

toxins) across the cell wall in membranous vesicles (Casadevall et al., 2009). Comparing the size of 

such vesicles, the vesicles exporting polysaccharides in Cryptococcus neoformans range from 0.06 µm 

to 0.3 µm (Rodrigues et al., 2008) which is similar to the size of the fluorescent spots observed in/on the 

cell wall of isolate REB655-1. Fluorescently labeled vesicles exporting aflatoxins in Aspergillus 

parasiticus (Chanda et al., 2010) were also of a similar size (~ 0.5 µm) to the BVX signals found in the 

cell wall  

(Fig. 60C3, 66, 67). Therefore it is tempting to speculate that mycoviruses could also be secreted in 

membrane bound vesicles. Such vesicular export would provide mycoviruses with a means of 

extracellular transmission not previously recognised, which may explain why they are so common in 

fungi in general (Pearson et al., 2009) and specifically in Botrytis, despite the existence of many 

somatically incompatibility groups. 

Furthermore, it was intriguing that on average (based on ~ 100 observations) not more than three big 

(diameter greater than 0.2 µm) aggregates per hyphal cell were found (Fig. 46). This might indicate that 

the virus replication is regulated by the fungus and explain why the effects of mycoviruses are 

frequently cryptic. Segers et al. (2007) have shown that an antiviral defense mechanism exists in 

Cryphonectria parasitica and suggest that this might also be true for other mycovirus-fungus 

combinations. The cryptic nature of BVX in most naturally infected Botrytis isolates suggests that BVX 

and Botrytis have co-evolved to a balanced state and the virus to fungus ratio is kept stable in order to 

prevent excessive virus replication. 

However, the most significant finding of this study was the localisation of BVX aggregates associated to 

the cell wall, suggesting that BVX particles are passing the cell wall of B. cinerea. This was found in 

both naturally and artificially infected Botrytis isolates. 

So far the extracellular presence of mycoviruses without cell lysis taking place has only reported for 

Magnaporthe oryzae (Urayama et al., 2010). Urayama et al. (2010) detected viral dsRNA in the 

supernatant of broth cultures of M. oryzae and were able to infect virus-free isolates by adding the 

dsRNA containing supernatant.  

Although this does not explain how the virus was released and taken up, it was the first report of a 

successful extracellular mycoviral infection of a filamentous fungus. While it is possible that M. oryzae 

released/obtained the dsRNA through disrupted hyphae, our findings suggest that complete disruption of 
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cell compartments may not necessary for virus particle discharge. Interestingly BVX transfected clone 

D655.1 (for nomenclature see Chap. 6.2.4) .had regions in the cell wall (Fig. 61, arrows) of mature cells, 

when stained with calcoflour-white (CFW), indicating that the cell wall is undergoing differentiation and 

not fully assembled (Elad et al., 1983; Kritzman et al., 1978). CFW stains specifically newly formed 

microfibrils consisting of chitin, cellulose and other β-1,4-linked carbohydrates (Hughes, 1975; 

Maeda&Ishida, 1967), which are usually only found in actively growing hyphal tips, at newly formed 

branching sites, and in septa. If the regions in BVX and BVF infected Botrytis clones also consist of 

loosely packed microfibrils, they might represent hot spots where BVX and BVF could pass through the 

wall. Because these patches were only found in virus infected isolates, it is probable that this is caused 

by BVX and BVF. Furthermore, our findings are consistent with results from Buck et al. (1969) and 

Banks et al. (1970), who reported that only virus-containing isolates of Penicillium stoloniferum, 

Aspergillus foetidus and Aspergillus niger contained much greater amounts of galactosamine (which is a 

cell wall component) than virus-free isolates. They concluded that the mycoviruses must have induced 

this alteration of the cell wall composition.  

 

 

 

  

 

 

Figure 61: Calcoflour-White staining (Gull, 1974) of clone D655.1 highlighting areas of cell wall 

differentiation (arrows) in contrast to a normal cell compartment (*). S=Septum. 

 

In summary, this chapter showed that immuno-fluorescence microscopy is a very powerful tool for 

studying the location and distribution of mycoviruses and revealed significant new aspects of virus-

fungal interactions.  
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6. Phenotypical and metabolic effects in Botrytis cinerea isolate 

B05-10 from experimental infection with BVX and BVF 
 

6.1 Introduction 

 

The effect of mycoviruses on the host’s phenotype can be detrimental, beneficial, or 

symptomless/cryptic (Chap. 1.2.6). Many mycoviruses cause microscopical and macroscopical visible 

symptoms (Golinski et al., 2008; Ghabrial et al. 2008; Zhang et al., 2009; Zhang et al., 2010) as 

summarised in Table 14. These symptoms are often the first indications of the presence of mycoviruses 

in fungal cultures.   

 

Table 14: Morphological symptoms were often found associated with mycoviral presence. 

 

Macroscopic symptoms References 

 

-  Sectoring of mycelia  
 

Marquez et al., 2007; Ghabrial, 1980; Xie et al., 

2006; Jian et al., 1997 

-  Sparse aerial hyphae Choi et al., 1992 

-  Reduction of growth rate and sporulation Ghabrial, 1980; Boland, 2004; Chu et al., 2002; 

Peever et al., 2000 

-  Change of pigmentation Chu et al., 2004; Xie et al., 2006 

-  Altered colony morphology Chu et al., 2004; Chun&Lee, 1997 

-  Enhanced branching Zhang et al., 2010 

-  Pre-stages of autophagy (e.g. increased  

    vacuolization, enlarged vesicles) 

Albouy et al., 1972; Aoki et al., 2009; Urayama et 

al., 2010 

-  Cell lysis and plaque formation Lemke&Nash, 1974 

 

Microscopic symptoms 

 

References 
 

-  Compromised mitochondria  
 

Dihanich et al., 1989; Zhang et al., 2008 

- Occurrence and accumulation of pleomorphic  

    membranous vesicles 

Boland, 2004; Vilches et al., 1997; Jacob-Wilk et 

al., 2006; McCabe et al., 1999 
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While some authors report that hypovirulent phenotypes could be transferred to virus free Botrytis 

isolates (Castro et al., 2003; Wu et al., 2007), others mostly describe virus transfections of B. cinerea 

resulting in only slight reductions in growth and fitness, or no obvious change in the fungal phenotype 

(Wu et al., 2007, 2010; Howitt et al., 1995, 2001, 2006; Vilches et al., 1997). However the mycovirus 

Cryphonectria hypovirus 1 (CHV1) causes great perturbation of the primary metabolism of 

Cryphonectria parasitica by preventing the fungus from aging (mostly through down regulation of 

fungal metabolic pathways). It was found that CHV1 affected about 54 metabolites out of 164 

investigated (Dawe et al., 2009). However, studies about the effects of mycoviruses on fungal 

metabolism are, in general, rare and I am unaware of any studies on the effects of mycoviruses on B. 

cinerea metabolism. In order to study the metabolic changes associated with the phenotypic alterations 

in mycovirus infected B. cinerea isolates we transfected the virus free isolate B05-10 with BVX and 

BVF. B. cinerea B05-10 isolate was chosen because many researchers are studying this isolate and it is 

has been fully sequenced.  

 

The research was divided into three main parts: 

 

1) Macro- (visible with naked eye or simple light microscope) and microscopic (electron microscope)  

    observations of BVX and BVF infected Botrytis cultures  

2) Monitoring macroscopic phenotypical changes in virus transfected clones of B05-10 in a time  

    course experiment 

3) Metabolic profiling of two severely growth depressed Botrytis clones transfected with BVX and  

    BVF 
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6.2 Material and methods 

 

The methodology of the virus transfection of Botrytis cinerea is described in Chapter 5.2.4 and the 

respective nomenclature for virus transfected clones in Chapter 6.2.4. 

 

6.2.1 Standard light microscopy 

 

Fungal cultures on agar plates as well as mycelia grown on glass slides were used to investigate the 

morphology of different Botrytis isolates and clones (Chap. 5.2.4). When examining fungal mycelia on 

agar plates a Leica DMR HC stereo microscope (Leica Microsystems, Wetzlar, Germany) at a 

magnification of 50x to 100x was used. For mycelia grown on glass slides either spore suspensions 

(10
5
 spores/ml) or mycelium/agar plugs in Vogel’s medium were applied onto a surface-sterilised 

(wiped with 75 % ethanol) slide. After a growth period of two hours up to two days, depending on the 

experiment, non-attached hyphae and spores were removed by rinsing with PBS. The specimen was then 

covered with a cover slip and observed under a compound light microscope (Olympus CH, Tokyo, 

Japan) at 400x to 1000x magnification. 

 

6.2.2 Transmission electron microscopy  

 

For TEM, Pyroxylin/carbon-coated copper grids (ProSciTech, Thuringowa, Qld, Australia) were used. 

The carbon coated grids were charged by placing them in an electric field for about 15 sec (500 V) by 

glow discharge. Carbon when charged facilitates the binding of proteins to the grid due to its positive 

electric charge. The grids stay charged for about 20 min.  

For viruses in solution (e.g. partially purified preparations) 2 µl of virus solution was applied onto the 

charged grid and incubated for 30 sec. Excess virus solution was removed by touching a small piece of 

filter paper to the edge of the grid. A 20 µl drop of 2 % uranyl acetate (UA) stain was then added and the 

grid incubated for another 30 sec. The UA was then removed with filter paper and the grid dried for at 

least 5 min. Prepared grids were examined with a PhillipsCM12 (Amsterdam, The Netherlands). 

For examining ultrathin sections of Botrytis hyphae, ~ 5 mm mycelia/agar cubes were cut from two 

week old Botrytis cultures and fixed in 2.5 % glutaraldehyde in 0.1 M Sörensens phosphate buffer (72 % 

0.2 M Na2HPO4·2H2O and 28 % NaH2PO4∙H2O, pH 7.2) for three hours or overnight at 4 °C. Following 

fixation the agar cubes were washed in Sörensens phosphate buffer (pH 7.2) three times for 10 min each.  
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The samples were then put through a dehydration series of 30 %, 50 %, 70 %, 90 %, 100% ethanol, 

100% ethanol, 100 % acetone, 100 % acetone, with 10 min incubation at each stage.  

The samples were then infiltrated with an epoxy resin EPON® 812 (SPI-CHEM, West Chester, PA, 

USA) – acetone mixture (1:1) for one hour, followed by another infiltration step using 100 % epoxy 

resin (812). The agar/resin pieces were then transferred to embedding capsules (8 mm, Electron 

Microscopy Sciences, Hatfield, PA, USA), filled up with fresh resin and cured at 60 °C for 48 hours. 

The cured samples were cut into semi-thin sections (1-5 µm) with a glass knife and stained in 0.5 % 

aqueous solution of methylene blue (Sigma-Aldrich). A microtome (Leica CM1850, Leica microsystems 

GmbH, Wetzlar, Germany) was used to cut ultrathin sections (~ 70 nm), which were then placed on 

copper grids (200 µm mesh size) and stained with 2 % UA and Reynolds Lead citrate (80 mM Pb(NO3)2, 

0.1 M Na3C6H5O7·2H2O (sodium citrate), and 16 % 1M NaOH) for 30 min. 

 

6.2.3 Assessment of phenotypical changes in Botrytis cultures 

 

The characterisation of fungal phenotypes is an important part in assessing changes in morphology, 

fitness and the ability of the fungus to cause disease (virulence). In order to monitor and describe 

phenotypic changes due to mycoviral infections the following parameters were selected and monitored 

in a time course experiment (Chap. 6.2.4): 

 

i)  Virulence – Measuring of lesion size (Apple and leave assays) 

ii)  Growth rate – Measuring of linear growth rate of culture 

iii)  Biomass production – Measuring of mycelia dry weight produced in liquid cultures 

iv)  pH – Measuring the acidity of liquid cultures 

v)  Aerial hyphae growth – Ranking of aerial hyphae production 

vi)  Sporulation – Measuring of spore concentration 

vii)  Sclerotia production – Counting of sclerotia produced per plate 

viii)  Hyphal morphology – Ranking of enhanced branching and zigzagging of hyphae 

ix)  Pigmentation – Ranking of change in pigmentation (browning/yellowing of cultures) 

x)  Formation of crystals – Ranking of crystal occurrence 
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Virulence assays 

 

Several Botrytis isolates and clones were evaluated for their virulence using virulence assays with apples 

(Malus domestica cv.) and detached bean (Phaseolus vulgaris) leaves, based on procedures used by 

other researchers (Benito et al., 1998; Finkers et al., 2007; 2008; Ten Have et al., 2007). For optimal 

fungal growth fruits and leaves were enclosed in containers maintaining 100 % humidity and incubated 

at 20 °C under a diurnal light regime for up to six days. The lesion size was measured using a vernier 

caliper. For each virus transfected clone of each fungal isolate four bean leaves or five replicates apples 

were used.  

 

Virulence assay with bean leaves 

 

For experiments with bean leaves spore suspensions were used. Conidia were harvested from 

sporulating plates by washing with 5 ml of a 0.02 % Tween20 (Sigma-Aldrich) solution. The suspension 

was filtered through a 100 µm cell strainer (BD Falcon, Lexington, TN, USA) to remove mycelia 

fragments and the conidia pelleted from the filtrate by centrifugation (7 min, 1200 g). The final spore 

concentration was adjusted to 10
6
 spores per ml by resuspending the pellet in Vogel’s medium. Before 

applying 5 µl of spore solution onto bean leaves, germination was initiated by incubation at 20 °C for 

two to three hours without agitation. The detached bean leaves were surface sterilized with 70 % ethanol 

before inoculation.  

 

Virulence assay with apples 

 

Apples were inoculated with mycelial plugs from an actively growing Botrytis cultures on Vogel’s 

medium. The apples were surface sterilised with 70 % ethanol and a 4 mm hole made with a punch and 

a 4 mm agar plug with mycelia was then placed in the hole (Fig. 62). 

 

 

Figure 62: Virulence assay with apples. The fruit were halved with a sterilised knife to measure 

the extent of the rot. 
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In-vitro growth rate 

 

Linear growth rates of fungal mycelia were measured on Vogel’s medium agar plates. An agar plug was 

placed near the plate margin, and the growth was measured daily until the edge of the plate was reached 

(Fig. 63). Five replicates were used for each fungal isolate or virus transfected clone. 

 

Figure 63: Linear growth of B. cinerea on Vogel’s medium. 

 

 

  

Day 1 

 

Day 2 

Day 3 

Day 4 
 

Day 5 
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Measurement of biomass, pH, and aerial hyphal growth 

 

Measurements of mycelial weight provide information about the amount of hyphae produced in contrast 

to the linear growth rate, where only the hyphae migration speed is determined. Additionally, pH 

measurements can give indications of metabolic changes occurred during experiments. 

 

Biomass and pH were measured as follows: an agar plug (4 mm) of actively growing mycelium was 

transferred into 5 ml Vogel’s broth and shaken for 2 days at room temperature and under diurnal light 

regime at 20 °C. The pH was measured using a ‘Seven Easy’ pH meter (Mettler-Toledo, Greifensee, 

Switzerland) and the mycelium filtered through grade #1 Whatmann
®
 (Clifton, NJ, USA) filter paper 

(5.5 cm) and dried at 60 °C for 2 days. Dry weights were calculated by subtracting the weight of filter 

paper from the weight of filter paper plus dried mycelia.  

 

In addition to biomass, aerial hyphal growth (AHG) was observed on agar plate cultures. AHG was 

recorded as ordinal data ranking from 1 to 4 (1= sparse, 2 = little to moderate, 3 = moderate to vigorous, 

and 4 = vigorous AHG growth) as illustrated in Figure 64. 

 

 

 

 

 

 

 

 

Figure 64: Examples of Aerial Hyphal Growth ranking: A = 1, B = 2, C = 3, D = 4. 

 

  

A) B) C) D) 
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Counting spores and sclerotia 

 

Quantifying the number of spores and sclerotia produced provides information about the fitness of the 

fungus. If spore production decreases or stops the most important way of the fungus, spreading from one 

plant to another, is greatly restricted. Similarly, a reduction in sclerotia would lead to a lower survival 

rate over winter and the fungus would have fewer opportunities to reactivate its mycelial production. 

Spore concentrations were measured using a spectrophotometer. A wavelength scan of several Botrytis 

spore suspensions, including isolates REB655-1, RH106-10, RH106-18, B05-10, and RH106-5, was 

used to determine the best wavelength for measuring spore densities. Based on that 285 nm was chosen 

for creating a standard curve ranging from 5·10
5
 to 10

7
 spores per ml (R

2
=0.99). This was cross-checked 

with spore counts using an improved Neubauer counting chamber. 

 

Spores were prepared for spectrophotometric measurements as follows: A representative area of a 10 

days old overgrown agar plate was chosen for extraction of a 1 cm diameter plug. For this purpose a 

sterilized cork borer (1 cm) was used. The plug was then cut into small pieces (~ 3x3 mm) and 

transferred to an Eppendorf tube containing a metal bead (5 mm) and 1 ml of 0.02 % Tween20 solution. 

To release the spores from the mycelium the tube was placed in a tube holder of a TissueLyser II 

(Retsch QIAGEN, Haan, Germany) and shaken for 20 sec (power setting 3). The freed spores were 

filtered through a 40 µm strainer (BD Falcon, San Jose, Ca, USA) into a 50 ml conical plastic tube. The 

remaining agar plug pieces were washed with another 1 ml of 0.02 % Tween20 solution and also filtered 

through the same 40 µm strainer (BD Falcon). The resulting spore suspension was then diluted as 

required and used for measuring spores densities spectrophotometrically. Spore concentration was 

calculated as follows:  

 

CPlate = CPlug  x 81                 (7) 

 

(A 1 cm plug represents an area of 0.7854 cm
2
, which is a 81

st
 of a whole plate: Ø = 9cm, 63.61725 cm

2
. 

Abbreviations: CPlate: Spore concentration of whole plate and CPlug = Spore concentration of a plug) 

 

Using this procedure, 24 samples could be processed in parallel. Furthermore, the spore type (macro- or 

microspore) and its dominance (- not present, + small amount present, ++ moderate amount present, 

+++ great amounts present) was also recorded for every sample. Change of pigmentation of fungal 

cultures did not impact this technique, because it only occurred in hyphal cells (possible cell walls) and 

not in the spores.  
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To measure sclerotia production Botrytis cultures were grown on Vogel’s agar medium under a diurnal 

light regime at 20 °C for one week with subsequent growing in the dark at 20 °C for three weeks. 

Afterwards sclerotia numbers produced per plate were determined.  

 

Hyphal morphology, pigmentation and crystal formation 

 

Mycoviral infection can cause various changes in the fungal phenotype, including changes in hyphal 

branching and pigmentation as well as sectoring (Fig. 65a). Therefore the parameters ‘hyphae 

morphology’ and ‘pigmentation’ were included in the assessment of phenotypical changes.  

 

 

 

 

 

 

 

 

 

 

Figure 65: Phenotypical changes associated with virus transfection. 

 

The three parameters (‘hyphae morphology’, ‘pigmentation’ and ‘crystal formation’) were also recorded 

as ordinal data:  

 

Hyphae morphology:  0 – normal, 1 – little change, 2 – moderate change, and 3 - great change in  

hyphae morphology,  

Pigmentation: 0 – no browning, 1 – little browning, 2 – moderate browning, and 3 – great  

browning 

Crystal formation: 0 – no crystals, 1 – crystals (Fig. 71B). 

  

a 

       Wild type                    Pigmentation change     Hyphal morphology change      Sectoring 

   a) Grainy appearance 

 

a) 
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6.2.4 Experimental design of time course experiment 

 

In order to obtain virus particles for transfection, isolate REB655-1 (BVF), RH106-10 (BVF+BVX), and 

RH106-18 (BVF+BVX
20

) were cultured for 2 days in Vogel’s broth (shaken at 180 rpm on an orbital 

shaker  at 20 °C), mycelia was harvested and virus particles were partially purified as described in 

Chapter 2.4. After confirmation of the presence of virus particles by EM, virus suspensions were mixed 

with Botrytis protoplasts as described in Chapter 5.2.4. As negative controls, protoplasts were also 

‘mock-transfected’ (twenty replicates) by using phosphate buffer instead of virus suspension (App. A.7). 

Fifteen germinated virus transfected single spore colonies were isolated and subcultured three times. 

Subsequently isolates were tested for the presence of BVX and BVF by rt-PCR. A minimum of five 

clones per virus preparation were selected for the experiment depending on their phenotype and their 

virus infection status. Virus transfected isolates, originating from single protoplasts are referred to as 

clones. Clone names consisted of two parts, firstly a D for donor plus a number derived from the donor 

isolate name, followed by a number identifying the individual clones (Tab. 15). When clonal cultures 

showed sectoring (Fig. 68) during subculturing, agar plugs from the different areas were cultured 

separately. These variants were identified by a ‘b’ at the end of the isolate code, for example for clone 

‘D18.8’ the separately cultured variant was called ‘D18.8b’ (Tab. 15).  During virus monitoring it was 

discovered that some clones transfected with purified extracts from RH106-18 were infected with BVX.  

It was therefore concluded that RH106-18 was infected with BVX but below the detectable level.  

 

Table 15: Assigned names of BVX and BVF transfected clones. 

Donor name – Donor ID# Clone name/ID# 

REB655-1 (BVX) – D655 D655.1, D655.2, D655.3, D655.4, D655.11 

RH106-10 (BVX/BVF) – D10 D10.4, D10.5, D10.6, D10.7, D10.8, D10.9 

RH106-18 (BVF+BVX
8
) – D18 D18.3, D18.3b, D18.5, D18.6, D18.6b, D18.7, D18.8, D18.8b, 

D18.11, D18.12, D18.14, D18.15 

 

 

 

  

                                                           
8
 BVX is present, although not at a detectable level 
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The components and chronological sequence of events are summarized in Figure 66. During the course 

of the experiment the selected clones (five replicates each) were subcultured in five times. About 100 

mg of each sample was harvested at the start and the end (after five subcultures) of the experiment and 

stored at -80°C prior to rt-PCR analysis. Phenotypical characteristics were measured at both time points 

as described in Chapter 6.3.3. 

 

6.2.5 Metabolic profiling 

 

6.2.5.1 Fungal isolates 

 

For metabolic profiling the clones D18.5 (contains BVF+BVX), D18.7 (contains BVF+BVX), and the 

isolate B05-10 were used (Fig. 67). 

 

 

 

 

 

 

 

Figure 67: Botrytis isolates selected for metabolic analysis: A) Clone D18.7, B) Clone D18.5, and C) 

Wild type (B05-10). 

 

 

6.2.5.2 Analysis of fungal secondary metabolites 

 

Analysing of fungal secondary metabolites using gas chromatography coupled with mass spectrometry 

(GC-MS) is a very rapid way of screening for new chemical compounds produced by fungi. Within this 

thesis GC-MS was used to investigate the connection between ‘secondary metabolite profiles’ with the 

occurrence of unusual phenotypes of Botrytis isolate B05-10 due to viral infection with BVF and BVX. 

The following method was adapted from a protocol provided by Villas-Bôas (pers. comm.) and 

describes the preparation of samples for GC-MS analysis: Full mycelia overgrown agar plates, which 

A) B) C) 
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were covered with cellophane before inoculation, were separated into two parts. First the mycelia grown 

on the cellophane was transferred in into a 50 ml falcon tube. Secondly, the agar part was chopped into 

small pieces and also transferred to 50 ml tubes. Both were flash frozen with liquid nitrogen and put 

immediately into a –80 °C freezer (quenching) until further usage. The frozen mycelia was transferred to 

a pre-cooled mortar and ground to powder using a pestle. The agar pieces were used without grinding.  

Each sample was then transferred to a 50 ml centrifuge tube containing 5 ml of neat methanol at -30°C. 

In order to quantify compounds later, 20 µL internal standard (10 mM of 2,3,3,3-d4 D-L-Alanine) was 

added to each sample and mixed vigorously for 1 min. Afterwards samples were centrifuged at 17,000 g 

at -20 °C for 20 min. The supernatant was collected in a new 50 ml centrifuge tube and kept at – 30 C to 

the end. The solid part was mixed with 5 ml of 50 % -30 °C-cold methanol and centrifuged again. The 

supernatant was pooled together with the other methanol solution, filled up with water to 35 ml, and 

stored at – 80 °C until frozen completely. The frozen samples were then lyophilized using a freeze dryer 

(Labconco 12L, Labconco Corporation, Kansas City, MI, USA). The pellet part was dried at 60 °C for 

two days for dry weight measurements and later data normalisation. Freeze-dried samples were 

derivatised using methylchloroformate (MCF). After that the lyophilized samples were resuspended in 

200 µl 1 M NaOH and transferred into a silanised tube. To the sample were added 167 µl of methanol 

and 34 µl of pyridine and as quick as possible 20 µl MCF was added twice with subsequent vigorously 

mixing for exactly 30 sec each. Immediately after that, 400 µl of chloroform was added and mixed 

vigorously again for 10 sec. The sample was kept in that form until the remaining samples had been 

processed. The next step was to add 400 µl of 50 mM NaHCO3 to each sample and vortex it again for 10 

sec. The upper aqueous phase was removed with a glass pipette and discarded and100 mg of anhydrous 

NaSO3 was added to the organic chloroform phase at the bottom of the tube to remove any residual 

water. The dried chloroform solution was then transferred to GC-MS vials and run with a GC-MS 

apparatus (Agilent 5975C inert MSD/7890A GC system, Santa Clara, CA, USA). Every sample was run 

in replicates of 5. For compound identification MS spectra were compared to data of the in-house library 

(Smart et al., 2010). 
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6.2.6 Statistical analysis 

 

Statistical analyses were conducted with SPSS 18 (IBM, Chicago, IL, USA). The data represented both 

parametric and non-parametric parameters. The parameters ‘aerial hyphae growth’, ‘change of 

pigmentation’, ‘change of hyphal morphology’, and ‘crystal formation’ were ordinal/non-parametric, the 

remaining parameters were numerical/parametric. In order to determine statistically significant 

differences between virus titres of samples, student’s t-tests for unpaired (independent) data were 

conducted (P-value< 0.05), to determine differences between multiple sample groups (e.g. all BVX 

containing clones) ANOVA and Dunnet t-tests (unequal variances assumed) were performed. Data were 

displayed as box-and-whisker plot diagrams. How to read a box-and-whisker plot is explained in 

Appendix A.4-1. 

