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ABSTRACT

Earlier studies by other workers have suggested that isolates of Verticillium dahliae from 

crucifers have unusual properties suggesting novel origins. The aims of the current study 

were to determine whether distinct interspecific hybridisations have given rise to these 

isolates and to gain a clearer understanding of the origins and most appropriate taxonomy 

for V. dahliae crucifer isolates. The existence of distinct populations within V. dahliae was 

established by examining the spore length and DNA content of crucifer isolates from 

Europe, Japan, Russia and USA and a range of other isolates. These measurements were 

then correlated with molecular studies on (i) the internal transcribed spacer (ITS) and 

internal intergenic spacer (IGS) regions of the rRNA genes, (ii) random genomic 

sequences, (iii) mitochondrial DNA and (iv) the whole genome using amplified restriction 

fragment length polymorphism (AFLP). On the basis of this work it is suggested that V. 

dahliae crucifer isolates are natural interspecific hybrids which have arisen via two 

separate and one probable hybridisation events. Furthermore it is suggested that both the V. 

alboatrum and V. dahliae parental isolates are distinct from any other isolates of either 

species previously studied. Vegetative incompatibility studies showed that this is unlikely 

to be a major barrier to the formation of hybrids, therefore the possible mechanisms by 

which hybrids arose are considered. The genetic status of these hybrid isolates is also 

discussed and the term ‘amphihaploid’ (by analogy with amphidiploid as used for plants) is 

suggested as better than the ill-defined ‘near-diploid* used by some authors. Some isolates 

are also proposed to be ‘secondary haploids* derived from amphihaploid interspecific 

hybrids. It is suggested that all amphihaploid hybrid isolates should be included in a single 

new taxon, V. x dahlaîrum, which reflects their mode of origin, parental species and 

genome complement.
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CHAPTER 1: INTRODUCTION

1.1 THE FUNGI, HOSTS AND MOLECULAR STUDIES

1.1.1 THE GENUS VERTICILLIUM

The genus Verticillium was erected by Nees von Esenbeck in 1816 (Isaac, 1967). The 

basic feature used to define the genus is that during asexual reproduction verticillately 

branched conidiophores develop with phialides producing conidia terminally in 

mucilaginous ‘heads’. A large, heterogenous assemblage of taxa with diverse ecological 

niches, including saprophytes and parasites of higher plants, insects, nematodes, mollusc 

eggs and other fungi, are grouped within this genus. The genus may be broadly divided 

into three groups of species based on ecology; i) the mycopathogens, ii) entomopathogens 

(which are somewhat related to the mycopathogens) and iii) the plant pathogens and 

related saprophytes. The latter group are only distantly related to the other two groups (Jun 

et al., 1991; Carder and Barbara, 1999). This thesis is concerned with the strongly plant 

pathogenic species and their immediate relations.

1.1.2 PLANT PATHOGENIC VERTICILLIUM SPECIES

Over 300 crops are susceptible to Verticillium and the two main plant pathogenic species 

responsible for these losses are V. dahliae Klebahn and V. alboatrum Reinke and Berthold. 

V. dahliae infects a extremely wide range of crops including strawberry, pepper, cotton, 

mint, eggplant and fruit tree species whereas V. alboatrum causes losses to lucerne, hop, 

potato and tomato (Heale, 1988). Both species are widely distributed all over the world

1



with V. dahliae occurring in temperate and sub-tropical regions and V. alboatrum in 

temperate zones. These two distinct species are differentiated primarily by their resting 

structures, with V. dahliae producing microsclerotia and V. alboatrum dark resting 

mycelium. Differences in the morphology of conidia and conidiophores have also boon 

established. V. dahliae has hyaline conidiophore bases and smaller conidia (3-6 a 1.5- 

2/*m) whereas V. alboatrum has darkened conidiophore bases and larger conidia (3.5-8 x 

2-3/zm) (Smith, 1965). A third species, V. tricorpus Isaac is distinguished by producing 

microsclerotia, dark resting mycelium and chlamydospores, as well as a distinctive 

yellow/orange pigment when first isolated. This species tends to be less pathogenic but 

can cause symptoms in tomato and cotton plants among others. Two weakly plant 

pathogenic species V. nubilum Pethybridge and V. nigrescens Pethybridge, which are 

differentiated on the size of their chlamydospores, exist mainly as soil saprophytes (Isaac, 

1967). The above are the well recognised species. Recently a new species differentiated 

from V. alboatrum mainly by molecular data (Robb et al., 1993; Morton et al., 1995b) has 

been identified but not yet formally described. This species is referred to here and in the 

literature as V. alboatrum Group II (GpII). A second new species V. lungisporum has been 

fully described by Karapapa et al. (1997). This species is based on some host specialised 

isolates of V. dahliae and forms the major subject of this project. V. longisporum will be 

described in more detail below.

1.1.3 THE DISEASES AND DISEASE CYCLES

Plant pathogenic species of Verticillium cause vascular wilt diseases in a variety of 

economically important agronomic and horticultural crops. They survive within the soil in 

the form of melanised resting structures, which are probably triggered into germination by



root exudates. Entry into plants can occur by direct penetration of the epidermal cells or 

through wounds. In some hosts, notably potato, the severity of disease is related to the 

presence of root damaging nematodes (Botseas and Rowe, 1994). These are not thought to 

act as vectors but to allow the pathogen entry through root damage. The hyphae then grow 

biotrophically across the root cortex to the endodermis and enter the vascular system. In 

the xylem, the pathogen spreads both by mycelial growth and also by producing conidia. 

The conidia are transported in the transpiration stream and can lead to rapid spread through 

plants. The flow of xylem sap becomes obstructed by the mycelium and conidia but also by 

gels, tyloses and gums which are induced to form in the xylem by the fungus. This 

occlusion of the vessels results in wilt symptoms, usually loss of turgor and chlorosis of the 

shoot and leaves and death of the host normally ensues (Hiemstra, 1998). There is also 

some evidence for the role of toxins in the production of disease symptoms in susceptible 

hosts (Buchner et al., 1989). A very active nectrotrophic growth phase then occurs, in 

which the tissues of the host are extensively lysed by the fungus, and the food reserves of 

the host utilised. This results in a large increase in fungal biomass including large numbers 

of the resting structures. Within the decomposing host tissues the resting structures are 

returned to the soil where they can remain in mycostasis for many years (Heale, 2000).

Due to the soil-bome nature of Verticillium, dissemination tends to be localised. Dispersal, 

within or between fields, can occur through the movement of infected plant parts and 

infested soil by machinery. If the resting structures are within the upper layers of the soil 

or on the soil surface they can be spread by dust storms and excess irrigation or rain water 

(Hiemstra, 1998). They can also be dispersed with wind blown leaves of diseased host 

plants. Diseased cotton leaves have been credited with spreading the disease into new 

areas (Wilhelm and Taylor, 1965). Insects such as the pea aphid (Acyrthosiphon pisum) 

can act as a vector and therefore allow dispersal of the pathogen between fields (Huang et

3



a/., 1983). Opportunities for long distance dispersal of Verticillium occur through infected 

planting material, either in the plant or associated soil, or via contaminated seed.

wood discoloration defoliation and dieback

occlusion of xylem 
vessels by tyloses /  

gels / gumsz
wilt formation of microsclerotia in 

dying tissues (leaves and petioles)

SYMPTOM DEVELOPMENT

COLONIZATION SURVIVAL

upward transport 
of conidia in 

transpiration stream

infection of 
xylem vessels

INFECTION
xylem vessels
endodermis

-epidermis

root tip

mycelium
infection and 
colonization
of root cortex

leaves and petioles 
incorporated into soil

survival of microsclerotia 
in soil

microsclerotia stimulated 
to germinate by exudates 

of growing roots

Fig 1: The disease cycle of Verticillium dahliae in tree hosts (Hiemstra, 1998).

1.1.4 CONTROL OF VERTICILLIUM WILT

Verticillium wilts can be difficult plant diseases to manage. Factors contributing to this 

difficulty include; i) the ability of the pathogen to survive for long periods in soil, ii) the 

wide host range of the pathogen and iii) the inaccessibility of the pathogen to fungicides 

during its parasitic phase in the xylem. Verticillium wilts are generally controlled by a 

combination of measures and strategies. When available, resistant or tolerant cultivars or 

rootstocks are used to control the disease. Tomato cultivars with the Ve resistance gene
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(Schaible et al., 1951) are widely employed to control Verticillium wilt. Similarly, hop 

(Hwnulus lupulus) varieties with very effective levels of resistance to V. alboatrum have 

been bred and are widely utilised. However genetic resistance is not available in most 

hosts of Verticillium and therefore many control measures are aimed at reducing the 

number of propagules in the soil. Reducing soil inoculum levels can be achieved by 

physical methods (soil solarisation or steaming), via chemical treatments (chloropicrin, 

formalin, metham-Na, methyl bromide) or by the use of green amendments. One such 

green amendment of particular reference to this project and which has proved to be 

effective at reducing the number of propagules, is the incorporation of broccoli residues 

into the soil (Xiao et a l, 1998). The effect is thought to be partially related to the 

fungicidal volatiles released from the hydrolysis of glucosinolates in the tissues. Healthy 

planting material is also important in avoiding Verticillium wilt. Other cultural practices 

such as; crop rotation, not intercropping with wilt susceptible plants, removing and 

destroying diseased plant material, avoiding or minimising cultivation practices that 

damage roots and chemical weed control, can also be used to reduce disease incidence 

(Tjamos and Jimenez-Diaz, 1998).

1.1.5 GENERAL HOST SPECIALISATION

Although host specialisation is generally rare among isolates of V. dahliae and V. 

alboatrum, there is some evidence that host-adapted pathotypes do exist. Within V. 

dahliae, isolates from peppermint have been reported to form a separate ‘physiological’ 

race with a degree of host specialisation (Nelson, 1947). Isolates from sweet pepper were 

also reported to be strongly host-adapted (Kendrick and Middleton, 1959). In Japan, 

isolates have been differentiated into tomato and sweet pepper pathogenicity groups but
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these overlapped with a low pathogenicity group, able to infect only eggplant (Horiuchi et 

al, 1990). Isolates from cotton have been classified as defoliating or non-defoliating 

pathotypes according to their ability to completely defoliate cotton or to cause only mild 

wilt and no defoliation respectively (Schnathorst and Mathre, 1966). However this seems 

to represent the special case in limited areas (mainly Spain) whereas in fact a continuous 

range of responses of this crop occur. Ashworth (1983) reported the existence of a 

continuum of virulence phenotypes among isolates of V. dahliae on cotton, rather than the 

occurrence of distinct pathotypes. Only one example of race structure based on a specific 

gene-for-gene interaction is known within V. dahliae. The Ve gene (Schaible et al., 1951) 

in tomato confers resistance to Race 1 of V. dahliae but is overcome by Race 2 of V. 

dahliae (Alexander, 1962). Molecular evidence suggests that Canadian Race 2 isolates 

have multiple origins and that the ability to overcome the Ve gene has arisen independently 

several times (Dobinson et a l, 1998).

Perhaps the most clear cut case of host specialisation occurs within V. alboatrum', isolates 

from lucerne (L) represent a distinct host-adapted pathotype which are also distinguishable 

by slightly higher temperature optima than isolates from other hosts (Christen et al, 1983). 

In many cases apparent host specialisation in Verticillium actually represent atypical ’snap

shots’ from within a continuum of pathogenicity. For example V. alboatrum isolates 

causing a severe form of wilt in hops, known as ‘progressive’ (P) wilt (Keyworth, 1942) 

have been classified into different strains or pathotypes, PV1, PV2, PV3, using a set of 

selected differential hop cultivars (Sewell and Wilson, 1984). However field populations 

probably represent a continuum of pathogenicity, with environmental conditions 

determining the final outcome of particular host pathogen interactions.

In general both V. dahliae and V. alboatrum seem highly variable in terms of degree of 

pathogenicity and host species and cultivars also vary in degrees of resistance. The



interactions are also affected by environmental conditions. Overlain with some degree of 

host specialisation (such as that reported by Horiuchi et a l, (1990) for Japanese isolates of 

V. dahliae) these variables give a complex picture of infection and disease induction.

The particular case of specialisation for some cruciferous hosts will be dealt with later.

1.1.6 MOLECULAR DIFFERENTIATION

Modem molecular techniques have been used to examine the relationships within and 

between species of Verticillium. Carder and Barbara (1991) and Okoli et al. (1993, 1994) 

used mainly restriction fragment length polymorphisms (RFLPs) with random genomic 

probes, whilst Typas et al. (1992) used a combination of rDNA and mtDNA RFLPs to 

differentiate between the main Verticillium species. Sequence analysis of the internal 

transcribed spacer (ITS) regions of the rRNA genes confirmed that V. dahliae, V. 

alboatrum and V. tricorpus were separate species (Nazar et al., 1991; Moukhamedov et 

al., 1994; Morton et al., 1995b).

More specifically, Okoli et al. (1993) studied RFLPs in V. dahliae isolates, largely from 

the UK, and found they fell into two sub-specific groups (A and B) but these were not 

correlated with host origin. They were however correlated with vegetative compatibility 

groups (D. C. Harris and J. R. Yang, personal communication). A few isolates of V. 

dahliae appeared to be ‘intermediate’ between the two groups and V. dahliae isolates from 

peppermint fell into a distinct sub-specific RFLP group (M) which appeared to be related 

to host specificity rather than geographic origin (Okoli et al., 1994). Carder and Barbara 

(1994) and Koike et al. (1996) analysed Japanese isolates, previously grouped according to 

pathogenicity, and found they clustered by RFLP analysis except for isolates infecting only



eggplant and turnip, two apparently low resistance hosts. The RFLP groups did not 

correspond to those found in the UK suggesting that, taken as a whole, continuous 

variation exists within V. dahliae. It is now thought that where particular molecular 

groupings are associated with countries, this reflects specific introductions (e.g. two in the 

UK), or possibly particular crop practices (e.g. Japan) (D. J. Barbara, personal 

communication). None of the RFLP groups were distinguishable by ITS or IGR sequence 

analysis (Morton etal., 1995a, 1995b).

RFLP studies also revealed that isolates of V. alboatrum could be divided into two major 

sub-specific groups (Carder and Barbara, 1991; Typas et al.t 1992). These groups 

correlated with the original host, isolates obtained from lucerne formed one group 

(designated L) whilst isolates obtained from all other hosts formed the second (NL) group. 

Further work using randomly amplified polymorphic DNA (RAPDs) (Barasubiye et al., 

1995) and through sequencing the ITS region of the rRNA genes (Morton et al., 1995b) 

confirmed the molecular identification of this distinct lucerne pathotype. No other host 

related groupings in V. alboatrum have been correlated with molecular markers. For 

example, V. alboatrum isolates causing progressive wilt in hops could not be distinguished 

from other strains of Verticillium using molecular methods (Morton et al., 1995b; Gnffen 

et al., 1997). A group of isolates particularly associated with potato and originally 

classified as V. alboatrum on the basis of resting structures have been shown to be very 

different at the molecular level from V. alboatrum (L and NL) isolates. Sequence analysis 

of the ITS region of the rRNA gene repeats revealed that these isolates and one lucerne 

isolate from the UK were more distantly related to the majority of V. alboatrum isolates 

than is V. tricorpus (Robb et a l, 1993; Morton et al., 1995b). The atypical lucerne isolate 

from the UK was further differentiated from L and NL isolates of V. alboatrum by rDNA 

and mtDNA RFLP analysis and amplified polymorphic DNA (APD) fingerprinting 

(Griffen et a l, 1994, 1997). These isolates also had different growth rates at 24°C and
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30°C than V. alboatrum isolates and their dark resting mycelium occurred in bundles rather 

than occurring singularly (Robb et al., 1993). These isolates are referred to as Group H of 

V. alboatrum (Robb et a l, 1993) but as mentioned above are best regarded as a new 

species (Morton et al., 1995b). Diagrams representing both RFLP and ITS sequence based 

relationships are given (Fig 2 and 3) as an aide-mémoire for the relationships in these 

species.

1.1.7 CRUCIFER ISOLATES OF VERTICILLIUM DAHLIAE

A number of isolates classified as V. dahliae on the basis of resting structure, have become 

major pathogens of cruciferous crop plants. Such isolates are referred to as V. dahliae 

crucifer isolates in this text whereas isolates from all other hosts are referred to as V. 

dahliae non-cruciferous isolates. The first V. dahliae strain to be isolated from a 

cruciferous host was by Isaac (1957) from Brussels sprouts (Brassica oleracea var. 

gemmifera) in the Evesham area of the UK. Later a strain of V. dahliae was isolated from 

wilted horseradish {Armoracia rusticana) in Hamburg, Germany (Stark, 1961). This 

isolate was referred to as V. dahliae var. longisporum on the grounds that its conidia were 

somewhat larger than those of other isolates. Although these cases appear to have been 

isolated, serious losses in oilseed rape {Brassica napus ssp. oleifera) and other crucifers 

now occur in Europe, Asia and Japan due to V. dahliae infection (Horiuchi et a l, 1990; 

Karapapa et a l, 1997). It has also been reported that new vascular diseases threatening 

cauliflower {Brassica oleracea var. botrytis) production in coastal California (Koike et a l, 

1994) and horseradish production in Illinois (Eastbum and Chang, 1994) are caused by V. 

dahliae.
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A D L

M

NLB

Fig 2: RFLP based relationships of the groups of V. dahliae and V. alboatrum

Diagram drawn from data of Okoli et al. (1993,1994). Not to scale. RFLP groups A, B and 
M represent V. dahliae non-cruciferous isolates, RFLP group D represents V. dahliae 
crucifer isolates, RFLP groups L and NL represent lucerne and non-lucerne isolates of V. 
alboatrum.

D

A/B/M-

NL
Vt

VaGpn

Fig 3: Simplified dendrogram showing the relationships of Verticillium species based on 
sequence difference in the ITS1 and ITS2 regions (Morton et al., 1995b)

Figures against the line represent the number of nucleotide differences. RFLP groups 
A/B/M represent V. dahliae non-cruciferous isolates; D, V. dahliae RFLP group D 
cruciferous isolates; L, V. alboatrum RFLP group L isolates, NL, V. alboatrum RFLP 
group NL isolates; Vt, V. tricorpus isolates; Va GpII, V. alboatrum Group II isolates.
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This host specialisation appears to be based on the high resistance of some cruciferous 

plants to ‘ordinary isolates’ and this will be discussed below. However it is important to 

realise that some cruciferous plants are apparently susceptible to all isolates, for example 

turnip {Brassica campestris spp. rapifera) used by Horiuchi et al. (1990) and Arabidopsis 

thaliana (Tabnett et a ly 1995; Steventon et a l, 2001).

1.1.8 HOST RANGE STUDIES OF V. DAHLIAE CRUCIFER ISOLATES

There is conflicting evidence as to the degree of host specialisation of V. dahliae crucifer 

isolates although most reports agree that V. dahliae cruciferous isolates are more virulent 

to cruciferous crops than V. dahliae non-cruciferous isolates. In a limited host range study 

of V. dahliae isolates from Brussels sprouts, Isaac (1957) concluded that they were not 

pathogenic to several other crop species including broccoli, cauliflower, strawberry and 

only slightly virulent to potato and tomato plants. As a result he suggested that V. dahliae 

from Brussels sprouts was a distinct strain. In addition, in his tests, V. dahliae isolates 

from non-cruciferous hosts were non-pathogenic to Brussels sprouts, broccoli and 

cauliflower. In 1963, Stark reported that the pathogen isolated from horseradish was 

pathogenic to potato, lupin and cucumber but failed to produce symptoms on beet, lucerne, 

tomato and antirrhinum. Similarly horseradish isolates from Illinois were pathogenic to 

China aster, eggplant, potato and sunflower, but non-pathogenic to pepper, tomato and 

watermelon. Brussels sprout plants inoculated with the horseradish isolate did not show 

external symptoms of Verticillium wilt, but showed vascular discoloration in both the roots 

and shoots (Chang and Eastbum, 1994). The pathogenicity of ten isolates of V. dahliae 

from herbaceous and woody plants varied from virulent to nearly avirulent on horseradish 

plants. Although horseradish was susceptible to all ten isolates, the horseradish isolates 

proved to be the most virulent (Chang and Eastbum, 1994). Horiuchi et al. (1990) reported



that Japanese isolates from various cruciferous hosts were pathogenic to the cruciferous 

host, turnip, but not to solanaceous hosts (eggplant, tomato and sweet pepper). V. dahliae 

non-cruciferous isolates were also pathogenic to turnip and to one or more of the 

solanaceous hosts. Karapapa et al. (1997) also tested the pathogenicity of a limited 

number of Japanese crucifer isolates and a range of oilseed rape isolates from Europe on 

oilseed rape plants. The majority of crucifer isolates were pathogenic to oilseed rape 

except for Stark’s horseradish isolate and a German oilseed rape isolate (G19) which were 

only weakly virulent. V. dahliae non-cruciferous isolates were non-pathogenic to oilseed 

rape. Zeise and Buchmuller (1997) further tested a typical oilseed rape isolate against six 

Brassica species. Severe wilt was evident on B. campestris, B. nigra and B. napus and 

although less severe symptoms were evident in B. juncea, yield losses were high. The 

most resistant species showing almost no yield losses were B. carinata and B. oleracea. 

Further pathogenicity tests using oilseed rape isolates showed that they were pathogenic to 

Arabidopsis thaliana (Steventon et al., 2001) and non-pathogenic to non-cruciferous crops 

including potato, pea, lupin, broadbeans and strawberry (Dr. K. Zeise, personal 

communication, quoted in Heale and Karapapa, 1999). In contrast, Cauliflower isolates 

from California were more pathogenic on cruciferous crops except broccoli and Brussels 

sprouts but exhibited various degrees of pathogenicity on a range of non-cruciferous crops 

except lettuce. Similarly V. dahliae isolates from non-cruciferous crops and a lucerne 

isolate of V. alboatrum were pathogenic to cabbage and cauliflower and a range of effects 

were observed (Subbarao et al., 1995; Bhat and Subbarao, 1999). Broccoli plants 

inoculated with cauliflower and cabbage isolates did not show external symptoms of wilt, 

but showed vascular discoloration, whereas V. dahliae non-cruciferous isolates and a 

lucerne isolate of V. alboatrum were non-pathogenic to broccoli plants (Subbarao et al., 

1995; Bhat and Subbarao, 2001). ,
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1.1.9 BRASSICA SPECIES

Brassicas are a highly diverse group of important crop plants within the Cruciferae that 

have great economic value as vegetables and as sources of condiment mustard, edible and 

industrial oil, animal fodder and green manure. There are six major Brassica species: three 

diploid species and three amphidiploid species. The genetic relationship of these Brassica 

species was proposed by U (1935) and is shown in Fig 4. Based on cytological evidence U 

(1935) proposed that pairwise interspecies hybridisation occurred between the diploid 

species B. campestris (A genome, 2n = 20), B. nigra (B genome, 2n = 16), and B. oleracea 

(C genome, 2n = 18) to produce the amphidiploid species B. juncea (AB genome, 2n = 36), 

B. napus (AC genome, 2n = 38) and B. carinata (BC genome, 2n = 34). The host range 

data from various V. dahliae crucifer isolates (see Section 1.1.8) has been tabulated against 

the genome organisation of the six Brassica species (Table 1). No clear relationship 

between crucifer pathogenicity and genome organisation can be made as a number of the 

Brassica species were not included in the pathogenicity tests. However Japanese crucifer 

isolates (Horiuchi et al., 1990), Californian cauliflower isolates (Subbarao et al., 1995) and 

European oilseed rape isolates (Zeise and Buchmuller, 1997) are all pathogenic to B. 

campestris (A genome). It is possible to postulate that B. campestris is a low resistance 

host species and that the presence of the A genome in B. juncea (AB genome) and B. 

napus (AC genome) has contributed to the low resistance of these species. Stark’s 

horseradish isolate (V. dahliae var. longisporum) was however weakly virulent on B. 

napus, but whether this is a reflection of the age of the isolate or a real response cannot be 

determined. Contradictory results are found within B. oleracea (C genome), with degrees 

of resistance to certain isolates relating to variety, rather than the whole genome. These 

results may reflect the dissimilar breeding processes within this species or the adaptation of 

certain isolates to particular crucifer crops such as Isaac’s Brussels sprout isolate.
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1.1.10 MOLECULAR CHARACTERISATION OF V. DAHLIAE CRUCIFER 

ISOLATES

Molecular techniques have been used to explore the relationship of V. dahliae crucifer 

isolates to V. dahliae non-cruciferous isolates and to V. alboatrum isolates. Using mtDNA 

RFLPs V. dahliae crucifer isolates from Europe and Japan could not be distinguished from 

V. dahliae non-cruciferous isolates but were clearly distinguished from L and NL isolates 

of V. alboatrum (Typas et a l, 1992). Okoli et al. (1994) studied RFLPs using random 

genomic clones in V. dahliae crucifer isolates from Europe and Japan, and found they 

formed a separate group (D) from V. dahliae non-cruciferous isolates and L and NL 

isolates of V. alboatrum. The group D isolates were equally distantly related to the other 

V. dahliae isolates and to V. alboatrum (Fig 2). In addition, Carder and Barbara (1994) 

analysed Japanese cruciferous isolates and found they also formed a separate group from 

V. dahliae non-cruciferous isolates, which corresponded with RFLP Group D of Okoli et 

al. (1994). Analysis of the internal transcribed spacer (ITS) regions of the rRNA genes of 

European and Japanese crucifer isolates showed that they were very similar to V. 

alboatrum isolates, in particular the lucerne isolates (Fig 3), but quite distinct from V. 

dahliae non-cruciferous isolates (Morton et a l, 1995b). Further studies on sub-repeat 

sequences in the rRNA intergenic regions (IGR) of V. alboatrum, V. dahliae non- 

cruciferous and V. dahliae crucifer isolates revealed that the overall structure of repeats 

was distinct for all three and it was suggested that they should be regarded as separate 

species (Morton et a l, 1995a). IGR haplotypes have also been reported within V. dahliae 

crucifer isolates (Subbarao et al., 1995; Pramateftaki et a l, 2000). Furthermore, recent 

RAPD data from Koike et al. (1996), Messner et al. (1996), Karapapa et al. (1997) and 

Bhat and Subbarao (1999) agreed with the above in that the majority of V. dahliae crucifer 

isolates form a group clearly distinguishable from V. dahliae non-cruciferous isolates. An 

interesting result from the RAPD analysis by Karapapa et al. (1997) was that although the



majority of oilseed rape isolates fell into one clear group, Stark’s horseradish isolate, 

Isaac’s Brussels sprout isolate and a German oilseed rape isolate (G19) were clearly 

distinct from the majority of oilseed rape isolates. The implications of these results, 

however, were not investigated and these isolates were dismissed as ‘recombinants’ in 

molecular, morphological and pathological analysis. Recently two of these ‘recombinants’ 

Stark’s horseradish isolate and the German oilseed rape isolate (G19), were found to lack a 

group I intron in the nuclear SSU-rRNA gene which was present in the remaining 

European, Japanese and American crucifer isolates studied including Isaac’s Brussels 

sprout isolate (Karapapa and Typas, 2001). During the analysis of their RAPD data, 

Karapapa et al. (1997) observed that the majority of European oilseed rape isolates and 

Japanese crucifer isolates gave bands common to either V. dahliae or V. alboatrum 

isolates. This result suggested that crucifer isolates had arisen through interspecific 

hybridisation between these two species, although this result is disputed by Bhat and 

Subbarao (1999). This suggestion was not only apparent from the RAPD analysis but also 

from the morphological and pathological properties of the V. dahliae crucifer isolates (see 

below).

1.1.11 BIOCHEMICAL AND MORPHOLOGICAL CHARACTERISATION OF 

V. DAHLIAE CRUCIFER ISOLATES

Horiuchi et al. (1990) used polyphenol oxidase (PPO) activity to differentiate V. dahliae 

non-cruciferous isolates from crucifer isolates. Similarly, Karapapa et al. (1997) reported 

that V. dahliae non-cruciferous isolates, V. alboatrum isolates and a German oilseed rape 

isolate (G19) had high levels of PPO activity whereas the remaining crucifer isolates had 

low levels of activity. Zeise and Von Tiedemann (2001) have also reported low levels of 

PPO activity in V. dahliae crucifer isolates. As noted previously, V. dahliae and V.
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alboatrum are differentiated primarily by their resting structures, producing microsclerotia 

and dark resting mycelium respectively. In comparison, the majority of European oilseed 

rape isolates and Japanese crucifer isolates studied by Karapapa et al. (1997) appeared to 

combine facets of both normal microsclerotia and dark resting mycelium suggesting a 

hybrid origin. However, three crucifer isolates produced atypical microsclerotia compared 

to the majority of crucifer isolates. A German oilseed rape isolate (G19) and Isaac’s 

Brussels sprout isolate produced spherical and elongated microsclerotia, typical of both V. 

dahliae non-cruciferous and cruciferous isolates respectively, whereas Stark’s horseradish 

isolate produced only spherical microsclerotia. Horiuchi et al. (1990) also reported that 

Stark’s horseradish isolate produced a smaller number of unique microsclerotia, which 

were different from the irregular and elongated microsclerotia produced by Japanese 

crucifer isolates. Ziese and Von Tiedemann (2001) recently reported that elongated 

microsclerotia are characteristic of European oilseed rape isolates and Californian 

cauliflower isolates. Differences in the morphology of conidiphores and conidia were also 

observed between V. dahliae non-cruciferous and crucifer isolates (Horiuchi et al., 1990; 

Karapapa, et al., 1997, Zeise and Von Tiedemann, 2001). V. dahliae non-cruciferous 

isolates formed conidiophores with 4-5 phialides per node and produced short conidia in 

the range of 3.5-5.5/tm whereas the majority of V. dahliae crucifer isolates formed 

conidiophores with 3 phialides per node and produced long conidia (7.1-8.8/im). However 

Isaac’s Brussels sprout isolate was reported to produce short conidia (mean length 4.6/xm), 

typical of V. dahliae non-cruciferous isolates (Karapapa et al., 1997).

Typas and Heale (1980) reported that V. dahliae non-cruciferous isolates and V. alboatrum 

isolates produce conidia with a low DNA content (0.025-0.030pg per haploid nucleus). 

The majority of crucifer isolates, including Stark's horseradish isolate and Isaac's Brussels 

sprout isolate, measured by Karapapa et al. (1997) had DNA contents of approximately 

twice the amount of V. dahliae non-cruciferous isolates (0.044-0.053pg). The high DNA



content of Stark’s horseradish isolate has previously been shown by Typas and Heale 

(1977,1980), Jackson and Heale (1985) and Horiuchi et a l (1990). However, the German 

oilseed rape isolate (G19) had a low DNA content equivalent to that of V. dahliae non- 

cruciferous isolates (Karapapa et a l, 1997). V. dahliae cauliflower isolates from 

California have also been reported to contain a 2 fold higher DNA content in comparison 

to non-cruciferous isolates (P. Bonello and J.R. Gordon, unpublished, quoted in Subbarao 

et al, 1995). This result is supported by the fact that nitrate reductase mutants could not be 

obtained from cauliflower isolates (Subbarao et a l, 1995; Bhat and Subbarao, 1999) 

suggesting some form of gene duplication. Therefore V. dahliae non-cruciferous isolates 

are regarded as haploid whereas the majority of V. dahliae crucifer isolates have been 

described as ‘near-diploid’. Although the terms ‘recombinant’ and ‘near-diploid’ are used 

here they are inappropriate and inaccurate as will be discussed later.

Karapapa et a l  (1997) went on to suggest that there was a clear correlation between
i

nuclear DNA content and spore length. However, as mentioned above, Isaac's Brussels 

sprout isolate and a German oilseed rape isolate (G19) which produce short/high DNA 

content and long/low DNA content spores respectively were dismissed from the analysis. 

Also not included in the analysis were V. dahliae cauliflower isolates from California, 

which were reported to be short-spored (approximately 4/xm in length) but to have a high 

DNA content (Subbarao et a l, 1995).

Based on these findings Karapapa et a l (1997) suggested that these long-spored oilseed 

rape isolates should be classified as a new species, V. longisporum and that all V. dahliae 

crucifer isolates should be placed within this new species. The validity of this proposal 

and alternative classification will be discussed in the light of the results presented in this 

thesis.
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The rest of the Introduction will deal with some of the technical aspects of the project 

before summarising the main aims and objectives of the work. The rest of the thesis is 

then divided into three chapters viz. Materials and Methods, Results and Discussion. This 

structure is appropriate, as most of the results are interdependent and it is necessary to 

analyse all aspects together before synthesising a considered view on the origins of V. 

dahliae crucifer isolates.

1.2 TECHNICAL ASPECTS

1.2.1 PARASEXUAL RECOMBINATION AND VEGETATIVE COMPATIBILITY

Plant pathogenic Verticillium species are classified within the Fungi Imperfecti, with no 

sexual (teleomorphic) state known. Messner et a l (1996) however placed the origin of V. 

dahliae firmly within Hypocreaceae/Ascomycotina, based upon complete sequencing of 

the 185 rRNA gene complex and comparative phylogenetic analysis. Assuming that the 

sexual cycle is not operative, sources of generic diversity within Verticillium species may 

result from gene mutation and parasexual recombination. The parasexual cycle consists of 

the formation of diploid nuclei by nuclear fusions in heterokaryons followed by the 

occurrence of mitotic crossing over and haploidisation of this diploid nuclear lineage. 

Heterokaryon and heterozygous diploid formation in Verticillium was first reported by 

Hastie (1962) using auxotrophic mutants of V. alboatrum from hop. Since then, the 

parasexual cycle has been described in detail for both V. alboatrum and V. dahliae 

(Clarkson and Heale, 1985; Hastie, 1964, 1968, 1973; Heale, 1966; McGeary and Hastie, 

1982; O’Garro and Clarkson, 1988, 1992; Typas, 1983). However, it is generally thought 

that only isolates belonging to the same vegetative compatibility group (VCG) are able to
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undergo mutual hyphal anastomosis to produce viable heterokaryons, the first step in the 

parasexual cycle. Vegetative compatibility is a useful marker for determining the genetic 

structure in fungi such as Verticillium, as isolates belonging to the same VCG are generally 

more genetically similar to one another than to isolates in different VCGs.

1.2.2 VEGETATIVE COMPATIBILITY GROUPS IN VERTICILLIUM

Four major VCGs have been identified within V. dahliae isolates from a wide range of 

hosts and geographical locations (Joaquim and Rowe, 1990, 1991; Strausbaugh et al., 

1992; Chen, 1994; Bhat and Subbarao, 1999; Elena and Paplomatas, 1998; Elena, 1999a, 

1999b; Korolev et al., 2000; Douhan and Johnson, 2001). VCGs 2 and 4 have been further 

subdivided into subgroups based on differential interactions among tester strains within 

each group (Joaquim and Rowe, 1991; Strausbaugh, 1992). Within V. dahliae VCGs do 

not appear to be related to host pathogenicity although there appears to be some correlation 

with virulence on certain hosts. VCG4 is the most predominant group in potato 

populations of V. dahliae (Joaquim and Rowe, 1991; Strausbaugh, 1992). Isolates 

belonging to VCG4A are more aggressive than VCG4B isolates (Joaquim and Rowe, 

1991; Strausbaugh, 1993; Douhan and Johnson, 2001) and interact synergistically with the 

root lesion nematode Pratylenchus penetrans (Botseas and Rowe, 1994). Characterisation 

of VCG4A and VCG4B isolates using molecular markers revealed the existence of two 

genetically distinct types of VCG4A isolates in North America (Dobinson et a l, 2000). In 

Israel, where VCG4A isolates are not present, VCG4B isolates from various hosts were 

more aggressive on potato than VCG2A and VCG2B isolates (Tsror et a l, 2001). Cotton 

defoliating isolates from the US and Spain have been found to fall into VCG1 whereas 

nondefoliating isolates fell into VCG 2 and VCG4 (Joaquim and Rowe, 1990; Daayf et al, 

1995; Korolev et al., 1998). Cotton isolates from Israel which cause severe wilting and
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partial defoliation belong to VCG2B whereas nondefoliating isolates fell into VCG2A and 

VCG4B (Korolev et al., 2000).

Two VCGs have been defined within V. alboatrum isolates; all isolates from lucerne 

belong to VCG01 and isolates from all other hosts belong to VCG02 (Correll et at., 1988; 

Furgal-Wegrzycka, 1997). These findings coupled with the molecular characterisation 

confirm that V. alboatrum isolates from lucerne consist of a genetically homogenous clonal 

population distributed worldwide.

In contrast to the low VCG diversity within V. dahliae and V. alboatrum, nine and eleven 

VCGs have been found within the weakly pathogenic and saprotrophic species, V. 

tricorpus and V. nigrescens respectively (Korolev and Katan, 1999). This greater diversity 

in these species may be related to ecological niches. The new species V. alboatrum GpII 

has not been studied for VCG. Crucifer isolates of V. dahliae (V. longisporum) do not give 

rise to mutants suitable for testing VCG (Subbarao et al., 1995; Bhat and Subbarao, 1999; 

Zeise and Von Tiedemann, 2001).

1.2.3 REBOSOMAL RNA GENES

The nuclear rRNA genes in fungi are arranged as tandem repeats with several hundred 

copies per genome. In V. dahliae the rRNA gene complex is ca 7.2 kilobases (kb) (Morton 

et al., 1995a; Pramateftaki et al., 2000), which is short in comparison to most other 

filamentous fungi where it ranges from 7,7-12kb in size, Each rRNA gene repeat unit 

contains three rRNA genes: the small nuclear (18S-like) rRNA, the 5.85 rRNA and the 

large nuclear (285-like) rRNA. The 5S rRNA gene is located elsewhere in the genome of 

Verticillium. Within one repeat unit, the 5.85 is flanked by a bipartite internal transcribed
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spacer (ITS), the ITS I and ITS2, which separates the 5.8S rRNA gene from the 18S and 

28S genes, respectively. The intergenic spacer (IGS) separates the gene repeat units (Hillis 

and Dixon, 1991). Both the ITS1, ITS2 and IGS spacers are removed during transcription 

and subsequent maturation of the functional rRNA molecules.

