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Abstract 
 

Botrytis cinerea is a fungal pathogen that is responsible for grey mould in several 

horticultural crops, including grapevines. A range of enzymes are produced by 

B. cinerea as it infects plant tissues, and some, such as laccases, are inducible. 

Laccases can be induced by gallic acid and copper. The laccase induced by gallic 

acid is a 32 kDa protein while the laccase induced by copper is a 75 kDa protein. 

There are three laccase-coding genes (LAC1, LAC2, LAC3), but no gene-enzyme 

linkage has been established and no virulence determinants are known. This thesis 

focused on predicting the structural and functional properties of laccases, to 

investigate gene diversity and to characterise the expression of three laccase genes 

during the infection of B. cinerea in grapevines and with respect to different inducers.  

B. cinerea was isolated from different wine growing regions. DNA was extracted and 

LAC1 and LAC2 genes were amplified and sequenced. Sequences were aligned 

and phylogenetic trees were constructed separately for LAC1 and LAC2. Aside from 

intraspecies variations, LAC1 and LAC2 were found to be highly conserved amongst 

the isolates. The functional domains of the genes were predicted to be the 

cupredoxin domains, the characteristic protein motif in multi-copper oxidases 

(MCOs) and EFG-like domain signature 2 with unequal distribution among isolate. 

Furthermore, they were predicted that they would be localised extracellularly 

associated with the cell wall, and also to contain signal peptides cleavage sites, 

which suggests they could readily access host tissues during plant attack and have 

a role in the development of grey mould disease. The presence of signal peptides 
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and cupredoxin domains in LAC2 were predicted to be common among all of the 

isolates studied, but in LAC1, they were limited indicating the importance of LAC2 in 

the pathogen’s physiological functions, particularly virulence.  

To elucidate the distinct role of laccases as a virulence factor/ during pathogenicity, 

the expressions of three genes (LAC1, LAC2 and LAC3) were characterised by 

transcript quantification during grey mould development in Chardonnay and 

Thompson Seedless grapes. Transcript quantification was performed by RT-qPCR, 

dependent on cDNA quality. Commercially available RNA extraction kits which do 

not provide more hazardous chemicals have often failed in plant systems, 

particularly in plant tissues such as grapes due to the high amount of polyphenolics 

present that interfere with RNA extraction. RNA extraction from Botrytis-infected 

grapes was thus optimised to overcome the problems associated with polyphenolics. 

The protocol of a commercial kit (Bioline) was modified for effective RNA recovery 

from infected grapes so that it was suitable for RT-qPCR analysis.  

Transcript quantification of different laccases resulted in consistent expression of 

LAC3 and inconsistent expression of LAC1 and LAC2, indicating the involvement of 

LAC3 in the initiation and the progression of grey mould disease. To the best of the 

author’s knowledge, this is the first study demonstrating LAC3 as a potential 

virulence determinant in the development of grey mould by B. cinerea. The 

corresponding enzyme was purified from infected berries and identified by 

ESI/MS/MS analysis. This revealed a 26 kDa protein with the predicted domain 

‘Glyco-hydro 12 superfamily’. Proteins from this family are involved in 
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polysaccharide hydrolysis, which are important in the fungal degradation of plant cell 

walls during lesion expansion.  

Laccase activity, total protein and pH were measured in infected berry extracts 

during grey mould development concurrently. Laccase activity was first detected 

three days post-inoculation. Total protein diminished gradually during infection, 

demonstrating the complex interaction that occurs among polyphenolics, laccases 

and proteins (fungal and plant origin) in the berry environment that affects protein 

solubility. Similarly, pH decreased with infection, indicating pathogen-mediated pH 

modulation, which may be correlated with the induction of laccase. Although pH 

modulation is a general mechanism of fungal pathogens that regulates the 

expression of virulence factors, its effect in this context is yet to be elucidated. 

Laccase induction was investigated by measuring laccase activity in the culture 

filtrate of B. cinerea in a laccase-inducing medium supplemented with the inducers, 

gallic acid and copper sulphate for up to three days post-inoculation. Laccase activity 

increased at two days post-inoculation. When laccase activity was measured 

separately with gallic acid and copper after two days of growth in liquid culture, it was 

found that laccase was induced by copper but not gallic acid. Transcript 

quantification of different laccases (LAC1, LAC2 and LAC3) in the fungal mycelium 

concurrently, led to copper-induced LAC2 expression. The optimum copper 

concentration required for laccase induction was 0.6 mM. Copper at this 

concentration was not found to be inhibitory to fungal growth. Laccase was further 

purified by protein precipitation with ammonium acetate in cold methanol from the 

liquid filtrate of cultures induced with copper, and then subjected to ESI/MS/MS 
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analysis. This resulted in a 63 kDa protein with greatest homology for LAC2, 

confirming that copper is able to induce the LAC2-encoding 63 kDa enzyme.  

In conclusion, despite being conserved, there appears to be an intra-species range 

of laccases variants with differing functional and structural properties, and are 

potential virulence factors. Two enzymes are encoded by two genes, which are 

induced by different inducers. This is the first study to establish the copper-inducible 

laccase codes for the 63 kDa enzyme (LAC2) as the link between gene, enzyme 

and inducer for B. cinerea. The LAC2 gene does not seem to be involved in the 

disease development, and LAC1 is constitutively expressed with no evidence of an 

involvement in the infection of grapes during grey mould development. Although 

B. cinerea has different laccases, only LAC3 appears to determine the development 

of grey mould in grapes, and could be the gallic acid-inducible laccase. This is also 

the first study to report LAC3 to be a virulence determinant in B. cinerea. The 

underlying mechanism of LAC3 induction during infection and the biochemical 

characterisation of the LAC3 enzyme warrants further investigation, because this 

information may provide new insights into the development of different enzyme 

assays and control strategies for laccases in wineries. 
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Chapter 1: Literature review 
 

Introduction 

Botrytis cinerea (grey mould) is a devastating fungal pathogen that is responsible for 

grey mould in many fruits, vegetables and horticultural crops, particularly in 

temperate regions (Dean et al., 2012). At least 1400 plant species have been 

reported to be infected by B. cinerea (Elad et al., 2016). B. cinerea attacks many 

plant organs, including leaves, stems and fruits, resulting in severe losses even after 

the crop has been harvested (Leroux, 2007, Lorenzini et al., 2013). The infection 

process can involve extracellular enzymes and metabolites (Nakajima & Akutsu, 

2014), which include cell wall-degrading enzymes, non-specific phytotoxic 

metabolites (botrydial and botcinolides), boosting compounds of reactive oxygen 

species (ROS) and the plants’ hypersensitive response (Sasaki & Nagayama, 1996, 

Deighton et al., 2001, Flors et al., 2007, Williamson et al., 2007, Shah et al., 2009b,  

Amselem et al., 2011). As they are involved in the infection process they are refered 

to as virulence factors (Staples & Mayer, 1995, Nakajima & Akutsu, 2014).  

Virulence factors are involved in the different stages of grey mould development in 

plants (van Kan, 2006), and some of them are inducible and can be either directly 

or indirectly involved in infection (Kapat et al., 1998, Choquer et al., 2007, Kelloniemi 

et al., 2015). A higher expression and activity of these enzymes has been observed 

in the onset of conidial germination and during penetration (van Kan et al., 1997). 

Some of these enzymes are responsible for degrading the pectin substances in plant 

cell walls, which can then facilitate the organism to spread within the host (Shah et 
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al., 2009b, Tiedemann, 1997). Functionally, these enzymes are important in the host 

plant susceptibility to pathogen attack as they can detoxify the defence compounds 

derived from the host (Staples & Mayer, 1995). These enzymes can be described 

as attacking enzymes, and categorised into two groups according to the growth 

phase (i.e. exponential or stationary) at which they are produced (Staples & Mayer, 

1995). Some of the enzymes are β-glucosidase, pectin methylesterases, 

polygalacturonases, aspartate proteinase, benzyl alcohol oxidase and laccases 

(Johnston & Williamson, 1992, Viterbo et al., 1992, Have et al., 1998, Rha et al., 

2001b, Valette-Collet et al., 2003, Brito et al., 2006, Nafisi et al., 2014).  

Laccases are copper-containing oxidative enzymes (benzenediol: oxygen 

oxidoreductases, EC 1.10.3.2) known as blue copper oxidases (Thurston, 1994). 

They are categorised as oxidoreductases, since they oxidise diphenol and allied 

substances. The oxidation of phenolic compounds by laccases has received much 

attention in the wine industry, since this can result in oxidative spoilage in wine. 

Polyphenolic compounds in wine are the best source of substrates for laccase 

oxidation, which result in ‘red wine’ becoming brown and ‘white wine’ becoming 

yellow-to-brown, and therefore, lead to inferior quality wine. Laccases have been 

quantified in wineries as a measure of the degree of infection by B. cinerea, resulting 

in a correlation between laccase and the levels of Botrytis-rot in grape juice samples 

(Dewey et al., 2008). Furthermore, different developmental stages of the fungus in 

infected grapes have been related to laccase activity, and the degree of virulence of 

the pathogen has been related partly to its production of laccase (Grassin & 

Dubourdieu, 1989). Although much remains unknown, laccase appears to have roles 
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in detoxifying defence compounds derived from the host during pathogenesis 

(Staples & Mayer, 1995). For example, laccases neutralise the antifungal activity of 

stilbenic phytoalexins (Adrian et al., 1998, Sbaghi et al., 1996, Breuil et al., 1999, 

Favaron et al., 2009) via oxidation and make PR proteins insoluble, therefore 

enabling the fungus to increase in virulence (Favaron et al., 2009). However, the 

exact role of laccase in the development of grey mould and the underlying 

mechanisms have not been elucidated.  

Gallic acid induces laccase production in B. cinerea, which is associated with the 

formation of a 32 kDa protein (Pezet, 1998). In addition, copper (Cu2+) can also 

induce laccase production in B. cinerea and the associated formation of a 75 kDa 

protein (Slomczynski et al., 1995), making the understanding of the laccase 

induction system complex. The presence of more than one laccase gene has been 

reported in the genome of B. cinerea (J.A.L. van Kan pers. com.), two of which have 

been well characterised and recorded in GenBank (LAC1 — GenBank accession 

number: AF243854.1; and LAC2 — GenBank accession number: AF243855.1) and 

one that has been partially characterised (LAC3 — GenBank accession number: 

AY047482.1). The multiple forms of laccases and the complex induction system 

involved makes the study of these enzymes complex. However, it may imply that 

differential laccase production is due to the expression of a particular gene, which is 

induced by a specific inducer. Laccases are encoded by different genes and the 

inducers responsible for the induction of a particular gene have not been confirmed. 

Currently there are gaps in the literature that limit our understanding of the role of 

laccases in the development of grey mould in grapes.  
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This review provides an overview of B. cinerea, including its taxonomy, genetic 

variability and the disease cycle of grey mould development, virulence factors, and 

laccases. The impacts of laccases on the wine industry will also be considered with 

the aim of elucidating the role of laccases as a virulence factor against the infection 

of B. cinerea in wine grapes.  

 

1.1 Botrytis cinerea 

 

1.1.1 Taxonomy and genetic diversity 

The species name, Botrytis cinerea, is derived from Latin words meaning ‘grapes 

like ashes’. The ‘grapes’ refers to the fluffy fungal spores on their conidiophores, and 

‘ashes’ refers to the greyish colour of the spores. The fungus is generally referred to 

by its asexual form, known as Botrytis cinerea. The sexual phase is rarely observed 

and is known as Botryotinia fuckeliana (Williamson et al., 2007). 

Scientific name : Botrytis cinerea  

Common name : Grey mould, Bunch rot, Botrytis brown stain, Scape blight 

Synonym  : Botryotinia fuckeliana  

Other name  : Sclerotinia fuckeliana    

Scientific classification and biology 

Kingdom : Fungi  

Division : Ascomycota 

Class  : Leotimycetes 
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Order  : Helotiales 

Family : Sclerotiniaceae 

Genus : Botrytis 

Species :  Botrytis cinerea 
 

B. cinerea is characterised by abundant hyaline grey-coloured masses of 

conidia, which are borne on tree-like conidiophores. Conidia are the result of asexual 

reproduction and there are two types produced: macro- and microspores. 

Macroconidia are produced in the somatic, vegetative or anamorphic conditions 

during the life-cycle of B. cinerea, and microconidia are produced from the phialides 

in aging cultures (Williamson et al., 2007). Morphologically, microconidia are 

uninucleate and macroconidia are multinucleate. Conversely, in sexual 

reproduction, sclerotia act as the female parent and the microconidia (referred to as 

spermatia) act as the male parent (Fukumori et al., 2004). Most isolates are 

heterothallic and carry two mating-type genes, MATI-1 or MATI-2 (Faretra et al., 

1988). In addition, B. cinerea produces sclerotia, the dark resting body composed of 

a mass of intact mycelia, as survival structures during adverse environmental 

conditions (Araújo et al., 2005). In the field, sclerotia aid the fungus to survive over 

winter and then germinate in spring by producing conidiophores. The formation of 

conidia versus sclerotia in B. cinerea is light-dependent, with white light inducing 

the formation of conidia and darkness inducing the formation of sclerotia (Tan & 

Epton, 1973). As these traits are unique to B. cinerea, morphological 

characterisation and identification of B. cinerea can be achieved. 
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Although, these traits appear  to be similar among strains within the species, 

significant genetic variation has been reported among isolates (Staats & van Kan, 

2012). In addition, the existence of genetically diverse groups within the species of 

B. cinerea have been reported (Giraud et al., 1997, Giraud et al., 1999). 

Furthermore, Giraud et al., (1999) reported that different strains have different 

pathogenic behaviours. For instance, differences among isolates have been 

reported in the initial events of the infection process in tomatoes and grapes (Cotoras 

& Silva, 2005), and in a study by Wu et al. (2007), only one isolate out of 21 was 

shown to have reduced virulence. In strawberry plants, isolates of B.  cinerea have 

reportedly caused diseases of differing severities (Valiuškaitė et al., 2010). These 

differences in pathogenesis could be linked with strain-dependent variations in 

virulence genes, as variations in five endopolygalacturonase-encoding genes have 

been reported (Bcpg1, Bcpg2, Bcpg3, Bcpg4, Bcpg5) from 32 strains of B. cinerea 

(Rowe & Kliebenstein, 2007, Cettul et al., 2008). In addition, there are known to be 

variations in other virulence genes such as nonspecific phytotoxins, including the 

sesquiterpene botrydial and the polyketide botcinic acid (Pinedo et al., 2008, 

Siewers et al., 2005, Choquer et al., 2007).  

These genetic variations are derived by transposable elements (TE) (Kumari et al., 

2014, Castanera et al., 2016). Generally, B. cinerea is more prone to TE-mediated 

genetic variations  (Giraud et al., 1999) as TEs are exceptional contributors in 

eukaryotic genome diversity through their effects on mutations and chromosomal 

rearrangements (Giraud et al., 1999). High genetic variation exists 

in B. cinerea populations depending on the presence of four transposon genotypes 
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(transposa, flipper-only, boty-only and vacuma; (Giraud et al., 1999, Samuel et al., 

2012). Boty type carry only the boty element, flipper type carry only the flipper 

element, transposa type carry both of these transposable elements, and vacuma 

type carry neither transposable elements (Samuel et al., 2012, Giraud et al., 1999). 

The mutations mediated by transposable elements eventually modulate gene 

expression, resulting in a new regulatory network of proteins (Feschotte, 2008) that 

creates variation among isolates. 

In terms of the interaction of these different genotypes with their host plants, their 

frequencies can be varied depending on the type of host plant. It has been reported 

that transposa isolates are predominant in tomatoes, cucumbers, grapes, and 

strawberries, whereas vacuma isolates prevail in kiwi fruits and apples (Samuel et 

al., 2012). In addition, high frequencies of flipper-type isolates are observed in kiwi 

fruits and apples (Samuel et al., 2012). In the case of grapes, the frequency of these 

transposon genotypes within a B. cinerea population has been shown to be 

dependent on the growth stage of the grapevine, the organs infected (Martinez et 

al., 2005) and the vineyard location (Muñoz et al., 2002, Vaczy et al., 2008). 

Conversely, the transposon content has not been shown to be correlated either to 

the host, the year of isolation or any fungicide treatment, from three year’s analysis 

of 490 isolates in B. cinerea during flowering and the harvesting of strawberry and 

raspberry cultivars in North-Eastern of Hungary (Asadollahi et al., 2013). In 

Hungarian vineyards, a total of 109 isolates from 12 areas have also been analysed 

(Vaczy et al., 2008). These analyses have found the presence of all four transposon 
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genotypes, with the majority of transposa observed in the populations undergoing 

sexual reproduction (Vaczy et al., 2008). 

Sexual reproduction is an important source of genetic variation due to the meiotic 

recombination which happens through sexual reproduction (Faretra et al., 1988). 

The variabilities are expressed in different morphological and biochemical traits in 

organisms such as growth characteristics, mycelia, conidia, sclerotia formation and 

enzyme production (Cotoras & Silva, 2005, Kumari et al., 2014). As a result of sexual 

reproduction, sometimes Botrytis produces new species in response to 

environmental adaptation. For instance,  Botrytis deweyae, a novel Botrytis species, 

has emerged as a result of the breeding-related changes (e.g. in-breeding of 

daylilies hybrid lines) in cultivated hybrids that created a loss of genetic diversity 

(Grant-Downton et al., 2014). In this situation, interspecific hybridisation between 

different Botrytis species’ occurs, resulting in the emergence of new species 

(Schardl & Craven, 2003) contributing to fungal evolution. The genetic diversity 

within the genes and species of Botrytis cinerea has been examined using 

morphological data coupled with DNA sequencing data of nuclear protein-coding 

genes resulting in the identification of two major clades with four and 18 species 

each (Staats et al., 2005). 

Botrytis deweyae is reported to be a new species which is parented by B. elliptica, 

as it is shown to be most similar to that species (Grant-Downton et al., 2014). As 

such, the variability in the genetic material may have an influence on the 

host/pathogen interactions, which results in strain-dependent virulence of B. cinerea 

among their genotypes enabling them to survive in different situations. However, the 
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evolutionary relationship does not correlate with the host association of this fungus. 

For instance, species infecting the same host have been included in to different 

clades, e.g. B. aclada, B. squamosa, B. porri, B. byssoidea, and B. sinoallii, infect 

Allium spp. and represent different clades. In comparison, closely-related species 

infect very different hosts, e.g. B. elliptica infects the monocotyledonous host, Lilium 

spp., and B. ficariarum infects the dicotyledonous host (Staats et al., 2005).   

To study the genetic diversity of pathogens, techniques such as AFLP (amplified 

fragment length polymorphism) (Moyano et al., 2003), RAPD (random amplified 

polymorphic DNA) (Kumari et al., 2014) and RFLP (restriction fragment length 

polymorphism) (Giraud et al., 1997) and microsatellite (Moges et al., 2016) have 

been used. RAPD analysis has been used to elucidate the genetic variability of 10 

isolates of B. cinerea (Van der Vlugt-Bergmans et al., 1993). Kerssies et al., (1997) 

found that almost all 30 isolates of B. cinerea analysed from Holland were genetically 

different, with no correlation among pathogenicity, sampling time, sampling place, 

and RAPD patterns when RAPD analysis was performed. Genetic polymorphism 

using AFLP revealed high genetic diversity among the selected isolates without an 

obvious specificity of a host plant and the geographic location of the isolates 

(Valiuskaite et al., 2010). B. cinerea isolates from chickpea were separated into 

three groups with considerable variation using the banding pattern obtained from 

RAPD markers (Pande et al., 2010).  

Different traits of the pathogen can change the pathogenesis by turning them into 

the traits involved in pathogenicity. It has been reported that pathogenicity and the 

resistance towards fungicides can vary depending on the type of transposon 
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genotypes (Giraud et al., 1999). Also the genetic variation among isolates results in 

the different physiological functions of pathogens. For instance, some traits are 

important in assisting pathogens to adapt to the hostile environment by making them 

highly resilient to control methods.  

 

1.2 Disease cycle and climatic conditions 

Botrytis cinerea overwinters as sclerotia on the vineyard floor and on the dormant 

canes. In the spring, sclerotia produce airborne conidia, which are released and 

spread to the actively growing vine at the time of flowering in vines and other fruit 

crops. The disease cycle starts with conidia landing on the host surface, which 

facilitates surface penetration directly through the cuticle and wounded or necrotic 

host tissues. Conidia are dispersed by air currents to a new plant and less frequently 

carried by water droplets (Jarvis, 1980). When abundant inoculum, environmental 

and host-susceptibility conditions are conducive, ‘aggressive pathogenicity’ occurs 

(Jarvis, 1980). The infection of B. cinerea occurs at two important developmental 

stages of grapevines; at flowering (Hill et al., 1981) and post veraison. In addition, 

the infection occurs in pre-veraison berries (before the onset of ripening). Conidia 

infect inflorescences, young clusters, and ripening berries while mycelium cause 

berry-to-berry infections (Elmer & Michailides, 2007). Depending on these sources 

of inoculum, several infection pathways have been described (Elmer and Michailides 

2007; González-Domínguez et al. 2015). During the infection of flowers, Botrytis 

creates a latency period until they meet favourable conditions. However, in post-

veraison, mature fruits are infected from veraison until ripening, leading to symptoms 
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without a latency period. It has recently been found that the latent infections can 

become established at three phenological stages; early flowering, pre-bunch closure 

and veraison (Hill et al., 2014). The expression of latent infection that accumulates 

throughout the season causes the level of bunch rot at the harvest (Hill et al., 2014). 

As such, B. cinerea becomes latent following the infection of flowers and pre-

veraison berries, and the length of the latency period depends on the amount of 

inoculum, as well as the environmental and host-susceptibility conditions (Barnes & 

Shaw, 2002, Holz et al., 2007) within the disease cycle (Barnes & Shaw, 2002). 

The disease is stopped from progressing during infection at a latency period, due to 

the plant’s resistance against Botrytis infection (Creasy & Coffee, 1998, Keller et al., 

2003). This resistance is developed by higher amounts of resveratrol and other 

phenolic substances (Jeandet et al., 1991), including polymeric proanthocyanidins 

(PPRA) (Deytieux-Belleau et al., 2009). However, there is a decline of PPRA activity 

at veraison allowing B. cinerea to enhance stilbene oxidase activity, making the 

grapevines susceptible to grey mould development. The susceptibility progressively 

increases from veraison to ripening (Deytieux-Belleau et al., 2009), and has been 

associated with structural and biochemical changes during berry maturation (Mundy 

& Beresford, 2007, Deytieux-Belleau et al., 2009), particularly the development of 

higher sugar content (Bi et al., 2016). In addition, switching the plant defence 

mechanism from the salicylate-dependent pathway to the jasmonate-dependent 

pathway does not stop the fungal necrotrophic process (Kelloniemi et al., 2015). 

Disease development is most common in post-veraison berries, as they contain 

berry physiological and chemical changes in conjunction with conductive 



12 

 

environmental conditions which create conditions for the pathogen to infect. These 

factors can all contribute to an outbreak of the disease throughout the vineyard, and 

thus affect the epidemiology of the pathogen (Pezet et al., 2003). 

Environmental conditions involving high relative humidity, cool temperatures, and 

free surface moisture on foliage facilitate infection (Latorre et al., 2003). Consistent 

wet or humid conditions are ideal for grey mould development. The presence of free 

moisture on foliage for several hours and prolonged cool temperatures of about 13–

14 °C are necessary for infection (Blakeman, 1980). The severity of infection on 

inflorescences and young grape clusters increases with hours of wetness. The 

optimal temperature is about 20 °C (Nair & Allen, 1993, Ciliberti et al., 2015), 

whereas mature grape berries are more prone to be infected at temperatures 

between 15 and 25 °C than at other temperatures, and this increases with increasing 

hours of wetness or high relative humidity (Nair & Allen, 1993, Nair et al., 1988, 

Ciliberti et al., 2015), relative to short durations of moisture at the optimum 

temperature. The host susceptibility factors include nutrient imbalances and the 

presence of senescent tissues for saprophytic build-up of inoculum. Grapevines with 

dense canopies and higher foliage are more susceptible to infection by grey mould. 

When these conditions are ideal, latent periods are short and epidemics can occur 

quickly (Jarvis, 1980, Holz et al., 2007) and the fungus produces fluffy mycelium, 

grey-brown spores resulting in the development of grey mould.  

Conversely, it has been reported that B. cinerea does not necessarily need to cause 

disease on healthy host plants to complete the life-cycle, as asymptomatic or cryptic 

plant infections are possible (Shaw et al., 2016). Generally cryptic plant infections 
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have been associated with endophytes (Rodriguez et al., 2009, Porras-Alfaro & 

Bayman, 2011), and several plant species have been reported to harbour different 

species of Botrytis with no visible symptoms. For instance, this form of infection has 

been investigated in hybrid commercial primula (Barnes & Shaw, 2002, Barnes & 

Shaw, 2003) and lettuce (Sowley et al., 2010). In addition, B. aclada and B. alli had 

been reported to have an extended period of growth in their life-cycle (Maude & 

Presly, 1977, Du Toit et al., 2004). In the cryptic infection the pathogen is long-lived 

in the plant, being avirulent initially and then becoming virulent and the necrosis 

spreading at fruit maturity (Prusky & Lichter, 2007, Puhl & Treutter, 2008). It seems 

that the activation of a pathogen’s virulence is much more important when 

proceeding necrosis for a successful disease development.  

 

1.3 Pathogenicity and virulence 

Plant pathogens can be classified as necrotrophs, biotrophs or hemibiotrophs based 

on their modes of nutrition (Perfect & Green, 2001, Divon & Fluhr, 2007). Generally, 

biotrophs are dependent on living plant tissues and gradually change host 

physiology to obtain nutrients without harming plants. Hemibiotrophs undergo a 

biotrophic stage of nutrition, followed by a nectrotrophic stage to enable nutrient 

uptake. In contrast, necrotrophs kill host cells to acquire nutrients and allow the 

necrotic lesions to expand. Biotrophs have developed mechanisms to suppress cell 

death, whereas necrotrophs promote it as a virulence strategy (Greenberg, 1997). 

When the host fails to contain the necrosis made by necrotrophs and hemibiotrophs, 
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the disease becomes systemic, leading to the decay of the entire plant and 

eventually death. Some necrotrophs produce varying amounts of different toxins and 

hydrolytic enzymes that determine disease severity (Staples & Mayer, 1995). During 

infection, host plant responses for those factors vary depending on the nature of the 

pathogen, and eventually the interaction between host factors and pathogen factors, 

which drive disease development. 

Pathogenicity is the potential for certain species of microbes to cause disease, and 

it is characterised by complex pathogenic properties, which evolve during 

their struggle for existence. Pathogens are characterised by specific actions and 

each species can give rise to different infectious processes. Generally, it depends 

on the genetic capacity of microbes and the environmental factors. The term 

‘virulence’ is used to describe the relative degree of damage done by a pathogen, 

or the degree of pathogenicity caused by an organism. Also, virulence is defined as 

the outcome of an interaction between the host and the pathogenic microbe, which 

results in a large array of opposing reactions (Zhu et al., 2001). Moreover, the 

pathogenicity of a microbe is determined by its virulence factors.  

 

1.3.1 Virulence factors of Botrytis cinerea 

The infection process of B. cinerea is usually described by the following stages: 

penetration into the host tissue, killing of the host tissue/the primary lesion formation, 

lesion expansion/tissue maceration and sporulation (van Kan, 2006, Prins et al., 

2000). During successful infection, B. cinerea produces a number of extracellular 
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enzymes and metabolites as virulence factors (Nakajima & Akutsu, 2014), which are 

present during the different stages of the infection process. It has been reported that 

B. cinerea secretes cell wall-degrading enzymes, nonspecific phytotoxins and 

boosting compounds for reactive oxygen species (ROS) and plant hypersensitive 

response (Sasaki & Nagayama., 1996, Deighton et al., 2001, Flors et al., 2007, 

Williamson et al., 2007, Shah et al., 2009b, Amselem et al., 2011). Some of the 

enzymes are inducible, including cutinase, β-glucosidase, pectin methylesterases, 

polygalacturonases, and aspartate proteinase; and laccase which have been 

described as attacking enzymes (Viterbo et al., 1992). These enzymes have been 

categorised into two groups based on the growth phase of the pathogen (i.e. 

exponential or stationary) (Staples & Mayer, 1995). In addition, the enzymes are 

involved in different stages of grey mould development, such as germination and 

germ-tube growth stages, and lesion expansion (Kapat et al., 1998). Higher 

expression and activity of these enzymes have been detected in the onset of conidial 

germination and during penetration (van Kan et al., 1997), and the lesion expansion 

is facilitated by these enzymes through cell wall degradation in the host plant (Sasaki 

& Nagayama, 1997). Most importantly, inducible enzymes appear to play a role in 

detoxifying defence compounds derived from the host during pathogenesis, and this 

function is believed to enhance the pathogen’s virulence (Staples & Mayer, 1995).  

The extracellular secretion of cutinase is induced by B. cinerea during infection. The 

function of cutinase is to dissolve the cuticular layer, which is the first physical barrier 

for penetration of the organism. The cutinase-encoding gene of B. cinerea, cutA, has 

been cloned and the protein has been identified as 18 kDa protein (van der Vlugt-
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Bergmans et al., 1997). However, during host penetration, cutinases appear to be 

non-essential for the infection of gerbera’s and tomatoes by B. cinerea (van Kan et 

al., 1997). In addition, β-glucosidase has been shown to be induced by B. cinerea in 

the infection and subsequently assists in cell wall degradation (Sasaki & Nagayama, 

1997). Sasaki & Nagayama (1997) have further observed a positive correlation of 

pathogenicity of B. cinerea with β-glucosidase activity. 

During the penetration stage, B. cinerea secretes enzymes that degrade pectin 

substances in plant cell walls. Polygalacturonases are associated with the cell wall 

degradation (van den Heuvel & Waterreus, 1985) by dissolving pectin substances, 

as they are involved in the pectin methylesterases activity. Polygalacturonases are 

associated with the penetration stages by killing of epidermal and mesophyll cells 

during invasion by hyphae (Clark, 1976). The expression of two types; exo-

polygalacturonases (Rha et al., 2001) and endo-polygalacturonases (Johnston et 

al., 1994) have been reported. Polygalacturonase (BcPG1) of B. cinerea is an 

important virulence factor in different host tissues; tomato leaves (Have et al., 1998); 

broad bean and Arabidopsis thaliana (Kars et al., 2005). 

Nonspecific phytotoxins secreted by B. cinerea have been identified as a highly 

substituted lactone, botrydial, a bicyclic sesquiterpene and botcinic acid (Deighton 

et al., 2001, Colmenares et al., 2002). Botrydial is the most well-known metabolite 

produced during plant infection (Deighton et al., 2001), and is responsible for 

chlorosis. In addition, oxalic acid is indirectly involved in infection via number of its 

roles, such as enhancing polygalacturonases activity at low pH, degrading plant 

protective enzymes, suppressing the plant oxidative burst, mediating pH signalling 
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and inducing programmed cell death (Nakajima & Akutsu, 2014). Although the 

hypersensitive response is related to plant defence mechanisms, B. cinerea as a 

necrotrophic pathogen is able to take advantage of the dead tissue around the 

infected area for rapid colonisation of the host plant (Govrin & Levine, 2000, 

Williamson et al., 2007). The enzymes generating ROS which also are important in 

virulence (Govrin & Levine, 2000, Schouten et al., 2002), make host plants 

susceptible to pathogen attack. Cu-Zn superoxide dismutase and glucose oxidases 

are known as ROS-generating enzymes (Rolke et al., 2004).  

The virulence of B. cinerea can be investigated by functional genomic approaches, 

which involve sequencing the genome of the fungus. The whole genome of 

B. cinerea has been sequenced from two strains (B05.10 and T4) (Staats & van Kan, 

2012), and both sequences are publicly available for facilitating functional 

annotations (T4, accession ALOC00000000.1 and B05.10, accession 

NZ_AAID00000000.1). Microarrays and serial analysis of gene expression (SAGE) 

are the two high-throughput methods adopted in the analysis of complete 

transcriptomes in microbial systems and are useful in the identification of genes 

involved in pathogenesis (Zheng et al., 2011). Twenty virulence genes in B. cinerea 

have been reported by Choquer et al. (2007) to be involved in different stages of the 

disease cycle. In addition, virulence genes have been functionally analysed by 

targeted inactivation approaches; the gene knockdowns, based on fungal protoplast 

transformation and homologous recombination at target loci (Tudzynski & Siewers, 

2007) and by gene knockout or making deletion mutants (Ortoneda et al., 2004).  
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Targeted inactivation approaches allow the genetic tests of virulence genes in 

pathogens, since the technique involves the inactivation of a particular gene for 

disrupting the specific functions necessary in the disease development (Hogan et 

al., 1996). For instance, a single point mutation in the bcvel1 gene of B. cinerea has 

resulted in a reduced virulence on several host plants due to the disruption of 

sclerotial development and oxalic acid production (Schumacher et al., 2012). 

Moreover, the inactivation of bcvel1 gene results in no effect on phytotoxin, botcinic 

acid and botrydial production (Schumacher et al., 2012). Gene inactivation can result 

in the alteration of intracellular signalling cascades (Choquer et al., 2007) and 

facilitate the fungus to transfer from a virulent to avirulent state. Signal transduction 

pathways are mediated by the communication between environmental signals and 

the cellular machinery of the pathogens in which most of the virulence genes are 

involved for regulating disease development (Tudzynski & Gronover, 2007). 

Disruption of one or few virulence factors could affect the pathogen’s virulence, 

indicating their interconnection in the signalling cascade. Gene knockout 

approaches are an advanced technique that could be used to investigate the 

functional properties of virulence genes and signalling mechanisms that these genes 

are involved in. 

