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ABSTRACT

Several sources of resistance to tan spot induced by Pyrenophora tritici-repentis

Died. have been identified in hexaploid wheat (Triticum aestivum L.). The overall

objectives of this thesis were to determine the number and chromosome location

of tan spot necrosis resistance gene(s) in the cultivar Chinese Spring (CS) and to

develop RAPD markers for identified gene(s). CS (resistanVinsenstive) and Kenya

Farmer (KF) (susceptible/sensitive) have contrasting reactions to the P. tritici-

repentis isolate 86-124 (nec.chl-) and Ptr necrosis toxin, respectively. Analysis of

F1, Fz and Fr-derived F. families from the reciprocal cross CS/KF identified a

single, nuclear, recessive gene governing resistance to isolate 86-124 and Ptr

necrosis toxin. Evaluation of the CS(KF) substitution series, F, monosomic

analysis, nullisomic analysis, and screening of various CS nulli-tetrasomic and

ditelosomic lines indicated that the identified resistance gene was located on

chromosome arm SBL. lt was proposed that the necrosis resistance gene be

named fsnl. No linkage existed between the leaf rust resistance gene Lrl8,

previously mapped to chromosome 5BL, and fsnl. The identification of a single

resistance gene allowed the opportunity to develop a random amplified

polymorphic DNA (RAPD) marker. The genomic DNA of CS and KF were

screened with 420 arbitrary sequence 1O-mer primers. Since a low level of

genomic polymorphism (10.6 percent) was resolved with agarose gel

electrophoresis, a sub-set of 74 primers was analyzed using temperature sweep



gel electrophoresis (TSGE). TSGE resolved 73 genomic polymorphisms. Two

polymorphisms specific to chromosome 5B sequences were identified between CS

and CS(KF 5B). RAPD analysis was conducted using a single plant from each of

65 Fr-derived F, families from the reciprocal crosses CS/KF and CS/CS(KF 5B).

Each Fr-derived F. family was homogeneous for disease reaction to both the

isolate 86-124 and Ptr necrosis toxin. Linkage analysis identified that the

polymorphic fragments amplified by the primers UBC195 and UBCl 02 were 23.4

-r5.7 cM and 27.4-r 6.9 cM from fsnl, respectively. UBC195 and UBC102 were

tightly linked, 4.2 -+- 2.5 cM apart. Potential applications of a P. tritici-repentis

necrosis resistance marker in wheat are discussed.
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FORWARD

This thesis is written in manuscript style. This thesis begins with a general

abstract, introduction, and literature review, followed by the presentation of two

chapters of experimental research, each representing a particular research theme.

The thesis concludes with a general discussion including conclusions and ideas

for future research, followed by the list of references cited throughout the thesis

and an appendix. The format of each experimental chapter is as follows: the

abstract, introduction, materials and methods, and results and discussion on the

theme of the research within the chapter. The thesis is written to conform with the

requirements of the Canadian Journal of Plant Science.
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1. INTRODUCTION

Pyrenophora tritici-repentis Died. is the causal agent of tan spot (yellow leaf

spot, yellow leaf blotch, eye spot), a foliar disease of wheat (Triticum aestivum L.)

and other gramineae species (Hosford 1982; Tekauz et al. 1982; Krupinsky 1982,

1987,1992). ln the great plains region of North America, wheat yield losses to tan

spot commonly range from three to 15 percent, but under severe epidemics may

reach 50 percent (Hosford 1982; Tekauz et al. 1982). There are currently no

cultivars that possess tan spot resistance registered for western Canada.

Consequently, current control strategies involve cultural or chemical disease

control through crop rotation, residue management, or fungicide application.

Ïhese practices may adversely affect management decisions, financialstability and

the environment. The incorporation of high-levelgenetic resistance would increase

management options and minimize environmentaldegradation. Wheatyield losses

would be reduced as the durability and degree of genetic resistance to P. tritici-

repentis increased.

It is essential that plant breeders understand how specific resistance genes

are inherited in order to efficiently introgress genetic resistance into commercial

cultivars. To develop appropriate breeding strategies, the number of loci, their

dominance relationships, gene interactions, and gene-linkages must be

determined. Several genetic studies of the inheritance of P. triticí-repentis

resistance have been conducted to determine the allelic and geníc relationships

between various sources of resistance (Nagle et al. 1982; Lee and Gough 19g4;
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Elias et al. 1989; Lamari and Bernier 1989c; Lamari and Bernier 1991; Sykes and

Bernier 1991; Duguid 1995).

A key step of resistance gene characterization is the determination of its

chromosome location. The development of several aneuploid series in wheat

(Sears 1954; Law et al. 1983) have allowed scientists to assign numerous genes

to specific chromosomes (Mclntosh 1988). The identification of chromosome

location of gene loci facilitates the development of DNA markers. Advances in

molecular marker technology have provided the opportunity to tag important plant

traits so that plant breeders can monitor and manipulate key traits by linkage

rather than by phenotype (Gale et al. 1989).

The objectives of this thesis were; (i) to determine the number of P. tritici-

repentis necrosis resistance gene(s) segregatíng in the cross between T. aestivum

cultivars Chinese Spring (CS) and Kenya Farmer (l(F), (ii) to determine the

chromosome location of identified P. tritici-repenfis necrosis resistance gene(s), (iii)

to identify a random amplified polymorphic DNA (RAPD) marker for identified p.

tritici-repenfisnecrosis resistance gene(s), and (iv)to evaluate linkage relationships

between identified P. tritici-repentis necrosis resistance gene(s) and a previously

mapped gene(s).

Completion of this research, in conjunction with other studies investigating

the L aestivumlP. tritici-repentisinteraction, willprovide the information necessary

for efficient incorporation of tan spot necrosis resistance into commercial cultivars.



2. LITERATURE REVIEW

2.1 Pyrenophora tritici-repentis Died.

P. tritici-repentis is the causal agent of tan spot, a foliar fungal disease of

wheat (Wiese 1987). lt is grouped in the Kingdom Fungi, division Eumycota,

subdivision Ascomycotina, class Loculoascomycetes, order Pleosporales, and

family Pleosporaceae (Ainsworth et al. 1973). The casual organism is the

ascomycele P. tritici-repentis Died. (syn. P. trichostoma (Fr.) Fckl.), anamorph:

Drechslera tritici-repenfis (Died.) Shoem. (syn. Helminthosporium tritici-repentis

Died.). This facultative pathogen is classified as a necrotroph as it causes

extensive tissue damage to the host in its parasitic phase, and it is confined largely

to dead or dying host plant tissue in its non-parasitic phase.

Variation for virulence on wheat cultivars has been reported among isolates

of P. tritici-repentis. P. trítíci-repentis induces two distinct symptoms on susceptible

wheat host plants: tan necrosis and/or chlorosis. lsolates ol P. tritici-repentis

collected on wheat in western Canada have been classified into four distinct

pathotypes on the basis of their ability to induce tan necrosis and/or chlorosis on

a differential set of wheat genotypes: pathotype 1 índuces both tan necrosis and

extensive chlorosis (nec*chl*) on susceptible host genotypes; pathotype 2 induces

tan necrosis (nec*chl-) only; pathotype 3 induces extensive chlorosis (nec-chl.)

only; and pathotype 4 is incapable of inducing either tan necrosis or chlorosis (nec-

chl-) (Lamari and Bernier 1989b; Lamari and Bernier 1991). ldentification of an

isolate collected from eastern Algeria that induces only chlorosis (nec-chl.) but is



4

distinct from isolates previously classified within pathotype 3 has lead to the recent

reclassification of isolates into races (Lamari et al. 1gg5). Pathotypes 1,2,3, and

4 are now referred to as races 1, 2, 3 and 4, respectively. The new isolate from

eastern Algeria is classified as race 5. Because of the timeliness of this thesis,

the term pathotype was continued to be used to define race as defined by Lamari

et al. 1995.

2.1.1 Disease Cycle

Substantial research has been conducted investigating the disease cycle of

tan spot. The life cycle of the pathogen consists of both a sexual and asexual

phase. The sexual phase is characterized by the production of pseudothecia. The

asexual phase is characterized by the production of conidia. Each phase has

important implications in the development of the disease cycle.

P. tritici-repentis overwinters on infected plant residue of numerous

gramineae species (Krupinsky 1982; Tekauz et al. 1982). Pseudothecia provide

the mechanism by which the fungus survives between crops (Hosford 1g72: Rees

and Platz 1980). Typically, periods of high moisture (Pfender et al. 1988; Wright

and Sutton 1990) and temperatures less than 1s"C (Odvody et al. 19g2;

Summerell and Burgess 1988; Wright and Sutton 1990) are necessary for

maturation of pseudothecia.

Ascospores are the primary inoculum of P. tritici-repenfis (Hosford and

Busch 1974; Hosford and Morrall 1975; Rees and Platz 1980). Periods of high
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moisture are required for the production of ascospores (Pfender et al. 1988;

Summerell and Burgess 1988). As ascospores are only disseminated short

distances by wind (Morrall and Howard 1975; Rees and Platz 1980; Tekauz et al

1982; Rees and Platz 1992), dispersion will only result in localized epidemics

(Rees 1982; Schuh 1990; Schilder and Bergstrom 1993). Cool damp weather

favours disease initiation (Tekauz et al. 1 982; Luz and Bergstrom 1987; Adee and

Pfender 1989).

Following primary infection, conidia are produced on maturing lesions and

serve as a secondary source of inoculum during wet periods of the growing season

(Hosford 1982: Tekauz et al. 1982; Wiese 1987; Adee and Pfender 1989).

Although a wet period has been recognized as essential for disease development,

its effect on host resistance has been controversial. Wet periods, longer than 48

h, have been reported to either result in host-resistance breakdown (Hosford 1982;

Hosford et al. 1987) or have no effect (Lamari and Bernier 1989a).

The major factor for conidial dispersal is wind (Morrall and Howard 1975;

Platt and Morrall 1980). Platt and Morrall (1980) established that wind speeds as

low as 2 m s-1 were sufficient to result in 100 percent conidia liberation. Wind

dispersal of conidia may result in epidemics within a crop and facilitates spread of

the disease to other fields (Rees and Platz 1980; Raymond et al. 1985; Rees and

Platz 1992).

Under optimum conditions, the fungus can produce a secondary disease

cycle approximately every eight days (Riaz eT al. 1991). Subsequently, the
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importance of pseudothecia as a source of inoculum decreases once sporulation

of the pathogen commences on the crop. The abundant conidia late in the season

permit dispersal of the pathogen to other crops where the resulting infected stubble

provides initial inoculum for crops the following season (Rees and Platz 1980). lt

is important to note that the mode of saprophytic colonization of the host appears

to be independent of its response to infection (Summerell and Burgess 1988).

Consequently, the use of resistant cultivars is unlikely to bring about a reduction

in disease carry-over. lt will however, reduce wheat yield losses due to the

disease.

Shoemaker (1962) published detailed anatomical descriptions of P. tritici-

repentis that are useful in the identification of the fungus in culture.

2.1.2 Distribution

P. tritici-repentis has been reported in all major wheat growing regions of

the world (Morrall and Howard 1975: Rees and Platz 1g79; Hosford 1gg2;

Krupinsky 1982; Tekauz et al. 1982; Wiese 1987; Summerell and Burgess 198ga,

1989b; Kemp et al. 1990). Tan spot has become a significant leaf spot disease

on the Canadian prairies (Tekauz 1976).

P. tritici-repentis overwinters on infected wheat residue (Krupinsky 1gB2

Tekauz et al. 1982). This has significant implications on the management systems

used by western Canadian producers. Many producers have adopted reduced

tillage systems to conserve soil moisture, minimize soil erosion, and limit input
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costs. By conserving wheat residues near the soil surface, the favourable habitat

lor P. tritici-repenfis is maintained. Consequently, inoculum levels are increasing

(Platz and Rees 1989; Lamari and Bernier 1989a; Summerell and Burgess 1989a)

with a concomitant increase in disease incidence (Shabeer and Bockus 1988;

Schuh 1990).

2.1.3 Symptoms

Leaf lesions caused by P. tritici-repentís vary greatly, depending on the

pathotype assayed and the host reaction. Symptoms caused by virulent

pathotypes begin as a very small dark brown to black spot on either the top or

bottom of the leaf surface (Lamari and Bernier 1989b, Wiese 1987). On lines

highly resistant lo P. tritici-repentis, no further lesion expansion is observed. As

host resistance decreases, the presence of tan necrosis and/or chlorosis

immediately surrounding the lesion site is observed (Lamari and Bernier 1989b).

On wheat lines that are highly susceptible to P. tritici-repenfis isolates capable of

inducing tan necrosis, tan necrotic lesions continue to expand into irregular oval

tan blotches up to 12 mm long (Wiese 1987). On wheat lines that are highly

susceptible to P. tritici-repenfis isolates capable of inducing extensive chlorosis,

chlorotic lesions exhibit a gradual yellow discoloration, initially without collapse of

large areas of the leaf (Lamari and Bernier 1989a). As lesions continue to expand,

the small dark brown to black spot in the centre of the lesion which is

characteristic to P. tritici-repentis may disappear (Wiese 1987). Adjacent lesions
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may coalesce under conditions favourable for disease development and heavily

infected leaves wither and die. lf the spike is infected, a pinkish discoloration of

the seed may develop (Vanterpool 1963) and the seeds may be somewhat smaller

and wrinkled (Sharp et al. 1976; Rees et al. 1981;Rees et al. 1982).

2.1.4 Toxin

Cytological studies have shown that hyphae of P. tritici-repenfis grow

intercellularly without penetrating the mesophyll cells, but at some point the

mesophyll cells are disrupted and the cellular contents become available to the

fungus (Larez et al. 1986). This is characteristic of toxin-producing

microorganisms (Dushnickey 1993). These microorganisms kill plant cells in

advance of colonization and then live as saprophytes on the dead tissues

(Scheffer 1983). Two research groups recognized this characteristic in necrosis-

inducing isolates ol P. tritici-repentis (Tomas and Bockus 1987; Ballance et al.

1989; Lamari and Bernier 1989c; Tomas et al. 1gg0).

P. tritici-repentís has been shown to release a necrosis-inducing, host-

selective, toxin in culture (Tomas and Bockus 1987; Ballance et al. 1989; Lamari

and Bernier 1989c; Tomas et al. 1990) which has been designated Ptr necrosis

toxin (Ballance et al. 1989) or Ptr toxin (Tomas et al. 1990). Tomas and Bockus

(1987) identified a toxin capable of inducing tan necrosis after infiltration into

susceptible genotypes, while no symptoms developed in resistant genotypes.

Upon further purification and characterization, the toxin was found to be a protein
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with a molecular weight of 14700 (Tomas et al. 1gg0).

Lamari and Bernier (1989c) independently isolated a similar toxin only

produced by P. tritici-repenfis isolates capable of inducing tan necrosis (nec*chl-

or nec*chl*) on susceptible genotypes. According to Lamari and Bernier (1989c)

the toxin is not required for host penetration paralleling the observations of Larez

et al. (1986). Upon further purification and characterization, the toxin was found

to be a monomeric protein with a molecular weight of 13900 (Ballance et al. 1989).

Lamari et al. (1995) confirmed the rn vivo presence of Ptr necrosis toxin in the

intercellular washing fluid from leaves infected with nec* isolates less than 72 h

post-inoculation.

The mode of action of Ptr necrosis toxin was investigated by Deshpande

(1993). Ïhe cell membrane appeared to be the site of action of Ptr necrosis toxin

in toxin-sensitive genotypes. lt was suggested that in susceptible wheat

genotypes, the toxin binds to sites on the plasma membrane which alters cell

membrane permeability causing cell death and necrotic lesions (Deshpande 1993).

This means that toxin-insensitive wheat genotypes actively transcribe proteins or

other factors that prevent the binding of Ptr necrosis toxin to the cell membrane

(Deshpande 1993).

Orolaza et al. (1995) isolated a hosþselective toxin from one pathotype 3

isolate of P. tritici-repentis. This toxin elicited extensive chlorosis on Katepwa

similar to the chlorotic symptom induced by the fungus on the same wheat

genotype.
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2.1,5 Control Measures

All L aestivum cultivars grown in western Canada are susceptible to P.

tritici-repentis. Without genetic resistance, control methods necessarily rely on

cultural or biological control methods. Because P. tritici-repentis overwinters on

infected gramineae residues, removal of infected residues has been used to delay

disease onset (Schuh 1990; Bockus and Claassen 1992). The most common

methods of residue removal include burying with deep tillage, straw baling and

removal, and stubble-residue burning (Hosford 1982; Tekauz et al. 1gB2).

Both extensive tillage and stubble-residue burning leave the soil prone to

wind and water erosion and decrease soil organic matter. To minimize soil

degradation, many producers are incorporating reduced tillage into their rotations.

Consequently, inoculum levels are increasing (Platz and Rees 1989; Lamari and

Bernier 1989a; Summerell and Burgess 1989a) with a concomitant increase in

disease severity (Shabeer and Bockus 1988; Schuh 1990). lndicators of viability

of the fungus include the recovery of P. tritici-repentis from stubble, and the

production of fertile pseudothecia on stubble residues that have been weathered

over a severalyears in various environments (Adee and Pfender 1989; Summerell

and Burgess 1989a) . P. tritici-repentis is infrequently recovered from stubble after

26 weeks of burial,52 weeks after incorporation or 104 weeks on the soil surface.