The functional rRNA genes evolve relatively slowly and are useful for comparing distantly 

related organisms. The non-coding regions (ITS and IGS) evolve at a faster rate and are 

useful for comparing fungal species within a genus, as shown in Verticillium (Morton et 

al., 1995a, 1995b) or strains within a species. Mutations in the non-coding regions occur 

at a rate that approximates the rate of species emergence (Brasier et al., 1999). Over time 

such mutation become fixed through crossing over and gene conversion, a process that is 

commonly termed concerted evolution. This process maintains the homogeneity of the 

gene cluster and spacer region. However, there is a small but increasing number of 

publications which suggest that more than one form of the rRNA genes may exist within 

individuals in some species. This is known to occur in several fungal genera including; 

Fusarium (O’Donnell, 1992; O’ Donnell and Cigelnik, 1997; O’ Donnell et a l, 1998, 

2000), Glomus (Sanders et al., 1995), Hebeloma (Aanen et al., 2001), Ophiostoma (Kim 

and Breuil, 2001) and Phytophthora (Brasier et al, 1999, Bonants et al,, 2000). In species 

like Fusarium and Phytophthora it has been suggested that the occurrence of different ITS 

types is due to interspecific hybridisation or gene duplication. The most abundant 

ribosomal repeat type is referred to as the major ITS type whilst the less frequently 

occurring repeat type is referred to as the minor ITS type (O’ Donnell and Cigelnik, 1997; 

O’Donnell et a l, 1998, 2000). In the context of the current project, the development of 

universal primers designed from conserved sequences on the ends of the rRNA genes 

(White et a l, 1990) and V. dahliae and V. alboatrum species-specific primers within the 

ITS (Nazar et al., 1991) should enable the identification of major and minor ITS types.
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This should provide evidence for interspecific hybridisation and of different hybridisation 

events occurring within V. dahliae crucifer isolates.

In many cases where the structure of the IGS has been determined it has been found to 

contain sub-repeats and in a number of instances, length variation of the IGS results from 

variation in the number of these sub-repeats. The overall structure and organisation of sub

repeats within V. alboatrum and V. dahliae non-cruciferous and cruciferous isolates has 

been shown to be distinct (Morton et al., 1995a). Morton et al. (1995a) examined the IGS 

region in European crucifer isolates and found that they contained three 39bp long perfect 

tandem repeats. A similar repeat of thirteen copies was also recorded in a Japanese 

crucifer isolate (Pramateftaki et al, 2000). Therefore there is evidence to suggest that the 

organisation of these sub-repeats differ in V. dahliae crucifer isolates.

1.2.4 NUCLEOTIDE SEQUENCE ANALYSIS

Sequence variation within PCR products can be shown by restriction endonuclease 

digestion. If sequence differences are located within restriction sites for particular 

enzymes, the digestion of the PCR product with those enzymes will lead to different 

electrophoretic patterns. Although restriction endonuclease digestion is the simplest 

method it detects only differences at the restriction sites and thus is limited in scope. 

Direct sequencing of the PCR product or of cloned PCR products allows detection of all 

sequence variations but this technique is expensive and more time-consuming. Single

stranded conformation polymorphism (SSCP) is a powerful electrophoretic method for 

detecting sequence variations and point mutations (Orita et al., 1989). SSCP analysis is 

performed by denaturing short PCR-amplified DNA, usually 100-250 base pairs (bp) in 

size, before electrophoresis on a non-denaturing gel. Within this environment, ssDNA
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molecules fold into complex three-dimensional structures as a result of intrastrand base 

pairing. Single strands of equal length but different sequence can vary considerably in 

electrophoretic mobility as a result of looping and compaction caused by intrastrand 

pairing. Alteration of the nucleotide sequence of the molecule by as little as a single base 

can reshape the secondary structure, with consequent changes in electrophoretic mobilities 

(Sambrook and Russell, 2001). SSCP has been extensively applied in biomedical research 

but is becoming more widely used in the area of plant pathology. SSCP has been utilised 

to differentiate the pine rusts Cronartium flaccidum and Peridermium pini (Morieca and 

Ragazzi, 1998) and to analyse diversity within Phaeoisariopsis griseola and of 

endomycorrhizal fungi (Simon et al., 1993; Busogoro et al., 1997; Clapp et al., 2001). 

SSCP analysis of the ITS region has also been used to differentiate species of Aspergillus 

(Kumeda and Asao, 1996), Melampsora (Nakamura et a l, 1998) and Seiridium (Moricca 

et al, 2000). SSCP will be used here to study ITS sequences and as an alternative method 

to direct sequencing.

1.2.5 MITOCHONDRIAL DNA

Mitochondrial genomes (mtDNA) have become increasing popular in both population and 

evolutionary biology studies of a diverse range of organisms including fungi, due to their 

rapid rate of sequence divergence. In fungi, the sizes of mtDNA molecules in various 

species range from about 30 to 176 kb (Griffiths, 1996). The relatively smaller size of the 

mitochondrial genome provides a good target for restriction endonuclease anaysis. 

Moreover, a high copy number and the A and T biased composition of mtDNA allows its 

separation from nuclear DNA (Duncan et d l, 1998). Carder and Barbara (1991) and Typas 

et al. (1992) used mtDNA RFLPs to differentiate Verticillium species including V. dahliae 

and V. alboatrum lucerne and non-lucerne isolates. Three V. dahliae crucifer isolates
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could not be distinguished from V. dahliae non-cruciferous isolates using this method 

(Typas et al., 1992). Although mtDNA is uniparentally inherited in many fungi, 

recombination between mitochondrial genomes has been shown to occur (Saville et al., 

1998). Therefore, mtDNA RFLPs will be used to investigate the inheritance of 

mitochondria in V. dahliae crucifer isolates and to provide further evidence for their 

hybridity.

1.2.6 AMPLIFIED RESTRICTION LENGTH POLYMORPHISM

There are a number of DNA fingerprinting methods available for the analysis of genetic 

variation in fungi. Two widely used methods are restriction fragment length 

polymorphisms (RFLPs) and randomly amplified polymorphic DNA (RAPDs), both of 

which have been successfully used to differentiate Verticillium species (Carder and 

Barbara, 1991; Karapapa et al., 1997). In RFLP analysis, specific or randomly cloned 

DNA fragments are used as probes (normally radiolabelled) in Southern blot analysis of 

restriction digested genomic DNA. Hybridisation patterns are then scored for RFLPs. The 

utility of RFLPs has been hampered due to the large amounts of DNA required for 

restriction digestion and Southern blotting. In addition, the assay is time consuming, 

labour intensive and requires the use of radioactive isotope which makes the analysis 

relatively expensive and hazardous. In RAPD analysis, single short deoxyribonucleotide 

primers (usually 10 mers) are used in PCR of genomic DNA at low annealing temperatures 

and the profiles of the amplification products are then scored for polymorphisms. 

However the low non-specific annealing temperatures used and other factors can affect the 

reproducibility of the results and therefore it is essential that all components in the PCR are 

accurately standardised (Joshi et a l, 1999). A third method called amplified restriction 

length polymorphism (AFLP) which was developed for genetic mapping in plants (Vos et

26



al„ 1995) has been shown to provide a useful measure of fme-scale genetic variation in 

fungi (Majer et aL, 1996). In this technique, genomic DNA is digested simultaneously 

with a frequent cutting (Le. with a 4bp recognition site, e.g. Msel) and a rare cutting (i.e. 

6bp recognition site, e.g. EcoRI) restriction enzyme before oligonucleotide adaptors are 

ligated to the ends of the restriction fragments. The ligated DNA fragments are amplified 

by PCR using primers complementary to the adaptors and restriction site sequence with 

additional selective nucleotides at the 3’end. The profiles of the amplification products 

when separated electrophoretically are then scored for polymorphisms. The main 

advantages of this technique is that highly reproducible results are obtained due to the 

stringent PCR conditions and the complexity of the AFLP fingerprint can be planned by 

the number of additional selective nucleotides in the primers. Interspecific hybrids in 

Phytophthora arising from independent hybridisation events have been identified using 

AFLPs (Brasier et al., 1999; Bonants et al., 2000). Therefore this method will be used 

compare V. dahliae crucifer isolates and to assess their relationship to V. dahliae non- 

cruciferous isolates and to lucerne and non-lucerne isolates of V. alboatrum.

1.3 AIMS AND OBJECTIVES

1.3.1 OVERALL HYPOTHESIS

V. dahliae crucifer isolates have been proposed to be natural hybrids arising from a 

parasexual cross between V. dahliae and V. alboatrum (Karapapa et al„ 1997), These 

isolates are important in practical terms because they pose a threat to some very important 

crops. Scientifically they are extremely interesting as they represent the best example of a 

novel pathogenicity arising through interspecific hybridisation, which simultaneously
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alters the genetic status of the fungus. After certain isolates were discarded, Karapapa et 

al. (1997) implicitly assumed a common origin for crucifer isolates and erected a new 

species, V. longisporum, to contain them. However there is a priori evidence to suggest 

that at least four separate hybridisation events have occurred to give rise to these different 

V. dahliae crucifer isolates. The first of these events is represented by Stark’s horseradish 

isolate, the second by Isaac’s Brussels sprout isolate, the third by isolates found most 

commonly in oilseed rape in Europe and the fourth by isolates now found infecting 

cauliflower in California. The main objective of this study is to determine whether distinct 

hybridisation events have occurred firstly to gain a clearer understanding of the origins and 

most appropriate taxonomy for V. dahliae crucifer isolates. Secondly, understanding the 

origins of these isolates is an essential prerequisite to studying, understanding and re

creating the basis of the novel pathogenicity and genetic status of these isolates.

1.3.2 SUMMARY OF EXPERIMENTAL APPROACHES

In order to determine whether different hybridisation events have occurred a number of 

approaches have been undertaken and are outlined below:

• A collection of V. dahliae crucifer isolates, representative of those isolates proposed to 

have arisen via separate hybridisation events, was established although Isaac’s Brussels 

sprout isolate could not be obtained. Horseradish isolates from USA were particularly 

sought and found, as these have not been widely studied.

• Crucifer isolates are generally thought to be long-spored and have high nuclear DNA 

contents relative to the majority of non-cruciferous isolates but both the spore length 

and DNA content of certain V. dahliae crucifer isolates is known to vary. Therefore

28



the nuclear DNA content and spore length was determined in a range of isolates to 

ascertain whether they correlated with other properties and possible origins.

• The major ITS sequence will be examined by a combination of PCR-RFLP, SSCP and 

sequencing. Interspecific hybrids would be expected to ‘choose' one or other of the 

parental ITS sequences for purely stochastic reasons. Hybrids arising from different 

hybridisation events may differ in ITS sequence. The presence of minor ITS sequences 

was also investigated as further evidence for their hybridity.

* Sub-repeat sequences within the IGS region of the rRNA genes were examined to 

determine whether the structures of the sub-repeats correlated with the proposed 

hybridisation events. Isolates maintaining minor ITS sequences were also examined 

for the presence of minor IGS sequences.

# Group I introns, which are mobile genetic elements, have recently been reported to 

occur in the 18S rRNA genes in a limited range of V. dahliae crucifer isolates 

(Karapapa and Typas, 2001). To extend this work to the full range of isolates used 

here, the presence of group I introns was investigated in these isolates and 

representative V. dahliae non-cruciferous and V. alboatrum isolates.

, V. dahliae non-cruciferous and V. alboatrum (NL) specific primers derived from

random genomic probes are available (Carder et al., 1994). PCR analysis using these 

primers will provide additional evidence for the hybridity of V. dahliae crucifer 

isolates. Primers specific for V. dahliae isolates from oilseed rape have also been 

designed (C. Dixelius, personal communication) but have not previously been tested on 

V. dahliae isolates from other cruciferous crop plants. PCR analysis using these 

primers may reveal isolates arising from different hybridisation events.
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• Mitochondrial DNA has only been examined in three V. dahliae crucifer isolates to

 ̂ date (Typas et a l, 1992). MtDNA inheritance will be determined by RFLP analysis in

V. dahliae crucifer isolates identified as arising from different hybridisation events by 

the previous methods.

• A wider genomic approach using AFLPs will be used to compare V. dahliae crucifer 

isolates and to assess the relationship to V. dahliae non-cruciferous isolates and lucerne 

and non-lucerne isolates of V. alboatrum.

• A few crucifer isolates were identified as being short-spored/haploid and it was 

postulated that they were ‘secondary haploids’. The VCG of these isolates was 

investigated to provide further evidence to their hybrid origins. In addition, as 

heterokaryon formation is the first step in the parasexual cycle, vegetative 

incompatibility between V. dahliae and V. alboatrum would restrict the formation of 

such a heterokaryon making it unlikely that crucifer isolates originated this way. 

Nitrate-nonutilising mutants were used to determine whether heterokaryons can be 

established between these two species.

• Some V. dahliae crucifer isolates from Russia have been reported in the literature to be 

extremely variable in morphology (Portenko, 2000) which may reflect their hybrid 

origin. Mono-conidial cultures of two V. dahliae non-cruciferous isolates used in this 

study were also extremely variable in morphology and resting structure production. 

The persistence of this variability was investigated in a second generation of mono- 

conidial isolates. Due to the time constraints of this project this topic did not progress 

beyond identifying and quantifying this variability.
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1.3.3 SPECIFIC AIMS OF PROJECT

The main aim of this project is to determine whether separate hybridisation events have 

occurred to give rise to V. dahliae crucifer isolates or whether one hybridisation event has 

given rise to a clonal line which has now been distributed worldwide. A clearer 

understanding of the origin and taxonomy of these crucifer isolates will provide the basis 

for studying the underlying genetics of how these isolates have gained new pathogenicity 

traits through interspecific hybridisation. In addition, only one isolated case of Verticillium 

wilt in crucifers has been reported in United Kingdom (Isaac, 1957). It is therefore 

important to ascertain whether there is a risk of V. dahliae crucifer isolates arising in nature 

in this country or whether tighter controls should be imposed on imported cruciferous 

crops to prevent the spread of this novel pathogen.
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CHAPTER 2: MATERIALS AND METHODS

2.1: MEDIA

The pH of all media was adjusted to 5.8 with 1M NaOH and sterilised at 121°C (15 psi) for 

15 mins. All amounts are per litre of solution unless otherwise stated.

2.1.1: PRUNE LACTOSE YEAST-EXTRACT AGAR (PLYA) (Talboys, 1960)

Prune extract 200ml

Lactose 5g

Yeast-ex tract lg

Agar 10g

Water 800ml

Prune Extract

50g of dried prunes were chopped coarsely into one litre of distilled water, simmered until 

soft, strained through muslin, sterilised at 121°C (15 psi) and the extract stored at 4°C until 

required.

2.1.2: MODIFIED CZAPEK-DOX MEDIUM

FeS04.7H20  lOmg

MgS04.7H20  500mg

KC1 50mg

NaN03 2g

KH2PO4 3g

Sucrose 15g

Trace element solution A 1ml
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Trace element solution A

Z11SO4.7H2O 396mg

CuS04.5H20  79mg

M11SO4.4H2O 41mg

NaB4O7.10H2Ü 44mg

(NH4)6Mo7024.4H20 18mg

2.1.3: MINIMAL MEDIUM (MM) 

Sucrose 30g

NaNOs 2g

KH2PO4 1g

MgS04.7H20  500mg

KC1 500mg

FeS04.7H20  lOmg

Agar 20g

Trace element solution B 200/il

Trace element solution B 

(per 95ml of distilled EfeO)

Citric acid 5g

ZnS04.7H20  5g

Fe(NH4)2(S04)2.6H20  1g

CUSO4.5H2O 250mg

MnS04.H20 50mg

H3BO4 50mg

NaMo04.2H20 50mg
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2.2: FUNGAL CULTURES AND MAINTENANCE

V. dahliae crucifer isolates were obtained from different hosts and geographical locations 

(Table 2) and maintained under the conditions of UK MAFF licence PHL 5C/2826 

(Appendix 1). Two German V. dahliae camomile isolates (Table 3) were specifically 

included as although not isolated from cruciferous hosts, MD124 had previously been 

shown to fall within a group consisting of mainly V. dahliae isolates from oilseed rape 

whereas MD71 fell within a second group consisting of mainly V. dahliae non-cruciferous 

isolates, based on RAPD data (Messner el al., 1996). A collection of isolates representing 

the four plant pathogenic Verticillium species were also established for use in various parts 

of the study (Table 3). All isolates were maintained on PLYA plates and slopes in the dark 

at 4°C and subcultured every 8 months. For long term storage conidial suspensions were 

prepared by washing the surface of a plate with 1ml sterile distilled water (SOW). 

Cryovials containing ca 15 craft beads, diameter 3mm (Creative Beadcraft Ltd, Amersham, 

UK) were then filled with 75/d of conidial suspension and 75/d of 20% (v/v) glycerol in 

aqueous solution and stored in liquid nitrogen or in a -80°C freezer.

2.2.1: PREPARATION OF MONO-CONIDIAL ISOLATES

Verticillium cultures were grown in the dark at 24-25°C. Spore suspensions were prepared 

as above, the concentration determined using a heamocytometer and diluted to give a 

concentration of 4 x 104 spores/ml. Suspensions were further diluted to give 200 spores/ml 

and 200/d used to seed the surface of a PLYA plate. After 1 day of incubation at 24-25°C 

in the dark, conidia could be seen to have germinated using a binocular microscope. These 

were then picked off as mono-conidi al colonies using a sterile scalpel and grown 

individually on fresh PLYA plates. Such isolates were maintained on PLYA plates in the
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Isolate Origin Original host Year isolated Source

86207 Japan Raphanus raphanistrum (Wild radish) 1980 SH®
84020 Japan Brassica campestris spp. rapifera (Turnip) NKb SH
84120 Japan B. campestris ssp. pekinensis (Chinese cabbage) 1980 SH
84122 Japan B. campestris ssp. pekinensis NK SH
VdH Germany B. napus ssp. oleifera (Oilseed rape) NK BH
V dm Germany B. napus ssp. oleifera NK BH
Vd IV Germany B. napus ssp. oleifera NK BH
9802 Germany Armoracia rusticana (Horseradish) NK BCCM
MD 57 Germany B. napus ssp. oleifera NK HP
MD 73 Germany B. napus ssp. oleifera 1989 HP
MD 80 Germany B. napus ssp. oleifera 1990 HP
MD 123 Germany B. napus ssp. oleifera 1987 HP
334 Germany B. napus ssp. oleifera 1985 HB
855 Germany B. napus ssp. oleifera 1988 HB
617 France B. napus ssp. oleifera 1988 HB
668 France B. napus ssp. oleifera 1989 HB
892 France B. napus ssp. oleifera 1991 HB
162 Sweden B. napus ssp. oleifera NK JBH
Vd 1 Sweden B. napus ssp. oleifera NK IH
Vd4 Sweden B. napus ssp. oleifera NK m
Vd 11 Sweden B. napus ssp. oleifera NK IH
Vd74 Italy B. oleracea var. capitata (Cabbage) 1975 MC
Vd 128 Germany B. oleracea var. botrytis (Broccoli) 1978 MC
Vd 191 Italy B. campestris spp. utilis (Broccoli raab) 1986 MC
Vd 292 Italy B. oleracea var. botrytis (Cauliflower) 1995 MC
90-02 USA B. oleracea var. botrytis (Cauliflower) NK STK
90-03 USA B. oleracea var. botrytis (Cauliflower) NK STK
90-10 USA B. oleracea var. botrytis (Cauliflower) NK STK
001 USA Armoracia rusticana NK DE
004 USA Armor acia rusticana NK DE
K4-1 Russia B. napus ssp. oleifera NK LGP
LI Russia B. napus ssp. oleifera NK LGP
K3 Russia B. napus ssp. oleifera NK LGP
K12 Russia B. napus ssp. oleifera NK LGP

Table 2: Details of V. dahliae crucifer isolates studied.

aSouice: SH, Dr S. Horiuchi; BH, Dr B. Holtschulte; BCCM, Belgium co-ordinated 
collections of micro-organisms; HP, Dr H. Prillinger; HB, Dr H. Brun; JBH, Dr J. B. 
Heale; IH, I. Happstadius; MC, Prof. M. Cirulli; STK, Dr S. T. Koike; DE, Prof. D. 
Eastbum; LGP, L.G. Portenko (Mikologiya i fitopatologiya, 2000, provided by Dr M. 
Rataj-Guranowska). 
bNK, not known.
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Species/Isolate Origin Original host Year isolated Source

V. dahliae
MD 71 Germany Matricaria chamomilla (Camomile) 1989 HP*
MD 124 Germany Matricaria chamomilla 1987 HP
318 England Fragaria anarmassa (Strawberry) 1985 HRI
330 England Fragaria anarmassa 1989 HRI
332 England Fragaria anannassa 1989 HRI
1877 Scotland Fragaria anannassa 1966 HRI
1964 England Fragaria anannassa 1972 HRI
2341 NK Humulus lupulus (Hop) NKb HRI
DC59 England Humulus lupulus 1983 HRI
12078 England Soil 1998 DCH
12086 Scotland Fragaria anannassa 1998 DCH
12087 England Fragaria anannassa 1998 DCH
IMI Zimbabwe Mentha piperita (Mint) 1951 HRI
SS2 Indiana Mentha piperita 1991 HRI
P14 Brazil Lycopersicon esculentum (Tomato) NK AS
3440 Brazil Solanum melongena (Aubergine) NK AS
38 Brazil Fragaria anannassa NK AS
147 USA Capsicum annuum (Bell pepper) NK STK

V. alboatrum
234 France Medicago sativa (Lucerne) 1981 HRI
235 France Medicago sativa 1981 HRI
1906 England Medicago sativa 1968 HRI
SWB1 Wales Medicago sativa 1987 HRI
STR1 Canada Medicago sativa 2000 KB
STR3 Canada Medicago sativa 2000 KB
STR4 Canada Medicago sativa 2000 KB
KRS1 Canada Medicago sativa 2000 KB
Vaa5 USA Medicago sativa NK DCE
1844 England Humulus lupulus 1961 HRI
1974 England Humulus lupulus 1980 HRI
1953 England Humulus lupulus 1972 HRI
VA1 Netherlands Lycopersicon esculentum NK AJT
2101 Belgium Humulus lupulus NK MC
11401 England Humulus lupulus NK DCH
72 NK Fragaria anannassa NK HRI
231 England Solanum tuberosum (Potato) NK HRI
1831 England Chenopodium 1956 HRI

V. tricorpus
1988 England Lycopersicon esculentum 1979 HRI

V. alboatrum (Group II)
166 Netherlands Solanum tuberosum 1989 JER
151 Canada Soil 1989 JER

Table 3: Details of isolates representing the four plant pathogenic Verticillium species 
studied. 'Source: HP, Dr H. Prillinger; HRI, Horticulture Research International collection; 
DCH, Dr D C. Harris; AS, A. Soares; STK, Dr S.T. Koike; AJT, Dr A.J. Termorshuizen; 
MC, Dr M. Cavelier; KB, Dr K. Broersma; DCE, Dr D C. Erwin; JER, Dr J.E. Robb. bNK, 
not known
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dark at 4°C and also stored at -80°C using the method described above.

2.3: SIZE MEASUREMENTS OF CONIDIA

A micrometer eyepiece (16x magnification) was used in conjunction with a 20x phase 

contrast objective on a Wild M20 binocular microscope to observe fresh preparations of 

conidia in sterile water. Conidia were taken from 14 day old cultures growing on PLYA 

plates. The width and length of 30 randomly selected conidia were measured for each 

isolate. Means and standard deviations of the data were then calculated.

2.4: SCANNING ELECTRON MICROSCOPY

Conidia were washed from the surface of 14-day-old cultures and viewed frozen-hydrated 

using a Hexland CT1000 Cryotrans System attached to a Cambridge Instruments S200 

scanning electron microscope (SEM). Drops of spore suspension were placed on carbon- 

based, double adhesive discs (Agar Scientific Ltd, Stansted, UK) which were attached to 

the sample holder (or ‘Cryostub’) and allowed to air dry. Once dry, the sample holder was 

immediately transferred onto the cold stage of the Cryopreparation chamber set at -160 °C 

to -180°C. The chamber was then evacuated, the samples sputter-coated with gold for 5 

min and transferred onto the SEM cold stage set at -180°C to -190°C. Photographs were 

taken at -180°C using an accelerating voltage of lOkV.

37



2.5: DNA MEASUREMENTS OF CONIDIA

The DNA content of conidia was measured directly by flow cytometry (by the staff of 

Uppsala University, Sweden) in accordance with the procedure described by De Lucas et 

al. (1998), except that the concentration of propidium idodide used was 50/ig/ml instead of 

25/ig/ml. 105 spores were prepared and analysed for each isolate.

2.6: FLUORESCENCE MICROSCOPY

Conidia were washed from the surface of 14-day-old cultures, collected by centrifugation, 

resuspended in 50% (v/v) ethanol and stored at 4°C for 12 hours. The conidial suspension 

was then centrifuged for 4 min and the conidia rinsed in Tris-HCl buffer (0.1M, pH 7.4). 

The conidia were centrifuged a second time and were resuspended in Tris-HCl buffer 

containing Hoechst 33258 (Molecular Probes, Eugene, US) at 1/ig/ml and 0.1M NaCl. 

After 1-3 hours, stained nuclei were observed with a Leitz Dialux 20 microscope equipped 

for fluorescence microscopy. Excitation was at 355 to 425nm and a 470nm emission filter 

was used.

2.7: DNA EXTRACTION METHODS:

2.7.1: SQUASH BLOT

Chromatography paper (3MM; Whatman International Ltd, Maidstone, UK) was laid on a 

glass plate, soaked with 1M NaOH and small squares of Hybond-N (Amersham Pharmacia 

Biotech, Little Chalfont, UK) placed onto the chromatography paper. Using aseptic 

conditions, mycelium from 2 week old cultures was removed and crushed against the



membrane using a disposable stirring rod (Sarstedt, Leicester, UK). The membranes were 

then transferred individually to small weighing boats and rinsed with 1.5M NaCl, 0.5M 

Tris, ImM EDTA, pH 7, three times with 1 x TE (lOmM Tris, ImM EDTA, pH 8) and 

finally with reverse osmosis (RO) water. To elute the DNA, the membrane segments were 

pushed into 0.5 ml microfuge tubes, 60/d of RO water added and the tubes heated to 94°C 

for 5 min. The DNA was stored at -20°C until required

2.7.2: DNeasy PLANT MINI KIT

Conidia were washed from the surface of PLYA plates with 1ml SDW and diluted to give 

1 x 106 spores/ml. 1 ml of each conidial suspension was added aseptically to 125ml of 

sterile modified Czapek-Dox liquid medium in a 250ml capacity flask. The flasks were 

then incubated in an orbital shaker maintained at 23-25°C and lOOrpm for one week. 

Mycelium was subsequently harvested by filtering the culture through two layers of 

muslin, rinsing in distilled water and blotting dry. The wet weight of each isolate was 

recorded and the mycelia frozen for 8-12 hours at -20°Ç before being lyophilised for 2-4 

days. The dry weights were recorded for each isolate and the lyophilised mycelia stored 

until required. Genomic DNA was extracted from 30mg of lyophilised mycelium ground 

with sterilised sand using a DNeasy plant mini kit (Qiagen, Crawley, UK), in accordance 

with the manufacturer’s instructions. Genomic DNA was stored at -20°C until required.

2.8: AGAROSE GEL ELECTROPHORESIS

DNA samples were separated by electrophoresis on 1%, 1.5%, 2% (w/v) agarose gels (Bio- 

Rad, Hemel Hempstead, UK) or on 3% (w/v) metaphor gels (EMC, Sittingboume, UK), as



appropriate. All gels were prepared with 1 X TBE (89mM Tris, 89mM boric acid, 2mM 

EDTA, pH 8) and using 1 X TBE as the running buffer. Both the gel and the running 

buffer contained ethidium bromide at a concentration of 0.25/zg/ml. For loading, xylene 

cyanol or bromophenol blue and sucrose were added at an appropriate volume to the 

samples. Unless otherwise stated, PCR products were run alongside a <J)X174 DNA/flteein 

marker (Life Technologies). The DNA was visualised by illumination with ultra-violet 

light and photographic records were made on Polaroid film.

2,9; QUANTIFICATION OF DOUBLE-STRANDED DNA

The quantity of double-stranded (genomic, PCR-amplified DNA fragments or plasmid) 

DNA in a sample was estimated by comparing the intensity of fluorescence to known 

quantities of a low DNA mass ladder (Life Technologies, Paisley, UK) on a 1% (w/v) 

agarose gel.

2.10: PCR AMPLIFICATION AND RESTRICTION ENDONUCLEASE ANALYSIS

DNA amplifications were performed in a total volume of 25/d consisting of: either 5/d of 

squash blot DNA solution or lOng of genomic DNA, lOpmol of each primer (Life 

Technologies), 0.2mM of each dNTP (Amersham Pharmacia Biotech), 1.5mM MgCh, 1 x 

PCR buffer (50mM KC1, 20mM Tris-HCl, pH 8.4), and 0.65 U of Taq polymerase (Life 

Technologies). All amplifications were performed in a Hybaid Omnigene thermal cycler 

(Hybaid, Teddington, UK) and all PCR products (2-4/d of the reaction volume loaded) 

were separated by electrophoresis in a 1.5% (w/v) agarose gel.
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PCR products (2-5/d of reaction volume as appropriate, estimated following 

electrophoresis as above) were then digested with restriction endonucleases (RE) for 2.5 

hours in accordance with the manufacturers’ instructions. All digestions were carried out 

in a total volume of 10/d except in PCR-SSCP analysis where the digest volume was 50/d.

2.10.1 : AMPLIFICATION OF THE MAJOR AND MINOR ITS SEQUENCE

Major ITS sequences were amplified using primers ITS5 and ITS4 (White et al., 1990). 

The reaction mixture was subjected to an initial dénaturation (93°C/2min) and an annealing 

step (54°C/30s) and then cycled 40 times (72°C/lmin, 93°C/30s, 54°C/30s) before a final 

72oC/10min. In order to amplify the minor ITS sequences, V. dahliae (363) and V. 

alboatrum (361) species-specific primers (Nazar et al., 1991) were used in conjunction 

with ITS4 under the conditions described above except that an annealing temperature of 

56°C was used. The primer sequences used to amplify the major and minor ITS sequences 

are listed in Table 4 and their respective sites are shown in Fig 5.

AM (Life Technologies), HaéU. (Biolabs, Hitchin, UK) and TspEl (Kramel Biotech, 

Cramlington, UK) were used to digest the PCR products. DNA fragments resulting from 

TspEl digestions of the major type ITS sequence were separated on 1.5% (w/v) agarose 

gels, whereas AM and HaeW. fragments were separated on 3% (w/v) metaphor gels. DNA 

fragments resulting from AM, HaeH and TspEl digestions of the minor type ITS sequence 

were separated either on 3% (w/v) metaphor gels or on Spreadex 400 gels (Elchrom 

Scientific, Switzerland) in 1 x TAE (30mM Tris, O.5mM EDTA, 14mM glacial acetic 

acid). Electrophoresis on the Spreadex gel was carried out at 55°C at 100V for 2.5 hours. 

Gels were stained with SYBR Gold (Molecular Probes) diluted 1:10000 in 0.33 x TAE for 

45 mins and destained overnight in RO water.
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REGION PRIMER SEQUENCE (5-3’)

ITS
ITS5a GGA AGT AAA AGT CGT AAC AAG G
ITS4* TCC TCC g c t  t a t  t g a  t a t  g c
r r s  1* TCC GTA GOT GAA CCT GCG G
ITS2" GCT GCG TTC TTC ATC GAT GC
363b CCG GTC CAT CAO TCT CTC TG
361b CCG GTA CAT CAG TCT CTT TA
599e ATG CCT GTC CGA GCG TCG T
602e CTC ATA ACC CTT TOT GAA CC
603e CGC GGT GTT GGG GAT CTA C
604e TGG CGC TTC CTT GCG TAG T
605e GTT GAC CTC GGA TCA GGT AG

IGS
727e
723e
719e
720e

TCC TAC CAT CTA TGG AGG 
CAC GGA ACC AAC TCT GCC 
GGG TAG CTG GTC TCT GGA A 
TOC GCT CTT TCT AAT GCA CTA

ssu
18SVDF"
18SVDRd

GCG AAA CTG CGA ATG GCT 
GTA ATG ATC CCT CCG CTG

INTRON
INTT
INT2"

CCA GGG GTA AAC GGA CTG 
GGG CCA TGC ATT CGA TTG C

NON-rRNA
19e
22e
2e
3e
V12R03Ff
V12E.03Rf

COG TGA CAT AAT ACT GAG AG 
GAC GAT GCG GAT TGA ACG AA 
ATG GAC CGA ACA GCT AGG TA 
TCT CAG ATA TAT GCT GCT GC 
TCT CCT CTC TAC GAG AAC GA 
CAC TTT CTA AGT ATC CTT CCT AT

AFLP
EcoRl-K*
EcoRI-C8
EcoRl-&
EcoRl-T*
MîcI-CA8
Msel-CT8
Msel-CC8
Afirf-CG8

GAC TOC GTA CCA 
GAC TGC GTA CCA 
GAC TGC GTA CCA 
GAC TGC GTA CCA 
GAT GAG TCC TGA 
GAT GAG TCC TGA 
GAT GAG TCC TGA 
GAT GAG TCC TGA

ATTCA 
ATTCC 
ATTCG 
ATT CT 
GTA ACA 
GTA ACT 
GTA ACC 
GTA ACG

Table 4: Primers used in PCR, PCR-SSCP and AFLP analysis.

Source of primers: * White et al. (1990), " Nazar et al. (1991),c Designed during this study, 
d Rarapapfl and Typas, 2001,c Carder et a l, 1994,f C, Dixelius (personal communication) 
8 life  technologies.
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2.10.2: PCR-SSCP ANALYSIS OF THE ITS REGION

Primers were designed based on identical sequences in the ITS1, 5.8S, ITS2 and large- 

subunit sequences of the rRNA gene repeats from the different Verticillium species and 

used together or in conjunction with conserved primers ITS5, ITS1, ITS2 and ITS4 (White 

et aly 1990) to amplify the ITS1 and ITS2 regions. In addition the entire ITS region was 

amplified using the conserved primers ITS 5 and ITS4. The sequences of the primers used 

are shown in Table 4, the primer combinations and resulting PCR product lengths are listed 

in Table 5 and their respective binding sites are indicated in Fig 5. All DNA 

amplifications were carried out as before using an annealing temperature of 54°C. PCR 

products of the entire ITS region were subsequently digested with EcoRl (Life 

Technologies). Both restriction digest products and all PCR products were purified using 

Prep-A-Gene (Bio-Rad) in accordance with manufacturer’s instructions.

For SSCP analysis, 3/d of the purified products were mixed with 7/d of formamide 

containing lOmM NaOH. The mixture was then heated at 30°C for 5 min and placed 

immediately on ice in order to avoid renaturation. Subsequently 8/d of the mixture was 

loaded onto a Gene Mutation Analysis gel (Elchrom Scientific) and separated by 

electrophoresis in 1 x TAE. Electrophoresis was at 6V/cm for 15 hours but at 9°C for all 

purified PCR products and at 4, 7, 9 or 12°C for purified EcoRI digest products. Gels were 

stained with SYBR Gold diluted 1:10000 in 0.33 x TAE for 45 mins and destained in RO 

water for 45 mins. Subsequently the DNA was visualised using UV light from a 

transilluminator.
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PRIMER COMBINATIONS PCR PRODUCT LENGTHS (bp)

rrs5/rrs4 565

ITS5/ITS2 232

ITS1/1TS2 207

602/ITS2 166

599/ITS4 245

603/ITS4 204

603/605 165

604/ÏTS4 150

604/605 111

Table 5: Primer combinations used in PCR-SSCP analysis and expected PCR product
lengths based on typical isolates.

2.10.3: AMPLIFICATION OF THE MAJOR AND MINOR IGS SEQUENCE

The major IGS sequence was amplified using primers 727 and 723 whilst the minor IGS 

sequence was amplified with primers 719 and 720. The reaction conditions were as those 

described in section 2.9.1 except that an annealing temperature of 58°C was used. The 

primer sequences used to amplify the major and minor IGS sequences are listed in Table 4 

and their respective sites are shown in Fig 5. The RE AM was used to digest the major 

IGS PCR product and the DNA fragments were separated on 3% (w/v) metaphor gels.
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2.10.4: AMPLIFICATION OF GROUP I INTRONS

Small-subunit (SSU) specific primers 18SVDF and 18SVDR and group I intron specific 

primers INTI and INT2 (Karapapa and Typas, 2001) were used in the following 

combination to amplify and locate group I introns: 18SVDF/18SVDR, 18SVDF/INT2, 

18SVDR/INT1 and INT1/INT2. The primer sequences are listed in Table 4 and their 

respective sites are shown in Fig 5. The reaction conditions were as those described in 

section 2.9.1 except that an annealing temperature of 60°C was used. PCR products were 

separated on 1% (w/v) agarose gels.

2.10.5: AMPLIFICATION OF RANDOM GENOMIC SEQUENCES

DNA amplifications were performed using V. dahliae specific primers 19/22 and V. 

alboatrum (NL) specific primers 2/3 (Carder et al., 1994). For both sets of primers, the 

reaction mixture was subjected to an initial dénaturation (93°C/2min) and an annealing step 

(54°C/2min) and then cycled 35 times (72°C/lmin, 93°C/lmin, 54°C/lmin) before a final 

72°C/10min. Amplifications using primers V12E.03F/R (C. Dixelius, personal 

communication), which specifically recognise isolates from oilseed rape, were carried out 

using the conditions described above except that an annealing temperature of 56°C was 

used and the number of cycles increased to forty. The primer sequences are listed in Table 

4.