     

1.4 Impacts of Botrytis cinerea to the wine industry 

Vitis vinifera (European grape vine) is native to the Mediterranean region, 

central Europe, and south-western Asia, with a wide range of varieties grown. 

Generally, white wine varieties such as Chardonnay, Riesling, Semillon, Sauvignon 
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Blanc, Traminer and Müller-Thurgau, and red wine varieties such as Cabernet 

sauvignon, Pinot noir, Shiraz, Grenache, Barbera and Gamay are the most 

commonly grown for wine production (Fleet, 2003). These varieties are susceptible 

to several fungal pathogens, such as B. cinerea (grey mould), Aspergillus spp. and 

Penicillium spp. (secondary bunch rot pathogens), Colletotrichum spp. (ripe rot) and 

Greeneria uvicola (bitter rot), which infect the fruit and powdery mildew, downy 

mildew, which mainly affects the vegetative parts and also berries (Dean et al., 2012, 

Úrbez-Torres et al., 2013, Armijo et al., 2016). Their infections result in both yield 

loss and changes in wine composition (Visconti et al., 2008, Dean et al., 2012, Steel 

et al., 2013).  

Grape berry surfaces are inhabited by a complex microbial community including 

filamentous fungi, yeasts and bacteria with different physiological characteristics 

(Barata et al., 2012). The proportion of these microorganisms depend on the grape 

cultivar, ripening stage for the availability of nutrients (Barata et al., 2012, Bokulich 

et al., 2014) and on those present in the immediate environment. However, infection 

of some of these microorganisms occurs mostly at veraison, when the cuticle of 

berries bears micro fissures and the berries soften with ripening (Barata et al., 2012). 

Also, the availability of increased nutrients makes the conditions favourable for the 

possible dominance of surface microbial consortia such as yeast species, lactic acid 

bacteria and acetic acid bacteria, and oxidative or weakly fermentative ascomycetes 

populations such as Candida spp., Hanseniaspora spp., 

Metschnikowia spp., Pichia spp. and Aspergillus spp. (Barata et al., 2012, Garijo et 

al., 2011). Some of these are responsible for bunch rot disease in grapes, but the 
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majority of infections are predominantly caused by filamentous fungi except in the 

case of sour rot which is caused by a complex of acetic acid bacteria and saprophytic 

yeasts. 

The ascomycetous fungus, B. cinerea is involved in bunch rot of grapes. B. cinerea 

bunch rot is found most frequently; bunch rots caused by fungi other than Botrytis 

are known as non-Botrytis bunch rots (Wilcox, 2015). A range of other fungi and 

bacteria are also involved with non-Botrytis bunch rot (Wicks, 1989) and this latter 

group can be divided into true pathogens and opportunistic pathogens (Steel et al., 

2013). While true pathogens invade undamaged healthy berries, opportunistic 

pathogens invade berries following mechanical damage (e.g. berry splitting after 

rainfall and other weather events or insect damage). Damaged berry skins lead to 

the availability of high sugar concentrations. This favours the increased growth of 

ascomycetes with higher fermentative activity, such as Pichia spp. 

and Zygoascushellenicus (including the wine spoilage yeasts, 

Zygosaccharomyces spp., Torulaspora spp.), and the acetic acid bacteria, 

Gluconobacter spp., Acetobacter spp. (Barata et al., 2012).  

Botrytis growth in berries can be influenced by climatic conditions and can result in 

the expressions of two types of Botrytis: pourri plein (development of a brown 

colouration in white-skinned varieties), and pourri rôti (berry dehydration and sugar 

concentration), which is used in the production of sweet dessert wines (Ribéreau-

Gayon et al., 2006). During specific weather conditions, such as cold, damp nights 

alternated with relatively warm, dry days, Botrytis slowly dehydrates berries resulting 

in a higher concentration of sugars, which leads to the formation of glycerol (Vannini 
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& Chilosi, 2013, Steel et al., 2013) and distinctive flavours and aroma (Blanco-Ulate 

et al., 2015). This subsequently results in the development of noble rot, which is 

used in sweet wine production. For instance, in Amarone wine, the importance of 

noble rot has been reported as there is a link between the presence of Botrytis in 

grapes and the specific aroma volatiles (Tosi et al., 2012). However, grey mould 

infection, the most prominent Botrytis infection, influences wine production 

undesirably due to oxidative spoilage.  

 

1.4.1 Oxidative spoilage in wine due to Botrytis cinerea 

Metabolic activities of bunch rot pathogens are responsible for the changes in the 

chemical composition of the berry must and wine, which lead to inferior wine quality. 

During infection, the berries from black-skinned varieties develop a reddish colour 

and the white-skinned berries become brown and shrivelled. B. cinerea, the common 

bunch rot pathogen, produces earthy-odours and aromas caused by 2-

methylisoborneol, 1-octen-3-ol, 1-octen-3-on and geosmin (La Guerche et al., 2006). 

Headspace-phase microextraction (SPME) followed by gas chromatography/mass 

spectrometry (GCMS) analysis have shown that geosmin, methylisoborneol (MIB), 

1-octen-3-ol, fenchone and fenchol accumulate in grape broth medium inoculated 

with B. cinerea (Morales-Valle et al., 2011).  

Botrytised grapes are more prone to containing oxidative enzymes including 

laccase. Laccases cause the oxidative reactions in musts and wines (Dubernet et 

al., 1977), which detrimentally affect wine quality (Grassin & Dubourdieu, 1989, 
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Dewey et al., 2008). Polyphenolic compounds in wine are the best source of 

substrates for laccase oxidation, turning ‘red wine’ brown and ‘white wine’ yellow 

brown and thus resulting in inferior quality wine. In addition, laccases challenge the 

number of steps that are involved in the wine-making process as they are tolerant to 

high concentrations of SO2, the acidic pH found in grape juice and wine and alcohol 

(Dewey et al., 2008, Steel et al., 2013, Claus et al., 2014). A syringaldazine assay 

has been developed for quantitative determination of Botrytis laccase in musts and 

wines, since laccase activity has been found to be related to the different stages of 

disease development in infected grapes (Grassin & Dubourdieu, 1989). Indeed, 

laccase can be measured in wineries to quantify the degree of infection by 

B. cinerea, since a correlation has been shown between laccase and the levels of 

Botrytis-rot in grape juice samples (Dewey et al. 2008). 

It has been shown that different isolates of B. cinerea do not produce laccase to the 

same extent (Cotoras & Silva, 2005), the degree of virulence is related only partly to 

laccase production (Dewey et al., 2008) and B. cinerea has more than one laccase 

gene in the genome. However, which laccase is involved in the infection, expression 

pattern of laccases and the underlining molecular mechanisms of the expression are 

lacking in the literature. This lack of knowledge confounds any meaningful 

measuremenst of laccase in the winery. The identification of virulence determinants, 

or the exact protein produced during the infection will enable researchers to 

characterise laccase biochemically in order to develop more appropriate enzyme 

assays that could be used in the wine industry. 
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1.5 Introduction to laccases: polyphenol oxidases 

Polyphenol oxidases (PPO), monophenol monooxygenase and polyphenol oxidase I 

are copper-containing oxidative enzymes (Mayer, 2006). These enzymes catalyse 

the o-hydroxylation of monophenol molecules, to o-diphenols (phenol molecules 

containing two hydroxyl substituents). In addition, PPO catalyse the oxidation of o-

diphenols by converting them to o-quinones (Oliveira et al., 2011). PPO drives 

rapid polymerisation of o-quinones to produce black, brown or red pigments 

(polyphenols) that cause fruit browning (Yoruk & Marshall, 2003). The browning has 

been identified as an important quality defect in the fruit and vegetable industries, 

which results in the deterioration and loss of quality in many foods of plant origin.  

There is an extended group of PPOs that are widely distributed among several plant 

species. This group can be further divided into three groups based on the substrates: 

o-diphenol oxidases (PPO, EC 1.10.3.1) oxidising o-diphenols to o-diquinones, 

tyrosinases (TYR, EC 1.14.18.1) oxidising catechols, laccases (LAC, EC 1.10.3.2) 

oxidising p-diphenols. These three groups are reflected in the structure of the 

copper-binding domains: o-diphenol oxidases (PPO) and tyrosinases (TYR) are 

type-3 copper proteins, whereas laccases (LAC) possess a combination of type-2 

and type-3 copper centres (Gerdemann et al., 2002). TYRs are predominantly 

present in microorganisms and animals, whereas plants only possess PPOs. PPOs 

are ubiquitous in the plant kingdom, excluding Arabidopsis thaliana where no PPO 

encoding genes have been identified in the genome (Sullivan et al., 2004). However, 

in Arabidopsis, the presence of a large family of laccase-encoding genes has been 

reported (McCaig et al., 2005). 
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Tyrosinases are widely distributed in all domains of life from microorganisms to 

mammals. These enzymes are involved with a variety of functions which mainly 

catalyse the o-hydroxylation of monophenols into their corresponding o-diphenols 

and the oxidation of o-diphenols to o-quinones. The catalysis is performed using 

molecular oxygen, which then polymerises to form brown or black pigments. 

Tyrosinases are present in whole cells, tissues from mushrooms, fruits, and 

vegetables, and are mainly involved in the biosynthesis of melanin and other 

polyphenolic compounds. In fungi and vertebrates, tyrosinases catalyse the initial 

step in the formation of the pigment melanin from tyrosine (Chang, 2009). In plants, 

the physiological substrates consist of a variety of phenolics, and tyrosinases 

oxidises them in the browning pathway observed when tissues are injured.  

 

1.6 Laccases 

Laccase was first discovered in the exudates of the Japanese lacquer tree, Rhus 

vernicifera, by Yoshida in 1883 as reported by Thurston (1994). Since then laccases 

have been found to be widely distributed among several taxa including bacterial 

species (Martins et al., 2002), various fungi (Marbach et al., 1984, Slomczynski et 

al., 1995, Minussi et al., 2007, Chen et al., 2011) and Oomycetes (Feng & Li, 2014) 

and higher plants (Joel et al., 1978). Laccase has been observed in the cavities of 

the secretary ducts of Anacardiaceae species, including Mangifera 

indica and Schinus molle (Joel et al., 1978), but rarely found in higher plants. In 

contrast, laccases have wide distribution among different fungal species, discussed 
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in more detail below. Strong laccase activity has been found in basidiomycetes, 

Marasmius quercophilus, a lignin-degrading fungus (Dedeyan et al., 2000). Reduced 

laccase activity has been reported in Cryphonectria parasitica when the fungus is 

associated with the hypovirulent dsRNA virus (Rigling & Van Alfen, 1991), since 

dsRNA can regulate the expression of laccase mRNA at the transcription level. In 

addition, laccases have been found to be present in insects (Dittmer et al., 2004) 

and bacteria (Alexandre & Zhulin, 2000). 

The activity of the enzyme is linked to three different copper sites (Mayer & Staples, 

2002). They are categorised into three groups: Type-1 or blue copper centre, Type-

2 or colourless, and Type-3 or coupled binuclear copper centres (Dwivedi et al., 

2011). These three centres are associated with four copper atoms, including one in 

T1 centre and three in T2 and T3 centres, which make a tri-nuclear cluster (one T2 

and two T3 copper atoms) (Quintanar et al., 2007). In the structure, the Type-1 

copper is bound with two histidine and one cysteine residue in the T1 centre and 

eight histidine residues in the T2/T3 cluster (Piontek et al., 2002, Wu et al., 2013). 

Four-signature sequences (L1–L4) have been found as ungapped regions from the 

multiple sequence alignments of laccases from different fungi (Kumar et al., 2003, 

Giardina et al., 2010). The molecular structures of laccases are common to multi-

copper oxidases (MCOs) (Dwivedi et al., 2011). However, laccases from 

ascomycetes have SDS-gate (Hakulinen et al., 2008), C-terminal DSGL/I/V domain 

(Hakulinen et al., 2002) and F/L residue in axial coordination of the T1 copper, 

allowing laccase to be distinguished from other  MCOs (Eggert et al., 1998).  
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1.6.1 Biochemical and molecular characterisation of fungal laccases 

Laccase activity involves a transfer of electrons from the substrate to the copper 

centres in the enzyme, resulting in substrate oxidation and a reduction in molecular 

oxygen. In this chemical reaction, the substrate loses a single electron at a time and 

usually forms a free radical. The electrons are first accepted by the T1 copper centre 

before being transferred to a tri-nuclear cluster (Hakulinen et al., 2002, Piontek et 

al., 2002). In the process, the molecular oxygen becomes reduced to water and the 

unstable radical undergoes further oxidation or non-enzymatic reactions including 

hydration, disproportionation and polymerisation (Thurston, 1994). This property 

enables laccases to function on an overlapping substrate range, which may vary 

among the different laccases. Thus, laccases extend the substrate oxidation from 

polyphenolics to non-phenolic compounds, xenobiotic compounds (pesticides, 

industrial dyes, PAHs), biopolymers (lignin, starch, cellulose) and other complex 

molecules (Maté et al., 2011). This property of laccases has been utilised in various 

industrial applications. In particular, laccases are used widely in different industries 

such as pulp, paper and textile manufacturing; food production; diagnostics; waste 

water treatment; and chemical compound synthesis (Shraddha et al., 2011). 

Laccases have also been  used as important biocatalysts (Kunamneni et al., 2007) 

in industries, and the majority of them are of fungal origin. Fungal laccases have 

higher redox potential than the laccases originating from plants and bacteria 

(Rodgers et al., 2010). 

The presence of laccases has been documented in various groups of fungi including 

yeast (Tetsch et al., 2006), ascomycetes (Ramos et al., 2011, Arias et al., 2014) 
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such as Botrytis spp, (Marbach et al., 1984, Slomczynski et al., 1995), and 

basidiomycetous; white rot fungi (Hoshida et al., 2001, Mansur et al., 2003) and 

brown rot fungi (An et al., 2015). The occurrence of laccases has been reported in 

almost all wood-rotting and litter-decomposing basidiomycete fungi (Leonowicz et 

al., 2001), except the strong lignin-degrading species, Phanerochaete 

chrysosporium (Larrondo et al., 2003). A rare distribution has also been reported in 

deuteromycetes such as Pestalotiopsis sp. (Chen et al., 2011). Laccases from 

different fungal species have been purified and characterised for molecular mass, 

isoelectric point (PI), optimum pH, optimum temperature and kinetic parameters, 

Michaelis constant (Km) (Dedeyan et al., 2000, Vasdev et al., 2005, Forootanfar et 

al., 2011, Tamilvendan Manavalan, 2013). Laccase of the thermophylic fungus, 

Melanocarpus albomyces, has different chemical properties compared to most other 

known fungi, as this laccase is more thermostable and has a higher pH optimum at 

neutral pH (Kiiskinen et al., 2002). X-ray crystallography data indicates that this 

laccase has novel properties, such as the active site of the enzyme offering the 

potential for being bound by molecular oxygen, and the C terminus of the enzyme 

being embedded inside the protein, towards the tri-nuclear site (Andberg et al., 

2009). Fungal laccases are stable up to 50 °C. Isoelectric point’s (PI) are around pH 

4.0, pH optima for the oxidation of phenolic compounds; e.g. DMP, guaiacol and 

syringaldazine are between 4.0 and 7.0. The optimum pH for the oxidation of ABTS 

is less than 4.0 (Baldrian, 2006). Thus, laccases oxidize a chemically-diverse range 

of substrates. 
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1.6.2 Copy numbers and the diversity of fungal laccases  

Laccase-encoding genes that are located on the same chromosome are referred to 

as copy numbers. It has been shown that gene copy numbers can vary from fungus 

to fungus, regardless of the genus or the species. For instance, Trametes villosa has 

five encoded laccases and two of them are located on the same chromosome (Yaver 

& Golightly, 1996). In Rhizoctonia solani, each of four laccases is present in a single 

copy in the genome (Wahleithner et al., 1996). Single copies of laccase genes have 

also been found in Phlebia radiata (Saloheimo et al., 1991). Pleurotus ostreatus and 

Agaricus bisporus contain two different laccase genes (Perry et al., 1993, Giardina 

et al., 1995). Allelic forms of a single laccase gene have been found in Coriolu 

hirsutus and Neurospora crassa (Germann et al., 1988, Kojima et al., 1990).  

Several laccases have been characterised for a variety of substrates and different 

developmental stages of fungi (Giardina et al., 1995, Yaver & Golightly, 1996, Zhao 

& Kwan, 1999). However, the classification of laccases according to biochemical 

properties, particularly enzymatic activities has been shown to be challenging due 

to the wide and overlapping substrate specificities (Hoegger et al., 2006). Therefore, 

their classification has been based on phylogenetic analyses. The diversity and 

phylogenetic relationship of fungal laccases has been demonstrated to determine 

their relationship to other fungal species (Hoegger et al., 2006, Cázares-García et 

al., 2013). Neighbour-joining, maximum parsimony and Bayesian inference methods 

have revealed that fungal laccases are diverse. For example, copper oxidase 

domains of several laccases of ascomycetes and basidiomycetes available in 

GenBank have been clearly separated into two distinct clusters (Castilho et al., 
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2009). The phylogeny formed by 125 basidiomycetous laccases showed that the 

gene phylogeny does not strictly follow the species phylogeny and the enzymes 

were grouped at least partially according to the lifestyle of the corresponding species 

(Hoegger et al., 2006). 

The diversity of laccases and their different functions are thought to be the result of 

post-translational modifications (González et al., 2003). It has also been argued that 

this diversity is a result of the multiplicity of laccase genes in fungal genomes (Soden 

& Dobson, 2001). This fact is very important for laccases, since the multigene 

character represented by paralogous genes within the genome (Hoegger et al., 

2006) reflects the functional divergence. Many fungal species produce multiple 

enzymes encoded by differentially expressed genes (Wahleithner et al., 1996, Zhao 

& Kwan, 1999). Different genes thus lead to different physiological functions such as 

lignin decay, fruiting body formation, pigmentation, pathogenesis, or competitive 

interactions (Thurston, 1994, Baldrian, 2006, Mander et al., 2006). 

 

1.6.3 Functions of fungal laccases 

To determine the functionality of laccases, the enzyme activity of laccases has been 

assessed (Leonowicz et al., 2001, Minussi et al., 2007). Enzyme activity is calculated 

by measuring the amount of enzyme that converts 1 mM of substrate per minute 

(Park et al., 2015). Generally, in assaying laccase enzyme activity, two substrates 

2, 2 1-azino-bis (3-ethyl-benzthiazoline-6-sulfonic acid (ABTS) (Bourbonnais et al., 

1998) and 2,6-dimethoxyphenol (DMP) (Kuhar & Papinutti, 2014) are used 
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(Suguimoto et al., 2001, Chakroun et al., 2010). In addition to these two substrates, 

L-3,4-dihydroxyphenylalanine (DOPA), guaiacol, 4-methylcatechol, and 

syringaldazine have also been used in several laccase enzyme assays (Eichlerová 

et al., 2012). Based on the substrates that laccases react to, two types of laccase 

activities, polyphenol oxidase I (PPO-I) and polyphenol oxidase II (PPO-II) have 

been described (Dekker & Barbosa, 2001). PPO-I activity is optimally active towards 

ABTS, whereas PPO-II is optimally active towards DMP.  

Traditional techniques based on molecular biology and biochemistry are not 

sufficient to explain the exact functions of laccases, but gene expression patterns 

are important. Traditional gene expression techniques, such as Northern blot 

analysis, are difficult to apply in laccase gene expressions, because the homology 

between genes of a particular family complicates the selection of specific probes. 

Reverse transcription coupled to the PCR technique and multiplex PCR (Gonzalez 

et al., 2003) can be used to investigate the expression pattern of laccases in relation 

to their different functions. Laccases from different fungal species have been 

evaluated by RT-qPCR for different functions (Kiiskinen et al., 2004, Cheong et al., 

2006). Expression levels of laccases in F. velutipes were examined and showed that 

the laccase gene, lac4, was highly expressed at every developmental stage among 

all of the observed laccases and in all fruiting body tissues examined (Kiiskinen et 

al., 2004, Cheong et al., 2006). Although, the expression pattern of laccases has 

been investigated in relation to different functions, less attention has been given to 

studying the regulation of virulence. 
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The regulation of virulence factors in host-pathogen interactions has been 

investigated by genome-wide transcriptional profiling approaches (Noel et al., 2001, 

Ithal et al., 2007, Jeon et al., 2007, O'Connell et al., 2012, Schmidtke et al., 2012, 

Cantu et al., 2013, Wiemann et al., 2013, Zhang et al., 2014). As such, the exact 

function of laccases in virulence can also be investigated by examining transcript 

profiling in the host plants during different stages of fungal infection. For instance, 

transcript profiling of laccases in H. annosum has been examined in host plants 

during the development of root and butt rot in conifers (Kuo et al., 2015). 

Transcriptional profilings when coupled with bioinformatic analysis, functional 

properties (Laukens et al., 2015) and structural properties (Reumers et al., 2009) of 

laccases can also be investigated, since laccases may have additional functions that 

could assist in explaining the role of laccases in fungal virulence. The information 

related to the physiology and functions of proteins can be predicted using 

bioinformatics analysis (Luscombe et al., 2001), as bioinformatics makes inferences 

from molecular biology data, to identify relationships among them and to make useful 

predictions in biology and medicine. The use of different bioinformatics analyses has 

been reviewed through database searches, and sequence comparisons for 

predicting structural (Persson, 2000) and functional properties (Laukens et al., 2015) 

in protein analysis. To date, a number of different computer-based programs have 

been developed, and most of these are available online as described below. 

The prediction of functional and subtle structural properties of proteins involves 

search for domains and families, trans-membrane regions and disulfide bonds, the 

sites of sub-cellular localisation and the presence of signal cleavage sites. Such 
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database searches of a protein enable researchers to elucidate functional and subtle 

structural differences that are responsible for the specific biological functions of 

organisms. Domains are distinct functional and/or structural units of a protein, which 

are responsible for a particular function or interaction, contributing to the overall role 

of a protein. Their presence in a particular protein can be detected using web-based 

tools called conserved domain search services (Marchler-Bauer & Bryant, 2004). 

Sub-cellular localisation is important for elucidating the protein functions involved in 

various cellular processes of a protein (Giraud et al., 1997) that help to explain the 

mechanism by which enzymes, such as laccases, contribute to virulence. 

Most laccases are extracellular while one of the laccase isozymes of Pleurotus 

lignosus is localised intracellularly or on the cell wall (Palmieri et al., 2001). 

Extracellular localisation has been predicted to be associated with the cell wall, and 

explains the ease of access to host tissues (Waterman et al., 2007), which is 

important in virulence. Extracellular secretion is mainly associated with signal 

peptides, which determine the secretion of proteins. Signal peptides regulate the 

translocation of proteins by determining the density and the destination, as described 

by the signal peptide hypothesis  (Blobel, 2000). Therefore, the prediction of LAC 

genes to be contained within a SignalP motif could indicate the cellular localisation, 

which is connected to physiological functions. In the white-rot fungus, Flammulina 

velutipes, eleven laccase genes have been identified and analysis for signal 

peptides revealed that all of these laccases, except LAC3, possess a signal peptide 

(Wang et al., 2015). The extracellular secretary production of LAC4 in Aspergillus 

oryzae has been identified as the modified secretion of the signal peptide (SP) from 
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LAC1 (Yano et al., 2009). The knowledge of putative structural properties of 

laccases and their involvement in the interaction of B. cinerea with its host will 

ultimately lead to a better understanding of the characteristics that render the host 

susceptible to attack by the pathogen.  

Fungal species tend to produce laccases as a mechanism of adapting to different 

environments (Marbach et al., 1983); hence fungal laccases have various 

physiological roles. To date, several functions of fungal laccases have been shown 

to take part in morphogenesis and other physiological processes. In white rot fungi, 

laccases are involved in lignin degradation by oxidising the phenolic subunit of lignin 

(Thurston, 1994). Some plant and human pathogenic fungi have been shown to 

produce laccases in the development of disease. For instance, laccases have been 

shown to be involved in the infection of several plant pathogenic fungi such as 

Rhizoctonia solani (Wahleithner et al., 1996), the chestnut blight fungus C. parasitica  

(Rigling & Van Alfen, 1991, Chung et al., 2008), and the human pathogenic fungus 

Cryptococcus neoformans (Zhu et al., 2001a, Zhu & Williamson, 2004). Spore-

associated laccases of C. neoformans have been shown to be linked with melanin 

biosynthesis (Langfelder et al., 2003, Lin et al., 2012), which is involved in the 

formation of fruiting bodies, conidia and sclerotia, and appressorial melanisation 

(Howard & Valent, 1996, Henson et al., 1999a). 
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1.6.3.1. Laccase in lignin degradation 

Most ligninolytic fungal species produce at least one laccase isoenzyme, and 

investigations into the functional properties of laccases have focused on lignin 

degradation (Mayer & Staples, 2002). Laccases are dominant among ligninolytic 

enzymes in the soil environment (Baldrian, 2006). Laccase producing white-rot fungi 

play an important role in ligninolysis, even though they do not produce all of the 

enzymes involved in ligninolysis (Singh Arora & Kumar Sharma, 2010). Lignin-

degrading fungal species have been evaluated for their laccase production in 

different developmental stages of the fungal growth and the induction system of 

laccases. Copper-supplemented cultures have been shown to be induced laccases 

in white rot basidiomycetes, Pleurotus ostreatus. Among the several laccases of P. 

ostreatus, LACC10 (POXC) has been shown to play a major role during vegetative 

growth of the fungus, as observed from laccase transcript profiling analysis 

(Pezzella et al., 2013). 

 

1.6.3.2. Laccases in fruiting body, conidia and sclerotia formation 

In fruiting body formation of Lentinus edodus, the highest laccase activity has been 

found associated with pigmented areas (primordia and fruiting bodies) and with the 

tissues responsible for structural support (Leatham & Stahmann, 1981). In Pleurotus 

ostreatus, veratryl alcohol inducible laccases increase fruiting body formation 

(Suguimoto et al., 2001). Furthermore, in Pleurotus florida, the disruption of one of 

the two laccase gene (LAC2) has been shown to result in poor mycelial growth and 
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fruiting body formation (Das et al., 1997), suggesting that only one gene (LAC2) is 

involved in fruiting body formation. Conidial laccases of Aspergillus nidulans, have 

been examined with electrophoresis and two enzyme forms have been shown to be 

implicated in conidia formation  (Kurtz & Champe, 1982). In fact, it seems that at 

least one laccase gene is involved in fruiting body and conidia formation. In addition, 

differential expression of laccases at different developmental stages in different 

fruiting body tissues have been analysed by transcriptomes sequencing. In 

Flammulina velutipes, LAC4 has the highest expression levels out of the 11 laccase 

genes on all developmental stages and in all fruiting body tissues examined in this 

fungus (Wang et al., 2015). A. fumigatus laccases have been shown to be up-

regulated and drastically increased in laccase transcripts during conidiation 

(Upadhyay et al., 2013). These findings support the role of laccase in conidia 

formation and fruiting body formation. 

In fungal conidiation and fruiting body formation, laccases are involved in 

melanisation (pigment biosynthesis) so they play an important role in the 

morphogenesis of the fungus. In the fruiting stages of mushrooms laccases help 

oxidative polymerisation of 1, 8-dihydroxynaphthalene to form melanin (Zhao & 

Kwan, 1999). DHN-melanin helps melanisation of runner hyphae and hyphopodia in 

Gaeumannomyces graminis in order to maintain high turgor pressure during host 

penetration (Litvintseva, 2002). Conidial and appressorial melanisation in 

Colletotrichum orbiculare is associated with LAC2, and this function is conserved in 

the LAC2 gene of Colletotrichum spp. (Lin et al., 2012). However, the disruption of 

LAC1 gene of Colletotrichum lagenarium has shown that it does not have a 
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relationship with melanin formation, although melanin biosynthesis is observed 

(Tsuji et al., 2001), and suggesting that another gene could be responsible. In 

Aspergillus fumigatus, conidial melanisation is associated with two laccases, but not 

conserved in all Aspergillius sp. (Upadhyay et al., 2013). As such, laccase-mediated 

melanisation of conidia varies among different genera of fungi. 

 

1.6.3.3. Laccases in fungal pathogenesis  

A limited number of fungal pathogens have been shown to produce laccases that 

play a major role in pathogenesis, as an extracellular enzyme. The role of laccases 

in pathogenesis is not as well understood as it is for lignin degradation. However, 

Ophiostoma novo ulmi, which is responsible for Dutch elm disease, produces high 

amounts of laccases. In contrast, O. ulmi is a weak pathogen and secretes very low 

amounts of laccases (Brasier, 1991). Bar Nun et al., (1988) reported the repression 

of B. cinerea laccase production by the pre-treatment of cucumber fruit with EDTA, 

which transformed it into a weak pathogen. Also, Botrytis squamosa, which has a 

very limited host range, exhibits very low levels of extracellular and intracellular 

laccase activities, whereas B. cinerea, which has a wide range of hosts, exhibits 

higher laccase production. The level of the production of laccases has been 

correlated with the degree of infection in B. cinerea (Grassin & Dubourdieu, 1989), 

and the aggressiveness of the root pathogen, Heterobasidion annosum, in Scots 

pine is related to the presence of laccase (Kuo et al., 2015b). Laccases have also 
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been shown to be associated with the pathogenesis of white rot fungi, causing root 

rot disease in Hevea brasiliensis (Geiger et al., 1986).  

It has been found that fungal pathogens produce laccases to overcome host defence 

mechanisms. In response to pathogen attack, plants produce pathogenicity-related 

(PR) proteins and phytoalexins that are toxic to fungal pathogens (Poloni & 

Schirawski, 2014, Zhang et al., 2015). Fungal pathogens produce laccase to detoxify 

these compounds and thus combat their fungitoxic effects. Therefore, laccase has 

been reviewed as an important enzyme in pathogenesis (Staples & Mayer, 1995). 

Stilbenic phytoalexin degradation has been observed in peanut plants infected with 

Aspergillus flavus (Arias et al., 2014).  

In addition to the direct effects of laccases in pathogenesis, indirect effects as a 

virulence factor have been reported. Generally, melanin represents one of several 

virulence factors for many several pathogenic fungi as described above. In addition, 

Cryptococcus neoformans, the human pathogenic fungus, produces melanin, and 

copper addition has been shown to increase melanin production due to the induction 

of laccase (Waterman et al., 2007, Jiang et al., 2009). The exact functions of 

laccases in pathogenesis are yet to be elucidated in other fungal pathogens.  
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1.7 The role of Botrytis cinerea laccases in the development of grey mould 

in grapes 

Botrytis laccase has been studied in many ways; however, its role for pathogenesis 

has received little attention. Laccase activity in infected grapes has been correlated 

with the level of disease development in infected berries (Grassin & Dubourdieu, 

1989). Three laccase genes (LAC1, LAC2, LAC3) have been characterised and 

deposited in NCBI GenBank, although eleven laccase genes have been identified 

(J.A.L van Kan, pers com). However, the virulence determinant among those has 

not been elucidated. In G. graminis, The LAC3 gene was highly expressed when the 

pathogen was associated with a plant homogenate and during pathogenesis which 

suggests that LAC3 is the virulence determinant (Litvintseva & Henson, 2002). LAC3 

was also found to be the virulence determinant in C. parasitica, the causal organism 

of chestnut blight disease (Kim et al., 2010, Chung et al., 2008). The same situation 

may also occur in B. cinerea, as suggested by the results of a laccase gene knockout 

study by Schouten et al. (2002). LAC1 mutants are not able to oxidise resveratrol, 

whereas LAC2 mutants are able to oxidise resveratrol. However, both mutants can 

cause plant disease (Schouten et al., 2002), implying the involvement of another 

gene in pathogenesis. This other gene may be LAC3 which might determine 

virulence in B. cinerea during grape berry infection. To date, this has yet to be 

proven. By investigating the expression of different laccase genes during infection, 

the involvement of LAC3 gene in pathogenesis can be elucidated. 

Degradation of the stilbene phytoalexins, resveratrol and pterostilbene, in B. cinerea 

culture medium has been identified as due to fungal laccase production  (Grassin & 
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Dubourdieu, 1989, Pezet et al., 1991, Sbaghi et al., 1996).  B. cinerea produces 

laccases to overcome the natural plant defence mechanisms (Sbaghi et al., 1996, 

Pezet, 1998, Schouten et al., 2002). Plants produce PR proteins and resveratrol to 

supress the growth of pathogens in order to protect plants from attack. Laccases 

have been reported to oxidise resveratrol and to make PR proteins insoluble (Sbaghi 

et al., 1996, Pezet, 1998, Schouten et al., 2002). By producing large amounts of 

laccase, B. cinerea is able to easily invade and grow in ripening grape berries 

(Carmen et al., 2009), although the underlying mechanisms involved in this have not 

been fully elucidated.  

B. cinerea has been showed to express different enzyme-forms of laccases 

(Marbach et al., 1983, Dubernet et al., 1977, Slomczynski et al., 1995). Laccases in 

B. cinerea are mainly induced by gallic acid, but pectin can also be an inducer in the 

presence of gallic acid (Marbach et al., 1985). One signal is provided by the 

polyphenolics from the plant and the other one is from pectin that is based on the 

extent of hydrolysis of plant material. The gallic acid-inducible laccase has a 

molecular mass of 36 kDa, with 70% sugars (Marbach et al., 1984) and 32 kDa 

(Pezet, 1998). In addition, laccase has been noted to produce in higher amounts in 

the presence of copper (Sbaghi et al., 1996). Copper has been shown to be the most 

efficient inducer for most lignin-degrading fungi. Copper sulphate (CuSO4)-inducible 

laccase (POXA1b) of P. ostreatus has been shown to be highly expressed after two 

days of incubation in liquid culture (Palmieri et al., 2000). The responsible gene for 

the copper induction in G. graminis has been reported as the LAC2 gene (Litvintseva 

& Henson, 2002). The copper induced laccases have been characterised in 
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B. cinerea, introducing another form of enzyme (75 kDa) (Slomczynski et al., 1995) 

and thus making the understanding of the laccase induction system complex. It 

seems that there is a link among genes, enzymes and inducers. Unfortunately, this 

link has not been established to explain the exact function of B. cinerea laccase in 

pathogenesis. By investigating the expression of different laccase genes with 

respect to gallic acid and copper, the induction of laccases could be elucidated. 

