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ABSTRACT

Cuthberf, Patricia Anne. PhD., The University of Manitoba, October 2007. Genetic
Mapping of Disease Resistance Genes Fhbl, Fhb2, and. Lr34 in Spring Wheat
(Triticum øestivum L.). Major Professors: Daryl J. Somers and Anita L. Brulé-Babel.

Fusarium head blight (FHB), caused primarily by Fusarium graminearum Schwabe

(teleomorph Gibberella zeae (Schwein. Petch)) and leaf rust, causedby Puccinia triticina

Eriks. (Anikster et al.. I99l) (: P. reconditaRob. ex Desmaz.f.sp. tritici) are two of the

most devastating fungal diseases of spring wheat which have resulted in multi-million

dollar losses annually. Understanding the genetics and interaction of these diseases is key

to facilitate the introgression of FHB and leaf rust resistance genes into adapted wheat

cultivars. FHB resistance QTLs on chromosomes 3BS and 685 were isolated and mapped

as Mendelian factors in three large populations with ñxed resistant and susceptible genetic

backgrounds using microsatellite markers. FHB resistant parents in the crosses were Sumai

3,HC374: Nyubai, andBW278: AC Domain*2lSumai 3. The QTL on 3BS (ffis.ndsu-

38,$ was mapped in two genetic backgrounds, one fixed for resistance at other FHB

resistance loci and one fixed for susceptibility at other FHB resistance loci:

Thatcher/5*Sumai 3 (T/S), andHC374l3*98869-L41 (HCl98) respectively. The QTL on

685 was mapped in a population of BW2lSlAC Foremost that was fixed for resistance at

other FHB loci. Phenotypic data were collected in the greenhouse using dual floret

injections (DFI) to measure Type II resistance (disease severity (DS)) and macro conidial

spray inoculation were conducted in field nurseries to evaluate field resistance (disease

incidence (DI), disease severity (DS), visual rating index (VRI), and Fusarium damaged

-ix-



kemels (FDK). The major gene, FhbI (syn. ffis-ndsu-3BS), was successfully mapped on

ch¡omosome 3BS in the same location of the two populations within a1.27 centimorgan

(cM) interval (T/S) and a 6.05 cM interval (HC/98). Fhb2 mapped all four field traits

quantitatively to a coincident position on chromosome 685, flanked by GWMi33 and

GWM644. The greenhouse DS trait mapped 2 cM distal to Fhb2. The population BW

278lAC Foremost also segregates for two known leaf rust resistance genes Lr16, Lr34 and

one unidentified resistance gene tentatively named LrF. Two groups of RILs were

selected with varying combinations of disease resistance genes to leaf rust and FHB. The

first group of RILs carried the susceptible allele for Lrl6 and LrF and were recombinant

between markers GWM1220 and GWM130 flanking Lr34 and segregated for Fhb2. These

RILs were evaluated for leaf rust severity in the field during 2003 and 2004 to develop a

high density map for Lr34. A second group of RILs from the same cross weÍe

genotypically selected to be fixed resistant or susceptible for Fhb2 and segregated for

varying combinations of Lrl6, LrF, and Lr34. This group of RILs was evaluated for leaf

rust using growth cabinet inoculation and for Fusarium head blight in the field during 2003

and 2004. The phenotypic distribution for leaf rust was bimodal for both groups of RILs

and Lr34 was mapped on 7D in both RIL populations. Leaf rust resistance gene Lr34 is

known to enhance the level of disease resistance to many diseases in addition to its effects

on leaf rust. However, there was no clear positive enhancement of FHB resistance when

Lr34 and the un-linked gene, Fhb2 resistance alleles were present together. The successful

mapping of resistance genes in wheat provides tightly linked markers that can reduce

linkage drag associated with marker-assisted selection (lvIAS) and assist in the isolation,

sequencing, ffid functional identification of the underlying resistance genes.



FOREWARD

This thesis follows the manuscript style outlined by the Department of Plant

Science, University of Manitoba. Manuscripts follow the style recommended by

Theoretical and Applied Genetics. The thesis is presented as three manuscripts, each

containing an abstract, introduction, materials and methods, results, and discussion

sections. A general review of the literature precedes the manuscripts, and a general

discussion follows the manuscripts.
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1.0 GENERAL INTRODUCTION

Triticum aestivum L. em. Thell (common or bread wheat) is one of the most

important food sources for humans in the world, particularly in the temperate zone

(Leonard and Martin 1963). In Canada, wheat production area has declined ten percent

from 20.3 million hectares in 2006 to 17.I million hectares in 2007 (Statistics Canada

2007). This decrease in wheat production area is primarily a result of low wheat

commodity prices, as well as high disease pressure of Fusarium head blight and leaf rust,

Fusarium head blight (FHB), caused primarily by Fusarium graminearum Schwabe

(teleomorph Gibberella zeae (Schwein. Petch)) and leaf rust, causedby Puccinia triticina

Eriks. (Anikster et al.. l99l) (: P recondita Rob. ex Desmaz. f . sp. tritici), have resulted in

multimillion dollar losses annually and losses are steadily increasing in Canada due to the

spread of the disease and change in environmental conditions throughout the summer in

Canada. Current agronomic practices and chemicals have met with limited success in

controlling these diseases. The development of wheat cultivars with resistance to FHB and

leaf rust is the most effective and economical approach for environmentally safe and

sustainable long term control.

Some forms of plant disease resistance are genetically simple and have been

analyzed extensively by traditional methods of plant pathology, plant breeding and

genetics. Genetically complex forms of disease resistance, by contrast, are more poorly

understood. In the past, classical quantitative genetics provided the tools for studying

complex disease resistance. However, quantitative genetics is not suitable for dissecting

-1-



polygenic resistance characters into discrete

genes in disease resistance. Therefore, an

polygenic forms of disease resistance is

mapping, which is based on linkage of

quantitative traits.

DNA-based molecular markers can be used to determine the chromosomal locations

of genes of interest and to aid in the selection of desired genotypes, a process called marker

assisted selection (MAS) (Mohan et al.. 1991). Molecular markers can be used to select for

multiple traits in segregating populations and decrease the number of backcrosses in a

backcross program to restore the adapted genetic background. Because molecular markers

provide information based on genotype they are independent of the environment making

them very useful for improving traits that are polygenic and highly influenced by the

environment. For some traits, molecular markers may be more cost effective than selection

based on phenotype especially if there is the ability to select only the recombinant lines to

decrease the number of lines that are screened.

Phenotypic scoring has a significant impact on QTL mapping. In studies with

complex disease resistance genes, factors that can reduce the challenge associated with

QTL mapping include: development of suitable mapping populations, use of appropriate

inoculum, proper design and statistical analysis of controlled environment and fìeld

experiments, replication, and use of improved DNA marker systems such as microsatellite

markers.

genetic loci or defining the roles of individual

effective approach for studying complex and

known as Quantitative Trait Locus (QTL)

DNA markers with the expression of the

a
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Microsatellite markers have been used to develop a wheat genetic consensus map of

7,235 microsatellite marker loci covering 2,569 cM over 21 chromosomes, giving an

average marker interval of 2.2 cM (Somers et al.. 2004). The microsatellite consensus map

is a good estimation of the marker position from four genetic maps, assembled by

consensus onto a single linkage map. The consensus map represents the highest-density

public microsatellite map of wheat and is accompanied by an allele database showing the

parent allele size for every marker mapped. The primary use of the consensus map is in

molecular mapping of traits and plant breeding.

Molecular markers have been linked to QTLs associated with various types of FHB

resistance, particularly in Sumai 3 (Bai et al.. 1999, Anderson et a1..200I, Buerstmayr et

aI.. 2002; Yang et al.. 2003; Yang et al.. 2005; Zhou et a1..,2002). Other sources of FHB

resistance include: Ning derivatives, Wangshuibai, Frontana, Wuhan and Nyubai (Zhou et

al.. 2002; Buerstmayr et al.. 2002, Somers et al.. 2003; Steiner et al.. 2004; Han et al..

2005). The most prominent QTLs for FHB resistance have been associated with a specific

type of resistance: Type II resistance to disease spread on chromosome 3BS (Waldron et

a1.., 1999; Anderson et al.. 200I; Bai et al.. 1999; Ban 2000), and 6B (Anderson et a1..

2001; Yang et al.. 2003); Type I resistance to initial infection on 3A (Steiner eL al.. 2004),

and 5A (Buerstmayr et al.. 2002). A major QTL on chromosome 3BS, between

microsatellite markers GWM493 and GWM533, is designated ffis.ndsu-3B9, was

originally mapped by RFLP analysis (Waldron et al.. 1999) and verified later by several

research groups (Bai et al.. 7999, Anderson et al.. 200I; Zhou ef a1..,2002; Somers et al..

2003; Yang et al.. 2003).

-3-



The adult leaf rust resistance gene, Lr34, expresses partial resistance in a

quantitative manner (Drijepondt and Pretorious 1989; German and Kolmer 1992; Singh

1992) by increasing the latency period and a decreasing infection frequency and uredium

size (Drijepondt and Pretorious 1989). Lr34 has been mapped to chromosme 7DS (Dyck

1987). In the study by Spielmeyer et al.. (2005), Lr34 and YrlS were mapped to a single

locus flanked by microsatellite markers GWM295 and GWML220 on chromosome 7DS.

The Lr34/Yr18 region has been associated with many traits and disease resistance in wheat

including durable, adult plant resistance to leaf rust (Lr34) (Singh and Gupta 1991);

durable adult plant resistance to stripe rust ()ir18) (Mclntosh 1992; Singh 1992a); adult

plant resistance to powdery mildew (Spielmeyer et al.. 2005); tolerance to barley yellow

dwarf virus (Bdv I ) (Singh 1993); enhanced expression of stem rust resistance (Dyck i 987,

Vanegas et aI..2001)); and leaf tip necrosis of flag leaves (¿/n) (Singh 1992b).

Although Lr34 is present in wheat worldwide, it is still not known whether some or

all of the disease resistance traits are controlled by a single gene or by several tightly linked

resistance genes. Fusarium head blight is one disease that has not been studied to

determine if there is an enhancement in the level of FHB resistance when Lr34 is present.

Sumai 3, an FHB resistant Chinese spring wheat variety possesses FHB resistance QTLs

found on chromosomes 3BS, 5A and 6B5 (Bai et aI.. 1999, Anderson et al.. 2001;' Zhou et

aL..,2002; Somers et al.. 2003; Yang et a1..2003; Yang et al.. 2005). Sumai 3 also contains

the adult leaf rust resistant gene Lr34 (Brent lr4cCallum, unpublished data). Although the

QTLs are not linked with Lr34, it may be possible that there is a genetic interaction

resulting in an increased level of FHB resistance when resistance alleles for Lr34 and FHB

QTLs are present in the same lines. It would be beneficial for plant breeders to know if the

-4-



presence of Lr34 in combination with the FHB resistance QTL on 6B5 positively enhances

FHB reactions.

Understanding the sources of FHB and leaf rust resistance aids in the genetic

mapping of QTLs. The fine mapping of disease resistance gene(s) provides valuable

information to plant breeders worldwide and helps to reduce linkage drag associated with

marker assisted selection, assists in the cloning of functional resistance genes, and the

development of wheat cultivars with multiple pest resistance.

The objectives of this study were: 1) To develop a fine map of the FHB resistance

QTL ffis.ndsu-3BS on chromosome 3BS in two experimental populations with different

FHB resistance sources, Sumai 3 and Nyubai; 2) To map the FHB resistance QTL on

chromosome 6B by quantifuing the phenotypic variation (disease incidence (DI), disease

severity (DS), visual rating index (VRI), and Fusarium damaged kemels (FDK)) and

classifying the resistance gene as a qualitative Mendelian factor; and 3) To isolate and map

the Lr34locus using microsatellite markers in a fixed susceptible (AC Foremost) genetic

background and in a population segregating for other leaf rust resistance; and to determine

if any genetic interaction exists between Lr34 and the un-linked Fusarium head blight

resistance QTL on ch¡omosome 685.



2.0 LITERATURE REVIEW

2.1 Spring wheat

Triticum aestivum L. em. Thell. (common or bread wheat) and Triticum turgidum (L.) Thell

subsp. durum L. (durum wheat) are the two commercially important wheat species in

Canada and are the hosts of Fusarium head blight (Fusarium graminearum Schw.

(Gibberella zeae Schw. & Petch)) and leaf rusf Puccinia triticina Eriks. (Anikster et al..

1997) (: P. reconditaRob. ex Desmaz.f.sp. tritici). Wheat is a cool season crop grown in

many parts of the world, primarily between the latitudes 30 and 60N and 27 and 40oS

(Percival 1921, Nuttonson 1955). It is one of the most important food sources for humans

in the world, particularly in the temperate zone (Leonard and Martin 1963). V/heat is used

to make leavened and unleavened breads, pasta, Asian noodles, confectionary products,

industrial products, and animal feeds. In Canada, the spring wheat production area has

averaged 18.5 million hectares over the last five year (Statistics Canada2007).