PCR products obtained from amplification with primers 19/22 were digested with the RE 

AM (Life Technologies) and HaeUl (Life Technologies). The DNA fragments were 

separated on 2% (w/v) agarose gels.
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2.11: CLONING OF PCR PRODUCTS

Amplified PCR products were purified using Prep-A-Gene in accordance with the 

manufacturer’s instructions and cloned using the pMOSB/«e cloning kit (Amersham 

Pharmacia Biotech). To verify the insert DNA, transformants were picked using a sterile 

cocktail stick and touched to a replica LB plate containing ampicillin at 100^ig/ml, 

tetracycline at 15pg/ml, 5-bromo-4-chloro-3-indole-p-D-galactoside at 40pg/ml and 

isopropylthio-P-D-galactoside at 20pg/ml. The cocktail sticks were agitated in 50pl of RO 

water, the stick removed and the water boiled for 5 mins in a water bath and chilled on ice 

for 5 mins. The supernatant was centrifuged for 1 min at 12000 rpm and 5/ri was used in 

subsequent PCRs using the conditions used to obtain the PCR product. Once the identity 

of the insert DNA was confirmed, a single colony was picked from the replica plate using a 

sterile cocktail stick and inoculated into 4mls of LB broth containing ampicillin at 

100/xg/ml. The tubes were incubated overnight in an orbital shaker maintained at 37°C and 

at 200rpm. Plasmid DNA was extracted from 3mis of LB culture using a Qiagen plasmid 

mini kit.

2.12: SEQUENCING

Purified PCR products and plasmid DNA were sequenced using a commercial service 

(Sequiserve, Germany) and the sequences were edited and aligned using the computer 

package DNASTAR (Version 4.03, Madison, USA).
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2.13: MITOCHONDRIAL DNA ANALYSIS

One to two /xg of genomic DNA was digested overnight with the REs HaelR (Life 

Technologies) and HpaW (MBI Fermentas obtained through Helena Biosciences Ltd, 

Sunderland, UK) in accordance with the manufacturers’ instructions. High molecular 

weight mitochondrial DNA (mtDNA) fragments were separated on 0.7% (w/v) agarose 

gels in the absence of ethidium bromide. Electrophoresis was carried out at 25V for 18 

hours. Gels were stained with SYBR gold diluted 1:10000 in 1 x TBE for 40 mins and 

destained in RO water for 30 mins.

2.14: AFLP ANALYSIS

AFLP analysis was carried out on 250ng of DNA using the AFLP Analysis System II kit 

(Life Technologies). RE digestion, ligation of adapters and pre-amplification were carried 

in accordance with manufacturer’s instruction. Selective amplification was performed 

with Mse\ primers containing two selective nucleotides and EcoRI primers containing one 

selective nucleotide (Table 4). PCR conditions were as follows: 1 x PCR buffer (50mM 

KC1, 20mM Tris-HCl, pH 8.4), 1.5mM MgCl2, 0.2mM of each dNTP, 30ng of each 

primer, 0.5U of Taq polymerase and 5p\ of diluted (1:50) pre-amplification product in a 

final volume of 20[i\. The PCR profile was 30s at 94°C, 30s at 65°C and 60s at 72°C for 

13 cycles (annealing temperature was lowered 0.7°C each cycle) followed by 23 cycles of 

30s at 94°C, 30s at 56°C and 60s at 72°C. Three p\ of the selective amplification product 

was loaded onto a Spreadex 800 gel (Elchrom Scientific) and separated by electrophoresis 

at 50-55°C for 2 h at 120V. Spreadex gels were stained in SYBR Gold diluted 1:10000 in 

0.33 x TAE for 45 mins and destained in RO water for 2 hours. Bands were visualized 

using UV illumination and recorded on Polaroid film. The DNA profiles generated from
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different primer combinations were scored by hand as follows: 1 if a specific molecular 

weight band was present and 0 if it was absent. The data analysis was performed with 

Genstat (Version 5, Lawes Agricultural Trust, Rothamsted, UK) using an average linkage 

cluster analysis, with Jaccards’ coefficient. Results from cluster analysis were presented as 

a dendrogram to display genetic distance between isolates.

2.15: VEGETATIVE COMPATIBILITY ANALYSIS

2.15.1: GENERATION OF NITRATE-NONUTILISING (NIT) MUTANTS

Two media, potato dextrose agar (Oxoid) amended with 1.5% (w/v) potassium chlorate 

(PDC) or minimal agar medium (MM) amended with 1.5% (w/v) potassium chlorate and 

0.16% L-aspargine (MMC), were used to generate nit mutants. Four or more plates of 

each chlorate media were inoculated with a piece of mycelium from each mono-conidi al 

isolate and incubated for 2-3 weeks at 22-25°C. Chlorate-resistant (faster growing) sectors 

were subcultured onto MM, sectors that grew as expansive colonies with thin mycelial 

growth, no aerial mycelium, and little or no sporulation were presumed to be nit mutants.

2.15.2: NTT MUTANT PHENOTYPING

The nit mutant phenotypes were determined by growing each mutant on BM (MM without 

NaNOs) amended with 1 of 4 nitrogen sources: sodium nitrite (0.5g/l), hypoxanthine 

(0.2g/l), ammonium tartrate (lg/1) or uric acid (0.2g/l). Nit mutants were first grown on 

MM and then transferred separately onto BM containing the various nitrogen sources. The 

plates were incubated at 22-25°C and the colony morphology was scored relative to the
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wild type parent after 7 days. The nit mutant V. dahliae tester strains (Table 6) from 

previously identified vegetative compatibility groups (VCG) were tested the same way to 

confirm their phenotypes prior to complementation. Assignment of nit mutants to 

biochemical phenotypes was based on those used with Fusarium oxyspomm  and 

Neurospora (Correll et al., 1987; Marzluf, 1981, Table 7).

2.15.3: COMPLEMENTATION

Before complementation tests were undertaken, nit mutants generated and those from V. 

dahliae VCG tester strains were grown on MM for one month to ensure their stability. In 

addition a nitl mutant and a NitM mutant from each V. dahliae tester strain of previously 

identified VCG (Table 5) was paired in all combinations to confirm each VCG was 

distinct. Pairings were made by placing a mycelial transfer from each nit mutant 1-2 cm 

apart on MM. Pairings were incubated at 22-25°C for 4 weeks and repeated at least twice. 

Complementation between nit mutants was evident by the prototrophic growth resulting in 

dense aerial mycelium and/or profuse sporulation and microsclerotia formation at the 

mycelial interface. Two nit mutants generated from each isolate were paired against each 

other and the V. dahliae VCG tester strains in all possible combinations. Pairings that 

yielded prototrophic growth were re-paired, separated by a 47mm, 0.22pm  polycarbonate 

membrane (Millipore, Watford, UK) on a Petri dish filled with MM to determine whether 

complementation was due to cross feeding.
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Isolate Host Origin Mutant phenotype VCG Source

T9 Cotton USA

WM Cotton USA

115 Cotton Syria

PCW Pepper USA

DvdM27 Eggplant Canada

DvdM15 Eggplant Canada

S39 Soil USA

DvdM26 Potato Canada

CW Cherry USA

83 Chilli pepper USA

147 Bell pepper USA

nitl & NitM 1 KFD'

nitl & NitM 2A KFD

nitl & NitM 2B KFD

nitl & NitM 3 KFD

nitl 4A KFD

nitl 4A KFD

nitl 4B KFD

NitM 4B KFD

nitl & NitM 4A/B KFD

nitl 5 STK

nitl 5 STK

Table 6: Details of V. dahliae nitrate-nonutilising (nit) mutant VCG tester strains 

aSource: KFD, Dr K.F. Dobinson & STK, Dr S.T. Koike

Growth on nitrogen sources3

Nitrate Nitrite Ammonium Hypoxanthine Uric acid Phenotype Mutationb

+ + + + + Wild type None

- + + + + nitl Nitrate reductase 
structural locus

- - + - - n itl Major nitrogen 
regulatory locus

- - + + + nit3 Pathway-specific 
regulatory locus

- + + - + NitM Molybdenum 
cofactor loci

Table 7: Identification of nit mutants by growth on various nitrogen sources

a Growth on basal medium amended with various nitrogen sources; +: typical wild type 
growth, thin growth with no aerial mycelium b: compiled from Correll et al. (1987) and 
Marzluf (1981), on the basis of analysis of mutants from Fusarium and Neurospora.
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CHAPTER 3: RESULTS

3.1: CONIDIAL SIZE MEASUREMENTS

Conidia from PLYA cultures were easily obtained from all isolates except for V. dahliae 

crucifer isolate Vd74 which produced few conidia. V. dahliae non-cruciferous isolates 

produced conidia ranging from 4.1-5.4/jm in length (mean 4.6/xm) and from 2.0-2.7jnm in 

width (mean 2.3/xm) while isolates of V. alboatrum produced conidia ranging from 4.6- 

5.7/xm in length (mean 5.0/>tm) and from 2.l-2.7^m  in width (mean 2.4/tm). The mean 

conidial lengths and widths for these isolates are shown in Table 8 and summarised in Fig 

6 and Fig 7.

All American, Japanese and European V. dahliae crucifer isolates (except for 9 isolates viz 

MD57, MD80, 855, 617, 668, Vdl28, K4-1, LI and K12) produced long conidia (defined 

as > 7.0/xm in length; Karapapa et al., 1997). These long-spored crucifer isolates produced 

conidia ranging from 7.0-8.3/tm in length (mean and from 2.2-3.1/xm in width

(mean 2.7/xm). Five crucifer isolates (MD57, 855, 617, 668 and K12) produced conidia 

ranging from 6.6-6.9/xm in length (mean 6.8/zm) and 2.3-2.9jLim in width (mean 2.4/tm) 

and were provisionally termed intermediate-spored crucifer isolates. As shown by the 

standard deviation a large amount of variation in spore length occurred within some of the 

long and intermediate-spored isolates, this variation can be clearly seen in Fig 8. The 

remaining four crucifer isolates (MD80, Vdl28, K4-1 and LI) produced conidia ranging 

from 4.3-5.5/im in length (mean S.O/im) and from 2.3-2.8/^m in width (mean 2.6/tm) and 

were termed short-spored crucifer isolates. The two camomile isolates (MD71 and 

MD124) produced conidia 4.8jum and 5.9/im in length and 2.5/im and 2.8jLtm in width 

respectively. The mean conidial lengths and widths for each of these isolates are shown in 

Table 9 and summarised in Fig 6 and Fig 7.
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Isolate Species Mean3 spore 
length (jitm)

SD Mean3 spore 
width (/xm)

SD Ratio of 
length/width

318 V. dahliae 4.8 0.5 2.3 0.4 2.1
330 V. dahliae 4.9 1.3 2.1 0.3 2.3
332 V. dahliae 4.4 0.9 2.4 0.3 1.8
1877 V. dahliae 4.6 0.8 2.4 0.3 1.9
2341 V. dahliae 4.6 0.8 2.4 0.3 1.9
DC59 V. dahliae 4.5 0.8 2.3 0.3 2.0
12078 V. dahliae 4.1 0.5 2.4 0.3 1.7
12086 V. dahliae 4.4 0.8 2.6 0.6 1.7
12087 V. dahliae 4.2 0.5 2.3 0.4 1.8
M I V. dahliae 4.6 1.0 2.4 0.4 1.9
SS2 V. dahliae 4.4 0.6 2.4 0.3 1.8
P14 V. dahliae 5.4 1.2 2.7 0.3 2.0
3440 V. dahliae 4.7 0.8 2.0 0.2 2.4
38 V. dahliae 4.6 0.8 2.0 0.2 2.3
Mean5 4.6 - 2.3 - 2.0

234 V. alboatrum 5.0 0.7 2.2 0.3 2.3
235 V. alboatrum 5.1 0.6 2.6 0.3 2.0
1906 V. alboatrum 5.0 0.5 2.3 0.2 2.2
SWB1 V. alboatrum 4.7 0.6 2.1 0.2 2.2
1844 V. alboatrum 5.0 0.6 2.5 0.2 2.0
1974 V. alboatrum 5.1 0.6 2.3 0.2 2.2
1953 V. alboatrum 4.9 0.5 2.3 0.2 2.1
VA1 V. alboatrum 4.9 0.7 2.5 0.3 2.0
2101 V. alboatrum 4.6 0.4 2.3 0.2 2.0
72 V. alboatrum 5.1 0.6 2.5 0.3 2.0
231 V. alboatrum 5.7 1.0 2.7 0.6 2.1
1831 V. alboatrum 5.1 0.6 2.5 0.3 2.0
Mean5 5.0 - 2.4 - 2.1

Table 8: Conidial lengths and widths of V. dahliae non-cruciferous isolates and V. 
alboatrum isolates

a Mean of 30 individual readings, b Mean spore size measurement for each species, SD: 
Standard deviation. All numbers corrected to one decimal place.
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■ Long-spored crucifer isolates

■ Intermediate-spored crucifer isolates 

Short-spored crucifer isolates

■ Camomile isolates

■ V. dahliae non-cmciferous isolates

■ V. alboatrum isolates
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Fig 7: Plot of spore width against spore length

Fig 8: SEM showing variation in conidial length within a long-spored V. dahliae crucifer 
isolate (162). Other isolates were similarly variable.
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Isolate Spore length 
group

Mean3 spore 
length (pm) SD

Mean3 spore 
width (pm) SD

Ratio of 
length/width

86207 Long 7.5 0.7 2.5 0.2 3.0
84020 Long 7.4 0.9 2.7 0.3 2.7
84120 Long 7.7 0.9 3.1 0.3 2.5
84122 Long 8.0 1.2 2.9 0.2 2.8
v a n Long 7.9 0.9 3.1 0.3 2.5
Vdffl Long 7.6 1.1 2.7 0.3 2.8
v a  rv Long 7.5 0.9 3.0 0.2 2.5
9802 Long 7.5 1.0 2.6 0.3 2.9
MD 73 Long 7.6 1.2 2.6 0.2 2.9
MD 123 Long 7.8 1.0 2.8 0.4 2.8
334 Long 7.1 1.1 2.2 0.2 3.2
892 Long 7.0 0.7 2.3 0.3 3.0
162 Long 8.2 1.0 3.0 0.3 2.7
Vd 1 Long 7.8 0.8 3.0 0.3 2.6
Vd 4 Long 8.3 1.5 3.0 0.3 2.8
Vd 11 Long 8.0 0.8 2.9 0.4 2.8
Vdl91 Long 7.5 0.6 2.5 0.2 3.0
Vd292 Long 7.3 1.0 2.7 0.3 2.7
90-02 Long 7.3 0.8 2.9 0.4 2.5
90-03 Long 7.5 0.8 2.9 0.3 2.6
90-10 Long 8.0 1.0 3.1 0.4 2.6
001 Long 7.3 0.8 2.2 0.3 3.3
004 Long 7.0 0.8 2.1 0.4 3.3
K3 Long 8.0 1.1 2.4 0.3 3.3
Meanb 7.6 - 2.7 - 2.8

MD 57 Intermediate 6.6 0.8 2.9 0.3 2.3
855 Intermediate 6.8 0.9 2.3 0.3 3.0
617 Intermediate 6.8 0.9 2.3 0.3 3.0
668 Intermediate 6.8 0.9 2.3 0.3 3.0
K12 Intermediate 6.9 1.1 2.3 0.3 3.0
Meanb 6.8 - 2.4 - 2.8

MD 80 Short 5.5 0.6 2.3 0.3 2.4
Vdl28 Short 5.3 0.8 2.8 0.3 1.9
K4-1 Short 5.0 0.5 2.8 0.3 1.8
LI Short 4.3 0.7 2.6 0.4 1.7
Meanb 5.0 - 2.6 - 1.9

MD 71* Short 4.8 0.9 2.5 0.3 1.9
MD124" Short 5.9 0.6 2.8 0.4 2.1

Table 9: Conidial lengths and widths of V. dahliae cruciferous isolates and the two 
camomile isolates

a Mean of 30 individual readings, b Mean spore size measurement for each spore length 
group, * : camomile isolate, **: camomile isolate ‘crucifer’ like by RAPDs (Messner et 
al., 1996), SD: Standard deviation. All numbers corrected to one decimal place.
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V. dahliae isolates separated into two discrete populations based on the conidial lengths 

observed (Fig 9). Population A, which consisted of V. dahliae non-cruciferous isolates, V. 

alboatrum isolates and four V. dahliae crucifer isolates produced conidia <6.0/xm in length 

whereas population B, which consisted of only V. dahliae crucifer isolates, produced 

conidia > 6.5jLim in length (Fig 10). The difference between the mean spore lengths of 

population A (when treated as a group or when subdivided into the accepted species) and 

population B was highly significant (P < 0.001). In addition, a significant (P < 0.05) 

difference in mean spore lengths was found between V. dahliae non-cruciferous isolates 

and V. alboatrum isolates placed within population A (Table 10). The difference between 

the mean spore widths of population A (when treated as a group or when subdivided into 

the accepted species) and population B was also significant (ranging from P < 0.001 to P < 

0.05, Table 10) but not between the two species within population A (P < 0.1). As later 

molecular results showed that the two camomile isolates were typical V. dahliae non- 

cruciferous isolates these were included in this group in all statistical analyses even though 

they are listed separately in Table 9 and discussed separately below.

The shape of spores, as determined by the ratio of length to width, are shown in Tables 8 

and 9. The average length to width ratio for V. dahliae non-cruciferous isolates was 2.0 

(14 isolates) and 2.1 for V. alboatrum (12 isolates), both of which fell into population A. 

Also within population A, the short-spored crucifer isolates (4 isolates) had an average 

length to width ratio of 1.9 and the camomile isolates (MD71 and MD124) had values of 

1.9 and 2.1 respectively. The German oilseed rape isolate MD57 had an atypically low 

value for the length to width ratio but the significance of this is not known. Long-spored 

(24 isolates) and intermediate-spored isolates (5 isolates; includes MD57) belonging to 

population B both had an average length to width ratio of 2.8. Therefore the mean length 

to width ratio of population A and population B was 2.0 and 2.8 respectively. The 

difference between the mean length to width ratio of population A (when treated as a
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Comparisons of lengths, widths 
and ratios between different 
populations and species

SED Test
statistic

DF Significance

Comparison of mean lengths

Population A with Population B 0.114 23.280 59 P<0.001***

Population B with V. dahliae1 NC 0.143 19.702 43 P<0.001***

Population B with V. dahliae2 NC+ c 0.136 20.221 47 P<0.001***

Population B with V. alboatrum 0.144 17.191 39 PcO.OOl***

V. dahliae1 NCwith V. alboatrum 0.145 2.300 26 P<0.05*

V. dahliae2 NC + c with V. alboatrum 0.149 1.785 30 P<0.1, >0.05, NS

Comparison of mean widths

Population A with Population B 0.069 3.607 59 P<0.001***

Population B with V. dahliae1 NC 0.090 3.226 43 PcO.Ol**

Population B with V. dahliae2 NC + c 0.084 2.850 47 PcO.Ol**

Population B with V. alboatrum 0.098 2.698 39 P<0.05*

V. dahliae1 NC with V. alboatrum 0.077 0.322 26 P<0.4, >0.3, NS

V. dahliae2 NC + C with V. alboatrum 0.080 0.313 30 P<0.4, >0.3, NS

Comparison of mean ratios (length/width)

Population A with Population B 0.060 13.530 59 PcO.OOl***

Population B with V. dahliae1 NC 0.064 12.410 43 PcO.OOl***

Population B with V. dahliae2 NC + C 0.063 12.794 47 PcO.OOl***

Population B with V. alboatrum 0.064 10.972 39 PcO.OOl***

V. dahliae1 NC with V. alboatrum 0.065 1.526 26 Pc0.2, >0.1 NS

V. dahliae2 NC + C with V. alboatrum 0.058 1.726 30 PcO.l, >0.05 NS

Table 10: Summary of significance differences (T-test) of the mean spore lengths, widths 
and ratios between populations A and B and the two species.

SED: standard error of differences, DF: degrees of freedom, NS: not significant 
l: V. dahliae non-cruciferous (NC) isolates only (16 isolates)
2: V. dahliae non-cruciferous and short-spored cruciferous (C) isolates (20 isolates)
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whole or when divided into the accepted species) and population B was highly significant 

(P < 0.001, Table 10). There was a significant correlation of spore length with width 

within population B (r = 0.66, P < 0.001), population A (r = 0.413, P < 0.05) and V. 

alboatrum isolates (r = 0.71, P < 0.01) but not within V. dahliae non-cruciferous isolates 

belonging to population A (P < 0.1). However, the shape of spores was different between 

population A and population B as parallel regression lines gave a significantly (P < 0.001) 

better fit than a single regression line. The slope of the regression lines was 0.912 with 

population A having an intercept of 2.680 and population B having an intercept of 5.069 

(/xm on the length axis at a nominal width of 0/Am). Similarly, the shape of spores was 

different between V. alboatrum isolates and population B as parallel regression lines gave a 

significantly (P < 0.001) better fit than a single regression line. The slope of the regression 

lines was 0.960 with V. alboatrum isolates having an intercept of 1.992 and population B 

having an intercept of 4.905 (/Am on the length axis at a nominal width of 0/Am).

KEY RESULTS:

• Verticillium isolates separated into two discrete populations based on conidi al lengths.

• Population A, which consisted of V. dahliae non-cruciferous isolates, V. alboatrum 

isolates and four V. dahliae crucifer isolates produced conidia <6.0/Am in length

• Population B, which consisted of only V. dahliae crucifer isolates, produced conidia 

>6.5/Am in length.

• Significant differences in spore width and spore shape were observed between 

population A and population B.
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3.2: DNA CONTENT

The amount of DNA per nucleus ranged from 24-46fg (mean 36.7fg, 14 isolates) in V. 

dahliae non-cruciferous isolates (not including the camomile isolates) and from 25-43fg 

(mean 34.3fg, 6 isolates) in V. alboatrum isolates. The mean DNA content for V. 

alboatrum lucerne and non-lucerne isolates was 29.5fg (2 isolates) and 36.8fg (4 isolates) 

respectively but these values were obtained from a small number of isolates (Table 11). 

The two short-spored crucifer isolates (MD80 and V dl28) contained 40fg and 30fg (mean 

35fg) of DNA respectively. They therefore contained the same amount of DNA per 

nucleus in comparison to V. dahliae non-cruciferous and V. alboatrum isolates or 0.5 times 

the amount of DNA in comparison to a theoretical interspecific hybrid (71fg, i.e. 36.7 and 

34.3fg). The camomile isolate MD71 contained 31fg of DNA per nucleus and had 0.8, 0.9 

and 0.4 times the amount of DNA respectively in comparison to V. dahliae non-cruciferous 

isolates, V. alboatrum isolates and a possible hybrid. The camomile isolate MD124 

( ‘crucifer’ like isolate by RAPDs) contained 40fg of DNA per nucleus and had 1.1, 1.2 and 

0.6 times the amount of DNA respectively in comparison to V. dahliae non-cruciferous 

isolates, V. alboatrum isolates and the “hybrid”.

Within long-spored crucifer isolates the DNA contents ranged from 51-80fg per nucleus 

(mean 63.6fg, 23 isolates) and therefore had 1.7, 1.9 and 0.9 times the amount of DNA 

respectively in comparison to V. dahliae non-cruciferous isolates, V. alboatrum isolates 

and a possible interspecific hybrid. Within intermediate-spored crucifer isolates the DNA 

contents ranged from 50-67fg per nucleus (mean 59.8fg, 4 isolates) and had 1.6, 1.7 and 

0.8 times the amount of DNA respectively in comparison to V. dahliae non-cruciferous 

isolates, V. alboatrum isolates and an interspecific hybrid. The DNA contents and ratios 

are shown in Table 12 and summarized in Table 13. Regardless of being long or 

intermediate-spored, European crucifer isolate DNA contents ranged from 50-70fg (mean
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Isolate Species Origin Host DNA content (fg)

318 V. dahliae Kent Strawberry 45
330 V. dahliae Norfolk Strawberry 24
332 V. dahliae Kent Strawberry 35
1877 V. dahliae Edinburgh Strawberry 38
2341 V. dahliae NK Hop 28
DC59 V. dahliae Kent Hop 40
12078 V. dahliae Kent Soil 28
12086 V. dahliae Scotland Strawberry 37
12087 V. dahliae Kent Strawberry 34
EMI V. dahliae Zimbabwe Mint 46
SS2 V. dahliae Indiana Mint 33
P14 V. dahliae Brazil Tomato 44
3440 V. dahliae Brazil Aubergine 36
38 V. dahliae Brazil Strawberry 46
M ean3 36.7

234 V. alboatrum France Lucerne 25
1906 V. alboatrum Bristol Lucerne 34
M eanb 29.5

1844 V. alboatrum Kent Hop 40
1974 V. alboatrum Kent Hop 43
1953 V. alboatrum Midlands Hop 33
VA1 V. alboatrum Netherlands Tomato 31
M eanb 36.8
M ean3 34.3

Table 11 : DNA content of V. dahliae non-cruciferous isolates and V. alboatrum isolates as 
measured by flow cytometry.

a: Mean DNA content for each species
b: Mean DNA content for V. alboatrum lucerne and non-lucerne sub-specific group
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Isolate
Spore
length Origin Original host DNA(fg) Ratio3 Ratiob Ratio6

86207 L Japan Wild radish 70 1.9 2.0 1.0
84020 L Japan Turnip 60 1.6 1.7 0.8
84120 L Japan Chinese cabbage 58 1.6 1.7 0.8
84122 L Japan Chinese cabbage 80 2.2 2.3 1.1
VdH L Germany Oilseed rape 70 1.9 2.0 1.0
Vd III L Germany Oilseed rape 70 1.9 2.0 1.0
Vd IV L Germany Oilseed rape 57 1.6 1.7 0.8
9802 L Germany Horseradish 64 1.7 1.9 0.9
MD73 L Germany Oilseed rape 70 1.9 2.0 1.0
MD123 L Germany Oilseed rape 59 1.6 1.7 0.8
334 L Germany Oilseed rape 51 1.4 1.5 0.7
892 L France Oilseed rape 60 1.6 1.7 0.8
162 L Sweden Oilseed rape 70 1.9 2.0 1.0
Vd 1 L Sweden Oilseed rape 60 1.6 1.7 0.8
Vd 4 L Sweden Oilseed rape 70 1.9 2.0 1.0
Vd 11 L Sweden Oilseed rape 59 1.6 1.7 0.8
Vd 191 L Italy Broccoli raab 60 1.6 1.7 0.8
Vd 292 L Italy Cauliflower 60 1.6 1.7 0.8
90-02 L USA Cauliflower 70 1.9 2.0 1.0
90-03 L USA Cauliflower 60 1.6 1.7 0.8
90-10 L USA Cauliflower 61 1.7 1.8 0.9
001 L USA Horseradish 66 1.8 1.9 0.9
004 L USA Horseradish 57 1.6 1.7 0.8
Meand L 63.6 1.7 1.9 0.9

MD 57 I Germany Oilseed rape 67 1.8 2.0 0.9
855 I Germany Oilseed rape 67 1.8 2.0 0.9
617 I France Oilseed rape 55 1.5 1.6 0.8
668 I France Oilseed rape 50 1.4 1.5 0.7
Meand I 59.8 1.6 1.7 0.8
Mean6 L/I Population B 63.0 1.7 1.8 0.9

MD 71 S Germany Camomile 31 0.8 0.9 0.4
MD 124* S Germany Camomile 40 1.1 1.2 0.6

MD 80 S Germany Oilseed rape 40 1.1 1.2 0.6
Vd 128 S Germany Broccoli 30 0.8 0.9 0.4
Meand 35.0 1.0 1.0 0.5
Meanf S Crucifer related 36.6 1.0 1.1 0.5

Table 12: DNA content of V. dahliae crucifer isolates and two camomile isolates as 
measured by flow cytometry and ratio of DNA content in comparison to V. dahliae non- 
cruciferous isolates, V. alboatrum and a theoretical interspecific hybrid.

a: determined from the mean DNA content of V. dahliae non-cruciferous isolates (36.7fg, Table 11) 
b: determined from the mean DNA content of V. alboatrum isolates (34.3fg, Table 11) c: 
determined from the total of the mean DNA content of V. dahliae non-cruciferous isolates and V. 
alboatrum isolates (71fg) Superscript letters d to f represent the mean DNA content and ratio of 
DNA content fo rd: each spore length group,e: population B ,f: short-spored crucifer related isolates 
(MD124, MD80, Vdl28), L: long-spored. I: intermediate-spored, S: short-spored. *: ‘crucifer’ like 
by RAPDs. Crucifer isolates Vd74, K4-1, LI, K3 and K12 were not included in the analysis
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62fg, 18 isolates) whereas the DNA contents of Japanese crucifer isolates and American 

crucifer isolates ranged from 58-80fg (mean 67fg, 4 isolates) and 57-70fg (mean 62fg, 5 

isolates) respectively (Table 12, Fig 11).

Population A, defined as isolates which produced conidia <6.0/im in length, had <46pg of 

DNA per nucleus whereas population B, defined as isolates which produced conidia 

>6.5fxm in length, had >50pg of DNA per nucleus (Fig 12). The difference in mean DNA 

content of population A (when treated as a group or when subdivided into the accepted 

species) and population B was highly significant (ranging from P < 0.001 to P< 0.01, Table 

14). There was no significant difference between the mean DNA contents of V. dahliae 

non-cruciferous isolates (including the camomile isolates for statistical analysis as before) 

or V. dahliae non-cruciferous and short-spored cruciferous isolates and V. alboatrum 

isolates (Table 14). Within population B there was a significant correlation (P < 0.05, r = 

0.4069) of conidi al length and DNA content but no significant correlation was observed 

within population A as a whole group or when divided into its accepted species. Therefore 

there was no overall correlation between the conidial length and DNA content between 

these two different populations.

Theoretical interspecific hybrids formed from V. dahliae non-cruciferous isolates (mean 

36.7fg) with either all V. alboatrum isolates (mean 34.3fg), V. alboatrum lucerne isolates 

(29.5fg) or V. alboatrum non-lucerne isolates (36.8fg) would contain 71fg, 66.2fg or 

73.4fg respectively. Therefore V. dahliae crucifer isolates belonging to population B 

(mean 63fg) had 0.9, 1.0 or 0.9 times the amount of DNA in comparison to these 

theoretical hybrids listed above (identical order, Table 13). Therefore based on nuclear 

DNA contents, a hybrid between V. dahliae non-cruciferous isolates and V. alboatrum 

lucerne isolates represents the most likely parental combination for the origin of V. dahliae 

crucifer isolates.
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Staining of nuclei with the fluorochrome Hoechst 33258 revealed uninucleate conidia with 

spherical, blue stained nuclei (Fig 13) in V. dahliae crucifer isolates 86207, 9802, MD73, 

MD80, 162, V d ll and 001.

KEY RESULTS:

• Verticillium isolates separated into two discrete populations based on DNA contents.

• Population A, which consisted of V. dahliae non-cruciferous isolates, V. alboatrum and 

two V. dahliae crucifer isolates contained <46pg of DNA per nucleus.

• Population B, which consisted of only V. dahliae crucifer isolates contained >50pg of 

DNA per nucleus.

• There was no overall correlation between the conidial length and DNA content 

between population A and population B.
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Fig 11: Distribution of DNA contents in European, Japanese and American V. dahliae 
crucifer isolates. Figures represent the number of isolates with each DNA content.
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Fig 12: Plot of conidial length versus DNA content
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Fig 13: Uninucleate conidia of V. dahliae crucifer isolate 162. Nuclei stained blue with 
fluorochrome Hoechst 33258 at 400x magnification. The nuclear diameters were not 
measured here but Karapapa et a l  (1997) reported that the mean nuclear diameter of V. 
dahliae crucifer isolates was 1.85 ± 0.02/rm.

Comparisons of mean DNA 
contents between the different 
populations and species

SED Test
statistic

DF Significance

Population A with Population B 1.883 14.408 49 P<0.001***

Population B with V. dahliae1 NC 2.162 12.226 41 PcO.OOl***

Population B with V. dahliae2 NC + C 2.065 12.887 43 PcO.OOl***

Population B with V. alboatrum 3.082 9.302 31 PcO.OOl***

V. dahliae1 NC with V. alboatrum 3.203 0.696 20 P c  0.5, NS

V. dahliae2 NC + C with V. alboatrum 3.097 0.664 22 P c  0.6, NS

Table 14: Summary of significance differences (T-test) of the mean DNA contents 
between populations A and B and the two species.

SED: standard error of differences, DF: degrees of freedom, NS: not significant 
l: V. dahliae non-cruciferous (NC) isolates only (16 isolates)
2: y. dahliae non-cruciferous and short-spored cruciferous (C) isolates (18 isolates)
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3.3: MAJOR ITS SEQUENCE

The major ITS sequence type of V. dahliae crucifer isolates and the two camomile isolates 

was determined by amplifying the ITS region from squash blot DNA using conserved 

primers ITS5 and ITS4 followed by digestion with the appropriate restriction enzymes 

(Figs 14-17). These restriction enzymes were chosen as their recognition sites lie within 

regions of the ITS sequence which are known to differ between the different Verticillium 

species. Although there are only five to six base differences in the ITS sequence between 

the majority of V. dahliae non-cruciferous isolates and V. alboatrum (L & NL) isolates 

(Morton et a l,  1995b) a single base pair difference at position 411 creates an additional 

Haell recognition site in V. dahliae non-cruciferous ITS sequences (Fig 18). Therefore 

this enzyme can differentiate V. dahliae non-cruciferous ITS sequences but not V. 

alboatrum (L & NL), V. alboatrum Group II or V. tricorpus ITS sequences due to identical 

sequences at the HaeU. recognition site. TspEl was chosen as although there are 17 to 18 

base differences in the ITS sequence between V. alboatrum (L & NL) and V. alboatrum 

Group II isolates (Morton et a i,  1995b) a single base pair difference at position 33 in the 

ITS1 region of V. alboatrum Group II isolates creates an additional TspEl recognition site, 

therefore allowing the differentiation of these isolates from all others (Fig 18). However 

this enzyme cannot distinguish V. alboatrum (L & NL) and V. tricorpus ITS sequences 

although there are 12 to 14 base differences in the ITS sequences between these two 

species (Morton et al., 1995b). Therefore a third enzyme, A M  was chosen as V. alboatrum 

(L & NL) ITS sequences contain a single base difference at position 386 in the ITS2 region 

therefore creating an AM  recognition site which is absent in V. tricorpus ITS sequences 

(Fig 18). Therefore using this combination of restriction enzymes it is possible to 

distinguish all Verticillium species but not V. alboatrum L & NL sub-specific groups. The 

PCR product lengths and expected digest products are shown in Table 15.
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Fig 14: PCR products obtained using conserved rRNA gene primers ITS5 and ITS4. M: 
molecular size marker, l:Vdll, 2:Vdin, 3:VdTV, 4:162, 5:9802, 6:MD57, 7:MD71, 
8:MD73, 9:MD80, 10:MD123, 11:MD124, 12:Vdl, 13:Vd4, 14: V d ll, 15:Vd74, 
16:Vdl28, 17:Vdl91, 18:Vd292, 19:90-02, 20:90-03, 21:90-10, 22:84020, 23:84120, 
24:84122, 25:86207, 26-27:DNA only and primer only controls respectively

M  1 2  3  4  5  6  7  8  9  1 0  11 1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  21  2 2  2 3  2 4  2 5  M
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Fig 15: HaeU digest of the ITS5 and ITS4 PCR product. M: molecular size marker, l:VdH, 
2:VdIII, 3:VdIV, 4:162, 5:9802, 6:MD57, 7:MD71, 8:MD73, 9:MD80, 10:MD123, 
11:MD124, 12:Vdl, 13:Vd4, 14: V d ll, 15:Vd74, 16:Vdl28, 17:Vdl91, 18:Vd292, 19:90- 
02, 20:90-03, 21:90-10,22:84020,23:84120, 24:84122, 25:86207.
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Fig 16: TspEl digest of the ITS5 and ITS4 PCR product. M: molecular size marker (line 
represents 281/271bp fragments), l:VdII, 2:VdIII, 3:VdIV, 4:162, 5:9802, 6:MD57, 
7:MD71, 8:MD73, 9:MD80, 10:MD123, 11:MD124, 12:Vdl, 13:Vd4, 14: V d ll, 15:Vd74, 
16:Vdl28, 17:Vdl91, 18:Vd292, 19:90-02, 20:90-03, 21:90-10, 22:84020, 23:84120, 
24:84122, 25:86207

310
281/271

Fig 17: A M  digest of the ITS5 and ITS4 PCR product. M: molecular size marker, l:VdII, 
2:VdIII, 3:VdIV, 4:162, 5:MD57, 6:MD123, 7Vdl, 8:Vd4, 9 :V dll, 10:Vdl91, ll:Vd292, 
12:90-02, 13:90-03, 14: 90-10, 15:84020, 16:84120 17:84122, 18:86207.
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Fig 18: Sequence data for the major ITS sequence
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Fig 18: Sequence data for the major ITS sequence.

Key: - identical bases, *, base not present. Letters/numbers to left of sequences are type of 
isolate/TTS sequence type (see Table 16 for specific isolate with each sequence); C, V. 
dahliae crucifer isolate; D, V. dahliae non-cruciferous isolate; L, V. alboatrum lucerne 
isolates; NL, V. alboatrum non-lucerne isolates; II, V. alboatrum group II; T, V. tricorpus. 
Numbers in bold at the top right of each set are positions in the sequences, 1-128 for ITS1, 
129-285 for 5.85 and 286-452 for ITS2. Junction between regions indicated by /. 
Numbers on the far right hand side are the numbers of isolates, which share the sequence 
shown on that line. Restriction sites for the enzymes AM , HaeU and TspEl are 
highlighted in grey. Note that neither the primer sequences nor short sections of the LSU 
and SSU rRNA genes are shown but these contribute to the overall length of PCR product 
given in Table 15.
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Restriction fragment products (bp)

Species PCR product (bp) Haell TspEl Alul

V. dahliae 565 299, 166, 100 305, 252, 8 441, 124

V. alboatrum 565 299, 266 252, 173, 132, 8 441, 124

V. alboatrum (II) 563 297, 268 86, 164, 173, 132, 8 No cut

V. tricorpus 564 298, 267 251, 173, 132,8 No cut

Table 15: PCR product lengths obtained using conserved rRNA gene primers, ITS5 and 
ITS4, and resulting restriction fragment lengths as determined originally from published 
Verticillium ITS sequences (Morton et a l,  1995b) and confirmed in current work.