 

1.8 Summary and the project aim 

This review has described B. cinerea, its virulence factors (particularly laccases), 

and the importance of laccases to the wine industry. However, little is known about 

laccases in B. cinerea in terms of pathogenesis. Laccases in B. cinerea have been 

shown to detoxify resveratrol and to inhibit the activity of PR proteins as an adaptive 

mechanism to overcome the plant defence mechanisms. Three laccase genes 

(LAC1, LAC2, and LAC3) have been reported to be involved in the secretion of 

laccases. However, information on the gene/s affecting virulence and the gene 

diversity is lacking. Therefore, this study hypothesised that LAC3 is the virulence 

determinant and the genes (laccases) are conserved. In addition, the presence of 

two different inducers (gallic acid and copper), different enzyme forms and more 

than one gene makes the investigations in relation to laccases even more complex. 

The presence of multiple forms of genes, enzymes and different inducers indicate 

that there is a link between gene enzyme and inducer, but information about this link 

is lacking which makes it difficult to explain the role of laccase in pathogenesis. 
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Therefore, the study hypothesised that there is a link among genes, enzymes and 

inducers. In view of these knowledge gaps, the study sought to address the following 

research questions:  

1) What is the genetic diversity of laccases in B. cinerea?  

2) Which laccase gene/s are involved in pathogenesis and what is the virulence 

determinant? 

3) Does B. cinerea express different laccases depending on the inducers 

present?  

4) Is this expression of laccases in B. cinerea gene-specific? 

5) What is the link between gene, enzyme and inducer?  

 

The overall aim of the present study was to determine the role of laccases in the 

pathogenesis of B. cinerea in grapes. To achieve this aim, the following objectives 

had to be addressed under the research questions: 

1) To investigate the genetic diversity of laccases in B. cinerea and to undertake 

bioinformatics analysis of gene sequences to predict functional and structural 

properties 

2) To optimise RNA extraction from infected grapes 

3) To investigate the expression of laccases during the berry infection 

4) To investigate the laccase expression with gallic acid and copper sulphate. 
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Chapter 2: Diversity and bioinformatics analysis of 
laccases from Botrytis cinerea 
 

2.1 Introduction 

Laccases are copper-containing oxidative enzymes (benzenediol: oxygen 

oxidoreductases, EC 1.10.3.2) known as a blue copper oxidases (Thurston, 1994). 

They belong to the family of multi-copper oxidases (MCOs) (Solomon et al., 1996) 

due to the presence of four copper atoms in the enzyme. Laccases have been found 

in almost all wood-rotting and litter-decomposing basidiomycetes fungi (Leonowicz 

et al., 2001), except Phanerochaete chrysosporium, the strong lignin-degrading 

species (Larrondo et al., 2003). The presence of laccases has been documented in 

various groups of fungi including yeast (Tetsch et al., 2006), ascomycetes (Ramos 

et al., 2011, Arias et al., 2014), basidiomycetous white rot fungi (Hoshida et al., 2001, 

Mansur et al., 2003), and brown rot fungi (An et al., 2015). It has been reported that 

fungal laccases have higher redox potential in comparison to plant, bacterial and 

other laccases (Rodgers et al., 2010). Laccase of fungal origin has been utilised in 

several industrial applications (Kunamneni et al., 2007), including paper and textile 

manufacturing; food production; diagnostics; waste water treatment; and chemical 

synthesis (Shraddha et al., 2011).  

During fungal growth and development, laccases are involved in several 

morphological and physiological functions, including stress defence, conidia and 

sclerotia formation, fruiting body formation, lignin degradation and fungal 
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pathogen/host interactions (Thurston, 1994, Chung et al., 2008, Widiastuti et al., 

2008, Christopher et al., 2014, Xu et al., 2015). The involvement of laccases in 

pathogenesis has received little attention, although there have been several studies 

relating to other functions of laccases. It has been reported that the expression of 

laccases is responsible for the aggressiveness of root disease in the infection of 

Heterobasidion annosum s.s in Scots pine (Kuo et al., 2015) and in the infection of 

Rigidoporus lignosus and Phellinus noxius in rubber (Geiger et al., 1986). In host-

pathogen interactions, laccases are important for successful disease development 

as they are able to inactivate plant defence compounds (Staples & Mayer, 1995, 

Favaron et al., 2009). Although there is a correlation between the level of laccase 

production and the disease development, this relationship appears to differ, 

regardless of the genus or the species that the pathogen belongs to  (Brasier, 1991, 

Bar Nun et al., 1988) which could be explained by the variability in genetic material. 

In the case of grey mould disease in grapes, B. cinerea uses laccase as a virulence 

factor (Favaron et al., 2009); however, the genetic diversity of laccases has not been 

elucidated. An understanding of laccase gene diversity among isolates in B. cinerea 

is crucial for elucidating the pathogenesis mechanisms and their interaction with the 

host plant during evolution.  

In terms of evolution, laccases are widely distributed among several taxa including 

bacterial species (Martins et al., 2002), different fungi (Marbach et al., 1984, 

Slomczynski et al., 1995, Chen et al., 2011) and higher plants (Joel et al., 1978, 

Rigling & Van Alfen, 1991). The diversity of laccase-encoded genes from different 

fungi, such as Fusarium oxysporum, Fonsecaea sp. and Trichoderma sp., has been 
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studied recently (Cázares-García et al., 2013, Kwiatos et al., 2015, Moreno et al., 

2017) and laccase genomic diversity appears to be a growing area of research. In 

spite of genomic research on laccases (Schouten et al., 2002) and biochemical 

research of extracellular laccase activity in B. cinerea (Gigi et al., 1980, Gigi et al., 

1981, Marbach et al., 1984, Bar Nun et al., 1988), laccase diversity and gene 

characterisation have not yet been assessed. Three laccase genes, including two 

fully characterised genes (LAC1, LAC2) and one partially characterised gene (LAC3) 

have been deposited in NCBI GenBank (https://www.ncbi.nlm.nih.gov/). Despite the 

access to the complete genome sequence of B. cinerea (Botryotinia fuckeliana 

B05.10; accession: JH798064.1, NCBI), there are only 11 genes that have been 

predicted as laccase-encoding modules (J.A.L. van Kan pers. com.). The structural 

and functional properties of these genes can be predicted to explain the role that 

they play during the disease development. Such properties (e.g. different protein 

functions, functionally important domains of proteins, the presence of signal peptides 

and localisation) can be predicted by bioinformatics analysis (Mohan & Venugopal, 

2012).  

The aim of the present study was to predict structural and functional properties of 

different laccase genes (LAC1 and LAC2) and to elucidate their genetic diversity in 

B. cinerea with respect to geographic origin of the B. cinerea isolates. 
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2.2 Materials and methods 

   

2.2.1 Isolation of Botrytis species 

Botrytis cinerea was isolated from different grape varieties (Riesling, Shiraz, 

Sangiovese, Semillon and Chardonnay) and from different wine growing regions 

(Wagga Wagga, Hunter Valley, Griffith) in Australia (The isolates used in this study 

are listed in the Table 2.1, results section). Berries with visible signs of grey mould 

were collected from vineyards. Spores were collected by using a sterilised toothpick 

and placed on Dichloran Rose Bengal Chloramphenicol Agar (DRBC) and the agar 

plates incubated at 24 °C in the dark. Pure cultures were obtained by subculturing to 

potato dextrose agar (PDA) plates which were subsequently incubated at 24 °C. The 

resulting cultures were confirmed using spore characteristics and colony 

morphology. All isolates were cultured on PDA slants and stored at 4 °C for short-

term storage.  

 

2.2.2 Qualitative determination of laccase production 

Fifteen B. cinerea isolates representing different regions, and 10 isolates from the 

culture collection at the NWGIC, CSU were randomly selected. Altogether, 25 

isolates of B. cinerea (Table 2.1) were used in the qualitative determination of 

laccase production. Fungal isolates were cultured on PDA supplemented with 2 mM 

2, 2 1-azino-bis (3-ethyl-benzthiazoline-6-sulfonic acid) (ABTS), by inoculating with 
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mycelium (an agar plug of mycelium) of these isolates cut from the actively growing 

edge of a two day-old culture using a sterile blade, followed by incubation at 24 °C 

for two days. 

 

2.2.3 DNA extraction from fungal isolates 

Fifteen fungal isolates representing different regions and three additional randomly 

selected isolates (TN080, VRU0005, and TN077) from the NWGIC culture collection 

were used in the study, making in a total of 18 isolates. All B. cinerea isolates were 

grown in potato dextrose broth (PDB) at 24 °C in the dark, and mycelia were 

harvested from three day-old liquid cultures. The wet mycelia were pressed in 

sterilised Mira cloths (Sigma, USA), which were placed in between two thick layers 

of sterilised paper towels (autoclaved at 121 °C, 20 min, 15 psi). The dried mycelia 

were wrapped with a piece of aluminium foil followed by immediate freezing in liquid 

nitrogen, and stored at -80 °C. Genomic DNA was extracted using the ISOLATE II 

genomic DNA kit (Bioline) following the manufacturer’s instructions. DNA quantity 

and quality were determined using a NanoDrop spectrophotometer (NanoDrop 

2000c spectrophotometer, Thermo Scientific) and diluted to 50 ng/μl in sterile ultra-

pure water.  
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2.2.4 Primer designing and primer specificity 

Primers for amplifying LAC1 and LAC2 were designed using an online PCR primer 

design tool (Integrated DNA technologies, https://sg.idtdna.com/calc/analyzer). 

Already-published gene sequences of LAC1 for B. fuckeliana (GenBank accession 

number: AF243854.1) and LAC2 (GenBank accession number: AF243855.1) were 

used as templates and the specificity of primers was determined using a primer-

BLAST tool (NCBI). All primer pairs were synthesised by Sigma-Aldrich (Table 2.2). 

 

Table  2.2. Primers for PCR amplification of Botrytis cinerea laccases. 

 

 

 

 

 

2.2.5 Optimisation of PCR conditions for LAC1  

In the preliminary PCR experiment, for LAC2, the primer annealing temperature was 

selected as 53 °C and for LAC1, the annealing temperature was selected as 47 °C. 

Since the amplification of the LAC1 gene required an optimisation of annealing 

temperature, gradient PCR was performed using two isolates: UV035 and UV053. 

The temperature gradient was set from 60–50 °C (60 °C, 59.2 °C, 58 °C, 56.1 °C, 

Gene Forward primer sequence  

(5’-3’) 

Reverse primer sequence  

(5’-3’) 

Amplicon 

length 

(bp) 

LAC1 ATGAAGAATTCCTTCTTTAGTT TTATATTCCAGAGTCATCTTGTGG 1,871 

LAC2 ATGAAGTATTCTACAGTCTTTACTG TTAGATTCCAGAATCGTCCTCGGC 2,042 
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53.8 °C, 51.9 °C, 50.7 °C, 50 °C) in a thermocycler (T100, BioRad). PCR was carried 

out in a 50 μl reaction mixture containing 50 ng of DNA, 25 μl of master mixture 

(GoTaq Green master mix, Promega, USA), 1 μl of each primer obtained from 100 

μM stock (Table 2.2) and molecular biology grade water, (Thermo Fisher scientific). 

PCR was performed in a thermal cycler (S1000, BioRad) using the cycling conditions 

of 5 min denaturation at 95 °C; followed by 35 cycles of 1 min at 95 °C, 1 min at 

annealing temperature, 2 min at 72 °C; final extension of 5 min at 72 °C and cooled 

to 4 °C. The PCR results were visualised on a 1% agarose gel stained with gel red 

staining (Biotium), and with 1kb ladder (Bioline) 

 

2.2.6. PCR for laccases; LAC1, LAC2 from all isolates 

PCR amplification was performed for LAC1 and LAC2 with the optimised annealing 

temperatures of 54 °C and 53 °C, respectively. Amplification of both LAC1 and LAC2 

from all B. cinerea isolates were visualised on 1% agarose gels stained with gel red 

(Biotium) and followed by PCR purification for LAC1 (FavoPrep Gel/PCR purification 

mini kit, Fisher Biotech). The bands with the expected size for LAC2 were excised 

from the gel and purified using a gel purification kit (FavoPrep Gel/PCR purification 

mini kit, Fisher Biotech) following the manufacturer’s guidelines. 
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2.2.7 DNA sequencing 

The purified PCR products of LAC1 and LAC2 from 17 fungal isolates along with 

both forward and reverse primers were sent to Australian Genome Research Facility 

(AGRF) for DNA sequencing. 

2.2.8 Bioinformatics analysis 

 

2.2.8.1 Sequence editing and identification 

The raw sequence data was trimmed and both forward and reverse sequences were 

assembled into contigs using CLC genomic work bench (Aarhus, Denmark Ver 3). 

All sequences were then identified using BLASTn search (Chen et al., 2015) and 

aligned using the ClustalW2, multiple sequence alignment tool 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/), with default parameters provided by 

the program (Chenna et al., 2003) .  

 

2.2.8.2 Phylogenetic tree construction 

Phylogenetic analysis of laccases (LAC1, LAC2) was performed using a CLC 

genomic work bench (Aarhus, Denmark Ver 3) with default parameters. Laccase 

gene (LAC1 and LAC2) sequences from other organisms were obtained from 

GenBank using the entries identified from published reports (Cázares-García et al., 

2013) and by directly searching the database. Their respective GenBank accession 

numbers are presented below. The key use for these sequences for each organism 
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in this study appears in parentheses. For the construction of the LAC2 phylogeny; 

Ascomycetes: Botryotinia fuckeliana (Bfu) AF243855.1, Sclerotinia sclerotiorum 

(Ssc) EF050080.1, Gaeumannomyces graminis (Ggr) AJ417686.1, Fusarium 

oxysporum (Fox) EF990895.1, Basidiomycetes: Trametes villosa (Tvi) L49377.1, 

Lentinula edodes (Led) AB055158.1, Animal: Drosophila melanogaster (Dme). For 

the construction of the LAC1 phylogeny; Ascomycetes: Botryotinia fuckeliana (Bfu) 

AF243854.1, Fusarium oxysporum (Fox) EF990894.1, Cryphonectria parasitica 

(Cpa) M73257.1 were used. The sequences were aligned and phylogenetic tress 

were constructed through the Unweighted Pair Group Method with Arithmetic Mean 

(UPGMA). Statistical significance was evaluated with a bootstrapping of 1000 

replication. Phylogenetic trees were confirmed by maximum likelihood method (data 

not shown).   

 

2.2.8.3 Prediction of structural and functional properties of laccases 

For physicochemical characterisation, molecular weight and isoelectric point were 

predicted using the Expasy's Protparam server 

(http://web.expasy.org/protparam.html). The sub-cellular localisation of the encoded 

protein was predicted using the WoLF PSORT programme 

(http://www.genscript.com/wolf-psort.html) (Horton et al., 2007). A domain search 

was achieved with the InterPro program (Hunter et al., 2009) and NCBI domain 

search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The presence of 
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signal peptide cleavage sites were achieved using SignalP 3.0 

(http://www.cbs.dtu.dk/services/SignalP-3.0/) (Dyrløv Bendtsen et al., 2004). 
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2.3. Results 

 

2.3.1 Confirmation of B. cinerea by morphological characters 

Grape bunches infected with Botrytis bunch rot displayed a grey-brown sporulating 

growth of the fungus on the surface of infected bunches (Fig. 2.1).  

 

Figure 2.1. A bunch of Chardonnay grapes infected by Botrytis cinerea and showing grey fungal 

growth with masses of brown spores. 

 

Isolation of B. cinerea on DRBC resulted in the emergence of fungal mycelium. Pure 

cultures of the pathogen were obtained by subculturing the fungal mycelium onto 

PDA (Fig. 2.2).  

The morphological characters (such as the colour of the mycelium and the 

production of a grey-coloured mass of spores (Fig. 2.2b), and conidiophores and 
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conidia in the spore masses, on 7–10 day old cultures) were observed under a 

dissecting (Fig. 2.3) and light microscope, and were characteristic of the general 

morphology of B. cinerea. All B. cinerea isolates were morphologically similar.  

 

Figure 2.2. Schematic illustration of the isolation of Botrytis cinerea using Dichloran Rose Bengal 

Chloramphenicol Agar to obtain a pure culture of the isolate onto potato dextrose agar. 

 

 

Figure 2.3. Dissecting microscopic view of the spore mass of 10-day-old B. cinerea grown on potato 
dextrose agar and incubated at 24 °C in the dark.  
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Microconidia were observed in 5–7day old cultures, whereas both micro- and 

macroconidia were observed from 13–15 days old cultures. All isolates produced 

sclerotia when the culture was 13–15 days old (Fig. 2.4). 

 

 

Figure 2.4. Sclerotia produced by Botrytis cinerea in a 15-day-old culture on potato dextrose agar 

following incubation at 24 °C. 

 
 
2.3.2 ABTS discriminates laccase producing B. cinerea isolates  

During the qualitative screening of B. cinerea isolates for the production of laccase, 

the PDA plates amended with ABTS changed from colourless to a blue-green colour 

around the mycelial plug of each B. cinerea isolates tested (Fig. 2.5, Table 2.1).  
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Figure 2.5. Qualitative determination of laccase production by B. cinerea in 2-day-old cultures on 

potato dextrose agar supplemented with 2 mM ABTS. The isolates with laccase activity convert 

colourless ABTS into ABTS.+, which gives a blue-green colour, indicative of laccase production.  
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Table 2.1. Botrytis cinerea isolates used in this study, their origins and qualitative laccase 
production 
 

a ‘+’ indicates the ability of the isolates to secrete extracellular laccases. ABTS amended PDA plates 
were used as the substrate to determine the extracellular laccase secretion which is indicated by the 
blue-green colour. 

Isolate Grape variety Location Laccase production (qualitative)a 

UV004 Riesling Wagga Wagga, NSW + 

UV005 Riesling Wagga Wagga, NSW + 

UV006 Riesling Wagga Wagga, NSW + 

UV010 Shiraz Hunter Valley, NSW + 

UV018 Shiraz Hunter Valley, NSW + 

UV020 Sangiovese Hunter Valley, NSW + 

UV022 Sangiovese Hunter Valley, NSW + 

UV034 Shiraz Hunter Valley, NSW + 

UV035 Shiraz Hunter Valley, NSW + 

UV036 Semillon Griffith, NSW + 

UV037 Semillon Griffith, NSW + 

UV040 Semillon Griffith, NSW + 

UV051 Semillon Griffith, NSW + 

UV053 Semillon Griffith, NSW + 

UV058 Semillon Griffith, NSW + 

TN080 Chardonnay Mudgee, NSW + 

VRU0005 Pinot-Noir Victoria + 

TN077 Chardonnay Hunter Valley, NSW + 

VRU0016 Tomato Queensland + 

TN188 Grapes Tumbarumba, NSW + 

VRU0011 Straw berry Queensland + 

H10 Grapes unknown + 

VRU0006 Grapes Cowra, NSW + 

TN047 Grapes Hunter Valley, NSW + 

VRU0020 Grapes Coldstream, Victoria + 
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2.3.3. PCR for LAC1 and LAC2, and optimisation of PCR conditions 

The amplification of LAC1 at the annealing temperature of 47 °C resulted in a faint 

band with the expected band corresponding to the size at 1871 bp (Fig. 2.6a). The 

annealing temperature was thus optimised for LAC1 and a single band at the correct 

size (1871 bp) was observed at 54 °C (Fig. 2.7).  

 

 

Figure 2.6. Agarose gel electrophoresis of the PCR amplification of LAC1 (a) and LAC2 (b) of the 

selected fungal isolates A: TN080, B: VRU0005, and C: TN077. PCR was performed with an 

annealing temperature of 47 °C and 53 °C for LAC1 and LAC2, respectively. The amplification of the 

target length was determined by using a 1 kb molecular marker (M).  

 

The amplification of LAC2 at the annealing temperature of 53 °C resulted in the band 

at the correct size (2042 bp) and a nonspecific amplification (Fig. 2.6b). These 2042 

bp bands of all (17) isolates undergone purification and and sequencing for LAC2. 
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Figure 2.7. PCR amplification of LAC1 for Botrytis cinerea isolates UV035 and UV053 at annealing 

temperatures set from 60–50 °C (A: 60 °C, B: 59.2 °C, C: 58 °C, D: 56.1 °C, E: 53.8 °C, F: 51.9 °C, 

G: 50.7 °C, H: 50 °C. The amplification of the target length was determined by using a 1 kb molecular 

marker (M).  

 

2.3.4. Bioinformatics analysis to identify B. cinerea laccases  

 

2.3.4.1. BLASTn search confirms the identity of LAC1 and LAC2 sequences  

The contigs produced for the forward and reverse sequences of LAC1 and LAC2 

showed high homology with the reference sequences deposited in NCBI, GenBank. 

The LAC1 and LAC2 gene sequences exhibited 99% identity, with a reference 

sequence of LAC1 (accession number: AF243854.1) and LAC2 (accession number: 

AF243855.1) of B. fuckeliana, respectively.   
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2.3.4.2. LAC1 and LAC2 have properties to be a virulence factor 

The predicted structural and functional characters of sequenced LAC1 and LAC2 

genes from different B. cinerea isolates are presented in Table 2.3 and Table 2.4, 

respectively. 

LAC1 sequences from isolates UV037, UV051, UV053 and TN077 showed the 

presence of signal peptides, and only two isolates, UV037 and TN077, showed 

copper oxidase domains in LAC1 (Table 2.3). The predicted average molecular 

weight and isoelectric point for LAC1 were 63 kDa and 9, respectively (Table 2.3). 

The absence of signal peptides and multi-copper oxidase 1 and multi-copper 

oxidase 2 domains was shown to be a common feature for LAC1. LAC1 was also 

predicted to be localised extracellularly. 
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Table 2.3. Predicted functional and structural properties for LAC1 of Botrytis cinerea isolates 
collected from different wine growing regions and different wine grape varieties.   

        

Pi’, isoelectric point; ‘Y’, the presence of signal peptides; ‘MCO; Multi-copper oxidase N’, absence of signal peptides; ‘NI’, 

non-prediction of domains in LAC2 gene of different isolates of Botrytis cinerea. Bfu (AF243854.1): LAC1 reference 

sequence in B. cinerea available in NCBI GenBank.  

 

Isolates         

Pi 

Molecular weight 

(kDa) 

Cellular localisation Domains Signal 

peptides 

Bfu (AF243854.1) 5.89 60 Extracellular, including cell wall MCO 1 and 2 Y 

UV004 9.52 65 Integral membrane       protein, endo
plasmic     reticulum 
 

NI N 

UV005 9.52 65 Nuclear, cytoplasmic, mitochondrial 

membrane 

NI N 

UV006 9.43 63 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

UV010 9.22 63 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

UV018 9.30 64 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

UV020 9.49 66 Nuclear, cytoplasmic, mitochondrial 

membrane 

NI N 

UV022 9.22 64 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

UV034 9.22 64 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

UV035 9.49 66 Nuclear, cytoplasmic, mitochondrial 

membrane 

NI N 

UV036 9.22 64 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

UV037 7.77 64 Extracellular, cytoplasmic MCO1 and 2 Y 

UV051 9.30 64 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI Y 

UV053 9.22 64 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI Y 

UV058 9.03 57 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

 

TN080 9.52 64 Nuclear, mitochondrial membrane,    

cytoplasmic 

NI N 

VRU0005 9.03 63 Integral membrane protein, 

endoplasmic reticulum, extracellular 

NI N 

TN077 9.21 64 Nuclear, mitochondrial membrane,    

extracellular 

MCO 1 and 2 Y 
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The predicted properties for LAC2 are different from LAC1 in B. cinerea, since the 

mean predicted isoelectric point (pI) of the LAC2 protein was 4.77, except for in the 

six isolates of UV004, UV006, UV005, UV018, UV034 and UV035 (Table 2.4). Also, 

LAC2 of UV004 and UV006 appeared to differ from the other isolates based on the 

domain structure and localisation, as no domains were predicted and the localisation 

was predicted to be in the endoplasmic reticulum membrane. However, for isolates 

UV005, UV018, UV034, and UV035, LAC2 was predicted to be an extracellular 

protein and to contain an EFG-like signature 2 domain. LAC2 from all of the other 

isolates were predicted to be extracellular proteins and to contain domains that are 

well defined for multi-copper oxidases (Table 2.4). Most isolates, except for UV004, 

UV005 and UV022, showed the presence of signal peptides at the N- terminal 

sequence of the protein. The predicted average molecular weight for the B. cinerea 

LAC2 protein was 67 kDa (Table 2.4). 
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Table 2.4. Predicted functional and structural properties for LAC2 of B. cinerea isolates collected 

from different wine growing regions. 

Isolates Pi Molecular 

weight (kDa) 

Cellular localisation Domains Signal 

peptides 

Bfu (AF243855.1) 4.47 63 Extracellular including cell wall, cytopla
smic 

Cu-oxidase, Cu-oxidase 

2, Cu-oxidase 3 

Y 

UV004 9.75 68 Integral membrane protein, 

endoplasmic reticulum, cytoplasmic 

NI N 

UV005 10 68 Extracellular, cytoplasmic EFG-like domain 

signature 2 

N 

UV006 9.91 67 Integral membrane protein, 

endoplasmic reticulum, cytoplasmic 

NI Y 

UV010 4.47 66 Extracellular, cytoplasmic Cu-oxidase 1,              

Cu-oxidase 2 

Y 

UV018 10 68 Extracellular, cytoplasmic EFG-like domain 

signature 2 

Y 

UV020 4.77 67 Extracellular, cytoplasmic Cu-oxidase 1, Cu-oxidase 

2, Cu-oxidase 3 

Y 

UV022 4.77 68 Extracellular, cytoplasmic Cu-oxidase 1,              

Cu-oxidase 2 

N 

UV034 10 68 Extracellular, cytoplasmic, 

endoplasmic reticulum 

EFG-like domain 

signature 2 

Y 

UV035 10 68 Extracellular, cytoplasmic EFG-like domain 

signature 2 

Y 

UV036 4.77 66 Extracellular, cytoplasmic Cu-oxidase 1,              

Cu-oxidase 2 

Y 

UV037 4.89 67 Extracellular, cytoplasmic Cu-oxidase 1,              

Cu-oxidase 2 

Y 

UV040 4.77 67 Extracellular, cytoplasmic Cu-oxidase 1,              

Cu-oxidase 2 

Y 

UV051 4.77 67 Extracellular, cytoplasmic MCO 1 and 2 Y 

UV053 4.77 67 Extracellular, cytoplasmic MCO 1 and 2 Y 

TN080 4.77 67 Extracellular, cytoplasmic MCO 1 and 2 Y 

VRU0005 4.77 67 Extracellular, cytoplasmic MCO 1 and 2 Y 

TN077 4.77 66 Extracellular, cytoplasmic Cu-oxidase 1,              

Cu-oxidase 2 

Y 

 

‘ Pi’, isoelectric point; ‘Y’, the presence of signal peptides; MCO; Multi copper oxidase; ‘N’, absence of signal peptides; ‘NI’, 

non-prediction of domains in LAC2 gene of different isolates of Botrytis cinerea. Bfu (AF243855.1): LAC2 reference sequence 

in B. cinerea available in NCBI GenBank.  
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2.3.4.3 Phylogenetic analysis confirms laccases are conserved 

In the alignment of gene sequences for both LAC1 and LAC2, isolates were identical 

to each other in more than 98% for both genes.  

For LAC1, isolates were represented by two distinct clusters with a bootstrap value 

of 1000 replication (Fig. 2.8). The GenBank sequence of B. fuckeliana represented 

a separate clade from the rest of the isolates, with a bootstraping of 1000 replication. 

One cluster contained TN080 and TN077, whereas all others were represented by 

the other cluster. TN080 was isolated from Mudgee, NSW, and TN077 was isolated 

from the Hunter Valley, NSW. All the other isolates collected from Wagga Wagga, 

the Hunter Valley, Griffith and Victoria were clustered together regardless of their 

origin (Fig. 2.8).  

Figure 2.8. UPGMA tree of LAC1 nucleotide sequences of isolates of B. cinerea, which represent 
different wine growing regions. Taxon names for B. cinerea isolates are given in UV series and 
GenBank accessions are given in the key shown for Table 1. Bootstrap values are from 1000 
replications. The scale bar indicates a distance equivalent to 0.7 substitutions per site. 

  

0.7 
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The phylogenetic analysis for LAC2 resulted in two distinct clusters with a 

bootstraping of 1000 replication. Isolates UV004 and UV006 were represented by 

two separate clusters, although were shown to be similar as they are separated by 

980. However, with the exception of UV004, all of the others were grouped together 

in a large cluster (Fig. 2.9).  

Figure 2.9. UPGMA tree of LAC2 nucleotide sequences for isolates of B. cinerea, which represent 
different wine growing regions. Taxon names for B. cinerea isolates are given in UV series, and 
GenBank accessions are given in the key shown for Table 1. Bootstrap values are from 1000 
replications. The scale bar indicates a distance equivalent to 0.8 substitutions per site. 

 

The isolates, UV004, UV005 and UV006, originated from Wagga Wagga and were 

represented in three clades, and the isolates, UV018, UV034, UV035, originated 

from the Hunter Valley and were clustered together. Others (which were isolated 

from the Hunter Valley), except UV018, UV034 and UV035, and isolates from 

Mudgee, Griffith and Victoria were grouped together in the large cluster (Fig 2.9). 

 0.8 
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Laccases from B. fuckeliana (Bfu), Fusarium oxysporum (Fox), G garminis (Ggr), 

Sclerotinia sclerotiorum (Ssc) and Drosophila melanogaster (Dme) were 

represented by separate clusters, while the basidiomycetes, Trametes villosa (Tvi) 

and Lentinula edodes (Led), were clustered together (Fig 2.9). 

 

2.4 Discussion  

Botrytis cinerea isolates secreting laccase were screened using ABTS as a 

substrate for the enzyme.  ABTS develops a blue-green colour in PDA plates 

indicative of laccase production. This is a simple way to discriminate laccase positive 

and negative isolates of B. cinerea. When laccases are secreted by the fungus, 

ABTS is oxidised into ABTS.+, the stable cation radicle (Collins et al., 1998), and 

produces a blue-green colour (Terron et al., 2004). In addition, the use of other 

substrates such as guaiacol instead of ABTS has been reported. Guaiacol (0.04%) 

has been used for qualitative screening of fungal laccases (Kalra et al., 2013, Abd 

El Monssef et al., 2016), as the formation of reddish brown zones around the fungal 

colonies indicates the oxidation of guaiacol by laccases. Although this colour 

development did not vary among isolates, all isolates appeared to produce laccases. 

This laccase secretion was presumably due to the constitutive expression of 

laccase, as no inducers were incorporated into the culture medium. The constitutive 

expression of laccases has been reported in other fungal pathogens such as 

Pleurotus sajor-caju (Soden & Dobson, 2001) and Pichia pastoris (Kittl et al., 2012). 
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Multigenes are involved in laccases production, some are constitutive and others 

are inducible. 

The multigene character, which is an important attribute in laccases (Vasina et al., 

2015, Moiseenko et al., 2016), reflects the functional divergence of laccases (e.g. 

lignin decay, fruiting body formation, pigmentation, pathogenesis or competitive 

interactions). The characterisation of each gene was considered in order to elucidate 

the function of laccases that may be involved in the development of disease. The 

two well-annotated genes (LAC1 and LAC2) were thus used and were sequenced 

from different B. cinerea isolates collected from different wine growing regions in 

Australia. These sequences were obtained by Sanger sequencing, which is used for 

sequencing short fragments of DNA (Sanger & Coulson, 1975). However, the use of 

sequencing on its own is not sufficient to elucidate genetic variability among isolates, 

because there are predictable properties in relation to the structure and function of 

laccases associated within these sequences. These properties may be involved in 

pathogenesis in addition to the already-reported functions of laccases (Favaron et 

al., 2009, Schouten et al., 2002).  

The property of signal peptide is a valuable source of information. It determines the 

density and the destination of secretary proteins, as it is proteolytically cleaved when 

the protein arrives at its destination (Matlin, 2001). Signal peptides  are associated 

with the N-terminus of the protein sequences (von Heijne, 1990). This enables 

researchers to determine whether the protein is secretary or not. Signal peptides 

play a fundamental role in protein translocation, including both co-translational 

(Nyathi et al., 2013) and post-translational transfer (Johnson et al., 2013). Therefore, 
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signal peptides have been shown to be involved in the infection process providing 

easy access into the host (Zhang & Henzel, 2004, Yue et al., 2011, González et al., 

2014). B. cinerea laccases were predicted to contain signal peptides indicating the 

use of common secretory pathways in their secretion. However, laccases from all 

isolates do not associate with signal peptides, and this could be due to the strain-

dependent differences in laccase genes among isolates. The distribution of signal 

peptides in LAC2 among the isolates was much more frequent than that for LAC1. 

