








ABSTRACT

The allele-specific polymerase chain reaction (PCR) was used to screen for

the presence of benomyl resistance, and to characterize their levels and frequencies

in field populations of Venturia inaequalis during two seasons. Three hundred

isolates of V. inaequalis were collected each season from infected leaves of MalusX

domestica. Borkh c.v. Mcintosh. The trees used were sprayed in the year prior to

collection with five applications of benomyl, its homologue Azindoyle, or water.

Monoconidial isolates of V. inaequalis were grown on 2% potato dextrose agar

(PDA) for four weeks. Each isolate was taken from a single lesion from a single

leaf. Total genomic DNA was extracted from the four week old colonies of V.

inaequalis, prepared and used as a template in PCR reactions. PCR reactions were

achieved by utilizing allele-specific primers. Each primer was designed to amplify

fragments from a specific allele. Primer Vin was specific for mutations conferring

the ben^^"^ phenotype. It was expected to amplify a 171 bp. DNA fragment from the

ben^"^ alleles only. Primers BenHR and BenMR were specific for mutations

conferring the ben"" and ben'^'' phenotypes, respectively. They were expected to

amplify 172 bp. and 165 bp. DNA fragments from the ben"" and ben"^" alleles,

respectively.

Of the 953 isolates tested, 414 (69.9%) were benomyl sensitive (ben^) and

179 (30.1%) were benomyl resistant. All the benomyl resistant alleles were ben^"",

since neither the ben"" nor the ben"" alleles were detected. Frequencies of

benomyl resistance were 23%, 24%, and 23% for the 1997 collections, and were

46%, 26% and 38% for the 1998 collections for benomyl, Azindoyle and water
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treatments, respectively.

Growth assay was performed to evaluate the applicability of using PCR in

monitoring benomyl resistance in fungal field populations. Tests were performed on

14 isolates representing the two phenotypes (ben^ and ben^"'' alleles) characterized

by PCR. Results of those tests were in agreement with PCR results. Enzyme

digestion was also used to evaluate the accuracy and reliability of PCR products.

The mutation associated with the ben^"'' phenotype creates a unique site for the

endonuclease enzyme Bsh^236^ allowing the use of enzyme digestion. Isolates

characterized by PCR as ben^'^'^ alleles had this restriction site for the SsA7l2361

enzyme.

The most time consuming aspect of this study was growing fungal isolates on

culture media for DNA extraction. In addition, the risk of contamination or losing the

fungus during growth processes was relatively high. A technique for extracting DNA

directly from lesions on leaves has been used (Luck and Gillings 1 995). In order to

apply this technique in experiments designed to monitor fungicide resistance, a

lesion has to be homogeneous for fungicide sensitivity. For this purpose, PCR

protocol was used to determine lesion homogeneity. One hundred monoconidial

isolates of V. inaequalis from 10 lesions (10-conidia/ lesion) were tested for their

phenotypes with respect to benomyl sensitivity. Conidia of six lesions were

homogeneous, while conidia of the remaining lesions were mixtures of ben^ and

ben^'^ phenotypes. Neither the ben"^ nor the ben'*^'' phenotype was detected.
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1 -INTRODUCTION

Apple scab is a disease of major worldwide economic importance, particularly

where humid and cool weather conditions occur during the spring season

(MacHardy, 1996). The disease is caused by the ascomycetous fungus Venturia

inaequalis (Cke.) Wint.. V. inaequalis primarily infects Malus sp. but can also infect

some species in other genera such as Pyrus malus, Pyrus baccata L, Sorbus

aucuparia, Sorbus aria, Crataegus oxyacantha, and Cotoneaster pyracantha (Barr,

1968; Menon, 1956). In early spring, mature fungal ascospores are discharged and

become the main inoculum source for the primary infection, whereas the asexual

spores "conidia" are the main inoculum source for the remaining season (MacHardy,

1996). The disease symptoms appear as lesions on leaves, petioles, blossoms,

sepals, fruits and pedicel. If not controlled, apple scab may cause extensive losses

of up to 70% or greater (Arne et al., 1998). Losses may occur either directly by

reducing the total yield from fruit or pedicel infections, or indirectly by reducing tree

growth from repeated defoliation. Early defoliation due to V. inaequalis infections

may also weaken trees and make them more susceptible to winter injuries or to

other pathogens (MacHardy, 1996).

Disease control is multifaceted, with sanitation, breeding for resistant

cultivars, biological control and chemical treatments. A variety of fungicides with

differing modes of action have been used in the control of V. inaequalis since the

introduction of Bordeaux mixture in the 1880s (Oberhofer, 1985). Wet or powdered

applications of non site-specific fungicides such as sulphur, lime, lead, lead arsenate

and turpentine had been used to combat the pathogen for almost half a century.
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The site-specific benomyl was introduced as a systemic fungicide to control many

fungal diseases including apple scab (Davidse, 1982). Benomyl exerts its fungicidal

activity by binding to protein subunits of tubulin, thereby inhibiting microtubule

assembly and disrupting mitosis and meiosis (Wilson et al., 1975; Davidse and

Flach, 1977; Davidse, 1986). However, the extensive use of benomyl to control the

disease has prompted the development of benomyl resistant strains in several

countries including Australia (Wicks, 1974), the United States (Jones and Walker,

1976), New Zealand (Tate and Samuels, 1976), South Africa (Schwabe, 1979),

Germany (Kiebacher and Hoffman, 1980) and Canada (Ross and Newbery, 1985;

Northover, 1 986). The development of benomyl resistance in V. inaequalis was

attributed to point mutations at two positions on a single Mendelian gene with

different alleles conferring widely different levels of resistance (Stains and Jones,

1984). This gene was subsequently shown to be the structural gene for the p-

tubulin (James et a!., 1985; Jung and Oakley, 1990).

With the rapid development of benomyl resistance in fungal populations

(Wicks, 1974; Jones and Walker, 1976; Tate and Samuels, 1976; Schwabe, 1979;

Kiebacher and Hoffman, 1980; Ross and Newbery, 1985; Northover, 1986), the

need for a rapid, simple and an accurate method to monitor benomyl resistance is

demanded. The polymerase chain reaction (PCR) may provide those fundamentals.

It has been used to monitor benomyl resistance within numbers of fungi such as

Rhynchosporium secalis (Ian et al., 1995), Botrytis cinerea (Yarden and Katan,

1993; Luck and Gillings, 1995; Martin and Fox, 1992), Cladobotryum dendroides

(McKay et al., 1998) and V. inaequalis (Svircev et al., 2000). Compared to other
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traditional methods such as the germ tube length, the minimum inhibitory

concentration or the spore germination, PCR is considered a more accurate method

that can be applied to large numbers of isolates within a limited time (Svircev et al.,

2000).

The first objective of this study was to apply a modified polymerase chain

reaction (PCR) protocol developed by Luck and Gillings (1995), and used by Svircev

et al., (2000) to screen for the presence of benomyl resistant alleles from field

collected, monoconidial cultures of V. inaequalis isolates. Those isolates were

collected from trees sprayed with benomyl (methyl-1 -[butyl carbamate]-2-

benzimidazole-carbamate; MBC-BIC), it's homologue Azindoyle (methyl-1 -[methyl

carbamate]-2-benzlmidazole-carbamate; MBC-MIC) or water. The second objective

was concerned to characterize levels and frequencies of benomyl resistance in a

field population of V. inaequalis after one-year treatment with either fungicides or

water. The third objective was to apply a new technique to extract DNA from fungal

cells, which might be used as a template DNA in PCR reactions. The last objective

was used to determine lesion homogeneity of primary infected lesions, so that

template DNA used in PCR protocol can be directly extracted from lesions on leaves

without growth processes.





2-LITERATURE REVIEW

2.1 -The Apple Scab Disease

Apple scab is the most important disease of apples worldwide that can be

found wherever cultivated apple trees are grown (Anonymous, 1966). It is caused

by the ascomycetous fungus V. inaequalis. Apple scab is a serious problem mainly

in temperate regions with cool and moist weather in early spring. If not controlled,

the disease can cause great economic losses by reducing the total yield, affecting

fruit quality and sizes, or by defoliation and a reduction in tree vigor (Arne, 1998).

The geographical region where the disease first occurred or when it became a

serious problem is unknown. Fries (1819) reported the first academic description of

apple scab disease in Sweden. After 14 years, a second report describing the

disease came from Germany (Wallroth, 1833). In the United States, the first report

of apple scab came from New York and Pennsylvania in 1834 (Schweinitz, 1834).

Other reports came from Norway in 1840 (Gjaerum, 1954), from Australia in 1862

(McAlpine, 1902), from South Africa in 1888 (MacOwan, 1889) and from India in

1930 (Nath, 1935).

2.2-Apple Scab Symptoms

Symptom development is most common on leaves and fruit. However, it may

occur on petioles, blossoms, sepals, pedicels and infrequently on young shoots and

bud scales. The first lesions are often found on the lower surfaces of leaves as they

emerge and are exposed to infection in the early spring (Clinton, 1901 ). Later, as

the leaves unfold, both surfaces are exposed and may become infected (Keitt,

1953). Lesions may occur singly, be scattered over the blade (Fig. 1A) or be





Figure.1. Symptoms and signs of apple scab disease.

A. Lesions appear on the upper leaf surface. B. Discrete lesions appear on apple

fruit.
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numerous cover almost the entire surface of the leaf. They appear more numerous

closer to the mid-vein of the leaf. The term "sheet scab" is often used to refer to

leaves with their entire surfaces covered with scab. If severely infected, leaves

become distorted and drop early in the summer. Trees that experience severe scab

infections year after year have an increased susceptibility to winter injury, and in

reduced flowering and fruit set (MacHardy, 1996). Young lesions are brown to olive

green in color with a velvety texture due to the extensive conidial production

(Lawrence, 1904). With time, lesions increase in their size, become olive-colored

and the inner portion dies. As the fungus at the inner portion dies, the lesion at that

portion becomes brown or gray. Some lesions are nearly black, thus the name

"black spot". Large lesions often develop on young leaves (sometimes 1.3 cm or

more in diameter), while small lesions often develop on the expanded leaves.

Ontogenic resistance plays a key role in the restricted lesion development on older

leaves (Olivier, 1984). Since ontogenic resistance inhibits rather than kills the

fungus, the fungus grows from the stroma and produces conidia when this inhibition

is removed (Kohl and Kbilar, 1994). These conidia may play part of the buildup of

scab in autumn (MacHardy, 1996).

Lesions on young fruit are similar to those on leaves. However, these lesions

become brown and corky as the infected fruit enlarges (Fig. 1 B). Infection early in

the season may cause fruit to develop asymmetrically. Infections occur early in the

season are generally clustered at the calyx (blossom) end. However, those

infections occurring in the late summer or early autumn may occur anywhere on the

fruit or may not be visible until it is placed in storage (Bratley, 1937). This syndrome
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is called "pin-point" scab.

2.3-The Fungus

V. inaequalis (Cke.) Wint. is an ascus producing fungus that belongs to the

division Ascomycota, Class Loculoascomycetes, Order Pleosporales, Family

Venturiaceae and Genus Venturia. The genus Venturia consists mostly of plant-

pathogenic species; many attack the fruit and foliage of important tree fruit crops. It

is distinguished from other genera by lacking the superficial mycelium. Members of

the genus have single-septate ascospores produced in ascocarps (pseudothecia)

with bitunicate asci. Sivansan (1977) listed 52 species in the genus Venturia. V.

inaequalis is distinguished from other Venturia species by the maturation of its

ascostromata in overwintered host tissue and by a Spilocaea conidia! state

(annellate conidiophores) (Barr, 1968).