 

Correlation analyses 

 

Correlation analyses were conducted for both data sets of time point A and B as well as overall 

(A and B together) using Pearson’s coefficient (for parametric data, linear regression is 

assumed) and Spearman’s rho (for non-parametric data, detects monotone correlations trends). 

Correlation matrixes are attached in Appendix A.4-3. Significant correlations (for P value < 

0.01 as well as 0.05) were displayed as adjacent arrows between two boxes, which represented 

the parameters monitored, e.g.           for growth rate. Positive correlations are described as 

green arrows pointing in the same direction (   ), while negative correlations were symbolized 

by red arrows pointing in opposite directions (   ). The number between the arrows represents 

the P-value, either <0.05 (confidence level = 95%), or <0.01 (confidence level = 99 %). Graphs 

and diagrams were created using either Windows Office Excel 2007 (Microsoft, Redmond, WA, USA), 

or SPSS 18 Statistics (IBM, Chicago, IL, USA), or Windows Office PowerPoint 2007 (Microsoft, 

Redmond, WA, USA). Furthermore, donor isolates, recipient isolate and clones were all examined in 

separate groups because they all differ biologically. It cannot be assumed that the virus purifications 

using REB655-1 (BVX), RH106-10 (BVX/BVF), and RH106-18 (BVF+BVX) are comparable in the 

non-viral content. Hence clones were analysed according their received virus purification. Clone groups 

were named G for group plus a representative number of the donor isolate: clone group G665 contained 

D655.# clones, G10 contained D10.# clones, and G18 contained D18.# clones. G18 was subgrouped 

even further into G18.A, G18.B, and G18.C (Chap. 6.3.3.3, page 185).  

 

 

  

GR 



  Chapter 6 

143 

Metabolic profiling  

 

GC-MS data were analysed using SPSS 18 Statistics and R (version 2.10.1, R Development Core Team, 

2009). 

First, a principle component analysis was performed in order to show how much the two clones differ 

from the wild type overall. Secondly, compound concentrations of each sample were compared to each 

other in order to find out which compound was significantly up or down regulated. And thirdly, 

‘Pathway Activity Profiling’ as described by Aggio et al. (2009) was used to determine pathways greatly 

perturbed by the mycoviral infection.  
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6.3 Results 

 

6.3.1 Macroscopic symptoms observed in BVX, BVF and BVX+BVF infected Botrytis 

cinerea cultures 

 

All macroscopically observed symptoms, except ‘reduction of growth rate and sporulation’, are 

demonstrated by the following representative examples. At the end, results are summarised in Table 16. 

 

Uneven/sectoring of mycelia 

Sectoring describes the sudden phenotypic change of a distinct part of the fungal colony. Uneven or 

sectored mycelia was found in some of the transfected clones of B05-10, but not in the naturally virus 

infected donor isolates (Fig. 68A-C). 

Three different types of sectoring were found:  

A) Pigmentation changed from light brown to brown (Fig. 68A) 

B) Aerial hyphae changed dense to sparse (Fig. 68B) 

C) Spontaneous sporulation occurred (Fig. 68C) 

It should be noted that A) and C) only occurred only when the culture reached the end of the plate and 

the fungus was transitioning from expanding growth to dormancy.  

 

 

Sparse aerial hyphae 

Figure 68 (D-E) shows sparse aerial hyphae growth in comparison to the wild type (WT). 

As displayed in Figure 68 different degrees of reduced aerial hyphae were found (Fig. 68E2+3). Also 

some clones only showed reduction of aerial hyphae in the younger part of the culture (Fig. 68E3). 
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Figure 68: Sectoring of B. cinerea mycelia combined with: A) change of pigmentation, B) 

reduction of aerial hyphae, and C) spontaneous sporulation, D-E: Sparse aerial hyphae growth of 

virus transfected clones of isolate B05-10: D) WT (normal dense hyphae), E1) moderate reduction 

of aerial hyphae, E2) extreme reduction of aerial hyphae, and E3) extreme reduction of aerial 

hyphae only in extension area. 

  

A C B 
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Change of pigmentation 

In some of the virus transfected B05-10 clones a browning of hyphae and media was observed (Fig. 

69A-B). The browning of the hyphae was found in the older part of the culture, while the expanding area 

was white (Fig. 69B). This phenomenon was also found for clones that showed very poor growth and 

changed morphology (Fig. 69D). The browning was always accompanied by a reduction of aerial 

hyphae and cell lysis. 

 

 

Change of hyphae morphology 

The change of morphology is characterized by a loss of the normal ‘fluffiness/softness’ of the mycelia 

(Fig. 69D), which seemed to be caused by an increased ’zigzagging’ of the hyphae (Fig. 70B). 
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Figure 69: A-B: Change of pigmentation of B05-10 after virus transfection: A) WT and B) virus 

transfected clone (D18.7) showing browning of hyphae and media. C-D: Altered hyphae 

morphology: C) WT, and D) Culture shows poor growth and ‘grainy’ appearance (D18.5). 
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Enhanced branching and zigzagging 

Enhanced branching occurred in two different types: straight (Fig. 70A) and zigzagged (Fig. 70B). 

Areas of increased branching and zigzagging were also found in the donor isolates REB655-1, RH106-

18, and RH106-10, although not to the extent found in virus transfected clones of isolate B05-10 (Fig. 

70A-B). 

 

 

Pre-stages of cell death – increased vacuolisation and degeneration 

Some virus infected clones show increased vacuolisation and degeneration of the cell cytoplasm  

(Fig. 70D), which was not the result of aging or nutrient depletion. 
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Figure 70: A-B: Examples for enhanced branching of B. cinerea: A) straight branches of B05-10 

and B) ‘zigzag’–like distorted branches of clone D18.12. C-D: Comparison of normal (C) and 

extremely vacuolated and degenerating hyphae (D). 
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Cell lysis 

A few isolates also underwent cell lysis (Fig. 71A). It is assumed that the extreme vacuolisation is a pre-

phase of the actual bursting of the cell (White et al., 2002; Bainbridge et al., 1971, Cox et al., 1998), 

when cell contents are released into the surrounding medium and empty cells are left behind (Fig. 71A, 

black arrows). 

 

 

Lack of crystal formation 

Under normal conditions B. cinerea produces crystals that are believed to be oxalic acid (calcium 

oxalate monohydrate and dehydrate: http://ahdc.vet.cornell.edu/clinpath/modules/UA-ROUT/ 

CRYSTSED.HTM). Some of the virus infected isolates Botrytis cultures investigated here did not 

produce crystals (Fig. 71B), a phenomenon not previously reported.  
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Figure 71: A: Cell lysis (black arrows) accompanied by extreme vacuolisation (white arrows).  

B: Crystal formation: 1) Putative Calcium Oxalate Monohydrate (white arrow), and 2) Putative 

Calcium Oxalate Dihydrate (black arrow). 
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Table 16 summarises the macroscopic observations and list the clones showing certain symptoms. 

 

Table 16: Summary of symptoms occurring in isolate B05-10 after transfection with virus partial 

purifications of D655 (REB655-1 (BVX)), D10 (RH106-10 (BVX/BVF) and D18 (RH106-18 

(BVF+BVX)). 

Symptom Observed in clone Fig. # 

Sectoring: 

- Pigmentation changed from light brown to brown 

 

- Aerial hyphae changed dense to sparse 

- Spontaneous sporulation occurred 

 

D655.1,D18.8, D18.6, 

D18.3, D10.9, D655.4 

D18.11 

D18.3 

 

68 

A-C 

Sparse aerial hyphae: 

- moderate reduction of aerial hyphae  

 

- extreme reduction of aerial hyphae 

- extreme reduction of aerial hyphae only in extension area 

 

D18.15, D655.2, 

D10.11, D10.4, 

D18.12, D18.6b,  

D18.6, D18.7, D18.5, 

D18.14, D18.7 

D655.4, D655.1, 

D10.9 

68 

D-E 

Change of pigmentation 

- from light brown to brown 

 

D18.7, D18.8, 

D18.3b,D18.6, D10.6 

69 

A-B 

Change of hyphae morphology 

- from normal ‘fluffy’ to ‘grainy’ 

D18.5, D18.14, D10.7 69 

C-D 

Enhanced branching and zigzagging (X-clones showed more 

enhanced branching and less zigzagging, F-clones showed more 

zigzagging and less enhanced branching) 

D18.12, D655.1, 

D655.2, D18.3b, 

D655.4, D18.6, D18.7, 

D18.11, D655.11, 

D18.6b 

70 

A-B 

Pre-stages of cell death – increased vacuolisation and degeneration D18.3b, D18.7, D18.6, 

D18.5, D18.14 

70 

C-D 

Cell lysis D18.7, D18.6, D18.8 71A 

Lack of crystal formation D655.2, D18.8, 

D18.3b, D18.14, 

D18.5, D18.6, D18.7, 

D18.6b, D18.1, D10.6 

71B 
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6.3.2 Microscopic symptoms observed in BVX and BVF infected Botrytis cultures 

 

Microscopic symptoms were observed in ultrathin cross-sections of hyphal tubes using electron 

microscopy. 

 

Compromised mitochondria 

Malformed mitochondria lacking cristea and parts of the outer double membrane were found in isolate 

106-10 (infected with BVX and BVF) (Fig. 72A). Similar observations were made using isolates  

RH106-18 (BVF+BVX) and REB655-1 (BVX). It also seemed that mitochondrial numbers were reduced 

in comparison to healthy Botrytis isolates as described by Gull&Trinci (1971). 

 

 

Occurrence and accumulation of membranous vesicles / Extreme alternations of cell membrane 

Besides the occurrence of pleomorphic/convoluted membranous vesicles (Fig. 72B-C) in BVX and BVF 

infected isolates, abnormal vesicles and alterations of the plasma lemma were also found (Fig. 73). 

Figure 69B-C shows pleomorphic membranous vesicles accumulating in hyphal cells. The blocking of 

the septum with a worrin body (Fig. 72B) is an indication that the fungus tries to isolate itself from the 

part, which is filled with vesicles. Also Figure 73B shows that the accumulation of such vesicles is 

accompanied by the collapse of the cell contents and all organelles seem to have disappeared. 

Furthermore, in many hyphal cross sections of isolate REB655-1, RH106-10, and RH106-18 severe 

alteration of the cell membrane took place (Fig. 73). Vesicles are being formed between cell membrane 

and cell wall and are in immediate contact to the cell wall filaments (Fig. 73C+D). When the marked 

areas in Figure 73C+D (white dashed circles) are enlarged, vesicles passing through the cell wall are 

visible (Fig. 73C+D). 
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Figure 72: A: Malformed mitochondria (arrow) missing cristae in the inside. Isolate REB655-1 

(BVX). ER=endoplasmic reticulum, B-C: Pleomorphic membranous vesicles (black arrows) found 

in BVX and BVF infected Botrytis isolates. B) Isolate RH106-18 (BVF+BVX): Vesicles only present 

in one compartment, which is plugged off from the other cell by a worrin body blocking the septal 

pore (white arrow). C) Isolate REB655-1: Hyphal cell filled with vesicles and collapsed cell 

content. Bar =250 nm. 
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Figure 73: Cell membrane alterations and associated membranous vesicles (black arrow).  

A) Extensive alteration of cell membrane in RH106-10 (BVX+BVF); B) RH106-18 (BVF+BVX) 

with many membranous vesicle accompanied by presumed lipid drops (*) and absence of cell 

membrane (white arrow), C,D) Membranous vesicles between cell membrane and cell wall in 

REB655-1 (BVX). Marked areas (dashed circle) appear to contain a small vesicle passing through 

the cell wall, E) Alterations of cell membrane in RH106-18. Bar = 250 nm. 
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Structures resembling flexuous viruses 

Figure 74 shows possible types of virus aggregations which were found in the cytoplasm and were 

always accompanied by round bodies, presumably lipid drops. 

 

 

 

 

 

 

 

 

 

Figure 74: Bundle-like putative BVX aggregates (black arrows) found closely to the cell 

membrane (white arrows) and presumed lipid drops (*) in isolate REB655-1 (BVX). Bar = 100 

nm.  

 

Figure 75 shows areas of the cell wall with loose filaments co-localised with extensive membranous 

structures. Because loosely packed cell walls are often associated with the secretion of proteins or 

carbohydrates (Howard, 1981), it seems possible that mycoviruses might be able to move through such 

structures.  In Figure 75C filamentous structures resembling BVX and BVF are visible. Hence it was 

suspected that Figure 75C could show a possible secretion scenario of BVX or BVF.  

 

  

* * 
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Figure 75: Very loosely packed cell wall (B+C, arrows) of isolate RH106-18 (BVF+BVX).  A) 

Firmly packed cell wall; B) Loosely packed cell wall; C) Potential secretion site with filamentous 

structures in the cell wall. Bar = 100 nm.  
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6.3.3 Monitoring of virus titre and associated phenotypical changes in virus transfected 

clones of the Botrytis cinerea isolate B05-10 

 

The phenotypical changes described in Chapters 6.3.1 and 6.3.2 are often found when filamentous fungi 

are infected with mycoviruses, but this association alone is not conclusive proof that the transfected 

viruses are actually causing the observed phenotypical effect. Other possible explanations include the 

simultaneous transmission of other viruses or cytoplasmic elements during transfection and phenotypic 

difference due genetic variability within the fungus. To provide additional supporting evidence for a 

causal relationship between virus presence and phenotypic changes virus titres of several transfected 

Botrytis clones (Chap. 6.2.4, Tab. 15) were monitored by rt-PCR in parallel with various phenotypical 

parameters (Chap. 6.2.3) in a time course experiment (Fig. 66).  

 

The results are divided into two parts. First, differences in relative expression ratios (RER’s) for BVX 

and BVF determined at the beginning (time point I) and the end (time point II) of the experiment were 

compared. Secondly, statistical analyses were carried out in order to look for significant correlations 

between phenotypical changes and changes in viral titres of BVX and BVF. Changes in titre were 

estimated by using relative expression ratios, which were calculated with Formulas 2 or 5 (Chap. 2.3.2.4 

+ Chap. 3.2.3.2). Furthermore, correlation analyses were carried out using the Pearson’s coefficient 

(linear relationships of parametrical data) and Spearman’s rho (ranking of non-parametric data). 

 

6.3.3.1 Difference in virus titre and phenotype between time points I and II 

 

In order to compare virus titres from time point I and II, rt-PCR efficiencies and Ct-values were 

averaged over all analysed replicates at time point I and were used to calculate a REreference values (Chap. 

2.3.2.4, Formula 2). REreference was then compared with RE’s of each analysed replicate within one 

isolate/clone at time point II (Chap. 2.3.2.4, Formula 2). REreference was also used to determine variability 

within replicates of time point B. Each replicate was measured three times (rt-PCR). Table 17 

summarises changes in virus titre and phenotype. Complete data sets and respective statistics can be 

found in Appendix A.4-3. Figure 76A+B shows representative photographs for time point I (0 

subcultures) and II (after 5 subcultures) respectively. As a negative control non-transfected B05-10 was 

included in the experiment. No phenotypical changes were observed when mock-transfected 

spheroplasts of B05-10 were monitored during 5 subcultures (App. A.7). During the virus monitoring it 

was discovered that some clones transfected with partial virus purifications (PVP’s) from RH106-18 

were infected with BVX, indicating that RH106-18 was infected with BVX but below the detectable 

level. Hence, more double infected clones were found and analysed than originally anticipated. 
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Table 16 and Figure 76 show that transfections of a previously virus-free Botrytis isolate (B05-10) with 

BVX and/or BVF can have a great impact on the phenotype. Although the effects on individual 

transfected clones were quite variable, some general conclusion can be drawn. Clones transfected with 

partially virus purifications (PVPs) of RH106-18 (D18, BVF) showed more frequent and more extreme 

phenotypical changes than using PVPs of REB655-1 (D655, BVX) and RH106-10 (D10, BVF + BVX). 

Extreme morphological changes (graininess) were only observed when BVF and BVX were present at 

the same time. Most clones showed reductions in virus titre after five serial sub-cultures when 

subcultured from the growing front of the mycelia. The only exceptions were the clones D655.11 

(BVX), D18.15 (BVX), and D10.8 (BVX), where the titre increased over time, and RH106-10 – D10 

(BVF), D655.2 (BVX), D18.6b (BVF), D18.14 (BVX+BVX), D10.6 (BVX), where the titre did not 

change significantly between time points I and II. Interestingly the titres of BVX and BVF in the double 

infected isolate RH106-10 changed independently of each other. While the BVX titre decreased, the 

BVF titre remained constant. RH106-10 (D10) was also the only donor isolate, where a slight sectoring 

could be observed. 

 

  



  Chapter 6 

160 

Table 17: Comparison of BVX and BVF titre between time point I and II expressed in ‘Overall 

trend’ (    - titre reduction,      -titre increase) and ‘Phenotypic change’. 

 
Isolate/clone  

(virus content) 

Overall trend 

based on RER9 Phenotypic change 

Ref.#10 

D
o

n
o

r 

is
o

la
te

 

D655 (BVX)  No obvious change  B 

D18 (BVF)  No obvious change C 

D10 (BVX)          (1x        ) Slight sectoring D 

D10 (BVF)  Slight sectoring D 

R
E

B
6

5
5

-1
 -

D
6
5

5
 

(B
V

X
) 

D655.1 (BVX)  4 Rep11.= None; 1 Rep.= Reduced growth E 

D655.2 (BVX)  No obvious change F 

D655.3 (BVX)  No obvious change G 

D655.4 (BVX)  Increased pigmentation (browner) H 

D655.11 (BVX)  Decreased pigmentation (whiter) I 

R
H

1
0

6
-1

8
 –

 D
1
8
 

(B
V

F
) 

D18.3 (BVX+BVF)  Decreased aerial hyphae P 

D18.3b (BVX+BVF) BVX             BVF Decreased growth, Sectoring U 

D18.5 (BVF+BVX)  Grainy morphology, slow growth Q 

D18.6 (BVF+BVX)  High variability, Increased pigmentation (browner) R 

D18.6b (BVF)  Decreased pigmentation (whiter) S 

D18.7 (BVX+BVF)  
Decreased growth rate, increased pigmentation 

(browner) 

T 

D18.8 (BVX+BVF)  
Increased growth rate, decreased pigmentation 

(whiter) 

V 

D18.8b (BVX+BVF)  No obvious change W 

D18.11 (BVX+BVF)  2 Rep.= None; 3 Rep.= Reduced growth X 

D18.12 (BVX)  Slightly better growth Y 

D18.14 (BVX+BVF)  Grainy morphology, slow growth Z 

D18.15 (BVX+BVF)  BVX       BVF Slightly better growth AB 

R
H

1
0

6
-1

0
 –

 D
1
0
 

(B
V

X
 +

 B
V

F
) 

D10.4 (BVX+BVF)  No obvious change J 

D10.5 (no virus) ND12 No obvious change K 

D10.6 (BVX)  No obvious change L 

D10.7 (BVF+BVX)        Reduced growth, grainy morphology M 

D10.8 (BVX+BVF)  No obvious change N 

D10.9 (BVF+BVX)  4 Rep.= None; 1 Rep.= Reduced growth O 

 

 

  

                                                           
9
 RER-Relative expression ratio calculated using rt-PCR data (Ct values and PCR efficiencies) 

10 Ref. # = Reference letter assigned in Figure 73 
11 Rep. = Replicate 
12 ND – Not determined 
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6.3.3.2 Comparison of phenotypical changes in Botrytis isolates and clones over a five subcultures 

 

Data for the phenotypical changes over five serial subcultures are presented as three groups:  

1)  Recipient isolate/wild type (WT): B05-10 

2) Donor isolates: REB655-1 (BVX, donor D655), RH106-18 (BVF+BVX, donor D18), and  

      RH106-10 (BVX/BVF, donor D10)  

3) Virus transfected clones were grouped according to their virus content: BVX, BVF/BVF, and  

     BVF  

 

Parametric parameters are displayed as box-and-whisker plots (App. A.4-1). Non-parametric parameters 

are displayed in as histograms (without standard deviations) in combination with tabulated data. 

 

Growth rate 

 

Linear growth rates were measured for mycelia growing on agar plates (Chap. 6.2.3, page 134) 

representing the rate a fungal isolate can grow across the surface of a solid medium. It was found that all 

Botrytis cultures reached a stable growth rate on day 4. Therefore, day 4 was used for statistical 

comparisons. Figure 80 shows that recipient and donor isolates did not vary much within their five 

replicates, which contrasts with the virus transfected clones. The BVF and BVX/BVF containing clones 

showed a very high variation between samples and replicates, while BVX containing clones showed 

only moderately increased variance between samples. Also the variability of BVX containing clones 

decreased in contrast to BVF and BVX/BVF containing clones. Looking at the donor and recipient 

isolates (Fig. 77), only the isolates REB655-1 (D655) and RH106-10 (D10) showed a reduced growth 

rate (after 5 subcultures) while growth rates of B05-10 and RH106-18 (D18) were constant during 5 

subcultures. During this time the BVX titre in REB655-1 and RH106-10 decreased (Fig. 82). 
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Although the growth rates of the individual clones did not change significantly between time points I 

and II, the means of BVX/BVF and BVX containing clones increased slightly after five subcultures, 

while the mean of BVF containing clones drastically decreased. Clone D655.4 (BVX) (data points 74-

69) showed the most extreme reduction of growth at time point II. 

 

Biomass 

 

In contrast to linear growth rate on solid media, biomass production in liquid media and aerial hyphal 

growth on solid media provide a measure of the amount of mycelium produced. Figure 78 shows that the 

variability of the BVX/BVF and BVF infected samples (clones and donor isolates) are higher than the 

variability of B05-10 (WT) and REB655-1 (BVX). Nevertheless, the overall differences between groups 

are small compared to the differences in linear growth rates. Interestingly, all BVF infected isolates 

(RH106-10 (BVX+BVF) and RH106-18 (BVF+BVX)) showed a decreased biomass production, 

although this was not statistically significant.  Furthermore, while REB655-1 (BVX) showed increased 

biomass after five subcultures, the biomass production of the BVX transfected clones did not change 

between time points I and II. 
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PH of 3 days liquid culture 

 

Figure 79 displays pH values of the 3 days broth cultures, which were recorded in addition to biomass 

measurements. Changes in pH can point to an altered metabolism and secretion of metabolites. Similar 

to the biomass and growth rate data, the pH variability of B05-10 (WT) and the donor isolates is lower 

than that of the virus transfected clones. Interestingly, the WT, REB655-1 (BVX) and RH106-10 

(BVX/BVF) show a very similar increase in acidity, while RH106-18 (BVF+BVX) shows an increased 

pH between the time points I and II.  Among the virus transfected clones the BVF infected samples 

show the highest increase in pH (although not statistically significant), while BVX transfected clones 

show only a small change in pH. The increase in pH in the virus transfected clones seems especially 

noteworthy because the WT showed the exact opposite trend. 
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Spore counts 

 

The spore counts in Figure 80 are presented as spore number per cm
2
 (qcm). Looking at the results, 

spore production by the recipient isolate B05-10 was generally lower than the donor isolates (REB655-1 

(BVX), RH106-10 (BVF/BVF), and RH106-18 (BVF+BVX)) (Fig. 80). Furthermore, the spore 

production of REB655-1 (BVX) sharply declined after five subcultures (12 fold) while in RH106-10 

(BVX/BVF) and RH106-18 (BVF+BVX) the spore number increased. Interestingly, at the same time 

BVX titre decreased in REB655-1, and BVF titre also decreased in RH106-10 and RH106-18. Looking 

at the virus transfected clones, spore numbers were reduced significantly in BVX containing clones, 

while no significant change occurred in the BVX/BVF and BVF containing clones.  

 

In addition to spore numbers, the type of spores was also recorded (Tab. 18). Microspores are only 

produced when macrospores are not viable and they only germinate after dormancy under certain 

circumstances, e.g. after exposure to cold temperatures (Harrison&Hargreave, 1977). Therefore, a shift 

of macrospore production towards microspore production can impact have a great impact on the survival 

of B. cinerea. 
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Table 18: Monitoring of spore type (micro- or macrospores) and spore type dominance  

(- not present, + small amount present, ++ moderate amount present, +++great amounts present) 

regarding to time point I (0 weeks) and II (5 weeks/subcultures). REB655-1=D655, RH16-10=D10,  

RH106-18=D18. 