This could suggest that LAC2 is more important than LAC1 in their physiological 

functions, such as in pathogenesis. As laccase genes from some B. cinerea isolates 

do not have signal peptides, it can be hypothesised that they use unconventional 

secretory pathways, which involve direct translocation across plasma membranes 

of cytoplasmic proteins (such as fibroblast growth factor 2 and intracellular transport 

intermediates, as shown for acyl-CoA binding protein) (Nickel, 2010). The use of the 

unconventional secretary pathways in virulence secretions has been reported in the 

human pathogen, C. neoformans (Kmetzsch et al., 2011, Godinho et al., 2014). 

Extracellularly-secreted proteins are translocated to the surrounding extracellular 

fluid of the organism and localised to the cell wall. In fungi, extracellular proteins are 

secreted by the conventional pathway, via the endoplasmic reticulum (ER) and Golgi 

complex, as well as by the unconventional export route non-mediated by the ER 

(Girard et al., 2013, Vincent & Bedon, 2013). The results based on the bioinformatics 

analysis in this study revealed that laccases in B. cinerea are secreted 

extracellularly. As such secretions can directly deal with the surrounding 

environment, pathogens tend to secrete their virulence factors extracellularly and 
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thus lead to better host/pathogen interactions. In the human bacterial pathogen, 

Streptococci produce a variety of extracellularly secreted proteins, most of which 

have been shown to be virulence factors (Hynes and Sloan, 2016). Not only that, but 

also, in B. cinerea, the secreted proteins are involved in different functional 

categories which cause host protein degradation, such as cell wall-degrading 

enzymes and proteases (e.g. aspartic protease, glyoxal oxidase, cerato-platanin 

domain-containing protein, and malate dehydrogenase) (González-Fernández et al., 

2015). In addition, the secretome analysis at the early stage of infection in B. cinerea 

showed extracellular secretions even during spore germination on the plant surface 

(Espino et al., 2010). It seems that many virulence factors in B. cinerea are secreted 

extracellularly (Gonzalez-Fernandez et al., 2010, González-Fernández et al., 2015), 

which facilitates B. cinerea easily to interact with plant tissues during the whole 

infection process (Girard et al., 2013).  

The cellular localisation of a protein is a valuable source of information that can 

elucidate the function of a particular protein (Giraud et al., 1997), as it explains the 

mechanism by which the enzyme contributes to virulence. The use of different 

bioinformatics analyses in predicting cellular localisation has been reported in other 

studies (Donnes & Hoglund, 2004). B. cinerea laccases were predicted to be 

localised extracellularly in association with the cell wall to enable the pathogen to 

directly interact with host tissues and host immune cell products easily; potentially 

assisting the pathogen to colonise and invade. It has been reported that virulence 

determinants tend to be associated with the cell wall of pathogens (Forrellad et al., 

2013) to enable them to easily access the host. For instance, laccases of C. 
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neoformans, which is a human pathogen, are cell wall-associated and have been 

important in readily accessing the host (Zhu et al., 2001, Waterman et al., 2007). 

Zhu et al., (2001) also reported that laccases in C. neoformans are released from 

the cell wall after being retained. As such, laccases in B. cinerea have been shown 

to be released when necessary after being retained in the cell wall. 

Distinct functional and/or structural units of a protein, which are known as domains, 

can be predicted using the NCBI-conserved domain search tool (Marchler-Bauer & 

Bryant, 2004). The presence of an EFG-like domain signature 2 in only LAC2 from 

a few isolates indicates that LAC2 may have other functions that have not been 

reported so far. The presence of cupredoxin 1, 2 and 3 domains indicates that they 

are typical laccases. Three conserved positions, which are referred to as copper-

binding domains, have been predicted to occur in Phytophthora spp. based on the 

expectation that they are typical laccases (Feng & Li, 2012). These three domains 

are repeatedly organised in laccases from the MCO family (Nakamura & Go, 2005), 

and have been reported to be conserved in laccases among different taxa such as 

bacteria, fungi, and oomycetes (Giardina et al., 2010). These three domains are 

more widely distributed among isolates in LAC2 than LAC1, depending on isolates. 

These copper sites, which are associated with one cysteine and ten histidine 

residues, are responsible for the oxidation mediated by the electron transfer from T1 

to T3 centre (Feng et al., 2015). Structural differences in these sites determines the 

variation in redox potential (Eggert et al., 1998, Canters & Gilardi, 1993), enabling 

them to be involved with different functions, although laccase genes are closely 
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related. As such, LAC2 appears to be more involved in pathogens’ important 

physiological functions in comparison to LAC1.  

Furthermore, the sequence alignment revealed that laccase genes in B. cinerea are 

highly conserved. Conserved traits remain unchanged throughout an organisms’s 

evolution, since they are unique and essential to physiological functions. It has been 

shown that the human pathogen, Pseudomonas aeruginosa, utilises conserved 

virulence factors in order to survive in numerous environments (Wolfgang et al., 

2003, Park et al., 2005). As for bacteria, fungal pathogens have also used conserved 

virulence pathways. For instance, the mitogen-activated protein kinases (MAPKs) 

pathway that develops the molecular dialogue during host-pathogen interactions 

(Rispail et al., 2009, Hamel et al., 2012) has been reported to be conserved in fungal 

pathogens, although the pathogens are distantly related (Yang et al., 2017). In the 

phylogenetic analysis, laccases from Trichoderma spp. showed high identity values 

with laccases from Botrytis fuckeliana, Sclerotia sclerotiorum and Pyrenophora tritici-

repentis, which indicates that laccases may be shared by ascomycetes during 

horizontal gene transfer and suggests that Trichoderma  may have acquired 

laccases from either B. fuckeliana or S. sclerotiorum (Cázares-García et al., 2013). 

In addition, there were two clades for laccases from homobasidiomycetes and 

filamentous ascomycetes identified from the phylogenetic analysis of fungal 

laccases (Hoegger et al., 2006). Furthermore, the current study showed that LAC1 

and LAC2 from all B. cinerea isolates represent one clade, which is clearly 

segregated from different fungal divisions and families, indicating that laccases are 

conserved to each fungal division. Moreover, the phylogenetic analysis of laccases 
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from defferent fungi, bacteria and oomycetes resulted in three main clades for 

different kingdoms (Feng et al., 2015), indicating that laccases are unique to each 

kingdom (although these genes are closely related).  

In phylogenetic analyses, the arrangement of isolates into one main cluster indicates 

that these laccases have intra-species variations. The strain-dependent variations 

have also been reported in five endopolygalacturonase encoding genes (Bcpg1, 

Bcpg2, Bcpg3, Bcpg4, Bcpg5) from 32 strains in B. cinerea depending on the strain 

(Rowe & Kliebenstein, 2007, Cettul et al., 2008). In addition, non-specific 

phytotoxins, including the sesquiterpene botrydial and the polyketide botcinic acid, 

are also expressed during the infection process depending on the B. cinerea strains 

(Siewers et al., 2005, Choquer et al., 2007, Pinedo et al., 2008). These genetic 

variations could be derived by transposable elements (TEs) (Kumari et al., 2014, 

Castanera et al., 2016). Generally, B. cinerea is more prone to TE-mediated genetic 

variations  (Giraud et al., 1999). TEs are exceptional contributors to eukaryotic 

genome diversity by causing mutations and chromosomal rearrangements (Giraud 

et al., 1999). These mutations eventually modulate gene expression, resulting in a 

new regulatory network of proteins (Feschotte, 2008), which creates variation 

among isolates. TE-mediated genetic variations have been observed in yeast 

(Bleykasten-Grosshans et al., 2013), a broad range of filamentous fungi  (Daboussi, 

1996) and humans (Bennett et al., 2004) as the driving source of the structural and 

functional differences in proteins (Daboussi, 1996, Gao et al., 2016).  

Genetic variations are expressed morphologically such as in growth characteristics, 

conidia and sclerotia formation, and in biochemical traits, such as enzyme 
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production (Cotoras & Silva, 2005, Kumari et al., 2014). Although, it is difficult to 

distinguish strains using morphological traits, biochemical properties such as 

enzyme activity, can be used owing to their strain dependence. Strain-dependent 

laccase enzyme activity has been reported in some fungal species (e.g. Aspergillus 

spp. (Gomaa & Momtaz, 2015), and Nigrospora sp. (Passarini et al., 2015)). 

However, morphological characters (e.g. fast growth, and fluffy mycelia with grey 

masses of spores on both infected fruits and culture plates) help to identify 

B. cinerea and to distinguish it from other fungal pathogens. In addition, several 

other characters, such as mycelial growth rate, and sclerotial and conidial 

morphology, are also used in the identification of B. cinerea (Zhou et al., 2014). 

B. cinerea produce macroconidia (Williamson et al., 2007) and microconidia 

(Fukumori et al., 2004) in young cultures and black-coloured sclerotia at the late 

stage of the culture (Tan & Epton, 1973). 

These genetic variabilities in several virulence genes (Valiuskaite et al., 2010, 

Kumari et al., 2014) can be used to elucidate strain-dependent differences in grey 

mould development, if they are correlated with variation in disease severities among 

isolates. It has been shown that there is a correlation between the high degree of 

genetic variability in virulence genes and the variability in virulence among isolates 

in Staphylococcus aureus and Escherichia coli (Tramuta et al., 2011, Spanu et al., 

2012). In the case of B. cinerea, although the genetic variability in laccases is 

obvious among isolates, the relationship with virulence still needs to be established. 

Although there are eleven laccase genes in B. cinerea (J.A.L. van Kan pers. com.), 

only LAC1 and LAC2 were used in the present study, as they are available in NCBI 
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GeneBank.  Although, LAC3 is available in NCBI GeneBank, the full nucleic acid 

sequence of LAC3 is not well annotated. However, these experiments need to be 

extended to investigate the genetic diversity of LAC3.  

 

2.5 Conclusion 

The current study showed that laccase genes in B. cinerea are highly conserved and 

that enzymes may be involved in important physiological functions including 

pathogenesis. In addition, laccases (LAC1, LAC2) vary among the isolates of 

B. cinerea, and thus exhibit intra-species diversity regardless of their origin. 

Furthermore, these variations can be confirmed by the predicted functional and 

structural properties of laccases, as such properties are unequally distributed among 

isolates. Although these properties vary among isolates, some are common, such 

as sub-cellular localisation and the presence of signal peptides in the N-terminal 

domain, which could assist laccases in their involvement in pathogenesis. 

Extracellular localisation associated with the cell wall determines the ability of the 

protein to easily access the host plant. However, in comparison to LAC1 and LAC2, 

LAC2 appears to be involved in pathogenesis as it has typical properties of laccases 

and a virulence factor. The study should be extended to the characterisation of LAC3 

and to investigate its phylogenetic relationships, so as to investigate its genetic 

variabilities among isolates. These genetic variabilities could thus be linked with 

isolate-dependent disease severities, and may elucidate the mechanism of 

pathogenesis in B. cinerea. Therefore, the characterisation of the expression of the 
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three genes (LAC1, LAC2 and LAC3) during the disease development is crucial. 

This characterisation will be explored in Chapter 4, and Chapter 3 will discuss the 

optimisation of RNA extraction from grapes, required for gene expression studies.  
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Chapter 3: Simple and efficient modification of RNA 
extraction from Botrytis cinerea-infected wine 
grapes, and suited for gene expression studies 
 

3.1 Introduction 

RT-qPCR is a powerful and sensitive technique that allows for the quantification of 

mRNA transcripts in gene expression studies (Heid et al., 1996, Regier & Frey, 

2010). The quality of the results are strongly dependent on cDNA synthesis which 

converts starting RNA to DNA for PCR amplifications (Vermeulen et al., 2011). The 

current study requires high quality total RNA from B. cinerea infected grape berries 

aiming to synthesise cDNA, which can be used in downstream gene expression 

analysis. The expression patterns of laccases (LAC1, LAC2, LAC3) in the infection 

process may explain the individual roles of laccases in grey mould development. 

Examining the changes of laccase mRNA transcript levels using RT-qPCR enables 

elucidation of the involvement of laccases during the infection.  Infact, clean and 

intact RNA is crucial in functional genomics studies such as microarray, high 

throughput sequencing and gene expression analysis. Intact RNA is supposed to be 

free from contaminants such as polyphenolics, polysaccharides and proteins, and is 

crucial to minimise technical issues in the subsequent RT-qPCR experiments 

(Koonjul et al., 1999, Tong et al., 2012) and/or other downstream applications 

(Tattersall et al., 2005, Japelaghi et al., 2011,). 

Extraction of clean and intact RNA is difficult to achieve from grape samples due to 

the presence of higher amount of polyphenols that are released following cell 
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disruption. The oxidation of polyphenols results in quinones being produced that 

covalently bind to nucleic acids and thus interfere with RNA extraction. (Mattheus et 

al., 2003). Polysaccharides also display similar physicochemical properties to RNA 

(Sharma et al., 2003, Azevedo et al., 2012). In particular, their UV absorption can be 

similar to that of RNA’s, which can result in inaccurate quantification. In addition, 

polysaccharides including glucose and fructose can co-precipitate with nucleic acids 

into a viscous pellet during RNA extraction. Lipids associated with proteins and 

carbohydrates also interfere with RNA isolation protocols. If these macromolecules 

are present in the extraction, they can interfere with solubility, resulting in inaccurate 

estimations of RNA quantity (Koonjul et al., 1999a & Lindsey, 1999).  

Several commercially available kits have been developed for RNA extraction; 

however, they have been unsuccessful in extracting RNA from plant materials rich 

in polyphenolic substances (Rubio-Piña & Zapata-Pérez, 2011, Hu et al., 2012). This 

issue has been circumvented by the development of custom RNA extraction 

protocols, which are lengthy and involve the use of hazardous organic solvents such 

as phenol and chloroform. In a study by Tattersall et al., (2005), 15 different RNA 

extraction methods were compared and the Tris-LiCl method was the most effective. 

However, this method is time-consuming, requiring five days to complete the 

extraction. Similarly, the method based on cetyl trimethylammonium bromide 

(CTAB) and selective precipitation with LiCl requires two days to complete the 

extraction (Japelaghi et al., 2011, Tong et al., 2012). Protocols requiring lengthy 

extraction periods could result in high RNase exposure, which may affect the quality 

of the RNA. Commercially available kits are often advantageous as they involve 
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simple and straight forward procedures that enable the user to avoid being exposed 

to hazardous organic solvents, and minimise their exposure to RNase. Also, the 

procedures can often be completed within a short period of time.  

Thus, the objective of this study was to improve the performance of the commercially 

available kit, ISOLATE II RNA plant Kit — Bioline, for the extraction of RNA from 

infected grapes to avoid the issues created by polyphenolics. Although the isoate II 

genomic DNA kit — Bioline was used in the previous chapter, optimisation was 

needed when using ISOLATE II RNA plant Kit — Bioline due to the above factors, 

in the extraction of RNA from infected grapes 

 

3.2 Materials and methods 

 

3.2.1 Plant material  

Chardonnay (Vitis vinifera) grape berries (Brix 21) were inoculated with 10 µl of 

spore suspension of B. cinerea (107 spore/ml), and uninoculated berries were used 

as controls. In the inoculation, the spore suspension was pipetted on to the distal 

end of the berry. A subset of berries was collected every 24 hours (daily) post 

inoculation up to 3 days and every 6 hours for the first 24 hours, frozen in liquid 

nitrogen and stored at -80 °C before RNA extraction. 
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3.2.2 RNA extraction from grapes 

Commercially available ISOLATE II RNA Plant Kit — Bioline (NSW, Australia) was 

used in this study. The original protocol provided by the manufacturer (Appendix 4) 

was followed to undertake RNA extraction from infected and control Chardonnay 

grapes. 

 

3.2.3 Optimisation of the RNA extraction protocol 

The original protocol was modified at the first step, which involved lysis. The lysis 

buffer was mixed with PVP 2% (w/v) (sigma) and pre-heated at 65 °C prior to use. 

The lysates were mixed with an increased concentration of 2-Mercaptoethanol (β – 

ME) (Sigma, M7156). Four different combinations of β – ME and PVP were used to 

extract RNA from inoculated and uninoculated berries, as explained below (Table 

3.1).  

Approximately 100 mg of plant material was placed in a pre-cooled 2 ml tube and 

ground to a fine powder with liquid nitrogen as specified in the protocol. One-hundred 

microliters of preheated lysis buffer with and without PVP 2% was transferred into 

the finely powdered infected and control grapes before thawing (Table 3.1). The 

concentration of 2-Mercaptoethanol (β – ME) (Sigma, M7156) was adjusted to 5% 

and 10% of the lysate of both infected and control grape berries, and mixed with 

lysate as mentioned below (Table 3.1).  
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Lysates were then incubated at 65 °C for 10 min and vortexed every 2 min. The 

remaining steps of the extraction were followed according to the manufacturer’s 

protocol (ISOLATE II RNA Plant Kit - Bioline). For the collection of higher yields, 

RNA was eluted three times using nucleic acid free water.  

 

Table 3.1. Experimental units that were used in the modification of the original RNA extraction 

protocol (ISOLATE II RNA Plant Kit — Bioline) from grape berries. 

Sample Amount of β – ME to a final  

concentration (V/V) 

Amount of PVP (w/v) 

A: Uninoculated berries 5% No  

B: Uninoculated berries 10% No 

C: Inoculated berries 10% 2% 

D: Uninoculated berries 10% 2% 

 

The original manufacturer’s RNA extraction protocol (ISOLATE II RNA Plant Kit — 

Bioline) was then compared to the modified protocol using Chardonnay grape 

berries collected prior to inoculation (control) at time 0, 24, 48, and 72 hours post 

inoculation (hpi). The quality and the quantity of RNA was measured using a 

NanoDrop spectrophotometer (NanoDrop 2000c spectrophotometer, Thermo 

Scientific) after each extraction. 
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3.2.4 RNA extraction from grapes at the early stage of the infection          

The optimised method was used to extract RNA from Chardonnay grape berries 

collected at the early stage of the infection. Berries were collected 6, 12, and 18 hpi 

of B. cinerea. The starting plant material was increased approximately to 800 mg in 

order to obtain a higher yield of RNA. Although, separate columns were used for 

filtering lysate, in RNA binding conditions all were passed through one column to 

concentrate total RNA.  

 

3.2.5 cDNA synthesis 

cDNAs were synthesised from 0.5 µg of total RNA in a 20 µl reaction mixture using 

the High Capacity Reverse Transcriptase kit (Applied Biosystems, Thermofisher 

Scientific, USA). The reaction mixture consisted of 2 µl of 10x buffer, 0.8 µl of 25x 

dNTP, 2 µl of 10x RT primers, 1 µl RT enzymes, 4.2 µl of ultra-pure water and 10 µl 

RNA. The reaction conditions for cDNA synthesis were adjusted according to the 

manufacturer’s instructions (Applied Biosystems). 

 

3.2.6 RT-PCR and RT-qPCR 

RT-PCR was performed on a thermal cycler (Bio-Rad) with the GoTaq green master 

mix (Promega, M7122, USA), for both housekeeping genes, with the primers for 

grapevine actin (Reid et al., 2006) and B. cinerea actin (Leroch et al., 2013). The 

PCR reaction mixture of 10 µl contained 5 µl of 2X Go Taq green master mix, 0.1 μl 
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of forward and reverse primer (Table 3.2) obtained from 100 μM stock, 3.8 µl of ultra-

pure water and 1 µl of cDNA. PCR conditions included an initial denaturation step at 

95 °C for 5 min, then 35 cycles at 95 °C for 1 min, 58 °C for 1 min and 72 °C for 2 

min, followed by a final extension at 72 °C for 5 min. The PCR products were 

analysed on a 1.5 % agarose gel stained with gel red (Biotium) and with 100 bp 

ladder (Bioline).  

RT-qPCR was performed for the fungal laccase (LAC3) gene in B. cinerea to validate 

the system on a CFX96 real time system (Bio-Rad). The 10 µl reaction mixture 

consisted of 5 µl of iTaq universal SYBR Green PCR Master Mix (Bio-Rad), 0.1 μl of 

forward and reverse primer (Table 2) obtained from 100 μM stock, 3.8 µl of ultra-

pure water and 1 µl of original cDNA. Cycling conditions included an initial 

denaturation at 95 °C for 3 min, then 46 cycles at 95 °C for 10 sec, 58 °C for 30 sec 

followed by melting curve analysis to confirm the specificity of PCR amplification. 

The relative mRNA expression levels were calculated using the ∆∆Ct method 

(Schmittgen & Livak, 2008) and the gene expression was normalised to the 

housekeeping genes, fungal actin. 
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Table 3.2. Primers used in the study. 

Target Forward Reverse 

Botrytis cinerea 

actin (actA) 

TCTGTCTTGGGTCTTGAGAG GGTGCAAGAGCAGTGATTTC 

Grapevine actin 

(Actin) 

ATGTGCCTGCCATGTATGTTGCC AGCTGCTCTTTGCAGTTTCCAGC 

 

B. cinerea laccase 3 

(LAC3) 

CCCATTGTTCCATACACTGC 

 

CCCATTGTTCCATACACTGC 

 

 
 
 
 
3.3 Results  

 

3.3.1 The original protocol is not successful in grape RNA extraction  

RNA extraction was not successful when the original extraction protocol provided by 

the manufacturer was followed. When the quality of the RNA was measured using a 

NanoDrop spectrophotometer, relatively low readings were given for A260/230 and 

A260/280 ratios. Also, there was no amplification  observed for grapevine and 

B. cinerea actin genes (Fig. 3.1 A), when RT-PCR was performed for cDNA 

synthesised from extracted RNA. 
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Figure 3.1. Agarose gel electrophoresis analysis of RT-PCR product with primers targeting the 
grapevine actin and Botrytis cinerea actin synthase gene for the total RNA extract from Chardonnay 
(Vitis vinifera), collected within 24 hours (daily) post inoculation using ISOLATE II RNA Plant Kit 
(Bioline) before (A) and after (B) the modifications with β – ME to a final concentration of 10% (V/V) 

and PVP 2% (W/v), respectively. 0D, 1D, 2D, 3D are berries collected at time 0, 24, 48, and 72 hpi 
with B. cinerea. NTC = Non template control and –RT = no reverse transcriptase control. The total 
RNA yield (ng/µl), and mean A260/A280 and A260/230 ratios of three measures (N=3) are given 
below each gel panel.  

 

3.3.2 The modified method is successful in the grape RNA extraction 

Combinations C and D showed the amplification of the grapevine actin sythase gene 

(265 bp) (Leroch et al., 2013) when RT-PCR was performed using RNA which was 

extracted with modifications (lysate that was treated with PVP 2% (w/v) and β – ME 

to a final concentration 10% (v/v) in the extraction) (Fig. 3.2). The measurements for 

NanoDrop spectrophototmeter for A260/280 and A260/230 ratios further confirmed 

the improved RNA quality when PVP 2% (w/v) and high concentration of β – ME 

treatments were combined to the original RNA extraction protocol (Fig.3.2).  
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RT-PCR was performed targetting the B. cinerea actin sythase gene (187 bp), using 

cDNA synthesised from RNA from which lysate was treated with PVP 2% (w/v) and 

β – ME to a final concentration 10% (v/v) in the RNA extraction. Interestingly, the 

B. cinerea actin sythase gene was amplified only from inoculated grapes (Fig. 3.2). 

The measurements of NanoDrop spectrophotometer for A260/280 and A260/230 

ratios further showed the improved RNA quality when PVP 2% (w/v) and a high 

concentration of β – ME treatments were combined with the original RNA extraction 

protocol (Fig. 3.2). 

 

3.3.3 The optimised protocol results in RNA in sufficient quality for RT-PCR 

RT-PCR resulted in a single band corresponding with the grapevine (265 bp) (Leroch 

et al., 2013) and B. cinerea actin genes (187 bp) (Fig. 3.1B)  only when cDNA was 

synthesised from the RNA extracted using the modified protocol. The measurements 

of NanoDrop spectrophotometer for A260/280 and A260/230 further highlighted the 

improved quality of the RNA (Fig. 3.1B).  
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Figure 3.2. Agarose gel electrophoresis analysis of RT-PCR product with primers targeting the 
grapevine actin and B. cinerea actin synthase gene for the total RNA extract from Chardonnay (Vitis 
vinifera) using ISOLATE II RNA Plant Kit (Bioline) with four combinations of modifiers. 
A: uninoculated berries were treated with β – ME to a final concentration of 5% (V/V) and no PVP. 
B: uninoculated berries were treated with β – ME to a final concentration of 10% (V/V) and no PVP. 
C: inoculated berries were treated with β – ME to a final concentration of10% (V/V) and PVP 2% 
(W/v). D: uninoculated berries were treated with β – ME to a final concentration of 10% (V/V) and 
PVP 2% (W/v). NTC = Non template control and –RT = no reverse transcriptase control. The total 
RNA yield (ng/µl), and mean A260/A280 and A260/230 ratios of 3 measures (N=3) are given below 
each gel panel. 

 

3.3.4 RT-qPCR confirms the quality of RNA for transcript analysis 

Gene expression analysis by RT-qPCR resulted in disecrete peaks on the melt 

curves separately for two genes, actin and laccase (Fig. 3.3A) and a low quantitation 

cycle, which started at 20 (Fig. 3.3B). 

 

3.3.5 Laccase transcripts can be quantified by gene expression profiling  

RT-qPCR data clearly showed the consistent expression of LAC3 mRNA during 

the disease development (Fig. 3.4). 
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Figure 3.3. RT-qPCR detection of fungal actin and B. cinerea laccase for the cDNA synthesised from 
RNA extracted from infected grapevine berries (Chardonnay). Total RNA was extracted from infected 
berries at 24 hours post inoculation (0, 24, 48, 72 hpi) using the modified method of the ISOLATE II 
RNA Plant Kit (Bioline). Amplification plot (A) and melt curve (B) were from cDNA synthesised from 
total RNA that had been subjected to SYBR Green quantitative real-time PCR with primers targeting 

LAC3 relative gene expression. 

 

 
Figure 3.4. RT-qPCR detection of LAC3 gene expression of B. cinerea laccase when using 
cDNA synthesised from RNA extracted from infected grapevine berries (Chardonnay). Total RNA 
was extracted from B. cinerea-infected berries collected 24 hours post inoculation (0, 24, 48, 72 
hpi) using the ISOLATE II RNA Plant Kit (Bioline) with the modifications. 
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3.3.6 RT-PCR for the fungal genes at early stages of the infection 

There was no amplification observed for B. cinerea actin with the cDNA synthesised 

from RNA extracted from the berries at 6 hpi, whereas the amplification was detected 

at 12 hpi and 18 hpi. (Fig. 3.5A). When the starting amount of plant material was 

increased, B. cinerea actin was amplified at 6 hpi (Fig. 3.5B). 

 

 

Figure 3.5. Agarose gel electrophoresis analysis of RT-PCR product with primers targeting the A) 
Botrytis cinerea actin synthase gene, and B) grapevine actin and Botrytis cinerea actin synthase gene 
for the total RNA extract from Chardonnay (Vitis vinifera) collected within 6, 12, 18 hours post 
inoculation using the modified method of the ISOLATE II RNA Plant Kit (Bioline). The amount of 
starting plant material was increased for the RNA extraction at 6, 12, 18 hpi and A) before and B) after 
using the increased amount of initial plant material for the RNA extraction, (which shows the 
amplification of fungal actin synthase gene at 6 hpi). 

 



90 

 

3.4 Discussion 

Commercially available RNA extraction kits provide robust protocols to isolate RNA 

from many biological systems (Fromm et al., 2011, Sellin Jeffries et al., 2014). 

However, the application of these kits in plant-related biological systems is difficult 

compared to animal cellular systems, since plant tissues are rich in polyphenols and 

polysaccharides (Mattheus et al., 2003, Sharma et al., 2003, Azevedo et al., 2012). 

On the other hand, these RNA extraction kits contain guanidine, which can 

irreversibly inactivate RNA degrading nucleases. The commercially available kit 

selected in the present study, the ISOLATE II RNA Plant Kit, contains guanidine, 

and has been developed for RNA extraction from both fungal and plant systems. 

Infact, RNA extraction from in-vitro grown fungal mycelia, the kit (ISOLATE II RNA 

Plant Kit) yielded RNA with expected quality and quantity. However, in the work of 

infected grapes, the housekeeping gene, B. cinerea actin, was not amplified with the 

cDNA synthesised following the manufacturer’s original method. Thus, the protocol 

was modified, with a particular emphasis on counteracting the effects of 

polyphenolics and polysaccharides in mature grapes.  

In the modifications of the standard protocol (ISOLATE II RNA Plant Kit – Bioline), 

RNA extracted from inoculated and uninoculated berries with and without PVP and 

two different concentrations of β – ME were compared. The RNA from the samples 

A and B (A: uninoculated berries were treated with β – ME to a final concentration 

of 5% (v/v) and no PVP, B: uninoculated berries were treated with β – ME to a final 

concentration of 10% (v/v) and no PVP) treated without PVP were shown to yield a 

reduced quality of cDNA as monitored by RT-PCR, since amplification of the 
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B. cinerea and grapevine actin gene was not observed. Interestingly, the actin genes 

from both B. cinerea and grapes were amplified with the cDNA synthesised from the 

RNA extracted with the inclusion of PVP and β – ME (C: inoculated berries were 

treated with β – ME to a final concentration of10% (v/v) and PVP 2% (w/v), D: 

uninoculated berries were treated with β – ME to a final concentration of 10% (v/v) 

and PVP 2% (w/v), highlighting the importance of the incorporation of PVP into the 

lysis buffer that comes with commercial kits to obtain polyphenolic-free RNA from 

infected grape berries. In most of the custom RNA extraction protocols, 2% PVP has 

been an important ingredient, particularly for extracting RNA from plant materials 

rich in polyphenolics compounds (Koonjul et al., 1999, Rubio-Piña & Zapata-Pérez, 

2011, Xiao et al., 2015). There are two forms of PVP, soluble and insoluble that have 

been used in RNA extraction protocols (Schultz et al., 1994, Iandolino et al., 2004, 

Gambino & Gribaudo, 2006, Japelaghi et al., 2011). Generally insoluble PVP 

requires multiple extractions that cause volume loss of RNA, whereas soluble PVP 

does not cause this problem. Insoluble PVP is compatible with the buffer and helps 

in removing most secondary metabolites and the concentrations below or above 2% 

do not affect RNA recovery (Vasanthaiah et al., 2008). Soluble PVP provides 

immediate contact with phenolic compounds during homogenisation, and therefore 

an effective recovery of RNA. The PVP produces complexes with polyphenols 

through hydrogen bonds, which allows polyphenols to be separated from nucleic 

acids (Dash, 2013).  

2-Mercaptoethanol (β – ME) was used to inhibit RNase activity in the samples, since 

it irreversibly denatures RNases by reducing disulphide bonds and destroying the 
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native conformation required for enzyme functionality. Phenolics have been 

removed in mangrove plants by adding β - ME to produce a final concentration of 

10% (v/v) and 2% (w/v) PVP to the extraction buffer in the custom method (Rubio-

Piña & Zapata-Pérez, 2011). Temporary denaturing effects of guanidinium 

isothiocyanate (GITC) in the lysis buffer together with β-ME would assist in 

completely inhibiting any RNases present in the material from which RNA is 

extracted. Given this information relating to PVP and β – ME, for this study PVP was 

incorporated into the lysis buffer that comes along with the commercially available 

kit and the concentration of β – ME was increased, in these modifications. In 

addition, the lysis buffer was preheated at 65 °C before adding the ground plant 

material, and followed by the incubation of the lysate at 65 °C for 10 minutes with 

vigorous shaking every 2 minutes to inhibit RNases, which are highly present in 

mature and infected berry tissues. It is necessary to use pre-warmed extraction 

buffer to recover more RNA, since mature and diseased tissue synthesise less RNA 

and more secondary metabolites (Vasanthaiah et al., 2008). 

When the original RNA extraction protocol was compared with the modified protocol 

(ISOLATE II RNA Plant Kit — Bioline), the efficiency of the modified protocol in RNA 

extraction was obvious, as actin synthase genes from both the grapes and 

pathogens were amplified during the infection process. Accordingly, the resultant 

single bands, which were targeting the primers for grapevine actin (Leroch et al., 

2013) and B. cinerea actin, indicate that the RNA was PCR-amplifiable and free of 

any inhibitors. Furthermore, the melt curve analysis and amplification plots resulting 

from RT-PCR and RT-qPCR, indicated that the modifications of the RNA extraction 



93 

 

protocol were satisfactory for the detection of fungal actin and fungal laccase in 

infected berries (Fortina et al., 1996). Relative LAC3 mRNA expressions levels 

further suggested that the modified RNA extraction protocol could result in RNA of 

sufficient quality to produce cDNA for RT-PCR and RT-qPCR analysis. Indeed, the 

modified RNA extraction protocol was applicable for gene expression studies in 

B. cinerea infected grapevines and it will also be useful for isolating high quality RNA 

from plants containing high concentrations of polyphenols and polysaccharides for 

use in downstream applications such as RT-PCR and RT-qPCR. 

Although the modified method was applied, the amplification of fungal actin was not 

successful at the early stages of the infection. There was no detectable amplification 

of B. cinerea actin at 6 hpi, possibly due to the lack of a sufficient yield of fungal 

RNA. After 6 hours of inoculation, the low growth of the pathogen produces low 

amounts of fungal RNA, which limits the success of RT-PCR. At this stage, the 

majority of the extracted RNA is of plant origin, and creates this issue when targeting 

pathogen genes in RT-PCR. The dominance of plant RNA created a challenge for 

assessing virulence genes in bacteria-infected plant leaves, and the issue has been 

circumvented by increasing the starting amount of plant material in the RNA 

extraction (Soto-Suarez et al., 2010, Fink et al., 2012, Goudeau et al., 2013). An 

increased amount of starting material was thus used in the RNA extraction at the 

early stages of the infection (6, 12, 18 hpi), which resulted in the amplification of 

fungal actin.  