Of the 34 V. dahliae crucifer isolates and two camomile isolates examined 27 isolates 

contained ‘V. alboatrum-like' major ITS sequences and the remaining isolates contained 

‘V. dahliae-like' ITS sequences. In order to compare the entire ITS region, PCR products 

from 13 isolates containing lV. alboatrum-Mke' ITS sequences and the nine isolates 

containing ‘V. dahliae-X\kë major ITS sequences were sequenced along with a further 11 

isolates, representing the four plant pathogenic Verticillium species. For the majority of 

isolates the entire lengths of both ITS sequences were sequenced from one strand except 

for V. dahliae crucifer isolate 9802 which was sequenced from both strands. The ITS 

sequences were deposited in the Genbank database and their respective accession numbers 

are shown in Table 16. The aligned sequences are shown in Fig 18 and a diagram showing 

the relationship between the sequence variants is shown in Fig 19.
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Species Isolate Origin Host ITS
Sequence

Accession No

V. dahliae 001 USA Horseradish 1 363986
84122 Japan Chinese Cabbage 1 363987
86207 Japan Wild radish 1 363988
90-02 USA Cauliflower 1 363989
90-03 USA Cauliflower 1 363990
90-10 USA Cauliflower 1 363991
MD123 Germany Oilseed rape 1 363992
VdH Germany Oilseed rape 1 363993
Vd292 Italy Cauliflower 1 363994
Vdl91 Italy Broccoli raab 1 363995
K12 Russia Oilseed rape 1 363996
K3 Russia Oilseed rape 1 363997
MD57 Germany Oilseed rape 2 -

MD124 Germany Camomile 3 363998
MD71 Germany Camomile 3 363999
MD73 Germany Oilseed rape 3 364000
3440 Brazil Strawberry 3 364001
K4-1 Russia Oilseed rape 3 364002
LI Russia Oilseed rape 3 364003
MD80 Germany Oilseed rape 4 364004
Vdl28 Germany Broccoli 4 364005
Vd74 Italy Cabbage 4 364006
9802 Germany Horseradish 5 364007

V. alboatrum
KRS1 Canada Lucerne 6 364008
STR1 Canada Lucerne 6 364009
STR3 Canada Lucerne 6 364010
STR4 Canada Lucerne 6 364011
SWB1 UK Lucerne 6 364012
Vaa5 USA Lucerne 6 364013
VA1 Netherlands Tomato 2 364014
2101 Belgium Hop 2 364015

V. alboatrum 
(Group II)

166 Netherlands Potato 7 364016

V. tricorpus
1988 UK Tomato 8 364017

Table 16: Species, country of origin, original host, ITS sequence type and corresponding 
Genbank accession numbers of the Verticillium isolates studied (ITS sequences shown in 
Fig 18).
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Of the 11 isolates representing the five plant pathogenic Verticillium species, all of the V. 

alboatrum lucerne isolates were identical and separated by five base changes from the V. 

dahliae non-cruciferous isolate. Both of the V. alboatrum non-lucerne isolates were also 

identical and only one base removed from the V. alboatrum lucerne isolates. The V. 

tricorpus isolate differed at 11 positions from the V. alboatrum lucerne isolates and at eight 

positions from the V. alboatrum Group II isolate.

Of the 13 V. dahliae crucifer isolates containing ‘V. alboatrum-\\\a6> ITS sequences two 

different sequences were observed although with only limited differences between them. 

Four American crucifer isolates (90-02, 90-03, 90-10 & 001), two Japanese crucifer 

isolates (86207, 84122), two European oilseed rape isolates (MD123 & Vdll), two Italian 

crucifer isolates (Vdl91 & Vd292) and two Russian oilseed rape isolates (K12 & K3) were 

identical but different from the V. alboatrum L isolates by just one base. Their sequence 

was also identical to V. dahliae crucifer isolates previously sequenced by Morton et al. 

(1995b). The last isolate, a German oilseed rape isolate (MD57) was identical in sequence 

to the V. alboatrum NL isolates sequenced.

Of the seven V. dahliae crucifer isolates and two camomile isolates containing ‘V. dahliae- 

like’ ITS sequences, three different sequences were observed, with only limited differences 

between them. Five isolates, a German oilseed rape isolate (MD73), two Russian oilseed 

rape isolates (K4-1 & LI) and two German camomile isolates (MD71 & MF)124) were 

identical in sequence and identical at all 295 positions to the V. dahliae non-cruciferous 

isolate (3440). This in turn was identical to the previously published sequence for the 

majority of V. dahliae non-cruciferous isolates (Morton et al., 1995b). A further three 

isolates, an Italian cabbage isolate (Vd74), a German broccoli isolate (Vdl28) and a 

German oilseed rape isolate (MD80) were identical in sequence but different from the V. 

dahliae non-cruciferous isolate by just one base at position 213. However, they were
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found to be identical to a previously published sequence from two tomato isolates, one 

from the UK and the other from Japan (Morton et al., 1995b). The last isolate, a German 

horseradish isolate (9802), was found to be identical to the V. dahliae non-cruciferous 

isolate sequenced except that it had an additional base at position 407.

The 5.85 rRNA gene was found to be identical across all species including the crucifer and 

camomile isolates.

KEY RESULTS:

• The majority of V. dahliae crucifer isolates contained ‘V. alboatrum-Xike,' ITS

sequences whilst the remaining isolates contained ‘V. dahliae-\\kë ITS sequences.

• Two sequence variants were detected within the ‘V. alboatrum-Mke' ITS sequence with

limited differences between them.

• Three sequence variants were detected within the ‘V. dahliae-\ike, ITS sequence with

limited differences between them.
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3.4: MINOR ITS SEQUENCE

The minor ITS sequence was determined by amplifying the ITS region from squash blot 

DNA, using either V. dahliae (363) or V. alboatrum (361) species-specific primers (Nazar 

et a l,  1991) in conjunction with ITS4, followed by digestion with the appropriate 

restriction enzymes (Figs 20-23). RE analysis was necessary to confirm the specificity of 

the primers. The PCR product lengths and expected digest products are shown in Table 

17.

Using this method it was possible to amplify a minor type lV. alboatrum-WkQ' ITS 

sequence from a German oilseed rape isolate (MD73) and from the two German camomile 

isolates (MD71 & MD124). However it soon became apparent that this method was not 

consistent, with the minor ITS sequence type being amplified only two out of the four 

times these isolates were tested. It was assumed that the extraction of DNA using the 

squash blot method might have resulted in the presence of inhibitors within the DNA 

preparation. Although squash blot DNA was able to be amplified by the conserved 

primers, ITS5 and ITS4, these primers tend to be more robust than species-specific 

primers. In addition there are probably approximately 100-150 copies of the rRNA gene 

repeats with the minor type probably forming a minimum of 1 to a estimated maximum of 

10-15 copies of these repeats. It is therefore not surprising that the major type ITS 

sequence was consistently amplified due to its relatively large target copy number whereas 

the low target copy number and the presence of inhibitors could explain the inconsistent 

amplification seen when looking for the minor ITS types.

In order to overcome the problems of inhibitors a different method of DNA extraction was 

employed using the DNeasy Plant Mini Kit. Although this method was successful in 

isolating genomic DNA, isolates 162, 86207 and V d ll failed to grow in Czapek-Dox
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603-'

310-

Fig 20: PCR products produced using V. alboatrum specific ITS primer (361) with ITS4 
(1-18) and V. dahliae specific ITS primer (363) with ITS4 (19-24).

M: molecular size marker. l:VdII, 2:VdIII, 3:VdIV, 4:162, 5:MD57, 6:MD123, 7:Vdl, 
8:Vd4, 9 :V dll, 10:Vdl91, ll:Vd292, 12:90-02, 13:90-03, 14:90-10, 15:84020, 16:84120, 
17:84122, 18:86207, 19:9802, 20:MD71, 21:MD73, 22: MD80, 23: MD124, 24: Vdl28, 
D: DNA control, P: Primer control.

M 1 2  3 4 5 6 7 8  9 10-11 12 13 14 15 16 17 18 M 19 20 21 22 23 24 M

5  , "83  , 5

3 1 0 - —

Fig 21: Haell digest of PCR products produced using V. alboatrum specific ITS primer 
(361) with ITS4 (1-18) and V. dahliae specific ITS primer (363) with ITS4 (19-24).

M: molecular size marker. l:VdII, 2:VdIII, 3:VdIV, 4:162, 5:MD57, 6.MD123, 7.Vdl, 
8:Vd4, 9 :V dll, 10:Vdl91, ll:Vd292, 12:90-02, 13:90-03, 14:90-10, 15:84020, 16:84120, 
17:84122, 18:86207, 19:9802, 20:MD71, 21:MD73, 22: MD80, 23: MD124, 24: Vdl28.
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Fig 22: TspEl digest of PCR products produced using V. alboatrum specific ITS primer 
(361) with ITS4 (1-18) and V. dahliae specific ITS primer (363) with ITS4 (19-24).

M: molecular size marker. l:VdII, 2:VdIII, 3:VdIV, 4:162, 5:MD57, 6:MD123, 7:Vdl, 
8:Vd4, 9 :V dll, 10:Vdl91, ll:Vd292, 12:90-02, 13:90-03, 14:90-10, 15:84020, 16:84120, 
17:84122, 18:86207, 19:9802, 20:MD71, 2TMD73, 22: MD80, 23: MD124, 24: Vdl28

M 1 2 3 4 5 6  7  8 9 10 11 12 13 14 15 16 17 18 M

g  ' Ë
603- ww ^

4# ^

Fig 23: A M  digest of PCR products produced using V. alboatrum specific ITS primer 
(361) with ITS4 (1-18).

M: molecular size marker. l:VdII, 2:VdIII, 3:VdIV, 4:162, 5:MD57, 6:MD123, 7:Vdl, 
8:Vd4, 9 :V dll, 10:Vdl91, ll:Vd292, 12:90-02, 13:90-03, 14:90-10, 15:84020, 16:84120, 
17:84122, 18:86207.
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Restriction fragment products (bp)

Species_________ PCR product (bp) HaeTL__________ TspEl____________ Alul

V. dahliae 445 179, 166, 100 305,132,8  321,124

V. alboatrum 445 266, 179 173, 132, 132,8 321, 124

Table 17: PCR product lengths obtained with species-specific ITS primers and resulting 
restriction fragment lengths as determined from published Verticillium ITS sequences 
(Morton et al, 1995b) and sequencing here. See Fig 5 for schematic of primer positions.

liquid medium and therefore were excluded from the analysis. The same methods were 

used to amplify the minor type ITS sequence except that 5//1 of squash blot solution was 

substituted with ljul of genomic DNA in the PCR reactions. This experiment revealed that 

in addition to the minor lV. alboatrum-Mke' ITS sequence found in isolates MD71, MD73 

and MD124 (Fig 24), minor ‘V. dahliae-hke' ITS sequences were also present in a 

Californian cauliflower isolate (90-02), an Italian cauliflower isolate (Vd292) and a 

Japanese Chinese cabbage isolate (84122) (Fig 25).

In order to rule out the possibility of mixed inoculum in the original cultures, mono- 

conidial isolates were therefore examined (Set 1, Appendix 2). All the experimental 

procedures were identical to those previously described except that l-3g/l of yeast extract 

was added to the Czapek-Dox liquid medium. This substance had been previously shown 

to enhance the growth of certain V. dahliae crucifer isolates (Okoli et al., 1994) and 

resulted in the growth of all V. dahliae crucifer isolates used in this study. In order to 

eliminate the possibility of cross-contamination all experimental procedures starting with 

preparation of spore suspension through to PCRs were carried out at different times for V. 

dahliae crucifer isolates containing V. dahliae as a major ITS sequence and those with V. 

alboatrum as a major ITS sequence. The only procedural problem encountered in this 

study was that DNA could not be isolated from Vd74 and therefore was not included in the
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Fig 24: TspEl digest of PCR products produced using V. alboatrum ITS specific primer 
(361) with ITS4 obtained from the original cultures.

The minor ‘V. alboatrumAikG’ ITS sequence amplified from isolates MD71, MD73 and 
MD124 is shown by the RFLP pattern 173, 132, 132bp and is indicated by the arrows. 
Products were separated on a Spreadex 400 gel.
M: molecular size marker ((j) x 114/Hinfl). l:VdII, 2:VdIII, 3:VdIV. 4:MD57, 5:MD71, 
6:MD73, 7:MD123, 8:MD124, 9: Vdl, 10:Vd4, 11: Vdl91, 12:Vd292, 13:90-02. 14:90-03, 
15:90-10, 16:84020, 17:84120, 18:84122, 19:86207.

t t t
Fig 25: TspEl digest of PCR products produced using V. dahliae specific ITS primer (363) 
with ITS4 obtained from the original cultures.

The minor ‘V. dahliae-Mke’ ITS sequence amplified from isolates 90-02, Vd292 and 84122 
is shown by the RFLP pattern 305, 132bp and is indicated by the arrows. Products 
separated on a Spreadex 400 gel.
M: molecular size marker ((j) x 174/TTm/I). LVdH, 2:VdIII, 3:VdIV, 4:9802, 5:MD71, 
6:MD73, 7:MD80, 8:MD123, 9:MD124, 10:VdI, ll:V d74, 12:Vdl28, 13:Vd292,14:90- 
02, 15:84020, 16:84120, 17:84122.
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analysis. This experiment again revealed minor ‘V. a/Wzfrwm-like' ITS sequences in 

isolates MD71, MD73, MD124 but also in the German broccoli isolate Vdl28 and the 

German oilseed rape isolate MD80 (Fig 26). No other minor ITS sequences were observed 

in the remaining V. dahliae crucifer isolates.

In most cases, amplification of the minor ‘V. alboatmm-\\k&> ITS sequence also resulted in 

the amplification of V. dahliae ITS sequences. Therefore in order to study the minor "V. 

alboatrum-\ike' ITS sequence, PCR products from each isolate were cloned and 

recombinants selected. One clone from each isolate was chosen for sequencing although 

two clones from Vdl28 were analysed due to the absence of an Alul restriction site in one 

clone which suggested a minor V. tricorpus or V. alboatrum Group II ITS sequence. All 

the clones were sequenced from one strand and the sequences are shown in Fig 27. The 

major ITS sequences from the four plant pathogenic Verticillium species and from V. 

dahliae crucifer isolates containing the major V. alboatrum ITS sequence are shown for 

comparison.

Two clones of the minor ‘V. alboatrum-Mke,' ITS sequence, one from the German oilseed 

rape isolate MD80 and clone one from the German broccoli isolate V dl28, were identical 

in sequence to the major V. alboatrum ITS sequence found in the majority of V. dahliae 

crucifer isolates. The four remaining clones from isolates MD71, MD73, MD124 and 

V d l28 (clone 2) were also identical in sequence to the major V. alboatrum ITS sequence of 

V. dahliae crucifer isolates except that they all had a single further base difference at 

different positions. The two German camomile isolates, MD71 & MD124, had a single 

base difference within the 5.85 at positions 174 and 216 respectively, while the German 

oilseed rape isolate MD73 had a single base difference at position 372 within the ITS2 

region. The reason why clone 2 of Vdl28 remained undigested by A M  was due to a single 

base difference at position 323 within the ITS2 region, which removed the A M  restriction

86



Fig 26: HaeW digest of PCR products produced using V. alboatrum specific ITS primer 
(361) with ITS4 from mono-conidial cultures (Set 1, see Appendix 2)

The minor ‘V. alboatrum-Wké' ITS sequence amplified from the following isolates is 
shown by the RFLP pattern 266 and 179bp. V. dahliae ITS sequence also amplified from 
isolates MD71, MD80 and MD124 as shown by the presence of 166 and lOObp molecular 
weight bands. Products separated on a 3% (w/v) metaphor gel

M: molecular size marker. 1: MD71, 2: MD73, 3: M D 80,4: MD124, 5: Vdl28.
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Fig 27: Sequence data for the minor lV. alboatrum-WYe' ITS sequence
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Fig 27: Sequence data for the minor ‘V. alboatrum-\ïkQ' ITS sequence.

Key: - identical bases, *, base not present. Letters to left of sequences are type of isolate or 
isolate number. C, V. dahliae crucifer isolates; D, V. dahliae non-cruciferous isolate; L, V. 
alboatrum lucerne isolates; NL, V. alboatrum non-lucerne isolates; II, V. alboatrum Group 
II isolate; T, V. tricorpus isolate. C/D/L/NL/II/T represent typical major ITS sequences 
taken from Fig 18 although the LSU sequences are not shown in the latter figure. 
Superscript letters are different sets of mono-conidial isolates (see Appendix 2 ) .a: Set 1, b: 
Set 2 ,c: Set 3. Numbers in bold to the right of each set are positions in the sequences, 1-62 
for ITS1, 63-219 for 5.85, 220-386 for ITS2 and 387-438 for 255. Positions for each 
region are indicated /. Letters on far right hand side represents sequences obtained from 
clones (C) or PCR product (P). The restriction sites for the enzymes Alul, HaeR and TspEl 
are highlighted in grey.
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site. To determine whether these single base differences were due to errors introduced by 

the Taq polymerase another set of mono-conidial isolates were analysed using the same 

methods (Set 2, Appendix 2). This experiment revealed that in addition to the minor ‘V. 

alboatrum-like’ ITS sequence present in isolates MD71, MD73, MD124, MD80 and 

V d l28, a further minor ‘V. alboatrum-Xxko' ITS sequence was present in the German 

horseradish isolate 9802 (Fig 28). The PCR products also appeared to be pure V. 

alboatrum unlike previous experiments where V. dahliae ITS sequences were also 

amplified. The minor ‘V. alboatrum-\\k& ITS sequences from isolates MD124 and MD73 

were chosen for sequencing in addition to the minor ITS sequence present in 9802. The 

amount of PCR product obtained from MD124 and 9802 was however insufficient for 

direct sequencing, therefore the minor ‘V. alboatrum-\\kz' ITS sequences were cloned and 

one clone per isolate sequenced. The minor ‘V. alboatrum-Mke,'’ ITS sequence from MD73 

was sequenced directly from the PCR product. All sequencing was carried out from one 

strand and the sequences are shown in Fig 27.

1 2 3 4 5 6 # j
r  , -  -

3 1 0

1 9 4
•r- —> -*

] 1 8  

7 2

Fig 28: Haell digest of V. alboatrum specific PCR product obtained from mono-conidial 
isolates (Set 2).

The minor ‘V. alboatrum-like’ ITS sequence amplified from the following isolates is 
shown by the RFLP pattern 266 and 179bp. Products separated on a 3% metaphor gel 
M: molecular size marker. 1: MD71, 2: MD73, 3: MD80, 4: MD124, 5: Vdl28, 6: 9802.
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The minor ‘V. alboatrwn-like’ ITS sequence from isolates MD124 and MD73 was 

identical to the major V. alboatrum ITS sequence found in the majority of V. dahliae 

crucifer isolates. The minor ITS sequence from 9802 was however identical to V. 

alboatrum lucerne isolates except that it differed by one base at position 142 in the 5.85 

rRNA gene.

In order to eliminate the possibility of cross-contamination from the laboratory another set 

of mono-conidial isolates were analysed (Set 3, Appendix 2). Mycelium was grown and 

harvested at Horticulture Research International (HRI) but all subsequent work was carried 

out at Harper Adams University College (HAUC). The same methods were used except 

that DNA extractions were carried out separately to avoid cross-contamination of the 

minor ITS sequence. This experiment revealed that the minor ‘V. alboatrum-like' ITS 

sequence was present in the German oilseed rape isolate MD73 but not in the remaining 

isolates (result not shown). The minor ITS sequence was sequenced directly from the PCR 

product from one strand and is shown in Fig 27 (Accession No AF364018). The minor ‘V. 

alboatrum-like' ITS sequence was identical to the major V. alboatrum ITS sequence found 

in the majority of V. dahliae crucifer isolates.

To summarise, minor ‘V. alboatrum-like' ITS sequences were consistently amplified from 

the original cultures and two sets of mono-conidial cultures of the German oilseed rape 

isolate MD73 and two camomile isolates (MD71 and MD124). In comparison, minor T . 

alboatrum-like' ITS sequences were only amplified from two sets of mono-conidial 

cultures of the German oilseed rape isolate MD80 and the German broccoli isolate Vdl28 

and only from one mono-conidial culture of the German horseradish isolate 9802. When 

the experiment was repeated at HAUC the minor ‘V. alboatrum-like' ITS sequence was 

only detected in the MD73 (Table 18).
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3.5: PCR-SSCP ANALYSIS OF THE ITS REGION

Although PCR products of 570-590bp have been successfully subjected to PCR-SSCP 

analysis (Kumeda & Asao, 1996), the optimal length considered is 100-250bp. Therefore, 

primers were designed based on sequences identical within the nuclear rRNA ITS region 

of all the Verticillium species to obtain PCR products of this size. All products were 

subsequently purified as excess primers have been shown to interfere with the amplified 

sequence and inhibit the discriminative potential of SSCPs in some systems (Cai & 

Touitou, 1993). All primer combinations except those paired with primer 605 (Table 5) 

gave good amplification of the ITS I and ITS2 regions and produced fragments of the 

expected size. However only PCR products amplified with the primer combinations 

ITS5/ITS2 and ITSI/ITS2 resulted in the clear and consistent separation of ssDNA (result 

not shown). In fact using these primer combinations under the conditions described, PCR- 

SSCP was able to distinguish all Verticillium species even when <1% sequence differences 

were present.

Due to the ability of SSCP to differentiate between sequences with only one base 

difference it was chosen as an alternative method to direct sequencing of the major ITS 

sequence for the remaining V. dahliae crucifer isolates. However using the primer 

combination above it was only possible to detect sequence variations in the ITS I region 

and therefore a different procedure was employed. This involved amplifying the entire ITS 

region with the conserved primers ITS5 and ITS4 and digesting it with EcoRI. This 

restriction enzyme was chosen as the Verticillium 5.85 rRNA gene contains an EcoRI 

restriction site resulting in fragments of 260bp and 305bp. Electrophoresis of the ssDNA 

was performed at four different temperatures (4, 7, 9 & 12°C) to determine the best 

temperature for detecting sequence variants.
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At each temperature two different electrophoretic patterns were observed but with 

variation only in the 260bp restriction fragment (Fig 29). The only pattern which differed 

from the commonest was that of the German oilseed rape isolate MD57. Each temperature 

profile produced a difference in the electrophoretic mobility and pattern of the two 

restriction fragments. The electrophoretic mobility of the two ssDNA restriction fragments 

decreased as the temperature increased and was probably due to relaxation in the 

secondary structure of the ssDNA. At 4°C ssDNA of MD57 representing the 260bp 

fragment did not form separate strands. As the temperature increased the distinct 

electrophoretic pattern of this ssDNA fragment became less apparent although it was still 

noticeable at 12°C. Although there were no differences in the electrophoretic pattern of the 

305bp fragment the sharpness of the two strands was affected by temperature. Lower 

temperatures (4-7°C) favoured the resolution of the faster migrating fragment whilst higher 

temperatures (9-12°C) favoured the resolution of the slower migrating fragment. From 

these results 9°C was considered the best temperature profile to detect sequence variants in 

V. alboatrum major ITS sequences.

From the direct sequencing of the entire ITS region from the original cultures of V. dahliae 

crucifer isolates it was known that two sequence variants occurred in 13 isolates containing 

V. alboatrum as the major ITS sequence. The German oilseed rape isolate MD57 

contained ITS sequence type 2 which differed by two base changes from the remaining 12 

isolates containing ITS sequence type 1 (Table 16, Figs 18 and 19). These base changes 

occurred at positions 89 and 124 in the ITS I region and therefore occur in the 260bp 

EcoRl restriction fragment. The results from SSCP analysis of the major ‘V. alboatrum- 

like’ ITS sequence from the original cultures of V. dahliae crucifer isolates are identical to 

those obtained by direct sequencing. As the original cultures of V. dahliae crucifer isolates 

V d ll and 162 failed to grow in Czapek-Dox liquid medium, the major ‘V. alboatrum-\\kë 

ITS sequence was analysed from mono-conidial isolates (SetI, Appendix 2) as these all
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Fig 29 : Effects of temperature on PCR-SSCP analysis.

A-D represent GMA gels run at different temperatures, A: 4°C, B :7°C, C: 9°C, D: 12°C. 
DNA obtained from original cultures. MD57 (lane 4 ) has a different electrophoretic 
pattern. MM: molecular size marker. l:VdII, 2:VdIII, 3:VdIV, 4:MD57, 5:MD123, 6:Vdl, 
7:Vd4, 8:Vdl91, 9:Vd292, 10:90-02,11:90-03, 12:90-10, 13:84020, 14:84120,15:84122.
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grew successfully following the addition of yeast extract. The remaining V. dahliae 

crucifer isolates including MD57 had identical electrophoretic patterns to those isolates 

previously sequenced suggesting that they also contain a major V. alboatrum ITS sequence 

of sequence type 1 (Fig 30, Table 18). This result conflicted with the previous experiment 

using the original culture of MD57. Therefore the original culture was retrieved from 

liquid nitrogen storage and reanalysed using PCR-SSCP. This experiment confirmed that 

MD57 had a major V. alboatrum ITS sequence of type 1.

KEY RESULTS:

e All of the V. dahliae crucifer isolates, which contained ‘V. alboatrum-Mke' major ITS 

sequences, gave an identical pattern by SSCP suggesting identical sequences.

• This lV. alboatrum-like' ITS sequence differed from V. alboatrum lucerne isolates by 

one base.
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3.6: ANALYSIS OF THE SUB-REPEATS WITHIN THE IGS

Universal primers 727 and 723 (Table 4, Fig 5) were designed from published sequences 

of the IGS from two V. dahliae non-cruciferous isolates (TR12; AF144005 & Vd76; 

AF104926), a V. dahliae crucifer isolate (84120; A F144007) and a V. alboatrum isolate 

(1776; AF144006) and used to amplify the sub-repeat regions from the V. dahliae crucifer 

isolates. Five V. dahliae crucifer isolates, Vd74, K3, K12, K4-1 and LI were not included 

in the analysis because DNA could not be isolated from the mono-conidial isolate of Vd74 

and the remaining four isolates were not available at the time of study. The PCR products 

were compared in two ways; (1) the products from representative isolates were sequenced 

using the forward primer (727) and (2) others were digested with the RE Alul and the sizes 

of the digestion products compared following electrophoretic separation in agarose gels. 

This restriction endonuclease was chosen because Alul sites are known to occur in the sub

repeat sequences of V. dahliae non-cruciferous and cruciferous isolates and V. alboatrum 

isolates.

Of the four V. dahliae crucifer isolates and two non-cruciferous isolates which contain a 

major V. dahliae ITS sequence four different sized amplicons were observed, ca 870bp (2 

isolates), ca 740bp (2 isolates), 690bp (1 isolate) and ca 900bp (1 isolate). These PCR 

products were on average larger than those obtained from V. dahliae crucifer isolates 

which contain a major V. alboatrum ITS sequence with the exception of three Japanese 

crucifer isolates (Fig 31, Table 19). All of the PCR products from V. dahliae crucifer 

isolates which contain a major V. dahliae ITS sequence were sequenced and in the case of 

Vdl28 which produced an amplicon of ca 900bp this was sequenced from both strands.

Sequencing of the sub-repeat regions from these six isolates revealed that they all 

contained perfect and/or imperfect repeats of an 81bp sequence which consisted of a 50bp
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Fig 31: Different sized PCR products obtained with the universal IGS primers, 727 and 
723, from V. dahliae crucifer isolates and two camomile isolates.

M: Molecular size marker, 1: 90-02, 2: 90-03, 3: 90-10,4: 84020, 5: 84120, 6: 84122,7: 
86207, 8: Vcffl, 9: VdlE, 10: VdTV, 11: V dl, 12: V d 4 ,13: V d ll, 14: M D 57,15: MD123, 
16: 162,17: V d l9 1 ,18: V d292,19: 334, 20: 617, 21: 668, 22: 855, 23: 892, 24: MD71, 25: 
MD73, 26: MD80, 27: MD124, 28: V dl28, 29: 9802, D: DNA only control, P: primer only 
control.
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Isolate
Country of 
origin Original host

Major ITS 
sequence

PCRb
product S/R

MD71 Germany Camomile V. dahliae 870 S7R
MD1243 Germany Camomile V. dahliae 870 S7R
MD73 Germany Oilseed rape V. dahliae 740 S7R
MD80 Germany Oilseed rape V. dahliae 690 S7R
Vdl28 Germany Broccoli V. dahliae 900 Sc/R
9802 Germany Horseradish V. dahliae 740 S7R
86207 Japan Wild radish V. alboatrum 650 S7R
84020 Japan Turnip V. alboatrum 850 Sd
84120 Japan Chinese Cabbage V. alboatrum 850/900 Sd
84122 Japan Chinese Cabbage V. alboatrum 870 Sd
V d ll Germany Oilseed rape V. alboatrum 650 R
V dlH Germany Oilseed rape V. alboatrum 650 R
vd rv Germany Oilseed rape V. alboatrum 650 R
MD57 Germany Oilseed rape V. alboatrum 650 R
MD123 Germany Oilseed rape V. alboatrum 650 R
334 Germany Oilseed rape V. alboatrum 650 Sc/R
855 Germany Oilseed rape V. alboatrum 650 R
617 France Oilseed rape V. alboatrum 740 S7R
668 France Oilseed rape V. alboatrum 690 Sc/R
892 France Oilseed rape V. alboatrum 650/690 Sd/R
162 Sweden Oilseed rape V. alboatrum 650 S7R
V dl Sweden Oilseed rape V. alboatrum 650 R
Vd4 Sweden Oilseed rape V. alboatrum 650 R
V d ll Sweden Oilseed rape V. alboatrum 650 R
Vdl91 Italy Broccoli raab V. alboatrum 650 R
Vd292 Italy Cauliflower V. alboatrum 650 R
90-02 USA Cauliflower V. alboatrum 690 R
90-03 USA Cauliflower V. alboatrum 690 Sc/R
90-10 USA Cauliflower V. alboatrum 690 R
001 USA Horseradish V. alboatrum 650 R
004 USA Horseradish V. alboatrum 650 R

Table 19: Country of origin, original host, major ITS sequence type and size of PCR 
product obtained using universal IGS primers, 727 and 723, of V. dahliae crucifer isolates. 
Also shown is whether sub-repeats from isolates were studied by sequencing (S) or by Alul 
endonuclease digestion (R). Crucifer isolates K4-1, L I, Vd74, K3 and K12 were not 
included in the analysis.

a: ‘crucifer’ like isolate by RAPDs
b: PCR product size estimated by agarose gel electrophoresis 
c: sub-repeats sequenced from purified PCR products 
d: sub-repeats sequenced from cloned PCR products
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sequence (e.g. nts 47-96) and a 31bp (e.g. nts 16-46) imperfect repeat of part of this 50bp 

sequence (Fig 32, Table 20). Differences were however observed in the number of the 

whole or parts of one or more of the 81bp repeat unit (Fig 33). The German camomile 

isolates, MD71 and MD124, contained two perfect repeats (a  a) and one imperfect repeat 

( a  b) of the 81bp sequence whereas the German horseradish isolate 9802 and the German 

oilseed rape isolate MD73 contained one imperfect 81bp repeat (P b). The two remaining 

European crucifer isolates, V d l28 and MD80, contained four and two imperfect 81 bp 

repeats (P b) respectively. In all four crucifer isolates the 81bp repeat was followed by a 

18bp sequence identical with the 3’ end of an imperfect 50bp repeat (element c, Fig 33). 

Two short related sequences (element X), only loosely related to the main sub-repeat, and a 

imperfect 50bp repeat (elements c/cz, Fig 33) followed in all isolates except Vdl28 and 

MD80. A further four and three 18bp repeats identical with the 3 ’ end of the imperfect 

50bp repeat (element c) were present in isolates 9802 and MD73 respectively, before a 

final 21 bp (element y) sequence present in all isolates. The 21 bp sequence was identical to 

the 3’ end of an imperfect 50bp repeat (element c) except there were 4 additional 

nucleotides at the 3’ end. A further two 18bp repeats (element Z, Fig 33) separated by a 

329bp non-repetitive sequence (element V, Fig 34) were found in all isolates except MD71 

and MD124 where the sequences obtained terminated before or at this point. The 329bp 

sequence of isolate MD124 was identical to that found in V. dahliae non-cruciferous 

isolates TR12 and Vd76. Of the 265 nucleotides sequenced from this region in isolate 

MD71, no differences were observed. The 329bp sequences found in isolates 9802 and 

MD73 were identical and differed from MD124 by one nucleotide at position 73. The 

329bp sequences found in isolates Vdl28 and MD80 were also identical and differed from 

MD124 by four nucleotides at positions 67, 73, 159 and 211. Comparing the sequence 

from MD124 to that obtained from V. alboatrum isolate 1776, the sequence differed at 74 

positions (Fig 34, Table 21).
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1 GGACC AGTTT CGAGGCTGG CAGCTACCCGGG 31

32 AGTTGGCTGAAAAAC GACCAAGTCGGACACCCTGG AGCTACCCGGGAATT 81

Repeat type Nucleotide changes

a  Nts 1-31 as shown
(3 Nts 1-31 except nt 11 C-T*
a Nts 32-81 as shown
b Nts 32-81 except nt 63 C-T
c Nts 32-81 except nt 56 G-A, 61 C-T, 63 C-T, 64 T-G
C2 Nts 32-81 except nt 56 G-A, 61 C-T, 63 C-T, 64 T-G, A inserted after nt 45
Z3 Nts 21-38 except nt 33 G-A, 38 C-G
Z4 Nts 21-38 except nt 33 G-A, 35 T-C, 38 C-G

Fig 33: Sequence variations of the elements present in the sub-repeats of two V. dahliae 
non-cruciferous isolates and four V. dahliae crucifer isolates with V. dahliae as the major 
ITS sequence.

Changes are given by reference to the 81bp repeat at nts 16-96 in the camomile isolate 
MD124 (Fig 32). No sequence variants were seen in the W, X or Y elements.
* C-T is base substitution.
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6  ------------------------------------------------------------
5 --------------------- ----------------------------- -------------------- --------------------------------------------------
4 GACGAATTCG CCGATTCCTC CACCACCAGG CCGTTTCCCG TTACTCTTCT 50

6 -------------------------------  A ------ - C ------------ --------------------------------------------------
5 ------------------------------------------------ - C --------------------------------------------------------------------
4 TAGTGCACTG GAAAGAGCGT ATTGTCCTTA GTATATTTCA CTCTTAAAAG 100

6     ------------------
5 --------------------------------------------------------------------------------------------------------------------------
4 TACTATATAT ACTTGAACGC TATTTG TTTT GGCTTTCAAG AGTCTGCTTG 150
 1  G-G C  C T - C T A -   A G -A  —------------- C -  A
 2  G-------GC —— C T - C T A - ----------------------------------------AG—A —  —-------- C—A
 3  G-G C  C T - C T A - ---------------------------- --------------- AG—A ----------------C—A
V — T -----------G — -------- T —G T A T ---------------------- A—G—C— G—A -----------------------A

5
4 CGGTGCACTA GTATTCCTAT TGAGTTTCTG GGCCGAAATC CTACCACGCC 200
1 TA ------T - A - T ------------ T ------ -T G A ------T — — C---------- T —
2 TA ------T - A - T ------------T — C —TGA------T — — C---------- T —
3 TA ------T - A - T -T G A ------T — —C---------- T — —
7 T C A --T -A -G A---------- T —G— —TGA------G— G— T T G - T - -

6 ----------------------T ---------------------- ---------------------------------------------------------------------------
5 --------------------------------------------------------------------------------------------------------------------------
4 ACCTAAACGT CAGAAGGCCT AGCGAAATAC ATTGCAATCG AATAGGCACA 250
1 — TC------------ ------------- CA—TA GAA-------- G T ------------------------ -------------------------
2 — TC------------ ------------- CA—TA GAA G T ---------------------- -------------------------
3 - - T C   C A -TA  GAA---------- G T ---------------------- -------------------------
V G—AA G T  C —  TA — AA------------G— — C--------- C—  — C —A ------T —

Fig 34: Sequence variations of the V element, representing the 329bp sequence, present in 
the sub-repeats of two V. dahliae non-cruciferous isolates and 14 V. dahliae crucifer 
isolates.
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6   *

5 -------------------------    *
4 CTCAGATTAC CCTATGGCCG GTCGTGCATC GCTGCAGCAG CGTTGGGGC* 300

6   ------------------
5 ------------------------------------------------------------------------
4 GGCCGTGGTG GTGGAATCGA GGTTGTGGCG 330
1   ---------------------
2   -------------------
3 ------------------------------------------------------------------------
7  A - A - ----------------T ------ -------------------------

Fig 34 continued

Numbers 1-6 to the left of the sequence represent sequence variants found in V. dahliae 
crucifer isolates (Tables 20 and 22). Variant 4 was identical in sequence to V. dahliae non- 
cruciferous isolates TR12 (AF144005) and Vd76 (AF104926). Sequence 7 represents the 
330bp region from V. alboatrum isolate 1776 (AF144006). Numbers in bold to the right 
represent nucleotide positions in the sequence.
*: base absent.
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Number polymorphisms in element V

Species 1 2 3 4 5 6

V. dahliae-like 38 38 38 74 73 72

V. alboatrum-like 29 29 29 0 1 2

Sequence specific 23 24 25 0 0 2

where species distinct 7 7 7 0 0 0

where species not distinct 16 17 18 0 0 2

Total polymorphisms scored 90 91 92 74 74 76

Table 21: Numbers of polymorphisms seen in the 329bp sequences (element V) from V. 
dahliae crucifer isolates when compared to V. dahliae non-cruciferous isolates and V. 
alboatrum.

74 polymorphisms were recorded between the sequences from V. alboatrum 1776 and V. 
dahliae 334 (non-cruciferous). The polymorphisms seen in the six sequences are classified 
as either V. dahliae-\\kt, V. alboatrum-Mke or sequence specific with this last category sub
divided into: where species distinct (refers to crucifer specific nucleotides at positions 
where species specific polymorphisms present) and where species not distinct (refers to 
crucifer specific nucleotides at positions where species are not distinct).