Consequently, long-term rotations away from wheat are advisable. However, as

P. tritíci-repentis is able to colonize residue of resistant genotypes, this method of

control has serious limitations (Summerell and Burgess lggg).
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Other cultural control methods for tan spot have been investigated. Huber

et al. (1987) found that high applications of nitrogen reduced tan spot severity.

Similarly, fungicides can effectívely control P. tritici-repenfis, but their use is not

usually economically or environmentally justified. Dithane DG and Tilt 250E are

both registered in Manitoba for control of P. tritici-repentis (Manitoba Agriculture

1995). The active ingredients of Dithane DG and Tilt 250E are mancozeb and

propiconazole, respectively.

Several scientists have investigated the use of biocontrol agents. Use of

Limonomyces roseipel/rs (Pfender 1988) and Cochliobolus sativus (Luz and

Bergstrom 1987) have been investigated as potential biocontrol agents. Both have

been shown to antagonize P. trit¡ci-repentis and effectively reduce P. tritici-repentis

populations. However, L. roseipel/is is pathogenic to turf grass and both L.

roseipellis and C. sativus are pathogenic to wheat. Therefore, it is unlikely that

these organisms would be suitable biocontrol agents.

2.2 Host/Parasite lnteract¡on

Ïhe T. aestivumlP. tritici-repenfis interaction consists of two separate

components; tan necrosis and extensive chlorosis (Lamari and Bernier 1989b).

Lamari and Bernier (1989b) identified three virulent pathotypes based on the ability

of isolates tested to induce either tan necrosis (nec*), extensive chlorosis (chl*),

or both on a set of differential wheat genotypes. Lamari et al. (1995) have since

identified a fourth virulent isolate that induces only chlorosis but is distinct from
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isolates previously classified within pathotype 3.

Prior to the identification of tan necrosis-inducing and chlorosis-inducing

components of P. tritici-repenfis, disease resistance was scored primarily as a

quantitative trait. Various quantitative rating systems were developed utilizing such

measures as; percent infection and number of lesions per cm2 (Nagle et al. 1982),

lesion size and percent infection (Luz and Hosford 1980), an index combining

lesion size, percent leaf area infected and leaf location (Raymond et al. 1985), and

lesion size alone (Cox and Hosford 1987). Confusion existed on how to define

host resistance and susceptibility. Further complications arose due to

inconsistency in use and characterization of isolates used in each study.

Lamari and Bernier (1989a) developed a numeric five-level rating system

based on lesion type that qualitatively categorized host reactions (Appendix 7.1)

to the different pathotypes. Lesion types 1 and 2 describe levels of resistance.

Lesion types 3, 4 and 5 describe levels of susceptibility.

To obtain full resistance to P. triticí-repentis, resistance to both tan necrosís

and extensive chlorosis must be incorporated in T. aestiyum cultivars. Genetic

studies of host resistance can be simplified by assaying resistance to each

component separately. Consequently, the inaccuracies that plagued earlier

genetic studies can be avoided.

2.2.1 lnheritance of Host Resistance

Prior to the identification of two separate components of P. triticí-repentis,
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few studies were conducted to determine the inheritance to tan spot in hexaploid

wheat. Nagle et al. (1982) examined six hexaploid wheat crosses for resistance

to isolate PyW17. Disease severity based on percent leaf area affected was used

to discriminate between host resistance and susceptibility. For each cross, F, and

BC1F1 progeny did not fit expected monogenic or digenic ratios. lt was concluded

that the inheritance of tan spot resistance was quantitatively inherited.

The realization that genetic studies could be simplified by assaying for

individual components of the T. aestivumlP. trítici-repentis syndrome, enabled

accurate and precise definition of qualitative resistance. Genetic studies involving

the interaction between both the P. tritici-repenfis necrosis-inducing isolate 86-124

(nec.chl-) and Ptr necrosis toxin with T. aestivum cultivars identified one or two

genes for resistance, depending on the segregating population evaluated (Lamari

and Bernier 1991;Duguid 1995). Lamari and Bernier (1991) identified a single

recessive gene governing resistance to the isolate 86-124 in segregating F2

populations of Glenlea/68365 and Salamouni/Glenlea. Duguid (1995) identified

two recessive genes segregating in F2 and Fr-derived F3 populations of

BH1 1 4615T6, Katepwa/Erik, Katepwa/ST6, and Katepwa/ST1 5.

Genetic studies involving the interaction betwe en P. tritici-repentischlorosis-

inducing isolate D308 (nec-chl.) and T. aestivum cultivars identified different

genetic ratios depending on the cross analyzed (Duguid 1995). ln crosses

involving the susceptible genotype ST15 and the resistant genotypes Erik, 5T6,

68367 and 681043, a single dominant gene governed resistance. ln the cross
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8H1146/5T15, resistance was governed by two dominant genes, while resistance

was governed by two recessive genes in the cross Katepwa/SÏ15.

2.3 Triticum aestivum L.

2.3.1 Genetics

Hexaploid wheat (Tritícum aestivum L.) is an allopolyploid (2n=6x:42) of

recent origin, approximately 10000 B.C. (Devos and Gale 1993). lt is composed

of three homoeologous genomes (4, B, and D) each derived from a distantly-

related diploid species. The A genome donor is T. monococcum. The B genome

donor is unknown, but speculated to be from the Sitopsis section. The D genome

donor is T. tauschii. ln order to maintain the integrity of the three chromosome

sets, pairing must be very tightly controlled at meiosis to allow homologous but not

homoeologous chromosomes to pair and recombine. The presence of the major

homoeologous pairing gene (Ph1) on chromosome arm 5BL (Riley and Chapman

1958) forces polyploid wheats to behave cytologically like diploids and thereby

maintain a high level of fertility and stability (Wall et al. 1971; Kimber and Sears

1987; Ji and Langridge 1990).

Wheat has a very large genome. lt has a haploid nuclear DNA content of

18.1 picograms (Flavell et al. 1 974). A nuclear genome of this size approximates

1.6-1.7 x 107 base-pairs (Devos and Gale 1993; Moore et al. 19gg). Much of the

genome consists of repeated DNA sequences of varying degrees of reiteration and

length. Approximately twenty percent consists of low-copy number or unique
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sequences (Smith and Flavell 1975; Flavell and Smith 1976; Ranjekar et al. 1976).

Approximately one percent consists of actual coding genes (May and Appels

1e87).

The wheat karyotype has been well described and arm length and DNA

content has been reported (Sears 1954; Furuta et al. 1988). Assuming an average

chromosome map size of 300 cM, as estimated for chromosomes 5A and 28, the

total map size for all21 chromosomes would be approximately 6300 cM (Lui and

Tsunewaki 1991).

2.4 Gene Mapping

Only sparse genetic maps of wheat have been completed to date (Gale et

al. 1989; Devos and Gale 1993). There are several reasons for this. First, genetic

analysis is complicated due to the large number of linkage groups in wheat (Chao

et al. 1989; Kam-Morgan and Gill 1989). Secondly, many of the recessive or null

alleles are not phenotypically distinct in a polyploid as they are masked by

dominant, or active alleles at homoeologous loci in the other genomes (Sorrells

1992). Ïhirdly, in order to map a locus, variation must exist between two parents.

Without any variation, the appropriate mapping populations cannot be developed.

Several researchers have encountered low levels of DNA polymorphism in wheat

(He et al.1992; Joshi and Nguyen 1993).

The occurrence of three homoeologous genomes in wheat allows tolerance

to the loss or addition of chromosomes (Sears 1954; Gale et al. 1gB9; Devos and
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Gale 1993). ln no other species has the buffering ability of homoeologous

genomes been taken advantage of as it has in wheat. Sears (1954) developed

various aneuploid series in the cultivar Chinese Spring. Aneuploidy is defined as

an increase or decrease in chromosome number that does not involve entire

chromosome sets (Mclntosh 1987). One of the many uses of these lines is in

determining the chromosomallocation of genes (Mclntosh 1987; Chao et al. 1989).

2.4.1 Determination of Chromosomal Location of Genes

Knowledge of chromosome location of gene loci allows breeders to predict

the likelihood of advantageous or disadvantageous blocks of genes being

transferred together in a segregating population (Fehr 1987; Poehlman and Sleper

1995). Ïhe availability of various aneuploid lines facilitates location of genes on

chromosomes and mapping gene-to-centromere distances (Mclntosh 1987). Most

of the gene location work has been based on the original Chinese Spring

monosomic series developed by Sears (1954). Since that time, several other

Chinese Spring aneuploid sets such as ditelosomics and nulli-tetrasomics, or lines

derived using aneuploids such as substitution lines have become available.

2.4.1.1 F, Monosomic analysis

The first aneuploid plants developed by Sears (1954) were monosomic. A

monosomic line has one chromosome missing. The remaining homologue to the

missing chromosome is a structurally normal chromosome (Schulz-Shaeffer 1985).
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Monosomics were chiefly obtained from haploids or from plants nullisomic for

chromosome 38 which have reduced chromosome pairing at meiosis (Sears

1954). F, monosomic analysis involving segregating populations is commonly

used for locating genes to chromosomes (Sears 1953; Kuspira and Unrau 1957;

sears 1969; Dyck and Kerber 1971; Kerber and Dyck 1g7s; Sanghi and Baker

1974). Genes can be located by making all twenty-one crosses to a monosomic

series in a cultivar with the contrasting phenotype. The monosomics are used as

female parents because 75 percent of the functioning megaspores contain 20-

chromosomes (Sears 1953). However, on the male side only a small percentage,

3 percent, of 20-chromosome male gametes function in fertilization due to

differentialsurvival between 20- and 21-chromosome gametophytes during pollen-

tube growth (Sears 1953) lf the gene carried by the monosomic line involved is

both dominant and hemizygous-effective, direct phenotypic observations on F,

monosomic progenies will enable location of the gene.

A recessive allele in the monosomic parent may be located by examination

of F, populations derived from selected monosomic F, plants. All Fr hybrids will

have the dominant phenotype. For 20 of the F, monosomic families the usual 3

dominant: 1 recessive phenotypic ratio will be obtained, whereas for the critical

monosomic family F, ratios will deviate significantly from a 3 dominant: 1 recessive

phenotypic ratio.
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2.4.1.2 Substitution line analysis

Substitution lines can be used in the identification of chromosome location

of genes of interest (Unrau et al. 1956; Kuspira and Unrau 1957; Law et al. 1gB7;

Mclntosh 1987). A substitution series consists of 21 different lines, each having

one complete chromosome pair substituted from another variety (Unrau 1958).

The purpose of substitution analysis is to identify the effect of the substituted

chromosome on the phenotype of the recipient line (Yen and Baenzinger 1992).

ldentification of the critical chromosome only occurs if the substituted variety

expresses a different allele than does the recipient variety. Substitution lines are

true-breeding, but discrepancies can arise during development. Consequently,

substitution series development should include duplicate lines and use genetic or

cytogenetic markers (Person 1956) to maintain and verify the chromosome integrity

of each substitution line.

Discrepancies in substitution line designation can arise if univalent shift

occurred (Person 1956), if background variation existed in the original monosomic

series (Endo and Gill 1984), if an insufficient number of back-crosses has been

conducted (Berke et al. 1992), or if record-keeping errors have occurred. Singh

and Mclntosh (1984) found that CS(Ciano 3B) failed to carry Sr2 which was known

to be located on chromosome 38. on the other hand, .gr2 was present in

CS(Ciano 5B), presumably due to chance transfer during back-crossing. Endo and

Gill (1984) observed heteromorphic banding patterns in each of the common wheat

cultivars Cheyenne, Wichíta, and Chinese Spring used in the development of
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substitution lines. Adding to the heterogeneity is that monosomic and the

substitution lines are usually back-cross derived. Hence, no matter how many

back-crosses are performed, there are always chances for factors other than those

on the target chromosome to be transmitted from the donor cultivar (Mclntosh

1987; Yen and Baenzinger 1992). For example, a sixth back-cross monosomic will

continue to be heterozygous for approximately one percent of the genes by which

it differed from the donor parent. Because each line of a substitution series is

independently developed, there will be 20 opportunities for a nominated gene

being present in one non-critical substitution line. Berke et al. (1992) observed

significant differences for grain yield, seed weight, grain test weight, and anthesis

date between duplicated substitution lines generally involving six back-crosses.

Results of analysis of varietal substitution lines should not be considered

conclusive evidence of the location of the gene because such back-cross lines are

prone to incomplete genotype restoration (Mclntosh 1987; Koebner et al. 1988;

Yen and Baenzinger 1992). To identify if any deviation occurred during the

development of a substitution line, duplicate lines should be run. Any deviation

between the lines would suggest that deviations had occurred in the substituted

chromosomes.

2.4.1.3 Nullisomic analysis

The development of the original monosomic series by Sears (1954) allowed

the development of other aneuploid series that could be used to determine gene
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location. The most common are ditelosomics and nulli-tetrasomics. A ditelosomic

line in hexaploid wheat is one that has two homologous telocentric chromosomes

in addition to 20 normal chromosome pairs (Schulz-Schaeffer 1985).

Compensating nulli-tetrasomics consist of the deletion of one chromosome pair

and the subsequent compensation by an additional chromosome of the

homoeologous series (Sears 1966). Ditelosomics and nulli-tetrasomics allow gene

localization by expression of the nullisomic condition of the missing arm. Because

ditelosomics breed true, they are also useful in checking for univalent shift in the

development and maintenance of monosomic and substitution lines through the

back-cross procedure (Person 1956; Mclntosh 1987). Numerous loci have been

located through the use of nulli-tetrasomic and ditelosomic lines (Benito and Perez

de la vega 1979;Koebner and sheperd 1982; chenicek and Hart 1gB7).

Nullisomic analysis, where the progeny of a selfed monosomic segregates

into nullisomic, monosomic, and disomic plants, is based on the identification of

nullisomic chromosomes (Sears 1953). Only nullisomics of the critical

chromosome will have the non-parental phenotype.

2.5 DNA Markers

DNA-based genetic diagnostics are expected to play an increasingly

important role in plant breeding (Rafalski et al. 1991). Previous to DNA-based

diagnostics, protein and isozyme electrophoresis were commonly used in many

crops,including T.aestivum(McMillinetal. 1986). Themajorlimitationof these
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techniques is insufficient polymorphism among closely related cultivars. Because

proteins are the products of gene expression, they may vary in different tissues,

at different developmentalstages, and different environments (Beckman and Soller

1983). Ïhe ability to select nucleotide sequences closely linked to the trait of

interest avoids many of the problems inherent for direct phenotypic selection. ln

addition, the number of locithat can be sampled using morphological and isozyme

markers is much lower than that which can be sampled by DNA-based markers.

Phenotypic selection is advantageous in that recognition of the trait marks

its absolute presence in that plant. However, if the trait under selection shows a

high level of genotype by environmental interaction, accurate selection may be

impossible. Phenotypic selection may also require expensive assays, involve

complicated procedures, or have a limited window of opportunity for assessment.

DNA-based markers solve many of these problems. DNA markers are not affected

by genotype by environment interactions, as only the nucleotide sequence is being

scored. Since DNA sequence is conserved within an organism, the type or age

of tissue analyzed should not be a concern. A single DNA extraction usually

allows as many traits to be scored as markers are available. Only a limited

amount of tissue is required, therefore destructive sampling of the plant is

eliminated.

The two main types of DNA markers are restriction fragment length

polymorphisms (RFLPs) or the polymerase chain reaction (PCR)-based marker,

random amplified polymorphic DNA (RAPDs).
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2.5.1 RFLP Analysis

RFLPs are developed by the use of restriction endonucleases which cleave

DNA molecules at specific sites and the detection of specific restriction fragments

using Southern blots (Botstein et al. 1980; Beckman and Soller 1983). RFLPs are

ideal markers for determining linkage for several reasons. RFLPs are co-dominant

markers. This enables the identification of heterozygous genotypes, increasing the

precision of linkage determination. Multiple allelic forms of the RFLP can be

developed which facilitates selection.

However, RFLP analysis has several disadvantages which limit its

effectiveness as a selection tool in breeding programs. RFLP analysis is

technically difficult and expensive to perform. The DNA required must be of high

quality and relatively large amounts are needed for each assay. Potentially

hazardous radioisotopes are required to visualize results. Furthermore, informatíve

probes are of necessity low-copy gDNA or cDNA clones. Consequently, the

number of RFLP sites within the genome which can be screened may be limited.

Consequently, the development and use of RFLP markers in wheat has been

slowed because of limited polymorphism (Chao et al. 1989; Kam-Morgan and Gill

1989). Since polymorphism in hexaploid wheat is relatively rare for any given pair

of lines, a large pool of clones will be required (Gale et al. 1g8g).

Many plant breeding laboratories are not equipped with the expertise or

facilities necessary to handle radioisotopes, therefore, the use of RFLPs in

breeding programs has been limited. Plant breeder's are looking towards DNA-
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marker technologies that are cheaper, less technologically difficult, more amenable

to large through-put and that do not use radioisotopes. Advances in PCR

technology (Saiki et al. 1988) has provided selection techniques that address many

of the limitations of RFLPs.

