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Abstract 

 

Vegetative incompatibility (VI) is a fungal non-self recognition system characterised by the 

inability of genetically distinct conspecific fungal strains to form a viable heterokaryon, and 

is controlled by multiple polymorphic loci termed vic (vegetative incompatibility) or het 

(heterokaryon incompatibility). In this thesis, I report the first vic locus that has been 

genetically identified and characterised in the economically important plant pathogenic, 

necrotrophic fungus Botrytis cinerea. A bulk segregant approach coupled with whole genome 

Illumina sequencing was used to map a 60-kb genomic region for the vic locus in near isogenic 

lines of interacting compatible and incompatible strains of B. cinerea. Within that locus, I 

identified two adjacent highly polymorphic open reading frames encoding predicted proteins 

that contain domain architectures implicated in VI in other filamentous fungi, Bcvic1 and 

Bcvic2. Bcvic1 encodes a predicted protein containing the NACHT family of NTPases, 

Ankyrin repeats and a putative serine esterase. Bcvic2 encodes a putative syntaxin protein 

containing a SNARE domain, which functions in vesicular transport. Deletion of Bcvic1 and 

Bcvic2 individually did not have any effect on vegetative incompatibility. However, deletion 

of the region containing both Bcvic1 and Bcvic2 resulted in gene deletion lines that were 

severely restricted in growth and also showed loss of VI. Complementation of these mutants 

by ectopic expression restored the growth and vegetative incompatibility phenotype 

indicating that Bcvic1 and Bcvic2 are interacting and controlling VI at this vic locus.  
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Chapter 1  

 General introduction 

 

1.1 Botrytis cinerea 

Botrytis cinerea (teleomorph: Botryotinia fuckeliana) is an economically relevant plant 

pathogenic fungus that causes grey mould in over 200 crop hosts worldwide [1]. It belongs to 

the phylum Ascomycota, subphylum Pezizomycotina, class Leotiomycetes, order Heliotales 

and family Sclerotiniaceae. Botryotinia fuckeliana (de Bary) Whetzel is the perfect apothecial 

stage of B. cinerea, The connection between the Botryotinia spp. and Botrytis spp. had been 

controversial up until 1953 when Groves and Loveland finally obtained apothecia from B. 

fuckeliana and established the genetic connection between B. fuckeliana and B. cinerea [2] 

[3]. 

This dual system of fungal nomenclature that recommends the distinction of both the 

anamorph (Fungi imperfecti) and teleomorph (Fungi perfecti) stages of fungi was proposed 

in 1904 by Saccardo to overcome the confusion caused by the pleomorphic nature of most 

ascomycete plant pathogenic fungi as they can occur in very different morphological states 

(Saccardo, 1904, as cited in [4]). The dual system of fungal nomenclature was accepted in 

Article 49 of the International code of Botanical Nomenclature (ICBN) [4]. However, over 

the years, advances in DNA sequence comparisons and improved identification of 

morphological characteristics using electron microscopy has allowed the accurate genetic 

connection between the different morphs of ascomycete fungi. Often the different morphs 

were discovered separately, many years apart, meaning that some fungi have different generic 

and species names. For instance, Cylindrocladium scoparium is the anamorph of Calonectria 

morganii, which is in a different species to Calonectria scoparia [4-6]. In order to reduce the 

complexity and confusion surrounding the names applied to ascomycete fungi, the ‘one 

fungus – one name’ project was launched in 2011 by mycologists [4]. In 2013, the Botrytis 

community recommended the use of the asexual morph Botrytis as the generic name at the 

2013 Botrytis-Symposium in Bari, Italy. This recommendation of using Botrytis instead of 

Botryotinia as the generic name has been adopted by the International Code of Nomenclature 

for Algae, Fungi and Plants [7]. Following this recommendation, I shall henceforth use the 

generic species name Botrytis, exclusively, in this thesis.  



2 

 

The genus name ‘Botrytis’ is derived from the greek word ‘botryose’ which means having 

the appearance of a cluster of grapes, referring to the grape like structure of the macroconidia 

attached to conidiophores. The genus Botrytis was first proposed by Pier Antonio Micheli in 

1729 who grouped it into the ‘Nova Plantarum Genera’, and was later revised by Hennebert 

to contain 23 species (Micheli, 1729, as cited in [8]). In the last decade, seven new species 

have been identified including a hybrid and a species complex bringing the total to 30 species 

[9] [10] [11] [12] [13] [14] [15] [16].  Botrytis spp. can infect more than 1400 host species 

including monocotyledonous and dicotyledonous plants. All but one of the Botrytis spp. are 

necrotrophs that induce host cell death and decay of the host plant tissue by producing a range 

of cell wall degrading enzymes and toxins. The exception is the recently identified Botrytis 

deweyae, which infects ornamental Hemerocallis (daylily) hybrids, that has recently been 

shown to have an endophytic lifestyle under certain conditions [13]. Most of the species have 

a limited host range with the exception of B. cinerea. B. cinerea is the best studied species 

within the genus and was elected as the second most important plant pathogenic fungal species 

[1] [17]. 

1.1.1 Anatomy and morphology of B. cinerea 

B. cinerea produces a variety morphological structures in its asexual state. These include 

mycelia, macroconidia, microconidia and sclerotia. The mycelium of B. cinerea is typical of 

other ascomycetes in that it is made up of branched, cylindrical, septate and hyaline hyphae 

that are multinucleate. The fungal mycelium grows by apical hyphal tip extension from the 

germinated spore with lateral branches arising some distance behind the apex. Under suitable 

conditions, dark-coloured conidiophores with a globose basal cell can arise from the mycelia. 

These conidiophores have a number of short dark, septate sporogenous branches near its apex 

which produce approximately 15 µm long ovoid shaped macroconidia arranged into botryose 

clusters. Like hyphal cells, macroconidia are also multinucleate containing 3 to 18 nuclei per 

conidium [18] [19] [20]. The hydrophobic macroconidia have a smooth appearance and are 

typically hyaline or dark brown in colour. Microconidia function as male spermatia in the 

sexual cycle and are much smaller than macroconidia with a diameter of around 1 µm [21, 

22]. Unlike the multinucleate hyphal cells and macroconidia, microconidia are uninucleate 

[18, 19]. Sclerotia are formed by hyphal tips that branch repeatedly and fuse to form the 

characteristic irregular hemispherical, convex structures, which are initially hyaline but later 

turn black with the deposition of melanic pigments in the outer surface [3] [23] [24]. In the 

asexual cycle, sclerotia function as survival structures over the winter with the ability to 



3 

 

germinate and produce conidiophores during warmer climates (Figure 1.1). During the sexual 

cycle, sclerotia also function as the maternal structure in the production of apothecia.  

 

 

Figure 1.1 Life cycle of B. cinerea. [27] 

 

Sexual reproduction in B. cinerea occurs as a result of the mixing of microconidia and 

sclerotia, with the production of fruiting bodies or apothecia two months after fertilisation 

[21]. Apothecia consist of a cup shaped ascoma at the apex of a stipe that acts as a platform 

from which ascospores are dislodged from the asci. B. cinerea apothecia are relatively small 

in size at about 4-5 mm [3]. Although B. cinerea can be crossed easily in vitro, observations 

of apothecia in nature have been extremely rare [21] [25] [26] [1]. However, apothecia 

sightings in the field may be under-represented due to their small size. Beever and Parkes 

(2003) reported a high level of genetic variablility and vegetative compatibility groups within 

B. cinerea field populations in New Zealand, suggesting that sexual reproduction in the wild 

is probably occurring more often than is being reported [25]. 
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1.1.2 Generalized life cycle of B. cinerea 

B. cinerea has a wide host range and causes gray mould disease in over 280 plants that are 

mainly dicotyledonous species incuding major greenhouse and field crops such as grape, 

strawberry, tomato as well as some ornamental plants [9]. It is an unspecialised fungus with 

a necrotrophic lifestyle and feeds on necrotic, senescent or dead tissue. The fungus is also 

capable of existing as a saprobe. The phytopathogen produces sclerotia that are resistant to 

harsh weather conditions within dying tissue as a survival mechanism during winter. In spring, 

under suitable conditions, B. cinerea sclerotia germinate to produce conidiopores and large 

amounts of multinucleate grey macroconidia. Conidiation is generally stimulated by specific 

wavelengths of light, mainly near UV, although some isolates are capable of sporulating in 

total darkness [28]. 

These conidia are thought to be the primary source of inoculum for infection. Variation in 

temperature and humidity conditions results in the twisting and drying of conidiophores to 

eject conidia into air currents, thus ensuring dissemination from primary inoculum sites to 

neighbouring crops causing another cycle of disease. 

Dissemination has also been shown to occur via water droplets and insect vectors. Once the 

conidia reach their new host and adheres to its surface, germ tubes are formed and differentiate 

to form the mycelia network. Tenberge (2007) reported that B. cinerea is able to produce a 

form of appressoria that is distinct from the classical types found in Colletotrichum or 

Magnaporthe that may aid in the penetration of an intact host cuticle on leaves and fruit [29].  

1.1.3 Genetic characteristics of B. cinerea 

B. cinerea is a haploid fungus and has a predominantly heterothallic mating behaviour 

requiring the presence of opposite mating type in the two fungal strains that are undergoing 

sexual reproduction [21]. Mating type in B. cinerea is determined by the mating-type locus 

(MAT) (Figure 1.2). The MAT locus is a single genetic locus consisting of idiomorphic genes, 

which are highly divergent non homologous genes, the MAT1-1 (MAT1) and the MAT1-2 

(MAT2) locus. The MAT1 locus contains the MAT1-1-1 gene which encodes an alpha domain 

protein and the MAT1-1-5 gene of unknown function. The MAT2 locus contains the MAT1-2-

1 gene encoding a high-mobility group box (HMG-box) protein and the MAT1-2-4 gene which 

encodes a protein of unknown function. Both idiomorphs are flanked by a homologous region 
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containing the APN2 gene which encodes a DNA lyase and SLA2 gene encoding a 

cytoskeleton protein.  

Although B. cinerea is predominantly heterothallic, homothallic mating behaviour has been 

reported in some isolates of B. cinerea by Faretra and Antonacci (1987) [30]. The authors 

reported that single ascospores collected from apothecia could be grown in culture and self-

fertilized to form apothecia. Another unique mating behaviour reported by Faretra et al. 

(1988), Beever and Parkes (1993) and Amselem et al. (2011) was the capacity of being a dual 

mater [21, 22, 31]. Approximately 5% of progeny from a cross between two heterothallic 

strains were found to be dual maters, which are able to mate with both MAT1 and MAT2 

reference strains [31]. 

 

 

Figure 1.2 Structure of the idiomorphic mating-type locus in B. cinerea  [32]. A, MAT1 locus and B, MAT2 locus. The 

unique non-homologous region of each idiomorph are shown between the dotted lines.  
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1.1.4 B. cinerea whole genome assembly 

The first two genomes of B. cinerea that were sequenced were for the B05.10 and T4 strains 

[31]. The sequencing was done at low coverage using Sanger technology. B05.10 was 

sequenced with 4.5x coverage and the T4 genome with a slightly higher 10x coverage. The 

draft assembly of B05.10 consisted of 588 scaffolds (N50, 257 kb) and the T4 assembly 

consisted of 118 scaffolds (N50, 562 kb). Genes were predicted using a combination of gene 

calling tools such as GENEID, FGENESH and Eugene. The initial gene sets for B05.10 and 

T4 contained 16,448 and 16,360 genes, respectively. Roughly one eighth of the gene models 

were supported by expressed sequence tag (EST) evidence. The accuracy of the gene sets 

were also evaluated using similarity methods such as BLASTN and Sim4 against ESTs, as 

well as BLASTX against Uniprot and fungal protein databases. The authors reported that first 

genome assembly of B05.10 contained a large number of dubious gene models (Ameselem). 

Both assemblies were also incomplete and contained large interscaffold gaps. For example, 

eight percent of the B05.10 draft genome assembly constituted interscaffold gaps. 

These first draft genome sequences facilitated bioinformatic gene mining and the 

identification of the genetic determinants for a number of biological functions such as the 

genes associated with mating, fungicide resistance and signalling [31]. However, the large 

number of sequence gaps and inaccurate gene models in these first assemblies of B05.10 and 

T4 hampered comparative genomic analysis and led to a genome sequencing update 

performed by Staats et al. (2012) [33]. The B05.10 and T4 genomes were sequenced de novo 

using second generation Illumina technology to integrate scaffolds into superscaffolds by 

using reference based alignments. The updated B05.10 assembly consisted of 82 

superscaffolds (N50, 97- kb) with a total size of approximately 41.2 Mb. The updated T4 

assembly consisted of 56 superscaffolds (N50, 1.71 Mb) with a total size of approximately 

41.6 Mb. The gene calls in the updated genomes were also supported with RNA-seq 

expression data with 10,427 and 10, 467 protein-coding gene structures predicted for B05.10 

and T4, respectively.  

In 2016, Van Kan et al. (2017) released a gapless near-finished genome assembly for B. 

cinerea B05.10 using a combination of novel sequence data partially generated from third 

generation long read sequencing technology (PacBio) which was complemented with a 

physical optical map and a genetic map [34]. The assembly consisted of 18 chromosomes 

with fully assembled centromeric regions and ten chromosomes had telomeres at both ends. 
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The total length of the final assembly was 42.6 Mb. The genome was predicted to encode 

11,701 proteins and RNAseq was used to validate and improve gene models. The availability 

of the gapless B05.10 genome assembly presents a valuable resource for comparative 

genomics with other B. cinerea isolates as well as with related taxa.  

1.1.5 Control of grey mould 

Current control measures have been reviewed extensively by Williamson et al (2007) [1]. 

Briefly, these include vigilant cultural control practices such as improving ambient humidity 

and ventilation conditions, regular pruning, the use of organic mulches and the control of 

insect pests that wound plants and act as vectors. However, strict cultural control practices are 

consistently insufficient for the complete control of grey mould. Most crops require 

prophylactic spraying with chemical fungicides. These chemicals have various targets in the 

fungal organism such as its respiratory pathway, microtubule assembly, sterol biosynthesis 

pathway and osmoregulation. Due to its genetic instability, it is generally accepted that the 

risk of fungicide resistance in B. cinerea increases with repeated applications of any new 

chemical [35, 36]. It is for this reason research efforts are shifting towards identifying natural 

biological control agents. 

Various microbial antagonists are being studied for the potential control of B. cinerea. These 

biological control agents include filamentous fungi such as Trichoderma harzianum, 

Clonostachys rosea, the marine antagonistic yeast Rhodosporidium paludigenum, bacteria 

including Bacillus subtilis and Pseudomonas syringae or a combination of biological control 

agents [37] [38] [39]. The effectiveness of these agents has mostly been mixed due to the 

restricted ranges of microbial action and fluctuations in natural populations of phylloplane 

microbes [1]. Another innovative method for the biological control of B. cinerea is the 

potential exploitation of mycoviruses. 

Mycoviruses are ubiquitous in all major divisions of fungi and are characterised as having 

either dsRNA or ssRNA genomes and are able to replicate within the fungal host [40]. 

Compared to plant viruses, the study of mycoviruses is still in its infancy, particularly, virus-

host interactions and the mode(s) of mycoviral transmission [40]. The majority of studies have 

focused on the transmission of the mycovirus Cryphonectria hypovirus 1 (CHV1) which 

confers a hypovirulent phenotype to the chestnut blight pathogen Cryphonectria parasitica 

[41] [42]. Mycoviruses are reliant on their hosts for intracellular transmission either 
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horizontally via hyphal anastomosis or vertically via conidiation. Horizontal transmission of 

mycoviruses between different fungal individuals in natural environments is barred by the 

presence of vegetative compatibility groups [43]. The potential success of exploiting 

mycoviruses as a biological agent for B. cinerea requires further study to elucidate how 

viruses interact with B. cinerea, their mode(s) of transmission and the effect of vegetative 

incompatibility (VI). 
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1.2 Hyphal fusion 

During the vegetative phase of the filamentous fungal life cycle, the mycelium is formed by 

the anastomosis of thread-like hyphal filaments giving rise to a complex interconnected 

network of cells operating as a coordinated individual. This syncytium, allowing the flow of 

organelles and cytoplasm between hyphal compartments, serves a number functions that are 

beneficial to the fungal colony including the translocation of water and transport of nutrients, 

thereby regulating its overall homeostasis over a wide range of nutrient limiting spatial scales 

[44]. Classical studies have elegantly described the intricate morphology of the branching 

mycelial network, derived from numerous intra-colony hyphal fusions (Figure 1.3) [45]. 

However, it has only been in recent years that detailed investigations have been initiated into 

the cell biology and molecular mechanisms of vegetative hyphal fusion.  

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Morphology of the interconnected hyphal network. Buller’s classical drawing of a Coprinus sterquilinus 

colony depicting an interconnected network of hyphae resulting from a single germinated basidospore. Anastomosis is 

prevalent in the colony interior whereas the leading hyphae at the periphery are avoiding each other [45]. 
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The events leading up to hyphal fusion can be broadly classified into three phases: pre-contact, 

post-contact and post-fusion [46]. During the pre-contact phase, Roca et al (2005) 

demonstrated, utilising optical tweezer homing experiments, that specialised fusion hyphae 

in Neurospora crassa germlings are induced in a density-dependent manner and exhibit 

positive chemotropism by homing towards each other [47] [48]. An interesting scenario arises 

where germlings that had been moved apart with optical tweezers were able to re-orient their 

growing tips back toward each other indicating the involvement of a chemo-attractant in the 

cell signaling process. Once the two fusion hyphal tips make contact and adhere during the 

post-contact phase, their intervening cell wall breaks down and a fusion pore is formed 

allowing organelle and cytoplasmic mixing in the post-fusion phase. Previously, much of the 

time-lapse imaging and cell signaling research on hyphal fusion had been focused on the 

specialized fusion hyphae that occur in mature colonies [46] [49]. However, the focus has 

somewhat shifted recently to the study of specialized conidial anastomosis tubes (CATs) that 

are formed during the earlier stages of colony development [47] [48] [50]. 

CATs are distinct from fusion hyphae that occur in mature colonies in that they arise from 

conidia or conidial germ tubes (Figure 1.4 and 1.5). The CAT system provides a simple 

tractable experimental system to study hyphal fusion as it occurs at the initial stages of colony 

development. In contrast, fusion hyphae in mature colonies normally grow towards each other 

in a branching manner making imaging and experimentation at the interaction zone much 

more complex. For instance, in the N. crassa CAT system, the whole fusion process can be 

analysed within 6 hours including CAT induction, chemoattraction, cell-cell adhesion, cell 

wall remodelling and plasma membrane merger [51] [48]. 

There are, however, some morphological, developmental and physiological differences 

between CATs and mature fusion hyphae that need to be taken into consideration when 

performing live cell imaging of hyphal fusion in these two systems such as the shorter length 

of fusion hyphae in CATs and the rapid cytoplasmic mixing in mature hyphae due to increased 

turgor pressure [50]. These differences in fusion  systems have implications not only for the 

study of self hyphal fusion but also more importantly non-self hyphal fusion and heterokaryon 

formation between genetically different individuals, and in particular, elucidating the cell 

biology of the incompatibility response that may occur. 
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Figure 1.4 CAT fusion between N. crassa conidial germlings. Low-temperature scanning electron microscopy of CAT 

fusion. (A) Note that the conidial germlings are clumped together by CATs (arrows) whereas the wider germ tubes (gt) are 

growing away from each other (avoidance). (B, C) CATs emerging from conidia (C) and homing towards each other. Scale 

bar=10 µm. [48] 

 

 

 

 

 

Figure 1.5 Colletotrichum lindemuthianum conidial fusion. Live cell imaging using combined confocal and brightfield 

imaging. Note the two CATs homing towards each other, fusing and the migration of a nucleus labelled with H1-GFP (Green 

Fluorescent Protein). Scale bar=10 µm. [52] 
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1.2.1 Vegetative Incompatibility (VI) 

Genetically different fungal individuals from the same species (conspecific) are able to 

anastomose, leading to the formation of a heterokaryon whereby genetically distinct nuclei 

are able to co-exist in a common cytoplasm. Although this phenomenon of heterokaryosis and 

cytoplasmic sharing between two fungal individuals has intrigued mycologists for the past 70 

years, its role in fungi is still largely unknown. It is generally agreed that the intermingling of 

nuclei during heterokaryon formation confers potential benefits to the co-operation, such as 

its role in the parasexual cycle during which mitotic genetic exchange can occur, a 

phenomenon particularly important in imperfect fungi [53, 54]. Furthermore, Buller argues 

that the increased biomass during heterokaryon formation may benefit the fungal individuals 

in their physiological efforts for resource exploitation or asexual/sexual reproduction [45] 

[55]. Interestingly, genetically different individuals may also potentially benefit as a result of 

functional diploidy. Studies with auxotrophic mutants demonstrate that a genetic deficiency 

in a single individual can be complemented by a second individual under limiting conditions 

during heterokaryosis [56] [57]. Despite these potential physiological benefits, heterokaryon 

formation is not a common occurrence in natural fungal populations due to the phenomenon 

of VI. 

VI is a fungal non-self recognition system that limits the formation of stable heterokaryotic 

cells between genetically distinct individuals that differ at specific loci termed heterokaryon 

incompatibility (het) or vegetative incompatibility (vic) loci [58] [59] [60] [53]. Genetic and 

modelling analyses indicate that filamentous fungi typically have 6-12 vic loci [61] [62]. 

Heteroallelism at any of the specified loci triggers an incompatible reaction resulting in fusion 

cell death and restoration of the two separate fungal entities. 

Incompatibility systems have been described in numerous divisions of filamentous fungi 

including ascomycete, basidiomycete and zygomycete species [53] [63] [64]. 

Macroscopically, there are two simple methods to test for compatibility between strains. 

Firstly, when incompatible fungal strains are plated on a solid medium and interact, fusion 

cell death leads to a melanised barrier line in the confrontation zone termed barrage [45] [59]. 

In P. anserina, the barrage reaction resembles a white line resulting from the regeneration of 

apical hyphae after the death of the heterokaryotic cells [65]. The barrage reaction in B. 

cinerea can be quite variable and sometimes takes the appearance of  a discrete narrow black 

line or a pair of dark double black lines and sometimes associated with diffuse brownish zones 
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[22].  This apparent variability in the barrage phenotype can sometimes give ambiguous 

results. Nevertheless, it is a relatively simple method to test for mycelial incompatibility in B. 

cinerea.  

The second method routinely used to test whether isolates are capable of hyphal fusion and 

heterokaryon formation, is the forced fusion of auxotrophic mutants on a minimal medium.  

If two mutants are compatible, they are able to complement each other and grow. Conversely, 

incompatible isolates cannot form viable heterokaryons and thus do not complement each 

other [25].  

1.2.2 Molecular and cellular basis of vegetative incompatibility 

For many eukaryotic organisms, the molecules involved in non-self recognition systems are 

well documented [66] [67]. For instance MHC molecules have polymorphic pathogen 

recognition receptors that recognise Pathogen Associated Molecular Patterns (PAMPs), thus 

eliciting a non-self immune response [66]. Similarly, the self-incompatibility loci in some 

plants elicit recognition and rejection of pollen from individuals with the same genotype [68]. 

These systems usually rely on the same underlying principle; the production of polymorphic 

proteins that are able to recognise variant non-self molecular markers to activate the 

appropriate cellular response. In contrast, our knowledge of the fungal non-self recognition 

system is rather limited but steadily increasing. The molecular mechanisms of the vegetative 

incompatibility phenomenon is largely limited to a few well studied systems; the allelic het-

c/pin-c incompatibility loci in the model fungal organism N. crassa, and the non- allelic het-

e/ het-d, het-r/het-v incompatibility loci in P. anserina [58] [69] [70]. (For a list of genes so 

far known to be associated with VI, refer to the reference list in Table 1.1).  

Based on these studies, Paoletti and Clave (2007) suggest that the non-self recognition system 

can be viewed as a modular system: a recognition module, comprised of highly polymorphic 

protein domains that act as the specificity region required for recognition, and a death effector 

module (HET domain) that induces the compartmentalisation and cell death process [84].  
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Table 1.1 Genes involved in VI in N. crassa and P. anserina 

Gene Characteristics of gene and nature of its encoded protein Reference(s) 

N. crassa vic genes   
 

het-c Allelic vic gene, glycine rich, [71] 

Encodes Putative plasma membrane protein [72] 

pin-c partner for incompatibility, contains HET domain [69] 

het-6 Contains HET domain [73] 

un-24 Encodes type 1 Ribonucleotide reductase [74] 

mat A-1/mat a-1 Mating type gene, Transcription factors [75] 

Suppressors 
 

[76] 

tol Contains HET domain, encodes putative 1011 amino-acid polypeptide 
with a coiled-coil domain and a leucine-rich repeat, required for mat A-
1/mat a-1 VI process 

[77] 

vib-1 Encodes predicted transcription factor, homologue to Saccharomyces 
cerevisiae Ndt80p, required for het-c/pin-c VI recognition process. 

[78] 

P. anserina vic genes 
  

het-c Non- allelic vic gene, Encodes Glycolipid transfer protein, involved in 
spore formation 

[79] 

het-d Non-allelic vic gene, Contains HET, NACHT and WD40 domain [70] 

het-e Non-allelic vic gene, Contains HET, NACHT and WD40 domain [70] 

het-r Non-allelic vic gene, Contains HET, NACHT and WD40 domain [80] 

het-v 
 

[80] 

het-s Prion analogue [81] 

VI related genes 
  

idi-1,2,3 Induced during het-c/e, het-c/d, and het-r/v incompatibility [82] 

Encodes signal peptide 
 

mod-A,D,E Modifier of het-c/e, het-c/d, and het-r/v incompatibility [83] 
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1.2.3 N. crassa het-c/pin-c loci 

Eleven vic loci have been described in N. crassa [59]. The majority of these genes have been 

identified using partial diploids carrying heterozygous vic alleles in the same nucleus. Each 

locus has been shown to carry two or three alternative allelic specificities [85]. The N. crassa 

het-c locus has since been cloned and is used as a model for understanding the molecular 

mechanisms of non-self recognition and VI [71] [72] [86]. The polypeptides encoded by these 

three allelic specificities are similar except for a variable domain of 34-48 amino acids. This 

polymorphic region is sufficient to confer het-c allelic specificity.  

het-c is tightly linked with the pin-c (partner for incompatibility) locus which encodes a 

protein with a conserved domain termed HET [69]. The HET domain is a filamentous fungus 

specific domain which is present in most vic genes. In contrast with het-c, the three pin-c 

alleles are highly polymorphic (~55% amino acid identity) in the region outside of the 

conserved HET domain. het-c and pin-c alleles can be classified into one of three het-c pin-c 

haplotypes: het-c1 pin-c1, het-c2 pin-c2, het-c3 pinc3 (Figure 1.6). Genetic interactions 

between alternate het-c alleles (het-c1and het-c2) and between alternate het-c and pin-c alleles 

(het-c1and pinc-2) results in an incompatible reaction. Transformants containing alternate 

het-c/pin-c allelic specificities show aconidiation, severe growth inhibition, hyphal 

compartmentalisation and death [69]. It is largely unknown how interactions between 

alternate incompatibility proteins translate into the phenotype of VI and cell death. 

 

Figure 1.6 N. crassa vic genes. A, Schematic diagram of genetic interactions between incompatible het-c pin-c haplotypes 

(left panel), incompatible mat A-1 mat a-1 haplotypes (centre panel) and wild type containing compatible het-c1 pin-c1 and 

mat A/a-1 alleles (right panel). B, Phenotype of compatible/incompatible vic gene interactions. Note the suppression of 

conidiation and slow growth in the het-c pin-c and mat A-1/a-1 incompatible isolates (left and centre panel). The right panel 

shows wild type growth with compatible alleles at all vic loci. Note the profuse conidiation and wild type growth [69]. 
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1.2.4 P. anserina het-e/het-d, het-r/het-v incompatibility loci 

Three non-allelic incompatibility systems have been genetically identified in P. anserina [70] 

[84] [80]. The het-c locus encodes a glycolipid transfer protein and interacts with het-d and 

het-e while het-r genetically interacts with the het-v locus. Het-d, het-e and het-r are 

paralogues and belong to the large HNWD gene family. These genes encode an N-terminal 

HET effector domain, a central NACHT domain that has a nucleotide binding site and a C 

terminal WD repeat domain. As mentioned previously, the HET domain is thought to be 

involved in the initiation of the cell death reaction whereas the WD repeat domain comprises 

various numbers of repeated WD40 unit sequences and defines the specificity of the non-

allelic vic gene interaction. 

Development of the self-incompatible het-R het-V strain as a model for cell death in P. 

anserina has shed light on the incompatibility process. The presence of non-allelic vic alleles 

in P. anserina has allowed the generation of self-incompatible strains by the appropriate 

outcrosses. For example, the self-incompatible het-R het-V genotype represents 25% of the 

progeny of a cross between the het-r het-V strain and the het-R het-V strain [87]. The co-

expression of these incompatibility genes triggers cell death in the entire mycelium [87]. This 

cell death scenario is in contrast to N. crassa partial diploids carrying incompatible alleles 

that do not self-lyse. Leslie & Zeller (1996) suggested that the interacting cell wall or cell 

membrane components that are absent in partial diploids of N. crassa may be a critical factor 

for triggering the killing reaction associated with vegetative incompatibility [88]. Their 

suggestion was supported by the lack of cell death seen in incompatible protoplast fusion in 

contrast with similar heterokaryons formed by hyphal fusion [89]. 

In P. anserina, the cell death reaction is characterised by the induction of a specific set of 

genes (idi) followed by the production of numerous degradative enzymes including proteases, 

laccases and phenoloxidases, increased vacuolisation, increased deposition of septa, 

accumulation of lipid droplets and the abnormal deposition of cell wall material [84]. Along 

with these hallmarks of cell death, autophagosomes are observed in the cytoplasm soon after 

triggering cell death by incompatibility. Electron microscopy confirms the double plasma 

membrane present in the autophagosome and its cytoplasmic content characterising a type II 

programmed cell death pathway [87]. As autophagy is thought to be a cell survival mechanism 

and delays cell death by incompatibility, it is hypothesised that the induction of autophagy 
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may function to control programmed cell death (PCD) by protecting neighbouring cells from 

cell death [87] .  

1.2.5 C. parasitica vic genes 

Thirty-one vegetative compatibility (vc) (EU1-EU31) types of C. parasitica were identified 

in European populations which were crossed to produce an additional 33 vc types (EU32-

EU64) [90]. Six vic loci were identified from the 64 vc types (Table 1.2). All six of the 

unlinked vic loci (vic1, vic2, vic3, vic4, vic6 and vic7) have recently been characterised by 

linkage mapping and comparative genomics [91] [92]. 

Table 1.2 C. parasitica vic loci [92]. 

Vic loci Domains 

Vic1 HET; DUF-like 

Vic2 Sec9-like and Patatin-like   phospholipase 

Vic3 2Fe-2s binding region; Glycine-Glutamine-rich proteins 

Vic4 Protein kinase c-like; NACHT/P-loop and WD40-repeat 

Vic6 HET 

Vic7 HET 

 

The vic1 locus contains two vic genes, vic1a and vic1b. vic1a encodes a 771-amino acid long 

protein containing a HET domain. The alleles for the vic1a gene share 91% identity at the 

amino acid level which is relatively high compared to the polymorphism level of other vic 

genes (eg. 46% at the vic3 locus). vic1b encodes an idiomorphic protein containing the 

DUF1909-domain. The vic6 and vic7 loci similarly encode proteins containing HET domains. 

The vic3 locus contains two polymorphic genes separated by a conserved open reading frame. 

The vic4 locus encodes a protein kinase c-like protein and a NACHT domain containing 

protein however, although heteroallelism at this locus resulted in vegetative incompatibility, 

it was not found to restrict the transmission of microviruses.  

The vic2 locus contained two ORFs encoding a Patatin-like phospholipase and a Sec-9 like 

protein containg a SNARE domain. Deletion of the patatin-like protein did not stop the 

formation of barrage but led to the increase of virus transmission if the mutant was the 

recipient strain. The disruption of the Sec-9 like vic2a-2 gene was found to be lethal for the 

fungus. 
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1.2.6 NACHT and ankyrin repeat domains 

The NACHT domain is a nucleoside triphosphatase (NTPase) domain which is an 

evolutionarily conserved protein domain of around 300 to 400 residues found in animal plant 

and fungal proteins [93]. The NACHT domain has been named after the NAIP (neuronal 

apoptosis inhibitory protein), CITTA (MHC class II transcription activator), HET-E (vic locus 

from P. anserina) and TP1 (telomerase-associated protein). The NACHT domain is usually 

associated with other effector domains such as the CARD (caspase recruitment domain), 

PYRIN, ASC (apoptosis-associated speck-like protein containing a CARD) and HET 

domains [94]. The NACHT domain has also been associated with WD (beta-transducin) 

repeat, LRR (leucine-rich repeat), TPR (tetratricopeptide repeat) and ANK (ankyrin) repeat 

proteins which function in mediating protein-protein interactions.  

These domain are usually present in a tripartite architecture in plant and animal intracellular 

receptor proteins called Nod-like-receptors (nucleotide-binding oligomerisation domain-like 

receptors) (NLRs) (Refer to Figure 1.7). In plants and animals, some NLRs such as Toll-like 

receptors and disease resistance R proteins can function as pattern recognition receptors which 

play a role in the regulation of the innate immune response [95] [96]. In the animal system, it 

is hypothesised that NLR activation lies in the recognition of various PAMPs by the LRRs 

leading to the oligomerisation of the nucleotide binding NACHT domain which forms an 

active signalling platform or scaffold on which signal transduction complexes can be 

assembled to trigger nuclear factor-kappa B (NF-kB) and mitogen-activated protein kinase 

(MAPK) signalling pathways that control the activation of inflammatory caspases. [93] [97] 

[95]. 

These receptor like proteins have been identified in numerous vic genes such as het-d, het-e, 

het-r and het-s in P. anserina and vic-4 in C. parasitica [70] [80] [81] [98].  
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Figure 1.7 Domain organisation of Nod-like receptor (NLR) and NLR-like proteins in animals, plants and fungi.  A, 

the most common domain-architectures for Nod-like (or NB-leucine-rich repeat (LRR)) proteins and related proteins in 

animals, plants and fungi. Nucleotide binding domains (NBDs) can be either of the NB-ARC or NACHT type in plants and 

animals. In fungi, NBDs can be mixture of both the NB-ARC or NACHT types. B, Genome organisation and domain diagram 

of the nwd2/het-s gene cluster of P. anserina [94]. 

 

1.2.7 Biological significance of vic genes 

The biological significance of the vegetative incompatibility system remains a topic of intense 

debate. It is generally accepted that the vegetative incompatibility system in a fungus may 

function as a non-self recognition system. Classically, it had been proposed that the function 

of the incompatibility system is to limit detrimental cytoplasmic exchanges between 

conspecific individuals such as the exploitation of a genotype by parasitic cells or nuclei [99]. 

It has also been proposed that VI exists to exclude the horizontal transfer of deleterious 

cytoplasmic elements such as hypovirulence conferring mycoviruses in the phytopathogen 

Cryphonectria parasitica [100] [101]. Begueret et al. (1994) proposed an alternate conflicting 

hypothesis that places the existence of incompatibility genes as an evolutionary accident i.e. 

an occurrence with no biological significance [102]. In this hypothesis, polymorphisms under 

neutral selection have randomly accumulated in incompatibility genes over time leading to 

the appearance of deleterious allelic variants in wild type populations. When these variants 

interact in the fusion cell, the death response ensues.  
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However, to understand the biological significance of heterokaryon incompatibility, it is 

crucial to determine whether the polymorphism at the vic loci was generated and maintained 

under neutrality, or whether positive selection is acting on these loci to promote divergence, 

as it does on other self/non-self recognition systems. Evidence has since been provided that 

negates the “evolutionary accident” hypothesis. The het-c locus of N. crassa has been 

demonstrated to be under balancing selection and the HNWD family of vic genes in P. 

anserina was shown to be under positive diversifying selection [86] [70]. Interestingly, 

Paoletti and Saupe (2009) have recently proposed a provocative hypothesis that places the 

biological function of P. anserina vic genes as potential pathogen recognition receptors that 

recognise microbial PAMPs by binding to their polymorphic hypervariable WD-repeat 

regions [103]. 
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1.3 Project Aims 

The fungal allorecognition system has great biological significance in distinguishing self from 

non-self and in controlling the VI cell death process. Compared to animal and plant non-self 

recognition systems, very little is known about the mechanism of non-self recognition in fungi. 

Identifying VI genes and characterising them molecularly could be very useful in determining 

the specifics of the fungal recognition and cell death pathways. 

At the outset of this project, the molecular basis of non-self recognition genes in fungi in 

general, was poorly understood with a handful of genes molecularly characterised in the 

model fungal organism N. crassa and in P. anserina. None of these genes had been identified 

and characterised in B. cinerea. This project aimed to investigate these gaps in our knowledge 

of VI in B. cinerea by identifying and characterising novel vic genes.  

The long-term aim of this project was to provide functional insight into non-self recognition 

genes in B. cinerea and in fungi, to further our understanding of vic genes in general.  

Before the start of this project, near isogenic lines of B. cinerea that differed at a single vic 

locus had been generated by collaborators. The first aim of this project was to use a bulk 

segregant analysis approach to identify the vic locus that segregated in the near isogenic 

progeny. Instead of using traditional map based cloning, whole genome Illumina sequencing 

was used in order to answer the following research questions: 

- Can VI genes be identified in B. cinerea using a bulk segregant ‘mapping by 

sequencing’ method?  

- Instead of using a map based cloning strategy, can whole genome sequencing be 

used to identify markers linked to a locus of interest?  

- Is mapping Illumina reads to a whole genome reference sufficient for identifying 

SNPs?  

The results of this study are presented in Chapter 2.  

The vic genes identified in other fungal systems have been shown to have a modular domain 

structure with a high level of allelic polymorphism. The second aim of this project was to 

characterise the 60 kb locus identified in Chapter 3 and to identify the strongest candidates 
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for the vic gene based on an assessment of sequence polymorphism and domain organisation. 

The following research questions are addressed in Chapter 3: 

- What are the identities of the vic genes that segregated in the near isogenic lines 

of B. cinerea?  

- Do the identified vic genes have conserved domain structures and are their alleles 

highly polymorphic?  

- Are B. cinerea vic genes similar to those identified in other fungi?  

 

The third aim of this project was to functionally characterize the Bcvic1 and Bcvic2 genes that 

were identified in Chapter 3 by creating gene knockout and complementation mutants in B. 

cinerea and assessing whether these genes had an effect on VI. The following specific 

research questions are addressed in Chapter 4: 

- Is it possible to genetically knock out the B. cinerea vic genes?  

- What is the phenotype of the knockout mutants?  

- What is the impact of the knockout mutants when tested for vegetative 

incompatibility?  
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Chapter 2 

 Identification of a vegetative incompatibility locus from 
near isogenic lines of B. cinerea using bulk segregant 

analysis and whole genome Illumina sequencing 

 

2.1 Introduction 

Beever & Weeds (2003) confirmed the existence of 66 vegetative compatibility groups (vcg) 

from single ascospores within field isolates and single ascospores of B. cinerea [25]. 

Population genetic analysis of those vcgs, indicated the presence of at least seven vic alleles 

in New Zealand B. cinerea isolates, which is consistent with the multiloci VI system in the 

other fungi [60, 90, 104]. Since heteroallelism at either a single or multiple loci leads to an 

incompatible cell death reaction, dissecting the locus responsible for VI has proved 

challenging as it is inherently difficult to study the genetic determinants of multi loci traits. 

This complexity was made apparent in the recent study by Atwell et al, (2015), in which 13 

different isolates of B. cinerea were whole genome sequenced and found to contain major 

effect polymorphism clusters, i.e., polymorphisms that lead to a predicted functional knockout 

[105]. Interestingly, these major effect polymorphisms were enriched in loci potentially 

controlling vegetative incompatibility. The isolates were grouped in silico into vcgs based on 

shared sequence identity at the major effect polymorphism clusters. However, the in silico vc 

groupings did not correlate with the vc phenotype when tested practically as all the isolates 

were incompatible with each other and caused a cell death reaction. Interestingly, isolates 

within the same in silico vcg seemed to have a lower intensity of cell death compared with 

isolates between different vcgs. The authors concluded that the isolates in the in silico vc 

groups had polymorphic alleles at other vic loci that were yet to be identified. This difficulty 

highlights the importance of generating a level of isogeny between strains in order to reduce 

the genetic determinant for VI between two strains to one locus. 
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2.1.1 F1BC3 near isogenic lines (NILs) 

Beever et al. (1994), generated near isogenic lines of B. cinerea that differed at a single vic 

locus1. The backcrossing experiments were undertaken, firstly, to reduce the differences in 

vic genes to a single locus, and secondly, to generate a mapping population from which 

genetic linkage could be ascertained. The pedigree of strains that were used in the 

backcrossing procedure is presented in Figure 2.1.  

The F1BC3 progeny used in this study were generated from three generations of backcrosses 

to the recurrent parent REB749-8. A vic allele that originated in the SAS56 BS; DS strain was 

introgressed into the REB749-8 BR; DUL background. The SAS56 BS; DS and REB749-8 BR; 

DUL cross generated the first generation of progeny that were backcrossed to the recurrent 

parent. REB749-8 was used as the female sclerotial parent for each of the backcrosses. At 

each generation, progeny that were incompatible with both parents were selected to fertilise 

the recurrent parent 749-8. Five crosses were set up for each generation and only true crosses 

that had a 1:1 segregation of the fungicide resistance markers were selected for downstream 

experiments. The backcrossing strategy was deemed to be complete when there was 1:1 

segregation of the vic locus whereby 50% of the progeny would be compatible to either parent.  

At the time these crosses were set up, the molecular basis of the B. cinerea mating type genes 

had not been determined. Therefore, the MAT1 and MAT2 mating type of the isolates used in 

the sexual crosses were determined by successful apothecia production when paired with 

laboratory strains of known mating type including the mating type tester strains SAS405 

(MAT2) and SAS56 (MAT1). The loci of the fungicide resistance genetic markers that were 

specifically used in the mating parents to test for the fidelity of a cross had also not been 

resolved. 

This chapter characterises the backcrossed progeny, provides evidence to validate findings 

that the near isogenic lines differ at a single vic locus and describes the use of bulk segregant 

analysis and Illumina sequencing to identify the segregating vic locus.

