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ABSTRACT

A comparative study was made of physiological and biochemical 

properties in vitro and of pathogenicity to hop of fluctuating 

(M) and progressive (V) isolates of Vertioillium albo-atrum 

(Vaa).

Symptoms were expressed on leaves 1-3 nodes behind the invasion 

front in bines. However, symptom expression and reduction in 

vascular flow in petioles occurred prior to petiolar colonization. 

Rates of colonization by M and V isolates in susceptible hops 

were similar.

Assessment of numerous enzyme activities, and growth rates 

on a wide range of carbohydrates indicated considerable variation 

but did not enable differentiation of M and V isolates. Extracellular 

polygalacturonase activity was detected from the start of germination 

and differences in production between M and V isolates were apparent 

during the first 24 h. Iso-electric focusing of polygalacturonidases 

revealed no bands unique to any isolate but > 14 separate isozymes 

were common to Vaa isolates from hop, tomato and V. dahliae 

(ex cotton).

No evidence was found of a Vaa toxin able to alter host 

cell permeability. Culture fluids contained high molecular weight 

polysaccharide(s) and caused a rapid decrease in vascular flow 

rates through excised petioles. There were apparently no host 

enzymes capable of degrading the polysaccharide(s).
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Resistance to Vaa of some cultivars was not related to vessel- 

lengths in bine, root or petiole.

A high proportion of conidia were rapidly bound within xylem 

vessels; also proteins from hop agglutinated conidia, but neither 

phenomenon was influenced by isolate virulence or host resistance. 

2-D electrophoresis of proteins from mycelium also failed to 

reveal differences between M and V isolates, but did distinguish 

Vaa from V. dahliae.

Vascular occlusion was artificially induced in hop shoots 

and roots by infiltration with auxin (NAA), Vaa conidia or both.

The extent and speed of occlusion was not determined by isolate 

virulence. Gels formed in 2 days, tyloses in 4-8 days and phenolic 

infusion of the vessels and occluding structures followed soon 

after tylosis.

Antifungal compounds, induced similarly by inoculation with 

M or V isolates, were extracted from hop tissue. They caused 

slight inhibition of Vaa germ-tube growth. No pre-formed inhibitors 

were detected.

Hop isolates of Vaa colonised and produced symptoms on four 

non-host species but M and V isolates displayed similar virulence 

to these species. The relative pathogenicity of M and V isolates 

is discussed and it is suggested that these isolates do not exist 

as two distinct strains, but exhibit a continuum of pathogenicity.



LITERATURE REVIEW 

1. Historical background of hop wilt

1.1 Fluctuating and progressive forms of hop wilt

Hop wilt was first recorded in 1924 by Harris (1927) who 

noticed chlorosis and wilting in the cultivars Fuggle and Tolhurst. 

Later he was able to isolate the fungus from colonised xylem 

vessels and identify Vertioillium albo-atrum (Vaa) as the causal 

organism. The effects of the disease described by Harris were 

very mild, only one or two bines on each infected plant were 

colonised. The rootstocks of wilted bines were very rarely killed, 

enabling the majority of plants to re-grow in the following season. 

Outbreaks of wilt occurred patchily over the hop garden and fluct

uated in area and intensity. Plants wilted one season could be 

apparently healthy the next.

In the 1930's a more severe form of the disease arose which 

affected all the bines of infected plants and rapidly led to 

death of the rootstock as well. The infection quickly spread 

from year to year and was apparently not prone to seasonal variation 

as observed for the mild form. Whereas it is likely that the 

mild form was already widespread at the time it was first reported, 

the severe form could be traced back to a single focus in the 

Paddock Wood area of Kent. Keyworth (1942) designated the terms 

'fluctuating' and 'progressive' for the mild and severe forms 

of hop wilt respectively. Experimental test inoculations with 

two fluctuating and two progressive isolates, led Isaac and Keyworth



(1948) to believe that two distinct strains of Vaa were involved.

They noted that the outbreaks of both fluctuating (M) and 

progressive (V) forms of the disease varied in severity. This 

they suggested could be due to 'soil-factors' but might also 

point to the existence of more than two Vaa strains.

1.2 Spread of hop wilt and statutory controls

Hop wilt is a soil-borne disease and the rapid spread of 

the V strain in Kent was due largely to poor field hygiene. The 

fungus can penetrate throughout the plant and therefore any part 

of the plant is a potential inoculum source. Dead leaves which 

fall readily from the infected bines may be blown around locally 

or carried to new areas on farm vehicles or boots. Infected plant 

debris and soil may also be inadvertently transported from one 

site to another.

In an effort to contain the existing progressive wilt outbreaks 

and prevent further spread the "Progressive Wilt Disease of Hops 

Order" was brought into force in 1948 and has been revised since 

then, latterly in 1983. The Order requires that any growers who 

suspect or know of progressive wilt on their land, immediately 

notify the Ministry of Agriculture. The Ministry encourages responsible 

attitudes to scrupulous field hygiene on the part of all hop 

growers and constant vigilance for any suspicious symptoms. When 

progressive wilt is suspected,a Ministry adviser will visit the 

farm, take samples of hop plants for testing and advise that 

the suspect and surrounding bines be cut down and burned. If 

the presence of Vaa is confirmed, restrictions on the planting



of hops and the movement of hop plants, poles and machinery may 

be imposed. In cases where tests indicate the presence of the 

V strain of Vaa, a larger area of plants must be grubbed out 

and burned as a precautionary measure. The grubbed area must 

then be fenced and maintained under weed-free grass.

1.3 Current method of differentiating M and V strains of

V. albo-atrum

The only method at present of classifying suspect Vaa isolates 

as M or V strain is by isolation of the fungus from infected 

bine, maintenance in culture and inoculation into test hop 

varieties (Evans and Framingham, 1979). For outdoor testing the 

susceptible variety Fuggle is used to differentiate the strains, 

but for standard tests in controlled environment chambers, ADAS 

use Early Bird. The complete procedure normally takes three 

to four months. Clearly, a rapid method of classifying isolates 

is needed and would not only reduce the scale and length of the 

tests but also enable statutory control measures to be enforced 

much sooner.

1.4 Wilt resistant vareities

The selection and introduction of wilt resistant hop varieties 

has provided some control over the spread of the disease. At 

the time when the V strain of Vaa was first identified, Fuggle 

was the predominant hop variety in cultivation and this was highly 

susceptible to wilt. New clones raised at Wye College, Kent (before 

the recognition of progressive hop wilt) were tested at East 

Mailing Research Station (E.M.R.S.) and provided two resistant 

varieties (Keyworth, 1947; Keyworth et al., 1953). In 1953
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the resistant variety Whitbread's Golding Variety (WGV) was released 

by Whitbread and proved a popular variety. Three further varities, 

Density, Defender and Janus resulted from a breeding programme 

at E.M.R.S. and two more were released to growers in 1964/65 

after collaboration with Wye College.

Even the most highly resistant varieties do not fully exclude 

Vaa. Trials at E.M.R.S. showed that in many varieties the incidence 

of infection was substantially higher than the incidence of symptoms, 

implying that Vaa was colonising plants without resulting in 

symptom expression (Chambers et al., 1982). Wilt incidences ranged 

from 0% in the non-commercial Wye 27/57/264 to 14% in Wye Target,

47% in CM 26 and 58% in Keyworth's Midseason. The incidence of 

infection was 5% in 27/57/264, 59% in Wye Target, 97% in OM 26 

and 89% in Keyworth's Midseason. This indicates a considerable 

degree of tolerance to infection in some varieties which may 

mask the presence of progressive wilt isolates or become an unseen 

inoculum source. In an effort to eradicate progressive wilt, 

the current Ministry of Agriculture policy is that resistant 

varieties (either Wye Target or Yeoman) may only be planted under 

licence on land which has been grassed down for at least two 

years, by which time the inoculum has reduced to an 'acceptable' 

level. The granting of the licence also takes into account any 

hazard to nearby sensitive varieties due to a possible unseen 

build up of inoculum in tolerant plants.

1.5 The influence of soil factors

When planted in soil infested with the V strain of Vaa, 

some resistant varieties display symptoms of fluctuating wilt



(Sewell and Wilson, 1966a). As observed with flue tuating wilt 

on sensitive varieties, the severity of the symptoms is influenced 

by soil and cultural factors. Keyworth and Hewitt (1948) suggested 

that soil nitrogen levels had an influence on Vertioillium wilt 

symptom expression. This was later confirmed by Sewell and Wilson

(1968) who associated high soil nitrogen levels with enhanced 

symptom development.

Low soil temperature was shown to be correlated with high 

severity of symptoms and high incidence of wilt. In years when 

the soil temperatures during spring and early summer were low, 

the incidence of wilt symptoms was highest, e.g. in 1972 when 

the mean soil temperature for April-July was 12.2°C. Under con

trolled conditions the severity of fluctuating wilt increased

0. 9% for each 1°C fall in soil temperature, within a range of 

10° - 18°C (Sewell and Wilson, 1966a; 1973; 1974b).

Talboys (1964) reported that the rate of soil heat absorption 

was influenced by texture, drainage and location, giving some 

idea of the scope for variation in the severity of wilt in different 

or even one hop garden. Temperature effects on wilt have been 

studied in other host plants. Isaac (1949) demonstrated the in

creasing inhibition of Vertioillium wilt symptoms in tomato plants 

grown at 25°C, 27°C and 29°C. The rate of development of wilt 

symptoms was also observed to be more rapid at low temperatures

1.e. at 10°C and 15°C (Griffiths and Isaac, 1963). The adverse 

effects of high temperature are also illustrated by the evidence 

that certain plant species are able to recover from Vaa infection



when exposed to high temperatures (Bell and Presley, 1969; Taylor, 

1963; Wilhelm and Taylor, 1965; Zentmyer, 1949). As yet, no 

satisfactory explanation has been forwarded for low temperature 

optima in wilt diseases.

No direct association between soil water content and severity 

of wilt symptoms was found by Keyworth (1942), but later evidence 

suggested that soil water content could have an indirect influence 

by altering the availability of nitrogen in the soil (Sewell 

and Wilson, 1967).

The effects of these and other environmental factors on 

the incidence of wilt and symptom severity has made the assessment 

and comparison between wilt outbreaks difficult on different 

sites. However, the development of an understanding of these 

influences means that by providing as far as possible the conditions 

least suitable for wilt, e.g. good drainage and low nitrogen 

levels, control of the disease has been improved.

1.6 Classification of virulent isolates

During routine field resistance tests between 1968 and 1971, 

severe wilt was detected in previously highly resistant varieties. 

Wye Target was introduced in 1973 as the most resistant variety 

to date, even to isolates that caused severe wilt on other cultivars, 

As a result it was in very high demand and became widely planted 

within the progressive wilt area of the Weald of Kent. In 1974 

the first reports of progressive wilt in Wye Target came in.

Warnings were circulated concerning the dangers of indiscriminate



propagation and distribution of this variety, but it is thought 

quite possible that at least some of the spread of the so called 

super virulent isolates can be attributed to the movement of 

Wye Target planting stock (Thresh and 0rmerod,1974) .

Sewell and Wilson (1978; 1984) suggested that isolates causing 

progressive wilt could be arbitrarily assigned to one of three 

virulence classes: - isolates causing only mild wilt on WGV

or 0T48; V^ - isolates causing severe wilt in WGV and AT48; V^

- isolates causing severe wilt in Wye Target. These classes are 

not sharply differentiated and wilt assessments are not consistent 

in every season but they do give an indication of the relative 

virulence of isolates.

2. Colonization of the hop by V. atbo-atrum and the development 

of wilt symptoms

2.1 The survival of V. alho-atrum in weed hosts and soil

Soils infested with Vaa conidia were found to remain infective 

for at least three weeks although inoculum levels declined sharply 

after five days (Anon, 1969). However, mycelial survival in 

fragments of hop tissue was much longer: bine pieces buried for 

66 weeks retained 70% infectivity when tested on Fuggle indicator 

plants (Anon, 1968).

Various annual weeds are able to harbour Vaa which may then 

re-infect hops. Sewell and Wilson (1958) isolated Vaa from four



weed species; groundsel (Senecio vulgaris), fat hen {Chenopodium 

album), annual nettle {Urtica urens ) and black nightshade [Solanum 

nigrum). This highlights the necessity of maintaining wilt-infested 

land under weed-free grass.

2.2 Penetration and mode of colonization of host tissues

Hyphae from inoculum in the soil grow towards and around 

the roots of a host. Talboys (1958a) reported that penetration 

of hop roots was not always by direct entry into the cells but 

that hyphae could also grow intercellularly. After growing through 

cortical tissue and crossing the endodermis (Section 4.1), hyphae 

penetrate xylem vessels and begin to colonise the vascular system.

A notable feature of vascular wilt diseases is the speed 

with which the fungus is able to move up the plant. In inoculated 

hop bines the rate of spread of the fungus was c. tenfold greater 

than the maximum mycelial growth rate in vitro and it was suggested 

that conidia were being transported in the xylem sap (Sewell 

and Wilson, 1964). In a susceptible cotton variety Vaa conidia 

were found in root vessels three days after inoculation and only 

one day later were present in the smallest leaf veins. This very 

rapid distribution was also attributed to conidial movement in 

the xylem vessels (Garber and Houston, 1966). Similar observations 

are reported in cotton and tomato (Dixon and Pegg, 1969; Presley 

et al., 1966). The micro-conidia of Fusarium have been detected 

in xylem of tomato, banana and melon (Beckman et al., 1962; Reid, 

1958; Scheffer and Walker, 1953). Distribution of the pathogen 

by mycelial growth alone is clearly insufficient to account for



systemic invasion of large trees. Not surprisingly, perhaps, 

spores of Ceratocystis ulmi and V. dahliae have been found in 

elm vessels (Banfield, 1941). The rate of upward distribution 

is therefore in part a function of vascular anatomy, in particular 

vessel lengths and the ability of spores to produce germ-tubes 

which can penetrate vessel end walls and sporulate in the next 

vessel (Beckman et al., 1976; Beckman and Talboys, 1981; Cooper,

1981).

2.3 Extent of colonization and timing of symptom expression.

The association in hops of extensive colonization by Vaa 

with severe wilt symptom expression was first reported by Keyworth 

(1953). This was later expanded on by Talboys (1958b) who linked 

intense mycelial colonization with a low level of tylosis in 

bines displaying severe wilt. Evidence suggests that leaf symptoms 

of hop wilt and tomato wilt require the presence in situ of the 

fungal mycelium or at least its close proximity (Hall and Busch, 

1971; Keyworth, 1953; Talboys, 1958b). Vaa was shown to be present 

in the leaves of young cotton plants as long as five days before 

symptoms were expressed (Garber and Houston, 1967) indicating 

that the mycelium is not a result of colonization into tissue 

already expressing symptoms. Neither is it the sole prerequisite 

for symptom expression, as the five day delay suggests. In 

connection with this observation is the evidence that wilt symptoms 

tend to be expressed in acropetal succession; more mature leaves 

develop symptoms first even though the fungal propagules may 

already be distributed throughout the plant (Talboys, 1972).

It has been suggested that in order for symptoms to be expressed
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the leaves must be of the correct physiological age and condition 

(Presley et al., 1966; Talboys, 1972). This will be determined 

by the interaction between the genetic constitution of the plant 

and environmental factors such as nutritional status of the soil, 

water availability and temperature.

Although symptoms cannot be expressed without the presence 

of the pathogen the reverse is not always true. Pegg and Dixon

(1969) reported that the tomato cultivar Moscow was intensely 

coloniz ed by a tomato isolate of Vaa but without showing any 

symptoms or adverse effects on growth. A number of hop varieties 

have also been shown to possess varying degrees of tolerance 

to infection by Vaa alongside 'true resistance' characters (see 

Section 1.5) (Chambers et al., 1982).

2.4 Symptoms of fluctuating and progressive hop wilt.

Hops do not show the true wilt symptom of flaccidity which 

is seen in the leaves and petioles of infected tomato, cotton, 

chrysanthemum, aubergine, and many other plants. Severe wilt 

(progressive) symptoms are visible initially as a general chlorosis 

of the leaves, followed by marginal and interveinal necrosis 

which may result in a characteristic tiger-stripe appearance.

The petioles rapidly develop abscission layers and fall from 

the bines. Lateral shoots also become infected and die. The xylem 

cylinder develops a brown coloration as a result of deposition 

of melanin-like compounds on the walls of xylem vessels and 

paravascular parenchyma (Pegg, 1981). Within the bines the vascular 

system is intensively colonized with mycelium but relatively 

few tyloses occur (Talboys, 1958b).
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Mild or fluctuating wilt is characterized by the sectorial 

expression of symptoms; chlorosis and necrosis may be restricted 

to one side of the bine and even sectors of one leaf. The lateral 

shoots are rarely infected and usually only the lower bine is 

affected. As in bines with severe symptoms the vascular cylinder 

develops a brown discoloration but surrounding this core the 

xylem may proliferate causing a swelling of the bine. Talboys 

(1958b) reported that the normal secondary xylem in these bines, 

although containing only small amounts of mycelium, was virtually 

occluded by very extensive tylosis. The hyperplastic xylem that 

formed was sufficient to replace the blocked vessels and maintain 

the plant.

3. Pathogenicity factors in vascular wilt diseases

The symptoms expressed by plants in response to infection 

with vascular wilt fungi are not unique. Pegg (1981) gave the 

example of a young tomato plant in which virtually identical 

symptoms could be induced by a range of pathogens and environmental 

conditions. Observations of some outward and ultrastructural 

symptoms have led to the drawing of a parallel with the process 

of senescence (Cooper, 1981; Talboys, 1972). This common response 

on the part of the plant to a variety of stimuli appears to be 

more a function of the physiology of the particular species them 

of the stimulus itself (Pegg, 1981). In order to understand the 

process of pathogenesis it is necessary to determine the events 

leading up to symptom expression and the mechanisms by which 

these are induced.
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In the vascular wilts the development of symptoms is generally 

considered to be associated with water stress in the plant whether 

this is expressed as loss of turgor or desiccation of the leaves 

(Dimond, 1970; Heale and Gupta, 1972). There has tended to be 

a dichotomy between those who favour the theory of toxin damage 

to leaf tissue and those who consider physical blockage of vessels 

to be the cause of wilt symptoms. These two theories are very 

likely an oversimplification (Talboys, 1957) and in any case 

need not be mutually exclusive (Pegg, 1981).

3.1 Pectic enzymes

Theories and evidence for the involvement of microbial cell 

wall-degrading enzymes in plant disease have been reviewed by 

Bateman and Basham (1976). These enzymes, in particular pectic 

enzymes, have been implicated in vascular wilt disease in a variety 

of ways.

The presence of pectic enzymes in culture fluids able to 

induce wilting in test plants (Scheffer and Walker, 1953) and 

the observation of pectic material in infected xylem vessels 

provided circumstantial evidence for their involvement (Pierson 

et al., 1955). The induction of wilting with purified and partially 

purified preparations of endo-polygalacturonase (endo-PG) and 

endo-pectinlyase (endo-PL) confirmed that potentially these enzymes 

could have a causal role in wilting in vivo (Cooper and Wood,

198o; Mussell and Green, 1970). Pectic enzymes have been detected 

in vivo in Vertioilliwn infected tomato (Blackhurst and Wood,

1963; Cooper and Wood, 1980), in lucerne (Heale and Gupta, 1972), 

hop (Smith, 1978), cotton (Keen and Erwin, 1971; Mussell and
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Green, 1970) and Fusarium infected tomato (Deese and Stahmann,

1962).

Xylem fluid, as a growth medium for an invading pathogen 

is able to supply inorganic salts, but the levels of sugars and 

amino acids (Dixon and Pegg, 1972; Kessler, 1966; Pegg, 1981) 

are low. Wood (1961) suggested that pectic and cellulolytic 

enzymes produced by the fungus may be adsorbed to vessel walls.

There they degrade the pectic and cellulose components of the 

wall, releasing them as substrates for further growth of the 

pathogen.

The major way in which enzymes are thought to be involved 

in pathogenesis is related to the vascular disfunction and blockage 

observed in wilted plants. Histological examination of occluding 

material in infected vessels indicates that this is largely pectina- 

ceous (Beckman and Zaroogian, 1967; Pierson et al., 1955) and 

it has been suggested that the action of pectic enzymes on pit 

membranes results in the release of materials which accumulate 

and form 'plugs' that block the vessels (Dimond, 1972). However, 

there is evidence in Fusarium-infected banana that gel plugs 

form more often above than below perforation plates (Beckman,

1964). Beckman's suggestion that this was indicative of swelling 

rather than accumulation is supported by ultrastructural studies 

of gel formation (Bishop, 1980; Vander Molen et al., 1977). The 

induction of swelling may not necessarily result from the action 

of pectic enzymes but may result from an increase in acidity 

( Beckman, 1964). Heale and Gupta (1972) reported high levels 

of exo-PL at the onset of wilting in Paa-infected lucerne, concurrent
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with extensive gel formation. This again is only circumstantial 

evidence and does not imply that PL is involved in gel formation. 

Endo-PG was not detected until much later in pathogenesis.

The low levels of PG recovered from infected plants may 

possibly be due to inactivation of the enzyme, irreversible binding 

to vessel walls or inappropriate pH for production (Albersheim 

and Anderson, 1971; Cooper and Wood, 1980; Mussel and Strand,

1976). Vaa colonized susceptible and "resistant" (presumably 

a variety with a high level of tolerance) cotton plants to a 

similar extent but symptom expression and PG production occurred 

only in the susceptible host (Mussel and Green, 1970). It was 

suggested that PG was inhibited in the resistant host and that 

its presence in the susceptible could in part be responsible 

for wilting. Compounds inhibitory to pectic enzymes have been 

extracted from hops and detected in phloem sap (Hignett and 

Kupfuwanhandu, 1980; Hignett et ai., 1983; Swinburne et ai.,

1982).

Bateman (1976) reviewed the major hypotheses of the way 

in which pectic enzymes kill cells and concluded that "pectic 

enzyme action on the cell wall loosens the wall so that it is 

no longer able to support the protoplast which is under osmotic 

stress" ( a view originally proposed by Hall and Wood, 1973).

Although widely accepted, this hypothesis has been recently 

questioned. Evidence has been produced of rapid effects by endo-PL 

on the plasmalemma before the cell wall is apparently altered 

(Hislop et ai., 1979; Keon, 1982). Mussel and Strand (1976) postulated



15.

that the maceration and host cell death associated with necrotrophic 

pathogens is a direct result of the action of pectic enzymes, 

but that cell killing in vascular wilt diseases results indirectly 

from pectolytic action. The development of necrosis in cotton 

wilt was linked with the liberation of hydrogen peroxide by an 

endo-PG preparation from Verticillium (Mussel, 1973; Strand et al. 

1976). This suggests that host peroxidase and potentially, other 

wall-bound enzyme systems may be released by the action of pectic 

enzymes and possibly mediate their action on the plasmalemma.

Support for this comes from the work of Barnett (1974), Lund 

and Mapson (1970) and Stephens and Wood (1974), but it should 

be noted that Keen and Erwin (1971) also working with Verticillium 

wilt in cotton, were unable to induce symptoms with endo-PG.

Some evidence has been forwarded for the involvement of 

pectic enzymes in stimulating host defences. Rhizopus PG is able 

to elicit phytoalexin biosynthesis in castor oil bean (Lee and 

West, 1981a and b ; Stekoll and West, 1978). It has also been 

suggested that polygalacturonide wall fragments released by pectolytic 

activity may act as long distance messengers to plant cells, 

diverse effects include stimulation of production of a proteinase 

inhibitor (Albersheim et al., 1981; Hahn et al., 1981; Ryan et al., 

1981), elicitation of phytoalexins (Nothnagel et al., 1983) and 

direct toxicity to protoplasts (Yamazaki et al., 1983).

Despite the many proposed roles for pectic enzymes in patho

genesis, they have not consistently been correlated with virulence. 

Enzyme production is regulated by a system of induction and repression



16,

(Cooper and Wood, 1973; 1975). Therefore the demonstration of 

enzyme production in vitro under one set of conditions is no 

guarantee that they will be produced in the same quantity or 

at all in vivo. Likewise, measurement of enzyme levels in infected 

tissue may also be misleading owing to the possible presence 

of inhibitors or de-activators in host tissue. The use of enzyme- 

deficient mutants is perhaps a more promising line of approach 

in determining the role of pectic enzymes (Puhalla and Howell,

1975). Bearing these points in mind, the bulk of the evidence 

is against a direct correlation between pectic enzyme production 

and virulence of vascular pathogens (Howell, 1976; Mann, 1962; 

McDonnell, 1958; Talboys and Busch, 1970). More recent work on 

Verticillium isolates which infect hops has indicated that although 

high virulence is usually associated with high enzyme production 

in vitro y not all isolates follow this pattern (Swinburne et 

al., 1982).

3.2 Low molecular weight toxins

Various fractions of Fusarium culture fluids have been reported 

as having toxic properties. Gaumann (1951) isolated the dipeptide 

lycomarasmin from cultures of F. oxysporum f.sp. lycopersici. 

Although high concentrations will induce leaf necrosis it has 

never been detected in vivo and therefore its involvement in 

symptom induction is doubtful (Dimond, 1955). Fusaric acid however 

has been detected in cotton only twelve hours after inoculation 

with F. oxysporum f.sp. vasinfeotrum (Chandramohan and Mahadevan, 

1968) and similarly in flax, tomato and water melon (Davis, 1969).

It is thought to act by causing permeability changes in cell 

membranes resulting in an efflux of ions (Linskens, 1955). This
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in turn leads to a reduction in water uptake and transpiration 

and closure of stomates (Gaumann, 1958; Scheffer and Walker,

1954). Phytonivein has been detected both in vitro and in vivo 

in wilted water melon and its production has been correlated 

with pathogenicity (Hiroe and Nishimura, 1956). Toxins have also 

been implicated in wilts resulting from infection with Fusicoccum 

amygdati and bacterial wilt disease caused by Corynebacterium. 

Fusicoccin, produced by the former pathogen, differs from other 

toxins in that it causes stomates to be permanently open so that 

the plant has no control over transpiration (Turner, 1972 a and b).

Evidence for the involvement of toxins in Verticillium wilts 

is rather sparse. Stoddart and Carr (1966) isolated a low molecular 

weight fraction from Verticillium culture fluids which induced 

leaf necrosis in lucerne, but very high concentrations were required 

and it was slow to take effect. Recently, Connell and Heale 

(1984) exposed hop protoplasts and cell suspension cultures to 

crude culture fluids of two V and two M isolates of Vaa and were 

able to correlate rate and percentage cell death with isolate 

virulence and host resistance. The toxic component was not heat 

stable and activity was lost after dialysis. When subjected to 

separation on a Sephadex column the toxic activity remained in 

fractions below 5,000 daltons (Connell, pers. comm).

3.3 High molecular weight polysaccharides

The ability to induce wilt symptoms has been ascribed by 

a number of workers to a high molecular weight component(s) from 

culture fluids of Ceratocystis ulmi (Van Alfen and Turner, 1975),
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Cephalosporium gramineum (Poole and Sharp, 1969),

Corynehacterium (Dey and Van Alfen, 1979; Van Alfen and Turner,

1975), and Verticillium (Buchner et al., 1982; Keen et al., 1972; 

Stoddart and Carr, 1966). Isolation and purification of these 

substances has shown them to be largely composed of polysaccharide 

but frequently having protein and lipid components.

The involvement of these macromolecules is suggested as 

simply one of physical blockage; their effectiveness is directly 

related to molecular size (Hodgeson et al., 1949; Van Alfen and 

Allard Turner, 1979). The latter authors showed that the pit 

membranes of vessels in the petiole and leaf are the most susceptible 

to plugging and that this requires only picomoles of dextrans
5

(> 2.5 X 10 daltons). Further evidence that vascular occlusion 

is the primary cause of water stress comes from a comparison 

of vascular flow in healthy and Vaa- infected tomato petioles 

(Street and Cooper, 1984), and the claim of in vivo detection 

of the suspected glycopeptide in wilted alfalfa (Pies and Strobel, 

1972).

It was suggested by Keen et al. (1972) that the protein- 

lipo-polysaccharide (PLP) produced by V. dahliae exhibited a 

degree of toxicity to cotton. This conclusion was based partly 

on the observation that radio-active PLP did not accumulate in 

major leaf veins or petioles but only in marginal and interveinal 

areas - the site of symptom expression. They suggested that the 

PLP formed a complex capable of plugging vessels but that it 

could also break down to smaller fragments with toxic activity. 

Buchner et al. (1982) and Nachmias et al. (1982) reported similar
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findings for a PLP from V. dahliae with a toxic breakdown product.

Talboys (1978) was able to closely simulate progressive 

wilt symptoms on hop leaves treated with polyethylene glycol 

(1550 daltons) together with ethrel (2-chloro-ethyl phosphoric 

acid), an ethylene generating compound. He suggested that both 

of these substances were acting as part of a dual component 'toxin' 

system. Similarly, a synergistic effect of ethylene on substances 

from Verticillium culture fluids was described by Crenshaw and 

Pegg (1976).

The possession of some or all of the attributes described 

above and others not covered, confer on a micro-organism the 

potential ability to be a successful pathogen i.e. to penetrate 

colonize, reproduce, then re-emerge from the host and disseminate 

to new hosts. However, the virulence of a pathogen on any one 

host plant is determined by the interaction between the two organisms 

The host's resistance mechanisms will determine which pathogenicity 

factors are operative and to what extent. Similarly, the pathogen 

will determine to what level the potential resistance of the 

host is operative.

4. Host resistance and response

4.1 Barriers to penetration

Metabolically active host cells in the epidermis and cortex 

of an invaded root, normally respond rapidly to attempted pene

tration by fungal hyphae. At sites of penetration the cell wall



20,

becomes thickened within hours of the pathogen making contact 

with the host and before penetration occurs (Griffiths, 1971).

As the hypha grows through the cell wall it is encapsulated with 

callose-containing material which later becomes lignified (Sherwood 

and Vance, 1976) and forms a peg-like structure termed a papilla 

or lignituber. Hyphae within papillae frequently become necrotic 

and the cause of their death is uncertain (Beckman and Talboys,

1981; Bishop and Cooper, 1983). However, some hyphae survive 

and have been observed to grow out through the tip of the papilla. 