2.5.2 RAPD Analysis

Random amplified polymorphic DNA (RAPD) analysis is a PCR-based (Saiki

et al. 1988; Yu et al. 1993) strategy to amplify short arbitrary stretches of DNA

(100 to 4500 bp) (Rafalski et al. 1991;Quiros et al. 1991;Vierling and Nguyen

1992) from a target genome (Welsh and McClelland 1990; Williams et al. 1990;

Caetano-Anolles et al. 1991). PCR amplification is a cyclical process that involves

using a thermostable DNA polymerase directed by a short, usually 1O-mer,

oligonucleotide of arbitrary sequence to generate a characteristic spectrum of

amplification products. The amplification products are usually resolved using

agarose gels and visualized by the fluorescence of intercalated ethidium bromide

under ultra-violet light. RAPD analysis has been applied in plants for construction

of genetic maps (Quiros et al. 1991;Reiter et al. 1992), estimation of genetic

relationships (He etal. 1992; Vierling and Nguyen 1992;Joshi and Nguyen 1993;

Wilkie et al. 1993), tagging disease resistance traits (Barua et al. 1993; Penner et

al. 1993b; Penner et al. 1993c; Timmerman et al. 1995), identification of cultivars

(Demeke et al., 1993), identification of fungal isolates (Guthrie et al. 1992), and

determination of parentage (Dweikat et al. 1993).



24

The application of the RAPD technique as a selection tool has several

advantages in a plant breeding program (Williams et al. 1990). The use of

arbitrary-sequence primers theoretically allows the whole genome to be surveyed.

Typically, the PCR reaction does not require large quantities of high quality DNA.

Simple DNA extraction procedures (Edwards et al. 1991) that do not require

phenol and chloroform allow greater through-put of samples. Visualization of

amplification fragments involves the intercalation of ethidium bromide and its

fluorescence under ultra-violet light, thus avoiding the hazards associated wíth

radioisotopes. Finally, only knowledge of the primer sequence and amplification

product size is needed to define the RAPD fragment (Williams et al. 1991).

Consequently, no exchange of samples is needed to reproduce the results.

However, the application of RAPD analysis has several disadvantages that

limit its acceptance as a selection tool ín a breeding program. A RAPD fragment

can only identify the allele from which it was developed. Consequently,

heterozygous individuals cannot be identified. Analysis of simulated and

experimental data suggest that F, populations are not suitable for de novo

construction of genetic maps consisting only of dominant markers (Williams and

Rafalski, unpublished results cited in Williams et al. 1991). Plant breeder's have

expressed concern about the reliability and reproducibility of RAPD markers both

within, and among laboratories, and among different experimental crosses (Penner

et al. 1993a; Kleinhofs et al. 1993). The drawbacks of RAPD fragments are that

they are sensitive to reaction conditions, in particular, Mg2* concentration and
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template-primer ratios (Kesseli et al. 1992), and thermocycling conditions (Penner

et al. 1993a). Penner et al. (1993a) suggested the need to establish standard

conditions so that RAPD results could be shared among laboratories.

Ïhere will always be a question whether RAPD bands derive from the same

locus in different varieties (Devos and Gale 1992). Cross-hybridization of the

product of interest with bands of similar molecular weight in the varietal RAPD

profiles will provide strong evidence for allelism, but since both homologous and

homoeologous sequences will generate positive signals in hexaploid wheat,

segregation analysis will be needed to confirm the identity of RAPD bands (Devos

and Gale 1992).

Various strategies for enriching DNA sources have been devised to facilitate

the development of RAPD markers. Recombinant inbred lines (Reiter et al. 1gg2)

and doubled haploid populations (Barua et al. 1993) are mapping populations

which are most amenable to analysis. Other strategies for enriching the

populations for the target trait include bulk segregant analysis (Michelmore et al.

1991), identifying DNA intervals from any segregating population (Giovannoni et

al. 1991), and utilizing near-isogenic lines (Young et al. 19BB).

The inability to detect adequate levels of DNA polymorphism in self-

pollinating species such as wheat continues to be a problem. The complexity of

patterns obtained with denaturant-gradient-gel-electrophoresis (DGGE) and

temperature sweep gel electrophoresis (TSGE) suggests that a large number of

different amplification fragments are contained within a single band resolved by
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agarose gel electrophoresis (Dweikat et al. 1993; Penner and Betze 1994). Poly-

acrylamide gel electrophoresis incorporating a chemicaldenaturation gradient (He

et al. 1992; Dweikat et al. 1993) or an increasing temperature gradient (Penner

and Betze 1994) allowed separation of amplification fragments based both on

fragment size and nucleotide sequence. Both methods significantly increased the

ability to identify polymorphisms in cereals.

ln order for RAPDs to be successfully utilized in a breeding program, the

cost involved with each PCR reaction must be kept to a minimum. RAPD analysis

has the potentialfor automation, integration, and standardization (Caetano-Anolles

et al. 1991). These include automated DNA extraction, robotic manipulation of

pre-amplification steps, PCR amplification, and post amplification analysis.
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3. Location of a Pyrenophora tritici-repentis Died. Necrosis

Resistance Gene to 5BL of Triticum aestivum L. cultivar Chinese

Spring.

3.1 Abstract

Several sources of high-level resistance to tan spot cause d by Pyrenophora tritici-

repentis Died. have been identified in hexaploid wheat (Triticum aestivum L.). This

study was conducted to determine the number and chromosome location of

gene(s) in the cultivar Chinese Spring (CS) that confers resistance to a tan

necrosis-inducing isolate (nec.chl-) of P. tritici-repentis,86-124, and insensitivity to

Ptr necrosis toxin. Reciprocal crosses were made between CS

(resistanVinsensitive) and Kenya Farmer (KF) (susceptible/sensitive). Analysis of

the CS/KF F, and F, populations and Fr-derived F. families identified a single,

nuclear, recessive gene governing resistance to isolate 86-124 and Ptr necrosis

toxin. Evaluation of the CS(KF) substitution series, F, monosomic analysis, and

screening of a series of 19 CS compensating nulli-tetrasomic and two ditelosomic

lines (2AS and sBL) indicated that the resistance gene was located on

chromosome arm 5BL. No linkage was detected between Lr18 and the tan spot

necrosis resistance gene on chromosome arm SBL. lt is proposed that the gene

for resistance to the tan necrosis-inducing isolate 86-124 (nec.chl-) of P. tritici-

repentis and Ptr necrosis toxin be named fsnl.



3.2 lntroduction

Tan spot is a foliar disease of wheat caused by the ascomycete

Pyrenophora tritici-repentis (Died.) Drechs., anamorph Drechslera tritíci-repentis

(Died.) Shoem. Tan spot has been identified throughout the major wheat growing

regions of the world (Morrall and Howard 1975; Rees and Platz 1979; Hosford

1982; Krupinsky 1982; Wiese 1987; Kemp et al. 1990). Disease infection during

the growing season may significantly reduce wheat yields (Tekauz et al. 1982;

Hosford 1982) and grain grades (Vanterpool 1963; Sharp et al. 1926).

P. tritici-repenfis overwinters on infected residue of wheat and other

gramineae species (Krupinsky 1982). lncreasing use of soil conservation practices

has resulted in an increase of inoculum levels (Platz and Rees 1989) and a

concomitant increase in disease severity (Schuh 1990). ln 1982, severe seedling

infections were observed for the first time in western Canada (Tekauz et al. 1 982).

There are currently no resistant cultivars registered for western Canada.

Therefore, the significance of this pathogen is expected to increase.

The most sustainable method of minimizing the effect of tan spot is to

incorporate high-level genetic resistance into commercial cultivars. To develop

appropriate breeding strategies, the number of loci, their dominance relationships,

gene interactions, and gene-linkages must be identified. ln addition, knowledge

of the chromosome location of important gene loci would allow breeders to predict

the likelihood of advantageous or disadvantageous blocks of genes being

transferred together in a segregating population (Fehr 1987; Poehlman and Sleper
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1995). Substitution analysis (Unrau et al. 1956; Kuspira and Unrau 1957; Law et

a|.1987; Mclntosh 1987), F, monosomic analysis (Sears 1953; Kuspira and Unrau

1957; Sears 1969; Dyck and Kerber 1971; Kerber and Dyck 1973; Sanghi and

Baker 1974), and evaluation of the nullisomic condition of various aneuploid lines

(Benito and Perez de la Vega 1979; Koebner and Sheperd 1982; Chenicek and

Hart 1987) can be used to identify the chromosome location of genes of interest.

P. tritici-repentis induces two distinct symptoms on susceptible wheat host

plants: tan necrosis and/or chlorosis. lsolates of P. titici-repentis collected on

wheat in western Canada have been classified into four distinct pathotypes on the

basis of their ability to induce tan necrosis and/or chlorosis on a differential set of

wheat genotypes: pathotype 1 induces both tan necrosis and extensive chlorosis

(nec*chl*) on susceptible host genotypes; pathotype 2 induces tan necrosis

(nec.chl-) only; pathotype 3 induces extensive chlorosis (nec-chl.) only; and

pathotype 4 is incapable of inducing either tan necrosis or chlorosis (nec-chl-)

(Lamari and Bernier 1989b; Lamari and Bernier 1991). ldentification of an isolate

collected from eastern Algeria that induces only chlorosis (nec-chl*) but is distinct

from isolates previously classified within pathotype 3 has lead to the recent

reclassification of isolates into races (Lamari et al. 1gg5). Pathotypes 1,2,3, and

4 are now referred to as races 1,2, 3 and 4, respectively. The new isolate from

eastern Algeria is classified as race 5.

Genetic studies involving the interaction between the necrosis-inducing

isolate 86-124 (nec.chl-) and hexaploid wheat cultivars have identified one or two
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recessive genes for necrosis resistance, depending on the segregating population

evaluated. Lamari and Bernier (1991) identified a single recessive gene

segregating in F, populations of Glenlea/68365 and Salamouni/Glenlea. Duguid

(1995) suggested one or two recessive genes conferred resistance in F, and Fr-

derived F3 populations of 8H1146/5T6, Katepwa/Erik, Katepwa/sT6, and

Katepwa/ST15.

Ballance et al. (1989) purified and characterized a host-specific necrosis-

inducing toxin that is only produced by necrosis-inducing isolates (nec*chl* or

nec*chl-). Ïhis toxin, termed Ptr necrosis toxin, induces tan necrosis on wheat

cultivars that are susceptible to necrosis-inducing isolates (Lamari and Bernier

1 989c).

The objectives of this study were (i) to determine the number of P. tritici-

repentís tan necrosis resistance gene(s) possessed by the hexaploid wheat cultivar

Chinese Spring (CS), (ii) to determine their chromosome location, and (iii) to

evaluate linkage relationships between identified tan spot necrosis resistance

gene(s) and a previously mapped locus.

3.3 Materials and Methods

3.3.1 Host Materials

Cultivars and lines used in this study were chosen based on their reaction

to the P. tritici-repentis necrosis-inducing isolate 86-124 (nec*chl-), Ptr necrosis

toxin, and to Puccinia recondita f .sp. triticirace 1. Host materials included:
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(i) T. aestivum cultivars CS and Kenya Farmer (KF).

(ii) The complete CS(KF) substitution series supplied by Dr. R.A. Mclntosh

(University of Sydney Plant Breeding lnstitute, Cobbitty, N.S.W.,

Australia).

(iii) CS monosomic 5B (CS mono 5B) and CS monosomic 7D (CS mono

7D) supplied by Dr. E. Kerber (Agriculture and Agri-Food Canada,

Winnipeg, MB).

(iv) The complete CS nulli-tetrasomic series with the exceptions of nulli-24

and nulli-SB supplied by Dr. K. Armstrong (Plant Research Centre,

Agriculture and Agri-Food Canada, Ottawa, ON).

(v) Various CS ditelosomics supplied by Dr. E. Kerber (Agriculture and

Agri-Food Canada, Winnipeg, MB).

(vi) P. reconditaf .sp. triticiisogenic line RL 6009 supplied by Dr. J. Kolmer

(Agriculture and Agri-Food Canada, Winnipeg, MB).

All populations developed were forced to self-fertilize by covering individual

spikes with glassine bags prior to anthesis. All spikes were harvested individually.

The Fr-derived F. seed from the same plant was bulked.

3.3.2 Gene Number Study

Ïhe resistant cultivar, CS, was reciprocally crossed with the susceptible

cultivar, KF. F1, F2, and Fr-derived F, families were generated. All material was

evaluated for its reaction to the P. tritici-repentis necrosis-inducing isolate 86-124
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(nec.chl-) and Ptr necrosis toxin. specific procedure described in 3.3.8.

3.3.3 Substitution Analysis

All 21 lines of the CS(KF) substitution series were evaluated for their

reaction to the isolate 86-124 and Ptr necrosis toxin. Critical substitution lines

were reciprocally crossed with CS to determine the number of tan necrosis

resistance genes that reside on each chromosome. F1, F2, and Fr-derived F.

families were developed for each cross. All materialwas evaluated with the isolate

86-124 and Ptr necrosis toxin.

3.3.4 F, Monosom¡c Analysis

F, monosomic analysis was conducted to verify the designation of critical

lines identified by the substitution analysis. The following crosses were performed;

(i) CS mono 5B/CS(KF 58) and (ii) CS mono 7DlCS(t(F 7D). The chromosome

number of F1 plants was determined cytologically by examining mitotic

preparations of root-tip cells. Monosomic F, plants were selected and selfed to

produce the F, generation. The F, plants and F, progenies were evaluated for

their response to the isolate 86-124 and Ptr necrosis toxin. Four F, plants of the

cross CS mono 7D/CS(KF 7D) were examined cytologically for aneuploidy. F2

populations segregating for chromosome number would verify that the population

had been developed from a F, monosomic plant.
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3.3.5 Aneuploid Screening

To verify the F, monosomic analysis and the substitution analysis results,

ditelosomic 2AS, ditelosomic 5BL, and the complete series of CS compensating

nulli-tetrasomics, with the exceptions of lines nullisomic for chromosome 58 and

chromosome 24, were evaluated for their reaction to isolate 86-124 and/or Ptr

necrosis toxin.

3.3.6 Nullisomic Analysis

Nullisomic analysis was conducted using CS mono 58 and CS mono 7D.

Monosomic plants of both aneuploid lines were selfed to develop populations

segregating for chromosome number. Disease reaction of individual seedlings

from each population were evaluated by screening with Ptr necrosis toxin. All Ptr

necrosis toxin sensitive seedlings and a sample of approximately 10 insensitive

seedlings were cytologically examined to determine chromosome number.

3.3.7 Cytological Examination

The chromosome number of plants was determined by examining mitotic

cells in root tip squashes. Root tips were collected from potted plants at the four

to six leaf stage. Root-tips were harvested and placed immediately into pre-chilled

(0 to 1"C) distilled water for 20 h. Root-tips were then blotted to remove surface

water and placed in Farmer's solution (3:1 , 95Y. ethanol: glacial acetic acid) for a

minimum of 48 h at 4"C. lmmediately prior to examination, root-tips were
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hydrolysed in 1 N HCI for eight min at 60"C. Root-tips were stained with aceto-

carmine for at least one h before examination. The root apical meristem was

dissected onto a microscope slide in a drop of aceto-carmine, heated and

squashed. The chromosome number was determined from at least two cells per

root.

3.3.8 lnoculation procedure - P. tritici-repentis (86-124)

3.3.8.1 lnoculum production

The inoculum of isolate 86-124 (obtained from Dr. L. Lamari, University of

Manitoba, Winnipeg, MB) was produced as described by Lamari and Bernier

(1989a). lnfected leaf samples were placed in a Petri plate containing wet filter

paper to maintain high humidity. The plates were incubated for 24 h at room

temperature and a constant light intensity (61 umol m-2 s-t) to promote

conidiophore production. The plates were incubated 24hin the dark at 15"C to

produce conidia. Single conidia were transferred to V8-PDA medium (150 ml V8-

juice, 10 g Difco potato-dextrose agar, 3 g caco., 10 g of Bacto agar, BS0 mr of

distilled water) and incubated at 20'C in the dark until the colony reached 3-4 cm

in diameter. These cultures were then stored at 4"C and used as stock cultures

for inoculum production.

The inoculum was produced on vB-PDA media. smail prugs, 0.5 cm in

diameter, were transferred singly from the stock culture to 9 cm Petri plates,

containing approximately 30 ml of V8-PDA media. The cultures were then
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incubated at 20"C under continuous darkness to prevent conidiophore formation

during mycelial growth. When the cultures were 3 to 4 cm in diameter, they were

flooded with sterile distilled water and the mycelium flattened with the bottom of

a sterile test tube. After the water was decanted, the cultures were subjected to

a regime of 18-24 h of light (61 ¡rmol m-' s-t) at room temperature to induce

formation of conidiophores, followed by 18-24 h of dark at 1SoC to induce

formation of conidia.

The conidia were harvested as described by Lamari and Bernier (1989a).

ïhe culture plates were flooded with sterile distilled water and the conidia were

dislodged with a wire loop. One additional water rinse was made to suspend and

recover the conidia that had settled. The spore concentration was measured with

a haemocytometer (Hausser Scientific 3720, Blue Bell, Pa) and adjusted with

sterile distilled water to approximately 3000 conidia ml-1. Ten drops of Tween 20

(polyoxyethylene sorbitan monolaurate)were added per litre of conidialsuspension

to reduce surface tension.