                                                 
1 The near-isogenic lines of B. cinerea were generated in the 1990s by the late researcher Dr. 

Ross Beever, who kindly donated this resource before his passing. Since this material remains 

unpublished, an overview of the backcrossing procedure is provided in this thesis. 
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Figure 2.1 Pedigree of near isogenic B. cinerea strains. Thirty-two F1BC3 single ascospore isolates were generated from three backcrosses to the recurrent parent RREB749-8. Crosses were 

performed based on the established protocol of Faretra et al [21]. REB839-6, REB839-5, REB839-1 and REB839-2 are presented as four examples of progeny genotypes. REB839-5 and REB839-

1 were used as the vcg1 and vcg2 tester strains in this study.  BR, benzimidazole-resistant; BS, benzimidazole-sensitive; DS, dicarboximide-sensitive; DL, low-level dicarboximide-resistant; DUL, 

ultra-low-level dicarboximide-resistant; MAT1, mating type 1; MAT2, mating type   
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2.2 Methods 

2.2.1 Strains 

The strains used in this study were the near isogenic F1BC3 progeny and their respective 

parental stains indicated in pedigree of strains in Figure 2.1. 

2.2.2 General growth conditions 

B. cinerea strains were routinely cultured on Malt extract agar (MEA, Oxoid) or Potato 

dextrose agar (PDA, Difco). To induce sporulation, 3-4 day old cultures were exposed to 

near-UV light (350-400 nm) for one night, and were subsequently returned to darkness. 

Conidia were harvested 4-7 days later. To make spore suspensions, 2-10 ml of sterile water 

was added to the plates and scraped with a spreader to dislodge and wet the hydrophobic 

conidia. The suspension was then centrifuged at 13 000 rpm (11 000 g) for 5 minutes (Sorvall 

RC6 Plus). The supernatant was discarded with the resulting pellet resuspended to the desired 

density which was determined using a haemocytometer.  

2.2.3 Fungicide testing 

Stains were tested for benzimidazole fungicide resistance by plating 10 µl of a dense spore 

suspension on to MEA + vinclozolin (100 mg/L) and assessing growth at 3 days with resistant 

strains producing a compact mycelial mat. For dicarboximide resistance, the spore suspension 

was plated onto MEA + carbendazim (100 mg/L) and assessed at 2 days with resistant strains 

producing spreading colonies. 

2.2.4 Mycelial compatibility testing (Barrage test) 

To perform the mycelial compatibility test, 5-mm diameter mycelial plugs were taken from 

the margin of colonies actively growing on MEA. The mycelial plugs were placed 30 mm 

apart mycelial side down on MEA + NaCl (40 g/L) medium in duplicate and incubated in the 

dark at 20°C for 14 days. The plates were subsequently scored for mycelial compatibility. 

The formation of a dark interaction zone termed barrage in the region where the two strains 

come in to contact was an indication that the strains may be vegetatively incompatible (Figure 

2.2).  
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Figure 2.2 Barrage test. Three B. cinerea strains, A, B and C, were subcultured on to a petri plate containing MEA + NaCl 

(40g/litre) and incubated for 14 days. The left and right panel shows photographs of the top and bottom of the plate, 

respectively. Arrows point to the incompatible barrage line. Strain A is incompatible with B and C, shown by the presence 

of the barrage line. Strain B and C are compatible with each other which is indicated by the absence of a barrage line.  

 

2.2.5 Generation of nitrate non-utilising mutants (nit) 

The scoring of mycelial compatibility or incompatibility in B. cinerea using the barrage test 

sometimes gives ambiguous results with compatible isolates showing a slightly darkened 

barrage zone. Nitrate non-utilising mutants were generated based on the procedure by Beever 

and Parkes (2003), to further demonstrate that hyphae from compatible strains were able to 

fuse and form heterokaryons [25].  

For each isolate, 3 mm mycelial plugs from 3 day old MEA cultures were transferred mycelial 

side down to petri dishes containing Vogel’s N- minimal medium amended with potassium 

chlorate (30 g/L) (MM+ ClO3) and incubated at 20°C in the dark for up to four weeks. Twenty 

mycelial plugs were transferred for each isolate with four plugs to a single plate. The plates 

were examined weekly for evidence of spontaneous sectors arising from the colony margins. 

The sectors were purified by transferring mycelial plugs on to fresh MM+ ClO3 selective 

plates for two weeks. Mycelial plugs from the colony margin of the sub-culture were then 

transferred onto MEA plates for growth and induced to sporulate. Conidia were harvested 

after 7 days and stored as water cultures for further phenotype testing. 

A 

B 

C 

B 

C 

A 
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2.2.6 Phenotype test for putative nit mutants 

Putative nit1 and NitM mutants were classified by plating mycelial plugs onto petri dishes 

containing MEA amended with four nitrogen sources and uric acid following the procedure 

of [25] and scoring after 6-7 days for either wild type growth (+) or ‘minus nitrogen’ (-) sparse 

growth similar to growth on nitrogen free medium (Table 2.1). The components of the 

selective media are stated in Table 2.2.  

 

Table 2.1 Growth response of B. cinerea nit mutants on various nitrogen sources 

Mutation Designation Nitrate Nitrite Ammonium Hypoxanthine Uric Acid 

None Wild type + + + + + 

Nitrate reductase structural 
gene 

nit1 - + + + + 

Major nitrogen regulatory 
gene 

n.d. - - + - - 

Pathway specific regulatory 
gene or nitrite reductase 

Nit3 - - + + + 

Molybdenum cofactor genes NitM - + + - + 

 

Table 2.2 Selective media used for determining nit mutant phenotype 

 

 

 

 

 

Nitrogen source Compound (per litre) 

MM + Hx (Hypoxanthine medium) Hypoxanthine (C5H4N40) 0.1 g 

MM + NH4 (Ammonium medium) Ammonium tartrate C4H12N206 0.92 g 

MM + NO2 (Nitrite medium) Potassium nitrite KNO2 0.85 g 

MM + N03 (Nitrate medium) Potassium nitrate (KNO3) 1.01 g 

MM + Uric Acid (Uric Acid medium) Uric Acid 0.1 g 
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2.2.7 Complementation of nit mutants to test for vegetative compatibility 

Complementation tests were performed by overlaying spore suspensions of nit1 and NitM 

mutants of the isolates being tested on Vogel’s N- + NO3 medium amended with triton X-100 

(0.5 ml/L). Triton X-100 was added to the medium to restrict the spread of the colony so that 

nit1 and NitM conidia could germinate and be forced to interact. Results of the 

complementation test were recorded after 8-14 days. A dense mycelial pad indicated 

successful heterokaryon formation whereas absence of complementation was indicated by 

sparse growth (Figure 2.3).  

 

 

Figure 2.3 Nit mutant complementation test. Complementation tests between B.cinerea 839-5 and 839-1 nit1 and NitM 

mutants. A, Mutants were inoculated as drops of spore suspension in two rows (nit1 strains) and two columns (NitM strains) 

on MM+NO3+Triton and incubated for 10 days. 
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2.2.8 Bulk segregant analysis and Illumina sequencing 

A bulk segregant analysis approach was used to identify the location of the vic locus in near 

isogenic lines of B. cinerea. Bulk segregant analysis is used to identify genetic markers 

associated with a trait of interest. Since the mapping population used in this study was near 

isogenic, the majority of the genome sequence was derived from a single ancestor and 

therefore identical. The only expected differences were at the vic locus and at genomic regions 

under selection during the crossing procedure, for example, the benzimidazole resistance 

marker (BenA) that was used to confirm a true crossing event, and at the mating type locus. 

Illumina sequencing was used to identify markers associated with the vic locus in the mapping 

population. 

2.2.9 Mapping population 

The mapping population used in this study was the interacting F1BC3 near isogenic strains or 

the REB839- series of segregants (Table 2.3). REB839- single ascospore isolates were either 

classified as vegetative compatibility group 1 (vcg1) or vcg2. The vcg1 and vcg2 strains were 

near isogenic and shared identical vic alleles at all loci except one. 

 

Table 2.3 B. cinerea vcg1 and vcg2 strains 

vcg1 strains vcg2 strains 

REB839-3 REB839-1 

REB839-5 REB839-2 

REB839-6 REB839-4 

REB839-10 REB839-7 

REB839-11 REB839-13 

REB839-12 REB839-21 

REB839-15 REB839-22 

REB839-18 REB839-23 

REB839-19 REB839-27 

REB839-20 REB839-28 

REB839-24 REB839-32 

REB839-25 
 

REB839-29 
 

REB839-30 
 

REB839-31 
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2.2.10 Fungal growth conditions for genomic DNA extraction 

Spore suspensions of the REB839- series were maintained as -80°C glycerol stocks and 

working isolates were routinely cultured on 90 mm petri plates containing MEA. For fungal 

genomic DNA extractions, all of the isolates from the 839- series were cultured individually 

on MEA and induced to sporulate under dark light. After the formation of profuse mature 

conidia, 5 ml of dH20 was added to the plates and the surface scraped with an L-shaped 

spreader to dislodge the hydrophobic conidia. The resulting spore suspension was then used 

to inoculate 100 ml of potato dextrose broth (PDB). In order to reduce the amount of 

polysaccharide material produced by the fungus, the liquid cultures were incubated statically 

for 30 hours. After incubation, the young germlings were harvested by centrifugation at a 

speed of 8500 g for 15 mins at 4°C (Sorvall RC6 Plus). The pellet was washed once with 

dH20 and re-centrifuged. The resulting fungal pellet was used as the starting fungal material 

for genomic DNA extractions.  

2.2.11 Fungal genomic DNA extraction 

Fungal DNA extractions were performed according to Moller (1992) [106]. Briefly, 1.2 g of 

fresh fungal material was ground in liquid nitrogen to a fine powder using a mortar and pestle 

and transferred to 50 ml Falcon tubes. Five ml of TES (100 mM Tris, pH 8.0, 10 mM EDTA, 

2% SDS) and 100 µg of Proteinase K was added to the powdered fungal material and 

incubated for 60 mins at 55°C. The salt concentration was adjusted to 1.4 M with 5 M NaCl 

prior to the addition of 1/10 volume of 10% cetyl trimethylammonium bromide (CTAB) and 

incubated for 10 mins at 65°C. One volume of chloroform: isoamylalcohol, 24:1 (SEVAG) 

was then added to the buffer, mixed by inversion and then incubated on ice for 30 mins. The 

tubes were then centrifuged for 30 mins at 9000 g, 4°C (Sorvall RC6 Plus). The supernatant 

was then carefully transferred to a fresh 50 ml Falcon tube to which 2.25 ml of 5 M NH4Ac 

was added to a final concentration of 1.6M and incubated overnight at 4°C. The following 

day, the Falcon tubes were centrifuged at 9000 g for 20 mins at 4°C (Sorvall RC6 Plus) and 

the supernatant was transferred to fresh Falcon tubes. To precipitate the DNA, 0.55 volumes 

of isopropanol was added to the tubes and mixed by gentle inversion. The tubes were then 

centrifuged at 9000 g for 20 mins at 4°C (Sorvall RC6 Plus). The resulting pellet was washed 

twice with 70% ethanol and left to air dry for 30 mins. The pellet was resuspended with 200 

µl of dH20. 
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2.2.12 Polymerase chain reaction (PCR)  

PCR was used to amplify target DNA using platinum Taq DNA polymerase (Invitrogen) 

according to the manufacturer’s instructions using a Mastercycler Gradient machine 

(Eppendorf). A typical PCR reaction was performed in a 20 µl volume containing 1U 

platinum Taq polymerase, 1X Platinum Taq PCR buffer with 1.5 mM MgCl, 0.2 mM of each 

dNTP, 0.2 µM of each specific primer and 100-200 ng DNA. A typical PCR protocol involved 

the following conditions: (i) initial denaturation at 94°C for 3 min (ii) 30 cycles at 94°C for 

30s, 55°C for 30s, 72°C for 1 min/kb product and (iii) final extension of 5 min at 72°C. 

2.2.13 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate PCR products, assess DNA fragment size 

and purify DNA fragments. Gels were prepared with 0.8%-1.2% ultrapure agarose (Bio-Rad) 

dissolved in TAE buffer (40 mM Tris/acetate, 1 mM EDTA, pH 8.0) containing 1X SYBR 

Safe DNA gel stain (Invitrogen) . Samples were prepared in six-times concentrated gel 

loading dye (30% glycerol, 0.25% xylene cyanol, 0.25% bromophenol blue). DNA was 

visualised using a Gel Doc UV transilluminator (BioRad) and compared to the 1Kb+ DNA 

ladder size standards (Invitrogen).  

2.2.14 Multiplex PCR of mating type genes. 

Mating type specific primers were designed to differentiate between the MAT1 and MAT2 

locus (refer to Figure 1.2) in the B. cinerea progeny. Primer sequences are presented in Table 

2.4. MAT1 specific primers (MAT1F/R) were designed against the 5’ portion of the MAT1-1-

1 coding sequence (CDS) from nucleotide positions 22-247. The sequence for MAT1-1-1 was 

retrieved from the B05.10 v1 genome sequence (GeneID: BC1G_15148). MAT2 specific 

primers (MAT2F/R) were designed against the MAT1-2-1 CDS from positions 380-817. The 

sequence for MAT1-2-1 was retrieved from the T4 genome sequence (GeneID: 

BofuT4_P160320.1). The multiplex PCR was set up as described in Section 2.2.12 with all 

four primers (MAT1F/R and MAT2F/R) included in a single reaction. 
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Table 2.4 Mating type primer sequences. 

 

 

2.2.15 Pooling genomic DNA into vcg1 and vcg2 bulks 

Special care was necessary when pooling the genomic DNA into bulks because the bulked 

linkage strategy that was used relied on equal representation of all segregants in a pool. The 

DNA samples for each isolate were quantified and normalized to 100 ng/ml using the 

NanoDrop spectrophotometer. The DNA sample for each isolate was then pooled in 

equimolar amounts into a vcg1 bulk and a vcg2 bulk based on the results of the phenotype 

tests described in Table 2.3. The quality of the pooled DNA was resolved by DNA 

electrophoresis and visualised on an agarose gel (Appendix 1). The pooled vcg1 and vcg2 

genomic DNA samples were sent to the Australian Genome Research Facility (AGRF) for 

non-indexed library preparation and 100-bp paired end sequencing on Illumina Genome 

AnalyzerII. One lane was used for the vcg1 sample and another lane for the vcg2 sample. 

2.2.16 Mapping bulked sequencing reads to reference genomes 

The reference genome that was used for the first pass mapping analysis was the 2010 draft 

assembly of B. cinerea T4 strain consisting of 118 scaffolds (Genoscope) [31]. The mapping 

analysis was then repeated using the draft genome assembly of strain B05.10 consisting of 

588 scaffolds (B05.10 v1) [31]. In December of 2016, a near complete gapless genome 

assembly of B05.10 (B05.10 gapless) was released and although the mapping analysis was 

not repeated using the latest release, the new assembly was used to compare candidate regions 

of interest for sequence and gap corroboration [34]. 

The bulked vcg1 and vcg2 sequencing reads were trimmed to their longest contiguous region 

using the Dynamictrim and Lengthsort software in the Solexaqa package where Phred quality 

scores were lower than an error probabibility of 0.05 with reads longer than 25-bp, that were 

Target locus Primer 5' to 3' sequence Expected PCR product size (bp) 

MAT1 MAT1F ACGATGAAGCACACCTACAAGC 225 

  MAT1R TATATGAATTGACCGAGCGCCG  

MAT2 MAT2F CTGTTGCAGGTTTCGCCAATCT 436 

  MAT2R TCTTCTTGGACACACGACGCTTC  
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still paired, retained for downstream analysis (Appendix 2) [107]. The trimmed vcg1 and vcg2 

reads were then separately mapped to the unmasked reference genome of the B. cinerea T4 

strain using the Burrows-Wheeler transform (BWT) algorithm implemented in the Burrows-

Wheeler Aligner (BWA) v0.5.8 programme [108]. A detailed list of tools and commands that 

were used are listed in Appendix 3. The resulting vcg1 and vcg2 alignment files were input 

into the Intergrative genomics viewer (IGV) software for the visualisation of the mapped reads 

[109].  

2.2.17 Identification of single nucleotide polymorphisms (SNPs) 

SNPs were identified relative to the reference genomes using the bcftools and vcftools 

software embedded within the SAMtools package [110]. It was important to differentiate 

between sequence polymorphisms that correspond to the phenotype of interest and the 

potentially abundant non-causal polymorphisms as well as point mutations arising from 

sequencing errors. To increase the fidelity of SNP calling, the condition was included that the 

position confirming the mutant allele needed to i) be represented by at least eight reads , ii) 

occur at a position covered by at least eight reads in the other sequenced bulk, iii) not have 

missing data in the reference strain, and iv) differ from the reference strain. These strict SNP 

calling thresholds meant that not all SNPs will have been identified. However, the potential 

SNP calling errors were unlikely to affect the broad-scale analyses that followed.  

To identify SNPs that were specific to either the vcg1 or vcg2 bulks (bulk-specific SNPs), in 

addition to the stringent conditions applied above, the mutant allele in one bulk needed to be 

absent the other sequenced bulk.  

2.2.18 Analysis of SNPs at the Bos1, BenA and MAT loci 

In addition to the bioinformatics analysis of SNPs at the whole genome level, which was 

described in Section 2.2.17, SNPs were also manually curated for three specific loci: the Bos1, 

BenA and MAT loci. Mutations in the Bos1 and BenA genes have been shown to confer 

resistance in B. cinerea to dicarboximide and benzimidazole fungicides, respectively [111, 

112].  

Nucleic acid sequence data for the Bos1, BenA and MAT loci was obtained from the GenBank 

database (Table 2.5). The location of the Bos1, BenA and MAT loci was identified in the T4, 

B05.10 v1 and B05.10 gapless whole genome sequences using a BLAST search with 



35 

 

BLASTn (nucleotide to nucleotide search) [113] in GenBank [114] and is presented in Table 

2.6. The coordinates of these genes were manually inspected for SNPs within the T4 and 

B05.10 alignment of the bulked vcg1 and vcg2 reads using the IGV browser. 

The profile of SNPs within the vcg1 and vcg2 sequencing reads at the Bos1, BenA and MAT 

loci was then compared with the results of the dicarboximide resistance, benzimidazole 

resistance and mating type phenotype tests of the vcg1 and vcg2 progeny.  

 

Table 2.5 GenBank ID for Bos1, BenA and MAT loci 

Gene GenBank Accession Numbers 

Bos1 AB064962.1 

BenA U27198.1 

MAT1 KF944385.1 

MAT2 KF944386.1 

 

Table 2.6 Bos1, BenA and MAT loci in T4 and B05.10 

Gene Reference  Phenotype gene ID Scaffold Gene coordinates 

Bos1 T4 DS BofuT4_P046300.1 bt4_superContig_34_1 518,405-522791 

Bos1 B05.10 v1 DS BC1G_00374 supercontig_1.1 923,749-925,925 

Bos1 B05.10 gapless DS Bcin01g06260 Chromosome 1 2,202,227-2,203,600 
      

BenA T4 BS BofuT4_P048940.1 bt4_superContig_34_1 1,135,889-1,137,654 

BenA B05.10 v1 BR BC1G_00122 supercontig_1.1 293,783-295,349 

BenA B05.10 gapless BR Bcin01g08040 chromosome 1 2,812,652-2,819,449 
      

MAT1-2-1 T4 MAT2 BofuT4_P160320.1 Supsupercontig_246_31_4_1 36,400-37,916 

MAT1-1-1 B05.10 v1 MAT1 BC1G_15147 supercontig_1.163 38,373-39,533 

MAT1-1-1 B05.10 gapless MAT1 Bcin01g02150 chromosome 1 811,885-818,317 
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2.2.19 Cluster analysis and statistics of SNP distribution 

In order to identify outlier regions of the genome that contained an increased density of bulk 

specific SNPs, a 5000-bp sliding window with a 25-bp lag was applied to the entire genome 

sequence. The number of vcg1 and vcg2 bulk specific SNPs was determined within each 

5000-bp window. The 95th percentile of the distribution was one SNP for both bulks, and 

therefore, any region where both bulks show more than one bulk specific SNP within a 5000-

bp window was considered a statistical outlier and therefore recorded as candidate locations 

for the vic gene. 

2.2.20 Identifying isogenic and non-isogenic regions in T4 and B05.10 

Since the T4 genome sequence was fragmented into 118 contigs, it was difficult to get a sense 

of where the non-isogenic regions of scaffolds connected with each other. To get a better 

understanding of the recombination break points, BLAST was used to place the isogenic and 

non-isogenic regions in the T4 alignment onto the gapless B05.10.  

Each of the 118 T4 scaffolds in the vcg1 and vcg2 sequence alignment were manually 

inspected within the IGV browser for isogenic and non-isogenic regions. Isogenic regions 

were indicated by stretches of sequence that had only SNPs shared between vcg1 and vcg2. 

Non isogenic regions were indicated by stretches sequence with both heterogenic and shared 

SNPs within the vcg1 and vcg2 alignments. The genome coordinates for each of the isogenic 

and non-isogenic regions were recorded for the T4 scaffolds. Homologous isogenic and non-

isogenic regions were identified in the gapless B05.10 genome sequence using nucleotide 

BLAST which was input with sequences retrieved from the start and end coordinates for each 

region. The homologous gapless B05.10 isogenic and non-isogenic gene coordinates were 

input into the publically available EnsembleFungi database for B05.10 

(https://fungi.ensemble.org/Botrytis_cinerea/Location/Genome) to generate a whole genome 

map with annotations of the corresponding isogenic and non-isogenic regions. The gene 

coordinates for the vic, MAT, Bos1 and BenA were also input into the database and annotated 

on to the whole genome map. 
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2.3 Results 

2.3.1 Creation of nit Mutants 

Nit mutants were created for each of the F1BC3 progeny as described in Section 2.2.5. 

Phenotypic characterisation of the nit mutants revealed that the majority of the mutants were 

nit1 mutants (~80%) whereas only 3% of the putative nit mutants were classified as NitM. 

The remaining mutants were either false positives or nitrite reductase mutants. A full set of 

nit1 mutants were created for all of the F1BC3 progeny and the two parental strains REB749-

8 and REB811-28. NitM mutants were obtained for the parental strains and two of the vcg 

tester strains from the F1BC3 progeny, REB839-1 and REB839-5. All of the nit1 and NitM 

mutants were purified by single spore isolation and retained for downstream vegetative 

compatibility testing experiments. 

2.3.2 F1BC3 vegetative compatibility groups 

Vegetative compatibility testing was performed for all 32 of the near isogenic F1BC3 progeny 

using the barrage test and the nit mutant complementation test. The progeny were paired 

against REB749-8, REB811-28 and REB802-6 (Table 2.7). The nit mutant complementation 

test corroborated the results of the barrage test for all samples except for one pairing: REB839-

15 vs REB749-8. The barrage test indicated a slight incompatible reaction which was later 

abrogated by the results of the nit mutant complementation test which indicated that REB839-

15 nit1 mutant was able to form a viable heterokaryon with the REB749-8 NitM mutant.  

2.3.3 1:1 segregation of the vic locus  

The vegetative compatibility tests revealed that 18 out of the 32 F1BC3 progeny were 

compatible with REB749-8. Conversely, 14 out of 32 progeny were compatible with F1BC2 

non-recurrent parent REB811-28. The progeny that were compatible with the recurrent parent 

REB749-8 were designated to be members of the vegetative compatibility group 1 (vcg1), 

whereas progeny that were incompatible with REB749-8 and compatible with the non-

recurrent parent 811-28, were designated vegetative compatibility group 2 (vcg2) members.  

Although four other concurrent crosses were set up for backcross 3 (not shown), the REB749-

8 and REB811-28 cross was the only one that produced progeny with close to 50% 

compatibility with either parental strain (56% vcg1; 44% vcg2). These results indicated that 

there was 1:1 segregation at a single vic locus. All of the F1BC3 progeny were found to be 
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incompatible with the F1BC1 non-recurrent parent REB802-6 indicating that REB802-6 and 

REB749-8 differed at two vic loci.  

2.3.4 1:1 segregation of the benzimidazole resistance locus 

Fungicide resistance tests were performed on all of the F1BC3 progeny to test for the 

segregation of the benzimidazole resistance locus (BenA) and the dicarboximide resistance 

locus (Bos1) as described in Section 2.2.3. All of the progeny displayed ultra-low level 

dicarboximide resistance when plated on MEA + carbendazim (100 mg/ litre). This result was 

expected as both parents, REB749-8 BR; DUL and REB811-28 BS;DUL carried the same allele 

for ultra-low level dicarboximide resistance (Table 2.8).  

Fifteen out of 32 progeny were found to be BS and the other 17 BR. These results indicated 

that there was 1:1 segregation at the BenA locus (47% BR; 53% BS). 
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Table 2.7: F1BC3 vegetative compatibility groups. The mycelial compatibility and nit mutant complementation test was 

used to determine the compatibility (c) or incompatibility (ic) phenotype of the 32 F1BC3 progeny when paired against 

REB749-8, REB811-28 and REB802-6. The asterisk (*) denotes non-viable single ascospore isolates that were not 

successfully resurrected, and for which only historical mycelial compatibility data exists. 

F1BC3 single ascospore 
isolates 

Recurrent parent 
REB749-8 

Non-recurrent 
F1BC2 parent 
REB811-28 

Non-recurrent F1BC1 

parent REB802-6 

REB839-1 ic c ic 

REB839-2 ic c ic 

REB839-3 c ic ic 

REB839-4 ic c ic 

REB839-5 c ic ic 

REB839-6 c ic ic 

REB839-7 ic c ic 

REB839-8* ic c ic 

REB839-9* c ic ic 

REB839-10 c ic ic 

REB839-11 c ic ic 

REB839-12 c ic ic 

REB839-13 ic c ic 

REB839-14* c ic ic 

REB839-15 c ic ic 

REB839-16* c ic ic 

REB839-17* ic c ic 

REB839-18 c ic ic 

REB839-19 c ic ic 

REB839-20 c ic ic 

REB839-21 ic c ic 

REB839-22 ic c ic 

REB839-23 ic c ic 

REB839-24 c ic ic 

REB839-25 c ic ic 

REB839-26* ic c ic 

REB839-27 ic c ic 

REB839-28 ic c ic 

REB839-29 c ic ic 

REB839-30 c ic ic 

REB839-31 c ic ic 

REB839-32 ic c ic 
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Table 2.8: F1BC3 benzimidazole and dicarboximide sensitivity. UL, Ultra-low level resistant; S, Sensitive; R, Resistant. 

F1BC3 single ascospore isolates 
 
 

Benzimidazole sensitivity Dicarboximide sensitivity 

REB839-1 S UL 

REB839-2 R UL 

REB839-3 R UL 

REB839-4 S UL 

REB839-5 S UL 

REB839-6 R UL 

REB839-7 R UL 

REB839-8 R UL 

REB839-9 S UL 

REB839-10 S UL 

REB839-11 R UL 

REB839-12 R UL 

REB839-13 R UL 

REB839-14 S UL 

REB839-15 S UL 

REB839-16 R UL 

REB839-17 R UL 

REB839-18 S UL 

REB839-19 S UL 

REB839-20 S UL 

REB839-21 R UL 

REB839-22 S UL 

REB839-23 R UL 

REB839-24 R UL 

REB839-25 R UL 

REB839-26 S UL 

REB839-27 S UL 

REB839-28 R UL 

REB839-29 S UL 

REB839-30 S UL 

REB839-31 R UL 

REB839-32 R UL 

 

 

 

 



41 

 

2.3.5 Segregation of mating type locus 

The mating type of the F1BC3 progeny was deduced by multiplex PCR amplification using 

MAT1 and MAT2 specific primers (Table 2.4). Sixteen of the progeny carried the MAT2 

locus and ten isolates carried the MAT1 haplotype (Figure 2.4). Based on isolates that were 

tested, 62% of the progeny were MAT2 and 38% were MAT1. The proportion of 

MAT1:MAT2 observed within the F1BC3 progeny deviates from the 1:1 gene segregation 

pattern that was expected. The mating type screen was not performed for six of the F1BC3 

progeny which did not survive the long term storage process and therefore remained 

unresurrected. The six isolates that were excluded from this study are denoted by the asterisk 

in Table 2.7. The deviation from the expected result can possibly be explained by the 

exclusion of the six isolates.  

 

 

 

 

 

 

  

 

  

 

Figure 2.4 Multiplex PCR amplification of the mating type genes in the F1BC3 progeny. The amplicons were separated 

on a 1.2% agarose gel by electrophoresis and visualised using SYBR Safe (Invitrogen). The MAT1 and MAT2 bands had 

the expected product size of 437 bp and 225 bp, respectively. A, lanes 1-15, F1BC3 vcg1 samples and lane 16, pooled vcg1 

sample. B, lanes 1-12, F1BC3 vcg2 samples and lane 12, pooled vcg2 sample. 

 

F1BC3 vcg1  

F1BC3 vcg2  

500 bp 
200 bp 

200 bp 
500 bp 
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2.3.6 Genetic linkage between the vic and MAT locus 

The segregation of the mating type locus within the vcg1 and vcg2 strains as seen in Figure 

2.4 was investigated. Twelve out of the 15 vcg1 progeny carried the MAT2 locus and 

conversely seven out of 11 vcg2 progeny had the MAT1 locus (Table 2.9). Interestingly, the 

MAT2 locus was overrepresented within the vcg1 strains and the MAT1 locus was 

overrepresented in the vcg2 strains. Incidentally, the combination of MAT and vic genotypes 

that were overrepresented were the same genetic markers as the parental strains: REB749-8, 

vcg1; MAT2 and REB811-28, vcg2; MAT1. The unequal segregation of the MAT locus within 

the vcg1 and vcg2 progeny suggested that the MAT and vic loci might be closely linked.  

Closely linked genes are not assorted independently during meiosis and tend to be inherited 

together. As a result, the parental configuration of alleles are usually over represented (>50%) 

within a progeny set as opposed to recombinant alleles which are much more rare. Analysis 

of the vcg and MAT genotypes in the F1BC3 progeny revealed that approximately 73% of the 

segregants carried the parental configuration of vcg and MAT alleles in contrast to 27% which 

carried recombinant allele configurations (Figure 2.5).  

 

 

 

Figure 2.5 Assortment of vcg and MAT alleles within the F1BC3 progeny. 
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Table 2.9 vcg1 and vcg2 mating type and benzimidazole sensitivity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

vcg1 strains Benzimidazole 
sensitivity (R/S) 

Mating type 
(1/2) 

REB839-3 R 2 

REB839-5 S 2 

REB839-6 R 2 

REB839-9 S N/A 

REB839-10 S 1 

REB839-11 R 2 

REB839-12 R 2 

REB839-14 S N/A 

REB839-15 S 2 

REB839-16 R N/A 

REB839-18 S 2 

REB839-19 S 2 

REB839-20 S 1 

REB839-24 R 2 

REB839-25 R 2 

REB839-29 S 1 

REB839-30 S 2 

REB839-31 R 2 

vcg2 strains Benzimidazole 
sensitivity (R/S) 

Mating type 
(1/2) 

REB839-1 S 1 

REB839-2 R 1 

REB839-4 S 1 

REB839-7 R 2 

REB839-8 R N/A 

REB839-13 R 1 

REB839-17 R N/A 

REB839-21 R 1 

REB839-22 S 1 

REB839-23 R 2 

REB839-26 S N/A 

REB839-27 S 2 

REB839-28 R 2 

REB839-32 R 1 
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2.3.7 Recombination frequency and linkage map of the vic, MAT and BenA 

loci 

The genetic distance between the vic;MAT, vic;BenA and MAT;BenA loci was estimated by 

calculating the recombination frequencies of these genes within the F1BC3 segregants. The 

parental and recombinant genotypes are listed in Table 2.10. Recombination frequencies 

below 50% indicate genetic linkage from which genetic distance can be estimated, whereas 

frequencies that equal 50% indicate that the genes are unlinked and have undergone 

independent assortment [115]. The recombination frequency for the vic and MAT loci was 

26.9% which suggested that these two genes were in the same linkage group on a chromosome. 

The frequency of recombination between the vic and BenA loci was 59.3%. The genetic 

distance of the vic and BenA loci cannot be estimated based on this value alone since the 

recombination frequency was over 50%. A recombination frequency of over 50% suggested 

that the genes had undergone independent assortment and were either on non-homologous 

chromosomes or located far apart on a single chromosome. Interestingly, the frequency of 

recombination between the MAT and BenA loci was 38.5% which suggested that the two 

genes may be on the same linkage group since the value was <50%. Based on the 

recombination frequencies of the F1BC3 segregants for these three genes, a putative genetic 

linkage map was made and is presented in Figure 2.6. 

 

 

Figure 2.6 Linkage map of the vic, MAT and BenA loci 
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Table 2.10 Parental and recombinant genotypes for the vic, MAT and BenA loci 

 

Allele type  Genotype Recombination 
frequency (%) 

Parental (REB749-8) vcg1;MAT2 46.2 

Parental (REB811-28) vcg2;MAT1 26.9 

Recombinant vcg1;MAT1 11.5 

Recombinant vcg2;MAT2 15.4 
  

 

Parental (REB749-8) vcg1;BR 25 

Parental (REB811-28) vcg2;BS 15.6 

Recombinant vcg1;BS 31.3 

Recombinant vcg2;BR 28.1 
  

 

Parental (REB749-8) MAT2;BR 38.5 

Parental (REB811-28) MAT1;BS 23.1 

Recombinant MAT2;BS 23.1 

Recombinant MAT1;BR 15.4 

 

 

 

 

 

 

 

 



46 

 

2.3.8 Bulk segregant analysis and Illumina sequencing of the F1BC3 near 

isogenic progeny. 

The following sections describe the use of bulk segregant analysis, coupled with next 

generation sequencing technologies to rapidly identify genetic markers or single nucleotide 

polymorphisms linked with the vic locus controlling VI in the F1BC3 near isogenic progeny.  

2.3.9 Mapping of vcg1 and vcg2 sequencing reads to T4 

Approximately 14 and 18 million read pairs were obtained for the bulked vcg1 and vcg2 

samples, respectively. Basic quality assurance tests showed that the majority of reads were of 

an acceptable quality (Appendix 2). The average trimmed forward and reverse read length 

was approximately 85 bp for both vcg1 and vcg2 bulks and approximately 90-94% of the 

reads were retained after data cleaning (Table 2.11). The remaining reads were mapped to the 

T4 reference sequence. The vcg1 reads covered 92.5% of the T4 genome whereas the vcg2 

reads covered 92.7% (Table 2.12). The read coverage that was shared between both vcg1 and 

vcg2 was 92.4% (36,497,613 bp) of the T4 genome. There was an average of 43-62 reads per 

nucleotide position for the vcg1 and vcg2 bulks, respectively (Table 2.12). 

Not all of the genome was covered due to the strict SNP calling thresholds that was used. The 

missing fragments mostly consisted of repetitive regions such as microsatellites and 

transposons. Furthermore, reads that had a high divergence in sequence identity with respect 

to the reference did not align and therefore were excluded from the analysis.  
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Table 2.11 Read pairs before and after trimming 

Bulk Read Pairs before trimming Read Pairs after trimming Percentage retained 

vcg1 13,651,192 12,306,834 90.2% 

vcg2 17,838,904 16,819,563 94.3% 

 

Table 2.12 vcg1 and vcg2 read coverage 

Bulk T4 Genome length (bp) Read Coverage (bp) Percentage  Mean Coverage 

vcg1 39,511,426 36,543,937 92.50% 43-fold 

vcg2 39,511,426 36,624,642 92.70% 62-fold 
    

 
Combined 39,511,426 36,497,613 92.40% N/A 

 

2.3.10 Identification of SNPs 

Approximately 140,000 putative SNPs were identified relative to the reference genome. The 

number of SNPs were roughly equivalent in the two bulks (Table 2.13). After applying the 

strict SNP calling thresholds, a small number of putative bulk specific SNPs were also 

identified (Table 2.14).  

 

Table 2.13 Putative SNPs relative to the T4 reference 

Bulk Number of putative SNPs 

vcg1 141,567 

vcg2 145,454 

 

Table 2.14 Putative bulk specific SNPs relative to the T4 reference 

Bulk Number of putative bulk specific SNPs 

vcg1 759 

vcg2 1,478 
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2.3.11 Types of SNPs 

Three main SNP profiles were identified in the vcg1 and vcg2 bulks (Figure 2.7). The most 

abundant type were SNPs that were shared between both bulks (Figure 2.7 A). These were 

mutations that were homogenous within the bulks and as well as between both bulks. Manual 

curation of the sequence alignment to the 118 contigs of the T4 reference genome revealed 

long stretches of homogenous shared SNPs between the vcg1 and vcg2 bulks and indicated 

regions of isogeny within the backcrossed offspring. The second type of mutations were SNPs 

that were shared between both bulks but were heterogenous within each individual bulk, and 

were indicative of the non-isogenic genomic regions in the backcrossed progeny (Figure 2.7 

B). The third class of SNPs were the bulk specific SNPs that were present in one bulk and 

absent in the other (Figure 2.7 C).  

   

 

 

 

 

 

 

 

 

 Figure 2.7 Shared, heterogenous and bulk specific SNPs.Screenshot of the IGV browser showing the bulked vcg1 and 

vcg2 sequencing reads mapped to the T4 reference sequence. A, B and C are examples of shared, non-isogenic and bulk 

specific SNP, respectively. Sequencing reads are represented by the horizontal grey bars. The read coverage at each 

nucleotide position is shown by the vertical grey bars on top of each bulk. The first ~20 reads are shown for each bulk. SNPs 

are highlighted by the different colours and are relative to the T4 reference sequence, which is shown by the arrow in the 

bottom panel. The proportion of mutant and reference alleles is shown schematically by the different colours in the coverage 

panel. 
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2.3.12 Shared SNPs at the Bos1 locus 

The SNP profile of the Bos1 gene in the vcg1 and vcg2 bulks was analysed as described in 

Section 2.2.18 and compared with the dicarboximide resistance phenotype recorded in Table 

2.8. The Bos1 locus was used as a marker in the cross between the parents of the F1BC3 

progeny. All of the progeny were phenotyped as having ultra-low level resistance to a 

dicarboxamide fungicide (Vinclozolin) as both parents carried identical alleles at that locus 

(refer to Figure 2.1). Manual curation of the bulked vcg1 and vcg2 sequence alignment on 

scaffold bt4_SuperContig_34_1 of the T4 reference, revealed a long stretch of sequence 

flanking the Bos1 gene between positions 1-926,000 that contained shared SNPs exclusively. 

There was a complete absence of non-isogenic SNPs. The location of the known 1365N 

mutation that confers ultra-low level dicarboximide resistance in B. cinerea, was inspected in 

both the B05.10 and T4 sequence alignment (Figure 2.8) [111]. The vcg1 and vcg2 sequences 

shared two point mutations that were non synonymous resulting in an Ile (ATC)>Asn (AAT) 

mutation. This codon change corresponded to the known 1365N mutation. The SNP profile 

for Bos1 gene corroborated the phenotype of the F1BC3 progeny (100% DUL). 
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Figure 2.8 Shared SNPs within the Bos1 gene. Screenshot of the IGV browser showing the bulked vcg1 and vcg2 

sequencing reads mapped to the A, B05.10 v1 and B, T4 reference sequences at the location of the known 1365N mutation 

in the Bos1 gene that confers ultra-low level carboximide resistance in B. cinerea. The position of the mutation in the B05.10 

v1 and T4 alignment is on supercontig1.1:924,392-924,393 and bt4_SuperContig_34_1:521,577-521,578, respectively. The 

Bos1 gene is on the reverse strand in T4. The black square denotes the position of the wild typ ‘Ile’ (ATC) codon in the 

reference sequences. The highlighted nucleotides indicate the non-synonymous mutation in the vcg1 and vcg2 bulks to the 

‘Asn’ residue (AAT). The frequency of the AAT mutation is 100% in both bulks. A representative of the first ~20 reads are 

shown in each bulk.  
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2.3.13 Heterogenous SNPs at the BenA locus 

The vcg1 and vcg2 SNP profile was investigated for the BenA gene and was compared with 

the results of benzimidazole resistance phenotype tests recorded in Table 2.8. The parental 

strains used in the cross differed in benzimidazole sensitivity patterns. REB749-8 was 

resistant to a benzimidazole type fungicide (Carbendazim) whereas REB811-28 was sensitive. 

Resistant alleles segregated in a 1:1 Mendelian manner in the F1BC3 offspring (14R and 12S). 

Phenotype tests further confirmed that there was relatively equal distribution of the alleles 

within each vcg bulk (vcg1; 7R, 8S and vcg2; 7R and 4S).  

The BenA gene was located on the T4 and B05.10v1 sequence alignment on the same 

scaffolds as the Bos1 gene (Table 2.6). However, unlike the homogenous vcg1 and vcg2 SNPs 

that were identified in the interval containing the Bos1 gene, the SNPs that were identified in 

the vicinity of the BenA gene were heterogenous within the vcg1 and vcg2 bulks, indicating 

that the region was non-isogenic in the F1BC3 population. In fact, the whole region on 

bt4_supercontig_34_1 from position 926,000 to the end of the scaffold contained 

heterogenous SNPs within the bulks.  

The position of the known Glu (GAG) -> Ala (GCG) mutation at codon 198 of the BenA gene, 

which confers benzimidazole resistance in B. cinerea, was inspected in the vcg1 and vcg2 

sequence alignments (Figure 2.9) [112]. The position of the mutation was compared in both 

the B05.10 and T4 sequence alignments since B05.10 is a BR strain that had the Ala (GCG) 

mutation and T4 was BS and had the Glu (GAG) residue.  

The sequence alignment revealed a mixture of Ala (GCG) and Glu (GAG) residues within 

each bulk confirming the presence of both BR and BS strains within the F1BC3 progeny. The 

alignment in Figure 2.9 B also included a single (GTG) mutation. This mutation in particular 

was deemed to be a sequencing artefact, primarily as it was located at the beginning of a 

sequencing read, which can be a region of poor read quality if insufficiently trimmed during 

the read trimming process.  

Read counts for the Ala and Glu residues within the vcg1 and vcg2 bulks are presented in 

Table 2.15. The number of reads containing the GCG (Ala) residue within the vcg1 bulk 

differs between the T4 and B05.10 alignment (T4: 36 and B05.10: 40). In theory, these 

numbers should have been identical as the same pool of reads were used for the alignment to 
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different genomes. The B05.10 and T4 alignments were performed on separate occasions over 

time and despite attempts to keep the alignment parameters identical, it is possible that this 

discrepancy occurred because of a difference of stringency applied during the read trimming 

process for the two genome alignments. A difference in read trimming stringency would have 

resulted in a difference in reads that were discarded during the quality control process and 

therefore be unavailable for read mapping, which would cause a difference in the read counts.  

Despite the slight difference in read counts, approximately 70% of the vcg1 and vcg2 

sequencing reads had the Ala codon which indicated BR with the other 30% representing the 

BS Glu codon. These results indicate a significant difference in the in silico segregation of the 

Glu and Ala codons when compared with the 1:1 segregation of the BS/BR allele that was 

previously confirmed in the F1BC3 progeny. 