In a study of the invasion of hop roots by Vaa, Talboys (1958a) 

reported that the failure of papillae to contain fungal hyphae 

was most often seen in the combination of a sensitive host and 

virulent pathogen.

The resistance of the endodermis to penetration by fungi 

seems to be associated with the suberinization of the cell walls.

The deposition of suberin occurs during the development of the 

endodermis but may be accelerated by wounding or infection (Talboys, 

1972). Consequently, in the root tip region, where the endodermal 

cylinder is at an early stage of development, it is unsuberinized 

leaving the vascular tissue 'unprotected*. Bishop and Cooper 

(1983) reported that it is in this unsuberinized region where 

penetration primarily occurs in pea and tomato. The extent of 

'unprotected' vascular tissue and hence resistance to penetration 

will depend on the rate of suberinization and the rate of root 

elongation (Beckman and Talboys, 1981). Although suberinization 

appears to be a non-specific response there is evidence that 

in a compatible interaction this may either be suppressed or
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not induced (Bishop and Cooper, 1983; Speakman and Lewis, 1978).

This suggests that the extravascular tissue and the endodermis 

in particular does contribute to the overall resistance of the 

plant. Probably its main function is exclusion of mycelium from 

the vascular cylinder, thereby reducing the inoculum potential 

of the pathogen and so reducing the potential stress on the resistance 

of the vascular system (Beckman and Talboys, 1981).

4.2 Restriction of pathogen growth within the vascular system

4.2.1 Vessel structure

The significance of vessel lengths in the rate of 

spread of a pathogen (Section 2.2) has led a number of workers 

to look for an association between vessel structure (length, 

diameter and articulation) and resistance. Structural differences 

between resistant and susceptible varieties have been reported 

in elm (McNabb et al., 1970), alfalfa (Cho et al., 1973) and 

sugar cane (Teakle et al., 1978). However, in a study of the 

vascular system of cotton, differences between cultivars resistant 

and susceptible to Fusarium and Verticillium could not be directly 

related to vessel length or articulation (Beckman et al., 1976).

It seems likely that although in some hosts the vascular anatomy 

of a resistant plant may be similar to that of a susceptible 

plant, the 'delaying tactic' which vessel end walls effect could 

enhance other resistant reactions. Beckman et al. (1961) found 

that Fusarium microspores required two to three days to germinate, 

penetrate the end wall and produce spores in the next vessel.

A delay of this length is sufficient for the production of antifungal 

substances and for vessel occlusion (Beckman et al. , 1976; Beckman 

and Talboys, 1981; Harrison and Beckman, 1982).
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4.2.2 Vascular occlusion

Characteristic of vascular wilt diseases are the materials 

which partially or completely block the vessel elements. Histo- 

chemical tests indicate that vascular gels contain mainly pectin- 

aceous and hemicellulosic substances which are also the major 

components of cell walls (Beckman and Zaroogian, 1967; Zaroogian 

and Beckman, 1968). The observation that gels extend from the 

upper surfaces of perforation plates and end walls in infected 

vessels suggests that these result from a considerable swelling 

of the pit membrane which becomes distended into the upper vessel 

by the transpirational pull (Beckman, 1964). Using artificial 

membranes, Beckman (1969a) was able to simulate the swelling 

process and found that this could be induced by exposure to alter

nating high and low pH. He suggested that such a fluctuation 

in pH could occur on a diurnal basis in infected plants as a 

result of the build up of respiratory carbon-dioxide at night 

(Beckman, 1967; 1969 b). More recently, Vander Molen et aZ-.(1983) 

examined the process of gel induction and suggested that it could 

be a result of PG action, mediated by ethylene. It is well known 

that ethylene is produced in plants during pathogenesis (Hislop 

et al. , 1973; Pegg, 1976) and also in response to various stresses 

when gel formation also occurs (Abeles, 1973; Burdett, 1970;

Gatlin and Albrigo, 1976).

An in depth study of the disease process in banana infected 

with Fusarium oxysporum has provided convincing evidence of the 

role of gels and tyloses in host resistance (Beckman, 1964).

After the initial penetration into the vascular system the fungus
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sporulates and the spores are swept up to the first trapping

site. Three days are required for penetration of the pit membrane

and production of a second generation of spores, but only one

day is necessary for the formation of a gel plug which immobilises

the pathogen. In the resistant reaction tyloses form after three

to six days, approximately 5-8 cm from the trapping site and

permanently seal off the vessels. Gels produced in the susceptible

reaction become weakened and break, allowing further colonization.

Tylosis is delayed and therefore develops too late to prevent

pasage of the pathogen. The non-persistence of gels on susceptible

reactions may be due to one or more factors. The amount of hemi-

cellulose B in banana cell walls has been correlated with resistance

to Fusarium oxysporum f.sp. aubense. As it is known to be a

component of vascular gels, it has been postulated that hemicellulose

B may confer durability on the gels by protecting them from the

action of pectolytic enzymes (Zaroogian and Beckman, 1968).

Calcium pectate is resistant to PG activity and therefore a greater

degree of cross-linking by Ca^^ in resistant gels would give

added strength (Bateman, 1964; Cooper et al., 1978). The infusion

of phenolics into gels occurs four to six days after infection
f

in banana roots and confers resistance to enzymic degradation 

(Beckman et al., 1974). It is conceivable that a delay in phenolic 

infusion could enable the pathogen to break through the gel.

Fungi have been observed to grow and sporulate within gels and 

although these may become infused with inhibitory compounds, 

that is probably not until a later stage (Vander Molen et al.,

1977).
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Tylosis, like gel formation, is a non-specific response 

by a wide variety of plants and can be triggered by wounding 

or infection. The xylem parenchyma cell walls including the protective 

layer (Schmid, 1965) become plasticized and balloon out through 

the pit pairs into the vessel lumen. The means by which the cells 

are sufficiently loosened appears to be similar to the swelling 

of cell walls in gel formation (Beckman, 1971; Rayle, 1973).

The parenchyma cell nucleus and cytoplasm move into the tylose, 

which will then function as a 'normal' active cell. Additional 

cell wall material is laid down and secondary thickening and 

pits may form (Struckmeyer et at., 1954).

The role of tyloses in resistance/susceptibility is complex.

As reported for Fusarium-infected banana, inoculation of hop, 

tomato and cotton with Verticillium results in tylose formation 

ahead of the fungal colonization front (Mace, 1978; Sinha and

Wood, 1967; Talboys, 1958b). In these interactions there is

an inverse relationship between tylosis and hyphal colonization.

This led Talboys (1958b) to postulate the presence of a fungal 

metabolite that could induce tylosis at low concentrations but 

was inhibitory at high concentrations. Further evidence of this 

inter-relationship is that the later development of tyloses in 

Gem susceptible tomatoes coincided with a reduction in the amount 

of fungus in the stems (Sinha and Wood, 1967). These reports 

suggest that tylosis can play a significant part in host resistance, 

but the range of reactions encountered in tomato by Pegg and

Dixon (1969) indicate that alternative and/or additional resistance

mechanisms may operate on different host varieties.
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Extensive vascular occlusion by tyloses in some compatible 

interactions has suggested their involvement in symptom expression 

(Pegg and Dixon, 1969). According to Beckman (1964), in a susceptible 

reaction the failure of the host to contain the fungus results 

in belated tylose formation above successive trapping sites.

This would lead to more extensive tylosis and therefore greater 

vascular occlusion in susceptible hosts than in resistant plants.

In the latter, rapid tylosis effectively contains the fungus 

in the root and lower stem. In this way tylosis would contribute 

to resistance if the response was rapid enough, but where it 

is delayed and consequently more extensive, it may then contribute 

to susceptibility. However, it should be noted that the water 

conducting capacity of the stem is greatly in excess of normal 

requirements and even a 50-60% loss of conductance will not cause 

wilting (Talboys, 1958b). In the light of this, physical blockage 

of vessels in stems may not be as important in wilting as first 

appears, but the situation in the more vulnerable vessels of 

petioles and leaves is less certain.

Various plant growth hormones have been implicated as inducers 

of tylosis. Auxin (lAA and NAA) has been used at low concentrations 

to artificially induce tyloses (Mace and Solit, 1966; Bornman 

et al., 1967) and is known to increase in infected plants (Pegg 

and Selman, 1959; Wiese and Devay, 1970). Edgington (1965) found 

that by treating tomato plants with NAA prior to inoculation 

with Fusarium or Verticillium, wilt symptoms were retarded. No 

explanation for this effect was offered, so it is not possible 

to say whether there was any enhancement of the tylosis response 

involved.



26.

Ethylene has been implicated in resistance to vascular wilt 

diseases as well as in symptom expression (p. 19). Uptake of 

ethylene is reported to induce tylose formation in hop shoots 

(Talboys, 1971). There is also considerable evidence that pre

treatment of plants with ethylene enhances their resistance 

to Fusarium and Verticillium wilts, and so leads to a lower 

level of colonization and fewer symptoms (Orion and Hoestra,

1974; Pegg, 1976b; Retig, 1974). This presents a confusing picture 

and considerably more research is needed to unravel the complexities 

of ethylene's involvement in vascular wilt diseases.

Ultrastructural studies of wilt-infected tissues have revealed 

the presence of abnormal material coating vessel walls, tyloses 

and sometimes hyphae (Bishop and Cooper, 1984; Douglas and MacHardy, 

1981; Robb et al,, 1979). It has been suggested that this form 

of coating effectively inhibits lateral water transport and thereby 

contributes to water stress in the plant by preventing a re

distribution of water from occluded vessels (Robb et al. , 1979; 

Corden and Chambers, 1966; Pegg et al., 1976). In a survey of 

a range of hosts susceptible to Verticillium, Robb et al. (1982) 

reported that those which exhibited the wilting contained larger 

amounts of vessel coating than did non-wilting hosts, but found 

no correlation of wilting with occlusion by gels and tyloses.

From the same survey came the suggestion of an inverse relationship 

between the wilting tendency and the amount of phenolic compounds 

present. This might indicate that together with coated vessels, 

the surrounding tissues become waterproofed by phenolic infusion 

and so retain their turgidity. Alternatively, the coatings may
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be related to toxin induced or hypersensitive death and subsequent 

release of large amounts of phenolic compounds from xylem paren

chyma cells which then are no longer able to form the coating 

materials (Robb et al., 1980; Robb et al., 1982). Little is known 

about the induction and formation of vessel coating materials 

but it is interesting to note that treatment of elm seedlings 

with cerato-ulmin (a toxin derived from Ceratocystis ulmi) results 

in the development of internal xylem symptoms apparently identical 

to those produced by infection with 0. ulmi (Takai and Hiratsuka, 

1984).

4.2.3 Biochemical factors

Plants possess a wide array of secondary substances 

with which to defend themselves against pathogens. These may, 

generally speaking, be divided into two categories: compounds 

with antibiotic properties and compounds which inactivate or 

inhibit phytotoxins or enzymes produced by the pathogen. Both 

of these subjects have been comprehensively reviewed in relation 

to vascular wilts by Bell and Mace (1981) and only selected 

areas will be discussed here.

The de novo synthesis and release of antibiotic compounds 

viz. phytoalexins has been studied in wilt-infected cotton, tomato, 

elm and alfalfa. In cotton, terpenoid aldehyde phytoalexins were 

found to be formed mainly in the paratracheal parenchyma from 

where they exuded into the xylem vessels (Bell, 1969; Mace et al.,

1976). Very little phytoalexin activity has been found in exuded 

xylem sap but this is probably due to its localization in infected.
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occluded vessels from which no sap is obtained (Bugbee, 1970;

McCance and Drysdale, 1975). Once released the phytoalexins are 

absorbed into cell walls, tyloses, fungal hyphae and conidia 

(Mace et al., 1976). They generally inhibit mycelial growth, 

conidial germination and/or sporulation (Khan and Milton, 1975; 

McCance and Drysdale, 1975).

Qualitative and quantitative differences in phytoalexin 

production have been demonstrated between compatible and incompatible 

host-parasite interactions (Bell, 1969; Bell et al., 1975; Tjamos and 

Smith, 1974). Of critical importance is the speed of production.

Bell (1969) pointed out that if tissues are analyzed after the 

defense response is complete, the greater concentration of phyto

alexin is found in the susceptible host due to secondary colonization 

and defence. Critical differences in rate of response are best 

detected (in cotton at least) in the first three days after 

inoculation. Bell goes on to propose that susceptibility depends 

upon genetic factors in the host that regulate the rate, quality 

and quantity of phytoalexin production and the rate of pathogen 

colonization.

A notable feature of wilt-infected tomato plants is the 

partial disappearance of fungal hyphae from the xylem vessels 

(Dixon and Pegg, 1969; Sinha and Wood, 1967). Evidence suggests 

that this is a result of the action of host enzymes (Chitinase 

and e-1,3-glucanase) which lyse the hyphae (Pegg, 1977;

Pegg and Vessey, 1973). These enzymes have been shown to occur 

in healthy plants and to increase following infection (Pegg,
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1976b). Although most of the work on this aspect of host resistance 

has been performed on tomato there are also reports from Verticiltium- 

infected olive and apricot (Taylor and Fientje, 1968; Wilhelm 

and Taylor, 1965). Fluctuations in the level of mycelium in Vaa- 

infected hops suggest that lytic enzymes may be acting there 

(Pegg and Street, 1984; Street, 1980; Sewell and Wilson, 1974;

Talboys and Davies, 1977).

It is apparent that the host plant has a vast range of resistance 

mechanisms at its disposal. It is important to consider that 

probably none of these mechanisms can work effectively in isolation 

but each contributes to the overall resistance. For instance, 

anatomical structures such as papillae, gels and tyloses are 

made resistant to pathogenic attack by infusion with antibiotic 

substances (Bell and Mace, 1981). At the same time these physical 

barriers enable the localization and hence concentration of anti

biotic substances which otherwise might be continually removed 

in the transpiration stream. Beckman and Talboys (1981) stress 

the importance of time and space. Seemingly, conflicting events 

in resistance e.g. wall loosening during tylosis, and wall hardening 

as a result of phenolic infusion, may occur simultaneously when 

they are spatially separated.

5. Approaches to differentiation at the inter-specific and

intraspecific levels

Reference has been made to the current method of differentiating 

the hop strains of Vaa and the need for a quicker alternative 

(Section 1.3). Hignett et al.(1983) reported that young rooted
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cuttings could differentiate progressive and fluctuating strains 

within thirty days of inoculation - a distinct improvement on 

the three to four months required at present. The failure of 

Pegg and Street (1984) to obtain typical foliar symptons on young 

hop plants perhaps indicates the necessity of providing precise, 

controlled conditions for growth in order to favour symptom 

expression.

Numerous investigators have attempted to differentiate fungal 

isolates using a variety of both in vitro and in vivo characters. 

'"erticillium species have been distinguished by comparison of 

the morphology of their resting structures, conidia and conidio- 

phores, together with their relative abilities to survive as 

soil saprophytes (Isaac, 1967). However, as is the case with 

Vaa hop strains and some V. dahliae strains, differences in patho

genicity may exist within a species although no morphological 

or physiological differences can be detected (Milton et al. ,

1971). The correlation of various putative pathogenicity factors, 

such as enzyme and toxin production, with virulence has been 

studied as a potential means of differentiating strains and is 

referred to in Section 3. Alternatively, a wide range of characters, 

not necessarily obviously related to pathogenesis, may be compared.

Electrophoresis of soluble fungal proteins on polyacrylamide 

gels has been used successfully for taxonomic purposes. Whitney, 

Vaughan and Heale (1968) extracted buffer soluble proteins from 

mycelium of Fusarium oxysporum, V. dahliae and two lucerne isolates 

of Vaa. Each produced a characteristic pattern of bands after
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electrophoresis, with the two Vaa isolates showing very close 

similarity. By a similar method Milton et al. (1971) clearlydistinguished 

five species of Verticillium but found that the M and V hop strains 

produced virtually identical patterns of bands.

The technique can be made still more sensitive by re-running 

the already separated proteins in a second dimension (O'Farrell,

1975). This enables several hundred proteins to be separated 

on a single gel. In a study of the detergent soluble polypeptides 

from uredospores of four races of Puccinia graminis f.sp.tritici 

18 out of 270 polypeptides varied uniquely for each race and 

some were associated with virulence genes (Kim et al., 1983).

However, three isolates of Ustilago tritici produced almost 

identical polypeptide patterns after 2-D electrophoresis despite 

having large differences in their virulence on wheat (Kim et al. ,

1984). Individual isolates of Erysiphe graminis f.sp. hordei 

and E. graminis f .sp.tritici have been shown to produce unique 

conidial polypeptide patterns (Gabriel and Ellingboe, 1982; Torp 

and Andersen, 1982). A possible association with pathogenicity 

of one of the predominant proteins appearing in the 2-D electro

phoresis was suggested by Torp and Andersen (1982). They also 

pointed out possible reasons why pathogenicity differences may 

not necessarily be detected by this technique. Firstly, the primary 

gene products may not be produced in detectable amounts, and 

also they may only be expressed at a particular developmental 

stage.

A more specific approach in electrophoresis, but complementary 

to the total protein staining is to stain for particular enzymes.
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Webb et al. (1971) stained gels specifically for alkaline 

phosphatase, esterase, peroxidase and amylase in an attempt to 

distinguish the M and V hop strains of Vaa. Variation between 

the strains was very small and could not be related to virulence.

Jones and Noble (1982) produced zymograms of a range of enzymes 

which quite successfully classified the strains of dermatophyte 

fungi. The importance of pectic enzymes in pathogenicity has 

led to the development of staining methods for these. The technique 

was used successfully by Cruikshank and Wade (1980) and Cruikshank 

(1983a; 1983b) to produce characteristic banding patterns for 

species of Monilinia, Sclerotinia, Botrytis, Pénicillium and 

Aspergillus. Ruthenium red is used to stain for pectic enzymes 

and is highly sensitive, detecting considerably lower concentrations 

than the protein stain Coomassie Blue.

Mohan and Ride (1982) analysed mycelial and culture fluid 

antigens of ten progressive and ten fluctuating hop isolates 

by Immunoelectrophoresis, and spore surface antigens by indirect 

fluorescent-antibody staining (Mohan and Ride, 1983). From this 

information they classified the isolates into three serotypes 

but could not distinguish the strains. In a later paper (Mohan 

and Ride, 1984) they incorporated several morphological and biochemical 

characteristics into their classification scheme: rate of spore 

production, PG activity, iso-electric focusing of protein extracted 

from mycelium, iso-electric focusing of pectic enzymes and cultural 

morphology. The characters appeared to be correlated with the 

serotype rather than the virulence of the isolates. By selecting 

isolates of one serotype but different virulence, much of the
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'irrelevant' variation could be eliminated, perhaps then providing 

a clearer indication of the more important virulence characters.

Four physiological and biochemical characters of 17 fluctuating 

and 45 progressive hop isolates were combined statistically to 

correctly classify 90% of the isolates (Hignett et al., 1983).

This seems a logical approach if virulence is determined not 

by one but a number of characters acting in a synergistic manner.

The technique of analysis by pyrolysis gas-liquid chromato

graphy (p.g.l.c.) produces characteristic 'finger-prints' and 

has been used to classify bacteria to sub-species level (Reiner 

et al., 1972; Stack et al., 1978). Salmonella strains with 

only a single antigen difference were also differentiated (Reiner 

et al., 1972). However, when lycphilized mycelium of progressive 

and fluctuating Vaa hop strains was subjected to p.g.l.c. the 

differences within strains were as great as those between strains 

(Goggin, 1979).

Probably the greatest difficulty in distinguishing between 

the Vaa hop strains, or at least accurately assessing the level 

of potential virulence, is the extent of variation shown by a 

diverse range of characters. Until the characters which directly 

confer virulence can be identified, those loosely associated 

or not involved at all will continue to confuse any 'blind screen' 

assessments.

The work presented in this thesis was undertaken with the 

aim of gaining a clearer understanding of the basic biology of
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the host-parasite interaction, possible determinants of patho

genicity and host resistance mechanisms. In doing this it was 

hoped to find a rapid means of classifying Vaa isolates according 

to their relative virulence. Conversely, examination of character

istics of large numbers of isolates with differing levels of 

virulence may reveal pathogenicity determinants - factors which 

have yet to be clearly elucidated with vascular pathogens.
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MATERIALS AND METHODS

1. Fungal cultures

1.1 Source

The following isolates of Verticillium albo-atrum Reinke and 

Berthold {Vaa) from hops were supplied by Dr. P.W. Talboys of 

East Mailing Research Station (EMRS). EM 2019, EM 2018, EM 1983,

EM 1776, EM 1984, EM 1985, EM 1974, EM 1986, 1788 and 1844.

Isolates P6^, PIO^, F9^ and F6^ were obtained from Dr. J.

Ride, Department of Microbiology, University of Birmingham. The 

prefixes P and F refer to the progressive and fluctuating strains 

of isolates from hop. Elsewhere, isolates causing progressive 

or fluctuating wilt on susceptible hop varieties, will be termed 

virulent (V) or mild (M) respectively.

V. dahliae isolated from cotton in California was supplied 

by Dr. H. Mussell of the Boyce Thompson Institute for Plant Research, 

Cornell University. Tl-B is a defoliating strain and SS-4 a non

defoliating strain.

A strain of Vaa, race 42, isolated from tomato was supplied 

by Dr. R.M. Cooper, School of Biological Sciences, University 

of Bath.

1.2 Virulence ratings of Vaa hop isolates

During the period of this research there was a re-assessment 

conducted by EMRS of the virulence status of the hop isolates
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sent from there (J.H. Carder, pers. comm.).

EM 2018 - originally classed as M strain (fluctuating), 

now thought to be a V strain 

EM 2019 - confirmed as M

EM 1983 - originally rated as intermediate between 2018 

and 2019, now suspected as a V strain 

EM 1974 - confirmed as a

EM 1776, EM 1985, and EM 1986 - confirmed as V 's 

1788 and 1844 - confirmed as M.

1.3 Maintenance

Each hop isolate was prepared as a single spore isolation 

and stored on slopes of prune lactose yeast agar (PLYA) in McCartney 

bottles at 7°C. Cultures required for experimental use were 

transferred from slopes onto PLYA plates and incubated at 23°C 

in the dark. All other isolates were maintained on corn meal 

agar (Oxoid).

1.4 Growth media

1.4.1 PLYA

The PLYA contained 100 ml prune extract (Talboys,

1960), 900 ml distilled water, 1 g yeast, 5 g lactose and 12 g 

agar (Oxoid Technical No. 3). The pH was adjusted to 5.9 with 

IN NaOH or IN HCl.

1.4.2 Preparation of hop cell walls for use as a sole carbon 

source in Vaa cultures

The method used was similar to that of Laborda et at.



37,

(1973). Separate extractions were made from three hop varieties: 

Fuggle, Wye Northdown and Wye Target. Frozen hop tissue (leaf 

and bine) was finely chopped, comminuted in liquid nitrogen with 

a pestle and mortar, then ground in a mechanical grinder. One 

vol. of the resulting powder was blended with three vol. of cold 

acetone for 3 min. at high speed in a Waring blender then strained 

through a double layer of muslin. The process was repeated x5 

or until the filtrate was free from pigment. The tissue was then 

blended with 10 vol. of cold (4°C) potassium phosphate buffer 

(0.1 M, pH 6.5) for 5 min and strained as before. When the 

filtrate was clear, the process was repeated using 10 vol. of 

distilled water, and finally blended once for 5 min with 10 vol. 

of chloroform: methanol (1:1 v/v) and strained. The cell wall 

extract produced was washed, first in chloroform:methanol then 

in acetone and dried in a vacuum oven at 60°C. When dry it was 

cooled in a desiccator and stored sealed and desiccated at room 

temperature.

1.4.3 Cell wall media

Solid media contained inorganic salts solution, agar 

(1.2% w/v) and cell walls (0.5% w/v). pH was adjusted to 5.9.

See also Section 1.5.

1.4.4. Inorganic salts solution (Cooper and Wood, 1975)

This contained (% w/v): NaNO^, 0.2; KH^PO^, 0.1,

MgSOj. THgO, 0.05; (ppm): FeSO^.TH^O, 0.2, ZnSO^.TH^O, 1.0; 

NaMoOj.2H20, 0.02, CuSO^.SH^O, 0.02; MhCl2.4H20, 0.02.
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1.5 Shake cultures

Cultures were grown in 100 ml of inorganic salts solution 

with added carbon source in 250 ml Erlenmeyer flasks on a rotary 

incubator (100 rpm, 21°C) in diffuse light. Sucrose (1% w/v) 

was used routinely as the carbon source. Where cell walls were 

used, these were added at 0.5% (w/v). Prior to autoclaving, the 

pH was adjusted to 5.9.

1.6 Production of inoculum

In shake culture Vaa grows as bud cells and hyphae; the 

ratio varies with different isolates. On a solid substrate (agar, 

beet seed etc.) conidia are produced on conidiophores, arising 

from the mycelium. Thus for the purpose of artificially inoculating 

plants there are two alternative forms of inoculum: bud cells 

and conidia. Which of these most closely resemble morphologically 

and physiologically the propagules produced within the vessels 

of infected plants has not been determined.

Shake cultures were inoculated with 4 or 5 discs (6 mm diam.) 

cut from colony edges on PLYA plates. After 4d incubation cultures 

were harvested and spore (bud cell) numbers determined by replicate 

counts using a haemocytometer. Spores were diluted to 10^/ml 

with sterile distilled water and this inoculum acted as a uniform 

starter (1 ml/100 ml) for further cultures.

Where conidia were considered preferable to bud cells as 

inoculum, these were washed from colonies (7d) on PLYA plates 

with sterile distilled water. The spore numbers were determined 

and adjusted as above.
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1.7 Harvesting culture fluids

Haemocytometer counts of bud cells in shake cultures indicated 

that under the conditions described, growth reached the end of 

the logarithmic phase at between 3 and 4d. Beyond this point, 

cells grew more slowly. Therefore to avoid the probable presence 

of cell autolysis products in older cultures, in most instances 

cultures were harvested by 4d.

Cultures were passed through Whatman filter paper No. 1 

to remove mycelium and any insoluble substrate. Spores were removed 

by centrifugation (800 g for 10 min). Unused soluble substrate, 

salts and low molecular weight metabolites in the filtrates were 

removed by dialysis (8/32'* Visking tubing) overnight against 

cold (4°C) distilled water. Fluids were either used immediately 

or stored at -25°C until required.

1.8 Preparation of extracellular polysaccharide(s) from Vaa

cultures

Vaa cultures were grown in 750 ml volumes in 2L Erlenmeyer 

flasks on 1% sucrose in inorganic salt media. The flasks were 

incubated on a rotary incubator (21°C, 100 rpm) for 4d. Cultures 

were inoculated with 10^ spores per 100 ml media from 4 d shake 

cultures. The culture fluid was collected through 4 layers of 

washed muslin and clarified by centrifugation (15 min at 10,000 g).

To precipitate out any polysaccharide produced by Faa, 4 

vol. of ethanol were added to the culture fluids and stirred 

overnight at 4°C. The precipitate was recovered by centrifugation 

as above, resuspended in a small volume of distilled water (20 ml
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per original 750 ml) and lyophilized in a Speedivac centrifugal 

freeze dryer (Edwards High Vacuum Ltd.) for 24 h in loosely 

capped plastic bottles. The lyophilized samples were stored, 

sealed and desiccated at 4°C.

2. Hop Plants

2.1 Source

Rooted cuttings of varieties Target, Northdown sind Fuggle 

were supplied by Dr. R. Neve, Department of Hop Research, Wye 

College. Layer cuttings of Target and non-commercial variety 

27/57/264 were provided by Dr. J.H. Carder of EMRS. Dormant 

rootstocks (grade 2) were supplied by J. Wright, Cherry Tree 

Farm, Monewden, Woodbridge, Suffolk.

2.2 Growth and maintenance

Plants were grown in John Innes No. 2 compost and potted 

up as required into a maximum pot size of 23 cm diameter. The 

hop bines were trained up strings suspended from horizontal wires

2.5 - 3.5 m high. String was fixed into the soil of each pot 

with a strong metal hook. Plants to be used for inoculation with 

Vaa were restricted to one bine. Stock plants were allowed 2 

or 3 bines per string.

Hops grown in controlled environment cabinets were trained 

up canes 75 cm high. As each bine extended it was coiled and 

tied to the cane. This prevented the bines entwining with each 

other and occluding the lighting in the cabinet.
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2.3 Nutrition and pest control

Nutrient solution(Hewitt, 1966) was fed to the plants monthly 

during the growing season at a rate of 100 ml or 200 ml per pot 

according to size. It was also applied a few days before inoculation 

of plants so that the infection rate would be enhanced by the higher 

nitrogen levels (Sewell and Wilson, 1968).

Plants were sprayed routinely with Pyrimol (pyrimicarb) to 

control whitefly, and with Kelthane 20 (dicofol) or Plictran 

(cyhexatin) to control red spider mite (N.B. Kelthane 20 caused 

spray damage on cv. Target).

2.4 Temperature and light regimes

Stock hop plants were grown in a 20°C glasshouse with supple

mentary lighting from Philips 400W mercury vapour lamps (16 h 

photoperiod). These supplied a light intensity of 230-280 micro- 

einsteins 1 m above ground level when unshaded.

A Saxcil controlled environment cabinet was used for some studies 

This operated at 20°C and 16 h day and when empty light intensity 

was 350-550 micro-einsteins (supplied from warm white fluorescent 

lamps, 60-80W). Prior to inoculation temperature was lowered to 

15°C. Daylength was 14 h in the first week, increasing by 1 h per 

week to 18 h (Evans and Framingham, 1979). Relative humidity was 

maintained at

Where plants were inoculated under glass, the temperature 

was maintained at 15°C ± 1°C with an environmental cooling unit 

(Kroy Refrigeration, Birmingham) and roller blind assembly (Avery
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& Co. Ltd., London). No supplementary lighting was provided; 

natural daylength was sufficient during May and June when the 

experiments were conducted.

2.5 Rooting of cuttings

Healthy bines were used from early season growth before 

the axillary buds grew out cr initiated flowers. Each length 

was cut 0.5 cm above and 4 cm below a node and one leaf of the 

pair trimmed away to prevent excessive water loss by trans

piration. Cuttings were inserted into trays of grit and placed 

under amist propagator at c. 20°C. After 6 wk the majority 

of cuttings had formed root systems and were transferred into 

J.I. no. 2 in 9 cm pots in the glasshouse at 20°C.