 Macrospores Microspores  Macrospores Microspores 

Sample I II I II Sample I II I II 
 

B05-10 

REB655-1 

D655.1 

D655.2 

D655.3 

D655.4 

D655.11 

RH106-10 

D10.4 

D10.5 

D10.6 

D10.7 

D10.8 

D10.9 

 

+ 

+++ 

- 

++ 

+++ 

++ 

+++ 

- 

+++ 

- 

- 

- 

- 

- 

 

+ 

+ 

+ 

- 

+ 

- 

+ 

+ 

++ 

- 

++ 

- 

+ 

- 

 

+++ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

 

+ 

+++ 

+++ 

+ 

+ 

+ 

+ 

+++ 

+ 

+ 

+ 

+ 

++ 

+ 

 

RH106-18 

D18.3 

D18.3b 

D18.5 

D18.6 

D18.6b 

D18.7 

D18.8 

D18.8b 

D18.11 

D18.12 

D18.14 

D18.15 

 

 

+++ 

- 

+ 

- 

+ 

- 

- 

- 

+ 

- 

+++ 

- 

+++ 

 

+++ 

++ 

+ 

- 

- 

- 

- 

- 

- 

+/+++ 

++ 

- 

+++ 

 

+ 

+ 

+++ 

+ 

+ 

+ 

+ 

+ 

+++ 

+ 

+ 

+ 

+ 

 

+ 

+ 

+ 

+ 

+ 

+ 

-/+ 

+ 

+ 

+/++ 

+ 

+ 

+ 

 

Table 18 shows that the number of macrospores in the D655 donor isolate and D655 clones decreased 

between I and II (REB655-1 (D655, BVX), D655.1, 3, 4, 11), while in the D18 and D10 clones 

macrospores were not present at all (D10.5, 9; D18.5, 6b, 7, 8, 14), did not change significantly (RH106-

18 (D18, BVF+BVX), D18.15, 12; D10/4) or even increased (D10.6; D18/3, 11). During the same time 

the number of microspores either remained constant (D655/3, 4, 11) or increased in the D655 donor 

isolate and D655 clones (REB655-1 (D655, BVX), D655.1), while in the D10 donor isolate and D10 

clones the number either remained constant (D10.4, 5, 6, 7, 9) or increased (RH106-10 (D10), D10/8). 

The D18 clones either showed steady microspore levels (RH106-18 (D18, BVF+BVX), D18.3, 5, 3b, 

6b, 6, 11, 12, 14, 15), or the amount of microspores decreased (D18.3b, 7, 8). 
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Sclerotia counts 

 

Sclerotia are important survival structures for Botrytis and if they are not produced, the fungus might not 

be able to germinate after a long winter with temperatures under 0°C. However, an increased or 

premature production of sclerotia can also be caused by various stress factors, e.g. lack of nutrients or 

suboptimal temperatures (Georgiou et al., 2006).  

 

Looking at Figure 81, the recipient isolate B05-10 did not produce any sclerotia under the experimental 

culture conditions. In contrast, all three donor isolates produced sclerotia, although at very different 

levels. While REB665-1 (BVX) and RH106-18 (BVF+BVX) sclerotial counts were similar at time point 

I (~10 sclerotia per plate), sclerotia counts increased much more in isolate RH106-18 than in REB655-1 

between time points I and II. The sclerotial counts of isolate RH106-10 (BVX/BVF) ranged between 30 

and 40 and also increased after five subcultures. Interestingly, some of the virus transfected clones of 

B05-10 (WT) did produce sclerotia, while the virus free isolate B05-10 did not. Sclerotia formation 

increased for BVX transfected clones, but decreased for BVX/BVF (although not statistically 

significant) and was steady for BVF transfected clones.  
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Relative expression ratios of BVX and BVF 

 

Figures 82 and 83 show the relative expression ratios of BVX (RERBVX) and BVF (RERBVF) per isolate 

(REB655-1 (D655, BVX), RH106-10 (D10, BVX/BVF) and RH106-18 (D18, BVF+BVX)) and virus 

content (BVX, BVX/BVF, BVF). BVX titres of the donor isolates REB655-1 (BVX) and RH106-10 

(BVX/BVF) decreased after five subcultured, while the BVX transfected clones (BVX, BVX/BVF) 

showed relative stable BVX levels or were reduced only a little (Fig 82). Looking at RERBVF data (Fig. 

83) BVF titres were significantly reduced in all samples. The greatest drop in BVF titre was found in 

donor isolate RH106-18. Furthermore, in BVX/BVF transfected clones BVF was no longer detectable at 

time point II (5 weeks/subcultures). 
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Monitoring of non-parametric parameters  

 

Some phenotypical parameters were recorded non-parametrically (Chap. 6.2.4) as follows:  

- Presence of BVX and BVF in transfected clones 

- Change of hyphal morphology (0 – normal, 1 – little change, 2 – moderate change, and 3 - great 

change in hyphae morphology) 

- Change in pigmentation/yellowing (PigCh, 3=great, 2=moderate, 1=little, 0= no browning) 

- Crystal formation (CrF, 1=yes, 0= no) 

- Aerial hyphae growth (1= sparse, 2 = little to moderate, 3 = moderate to vigorous, and 4 = vigorous) 

 

Looking at Fig. 84 the presence of BVX and BVF in the donor isolates is stable between time points I 

and II, whereas in the virus transfected clones the detectable virus presence is more variable. In the 

D655 (donor REB655-1, BVX) clones the proportion of BVX infected clones is high and comparatively 

stable, but in the D10 (donor = RH106-10, BVX/BVF) and D18 (donor= RH106-18, BVF+BVX) clones 

where BVX occurs together with BVF, the proportion of BVX infected clones is reduced. In contrast the 

proportion of BVF infected clones in the D10 and D18 clones was very low compared to their donor 

isolates. While the proportion of BVF infected D10 clones stayed constant over time, it dropped by 

~50% in the D18 clones. 

A change in hyphal morphology was only observed in BVX/BVF and BVF infected clones (Tab. 19). In 

contrast, change in pigmentation (yellowing) occurred more often in BVX and BVF infected clones, but 

less frequently in BVX/BVF infected clones. Looking at the formation of crystals (presumably oxalate) 

it is clear that the virus transfection reduced the formation of crystals. While all donor and recipient 

isolates showed moderate to high levels of crystals, several BVX and BVF infected clones did not 

produce crystals at all. The amount of aerial hyphae produced by the donor and recipient (B05-10 (WT)) 

isolates varied. While RH106-10 (D10, BVX/BVF) produced the lowest amount (AHG index=2), the 

AHG index of WT, REB655-1 (BVX), RH106-18 (BVF+BVX) ranged between 3 and 3.5. Among the 

virus infected clones the smallest amount of aerial hyphae was produced by the BVF containing clones.  

In general, the BVF infected clones showed the most severe changes in comparison to the donor and 

recipient isolates, but also in comparison to the BVX and BVX/BVF infected clones.  
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Virulence assays 

 

In order to evaluate the virulence of the virus transfected clones apple and bean leaf assays were 

performed (Fig. 85 and 86). 

Figure 85 shows examples of lesion formation by, donor isolates, recipient isolate, and very slow 

growing examples of D655, D10, and D18 clones.  

 

 

 

 

 

 

 

 

 

Figure 85: Examples of leaf lesions of donor and recipients isolates (1
st
 row), as well as clones 

showing extreme reduction of lesion sizes (2
nd

 row). 

 

As illustrated in Figures 85 and 86, B05-10 (WT) produced smaller lesion sizes than REB655-1, 

RH106-10, and RH106-18. Besides the considerable reduction in lesion size, there was also a much 

higher variation in lesion size in some virus transfected clones, similar to results from growth rate, 

biomass production, and pH measurements. As with these other parameters, the BVF transfected clones 

showed the slowest growth among all isolates and clones. Furthermore, the clone D18.6 did not even 

penetrate the leaf (Fig. 85, D18.6). 

  

B05-10 (WT) REB655-1(BVX) RH106-10(BVX/BVF) RH106-18(BVF+BVX) 

D655.4  D10.7 D18..5

.5 

D18.6 (leaf underside) 
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6.3.3.3 Correlation analyses of phenotypical changes and viral titres 

 

In order to link phenotypical changes to the presence and concentrations of BVX and BVF correlation 

analysis were conducted for both parametric (Pearson correlation) and non-parametric (Spearman’s rho) 

parameters. Firstly, statistical analyses (overall: I and II together) of donor and recipient isolates are 

presented. Secondly, results of the ‘clone groups’ were analysed at both time points I (initial cultures) 

and II (5 subcultures) and overall. Before analysing each ‘clone group’, every single clone was analysed 

separately in order to group together clones, which followed the same trend (e.g virus titres correlated 

positively with growth rate). The more correlations that are identified for an isolate or clone group the 

greater the influence of the virus infection. Furthermore, clone groups were called G+’donor number’ 

(e.g. G655) and analysed for correlations in addition to clone groups containing only BVX, BVX and 

BVF, or BVF. 

Figure 87 presents correlation analysis results of the recipient isolate B05-10, and the three donor 

isolates REB655-1 (donor D655, BVX), RH106-10 (donor D10, BVX/BVF), and RH106-18 (donor 

D18, BVF+BVX). 

 

 

 

 

 

 

 

Figure 87: Recipient and donor isolates. Abbreviations: pH= pH of three days liquid cultures, 

AHG= Aerial hyphae growth, BM= Biomass, GR= Growth rate, SpC= Spore counts, ScC= 

Sclerotia counts, BVX= BVX presence, BVF= BVF presence, BVX/BVF= BVX and BVF together, 

RER-BVX= Relative expression ratio of BVX, RER-BVF= Relative expression ratio of BVF.  

 

Only in isolates RH106-10 (BVX/BVF) and RH106-18 (BVF+BVX) did phenotypical changes correlate 

to virus titre change. For example it can be seen in Fig 84 that for RH106-10 BVX has a negative 

influence on the spore numbers.  

The BVX titres also correlate with BVF titres, such that if BVX’s titre increases BVF’s titre increases 

too, and vice versa. If we look at time point I and II separately, BVF and BVF also have a negative 

influence on the growth rate (P < 0.05) and the biomass (P < 0.01) at time point I.  

B05-10 (WT)   REB655-1/D655      RH106-10/D10  RH106-18/D18 
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In REB655-1, BVX titre does not correlate with other factors when taking time point A and B together, 

but when the time points are analysed separately BVX correlates positively with spore numbers (P<0.1) 

at the end of the experiment, but not at the beginning. Results for isolate RH106-18 indicate that BVF 

has an influence on the pH when it is cultured in liquid broth. Looking at B05-10 WT, spore number and 

aerial hyphae growth (AHG) correlate negatively, indicating that if the fungal growth is compromised it 

is more likely to produce spores. Interestingly, biomass production in liquid cultures also correlates 

negatively with AHG, indicating that B05-10 shows a different growth pattern on solid media compared 

to a broth culture. 

 

Figure 88 shows the correlation analysis of the clone group G655 consisting of ‘D655.1, 2, 3, 11’. Data 

of the G655 clone group show that BVX has a negative influence on the biomass and growth rate of 

Botrytis. Furthermore, the analysis shows that many other phenotypical parameters became unstable 

after BVX transfection. Interestingly, in this data set there was no significant impact of BVX on spore 

numbers. Nevertheless, at time point I only, spore number correlated strongly with pH and crystal 

formation (positively, P<0.1), AHG and browning (negatively, P<0.1).  
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Figure 88: Correlation analysis for clone group G655 (donor D655=REB655-1): D655.1, 2, 3, and 

11. Abbreviations: pH= pH of 3 days liquid cultures, AHG= Aerial hyphae growth, BM= Biomass, 

GR= Growth rate, SpC= Spore counts, ScC= Sclerotia counts, BVX= BVX presence, RER-BVX= 

Relative expression ratio of BVX, BR=Pigmentation change from white to yellow/brown, CrF= 

Crystal formation. 

 

When comparing time point I and II of the G655 clone group (D655.1, 2, 2, 11) a reduction of 

statistically significant interactions between phenotypical parameters can be observed. Furthermore, 

within all three correlation analyses (I, II, I+II) BVX correlated negatively with the growth rate. At time 

pint A, BVX also correlates negatively with production of sclerotia.  

Looking at the change of pigmentation (browning=BR), especially in I and I+II data set, this seems to 

occur when the fungal clone produces fewer crystals, fewer sclerotia, fewer spores, but more aerial 

hyphae. This was also found for clone D655.4. Within this clone group the growth rate does not 

correlate positively with biomass production or aerial hyphae growth. This means if the fungus exhibits 

                           Beginning (I)     End (II) 

5 subcultures 

Overall (I+II) 
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rapid linear growth it does not produce an extensive mycelium. Greater biomass and aerial hyphae will 

be produced when the linear growth is reduced. On the other hand, when AHG is reduced these clones 

tend to produce less spores and sclerotia. 

 

 

 

 

 

 

 

 

 

 

 

Figure 89: Correlation analyses of clone group G10 (donor D10=RH106-10); D10.7, 8, 9. Time 

point A is not included because no significant correlations were found. Abbreviations: pH= pH of 

3 days liquid cultures, AHG= Aerial hyphae growth, BM= Biomass, GR= Growth rate, SpC= 

Spore counts, ScC= Sclerotia counts, BVX= BVX presence, BVF= BVF presence, BVX/BVF= BVX 

and BVF together, RER-BVX= Relative expression ratio of BVX, RER-BVF= Relative expression 

ratio of BVF. 

 

When looking at clone group G10 (RH106-10) (Fig. 89, D10.7, 8, 9), the interactions between 

parameters and BVX and BVF are very different. At time point I, no correlations at all could be found, 

but at time point B many interactions are found (Fig. 89). Interestingly, increased BVF titre showed a 

strong positive correlation with the yellowing of the G10 clones, which is also increased when both 

viruses occur together. Nevertheless, many phenotypical parameters (AHG, CrF, MoCh, GR, BM, pH) 

underwent dramatic changes and hence correlate very strongly with each other.  

In addition the overall correlation revealed that BVX had an influence on spore counts and growth rates. 

In contrast to the G655 clone group, BVX seems to have a positive impact on GR and SpC. BM and GR 

follow the same trend with fast growing D10-clones showing high biomass and aerial hyphae production 

(AHG), as well as increased crystal formation (CrF). On the other hand, change in hyphal morphology 

does not correlate positively with GR, AHG, and CrF. 

 

End (II) Overall (I+II) 
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For the D18 clones (clone group G18), three different subgroups very identified: Subgroup A (Fig. 90, 

G18.A) is characterised by negative correlation of BVX titre and biomass production and a negative 

correlation of BVF titre and growth rate. Group B (Fig. 91, G18.B) is characterized by a positive impact 

of BVX on growth rate, but negative on biomass production, and seems to enhance yellowing and 

morphology change. Group C (Fig, 92, G18.C) is characterized by a positive correlation of BVX titre 

with biomass production, but a negative correlation with growth rate, while BVF only correlated 

negatively with growth rate. 
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Figure 90: Correlation analyses of clone group G18.A: D18.3, 11, 12 (donor D18=RH106-18, 

BVF+BVX). Abbreviations: pH= pH of 3 days liquid cultures, AHG= Aerial hyphae growth, BM= 

Biomass, GR= Growth rate, SpC= Spore counts, ScC= Sclerotia counts, BVX= BVX presence, 

BVF= BVF presence, BVX/BVF= BVX and BVF together, RER-BVX= Relative expression ratio 

of BVX, RER-BVF= Relative expression ratio of BVF, BR=Pigmentation change from white to 

yellow/brown, CrF= Crystal formation. 

 

While the phenotypical effects of BVF and BVX in G18.A clones were negative, which could be related 

to the ratio of BVX to BVF being very high (D18.8: RERBVX/RERBVF~85, D18.8b only BVF was 

detected) in the G2 (D18.7: REBVX/REBVF~5) clones, BVX had a positive effect on growth rate. 

Looking at the G18.A clones, phenotypical changes seem more influenced by the viral infection than are 

the G655- and G10-clones (Figs. 88 and 89), especially the impact of BVF. Similar to the G655 clones, 

the number of interactions reduced quite sharply at time point II.  

The one phenomenon that the G655 and G18 clones have in common is that both included examples of 

the most severe changes, although they occurred more frequently in the G18 clones. However, looking 

at the overall data (I+II), the effect of BVF is still significant and implies that BVF contributes to the 

Beginning (I) End (II) 

Overall (I+II) 

5 subcultures 
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yellowing of Botrytis cultures and also seems to reduce its growth rate and crystal production. In 

addition, BVX also negatively influences biomass production in clone group G18.1 and causes 

yellowing of the fungal clones. 

 

The second D18 clone group G18.B consists of D18.6 and D18.7 (Fig. 91), which showed a very similar 

phenotype (extreme pigmentation change and reduction in growth rate and aerial hyphae). The titres of 

BVX and BVF were more similar to each other in D18.7 (RERBVX/RERBVF~5) compared to previous 

clone group (G18.A) and furthermore, microscopical investigations showed that these two clones were 

undergoing extensive cell lysis. When looking at correlation analysis of G18.B, there is a great impact of 

virus infection at time point I, which mostly disappear at time point II, although most phenotypical 

interactions are still significant. At time point I, the correlation analyses indicate that BVX has a positive 

impact on the growth rate, yet a negative impact on the biomass. Furthermore, BVX contributes to the 

yellowing and morphological change of the G18.B clones. From the data in Figure 91, it is not clear how 

BVF influences D18.6 and D18.7, although BVF is present mostly together with BVX. Looking at the 

overall data, BVF does seem to have an impact on the pH, which is again influenced by biomass 

production and growth rate. 
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Figure 91: Correlation analyses of clone group G18.B: D18/6, 7 (donor D18=RH106-18, 

BVF+BVX). Abbreviations: pH= pH of 3 days liquid cultures, AHG= Aerial hyphae growth, BM= 

Biomass, GR= Growth rate, SpC= Spore counts, ScC= Sclerotia counts, BVX= BVX presence, 

BVF= BVF presence, BVX/BVF= BVX and BVF together, RER-BVX= Relative expression ratio 

of BVX, RER-BVF= Relative expression ratio of BVF, BR=Pigmentation change from white to 

yellow/brown, CrF= Crystal formation.  

Beginning (I) 

End (II) 

Overall (I+II) 

5 subcultures 
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In the third group G18.C, (D18.3, 11, 12) BVX titre showed a positive correlation with biomass 

production (Fig 92, time point I, overall data (I+II)) and sclerotia formation but negatively with growth 

rate and spore numbers. This is in contrast to the G18.A clones, where BVX negatively influenced both 

biomass production and growth rate. However, BVF was still detectable in the G18.A clones at time 

point II, while it was not detectable in the G18.C clones. As the growth rate increased after five 

subcultures the BVF titre decrease correlated strongly with growth rates increase.  
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Figure 92: Correlation analyses of clone group G18.C: D18.3, 11, 12 (donor D18=RH106-18, 

BVF+BVX). Abbreviations: pH= pH of 3 days liquid cultures, AHG= Aerial hyphae growth, BM= 

Biomass, GR= Growth rate, SpC= Spore counts, ScC= Sclerotia counts, BVX= BVX presence, 

BVF= BVF presence, BVX/BVF= BVX and BVF together, RER-BVX= Relative expression ratio 

of BVX, RER-BVF= Relative expression ratio of BVF, BR=Pigmentation change from white to 

yellow/brown, CrF= Crystal formation. 
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End (II) 

Overall (I+II) 

5 subcultures 
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6.3.4 Metabolic profiling of two severely growth deprived Botrytis clones transfected with 

BVX and BVF 

 

It has been shown that the Cryphonectria hypovirus 1 (CHV1) interferes with the primary metabolism of 

Cryphonectria parasitica greatly and affected about 54 metabolites out of 164 investigated (Dawe et al., 

2009). Given the phenotypic changes in BVX and BVF infected Botrytis, described in Chapters 6.3.1 

and 6.3.2, it would be expected that there are associated metabolic changes. In order to test the 

hypothesis that BVX and BVF impact on Botrytis cinerea’s metabolism, two very severely perturbed 

virus transfected clones with distinct phenotypes clones D18.5 and D18.7 (donor RH106-18, 

BVF+BVX; Fig. 67A+B) plus the virus free wild type isolate B05-10 were selected for metabolic 

profiling.  
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6.3.4.1 Principle component analysis 

 

In order to look at metabolic differences between D18.5, D18.7 and B05-10-WT a principle component 

analysis was carried out (Fig. 93). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 93: Principle component (PC) analysis of extra- and intracellular secondary metabolites of 

clones D18.5, D18.7, and the wild type B05-10 (WT): Extracellular: Yellow = wild type; Black = 

Clone D18.5; Red = Clone D18.7. Intracellular: Brown = Wild type; Green = Clone D18.5; Blue = 

Clone D18.7. PC1 explains 94.889 %, PC” 2.58 %, and PC3 1.499 % of the variability of the data. 

 

The principle component analysis results displayed in Figure 93 show that the data points of the 

intracellular metabolites are more similar to each other than the extracellular metabolites. However 

within the group of extracellular compounds clones D18.5 and D18.7 are more similar to each other, 

while within the data group of the intracellular compounds D18.7 and the WT are more similar to each 

other. Looking at both intra- and extracellular secondary metabolites together, clone D18.5 is much 

more distinct from WT than clone D18.7.  

PC1: 94.889 % 

 

PC3: 1.499 % 

PC2: 2.58 % 
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6.3.4.2 Comparison of compounds produced by clone D18.5, D18.7, and wild type B05-10 

 

In total 82 different secondary metabolites were detected (App. A.5). The accumulation of a third (28) of 

these compounds was significant altered in clone D18.7 and D18.5 in comparison to B05-10 (WT). 

Tables 20 (intracellular metabolites) and 21 (extracellular metabolites) list the secondary metabolites of 

the intracellular and extracellular fractions categorised after type of metabolism. In general, most 

metabolites were found to decrease, especially in clone D18.5 (fold change of <70). 

Looking at amino acid metabolism (Tab. 20A), glycine and threonine decreased the most in D18.5 and 

D18.7, followed by tyrosine, phenylalanine (D18.5), and serine (D18.5 and D18.7). The amino acid 

metabolism was the component of metabolism which different the most (about 73 %) between D18.5 

and D18.7, compared to ~50 % for the carbohydrate metabolism, and ~20 % in the lipid metabolism. 

Also, a higher number of compounds were impacted in the amino acid metabolism compared to the 

carbohydrate and lipid metabolism. Interestingly, homocysteine, norvaline, and methionine were 

detected only in clone D18.7 while being absent in clone D18.5 and the WT. 

The intracellular carbohydrate metabolism (Tab. 20B) of clones D18.5 and D18.7 was similarly 

impacted, but higher amounts of extracellular lactic, lsocitric and glutamic acid were found for clone 

D18.5 (Tab. 19) while only isoctitric acid was significantly higher for D18.5. Both clones D18.5 and 

D18.7 excreted levulinate, while it was not detected extracellularly in the WT. Intracellularly, D18.5 

showed an accumulation of hydroxybutyric acid, which was not found in clone D18.7 or the WT, while 

methyl-thioacetate was present for clone D18.7 but not D18.5 or BO5-10 WT.  

 

Another interesting finding was the absence of oxaloacetic acid in both clone D18.5 and D18.7 (Tab. 

20B). Looking at the lipid metabolism, oleic and phthalic acid were significantly reduced in clone 

D18.5, while clone D18.7 showed normal levels of phthalic acid only. Both D18.5 and D18.7 

accumulated docosanoic and eichosanoic acid, while these lipids could not be detected in the WT. 
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6.3.4.3 Pathway Activity Profiling 

 

After the relative amounts of intra- and extracellular metabolites were measured with GC-MS, the 

identified compounds were correlated to the activity of different metabolic pathways operating in the 

fungal host. For this purposes the newly developed PAPi algorithm was used (Aggio et al., 2010). 

Figures 91 and 92 present the data using the PAPi algorithm, which results in an ‘activity score’ 

indicating a lower (-) or higher (+) pathway activity. Therefore, for intracellular compounds a negative 

‘activity score’ means that intermediates of a particular pathway were potentially accumulated in the cell 

due to a down regulated metabolism and the opposite for high ‘activity scores’. However, as the data 

obtained from GC-MS represent only relative amounts of temporarily accumulated metabolites, the most 

interesting pathways are the ones that are either missing from or only present in the virus transfected 

clone. These highly impacted pathways are commented on below. 

 

Figure 94 and 95 compare significantly altered metabolic pathways (intracellular and extracellular, 

respectively) of the wild type B05-10 and the two transfected clones D18 (RH106-18(BVF)).5 and 

D18.7. Looking at the data for intracellular metabolites, in clone D18.7 the ‘fatty acid metabolism’ was 

up regulated, while the ‘pyruvate metabolism’, the ‘glycolysis/ gluconeogenesis’ and the ‘benzoate 

degradation’ (via hydroxylation) were down regulated. The fatty acid metabolism converts lipids (Acyl-

CoA) into Acetyl-CoA by β-oxidation, which is then further utilized by the citric acid cycle (CAC) for 

energy production. If Acetyl-CoA is not used by the CAC it can be used for phospholipid remodelling 

(Kohlwein et al., 1996). Also if Acetyl-CoA-uptake by the CAC/glycolysis is reduced pyruvate is not 

produced either and new endogenous carbohydrates cannot be created by glyconeogenesis. Benzoate is 

produced by derivates of fatty acids during β-oxidation. If it is not converted to benzyl-CoA, which can 

be degraded further to Acetyl-CoA. If the CAC is down regulated both, benzyl-CoA and Acetyl-CoA 

will accumulate.  