 

 

Table 2.15 Number of reads containing the Glu>Ala mutation for benzimidazole resistance. 

Reference strain Sequencing bulk 
Number of reads with the 

GCG (Ala) codon 
Number of reads with the 

GAG (Glu) codon 

T4 vcg1 36 17 

 vcg2 50 23 

B05.10 vcg1 40 17 

 vcg2 50 23 
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Figure 2.9 Segregation of SNPs at the BenA locus. Screenshot of the IGV browser showing the bulked vcg1 and vcg2 

sequencing reads mapped to the A, B05.10 v1 and B, T4 reference sequences at the previously reported location of the 

Glu->Ala mutation at codon 198 of the BenA gene that confers benzimidazole resistance gene in B. cinerea. The position of 

the point mutation in B05.10 v1 and T4 reference sequence is at supercontig1.1:294,539 and 

bt4_SuperContig_34_1:1,136,847, respectively. The black square denotes the position of the codon affected by the point 

mutation. The B05.10 strain carries the GCG (Ala) codon as it is resistant to carbendazim whereas T4 is sensitive and carries 

the GAG (Glu) codon. The lone GTG codon was deemed to be a sequencing artefact as it was located at the beginning of the 

read. Sequencing reads are represented by the horizontal grey bars. The read coverage at each nucleotide position is shown 

by the vertical grey bars on top of each bulk. The highlighted nucleotides indicate non-synonymous point mutation that are 

heterogenous in the vcg1 and vcg2 bulks. The proportion of mutant and reference allele is shown in the coverage panel by 

the different colours (black arrows).  In panels A and B, the top section (red and blue) represents the proportion of variant 

allele whereas the bottom section (orange and green) represents the proportion of reference allele. A representative of the 

first 20 reads are shown in each bulk. 
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2.3.14 Heterogenous SNPs flanking the idiomorphic MAT locus 

The SNP profile for the vcg1 and vcg2 bulks was analysed in the region of the MAT locus in 

the B05.10 and T4 sequence alignments. The gene coordinates for the MAT1 and MAT2 loci 

in B05.10 v1 and T4 are presented in Table 2.6. The B05.10 and T4 strains carry the MAT1 

and MAT2 loci, respectively. Since the mating type genes are idiomorphs, reads from the 

MAT1 segregants at this locus mapped exclusively to the B05.10 reference sequence and 

conversely, reads from MAT2 segregants mapped exclusively to the T4 sequence. The 

alignment of vcg1 and vcg2 reads to the B05.10 sequence at the MAT locus is presented in 

Figure 2.10. Since B05.10 carries the MAT1 locus, the reference sequence is only represented 

by one set of idiomorphic genes (MAT1-1-1 and MAT1-1-5). The segregation of the MAT 

genes in the vcg1 and vcg2 bulks within the idiomorphic region was represented by a region 

of low sequence coverage. This region of low sequence coverage did not have any 

heterogenous SNPs in either bulk. However, the vcg1 and vcg2 sequence alignment that 

flanked the idiomorphic region contained heterogenic SNPs. This infers that the MAT locus 

is situated in a non-isogenic region of the genome. Furthermore, it indicates that the vcg1 and 

vcg2 progeny consisted of a mixture of MAT1 and MAT2 genotypes which correlates with the 

MAT locus genotyping results presented in Section 2.3.5. 

Inspection of the MAT locus in the bulked vcg1 and vcg2 alignment to T4 and B05.10 revealed 

a general trend that the vcg1 bulk was represented by more MAT2 reads compared to MAT1 

whereas the vcg2 bulk was represented with more MAT1 reads than MAT2. This general trend 

reflects the linkage of the vic and mating type traits within the segregants as reported in 

Section 2.3.5.
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Figure 2.10 Reads aligned to B05.10 at the MAT locus. Screenshot of the IGV browser showing the bulked vcg1 and vcg2 sequencing reads mapped to the B05.10 v1 reference sequence at the 

MAT locus. The MAT1-1-1 (BC1T_15148) and MAT1-1-5 (BC1T_15147) genes are located on supercontig_1.163. BC1T_15146 is the gene model for the APN2 gene flanking the idiomorphic 

mating type genes. Sequencing reads are represented by the horizontal grey bars. A representative of the first 20 reads are shown. The read coverage is shown by the graph in the panel above each 

bulk. SNPs are indicated by the different coloured lines. The left and right black boxes denotes the area outside of the idiomorphic regions of the mating type genes. The SNPs in these boxes are 

heterogenous within and between the vcg1 and vcg2 bulks.

vcg1 

vcg2 
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2.3.15 Distribution of vcg1 and vcg2 SNPs relative to T4 

The distribution of shared and bulk specific SNPs throughout the 118 scaffolds of the draft 

T4 reference genome was examined (Figure 2.11). The vcg1 and vcg2 bulks shared 139,759 

SNPs relative to the T4 reference sequence that were uniformly distributed throughout the 

genome. The large number of shared SNPs was expected considering the near isogenic nature 

of the mapping population. The relatively small number of vcg1 and vcg2 bulk specific SNPs 

had a more patchy distribution and was mostly clustered within a few scaffolds that are 

highlighted in Table 2.16. Since the F1BC3 offspring were grouped in to bulks based on their 

vc groupings, the vic locus was expected to be located in regions in which the density of bulk 

specific SNPs was the highest for both the vcg1 and vcg2 sequence alignments. High density 

SNP regions within the 118 scaffolds of the T4 reference were therefore prioritised for further 

analysis.  

2.3.16 Clustering of SNPs at the vic locus 

A measure of SNP clustering is important because due to the large size of the B. cinerea 

genome, SNPs that appear to be in close proximity may actually be many thousands of base 

pairs apart. Clustering of SNPs was measured by applying a 5000-bp sliding window with a 

25-bp lag to the entire genome sequence as described in Section 2.2.19.  

The strongest candidate for the vic locus was located on bt4_SupSuperContig_110r_56_1 

(scaffold 56). Scaffold 56 had the highest density of bulk specific SNPs in both the vcg1 and 

vcg2 sequence alignments. Approximately 40% of the vcg1 and 25% of the vcg2 specific 

SNPs were located within scaffold 56. Furthermore, over 98% of the bulk specific SNPs were 

in close proximity with each SNP clustered within 5000 bases of another SNP. In certain 

regions of scaffold 56, there were occurrences of more than 60 bulk specific SNPs within a 

5000 bp window (Figure 2.12). No other scaffold had such a high density of bulk specific 

SNPs. It was deduced that the strongest candidate for the vic locus was likely to be within the 

largest peaks in the graph for scaffold 56 shown in Figure 2.12. 
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Figure 2.11 Distribution of SNPs along the T4 genome. The numbered outer black bars show the 118 scaffolds that make 

up the B. cinerea T4 reference genome. The dense and uniformly distributed blue bars represent SNPs shared between both 

the vcg1 and vcg2 bulks. The outer and inner red tick marks represent vcg1 and vcg2 bulk specific SNPs, respectively. The 

outer and inner green tick marks represent bulk specific SNPs that are in close proximity, occuring within 5000 bp of another 

bulk specific SNP in the vcg1 and vcg2 bulks, respectively. The scaffolds that contain the mating type (MAT), benzimidazole 

resistance (BenA), dicarboximide resistance (Bos1) and putative vic locus are shown by the arrows. The scaffold numbers 

are abbreviated versions of the full version of the scaffold name, eg scaffold 122 is an abbreviation of 

bt4_SupSuperContig_114_320_122_1. The order of scaffolds is random. The black circle represents scaffolds that had a 

high densitity of bulk specific SNPs. The circular graph was created using Circos [116]. 
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Table 2.16 Detailed analysis of vcg1 and vcg2 bulk specific SNPs. The number of vcg1 and vcg2 bulk specific SNPs along 

the 118 scaffolds of the T4 reference genome is presented. The asterisk denotes bulk specific SNPs that occur within 5000 

bases of another bulk specific SNP. The highlighted rows indicate scaffolds with relatively large clusters of bulk specific 

SNPs. 

Scaffold Scaffold 
size (nt) 

Shared 
SNPs 

vcg1 
specific 

SNPs 

vcg1 
specific 

SNPs 
(5000)* 

vcg2 
Specific 

SNPs 

vcg2 
Specific 

SNPs 
(5000)* 

bt4_SupSuperContig_36_28_1 911,413 4611 7 0 16 2 

bt4_SupSuperContig_43_186_1 654,918 1770 7 2 8 4 

bt4_SupSuperContig_62_54_1 562,011 1608 5 2 8 2 

bt4_SupSuperContig_67r_197_1 429,542 1278 5 3 6 2 

bt4_SupSuperContig_79_291_1 797,324 3320 2 0 12 0 

bt4_SupSuperContig_8_105_1 720,181 2685 13 4 10 4 

bt4_SupSuperContig_90r_117_107r_1 631,794 1860 10 5 5 0 

bt4_SupSuperContig_110r_56_1 449,055 940 307 300 369 369 

bt4_SupSuperContig_114_320_122_1 833,742 2055 5 3 6 2 

bt4_SupSuperContig_145_323r_1 652,688 1873 7 4 7 2 

bt4_SupSuperContig_176_149_1 411,012 617 8 2 48 41 

bt4_SupSuperContig_182_154r_1 215,360 327 20 20 23 20 

bt4_SupSuperContig_200r_370_1 252,123 571 2 0 135 133 

bt4_SupSuperContig_210_20_1 763,863 3708 6 2 18 10 

bt4_SupSuperContig_213_271_1 307,941 531 12 9 5 4 

bt4_SupSuperContig_246_31_4_1 908,665 3233 30 25 12 4 

bt4_SupSuperContig_101_375_327_1 860,276 2905 15 4 15 6 

bt4_SupSuperContig_106_216_1 467,516 2125 7 4 6 4 

bt4_SuperContig_0_1 647,056 1915 2 0 3 0 

bt4_SuperContig_2_1 1,099,581 3236 10 0 50 35 

bt4_SuperContig_3_1 607,614 2732 4 0 7 0 

bt4_SuperContig_5_1 392,545 1188 4 0 4 2 

bt4_SuperContig_6_1 331,233 1650 1 0 13 0 

bt4_SuperContig_7_1 232,477 101 0 0 1 0 

bt4_SuperContig_9_1 329,903 420 2 0 2 0 

bt4_SuperContig_10_1 1,449,613 5395 10 4 22 6 

bt4_SuperContig_11_1 112,775 678 1 0 2 0 

bt4_SuperContig_12_1 447,122 1616 27 18 16 6 

bt4_SuperContig_13_1 500,389 733 1 0 1 0 

bt4_SuperContig_14_1 263,289 1467 2 2 7 0 

bt4_SuperContig_17_1 172,921 507 1 0 2 0 

bt4_SuperContig_19_1 140,167 95 0 0 0 0 

bt4_SuperContig_21_1 220,826 352 1 0 1 0 

bt4_SuperContig_22_1 935,623 3168 7 2 7 2 

bt4_SuperContig_23_1 141,331 323 1 0 1 0 

bt4_SuperContig_25_1 370,211 1439 2 0 5 0 

bt4_SuperContig_26_1 337,699 129 0 0 0 0 

bt4_SuperContig_27_1 139,734 586 5 2 2 0 

bt4_SuperContig_29_1 679,216 2773 2 0 10 4 

bt4_SuperContig_30_1 469,862 1746 4 3 4 0 
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Scaffold Scaffold 
size (nt) 

Shared 
SNPs 

vcg1 
specific 

SNPs 

vcg1 
specific 

SNPs 
(5000)* 

vcg2 
Specific 

SNPs 

vcg2 
Specific 

SNPs 
(5000)* 

bt4_SuperContig_32_1 810,338 730 8 9 9 5 

bt4_SuperContig_33_1 116,027 316 3 3 4 0 

bt4_SuperContig_34_1 1,932,704 4991 15 3 20 6 

bt4_SuperContig_38_1 71,861 199 1 0 0 0 

bt4_SuperContig_42_1 124,234 126 1 0 0 0 

bt4_SuperContig_45_1 97,738 400 4 0 0 0 

bt4_SuperContig_48_1 405,824 1637 5 2 5 0 

bt4_SuperContig_50_1 898,941 3469 13 4 9 4 

bt4_SuperContig_51_1 699,399 1928 6 0 109 101 

bt4_SuperContig_53_1 182,891 1160 1 0 4 3 

bt4_SuperContig_55_1 62,441 398 1 0 1 0 

bt4_SuperContig_58_1 310,099 1862 6 2 3 0 

bt4_SuperContig_59_1 229,782 534 2 0 6 2 

bt4_SuperContig_60_1 72,551 152 0 0 0 0 

bt4_SuperContig_63_1 42,840 26 0 0 0 0 

bt4_SuperContig_64_1 164,595 812 1 0 1 0 

bt4_SuperContig_69_1 213,362 859 4 3 4 4 

bt4_SuperContig_72_1 116,272 674 2 0 2 0 

bt4_SuperContig_73_1 136,383 207 1 0 0 0 

bt4_SuperContig_77_1 64,350 4 0 0 2 0 

bt4_SuperContig_78_1 305,086 3 2 6 2 0 

bt4_SuperContig_80_1 86,124 226 2 0 101 101 

bt4_SuperContig_83_1 96,683 565 3 0 0 0 

bt4_SuperContig_86_1 332,531 1789 3 0 4 0 

bt4_SuperContig_87_1 253,870 461 0 0 3 0 

bt4_SuperContig_89_1 277,690 1580 2 0 2 0 

bt4_SuperContig_94_1 182,717 717 1 0 45 40 

bt4_SuperContig_95_1 315,446 479 2 0 3 0 

bt4_SuperContig_97_1 143,107 254 2 0 6 6 

bt4_SuperContig_99_1 523,005 926 2 0 7 0 

bt4_SuperContig_100_1 385,619 2379 2 0 9 4 

bt4_SuperContig_102_1 206,694 345 1 0 5 3 

bt4_SuperContig_103_1 495,842 1895 2 0 11 4 

bt4_SuperContig_104_1 479,447 1650 5 0 7 2 

bt4_SuperContig_108_1 212,809 1043 3 0 5 0 

bt4_SuperContig_109_1 259,759 306 3 0 4 2 

bt4_SuperContig_111_1 225,953 2408 3 0 7 2 

bt4_SuperContig_127_1 45,753 114 0 0 2 2 

bt4_SuperContig_128_1 23,628 26 1 0 2 0 

bt4_SuperContig_130_1 28,129 139 1 0 0 0 

bt4_SuperContig_131_1 211,082 302 9 6 14 10 

bt4_SuperContig_137_1 90,799 343 0 0 1 0 

bt4_SuperContig_139_1 302,457 1168 1 0 2 0 

bt4_SuperContig_142_1 294,059 1547 3 2 68 65 
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Scaffold Scaffold 
size (nt) 

Shared 
SNPs 

vcg1 
specific 

SNPs 

vcg1 
specific 

SNPs 
(5000)* 

vcg2 
Specific 

SNPs 

vcg2 
Specific 

SNPs 
(5000)* 

bt4_SuperContig_143_1 446,223 1814 6 2 7 2 

bt4_SuperContig_144_1 227,709 819 3 0 9 5 

bt4_SuperContig_151_1 279,578 935 5 3 7 0 

bt4_SuperContig_153_1 690,743 3083 7 0 2 0 

bt4_SuperContig_156_1 229,744 246 0 0 1 0 

bt4_SuperContig_160_1 95,521 391 1 0 0 0 

bt4_SuperContig_161_1 89,280 870 4 0 3 0 

bt4_SuperContig_168_1 96,204 170 1 0 2 0 

bt4_SuperContig_169_1 144,407 916 0 0 4 0 

bt4_SuperContig_170_1 53,838 31 0 0 0 0 

bt4_SuperContig_171_1 104,423 532 1 0 0 0 

bt4_SuperContig_173_1 352,932 876 5 0 16 7 

bt4_SuperContig_174_1 117,752 589 0 0 4 2 

bt4_SuperContig_175_1 121,096 19 0 0 1 0 

bt4_SuperContig_177_1 103,718 128 0 0 5 5 

bt4_SuperContig_193_1 121,803 472 0 0 1 0 

bt4_SuperContig_201_1 53,716 369 0 0 0 0 

bt4_SuperContig_202_1 21,184 220 0 0 0 0 

bt4_SuperContig_209_1 164,091 788 3 0 0 0 

bt4_SuperContig_219_1 126,769 844 2 0 0 0 

bt4_SuperContig_226_1 71,887 104 0 0 0 0 

bt4_SuperContig_237_1 147,759 566 1 0 5 4 

bt4_SuperContig_239_1 49,419 191 0 0 0 0 

bt4_SuperContig_264_1 21,745 160 0 0 0 0 

bt4_SuperContig_277_1 933,476 4223 16 8 15 7 

bt4_SuperContig_289_1 388,376 1691 2 0 3 0 

bt4_SuperContig_294_1 76,063 208 1 0 1 0 

bt4_SuperContig_296_1 229,177 1240 1 0 4 3 

bt4_SuperContig_299_1 203,116 583 3 0 2 2 

bt4_SuperContig_312_1 38,555 199 0 0 0 0 

bt4_SuperContig_313_1 355,806 1823 7 4 7 2 

bt4_SuperContig_330_1 879,977 2847 5 0 14 4 

bt4_SuperContig_346_1 103,796 210 0 0 0 0 

bt4_SuperContig_379_1 258,188 954 2 0 3 2 

 

 

 

 



61 

 

0kb 400kb 100kb 200kb 300kb 
 

 

Figure 2.12 vcg1 and vcg2 bulk specific SNPs within scaffold 56. A 5000 bp sliding window with a 25 bp lag was applied 

to the entire scaffold. Vcg1 and vcg2 bulk specific SNPs are shown in black and red, respectively. 

 

2.3.17 Manual curation of bulk specific SNPs 

Although scaffold 56 was chosen as the strongest candidate for the vic locus, all of the 

remaining bulk specific SNPs that were within 5000 bases of each other (represented by the 

green tick marks in Figure 2.11) in the T4 reference genome were assessed as potential 

candidate vic gene regions. The alignment of all of the identified bulk specific SNPs was 

individually inspected and manually curated to determine the reliability of the SNP calls and 

to assess the homogeneity of the SNPs within the bulks.  

Of the 118 T4 scaffolds, 108 contained fewer than ten bulk specific SNPs that were within 

5000 bases of another bulk specific SNP (Table 2.16). Out of these low SNP scaffolds, 54 

had no occurrences of bulk specific SNPs. All of the putative bulk specific SNPs on the low 

SNP scaffolds were, without exception, miscalled by the SNP calling algorithm. Some of the 

unreliable SNPs occurred within microsatellites or homopolymer runs, which appeared to 

cause problems during the read mapping. A proportion of SNPs were miscalled insertions and 

deletions. Others were simple missequencings or in regions with extremely low read coverage. 

Although most of the errors were easily picked up by eye, they were sufficiently complex to 

hamper computer based identification.  

Apart from scaffold 56, there were ten scaffolds that had large clusters of putative bulk 

specific SNPs. These are listed in Table 2.17. However, all of the gene regions had SNPs that 

were heterogenic within the vcg1 and vcg2 pools. The SNPs occurred in regions that were 

recombination hotspots in the junction between the isogenic and non-isogenic regions in the 

backcrossed mapping population. The miscalled bulk specific SNPs occurred due to the strict 

Chromosome Position 

0 kb 100 kb 200 kb 300 kb 400 kb 



62 

 

SNP calling thresholds that was applied whereby SNPs needed to be represented by at least 

eight reads in one bulk and absent in the other. For instance, a SNP that is shared or 

heterogenous between vcg1 and vcg2 can be miscalled as a bulk specific SNP by the SNP 

calling algorighm if the alignment for either bulk had a region of low sequence coverage 

represented by less than eight SNPs. The only scaffold that had true bulk specific SNPs 

indicative for the vic locus was on scaffold 56. 

Since the T4 genome sequence was fragmented into 118 contigs, it was difficult to get a sense 

of where the non-isogenic regions of scaffolds connected with each other. To get a better 

understanding of the recombination break points, BLAST was used to place the isogenic and 

non-isogenic regions in the T4 alignment onto the gapless B05.10 (Figure 2.13).  

 

Table 2.17 Scaffolds containing a high density of miscalled bulk specific SNPs 

ID Number Scaffold Scaffold 
size (nt) 

Shared SNPs vcg1 
specific 

SNPs 
(5000)* 

vcg2 
Specific 

SNPs 
(5000)* 

A bt4_SupSuperContig_182_154r_1 215,360 327 20 20 

B bt4_SupSuperContig_246_31_4_1 908,665 3233 25 4 

C bt4_SupSuperContig_176_149_1 411,012 617 2 41 

D bt4_SupSuperCont 
ig_200r_370_1 

252,123 571 0 133 

E bt4_SuperContig_94_1 182,717 717 0 40 

F bt4_SuperContig_12_1 447,122 1616 18 6 

G bt4_SuperContig_142_1 294,059 1547 2 65 

H bt4_SuperContig_80_1 86,124 226 0 101 

I bt4_SuperContig_51_1 699,399 1928 0 101 

J bt4_SuperContig_2_1 1,099,581 3236 0 35 
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Figure 2.13 Isogenic and non-isogenic regions mapped to the gapless B05.10 whole genome. Non-isogenic regions are denoted in black 

 

A 

E 

D 

C 

B 

F 

H 
I 

G 

J 



64 

 

 

2.4 Discussion 

A 60 kb candidate region for the vic locus has been successfully identified from the near 

isogenic lines of B. cinerea. This is the first report that characterises a distinct genomic region 

for a single vic locus that segregates in a 1:1 manner. Only one previous study has reported 

the location of several genomic hot spots enriched for VI-like genes in B. cinerea, but have 

not been able to link the in silico analysis with a vc phenotype [105]. Narrowing the candidate 

genomic region for the vic locus to within a 60 kb window has greatly enhanced the prospect 

of locating the first non-self recognition genes that control VI in B. cinerea.  

The generation of nit mutants as a tool for determining the vc phenotype proved to be 

beneficial as the barrage test gave somewhat ambiguous results, which is consistent with 

previous findings [25]. Furthermore, the use of the nit mutant complementation assay 

provided a quick vc phenotype result when compared to the barrage test. However, an 

important consideration when choosing a vc assay is that nit mutant complementation assesses 

for the ability of two strains to form a heterokaryon, whereas the barrage test is a good 

measure of cell death after an incompatible reaction.  

The segregation of the vc phenotype, benzimidazole sensitivity and dicarboximide sensitivity 

as measured by the respective phenotypic assays is consistent with the previous findings by 

Beever et al 1994. Molecular analysis of the mating type locus within the progeny suggested 

a genetic linkage between the vic and mating type loci. Unfortunately, some of the original 

F1BC3 progeny were unviable and may have skewed the results and therefore reduced the 

confidence of the vic/MAT linkage result. However, the recent release of the near complete 

gapless B05.10 genome allowed the annotation of the vic and MAT loci on to a single 

chromosome in close physical proximity, which confirms that these two genes are in fact 

closely linked [34]. The physical distances of the BenA and Bos1 genes also confirms the 

linkage results.  

SNPs were identified rapidly using a bulk segregant analysis (BSA) approach coupled with 

Illumina sequencing and mapped onto the B. cinerea reference genomes. BSA has been used 

widely in plant systems to identify resistance and susceptibility markers to aid marker assisted 
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breeding programs [117] [118]. However, the identification of markers involved labour 

intensive and time consuming processes such as that of map-based cloning.  

I had started down the route of using traditional map based cloning strategies at the 

commencement of this study, however, due to the advent of next generation sequencing 

technologies, such as Illumina, that had become available at affordable prices, the whole 

genome ‘mapping by sequencing’ approach was used instead. Since the commencement of 

this study, the reports of studies that used next generation sequencing to identify SNPs of 

interest has exponentially increased and is now common tool for gene finding in many 

organisms [119] [120] [121] [122] [123].  
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Chapter 3 

 Identification of two candidate vegetative 
incompatibility genes: Bcvic1 and Bcvic2. 

 

3.1 Introduction 

vic loci have been molecularly characterized in three ascomycete species: N.crassa, P. 

anserina and more recently in C. parasitica. Molecular characterization of these genes 

revealed a high frequency of polymorphism between alleles at these loci. Additionally, 

common vic gene associated domains have been reported amongst the different fungal species 

such as the HET, NACHT and WD40 repeats. The HET domain has a potential role in 

triggering cell death and is present in the tol, pin-c and het6 vic genes of N. crassa, Het-E, 

het-D and het-R of P. anserina and vic1, vic6 and vic7 of C. parasitica. The NACHT domain 

regulates NTP binding and in found in many proteins that also control programmed cell death. 

The WD40-repeat domain is involved in protein-protein interactions and functions in 

recognition specificity [70].  

In order to identify a vic locus in B. cinerea, I undertook a polymorphism based comparative 

genomics study of the pooled near isogenic lines and identified an approximately 60-kb 

mapping interval for the vegetative incompatibility locus, and within that region, 25 gene 

predictions. This chapter investigates the mapping interval and the polymorphisms within the 

25 predicted genes in further detail, leading to the identification of two candidate vegetative 

incompatibility genes, Bcvic1 and Bcvic2. Bcvic1 encodes a polymorphic protein that has a 

putative serine esterase, NACHT domain and ankyrin repeats and Bcvic2 encodes a Syntaxin 

protein functioning in vesicular transport with a predicted SNARE domain. The results 

described in this chapter also include the sequence analysis of the Bcvic1 and Bcvic2 alleles 

obtained from the near isogenic lines and their comparison to the alleles present in B. cinerea 

B05.10 and T4. 
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3.2 Methods 

3.2.1 Sequence analysis 

The complete sequence of the 60-kb candidate region was obtained from the T4 sequence 

database hosted by the Institut National de la Recherche Agronomique (INRA) 

(https://urgi.versailles.inra.fr/Species/Botrytis). The 25 predicted genes within the candidate 

region in the T4 sequence were retrieved from the proprietary GnpGenome database 

embedded within the INRA website. These gene models were called using the EuGene gene 

finding software [124]. Most of the gene models were supported with evidence such as EST 

expression data, domain/motif and Bi-Directional Best Hit with a related genome. However, 

some of the predicted genes that encoded putative proteins were less than 100 aa and did not 

have additional evidence for support. These gene calls were deemed unreliable and were 

denoted with a ‘u’ before the gene ID number, eg BofuT4_uP146170.1. 

The candidate region was analysed using a second gene prediction software, the FGENESH 

HMM-based gene structure prediction programme (www.softberry.com), using B. cinerea 

specific gene-finding parameters to add additional evidence for the position of ORFs and 

intron/exon boundaries [125, 126]. The gene predictions were searched for the presence of 

domains or motifs using the PFAM software [127]. Bulked vcg1 and vcg2 sequencing reads 

were aligned to the T4 reference sequence as described in Chapter 2 and polymorphisms were 

visualised using the IGV software. SNPs that were specific to either the vcg1 or vcg2 bulks 

were confirmed by visual inspection. The nucleotide and amino acid sequence similarity of 

all the open reading frames within the 60 kb candidate region was compared for the vcg1 bulk 

and vcg2 bulk.  

3.2.2 Mapping vcg1 and vcg2 sequencing reads to the B05.10 reference 

sequence.  

In order to close sequencing gaps that were apparent in the alignment of the bulked vcg1 and 

vcg2 sequencing reads to the T4 reference, the mapping process was repeated with the B05.10 

reference sequence. The B05.10 reference genome and GTF files were downloaded from the 

Broad institute (www.broadinstitute.org/annotation/genome/botrytis_cinerea) [33]. The 

B05.10 sequence database has since been moved and is currently hosted at the JGI MycoCosm 

site (www.genome.jgi.doe.gov/Botci1/Botci1.home.html). 

https://urgi.versailles.inra.fr/Species/Botrytis
http://www.softberry.com/
http://www.broadinstitute.org/annotation/genome/botrytis_cinerea
http://www.genome.jgi.doe.gov/Botci1/Botci1.home.html
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3.2.3 Confirmation of Bcvic1 and Bcvic2 gene sequences. 

The sequences of the Bcvic1 and Bcvic2 candidate genes in the vcg1 and vcg2 tester strains 

were confirmed by PCR amplification, cloning and re-sequencing as described in the sections 

that follow.  

3.2.4 Strains 

The vcg1 and vcg2 tester strains used were 839-5 and 839-1, respectively. Genomic DNA 

was extracted as described in Section 2.2.11 and used as the PCR DNA template.  

3.2.5 Primer design 

The PCR fragments were designed to be relatively small, approximately 1 – 1.5 kb in length, 

in order to reduce PCR and sequencing errors as well as facilitate ease of cloning. Primers 

that spanned the Bcvic1 and Bcvic2 candidate genes and including the 5’ and 3’ UTR regions 

were designed by manual inspection. The gene fragments were designed to overlap by 4 bp. 

The Bcvic1 and Bcvic2 primers used in the vcg2 tester, 839-1, were designed using the gapless 

B05.10 genome sequence as they shared identical sequences. The vcg1 tester 839-5 did not 

share sequence identity with B05.10 in the candidate region and therefore presented as a gap 

in the sequence (Gap E). This sequence gap was first cloned and resolved by primer walking. 

The primer walking was outsourced to Macrogen Inc (South Korea) (results not shown). 

Primers for the Bcvic1 and Bcvic2 genes in 839-5 were then designed based on the completed 

sequence. 
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3.2.6 Primers for Bcvic1 in the vcg1 tester 839-5 (Bcvic1-1)  

A map of the PCR fragments spanning the Bcvic1 gene in the vcg1 tester 839-5 (Bcvic1-1) is 

presented in Figure 3.1. Primers and the size of the corresponding PCR fragments are 

presented in Table 3.1. 

 

 

 

 

Figure 3.1 Primer map for the Bcvic1-1 gene fragments.  The cgene1, cgene2, cgene3, cgene4, cgene5 and cgene6 yellow 

bars represent the six PCR fragments that make up the Bcvic1-1 coding sequence and approximately 1 kb of 5’ and 3’ UTR 

sequence. The fragments overlap each other by four bp. The arrows indicate the position of the respective primers. 

 

Table 3.1 Primer sequences for the Bcvic1-1 gene fragments. The PCR product size includes 34 bases that are not specific 

to the target sequence which were included in the primer sequence for downstream cloning reactions. The underlined bases 

represent the AarI restriction enzyme recognition site. 

PCR fragment Primer Sequence 5' to 3' 
PCR product 

size (bp) 

cgene1 cgene1F GAG AGA CAC CTG CAG AGC TGG CAG TCG GTA GTT CAA TGC GAC 1036 

  cgene1R GAG AGA CAC CTG CGC TAC CAT TAG CTT TTC GTT CGG AGA  

cgene2 cgene2F GAG AGA CAC CTG CTT AGA TGG CGG GAG GAA AAT TTT G 1171 

  cgene2R GAG AGA CAC CTG CGT TAG GTG TCT TTG TAG GCA TTG TTC  

cgene3 cgene3F GAG AGA CAC CTG CTG GAC ACC TGC AGC TGG ATC TTT CAA AAT C 988 

  cgene3R GAG AGA CAC CTG CAT AAC AAT GCC AAT GCA AAG CGG AG  

cgene4 cgene4F GAG AGA CAC CTG CTA GTA TTG GAT GAA CCG CTT CAA C 1169 

  cgene4R GAG AGA CAC CTG CGT TTA CTC AAC AAG TTC AAA GCT GC  

cgene5 cgene5F GAG AGA CAC CTG CCG GCG AGT AAG GAT TCG CAT GAA CC 1198 

  cgene5R GAG AGA CAC CTG CGC AGG TCA TGT TTG TTC CCG ACT TG  

cgene6 cgene6F GAG AGA CAC CTG CTA CGT GAC TTG GAA TTA ATG TTG CAG A 1056 

  cgene6R GAG AGA CAC CTG CTG TAA GGG CCG TTG GTT TGA GGA TGA TTT C  

    

 

cgene5F cgene3F cgene1F cgene2F cgene4F 

cgene1F 

cgene6F 

cgene1R 
cgene3R cgene2R 

cgene5R cgene4R cgene6R 
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3.2.7 Primers for Bcvic1 in the vcg2 tester 839-1 (Bcvic1-2)  

A map of the PCR fragments spanning the Bcvic1 in the vcg2 tester 839-1 (Bcvic1-2) is 

presented in Figure 3.2. Primers and the size of the corresponding PCR fragments are 

presented in Table 3.2.  

 

 

 

 

Figure 3.2 Primer map for the Bcvic1-2 gene fragments. The icgene1, icgene2, icgene3, icgene4, icgene5 and icgene6 

yellow bars represent the six PCR fragments that make up the Bcvic1-2 coding sequence and approximately 1 kb of 5’ and 

3’ UTR sequence. The fragments overlap each other by four bp. The arrows indicate the position of the respective primers. 

 

Table 3.2 Primer sequences for the Bcvic1-2 gene fragments. The PCR product size includes 34 bases that are not specific 

to the target sequence which were included in the primer sequence for downstream cloning reactions. The underlined bases 

represent the AarI restriction enzyme recognition site. 

PCR fragment Primer Sequence 5' to 3'  
PCR product 

size (bp) 

icgene1 icgene1F GAG AGA CAC CTG CAG AGC TGG CAG TCG GTA GTT CAA TGC GAC 1041 

  icgene1R GAG AGA CAC CTG CGC TAC CAT TAG CTT TTC GTT CGG AGA   

icgene2 icgene2F GAG AGA CAC CTG CTT AGA TGG CGG GAG GAA AAT TTT G 1167 

  icgene2R GAG AGA CAC CTG CGT TAG GTG TCT TTG TAG GCA TTG TTC   

icgene3 icgene3F GAG AGA CAC CTG CTG GAC ACC TGC AGC TGG ATC TTT CAA AAT C 1142 

  icgene3R GAG AGA CAC CTG CAT AAT GAA TGA ATT GTA CGC GAT ATA ACC   

icgene4 icgene4F GAG AGA CAC CTG CTA ATT TCA TCA GAC GGT GGT CGA T 1032 

  icgene4R GAG AGA CAC CTG CGT TTC TCC TGG TGC ATT TAT CGA TG   

icgene5 icgene5F GAG AGA CAC CTG CCG GCG GAG GCA GAC ATG GAA GC 1239 

  icgene5R GAG AGA CAC CTG CGC AGT TAC CCG GCA TTC CCT TTT G   

icgene6 icgene6F GAG AGA CAC CTG CCC GGG TAA ATG ATA TAT CAT TTC AGC 1020 

  icgene6R GAG AGA CAC CTG CTG TAA GGG ACG AAG AAC GAA GAG AGC G   

    

 

icgene1F icgene2F icgene3F icgene4F icgene5F icgene6F 

icgene1R icgene2R iIcgene3R icgene4R icgene5R icgene6R 
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3.2.8 Primers for Bcvic2 in the vcg1 tester 839-5 (Bcvic2-1)  

A map of the PCR fragments spanning the Bcvic2 gene in the vcg1 tester 839-5 (Bcvic2-1) is 

presented in Figure 3.3. Primers and the size of the corresponding PCR fragments are 

presented in Table 3.3. 

 

 

 

Figure 3.3 Primer map for the Bcvic2-1 gene fragments. The 7cgene1, 7cgene2 and 7cgene3 yellow bars represent the 

three PCR fragments that make up the Bcvic2-1 coding sequence and around 700 to 1000 bp of 5’ and 3’ UTR sequence. 

The fragments overlap each other by four bp. The arrows indicate the position of the respective primers. 

 

Table 3.3 Primer sequences for Bcvic2-1 gene fragments. The PCR product size includes 34 bases that are not specific to 

the target sequence which were included in the primer sequence for downstream cloning reactions. The underlined bases 

represent the AarI restriction enzyme recognition site. 

PCR fragment Primer Sequence 5' to 3'  

PCR 
product 
size (bp) 

7cgene1 7cgene1F ATA TTA CAC CTG CTC CCC TGG TGT ACA TAA CAG ACC AGA CTC AAA GGC 815 

  7cgene1R GAG AGA CAC CTG CTC CAG AGT AAT TTT ATT ATT TGG TAT CTG C  

    

7cgene2 7cgene2F GAG AGA CAC CTG CAA TTA CTC TGG AAG CAA TTT ACT AAT AAT C 1645 

  7cgene2R GAG AGA CAC CTG CCC CCC TCA TTC AGA ATT CAT CTC AC  

    

7cgene3 7cgene3F GAG AGA CAC CTG CTG AAT GAG GGG GAA ATG ATG TTT G 839 

  7cgene3R GAG AGA CAC CTG CTG TAA GGG CAG CGC AAT CAA TGA GTT TGC  

    

 

 

 

 

7cgene1F 7cgene2F 7cgene3F 

7cgene1R 
7cgene2R 7cgene3RF 
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3.2.9 Primers for Bcvic2 in the vcg2 tester 839-1 (Bcvic2-2)  

A map of the PCR fragments spanning the Bcvic2 in the vcg2 tester 839-1 (Bcvic2-2) is 

presented in Figure 3.4. Primers and the size of the corresponding PCR fragments are 

presented in Table 3.4. 

 

 

 

Figure 3.4 Primer map for Bcvic2-2 gene fragments. The 7icgene1, 7icgene2 and 7icgene3 yellow bars represent the three 

PCR fragments that make up the Bcvic2-1 coding sequence and around 700 to 1000 bp of 5’ and 3’ UTR sequence. The 

fragments overlap each other by four bp. The arrows indicate the position of the respective primers. 

 

Table 3.4 Primer sequences for Bcvic2-2 gene fragments. The PCR product size includes 34 bases that are not specific to 

the target sequence which were included in the primer sequence for downstream cloning reactions. The underlined bases 

represent the AarI restriction enzyme recognition site. 

PCR fragment Primer Sequence 5' to 3'  

PCR 
product 
size (bp) 

7icgene1 7icgene1F ATA TTA CAC CTG CTC CCC TGG TGT ACA CTA AGC CAT CGA GTG TCA TCG 764 

 7icgene1R GAG AGA CAC CTG CTC TAG ACC CCT AAA CAC GAC CCA G   

    

7icgene2 7icgene2F GAG AGA CAC CTG CAT GGG GTC GAA CCG TGT TGG AAA 1486 

 7icgene2R GAG AGA CAC CTG CCC CCC TCA TTC AGA ATT CAT CTC AC   

    

7icgene3 7icgene3F GAG AGA CAC CTG CTG AAT GAG GGG GAA ATG ATG TTT G 780 

 7icgene3R GAG AGA CAC CTG CTG TAA GGG CTA GAA AGG TGG GAA AGT ATC AGC   

    

 

 

 

 

 

7icgene1F 

7icgene3R 

7icgene3F 

7icgene2R 7icgene1R 

7icgene2F 
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3.2.10 PCR  

PCR fragments that were destined to be cloned were amplified using the Q5 high-fidelity 

DNA polymerase (New England Biolabs). This polymerase was used as it had an approximate 

error rate of less than 280 fold when compared to Taq polymerase. The low error rate was 

especially important for cloning longer PCR fragments (>1000 nt). PCR was performed 

according to the manufacturer’s instructions using a Mastercycler Gradient machine 

(Eppendorf). A typical Q5 PCR reaction was performed in a 50 µl volume containing 1U Q5 

polymerase, 1X Q5 reaction buffer, 200 µM dNTPs, 05 µM of each specific primer and 100-

200 ng DNA. A typical PCR protocol involved the following conditions: (i) initial 

denaturation at 98°C for 2 min, (ii) 30 cycles at 98°C for 10s, 50-72°C for 30s, 72°C for 

30s/kb product and (iii) final extension of 5 min at 72°C. 

3.2.11 PCR fragment clean up 

PCR fragments were either gel purified using the Zymo gel extraction kit or directly purified 

using the Zymo PCR purification kit following the manufacturer’s instructions (Zymo 

Research).  

3.2.12 Addition of A-tails 

Since the Q5 polymerase generated blunt end PCR products, a subsequent A-tail step was 

performed to add an ‘A’ overhang to the PCR fragment to enable T vector cloning. A 50 µl 

aliquot of PCR product was purified either by gel extraction or using a PCR purification 

column and eluted with 20 µl of elution buffer. For the A-tail reaction, 16.5 µl of purified 

PCR product was added to 2 µl of 10X Platinum Taq buffer, 1 µl of 10 mM dNTPs and 0.5 

µl of Platinum Taq polymerase in a 200 µl PCR tube and incubated at 94°C for 7 mins and 

then at 72°C for 20 mins. The reaction mixture was then purified using a PCR purification 

column (Zymo Research) prior to cloning. 

3.2.13 Cloning into the pCR-XL-TOPO vector  

PCR Fragments were cloned into the pCR XL-TOPO vector using the TOPO XL PCR cloning 

kit (Invitrogen) following manufacturer’s instructions (Appendix 4). Briefly, 4 µl of A-tailed 

PCR fragment was incubated with 1 µl of pCR-XL-TOPO vector and incubated for 30 mins 

at RT. After incubation, 1 µl of 6X stop solution (0.3 M NaCl, 0.06 M MgCl2) was added.  
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3.2.14 Escherichia coli transformation 

Cloning reactions were used to transform TOP10 E. coli chemically competent cells 

(Invitrogen) according to manufacturer’s instructions. Briefly, 2-3 µl of ligation reactions 

were added to 50 µl of thawed competent cells and left on ice for 10 min. Cells were heat 

shocked at 42°C for 30 s and then transferred to ice for 2 min before adding 250 µl of SOC 

medium (Invitrogen). The cells were then incubated at 37°C for 1 hour in a water bath. 

Following the incubation, cells were plated onto LB agar plates amended with 50 ng/µl 

kanamycin and incubated overnight at 37°C to identify transformed colonies. 

3.2.15 Plasmid DNA extraction 

Plasmid DNA was extracted from 2 ml of E. coli bacterial overnight culture using the Zyppy 

plasmid miniprep kit (Zymo Research) according to manufacturer’s instructions. When larger 

concentrations of plasmids were required, 200 ml of E. coli bacterial overnight culture was 

processed with the PureLink HiPure pasmid midiprep kit (Invitrogen) according to the 

manufacturer’s instructions. 

3.2.16 Sanger sequencing 

DNA fragments were sequenced (Macrogen, South Korea) using either the M13F and M13R 

universal or gene specific primers. Sequences were edited to remove the vector sequence and 

regions of poor sequence quality and stitched into a contiguous sequence using the Geneious 

software (version 8.1.2; Biomatters). 

3.2.17 Nucleotide sequence alignment of Bcvic1 and Bcvic2  

A pairwise MUSCLE alignment was performed using the Geneious software (version 8.1.2; 

Biomatters) with the confirmed nucleotide sequences of Bcvic1 and Bcvic2 in 839-5 (vcg1) 

and 839-1 (vcg2). Sequences were grouped by similarity using the default parameters. Each 

of the sequences were trimmed to include only the coding sequence for comparison.  