V. inaequalis is homothallic, but is self-sterile having a true (perfect) sexual

stage with bipolar compatibility and two mating types designated (A) and (a) (Keitt

and Palmiter, 1938). It is the casual organism for apple scab disease in l\/1alus sp.,

but the pathogen can cause diseases to some species in other genera such as

Pyrus malus, Pyrus baccata L., Sorbus aucuparia, Sorbus aria, Crataegus

oxyacantha, and Cotoneaster pyracantha (Barr, 1968; Menon, 1956).

Except for those on the growing tip of the hyphae, vegetative cells are

uninucleate. Conidia are unicellular and are also uninucleate. Ascospores are two-

celled, green to olive brown, septate in the upper third (Wallace, 1913). Each cell in

the ascospore is uninucleate with the nucleus of each cell being derived from one

haploid nucleus during division in the developing ascus. The four spores at either
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end of the ascus ordinarily derive their nuclear complements from one of the nuclei

of the first nuclear division, and sister spores usually lie next to each other in the

ascus (Backus and Keitt, 1940). y. inaequalis is haploid throughout its life cycle,

except for the brief dikaryotic and diploid status in the developing ascus. The

haploid chromosome number is seven (Day et al., 1956; Julien, 1958).

2.4-The Life Cycle

The life cycle of V. inaequalis (Fig. 2) consists of two alternating phases, the

saprophytic phase (sexual) and the pathogenic phase (asexual) (Wallace, 1913).

The entire life cycle including both phases is termed the "holomorph". The asexual

phase of the cycle may be referred to as the "anamorph", while the sexual phase is

termed the "telomorph".

2.4.1 -Saprophytic Phase

V. inaequalis ovenwinters mainly in a saprophytic phase (Fig. 2) as

pseudothecia on dead scabbed leaves on the ground, or as stomata in wood

pustules. The saprophytic phase begins in autumn with leaf abscission and ends in

the following spring with the final discharge of the ascospores. During the

saprophytic phase, the main activity of the fungus is the production and maturation

of pseudothecia, with each consists of eight spores (Menon, 1 956; Rose and

Hamlin, 1962). Several environmental and biotic factors may influence

pseudothecial development. These factors include: lesion type (discrete or diffuse),

leaf surfaces, leaf age when leaf infected, the density of lesions at leaf surface,

fungal strain and the host cultivar. Some other factors include environmental

factors, winter conditions, overwinter sites of leaves, a pH status and leaf nutrients
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Figure 2, A diagram of the life cycle of V. inaequalis showing the two alternating

phases. The overwintering (Saprophytic phase) and the (Pathogenic phase) which,

include the primary (ascospores) and the secondary (conidia) infection. (From

Wallace, 1913)
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are also influence pseudotheclal developments (Wilson, 1 928; Keitt and Jones,

1926; Holtz, 1937; James and Sutton, 1982).

Numbers of the produced pseudothecia may differ between discrete and

diffuse lesions (Keitt and Jones, 1926; Wilson, 1928), and between upper and lower

surfaces of the infected leaf (Jehle and Hunter, 1928; Wallace, 1913). The type of

fungal isolate can also influence the size and the abundance of pseudothecia as

different isolates require different temperatures for pseudotheclal production (Louw,

1948). Pseudothecia formation would be also enhanced by the high concentration of

conidial inoculum that occurs late in the season and the chance that the fungus two

mating types would be present on the leaf surface at the same time is relatively high

(Schwabe and Matthee, 1971).

Environmental factors may also affect pseudotheclal production. The effect

of light is not clear, but normal pseudothecia with necks directed toward light require

some exposure to light as briefly as 20 minutes a day (Holtz, 1937). Temperature

and moisture are considered the major weather variables that determine the number

and size of pseudothecia produced as well as the development and maturation of

asci (Keitt and Jones, 1926). High temperatures at 28°C and 30°C cause

deleterious effects, whereas very few pseudothecia can complete their development

at OX (James and Sutton, 1982).

2.4.2-Pathogenic Phase.

2.4.2.1 -The Primary Infection.

The primary Infection occurs in the early spring by means of the discharged

ascospores from mature pseudothecia that have been wetted by rain or heavy dew.
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Windblown ascospores deposit onto susceptible young leaves and sepals of apple

trees in close proximity to their source (Aderhold, 1896; Wallace, 1913, Aylor and

Anagnostakis, 1991 ). Less than 10% of the released spores can be transported

beyond the crop boundary layer (Gregory, 1973). Temperature may involve in the

ascospore discharge mechanisms as low temperatures delay the initial discharge of

ascospores, and slow their discharge rate (Arne, 1993). Sunlight may appear as a

positive parasitic fitness factor. Brook (1969; 1975) revealed that 90-99% of

ascospores discharged during daytime. Arne et al., (1998) demonstrated that more

than 10% of the season's total inoculum of ascospores are discharged during dew

prior to sunrise.

After ascospores are ejected from pseudothecia, they deposit on leaves,

germinate, and penetrate the cuticle by means of a germ tube. A germ tube grows

from either cell. Most frequently one-germ tube develops from the two-celled

ascospore (Smereka et al., 1987). Temperature, moisture and sunlight are

considered the most critical determinants of ascospores viability and their rate of

germination. The optimal temperature for germination is believed to be 17''C (Louw,

1948).

Mills (1944) published a table to determine apple scab infection periods, and

since then this has been used worldwide as a standard predictive system for

determining apple scab infection periods (Minghetti et al., 1977; Guilliams and

Soenen, 1953; Gendrier, 1983; Penrose et al., 1985; Preece and Smith, 1961;

Hartman, et al., 1999). Mills' infection period table describes the minimum number

of hours of continuous leaf wetness required at temperatures from 6-25°C for
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infection of apple leaves by ascospores of V. inaequalis. It shows the relationship

among temperatures, duration of leaf wetting and the development of apple scab

infection. It also provides a general guideline that more than 2 days of wetting is

required for leaf infection by ascospores below 6°C. Mills and Laplante (1951

)

reported that conidia require approximately two-thirds the duration of leaf wetness

required by ascospores at any given temperature, and also noted that scab infection

severity increases as wetting period duration increases.

At least two major revisions have been made to Mills' original table. Jones

and Aldwinke (1990) reduced the time required for infection at temperature below

9°C. MacHardy and Gadoury (1989) suggested several changes to the Mills' table.

They recommended that infection time computed from 0700 h when rain began at

night. They suggested that the time required for infection should be reduced by 3

hrs at all temperatures, because ascospore release is delayed during darkness

(Brook, 1969; 1975). They generated an equation that described the minimum

infection time for conidia based on several reports (Minghetti et al., 1977; Guilliams

and Soenen, 1953; Gendrier, t983; Penrose et al., 1985; Preece and Smith, 1961).

The revision of MacHardy and Gadoury (1989) was further modified by Arne et al.,

(1997), who revealed that the wetness duration required for infection is

approximately the same for ascospores and conidia. They also reported that

infections at and below 4°C occurred much earlier than the "more than 2 days"

reported by Mills and Laplante (1951).

After germination, an appressorium develops and contacts the cuticle. The

fungal wall at the region of penetration degrades, but thickens at the pore border
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(Maeda, 1 970). Within 20 hrs after infection, an infection hypha is formed. An

infection sac membrane extends from the appressorium downward through the

cuticle and forms the primary hypha. Upon penetration of the cuticle in susceptible

cultivars, the fungal hypha grows in several directions between the cuticle and the

epidermal cell wall over several days forming a subcuticular stroma. In resistant

cultivars, subcuticular development of the fungus does not progress beyond the

primary hyphal stage (Nusbaum and Keitt, 1938). Stromal cells proliferate upward

and the overlying cuticle is ruptured. At that time, lesions with conidia are visible on

a leaf surface and conidia are released.

2.4.2.2-The Secondary Infection

Imperfect conidia of V. inaequalis that are produced in overwintering pustules

or those that survive the winter between budscales constitute a very small portion of

the primary inoculum. However, conidia that are produced in lesions on leaves,

sepals and fruit are the main source for the secondary infection throughout the

remaining of the growing season (Jeffrey, 1953; McKay, 1942). Conidial productivity

is influenced by the composition and availability of host nutrients, fungal strain or

race and the type of lesion. Young lesions have the highest conidium productivity,

which declines as a lesion and its host organ age and finally it ceases (usually within

30-36 days) (Nusbaum and Keitt, 1938). Viable conidia decrease rapidly in late

summer (Keitt and Jones, 1926; Heuberger and Jones, 1962). Doran (1922)

reported that viable conidia on leaves and fruit lesions remain no longer than six

weeks. The cultivar-pathogen interaction influences the type of lesion, the conidium

productivity per lesion and the length of the infection period (Hickey et al., 1989;
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Smith, 1992; Smith and MacHardy, 1993). Light may appear to have no effect but

continuous darkness reduces conidium productivity (Boric, 1985; Studt and

Weltzien, 1 975). Moisture influences conidium productivity as optimal production is

believed to be at 90% relative humidity (RH) (Studt and Weltzien, 1975).

Conidial release is by means of splash dispersal as rain accompanied with

strong wind provide means for conidia to move a limited distance within an orchard

(Keitt and Jones, 1926; Gupta and Leie, 1980; Borecki, 1967). The sizes of water

droplets and wind speed are considered the main factors that control the distance

traveled by conidia. Conidia were caught 22.8 m from their source in severely

scabbed apple orchards (Howitt and Evants, 1926). The greatest distance conidia

travel may occur during dry windy weather, but this offers no advantage to V.

inaequalis because many conidia are transported away from the supply of

susceptible tissue or are deposited onto a dry hostile surface (Hirst, 1959). Water

must be present on the leaf surface for the conidium to become metabolically active

and able to germinate (Hartman et al., 1999). A germ tube grows from either end

(most frequently from the apical end) or from the side of the conidium (Clinton,

1901). Conidia germinate over a wide range of temperatures (0 - 32''C) with 16-

20°C being optimal (Louw, 1948; Doran, 1922).

2.5-Genetics

V. inaequalis has several characteristics that favored its use as a genetic tool

in studies on the inheritance of factors that determine pathogenicity. These

characteristics are: (i) V. inaequalis is haploid throughout its pathogenic phase and

in vitro in its vegetative growth, thus permitting study of effects of a single set of
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genes; (ii) the uninucleate condition of its mycelia, conidiophores and conidia

provides no variability encountered with a heterokaryotic state (Backs and Keitt,

1940); (iii) the eight ascospores of an ascus are derived from a single meiosis

followed by mitosis. With the survival of all nuclei in the ordered arrangement, the

line of nuclear descent can be traced by isolating the ascospores in their serial order

and studying the derived cultures, i.e., ordered tetrad analysis is possible, (iv) in

addition to its obligate parasite condition, V. inaequalis may live in intimate

association with living hosts for several days before harmful effects on host tissue

are observed, yet it is a facultative saprophyte that can be cultured and be

crossbred at will in vitro (Keitt and Longford, 1941 ).