 

In clone D18.5 the ‘pyruvate metabolism’, the ‘glycolysis/ gluconeogenesis’ and the ‘benzoate 

degradation’ (via hydroxylation) was also down regulated, while the ‘synthesis and degradation of 

ketone bodies’ was up regulated. The ‘synthesis and degradation of ketone bodies’ is very closely 

connected to the fatty acid metabolism as it produces the pre-cursor of fatty acid synthesis. This 

indicates that fatty acids were converted to new lipid species (e.g. phospholipids) rather than being 

converted into Acetyl-CoA for energy production in the CAC. Furthermore, clone D18.5 showed a 

down regulation of the ‘naphthalene and anthracene degradation’ pathway and the ‘purine metabolism’. 

The ‘naphthalene and anthracene degradation’ pathway feeds its products into the benzoate metabolism. 

This means due to the down regulation of the benzoate metabolism the naphthalene and anthracene 
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metabolism becomes down regulated too. Purine metabolism is linked to many amino acid metabolisms 

and to the pentose phosphate pathway, which are also directly connected to the CAC/glycolysis.  

  



  Chapter 6 

199 

  



  Chapter 6 

200 

 

  



  Chapter 6 

201 

Looking at the extracellular compounds (found in the agar growth medium) clones D18.5 and D18.7 

follow a similar trend when considering the most extremely changed metabolic pathways (Fig. 95). Both 

show a reduced excretion of intermediates of the pathway ‘synthesis and degradation of ketone bodies’, 

and an increased excretion of intermediates of the pathways ‘pantothenate and CoA biosynthesis’ and 

‘cysteine and methionine metabolism’. Nevertheless, clone D18.7 showed an increased excretion of 

metabolites of the ‘glycolysis / gluconeogenesis’ and ‘benzoate degradation’ pathways, while D18.5 

excreted significantly higher amounts of metabolites of the ‘sulfur metabolism’ and the ‘linoleic acid 

metabolism’.  

 

In summary, the metabolic pathways of clone D18.7 and D18.5 are greatly perturbed with clone D18.5 

being more impacted than clone D18.7, especially the pathways converting fatty acids. It seems that the 

metabolic activity of the fungus is shifted from glycolysis to fatty acid metabolism, which as a 

consequence caused a down regulation of pathway directly and indirectly connected to the 

CAC/glycolysis processes.  
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6.4 Summary and discussion 
 

This chapter describes various aspects of the infection of B. cinerea with BVX and BVF. These include 

phenotypical and morphological changes, both macro- and microscopically as well as how different 

metabolic cycles were altered due to BVX and BVF. 

 

6.4.1 Macroscopical observations 

 

The first obvious symptom of a viral infection of fungi is often the sectoring of mycelium (Fig. 68). 

Although most researchers simply report that sectoring occurred (Marquez et al., 2007; Ghabrial, 1980; 

Xie et al., 2006; Jian et al., 1997), some reports have linked mycelial sectors to differences in virus titre 

(Yaegashi et al., 2011; van Diepeningen et al., 2006), with emerging sectors representing areas of higher 

or lower virus titre. Within this thesis sectored areas were also linked to higher viral titres. For example 

clone D18.3 showed sectoring and hence D18.3b was subcultured from this area. After 5 subcultures 

D18.3b showed a higher titre of BVX than D18.3 (Tab. 17) and much higher variability of hyphal 

growth (Fig. 76). The BVX and BVF sectored clones often showed sparse aerial hyphal growth, reduced 

hyphal extension, browning of cultures, or reduced spore production. The yellowing/browning of 

cultures has also been reported in other virus infected ascomycetes. It was found that the mycoviral 

dsRNA did impact on pigment synthesis of the fungus (Monosporascus cannonballus), but was not 

solely responsible for the effect (Cluck et al., 2009). Degenerative changes (e.g. decreased production of 

perithecia, hypovirulence and metabolic changes in the penta-ketide and hexa-ketide metabolism), have 

also been associated with the yellowing/browning of M. cannonballus (Wheeler et al., 2004). In Botrytis 

clones the yellowing was always accompanied by cell lysis and decreased growth and it is therefore 

probable that similar metabolic and physiological changes contribute the effect of yellowing/browning 

of the mycelium. Furthermore, it was very intriguing to observe the zigzagging of the hyphae. Fungi 

grow like this if certain proteins necessary for polarised growth are not being produced or transported to 

the hyphal tip (Fischer et al., 2008). If BVX or BVF disturb either the production of these 

‘Spitzenkörper’ proteins or interfere with their microtubules-transport system, such a zigzagging would 

be the consequence. Besides zigzagging enhanced branching was also observed similarly to isolates of 

Sclerotinia sclerotiorum infected with dsRNA (Zhang et al., 2010).  Other macroscopic changes due to 

BVX and BVF were pre-stages of cell death (increased vacuolisation and degeneration and cell lysis). 

Pre-stages of cell lysis and cell lysis itself have frequently been observed with several mycovirus 

infected fungal isolates, including Penicillium sp., Aspergillus sp., yeasts, Helminthosporium victoriae, 

Agaricus sp., Neurospora crassa, Schizophyllum commune (Lemke&Nash, 1974). Therefore, it is not 

surprising that cell lysis was observed in several BVF and BVX transfected clones. In Aspergillus, it was 

mainly observed in aging hyphae, where mycoviruses had accumulated to a greater extent (Jinks, 1959). 
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However, in S. commune lytic plaque fromation depended on the host carrying a ‘s
+
’ resistance gene 

(Stanberg&Koltin, 1973). Only isolates lacking the ‘s
+
’ gene were sensitive to the virus infection. 

Consequently cell lysis in Botrytis due to virus infection might also be connected to genetic factors. 

While studying the mycelia clones and isolates it was found that the donor and some recipient isolates 

showed crystal formations next to their hyphae while some clones did not. These structures resembled 

crystals formed by oxalic acid (Fig.71B1+2). Indeed during the metabolic analysis it was shown that 

clone D18.5 does not produce any oxalic acid, which supports this assumption. 

 

6.4.2 Microscopic and ultrastructural observations 

 

Compromised mitochondria were found in isolate RH106-10, RH106-18, and REB655-1. Similar 

descriptions were reported from B. cinerea infected with B. cinerea debilitation-related virus (Wu et al., 

2007). This strongly suggests that BVX and BVF contribute to the degeneration of mitochondria in B. 

cinerea. Furthermore, membranous vesicles and extreme alterations of plasma lemma were found in 

BVX/BVF infected Botrytis isolates. The proliferation and accumulation of internal membranes is 

typical of infections of +ssRNA plant viruses of the family Flexiviridae (Martelli et al., 2007) and can 

also induce the production of membranous/pleomorphic/convoluted vesicles (Gillespie et al., 2010), 

which are assumed to envelop the replication complex (RC) and contain dsRNA. Such vesicles have 

been found in the fungi C. parasitica and S. cervisia (van Regenmortel et al., 2000, Dodds, 1980) in 

association with dsRNA. Also, structures resembling flexuous viruses were observed in the cell walls of 

RH106-18 and were associated with regions of the cell membrane where large membranous structures 

and vesicles had formed (Fig. 75). The diameters of these flexuous filamentous structures were about 11 

nm, which is very similar to the diameter of BVX and BVF of about 12 nm. Because loosely packed cell 

walls are often associated with the secretion of proteins or carbohydrates (Howard, 1981), it seems 

possible that mycoviruses might be able to move through such structures as well. Furthermore, Nolan et 

al. (1988) found aggregates of flexuous viruses in the fungus Entomophaga aulicia, which look very 

similar to those found in REB655-1. The formation of aggregates is consistent with observations of 

flexuous plant viruses (Martelli et al., 2007), but some form of specific immuno-labelling would to be 

required to confirm BVX identity. 
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6.4.3 Monitoring of virus titres associated with phenotypical changes 

 

To provide additional evidence that the symptoms phenotypical changes were caused by BVX and BVF, 

an experiment was set up to look for correlations between phenotypical changes and virus titres.  

In general, virus titres of most isolates were reduced after 5 subcultures using the actively growing part 

of the cultures. This implies that the chosen method for subculturing of Botrytis isolates and clones 

either changed the virus titre of BVX and BVF or did not stabilise the virus titre. This may be because 

virus particles mostly accumulate in the older parts of the mycelia, as observed in Aspergillus sp. and 

Penicillium sp. (Lehmke&Nash, 1974). On the other hand, it is contrary to the results gained from liquid 

culture presented in Chapter 3, where virus titres were highest when the mycelia were still actively 

growing. This could mean that the virus replication is altered when growing on solid media in 

comparison to liquid broth. Similar findings were reported by Wood (1975), who described the same 

behaviour of P. chrysogenum when grown in liquid medium. 

BVX and BVF both individually and in mixture were able to induce phenotypical symptoms in B. 

cinerea isolate B05-10. B05-10 clones transfected with BVF stood out, because they caused highest 

reduction of fitness and greatest change of pigmentation and morphology. Although both of the donor 

isolates, RH106-18 (BVF+BVX) and RH106-10 (BVX+BVF), contained higher amounts of BVF than 

BVX when cultured on solid medium, BVX showed generally higher titres than BVF in infected B05-10 

clones. Also, BVX caused reduction in growth rate and influenced spore and sclerotial production when 

introduced in B05-10. In REB655-1 (BVX only), BVX it is also correlated with the increase of spore 

numbers. However, in REB655-1 there was no evidence that BVX affected growth rate and sclerotial 

production. One possible explanation for these apparently contradictory results is that co-evolution or a 

long adaptation process has led to a less virulent relationship in the donor isolates than in the newly 

infected B05-10 clones. This hypothesis is supported by the fact that the observed phenotypical changes 

over time of virus transfected clones showed a much higher variation than of the recipient and donor 

isolates. Also, when looking at the change of virus titre between time point A and B, BVX titres 

decrease from I to II, while BVF titres did not change. This is consistent with results presented in 

Chapter 3.2.3.2 (RH106-10 (BVX+BVF)), and supports the hypothesis that the replication cycle (and 

possibly the movement) of BVF differs from BVX. 

Although all the parameters monitored were affected, to some extent, by the viral infection, growth rate, 

sclerotia formation, and culture appearance (morphology, pigmentation, aerial hyphae production) were 

influenced the most. Interestingly, the wild type B05-10 did not produce any sclerotia, while the virus 

transfected clones produced up to ~75 sclerotia per plate. This may indicate that the virus infection 

causes the fungus oxidative stress (e.g. metabolical, cytological) and therefore induces the production of 

sclerotia (Georgious et al., 2006). If BVX and BVF distress Botrytis metabolically, it would explain why 

the virus transfected clones vary so extremely in their pH values when cultured in Vogel’s broth. The 
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overall pH of the virus transfected clones increased between time point I and II, while for B05-10 (WT) 

the pH decreased. This points to an altered excretion of metabolites. 

BVX and BVF also influenced the spore production. While the spore numbers of WT and virus 

transfected clones did not vary much from each other, a shift from macrospores to microspores was 

observed. Some clones did not produce macrospores at all, which would have a great impact on the 

survival of Botrytis in nature. Microspores only germinate under certain conditions and are less robust 

than macrospores. On the other hand, the isolate REB655-1 (BVX only) and some clones infected with 

BVX seem to produce more spores the more BVX is present.  

As already mentioned, the most extreme phenotypical changes occurred when B05-10 was transfected 

with BVX and BVF. This is demonstrated best in Figure 84, where the evaluation parameters ‘Change in 

morphology’, ‘Change in pigmentation’, ‘Change in crystal formation’, and ‘Aerial hyphae growth’ 

were most affected among the BVX/BVF containing clones, suggesting that the co-infection with two 

mycoviruses contributes to the severity of the symptoms. However, the co-existence of BVX and BVF 

alone did not seem to be the entire reason for certain phenotypical changes since amongst the BVX/BVF 

containing clones. It is possible that the ratio of BVX to BVF is also important for the development and 

severance of symptoms. The relative replication and accumulation rates of BVX and BVF may be 

influenced by environmental conditions (e.g. temperature and pH) (Sobsey&Meschke, 2003; Hurst et 

al., 1980), which in turn may affect the induction of symptoms. It was shown for a bacteria-phage 

system that extreme environments increase the diversity (variability) of the bacterial host (Benmayor et 

al., 2008). When monitoring the inter-phenotype interactions over time, in a non-extreme environment, 

the severity of the interactions decreased in BVX and BVF containing clones, as was also observed for 

the virus-bacterial system. Looking at the BVX/BVF containing clones, the number of significant 

interactions (pairs of correlations between phenotypical parameters) increased from 0 to 13 between the 

time points I and II, possibly due to increase in BVX proportion (Fig. 89). One reason for phenotypical 

changes not being directly connected to BVX and BVF presence/titre might be due to excessive cell 

lysis. If viral RNA leaks out of the cell viral RNA might not be detectable anymore. Hence, although 

many phenotypical changes were observed statistical analysis was not always able to connect them to 

changes in viral titre. Furthermore, there were correlations with BVF presence (only) as well with the 

presence of both viruses (Fig. 92). This implies that the proportion of BVF in the mixture of both viruses 

changed and might have caused the higher variability in the clones D18.3b and D18.11 (Fig. 76B). 

Furthermore, the overall data of the BVX/BVF containing clones points to a positive correlation of BVX 

with growth rate and spore formation, which was also found for REB655-1 (BVX only) at time point I.  

The question why BVX correlates in one situation positively (BVX/BVF containing clones) and 

negatively in another (RH106-10, G1 and G3 of the D18 clones) with certain phenotypic parameters 

(e.g. spore formation, growth rate, yellowing of the cultures and hyphal morphology change) is not 
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entirely clear. But it appears that an interaction with BVF is one factor and the titre of BVX might be 

another. The high genetic variability of Botrytis might also contribute to the different trends seen in the 

correlation matrixes, because the presence or absence of specific genes might influence the sensitivity of 

Botrytis to the viral infection. Looking at BVF alone, within the group G1 and G3 of the D18 clones 

BVF appeared to have a negative impact on the crystal formation (presumable oxalate production), and 

on the growth rate.  

 

6.4.4 Metabolic profiling 

 

After visible effects were analysed a biochemical screening revealed that metabolic changes occurred in 

Botrytis cinerea when newly transfected with BVF and BVX. The amino acid, carbohydrate and fatty 

acid metabolism were significantly affected. First, the impact on the amino acid metabolism is 

discussed, followed by the carbohydrate and lipid metabolism.  

 

Amino acid metabolism 

For clone D18.7 and D18.5 decreased levels of threonine and glycine were found. Kritzman et al. (1976) 

found in Sclerotia rolfsii that when threonine was added to the medium glycine was produced, which 

was then converted via the glyoxylate metabolism to CO2 (if there was no other carbon source) and led 

to enhanced branching and formation of sclerotia. This correlation between increased ‘Glycine, Serine, 

Threonine (GST) metabolism’ and increased branching and sclerotial production was found in Botrytis 

clones D18.5 and D18.7. The accumulation of levulinate in D18.5 and D18.7 is most likely also due to 

the up regulation of the GST pathway, because Glycine is a pre-cursor for levulinate. In addition, 

elevated levels of homocysteine, norvaline, and methionine were found in clone D18.7. Norvaline can 

inhibit the synthesis of arginine, which is involved in the nitrogen metabolism; homocysteine and 

methionine are part of the ‘Cysteine and Methionine (CM) metabolism’. A similar trend was observed in 

the CHV1 infected Cryphonectria parasitica, where amino acids like homocysteine and methionine 

were increased (Dawe et al., 2009). On the other hand, Threonine was elevated as well, which implies 

that CHV1 interferes with the amino acid metabolism of C. parasitica in a different way and possibly to 

a different extent in comparison to BVX/BVF and B. cinerea.  

 

Carbohydrate metabolism 

The down regulation of many parts of the carbohydrate metabolism (mainly CAC) might be a direct 

reaction to the viral infection causing localised cell lysis as seen in the pictures of calcoflour-white 
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stained mycelia. This might be a possible way of ridding itself from the virus. Or the opposite the virus 

induces cell lysis in order to leave the cell like in animal systems. Furthermore, the accumulation of 

hydroxyl-butric acid in D18.5 could indicate that the fungus used methionine as a carbon source (Ruiz-

Herrera et al., 1969), instead of sucrose or products of the CAC, due to the extreme down regulation of 

the glycolysis. This might also be the reason for the increased excretion of iso-ctitric acid in D18.5. The 

same reason might apply for the accumulation of methyl-thioacetate, as it can be produced from 

methionine after glucose is used of (Francis et al., 1975).  

 

Lipid metabolism 

Docosanoic and eichosanoic acid were elevated in both clones D18.5 and D18.7 and belong to the group 

of eicosanoids, which are suspected to have putative signaling properties (Shea&Poeat, 2006). An 

increased amount of eichosanic acid was also found for C. parasitica infected with CHV1 (Dawe et al., 

2009). Our findings and those of Dawe et al. conform to the idea that mycoviruses modulate cellular 

membranes in order to facilitate and enhance their replication (Salonen et al., 2004). Hence the lipid 

metabolism, which provides fatty acids necessary for membrane biosynthesis, is also perturbed. 

Furthermore, the reduction of oleic acid and up-regulation of the fatty acid metabolism could be the 

reason why these fungi did not produce any conidiospores. Calvo et al. (2001, 2002) found that in 

Asperillus nidulans the level of oleic acid was connected to the production of sexual and asexual spores.  

In clone D18.5 and D18.7 the ‘benzoate degradation’ pathway was also down regulated. The ‘benzoate 

degradation’ pathway is furthermore connected to the ‘phenylalanine metabolism’, the ‘citric cycle’, and 

’glycolysis’. Therefore, its down regulation might be a consequence of the perturbed amino acid and 

carbohydrate metabolisms. Another very interesting finding was that oxalic acid was not found in either 

of the two investigated clones. This might indicate that is was consumed by another pathway, which was 

up regulated, e.g. the fatty acid metabolism. Furthermore, it means that oxalis acid might not available 

for Botrytis when infecting and breaking down plant cells and would therefore undermine its 

pathogenicity as seen in Figure 82.  

 

In summary, it has been demonstrated that a previously virus-free Botrytis isolate infected with BVX 

and BVF can show extreme changes in phenotype and metabolism. The results also indicate that the 

interplay between BVX, BVF and a B. cinerea is very complex. An additional analysis of the metabolic 

data is necessary to elucidate the altered flow and shifting of substance conversion.  
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7. Final conclusions and future work 

 

During the last 50 years, a substantial number of viruses infecting fungi have been characterised and 

sequenced. However, although many symptoms of mycoviral infections are described and recognised, 

we still know very little about the specific mechanisms underlying the relationship between mycoviruses 

and fungi. Our core knowledge of mycoviruses is based on studies using the filamentous fungi 

Ophiostoma novo-ulmi, Cryphonectria parasitica, Fusarium sp., and Aspergillus sp. (Chap. 1.2.1), 

which represents only ~ 6% of the taxonomically assigned mycoviruses with either naked dsRNA or 

isometric particles (Chap. 1.2.2). Therefore, it is not surprising that mycovirology is still in its infancy. 

In particular, information is missing about how mycoviruses alter or/and interfere with the fungal 

genetic and metabolic communication pathways, how they spread in nature (besides via spores and 

anastomosis), and what impact mycoviruses have on the evolution, adaptation and diversity of fungi 

(Pearson et al. 2009, Roossinck, 2011).  

The work presented here focused on the interaction between the phytopathogenic fungus Botrytis 

cinerea and the two ssRNA flexiviruses Botrytis virus X (BVX) and Botrytis virus F (BVF). The 

uniqueness of this system derives from their rare filamentous form, from their uncommonly accessible 

sequence data and their natural co-infection in some B. cinerea isolates. Furthermore, the control of B. 

cinerea is of great economic interest for fruit and vegetable producers worldwide. Hence, the question 

whether BVX and/or BVF can reduce the pathogenicity of B. cinerea is very interesting.  

In order to study the influence of BVX and BVF on B. cinerea several tools were developed. Besides 

techniques for measuring and monitoring virus titres, the determination of virus location within the 

Botrytis cells and the introduction of BVX and BVF into a (putative) virus-free Botrytis isolates were 

also aims of this thesis. However, for virus detection and monitoring relative and absolute real time-PCR 

(rt-PCR) was developed and evaluated. While rt-PCR is widely used for plant viruses, within 

mycovirology rt-PCR has only been used to study RNA accumulation of Cryphenectria hypovirus 

EP713 in the mycelia (Suzuki et al., 2002; Zhang et al., 2008). There are no reports of absolute 

quantification of mycoviruses so far. Absolute quantification was very helpful for measuring and 

comparing copy numbers of BVX and BVF genomes in B. cinerea spores and cells. Absolute rt-PCR 

might be particularly helpful to measure viral titres outside the cell, where internal controls of a host are 

not available. Measuring BVX and BVF titres outside the cell would be interesting in order to 

investigate whether BVX and BVF are leaking out of fungal cells and how long they stay viable in 

various environments. 

For monitoring and quantifying BVX and BVF, three housekeeping genes were evaluated. The results 

demonstrated that it is necessary to evaluate the stability of reference gene expression and to use several 

reference genes, not just one, to achieve reliable and less variable results. The evaluation of reference 
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genes actA and tuba, commonly used for B. cinerea (Choquer et al., 2003; Mehli et al., 2005), revealed 

that the housekeeping gene actA was not consistently expressed over a time period of two weeks and 

therefore another housekeeping gene (cpr1) was tested and found suitable for rt-PCR purposes. So far 

this is the first mycovirus study which used two reference genes simultaneously. The two rt-PCR 

systems developed proved to be very useful for monitoring and comparing viral titres of different 

samples and isolates. In liquid media the titres of single infections of BVX or BVF showed the same 

trend, with a maximum titre at day 2, reducing at day 3. However, viral titres in the doubly infected 

isolate RH106-10 (BVX/BVF) showed significant differences compared to singly infected isolates. In 

mixtures BVX followed a similar trend to a single infection, replicating very fast at first, but declining 

sharply when fungal growth started to decline. In contrast, BVF showed a prolonged replication beyond 

the exponential growth phase of B. cinerea. One reason for the extended accumulation of BVF could be 

that the particles get enclosed in membranous vesicles and would therefore be protected from the 

decaying environment as was found for mycoviruses of Penicillium sp. and Aspergillus sp. when 

cultured in liquid media (Buck, 1977). It is possible that the initial slow replication in the presence of 

BVX is due to competition for resources.  

The location of BVX within Botrytis was studied by immuno- microscopy. The coat protein of BVX 

was expressed in Escherichia coli (CP-BVX), which was the first time that a mycoviral coat protein had 

been produced recombinantly. Several expression constructs were compared and the culture conditions 

optimised to obtain maximum yields. To achieve sufficient solubility of CP-BVX it was necessary to 

fuse CP-BVX to a solubility enhancer, the ‘maltose binding protein’. This system might be suitable for 

the expression of other mycoviral proteins in addition to coat proteins. The recombinantly expressed CP-

BVX was used to produce polyclonal antibodies (ABBVX). Subsequently the ABBVX’s were used to 

develop immuno-fluorescence microscopy protocols in order to study the distribution and aggregation of 

BVX particles within hyphal cells and networks. It was found that BVX was present in the cytoplasm, 

next to septal pores and attached to cell membranes, which were consistent with findings of Vilches et 

al., (1997). In addition studies using a combination of whole fungal mycelia and ultra-thin cross sections 

contributed significant new information regarding the association of virus particles with the cell wall. 

Cross-sections of hyphal tubes appeared to show the presence of BVX in the cell wall. If BVX particles 

are able to move through the cell wall, it raises the question of whether mycoviruses can have an 

extracellular existence (in the surrounding medium) and might be able to spread outside the fungal host. 

Unfortunately the preparation methods used for fluorescence microscopy eliminated the external 

medium. Consequently to answer the question, whether BVX can be found extracellularly, the external 

medium would need to be sampled. This could be done by culturing mycelia in liquid media and 

analysing the culture filtrate for virus by RT- and rt-PCR. 

There are several important implications if BVX is present in the cell wall of B. cinerea as it would 

mean that either BVX is able to move through the cell wall or that Botrytis actively transports/secrets 
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BVX. However, to move across the cell wall the virus would first have to pass the cell membrane. 

Athough the genomes of BVX and BVF do not contain the triple gene block (TGB) of cell-to-cell 

movement proteins (found in plant potex- and potex-like viruses) they easily infected Botrytis 

spheroplasts. This is true for several mycoviruses (e.g. Castro et al., 2003; Sasaki et al., 2007; Bhatti et 

al., 2011), and implies that the TGB is not necessary for fungal viruses. Although proteins expressed by 

the TGB of potexviruses have been studied for a long time, the mechanisms underlying the interaction 

of coat protein (CP) and TGB genes is still unrevealed (Verchot-Lubicz  et al., 2007). However, it is 

known that in potexviruses the 5’ non-translated region (NTR) regulates genomic and subgenomic RNA 

synthesis and encapsidation, as well as virus plasmodesmal transport (Verchot-Lubicz et al., 2007). 

Interestingly the 5’NTR of BVX contains a small sequence (nucleotides: 24 to 41), which aligns to a 

sequence of Botryotinia fuckeliana isolate T4 (GenBank: FQ790356.1, gene="BofuT4_P154130.1”, 

nucleotides: 1-215360, Amselem et al., 2011) and was labelled as ‘similar to retrovirus polyprotein’. 