Grapes are a challenging form of plant material for RNA extraction; thus it was 

difficult to meet expected absorbance ratios for the quality measurements. RNA 
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quality has been defined as a combination of RNA purity and RNA integrity (Becker 

et al., 2010). RNA integrity has been tested on an Agilent BioAnalyser (Agilent 

Technologies, Palo Alto, CA) and the RNA integrity number (RIN) algorithm number 

is considered on a scale from 1 to 10, where level 10 is considered the most intact 

pure RNA, and 1 represents the most degraded profile of the RNA (Mueller, 2004, 

Kałużna et al., 2016). RNA integrity has been measured in grapes along with other 

plant materials. The highest RIN (6.2) was from tobacco, whereas no RIN was 

assessed for grapes (Kim, 2016). However, Kim, (2016) further observed that there 

was no sign of degradation of this RNA in the gel. This was evidence for the 

importance of using gel analysis rather than only instrumental readings for 

measuring the quality of grape RNA. This implies that grapes are different from other 

plant material needing special attention with regard to RNA extraction. In addition, 

the acquisition of quality RNA from infected plant tissues is even more challenging 

since RNase, the RNA-inhibiting enzymes can be produced by the pathogen (Kiefer 

et al., 2000, Suzuki et al., 2008). Different methods have been reported for the 

extraction of high quality RNA from grapes (Reid et al., 2006, Tao et al., 2012, Xiao 

et al., 2015). In fact, developing robust RNA extraction protocols are necessary to 

understand grape berry-fungal interactions at the molecular level. 

 

3.5 Conclusions 

Grapes contain higher amounts of polyphenols and polysaccharides that limit the 

quality of RNA extracted using commercially available kits. The current study 
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modified the protocol of the commercially available kit (BIOLINE) by including PVP 

and increasing the concentration of 2-Mercaptoethanol and using pre-warmed 

extraction buffer. The modified protocol yielded RNA from B. cinerea-infected 

Chardonnay berry tissues, which was suitable for RT-qPCR detection of fungal 

genes. A consistent cDNA profile displayed from RT-PCR and RT-qPCR assured 

the use of the extracted RNA in transcript analysis. Such modifications might be 

applicable to other commercially available kits for efficient RNA extraction from the 

other plant materials rich with polyphenolics and polysaccharides. The use of 

commercially available kits in the RNA extraction from infected grapes was 

optimised achieving the second objective of the thesis. The optimised method will 

be applied in chapter 4 of this thesis to extract RNA from B. cinerea infected grapes. 
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Chapter 4: Expression of laccases in Botrytis 
cinerea during the infection of grape berries 

 

4.1 Introduction 

The infection process of Botrytis cinerea includes penetration into the host tissues, 

the killing of host tissue and primary lesion formation, lesion expansion or tissue 

maceration, and sporulation (Prins et al., 2000, van Kan, 2006). A successful 

infection is mediated by numerous extracellular enzymes, protein and other 

metabolites (van Kan, 2006, Nakajima & Akutsu, 2014,). Comparative analysis of 

the B. cinerea secretome has shown a number of proteins are secreted, several of 

which are extracellular enzymes (Shah et al., 2009a, Espino et al., 2010) and include 

pathogenicity factors. These compounds include cell wall-degrading enzymes, and 

non-specific phytotoxic metabolites (botrydial and botcinolides and boosting 

compounds produced during the plant hypersensitive response (HR) and 

accumulation of reactive oxygen species (ROS)) (Sasaki & Nagayama, 1996, 

Deighton et al., 2001, Flors et al., 2007, Williamson et al., 2007, Shah et al., 2009b, 

Amselem et al., 2011a, Govrin & Levine, Sinha et al., 2015). Although the HR is 

related to plant defence mechanisms, B. cinerea, as a necrotrophic pathogen, is able 

to take advantage of the dead tissue around the infected area for rapid colonisation 

of its hosts (Govrin & Levine, 2000, Williamson et al., 2007). It has been reported 

that the protein, BcPls1, is involved in pathogenesis in B. cinerea through the 

induction of HR (Shah et al., 2012, González-Fernández et al., 2014). All of these 

compounds, directly and indirectly involved with the infection process are thus 
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commonly known as virulence factors based on the role that they take part in during 

the infection stage (Staples & Mayer, 1995, Nakajima & Akutsu, 2014,).   

Different virulence factors are involved with different stages of the grey mould 

development (van Kan, 2006) many of which are inducible and directly and indirectly 

facilitate the infection process (Kapat et al., 1998, Choquer et al., 2007, Kelloniemi 

et al., 2015). The induction is associated with a complex signalling network that 

regulates the secretion of a large set of enzymes which are important from early to 

late stages of infection (González et al., 2016). High expression and activity of 

inducible enzymes have been observed at the onset of conidial germination and 

during hyphal penetration (van Kan et al., 1997). Some of these enzymes are 

responsible for degrading pectin substances in plant cell walls, thus enabling the 

fungus to spread within the host (Tiedemann, 1997, Shah et al., 2009b). 

Furthermore, they can detoxify the defence compounds derived from the host for 

lesion expansion (Staples & Mayer, 1995). The enzymes involved include β-

glucosidase, pectin methylesterases, polygalacturonases, aspartate proteinase, 

benzyl alcohol oxidase and laccase (Johnston & Williamson, 1992, Viterbo et al., 

1992, Have et al., 1998, Rha et al., 2001, Valette-Collet et al., 2003, Brito et al., 

2006, Nafisi et al., 2014). These enzymes affect plant tissues, and can be 

categorised into two groups based on the growth phase (i.e. exponential or 

stationary) (Staples & Mayer, 1995).  

Laccases are copper containing oxidative enzymes that catalyse the oxidative 

reactions of phenolic compounds and belong to the multi-copper oxidase (MCO) 

family and to the group of polyphenol oxidases (Thurston, 1994). Polyphenol 
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oxidation in wine causes a negative flavour profile when the wine is made from 

Botrytis-infected grapes. Laccases are produced by the pathogen during infection, 

resulting in inferior wine quality (Grassin & Dubourdieu, 1989, Dewey et al., 2008, 

Steel et al., 2013). Laccase is strongly associated with virulence in Botrytis spp., 

since the repression of laccase results in reduced virulence in B. cinerea, and low 

levels of laccase production in B. squamosa limits its own host range (Bar Nun et 

al., 1988). Laccase activity in grey mould development is related to the different 

developmental stages of B. cinerea in infected grapes (Grassin & Dubourdieu, 

1989). A correlation between laccase activity and the levels of Botrytis-rot has been 

demonstrated in grape juice samples, and thus laccase activity has been used as 

an indirect measure of fungal virulence in wineries (Dewey et al., 2008).  

B. cinerea laccases appear to be involved in overcoming plant defence mechanism 

(Staples & Mayer, 1995). Although the ability of oxidation of stilbenic phytoalexins 

has been reported (Sbaghi et al., 1996), it seems that only this function is not 

sufficient to develop the disease, since B. cinerea has multiple forms of laccases 

(J.A.L. van Kan pers. com.) that could be involved with disease progression. Indeed, 

three laccase genes (LAC1, LAC2, and LAC3) have been reported, and of these, 

LAC2 has been observed to be responsible for the oxidation of resveratrol (Schouten 

et al., 2002). However, LAC2-deficient B. cinerea mutants that have lost the ability 

to oxidise resveratrol, have been associated with disease development (Schouten 

et al., 2002), suggesting that another enzyme other than LAC2 may be involved in 

the infection process. On the other hand, Favaron et al., (2009) have found that 

laccase produced by B. cinerea during the infection of grapes results in the 
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pathogenicity-related (PR) proteins becoming insoluble, and this is a mechanism 

used to cope with plant defence mechanism. PR proteins are induced in plants as a 

response to attack by pathogens, and they act to prevent  the disease from 

progressing (van Loon et al., 1994). The enzyme involved in making the PR protein 

insoluble has not yet been identified, and it is assumed that this enzyme could be 

the virulence determinant. In this present study, it was hypothesised that LAC3 might 

be the virulence determinant.  

Thus, this chapter investigated gene expression profiles of three different laccases 

(LAC1, LAC2, LAC3) during the development of grey mould in grapes using detached 

berry assay in-vitro. The experiment considered a deliberate wet inoculation of the 

pathogen in laboratory conditions, as a model to investigate the expression profile 

of laccases.   

 

4.2 Materials and methods 

 

4.2.1 Fungal isolates and culture conditions 

Ten isolates of B. cinerea were randomly selected from the culture collection of the 

National Wine Grape Industry Centre (NWGIC), Charles Sturt University (Table 4.1). 

Fungal isolates were cultured on potato dextrose agar (PDA, Oxoid, UK) and 

incubated at 24 °C. Conidia were harvested from 12–15-day-old cultures using a 
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glass spatula and 5 ml of distilled water. The spore concentration was quantified with 

a haemocytometer and adjusted to 1x105 spores/ml with sterilised distilled water. 

  

4.2.2 Pathogenicity test   

 

4.2.2.1 Plant materials and sterilisation   

A pathogenicity test was performed using detached grape berries of Thompson 

Seedless table grapes (18 °Brix) and Chardonnay wine grapes (25 °Brix). Berries 

were surface-sterilised by dipping the detached berries in a 2% vol/vol bleach 

solution for 2 min, followed by washing thrice with sterilised distilled water for 1 min, 

3 min and 5 min at each time. 

Table 4.1. Selected Botrytis cinerea spp. isolates used in this study and their origin. 

Isolates Host Place of isolation 

VRU0016 Tomatoes Queensland 
TN188 Grapes Tumbarumba, NSW 
VRU0005 Grapes Victoria 
VRU0011 Strawberries Queensland 
TN080 Grapes Queensland 
H10 Grapes Unknown 
VRU0006 Grapes Cowra, NSW 
TN047 Grapes Hunter Valley, NSW 
VRU0020 Grapes Coldstream, Victoria 
TN077 Grapes Hunter Valley, NSW 
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4.2.2.2 Pathogen inoculation 

Chardonnay grapes were placed in 24-cell culture plates (Cellstra, Greiner Bio-one) 

(Fig. 4.1A). Thompson Seedless grape berries, which were larger in size compared 

to Chardonnay grapes, were transferred to a wire rack, and placed in a sterilised box 

(Fig. 4.1B). Each berry was then wounded to an approximate depth of 1 mm at the 

distal end using a sterile needle. A 10 µl spore suspension (1x105 spores/ml) was 

pipetted on to the wound, and the berries were incubated at 24 °C. Water was used 

as the control. The experiment was repeated three times. 

 
 

 
Figure 4.1. The experimental setup which shows the inoculation of Chardonnay wine grapes (A) and 
Thompson Seedless table grapes (B) with a spore suspension of B. cinerea. Twenty-five berries from 
table grapes and 24 berries from wine grapes were placed on the wire rack and the cell culture plates, 
respectively. 

 

 

The disease development was evaluated considering the prominent symptoms after 

4 days and 7 days incubation for Chardonnay and Thompson Seedless grapes, 

respectively. To quantify the disease severity of each isolate, a numerical scale was 
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developed using most prominent symptoms specific to each grape variety. For 

Chardonnay, mycelia growth on the berry surface and, for Thompson Seedless, 

percentage (%) lesion development was considered. The numerical scale ranged 

from 0 to 4 as described below.  

For Thompson Seedless percentage (%) of lesion on berry surface; 0 = 0%, 1=25%, 

2 = 50%, 3 =75%, 4=100% (Fig. 4.2a, Page 111). 

For Chardonnay berry; 0 = no infection, 1 = mycelium on berries, 2 = mycelium with 

visible spores, 3 = sporulating mycelium covering at least 50% of the berry, 4 = 

sporulating mycelium covering greater than 50% of the berry (Fig. 4.2b, page 111). 

The total number of infected berries was counted and the disease severity of each 

isolate was calculated by using a disease severity index as described by Kim et al., 

(2007). The experimental design included three biological replicates for each isolate, 

and isolates were compared for pathogenicity. One isolate with high virulence, 

TN080, was selected for RT-qPCR analysis and expression of laccases during 

disease development.  

 

Disease  
severity (%) = (∑ number of infected berries * disease severity index) x 100 

                           (Number of indices x number of berries inoculated) 
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4.2.2.3 Pathogenicity test for RT-qPCR analysis, laccase activity and protein 

assay 

A preliminary experiment was performed using Thompson Seedless grapes and 

then repeated with the Chardonnay ones. The experiment was conducted using 

three biological replicates, following the same method described above in the 

pathogenicity test, but without wounding the berry surface prior to the inoculation of 

B. cinerea isolate, TN080.  

 

4.2.3 Sample collection 

Individual berries (inoculated) were collected at 6-hourly intervals for four days, and 

each were snap frozen in liquid nitrogen and stored at -80 °C. However, to investigate 

gene expression, the lesion expansion with time (0; control, 24, 48, 96, 144 hpi for 

Thompson seedless and 0; control, 24, 48, 72, 96 hpi for Chardonnay) was 

considered. Only Chardonnay grapes were then used to investigate gene expression 

at early stage of infection (6, 12 and 18 hpi) as this cultivar developed grey mould 

more quickly than Thompson seedless.  

 

4.2.4 RNA extraction from infected berries and cDNA synthesis 

About 200 mg of berry tissues from inoculated berries and control berries were 

frozen in liquid nitrogen and ground with a mortar and pestle. Total RNA was 
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extracted from the ground tissues using the optimised method of RNA extraction 

described in Chapter 3. A total of 0.5 µg of RNA from each sample was used as a 

template to generate cDNA in a 20 µg reaction mixture using the Reverse 

Transcriptase kit (Applied Biosystems, Thermofisher Scientific, USA) and oligo (dT) 

primers. The reaction mixture consisted of 2 µl of 10x buffer, 0.8 µl of 25x dNTP, 2 

µl of 10x RT primers, 1 µl RT enzymes, 4.2 µl of ultra-pure water, and 10 µl of 1 µg 

RNA. The reaction conditions for cDNA synthesis were adjusted according to the 

manufacturer’s instructions (Applied Biosystems). 

 

4.2.5 Analysis of laccase gene expression with RT-qPCR 

cDNA synthesised from RNA extracted from Thompson Seedless grapes prior to 

inoculation (control) or 0, 24, 48, 96, 144 hpi, and from Chardonnay grapes prior to 

inoculation (control) or 0, 24, 48, 72, 96 hpi, was used as a template for RT-qPCR. 

RT-qPCR was performed by combining iTAQ Universal SYBR Green Supermix 

master mix (Bio-Rad) with the primers designed for laccases (Table 4.2) and the 

cDNA templates. Fluorescence monitoring during template amplification in a CFX96 

real time system (Bio-Rad) was performed using actA (actin) as the reference gene. 

Mean laccase (LAC1, LAC2, LAC3) gene expression levels were normalised to the 

expression of actA (Table 4.2) as housekeeping genes, and calculated relative to 0 

hpi with the ∆∆Ct method (Schmittgen & Livak, 2008). 
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Table4.2. PCR primers used in this study.  

Target Forward sequence (5’-3’) Reverse sequence (5’-3’) Amplicon 

length (bp) 

Botrytis                                         

cinerea actin 

(actA) 

TCTGTCTTGGGTCTTGAGAG GGTGCAAGAGCAGTGATTTC 187 

Grapevine 

actin (actin) 

ATGTGCCTGCCATGTATGTTGCC AGCTGCTCTTTGCAGTTTCCAGC 

 

265 

B. cinerea 

laccase 1 

(LAC1) 

TCAGTACGACGGAGTTCCAG ACCATAGTTGTCCGCATGAA 139 

B. cinerea 

laccase 2 

(LAC2) 

TCCAAGATTGGGCACATAAA ACCAACGCAGTTAGCATCAG 140 

B. cinerea 

laccase 3 

(LAC3) 

CCCATTGTTCCATACACTGC CCCATTGTTCCATACACTGC 115 

 

Laccase gene expression at early stage of the infection (6, 12 and 18 hpi) was then 

investigated for Chardonnay grapes. The same procedure was applied in the RNA 

extraction of Chardonnay at 6, 12 and 18 hpi and followed by RT-qPCR analysis.  

 

4.2.6 Determination of enzyme activity, total protein and pH in infected berry 

extracts 

Chardonnay grapes inoculated with B. cinerea isolate TN080 (collected at the same 

intervals as above) and uninoculated berries were analysed for laccase activity. 

Berries were placed in a clear self-seal bag and were crushed by hand to prepare 

the berry extract. The extract was then transferred to 50 ml centrifuge tubes followed 

by centrifugation at 12,000 rpm. The supernatant was collected and assayed for 
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laccase activity. Measurement of the enzyme activity was based on the oxidative 

dimerisation of ABTS (2,2′-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) (Sigma, 

Castle Hill NSW 1765, Australia) in a final volume of 1 ml. The reaction mixture 

consisted of 100 µl of ABTS (26 mg/ml), 800 µl of 0.1 M phosphate buffer (pH 6.0) 

and 100 µl of enzyme extract (culture filtrate). The reaction was incubated at room 

temperature (24 °C) for up to 5 min, (during which time the reaction was linear) and 

the absorbance was measured at 436 nm (Guetsky et al., 2005) using a UV visible 

spectrophotometer (Thermo Scientific Helios). One unit (U) of enzyme activity was 

defined as the amount of enzyme that converted one micro mole of substrate per 

minute. Enzyme activities of all the samples were expressed as U ml−1. 

The total amount of protein present in the extract was determined by the Bradford 

method (Bradford, 1976) and presented as mg/ml. A calibration curve was 

constructed from three replicates Bovine Serum Albumin (BSA, Sigma, St. Louis, 

MO 63103, USA) with concentrations ranging from 0.1 to 1 mg/ml as a standard. 

The pH of berry extract was measured using a pH meter (S20 SevenEasyTM pH). 

 

4.2.7 Purification of laccase from berry extract 

Extracts prepared from berries (uninoculated; 0 hpi and inoculated; 96 hpi) were 

treated with polyvinylpyrrolidone (PVP) as previously described by Van Sluyter et al., 

(2009). Juice was filtered through three layers of sterile surgical gauze 

(10 cm x 10 cm, BSN Medical, Australia), and then filtered through 0.45 µm syringe 

filters (Minisart high flow, satorius stedim, 37075, Göttingen Germany). Presence of 
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laccases in the infected berry extracts was examined by mixing 100 µl of berry 

extracts with 100 µl of ABTS. Five volumes of 0.1 M w/v ammonium acetate in cold 

methanol was directly added into one volume of juice, vortexed and incubated at -

20 °C overnight as described by Vincent et al., (2006). The mixture was centrifuged 

at 4000 rpm for 20 min. The pellet and the supernatant was separated and examined 

for laccase using ABTS as a substrate. The pellet was washed with 5 ml cold 

acetone and dissolved in 5 ml of distilled water. The dissolved precipitate and 

supernatant, (100 µl) were separately mixed with 100 µl of ABTS. Laccases in the 

dissolved precipitate were further purified by protein concentration using centrifugal 

filters (30 kDa, Amicon Ultra - 15 Centrifugal Filters, Castle Hill, NSW 1765, 

Australia). The filters were centrifuged at 4000 rpm for 10 min. Presence of laccases 

was examined by mixing 100 µl from both phases (the materials retained by the filter 

and the fltrate) separately with 100 µl of ABTS.  

 

4.2.8 SDS-PAGE analysis 

Ten microliters of flow-through was subjected to SDS-PAGE analysis. Therefore, in 

the second run, for more intense bands, the precipitate was directly dissolved in 30 

µl of NuPAGE LDS (4X) sample buffer (Novex, Life Technologies, US) and 

denatured at 70 °C for 10 min. Denatured protein samples were then loaded in each 

lane of a 12% precast gel (CriterionTM TGXTM, BIO-RAD, California, 94547, USA) 

along with the low range molecular marker (Sigma, St. Louis, MO 63103, USA), 

followed by electrophoresis using Tris-glycine buffer (pH 8.3) at 120 Volts at room 

temperature for 50 min (Laemmli, 1970). Polyacrylamide gels were then stained with 
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Coomassie Brilliant blue R-250 (Castle Hill NSW 1765, Australia) and the gel 

visualised using a Geldoc system (Bio-Rad California, 94547, USA).  

 

4.2.9 Identification of laccases by 1D nanoLC Electro-Spray Ionisation mass 

spectroscopy (ESI/MS/MS) 

Identification of laccases was carried out using 1D nanoLC ESI/MS/MS. Gel bands 

obtained by SDS-PAGE were excised and sent to the Australian Proteome Analysis 

Facility (APAF) for mass spectrometry analysis. The results were analysed for 

searching domains and homologies with the default options given by NCBI. 

Homologies were searched by using the blastp (protein-protein blast) tool 

(Balakrishnan et al., 2005) and domains were searched by using the conserved 

domain search tool (Marchler-Bauer et al., 2017). 

 

4.2.10 Statistical analysis 

Normality of the data distribution and the constancy of residuals were confirmed 

using the Normality test (MiniTab 15.0). The experiment was repeated using three 

independent biological replicates and the data were subjected to one-way analysis 

of variance (ANOVA). The geometric mean of percentage disease severities was 

calculated, presented in a bar graph (Fig 4.3) and isolates compared (for disease 

severities) using Tukey’s mean comparison test. Arithmetic means of the expression 

of different laccase genes and laccase activity, total protein, and pH of infected berry 
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extracts at each time point post-inoculation, were compared with against a control 

(0 hpi) using Dunnett’s mean comparison test. Statistical significance of these mean 

comparisons was attained at the 5% probability level and all these statistical 

analyses were performed using MiniTab 15.0 software (MiniTab, Inc., State College, 

PA). 
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4.3 Results  

 

4.3.1 Pathogenicity test identifies isolate dependent disease severities 

A preliminary study was performed to assess the virulence of different B. cinerea 

isolates on Thompson Seedless and Chardonnay grapes. In inoculated grapes, 

necrosis appeared around the inoculation point in both grape varieties, as a circular 

and brown spot, expanding towards the outside. Necrosis was prominent in 

Thompson Seedless grapes starting from the inoculation point towards the adjacent 

area (Fig. 4.2a), whereas growth of the fungal mycelium on the berry surface, 

particularly at the inoculation point, was prominent in Chardonnay grapes (Fig. 4.2b). 

Necrosis was more rapid in Chardonnay than in Thompson Seedless, turning the 

whole berry from pale green to brown within 2 days post-inoculation. The pathogen 

started to sporulate on the berry surface within 4 days for Chardonnay and 7 days 

for Thompson Seedless. The different berry size and the nature of the disease 

development between the two varieties resulted in two numerical scales being used 

to calculate disease severities of different isolates. 
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Figure 4.2a. Thompson Seedless grapes inoculated with a spore suspension of B. cinerea and the 
same volume of distilled water for the control. Browning first appeared around the wound and 
spreaded to adjacent areas, giving different levels of the infection which were assessed using a 
numerical scale. The numerical scale was developed by assigning the % lesion development. 
 
 
 
 
 

 

Figure 4.2b. Chardonnay grapes inoculated with a spore suspension of Botrytis cinerea and the 
same volume of distilled water for the control. Browning was observed on the following day of 
inoculation, and the different levels of growth of fungal mycelia on the berry surface were assessed 
using a numerical scale where 0 = no infection, 1 = mycelium on berries, 2 = mycelium with visible 
spores, 3 = sporulating mycelium covering at least 50% of the berry, and 4 = sporulating mycelium 
covering greater than 50% of the berry. 
 
 
 

Disease severity on both Thompson Seedless and Chardonnay grapes ranged from 

40% to 90%, with B. cinerea isolate TN080 displaying the greatest virulence. TN077 

and VRU005 displayed moderate and low virulence, respectively (Fig. 4.3). From 
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this initial screening of isolates, TN080 which represented highest disease severity, 

was selected for gene expression study in infected grapes. 

 

4.3.2 RT-qPCR found the possible virulence determinant, LAC3 

The greatest expression of LAC3 occurred one-day post-inoculation (p < 0.05), and 

then subsequently diminished. There was no consistent pattern in the expression of 

LAC1 and LAC2 genes (Fig. 4.4a), and thus gene expression was investigated 

during the first 24 hr at 6 hr intervals using Chardonnay grapes (which showed faster 

lesion expansion than Thompson Seedless). While LAC1 and LAC2 genes were 

expressed (p < 0.05) to the same extent up to 12 hpi, LAC3 was not expressed. 

However, LAC3 expression appeared to be induced at 18 hpi (Fig. 4.4b), whereas 

there was little expression for LAC1 and LAC2 at this time. 
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Figure 4.3. Disease severity of different isolates of Botrytis cinerea on detached grape berries of 
Thompson Seedless (A) and Chardonnay (B). Error bars represent the standard error calculated from 
three repeated experiments (n = 3 x 25 for Thompson Seedless and n = 3 x 24 for Chardonnay). 
Different letters represent significant differences at p<0.05 reported from Tukey’s mean comparison 
tests.  
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Figure 4.4a.  RT-qPCR analysis of three laccases (LAC1, LAC2, LAC3) from Botrytis cinerea 
(TN080)-infected (A) Thompson Seedless and (B) Chardonnay grapes collected at different times 
post-inoculation, representing a broad range of infections. Expression of three genes from the 
samples collected at 0, 24, 48, 96, 144 hpi for Thompson Seedless grapes and 0, 24, 48, 72 hpi 
for Chardonnay grapes. Uninoculated grapes served as controls (0). All data were normalised to 
the expression of grapevine actin. The data represents means of fold changes of RQ (relative 
quantification) at each time of infection. Bars represent standard errors calculated from three 
biological replicates and statistical differences (*) at p<0.05 compared to control (C) grapes 
(Dunnett’s mean comparison test). 
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Figure 4.4b.  RT-qPCR analysis of three laccases (LAC1, LAC2, LAC3) from Botrytis cinerea 
(TN080)-infected Chardonnay grapes collected within 6 hours post-inoculation at the early stage 
of the infection, up to 24 hours. Expression of three genes from the samples collected at 6, 12, 
18 hpi from Chardonnay grapes. Uninoculated grapes served as controls (0). All data were 
normalised to the expression of grapevine actin. Data represents means of fold changes of RQ 
(relative quantification) at each time point of infection. Bars represent standard errors calculated 
from three biological replicates and statistical differences (*) at p<0.05 compared to control (C) 
grapes (Dunnett’s mean comparison test). 
 

 

4.3.3 Enzyme activity, total protein and pH of the infected berry extract 

Laccase produced by the pathogen (TN080) during grape infection were tested by 

assaying enzyme activity in the berry extract. There was no laccase activity detected 

up to 3 days post-inoculation; and it was highest at 4 days post-inoculation. 

However, total protein was greatest in control berries at time 0, but gradually 

declined up to day 4. The reduction was significant (p<0.01) at 3 days and 4 days 

post-inoculation. The pH of the berry extract followed the same trend with a 

significant reduction (p<0.001) at the start of infection on day 1 (Table 4.3). 
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Table 4.3. Mean (± 1 S.E.) laccase activity, total protein and pH of the berry extract after being 

infected by TN080 (N=3). 

Time post-inoculation Enzyme activity 

(U/ml) 

Total protein 

(mg/ml) 

pH of the berry 

extract 

0 day (C) Not detected 3.15 ± 0.09 4.46 ± 0.003 

24 hpi Not detected 2.85 ± 0.25  3.23 ± 0.01* 

48 hpi Not detected 2.63 ± 0.26  3.27 ± 0.006* 

72 hpi 0.02 ± 0.0006*  1.81 ± 0.34*  3.26 ± 0.007* 

96 hpi 0.04 ± 0.0003* 1.04 ± 0.43* 3.24 ± 0.021* 

 
*Significant differences of arithmetic means at 5% probability level as detected by Dunnett’s mean 

comparison test. 

 

 

4.3.4 The purified laccases from infected berry extract is < 30 kDa 

The presence of laccase in infected berries was determined by mixing the berry 

extract with ABTS. In this ABTS test, both inoculated and uninoculated grapes (0 hpi 

and 96 hpi) as separate extracts were used. ABTS developed a blue-green colour 

after being mixed with infected berry extract (Fig. 4.5a) indicating pathogen-

mediated laccase secretion. Laccase was purified from the berry extract by protein 

precipitation with ammonium acetate in cold methanol. The presence of laccase in 

the precipitate was confirmed by the ABTS test, since the colour was given by the 

dissolved precipitate, but not by the supernatant (Fig. 4.5b). In the step involving 

protein concentration, laccase passed through the 30 kDa centrifugal filters as 

indicated by blue-green colour of ABTS in the flow through (Fig. 4.5c) (indicates that 

the molecular weight of laccase is < 30 kDa).   
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Figure 4.5. Detection of laccases using ABTS at each step of purification from grapes infected with 
Botrytis cinerea. a) Grape juice from inoculated and uninoculated berries (Chardonnay) were mixed 
with 100 µl of ABTS to examine the laccase production in infected berries: C1, H2O + ABTS; C2, 
uninoculated berries + ABTS; T, inoculated berries + ABTS.  b) Precipitate collected from the direct 
addition of ice-cold ammonium acetate after dissolving in 5 mL of water was examined with ABTS: 
A, C (ABTS+supernatant); B, ABTS + H

2
O; C, ABTS + dissolved precipitate. c) Dissolved precipitate 

was concentrated using 30 kDa centrifugal filters and examined with ABTS:   X, (ABTS + H
2
O); Y, 

ABTS + Concentrate; Z: ABTS + Flow through.  
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4.3.5 SDS-PAGE reveals the purified protein is > 24 kDa 

Purified proteins from both inoculated and non-inoculated grapes were compared 

using SDS-PAGE analysis. Bands (highlighted in the square) corresponding to a 

molecular mass of between 24 and 29 kDa were observed from inoculated grapes 

(Fig. 4.6).  

 
 

 
 
Figure 4.6. SDS-PAGE analysis for the comparison of laccase precipitated from inoculated and 
uninoculated Chardonnay grapes with cold ammonium acetate in methanol. Four samples of purified 
protein from inoculated berries (at 96 hpi) when the precipitate was directly dissolved in sample buffer: 
T1, T2, T3, T4; Four samples of purified protein from uninoculated berries (at 0 hpi) when the 

precipitate was directly dissolved in sample buffer: C1, C2, C3, C4; molecular marker: M. The 

highlighted bands were excised from the gel for identification. 
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4.3.6 ESI-MS/MS confirms the molecular mass is 26 kDa  

The bands highlighted in the square in Figure 4.6 above were excised from the gel 

for mass spectrometry analysis (MS). Peptide fingerprints were searched against 

NCBInr and SwissProt fungi databases and were matched with a hypothetical 

protein of B. cinerea with the individual ion score 215 (individual ions scores > 58 

indicate identity or extensive homology (p<0.0049)). The molecular mass of the 

protein was confirmed to be 26 kDa with predicted domains such as a Glyco-hydro 

12 superfamily, peptidase G1 like superfamily, and fCBD (fungal type cellulose 

binding domain) (Table 4.4). Although, the peptidase G1 like superfamily was 

predicted more, it was matched with the purified protein in the range between 90%-

99%. However, Glyco-hydro 12 superfamily was matched in 100% with the purified 

protein. Tryptic peptides found with MS were: ATVVIGEDAYTAK, 

TAVLSTSDSIDYEDGTWK, SYANIALDSVAK, VTVTASSK, TTGTAIVDNVTK, 

VSSISAIPAVWK, AASDAFGLISIR, 

SGTTVGVTGATIIDLEQNSVLTDCSLVGSTGVTCK, YFDAPNPYDVPSSCAR, and 

IDASYAQVDK (Appendix 7). 
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Table 4.4. Bioinformatics analysis for the homology and domain search of the identified hypothetical 
protein of Botrytis cinerea. 

 
Identifier  Description  Organism  Identity   E value Domain 

EMR88124 Putative acid 

protease protein 

Botrytis cinerea 

BcDW1 

99% 0.0 Peptidase G1                

peptidase A4 

CCD47336 Protease acp1 Botrytis cinereaT4 98% 2e-180 Peptidase G1  

Peptidase A4 

AEY84328 Acid protease 1 Botrytis cinerea 97% 2e-155 Peptidase G1 

Peptidase A4         

AEY84329.1 Acid protease 1 Myriosclerotinia 

curreyana 

99% 7e-154 Peptidase G1                

peptidase A4 

AEY84330 Acid protease 1 Botryotinia 

convoluta 

96%  2e-160 Peptidase G1      

peptidase A4                 

XP-

001591210.1 

Hypothetical protein 

SS1G- 07836 

Sclerotinia 

sclerotiorum  

90% 8e-151 Peptidase G1                

peptidase A4 

EMR88292.1 Putative glycoside 

hydrolase family 12 

protein 

Botrytis cinerea 

BcDW1 

100% 9e-140 Glycosyl hydrolase 

family 12 

fCBD (Fungal type 

cellulose binding 

domain) 

ESZ95627.1 Glycoside hydrolase 

family 12 protein 

Sclerotinia 

borealis F-4128 

90% 9e-120 Glycosyl hydrolase 

family 12 
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4.4 Discussion 

As a necrotrophic fungal pathogen B. cinerea uses different strategies that enable it 

to infect a broad spectrum of host plants. The pathogen secretes a series of virulence 

factors including a number of enzymes and metabolites, which are important in 

disease initiation and progression (Rathi et al., 2012). Most importantly, Botrytis 

secretes botrydial during plant infection (Deighton et al., 2001), which induces 

chlorosis and cell collapse to facilitate both penetration and colonisation 

(Colmenares et al., 2002). In addition, B. cinerea secretes polyketide botcinic acid. 