2.1.1 Importance of spring wheat and production statistics

Wheat was domesticated over 10,000 years ago in southwestern Asia (Poehlman

and Sleper 1995). T. aestivum (2n-6x:42, AABBDD) and T. turgidum subsp. durum

(2n:4x:28, AABB) are allopolyploids (Poehlman and Sleper 1995). T. turgidum subsp.

durum was formed by the hybridization of two related species followed by chromosome

doubling. Each species provided one genome, either the A or B genome, both containing

-6-
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seven chromosome pairs. T. monococcum L. (2n:2x:I4, AA) is thought to be the most

closely related species to the A genome donor in existence today. The B genome donor is

unknown. T. aestivum formed through hybridization of T. turgÌdum and a progenitor of Z

tauschii (2n:2x:74, DD). The 21 chromosomes (gametic number) of hexaploid wheat

have been assigned into seven homoeologous groups. Each homeologous group contains

three homologous, or partially homologous chromosomes, one originating from each of the

three genomes, A, B or D. Chromosomes are identified by a numbering system which

includes the homoeologous group (1 to 7) and the genome (4, B or D). Spring wheat has a

very complex genome, i.e., hexaploid, which can create problems with the use of molecular

markers. The size of the wheat genome at I.6 x 1010 bp compared to barley and, maize at 5

x 10e, and rice at 4 x108 bp. For a detailed review, see Kimber and Sears (1987).

In the past, conventional wheat breeding has been used primarily to develop

genetically uniform cultivars with good agronomic performance, disease resistance and

quality characteristics. More recently, plant breeders have incorporated new technologies

in their breeding programs. In particular, new technologies have contributed to the

introgression of chromosome regions from wild relatives and the development of new

selection strategies (Gupta and Varshney 2000).

2.1.3 Molecular breeding of wheat

Molecular marker technology offers a wide range of novel approaches to improve

the efficiency of selection strategies. The DNA-based techniques detect sequence variation

between varieties or accessions of wheat. 'Where 
sequence variation is situated in a region

of the genome closely linked to a trait of interest, such as a disease resistance locus, the

-7 -



variation can be used to predict the presence or absence of the resistance allele. The

strength of prediction will depend upon the closeness of the genetic linkage between the

sequence variant and the target locus. In wheat, some marker systems are more useful than

others (Gupta and Varshney 2000). One of the challenges with wheat has been the general

lack of significant polymorphism for some marker systems (Gupta and Varshney 2000).

Due to the complex genome of spring wheat, the application of several important

techniques with molecular markers can be diffrcult. The presence of three related genomes

of wheat (4, B, D) adds to the complexity of many marker assays, particularly Restriction

Fragment Length Polymorphisms (R-FLPs) analysis, since three sets of bands will usually

appeff one for each genome. In some cases this means that three loci can be mapped

simultaneously; however, it is more common that only one genome will reveal

polymorphisms with a given probe/enzyme combination. The three genomes also translate

into 27 linkage groups in wheat, again adding to the complexity of the mapping work.

There is generally a low level of polymorphism in wheat relative to other cereal

species and this means that a larger number of markers usually need to be screened than in

the case of rice, maize, or barley (Chao et al.. 1989; Liu et al.. 1990). Further, the level of

polymorphism is not consistent across genomes or crosses. Commonly, the D genome is

more highly conserved between cultivars and is substantially more difficult to map. If

random markers are being used in the mapping exercise, then the maps of the D genome

tend to have the poorest coverage (Chalmers et al.. 2001). The development of

microsatellite markers specifically targeted to individual genomes (Pestova et al.. 2000)

should help address this problem.
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The main application of molecular markers in cereals and other field crops can be

divided into three categories: assessment of genetic variability and characterization of

germplasm; identification and characterization of genomic regions controlling quantitative

traits; and marker assisted selection following the identification of genomic regions

(Dudley 2002; Ribaut et a1..2002).

2.2 Molecular markers and mapping

Over the past twenty years there has been a massive effort to develop molecular

marker linkage maps for many different crops (Somers 2004; Michelmore 1991; Roder

1998). It is the availability of these maps that has enabled the determination of the

chromosomal location of genes of interest, construction of detailed genetic maps of

quantitative and qualitative traits in segregating populations, marker-assisted selection and

map-based cloning of genes. Molecular markers are genetic markers used in genomic

analysis and provide the foundation for marker-assisted selection. A number of genetic

marker systems have been developed for use in different plant species; however, some

systems may not be suitable for all purposes. In general, the desirable characteristics of a

marker system are to detect a high level of polymorphism, detect specific loci, provide

clear and highly repeatable genetic information in a short period of time, and allow for

automation (Liu et al.. 1998). The marker systems available for any species will depend on

the amount of pre-existing genome information.

There are two general approaches used to detect variation in a discrete region of

DNA: hybridization-based and amplifìcation-based methods (Gupta et al.. 1999;

Helentjaris et al.. 1986; Weber and Helentjaris 1989; Chao et a1..1989; Liu and Tsunewaki

-9 -



i991;Anderson et a1..1992; Devos etal.. 1992; Devos and Gale l993a,b; Xie et a1..1993).

Restriction Fragment Length Polymorphisms (RFLPs) are a hybridization-based

technology while Random Amplified Polymorphic DNAs (RAPDs), Amplified Fragment

Length Polymorphisms (AFLPs) and Simple Sequence Repeats (SSRs or microsatellites)

are amplification-based and use the polymerase chain reaction (PCR). Molecular markers

can exhibit co-dominance or dominance. A co-dominant marker distinguishes between

homozygous and heterozygous genotypes while a dominant marker is scored as present or

absent and cannot identify heterozygous individuals (Somers 2004). The type of marker,

co-dominant or dominant, determines the best generation to conduct MAS and also affects

the value of the information and how it can be used. Dominant markers that are linked to

the desired trait in coupling can still be used for MAS (Somers 2004).

Restriction fragment length polymorphisms are highly reproducible, co-dominant

markers that can identify unique loci (Mohan et al.. 1997; Gupta et al.. 1999;Liu 1998).

RFLPs are typically detected by digesting genomic DNA with a restriction endonuclease,

separating DNA fragments by electrophoresis, and hybridizing a Southem blot with a

labeled DNA probe. A polymorphism is the result of the presence or absence of a

restriction site or an insertion or deletion of DNA between restriction sites. Only a small

fraction of RFLP probes detect polymorphism (Gupta et al.. 1999). These markers have

been successfully used for mapping plant genomes, including wheat (Chao et al.. 1989,

Helentjaris et al.. 1986). The use of RFLPs is limited because the procedures involved are

very labor intensive, require a relatively high level of technical skill, and are expensive for
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the quantity of information obtained (Gupta ef a1.. 1999; D'Ovidio et al.. 1990). This

method also requires a large amount of high quality DNA and is therefore not suitable

when a limited amount of plant material is available. The greatest barrier to the use of

RFLPs in MAS is the low level of polymorphism in a number of important crops including

wheat (He et al.. 1992). This low frequency is sometimes attributed to the polyploid nature

of these crops, the high proportion of repetitive DNA and large genome size (Gupta et al..

teee).

Polymerase chain reaction (PCR) has facilitated the rapid development of many

DNA amplication strategies that are all fundamentally similar. PCR based DNA markers

rely on sequence variation in annealing sites or DNA length differences between amplified

products. Techniques are robust and amenable to automation therefore can be widely

applied to large scale marker development or implementation (Gupta et al.. 1999).

2.2.2 Amplification-based markers

Random amplified polymorphic DNA markers are simple, dominant, PCR-based

markers (D'Ovidio et al.. 1990; Weining and Langridge I99l; Devos and Gale 1992;

Somers 2004). The PCR reaction uses a single DNA primer of arbitrary sequence to

amplify random segments of genomic DNA and the PCR amplicons are separated by

electrophoresis to visualize polymorphisms (Williams et al.. 1990). The primers used in

the RAPD system are a short arbitrary DNA sequence, often only ten base pairs, which can

amplifu multiple regions in the genome. The bands produced may or may not represent

- 11-

2.2.2.1Random Amplified Polymorphic DNA - RAPDs



some degree of sequence homology. To amplify specific loci, longer primers can be used.

RAPD technology has proven useful in wheat studies; however, they have not been widely

used due to low levels of detectable polymorphism and lack of reproducible results (Gupta

et al.. 1999). Because the primers are short relative to other marker systems, template

DNA quality and quantity along with amplification conditions (concentration of MgCl2,

Taq polymerase, and annealing/denaturing temperature) must be carefully controlled to

ensure reproducible results especially among different labs (Devos and Gale 1992;

D'Ovidio et al.. 1990).

RAPD technology has been used widely in cereals to measure and characterize

genetic diversity, to create linkage maps and to tag genes controlling important traits. The

most prevalent diff,iculty associated with the RAPD technique is the lack of reproducibility

and lack of locus specif,rcity, particularly in polyploid species such as wheat. However,

RAPD markers are simpler, more cost effective and less labour intensive than than RFLPs

(Gupta et al.. 1999). Very small amounts of DNA are required with no prior template DNA

sequence information. Genetic variation at many loci from different regions of the genome

can be examined quickly with RAPD markers.

Amplified fragment length polymorphisms (AFLPs) are a relatively new type of

marker system based on the arbitrary selective PCR amplification of DNA fragments

generated by restriction digestion of genomic DNA. Specific DNA adapters are ligated to

restriction digested DNA. AFLPs can be generated for any organism without prior

knowledge of the DNA sequence and requires only a small amount of DNA. AFLPs are

2.2.2.2 Amplified Fragment Length Polymorphisms - AFLPs
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more reproducible than RAPDs and provide greater genome coverage. AFLPs have been

limited in use for MAS because they are a dominant marker and are more labor intensive

than RAPDs but have a higher multiplex ratio (Vos et al.. 1995). A high multiplex ratio

means they provide genetic information about many loci in a single PCR reaction. Studies

have observed that AFLP is the most efficient mapping technique to detect polymorphism

when compared to RFLPs and RAPDs (Powell et al.. 1996; Lin et al.. 1996).

Microsatellites or simple sequence repeats (SSR) are based on the number of

contiguous direct repeat units at a particular locus in the genome (Gupta et al.. 1999;

Somers 2004; Devos et al. 1995; Roder et al. 1995). PCR primers complementary to

flanking DNA sequences ampliff the repeat region. PCR amplicons are then separated

using electrophoresis. SSR markers are co-dominant, highly polymorphic relative to

RFLPs and RAPDs, and many amplify only a single locus in common wheat (Roder et al..

1998; Gupta et al.. 1999). SSRs can be isolated by searching sequence databases (such as

GenBank and EMBL) and screening genomic or cDNA libraries for repeat sequences. SSR

primers identified in one species can also be used for other related species (Roder et al..

1998; Pestsova et al.. 2000).

2.2.2.3 Microsatellites

Microsatellites are genome specific and will amplify a specific locus containing the

microsatellite in the A, B, or D genome. In some cases, however. the primer pairs will

amplify fragments located in two different genomes and the loci map to apparently

homoeologous sites on chromosomes. The use of deletion lines allows researchers to

assign the markers to defined chromosome regions (Roder et al.. 1998). Microsatellites
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detect a higher level of polymorphism and informativeness in hexaploid wheat than any

other marker system because they target highly variable regions of the genome (Roder et

al.. 1995; Somers 2004). However due to the large genome size, the development of

microsatellite markers in wheat is extremely time consuming and expensive. Only 30Yo of

all primer pairs developed from microsatellite sequences is functional and suitable for

genetic analysis (Roder et al.. 1995 and Bryan et al.. 1997). Nevertheless, SSRs are an

ideal type of marker for MAS because they are co-dominant and easy to score.

Microsatellite markers have been widely used because of their abundance, locus

specificity, and high polymorphism to construct genetic maps, tag resistance genes (Peng et

al.. 1999), enable marker assisted selection in wheat (Huang et al.. 2000), and assess

genetic diversity in closely related collections of bread wheat accessions (Plascheke et al..

1995; Huang et al.. 2002).

A number of different types of populations can be used to perform genetic mapping;

however the most commonly used include: Fz, backcross (BCrF1 and BC2F1), doubled

haploid (DH) lines, and recombinant inbred lines (RILs) (Mohan et al.. 1997; Michelmore

et al.. 1991; Young 1996; Paterson 1991). The mapping population selected may be

dependent upon the use of a dominant or co-dominant marker type (Mohan et al.. 1997;

Gupta et al.. 1996).

Doubled haploid (DH) lines and recombinant inbred lines (RILs) are homozygous

at all or the majority of all gene loci (Bun et al.. 1988). Self pollination of these lines will

generate offspring that are genetically identical or nearly identical to the parent. The
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homozygosity of the DH lines and RILs means dominant and co-dominant markers provide

the same amount of genetic information in these populations (Poehlman and Sleper 1995).

These lines can be tested for an unlimited number of traits in an unlimited number of

environments. Also, a more accurate assessment of the genetic component of variance can

be made for quantitative traits because a genotype is represented by a line instead of a

single individual (Bun et a1.. 1988). DH lines can be developed quickly but are labour

intensive to produce (Poehlman and Sleper 1995). The development of RILs is not as

labour intensive but requires multiple cycles of self pollination. RILs have more

recombination events than DH lines because of the additional meioses in RIL development

(Burr et al.. 1988). Therefore, RILs produce genetic maps of higher resolution than a

similar sized DH population. In general, DH populations are favored in species where

efficient protocols for DH line development are available because of their rapid advance to

homozygosity.