Despite the short length (18 bp) of the aligning sequence it does indicate that a genomic 

interaction/recombination event between BVX and B. cinerea may take place and might help to pass 

through the cell membrane. Looking at non-enveloped ssRNA animal viruses, such as poliovirus or 

picornavirus (Evans et al., 1998; Hogle, 2002), the mechanism of virus movement through the host cell 

membrane is also understudied and not well understood. Nevertheless, it is know that 

carbohydrate/protein interactions play an important role in virus invasion (Lonberg-Holm & Philipson, 

1974), e.g. glycosaminoglycans act as surface receptors, and non-enveloped viruses enter the cell by 

either penetration or by creation of pores (Smith et al., 2004). A recent comparison of ORF 4 and 5 of 

the BVX genome to known sequences (using NCBI Protein Blast) indicated that ORF 5 has a 29 % 

identity to a glycosyltransferase group 1 (ACU72139.1). Although glycosyltransferase-encoding genes 

occur only rarely in viral genomes (Zhang et al., 2007) they often influence the interaction with 

receptors on the host cell membrane (Vigerust et al., 2007). For closteroviruses, which are exceptionally 

long (800 to 1500 nm), that they can recruit heat shock proteins (Hsp70) for movement through the cell 

membrane (Alzhanova et al., 2001). It is assumed that Hsp70 is providing additional energy by ATP 

hydrolysis for the trans-membrane transport. Other potex-like viruses use their movement protein (MP) 

and coat protein (CP) to interact with plasma membrane and increase its size exclusion limit (SEL) 

(Cruz et al., 1998). A similar scenario was found for the MP of the enveloped –ssRNA Tomato spotted 

wilt virus, which interacted with Hsp40, which again can bind to Hsp70 (Niehl et al., 2011; Soellick et 

al., 2000) and might provide the necessary energy for membrane-crossing. Hence, it might be possible 

that non-structural proteins like those chaperons are being expressed by ORF 4 and/or ORF5 of the BVX 

genome and work together with the CP to facilitate the widening or creation of pores of the plasma 

membrane.  

 



  Chapter 7 

211 
 

For crossing the cell wall a re-structuring of the cell wall filaments would be necessary. In BVX and 

BVF transfected clones the cell wall showed many ‘hot spots’, which were stained with calcoflour-white 

(CFW). CFW mainly binds to chitin, cellulose and other β-1,4-linked carbohydrates, which are often 

found at the fungal tip, at septa, and at branching sites, but not in mature cell walls. Because these 

carbohydrates are realised during cell wall lysis of fungi, CFW can also identify areas of cell wall 

degradation. Hence it is very likely that the ‘hot spots’ show localised cell wall lysis. Taken together the 

observations using electron and fluorescence microscopy strong evidence is provided that BVX interacts 

with the B. cinerea cell wall and does not just exist passively in the fungal cytoplasm. In particular the 

very confined appearance of membrane proliferation and calcoflour-white (CFW) staining points to a 

process induced by BVX and BVF. However, it’s also plausible that B. cinerea reacts to the viral 

infection by localised cell lysis to rid itself from parasites. Moreover, other fluorescence microscopy 

observations suggest that BVX might be transported attached to the cytoskeleton (e.g. microtubules or 

membranous structures) (Fig.55B). The employment of cellular structures by viruses is not uncommon. 

Kawakami et al. (2004) reports that tobacco mosaic virus (TMV) moves from cell to cell in ‘membrane-

associated sub-viral complexes’, which was also found for human T cell leukemia virus-type 1 (Igakura 

et al., 2003). It was hypothesised that this way of transport might be available to different phylogenetic 

groups (Kawakami et al., 2004). Hence this might also be true for fungal viruses. Furthermore, the 

TGB1 protein of Potato Virus X  has ‘actin/endomembrane reorganising properties’ (Tilsner et al., 

2012). 

To connect phenotypical changes with virus titre a time course experiment was set up (Chap. 6.3.3). 

This appears to be the first study of its kind on a mycoviral infection scenario. The virus-free Botrytis 

isolate B05-10 was transfected with three different virus preparations; partial virus purifications of 

REB655-1 (BVX), RH106-10 (BVX/BVF), and RH106-18 (BVF/BVX). Following transfection a wide 

range of macroscopic and microscopic symptoms were observed, as described in Chapters 6.3.1 and 

6.3.2. Although not all clones showed obvious phenotypical changes, 75 % were phenotypically affected 

of which 47 % showed severe growth alterations. Virus titres and selected phenotypical parameters of 

the BVX and BVF transfected clones were monitored over a five subcultures. Using correlation analysis 

it was possible to show that certain symptoms (e.g. pigmentation, sporulation, growth rate, and change 

of morphology) correlated directly with titre changes of BVX, BVF, or both viruses. Furthermore, the 

data analysis suggested that co-infections with BVX and BVF are causing more severe symptoms than 

single infections, including a ‘zigzag’ hyphal morphology that seemed to be connected to the 

concentration ratio of the two viruses. Fungi grow in a zigzag pattern if certain proteins necessary for 

polarised growth are not being produced or transported to the hyphal tip (Fischer et al., 2008). If BVX 

or BVF disturb either the production of these ‘Spitzenkörper’ proteins or interfere with their 

microtubules-transport system, such zigzagging growth would be a plausible consequence. While 

synergistic symptoms are known for some plant viruses (Pruss et al., 1997), and viral co-infection of a 

plant host often leads to programmed cell death (Greenberg et al., 1994), but this has not previously 
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been reported for mycoviruses. So far there is only one study, by Van Diepeningen et al. (2006), which 

looked at the incidence of multiple virus infections of Aspergillus niger and their effect on subsequent 

infection, but it did not investigated how multiple mycoviruses interact with each other when living in 

the same fungal host.  

 

The phenotypical changes due to infection with BVX and BVF were also accompanied by extreme 

perturbation of fungal metabolic pathways. In contrast to down regulation of metabolites in C. parasitica 

reported by Dawe et al. (2009), in BVX/BVF infected Botrytis isolates most of the carbohydrate, amino 

acid and lipid metabolism pathways were up regulated with metabolite accumulation at lower rates 

compared to the wild type (Chap. 6.3.4.3). The extreme up regulation of the carbohydrate metabolism 

(e.g. cirtic acid cycle) probably led to nutrition depletion and explains the observed excessive 

vacuolisation and cell lysis. This might have been a direct reaction of B. cinerea to the viral infection 

and a way of ridding itself from the virions and the viral RNA. On the other hand, the ‘Glycine, Serine, 

Threonine (GST) metabolism’ was down regulated (increased amounts of homocysteine and 

methionine) in clones D18.5 and D18.7, which as with studies by Kritzman et al. (1976) correlated with 

the increased formation of sclerotia and branching. Furthermore, the perturbance of the lipid metabolism 

(increased accumulation of eicosanoids) conforms to the idea that ssRNA (plant) viruses modulate the 

cellular membranes of their host in order to facilitate their replication (Martelli et al., 2007). The 

interference with the fatty acid metabolism might be also the reason for the reduced spore production 

(Calvo et al., 2001).  

The metabolomic data presented here represent only the second (after CHV1/C. parasitica) example of 

how mycoviruses can influence cellular processes of their fungal hosts and is an important piece of the 

puzzle in elucidation of the interaction between fungi and mycoviruses. The altered metabolism of 

CHV1 has a direct consequence on the interaction between C. parasitica and the chestnut tree. The virus 

decreases the aging of C. parasitica and at the same time the disease severity, which results in the 

survival of all three organisms (virus, fungus and tree). Hence, it would be interesting to know how 

BVX and BVF alter the interaction between B. cinerea and its hosts? How would the removal of BVX 

and BVF from naturally infected B. cinerea isolates change the interaction between fungus and plant? 

The answer of these questions would be also essential for the development of mycoviral biocontrol 

agents using BVX/BVF and other mycoviruses.  

The most important criteria for a mycoviral BCAs are: 1) The mycovirus has to have persistent 

hypovirulent effect on the fungus; 2) The mycovirus has to have the ability to spread through the fungal 

population and infect all (or most) biotypes of the fungus, and 3) Ideally, the mycovirus should be stable 

outside the fungal cytoplasm and infect the fungus externally (Moriyama et al., 2011). BVX and BVF 

are not only interesting as potential biocontrol agents (BCA), but also for studying the antiviral defense 
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system of B. cinerea and the question: ”When does a fungus develop symptoms due to a viral infection 

and when not?”. Comparison of the effects of BVX and BVF on naturally infected B. cinerea isolated 

and in-vitro transfection of isolate B05-10, which was previously BVX and BVF free, supports the 

concept that fungi which have been exposed to viruses and have had the chance to adapt and/or develop 

a defence mechanism show no obvious symptoms or only little phenotypical change, whereas fungal 

isolates that are newly exposed to a virus express more extreme symptoms. To test this hypothesis one 

would need a range of virus infected and virus-free isolates and highly sensitive real time detection 

methods for the viruses.  

 

Future work 

The most intriguing questions raised by this thesis are: (i) Can BVX move out of the hyphae into the 

surrounding environment? (ii) If yes, how long could BVX survive outside the cell? and (iii) Can BVX 

be taken up from the external environment by B.cinerea? The same questions could also be asked for 

BVF. In order to address these questions experiments would need to be designed to determine whether 

virus particles are released by virus movement through the cell wall and not simply by cell lysis or 

breakage. Although Urayama et al. (2010) showed the first successful extracellular infection of 

Magnaporthe oryzae with Magnaporthe oryzae chrysovirus 1, the experimental set up did not exclude 

the possibility of mycoviruses entering the external environment due to hyphal breakage or lysis. The 

stability and amount of the presumably secreted virus particles would need to be monitored with real 

time-PCR or ELISA. If virus particles are stable over a sufficient amount of time (this would need to be 

assessed first), infection experiments could be carried out. The best growth stage to look at virus up take 

would be when hyphae are still extending and the cell wall fibrils are loosely packed providing better 

conditions for the passage across the cell wall. If B. cinerea is able to take up BVX and BVF through the 

cell wall this would help explain why these viruses are so common in Botrytis. During the last 20 years 

BVX and BVF have been found in at least 52 Botrytis isolates originating from North America, Europe 

and New Zealand (Arthur, 2007; unpublished data).  

Other questions would also need to be addressed. Are BVX and BVF able to increase the size exclusion 

limit (SEL) of the fungal cell membrane? This could be investigated by staining virus transfected clones 

with fluorescently labelled dextran (Wolf et al., 1989). Dextran only crosses the cell membrane and wall 

when pores of sufficient size were formed. This technique was used to show that TMV modifies the 

plasmodesmatal SEL. Also, do BVX and BVF attach to microfibrils for intracellular transport? To 

investigate this question for other host viral-system researchers have used LatB and cytochalasin D (Liu 

et al., 2005) to inhibit the actin polymerisation and hence stop the movement of microfibrils through the 

cell, which might also stop the mycoviruses from moving. Future experiments applying similar ideas to 

the BVX/BVF-B. cinerea-microsystem might help determining the role of microfibrils in mycoviral 
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transportation. To study the movement of BVX the BVX antiserum produced during this work and a 

fluorescent marker for the endocytic pathway (FM4-64, Haupt et al., 2005; Liu et al., 2010) might be 

used in co-localistaion studies. If FM4-64 is found clustered together with BVX it would provide strong 

evidence that BVX is incorporated into vesicles and might be able to move through the cell using the 

endocytic pathway and possibly outside the cell as proposed by McCabe et al. (1999). IF BVX and BVF 

were infectious to B. cinerea they could be used for transformation experiments.  

Another question is also raised by this thesis is: Why was isolate B05-10 so extremely affected by BVX 

and BVF? What is different about the antiviral defence system of this isolate in comparison to the donor 

isolates? Had B05-10 never encountered viruses or just BVX and BVF in particular? How fast does an 

anti-viral defence system/or a balanced state of interaction develop in fungi? Are there sequences in B. 

cinerea similar to those which would encode for genes similar to dicer like genes as in C. parasitica 

(Segers et al., 2007)? If yes, screening for such genes could reveal whether an antiviral defense system 

exists or not.  

In this thesis transfection of virus free clones was used to study the effects of viruses on their fungal 

host. Historically many authors have used “curing” to remove viruses, especially unencapsidated 

dsRNAs to see whether their phenotype changes due to virus elimination. Curing of mycoviruses from 

fungi can be achieved by several means including subculture of hyphal tips (Boland, 1992) in 

combination with a cycloheximide treatment (Schmitt&Neuhausen, 1994; Van Diepeningen et al., 

2006;) or a heat treatment  (Romo et al., 2007), single spore isolation (Elias et al., 1996) and ascospore 

isolation (Hammond et al., 2008; Ghabrial et al., 2008). An alternative approach, used in this PhD was 

the transformation of B. cinerea with the PAC1 plasmid (App. A.3-4), from Schizosaccharomyces 

pombe, which codes for a dsRNA ribonuclease (Rotondo & Frendewey, 1996). Ishida et al. (2002) 

transformed chrysanthemum plants with plasmids containing the pac1 gene (PAC1), which were 

resistant to various viruses (e.g. Tobacco Mosaic Virus, Cucumber Mosaic Virus and Potato Virus Y). It 

was decided to test the hypothesis that recombinantly expressed pac1 in B. cinerea would reduce virus 

titres and consequently alter the fungal phenotype (vector map and transformation protocol is attached in 

Appendices A.3-4, A.6). However, despite several attempts no PAC1 transformed colonies could be 

recovered. It was concluded that pac1 expressed dsRNA ribonucleases must also target essential fungal 

dsRNA and therefore was not able to re-grow after PAC1 transormation. This was independently 

confirmed by Bailey et al. (pers. com., 2009).  

Another technique that would facilitate study of the effects of mycoviruses on Botrytis would be the 

development of infectious clones of BVX and BVF. These could potentially be used for:  

 

  - Elucidation of viral gene functions by using gene knock out clones. 
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- Elucidation of metabolic pathways in B. cinerea affected by BVX and BVF by  studying how   

   B05-10 (fully sequenced genome) and BVX and BVF interact, genetically and biochemically. 

- Creation of infectious clones with a fluorescent tag (e.g. green fluorescent protein (GFP)) for  

   live cell imaging experiments and study BVX’s/BVF’s replication, accumulation, and  

   movement to elucidate possible virus excretion, up-take, and transmission mechanisms. 

 

The combination of molecular and biochemical studies with the visualisation of BVX and BVF appears 

especially attractive as it would allow the investigation of the interaction between B. cinerea with BVX 

and BVF at the same time. So far, a mycoviral infectious clone has been produced for Cryphonectria 

hypovirus 1 (CHV1-EP713) (Choi & Nuss, 1992; Lin et al., 2007), for molecular and metabolomic 

studies. Infectious clones producing fluorescently labelled mycovirus particles have not yet been 

developed, although there are many examples of plant viruses ( e.g. Tilsner & Oparka, 2010 (review); 

Batten et al., 2003; Waterhouse & Helliwell, 2003 (review); Epel et al., 1996; Bedoya et al., 2010; Wei 

et al., 2010). Such a labelled infectious clone could be used to extend the results gained by staining of 

BVX/BVF transfected Botrytis with Calcoflour-White (CFW) and labelling with fluorescent dyes. If 

conclusive proof can be found that BVX and BVF alter the cell wall, this would have significant 

implications for the understanding how mycoviruses interact with their fungal hosts and how this might 

facilitate extracellular transmission. Because CFW can be added to the culture medium in non-cytotoxic 

concentrations (Hickey et al., 2005), it might be possible to investigate the development of the presumed 

chitin rich patches emerging during hyphal growth of BVX/BVF transfected/infected clones. In order to 

link this abnormal cell wall development to the presence of BVX and BVF, chitin rich areas would need 

to be assayed by rt- PCR or ELISA.  

An alternative and very informative approach would be to precisely determine the location of 

fluorescently labelled virus particles and CFW stained regions observed by light microscopy in ultrathin 

sections from the same region observed by electron microscopy. This would allow for direct linkage of 

abnormal cellular structures and processes to the presence of virus particles. Kukulski et al. (2011) 

published a technique called ‘correlative electron and fluorescence microscopy’, which would provide 

all prerequisites for such investigations. This combines fluorescence and 3D electron microscopy in a 

very precise (resolution 1- 100 nm) and time efficient way. An ultra-thin hyphal cross section attached 

to an EM grid is prepared for fluorescence microscopy for identification of virus infected areas. The grid 

position of the fluorescently labelled areas is then recorded in order to re-examine it under the EM. The 

authors particularly point out that the technique is especially useful for ‘transient intermediates during 

highly dynamic events’. Therefore, it appears to be a very appropriate tool to study BVX’s and BVF’s 

movement through hyphal cell compartments and potentially cell walls of B. cinerea. 
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In summary, the work presented in this thesis has extended our knowledge of mycovirus-fungal 

interaction in several areas. Relative and absolute real time PCR protocols were developed for 

monitoring the titres of BVX and BVF. This was used in transfection studies to monitor the changes in 

virus titre in relation to phenotypic and metabolic changes in the fungal host. Changes detected included 

severe phenotypical alterations in connection with extreme up regulation of carbohydrate, amino acid 

and lipid metabolism, and induction of stress responses (vacuolisation/cell lysis, increased 

pigmentation). It was also demonstrated that recombinant expression of BVX coat protein was a suitable 

method of producing an antigen for antiserum production and serological detection and visualisation of 

BVX. In particular, immuno-fluorescence microscopy was successfully used for studying the 

distribution of BVX within growing cultures of Botrytis. Initial results from these studies suggest that 

mycoviruses may be able to move across the cell wall by altering cell wall composition. If this is shown 

to be the case then it provides an alternative method to transmission via hyphal anastomosis, which is 

currently considered to be the only method of horizontal transfer. 
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Appendices 
 

Appendix A.1: Culture medium recipe 

 

Vogel's Medium N salts (Vogel, 1956) stock solution 

 

 

 

After appropriate dilution 0.5 % sucrose, 0.5 % yeast extract and 1.5 % agar (not for broth) is added.  

  

The following recipe is for 1 liter of 50X salts. 

Deionised water 750 ml 

Sodium citrate.2H2O 130 g 

Potassium nitrate 126 g 

Ammonium phosphate 144 g 

Mono-potassium phosphate 80 g 

Magnesium sulfate.H2O 10 g 

Calcium chloride.2 H2O 5 g 

Trace element solution 5 ml 

Biotin solution (0.1 mg/ml) 2.5 ml 

  

Trace element solution:  

Deionised water 95 ml 

Citric acid.H2O 5 g 

Zinc sulfate.7 H2O 5 g 

Ferrous ammonium sulfate.6 H2O 1 g 

Copper sulfate. 5 H2O 0.25 g 

Manganese Sulphate 0.05 g 

Boric acid 0.05 g 

Sodium molybdate 0.05 g 
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Appendix A.2: Buffers 

 

Phosphate buffer: 

To make up a pH 7.0 phosphate (sodium) buffer following two stock solutions were prepared first: 

Stock solution A: 2 molar monobasic sodium phosphate, monohydrate  (276g/L) 

Stock solution B: 2 M dibasic sodium phosphate     (284 g/L) 

Then 39 ml of stock solution A and 61 ml stock solution B were mixed to obtain a 1 molar phosphate 

buffer solution. This solution was the autoclaved and diluted as necessary.  

 

Protein lysis buffers: 

Basic recipes for lysis buffers: 

Buffer name Recipe pH 

Citric acid / NaOH 0.2M citric acid, 0.2 M Sodium citrate, adjust pH with 5 

N Sodium hydroxide 

5.0 

MES / NaOH 50 mM Tris base, 50 mM 3-Morpholinopropanesulfonic 

acid (MES), 1mM EDTA, 0.01 % SDS, adjust pH with 

2 N Sodium hydroxide 

6.0 

MOPS / KOH 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 

adjust pH with 5N KOH 

7.0 

Tris / HCl 0.1 M Tris base, add 2 N HCl until pH 8.0 is reached 8.0 

Sodium tetraborate / boric acid 0.2 M Sodium tetraborate, ~ 0.2 M boric acid, add boric 

acid until pH 9.0 is reached 

9.0 
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Lysis and wash buffer: 

 

The MOPS/KOH buffer was used a basis for cell lysis and as column wash buffer. 150 mM Sodium 

Chloride, 0.5 % glycerol and a respective number (one per 25 ml ) of  ‘Complete Protease Inhibitor 

Cocktail Tablet’ (Roche, Mannheim, Germany) was added. For elution of proteins off the amylose resin 

20 mM maltose was added.  
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Appendix A.3: Plasmid maps 

 

A.3-1: PET-41a(+) (Novagen) 
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A.3-2: PET-22b(+) (Novagen) 
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A.3-3: PMAL-c2X (NEB) 
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A.3-4: PAC1 

 

PAC1’s backbone is the pBR322 vector.  
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Appendix A.4: Statistics 

 

A.4-1: Box-and-whisker plot – descriptions 

 

The picture was retrieved from the website: http://flowingdata.com/2008/02/15/how-to-read-and-use-a-

box-and-whisker-plot/. 

 

  

  



  Appendices 

225 

A4-2: Relative expression ratios (RERs) of donor isolates and virus transfected clones calculated 

with formula (2) and global relative variance within rt-PCR samples and replicates. Visual 

examples of ‘A’ and ‘B’ cultures are also displayed. 

Strain/clone 
Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
1
)=virus, but no 

RER value 

T-Test 

(P< 0.05) 

Variance 

within rt-

PCR
2
 and 

sample 

replicates
3
 

REB655-1 

BVX 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.13 (3 replicates) 

0.17 

0.20 

0.44 

0.12 

0.23 

 

0.035 

0.03 

0.053 

0.029 

0.01 

0.36 

 

 

 

 

0.39 

RH106-18 

BVF 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.66 (3 replicates) 

0.04 

0.02 

0.01 

0.38 

0.13 

 

0.068 

0.068 

0.028 

0.035 

0.00 

0.83 

 

 

 

 

1.39 

RH106-10 

BVX 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.61 (3 replicates) 

0.0005 

16.14 

0.012 

(0) 

4.61             (     ) 

 

0.009 

0.000 

0.002 

 

0.13 

1.12 

 

 

 

 

1.69 

RH106-10 

BVF 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.10 (3 replicates) 

0.2 

0.31 

0.91 

0.21 

0.41 

 

0.051 

0.051 

0.046 

0.052 

0.195 

0.42 

 

 

 

 

0.64 

  

                                                           
1 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
2 Rt-PCR samples were measured up to three times 
3 Samples were repeated up to five times 

A 

B 
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Strain/clone 
Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
4
)=virus, but no 

RER value 

T-Test /  

ANOVA 

(P< 0.05) 

Variance 

within rt-

PCR
5
 and 

sample 

replicates
6
 

1X 

BVX 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.16 (3 replicates) 

0.17 

0.20 

0.19 

0.10 

0.17 

 

0.036 

0.031 

0.028 

0.043 

0.000 

0.70 

 

 

 

 

0.43 

2X 

BVX 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

2.13 (3 replicates) 

6.87 

3.33 

0.85 

(0) 

3.68 

 

0.753 

0.015 

0.001 

 

0.856 

1.16 

 

 

 

 

0.83 

3X 

BVX 

ATotal 

B1 

B2 

B3 

 

BTotal 

1.42 (3 replicates) 

1.57 

(0) 

(0) 

 

    (only 1 sample) 

 

0.016 

 

 

 

 

0.74 

 

 

 

 

 

4X 

BVX 

ATotal 

B1 

B2 

B3 

 

BTotal 

0.96 (3 replicates) 

1.46 

(0) 

(0) 

 

     (only 1 sample) 

 

0.183 

 

 

 

 

0.46 

 

 

 

 

 

  

                                                           
4 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
5 Rt-PCR samples were measured up to three times 
6 Samples were repeated up to five times 

A 

B 

A 

B 

A 

B 

A 
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Strain/clone 
Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
7
)=virus, but no 

RER value 

T-Test /  

ANOVA 

(P< 0.05) 

Variance 

within rt-

PCR
8
 and 

sample 

replicates
9
 

11X 

BVX 

 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.27 (3 replicates) 

3.59 

23.09 

5.14 

4.29 

8.09 

 

0.526 

0.107 

0.360 

0.146 

0.01 

0.15 

 

 

 

 

0.77 

3F 

BVX 

(1x BVF in 

A, but none 

in B) 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.29 (2 replicates, 1 -ve) 

(0) 

(0) 

(0) 

(0) 

 

 

 

 

 

 

 

 

 

 

3Fb 

BVX 

(4x BVF in 

A, but none 

in B) 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

0.98 (3 replicates) 

(0) 

5.7 

(0) 

5.68 

4.64 

 

 

0.393 

 

0.397 

0.022 

0.40 

 

 

 

 

0.51 

5F 

BVF 

(1x BVX in 

A, but not 

in B) 

ATotal 

B1 

B2 

B3 

B4 

B5 

BTotal 

1.16 (2 replicates, 1 -ve) 

0.35 

0.28 

(0) 

(0) 

(+) 

0.31 

 

0.086 

0.086 

 

 

 

0.017 

0.55 

 

 

 

 

 

0.13 

  

                                                           
7 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
8 Rt-PCR samples were measured up to three times 
9 Samples were repeated up to five times 

A 

A 

A 

A 



  Appendices 

228 

 

Strain/clone 

Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
10

)=virus, but no 

RER value 

T-Test /  

ANOVA 

(P< 0.05) 

Variance 

within rt-

PCR
11

 and 

sample 

replicates
12

 

6F 

A: 1 +ve for 

BVX or 

BVF, 1 +ve 

for both 

B: no virus 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

1.4 (BVF), 0.98 (BVX) 

(0) 

(0) 

(0) 

(0) 

 

 

 

 

 

 

 

 

 

 

 

 

 

6Fb 

BVF 

(no BVX) 

 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 0.90 (2 replicates, 1 -ve) 

0.15 

0.11 

(0) 

(+) 

0.13        

 

0.292 

0.258 

 

 

0.112 

0.27 

 

 

 

 

0.20 

7F 

A: 2 +ve for 

BVX or 

BVV 

B: no virus 

detected 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 (2 replicates) 

(0) 

(0) 

(0) 

(0) 

 

 

 

 

 

 

 

 

 

 

 

 

 

8F 

BVX 

(2x BVF in 

A, but not 

in B)) 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.16 (3 replicates) 

(0) 

(0) 

0.12 

0.32 

0.22 

 

 

 

0.016 

0.022 

0.003 

0.5 

 

 

 

 

0.59 

 

  

                                                           
10 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
11 Rt-PCR samples were measured up to three times 
12 Samples were repeated up to five times 

A 

A 

A 

A 
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Strain/clone Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
13

)=virus, but no 

RER value 

T-Test /  

ANOVA 

(P< 0.05) 

Variance 

within rt-

PCR
14

 and 

sample 

replicates
15

 

B8F 

BVX 

(no BVF) 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.46 (3 replicates) 

(0) 

0.13 

0.13 

(0) 

0.13 

 

 

0.004 

0.014 

 

0.000 

0.48 

 

 

 

 

0.049 

11F 

BVX 

(BVF in B 

but not in 

A) 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.27 (3 replicates) 

0.52 

(0) 

(0) 

(0) 

0.52           (only 1 sample) 

 

0.91 

 

 

 

 

0.18 

 

 

 

 

0.4 

12F 

BVX 

(2x BVF in 

A, but not 

in B)) 

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.45 (3 replicates) 

1.25 

1.50 

1.37 

0.94 

1.23            

 

0.099 

0.121 

 0.453 

0.095 

0.019 

0.71 

 

 

 

 

0.27 

14F 

BVX 

(1x BVF in 

A, but not 

in B)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.25 (1 replicate, 2 -ves) 

(0) 

(0) 

(0) 

(0) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

                                                           
13 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
14 Rt-PCR samples were measured up to three times 
15 Samples were repeated up to five times 

A 

A 

A 

A 
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Strain/clone Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
16

)=virus, but no 

RER value 

T-Test /  

ANOVA 

(P< 0.05) 

Variance 

within rt-

PCR
17

 and 

sample 

replicates
18

 

15F 

BVX 

(A: 2x BVF, 

but not in 

B)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 0.87 (2 replicates, 1 -ve) 

1.99 

3.3 

10.30 

(0)  

 5.20 

 

0.079 

0.053 

0.019 

 

0.002 

0.15 

 

 

 

 

0.77 

4XF 

BVX 

(A: 2x BVF, 

1x BVF in 

B)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 0.97 (1 replicate, 2 -ve) 

0.48 

0.19 

0.33 

0.34 

 0.34 

 

0.000 

0.000 

0.000 

0.000 

0.228 

 

 

 

 

 

0.33 

5XF 

No BVX 

and BVF 

   

 

 

 

 

 

 

 

 

 

 

 

6XF 

BVX 

(no BVF)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.0 (1 replicate, 2 -ves) 

(0) 

(0) 

(0) 

(0) 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

                                                           
16 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
17 Rt-PCR samples were measured up to three times 
18 Samples were repeated up to five times 

A 

A 

A 

A 
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Strain/clone Rep. 