Purified Ptr necrosis toxin was produced from cultures of 86-124 and

processed as described by Ballance et al. (1989) and Lamari and Bernier (1989c).

3.3.8.2 lnoculation procedure

Ten plants of each cultivar; Erik (resistant to isolate 86-124/insensitive to

Ptr necrosis toxin) and Katepwa (susceptible to isolate 86-l24lsensitive to Ptr

necrosis toxin) and the appropriate parental populations were included as checks
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for every 50 plants of any population tested for response to isolate 86-124 or Ptr

necrosis toxin.

Seedlings were inoculated with a conidial suspension of the isolate 86-124

as described by Lamari and Bernier (1989b). A DeVilbis sprayer, operated at a

pressure of approximately 67 KPa, was used to spray the conidialsuspension onto

seedlings at the two-leaf stage until run-off. After inoculation the seedlings were

placed in a growth room with a 22o/17'C (day/night) temperature regime and a 16

h photoperiod. During the initial 24 h afTer inoculation, the seedlings were kept at

100 percent relative humidity to insure continuous leaf wetness. This was

accomplished by covering the plants with a polyethylene tent and maintaining the

humidity level with an ultra-sonic humidifier.

Three to four days after inoculation, the third leaf of all plants was infiltrated

with approximately 30 pI of purified Ptr necrosis toxin at a concentration of 1x10-3

mg ml-1 using a Hagborg Device (Hagborg 1970) as described by Lamari and

Bernier (1989c).

3.3.8.3 Disease rat¡ng

lnoculated plants were rated for disease reaction seven to eight days after

inoculation. The five-level numerícal system based on lesion type described by

Lamari and Bernier (1989a) was used to categorize host reactions to isolate 86-

124 (Appendix 7.1). The lesion type on the second leaf was rated. Plants with

lesion types of 1 or 2 were classed as resistant, while plants with lesion types of
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3,4 or 5 were classed as susceptible. At the same time, plants were rated for the

presence (sensitive) or absence (insensitive) of a necrotic lesion at the site of ptr

necrosis toxin infiltration.

3.3.9 Linkage with LrtB

To initiate this study, cs, KF, cs(KF 5B), and Lrlgisogenic line RL 6009

were evaluated for their response to Ptr necrosis toxin and lo p. recondita f .sp.

tritici race 1. Reciprocal crosses were conducted between CS(KF 5B) and RL

6009' Fr-derived F. families were developed and evaluated for their response to

the isolate 86-124 and/or Ptr necrosis toxin. Fr-derived F, families were also

evaluated for their response To p. reconditaÍ.sp. triticirace 1.

3.3.9.1 lnoculation procedure - p. recondifa f.sp. tritici race 1

F'-derived F. families were planted in a soil bed (2 soil: 1 sand: 1 peat) in

a greenhouse. Eighteen to 23 plants per family were sown in 23 cm long rows 13

cm apart. Temperatures were maintained between 15 and 1g"C with a

photoperiod of 18 h day/ 6 h night. Supplemental light was provided by High-bar

sodium lights (30 ¡rmol m-' s-'). Urediospores of P. recondifa f. sp. tritici race 1

were obtained from Dr. J. Kolmer (Agriculture and Agri-Food Canada, Winnipeg,

MB)' Plants were inoculated when the first leaf was fully expanded. Twenty h

prior to inoculation, the rust inoculum ampoule was opened from its vacuum seal

and kept at 4'C to allow the urediospores to rehydrate. lmmediately prior to
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inoculation, the seedlings were misted with a solution of distilled water and Tween

20 (ten drops of Tween 20 per litre of distilled water) to increase contact between

the leaf surface and the fungal spore. The seedlings were then dusted wíth a

mixture of talcum and inoculum using a 'Speed-Spray' double-bellows bulb

inoculator. Once the seedlings were inoculated, they were covered with

polyethylene plastic to create a humidity chamber. Three ultra-sonic humidifiers

were used to maintain high relative humidity levels for 20 h. Thirteen days after

inoculation, disease reaction of individual Fr-derived F. plants were rated according

to Stakman et al. (1962) (Appendix 7.2). Plants with infection types 0,;, 1 or 2

were classified as resistant, while those with infection types 3 or 4 were classified

as susceptible.

3.3.10 Statistical Analysis

Tests for homogeneity were conducted to determine which segregating

populations could be pooled (Little and Hills 1977). Chi square analyses were

used to determine goodness-of-fit of the data to the proposed models for gene

number (Strickberger 1985). Segregation analysis, tests of the significance of

linkage, and the estimation of the recombination frequencies between linked loci

in the Fr-derived F. families were performed using JoINMAP (stam lggg).
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3.4 Results and Discussion

Characterization of a P. tritici-repenfis necrosis resistance gene in CS was

accomplished by screening all experimental material with the isolate 86-124

(nec.chl-) and/or the host-specific Ptr necrosis toxin. CS and the check cultivar,

Erik, were highly resistant to the isolate 86-124 with reaction types of 1 or 2 and

insensitive to Ptr necrosis toxin. KF and the check cultivar, Katepwa, were highly

susceptible to the isolate 86-124 with a reaction type of 5 and sensitive to Ptr

necrosis toxin. Since the toxin used in this study was produced from isolate 86-

124, it is assumed that genes that confer resistance to 86-124 also confer

resistance to Ptr necrosis toxin. Analysis of F, plants, and Fr, and Fr-derived F.

families from the reciprocalcross CS/KF indicated that resistance to the isolate 86-

124 and Ptr necrosis toxin was conditioned by a single, nuclear, recessive gene

(ïable 3.1).

Substitution analysis was conducted to determine which chromosome

carried the resistance locus. Analysis of eight to ten plants of each CS/KF

substitution line suggested that chromosomes 5B and 7D conferred different levels

of resistance in CS to the isolate 86-124 and Ptr necrosis toxin (Table 3.2).

CS(KF 58) amd CS(KF 7D) produced reaction types of 5 and 3 or 4, respectively.

Both substitution lines were sensitive to Ptr necrosis toxin. All other CS(KF)

substitution lines were resistant to isolate 86-124, producing a reaction type of 1

or 2, and were insensitive to Ptr necrosis toxin (Table 3.2)

The reciprocal crosses CS/CS(KF 5B) and CS/CS(KF 7D) indicated that the
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resistance on each chromosome was conditioned by a single, nuclear, recessive

gene (Table 3.1). These results were unexpected as they did not correlate with

the initial finding that only a single, recessive gene governs resistance to the

isolate 86-124 in the cross CS/KF (Table 3.1). Therefore F, monosomic analysis

of the CS mono 5B/CS(KF 5B) and CS mono 7DICS(KF 7D) were required to

verify the designations of CS(KF 5B) and CS(KF 7D).

F, monosomic analysis conclusively identified a tan spot necrosis resistance

gene on chromosome 58 of CS. Ten monosomic F, plants from the cross CS

mono 5B/CS(KF 5B) and eight monosomic F, plants from the cross CS mono

7D/CS(KF 7D) were self-fertilized to develop the F, generations. Monosomic F,

plants from both crosses were susceptible to Ptr necrosis toxin. The F, progenies

from the cross CS mono 5B/CS(KF 5B) were all susceptible to the isolate 86-124

and Ptr necrosis toxin (combined ratio: 199:0) indicating that a resistance gene

resides on chromosome 58 of CS (Table 3.3). The F, progeny from each of eight

selfed monosomic cs mono 7Dlcs(KF 7D) F1 plants segregated 3

susceptible/insensitive : 1 resistanVinsensitive (combined ratio: 121:36 P>0.9).

Cytological examination of four CS mono 7DICS(KF 7D) F, plants identified

aneuploids, confirming that they had been properly derived from a monosomic F,.

Therefore, a tan spot necrosis resistance gene does not lie on chromosome 7D

of CS.

There are several possible explanations why the substitution analysis

identified a resistance gene on chromosome 7D oÍ CS yet could not be verified



Table 3.2. Response of the CS(KF) substitution lines to P. tritici-repentis
isolate 86-124 and Ptr necrosis toxin

Substitution
Line

No. Plants
Screened

Reaction
I ype'

Ptr Necrosis
,aloxtn'

Disease
Classification

CS

KF

1A

2A

3A

4A

5A

6A

7A

1B

28

3B

4B

5B

6B

7B

1D

2D

3D

4D

5D

6D

7D

10

10

10

10

10

10

I
9

I
10

10

10

10

10

10

10

10

I
o

10

I
I
10

1-2
5

1-2
1-2
1-2
1-2
1-2
1-2
1-2

2

1-2
1-2

2

5

1-2
1-2
1-2
1-2
1-2
1-2

2

1-2
3-4

+

resistant

susceptible

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

susceptible

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

susceptible

+

Lesion types 1 te resistance; lesion types enote
susceptibility.
2 - = host insensitivity to Ptr necrosis toxin; + = host sensitivity to Ptr necrosis toxin
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Table 3.3. Segregation analysis for disease reaction in monosomic F,
progenies from crosses CS mono 5B/CS(KF 58) and crosses of CS mono

7D/CS(KF 7D). F, progenies of crosses of CS mono 7D/CS(KF 7D) have been
confirmed to segregate for chromosome number

F2 Rat¡o

SUSC: TESCrosst F1 Susc. Res.

CS mono SB/CS(KF 5B) (1)

CS mono 5B/CS(KF 58) (2)

CS mono SB/CS(KF 58) (3)

CS mono 5B/CS(KF 5B) (4)

CS mono SB/CS(KF 58) (5)

CS mono sB/CS(KF 5B) (6)

CS mono 5B/CS(KF 5B) (7)

CS mono 5B/CS(KF 5B) (8)

CS mono SB/CS(KF 5B) (9)

CS mono SB/CS(KF 58) (10)

SUSC.

susc.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

20

20

20

20

20

20

20

20

20

19

1:0

1:0

1:0

1:0

1:0

1:0

1:0

1:0

1:0

1:0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

CS mono 7DICS(KF 7D) (1)

CS mono 7DICS(KF 7D) (2)

CS mono 7DICS(KF 7D) (3)

CS mono 7D/CS(KF 7D) (4)

CS mono 7DICS(KF 7D) (5)

CS mono 7D/CS(KF 7D) (6)

CS mono 7DICS(KF 7D) (7)

CS mono 7D/CS(KF 7D) (8)

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

SUSC.

11

16

16

16

15

15

16

16

0.16

0.47

0.79

0.79

1.00

0.81

0.79

0.79

'US monosomtc 58 and US monosom¡c 7D = res¡stant to 86-'124 and insensitive to Ptr necrosis
toxin.

CS(KF 58) and CS(KF 7D) = susssptible to isolate 86-124 and sensitive to Ptr necrosis toxin.
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Table 3.4. Reaction of CS nulli-tetrasomics and ditelosomics to isolate 86-124
and/or Ptr necrosis toxin

Aneuploid Line Reaction Type Ptr Necrosis Toxin Disease Rating

CS

N1A-T1B

Ditelo 2AS

N3A.Ï38

N4A-T4D

N5A-T5B

N6A-T6B

N7A-T7B

N1B-T1D

N2B-T2D

N3B-Ï3D

N4B-T4D

Ditelo 5BL

N68-T6D

N7B-T7D

N 1 D-T1A

N2D-Ï2A

N3D-T3A

N4D-T4A

N5D-T5A

N6D-T6A

N7D-T7A

1 to 2 (20)'

1to2 (6)

1to2 (6)

2 (6)

1to2 (5)

1to2 (6)

1to2 (6)

2 (5)

2 (6)

1to2 (6)

1 (5)

1 (1)

2 (6)

1to2 (2)

2 (4)

1 (5)

1 (6)

2 (6)

1to2 (6)

nla (0)

1to2 (5)

1to2 (5)

(40)'

(10)

(6)

(8)

(7)

(10)

(e)

(e)

(10)

(10)

(e)

(6)

(e)

(4)

(7)

(e)

(10)

(10)

(10)

(3)

(7)

(10)

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

resistant

e varue rn paren ind¡cates the number ants evalu r reactron

results are included in the Ptr necrosis toxin column.
' The value in parenthesis indicates the total number of plants evaluated for
reaction to Ptr necrosis toxin.

to isolate 86-124. These plants were also screened with Ptr necrosis toxin and the
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through F, monosomic analysis. Discrepancies ín substitution line designation

have been attributed to univalent shifts (Person 1956), background variation in the

original monosomic line (Endo and Gill 1984), insufficient number of back-crosses

(Berke et al. 1992), or if human error occurred during either the development or

subsequent maintenance of the substitution series. Since the reaction of CS(KF

7D) to 86-124 (lesion type 3 or 4) is different from that of KF (lesion type 5), it is

possible that contamination of seed stocks may have occurred. Further work

would be required to identify the reasons for the discrepancy.

Homozygous null alleles for P. tritici-repenfis necrosis resistance should

result in susceptibility of CS to the isolate 86-124 and Ptr necrosis toxin.

Ïherefore, screening various ditelosomics and nulli-tetrasomics should identify

chromosomes carrying resistance genes to necrosis-inducing isolates. Screening

of the available CS nulli-tetrasomics and ditelosomics, did not identify any

susceptible lines (Table 3.4). This infers that the resistance gene in CS must

either lie on chromosome arm 5BL or chromosome arm 2AS as these were the

only chromosome arms for which disease reaction was not evaluated.

The progeny of selfed CS monosomic lines for the critical chromosome

carrying the necrosis resistance gene should segregate for disease resistance

(Sears 1953). Since other evidence indicated that a gene for resistance was

located on either 58 or 7D, cS mono 58 plants and CS mono 7D plants were

selfed and the progeny evaluated for response to Ptr necrosis toxin. While the

progeny from selfed CS monosomic 5B plants segregated for disease resistance,
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progeny from selfed CS monosomic 7D plants did not. The progeny from one

selfed CS monosomic 58 plant was examined cytologically to determine if

susceptible plants were nullisomic. Of 100 plants screened with Ptr necrosis toxin,

seven were susceptible to Ptr necrosis toxin. All seven plants were confirmed

nullisomics (Table 3.5). Twelve resistant plants were examined cytologically,

revealing nine monosomic and three disomic plants (Table S.5).

Linkage analysis was conducted between the P. tritici-repenfis necrosis

resistance gene and the P. recondifa f.sp. tritici resistance gene Lr78 (Mclntosh

1983) both located on chromosome SBL. OS(KF sB) and RL 6009 produce

contrasting reactions to P. tritici-repenfis and P. recondifa f.sp. tritici. CS(t(F 5B)

is sensitive to Ptr necrosis toxin and susceptible to P. recondital.sp. tríticirace 1

with an rust infection type of 4. RL 6009 is insensitive to Ptr necrosis toxin and

resistant to P. reconditaf .sp. triticirace 1 with an rust infection type of 1 or 2. 206

Fr-derived F. families generated from the reciprocal cross CS(KF 5B)/RL 6009

were screened with P. recondita f .sp. tritici race 1, identifying 43 homozygous

susceptible families, 106 that were segregating, and 57 that were homozygous

resistant. This fit a 1:2:1 ratio (P=0.35) indicating that a single gene conferred

resistance lo P. reconditaf .sp. triticirace 1 (Table 3.6). When the same families

were tested for response to Ptr necrosis toxin, 52 families were homozygous

sensitive, 116 were segregating, and 38 were homozygous insensitive. Thisfít a

1:2:1 ratio (P=0.08) indicating that a single gene conferred resistance to Ptr

necrosis toxin (Table 3.6). When results were combined, the population
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Table 3.5. Chromosome number and Ptr necrosis toxin sensitivity of progeny
from a selfed CS mono 5B plant

Plant Number
Chromosome

Number
No. of Cells

ldentified
Ptr Toxin Reaction

A1

A2

A3

A4

A5

A6

A7

A8

A9

423

444

412

419

410

433

434

440

415

457

2n=41

2n=41

2n=41

2n=41

2n=42

2n=41

2n=42

2n=42

2n=41

2n=41

2n=41

2n=41

2n=40

2n=40

2n=40

2n=40

2n=40

2n=40

2n=40

5

5

2

4

2

3

3

4

2

7

3

7

4

5

8

2

3

3

3

+

+

+

+

+

+

+



Table 3.6. Chi-square goodness-of-fit test for one gene segregating in the Fr-

derived F. generation for P. recondifa f.sp. tritici resistance (Lr|8) and for

resistance to Ptr necrosis toxin

F, derived F. Families

Gene Susc. seg. Res. x2 1l:z:l¡

2.1

5.1

0.35

0.08

57

38

106

116

43

52

Lr|8

tsnl
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segregated into a 9 Ptr sensitive/Lr resistant : 3 Ptr sensitive/Lr susceptible : 3 Ptr

insensitive/Lr resistant : and 1 Ptr insensitive/Lr susceptible genetic ratio (chi-

sQUâre=6.40, P=0.10) (Table 3.7) suggesting independent segregation of the two

gene loci. Analysis of the results with JOINMAP (Stam 1993) revealed no linkage

between the gene loci. Therefore, even though both loci are mapped to the same

chromosome arm, they must be more than 50 map units apart.

Three virulent pathotypes of P. tritici-repenfis have been identified among

isolates collected from western Canada (Lamari and Bernier 1989b). This study

only investigated resistance to the necrosis-inducing component of P. tritici-

repentis as represented by the isolate 86-124 (nec*chl-). Consequently, to develop

durable, high-level resistance to the pathogen, resistance to the chlorosis-inducing

component must also be addressed.