1-6 represent sequence variants of the 329bp sequence (Table 20 and 22, Fig 34).

Of the 25 V. dahliae crucifer isolates which contain a major V. alboatrum ITS sequence 

three different sized amplicons were observed, ca 650bp (16 isolates), ca 690bp (4 

isolates), ca 740bp (1 isolate). The four remaining isolates 84020, 84120, 84122 and 892 

produced multiple sized products ranging from 650 to 900bp (Fig 31, Table 19). As DNA 

extracted from mono-conidial isolates (Set 1, Appendix 2) was used in the PCR reactions, 

the different length products suggests that different sub-repeat lengths occur in these 

isolates rather than them being heterokaryons. Interestingly three out of the four Japanese 

crucifer isolates produced these larger and multiple sized PCR products. Three isolates 

(86207, 334 & 162) which produced a 650bp amplicon, two isolates (668 & 90-03) which
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produced a 690bp amplicon and isolate 617 which was the only isolate to produce a 740bp 

amplicon were chosen for sequencing. In addition the multiple PCR products from 84020, 

84120, 84122 and 892 were cloned. Two clones from isolates 892 and 84120 and one 

clone from isolates 84122 and 84020 were sequenced from both strands.

Sequencing of the sub-repeat region from these isolates revealed that they were similar in 

structure in that they contained perfect and/or imperfect repeats of a 39bp sequence (Fig 

35, Table 22). The sub-repeats were however different in structure from V. dahliae 

crucifer and non-crucifer isolates with V. dahliae as the major ITS sequence (Fig 36). The 

39bp sequence was very similar to the last 15bp of the 50bp repeat and the 26bp of short 

related sequences (element X) found in V. dahliae cruciferous and non-cruciferous isolates 

with V. dahliae as the major ITS sequence (Fig 37). For the majority of isolates, except 

84120 and 84122, each sequence started with the first 17bp (element S) of the 39bp repeat 

followed by a 29bp sequence (element T) comprised of a 21 bp non-repetitive sequence. 

This 21 bp non-repetitive sequence was present in the 50bp imperfect repeat (element c) 

found in V. dahliae cruciferous and non-cruciferous isolates with V. dahliae as the major 

ITS sequence (Fig 37). The size differences observed in the PCR product were due to 

differences in the number of copies of the 39bp perfect repeat (element A, e.g. nts 47-85, 

Fig 35). Isolates producing amplicons of ca 650bp, 690bp and 740bp contained two, three 

and four copies of the 39bp perfect repeat respectively. The two cloned sub-repeat regions 

from isolate 892 contained two copies (clone 2) and three copies (clone 1) of the 39bp 

perfect repeat, whereas the two clones from isolate 84120 contained 10 copies (clone 1) 

and nine copies (clone 2). The sub-repeat regions cloned from isolates 84020 and 84122 

contained seven copies and nine copies of the 39bp perfect repeat respectively. Single 

nucleotide differences occurred in the second copy (element C) of the 39bp repeat in 

isolate 84020 and in the first copy in isolate 84122 (element D, Fig 38). These apparent 

single base polymorphisms may be errors introduced by the PCR or sequencing methods
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Fig 36: Schematic comparison of sub-repeats in V. dahliae non-cruciferous isolate MD124 
and V. dahliae crucifer isolate 334.

A) Sub-repeats in the camomile isolate MD124; elements I to 3 represent the 81bp repeats, 
16-96, 97-177 and 178-258 respectively and each are divided into 31 and 50bp sections, 4 
is the 50bp section 285-334, elements W, X and Y are sections 1-15, 259-284 and 335-356 
respectively (Fig 32). B) Sub-repeats in the oilseed rape isolate 334; elements A, A and B 
represent the 39bp repeats, 47-85, 86-124 and 125-163, elements S and U are sections 1-17 
and 164-182 respectively (Fig 35). Element V represents the 329bp non-repetitive 
sequence (Fig 34) and element Z represents two 18bp repeats present in MD124 at 
positions 686-717 (Fig 32) and in 334 at position 512- 537 (Fig 35).
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A)

AGCTACCCGGGAGTTGGAAATTTGGAGAACGGATCTGGG 3 3 4  (T y p e  A)
*  *  *  *

AGCTACCCGGGAATTGGGAATTTGGAGAACGGATTTTGGTG MD124
*  *

AGCTACCCGGGAGTTGGAAATTTGGAGAACGGATTTTGG 3 3 4  (T y p e  B)

B)

CTGAAAAACGACCAAGTCAGAC MD124
*

GTGAAAAACGACCAAGTCAGAC 3 3 4

Fig 37: Comparison of sequences from non-cruciferous and cruciferous isolates of V. 
dahliae. Differences between sequences are marked with asterisks.

A) Alignment of the 39bp repeat types A and B (nts 47-85 and 125-163, respectively, Fig 
35) from V. dahliae crucifer isolate 334 and the last 15bp of a 50bp repeat (e.g. nts 244- 
258) and the 26bp forming element X ((underlined), nts 259-284, Fig 32) from V. dahliae 
non-cruciferous isolate MD124.

B) Alignment of a 21bp sequence taken from a 50bp imperfect repeat (element c, nts 291- 
312, Fig 32) from V. dahliae non-cruciferous isolate MD124 and the 21bp non-repetitive 
element (nts 18-39, Fig 35) from V. dahliae crucifer isolate 334.

1 AGCTACCCGGGAGTTGGAAATTTGGAGAACGGATCTGGG 39

Repeat unit type Nucleotide changes

A Nts 1-39 as shown
B Nts 1-39 except nt 35 C-T*, 37 G-T
C Nts 1-39 except nt 38 G-T
D Nts 1-39 except nt 28 A-G
z, Nts 1-18 except nt 13 G-A
z2 Nts 1-18 except nt 11 G-C, 13 G-T, 18 A-G

Fig 38: Sequence variations of the elements present in the sub-repeats of the 10 V. dahliae 
crucifer isolates with V. alboatrum as the major ITS sequence.

Changes are given by reference to the 39bp repeat at nts 47-85 in isolate 334 (Fig 35) No 
sequence variants were seen in the S, T or U elements.
* C-T is base substitution.
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and require further investigation to ensure they are real. The 39bp perfect tandem repeats 

were followed immediately by a 39bp (element B, e.g. nts 125-163, Fig 35) and a 19bp 

(element U) imperfect copy of this repeat in all isolates sequenced except for clone 2 of 

84120 which lacked the 39bp imperfect repeat. The last two 18bp imperfect repeats 

(element Z, Fig 38) were separated by a 329bp non-repetitive sequence (element V, Fig 34) 

which was identical in sequence except in the isolates 84120 and 84122. Clone 1 of 84120 

contained a single nucleotide difference at position 170 whereas 84122 had two nucleotide 

differences at positions 18 and 66. As above, further investigations are required to confirm 

these polymorphisms. When the consensus sequence was compared to the 330bp sequence 

taken from V. alboatrum isolate 1776 and the 329bp sequence from V. dahliae non- 

cruciferous isolate MD124, the sequence differed at 61 and at 52 positions respectively. In 

addition there were 23 nucleotides within the 329bp sequence that did not correspond to 

those present in the V. dahliae non-cruciferous isolate or V. alboatrum isolate (Table 21). 

Endonuclease digestions with A M  of some of the PCR products that had been sequenced 

and from the remaining 15 V. dahliae crucifer isolates did not reveal any differences in the 

structure of the sub-repeats (Fig 39).

KEY RESULTS:

• V. dahliae crucifer isolates contained sub-repeat sequences in the IGS region of the 

rRNA genes.

• A 329bp non-repetitive sequence separated the main sub-repeats from two further 18bp 

imperfect sub-repeats.

• The structure of the sub-repeats and the 329bp non-repetitive sequence correlated with 

the major ITS sequence type.



• Crucifer isolates with a major V. dahliae ITS sequence contained sub-repeats and a 

non-repetitive sequence similar to V. dahliae non-cruciferous isolates.

• Three V. dahliae sub-repeat sequences were found which correlated with the V. dahliae 

ITS sequence variants except in isolate 9802.

• Crucifer isolates with a major V. alboatrum ITS sequence contained sub-repeats and a 

non-repetitive sequence which were more similar to V. alboatrum isolates but yet 

distinct.

M 1. 2' 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 M
 --- tHWii*  I *
WWW

350 www www www www wml *mm *--»* mm* wwww ww www — www# www ininw

222
179

126

Fig 39: Alul digest of PCR products obtained with universal IGS primers, 727 and 723, 
from V. dahliae crucifer isolates with V. alboatrum as the major ITS sequence.

M: Molecular size marker (pGEM DNA marker), 1: 90-02, 2: 90-03, 3: 90-10, 4: 86207, 5: 
VdH, 6: Vdm, 7: VdlV, 8: V dl, 9: Vd4, 10: V d ll, 11: MD57, 12: MD123, 13: 162, 14: 
Vdl91, 15: Vd292, 16: 334, 17: 617, 18: 668.
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3.7: MINOR IGS SEQUENCE

Species-specific primers 719 and 720 (Table 4, Fig 5) were designed from the IGS 

sequence of V. dahliae crucifer isolates 84120 (AF144007) and used to amplify minor sub

repeat sequences from V. dahliae cruciferous and non-cruciferous isolates which contain V. 

dahliae as the major ITS sequence. These isolates where chosen as they had been shown 

to contain minor ITS sequences closely related to the major ‘V. alboatrum-Yikt' ITS 

sequence found in the majority of crucifer isolates including isolate 84120. PCR reactions 

were carried out using DNA extracted from mono-conidial isolates (Set 3, Appendix 2).

Of the four V. dahliae cruciferous isolates (Vdl28, MD80, 9802 and MD73) and two non- 

cruciferous isolates (MD71 and MD124) examined, only the German oilseed rape isolate 

MD73 produced an amplicon of ca 450bp (Fig 40). Note that this isolate is that which is 

shown most consistently to contain both major and minor ITS sequences (see section 3.4, 

Table 18). A smaller sized amplicon of ca 190bp was produced by the German 

horseradish isolate 9802, but this was thought to be due to unspecific amplification. The 

PCR product from MD73 was sequenced directly using the forward primer 719 and the 

minor sub-repeat sequence deposited in the Genbank database (AF363270, Fig 40). The 

minor sub-repeat sequence was identical in structure to the sub-repeats amplified with 

universal primers 727/723 from V. dahliae crucifer isolates which contain V. alboatrum as 

the major ITS sequence (Fig 35).
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A)

M  1 2 3 4 5 6 D

603-

310-

B)

a g c t a c c c g g g a g t t g g  
1 AGCTACCCGGGAGTTGG S

GTGAAAAACGACCAAGTCAGACATCTGGG 
18  g t g a a a a a c g a c c a a g t c a g a c a t c t g g g  T

AGCTACCCGGGAGTTGGAAATTTGGAGAACGGATCTGGG 
4 7  ' a g c t a c c c g g g a g t t g g a a a t t t g g a g a a c g g a t c t g g g  A

AGCTACCCGGGAGTTGGAAATTTGGAGAACGGATCTGGG 
8 6  a g c t a c c c g g g a g t t g g a a a t t t g g a g a a c g g a t c t g g g  A

AGCTACCCGGGAGTTGGAAATTTGGAGAACGGATTTTGG 
12 5 a g c t a c c c g g g a g t t g g a a a t t t g g a g a a c g g a t t t t g g  B

AGCTACCCGGGAGTTGGAA 
1 6 4  a g c t a c c c g g g a g t t g g a a  U

1 8 3  GACGAATTCGCCGATTCCTCCACCACTAGGCCGTTTCTCGCTATTCTTTC V 
g a c g a a t t c g c c g a t t c c t c c a c c a c t a g g c c g t t t c t c g c t a t t c t t t c

Fig 40: Minor IGS PCR product and minor IGS sub-repeat sequence from V. dahliae 
crucifer isolate MD73. Note that no differences were seen between the two sequences.

A) PCR product amplified using primers 719/720. M: Molecular marker, 1: MD71, 2: 
MD80, 3: MO 124, 4: Vdl28, 5: 9802, 6: MD73, D & P: DNA and primer only controls.
B) Minor sub-repeat sequence from V. dahliae crucifer isolate MD73 (uppercase) aligned 
against the sub-repeat sequence amplified with universal primers 727/723 from crucifer 
isolate 334 (lowercase). Numbers in the left column represent nucleotide positions in the 
sequence and letters in the right column are labels for the elements present in the sub
repeats (see Fig 35, Table 22).
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3.8: AMPLIFICATION OF THE SMALL SUBUNIT RIBOSOMAL RNA GENES

The primers 18SVDF and 18SVDR (Table 4) were used to amplify the SSU rRNA gene 

from 29 mono-conidial V. dahliae crucifer isolates (Setl, Appendix 2) and from four 

crucifer and two non-cruciferous isolates (Set 3, Appendix 2). Six V. dahliae crucifer 

isolates (MD73, MD80, Vdl28, 9802, K4-1 and LI) and the two non-cruciferous isolates 

(MD71 and MO 124) generated a similar size PCR product of ca 1.65kb. The remaining 

crucifer isolates produced an amplicon of ca 2.5kb, indicating the presence of an intron in 

these isolates within this region. To verify this, the primers INTI and INT2 (Table 4) 

designed by Karapapa and Typas (2001) to amplify a group I intron from V. dahliae 

crucifer isolates, were used on all of the isolates. Only the V. dahliae crucifer isolates, 

which generated the larger SSU rRNA amplicon, produced a PCR product of ca 800bp 

with these primers. However the German oilseed rape isolate MD73 which produced a 

smaller SSU rRNA amplicon with 18SVDF and 18SVDR also produced a PCR product of 

ca 800bp with INTI and INT2 (Fig 41). This result suggested that either an intron with 

similar sequence was present elsewhere in the genome or present in the minor rRNA gene 

repeat which has been shown to occur in this isolate. To determine the position of the 

intron the primer combinations 18SVDF/INT2 and 18SVDR/INT1 were used. Both primer 

combinations produced an amplicon therefore indicating that the intron was present in the 

minor rRNA gene repeat (Fig 41). The PCR products obtained using 18SVDF/INT2 and 

18SVDR/INT1 from MD73 and another German oilseed rape isolate MD123 were 

sequenced. Two internal primers VDSU2F (5’ -  GTT AGG GGA TCG A AG ACG AT - 

3’) and VDSU2R (5’ -  GTC AAA TTA AGC CGC AGG CT -  3’) were designed as part 

of this project from the SSU sequence of V. dahliae crucifer isolate 86207 (Genbank, 

accession number AF153421). The 18SVDF/INT2 PCR product was sequenced with 

VDSU2F and the 18SVDR/INT1 PCR product was sequenced with VDSU2R. The 

sequences of the introns from MD73 (Genbank, accession number AY056821) and
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M I 2 3 4 5 6 7  D P M I  2 3 4 5 6 7 D P

18SVDR/INT1

18SV D F/18SV D

18SVDF/INT2

INT1/INT2

Fig 41: Amplification of a group I intron from the minor rRNA gene repeat in V. dahliae 
crucifer isolate MD73, using different combinations of SSU rRNA and intron specific 
primers

M: Molecular size marker (pGEM DNA marker), 1: MD71, 2: MD124, 3: MD80, 4: 
Vdl28, 5: 9802, 6: MD73, 7: MD123, D: DNA control, P: primer control.
Amplification of the L65kb amplicon {i.e. no intron present) from 9802 using 
18SVDF/18SVDR had been demonstrated in a previous experiment.
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MD123 a a a c g g a * c t  g t t t a g c c g c  a g t a a a c t c t  g c t c c t g a a a  g c c g c c c g a a  50
MD73 ---------------------------------------- --------------------- --------------------------------------------
147  t c t - - ------------------------ c ----------- --------------------- ----------------------

MD123 a g g g t c a g g t  g g t t g c t c c t  g g c a t c g t g c  c g a a c a c a t g  g c t a g t c t c c  100
MD73 ------------------- --------------------- ------------------------------------------- ----------------------
147 ------------------- --------------------- ------------------------------------------- ----------------------

MD123 t c g g a g g c g a  c a c c c t c a a a  t t g c g g g a a a  c t c c t a a a g c  t c a c g c t c c a  150
riu / o
147 ---------------a - g---------------

MD123
MD73
147

a a g c c g t c t g t g a a a g c a g t t c g g t g g c c a g g t t a a t t g c c t c g g g t a t t 200

MD123
MD73
147

g g a a c a a c g c g t g a g a t g c a a c a a tg g a c a a t c c g c a g c c a a g c c t c t a a 250

MD123
MD73
147

g t c t c t t g t g a c t c t g g g t g  

_______ * * * *

a a c g t g c t t c
g---------------

* * * * * * * * * *

a c c c a g t t t g

* * * * * * * * * *

c t c a a g g c g g

* * * * * * * * * *

300

MD123
MD73
147

g a g g a c t c a c a g a t c g a a a c c g g a g t c a c g a c c t c t g g t c a t g a c t c c g g 350

* * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

MD123
MD73
147

t g g t t c g g c g t c t c g a t t c t g c t g a g t c c t g g t t c g c g t c c c a g a g c c a a 400

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

MD123
MD73
147

a c t g c c t c t g g g t c g t g g a t c t g c c t c t g a a t t c a c g g c a t c t g c c t c c g 450

* * * * * * * * * * * * * * * * * * * * * * * * * Q____Q — c ------- * * *

MD123
MD73
147

a a t t c a g g g c a a c t g c c t a a c a g g c g g t t g g t t c t g a t t c a g g a c c a g c *
*

500

* * * * * * * * * * * * * * * * * * *  g t —a—  a ------- ------------------- — a ~ t —g — c

MD123
MD73
147

* c t g a g t c a c g a g a g a t a t g g g g a a g g t t c a g a g a c t t g a c g g g g g tg g g 550

t t ---------------

Fig 42: Sequence comparison of the introns located in the SSU rRNA gene in V. dahliae 
cruciferous and non-cruciferous isolates.
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MD123 tgaattcact gctgctgcaa caatataaat ggggagagat cctcttcttc 600
M D 7 3

1 4 7 g * * * * * * * * * *

M D 1 2 3

M D 7 3

t t c t t c c a a c a a c c a a a c c a a a c c a c a a c t g a a c c t c a a a c a a g a c c c a c 6 5 0

1 4 7 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

M D 1 2 3

M D 7 3

a a g c t c t t c a a a a t g t c c c a t t c t t c t c c c t c t c c t g t t c t c g c t a a c g g 7 0 0

1 4 7 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

M D 1 2 3

M D 7 3

g a g e g a g t a t g t c g t g a g g g a t g g a g g t t c g t c t g g t c a g g c a ta a g g a a 7 5 0

1 4 7 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

M D 1 2 3

M D 7 3

e g a g a a tg e a g t g g c g t g g t t t g e t t a a g a t a a a g t c c g g g c t t a t g g g a 8 0 0

1 4 7 * * * * * * * * * * * * * * * * * * * _

M D 1 2 3

M D 7 3

a a c c a t a g g t a g e t t t g e a a t e g a a t g e a t g g c c c c a 8 4 2

147     a a a  e g

Fig 42 continued

MD123 and MD73 are V. dahliae crucifer isolates whereas 147 is a V. dahliae non- 
cruciferous isolate. Note that in isolate MD73 the intron is present in the minor rRNA 
gene repeat. Numbers to the left represent nucleotide positions in the sequence, identical 
base, *: base absent.



MD123 (Genbank, accession number AYO56820) are shown in Fig 42 and were compared 

to the group I intron present in the Japanese crucifer isolate 86207 (AF153421). The intron 

from the German oilseed rape isolate MD123 was identical in sequence to the previously 

published group I intron from the Japanese crucifer isolate 86207 whereas the intron 

present in the minor rRNA gene repeat of MD73 differed by two nucleotides at positions 

225 and 272. Both sequences were missing five nucleotides at the 3’ end of the intron due 

to the primer combinations used. The location of insertion within the SSU rRNA gene of 

both sequences was identical to the previously published group I intron i.e. position nt 

1046 (Karapapa and Typas, 2001).

To determine whether group I introns were present in V. dahliae non-cruciferous isolates 

and V. alboatrum lucerne and non-lucerne isolates, similar experiments were carried out on 

a range of these isolates. One V. dahliae non-cruciferous isolate (12087), two lucerne 

isolates (STR1 and STR3) and two non-lucerne isolates (1953 and 1974) produced an 

amplicon of ca 1.65kb with the 18SVDF/18SVDR primers indicating the absence of an 

intron. However one V. dahliae non-cruciferous isolate (147) produced an amplicon of ca 

2.1 kb with the same primers indicating the presence of an intron but of different size to 

that found in V. dahliae crucifer isolates. Amplification with INT1/INT2 and 

18SVDR/INT1 resulted in no amplicon whereas 18SVDF/INT2 produced an amplicon. 

This suggested that the 5’ end of the intron sequence differed significantly from that found 

in V. dahliae crucifer isolates. The 18SVDF/18SVDR PCR product from 147 was 

therefore sequenced using the primers 18SVDR and INT2 and is shown in Fig 42 

(Genbank, accession number AYG56822). The intron present in 147 was 475bp in size 

and inserted in the same position as the group I intron present in V. dahliae crucifer 

isolates. Large segments of the intron sequence were however deleted and 16 nucleotide 

differences were observed between homologous regions. These deletions did not affect the 

structure of the intron significantly and the P, Q, R and S elements were still present (Fig

123



P5b P5c

P5a

P2.3P2.1 P2.2

P4

P6a P6b
5’

P7 R

Fig 43: Schematic diagram of the secondary structure of a group I intron in the SSU rRNA 
present in V. dahliae crucifer isolates (Karapapa and Typas, 2001).

Shaded areas represent the regions missing from the intron present in V. dahliae non- 
cruciferous isolate 147 (although bases 426 to 447 in Fig 42 would be present). Conserved 
base-paired regions are indicated by PI to P9 and conserved core elements P, Q, R and S 
are indicated in bold (Karapapa and Typas, 2001)
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44). Three nucleotide differences at the 5’ end of the intron were responsible for the lack 

of amplification with the INTI primer. These nucleotide differences did not affect the 

ability to form the P10 structure, which is necessary for subsequent splicing and ligation 

reactions (Fig 44).

KEY RESULTS:

• All long-spored/high-DNA crucifer isolates with ‘V. alboatrum-MYe' rRNA gene 

repeats contained group I introns within the SSU.

• No intron was found in any V. dahliae isolate with ‘V. dahliae-Mkt* major rRNA gene 

repeats except for the isolate 147.

• V. dahliae isolate 147 contained a smaller intron in the same position.

e The long-spored/high-DNA crucifer isolate MD73 contained an identical group I intron

in the SSU of the minor ‘V. alboatrum-Vke' rRNA gene repeats
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A)

i PI

P2-P9.1

5 ' -  accagggguA A A C G G  ACUGUUUA 
• • • • • •

__________ UCCUCGUCUCAAAUGACGCCG
•  • • •

___________ A A A C G ggag- 3 '

î

B)

i
PI

P2-P9.1

5 ' -  a  c  c  agggguA AA CG .UCUCUGUUUA 
• • • • • •

_________ UCCUCGUCUCAAAUGACGCCG
see#

___________A A A C G ggag- 3 #

î

Fig 44: Predicted formation of the P10 structure in introns present in V. dahliae 
cruciferous and non-cruciferous isolates.

A: Intron present in V. dahliae cruciferous isolates 86207 and MD123 (Note that the five 
nucleotides at the 3’ end of the intron and the following four nucleotides of the exon were 
taken from the sequence of Karapapa and Typas (2001).

B: Intron present in V. dahliae non-cruciferous isolate 147. Flanking exon sequences are 
shown in lowercase letters and intron sequences in uppercase letters. Arrows indicate the 
5’ and 3’ splice sites. • :  nucleotides which base pair to form P10. Nucleotides differences 
at the 5’ end of intron sequence within isolate 147 are shaded.
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3.9: ANALYSIS OF A V. DAHLIAE GENOMIC SEQUENCE

V. dahliae species-specific primers 19 and 22 (Table 4) were used to amplify a genomic 

sequence of unknown function from mono-conidial V. dahliae crucifer isolates (Set 1, 

Appendix 2). Five V. dahliae crucifer isolates Vd74, K3, K12, K4-1 and LI were not 

included in the analysis. The PCR products were compared in two ways; 1) PCR products 

were digested with the REs A M  and HaeWl and the sizes of the digestion products 

compared by electrophoretic separation in agarose gels; 2) Products from representative 

isolates were sequenced using the forward primer 19.

Of the 29 V. dahliae cruciferous isolates and two non-cruciferous isolates examined two 

different sized amplicons were observed, ca 530bp (27 isolates) and ca 550bp (4 isolates, 

Table 23, Fig 45). Digests with the REs HaeTR and A M  resulted in three (C-E, Table 23, 

Fig 46) and two (F-G, Table 23, Fig 46) electrophoretic patterns respectively, suggesting 

that four different V. dahliae genomic sequences occurred represented by the digest 

patterns E/F, D/F (= 550bp sequence), E/G and C/F. PCR products from eight isolates, 

representative of these four V. dahliae sequences, were sequenced and the product from a 

V. dahliae non-cruciferous isolate 332, was included for comparison. The sequences were 

deposited in the Genbank database under the accession numbers listed in Fig 47 and a blast 

search revealed that the sequences did not correspond to any sequences previously 

identified.

From the nine PCR products sequenced five V. dahliae sequences occurred and are shown 

in Fig 47 labelled 1-5. The V. dahliae sequence amplified from the German camomile 

isolate MD71 was identical in sequence to that obtained from the V. dahliae non- 

cruciferous isolate 332. The sequence obtained from the German broccoli isolate MD80 

was unique and differed at five positions from that of non-cruciferous isolates M D71 and
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Isolate
Country of 
origin Original host

Major ITS 
sequence

PCR*
product

Digest Patterns 

H aem  Alul

MD71* Germany Camomile V .d 530 E G
MD124b Germany Camomile V. d 530 E G
MD73* Germany Oilseed rape V .d 550 D F
MD80* Germany Oilseed rape V .d 530 E F
Vdl28 Germany Broccoli V .d 530 E F
9802* Germany Horseradish V .d 550 D F

86207 Japan Wild radish V. a 530 C F
84020 Japan Turnip V. a 530 C F
84120* Japan Chinese Cabbage V. a 530 C F
84122 Japan Chinese Cabbage V. a 530 C F
VdH Germany Oilseed rape V. a 530 C F
V dlH Germany Oilseed rape V. a 530 C F
Vd IV Germany Oilseed rape V. a 530 C F
MD57 Germany Oilseed rape V. a 530 C F
MD123 Germany Oilseed rape V. a 530 C F
334 Germany Oilseed rape V. a 530 C F
855* Germany Oilseed rape V. a 530 C F
617 France Oilseed rape V. a 530 C F
668 France Oilseed rape V. a 530 C F
892 France Oilseed rape V. a 530 C F
162 Sweden Oilseed rape V. a 530 C F
Vdl Sweden Oilseed rape V. a 530 C F
Vd4 Sweden Oilseed rape V. a 530 C F
V d ll Sweden Oilseed rape V. a 530 C F
Vdl91 Italy Broccoli raab V. a 530 C F
Vd292 Italy Cauliflower V. a 530 C F
90-02* USA Cauliflower V. a 530 C F
90-03 USA Cauliflower V. a 530 C F
90-10 USA Cauliflower V. a 530 C F
001* USA Horseradish V. a 550 D F
004 USA Horseradish V. a 550 D F

Table 23: Country of origin, original host and size of PCR product obtained using 
Verticillium dahliae species-specific primers, 19 and 22, of V. dahliae crucifer isolates and 
the two camomile isolates. Also shown is the digest patterns observed e.g. E/G following 
endonuclease digestion with HaeUl and Alul (Fig 46).

* PCR products from representative isolates chosen for sequencing. a: PCR product size 
estimated by agarose gel electrophoresis, b: ’crucifer’ like isolate by RAPDs. V. a : V. 
alboatrum, V. d: V. dahliae
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M l  2 3 4 5 ,6 7 8 9 10 41 12 13 14 15 16 D P M

Fig 45: PCR products obtained with V. dahliae species-specific primers 19 and 22

M: Molecular size marker, 1: 162, 2: 84120, 3: 90-02,4: 334, 5: 617, 6: 668, 7: 855, 8: 
892, 9: 001, 10: 004, 11: MD71, 12: MD73, 13: MD80, 14: MD124, 15: Vdl28. 16: 9802, 
D and P: DNA and primer only controls.

a)

i
B E

I

B

b)
M l  2 3 4  5 6 7 8 9" 10 11 12 13 M

F F F F F F F G F F G F F

Fig 46: HaeMi and Alul digests of the PCR products obtained with V. dahliae specific 
primers 19 and 22.

a) HaeYLl digest and b) Alul digest. M: Molecular size marker. 1: 334, 2: 617, 3: 668, 4: 
855, 5: 892, 6: 001, 7: 004, 8: MD71, 9: MD73, 10: MD80, 11: MD124, 12: Vdl28, 13: 
9802. Letters C-G represent the different restriction endonuclease patterns observed 
(Table 23).
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1 AGAAGCATGC GACAGGAGCG ATGAGCCCCT CGGTCGCGCC GACTTCGTCC 50
 2     -------------------

-A-

Alul
1 c g I a g c t c t g a  a g t a g t g g c a  a g c g t g c a t g  t c g g c g a g t t  TGGCATGTTT 100
2 -

3 -
4 -
5 -

-G-

1 AGCATCCCGC TCGTCATGTG TTTCGGCAAC TCCAGCAAAG TTCCCCTGCA 150
 2 --------------------- G - --------------------------------------------  * -
 3 --------------------- G - --------------------------------------------  * -
 4 --------------------- G - ------------------------------------------------------------------------
 5 --------------------- G - ------------------------------------------------------------------------

Alul Haelll
1 CGGGTCCCGC AGCTTTCTGG TTCAGATGGG CGCGjGGCQTG AAGAATATGC 200
 2 ------------------
 3 --------------------
 4 ---------------T - -
 5 ---------------T - -

1 GGCAGTCTAT CGACTATGTT CTCGAGGGAG GCTCAAGTTA ACTACGGCAC 250
 2      -------------------

Alul
TAAAGGGTCA GCCAGGTATA AGGTCCATAT CCAACACGAG CTGGA* * * * * 300 

 *  *  *  *  *

-G
•G
-G

. * * * * *

■GCGTG
■GCGTG

1 * * * * * * * * * *  GTCTCACCTT CTTCTATGAC CTCGTCTGCA TCCAGTAGTA 350
2 * * * * * * * * * * - G - -
3 * * * * * * * * * *  _ - G - -
4 TGGCAGCCGA ---------- - G - -
5 TGGCAGCCGA ---------- - G - -

Alul

Fig 47: Sequence data for the unknown V. dahliae genomic sequence amplified with V. 
dahliae species-specific primers 19 and 22
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Haelll
1 TCTTATATAC ATGACAGCGA TGTGACTGTC GAGCACCTCjG^GGC|ATCGCAG 400

 3 -----------------------  - - A -------------------------- A ----------- -
 4 -----------------------   -A -------------------------- A ------------
 5 -----------------------  - - A -------------------------- A ------------

1 GTCAGTGCTA TGGGAATTAA ATGGGATTAT ATCGTCAACA AAAATATCAG 450
 2     -------------------
 3 -------------------------------------------- ------------------------------------------------------------------------
 4 -------------------------------------------- — T ----------------- ------------------------------------------------
 5 -------------------------------------------- - - T ----------------- ------------------------------------------------

1 CATTAAGAAG ACTAACATTT TTAATAATGG AACAGTAGTC CCACGAGGAA 500
 2 --------------------------------------------------------------------------------------------------
 3 -----------------------  G------------------------------------------------------------------------------
 4 -------------------------------------------- ----------------------- ------------------------------------------------
 5 -------------------------------------------------------------------- ------------------------------------------------

1 A 501 E/G
2 - E/F
3 - C/F
4 - D/F
5 - D/F

Fig 47 continued

identical bases. *: base not present. Numbers to the left of the sequence represent 
sequence variants found in the following isolates (accession numbers), 1: MD71 
(AF363249) and V. dahliae non-cruciferous isolate 332 (AF363250), 2: MD80 
(AF363251), 3: 84120 (AF363248), 90-02 (AF363247) and 855 (AF363246), 4: 001 
(AF363245) and 5: MD73 (AF363244) and 9802 (AF363243). Numbers in bold to the 
right of the sequence are positions in the sequence. The A M  sites (AGCT) and HaeVH 
(GGCC) are shaded in grey and the RFLP designations are shown at the end (Table 23; Fig 
46).
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332. The European, American and Japanese crucifer isolates 855, 90-02 and 84120 

contained an identical sequence which differed at 10 positions from that of non-cruciferous 

isolates MD71 and 332. The American crucifer isolate 001 and the two European crucifer 

isolates 9802 and MD73 were identical in sequence except that the latter two isolates 

contained an additional polymorphism at position 42. These sequences differed from the 

V. dahliae non-cruciferous isolates (332 and MD71) at ten and eleven position respectively 

and both sequences contained a 15bp insertion at position 296. These differences are 

summarised in Table 24 and Fig 48. The RFLP patterns seen (Table 23; Fig 46) agreed 

with the sites seen in the sequences (Fig 47).

KEY RESULTS:

e Four distinct V. dahliae genomic sequences were present in the V. dahliae crucifer 

isolates and two camomile isolates, 

e The four sequence types correlated with the rRNA gene types with the exception of 

isolates 001 and 004.
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Number of nucleotide differences

Sequence variants 1 2 3 4 5

1 - 5 10 10+ 1 11 + 1

2 - - 5 11 + 1 12+ 1

3 - - - 8 + 1 9 + 1

4 - - - - 1

Table 24: Number of nucleotide differences between the various V. dahliae genomic 
sequences amplified from V. dahliae non-cruciferous and cruciferous isolates.

1-5 represent sequence variants found in the following isolates, 1: MD71 and 332, 2: 
MD80, 3: 84120, 90-02 and 855, 4: 001, 5: MD73 and 9802. The 15bp insertion at 
position 296 in sequence variant 4 and 5 is represented by + 1.

8+1

11+1

10+1

Fig 48: Schematic representation of the relationship between the different sequence
variants of the unknown V. dahliae genomic sequence.

1-5 represent sequence variants found in the following isolates, 1: MD71 and 332, 2: 
MD80, 3: 84120, 90-02 and 855, 4 :0 0 1 ,5 : MD73 and 9802. Numbers in bold against the 
line represent the number of base differences.
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3.10: ANALYSIS OF A V. ALBOATRUM (NL) GENOMIC SEQUENCE

When Karapapa et al. (1997) first proposed that V. dahliae crucifer isolates were hybrid 

they also proposed that the V. alboatrum parent was a lucerne isolate. As no V. alboatrum 

(L) specific primers are available, V. alboatrum (NL) specific primers 2 and 3 (Table 4) 

were used to amplify DNA extracted from mono-conidi al V. dahliae crucifer isolates (Set 

1, Appendix 2). Five V. dahliae crucifer isolates Vd74, K3, K12, K4 and LI were not 

included in the analysis. PCR analysis using these primers did not result in the 

amplification of DNA from any of the V. dahliae crucifer isolates but DNA was amplified 

from a V. alboatrum (NL) isolate 1974 which was included as a positive control (result not 

shown).
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3.11: ANALYSIS OF A SEQUENCE SPECIFIC TO BRASSICA NAPUS ISOLATES

Primers V12E.03F and V12E.03R, which specifically recognise V. dahliae isolates from 

Brassica napus, were used to amplify DNA isolated from mono-conidial cultures (Set 1, 

Appendix 2) of V. dahliae crucifer isolates and the two camomile isolates. Five V. dahliae 

crucifer isolates, Vd74, K3, K12, K4-1 and LI were not included in the analysis.

All isolates except the camomile isolate MD71 and two V. dahliae crucifer isolates MD80 

and Vdl28 produced an amplicon of ca 340bp (Fig 49). The weak amplicon visible in 

Lane 29 representing MD124 was due to contamination as previous experiments using 

these primers resulted in no amplification from this isolate.

The PCR product from three isolates, 9802, MD73 and Vdll, was sequenced from one 

strand using the V12E.03F primer and the sequences are shown in Fig 50. The sequencing 

electropherograms from Vdll and 9802 showed mixed peaks at 21 identical positions and 

both sequences contained a further ambiguity at different positions. Despite these 

ambiguities the sequences were identical. The electropherogram from MD73 also showed 

mixed peaks at 22 positions of which nine ambiguities were identical in position to those 

found 9802 and Vdll and the remaining 13 ambiguities occurred at unique positions. The 

sequence also contained 21 additional polymorphisms of which 14 nucleotides correlated 

to positions containing mixed nucleotides in 9802 and Vdll and the remaining seven 

occurred at unique positions. This result suggested that a combination of different copies 

of the gene occurred in the PCR product.

The sequences were examined with the computer package MapDraw (Dnastar) and three 

REs, Asel, SnaBl and Maell were identified which could discriminate between the 

different copies (Fig 50, Table 25). To eliminate the possibility of cross-contamination,

135



M 19 2 02 1  22 23 24 25 26 27 28 29 30 31 D

M l  2 3 4 5 6 7 8  9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8  M

#r * » » - «'

Fig 49: PCR products amplified from V. dahliae crucifer isolates using primers specific to 
V. dahliae isolates from Bassica napus

DNA extracted from mono-conidial isolates (Set 1). Note: lanes 26 and 29 contain the two 
short-spored camomile isolates MD71 and MD124, whilst lanes 28 and 30 contain the two 
short-spored crucifer isolates MD80 and Vdl28.