Molecular markers have permitted a number of genetic maps to be developed for

economically important plants. The value of genetic maps has steadily increased since they

were first introduced in the 1980s. Wheat molecular genetic maps first comprised RFLP

markers (Chao et al.. 1989; Devos and Gale 1993; Devos and Gale 1997) and over time,

PCR-based markers became the dominant marker type for genetic map construction,

including RAPDs (Williams et al.. 1990), AFLPs (Vos et al.. 1995), and microsatellites

(SSRs) (Röder et al.. 1998; Pestsova et al.. 2000; Gupta et al.. 2002). The primary reason to

shift toward PCR-based markers and particularly SSR marker maps is the potential to use
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the maps in plant breeding (Gupta and Varshney 2000). Conventional plant breeding

requires the analysis of thousands of plants in a short time period at low cost. Microsatellite

markers and high{hroughput capillary electrophoresis are good platforrns upon which to

implement marker-assisted selection (MAS) in breeding programs (Paterson 1991; Gupta et

al.. 1999; Mohan et al.. 1997).

Molecular breeding is more effective if the molecular map is densely populated

with markers (Röder et al.. 1998). This provides molecular breeding strategies with more

choice in the quality of markers and a higher probability of identifying polymorphic

markers in an important chromosome interval. The first microsatellite map in wheat

possessed 279 microsatellites (Röder et al.. 1998). This marker density is useful for QTL

and gene mapping, but is limiting for the precise transfer of QTLs between different

genetic backgrounds. Specifically, the limitation comes from the lack of polymorphic

markers immediately flanking QTLs. Somers et al.. (2004) developed a wheat genetic

consensus map of 1,235 microsatellite marker loci covering2,569 cM of 21 chromosomes,

giving an average interval distance of 2.2 cM (Somers et al.. 2004). The microsatellite

consensus map is a good estimation of the marker position from four genetic maps,

assembled by consensus onto a single linkage map. The consensus map represents the

highest-density public microsatellite map of wheat and is accompanied by an allele

database showing the parent allele sizes for every marker mapped. The primary use of the

consensus map is in molecular mapping of traits and plant breeding.

Wheat genomics research is increasing the use of genetic maps, particularly in map-

based gene cloning efforts. Map-based cloning requires an accurate, fine genetic map to

correctly position a gene of interest between close flanking markers (Peters et al.. 2003).
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Beginning with a robust, high-density map, the efforts to add more markers for fine

mapping are greatly improved and narrows the number of possible bacterial afüficial

clones (BACs) harbouring the gene.

Marker assisted selection (MAS) is the use of markers linked to genes of interest to

indirectly select for these genes in segregating populations (Mohan et al.. 1997; Gtpta et

al.. 1999; Somers 2004). MAS requires markers tightly linked with the desired gene, an

efficient means of isolating DNA from large breeding populations, and a marker screening

technique that is reproducible, efficient, economical, and user-friendly. Molecular markers

are especially useful for traits that are difficult andlor expensive to evaluate, traits with low

heritability, and traits that are highly influenced by the environment. This would include

resistance to pathogens, tolerance to abiotic stresses, quality traits, and quantitative traits

(Mohan et al.. 1997). Molecular markers are independent of the environment and with

appropriate markers and genetic variation, genetic gain can be made for many traits such as

drought tolerance, freezing tolerance, heat tolerance, and disease resistance, without

exposing genotypes to the environmental stresses (Mohan et al.. 1997). For disease

resistance, MAS can be used as a complementary method for selecting linked resistance

genes, and gene pyramiding (Young 1996). Identification of disease resistance is

conducted in the field, greenhouse, and laboratory. Some disease screens are diffrcult to

conduct in the field because of the variability in aggressiveness or availability of the

pathogen, or sensitivity of the disease reaction to environmental conditions. Some disease

screens are time-consuming or can be conducted only at particular locations, times of the
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year, or stages of plant development (Varshney et al.. 1998). However, it is not necessary

to test the resistance reaction by inoculating with a pathogen or evaluating the resistance

reaction in marker assisted selection. This can be accomplished much later in the selection

process and with a reduced population size. MAS is used for the pyramiding of major

genes, the combination of major and minor genes, not only for one disease but for multiple

diseases (Varshney et al.. 1998).

2.3 Fusarium head blight

Fusarium head blight (FHB) is currently the most serious disease affecting the grain

industry in Canada (Gilbert and Tekauz 2000; Tekauz et al.. 2000). Large annual economic

losses averaging $50 million have occurred since the FHB epidemic of 1993 in Manitoba

(Gilbert and Tekauz 2000). Fusarium graminearum Schwabe [teleomorph Gibberella zeae

(Schwein.) Petch] (F.graminearum) is the predominant species causing FHB in North

America (Wilcoxson et al.. 1988; McMullen et al.. 1997). Although there are differences

in aggressiveness among isolates (Dusabenyagasani et al.. 1997), there is no evidence of

host-isolate specif,rcity in populations of this pathogen (Wang and Miller 1988; Van

Eeuwijk et al.. 1995). The species involved in FHB are facultative parasites capable of

infecting all plant parts. Fusarium is found on a wide range of hosts including wheat,

barley, oat, corn, rye, and wild grass species. Infection of the crown and root tissues may

often coincide with head blight. Yield losses are due to floret sterility and poor seed filling;

seed germination is also impaired. Infection by Fusarium graminearum, Fusarium

avenoceum, and Fusarium culmorum alters milling and baking qualities, primarily by

digestion of endosperm proteins. As a result, both domestic and export markets have low

-18-



tolerances for fusarium damaged kernels (FDK) in grain and their presence may result in

grade reductions. Fusarium species produce many different mycotoxins (Leonard and

Bushnell, 2003). FusarÌum graminearum and Fusarium culmorum produce deoxynivalenol

(DON, vomitoxin), one of the many toxins produced by Fusarium species that renders grain

unfit for human food or animal feed. Food and Agriculture Organization of the United

Nations Codex Alimentarius (2002) recommends Canada has a maximum level of 5,000

pglkg for DON in feeding stuffs for cattle and poultry and a maximum of 1,000 pglkg for

DON in feeding stuffs for swine, young calves and lactating dairy animals. The CODEX

code also has maximum guideline for human food. Canada has a guideline level of 2000

pglkg of DON in unclean soft wheat, corresponding to 1200 ¡t"glkg in the flour portion (for

the manufacture of non-staple foods such as cakes, cookies, biscuits). With respect to

unclean soft wheat intended for use in infant foods, the guideline is 1000 pglkg

corresponding to 600 pg/kg in the flour portion. Since levels of DON in hard wheat, the

major Canadian wheat, are sometimes high, no guidelines have been established for DON

for this type of wheat, nor other grains.

The first visible symptoms or signs of infection by F. graminearum usually occur

on the first florets to flower, generally near the middle of the spike. Under conditions

highly favorable for infection, such as continuous wetness aÍ.25oC, visible lesions develop

within 2 io 4 days (Andersen 1948; Atanasoff 1920). Lesions may be brown, purplish-

brown, or brown with a bleached centre (Bennett l93I; Tu 1930). Under moist conditions,

lesions may appear more water soaked and darker olive green than the interveinal areas

2.3.1 Symptoms
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(Atanasoff 1920). Sites of spikelet attachment to the rachis also can become water soaked.

Infection of the rachis may result in seeds above the point of infection not filling, and grain

from blighted spikes may be shriveled, lightweight and chalky white or occasionally pink

(FDK or tombstone kernels).

In some cases, the first indication of infection may be the fungus itself giving a

pinkish tint to partially exposed anthers (Pugh et al.. 1933) or chalky, slightly pinkish

mycelium on spikelet surfaces (Atanasoff, 1920). In more advanced infections, the fungus

can produce macroconidia in association with a pink color on margins and surfaces of

florets and glumes (Atanasoff 1920; Pugh et al.. 1933). Eventually, sporodochia or

perithecia may be visible (Pugh et al.. 1933). As lesions enlarge and coalesce, entire florets

become bleached or brown in color.

Pathway of FHB infection and concomitant plant reactions are unknown and need

to be studied to better understand FHB and possible control measures (Leonard and

Bushnell2003).

Fusarium graminearum overwinters on crop residues and produces perithecia and

sporodochiathaf give rise to spores (wind-dispersed ascospores and rain-splashed conidia).

The pathogen also survives on weeds and native plants. Infection is rare in seedlings and is

generally restricted to senescing tissue around the crown. FHB develops when spores are

carried by wind or rain splash from crop residue to the spikes. The disease cycle and

epidemiology of FHB was reviewed by Sutton (1982) and Miller (1994) but the importance

of ascospores as primary inoculum was not understood. A clearer understanding of the role

2.3.2 Disease cycle
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of ascospores in eastern Canada has emerged (Paulitz 1996,1999). Tschanz et al.. (1976)

reported that UV light in the 300-320 nm range for several hours \À/as necessary to

stimulate the sexual cycle, although many isolates formed perithecia in culture without UV

treatment in the laboratories at the Cereal Research Centre, Winnipeg, Manitoba. Optimum

temperatures for perithecial production range from 15 to 28.5oC (Tschanz eta1..1976), and

for ascospore production from 25 to 28oC (Sutton 1952). Ascospore discharge is triggered

by a drop in air temperature and a rise in relative humidity (RH), and spores are released

with diumal periodicity, with peak numbers usually trapped between 16:00 and midnight

(Paulitz 1996;Paulitz and Seaman 1994). While perithecial drying during the day followed

by an increase in RH appears to trigger ascospore discharge, release is inhibited by more

than 5 mm rain, intermittent rain, or days with continuous high (>80%) humidity. This

apparent contradiction suggests that there is a threshold RH beyond which release slows or

stops. Hourly spore counts ranged from 600 to 9000 ascospores m-3 and release occurred

over a range of temperatures (11-30"C) and RH values (60-95%). Wheat is most

susceptible to infection by F. graminearum at anthesis (Sutton 1982). The timing of

ascospore release has yet to be established in western Canada. Presumably ascospore

release in western Canada must occur in July to coincide with flowering of the majority of

the spring wheat cultivars. The optimum temperature range of 28 to 32oC for production of

macroconidia is higher than that for perithecia and ascospores; macroconidial production

decreases sharply at temperatures below 16oC and above 36oC (Tschanz et a1.. 1976). The

relative importance of either ascospores or conidia in the disease cycle of FHB is unknown

(Francl et al.. 1999). Wind appears to play only a small role in dispersal of macroconidia

(Fernando et al.. 1997).
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2.3.3 Control

F. graminearum readily survives in crop residues; therefore, cultural practices may

have an effect on the development of FHB. Evidence has shown that rotations away from

com, wheat, and barley may reduce disease levels (Maclnnes and Fogelman 1923; Sutton

1982; Pany et a1.. 1995; Dill-Macky and Jones 1999). Following the 1993 epidemic in

Manitoba, Tekauz et al.. 2000 found no significant impact of cultivar, rotation, and tillage

practices on percent weight of FDK in harvested samples, although the authors

acknowledged that high infection pressure may have masked possible differences. F.

graminearum persists for unknown periods of time, mainly on the debris in no-till plots;

however, Miller et al.. (1998) concluded that weather conditions are more influential than

tillage practices in the development of FHB.

2.3.3.1 Cultural control

To reduce the potential for downgrading, current recommendations include setting

the combine so that lightweight FDK are not harvested. Little is known about the ultimate

fate of seed-borne F. graminearum, its survival in the seed, development of G. zeae

perithecia on seed, or infestation of soil in the proximity of the seed. The role of seed-

borne Fusarium and its contribution to subsequent outbreaks of FHB require additional

study.

Fungicide control is a management option to reduce both DON accumulation and

incidence of diseases associated with Fusarium spp. Many fungicides applied as seed

2.3.3.2 Chemical control
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treatments have proven to be effective against seedling blight and reduce fungal growth

sufficiently to permit successful plant establishment (Gilbert and Tekauz 1995). Foliar

fungicides have given variable levels of control of FHB (Parry et al.. 1995; McMullen et

aL.1997).

2.3.3.3 Biological control

In addition to chemical control, there is increasing interest in the use of biological

agents to manage FHB. Trichoderma spp. are known to have a high antagonist potential

against several plant pathogens, including Fusarium spp. and T. harzianum was effective in

colonizing wheat straw and reducing incidence of F. graminearum (Fernandez 1992).

Such biological control agents may be effectively used as part of an integrated pest

management program, although more research is required to leam precisely what effect

such inoculation of straw residues has on the new crop (Fernandez 1992).

Genetic resistance remains the most desirable management option for FHB.

Resistance to FHB in wheat is quantitative, controlled by 2 fo 5 genes (Snijders 1994;

Buestmayr et al.. 1999; Miedaner 1997;Yan Ginkel et a1.. 1996). The large number of

putative chromosomal locations containing resistance genes is indicative of the difficulty of

screening cultivars and lines for FHB resistance (Buerstmayr et al.. 1999). Problems

associated with greenhouse- and field-based screening for FHB resistance include

dependence on the environment for symptom development, the high cost of phenotyping,

and significant time and resource requirements (Yang 1994; Bai and Shaner 1994;

^a-z)-
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Campbell and Lipps 1998). Development of DNA marker-based screening for the presence

of resistance genes may make selection for resistance more efficient in breeding programs

(Bai et a1..1999; Kolb et al.. 2001).