# 

RER of A/B – up (    ) or 

down (    ) regulated, or 

unchanged (     ). (0) =no 

virus, (+
19

)=virus, but no 

RER value 

T-Test /  

ANOVA 

(P< 0.05) 

Variance 

within rt-

PCR
20

 and 

sample 

replicates
21

 

7XF 

BVX 

(1x BVF in 

A, but none 

in B)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 0.99 (2 replicates, 1 -ve) 

9.50 

(0) 

(0) 

0.13 

 4.81  

 

0.000 

 

 

0.173 

 

0.21 

 

 

 

 

1.14 

8XF 

BVX 

(no BVF in 

A, but 1x in 

B)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 A all -ve 

(+) 

(+) 

(0) 

(+) 

  

 

 

 

 

 

 

 

 

 

 

 

 

9XF 

BVX 

(1x BVF in 

B, but none 

in A)  

ATotal 

B1 

B2 

B3 

B4 

BTotal 

 1.1 (1 replicate, 2 -ves) 

(0) 

(0) 

(0) 

(0) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
19 No RER value was determined due to insufficient PCR efficiencies (<1.6) or no virus was detected in A 
20 Rt-PCR samples were measured up to three times 
21 Samples were repeated up to five times 

A 

B 

A 

B 

A 

B 
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A4-3: Correlation matrixes 

See attached CD. 
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Appendix A.5: Metabolic profiling 

 

Original normalised (dry weight) metabolite data obtained by GC-MS. 

See attached CD. 
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Appendix A.6: Transformation of Botrytis cinerea with PAC1 (App. A.3-4) 

 

The fungal cultures were grown for up to 14 days on 3 % malt extract agar (Oxoid, Adelaide, Australia) 

at 23 ºC under a diurnal light regime (12 hrs photoperiod). Spores were harvested by washing culture 

plates with 0.02% Tween20 (Invitrogen) solution, and filtering through a 40 µm strainer (BD Falcon, 

Mississauga, Canada) into a 50 ml centrifuge tube (spore concentration was measured 

spectrophotometically). The spores were pelleted by centrifugation (5 min at 10,000 g) and 10
7
 spores 

were resuspended in 150 ml malt extract (ME) broth and shaken at 180 rpm and 20 °C for 16 hrs over 

night (O/N). The O/N culture was centrifuged at 10,000 g for 10 min, washed/conditioned three times in 

KC buffer (0.6 M KCl, 50 mM CaCl2). Conditioned spores were resuspended in 25 ml KC buffer, 

mixed with 25 ml sterile filtered digest solution (0.01 g/ml Glucanex (Lysing Enzymes from 

Trichoderma harzianum, Sigma-Aldrich) in KC buffer), and shaken at 140 rpm at RT for up to 2 hrs, 

depending on progress of spheroplast/protoplast formation , which was monitored every 20 min using a 

standard light microscope. Once they were perfectly round the protoplasts were filtered through a 

100 µm strainer (BD Falcon) and centrifuged at 2000 g for 10 min. Protoplasts were the resuspended in 

500 µl KC buffer, diluted 1:100, and put on ice for at least 5 min. 500 µl plasmid DNA (5 µg of PAC1 

+ 0.5 µg selection plasmid (expressing hygromycin B) were mixed with 5 µl 0.05 mM Spermidine 

(Sigma-Aldrich) and kept on ice for 5 min. Then the spore solution, DNA solution, and 150 µl of cold 

sterile filtered 150 µl PEG solution (2.1 g PEG4000, 3.054 g CaCl2•2H2O, 100 µl 1 M TRIS, filled up 

to 10 ml with H2O) were mixed and incubated at RT for 20 min. Afterwards another 500 µl PEG 

solution was added and the mixture was incubated another 10min at RT. The protoplast mixture was 

added to 200 ml warm (30-40 °C) SH-agar (0.6 sucrose, 5 mM HEPES, 1 mM NH4(H2)PO4, 1.2 % 

agar) which was stirred carefully and plated out into 20 plastic petri dishes (Ø 9.0 cm). The plates were 

incubated at 20 °C for 1 day before applying a second layer containing 50 mg/ml hygromycin B 

(Sigma-Aldrich). The two layered plates are the incubated for 3 days or until colonies appear on the top 

surface of the hygromycin agar. These colonies are then subcultured onto ME agar plates containing 50 

µg/ml hygromycin and grown for 7 days. The successful clones will then be given the chance of losing 

the plasmid again by transferring it to hygromycin free medium. After that they will be exposed to a 

higher concentration of hygromycin (100 µg /ml). And at the end they will be cultured on hygromycin 

free medium again for plasmid isolation and evaluation, and storage. 
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Appendix A.7: Results of mock-transfection 

Data: 

Name 

 

 

Average 

growth rate 

(cm / day)  

Standard 

deviation 

of 3 repl. 

Wild type 1,00 0,05 

1 1,04 0,02 

2 1,07 0,02 

3 1,03 0,04 

4 1,00 0,02 

5 1,01 0,01 

6 1,03 0,04 

7 0,99 0,02 

8 1,02 0,03 

9 1,00 0,03 

10 1,06 0,01 

11 1,04 0,02 

12 1,03 0,03 

13 1,04 0,03 

14 1,01 0,03 

15 1,07 0,01 

16 1,01 0,01 

17 0,98 0,02 

18 1,03 0,01 

19 1,04 0,02 

20 1,01 0,02 
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Pictures (Wild type + mock-clone examples): 

 

 

 

 

 

 

 

Wild type (B05-10) 

 

 

 

 

 

 

 

Mock-clone_01                     Mock-clone_02            Mock-clone_03 

 

 

 

 



 

 

 

 

 

 

Bibliography 

 

 

 

 

 



  Bibliography 

237 
 

Bibliography 

 

Adams, M. J. (1991). 'Transmission of plant viruses by fungi', Annals of Applied Biology, 118  

(2): 479-92. 

Adams, M., Kreuze, J. (2009). Taxonomic proposal to the ICTV Executive Committee. New genus 

Botrexvirus for Botrytis virus X. 

Aggio, R. B. M., Ruggiero, Katya, and Villas-Bôas, S. G., (2010). 'Pathway Activity Profiling (PAPi): 

from the metabolite profile to the metabolic pathway activity', Bioinformatics, 26 (23): 2969-76. 

Agrios, G. N. (2006). Plant Pathology. Sixth Edition. Elsevier Academic Press. 

Ahn, I.-P., Lee, Y.-H. (2001). A viral double-stranded RNA up regulates the fungal virulence of Nectria 

radicicola., Molecular Plant-Microbe Interactions, 14, Molecular Plant-Microbe Interactions. 

Albouy, J. (1972). Etude ultramicroscopique du complexe viral de la “goutte seche” de carpophores 

d'Agaricus bisporus. Annual Phytopathology, 4: 39-44. 

Allen, V. J. (2000). Protein Localization by Fluorescence Microscopy a Practical Approach. Oxford 

University Press. New York. p. 256. 

Allen, T. D., Dawe, Angus L., and Nuss, Donald L. (2003), 'Use of cDNA Microarrays To Monitor 

Transcriptional Responses of the Chestnut Blight Fungus Cryphonectria parasitica to Infection 

by Virulence-Attenuating Hypoviruses', Eukaryotic Cell, 2 (6): 1253-65. 

Alzhanova, D. V., Napuli, A. J., Creamer, R., Dolj, V. V. (2001). Cell-to-cell movement and assembly 

of a plant closterovirus: roles for the capsid proteins and Hsp70 homolog. The EMBO Journal, 

20: 6997-7007 

Amselem, J., Cuomo, C. A., van Kan, J. A. L., Viaud, M., Benito, E.P., et al. (2011). Genomic Analysis 

of the Necrotrophic Fungal Pathogens Sclerotinia sclerotiorum and Botrytis cinerea. PLoS 

Genet 7(8):1-27 

Anagnostakis, S. L., Chen, B., Geletka, L. M., Nuss, D. L. (1998). Hypovirus Transmission to  

           Ascospore Progeny by Field-Released Transgenic Hypovirulent Strains of Cryphonectria                      

           parasitica. Phytopathology, 88 (7); 598-604. 

Anagnostakis, S.L. (2000). Revitalization of the Majestic Chestnut: Chestnut Blight Disease. APSnet 

Features. Online. doi: 10.1094/APSnetFeature-2000-1200 

Antón, J., Llobet-Brossa, E., Rodríguez-Valera, F., Amann, R. (1999). Fluorescence in situ 

hybridization analysis of the prokaryotic community inhabiting crystallizer ponds. 

Environmental Microbiology, 1 (6): 517-23. 

Aoki, N., Moriyama, H., Kodama, M., Arie, T., Teraoka, T., Fukuhara, T., (2009). A novel mycovirus 

associated with four double-stranded RNAs affects host fungal growth in Alternaria alternate. 

Virus Research, 140 (1-2): 179-87. 



  Bibliography 

238 
 

Arakawa, M., Nakamura, H., Uetake, Y., Matsumoto, N. (2002). Presence and distribution of double-

stranded RNA elements in the white root rot fungus Rosellinia necatrix. Mycoscience, 43  

(1): 21-26. 

Araújo, A., Jansen, A. M., Bouchet, F., Reinhard, K., Ferreira, L. F. (2003). Parasitism, the Diversity of 

Life, and Paleoparasitology. Memorias do Instituto Oswaldo Cruz, 98 (SUPPL. 1): 5-11. 

Arthur, K. (2007). Detection and incidence of the mycoviruses BVX and BCVF in the plant pathogenic 

fungus Botrytis cinerea. Master thesis (University of Auckland). 

Bainbridge, B. W. (1971). Macromolecular Composition and Nuclear Division During Spore 

Germination in Aspergillus nidulans. Journal of General Microbiology, 66 (3): 319-25. 

Baneyx, F. (1999). Recombinant protein expression in Escherichia coli. Current Opinion in 

Biotechnology, 10 (5): 411-21. 

Banks, G. T., Buck, K. W., Chain, E. B., Darbyshire, J. E., Himmelweit, F., Ratti, G., Sharpe, T. J. 

Planterose, D. N. (1970). Antiviral Activity of Double Stranded RNA from a Virus isolated 

from Aspergillus foetidus. Nature, 227 (5257): 505-07. 

Bardell, D. (1975). Effect of acetone fixation on infectivity and antigenicity of respiratory syncytial 

virus and adenovirus in the fluorescent antibody test', Journal of Clinical Microbiology, 1 (2): 

157-60. 

Baroffio, C. A., Siegfried, W., Hilber, U. W. (2003). Long-term monitoring for resistance of Botryotinia 

fuckeliana to anilinopyrimidine, phenylpyrrole, and hydroxyanilide fungicides in Switzerland. 

Plant Disease, 87 (6): 662-66. 

Batten, J. S., Yoshinari, S., and Hemenway, C. (2003). Potato virus X: A model system for virus 

replication, movement and gene expression. Molecular Plant Pathology, 4 (2): 125-31. 

Bauer, K. D. (1994). Analysis of Intracellular Proteins. Methods in Cell Biology, 41: 351-76. 

Bedoya, L. C. and Daròs, J.-A. (2010). Stability of Tobacco etch virus infectious clones in plasmid 

vectors. Virus Research, 149 (2): 234-40. 

Beever, R. E. and Parkes, S. L. (2003). Use of nitrate non-utilising (Nit) mutants to determine 

vegetative compatibility in Botryotinia fuckeliana (Botrytis cinerea). European Journal of Plant 

Pathology, 109 (6): 607-13. 

Beever, R. E. and Weeds, P. L. (2007). Taxonomy and Genetic Variation of Botrytis and Botryotinia', in 

Yigal Elad, et al. (eds.), Botrytis: Biology, Pathology and Control (Springer Netherlands), 29-

52. 

Benito, E. P., Ten Have, A., Van 'T Klooster, J. W., Van Kan, J. A. L. (1998). Fungal and plant gene 

expression during synchronized infection of tomato leaves by Botrytis cinerea', European 

Journal of Plant Pathology, 104 (2). 207-20. 

Benmayor, R., Buckling, A., Bonsall, M. B., Brockhurst, M. A., Hodgson, D. J. (2008). The Interactive 

Effects of Parasites, Disturbance, and Productivity on Experimental Adaptive Radiations', 

Evolution, 62 (2), 467-77. 



  Bibliography 

239 
 

Bhatti, M. F., Jamala, A., Petrou, M. ACairns, ., T. C., Bignell, E. M., Coutts, R. H. A. (2011). The 

effects of dsRNA mycoviruses on growth and murine virulence of Aspergillus fumigatus. 

Fungal Genetics and Biology, 48: 1071-1075. 

Biella, S., Smith, Myron L., Aist, J. R., Cortesi, P., Milgroom, M. G. (2002), 'Programmed cell death 

correlates with virus transmission in a filamentous fungus', Proceedings of the Royal Society of 

London. Series B: Biological Sciences, 269 (1506): 2269-76. 

Boine, B., Pearson, M. N., Beever, R., Bailey, A., Foster, G. (2007). Evaluation of RNA extraction 

techniques for real time PCR of Botrytis virus X. Phytopathology, 97 (7): S12-S12. 

Boland, G. J. (1992). Hypovirulence and double-stranded RNA in Sclerotinia homoeocarpa. Canadian 

Journal of Plant Pathology, 14: 10-17. 

Boland, G. J. (2004), 'Fungal viruses, hypovirulence, and biological control of Sclerotinia species. 

Canadian Journal of Plant Pathology, 26 (1): 6-18. 

Bookout, A. L., Mangelsdorf, D. J. (2003): Quantitative real-time PCR protocol for analysis of nuclear 

receptor signaling pathways. Nuclear receptor signaling, 1: e012. 

Bozarth, R. F. (1972). Mycoviruses: a new dimension in microbiology. Environmental health 

perspectives, 2: 23-39. 

Brito, N., Espino, J. J., and González, C. (2006). The endo-β-1,4-xylanase Xyn11A is required for 

virulence in Botrytis cinerea', Molecular Plant-Microbe Interactions, 19 (1): 25-32. 

Brunt, A. (2001). Potexviruses and Carlaviruses - Short Filamentous Viruses (eLS: John Wiley & Sons, 

Ltd). 

Buck, K. W. (1977). Biochemical and biological implications of double-stranded RNA mycoviruses., 

ed. D. A. Hems, eds. (Biologically Active Substances: Exploration and Exploitation; Chichester: 

John Wiley). 

Buck, K. W. (1986). Fungal Virology- An overview', in K. Buck (ed.), Fungal Virology (Boca Raton: 

CRC Press): 1-84. 

Buck, K. W., Chain, E. B., and Darbyshire, Joan E. (1969). High Cell Wall Galactosamine Content and 

Virus Particles in Penicillium stoloniferum. Nature, 223 (5212): 1273-73. 

Bunster, L., Fokkema, N. J., Schippers, B. (1986). Effect of surface active Pseudomonas spp. on leaf 

wettability. Applied and Environmental Microbiology, 55: 1340-1345 

Calvo, A. M., Gardner, Harold W., and Keller, Nancy P. (2001). Genetic Connection between Fatty 

Acid Metabolism and Sporulation in Aspergillus nidulans. Journal of Biological Chemistry, 276  

(28): 25766-25774. 

Calvo, A. M., Wilson, R. A., Bok, J. W., Keller, N. P. (2002). Relationship between Secondary 

Metabolism and Fungal Development', Microbiology and Molecular Biology Reviews, 66  

(3): 447-59. 



  Bibliography 

240 
 

Carbone, I., Liu, Y.-C., Hillman, B. I., Milgroom, M. G. (2004). Recombination and Migration of 

Cryphonectria hypovirus 1 as Inferred From Gene Genealogies and the Coalescent. Genetics, 

166 (4): 1611-29. 

Casadevall, A., Nosanchuk, J. D., Williamson, P., Rodrigues, M. L. (2009). Vesicular transport across 

the fungal cell wall. Trends in Microbiology, 17 (4): 158-162. 

Castro, M., Kramer, K., Valdivia, L., Ortiz, S., Castillo, A. (2003). A double-stranded RNA mycovirus 

confers hypovirulence-associated traits to Botrytis cinerea. FEMS Microbiology Letters, 228  

(1): 87-91. 

Chanda, A., Roze, L. V., and Linz, J. E. (2010). A Possible Role for Exocytosis in Aflatoxin Export in 

Aspergillus parasiticus. Eukaryotic Cell, 9 (11): 1724-1727. 

Charlton, N. D. and Cubeta, M. A. (2007). Transmission of the M2 double-stranded RNA in 

Rhizoctonia solani anastomosis group 3 (AG-3). Mycologia, 99 (6): 859-867. 

Chen, B., Choi, G. H., and Nuss, D. L. (1994). Attenuation of fungal virulence by synthetic infectious 

hypovirus transcripts. Science, 264 (5166): 1762-1764. 

Chiba, S., Salaipeth, L., Lin, Y. H., Sasaki, A., Kanematsu, S., Suzuki, N. (2009). A novel bipartite 

double-stranded RNA mycovirus from the white root rot fungus Rosellinia necatrix: Molecular 

and biological characterization, taxonomic considerations, and potential for biological control. 

Journal of Virology, 83 (24): 12801-12812. 

Choi, G. H., Nuss, D. L. (1992). Hypovirulence of chestnut blight fungus conferred by an infectious 

viral cDNA. Science, 257 (5071), 800-03. 

Choquer, M., Boccara, M., and Vidal-Cros, A. (2003). A semi-quantitative RT-PCR method to readily 

compare expression levels within Botrytis cinerea multigenic families in vitro and in planta. 

Current Genetics, 43 (4): 303-309. 

Choquer, M., Fournier, E., Kunz, C., Levis, C., Pradier, J.-M., Simon, A., Viaud, M. (2007). Botrytis 

cinerea virulence factors: new insights into a necrotrophic and polyphageous pathogen. FEMS 

Microbiology Letters, 277 (1): 1-10. 

Chu, Y. M. Jeon, J. J., Yea, S. J., Kim, Y. H., Yun, S. H., Lee, Y. W., Kim, K. H. (2002). Double-

stranded RNA mycovirus from Fusarium graminearum. Applied and Environmental 

Microbiology, 68 (5): 2529-2534. 

Chu, Y. M., Lim, W. S., Yea, S. J., Cho, J. D., Lee, Y. W., Kim, K. H. (2004). Complexity of dsRNA 

Mycovirus Isolated from Fusarium graminearum. Virus Genes, 28 (1): 135-43. 

Chun, S. J. and Lee, Y. H. (1997). Inheritance of dsRNAs in the rice blast fungus, Magnaporthe grisea. 

FEMS Microbiology Letters, 148 (2): 159-162. 

Clevenger, C. V., Bauer, K. D., and Epstein, A. L. (1985). A method for simultaneous nuclear 

immunofluorescence and DNA content quantitation using monoclonal antibodies and flow 

cytometry. Cytometry, 6 (3): 208-214. 



  Bibliography 

241 
 

Cluck, T. W., Biles, C. L., Duggan, M., Jackson, T., Carson, K., Armengol, J., Garcia-Jimenez, J., 

Bruton, B. D. (2009). Association of dsRNA to Down-Regulation of Perithecial Synthesis in 

Monosporascus cannonballus. The Open Mycology Journal, 3: 9-19. 

Cox, P. W., Paul, G. C., and Thomas, C. R. (1998). Image analysis of the morphology of filamentous 

microorganisms. Microbiology, 144 (4): 817-827. 

Dawe, A. L., Nuss, D. L. (2001). Hypoviruses and chestnut blight: Exploiting viruses to understand and 

modulate fungal pathogenesis. Annual Review of Genetics, 35: 1-29. 

Dawe, A. L., Van Voorhies, W. A., Lau, T. A., Ulanov, A. V., Li, Z. (2009). Major impacts on the 

primary metabolism of the plant pathogen Cryphonectria parasitica by the virulence-attenuating 

virus CHV1-EP713. Microbiology, 155 (12): 3913-3921. 

Deacon, J. W. (2006). Modern Mycology, ed. 3rd (Blackwell Science). 

Delcan, J., Melgarejo, P. (2002). Mating behaviour and vegetative compatibility in Spanish populations 

of Botrytotinia fuckeliana. European Journal of Plant Pathology, 108: 391–400. 

Deng, F., Xu, R., and Boland, G. J. (2003). Hypovirulence-Associated Double-Stranded RNA from 

Sclerotinia homoeocarpa Is Conspecific with Ophiostoma novo-ulmi Mitovirus 3a-Ld. 

Phytopathology, 93 (11): 1407-14. 

Dihanich, M., Van Tuinen, E., Lambris, J/ D., Marshallsay, B. (1989). Accumulation of virus-like 

particles in a yeast mutant lacking a mitochondrial pore protein. Molecular Cell Biology, 9  

(3): 1100-108. 

Dodds, J. A. (1980). Association of type 1 viral-like dsRNA with club-shaped particles in hypovirulent 

strains of Endothia parasitica. Virology, 107 (1): 1-12. 

Dolja, V. V., Boyko, V. P., Agranovsky, A. A., Koonin, E. V. (1991). Phylogeny of capsid proteins of 

rod-shaped and filamentous RNA plant viruses: Two families with distinct patterns of sequence 

and probably structure conservation. Virology, 184 (1): 79-86. 

Doss, R. P., Potter, S. W., Chastagner, G. A., Christian, J. K. (1993). Adhesion of nongerminated 

Botrytis cinerea conidia to several substrata. Applied and Environmental Microbiology, 59  

(6): 1786-1791. 

Edwards, M. C., Zhang, Z., and Weiland, J. J. (1997). Oat Blue Dwarf Marafivirus Resembles the 

Tymoviruses in Sequence, Genome Organization, and Expression Strategy. Virology, 232  

(1): 217-229. 

Ehara, Y. (1989). Cellular localization of virus particles associated with downy mildew-disease rice 

plants. Journal of Phytopathology, 124: 107-111. 

Elad, Y., Chet, I., Boyle, P., Henis, Y. (1983). Parasitism of Trichoderma spp. on Rhizoctonia solani 

and Sclerotium rolfsii—Scanning Electron Microscopy and Fluorescence Microscopy. Journal 

of Phytopathology, 73(1): 85-88 

Elad, Y. (1996). Mechanisms involved in the biological control of&lt;i&gt;Botrytis cinerea&lt;/i&gt; 

incited diseases. European Journal of Plant Pathology, 102 (8): 719-32. 