2.6-Disease Controls

2.6.1 -Breeding Programs

Qualitative genes that condition resistance to different races of V. inaequalis

have been identified in Malus X domestica (Shay and Hough, 1948; Sierotzki et al,

1994a; 1994b). It is clear that natural populations of V. inaequalis include races that

are unable to incite lesions on some cultivars when these cultivars are inoculated

with several races of the fungus. This may not be revealed under orchard

conditions due to the existence of complex fungal races in an orchard (Palmiter,

1932; 1934). A fungal isolate is more likely to incite lesions on the cultivar from

which it was isolated than on other cultivars (Zhdanov and Vinvets, 1983), and

cultivars are continually exerting selection pressure for a pathotype with improved

parasitic fitness (Sierotzki et al., 1994b).

Cultivation of apples has been practiced by Greeks and Romans from at least
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the third century B.C. (Brown, 1975), but not until Knight (1806) began his

hybridization work was breeding apples for scab resistance considered. The

objective was to produce largely fruited, scab-resistant cultivars. Hough and Shay

(1 949) initiated this work with their successful breeding program. Plant breeding

programs in numerous countries have attempted to develop high-quality-resistant

varieties by introducing apple scab resistance of Malus floribunda into M. domestica.

More than 12 cultivars carrying the \/f resistant gene from M. floribunda were

released in the United States. These cultivars include: Prima, Liberty, Sir Prize and

Priscilla (Merwin et a!., 1994). In Canada, MacFree cultivar, which carries the Vf

resistant gene, was released in 1974 by the Canadian apple breeding program at

Ottawa (Spangelo et al., 1974). The cultivar NovaEasygro, which carries the Vr

resistant gene, was released in 1975 at Kentiville (Crowe, 1975). Cultivars Murry

and Rouville, which carry the Vm resistant gene from Malus micromalus' were

released in 1980 and 1983, respectively (Merwin et al., 1994). These scab resistant

cultivars are not grown extensively, because public demand directs apple growers to

plant certain desirable cultivars.

When a new cultivar that is relatively resistant to a pathogen is introduced to

a region, a shift in pathogenicity of the wild type should occur over time. The sexual

stage provides a combination of genes in the ascosporic inoculum that will condition

pathogenicity in the next season. Asexual conidia provide the means for the buildup

of the ascosporic genotypes that are fit to infect that cultivar. The pathogen

genotypes, which are best fit to Infect that cultivar will initiate the sexual stage when

leaf fall. The following season, the ascosporic inoculum will have a greater success
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rate on that cultivar, thus, the proportion of the pathogen that can infect the cultivar

will increase in the orchard (Sierotzki et al., 1994a; Zhdanov and Vinvets, 1983).

This shift in pathogenicity of the wild type will be accelerated if the cultivar becomes

popular and is consequently planted more densely in the region.

2.6.2-Chemical Programs

2.6.2.1- The History of Chemical Control

Apple scab is primarily controlled with chemical spray programs. A variety of

fungicides with differing modes of action are available. When and how they are

used depend on their mode of action. Chemicals have been used to combat several

fungal diseases including apple scab since the discovery of Bordeaux mixture in the

late of the nineteenth century (Oberhofer, 1985). However, the early history of

fungicides is intimately connected with the nonspecific inorganic sulphur, which is

active on leaf and fruit surface as an inhibitor of spore germination. To be effective,

it must be applied to the susceptible tissue surface prior to the infection process.

Lead arsenate, nicotine sulfate, self-boiled lime sulfur and cured formulations of

elemental sulfur were also applied as protective fungicides for about half a century.

The principle disadvantage of these nonspecific fungicides is their confinement to

the plant surface and their lack of long after-infection activities. During the 1940s

and 1950s, organic fungicides such as ferbam zineb, maneb and thiram became

widely used in apple disease control programs (Goldsworthy et al., 1943). In the

1960s benzimidazoles were introduced as systemic fungicides. They are highly

fungal-specific and lack activity toward plant target sites. The systemic action was

defined by Szkolinik, (1978) as..."the ingress of the fungicide into a leaf and its
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movement to one or more leaves (or to fruit) above or below it on the stem at

suificient concentration to exercise meaningful control activity against the disease

organism and/or its harmful effects". However, it became apparent that those site-

specific inhibitors are prone to the development of resistance, a phenomenon never

experienced with the class of nonspecific protectants (Koller, 1991). In the 1980s, a

new generation of systemic fungicides, referred to as sterol-biosynthesis inhibiting

(SI) fungicides or demethylation-inhibiting (DMI) fungicides became available. They

interrupt sterol synthesis by preventing the demethylation of lamosterol to form

ergosterol, which is essential in membrane synthesis and function (Siegel, 1981).

2.6.2.2-Benzimidazole Fungicides

Benzimidazoles were introduced as promising biocidal compounds to combat

a number of plant and animal diseases. They disrupt mitosis and meiosis by their

specific binding to the dimeric state of tubulin (Wilson et al., 1975), thereby

inactivating microtubule assembly (Howard and Aist, 1977). The benzimidazole

family includes: mebendazole, thiabendazoles, parbendazole, fendendazole,

thiophante methyl fubendazole, nocodazole and benomyl (Benlate, Dupont)

(Borgersetal., 1975; DeBeabanderet al., 1975; 1976; Davidse, 1982).

Benzimidazoles display a remarkable selective action. Benomyl owes its success

as a fungicide for plants and animals to a relative non-toxicity compared to

nocodazole and cholchicine. It is highly active against Ascomycetes, less active

against Basidiomycetes and inactive against Oomycetes (Bollen and Fuchs, 1970).

2.6.2.2.1 -Benomyl

Benomyl (methyl-1 -(butyl carbamate)-2-benzimidazole-carbamate) is used as
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a protective and eradicant fungicide with systemic activity against a wide range of

fungi affecting field crops, fruits, nuts, ornamentals and turf. It is also effective

against mites and is used as pre- and post- harvest sprays or drips for the control of

storage rots of fruits and vegetables. Benomyl degrades in water into carbendazim

(methyl 2-benzimidazolecarbamate (MBC)) and butyl isocyanate (BIC) (Fig. 3). BIC

can further decompose into butyl amine and carbon dioxide (Watkins, 1976).

Many studies have shown that benomyl decomposes to MBC, and that MBC

was the fungi toxic moiety of benomyl. Edgington et al., (1971 ) found that benomyl

completely decomposed to MBC within 5 days in bean plants, demons and Sisler

(1969) found that 50% of benomyl broke down in about 1 h when ethanol was

added to nutrient medium amended with benomyl. Sims et al., (1969) indicated that

MBC was primarily or entirely responsible for the toxicity of benomyl. They found

that MBC was the fungi toxic substance presented in both stems and leaves of

cotton plants, and that it was responsible for the antifungal activity when cotton

plants were grown in soil treated with benomyl (Sims et al., 1969). The toxicity of

benomyl and MBC was compared among a variety of fungi. Results showed that

MBC was as equally toxic as benomyl to a number of fungi including Neurospora

carassa (Coursen and Sisler, 1960) and Rhizoctonia solani. This was in contrast to

Saccharomyces pastorianus, to which benomyl was 30 times as toxic as MBC,

perhaps because benomyl penetrated yeast cells more readily than MBC

(Hammerschlag and Sisler, 1972).

In addition to the differences in their toxicity, MBC and benomyl also show

differences in their mode of action. MBC allows initial growth and morphological
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Fig. 3. Structural formulae of benomyl, Azindoyle and their decomposition products

carbendazim (MBC), butyl isocyanate (BIC) and methyl isocyanate (MIC). (From

Chiba and Northover, 1987; Watkins, 1976).
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changes to occur before it finally prevents cell division, whereas benomyl prevents

any growth or morphological changes. Furthermore, benomyl and BIC affect

respiration in Ustilago maydis sporodia while MBC does not (Hammerschlag and

Sisler, 1973). This differential effect was attributed to BIC, which was also reported

to be an inhibitor of cutinase (Koller et al, 1 982).

Initial studies on benomyl action mechanisms focused on DNA and RNA

synthesis, since its application had shown a rapid inhibition in DNA and RNA

synthesis (Hammerschlag and Sisler, 1972; Clemens and Sisler, 1969). Soon it

became clear that the inhibition in DNA synthesis was a secondary effect. The

primary effect of benomyl was the blockage of nuclei at metaphase, followed by

reversion to interphase without mitotic division (Howard and Aist, 1977; Davidse,

1973; Clemens and Sisler, 1971). Benomyl interferes with mitosis by binding to

fungal tubulin, thereby disturbing the assembly of microtubules (Davidse, 1975).

The binding affinity is correlated with the sensitivity of the fungal strain involved in

the interaction (Davidse and Flach, 1977; Josepovits et al, 1983). Hammerschlag

and Sisler (1973) showed that DNA synthesis in synchronized cultures of

Saccharomyces cerevisiae preceding the first cell division was not inhibited by

benomyl, while mitosis and cytokinesis were prevented and that benomyl seemed to

act specifically near the time of cell division.

In addition to inhibit DNA synthesis, other effects could be attributed to the

effect of benomyl on microtubules. Microtubules are complex structures found in all

eukaryotes, and they function in a wide variety of cellular processes. They

represent the principle structural components of meiotic and mitotic spindles, on
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which chromosomes assort. Moreover, they participate in several aspects of

Intracellular transport, in migration of nuclei along the germ tube of germinating

spores, and in maintenance of various cell surface properties such as receptor

capping. Microtubules are composed primarily of two polypeptide subunits (a and (3-

tubulin), that form the heterodimer tubulin (Cleveand and Sullivan, 1985). Howard

and Aist (1977; 1980) had convincingly demonstrated the effect of benomyl on the

hyphal tips of Fusarium acuminatum cells, and showed that the disappearance of

microtubules can cause a variety of effects. These effects include: (i) a gradual

disappearance of the apical vesicles or "Spitzenkorper" in the apical tip and

substantial increase in their numbers in the subapical region; (ii) coincident with the

loss of "Spitzenkorper" integrity, the growth form of hyphal tip cells was altered and

the apical dome shape was also changed; (iii) most of the mitochondria were no

longer oriented parallel to the cell longitudinal axis, nor did they occupy the normal

position just behind the "Spitzenkorper" (Howard and Aist, 1977; 1980).

2.6.2.2.2-Azindoyle

Azindoyle is both the trade and the formula name for a new member of the

benzimidazole family. It has not been used in commercial application. Azindoyle

was developed by Dr. Mikio Chiba (Agriculture and Agri-Food Canada, Vineland

Station, ON) to include four alkyl isocyanate, methyl, ethyl, hexyl and propyl (MBC-

MIC, MBC-EIC, MBC-HIC and MBC-PIC, respectively) (Chiba and Northover, 1987).

In this study, Azindoyle represents the methyl isocyanate only (MBC-MIC), which in

solution breaks down to MBC and methyl isocyanate MIC (Fig. 3). Northover and

Chiba (1989) found that MBC-MIC was much less stable in solution than benomyl.
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At a concentration of 178 |jM and temperatures of rc, 10°C and 25°C, MBC-MIC

had a half-life of 27.4, 6.1 and 1 .2 days, respectively, while benomyl at same the

conditions had a half-life of >42, >42 and 7.7 days, respectively (Northover and

Chiba, 1 989). Efficacy of these fungicides and the efficacy of benomyl against

benomyl-sensitive and benomyl-resistant strains of B. cinerea was also tested.