Five mechanisms of resistance to FHB have been proposed: type I is resistance to

initial infection as manifested in the cultivar Frontana; type II prevents spread within the

spike following infection which is the form of resistance expressed by the Chinese resistant

varieties such as Sumai 3; type III is resistance to kernel infection; type IV is tolerance

whereby yields are maintained despite the presence of disease; and type V is ability of

hosts to degrade toxins (Mesterhazy 1995). Type II is most reliably assessed under

controlled conditions. Inoculum is introduced directly into a floret, either using a pipette or

inserting a small piece of cotton soaked in a spore suspension. Disease symptoms are

restricted to the inoculated florets in resistant varieties but spread up and down the spike in

susceptible lines. Macroconidial spray inoculation methods are used to screen lines for

type I resistance. Wheat lines that incorporate both type I and II qualities, resist both initial

infection and spread within the spike are being employed in Canadian breeding programs.

Rates of seed infection can differ at a given level of resistance as measured by disease

severity with Type III resistance (Mesterhazy 7995). Tolerance against FHB has been

established in the past decade (Mesterhazy 1989; Mesterhazy 1995). Tolerant wheat

maintains yield despite the presence of disease. Tolerance is independent from the other

traits (it can be found at different resistance and susceptibility levels). Type V resistance to

toxins can be the result of toxin decomposition by the plant, plant tolerance (insensitivity)

to toxin, or limitation in the amount of toxin that accumulates in spike tissues. Reduction

in DON concentrations in maturing heads suggests that the plant can degrade toxin (Miller
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and Young 1985). Resistance types III, IV, and V are more difficult to manipulate and/or

more expensive to screen and are not being used in current breeding programs.

Molecular mapping and marker assisted selection (MAS) are innovative tools that

have been used in research programs to aid in the manipulation and pyramiding of several

resistance genes in a short period of time. Molecular markers have been linked to QTLs

associated with various types of FHB resistance, particularly in Sumai 3 (Bai etal.. 1999,

Anderson et al.. 2001, Buerstmayr et al.. 2002; Yang et a1..2003; Yang et al.. 2005; Zhou

et al.. 2002). Other sources of FHB resistance include: Ning derivatives, Wangshuibai,

Frontana, 'Wuhan and Nyubai (Zhou et al.. 2002; Buerstmayr et al.. 2002, Somers et al..

2003; Steiner et a1..2004; Han et al.. 2005).

Extensive efforts have been made to map QTLs for FHB resistance in the Chinese

wheat cultivar Sumai 3, a source of FHB resistance which has been used successfully

worldwide. A major QTL designated ffis.ndsu-3,BS was originally mapped by RFLP

analysis (Waldron et al.. 1999) and verified later by several research groups (Bai et al..

1999, Anderson et a1.. 2001 ; Zhou et a1..2002; Somers et a1..2003; Yang et al..2003; Yang

et al.. 2005). ffis.ndsu-3BS is located on chromosome 3BS between microsatellite

markers GWM493 and GWM533 (Anderson et al.. 2001). Liu and Anderson (2003)

increased the marker density in this chromosome region using sequence-tagged site (STS)

markers developed from wheat ESTs near ffis.ndsu--38S, which facilitated the fine

mapping of the resistance gene.

Exploitation of molecular markers associated with FHB resistance genes has

focused on Type II FHB resistance (Bai et al.. T999; 'Waldron et al.. 1999; Anderson et al..

2001; Buestmayr et a1.. 2002; Zhou et al.. 2002; Yang et al.. 2003). Previous QTL

-25 -



mapping studies have revealed major Sumai 3-derived Type II FHB resistant QTLs on

chromosomes 3BS (Waldron ef al.. i999; Anderson et al.. 2001; Buerstmayr et al.. 2002;

Somers et al.. 2003; Zhou et al.. 2002; Yang et al.. 2003),54 (Ban and Suenaga 1998; Xu

et al.. 200I; Buesrstmayr et al.. 2002) and 6B (Anderson et al.. 200I; Yang et al.. 2003)

using segregating populations. These studies seemed to show pronounced epistasis and

genotype by environment (G x E) interactions affecting type II FHB resistance. Prominent

QTLs with main effects such as the QTL on chromosome 68 were only occasionally

detected in QTL mapping studies. The most prominent and consistent 3BS QTL detected

in different mapping populations segregating for "Sumai 3-derived" resistance genes still

had significant GxE effects, explaining 15 to 600/o of the phenotypic variation for type II

resistance in different replicates or test environments. To date, there is little evidence for

QTL associated with other mechanisms of resistance (Xu et al.. 2001; Somers et al.. 2003).

There is a strong need to identify benef,rcial genes and alleles for all types of resistance and

to develop superior wheat cultivars by introgressing and pyramiding a full complement of

FHB resistance genes.

2.4 Wheat leaf rust (brown rust)

V/heat leaf rust is a major disease of wheat and is caused by the basidiomycete

Puccinia triticina Eriks. (Div. Amastigomycota, Class Basidiomycetes, Subclass

Teliomycetidae, Order Uredinales, Family Pucciniaceae) (Bold et al,. 1997) (synonym P.

recondita Rob. Ex Desmaz. f.sp. tritici). Leaf rust is an obligate parasite and is

macrocyclic which can result in a large economic impact under ideal environmental

conditions. In the eastern prairies of Canada, yield losses are frequently 5 to 15Yo when
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susceptible cultivars are grown, but can exceed that amount if environmental conditions

permit (Samborski 1985). In 7999, the Canadian prairies experienced one of the most

severe years of infection in the past 20 years with yield losses of 5 to 20%o (McCallum et

al.. 2000). This increase in severity was caused by environmental conditions, large

amounts of inoculum from the United States, and the leaf rust susceptibility of the cultivar

grown on the largest acreage in western Canada.

There are many distinct strains of leaf rust known as virulence phenotypes or

physiologic races. Wheat cultivars vary in their resistance to the different phenotypes. A

new cultivar may be classified as resistant when it is first released, but with each year as it

is more widely grown; virulence phenotypes that can attack it become more prevalent, until

the cultivar is reclassified as susceptible. Host resistance is an effective control measure

that has been used in numerous breeding programs (Kolmer 1998). However, a gene-for-

gene interaction exists between host resistance genes and pathogen avirulence genes in the

wheat- P : tr i t i c ina patho system (S amborski and Dyck I 96 8).

Annual surveys of physiologic specialization in P. triticina in Canada have been

conducted at the Cereal Research Centre in Winnipeg since 1931 (Kolmer 1998). The

continual surveys have generated a unique database to examine selection and evolution in a

plant pathogen population over a comparatively long period of time and in a large

geographic area. A system of nomenclature using a set of 12 near isogenic lines Q.{ILs)

was reported by Long and Kolmer (1989). Races, or virulence phenotypes, are defrned by

their differential virulence on the NILs carrying single leaf rust resistance (Zr) genes, and

are assigned a three letter code. Virulence phenotypes evolve by change in their virulence
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on different Zr genes. This occurs mainly by mutation, and asexual recombination may

play a minor role (Samborski 1985).

The co-existence of host plants and the pathogen in nature indicates that the two

have evolved together over time. Changes in virulence of pathogens appear to be

continually balanced by changes in the resistance ofthe host, and vice versa. Therefore, a

dynamic equilibrium of resistance and virulence is maintained, and both host and pathogen

survive over considerable periods of time.

2.4.1 Host-pathogen interaction

The gene-for-gene concept was first demonstrated using flax (Linum usitatissimum

L.) and flax rust (Melamspora lini Desm.) (Flor 1956). There are other examples which

include other rusts, smuts, powdery mildew, apple scab, late blight of potatoes, and other

diseases causes by fungi, bacteria, viruses, parasitic higher plants, nematodes, and insects

(Agrios 1997).

The gene-for-gene theory asserts that for avirulence genes in the pathogen, there are

corresponding resistance genes in the host. An incompatible interaction (failure to infect)

occurs if any corresponding set of avirulence and resistance genes interact between the

pathogen and host. The host is then said to be resistant. This interaction can be visualized

using the quadratic check (Agrios 1997).

The gene-for-gene model holds true most of the time for the wheat-P.triticinahost-

pathosystem (Samborski and Dyck 1968,1976; Dyck and Samborski 1970). However, the

genetic states (homozygosity or heterozygosity) of resistance and avirulence genes affect

the interaction in this system (Kolmer and Dyck 1994). Infection type may vary with
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zygosity of the resistance and/or avirulence genes. Therefore, some of these genes will

display incomplete dominance. In fact, compatible reactions were seen in some cases

where both the resistance gene and avirulence gene were putatively heterozygous. Kolmer

and Dyck (1994) suggest a three-by-three table that accounts for the effects that

heterozygosity can have on the host-pathogen interaction and is more complete than the

quadratic check. The expression of resistance genes can be altered as a result of

background effects, suppressors of resistance genes, temperature effects and the

complementation and gene interactions that occur with some of the Lr genes.

Leaf rust pustules are small, oval fruiting bodies (uredia) of the rust fungus (Puccinia

triticina Eriks.) (Kolmer 1998; Bailey et al.. 2003; Agrios 1997; Anikster etal..1997;

Singh 1992a). Reddish-orange urediniospores (summer spores) develop within the uredia

and rupture the epidermis of the leaf as the spores mature (Bailey et al.. 2003; Agrios

1997). Pustules can be either scattered or clustered on the leaves and leaf sheaths of

infected plants. Each pustule contains thousands of urediniospores which are disseminated

by the wind. Rust pustules can be distinguished from other leaf spot diseases because rust

pustules will smear on the leaf surface when rubbed (Bailey et aL..2003). The color is due

to hundreds of orange red urediniospores within each pustule. Usually, infections occur

first on the upper leaves due to spores that have been deposited out of the air during spore

showers. The interior of the leaf is infected via the stomata. In the cavity beneath the

stomata, the tip of the penetration hypha dilates. From this vesicle new hypha emerge,

forming mycelium that grows between the plant's cells. Haustoria are formed to feed on
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host cells. Leaf rust differs from stem rust in that it does not usually infect the peduncle

(Anikster et al.. 1997). During favorable weather for rust development, pustules increase in

number until 30 to 50 percent of the leaf surface is covered. As the plant matures, black,

submerged pustules develop on the leaves and leaf sheaths (Bailey et a1..2003; Anikster et

al.. 1997; Samborski 1985). These pustules (telia) contain the winter spores (teliospores)

(Bailey et aL..2003). Teliospores germinate to produce basidiospores which infect meadow

rue (Thalictrum speciosimum). Telia may not develop when plants become infected near

maturity.

P. triticina is an obligate parasite and macrocyclic (Kolmer 1998). The alternate

host of P. triticina is meadow rue Thalictrum speciosissimum L. (Anikster et al.. 1997).

Wheat leaves are usually infected by urediospores and rarely by aeciospores. The sexual

cycle does not occur frequently in nature, and therefore does not play an important role in

the epidemiology, or in the origin of new races (Samborski 1985). In North America, the

persistence of leaf rust from year to year is due to the overwintering of the uredinial stage

on wheat in the southern United States and Mexico (Kolmer 1998; Kolmer and Liu 2001).

The disease progresses northward each spring, producing cycles of urediniospores on

sequentially maturing wheat crops. In western Canada, the first leaf rust infections of the

growing season are usually observed in June, and the disease reaches a peak in August.

The teliospores survive over winter in Canada on straw and germinate in the spring. Each

teliospore produces four basidiospores. These spores cannot infect wheat but can infect

other plants, such as species of meadow rue (Thalictrum) that grow in Europe or Asia
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(Anikster et al.. 1997; Samborski 1985). Aeciospores formed on meadow rue can, in tum,

infect wheat to produce urediniospores. The species of Thalictrum that are native to North

America are highly resistant to leaf rust and do not contribute to its spread.

Leaf rust can be effectively controlled by the following registered foliar fungicides

for spring wheat: Tilt@, Folicur@, Dithane DG@, Bravo@, Bumper 418 EC@, Headline EC@,

Manzate DF@, Pennocozeb 75 DF@, Pivot@, Stratego 2508C@ (Crop Protection Guide

2007). Early seeding may also help to reduce disease severity as losses are greatest on late-

seeded crops. However, the most efficient, cost-effective, and environmentally friendly

approach to prevent the losses caused by rust epidemics is through host genetic resistance.

The use of cultivars with single-gene resistance permits the selection of mutations in the

pathogen at a single locus and can render the resistance ineffective in a relatively short

period of time. Due to selection pressure and evolution, new virulent races of the fungus

appear which increase the need to develop durable resistance. Hence the use of

combinations of genes irrespective of whether they are major or minor has been suggested

as the best method for genetic control of leaf rust (Roelfs 1988). This can be achieved by

pyramiding effective resistance genes, but it is difficult to monitor the expression of

individual resistance genes against the background of other resistance genes. With the

advent of molecular marker technology it is now possible to tackle such complex problems.