2.6 Winter storage of plants

Under natural conditions, hop bines die back to the root 

stock after flowering from September onwards as the daylength 

falls below 16 h and the temperature drops. There is a transfer 

of nutrients from the bines back into the root system which 

becomes very thick and fleshy with large reserves of starch. 

Buds which have formed at the base of the bine both above 

and below soil level remain dormant over the winter. These 

buds will initiate growth in late March or early April.

Hops grown under glass or in a growth room also die back 

and require a dormant period at low temperature to ensure 

subsequent vigorous new shoot production. The duration of 

this dormant period is recommended to be not less than 6 wk 

(J.H. Carder, pers. comm.).
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At the end of the season the hops were allowed to die 

back and watering was ceased. The bines were cut down to within 

4 or 5 cm of the base and the roots washed clean of soil and 

scrubbed dry. The root stocks were then securely sealed in 

polythene bags and kept in a cold store at 4°C.

3. Inoculation of hop plants

3.1 Beet seed inoculum

In an infected hop garden, wilt is spread from plant 

to plant through soil containing Faa-colonized material from 

hops or various weed hosts (Keyworth, 1942; Sewell and Wilson, 

1958). To supply an artificial inoculum but which simulates 

natural infection conditions Vaa may be grown on chopped 

autoclaved hop bine or alternative food bases, e.g. wheat 

grain, wheat straw, cornmeal or beet seed (Talboys, 1958a;

Isaac, 1957; Street, 1980). The routine pathogenicity testing 

carried out by the Ministry of Agriculture on hop isolates 

of Vaa employs beet seed (Evans and Framingham, 1979), as 

the basis for inoculum and therefore that method was chosen 

for use in this work.

75 g beet seed and 200 ml distilled water was added to 

each 500 ml Erlenmeyer flask and left to stand at room temperature 

After 24 h excess water was decanted and the flasks autoclaved 

for 1 h at 20 p.s.i. The beet seed was inoculated with plugs 

from 14 d Vaa cultures gorwn on PLYA. 8-10 plugs per flask 

were added according to the growth rate of the isolate. The
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flasks were incubated at 23°C for 14 d with occasional shaking 

to ensure an even distribution of Vaa among the beet seed 

and prevent formation of a dense mycelial mass which would 

have been difficult to incorporate into soil.

100 ml of inoculum was introduced below the root ball 

when plants were repotted into larger pots with additional 

soil. By this technique, root damage was minimized and the 

roots could grow into the inoculum.

3.2 Spore suspension cultures as inoculum

Where more rapid and consistent colonization of hop bines 

was required spore suspensions from shaken cultures were effective 

as inoculum (Isaac, 1957; Sewell, 1959). Roots were damaged
7with four thrusts of a glass rod per pot before 100 ml (10 

spores/ml) of 7 d shake culture (on 0.5% cell walls) was poured 

into each pot.

4. Assessment of infection

4.1 Sampling

Replicates (3 per treatment) for each sample were selected 

at random before inoculation.

4.2 Scoring of symptoms

Leaves were assessed for symptoms and graded on a scale 

of 0-5 as follows:
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0 = healthy green

1 = yellowing or necrotic speckling (< 1 mm diam.)

2 = yellow with necrotic spots (1-5 mm diam.)

3 = yellow with necrotic patches/sectors

4 = very extensive necrosis

5 = total necrosis and desiccation.

4.3 Qualitative estimation of colonization

A relatively quick technique which demonstrated either 

the presence or absence of the fungus at different levels 

in the bine was required as a means of monitoring the rate 

of colonization.

Selected nodes were excised and trimmed to leave 2-3 

mm above and below the node and 2 mm of each petiole base.

The nodes were surface sterilized for 2 min in 5% sodium hypo

chlorite (0.5% available chlorine) containing 3 drops of 

Tween 80, then washed twice in sterile distilled water. The

nodes were cut longitudinally down the centre of the petiole

bases with a sterile razor blade and plated cut side down 

onto PLYA (see Plate 7). In order to further reduce contaminants, 

antibiotics were incorporated into the agar: 150 mg streptomycin

and 75 mg chloramphenicol were dissolved in 100 ml distilled 

water and sterilised by filtration through a 0.22 pm millipore 

filter unit. The antibiotics were added at 1 ml per 14 ml 

agar during the pouring of the plates.

The plated nodes were scored after 7 d incubation at

23°C.
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4.4 Quantitative estimation of colonization

A quantitative assessment of colonization was made in 

selected petioles (3 pairs per plant). C. 3 mm was cut from 

the distal and proximal ends of the petiole, weighed and recorded 

along with the total petiole weight. The pieces were surface 

sterilized in 3% sodium hypochlorite (0.3% available chlorine 

for 1 min then rinsed x2 in sterile distilled water. The tissue 

was thinly sliced then comminuted with a pestle and mortar 

containing 0.5 ml 0.1 Mpotassium phosphate buffer pH 5.9 and 

a small quantity of sterilised sand. 100 pi aliquots were 

plated onto antibiotic-containing agar (as described previously) 

at three dilutions: xl, xlO, x30. All procedures were performed 

aseptically.

5. Vascular flow in petioles

The severity of water stress within individual petioles 

in infected plants was assessed with a modified form of Scholander 

pressure bomb (Street and Cooper, 1984). The modification 

enabled the continuous measurement of vascular flow over long 

periods. The system was also used to measure the effect of 

passing products from Vaa through uninfected petioles.

5.1 Pressure bomb apparatus (Fig. 1)

The apparatus comprised a stainless steel cylinder with

a gas inlet of copper tubing at the base and a seal constrictor

which fitted into the top of the cylinder. Nitrogen gas was

forced through and the pressure brought gradually up to 0.35 bars
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2(0.25 kg/cm ) with a valve. This pressure gives a flow rate 

comparable to that produced in a plant as a result of trans

piration (Street and Cooper, 1984). Pressure in the cylinder 

was released with a relief valve. Seals of appropriate central 

aperture size were made from silicone rubber. These were con

stricted and released by turning the spindle to form a tight 

fit around the plant tissue. Fluid forced through the petiole 

was detected as the drops fell onto six titanium wire electrodes, 

thus completing an electrical circuit; this registered each 

drop on a chart recorder.

5.2 Measurement of vascular flow

Distilled water was passed through a 0.22 pm millipore 

filter unit into a 20 ml specimen tube and placed inside the 

steel cylinder. The selected petiole was excised close to 

the bine and immediately immersed in filtered water. A 7-8 cm 

length of water-filled silicone tubing was eased over the 

distal end of the petiole. The attached leaf was then excised 

and the proximal end inserted into a 10 cm length of tubing 

(water-filled). Any bubbles of gas were released by gently 

tapping the tubing. The lower tube was inserted through the 

aperture in the top section of the bomb and into the fluid- 

filled specimen tube so as to position the petiole base within 

the seal. The spindle was turned until the petiole was held 

securely but not damaged. The top section was then fitted 

onto the cylinder and the pressure raised. At this stage the 

seal could be adjusted; the ideal point was considered to 

be when escaping gas just ceased to be audible.
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In order to replace the contents of the specimen tube 

with either more water or a test fluid, the pressure was first 

released, then the top section removed without altering the 

seal.

5.3 Calculation of flow rates

10 drops were collected in a pre-weighed vial to determine 

the weight and hence the volume of one drop (assuming that 

1 g water has a volume of 1 cm̂  ). As the chart recorder was 

run at a known speed the volume of fluid passing through the 

petiole in a given time could be calculated.

6. Microscopical examination of hop tissue

6.1 Sectioning

Sections were cut by hand, mainly of fixed (formalin 

acetic alcohol, FAA) tissue with a double-edged razor blade. 

Lengths of bine which had been slit longitudinally (Section 

10) were embedded in carrot tissue and sectioned with a hand 

microtome.

6.2 Stains

6.2.1 Lactophenol/cotton blue 0.1%

This was used as a general stain for fungal hyphae, 

host cell walls and tyloses. In germination tests 1 or 2 drops 

of lactophenol/cotton blue were added to kill the spores and 

hyphae prior to assessment.
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6.2.2 Toluidine blue 0 (Robb et at., 1979).

Sections were stained in 0.5% toluidine blue 0

in 1% sodium borate, blotted and then mounted in Canada Balsam. 

Tyloses, gels and vessel coatings stained various shades of 

blue to purple.

6.2.3 Ruthenium red (Jensen, 1962).

This was used to stain pectic materials in vessels 

(it is not specific to polygalacturonides but reacts with 

various acidic polysaccharides).

Sections were stained in a freshly prepared aqueous 

solution (0.01%) of ruthenium red for 1 min, then blotted 

dry and mounted in glycerol.

6.2.4 Aniline blue (Smith and McCully, 1978a).

Washed, fixed sections were mounted in aniline

blue (0.05%) in 0.067 M potassium phosphate buffer pH 8.5.

Callose fluoresces yellow when viewed under u v. light.

6.2.5 Aniline blue/toluidine blue (Smith & McCully, 1978a) 

Pre-staining of sections with toluidine blue prevented

non-specific staining of aniline blue to lignins.

6.2.6 Calcofluor white M2R New (Hughes and McCully, 1975). 

Sections were treated with a 0.05% aqueous solution

of Calcofluor for 1-2 mins, then mounted in water. Calcofluor 

is an optical brightener which binds to 6-glucans. When viewed
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under u.v. light the surfaces of fungal and plant cell walls 

fluoresce pale blue.

6.2.7 Aniline blue/Calcofluor white (Hughes and McCully, 1975) 

Sections were prestained with Calcofluor then stained 

in aniline blue. The brightener is displaced by aniline blue 

from areas of callose resulting in a yellow/blue contrast 

of fluorescence.

6.3 Microscopy and photomicrography

Light microscopy and photomicrography were performed 

on a Leitz Orthomat photomicroscope set up for Differential 

Interference Contrast (DIC).

Fluorescence microscopy was performed on the above phot- 

microscope with u.v. attachments, using exciter filter UGl 

and barrier filter 360.

7. Enzyme substrates and assays

7.1 Pectic enzymes

7.1.1 Endo-polygalacturonase (endo-PG)

Activity was determined by viscometry with 1% (w/v) 

sodium polypectate (Napp) in 0.1 M citrate buffer at pH 5.0. 

The time (min) for a 50% reduction in relative viscosity (b^^) 

was measured for each reaction mixture of 8 ml substrate and 

2 ml enzyme solution. Technico viscometers were used in a 

water-filled tank at 25° ± 0.5°C.
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7.1.2 Pectin lyase (PL)

Activity was measured by viscometry (as above) 

but with 1% pectin in 0.1 M Tris/HCl buffer at pH 9.0 as substrate

PL activity was also assessed on pectin agar using a

modified version of the technique of Hankin and Anagnostakis 

(1975). Pectin (1% w/v) buffered at pH 9.0 in 0.2 M Tris/HCl 

was incorporated into an equal volume of pre-autoclaved agar 

solution with 0.1% calcium chloride and antibiotics (100 pg/ml 

chloramphenicol, 50 pg/ml neomycin). 15 mis of pectin agar 

was poured into each plate, point inoculated with Vaa and 

incubated at 23°C. The PL activity was measured as the diameter 

of clear zones (indicating degradation of pectin) which formed 

around colonies.

7.2 API ZYM range of enzyme assays

The complete kit including incubation trays, substrates

and developing reagents was obtained from API Systems S.A.,

La Balme Les Grottes, 38390 Montalieu Vercieu, France.

The developing reagents comprised:

ZYM A: Tri-hydroxymethy-amino-methane 250 g

HCl 37% 110 ml

lauryl sulphate 100 g

in distilled water 1000 ml

ZYM B: 3.5 g Fast Blue BB in 1000 ml 2-methoxy-ethanol.

Two drops of Vaa culture fluid (4 d on 0.5% cell walls) 

were added to each microtube containing substrate and incubated
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in a humid chamber at 37°C for 4 h. After incubation one drop 

each of ZYM A and ZYM B was added and the colour allowed to 

develop. Colour intensity was scored for each reaction on 

a scale of 0-5.

For enzymes assayed and substrates see Results: Figs. 

13-15 and Table 5.

7.3 Esterases (Staeudinger et at., 1973).

A more critical quantitative spectrophotometric assay 

for esterase activity than the API ZYM was performed, but 

using the same substrates; p-nitrophenyl esters: pnp butyrate, 

pnp caprylate and pnp myristate. 0.5 ml enzyme solution (4 d 

Vaa culture fluid on 0.5% cell walls), 2.9 ml 0.2 M sodium 

phosphate buffer pH 7.0 and 0.1 ml substrate (10 mM pnp ester 

in dimethyl-sulphoxide) were incubated together in a 30°C water 

bath. Controls contained autoclaved enzyme. Esterase activity 

was indicated by the development of a yellow colouration.

The optical density (OD) was read on CE 505 Double Beam ultra- 

biolet spectrophotometer (Cecil Instruments) at 400-410 nm 

after 21-168 min (according to the rate of colour development).

Activity was calculated as pmole pnp released/h where 

1 pmole pnp released e 0.932 OD units. The response follows 

Beer's Law < 3 OD units.

7.4 Peroxidase (Lobenstein and Linsey, 1961).

Pyrogallol reagent was freshly prepared by mixing 10

ml 0.5 M pyrogallol solution and 12.5 ml of 0.66 M phosphate



54

buffer pH 6.0, making up the volume to 100 ml with distilled

water. 0.2 ml of enzyme solution and 2.0 ml of pyrogallol

reagent were added to a cuvette. The increase in absorbance

at 420 nm was measured after the addition of 0.5 ml of 1%
-1hydrogen peroxide. Activities are expressed as AOD min 

(90-30 sec) at 420 nm.

This assay is not specific to peroxidase and will also 

detect catalase activity (Pütter, 1974).

7.5 Polyphenol oxidase (Coopeer, 1974).

1 ml enzyme solution was added to 1.5 ml phosphate buffer 

(0.1 M, pH 7.0) containing 0.005 M CuCl^ in a 10 mm quartz 

cuvette. 1 ml of 0.4% catechol was added and mixed thoroughly , 

Activity was recorded as the increase in absorbance at 495 nm 

and expressed as AOD^^^ min  ̂ (90-30 sec) ml ^. Controls were 

calculated from readings of enzyme solution minus catechol 

and catechol minus enzyme solution.

8. Gel electrofocusing of Vaa enzymes

8.1 Enzyme preparation

Fluids from Vaa cultures, grown for 4 d on 0.5% cell 

walls were dialysed overnight in 8/32" Visking tubing against 

cold (4°C) distilled water. This enzyme solution was then 

concentrated c. x6 with polyethylene glycol (mw. 20,000).
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8.2 Iso-electric focusing

Ampholine polyacrylamide gel (PAG) plates for analytical 

isoelectric focusing, pH range 3.5-9.5 were obtained from 

LKB. The PAG plate was placed over a gridded template on the 

cooling plate of an LKB Multiphor 2117 electrofucusing unit 

conected to an LKB 2103 power supply. The PAG plate was set 

up and run as detailed in the LKB instruction manual. The 

enzyme solution was applied to plates via applicator strips 

of absorbent paper. Strips were removed after 30 min of the 

90 min run to avoid 'tailing' of the enzymes around the strips.

At the end of each run the PAG plates were treated according 

to the enzymes under study.

8.3 Detection of pectic enzymes

The method was a modification of that employed by Cruikshank 

and Wade (1980). Instead of incorporating the pectin in the 

PAG, an overlay of 0.1% citrus pectin and 1.5% purified agar 

(Oxoid) in 0.1 M Tris/HCl buffer pH 9.0 was prepared. This 

was poured molten onto pre-heated gel moulds to form a layer 

c. 1-2 mm thick.

After electrofocusing the PAG plate was transferred to 

an enamel staining dish and the pectin overlay placed over 

the top ensuring good contact and no air pockets. 100 ml of

0.1 M malic acid was poured over the gel and overlay before 

incubating for 90 min at room temperature. According to Cruikshank 

and Wade (1980) the malic acid causes a gradual pH change 

in the gel down to pH 3.0, allowing each enzyme to act on 

the pectin while passing through a suitable pH range. With
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the modification used here the pH drop was almost immediate 

(as measured with a surface electrode) but as satisfactory 

results were produced, no changes were made in the method.

After incubation the gel and overlay were rinsed in distilled 

water and stained overnight in 0.02% ruthenium red (BDH Chemicals 

ltd.) at 4°C. Pectic enzyme activity showed as pale (non

ruthenium red staining) bands on the overlays. Banding also 

developed on the PAG plates where substrate was adsorbed to 

the gel.

Overlays containing 0.1% Napp were prepared as described 

for pectin.

8.4 Detection of esterases (St. Leger, 1985).

To detect esterases the enzymes in culture fluids were

separated by electrofocusing on a PAG plate as before and 

incubated with substrate and chelator. A mixture of four esters

with differing carbon chain lengths was prepared : 10 mg each

in 1 ml acetone of a-naphthyl acetate (C^), a-naphthylbutyrate 

(C^), a-naphthyl propionate (C^) and a-naphthyl caprylate 

(Cg). 40 mg of chelator Fast Blue B salt in 200 ml of potassium

phosphate buffer (0.1 M, pH 7.0) was added with the esters 

and incubated for 1-60 min. Esterase activities were revealed 

as purple-red bands.

8.5 Recording of zymograms

A permanent record of the stained PAG plates was made
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by direct printing of the overlays and gels onto photographic 

paper (Kodak grade 2). The banding therefore appeared in negative 

contrast (Plate 1).

9. Two-dimensional electrophoresis of proteins from Vaa

cultures

This sophisticated technique makes possible the separation 

of several hundred proteins on a single gel. Torp and Andersen 

(1982) have used two-dimensional electrophoresis to discriminate 

different races of barley powdery mildew {Erysiphe graminis f.sp. 

hordei). The cultures were widely different in their genes 

for pathogenicity, but there was an association between two 

of these genes and one predominant protein on the gels. Potentially 

therefore, the technique could be used to detect primary products 

of genes conferring pathogenicity.

Vaa hop isolates (obtained from D. Wiggell, ADAS, Wye,

Kent) were grown at 22°C in shake culture (6 d at 150 rpm) 

or in static culture (7 d, 50 ml in medical flats incubated 

horizontally). The medium contained 0.1% glucose, 1% sodium 

polypectate, 0.2% casein hydrolysate, inorganic salts solution 

at pH 5.5. Mycelium was removed by collecting on five layers 

of nylon cloth and washing thoroughly with distilled water.

Conidia and bud cells were collected by centrifugation of 

the filtrates from shake cultures. Extracellular proteins 

(of potential significance by virtue of the nature of vascular 

wilt diseases) were collected after 95% ammonium sulphate



58,

precipitation, then dialysed. All samples were then lyophilized 

Thus four fractions resulted:

1. mycelium (static culture)

2. mycelium (shake culture)

3. bud cells (shake culture)

4. extracellular proteins

Protein extraction and iso-electrofocusing of proteins 

from the lyophilized samples was carried out by Dr. J. Torp 

and B. Andersen (Ris(Z$ National Laboratory, Roskilde, Denmark). 

The procedure was similar to that normally used for barley 

mildew (Torp and Anderson, 1982).

10. Assay for induced or preformed antifungal compounds in 

hop tissue

10.1 Inoculation of hop tissue

Semi-mature hop bine (var. Target) 3-4 mm diameter was 

cut into c. 6 cm lengths. These were surface sterilised for 

3 min in 3% sodium hypochlorite (0.3% available Cl), thoroughly 

rinsed in sterile distilled water and slit longitudinally 

with a sterile razor blade. The bine pieces were inoculated 

with a spore suspension (10^ spore/ml) ofeither a progressive 

or fluctuating strain of Vaa by pipetting onto the cut surface. 

One set of tissue was left uninoculated and each set incubated 

over sterile moist filter paper in moist chambers for 90 h 

at 15°C.
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10.2 Extraction procedure (J.W. Mansfield, pers. comm.)

The pigmented epidermis was peeled away from the tissue 

and discarded to avoid interference from any possible preformed 

antifungal compounds, such as detected in cotton epidermis 

by Mace and Howell (1974).

The tissue pieces were weighed, then roughly chopped 

with a razor blade and ground in a coffee grinder (Moulinex) for 

1 min. A range of extracting solvents were used, from lipophilic 

to increasingly polar. This was to optimize the chances of 

extracting a compound of unknown chemical character. The solvents 

were used in the following order:

1. petroleum ether lipophilic

2. diethyl ether

3. methanol 100%
\k

4. methanol 50% polar

The ground tissue was blended with solvent; 1 g tissue to 

10 ml solvent in an 80 ml goblet on a Waring blender. The tissue 

was retrieved as a pellet by centrifugation (800 g, 15 min) then 

washed twice in the solvent by further centrifugation; all the 

supernatants were retained. The pellet was extracted in the same 

way with each solvent. The combined solvent supernatants were 

evaporated to 1.5 - 3.3 ml at 40°C in a rotary evaporator (Buchi, 

Rotavapor-R). Extracts 1 & 2 were stored at -25°C and 3 & 4

which had higher freezing points, were kept at 4°C.
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10.3 Assay for antifungal activity

Each extract was applied to microscope cavity slides and 

dried to give final concentrations equivalent to 0.005, 0.01 

and 0.05 g original tissue per ml on addition of 20 pi of conidial
5

suspension {10 spores/ml). 2% dimethylsulphoxide (DMSO) was 

incorporated with the conidia in order to re-dissolve the extracts. 

Controls comprised: each of the 4 solvents (evaporated on the 

slide before addition of the conidia), water and a second water 

control to which conidia without DMSO were added. Each treatment 

was replicated x3.

The slides were incubated over moist filter paper in individual 

petri dishes at 23°C for 20 h. After incubation one drop of 

lactophenol cotton blue stain was added to each slide to inhibit 

further growth. Percentage germination was scored from > 200 

spores on each slide. Germ tube length was measured using a graticule 

eyepiece, measuring 100 germ tubes per replicate.

10.4 Thin layer chromatography (t.l. c)

T.l.c. plates (silica gel 60 TLC, Merck) were aluminium- 

backed with 0.2 mm gel and no fluorescent indicator.

The extracts were applied to 1 cm origins in volumes equiva

lent to 0.5 g original tissue weight. The t.l.c. plates were 

placed into a pre-equilibrated t.l.c. tank and run with hexane: 

acetone (3:1) as solvents. After completing the run, the plates 

were examined with long and short wave ultra-violet light and 

fluorescent spots marked. Photographic records were made under
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both normal and u.v. light.

10.5 Ctadosporium bioassay (Klarman and Sanford, 1968).

The plates were then sprayed (Fisons Universal Aerosol Spray) 

with a dense suspension of Cladosporium cucumerinum spores washed 

from 8 d Czapek-Dox agar plates with Czapek-Dox liquid medium 

(Oxoid). After air drying, the plates were incubated in a t.l.c. 

tank in humid conditions and kept dark for 4 d at 25°C. The plates 

were examined for areas of inhibition of growth of the dark green 

fungus.

10.6 Statistical analysis of data

The results of % germination and germ tube length were each 

analysed in two sets. Firstly, 1-way analysis of variance (ANOVAR) 

on the solvent and water controls to test if any of the solvents 

exercised any significant influence. Two variables existed in 

the tissue treatments: the Vaa isolate used for inoculation, 

or non-inoculation and the extracting solvent used. Therefore 

2-way ANOVAR was necessary on these data.

The program tabulated the means as follows:

hop

solvents
1. 2. 3. 4.

control rows

'inoculated (M) oot—'
inoculated (V) iDW
no tissue
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'F' values of significance for the rows and columns were 

calculated and also any interaction between the two.

To determine exactly to which values significance was attri

butable in any particular row or column the following formulae 

were used:

standard error of the difference between 2 means in a set 

(i.e. a row or column). S.E. = 2S^/n where = error

mean square (MSE) and n = no. of replicates

determination of MSE:

1. correction factor C = (GT)^/kn where GT = grand total 

and K = no.of treatments.

2. sum of squares SS = - C

3. treatment sum of squares SST = ZT̂  Xn - C where T = 

treatment total

4. error sum of squares SSE = SS - SST

5. MSE = SSE/(kn-k)

calculation of significance : t = / S.E.
significance values of t were looked up in statistical

tables of Student's t-test for k(n-l) degrees of freedom.

11. Extraction of polysaccharide-degrading enzymes from hop 

tissue

Semi-mature bine tissue from two hop cultivars, Fuggle 

and Target, was used for extractions of polysaccharide-degrading 

enzymes. The tissue was frozen, finely chopped and then comminuted
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in liquid nitrogen with a pre-cooled pestle and mortar. Using 

excess extraction medium (Ig tissue in 8 ml medium) the tissue 

was blended for 5 sec at high speed on a Waring blender then 

stirred for 10 min at 6°C. Large debris was removed by squeezing 

the mixture through a double layer of muslin, then the filtrate 

clarified by centrifugation (10,000 g, 20 min) The supernatant 

was then dialysed overnight (including one change of buffer) 

against 0.1 m citrate buffer pH 5.9 containing mM dithiothreitol. 

Citrate buffer was employed because the lyophilized polysaccharide 

(Section 1.8) was more soluble in citrate than in the phosphate 

buffer used for enzyme extraction. The extracts were concentrated 

to o. the original volume of tissue by dialysis against solid 

polyethylene glycol (mw. 20,000). the concentrated extracts were 

stored on ice at 6°C until use.

The extraction medium (Cooper and Wood, 1980) consisted 

of phosphate buffer 0.025 M, pH 6.0 containing 0.2 M NaCl (to 

desorb enzyme from cell walls(Blackhurst and Wood, 1963)), 5% 

insoluble polyvinyl polypyrrolidone (PVP) and mM dithiothreitol 

(to absorb phenolics and prevent oxidation, respectively 

(Anderson, 1968)).

12.0 Buffers

The following were prepared according to Dawson et al. 

(1969):

citric acid-sodium citrate, pH 3.0 - 6.2 

Na2HP04~NaH2P04, pH 5.8 - 8.0
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KgHPOj-KH^POj, pH 5.8 - 8.0

Tris-(hydroxymethyl) aminomethane-HCl, pH 7.1-8.9
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RESULTS

1. Properties of the pathogen in vitro

1.1 Growth rates of Vaa isolates in culture

In the development of a compatible host-pathogen interaction, 

one of the potentially important factors is the speed with which 

the pathogen can colonize the host. An isolate or strain which 

grows more rapidly in the host than another could have a marked 

advantage. In addition, the ability to rapidly invade moribund 

or dead host tissue in the face of competition from numerous 

saprophytic species would result in greater inoculum levels and 

hence a greater potential for survival and infection of new hosts.

Therefore, the inherent growth rate of a wide range of Vaa 

M and V isolates was compared. PLYA plates were used,providing 

a rich medium on which the mycelium grew luxuriantly. As a more 

realistic carbon source, hop cell walls were incorporated into 

agar. On this medium Vaa produced flatter, less fluffy growth.

The growth rate was measured as the increase in colony 

diameter after a single central inoculation of the plate (Tables 

1 and 2). No significant differences in growth rates were found 

between isolates from the two pathogenicity groups (M and V), 

although there was considerable variation between the isolates.

On the whole, growth was also similar on cell walls extracted 

from different hop cultivars, although rates of growth by M 

isolates on Fuggle and Target cell walls differed at the 5% 

significance level.
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Table 1. Growth rate of V. albo-atrum isolates on PLYA

Fungal isolates Mean growth (mm/day)

V 4.02 ± 0.17

M 3.39 ± 1.22

Values were calculated as the mean growth rates of 8 V isolates 

and 6 M isolates. Each isolate was replicated x3.

Table 2. Growth rate of V. albo-atrum isolates on cell wall agar.

Host
Fungal
isolates

variety Fuggle Northdown
(mm/day)

Target

V 5.4211.13 4.5710.06 4.2810.98

M 5.9510.07^ 6.3012.26 4.8510.49^

Values were calculated as the mean growth rates of 5 V isolates 

and 2 M isolates. Each isolate was replicated x3. 

a > b at significance level P = 0.05
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1.2 Carbohydrate substrate utilisation

A wide range of carbon sources was examined by means of 

the API carbohydrate substrate kit (Fig. 2). Six Vaa isolates 

were used: 2 M and 4 V, including a isolate.

All the disaccharides and polysaccharides tested were utilised 

by Vaa. Maximal growth (i.e. a score of 5) was recorded for 

each isolate on soluble starch (a mixture of amylase and amylopectin)

Where both optical isomers of a compound were tested, only 

the L form of fucose and arabinose, and the D form of xylose 

supported growth. These are the forms present in plant cell walls.

Vaa did not grow on the sugar alcohols except glycerol, 

although very slight growth was exhibited by isolate 1985(V) 

on xylitol.

Two related compounds; gluconate and 5-keto-gluconate, supported 

a very low level of growth only of isolated 1788 (M).

Maximal growth of all isolates occurred on esculin (esculoside, 

esculetin-6-D-glucopyranoside) as well as on starch. On the remaining 

substrates the level of growth was different for each isolate.

Many of these substrates are found as components of plant 

cell walls viz. L-arabinose, D-galactose and L-rhamnose occur 

as matrix polymers; cellobiose is the repeating unit of cellulose 

which forms the major framework of the cell wall.
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Isolate 1844 (M)

1
growth
score

n

1 4 S 8 10 n  T2t31S 21 22 20 24 252627 28 » 3 0  31U U M  3 5 3 6 3 7 )8  3940 4 4 47 49

Substrate tube no.

Isolate 1776(V)

growth
score

n

1 4 5 6 10 t1 1 2 0 1 5  21 22 23 24 252627 28 2930 3102 33343536 37 38 3940 4 4 47 49

Substrate tube no.

Isolate 1974 (V^)

growth
score

1
1 4 5 6 1 0 1 1 1 2 0 1 5 2 1  22 23 24 252627 28 2930 3182 3334 3536 37 38 39 40 4 4 47 49

Substrate tube no.
Fig. 2b. Growth of V. albo-atrum on a range of carbohydrate substrates
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Isolate 1788 (M)

growth
score

1 4 5 6 «  t1 t t O 'S  21 22 23 24 252827 28 N »  31 32 3334 3536 37 38 39 40 44 47 49

Substrate tube no.