M: molecular size marker, 1: 84020, 2: 84120, 3: 84122,4: 86207, 5: 90-02, 6: 90-03, 7: 
90-10, 8: Vdll, 9: Vdlll, 10: VdIV, 11: V dl, 12: Vd4, 13: V d ll ,  14: 162, 15: MD57, 16: 
M D 123,17: 334,18: 617, 19: 668, 20: 855, 21: 892, 22: Vdl91, 23: Vd292, 24: 001, 25: 
004, 26: MD71, 27: MD73, 28: MD80, 29: MD124, 30: V dl28, 31: 9802, D & P: DNA 
and Primer only controls.
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MD7 3*
V d l l *
9802*
9802**^
9802**3
MD73**

MD73*
V d l l *
9802*
9802***
9802**6
MD73**

MD73*
V d l l *
9802*
9802***
9802**3
MD73**

  Y T Y -A -

AGTA GAGACCTAGT 40  
TCTCCTCTCT ACGAGAACGA T T A A A T -A -- ---------------------

AAGAAGCTAT CCGATAAATA CCTYRGAYTA TTTAGAATTA 80

RR

CTAAGAAGAT AGGTAGCTAT AGTCTAGTAT ATAGGCTATA 120

MD73*
V d l l *
9802*
9802***
9802**3
MD73**

MD73*
V d l l *
9802*
9802***
9802**3
MD73**

MD73*
V d l l *
9802*
9802***
9802**3
MD73**

G

GCTACCCCYT AGCTATAAAG TATATAATAT ATTCTATATA 160  
--------------C - ------------------------------------------------------------------------

—  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —

 c ---------------------------------------------------------------------
TCGTAYTTAG AAAATTAGAA AGGTAGAGAA AAYTAACTAY 200

 T - - - R Y -  -TAR

TACYTTAGCT AYRGRTTAAT] AAGATACTAY TAGCTATAGG 240

Fig 50: Sequence data on the PCR product obtained from V. dahliae crucifer isolates using 
primers specific to V. dahliae oilseed rape isolates.
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Vdll*  U ,  --
9802 AATAGAAGAY .RTATAYRTAR TCGAGAGAAT ARTTAATjTAT 2 8 0
9802   ̂ ------------------- C G CG— A ------------------------—A --------------------
9802   ̂ ------------------- T  A  TA — G — A ----------------—G C---------
MD73  C G--------- TA — A —TA ----------------— G-------------- — —

MD73* -G ---------------T
V d l l *
9802* ARGGGACTAY
9802**a _ A ---------------C
9802**b —G---------------T
MD73** —A---------------T

3 20

MD73* ------------------------------------
V d l l *  ------------------------------------------
9802* AAGGATACTT AGAAAGTG 3 38
9802**a------- ------------------------------------
9802**b------- ------------------------------------
MD7 3 ** ------------------------------------

Fig 50 continued

*: sequenced from PCR product, **: sequenced from cloned PCR product, A: represents the 
major type sequence, B: represents the minor type sequence. base identical, Shaded 
regions of sequence represent recognition sites for the restriction endonucleases Asel 
(AT|TAAT), Maell (AjCGT) and SnaBl (TACJ,GTA). Mixed peaks on the 
electropherograms are shown in bold. Numbers in bold to the right are positions in 
sequence.
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Enzyme Recognition
sequence

Recognition
sites

Fragment
sizes

Isolates that contain 
RE site

Asel AT i  TAAT 216
273
216 & 273

216,122 
273,65 
216, 57, 65

9802, MD73, Vdll 
9802, Vdn 
9802, Vdn

SnaBl TAC i  GTA 256 256,82 9802, Vdn

MaeU. A j C G T 249
255
249 & 255

249, 89 
255,83 
249, 6,83

9802, MD73, Vdn 
9802, Vdn 
9802, Vdn

Table 25: Position of restriction sites and corresponding fragment sizes identified from 
sequencing PCR products obtained using primers specific to V. dahliae oilseed rape 
isolates (see Fig 50).

RFLP pattern

Isolate Asel SnaBl No of clones

VdH 273, 65 256,82 15
216, 122 338 1
273, 216, 122, 65 338,256,82 1

Total 17

9802 273, 65 256,82 9
216, 122 338 5
216, 82,40 338 1
273,65 338 1
273, 216, 122,65 338, 256, 82 2

Total 18

MD73 216,122 NT 13
216, 82,40 NT 3
210, 100,18 NT 1
338,216, 122 NT 1

Total 18

Table 26: Resulting restriction fragment lengths identified from cloned copies of the 
sequence amplified from three V. dahliae crucifer isolates using primers specific to V. 
dahliae oilseed rape isolates.
NT: not tested
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DNA isolated at HAUC from mono-conidial cultures (Set 3, Appendix 2) of MD73 and 

9802 and DNA from a mono-conidial culture (Set 1, Appendix 2) of Vdll was re-amplified 

and the PCR products cloned. Seventeen clones from V dn and 18 clones from 9802 and 

MD73 were selected at random for colony PCR. PCR products from clones obtained from 

VdH and 9802 were digested with the REs and Asel whilst PCR products from

clones obtained from MD73 were digested with MaeU and Asel, as no StzûBI restriction 

sites could be identified in the sequence. The results of the RFLPs are shown in Table 26.

Restriction endonuclease analysis of clones obtained from 9802 and Vdn revealed two 

common sequence types. The first sequence which was identified by the digest pattern 

273, 65bp with Asel and 256, 82bp with SrazBI, occurred in half or more of the clones from 

9802 (9/18) and Vdll (15/17). The second sequence which was identified by the digest 

pattern 216, 122bp with Asel and remained undigested with SfzaBI, occurred in fewer 

clones from 9802 (5/18) and Vdn (1/17). Two further sequence types were identified from 

two clones of 9802. The first sequence exhibited a unique digest pattern 216, 82, 40bp with 

Asel and the second although similar to the main sequence type, in that it produced 

fragments of 273, 65bp with Asel, remained undigested by SnaBl. Whether this was due to 

the loss of the SnaBl recognition site or experimental error was not ascertained. The three 

remaining clones from 9802 and Vdll exhibited mixed digest patterns, indicating either 

two different copies of the sequence had been cloned or more than one colony had been 

picked during colony PCR. Although restriction endonuclease analysis with MaeU was 

unsuccessful, three sequence types were identified from clones obtained from MD73 by 

Asel digestion. The first sequence, which was identified by the digest pattern 216, 122bp 

occurred in the majority of clones (13/18). The second sequence which was identified by 

the digest pattern 216, 82, 40bp occurred in three clones whilst the final sequence, which 

exhibited a unique digest pattern of 210, 100, 18bp was present in only one clone. The 

remaining clone exhibited a digest pattern of 338, 216, 122bp, indicating that either the
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PCR product had been partially digested, two different sequences had been cloned into the 

cloning site or more that one colony had been touched during colony PCR.

Two clones from 9802, one containing the major sequence type (273, 65bp Asel and 256, 

82bp SfltiBI) and one containing the minor sequence type (216, 122bp Asel and 338 SntiBI) 

were sequenced using the forward plasmid primer T7. A further clone from MD73 

containing a unique sequence type (216, 82, 40bp Asel) was also sequenced and the 

sequences aligned (Fig 50). Although the 22 ambiguities from 9802 were resolved through 

sequencing two cloned copies of the PCR product, a further one and six additional 

polymorphism were found in the major and minor sequence type respectively which were 

not detected in the original electropherogram. In addition, a further 15 polymorphisms 

were identified in the cloned sequence from MD73 which were not identified in the 

original electropherogram. The unidentified polymorphic sites suggest that these 

nucleotides must occur at a much lower frequency in the sequence to remain undetected 

and that more different copies of the gene may exist than originally thought by RE 

analysis.

There appeared to be no association between the ambiguities resolved and the different 

sequence types. For example, at position 64, 65 and 68 the major sequence type from 9802 

contained the nucleotides C, G and T, the minor sequence type contained the nucleotides 

T, A and C whilst the unique sequence type from MD73 contained the nucleotides C, G 

and C. Interestingly the unique sequence type present in the German oilseed rape isolate 

MD73 appeared to be present in the German horseradish isolate 9802 as shown by an 

identical Asel RFLP pattern. Both of the isolates contain V. dahliae as the major ITS 

sequence which in someway may reflect why these isolates contain this sequence and the 

German oilseed rape isolate Vdll, which contains a V. alboatrum major ITS sequence, does 

not. Although only one sequence type was identified from a B. napus host isolate (C.
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Dixelius, personal communication), this is likely to reflect the fact that the sequence was 

obtained from a clone, chosen as being B. napus host specific by RFLP analysis. It was 

impossible to determine the relationship of this sequence with the three sequence types 

observed here as the sequence was unavailable for comparison. A blast search of the three 

cloned sequence types revealed that the sequences did not correspond to any sequences 

identified. It is difficult to speculate as to the nature of this DNA sequence except that it is 

highly polymorphic.

KEY RESULTS:

• An amplicon was produced from all long-spored/high-DNA crucifer isolates using 

primers specific to oilseed rape isolates but not from short-spored/low-DNA crucifer 

isolates and the two camomile isolates

• The DNA sequence was highly polymorphic and no correlation between it and 

sequence types could be made.
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3.12: RFLP ANALYSIS OF MITOCHONDRIAL DNA

Total genomic DNA from two V. dahliae non-cruciferous isolates, seven V. dahliae 

crucifer isolates and a lucerne and non-lucerne isolate of V. alboatrum was digested with 

REs Haeïïl and HpdW and the resulting RFLPs of mtDNA compared following 

electrophoretic separation in agarose gels. A diagrammatic representation of the mtDNA 

RFLPs obtained is shown in Fig 51.

RFLP analysis of mtDNA clearly differentiated V. alboatrum isolates from V. dahliae non- 

cruciferous isolates. In addition, the lucerne isolate (STR1) was clearly distinguished from 

the non-lucerne isolate (1974) of V. alboatrum by the absence of ca 3kb and ca 2.4kb 

bands in the HaelW analysis and the presence of a ca 9.8kb band in the HpdH analysis. 

The two V. dahliae non-cruciferous isolates 12087 and 147 were indistinguishable from 

each other except for the presence of a ca 7kb band in isolate 147 which may have resulted 

from a partial HaelW digest. The European crucifer isolate V d l28 was identical to the V. 

dahliae non-cruciferous isolate 12087 by HaelW analysis but was distinguished from this 

isolate by the absence of a ca 2.5kb band in the HpaW analysis. The American horseradish 

isolate 001 was clearly differentiated from the majority of crucifer isolates and was 

identical to Vdl28 in the HpaW analysis but had an additional ca 2.2kb band in the HaeWl 

digest which may have resulted from a partial digest. The remaining five crucifer isolates 

(9802, MD73, 90-02, Vdll and 84020) exhibited identical RFLP patterns with both 

enzymes. Using HpaW the pattern produced was identical to that of the V. alboatrum non- 

lucerne isolate (1974) but with HaelW the pattern produced by these crucifer isolates was 

distinct.

To summarise, mtDNA from the European crucifer isolate Vdl28 and the American 

horseradish isolate 001 is more ‘V. dahliae-\\ke' but they are not identical. The European
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crucifer isolates Vdll, MD73 and 9802, the American cauliflower isolate 90-02 and the 

Japanese crucifer isolate 84020 in contrast contain mtDNA which is more ‘V. alboatrum- 

like’. This distinct RFLP pattern appears to be more similar to (but not identical with) 

non-lucerne isolates of V. alboatrum than to lucerne isolates although this is based only on 

a few restriction sites.
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Fig 51 : Diagrammatic representation of mtDNA RFLPs obtained by digesting total 
genomic DNA from V. dahliae non-cruciferous isolates, V. dahliae crucifer isolates and a 
lucerne and non-lucerne isolate of V. alboatrum with HaeMl and HpdR.

a: HaelM digest and b: Hpall digest, arrows indicate the positions of standards in kilobases, 
lanes 1-2 V. dahliae non-cruciferous isolates (1: 12087, 2: 147), lanes 3-9 V. dahliae 
crucifer isolates (3: V d l2 8 ,4: 9802, 5: MD73, 6: 001, 7: 90-02, 8: VdH, 9: 84020), lane 10 
V. alboatrum lucerne isolate STR1 and lane 11 V. alboatrum non-lucerne isolate 1974. *: 
indicates V. dahliae ITS sequence with ‘V. alboatrum-\\\iQ' mtDNA, **: indicates V. 
alboatrum ITS sequence with 'V. dahliae-Mkë mtDNA, ***: indicates V. alboatrum ITS 
sequence with ‘V. alboatrum-Wke' mtDNA.
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3.13: AFLP ANALYSIS

DNA from mono-conidial cultures (Set 1, Appendix 2) of seven V. dahliae crucifer 

isolates, two camomile isolates and a further eight isolates, representing the four plant 

pathogenic Verticillium species, was subjected to AFLP analysis (Table 27a). DNA 

fragments ranging from 100 to 500bp were clearly resolved using Spreadex 800 gels 

followed by SYBR gold staining (Fig 52) and this proved to be a fast and reproducible 

method for AFLP analysis. All primer combinations (Table 28) produced informative and 

reproducible AFLP profiles except for FcoRI-C and Msel-CC\ no results for this 

combination were used in the analysis. Fingerprints from 15 primer combinations were 

used to generate a dendrogram to examine the relationships of V. dahliae crucifer isolates 

to the four plant pathogenic Verticillium species (Fig 53). In addition the number of AFLP 

bands unique to each species or common to more than one of these species was calculated 

and compared to the AFLP bands produced from V. dahliae crucifer isolates (Table 29).

All four plant pathogenic Verticillium species were clearly differentiated from each other 

although a few polymorphisms were common to one or more of the species (Fig 53, Table 

29). V. alboatrum isolates could be further divided into two groups based on host origin. 

V. alboatrum isolates (STR1 and SWB1) originating from lucerne clustered together whilst 

V. alboatrum isolates (1953 and 1974) which originated from other hosts (non-lucerne) 

formed a second cluster. Little to no variation was seen within either of the two groups of 

V. alboatrum isolates. Isolates from lucerne differed (0.75 dissimilarity value) almost as 

much from non-lucerne isolates as they did from V. dahliae non-cruciferous isolates (0.9 

dissimilarity value).

The two camomile isolates (MD71 and MD124) clustered together with the V. dahliae

non-cruciferous isolates (147 and 12087) although considerable variation was evident

between the isolates. Three crucifer isolates from Europe (Vdll), America (90-02) and
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Isolate Species Country of origin Host of origin

a)

151 V. alboatrum (Group II) Canada Soil
1988 V. tricorpus England Strawberry
147 V. dahliae USA Bell pepper
12087 V. dahliae England Strawberry
MD71 V. dahliae Germany Camomile
MD124# V. dahliae Germany Camomile
MD80 V. dahliae Germany Oilseed rape
Vdl28 V. dahliae Germany Broccoli
90-02 V. dahliae USA Cauliflower
Vdll V. dahliae Germany Oilseed rape
86207 V. dahliae Japan Wild radish
9802 V. dahliae Germany Horseradish
MD73 V. dahliae Germany Oilseed rape
STR1 V. alboatrum Canada Lucerne
SWB1 V. alboatrum Wales Lucerne
1953 V. alboatrum England Hop
1974 V. alboatrum England Hop

b)

86207 V. dahliae Japan Wild radish
84020* V. dahliae Japan Turnip
84120* V. dahliae Japan Chinese cabbage
84122* V. dahliae Japan Chinese cabbage
V dH V. dahliae Germany Oilseed rape
Vd III* V. dahliae Germany Oilseed rape
Vd IV** V. dahliae Germany Oilseed rape
9802 V. dahliae Germany Horseradish
MD 57* V. dahliae Germany Oilseed rape
MD 73 V. dahliae Germany Oilseed rape
MD 123* V. dahliae Germany Oilseed rape
334* V. dahliae Germany Oilseed rape
855* V. dahliae Germany Oilseed rape
617*** V. dahliae France Oilseed rape
668* V. dahliae France Oilseed rape
892* V. dahliae France Oilseed rape
162* V. dahliae Sweden Oilseed rape
Vd 1* V. dahliae Sweden Oilseed rape
Vd 4* V. dahliae Sweden Oilseed rape
Vd 11* V. dahliae Sweden Oilseed rape
Vd 191 V. dahliae Italy Broccoli raab
Vd 292* V. dahliae Italy Cabbage

Table 27: Species, country of origin and original host of the Verticillium isolates used in 
AFLP analysis
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Isolate Species Country of origin Host of origin

b) continued

90-02 V. dahliae USA Cauliflower
90-03** V. dahliae USA Cauliflower
90-10** V. dahliae USA Cauliflower
001 V. dahliae USA Horseradish
004 V. dahliae USA Horseradish

c)

MD73 V. dahliae Germany Oilseed rape
001 V. dahliae USA Horseradish
004 V. dahliae USA Horseradish
VD191 V. dahliae Italy Broccoli raab
VdH V. dahliae Germany Oilseed rape
K3 V. dahliae Russia Oilseed rape
K12 V. dahliae Russia Oilseed rape
Vdl28 V. dahliae Germany Broccoli
P14 V. dahliae Brazil Tomato
12087 V. dahliae England Strawberry
K4-1 V. dahliae Russia Oilseed rape
LI V. dahliae Russia Oilseed rape
STR1 V. alboatrum Canada Lucerne
1953 V. alboatrum England Hop
2101 V. alboatrum Belgium Hop
11401 V. alboatrum England Hop

Table 27: continued

a) isolates included in the first AFLP analysis, b) isolates included in the second AFLP 
analysis, c) isolates included in the third AFLP analysis. Primer combinations for each set 
are shown in Table 28.
* : ‘crucifer’ like isolate by RAPDs
*: isolates with identical AFLP profiles as Vdll and 86207 (total of 38 bands scored)
**: isolates which differed from Vdll and 86207 by the absence of one AFLP band ( total 
of 37 bands scored)
***: isolate which differed from VdH and 86207 by the presence of one unique AFLP 
band (total of 39 bands scored)
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Fig 52: Separation and visualisation of AFLP bands on a Spreadex 800 gel.

M; molecular marker, 1: Vdll, 2: 90-02, 3: 86207, 4: 9802, 5: Md73, 6: MD80, 7: Vdl28, 
8: MD71, 9: MD124, 10: 12087, 11: 147, 12: STR1, 13: SWB1, 14: 1953, 15: 1974, 16: 
1988, 17: 151. Primers used were ZscoRI-C and Msel-CA.
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First analysis Second analysis Third analysis

EcoRI-A X Msel-CA EcoRl-C  x Msel-CT EcoRl-A X Msel-CT

ZscoRI-A X Msel-CT EcoRI-C x Msel-CA EcoRl-A X Msel-CA

EcoRI-A X Msel-CC EcoRI-T x Msel-CT EcoRl-C X Msel-CG

EcoRI-A X Msel-CG fcoRI-G  x Msel-CA EcoRl-C X Msel-CT

ÆcoRI-C X Msel-CA EcoRl-C X Msel-CA

EcoRI-C X Msel-CT EcoRl-G X Msel-CT

EcoRI-C X Msel-CG EcoRI-G X Msel-CG

EcoRl-G X Msel-CA EcoRI-G X Msel-CA

01

X Msel-CT EcoRI-T X Msel-CT

EcoRI-G X Msel-CC EcoRI-T X Msel-CG

EcoRI-G X Msel-CG

EcoRI-T X Msel-CA

EcoRI-T X Msel-CT

EcoRI-T X Msel-CC

£coRI-T X Msel-CG

Table 28: AFLP primer combinations used to analyse various sets of Verticillium isolates 
(See Table 27 for the list of isolates included in each set of the analysis).
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-  147

-  Vdl28

-  86207

Fig 53: Dendrogram derived from AFLP data of Verticillium isolates by group average 
cluster analysis.

Details about the isolates are given in Table 27a. Camomile isolate MD124 ‘crucifer-like’ 
by RAPDs (Messner et a l ,  1996)
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Japan (86207) grouped together and differed (0.45 dissimilarity value) from a further two 

crucifer isolates (9802 and MD73) from Europe which formed a second cluster. Little 

variation was seen within either of the two groups of crucifer isolates. Both groups were 

more closely related to V. dahliae non-cruciferous isolates (0.625 dissimilarity value) than 

to either of the two groups of V. alboatrum isolates (0.9 dissimilarity value). As shown in 

Table 29 the only species contributing more than two bands to the majority of V. dahliae 

crucifer isolates, with the exception of Vdl28, are V. dahliae and V. alboatrum. Assuming 

that these two species are the parents and that V. tricorpus and V. alboatrum Group II 

bands which share the same size as those from the former two species have arisen by 

chance, the data can be summarised to show the total number of V. dahliae and V. 

alboatrum bands common to V. dahliae crucifer isolates (Table 30). From a total of 53 V. 

dahliae non-cruciferous AFLP bands 26-30 bands were present in the V. dahliae crucifer 

isolates. In comparison from a total of 37 V. alboatrum lucerne specific AFLPs and 38 V. 

alboatrum non-lucerne specific AFLPs only five or three to five bands respectively, were 

present in the V. dahliae crucifer isolates (Table 30). Irrespective of V. alboatrum sub

specific groups there were 97 V. alboatrum specific AFLPs of which only 18 to 24 were 

common to V. dahliae crucifer isolates. A large number of crucifer specific 

polymorphisms (18 to 24) were however detected in these V. dahliae crucifer isolates. The 

five isolates (86207, 90-02, Vdll, 9802 and MD73) in the two main clusters of crucifer 

isolates shared 14 of these crucifer specific bands (Table 31). These crucifer specific 

bands may have arisen from recombination or may actually be species-specific for an 

unknown parent. The clear implication of Table 30 is that lucerne and non-lucerne isolates 

of V. alboatrum are small contributors to the V. dahliae crucifer genome and that an isolate 

distinct from these two sub-specific groups but still with an ITS sequence similar to V. 

alboatrum may be involved in the hybridisations. The two remaining crucifer isolates 

MD80 and VD128 were more closely related to V. dahliae non-cruciferous isolates (0.375
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dissimilarity value) than to either of the two groups of V. dahliae crucifer isolates (0.625 

dissimilarity value). They also differed almost as much from each other (0.3 dissimilarity 

value) as they did from the V. dahliae non-cruciferous isolates. Five crucifer specific 

polymorphisms were identified in the crucifer isolate MD80 and 11 in isolate Vdl28 of 

which only one was common to both isolates. Most notably four crucifer specific 

polymorphisms from both isolates were common to one or more of the other five crucifer 

isolates and six polymorphisms identified in Vdl28 were not present in any other isolate 

(Table 31).

Four primer combinations (Table 28), which generated the most polymorphic AFLP 

profiles in the previous work, were chosen to amplify DNA from mono-conidial cultures 

(Set 1) of 22 crucifer isolates (Table 27b). Five crucifer isolates (86207, Vdll, 90-02, 

9802, MD73) which had already been subjected to AFLP and cluster analysis were 

included for comparison. The majority (15/22) of these extra crucifer isolates produced 

identical AFLP profiles to the German oilseed rape isolate Vdll and the Japanese wild 

radish isolate 86207. Four isolates only differed from this profile by the absence of one 

AFLP band or the presence of one unique AFLP band (Table 27b). The AFLP profiles 

from three crucifer isolates (Vdl91, 001, 004) were however significantly different and 

they were analysed further.

DNA from these three crucifer isolates (Vdl91, 001, 004) and a further four crucifer 

isolates from Russia (K3, K12, K4-1, L I) was subjected to AFLP analysis. Three crucifer 

isolates (Vdn, MD73, Vdl28), a V. dahliae non-cruciferous isolate (12087), and a V. 

alboatrum lucerne (STR1) and non-lucerne (1953) isolate which had already been analysed 

were included for comparison. In addition a further V. dahliae non-cruciferous isolate 

(PI4) and two further V. alboatrum non-lucerne isolates (2101 and 11401) were also 

included as they had been reported to be atypical (Table 27c). The V. dahliae non-
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cruciferous isolate P14 could not be amplified using V. dahliae species-specific primers 19 

and 22 (Dr. J. Barbara, personal communication), the V. alboatrum isolate 11401 could be 

amplified using V. dahliae species-specific primers 19 and 22 (Dr. G. Downe, personal 

communication) and the V. alboatrum isolate 2101 had been shown to complement a V. 

dahliae VCG3 tester strain (Dr. Cavelier, personal communication). The fingerprints from 

ten primer combinations (Table 28) were used to generate a dendrogram to examine the 

relationships of these new crucifer isolates to those already analysed and to the fresh V. 

alboatrum non-lucerne isolates and V. dahliae non-cruciferous isolate (Fig 54).

The two V. alboatrum non-lucerne isolates (2101 and 11401) were identical and clustered 

together with the non-lucerne isolate (1953) although a small amount of variation was 

evident between them. The V. dahliae non-cruciferous isolate (P I4) fell into the same 

group as the previously analysed non-cruciferous isolate (12087) although a large amount 

of variation was evident between them. Two Russian crucifer isolates (K4-1 and LI) also 

fell into this group but were more similar to the V. dahliae non-cruciferous isolates (12087 

and P14) than to the crucifer isolate Vdl28 within this group. The remaining Russian 

crucifer isolates (K3 and K12) were identical to the German oilseed rape isolate Vdll. The 

Italian broccoli raab isolate (Vdl91), which was included due to its different AFLP profile 

in the last analysis, was somewhat distinct but was more similar to the German and 

Russian crucifer isolates Vdll, K3 and K12 than to the remaining crucifer isolates. 

Likewise, the American horseradish isolates (001 and 004), which also produced distinct 

AFLP profiles from other crucifer isolates in the previous analysis, were identical and 

more similar to the German oilseed rape isolate Md73 than to the other crucifer isolates.
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KEY RESULTS:

• AFLP analysis clearly differentiated the four Verticillium species.

• The camomile isolates clustered together with the V. dahliae non-cruciferous isolates.

• Two short-spored/low-DNA crucifer isolates (MD80 & Vdl28) clustered with the V. 

dahliae non-cruciferous isolates but they were distinct from the majority of V. dahliae 

non-cruciferous isolates.

• The long-spored/high-DNA crucifer isolates fell into two clear groups distinguishable 

from V. dahliae non-cruciferous isolates and lucerne and non-lucerne isolates of V. 

alboatrum.

• The number of V. dahliae non-cruciferous and V. alboatrum specific AFLP bands were 

not proportional in the either of the two groups of crucifer isolates.

• A large number of crucifer specific ALFP bands were detected.
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MD73*

001

004

Vdl91

K3

K12

Vdl28*

P14

12087*

K4-1

LI

STR1*

1953*

2101

11401

0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.00.8

Fig 54: Dendrogram derived from AFLP data of Verticillium isolates by group 
average cluster analysis.

Details about the isolates are given in Table 27c, *: isolates included from previous 
analysis (Fig 53).
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3.14: VEGETATIVE COMPATIBILITY ANALYSIS

Nit mutants were recovered from all isolates except V. dahliae crucifer isolates MD73, 

90-02, 334, 617, 668, 855 and 892, which failed to produce chlorate resistant sectors 

(Table 32). Potato dextrose agar amended with chlorate (PDC) produced more nit mutants 

than minimal medium amended with chlorate (MMC) (Table 33). Nit mutants were 

characterized as nitl if they were unable to utilise nitrate and as NitM if they were unable 

to utilise nitrate and hypoxanthine as nitrogen sources. From a total of 41 nit mutants 

obtained from V. dahliae cruciferous and non-cruciferous isolates on PDC and MMC, 25 

were characterized as NitM, eight as nitl, and five as nitl or nit3 because they showed 

wild-type mycelium on hypoxanthine medium but did not grow on nitrite medium. Three 

mutants that were only able to metabolize ammonium were considered to be nit2 mutants 

by analogy with Neurospora mutants (Marzluf, 1981). From a total of 30 nit mutants 

obtained from V. alboatrum lucerne and non-lucerne isolates on PDC and MMC, ten were 

characterized as nitl and 18 as nitl or nit3 because they showed wild-type growth on 

hypoxanthine medium but failed to grow on nitrite medium. Two mutants could not be 

distinguished from nitl mutants as although they were only able to utilise ammonia they 

failed to grow on nitrite medium. The phenotypes of the V. dahliae nit mutant tester 

strains were reassessed and correlated with those listed in Table 6.

Nit mutants generated and those from V. dahliae VCG tester strains (Table 6) were grown 

on MM for one month to determine their stability. Mutants producing sectors of wild-type 

growth were considered unstable and not used in the complementation tests. NitM mutants 

were more stable than nitl mutants (Table 33). Seven of the eight nitl mutants and one of 

the 25 NitM mutants generated from V. dahliae non-cruciferous and cruciferous isolates 

showed reversal of wild-type growth. Of the ten nitl mutants generated from V. alboatrum 

isolates, four mutants reverted to wild-type colony morphology. Seventeen mutants from
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Isolate Species Origin Original Host V. dahliae]

VCG 

V. alboatrum2

90-02 V. dahliae USA Cauliflower NDa -
617 V. dahliae France Oilseed rape NDa -
668 V. dahliae France Oilseed rape NDa -
892 V. dahliae France Oilseed rape NDa -
334 V. dahliae Germany Oilseed rape NDa -
855 V. dahliae Germany Oilseed rape NDa
MD73 V. dahliae Germany Oilseed rape NDa
MD71 V. dahliae Germany Camomile VCG2B -

M dl24 V. dahliae Germany Camomile VCG2B -

MD80 V. dahliae Germany Oilseed rape NDb
Vdl28 V. dahliae Germany Broccoli VCG4A/B -

234 V. alboatrum France Lucerne - NDC
235 V. alboatrum France Lucerne - NDC
KRS1 V. alboatrum Canada Lucerne - VCG01
STR3 V. alboatrum Canada Lucerne - VCG01
1974 V. alboatrum England Hop - NDC
VA1 V. alboatrum Netherlands Tomato - VCG02
2101 V. alboatrum Belgium Hop VCG3 VCG02

Table 32: Isolates of Verticillium from which it was attempted to produce nit mutants and 
then use in vegetative compatibility analysis, their host, geographical origins and 
vegetative compatibility group as determined here.

VCGs of V. dahliae (Joaquim and Rowe, 1990),2: VCGs of V. alboatrum by analogy 
with Correll et al. (1988) but no tester strains available, ND: not determined,a: nit mutants 
not obtained, b: incompatible with all V. dahliae tester strains,c: nit mutants generated but 
VCG not assessed.
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V. dahliae and V. alboatrum, which could not be characterized as nitl or nitS, and two nit2 

mutants from V. alboatrum, which failed to grow on nitrite medium, reverted to wild-type 

growth. A nitl mutant from tester strain DvdM27 and a n itl mutant from tester strain 

DvdM15 both belonging to VCG4A reverted therefore this VCG could not be represented 

in complementation tests.

Complementation reactions were considered as strong when abundant microsclerotial 

formation and/or abundant aerial mycelium occurred at the mycelial interface or as weak 

when scattered prototrophic growth occurred at the mycelial interface. Strong 

complementation occurred between nitl and NitM mutants of V. dahliae VCG tester 

strains belonging to the same VCG and weak complementation was evident between nitl 

and NitM mutants of tester strains WM and 115 representing VCG2A and VCG2B 

respectively. No complementation was detectable between the remaining nit mutants 

(results not shown), thus each VCG shown in Table 34 is distinct. Due to the reversion of 

nitl mutants, only NitM mutants were available from V. dahliae isolates MD71, MD80 and 

V dl28 in complementation tests. Therefore two NitM mutants from these three isolates 

and a nitl and a NitM mutant from isolate MD124 were paired in all possible combination 

with V. dahliae VCG tester strains and each pairing repeated. As no NitM mutants were 

generated from V. alboatrum isolates, a nitl mutant from V. alboatrum lucerne isolates 

KRS1 and STR3 and a nitl mutant from the non-lucerne isolate VA1 were used in 

complementation tests. These nitl mutants were paired with NitM mutants from the V. 

dahliae VCG tester strains and with NitM mutants generated from the V. dahliae non- 

cruciferous and cruciferous isolates. A nit mutant from V. alboatrum non-lucerne isolate 

2101, which could not characterized as nitl or nitS as it failed to grow on nitrite medium, 

was included as it had been shown to complement with a VCG3 tester strain of V. dahliae 

(Dr. Cavelier, Centre de Recherches Agronomiques, Gembloux, Belgium, personal 

communication). This nit mutant was paired against; nitl and NitM mutants of V. dahliae
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VCG tester strains, a NitM mutant generated from the V. dahliae non-cruciferous and 

cruciferous isolates and nitl mutants of V. alboatrum lucerne isolates and non-lucerne 

isolate.

V. dahliae non-cruciferous isolate MD71 complemented strongly with the nitl mutant of 

tester 115 representing VCG2B and weakly with NitM mutants of testers M26 and CW 

representing VCGs 4B and 4A/B respectively. Both the nitl and NitM mutants from V. 

dahliae non-cruciferous isolate MD124 complemented weakly with the NitM mutant of 

tester 115 representing VCG2B and the NitM mutant also complemented weakly with the 

nitl mutant of tester 115. V. dahliae cruciferous isolate MD80 failed to complement with 

any of the V. dahliae VCG tester strains. Self-incompatibility of MD80 could not be 

ascertained due to reversion of the nitl mutants generated. V. dahliae cruciferous isolate 

Vdl28 complemented strongly with nitl and NitM mutants of tester CW representing 

VCG4A/B and complemented weakly with the NitM mutant of tester M26 representing 

VCG4B and with nitl and NitM mutants of tester 115 representing VCG2B. Taking the 

strongest reaction for VCG assignment, both V. dahliae non-cruciferous isolates MD71 

and MD124 belonged to VCG2B whereas the V. dahliae cruciferous isolate Vdl28 

belonged to VCG4A/B (Table 34).

The V. alboatrum non-lucerne isolate 2101 complemented strongly with the nitl mutant 

from V. alboatrum non-lucerne isolate VA1 (Fig 55a) but not nitl mutants from V. 

alboatrum lucerne isolates KRS1 and STR3 (data not shown). Therefore V. alboatrum 

lucerne isolates KRS1 and STR3 probably belong to VCG01 whereas non-lucerne isolates 

VA1 and 2101 belong to VCG02 (Correll et aL, 1988). However, as no V. alboatrum 

tester strains appear to exist this assignment is made on the accepted correlation between 

VCG and host range in V. alboatrum.
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a)

Fig 55: Heterokaryon formation between two V. alboatrum non-lucerne isolates and 
between a V. alboatrum isolate and a V. dahliae isolate

a) Strong prototrophic growth between complementing nit mutants of V. alboatrum non- 
lucerne isolates 2101 and VA1. b) Weak prototrophic growth between complementing nit 
mutants of V. alboatrum non-luceme isolate 2101 and V. dahliae isolate PCW.
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Complementation was not evident between nit mutants of V. alboatrum lucerne and non- 

luceme isolates and nit mutants of V. dahliae cruciferous, non-cruciferous and VCG tester 

strains the first time the mutants were paired. When the experiment was repeated the V. 

alboatrum non-luceme isolate 2101 complemented weakly with the NitM mutant of tester 

PCW representing VCG3 (Table 34, Fig 55b). To determine whether this reaction was 

real, the pairing was repeated one more time using the original nit mutant cultures and a 

further four times using independent mono-conidial isolates obtained from the nit mutants. 

Before each pairing a squash blot of mycelium was carried out on each culture so that the 

major ITS sequence could be amplified using the ITS5 and ITS4 primers. Each pairing 

produced the same weak complementation reaction and the nit mutants of PCW and 2101 

were confirmed as being V. dahliae and V. alboatrum respectively by digestion of the 

major ITS sequence. Although complementation, evident as prototrophic growth, was not 

observed between the remaining V. alboatrum and V. dahliae nit mutants, a line of 

microsclerotia indicating possible complementation, was evident at the mycelial interface 

between V. alboatrum lucerne isolates KRS1 and STR3 and V. dahliae tester strain 115 

belonging to VCG2B (Fig 56a). Additional evidence for complementation was that 

although the NitM mutant of tester strain 115 produced sparse microsclerotia on MM (Fig 

56b), the microsclerotia observed at the mycelial interface was elongated and irregular in 

comparison and the mycelium appeared denser at the interface when viewed under a 

binocular microscope (Fig 56c).

Ten pairing combinations that were positive for heterokaryon formation, including V. 

alboatrum non-luceme isolate 2101 against V. dahliae isolate PCW, were tested for cross- 

feeding by interposing a polycarbonate membrane between the paired strains. Prototrophic 

growth occurred only outside the membrane where mycelia made contact (Fig 57). This 

confirmed that physical contact, presumably followed by anastomosis and heterokaryon
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formation between complementary nit mutants, was necessary for prototrophic growth to 

occur.

KEY RESULTS:

• Unable to produce nit mutants from long-spored/high-DNA crucifer isolates

e Two camomile isolates (MD71 and MD124) belonged to VCG2B whereas the short- 

spored/low-DNA crucifer isolate Vdl28 belonged to VCG4A/B.

* Complementation was evident in two different interspecific pairings indicating 

heterokaryon formation.
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Fig 56: Regular shaped microsclerotia produced by V. dahliae strain 115 and irregular 
shaped microsclerotia produced at the mycelial interface (above line) between V. dahliae 
strain 115 and V. alboatrum lucerne isolates STR3 and KRS1.

a: regular microsclerotia shown below the line and irregular shaped microsclerotia shown 
above the line, b: regular spherical microsclerotia, c: irregular elongated microsclerotia
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Fig 57: Separation of complementary nit mutants with a polycarbonate membrane to test 
for syntrophism.

Membrane blocked mycelium contact between complementary nit mutants and prevented 
prototrophic growth and/or microsclerotia formation. Prototrophic growth and/or 
microsclerotia formed outside membrane, where contact between the mycelia occurred.

a: NitM mutant from V. dahliae isolate MD71 paired against a nitl mutant from V. dahliae 
isolate 115 representing VCG2B. b: nitl/nit3  mutant from V. alboatrum  non-luceme 
isolate 2101 paired against a NitM mutant from V. dahliae isolate PCW representing 
VCG3.
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3.15: MORPHOLOGICAL VARIATION WITHIN MONO-CONIDIAL CULTURES

As part of the various experiments of this project, each Verticillium isolate used was 

single-spored from a stock culture. In most cases, five mono-conidi al colonies from each 

stock culture were picked using a sterile scalpel and grown individually on PL Y A plates. 