To date, more than 50 leaf rust resistance genes have been characterized

(Schnurbusch et al.. 2003): Knott 1989; Mclntosh et al.. 1995). Most of the genes are

effective from the seedling stage through the whole life of the plant whereas a few of them
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are only effective at the adult stage. Resistance during this latter period is called adult

plant resistance (APR) and was defined by Zadoks (1961) as a resistance that is effective in

the advanced plant growth stage but not at the seedling stage. An attack of the pathogen

during heading (adult plant stage) can cause severe grain yield losses due to reduced floret

set (Roelfs et al.. 1992). Therefore, resistance at the adult stage is of considerable

economic significance in wheat breeding. Seven genes which are only effective at the adult

plant stage have been described (Mclntosh et al.. 1995). Although these genes are inherited

in a monogenic fashion the type of resistance differs between these adult resistance genes.

The adult plant resistance gene Lr34 expresses resistance in a quantitative way

(Drijepondt and Pretorius 1989; German and Kolmer 1992; Singh 1992a). Lr34 causes an

increased latency period, fewer small to moderate-sized uredinia/leaf area, and significantly

smaller sized uredinia compared to susceptible lines (Drijepondt and Pretorius 1989). The

characteristics of resistance conditioned by Lr34 are typical of slow rusting or partial

resistance are identical. Many wheat cultivars characterized as having slow rusting or

partial resistance (Ohm and Shaner 1976) have Chinese Spring or Frontana - derived

parents in their pedigrees.

To date, Lr34 is probably the most important Lr gene in terms of widespread

distribution and durability. This gene has been found in a number of wheat accessions

collected from diverse locations. Dyck (1977) identified Lr34 from wheat from Iran,

China, Afghanistan, and Lebanon. Dyck (1994) further identified Lr34 from a number of

wheats from Russia, Argentina, Tunisia, and France. Shang et al.. 1986 and Simmonds and
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Rajaram 1988 found Lr34 in wheats from Manchuria and India. It is remarkable that Lr34

has continued to condition an effective level of resistance despite being in cultivars that

have been extensively grown for extended periods of time in many wheat growing areas of

the world. There is no clear explanation for the longevity of Lr34's effectiveness. Wheat

cultivars with Lr34 have maintained effective levels of resistance in all regions despite the

large number of yearly uredinial generations that should give ample opportunity for isolates

with virulence to this gene to increase within the P. triticina population.

Lr34 is tightly linked with, or is pleiotropic for other traits and disease resistance in

wheat. Singh (1992b) reported tight linkage of leaf-tip necrosis (Ltn) in flag leaves with

Lr34 in several different lines. Leaf tip necrosis, however, is influenced by environmental

effects and genetic background and can be too variable to be considered a reliable marker.

Lr34 is also linked to the stripe rust resistance gene (P. striiþrruzs) (Mclntosh 1992, Singh

1992b), and resistance barley yellow dwarf virus (BYDV) (Singh 1993). Selection for

Lr34 would also select resistance to both stripe rust and BYDV. Lr34 also contributes to

stem rust (P. graminis) resistance in North American hard red spring wheat. Dyck (1993)

showed that Lr34 segregated with higher stem rust resistance in crosses with the cultivar

Roblin.

Lr34 may also be present at more than one location in the wheat genome. Thatcher

line RL6077 has leaf rust resistance, stripe rust resistance (Singh 1992a), and leaf tip

necrosis (Singh 1992a) similar to Thatcher line RL 6058 and other lines with Lr34. Dyck

(1987) suggested that RL 6077 probably has Lr34. RI- 6077 and RL 6058 were

intercrossed, and F3 progen] lines segregated in a two-gene ratio for resistance. The stem

and leaf rust resistance of five of the F3 lines was slightly more effective than that of either
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of the parents (Dyck et al.. 1994). It is possible that these lines are homozvgous for

resistance from both P.I- 6077 and RL 6058. Cytogenetic evidence from RL6077lRL 6058

hybrids indicated that the Lr34 gene in RL 6077 may be translocated onto another

chromosome.

The development of molecular markers has permitted the location of various wheat

genes, including Zr genes, to be mapped with increased precision. Molecular markers

including RAPD, R-FLP, and SSR markers linked to race-specific resistance genes have

been identif,red in wheat and can be used in marker-assisted selection. Three RAPD and

one RFLP marker showed complete linkage to leaf rust resistance gene Lr9 (Schachermyr

et al.. 1994). Robert et al.. (1999) identified one RAPD and one R-FLP marker that are

closely linked to the stripe rust resistance gene Yr17. More recently, SSR markers have

been developed (Pestsova et al.. 2000; Roder et al.. 1998; Song et al.. 2002; Stephenson et

al.. 1998) and utilized in the tagging of rust resistance genes such as Lrl6 (McCartney et

a1..2005), Lr39 (Raupp et al.. 2001), and YrH52 (Peng et al.. 1999).

Genes Lr34 and YrlS confer slow rust resistance to leaf and stripe rust, respectively,

and are known to be pleiotropic or completely linked to each other (Mclntosh 1992; Singh

1992a). Although genes Lr34 and YrlS may not provide adequate resistance in some

environments under high disease pressure when present alone (Ma and Singh 1996, Singh

and Gupta 1992) they could contribute to achieving acceptable levels of resistance in

combination with other slow rusting genes (Singh et al.. 200I; Singh and Rajaram 1991).

Leaf tip necrosis (Ltn), a morphological trait, shows complete linkage or pleiotropism with

2.4.5 Mapping leaf rust resistance genes
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Lr34 and Xr18 (Singh 1992) and could be used in some environments as a marker to

identifr wheat lines carrying these genes. Since slow rusting resistance is quantitatively

inherited, quantitative trait loci (QTL) analysis has been applied to map genes conferring

resistance to Lr34 and YrlS and other resistance genes effective at the adult plant stage

have been mapped by QTL analysis using molecular markers (Bariana et al.. 2001;

Boukhatem et al.. 2002; Messamer et al.. 2000; Nelson et al.. 1995; Singh et al.. 2000).

The QTL for the gene complex Lr34/Yr18 has been mapped to chromosome 7D and

positioned within confidence intervals for QTLs delineated by molecular markers (Singh et

al.. 2000; Suenaga et al.. 2003; Schnurbusch et al.. 2004). Spielmeyer et al.. (2005)

confirmed Lr34 and YrlS ftne mapped to a single locus flanked by microsatellite markers

Xgwm295 and Xgwml220. In this study, both genes were separated by two recombinants

on the distal side from Xgwml220 (0.9 cM) and by six recombinants on the proximal side

from Xgwm2g5 (2.7 cM). Spielmeyer et al.. (2005) also found that adult plant resistance to

powdery mildew co-segregated with both rust resistance genes. Results obtained from

several studies indicate that the genomic region linked to microsatellite markers Xgwml220

and Xgwm295 on chromosome 7DS confers: durable adult plant resistance to leaf rust

(Lßl (Singh and Gupta 1991); durable adult plant resistance to stripe rust ()'r18)

(Mclntosh 1992; Singh 1992); adult plant resistance to powdery mildew (Spielmeyer et al..

2005); tolerance to barley yellow dwarf virus (Bdvl) (Singh 1993); enhanced expression of

stem rust resistance (Dyck 1987); and leaf-tip necrosis of flag leaves (I/n) (Singh 1992b).

All resistance specificities located within this 7DS region are expressed during the

adult plant stage, while at least some are associated with a slow increase of disease

infections. Rust resistance genes Lr34 andYrlS and possibly the gene for BYDV (Bdvl)
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have played an important role in providing durable disease resistance in a wide range of

ClMMYT-generated spring wheat and also in many wheat in the USA and Canada (Kolmer

1998). Quantitative leaf rust resistance has also been mapped in European winter wheat to

the Lr34/Yr18 region on chromosome 7DS, indicating that these resistance genes may also

be prevalent in European winter wheat gene pool (Messmer et al.. 2006; Schnurbusch et al..

2004). The study completed by Spielmeyer et al.. (2005) links the genomic region of

Lr34/Yrl8 with adult plant resistance to powdery mildew, further adding to the value of

this region as a source of valuable and durable disease resistance in wheat.

Successful tagging of these adult plant resistance genes with molecular markers

should not only help to identiff their presence in wheat cultivars but also to pyramid the

most desirable gene combinations in new cultivars. Identifying markers associated with

adult plant resistance genes could also provide the basis for saturating these important

chromosomal regions with more markers, thereby facilitating fine mapping of the regions

and cloning of these useful genes, which have shown durability.

Map-based cloning is a universal strategy to clone genes that have been finely

mapped. However, gene cloning based on fine genetic and physical mapping must deal

with a large genome size and a high ratio of physical to genetic distance resulting from low

levels of recombination or polymorphism in wheat. To date, there have been three leaf

rust resistance genes Lr I , Lr2l , and Lr I0 that researchers have successfully cloned (Huang

et aI.2003; Cloutier ef aL.2005 and Feuillet et al. 1997). The cloned genes have not been

explored extensively in terms of manipulating the sequence to determine what portion of

the sequence conditions specificity and whether it is possible to create new specificity from

changes in the cloned gene. However, the successful map-based cloning approach as
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demonstrated now opens the door for cloning of many crop-specific agronomic and other

disease resistance traits located in the gene-rich regions of bread wheat.
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3.0 FINE MAPPING FHBI, A MAJOR GENE CONTROLLING
FUSARIUM HEAD BLIGHT RESISTAI\CE IN BREAD
WHEAT (TRITICUM AES TIVUM L.)

3.1 Abstract

A major Fusarium head blight (FHB) resistance gene FhbI (syn. ffis.ndsu-38$ was fine

mapped on the distal segment of chromosome 3BS of spring wheat (Triticum aestivum L.)

as a Mendelian factor. FHB resistant parents, Sumai 3 and Nyubai, were used as sources of

this gene. Two mapping populations were developed to facilitate segregation of ffis.ndsu-

3B^S in either a fixed resistant (Thatcher/5*Sumai 3) (T/S) or fixed susceptible

(HC37413*98869-L47) (HCi98) genetic background (HC374:WuhanlÀtryubai) for Type II

resistance. Type II resistance (disease spread within the spike) was phenotyped in the

greenhouse using single floret injections with a mixture of macro-conidia of three virulent

strains of Fusarium graminearum. Due to the limited heterogeneity in the genetic

background of the crosses and based on the spread of infection, fixed recombinants in the

interval between molecular markers XGWM533 and XGWM493 on 3BS could be assigned

to discrete "resistant" and "susceptible" classes. The phenotypic distribution was bimodal

with progeny clearly resembling either the resistant or susceptible parent. Marker order

for the two maps was identical with the exception of marker STS-3BS 142, which was not

polymorphic in the HC/98 population. The major gene Fhbl was successfully fine mapped

on chromosome 3BS in the same location in the two populations within a L27 cM interval

(T/S) and a 6.05 cM interval (HC/98). Fine mapping of Fhbl in wheat provides tightly

linked markers that can reduce linkage drag associated with marker-assisted selection of

38



Fhb I and assist in the isolation, sequencing and functional identification of the underlying

resistance gene.

3.2 Introduction

Fusarium head blight (FHB), also known as scab, is a disease of small grain cereals

and is caused by several species of Fusarium. Fusarium graminearum Schw. (Giberella

zeae Schw. & Petch) is the Fusarium species that primarily causes FHB in wheat in eastem

Saskatchewan, Manitoba, eastern Canada and the United States (Gilbert and Tekauz 2000).

FHB infection is favoured by warm humid conditions during flowering and early stages of

kernel development (Gilbert and Tekauz 2000). This fungal disease reduces yield and

grain quality through shrivelled kemels, and contaminates the grain with mycotoxins (such

as deoxynivalenol) rendering it unsuitable for food or feed (Gilbert and Tekauz 2000).

Several types of resistance have been identif,ied in spring wheat (Schroeder and

Christensen 1963). Resistance to initial infection (Type I) is assessed as the incidence of

infection in the presence of natural or augmented inoculum (e.g., spray inoculations).

Resistance to spread within the spike (Type II) is assessed as the spread of infection within

the spike following single floret injections (SFI). Other types of resistance are not as well

established. Disproportionate reductions in the accumulation of DON (i.e., statistically

uncorrelated with Type I or II resistance) are described as Type III resistance (Mesterhazy

r99s).

FHB resistance is polygenic (Bai and Shaner 1994) and expression of resistance is

highly influenced by the environment. Together, these factors make it very challenging to

reproduce phenotypic results. Therefore, researchers have attempted to perform genetic
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analysis of FHB resistance through chromosomal manipulation (e.g. intervarietal

substitutions) or through the mapping of quantitative trait loci based on high-density

genetic maps.

Molecular mapping and marker assisted selection (MAS) are innovative tools that

have been used in research programs to aid in the manipulation and pyramiding of several

resistance genes in a short period of time. Molecular markers have been linked to QTLs

associated withvarious types of FHB resistance, particularly in Sumai 3 (Bai etal.. 1999,

Anderson et al.. 200I, Buerstmayr et al.. 2002; Yang et a1..2003; Yang et al..2005; Zhou

et a1.., 2002). Other sources of FHB resistance include: Ning derivatives, Wangshuibai,

Frontana, Wuhan and Nyubai (Zhou et al.. 2002; Buerstmayr et al.. 2002, Somers et al..