The secretion of these nonspecific phytotoxins is strain dependent (Pinedo et al., 

2008, Reino et al., 2004, Siewers et al., 2005), thus enabling the pathogen to 

develop strain-dependent infection strategies (Choquer et al., 2007). In the present 

study, the variation in the disease severities observed could be due to the variability 

in virulence in the tested fungal isolates. This result is in an agreement with a 

previous report in which differing virulence levels were shown by three isolates 

tested on strawberry plants (Valiuskaite et al., 2010). In addition, only one isolate out 

of 21, has been shown to have reduced virulence towards Brassica napus (Wu et 

al., 2007). The differences in virulence might occur among isolates in gene content; 

the biosynthetic pathway and gene regulation of virulence factors (Choquer et al., 

2007). For instance, the deletion of one gene, among a cluster of genes involved in 

the botrydial biosynthetic pathway has resulted in reduced virulence in one of three 

different isolates examined (Siewers et al., 2005). Thus, these differences could be 

further explained as variations in the B. cinerea genome that contribute to the 

variability in virulence among isolates (Atwell et al., 2015).  
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Although, all isolates in the present study showed a similar pattern of disease 

severity on both grape varieties, necrosis was more rapid on Chardonnay than 

Thompson Seedless. This may be due to the differences in berry physiology and the 

biochemical composition of the different varieties used (Gabler et al., 2003). For 

example, the Chardonnay fruit used in this work had a higher sugar content (25 °Brix) 

than Thompson Seedless (18 °Brix), which may explain why fungal growth was rapid 

in Chardonnay. The rate of growth of fungal pathogens is more rapid when there is 

a supply of sugar. Furthermore, they can modulate the pH of the plant surface to 

facilitate host colonisation (Bi et al., 2016). The cuticle and the cell wall in grape 

berries act as physical barriers to pathogen penetration (Nir & Lavee, 1981, Archer 

& Cole, 1986), although success as a barrier varies depending on the type of grape 

cultivars (Muganu et al., 2011) and the berry development stage (Commenil et al., 

1997). As such, different physiological and biochemical properties exhibited by either 

different oBrix or different varieties and the development stages of grapes, may have 

influenced the induction of different virulence factors in B. cinerea. Therefore, the 

same set of isolates should be tested for grey mould development using detached 

berries from different grape cultivars with different sugar contents to draw firm 

conclusions on the influence of physiological and biochemical properties.  

The current study quantified mRNA transcripts of different laccases at varying time 

intervals post-inoculation in grapes, to assess the expression levels of particular 

laccases. A high and consistent expression of LAC3 indicated its involvement in 

disease initiation and the progression is indicative of LAC3 being the virulence 

determinant. To the best of the author’s knowledge, this is the first study to report 
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LAC3 in B. cinerea as a potential determinant of virulence in the development of 

grey mould in grapes. This work is in agreement with a study carried out on the 

chestnut blight pathogen, Cryphonectria parasitica, in which virulence was 

determined by LAC3. LAC3 of C. parasitica was found to be induced by tannic acid 

present in the bark of the chestnut tree (Chung et al., 2008, Kim et al., 2010). 

Similarly, the LAC3 gene in G. graminis  and Pleurotus pulmonarius  was shown to 

be expressed in the presence of plant homogenates (Litvintseva & Henson, 2002) 

and with phenolic inducers (de Souza et al., 2004), respectively. Litvintseva and 

Henson (2002) have further, reported that LAC3 could be the pathogenicity factor in 

G. graminis, since it was expressed in the presence of host plant materials. Thus, 

LAC3 might be a virulence determinant of fungal pathogens, although only a few 

fungal pathogens have been investigated. Yet, the gene seems to be induced by 

host-associated compounds.  

Expression of LAC1 and LAC2 suggests that these enzymes are important in the 

initiation of disease development. The most important early step of the fungal 

infection is colonisation and penetration of host tissues, which is supported by the 

biosynthesis of melanin. Melanisation is required for appressorial function, which 

increases turgor pressure during host penetration (Howard & Valent, 1996, Henson 

et al., 1999b). Oxidative action of laccases is essential in the melanin biosynthesis 

pathway (Langfelder et al., 2003, Lin et al., 2012), which results in two commonly 

found melanin’s, eumelanin (DOPA-melanin) and allomelanin (DHN-melanin) 

(Sapmak et al., 2015). Eumelanin and allomelanin are formed as a result of the 

oxidation of L-3, 4- dihydroxyphenylalanine (DOPA) and, 8-dihydroxynaphthalene, 
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respectively. LAC2 has been involved in appressorial melanisation and conidial 

pigmentation in Colletotrichum orbiculare (Lin et al., 2012). In Aspergillus fumigatus, 

two laccases, Abr1 and Abr2, have been found to be involved in conidial 

melanisation (Upadhyay et al., 2013). However, the role played by laccases of 

B. cinerea in appressorial melanisation and conidial pigmentation remains unknown. 

The present results, together with previously reported findings of Schouten et al., 

(2002), suggest that LAC2 may be the determinant of melanin biosynthesis. LAC2 

seemed to be involved in the infection together with LAC3, and they could be playing 

different roles according to the stages of the disease development. Further studies 

on LAC2 in melanin biosynthesis are needed in order to draw firm conclusions. 

However, the expression of LAC1 in the present study, together with the results from 

Schouten et al., (2002), confirmed that LAC1 in B. cinerea is not involved in the 

development of grey mould. This could be due to the independent expression of 

LAC1 on host plants, since the constitutive expression of LAC1 has been reported 

in G. graminis (Litvintseva & Henson, 2002) and in P. pulmonarius (de Souza et al., 

2004). However, the role of each laccase in grey mould development by B. cinerea 

is yet to be investigated. These investigations are seemingly complex due to the 

presence of more laccase genes and their differential expression. To this end, the 

generation of laccase-deficient B. cinerea mutants and investigations into their role 

in the infection process of wine grapes could prove to be a fruitful area of future 

research. 

In infected berries, laccases secreted by the pathogen during berry infection involves 

a complex environment rich with micro- and macromolecules of both plant and fungal 
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origin. Firstly, proteins, particularly plant PR proteins and plant polyphenols, 

including trans-resveratrol, encounter each other in the development of disease 

(Favaron et al., 2009). Laccase produced by the pathogen, then results in the 

covalent interactions between proteins and phenolic compounds; which are 

mediated by the spontaneously-formed phenol radicals and quinones that undergo 

attack by nucleophilic amino acids located on the protein surface. This interaction 

leads to changes in the physicochemical properties, solubility, degradability, and 

availability of proteins (Favaron et al., 2009, Bankey et al., 2012). The gradual 

accumulation of fungal laccase during lesion expansion could decrease total protein 

content in the berry extract. The results of this study are in agreement with previous 

findings by Favaron et al., (2009), who demonstrated the disappearance of most 

grape proteins (including PR proteins) in the presence of laccases. This was first 

reported by Marchal et al., (1998) as most grape proteins present in healthy must 

were not present in must infected with B. cinerea. The production of laccase by 

B. cinerea may assist the fungus in overcoming the plant defence mechanism. This 

laccase, LAC3, might be the enzyme consistently expressed during the disease 

progression. This information may be extended to other fungal pathogens that have 

established similar mechanisms in disease development. 

Despite this gene expression, laccase activity in the berry extract was first detected 

3 days post-inoculation. This situation can also be explained by the complex 

chemical composition in the berry extract, which could mask the low concentrations 

of laccase (Siebert, 2006). This complexity further limits protein purification from 

grapes and the issue has been circumvented by using sucrose buffer (Vincent et al., 
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2006, Tian et al., 2015). Sucrose buffer has been used for protein purification from 

plant materials rich with polyphenolics (Mehta et al., 2012), since it stabilises 

lysosymal membranes and reduces protease release for better organelle separation. 

However, in the current study, laccase was purified by protein precipitation from the 

berry extracts with the direct addition of cold ammonium acetate in methanol. A blue-

green colour of ABTS was observed when the precipitate was dissolved in distilled 

water, which indicates the laccase enzyme has been precipitated. ABTS develops a 

blue-green colour in the presence of laccases (Guetsky et al., 2005), allowing their 

presence to be identified during the purification process.  

Laccase appeared to have a molecular mass < 30 kDa, as the dissolved precipitate 

passed through the 30 kDa filter, in the purification process. Although the molecular 

cut of filters give an approximate indication of the size of protein, the present study 

indicates the molecular mass of the laccase as <30 kDa. It has been shown that the 

molecular mass of B. cinerea laccase seems to be around 30 kDa; e.g. resveratrol 

and pterostilbene oxidases of B. cinerea is 32 KDa (Pezet et al., 1998), the molecular 

mass varies according to the amount of carbohydrate and the glycoprotein nature of 

the enzyme (Marback et al., 1984, Thurston et al., 1994). Due to these two facts, 

bands correspond to 24-29 kDa were considered as laccases in SDS-PAGE analysis 

in order to select for ESI/MS/MS analysis. The reduced intensity of these bands was 

then overcome by mixing the precipitate directly in the sample buffer. However, 

mass spectrometry analysis confirmed the molecular mass of this particular protein 

to be 26 kDa, although insufficient evidence is available in the sequence databases 

to confirm it as the LAC3 enzyme. Further purification and identification of this 
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protein is warrant, and could include anion exchange column chromatography. In 

addition, the use of western blot analysis may also be beneficial to confirm the 

presence of laccase in the protein extract purified from the infected berry extract. 

ESI/MS/MS analysis indicated that the protein was matched with a hypothetical 

protein of B. cinerea (B05.10) which could be due to the lack of proper 

characterisation of it’s LAC3 gene. In addition, the protein was matched with 

glycoside hydrolase family 12 (GH) protein; (Botrytis cinerea T4) (Table 4.4) of which 

the function is enzymatic hydrolysis of glycosidic linkages in carbohydrate polymers. 

This function is commonly found in plant, fungal, and algal cell walls, and results in 

them being converted to soluble sugars (Cantarel et al., 2009) . It has been shown 

that GHs use copper-dependent (Wu et al., 2013) oxidative pathways in the 

enzymatic hydrolysis (Phillips et al., 2011, Quinlan et al., 2011), because enzymatic 

hydrolysis, when coupled with redox, increases the hydrolysis of GH family proteins 

(Phillips et al., 2011). Copper-binding sites with two highly conserved histidine 

residues (Karkehabadi et al., 2008, Westereng et al., 2011, Beeson et al., 2012,) 

have been observed (Quinlan et al., 2011) in the structure (crystallographic 

structure) of GH family proteins. Thus, it could be hypothesised that copper atoms 

in GH family protein is similar with the copper atoms in laccase. This protein can be 

confirmed by protein sequencing and crystallographic structural analysis of the 

excised band which was examined in the present study. This experiment remains to 

be continued in future research in order to confirm it as being LAC3.  

The reduction of pH in berries infected with B. cinerea may be explained as a 

pathogen-derived mechanism, which occurs in the hostile environment. As observed 
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in Colletotrichum sp., the accumulation of ammonia and organic acids due to the 

pathogen’s metabolism, modulates pH (Prusky et al., 2001, Prusky et al., 2016). The 

modulation of pH in a hostile environment regulates an arsenal of enzymes 

(including genes and intracellular signalling) to induce the expression of different 

virulence factors (St Leger et al., 1998, Yakoby et al., 2000). For instance, a 

differential expression of proteolytic and chitinolytic enzymes, such as subtilisin-like 

proteases (Pr1a and Pr1b), trypsin-like proteases (Pr2), metalloproteases, aspartyl 

proteases, aminopeptidase and chitinases in  Metralhizium anisopliae (St Leger et 

al., 1998) and pectate lyase (PL) and polygalacturonase (PG) in  Colletotrichum 

gloeosporioides (Yakoby et al., 2000), has been shown as a response to the ambient 

pH. Pathogen-mediated pH modulation is a well-known virulence regulator in most 

common pathogens such as Sclerotinia sclerotiorum (Coman et al., 2013), 

Colletotrichum spp. (Prusky et al., 2001, Alkan et al., 2008) and M. anisopliae (St 

Leger et al., 1998), and including B. cinerea (Manteau et al., 2003). This mechanism 

allows pathogen transformation from the quiescent biotrophic stage to the 

necrotrophic stage (Kramer-Haimovich et al., 2006, Alkan et al., 2013). In addition, 

some  virulence factors, such as hydrolases, lyases (Herron et al., 2000) and 

laccases, have maximised activities at an optimum pH (D'Souza-Ticlo et al., 2009, 

Zhao et al., 2012, Lin et al., 2013, Olajuyigbe & Fatokun, 2017). In the case of 

laccases secreted by B. cinerea, this occurs at an optimum pH of 3.5 as observed 

by Slomczynski et al., (1995) in in-vitro cultures. The pH ranges of 3.2–3.3 in infected 

grape berries in this current study could be the optimum pH that regulates laccase 

activity and other virulence factors, which are used by B. cinerea during the infection 
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process. The endopolygalacturonase (Bcpg3) gene (Wubben et al., 2000) and a 

range of virulence factors (Manteau et al., 2003) in B. cinerea have been induced in 

culture medium with an acidic pH. It has been recently found that the pathogen-

mediated pH modulation in the hostile environment is a host-dependent mechanism, 

which uses host sugar content (Bi et al., 2016). As Bi et al., (2016) observed, medium 

acidification has been induced under carbon excess (75 mM sucrose), whereas 

alkalinisation occurs under conditions of carbon deprivation (less than 15 mM 

sucrose). Sugar content increases as grapes mature, and the accumulated sugar at 

veraison might control low pH levels in grapes resulting in increased pathogen 

virulence. The expression and the optimum function of the virulence-determining 

laccase might be induced and regulated by berry pH, which is modulated by 

B. cinerea. Although, the disease-responsive laccase of B. cinerea is reported to be 

induced by gallic acid (Gigi et al., 1980, Gigi et al., 1981, Marbach et al., 1984), no 

laccase induction has been reported relative to pH in a hostile environment. 

Laccase induction in B. cinerea is complex due to the multiple forms of laccases and 

the occurrence of different inducers (Thurston, 1994). However, laccase induction in 

B. cinerea is a concerted action of gallic acid and pectin (Gigi et al., 1980, Gigi et al., 

1981). Thus, gallic acid, has shown to be the primary inducer and pectin the second 

inducer (Marbach et al., 1985). Laccase of B. cinerea has been shown to double in 

expression in the presence of pectin and gallic acid, whereas pectin alone does not 

act as an inducer (Marbach et al., 1985). In this case, pectin gives a signal about the 

extent of hydrolysis of plant cell wall materials for inducing the expression of B. 

cinerea laccase (Marbach et al., 1985). Taken all together, laccase gene responsible 
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for this induction could be hypothesised as LAC3, although this still needs to be fully 

confirmed. In addition to gallic acid and pectin, copper induction of B. cinerea 

laccases has also been reported, although limited information on its contribution to 

pathogenesis is available. Therefore, Chapter 5 will discuss the induction of laccases 

of B. cinerea with respect to these inducers, particularly copper (Cu2+), with the 

objective of examining the gene-enzyme linkage. 

 

4.5 Conclusions 

Results from this study apply to a specific infection pathway although there are 

multiple infection pathways for Botrytis cinerea in the field where spores are 

deposited on the surface of plant tissue from the air or by vectors. Although the 

inoculation and the disease development is not representative of field conditions, 

this model experiment showed that LAC3 was the possible virulence determinant of 

B. cinerea (TN080) in grey mould development in grapes, while LAC1 and LAC2 

appeared to be involved in the early stages of the infection. The optimised assay 

methods and PCR conditions can be applied in the field to confirm their contribution 

to the disease development. However, more in vitro experiments have to be 

conducted to explore basic information. The current experiment could be extended 

for functional genomic analysis with the null mutants of each laccase gene from 

isolate TN080. This would be crucial to confirm LAC3 as a virulence determinant. As 

the current study investigated on just one isolate of B. cinerea (TN080), the results 

could be compared with low (VRU0005) and moderate virulent (TN077) isolates to 
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further confirm LAC3 to be the virulence determinant.  The purified protein involved 

in the pathogenesis corresponds to a 26 kDa protein, although there is insufficient 

information available in sequence databases to confirm it as being LAC3. Further 

confirmation of this protein is necessary through full sequencing and crystallographic 

structural analysis along with bioinformatics analysis. Moreover, the laccase protein 

can be further purified using anion exchange chromatography, in order to 

concentrate from minor quantities. Despite the limitations of the present study, this 

protein was predicted to contain GH super family domains, which regulate enzymatic 

hydrolysis. The degradation of cell wall material during disease progression in 

grapes is assumed to be controlled by the GH superfamily domain. The 

accumulation of laccases after infection results in a complex chemical interaction in 

the berry environment making grape proteins insoluble. There is still much to be 

investigated to explain the role of laccases in plant infections by the necrotrophic 

fungal pathogen, B. cinerea, particularly with respect to the induction system. 

Besides pectin and gallic acid, copper has also been reported as an inducer for 

B. cinerea laccases; however, the involvement of copper in the induction has not 

been elucidated. Thus, the next chapter will investigate the importance of indcuers, 

gallic acid and copper in laccase induction.  
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Chapter 5: The induction of laccases in the plant 
pathogenic fungus, Botrytis cinerea, with respect to 
copper and gallic acid 

 

5.1. Introduction 

Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) belong to the largest 

subgroup of blue multi-copper oxidases (MCOs), and typically show phenol oxidase 

activity. During the oxidation process, laccases use oxygen as an electron acceptor 

to remove hydrogen radicals from a phenolic hydroxyl group and other similar 

molecules (Thurston, 1994, Solomon et al., 1996). In addition, laccases oxidise a 

wide range of substituted aromatic amines, N-heterocycles, phenothiazines, thiol 

groups, etc. Laccases contain two to four copper atoms per enzyme molecule 

(subunit), which contribute to the oxidation property (Thurston, 1994, Giardina et al., 

2010). Copper atoms are located in three types of copper centres that can be 

distinguished by their spectroscopic and paramagnetic properties (Thurston, 1994). 

Copper ions (Cu2+) are crucial for forming metal-active sites in laccases which are 

thus named as the copper-containing oxidases. Laccases are found in vascular 

plants, fungi, bacteria, and insects (Joel et al., 1978, Thurston, 1994, Castilho et al., 

2009), although the lignin-degrading white rot basidiomycetes are the main laccase 

producers (Rayner & Boddy, 1988). Laccases from white-rot fungi have been widely 

studied and characterised in this regard (Mansur et al., 2003, Parenti et al., 2013, 

Yao et al., 2013, Pandey et al., 2014). 
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Fungal laccases can be classified with respect to either inducible or constitutive 

expression (Litvintseva & Henson, 2002). Laccase production in lignin-degrading 

fungi and some ascomycetes fungi has been investigated with phenolic inducers, 

different carbon sources and metal ions (Palmieri et al., 2000, Manavalan et al., 

2013, Kim et al., 2014). Copper is reportedly a strong metal inducer for both laccase 

transcription and activity (Collins & Dobson, 1997). The interaction between copper 

and the fungal mycelium in culture medium has been shown to cause a substantial 

increase in total laccase activity in wood-rotting fungi  (Giardina et al., 1999, Galhaup 

et al., 2002, Guillén & Machuca, 2008,Khammuang et al., 2013, Makela et al., 2013, 

Kuhar & Papinutti, 2014, Vasina et al., 2015) and the ascomycetes fungus, 

Aspergillus flavus (Gomaa & Momtaz, 2015). 

Laccase induction has been reported in B. cinerea in response to phenolic 

compounds, particularly gallic acid. The involvement of gallic acid-inducible laccases 

in disease development has previously been reported (Gigi et al., 1980, Gigi et al., 

1981). However, an increase in laccase activity was reported when copper was 

added to culture medium in conjunction with B. cinerea (Slomczynski et al., 1995, 

Sbaghi et al., 1996). Copper induction of B. cinerea laccases and the involvement 

of copper in disease development, have not been fully elucidated. However, the 

occurrence of three laccase genes (LAC1, LAC2 and LAC3) in B. cinerea and the 

involvement of three genes in laccase induction has been reported (Schouten et al., 

2002), although the enzyme-gene linkage remains unknown.  

Thus, the current study investigated laccase production and differential expression 

of laccase genes of B. cinerea in artificial media treated with different inducers 
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(copper and gallic acid) and different concentrations of copper sulphate, using RT-

qPCR and RT-PCR methods. The study hypothesised that these inducers are 

responsible for inducing a particular laccase gene, thereby inducing laccase activity. 

 

5.2. Materials and methods 

The study was performed in three separate experiments as follows: 

1) Preliminary study: Laccase activity and gene expression profiling of laccases were 

measured at 24-hour intervals post inoculation up until day 3 in laccase-inducing 

medium (LIM) supplemented with copper sulphate (CuSO4) and gallic acid (GA) at 

concentrations of 0.35mM and 0.5 mM, respectively. Three B. cinerea isolates, with 

high virulence (TN080), low virulence (VRU0005) and moderate virulence (TN077), 

were selected from the pathogenicity test (Chapter 4). 

2) Laccase activity and the gene expression profiling of the three isolates were 

investigated two days after inoculation in LIM separately treated with GA (0.5 mM) 

and copper sulphate (0.35mM). 

3) The optimum concentration of copper for maximum laccase induction was 

investigated with B. cinerea isolate TN077 as described below. 
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5.2.1. Preparation of spore suspensions 

Three B. cinerea isolates (TN080, VRU0005, and TN077) were grown on potato 

dextrose agar (PDA). The surface of the (12-day-old) sporulated cultures was 

scraped with sterilised distilled water and the spore suspensions was adjusted to 

1 x 105 spores/ml using a haemocytometer. Each experiment was conducted as 

explained below. 

 

5.2.2. Culture conditions 

In experiment one, a 100 µl spore suspension (1 x 105 spores/ml) was inoculated 

into 30 ml of potato dextrose broth (PDB) in 100 ml conical flasks and incubated in 

a rotary shaker at 90 rpm at 24 °C under dark conditions. After 5 days, the mycelia 

were harvested using a sterilised Buchner funnel lined with sterilised filter paper. 

The mycelia were washed with sterile distilled water and transferred to laccase-

inducing medium (LIM) (Slomczynski et al., 1995) containing both copper sulphate 

(CuSO4) and gallic acid (GA) at concentrations of 0.35 mM and 0.5 mM, respectively. 

The basal medium without inducers was considered as the control. Flasks were 

incubated for a period of two days at 24 °C and 240 rpm in dark conditions. The 

culture filtrates were collected from the inoculated LIM and the control within 24 

hours’ interval up to day 3 and stored at -20 °C for the determination of laccase 

activity. The mycelia were harvested using a Buchner funnel lined with filter paper 

and snap frozen in liquid nitrogen and stored at -80 °C for RNA extraction in gene 

expression studies.  
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In experiment two, clean mycelia were harvested from PDA and transferred to LIM 

treated separately with the two inducers, copper sulphate (0.35 mM) and GA 

(0.5mM). The experimental units consisted of PDB as the control, LIM with no 

inducers as the positive control (NoI), LIM + CuSO4, LIM + GA, and LIM + CuSO4 + 

GA. Culture filtrates and mycelia were collected from the two-day-old cultures (24 

hours post inoculation) to determine laccase activity and gene expression profiling. 

 

5.2.3. Determination of the optimum concentration of copper 

In experiment 3, the moderately virulent B. cinerea isolate TN077 (Chapter 4) was 

selected to determine the optimum concentration of copper sulphate for maximum 

laccase production. The culture conditions and media preparation were performed 

as described above. LIM was prepared with different concentrations of copper 

sulphate (0, 0.2, 0.4, 0.6, 0.8 mM) into which clean mycelia harvested from PDB as 

described above were transferred. Culture filtrates and mycelia were collected from 

the two-day-old cultures (24 hours post inoculation), for laccase activity and gene 

expression profiling in different concentrations of copper. 

 

5.2.4. Enzyme assays  

Measurement of enzyme activity was based on the oxidative dimerisation of 2,2′-

azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) (Sigma). The reaction 

mixture contained 100 µl of ABTS (26 mg/ml), 800 µl of 0.1 M phosphate buffer (pH 
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6.0) and 100 µl of enzyme extract (culture filtrate) in a final volume of 1 ml. The 

reaction was incubated at room temperature (22 °C) for up to 5 min, where the 

reaction was linear and quantified by measuring absorbance at 436 nm (Guetsky et 

al., 2005). Reaction mixtures were monitored at 436 nm with a UV-visible 

spectrophotometer (Thermo Scientific Helios). One unit (U) of enzyme activity was 

defined as the amount of enzyme that converts one micromole of substrate per 

minute. Enzyme activities of all the samples were expressed as U ml−1. 

 

5.2.5. Determination of total protein 

Total protein was determined by the Bradford method (Bradford, 1976a). A standard 

calibration curve was constructed from three replicates of Bovine Serum Albumin 

(BSA) with concentrations ranging from 0.1 to 1 mg/ml. Total protein content was 

presented as mg ml−1. 

 

5.2.6. Determination of fungal biomass    

Fungal biomass of the mycelia from each treatment of copper was determined by 

measuring the constant dry weight. Fungal mycelia were harvested onto filter paper 

(45 mm diameter Whatman No 2) under vacuum and kept at 75 °C in an oven until 

a constant weight was achieved. Similarly, the constant dry weight of the filter paper 

was measured and the fungal biomass was calculated as below. 



139 

 

Fungal Biomass (g): Mycelial dry weight with filter paper (g) – dry weight of filter 

paper.  

 

5.2.7. RNA extraction and cDNA synthesis   

RNA was extracted from the mycelium using the ISOLATE 11 RNA Plant Kit (Bioline) 

following the manufacturer’s guidelines (Appendix 4). RNase-free DNase I was used 

to digest traces of contaminating genomic DNA. RNA quality and quantity were 

determined using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, 

DE). cDNAs were synthesised from 1 µg of total RNA in a 20 µg reaction mixture 

using the High-Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, 

Thermofisher Scientific, USA) and oligo (dT) primers. The reaction mixture consisted 

of 2 µl of 10x buffer, 0.8 µl of 25x dNTP, 2 µl of 10x RT primers, 1 µl RT enzymes, 

4.2 µl of ultrapure water and 10 µl of 1 µg RNA. The conditions for cDNA synthesis 

were achieved by undertaking the following steps in the thermal cycler: step 1: 25 

°C for 10 min, step 2: 37 °C for 2 hrs, step 3: 85 °C for 5 min, step 4: hold at 4 °C (as 

optimised for use with the High-Capacity cDNA reverse Transcription kit (Applied 

Biosystems).  

 

5.2.8. Analysis of laccase gene expression in qRT-PCR 

Laccase gene-specific primers (LAC) were designed to measure qRT-PCR gene 

expression (Table 5.1). Aliquots of 2 µl from all cDNA samples were used for PCR 
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in a 20 µl reaction mixture that contained 10 µl of 2x master mixture, 0.5 µl of LAC 

primer (F), 0.5 µl of Lac primer (R), and 7 µl of water. RT-qPCR was performed on 

a CFX96 real time system (Bio-Rad) with cycling conditions of 3 min, initial 

denaturation at 95 °C, 46 cycles for 10 sec denaturation at 95 °C, and 30 sec 

annealing at 58 °C, followed by melting curve analysis to confirm the specificity of 

PCR amplification. The iTAQ Universal SYBR Green Supermix master mix (Bio-

Rad) was used for the qRT-PCR. The relative mRNA expression levels of all 

laccases (LAC1, LAC2, and LAC3) were calculated using the ∆∆Ct method (Livak & 

Schmittgen, 2001) and normalised to the expression of the ubiquitous housekeeping 

gene, actinA (Simon et al., 2013, Kelloniemi et al., 2015b). The mean gene 

expression in each treatment was normalised to the control (no inducer, NoI).  

 

Table 5.1. RT-qPCR primers for Botrytis cinerea laccases (LAC1, LAC2, LAC3) and the 
housekeeping gene (actA) used in the study. 

 
Target Forward (5’-3’) Reverse (5’-3’) 

B. cinerea actin (actA) GGTCTTGAGAGCGGTGGTAT CGTCCTGTAAACTTCGCAGA 

B. cinerea laccase 1 

(LAC1) 

TCAGTACGACGGAGTTCCAG ACCATAGTTGTCCGCATGAA 

B. cinerea laccase 2 

(LAC2) 

TCCAAGATTGGGCACATAAA ACCAACGCAGTTAGCATCAG 

B. cinerea laccase 3 

(LAC3) 

CCCATTGTTCCATACACTGC TTTGAACTTCAGCACGGAAC 
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5.2.9. Polyacrylamide gel electrophoresis 

For purification of extracellular laccase, filtrates were collected from cultures of 

B. cinerea grown in different copper concentrations using a Buchner funnel. The 

culture filtrate was frozen, thawed and centrifuged to remove precipitated 

polysaccharides. Each filtrate was concentrated using 30 kDa membrane filters 

(Merck Millipore, Amicon Ultra - 15 Centrifugal Filters, Castle Hill, NSW 1765, 

Australia). Twenty microliters of concentrated filtrate was mixed with sample buffer 

(pH 6.8) and loaded in each lane of a 12% precast gel (CriterionTM TGXTM, BIO-

RAD), followed by electrophoresis at room temperature using Tris-glycine buffer (pH 

8.3) at 300V (Laemmli, 1970). The polyacrylamide gels were then stained with 

Coomassie Brilliant Blue R-250 (Castle Hill NSW 1765, Australia) and visualised 

using a Geldoc system (Bio-Rad).  A high range molecular marker (Bio-Rad) was 

used for the determination of protein bands. 

 

5.2.10. Laccase purification from the fungal culture filtrate 

The culture filtrate from 0.6 mM of copper sulphate was treated as above and one 

volume was mixed with five volumes of 0.1 M w/v ammonium acetate in cold 

methanol. This was followed by incubation at -20 °C overnight as described by 

Vincent et al., (2006), and centrifuged at 4000 rpm for 20 min. The pellet was washed 

with 5 ml cold acetone and dissolved in 30 µl of NuPAGE LDS (4X) sample buffer 

(Novex, Life Technologies, US).  
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5.2.11. Protein analysis with mass spectrometry  

The laccase band corresponding to 75 kDa was cut from polyacrylamide gel and 

sent to the Australian proteome analysis facility (APAF; Macquarie University, 

Sydney) for identification using ESI/MS/MS. 

 

5.2.12. Statistical analysis 

Normality of the data distribution and the constancy of residuals were confirmed 

using the normality test. Experiments were repeated three times using independent 

biological replicates. The data of laccase activity and gene expression in different 

media and with varying concentrations of copper were subjected to one-way analysis 

of variance (ANOVA), and the means of each treatment were compared with the 

control (NoI) using Dunnett’s mean comparison test and Tukey’s mean comparison 

test. Statistical significance was attained at the 5% probability level and all statistical 

analyses were performed using MiniTab 15.0 software (MiniTab, Inc., State College, 

PA). 
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5.3 Results  

 

5.3.1 Laccases are induced after 2 day’s incubation in LIM 

The preliminary study revealed that laccase activity increased in culture filtrates two 

days post inoculation in LIM (Fig. 5.1). RT-PCR amplification resulted in a thicker 

band corresponding to the LAC2 gene only on day two compared to the control (Fig. 

5.2); whereas actA showed approximately similar-sized bands. RT-qPCR for LAC2 

of TN080 showed the greatest (p<0.05) relative expression on the same day (Fig. 

5.2). 

 

Figure 5.1. Kinetics of laccase production by three isolates of Botrytis cinerea (TN080, VRU0005, 
TN077) within 12 hours’ incubation in laccase-inducing medium supplemented with gallic acid and 
copper sulphate.  
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Figure 5.2. Transcription patterns of laccase genes of B. cinerea (TN080) in laccase-inducing 
medium (LIM) in comparison to the control, within 24 hours of incubation. LIM was supplemented 
with gallic acids and copper sulphate as inducers, and the control represents the basal medium with 
no inducers. (a) Expression pattern of LAC1, LAC2 and LAC3 genes in comparison to the 
housekeeping gene, actin (Act A), using RT-PCR — showing a thicker band for LAC2 in LIM. 
(b) Relative quantification of LAC2 expression in LIM on day 1 and day 2 using RT-qPCR showing 
LAC2 expression on day 2.  
 
 
 
 

5.3.2. Copper induces laccases at the concentration optimum, 0.6 mM  

Results from experiment two showed that laccase was induced in B. cinerea isolates 

in LIM supplemented with different inducers (Fig. 5.3). All three isolates, except 

VRU0005 showed significant (p<0.05) laccase activity with copper sulphate, 

whereas there was no significant laccase activity with gallic acid (Fig. 5.3). Fungal 

isolates showed different levels of laccase activity, with the greatest by TN080 

(p<0.05) as a response to copper sulphate (Fig. 5.3). In addition, all isolates showed 

a significant production of laccases at different levels (p<0.05) when the medium 

contained both copper sulphate and gallic acid (Fig. 5.3).  
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Figure 5.3. Effect of different inducers (copper sulphate and gallic acid) on laccase activity and total 
protein of three isolates of B. cinerea (VRU0005, TN077, TN080) in laccase-inducing medium. The 
control (NoI) was composed of basal medium without inducers. Error bars represent the standard 
error calculated from three biological replicates. Columns represent the three isolates in each inducer 
and columns with (*) are significantly different from the control of each isolate at p<0.05 (Dunnett’s 
mean comparison test). 
 

Experiment three resulted in the expression of laccases as a response to different 

concentrations of copper sulphate (Fig. 5.4). TN077 showed the greatest amount of 

LAC activity when the medium was supplemented with 0.6 mM of copper sulphate 



146 

 

(p<0.001), whereas there was no significant difference between the highest 

concentration of 0.8 mM and the lower copper concentrations of 0 and 0.2 mM (Fig. 

5.4). 