MBC-MIC was found to be more fungitoxic against benomyl sensitive strains of B.

cinerea than benomyl (Chiba and Northover, 1988). The effectiveness of MBC-MIC

against both benomyl-sensitive and benomyl-resistant strains of B. cinerea was

equal. In addition to MBC-MIC, MBC-EIC and MBC-PIC were also effective against

benomyl resistant strains of B. cinerea. These fungicides exhibit a negative cross-

resistance against the benomyl-resistant strains of B. cinerea (Chiba and Northover,

1988). The efficacy of MBC-MIC against benomyl-sensitive and benomyl-resistant

strains of 6. cinerea was also examined with the effects of temperature on its

degradation rate. MBC-MIC exhibited cross-resistance to benomyl at 20°C, while

exhibited a negative cross resistance at 1 °C, which may be explained by the fact

that the whole molecule of Azindoyle was more effective against benomyl-resistant

strains of B. cinerea than MBC, since the half-life was significantly greater at low

temperature (Northover and Chiba, 1989).

2.7-Resistance to Benomyl

Resistant strains of naturally sensitive fungal population species frequently

develop in sprayed crops, particularly after an extensive and exclusive use of

fungicides. They can be also obtained in laboratories by using ultra violet light or

chemical mutagenesis (Dekker, 1973; Hastie and Georgopoulos 1971). Resistant
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individuals of a fungal population must possess genetic and biochemical

mechanisms that allow them to mitigate or even eliminate the fungicide effects.

Subsequently, they will multiply faster in the presence of the fungicide than will

individuals without the mechanism (Georghiou, 1972). When a fungicide with a

specific site of action, such as benomyl, is employed, resistance to this fungicide is

more likely to occur as a result of changes at the target site, reducing its binding

affinity to that fungicide, rather than reducing uptake or increasing metabolic

conversion (Davidse, 1986; Gasztonyi and Josepovits, 1981; Josepovits, 1983).

In field populations of V. inaequalis, the development of benomyl resistance

was not known in commercial apple orchards until 1974 (Wicks, 1974). Since then,

benomyl-resistant strains have been isolated in many regions worldwide (Jones and

Walker, 1976; Tate and Samuels, 1976; Schwabe, 1979; Kiebacher and Hoffman,

1980; Ross and Newbery, 1985; Northover, 1986). This rapid development of

strains resistant to this class of fungicide has seriously reduced its usefulness.

In addition to the wild type benomyl-sensitive (ben^) strains, four levels of

resistance [benomyl low resistance (ben'-'^), benomyl medium resistance (ben'^''),

benomyl high resistance (ben^*^) and benomyl very high resistance (ben^"'^)] have

been identified in field populations of V. inaequalis. Classification of these levels

was based on their growth response on media amended with different

concentrations of benomyl (Stains and Jones, 1984). The development of benomyl

resistance in V. inaequalis was attributed to point mutations at two positions on a

single Mendelian gene with different alleles conferring widely different levels of

resistance (Stains and Jones, 1 984; Jones and Ehret, 1 976; Kiebacher and
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Hoffman, 1981; Kbiler, 1991). Cloning, sequence analysis and transformation

experiments with (3-tubuiin genes from benomyl-sensitive and benomyl-resistant

strains of several fungal species have provided conclusive evidence for the linkage

between p-tubulin structure and benomyl sensitivity of fungi (James et al., 1985;

Orbach et al., 1986; Jung and Oakley 1990; Koenraadt et al., 1990; Martin et al.,

1992; Koenraadt et al., 1992). Those mutations that confer benomyl resistance

have been used as tools to identify tubulin genes within many fungi such as

Aspergillus nidulans (Morris et al., 1979), Saccharomyces cerevisiae (Neff et a!.,

1983) and Schizosaccharomyces pombe (Nurse, 1985).

V. inaequalis carries only one copy of the p-tubulin gene, which consists of

six introns and seven exons, and encodes for a protein of 447 amino acids

(Koenraadt et al., 1992). Molecular studies of the p-tubulin gene of benomyl-

resistant mutants of various species of plant pathogenic fungi including V. inaequalis

provided evidence that those point mutations in this gene were responsible for the

various levels of resistance (Koenraadt et al., 1992; Yarden and Katan, 1993). The

1:1 segregation in crosses of ben^ and ben"'' provided evidence that benomyl

resistance is controlled by a single Mendelian gene (Jones and Walker, 1976;

Sawamura et al., 1976). Three lines of evidence support that resistance levels are

governed by four allelic mutations: (i) The appearance of only the parental

phenotypes among the progenies of any cross between isolates of different

phenotypes; (ii) a 1:1 segregation ratio at the discriminating concentrations of

benomyl at each level of resistance; (iii) a lack of segregation in crosses between

isolates with the same resistant phenotype. There is no evidence to indicate that
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modifier genes or cytoplasmic components affect the level of benomyl resistance

(Jones and Walker, 1976; Sawamura et al., 1976; Shabi and Katan, 1979)

Sequencing of the (3- tubulin gene from benomyl-resistant and benomyl-

sensitive isolates of V. inaequalis has revealed a set of mutations occurring at

codons 1 98 and 200, conferring various levels of resistance (Table 1 ) (Koenraadt et

al., 1992). A point mutation at the second base pair of codon 198 changes the

codon from (GAG; glutamic acid) to (GCG; alanine) conferring the ben^"'' alleles

These alleles exhibit growth on media amended with 500 pg/mL a. i. (active

ingredient) of benomyl. A mutation at the first base pair of codon 1 98 changes the

codon from (GAG; glutamic acid) to (AAG; lysine) conferring the ben"'^ alleles.

These alleles display growth on media amended with 50 pg/mL a. i. benomyl. A

mutation in the second base pair of codon 200 changes the codon from (TTC;

phenylalanine) to (TAG; tyrosine) conferring the ben"^"^ alleles, which display growth

on media amended with 5 pg/mL a. i. benomyl. A mutation at the second base pair

of codon 198 changes the codon from (GAG; glutamic acid) to codon (GGG;

glycine), also conferring benomyl medium resistance ben'^'^alleles (Koenraadt et al.,

1992). There is no known mutation on the p-tubulin gene associated with the ben*-"

alleles.

2.8-Methods used to detect benomyl resistance

2.8.1 -Radial growth assay and minimal inhibitory concentration

Growth of fungal isolates on media amended with different concentrations of

benomyl has been used to differentiate among the benomyl resistance levels in

fungal populations (Jones et al., 1987; Koenraadt et al., 1992; Sholberg and
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Table 1. Codons 196 to 201 of the p-tubulin gene of V. inaequalis and associated

mutations, whicli confer different levels of benomyl resistance.

Allele name





28

Yorston, 1991; Stains and Jones, 1984; Kiebacher and Hoffman, 1980). Novacka et

al., (1977) used the colony diameter and dry weight to characterize levels of

benomyl resistance on benomyl-amended and non-amended media. Minimal

inhibitory concentration, the minimal fungicide concentrations required to inhibit

colony formation, has also been used to monitor fungicide resistance (Stains and

Jones, 1985; Ishii and vanRaak, 1988). The limitations of these methods are the

great risk of contamination and the long time they require. In addition, the fungicide

concentrations differ from one researcher to another, as do their definitions of

resistant levels. Stains and Jones (1984) used four different concentrations to

identify three benomyl-resistant phenotypes: ben'-'^ with growth of the isolates on

media amended with 1 |jg/mL a.i. of benomyl but not on 10 |jg/mL; ben'*^'' with

growth on 10 |jg/rnL but not on 25 pg/mL a.i. of benomyl; and ben"'' with good

growth on media amended with up to 500 |jg/mL a.i. of benomyl. Jones et a!.,

(1987) modified stains definition by incorporating N-phenyl carbamate to

discriminate between ben"'' and ben^"" phenotypes. In this modification, growth of

ben"" on 5 ng/mL a. i. of benomyl was much greater than its growth on 50 jjg/mL

with resistance to N-phenyl carbamate, while ben^"" had equal growth rates on 5

and 50 \}g/rc\L a. i. of benomyl with sensitivity to N-phenyl carbamate. Koenraadt et

al., (1992) used another definition to discriminate among benomyl-resistant levels.

In their definition, ben^ had no growth on 0.5 mg/L a. i. of benomyl; ben*-" had

growth on 0.5 mg/L but not on 5 mg/L a. i. of benomyl; ben"*^" with growth on 5 mg/L

but not on 50 mg/L a. i. of benomyl; ben"'' with slow growth on 50 mg/L and ben^"

with rapid growth on 50 mg/L a. i. of benomyl.
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2.8.2-Spore Germination and Germ Tube Length

Spore germination and the initial development of germ tubes have been used

to monitor fungicide resistance in fungal populations (Wicks, 1976; Kbiler et al.,

1997; Lalancette et al., 1987; McGee and Zuck, 1981; Jones and Walker, 1976).

Benomyl binds to tubulin and inhibits mitosis and, ultimately, cell division. The

spores from sensitive isolates placed on agar amended with benomyl will germinate,

but the cell wall will not form in the germ tubes, and growth will stop. Swollen,

distorted germ tubes and the absence of walls are then typically observed.

Germ tube length has also been used to identify fungicide resistance in field

populations of V. inaequalis, where the length of the germ tubes of the resistant

spores exceed the length of the spore on benomyl-amended and non-amended

media (Jones and Walker, 1976; Ishii and Yamaguchi, 1981; Chiba and Northover,

1987). Northover (1986) developed a technique in which water agar medium

amended with one concentration (1.0 pg/mL a.i. of benomyl) discriminated between

benomyl-sensitive and benomyl-resistant isolates of V. inaequalis.

In all these methods, the radial growth assay, Minimal inhibitory

concentration, spore germination and the germ tube length, the active ingredient of

the fungicide is added either before PDA solidify (at about 50°C) (Northover, 1986;

Stain and Jones, 1985; Ishii and vanRaak, 1988; Jones et al., 1987) or before media

is autoclaved at 120°C (Sholberg and Yorston, 1991). Since benomyl's stability

decreases as temperature increases (Northover and Chiba, 1989), stability and

concentrations of benomyl active ingredients used in those methods would be

altered at high temperatures, which subsequently affected the accuracy and the
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reliability of these methods.

2.8.3-Polymerase chain reaction

The polymerase chain reaction (PCR) is a powerful technique that allows one

to amplify a specific DNA sequence millions of times in just a few hours (Mullis and

Faloona, 1987). PCR productivity is accomplished by sequentially cycling reaction

temperatures among three optima at which denaturation of the double-stranded

DNA into single strands, annealing of the synthetic oligonucleotide primers and

synthesis of new complementary strands take place. The specificity of PCR

reactions is determined by the primers used as they bracket the target region to be

amplified (Mullis and Faloona, 1987; Saiki et al, 1988). One primer is identical in

sequence to one DNA strand at the beginning of the target region; a second primer

is complementary in sequence to the other strand at the end of the target region.

PCR products can be detected as a single stained band on an electrophoretic gel.