2003; Steiner et al.. 2004; Han et al.. 2005). The most prominent QTL for FHB resistance

have been associated with a specific type of resistance: Type II resistance on chromosome

3BS (Waldron et a1..,7999; Anderson et al.. 200I; Bai et al.. 1999; Ban et al.. 2000), and

6B (Anderson et al.. 2001; Yang et a1.. 2003); Type 1 resistance on 3A (Steiner et al..

2004), and 5A (Buerstmayr et al.. 2002).

Extensive efforts have been made to map QTL for FI{B resistance in the Chinese

wheat cultivar Sumai 3, a source of FHB resistance which has been used successfully

worldwide. A major QTL designated ffis.ndsu-3BS was originally mapped by RFLP

analysis (Waldron et al.. 1999) and verified later by several research groups (Bai et al..

1999, Anderson et a1..2001;Zhou et a1..,2002; Somers et a1.. 2003; Yang et a1..2003;

Yang et al.. 2005). ffis.ndsu-3BS is located on chromosome 3BS between microsatellite

markers GWM493 and GWM533 (Anderson et a1.. 2001). Liu and Anderson (2003)

increased the marker density in this chromosome region using sequence-tagged site (STS)
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markers developed from wheat ESTs near ffis.ndsu-3&9, which facilitated the fîne

mapping of the resistance gene.

To determine the map location of individual genes controlling quantitative traits,

substitution lines or near-isogenic lines Q.tILs) can be developed to isolate the gene of

interest as a Mendelian factor. The objective of this research was to isolate and fine map

Fhbl (ffis.ndsu-3BS) using sequence-tagged sites (STS) markers in both a fixed resistant

(Sumai 3) and fixed susceptible (98869-L47) genetic background.

3.3 Materials and methods

3.3.1 Mapping populations

Two large fine mapping populations were developed at Agriculture and Agri-Food

Canada containing different sources of type II FHB resistance, Sumai 3 and HC374

(Wuhani/1.{yubai). The pedigrees of the two mapping populations (Fig. 3.1) were

(Thatcher/5+Sumai 3) and (HC37413+98869-L47) where 98869-L47 :

Augusta/HW{lpha/13*Superb. The populations are identified in this study as (T/S) and

(HC/98), respectively.

The T/S mapping population was developed using a backcrossing program, each

time selecting the BCFI plants that were heterozygous for microsatellite markers GWM493

and GWM533 previously identif,red to flank ffis.ndsu.3BS (Liu and Anderson 2003). Two

BC¡FI plants were pollinated by 14 Sumai 3 plants to generate 508 BC+F1 seeds. A subset

of 467 plants was genotyped using GWM533 and GWM493 to select recombinant plants.

The BCqFr recombinant plants were self-pollinated and ten BC¿Fz progeny were genotyped

with G'WM533 and GWM493 to select fixed recombinant plants in the 3BS marker

-4t-



interval, i.e., plants that showed a recombination event in the interval and were

homozygous for both microsatellite markers. BC+Fr recombinant plants were also

genotyped with markers from 5A (BARCI17, GWM293, GWM304, and WMC705) and

6B (BARC146, GWM508, GWM191, GWM608, GWM644,WMC397, andWMC398) to

verify the plants were homozygous resistant for other reported FHB resistance QTLs for

Type II resistance (Somers ef a1..2003; Yang et al.. 2003).

The HC/98 population is a derivative from an on-going molecular breeding program

at Agriculture and Agri-Food Canada to introgress FHB resistance into spring wheat.

Three BCzFI plants were selected to be heterozygous between markers GWM533 and

GWM493 on 3BS, and homozygous susceptible for the following markers at other reported

FHB resistance QTLs for Type II resistance 4B (WMC710, WMC238, GWM149), 5A

(GWM154, GWM304), and 68 (V/MC494, GWM644, GWM219) (Somers et a1..2003;

Yang et a1..2003). The three plants were self-pollinated to generate alarge population of

approximately 2,000 BCzFz seeds. A subset of 420 BCzFz plants was genotyped using

GWM533 and GWM493 to select recombinant plants. The recombinant plants were self-

pollinated and ten progeny from each recombinant plant were genotyped with GWM533

and GWM493 to select fixed recombinant plants in the 3BS marker interval (Fig. 3.1).

Thirty non-recombinant, homozygous plants carrying the resistant parental allele

and thirty non-recombinant, homozygous plants carrying the susceptible parental allele

from both populations were selected genotypically using markers GV/M533 and GWM493

and were used as checks for phenotyping.
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BCrFr x 98869*L47 BC¡F¡ x Sumai 3

Select heterozygotes from BC¡F¡ for interval 3BS J
using GWM493 & cWM 533 BC2F' x Sumai 3

J Select heterozygotes from BCrF, for interval 3BS

3 BC2F¡ using GWM493 & GWM 533 and

Select heterozygotes from BC2F¡ for interval 3BS J A
using GWM493 & GWM 533 and 2 BCaFr x 14 Sumai 3

homozygoussusceptibleatotherloci4B,5Aand6Bl J A
I A 508 BC4FI

2000 BC2F2 467 of 508 BCrF, plants genotyped for interval 3BS within markers

420 BC¡F2 plants genotyped within markers GWM533 & GWM493 GWM533 & GWM493 and homozygous resistant at intervals 5A and 6B.a

79 recombinants plants identified from 420 plants2 55 recombinants identified from 467 plants2

66 of79 recombinants used in study3 5 I recombinants used in study

JA JA
66 BC2F3 5l BC4F2

l0 progeny from each recombinant screened l0 progeny from each recombinant screened

Genotyping: Genotyping:

40 fixed recombinants identified using GWM533 & GWM493 5l fixed recombinants identified using GWM533 & GWM493

Phenotyping: Phenot¡,ping:

20 resistant and 20 susceptible 30 resistant and 2 I susceptible

HC374 t98869-L47

J
Fr x 98869*L47

j

QTLs for Type Il resistance 48 (WMC7l0, WMC238, GWM 149), 5A (GWM 154, GWM304), æd 68 (WMC494, GWM644, GWM2l9) (Somers et al. 2003; Yeg et al. 2003)

2 Recombinants were selected through genotyping using two flanking markers (GWM533 and GWM493) arowd Qfts.ndsr-38.! detemined by Anderson et at. 2001.

a fixed recombinant.

{ 
BCaF¡ recombinant plants were genotyped with markers from 5A (BARCI 17, CWM293, GWM304, md WMC705) and 68 (BARCl46, GWM5O8, GWMlgl, GWM608. GWM644, WMC397, and

WMC398) to veri$ the plants were homorygous resistant for other reported FHB resistæce QTLs for Type ll resistæce (Somers et al. 2003; Yang et al. 2003)

Figure 3.1: Development of two large mapping populations for fine mappingFhbl on the distal
end of chromosome 3BS in spring wheat crosses: Thatcher/5*Sumai 3 (left) andHC3l4l3*98869-
L47 (risht)

Thatcher / Sumai 3

J
Fr x Sumai 3

t
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The populations were germinated and leaf tissue was harvested and lyophilized for DNA

extraction with the Qiagen DNeasy 96 Plant Kit (Qiagen, Mississauga, Ont.). DNA was

quantified by fluorimetry using Hoechst 33258 stain. Genotypic data for the two

populations was collected using M13-tailing and fluorescent capillary electrophoresis on an

ABI3100 genotyper (Applied Biosystems Inc., Foster City, Calif.). Ml3-tailing required

adding the M13 sequence (CACGACGTTGTAAAACGAC) to the 5' end of the forward

primer during primer synthesis (Schuelke 2000). The PCR conditions were: 24 ng DNA,

1.5 mM MgCl2, 50 mM KCl, 0.8 mM dNTPs, 2 pmol reverse primer, 0.2 pmol forward

primer, and 1.8 pmol M13 primer (CACGACGTTGTAAAACGAC) fluorescently labelled

with 6-FAM, HEX, or NED (Applied Biosystems Inc.), and 0.5 U Taq DNA polymerase

(Promega, Madison, Wis.). Thermal cycling included: 94oC -2 min,30 cycles of 95'C - 1

min, (0.5"C ls to 6Il51"C), 61151oC - 50 sec, (0.5"C/s to 73"C),73"C - I min, 1 cycle 73oC

- 5 min. The internal molecular weight standard for the ABI3100 was Genescan 500-ROX

(Applied Biosystems Inc.). Data collected by fluorescent capillary electrophoresis was f,rrst

converted to a gel-like image using Genographer available af

htç ://hordeum. o scs.montana. edu/geno grapher.

3.3.2 Genotyping and selection of recombinants

Fixed recombinant, and non-recombinant resistant and susceptible check plants

from each mapping population were phenotyped using single floret injection (SFI) in the

greenhouse. The inoculum used throughout the phenotyping process was a mixture of

three virulent strains of Fusarium graminearum Schwabe (EEI #2016, EEI #2316, and JM
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#6) provided by Dr. Jeannie Gilbert, Agriculture and Agri-Food Canada - Cereal Research

Centre. The inoculum was produced as described by Sung and Cook (1981). Recombinant

lines from each mapping population were grown in the greenhouse at an average daytime

temperature of 23oC and a night time temperature of 16oC. Four or five spikes per

recombinant plant were inoculated when each spike reached 50o/o anthesis. Each spike was

inoculated by injecting a 10 ¡rl macroconidial suspension (50,000 spores/ml) between the

lemma and palea of a floret positioned at the inoculation point (Appendix 8.1). To

determine the inoculation point on each spike, the total number of spikelets/per spike was

multiplied by two{hirds (i.e., total number of spikelets : 12 x %: 8). The inoculation

point was the 8th and 9th spikelet from the base of the spike on opposite sides of the spike in

this example (Fig. 3.2). Primary or secondary florets were inoculated but not the tertiary

floret. Following point inoculation, a 10 x 5cm clear, Bitran S Series (Fisher Scientific)

liquid tight specimen bag was placed over the spike to increase the humidity around the

spike (Appendix 8.2). Moisture from transpiration was visible in the bag covering the

spike within 30 minutes of placement over the spike. The bags were left on the spikes for

an incubation period of 48 hours. Plants remained on the bench in the greenhouse and

ratings were performed at 7, 14, and 2l days post-inoculation. Ratings were assessed by

counting the number of infected florets directly below the inoculated florets and excluding

the inoculated florets. The percentage of infected florets was averaged for each plant and

plants were classified as resistant or susceptible. Resistant and susceptible classes were

determined based on the bimodal distribution of ratings.

The inoculation procedure was repeated on f,rve progeny plants derived from the

original fixed recombinant plants in both populations to veriff FHB ratings and classify
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3.4 Results

There were 79 recombinant plants identified in the HC/98 population (BC2F2) and

55 recombinant plants in the T/S population (BCaFl) using flanking markers GWM533 and

GWM493. The HC/98 population was reduced from 79 to 66 recombinant plants due to

pests in the greenhouse. Genotypic data was fully charucterized for 51 of the 55 T/S BC¿Fz

families and 40 of the 66HCl98 BCzFg families (Fig.3.1). The interval distance between

GV/M533 and GWM493 was 10.63 and 11.05 cM in the T/S population and HC/98

populæions, respectively.

3.4.1 Genotyping

Four or five spikes lplanf for fixed recombinants and non-recombinant resistant and

susceptible checks were inoculated in the greenhouse using SFI to assess Type II

resistance. The range in infection ratings for T/S fixed recombinants was 0-5% (resistant)

md70 to 100%ó (susceptible); HC/98 fixed recombinants 5-25% (resistant) and 90 lo 100o/o

(susceptible); and for non-recombinant checks 0-8% (resistant) and 83-I00% (susceptible)

(Fig. 3.3). There were no intermediate ratings, all inoculated spikes showed either a clear

resistant or susceptible infection phenotype and thus all plants could be clearly classified

(Fig.3.2). Darkening of the inoculation point was visible by day 7, and susceptible fixed

recombinant and check plants had 83 to 100Yo infected spikes by day 14. There was no

change in infection ratings between day 14 and 2I post-inoculation. Disease development

progressed basally from the inoculation point of the spike and was similar in both

populations according to ratings completed 7,14, and2l days post-inoculation.
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Figure 3.3: Phenotypic distribution of Type II resistance to FHB in fixed recombinant plants
measured by single floret injecfion. The data was collected in a greenhouse for the fwo crosses
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The T/S population segregated 30 resistant to 21 susceptible plants, fitting a 1:1 chi-

square ratio (p>0.10). The HC/98 population segregated 20 resistant to 20 susceptible
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plants, fitting a 1:1 chi-square ratio þ>0.975). Progeny plants derived from each initial

fixed recombinant showed infection ratings to be the same as the previous generation.

The two maps were constructed with th¡ee microsatellite and five STS markers.