The results obtained reiterated the observation of Yen and Baenzinger

(1992) that the identification of chromosome location of gene loci should not rely

solely on the results of substitution analysis. F, monosomic analysis and/or

screening of various aneuploid lines should also be conducted to substantiate

results obtained. Even though chromosome 2AS was not evaluated for response

to the disease, the summation of the results obtained indicated high level

resistance to the P. trítici-repentis necrosis-inducing isolate 86-124 and the Ptr

necrosis toxin is governed by a single, nuclear, recessive gene located on

chromosome arm 5BL. This resistance gene was not linked to the leaf rust

resistance gene, Lr18, which has been previously mapped to chromosome arm



Table 3.7. Summary of the phenotypic classifications observed of the 206 F2-

derived F. families of the reciprocal cross CS(KF 5B)/RL 0009

Genotypel Observed (no.) Predicted (no.)' Chí-square

Tsnl_Lrl 8_

Tsnl_lr18lr18

tsnltsn1Lrl8_

tsn 1 tsn 1 lrl Slrl I

105

49

44

1 15.8

38.6

38.6

12.9

1.02

2.78

0.75

1.85

total 205.9 6.40(0.10)

' Tsnl_Lrl8_ = sêrìsitive to Ptr necrosis toxin, resistant to Race 1

Tsnl_lr18lr18 = sensitive to Ptr necrosis toxin, susceptible to Race 1

tsnltsnlLrlS_ = insensitive to Ptr necrosis toxin, resistant to Race 1

tsnltsnllrl8lrl8 = insensitive to Ptr necrosis toxin, susceptible to Race 1

2 Number predicted based on the following ratio: 9 Isn 1_Lr|8_: 3 Isn 1_tr|8tr18

:3 fsn 1 tsn 1 Lrl 8_ : 1 fsn 1 tsn 1 lrl 8lr1 8.

' Values in parenthesis indicates the chisquare probability. Chisquare probability

values greater than 0.05 indicate that the data did not differ significantly from the

expected ratio.
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SBL (Mclntosh 1983).

This study represents the first localization oÍ a P.

gene to a specific wheat chromosome. lt is proposed

tsnl according to the recommended rules for gene

(Mclntosh 1988).

triti ci -re p enfis resistan ce

that this gene be named

symbolization in wheat
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4. A Random Amplified Polymorphic DNA (RAPD) Linked to a Tan

Spot (Pyrenophora tritici-repentis Died.) Necrosis Resistance

Gene on 5BL of Chinese Spring (Triticum aestivum L.)

4.1 Abstract

A recessive gene (tsnl) for resistance to tan spot, induced by Pyrenophora tritici-

repentis Died. isolate 86-124 (nec*chl-), has been identified on chromosome arm

5BL of the hexaploid wheat (Triticum aestivum L.) cultivar Chinese Spring (CS).

This study was conducted to identify a random amplified polymorphic DNA (RAPD)

marker for this gene. The genomic DNA of CS (resistant) and Kenya Farmer (KF)

(susceptible) were screened with 420 arbitrary sequence 10-mer primers. Since

low levels of genomic polymorphism (10.6 percent) were resolved with agarose gel

electrophoresis, a sub-set o174 primers was analyzed using temperature sweep

gel electrophoresis (TSGE). TSGE resolved 73 genomic polymorphisms. Two

polymorphisms specific for chromosome 5B sequences were identified using CS

and CS(KF 5B). Linkage analysis was conducted using a single plant from each

of 65 Fr-derived F. families from the reciprocal crosses CS/KF and CS/CS(KF 5B).

Each Fr-derived F. family was homogeneous for disease reaction to both the

isolate 86-124 and Ptr necrosis toxin. Linkage analysis identified that UBC195 and

uBC102 were 23.4 -r 5.7 cM and 27.4 -r- 6.9 cM from the resistance gene,

respectively. UBc195 and uBc102 were tightly linked, 4.2 -+ 2.5 cM to each

other. Potential applications of a P. tritíci-repentis necrosis resistance marker in

wheat are discussed.
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4.2 lntroduction

Tan spot is a foliar fungal disease of wheat caused by the ascomycete

Pyrenophora tritici-repentis (Died.) Drechs., anamorph Drechslera tritici-repentis

(Died.) Shoem. which has world-wide distribution (Morrall and Howard 1975; Rees

and Platz 1979; Hosford 1982; Krupinsky 1982; Wiese 1987; Kemp et al. 1990).

P. tritici repentis overwinters and grows saprophytically on infected residue of

wheat and other gramineae species (Krupinsky 1982). lncreasing use of

conservation tillage systems that retain crop residues on the soil surface has

resulted in an increase of inoculum levels (Platz and Rees 1989) and a

subsequent increase in disease severity (Schuh 1990). Disease infection during

the growing season may result in significantly reduced wheat yields (Tekauz et al.

1982) and grain grades (Vanterpool 1963; Sharp et al. 1976).

Most commercial cultivars of hexaploid wheat grown ín western Canada are

susceptible to tan spot. ln 1982, severe infections at the seedling stage were

observed for the first time in western Canada (Tekauz et al. 1982). Use of

reduced tillage systems is expected to increase in the future. Therefore, until

resistant cultivars are developed, the incidence of tan spot is expected to increase.

P. trítici-repentis induces two distinct symptoms on susceptible wheat host

plants: tan necrosis and/or chlorosis. lsolates of P. tritici-repentis collected on

wheat in western Canada have been classified into four distinct pathotypes on the

basis of their ability to induce tan necrosis and/or chlorosis on a differential set of

wheat genotypes: pathotype 1 induces both tan necrosis and extensive chlorosis
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(nec*chl*) on susceptible host genotypes; pathotype 2 induces tan necrosis

(nec.chl-) only; pathotype 3 induces extensive chlorosis (nec-chl.) only; and

pathotype 4 is incapable of inducing either tan necrosis or chlorosis (nec-chl-)

(Lamari and Bernier 1989b; Lamari and Bernier 1991). ldentification of an isolate

collected from eastern Algeria that induces only chlorosis (nec-chl*) but is distinct

from isolates previously classified within pathotype 3 has lead to the recent

reclassification of isolates into races (Lamari et al. 1995). Pathotypes 1,2, 3, and

4 are now referred to as races 1, 2, 3 and 4, respectively. The new isolate from

eastern Algeria is classified as race 5.

Genetic studies involving the interaction between the isolate 86-124 and

hexaploid wheat cultivars have identified one to two recessive genes for necrosis

resistance, depending on the segregating population evaluated. Lamari and

Bernier (1991)identified asingle recessive gene segregating in F, populations of

Glenlea/68365 and Salamouni/Glenlea. Duguid (1995) suggested that one or two

recessive genes confer resistance in segregating F, and Fr-derived F. populations

of 8H1146/5T6, Katepwa/Erik, Katepwa/ST6, and Katepwa/SÏ15. A single,

nuclear, recessive resistance gene on chromosome arm 5BL of CS was identified

previously (Chapter 3).

Ballance et al. (1989) purified and characterized ahost-selective necrosis-

inducing toxin that is only produced by P. tritici-repenfis isolates capable of

inducing tan necrosis (nec*chl* or nec*chl-). This toxin, termed Ptr necrosis toxin,

induces tan necrosis on wheat genotypes that are susceptible to tan necrosis
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(Lamari and Bernier 1989c).

Williams et al. (1990) demonstrated the use of single arbitrary primers to

amplify DNA utilizing the polymerase chain reaction (PCR). This technique,

termed random amplified polymorphic DNA (RAPD) analysis, can be used to

identify polymorphisms useful in the development of genetic markers (Martin et al.

1991; Paran et al. 1991; Miklas et al. 1993; Penner et al. 1993b; Penner et al.

1993c; Timmerman et al. 1995). These studies utilized RAPD analysis in

combination with agarose gel electrophoresis. However, for studies involving

hexaploid wheat, the frequency of polymorphisms detected with this approach was

too low to allow identification of markers in a reasonable time frame (Devos and

Gale 1993). Penner and Betze (1994) described a denaturing acrylamide

electrophoresis system termed temperature sweep gelelectrophoresis (TSGE)that

incorporated an increasing temperature gradient as an alternative method to

agarose gels for increasing the resolution of randomly amplified polymorphic DNA.

A RAPD marker would have several applications in a plant breeding

program. First, it could be used to facilitate introgression of resistance genes into

adapted genotypes by back-crossing. Secondly, it could be used to differentiate

between resistance genes with similar expressions. Finally, a tightly linked marker

may be used in marker assisted selection.

The objective of this study was to identify a random amplified polymorphic

DNA (RAPD) marker for the P. tritici-repenfis necrosis resistance gene, tsnl,

previously identified on chromosome arm SBL of Chinese Spring (CS).
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4.3 Materials and Methods

4.3.1 Plant Populations

Cultivars and lines used in this study were chosen based on their reaction

to the P. tritici-repentis necrosis-inducing isolate 86-124 (nec.chl-) and to Ptr

necrosis toxin. Reciprocal crosses were conducted between (i) CS

(resistant/insensitive) and KF (susceptible/sensitive), and (ii) CS and CS(KF 5B)

(susceptible/sensitive). CS(KF 5B) was obtained from Dr. R.A. Mclntosh

(University of Sydney, Plant Breeding lnstitute, Cobbitty, Cobbitty Road, N.S.W.,

Australia). Material was advanced to the Fr-derived F. generation by selfing

individual plants. Fr-derived F. families were evaluated for response to isolate 86-

124 and reaction to Ptr necrosis toxin. A single plant from each of 65 Fr-derived

F. families homogeneous for disease reaction was used to estimate linkage.

4.3.2 lnoculum Production

lnoculum of the isolate 86-124 (obtained from Dr. L. Lamari, University of

Manitoba, Winnipeg, MB.) was produced as described by Lamari and Bernier

(1989a) (See section 3.3.8.1).

4.3.3 lnoculation Procedure

All the plant material was inoculated with a conidial suspension of the

isolate 86-124 and injected with Ptr necrosis toxin, as described by Lamari and

Bernier (1989b) (See section 3.3.8.2). Ptr necrosis toxin was produced from the
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isolate 86-124 (Ballance et al. 1 989). A Hagborg device (Hagborg 1970) was used

to infiltrate a single leaf of each F, derived-F. seedling with approximately 30 pl of

purified Ptr necrosis toxin at a concentration of 1 x 10-3 mg ml-1.

4.3.4 Disease Rating

All material was rated for disease reaction using the five-level numerical

scale describing lesion types (Lamari and Bernier 1989a) (Appendix 7.1)and Ptr

necrosis toxin sensitivity (Lamari and Bernier 1989c) (See section 3.3.8.3)

4.3.5 RAPD Analysis

lnitially genomic DNA of CS and KF were screened using RAPD analysis

(Williams et al. 1990) to identify genomic polymorphisms. Once a polymorphism

was identified, CS(KF 5B) was included to determine its specificity to chromosome

58. Genomic DNA was extracted using the method of McCouch et al. (1988). ln

this study 420 primers were screened. UBC primers 1 through 300 were obtained

from Dr. J. Carlson (University of British Columbia, Vancouver, Canada). Primer

sets OPC 1-14; OPD 1-18; OPE 1-18; OPI 1-18; OPJ 1-18; OpN 1-20; OpO 1-12,

13, 16 were obtained from operon Technologies, lnc. (Alameda, Calf., USA). All

primers were 10-mers of arbitrary sequence with no palindromes and a G/C

content of between 50 and 80 percent. PCR reactions were performed in a

volume of 25 ¡rl over-layered with 20 ul of light mineral oil (Fisher). Each reaction

consisted of 1X Taq acliviTy buffer (Promega Biotech), 0.80 units Taq polymerase
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(Promega Biotech), 800 FM total deoxyribonucleoside-5'-triphosphates (dNTPs)

(200 HM each) (Pharmacia), 40 pmol primer, and 05 ng genomic DNA. onry one

primer and one genomic DNA sample were added to any single reaction.

A total of 35 PCR cycles were performed. The fírst cycle consisted of a two

min 94"C melting segment, a 30 sec 36oC annealing segment, and a one min T2'C

extension segment. Following the first cycle, 34 additional cycles were performed,

with each cycle consisting of a five sec g4"C melting segment, a 30 sec 36"C

annealing segment, and a one min 72"C exlension segment. Following the final

cycle, transcripts were completed with a 10 min 72oC segment followed by

incubation at 4"C. An aliquot of five ¡rl of 6X loading buffer (1.2 M sucrose, 3.7 x

10-3 M bromophenol blue dye, 1 .2 mM EDTA [Ethylenediamine-tetraacetic acid])

was added to each reaction. lf samples could not be electrophoresed immediately

they were stored at -20"C. A Gibco-BRL Horizon 20.25 gel electrophoresis

apparatus was used to perform agarose gel electrophoresis. Electrophoresis was

performed using 1.6% or 1.8% (w/v) agarose gels with a 1x rAE (TRls

[Tris(hydroxymethyl)-aminomethane]/sodium acetate/EDTA) buffer lor 270 V x h

(constant voltage). Ethidium bromide-stained gels (0.5 Fg ml-')were photographed

on an UV transilluminator.

Due to the low frequency of polymorphism detected using agarose

electrophoresis, a subset of 74 random primers previously evaluated using agarose

gel electrophoresis were evaluated using the TSGE technique reported by penner

and Betze (1994). A Bio-rad Protean ll gel electrophoresis apparatus and a
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Hoeffer gel electrophoresis apparatus were used to perform TSGE. Gels of 0.75

mm thickness were composed of 8% acrylamide (37.5:1 acrylamide:bis-

acrylamide),3.5 M urea, 20% (vlv) deionized formamide, 1x rAE buffer,0.05%

(w/v)ammonium persulfate and 0.1%(vlv) TEMED (N,N,N',N'-Tetramethylethylene-

diamine). Following electrophoresis, gels were cooled to room temperature, then

stained for 10 min in a dilute ethídium bromide stain solution (0.5 ug ml-'). The

gels were then rinsed in water for several minutes and photographed on an UV

transilluminator.

4.3.6 Marker Development

Arbitrary-sequence primers that amplified chromosome 5B sequences were

examined for linkage to the necrosis resistance gene (tsnl). Homozygous Fr-

derived F. families were identified by screening 17-25 plants from each family for

reaction to the isolate 86-124 and/or Ptr necrosis toxin. Only families in which all

plants exhibited the same reaction were used for RAPD analysis. DNA was

extracted from one plant from each homozygous Fr-derived F. family.

DNA was extracted using the method of Edwards et al. (1991). One ¡rl of

sample was added to each PCR reaction. CS, KF, and cS(KF 5B) were used as

controls. Segregation analysis, tests of the significance of linkage, determination

of LOD values, and the estimation of the recombination frequencies between

linked loci in the Fr-derived F. families were performed using the JOINMAP

computer program of Stam (1993). The map distances in centiMorgans (cM) were
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calculated using the Kosambi mapping function (Kosambi 1944).

Length of the polymorphic fragment amplified by UBC195 was determined

by excising the fragment from TSGE gels. The excised fragment was placed in

1X TE (TRIS/EDTA) buffer overnight. The fragment was reamplified utilizing 1 ¡rl

of the TE solution. The reamplified fragment was then run on a 1 .6Y" agarose gel

with lambda DNA marker as a reference for size.

4.4 Results and Discussion

CS is highly resistant to the isolate 86-124 with a reaction type of 1 or 2 and

is insensitive to Ptr necrosis toxin. KF and CS(KF 5B) are both highly susceptible

to the isolate 86-124 with a reaction type of 5 and both are sensitive to Ptr

necrosis toxin. Analysis of F,, F, and Fr-derived F. families indicated that a single,

nuclear, recessive gene governs resistance to the isolate 86-124 and Ptr necrosis

toxin in reciprocal crosses of CS/KF and CS/CS(KF 5B) (Chapter 3.). From the

CS/KF reciprocal cross, 19 Fr-derived F, families were identified as homozygous

susceptible and 19 Fr-derived Fo families were identified as homozygous resistant.

From the CS/CS(KF 5B) reciprocal cross, 13 Fr-derived F. families were identified

as homozygous susceptible and 14 Fr-derived F. families were identified as

homozygous resistant. A single plant from each of these Fr-derived F. families

was used in the linkage analysis.

ln order to identify a RAPD marker for the P. tritici-repenfis necrosis

resistance gene, random primers were screened on the genomic DNA of CS, KF,
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and CS(KF 58) (Table a.1). Of the 420 primers screened,208 successfully

amplified both CS and KF. Other researchers have encountered similar levels of

amplification when applying RAPD analysis to cereals (Shin et al. 1990; Joshi and

Nguyen 1993).

A total of 830 fragments were amplified by the 208 primers. Twenty-two

primers amplified polymorphic fragments between CS and KF, however, none were

specific to chromosome 58. The level of genomic polymorphism (ratio of the

number of polymorphisms identified/total number of primers successfully amplified)

was 10.6 percent. The homoeologous nature of wheat's three sub-genomes could

explain how amplified bands could possible co-migrate when resolved using 1.6%

agarose gels. The low levels of polymorphism resolved by agarose gel

electrophoresis necessitated the adoption of TSGE (Penner and Betze 1994). The

incorporation of an increasing temperature gradient throughout the gel run resulted

in separation of amplified fragments based both on size and nucleotide sequence

variation.