The majority of mono-conidial cultures were identical in morphology amongst themselves 

and identical to the stock culture from which they were obtained. Considerable 

morphological variation was however evident among mono-conidial cultures obtained 

from two V. dahliae non-cruciferous isolates 318 (Fig 58) and 321 (Fig 59). These mono- 

conidial cultures ranged considerably in their ability to produce aerial mycelium and 

microsclerotia. For example, culture C of 318 produced dense aerial mycelium and no 

microsclerotia whereas culture B of 318 produced dense microsclerotia and sparsely 

scattered aerial mycelium (Fig 58). Sectors were also apparent within two mono-conidial 

cultures (Fig 58, A and B) from isolate 318. To investigate morphological variation within 

mono-conidial cultures further, a second generation of mono-conidial isolates was 

produced from these first generation cultures. For the majority of the mono-conidial 

cultures, two regions were chosen and five mono-conidial cultures obtained from each of 

these regions. This was carried out using a sterile transfer loop to streak conidia from the 

particular area onto PLY A plates and allow single colonies to be picked off after 

incubation (Fig 60). Only one region was analysed from three mono-conidial cultures 

(cultures C, D and E) from isolate 318 because there was little obvious within culture 

differentiation in these cases.

Variation in microsclerotia and aerial mycelium production was again evident between the 

second generation of mono-conidial cultures and the first generation from which they were 

obtained. Morphological variation between the first and second generations from isolate 

318 is shown is Figs 61-65 and summarised in Table 35 and from isolate 321 in Figs 66-70
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and Table 36. No variation was evident between culture C of 318 and its five mono- 

conidial isolates as they all produced dense aerial mycelium and no microsclerotia (Fig 

63). In some cases morphological variation was also evident between the second 

generation mono-conidial cultures obtained from different regions. For example, two 

cultures which produced submerged mycelium were only recovered from region one from 

mono-conidial culture A of 318 and not from region two (Fig 61). An increase in the 

frequency of sectoring was evident within the second generation of mono-conidial cultures. 

Ten out of the 30 second generation mono-conidial cultures from isolate 318 produced 

sectors whereas 29 out of the 50 second generation mono-conidial cultures from isolate 

321 produced sectors.
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Fig 58: Morphological variation between five mono-conidial cultures (A-E) obtained from 
V. dahliae non-cruciferous isolate 318.
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Fi g 59: Morphological variation between five mono-conidial cultures (A-E) obtained from 
V. dahliae non-cruciferous isolates 321
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a) mono-conidial culture (A) of 
V. dahliae non-cruciferous 
isolate 318

b) five mono-conidial cultures 
obtained from region 1

X

c) five mono-conidial cultures 
obtained from region 2

Fig 61: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial culture (A) of V. dahliae non-cruciferous isolate
318.

176



a) mono-conidial culture (B) of
V. dahliae non-cruciferous
isolate 318

X /

X

b) five mono-conidial cultures 
from region 1

c) five mono-conidial cultures 
from region 2

Fig 62: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial culture (B) of V. dahliae non-cruciferous isolate
318.
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a) mono-conidial culture (C) of
V. dahliae non-cruciferous
isolate 318

b) five mono-conidial cultures 
obtained from region 1

Fig 63: Indistinguishable morphologies among five mono-conidial cultures obtained from a 
mono-conidial culture (C) of V. dahliae non-cruciferous isolate 318.
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a) mono-conidial isolate (D) of
V. dahliae non-cruciferous
isolate 318

b) five mono-conidial cultures 
obtained from region 1

Fig 64: Morphological variation among five mono-conidial cultures obtained from a mono- 
conidial culture (D) of V. dahliae non-cruciferous isolate 318.
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a) mono-conidial culture (E) of
V. dahliae non-cruciferous
isolate 318

b) five mono-conidial cultures 
obtained from region 1

Fig 65: Morphological variation among five mono-conidial cultures obtained from a mono- 
conidial culture (E) of V. dahliae non-cruciferous isolate 318.
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a) mono-conidi al culture (A) of
V. dahliae non-cruciferous
isolate 321

b) five mono-conidial cultures 
obtained from region 1

c) five mono-conidial cultures 
obtained from region 2

Fig 66: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial culture (A) of V. dahliae non-cruciferous isolate
321.
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a) mono-conidial culture B of
V. dahliae non-cruciferous
isolate 321

b) five mono-conidial cultures 
obtained from region 1

c) five mono-conidial cultures 
obtained from region 2

Fig 67: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial culture (B) of V. dahliae non-cruciferous isolate
321.
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a) mono-conidial culture (C) of
V. dahliae non-cruciferous
isolate 321

b) five mono-conidial cultures 
obtained from region 1

c) five mono-conidial cultures 
obtained from region 2

Fig 68: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial culture (C) of V. dahliae non-cruciferous isolate
321.
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a) mono-conidial culture (D) of
V. dahliae non-cruciferous
isolate 321

b) five mono-conidial cultures 
obtained from region 1

c) five mono-conidial cultures 
obtained from region 2

Fig 69: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial culture (D) of non-cruciferous isolate 321.
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a) mono-conidial culture (E) of
V. dahliae non-cruciferous
isolate 321

b) five mono-conidial cultures 
obtained from region 1

c) five mono-conidial cultures 
obtained from region 2

Fig 70: Morphological variation among ten mono-conidial cultures obtained from two
different regions from a mono-conidial isolate (E) of V. dahliae non-cruciferous isolate
321.
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C C C C C
flj 4) 4) 4) 4)

1 3  1 3  1 3  1 3  13

E E E y "8
u  u  u  y  yt2 t2 t2 S 2 2 2 2 y 2

"8 "8

§ I
S3 cti U  OV) t/3

i l l ! !
S S S 8-8-

E S

— V3 V3 _  t/3o y y  o y
C ^  c  >.

s3 s3 cd
u u  o

S3 S3 S 3  g  S3
CL O . CL O ût/3 t/3 t/3 ^  t/3

E S
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CHAPTER 4: DISCUSSION

4.1 GENERAL DISCUSSION

In the present study, the primary aim was to determine whether distinct hybridisation 

events have occurred to gain a clearer understanding of the origins and most appropriate 

taxonomy for V. dahliae crucifer isolates. In summary, two clear and one probable 

hybridisation events were recognised at the end of this study but various techniques gave 

confusing answers suggesting up to four groups but these are now reconciled (Table 37). 

The following sections discuss how each of these approaches contributed to the 

identification of these distinct hybridisation events. In addition ideas on how V. dahliae 

crucifer isolates arose in nature will be discussed in the light of these results and how 

- future work will contribute to our understanding of this novel pathogenicity. However, for 

ease of understanding, the significance of morphological variation observed within mono- 

sporic cultures of V. dahliae non-cruciferous isolates will be discussed first.

4.1.1 MORHOLOGÏCAL VARIATION WITHIN MONO-SPORIC CULTURES

As part of this project it was necessary to obtain single-spore isolates from each 

Verticillium stock culture. Extensive morphological variation was observed within two 

generations of mono-spore cultures derived from two V. dahliae non-cruciferous isolates. 

Such variation among mono-spore cultures of V. dahliae non-cruciferous isolates has been 

reported previously (Presley, 1941; Roth and Brandt, 1964) although the exact cause of 

this variation is not known. Morphological variation is well known in Verticillium. 

Explanations put forward to explain this variation include mutation, heterokaryons, the 

parasexual cycle, cytoplasmic inheritance and differences in ploidy (Typas and Heale,
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1979). Conidia of Verticillium are almost entirely uninucleate (Hastie, 1962), therefore 

two of these proposed mechanisms cannot account for the variation observed within two 

generations of homokaryotic cultures. In addition, the amount of variation observed 

seemed beyond the limits of normal gene mutation rates. In recent years there has been an 

increase in the number of transposable elements discovered in filamentous fungi 

(Daboussi, 1997; Kempken and Kuck, 1998). Transposons are ubiquitous genetic elements 

which are able to move to new locations within their host genomes. Transposons have 

been shown to alter genes and genomes in several ways by promoting changes in gene 

expression, in gene sequence and probably in chromosomal organisation. Transposition 

events usually occur at higher rates than normal mutations (Kempken and Kuck, 1998), 

therefore I postulate that transposable elements are responsible for creating the extensive 

morphological variation in mono-sporic cultures.

Cytoplasmic and nuclear genes have been implicated in controlling the development of 

darkly pigmented resting structures in Verticillium. Typas and Heale (1976, 1978, 1979) 

concluded that the presence or absence of resting structures is at least partially controlled 

by a major extrachromosomal factor (Hyl+) which is transmitted via the cytoplasm of the 

conidia. A mutation in the cytoplasmic factor results in stable hyaline variants which lack 

typical resting structures. Presumably the two generations of hyaline mono-sporic cultures 

from isolate 318 (Fig 63) had either an inactive cytoplasmic factor or it was completely 

absent in the first generation. Two nuclear genes ’sooty’ and alm-\ which determine 

pigment formation have also been reported (Hastie, 1968, Typas and Heale, 1978). There 

may be several as yet unidentified nuclear genes which control the amount of pigment 

formation and the time required for the pigment to form. Transposition of transposable 

elements into these nuclear genes could possibly cause variation in the amount of resting 

structures formed within mono-spore cultures. Therefore it would be interesting to
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determine whether transposons are present in these two isolates, a study that might lead to 

the identification of nuclear genes which control the formation of these resting structures.

4.1.2 SPORE SIZE AND DNA CONTENT

The majority of crucifer isolates from Europe, Japan and USA were distinguishable from 

V. dahliae non-cruciferous isolates by their long-spored character. These crucifer isolates 

produced conidia >7.0/*m in length, agreeing with measurements published by Horiuchi et 

al. (1990), Messner et al. (1996), Karapapa et al. (1997) and Zeise and Von Tiedemann 

(2001). However the measurements obtained for the Californian cauliflower isolates (7.3- 

8.0/im) did not agree with those of Subbarao et al. (1995) who stated these isolates 

produced conidia from 4.02-4.21 pm in length and it is assumed that they were wrongly 

measured by those authors. Five crucifer isolates (MD57, 855, 617, 668 and K12) 

produced conidia ranging from 6.6-6.9pm in length. In the results these five crucifer 

isolates were provisionally called intermediate-spored isolates but this terminology seems 

inappropriate as these conidia were clearly longer, falling into a different population than 

conidia produced by V. dahliae non-cruciferous isolates. These isolates are now referred 

to as long-spored in the remaining discussion and this long-spored state is defined as 

>6.5pm. Whether the slightly lower limit for this population (6.5pm as opposed to the 

7pm adopted by Karapapa et al.) is due to chance reflecting the large amount of variation 

seen within isolates or even to a small systematic difference in the measurements is not 

known. Karapapa et al. (1997) reported that in general the oilseed rape isolates studied 

remained stable in culture, showing no reversion to a haploid state or other obvious change 

over a period of 5-14 years. However they were able to obtain one short-spored isolate 

(G22) from a long-spored isolate (GP22) after one year of subculturing therefore inferring 

that reversion could occur. Whether this process is occurring within some of the isolates
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with spore lengths at the lower end of the ‘long’ range identified here is an interesting 

question to answer. There is no concrete evidence on whether long-spored isolates revert 

to haploid short-spored ones through a process of gradual shortening or as a single event. 

More detailed measurements of conidial lengths for some long-spored isolates, particularly 

those with lower mean conidial lengths might cast light on this. At least one crucifer 

isolate when first received at HRI was apparently producing long and short conidia (J.H. 

Carder and A. Morton, personal communication), possibly indicating a rapid reversion to 

the haploid short-spored state, but it is also possible that this isolate was in fact a mixture. 

The oilseed rape isolate MD80 was found to produce short spores, in agreement with 

Messner et al. (1996) but not Karapapa et al. (1997). This was expected as this isolate was 

received from the laboratory of the first authors, not that of Karapapa and co-workers 

implying mistaken identification in one or other laboratory. In addition the Russian oilseed 

rape isolate K4-1 was short-spored, agreeing with the work of Portenko (2000). However, 

two further crucifer isolates Vdl28 and LI, on which there was no published data, were 

also found to be short-spored. This result was unexpected, as V. dahliae crucifer isolates 

tend to be associated with the long-spored character. The two camomile isolates MD71 

and MD124 were also short-spored agreeing with the results of Messner et al. (1996). 

Conidia from V. alboatrum and V. dahliae non-cruciferous isolates were also short-spored 

although conidia from V. alboatrum were on average slightly larger than those from V. 

dahliae non-cruciferous isolates, agreeing with previous findings (Smith, 1965). Finally 

the shape (ratio of length to width) of long-spored and short-spored isolates was similar to 

that suggested by the data of Subbarao et al. (1995).

Long-spored crucifer isolates were also distinguished from short-spored V. dahliae non- 

cruciferous isolates and V. alboatrum isolates by their nuclear DNA contents. When 

measured by flow cytometry the mean DNA content of long-spored crucifer isolates was 

63fg whilst V. dahliae non-cruciferous isolates and V. alboatrum isolates had mean DNA



contents of 36.7fg and 34.3fg respectively. The high DNA content of long-spored crucifer 

isolates was due to the presence of a single nucleus per spore rather than being 

heterokaryons as shown by fluorescence microscopy. The two short-spored crucifer 

isolates (MD80 and Vdl28) and the two camomile isolates (MD71 and MD124) had low 

DNA contents. Using these DNA contents the genome sizes of long-spored V. dahliae 

crucifer isolates, short-spored V. dahliae non-cruciferous isolates and V. alboatrum isolates 

can be calculated to be 57Mb, 33Mb and 31Mb respectively. Typas and Heale (1980) 

using microdensitometry reported that V. dahliae non-cruciferous strains contain 25-30fg 

of DNA per haploid nucleus. Karapapa et al. (1997) using similar techniques showed that 

isolates they classified as V. longisporum had ca 1.78 times the amount of DNA found in 

V. dahliae non-cruciferous isolates implying that V. longisporum contained ca 44-53fg of 

DNA per nucleus (using the estimates of Typas and Heale (1980) as the basis). Using the 

mean DNA contents reported by Typas and Heale (1980) and Karapapa et al. (1997) the 

genome sizes of V. dahliae non-cruciferous isolates and isolates classified as V. 

longisporum are 25Mb and 44Mb. The genome sizes obtained here by flow cytometry are 

slightly larger than these reported values and probably reflect differences in the two 

techniques used. However the ratios of DNA content are almost identical to those reported 

by Karapapa et al. (1997) supporting the haploid/'near-diploid’ split between short-spored 

V. dahliae non-cruciferous isolates and long-spored V. dahliae crucifer isolates.

The term ‘near-diploid’ was originally used by Karapapa et al. (1997) to describe isolates 

with a higher than normal DNA content. However it seems to make little sense as a 

description of the genetic system of these Verticillium isolates as it is not clear how it is 

intended to differ in meaning from the term ‘aneuploid*. These crucifer isolates which 

have a higher than normal nuclear DNA content have arisen by interspecific hybridisation 

(Karapapa et al.t 1997; this work). This high DNA content is therefore likely to reflect the 

maintenance of two complete (or almost complete) parental genomes in a single nucleus
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(possibly as a result of different chromosome numbers preventing pairing (C.A.N. Okoli., 

J.H. Carder., R.N. Cooley and D.J. Barbara, unpublished)). It is suggested that these 

isolates should be referred to by some term that reflects the bringing together of two 

independent genomes and therefore by analogy with the term amphidiploid used to 

describe certain Brassica species, the term amphihaploid is proposed. However in the 

remaining discussion the taxonomically descriptive but neutral term high-DNA will be 

used. Similarly the term ‘recombinant’ used by Karapapa et al. (1997) has no clear 

meaning in this context and will only be used in relation to discussing their work.

There was no overall correlation between the conidial length and DNA contents measured. 

Karapapa et al. (1997) stated that the correlation between conidial length and DNA content 

for V. dahliae non-cruciferous isolates and V. dahliae crucifer isolates was highly 

significant. However as mentioned in the Introduction, Isaac’s Brussels sprout isolate 

which was short-spored/high-DNA and a German oilseed rape isolate G19 (MD73 this 

study) which was described as long-spored/low-DNA were arbitrarily excluded as 

‘recombinants’. By dismissing these isolates Karapapa et al. (1997) were actually 

observing identical results as presented here; two clear and distinct populations of isolates 

distinguished by spore size and DNA content rather than a continuum as implied by the use 

of a single correlation statistic. Interestingly MD73 which was reported to be long-spored 

(Messner et al., 1996; Karapapa et al., 1997; this work) had a high-DNA content in the 

current study. As this isolate was obtained from Messner and co-workers who did not 

measure the DNA content it is difficult to explain this discrepancy, except as another case 

of misidentification, but in this work the high DNA content corresponds to its long-spored 

character. Another discrepancy between the data reported here and that of Karapapa et al. 

(1997) is that the German oilseed rape isolate MD80 had a low DNA content in this study, 

again explainable by the different sources of the isolate.
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4.1.3 ITS SEQUENCES (INCLUDING SSCP)

In Fusarium, some species which have arisen through interspecific hybridisation have been 

identified by the presence of major (frequent) and minor (less frequent) ITS sequences in 

the nuclear rRNA ITS region (O’Donnell, 1992; O’Donnell and Cigelnik, 1997; O’Donnell 

et al., 1998, 2000). It should be noted that these hybrids have the same genetic state as the 

presumed ‘parent’ species unlike here with Verticillium. As V. dahliae crucifer isolates are 

presumed to be natural interspecific hybrids (Karapapa et al., 1997), the presence of both 

major and minor ITS sequences was investigated as a means of verifying their hybridity. 

The major ITS sequences were consistent in V. dahliae crucifer isolates, using two 

extraction methods and in mono-conidial isolates. After exhaustive testing only one isolate 

MD73 was indisputably found to maintain both major and minor ITS types in both DNA 

extraction methods and in three independent mono-conidial cultures. Three crucifer 

isolates (9802, MD80, Vdl28) and the two camomile isolates (MD71, MD124) less 

consistently showed minor ITS types and experiments carried out at HAUC suggest that 

these minor types may have arisen through cross-contamination. The least reliable result 

was from the German horseradish isolate 9802 and therefore this isolate was the one most 

likely to contain one rRNA gene type. Further work is clearly needed to clarify these 

results from the remaining four isolates and for this reason these results will not be relied 

upon in the final conclusions.

PCR-SSCP was initially chosen as a method to measure the relative proportions of major 

and minor ITS types in V. dahliae crucifer isolates. In this technique single-stranded 

nucleic acids assume a secondary conformation which is dependent on their DNA 

sequence with a single base difference often being sufficient to alter their rate of migration 

through the gel. It was thought that SSCP analysis would exploit this differential 

migration to reveal mobility shifts between the major and minor ITS sequences as
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demonstrated in hybrid pines (Quijada et al., 1997). Although PCR-SSCP of the ITS1 

region was able to distinguish all Verticillium species, the migration of ssDNA between the 

different species would not have been great enough to allow detection of the major and 

minor ITS sequences. It is an inherent problem with SSCP that there is no theory that is 

able to correlate the sequence of a ssDNA fragment with its conformation or with its 

electrophoretic mobility. In addition PCR-SSCP of the ITS2 region failed to produce clear 

and consistent ssDNA bands.

However, PCR-SSCP was used as an alternative cheaper and faster method to direct 

sequencing for identifying the major lV. alboatrum-like' ITS sequence in V. dahliae 

crucifer isolates. Although a number of experimental conditions can influence the 

conformation and migration of ssDNA (Glavac and Dean, 1993; Kumeda and Asao, 1996; 

Nakamura et al., 1998; Moricca et al., 2000), the only parameters that could be optimised 

in this protocol were electrophoresis temperature and PCR product size. The 

electrophoresis temperature was found to be a critical factor for the separation of the 

ssDNA and a temperature of 9°C was found to be optimal for detecting sequence variants. 

Although DNA fragments of 100-250bp in size are generally used in SSCP, this study has 

shown that fragments of 260bp and 305bp can produce informative and reproducible 

migration patterns. This finding correlates with a number of reports which have 

successfully used products of 300bp to 600bp in size (Kumeda and Asao, 1996; Moricca 

and Ragazzi, 1998; Nakamura et al., 1998; Moricca et a l, 2000). Therefore this system 

was reliably used to examine the major ‘V. alboatrum-like' ITS sequence in V. dahliae 

crucifer isolates of which no sequence variants were detected.

By correlating the major ITS sequence with the DNA contents and spore lengths obtained 

the V. dahliae crucifer isolates were separated into four groups (see below and Table 37). 

However, as discussed later, this would not appear to be the case.
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The first group is represented by V. dahliae crucifer isolates from Europe, Japan, Russia 

and USA. These isolates are hybrids due to their long-spored/high-DNA character and 

contain major ITS sequences which are identical but distinct from that of lucerne isolates 

of V. alboatrum (Morton et al, 1995b; this work). The possibility that they arose 

following a hybridisation event involving a lucerne isolate of V. alboatrum, as suggested 

by Karapapa et al. (1997), and that subsequent genetic drift has led to sequence divergence 

cannot be dismissed. However the most probable explanation for their origin, as discussed 

later, is that they arose following a hybridisation event involving an isolate of V. alboatrum 

of previously undescribed ITS type. These isolates also contain homogenous rRNA gene 

repeats which may be the result of either (i) unequal crossing-over between parental 

chromosomes following hybridisation resulting in the homogenisation and the emergence 

of only one of the parental ITS types or (ii) loss of the relevant parental chromosome(s) 

following hybridisation. Both of these phenomena would explain that why, contrary to 

RAPDs/RFLPs studies, these V. dahliae crucifer isolates are more similar to V. alboatrum 

than they are to V. dahliae through sequencing of the rRNA ITS regions.

The second group is represented by the German horseradish isolate 9802, the original V. 

dahliae var. longisporum (Stark, 1961). This isolate is a hybrid due to its long- 

spored/high-DNA character and contained a major V. dahliae ITS sequence of previously 

undescribed type. The possibility that it arose following a hybridisation event involving an 

isolate of V. dahliae of this new ITS type cannot be dismissed. However in view of the 

other molecular work, as discussed later, the most probable explanation is it arose 

following a hybridisation event involving a V. dahliae non-cruciferous isolate with a 

typical ITS sequence and the subsequent genetic drift has led to sequence divergence. This 

isolate also appeared to contain homogenous rRNA gene repeats and suggests that within 

relatively few generations any interspecific hybrid can ‘choose’ one or other of the parental
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ITS sequences available. Whether this choice is random or confers a selective advantage 

remains unknown.

The third group is represented by the German oilseed rape isolate MD73. This isolate was 

shown to be long-spored/high-DNA and contained a major ITS sequence which was 

identical in sequence to the majority of V. dahliae non-cruciferous isolates (Morton et al.t 

1995b; this work). As mentioned previously, MD73 was the only isolate which genuinely 

maintained a minor iV. alboatmm-\\k&> ITS sequence. The minor ITS sequence was 

identical in sequence to the major V. alboatrum ITS sequence found in the majority of the 

V. dahliae crucifer isolates (group 1), when sequenced directly from the PCR product. 

Several hypotheses have been proposed to explain long-term persistence of rRNA gene 

polymorphisms following hybridisation (i) their chromosomal locations may not be 

telomeric, (ii) the sequences may have diverged beyond the point that interchromosomal 

conversion can occur and (iii) concerted evolution may be more efficient within a 

chromosomal locus than between repeats dispersed on nonhomologous chromosomes 

(O’Donnell and Cigelnik, 1997). Why the rRNA gene repeats of both parental types have 

been maintained in MD73 cannot be explained at present, but provides direct evidence that 

MD73 arose following a hybridisation event with a V. dahliae non-cruciferous isolate of 

this ITS type and a V. alboatrum isolate of a previously undescribed ITS type.

The fourth group is represented by the European crucifer isolates MD80, Vd74 and Vdl28 

all of which contained a major ITS sequence identical to a V. dahliae ITS sequence from 

two tomato isolates (Morton et al., 1995b). Of these isolates MD80 and Vdl28 were 

shown to be short-spored/low-DNA inferring that reversion to haploidy had possibly 

occurred in culture or in the field. In addition, MD80 and Vdl28 maintained a minor 'V. 

alboatrum-Wke,' ITS sequence which was identical in sequence to the major V. alboatrum 

ITS sequence found in the majority of crucifer isolates (group 1). This finding suggests
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that the long-spored/high-DNA parent from which these isolates were obtained arose 

following hybridisation with a V. dahliae non-cruciferous isolate of this ITS type and a V. 

alboatrum isolate of previously undescribed ITS type. However, the minor V. alboatrum 

ITS sequence was not consistently amplified from all of the mono-conidial isolates 

examined therefore further work is needed to determine whether this is a true and 

consistent result.

The two German camomile isolates MD71 and MD124 were both short-spored/low-DNA 

and contained a major ITS sequence which was identical in sequence to the majority of V. 

dahliae non-cruciferous isolates (Morton et a l, 1995b; this work). These isolates also 

maintained a V. alboatrum-\\Y&> ITS sequence which was similar to the major V. 

alboatrum ITS sequence found in the majority of crucifer isolates (group 1). This suggests 

that these isolates arose following a hybridisation event with a V. dahliae non-cruciferous 

isolate of this ITS type and a V. alboatrum isolate of a previously undescribed ITS type. 

However, as mentioned above, the minor V. alboatrum ITS sequence was not consistently 

amplified from all of the mono-conidial isolates and further work is clearly needed to 

verify these results. Until this is done, these isolates appear to be typical V. dahliae non- 

cruciferous isolates based on the ITS data.

4.1.4 IGS REPEATS

Analysis of the IGS region in V. dahliae crucifer isolates and the two camomile isolates 

revealed that sub-repeat sequences were present. Although the sub-repeat sequences 

differed between isolates a common structure was apparent. A 329bp non-repetitive 

sequence, which has not been previously reported, separated the main sub-repeat region 

from the final two 18bp imperfect sub-repeats. The presence of this 329bp non-repetitive
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sequence in all the isolates studied suggests that it may have some distinct but as yet 

unknown function. The overall structure of the sub-repeats within the IGS correlated with 

the proposed groups inferred by the major ITS sequence except for the German horseradish 

isolate 9802 and the German oilseed rape isolate MD73. A minor IGS sub-repeat sequence 

was found in only one isolate, MD73, using DNA extracted at HAUC. This isolate was the 

only one found to genuinely maintain a minor ITS sequence.

The first group (group 1, Table 37) represented by the majority of long-spored/high-DNA 

crucifer isolates from Europe, Japan, Russia and USA were characterised by the presence 

of a perfect 39bp sub-repeat sequence, agreeing with the results of Morton et al. (1995a) 

and Pramateftaki et al. (2000). This sub-repeat sequence was more similar in size to the 

sub-repeat sequence found in V. alboatrum isolates (54bp) than in V. dahliae non- 

cruciferous isolates (81 bp) (Morton et al., 1995a). However, the structure of these sub

repeats was unlike those of V. alboatrum lucerne and non-lucerne isolates (Morton et al., 

1995a; Pramateftaki et al., 2000), suggesting that a distinct V. alboatrum was involved in 

the hybridisation event as inferred by the major ITS sequence. In addition, the 329bp non- 

repetitive sequence was unlike that of either V. alboatrum or V. dahliae non-cruciferous 

isolates therefore providing further support for the involvement of a distinct V. alboatrum. 

The results also revealed a high level of length heterogeneity in the IGS region, between 

and within these V. dahliae crucifer isolates, due to copy number variation of the perfect 

39bp sub-repeat sequence. No size association with host of origin or places of origin could 

be made although three out of the four isolates, which exhibited within isolate length 

heterogeneity, were from Japan. Pramateftaki et al. (2000) reported that the Japanese 

crucifer isolate 84120 contained 13 copies of the perfect 39bp sub-repeat sequence whereas 

this study revealed that it contained nine and ten copies. The reason for this discrepancy 

cannot be explained at present. Subbarao et al. (1995) identified two different haplotypes 

among cauliflower isolates from California. In light of the results obtained here these IGS
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haplotypes are probably the result of length heterogeneity as postulated by Subbarao et al. 

(1995) rather than representing genetic heterogeneity. Within and between isolate length 

variation has been reported in V. dahliae non-cruciferous isolates but not in V. alboatrum 

lucerne and non-lucerne isolates (Morton et al., 1995a). Unequal crossing over and gene 

conversion, two mechanisms most commonly invoked as responsible for homogenisation 

of multigene families have been implicated as creating copy number variation in the IGS 

sub-repeats (Cluster et al., 1996; Ganley and Scott, 1998; Chou et al., 1999). As the rRNA 

gene repeats in these isolates appear to be homogenous it is probable that unequal crossing 

over generated the copy number variation of the perfect 39bp sub-repeat sequence. It 

would be interesting to determine whether the distinct V. alboatrum involved in the 

hybridisation (if it were ever found) contains identical sub-repeat sequences and whether 

IGS length variants occur as it may somehow have “seeded” the IGS length variants in 

these V. dahliae crucifer isolates.

The second group (group 2, Table 37) is represented by the German horseradish isolate 

9802 and the German oilseed rape isolate MD73, both of which are long-spored/high-DNA 

isolates. These isolates were placed in different groups by the major ITS sequence data but 

grouped together by analysis of the IGS sub-repeat sequences. This finding suggests that 

genetic drift has led to divergence of the major ITS sequence in the German horseradish 

isolate 9802. Both isolates were characterised by the presence of one imperfect 81bp 

repeat sequence and differed from one another by an additional 18bp sequence at one site 

in 9802. The sub-repeat sequences were similar but not identical to a V. dahliae hop 

isolate (omega) from the UK (Morton et al., 1995a) which is the only example of the 6% 

RFLP sub-group (Okoli et ai, 1993). Therefore it would appear that these V. dahliae 

crucifer isolates have arisen via a hybridisation event with an uncharacterised V. dahliae 

non-cruciferous isolate. The hybrid nature of MD73 was confirmed by the maintenance of 

a minor IGS sub-repeat sequence which was identical to the perfect 39bp sub-repeat
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sequence found in the majority of crucifer isolates placed in group 1. This finding 

provides direct evidence of the involvement of a V. dahliae non-cruciferous isolate and a 

V. alboatrum isolates of undescribed IGS type in the hybridisation event.

The third group (group 3, Table 37) is represented by the short-spored/low-DNA crucifer 

isolates MD80 and Vdl28. These isolates were placed in the same group by the major ITS 

sequence and were grouped together in this analysis due to identical sub-repeat structures 

in the IGS region. These isolates contained imperfect 81bp sub-repeat sequences although 

copy number variation was evident between them. If these short-spored crucifer isolates 

are secondary haploids derived from long-spored crucifer isolates, unequal crossing over in 

the hybrid nuclei could explain this copy number variation. As the sub-repeat structures in 

these isolates were unlike any of the V. dahliae non-cruciferous isolates previously 

identified (Morton et al., 1995a) it would suggest that an uncharacterised V. dahliae non- 

cruciferous isolate was involved in the original hybridisation event. The IGS sub-repeats 

within the two V. dahliae tomato isolates (86201 and 1928) which contained identical 

major ITS sequences have been investigated by RFLP analysis but not sequenced (Morton 

et al., 1995a). Therefore a direct comparison to look for possible clues as to whether they 

are the parental isolate cannot be made.

Finally the two short-spored/low-DNA camomile isolates contained identical sub-repeat 

sequences within the IGS region. They were identical in structure to two V. dahliae non- 

cruciferous isolates (Morton et al., 1995a) belonging to RFLP group A, (Okoli et a l, 

1993). Along with the major ITS sequence this evidence suggests that these isolates are 

typical V. dahliae non-cruciferous isolates.
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4.1.5 rRNA INTRON

Karapapa and Typas (2001) reported that V. longisporum isolates contained a group I 

intron within the SSU rRNA gene. Two 'recombinant' isolates, the German horseradish 

isolate 9802 and the German oilseed rape isolate G19 (MD73 this study), however lacked 

the group I intron. In addition the group I intron was absent in V. dahliae non-cruciferous 

isolates and V. alboatrum lucerne and non-lucerne isolates. Based on these findings the 

authors suggested that the group I intron in V. longisporum may have resulted from a 

lateral transfer from a closely related species/genus or that it may have been transmitted 

from host to pathogen. By extending this study to wider range of V. dahliae crucifer 

isolates and combining the results to the data obtained from the rRNA gene regions an 

alternative hypothesis for the origin of the group I intron is proposed. V. dahliae crucifer 

isolates placed within group 1 by the analysis of the ITS and IGS sequences and equivalent 

to isolates placed within V. longisporum (Karapapa et al., 1997), contained the group I 

intron within the SSU rRNA gene, again agreeing with the results of Karapapa and Typas 

(2001). In addition a group I intron was amplified from the German oilseed rape isolate 

MD73 and was found to be located within the SSU of the minor rRNA gene repeats. This 

result is in disagreement with Karapapa and Typas (2001) but as noted previously this 

isolate also differed from Karapapa et al. (1997) by its DNA content. As the isolate used 

in this study was obtained from Messner and co-workers this discrepancy can be explained 

by the different source of the isolate. The German horseradish isolate 9802, four short- 

spored crucifer isolates, V. dahliae non-cruciferous isolates and V. alboatrum lucerne and 

non-lucerne isolates did not contain group I introns, agreeing with the results of Karapapa 

and Typas (2001). An intron was present in the V. dahliae non-cruciferous isolate 147 but 

could not be responsible for the presence of the intron in V. dahliae crucifer isolates due to 

its smaller size. This V. dahliae non-cruciferous isolate was included in various parts of
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the project as it had been found to belong to a new VCG (Bhat et al., 2000), therefore this 

smaller size intron may be characteristic of isolates belonging to this new VCG.

In conclusion V. dahliae crucifer isolates within group 1 contain a group I intron and have 

undescribed V. alboatrum ITS and IGS sequences. In MD73 the group I intron is located 

within the minor rRNA gene repeats and these minor ITS and IGS sequences are identical 

to those found in crucifer isolates belonging to group 1. This finding suggests that a 

distinct V. alboatrum, as inferred by the ITS and IGS sequence data, was involved in the 

hybridisation events and that this isolate was responsible for the introduction of this group 

I intron into V. dahliae crucifer isolates. Based on the IGS sequence data, the German 

horseradish isolate 9802 is proposed to have arisen via the same hybridisation event as 

MD73 but the former isolate lacks the intron (Karapapa and Typas, 2001; this work) 

perhaps suggesting a different origin. However, the rRNA gene repeats in 9802 appear to 

be homogenous which implies that it has lost the V. alboatrum rRNA genes. Therefore, as 

the V. dahliae parental type alone is represented in this isolate it would explain why 9802 

lacks the intron and does not suggest a different origin from MD73.

4.1.6 RANDOM GENOMIC SEQUENCE

V. dahliae species-specific primers (19/22) designed from random genomic probes (Carder 

et a l, 1994) were used to examine a part of the genome other than the rRNA gene regions 

(ITS and IGS). All of the V. dahliae crucifer isolates produced an amplicon confirming 

their hybrid origin and RE digestion resulted in RFLP patterns which correlated with the 

proposed groups inferred by the rRNA gene regions except for the two American 

horseradish isolates 001 and 004. The significance of this is discussed below.
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The first group (group 1, Table 37) is represented by the majority of long-spored/high- 

DNA crucifer isolates from Europe, Japan and USA which produced identical RFLP 

patterns. These isolates also grouped together by analysing the rRNA gene regions. The V. 

dahliae genomic sequence from three crucifer isolates from different geographical 

locations was identical but unlike any of the other sequences from V. dahliae non- 

cruciferous and cruciferous isolates. This data suggests that a distinct V. dahliae non- 

cruciferous isolate in addition to the distinct V. alboatrum isolate were the parents involved 

in this hybridisation event.

The second group is represented by four long-spored/high-DNA crucifer isolates viz. 9802, 

MD73, 001 and 004 as they had identical RFLP patterns. The German horseradish isolate 

9802 and the German oilseed rape isolate MD73 were previously grouped together (group 

2, Table 37) by analysing the rRNA genes but the American horseradish isolates 001 and 

004 were placed in a different group (group 1) by this criterion, in which the majority of 

crucifer isolates were found. The discrepancy between the rRNA gene regions and the V. 

dahliae genomic sequence in the American horseradish isolates suggests that concerted 

evolution of the rRNA genes has been bidirectional following this hybridisation event. 

This process is observed in allopolyploids of Gossypium (Wendel et al., 1995). The V. 

dahliae genomic sequences from 9802 and MD73 were identical and differed from that in 

isolate 001 by only one nucleotide. These three sequences contained a 15bp insertion, 

absent in the other V. dahliae genomic sequences, as well as other nucleotide differences. 

This sequence data, in addition to the IGS sequence data from MD73 and 9802, suggests 

that another distinct V. dahliae non-cruciferous isolate was involved in this hybridisation 

event. However, the V, alboatrum parent is the same as that involved in the hybridisation 

which has given rise to the majority of crucifer isolates (group 1).
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The third group (group 3, Table 37) is represented by the short-spored/low-DNA crucifer 

isolates MD80 and Vdl28. These isolates had identical RFLP patterns and were grouped 

together by the analysis of the rRNA gene regions. The V. dahliae genomic sequence from 

the German oilseed rape isolate MD80 was unlike any of the other sequences from V. 

dahliae non-cruciferous and cruciferous isolates. This sequence data, in addition to the 

IGS sequence data suggests that the V. dahliae non-cruciferous isolate involved in the 

hybridisation event of the long-spored/high-DNA parent from which they were obtained 

was another distinct isolate. This V. dahliae genomic sequence has not been examined in 

the V. dahliae tomato isolates (86201 and 1928) which contained an identical major ITS 

sequence as these two crucifer isolates. It would be an interesting to determine whether 

they are possibly the V. dahliae parental isolate.

Finally the two short-spored/low-DNA camomile isolates MD71 and MD124 had identical 

RFLP patterns. The V. dahliae genomic sequence in MD71 was identical to that of the V. 

dahliae non-cruciferous isolate included for comparison. As with the ITS and IGS results, 

this sequence data suggests that these two isolates are typical V. dahliae non-cruciferous 

isolates.

Although it was possible to amplify a V. dahliae genomic sequence from the V. dahliae 

crucifer isolates attempts to amplify a V. alboatrum non-lucerne genomic sequence failed. 