3.2.18 Amino acid sequence alignment of Bcvic1 and Bcvic2  

The amino acid sequences of Bcvic1 and Bcvic2 predicted protein products were generated 

using the FGENESH HMM-based gene structure prediction programme (www.softberry.com) 

[125, 126]. The confirmed nucleotide sequences for Bcvic1 and Bcvic2 were input into the 

http://www.softberry.com/
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software and ‘B. cinerea’ was selected for the organism specific gene-finding parameters. The 

gene predictions were searched for the presence of domains or motifs using the PFAM 

software using default parameters [127]. A pairwise MUSCLE alignment was performed 

using the Geneious software (version 8.1.2; Biomatters) with the Bcvic1 and Bcvic2 predicted 

protein products from 839-5 and 839-1. Sequences were grouped by similarity using default 

parameters. 
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3.3 Results 

3.3.1 Detailed analysis of the ~60 kb T4 genomic interval for the vic locus.  

The genomic interval for the vic locus was located on scaffold 

bt4_SupSuperContig_110r_56_1 in the T4 reference sequence. The entire scaffold was 

449,047 bp in length, and the interval was located between positions 143,443 and 204,125 

(Figure 3.5). The interval, in general, contained dense read coverage for both vcg1 and vcg2, 

except for a 6.8-kb region between positions 158,620-165445 (gap A) and a ~600 bp gap 

between positions 155375-156040 (gap B), where the sequencing reads did not map.  

Gap A is the largest gap in the interval with missing non-aligned reads. The non-alignment of 

sequencing reads in this region of the assembly was potentially the result of sufficiently 

divergent sequence identity between the sequencing reads and the reference, or alternatively 

due a deletion or sequence rearrangement in the mapping population, reflected by an absence 

of homologous sequencing reads. The corresponding region in the T4 sequence contains two 

predicted genes: BofuT4_P145990.1 and BofuT4_P146010.1. The smaller gap B was a result 

of an artefact of the incomplete draft T4 genome sequence that was used in the alignment. 

These positions were filled with “N”s in the unmasked reference sequence and therefore 

presented as gaps in the sequence alignment. There were three other short stretches of low 

sequence coverage in both the vcg1 and vcg2 panels (shown by the arrows in Figure 3.5) and 

were mostly in intergenic regions. 

Apart from the gaps in the alignment, the T4 interval had a good representation of SNPs for 

both the vcg1 and vcg2 bulks. There were 164 vcg1 specific SNPs, 124 vcg2 specific SNPs 

and 187 SNPs shared between both vcg1 and vcg2. In summary, vcg1 and vcg2 differed at 

288 nucleotide positions, vcg1 and T4 differ at 351 positions and, vcg2 and T4 differ at 311 

positions. These results suggest that within the interval and excluding the gaps, vcg1 and vcg2 

had increased genetic variation with each other as well as with respect to the T4 reference.  

The density of SNPs within the interval was compared with the wider T4 genome, and was 

found to be higher within the interval for both the vcg1 and vcg2 bulks. On average, there 

was between 50 to 60 bulk specific SNPs per 10, 000 bp window within the mapping interval 

compared with approximately 35 bulk specific SNPs per 10, 000 bp in the wider T4 genome. 

This suggested that the T4 mapping interval may be a region of increased genetic variability 

in contrast to the genome average. 
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Figure 3.5 60 kb mapping interval within the T4 reference assembly. Bulked vcg1 (top panel) and vcg2 (bottom panel) reads mapped to the T4 reference. The region shown includes nucleotide 

positions 143,443 to 204,125 on scaffold 56. The dotted line indicates the centre of the IGV display. Gene predictions are shows as the blue bars. Gaps in the assembly and regions of low read 

coverage are indicated by the arrows

Low sequence coverage Gap A Gap B 
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3.3.2 Detailed analysis of the ~60 kb B05.10 genomic interval for the vic locus 

In order to increase the read coverage across the main gaps of the alignment, and to ascertain 

whether gap A was the result of a high level of sequence variation in the non-mapping reads 

or as the result of sequence rearrangement between the mapping population and the reference 

strain, the mapping process was repeated with the B05.10 v1 reference genome.  

The B05.10 mapping interval was located on scaffold supercont1.28 in the draft B05.10 v1 

reference. Scaffold supercont1.28 had a size of 372,625 bp and the B05.10 interval was 

located between positions 143,339 and 203,859 (Figure 3.6). The size of the B05.10 interval 

was 60,520 bp. The complete gapless genome for B. cinerea B05.10 has since been publically 

released, and although the mapping process was not repeated with the new genome sequence, 

the corresponding region of interest was identified on the largest chromosome in the new 

genome sequence, chromosome 1, which was 4,109,373 bp in length. The interval was located 

between positions 473,061 and 532,484. The size of the region in the gapless B05.10 genome 

was 59, 423 bp which is 1287 bp less than that of the B05.10 v1 genome. The difference in 

size was due differences in the two versions of the B05.10 reference genome. The B05.10 v1 

sequence had two small regions that were incomplete and filled with a number of ‘N’s. When 

this region was compared to the gapless B05.10 sequence (not shown), it was found to be 

filled with an overestimated number of ‘N’s which made the region appear larger.  

The majority of the vcg1 and vcg2 reads mapped to the B05.10 v1 reference except in a 

number of genomic positions. There was a 1.2 kb gap between positions 155,670-156,957 

(gap C) and a smaller 100 bp gap (gap D) between positions 180,586-180,685 in both the 

vcg1 and vcg2 alignments. Both of these gaps were the result of the incomplete draft B05.10 

v1 genome sequence that was used in the alignment. These positions were filled with “N”s in 

the unmasked reference sequence and therefore presented as gaps in the sequence alignment.  

The vcg1 bulk contained further gaps in the sequence alignment that were not present in the 

vcg2 sequencing reads. The largest was a 5.3 kb stretch between positions 158,086-163,400 

(gap E). Gap E in the B05.10 sequence alignment was syntenic with gap A in the T4 alignment 

and encoded the B05.10 predicted genes: BC1G_05847.1 and BC1G_05849.1 which were 

homologous to the predicted genes in the T4 alignment; BofuT4_P145990.1 and 

BofuT4_P146010.1, respectively. Interestingly, gap E was only present in the vcg1 panel and 

contrasts the successfully mapped reads in the same region of the vcg2 panel.
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Figure 3.6 60 kb mapping interval within the B05.10 v1 reference assembly. Bulked vcg1 (top panel) and vcg2 (bottom panel) reads mapped to the B05.10 reference. The region shown includes 

nucleotide positions 143,339 to 203,859 on scaffold 1.28.  The dotted line indicates the centre of the IGV display. Gene predictions are shown as the blue bars. Gaps in the assembly and regions of 

low read coverage are indicated by the arrows.

Low sequence coverage Gap D Gap C Gap E 
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Additionally, there were shorter regions in the vcg1 alignment that had low read coverage, 

such as between positions 185,890-186,577 and 193,000-196,000, and were found mostly 

within intergenic regions. These regions of low coverage were similarly only present in the 

vcg1 panel. The differences in read coverage between the vcg1 and vcg2 panels in the B05.10 

alignment contrasts the pattern that was recorded for the T4 alignment, in which the gaps and 

read coverage for both the vcg1 and vcg2 panels showed similar patterns of distribution.  

Another striking difference between the vcg1 and vcg2 panels in the B05.10 mapping 

intervals was the difference in the number of SNPs. Outside of the gaps, the vcg1 panel had 

342 putative bulk specific SNPs whereas the vcg2 panel only had seven within the entire 60-

kb mapping interval. Additionally, only a single putative SNP was shared between vcg1 and 

vcg2. The complete list of putative SNPs for vcg2 and their corresponding location on the 

B05.10 v1 and gapless B05.10 genome is presented in Table 3.5. The fidelity of the eight 

vcg2 specific SNPs and the single SNP shared between vcg1 and vcg2 (shared SNP) was 

analysed in further detail by comparing the individual SNP positions within the B05.10 v1 

reference sequence that was used for the mapping analysis, with the newly released gapless 

B05.10 genome sequence. 

 

Table 3.5 Comparison of the vcg2 putative SNPs. Putative SNPs in scaffold 1.28 of B05.10 v1 and chromosome 1 of the 

gapless B05.10 reference sequences. * denotes the position of the single SNP shared between vcg1 and vcg2 (shared SNP). 

Position on B05.10 v1 
(scaffold 1.28) 

Position on gapless B05.10 
(chromosome 1) 

B05.10 v1 
(nt) 

vcg2 (nt) Gapless B05.10 
(nt) 

160,190 488,887 C G G 

160,194 488,891 T G G 

160,228 488,925 A T T 

160,230 488,927 C G G 

160,250 488,947 G T T 

160,348 489,045 A C C 

160,349 489,046 C A A 

160,508 489,205 G C C 

164,800* 493,498 A C C 
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Although the putative vcg2 SNPs were, by definition, all polymorphic when mapped to the 

B05.10 v1 genome sequence, surprisingly, all of the nucleotides at those positions were 

identical in the gapless B05.10 genome sequence. These results suggested that the SNPs may 

have been incorrectly called in this analysis due to sequencing errors present at those positions 

in the draft B05.10 v1 genome sequence, and that the vcg2 sequencing reads may in fact share 

100% identity with B05.10 within the mapping interval.  

The number of vcg1 and vcg2 SNPs within the B05.10 mapping interval was compared. The 

vcg1 sequencing population differed with both B05.10 and vcg2 at all previously mentioned 

342 positions within the B05.10 mapping interval. Following the manual SNP error correction 

in vcg2 to the gapless B05.10 alignment, the vcg2 sequencing reads were found to be identical 

to B05.10 and therefore there no vcg2 specific SNPs were present.  

The density of SNPs within the B05.10 mapping interval was compared with the SNP density 

across the whole B05.10 genome. SNP density in the vcg1 panel was found to be higher within 

the interval (approximately 55 SNPs per 10 kb) compared to the genome average 

(approximately 40 SNPs per 10 kb). This trend was similar to that of the T4 SNP mapping 

analysis, which suggested that the mapping interval was a region of genetic hypervariability. 

However, this trend is strikingly reversed in the vcg2 sequencing population where there was 

no genetic variation between vcg2 and B05.10 within the interval at all (zero SNPs) even 

though the variation at the whole genome level (approximately 40 SNPs per 10kb) was 

comparable to that of the vcg1 bulk. 
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3.3.3 Analysis of gene predictions within the T4 genomic interval 

In order to identify the strongest candidates for the vic gene, all of the open reading frames 

within the interval, between scaffold positions of 143,443 – 204,125, were further assessed 

and ranked based on the reliability of the gene call, degree of vcg1 and vcg2 allele 

polymorphism and the presence of domains or motifs that infer putative function in VI.  

The T4 genomic sequence within the interval was screened for open reading frames and was 

found to contain 25 predicted genes (Table 3.6). The first predicted gene, BofuT4_P145940.1, 

spanned the edge of the mapping interval. The length of its coding sequence was 1623 bp and 

it occupied a scaffold position of 143,068-144690. Since a large proportion of its coding 

sequence fell outside of the interval, BofuT4_P146940.1 was deemed to be an unlikely 

candidate for the vic gene and therefore excluded from downstream analyses. 

The gene predictions were generated by using the Eugene ab initio gene prediction algorithms 

embedded within the proprietary GnpGenome database hosted by INRA. Most of the gene 

models were supported with evidence such as EST expression data, domain/motif and Bi-

Directional Best Hit with a related genome. However, some of the predicted genes that 

encoded putative proteins were less than 100 aa and did not have additional evidence for 

support. These gene calls were deemed unreliable and were denoted with a ‘u’ before the gene 

ID number, eg BofuT4_uP146170.1. Out of the 25 gene predictions within the interval, five 

gene models were classified as being unreliable: BofuT4_uP146000.1, BofuT4_uP146060.1, 

BofuT4_uP146140.1, BofuT4_uP146160.1, and BofuT4_P146170.1.  

The T4 gene models were compared with the B05.10 v1, v2 and gapless B05.10 gene models. 

B05.10 v1 and v2 gene models were generated similarly to that of T4 by using in silico 

prediction methods such as Augustus, whereas chromosome 1 of the gapless B05.10 genome 

had been manually annotated and was supported with comprehensive RNAseq expression 

data and therefore had greater reliability compared with the in silico gene prediction 

algorithms. In contrast to the T4 gene models, the gapless B05.10 interval only contained 17 

protein coding genes. Furthermore, manual annotation of the gapless B05.10 sequence 

identified an additional gene model, Bcin01g01270.1, which is present in the gapless B05.10 

genome but not predicted in the T4 sequence or in any of the other previous versions of the 

B05.10 genome.  
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All of the unreliable T4 gene models did not have any homologs in the B05.10 sequence 

except for BofuT4_uP146000.1. This unreliable predicted gene was only 138 nt long. Closer 

inspection of the gene model showed that it was miscalled as it formed part of the preceding 

gene, BofuT4_P145990.1 (Bcin01g01210.1). 

Only 12 out of the 25 predicted genes encoded a particular domain or motif that suggested a 

putative function, while the remaining models were predicted to be hypothetical proteins. A 

detailed analysis of the domain/motifs in the predicted proteins is presented in Table 3.7 and 

Table 3.8. Five gene models encode proteins that have domains that may be implicated with 

the vegetative incompatibility system. These are BofuT4_P145970.1 (Bcin01g01190.1), 

BofuT4_P145990.1 (Bcin01g01210.1), BofuT4_P146010.1 (Bcin01g01220.1), 

BofuT4_P146080.1 (Bcin01g01260.1) and BofuT4_146090.1 (Bcin01g01280.1). These 

encode putative proteins and domains such as aspartyl protease, SNARE domain, serine 

esterase, NACHT, Ankyrin repeats and Pfpl protease.  
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Table 3.6 Predicted genes within the T4 interval. The corresponding gene ID is presented for the B05.10 v1, v2 and gapless genome sequences and the putative function. † denotes an excluded 

gene model spanning the edge of the mapping interval. *denotes gene models in regions where the sequencing reads did not align to the reference (Gap A). Instances where there are no homologous 

gene models or putative function in any of the B05.10 sequences are indicated by N/A (not applicable).  

Gene 
number 

Predicted genes (T4) CDS length 
(nt) 

Predicted genes 
(B05.10 v1) 

Predicted genes 
(B05-10 v2) 

Manually annotated genes 
(B05.10 gapless) 

Putative function 

1 BofuT4_P145940.1† 1623 BC1G_05843 B0510_7630 Bcin01g01170.1 N/A 

2 BofuT4_P145950.1 2862 BC1G_05844 B0510_7631 Bcin01g01180.1 isoleucyl tRNA synthetase 

3 BofuT4_P145960.1 189 N/A N/A N/A N/A 

4 BofuT4_P145970.1 1608 BC1G_05845.1 B0510_7632 Bcin01g01190.1 putative aspartyl protease 

5 BofuT4_P145980.1 1263 Bc1G_05846.1 B0510_7633 Bcin01g01200.1 N/A 

6 BofuT4_P145990.1* 1020 BC1G_05847.1 N/A Bcin01g01210.1 T-SNARE/ Syntaxin 1B/2/3 

7 BofuT4_uP146000.1* 138 BC1G_05848.1 N/A Bcin01g01210.1 T-SNARE/ Syntaxin 1B/2/3 

8 BofuT4_P146010.1* 3882 BC1G_05849.1 B0510_7634 Bcin01g01220.1 NACHT_NTPase/ Ankyrin repeat/DUF676_lipase like 

9 BofuT4_P146020.1 2067 BC1G_05850.1 B0510_7635 Bcin01g01230.1 tRNA methyltransferase  

10 BofuT4_P146030.1 2601 BC1G_05851.1 B0510_7636 N/A hydrolase/alpha-L-rhamnosidase 

11 BofuT4_P146040.1 750 BC1G_05854.1 B0510_7637 Bcin01g01240.1 N/A 

12 BofuT4_P146050.1 405 N/A N/A N/A N/A 

13 BofuT4_uP146060.1 279 BC1G_05855.1 N/A N/A N/A 

14 BofuT4_P146070.1 573 BC1G_05855.1 N/A Bcin01g01250.1 N/A 

15 BofuT4_P146080.1 681 BC1G_05856.1 B0510_7638 Bcin01g01260.1 ThiJ/Pfpl protease/transcriptional regulator/class_1_gatase-like 

16 BofuT4_P146090.1 3771 BC1G_05857.1 B0510_7639 Bcin01g01280.1 DUF676 Serine esterase/ lipase-like/Rog1_fam/AB_hydrolase 

17 BofuT4_P146100.1 1800 BC1G_05858.1 B0510_7640 Bcin01g01290.1 IBR domain/zinc ion binding 

18 BofuT4_P146110.1 309 N/A N/A N/A N/A 

19 BofuT4_P146120.1 906 BC1G_05861.1 B0510_7641 Bcin01g01300.1 oxidoreductase 

20 BofuT4_P146130.1 1023 BC1G_05862.1 B0510_7642 Bcin01g01310.1 similar to D-Ala-D-Ala carboxypeptidase B /transpeptidase-like 

21 BofuT4_uP146140.1 189 N/A N/A N/A N/A 

22 BofuT4_P146150.1 1608 BC1G_05864.1 B0510_7643 Bcin01g01320.1 transmembrane transport/ MFS sugar transporter 

23 BofuT4_uP146160.1 291 N/A N/A N/A N/A 

24 BofuT4_uP146170.1 249 BC1G_05865.1 N/A N/A N/A 

25 BofuT4_P146180.1 330 BC1G_05866.1 N/A Bcin01g01330.1 N/A 
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Table 3.7 Protein families and motifs within 11 of the 25 T4 Eugene models within the 60 kb candidate vic locus 

Protein/Motif within Predicted genes  Alignment 
start 
position 

Alignment 
end 
position 

Peptide 
length 
(aa) 

Putative protein function 

BofuT4_P145950.1 

  

954 similar to isoleucyl-tRNA synthetase 

tRNA synthetases class I (I, L, M and V) family 39 664 

  

Anticodon-binding domain of tRNA 705 860 

  

BofuT4_P145970.1 

  

536 similar to aspartic proteinase precursor 

Eukaryotic aspartyl protease family 78 418 

  

BofuT4_P145990.1 

  

340 vesicle mediated transport 

Syntaxin domain 57 206 

  

SNARE domain family 212 259 

  

BofuT4_P146010.1 

  

1294 NACHT (nucleoside-triphosphatase) 
domain and ankyrin repeat protein 
(meadiates protein-protein 
interactions) 

NACHT domain 224 350 

  

Ankyrin repeats (3 copies) 733 805 

  

Ankyrin repeats (3 copies) 813 903 

  

Ankyrin repeats (3 copies) 973 1055 

  

Ankyrin repeats (3 copies) 1103 1189 

  

Ankyrin repeats (3 copies) 1201 1285 

  

BofuT4_P146020.1 

  

689 N2,N2- dimethylguanosine tRNA 
methyltransferase (TRM) 

TRM family 52 504 

  

TRM family 532 590 

  

BofuT4_P146080.1 

  

227 similar to DJ-1/Pfpl family protein 

Dj-1/PfpI family domain 59 185 

  

BofuT4_P146090.1 

  

1257 putative serine esterase 

Putative serine esterase 334 382 

  

Putative serine esterase 419 460 

  

Putative serine esterase 518 663 

  

BofuT4_P146100.1 

  

600 zinc ion binding protein 

IBR domain 202 266 

  

BofuT4_P146120.1 

  

302 similar to oxidoreductase 

Enoyl-(Acyl carrier protein) reductase domain 64 299 

  

BofuT4_P146130.1 

  

341 similar to D-Ala-D-Ala carboxypeptidase 
B 

Beta-lactamase domain 7 107 

  

Beta-lactamase domain 141 305 

  

BofuT4_P146150.1 

  

536 similar to major facilitator superfamily  
sugar transporter 

Sugar (and other) transporter family 64 515 
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Table 3.8 List of T4 gene predictions no protein families or domain within the candidate mapping interval  

Predicted genes  Putative gene function PFAM Peptide 
length (aa) 

BofuT4_P145940.1 hypothetical protein no match 541 

BofuT4_P145960.1 hypothetical protein no match 63 

BofuT4_P145980.1 hypothetical protein no match 421 

BofuT4_uP146000.1 miscalled gene prediction- part of BofuT4_P145990.1 no match 46 

BofuT4_P146030.1 glycoside hydrolase family 78 protein no match 867 

BofuT4_P146040.1 hypothethical protein no match  250 

BofuT4_P146050.1 predicted protein no match 135 

BofuT4_uP146060.1 predicted protein no match 93 

BofuT4_P146070.1 hypothetical protein no match 191 

BofuT4_P146110.1 hypothetical protein no match 103 

BofuT4_uP146140.1 hypothetical protein no match 63 

BofuT4_uP146160.1 predicted protein no match 97 

BofuT4_uP146170.1 predicted protein no match 83 

BofuT4_P146180.1 hypothetical protein no match 110 
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3.3.4 Sequence variation between the vcg1 and vcg2 gene models within the 

T4 alignment. 

The number of bulk specific SNPs within the vcg1 and vcg2 bulks were compared in order to 

determine which of the gene models within the T4 mapping interval had the greatest level of 

polymorphism (Table 3.9). Over 50% of the bulk specific SNPs were located within 

intergenic regions. The remaining bulk specific SNPs did not cluster within any particular 

gene model. Five of the gene models did not have any bulk specific SNPs within the coding 

sequence and were deemed to be unlikely candidates for the vic genes as they were 100% 

identical between vcg1 and vcg2. These were BofuT4_P145960.1, BofuT4_P146080.1, 

BofuT4_P146090.1, BofuT4_uP146140.1 and BofuT4_P146170.1. The remaining genes had 

over 97% identity at the nucleotide level.  

The bulk specific SNPs were further investigated to determine whether the mutations were 

synonymous or non-synonymous which could result in a change in the amino acid sequence 

(Table 3.10). Two gene models, BofuT4_P145950.1 and BofuT4_uP146160.1, only carried 

synonymous mutations between vcg1 and vcg2. In BofuT4_P145950.1, a single synonymous 

SNP in position 147,079 and two synonymous SNPs in BofuT4_uP146160 at positions 

202,313 and 202,268. These synonymous mutations did not cause a change in amino acid 

sequence between vcg1 and vcg2. There were also some genes that had mutations within the 

intronic space such as BofuT4_P146040.1, BofuT4_P146150.1 and BofuT4_P146180.1. 

Considering SNPs that are synonymous or that fall within intronic regions do not change the 

encoded amino acid sequence, the gene models containing exclusively these class of SNPs 

such as BofuT4_P145950.1, BofuT4_uP146160.1, BofuT4_P146040.1, BofuT4_P146150.1 

and BofuT4_P146180.1, were deemed to be weak candidate genes.  

Gene models that contained non-synonymous SNPs were further analysed to determine 

whether the mutations were classed as conservative or non-conservative (Table 3.11). Two 

genes carried non-synonymous mutations that caused a major change in the amino acid 

sequence by inserting a stop codon. The two predicted genes were BofuT4_P146050.1 and 

BofuT4_P146110.1. However, these gene models did not have any homologues in the gapless 

B05.10 genome sequence and were therefore excluded as they were likely to be miscalled 

gene predictions and therefore irrelevant to the analysis.  
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Table 3.9 Sequence variation between vcg1 and vcg2 protein coding genes within the T4 interval.  † denotes an 

excluded gene model spanning the edge of the mapping interval. *denotes gene models in regions where the sequencing 

reads did not align to the T4 reference (Gap A).  

Predicted genes 
(Eugene) 

CDS start CDS end CDS 
length 

(nt) 

Peptide 
length 

(aa) 

Number 
of vcg1 
specific 
SNPs 

Number 
of vcg2 
specific 
SNPs 

Nucleotide 
sequence 
identity 

(%) 

Amino 
acid 

sequence 
identityᵃ 

((%) 

BofuT4_P145940.1† 143068 144690 1623 541 N/A N/A N/A NA 

BofuT4_P145950.1 145405 148342 2862 954 1 0 99.9 100 

BofuT4_P145960.1 149411 149660 189 63 0 0 100 100 

BofuT4_P145970.1 151102 152825 1608 536 4 1 99.7 99.8 

BofuT4_P145980.1 153451 154713 1263 421 6 2 99.3 99.5 

BofuT4_P145990.1* 158151 159239 1020 340 N/A N/A N/A N/A 

BofuT4_uP146000.1* 159291 159714 138 46 N/A N/A N/A N/A 

BofuT4_P146010.1* 160883 164862 3882 1294 N/A N/A N/A N/A 

BofuT4_P146020.1 166414 168480 2067 689 3 2 99.7 99.7 

BofuT4_P146030.1 168657 171355 2601 867 6 3 99.6 99.8 

BofuT4_P146040.1 174357 175382 750 250 2 0 99.8 100 

BofuT4_P146050.1 176201 176745 405 135 11 7 96.6 97.3  

BofuT4_uP146060.1 176971 177527 279 93 6 3 98.3 98.9 

BofuT4_P146070.1 178289 179005 573 191 14 4 97.4 97.9 

BofuT4_P146080.1 179972 180764 681 227 0 0 100 100 

BofuT4_P146090.1 181755 185747 3771 1257 0 0 100 100 

BofuT4_P146100.1 187190 189163 1800 600 10 1 99.4 99.8 

BofuT4_P146110.1 190461 191021 309 103 5 2 98.7 100  

BofuT4_P146120.1 192048 193176 906 302 4 0 99.6 99.6 

BofuT4_P146130.1   197289 197723 435  145 3 4 98.4 98 

BofuT4_uP146140.1 199562 199750 189 63 0 0 100 100 

BofuT4_P146150.1 199994 201833 1608 536 5 0 99.7 100 

BofuT4_uP146160.1 202247 202537 291 97 2 1 98.9 98.9 

BofuT4_P146170.1 202604 202852 249 83 0 0 100 100 

BofuT4_P146180.1 203459 203854 330 110 1 0 99.7 100 
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Table 3.10 Nucleotide sequence differences between the vcg1 and vcg2 sequences.  Sequences are listed for each T4 gene 

model sequentially from 5’ to 3’. ORFs that have no bulk specific SNPs are excluded from the analysis. The genomic 

positions and nucleotide information from both bulks are presented including the exons or introns in which the substitutions 

occur. The types of polymorphisms are labelled; transitions with ˭ and transversions with ˟. Non-synonymous mutations that 

cause a change in amino acid sequence are presented.  

Genome position of 
mutation 

Vcg1 (nt) Vcg2 (nt) Non-/synonymous Non-/coding 
region 

BofuT4_P145950.1 

    

147079˭ C T Synonymous exon2 

BofuT4_P145970.1 

    

151389˭ C T Synonymous exon1 

152564˭ C T Synonymous exon3 

152618˟ T G Synonymous exon3 

152779˭ T C Non-Synonymous exon3 

BofuT4_P145980.1 

    

153909˭ T C Synonymous exon1 

154079˟ C G Synonymous exon1 

154380˭ G A Synonymous exon1 

154421˟ C G Non-synonymous exon1 

154451˟ C A Non-synonymous exon1 

154509˭ A G Synonymous exon1 

BofuT4_P146020.1 

    

166535˟ C G Non-synonymous exon1 

167259˭ G A Synonymous exon1 

168230˭ G A Non-Synonymous exon1 

BofuT4_P146030.1 

    

171194˭ T C Synonymous exon1 

171132˟ T G within intron exon1-exon2 

170723˟ G C Synonymous exon2 

169886˭ G A Synonymous exon2 

169732˭ T C within intron exon2-exon3 

168766˭ G A Non-Synonymous exon3 

BofuT4_P146040.1 

    

174847˟ T A within intron exon2-exon3 

175272˭ T C Synonymous exon3 

BofuT4_P146050.1 

    

176219˭ G A Non-Synonymous exon1 

176270˭ T C Non-Synonymous exon1 

176298˭ T C Non-Synonymous exon1 

176304˭ A G Non-Synonymous exon1 

176306˭ T C Non-Synonymous (Stop) exon1 

176333˭ T C Within intron exon1-exon2 
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Genome position of 
mutation 

Vcg1 (nt) Vcg2 (nt) Non-/synonymous Non-/coding 
region 

176349˭ T C Within intron exon1-exon2 

176469˭ C T Synonymous exon2 

176561˭ T C Non-Synonymous exon2 

176628˭ G A Synonymous exon2 

176660˭ C T Non-Synonymous exon2 

BofuT4_uP146060.1 

    

177011˭ C T Non-Synonymous exon1 

177031˭ A G Non-Synonymous exon1 

177032˭ G A Non-Synonymous exon1 

177092˭ C T within intron exon1-exon2 

177253 G T within intron exon1-exon2 

177302˭ T C within intron exon1-exon2 

177499˟ T G Non-Synonymous exon2  

BofuT4_P146070.1 

    

178316˭ C T Non-Synonymous exon1 

178343˭ T C Synonymous exon1 

178364˟ C A Non-Synonymous exon1 

178654˭ C T Synonymous exon2 

178666˭ T C Synonymous exon2 

178670˭ G A Non-Synonymous exon2 

178750˭ T C within intron exon2-exon3 

178760˭ C T within intron exon2-exon3 

178765˭ T C within intron exon2-exon3 

178766˭ G A within intron exon2-exon3 

178785˭ T C within intron exon2-exon3 

178792˟ T A within intron exon2-exon3 

178935˭ C T Non-Synonymous exon3 

178942˭ G A Synonymous exon3 

BofuT4_P146100.1 

    

188995˭ G A Non-Synonymous exon1 

188993˭ T C Synonymous exon1 

188948˭ C T Synonymous exon1-exon2 

188798˭ C T Synonymous exon2 

188638˭ G A Synonymous exon3 

187751˭ T C Synonymous exon4 

187631˟ T G Synonymous exon4 

187562˟ A T Synonymous exon4 

187517˭ G A Synonymous exon4 

187436˭ A G Synonymous exon4 
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Genome position of 
mutation 

Vcg1 (nt) Vcg2 (nt) Non-/synonymous Non-/coding 
region 

187418˭ A G Synonymous exon4 

BofuT4_P146110.1 

    

190929˭ T C Synonymous exon1 

190899˟ T G Synonymous exon1 

190896˟ C A Non-Synonymous (Stop) exon1 

190571˟ T G Within intron exon1-exon2 

190486˭ G A Non-Synonymous exon2 

BofuT4_P146120.1 

    

192380˭ T C Synonymous exon2 

192409˭ A G Non-Synonymous exon2 

193028˭ C T Synonymous exon4 

193129˭ T C within intron exon4-exon5 

BofuT4_P146130.1 

    

197321˭ G A Synonymous exon1 

197371˟ A C Non-Synonymous exon1 

197387˭ G A Synonymous exon1 

197427˟ A T Non-Synonymous exon1 

197543˭ G A Synonymous exon1 

197552˭ T C Synonymous exon1 

197595˟ T G Non-Synonymous exon1 

BofuT4_P146150.1 

    

200011˭ A G Synonymous exon1 

200259˟ A C within intron exon1-exon2 

201195˭ A G within intron exon1-exon2 

201201˭ T C within intron exon1-exon2 

201380˭ C T Synonymous exon2 

BofuT4_uP146160.1 

    

202313˭ C T Synonymous exon1 

202268˟ T G Synonymous exon1 

BofuT4_P146180.1 

    

203679˭ G A within intron exon1-exon2 
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Table 3.11 Amino acid sequence substitutions between the bulked vcg1 and vcg2 sequences 

Genome position of mutation Vcg1 (aa) Vcg2 (aa) Non-/conservative substitution 

BofuT4_P145970.1 

   

152779 I T Non-conservative 

BofuT4_P145980.1 

   

154421 A G Conservative 

154451 T N Conservative 

BofuT4_P146020.1 

   

166535 A G Conservative 

168230 R K Conservative 

BofuT4_P146030.1 

   

168766 R K Conservative 

BofuT4_P146050.1 

   

176219 V M Conservative 

176270 Y H Non-conservative 

176298 L P Conservative 

176304 Y C Conservative 

176306 Stop Q Non-conservative 

176561 L S Non-conservative 

176660 A V Conservative 

BofuT4_uP146060.1 

   

177011 S F Non-conservative 

177031 S D Non-conservative 

177032 S D Non-conservative 

177499 L R Non-conservative 

BofuT4_P146070.1 

   

178316 L F Conservative 

178364 R S Non-conservative 

178670 E K Non-Conservative 

178935 A V Conservative 

BofuT4_P146100.1 

   

188995 A T Non-conservative 

BofuT4_P146110.1 

   

190896 C Stop Non-conservative 

190486 C Y Conservative 

BofuT4_P146120.1 

   

192409 N R Non-conservative 

BofuT4_P146130.1 

   

197371 D G Non-conservative 

197427 M L Conservative 

197595 C G Non-conservative 
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3.3.5 Identification of the strongest candidates for the vic gene 

A process of exclusion was used to identify the strongest candidates for the vic genes. Out of 

the 25 predicted T4 gene models within the 60 kb genomic interval, a single gene was 

excluded as it resided outside of the interval along with nine other genes that were unreliable 

and had no homologues in the gapless B05.10 genome sequence (Table 3.12). Additionally, 

five other gene predictions that had 100% nucleotide and amino acid identity were also 

considered very weak candidates. The remaining nine candidate genes are listed in Table 3.13. 

Three of the nine genes, BofuT4_P145980.1, BofuT4_P146070.1 and BofuT4_146100.1, had 

no putative predicted function and were considered the weakest of the group. Apart from 

BofuT4_P145990.1 and BofuT4_P146010.1, which resided within Gap A in the sequence 

alignment, none of the genes were especially polymorphic between the vcg1 and vcg2 bulks 

with over 98% sequence identity. 

BofuT4_P145990.1 and BofuT4_P146010.1 were selected as the strongest candidates in the 

group as the missing sequence alignment coverage for BofuT4_P145990.1 and 

BofuT4_P146010.1 suggested that these had low sequence identity with the reference genome 

and were therefore polymorphic.  

 

Table 3.12 List of gene IDs that were weak candidates for the vic locus 

Gene models outside 
of genomic interval 

Unreliable T4 gene 
models 

T4 models not 
present in gapless 

B05.10 

Gene models in 
vcg1 and vcg2 that 

have 100% 
nucleotide 

sequence identity 

Gene models in vcg1 
and vcg2 that have 
100% amino acid 
sequence identity 

BofuT4_P145940.1 BofuT4_uP146000.1 BofuT4_uP146000.1 BofuT4_P145960.1 BofuT4_P145950.1  

BofuT4_uP146060.1 BofuT4_uP146060.1 BofuT4_P146080.1 BofuT4_P145960.1  

BofuT4_uP146140.1 BofuT4_uP146140.1 BofuT4_P146090.1 BofuT4_uP146040.1  

BofuT4_uP146160.1 BofuT4_uP146160.1 BofuT4_uP146140.1 BofuT4_P146080.1  

BofuT4_uP146170.1 BofuT4_uP146170.1 BofuT4_uP146170.1 BofuT4_P146090.1   

BofuT4_P145960.1 

 

BofuT4_uP146140.1   

BofuT4_P146030.1 

 

BofuT4_P146150.1   

BofuT4_P146050.1 

 

BofuT4_uP146170.1   

BofuT4_P146110.1 

 

BofuT4_P146180.1 
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Table 3.13 List of gene IDs that remained after the exclusion process 

Candidate T4 gene 
models 

Putative function vcg1 and vcg2 
nucleotide 

sequence identity 
(%) 

vcg1 and vcg2 
amino acid 

sequence identity 
(%) 

BofuT4_P145970.1 putative aspartyl protease 99.7 99.8 

BofuT4_P145980.1 N/A 99.3 99.5 

BofuT4_P145990.1 Syntaxin N/A (Gap A) N/A (Gap A) 

BofuT4_P146010.1 Serine esterase/NACHT/Ankyrin repeats N/A (Gap A) N/A (Gap A) 

BofuT4_P146020.1 tRNA methyl transferase 99.7 99.7 

BofuT4_P146070.1 N/A 97.4 97.9 

BofuT4_P146100.1 N/A 99.4 99.8 

BofuT4_P146120.1 oxidoreductase 99.6 99.6 

BofuT4_P146130.1 carboxypeptidase B 98.4 98 

 

3.3.6 Candidate 1: BofuT4_P146010.1 (Bcvic1) 

BofuT4_P146010.1 is the first candidate gene and it has a homologue in the B05.10 sequence. 

The gene IDs for the V05.10 v1 and gapless B05.10 genome sequence were BC1G_05849.1 

and Bcin1g01220.1, respectively. The gene and its homologues will henceforth be referred to 

as the Bcvic1 gene. 

3.3.7 Sequence of the Bcvic1 gene in vcg2 (Bcvic1-2) 

The sequence of the Bcvic1 gene in the vcg2 tester strain, 839-1, was confirmed by PCR 

amplification (Figure 3.7), cloning and re-sequencing. Sequenced fragments from 839-1 

(icgene1, icgene2, icgene3, icgene4, icgene5 and icgene6) were assembled to produce a single 

contiguous sequence (Figure 3.8).  
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Figure 3.7 PCR amplification of Bcvic1 gene fragments from vcg1 and vcg2. The amplicons were separated on a 1.2% 

agarose gel by electrophoresis and visualised using SYBR safe (Invitrogen). All of the fragments were of the expected 

product size between 1-1.5 kb. Lane1, 1 kb plus ladder; lane 2, icgene1; lane 3, icgene2; lane 4, icgene3; lane 5, icgene4; 

lane 6, icgene5; lane 7, icgene6; lane 8, cgene1; lane9, cgene2; lane 10, cgene3; lane 11, cgene4; lane 12, cgene5; lane 13, 

cgene6 and lane 14, negative water control. 