Marker order was identical on each map, with the exception of marker, STS3BS-142,

which was not polymorphic in the HC/98 population. Allele size for three of the eight

markers was two base pairs smaller in Sumai 3 than inHC374 (Table 3.1). The total map

length for the two populations was 10.63 (T/S) and 11.05 cM (HC/98) (Fig. 3.a). The

major gene Fhbl was successfully mapped to syntenic intervals in the two populations

flanked by STS3B-80 and STS3B-142 (T/S) and STS3B-80 and 5T53B-66 (HC/98). FhbI

was mapped to a 1.27 and 6.05 cM interval in the T/S and HC/98 populations, respectively

(Fig.3.4).

3.4.3 Genetic map
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Table 3.1: Primer sequences,
HC37 4* 3 I 98869 -L47 (HC/98)

Marker

BARC133
GWM493
GWM533
STS3B-66
STS3B-80
STS3B- I 3 8

STS3B-I42
STS3B-I63

Forward Primer (5'--+3')

AGCGCTCGAAAAGTCAG
TTCCCATAACTAAAACCGCG
AAGGCGAATCAAACGGAATA
AGTCAGGCGAAGAGCGATAA
AGAAGAAGGAAGCCCCTCTG
CAAGATCAAGAAGGCCAAGC
CGAGTACTACCTCGGCAAGC
TTCATGGACGAGTACGACGA

annealing temperatures, and allele
populations for fine mapping Fhbl

Reverse Primer (5'---+3')

GGCAGGTCCAACTCCAG
GGAACATCATTTCTGGACTTTG
GTTGCTTTAGGGGAAAAGCC
AGCACTGCACAATGAGCATC
GCCATGTCTTTTGTGCCTTT
AGGTACACCCCGTTCTCGAT
CATAGAATGCCCCGAAACTG
AAGGTTGCCATTGCTCTCAC

sizes of markers used in
in spring wheat

Anneal Allele Size References

the Thatcher/5*Sumai 3 (T/S) and

51

6t
6l
55
55
55
50
55

ubai/Sumai

125lt2s
197 I t95
t39lr41
192/192
NullAIull
3551355
156/156
470/468

http ://www. scabusa. org
Röder et al.. 1998
Röder et al.. 1998
Liu and Anderson 2003
Liu and Anderson 2003
Liu and Anderson 2003
Liu and Anderson 2003
Liu and Anderson 2003
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Figure 3.4: Fine map of the major FHB resistance gene, FhbI, in two large bread wheat
populations containing different sources of FHB resistance: Sumai 3 (left) and HC374
(V/uhanl/Ì.{yubai) (righQ. The crosses of the populations were Thatcher/5*Sumai 3 (T/S) and
HC37 4* 3 I 9 8B 69 -L47 (HC/9 8)

3.5 Discussion

10.63

BARC 1 33

STS38-1 63
sTS38-1 38
STS3B-80

GWM493

There are inherent difficulties associated with phenotypic characterization of FHB

due to methodological problems of inoculation, the variability of the fungus, and

confounding effects of the environment (Andersen 1948; Hanson et al.. 1950; Scott

1927). Researchers have had great difficulty achieving reliable and reproducible FHB

infection data. Reproducible phenotypic data is essential to create a reliable fine map of
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QTL candidate genes. The present study successfully decreased the variability in

phenotyping FHB resistance and increased the reproducibility by focusing on variables

that could be managed through the development of two large mapping populations with

selected fixed resistant and fixed susceptible backgrounds, use of a mixture of isolates of

the pathogen, proper inoculation techniques, multiple replication and progeny testing, and

a temperature monitored indoor environment.

The SFI phenotyping completed in a greenhouse during this study showed

similarity and consistency of infection rating within plants and generations. The use of

four or five spikes per fixed recombinant plant provided replication and allowed the

plants to be classified as resistant or susceptible (Fig. 3.2). There was a high level of

confidence and reproducibility in the phenotypic data based on the consistency in

infection ratings of the non-recombinant resistant and susceptible checks from both

populations (LSD (c : 0.05) T/S : 4.36; HC/98 : 8.02) and the similarity in infection

data between the fixed recombinant plants and progeny testing.

Resistance to FHB is a complicated quantitative trait; however, the limitation of

the spread of symptoms in a spike is a major component of resistance and may be

controlled by a few major genes (Gu 1983; Bai and Xiao 1989; Bai et al.. 1990). In this

study, a coefficient of determination (R2) was calculated for both populations with an

ANOVA based on the percentage infection of the initial fixed recombinants. The R2

value for both populations was 0.99 and indicated there was a major effect of Fhbl on

infection. The major effect of Fhbl on Type II resistance was clearly evident in the

susceptible fixed recombinant plants of the T/S population even in a fixed resistant

background. Although Sumai 3 alleles were present at FHB QTLs on 5A and 68 in the
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T/S population,2I out of 51 plants homozygous for Thatcher alleles at Fhbl were still

fully susceptible to spread of the disease (Fig. 3.3). In the HC/98 population,98B69-L47

alleles were present at the 5A and 6B locus. Phenotypic data from the study

demonstrated that 20 of the 40 recombinant plants were fully susceptible when Nyubai

alleles were not present at Fhb I , and 20 of the 40 recombinant plants were fully resistant

when Nyubai alleles were present. When the infection range for phenotypic data is

analyzed, the degree of resistance in phenotypic data is greater in the T/S fixed

recombinant plants (0-5%) versus the HC/98 fixed recombinant plants (5-25%) and non-

recombinant resistant check plants (0-8%) (Fig. 3.3). These data from both populations

suggests thaf Fhbl is functionally essential to provide Type II resistance and that Fhbl is

an additive gene relative to other resistance loci. For example, Yang et al.. (2003)

detected strong Type II resistance derived from the 68 locus of Sumai 3 (R2:0.21) in a

spring wheat cross (HY368/Sumai3//AC Foremost), yet this level of Type II resistance is

not apparent in the present study when the Sumai 3 alleles of Fhbl are substituted for

Thatcher alleles.

This study provided a novel approach to fine map the gene Fhblfrom two

different sources of FHB resistance (Sumai 3 and Nyubai) in two independent, large

populations. The Sumai 3 and Nyubai sources of resistance had different allele sizes for

three of the eight markers suggesting the sources of resistance present in the populations

were genetically diverse. The two sources of FHB resistance mapped to syntenic marker

intervals in independent populations (Fig. 3.a). Identification of original recombinant

plants showed the interval distance between the two flanking markers GWM493 and

GWM533 was 10.63 and 11.05 cM in the T/S and HCl98 populations, respectively.
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Comparative mapping between the present populations and Liu and Anderson (2003)

showed the same marker order; however, the GV/M493 to GWM533 distance was 6.8

map units based on results from Liu et al.. (2003). The difference in genetic distance

between GWM493 and GWM533 could be due to the difference in population size and

structure. The increased recombination surrounding Fhbl in the HC/98 population

compared to the T/S population could be due to population size, genetics of the two

different FHB resistance sources of Fhbl, andlor the difference between the generations

that were phenotyped and genotyped in this study.

The interval distance surrounding Fhbl indicated there was a higher

recombination frequency in the HC/98 population compared to the T/S population

immediately distal to Fhbl (Fig. 3.a). Comparisons of physical and genetic maps of

wheat indicate that most genetic recombination occurs in gene-rich regions (Gill et al..

1996; Faris et al.. 2000). In the study by Liu and Anderson (2003), QTL analysis of

chromosome 3BS for FHB resistance in the Sumai 3 x Stoa population was completed

using two greenhouse FHB evaluations. The present results indicate the Fhbl gene maps

to a similar position as the peak of ffis.ndsu-3BS identified by Liu and Anderson (2003).

However, Liu and Anderson (2003) indicate due to the small population size used, the

exact order of markers and precise QTL position could not be determined.

In summary, Fhbl was successfully fine mapped to the same location in two

populations with two genetically diverse sources of FHB resistance in spring wheat using

an innovative strategy. This strategy combined unique population design to fix resistant

and susceptible backgrounds, large population sizes, and the use of microsatellite markers

to select fixed recombinants, robust phenotypic data, good marker density and
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comparative mapping to attain a precise map position of Fhbl. This study suggests

Fhbl is functionally essential to provide Type II resistance and Fhbl is an additive gene

relative to other resistance loci. This information should aid plant breeders worldwide to

reduce linkage drag associated with marker-assisted selection and assist in the cloning of

the functional resistance gene.
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4.0 MAPPING OF FHB2 ON CHROMOSOME 6B5: A GENE
CONTROLLING FUSARIUM HEAD BLIGHT FIELD
RESISTANCE IN BREAD WHEAT (TRITICUM AESTIVUML.)

4.1 Abstract

Fusarium head blight (FHB) is one of the most important fungal wheat diseases

worldwide. Understanding the genetics of FHB resistance is key to facilitate the

introgression of different FHB resistance genes into adapted wheat. The objective of this

project was to study the FHB resistance QTL on chromosome 68, quantiff the

phenotypic variation, and qualitatively map the resistance gene as a Mendelian factor.

The FHB resistant parent FW218 (AC Domain*2/Sumai 3) was used as the source of the

resistance allele. A large recombinant inbred line (RIL) mapping population was

developed from the cross BW278lAC Foremost. The population segregated for three

known FHB resistance QTL located on chromosomes 3BSc, 54, and 68. Molecular

markers on chromosome 6B (WMCIO4, WMC397, GWM219), 5A (GWM154,

GWM304, WMC415), and 3BS (WMC78, GWM566, V/MC527) were amplified on

approximately 1,440 Fs z RILs. The marker information was used to select 89 RILs that

were fixed homozygous susceptible for the 3BSc and 5A FHB QTLs and were

recombinant in the 6B interval. Disease response was evaluated on 89 RILs and parental

checks in the greenhouse and field nurseries. Dual floret injection (DFI) was used in

greenhouse trials to evaluate disease severity (DS). Macroconidial spray inoculations

were used in field nurseries conducted at two locations in southern Manitoba (Carman

and Glenlea) over two years 2003 and 2004, to evaluate disease incidence, disease
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severity, visual rating index, and Fusarium-damaged kernels. The phenotypic

distribution for all five disease infection measurements was bimodal, with lines

resembling either the resistant or susceptible checks and parents. All of the four field

traits for FHB resistance mapped qualitatively to a coincident position on chromosome

6BS, flanked by GWMl33 and GWM644, and is named Fhb2. The greenhouse-DS trait

mapped 2 cM distal to Fhb2. Qualitative mapping of Fhb2 in wheat provides tightly

linked markers that can reduce linkage drag associated with marker assisted selection of

Fhb2 and aid the pyramiding of different resistance loci for wheat improvement.

4.2Introduction

Fusarium head blight (FHB), caused primarily by Fusarium graminearum

Schwabe (teleomorph Gibberella zeae (Schwein.) Petch), has become the most serious

fungal disease of small cereal grains in Manitoba, eastem Saskatchewan, and eastern

Canada. FHB infection is favoured by warm humid conditions during flowering and

early stages of kernel development (Gilbert and Tekauz 2000). Lightweight Fusarium-

damaged kernels (FDK) may contain high concentrations of mycotoxins, such as

deoxynivalenol (DON), rendering the grain unsuitable for food or feed (Gilbert and

Tekauz 2000).

Producers can follow a number of management practices to help control FHB;

however, the most eff,rcacious and economical strategy to this devastating problem is to

breed genetic disease resistance into adapted cultivars. Breeding for resistant cultivars

is difficult given the complexity of FHB resistance, the need to screen host plants at

maturity, and the large environmental effects on disease expression. Several types of

FHB resistance in wheat have been proposed (Bai and Shaner 1994; Yang 1994;
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McMullen et al.. 1997). Resistance to initial infection (Type I) is assessed as the

incidence of infection in the presence of natural or augmented inoculum (e.g. spray

inoculations). Resistance to spread within the spike (Type II) is most accurately assessed

as the spread of infection within the spike following single/dual floret injections

(SFVDFI). Other types of resistance are not as well characterized. Disproportionate

reductions in the accumulation of DON (i.e., statistically uncorrelated with Type I or II

resistance) are described as Type III resistance (Mesterhazy 1995).

The most cofirmon sources of genetic resistance are derived from the Chinese

wheat cultivar Sumai 3 (Yang 1994; Bai and Shaner 1994; Wan et al.. 1997) and

resistance to FHB is quantitatively inherited (Chen 1983; Lin et al.. 1992; Yang 1994;

Bai et al.. 2000). Problems associated with greenhouse- and field-based screening for

FHB resistance include dependence on the environment for symptom development, the

high cost of phenotyping, and significant time and resource requirements (Yang 1994;

Bai and Shaner 1994; Campbell and Lipps 1998). Development of DNA marker-based

screening for the presence of resistance genes may make selection for resistance more

efficient in breeding programs (Bai et al..1999; Kolb et al.. 2001).