A sub-set of 74 primers was chosen from the 208 primers that successfully

amplified. The criterion for primer selection was abilíty to amplify discrete

fragments with low levels of background. TSGE significantly increased the

resolution of polymorphisms between CS and KF. Typically, there was a three-fold

increase in the number of amplification fragments resolved with TSGE as

compared to agarose gel electrophoresis. This suggested that many different

fragments co-migrate as single bands on agarose gels (Figure 4.1). This
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observation was similar to those of Dweikat et al. (1993) and Penner and Betze

(1994). Of the 74 primers evaluated, 73 resulted in amplification products,

identifying 73 genomic polymorphisms (Table 4.1). Two polymorphisms were

specific to chromosome 58 sequences. Primers UBc102 (5'GGT GGG GAc T

3') and UBC195 (5'GAT CTC AGC G 3') amplified polymorphic fragments specific

to chromosome 5B (Figure 4.2). Without the higher resolution capability of TSGE,

marker identification in hexaploid wheat would be laborious. Linkage analysis was

conducted on single plants of homozygous resistant and susceptible Fr-derived F,

families. This methodology avoided the inherent problems associated with

estimating linkage distances between a dominant marker and a recessive gene in

an F, population (Williams and Rafalski, unpublished results cited in Williams et

al. 1991). Both polymorphic fragments were shown to be linked in coupling to the

necrosis resistance gene in Chinese Spring (Figure 4.2). The diagnostic fragment

amplified by UBC195 was approximately 160 base-pairs in length and mapped

23.4 -r 5.7 cM (LOD 4.1) from the resistance locus. The diagnostic fragment

amplified by UBC102 mapped27.4-r6.9 cM (LOD 1.7) from the resistance locus.

Fragments amplified by UBC102 and UBCI 95 mappe d 4.2 -r 2.5 cM (LOD 12.8)

apart. While the LOD for the UBC102 fragment was below standard cutoff levels,

it was retained because of its known chromosome location. The summary of the

phenotypic classifications of the single plants from each Fr-derived F. family is

given in Table 4.2. Linkage data for UBC195 was based on at least two (two to

four) separate amplifications. Linkage data for UBC102 was based on one to three
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Table 4.1. Comparison between agarose gel electrophoresis and TSGE for

polymorphism identification

Electrophoretic Method

Agarose TSGE

No. of primers amplified

No. of loci amplified

No. of genomic

polymorphisms

No. of SB-specific

polymorphisms

208

-830

22

73

-880

73

2
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separate ampl¡fications. Fewer replications in scoring UBC102 was due to the

difficulty in accurately resolving the polymorphic fragment and a closely associated

monomorphic fragment. Errors in identifying the polymorphic fragment would have

contributed to the low LOD value for UBC102. Moreover, the ease with which the

polymorphism amplified by UBC195 could be identified, obviated the need for

another, less tightly linked marker.

The results obtained are similar to those of other researchers utilizing RAPD

technology for the identification of markers in wheat. Devos and Gale (1993)

suggested that RAPD analysis would not be applicable to wheat due to the lack

of polymorphism as revealed by agarose gel electrophoresis. TSGE is more

laborious than agarose gel electrophoresis, hence it will be necessary to sequence

polymorphic fragments and develop an amplicon that identifies the specific locus

using a defined pair of oligonucleotide primers (Michelmore et al. 1 992; Paran and

Michelmore 1992). A second alternative would be the identification of the

diagnostic fragment using dot-blot analysis (Penner et al. 1995). Only then would

marker-assisted selection be simple and efficient enough to be routinely used in

a plant breeding program.

The Ptr necrosis toxin was easier to apply as a selection tool than was

RAPD analysis. However, due to the dominant nature of necrosis susceptibility,

the toxin alone cannot be used to identify heterozygous loci. The identification of

two diagnostic RAPD markers linked in coupling with the P. tritici-repentis necrosis

resistance gene (tsn1) would facilitate the identification of plants that have at least
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(b)

Figure 4.1. Comparison of the electrophoretic separation of RAPD

fragments amplified by UBC195 using 1.6% (w/v) agarose

gels and TSGE. PCR reaction resolved on a (a) 1 .6% (wlv)

agarose gel (figure is enlarged 200V"), (b) TSGE. Lanes 1

and 4 KF, lanes 2 and 5 CS(KF 5B), lanes 3 and 6 CS.

Arrows indicate polymorphisms.
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(b)(a)

Figure 4.2. Electrophoretic separation using TSGE of RAPD fragments

amplified by primers (a) UBC102 and (b) UBC195 from CS,

KF, and CS(KF 5B) genomic DNA. Lanes 1 and 4 KF,lanes

2 and 5 CS(KF 5B), lanes 3 and 6 CS. The arrows indicate

chromosome 5B specific polymorphisms.
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Table 4.2 Summary of the phenotypic classifications of Fr-derived F. families
(RR = homozygous susceptible, rr = homozygous resistant, +_ = polymorphic

amplicon present, -- = polymorphic amplicon absent)

Phenotype uBc1023 uBc195

RR+-2

RR--1

rr+_t

fr--'

total

21

11

21

18

12

10

65

' Parental phenotypes
2 Recombinant phenotypes
t 3 of 65 lines were not scored with UBC102



68

one resistance allele. This would minimize the number of generations of self-

fertilization and progeny testing that would be required when conventionally back-

crossing the recessive gene into adapted cultivars.

Several genetic studies (Lamari and Bernier 1991; Duguid 1995) identified

either one or two recessive genes governing resistance to the isolate 86-124.

UBC195 could be used to determine if any of these resistance genes are the same

as fsnT identified on chromosome arm 5BL of CS (Chapter 3). Finally, because

UBC195 and UBCl 02 are specific for chromosome arm 5BL sequences, they may

be useful in linkage studies and selection for other traits located on 5BL.



5. GENERAL DISCUSSION

The ultimate aim of genetic analysis is the understanding of how different

characters are inherited. This knowledge permits an overall assessment of the

probable effects of selection on any generation or population. Genetic analysis of

the inheritance of resistance to tan spot requires that plants exhibiting resistance

and susceptibility be accurately, and precisely, scored. The development of an

effective inoculation procedure (Lamari and Bernier 1989a), identification of three

virulent pathotypes of P. tritíci-repenfis common to western Canada (Lamari and

Bernier 1989b), isolation of a host-specific toxin from necrosis-inducing isolates

(Ballance et al. 1989) and development of a five-level qualitative resistance scale

(Lamari and Bernier 1989a) have enabled accurate and consistent differentiation

between resistant and susceptible genotypes.

Genetic ratios obtained in F,, Fr, and Fr-derived F, generations of the cross

CS/KF identified a single, recessive, nuclear gene in CS that conferred high-level

resistance to the isolate 86-124. The simple inheritance of this trait will facilitate

introgression of high level genetic resistance into susceptible wheat genotypes.

Substitution analysis indicated that CS chromosomes, 58 and 7D, each

carry a resistance gene to the isolate 86-124 and Ptr necrosis toxin. However,

data from CS/KF indicated that only one gene was segregating for resistance.

Past experience has shown that the use of substitution lines, alone, for genetic

analysis has been unreliable. Various explanations have been put forward

including univalent shifts (Person 1956), background variation in the original
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monosomic line (Endo and Gill 1984), insufficient back-crosses (Berke et al. 1992)

and human error. Even though the parental seed used in this study was

developed from a single plant, it is not known whether this material is genetically

identical to the lines used to develop the aneuploid series. As a result,

confirmation of the substitution analysis results using other methods was required.

F, monosomic analysis was conducted to determine if the chromosome

designation of CS(KF 58) and CS(KF 7D) was correct. The CS monosomics used

in this study were originally obtained from the Plant Breeding lnstitute, Cambridge,

England. They have been used extensively by Dr. E. Kerber (Agriculture and Agri-

Food Canada, Winnipeg, MB) therefore, the confidence in their chromosome

designation is high. F, monosomic analysis indicated that only CS(KF 5B) was

designated correctly. This fits the observed results from the CS/KF cross that only

one gene segregates for resistance between CS and KF.

The progeny of selfed CS mono 58 and 7D plants indicated that a

resistance gene was carried on chromosome 58 only. The identification of

susceptible plants (2n=40) among the progeny of selfed CS mono 58 plants

indicated that the necrosis resistance gene (tsnl) resided on that chromosome.

Analysis of CS nulli-tetrasomics (obtained from Dr. K. Armstrong, Plant

Research centre, Agriculture and Agri-Food canada, ottawa, oN) and cs

ditelosomics (obtained from Dr. E. Kerber) inferred that the single necrosis

resistance gene to be located on chromosome arm sBL. All42 chromosome arms

of CS were screened with the exception of chromosome arms SBL and 2AS. No
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line was susceptible to the isolate 86-124 or Ptr necrosis toxin. Although

chromosome arm 2AS was not evaluated for resistance, the combined results from

the cross CS/KF, the F, monosomic analysis, the nullisomic analysis, and the

screening of various nulli-tetrasomics and ditelosomics strongly suggest that the

single resistance gene to be located on chromosome arm SBL. This study

provides evidence of the need to use several different populations to identify and

verify gene location.

Having identified chromosome arm 5BL as carrying a resistance gene to the

isolate 86-124, further characterization of the chromosome location was conducted

by determination of its linkage to the leaf rust resistance gene, Lrl8. As previously

mentioned, the characterization of disease resistance genes necessitates that

plants exhibiting resistance and susceptibility be accurately and precisely

differentiated. Often genotype by environment interactions are significant enough

that disease reaction based on single plants is unreliable. Therefore, material

must often be advanced to the F. generatíon or higher so that disease reaction

can be evaluated based on family reaction. Analysis of Fr-derived F. families of

the cross CS(KF 5B)/RL 6009 indicated thal Lrl8 and fsnl were not linked. To

precisely locate tsnl on chromosome arm SBL, linkage should be determined to

other mapped loci assigned to chromosome 58.

Phenotypic selection is often laborious, complicated, and/or expensive. The

development of a RAPD marker for tsnl would facilitate the selection of

heterozygous back-cross progeny, reducing the time required for selfing back-cross
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progeny to identify heterozygous plants. A closely linked marker would also be

useful in determining if genes identified in other genetic studies (Lamari and

Bernier 1991;Duguid 1995) are identicallo tsnl. However, the opportunity for

direct selection for resistance to the isolate 86-124 within segregating populations

will be limited. Ptr necrosis toxin screening is a cheap and simple selection

method that accurately differentiates between resistant and susceptible plants.

Also, Ptr necrosis toxin insensitivity is completely correlated with resistance to the

isolate 86-124 and could be applied to all other populations segregating for

resistance to the isolate 86-124. However, a closely linked marker could be

multiplexed with other RAPD markers to screen for various traits concurrently,

which greatly increases selection efficiency.

RAPD analysis combined with TSGE identified two primers, UBC195 and

UBC102 linked in coupling 23.4 -r 5.7 cM and 27.4 -t- 6.9 cM from tsnl,

respectively. The polymorphism amplified by UBC195 was much easier to identify

than the polymorphism identified by UBC102. Because both markers map to the

same position, PCR-amplification conditions were not optimized for UBC102.

However, the utility of pursuing condition optimization for UBC102 may lie in the

fact that it may be applicable in the cross CS(KF 5B)/RL 6009. Also, analysis of

the linkage data suggests that UBC102 may lie closer to fsnT than UBC195 due

to high numbers of double cross-overs that are required to explain some of the

data. However, the most probable explanation for this observation is that errors

occurred when interpreting electrophoretic results. Once amplification conditions
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for UBC102 have been optimized, the exact location of the RAPD may be

determined.

Several points need to be discussed concerning the application of RAPD

analysis to hexaploid wheat based on the results obtained. Moderate levels (49.5

percent) of PCR-amplification success were observed. This is most probably due

to a single standard amplification protocol used throughout the study. Several

researchers (Williams et al. 1991;Tingey et al. 1992) have shown that most

primers can be amplified when amplification conditions are optimized. However,

a prioriconsensus was that screening larger numbers of primers would be more

efficient than optimizing conditions for individual primers. The majority of primers

that supported amplification, did so in both CS and KF, and usually occurred in the

same experiment. This observation would indicate that experimental technique

was not problematic. Similar levels of amplification success were observed by

Shin et al. (1990) in barley and by Joshi and Nguyen (1993) in durum wheat.

Standard RAPD analysis usually combines PCR-amplification of DNA and

the separation of amplified fragments using agarose gel electrophoresis. Only

10.6 percent of successfully amplified primers identified a polymorphic locus

between CS and KF when utilizing this method. However, the resolution of similar

amplification products using TSGE, increased fragment resolution approximately

three-fold, with a concomitant increase in the identification of polymorphic loci.

However, TSGE is much more laborious than agarose gel electrophoresis and it

is not feasible to be used in marker-assisted selection. Therefore, linked RAPD
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fragments should be sequenced and specific primers developed (Michelmore et

al. 1992; Paran and Michelmore 1992). This should also increase the number of

segregating populations to which the marker can be applied. However, it appears

that the conversion of RAPDs to specific amplicons may be difficult in wheat due

to the homoeologous relationships among the genomes (Penner et al. 1995). Dot

blot hybridization of PCR products with labelled diagnostic fragments could

circumvent these problems (Penner et al. 1995). The decrease in resources would

facilitate its use in marker-assisted selection.

Because RAPDs are dominant in nature, heterozygous individuals cannot

be identified. A RAPD marker can only identify the allele from which it was

developed. Therefore, linkage analysis was conducted on single plants of

homozygous Fr-derived F. families for resistance to the isolate 86-124 and Ptr

necrosis toxin. This avoided the problem of trying to map a dominant RAPD

marker coupled to a recessive gene in the F, generation. Mapping efficiency is

increased when using Fr-derived F, plants as the genotype of the resistance locus

is known and recombination events can be identified.

A common criticism of RAPD analysis is that markers are usually restricted

to the population which they were developed. This was also observed in this

study. Ïhe fragmentamplified by UBC195 in CS could not be reproduced in RL

6009. Ïhe lack of cross-applicability means that another RAPD fragment linked

to fsnl will have to be generated specifically for the CS(KF sB)/RL 6009 cross.

Unsuccessful attempts were made to determine if UBC102 could be applied to the
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same population. Amplification patterns obtained with UBC102 could not be

repeated on agarose gels. Several explanations including that the DNA lag

polymerase activity had decreased or that the primer had degraded could explain

the results.

An advantage of RAPD analysis is that it does not require high quality or

large quantities of DNA. This enables quick and simple DNA extraction protocols

(Edwards et al. 1991)to be utilized, facilitating the application of this technology

to marker-assisted selection. However it was observed that wheat DNA extracted

by the method of Edwards et al. (1991) rapidly degraded when stored at 4"C. This

necessitated that leaf tissue be collected, the DNA extracted, and RAPD analysis

be performed within 48 h. Although high quality DNA has been touted as not

essential to PCR-amplification success, it was observed that amplification of DNA

was most successful and repeatable if DNA was extracted from young, vigorously

growing tissue.

Although the linkage between fsnT and UBC195 or UBC102 is loose, the

identification of two RAPD primers that amplify chromosome 58 sequences is of

great value when developing a linkage map that can be applied to map-based

selection. As this study was undertaken with no knowledge of primers that were

specific to chromosome 58, 460 random primers were analyzed. However, once

a saturated linkage map exists in wheat, the inefficiencies of random primer

selection can be eliminated. Then, once a trait has been identified to a specific

chromosome, a sample of markers approximahely 20 cM apart could be selected
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and tested for linkage to the trait of interest. When linked markers are identified,

closer markers can be tested until the precise location of the trait has been

identified. Herein lies the great utility of saturated linkage maps and their

application towards map-based selection strategies.

Both conventional and aneuploid methods were used to characterize a

single, recessive, nuclear resistance gene, tsnl,lo the P. tritici-repenfis necrosis-

inducing isolate 86-124 to chromosome arm SBL in CS. This study reiterated the

fact that gene location studies should not be based on individual methods. The

more chromosome location studies that are conducted utilizing different

populations, the stronger the final conclusions will be. Continued research should

be conducted to explain the incorrect designation of CS(KF 7D). RAPD analysis

combined with TSGE identified two fragments, amplified by UBC102 and UBC195,

loosely linked in coupling to fsnl. The development of a saturated linkage map

in wheat will facilitate mapping of genetic loci in the future.



6. LIST OF REFERENCES 77

Adee' E'A' and. Pfender, w'F. 1989. The effect of primary inoculum tevel of
'r{r"t:i:f:å nl''iZ,'" li !!:;r r* tan .pot 

- 

"piJe 
m ic oéu. iå p,äit ¡n wh eat.