Isolate 1986 (V)

growth
score

0
1 4 5 6 1011121315 21 22 23 24 252627 28 2930 31,32 3334 3536 37 38 3940 4 4 47 49

Substrate tube no.

Isolate 1985 (V)

5 -I

growth
score

0
not
tested

1 4 5 6 10 n  121315 21 22 23 24 25262728 2930 31(32 3334 3536 37 38 3940 44 47 49

Substrate tube no.

Fig. 2c. Growth of V. albo-atrum on a range of carbohydrate 
substrates
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1.3 Pectin lyase activity on pectin agar

Enzymes capable of degrading cell walls, notably pectic 

enzymes, probably play a major role in pathogenesis (Bateman 

and Basham, 1976; Mussel and Strand, 1976). Variations in prod

uction and activity of these enzymes may contribute to the virulence 

of the pathogen.

The activity of pectin lyase (PL) from 25 isolates was assessed 

on agar plates containing 1% pectin. Conditions optimal for PL 

activity (Materials and Methods, Section 7.1.2) almost totally 

exclude action by other pectic enzymes.

Clearing zone diameters (Fig. 3) showed a high degree of 

variation between isolates. This could not be correlated with 

level of pathogenicity. Cleared areas were first detectable after 

24 h in isolate 1776 V (h on Fig. 3). After 44 h, clearing was 

evident on all but one isolate, 2018 M (t in Fig. 3).

1.4 Pectic enzyme activity of germinating spores

In vascular diseases the spread of fungus in the plant depends 

on spores being carried in the xylem sap. On reaching the end 

wall of a vessel, spores must germinate and penetrate to the 

next vessel in order to progress further before initiation of 

host resistance responses such as vascular occlusion. This process 

involves penetration of the middle lamella-primary wall complex 

of pit membranes and presumably would require rapid production 

of pectic enzymnes. In this way dissolution of vascular gels 

may also be effected (Beckman, 1964).
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Fig. 3. Pectin lyase production on pectin agar
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1.4.1 Direct viscosity reduction

Endo-pectic enzyme activity of germinating conidia 

was measured as viscosity reduction in a mixed pectin-pectate 

substrate at pH 5.9. This pH was chosen to provide the slightly 

acidic conditions found in healthy hop sap (Talboys and Busch,

1970). Germination was monitored and expressed as relative germ 

tube length (proportion germinated x mean germ-tube length), 

thus indicating the relative amounts of hyphae present and 

potentially capable of producing pectic enzymes at any one time.

The method has the advantage of assessing both wall-bound and 

extra-cellular pectic enzymes.

Germination commenced after 6 - 9 h incubation and at 15 

h germ tube lengths ranged from 13.8 to 26.9 pm (Table 3). Figs.

4-7 indicate that pectic enzyme activity begins at or before 

the time of germ tube production. The exact time is masked by 

the increase in viscosity of the substrate over the first 7 h.

This increase was also observed in the controls which contained 

no conidia.

No clear cut differences in pectic enzyme activities were app

arent between isolates. Isolate 2019 (M) had a slower rate 

of germination and germ tube growth (Table 3) and also lower 

pectic enzyme activity (Fig. 4). Isolate 1986(V) showed a more 

rapid rate of viscosity reduction than other isolates with comparable 

germination rates (1974 and 1788 M), suggesting that it may 

produce more enzyme per unit of mycelium. The remaining isolates 

showed similar rates of production and germination regardless 

of their virulence.
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Fig. 4. Direct viscosity reduction of a pectin/pectate substrate by 

germinating spores of M isolates of V.alho-atrum

120

100

80

40

20

incubation time (h)
0— 0 uninoculated 1788 1844 2019

Substrate contained 0.75% pectin, 0.5% Napp in 0.1 M citrate buffer, 

pH 5.9. The pectin-pectate solution was autoclaved separately from the 

citrate buffer to prevent formation of a gel, then the two solutions 

combined in an ethanol-sterilised Waring blender at high speed.

Spores from 7 d PLYA plates were inoculated, 10^/100 ml substrate in 

250 ml Erlenmeyer flasks, incubated at 23°C and 80 r.p.m. 8 ml samples 

were withdrawn aseptically az intervals and flow time through 25°C 

viscometers determined.
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Fig. 5. Direct viscosity reduction of a pectin/pectate substrate by 

germinating spores of V isolates of V. albo-atrum

120

100

80

E 60

40

20

25
incubation time (h)

0—0 uninoculated ; 1986; 1974(Vg) 1776

Refer to Fig. 4 footnotes.



Fig. 6. Germ-tube growth of M isolates of V. albo-atrum 

in a pectin/pectate substrate

♦Growth is expressed as relative germ-tube length 
the product of proportion germinated and mean 
germ-tube length.
Refer to Fig. 4 footnotes for details of substrate, 
inoculation and incubation.
One drop from each sample was stained with lactophenol- 
cotton blue. The percentage germination of > 50 spores and 
length of 20 germ tubes was determined

2019; A 1844; • 1788; ■
Refer to Table 3.

Fig. 7. Germ-tube growth of V isolates of V. albo-atrum 

in a pectin/pectate substrate

Refer to Fig. 6 footnotes.

1776; V 1974(Vg); O 1986; □
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1.4.2 Assay for extracellular polygalacturonase 

Clarified fluid from the above samples was assayed

by viscometry for extracellular polygalacturonase (PG). Figs.

8 and 9 show the PG activities and extent of germination for 

each isolate. At the onset of germination, PG activities from 

the three V isolates were c. double those of the M isolates.However, 

as germination progressed the rate of increase in PG

activity was much faster in the M isolates than with the V 

isolates. After c. 20 h incubation the PG activities of the 

M and V isolates were similar.

1.4.3 Assay for extracellular pectin lyase

Clarified fluids were also assayed viscometrically for PL 

(Table 4). PL activity was very low but there was considerable 

variation between the activities of the isolates even at comparable 

stages of germination, e.g. isolates 1844 (M) and 1974 (V^) in 

Table 4. The greatest activity was shown by the isolate (1974) 

but otherwise no separation could be made between M and V isolates.

1.5 Gel electrofocusing of pectic enzymes

Gel electrofocusing is a rapid method of separating enzymes 

according to their iso-electric point (pi), thus producing a 

'fingerprint' or zymogram of individual fungal isolates. The 

technique was employed here to produce zymograms from a selection 

of Vaa isolates: 11 hop isolates (6 V and 5 M), 1 tomato strain 

and 2 cotton strains of V. dahliae (defoliating and non-defoliating)

Separation of enzymes was achieved on pre-made PAG plates.

To detect the enzymes, overlays of pectin or Napp were applied



Fig. 8. Extracellular polygalacturonase activity in germination 

fluid of conidia from M isolates of V. albo-atrum 

Refer to Figs 4 and 6 footnotes.

Clarified fluids from samples were assayed visco

metrically for PG.

2019; A 1844; O 1788; □

Fig. 9. Extracellular polygalacturonase activity in 

germination fluid of conidia from V isolates 

of V. alho-atrum

1776; A 1974(Vg); O 1986;

Refer to Fig. 8 footnotes.
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Table 4. Extracellular pectin lyase activity in germination 

fluid of V. albo-atrum

2019(M) 1844(M)
Isolate
1788(M) 1776(V) 1986(V) 1974(Vg)

1000*
^25

1.85 3.51 2.50 3.03 5.41 5.88

relative
germ-tube 
length **

(pm/spore)

5.0 10.2 8.4 17.2 16.1 10.8

Refer to Fig. 4 and Fig. 6 footnotes.

** proportion germinated x mean germ-tube length

Clarified fluids from the samples were assayed viscometrically

for PL.

* Time for 25% reduction in viscosity (T^^) rather than t^^ was 

determined due to the very low activity.
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into which the enzymes were allowed to diffuse across, before 

visualization of degraded substrate with ruthenium red.

The zymograms were recorded by direct contact printing onto 

photographic paper (Plate 1). Diagrams were constructed from 

2 or 3 zymograms per isolate to produce as complete a represent

ation as possible (Fig. 10). The pectin and Napp overlays 

appeared to result in identical zymograms. The enzymes did not 

always separate evenly on the gels and therefore corresponding 

bands would appear at slightly different positions.

At some points contact between the overlay and the gel was 

poor and hence the bands appeared blurred or were not detected. 

Conversely,too great a pressure on the overlay caused a wider 

spread of the enzyme, and banding became ill-defined.

Up to 18 bands were distinguished with pi's over the whole 

range of the gel (3.5 - 9.0 pH wide). The five bands showing 

the greatest enzyme activity are indicated as thicker zones on 

the diagrams (Fig. 10). These were present in all the isolates 

examined, including the tomato and cotton strains. The remaining 

bands were less easy to distinguish but there appeared to be 

no unique band(s) amongst the isolates, even between Vaa and 

V. dahliae,

PAG plates with a narrower pH range would facilitate more 

accurate determination and resolution of the pi of individual 

enzyme bands.



Fig. 10. Pectic zymograms of Verticillium isolates

Verticillium culture fluids (4 d on 0.5% 

cell walls) concentrated c.x6 were subjected to 

isoelectric focusing on polyacrylamide gel 

plates.

Pectic enzymes were detected on overlays of 

0.1% pectin or 0.1% Napp incubated in 0.1 M malic 

acid (Cruikshank and Wade, 1930) for 90 min and 

stained overnight in 0.02% ruthenium red.

The position of each band indicates the pH to 

which each enzyme migrated i.e. its isoelectric 

point (pi). Bands showing the greatest intensity 

of pectolytic activity are shaded.
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1.6 Assay for a range of enzymes in V. albo-gtrum culture fluids

This was undertaken as a broad screen of a number of classes 

of enzymes to identify any distinguishing characteristics of 

particular isolates or pathogenicity groups.

1.6.1 API ZYM system enzymes

The API ZYM system was used, which offered 19 different 

enzyme substrates. Results are given in Figs. 11-13 (see also 

Table 5 and plate 2).

On the whole, isolates exhibited moderate levels of phosphatase 

activity, with greater variation for acid phosphatase. High levels 

of esterase activity were detected, but less for lipases.

Arylamidase activity was moderate to high and considerable 

variation was apparent between isolates. a and 3-galactosidases 

were generally present in low to moderate levels of activity.

One fluctuating isolate (FG^) showed much higher levels of acid 

phosphatase and naphthyl-AS-BI-phosphohydralase activity than 

other isolates but gave no reaction for either a or 3-galactosidase

Thus no overall trends in enzyme activity were shown by 

isolates representing either M or V pathogenicity groups.

1.6.2 Peroxidase and polyphenol oxidase assays

Oxidative enzymes involved in phenol metabolism have been

implicated in various aspects of host-parasite interactions 

(Pegg, 1981). Although these enzymes are produced in healthy 

host tissue, the increased activity found in diseased hosts may
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Fig. 11. Esterase activity in V. albo-atrum culture fluid 

determined by API ZYM

esterase —4 --------
substrate: 2 naphthyl-butyrate, 

pH 6.5

0) -He > <u
>> -H  (hN Oc o oO <0 OT

1 2 3 4  5 6 7 8  9 10

Isolate no.

Cq esterase lipase
substrate: 2 naphthyl-caprylate 

pH 7.5

4 -

0) -H ^Ê > <u2>) -H UN -P OC O O  <l) (0 M

1 2 3 4 5 6 7 8 9 1 0

Isolate no.

C. . lipase — 14 —  ---
substrate: 2 naphthyl-myristate, pH 7.5

<U -H 2 E > 0)>1 -H cN OC O O  Q) <a (n

1 2 3 4 - 5  6 7 8 9 1 0  

Isolate no.

Vaa culture fluids (4 d on 0.5% cell walls) were assayed on API 

ZYM substrate tubes. Enzyme activity was scored as development of 

colour after addition of reagents. 0 = no colour change ;

5 = maximum reaction 
V isolates:
1 = 1974
2 = 1986
3 = 1776
4 = 1985
5 = P6

M. isolates:
6 = F9^
7 = F6^
8 = 2019
9 = 1788 
10 = 1844
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Fig. 12. Phosphatase and arylamidase activity in F. albo-atrum 

culture fluid determined by API ZYM.

alkaline phosphatase

o
V  ( J  
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>>N 
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acid phosphatase
substrate : 2-napthylphosphate, 

pH 5.4

1 2 3 4 5  6 7 8 9 1 0

Isolate no.
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4) Ue w
c o

substrate: 2 naphthylphosphate. pH 8.5

1 2 3 4 ‘ 5 6 7- 8' 9 10

Isolate no.

leucine arylamidase
substrate: L-leucyl-2-naphthyl- 

amide, pH 7.5
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valine arylamidase
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amide, pH 7.5
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pÜm 4)u4) o B O >» w
NC4)

cystine arylamidase
substrate: L-cystyl-2-naphthylamide, pH 7.5

1 2 3 4 5  6 7 8 9 1 0

Isolate no.

Refer to Fig. 11 footnotes.
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Fig. 13. Activity of a range of enzymes in V. alho-atvum culture 

fluid determined by API ZYM

naphthol-AS-Bl-phosphohydralose 
substrate; naphthol-AS-Bl-phosphate, pH 5.4
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Isolate no.

Refer to Fig. 11 footnotes



Table 5. Enzymes not detected in F. albo-atrum culture fluids 

by API ZYM

87

Tube 
no. Enzyme Substrate pH

9 trypsin N-benzoyl-D-L-arginine- 
2-naphthylamide 8.5

10 chymotrypsin N-glutaryl-phenylalanine-2- 
naphthylamide 7.5

15 B glucosuronidase Naphthoi—AS—Bl—BD—glu— 
curonide 5.4

16 a glucosidase 2-naphthyl-aD-gluco- 
pyranoside "

18 N-acetyl-B glucosamini- 
dase

1-naphthyl-N-acetyl-BD- 
glucosaminide "

19 a mannosidase 6-Br-2-naphthyl-aD- 
mannopyranoside "

20 a fucosidase 2-naphthyl-aL-
fucopyranoside "

Refer to Fig. 11 footnotes.
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be at least partly derived from enzymes of pathogen origin (Mace, 

1964). Peroxidase is closely involved in the metabolism of growth 

substances, particularly ethylene (Pegg, 1981) and therefore 

could conceivably have an indirect influence on pathogenicity.

The results in Table 6 give the levels of activity in Vaa 

cultures grown on host cell walls. As only 2 isolates were tested 

it is not possible to relate activity to virulence. Peroxidase 

activity was detected in culture fluids of isolate 1983 (V) but 

not in 1776 (V). Polyphenol oxidase was active in both isolates 

but was c. four-fold greater in 1983 (V) than in 1776 (V) fluids.

1.7 Esterases

1.7.1 Assay for esterase activity

As a follow up to the API ZYM survey which indicated 

high levels of esterase activity, a more critical assay was 

conducted.

The substrates and enzyme solutions were as used in API 

ZYM in order to compare the results. Esterase activities as 

measured by spectrophotometry are given in Fig.14.

Due to the greater sensitivity of the assay, the variation 

in esterase activities was much more pronounced than before.

On the whole these results concur with the assessment of the 

API ZYM tests, although there is some discrepancy with activities 

on pnp myristate. A few isolates displayed low activity in the
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Table 6. Peroxidase and polyphenol oxidase activities in V. 

albo-atrum culture fluids

Enzyme Isolate
1983 (V*) 1776 (V)

peroxidase 1.80 0

polyphenol
oxidase 6.17 1.50

Peroxidase was assayed with pyrogallol reagent and activity

determined as OD^^Q min  ̂ (90 - 30 sec) ml ^.

Polyphenol oxidae was assayed with catechol and activity

expressed as 0D^„^ min  ̂ ( 9 0 - 3 0 sec) ml ^.4 /b
♦Although it is not clear whether isolate 1983 should be 

classified as M or V strain (Materials and Methods Section 1.2), 

it is of a lower virulence than isolate 1776.
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Fig. 14. Spectrophotometric assay of esterase activity in V. 

albo-atrum culture fluid
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Cultures were grown 4 d on 0.5% cell wall media 
Columns represent the mean of 3 replicates.
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API ZYM test but none in the spectrophotometric assay, and vice

versa.

1.7.2 Esterase zymograms

In order to determine whether the high degree of variation 

in esterase activity between isolates was due to different comple

ments of esterases, the samples were separated by electrofocusing 

on PAG plates. After separation, esterases in gels were located 

by incubation in a solution of mixed esters and a chelator.

Analysis of eleven Vaa hop isolates (M and V) revealed 9 esterase 

isoenzymes but no marked differences occurred between isolates, 

therefore only one representative zymogram is illustrated in 

Fig. 15. For comparison, one Vaa tomato isolate, two cotton 

isolates of V. dahliae and a fungus of another genus, the 

entomopathogen Metarhizium anisopliae were included.

Not all the bands were clearly defined on the gel, 

particularly between pi 5.0 - 7.0 and between 7.5 - 9.0. Of 

those bands which were clearly separated at least four occurred 

in all isolates with pi's of 4.6, 7.2 - 7.4, 7.4 - 7.6 and 9.2.

Five clear bands could be identified on the tomato isolate zymogram 

and these corresponded to bands on the zymograms from hop 

isolates. Seven bands were evident on the V. dahliae zymograms; 

two of these (pi 5.1 and 5.5) were not detected on the Vaa 

zymograms. M. anisopliae showed a strong characteristic band 

(pi 3.5) which did not appear in the Verticillium zymograms.



Fig. 15. Flat-bed gel electrofocusing of esterases.

92.

Metarhizium
anisopliae

tomato 42 
Vaa

cotton 
SS4 
V. dahliae

hop
PIO,
Vaâ

pH gradient 

- 10.0

-9.0 

- 8.0 

-7.0

-6X)

-5.0 

-4X)
-35

Verticillium culture fluids (4 d on 0.5% cell walls) concentrated 

c. x6 were subjected to isoelectric focusing on polyacrylamide gel 

plates. M. anisopliae (MEl, B1830 from Tate and Lyle) was grown for 

5 d on 1% ground chitin(Sigma) in basal salts solution at 27°C and 

150 rp.m.

Esterases were detected by incubating the gel plate with a mixed 

substrate of 4 esters: a-naphthyl acetate, a-naphthyl butyrate, 

a-naphthyl propionate, a-naphthyl caprylate, and chelator Fast Blue 

B salt.

Bands common to at least 2 isolates are shaded.
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1.8 Two-dimensional electrophoresis of proteins from V. albo-atrum

cultures

Initially four fractions (see Materials and Methods, Section 

9) of one isolate (F^^) were subjected to isoelectric focusing 

in order to tune the instrument to Verticillium and determine 

which fraction produced the best protein extracts and gave 

reproducible patterns on the gels (Plates 3, 5 and 6). The extra

cellular protein sample gave only a few faint spots on the gel 

and therefore analysis of this fraction was not pursued (J. Torp, 

pers. comm.).

The two gels of proteins extracted from mycelium in static 

and shake cultures appear very similar. Slight differences in 

the relative intensity of staining by certain spots can be detectd 

and these are indicated in Fig. 16. This suggests that these 

particular proteins are present in different proportions in the 

two cultures. Static cultures grow more slowly than those which 

are shaken and their growth is mainly as mycelium whereas large 

numbers of conidia and bud cells are produced in shake cultures. 

These differences in physiological age and state could lead 

to variation in the levels of particular proteins as seen in 

the gels.

The conidial protein sample could only be weakly loaded 

onto the gel for technical reasons (J. Torp. pers. comm.) hence 

the poor development of the spots (Plate 6). However, all the 

spots visible on this gel are also present on the mycelial protein 

gels (Plates 3-5) with one possible exception (Fig. 16).



94

Fig. 16. Diagram of protein pattern following two-dimensional

electrophoresis of V. albo-atrum mycelial and conidial 

protein extracts

O  indicates protein spots in which the relative staining 

differed in extracts from static and shake cultures.

□ indicates a protein, possibly unique to the conidial extract.
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Protein extracts from shake cultures gave the sharpest

definition and revealed c. 100 distinct spots. Therefore a range

of Vaa hop isolates (4 progressives P^, P^, P^, P^ and 5 fluctuating

F , F , F , F , F ) plus Y. dahliae (nO. 46) were grown in shake l o o /  lU
culture and their protein extracts analysed.

The gels of V. dahliae showed sufficient differences in protein 

patterns to discriminate it from samples of Vaa (J. Torp, pers. 

comm., no plate available). This is a similar result to that obtained 

by Whitney, Vaughan and Heale (1968) and Milton et al. (1971) who 

clearly distinguished Vaa and V. dahliae by their characteristic 

banding patterns produced by electrophoresis of fungal proteins.

Despite subjecting Vaa proteins to a large number of other 

extraction methods and modifying the electrofocusing running procedure 

no differences in their protein patterns were detected (Plates 3 

and 4).

1.9 Production of extracellular polysaccharide(s) and toxin(s) 

by V. albo-atrum

Variation in production in vitro of these potential determinants 

of pathogenicity is considered in sections 2.2.1.1. and 2.2.2.

1.10 Summary

Isolates of Vaa were assayed for a wide range of enzymes, 

tested for their ability to utilise different carbohydrate substrates 

and growth rates were compared. Although there was considerable 

variation it was not possible by any of these numerous criteria 

to group the isolates according to their virulence ratings.
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Production of pectic enzymes was investigated in more depth 

and revealed that activity commenced at or possibly before the start 

of spore germination. PG activity in germination fluids was initially 

(at 1-2 h incubation) a. 50% greater in the V isolates than the 

M isolates. During the ensuing 24 h this difference became much 

less as activity increased at different rates. PL activity in this 

period was very low.

Gel electrofocusing of the pectic enzymes resulted in > 14 

separate bands, but revealed no proteins unique to V or M isolates. 

Analysis of proteins extracted from mycelium distinguished Vaa from 

V. dahliae.

2. Interactions of the host and pathogen

Studies on the pathogen in culture yield useful information 

about physical characteristics and biochemical potential. However, 

consideration of parasitism necessitates examination of host and 

parasite together. The conditions prevalent in the host cannot be 

artificially reproduced in culture and pathogens may produce 

different forms of pathogenicity determinants (Durbin and Uchytil, 

1984) or possess altered surface characteristics (Bhuvaneswari and 

Bauer, 1978) in vivo.

2.1 Colonization of the host and symptom expression

Investigation of the rate and extent of colonization by M 

and V isolates of Vaa may indicate whether enhanced pathogenicity 

is the result of greater growth by the fungus in the host. Altern

atively similar levels of colonization by isolates of high and low 

pathogenicity could suggest differential production of a
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pathogenicity determinant(s). The degree of colonization in resistant 

hosts may indicate whether resistance is dependent on exclusion 

and restriction of the parasite or tolerance of its presence. The 

latter could suggest the suppression, degradation or insensitivity 

by the host of a fungal product which would otherwise induce symptoms 

(Bell and Mace, 1981).

2.1.1 Assessment of colonization rate

The rate of colonization of hop plants by Vaa was moni

tored over a 6 week period, with initial samples taken 8 weeks after 

inoculation. Two host varieties were chosen: Early Bird (EB) a 

susceptible cultivar, and Target (T) which is resistant to all 

Vaa hop isolates except the most virulent V isolates (V^). Two M 

isolates of Vaa were used and two V isolates including one (1974). 

Inoculation was by incorporation of Faa-infested beet seed into 

the soil below the hop roots. The rate of colonization was measured 

by splitting bines longitudinally, plating out alternate nodes and 

after sufficient incubation to allow development of mycelium on 

agar, scoring for the presence or absence of Vaa (Plate 7 and Figs. 

17-22).

After 21 d (Fig. 17) Vaa was present to node (n) 3 {c. 3 cm 

above soil level) in 1 in 3 EB bines inoculated with 2019 (M). 2 

in 3 EB bines inoculated with 1974 (V^) contained Vaa to n 3 and 

5 respectively. No colonization was detected in any other cultivar- 

isolate combination.

After 28 d (Fig. 18) Vaa (2019 (M)) was present up to n 11 

in one EB bine but could not be detected in the other two replicates.
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Fig. 17. Extent of colonization of hop plants by V. albo-atrum

21 d after inoculation

c 1 0 -

n.s.

EBWMM EBtTTSVEB2019M Ï20W M

hop variety/Faa isolate combination 

Refer to Fig. 18 footnotes.

Fig. 18. Extent of colonization of hop plants by V. albo-atrum 
20-1 28 d after inoculation

co
-p•Hcnoa
o
oc

10-

n.s

EB2019M T2019H EB1844M EB1776V Tt776V EB1974 V , Ï1974 V j

hop variety/Faa isolate combination

Early Bird (EB) is a cultivar susceptible to all Vaa isolates.

Target (T) is resistant to all but isolates.

Plants were inoculated with ]/aa infested beet seed incorporated into 

the soil below the roots. Temperature was maintained at 15°C.

Presence of Vaa in nodes were assessed by plating onto PLYA. 

n.s. indicates that no symptoms were visible.

* indicates that the replicate could not be used as a result of 

infection with Fusarium canker.
Replicates (3 per host/isolate combination) are shown individually.
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The same was true of T/1974(V^) bines of which only one replicate 

was penetrated (to n 11) by Vaa. No other colonization of Target 

bines was apparent. The other three EB/Paa combinations; EB/1844(M), 

EB/1776(V) and EB/1974(V^) showed a wide range of colonization levels 

up to n 11.

At 35 d (Fig. 19) the levels of colonization were still incon

sistent between replicates, but in those bines which were affected

Vaa had reached n 10 and beyond in all but two cases. In one

replicate of T/2019(M), a supposedly incompatible combination,

Vaa occurred up to n 10. This was recorded again in one T/2019(M)

replicate after 56 d (Fig. 22).

Of the nine T/1974(V^) bines harvested after 35 d, 42 d and 

56 d apparently none contained Vaa.

The maximum height of colonization was at n 19 {c. 2 m above 

soil level) recorded in EB/1844(M) at 49 d and 56 d.

In Figs. 17-19 replicates are marked in which colonization 

was detected but no symptoms were visible on the leaves. It was 

not possible to record VerticilZ-ium wilt symptoms because of 

visual interference by the almost identical expression of magnesium 

deficiency (Plates 8-11). Therefore the records were restricted 

to where no symptoms of any sort appeared. These indicated that 

colonization occurred in advance of symptom expression (Fig. 19).

Petiole pairs from three heights on each bine were comminuted 

and plated out to assess quantitatively the levels of colonization.
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Fig. 19. Extent of colonization of hop plants by V. albo-atrum

35 d after inoculation
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hop variety/Kaa isolate combination 

Refer to Fig. 18 footnotes

Fig. 20. Extent of colonization of hop plants by V. albo-atrum 

42 d after inoculation
20 -

woa
(U
T3oc

10 -

EB2019M T2019M EBT844M EBtTTSV TTTTSV EB19T4V, TT9T4y,

hop variety/Faa isolate combination

Refer to Fig. 18 footnotes
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Fig. 21 Extent of colonization of hop plants by F. albo-atrum

49 d after inoculation
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Refer to Fig. 18 footnotes

Fig..22. Extent of colonization of hop plants by F. albo-atrum 

56 d after inoculation
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hop variety/Faa isolate combination 

Refer to Fig. 18 footnotes
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Unfortunately with the exception of one replicate, at 49 d, apparently 

none of the petioles examined were colonized. This was confirmed 

by the lack of development of mycelium from the petiole stumps 

on excised, plated nodes.

Under the conditions of this experiment the resistance of 

variety Target was maintained in 42/45 cases against 2 M isolates 

and 2 P isolates (including a V^), thus resistance in this cultivar 

appears to be based on exclusion of the parasite rather than 

tolerance. The susceptible variety Early Bird was colonized in 

43/72 cases.

2.1.2 Relationship between symptom expression and colonization 

In a much smaller scale experiment, symptom expression 

in EB hops inoculated with isolate 1974 (V^) was recorded together 

with the presence or absence of Vaa in nodes and petioles (Figs.

23, 24). Leaves arising from the first 4 or 5 nodes tended to be 

very much smaller than those further up the bine and these often 

expressed symptoms less readily. In many instances these lower 

leaves senesce and abscise early, even in uninfected plants.

Figs. 23 and 24 show that Vaa colonization was detected on 

average 1-3 nodes ahead of symptom expression in the leaves.

Those plants in which Vaa was detected at the highest nodes, also 

expressed the severest symptoms.

Selected petiole pairs were excised, comminuted and plated 

out to determine the levels of colonization quantitatively. In 

Fig. 25 the data for two plants are presented as the number of
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Fig. 23. Relationship between symptom development and colonization in

Early Bird hops 21 d after inoculation with V. albo-atrum

isolate 1974 (V )

plant 
no. 15
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node position no. (2 petioles/node)

plant 
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Score 2.

y Y Y i n aa
3 4 5 6 7 8 9 10 11 12 13

node position no. (2 petioles/node)

14<

plant 
no. 12

S^roptoms 
Store ^

y y y
a a

3 4 5 6  7 8 9  10 11 12** 13

node position no. (2 petioles/node)

Plants were inoculated with a spore suspension poured onto the soil, and 
incubated at 15°C and 80% R.H.
* symptoms scored on 0-5 scale of increasing severity 
**highest node from which Vaa could be re-isolated
a Vaa not re-isolated from petiole; p Vaa re-isolated from petiole

\ X petiole abscised or absent



Fig. 24. Relationship between symptom development and colonization on

Early Bird hops 37 d after inoculation with V. albo-atrum

isolate 1974 (V^)
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Fig. 25. Quantitative assessment of colonization of petioles of

Early Bird hops 37 d after inoculation with V. albo~atrum 

isolate 1974 (V^)
COo
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ofHo
0)d
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co

plant no. 22

_C
n5 nl2 nl6

node position no.

plant no. 11

130 -
COotH

X

^ 30 _

co

10 -

n6n4 nil nl6 nl8

node position no.

7Plants were inoculated with spore suspension (lO' spores/ml, 7 d on
0.5% cell walls) poured onto the soil, and incubated at 15°C and 80% R.H 
Refer to Fig. 23 for symptoms on these two plants.
Comminuted petiole tissue was plated on PLYA and the no. of Vaa 
colonies which developed were counted. The 2 replicates are from 
opposite petioles.
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colonies per petiole at different positions up the bine. Levels 

of colonization were greater in petioles from the plant which 

exhibited more severe symptoms (no. 11, Fig. 24). However, there 

was no clear relationship between the number of colonies in a 

petiole and symptoms on the corresponding leaf. Neither was Vaa 

always present in the petioles of leaves showing wilt symptoms 

(Figs. 23 and 24).