 

CAGTCGGTAGTTCAATGCGACTTCTTCTGAAGCAATTGACTGAAGCAAAAAACGATCGCATGTGTCGTCTCTATTGTTGAACGCAATAATTT

GTATTGAGAACAAAAATCAAAATTCTGCCATTTAGGCGGTCGATTGAACGGTATTAGCGCCATTTTAGCTGAATGGCATGTGGAGGCCAGGC

TTTCCGCTTTCGTAGGCACAATACAATCTCCAGACACCTTCTAATCAACATTTGATATTGATATTAGGAACAAGAATTGTAATGCACTTCAC

TCATCGTCAATCTCCATTTTGATACATATGTTCTCTCCAAATCTCGAGGTTCGATACAATGCACAAGTGTGCAGCGTGTGAGTCGTGTTTGG

CCATGAACAGCCGGATCAGAAAATCTCAGGTGTTTACCGAGTACACCTGTCGCGCCTTTAATTCCAACCCTTCTGATTACTAGATATTGGTA

CCCAAAGAAGAAAGTTTCTATGATTGACAAATACAAGTGTCGGAGGGAAGGCAGGGTTTCTTTGGCTCCAGTCTATTGGTCAAAATTCTTAA

CAAAATAAGCGCCCAACCATGTACTTCTATCCGCTAAACCAAGCTCGAGAATACATTCTCCCAATACTATGGTTGAGCGCTGAAGAACGGTT

ACATTGTATACTTGTCGCCCAATGAATAAATTGATACCAGGGATGAAATTCTTCCGAAACATAGACATGCATATCCGGTCAAGGGTTCCTAT

GTACTCAGCCGGCGCAAGTTGCGTCTGCGAGATTTTCTAAGCCCTGTTCCAATGGCAGGGCAGAAGTAAGCGTGCAAGCATCAGTGCTATGC

TATTTGTATATGGGTGTAGTATCTTCTTTCACTTCGGTCATTTTCCCTCTATTTCTTATAATTGTAATATTCTTATATATATAGTTCTTTTA

ATTAAATCGCAAAATTGTTCATTGGCAACTGTCTGCAATTTGCAATTGAAATCTATACTCCTTCTCCGAACGAAAAGCTAATGGCGGGAGGA

AAATTTTGGAAGTTTCACTCAAAATCCGCCACTACTGTAGTGCCCATAGACACTGAGCTCACTGAAAAGTTCGGTCTCTTCCACTTGAACCC

AGTTCCTGTACTTCCGAAGAATGGAGAGTCGCCTTATAGAATCGATATTGTGGCACTGCACGGTATAAAAGGGGATGCATTCAGAACCTGGA

CAGAGAAGAACGAAGATGGTGTCAAAAATATGTGGTTGAGAGACCAGCTACCTAATGAATTACCAGGTGCCAGAGTATTCTCGTTTGGATAT

GATGCGAATGTACTGTTTAGTCGAGGGACGGGTACAATAGAAGATTTCGCAACAAATCTTTTGGAGGATTTGGTGAGAGAGAGAAAGGATGA

TTCGAATCAAAAGCGTCGGATTATCTTTATATGTCATAGCATGGGAGGTATAGTGCTGAAGAAGGCACTGGTCAAAGCTGTCGACAATAATC

TTTACAAAAATACATTTGACTCCACATCCGCCATCCTGTTCCTTGCCACTCCGCATATGGGTTCCGATGAAACCAAAATACCTTTGTCTGTT

GCCAATTTTGCCAATGGCTTTCTTTCGGTTCCGATGAGATTGAGCGGTCGTGTGAGAGATGACCTAATAATGCCTCTCGCGCGGGGTTCCCA

CATTTTGAGAGACGTACAGCAAACATTTAAGGACAGGAAGTTATATGAAGGCATCTTGATCGCTAGTTTCCAAGAACAGGTCATATGTGCGG

GATTGAAAGGACTGATTGTTGACAAGGAGAGTGCGCTATTGCACATTCCAGCTGAACGGGCGGTGCCGATAGATCGTCATCATCGAAATATT

TGCAGGTTTAGTGGGCCTGAAAGTAAATCATACCAGAGGATTTTAGGAATTTTGAAAGAGTACGCTGATGAAGCTAATTCGAGTAAGTTCCT

TGGAAGCCAATAAGAATTAGTTCGAAATGCTAACGTAACTGGAAAGGGATTCCAGAAGAACTCACATCTGAGGACAAAGGTAAGCAGTTCAT

TTTCGCACGGCATCTCAATTGAACTCACATATCTAGCCGTATTATCCTCGATATACTATCCCGAACTGGGGCAAAGACGTCGCAATGCGAAC

AATGCCTACAAAGACACCTGCAGCTGGATCTTTCAAAATCGCTCCTACCTTCAATGGAAAGACATTCAACGGAGTCTTATGTGGATCAAAGG

CAAACCAGGTGCAGGTAAATCTACACTTATGGCATATATTCTGTCAAATTTCCGCCATCGCGATCCTCGCCACCTATTACTGAATTTCTTCT

TCCATGGTCGCGGTGTCCCTCTCCAAAGGAGTCCCGAAGGAATGTATAGGGAACTAATGTATCAACTTTACTCACAAGCATCACCTATCCGC

GAACAACTTCGAAAGTCCTTTGTCGAAAAGAAAGCGTCAGGACAGTTGGAAAATGATTGCGTTTGGAGTGAAGACGAATTGAAAGAATTGCT

GTTCAACGCCATTACTTGGATTGCGCACTCACAGCCCGTTGTACTGTTTGTTGACGCACTTGATGAAGCTGGTGATGATAATGCAAGGATGC

TGATTGATTATTTTGATGATATGAAAAAAAGAGTGTCCCAAGACGGAGATGGCGGATCCCTAAGAATTTGCGTTGCTTGTCGGCACTATCCC

AACGTTTCTTTGAGCGAGGGCTTTGAAGTCAACGTGGAGAATAATAATATGTCAGATATTGCATTCTTCGTTAATGCGCAACTGGACGCGAG

AATCAGAAATTGGAACAAAGATAGAGTAACCACTGAAGGCAGGGAAAATATTGAAGCAGCTATTGTGAATAAATCACTGGGTGTCTTTCAAT

GGGTCAAGCTTGTAGTTCCCATGGCTGCAGAGACTTTCAACGATACGGAAAGTCTGAAGGACGTTCATGTCATGTTGGAAAAGGTACAGGAT

1    2    3     4     5     6     7     8      9   10   11   12   13  14 

1 kb 

2 kb 
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GACCTCGCGGCTGTGTACGAGAATATTTTGACTAATGTCATCAAAGTTAAATATCGACCCAAAACACTGCTGTTAATGCAATGGATTGCGCT

TGCAGAGCGCCCTTTGACTGCTACGGAATTAAGAATTGCGATGGCATGTGATGAAGGATCCGAAAATCCGGGACACAAACGATGGGAGGAGA

GTGAGGATTACATCGAGTCTGATAGGCGAATGGAGACTTTATTGAAGACGTTTTCTGGAGGACTGGTGGAGATAGCTTTGTATACCTCAGGG

TTATATCGCGTACAATTCATTCATCAGACGGTGGTCGATTTCATGCTTACCGGGGGTCTGCTGTTTCTAGTACAACATTTGACGCCAAATGA

TATCGGAACATCTGAGGTTGGGACTGGGATGGCTAATGCTTGCATTATTGGGCAAAGTCAAGACCGCCTCTCTAGATCTTGCTTGAACTATG

TCAAATTACCAGAGATCTCACAGGAAAATTGGGTCGACGATTCCGAGAAAGTAGAGGAATTGAAGGCGCATAAATACTACTTCTTTGAATAT

GCGATCGAAAAGTGGTGGGTACATGCGGAGAAAGCAGAAAGAGGAGGGATGTGCCAGAAATATCTAGTGCAACAGCTGGAAGAACCTCCCGA

GTTCTTTGACAAGTACATTACTCTTGAAAGGGCCATAGATATACATTCATATGGATTGCGCGATGGTTCAACAATTCTACATCTCATGGCAT

ACACAAACCTGCAAGGTCCAGCTAAAGAAATACTCAAACGAGGCGATTCCGTAGAAGATCAAGACAGAGGATCAATTCGGCCTCTACATTGT

GCGGCTTACCGTGGCCACAGAGAAATGGTACAATTGCTTCTAGACGCGGGCGCCGACATAACAGCAACACAAGACCATCGGCTTACGGCGCT

CGAAGTAGCTGCTTCGAGGGCTCATGAAGATGTTATACATATCTTGCTTGAACGAGGAGCCGATATTAATGCAGTCTCCAACAGTGGAACCG

CACTGGAAGGTGCGGCCGCTAGTGGTGACATACGCTTAGTCCGGAAGCTGCTGGATATCGGGGCGAAAGTCAATCAAGAAGGACATTTTGGG

AGCACCCCTTTGAAAGCGGCGGCCGAGAGAGGACACGTGGAGATCGTCCGTCTACTTTTGGAAAATGGAGCAGATGTTAGTCATTATGAGGA

GTACGCTGGGACTGCTCTTCAGCGTGCCGCTATGTATGCTCACGATGAAGTGATTGGAATACTATTGGAAAGTGGGGCATCGATAAATGCAC

CAGGAGGCAGACATGGAAGCACTTTACATTGCGCTTGCGACGCCTTAACTCTTTATCACGATACTGGTACGACGATTGAGCTTCTGCAATTA

TTGTTGGATAAGGGAGCAGATGTCAATATGTATGATGGGCCATGGGGAAGCCCACTTGCTGCTGCTATCAGTCGCTGGGGCTCTTTAAAAGC

GGATGAAAAAGAAATCGATGCTCGGATAATATTACTTTTGGAGAAAGGGGCGGATGTGAACCCACCTCCTGGAGGAATTGGAAATCCCCTCA

TTGCTGCCGCAGGGCATGGTAATGTGAATCTCATGAGTTTACTGCTAAGCTATGGCGCTGATATCAACGCAATTGGCGGCTATAGCAATACT

GCTCTCTGCGAAGCCTCGGACACTAGGTGGGCAGCACGTCCAGATGCTGTCAAATTCCTATTAGATAAAGGCGCGGACGTGAACTTATTCGA

TACTTCTGAAGGACACAATTCCCATGGCCCCCCGCTTCAACGAGCAGCTATTAGAGGACGATTGGAAATAGTGCGCATGTTGCTTGATTATG

GGGCCGATATAAATCTGGGAGCAGGACAATCAGGAGGCGCGCTGTATGAAGCTGCTTCATGTGGTCACTTGGAAATATGCGAGTTGCTTTTG

AATCTGGGAGCTGATGTTCAGGCGGAGGGGATGGTTGGTACTGTGCTTCACGTTGCTGCCTATCATGGGCATGTCAACATTGTCCGTCTATT

ACTCGAACATGGGGCTAGTGTCGATCAAGTGTGCGAATTTGGGACTGCACTCCAAGCAGCTGCCGCGAATGGGCATATTGATGTTTTCAATT

TATTAAGAAGTTATGAAGCAGATATCCATTTTATAGGAGGTCATCATCACAATATGCTACAGGCATCGGCATTTGGAGGAAATATTGAAATG

GTTCGGCTATGTTTGGCTAATGGCATGGACGTCAATATTACAGGAGGAAAGGAAGTTCAAACCGCGTTGATGGCGGCGGCTCAACAAGGACA

TGTTGAAATTGTGAGATTATTATTGGATGAGGGGGCGAGAGATATCAAGAATGGCTACTATTTTAGTGTTTGGTATTATGCGGAGAATTGGG

GCCACAGAAAGGTCATGAATGTTTTGAAAGAGAGGGGTCTGGAGGTAGTGAGAGGAGCCGAAGGGGAGAGGAAAAATATTGAATCAAAAGGG

AATGCCGGGTAAATGATATATCATTTCAGCAGATGTGATTAATTTAACCCGAGTATTCTCAATCGCTTCCTAGTGACATGATAAGGATATGA

AGGCATCGTAATCTATATATTTTTTCGCAATCAGTGGGTCTACAGAGTGAAGGATTCGATCAAGAGATTGTTCCAGCCATTGGATCATGTGA

TCGAGGTCCTTCACTGCGCGTGTAGAAGGGTTCATGGCATGAGTCGATGATATGTCTGAAAAGCCCAAGGTTTGCTTTCATGCGCGAGCCGG

TCGACTAAGAGGTGGGGAGACCTGCACGATAAACATCAATGCCGATAAGAGCTTTCGAGTGTTTTGAAACGTGGGTTGTGTTGGAGTTACTC

TCTGGCGGTGATGCGCATAAACGAGGCTCCATGTGAGTTCTAAGCTCCAGCAGACATCTCTCTCTCTCTCTCTCTCTCTCTCGTCTAAGCCA

TCGAGTGTCATCGTCTATTGACCGCCACTTGCGTGCGTGACCGAGTCTACTGGATTCGAGGGACAGAAGGATGCTGCGCATTTCCCTATGTG

CCTCTATGGTTCGTATAGGCCCCAGATGGCTGCTGCACCGTCAGGTTTTTGGTTCGCTGGCGATGTTTCCAAAAATACATTGTGCATGATGA

CTGGCTGTGGCTCACGGTTACGAAGATTCCTGGACCTATGAAAGCCGGCAGAGTCTAATCCATTGAGGCTAAGTTTCGTAATTTATGAAGCG

TAGTGTAACTTAATTGATCCCTGAATATCTTCAAGCAATTCTAAATGAGCCAATGATGTTTGACCAGCTCCCCAGTTTTCCACCCTTTAGTT

GTTTCTGGTCCGCAGATGTTCCTGAAGCAGTCTCGAATTACTTACTTTCATTCCAGGCTCTAGTATTGATTAGTCCTTGGCACAGCAGATCC

CCTCGAAAAATAATCTCCCAGGGATCGAGAGGAAAATCGTAAACACTCATTTCGCTCTCTTCGTTCTTCGT 

Figure 3.8 Complete nucleotide sequence of Bcvic1-2 (vcg2).  The sequence is comprised of the 6 gene fragments, icgene1, 

icgene2, icgene3, icgene4, icgene5 and icgene6. The sequence of the gene fragments are arranged sequentially with the 

boundary of each gene fragment shaded in grey. The 5’ and 3’ UTR sequences are included upstream and downstream of 

the start (ATG) and stop (TAA) codons of the putative ORF. The ‘ATG’ and ‘TAA’ codons are indicated by the two boxes.   

 

It was shown in the Section 3.3.2 that the vcg2 bulk shared identical sequences with the 

gapless B05.10 reference within the ~60 kb genomic interval, based on the alignment of the 

Illumina sequencing data. The sequence alignment was repeated with the cloned Bcvic1 

candidate gene sequence from 839-1 and was found to share 100% nucleotide and amino acid 

sequence identity with B05.10 (not shown), thereby corroborating the SNP analysis 
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performed in Section 3.3.2. The Bcvic1 gene in vcg2 and B05.10 had a transcript length of 

4,489 bps with three exons and the predicted translated protein was 1,444 amino acids long. 

The encoded protein contained a putative serine esterase, NACHT domain and ankyrin 

repeats (Figure 3.9).  

 

Figure 3.9 Domain structure of the predicted protein product of the Bcvic1 gene sequence in the vcg2 strain. The green, 

pink and orange blocks denote the positions of the putative serine esterase, NACHT and ankyrin repeat domains.  

 

3.3.8 Sequence of the Bcvic1 gene in vcg1 (Bcvic1-1) 

The sequence of the Bcvic1 gene in the vcg1 tester strain, 839-5, was confirmed by PCR 

amplification (Figure 3.7), cloning and re-sequencing. Sequenced fragments from 839-5 

(cgene1, cgene2, cgene3, cgene4, cgene5 and cgene6) were assembled to produce a single 

contiguous sequence (Figure 3.10). The Bcvic1 gene in vcg1 had a transcript length of 4,215 

bps with four exons and the predicted translated protein was 1,404 amino acids long. The 

encoded protein contained a putative serine esterase, NACHT domain and ankyrin repeats. 

CAGTCGGTAGTTCAATGCGACTTCTTCTGAAGCAATTGACTGAAGCAAAAAACGATCGCATGTGTCGTCTCTATTGTTGAACGCAATAATTT

GTATTGAGAACAAAAATCAAAATTCTGCCATTTAGGCGGTCGATTGAACGGTATTAGCGCCATTTTAGCTGAATGGCATGTGGAGGCCAGGC

TTTGCGCTTTCGTAGGCACAATACAATCTCCAGACACCTTCTAATCAACATTTGATATTGATATTAGGAATAAGAATTGTAATGCACTTCAC

TCATCGTCAATCCCAATTTTGATACATATGTTCTCTCCAAATCTCGAGGTTCGATACAATGCACAAGTGTGCAGCGTGAGTCGTGTTTGGCC

ATGAACAGCCGGATCAGAAAATCTCAGGTGTTTACCGAGTATACCTGTCGCGCCTTTAATTCCAACCCTTCTGATTACTAGATATTGGTACC

CAAAGAAGAAAGTTTCTATGATTGACAAATACAAGTGTCGGAGGGAAGGCAGGGTTTCTTTGGCTCCAGTCTATTGGTCAAAATTCTTAACA

AAATAAGCGCCCAACCATGTACTTCTATCCGCTAAACCAAGCTCGAGAATACATTCTCCCAATACTATGGTTGAGCGCTGAAGAACGGCTAC

ATTGTGTACTTGTCGCCCAATGAATAAATTGATACCAGGGATGAAATTCTTCCGAAACATAGACATGCATATCCGGTCAAGGGTTCCTATGT

ACTCAGCGGGCGCAAGTTGCGTCTGCGAGATTTTCTAAGCCCTGTTCCAATGGCAGGGCAGAAGTAAGCGTGCAAGCATCAGTGCTATGCTA

TTTGTATATGGGTGTAGTATCTTCTTTCACTTCGGTCATTTTCCCTCTATTTCTTATAATTGTAATATTCTTATATATATAGTTCTTTTAAT

TAAATCGCAAAATTGCTCATTGGCAACTGTCTGCAATTTGCAATTGAAATCTATACTCCTTCTCCGAACGAAAAGCTAATGGCGGGAGGAAA

ATTTTGGAAGTTTCACTCAAAATCCGCCACTACTGTAGTGCCCATAGACACTGAGCTCACTGAAAAGTTCGGTCTCTTCCACTTGAACCCAG

TTCCTGTACTTCCGAAGAATGGAGAGTCGCCTTATAGAATCGATATTGTGGCACTGCACGGTATAAAAGGGGATGCATTCAGAACCTGGACA

GAGAAGAACGAAGATGGTGTCAAAAATATGTGGTTGAGAGACCAGCTACCTAATGAATTACCAGGTGCCAGAGTATTCTCGTTTGGATATGA

TGCGAATGTACTGTTTAGTCGAGGGACGGGTACAATAGAAGATTTCGCAACAAATCTTTTGGAGGATTTGGTGAGAGAGAGAAAGGATGATT

CGAATCAAAAGCGTCGGATTATCTTTATATGTCATAGCATGGGAGGTATAGTGCTGAAGAAGGCACTGGTCAAAGCTGTCGACAATAATCTT

TACAAAAATACATTTGACTCCACATCCGCCATCCTGTTCCTTGCCACTCCGCATATGGGTTCCGATGAAACCAAAATACCTTTGTCTGTTGC

CAATTTTGCCAATGGCTTTCTTTCGGTTCCGATGAGATTGAGCGGTCGTGTGAGAGATGACCTAATAATGCCTCTCGCGCGGGGTTCCCACA

TTTTGAGAGACGTACAGCAAACATTTAAGGACAGGAAGTTATATGAAGGCATCTTGATCGCTAGTTTCCAAGAACAGGTCATATGTGCGGGA

TTGAAAGGACTGATTGTTGACAAGGAGAGTGCGCTATTGCACATTCCAGCTGAACGGGCGGTGCCGATAGATCGTCATCATCGAAATATTTG

CAGGTTTAGTGGGCCTGAAAGTAAATCATACCAGAGGATTTTAGGAATTTTGAAAGAGTACGCTGATGAAGCTAATTCGAGTAAGTTCCTTG

GAAGCCAATAAGAATTAGTTCGAAATGCTAACGTAGCTGGAAAGGGATTCCAGAAGAACTCACATCTGAGGACAAAGGTAAGCAGTTCATTT

TCGCACGGCATCTCAATTGAACTCACAAATCTAGCCGTATTATCCTCGATATATTATCCCGAACTGGGGCAAAGACGTCGCAATGCGAACAA

TGCCTACAAAGACACCTGCAGCTGGATCTTTCAAAATCGCTCCTACCTTCAATGGAAAGACACTCAACGGAGTCTTATGTGGATCAAAGGCA
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AACCAGGTGCAGGTAAATCTACACTTATGGCATATATTTTGTCAAATTTCCGCCATCGCGATTCTCGCCACCTATTACTGAATTTCTTCTTC

CATGGTCGCGGTGTCCCTCTTCAAAGGAGTCCCGAAGGAATGTATAGGGAACTGATGTATCAACTTTACTCACAAGCATCACCTATCCGCGA

AAAGCTTCGAAAGTCCTTTGCTGAAAAGAAAGCGTCAGGACAGTTGGATAATGATGGCGTTTGGAGCGAAGAAGAATTGAAAGAATTGCTGT

TCAACGCCATTACTTGGATTGCGCACTCACAGCCCGTTGTACTGTTTGTTGACGCACTTGATGAAGCTGGTGATGATAATGCAAGGATGCTG

ATTGATTATTTTGATGATATGAAAAAAAGAGTGTCCCAAGACGGAGATGGCGGATCCCTAAGAATTTGCGTTGCTTGTCGGCATTATCCAAA

CGTCACACTAAGTAATGGTTACGAAGTTCTTGTTGAGAACGGCAATATCCAAGATATCACGTTTTATGTTCAGAAGGAATTGGATTCTAGAG

TCTTGCTCTGGGACAAGGATTCGGCAGCAGTTGAAGGAAGGAATAACATGGAAAAGGCGATTGTCAAGAAATCAGAAGGAGTTTTTCAATGG

GTGAAGCTTGTGGTTCCAATGGTTGCCTACGAACTGAATGAAGGGGCAAGCCTGGGTGACATTCATGTCATGCTGGAGAAGGTACCGAATGA

TTTAGGACGTGTCTACAAAGATATTCTCACTAATGTCATTAAAGCTAAATATCGATCCAAGACATTGCTGTTGATGCAATGGGTTGCACTAG

CATTCCGGCCCTTGAATCTAATCGAGCTCCGCTTTGCATTGGCATTGGATGAACCGCTTCAACACGGGCAGTTGAGTTGCCGAGAGCGCAAA

GATTTTGTCGAAACAGATGCGAGAATGAAGATCCTGACAAAAAGTCTGTCTGGTGGGCTTGTTGAAGTGGTTCTCTACACCTCCGGCCAACA

CATGGTACAATTTATCCATCAAACTGTCGTTGACTTTATGACCTCTGACGGTCTGAAGTTCCTGTTAGCATCGGTGGAAGAATCCAAATTTG

GGGGGTTGTTGCAGCATAGAATGAAGCTTTCTGACGATGAGATCGTAGGAAGGCTTCATGATAGATTGGCAAGGACTTGCACAAATTATTTC

AAATCAGGAGAACTTAACCATCAAGGATTACATGAAGATCCGTCACCCGATGAATTAAACGCACAATACAAAACGTACGCTTTTGGAGTTTA

CGCTCATGAGTCATGGCTAAAACATGCAGAGGTGGCTGAGAGACGGGGCATATTACAAGATGGCATCCTCCAGGATATTGAGACGTACGATC

TACTGAAAGGATGGCTCAATTTTTCTCATGCACCTCCTGAATCAAATTATTTCGGACATGATGCCCCGGATGAAGTGAGACTACTGCACATC

TTCGCTGCCTTCAATCTACAGGGCCCTAGCAGAACTCTTCTCGCAAGAGGCATTTCTGCGATGGCTTCTAACTCATGGAATACAACAGCGAT

GCACTATGCTGCCGCTAACGGGAATATCGAAATAGTTCGGATACTCATAAAAGCCGGTGCGAGTGCATCTATAAGCCAATCAGACAATAACT

ACAACACCCCTCTGGACTTGGCTGCTAGAAAAGGGCATAAGGAAGTCGTGAAACTCTTACTCAAAAATGGCGCCGAAATGAATGGGAAATCT

GTGGGCGCTAATGCATTGCAAACAGCTGCTGGAGCTGGAATGAAAGATATGGTTCAATTTTTGCTAAATGCTGGCGCAGAAGTCAATGCAAC

TAGTGGGATTAAAGGAGACGCTCTGCAGAGTGCGTCGAGCGAGGGCAGGGTTGAGATTGTCAAGCTTTTGCTAGAAAATGGTGCCACTTTTC

AAGGGTACGAGGACTCTATATATGGTAATCCACTTTCTGCTGCAGCTCATAAGGGCAGCTTTGAACTTGTTGAGTAAGGATTCGCATGAACC

AATTATTTGTTCTCTTCCGTGGCACTAACAAGGTGCAGTTTATTCTTACAAAGGGGAATCTCAATCAACACCTCTGGAGGGCGCTACGGCAA

TCCACTTCAAAGTGCAGTCAATGCTCAGCATGTTCATCCAAATATTAACTTCATACGTTTTCTCCTCTCTAAGGGCGCTGATGTCAATGCCC

AGGGCGGGCAAGATGGGTCTGCTTTGCAAGCTGCCGTTAATAGGCATGGGCGGTCTCTCGAACCACATATGCTTGAGATTATCCATTTGTTG

CTAGAAAAAGGAGCAGATGTGAACATCTCTGGTGGAGCAGCAGGAGGAGCTCTTCAGGCAGCTGCTGCTAGTGGTCATGACAAGCTGGTACA

GCTGTTCATTAAACACGGTGCTTCGATCGATTCTTCGGATGGGCTCTACGGAAGTGCTCTCACAAATGCTTGCTATCATGGACACAAATCTA

CTGTGAAGCTTCTCCTTAAAGCCGGAGCCAAAATGTATTCGGATGAGATATCAGGGCTAAACACCCCATTACAAGCAGCCGCGGAGGGAGGT

TATACTGAAATCGTCAAAATCCTGCTCGATGCTGGAGCTGATGTTAGTGATAAAGGAGCAGACCGGATTGCTCTCCATTCAGCAGTTAAAGA

CAAGGTGATATTTGAACTCATACACAATCATGGGGCCAATATCAATGCTTCCGGGGGGCGATACGAAAATGTTCTTCAGGCTGCTGCAAGAG

AGGGAAATTTGGAAGTCATGGCGACATGTCTAGACCACGGTGTTGACATCAACAAGACCGGCGGAGGCTTTGGCAATGCTCTCCAGGCCGCC

ATAATTAGTGGAAGCCAGCCTTTCACATACTTGTTGAACCGAGGAGCAGACCCCTTTCTGAAAGGAGGTAAGTTTGGCACTAGTCTCCAAAC

TGCTGCATATCAGGGAGCAGTAGAAATAGTGAAAACATTACTGGACTTGGGCCTTAAAGATGAGGCTTGTGGTTTCTGGGGCAGTGCTTTAG

AGGCTGCTGAGCACGGAATAGGGAATCCGGAGGATAAGAAGGCCGTAATTAATTTACTCGTTGAAAGAGGCGGCGGTATTAGGTTACAGCCT

CTCAACAAAAAGAGTTCTACAAGTCGGGAACAAACATGACTTGGAATTAATGTTGCAGAACTAGTCCCGTTGATTGCAACCAATCACTGTCT

ACGGGAATGCGGGGGATGTGTGGTGCTTGTTTATCGTGAAATCTTGTTGATAAGAAGTAAGCACATAGTATCCAACGATTAGCTGCGATTCA

TAGGTGCAAAATTACTCGTTTGCCATTGCACAGCATAATGTGCAGCTTAGCCAATTAATGGACTTGGATCTCTATAGAGTCTGGACTCCAGA

CTCATACCCCATGTGGCGCTCGAATCGTTTCCTCGAAACAGATGCGGATGTGCATTAATCATGCACCCTTCTTAACCATCGATAGCAATCCC

AATTGTTTGTATGAATGCGACGACAGACATGTGGTTTGTATGAAACGCAGATAGTATGGGTTTGGTGATGGTGGGGGTAAACTTCCTGCATC

CAATGGCTATGCATGAATCGACCCAAGATGCGGCAGATGGGTAGCATTCGTCAATGCTTAAGGAATGGTTAGGTATTTATCGTCTGTATCTA

CTCGTAGATTTGATAAAATGATCGTCGCCGGATCCATATCGGTATCCGAATACCATGTGATTTGAATAGCAAGGAGGCGTGTATGTCTTCAC

AGCCAAGCCTCTTTGTATCCGTATACATGCAGTCAGCACATGATTCCCCTCTCAGTGCGTTGTCGTAGCTATACAGAGTACGTAGTAATACG

GGAGGCAAGGTTTTGTGCAATCTAATAATAGCTAACAGACCAGACTCAAAGGCTGACCTGACTGGCGGAGCAATATCTTGACCTATCATTCG

GCCTCGACTGATCCATAATGTGTGGCTCAACTGTGGGTTGGGATGTATTGGTTCCTTGAAGATTGTAAATGAGCCAATTATCCGAAGCTTTC

ATCCTTTTCCTGCCAACTAGCGAAGGATGTTCCTGAGCTAATCTGCTTCGAAACACAAATAACTAAACCTAATTTCCAATTAGTTTTTGGCG

CAGTAGATCAGCGCAGTGGCAGAAATCATCCTCAAACCAACGG 

Figure 3.10 Complete nucleotide sequence of Bcvic1-1 (vcg1). The sequence is comprised of the 6 gene fragments, cgene1, 

cgene2, cgene3, cgene4, cgene5 and cgene6. The sequence of the gene fragments are arranged sequentially with the boundary 

of each gene fragment shaded in grey. The 5’ and 3’ UTR sequences are included upstream and downstream of the start 

(ATG) and stop (TGA) codons of the putative ORF. The ‘ATG’ and ‘TGA’ codons are indicated by the two boxes.   
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3.3.9 Nucleotide sequence variation of the Bcvic1 gene in vcg1 and vcg2 

strains 

The confirmed nucleotide sequences of Bcvic1 in 839-5 (vcg1) and 839-1 (vcg2) was aligned 

and analysed for sequence similarity (Figure 3.11). The percentage identity between the two 

strains was 68.3% over the entire sequence alignment. Inspection of the alignment revealed 

that the 5’ end of the gene from nucleotide position 1 to position 1,662 was more conserved 

with a percentage pairwise identity of 99%, whereas the downstream region from position 

1,663 to 4,589 was variable with a pairwise identity of 50.7%. 

 

 

Figure 3.11 Nucleotide alignment of the Bcvic1 gene in 839-5 (vcg1) and 839-1 (vcg2). The numbers on top of the figure 

indicates the position of the nucleotides in the alignment. The top bar indicates the identity across the sequences for every 

nucleotide position. The green shading indicates that the residue at that position is the same across both sequences (100% 

identity), yellow represents less than complete identity and red represents very low identity for a particular position.    

 

3.3.10 Amino acid sequence variation of Bcvic1 in vcg1 and vcg2 strains 

The Bcvic1 amino acid sequences for vcg1 and vcg2 strains were aligned and analysed for 

sequence similarity (Figure 3.12). The two strains share low identity at the amino acid level 

with a percentage identity of 60.2% over the entire sequence. The N terminal region from 

position 1 to 523, which contains the putative serine esterase, shares a much higher percentage 

identity of 98.7%. Similar to the nucleotide alignment, the region downstream of the NACHT 

domain is more variable with a percentage pairwise identity of 38.7%.  

 

 

Figure 3.12 Amino acid alignment of the predicted Bcvic1 amino acid sequences in the vcg1 and vcg2 strains. The 

green, pink and orange blocks denote the positions of the putative serine esterase, NACHT and Ankyrin repeat domains. The 

numbers on top of the figure represents the position of amino acid residues in the sequence alignment. The black shading in 

the alignment indicates that the residue at that position is the same across both sequences (100% identity), grey represents 

less than complete identity and white represents very low identity for a particular position.    
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3.3.11 Candidate 2: BofuT4_P145990.1 (Bcvic2) 

BofuT4_P145990.1 was selected as the second candidate gene. This gene had a homologue 

in the B05.10 sequence: BC1G_05847.1 (version1) and Bcin1g01210.1 (gapless). This 

candidate gene and its homologues will henceforth be referred to as the Bcvic2 gene.  

3.3.12 Sequence of the Bcvic2 gene in vcg1 (Bcvic2-1) and vcg2 (Bcvic2-2) 

strains 

The sequence of the Bcvic2 gene in the vcg1 and vcg2 tester strains, 839-5 and 839-1, was 

confirmed by PCR amplification (Figure 3.13), cloning and re-sequencing. Sequenced 

fragments from 839-1 (7icgene1, 7icgene2 and 7icgene3) an 839-5 (7cgene1, 7cgene2 and 

7cgene3) were assembled to produce a single contiguous sequence (Figure 3.14 and 3.15).  

The sequences for Bcvic2 in 839-1 and B05.10 were identical. The Bcvic2 gene from vcg2 

had a transcript length of 1158 bp with four coding exons. The predicted translated protein 

was 385 amino acids long. The Bcvic2 gene from vcg1 had a transcript length of 1254 bp with 

three coding exons. The predicted translated protein was 417 amino acids long.  

 

 

Figure 3.13 PCR amplification of Bcvic2 gene fragments from vcg1 and vcg2. The amplicons were separated on a 1.2% 

agarose gel by electrophoresis and visualised using SYBR safe (Invitrogen). All of the fragments were of the expected 

product size between 700 bp -1600 bp. Lane1, 7icgene1; lane 2, 7icgene2; lane 3, 7icgene3; lane 4, 7cgene1; lane 5, 7cgene2 

and lane 6, 7cgene3. 

 

 

 

1 kb 

2 kb 
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TAAGCCATCGAGTGTCATCGTCTATTGACCGCCACTTGCGTGCGTGACCGAGTCTACTGGATTCGAGGGACAGAAGGATGCTGCGCATTTCC

CTATGTGCCTCTATGGTTCGTATAGGCCCCAGATGGCTGCTGCACCGTCAGGTTTTTGGTTCGCTGGCGATGTTTCCAAAAATACATTGTGC

ATGATGACTGGCTGTGGCTCACGGTTACGAAGATTCCTGGACCTATGAAAGCCGGCAGAGTCTAATCCATTGAGGCTAAGTTTCGTAATTTA

TGAAGCGTAGTGTAACTTAATTGATCCCTGAATATCTTCAAGCAATTCTAAATGAGCCAATGATGTTTGACCAGCTCCCCAGTTTTCCACCC

TTTAGTTGTTTCTGGTCCGCAGATGTTCCTGAAGCAGTCTCGAATTACTTACTTTCATTCCAGGCTCTAGTATTGATTAGTCCTTGGCACAG

CAGATCCCCTCGAAAAATAATCTCCCAGGGATCGAGAGGAAAATCGTAAACACTCATTTCGCTCTCTTCGTTCTTCGTCCCTTTCTTCTATA

CGACACTCTGTAATTAAATGCACCGTCTTGCTGCACCTCTTCTGGACAGACCTTCATCTCTCGACTTCTCTTTGTATCATCGTTTGCCATTA

TCCGTAGCAGTAGCAGTAGCAGCAGCAGTAGAAACTTCAACCCGGGCAATCGAGGAAATTTGGGCAATTTAGCAGCCACACGCACACGGGAT

CCTTTCGTTAAACCTGACGCTGGGTCGTGTTTAGGGGTCGAACCGTGTTGGAAAATGAGTGTAAGTCCAGTGTTTCAATCTCTTGTCAATCA

AGTTTCGATTCTTCCCCAACTTACTTGCCAATCCATCATCTCGTCAATTGGCATTTGCTTTCAAGAACATCATACCTTTCTTTCAAAAGAAA

AAGAAAAAGCAACTCAACTACTCTGGAAGCAATTAACTAATCATCATGGCACAGTACGGGTTAGTTATTCACCATTCGGCATTCACCTTCCC

CTGAGCACCGACACCAACACCTGAGTTGCGAACACTCGAACCCAATCTACAGTCTCGAAATAACTTTACTGACGGGATGGTAATAGAAACAA

TTACGGCGGCGGTAGCAACCCGTATGCCCAACAAGCATCGCCAGGCTACCCTCAATCACCCCAATACGACAATGGAGCAGCGATGGGACGAG

ACTCTTACGGTGGTGAGCAGCTTTGAGTACATGATCATTGTCATCCCATTAACATCAGAGCAGGACAGAATGTTGAAATGGCGTCGTTAGCA

CAAAATGGAATGCAACCTGGAGAACAATCCGATCCGAATTACATTCTTAACGCATGTCGCGACATCGATTATCAAATTGAAGCAGCCAATGA

ATACATCAACGAGTTAGACAGACTGAAGAACCGGGTCGGAAATGAGCTTGACCAAGGCGTAATCGCTAGAGACCTTGCGGGAATAGCGAGCG

ATTCCAGCACTGCATTCAAAGGTATCATCAATGAGATCTCTAGGCTCAAGAGAATGCCCGAGTCAGGGAGCCCAAGAAACCAACCGCAAATT

GGTAGAGTCCAACGCAAACTCAAGGGAACTATGGATCAATACAAGGCGAAGGAAATGGCTTTCGAGCACGCAGTTAGAGATCAGATGAGACG

AGAATATAGAATTGTCAACGCCGAGGCCACTGAGGAGGAAGTCAATGCTGCTGTACCAAATGCAGAACCACAGCAAATGTTTCAACAAGCTT

TGATGACAAGCAACAGACAAGGACAAGCCAACACAACTTTGAATGCTGTCAGACAAAGAAATGAGGCTATCAAGAAGATCGAGCAAGATATT

ATCCAAATCGCAGAACTGTTCTCGGAGATGGAGAACTTGGTTGTACAACAAGAAGCTGCTGTGGTCAATATTGAAATGAAGGGCGAAGAAGT

TGTCGAGAATATGGATAAGGGAGTTCAACAAATGGACACGGCAATTGTCAGTGCGAGATCAAGAAACAGAAAGAAGTGGTATTGCTTAGGTC

TTGTTGGTATGTATCCCTTGCATCTCCTCACATCCCTTACTTTAATCTCCCAATCACTAACATAACAATTCACAGTCATCATTGTTGCCATT

ATCGCAATCGTCTTAGCTGTACACTTCACCAGCAACAAATCAGACGACAGTAACAAAACTGCTGCCAAGAGAGCAGTTATTCCAGGTACCGA

CTTCACTACATCAGATAGACTTGTCATACCAGGAGCAAGCTTCGTAGAATCAAGAATGGTTGTTGCAGGCAAGGACTGGAGTGAAGAAAAGG

CGGTCGTCCCAGGTGCGGATTTTACACCTGTGGTCAGAAAGTGGAAAAAATTCATCGCATGAGTGAGATGAATTCTGAATGAGGGGGAAATG

ATGTTTGTATATGGCAGGTCCAGTTGCGCTCTTGATGTTTCGGTTTTCTTTTGTCTTTTCTGCGAATATGCATGTGGTACGGAACTCATATC

AAATGAGCTGTGCATAAATAAGATTTGGGCGTATATGATGACTTTCCAGTTCAAGGACTGAAGAAGAGTAGGAAAGAGGAAAGGGGTAGGAA

GGGGAAGATTGTCCTTTCTAACACAAGCACGTTGAGATGAGACGTGCCTCGATACAAAATATTTCTTTGTGTAAGAATAATAGGTTCATATG

GGAGGAAAAATTATATACCAAACGTTACTTTACTTTTCTCTAGTTGCAACATCCATCATGTTGCTTTCATTCGCTTCGTTTGATCTAGGGGT

TGAGGAGTTTTCCGTTTCCTTAGTTTTGAGAGGAGAGAGGTGGGATTGATGTTTATATAGAATATTGTAGTATGGATTTTAATATACGGTAG

CTTTTTGTAATGAATCTTATCTGAAACTTACCTGGACTTTGTTGATGCTTGTTTTGTGGGTTTATGTTCTCAAGAGATGAATAGCTTCGTAT

GATATCTGCTGTTTTGATATTGGATGAGAAGTTCTATTTGTGAGTCTAGGTACTCTCTCTGTGCCTGTGTGTGTTACAAGTCGCTATATTCC

TTAGGTACCTAGACGCAGATTAATAACTCACTCCGCTCGAGCTTCTTAGATTATTATCAGACTTGCAAACTCATTGATTGCGCTGCGTTTCA

TTGTCTCGTCTTATCTCTTTGCTTCCCTTCCCAGCTGATACTTTCCCACCTTTCTAG 

Figure 3.14 Complete nucleotide sequence of Bcvic2-2 (vcg2).  The sequence is comprised of the 3 gene fragments, 

7icgene1, 7icgene2 and 7icgene3. The sequence of the gene fragments are arranged sequentially (Figure/) with the boundary 

of each gene sequence shaded in grey. The 5’ and 3’ UTR sequences are included upstream and downstream of the start 

(ATG) and stop (TGA) codons of the putative ORF. The ‘ATG’ and ‘TGA’ codons are indicated by the two boxes.   
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TAACAGACCAGACTCAAAGGCTGACCTGACTGGCGGAGCAATATCTTGACCTATCATTCGGCCTCGACTGATCCATAATGTGTGGCTCAACT

GTGGGTTGGGATGTATTGGTTCCTTGAAGATTGTAAATGAGCCAATTATCCGAAGCTTTCATCCTTTTCCTGCCAACTAGCGAAGGATGTTC

CTGAGCTAATCTGCTTCGAAACACAAATAACTAAACCTAATTTCCAATTAGTTTTTGGCGCAGTAGATCAGCGCAGTGGCAGAAATCATCCT

CAAACCAACGGTTTTTTTCCTTTTGGTAGTTATGCTTTTCCTTAATTTTAATCTTCACTTCACCCCCAAAATCTAAACTATCGTAAACTGTA

TTGTGTTCCTCTTCATATATATATTTTTTTTTTTGCAAATTAATTACTCGTATACAAAACGACTCTATCAAAGTTCCCCCACGATCTTCCAT

AATACGAAACGAGTAATTGCACCAGAGTTTGGGAAATTGTGGCAGATTACTAGGTAGAGTCCTTTCGCCAAACTTGAAGCCGGGTCGTGTTT

AGGGGTCGAAGCGTGTTGTAAAATGAGTGTAAGTCCATAGTTTCACTTTTGTATTCTCGAGGTTTCATTCCCACGACAAGAGACCTCTCATT

CTGCGACTTCTTCATTTGATATACATACACATTTCAATTGCAAGATTCTTGGAAGCAGATACCAAATAATAAAATTACTCTGGAAGCAATTT

ACTAATAATCATGGCACAGTACGGGTTAGTTGTTCACCCTCAGCTTTCCCATCCATCATCCCCTATGAACGACGACAAACATTTCACGCCTG

GATCTGCGGACTTGCGACGATATGCACACAGGAATCCTCATGCTAACCAGACTCATGTAGAAACAATTATGGCGGCGGTGCAAACCCGTACG

CGCAACAGAATTCGCCAGGCTACCCTCAATCACCTCAATACGACAATGGAGCAGCGATGGGACGAGACTCTTATGGTGGTGAGCAGCTTTGA

GTACATGTTCATTGTCATCCCATTAACATCAGAGTAGGACAAAATGTTGAGATGGCATCCTTAGCACAGAACGGAAGTCAGCCTGGAGAACA

ATATGATCCCAATGCCATTCTCAACCGATGTCGCCAAATCGACATTGAAATCGACAATACTGCGCGAGGGATTGGAGCACTAGAATCACTGC

GTGGCCGAATCAATAGGGAGGTTGATCAAGGCGGTATCACTAGGGACCTCGAGGATATCTCTGCCCAAACCATGGCGTCGCAGCGAGACATC

ATCGAAGAGCTTCGAAAGACCAAACTCATGCCCGATGCTGGGAGTGACATGAATACCAAACAAATTGGCAGAGTGCAACGCAAACTCAAGAA

GACCATGGAAGAATTCAACGCGAAAGAGCAACAGATCAAGAATGCAGTTCGTGATCAAATGAGAAGAGAATATCGCATTGTCAACGCAGATG

CTACCGACGAGGAGGTTGCTGCTGCTGTACCGGATTCAGAGCCCCAACAAATGTTTCAACAAGCTCTGATGACAAGCAACAGACAAGGACAA

GCCAACACGACTTTGAATGCTGTCAGAGATCGAAACGCGGCTATCAAGAAGATTGAGCAAGACATCATCCAAGTTGCGGAATTATTCTCACA

GATGGAGAACCTGGTTGTACAACAAGAAGCTGCTGTGGTCAATATTGAAATGAAGGGCGAAGAAGTTGTCGAGAATATGGATAAGGGAGTTC

AACAAATGGACACGGCAATTGTCAGTGCGAGATCAAGAAACAGAAAGAAGTGGTATTGCTTAGGTCTTGTTGGTATGTATCCCTTGCATCTC

CTCACATCCCTTACTTTAATCTTCTAACCACTAACCTAACAATTTCCAGTCATCATTGTTGCCATTATCGCAATCGTCTTAGCTGTACACTT

CACCAGCAACAAATCAGACGACAGCAACAAAACTGCTGCCAAGAGAGCAGTTATTCCAGGTACCGACTTTACTACATCAGATAGACTTGTCA

TACCAGGAGCAAGCTTCGTAGAATCAAGAATGGTTGTTGCAGGCAAGGAATGGAGTGAAGAAAAGGCAGTCGTCCCAGGTGCGGATTTTACA

CCTGTGGTCAGAAAGTGGAAAAAATTCATCGCATGAGTGAGATGAATTCTGAATGAGTGAGGGGGAAATGATGTTTGTATATGGCAGGCCCA

GTTGCGCTCTTGATGTTTCGGTTTTCTTTTGTCTTTTCTGCGAATATGCATGTGGTACGGAACTCATATCAAATGAGCCGTGCATAAATAAG

ATTTGGGCGTATATGATGACTTTCCAGTTCAAGGACTGAAGAAGAGTAGGAAAGAGGAAAGGGGTAGGAAGGAGAAGATTGTCTTTTCTAAC

ACAAGCACGTTGAGATGAGACGTGCCTCGATACAAAATATTTCTTTGTGTAAGAATAATAGGTTCATATGGGAGGAAAAATTATATACCAAA

CGTTACTTTACTTTTCTCTAGTTGCAACATCCATCATGTTGCTTTCATTCGCTTCGTTTGATCTAGGGGTTGAGGAGTTTTCCGTTTCCTTA

GTTTTGAGAGGAGAGAGGTGGGATTGATGTTTATATAGAATATTGTAGTATGGATTTTAATATACGGTAGCTTTTTGTAATGAATCTTATCT

GAAACTTACCTGGACTTTGTTGATGCTTGTTTTGTGGGTTTATGTTCTCAAGAGATGAATAGCTTCGTATGATATCTGCTGTTTTGATATTG

AATGAGAAGTACTATTTGTGAGTCTAGGTACTCTCTCTGTGCCTGTGTGTGTTTCAAGTCGCTATATTCCTTAGGTACCTAGACGCAGATTC

ACTCACTCCGCTCGAGCTTCTTAGATTATTATCAGACTTGCAAACTCATTGATTGCGCTG 

Figure 3.15 Complete nucleotide sequence of Bcvic2-1 (vcg1).  The sequence is comprised of the 3 gene fragments, 

7cgene1, 7cgene2 and 7cgene3. The sequence of the gene fragments are arranged sequentially (Figure/) with the boundary 

of each gene sequence shaded in grey. The 5’ and 3’ UTR sequences are included upstream and downstream of the start 

(ATG) and stop (TGA) codons of the putative ORF. The ‘ATG’ and ‘TGA’ codons are indicated by the two boxes.   