 

 

 
Figure 5.4. Copper-inducible laccase production of B. cinerea (TN077) in the culture filtrates treated 
with different concentrations of copper sulphate. The control medium was composed of basal medium 
with no inducers. Error bars represent the standard error calculated from three independent replicates 
and different letters represent significant differences at p<0.05 (Tukey’s mean comparison test). 
 

 

5.3.3 The concentration, 0.6 mM does not affect the fungal biomass 

A significant increase (p<0.05) in fungal biomass was observed at the lowest copper 

sulphate concentration (0.2 mM) and this remained the same with increasing 

concentrations of copper sulphate up to 0.6 mM (Fig 5.5). However, fungal biomass 

was not significantly different (p<0.05) between the 0.8 mM concentration of copper 

sulphate and control following the same pattern of laccase activity (Fig. 5.4 and 5.5). 
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Figure 5.5. Effect of copper sulphate on fungal biomass in the culture filtrates (TN077) treated with 
different concentrations of copper. The control was composed of basal medium with no inducers. 
Error bars represent the standard error calculated from three biological replicates and different letters 
represent significant differences at p<0.05 (Tukey’s mean comparison test). 

 

5.3.4 Copper induces the expression of the LAC2 gene  

The level of laccase gene expression was investigated in the presence and absence 

of inducers, copper sulphate and gallic acid. The three isolates with different 

amounts of laccases have different expression patterns of LAC genes. In TN080, 

mRNA expressions of LAC2 and LAC3 were significantly higher (p<0.05) in 

response to copper (Fig. 5.6). Conversely, no mRNA expression was detected in 

response to gallic acid. However, in VRU0005, mRNA expressions of only the LAC2 

gene were evident (p<0.05) with both inducers, whereas there was no significant 

expression of LAC1 and LAC3 (Fig 5.7). Interestingly, in TN077, both LAC2 and 

LAC3 were significantly expressed (p<0.001) with copper sulphate, whereas a 

significant down-regulation was observed in LAC2 and LAC3 (p<0.015) with gallic 

acid (Fig. 5.8). Furthermore, for all isolates, LAC2 expression was upregulated with 
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copper sulphate and only the LAC2 and LAC3 genes responded positively or 

negatively (up or down regulated) with respect to both inducers. Expression of the 

LAC1 gene was constant among all isolates with respect to all inducers. Only down- 

regulation of both LAC2 and LAC3 was noted with gallic acid in the isolate with 

moderate virulence (Fig 5.7). 

 

Figure 5.6 Normalised gene expression levels of three laccase genes (LAC1, LAC2, LAC3) of 

B. cinerea (TN080) in laccase-inducing medium treated with the inducers, gallic acid and copper 

sulphate. The control (NoI) was composed of basal medium with no inducers. Error bars represent 

the standard errors calculated from three biological replicates. Columns with (*) are significantly 

different at p<0.05 (Dunnett’s mean comparison test). 
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Figure 5.7 Normalised gene expression levels of three laccase genes (LAC1, LAC2, LAC3) of 
B. cinerea (VRU0005) in laccase-inducing medium treated with the inducers, gallic acid and copper 
sulphate. The control (NoI) was composed of basal medium with no inducers. Error bars represent 
the standard errors calculated from three biological replicates. Columns with (*) are significantly 
different at p<0.05 (Dunnett’s mean comparison test). 

 

 

Figure 5.8. Normalised gene expression levels of three laccase genes (LAC1, LAC2, LAC3) of 
B. cinerea (TN077) in laccase-inducing medium treated with different inducers gallic acid and copper 
sulphate. The control (NoI) was composed of basal medium with none of inducers. Error bars 
represent the standard errors calculated from three biological replicates. Columns with (*) are 
significantly different at p<0.05 (Dunnett’s mean comparison test). 
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There was no significant effect (p>0.05) of different copper sulphate concentrations 

on LAC1 gene expression (Fig. 5.9), whereas there was a significant effect on LAC2 

(p<0.001) and LAC3 gene expression (p<0.001) (Fig. 5.9). However, LAC2 gene 

expression was concentration-dependent (with a five-fold increase at 0.6 mM of 

copper sulphate) and showed a significant (p<0.001) up-regulation relative to LAC1 

and LAC3 (Fig. 5.9). An increased laccase activity with a 40-fold increase of LAC2 

expression and significantly low fungal growth were observed at 1 mM concentration 

(data not shown). 
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Figure 5.9. Normalised gene expression levels of three laccase genes (LAC1, LAC2, LAC3) of 

B. cinerea (TN077) at different concentrations of copper sulphate. The control was composed of basal 

medium with no inducers. Different letters represent significant differences at p<0.05 (Tukey’s mean 

comparison test).  
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5.3.5. Copper induction yields 63 kDa protein 

Fungal culture filtrates at different copper concentrations showed a single protein 

band with the size of 75 kDa. The clear band was observed from the culture filtrate 

(treated with the concentration of copper, 0.6 mM) (Fig. 5.10).  

 

5.3.6. ESI-MS / MS confirms LAC2 as copper inducible laccase 

The protein was purified from the fungal culture filtrate (copper concentration 

0.6 mM) using cold ammonium acetate in methanol and was further purified by 

SDS/PAGE (Fig. 5.10). The excised protein bands from SDS PAGE were identified 

by ESI/MS/MS analysis and confirmed the molecular mass to be 63.4 kDa. Peptides 

were matched with LAC2-BOTFU Laccase-2 OS=Botryotinia fuckeliana GN=LAC2, 

and the score sequence coverage was 994 (individual ions scores > 37 indicate 

identity or extensive homology (p<0.0059)). The following tryptic peptides were 

found with MS: FELTFVEGTK, SVFEIWDSAR, KFELTFVEGTK, SPANFNLVNPPR, 

DVAALPGNGYLAIAFK, YDSSSTVDPTSVGVTPR and YDVIVEANAAADNYWIR 

(Appendix 8).  
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Figure 5.10. SDS-PAGE analysis of concentrated fungal culture filtrates (TN077) of the medium 
treated with different concentrations of copper sulphate (CuSO4), and PDB as the control medium. M 
= protein molecular weight marker. 
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5.4 Discussion 

Laccase enzyme activity and gene expression patterns of different laccases (LAC1, 

LAC2, LAC3) in B. cinerea and in response to two inducers (copper sulphate and 

gallic acid), were investigated two days post inoculation in LIM. The two-day post-

inoculation period of investigation was chosen because in the preliminary study, 

laccase activity peaked after two days’ incubation in the presence of inducers. The 

fact that laccase activity and the expression of LAC2 were both greatest after two 

days indicates that laccase gene/s induction is due to inducers. However, it does not 

exactly show which inducer is responsible, since LIM contains a mixture of both 

copper and gallic acid. Copper induction of laccases was observed in two-day-old 

cultures of the ligninolytic fungus, Pleurotus ostreatus (Palmieri et al., 2000).  

The second experiment, which tested the expression of laccases with respect to 

each inducer, showed that the expression was due to the presence of copper. The 

gene expression profile showed both LAC2 and LAC3 were inducible, whereas 

LAC1 was constitutively expressed. However, the correlation of LAC2 with different 

concentrations of copper indicates that LAC2 is the copper-responsive gene in 

B. cinerea. In Gaeumannomyces graminis, LAC2 was reported as the copper-

inducible gene (Litvintseva & Henson, 2002), whereas the POXA1b gene was the 

most abundant-induced transcript in Pleurotus ostreatus among several other 

copper-responsive laccases (Palmieri et al., 2000). It appears that fungi have more 

than one laccase gene, and that one or more of these genes responds to copper to 

induce gene expression and laccase activity. This might be true for B. cinerea as 

well even, though three genes have been reported. Based on this evidence, it 
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appears that B. cinerea LAC2 is the copper-responsive LAC gene and copper 

induces laccase activity by the induction of laccase transcription at a particular 

incubation time.  

Copper induction of laccases has resulted in different levels of laccase activity, which 

could be due to the isolate-dependent response to the inducer. Recently, Park et al., 

(2015) observed five strains of Pycnoporus coccineus with significantly increased 

laccase activity in response to copper, whereas two strains did not respond. The 

synthesis and secretion of laccases are strictly influenced by variations among 

different fungal species and different isoforms in the same strain (Piscitelli et al., 

2011). Furthermore, it has been reported that the concentration of copper for laccase 

induction is isolate dependent (Gomaa & Momtaz, 2015, Passarini et al., 2015) and 

that 0.6 mM is the optimum concentration for maximum laccase induction in 

B. cinerea. The required copper concentration falls into a range from a low 

concentration (0.01 mM) to a high concentration (1 mM) depending on the fungal 

species, e.g. white rot fungi (Palmieri et al., 2000, Fonseca et al., 2010) and some 

ascomycetes, Aspergillus flavus (Gomaa & Momtaz, 2015) and G. graminis 

(Litvintseva & Henson, 2002). Dichomitus squalens has an optimum copper 

concentration as low as 0.06 mM, whereas the marine filamentous non-

heterocystous cyanobacterium, Phormidium valderianum, is negatively affected 

when the concentration of copper is greater than 0.01 mM (Kannaiyan et al., 2012). 

However, this is not always the case. Some isolates of wood rotting fungi have 

stimulated growth with low copper concentrations, while others have been inhibited 

by even the lowest concentration (Guillén & Machuca, 2008).  
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Copper is vital for forming the metal-active sites in copper-containing oxidases. 

Thus, it is essential in the gene expression process and copper-containing enzyme 

production of several organisms (Passarini et al., 2015). In the present study, 

B. cinerea fungal growth seems to have been stimulated at lower copper 

concentrations in a dose-dependent manner up to 0.6 mM. However, for 

concentrations beyond this, copper may become inhibitory to fungal growth as a 

result of oxidative stress. The free cupric form (Cu2+) is extremely toxic to fungal cells 

as Cu2+ induces reactive oxygen species (ROS), which could interact with proteins, 

enzymes, nucleic acids, and metabolites that associate with cell functions and 

viability (Fernández-Larrea & Stahl, 1996, Manzl et al., 2004, Kannaiyan et al., 

2012). As copper stimulates fungal growth, it is reasonable to suggest that there is 

a correlation between laccase activity and fungal biomass, unless the fungal growth 

is affected by the copper toxicity. However, in the current study, an unexpected 

increase of laccase activity and the expression of LAC2 resulted at 1 mM, even with 

the reduced fungal biomass. This could be due to the over-expression of laccase by 

the fungus to alleviate copper toxicity. It has been reported that fungi produce 

laccases to scavenge ROS to protect themselves from oxidative stresses (Stohs & 

Bagchi, 1995) caused by free copper ions, as a defence mechanism against copper 

(Viswanath et al., 2008). The up-regulation of the copper-responsive laccase, LAC2, 

at the high concentrations (1 mM) might suggest that LAC2 is the stress-regulated 

laccase in B. cinerea as previously suggested by Schouten et al., (2002), although 

further investigation is required to explain the underlying mechanisms.  
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The gene expression patterns of laccases for the three isolates with respect to the 

inducers were also isolate dependent and followed a different pattern to that of the 

laccase activity. The expression of the three laccase genes varied among isolates 

with respect to the concentration of copper. Further investigation is now required 

with a larger number of isolates to make some firm conclusions about isolate-

dependent laccase expression of B. cinerea with respect to different concentrations 

copper, in particular, to use other two isolates TN080 and VRU0005. Strong 

induction of three LAC genes (LAC9/LAC10 and LAC2), and a lesser induction of 

other laccase genes in Pleurotus ostreatus have been observed with copper 

(Pezzella et al., 2013), and as such, a differential expression of LAC genes could be 

attributed to internal regulation mechanisms such as micro RNAs (miRNAs). 

Copper-related miRNA is a systemic regulator of copper enzymes in Arabidopsis, 

since microRNA expression patterns have been shown to be negatively correlated 

with the accumulation of copper protein transcripts (Abdel-Ghany & Pilon, 2008). Jin 

and Wu (2015) recently observed that the up-regulated miRNAs inhibited the 

expression of their targets involving the post-transcriptional modifications in 

B. cinerea. In this study, regulation of copper-related miRNA might have been 

involved in the regulation of transcription of different laccase genes with respect to 

copper, and this concept is yet to be investigated in relation to copper induction of 

B. cinerea laccases.  

Furthermore, the greatest laccase activity and gene expression of LAC2 and LAC3 

were observed in the medium treated with a combination of both gallic acid and 

copper. Similarly, increased laccase activities have been observed in the 
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combination of different inducers in Ganoderma lucidum (Manavalan et al., 2013), 

Trametes spp. (Jang et al., 2006) and in Pycnoporus sanguineus (Ramirez-Cavazos 

et al., 2014), although the reason for this is not known. Laccase expression can be 

influenced by nutrient levels, culture conditions, developmental stage and the time 

of incubation (Garrido-Bazán et al., 2016). Physiological mechanisms occurring 

during mycelia development have been found to modulate the relative expression 

levels of laccase isoenzymes (Alessandra et al., 2011). This could explain why minor 

laccase activity was observed with no inducer, suggesting constitutive laccase 

expression. In-vitro fungal laccase production is thus dependent on culture 

conditions, medium composition, the type of inducers present and the fungal isolates 

or the strain.  

The reported two laccases in B. cinerea are different enzymes, since they have 

different molecular sizes and different inducers (Slomczynski et al., 1995, Pezet, 

1998). The present study showed that the copper-inducible laccase enzyme is 

encoded by LAC2 and has a molecular size of 63 kDa, although it has been 

previously reported as 75 kDa and this could be due to the glycoprotein nature. 

Laccases are typically glycosylated (Morozova et al., 2007, Maestre-Reyna et al., 

2015) and the function is presumably to confer thermostability of laccases up to 

70 °C (Yaropolov et al., 1994). However, the gallic acid-inducible laccase gene can 

be assumed to be coded by another inducible gene, by logically looking into present 

and previous information. Gallic acid-inducible laccases are more or less similar in 

size, although there are differences due to the glycoprotein nature (Marbach et al., 

1984, Pezet et al., 1991) and found similar properties with laccase purified from 



159 

 

grape juice treated medium (Gigi et al., 1981) which indicates that the induction of 

this particular laccase was associated with the host. It has been reported that 

B. cinerea uses signals provided by the phenolics present in the plants, in the 

induction of laccase (Marbach et al., 1985). Taken together, it can be assumed that 

the gallic acid-inducible laccase is host-associated. In G. graminis, expression of 

LAC3 in the presence of plant homogenate and infected plant tissues showed that 

the gene is host-associated (Litvintseva & Henson, 2002). Also, as explained in 

Chapter 3, LAC3 is the host-associated gene and its corresponding protein is 32 

kDa. Taken together, this study assumes that LAC3 is the gallic acid-inducible 

laccase in B. cinerea. However, gallic acid induction was not observed in this 

experiment. This could possibly have been due to the shorter incubation, since 

B. cinerea requires a prolonged incubation period (12–14 days) in the presence of 

gallic acid (Gigi et al., 1980). Schouten at al., (2002) observed that LAC3, unlike the 

other two genes, needed a prolonged incubation period in-vitro, which supports the 

notion of LAC3 being inducible by gallic acid. Thus, it can be concluded that 

differential expression of B. cinerea laccases is the result of inducer-specific laccase 

gene induction. 

 

5.5 Conclusion 

This study confirms that LAC2 and LAC3 in B. cinerea are inducible for laccase 

production. Copper induces LAC2 gene expression in B. cinerea at the early stage 

of growth and codes for a 63 kDa laccase protein. Therefore, this study establishes 
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a link between LAC2 gene-enzyme and the inducer Copper, which LAC2 to be 

copper responsive in producing 63 kDa enzyme. However, the link among the gene, 

enzyme and inducer for LAC3 remains to be elucidated in future research. Laccase 

activity and the gene expression of B. cinerea isolates (TN080, TN077, VRU0005 

which displayed high, moderate and low virulence) in the presence of gallic acid 

could be examined in this case. The induction of LAC2 requires an optimum 

concentration of copper (which is 0.6 mM) and beyond this concentration fungal 

growth is affected. Although there are more laccases present in the Botrytis genome, 

the right gene is induced by the particular inducers resulting in different laccase 

activities and different expression patterns of laccases.  
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Chapter 6: Summary and the general discussion 

 

 Grey mould in grapes caused by Botrytis cinerea is a common fungal disease found 

in vineyards worldwide. Aside from reducing yield, the pathogen affects the quality 

of wine, resulting in huge economic losses to the grape and wine industry on an 

annual basis. Although some control strategies are available for grape growers 

(Edder et al., 2009), more effective management tools are required. The 

development of new strategies is currently hampered by a lack of fundamental 

information about laccases with respect to their role in fungal virulence. The aim of 

this research project was to investigate the role of laccases during grey mould 

development in grapes. To achieve this aim, four objectives were addressed; 1. to 

investigate the genetic diversity of laccases in B. cinerea and to undertake 

bioinformatics analysis of gene sequences to predict functional and structural 

properties; 2. to optimise RNA extraction from infected grapes; 3. to investigate the 

expression of laccases during the berry infection and 4. to investigate the laccase 

expression with gallic acid and copper sulphate. 

Investigations related to laccases have been complicated due to the complex 

induction system and the presence of multiple forms of laccases. The genetic 

diversity of B. cinerea laccases, their contribution to grey mould development, the 

determinants, and induction of virulence are remained to investigate. To address 

these fundamental questions, a series of strategically designed experiments 

involving enzyme assays, DNA sequencing, gene expression profiling, protein 

purification, and ESI/MS/MS analysis coupled with bioinformatics analysis were 
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performed. This discussion summarises all aspects of the research project into one 

perspective.  

The infection of B. cinerea in grape berries is facilitated by the ability of the pathogen 

to secrete a range of enzymes and other proteins into different cellular environments, 

such as extracellular and intracellular compartments. Secreted proteins are 

particularly important in fungal pathogenicity, since these molecules trigger the 

interaction between the pathogen and host plant, as shown by secretome analysis 

of pathogenesis proteins (Tiedemann 1997, Shah et al., 2009b, Espino et al., 2010). 

The secretome at the early stage of disease development includes a large number 

of proteases, which are involved in the degradation of plant defensive barriers 

(Espino et al., 2010). Some of these enzymes are inducible and are responsible for 

cell wall degradation (Tiedemann, 1997, Shah et al., 2009b,), proteolysis, membrane 

transportation, generation of reactive oxygen species (ROS), and detoxification 

(Kelloniemi et al., 2015). In addition, these proteins include transport proteins, 

proteins involved in carbohydrate metabolism and enzymes involve in 

oxidation/reduction (Shah et al., 2009a). These proteins are localised extracellularly 

and can be expressed constitutively and also in response to a particular signal. For 

instance, 60 proteins have been identified in B. cinerea that are localised 

extracellularly, and of these seven are expressed constitutively (Shah et al., 2009a).  

The secreted proteins and other metabolites in Botrytised grapes present a 

challenge to wine production particularly when it comes to oxidative spoilage (Steel 

et al., 2013, Claus et al., 2014,). Oxidative spoilage occurs due to enzymes such as 

laccases, which are secreted by B. cinerea during berry infection (Grassin & 
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Dubourdieu, 1989, Dewey et al., 2008). Laccases oxidise polyphenolic compounds 

in grape must, resulting in an inferior quality wine (Steel et al., 2013). This issue in 

the wine industry has led to the development of efficient control strategies for 

laccases in vineyards and to develop different assay methods that could be used in 

the quantification of laccases in wineries. Better and efficient control strategies could 

be developed by understanding the mechanism of laccase induction in B. cinerea. 

For instance, a chemical treatment might be able to develop to stop or to induce 

down-regulation of laccase. However, the success of these strategies is currently 

hampered by a lack of basic information about laccases with respect to their 

virulence determinants, functional properties, induction system and the genetic 

variabilities among isolates. This basic information can be established by 

understanding the diversity of laccase genes among different B. cinerea isolates, 

and by predicting subtle structural and functional properties of laccases. Such 

information will provide important insights into how B. cinerea may use different 

laccases to infect wine grapes. 

B. cinerea laccases are highly conserved, although there is intra-species diversity 

among the isolates tested (Chapter 2). Conserved traits remain unchanged 

throughout evolution, since they are unique and essential to physiological functions. 

Several plant pathogens utilise conserved virulence pathways to survive in 

numerous host environments and to adapt in different hosts. For instance, it has 

been shown that fungal pathogens that belong to different taxa share the Mitogen-

activated protein kinases (MAPKs) pathway (Hamel et al., 2012, Rispail et al., 2009) 

for better host-pathogen interactions. The MAPKs pathway develops the molecular 
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dialogue between host and pathogen by promoting the penetration of host tissues 

and by activating plant immunity (Hamel, 2012). In addition, it has been recently 

reported that fungal pathogens, even if they are distantly related, use highly 

conserved virulence factors during pathogenesis (Yang et al., 2017). Despite being 

conserved, laccases have strain-dependent variations as shown by the intra-species 

diversity in the phylogenetic analysis (Chapter 2). The intra-species diversity of 

laccases is further evidenced by the unequal distribution of signal peptides and Cu-

oxidase domains in laccase genes among different isolates in B. cinerea (Chapter 

2). This could be due to the insertions and deletions (InDels) of some amino acids 

in coding regions of laccase genes. It has been reported that the intra-species 

diversity in wheat and barley is due to the insertion-deletion rearrangements, which 

are caused by transposable elements (Wicker et al., 2009). Furthermore, 

Moghaddam et al., (2014) have reported that InDels arise due to certain cellular 

mechanisms, including the movement of transposable elements. Generally, 

B. cinerea is more prone to higher genetic variation than other fungal pathogens due 

to the transposable elements (TE) (Giraud et al., 1999), which are exceptional 

contributors to eukaryotic genome diversity through their promotion of mutations and 

chromosomal rearrangements. These mutations eventually modulate gene 

expression, resulting in a new regulatory network of proteins (Feschotte, 2008) 

which creates variation among isolates. TE-mediated genetic mutations thus result 

in the evolution of new proteins by exon shuffling (Morgante et al., 2005) and rewrite 

the pre-established transcriptional and post-transcriptional regulatory network 

creating new ones (Feschotte, 2008).  
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Laccases were predicted to contain signal peptides, which are an integral part of the 

conventional secretory process (Rapoport, 1992), contributing to the translocation 

of virulence factors in pathogenesis (Chevalier et al., 2004, Lee et al., 2006). 

Laccases are reportedly transported to the cell surface in the human pathogen 

Cryptococcus neoformans following the conventional secretory process, as they are 

associated with the secretory leader peptide (Zhu et al., 2001, Zhu & Williamson, 

2004). However, some B. cinerea isolates (UV004, UV005, UV022 for LAC2 and all 

except UV037, UV051, UV053 for LAC1) do not have signal peptides in their 

laccases (Chapter 2), suggesting that they may also utilise unconventional protein 

secretary pathways and/or not secretory. For instance, the use of the unconventional 

secretary pathways in virulence secretions has been reported in C. neoformans 

(Kmetzsch et al., 2011, Godinho et al., 2014,). The unconventional secretion 

pathway involves direct translocation across cytoplasmic proteins of plasma 

membranes, such as fibroblast growth factor 2 and intracellular transport 

intermediates, as shown for acyl-CoA binding protein (Nickel, 2010). The secreted 

laccases in B. cinerea are predicted to be localised extracellularly and associated 

with the cell wall (Chapter 2) indicating that laccases are translocated to the 

surrounding extracellular fluid and localised to the cell wall of B. cinerea. This 

suggests laccases can readily access plant host tissues. These properties mean that 

that laccases in B. cinerea are also a type of secretory protein, which efficiently 

facilitate pathogenesis. The secretory pathways of B. cinerea laccases and their 

localisation, is a potential area of study for future research. 
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In the present study, the expression profile of three laccase genes was characterised 

by quantifying mRNA transcripts during grey mould development in grapes. 

Transcript quantification was performed by RT-qPCR (Carleton, 2011), which solely 

depends on the quality of RNA (Vermeulen et al., 2011). Grapes are a challenging 

plant material that tend to yield relatively low quantities of intact RNA (Reid et al., 

2006, Tao et al., 2012, Xiao et al., 2015). Intact RNA is basically described as a 

combination of RNA purity and RNA integrity (Becker et al., 2010). RNA integrity is 

tested using an Agilent BioAnalyser (Agilent Technologies, Palo Alto, CA), which 

gives an algorithm to measure the RNA integrity number (RIN) (Mueller, 2004, 

Kałużna et al., 2016). RINs can range from 1 to 10, where level 10 is considered the 

most intact pure RNA, and 1 represents the most degraded profile of RNA. RNA 

integrity in grapes has been compared to that in other plant materials (Kim, 2016). 

Kim (2016) obtained the highest RIN (6.2) from tobacco, whereas no RIN was 

obtained for grapes, indicating the difficulty of obtaining high quality RNA from the 

latter (Kim, 2016). RNA extraction from infected grapes was thus optimised to obtain 

intact RNA. 

Commercially available kits that do not contain hazardous chemicals often fail to 

extract quality RNA from plant systems (Rubio-Piña & Zapata-Pérez, 2011, Hu et 

al., 2012), unlike in animal systems (Sellin Jeffries et al., 2014). This issue is due to 

phenolics (Mattheus et al., 2003) and other secondary metabolites, which are 

enriched in plants including grapes (Sharma et al., 2003, Azevedo et al., 2012). 

Thus, part of this investigation sought to improve the efficient use of commercially 

available kits to extract high quality RNA from grape berries infected with B. cinerea 
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by eliminating these compounds. The improvements involved the incorporation of 

2% Polyvinylpyrrolidone (w/v) into the extraction buffer (Bioline) and increasing the 

final concentration of 2-mercaptaethanol to 10% (v/v). The improved quality of RNA 

was determined using a NanoDrop spectrophotometer, which showed increased 

readings for A260/280 and A260/230 ratios (Chapter 3). The quality of RNA was 

further confirmed by RT-PCR, which meant that the cDNA synthesised from this 

RNA was amplifiable.  

Difficulties in studying laccase gene expression during the early stages of infection 

(6, 12, 18 hpi) were encountered, as most of the isolated RNAs were of plant origin. 

This issue limited the success of RT-qPCR analysis for fungal genes during the early 

stages of infection. For instance, the dominance of plant RNA has been challenged 

when assessing bacterial virulence genes in infected plant leaves (Soto-Suarez et 

al., 2010, Fink et al., 2012, Goudeau et al., 2013). In the current study, this issue 

was circumvented by increasing the amount of starting plant material used for RNA 

extraction. The improvements achieved from this study can be applied to obtain 

quality RNA from infected grapes or other plant materials rich in polyphenolics, for 

elucidating host-pathogen interactions during any stage of the infection process. 

Moreover, these improvements can be applicable to other commercially available 

kits. Several other commercially available kits could be compared with the proposed 

improvements in order to confirm the presented approach in this thesis.  

In terms of transcript profiling, LAC1 and LAC2 appeared to be important during 

disease initiation, as they were expressed during the first 12 hours (Chapter 4). 

Therefore, it can be assumed that LAC1 and LAC2 are important in the host 
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colonisation. Indeed, LAC2 has been shown to be involved in disease development 

(Schouten et al., 2002). The high occurrence of predicted properties, such as signal 

peptides, localisation and domains in LAC2 compared to in LAC1, indicates the 

greater importance of LAC2 than LAC1 in physiological functions in B. cinerea 

(Chapter 2). Moreover, LAC2 in B. cinerea was found to be a copper-inducible 

laccase gene (Chapter 5), and this phenomenon has also been reported in G. 

graminis (Litvintseva & Henson, 2002). The inactivation of the copper-transporting 

ATPase (BcCCC2) gene in B. cinerea has been shown to reduce the ability for 

conidial melanisation, sclerotia formation and penetration due to the disruption of 

copper-containing proteins (Saitoh et al., 2010). Also, it has been shown that copper-

dependent laccases are involved in melanin biosynthesis in C. neoformans (Zhu & 

Williamson, 2003, Walton et al., 2005) and in Aspergillus fumigatus (Upadhyay et 

al., 2013). Together, it can be hypothesised that LAC2 is involved in appressorial 

melanisation, which provides turgor pressure for the pathogen to penetrate the host 

plant (Saitoh et al., 2010). However, future studies are warranted to understand the 

involvement of LAC2 in melanin biosynthesis and its role in host penetration. 

Although LAC2 is identified as inducible, LAC1 was neither inducible nor involved in 

the pathogenesis of B. cinerea (Chapter 4, (Schouten et al., 2002)).  

The expression of LAC3 was greatest 24 hours post inoculation in the detached 

berry assay and was consistently expressed during infection, indicating the 

involvement of LAC3 in the whole process of the grey mould development (Chapter 

4). Therefore, LAC3 is proposed as the possible virulence determinant among the 

three laccase genes investigated. The involvement of LAC3 in fungal virulence has 
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been reported in the Chestnut blight fungus, P. pulmonarius (De Souza et al., 2004) 

and in G. graminis, the take-all pathogen of grass and cereals (Litvintseva & Henson, 

2002). However, the contribution of each laccase gene in grey mould development 

is yet to be confirmed by functional genomic analysis. Isolate TN080, which 

displayed the highest virulence, could be compared with laccase gene knockdown 

mutants of TN080 in future experiments to confirm the involvement of different 

laccase genes in pathogenesis. Furthermore, isolate TN080 could be compared with 

low (VRU0005) and moderate virulence (TN077) isolates to confirm the involvement 

of LAC3 as virulence determinant eventually. 

The purified protein from infected berry extract was a 26 kDa protein (Chapter 4); 

however, there is currently insufficient information available in databases to confirm 

this 26 kDa protein as being LAC3. Further purification and identification of this 

protein is a warrant and could include western blot analysis. In addition, the 

purification could be extended to use anion exchange column chromatography. 

Although this further research is warranted, results from ESI/MS/MS analysis 

revealed that this purified protein as Glycoside hydrolase family 12 (Botrytis cinerea 

T4, Appendix 7) (Chapter 4), which hydrolyse polysaccharides (Cantarel et al., 

2009). Therefore, this may highlight the involvement of this protein in lesion 

expansion through the breakdown of cell wall materials in the plant. The efficiency 

of hydrolysis can be enhanced when the hydrolysis is in conjunction with the redox 

ability of a protein (Phillips et al., 2011, Quinlan et al., 2011). The redox potential of 

laccases is important in the detoxification of stilbenic phytoalexins (Pezet et al., 

1991, Sbaghi et al., 1996), which is an induced plant response that can stop 
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pathogen growth in host tissues (Verhagen et al., 2011). In addition, the redox 

potential is involved in diminishing the function of PR proteins, which are induced by 

the plant as part of the defence mechanism (van Loon, 1985). Laccases make PR 

proteins insoluble through the complex chemical interactions in the berry 

environment (Favaron et al., 2009, Bankey et al., 2012,). The results from this thesis 

showed reductions in total protein with disease development (Chapter 4), confirming 

this function of laccase.  

There may be subtle structural and functional properties in LAC3 to further explain 

its role in the disease development; however, comprehensive characterisation for 

LAC3 (particularly the identification of its complete gene sequence) is required in 

future research. In addition, the full gene sequence of LAC3 will allow examination 

of gene diversity among isolates as the possible determinant of virulence, to further 

elucidate their relationship among these isolates. Although LAC3 was involved as 

the possible virulent determinant, all genes should be characterised in future 

research under the conditions investigated in the present study as 11 laccase genes 

have been identified (J.A.L. van Kan pers. com).    

The expression of LAC3 during disease development could be explained in regards 

to the redox potential. The differences in redox potential among the laccase genes 

could be the reason why the pathogen expresses different laccases during different 

physiological functions. It has been reported that the LAC3 gene has a phenylalanine 

(Phe) residue at the Type-1 copper centre of the enzyme, which causes a higher 

redox potential (Eggert et al., 1998, Canters & Gilardi, 1993). On the other hand, 

laccases with methionines (Met) at this position have a low redox potential (Canters 
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& Gilardi, 1993) and are categorised as LAC1, whereas laccases with leucine (Leu) 

at this position are categorised as LAC2 (Eggert et al., 1998). These residues 

determine the redox potential in the Type-1 copper centre, and the different amino 

acid composition thus determines the various activities in different laccase genes. 

The induction of B. cinerea laccases by copper has been reported previously 

(Slomczynski et al., 1995). According to the current work, copper induces laccase 

production due to LAC2 expression after two days’ incubation in liquid culture 

(Chapter 5). This induction is concentration-dependent and the optimum copper 

concentration for the induction of LAC2 is 0.6 mM. At this concentration, fungal 

growth is not affected (Chapter 5); however, the copper concentration beyond this is 

toxic to fungal growth (Chapter 5). Although fungal growth is affected, B. cinerea 

induces activity and transcription of LAC2 (Chapter 5) and this could be as a 

feedback mechanism to alleviate copper toxicity. Copper is known to be toxic to 

living systems and fungi have been shown to be copper tolerant by secreting 

laccases as they scavenge excess copper (Stohs & Bagchi, 1995, Hofer, 2013). The 

role of laccases in B. cinerea in this case has to be confirmed. 