2.1.3 Assessment of vessel occlusion in infected petioles

A similar experiment was performed but with variety Northdown 

{Vaa susceptible) instead of Early Bird. In addition to recording 

symptom severity and the quantity of Vaa in petioles, the degree 

of vessel blockage was monitored to determine the role of vascular 

occlusion in water stress. This was done by inserting excised 

petioles into the modified Scholander pressure bomb and measuring 

the rate of water flow through xylem of inoculated and healthy 

plants. In addition, the first 10 drops to pass through each petiole 

in the pressure bomb were collected and streaked on PLYA plates.

It was hoped that the number of colonies developing from conidia 

or bud cells would give a measure of the intensity of colonization 

as would the results from plating out xylem fluids which exuded 

by means of root pressure from cut bine bases. Both of these methods 

would only detect propagules from 'open' vessels i.e. those with 

no end walls within the length of the petioles.

Despite the limitations of the method described above, large 

numbers of propagules were obviously present and unbound in the 

xylem fluids of petioles and bines (Fig. 26). Estimates of the 

relative colonization levels in plant 16 petioles at n 1 2 , were



107,

similar when calculated from Vaa colony numbers in comminuted 

tissue, or from propagule numbers in the vascular fluid. However, 

of the two methods, the tissue comminution technique resulted in 

a higher estimate of the levels of colonization in petioles from 

plant 16 n 16, and plant 8 n 12. The discrepancy may perhaps be 

due to a greater proportion of mycelium in relation to propagules 

in these petioles.

The more intensely colonized petiole of each pair in plant 

16 at n 6 and nl2 , also showed more severe symptoms on its corres

ponding leaf. However, this correlation does not hold for 

petioles at n 16 and plant 8 at n 12. Neither can comparisons of 

symptoms be made between leaves at different heights or in 

different plants, that have similar levels of colonization in their 

corresponding petioles. This observation may indicate the influence 

of physiological condition on symptom expression, and highlights 

the difficulty of valid replication in such an experiment.

Vascular flow rates in infected petioles (Fig. 26) were c.

2-3 fold less than the controls (footnotes and Fig. 27), although 

the flow rate of an nl2 petiole (11.2 pl/min) is just within the 

range of the controls No correlation was found between reduction 

in flow rate and symptom expression or intensity of colonization.

In Fig. 27 the flow rates in petioles from inoculated plants 

(with and without symptoms) are compared with those in petioles 

from uninoculated control plants. At 12 d the leaves arising from 

n 6 were symptomless although Vaa was present at the node. The flow



Fig. 26 footnotes

Refer to Fig. 25 footnotes for details of inoculation and
incubation

Results from plant no. 16 are unshaded, from plant no. 8
are shaded.

1. Symptoms on leaves were scored on 0-5 scale of increasing 

severity

2. Measured using a modified Schclander pressure bomb.

Flow rate in controls (uninoculated) = 19.9 ± 8.8 yl/min 

(6 replicates)

3. Measured as no. of Vaa colonies which developed on PLYA 

streaked with comminuted petiole tissue

4. Vascular fluid was obtained as exuded droplets from 

petioles or lower bine fixed in the pressure bomb, 

or droplets exuded by root pressure from stumps (X), 

cut below node 5. Vaa colony nos. were determined 

as for 3.
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Fig. 26. Symptoms, vascular flow aud colonization in Northdown hops

inoculated with V. albo-atrum isolate 1974 (V^)

Symptom expression Vascular flow rate'
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Refer to Fig. 24 for details of inoculation

Flow rates were measured using a modified Scholander pressure 
bomb 12 d (shaded) and 26 d (barred) after inoculation.

Opposite petioles from the same node are bracketed.

S indicates that the leaves of these petioles expressed

symptômes. Vaa was present at the nodes from which all

petioles were taken.

Petioles were excised from mid-bine of mature hop plants and 

flow rate determined using a modified pressure bomb. Where 

possible opposite petioles and those on adjacent nodes were 

used as replicates.

Distilled water (unshaded, 4 replicates)

Vaa culture fluid, isolate 1974(V^) grown 4 d on 1% sucrose 
(barred, 5 replicates)

Vaa culture fluid (diluted x8 ), isolate 1974(V^) grown 4 d on 
1% sucrose (hatched, 3 replicates)

Vaa culture fluid, isolate 1985(V) grown 3 d on 1% sucrose 
(shaded, 4 replicates).

See also Figs. 28 and 29.

Difference between controls and culture fluids significant 
at P = 0.01; t-test).
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Fig. 27. Vascular flow rates through petioles of healthy and infected 

(Vaa isolate 1974) Northdown hops.
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Fig. 28. Reduction in vascular flow throu^ Northdown petioles 

infiltrated with V. albo-atrum culture fluids

g  2
If) 3CO O

I— I
U (Mo<M C

•H

•S §E -H-Puo o E TO
•H 0)H P

40

30 -

20 -

10 -

fluid infiltrated*



110.

rates of these petioles fell within the range of the controls.

By 26 d the vascular flow rates through petioles at n 6 and n 12 

(all showing symptoms and containing Vaa) were 2-3 fold less than 

the controls. Petioles at n 16 were also colonized but the leaves 

were only just beginning to display symptoms. However, the flow 

rates through the petioles were c. fivefold lower than the controls.

2.1.4 Summary

Symptoms induced by Vaa were expressed after coloniz

ation of the main bine, usually 1-3 nodes behind the invasion front. 

However, it was not necessary for the presence of Vaa propagules 

in petioles in order for expression of symptoms in corresponding 

leaves. Where Vaa was present, there was no correlation between 

the intensity of colonization in a petiole and symptoms recorded 

on its leaf. The greatest intensity of petiole colonization occurred 

in plants exhibiting severe symptoms throughout and in which 

the fungus had progressed furthest up the bine.

The rate of colonization of Early Bird was similar by M and 

V isolates, suggesting that enhanced pathogenicity by V isolates 

may be effected by a greater production of pathogenicity determinants, 

although differences in intensity of colonization cannot be ruled 

out here. In cultivar Target Vaa was successfully excluded at least 

from the bines in most instances. In the few bines of Target which 

did become colonised, the rate of invasion was comparable to that 

in Early Bird.

Vascular flow rates in petioles were not reduced until symptoms 

were expressed. Petiole colonization occurred at about the same
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time, and therefore may be involved in the reduction in vascular 

flow.

2.2 Water stress in the host

The expression of wilting in vascular disease has been attri

buted to water stress induced in the host (Dimond, 1970). Much 

evidence has been forwarded suggesting that water stress develops 

as a result of vascular occlusion (see Lit. Rev. Section 4.2.2), 

either by host-derived structures such as gels and tyloses (Pegg 

and Dixon, 1969) or extracellular products of parasite origin such 

as high molecular weight polysaccharides (Van Alfen and Turner, 

1975). Alternatively, disfunction of vascular flow may be due to 

the action of fungal toxin(s) on host tissues (Turner, 1971 a,b).

Investigation of possible pathogenicity determinants in Vaa 

culture fluids capable ofinducing water stress could enable a useful 

comparison between M and V hop isolates.

2.2.1 Disfunction of vascular flow

The effect of Vaa infection on the water flow through xylem 

was further studied by introducing extracellular products of Vaa 

as crude culture fluids (4 d growth on 1% sucrose) into excised 

petioles. For this purpose, sucrose was considered preferable to 

host cell walls as a carbon source due to the fact that cell wall 

degrading enzymes are catabolically repressed by sucrose (Cooper 

and Wood, 1973 and 1975), therefore there is no interference by 

these enzymes or by the degradation products of host walls.
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Petioles from healthy uninoculated plants were used and flow 

rates measured in the pressure bomb described in Materials and 

Methods Section 5. The water in the tubing attached to the basal 

end of the petiole (Fig. 1) enabled calculation of the initial 

flow rate for each petiole before the test solution in the specimen 

tube gradually replaced the water. The results are presented 

graphically (Figs. 29 and 30) and as the time taken for initial 

flow rate to drop by 50% (Fig. 28).

Unfortunately, reproducibility was not good. The initial flow 

rates ranged from 45.3 - 264.0 pl/min. This is considerably faster 

than the rates recorded previously (Fig. 27), even in the controls 

which had a mean rate of 18.5 pl/min. The wide range may in part 

reflect differences in petiole size, age and conditions of growth, 

but even opposite petioles from two adjacent nodes exhibited flow 

rates from 72.1 - 228.7 pl/min.

Gradual reduction in flow rate occurred not only in petioles 

infiltrated with culture fluid, but also in the controls infiltrated 

with micro-filtered distilled water. This phenomenon has been 

found in several other species but remains unexplained (Zimmermann 

and Brown, 1971; Milburn, 1979; Street and Cooper, 1984). Fig.

28 indicates that despite the variation between replicates, culture 

fluids effected significantly (at 0 .1% level) more rapid reductions 

in flow rate than did distilled water. No significant differences 

were found between the effect of extracellular products from a V 

(1985) and a (1974) isolate or after an eightfold dilution. 

Dilution was performed in case levels of extracellular polymers
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Fig. 30. Reduction in vascular flow in Northdown petioles

infiltrated with V. albo-atrum (1974 (V^)) culture fluid

70

50

■0 30

time (min)

Refer to Fig. 28 footnotes

Each trace represents the results from a single petiole. 

See also Fig. 28.

0.5% cell walls. See Fig. 29 for control trace.

1974 (Vg) was grown 4 d on
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in Vaa cultures were unrealistically high, which could have obscured 

subtle differences betwen isolates.

2.2.1.1. High molecular weight polysaccharide(s) produced 

in V. albo-atrum cultures

It was observed that the culture fluid of isolate 

1974(V^) grown on 1% sucrose became viscous during growth and this 

suggested the possibility of a macro-mole cule(s) produced by Vaa 

as the cause of physical blockage of xylem vessels in infected 

hops. The vulnerability of xylem to occlusicn by remarkably low 

levels of high mol. wt. polymers is well documented (Van Alfen 

and Turner, 1975; Van Alfen and Allard-Turner, 1979).

Four Vaa isolates were selected, two of each pathogenicity 

group and grown in shake culture on 1% sucrose (for reasons 

described above). Samples were withdrawn daily, growth measured 

as spore number and viscosity of clarified fluids determined.

The rate of spore production (Fig. 31) was similar for all 

4 isolates, except that isolate 1974 (V^) had achieved slightly 

greater growth when it entered the stationary phase.

The viscosity of isolate 1974 (V^) culture fluid increased 

markedly (by 70%) between 2 d and 5 d then dropped more slowly 

and stabilised at c. 45% above the original viscosity. Only very 

small increases in viscosity were shown by M isolates 1788 and 2019 

and both returned to the original level by 6 d. The viscosity 

of 1985 (V) culture fluid did not increase (above 9.0 secs - the 

flow time of water).
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2.2.1.2 Assay for polysaccharide-degrading enzymes in extracts 

from hop tissues

If a high molecular weight polysaccharide(s) produced 

by Vaa is important in pathogenesis then it is feasible that a 

potential mechanism of host resistance is to counteract vascular 

occlusion by enzymic degradation of the polymer.This type of 

mechanism has been described for resistance of a bean cultivar 

to Pseudomonas phaseolioola (El Banoby et al., 1981).

Semi-mature bine tissue from two hop cultivars, Fuggles 

(susceptible) and Target (resistant) was used for extractions for 

polysaccharide-degrading enzymes (Materials and Methods, Section 

11). Lyophilized, ethanol-precipitated polysaccharide from 4 d 

Vaa culture fluids (2 isolates), redissolved in citrate buffer 

was incubated with the enzyme extracts and the release of reducing 

groups over a 5 h period measured (Table 7).

There was no increase in reducing groups from Vaa polysaccharide 

following incubation for 5 h with hop enzyme extract. Thus it appears 

that hop cannot degrade Vaa polysaccharide(s), unless depolymerases 

are induced following infection. Extraction for such enzymes from 

infected plants is warranted.

2.2.1.3 Reaction of Vaa polysaccharides with Concanavalin 

A (Con A)

The lectin Con A has been used in a Sepharose column 

to rapidly prepare a mixture of phytotoxic glycopepties from 

Ceratocystis ulmi by affinity chromatography (Strobel et al. ,
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Table 7. Assay for polysaccharide-degrading enzymes in extracts from hop tissues

Source of enzyme extract 
and polysaccharide

Reducing sugar (Mg ml ^)
Incubation time (h)

0.5 1.0 2.5 5.0

Fuggle/1983 V 

Fuggle/1986 V 

Target/1983 V 

Target/ 1986 V

27 + 6 36 ± 18 35 ± 20 30 ± 16 

32 ± 15 35 t 19 2 7 + 8  29 ± 7 

54 + 8 49 + 19 47 i 24 56 + 8  

53 + 1 6  52 + 24 6 0 + 2 0

Reducing groups were measured using the Nelson-Somogyi assay (Nelson, 1944). 0.5 ml each of substrate 

(13±2 Mg ml ^) and enzyme were incubated together in a 30*0 water bath. Controls of substrate or enzyme 

alone plus buffer, and autoclaved enzyme plus buffere were included.After 0.5 h, 1.0 h, 2.5 h and 5 h the 

reaction was stopped with the addition of 0.5 ml of alkaline copper reagent. The reaction tubes were heated 

in a boiling water bath in capped tubes for 25 min. When cool, 0.5 ml arsenomolybdate reagent was added 

and mixed thoroughly on a Vortex mixer. Colour was read at 660 nm on a double-beam spectrophotometer.

For method of enzyme extraction refer to Materials and Methods Section 11. For method of 

preparation of Vaa polysaccharide refer to Materials and Methods Section 1.8.

Lyophilized polysaccharide was redissolved (4.5 mg/1) in 0.1 M citrate buffer, pH 5.9 containing 

mM dithiothreitol.

Controls containing enzyme extract, despite thorough dialysis, contained 18 and 42 Mg ml“  ̂ glucose 

equivalents, from Fuggle and Target tissues respectively.

Each enzyme/substrate combination and control was replciated x3.
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1978). The interaction between Con A and polysaccharides can also 

yield useful information on their structural properties. 

Polysaccharides which possess terminal a-D-glucopyranosyl or a- 

D-mannopyranosyl units interact with the lectin protein and 

this can be visualized as zones of precipitation in a solid 

medium (Archer et aï., 1977; Goldstein et aï., 1964).

The method used here was that of Archer et aï. (1977).

Purified agar (% w/v; Oxoid ) and NaCl (0.9% w/v) were dissolved 

in 0.1 M phosphate buffer pH 7.0 by heating to 100°C for 20 min,

0 .1% w/v sodium azide was added and the agar poured into petri 

dishes (10 ml/plate). A central well (8 mm diameter) and four 

peripheral wells (5 mm diameter) were cut. Con A (5 mg/ml in 0.1 M 

phosphate buffer pH 7.0 containing 1 M NaCl) was added to the 

central well. To each surrounding well was added one of the following:

i) culture fluid (4 d on 1% sucrose)

ii) ethanol-predpitated polysaccharide redissolved in acetate 

buffer (0.02 M, pH 5.0)

iii) uninoculated culture medium v
1 controls

iv) acetate buffer J

The plates were observed for up to 4 d, but no precipitation 

zones formed, suggesting that Vaa polysaccharides do not bind 

to Con A. This result is in agreement with the findings of 

Sherriff (1982) who attempted purification of high molecular weight 

polysaccharides from a tomato isolate of Vaa by affinity chromato

graphy on a Con A-Sepharose column, but significant amounts of 

the high molecular weight fraction did not bind within the column.
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2.2.2 Assay for V. alho-atrum toxins active against hop 

tissue

The chlorosis and necrosis exhibited by hop leaves 

on infected plants may be a result of restricted water flow through 

xylem in leaf veins and petioles. Another possibility is the 

direct action on host cells of an extracellular toxin produced 

by Vaa. Fungal toxins may act on plant cells in a variety of 

ways (Daly, 1981; Durbin, 1983; Scheffer, 1976; Yoder, 1972), 

but in the following experiment the effect on cell permeability 

was measured.

Two Vaa isolates, 2019 (M) and 1974 (V^) were each grown 

on cell walls (var. Northdown, 0.5% w/v or 1% sucrose) on hop 

vascular fluids at 21°C and 100 rpm. The fluids were collected 

from the exuding stumps of var. Zenith (susceptible) immediately 

after the bines were harvested, and obtained from the Plant 

Pathology Department of E.M.R.S. Culture fluids were harvested 

after 4 d. An inorganic analysis of similar hop sap is given 

in Appendix Table B.

250 hop discs (transverse sections 0.2 mm thick cut from 

semi-mature hop bine with a hand microtome) were incubated with 

5 ml Vaa culture fluid in bijou bottles at 25°C and 80 rpm.

Controls of tissue discs in culture medium containing either 

sucrose or cell walls were included. At appropriate intervals,

30 discs were removed from each bottle, rinsed in c. 1-2 ml of 

de-ionised water and then transferred to 8 ml of de-ionised water. 

The samples were shaken for 10 sec and conductivity recorded.

After 30 min incubation the bottle was shaken again and the
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increase in conductivity measured. Readings were taken from 10 min 

to 3 h and again at 14 h.

Analysis of data (t-test) indicated that no significant 

increase in conductivity occurred in any of the treatments; although 

they were variable they remained within the range of the controls 

( <3.9 pmKo3 ).

2.2.3 Summary (Section 2.2)

Vaa culture fluids effected a rapid drop in the rate 

of flow through xylem as determined in a modified Scholander 

pressure bomb.

Some properties of high m.w. polysaccharide(s) produced 

in Vaa cultures were investigated. A substantial increase in 

viscosity of 1974 (V^) culture fluid occurred between 2 d and 

5 d growth but was not exhibited by 2 M and 1 V isolates also 

tested.

No activity against the partially purified polysaccharide 

was shown by host enzymes.

The Vaa polysaccharide preparation did not interact with 

the lectin Con A and therefore presumably lacks terminal a-D- 

glucopyranosyl and a-D-mannopyranosyl residues.

Measurement of ion loss from hop tissue discs incubated 

in Vaa culture fluid gave no evidence for the presence of an 

extracellular toxin affecting host cell permeability.
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3. Limitation of fungal invasion

The rate and extent to which a plant is colonized by Vaa 

depends not only on the virulence of the fungal isolate but also 

on the degree to which the plant resists infection. The host 

may act at a number of stages to limit fungal invasion. Firstly 

during root penetration when effective resistance can exclude 

the pathogen from the plant. Following penetration of the root 

epidermis the pathogen must grow through the cortex to the xylem 

and penetrate into the vessels. During this period and subse

quently within the lumen of the vessels, vascular parasites will 

meet preformed or induced barriers, both physical and chemical, 

which can potentially limit the extent of colonization.

3.1 Host response to fungal penetration

Lengths of semi-mature hop bine (var. Target) were sliced 

longitudinally and coated with a spore suspension (10^/ml) of 

either isolate 1974 (V^) or 2019 (M) to simulate a compatible 

and incompatible combination, and incubated in high humidity 

(90 h at 15°C).

3.1.1 Callose deposition and papillae formation

After incubation, short lengths of the above tissue 

were fixed in formalin-acetic alcohol (FAA) before sectioning 

and staining.

Host reaction (Plates 12-15) was apparent 2-3 cells from 

the region of spore application. At sites of penetration, a layer 

of callose was formed over much of the inside of the cell wall, 

as revealed by staining with aniline blue. The extent of this
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layer is most evident in L.S. (Plate 13). In the vicinity of 

the callose deposits, short papillae each with a central canal 

were also observed (Plate 15) protruding into the cells. No diff

erences in the host reactions to and M isolates of Vaa could 

be detected, therefore suggesting that deposition of callose 

and the formation of papillae are non-specific responses to 

invasion.

3.1.2 Assay for induced or preformed antifungal compounds 

The bulk of the inoculated hop tissue described 

above, together with uninoculated controls was subjected to a 

series of extraction procedures (Materials and Methods Section 

10.2). The chemical character of possible antifungal compounds 

in hop tissue were not known, therefore a range of lipophilic 

and polar solvents were used for the extractions. The resulting 

extracts were concentrated by rotary evaporation and then assayed 

for antifungal activity against germinating Vaa spores.

3.1.2.1 Germination of V. albo-atrum conidia in hop extracts 

Extracts, and solvents as controls, were applied 

to slides and evaporated to dryness (see Table 7 footnote).Paa 

conidia (1788 M, 10^/ml) were added in 2% DMSO to aid dissolution 

of the extracts dried on the slides. After 20 h incubation in 

a moist chamber, percentage germination and germ tube growth 

were recorded.

Percentage germination ranged from 83 - 100% and was mainly 

between 95 - 98%. None of the treatments caused a significant 

reduction in germination.
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Germ-tube lengths attained in the presence of the different 

tisue extracts and solvent residues are given in Table 7.

Inhibition of growth by c. 30% was apparent with 100% methanol 

extracts from tissue inoculated with either M or V isolates.

This was significantly less (at the 0.2 - 1.0% level) than 

growth with either uninoculated tissue extract or the methanol 

residue alone and indicated the presence of an induced anti

fungal compound(s).

Growth was enhanced by c. 60% with petroleum ether extracts 

of uninoculated, but not inoculated tissue, compared to the 

solvent residue alone. This suggests either that the growth en

hancing factor is absent in inoculated tissue or that it is 

counteracted by an inhibitor(s).

No differences were found between any of the extracts from 

tissue inoculated with either an M or V isolate.

Some of the solvent residues (presumably contaminants) 

significantly affected germ tube growth (Fig. 32). Residue from 

petroleum ether caused c. 45% inhibition of growth. The methanol 

residue significantly enhanced growth by c. 45% compared to the 

water control without DMSO. Although the result was not significant 

compared to the true control of water with DMSO, DMSO did not 

itself significantly affect germ tube growth and therefore it 

is probable that there was some degree of growth enhancement 

by the methanol residues.
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Fig. 32. Germ-tube growth of V. albo-atrum isolate 1844(M' 

on exposure to residues from five solvents.

40
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Each treatment comprised 3 replicates and the mean length of 

100 germ tubes was calculated for each after 20 h incubation.

Each treatment was compared with every other and significance 

levels calculated = a = 0.2%, b = 1%, c = 2%, d = 5%, e = 10%.

Pairs of treatments with significantly different results are 

assigned the same letter, e.g. d^d^ indicates that the result 

for treatment -D is significantly different at the 5% level from both 

3 and 4, but 3 and 4 are not significantly different. Refer to 

Materials and Methods section 10.6 for details of statistical 

analysis.

-D = water, +D = water + DMSO, 1 = petroleum ether, 2 = diethyl 

ether, 3 = 100% methanol, 4 = 50% methanol.
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3.1.2.2 Cladosporium bioassay

The extracts were applied to t.l.c. plates and run 

with a hexane : acetone 3:1 solvent mixture until the solvent front 

just reached the top of the plate. The plates were subsequently 

examined under long (365 nm) and short wave (254 nm ) u.v. light 

for fluorescent bands (Plates 16 and 17). Good separation was 

achieved for the petroleum ether and diethyl ether extracts with 

4 main u.v. (365 nm) fluorescent bands detected. Similar patterns 

were apparent with extracts from inoculated or uninoculated tissue 

whether extracted with petroleum ether or diethyl ether. Few 

bands appeared following chromatography of the methanol extracts. 

However, the methanol extract of tissue inoculated with the 

isolate exhibited two fluorescent bands with r.f. values similar 

to those of bands in the petroleum ether and diethyl ether extracts 

of tissue. These two bands were not detected in chromatograms 

of methanol extracts from uninoculated tissue, or tissue inoculated 

with the M isolate.

A dense suspension of Cladosporium cucumerinum spores was 

sprayed over the t.l.c. plates and incubated at high R.H. (5 

d at 25°C). The dark grey-green mycelium colonized the entire 

silica gel plate but revealed no light areas indicative of inhibition 

of growth.

3.2 Length of individual xylem vessels

The more frequently vascular parasites encounter end walls 

of vessels during systemic colonization of the xylem, the slower 

will be their progress (Beckman et al., 1961; Beckman et al., 1976).
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Thus a host variety could potentially have a greater disease 

resistance by possession of a higher proportion of shorter vessels 

(Cho et al., 1973; McNabb et al., 1979; Teakle et al ., 1978).

Three host varieties: Target, Fuggle and Northdown were 

examined to determine the distribution of vessel lengths. Whole 

petioles and lengths of root or bine were excised from glasshouse 

grown plants for examination. The method relies on the inability 

of a suspension of carbon particles to traverse pit membranes, 

thereby being retained in the vessels into which they are injected 

(Milburn and Covey-Crump, 1971; Skene and Balodis, 1968). Non 

water-soluble India ink was forced into the vessels through silicone 

tubing sealed tightly around the hop tissue with Lastic 55, Dental 

Impression Compound (Kettenbach). After injection of the ink, 

the tissue was cut back by hand from the apical end at 0.5, 1.0 

or 5 cm intervals until ink appeared in the largest vessel(s).

This length was recorded. Similarly in successive sections vessels 

filled with ink were detected microscopically and scored. From 

this information the number of open vessels in each section could 

be calculated and the distribution of vessel lengths constructed 

(Fig. 33).

The results indicate that in petioles and primary roots 

the majority (a. 60 - 80%) of vessels are less than 1 cm in length. 

In bines c. 60 - 90% of vessels are less than 5 cm long, but 

in general the longest extend further (up to 55 cm recorded) 

than in petioles or roots (Table 8 ). In a few instances, vessels 

in the petiole were longer than the excised petiole and it was
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observed that two or three vessels could extend from the bine 

into the petiole. Generally, none of the vessels in petioles 

extended more than 2.5 - 3.0 cm. The wide variation in longest 

vessel lengths, particularly in the bine suggests that while 

the distributions of short and medium length vessels (Fig. 33) 

may be similar between different portions of the same bine or 

even different plants, maximum vessel length cannot be readily 

predicted. There were no obvious varietal differences.

Table 9 indicates that 18-32% of vessels extend across nodes. 

In comparison, 26.3 ± 6% (5 replicates) vessels extend along 

bine pieces of similar length (i.e. 7 - 16 mm) but without an 

intervening node. This suggests that vessel end walls are slightly 

more frequent at nodes than along the internodal regions of the 

bine.

3.3 Binding of conidia in hop xylem vessels

Another way in which the passage of conidia up the plant 

could be limited is by binding of conidia to vessel walls. Adhesion 

of microbial parasites to plant cell walls may be by lectin- 

carbohydrate interactions (Sequeira, 1978), extracellular poly

saccharide (Lapp and Skoropad, 1978) or by electrostatic means 

(Leach, Cantrell and Sequeira, 1982).

This would effectively remove propagules from the vascular 

flow and reduce the number able to germinate and grow into the 

next vessel.
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Fig. 33. Length of xylem vessels in hop roots, bines and petioles

Primary roots 

Northdownd rep) Target (2 reps)

vessels

0 0 44

1 cm size classes

Bine Fuggle 
(2 reps)Target 

(2 reps)100 Northdown

50
% vessels

00 0 20 1520

5 cm size classes

Petioles
100 1

50 -
vessels

Target (1 rep)

I-

I0 1.5 3.0
0.5 cm size classes

Fuggle (1 rep)

3.0

Vessel lengths in mature glasshouse grown hops were determined by 

a method involving the injection of non soluble ink particles.
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Table 9. Lengths (cm) of longest xylem vessel in individual hop plants.

Tissue Variety

Northdown Fuggle Target

root 4.5 7.2 8.0

upper bine 18 4 19 and 4

lower bine >36 13 55

petiole 1.0 - 1.5

2.0 - 2.5
2.5 - 3.0 2.5 - 3.0

Refer to Fig. 32 footnotes.

Each length is the longest in that particular region of plant studied 

but it is not necessarily the longest in that individual.Where 

two values are given, that indicates the results of two 

individual plants.
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Conidia were washed from 7 d Vaa cultures on PLYA with sterile 

distilled water pH 5.9 and diluted to,‘c. 5 x 10^ spores/ml. 

Autoclaved spores at the same concentration, were used as controls 

Hop petioles of varieties Target and Early Bird were infiltrated 

with spore suspension through silicone tubing attached to the 

basal end of the petiole. In order to achieve a good seal around 

the hop tissue, the petiole was fixed into the upper section 

of the pressure bomb (Fig. 1). The spore suspension was forced 

in until a steady vascular flow as evident from the vessel, at 

the distal end. The petioles were then sealed in parafilm and 

incubated for 3.5 h at 22°C in a moist chamber.

Conidia were retrieved by reversing the petiole and forcing 

fluid back out, under pressure from a water-filled syringe.

This approach was adopted to recover spores trapped within closed 

vessels with end walls. The first 3 drops to emerge were collected 

and the number of conidia were counted on a haemocytometer slide. 

The experiment was performed twice (Appendix, Table A) and was 

also attempted using c. 5 mm lengths of root and bine (in which 

the majority of vessels would extend the whole of this length) 

but this proved to be impracticable.

The concentration of spores (expressed as a percentage of 

the original suspension) retrieved in this way was very variable 

but generally was < 10% if the results from individual petioles 

are considered (this is probably justified in view of the fact 

that each may be physiologically different in age and response).

It is apparent that where > 10% spores were retrieved, these
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were the autoclaved controls. Some components involved in binding 

on the surface of conidia are likely to be destroyed or disrupted 

by autoclaving and therefore a greater proportion of these spores 

might be expected to be retrieved in the experimental system 

described here. Unfortunately, the high level of variation in 

the results precludes comparisons between the interactions of 

M and isolates on var. Target (resistant to M and V) and Early 

Bird (susceptible to all isolates).

The low percentage of conidia retrieved may have been due 

to binding within the xylem but could also have been caused at 

least in part by physical entrapment of conidia within vessels.

The concentration of conidia injected is of critical importance.

Too few would lead to inaccuracy (particularly in counting retrieved 

conidia), and even if differential binding did occur, the numbers 

retrieved might be insufficient to detect any difference. Too 

many conidia would block the vessels and hence lead to inaccurate 

results.