 

 

 

 



104 

 

3.3.13 Nucleotide sequence variation of the Bcvic2 gene in vcg1 and vcg2 

strains 

The confirmed nucleotide sequences of Bcvic2 in 839-5 (vcg1) and 839-1 (vcg2) was aligned 

and analysed for sequence similarity (Figure 3.16). The percentage identity between the two 

strains was 76.3% over the entire sequence alignment. Inspection of the alignment revealed 

that the 5’ end of the gene from nucleotide position 1 to nucleotide position 931 was more 

variable with a percentage pairwise identity of 65.1%, whereas the downstream region 

between positions 932-1416 was more conserved with a pairwise identity of 97.9%. 

 

Figure 3.16 Nucleotide alignment of the Bcvic2 gene in 839-5 (vcg1) and 839-1 (vcg2) strains. The numbers on top of 

the figure indicates the position of the nucleotides in the alignment. The top bar indicates the identity across the sequences 

for every nucleotide position. The green shading indicates that the residue at that position is the same across both sequences 

(100% identity), yellow represents less than complete identity and red represents very low identity for a particular position.    

 

3.3.14 Amino acid sequence variation of the Bcvic2 in vcg1 and vcg2 strains 

The Bcvic2 amino acid sequences for vcg1 and vcg2 strains were aligned and analysed for 

sequence similarity (Figure 3.17). The two strains share low identity at the amino acid level 

with a percentage identity of 65.9% over the entire sequence. The N terminal regions from 

nucleotide position 1 to 201 only share a pairwise identity of 33.3% and the sequences 

downstream towards the C terminus are more conserved with a pairwise identity of 95.4%.  

 

Figure 3.17 Amino acid alignment of the predicted Bcvic2 amino acid sequences in the vcg1 and vcg2 strains. The 

green and pink blocks denote the positions of the syntaxin and SNARE domain. The numbers on top of the figure represents 

the position of amino acid residues in the sequence alignment. The black shading in the alignment indicates that the residue 

at that position is the same across both sequences (100% identity), grey represents less than complete identity and white 

represents very low identity for a particular position.    
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3.4 Discussion 

Two highly polymorphic genes, Bcvic1 and Bcvic2, were successfully identified as the 

strongest candidates for the vic genes. The level of polymorphism in comparison with the rest 

of the predicted genes within the mapping interval is markedly high; which is reflective of 

most of the vic genes identified in other fungi such as het-c in N. crassa and het-D in P. 

anserina [60]. Additionally, the Bcvic1 gene encodes a protein that contains a putative serine 

esterase, NACHT domain and Ankyrin repeats. These domains are present in different 

combinations in the other incompatibility genes and are also conserved on nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs) and (NB-LRRs), which are 

intracellular receptors that control innate immunity and other biotic interactions in animals 

and plants [128]. [91] [70]. Based on these qualities, Bcvic1 was chosen as the strongest vic 

candidate.  

Although the sequence of Bcvic2 within the vcg2 groups was not as polymorphic as Bcvic1, 

it was significantly higher than the rest of the genes within the interval and was therefore 

selected as the second candidate gene. Bcvic2 encodes a putative syntaxin protein with a 

SNARE domain which has a putative function in vesicular transport. At the time of when this 

analysis was done, there were no publications implicating that the syntaxin and SNARE 

domain was associated with vic gene products. Despite the lack of recognizable VI domains, 

the Bcvic2 gene was selected as the second candidate vic gene based on the high level of 

allelic polymorphism. However, over the course of this study, a SNARE domain gene called 

sec9 was identified in C. parasitica within a cluster of genes at the vic2 locus [91]. Zhang et 

al. (2016), later confirmed that the sec9 gene was interacting with two other adjacent genes 

in controlling VI [129]. However, the authors were unable to knockout sec9 to demonstrate 

its function in VI. These recent studies support my selection of Bcvic2 as the second candidate 

vic gene.  
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Chapter 4 

 Disruption and Functional Analysis of Bcvic1 and Bcvic2  

 

4.1 Introduction 

Two highly polymorphic candidate vegetative incompatibility genes were identified 

following a polymorphism-based comparative genomics screen of B. cinerea near isogenic 

lines differing at a single vic locus (Chapters 2 and 3); Bcvic1 (Bcin1g01220.1) and Bcvic2 

(Bcin1g01210.1). Bcvic1 encodes a protein containing a serine protease, NACHT domain and 

ankyrin repeats and Bcvic2 encodes a syntaxin protein. Both of these gene products contain 

domains that are implicated to have vegetative incompatibility functionality in other fungi 

[130] [92]. However, neither of these genes have been molecularly characterized in B. cinerea. 

In order to gain further insight into the function of these genes and to ascertain whether they 

can contribute to vegetative incompatibility in B. cinerea, the fungus can be genetically 

manipulated in the first instance using molecular tools such as gene knockout by replacement 

or RNAi mediated gene silencing. 

An important aspect of the gene knockout strategy in fungi is the reliance on high efficiencies 

of homologous recombination for targeted integration of a gene replacement cassette, which 

facilitates rapid functional analysis of non-essential candidate genes. As for genes that are 

essential, alternative molecular tools such as RNAi-mediated gene silencing have been 

developed for gene function characterisation. However, due to the variability in gene silencing 

levels, the interpretation of results for this method is often fraught with ambiguity [131]. It is 

for this reason that gene knockout methods were utilised to determine the function of Bcvic1 

and Bcvic2. In this study, I generated Bcvic1, Bcvic2 and double Bcvic1-Bcvic2 gene knockout 

mutants in B. cinerea near isogenic tester strains to investigate whether or not the deletion of 

these genes had any effect on the function of vegetative incompatibility. 

 

 



108 

 

4.2 Methods 

4.2.1 Fungal strains and growth conditions 

The B. cinerea vcg1 and vcg2 nit mutant isolates, the respective Bcvic1, Bcvic2 and Bcvic1/2 

knockout and complementation mutant strains used in this study are indicated in Table 4.1. 

The general growth conditions are detailed in Chapter 2, Section 2.2.2. Knockout mutants 

were maintained on MEA amended with 100 µg/ml of hygromycin B (Invitrogen) 

(MEA+Hyg100) and complementation mutants on MEA amended with 100 µg/ml 

nourseothricin (MEA+NAT100). Cultures were grown and maintained at 20°C for up to six 

months. 

4.2.2 Fungal genomic DNA extraction 

Fungal DNA extractions were performed according to the protocol of Moller et al. (1992). A 

small amount of mycelia and conidia (30-60 mg) was scraped from a plate of fungal culture 

and inserted into a 1.5 ml safe lock tube (Eppendorf) containing three 3.2 mm stainless steel 

beads (Next Advance) and 500 µl of TES (100 mM Tris, pH 8.0, 10 mM EDTA, 2% SDS). 

The fungal material was then macerated using a Bullet Blender tissue homogeniser (Next 

Advance) for three 1 min cycles at speed level 12. After homogenisation, 10 µg of Proteinase 

K was added to the tube and incubated for 60 mins at 55°C. The salt concentration was 

adjusted to 1.4 M with 5 M NaCl prior to the addition of 1/10 volume of 10% cetyl 

trimethylammonium bromide (CTAB) and incubated for 10 mins at 65°C. One volume of 

chloroform: isoamylalcohol, 24:1 (SEVAG) was then added to the buffer, mixed by inversion 

and then incubated on ice for 30 mins. The tubes were then centrifuged using an Eppendorf 

5424 microcentrifuge (Eppendorf) at 21,000 g for 10 min at 4°C. The supernatant was then 

carefully transferred to a fresh 1.5 ml tube to which 225 µl of 5 M NH4Ac was added to a 

final concentration of 1.6M and incubated overnight at 4°C. The following day, the tube was 

centrifuged at 21,000 g for 20 min at 4°C using a microcentrifuge (Eppendorf) and the 

supernatant was transferred to fresh 1.5 ml tubes. To precipitate the DNA, 0.55 volumes of 

isopropanol was added to the tubes and mixed by gentle inversion. The tubes were then 

centrifuged at 21,000 g for 20 min at 4°C (Eppendorf). The resulting pellet was washed twice 

with 70% ethanol and left to air dry for 30 mins. The pellet was resuspended with 50 µl of 

dH20. 
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4.2.3 Assessment of fungal genomic DNA quality 

The purity and concentration of the extracted genomic DNA was initially assessed using a 

NanoDrop spectrophotometer to measure the ratio of absorbance at 260 nm and 280 nm. A 

260/280 ratio measurement of between 1.7 and 2.0 indicated DNA that was of an acceptable 

quality. In addition to this, the quality of nucleic acid was visualised by gel electrophoresis to 

confirm that the DNA samples were of high molecular weight showing minimal signs of 

shearing, degradation or RNA contamination.  

4.2.4 Gene knockout strategy 

Knockout constructs were generated for the deletion of Bcvic1 (ΔBcvic1) and Bcvic2 

(ΔBcvic2) in 839-5 nit1 and 839-5 NitM strains. Double deletion mutants for the Bcvic1 and 

Bcvic2 genes were also created (ΔΔBcvic1/2) (Figure 4.1). Since Bcvic1 and Bcvic2 were 

located adjacent to each other at the same locus, double deletion constructs of both genes were 

generated easily using a single selectable marker. Knockout mutants were created by 

replacing the coding region of each gene with the hygromycin phosphotransferase resistance 

(HPH) gene following homologous recombination between the DNA region flanking the gene 

and the HPH cassette (Figure 4.2). 

 

Figure 4.1 Schematic of the gene knockout strategy. 1, 2 and 3 represent the deletion regions for the Bcvic1, Bcvic2 and 

double Bcvic1-Bcvic2 genes. The ‘X’ represents homologous recombination at the upstream and downstream flanking 

regions of the genes.   
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Figure 4.2 Schematic illustration of targeted gene disruption by gene replacement. A, homologous recombination 

between the 5’ and 3’ flanking regions of both the hygromycin resistance cassette (HYG) and the target gene, results in the 

insertion of the selectable marker and deletion of the target gene. B, split marker PCR constructs. Homologous recombination 

between overlapping regions of the truncated selectable marker (HY and YG) and between the 5’ and 3’ flanking regions of 

the construct and the wild type choromosomal DNA results in the targeted insertion of the marker and deletion of the target 

gene. Arrows denote positions of PCR primers 
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Table 4.1 List of B. cinerea strains used in this study. 

Strain Description Reference 

vcg2 VI tester  
  

839-1 Near isogenic tester strain carrying Bcvic1-2 and Bcvic2-2 
vic gene alleles 

Beever R, 
unpublished 

839-1 nit1 nit1 mutant of 839-1 Chapter 2 

839-1 NitM NitM mutant of 839-1 Chapter 2 
   

vcg1 VI tester 
  

839-5 Near isogenic tester strain carrying Bcvic1-1 and Bcvic2-1 
vic gene alleles 

Beever R, 
unpublished 

839-5 nit1 nit1 mutant of 839-5  Chapter 2 

839-5  NitM NitM mutant of 839-5 Chapter 2 
   

Knockout mutants 
  

ΔBcvic1-i 839-5 NitM ΔBcvic1::HPH This study 

ΔBcvic1-ii 839-5 nit1 ΔBcvic1::HPH This study 

ΔBcvic1-iii 839-5 nit1 ΔBcvic1::HPH This study 
   

HetΔBcvic2-i Heterokaryon of 839-5 NitM and ΔBcvic2::HPH This study 

ΔBcvic2-i 839-5 NitM ΔBcvic2::HPH This study 

HetΔBcvic2-ii Heterokaryon of 839-5 nit1 and ΔBcvic2::HPH This study 

ΔBcvic2-ii 839-5 nit1 ΔBcvic2::HPH This study 
   

HetΔΔBcvic1/2-i Heterokaryon of 839-5 NitM and ΔBcvic1-ΔBcvic2::HPH This study 

ΔΔBcvic1/2-i 839-5 NitM ΔBcvic1-ΔBcvic2::HPH This study 

HetΔΔBcvic1/2-ii Heterokaryon of 839-5 and nit1 ΔBcvic1-ΔBcvic2::HPH This study 

ΔΔBcvic1/2-ii 839-5 nit1 ΔBcvic1-ΔBcvic2::HPH This study 

HetΔΔBcvic1/2-iii Heterokaryon of 839-5 nit1 and ΔBcvic1-ΔBcvic2::HPH This study 

ΔΔBcvic1/2-iii 839-5 nit1 ΔBcvic1-ΔBcvic2::HPH This study 
   

Ectopic expression mutants 
(Complementation) 

  

ΔBcvic2-i +Bcvic2-1 839-5 NitM ΔBcvic2::HPH Bcvic2+NAT This study 

ΔΔBcvic1/2-i +Bcvic1-1/Bcvic2-1 839-5 NitM ΔBcvic1-ΔBcvic2::HPH Bcvic1-1/Bcvic2-1+NAT This study 

ΔΔBcvic1/2-i +Bcvic1-2/Bcvic2-2 839-5 NitM ΔBcvic1-ΔBcvic2::HPH Bcvic1-2/Bcvic2-2+NAT This study 

ΔΔBcvic1/2-i +Bcvic1-1 839-5 NitM ΔBcvic1-ΔBcvic2::HPH Bcvic1-1 +NAT This study 

ΔΔBcvic1/2-i +Bcvic1-2 839-5 NitM ΔBcvic1-ΔBcvic2::HPH Bcvic1-2 +NAT This study 

ΔΔBcvic1/2-i +Bcvic2-1 839-5 NitM ΔBcvic1-ΔBcvic2::HPH Bcvic2-1 +NAT This study 
   

Ectopic expression mutants 
(Hygromycin control) 

  

839-5 nit1-HPH 839-5 nit1 + HPH This study 

839-5  NitM-HPH 839-5 NitM + HPH This study 

839-1 nit1-HPH 839-1 nit1 + HPH This study 

839-1 NitM-HPH 839-1 NitM + HPH This study 
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4.2.5 Creation of gene knockout constructs  

To generate a large number of knockout constructs quickly, a Golden Gate cloning strategy 

was used [132] [133]. This cloning method facilitates the simultaneous and directional 

assembly of multiple DNA fragments into a single piece using Type IIs restriction enzymes. 

In this study, the AarI typeII restriction enzyme was used to cut DNA outside of its recognition 

site to create non-palindromic overhangs.  

Since the knockout constructs were composed of three separate fragments or parts, a left flank, 

HPH cassette and a right flank, the non-palindromic overhangs were designed within the 

primer sequence to be unique to each part. The left flank of the Bcvic1, Bcvic2 and double 

Bcvic1/2 knockout constructs were designated as part 1 fragments, the HPH cassette was 

designated as part 2 and the right flanks of the Bcvic1, Bcvic2 and Bcvic1/2 knockout 

constructs were designated part 3. The unique overhang sequences for each part are shown in 

Figure 4.3. Primer sequences for generating the fragments for the knockout constructs are 

shown in Table 4.2. 

 

Figure 4.3 Schematic illustration of Golden Gate knockout fragments. The 5’ and 3’ overhang sequences for the part 1, 

part 2 and part 3 gene fragments that were generated after digestion with the AarI restriction enzyme are indicated. 

 

Table 4.2 Primers for generating knockout constructs. The AarI restriction site is underlined and the unique Golden Gate 

adaptor sequences are indicated by the highlighted colours.  

Construct / 
component Primer Sequence 5' to 3' 

HPH cassette hph-5 AACCTCCACCTGCTTGGCCCTGATATTGAAGGAGCATTTTTTGGGC 

  hph-3 GGACTCCACCTGCAACCTCGCGTTAACGTTAACTGGTTCCCGG 

Bcvic1 SA1 (5.1) GAGAGACACCTGCTCACCTGGCGCTTTCGTAGGCACAATAC 

  SA2 (5.2) GAGAGACACCTGCTGTAAGGGTGCAAATTGCAGACAGTTGC 

  SA3 (3.1) ACTTGGCACCTGCCAATGCGACTTGGAATTAATGTTGCAGAAC 

  SA4 (3.2) CCCAGCCACCTGCAAGAATGCAAGCTTCGGATAATTGGCTC 

Bcvic2 SA5 (5.1) ATATTACACCTGCTCCCCTGGTAACAGACCAGACTCAAAGGC 

  SA6 (5.2) GAGAGACACCTGCTGTAAGGGGATTATTAGTAAATTGCTTCCAGAGT 

  SA7 (3.1) ACTTGGCACCTGCCAATGCGAGTGAGATGAATTCTGAATGAGGGG 

  SA8 (3.2) GAGAGACACCTGCAAGAATGCCAGCGCAATCAATGA GTTTGC 

Bcvic1-Bcvic2 SA1 (5.1) GAGAGACACCTGCTCACCTGGCGCTTTCGTAGGCACAATAC 

  SA2 (5.2) GAGAGACACCTGCTGTAAGGGTGCAAATTGCAGACAGTTGC 

  SA7 (3.1) ACTTGGCACCTGCCAATGCGAGTGAGATGAATTCTGAATGAGGGG 

  SA8 (3.2) GAGAGACACCTGCAAGAATGCCAGCGCAATCAATGA GTTTGC 
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4.2.6 PCR amplification of DNA fragments for generating knockout 

constructs 

All DNA fragments were amplified using the Q5 high fidelity polymerase as described in 

Section 3.2.10. The PCR fragments, primers and expected product sizes are listed in Table 

4.3. A map showing both the position of the primer binding sites and the corresponding gene 

fragments is presented in Figure 4.4.  

The HPH cassette was PCR amplified with the hph-5 and hph-3 primers using the pNDH-

OGG vector as the template (Appendix 4).  

Approximately 700 to 800 bp of flanking DNA sequence was amplified for all the target genes 

using the 839-5 genomic DNA as the template. For the Bcvic1 deletion construct, primers 

SA1 and SA2 were used to amplify the 5’ flanking fragment, and primers SA3 and SA4 were 

used to amplify the 3’ flanking fragment. For the Bcvic2 deletion mutant, primer pairs 

SA5/SA6 and SA7/SA8 were used to amplify the 5’ and 3’ flanking fragment, respectively. 

For the Bcvic1-Bcvic2 double deletion mutant, primer pairs SA1/SA2 and SA7/SA8 were 

used to amplify the 5’ and 3’ flanking fragments, respectively.  

 

 

Figure 4.4 Primer map for Bcvic1, Bcvic2 and Bcvic1/2 knockout fragments. The green bars indicate the Bcvic1 and 

Bcvic2 genes for targeted gene knockout. The blue and pink bars indicate the flanking gene regions for Bcvic1 and Bcvic2, 

respectively. The SA1-SA8 primers are annotated below the gene fragments by the dark green (forward primer) and light 

green (reverse primer) arrows. The numbers at the top of the image indicate the nucleotide position. LF, left flank and RF, 

right flank.  

 

Table 4.3 Primer pairs and PCR fragments for generating gene knockout constructs. The size of the expected PCR 

product includes an extra 42 bp of non-specific sequences that are attached to the primers. LF, left flank and RF, right flank. 

PCR fragment Primers Expected PCR product size (bp) 

Bcvic1 LF SA1/SA2 816 

Bcvic1 RF SA3/SA4 921 

Bcvic2 LF SA5/SA6 788 

Bcvic2 RF SA7/SA8 798 

HPH  hph-5/hph-3 1501 
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4.2.7 Cloning into pCR-XI-TOPO 

All of the PCR fragments were purified as described in Section 3.2.11 prior to the addition of 

A-overhangs as described in Section 3.2.12. The fragments were then cloned into pCR-XL-

TOPO (Invitrogen) according to the manufacturer’s instructions as described in Section 

3.2.13 and transformed into E. coli TOP10 chemically competent cells as described in Section 

3.2.14. Kanamycin resistant E. coli transformants were selected for on LB plates amended 

with 50 µg/ml kanamycin. Plasmids were extracted as described in Section 3.2.15 and 

sequenced by Sanger sequencing using universal M13F/R primers to exclude PCR 

amplification errors (Macrogen, South Korea).  

4.2.8 Golden Gate cloning 

The pCR-XL-TOPO clones were assembled into the pType IIs vector (Invitrogen) according 

to the manufacturer’s instructions (Appendix 4). When digested with the AarI restriction 

enzyme, the pType IIs vector produces complementary overhang sequences to the 5’ end of 

the ‘part 1’ fragment (CTGG) and 3’ end of the ‘part 3’ fragment (CGTA), which facilitates 

directional cloning of the final ligation product (refer to figure 4.3). Whole plasmids were 

used in the Golden Gate assembly. It was not necessary to pre-digest the pType IIs plasmid 

or digest and purify the cloned fragments from the pCR-XL-TOPO plasmids prior to Golden 

Gate assembly as the AarI type IIs restriction enzyme cut outside of the recognition site and 

produced unique overhang sequences for all the fragments which were designed to only ligate 

into the final pType IIs vector in one possible way.  

To assemble the Bcvic1 knockout construct, Bcvic1 LF-pCR-XL-TOPO (part 1), HPH-pCR-

XL-TOPO (part 2), Bcvic1 RF-pCR-XL-TOPO (part 3) and pType IIs plasmids were added 

to a PCR tube in a 1:1:1:1 molar ratio. Similarly for the Bcvic2 knockout construct, Bcvic2 

LF-pCR-XL-TOPO (part 1), HPH-pCR-XL-TOPO (part 2), Bcvic2 RF-pCR-XL-TOPO (part 

3) and pType IIs were used in the Bcvic2KO assembly. Finally, for the double Bcvic1-Bcvic2 

knockout construct, Bcvic1 LF-pCR-XL-TOPO (part 1), HPH-pCR-XL-TOPO (part 2), 

Bcvic2 RF-pCR-XL-TOPO (part 3) and pType IIs were used in the Bcvic1/2KO assembly. 

An aliquot of 10 µl of GeneArt AarI enzyme mix (Invitrogen) was added to all of the reaction 

tubes. The AarI enzyme mix is constituted of both the AarI restriction enzyme and a DNA 

ligase.  
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The PCR tubes were incubated in a Mastercycler gradient thermocycler (Eppendorf) under 

the following conditions, 30 cycles of: 1 min at 37°C followed by 1 min at 16°C, and a final 

hold at 4°C.  

A 2 µl aliquot of the ligation mixture was then used to transform TOP10 chemically 

competent E. coli cells as described in Section 3.2.14. Ampicillin resistant E. coli 

transformants were selected for by plating on to LB plates supplemented with 100 µg/ml of 

Ampicillin. Uncut pCR-XL-TOPO plasmids were selected against as this vector carried the 

kanamycin selectable marker whereas only the pType IIs vector had the ampicillin selectable 

marker. Additionally, uncut pType IIs plasmids were also selected against due to the presence 

of the ccdB gene which is toxic to TOP10 E. coli cells and acts a negative selectable marker 

[134]. Clones were confirmed for the correct assembly by Sanger sequencing (Macrogen, 

South Korea) using primers GGF and GGR which are located just outside the cloning site on 

the pType IIs vector (Table 4.4). The Bcvic1KO-pType IIs, Bcvic2KO-pType IIs and 

Bcvic1/2KO-pType IIs plasmids were extracted according to the protocol described in 

Section 3.2.15 and used in downstream fungal transformation experiments as whole plasmids.  

 

Table 4.4 Primers for sequencing Golden Gate clones. 

Primer Sequence 5' to 3' 

GGF CAC GGA AAT GTT GAA TAC TCA TAC TC 

GGR GGG TTT CGC CAC CTC TGA CTT GAG C 

 

4.2.9 Creation of split marker knockout construct 

In order to maximize the efficiency of transformation, split marker gene knockout constructs 

were also generated for all of the knockout vectors (Figure 4.2B). The left and right flanks 

included a truncated fragment of the HPH cassette which overlapped. For all the knockout 

constructs, the 5.1 and HY-3 primers amplified the left arm of the construct and the YG-5 and 

3.2 primers amplified the right arm of the construct. Specifically, primer pairs SA1/SA9 and 

SA10/SA4 (ΔBcvic1); SA5/SA9 and SA10/SA8 (ΔBcvic2); SA1/SA9 and SA10/SA8 

(ΔBcvic1-ΔBcvic2), were used to amplify the 5’ and 3’ split marker fragments. Primer 

sequences are presented in Table 4.2 and Table 4.5. The DNA template for these reactions 

were the Bcvic1KO-pType IIs, Bcvic2KO-pType IIs and Bcvic1/2KO-pType IIs plasmids. 
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The split marker fragments were not cloned into a vector but instead used in downstream 

fungal transformations as purified PCR products. 

 

Table 4.5 Split marker primer sequences 

Primer Sequence 5' to 3' 

SA9 (HY-3) CTCCAGTCAATGACCGCTG 

SA10 (YG-5) GGGTAAATAGCTGCGCCGATG 

 

4.2.10 B. cinerea PEG mediated protoplast transformation 

The Bcvic1, Bcvic2 and Bcvic1-Bcvic2 knockout constructs were used in the polyethylene 

glycol (PEG) mediated protoplast transformation of 839-5 nit1 and 839-5 NitM isolates. The 

wild type 839-5 isolate was also transformed. However, due to the time it took to test the VI 

status of non-nit mutant transformants using the barrage test (3-4 weeks) compared with the 

nit mutant complementation test (10-14 d), those class of transformants were not pursued past 

the initial experiments and excluded from this study.  

The B. cinerea near isogenic vcg1 tester isolates, 839-5 nit1 and 839-5 NitM, were used for 

the PEG mediated protoplast transformation experiments according to the procedure 

described by ten Have et al. (1998) [135]. In brief, the isolates were grown on MEA and 

induced to sporulate as described in Section 2.2.3. The mature conidia were then harvested 

and used to inoculate 100 ml of PDB and allowed to germinate for 20 h in liquid culture at 

20°C, statically. After incubation, the fungal material was harvested by centrifugation and 

washed twice with in KC solution (0.6M KCl and 50 mM CaCl2). The fungal material was 

then treated with either 10 mg/ml Glucanex (Sigma Aldrich, St. Louis-discontinued) or 25 

mg/ml lysing enzymes from Trichoderma (Sigma Aldrich, St. Louis) for 2 hours with gentle 

shaking at 100 r.p.m. (Gallenkamp Rotary Incubator; Gallenkamp, UK) at 25°C. The 

preparation was checked every 30 min for the release of protoplasts. After the incubation 

period, the mixture was filtered through sterile glass wool to remove any hyphal fragments. 

The protoplasts were then centrifuged at 900 g and washed once with KC solution and re-

centrifuged to pellet the protoplasts. The protoplasts were counted with a haemocytometer 

and the concentration was adjusted to approximately 107/ml 
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A combination of either 30 µg of circular plasmid DNA or 2.5 µg of split marker PCR 

products was added to 50 µl of protoplasts in 0.6M KCl and 50 mM CaCl2 and 2.5 µl of 50 

mM spermidine (Sigma Aldrich, St. Louis) and then incubated on ice for 5 mins. Following 

the incubation step, 50 µl of 25% (w/v) PEG 3350 (Sigma Aldrich, St. Louis) in 10 mM Tris 

pH 7.4, 50 mM CaCl2 was added gently so as to not disrupt the fragile protoplasts. The 

mixture was then incubated at 20°C for 20 min after which an additional aliquot of 250 µl of 

PEG was added.  After a further incubation for 10 minutes at room temperature, the entire 

transformation mix was plated onto SH medium (0.6 M sucrose and 5 mM HEPES (N-2- 

hydroxyethylpiperazine-N′-2-ethanesulfonic acid) pH 6.5, 0.8% agar) and allowed to 

regenerate.  

The following day, the plates containing the transformed protoplasts were overlayed with 0.6% 

water agar amended with 70 µg/ml hygromycin B (Invitrogen). The transformation plates 

were monitored over 3-5 days for hygromycin resistant mycelia to emerge to the top of the 

agar plate. Hygromycin resistant colonies were then excised and transferred to MEA+Hyg100. 

To select for transformants that were mitotically stable, hyphal tips were excised and 

transferred to plates without selection and then subcultured back on to plates containing 

antibiotic selection.  
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4.2.11 Molecular screening of hygromycin resistant B. cinerea mutants 

The B. cinerea transformants were screened by PCR analysis. To confirm targeted left flank 

and right flank integration of the knockout constructs, primers were chosen outside of the 5’ 

and 3’ flanks and within the HPH cassette (Figure 4.5). The expected PCR product sizes for 

each of the primer pairs are listed in Table 4.6. To confirm the presence or absence of the wild 

type gene, primer pairs SA17/SA18 (384 bp) and SA19/SA20 (830 bp) were used and were 

specific to Bcvic1 and Bcvic2, respectively. Specific primer sequences are listed in Table 4.7. 

 

 

 

 

Figure 4.5 Primer map for screening hygromycin resistant transformants.  A, B and C represent integration of the 

ΔBcvic1, ΔBcvic2 and ΔΔBcvic1/2 knockout constructs, respectively. The arrows represent the relative position of the 

forward and reverse primers. 
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Table 4.6 Primers for screening hygromycin resistant transformants. 

Knockout construct 5' screen primers PCR product size (bp) 3' screen primers PCR product size (bp) 

ΔBcvic1 SA11/SA15 1489 SA16/SA12 1463 

ΔBcvic2 SA13/SA15 1356 SA16/SA14 841 

ΔΔBcvic1/2 SA11/SA15 1489 SA16/SA14 841 

 

 

Table 4.7 Primer sequences for screening hygromycin resistant transformants. 

 

 

 

 

 

 

4.2.12 Generation of homokaryon transformant lines 

B. cinerea transformations frequently result in heterokaryotic mutants containing a mixture 

of recombinant and wild type nuclei. To obtain homokaryon lines from the heterokaryotic 

transformants, single conidium isolations were performed. Conidia were serially diluted in 

dH20 and plated onto 0.6% water agar supplemented with 100 µg/ml hygromycin B and 

incubated overnight at 20°C. Dilution plates that contained a sufficiently low density of 

conidia, as assessed under the light microscope, were used for isolations. Approximately 25 

to 50 antibiotic resistant germlings were excised and transferred onto MEA plates containing 

100 µg/ml hygromycin B and allowed to grow at 20°C for 1 week and induced to sporulate. 

Mature conidia and mycelial fragments were harvested and stored as water cultures for further 

molecular analysis which included DNA extraction as described in Section 4.2.2 and PCR 

analysis to confirm the presence or absence of the native Bcvic1 and Bcvic2 genes as described 

in Section 4.2.11.  

Primer Sequence 5' to 3' 

SA11 ATA TTA CAC CTG CTC CCC TGG TGT ACA GTC GTT ACT GGT ATT CTC GGG 

SA12 CAG TTC CAC CTG CTG ACA TGC AGA AGT CGC AGA ATG AGA GGT 

SA13 ACT TGG CAC CTG CCA ATG CGA CTT GGA ATT AAT GTT GCA GAA C 

SA14 GAG AGA CAC CTG CAA GAA TGC CTA GAA AGG TGG GAA AGT ATC AGC 

SA15 AGGCAATTCATTGTTGACCTCC 

SA16 GTCCGAGGGCAAAGGAATAG 

SA17 GCAAACCAGGTGCAGGTAAAT 

SA18 AGCATCCTTGCATTATCATCA 

SA19 ATG GCA CAG TAC GGG TTA G 

SA20 GTC CTT GTC TGT TGC TTG TC 
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After a round of single spore isolations, if a homokaryon mutant line was not purified, 

indicated by the presence of the native gene by PCR analysis, another round of single spore 

isolations was undertaken to purify homokaryotic lines from the heterokaryotic isolates. As a 

general rule, the isolate which had the weakest PCR band intensity for the native gene was 

chosen for the sequential round of single-spore isolations in order to maximize the probability 

of obtaining a homokaryotic deletion line free of contaminating wild type nuclei. 

4.2.13 Single spore isolation from the HetΔΔBcvic1/2 and 839-1 vc 

interaction 

Conidial suspensions of hygromycin sensitive 839-1 nit1 mutants were paired with 

hygromycin resistant HetΔΔBcvic1/2 mutants on to MM+NO3+triton and incubated for 10 

days. The interacting strains produced a dense mycelial mat with long aerial conidiophores 

containing profuse conidia. A sterile inoculating loop was then wetted and used to gently 

brush the canopy of the interaction to obtain a sample of the conidia. Care was taken to avoid 

the lower portions of the culture containing the bulk of the mycelia. Although the majority of 

the dense mycelial mat would have consisted of nit1 and NitM complemented mutants, it was 

possible for a small proportion of uncomplemented nit mutants to produce weak and sparse 

hyphae which were to be avoided. The conidia was preferred over the mycelia as it was more 

likely that the conidia would be a product of nit1 and NitM mutants that had complemented 

each other. The conidia attached to the loop was then dislodged into a 1.5 ml Eppendorf tube 

containing 200 µl of sterile dH2O, serially diluted and then plated onto ½ PDA +Hyg100 for 

single spore isolation as described in Section 4.2.12.  

The conidial spread plates were inspected under the microscope after 16 hours. Care was 

taken to avoid ungerminated conidia as these were presumed to be hygromycin sensitive 839-

1 conidial homokaryons. The faster growing germlings were selected based on the assumption 

that conidia that were homokaryotic for the hygromycin resistant ΔΔBcvic1/2 mutant would 

grow faster than germlings that were heterokaryotic containing a mixture of deletion mutant 

and the hygromycin sensitive 839-1 genotype on selective plates amended with hygromycin 

B. Twenty-five germlings were excised and subcultured onto MEA+Hyg100 and incubated 

for 8 days until mature macroconidia had developed. The conidial samples that were viable 

were then harvested and analysed molecularly by PCR analysis. 
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The presence of the gene replacement construct was assessed by PCR using primers 

SA11/SA14 (Table 4.7) with an expected product size of around 3.5 kb. The presence of the 

Bcvic1-1/Bcvic2-1 vic alleles from 839-5 was assessed using primers cgene5F/cgene5R 

(Table 3.1) which was specific to the Bcvic1-1 allele and with the expected product size of 

1198 bp.  The presence of the Bcvic1-2/Bcvic2-2 vic alleles from 839-1 was assessed using 

primers icgene5F/icgene5R (Table 3.2) which was specific to the Bcvic1-2 allele an expected 

product size of 1239 bp. The absence of a band with either the cgene5F/R or icgene5F/R 

primers indicated a homokaryotic ΔΔBcvic1/2 mutant. The mating type alleles were also 

amplified as a control using primers MAT1F/R and MAT2F/R as described in Section 2.2.14 

to distinguish between the 839-1 and 839-5 background strain.  

4.2.14 Vegetative in/compatibility testing of transformants 

Vegetative compatibility tests were performed using the nit mutant complementation test 

described in Section 2.2.7. All of the knockout and complementation mutants were paired 

with vcg1 VI tester strain (839-5 nit1/NitM) and the vcg2 VI tester strain (839-1 nit1/NitM). 

The vegetative compatibility status of all transformants was tested concurrently with the 

molecular analyses described in Section 4.2.11.  

4.2.15 Creation of ectopic expression constructs (Complementation) 

Ectopic expression constructs were generated for the complementation of ΔBcvic2 and 

ΔΔBcvic1/2 deletion mutants. The complementation fragments of Bcvic1-1, Bcvic2-1 and 

Bcvic1-1/Bcvic2-1 (vcg1 alleles) including around 700 to 1000 bp of upstream and 

downstream sequences of the coding region were PCR amplified from B. cinerea 839-5. 

Similarly, complementation fragments containing the alternate vcg2 alelle, Bcvic1-2, Bcvic2-

2, Bcvic1-2/Bcvic2-2 including around 700 -1000 bp of upstream and downstream sequence 

were amplified from B. cinerea 839-1. The nourseothricin (NAT) selectable marker under the 

control of the Aspergillus nidulans trpC promoter was amplified from the pNAN-OCT vector 

[136] and was used as an alternative to HPH for complementation of the hygromycin resistant 

knockout mutants. The A. nidulans trpC (T:trpC) terminator was amplified from the pJK5 

vector and was used as the terminator for the NAT selectable marker. The AarI typeIIS 

restriction site was engineered into all primers to facilitate seamless ligation of all fragments 

for the construction of the complementation vectors using the Golden Gate assembly method. 
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PCR was performed using the Q5 high fidelity polymerase as described in Section 3.2.10. All 

of the PCR fragments were purified as described in Section 3.2.11 prior to the addition of A-

overhangs as described in Section 3.2.12. The fragments were then cloned into pCR-XL-

TOPO (Invitrogen) as described in Section 3.2.13 and transformed into E. coli TOP10 

chemically competent cells as described in Section 3.2.14. Kanamycin resistant E. coli 

transformants were selected for on LB plates amended with 50 µg/ml kanamycin. Plasmids 

were extracted as described in Section 3.2.15 and sequenced by Sanger sequencing using 

universal M13F/R primers (Macrogen, South Korea).  

4.2.16 Cloning Bcvic1-1, Bcvic1-2, Bcvic2-1 and Bcvic2-2 into pCR-XL-TOPO 

The coding sequence, upstream and downstream sequences for Bcvic1-1, Bcvic1-2, Bcvic2-1 

and Bcvic2-2 had previously been cloned into pCR-XL-TOPO and was described in Sections 

3.2.6, 3.2.7, 3.2.8 and 3.2.9.  

4.2.17 Cloning NAT, T:trpC, Bcvic1-1/Bcvic2-1 and Bcvic1-2/Bcvic2-2 into 

pCR-XL-TOPO 

The NAT gene was amplified using the SA21/SA22 primers (Table 4.8) using the pNAN-

OCT vector [136] as the template (Appendix 4) with an expected product size of 994 bp. The 

T:trpC terminator was amplified using primers SA23/SA24 (Table 4.8) using the pJK5 vector 

as the template with an expected product size of 720 bp. The Bcvic1-1/Bcvic2-1 gene 

including 1000 bp of upstream and downstream sequence was amplified using 

cgene1F/7cgene3R primers (Table 3.1) using 839-5 genomic DNA as the template with an 

expected product size of 8820 bp. The Bcvic1-2/Bcvic2-2 gene including 1000 bp of upstream 

and downstream sequence was amplified using icgene1F/7icgene3R primers (Table 3.2) using 

839-1 genomic DNA as the template with an expected product size of 9062 bp.  

 

Table 4.8 Primer sequences for NAT and T:trpC fragments. The AarI restriction site is underlined.  

Primer Sequence 5' to 3' 

SA21 AACCTCCACCTGCTTGGCCCTGATATTGAAGGAGCATTTTTTGGGC 

SA22 GAG AGA CAC CTG CAA CCT CGC GAT GCT TTG GTT TAG GGT TAG GG 

SA23 ACT TGG CAC CTG CCA ATG CGA ACT TAA CGT TAC TGA AAT CAT 

SA24 GAG AGA CAC CTG CAA GAA TGC TCT AGA AAG AAG GAT TAC CTC 
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4.2.18 Golden Gate assembly of ectopic expression complementation 

vectors 

The plasmids that were used in the Golden Gate assembly for each of the constructs are listed 

in Table 4.9. For the assembly, all of the pCR-XL-TOPO cloned fragments for each of 

complementation constructs listed in Table 4.9 and the pType IIs vector were added to 200 µl 

PCR tubes in equimolar ratios. An aliquot of 10 µl of GeneArt AarI enzyme mix (Invitrogen) 

was added to all of the reaction tubes. The PCR tubes were incubated in a Mastercycler 

gradient thermocycler (Eppendorf) under the following conditions, 30 cycles of: 1 min at 

37°C followed by 1 min at 16°C, and a final hold at 4°C. A 2 µl aliquot of the ligation mixture 

was then used to transform TOP10 chemically competent E. coli cells as described in Section 

3.2.14. Ampicillin resistant E. coli transformants were selected by plating on to LB plates 

supplemented with 100 µg/ml of Ampicillin. The plasmids were extracted according to the 

protocol described in Section 3.2.15 and used in downstream fungal transformation 

experiments.  

Table 4.9 Plasmids used for assembling complementation constructs. 

Bcvic1-1 Bcvic1-2 Bcvic2-1 Bcvic2-2 Bcvic1-1/Bcvic2-1 Bcvic1-2/Bcvic2-2 

cgene1-XL-TOPO icgene1-XL-TOPO 7cgene1-XL-TOPO 7icgene1-XL-TOPO Bcvic1-1/Bcvic2-1-XL-TOPO 
Bcvic1-2/Bcvic2-2-XL-
TOPO 

cgene2-XL-TOPO icgene2-XL-TOPO 7cgene2-XL-TOPO 7icgene2-XL-TOPO NAT-XL-TOPO NAT-XL-TOPO 

cgene3-XL-TOPO icgene3-XL-TOPO 7cgene3-XL-TOPO 7icgene3-XL-TOPO T:trpC-XL-TOPO T:trpC-XL-TOPO 

cgene4-XL-TOPO icgene4-XL-TOPO NAT-XL-TOPO NAT-XL-TOPO pType IIs pType IIs 

cgene5-XL-TOPO icgene5-XL-TOPO T:trpC-XL-TOPO T:trpC-XL-TOPO     

cgene6-XL-TOPO icgene6-XL-TOPO pType IIs pType IIs     

NAT-XL-TOPO NAT-XL-TOPO         

T:trpC-XL-TOPO T:trpC-XL-TOPO         

pType IIs pType IIs         

 

The pType IIs complementation plasmids were checked for correct assembly by Sanger 

sequencing (Macrogen, South Korea). For the Bcvic1-1-pType IIs plasmid, the GGF primer 

(Table 4.4) was used to confirm the ligation of pTypeII-cgene1 fragment and the GGR primer 

(Table 4.4) to confirm the ligation of ptypeII-T:trpC-NAT1 fragments (refer to Appendix 6). 

In order to confirm the correct ligation of the remaining cgene2-cgene3-cgene4-cgene5-

cgene6-NAT1 fragments, PCR was performed with primers to amplify gene fragments that 

spanned the ligated fragments (Table 4.10). This strategy was also used to confirm the 
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assembly of the Bcvic1-2 pType IIs fragments (icgene2-icgene3-icgene4-icgene5-icgene6-

NAT) (Table 4.10). The primers used and expected PCR band sizes are listed in Table 4.10. 

Table 4.10 Primers to confirm ligation of the Bcvic1 complementation constructs. 