Ainsworth, G.c., sparrow, F.K.. and sussman, Â.s. 1g73. The Fungi. vor.lvA' A Taxonomic Revie* *itn reys. Ë;äilä press. rv", väri,. 621 pp.
Batance, G.M., Lamari, L. and Bernier, c.c. 1ggg. purification and
Ëli:ï,Till1]' Ë[î1Ë1; :¡: 5j] t¿:*$ ;i i ni.' p v r e n o p h o r i i r i t i c i r e p e n t i s

Barua' u'M'' charmers, K.J., Hackett, c.A., Thomas, w.T.B., power, w. andIiiÏfll;'it,l:::,.:i:',i' i:in Í,I¡iÞ ;L*åi' r¡nr':9 r" 1 R|vnchosporiu m
analysis. urrài¡iv 

"]\i. ".,'ií'i;{."'nn near-isogenic lines and bulkeo ."drcgãni

Beckmann, J.s. and so[er, M. 1gg3. Restriction frag.ment length porymorphisms
ä;:rff_lrrimprovement: 

merhodorosies,;;p;¡;; änd costs. rheor. Appr. Genet.

Benito, c. and perez de ra vega, M. 1g7g. The chromosome tocation ofperoxidase isozymes of the wheaikerners. rn"or. Appr. Genet. 55: 73_76.
Berke, T.G., Baenzinger, p.s. and Morris, R. 1gg2. chromosomar rocations ofwheat quantitative traiiloci afrecting agronomìc performance of seven traits usingreciprocar chromosome substitutions. crop sci. 32: 621_627.
Bockus' w'w' and claassen, lll.M. rgg2. Effects.of crop rotation and residue
iriãffi:enr 

practices on severity of tan .p.t 
"i*inter wheat. prant Dis. 76:

Botstein, D., white, R.L., skornic-k, M. llo Davis, R.w. 1gg0. construction of
i f : I : lii H 

-åH 
Jl " å ;l i,ï rî,ï d ;;;t; .i' ;.- iii'' 

" 
n, r e n s rh pã rv i o.p r, is m s

Brown' D'A' and Hunger, R.M. 1gg3. production of a chrorosis-inducing, host_specific' low-molecutaiwéigni iotin by isoratei ot-eyr"nophora tritici-repentis,cause of tan spot of wheat. J. phytopathol. 3Z: 221_2g2.

caetano'Anoiles, G..,.. Bassam, B.J. and Gresshoff, p.M. 1gg1. DNA
3i:iJü';iï,fl1'å?'!3lg;oi;l;"tesv ror s"noÃ-, 

"narysis 
pranì n¡orecurar



78

Chao, S., Sharp, P.J., Worl, 4.J., Warnam, E.J., Koebner, R.M.D. and Gale,
M.D. 1989. RFlP-based genetic maps of wheat homoeologous group 7
chromosomes. Theor. Appl. Genet. 78: 495-504.

Chenicek, K.J.and Hart, G.E. 1987. ldentification and chromosomal locations
of aconitase gene loci in Triticeae species. Theor. Appl. Genet. 74: 261-268.

Cox, D.J. and Hosford, R.M. 1987. Resistant winter wheats compared at
differing growth stages and leaf positions for tan spot severity. Plant Dis. 71:
883-886.

Demeke, T., Kawchuk, L.M. and Lynch, D.R. 1993. ldentification of potato
cultivars and clonal variants by random amplified polymorphic DNA analysis. Am.
Potato J. 7O: 561-570.

Deshpande, U.S. 1993. Effects and mechanism of action of Ptr (Pyrenophora
tritici-repenfis) necrosis toxin on wheat. M.Sc. Thesis. The University of Manitoba,
Winnipeg, MB. 118 pp.

Devos, K.M. and Gale, M.D. 1992. The use of random amplified polymorphic
DNA markers in wheat. Theor. Appl. Genet. 84: 567-572.

Devos, K. and Gale, M. 1993. The genetic maps of wheat and their potential in
plant breeding. Outlook on Agriculture 22: 93-99.

Duguid, S.D. 1995. Genetics of Resistance to Pyrenophora tritici-repentis in
Hexaploid Wheat (Triticum aestivum L.). Ph.D Thesis. University of Manitoba,
Winnipeg, MB. 132 pp.

Dushnicky, L.G. 1993. A microscopy study of the infection process of
Pyrenophora tritici-repentís in susceptible and resistant wheat cultivars. MSc.
Thesis. University of Manitoba, Winnipeg, MB. 150 pp.

Dweikat, 1., Mackenzie, S., Levy, M. and Ohm, H. 1993. Pedigree assessment
using RAPD-DGGE in cereal crop species. Theor. Appl. Genet. 85: 497-505.

Dyck, P.L. and Kerber, E.R. 1971 . Chromosome location of three genes for leaf
rust resistance in common wheat. Can. J. Genet. Cytogen. 13: 480-483.

Dyck, P.L. and Kerber, E.R. 1977. lnheritance of leaf rust resistance in wheat
cultivars Rafaela and EAP 26127 and chromosomal location of gene Lr17. Can.
J. Genet. Cytogen. 19: 355-358.



79

Edwards, K., Johnstone, C. and Thompso[, C. 1991. A simple and rapid
method for the preparation of plant genomic DNA for PCR analysis. Nucleic Acids
Res. 19: 1349.

Elias, E., Cantrell, R.G. and Hosford, R.M. 1989. Heritability of resistance to tan
spot in durum wheat and its association with other agronomic traits. Crop Sci. 29:
299-304.

Endo, T.R. and G¡ll, B.S. 1984. Somatic karyotype, heterochromatin distribution,
and nature of chromosome differentiation in common wheat, Triticum aestivum L.

em. Thell. Chromosoma 89: 361-369.

Fehr, W.R. 1987. Principles of Cultivar Development; Theory and Technique.
Vol. 1. Macmillan Publishing Company, New York. 387 pp.

Flavell, R.8., Bennett, M.D., Smith, J.B. and Smith, D.B. 1974. Genome size
and the proportion of repeated nucleotide sequence DNA in plants. Biochemical
Genetics 12: 257-269.

Flavell, R.B. and Smith, D.B. 1976. Nucleotide sequence organisation in the
wheat genome. Heredity 37: 231-252.

Furuta, Y., Nishikawa, K. and Shimokawa, K. 1988. Relative DNA content of
the individualtelocentric chromosomes in Chinese Spring Wheat. ln: Proc. 7th lnt.
Wheat Genet. Symp. Miller, T.E. and Koebner, R.M.D. (eds.). Cambridge,
England. pp. 281-286.

Gale, M.D., Sharp, P.J., Chao, S. and Law, C.N. 1989. Applications of genetic
markers in cytogenetic manipulation of the wheat genomes. Genome 31: 137-
142.

Giovannoni, J.J., Wing, R.4., Ganal, M.W. and Tanksley, S.D. 1991. lsolation
of molecular markers from specific chromosomal intervals using DNA pools from
existing mapping populations. Nucleic Acids Res. 19: 6553-6558.

Guthrie, P.A.l., Magill, C.W., Frederiksen, R.A. and Odvody, G.N. 1992.
Random amplified polymorphic DNA markers: a system for identifying and
differentiating isolates of Colletotrichum graminicola. Phytopathology 82: 832-
835.

He, S., Ohm, H. and Mackenziê, S. 1992. Detection of DNA sequence
polymorphisms among wheat varieties. Theor. Appl. Genet. 84: 573-578.



80

Hosford, R.M. 1972. Propagules oÍ Pyrenophora trichostoma. Phytopathology
62: 627-629.

Hosford, R.M. 1982. Tan spot. ln: Tan Spot of Wheat and Related Diseases.
Hosford, R.M. (ed.), North Dakota State Univ., Fargo, ND, pp. 1-24.

Hosford, R.M. and Busch, R.H. 1974. Losses in wheat caused by Pyrenophora
trichostoma and Leptosphaeria avenara f.sp. triticea. Phytopathology 64: 184-
187.

Hosford, R.M. and Morrall, R.A.A. 1975. The epidemiology of leaf spot disease
in native prairie. L The progression of disease with time. Can. J. Bot. 53: 1040-
1 050.

Hosford, R.M., Latez, C.R. and Hammond, J.J. 1987. lnteraction of wet period
and temperature on Pyrenophora tritici-repenfis infection and development in
wheats of differing resistance. Phytopathology 77: 1021-1027.

Huber, D.M., Lee, T.S., Ross, M.A. and Abney, T.S. 1987. Amelioration of tan
spot-infected wheat with nitrogen. Plant Dis. 71: 49-50.

J¡, L.H. and Langridge, P. 1990. The genetic control of Chromosome pairing in
wheat. Aust. J. Plant Physiol. 17: 239-251.

Joshi, C.P. and Nguyen, H.T. 1993. Application of the random amplified
polymorphic DNA techniques for the detection of polymorphism among wild and
cultivated tetraploid wheats. Genome 36: 902-609

Kam-Morgan, L.N.W. and G¡ll, B.S. 1989. DNA restriction fragment length
polymorphisms: a strategy for genetic mapping of D genome of wheat. Genome
32: 724-732.

Kemp, G.H.J., Pretorius,Z.A. and Van Jaarsveldt, M. 1990. The occurrence
of Pyrenophora tritici-repenfis on wheat debris in the Eastern Orange Free State.
Phytophylactica 22: 363-364.

Kerber, E.R. and Dyck, P.L. 1973. lnheritance of stem rust resistance
transferred from diploid wheat (Triticum monococcum) to tetraploid and hexaploid
wheat and chromosome location of the gene involved. Can. J. Genet. Cytol. 15:
397-409.



81

Kesseli, R.V., Paran, l. and Michelmore, R.W. 1992. Efficient mapping of
specifically targeted genomic regions and the tagging of these regions with reliable
PCR-based genetic markers. ln: Applications or RAPD Technology to Plant
Breeding. CSA-ASHS-AGA. pp. 31-36.

Kimber, G. and Sears, E.R. 1987. Evolution of the genus Tríticum and the origin
of cultivated wheat. ln: Wheat and Wheat lmprovement. Ed. E.G. Heyne (ed.).
ASA-CSSA-SSSA. Madison, Wisconsin. pp. 154-164.

Kleinhofs, 4., Kiliatr, 4., Saghai Maroof, M.4., Biyashev, R.M., Hayes, P.,
Chen, F.Q., Lapitan, N., Fenwick, 4., BIake, T., Kanazin, V., Ananiev, E.,
Dahleen, L., Kudrnã,Ð., Bollinger, J., Knapp, S.J., Liu,8., Sorrells, M., Heun,
M., Franckowiak, J.D., Hoffman, D., Skadsen, Fl. and Steffenson, B.J. 1993.
A molecular, isozyme and morphological map of the barley (Hordeum vulgare)
genome. Theor. Appl. Genet. 86: 705-712.

Koebner, R.M.D. and Shepherd, K.W. 1982. Shikimate dehydrogenase - a
biochemical marker for group 5 chromosomes in the Tritineae. Genet. Res.,
Camb. 41: 209-213.

Koebner, R.M.D., Miller, T.E., Snape, J.W. and Law, C.N. 1988. Wheat
endopeptidase: genetic control, polymorphism, intrachromasomal gene location,
and alien variation. Genome 30: 186-192.

Kosambi, D.D. 1944. The estimation of map distances from recombination
values. Ann. Eugen. 12: 172-175.

Krupinsky, J.M. 1982. Observation on the host range of isolates oÍ Pyrenophora
trichostoma. Can. J. Plant Pathol. 4: 42-46.

Krupinsky, J.M. 1987. Pathogenicity on wheat of Pyrenophora tritici-repentis
isolated from Bromus inermis. Phytopathology 77: 760-765.

Krupinsky, J.M. 1992. Grass hosts of Pyrenophoratriticí-repentis. Plant Dis.
76: 92-95.

Kuspira, J. and Unrau, J. 1957. Genetic analyses of certain characters in
common wheat using whole chromosome substitution lines. Can. J. Plant Sci. 37:
300-326.

Lamari, L., Ballance, G.M., Orolaza, N.P. and Kowatsch, R. 1995. ln planta
production and antibody neutralization of the Ptr Necrosis toxin from Pyrrenophora
tritici-repentis. Phytopathology. 85: 333-338.



82

Lamari, L. and Bernier, C.C. 1989a. Evaluation of wheat for reaction to tan spot
(Pyrenophora tritici-repentis) based on lesion type. Can. J. Plant Pathol. 11: 49-
56.

Lamari, L. and Bernier, C.C, 1989b. Virulence of isolates of Pyrenophora tríticí-
repentis on 11 wheat cultivars and cytology of the differential host reactions. Can.
J. Plant Pathol. 11: 284-290.

Lamari, L. and Bernier, C.C. 1989c. Toxin of Pyrenophoratritici-repenfis: host-
specificity, significance in disease, and inheritance of host reaction.
Phytopathology 79: 740-744.

Lamari, L. and Bernier, C.C. 1991. Genetics of tan necrosis and extensive
chlorosis in tan spot of wheat caused by Pyrenophora tritici-repentis.
Phytopathology 81: 1092-1095.

Lamari, L., Bernier, C.C. and Ballance, G.M. 1992. The necrosis-chlorosis
model in tan spot of wheat. ln: Advances in Tan Spot Research. L.J. Francl,
J.M. Krupinsky, M.P. McMullen (eds.). North Dakota State University, Fargo. pp.

10-15.

Lamari, L., Bernier, C.C. and Smith, R.B. 1991. Wheat genotypes that develop
both tan necrosis and extensive chlorosis in response to isolates of Pyrenophora
tritici-repentis. Plant Disease 75: 121-122.

Lamari, L., Sayoud, R., Boulif, M. and Bernier, C.C, 1995. ldentification of a
new race in Pyrenophora tritici-repenfis: implications for the current pathotype
classification system. Can. J. Plant Pathol. (ln press).

Larez, C.R., Hosford, R.M. and Freeman, T.P. 1986. lnfection of wheat and
oats by Pyrenophora tritici-repentis and initial characterization of resistance.
Phytopathology 76: 931-938.

Law, C.N., Snape, J.W. and Worland, A.J. 1983. Quantititive genetic studies in
wheat. ln: Proc. 6th lnt. Wheat Genet. Sym. Kyota, Japan. pp. 539-547.

Law, C.N., Snape, J.W. and Worland, A.J. 1987. Aneuploidy in wheat and its
uses in genetic analysis. ln: Wheat Breeding-lts Scientific Basis. Lupton, F.G.H.
(ed.). Chapman and Hall Ltd. New York. pp. 71-108.

Lee, T.S. and Gough, F.J. 1984. lnheritance of Sepforialeaf blotch (5. tr¡ticí)
and Pyrenophora tan spot (P. tritici-repentis) resistance in Triticum aestivum cv.
Carifen 12. Plant Disease 68: 848-851.



83

Little, T.M. and Hills, F.J. 1977. Agricultural experimentation-design and
analysis. John Wiley and Sons. Toronto. pp. 355.

Liu, Y.G. and Tsunewaki, K. 1991. Restriction fragment length polymorphism
(RFLP) analysis in wheat. ll. Linkage maps of the RFLP sites in common wheat.
Jpn. J. Genet. 66: 617-633.

Luz, W.C. and Bergstrom, G.C. 1987. lnteraction between Cochliobolus satívus
and Pyrenophora tritici-repenfis on wheat leaves. Phytopathology 77: 1355-1360.

Luz, W.C. and Hosford, R.M. 1980. Twelve Pyrenophora trichostoma races for
virulence to wheat in the central plains of North America. Phytopathology 70:
1193-1196.

Manitoba Agriculture. 1995. Guide to Crop Protection 1995 - Weeds, Plant
Diseases, lnsects. Manitoba Agriculture.

Martin, G.B., Williams, J.G.K. and Tanksley, S.D. 1991. Rapid identification of
markers linked to a Pseudomonas resistance gene ín tomato by using random
primers and near-isogenic lines. Proc. Natl. Acad. Scí. U.S.A. 88: 9828-9838.

May, G.E. and Appels, R. 1987. The molecular genetics of wheat: toward an
understanding of 16 billion base pairs of DNA. ln: Wheat and Wheat
lmprovement. E.C. Heyne (ed.). ASA-CSSA-SSSA. Madison, Wisconsin. pp.
1 65-1 98.

McCouch, S.R.,Kochert, G., Yu,2.H., Wang,Z.Y. Khush, G.S., Coffman, W.R.
and Tanksley, S.D. 1988. Molecular mapping of rice chromosomes. Theor.
Appl. Genet. 76: 815-829.

Mclntosh, R.A. 1983. Genetic and cytogenetic studies involving Lr18 lor
resistance To Puccina recondita. Proc. 6th lnt. Wheat Gen. Symp. Kyoto, Japan.
pp. 777-783.

Mclntosh, R.A. 1987. Gene Location and Gene Mapping in Hexaploid Wheat.
pp. 269-287. ln: Wheat and Wheat lmprovement. E.C. Heyne. (ed.). ASA-
CSSA-SSSA. Madison, Wisconsin.

Mclntosh, R.A. 1988. Catalogue of gene symbols for wheat. Proc. 7th lnt.
Wheat Gen. Symp. Cambridge, England. pp. 1225-1323.

McMillin, D.E, Allan, R.E. and Roberts, D.E. 1986. Association of an isozyme
locus and strawbreaker foot rot resistance derived from Aegilops ventricosa in
wheat. Theor. Appl.Genet. 72: 743-747.



84

Michelmore, R.W., Kesseli, R.V., Francis, D.M., Paran, 1., Fortin, M.G. and
Yang, C.H. 1992. Strategies for cloning plant disease resistance genes.
Molecular Plant Pathology 2. A Practical Approach. Oxford University Press,
Oxford, U.K.