  Bibliography 

242 
 

Elad, Y. and Stewart, A. (2007). Microbial Control of Botrytis spp. In Yigal Elad, et al. (eds.), Botrytis: 

Biology, Pathology and Control (Springer Netherlands): 223-241. 

Elad, Y., Williamson, B., Tudzynski, P., Delen, N. (2004). Botrytis: Biology, Pathology and Control 

(Kluwer Academic Publisher). 

Elias, K. S. and Cotty, P. J. (1996). Incidence and stability of infection by double-stranded RNA genetic 

elements in Aspergillus section flavi and effects on aflatoxigenicity. Canadian Journal of 

Botany, 74 (5): 716-725. 

Epel, B. L., Padgett, H. S., Heinlein, M., Beachy, R. N. (1996). Plant virus movement protein dynamics 

probed with a GFP-protein fusion. Gene, 173 (1): 75-79. 

Evans, D. J. and Almond, J. W. (1998). Cell receptors for picornaviruses as determinants of cell tropism 

and pathogenesis. Trends in Microbiology, 6 (5): 198-202. 

Faretra, F., Antonacci, E., Ungaro, A. and Piglionica, V. (1987). Resistenza di Botrytis cinerea Pers. a 

benzimidazolici e a dicarbossimidici in colture floricole e orticole in serra. Dif. Piante,  

10: 211-220. 

Faretra, F., Antonacci, E., and Pollastro, S. (1988). Sexual Behaviour and Mating System of 

Botryotinia fuckeliana, Teleomorph of Botrytis cinerea. Journal of General Microbiology, 134  

(9): 2543-2550. 

Fauquet, C. M., Mayo, M. A., Maniloff, J. (2005). Virus Taxonomy: Classification and Nomenclature 

of Viruses: The Eighth Report of the International Committee on the Taxonomy of Viruses. San 

Diego, CA: Elsevier Academic. 

Finkers, R., van den Berg, P., van Berloo, R., ten Have, A., van Heusden, A., van Kan, J., Lindhout, P. 

(2007). Three QTLs for Botrytis cinerea resistance in tomato. TAG Theoretical and Applied 

Genetics, 114 (4): 585-593. 

Finkers, R., Bai, Y., van den Berg, P., van Berloo, R., Meijer-Dekens, F., ten Have, A., van Kan, J., 

Lindhout, P. van Heusden, A. (2008). Quantitative resistance to Botrytis cinerea from Solanum 

neorickii. Euphytica, 159 (1): 83-92. 

Fischer, R., Zekert, N., Takeshita, N. (2008). Polarized growth in fungi – interplay between the 

cytoskeleton, positional markers and membrane domains. Molecular Microbiology, 68(4): 813–

826 

Forterre, P. (2006). The origin of viruses and their possible roles in major evolutionary transitions. 

Virus Research, 117 (1): 5-16. 

Francis, A. J., Duxbury, J. M., and Alexander, M. (1975). Formation of volatile organic products in 

soils under anaerobiosis--II: Metabolism of amino acids', Soil Biology and Biochemistry, 7 (1): 

51-56. 

Fries, E. (1821). Systema mycologium, sistens fungorum ordines, genera et species, huc usque cognitas 

quas ad normam methodi naturalisdeterminavit, disposuit atque descripsit. Sumptibus Ernesti 

Mauritii, 520. 



  Bibliography 

243 
 

Fronhoffs, S., Totzke, G., Stier, S., Wernert, N., Rothe, M., Brüning, T., Koch, B., Sachinidis, A., 

Vetter, H., Ko, Y. (2002). A method for the rapid construction of cRNA standard curves in 

quantitative real-time reverse transcription polymerase chain reaction', Molecular and Cellular 

Probes, 16 (2): 99-110. 

Garcia-Arenal, F., Sagasta, E. M (1980). Scanning electron microscopy of Botrytis cinerea penetration 

of bean (Phaseolus vulgaris)hypocotyls. Phytopathologische Zeitschrift, 99: 37-42. 

García-Arenal, F., Fraile, A., and Malpica, J. M. (2001). Variability and genetic structure of plant virus 

populations. Annual Reviews of Phytophathology, 39: 157-186. 

Georgiou, C. D., Patsoukis, N., Papapostolou, I., Zervoudakis, G. (2006). Sclerotial metamorphosis in 

filamentous fungi is induced by oxidative stress. Integrative and Comparative Biology, 46  

(6): 691-712. 

Ghabrial, S. A. (1980). Effects of Fungal Viruses on Their Hosts. Annual Reviews Phytopathology,  

18: 441-61. 

Ghabrial, S. A. (1994). New Developments in Fungal Virology. In Frederick A. Murphy Karl 

Maramorosch and J. Shatkin Aaron (eds.), Advances in Virus Research (Volume 43: Academic 

Press): 303-388. 

Ghabrial, S. A. (1998). Origin, Adaptation and Evolutionary pathways of Fungal Viruses. Virus Genes, 

16 (1): 119-131. 

Ghabrial, S. A., Suzuki, N. (2008). Fungal Viruses. In B. W. J. Mahy and M. H. V. Van Regenmortel 

(ed.), Encyclopedia of Virology, 3rd ed., vol. 2. Elsevier, Oxford, United Kingdom. p. 284-291. 

Ghabrial, S. A., Suzuki, N. (2009). Viruses of Plant Pathogenic Fungi. Annual Review of 

Phytopathology, 47 (1): 353-384. 

Gillespie, L. K., Hoenen, A., Morgan, G., Mackenzie, J. M. (2010). The Endoplasmic Reticulum 

Provides the Membrane Platform for Biogenesis of the Flavivirus Replication Complex. Journal 

of Virology, 84 (20): 10438-47. 

Giraud, T., Fortini, D., Levis, C., Leroux, P., Brygoo, Y. (1997). RFLP markers show genetic 

recombination in Botryotinia fuckeliana (Botrytis cinerea) and transposable elements reveal two 

sympatric species. Molecular Biology and Evolution, 14 (11): 1177-1185. 

Glass, N.L, Jacobson, D. J., and Shiu, P.K.T (2000). The genetics of hyphal fusion and vegetative 

incompatibility in filamentous ascomycete fungi. Annual review of Genetics, 34: 165-186. 

Goodman, R. M., McDonald, J. G., Horne, R. W., Bancroft, J. B. (1976). Assembly of Flexuous Plant 

Viruses and Their Proteins. Philosophical Transactions of the Royal Society B, 276  

(943): 173-179. 

Greenberg, J.T., Guo, A., Klessig, D.F., Ausubel, F.M. (1994). Programmed cell death in plants, a 

pathogen-triggered response activated coordinately with multiple defense functions. Cell 77: 

551–563. 



  Bibliography 

244 
 

Grindle, M. (1979). Phenotypic Differences Between Natural and Induced Variants of Botrytis cinerea. 

Journal of General Microbiology, 111 (1): 109-120. 

Guetsky, R., Shtienberg, D., Elad, Y., Fischer, E., Dinoor, A. (2002). Improving Biological Control by 

Combining Biocontrol Agents Each with Several Mechanisms of Disease Suppression. 

Phytopathology, 92 (9): 976-985. 

Gull, K., Trinci, A. P. J. (1971). Fine Structure of Spore Germination in Botrytis cinerea. Journal of 

General Microbiology, 68 (2): 207-220. 

Gull, K. and Trinci, A. P. J. (1974). Detection of areas of wall differentiation in fungi using fluorescent 

staining. Archives of Microbiology, 96 (1): 53-57. 

Gullino, M.L., Elad, Y., Shtienberg, D., Alo, C. (1995). Managing Botryris cinerea on tomatoes in 

greenhouses in the Mediterranean. Crop Protection, 14 (2): 105-109. 

Hammond, T. M., Andrewski, M. D., Roossinck, M. J., Keller, N. P. (2008). Aspergillus Mycoviruses 

Are Targets and Suppressors of RNA Silencing', Eukaryotic Cell, 7 (2): 350-357. 

Hannemann, F., Bichet, A., Ewen, K. M., Bernhardt, R. (2007). Cytochrome P450 systems--biological 

variations of electron transport chains. Biochimica et Biophysica Acta (BBA) - General Subjects, 

1770 (3): 330-344. 

Harrison, J. G., Hargreaves, A. J. (1977). Production and germination in vitro of Botrytis fabae 

microconidia. Transactions of the British Mycological Society, 69: 332-335. 

Haupt, S., Cowan, G. H., Ziegler, A., Roberts, A. G., Oparka, K. J., Torrance, L. (2005). Two Plant–

Viral Movement Proteins Traffic in the Endocytic Recycling Pathway. Plant Cell, 17: 164-181. 

Heid, C. A., Stevens, J., Livak, K. J., Williams, P. M. (1996). Real time quantitative PCR. Genome 

Research, 6 (10): 986-994. 

Heiniger, U. and Rigling, D. (1994). Biological control of chestnut blight in Europe. Annual Review of 

Phytopathology, 32: 581-599. 

Hendy, S., Chen, Z. C., Barker, H., Santa Cruz, S., Chapman, S., Torrance, L., Cockburn, W., 

Whitelam, G. C. (1999). Rapid production of single-chain Fv fragments in plants using a Potato 

Virus X episomal vector. Journal of Immunological Methods, 231 (1-2): 137-146. 

Hennebert, G. L. (1973). Botrytis and Botrytis-like genera. Persoonia, 7: 183 - 204. 

Herrero, N., Sánchez Márquez, S., and Zabalgogeazcoa, I. (2009). Mycoviruses are common among 

different species of endophytic fungi of grasses.  Archives of Virology, 154 (2): 327-330. 

Hickey, P. C., Swift, S. R., Roca, M. G.,Read, N. D. (2005). Live-cell imaging of filamentous fungi 

using vital fluorescent dyes and confocal microscopy. In T. Savidge, Pothoulakis, C., Editors 

(ed.), Microbial Imaging (London: Elsevier): 63-87. 

Hillman, B. I. and Suzuki, N. (2004). Viruses of the chestnut blight fungus Cryphonectria parasitica. 

Advances in virus research, 63: 423-472. 

Hogle, J. M. (2002). Poliovirus cell entry: Common structural themes in viral cell entry pathways. 

Annual Review of Microbiology, 56: 677-702. 



  Bibliography 

245 
 

Holland, J., Domingo, E. (1998). Origin and Evolution of Viruses. Virus Genes, 16 (1): 13-21. 

Hollings, M. (1962). Viruses associated with dieback disease of cultivated mushrooms. Nature,  

196: 962-965. 

Howard, R. J. (1981). Ultrastructural analysis of hyphal tip cell growth in fungi: Spitzenkorper, 

cytoskeleton and endomembranes after freeze-substitution. Journal of Cell Science, 48: 89-103. 

Howitt, R. (1998). Characterisation of mycoviruses in the plant pathogenic fungus Botrytis cinerea. 

PhD thesis (University of Auckland). 

Howitt, R., Beever, R., Pearson, M. N., Forster, R. L. S. (1995). Presence of double-stranded RNA and 

virus-like particles in Botrytis cinerea. Mycological Research, 99: 1472-1478. 

Howitt, R., Beever, R., Pearson, M. N., Forster, R. L. S. (2001). Genome characterization of Botrytis 

virus F, a flexuous rod-shaped mycovirus resembling plant 'potex-like' viruses. Journal of 

General Virology, 82: 67-78. 

Howitt, R., Beever, R., Pearson, M. N., Forster, R. L. S. (2006). Genome characterization of a flexuous 

rod-shaped mycovirus, Botrytis virus X, reveals high amino acid identity to genes from plant 

potex-like viruses. Archives of Virology, 151 (3): 563-579. 

Hughes, R. C. (1975). The complex carbohydrates of mammalian cell surfaces and their biological 

roles. Essays Biochemistry, 11: 1-36. 

Hurst, C J, Gerba, C P, and Cech, I (1980). Effects of environmental variables and soil characteristics 

on virus survival in soil. Appl. Environ. Microbiol., 40 (6): 1067-1079. 

Ibrahim-Granet, O., Philippe, B., Boleti, H., Boisvieux-Ulrich, E., Grenet, D., Stern, M., Latge, J. P. 

(2003). Phagocytosis and intracellular fate of Aspergillus fumigatus conidia in alveolar 

macrophages. Infection and Immunity, 71 (2): 891-903. 

Ihrmark, K., Stenström, E., and Stenlid, J. (2004). Double-stranded RNA transmission through 

basidiospores of Heterobasidion annosum. Mycological Research, 108 (2): 149-153. 

Ikegashira, Y., Ohki, T., Ichiki, U. T., Higashi, T., Hagiwara, K., Omura, T., Honda, Y., Tsuda, S. 

(2004). An Immunological System for the Detection of Pepper mild mottle virus in Soil from 

Green Pepper Fields. Plant Disease, 88 (6): 650-656. 

Inoue, K., Kanematsu, S., Park, P., Ikeda, K. (2011). Cytological analysis of mycelial incompatibility in 

Helicobasidium mompa. FEMS Microbiology Letters, 315 (2): 94-100. 

Ishida, I., Tukahara, M., Yoshioka, M., Ogawa, T., Kakitani, M., Toguri, T. (2002). Production of anti-

virus, viroid plants by genetic manipulations. Pest Management Science, 58 (11): 1132-1136. 

Jacob-Wilk, D., Turina, M., and Van Alfen, N. K. (2006). Mycovirus Cryphonectria Hypovirus 1 

Elements Cofractionate with trans-Golgi Network Membranes of the Fungal Host 

Cryphonectria parasitica. Journal of Virology, 80 (13): 6588-6596. 

Jarvis, W. R. (1977). Botryotinia and Botrytis species. Taxonomy and pathogenicity. A guide to the 

literature. 



  Bibliography 

246 
 

Jarvis, W. R. (1980). Taxonomy, ed. K. Verhoeff J. R. Coley-Smith, W. R. Jarvis (The Biology of 

Botrytis; London: Academic Press): 318. 

Jelkmann, W. and Keim-Konrad, R. (1997). Immuno-capture Polymerase Chain Reaction and Plate-

Trapped ELISA for the Detection of Apple Stem Pitting Virus. Journal of Phytopathology, 145 

(11-12): 499-503. 

Jian, J., Lakshman, D. K., Tavantzis, S.M. (1997). Association of distinct double-stranded RNAs with 

enhanced or diminished virulence in Rhizoctonia solani infecting potato. Molecular Plant-

Microbe Interactions, 10: 1002-1009. 

Jinks, J. L. (1959). Lethal suppression cytoplasms in aged clones of Aspergillus glaucus. Journal of 

General Microbiology, 21: 397-409. 

Johnston, P. R., Sutherland, P. W., and Joshee, S. (2006). Visualising endophytic fungi within leaves 

by detection of (1-->3)-ß-d-glucans in fungal cell walls. Mycologist, 20 (4): 159-162. 

Kankanala, P., Czymmek, K., Valent, B. (2007). Roles for rice membrane dynamics and 

plasmodesmata during biotrophic invasion by the blast fungus. Plant Cell 19: 706–724. 

Kapust, R. B. and Waugh, D. S. (1999). Escherichia coli maltose-binding protein is uncommonly 

effective at promoting the solubility of polypeptides to which it is fused. Protein Science, 8  

(8): 1668-1674. 

Kapust, R. B., Tözsér, J., Copeland, T. D., Waugh, D. S. (2002). The P1' specificity of tobacco etch 

virus protease. Biochemical and Biophysical Research Communications, 294 (5): 949-955. 

Kars, I., Krooshof, G. H., Wagemakers, L., Joosten, R., Benen, J. A. E., Van Kan, J. A. L. (2005). 

Necrotizing activity of five Botrytis cinerea endopolygalacturonases produced in Pichia 

pastoris. The Plant Journal, 43 (2): 213-225. 

Kawakami, S., Watanabe, Y., Beachy, R. N. (2004). Tobacco mosaic virus infection spreads cell to cell 

as intact replication complexes. PNAS, 101(16): 6291–6296 

Kim, Y. J., Kim, J. Y., Kim, J. H., Yoon, S. M., Yoo, Y. B., Yie, S. W. (2008). The identification of a 

novel Pleurotus ostreatus dsRNA virus and determination of the distribution of viruses in 

mushroom spores. Journal of Microbiology, 46 (1): 95-99. 

King, A. M. Q., Lefkowitz E. M., Adams, J., Carstens, E. B. (2011). Virus Taxonomy: Ninth Report of 

the International Committee on Taxonomy of Viruses (ICTV). San Diego, CA: Elsevier 

Academic. 

Kingston, R. L., Baase, W. A., and Gay, L. S. (2004). Characterization of Nucleocapsid Binding by the 

Measles Virus and Mumps Virus Phosphoproteins. Journal of Virology, 78 (16): 8630-8640. 

Koester, S. K. and Bolton, W. E. (2000). Intracellular markers', Journal of Immunological Methods, 243 

(1-2): 99-106. 

  



  Bibliography 

247 
 

Köhl, J., Molhoek, W. M. L., Plas, C. H. van der, Fokkema, N. J., Gerlagh, M. (1995). Biological 

control of Botrytis spp. by suppression of sporulation on necrotic tissue. Biological control of 

Sclerotium-forming pathogens (18 (3); Wellesbourne (Royaume Uni): OILB, Montfavet 

(France)): 87-90. 

Kohlwein, D. S., Daum, G., Schneiter, R., Paltauf, F. (1996). Phospholipids: ~ synthesis, sorting,  

subcellular traffic - the yeast approach. Trends in Cell Biology, 6:260-266 

Koonin, E. V. and Wolf, Y. I. (2008). Genomics of bacteria and archaea: the emerging dynamic view of 

the prokaryotic world. Nucleic Acids Research, 36 (21): 6688-6719. 

Kopertekh, L., Jüttner, G., and Schiemann, J. (2004). PVX-Cre-mediated marker gene elimination from 

transgenic plants. Plant Molecular Biology, 55 (4): 491-500. 

Korolev, N., Katan, T., and Elad, Y. (2006). Use of selenate-resistant strains as markers for the spread 

and survival of Botrytis cinerea under greenhouse conditions. Phytopathology, 96  

(11): 1195-1203. 

Korolev, N., Elad, Y., and Katan, T. (2008). Vegetative compatibility grouping in Botrytis cinerea using 

sulphate non-utilizing mutants. European Journal of Plant Pathology, 122 (3): 369-383. 

Kritzman, G., Okon, Y., Chet, I., Henis, Y. (1976). Metabolism of L-Threonine and its Relationship to 

Sclerotium Formation in Sclerotium rolfsii. Journal of General Microbiology, 95 (1): 78-86. 

Kritzman, G., Chet, I., Henis; Y. (1978). Localization of β-(1,3)-glucanase in the mycelium of 

Scierotium rolfsii J. Bacteriol. 134:470-475. 

Kukulski, W., Schorb, M., Welsch, S., Picco, A., Kaksonen, M., Briggs, J. A.G. (2011). Correlated 

fluorescence and 3D electron microscopy with high sensitivity and spatial precision. The 

Journal of Cell Biology, 192 (1): 111-119. 

Kuulasmaa, T. (2002). Oligo analyzer Primer Design Tool. (Version 1.0.2 edn.: Kuopio: distributed by 

the author.) 

Kwon, S. J., Lim, W. S., Park, S. H., Park, M. R., Kim, K. H. (2007). Molecular characterization of a 

dsRNA mycovirus, Fusarium graminearum virus-DK21, which is phylogenetically related to 

hypoviruses but has a genome organization and gene expression strategy resembling those of 

plant potex-like viruses. Molecules and Cells, 23 (3): 304-315. 

Lemke, P. A. and Nash, C. H. (1974). Fungal Viruses. Bacteriological Reviews, 38 (1): 29-56. 

Leroux, P. (2007). Chemical Control of Botrytis and its Resistance to Chemical Fungicides. In Yigal 

Elad, et al. (eds.), Botrytis: Biology, Pathology and Control (Springer Netherlands): 195-222. 

Lima, S. S., Abadio, A. K. R., Araújo, E. F., Kitajima, E. W., Sartorato, A., Vieira de Queiroz, M. 

(2010). Mycovirus in Pseudocercospora griseola, the causal agent of angular leaf spot in 

common bean. Canadian Journal of Microbiology, 56: 359-365. 

Lin, H., Lan, X., Liao, H., Parsley, T. B., Nuss, Donald L., Chen, B. (2007). Genome Sequence, Full-

Length Infectious cDNA Clone, and Mapping of Viral Double-Stranded RNA Accumulation 

Determinant of Hypovirus CHV1-EP721. Journal of Virology, 81 (4): 1813-1820. 



  Bibliography 

248 
 

Ling, Q., Wu, J.X., Qi, Y.J., Zhou, X.P., Li, D.B. (2000). Production of monoclonal antibodies to broad 

bean wilt virus and application in virus detection. Acta Microbiologica Sinica, 40 (2): 166-173. 

Ling, K. S., Zhu, H. Y., Petrovic, N., Gonsalves, D. (2007). Serological Detection of Grapevine leafroll 

virus 2 Using an Antiserum Developed against the Recombinant Coat Protein. Journal of  

Liu, H., Fu, Y., Jiang, D., Li, G., Xie, J., Peng, Y., Yi, X., Ghabrial, S. A. (2009). A novel mycovirus 

that is related to the human pathogen Hepatitis E virus and rubi-like viruses. Journal of 

Virology, 83 (4): 1981-1991. Phytopathology, 155 (2): 65-69. 

Liu, J., Sun, Y., Oster, G. F., Drubin, D. G. (2010). Mechanochemical crosstalk during endocytic 

vesicle formation. Current Opinion in Cell Biology, 22(1): 36–43. 

Liu, J.-Z., Blancaflor, E. B., Nelson, R. S. (2005). The Tobacco Mosaic Virus 126-Kilodalton Protein, a 

Constituent of the Virus Replication Complex, Alone or within the Complex Aligns with and 

Traffics along Microfilaments. Plant Physiology,138: 1853-1865. 

Liu, Y. C., Linder-Basso, D., Hillman, B. I., Kaneko, S., Milgroom, M. G. (2003). Evidence for 

interspecies transmission of viruses in natural populations of filamentous fungi in the genus 

Cryphonectria. Molecular Ecology, 12 (6): 1619-1628. 

Liu Y. J., Milgroom, M.G. (2007). High diversity of vegetative compatibility types in Cryphonectria 

parasitica in Japan and China. Mycologia, 99, 279–284. 

Lonberg-Holm, K. and Philipson, L. (1974). Early interaction between animal viruses and cells. 

Monographs in virology, 9: 1-148. 

Lorenz, D. H., Eichhorn, K. W. (1983). Untersuchungen an Botryotinia fuckeliana Whetz., dem 

Perfektstadium von Botrytis cinerea Pers. Zeitschrift fur Pflanzenkrankheiten und 

Pflanzenschutz, 90: 1-11. 

Lorito, M., Peterbauer, C., Hayes, C. K., Harman, G. E. (1994). Synergistic interaction between fungal 

cell wall degrading enzymes and different antifungal compounds enhances inhibition of spore 

germination. Microbiology, 140 (3): 623-629. 

Losen, M., Fröhlich, B., Pohl, M., Büchs, J. (2004). Effect of oxygen limitation and medium 

composition on Escherichia coli fermentation in shake-flask cultures. Biotechnology Progress, 

20 (4): 1062-1068. 

Maeda, H., Ishida, N. (1967). Specificity of Binding of Hexopyranosyl Polysaccharides with 

Fluorescent Brightene. Journal of Biochemistry, 62 (2): 276-278. 

Marienfeld, J. R., Unseld, M., Brandt, P., Brennike, A. (1997). Viral nucleic acid sequence transfer 

between fungi and plants. Trends in Genetics, 13 (7): 260-261. 

Márquez, L. M., Redman, R. S., Rodriguez, R. J., Roossinck, M. J. (2007). A Virus in a Fungus in a 

Plant: Three-Way Symbiosis Required for Thermal Tolerance. Science, 315  

(5811): 513-15. 

Marquina, D., Santos, A., Peinado, J. (2002). Biology of killer yeasts. International Microbiology, 5  

(2): 65-71. 



  Bibliography 

249 
 

Martelli, G. P., Adams, M. J., Kreuze, J. F., Dolja, V. V. (2007). Family Flexiviridae: A case study in 

virion and genome plasticity. Annual Review of Phytopathology, 45: 73-100. 

Martin, E. M., Cho, J. D., Kim, J. S., Goeke, S. C., Kim, K. S., Gergerich, R. C. (2004). Novel 

Cytopathological Structures Induced by Mixed Infection of Unrelated Plant Viruses. 

Phytopathology, 94 (1): 111-119. 

May, R. M., Nowak, M. A. (1995). Coinfection and the Evolution of Parasite Virulence. Proceedings: 

Biological Sciences, 261 (1361): 209-215. 

McCabe, P. M., Pfeiffer, P., and Van Alfen, N. K. (1999). The influence of dsRNA viruses on the 

biology of plant pathogenic fungi. Trends in Microbiology, 7 (9): 377-381. 

Medina, V., Tian, T. Y., Wierzchos, J., Falk, B. W. (1998). Specific inclusion bodies are associated 

with replication of lettuce infectious yellows virus RNAs in Nicotiana benthamiana protoplasts. 

Journal of General Virology, 79: 2325-2329. 

Mehli, L., Kjellsen, T. D., Dewey, F. M., Hietala, A. M. (2005). A case study from the interaction of 

strawberry and Botrytis cinerea highlights the benefits of co-monitoring both partners at 

genomic and mRNA level. New Phytologist, 168 (2): 465-474. 