This result was not unexpected as Karapapa et al. (1997) proposed that the V. alboatrum 

parent was a lucerne isolate. Should V. alboatrum lucerne primers be developed it would 

be interesting to test them on the crucifer isolates. However this study has shown that the 

V. alboatrum parental isolate involved in two of the hybridisation events is distinct from 

previously studied lucerne and non-lucerne isolates of V. alboatrum.
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4.1.7 OILSEED RAPE ISOLATE SPECIFIC PRIMERS

Primers designed to recognise V. dahliae isolates from B. napus also recognised all long- 

spored/high-DNA isolates from other cruciferous hosts. Therefore, these primers could be 

used for diagnostic purposes. The DNA sequence was highly polymorphic and no clear 

correlation between its sequence types and hybridisation groups could be made. The 

German horseradish isolate 9802 and the German oilseed rape isolate MD73, which were 

placed in the same group (group 2), contained a unique sequence type which was absent in 

the German oilseed rape isolate Vdll which was placed in a different group (group 1) by 

previous molecular analysis. However RE digestion of a greater number of clones is 

needed to confirm this observation. These primers do not recognise V. dahliae non- 

cruciferous isolates or V. alboatrum lucerne and non-lucerne isolates (C. Dixelius, personal 

communication) and did not recognise short-spored/low-DNA crucifer isolates or the 

camomile isolates in this study. There are two possibilities for the origin of this crucifer 

specific genomic sequence; (i) it has arisen via recombination in the hybrid genome or (ii) 

it is part of the unknown V. alboatrum parental genome. The hybridisation events from 

which these long-spored/high-DNA crucifer isolates have arisen both apparently involved 

the same unknown V. alboatrum isolate. This makes it perhaps more likely that this 

sequence is from this parental isolate rather than representing recombined DNA. However 

further work is needed to understand the origin of this sequence and its high polymorphic 

state.

4.1.8 MtDNA

RE digestion of total genomic DNA with HaeUl and Hpal resulted in intense bands of 

between ca l.Skb and 12kb against a background ‘smear’. Previous studies using total
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genomic DNA have shown that these intense bands represent mtDNA and not part of the 

genomic DNA (i.e. the repetitive rRNA genes) as shown by (i) identical RFLP patterns 

using pure mtDNA and (ii) by hybridisation with a mtDNA probe (Typas et al., 1992; 

Typas, 2000). RFLP analysis of mtDNA differentiated V. dahliae non-cruciferous isolates 

from V. alboatrum and lucerne and non-lucerne isolates from each other, agreeing with 

previous results (Carder et al., 1991; Typas et al., 1992; Griffen et al., 1997). The 

different RFLP profiles between the V. dahliae non-cruciferous isolates was not the result 

of genetic variation but ascribed to partial digestion of mtDNA. Seven V. dahliae crucifer 

isolates placed within groups 1, 2 and 3 by previous molecular work were also subjected to 

mtDNA RFLP analysis. The resulting RFLP profiles correlated for groups 1 and 3 but not 

for group 2 (Table 37). The significance of this result is discussed below.

Three long-spored/high DNA crucifer isolates (90-02, 84020, Vdll) placed within group 1 

had identical mtDNA profiles. The RFLP pattern was V. alboatrum-MVe' but distinct from 

non-lucerne and lucerne isolates. There are three possible explanations for the origin of 

this V. alboatrum-\\\&' mitochondrial genome. Firstly, as recombination between 

mitochondrial genomes can occur (Saville et al., 1998) it is possible that this unique profile 

is the result of recombination between the V. dahliae non-cruciferous isolate and V. 

alboatrum isolate mitochondrial genomes. Secondly, it may have resulted from mutational 

changes in length and/or RE sites in either the V. alboatrum lucerne or non-lucerne 

mitochondrial genome, as this is well documented in fungi (Taylor, 1986). However the 

third and most likely explanation for the origin of this mitochondrial genome is that they 

have inherited it from the unknown V. alboatrum parental isolate. This work did not agree 

with the results of Typas et al. (1992) who implied that two crucifer isolates, equivalent to 

those placed within this group, had mtDNA profiles indistinguishable from V. dahliae non- 

cruciferous isolates. The reason for this discrepancy cannot be explained at present. 

However the results presented here indicate that the mitochondrial genome can only be
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inherited from one parent within this group of crucifer isolates. Clearly the mtDNA of all 

crucifer isolates within this group needs to be analysed.

Three long-spored/high-DNA crucifer isolates (9802, MD73, 001) placed within group 2 

did not exhibit identical mtDNA RFLP profiles. The German horseradish isolate 9802 and 

the German oilseed rape isolate MD73 had identical V. cUboatrum-Mke' RFLP profiles 

which were identical to those from crucifer isolates placed within group 1. As mentioned 

above it would appear that the mitochondrial genome has been inherited from the unknown 

V. alboatrum parent also involved in this hybridisation event. Typas et al. (1992) implied 

that the German horseradish isolate 9802 was indistinguishable from V. dahliae non- 

cruciferous isolates by mtDNA analysis disagreeing with the results presented here. This 

isolate should therefore be reanalysed to clarify these results. The American horseradish 

isolate 001, on the other hand, had a V. dahliae-Wte' RFLP profile which was different 

from the V. dahliae non-cruciferous isolates. Typas et al. (2000) reported that V. dahliae 

non-cruciferous isolates could be differentiated into five to ten groups using mtDNA 

RFLPs. Therefore, this different mtDNA RFLP profile is likely to represent further 

genetic variation between the V. dahliae non-cruciferous isolate involved in this 

hybridisation event and those included in this analysis. The distinctness of the V. dahliae 

parental isolate has already been shown from the unknown V. dahliae genomic sequence 

amplified from this isolate. Therefore, in contrast to the two other crucifer isolates within 

the group this isolate has inherited the mitochondrial genome from this distinct V. dahliae 

non-cruciferous isolate. In addition these crucifer isolates differ from those placed in 

group 1 in that inheritance of mtDNA can occur from either parent.

The third group represented by the short-spored/low-DNA content isolate Vdl28 had a Y. 

dahliae-Mke,' mtDNA profile which was distinct from the V. dahliae non-cruciferous
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isolates. This result suggests that the original long-spored/high-DNA parent from which it 

was derived inherited the mtDNA from this distinct V. dahliae non-cruciferous isolate.

4.1.9 AFLP ANALYSIS

AFLP analysis was used to compare V. dahliae crucifer isolates and to determine their 

relationship to V. dahliae non-cruciferous isolates and to lucerne and non-lucerne isolates 

of V. alboatrum. The four Verticillium species included in the analysis were clearly 

differentiated and the division of lucerne and non-lucerne isolates of V. alboatrum was 

supported. Significant variation was evident among V. dahliae non-cruciferous isolates but 

not within lucerne and non-lucerne isolates of V. alboatrum, agreeing with previous RFLP 

results (Carder and Barbara, 1991). Messner et al. (1996) reported that the camomile 

isolate MD124 was indistinguishable from B. napus isolates by RAPDs. However in this 

study both camomile isolates MD71 and MD124 appeared to be typical V. dahliae non- 

cruciferous isolates. This finding is supported by the previous molecular work. The short- 

spored/low-DNA crucifer isolates MD80 and Vdl28 also fell into the V. dahliae non- 

cruciferous isolate group by AFLPs. For MD80, this finding was in agreement with 

Messner et al. (1996) but not Karapapa et al. (1997). As this isolate was obtained from 

Messner and co-workers this result was not unexpected. Variation was evident between 

these isolates and between them and the remaining V. dahliae non-cruciferous isolates 

studied.

The isolates, MD80 and Vdl28, are proposed to be secondary haploids derived from long- 

spored/high-DNA crucifer isolates which have arisen from one hybridisation event (group 

3, Table 37). Chromosomal rearrangements in the hybrid genome followed by 

haploidisation would explain the AFLP variation between these isolates. Although



recombination could also explain the variation between them and the remaining V. dahliae 

non-cruciferous isolates studied this variation may also reflect the distinctiveness of the V. 

dahliae non-cruciferous isolate involved in the original hybridisation event as inferred by 

previous molecular work. Karapapa et al. (1997) isolated a short-spored/low-DNA isolate 

from a long-spored/high-DNA crucifer isolate inferring that haploidisation can occur. 

When analysed this short-spored/low-DNA isolate also fell into the V. dahliae non- 

cruciferous isolate group with variation evident between this isolate and other V. dahliae 

non-cruciferous isolates. If MD80 and Vdl28 are true secondary haploids these findings 

suggest that the majority of the V. dahliae genome does not undergo significant 

chromosomal rearrangements in the hybrid nucleus as viable ‘V. dahliae-MYs' progeny are 

obtained. Therefore comparing these isolates with ‘true’ haploid V. dahliae non- 

cruciferous isolates using techniques which examine chromosomal numbers, sizes and 

genetic arrangements (i.e. electrophoretic karotyping, FISH, genetic mapping) would be 

very interesting. The remaining short-spored crucifer isolates from Russia also fell into the 

V. dahliae non-cruciferous isolate group and were more similar to non-cruciferous isolates 

than to the short-spored crucifer isolate Vdl28 included in this analysis. This data coupled 

with the ITS sequence suggests that they are typical V. dahliae non-cruciferous isolates 

which may have been isolated from B. napus following secondary infection or may again 

be misidentified.

The remaining long-spored/high-DNA crucifer isolates were clearly distinguishable from 

V. dahliae non-cruciferous isolates and V. alboatrum lucerne and non-lucerne isolates, 

agreeing with results obtained using other DNA fingerprinting techniques (Carder and 

Barbara, 1994; Okoli et aL, 1994; Koike et al., 1996; Messner et al., 1996, Karapapa et al., 

1997; Bhat and Subbarao, 1999). In addition these crucifer isolates fell into two clear 

groups (see below and Table 37).
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Five crucifer isolates from Europe, Japan, Russia and USA placed in group 1 by previous 

molecular analysis clustered together by AFLPs. The remaining 19 crucifer isolates placed 

within this group did not show significant variation when analysed using four primer 

combinations and therefore were placed within this AFLP group. This group is equivalent 

to that of V. longisporum (Karapapa et al., 1997) in which the majority of European oilseed 

rape isolates and Japanese crucifer isolates belong. One European crucifer isolate Vdl91 

showed significant variation from this AFLP group although other molecular techniques 

suggested that it had arisen from the same hybridisation event. This variation may be the 

result of further recombination following host specialisation or may indicate that this 

isolate arose from a separate hybridisation event which involved the same parental isolates.

The second AFLP group contained the German horseradish isolate 9802, the German 

oilseed rape isolate MD73 and the American horseradish isolates 001 and 004. Karapapa 

et al. (1997) also found that the isolates 9802 and MD73 were different from the majority 

of European and Japanese crucifer isolates using RAPDs and these isolates were termed 

’recombinants’ of V. longispoum. These isolates are not ‘recombinants’ but have arisen 

from a different hybridisation event (group 2) as shown by AFLPs and from previous 

molecular work. Variation was evident between these isolates but was not quantified for 

the German horseradish isolate and the American horseradish isolates as they were not 

analysed together. The variation within this group and previous molecular data suggests 

that although these isolates have arisen from the same parental isolates they have either (i) 

made different molecular choices after host specialisation following one hybridisation 

event or (ii) made different molecular choices as a result of separate hybridisation events 

occurring between the same parents.

Crucifer isolates placed in both AFLP groups were more similar to V. dahliae non- 

cruciferous isolates than to either V. alboatrum lucerne or non-lucerne isolates, agreeing



with the results of Karapapa et al. (1997). These authors suggested that V. longisporum 

isolates had arisen from a hybridisation event with a V. alboatrum lucerne isolate as a 

number of V. longisporum RAPD bands were present only in lucerne isolates. The results 

obtained here showed that the number of V. alboatrum lucerne or non-lucerne specific 

AFLP bands were not proportional to the number of V. dahliae non-cruciferous specific 

AFLP bands present in these crucifer isolates. This result suggests that neither a V. 

alboatrum lucerne or a non-lucerne could be the parental isolates involved in these 

hybridisation events. In addition a number of AFLP bands present in these crucifer 

isolates were not present in either V. dahliae non-cruciferous isolates or lucerne and non- 

lucerne isolates of V. alboatrum, as also reported by Bhat and Subbarao (1999) using 

RAPDs. It is possible that in the hybrid nucleus the V. alboatrum genome undergoes 

frequent chromosomal rearrangements whereas the V. dahliae genome remains largely 

undisturbed, as mentioned previously. These crucifer specific AFLP bands could therefore 

represent recombined DNA from the V. alboatrum genome, which would be 

indistinguishable by AFLPs and would explain the results here. However, in view of the 

previous molecular work the most probable explanation for these crucifer specific bands is 

that they represent DNA from the unknown V. alboatrum parent involved in both of these 

hybridisation events.

4.1.10 VEGETATIVE COMPATIBILITY GROUPS

Molecular analysis of long-spored/high-DNA crucifer isolates has shown that they are 

interspecific hybrids which has arisen from two separate parasexual hybridisation events 

involving the same unknown V. alboatrum isolate but two different V. dahliae non- 

cruciferous isolates. As hyphal anastomosis is the first step in the parasexual cycle 

vegetative incompatibility between the two species would restrict the formation of
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heterokaryons making it unlikely that crucifer isolates originated in this way. The 

underlying mechanisms of vegetative incompatibility are not known in Verticillium 

although Typas (1983) proposed that incompatibility was primarily determined by cell wall 

factors with additional effects of nuclear and cytoplasmic factors. Interspecific hybrids 

have been generated using auxotrophic mutants as a selection strategy (Hastie, 1973). As 

auxotrophic mutants grow poorly or not at all on unsupplemented media the selection 

pressure exerted on heterokaryons to form may be stronger than the incompatibility 

mechanism which is usually sufficient to prevent them from hybridising. Typas (1983) 

also generated interspecific hybrids using protoplast fusion and microinjection. These 

techniques, however, avoid the cell wall, a possible barrier to hybridisation between these 

two species. Therefore these studies do not provide a real picture of the possibility of 

natural interspecific hybridisation occurring in the wild. Nitrate non-utilising {nit) mutants 

are widely used in vegetative compatibility tests as they can be readily recovered, are 

stable, and can grow on unsupplemented media. These mutants exert a much weaker 

selection pressure on heterokaryon formation than do auxotrophs. Studies using nit 

mutants were made here to give a more realistic assessment as to whether heterokaryons 

could be formed between V. dahliae and V. alboatrum. However it is fully realised that the 

selection is still significant and that an experimental approach is needed where 

hybridisation is not forced by mutants to give a clear assessment of the probability of 

‘natural’ hybridisation.

Nit mutants were obtained from all isolates except seven long-spored/high-DNA V. dahliae 

crucifer isolates. The inability to produce nit mutants from crucifer isolates has been 

reported in a number of studies (Subbarao et al., 1995; Bhat and Subbarao, 1999; Zeise and 

Von Tiedemann, 2001). The failure of V. dahliae crucifer isolates to be inhibited by 

chlorate is due to their unique genetic state. Chlorate resistance is generally attributed to a 

mutation affecting the enzymatic reduction of nitrate (and chlorate, which is processed by
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the same pathway). In V. dahliae non-cruciferous isolates and V. alboatrum isolates which 

are haploid (low-DNA), such mutations directly affect the phenotypes, to give isolates both 

resistant to chlorate and unable to utilise nitrate. In V. dahliae crucifer isolates which are 

amphihaploid (high-DNA), a comparable mutation would be recessive leaving the 

phenotype unaffected.

Phenotypic characterisation of the nit mutants by their growth on various nitrogen sources 

revealed three clear phenotypic classes, viz. nitl, nit2 and NitM, and possibly a fourth, nit3. 

By analogy with other systems; nitl mutants presumably have a mutation in a nitrate 

reductase structural locus, whereas NitM mutants presumably have a mutation in one of the 

several loci that code for the assembly of a molybdenum-containing cofactor that it 

necessary for nitrate reductase activity. It was surprising that nit2 mutants, which result 

from mutation in the global nitrogen regulatory locus, were generated as this phenotype 

has only been observed in one other study using Verticillium (Dobinson et al.t 1998). Nit3 

mutants, which result from mutation at a nitrate-assimilation pathway-specific regulatory 

locus, could not be differentiated from nitl mutants because of failure to grow on nitrite. 

This inability to differentiate nitl and nit3 mutants has been reported previously 

(Strausbaugh et al., 1992, Chen, 1994; Elena, 1999a, 1999b). The phenotypic classes also 

varied in their stability with NitM mutants being more stable, agreeing with the results of 

Chen (1994).

Prototrophic growth between nit mutants indicates multiple heterokaryon formation with 

the potential for genetic exchange through the parasexual cycle. During interspecific 

pairings, heterokaryons evident as prototrophic growth, were successfully established 

between a V. alboatrum non-lucerne isolate and a V. dahliae non-cruciferous VCG3 

isolate. Weak complementation also occurred between V. alboatrum lucerne isolates and a 

V. dahliae non-cruciferous VCG2B isolate, evident by an increase in mycelium and the
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formation of microsclerotia at the mycelial interface. These microsclerotia were elongated 

and irregular in structure and similar to those formed by V. dahliae crucifer isolates 

suggesting some sort of genetic interaction between the two genomes. Two mono-conidial 

isolates derived from this irregular microsclerotia were recombinant for ITS sequence and 

nit mutant phenotype (E. Clewes, personal communication), therefore we presume that 

nuclear fusion and subsequent genetic exchange occurred in this interspecific pairing. 

Neither the V. dahliae camomile isolates nor the short-spored/low-DNA V. dahliae crucifer 

isolate formed heterokaryons with the V. alboatrum nit mutants. Therefore, using this 

relatively weak selection strategy it appears to be relatively easy to establish heterokaryons 

between V. dahliae non-cruciferous isolates and the two sub-specific groups of V. 

alboatrum. This finding supports the theory that V. dahliae crucifer isolates have arisen 

through interspecific hybridisation.

4.1.11 ON THE ORIGINS

There are a number of possible scenarios to how these V. dahliae crucifer isolates arose in 

nature. For each of these scenarios it is necessary to assume that either the soil was 

infested with both species or that one species was present in the soil and the other was 

already present in a seed or plant that grew in the soil. In order for hyphal anastomosis to 

occur both species must be in an active growth phase, therefore these hybridisation events 

could not have occurred between the dormant resting structures and there is no real 

evidence for a significant saprotrophic stage in the soil prior to infection.

The first scenario is that the hybridisation events took place at the biotrophic stage in a 

doubly infected host plant. This could have occurred in a non-cruciferous plant or a weak 

resistance crucifer such as turnip but not in a strong resistance crucifer as V. dahliae non-
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cruciferous isolates and V. alboatrum isolates have been reported to be non-pathogenic to 

such plants (Isaac, 1957; Karapapa et al., 1997). Following infection, hyphal anastomosis, 

heterokaryon formation and nuclear fusions occurred to give rise to interspecific hybrids. 

If this event took place in a weak resistance crucifer these interspecific hybrids would 

probably be instantly selected due to their higher virulence for crucifers. Stabilisation 

could then occur through successive infection of low or high resistance crucifer plants. 

However if this event took place in a non-cruciferous plant these interspecific hybrids 

would not be selected. In this case it is necessary to assume that hybrid microsclerotia are 

stable enough to survive until a succeeding crop of crucifers (or cruciferous weeds) is 

planted before they are selected and stabilised.

The second scenario is that the resting structures of a V. dahliae non-cruciferous isolate 

and a V. alboatrum isolate were stimulated to germinate by a crucifer crop plant. At this 

pre-biotrophic stage, hyphal anastomosis, heterokaryon formation and nuclear fusions 

occurred to give rise to interspecific hybrids. These hybrids would be instantly selected by 

the crucifer and become stabilised.

The final scenario involves the formation of interspecific hybrids during the necrotrophic 

stage. If a field of crops with single or double infections were to die, then the debris could 

become mixed bringing together the active mycelium. Hyphal anastomosis, heterokaryon 

formation and nuclear fusions would lead to the production of hybrid microsclerotia in the 

soil. If a succeeding crop of crucifers were planted then these hybrids would be selected 

and stabilised. However, if succeeding crops were non-cruciferous plants the hybrid 

microsclerotia may germinate but breakdown to the V. dahliae non-cruciferous isolate and 

the V. alboatrum isolate. It is possible to speculate that such isolates might still have novel 

genotypes and perhaps new host specificity due to recombination in the interspecific 

hybrid.
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4.2 CONCLUSION

The primary aim of this study was to determine whether distinct hybridisation events have 

occurred to gain a clearer understanding of the origins and most appropriate taxonomy of 

V. dahliae crucifer isolates. This study revealed that V. dahliae crucifer isolates from 

around the world have arisen from two separate hybridisation events. The first 

hybridisation event is represented by crucifer isolates from Europe, Japan, USA and 

Russia. The highly consistent molecular data suggests that the majority of these isolates 

may have been dispersed as a clonal lineage. The exception to this case is isolate Vdl91 

from broccoli raab. This isolate is quite distinct by AFLP analysis (but not other molecular 

criterion) and may represent either a separate hybridisation from the same parents or just 

more extensive recombination of the two genomes. The occurrence of this clone in 

different continents strongly suggests that it has been transmitted in or with imported seed. 

Seed-borne transmission of V. alboatrum lucerne isolates from Europe was assumed to be 

responsible for the outbreak of Verticillium wilt in alfalfa in North America (Christen et 

al., 1983; Heale, 1985), implying this method of transmission is possible. However, in the 

case of the crucifer isolates, as seed companies exchange germplasm and breeding material 

between sister companies in different countries it is impossible to determine where this 

first interspecific hybrid arose. As Verticillium wilt did not cause widespread losses in 

California until 1990 (Koike et al., 1994), it would suggest that infected seed imported 

from Europe, Japan, or Russia may have been responsible for this outbreak.

The second hybridisation event is represented by horseradish isolates from Europe and 

USA and one European oilseed rape isolate. Although this hybridisation event is 

biologically equivalent to the first, these isolates have not achieved equal prominence in 

Europe but have caused significant problems for horseradish growers in Illinois over the 

past two decades (Khan et a l , 2000). These crucifer isolates have not been dispersed as a
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true clonal lineage but have made different molecular choices either following host 

specialisation or as a result of separate hybridisation events occurring. For example, 

concerted evolution of the rRNA genes repeats has been bidirectional as well as the 

inheritance of the mitochondrial DNA. This finding highlights the risk of relying on one 

molecular technique to accurately identify V. dahliae crucifer isolates arising from 

different hybridisation events.

The broad association of the progeny of the two hybridisation events with different crop 

groups cannot yet be explained. Although there is much published data On host specificity 

for crucifer isolates, little of it uses the same isolates and host species/varieties. Therefore, 

isolates from the two groups might still be found to differ in host specificity but the 

association with different hosts might simply be contingent on past events. As Verticillium 

wilt of crucifers is not a current problem in UK the presence of these hybrid isolates with 

this new host range poses a serious threat to agriculture. I feel that the risk of V. dahliae 

crucifer isolates being imported into this country is far greater than the possibility of them 

arising in nature. Therefore tighter controls should be imposed on imported cruciferous 

crops to prevent the spread of these novel pathogens.

In 1997, Karapapa et al. proposed that V. dahliae. crucifer isolates were interspecific 

hybrids which had arisen through parasexual recombination between a V. dahliae non- 

cruciferous isolate and a lucerne isolate of V. alboatrum. I however propose that crucifer 

isolates have arisen by two separate hybridisation events which both involved a V. 

alboatrum isolate distinct from lucerne and non-lucerne isolates and two different V. 

dahliae non-cruciferous isolates. Although no information is available as to the host 

specificity or VCG of the distinct V. alboatrum isolate, there appears to be no complete 

barrier between V. dahliae non-cruciferous isolates and either V. alboatrum lucerne and 

non-lucerne isolates undergoing parasexual recombination. I suggest that hybrids have
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originated from heterokaryons formed between this V. alboatrum isolate and V. dahliae 

non-cruciferous isolates in which there was fusion of two different haploid nuclei to form 

amphihaploid nuclei. Subsequent chromosome rearrangements and mitotic recombination 

were then possible. The stability of these interspecific hybrids probably arises from 

limited recombination within the hybrid nucleus as a result of pairing of non-homologous 

chromosomes, with the effect that most rehaploidisation events result in incomplete 

genomes in the daughter nuclei. Isolates with such incomplete genomes would not be 

viable.

Parasexual recombination between these two Verticillium species may be more frequent 

than the two events identified in this study. The isolation of one true secondary haploid by 

Karapapa et al. (1997) suggests that viable haploid progeny can be produced possibly by 

further chromosome rearrangements and haploidisation. In the discussion I speculated that 

two short-spored/low-DNA crucifer isolates were secondary haploids. These isolates 

however could not have been derived from any of the long-spored/high-DNA crucifer 

isolates currently investigated suggesting that a third hybridisation event has occurred. 

Until it is possible to identify accurately secondary haploids, the occurrence of another 

hybridisation event must be somewhat speculative. Although not investigated in this 

current study, previous molecular data would suggest that the Brussels sprout isolate from 

the UK (Isaac, 1957) arose from a different hybridisation event than those identified here. 

Karapapa and Typas (2001) reported that this isolate contained a group I intron in the SSU 

of the rRNA genes which suggests that the distinct V. alboatrum isolate was one of the 

parents. However this isolate was clearly different from the crucifer isolates studied by 

Karapapa et al. (1997), and now identified here as arising from two separate hybridisation 

events. Until this isolate is analysed using similar methods as described here its origin 

remains obscure.
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It is also notable that all the long-spored crucifer isolates are microsclerotial. This suggests 

that the pathway leading to microsclerotia is in someway ‘dominant’ to that leading to dark 

resting mycelium, albeit with some apparent modification. Similarly, all the potential 

‘secondary haploid’ isolates seen to date are microsclerotial. The limited molecular 

variation within the two pathotypes of V. alboatrum suggests that in fact no ‘K alboatrum- 

like’ secondary haploids exist amongst the isolates so far studied. Why the V. dahliae 

genome is apparently more ‘flexible’ in accepting variation than the V. alboatrum genome 

is not known.

Karapapa et al. (1997) proposed that all V. dahliae crucifer isolates should be classified as 

V. longisporum. I feel that this taxon name does not reflect the biological status of all the 

hybrid isolates. For this reason I propose that all hybrid isolates should be included into a 

single new taxon V. x dahlatrum. This name would reflect the mode of origin, parental 

species and amphihaploid complement of genomes and therefore would provide a much 

clearer framework for understanding and describing them. However it is clear that this 

would be a polyphyletic taxon covering at least two groups of hybrids and the issue to how 

best to define taxonomically interspecific hybrids arising from different hybridisation 

events remains. It is conceivable that the erection of two new species will one day be 

justified if it becomes clear that the importance to man of amphihaploids arising from these 

two hybridisation events are sufficiently distinct and together far outweigh the practical 

importance of all other hybrid isolates (e.g. Isaac's Brussels sprout isolate). However, at 

present I feel a practical compromise is to regroup all hybrid isolates into the new taxon V. 

x dahlatrum.
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4.3 FUTURE WORK

A number of experiments which have not been done due to the time constraints of this 

study could be conducted to gain further insights into the results obtained here. Firstly, in 

situ hybridisation could be used to determine the number of rRNA gene loci in V. dahliae 

non-cruciferous isolates and V. alboatrum non-lucerne and lucerne isolates. Using this 

information and a identical approach it would be possible to determine whether rRNA gene 

locus loss or homogenisation has resulted in the emergence of one parental rRNA gene 

type in V. dahliae crucifer isolates. In addition, this work may also shed light on why the 

German oilseed rape isolate MD73 has maintained both of the parental rRNA gene types.

Similarly pulse field gel electrophoresis (PFGE) could be used to determine the 

chromosome number in V. dahliae non-cruciferous isolates and V. alboatrum non-lucerne 

and lucerne isolates and be used to ascertain whether chromosomal loss has occurred in the 

crucifer isolates (although earlier attempts to study crucifer isolates by PFGE failed to 

resolve all the chromosomes (Okoli et al. personal communication)). A more detailed 

examination of the mtDNA in all of the crucifer isolates is also needed and universal 

mtDNA primers are available (White et al.t 1990) to carry out this experiment.

To date, the two groups of crucifer isolates have not been tested systematically for 

pathogenicity on similar crucifer host plants or on a wide range of crucifers. Pathogenicity 

tests may reveal differences between the two groups which would aid in the taxonomic 

classification of these hybrid isolates and would suggest that the different parental 

genomes and their subsequent interaction following hybridisation somehow influences the 

ability of interspecific hybrids to attack certain crucifers.
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In terms of gaining a clearer understanding to this novel crucifer pathogenicity, targeted or 

random, insertional mutagenesis of natural crucifer isolates using Agrobacterium-mediaX.eà. 

transformation or restriction enzyme mediated integration could be used to identify 

pathogenicity genes. In addition, artificial interspecific hybrids could be generated using 

protoplast fusion and the hybrids tested for crucifer pathogenicity. It should be noted that 

both groups of natural interspecific hybrids identified here resulted from hybridisation with 

an as yet unidentified V. alboatrum isolate. Whether this unknown V. alboatrum isolate 

influences the ability of natural hybrids to be crucifer pathogens could be tested by fusing 

different combination of V. dahliae non-cruciferous isolates and V. alboatrum lucerne and 

non-lucerne isolates. Any resulting artificial interspecific hybrid would then be tested for 

crucifer pathogenicity and measurements of spore length and DNA content over time could 

be used to determine their stability. In addition, the ITS or IGS regions of the rRNA genes 

could be examined to determine the rate of homogenisation, AFLP and microsatellite 

markers used to determine the extent of recombination between parental genomes, and the 

mtDNA examined to determine its inheritance in artificial interspecific hybrids. All of this 

information could then be compared to what is known for the two groups of natural 

interspecific hybrids, which should help to gain a clearer understanding of their origins.
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APPENDIX 1: ’Standard Operating Procedures for use with non-UK isolates of
Verticillium dahliae and V. alboatrum (HRI-Wellesboume).

These SOPs are to be applied to both in vitro cultures and inoculated plants as indicated. 

BACKGROUND AND RISK OF ESCAPE.

Both V. dahliae and V. alboatrum occur naturally and frequently in the UK, causing 

vascular wilts in a variety of crop hosts. However, it cannot be assumed that isolates of 

either of the species from other countries are identical to UK isolates and they must be 

handled in such a way as to minimise the risk accidental release. This is particularly 

important for isolates with properties not known to be present in the UK or which have 

only been reported infrequently {e.g. for V. dahliae - cotton defoliating strains, members of 

VCG groups other than the two widespread in the UK, amphihaploid isolates), but all 

imported isolates must be contained.

Both species are soil-borne. In the field, dispersal occurs by movement of contaminated 

above-ground parts {e.g. leaves) of dead diseased plants, on contaminated seed or by the 

movement of infested soil. However, the main infectious structures (dark resting 

mycelium, microsclerotia) are large and heavy and are unlikely to be spread aerially from 

cultures. The smaller, short-lived conidia are infectious in experimental procedures at high 

concentrations but would not approach these concentrations in soil following any possible 

air-borne dispersal. (Note that in plate cultures, conidia form in water droplets, which 

limits the possibility of their becoming air-borne, and they lose viability on drying.)

The main risk of escape is, therefore, during the growth and disposal of infected plant 

materials (and waste water arising from the such plants). The risk of an escape from an in



vitro culture establishing itself as a soil-borne pathogen is extremely low and standard

laboratory procedures are adequate for containment (see below).

SECURITY

(i) All areas in which isolates of overseas origins are to be held (including 

glasshouses) are to be labelled as such on access doors. Incubators and refrigerators 

containing viable material should also be labelled.

(ii) In glasshouses and similar areas, direct access is to be limited to only staff aware of 

the nature of the pathogens.

(iii) In laboratories, cultures are to be kept only in designated areas and all members of 

staff using those areas are to be made aware that imported isolates may be present.

(iv) All persons to be responsible for imported cultures are to read and sign copies of

these SOPs. It is the responsibility of these persons to ensure that all other 

personnel liable to be involved in handling imported material in any way {e.g. 

glasshouse staff) are aware of, and follow, correct procedures. ^

(v) All persons regularly working in laboratory areas where imported material is held 

are to sign copies of these SOPs to indicate that they are aware that such material 

may be present and should be handled only by responsible persons.

ADMINISTRATION

(i) The arrivals of all new cultures are to be recorded in the book provided.

(ii) Any dispatch of material to other researchers must be similarly recorded. If the 

intended recipient is in the UK, the responsible person must be satisfied that the 

recipient has the necessary licences prior to dispatch.

(iii) Only in vitro cultures should be accepted. Should other material arrive this should 

be sterilised by autoclaving prior to disposal.
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(iv) A separate list of isolates currently being used in glasshouse experiments must be 

maintained. This should indicate the intended duration of experiments and record 

the discard of the material.

(v) Where licensed isolates are to be taken to another HRI sites, the responsible person 

must ensure that the second site has an appropriate licence. All cultures are to be 

handled at other sites in accordance with the SOPs agreed for those sites.

(vi) At HRI, all cultures and inoculated materials must be labelled with the identity of 

the isolate.

(vii) All cultures of licensed isolates and inoculated plants must be marked to indicate 

their nature (normally with a red spot).

TRANSPORT

(i) Only in vitro cultures are to be transported between HRI sites. During such 

transport cultures should be sealed and carried in secondary containers adequate to 

contain any spilled liquid should breakage occur. Preferably only cultures on agar 

plates should be transported to avoid possible liquid spillage.

(ii) Transport of infested soil should only occur in response to specific needs and in 

minimal quantities. Such soil should be transported in strong secondary 

containment.

(iii) During transit cultures should be labelled as non-indigenous pathogens.

(iv) No infected plants should be transported.

CONTAINMENT

(i) All cultures held under licence must be maintained and used only in agreed

facilities. The designated laboratory facilities to be used are rooms 63,63b, 63d, 66, 

67a, 68 and 76 in the David Lowe building at HRI-Wellesboume. Designated
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greenhouses will be one of 15, C (compartments 11-15) or the VGU as allocated at 

the time of experiments by the supervisor of glasshouse facilities.

(ii) There will be no open-field experiments using licensed isolates.

(iii) Where possible glasshouse compartments will be limited only to isolates held under 

licence. If required by the experimental design, non-licensed isolates may be used 

in the same compartments but all material must then be treated and disposed off as 

if they were held under licence.

(iv) Glasshouse compartments must not be shared with experimental material from 

other research projects.

(v) The lack of an air-borne dispersal phase means that standard glasshouses may be 

used. All plant debris must be collected and sterilized before disposal.

(vi) All waste-water from infected plants is to be contained and sterilised prior to 

disposal.

(vii) All cultures, waste plant materials, contaminated soils and pots are to be sterilised 

prior to disposal using agreed procedures (usually autoclaving).

(viii) In glasshouse C, disposal of waste material will be disposed of by Glasshouse staff 

according to the SOPs already established for that house. In other glasshouses, 

disposal will be by the person responsible for the experiment.

EXPERIMENTAL PROCEDURES

(i) Laboratory experiments will use standard mycological or molecular procedures; 

any unusual procedures involving live cultures are to be agreed with the responsible 

research leaders and Plant Health Inspector prior to that procedure commencing.

(ii) As the risk of air-borne spread is low, standard protective clothing may be worn. 

Contaminated clothing should be sterilised prior to washing.
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(iii) For transport of cultures between parts of the facility (e.g. laboratory to glasshouse) 

the possibility of accidental escape must be minimised by using secondary 

containment.

(iv) All in vitro cultural operations are to be on as small a scale as possible, particularly 

liquid cultures which should be limited to less than 100ml except in exceptional 

circumstances. If large-scale liquid culture is required then great caution should be 

taken to avoid breakage or spillage. In the event of spillage, cultures should be 

absorbed with tissues (which are sterilized before disposal) and contaminated 

surfaces swabbed with 70% ethanol/water.

(v) Numbers of inoculated plants are to be kept as low as possible, commensurate with 

the aims of the experiment.

HYGIENE AND DISPOSAL

(i) All contaminated soil, waste water, pots and plant materials are to be sterilised by 

autoclaving or other approved means prior to disposal.

(ii) All contaminated laboratory glassware, plasticware etc. and cultures are to be 

sterilised by autoclaving prior to disposal or washing.

(iii) All laboratory surfaces are to be sterilised with 70% ethanol/water after cultural 

operations.

(iv) Contaminated equipment is to be decontaminated by the method considered most 

appropriate following discussion with the project Research Leaders.
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APPENDIX 2: Table of different sets of mono-conidial isolates used throughout the study

Mono-conidial isolates

Setl Set2 Set3 Country Host

MD73 MD73 MD73 Germany Oilseed rape
9802 9802 9802 Germany Horseradish
MD80 MD80 MD80 Germany Oilseed rape
Vdl28 Vdl28 Vdl28 Germany Broccoli
MD71 MD71 MD71 Germany Camomile
MD124 MD124 MD124 Germany Camomile
86207 Japan Wild radish
84020 Japan Turnip
84120 Japan Chinese Cabbage
84122 Japan Chinese Cabbage
VdH Germany Oilseed rape
Vdm Germany Oilseed rape
vdrv Germany Oilseed rape
MD57 Germany Oilseed rape
MD123 Germany Oilseed rape
334 Germany Oilseed rape
855 Germany Oilseed rape
617 France Oilseed rape
668 France Oilseed rape
892 France Oilseed rape
162 Sweden Oilseed rape
Vdl Sweden Oilseed rape
Vd4 Sweden Oilseed rape
Vdll Sweden Oilseed rape
Vdl91 Italy Broccoli raab
Vd292 Italy Cauliflower
90-02 USA Cauliflower
90-03 USA Cauliflower
90-10 USA Cauliflower
001 USA Horseradish
004 USA Horseradish
K3 Russia Oilseed rape
K12 Russia Oilseed rape
K4-1 Russia Oilseed rape
LI Russia Oilseed rape

Setl: first set of mono-conidial isolates used and DNA isolated at HRI 
Set2: second set of mono-conidial isolates used and DNA isolated at HRI 
Set3: third set of mono-conidial isolates used and DNA isolated at HAUC
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