Repeatability and accuracy might be improved by using longer 

bine pieces, such as the internodal regions of mid-bine extending 

perhaps 15 - 20 cm. The greater length of vessels in bine than 

in petioles would mean that an increased area of inner xylem wall 

would be available for potential binding of conidia. Consequently, 

larger volumes of spore suspension could be injected. Whether 

consecutive internodes from one bine would provide more suitable 

replicates in terms of their physiological condition than petioles 

from different heights, is not known. One major drawback in the use
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of hop bines for this purpose is the existence of a hollow centre. 

However it is possible to block this cylinder with material such 

as paraffin wax.

3.4 Agglutination of V. alho-atrum conidia in an extract from

hop tissue

The agglutination of conidia by components in hop is another 

possible means by which the progress of the fungus up the plant 

is restricted. The formation of large clumps of spores may prevent 

germination of the majority of these spores by restricting the 

flow of oxygen and nutrients to them, and presumably would also 

restrict mobility in vascular fluids. Agglutinins have been found 

in many plant species (e.g. Kojima and Uritani, 1974; Leach et at., 

1982; Romeiro et al., 1981; Young and Kauss, 1982).

This was investigated by preparing an extract of hop tissue 

following the method of Kojima and Uritani (1974) and incubating 

Vaa bud cells 10^ - 10^/ml (from 4 d shake cultures) in the extract 

Frozen hop tissue was chopped and ground then blended for 2 min 

with cold KCl (50 g tissue to 100 ml 0.02 M KOI) with the addition 

of 0.1 g ascorbic acid. 5 g of polyvinyl pyrrolidone (insoluble ) 

was mixed into the blended tissue to adsorb phenolics, and left 

to stand for 10 min. The mixture was squeezed through a single 

layer of muslin and clarified by centrifugation (8800 g for 20 min). 

The supernatant was heated to just below boiling and the fine 

precipitate which formed was removed by centrifugation (8800 g 

for 10 min). The spores and dialysed extract were incubated 

together in bijou bottles (1 ml suspension to 2 ml hop extract) 

and rotated slowly to prevent the spores settling. Samples were
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withdrawn at intervals from 1 - 48 h. Aggregations of conidia 

were scored in 3 size classes: <10, 10 - 100 and >100 spores.

Extracts from 3 host varieties; Target, Fuggle and Northdown 

were tested with spores from 2 M and 4 V isolates (Table 10).

Aggregation was first detected within 1-2 h after incubation 

and the size and number of clumps continued to increase over at 

least 24 h. Clumping also occurred in the controls and varied 

in extent according to the isolate, ranging from virtually nil 

to a score of 86, 54, 5 by 1805 (M) and 23,8,10 by 2019 (M). This 

tendency of spores to aggregate in the controls was greatest 

(notably in class C results) in the 2 M isolates tested.

During the first 3-7 h a significantly greater number of 

class C clumps were formed compared to the controls by 3 isolates 

in response to Fuggle extract, and by 2 isolates in response to 

Target extracts. This could not be related to host-pathogen 

compatibility or isolate virulence.

After 24 h, aggregation of spores in response to hop extracts 

was on the whole greater by V isolates than M isolates,particularly 

by 1974 (Vg). Of the V isolates, all but the 1983/Fuggle and 

1983/Northdown combinations formed significantly more clumps (class 

C) than the controls. The only M isolate to display significant 

response was 1805 when incubated with Target extract.

Clearly, a component(s) exists in hop tissue extracts which 

is able to agglutinate spores. The relative levels of aggregation
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Table 10. Percentage of xylem vessels extending across nodes.

Variety length of bine section 
with included node (mm)

% vessels extending 
this length across 
node ♦

Fuggle 15 23.5

Fuggle 7 32.0

Northdown 7 18.7

Target 16 31.0

♦Determined as the % vessels which conducted non-water-soluble 

India ink, injected at the basal end.



§8
Cl,
CO0)

•H4->0)
-H

>
&
x:
E
o
u(M
co
+->
oCOCh
-P
X<u
c

•H

-p
?

«

CmO
CO(U
%
rH
oco

•H

EOÎHCm
m
0)
Ch
O
a
co

Cm
o

g
•H

c
•H-p
3

-P
Q)GO
P
CCS

H

TJ
§
1
OTDx:-p
p
o
2

•S
H

CO

CO CO
c\j

co

o o

co rH oLD CM 00

CO
rH O  OIT) CD rH 

CO rH
CM CD 
rH co

O O
CO

rH CM 
'Cj CM

en co co
rH CM

<  OQ CJ <  PQ O <  CQ CD

T3

( s a s s B - [ D  a z T S  e )

s a a o d s  j o  s d u i n j o  j o  o n



137

00 cn
I—I

CO M (\j 
IT) CO CO

CO
COo

TDO <H lO 
rH CM tH

cn00CD

CO00cn

<uCO "M" 'q-

cn CO cn CO CO

cn
OCM

mo00 rH  CO 00 CM CM rH

<  CO CO

TO
-p
c
o
CJ

XICOH

CM

c
o■H
■pCOX
aa
c

COo in
^  CM

ÜCO CO oCM rH  CO
in cn CM 
O  CO CM

CO
CO CO in
CM CO CM

oCO CO CO00 in CMCM rH

CD CO 
CM

in
o^  -M- IS CO

00 rH  O  CM CO CM

T3CM CO CD CO ^  CM

X
00 rH  O  
^  X  rH CM

CD X  S  CM CO

X  X  CD
X  rH

CD X  X  
rH  X  CM

<US 'If CM rH o CM
rH

X  X
rH

00

X  X  O  X CM

< CQ O

X
(UbOP
CO
H

OPX
c
oÜ

(S9SSBXO 0 Z I S  £ )

s a a o d s  
JO sdiunxo JO *OM

OJpCOX c•H Xc co CO•H <uX Xo CO Xo X COCO p oo Xc 1CO ■H XX3 (U >)CO p Xo (Uex X<uCO XX X COo o XCO p 0p X uX c XX o (00) Ü u
a . • 0)

T3(U

bOc•H
W P 
<D (U 
P 3 Oa CO

CO X w X in o
> > <u o o X

X CO o p
CO o X o o

• H CO X c X
X OJ CO o X X 3

p <D A o 0 0 0
X 0 X O
e a CO Ü 0 X X X

CO o X c c Cm
CM X X 0 0 0 X

0 ) X c X o o 3
X X a CO p X X b O
c X a Ch Cm X
CO p o o X X 0

X o p C c
c 0 0 f H a b O b O  X

o 0 ) a X X O
CO > 1 0 0 0 3o o o
p p o 0 II II II
u a CO r H X
3 c X X 0
CO o c3 m 0

X (Ü o 3
E X

f H > ) o
r H <u X X

c : X o
o o X V 0

X CP
X CO X < w

c 0
X 0 ) p
<u CO w

c X CD 0 X
5 CO p w X
o X a w X
p o d) 0 >
b O p p X

o 0
X 0 X
E X > 0 X

c o N 3
CO X X 0

o CO m 0
X o P

1 c CO X0 o 0 CJ O X CM
o CM > c O O O

X X 0
X b û 0 O o O
CO X 0

c w 0 f H II II II
o p 0 P Ü

X (U p o C P C L C L
CO X 3 o Cm
c X b O w O X X X
0 ) CD X 0 0 0
a b O  Cxh 0 X
CO o p 0 X X X
3 X 0 > c c 3
CO p 3 0 0 0 0

X 0 X O o Ü
(U 0 ) X m X X X
p X a a 0 0 C w Cm Cm
o CO 5 E Ü 0 X X X
a  X 3 C C C 3
CO 3 X X 0 X b O b O b û

o 0 u o 0 X X X
( M c X X X 0 0 0o X X 0 <M 0

X p X of—H <0 X o C X II II IIE p w a b O  X(U X cn X C
X 3 X * cn 0 X O



138.

by isolates in extracts of susceptible hosts Fuggle and Northdown 

may suggest that although all the isolates form compatible inter

actions on these hosts, there may be differential recognition 

between host and pathogen according to isolate virulence.

3.5 Occlusion of xylem vessels

Vessels of plants infected with vascular parasites may become 

partially or even totally occluded by gels and tyloses extruded 

from the parenchyma cells adjacent to the xylem (Beckman and Halmos, 

1962; Beckman, 1964). Vessel walls may also become coated with 

a granular or smooth material (Douglas and MacHardy, 1981; Robb 

et al., 1982). These structures have been linked with compatibility, 

but more frequently implicated as resistance mechanisms by limiting 

spore transport (Beckman, 1964). Induction or suppression of these 

structures may therefore be linked to virulence and warrants a 

comparison of progressive and mild Vaa isolates.

3.5.1 Assessment of vessel occluding material in infected

hop bine

In order to investigate the relationship between 

colonization by Vaa isolates and the levels of gel and tylose 

formation in resistant and susceptible hop varieties, sections 

of bine were examined from the inoculated plants described in 

Section 2.1.1. Sections were cut by hand between nodes n 5 and 

n 6 on each plant. The degree of blockage by each of the above 

structures was assessed semi-quantitatively i.e. presence of, 

and not quantity within, individual vessels. Representative 

sections showing the type and form of occluding materials observed 

were photographed and these are presented in Plates 18-27.
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The results from bine sections of variety Early Bird inoculated 

with four isolates of Vaa (2M and 2V) are given in Figs. 34-37.

No pattern emerges from the data for gels. The proportion of 

vessels containing gels varied between 0-5% and showed no corre

lation with fungal isolate, level of colonization or time after 

inoculation.

The percentage of vessels containing tyloses increased between 

3 wk and 5 - 6 wk from < 1 % to c. 15 - 25%. In each replicate, 

tylosis was related more closely to the level of colonization 

in the bine than to the length of time after inoculation. In the 

majority of cases, bines in which no Vaa had been detected,contained 

few or no tyloses. The scatter plots in Fig. 38 reveal the 

relationship between tylosis and colonization. Calculation of 

the correlation coefficients for each isolate on Early Bird 

indicates that this positive correlation is highly significant: 

at 0.1% for isolates 2019 (M), 1844 (M) and 1776 (V) and at 1% 

for isolate 1974 (V^). No differences were detected between the 

tylosis responses of M and V isolates, although the higehst level 

of tylosis occurred in bines infected with isolate 1974. On 

vareity Target (Fig. 39) the two bines which did become colonized 

had a similar level of tylosis to that seen on the susceptible 

variety Early Bird. Of the remaining bines, which were uncolonized 

the proportion of vessels with tyloses was < 4% with two 

exceptions.

Coating of vessel walls was more variable, but as a general 

rule was associated with tylosis. Early Bird bines colonized with 

M isolate 2019 ended to have less vessel coating than bines
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Fig. 39. Induction of gels, tyloses and phenolics with auxin and

conidia at different distances from the site of infiltration 

in Target shoots.

Young hop shoots, 10-15 cm long from 2 year old root 

stocks of resistant variety Target were infiltrated with 

test solutions for 8 d at 15°C then sectioned.

Sections were examined for the presence in xylem vessels 

oÇ i) gels (unshaded), ii) tyloses (shaded), yellow-brown 

discolouration indicative of phenolic infusion (barred).

♦Shoots were infiltrated with conidial suspension (10^/ml) 

for 10 mins then returned to either distilled water or auxin 

solution.

**NAA was used in preference to lAA because it is stable to 

autoclaving and degraded much more slowly by plant cells 

than lAA (Gamborg, 1975).



145.
40-

X
(UXo0)XX
03 20 
wX0)ww(U>

X0)
Xo
(UXX
03

(Uww(U>

Treatment: conidial suspension (10 /ml) of 
isolate 2019(M)*

r

IZU-
0 1 3 5 7 9 11
distance from site of infiltration (cm)

Treatment: auxin (10 M)** NAA
40-

20-

P
0 1 3 5 7 9 11

distance from site of infiltration (cm)

X
(U

XooXX
03

<U
CO
CO<u>

40-

20-

Treatment: conidial suspension (10 /ml) and auxin(NAA) 
(ICT^M) of isolate 2019(M)*

rv

N

N
0 1 3 5 7 9 11

distance from site of infiltration (cm)



CO<D
COOX

CUbû
Xo
co
•HXo3Xc
co

Xo
Xp
cua
co
X
X
03
P

X
X
X
XC
X

a
cu
p

CO

Xo
c
03
cue
cuX

X

CO
Xc
cu
CO
cu
pa
cu
p

c
E
3
rHoo
Xo
03W

X
c

o X X O
<—1 O O ,—1

COo o O o C
II II II II II

CP CP P p P

X X CM O ) X
CM CM CO CM CM

A A A A A

tT X X X CD
CO CO CO CO CM

c X
03 U) X
C X oO o
X o cu 3
X X X o
03 CO X X
P CO cu

X X X
C cu cu
CU bû X T3Ü p X CU
c 03 X
o H E CO
o CO o X

C cu p Xc X X X
X o cu
X CO c E p3 o X o 03
03 X o

X o CD CO
X o X r—<O C X cu X ID ID

cu CD 3 > O O O
X X CO U cu CO O CO
o a r-H CO c CO O c O
cu CU c O C
X 'O bû P cu II II II II
X c X CU o II II II
CPI 03 P 3 c a P p P

3 p P Po CO Üo X c X X CM 00 Oo X 00 X ID CD fH rH CM
p X X
cu X c A A A A A A A

bû X Ü bû
X cu cu X X 00 00 CM 00 TT CO
p p CO CO fH CM CM fH fH CM P



146.

O  Z

o Z

oz

•H T3(û
■P TJ

O Z

4-> T)
•H -H

•H TD
-P  00

Oo



Fig. 41. Induction of gels, tyloses and phenolics with auxin

and conidia over a period of 2-8 days in Target shoots

Refer to Fig. 39 footnotes.

Sections were cut 6 cm from the site of infiltration in

3 replicate shoots for each treatment

Significance levels are listed below

2d ; 4 > 1, P = ns
7 > 1, p = 0.10 
10 > 1, P = 0.05 
4 > 28, P = 0.01 
10 > 46, P = 0.002

4d: 16 > 13, P = ns
19 > 13, P % 0.01
22 > 13, P = 0.01
22 > 10, P = ns

6d: 31 > 25, P = 0.10
36 > 27, P = ns 
32 > 8, P = ns 
10/22 > 34, P = 0.05

8d: 37 > 40, P = 0.002
37 > 46, P = 0.01 
10/22 > 46, P = 0.002
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Fig. 42. Induction of gels, tyloses and phenolics with

auxin and conidia in resistant and

susceptible hop shoots.

Sections were cut 6 cm from site of infiltration 

Each column represents the mean of 3 replicates. 

Significance levels are listed below

7 > 1, P = 0.05
11 > 2, P = 0.01
12 > 3, P = ns
11 > 14, P = ns
12 > 6, P = ns 
3 > b, P = 0.05

11 > 26, P = 0.02
e > k, P = 0.10 
44 > 29, P = 0.10 
7 > 37, P = 0.05

20 > 17, P = 0.05
25 > 19, P = 0.10
25 > 28, P = 0.02
20 > 26, P = 0.05
20 > 23, P = 0.02
k > h, P = ns

35 > 32, P = 0.05
31 > 43, P = ns
34 > 37, P = 0.05
35 > 38, P = 0.10
42 > 45, P = ns
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colonized with the other isolates.

3.5.2 Mechanism of induction of vascular occlusion

Although occluding structures have been recorded in 

numerous vascular diseases the mechanisms of induction of vascular 

occlusions remain almost unknown, although tylosis has been linked 

with hyperauxiny (Pegg, 1981), gelation with ethylene (Van der 

Molen et al., 1983), and both as non-specific wound responses 

(Chattaway, 1949; Gatlin and Albrigo, 1976). Thus an attempt was 

made to artificially induce the formation of gels and tyloses 

as a means of understanding the mechanism behind this reaction.

This could then facilitate studies on possible suppression of 

occlusion by virulent isolates or may reveal factors from mild 

isolates which elicit the response. Infusion of phenolics into 

gels and tyloses could confer on these structures, resistance 

to enzymic degradation (Beckman et al., 1974), thereby increasing 

their effectiveness in restricting colonization by vascular parasites 

Differential induction or suppression of phenolic infusion could 

reveal differences between M and V isolates of Vaa.

Young hop shoots, 10 - 15 cm long were cut and immediately 

stood in distilled water to prevent entry of air into vessels.

A range of concentrations of auxin (naphthyl acetic acid, NAA: 

see Fig. 40 footnote) was used as a potential inducer. The 

influence of the pathogen was also investigated by introducing 

Vaa spores (10^/ml) for 10 min into cut shoots then returning 

the shoot to either water or NAA solution. The shoots were re

tained in the solutions for up to 8 d at 15°C or 20°C (Plate 28).
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After incubation the shoots were sectioned by hand and scored 

for the presence of gels tyloses and phenolic infusion in the 

xylem. The results are presented in Figs. 40-44.

Induction of tylosis was also attempted on hop roots using 

a range of NAA concentrations (Fig. 44, see footnote for details 

of method).

The response of control shoots infiltrated with sterile 

distilled water can be seen in Figs. 40-43 ; gelation occurred 

in 2 - 38% of vessels, tylosis in 1 - 5% of vessels and phenolics 

in 0 - 3%.

3.5.2.1 Distance between the site of infiltration and the 

region of greatest vascular occlusion

The distance from the shoot base at which the greatest 

response to infiltration with auxin or conidia occurred was deter

mined and is shown in Fig. 39. Gel formation was generally greater 

than tylosis and was apparent in 12 - 41% of vessels, but was 

highly variable and could not be clearly associated with any 

particular treatment or distance from the shoot base. The greatest 

responset of tylosis and phenolic infusion occurred 5 - 7 cm from 

the shoot base.

The highest level of tylosis in these treatments occurred 

after infiltration with conidia and auxin (< 23% vessels affected). 

The level of tylosis in response to conidia alone reached a maximum 

of 17% vessels affected but in response to auxin alone was very
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low (0 - 5% of vessels affected).

The level of phenolic infusion was also greatest in the shoots 

infiltrated with conidia and auxin. This appeared to be associated 

with tylosis but generally was slightly less frequent (2 - 23% 

of vessels infused).

3.5.2.2. Vascular occlusion in response to a range of NAA 

concentrations
-7The concentration of 10 M NAA was initially selected 

because of the successful induction of tylosis at this level in 

banana roots (Mace and Solit, 1966). Shoots may be less sensitive 

to auxin, in view of the fact that it is synthesized in the shoot 

apex and so can be expected to be present there in higher concen

trations (Waring and Phillips, 1978); therefore higher concen

trations were also tried as inducers of vascular occlusion (Fig.

40) .

Infiltration of NAA at 10 ^ M led to the production of

significantly more gels (P = 0.10) and significantly more

tyloses (P = 0.05) than in the control shoots. The level of

tylosis induced by 10 ^ M NAA (mean = 18.5% vessels affected)
-6was also significantly greater than that induced by 10 M and 

10 ^ M NAA (at P = 0.05 and P = 0.10 respectively). At these 

lower concentrations the level of tylosis was not significantly 

greater than in the controls.

3.5.2.3 Temporal production of gels, tyloses and release 

of phenolics

Assessment of vascular occlusion after 3, 4, 6, 7 

and 8 d infiltration with 10  ̂M NAA (Fig. 40) indicates that
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gelation occurred earlier than tylosis or phenolic infusion (i.e. 

by 3 d).The level of gelation did not significantly increase (n.s. 

at P = 0.10) after 3 d. Tylosis was not significantly greater 

than the controls until 7 d (P = 0.05). Similarly, phenolic infusion 

did not occur at significant levels until 6 d (P = 0.05).

The results in Fig. 41 of temporal production of vascular

occluding materials following infiltration with a higher con-
-4centration of NAA (5 x 10 M) indicate no significant increase 

in tylosis or phenolic accumulation during the 8 d (n.s. at P 

= 0.lOlkis possible that in this instance the auxin concentration 

was too high (Mace and Solit, 1966), but even the response to 

conidia was somewhat low (2% vessels containing phenolics, 0 - 

16% vessels with tyloses) in comparison with that shown in Fig.

39 (13 - 19% vessels with phenolic infusion, 15 - 18% with tyloses).

The amount of gel formation was highly variable both between 

treatments and over the 2-8 d. Gelation in the water-infiltrated 

controls over the first 4 d did not occur in more than 13% of 

vessels but by 8 d was more extensive,and was found in 24 - 33% 

of vessels. At 2 d and 4 d the level of gelation was significantly 

greater when induced by conidia either alone (P = 0.10 and 0.01) 

or together with NAA (P = 0.05 and 0.01), but not when NAA 

alone was the inducer.

There was no significant change in the proportion of 

vessels containing gels in shoots infiltrated with conidia alone, 

after the initial response at 2 d. This suggests that the gelation 

response occurred rapidly and that once formed, these gels
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Fig. 43, Induction of tylosis with auxin in primary roots 

of Target hops

GO-

40 -

TD
4)-PO<u4-,
03
M
I—I<Uw
o 20

water 7^ ^0 10 10 \
NAA NAA NAA NAA

Small, fleshy root stocks from cold storage were started into 

growth. When the shoots were c. 12 cm long, selected roots were 

cleaned of soil and the ends removed and discarded. The cut 

roots were infiltrated with water or auxins at 20°C for 6 d 

then sections cut 3-5 cm from the cut end.

Each treatment was replicated x4.
- 710 >water, P = 0.001 10 ^  water, P = 0.001



154

persisted and no further gelation occurred.

Of the two treatments in which shoots were infiltrated with 

NAA, the degree of gelation was comparable for the first 4 d to 

that in shoots infiltrated with conidia alone, although by 4 d 

infiltration with conidia and NAA had induced a much greater number 

of gels (45 - 70% vessels affected). However, by 6 d and 8 d the 

proportion of vessels containing gels in shoots treated with auxin 

had reduced significantly (between 2 d and 6 d P = 0.01, between 

2 d and 8 d P = 0.002).

0 - 2% of vessels infiltrated with conidia became infused 

with phenolics over the 8 d. Phenolic infusion was not evident 

in other treatments or controls until 6 d, and affected a maximum 

of 15% of vessels in shoots infiltrated with conidia and auxin, 

but no significant differences were found between treatments.

3.5.2.4 Vascular occlusion in different host varieties

Fig. 42 gives the results of a comparison between 

the responses of 3 host varieties of differing resistance, to 

infiltration with conidia from M or V isolates, with or without 

auxin.

3.5.2.4.1. Cv. Target

In variety Target (resistant to M and V isolates 

but not Vg), gels, tyloses and phenolic infusion were induced 

in all treatments and controls. Although vascular occlusion was 

apparently greater in the treatments than in the controls, due
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to high variation this was statistically significant only for 

gelation in response to 1776 (M) conidia (P - 0.01). The ability 

of 2019 M or 1776 V conidia to induce tylosis appeared to be 

lessened in the presence of NAA, however the differences were 

not statistically significant. 2019 M conidia tended to induce 

slightly more tylosis and phenolic infusion than did 1776 V conidia.

3.5.2.4.2 Cv. 264

In variety 264 (resistant to all Vaa hop isolates), 

significantly more gels were induced by 2019 M conidia than by 

1776 V conidia (P - 0.10), but anomalously significantly less 

tylosis was induced by 2019 M conidia (P = 0.05). As described 

for Target shoots, the presence of NAA appeared to negate the 

inducing properties of both M and V isolate conidia; this is 

significant for the difference in gelation induced by 2019 M 

conidia, alone and together with NAA (P = 0.10) and the diff

erence in tylosis in response to 1776 V conidia used alone or 

with NAA (P = 0.02). A significant level of tylosis (2.5 - 6.0% 

of vessels affected, P = 0.05) was induced only by infiltration 

with 1776 V conidia.

3.5.2.4.3 Cv. Fuggle

In variety Fuggle which is susceptible to all Vaa 

hop isolates, a significant level of tylosis was induced by 1776 

V conidia (5 - 13% vessels affected, P = 0.05).This was also 

greater than the level of tylosis induced when 1776 V conidia 

were used with NAA (P = 0.10). In addition, the presence of NAA 

in the latter treatment resulted in significantly less gelation
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(P = 0.05). Infiltration with 2019 M conidia apparently induced 

more phenolic infusion than did other treatments but the variation 

was high and therefore the result was not statistically significant 

(n.s. at P = 0.10).

Comparing the responses of the three varieties, on the whole 

a higher level of vascular occlusion was induced

in cv. Fuggle than in Target or 264. 2019 M conidia induced signi

ficantly fewer tyloses (P = 0.02) in cv. 264 (O - 2% vessels

affected) than in Target (5 - 10% vessels affected). In a repeat 

experiment tylosis occurred in 1.5 - 9.5% of vessels in cv. 264 

and 10 - 21% of vessels in cv. Target. The difference was sig

nificant at P = 0.10, thus confirming the earlier result.

Tyloses formed in 2 - 10% of vessels in Fuggle shoots but signi

ficantly less tylosis was recorded in 264 shoots (0% vessels 

affected) in response to 2019 M conidia and NAA (P = 0.10). 

Significantly more gelation occurred in response to 1776 V 

conidia and NAA, in Target than in Fuggle shoots (P = 0.050.

No overall significant trends in differential induction of 

vascular occlusion were observed in response to M and V isolates, 

although on the whole the M isolate induced more gelation and 

phenolic infusion.

3.5.2.5 Vascular occlusion in roots

Fig. 44 indicates that very much higher levels of 

tylosis were induced in hop roots (cv. Target) by NAA than in 

shoots; < 61% of vessels were affected compared to < 31% of
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vessels in shoots (Fig. 40). Significantly more tyloses were 

induced by 10“^ M NAA (P = 0.001) and lO”^ M NAA (P = 0.001) 

than in the controls, but no clear relationship between tylosis 

and auxin concentration was revealed.

3.6 Host specificity of V. albo-atrum strains

Resistance to attack by a particular pathogen may take a 

number of forms, both passive and active. In one plant a whole 

range of resistance responses may exist, not all of which will 

necessarily be used against any one pathogen. Rather, potential 

resistance is present in a series of stages and each may be over

come, suppressed or triggered, depending on the compatibility and 

virulence of the invading parasite. A system of this nature will 

determine which plants a pathogen can successfully attack i.e. 

its host specificity.

A survey of the host specificity of a number of Vaa strains 

was carried out in conjunction with C. Hancock (1984). It was hoped 

to compare virulence of hop isolates in other host species parti

cularly to establish if other hosts would provide a more convenient 

means of differentiating M and V isolates, and if the different 

virulence levels are unique to the host-parasite interaction. 

Included in the survey were two isolates from hop: 2019 (M) and 

1974 (Vg), at the lower and upper end respectively of the virulence 

scale. Nine host plants were tested and the results are given in 

Table 1 2.

Both hop isolates gave identical results in symptom 

production, and rate and extent of colonization. Only two of the
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hosts (pea and sunflower) were not colonized. The tomato var. 

Craigella 218, with isogenic resistance to tomato strains of Vaa, 

showed the same levels of colonization and symptom expression as 

the susceptible var. Craigella 26 when infected with the hop 

isolates. However, the multigenically resistant lucerne Vertus 

also showed some resistance to the hop isolates. This indicates 

that the basis of resistance to their respective Vaa strains in 

these two species is different,as their mode of inheritance might 

predict. Both aubergine and antirrhinum were highly susceptible 

to hop isolates of Vaa.

It is apparent that the differing levels of virulence of 

hop isolates are expressed only during invasion of the specific 

host plant. This has important implications in attempts to 

differentiate isolates in vitro and will be discussed later.

3.7 Summary (Section 3)

Callose was formed in the first 2 - 3  cell layers of exposed 

tissue of split hop bine cv. Target, inoculated with conidia from 

M and V isolates of Vaa. No differences were observed in the host 

reactions to M and V isolates. Papillae were also formed in 

these cells.

Various extractions from the above tissue indicated the 

presence of an induced antifungal compound in the methanol extract, 

which weakly inhibited Vaa germ tube growth. The inhibitor could 

not be detected by Cladosporium bioassay or by fluorescence 

after chromatography on silica gel. Differential elicitation or
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degradation of this inhibitor by M and V isolates was not apparent. 

There was no evidence for the existence of pre-formed inhibitors 

of fungal germination and germ tube growth in hop tissue.

Examination of xylem vessel lengths in hop bines, petioles 

and roots indicated that the majority of vessels are <1 cm long.

In bines, vessel lengths of up to 55 cm were recorded, but < 1% 

of vessels extended much beyond 20 cm. Vessel end walls were 

slightly more frequent at nodes than in the internodal sections. 

Vascular anatomy was not apparently linked with resistance.

Incubation of Vaa conidia within hop xylem vessels suggested 

that most conidia bound to vessels but no clear differences emerged 

with different fungal isolates or host cultivars.

An extract from hop tissue agglutinated Vaa conidia. The tend

ency to form clumps varied according to the isolate. There was 

some evidence for differential agglutination of conidia related 

to isolate virulence in extracts of susceptible varieties.

Vascular occlusion was induced in cut hop shoots by infiltra

tion with auxin and/or Vaa spore suspensions. The greatest number 

of tyloses and phenolic infusions occurred 5 - 7 cm from the site

of infiltration. The most effective concentration of NAA was 
-410 M in shoots, resulting in gelation in 35 - 65% of vessels, 

tylosis in 3 - 30% of vessels and phenolics in 1 - 16% of vessels 

in Target, but in roots more tyloses were induced (in 45 - 60% 

of vessels) at lower concentrations of NAA, e.g. 10 ^ M. Gelation
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was the earliest response, occurring during the first 48 h.

Tyloses began forming at 3 - 4 d and continued to increase over 

the 8 d of the experiment. Phenolic infusion tended to accompany 

tylosis. When NAA was infiltrated into shoots either alone or with 

conidia, gels were induced initially, but after 6 - 8 d the numbers 

of vessels containing gels was significantly less, suggesting 

a non-persistence of these gels. There was some evidence of 

differential induction of vascular occlusion by conidia from M 

and V isolates of Vaa on different but no overall trends

were apparent.

Assessment of sections from Paa-infected plants showed a 

positive correlation between levels of colonization and tylosis. 

This occurred in hops inoculated with either M or V isolates. 

Vessels were partially or completely blocked with gels, tyloses 

and smooth or granular coatings around the walls. They became 

infused with phenolic substances particularly in the later stages 

of infection.