Target region Primers PCR product size (bp) Primer sequence reference 

cgene1-cgene2 cgene1F/cgene2R 2170 Table 3.1 

cgene2-cgene3 cgene2F/cgene3R 2119 Table 3.1 

cgene3-cgene4 cgene3F/cgene4R 2121 Table 3.1 

cgene4-cgene5 cgene4F/cgene5R 2331 Table 3.1 

cgene5-cgene6 cgene5F/cgene6R 2218 Table 3.1 

cgene6-NAT cgene6F/SA22 2014 Table 3.1 & Table 4.8 

     

icgene1-icgene2 icgene1F/icgene2R 2172 Table 3.2 

icgene2-icgene3 icgene2F/icgene3R 2277 Table 3.2 

icgene3-icgene4 icgene3F/icgene4R 2142 Table 3.2 

icgene4-icgene5 icgene4F/icgene5R 2235 Table 3.2 

icgene5-icgene6 icgene5F/icgene6R 2223 Table 3.2 

icgene6-NAT icgene6F/SA22 1978 Table 3.2 & Table 4.8 

 

4.2.19 PCR amplification of linear complementation constructs 

In addition to the circular plasmid complementation products, linear complementation 

constructs were also generated by PCR amplification. The template for the linear constructs 

were the appropriate pType IIs plasmid: Bcvic1-1-pType IIs, Bcvic1-2-pType IIs, Bcvic2-1-

pType IIs, Bcvic2-2-pType IIs, Bcvic1-1/Bcvic2-1-pType IIs and Bcvic1-2/Bcvic2-2 pType 

IIs. The primers used to amplify the complementation constructs and the expected product 

sizes are listed in Table 4.11. The Q5 high fidelity polymerase was used for all PCR reactions 

as described in Section 3.2.10. In order to generate a large amount of PCR product required 

for the fungal transformations, two 50 µl PCR reactions were performed for each construct 

and pooled prior to clean up using the appropriate PCR clean up kit.  

Table 4.11 Primers for amplifying linear complementation constructs. 

Template Primers PCR product size (bp) Primer sequence reference 

Bcvic1-1-pType IIs cgene1F/SA24 8110 Table 3.1 & Table 4.8 

Bcvic1-2-pType Iis icgene1F/SA24 8139 Table 3.2 & Table 4.8 

Bcvic2-1-pType Iis 7cgene1F/SA24 4634 Table 3.3 & Table 4.8 

Bcvic2-2-pType IIs 7icgene1F/SA24 4878 Table 3.3 & Table 4.8 

Bcvic1-1/Bcvic2-1-pType IIs cgene1F/SA24 10542 Table 3.1 & Table 4.8 

Bcvic1-2/Bcvic2-2 pType IIs icgene1F/SA24 10785 Table 3.2 & Table 4.8 
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4.2.20 PEG mediated transformation of of ΔBcvic2 and ΔΔBcvic1/2 mutants  

The PEG mediated transformation protocol described in Section 4.2.20 was amended due to 

the slow growth rate and melanised nature of the ΔBcvic2 and ΔΔBcvic1/2 knockout mutants. 

In order to maximize the amount of fungal mass available for generating protoplasts, a loopful 

of crushed mycelia was spread over 90 mm petri plates containing MEA+Hyg100 and 

incubated for 30 days until the plates were covered with a large amount of melanised aerial 

conidiophores. The melanised aerial structures were then wetted and scraped off using an L 

shaped spreader.  

The melanised fungal material was then crushed using a micropestle and used to inoculate 50 

ml of PDB+Hyg100 and incubated statically for 5 days at RT and monitored daily for new 

hyphal growth using a light microscope. Following the incubation period, the macerated 

fungal material was harvested and treated with lysing enzymes for the generation of 

protoplasts as described in Section 4.2.10.  

Protoplasts were transformed with the complementation constructs, either 30-50 µg of the 

circular plasmid or 2.5µg of the purified linear PCR product, and allowed to regenerate on 

SH media. To account for the slow growing nature of the ΔBcvic2 and ΔΔBcvic1/2 mutants, 

the regeneration period was extended to 30 hours before overlaying with the nourseothricin 

selective media (MEA+NAT100). Nourseothricin resistant transformants were excised and 

subcultured onto MEA +NAT100.   

Vegetative incompatibility testing was performed on the ΔΔBcvic1/2 + Bcvic1-1/Bcvic2-1 

and ΔΔBcvic1/2 + Bcvic1-2/Bcvic2-2 complementation mutants as described in Sections 

4.2.14 and 2.2.7. 
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4.3 Results 

4.3.1 Cloning gene knockout PCR fragments into pCR-XL-TOPO 

Bcvic1 LF, Bcvic1 RF, Bcvic2 LF, Bcvic2 RF and the HPH fragments were cloned into pCR-

XL-TOPO. Sanger sequencing of the clones confirmed that the fragments were present in the 

plasmids and that there were no sequence errors (Figure 4.6).  

 

 

 

 

 

Figure 4.6 Sequence alignment of gene knockout fragments from pCR-XL-TOPO clones. pCR-XL-TOPO clones were 

Sanger sequenced using the M13F and M13R universal primers which were situated outside of the cloning site. The 

sequences were mapped to a reference sequence, A and B, HPH and 839-5 vic locus, respectively. The black lines indicate 

100% sequence identity and the above blue shading represents the sequence chromatogram graph. 32; hph-pCR-XL-TOPO, 

41; Bcvic1LF-pCR-XL-TOPO, 52; Bcvic1RF-pCR-XL-TOPO, 11; Bcvic2LF-pCR-XL-TOPO and 21; Bcvic2RF-pCR-XL-

TOPO. The numbers on top of the gene fragments indicate nucleotide position. 

A 

B 
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4.3.2 Golden Gate assembly of Bcvic1KO-pTYPEIIs, Bcvic2KO-pTYPEIIs and 

Bcvic1/2KO-pTYPEIIs 

The Bcvic1KO-pTYPEIIs, Bcvic2KO-pTYPEIIs and Bcvic1/2KO-pTYPEIIs plasmids were 

assembled using the Golden Gate assembly method. Sanger sequencing confirmed that the 

plasmids contained the knockout fragments and that they were ligated in the correct 

orientation (Figure 4.7). The entire construct was not sequenced as the individual fragments 

that had been cloned into pCR-XL-TOPO had already been fully sequenced and confirmed to 

be free of sequence errors (Section 4.3.1). Sanger sequencing with the GGF and GGR primers 

spanned the LF and RF of the construct as well as the boundary between the flanks and the 

HPH cassette thereby confirming the correct orientation of ligation for all the fragments 

(Figure 4.7). 

 

 

 

 

 

 

Figure 4.7 Sequence alignment of the pType IIs gene knockout construct clones. A, B and C, Bcvic1KO, Bcvic2KO and 

Bcvic1/2KO pType IIs clones were Sanger sequenced using the GGF and GGR primers which were situated outside of the 

cloning site. The sequences were mapped to a reference sequence. The black lines indicate 100% sequence identity and the 

above blue shading represents the sequence chromatogram graph. The coverage of the alignment is indicated by the top blue 

graph and the numbers indicate the nucleotide position of the sequence alignment. 

A 

C 

B 
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4.3.3 Generation of Bcvic1, Bcvic2 and Bcvic1/Bcvic2 knockout mutants in B. 

cinerea 

Three independent transformation experiments using a combination of circular plasmid and 

linear split marker PCR fragments were performed to obtain the required number of 

hygromycin resistant transformants for further molecular analysis. For each gene replacement 

construct, an excess of 50 independent hygromycin resistant transformants were excised from 

the selective transformation plates and sub-cultured on to MEA+Hyg100 plates. The 

recombinants displayed a variety of growth phenotypes ranging from normal growth and 

sporulation to sparse, wispy and slow growth. Although fungal transformants were randomly 

selected for sub-culture, a possible bias against this approach could be that slow growing 

transformants may have been underrepresented due to the overgrowth of faster growing 

colonies.  

Following the assessment of mitotic stability, a small proportion of transformants were found 

to be non-viable and therefore removed from the study. The remaining transformants were 

retained for downstream analyses.  

The vcg tester isolates were transformed with the HPH ectopic expression construct as a 

control. The transformation efficiency of the non-targeted hygromycin resistance ectopic 

expression construct was markedly low in contrast to the targeted gene replacement constructs. 

Nevertheless, three independent mitotically stable hygromycin resistant 839-5 and 839-1 nit 

tester isolates were selected for downstream analyses.  

4.3.4 PCR screening for targeted construct integration and absence of native 

gene. 

The transformants were initially screened by PCR analysis to verify right flank (5’) and left 

flank (3’) homologous recombination and secondly, to confirm absence of the native gene by 

gene replacement (Figure 4.8). At the 5’ flank, PCR results indicated the presence or absence 

of the expected 1.5 kb recombinant fragment. Similarly, at the 3’ flank, PCR results indicated 

the presence or absence of either the expected 1.5 kb (Bcvic1) or 841 bp (Bcvic2 and 

Bcvic1/2) recombinant fragment.  
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There was high efficiency of targeted integration with only 13% of recombinants displaying 

ectopic integration of the gene replacement constructs. Ectopic integration is indicated in 

transformant 8202 by the absence of bands at both 5’ and 3’ flanks (Figure 4.8 A). Although 

the frequency of targeted integration was shown to be high, a proportion of these were at a 

single flank as indicated in the PCR results for transformant 8303 which shows the presence 

of a 1.5 kb band at the 5’ left flank and absence of a band at the 3’ right flank. (Figure 4.8 B). 

Both ectopic and single flank integration transformants were removed from the analyses.  

The remaining transformants tested positive for homologous recombination at both 5’ and 3’ 

flanks. However, none of these recombinants displayed absence of the native gene by gene 

replacement. The PCR results for the Bcvic1 and Bcvic1/2 transformants showed the presence 

of a band around 400 bp specific to Bcvic1 (Figure 4.8 E and F) and for the Bcvic2 

transformants, an 800 bp band specific to Bcvic2 (Figure 4.8 D). These results indicated that 

the recombinants were heterokaryotic with the wildtype allele and required single spore 

isolation for purification. 

In order to further select a subset of transformants that had a high transgene to wild type gene 

ratio, a crude analysis based on PCR band intensity was undertaken. 

Out of the transformants that tested positive for double homologous recombination, a 

proportion showed disproportionate 5’ and 3’ band intensity e.g. transformants 8203, 8305, 

8314 and 3112 (Figure 4.8 A, B, C) Transformants that had the strongest band intensity for 

double homologous recombination and concurrently the weakest for the native gene such as 

in transformants 8201 and 3110 were favoured for downstream analyses (Figure 4.8 D and 

F). In cases where there was weak evidence of reduced band intensity for the native gene such 

as that for 8305, 8311 and 8314 (Figure 4.8 E), transformants that had strong band intensity 

at both flanks were preferred, such as that for transformant 8311. Transformants 8305 and 

8314, which had weaker band intensities at either the left flank or right flank, respectively, 

were avoided. Using this method of subtraction, three independent knockout mutants were 

selected and characterised in detail at the molecular level for Bcvic1 and Bcvic1-Bcvic2, and 

two for Bcvic2. 
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Figure 4.8 PCR screen of gene knockout mutants.  A,B,C, homologous recombination at the 5’ and 3’ flanks in a subset 

of independent Bcvic2, Bcvic1/Bcvic2 and Bcvic1 recombinants, respectively. D, E, F, detection of the native Bcvic2 and 

Bcvic1 genes in B. cinerea Bcvic2, Bcvic1/Bcvic2 and Bcvic1 recombinants, respectively. 
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4.3.5 Generation of homokaryon Bcvic1 knockout mutant lines 

All of the hygromycin resistant transformants were heterokaryotic with both wild type and 

transformed nuclei. To generate homokaryon knockout lines, the heterokaryotic knockout 

mutants were purified by single-spore isolation. Due to the multinucleate nature of the 

Botrytis cinerea conidium, a large number of isolations (25-50) were performed to obtain the 

homokaryotic genotype of interest. Conidia that germinated and grew robustly on 

MEA+Hyg100 were typically favoured (Figure 4.9 C) to select against heterokaryotic conidia 

containing a large proportion of hygromycin sensitive wild type nuclei (Figure 4.9 B). 

Although a few of the slower growing germlings were selected for a more comprehensive 

analysis, care was taken to avoid ungerminated conidia (Figure 4.9 A) as these were likely to 

be of the homokaryotic hygromycin sensitive wild type genotype. 

One round of single-spore isolation was sufficient to purify a homokaryotic ΔBcvic1 mutant. 

The majority of the single-spore isolates were homokaryotic; with only 11 out of 75 which 

tested positive for the presence of Bcvic1 indicated by a faint PCR band on an agarose gel 

(data not shown).  To ensure homokaryosis, a sequential round of single spore isolations 

(n=15) was conducted on a transformant that was PCR negative for Bcvic1. No ungerminated 

conidia or slow growing germlings were detected microscopically. PCR analysis indicated 

absence of the Bcvic1 wild type allele in all of the second round single-spore isolates (data 

not shown). 

 

 

 

 

 

 

Figure 4.9 Schematic representation of heterokaryotic ΔBcvic1 germlings. A, hygromycin sensitive ungerminated 

conidia. B, slow growing germlings. C, fast growing germlings. 
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4.3.6 Difficulty in obtaining ΔBcvic2 and ΔΔBcvic1/2 homokaryon knockout 

lines 

In contrast to the ease with which homokaryotic ΔBcvic1 mutants were obtained, the isolation 

of homokaryotic ΔBcvic2 and ΔΔBcvic1/2 mutants proved much more elusive. Visual 

inspection of the germinating ΔBcvic2 and ΔΔBcvic1/2 mutants microscopically revealed a 

larger proportion of slower growing germlings compared to the ΔBcvic1 mutants. 

Nevertheless, 25-50 of the relatively faster growing germlings were isolated and molecularly 

analysed. Of the isolates analysed, 5% did not grow and were discarded from the study. The 

PCR results of the viable isolates showed that all of the ΔBcvic2 and ΔΔBcvic1/2 single-spore 

transformants were positive for the presence of the native gene (data not shown). Some of the 

transformants showed weaker PCR band intensity for the native gene which could have been 

due either to a decrease in the ratio of wild type target gene template in the heterokaryotic 

isolate or a PCR artefact due to unequal loading of template.  

Despite four rounds of sequential single-spore isolations, no ΔBcvic2 and ΔΔBcvic1/2 

homokaryotic transformants were isolated. A summary of the PCR results for all the knockout 

mutants is presented in Figure 4.10. Due to this initial inability of purifying ΔBcvic2 and 

ΔΔBcvic1/2 homokaryon lines, the vegetative compatibility tests were performed on the 

ΔBcvic1 mutants and the heterokaryotic HetΔBcvic2 and HetΔΔBcvic1/2 mutants. 
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Figure 4.10 Knockout by targeted gene replacement. A, organization of Bcvic1 and Bcvic2 genes before and after 

homologous recombination in the 839-5 background strain. Orientation of the target gene and HPH are indicated by white 

and grey arrows, respectively. Upstream and downstream flanks of target genes are shown as boxes with dashed lines. B, 

PCR analysis of background WT isolate 839-5 and knockout mutant transformants. The genomic DNA of each strain was 

used to verify 5’ and 3’ homologous recombination, presence of the HPH cassette, absence of the targeted genes in ΔBcvic1 

mutants and presence of the targeted genes in the heterokaryotic ΔBcvic2 and ΔΔBcvic1/2 mutants, respectively. 
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4.3.7 Deletion of Bcvic1 does not affect vegetative compatibility with 839-5 

or incompatibility with 839-1 

Vegetative incompatibility tests were performed on three independent ΔBcvic1 mutants 

(Figure 4.11). ΔBcvic1-i and ΔBcvic1-ii were knockout mutants in the 839-5 nit1 background 

whereas ΔBcvic1-iii was created in the 839-5 NitM background.  The nit mutant 

complementation tests showed that none of the ΔBcvic1 mutants displayed any change in vc 

phenotype compared to the background 839-5 strain. All of the mutants displayed vegetative 

compatibility with 839-5 and incompatibility when paired with 839-1. Three replications of 

the complementation experiments confirmed that the heterokaryon formation ability of the 

ΔBcvic1 mutants were identical to the background 839-5 strain, indicating that the deletion of 

ΔBcvic1 alone had no effect on vegetative incompatibility. 

 

 

 

 

 

Figure 4.11 ΔBcvic1 vc phenotype.  Schematic of the nit mutant complementation vc results for the ΔBcvic1 mutants. All 

of the mutants were created in the 839-5 (vcg1) background and paired with both the 839-5 (vcg1) and 839-1 (vcg2) nit 

mutant tester strains. Green and uncoloured circles represent complementation and no complementation, respectively. 
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4.3.8 Vegetative compatibility testing of heterokaryotic ΔBcvic2 mutants 

Vegetative incompatibility tests were performed on two heterokaryotic ΔBcvic2 mutants 

created in the 839-5 background. The HetΔBcvic2-i mutant was heterokaryotic and consisted 

of the ΔBcvic2 mutant and 839-5 NitM background genotypes. HetΔBcvic2-ii consisted of 

ΔBcvic2 mutant with the 839-5 nit1 background strain. Despite multiple rounds of single-

spore isolation, homokaryotic lines of ΔBcvic2 mutants were not isolated. Nevertheless, 

vegetative compatibility testing of over 200 heterokaryotic single-spore transformants 

including HetΔBcvic2-i and HetΔBcvic2-ii was performed concurrently with the molecular 

PCR screening analysis.  

None of the HetΔBcvic2 mutants displayed any change in vc phenotype. All of the mutants 

displayed vegetative compatibility with 839-5 and incompatibility when paired with 839-1 

(Figure 4.12). Three replications of the HetΔBcvic2-i and HetΔBcvic2-ii complementation 

experiments confirmed that vegetative compatibility of these heterokaryotic mutants were 

identical to the background 839-5 strain. However, based on these results, firm conclusions 

could not be derived regarding the effect of Bcvic2 on vegetative incompatibility due to the 

presence of the WT Bcvic2 allele present in the heterokaryotic HetΔBcvic2 mutants. 

 

 

  

 

 

 

  

 

 

 

 

Figure 4.12 HetΔBcvic2 vc phenotype. Schematic representation of the nit mutant complementation vc results for the 

HetΔBcvic2 mutants. All of the mutants were created in the 839-5 (vcg1) background and paired with both the 839-5 (vcg1) 

and 839-1 (vcg2) nit mutant tester strains. Green and uncoloured circles represent complementation and no complementation, 

respectively. 
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4.3.9 Heterokaryotic ΔΔBcvic1/2 mutants display a loss of vegetative 

incompatibility phenotype 

Vegetative incompatibility tests were performed on three independent heterokaryotic 

ΔΔBcvic1/2 mutants created in the 839-5 background. The HetΔΔBcvic1/2-i mutant was 

heterokaryotic and consisted of the ΔΔBcvic1/2 mutant and 839-5 NitM background 

genotypes. The HetΔΔBcvic1/2-ii and HetΔΔBcvic1/2-iii mutants were both heterokaryotic 

with the 839-5 nit1 background strain.  

All of the HetΔΔBcvic1/2 mutants displayed a change in vc phenotype. The double knockout 

transformants were able to form a compatible pairing with the background 839-5 (vcg1) tester. 

However, when paired with the incompatible 839-1 (vcg2) tester, all three HetΔΔBcvic1/2 

mutants were able to complement and form heterokaryons with the previously incompatible 

vcg2 tester strain as shown in the photo in Figure 4.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 HetΔΔBcvic1/2 vc phenotype. Nit mutant complementation vc results for the HetΔΔBcvic1/2 mutants. All of 

the mutants were created in the 839-5 (vcg1) background and paired with both the 839-5 (vcg1) and 839-1 (vcg2) nit mutant 

tester strains. Green and uncoloured circles represent complementation and no complementation, respectively.  
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4.3.10 Summary 

The deletion of Bcvic1 alone did not affect VI, however, the deletion of both Bcvic1/Bcvic2 

from 839-5 resulted in a loss of VI when paired with 839-1. However, it was not possible to 

conclude whether both Bcvic1/Bcvic2 was required for the phenotype or whether only Bcvic2 

was involved as the knockout mutants were heterokayotic with the wild type alleles. To 

elucidate these confounding results, it was imperative to obtain homokaryon lines of the 

ΔBcvic2 mutants.  

It was however interesting that the loss of VI phenotype in the HetΔΔBcvic1/2 and 839-1 

interaction was seen even in the presence of the wild type Bcvic1/Bcvic2 allele present in the 

heterokaryotic ΔΔBcvic1/2 mutant. Since HetΔΔBcvic1/2 consisted of both the background 

839-5 NitM and ΔΔBcvic1/2 genotypes, and it has been established that 839-1and 839-5 were 

not compatible with each other, it was then hypothesized that only the ΔΔBcvic1/2 genotype 

within the HetΔΔBcvic1/2  heterokaryon was capable of forming a compatible interaction with 

839-1. 

The preceding results raise a couple of interesting questions, and are explored further in the 

next section. 

1. What are the genotypes within the heterokaryotic ΔΔBcvic1/2 mutants that are 

interacting with 839-1, and is it possible to enrich for the homokaryotic mutant by 

dissecting this interaction?  

2. What is causing the difficulty in obtaining homokaryotic ΔBcvic2 and ΔΔBcvic1/2 

mutants in contrast to the relative ease with which the ΔBcvic1 deletion mutants 

were generated? 
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4.3.11 Genotypes involved in the HetΔΔBcvic1/2 and 839-1 vc interaction 

In order to, firstly, elucidate the determinants of the HetΔΔBcvic1/2 and 839-1 interaction 

(Figure 4.14), and secondly, further enrich for the homokaryotic ΔΔBcvic1/2 mutant using an 

alternative strategy, single conidial isolates produced by the interacting HetΔΔBcvic1/2 and 

839-1 strains were analysed.   

 

 

 

 

 

 

 

Figure 4.14 vc interaction between HetΔΔBcvic1/1 and 839-1. The black square highlights the interaction of interest. 

 

The genotypes present in the HetΔΔBcvic1/2 and 839-1 interaction are listed in Table 4.12. 

In order to enrich for the ΔΔBcvic1/2 mutant, the differences in nitrate utilization and 

hygromycin resistance markers in the three genotypes were exploited. Hygromycin sensitive 

839-1 nit1 strains were used so that they could be selected against at a later stage in favour 

for the homokaryotic ΔΔBcvic1/2 mutant. 

 

Table 4.12 Genotypes involved in the interaction between HetΔΔBcvic1/2 and 839-1. 

Haplotype Strain Nit genotype Hygromycin R/S vic allele Mating type 

Het ΔΔBcvic1/2 839-5 nitM HygR/S Bcvic1-1/Bcvic2-1 Mat1-2 

 839-5 ΔΔBcvic1/2 nitM HygR n/a Mat1-2 

839-1 839-1 nit1 HygS Bcvic1-2/Bcvic2-2 Mat1-1 
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Figure 4.15 Schematic representation of HetΔΔBcvic1/2 + 839-1 interaction spread plate.. Conidia harvested from the 

839-1 nit1 and HetΔΔBcvic1/2 interaction spread on a petri plate containing MEA+Hyg100. A, Ungerminated conidia. B, 

slow growing germlings. C, Fast growing germlings. 

 

After 16 hours of incubation, inspection of the conidial spread plates under the microscope 

showed that were inspected under the microscope showed that a large proportion of the 

conidia remained ungerminated (Figure 4.15). These were presumed to be hygromycin 

sensitive 839-1 conidial homokaryons. There was also a mixture of slow and fast growing 

germlings at an approximate ratio of 4:1. The faster growing germlings were selected based 

on the assumption that conidia that were homokaryotic for the hygromycin resistant 

ΔΔBcvic1/2 mutant would grow faster than germlings that were heterokaryotic containing a 

mixture of deletion mutant and the hygromycin sensitive 839-1 genotype.  

Four out of twenty-five isolates did not grow and were excluded from the analysis. All of the 

single spore isolates tested positive for targeted integration of the gene replacement construct 

indicated by the presence of the expected 3.5 kb PCR band (Figure 4.16 A). Interestingly, all 

of the isolates tested negative for the Bcvic1-1/Bcvic2-1 vic alleles from 839-5 (Figure 4.16 

B); indicating successful purification from the contaminating 839-5 NitM genotype (Figure 

4.16 A and B). However, equally interesting, all of the isolates tested positive for the presence 

of the Bcvic1-2/Bcvic2-2 vic alleles from 839-1 indicated by the presence of the 1.2 kb PCR 

band (Figure 4.16 C). None of the isolates were homokaryotic for the ΔΔBcvic1/2 mutant. 

PCR analysis confirmed that the single spore isolates contain both MAT1 and MAT2 alleles 

suggesting that ΔΔBcvic1/2 mutant and 839-1 genotypes were both present within the conidial 

heterokaryon (data not shown). This result was further confirmed by inoculating the single 

spore isolates onto MM+NO3+Triton+Hyg100 with no overlay (Figure 4.17). All of the 



140 

 

isolates scored positive for dense growth, indicating the presence of both nit1 and NitM 

genotypes within the conidial heterokaryon. These results provide evidence that the 839-

5ΔΔBcvic1/2 mutant nuclei are able to coexist with the previously incompatible 839-1 nuclei 

within a conidial heterokaryon.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 PCR analysis of three single-spore isolates from the HetΔΔBcvic1/2 + 839-1 complementation interaction. 
Three single spore isolates (ss-1, ss-2 and ss-3), the 839-5 and 839-1 vic tester strains and HetΔΔBcvic1/2 were analysed for, 

A, the presence of the gene replacement construct, B, the presence of the Bcvic1-1/Bcvic2-1 vic allele from 839-5 and C, the 

presence of the Bcvic1-2/Bcvic2-2 vic allele from 839-1. The first and last lane of each agarose gel displays the 1kb+ marker 

and negative template control, respectively. 

A B 

C 
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Figure 4.17 Growth of single spore isolates from the HetΔΔBcvic1/2 + 839-1 complementation interaction. Spore 

suspensions of twenty-one random single spore isolates were inoculated onto MM+NO3+Triton+Hyg100 with no overlay, 

showing dense growth at 2 weeks post inoculation. 

 

4.3.12 Identification of homokaryotic ΔBcvic2 and ΔΔBcvic1/2 knockout 

mutants 

The difficulty of obtaining homokaryotic lines of ΔBcvic2 and ΔΔBcvic1/2 mutants from their 

respective heterokaryotic cultures was reported in Section 4.3.6. This was in contrast to the 

relative ease with which ΔBcvic1 mutants were purified, despite multiple rounds of single 

spore isolation. It was initially hypothesised that this recalcitrance was possibly due to a low 

transgene to wild type gene ratio within the HetΔBcvic2 and HetΔΔBcvic1/2 heterokaryotic 

cultures. However, as reported in Section 4.3.11, despite attempts to enrich for and purify the 

homokaryotic ΔΔBcvic1/2 mutant nuclei from the HetΔΔBcvic1/2 and 839-1 interaction by 

single spore isolation, all of isolates were heterokaryotic with the alternate 839-1 genotype. 

Based on this recalcitrant heterokaryotic state of the ΔBcvic2 and ΔΔBcvic1/2 deletion 

mutants, it was further hypothesised that the Bcvic2 gene might be essential or required for 

normal growth. 

Based on this hypothesis, the single spore isolation strategy for the HetΔBcvic2 and 

HetΔΔBcvic1/2 heterokaryotic cultures was amended. Previously, single spore isolates were 

chosen based on the presumption that conidia that were homokaryotic for the hygromycin 

resistant construct would grow faster than conidia that were heterokaryotic with the 

hygromycin sensitive wild type strains when plated on HygromycinB selective plates. 

However, if the Bcvic2 gene was indeed essential or required for normal growth, a reversal of 

the assumption was warranted; the homokaryotic hygromycin resistant mutant would grow 

abnormally slower than the heterokaryotic germlings or display a lethal phenotype. Based on 

these renewed variables, the single spore isolations for the HetΔBcvic2, HetΔΔBcvic1/2 and 
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the enriched HetΔΔBcvic1/2 +839-1 cultures were repeated, favouring slow growing 

germlings with abnormal morphologies.  

Examination of the conidial spread plates under the dissecting microscope 16 h post 

incubation revealed a mix of fast and slow growing germlings as previously reported. 

HetΔBcvic2, HetΔΔBcvic1/2 had a smaller proportion of slow growing germlings in contrast 

to HetΔΔBcvic1/2 +839-1, indicating at the minimum, that this interaction enriches for slow 

growing germlings.  

Microscopic and macroscopic analysis revealed a vast difference in morphology between the 

fast and slow growing isolates which was consistent in both HetΔBcvic2 and HetΔΔBcvic1/2 

cultures. At 30 h post incubation, the fast growing (F) germlings had elongated and branching 

hyphae that had grown ten times the size of the slow growing (S) germlings (Figure 4.18A 

and B). S germlings had atypical dwarf-like hyphae that appear engorged with shorter 

intertwined branches (Figure 4.18C and D). At 4 d post isolation, F isolates had established a 

typical thin white interbranching mycelium over a third of the plate in contrast to the S 

isolates, which formed a dark 1 mm constricted colony (Figure 4.19A and B). At 14 d post 

isolation, the F isolate had colonised the entire plate with profuse sporulation, in contrast to 

the constricted S colony (Figure 4.19C and D). 
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Figure 4.18 Germination of HetΔBcvic2 and HetΔΔBcvic1/2 conidia. Conidia were plated on ½ PDA+Hyg100. Image taken at  30 h post incubation. A and B, fast growing germlings from 

HetΔBcvic2 and HetΔΔBcvic1/2 cultures, respectively. C and D, slow growing germlings from HetΔBcvic2 and HetΔΔBcvic1/2 cultures, respectively. Arrows point to the conidium and the terminal 

germtube. Scale bar is 100 µM.
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Figure 4.19 Growth comparison between fast and slow growing HetΔΔBcvic1/2 single spore isolates. Isolates were 

subcultured onto 60mm petri plates containing MEA+Hyg100. A and B, fast growing and slow growing isolate 4 days post 

isolation, respectively. The black circle represents the size of the thin branching colony and the arrow points to the dark 

concentrated colony. C and D, fast growing and slow growing isolate 14 days post isolation, respectively. 
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4.3.13 Molecular analysis of ΔBcvic2 and ΔΔBcvic1/2 mutant S isolates 

The ΔBcvic2 and ΔΔBcvic1/2 mutant S isolates were then analysed by PCR for genotype 

determination. A small 1 mm2 piece of fungal material was excised from the S isolates for 

genomic DNA extraction. As the fungal material was quite hard and difficult to cut through, 

homogenization times were increased accordingly by 2 minutes.  

The ΔΔBcvic1/2 slow growing isolate was analysed for the presence of the hygromycin 

resistance gene and either presence of the Bcvic1-1/Bcvic2-1 vic alleles from 839-5 or the 

Bcvic1-2/Bcvic2-2 vic alleles from 839-1 or absence of the vic alleles indicating a 

homokaryotic ΔΔBcvic1/2 mutant. The mating type alleles were also amplified as a control to 

distinguish between the 839-1 and 839-5 background strain. The PCR results confirm that the 

Bcvic1/Bcvic2 genes were absent from the S isolate indicating the successful isolation of the 

homokaryotic ΔΔBcvic1/2 deletion mutant (Figure 4.20). Similarly, PCR results confirm that 

the ΔBcvic2 slow growing single spore isolate was deficient of the Bcvic2 gene indicating that 

it is a homokaryotic ΔBcvic2 deletion mutant (Figure 4.21). 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 PCR analysis of slow growing HetΔΔBcvic1/2 single spore isolate. 
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Figure 4.21 Growth morphology and PCR analysis of fast and slow growing HetΔBcvic2 single spore isolates. A and 

B, fast growing isolate. C and D, slow growing isolate. 
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4.3.14 Deletion of Bcvic2 results in abnormal hyphal growth in B. cinerea 

Deletion of the Bcvic2 gene caused a major morphological effect on fungal colony formation. 

This effect was compensated for in the heterokaryotic state when the wild type Bcvic2 gene 

was present (Figure 4.22A and B). Microscopic analysis of the mutants at 3 d post inoculation 

showed severe dysfunction in apical extension of the hyphae and an increase in apical and 

lateral branching that gave the colony a shortened fan-like shape when compared to the 

elongated and fast growing hyphae of the heterokaryotic mutant (Figure 4.23A and B). At 5 

d post inoculation, colonies appeared dark with the formation of bulging conidiophore like 

structures (Figure 4.23C). 

At 15 d post inoculation, colonies remain constricted to an average diameter of 4 mm. At 60 

d post inoculation, the colony had spread out to a diameter of 35 mm and was able to produce 

sclerotial bodies (Figure 4.24A, B). There were also long, hairy conidiophore like structures 

protruding apically that were fragile and easily dislodged with light manipulation. These 

abnormal morphological characteristics were conserved in both ΔBcvic2 and ΔΔBcvic1/2 

mutants (Figure 4.24C). 
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Figure 4.22 Abnormal colony morphology of the homokaryotic ΔΔBcvic1/2 mutant compared with the HetΔΔBcvic1/2 

mutant.  A and B, Spread plates of HetΔΔBcvic1/2 and ΔΔBcvic1/2, respectively, at 14 d post incubation.  

 

  

 

 

 

 

 

 

Figure 4.23 Abnormal hyphal growth of the homokaryotic ΔΔBcvic1/2 mutant compared with the HetΔΔBcvic1/2 

mutant. A and B, HetΔΔBcvic1/2 and ΔΔBcvic1/2, respectively, at 3 d post incubation. C, ΔΔBcvic1/2, at 5 d post incubation.  

 

 

 

 

 

 

 

 

 

 

Figure 4.24 Abnormal colony morphology of ΔΔBcvic1/2 and ΔBcvic2 mutants. A and B, two separate ΔΔBcvic1/2 

mutants at 60 d post incubation. C, ΔBcvic2 mutant at 60 d post incubation. 
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4.3.15 Vegetative incompatibility phenotype of homokaryotic Bcvic2 and 

Bcvic1/Bcvic2 deletion mutants 

It was previously reported in Section 4.3.8 and 4.3.9 that the HetΔBcvic2 mutants were 

vegetatively compatible with the background strain 839-5 and incompatible with 839-1 

whereas the double knockout HetΔΔBcvic1/2 mutants were able to complement both 839-5 

and 839-1. These vegetative incompatibility tests were repeated with the homokaryotic 

ΔBcvic2 and ΔΔBcvic1/2 mutants in order to ascertain whether there was any variability in 

the vegetative compatibility phenotype between the heterokaryotic and homokaryotic deletion 

mutants.  

The complementation results confirm that the deletion of Bcvic2 did not affect vegetative 

incompatibility whereas the deletion of both Bcvic1 and Bcvic2 was indeed required for the 

abolition of vegetative incompatibility (Figure 4.25). 

 

 

 

Figure 4.25 Nit mutant complementation of homokaryotic ΔBcvic2 and ΔΔBcvic1/2 mutants. A, example of 

complementation plate. B, schematic representation of results. Green and uncoloured circles represent complementation and 

no complementation, respectively. 
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4.3.16 Complementation constructs 

The NAT, T;trpC, Bcvic1-1/Bcvic2-1 and Bcvic1-2/Bcvic2-2 fragments were cloned into 

pCR-XL-TOPO. Sanger sequencing of the clones confirmed that the fragments were present 

in the plasmids and that there were no sequence errors (Appendix 6).  

The Bcvic1-1-pType IIs, Bcvic1-2-pType IIs, Bcvic2-1-pType IIs, Bcvic2-2-pType IIs, 

Bcvic1-1/Bcvic2-1-pType IIs and Bcvic1-2/Bcvic2-2 pType IIs plasmids were generated by 

Golden Gate assembly as described in Section 4.2.18. Sanger sequencing confirmed that the 

fragments were present in the correct orientation (Appendix 6). 

The linear complementation constructs were amplified by PCR from Bcvic1-1-pType IIs, 

Bcvic1-2-pType IIs, Bcvic2-1-pType IIs, Bcvic2-2-pType IIs, Bcvic1-1/Bcvic2-1-pType IIs 

and Bcvic1-2/Bcvic2-2 pType IIs plasmids as described in Section 4.2.19 and shown to be of 

the expected product sizes (Figure 4.26). The Bcvic1-1 and Bcvic1-2 complementation 

constructs produced the expected 8 kb PCR band, the Bcvic2-1 and Bcvic2-2 constructs 

produced a band at around 4.5 kb and the Bcvic1-1/Bcvic2-1 and Bcvic2-1/Bcvic2-2 

constructs produced a band at around 11 kb. 

 

 

Figure 4.26 PCR amplification of linear complementation constructs. A; Bcvic1-2 and Bcvic1-1, B; Bcvic2-1 and 

Bcvic2-2 and C; Bcvic1-2/Bcvic2-2 and Bcvic1-1/Bcvic2-1. The amplicons in A and C were separated on a 0.8% agarose 

gel, and amplicons in B were separated on a 1.2% agarose gel using the TAE buffer system. All of the bands were of the 

expected product size listed in Table 4.11. The first lane of each agarose gel was loaded with the 1kb+ DNA ladder.  
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4.3.17 Transformation of ΔBcvic2 and ΔΔBcvic1/2 mutants with 

complementation constructs 

Initial experiments indicated that the ΔBcvic2 and ΔΔBcvic1/2 mutants were resistant to cell 

wall degradation. This resulted in a lack of protoplasts that were essential for the PEG 

mediated transformation protocol. Conidiophores from 30 day old fungal cultures were used 

due to the slow growing nature of the ΔBcvic2 and ΔΔBcvic1/2 mutants (Figure 4.27 A). 

Unfortunately, the 30 day old conidiophores were highly melanised and were resistant to 

enzymatic degradation using lysing enzymes (Figure 4.27 B).  

In order to circumvent this resistance to enzymatic degradation, a secondary incubation step 

was introduced to generate young mycelial material as described in Section 4.2.20. After three 

days of incubation, young hyphae began to emerge from the macerated melanised fungal 

material (Figure 4.28 A and B). At five days post incubation, large amounts of shortened 

young mycelia with increased apical and lateral branching (Figure 4.29 A) and some 

appresoria like structures (Figure 4.29 B) was observed under the light microscope. The five 

day old young mycelial material was amenable to enzymatic degradation and generated 

protoplasts as seen in Figure 4.30. 

Protoplasts generated from the macerated hyphae were transformed with circular plasmid or 

linear complementation constructs. The efficiency of transformation for ΔBcvic2 and 

ΔΔBcvic1/2 mutants was initially extremely low compared to wild type B. cinerea which in 

general could produce between five to 10 transformants per transformation event. 

Transformation experiments which were repeated at least four times generated no viable 

transformants. It was eventually deduced that it was necessary to increase the incubation 

period for protoplast regeneration due to the slow growing nature of the ΔBcvic2 and 

ΔΔBcvic1/2 mutants compared to wild type. The amended incubation period for protoplast 

regeneration led to an increase in transformation efficiency in the mutants to levels which 

were similar to wild type. 
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Figure 4.27 Morphology of ΔΔBcvic1/2-i  A, Spread plate of the ΔΔBcvic1/2-i mutant 30 days post inoculation. B, 

Melanised 30 day old ΔΔBcvic1/2-i mutant hyphae resistant to cell wall lysis. Scale is 100 µM 
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Figure 4.28 Melanised ΔBcvic2 and ΔΔBcvic1/2 mutant hyphae macerated for hyphal regeneration. Hyphal 

regeneration 3 days post incubation. A, ΔΔBcvic1/2 and B, ΔBcvic2. Scale bar is 100 µM. 

 

 

 

A 

B 



154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29 Melanised ΔBcvic2 and ΔΔBcvic1/2 mutant hyphae.  Hyphal regeneration 5 days post incubation. A, 

ΔΔBcvic1/2 and B, ΔBcvic2. Scale bar is 100 µM. 
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Figure 4.30 Protoplasts generated from macerated mycelia.  Black arrows point towards budding protoplasts. Scale bar 

is at 100 µM. 
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4.3.18 Growth phenotype of ΔBcvic2 and ΔΔBcvic1/2 complemented 

mutants 

The ΔBcvic2 mutant was transformed with Bcvic2-1 ectopic expression construct. The 

abnormal growth phenotype of ΔBcvic2 mutant was complemented by the addition of the 

Bcvic2-1 construct into the knockout mutant genome. The growth phenotype of the ΔBcvic2 

+ Bcvic2-1 complementation mutant was similar to wild type 839-5. An example of the 

complementation is shown in Figure 4.31. These complementation results confirm that 

deletion of Bcvic2 is indeed the cause of the abnormal growth phenotype in the ΔBcvic2 

mutant. 

The ΔΔBcvic1/2 mutant was transformed with the Bcvic1-1, Bcvic1-2, Bcvic2-1, Bcvic1-

1/Bcvic2-1 and Bcvic1-2/Bcvic2-2 complementation constructs. Complementation with 

Bcvic1-1 and Bcvic1-2 did not restore the colony morphology to wild type whereas 

transformation with Bcvic2-1, Bcvic1-1/Bcvic2-1 and Bcvic1-2/Bcvic2-2 resulted in fast 

growing colonies similar to wild type (Figure 4.31). These results further confirm that deletion 

of Bcvic2 and not Bcvic1 results in the abnormal growth phenotype as complementation with 

either Bcvic1-1 or Bcvic1-2 alone did not restore the colony morphology to wild type.  

 

 

 

 

 

Figure 4.31 Growth phenotype of ΔBcvic2 and ΔΔBcvic1/2 knockout and complementation mutants. 
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4.3.19 Vegetative incompatibility phenotype of ΔΔBcvic1/2 complemented 

mutants 

Nit mutant complementation tests were performed on ΔΔBcvic1/2 + Bcvic1-1/Bcvic2-1 and 

ΔΔBcvic1/2 + Bcvic1-2/Bcvic2-2 mutants in order to ascertain whether complementation with 

these genes had an effect on the vegetative incompatibility phenotype (Figure 4.32). 

Complementation of ΔΔBcvic1/2 with the Bcvic1-1/Bcvic2-1 alleles restored vegetative 

incompatibility with 839-1. This result confirms that deletion of both Bcvic1-1 and Bcvic2-1 

was required for the loss of incompatibility phenotype described in Section 4.3.9.  

Interestingly, complementation of the ΔΔBcvic1/2 mutant with Bcvic1-2/Bcvic2-2 alleles 

from the previously incompatible tester 839-1 resulted in vegetative compatibility with 839-

5 and incompatibility with the previously compatible 839-5. This reversal of vegetative 

compatibility phenotype indicates that interaction with 839-1 and 839-5 is allele specific and 

further confirms that deletion of both Bcvic1 and Bcvic2 is required for the loss of 

incompatibility phenotype in the ΔΔBcvic1/2 mutant.  

 

 

Figure 4.32 Complementation of ΔΔBcvic1/2 with vcg1 and vcg2 Bcivc1-Bcvic2 alleles. 

 



158 

 

4.4 Discussion 

The aims of this chapter were to determine whether Bcvic1 and Bcvic2 could be genetically 

deleted, to observe the phenotype of the knockout mutants and to determine the VI impact of 

the deletion.  

Gene knockout by replacement was used to determine the biological function of Bcvic1 and 

Bcvic2; an approach widely used for the genetic manipulation of B. cinerea [137] [136]. 