The current study does not allow sufficient conclusions to be made about gallic acid-

mediated laccase induction, although LAC2 and LAC3 are regulated differentially 

with respect to gallic acid depending on the isolate (TN080, TN077, and VRU0005 

in Chapter 5). Although the genes are up-regulated, the laccase protein is not 

synthesised, as laccase activity is not observed in the presence of gallic acid 

(Chapter 5). However, the induction of B. cinerea laccases by gallic acid has been 

reported after prolonged incubation (Gigi et al., 1980, Gigi et al., 1981, Marbach et 
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al., 1984, Bar Nun et al., 1988) and this is something that could be investigated in 

future research. However, it seems that there is a regulation of laccase protein 

synthesis in the present of inducers, which could be explained as micro RNA-

mediated post transcriptional modifications (Abdel-Ghany & Pilon, 2008, Jin & Wu, 

2015). This has been reported as a general mechanism in Arabidopsis sp. to down-

regulate the expression of non-essential copper proteins (Abdel-Ghany & Pilon, 

2008). In this way, the formation of each enzyme form in B. cinerea is shown to be 

specifically switched on by a well-defined inducer, or by a group of inducers as 

different enzyme forms result (Gigi et al., 1981, Slomczynski et al., 1995). It has 

been reported that more than one form of laccase is formed with respect to phenolic 

and non-phenolic inducers in Ganoderma sp. (Kumar et al., 2017). Taken together, 

it can be hypothesised that this switch may be regulated by micro RNA in the 

presence of a particular inducer/s, although this requires confirmation in future 

research. Moreover, the expression of different forms of laccases is dependent on 

physical factors such as temperature, pH, nitrogen and carbon sources and 

developmental stages of the fungus (Piscitelli et al., 2011, Pezzella et al., 2013). By 

extending the experiment to investigate the expression of LAC3 in B. cinerea with 

respect to these factors and conditions, important information will be provided that 

could be used to develop better control strategies for grey mould.  

Mature grape berries are susceptible to grey mould disease, whereas pre-veraison 

berries are generally resistant. In the infection of pre-veraison berries, the infection 

is initiated, but is stopped at the penetration stage (Kelloniemi et al., 2015). The 

natural resistivity of pre-veraison berries is achieved by the induction of higher 
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amounts of resveratrol and other phenolics substances (Jeandet et al., 1991), and 

also by strengthening the cell wall (Kelloniemi et al., 2015) due to the induction of 

salicylic acid-dependent defence pathway (Kelloniemi et al., 2015). Conversely, in 

the infection of mature berries, it has been reported that the jasmonic acid-

dependent pathway is activated, which permits the necrotrophic process of fungal 

pathogens (Kelloniemi et al., 2015). The jasmonic acid-dependent pathway is 

activated in mature berries in response to the cell wall degrading enzymes of the 

pathogen (Robert-Seilaniantz et al., 2011). Jasmonic acid subsequently induces 

plant susceptibility to B. cinerea through the induction of several virulence genes that 

are functionally important in necrotrophy, such as degradation of the plant cell wall, 

proteolysis, membrane transport, generation of reactive oxygen species (ROS), and 

detoxification (Kelloniemi et al., 2015). This has been reported when jasmonate 

response has been involved in plant susceptibility to eight pathogens with diverse 

lifestyles (Thaler et al., 2004). In addition, Jasmonic acid can induce phenolic 

compounds including gallic acid (Konan et al., 2014), which may induce B. cinerea 

laccase during the infection process. Laccase induction by B. cinerea thus seems to 

be associated with the changing chemical composition in mature berries, as laccase 

induction occurs during the infection of mature berries only. 

The induction of laccase during the infection of mature grapes could be linked to the 

biochemical changes, particularly the increasing sugar content. Host sugar content 

is utilised by the pathogen to modulate pH in the hostile environment (Bi et al., 2016), 

which induces virulence factors in return. The modulation of pH has been shown to 

regulate the expression of virulence factors in several pathogens (St Leger et al., 
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1998, Yakoby et al., 2000, Coman et al., 2013,), including B. cinerea (Manteau et 

al., 2003). The reduction of pH in grape berries with the infection of B. cinerea 

(Chapter 4) could be linked with the induction of laccase, although this is yet to be 

investigated. The modulated acidic pH in the berry environment presumably controls 

the switching of the defence pathway with the maturity of grapes. In this context, it 

can be hypothesised that the modulated pH, depending on host sugar content, 

induces fungal laccases, both directly, and indirectly through the induction of 

jasmonic acid and gallic acid. This proposed mechanism of laccase induction during 

the infection of mature grapes by B. cinerea is yet to be confirmed, and therefore 

this represents a further avenue for future research.  

 

Conclusions 

Results from this study provide novel information about the role of laccases in the 

development of grey mould in wine grapes and therefore go some way toward 

answering the research questions raised in this thesis. In answering the first 

research question (What is the genetic diversity of laccases in B. cinerea?), laccases 

were found to be conserved in B. cinerea, despite the intra-species diversity. In 

answering the second research question (Which laccase gene/s are involved in 

pathogenesis and what is the virulence determinant?), LAC3 amongst the three 

genes studied, was proposed as a possible determinant of virulence in B. cinerea. 

Although, the identification of this protein has not been confirmed, the molecular 

mass of the encoding protein was found to be 26 kDa. Also, a new function of this 

protein was found in the hydrolysis of polysaccharides, in addition to the redox 
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potential. In answering the third research question (Does B. cinerea express 

different laccases depending on the inducers present?) as to which laccase is 

expressed in response to copper and gallic acid, LAC1 was found to be constitutively 

expressed, whereas LAC2 and LAC3 were inducible. The fourth research question 

(Is this expression of laccases in B. cinerea gene-specific?) was answered as the 

copper-inducible laccase gene in B. cinerea was found to be LAC2, confirming that 

the induction is gene specific. Furthermore, LAC2 was a 63 kDa protein and its 

induction was found to be achieved by the optimum copper concentration of 0.6 mM, 

which is not detrimental to fungal growth. Therefore, in answering the fifth research 

question (What is the link between gene, enzyme and inducer?), one link among the 

LAC2 gene, LAC2 enzyme and the inducer, copper, was established, which LAC2 

to be copper responsive in producing 63 kDa enzyme. The induction of laccase 

appears to be complex as it undergoes a complex signalling cascade with the grape 

development stage. The pathogen-mediated pH modulation, which utilises host 

sugar content, might also be involved in the laccase induction through the induction 

of jasmonic acid and gallic acid (though this should be extended and confirmed in 

future research). Therefore, the link among the gene, enzyme and inducer for LAC3 

remains to be elucidated.  
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Appendix 1  

The poster presented at Com-Bio 2016 
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Appendix 2 

Abstract 1 and the certificate of the award 

 

COPPER INDUCTION OF LACCASES IN THE PLANT PATHOGENIC FUNGUS, 
BOTRYTIS CINEREA 

Buddhika U.V.A.1, Savocchia S.1, Strappe P.2, Schmidtke L.M.1 and Steel C.C.1 
1National Wine and Grape Industry Centre, School of Agricultural and Wine 
Sciences. 2School of Biomedical Sciences. 

Botrytis cinerea, a fungal pathogen of grapevines, produces oxidative enzymes 
including laccases, during the infection of plant tissues. Laccases are reported to be 
induced by copper however it is not known if this is the case for B. cinerea. Three 
laccase genes are known (LAC1, LAC2 and LAC3) but gene specific inducers have 
not been fully investigated. This study investigates the expression of laccases in 
response to copper. Liquid cultures of B. cinerea were prepared in potato dextrose 
broth by inoculation of the media with 100 μL of spore suspension (105/ml). After 5 
days mycelia were harvested and placed in a laccase inducing medium with a range 
of CuSO4 concentrations (0 - 0.8 mM). Laccase activities in culture filtrates were 
determined after 2 days. Laccase activity was dependent upon copper concentration 
up to 0.6 mM and decreased at 0.8 mM indicating 0.6 mM is the optimum 
concentration of maximum laccase production. Mycelia were harvested for mRNA 
transcript analysis. LAC2 gene expression was similarly correlated with the copper 
concentrations in the culture medium with a 5-fold increase at 0.6 mM CuSO4. There 
were no significant changes in LAC1 and LAC3 gene expression indicative that 
LAC2 is a copper-inducible laccase gene. Proteins from culture filtrates were 
concentrated using ultra centrifugal filters (30 KDa) and separated by SDS-PAGE. 
A single band corresponding to a 75 KDa protein was observed which may 
correspond to a copper inducible laccase. This is the first time laccase gene 
expression in response to copper has been investigated in B. cinerea. 
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Appendix 3  

Abstract 2  

XV11 International Botrytis Symposium-2016 

 

Production of laccases during the infection of grape berries by Botrytis 

cinerea 

U.V.A.Buddhika1, C.C.Steel1*, S.Savocchia1, P.Strappe2, L.M.Schmidtke1 

1National Wine and Grape Industry Centre, School of Agricultural and Wine 

Sciences, Charles Sturt University, Wagga Wagga, NSW 2678 

2 School of Biomedical Sciences, Charles Sturt University, Wagga Wagga, NSW 

2678 

Abstract 

Laccases produced by Botrytis cinerea during infection of grape bunches can lead 

to wine oxidation and subsequent detrimental effects on wine quality. The role of 

laccases in the development of Botrytis bunch rot has not been fully elucidated even 

though the research suggests the involvement of three genes (LAC1, LAC2, LAC3) 

in laccase production by B. cinerea. The expression of these genes during infection 

by B. cinerea on grapes was examined by selecting one botrytis isolate (TN080), 

following an initial screening of virulence. Sterilised wine grapes (Chardonnay) were 

inoculated with a 10µl spore suspension (107spores/ml) and incubated at 24 oC. 

Berries were collected at different time intervals post-inoculation, frozen in liquid 

nitrogen and total RNA extracted, followed by cDNA synthesis, RT-qPCR with 

primers designed for the three LAC genes. Relative gene expression was 

normalised to the internal control, actin. Laccase enzyme activity was also assessed 

in berry extracts collected at the same time and expressed as U/ml. All experiments 

were done using three biological replicates. The expression of LAC3 was greatest 

(15 fold) for one day post-inoculation and followed by a gradual reduction up to day 

3. There were no expressions of LAC2 and LAC1 genes were observed. Despite this 

gene expression, laccase enzyme activity in berry extract was not observed until 

3days post-inoculation. Expression pattern of laccase transcripts implied the 

involvement of LAC3 gene in the disease development. This is the first approach to 

study the expression pattern of laccases that indicative LAC3 as the virulence 

determinant of B. cinerea in the infection process and implies the importance of 

laccases at the early stages of infection on grape berries.  
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Appendix 4  
Protocol provided by the manufacturer  
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Appendix 5  

Prediction of properties  

 

Signal IP prediction  

LAC2 Botryotinia fuckeliana (AF243855.)  

 

     

Signal IP prediction results (SignalP 3.0 Server) 

 

 
Using neural networks (NN) and hidden Markov models (HMM) trained on eukaryotes 
 
 
SignalP-NN result: 
 
 
 

 

# data >                      length = 70 

# Measure   Position  Value  Cutoff      signal peptide? 
 
  max. C       24           0.045    0.32        NO 
  max. Y       16           0.104    0.33        NO 
  max. S       11           0.940    0.87       YES 
  mean S     1-15        0.789     0.48       YES 
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       D          1-15        0.447     0.43      YES 
 
Most likely cleavage site between pos. 15 and 16: ACA-GT 
 
SignalP-HMM result: 
 
 
 
 

 

 

Prediction: Signal peptide 
Signal peptide probability: 0.991 
Signal anchor probability: 0.006 
Max cleavage site probability: 0.629 between pos. 64 and 65 
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NCBI Domain search 

 

LAC1 Botryotinia fuckeliana (AF243854) 
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LAC2 Botryotinia fuckeliana (AF243855.)  

 

 

 

Computation of isoelectric point and molecular weight (pI/Mw) 

– Results from Expasy's Protparam server 

 

Theoretical pI/Mw (average) for the user-entered sequence: 

        10         20         30         40         50         60  

MKYSTVFTAL TALFAQASAT AIPAVRSPLA PRQSTTASCA NSATSRSCWG EYSIDTNWYD  

 

        70         80         90        100        110        120  

VTPNTGVTRE YWLSVENSTI TPDGYTRSAM TFNGTVPGPA ITADWGDNLI IHVTNNLQHN  

 

       130        140        150        160        170        180  

GTSIHWHGIR QLGSLEYDGV PGVTQCPIAP GDTLTYKFQA TQYGTTWYHS HFSLQYADGL  

 

       190        200        210        220        230        240  

FGPLIINGPA TADYDEDVGA IFLQDWAHKS VFEIWDSARQ GAPPALENTL MNGTNIYDCS  

 

       250        260        270        280        290        300  

ASTDANCVGG GKKFELTFVE GTKYRLRLIN VGIDSHFEFA IDNHTLTVIA NDLVPIVPYT  

 

       310        320        330        340        350        360  

TDTLLIGIGQ RYDVIVEANA AADNYWIRGN WGTTCSSNSE AANATGILRY DSSSTVDPTS  
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       370        380        390        400        410        420  

VGVTPRGTCA DEPVASLVPH LALDVGGYSL VDEQVSFAFT NYFTWTINSS SLLLDWSSPT  

 

       430        440        450        460        470        480  

TLKIFNNETI FPTDYNVVAL NQTDANEEWV VYVIEDLTGF GIWHPIHLHG HDFYVVAQET  

 

       490        500        510        520        530        540  

DVFSATKSPA NFNLVNPPRR DVAALPGNGY LAIAFKLDNP GSWLLHCHIA WHASEGLAMQ  

 

       550        560        570        580  

FVESQSSIAI GMSDTDIFED TCANWNAYTP TELFAEDDSG I  

 

 

Theoretical pI/Mw: 4.47 / 63434.31  
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Appendix 6  

Amino acid sequence alignment of LAC2 from B. cinerea 

isolates 

 

 

UV006           ------------------------------------------------------------ 

UV004           ------------------------------------------------------------ 

UV005           ------------------------------------------------------------ 

UV035           ------------------------------------------------------------ 

UV018           ------------------------------------------------------------ 

UV034           ------------------------------------------------------------ 

AAK77953.1      -----------------------------------------------------MKYSTVF 

UV037           -----MCYSMYWSHQRYVISNSYSLVYHMLDIQNTGFRLRTLPSHLMVILAQPMPSMELF 

UV020           -----MCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV010           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV040           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV080           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV053           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV022           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV036           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV077           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

UV051           MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

VRU0005         MYQLVMCYSMYWSHQRYVISNSMSLVYHMLDIQNTGFQLRTPPSHLMVILAQPMPSMELF 

                                                                             

 

UV006           -------------MMYRIPSLM--------------------------SITNSIYRILAF 

UV004           -------------MMYRIPSLM--------------------------SITNSIYRILAF 

UV005           -------------MML-L-----------------LILESPEVCDIEFL-------VSSL 

UV035           -------------MML-L-----------------LILESPEVCDIEFL-------VSSL 

UV018           -------------MML-L-----------------LILESPEVCDIEFL-------VSSL 

UV034           -------------MML-L-----------------LILESPEVCDIEFL-------VSSL 

AAK77953.1      TALTALF---AQASATAIPAVRSPLAPRQSTTASCANSATSRSCWGEYSIDTNWYDVTPN 

UV037           QDLQLQQTGVTILMSVGLQSPREPLCPHNLRPSNITVSKLM------LSLLTTMLQTLPT 

UV020           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV010           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV040           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV080           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV053           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV022           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV036           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV077           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

UV051           QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

VRU0005         QDLQLQQTGVTILMSVGLQSLREPLCPHNLRPSNITVFKLM------LSLLTTMLQTLPT 

                                 :                                           

 

UV006           SMELHHHTMWLYSLSHDLQWNCSRTCNY-------SRLGMQSYNPMVSSHSESLFVLTTM 

UV004           SMELHHHTMWLYSLSHDLQWNCSRTCNY-------SRLGMQSYNPMVSSHSESLFVLTTM 

UV005           SLT-RYTEYWLS--------------------VENSTITPDGYTR-----SAMTFNGTVP 

UV035           SLT-RYTEYWLS--------------------VENSTITPDGYTR-----SAMTFNGTVP 

UV018           SLT-RYTEYWLS--------------------VENSTITPDGYTR-----SAMTFNGTVP 

UV034           SLT-RYTEYWLS--------------------VENSTITPDGYTR-----SAMTFNGTVP 

AAK77953.1      TG--VTREYWLSV--------------------ENSTITPDGYTR-----SAMTFNGTVP 

UV037           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQKYSP-----FSLPFRPIFP 

UV020           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRLIFP 

UV010           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRLIFP 

UV040           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRLIFP 

UV080           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRLIFP 

UV053           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRLIFP 

UV022           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRPIFP 

UV036           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRPIFP 

UV077           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRPIFP 
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UV051           ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRPIFP 

VRU0005         ISN-TMVHLFIGMEFVN--MEVSNTTAYPVCLMKIVTMRSQEYSP-----FSLPFRLIFP 

                         ::                          :  : *.          *      

 

UV006           GPQISL------------------------------------------------------ 

UV004           GPQISL------------------------------------------------------ 

UV005           GPAITADWGDNLIIRRSPVTQRASLSSQLEALKYHCFMALIVLANYLITDVTNNLQHNGT 

UV035           GPAITADWGDNLIIRRSPVTQRASLSSQLEALKYHCFMALIVIANYLITDVTNNLQHNGT 

UV018           GPAITADWGDNLIIRRSPVTQRASLSSQLEALKYHCFMALIVLANYLITDVTNNLQHNGT 

UV034           GPAITADWGDNLIIRRSPVTQRASLSSQLEALKYHCFMALIVLANYLITDVTNNLQHNGT 

AAK77953.1      GPAITADWGDNLII-----------------------------------HVTNNLQHNGT 

UV037           PPYIHNSC---------------------------------------------------- 

UV020           PPYIHNSC---------------------------------------------------- 

UV010           PPYIHNSC---------------------------------------------------- 

UV040           PPYIHNSC---------------------------------------------------- 

UV080           PPYIHNSC---------------------------------------------------- 

UV053           PPYIHNSC---------------------------------------------------- 

UV022           PPYIHNSC---------------------------------------------------- 

UV036           PPYIHNSC---------------------------------------------------- 

UV077           PPYIHNSC---------------------------------------------------- 

UV051           PPYIHNSC---------------------------------------------------- 

VRU0005         PPYIHNSC---------------------------------------------------- 

                 * *                                                         

 

UV006           ------------------FLSFDCPCMLPDYRRYQQSPTQWYIYSLAWNSSTRKSRIRRR 

UV004           ------------------FLSFDCPCMLPDYRRYQQSPTQWYIYSLAWNSSTRKSRIRRR 

UV005           SIHWHGIRQLGSLEYDGVPGMSLKDCDHAITRIFPLFPP---------FSSHISSSLH-- 

UV035           SIHWHGIRQLGSLEYDGVPGMSLKDCDHAITRIFPLFPP---------FSSHISSSLH-- 

UV018           SIHWHGIRQLGSLEYDGVPGMSLKDCDHAITRIFPLFPP---------FSSHISSSLH-- 

UV034           SIHWHGIRQLGSLEYDGVPGMSLKDCDHAITRIFPLFPP---------FSSHISSSLH-- 

AAK77953.1      SIHWHGIRQLGSLEYDGVPGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV037           -------QSSTEKLLTMIIGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV020           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV010           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV040           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV080           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV053           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV022           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV036           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV077           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

UV051           -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

VRU0005         -------QSSTEKLLTMITGVTQCPIAPGDTLTYKFQATQY---GTTWYHSHFSLQYA-- 

                                                 :                *  .       

 

UV006           TRYVFKRLMPCDHKNIPPFPSLFVSYFLLPTSITLASLLLKNYMHKLQVMLNVLSLLEIP 

UV004           TRYVFKRLMPCDHKNIPPFPSLFVSYFLLPTSITLASLLLKNYMHKLQVMLNVLSLLEIP 

UV005           -------------------P-MLLPVFYMKIT-------NINYRCN-SMSYRSWRYLDLQ 

UV035           -------------------P-MLLPVFYMKIT-------NINYRCN-SMSYRSWRYLDLQ 

UV018           -------------------P-MLLPVFYMKIT-------NINYRCN-SMSYRSWRYLDLQ 

UV034           -------------------P-MLLPVFYMKIT-------NINYRCN-SMSYRSWRYLDLQ 

AAK77953.1      -------------------DGLFGPLII-------------------------------N 

UV037           -------------------DGLFGPLII-------------------------------N 

UV020           -------------------DGLFGPLII-------------------------------N 

UV010           -------------------DGLFGPLII-------------------------------N 

UV040           -------------------DGLFGPLII-------------------------------N 

UV080           -------------------DGLFGPLII-------------------------------N 

UV053           -------------------DGLFGPLII-------------------------------N 

UV022           -------------------DGLFGPLII-------------------------------N 

UV036           -------------------DGLFGPLII-------------------------------N 

UV077           -------------------DGLFGPLII-------------------------------N 

UV051           -------------------DGLFGPLII-------------------------------N 

VRU0005         -------------------DGLFGPLII-------------------------------N 

                                     ::   :                                  

 

UV006           MPTNSKLLNMEPPGITL-TSLFNTLMDSLDPMSLMVPLLRTMMKMLVQFSSKIGHINPFS 

UV004           MPTNSKLLNMEPPGITL-TSLFNTLMDSLDPMSLMVPLLRTMMKMLVQFSSKIGHINPFS 

UV005           IPSYSIWN--HLVSLSLLSSIRMWTLWTLDHM--WSRYCGLMMRCWCNFPPRLGTMIRFR 

UV035           IPSYSIWN--HLVSLSLLSSIRMWTLWTLDHM--WSRYCGLMMRCWCNFPPRLGTMIRFR 

UV018           IPSYSIWN--HLVSLSLLSSIRMWTLWTLDHM--WSRYCGLMMRCWCNFPPRLGTMIRFR 

UV034           IPSYSIWN--HLVSLSLLSSIRMWTLWTLDHM--WSRYCGLMMRCWCNFPPRLGTMIRFR 

AAK77953.1      GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 
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UV037           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV020           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV010           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV040           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV080           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV053           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV022           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV036           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV077           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

UV051           GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

VRU0005         GPATADYD--EDVGAIF---LQDWAHKSVFEI--WDSA-------RQGAPPALENTL--- 

                 *: :     .  .  :   :      ::  :                    :        

 

UV006           KFGTPLDKVLLQHLKTLMMMEPTSTIAQLLLMLTALVVVRNSSMLSSKAQNTDMDMSMLE 

UV004           KFGTPLDKVLLQHLKTLMMMEPTSTIAQLLLMLTALVVVRNSSMLSSKAQNTDMDMSMLE 

UV005           NLGLRMTRCSSSTMKHFDE---WNQHLRLLSFY-------------------MCMLRWWW 

UV035           NLGLRMTRCSSSTMKHFDE---WNQHLRLLSFY-------------------MCMLRWWW 

UV018           NLGLRMTRCSSSTMKHFDE---WNQHLRLLSFY-------------------MCMLRWWW 

UV034           NLGLRMTRCSSSTMKHFDE---WNQHLRLLSFY-------------------MCMLRWWW 

AAK77953.1      MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV037           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV020           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV010           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV040           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV080           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV053           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV022           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV036           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV077           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

UV051           MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

VRU0005         MNGTNIYDCSASTDANCVG---GGKKFELTFVEG-----------------TKYRLRLIN 

                  *  :     .           .   .*  .                       :     

 

UV006           LTVTSNSPLIITHSLLLPTILFQLCPTLPIL-----------FSLVLDKDT---MLSLRQ 

UV004           LTVTSNSPLIITHSLLLPTILFQLCPTLPIL-----------FSLVLDKDT---MLSLRQ 

UV005           MEIRVNFR----------------------RRHKIQIEIDQCWNMQS--------LRIRH 

UV035           MEIRVNFR----------------------RRHKIQIEIDQCWNMQS--------LRIRH 

UV018           MEIRVNFR----------------------RRHKIQIEIDQCWNMQS--------LRIRH 

UV034           MEIRVNFR----------------------RRHKIQIEIDQCWNMQS--------LRIRH 

AAK77953.1      VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV037           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV020           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV010           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV040           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV080           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV053           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV022           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV036           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV077           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

UV051           VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

VRU0005         VGIDSHFEFAIDNH-TLTVIANDLVPIVPYTTDTLLIGIGQRYDVIVEANAAADNYWIRG 

                : :  :                                    :.:            :*  

 

UV006           MRQQTT--------------------------TGLEETGEPPAHPT---RK---QQMPQV 

UV004           MRQQTT--------------------------TGLEETGEPPAHPT---RK---QQMPQV 

UV005           MMSHTHCYCQRSCSNC--ALNYRYSSHWYWTKIRCYRMGKCGTRQLLDMRKLGNHLLIQL 

UV035           MMSHTHCYCQRSCSNC--ALHYRYSSHWYWTKIRCYRMGKCGSRQLLDMRKLGNHLLIQL 

UV018           MMSHTHCYCQRSCSNC--ALHYRYSSHWYWTKIRCYRMGKCGSRQLLDMRKLGNHLLIQL 

UV034           MMSHTHCYCQRSCSNC--ALHYRYSSHWYWTKIRCYRMGKCGSRQLLDMRKLGNHLLIQL 

AAK77953.1      NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV037           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV020           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV010           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV040           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV080           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV053           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV022           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV036           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV077           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

UV051           NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 

VRU0005         NW-GTTCSSNSEAANATGILRYDSSSTVDPTSVGVTPRGTCADEPVA---SLVPHLALDV 



234 

 

                    *                                 *    .      .   :   :: 

 

UV006           SSDTIVPAPMILPLSVSLPVVLARMSRLPVLFHTWHWTLVDTLSSTNRCLSPS-PTTSH- 

UV004           SSDTIVPAPMILPLSVSLPVVLARMSRLPVLFHTWHWTLVDTLSSTNRCLSPS-PTTSH- 

UV005           GSSKCHRYPPIR-------MFQHRRSYLCRCH--SPWYLRG----MAGC----------- 

UV035           GSSKCHRYPPIR-------MFQHRRSYLCRCH--SPWYLRG----MAGC----------- 

UV018           GSSKCHRYPPIR-------MFQHRRSYLCRCH--SPWYLRG----MAGC----------- 

UV034           GSSKCHRYPPIR-------MFQHRRSYLCRCH--SPWYLRG----MAGC----------- 

AAK77953.1      GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV037           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV020           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV010           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV040           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV080           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV053           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV022           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV036           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV077           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

UV051           GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

VRU0005         GGYSLV---------------DEQVSFAFTNY--FTWTINS----SSLLLDWSSPTTLKI 

                .. .                   : *     .    * : .                    

 

UV006           --------------------GPSTQVVYS---LTG------------------------- 

UV004           --------------------GPSTQVVYS---LTG------------------------- 

UV005           ----------------------------QSCSTLGIGRWWILSRRRTGVFRLHQLLHMDH 

UV035           ----------------------------QSCSTLGIGRWWILSRRRTGVFRLHQLLHMDH 

UV018           ----------------------------QSCSTLGIGRWWILSRRRTGVFRLHQLLHMDH 

UV034           ----------------------------QSCSTLGIGRWWILSRRRTGVFRLHQLLHMDH 

AAK77953.1      FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV037           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV020           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV010           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV040           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV080           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV053           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV022           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV036           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV077           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

UV051           FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

VRU0005         FNNETIFPTDYNVVALNQTDANEEWVVYVIEDLTGFGIWHPIHLHGH------------- 

                                                  *                          

 

UV006           ----------APQQLSRFSTTRQSSQLITTLSLSIKLTPMKSGSSMSSKI--------SP 

UV004           ----------APQQLSRFSTTRQSSQLITTLSLSIKLTPMKSGSSMSSKI--------SP 

UV005           QLKMFTPMLELPNNSQDFQQRDNLPNMLQRCRSQSNMRQMRVGRLCHRRSHRLRHLASYP 

UV035           QLKMFTPMLELPNNSQDFQQRDNLPNMLQRCRSQSNMRQMRVGRLCHRRSHRLRHLASYP 

UV018           QLKMFTPMLELPNNSQDFQQRDNLPNMLQRCRSQSNMRQMRVGRLCHRRSHRLRHLASYP 

UV034           QLKMFTPMLELPNNSQDFQQRDNLPNMLQRCRSQSNMRQMRVGRLCHRRSHRLRHLASYP 

AAK77953.1      ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV037           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV020           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV010           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV040           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV080           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV053           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV022           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV036           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV077           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

UV051           ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

VRU0005         ----------------DFYVVAQETDVFSATKSPANFNLVNP---------PRRDVAALP 

                                 *    :  :::       ::  :.                  * 

 

UV006           ASAFGILSISTVTIFT---------------------SMLKKLMCSVLPSRQPTSTSSIL 

UV004           ASAFGILSISTVTIFT---------------------SMLKKLMCSVLPSRQPTSTSSIL 

UV005           SPRSRFLRRSSRNMCVQCYQVASQLQPRQSSPSMRCRTPRKRLSCHCIQAMQPWFLASSL 

UV035           SPRSRFLRRSSRNMCVQCYQVASQLQPRQSSPSMRCRTPRKRLSCHCIQAMQPWFLASSL 

UV018           SPRSRFLRRSSRNMCVQCYQVASQLQPRQSSPSMRCRTPRKRLSCHCIQAMQPWFLASSL 

UV034           SPRSRFLRRSSRNMCVQCYQVASQLQPRQSSPSMRCRTPRKRLSCHCIQAMQPWFLASSL 

AAK77953.1      G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV037           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV020           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 
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UV010           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV040           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV080           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV053           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV022           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV036           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV077           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

UV051           G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

VRU0005         G--NGYLA------------I-----------------------AFKLDNPGSWLLHCHI 

                .     *                                     .  :         . : 

 

UV006           PVVTLPHSPETVILPLHSSLTTLVPGFFIAISHGTHLRDMQCNLWSLKARLRSVMAILIF 

UV004           PVVTLPHSPETVILPLHSSLTTLVPGFFIAISHGTHLRDMQCNLWSLKAMLRSVMAILIF 

UV005           P----YRMARIM------GISNAI----CG-V-----SKLDCDRYERYMYFRGYLRKL-- 

UV035           P----YRMARIM------GISNAI----CG-V-----SKLDCDRYERYMYFRGYLRKL-- 

UV018           P----YRMARIM------GISNAI----CG-V-----SKLDCDRYERYMYFRGYLRKL-- 

UV034           P----YRMARIM------GISNAI----CG-V-----SKLDCDRYERYMYFRGYLRKL-- 

AAK77953.1      A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWNAYTPTELFAEDD-- 

UV037           A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWN-------------- 

UV020           A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWNAYT----------- 

UV010           A----WHASEGLAMQFVESQSLIA----IG-MSDTDIFEDTCANWN-------------- 

UV040           A----WHASEGLAMQFVESQSLIA----IG-MSDTDIFEDTCANWN-------------- 

UV080           A----WHASEGLAMQFVESQSLIA----IG-MSDTDIFEDTCANWN-------------- 

UV053           A----WHASEGLAMQFVESQSLIA----IG-MSDTDIFEDTCANWN-------------- 

UV022           A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWNA------------- 

UV036           A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWNA------------- 

UV077           A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWN-------------- 

UV051           A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWNAYT----------- 

VRU0005         A----WHASEGLAMQFVESQSSIA----IG-MSDTDIFEDTCANWN-------------- 

                      :  . :      . :        .        .  *  :.               
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Appendix 7  

Peptide summary report for the identification of purified 

protein from infected grape berries 
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Appendix 8  

Peptide summary report for the identification of purified 

protein from the fungal culture filtrate supplemented with 

CuSO4  
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Appendix 9  

The method for NanoLC ESI MS/MS data acquisition  

Instruments used 

 

Mass spectrometer: Triple TOF 5600 (AB Sciex) NanoLC system: Eksigent Ultra 

nanoLC system (Eksigent) Analytical column: Halo C18, 160Å, 2.7μm, 150 μm x 10 

cm 

 

(d) Sample preparation 

 

The largest of the gel bands submitted were cut then destained with 

acetonitrile/ammonium bicarbonate at 37oC. Gels were reduced with 25 mM DTT at 

56oC for 30 min. Proteins were alkylated with 55 mM iodoacetamide for 20 min in 

dark. Each sample was digested for 16 h with 250 ng of trypsin. Gels were sonicated, 

then washed with acetonitrile/formic acid. These extractions were dried. Samples 

were reconstituted into 20 μL loading buffer. 

 

(e) NanoLC ESI MS/MS data acquisition 

 

Sample (10 μL) was injected onto a peptide trap (NanoLCMS peptide captrap) for 

pre-concentration and desalted with 0.1% formic acid, 2% ACN, at 5 μL/min for 4 

minutes. The peptide trap was then switched into line with the analytical column. 

Peptides were eluted from the column using a linear solvent gradient, with steps, 
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from H2O:CH3CN (98:2; + 0.1% formic acid) to H2O:CH3CN (2:98; + 0.1% formic 

acid) with constant flow (600 nL/min) over an 80 min period. The LC eluent was 

subject to positive ion nanoflow electrospray MS analysis in an information 

dependant acquisition mode (IDA). 

 

Commercial in confidence 

 

In the IDA mode a TOFMS survey scan was acquired (m/z 350-1500, 0.25 seconds), 

with ten largest multiply charged ions (counts >150) in the survey scan sequentially 

subjected to MS/MS analysis. MS/MS spectra were accumulated for 100 milli-

seconds (m/z 100-1500) with rolling collision energy. 

 

(f) Data processing 

 

The raw data files (.wiff) were converted to mascot generic files (.mgf) 

using AB SCIEX CommandDriver software. They were submitted to Mascot 

(Matrix Science, UK) and searched against SwissProt Fungi database 

(32,471 sequences). 

 

Database : SwissProt 2016_10 (552884 sequences; 197760918 residues) 

Taxonomy : Fungi (32471 sequences) 

Type of search : MS/MS Ion Search 

Enzyme : Trypsin 

Variable modifications : Carbamidomethyl (C),Oxidation (M) 
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Mass values : Monoisotopic 

Protein Mass : Unrestricted 

Peptide Mass Tolerance : ± 50 ppm 

Fragment Mass Tolerance: ± 0.1 Da 

Max Missed Cleavages : 1 

Instrument type : ESI-QUAD-TOF 

 
 

 

 

 