The method's ease, speed, versatility, and the minute amount of DNA needed make

it well suited to study large numbers of species and individuals within populations

and diverse groups of plants, animals and microorganisms (Hedrick, 1992). PCR

has had a significant impact on various areas, especially molecular genetics, human

genetics, developmental biology, cancer research and infectious disease diagnosis

(Eriich and Bugawan, 1989; Annamalai et al., 1995). It has been used to identify

and characterize point mutations on the (3-tubulin gene that confer benzimidazoles

resistance among many fungi such as Rhychospohum secalis (Ian et al., 1995), B.

cinerea (Yarden and Katan, 1993; Luck and Gillings, 1995; Martin and Fox, 1992)

and Cladobotryum dendroides (McKay et al., 1998).
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Koenraadt and Jones (1992) used PCR in combination with allele specific

oligonucleotide (ASO) to characterize mutations in the p-tubulin gene of benomyl

resistant strains of V. inaequalis and other plant pathogenic fungi. Luck and Gillings

(1995) successfully used PCR that utilized three specific primers to characterize

levels of benomyl resistance in a field population of B. cinerea. Svircev et al., (1999)

used PCR protocol to screen for benomyl resistant strains and to characterize their

levels in a field population of V. inaequalis.
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3- OBJECTIVES

The first objective of this study was to use the modified polymerase chain

reaction (PCR) protocol used by Luck and Gillings (1995), and by Svircev et al.,

(2000) to screen for benomyl resistant alleles from field-collected, monoconidial

cultures of V. inaequalis. Unfortunately, V. inaequalis is a slow-growing fungus in

culture and can be lost through contamination or simply by subculturing. Therefore,

assays of fungicide sensitivity can take up to eight weeks to complete.

Consequently, the potential of PCR technology to provide a rapid and accurate

measurement of benomyl sensitivity was used.

The second objective of this study was to characterize the levels and

frequencies of the overwintering survivors of benomyl resistant alleles in field

populations of V. inaequalis after one year of treatment with benomyl, Azindoyle or

water, and to determine whether Azindoyle provides some selective advantages or

disadvantages over benomyl. In previous in vitro and in vivo studies, Azindoyle

exhibited a negative cross resistance against benomyl-resistant strains of B. cinerea

(Chiba and Northover, 1988; Northover and Chiba, 1989).

The third objective was to introduce an easy and efficient technique for DNA

extraction from fungal cells for use as a template in PCR reactions. The last

objective was to determine lesion homogeneity of primary infected lesions. Luck

and Gillings (1995) used DNA extracted directly from diseased lesions as a template

DNA in a PCR reaction, thus avoiding the need for isolating and culturing the

pathogen. In order to apply this technique to monitor fungicide resistance, a lesion

phenotype should be homogenous in respect to fungicide sensitivity.
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4-MATERIALS AND METHODS

4.1-Field History

The trees used in this study were eleven-year-old Malus X domestica Borkh

cv. Mcintosh trees. They were grafted onto M26-dwarf rootstocks and planted in

1986 on Plot 2 of Jordan Farm, Agriculture and Agri-Food Canada, Southern Crop

Protection and Food Research Center, Jordan Station, ON, Canada. The trees

were spaced 3 m apart within each row, 4.8 m between rows spaced, with a total of

210 trees in the plot. Twelve trees in the south part of the orchard were given

several applications of benzimidazoles in 1995 (Svircev et al., 2000). In this study,

18 trees (Fig. 4) were used each year (1997-1998) to collect 300 isolates (600

isolates/ two seasons). In addition, 10 trees (Fig. 4) were used in 1998 to collect a

total of 100 isolates used in lesion homogeneity tests. A randomized complete

block design (Fig. 4) with a single tree per treatment in each block was used. Five

fungicide applications were made at two-week intervals in June and July, one year

previous to the year of collection. Trees designated (B) were given 250 pg/ml a.i. of

benomyl (Benlate 50% WP, DuPont, Canada Inc., Mississauga, ON, Canada).

Trees designated (A) received 250 pg/ml a.i. of Azindoyle (Azindoyle 50% WP,

Wilson Laboratories Inc., Burlington, ON, Canada), while trees designated (C) were

given water applications and used as controls. Sprays were applied "to run off"

(avg. 5L/tree) using a vehicle-mounted hydraulic sprayer (Rittenhouse Mfg. Co., St.

Catharines, ON, Canada) with a hand-held spray gun operating at 1400 kPa. To

prevent spray drift during the spray process, each treated tree was protected by a

portable spray screen.
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Figure 4 Field experiment indicating location, year of collection and type of

treatment for each tree used in the study.
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4.2-Collection and Culturing of Fungal Conidia

Apple leaves with freshly scab lesions were collected from near the tip of

actively growing shoots in June and July of 1997 and 1998. Individual leaves were

placed in labeled bags, and stored at 4X. Fungal isolates from trees treated with

benomyl , Azindoyle and water were designated B, A and C, respectively.

Treatment letters were followed by identification numbers (row, tree and isolate).

The isolate number provides information on isolate location on the tree. Five leaves

were arbitrarily selected from each compass direction on each tree. Isolates from

the South, East, North and West were numbered 1-5, 6-10, 11-15 and 16-20,

respectively.

A sporulating lesion was excised fro each leaf with a scalpel and immersed in

700 |jL sterile water in a microcentrifuge tube. The lesions chosen were of similar

sizes and in condition. In each year, 100 lesions were collected from each

treatment. To dislodge conidia from lesions, tubes were vortexed and left at room

temperature for about 1 h. A total volume of 300 fjL from the suspension was

spread evenly to 2% water agar (WA) (Difco Laboratories, Detroit, USA) plates

amended with 100 fjg/nriL streptomycin (Sigma-AIdrich Canada Ltd., Oakville, ON,

Canada). Plates were incubated overnight at 21 °C. Following 1 day of incubation in

the dark at 21 °C, monoconidial cultures were achieved by transferring small plugs of

agar containing a single germinated conidium to 2% potato dextrose agar (PDA)

(Difco Laboratories, Detroit, USA) plates using a flamed steel needle. Four

monoconidial cultures were established from a single lesion. The transfen-ing

processes were performed under a dissecting microscope in a laminar flow bench.
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After two weeks of growth in the dark at 21 °C, one colony out of the four from each

plate was subcultured in triplicate on 2% PDA plates. Plates were then incubated in

the dark at 21 °C for four weeks.

4.3- DNA Extraction

The technique used for DNA extraction was simple and rapid. It was a new

technique first used in this study. Four-week-old plates (Figure 5) were visually

examined, and those that appeared in good conditions and lacked any sing of

contamination were used. Total genomic DNA was extracted from the mycelia of

each isolate. Actively growing mycelia were peeled from the plates by scratching

the colonies into 1 mL of 0.1% SDS (sodium dodecyl sulfate). The suspension was

transferred to autoclaved microcentrifuge tubes (1.5 mL) that contained acid-washed

glass beads. Mycelia were macerated with glass beads by vortexing tubes for 20

sec and dipping them into liquid nitrogen three times. The suspension was allowed

to thaw after each dip. DNA samples were diluted in sterile water prior to PCR

amplifications. In initial experiments, PCR was run with template DNA from 10

samples at three different dilutions 1:50, 1:100 and 1:200. After those initial

expehments, only the 1 : 100 dilution was used in all PCR reactions. Samples were

then stored at -20X.

4.4-Polymerase Chain Reaction

To amplify the p-tubulin fragment containing the region of interest, genomic

DNA from each isolate of V. inaequalis was subjected to PCR. PCR was applied

according to the procedure first described by Luck and Gillings (1995) to monitor

benomyl resistance in Botrytis cinerea. In each PCR reaction, a set of three primers
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Figure 5. Four-week-old V. inaequalis isolate grown on 2% potato dextrose agar

(PDA) media in the dark at 21 °C. Colonies of the same age and condition were

used for DNA extraction.
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was chosen to encompass the DNA fragment of the p-tubulin gene, in which

mutations that correlate with benomyl resistance have been reported (Koenraadt et

a!., 1992). Primers Ven1 and Ven2 (Table 2) were used in all PCR reactions as

internal controls. In addition, three allele-specific primers were chosen to amplify a

P-tubulin gene fragment from the resistant alleles only. Primer Vin was used to

detect mutations that confer the ben^'^ alleles, associated with the benomyl very

high resistance. Primer Vin was a modified form of primer BCM used by Luck and

Gillings, (1 995). It was achieved by substituting nucleotide T for nucleotide A at its

5' end to more closely correspond to the sequence of the (3-tubulin gene of V.

inaequalis (Koenraadt et a!., 1992). Primer BenHR was used in reactions to detect

mutations conferring the ben^'^ alleles, associated with the benomyl high resistance.

Primer BenMR was used to detect mutations conferring the ben"^"^ alleles,

associated with the benomyl medium resistance.

Primer sequences (Table 2) were from the DNA sequences of the (3-tubulin

gene of V. inaequalis shown by Koenraadt et a!., (1992) (Luck and Gillings, 1995;

Svircev et al., 1999). Primer Veni was identical in sequence to codons 157-162 of

the p-tubulin gene of V. inaequalis, while primer Ven2 was complementary in

sequence to codons 243-249 of the p-tubulin gene. Amplification reactions utilizing

primers Veni and Ven2 were expected to amplify a 278-bp. DNA fragment (Fig. 6).

Primer Vin was identical in sequence to codons 1 92-1 98 of the p-tubulin gene of V.

inaequalis in the ben^"*^ alleles only. In amplification reactions with primer Ven2,

primer Vin will produce a 171-bp. DNA fragment (Fig. 6). Primer BenHR was

identical in sequence to codons 192-198 of the p-tubulin gene of V. inaequalis in the
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Table 2. Primers' sequences used in all PCR reactions.

Primer
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Figure 6. A schematic diagram of the p-tubulin gene of V. inaequalis based on the

DNA sequence of the p-tubulin gene of V. inaequalis shown by Koenraadt et al,

1992. The diagram shows the relative codon position of the binding sites of primers

Ven1, Ven2, Vin, BenHR and BenMR. The expected sizes of amplification products

in base pair (bp.) are shown below.

mmm

Ven1

157 162 192 198 200
^.GAG GAA TTC CCA GAC CGT.../..CTT GTT GAG AAC TCT GAC GAG ACA TIC

GAG GAA TTC CCA GAC CGT T GTT GAG AAC TCT GAC GC\fln^^
TT GTT GAG AAC TCT GAC A BenHR i^

G AAC TCT GAC GAG ACA TA BenMR OJI^

^en2

G CCA GTC GAA TTG AGC CT

C GGT CAG CTT AAC TCG GA

243 249

Ven1-Ven2 MH^^^278-bp.
Ven2-Vin i^^iyi.bp.
Ven2-BenHR ^^™172-bp.
Ven2-BenMR -^ 165-bp!
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ben"'^ alleles only. It produces a 172-bp. DNA fragment in amplification reactions

with primer Ven2 (Fig. 6). Primer BenMR was identical in sequence to codons 194-

200 of the (3-tubulin gene of V. inaequalis in the ben'^'^ alleles only. A 165-bp. DNA

fragment is expected to be amplified from the primers BenMR and Ven2 (Fig. 6).

The expected (Ven1-Ven2; 278-bp.) DNA fragment will amplify from both benomyl

sensitive and benomyl resistant alleles, while (Vin-Ven2; 171-bp.), (BenHR-Ven2;

172-bp.) or (BenMR-Ven2; 165-bp.) DNA fragments will amplify only from the

j^QpVHR^ the ben"'^ or the ben"^*^ alleles, respectively.