In a study of host specificity, hop isolates of Vaa colonized 

and produced symptoms on four of six non-host species, representing 

four plant families. M and V isolates behaved similarly on each 

of these.





PLATE 1. Pectic zymogram produced after iso-electrofocusing of 

V. albo-atrum culture fluids, isolate 1776 (V) grown 

on hop cell walls. Fluids were concentrated with 

polyethylene glycol and applied to polyacrylamide gel 

plates at xl, x2, x4 and x6 the original concentration. 

Pectolytic activity was detected on a pectin overlay 

and visualised by staining with ruthenium red. The 

resulting zymogram was recorded by direct contact 

printing, therefore appears in negative contrast.
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PLATE 2. Colour development in API ZYM substrate microtubes 

after incubating with V. albo-atrum culture fluid 

from 3 M isolates and addition of developing reagents. 

No colour change indicates a negative result. Enzymes 

assayed: 0 = control, 2 and 11 = alkaline and acid 

phosphatases, 3-5 = esterases, 6-8 = arylamidases,

9 = trypsin, 10 = chymotrypsin, 12 = naphthol-AS-Bl- 

phosphohydralase, 13 and 14 = a and 6-galactosidases, 

15 = 6 -glucaronidase, 16 and 17 = a and 6- 

glucosidases, 18 = N-acetyl-6-glucosaminidase, 19 = 

a mannosidase, 20 = a fucosidase.
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PLATE 3. Separation of mycelial proteins from 6 d shake cultures 

of V. albo-atrum isolate FIO by two-dimensional 

electrophoresis. Iso-electric focussing was used in 

the first dimension and separation according to molecular 

weight in the second dimension. The gel was stained 

with Coomassie brilliant blue.

PLATE 4. Separation of mycelial proteins from 7d static cultures

of Vaa isolate FIO by two-dimensional electrophoresis. 

Refer to Plate 3 footnotes and Fig. 16.

PLATE 5. Separation of conidial proteins from 6 d shake cultures

of V. albo-atrum isolate FIO by two-dimensional

electrophoresis. Refer to Plate 3 footnotes and Fig. 16.
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PLATE 6. Separation of mycelial proteins from 6 d shake cultures 

of V. alho-atrum isolate P6 (left) and FIO (right) 

by two-dimensional electrophoresis. Refer to Plate 3 

for footnotes.
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PLATE 7. Outgrowth of V. albo-atrum from excised nodes of 

colonized hop bine after plating on PLYA and 7 d 

incubation at 23°C.
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PLATE 8. Progressive hop wilt symptom: 'tigerstripe ' appearance

of leaves which have developed marginal and inter- 

veinal chlorosis and necrosis as a result of infection 

with a virulent isolate of V. alho~atrum. The lateral 

shoots are as yet apparently healthy and symptomless.

PLATE 9. Symptoms of magnesium deficiency in hops showing

similarity to 'tiger-stripe' appearance of progressive 

hop wilt. In the case of magnesium deficiency the 

edges of the interveinal colour bands are jagged, 

whereas in wilt symptoms they are quite smooth (MAFF, 

1968).
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PLATE 10. Fluctuating hop wilt symptom: sectorial development 

of chlorosis and necrosis in a leaf.

PLATE 11- Magnesium deficiency symptoms affecting one side of 

a leaf more severely than the other and thus showing 

some similarity to fluctuating wilt symptoms.
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PLATES 12 - 15. Fluorescence photomicrographs of hop bine

tissue inoculated with V.albo-atrum M or V isolates.

For details of staining refer to Materials and Methods 

Section 6.2. Bine sections were viewed under a Leitz 

photomicroscope using exciter filter UGl and barrier 

filter 360.

PLATE 12. T.S. Target tissue inoculated with M isolate 1844

(incompatible combination). Fluorescent areas indicate 

callose lining of cell walls in many of the cells 

situated in the first few layers below the cut, inoculated 

surface (top of plate). Points where fluorescence is 

most intense may indicate sites of hyphal penetration 

through host cell walls. Pre-stained with 0.05%

Calcofluor then with 0.05% aniline blue. x64.

PLATE 13. L.S. Target tissue inoculated with isolate 1974

(compatible combination). Aniline blue fluorescence 

indicates deposition of callose almost the whole length 

of one cell and also in the adjoining cell. Sections 

were prestained with toluidine blue to prevent non

specific staining of aniline blue to lignins. xl60.
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PLATE 14.T.S. Target tissue inoculated with M isolate 1844

(incompatible combination). A thick uneven deposit 

of callose extends over a large area of the inner wall 

of one particular cell (at the inoculated tissue surface), 

also in one or two cells at the base of the micrograph.

The unevenness of the callose may suggest that it 

has been deposited in layers. Sections were stained 

with 0.05% Calcofluor. xl60.

PLATE 15. T.S. target tissue inoculated with isolate 1974 

(compatible combination). In addition to callose 

deposits, several papillae have formed in the cells 

closest to the site of inoculation, indicating 

attempted penetration by Vaa hyphae. In one of these 

papillae a central canal is visible. Fungal hyphae 

were not observed and may have become detached during 

sectioning and staining. Prestained with 0.05%

Calcofluor then 0.05% aniline blue. xl50.
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Plates 16 E in d  17. Fluorescence (365 nm) of extracts (petroleum 

ether, plate 16; diethyl ether, plate 17) of un

inoculated and inoculated hop tissue var. Target 

after separation by thin-layer chromatography. 

Treatments from left to right: uninoculated, inoculated 

with M isolate, inoculated with isolate. No 

differences can be seen between the treatments.
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PLATE 18. Gel completely occluding vessel lumen ahead of

colonization front. Note the smooth, uncoated walls 

of this and surrounding vessels. Section from Var. 

Early Bird (rep. 3), between nodes 4 and 5, 35 d 

after inoculation with V isolate 1776. Bine colonized 

to node 3 (Fig. 18). Ruthenium red stain. x64.

PLATE 19. Gel infused with phenolic substances in Target 

bine (rep. 3) between nodes 4 and 5, 21 d after 

inoculation with isolate 1974, although bine 

is apparently not colonized (Fig. 16). Ruthenium 

red stain. x64.
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PLATE 20. Tylose arisingfrom xylem parenchyma cell and

ballooning into vessel lumen. New wall material has 

been laid down around the dilated plasma membrane 

and parenchyma cell contents transferred into the 

tylose. Section from Early Bird bine (rep. 3) between 

nodes 4 and 5, 35 d after inoculation with V isolate 

1776. Bine colonized to node 3 (Fig. 18). Ruthenium 

red stain. x400.

PLATE 21. Tylose in central vessel with pitted "golf-ball" surface 

Note granular coating material over tylose and lining 

the vessel walls. This granular material takes up 

little or no ruthenium stain, thus appears purple- 

grey in colour. Smaller vessel on left is occluded 

by numerous tyloses and has been infused with phenolic 

material which appears orange-brown. Section from 

Early Bird bine (rep. 2) between nodes 4 and 5,

49 d after inoculation with M isolate 1844. Bine was 

colonized to node 19 at this stage (Fig. 20).

Ruthenium red stain. x84.
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PLATE 22. Extensive occlusion by tyloses, gels and granular 

deposits. Top right vessel (^) contains a gel 

partially impregnated with phenolics but still able 

to take up some ruthenium stain, therefore probably 

not yet resistant to attack by fungal pectinases. 

Several vessels contain very dense dark brown-black 

deposits. These deposits have a 'bubbly' appearance 

on the surface at least ( ▼ ). Section cut from

Early Bird bine (rep. 1) between nodes 4 and 5, 49 d 

after inoculation with isolate 1974. Bine colonized 

to node 15 (Fig. 20). Ruthenium red stain. x64.

PLATE 23. Vessel lumen almost totally occluded by granular 

material, apparently composed of a mixture of 

ruthenium-staining and non ruthenium-staining 

granules. Section from Early Bird bine 9rep. 2) 

between nodes 4 and 5, 35 d after inoculation 

with V isolate 1776. Bine not colonized (Fig. 18). 

Ruthenium red stain. xl28.
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PLATES 24 - 26. Vessel coatings. This material is apparently

released through or deposited on the vessel walls as 

readily where vessels are contiguous as where they are 

bordered by xylem parenchyma.

PLATE 24. Smooth ruthenium-staining and rough non ruthenium-

staining vessel coatings. Section from Early Bird bine 

(rep. 1) between nodes 4 and 5, 35 d after inoculation 

with V^ isolate 1974. Bine apparently not colonized. 

(Fig. 18), X 64.

PLATE 25. Discrete ruthenium-stained areas, suggesting an early 

stage in the release of the coating material through 

the vessel walls. Section from Early Bird bine (rep.

1) between nodes 4 and 5, 42 d after inoculation with 

M isolate 1844. Bine colonized to node 5. xlll.

PLATE 26. Ruthenium-staining globular structures on the xylem 

wall suggesting (as in Plate 25) release ffoGn 

vessel walls. Section as plate 25. xl47.
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PLATE 27. V. albo-atrum hyphae colonizing vessels. No host 

reaction in the form of gels, tyloses or vessel 

coatings is visible in the region of the mycelium. 

Section from Early Bird bine (rep. 1) between nodes 

4 and 5, 49 d after inoculation with V isolate 1776. 

Bine colonized to node 6. Ruthenium red stain. xll6.
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PLATE 28. Artificial induction of vessel occlusion. Young hop 

shoots from 2 year-old stock plants were infiltrated 

as illustrated, with test solutions for various 

periods. The solutions and beakers were sterilized 

and sealed with parafilm, through which the shoots 

were inserted, to maintain the system as aseptically 

as possible.
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PLATE 29. Auxin (10  ̂M NAA) induced tylosis in hop roots var.

Target. LS showing the distribution of tyloses along 

the length of a vessel. Toluidine bluestain. X52.

PLATE 30.Auxin_(10  ̂M NAA) induced tylosis in hop roots var.

Target. L.S. showing tylose protruding into vessel 

lumen. The 'punctuated' staining around the tylose 

wall, suggests a pitted surface. Toluidine blue stain 

Differential interference contrast (D.I.C.) x 160.

PLATE 31. Auxin (10 ^ M NAA) induced tylosis in hop roots var.

Target. L.S. Dense cluster of small tyloses in vessel, 

Toluidine blue stain. D.I.C. x 130.
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DISCUSSION

1. Development of water stress and symptom expression

Assessment of colonization and symptom expression in Early 

Bird and Northdown hops infected with the hop isolate 1974, 

indicated that a leaf does not express symptoms unless Vaa is 

present at the node from which the petiole arises. Frequently, 

but not invariably Vaa was also reisolated from the petiole itself. 

This result is in agreement with the findings of Garber and Houston 

(1967), Hall and Busch (1971), Keyworth (1953), Talboys (1958b) 

and suggests that symptom-inducing pathogenicity factors do not 

act far in advance of the colonization front. This does not 

necessarily mean that these factors are unable to act in isolation 

from the pathogen. As a result of dilution of fungal products in 

the transpiration stream or molecular sieving at pit membranes 

leaves distant from the region of colonization may only receive 

insignificant amounts. Another factor to consider is the time 

taken for the host tissues to express symptoms. In view of the 

report by Talboy s( 1978) that isolated hop leaves of different 

ages (from successive nodal positions up the bine), when treated 

simultaneously with ethylene, expressed symptoms in order of 

decreasing age, it is conceivable that a similar affect occurs 

in wilt-infected plants. If that were the case, by the time the 

youngest leaves expressed symptoms, the pathogen may well have 

colonized up to and beyond that level, thus giving the impression 

that symptoms are causally associated with the in situ presence 

of the pathogen. However, it seems likely that fungal products 

would only be present in quantities sufficient to induce symptoms
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in a leaf when the pathogen is itself in close proximity and 

colonizing intensively. The lack of relationship between the level 

of colonization (or absence) of Vaa in petioles of leaves expressing 

symptoms suggests that primarily these symptoms are induced as 

a result of colonization of the node subtending the petiole, and 

subsequent invasion of the latter is only of secondary importance.

Reduction in vascular flow rates through petioles apparently 

occurred after colonization of their subtending nodes. Unfortunately 

it was not possible to determine for certain whether flow rates 

decreased prior to symptom expression, but the results suggest 

the possibility of this. Thus the following sequence of events 

leading to symptom development in a leaf may be postulated: first, 

colonization of the bine and node from which the petiole arises, 

this in some way leads to a reduction in vascular flow through 

the petiole causing water stress in the leaf tissues and subse

quent development of wilt symptoms.

Reduced flow rates, often associated with a decline in trans

piration have been reported to occur prior to symptom expression 

in Fusarium wilt of banana (Page, 1959), Verticillium albo-atrum 

wilt of tomato (Street and Cooper, 1984; Threlfall, 1959), V. 

dahlias wilt of chrysanthemum (MacHardy et al., 1976),Ceratocystis 

wilt of elm (MacHardy and Beckman, 1973). In a study of cotton 

plants infected with V. dahlias,3chnathovst (1969) detected little 

or no disruption of vascular flow in the main stem until wilt 

symptoms were fairly well advanced. However, this is not surprising 

as increased resistance to flow in petioles appears to contribute
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more to water-stress and symptom expression than that in stems 

(Hall and MacHardy, 1981) and probably reflects the relative 

vulnerabilities of the vascular systems in the two tissues (Dimond, 

1966); therefore measurement of flow in petioles is more relevant 

and a more sensitive indication of subsequent water-stress in the 

leaves. In their discussion of water-relations in plants infected 

with vascular wilt fungi. Hall and MacHardy (1981) conclude that 

the characteristic desiccation of leaf cells results from an 

increased resistance to flow within the xylem, leading to reduced 

water content in the leaves and decreased transpiration rate. 

Investigations on leaf cells from healthy and infected plants also 

indicate that desiccation is a result of reduced water supply to 

the leaf and not water loss due to altered osmotic properties 

(Dimond and Waggoner, 1953; Duniway, 1971b; Duniway, 1973; Threlfall, 

1959). Further evidence of this is that loss of solutes (indicative 

of increased membrane permeability) in chrysanthemum leaves infected 

with V. dahlias, occurred only in the later stages of dehydration 

(Hall and Busch, 1971). The increased resistance to flow indicates 

the involvement of vascular occlusion as a primary cause of water 

stress in infected plants. Vessel blockage has been demonstrated 

by the failure of dye to pass along many of the vessels in infected 

tissues (Ludwig, 1952; MacHardy st al., 1976; Saaltirk and Dimond, 

1964; Scheffer and Walker, 1953; Threlfall, 1959).

Hall and MacHardy (1981) make the comment that wilting i.e. 

symptom expression, is a late response of the host, following 

earlier, determinative phases of the host-parasite relationship 

and that many physiological and morphological changes occur before
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water stress. It is the host-parasite interaction during these 

earlier phases of penetration and colonization that largely decides 

the level of virulence expressed by the parasite. Possible contri

butory factors to pathogenicity and resistance in hop wilt are 

discussed in the following sections.

2. Pathogenicity determinants in Verticilliwn wilt of hop

The growth rates of a range of M and V hop isolates of Vaa 

varied considerably on PLYA and on hop cell wall agar but this 

variation bore no relation to virulence. Growth on a selection 

of carbohydrate substrates was essentially similar and where 

variation did occur it was not connected with virulence. It is 

possible that the growth rate of an isolate on various media reflects 

more the general fitness of the fungus as a saprophyte rather than 

its virulence as a vascular parasite. The transport of conidia 

in xylem sap is known to be the mechanism of spread of Vaa in hops 

(Sewell and Wilson, 1964) and consequently the ready formation 

of large numbers of conidia can be envisaged as a potential 

determinant of pathogenicity. However, sporulation of isolates 

inculture was similar. These findings are in accord with the 

results of Hignett et at. (1983) who investigated the growth and 

sporulation of Vaa hop isolates on a variety of media and at 

different pH, but were unable to correlate their results with 

fungal virulence. Mohan and Ride (1984) found that spore production 

by hop isolates on sucrose and hop root cell wall media was 

associated with isolate serotype. Isolates of serotype 1 could 

be clearly segregated from serotypes 2 and 3, on the basis of their 

higher rates of sporulation. However, both M and V isolates fit
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into the serotype 1 category as well as in the low sporulation 

group (serotypes 2 and 3), suggesting that sporulation at least 

under the conditions of culture employed, is probably not associated 

with virulence. However, the virulence of V. dahtiae to cotton 

has been correlated with a high rate of sporulation (Bell, 1969;

Schnathorst, 1963). The in vitro studies here do not preclude

differences in sporulation rates related to virulence in vivo, 

but it is possible that in hop wilt, more important than the numbers 

of conidia produced is the proportion of conidia which succeed

in gaining passage through the host.

Assessment of rates of colonization of M and V isolates in 

Early Bird and Target hops suggested that these are similar in 

compatible host-parasite combinations, regardless of the virulence 

of isolates. Measurement of colonization was qualitative and there

fore only monitored the height to which the parasite had reached 

and not how intensively it had colonised en route. If only a very 

small proportion of the propagules of an isolate avoided the host 

defences, but a larger proportion of another isolate successfully 

colonised to the same level, this technique would not differentiate 

between them. In addition, this method was limited to assessment 

of the pathogen's presence in the bine alone and not the roots. 

However, different levels and/or rates of colonization occurring 

in the roots, would probably be perpetuated in the bine. Exception 

to this might be incompatible host-pathogen combinations in 

which the fungus is successfully contained within roots. Unless 

host resistance relies on complete exclusion of the fungus, limited 

levels of root colonization will occur and the extent may reflect 

the virulence of the isolate.



184.

Talboys (1958a) examined the penetration and development of 

Vaa in hop roots and found that in a resistant host vascular 

invasion by both M and V isolates was slight, but in a sensitive 

host, vascular colonization by the V isolate was more intense.

One drawback to this is that the assessment was made by microscopy 

on sections of root tissue and therefore would not easily distinguish 

viable and non-viable mycelium. There is some evidence indicating 

that reductions in viable mycelium occurs in hop tissue, possibly 

as a result of hyphal lysis (Sewell and Wilson, 1974; Street, 1980; 

Talboys and Davies, 1977); therefore although different methods 

of assessing colonization can complement each other, those which 

are specific for viable propagules could be more useful when 

comparing isolates of different virulence. Street (1980) used 

such a technique to asess the numbers of viable propagules of a 

virulent isolate in roots of resistant and susceptible hop 

cultivars. In both varieties the numbers of colonies re-isolated 

fluctuated considerably but on the whole, the levels of 

colonization were similar. However, this similarity may have 

resulted from a by-passing of the cortical and endodermal defences, 

through damaged roots during the root-tip inoculation. When a less 

damaging inoculation method was used - incorporating Faa-infected 

wheat straw into the soil - susceptible cultivar Northdown was 

lightly colonized by an M isolate and heavily colonised by a V 

isolate (Street, 1980), thus supporting the evidence of Talboys 

(1958a) for differential colonization by M and V isolates.

In the work reported here, none of the bines were heavily 

colonized, as evidenced by the failure to re-isolate Vaa from
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the petioles, and the resistance of Target even against a

isolate. This was in spite of attempts to achieve experimental 

conditions (low temperature and high nitrogen levels) which would 

favour pathogenesis. The reason(s) for this limited invasion are 

not known. Under conditions favouring the expression of host 

resistance it is probable that differences in colonization by M 

and V isolates would either not occur or would be too small to 

detect accurately.

If, as has been discussed, a greater intensity of colonization 

characterizes virulent isolates of Vaa from M isolates in a 

susceptible host, then the question arises as to whether this is 

due to a greater inherent growth rate, more effective pathogenicity 

factors, superior ability to cope with host defences, or a 

combination of these. The failure to correlate high growth and 

sporulation rates with virulence has already been discussed.

The possibility that pectic enzymes could be involved as factors 

in pathogenesis was investigated. Pectic enzyme activity at pH 5.9 

(viscosity reduction in pectic substrate) of V isolates tended 

to be greater than that of M isolates, although there was an overlap 

of the middle-range activities. In some instances the higher 

enzyme activity of one isolate in comparison with another could 

be explained by the more advanced germination by the former 

isolate. If the activities were compared at similar stages of 

germination the difference became insignificant (e.g. isolates 

2019 M at 15 h and 1788 M at 12 h). However, other comparisons, 

notably isolate 1986 V with 1974 and 1788 M, and 1844 M with 

1788 M, indicated that there was also variation in the enzyme
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activity per unit of mycelium. A greater potential for pectic enzyme 

production could conceivably be of considerable advantage to a 

vascular pathogen. If wall breakdown by the action of pectic 

enzymes can be effected rapidly enough, the hyphae will grow through 

the extravascular root tissue before the host can respond suffic

iently to halt its progress. An isolate with this capability could 

achieve an increased level of successful penetrations and thus 

possess a greater inoculum potential on entry into the vascular 

system. Once within the vessels, speed of penetration from one 

xylem element to the next is again important if the pathogen is 

to move ahead of the host vessel-occluding reactions of gelation 

and tylosis. Even if the fungal propagules became lodged in a gel, 

a high level of pectolytic activity could result in dissolution 

of the gel and hence the release of the parasite before the gel 

becomes infused with inhibitors or is made resistant to enzymic 

attack. This is the sequence of events in Fusarium wilt of banana 

described by Beckman (1964). In view of the widespread occurrence 

of vascular gels and tyloses it seems quite probable that this 

is also applicable to host-parasite relationships in other vascular 

wilt diseases.

Measurement of extracellular PG activity in germination 

fluids indicated that production probably coincided with the onset 

of germination. This early pectolytic activity is clearly of 

potential importance in enabling the germ tube to penetrate pit 

membranes of vessel end walls and so ensuring rapid acess to the 

next vessel. A slightly different pattern of PG activity of M and 

V isolates was apparent; V isolates initially exhibited twice the
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activity of the M isolates but by c. 20 h the activities were 

similar. It is interesting to speculate whether the differences 

in PG activity described,although apparently transient, could confer 

an advantage on V isolates. Beckman et al ., (1961) observed that 

Fusarium microspores required 2 - 3 d to germinate, penetrate 

into the next vessel and produce a second generation of spores. 

Considering this time scale, variation in the rate of production 

of pectic enzymes during the first 24 - 48 h of germination could 

significantly increase the speed of penetration through the pit 

membranes. As discussed earlier, the more rapidly penetration from 

one vessel to the next is effected, the greater is the possibility 

of a large number of propagules gaining unimpeded passage through 

the vessel before it is occluded by host structures.

Most of the studies on enzymes of Vaa hop isolates have 

concentrated on PG production. These have shown that although the 

isolates display a wide range of activities and the highest PG 

production rates tend to be those of V isolates, the level of activity 

is not correlated with virulence (Hignett and Kupfuwamhandu, 1980; 

Hignett et at., 1983; Mohan and Ride, 1984; Swinburne et at.,

1982; Talboys and Busch, 1970). Mohan and Ride (1984) found that 

as with sporulation, PG production was more closely correlated 

with serotype than with virulence and all the serotype 1 isolates 

fell into the low PG activity group.

Measurement of PG activity has tended to be from cultures 

of relatively young physiological age, e.g. 4 - 8 d (Mohan and 

Ride, 1984), 3 - 5 d (Hignett and Kupfuwamhandu, 1980) and 6 d
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(Talboys and Busch, 1970). Young cultures are presumed preferable 

for enzyme studies to those which have long since entered their 

stationary phase of growth, and which were too frequently used 

in earlier studies of vascular pathogens. The basis for this assumption 

is that if pectic enzymes are important in pathogenesis, then they 

must be active at the invasion front, which will comprise newly 

formed propagules and mycelium. Therefore, enzyme activities of 

old cultures in which growth is very slow and cell autolysis products 

have formed, are probably not relevant. However, the age of culture 

at which comparisons of pectolytic activity are most useful will 

depend on determination of at what stage(s) of pathogenesis these 

enzymes are important. Evidence that leaf symptoms of hop or 

tomato wilt do not develop without the presence or close proximity 

of the pathogen suggest that pectic enzymes do not have a 

significant effect far in advance of the pathogen, other than perhaps 

to provide a carbon source for fungal growth by release of sacchar

ides from host cell walls. In that case it may be more relevant 

to examine the pectic enzyme production in very young cultures 

rather than the accumulated potential for pectolytic activity 

over a number of days. Up until now there have apparently been 

no reports concerning activity of pectic enzymes from vascular 

fungi in cultures less than 3 d old. For reasons discussed 

earlier, pectolytic activity is likely to be most important 

at the stage at which propagules germinate and their hyphae 

traverse pit membranes between vessels. Subsequently accumulation 

of pectic enzymes from Vaa localized within occluded vessels 

may influence the intensity of symptom expression, but will 

not be involved in further colonization by the parasite. Thus
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slightly older cultures may be more applicable when considering 

that aspect, but are less likely to be useful when making com

parisons between isolates of different virulence.

The very low 9l_ activities measured in germination fluids 

of Vaa hop isolates (assayed at pH 9.0) suggest that PL did 

not significantly contribute to viscosity reduction in the 

pectic substrate at pH 5.9. Nevertheless, there v;as considerable 

variation between isolates in the levels of PL activity at 

comparable stages of germination. PL activity as detected on 

pectin agar also varied between isolates, but could not be 

correlated with virulence; a similar conclusion was reached 

by Talboys and Busch (1970). Heale and Gupta (1972) detected 

high levels of exo-PL in wilted lucerne infected with Vaa.

The appearance of this enzyme co-incided with the first signs 

of loss of turgor in the shoots, thus suggesting a relationship 

between the two events. Similarly endo-PL was detected in Vaa- 

infected tomato cuttings and stem sections (but not root- 

inoculated plants) prior to symptom expression (Cooper and 

Wood, 1980). These two reports suggest that endo-PL and/or 

exo-PL may be involved during the development of wilt symptoms . 

Further evidence for this are the induction of wilt symptoms 

in tomato and cotton by pure or partially purified preparations 

of endo-PL and endo-PG (Cooper and Wood, 1980; Mussell and 

Green, 1970). However, the results presented here suggest that 

endo-PL is not produced in large amounts by germinating conidia 

in vitro and therefore is probably not of great importance 

during initial vascular invasion.
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Other important considerations in studies of pectic enzyme 

production are pH and composition of culture media. The activities 

of these enzymes are normally measured at their pH optima:

PG at pH 5.0; PL at pH 9.0. For this reason pectolytic activity 

was assessed first in a mixed pectic substrate at a pH approximating 

that of healthy hop vascular fluid (pH 5.9) and then PG and 

PL activities were measured separately at their pH optima, 

which increases the sensitivity of the assay. Probably neither 

of these pH optima are reached within the host xylem vessels, 

except perhaps at very localised sites. The pH of healthy hop 

xylem fluid is slightly acidic, but the pH does increase in 

infected bines (Talboys and Busch, 1970). pH changes could 

create an environment within the host in which different pectolytic 

enzymes are favoured at different stages of disease development;

PG would be closer to its optimum in healthy sap,

but as the pH rises, PL activity would be increasingly favoured.

It is feasible that pH may vary from one vessel to another 

according to the level of colonization and degree of occlusion. 

Occluded vessels can be effectively isolated from all other vessels 

and the pH within may change in the absence of any diluting effect 

of the transpiration stream. Beckman and Talboys (1981) stressed 

the importance of time and space, and this has implications in 

every aspect of the study of vascular wilt diseases. It means 

that different stages of the disease are separated not only by 

time, but also by location, the same stage may occur at the same 

time in different parts of the plant, or conversely, different 

stages may occur in different but adjoining vessels in the same 

part of the plant. Consideration of this is necessary when tissue
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extracts are prepared e.g. in order to detect fungal pectic enzymes 

or antifungal compounds produced by the host.

For the purpose of comparing enzyme production (or other 

characters) of isolates of vascular wilt fungi, the closest approx

imation to growth in vivo is probably a substrate of extracted 

host cell walls suspended in host vascular fluids. Analysis of 

the constituents of vascular fluid may enable an artificial sub

stitute to be formulated (Hignett et al. , 1984). An alternative 

but complementary approach is growth on a range of inducing 

substrates to determine the inherent enzyme synthesis capability 

of each isolate, although these enzymes may not be produced in 

vivo due to non-induction, suppression or inactivation (Cooper 

and Wood, 1973; 1975; Talboys and Busch, 1970).

The existence of multiple forms of pectic enzymes confers 

on a pathogen greater scope for success in a variety of situations 

and hosts (Byrde, 1978; Hancock, 1976). Thus it may be expected 

that fungal isolates of differing pathogenicity on the same host 

may possess a different range of pectic isozymes, or differing 

proportions of the same isozymes or higher/lower levels of the 

total isozyme complement. Up to eighteen pectic isozymes were 

detected on pectic overlays after isoelectric focusing of culture 

fluids from Vaa hop isolates. Although Cruikshank and Wade (1980) 

were able to distinguish PG, PL and PME isozymes (from Botrytis) 

by a single staining reaction, no differences in the staining 

of bands were apparent on the overlays used in this modification 

of their technique,therefore it was not possible to determine
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which pectic enzymes were present. Variation obtained in total 

pectic enzyme activity between Vaa isolates may have indicated 

different levels of enzyme production, but could also have 

reflected variation in growth rate. Different levels of production 

were also detected by Mohan and Ride (1984) and related by them 

to isolate serotype. Strictly speaking comparison is also needed 

between the pectolytic activity of culture fluids from isolates 

at the same growth stage and not just of the same age. This 

however, raises the question of on what criterion growth should 

be judged to enable valid comparison between isolates. Furthermore, 

if the cultures are grown on insoluble substrates such as cell 

walls, the choice of measurement techniques is more limited 

(Matcham et at., 1984). If the growth and pectic enzyme production 

of isolates in vitro could be assumed to be representative of 

their behaviour in vivo, then comparisons at the same age would 

be most relevant in relation to their pathogenicity. Unfortunately 

no such assumption can be made as the behaviour of the pathogen 

in vivo will be determined by the constraints placed upon it 

by the passive and active influences of the host plant.

Mohan and Ride (1984) separated nine PG and one or two PL 

isozymes by isoelectric focusing of fluids from Vaa hop isolate 

cultures grown for 8 d on hop root cell walls. They used the 

method of Lisker and Retig (1974) to detect PG and PL separately. 