Following fungal transformation with the gene knockout contructs, PCR analysis showed that 

a subset of the transformants had undergone homologous recombination at the flanks which 

indicated targeted insertion of the gene constructs. However, none of the transformants 

showed absence of the native gene. This result is consistent with the literature which 

highlights the necessity of performing single spore isolations to obtain homokaryotic mutants 

from heterokaryotic transformants [138].  

PCR band intensity was used to select a subset of transformants that had a high transgene to 

wild type gene ratio. This crude PCR analysis was intended to be used as a quick guide to 

identify specific transformants to pursue for downstream analyses. The use of PCR band 

intensity to determine native gene absence can be fraught as weak PCR band intensity could 

either be a result of a decreased native gene template in the heterokaryotic sample or a PCR 

artefact due to unequal loading of template. This crude analysis was effective for identifying 

homokaryotic ΔBcvic1 but not for ΔBcvic2 and ΔΔBcvic1/2. Congruent to the literature, it was 

possible to create knockout mutants in B. cinerea for Bcvic1 and Bcvic2. However, the 

isolation of homokaryotic ΔBcvic2 and ΔΔBcvic1/2 proved difficult. This difficulty provided 

some early indication that Bcvic2 may be essential.  

Vegetative compatibility testing using nit mutant complementation indicated that deletion of 

Bcvic1 alone did not affect VI. Since initial attempts to isolate homokaryotic lines of the 

ΔBcvic2 and ΔΔBcvic1/2 mutant did not prove fruitful, the heterokaryotic mutants 

(HetΔBcvic2 and HetΔΔBcvic1/2) were used for vc testing instead in the first instance. 

HetΔBcvic2 showed no difference in VI phenotype however, HetΔΔBcvic1/2 was shown to 

form a compatible interaction with the previously incompatible vcg2 tester strain. This result 

was interesting because the compatible interaction occurred despite the presence of the 

incompatible vcg1 WT allele within the heterokaryotic HetΔΔBcvic1/2 mutant. 
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The observation of this compatible interaction was possible due to the use of the nit mutant 

assay for vc testing instead of the barrage test. In the auxotrophic nit mutant assay, the 

ΔΔBcvic1/2 genotype was forced to interact with the vcg2 nit mutant to complement its nitrate 

deficiency which resulted in growth. The ΔΔBcvic1/2 genotype preferentially interacted with 

the vcg2 genotype despite the ability to remain in a heterokaryotic state with the WT vcg1 

genotype. In contrast, in the barrage test, this compatible interaction would have been masked 

by the dark demarcation line produced by the incompatible WT vcg1 and vcg2 interaction. 

The subtleties of the two tests are important considerations when testing the vc status of 

deletion mutants, especially if there are heterokaryotic genotypes.  

Although the deletion of both Bcvic1 and Bcvic2 resulted in a loss of VI when paired with the 

previously incompatible tester strain, it was not possible to conclude whether both Bcvic1 and 

Bcvic2 were required for the phenotype or whether only Bcvic2 was involved as the knockout 

mutants were heterokayotic with the wild type alleles. It became imperative to pursue the 

acquisition of ΔBcvic2 and ΔΔBcvic1/2 homokaryotic lines.  

The HetΔΔBcvic1/2 + 839-1 complementation interaction was dissected with an aim of 

enriching for and purifying the ΔΔBcvic1/2 mutant from the contaminating nuclei (Section 

4.3.11). However, none of the conidial isolates from that interaction tested positive for the 

homokaryotic ΔΔBcvic1/2 mutant. Curiously, the ΔΔBcvic1/2 genotype had only been 

isolated in the heterokaryotic form, either with 839-5 or 839-1 (Figure 4.33).  
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Figure 4.33 Schematic representation of the HetΔΔBcvic1/2 and 839-1interaction. The red, blue and unfilled red circles 

represent nuclei containing the Bcvic1-1/Bcvic2-1 alleles from 839-5, Bcvic1-2/Bcvic2-2 alleles from 839-1 and ΔΔBcvic1/2 

deletion mutant in the 839-5 background, respectively. 

 

In contrast to the relative ease with which the Bcvic1 deletion mutants were generated, the 

recalcitrance of obtaining the ΔΔBcvic1/2 homokaryotic lines, despite multiple rounds of 

single spore isolation, added further evidence that the Bcvic2 gene might be essential or 

required for normal fungal growth and development. Based on this supposition, the single 

spore isolation strategy was amended to select for abnormal slow growing germlings as 

opposed to selecting the fastest growing isolates. The amended single spore isolation strategy 

led to the successful identification of the homokaryotic Bcvic2 and Bcvic1/2 deletion mutants.  

This is the first report of Bcvic2 deletion in B. cinerea. The deletion of Bcvic2 resulted in 

abnormal hyphal growth and development causing a major morphological effect on fungal 

colony formation. The effect was compensated for in the heterokaryotic state in the presence 

of the native gene. Interestingly, the deletion of Bcvic2 alone did not affect the VI phenotype. 

The deletion of both Bcvic1 and Bcvic2 was required for the abolition of VI. These findings 

corroborate the heterokaryotic HetΔBcvic2 and HetΔΔBcvic1/2 VI results.  

 

A B 
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In summary, the deletion of Bcvic1 and Bcvic2 alone did not affect VI, but the deletion of 

both Bcvic1 and Bcvic2 resulted in a loss of VI. The deletion of Bcvic1 and Bcvic2 has 

confirmed that these two genes function as interacting vic genes. This is the first report 

describing the biological function of Bcvic1 and Bcvic2 as non-self recognition genes in B. 

cinerea.  Some insights into the function of Bcvic1 and Bcvic2 are provided in the concluding 

Chapter 5.  
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Chapter 5  

 Concluding Discussion and Future Work 

 

5.1 Discussion 

The aim of this study was to provide insight into the molecular basis of vegetative 

incompatibility genes in B. cinerea, particularly, to answer the following sets of questions: 

 

- Can VI genes be identified in B. cinerea using a bulk segregant ‘mapping by 

sequencing’ method? Instead of using a map based cloning strategy, can whole 

genome sequencing be used to identify markers linked to a locus of interest? Is 

mapping Illumina reads to a whole genome reference sufficient for identifying SNPs?  

 

- What are the identities of the vic genes that segregated in the near isogenic lines of B. 

cinerea? Do the identified vic genes have conserved domain structures and are their 

alleles highly polymorphic? Are B. cinerea vic genes similar to those identified in 

other fungi? 

 

- Is it possible to genetically knock out the B. cinerea vic genes? What is the phenotype 

of the knockout mutants? What is the impact of the knockout mutants when tested for 

vegetative incompatibility? 

 

These questions have been successfully addressed and discussed in the previous chapters of 

this thesis. 

As reported in Chapter 2, a 60 kb region was identified from near isogenic lines of B. cinerea 

using a bulk segregant approach. SNPs that were either shared or mixed in the mapping 



164 

 

population were identified by mapping Illumina sequencing reads to two reference genomes. 

The use of a backcrossed population, bulk segregant analysis and whole genome sequencing 

has not been widely utilised in identifying genes of interest in fungi. In one report, Van Kan 

et al 2016, utilised a backcrossed population of B. cinerea to ascertain linkage groups in order 

to improve the assembly of the gapless B. cinerea whole genome sequence. This is the first 

report of using bulk segregant analysis and Illumina sequencing in near isogenic lines of B. 

cinerea to identify a distinct genomic region for a single vic locus.  

The length of time taken to produce near isogenic lines of B. cinerea can be a limiting factor 

as each sexual cycle can take four to six months. However, for the purpose of identifying and 

testing vic genes, the backcrossing procedure was invaluable. An advantage of using a 

backcrossed progeny is that a smaller population sample size may be used for these mapping 

studies. The study in this thesis demonstrated that this method was successful for the 

identification of vic genes in a complex fungus such as B. cinerea. As such, the method can 

be translated to other fungal systems, especially those that are generally easier to investigate, 

such as Neurospora crassa.  

Two polymorphic B. cinerea vic genes, Bcvic1 and Bcvic2, were successfully identified in 

this study as reported in Chapter 3. The level of polymorphism between alleles of these vic 

genes was markedly high; which is reflective of most of the vic genes identified in other fungi 

such as het-c in N. crassa and het-D in P. anserina [60]. Furthermore, the Bcvic1 gene 

encoded a protein that contained a putative serine esterase, NACHT domain and Ankyrin 

repeats. These domains are present in different combinations in the other fungal 

incompatibility genes characterised thus far, and are also conserved in NLRs and NB-LRRs, 

which are intracellular receptors that control innate immunity and other biotic interactions in 

animals and plants [128]. [91] [70]. This finding that the predicted domains identified in the 

B. cinerea vic genes, were conserved with those in other fungal vic genes, supports the 

literature that certain conserved domains are implicated to have functions in vegetative 

incompatibility.  

Bcvic2 encoded a putative syntaxin protein with a SNARE domain which had a putative 

function in vesicular transport. At the time this analysis was done, there were no publications 

implicating that Syntaxin and the SNARE domain were associated with vic gene products. 

However, over the course of this study, a SNARE domain gene called sec9 was identified in 

C. parasitica within a cluster of genes at the vic2 locus [91]. Zhang et al 2016, later confirmed 
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that the sec9 gene was interacting with two other adjacent genes in controlling VI [129]. 

However, unlike this study, the authors were unable to knockout sec9 to demonstrate its 

function in VI.  

The process of isolating homokaryotic lines of ΔBcvic2 and ΔΔBcvic1/2 mutants from 

heterokaryotic cultures by single spore isolation had initially proved difficult. It was initially 

hypothesised that the difficulty was due to the large number of nuclei (3-18) that has been 

reported to exist within the B. cinerea conidium [139] and that genotype purification could 

be achieved by sampling a larger number of conidial isolates. However, the contaminating 

WT genotype persisted despite multiple cycles of sampling. It had become apparent that 

Bcvic2 may possibly be essential as Zhang et al, (2016) had hypothesised or required for 

normal growth and development [140]. Zhang et al. (2016) reported a similar finding for the 

SNARE domain containing sec9 gene in C. parasitica. The authors however were not able to 

obtain any single-spored disruption mutants and concluded that the gene may be essential 

[140].  

The ΔBcvic2 and ΔΔBcvic1/2 homokaryon deletion line was finally obtained after the single 

spore isolation strategy was altered to select for abnormal phenotypes. This finding highlights 

the importance of removing bias when selecting single spore isolates. Furthermore, it also 

highlights the importance of retaining isolates that appear non-viable, and finally, using 

microscope analysis to confirm a non-viable phenotype. These considerations are made 

apparent in the recent publication by Ko et al. (2016) in which the authors were able to 

demonstrate the function of an essential gene, cell division cycle 48 (CDC48), in C. parasitica 

by analysing germinated conidia from heterokaryotic deletion mutants by microscopic 

analysis [141].  

Based on the results from knocking out the Bcvic2 gene in this thesis, further investigations 

are recommended for Zhang et al. to ascertain whether the C. parasitica sec9 gene is indeed 

essential or required for typical growth and development.  
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5.1.1 Insights into the function of Bcvic1 and Bcvic2  

The deletion of Bcvic1 did not have any effect on the vc phenotype of the mutant. This result 

was initially disappointing as it was ranked as the strongest candidate from the polymorphic 

gene mining study described in Chapter 4. The Bcvic1 gene encoded a serine esterase, 

NACHT and ANK domains which are hallmarks of the allorecognition NLR-like receptors 

found in other fungi [142].  

 

Similarly, Bcvic2 did not have any effect on VI but did cause abnormal hyphal growth with 

increased hyphal branching which indicated that it was involved in the cell wall biosynthesis 

pathway. A homologue of the encoded Syntaxin protein has been shown to form part of an 

evolutionarily conserved heterodimer essential for the docking and fusion of 

neurotransmitter-containing vesicles with the synaptic membrane [143]. The yeast syntaxins, 

Sso1p and Sso2p have also been shown to have function in vesicular transport [144]. Based 

on the literature, it can be surmised that Bcvic2 may also have a similar function in the 

transport of vesicles to the cell wall. Further work is necessary to understand the actual 

molecular mechanisms involved. However, based on the increased apical hyphal branching 

and engorged appearance of the stunted hyphae in the Bcvic2 deletion mutations, it can be 

hypothesised that the components for cell wall biosynthesis are being made and packed into 

vesicles but due to the absence of some sort of targeting or docking mechanism, the vesicles 

containing the cell wall components accumulate within the cell but are not incorporated or are 

incorporated inefficiently.  

Interestingly, deletion of both the Bcvic1 NOD-like receptor (NLR) and syntaxin (Bcvic2) 

abolished the VI phenotype. This indicates that allelic differences at either the syntaxin or the 

NOD-like receptor is sufficient to turn on the cell death pathway. This two component 

vegetative incompatibility system may be similar to the Het-s/HET-S vegetative 

incompatibility system in present in P. anserina [145]. A recent review suggests that the 

NLRs can take on one or two-component configurations [94]. It is possible that in the 

quiescent state, the Bcvic1 NOD-like receptor and Bcvic2 syntaxin may interact in an 

oligomerized auto inhibited state that covers the nucleotide binding NACHT domain which 

upon activation undergoes a change in conformation which releases the NACHT domain 

which is allowed to convert ATP to ADP which activates the downstream cell death pathway. 
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Further work is necessary to determine the mechanism of interaction between the Bcvic1 NLR 

and the Bcvic2 syntaxin. 

Syntaxins may play a role in the autophagic cell death pathway that is induced after an 

incompatibility response. Itakura et al (2012) demonstrated that a mammalian syntaxin 17 

(Stx17) protein was essential for the fusion between autophagosomes and lysosomes [146]. 

The authors reported that after the induction of autophagy by Atg proteins, the Stx17 protein 

is recruited to the outer membrane of the completed autophagosomes and forms a unique 

hairpin structure formed by two transmembrane domains containing glycine zipper-like 

motifs. The structure was shown to be essential for its selective targeting of Stx17 to the outer 

autophagosomal membrane. Interestingly, the deletion of the autophagosomal Stx17 caused 

an accumulation of autophagosomes without any degradation. 

It is interesting that Bcvic2 has an important function in the cell wall biosynthesis pathway as 

well as its function in non-self recognition as part of the NLR complex. It is possible that 

syntaxin may facilitate the transport of the NLR complex to the cell wall at the site of 

recognition. It is however perplexing that a protein that has such an important function within 

the cell is also important in non-self recognition. It poses the interesting question of whether 

the essential function of the syntaxin has been hijacked by the VI system or if there is mutual 

benefit for the fungus in having a dual function.  

Despite being severely restricted in growth, in the forced interaction between HetΔΔBcvic1/2 

and the incompatible vcg2 nit mutants, the double knockout mutant appeared to gain an 

evolutionary advantage over the WT vcg1 genotype that had retained its vic alleles by being 

able to form a compatible reaction with the vcg2 nit mutant. Debets et al. (1998) argued that 

the high level of vegetative incompatibility in fungi may be positively selected to prevent 

resource plundering or being overtaken by dominant nuclear types [55]. It can be hypothesised 

that perhaps the dual essential and VI functions of Bcvic2 gene, may offer the fungus an 

escape route for survival if it ever loses its essential gene by increasing its chances of forming 

a heterokaryon with another fungal individual.  

The study presented in this thesis has substantially added to our knowledge of vic genes in 

filamentous fungi. There is only a small number of fungi for which the identification of vic 

genes has previously been achieved. Most of these have been in saprobic fungi which are 

easier to investigate than pathogens. This thesis presents the first report of the identification 



168 

 

and characterisation of vic genes in B. cinerea. These findings are significant as the fungus is 

complex to work with and is also an important plant pathogen that has major significance to 

the horticultural industry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



169 

 

5.2 Future directions 

Beever & Weeds (2003) confirmed the existence of 66 vegetative compatibility groups (vcg) 

from single ascospores within field isolates and single ascospores of B. cinerea [25]. 

Population genetic analysis of those vcgs, indicated the presence of at least seven vic alleles 

in New Zealand B. cinerea isolates, which is consistent with the multiloci VI system in the 

other fungi [60, 90, 104]. The study in this thesis identified vic genes at one locus of the B. 

cinerea genome. Further investigations are required to identify the remaining vic loci. In C. 

parasitica, all six of the unlinked vic loci (vic1, vic2, vic3, vic4, vic6 and vic7) have recently 

been characterised by linkage mapping and comparative genomics [91] [92]. Zhang et al. 

(2016) have since made multi vic gene knockout mutants which may prove useful as 

biocontrol agents by allowing vegetative compatible transmission of CHV1 hypovirus [129]. 

Elucidation of the entire complement of vic loci in B. cinerea will further add to our 

understanding of vic genes. Furthermore, similar to the multi knockout mutants in C. 

parasitica, multi vic gene knockout mutants can be created in B. cinerea. 

A second vic locus in B. cinerea can be identified using the near isogenic lines described in 

this thesis (Chapter 2, Figure 2.1). Elucidation of this locus would require whole genome 

sequencing of the recurrent parent REB749-8 and the F1BC2 non-recurrent parent REB811-

28. REB811-28 has also been backcrossed and shares over 90% of its genome with the F1BC3 

population. The genome sequences of REB811-28 and REB 749-8 can be aligned with the 

vcg1 and vcg2 progeny. Figure 5.1 shows a schematic of this alignment. The putative Bcvic3 

locus can be searched for in regions that are polymorphic only in 811-28 when compared with 

REB749-8, vcg1 and vcg. The cost of whole genome sequencing has significantly reduced. 

There are also new chemistries allowing for longer reads such as that achieved with the 

PacBio and MinIon sequencers. This further work can be done quickly and is highly 

recommended as a follow-on to this thesis.  
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Figure 5.1 Schematic representation of REB811-28, REB749-8, vcg1 and vcg2 alignment.  The red lines indicates 

genomic regions derived from the REB749-8 parent. The regions that contain a black line indicate genomic regions that are 

derived from the non-recurrent parent. The regions where the Bcvic1, Bcvic2 and Bcvic3 genes are expected to be located 

are indicated.  

 

As reported in Chapter 3 (Figure 3.5), the mapping of vcg1 and vcg2 reads to the T4 reference 

genome resulted in a gap at the Bcvic1/Bcvic2 locus. These findings suggest that there is a 

third polymorphic allele at this locus that is present in the T4 genotype. Preliminary 

bioinformatics analysis (not included in this thesis) indicate that the Bcvic1 and Bcvic2 alleles 

in T4 share around 70 % identity with its homologues in vcg1 and vcg2. Further work is 

recommended to clone this locus in T4. It is also recommended to do a B. cinerea field survey 

and perform some Sanger sequencing to ascertain the number of polymorphic alleles at this 

locus in New Zealand B. cinerea isolates.  

As reported in Chapter 4, deletion of both Bcvic1 and Bcvic2 was required for a loss of VI. 

Further work is required to elucidate the combination of genes that trigger incompatibility. 

This can be achieved by performing a full set of ectopic complementation experiments and 

testing for VI using the near isogenic nit mutants. The complementation mutants were created 

during the course of this study but the VI testing is pending. This is further work that is highly 

recommended. Furthermore, it is unknown which parts of Bcvic1 and Bcvic2 are responsible 

for recognition specificity. In order to elucidate this, a series of partial deletion mutants can 

be created and tested for VI. Additionally, mutants can be created with domain modules that 

have been swapped between alleles.  

Bcvic1/Bcvic2 Bcvic3 
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Although Bcvic1 and Bcvic2 are closely linked genetically, it is not known whether the gene 

products interact physically to produce a complex. In order to elucidate this, further 

experiments can be performed such as yeast two hybrid or protein co-immunoprecipitation. 

Further work can also be done to ascertain the localisation of the Bcvic1 and Bcvic2 proteins 

by creating fluorescent protein fusion constructs.  

During the course of this study, a fungal protoplasting method was optimised for the highly 

melanised cell wall of the Bcvic2 deletion mutants that were resistant to enzymatic lysis 

(Chapter 4, Section 4.2.20). Further work can be done to test this novel method on other slow 

growing fungi with melanised cell walls, such as the apple fungal pathogen Venturia 

inaequalis.  

Finally, and possibly of most practical interest, further work can be carried out to investigate 

and leverage the cell death causing properties of these vic genes. For example, peptide mimics 

of the cell death causing entities of the Bcvic1 and Bcvic2 proteins could potentially be 

developed as a novel control agent for B. cinerea.  
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 Appendix  

6.1 Appendix 1 Quality of bulked vcg1 and vcg2 genomic DNA  

 

 

 

 

 

 

 

 

Bulked vcg1 and vcg2 genomic DNA. The genomic DNA samples were resolved on a 0.8% agarose gel by electrophoresis 

using a TAE buffer system. Lane 1, 1kb Plus DNA ladder (InVitrogen); lane 2, bulked vcg1 sample; lane 3, bulked vcg2 

sample.  
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6.2 Appendix 2 Quality of bulked vcg1 (C) and vcg2 (IC) paired end 
sequencing reads 
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6.3 Appendix 3 Bioinformatic tools and commands 

 

T4 Mapping by SA 30/11/2011 

 

# Make directory  

mkdir T4_mapping 

  

# Download T4 unmasked reference genome from  

http://urgi.versailles.inra.fr/Species/Botrytis/Sequences-Databases-restricted   

File: bt4_supctg.fsa.gz 

 

# decompress a file.gz back to file using gzip -d 

hramsm@MTA-WS-424089:~/T4_mapping$ gzip -d bt4_supctg.fsa.gz 

 

# pwd of T4_mapping directory 

/home/hramsm/T4_mapping 

 

# copy the following files from the working directory to the T4_mapping directory 

3690215396 2011-10-25 13:17 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq 

3690215396 2011-10-25 13:19 Botrytis_cinerea_C_s_1_2_sequence.sanger.fastq 

4821335040 2011-10-25 16:47 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq 

4821335040 2011-10-25 16:50 Botrytis_cinerea_IC_s_2_2_sequence.sanger.fastq 

 

# pwd of working directory 

/home/hramsm/working 

 

hramsm@MTA-WS-424089:~/working$ cp Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq 

/home/hramsm/T4_mapping & 

hramsm@MTA-WS-424089:~/working$ cp Botrytis_cinerea_C_s_1_2_sequence.sanger.fastq 

/home/hramsm/T4_mapping & 

hramsm@MTA-WS-424089:~/working$ cp Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq 

/home/hramsm/T4_mapping & 

hramsm@MTA-WS-424089:~/working$ cp Botrytis_cinerea_IC_s_2_2_sequence.sanger.fastq 

/home/hramsm/T4_mapping & 

 

# After copying, these are the file sizes.  

3690215396 2011-11-30 10:23 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq 

3690215396 2011-11-30 10:29 Botrytis_cinerea_C_s_1_2_sequence.sanger.fastq 

4821335040 2011-11-30 10:33 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq 

4821335040 2011-11-30 10:33 Botrytis_cinerea_IC_s_2_2_sequence.sanger.fastq 

 

# Read trimming- use DynamicTrim to trim reads to its longest contiguous sequence 

1) Command: 
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DynamicTrim.pl Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq & 

2) Command: 

DynamicTrim.pl Botrytis_cinerea_C_s_1_2_sequence.sanger.fastq & 

3) Command: 

DynamicTrim.pl Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq & 

4) Command: 

DynamicTrim.pl Botrytis_cinerea_IC_s_2_2_sequence.sanger.fastq & 

 

Output of trimmed files 

 

3362993322 2011-11-30 10:56 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed 

3349795472 2011-11-30 11:10 Botrytis_cinerea_C_s_1_2_sequence.sanger.fastq.trimmed 

4472995188 2011-11-30 11:26 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed 

4434926702 2011-11-30 11:41 Botrytis_cinerea_IC_s_2_2_sequence.sanger.fastq.trimmed 

 

#LengthSort 

 

/home/hramsm/Software/LengthSort.pl one single-end or two paired-end FASTQ files [-l|length 

25] 

-l|length       length cutoff [defaults to 25 nucleotides] 

 

Command: LengthSort.pl Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed 

Botrytis_cinerea_C_s_1_2_sequence.sanger.fastq.trimmed -l 25 & 

 

Command: LengthSort.pl Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed 

Botrytis_cinerea_IC_s_2_2_sequence.sanger.fastq.trimmed -l 25 & 

 

Output files: 

68630266 2011-11-30 17:14 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.discard 

3193128496 2011-11-30 17:14 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired1 

3213782326 2011-11-30 17:14 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired2 

109112734 2011-11-30 17:14 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.single 

Output files: 

79171784 2011-11-30 17:24 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.discard 

4244535432 2011-11-30 17:24 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired1 

4266074146 2011-11-30 17:24 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired2 

134792682 2011-11-30 17:24 Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.single 
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# Read Mapping using BWA 

# Build reference index 

 

bwa index -a is bt4_supctg.fsa 

 

samtools faidx bt4_supctg.fsa 

 

# Map reads 

bwa aln -t 6 bt4_supctg2.fsa Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired1 > 

Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired1.sai & 

 

bwa aln -t 6 bt4_supctg2.fsa Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired2 > 

Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired2.sai & 

 

bwa aln -t 6 bt4_supctg2.fsa Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired1 > 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired1.sai & 

 

bwa aln -t 6 bt4_supctg2.fsa Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired2 > 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired2.sai & 

 

Output files: 

 

208398744 2011-12-01 13:31 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired1.sai 

207819784 2011-12-01 14:02 Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired2.sai 

284666348 2011-12-01 14:11 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired1.sai 

284084796 2011-12-01 14:19 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired2.sai 

# Pair reads 

bwa sampe bt4_supctg2.fsa Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired1.sai 

Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired2.sai 

Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired1 

Botrytis_cinerea_C_s_1_1_sequence.sanger.fastq.trimmed.paired2 > C_sequence.trimmed.sam & 

 

 bwa sampe bt4_supctg2.fsa 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired1.sai 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired2.sai 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired1 

Botrytis_cinerea_IC_s_2_1_sequence.sanger.fastq.trimmed.paired2 > IC_sequence.trimmed.sam & 
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Output files:  

 

7941687313 2011-12-01 14:38 C_sequence.trimmed.sam 

10749945159 2011-12-01 14:57 IC_sequence.trimmed.sam 

 

# Extract unique mappings 

 

grep "XT:A:U" C_sequence.trimmed.sam | grep "XA:Z" -v > C_sequence.trimmed.unique.sam & 

 

grep "XT:A:U" IC_sequence.trimmed.sam | grep "XA:Z" -v > IC_sequence.trimmed.unique.sam & 

 

# SAM to BAM conversion  

samtools import bt4_supctg2.fsa.fai C_sequence.trimmed.unique.sam 

C_sequence.trimmed.unique.bam & 

 

samtools import bt4_supctg2.fsa.fai IC_sequence.trimmed.unique.sam 

IC_sequence.trimmed.unique.bam & 

 

Output files: 

 

1729646245 2011-12-01 16:18 C_sequence.trimmed.unique.bam 

2455474357 2011-12-01 16:28 IC_sequence.trimmed.unique.bam 

 

# BAM file sorting  

 

samtools sort C_sequence.trimmed.unique.bam C_sequence.trimmed.unique.sorted & 

samtools sort IC_sequence.trimmed.unique.bam IC_sequence.trimmed.unique.sorted & 

 

Output files: 

 

1207569457 2011-12-01 16:38 C_sequence.trimmed.unique.sorted.bam 

1707606082 2011-12-01 16:49 IC_sequence.trimmed.unique.sorted.bam 

 

# BAM file indexing 

 

samtools index C_sequence.trimmed.unique.sorted.bam & 

samtools index IC_sequence.trimmed.unique.sorted.bam & 

 



180 

 

Output files: 

 

125464 2011-12-01 16:52 C_sequence.trimmed.unique.sorted.bam.bai 

125672 2011-12-01 16:53 IC_sequence.trimmed.unique.sorted.bam.bai 

 

# At this stage, the BAM files can be input into IGV for visualization of Read Mapping 

 

# Variant calling 

 

samtools mpileup -uf bt4_supctg2.fsa C_sequence.trimmed.unique.sorted.bam | bcftools view -

bvcg - > C_var.raw.bcf & 

 

bcftools view C_var.raw.bcf | vcfutils.pl varFilter -D100 > C_var.flt.vcf & 

 

samtools mpileup -uf bt4_supctg2.fsa IC_sequence.trimmed.unique.sorted.bam | bcftools view -

bvcg - > IC_var.raw.bcf & 

 

bcftools view IC_var.raw.bcf | vcfutils.pl varFilter -D100 > IC_var.raw.vcf & 

 

 

Output files: 

 

4000276 2011-12-01 17:40 C_var.raw.bcf 

22249165 2011-12-01 17:43 C_var.flt.vcf 

4058020 2011-12-01 18:36 IC_var.raw.bcf 

22300321 2011-12-02 09:16 IC_var.raw.vcf 

 

# The unique identifyer for each line containing variant allele information is GT:PL:GQ 

 

# Number of genomic positions that contain a variant allele (SNPs or INDELS)  

 

grep -c "GT:PL:GQ" C_var.flt.vcf & 

172922 

 

grep -c "GT:PL:GQ" IC_var.raw.vcf & 

173106 

 

# These position contain SNPs and INDELS. To remove INDELS from files:- 
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grep "INDEL" C_var.flt.vcf -v > C_SNP_var.flt.vcf & 

grep -c "GT:PL:GQ" C_SNP_var.flt.vcf & 

162531 

 

# Number of INDELS in C_var.flt.vcf => 10575 

 

grep "INDEL" IC_var.raw.vcf -v > IC_SNP_var.flt.vcf & 

grep -c "GT:PL:GQ" IC_SNP_var.flt.vcf &  

162475 

 

# Number of INDELS in IC_var.raw.vcf -v => 10631 

 

# Output of .vcf file after removing INDELS 

 

##fileformat=VCFv4.1 

##samtoolsVersion=0.1.18 (r982:295) 

##INFO=<ID=DP,Number=1,Type=Integer,Description="Raw read depth"> 

##INFO=<ID=DP4,Number=4,Type=Integer,Description="# high-quality ref-forward bases, ref-

reverse, alt-forward and alt-reverse bases"> 

##INFO=<ID=MQ,Number=1,Type=Integer,Description="Root-mean-square mapping quality of covering 

reads"> 

##INFO=<ID=FQ,Number=1,Type=Float,Description="Phred probability of all samples being the 

same"> 

##INFO=<ID=AF1,Number=1,Type=Float,Description="Max-likelihood estimate of the first ALT 

allele frequency (assuming HWE)"> 

##INFO=<ID=AC1,Number=1,Type=Float,Description="Max-likelihood estimate of the first ALT 

allele count (no HWE assumption)"> 

##INFO=<ID=G3,Number=3,Type=Float,Description="ML estimate of genotype frequencies"> 

##INFO=<ID=HWE,Number=1,Type=Float,Description="Chi^2 based HWE test P-value based on G3"> 

##INFO=<ID=CLR,Number=1,Type=Integer,Description="Log ratio of genotype likelihoods with and 

without the constraint"> 

##INFO=<ID=UGT,Number=1,Type=String,Description="The most probable unconstrained genotype 

configuration in the trio"> 

##INFO=<ID=CGT,Number=1,Type=String,Description="The most probable constrained genotype 

configuration in the trio"> 

##INFO=<ID=PV4,Number=4,Type=Float,Description="P-values for strand bias, baseQ bias, mapQ 

bias and tail distance bias"> 

##INFO=<ID=PC2,Number=2,Type=Integer,Description="Phred probability of the nonRef allele 

frequency in group1 samples being larger (,smaller) than in group2."> 

##INFO=<ID=PCHI2,Number=1,Type=Float,Description="Posterior weighted chi^2 P-value for 

testing the association between group1 and group2 samples."> 

##INFO=<ID=QCHI2,Number=1,Type=Integer,Description="Phred scaled PCHI2."> 
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##INFO=<ID=PR,Number=1,Type=Integer,Description="# permutations yielding a smaller PCHI2."> 

##INFO=<ID=VDB,Number=1,Type=Float,Description="Variant Distance Bias"> 

##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype"> 

##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype Quality"> 

##FORMAT=<ID=GL,Number=3,Type=Float,Description="Likelihoods for RR,RA,AA genotypes 

(R=ref,A=alt)"> 

##FORMAT=<ID=DP,Number=1,Type=Integer,Description="# high-quality bases"> 

##FORMAT=<ID=SP,Number=1,Type=Integer,Description="Phred-scaled strand bias P-value"> 

##FORMAT=<ID=PL,Number=G,Type=Integer,Description="List of Phred-scaled genotype likelihoods"> 

#CHROM  POS     ID      REF     ALT     QUAL    FILTER  INFO    FORMAT  

C_sequence.trimmed.unique.sorted.bam 

bt4_SuperContig_0_1     6146    .       A       G       133     .       

DP=46;VDB=0.0424;AF1=1;AC1=2;DP4=0,0,33,12;MQ=60;FQ=-162        GT:PL:GQ        1/1:166,135,0:99 

bt4_SuperContig_0_1     9098    .       A       G       222     .       

DP=56;VDB=0.0405;AF1=1;AC1=2;DP4=0,0,32,24;MQ=60;FQ=-196        GT:PL:GQ        1/1:255,169,0:99 

bt4_SuperContig_0_1     11916   .       G       C       221     .       

DP=45;VDB=0.0429;AF1=1;AC1=2;DP4=0,0,25,19;MQ=60;FQ=-159        GT:PL:GQ        1/1:254,132,0:99 

bt4_SuperContig_0_1     13563   .       T       C       222     .       

DP=67;VDB=0.0424;AF1=1;AC1=2;DP4=0,0,33,31;MQ=60;FQ=-220        GT:PL:GQ        1/1:255,193,0:99 

bt4_SuperContig_0_1     14155   .       A       C       172     .       

DP=46;VDB=0.0299;AF1=1;AC1=2;DP4=0,0,25,21;MQ=60;FQ=-165        GT:PL:GQ        1/1:205,138,0:99 

bt4_SuperContig_0_1     14394   .       C       T       165     .       

DP=60;VDB=0.0435;AF1=1;AC1=2;DP4=0,0,31,26;MQ=60;FQ=-199        GT:PL:GQ        1/1:198,172,0:99 

bt4_SuperContig_0_1     16028   .       T       A       222     .       

DP=29;VDB=0.0390;AF1=1;AC1=2;DP4=0,0,11,17;MQ=60;FQ=-111        GT:PL:GQ        1/1:255,84,0:99 

bt4_SuperContig_0_1     25045   .       C       A       77      .       

DP=16;VDB=0.0373;AF1=1;AC1=2;DP4=0,0,0,15;MQ=58;FQ=-72  GT:PL:GQ        1/1:110,45,0:87 

bt4_SuperContig_0_1     25067   .       A       G       81      .       

DP=12;VDB=0.0445;AF1=1;AC1=2;DP4=0,0,0,10;MQ=60;FQ=-57  GT:PL:GQ        1/1:114,30,0:57 

bt4_SuperContig_0_1     25086   .       C       A       53.1    .       

DP=6;VDB=0.0367;AF1=1;AC1=2;DP4=0,0,0,6;MQ=60;FQ=-45    GT:PL:GQ        1/1:86,18,0:33 

bt4_SuperContig_0_1     27477   .       T       C       222     .       

DP=45;VDB=0.0384;AF1=1;AC1=2;DP4=0,0,19,25;MQ=59;FQ=-159        GT:PL:GQ        1/1:255,132,0:99 

bt4_SuperContig_0_1     28219   .       T       C       222     .       

DP=45;VDB=0.0458;AF1=1;AC1=2;DP4=0,0,24,19;MQ=60;FQ=-156        GT:PL:GQ        1/1:255,129,0:99 

bt4_SuperContig_0_1     33825   .       G       A       14.9    .       

DP=2;VDB=0.0180;AF1=1;AC1=2;DP4=0,0,1,1;MQ=60;FQ=-33    GT:PL:GQ        1/1:46,6,0:10 

bt4_SuperContig_0_1     36503   .       T       A       222     .       

DP=69;VDB=0.0412;AF1=1;AC1=2;DP4=0,0,29,37;MQ=60;FQ=-226         

        1/1:255,199,0:99 

 

 

################################################################################## 

 

# There are some position that show 2 mutant nucleotides for a single position 
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bt4_SuperContig_0_1     61481   .       G       A       222     .       

DP=51;VDB=0.0412;AF1=1;AC1=2;DP4=0,0,19,29;MQ=53;FQ=-171        GT:PL:GQ        1/1:255,144,0:99 

bt4_SuperContig_0_1     61589   .       A       G,T     147     .       

DP=53;VDB=0.0374;AF1=1;AC1=2;DP4=0,0,29,24;MQ=60;FQ=-184        GT:PL:GQ        

1/1:180,157,0,173,132,170:99 

bt4_SuperContig_0_1     61685   .       T       C       193     .       

DP=32;VDB=0.0335;AF1=1;AC1=2;DP4=0,0,17,12;MQ=60;FQ=-114        GT:PL:GQ        1/1:226,87,0:99 

 

# At this instance, these positions will be removed from the analysis. 

 

# remove the lines that have a DP value of 7 and under to retain genomic positions that are 

covered by at least 8 nucleotides 

grep -E 'DP=0;|DP=1;|DP=2;|DP=3;|DP=4;|DP=5;|DP=6;|DP=7;' C_SNP_var.flt.vcf > 

DP8_grep_var.flt.vcf & 

 

 

Output file:  

19823681 2011-12-02 10:02 C_SNP_DPgrep_var.flt.vcf 

 

grep -c "GT:PL:GQ" C_SNP_DPgrep_var.flt.vcf & 

155061 

Number of mutant positions called in C_SNP_var.flt.vcf  that had fewer than 8 nucleotides:- 

162531 minus 155061 

7470 

 

# remove the headers, separate files into shared SNPs, Unique C SNPs and Unique IC SNPs  

# Modify Cecilia’s perl script to pull out first 2 columns 

perl -lane 'unless (m/^#/) {print"$F[0]\t$F[1]";}' DP8_grep_var.flt.vcf > C_DP8_2cols.txt 

 

Output: 

bt4_SuperContig_0_1     25086 

bt4_SuperContig_0_1     33825 

bt4_SuperContig_0_1     46790 

bt4_SuperContig_0_1     46797 

bt4_SuperContig_0_1     46808 

bt4_SuperContig_0_1     46813 

bt4_SuperContig_0_1     46819 
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bt4_SuperContig_0_1     49326 

bt4_SuperContig_0_1     49327 

bt4_SuperContig_0_1     70141 

bt4_SuperContig_0_1     70152 

bt4_SuperContig_0_1     70198 

bt4_SuperContig_0_1     116043 

bt4_SuperContig_0_1     133175 

bt4_SuperContig_0_1     133191 

bt4_SuperContig_0_1     133210 

bt4_SuperContig_0_1     135774 

bt4_SuperContig_0_1     147357 

bt4_SuperContig_0_1     180782 

bt4_SuperContig_0_1     180784 

bt4_SuperContig_0_1     180788 

 

# Match column 1 and column 2 in C file with IC file for shared SNPs and remove 

# Modify awk command  

 

awk -F, 'BEGIN { 

 rc=getline < "DP8_grep_var.flt.vcf" 

 while (rc==1) 

    {f2key=$1 ":" $2 

     f2keys[f2key]=1 

     rc=getline < "DP8_grep_var.flt.vcf"} 

} 

 

{col1and2=$1 ":" $2 

 if (col1and2 in f2keys) 

    print 

}' C_SNP_var.flt.vcf > C_awktest.txt 

 

# Word count of files 

 

wc -l C_DP8_2cols.txt 

7470  

 

wc -l C_awktest.txt 

7470 
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# So now, to match the lines in the IC file, 

 

awk -F, 'BEGIN { 

 rc=getline < "DP8_grep_var.flt.vcf" 

 while (rc==1) 

    {f2key=$1 ":" $2 

     f2keys[f2key]=1 

     rc=getline < "DP8_grep_var.flt.vcf"} 

} 

 

{col1and2=$1 ":" $2 

 if (col1and2 in f2keys) 

    print "##++##;" 

 

 else {print} 

 

}' C_SNP_var.flt.vcf > C_awktest2.txt 

 

# NOw the output file: 

(header) 

bt4_SuperContig_0_1     25045   .       C       A       77      .       

DP=16;VDB=0.0373;AF1=1;AC1=2;DP4=0,0,0,15;MQ=58;FQ=-72  GT:PL:GQ        1/1:110,45,0:87 

bt4_SuperContig_0_1     25067   .       A       G       81      .       

DP=12;VDB=0.0445;AF1=1;AC1=2;DP4=0,0,0,10;MQ=60;FQ=-57  GT:PL:GQ        1/1:114,30,0:57 

##++##; 

bt4_SuperContig_0_1     27477   .       T       C       222     .       

DP=45;VDB=0.0384;AF1=1;AC1=2;DP4=0,0,19,25;MQ=59;FQ=-159        GT:PL:GQ        1/1:255,132,0:99 

bt4_SuperContig_0_1     28219   .       T       C       222     .       

DP=45;VDB=0.0458;AF1=1;AC1=2;DP4=0,0,24,19;MQ=60;FQ=-156        GT:PL:GQ        1/1:255,129,0:99 

##++##; 

bt4_SuperContig_0_1     36503   .       T       A       222     .       

DP=69;VDB=0.0412;AF1=1;AC1=2;DP4=0,0,29,37;MQ=60;FQ=-226        GT:PL:GQ        1/1:255,199,0:99 

bt4_SuperContig_0_1     37987   .       T       C       158     .       

DP=47;VDB=0.0414;AF1=1;AC1=2;DP4=0,0,28,17;MQ=60;FQ=-162        GT:PL:GQ        1/1:191,135,0:99 

bt4_SuperContig_0_1     38042   .       T       G       222     .       

DP=38;VDB=0.0415;AF1=1;AC1=2;DP4=0,0,19,18;MQ=60;FQ=-138        GT:PL:GQ        1/1:255,111,0:99 

 

# In regions where column 1 & Column 2  from this file DP8_grep_var.flt.vcf matched regions 

in this file=> C_SNP_var.flt.vcf,this identifyer was placed ##++##; 

# Now a simple grep -v command will remove these lines 

 

grep "##++##;" C_awktest2.txt -v > C_awktest3.txt 
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6.4 Appendix 4 Plasmids 
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6.5 Appendix 5 nit mutant complementation of knockout mutants 
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6.6 Appendix 6 Complementation  constructs 

 

NAT-XL-TOPO 

 

 

T:trpC-XL-TOPO 
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Bcvic1-1 pType IIs 
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Bcvic1-2 pType IIs 
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Bcvic2-1 pType IIs 

 

 

 

Bcvic2-2 pType IIs 
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Bcvic1-2/Bcvic2-2 pType IIs 

 

 

Bcvic1-1/Bcvic2-1 pType IIs 
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