All amplification reactions were performed in a final volume of 25 |jL. The

reaction mixture was: 0.2 |jM of each primer Veni and (primer Vin, primer BenHR or

primer BenMR); 0.4 |jM of primer Ven2; 0.2 mM of each deoxyribonucleotide

triphosphate (dNTPs) [dATP, dCTP, dGTP, and dTTP]; 0.25 |jL of 5U/|jL stock

Taq™ polymerase (Boehringer Mannheim, Laval, QC, Canada); 2.5 pL of the

reaction buffer (50 mM KCL, 10 mM Tris-HCL (pH 9.0), 1.5 mM MgCI2); 0.75 |jL of

sterile distilled water and 19.5 pL template DNA. In order to detect any

contamination, and to confirm that the observed bands were amplified DNA and not

primer artifacts (Innis, et al., 1990), a 19.5 pL aliquot of sterile distilled water was

used instead of the target DNA as a negative control in all amplification reactions.

As controls in determining the efficacy of each primer, PCR was run with three

different strains. Strain C8-4 (Svircev et al., 1999) was used as a control in

reactions applied to detect the ben^""^ alleles, while strains RH-4 and Main8

(Koenraadt et al, 1992) were used as controls in reactions applied for the ben^"^ and

ben"*^ alleles, respectively. The reaction mixture was overlaid with two drops of
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mineral oil to prevent evaporation. PCR was performed on 300 isolates each year,

100 from each group A, B and C.

All amplification reactions were carried out in an EasyCycler™ series Power

Block I™ System thermal cycler (ERICOMP, Inc., San Diego, CA. USA). Cycling

parameters for primers VIn and BenMR were: 1 X (5 min denaturation at QS^C); 34 X

( 30 sec annealing at 54°C; 1 min primer extension at 72°C; 1 min denaturation at

95°C). These cycles were followed by 1 X (30 sec at 54°C;10 min at 72°C and 15

sec at 30°C). Due to the differences in the melting points of the primers, the

annealing temperature for the primer BenHR was reduced from 54°C to 50°C.

Amplification products were analyzed for the expected DNA fragments by

agarose gel electrophoresis (Maniatis et al., 1989). A total of 10 |jL of PCR

products was loaded with 1 pL of the loading buffer (0.25% bromophenol blue, 40%

sucrose), and was run on 1.5% agarose gel in 1 X TAB buffer ( 0.1 M Tris-HCL, 0.1

M Acetic acid, 0.02 mM EDTA, pH 8.3). Gels were stained for 15-20 min with 2.5

pg/mL ethidium bromide, destained in H2O for 15-20 min, illuminated with UV light

and photographed with a Polaroid 667 black and white film. PCR results were

confirmed by Bsh 12361 digestion and by growth assay.

4.5-Bsh 12361 digest

Bsh 12361 digests were applied to evaluate the accuracy of PCR product

and the reliability of PCR protocol in which primer Vin was used. Mutations

conferring the ben^"'^ alleles also change the sequence of codons 1 97/1 98 from

GACGAG in the ben^ alleles to GACGCG in the ben^'^ alleles. This change creates

a restriction site (CGCG) for a number of restriction enzymes such as Bsh 12361,
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Acc II, Bsp50 I, BstU I, Mvn I and Tha I. Enzyme digestion tests were carried out on

40 samples representing the two levels of benomy! resistance as characterized by

PCR. Twenty samples representing the ben^"'' alleles and twenty representing the

ben^ alleles. When PCR products are digested with Bsh 12361, the amplified

(Ven1-Ven2; 278-bp.) DNA fragment from the ben^"'' alleles will generate two DNA

sub-fragments of 171-bp. and 107-bp., while the (Ven1-Ven2; 278-bp.) DNA

fragment from the ben^ alleles will remain undigested. Enzyme digestion tests were

also applied to strains RH-4 and MainS (Koenraadt et al, 1992), which were used in

PCR reactions as positive controls for the ben"'^ and ben"^"^ alleles, respectively. For

each digestion series, pUC19 was digested separately to confirm the enzyme

activity.

All digest reactions were performed in final volumes of 30 pL. Each reaction

mixture contained 10.5 jjL of PCR products; 3 jjL of 10 X buffer R"^ (supplied with

the enzyme), 1.5 U of Bsh 12361 and 15 pL sterile distilled water. The mixture was

incubated at 37°C for 3 hrs. A total volume of 10 pL was mixed with 1 pL loading

buffer, and was run on 1 .5% agarose gel in 1 X TAE buffer at 75 V. for 1 h. Gels

were stained for 20 min with 2.5 pg/mL ethidium bromide, destained in HjO for 20

min, illuminated with UV light and photographed with Polaroid 667 black and white

film.

4.6-Growth on benomyl amended media

The applicability of PCR as a method for monitoring benomyl resistance was

evaluated by comparing PCR resistance characterization with relative growth of V.

inaequalis isolates on media amended with different discriminatory concentrations of
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benomyl. Randomly chosen isolates (20 ben^" and 30 ben^) represented the two

levels of resistance as characterized by PCR were subcultured and grown on 2%

PDA in the dark at 21 °C for four weeks. A plug of mycelia (6 mm in diameter) was

taken from the actively growing edge of the four-week-old colonies and transferred

to the center of 2% PDA plates amended with different concentrations of benomyl

as described below. Triplicate from each isolate were used for each concentration.

Plates were incubated in the dark at 2rc for four weeks.

To prepare fungicide-amended media, suspensions of fungicides in sterile

deionized water were added to autoclaved 2% PDA before solidification.

Concentrations of 0, 5, 50, 500 pg/mL a.i. of benomyl were used to discriminate

among the following phenotypes: ben® with no growth on 5 pg/mL a.i. of benomyl;

ben"*^ with growth on 5 pg/mL, but no growth on 50 pg/mL a.i. of benomyl; ben"''

with growth on 50 pg/mL, but no growth on 500 pg/mL a.i. of benomyl; ben^** with

growth on 500 pg/mL a.i. of benomyl.

Fungicide action on V. inaequalis mycelium growth was assessed by

determining the diameter growth of the colonies after four weeks of incubation at

2rc in the dark in amended and non amended media. The fungicide action of the

active ingredients tested was expressed as % inhibition: 100 -[(mean of the radial

growth of the isolate mycelia/ the mean of the radial growth of the control-isolate

mycelia) X 100].
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5- RESULTS

5.1- Polymerase Chain Reaction

A total of 593 isolates were used in this study (App. A). Genomic DNA was

extracted from each isolate as described above and was subjected to PCR protocol.

PCR was performed first to screen for the ben^"'^ alleles by utilizing primers Ven1

,

Ven2 and the specific primer for the ben^^'^ mutation (primer Vin) (Table 2).

Analysis of PCR products revealed that all isolates tested produced the expected

(Ven1-Ven2; 278-bp.) DNA fragment (internal control) (Fig. 7). The specific (Vin-

Ven2; 171-bp.) DNA fragment (Fig. 7) for the ben^"^ was amplified from 179 (30.1%)

isolates, which is in agreement with the expected lengths from these primers.

Isolates of V. inaequalis were also screened for the presence of the ben^'' and the

ben'^'' alleles by utilizing primer BenHR and primer BenMR, respectively (Table 2).

Strains RH-4 and Main8 which were used as positive controls for the ben^'^ and

ben*^'' mutations, produced two amplification products with the size expected from

primers BenHR and BenMR, respectively (Fig. 7). Neither the (BenHR-Ven2; 172-

bp.) DNA fragment nor the (BenMR-Ven2; 165-bp.) DNA fragment was amplified

from any of the isolates tested indicating that none of the isolates had the ben"*^ or

the ben'^'^ mutation. PCR was not performed to screen for the ben'-'^ alleles, since

there is no known mutation at this region of the (3-tubulin gene associated with this

level of resistance (Table 1 ) (Koenraadt et al., 1992). Those isolates with no

amplification products from the three specific primers were designed ben^, even

though, they may include ben^ alleles. No amplified DNA was detected when

template DNA was omitted from the reaction mixture.
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Figure. 7. Gel electrophoresis of PCR products. Isolates with one amplification

product (278 bp.) are considered ben^, while isolates with two amplification products

[(278 bp. and (171. 172 or 165 bp.)] are considered ben^"*^, ben"'' or ben"^

respectively. PCR results from reactions utilizing primer Vin for the ben^"" mutation

are shown in lanes 2, 3, 4 and 5. PCR products from reactions utilizing primer

BenHR for ben"" mutation are shown in lanes 6, 7 and 8. PCR products from

reactions utilizing primer BenMR for ben"" mutation are shown in lanes 9, 10 and

11.

1: 100 bp. DNA Ladder (A=300-bp; B=200 bp); 2: isolate B4.3.11; 3: isolate

A10.2.16; 4: isolate C18.6.1; 5: isolate A2.7.6; 6: strain RH-4; 7: isolate B4.3.11;

8: isolate A2.7.6; 9: strain Maine8; 10: isolate B4.3.11; 11: isolate A2.7.6.
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The frequency of the ben^"'' alleles for the 1997 collections were 23%, 24%

and 23% for the benomyl, Azindoyle and the control treatments, respectively (Table

3). The frequency of ben^"'^ for the benomyl treatments ranged from 58.8% (tree

B4.7) to 0% (tree B7.6) (Fig. 8). For the Azindoyle treatments, the ben^'' frequency

ranged from 41 . 1 % (tree A1 6.7) to 0% (tree A20.2) (Fig. 9). In the control

treatments, the ben^'^ frequency ranged from 46.6% (tree CI 8.8) to 0% (tree

C15.3) (Fig. 10). In the 1998 collections, the frequency of the ben^'"'^ alleles were

46%, 26% and 38% for the benomyl, Azindoyle and the control treatments,

respectively (Table 3). For the benomyl treatments, the ben^"'' frequency ranged

from 94.1 % (tree B14.4) to 9% (tree 81 9.8) (Fig. 8). The ben^*^ frequency for the

Azindoyle treatments ranged from 50% (tree A17.8) to 10% (tree A9.4) (Fig. 9). The

l-,QpVHR frequency control treatment ranged from 75% (tree C5.4) to 12.5% (tree

C1 3.5) (Fig. 10).

Chi-squares tests were used to perform pain/vise comparisons between the

frequency of benomyl resistance of the 1997 and 1998 collections for each

treatment, to explore If there was any significant change in the frequency of benomyl

resistance between the two seasons. It is appeared that the frequency of benomyl

resistance for the benomyl treatments had a significant increase (1997 (23%); 1998

(46.1%); p=0.0006) (Table 4). There was also a significant increase in the

frequency of benomyl resistance for the control treatments (1997 (32.1%); 1998

(38%); p=0.0257) (Table 4). Within Azindoyle treatments, it was appeared that the

frequency of benomyl resistance had no significant increase (1997 (24%); 1998

(26%); p=0.7435) (Table 4).
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Table 3. PCR results indicate the frequency of benomyl resistance for the two year

(1997&1998) field collections of V. inaequalis isolates. The table shows the total

number of isolates used each year from each treatment, the total number of isolates

for each level of resistance and the frequency of resistance.

Treatment/
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Figure 8. Frequency of benomyl resistance based on PCR from all isolates

collected in 1997 and 1998 from trees treated with benomyl. Trees are identified

according to their position as indicated in field design (Fig. 4).
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Figure 9. Frequency of benomyl resistance based on PCR from all isolates

collected in 1 997 and 1 998 from trees treated with Azindoyle. Trees are identified

according to their position as indicated in field design (Fig. 4)
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Figure 10. Frequency of benomyl resistance based on PCR from all isolates

collected in 1997 and 1998 from trees treated with water. Trees are identified

according to their position as indicated in field design (Fig. 4)
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Table 4. Chi-squares and their associated probabilities. Pairwise comparisons

between frequencies of benomyl resistance of the 1997 and 1998 field collections of

v. inaequalis isolates sprayed with benomyl, Azindoyle and water.
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Chi-square tests were also used to explore the changes in the total frequency

of benomyl resistance between the 1997 collection and the 1998 collection, which

showed that there was a significant increase in the resistant frequency (1997

(23.3%); 1998 (36.7); p=0.0003) (Table 4). All chi-squares and their associated

probabilities were calculated using MINITAB® statistical soft war (Educational

versions, Addison-Wesley Publishing Company. Inc.).