Melzer, M. S., Deng, F., Boland, G. J. (2005). Asymptomatic infection, and distribution of Ophiostoma 

mitovirus 3a (OMV3a), in populations of Sclerotinia homoeocarpa. Canadian Journal of Plant 

Pathology, 27 (4:, 610-615. 

Michen, B. and Graule, T. (2010). Isoelectric points of viruses. Journal of Applied Microbiology, 109 

(2): 388-397. 

Miller, S. and Krijnse-Locker, J. (2008). Modification of intracellular membrane structures for virus 

replication. Nature Review of Microbiology, 6 (5): 363-374. 

Moleleki, N., Van Heerden, S. W., Wingfield, M. J., Wingfield, B. D., Preisig, O. (2003). Transfection 

of Diaporthe perjuncta with Diaporthe RNA virus. Applied and Environmental Microbiology, 

69 (7): 3952-3956. 

Morandi, M. A. B., Sutton, J. C., and Maffia, L. A. (2000). Effects of Host and Microbial Factors on 

Development of Clonostachys rosea and Control of Botrytis cinerea in Rose. European Journal 

of Plant Pathology, 106 (5): 439-448. 

Moravec, T., Cerovská, N., and Boonham, N. (2003). The detection of recombinant, tuber necrosing 

isolates of Potato virus Y (PVYNTN) using a three-primer PCR based in the coat protein gene. 

Journal of Virological Methods, 109 (1): 63-68. 

Moriyama, H., Fukuhara, T., Arie, T., Teraoka, T. (2011). Novel mycovirus, attenuated strain of 

phytopathogenic fungus, plant disease controlling agent, method of producing mycovirus, 

method of attenuating phytopathogenic fungus and method of controlling plant disease', in 

United States Patent Application Publication (ed.), (US 2011/0020289 A1; USA: National 

University Corporation Tokyo, Univerisyt of Agriculture and Technology): 28. 



  Bibliography 

250 
 

Newhook, F. J. (1951). Microbiological Control of Botrytis cinerea Pers. II. Antagonism by Fungi and 

Actinomycetes. Annals of Applied Biology, 38 (1): 185-202. 

Newhouse, J. R., Macdonald, W. L., Hoch, H. C. (1990). The ultrastructure of Endothia parasitica 

comparison of a virulent with a hypovirulent isolate. Canadian Journal of Botany, 61: 389-399. 

Niehl, A., Heinlein, M. (2011). Cellular pathways for viral transport through plasmodesmata. 

Protoplasma, 248:75–99 

Nielsen, K. and Yohalem, D. S. (2001). Origin of a polyploid Botrytis pathogen through interspecific 

hybridization between Botrytis aclada and B. byssoidea. Mycologia, 93 (6): 1064-1071. 

Nolan, R. A., Clovis, C. J., and Davidson, W. S. (1988). Microbodies and a virus-like particle in 

Entomophaga aulicae. Transactions of the British Mycological Society, 90 (2): 315-318. 

Nuss, D. (1992). Biological Control of Chestnut Blight: an example of virus-mediated attenuation of 

fungal pathogenesis. Microbiological reviews, 56 (4): 561-576. 

Nuss, D. L. (2005). Hypovirulence: Mycoviruses at the fungal-plant interface. Nature Reviews 

Microbiology, 3 (8): 632-642. 

Oliver, C. (2008). Immunomicroscopy. In John M. Walker and Ralph Rapley (eds.), Molecular 

Biomethods Handbook (Humana Press): 1063-1079. 

Ounouna, H., Kerlan, C., Lafaye, P., Loukili, M. J., ElGaaied, A. (2002). Production of monoclonal 

antibodies against synthetic peptides of the N-terminal region of Potato virus Y coat protein and 

their use in PVY strain differentiation. Plant Pathology, 51 (4): 487-494. 

Park, Y., Chen, X., and Punja, Z. K. (2006). Diversity, complexity and transmission of double-stranded 

RNA elements in Chalara elegans (synanam. Thielaviopsis basicola). Mycological Research, 

110 (6): 697-704. 

Pearson, M. N., Beever, R. E., Boine, B., Arthur, K. (2009). Mycoviruses of filamentous fungi and their 

relevance to plant pathology. Molecular Plant Pathology, 10 (1): 115-128. 

Peever, T. L., Liu, Y. C., Cortesi, P., Milgroom, M. G. (2000). Variation in tolerance and virulence in 

the chestnut blight fungus-hypovirus interaction. Applied and Environmental Microbiology, 66 

(11): 4863-4869. 

Peng, G., Sutton, J. C., Kevan,  P. G. (1992). Effectiveness of Honey Bees for Applying the Biocontrol 

Agent Gliocladium Roseum to Strawberry Flowers to Suppress Botrytis cinerea. Canadian 

Journal of Plant Pathology, 14 (2): 117-129. 

Perkins, D. D. (1977). Details for preparing silica gel stocks. Neurospora Newsletter, 24: 16-17. 

Persoon, D. C. H. (1801). Synopsis methodica fungorum sistens enumerationem omnium huc usque 

detectarum specierum, cum brevibus descriptionibus nec non synonymis et observationibus 

selectis. 

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT–PCR. 

Nucleic Acids Research, 29 (9): e45. 



  Bibliography 

251 
 

Pfaffl, M. W., Tichopad, A., Prgomet, C., Neuvians, Tanja P. (2004). Determination of stable 

housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper – 

Excel-based tool using pair-wise correlations. Biotechnology Letters, 26 (6): 509-515. 

Prod'homme, D., Le Panse, S., Drugeon, G., Jupin, Isabelle (2001). Detection and Subcellular 

Localization of the Turnip Yellow Mosaic Virus 66K Replication Protein in Infected Cells. 

Virology, 281 (1): 88-101. 

Pruss, G., Ge, X., Shi, X. M., Carrington, J. C., Vance, V. B. (1997). Plant Viral Synergism: The 

Potyviral Genome Encodes a Broad-Range Pathogenicity Enhancer That Transactivates 

Replication of Heterologous Viruses. The Plant Cell Online, 9 (6): 859-868. 

Ramakers, C., Ruijter, J. M., Deprez, R. H. L., Moorman, A. F. M. (2003). Assumption-free analysis of 

quantitative real-time polymerase chain reaction (PCR) data. Neuroscience Letters, 339  

(1): 62-66. 

Rawsthorne, H. and Phister, T. G. (2009). Detection of viable Zygosaccharomyces bailii in fruit juices 

using ethidium monoazide bromide and real-time PCR. International Journal of Food 

Microbiology, 131 (2-3): 246-250. 

Reis, H., Pfiffi, S., and Hahn, M. (2005). Molecular and functional characterization of a secreted lipase 

from Botrytis cinerea. Molecular Plant Pathology, 6 (3): 257-267. 

Riggs, P. (2000). Expression and purification of recombinant proteins by fusion to maltose-binding 

protein. Molecular Biotechnology, 15 (1): 51-63. 

Rigotti, S., Gindro, K., Richter, H., Viret, Olivier (2002). Characterization of molecular markers for 

specific and sensitive detection of Botrytis cinerea Pers.: Fr. in strawberry (Fragaria×ananassa 

Duch.) using PCR. FEMS Microbiology Letters, 209 (2): 169-714. 

Ro, H. S., Lee, N. J., Lee, C. W., Lee, H. S. (2006). Isolation of a novel mycovirus OMIV in Pleurotus 

ostreatus and its detection using a triple antibody sandwich-ELISA. Journal of Virological 

Methods, 138 (1-2): 24-29. 

Robinson, H. L. and Deacon, J. W. (2002). Double-stranded RNA elements in Rhizoctonia solani AG 

3. Mycological Research, 106 (1): 12-22. 

Roca, M. G., Arlt, J., Jeffree, C. E., Read, N. D. (2005). Cell biology of conidial anastomosis tubes in 

Neurospora crassa. Eukaryotic Cell, 4 (5): 911-919. 

Rodrigues, M. L., Nakayasu, E. S., Oliveira, D. L., Nimrichter, L., Nosanchuk, J. D., Almeida, I. C., 

Casadevall, A. (2008). Extracellular Vesicles Produced by Cryptococcus neoformans Contain 

Protein Components Associated with Virulence. Eukaryotic Cell, 7 (1): 58-67. 

Roingeard, P., Hourioux, C., Blanchard, E., Prensier, G. (2008). Hepatitis C virus budding at lipid 

droplet-associated ER membrane visualized by 3D electron microscopy. Histochemistry and 

Cell Biology, 130 (3): 561-566. 

Romanos, M. A., Scorer, C. A., and Clare, J. J. (1992). Foreign gene expression in yeast: A review. 

Yeast, 8 (6), 423-88. 



  Bibliography 

252 
 

Romo, M. , Leuchtmann, A., García, B., Zabalgogeazcoa, I. (2007), 'A totivirus infecting the mutualistic 

fungal endophyte Epichloë festucae', Virus Research, 124 (1-2): 38-43. 

Roossinck, M. J. (2010). Lifestyles of plant viruses. Phil. Trans. R. Soc. B 365: 1899-1905. 

Roossinck, M. J. (2011). The good viruses: viral mutualistic symbioses. Nature Reviews of 

Microbiology, 9 (2): 99-108. 

Rosewich, U. L. and Kistler, H. C. (2000). Role of horizontal gene transfer in the evolution of fungi. 

Annual Review of Phytopathology, 38: 325-363. 

Rosslenbroich, H.-J. (2000a). Botrytis cinerea history of chemical control and novel fungicides for its 

management. Crop Protection, 19 (8-10): 557-561. 

Rosslenbroich, H.-J. and Stuebler, D. (2000b). Botrytis cinerea - History of chemical control and novel 

fungicides for its management. Crop Protection, 19 (8-10): 557-561. 

Rotondo, G. and Frendewey, D. (1996). Purification and characterization of the Pac1 ribonuclease of 

Schizosaccharomyces pombe. Nucleic Acids Research, 24 (12): 2377-2386. 

Rubinson, E., Rubinson, E., Galiakparov, N., Radian, S., Sela, I., Tanne, E., Gafny, R. (1997). 

Serological Detection of Grapevine Virus A Using Antiserum to a Nonstructural Protein, the 

Putative Movement Protein. Phytopathology, 87 (10): 1041-1045. 

Ruiz-Herrera, J. and Starkey, R. L. (1969). Dissimilation of Methionine by Fungi. Journal of 

Bacteriology, 99 (2): 544-551. 

Salonen, A., Ahola, T., and Kääriäinen, L. (2004). Viral RNA replication in association with cellular 

membranes. Current Topics in Microbiology and Immunology, 285: 139-173. 

Salonen, A., Ahola, T., Kääriäinen, L. (2005). Viral RNA Replication in Association with Cellular 

Membranes. In Mark Marsh (ed.), Membrane Trafficking in Viral Replication (Current Topics 

in Microbiology and Immunology, 285: Springer Berlin Heidelberg): 139-173. 

Sambrook, J. and Russell, D. W (2001). Molecular cloning: a laboratory guide (3rd edn.; Cold Spring 

Harbor, NY: Cold Spring Harbor Laboratory Press). 

Sasaki, A., Kanematsu, S., Onoue, M., Oyama, Y., Yoshida, K. (2006). Infection of Rosellinia necatrix 

with purified viral particles of a member of Partitiviridae (RnPV1-W8). Archives of Virology, 

151 (4): 697-707. 

Sasaki, A., Kanematsu, S., Onoue, M., Oikawa, Y., Nakamura, H., Yoshida, K. (2007).Artificial 

infection of Rosellinia necatrix with purified viral particles of a member of the genus 

Mycoreovirus reveals its uneven distribution in single colonies. Phytopathology, 97 (3): 278-

286. 

Schmitt, M. J. and Neuhausen, F. (1994). Killer toxin-secreting double-stranded RNA mycoviruses in 

the yeasts Hanseniaspora uvarum and Zygosaccharomyces bailii. Journal of Virology, 68  

(3): 1765-1772. 

Schmitt, M. J. and Breinig, F. (2002). The viral killer system in yeast: From molecular biology to 

application. FEMS Microbiology Reviews, 26 (3): 257-276. 



  Bibliography 

253 
 

Segers, G. C., Zhang, X., Deng, F., Sun, Q., Nuss, D. L. (2007),. Evidence that RNA silencing functions 

as an antiviral defense mechanism in fungi. Proceedings of the National Academy of Sciences of 

the United States of America, 104 (31): 12902-12906. 

Shea, J. M. and Del Poeta, M. (2006). Lipid signaling in pathogenic fungi. Current Opinion in 

Microbiology, 9 (4): 352-358. 

Shtienberg, D. (2007). The contribution of epidemiological research to plant disease management. 

Australasian Plant Pathology, 36 (6):510-515. 

Smart, K. F., Aggio, R. B. M., Van Houtte, J. R. Villas-Boas, S. G. (2010). Analytical platform for 

metabolome analysis of microbial cells using methyl chloroformate derivatization followed by 

gas chromatography-mass spectrometry. Nature Protocols, 5 (10): 1709-1729. 

Smith, A. E. and Helenius, A. (2004). How Viruses Enter Animal Cells. Science, 304 (5668): 237-242. 

Smolenska, L., Roberts, I. M., Learmonth, D., Porter, A. J., Harris, W. J., Wilson, T. M. A., Santa Cruz, 

S. (1998). Production of a functional single chain antibody attached to the surface of a plant 

virus. Febs Letters, 441 (3): 379-382. 

Sobsey, M.D., Meschke, J.S. (2003). Virus survival in the environment with special attention to 

surivival in sewage droplets and other environmental media of fecal or respiratory origin. Report 

for the World Health Organization (4): 1-87. 

Soellick, T.-R.,  Uhrig, J. F., Bucher, G. L., Kellmann, J.-W., Schreier, P. H. (2000). The movement 

protein NSm of tomato spotted wilt tospovirus (TSWV): RNA binding, interaction with the 

TSWV N protein, and identification of interacting plant proteins. PNAS, 97(5):2373–2378 

Sorensen, H. and Mortensen, K. (2005). Soluble expression of recombinant proteins in the cytoplasm of 

Escherichia coli. Microbial Cell Factories, 4 (1): 1. 

Staats, M., Van Baarlen, P., and Van Kan, J. A. L. (2005). Molecular phylogeny of the plant pathogenic 

genus Botrytis and the evolution of host specificity. Molecular Biology and Evolution, 22  

(2): 333-346. 

Stamberg, J., Koltin, Y. (1973). Genetic control of recombination in Schizophyllum commune: evidence 

for a new type of regulatory site. Genetical Research, 22: 101-11. 

Stanway, C. A. and Buck, K. W. (1984). Infection of Protoplasts of the Wheat Take-all Fungus, 

Gaeumannomyces graminis var. tritici, with Double-stranded RNA Viruses. Journal of General 

Virology, 65 (11): 2061-2065. 

Suarez, M. B., Walsh, K., Boonham, N., O'Neill, T., Pearson, S., Barker, I. (2005). Development of 

real-time PCR (TaqMan®) assays for the detection and quantification of Botrytis cinerea in 

planta. Plant Physiology and Biochemistry, 43 (9), 890-99. 

Suzaki, K., Ikeda, K. I., Sasaki, A., Kanematsu, S., Matsumoto, N., Yoshida, K. (2005). Horizontal 

transmission and host-virulence attenuation of totivirus in violet root rot fungus Helicobasidium 

mompa. Journal of General Plant Pathology, 71 (3): 161-68. 



  Bibliography 

254 
 

Suzuki, N. and Nuss, D. L. (2002). Contribution of Protein p40 to Hypovirus-Mediated Modulation of 

Fungal Host Phenotype and Viral RNA Accumulation. Journal of Virology, 76 (15): 7747-7759. 

Ten Have, A., Van Berloo, R., Lindhout, P., Van Kan, J. (2007). Partial stem and leaf resistance against 

the fungal pathogen Botrytis cinerea in wild relatives of tomato. European Journal of Plant 

Pathology, 117 (2): 153-166. 

Tilsner, J., Oparka, K. J. (2010). Tracking the green invaders: advances in imaging virus infection in 

plants. Biochemical Juournal, 430: 21-37. 

Tilsner, J., Linnik, O., Wright, K. M., Bell,K., Roberts, A. G., Lacomme, C., Santa Cruz, S., Oparka, K. 

J. (2012). The TGB1 movement protein of potato virus X re-organises actin and 

endomembranes into the ‘X-body’, a viral replication factor. Plant Physiology,158 (1):111-? 

Tsai, P. F., Pearson, M. N., and Beever, R. E. (2004). Mycoviruses in Monilinia fructicola. Mycological 

Research, 108: 907-912. 

Untergasser, A. (2010), 'RNAprep - Trizol combined with Columns', <http://www.untergasser.de 

/lab/protocols/rna_prep_comb_trizol_v1_0.htm>. 

Urayama, S., Kato, S., Suzuki, Y., Aoki, N., Le, Minh T., Arie, T., Teraoka, T., Fukuhara, T., 

Moriyama, H. (2010). Mycoviruses related to chrysovirus affect vegetative growth in the rice 

blast fungus Magnaporthe oryzae. Journal of General Virology, 91 (12): 3085-3094. 

Urbasch, I. (1985). Ultrastructural Studies on the Microconidia of Botrytis cinerea Pers. and their 

Phialoconidial Development. Journal of Phytopathology, 112 (3): 229-237. 

Vaira, A. M., Vecchiati, M., Masenga, V., Accotto, G. P. (1996). A polyclonal antiserum against a 

recombinant viral protein combines specificity with versatility. Journal of Virological Methods, 

56 (2): 209-219. 

Valette-Collet, O., Cimerman, A., Reignault, P., Levis, C., Boccara, Martine (2003). Disruption of 

Botrytis cinerea Pectin Methylesterase Gene Bcpme1 Reduces Virulence on Several Host 

Plants. Molecular Plant-Microbe Interactions, 16 (4): 360-367. 

Van Diepeningen, A. D., Debets, A., and Hoekstra, R. (2006). Dynamics of dsRNA mycoviruses in 

black Aspergillus populations. Fungal Genetics and Biology, 43: 446-452. 

Van Diepeningen, A. D., Debets, A. J. M., Slakhorst, S. M., Fekete, C., Hornok, L., Hoekstra, R. F. 

(2000). Interspecies virus transfer via protoplast fusions between Fusarium poae and black 

Aspergillus strains. Fungal Genetics Newsletter, 47: 99-100. 

Van Regenmortel, M. H. W., Fauquet, C.M., Bishop, D.H.L., Carstens, E.B., Estes, M.K., Lemon, 

S.M., Maniloff, J., Mayo, and M.A., McGeoch, D.J., Pringle, C.R., and Wicker, R.B. (2000). 

Virus taxonomy: classification and nomenclature of viruses. (Seventh Report of the 

International Committee on Taxonomy of Viruses.; San Diego, Calif.: Academic Press). 

Varga, J., Toth, B., and Vagvolgyi, C. (2003). Recent Advances in Mycovirus research. Acta 

Microbiologica et Immunologica Hungrica, 50 (1): 77-94. 



  Bibliography 

255 
 

Verchot-Lubicz, J., Ye, C.-M.,  Bamunusinghe, D. (2007). Molecular biology of potexviruses: recent 

advances. Journal of General Virology, 88: 1643–1655 

Vigerust, D. J. and Shepherd, V. L. (2007). Virus glycosylation: role in virulence and immune 

interactions. Trends in Microbiology, 15 (5): 211-218. 

Vilches, S., Castillo, A. (1997). A double-stranded RNA mycovirus in Botrytis cinerea', FEMS 

Microbiology Letters, 155 (1): 125-130. 

Vogel, H. J. (1956). A convenient growth medium for Neurospora. Microbial Genetics Bulletin, 13. 

Voth, P. D., Mairura, L., Lockhart, B. E., May, G. (2006). Phylogeography of Ustilago maydis virus H1 

in the USA and Mexico. Journal of General Virology, 87 (11): 3433-3441. 

Wagner, B., Fuchs, H., Adhami, F., Ma, Y., Scheiner, O., Breiteneder, H., (2004). Plant virus 

expression systems for transient production of recombinant allergens in Nicotiana benthamiana. 

Methods, 32 (3): 227-234. 

Waterhouse, P. M. and Helliwell, C. A. (2003). Exploring plant genomes by RNA-induced gene 

silencing. Nature Reviews Genetics, 4 (1): 29. 

Watzinger, F., Ebner, K., and Lion, T. (2006). Detection and monitoring of virus infections by real-time 

PCR. Molecular Aspects of Medicine, 27 (2-3): 254-298. 

Wei, T., Zhang, C., Hong, J., Xiong, R., Kasschau, K. D., Zhou, X., Carrington, J. C., Wang, A. (2010). 

Formation of Complexes at Plasmodesmata for Potyvirus Intercellular Movement Is Mediated 

by the Viral Protein P3N-PIPO. PLoS Pathog, 6 (6): e1000962. 

Wheeler, M. H., Bruton, B. D., Puckhaber, L. S., Zhang, J., Stipanovic, R. D. (2004). Identification of 

1,8-Dihydroxynaphthalene Melanin in Monosporascus cannonballus and the Analysis of 

Hexaketide and Pentaketide Compounds Produced by Wild-Type and Pigmented Isolates of the 

Fungus. Journal of Agricultural and Food Chemistry, 52 (13): 4113-4120. 

White, K. A., Bancroft, J. B., and Mackie, G. A. (1992). Coding capacity determines in vivo 

accumulation of a defective RNA of clover yellow mosaic virus', Journal of Virology, 66  

(5): 3069-3076. 

White, S., McIntyre, M., Berry, D. R., McNeil, Brian (2002). The Autolysis of Industrial Filamentous 

Fungi. Critical Reviews in Biotechnology, 22 (1): 1-14. 

Wicks, T. (2002), 'Improving Fungicide Control of Botrytis Bunch Rot', Grape and Wine Research & 

Development Corporation. 

Williamson, B., Tudzynski, B., Tudzynski, P., Van Kan, J. A. L. (2007). Botrytis cinerea: the cause of 

grey mould disease. Molecular Plant Pathology, 8 (5): 561-580. 

Woestemeyer, J., Woestemeyer, A., and Voigt, K. (1997). Horizontal gene transfer in the rhizosphere: a 

curiosity or a driving force in evolution. Advances in Botanical Research, 24: 399-429. 

Wong, M. L. and Medrano, J. F. (2005). Real-time PCR for mRNA quantitation. BioTechniques, 39  

(1): 75-85. 



  Bibliography 

256 
 

Wood, R. K. S. (1951). The Control of Diseases of Lettuce by The Use of Antagonistic Organisms I. 

The Control of Botrytis cinerea Pers. Annals of Applied Biology, 38 (1): 203-216. 

Wood, H. A. (1975). Unknown. In T. Hasegawa (ed.), Proceedings of First Intersectional Congress of 

IAMS (3): 362-379. 

Wu, M. D., Zhang, L., Li, G., Jiang, D., Ghabrial, S. A. (2010). Genome characterization of a 

debilitation-associated mitovirus infecting the phytopathogenic fungus Botrytis cinerea. 

Virology,406 (1): 117-126. 

Wu, M. D., Zhang, L., Li, G. Q., Jiang, D. H., Hou, M. S., Huang, H.-C. (2007). Hypovirulence and 

Double-Stranded RNA in Botrytis cinerea. Phytopathology, 97 (12): 1590-1599. 

Xie, J., Wei, D., Jiang, D., Fu, Y., Li, G., Ghabrial, S., Peng, Y. (2006). Characterization of debilitation-

associated mycovirus infecting the plant-pathogenic fungus Sclerotina sclerotorium. Journal of 

General Virology, 87 (1): 241-249. 

Yaegashi, H., Sawahata, T., Ito, T., Kanematsu, S. (2011). A novel colony-print immunoassay reveals 

differential patterns of distribution and horizontal transmission of four unrelated mycoviruses in 

Rosellinia necatrix. Virology, 409 (2): 280-289. 

Yu, H., Sutton, J. C. (1997). Morphological development and interactions of Gliocladium roseum and 

Botrytis cinerea in raspberry. Canadian Journal of Plant Pathology, 19 (3): 237-345. 

Yu, H. J., Lim, D., and Lee, H. S. (2003). Characterization of a novel single-stranded RNA mycovirus 

in Pleurotus ostreatus. Virology, 314 (1): 9-15. 

Yu, X., Li, B., Fu, Y., Jiang, D., Ghabrial, S. A., Li, G., Peng, Y., Xie, J., Cheng, J., Huang, J., Yi, X. 

(2010). A geminivirus-related DNA mycovirus that confers hypovirulence to a plant pathogenic 

fungus. Proceedings of the National Academy of Sciences of the United States of America, 107 

(18): 8387-8392. 

Zhang, X., Segers, G. C., Sun, Q., Deng, F., Nuss, D. L. (2008). Characterization of hypovirus-derived 

small RNAs generated in the chestnut blight fungus by an inducible DCL-2-dependent pathway', 

Journal of Virology, 82 (6): 2613-2619. 

Zhang, L., Zhang, L., Fu, Y., Xie, J., Jiang, D., Li, G., Yi, X. (2009). A novel virus that infecting 

hypovirulent strain XG36-1 of plant fungal pathogen Sclerotinia sclerotiorum. Virology 

Journal, 6. 

Zhang, L., De Wu, M., Li, G. Q., Jiang, D. H., Huang, H. C. (2010). Effect of Mitovirus infection on 

formation of infection cushions and virulence of Botrytis cinerea. Physiological and Molecular 

Plant Pathology, 75 (1-2): 71-80. 