Michelmore, R.W., Paran, l. and Kesseli, R.V. 1991. ldentification of markers
linked to disease-resistance genes by bulked segregant analysis. A rapid method
to detect markers in specific genomic regions by using segregating populations.
Proc. Natl. Acad. Sci. 88: 9828-9832.

Miklas, P.N., Stavely, J.R. and Kelly, J.D. 1993. ldentification and potential use
of a molecular marker for rust resistance in common bean. Theor. Appl. Genet.
85: 745-749.

Moore, G., Gale, M.D., Kurata, N. and Flavell, R.B. 1993. Molecular analysis
of small grain cereal genomes: currentstatus and prospects. Bio. Tech. 11: 584-
589.

Morrall, R.A.A. and Howard, H.J. 1975. The epidemiology of leaf spot disease
in a native prairie. ll. Airborne spore populations of Pyrenophora tritíci-repentis.
Can. J. Bot. 53: 2345-2353.

Nagle, 8.J., Frohberg, R.C. and Hosford, R.M. 1982. lnheritance of resistance
to tan spot of wheat. ln: Tan Spot of Wheat and Related Diseases Workshop.
R.M. Hosford (ed.). North Dakota State Univ. Fargo, ND. pp. 40-45.

Odvody, G.W., Boosalis, M.G. and Watkins, J.E. 1982. Development of
pseudothecia during progressive colonization of wheat straw by Pyrenophora
trichostoma. ln: ïan Spot of Wheat and Related Disease Workshop. R.M.
Hosford (ed.). North Dakota State Univ. Fargo, ND. pp. 33-35.

Orolaza, N.P., Lamari, L. and Ballance, G.M. 1995. Evidence of race-specific
chlorosis toxin from pathotype 3 of Pyrenophora tritici-repenfis, the causal agent
of tan spot of wheat. Phytopathology (ln press).

Paran, 1., Kesseli, R. and Michelmore, R. 1991. ldentification of restriction
fragment length polymorphism and random amplified polymorphic DNA markers
linked to downey mildew resistance genes ín lettuce, using near-isogenic lines.
Genome. 34: 1021-1027.

Paran, l. and Michelmore, R.M. 1992. Development of reliable PCR-based
markers linked to downy mildew resistance genes in lettuce. Theor. Appl. Genet.
83: 985-993.



85

Penner, G.A. and Betze, L.J. 1994. lncreased detection of polymorphism among
randomly amplified wheat DNA fragments using a modífied temperature sweep gel
electrophoresis (TSGE) technique. NucleicAcids Res. 22: 1780-178i.

Penner, G.4., Bush,4., Wise, R., Kim, W., Domier, L., Kasha, K., Larochê,4.,
scoles, G., Molnar, s.J. and Fedak, G. 1993a. Reproducibility of random
amplified polymorphic DNA (RAPD) analysis among laboratories. PCR Methods
and Applications 2: 341-345.

Penner, G., Chong, J., Levesque, M., Molnar, S. and Fedak, G. lgggb.
ldentification of a RAPD marker linked to the oat stem rust gene Pg3. Theor.
Appl. Genet. 85: 706-712.

Penner, G.4., Chong, J., Wight, C.P., Molnar, S.J. and Fedak, G. 1g93c.
ldentification of a RAPD marker for the crown rust resistance gene Pc68 in oats.
Genome. 36: 818-820.

Penner, G.4., Lee, S.J., Bezte, L.J. and Ugali, E. 1995. Rapid RAPD screening
of plant DNA using dot blot hybridization. Molecular Breeding (ln press).

Person, C. 1956. Some aspects of monosomic wheat breeding. Can. J. Bot.
34: 60-70.

Pfender, W.F. 1988. Suppression of ascocarp formation in Pyrenophora tritíci-
repentisby Limonomyces roseipellis, a basidiomycete from reduced-tillage wheat
straw. Phytopathology 78:. 1254-1258.

Pfender, W.F., Pacey, G.A. and Zhang, W. lgBB. Saprophytic growth and
pseudothecia production by Pyrenophora tritici-repentis in plant tissue held at
controlled water potentials. Phytopathology 78: 1Z0S-1210.

Platt, H.w. and Morrall, R.A.A. 1980. Effects of windspeed and humidity on
conidium liberation o1 Pyrenophoratritici-repenfis. Can. J. Plant Pathol. 2: 58-64.

Platz, G.J. and Rees, R.G. 1989. Yellow spot of wheat: a conservation cropping
dilemma. Queensland Agricultural Journal 115: 284-186.

Poehlman, J.M.and sleper, D.A. 1995. Breeding Field crops. 4th ed. lowa
State University Press, Ames, lowa. pp. 494.

Rafalski, J.4., Tingey, s.v. and williams, J.G.K. 1991. RApD markers - a new
technology for genetic mapping and plant breeding. AgBiotech News lnfo. B:
645-648.



86

Ranjekar, P.K., Pallotta, D. and Lafontaine, J.G. 1976. Analysis of the genome
of plants. ll. chracterisation of repetitive DNA in barley (Hordeum vulgare) and
wheat (Triticum aestivum). Biochem. Biophys. Acta 425: 30-40.

Raymond, P.J., Bockus, W.W. and Norman, B.L. 1985. Tan spot of winter
wheat: procedures to determine host response. Phytopathology 75: 686-690.

Rees, R.G. 1982. Yellow spot, an important problem in the north-eastern wheat
areas of Australia. ln: Tan Spot of Wheat and Related Diseases Workshop. R.M.
Hosford (ed). North Dakato State University, Fargo, ND. pp. 68-70.

Rees, R.G., Mayer, R.J. and Plalz, G.J. 1981 . Yield losses in wheat from yellow
spot: a disease-loss relationship derived from single tillers. Aust. J. Agric. Res.
32: 851-859.

Rees, R.G. and Platz, G.J. 1979. The occurrence and control of yellow spot of
wheat in North Eastern Australia. Aust. J. Exp. Agric. Anim. Husb. 19: 369-372.

Rees, R.G. and Platz, G.J. 1980. The epidemiology of yellow spot of wheat in

southern Queensland. Aust. J. Agric. Res. 31: 259-267.

Rees, R.G. and Platz, G.J. 1992. Tan spot and its control - some Australian
experiences. ln: Proc. 2nd lntl. Tan Spot Workshop, Francl, L.J., Krupinsky, J.M.,
and Mcmullen, M.P. (eds.). North Dakota State Univ., Fargo, ND. pp. 1-9.

Rees, R.G., Plalz, G.J. and Mayer, H.J. 1982. Yield losses in wheat from yellow
spot: comparison of estimates derived from single tillers and plots. Aust. J. Agric.
Res. 33: 899-908.

Reiter, R.S., W¡lliams, J., Feldmann, K., Rafalski, J.A., Tingey, S.V. and
Scolnik, P. 1992. Global and local genome mapping in Arabidopsis thalianaby
using recombinant inbred lines and random amplified polymorphic DNAs. Proc.
Natl. Acad. sci. USA. 89: 1477-1481.

Riaz, M., Bockus, W.W. and Davis, M.A. 1991. Effects of wheat genotype, time
after inoculation, and leaf age on conidia production by Drechslera tritici-repentis.
Phytopathology 80: 84-90.

Riley, R. and Chapman, V. 1958. Genetic control of the cytologically diploid
behaviour of hexaploid wheat. Nature 182: 713-15

Quiros, C.F., Hu, J., This, P., Chevre, A.M. and Delseny, M. 1991.
Development and chromosomal localization of genome-specific markers by
polymerase chain reaction in Brassica. Theor. Appl. Genet. 82: 627-632.



87

Saiki, R.K., Gelfand, D,H., Stoffel, S., Scharf, S.J., Higurchi, R., Horn, G.T.,
Mullis, K.B. and Erlich, K.A. 1988. Enzymatic amplification of ß-globin genomic
sequences and restriction site analysis for the diagnostics of sickle cell anaemia.
Science 239: 487-491.

Sanghi, A.K. and Baker, E.P. 1974. Monosomic analysis of genes conditioning
stem rust resistance in two common wheat cultivars. Can. J. Genet. Cytogen. 16:
281-284.

Scheffer, H.P. 1983. Toxins as chemical determinants of plant disease. ln:
Toxins and Plant Pathogenesis. J.M. Daly and B.J. Deverall (eds.). Academic
Press Australia, Australia. pp. 1-40.

Schilder, A.M.C. and Bergstrom, G.C. 1993. The dispersal of conidia and
ascospores of Pyrenophora tritici-repenfis. ln: Proc. lnt. Tan Spot Workshop, 2nd.
L.J. Francl, J.M. Krupinsky, and M.P. McMullen (eds.). North Dakota State
University, Fargo, ND. pp. 56-60.

Schuh, W. 1990. The influence of tillage systems on incidence and spatial
pattern of tan spot of wheat. Phytopathology 80: 804-807.

Schulz-Schaeffer, J. 1985. Cytogenetics - plants, animals, humans. Springer-
Verlag. New York. 446 pp.

Sears, E.R. 1953. Nullisomic analysis in common wheat. Am. Naturalist 87:
245-253.

Sears, E.R. 1954. The aneuploids of common wheat. Missouri Agricultural
Experimental Station Research bulletin 572. pp. 1-59.

Sears, E.H. 1969. Wheat cytogenetics. Ann. Rev. Genet. 3: 451-468.

Shabeer, A. and Bockus, W.W. 1988. Tan spot effects on yield and yield
components relative to growth stage in winter wheat. Plant Dis. 72: 599-602.

Sharp, E.L., Sally, B.K. and McNeal, F.H. 1976. Effect of Pyrenophora wheat
leaf blight on the thousand kernel weight of 30 spring wheat cultivars. Plant Dis.
Rep. 60: 135-138.

Shin, J.S., Chao, S., Corpuz,L. and Blake, T. 1990. A partial map of the barley
genome incorporating restriction fragment length polymorphism, polymerase chain
reaction, isozyme and morphological marker loci. Genome. 33: 803-810.

Shoemaker, R.A. 1962. Drechslera íto. Can. J. Bot. 37: 870-887.



88

Singh, R.P. and Mclntosh, R.A. 1984. Complementary genes for reaction to
Puccinia recondita tritici in Triticum aestivum. l. Genetic and linkage studies.
Can. J. Genet. Cytol. 26: 723-735.

Smith, D.B. and Flavell, R.B. 1975. Characterisation of the wheat genome by
renaturation kinetics. Chromosoma 50: 223-242.

Sorrells, M.E. 1992. Development and application of RFLPs in polyploids. Crop
Sci. 21: 1086-1091.

Stakman, E.C., Stewart, D.M, and Loegering, W.Q. 1962. ldentification of
physiological races of Puccinia graminisvar. tritici. USDA Agri. Res. Ser. E617.

Stam, P. 1993. Construction of integrated genetic linkage maps by means of a
new computer package: JoinMap. The Plant Journal. 3: 739-744.

Strickberber, M.W. 1985. Probability and statistical testing. ln: Genetics,3rd.
ed. Macmillan Publíshíng Company, New York. pp. 126-146.

Summerell, B.A. and Burgess, L.W. 1988. Saprophytic colonization of wheat
and barley by Pyrenophora tritici-repenfis in the field. Trans. Br. mycol. Soc. 90:
551-556.

Summerell, B.A. and Burgess, L.W. 1989a. Factors influencing survival of
Pyrenophora tritici-repentis: stubble management. Mycol. Res. 93: 38-40.

Summerell, B.A. and Burgess, L.W. 1989b. Factors influencing survival of
Pyrenophoratritici-repentis:waterpotentialandtemperature. Mycol. Res. 93: 41-
45.

Sykes, E.E. and Bernier, C.C. 1991. Qualitative inheritance of tan spot
resistance in hexaploid, tetraploid, and diploid wheat. Can. J. Plant Pathol. 13:
38-44.

Tekauz, A. 1976. Distribution, severity, and relative importance of leaf spot
diseases of wheat in western Canada in 1974. Can. Plant Dis. Serv. 56: 36-40.

Tekauz, 4., Platford, R.G. and English, N.C. 1982. Tan spot of wheat. ln
Technical and Scientific Papers. Proc. of Manitoba Agron. Ann. Conf. pp. 60-65.

Timmerman, G.M, Frew, T.J., Weeden, N.F., Miller, A.L. and Goulden, D.S.
1995. Linkage mapping of er, a recessive Pisum sativum gene for resistance to
powdery mildew fungus (Erisyphe pisí). Theor. Appl. Genet. (ln press).



89

Tingey, S.V., Rafalski, J.A. and Williams, J.G.K. 1992. Genetic analysis with
RAPD markers. ln: Applications or RAPD Technology to Plant Breeding. CSA-
ASHS-AGA. pp. 3-8.

Tomas, A. and Bockus, W.W. 1987. Cultivar-specific toxicity of culture filtrates
of Pyrenophora trítici-repentis. Phytopathology 77: 1337-1340.

Tomas, 4., Feng, G.H., Reeck, G.R., Bockus, W.W. and Leach, J.E. 1990.
Purification of a cultivar-specific toxin from Pyrenophora tritici-repentis, causal
agent of tan spot of wheat. Molecular Plant-Microbe lnteractions 3: 221-224.

Unrau, J. 1958. Genetic analysis of wheat chromosomes. l. Description of
proposed methods. Can. J. Plant Sci. 38: 415-418.

Unrau, J., Persotr, C. and Kuspira, J. 1956. Chromosome substitution in
hexaploid wheat. Can. J. Bot. 34: 629-640.

Vanterpool, T.C. 1963. Pink and smudge-pink discoloration of wheat seed
associated with the yellow leaf spot disease (Drechslera tritici-repentis). Proc.
Can. Phytopathol. Soc. 30: 19-20.

Vierling, R.A. and Nguyen, H.T. 1992. Use of RAPD markers to determine the
genetic diversity of diploid, wheat genotypes. Theor. Appl. Genet. 84: 835-838.

Wall,4.M., Riley, R. and Gale, M.D. 1971. The position of a locus on
chromosome 58 of Triticum aestivum affecting homoeologous meiotic pairing.
Genet. Res. 18: 329-339.

Welsh, J. and McClelland, M. 1990. Fingerprinting genomes using PCR with
arbitrary primers. Nucleic Acids Res. 189: 7213-7218.

Wiese, M.V. 1987. Tan spot. ln. Compendium of Wheat Diseases. American
Phytopathology Society Press. St. Paul, Minn. pp.42-46.

Wilkie S.E., lsaac, P.G. and Slater, R.J. 1993. Random amplified polymorphic
DNA (RAPD) markers for genetic analysis in Allium. Theor. Appl. Genet. 86:
497-504.

Williams, J.G.K. , Kubelik, 4.R., Livak, K.J., Rafalski, J.A. and Tingey, S.V.
1990. DNA polymorphisms amplified by arbitrary primers are useful as genetic
markers. NucleicAcids Res. 18: 6531-6535.

Williams, J.G.K. and Kubel¡k, A.R. 1991. Genetic analysis with RAPD markers.
ln: More Genetic Manipulations in Fungi. pp 431-439.



90

Wright, K.H. and Sutton, J.C. 1990. lnoculation of Pyrenophora tritici-repentis
in relation to epidemics of tan spot of winter wheat in Ontario. Can. J. Plant
Pathol. 12: 149-157.

Yen, Y. and Baenzinger, P.S. 1992. A better way to construct recombinant
chromosome lines and their controls. Genome 35: 827-830.

Young, N.D.,7amir, D., Ganal, M.W. and Tanksley, S.D. 1988. Use of isogenic
lines and simultaneous probing to identify DNA markers tightly linked to the Tm-2a
gene. Genetics. 12O: 579-585.

Yu, K.F., Van deynze, A. and Pauls, K.P. 1993. Random amplified polymorphic
DNA (RAPD) analysis. ln: Methods in Plant Molecular Biology and Biotechnology.
pp 287-301.



91

7. APPENDIX

Appendix 7.1. Description of lesion types in response to Pathotype 2 isolates of

the pathogen Pyrenophora tritici-repenfis after Lamari and Bernier (1989a)

Lesion Type Description

2

Resistant: small dark brown to black spots without any

surrounding tan necrosis

Moderately resistant: small dark brown to black spots with very

little tan necrosis

Moderately susceptible: small dark brown to black spots

completely surrounded by a distinct tan necrotic ring; lesions

generally not coalescing

Susceptible: small dark brown or black spots completely

surrounded with tan necrotic zones; some of the lesions

coalescing

Highly susceptible: the dark brown or black centres may or may

not be distinguishable; most lesions consist of coalescing

chlorotic or tan necrotic zones.

4

5

Adapted from Lamari and Bernier, 1989a
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Appendix 7.2. Description of infection types rated in the greenhouse in response

to the pathogen Puccinia reconditaf .sp. triticiafter Stakman et al. (1962).

lnfection Type Description

2

3

4

X

lmmune: no rust pustules, no macroscopic symptoms

Nearly immune: no rust pustules, occasional small flecks of

dead tissue

Very resistant: extremely small rust pustules surrounded by

necrotic tissue

Moderately resistant: small to medium pustules with necrotic

ring, green island

Moderately susceptible: medium sized elongated pustules

without necrotic tissue

Very susceptible: large pustules, elongated and erumpent

without necrotic tissue

Mesothetic: variable symptoms, often including all the above

types on one leaf