5.2-Bsh 12361 Digest

Enzyme digest was used as means to evaluate the accuracy of PCR

products, and its reliability as a protocol to detect the ben^"'^ allele. PCR

amplification products of 40 isolates of V. inaequalis were digested with BsA7l2361.

Twenty isolates representing the ben^"'' alleles and twenty representing the ben®

alleles. Results showed that the amplified (Ven1-Ven2; 278-bp.) DNA fragment was

cleaved from the twenty isolates representing the ben^""^ alleles, but not from the

twenty isolates representing the ben® alleles (Fig. 11). When Bsh^236^ digests

were performed on amplification products from the ben"'^ alleles (strain RH-4) and

from the ben'^'^ alleles (strain Main8), the amplified (Ven1-Ven2; 278 bp.) DNA

fragment from these two alleles remained undigested (Fig. 11). In all cases tested,

Bsh 12361 digests supported the finding of PCR.

5.3-Grov\/ths on benomyl amended media

Fifty isolates of V. inaequalis were grown on benomyl amended media.

Twenty isolates representing the ben^'^ phenotypes, and 30 isolates representing

the ben® phenotypes as they characterized by PCR. Unfortunately, 36 isolates were

contaminated and lost during growth processes. Only 14 isolates (Table 5 & A. C)
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Figure 11. Ss/712361 digest results of PCR products of five different strains of V.

inaequalls. Each isolate is shown before and after digestion. The loss of the 278

bp. fragment and the production of two fragments of 171 & 107 indicates the

presence of the CGCG site associated with the ben^^'' alleles. Isolates represented

the ben^"'', ben^'^ and ben'^'^ alleles. pUC19 (Lane 12) was used in all reactions to

confirm enzyme activity.

1 O 1 1 12

mtrntt - miitrnt mmmt' iiiirfimn -^mm: mmi»

1: 100 bp. DNA Ladder (A: 300 bp., B: 200 bp.).

2: Isolate B4.3. 11 (undigested); 3: Isolate B4.3. 11 (digested).

4: Isolate A1 0.2. 16 (undigested); 5: Isolate A1 0.2. 16 (digested).

6: Strain RH-4 (undigested); 7: Strain RH-4 (digested).

8: Strain MaineS (undigested); 9: Strain MaineS (digested).

10: Isolate CI 8.6.1 (undigested); 11: Isolate CI 8.6.1 (digested).

12: pUCI 9 (digested).
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Table 5. Percentage inhibition of the mycelia radial growth of benomyl-sensitive

and benomyl-resistant isolates of V. inaequalis grown on benomyl-amended media.

Actual data Is shown in App. C.

% inhibition' |
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survived the four-week growth period, and were used in the test.

The effectiveness of benomyl on the 14 isolates are listed in table 5 and App.

C. All 14 isolates grew well on unamended media (control). Growth of isolates

characterized by PCR as ben^ (B14.7.16, B7.3.19, A16.7.4, A 16.7.14, A20.2.4,

C17.4.12, C15.3.14, C15.2.9, C15.2.7 C15.2.3 and C7.8.10) was completely

inhibited on 5 pg/mL a. i. of benomyl, indicating that they were ben^ alleles rather

than ben'-'^ alleles. Growth of isolates C5.4.4, C1 3.5.7 and CI 5.2.8 was stimulated

on 5 pg/mL and 50 pg/mL a. i. of benomyl (Table 5). On 500 pg/mL a. i. of benomyl,

isolates C5.4.4, CI 3.5.7 and CI 5.2.8 was inhibited by 88%, 58% and 75%,

respectively (Table 5), indicating that they were ben^""^ alleles as they characterized

by PCR.

5.4-Lesion homogeneity

Luck and Gillings (1995) applied PCR by utilizing DNA directly extracted from

lesions to avoid culturing and growing processes. This study was designed to

examine lesion homogeneity of primary infected lesions, so that this method of DNA

extraction can be used to determine a lesion phenotype by using PCR protocol.

One hundred monoconidial isolates of V. inaequalis (App. D) represented 10

primary infected lesions were cultured from isolates collected in May of the 1998 (10

conidia / a single lesion). Lesions were identified by trees from which they were

collected (Fig. 4). Total genomic DNA was extracted from the four-week-colonies

and subjected to PCR procedures as described above. PCR results (Table 6)

revealed a 10:0 ratio of benomyl sensitive to resistance within lesions B14.7, CI 3.5,
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Table 6. PCR results for the lesion homogeneity tests of ten primary infected

lesions (10 conidia / lesion) collected from trees treated with benomyl, Azindoyle or

water. Lesions were named according to their position as indicated in field design

(Fig. 4).

1





58

C15.2, and A17.8, while a 0:10 ratio of benomyl sensitive to resistant was detected

from lesions C5.4 and B18.2. These 6 lesions exhibited a homogeneity of 100%,

since the conidia of each lesion consisted of one phenotype only. Conidia of the

remaining 4 lesions consisted of a mixture of benomyl sensitive and benomyl

resistant phenotypes. Lesion A10.2 displayed a 1 : 9 ratio of benomyl sensitive to

benomyl resistance, lesion CI 0.3 exhibited a 7: 3 ratio of benomyl sensitive to

benomyl resistance. Isolates from lesion B4.3 revealed a 4:6 ratio of benomyl

sensitive to resistant, while isolates from lesion B14.4 had a 6:4 ratio of benomyl

sensitive to resistant. All of the benomyl resistant isolates were the ben^"'' alleles.

Neither the ben"'' nor the ben'^'^ resistant alleles were detected (Table 6).
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6-DISCUSSION

6.1 -The polymerase chain reaction

PCR protocol was used to screen for the presence of benomyl resistant

alleles, and to characterize their levels and frequencies in field populations of V.

inaequalis. It has been used to detect benzimidazole resistance in numbers of fungi

such as B. cinerea (Martin and Fox, 1992; Luck and Gillings, 1995; Yarden and

Katan, 1993), Cladobotryum dendroides (McKay et al., 1998) and V. inaequalis

(Svircev et al., 2000). In total, 1 ,725 PCR reactions were performed to screen a

sizable field collection of 593 isolates of V. inaequalis for their levels of benomyl

resistance, and 100 isolates were used for the lesion homogeneity test. This study

showed that PCR was an applicable and a convenient method to identify and

differentiate among the four levels of benomyl resistance (ben^"'^, ben""^, ben'*^'^ and

ben^ alleles) in field populations of V. inaequalis. Compared to other methods such

as the radial growth assay, minimal inhibitory concentration or germ tube length,

PCR might be more accurate in monitoring fungicide resistance. It can be

performed within less time, particularly when large scale screening for fungicide

resistance is required. It would be an expensive and difficult task time-consuming

and labor, or might be impossible to monitor fungicide resistance in this large

number of isolates (693) by methods such as the radial growth assay, minimal

inhibitory concentration or the germ tube length. To monitor fungicide resistance

using these methods, at least a triplicate of each fungicide concentration is

recommended for each isolate, i.e., 12 plates for each isolate, or 8316 plates for the

693 isolates tested in this study. This large batch of media has to be prepared at
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one time with same conditions in order to obtain trustworthy results. Moreover,

adding the fungicide active ingredient to a relatively hot medium before it solidifies

(Northover, 1987; Stain and Jones, 1985; Ishii and vanRaak, 1988; Jones, 1987) or

before the medium is autoclaved (Sholberg and Yorston, 1991) would affect the

fungicide concentration and subsequently the result accuracy. Even when small

numbers of isolates are tested with those methods, the risk of contamination or

losing the fungus during growth is still high. In this study, only (1%) seven isolates

out of 700 were lost when PCR protocol was used, while (72%) 36 isolates out of 50

were lost when the benomyl amended medium test was used. Another significant

advantage of PCR is that it may be applied to assess fungicide resistance of

obligate parasites such as powdery and downy mildews, and to slow in vitro growing

fungi such as V. inaequalis.

One problem concerned with PCR measurement of resistance is that the

mechanism of resistance must be well determined at its nucleic acid level

(Koenraadt and Jones 1992; Koenraadt et al., 1992). This study was limited to

screening for the ben^'^, ben"'' and ben'^'' alleles only. Until the molecular basis for

the ben'-'' alleles is established as found in this study, it will be impossible to

distinguish between the ben^ and the ben'-'' alleles using PCR.

The method used for DNA extraction was a new technique first applied in this

study. It was chosen because of its speed and convenience, allowing large

numbers of isolates to be processed. The method was accomplished chemically by

the action of SDS, and physically by the action of glass beads and liquid nitrogen.

This technique effectively extracted genomic DNA from fungal cells. The failure for
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the PCR to work from the 50: 1 dilution of DNA extracts suggests that either SDS

resident (Gelfand and White, 1990) or some fungal components may interfere with

PCR amplifications. The undesirable products from the 1: 200 dilution suggested

that an insignificant amount of the target DNA might be present in the reaction

mixture as one copy only of the p-tubulin gene is present in a single cell of y.

inaequalis ( Koenraadt et al., 1992; Stanis and Jones, 1984), with the exception

when the cell is at the G1 phase of its life cycle.

The restriction site (CGCG) was used in part of PCR products to evaluate the

accuracy of PCR products. Only the ben^^ alleles contain the unique Bsh 12361

site at codons 197/198 enabling the use of enzyme digestion to evaluate PCR

results. Besides evaluating PCR results, this technique can be used to differentiate

the ben^^'^ alleles from all other alleles, since the same (CGCG) site occurs in many

other fungi with the same level of resistance (Koenraadt et al., 1992). Unfortunately,

there are currently no restriction endonucleases which recognize the other two

mutations tested, therefore, other molecular approaches are required to differentiate

among the alleles of those mutations.

6.2-Fungicide Sensitivity

Results from screening of the 593-field isolates of V. inaequalis from the two-

year collections revealed that 179 (30.1%) isolates were ben^"'^ and 414 (69.9%)

isolates were ben^. It appeared that only the ben^"'^ and the ben^ alleles persisted

in the population, since neither the ben"'' nor the ben"'' alleles were detected.

Other studies revealed similar results. Sholberg and Yorston (1991) screened eight

orchards in British Columbia, and found 94.4% of the benomyl resistant isolates
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were ben^"'' phenotype. The ben^"'^ phenotype was the only benomyl resistant

phenotype detected in four of the eight orchards they screened (Sholberg and

Yorston, 1991). Shabi and Katan (1979) found all Venturia pinna mutants resisted

to as much as 5,000 pM MBC, but no Intermediate levels of resistance were

detected. When Svircev et al., (2000) used PCR protocol to screen for

benzimidazole resistance in field populations of V. inaequalis, only the ben^^'^ and

the ben^ alleles were detected.