Comparison of their zymograms with those reported here suggest 

that the two isozymes which they have indicated with arrows, 

in the mid-region of the gel (Mohan and Ride, 1984) correspond 

to those found here with pis aroud 7.0. At least eight isozymes
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with pi < 7.0 were detected and at least four with pi > 7.0.

The one or two faintly active PL isozymes reported by Mohan and 

Ride (1984) occurred in the anodic region of the gel and therefore 

may correspond with one or two of the low pi isozyme bands 

detected here. It is possible that some of the bands represented 

pectin-methyl esterase (PME) activity. Verticitlium isolates 

(including Vaa from hop and tomato, and V. dahliae from cotton)

clearly are potentially well equipped with a wide range of pectic 

isozymes. The very close similarity of the pectic zymograms between 

all the above isolates suggest that pectolytic enzymes are not 

involved in determination of host-parasite specificity unless 

it was expressed through differential sensitivity of isozymes 

to induction/suppression or inhibition by the host.

Culture fluids from hop isolates of Vaa caused a significant 

and rapid (minutes) reduction in the vascular flow rate through 

hop petioles. Similarly, but over several days, Talboys (1957) 

showed that Vaa culture fluids decreased the rate of water uptake 

of hop and tomato shoots. He obtained this result with crude 

10 d culture fluids, boiled culture fluids (to inactivate any 

enzymes present) and also with redissolved ethanol precipitate 

from the fluids. This suggested that a non-enzymic, wilt inducing 

substance was present in the culture fluids. Although some evidence 

suggests that pectic enzymes may be involved in the induction 

of wilting (Cooper and Wood, 1980; Mussell and Green, 1970). 

it is possible that the preparations used also contained other 

wilt-inducing substances. Large molecular weight polysaccharides 

often with protein and lipid components are produced in culture
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by a number of vascular wilt pathogens (Buchner et at., 1982;

Dey and Van Alfen, 1979; Keen et al. ,1972; Pool and Sharp, 1969; 

Stoddart and Carr, 1976; Van Alfen and Turner, 1975) and their 

wilt-inducing ability has been attributed to physical blockage 

of xylem vessels (Hodgeson et al. , 1949; Van Alfen and Allard 

Turner, 1979). The results presented in this report confirm that 

hop isolates of Vaa do produce a large molecular weight polysacch- 

aride(s) in vitro, and in the case of V^ isolate 1974 sufficient 

quantities are produced to bring about a 70% increase in viscosity 

of the culture fluid. The extreme susceptibility of xylem 

particularly in petioles and leaflet veins, to blockage by large 

molecules is apparent from evidence of Van Alfen and Allard Turner 

(1979) that only 8 picomoles of a 2 x 10^ molecular weight dextran 

are required to stop vascular flow at petiole junctions of alfalfa, 

and of Street and Cooper (unpublished results) that 80 picomoles 

of a 2 X 10^ dalton dextran, reduced vascular flow in tomato 

petioles by 68%. A precautionary note here is the fact that in

variably the wilt-inducing polysaccharides have been isolated 

and purified from cultures grown on rich, artificial media; their 

production in vivo, with two exceptions (Ries and Strobel, 1972; 

Scheffer and Elgersma, 1981), has not been established, where 

the supply of nutrients, and sugars in particular is probably 

very much less. Interestingly, in this respect. Street and Cooper 

(unpublished results) detected a ten-fold greater carbohydrate 

content in culture fluids grown on sucrose salts media than in 

fluids grown on tomato cell-wall salts media and only the former 

culture fluids caused a significant reduction in vascular flow 

rate in tomato petioles.
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If high molecular weight polysaccharides are produced in 

vivo then only very small quantities would be needed to plug 

vessels in the petiole and/or leaf and so put the plant under 

considerable water stress (Dey and Van Alfen, 1979). This inter

ference in the vascular water flow may explain the loss of turgor 

and consequent wilting in those hosts which display a true wilt, 

and may be a contributory factor in the chlorosis and necrosis 

which characterizes other wilt hosts, such as hop. The induction 

of water stress and symptom production are not apparent until 

the pathogen is fairly well established, suggesting that high 

molecular weight polysaccharides would not be important until 

the expressive phase of disease development. It would be of no 

advantage to a parasite, which relies on the vascular water flow 

to transport it around the host, to cause a disfunction until 

it has successfully colonized the vessels. Therefore it seems 

unlikely that these large molecules could be involved as primary 

pathogenicity determinants (Talboys, 1957), but possibly isolates 

of different virulence might exhibit differential levels of poly

saccharide production.

Although no evidence was found in this investigation for 

the existence of enzymes from hop capable of degrading Vaa- 

produced polysaccharide, this mechanism of resistance has been 

described in another host-parasite interaction (El Banoby et 

al. , 1981). This ability could be particularly important in 

tolerant hosts which express few or no symptoms despite consider

able levels of colonization within their vessels.
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Low molecular weight toxins have received much attention 

in studies of vascular wilt diseases, particularly as a result 

of the discovery of the toxin fusaric acid, produced by Fusarium 

and most importantly its detection in vivo (Chandramohan and 

Mahadevan, 1968; Davis, 1969). Incubation of hop tissue discs 

in Vaa culture fluids did not reveal any detectable alterations 

in cell membrane permeability, suggesting that these Verticillium 

isolates do not produce a toxin of similar action to fusaric 

acid. However, toxicity may be effected in other ways and the 

recent findings of Connell and Heale (1984) that Vaa culture 

fluids contain a component capable of causing death in hop 

protoplast and cell suspension cultures, indicate that further 

investigations are required.

3. Resistance of the hop to infection by VerticiZHian

The formation of callose deposits and papillae in extravascular 

tissue of hop bine in response to penetration by Vaa was apparently 

a non-specific reaction as no differences were detected after 

inoculation with M and isolates. Penetration by vascular wilt-causing 

fungi is normally through the roots and not the bine, but these 

results indicate that the ability to respond to infection in 

this way is not restricted to root cells. Similar formation 

of papillae has also been observed in cells of the stigma in 

some flowering plants in the presence of incompatible pollen 

(Dickenson and Lewis, 1973). Even in root extravascular tissue, 

differential formation of callose layers and papillae, with respect 

to disease resistance, has not generally been apparent with one 

possible exception (Talboys, 1958a). In this report, Talboys
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pointed out that the plants were subjected to a high level of inoculum 

and that at lower inoculum potentials the difference might be 

more clearly defined. It is notable that other investigations 

of root penetration have also been on very heavily inoculated 

roots or in the presence of a rich food base for the pathogen 

(Bishop and Cooper, 1983; Garber and Houston, 1966; Griffith 

and Isaac, 1966). Whether differential responses occur or not 

at the penetration stage, the formation of papillae and successful 

containment of hyphae will contribute to resistance by reducing 

the numbers of hyphae reaching the vascular tissue.

Some evidence was obtained for the presence of an induced 

inhibitor(s) of Vaa germ-tube growth in infected hop tissue, 

although the effect was limited and it did not inhibit germination. 

Talboys (1973) extracted induced inhibitory substances from 

Verticillium infected hop bines and also from healthy vascular 

tissue which had been infiltrated with ethephon. However, other 

attempts to induce phytoaloxins in hop tissue, both by infection 

with Verticillium and abiotically, have not been successful 

(Blake et al. , 1983), although a preformed inhibitor of germin

ation, growth and fungal endo-PG was detected in phloem sap 

(Hignett et al. , 1983).

Inhibitors of fungal wilt pathogens could potentially act 

during the penetration phase in the extra-vascular root tissues 

during colonization within the vascular system. Different inhibi

tory qualities may be more important at the different stages 

of disease development. During the early stages in the root.
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inhibition of mycelial growth and of pectic enzymes will presumably 

be the most effective means of restricting the pathogen. Anti- 

sporulant properties are likely to be particularly important 

in the vascular phase, (e.g. the effect of catechin and gossypol 

in cotton wilt (Howell et at., 1976; Keen et at., 1971), but 

inhibition of germination, growth and pectic enzymes could also 

be very effective against the fungus where it has to traverse 

the pit membranes of adjoining vessels. The existence of higher 

levels of inhibitor in hop phloem sap in the upper parts of the 

bine compared to the lower regions (Hignett et al. , 1983) could 

have significance with respect to the later expression of symptoms 

in younger leaves. Conceivably an inhibitor produced in leaf 

or bine tissue might be gradually degraded, or exported in the 

phloem to younger tissues, thus creating a gradient of inhibition 

in the plant. On a cautionary note, the presence of inhibitor 

in phloem sap means that careful interpretation is required of 

any inhibitory activity detected in extracted vascular tissue 

to ascertain what proportion is derived from xylem. Constitutive 

antibiotics have been demonstrated histochemically in paravascular 

tissue of cotton (Mace and Howell, 1974; Mace et al., 1974) and 

elm (Benedict, 1969), and induced inhibitors have been specifically 

associated with xylem parenchyma and xylem sap in cotton (Bell,

1969; Mace et al., 1976).

The very high proportion of vessels < 1 cm in length in 

hop (root, bine and petioles) is similar to that found in cotton 

(Beckman et al. , 1976; Presley and Taylor, 1969) and tomato (Street 

and Cooper, 1984). It implies that the free movement of conidia 

in vessels is halted in most instances, after travelling only
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a very short distance. The distribution of the longer vessels 

will in part determine the proportion of conidia able tomove 

ahead of the main invasion front. If the longer vessels are dis

tributed sporadically in the bine then a proportion of propagules 

could move at the head of the invasion front. However, if the 

longer vessels occur in association with each other so that the 

pathogen can move from one to the next, then a much greater distance 

will be travelled in a given time,albeit by a smaller proportion 

of propagules. This kind of information on vessel distribution 

might be obtained by the method of Stieber (1981) which results 

in resin replicas of the vascular system. No differences in hop 

vessel lengths were detected which could be related to varietal 

resistance, but as stated by Beckman et al. (1976) spore trapping 

at vessel end walls is vital for the success of various resistance 

responses such as vascular occlusion or production of inhibitors; 

trapping procures a delay in pathogen advance and gives time 

for the host response to be effected (1 - 3 d).

The formation of gels, and tyloses particularly has been 

very commonly reported in a wide range of vascular diseases, 

and they have usually been implicated in host resistance 

(Beckman, 1964; Dixon and Pegg, 1969; Mace, 1978; Talboys, 1958b). 

The range of vessel-occluding materials observed in Faa-infected 

hops was similar to that reported in many wilt-infected plants.

Gels were recorded in up to 5% of vessels and the results suggested 

that in at least some instances gel formation occurred in advance 

of fungal colonization. This is consistent with Beckman's theory 

(1964) based on his work with Fusarium wilt of banana, that gelation
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is a means of entrapping and containing spores and thereby 

preventing further spore distribution. Bishop and Cooper (1984) 

reported a similar observation in pea plants infected with 

Fusarium or Verticillium.

Experiments to artificially induce gels in hop shoots with 

wounding alone, auxin or Vaa conidia indicated that gelation 

took place within 2 d and increased slighly during days 3 and 

4. A comparable time of 2 - 5 d for gel formation is banana root 

vessels was observed by Beckman et al. (1962) suggesting that 

as in the case of banana, the hop can respond rapidly enough 

to contain fungal propagules. No evidence was obtained to indicate 

that the speed of formation or extent of gelation differed between 

varieties of differing resistance. Vascular occlusion by gels 

and tyloses appears to be a non-specific host-protective mechanism 

(Beckman and Halmos, 1962). In banana, gelation occurs to a similar 

extent in a susceptible interaction as in a resistant interaction , 

but in the former, the gels do not persist (Beckman et al., 1962).

Gels were seen to originate from between contiguous vessels 

in hop bine, thereby supporting the evidence of Vandermolen et 

al., (1977) and Beckman and Zaroogian (1967) that whereas tyloses 

always arise from living xylem parenchyma, gels can form in the 

absence of living cell protoplasts. However, the intense 

synthetic activity observed adjacent to xylem parenchyma cells 

and the accumulation of gel-like material in the paramural spaces 

suggests that some gels may result from de novo synthesis (Bishop 

and Cooper, 1984).
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The level of tylosis in Faa-infected bines of the susceptible 

hop cv. Early Bird was very closely correlated with the extent 

of colonization. Colonization was assessed as a measure of the 

distance travelled by the pathogen in the bine and not as the 

intensity of colonization at the point where tylosis was assessed 

(between nodes 5 and 6). Although successful advance of the fungus 

up the bine might be expected to be accompanied by intensification 

of cdmization within the vessels in which it is already established, 

hyphae were very rarely observed in the sections examined and 

never in association with vascular occlusions. Apparently, the 

height of colonization can in this case also be considered as 

a measure of the duration of the infection. During the time in 

which the pathogen advances up the bine, tylosis also develops. 

Therefore the longer the time between the initiation of tylosis 

at any one point, and examination of the bine at this site, the 

greater the level of tylosis is likely to be.

Surprisingly, perhaps, the degree of tylosis was not corre

lated with the period of time after inoculation (as opposed to 

the period of colonization following penetration). This may have 

been due, firstly to unequal root development which resulted 

in the roots of different plants growing into contact with the 

inoculum at different times, and secondly to unequal rates of

penetration and colonization in different plants.

No differences were detected in the level of tylosis recorded 

in Early Bird bines colonised to similar heights with either 

M or V isolates of Vaa. In addition, the few bines of resistant cv. 

Target which did become infected, exhibited about the same
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level of tylosis as similarly colonised bines of Early Bird.

This observation could suggest that the degree of tylosis is primarily 

related to a given level of colonization, regardless of isolate 

virulence or host variety. Street (1980) reported a similarly 

non-specific tylosis response by high resistance hop varieties 

to M or V isolates of Vaa. However, before definite conclusions 

can be drawn on the relative importance of tylosis in resistance 

in different host variety - pathogen isolate combinations, further 

data are required of the intensity of colonization throughout 

the plant and of the proportion of tyloses formed ahead and behind 

the invasion front.

The importance of the timing of tylosis for resistance to 

be effective (Beckman, 1964) indicates that the most useful infor

mation on tylosis in relation to colonization will be obtained 

by examination of vessels both ahead of the invasion front (e.g. 

tyloses from 5 - 8 cm above the trapping site in Fusarium wilt 

of banana (Beckman, 1964) and behind to detect delayed tylosis.

It has been suggested that the determinative phase of the host- 

parasite interaction ends in the establishment of primary 

vascular invasion leading either to induction or suppression of 

tyloses (Talboys, 1958b). Provided that no major changes occur 

in the immediate external and internal environment, subsequent 

responses in the main roots and bine may simply follow the pattern 

established lower down. Therefore it is at this early stage that 

most attention should be focused, particularly in comparisons 

of resistant and susceptible reactions. Of interest here is the 

report of Beckman (1971b) that in resistant and susceptible tomato
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plants tylosis was identical for the first two days, after which 

tylosis was inhibited in the susceptible plants. However, although 

tylosis may have a determinative role in some host-parasite inter

actions, the danger of assuming that this is important in other 

vascular diseases is highlighted by the work of Pegg and Dixon 

(1969) and Dixon and Pegg (1969) on /aa-infection of tomato. It 

appears from their results that at least some of the complexity 

of the disease reactions, including lack of tylose induction in 

certain cultivar-pathogen combinations was due to tolerance of 

the presence of the pathogen by some cultivars.

The mechanism of induction of vascular occluding reactions 

remains unclear. Beckman (1969; 1971) found that diurnal fluctua

tions in pH, possibly accomplished by accumulation and utilisation 

of metabolic acids, occurred at infection sites in the vascular 

tissues of banana roots, prior to and during tylose development.

He proposed that these fluctuations created the necessary conditions 

for the formation of gels and tyloses, and suggested that lAA 

might well be involved. Tyloses have been artificially induced 

by auxin in banana roots (Mace and Solit, 1966), cotton (Bornman 

et al., 1967) and in this report in hop roots and shoots. The 

timing of development of artificially induced vascular occlusion 

in hops compared favourably with that reported to occur in 

Fusarium -infected banana roots (Beckman et al., 1962; Beckman 

et al., 1974; Beckman and Talboys, 1981). Gels formed within 2 

d, the majority of tyloses developed from 4 - 8 d (some earlier) 

with phenolic infusion occurring soon after the start of tylosis. 

This strongly suggests that in hops, vascular occluding reactions
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follow the same pattern described for banana (Beckman and Talboys, 

1981), i.e. rapid gelation above a spore trapping site forms a 

temporary plug in the vessel, this is followed by tylosis a short 

distance above, and finally the structures become infused with 

phenolic substances, conferring resistance to mechanical damage 

and enzymic degradation. It also indicates that the ability to 

respond rapidly in this way exists in the whole vascular system, 

not just in the roots. Whether the much higher levels of tylosis 

induced in hop roots than in shoots suggest that the former are 

more sensitive to stimuli which induce occlusion or whether they 

are able to respond to a greater extent, warrants further study.

Although auxin (NAA) did induce vascular occluding reactions, 

the response was not consistent and on the whole Vaa conidia proved 

more effective inducers. It is likely that although NAA may be 

able to induce the occluding mechanism, further stimuli are 

involved in vivo. The differential response in resistant and 

susceptible combinations in Fusarium-infected banana varieties 

(Beckman, 1964) could point to the involvement of some form of 

host-parasite cellular recognition system. Beckman and Talboys 

(1981) proposed that the defence reaction could be turned on and 

off by phenol-storing cells which are stimulated to release phenols 

when the host recognizes "foreign" microbial wall molecules. This 

hypothesis is supported by evidence that washed, heat-killed cells 

of Verticillium can elicit the synthesis and diffusion of phenolic 

terpenoid aldehydes into vessels of resistant cotton plants (Bell 

and Presley, 1969). Phenols are able to stimulate lAA 

accumulation and potentially therefore initiate vessel occluding
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reactions, as well as later reinforcing the vascular plugs by 

infusion (Beckman and Talboys, 1981). It was noticeable that the 

number of gels induced in hop shoots in the presence of NAA de

creased after 4 - 8 d. This may possibly have been due to non

persistence of the gels as described in the susceptible reaction 

in banana (Beckman, 1964). This phenomenon was observed not only 

when NAA alone was the inducer, but also when shoots were infused 

with conidia prior to NAA infusion. The reduction in gels did 

not occur when conidia alone were used. The explanation for this 

may perhaps be related to the altered cell surface characteristics 

of certain micro-organisms in vivo compared to those present in 

artificial cultures (see p.208 ). The conidia used here were

grown on PLYA and therefore may not have possessed all the 

necessary surface characteristics. Alternatively, it may be that 

whereas in vivo lAA induces gels and tylosis at localized points 

to which it is actively transported, in these in vitro experiments 

the whole vascular system was 'swamped' with NAA which may have 

in some way hindered the stabilising of the gels.

Vandermolen et at. (^83) demonstrated the induction of gelation 

in castor bean leaves {Ricinus communis L. cv. Hale) in response 

to Fusarium oxysporum f.sp. cuhense cell-free enzyme preparations 

or ethylene. Gelation in response to enzyme was prevented when 

ethylene production was blocked, indicating that ethylene is acting 

as a host intermediate in gel formation. It has also been found 

that the treatment of certain hop cultivars with ethrel (which 

generates ethylene within plant tissue) led to considerable tylose 

formation (Talboys, 1971b). Ethylene and lAA interact in a complex
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manner; ethylene can be induced by lAA (Abeles, 1973; Talboys,

1972) but the effects of ethylene may also be suppressed by lAA 

(Talboys, 1972). It has been shown that exogenous applications 

of auxin prior to inoculation with Verticillium, retards symptoms 

in tomato (Edgington, 1965) and cotton (Bicherov, 1968; quoted 

in Sackston, 1978). The mechanism involved has not been elucidated, 

but perhaps suppression by NAA of the damage caused by ethylene, 

may be involved (Talboys, 1972).

It is interesting to speculate whether the gel- and tylose- 

inducing ability ascribed to lAA may have been mediated by 

ethylene. Artificial induction of tylosis by mechanical damage 

(Talboys, 1958b) may also involve ethylene, as the hormone is 

known to be produced by plants in response to damage and a variety 

of stresses (Abeles, 1973). These observations, plus the fact 

that ethylene production has been demonstrated in wilt-infected 

plants (Carder and Hignett, 1979; Dimond and Waggoner, 1953b;

Pegg and Cronshaw, 1976; Talboys and Topping, 1973) and 

implicated in various other aspects of vascular wilt diseases 

(Pegg, 1981) indicate that continued investigation of the role 

of ethylene is required.

4. Interactions of host and pathogen

Agglutination of Vaa conidia was initiated after 1 - 3 h 

exposure to extracts of hop bine, but the degree of agglutination 

could not be consistently associated with either isolate virulence 

or host resistance. This is similar to the result obtained by 

Carder and Hignett (1980) and Hignett and Carder (1981) who found
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that conidia of M isolates agglutinated more readily than those 

of V isolates but not consistently enough to differentiate M and 

V isolates. This could suggest the possible involvement of agglutinins 

in the host-parasite interaction in hop wilt. However, Young and 

Kauss (1982) showed that cell wall fragments and spores of 

Colletotrichum lindemuthianum were agglutinated by extracts from 

various plants and also by a number of commercial proteins, 

indicating the non-specific nature of this response. There is 

no evidence that the component molecules involved are present 

or come into contact with one another in vivo, therefore only 

tentative suggestions can be made regarding their significance.

It has been postulated that recognition and binding of molecules 

at the host-parasite interface are involved in establishing host 

specificity (Dazzo, 1980; Kojim.a and Uritani, 1974; Lippincott 

and Lippincott, 1980; Romeiro et al., 1981; Sequeira, 1978).

If such a system does exist in hop wilt it does not signify that 

differential binding of M and V isolates to the host would occur, 

as all of these form compatible interactions on susceptible indicator 

hops (e.g. CVS. Fuggle and Early Bird).

In vascular wilt diseases in addition to contact between 

host and pathogen during the extravascular phase, there is the 

possibility of interaction occurring within the vessels. Selective 

binding of conidia could affect the numbers able to be carried 

in the vascular flow and so reduce the inoculum level. Although 

a high degree of binding was indicated the evidence obtained by 

incubating Vaa conidia in hop xylem, neither refuted nor supported 

this hypothesis. Possible reasons for the high level of variability



208,

and the difficulty in interpreting the results obtained are given 

in Results Section 3.3. Another point that would need careful 

consideration in a repetition of this experiment, arises from 

the work of Bhuvaneswari and Bauer (1978) and Bhuvaneswari et 

at. (1977). They have shown that in the interaction of Rhizobium 

japonicum with soybean roots, binding sites on the bacteria for 

soybean lectin change with age, and that specific receptors for 

the lectin develop when the bacteria are grown in association 

with soybean roots or in media containing soybean exudate rather 

than in artificial media. A similar phenomenon has been reported 

in animal parasitism, namely that microbial pathogens develop 

new cell surface components in vivo, which may be involved in 

infectivity (Smith, 1977).

The possible dissimilarity of cell surfaces developed in 

vitro or in vivo may also be of significance in comparisons of 

the protein complements of pathogens with differing host-specificity 

or virulence. The Vaa protein samples subjected to 2-D electro

phoresis were extracted from cultures grown on an artificial 

medium, therefore may not have been truly representative of the 

in vivo state. It should be noted that in instances in which 

individual isolates of a fungus have been successfully 'finger

printed' by 2-D electrophoresis, the fungus has been a biotroph 

and hence the conidia used were produced in the host plant 

(Kim et al., 1983; Gabriel and Ellingboe, 1982; Kim et al.,

1983; Torp and Andersen, 1982). However, 2-D electrophoresis 

of proteins from another biotroph, Ustilago tritici revealed 

very few differences between isolates, although the isolates varied
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considerably in their virulence (Kim et al., 1984). It may be 

that significant qualitative differences between Vaa hop isolates 

do not exist, even in vivo. The additive effect of minor quantit

ative differences in proteins may be sufficient to result in a 

continuum of virulence.

The failure of nine plant species (two of which were not 

colonized) to differentiate M and V hop isolates has considerable 

implications in the study of their relative virulences. In the 

light of this finding it is unlikely that M and V forms will be 

distinguished by comparison of non-specific putative pathogenicity 

determinants such as polysaccharides, toxins or wall-degrading 

enzymes; production of any of these factors is evidently very 

similar in the various susceptible host species. This comparison 

in vivo provides a far more critical approach than comparison 

in culture and emphasizes the improbability of detecting diff

erences in vitro. The ability to distinguish M and V isolates 

appears to be unique to the hop plant.

Specific interactions between hop and Vaa isolates may well 

occur at a number of stages during disease development; initially 

to determine compatibility, then successively to determine level 

of colonization and symptom expression. Particular virulence charac

ters may be induced or suppressed only in the presence of hop 

tissue and not by any other host-plant. In addition,the array, 

interdependence and control of resistance mechanisms in the hop 

may provide the unique environment in which differences in virulence 

may be expressed by Vaa.
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Tomato cv. Craigella 218 has 'major gene' resistance which 

is reported to virtually exclude the tomato isolates of Vaa 

(Cooper and Wood,1980; Tjamos and Smith, 1975). In this survey 

(Hancock, 1984) Craigella 218 was unexpectedly colonized by tomato 

isolates but few symptoms were expressed,suggesting that the cultivar 

has some background tolerance. However, colonization and symptom 

expression following inoculation with hop isolates were similar 

in resistant (Craigella 218) and susceptible (Craig ella 26) cultivars 

This indicates that the 'major gene' resistance of Craigella 218 

is not specific to hop strains of Vaa and may also suggest that 

hop isolates produce symptoms in the host by a slightly 

different means than do tomato isolates. In contrast, resistance 

in the lucerne cv. Vertus is polygenically controlled (Latunde- 

Dada and Lucas, 1982) and this apparently confers on it the 

ability to restrict colonization and suppress symptoms when 

infected with Vaa isolates either from lucerne, hop or tomato 

(Hancock, 1984). Schnathorst and Mathre (1966) reported the 

reciprocal reactions of cotton and tomato plants infected with 

'defoliating' and 'non-defoliating' isolates of V. dahliae, and 

it was suggested by Sackston (1978) that this might indicate the 

existence of different mechanisms of resistance in various host- 

isolate interactions.

The high susceptibility of both aubergine and antirrhinum 

to a wide range of Vaa isolates including those from hop, makes 

these hosts potentially very useful in studies of VerticilZtium 

wilt, paradoxically especially with regard to resistance mechanisms. 

Demonstration of the presence or absence in these hosts of various
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resistance characters, e.g. vessel occluding reactions, anti- 

fungal activity, pectic enzyme inhibition, could help to elucidate 

their importance in resistance. It is possible that in aubergine 

and antirrhinum, resistance is either suppressed or not induced, 

or that they lack the ability to suppress Verticillium pathogenicity 

factors.

5. Conclusions on the relative pathogenicity of Vaa hop isolates

Results from comparisons of the in vitro characteristics 

of mild and virulent hop isolates of Vaa, and the response they 

induced in roots and shoots of host plants have 'been considered 

both in regard to the light they shed on the host-parasite inter

action in hop wilt, and their possible use in differentiating 

M and V isolates. However, in no case could the isolates be clearly 

separated. It appears from these data and from results of others 

working on hop wilt, that rather than existing as two distinct 

strains, Vaa hop isolates form a continuum of pathogenicity.

Clarkson and Heale, (1985) reached the same conclusion and 

suggested that the pathogenicity of these isolates is determined 

by a polygenic system with complex interaction between genes.

With such a system operating it is possible to envisage that variation 

in even a small number of pathogenicity-determining characters 

would result in a large number of isolates, each with a different 

level of virulence, ranging from low, medium, intermediate, to 

high.

Induction of differential symptom expression between isolates
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depends on the host cultivar and on environmental conditions.

Sewell and Wilson (1984) were of the opinion that the 'differential' 

reactions of M and V isolates on cv. Fuggle were in fact simply 

stronger expressions of pathogenicity differences than those expressed 

in other varieties. If this is the case then any attempt to differ

entiate these isolates by other means is unlikely to succeed.

Therefore although differentiation of isolates according to their 

virulence on test cvs. such as Fuggle and Early Bird, are clearly 

useful for MAFF's requirements, it should be remembered that this 

is probably only an arbitrary separation. If the present desig

nations of mild or virulent, are considered satisfactory for legisla

tive purposes, in the light of suggestions that a continuum of 

pathogenicity exists among Vaa hop isolates, then more attention 

should be given to the possible use of young rooted cuttings on 

which symptoms develop much more rapidly (Hignett et al., 1983).
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APPENDIX. TABLE A. Binding of conidia in hop xylem vessels
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Tissue and Vaa isolate Recovery 
% original

• (3 replicates) 
spore concentration Mean significance level 

in relation to each 
autoclaved control

Experiment 1 
Target/1984(V ) 
live 0.6 2.0 0.7 1.1 - 0.77 P - 0.05
autoclaved 8.7 35.3 28.8 24.3 t 13.9

Target/2019(M)
live 3.3 1.7 3.7 2.9 * 1 .06 P = 0.10
autoclaved 3.7 5.8 7.9 5.8 Î 2.1

Early Bird/1974
live 0.2 1 .2 1.5 1.0 t 0.66 n . s .
autoclaved 1.9 0.2 3.7 1.9 * 1.8

Early Bird/2019
live 6.6 2.0 1.0 3.2 i 3.0
autoclaved 12.1 2.3 1.1 5.2 £ 6.0

Experiment 2
Target/1974 4.9 4.9 1.0 3.6 t 2.3
autoclaved 0.2 15.7 6.7 7.5 1 7.8

Early Bird/1974
live 2.0 5.3 0.2 2.5 * 2.6
autoclaved 1.7 1.7 0.2 1.2 t 0.88

Conidia washed from 7 d Vaa cultures on PLYA with sterile distilled water, pH 5.9 and diluted

to c. 5 X 10^ spores/ml were introduced into hop petioles, and incubated for 3.5 h at 22°C in high R.H.

•Recovery of spores was achieved by forcing the suspension back out under pressure (reverse flow), 

collecting the first 3 drops and counting the spore numbers on a haemocytometer slide.

•• As a control, spores were autoclaved to kill them and possibly destroy surface components 

which might be involved in binding.
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TAILPIECE

A fungus named V. albo-atrum 

Found Humulus lupulus wholesome 

It infected the roots.

Made its way up the shoots.

By conidial transport through xylem,