All benomyl resistant phenotypes may have initially been present in the field,

but the ben^"^ and ben'^'' strains were less fit than the ben^'' strains and therefore

could not survive the overwintering state. The surviving ben^"'^ individuals were

selected for and became part of the build up in a subsequent season. There is

some evidence suggests that the ben^'^ strains might be more fit in field

populations than the ben"*^ and ben'^'^ strains. Out of seven crosses of ben"'' to

ben*, Jones et al., (1987) found the ratio of two crosses was 2: 1 ben* to ben"'', not

the expected 1 : 1 ratio. This may indicate that some ascospores of the ben"''

progeny may have lost their ability to germinate. Sholberg and Yorston (1 991

)

obtained the same ratio of 2: 1 and suggested that the ben^"" strains might be more

fit in field populations than the ben"" and ben"^" strains. The second possible

explanation for the absence of ben"" and ben"*"" is that mutations confer these two

resistant levels might interfere with the fitness of mutants and impose a selective

disadvantage on these mutants. In Aspergillus nidulans, mutations in some codons

associated with benomyl resistance were found to confer temperature-sensitivity

(Koenraadt et al., 1992), thus those mutants would be expected to have reduced





63

fitness.

In this study the fungicides were sprayed in one year and to collect the

isolates the next year to allow strains with selected mutant alleles undergo the

overwintering sexual phase. Only the more fit alleles would survive and persist in

the orchard the following spring, when sampling was conducted. After fungicide

applications, a fungal population may composed of the four distinct levels of

benomyl resistant alleles by the end of the growing season (ben^^^ ben"'^, ben'^^

and ben"-*^) (Stain and Jones, 1984; Jones and Ehret, 1967; Kiebacher and Hoffman,

1981; Koller, 1991). Sampling level of resistance will survive over a season, or over

successive seasons, in which sexual reproduction and recombination would occur.

It might be beneficial for apple growers to estimate the overwintered surviving alleles

in order to reintroduce the same fungicide, use an alternative fungicide or to

implement another strategy to combat the pathogen. Sholberg and Yorston (1991)

found all conidia from 2 orchards were resistant to 1|jg/mL a. 1. of benomyl, but

when ascospores were collected the following spring from both orchards, benomyl

resistance was 24.8% from one orchard and 0.0% from the other. The ben^"''

strains appeared to be more fit than the ben""^ and the ben"*^ strains (Jones et al,

1987; Sholberg and Yorston, 1991). Mutations conferring the ben""^ and the ben'*^'^

phenotypes appeared to be pleiotropic mutations (Koenraadt et al., 1992), which

subsequently affect their fitness.

6.2.1 -The 1997 Collection

It is generally accepted that low frequencies of fungal genotypes with

resistance to any given site-specific fungicide may be already present in orchard
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populations, before the fungicide has been applied (Ishii et al., 1985). Under the

selective force of fungicide, they become more competitive, and their frequency

increases until control of the disease is no longer warranted (Lalancette et al., 1987;

McGee, 1979; McGee and Zuck, 1981 ). It is likely that the two sub-populations

(benomyl sensitive and benomyl resistant) existed in the orchard at low frequency

before fungicide was applied in 1996. Following fungicide applications, benomyl

resistant individuals were selected, and their frequency increased over the

frequency of the benomyl sensitive individuals. PCR results showed that the

frequency of benomyl resistance from the 1997 collection of field population of V.

inaequalis were 23%, 24%, and 23% for the benomyl, Azindoyle and the control

treatments, respectively. The buildup of the benomyl-resistant strains on trees

sprayed with either fungicide might be occurred as a result of two events (selection

and mutation). First, selection for the overwintered survivors from previous years

(Wicks, 1976; Gilpatrick, 1981; Washington, 1977; Northover, 1986), since they are

able to grow and multiply faster than the sensitive individuals in the presence of the

fungicide pressure. Second, development of new individuals due to the mutations

on the p-tubulin gene (Koenraadt et al., 1992). Within control isolates, the

frequency of 23% is most likely occurred because of migration as conidia traveled

by insects (Dillon and Petherbridge, 1933) or by wind drift (Howitt and Evans, 1926).

There is also a possibility that part of the fungicide might be wind drifted to control

trees during fungicide spray, since control trees were not protected during spray

applications. Results from trees with high frequencies of benomyl resistance such

as trees (C6.7; 31.5%) and (CI 8.8; 46.6%) (Fig. 10) may support the concept of
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wind drift of the fungicide during spray applications. The suggestion is that the

benomyl resistant strains, which established on the treated trees might be spread

over the entire orchard, subsequently, the entire orchard had resistance frequency

of about 23%

6.2.2-The 1998 Collection

In the 1 997, the orchard trees were sprayed with five applications of benomyl,

Azindoyle or water. The suggestion was that the orchard had a frequency of

resistance of 23%. This frequency is expected to increase in the presence of the

fungicide pressure (Lalancette et al., 1987; McGee, 1978; McGee and Zuck, 1981).

Results from the 1998 collections showed that the frequencies of benomyl

resistance were 46%, 26% and 38% for benomyl, Azindoyle and water treatments,

respectively (Table 3). It appeared that the frequency of benomyl resistance

increased within benomyl treated and control trees. The increase in benomyl

resistant frequency within benomyl treated trees from 23% in the 1997 to 46% in the

1998 (p=0.0006) might have occurred as a result of developing new benomyl

resistant individuals because of mutation, and selection for the overwintered

survivors from the previous year. Within control trees, the increase in benomyl

resistant frequency from 23% in 1997 to 38% in 1998 (p=0.0257) could be either as

a result of wind drift of fungicides or from conidial migration as benomyl treatments

increased the frequency of the benomyl resistant alleles within spread trees, and

those resistant alleles had spread over the entire orchard. Most likely that wind drift

of fungicides was the main factor for the buildup of benomyl resistant strains within

some control trees with high frequency of resistance such as trees (C5.4; 75%) and
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(C7.8: 66.6%) (Fig. 10). Within Azindoyle treated trees, the frequency of resistance

appeared to have no significant change from (1997; 24%) to (1998; 26%)

(p=0.7435). Since the ben^"'^ was the only resistant level detected in the orchard

(PCR results). The suggestion is that Azindoyle may act as negative cross

resistance against the ben^^*^ individuals of V. inaequalis as it did against the ben^"^

strains of B. cinerea (Northover et al., 1989).

6.3-Lesion Homogeneity

Luck and Gillings (1995) successfully applied PCR protocol using DNA

directly extracted from grape or strawberry tissue infected with isolates of B. cinerea,

thus avoiding the task of isolating and growing the fungus on artificial media. Direct

use of apple scab lesions from leaves or fruit for molecular analysis was also

recommended by Koenraadt and Jones (1992). It would be a significant advantage

for PCR, if this technique is used in experiments designed for assessing fungicide

resistance. However, the sensitivity of PCR may impose using this technique, since

PCR can amplify from a heterogenous mixture of DNA (Thomas et al., 1990). To

explore the ability of using this technique for monitoring fungicide resistance, this

study was designed to determine lesion homogeneity of primary infected lesions.

Those lesions were developed from discharged ascospores of V. inaequalis in early

spring. At meiosis during the saprophytic phase of the fungal life cycle, each

ascospore has a unique genetic formation in respect to fungicide sensitivity (either

sensitive or resistant). When an ascospore germinates, most likely only one germ

tube would grow from either the two-ascospore cells (Smereka et al., 1987), thus

forming a lesion having the ascospore phenotype, i.e., a 100% homogenous. In this
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study 6 lesions were 100% homogenous, since each lesion had only one phenotype

with respect to fungicide sensitivity. One lesion exhibited a ratio of 1 : 9 benomyl

sensitive to benomyl resistant. Most likely this lesion was developed from a single-

benomyl-resistant ascospore, but part of its conidia might be airborne or insect

traveled conidia from nearby benomyl sensitive lesions. Within three lesions, one

lesion was at 7: 3 ratio of benomyl sensitive to benomyl resistant, one was at 6: 4

ratio of benomyl sensitive to benomyl resistant, while the other lesion was at 4: 6

ratio of benomyl sensitive to benomyl resistance. The assumption is that each of

these three lesions might be developed from two different ascospores, one was

benomyl sensitive and the other was benomyl resistant. Both ascospores deposited

at the same spot, germinated and formed two lesions. When the two lesions grew,

they merged into each other and patterned as a single lesion. Applying PCR

protocol by utilizing DNA directly extracted form those lesions with a ratio of 7: 3 or

6: 4 provides an outcome as a benomyl resistant lesion, even though, they carry

benomyl sensitive conidia.

Because of the diversities in the results, particularly, from the lesion with 7: 3

ratio and lesions with 4: 6 and 6: 4 ratio, the suggestion is that applying PCR

utilizing DNA directly extracted from lesions may not be useful to accurately

estimate the presence of fungicide-resistant phenotypes in field populations, i. e.,

when the target is to characterize levels and frequencies of resistance. However

when the goal is to identify the presence of fungicide resistance regardless of levels

of resistance, this method could be employed. A number of steps should be

acknowledged when such experiment is designed. The time of collection should be
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as early as the first sign of infection appears. Leaves with a single discrete lesion

should be selected to reduce the risk of contamination during handling and during

DNA extraction. Lesions that develop on the lower surface of the leaf should be

selected to reduce the risk of contamination from airborne conidia that may deposit

on the lesion on the leaf upper surface.

The long time required for the confirmation of fungicide resistance by

traditional methods may interfere with quick and accurate decision making to

minimize the risk of control failure with the fungicide. Public concerns about

fungicide residues in food and the environment consistently force policy changes

world wide to reduce inputs of chemical crop protection. It is also necessary to

reduce fungicide applications, so those resistance problems can be reduced.

Increasing use of modern diagnostic tools such as PCR protocol to detect and

quantify diseases and to identify fungicide resistance will play an important part in

improving the rational use of fungicides within supervised crop protection systems,

minimizing the ineffective use of fungicides and ultimately reducing crop loss.

Hopefully, this study will add a block on the defense wall against fungal diseases to

improve and increase crop production as world population and their demand for high

quality food increases.
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Appendix A. PCR results of total monoconidlal isolates of V. inaequalis of two year

collections. Isolates were collected from trees treated with benomyl (B), Azindoyle

(A) or water (C). Isolate letters indicate type of treatment. Numbers indicate,

number of the tree, number of the row and number of the isolate. Isolates were

named according to their positions as indicated in field design (Fig. 4).

A.1-1997 Collection (Benomyl)
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A.I -1997 Collection (Benomyl)
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A.2-1997 Collection (Azindoyle)





92

A.2-1997 Collection (Azindoyle)
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A.3-1997 collection (Control isolates) 11
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A.3-1997 collection (Control isolates)
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A.4-1998 Collection (Benomyl)
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A.4-1998 Collection (Benomyl)
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A.5-1998 Collection (Azindoyle)





98

A.6-1998 Collection (Control isolates)
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A.6-1998 Collection (Control isolates)





100

Appendix B. PCR results indicating the frequency of benomyl resistance and total

isolates used from each treated tree from the 1997 and 1998 collections. Benomyl

treated trees (B), Azindoyle treated trees (A) and water treated trees [Control (C)]

1997 benomyl treated trees
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1998 benomyl treated trees
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Appendix C. Percentage inhibition of the mycelial radial growth of benomyl-

sensitive and benomyl resistant isolates of V. inaequalis grown on benomyl-

amended media.

0.00 ^g/ml a.i. benomyl
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50 |jg/mL a.i. benomyl
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Appendix D. Results of lesion homogeneity test of 100 Venturia inaequalis isolates

collected from primary infected lesions.

Isolate
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