Exploitation of molecular markers associated with FHB resistance genes has

focused on Type II FHB resistance (Bai et al.. 1999;' Waldron et al.. 1999; Anderson et

a1..2001; Buestmayr et al.. 2002; Zhou et al..2002; Yang et al.. 2003). Previous QTL

mapping studies have revealed major Sumai 3-derived Type II FHB resistant QTL on

chromosomes 3BS (Waldron et al.. 1999; Anderson et al.. 200I; Buerstmayr et al.. 2002;

Somers er a1..2003; Zhou et a1..2002; Yang et a1.,..2003), 5A (Ban and Suenaga 1998; Xu

et al.. 2001; Buesrstmayr et al.. 2002) and 68 (Anderson et al.. 2001; Yang et al.. 2003).
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Understanding the genetics of FHB resistance and mapping the location of genes will be

necessary to facilitate the introgression and pyramiding of different FHB resistance genes

into adapted wheat.

To determine the map location of individual genes controlling quantitative traits,

substitution lines, recombinant inbred lines (RILs) or near-isogenic lines QrlILs) can be

developed to isolate the gene of interest as a Mendelian factor. The objective of this

research was to study the FHB resistance QTL on chromosome 68 (Yang et al.. 2003) by

quantifying the phenotypic variation in disease incidence (DI), disease severity (DS),

visual rating index (VRI), and Fusarium-damaged kernels (FDK) and qualitatively map

the resistance gene.

4.3 Materials and methods

Single-seed descent was used to develop a recombinant inbred population of

1,440 F5T lines from the cross 8W278 (AC Domain*2/Sumai 3, FHB resistant) and AC

Foremost (HY320*518W553//HY320*617424-BW5B4, FHB susceptible). Sumai 3 was

the source of FHB resistance in the population, which segregated for three known FHB

resistance QTL on chromosomes 3BSc, 54, and 68. The QTL identified on 3BSc is

located proximal to the centromere (Somers et al.. 2003). The 1,440 Fs z recombinant

inbred lines (RILs) were genotyped using microsatellite markers on chromosome 68

(v/MC104, WMC397, GWM219), 5A (GWM154, GWM304, WMC415), and 3BS

(WMC78, GWM566, WMC527) (Somers et al., 2004) to facilitate selection of RILs

homozygous susceptible for QTL intervals on 3BSc, 54, and recombinant for the interval
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on 6B caffying the FHB resistance gene (Table 4.1). 8W278 is known to lack resistance

alleles at Fhbl (Cuthbert et aL..2006) on 3BS near GWM493 (datanot shown).

Seed from the 1,440 RILs were germinated on moist filter paper in Petri dishes

for one week in the dark at 2IoC. The leaf tissue was harvested and lyophilized, then

DNA was extracted using the Qiagen DNeasy 96 Plant Kit (Qiagen, Mississauga, Ont.)

and quantified by fluorimetry using Hoechst 33258 stain. DNA from five plants per line

was collected and bulked for initial genotyping of the 1,440 lines. Lines showing

heterogeneity or heterozygosity were eliminated from the project. DNA was collected

from five new plants per line for genotyping of the selected recombinant lines, and no

heterogeneity or heterozygosity was detected within the families of the final selected

recombinant population. Genotypic data for the population was collected using Ml3-

tailing and fluorescent capillary electrophoresis on an ABI3100 genotyper (Applied

Biosystems Inc., Foster City, Calif.). Ml3-tailing required adding the M13 sequence

(CACGACGTTGTAAAACGAC) to the 5' end of the forward primer during primer

synthesis (Schuelke 2000). The PCR conditions were: 24 ng DNA, 1.5 mM MgCl2, 50

mM KCl, 0.8 mM dNTPs, 2 pmol reverse primer, 0.2 pmol forward primer, and 1.8 pmol

M13 primer (CACGACGTTGTAAAACGAC) fluorescently labelled with 6-FAM, HEX,

or NED (Applied Biosystems Inc.), and 0.5 U Taq DNA polymerase (Promega, Madison,

Wis.). Thermal cycling included: 94"C - 2 min,30 cycles of 95'C - 1 min, (0.5"C/s to

61/51"C),6ll5l'C -50 sec, (0.5"C/s to73C),73"C- l min, l cycle 73"C- 5 min. The

internal molecular weight standard for the ABI3100 was Genescan 500-ROX (Applied

Biosystems Inc.). Data collected by fluorescent capillary electrophoresis was first
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converted to a gel-like image using

http :/lhordeum. oscs.montana. edu/geno grapher).

Genographer (available at
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Table 4.1: Primer sequences, annealing temperatures, and allele sizes of markers on chromosome 6B used in the 8W278/AC Foremost
population for mapping Fhb2 in spring wheat

Marker

wMC104
GWM132
CFD13
GV/M518
GWM494
GV/M508
V/MC398
GWM133
GWM644
wMC397
wMC756
GWM88
wMCl79
WMCl82
GWM608
GWM107
wMCl52
BARC24
GWM219
GWMl54
GWM304
WMC415
WMC78
wMC527
GWM566

Forward Primer (5'+3')

TCTCCCTCATTAGAGTTGTCCA
TACCAAATCGAAACACATCAGG
CCACTAACCAAGCTGCCATT
AATCACAACAAGGCGTGACA
ATTGAACAGGAAGACATCAGGG
GTTATAGTAGCATATAATGGCC
GGAGATTGACCGAGTGGAT
ATCTAAACAAGACGGCGGTG
GTGGGTCAAGGCCAAGG
AGTCGTGCACCTCCATTTTG
TTCCGTGGCCTCTCGTTC
CACTACAACTATGCGCTCGC
CATGGTGGCCATGAGTGGAGGT
GTATCTCACGAGCATAACACAA
ACATTGTGTGTGCGGCC
ATTAATACCTGAGGGAGGTGC
CTATTGGCAATCTACCAAACTG
CGCCTCTTATGGACCAGCCTAT
GATGAGCGACACCTAGCCTC
TCACAGAGAGAGAGGGAGGG
AGGAAACAGAAATATCGCGG
AATTCGATACCTCTCACTCACG
AGTAAATCCTCCCTTCGGCTTC
ACCCAAGATTGGTTGCAGAA
TCTGTCTACCCATGGGATTTG

Reverse Primer (5'+3')

ATGCAAGTTTAGAGCAACACCA
CATATCAAGGTCTCCTTCCCC
TTTTTGGCATTGATCTGCTG
CAGGG'IGGTGCATGCAT
TTCCTGGAGCTGTCTGGC
GTGCTGCCATGATATTT
CGTGAGAGCGGTTCTTTG
ATCTGTGACAACCGGTGAGA
AGGAGTAGCGTGAGGGGC
CATTGGACATCGGAGACCTG
CATTGCCATCAGTCACCCTC
TCCATTGGCTTCTCTCTCAA
CATGATCTTGCGTGTGCGTAGG
GAAAGTGTATGGATCATTAGGC
GATCCCTCTCCGCTAGAAGC
GGTCTCAGGAGCAAGAACAC
TCTCTTCTTGCCACATATTCGT
GCGGTGAGCCATCGGGTTACAAAG
GGGGTCCGAGTCCACAAC
ATGTGTACATGTTGCCTGCA
AGGACTGTGGGGAATGAATG
TCAACTGCTACAACCTAGACCC
AGCTTCTTTGCTAGTCCGTTGC
GCTACAGA AAACCGGAGCCTAT
CTGGCTTCGAGGTAAGCAAC

Chromosome Anneal

cc)

6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
6B
5A
5A
5A
3BSc
3BSc
3BSc

6l
61
6l
6t
61

51

6l
6t
61

61
51

61

61

61

61

61

6l
5l
6l
5l
61

6l
61

61

6l

Allele References
Size
Sumai

153

134
Null
208
217
156
173
120
206
175
231
248
217
180

163
209
2s6
2tl
r98
t2t
234
t76
285
402
142

http://wheat.pw.usda. gov
Röder et al.. (1998)
http ://wheat.pw.usda. gov
Röder et al.. (1998)
Röder et al.. (1998)
Röder et al.. (1998)
http ://wheat.pw.usda. gov
Röder et al.. (1998)
Röder et al.. (1998)
http ://wheat.pw.usda.gov
http ://wheat. pw.usda.gov
Röder er al.. (1998)
http ://wheat.pw.usda. gov
http://wheat.pw.usda. gov
Röder et al.. (1998)
Röder et al.. (1998)
http ://wheat.pw.usda.gov
http ://www. scabusa.org
Röder et al.. (1998)
Röder et al.. (1998)
Röder et al.. (1998)
http ://wheat.pw.usda.gov
http ://wheat.pw.usda.gov
http ://wheat.pw.usda.gov
Röder et al.. (1998)
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The 89 RILs and parents from the mapping population were randomly arranged

and grown in the greenhouse with supplemental lighting set for 16 hour daylight. The

greenhouse temperature was monitored and recorded daily and averaged22oC during the

day with a range of 18 fo 25oC and 18oC at night with a range of 17 to 21oC. The

inoculum used throughout the experiment was a mixture of virulent strains of Fusarium

graminearum Schwabe (JM-6-00; EEI-23-00; RK-9-02; RK-16-02) provided by Dr.

Jeannie Gilbert, Agriculture and Agri-Food Canada - Cereal Research Centre, Winnipeg,

Manitoba- The inoculum was produced as described by Sung and Cook (1981). Ten

single spikes from 10 plants for each Fs.z RIL and parent were inoculated to assess FHB

resistance. A single primary spike on each recombinant plant was inoculated when the

spike reached 50% anthesis. Each spike was inoculated by injecting a l0 pl

macroconidial suspension (50,000 spores/ml) between the lemma and palea of the

primary and secondary florets positioned at the inoculation point. The inoculation points

on each spike were the spikelet positioned 213 of the way from the base of the spike and

the spikelet immediately above that point. For example, the inoculation points were the

adjacent 8th and 91h spikelets on a spike that had a total of 12 spikelets (12 x 213 : 8).

Following point inoculation, plants were incubated in a chamber at I00Yo relative

humidity for 24 hours and then returned to the greenhouse bench. Ratings were

performed at 7, 14, and 2I days post-inoculation. Disease severity (DS) ratings were

assessed by counting the number of infected spikelets directly below the inoculated

florets and excluding the inoculated florets. The number of infected spikelets was only

counted below the point of inoculation since infection can restrict the flow of water to

4.3.2 Fusarium head blight phenofyping - greenhouse
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distal florets and cause early senescence.

for each plant and RILs were classified

distribution of ratings.

The field trials included 97 entries (89 RILs and 8 check varieties: AC Barrie,

AC Foremost, AC Morse, AC Vista, Alsen, 8W278, CDC Teal, and FHB 37) which were

screened in Fusarium head blight nurseries at two locations in southern Manitoba

(Glenlea and Carman) during the 2003 and 2004 field seasons (Appendix 8.3). Trial

entries and checks were replicated four times in a randomized complete block design.

Selected checks (AC Morse fsusceptible], CDC Teal fsusceptible], Alsen [moderately

resistant], and FHB37 [resistant]) were placed every 50 rows to monitor disease

development throughout the field. Plots in Carman 2003 and 2004 consisted of a single 1

meter row with 17 cm row spacings. Plots at Glenlea consisted of a single 1.5 meter row

in2003 and 0.9 meter row in 2004 row both with 30 cm row spaoings. Sowing density

was approximately 60 seeds per row. The spikes of the entire row were spray-inoculated

at 50o/o anthesis with a 50 ml inoculum solution of virulent strains of Fusarium

graminearum (2003 UM-6-00, EEI-23-00, RK-9-02, RK-16-021 and 2004 [RK-i6-02,

MSIDS-15-03, MS/DS-3-03, EM/MB-19-03, MB/DS/DB-47-031) using a COz backpack

sprayer calibrated at 30 psi. Re-inoculation of the same rows was performed two and

three days following the first inoculation in the Glenlea and Carman nurseries,

respectively. The inoculum solution was a suspension of 50,000 macro-conidia spores /

mL in water and Tween 20. There was a difference in isolates used for the inoculation

4.3.3 Fusarium head blight phenofyping - field trials

The percentage of infected florets was averaged

as resistant or susceptible based on the bimodal
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procedure from year to year, which is standard procedure to ensure current isolates are

being used for testing of breeding material. The nursery at Glenleain2}}3 and 2004 was

inigated with a sprinkler system for 30 minutes following each inoculation to favor

development of the disease. Plots at the Carman nusery were irrigated two hours post-

inoculation for five minutes every hour for twelve hours. All plots at Carman were mist-

irrigated on alternate days for a period of ten days.

Disease incidence (DI - initial infection) and disease severity (DS - disease spread

within the spike) of each row were rated 18 to 2l days post-inoculation using a 1

(resistant) -10 (susceptible) scale. Visual rating index (VRI) was calculated (VRI: DI x

DS) for each line. Twenty-frve spikes per row were harvested at random and stored at -

20"C the day visual field ratings were performed to later verify the visual rating in the

field.

Nurseries were hand harvested at the end of the season when they reached

physiological maturity using a Whitecapper - offset double row thresher (Glenlea 2003)

or Wintersteiger Elite combine (Carman 200312004, Glenlea 2004). The threshing

mechanism was set at a normal setting on the combine; however, the wind speed was

decreased and sieves were opened to ensure the Fusarium-damaged kernels were

maintained in the harvested samples. Harvested seed samples were placed in paper bags

and dried for one week at 36oC using a forced air system. A 50 gram sample from each

plot was visually assessed to determine the %o of FDK (Appendix 8.4). Fusarium-

damaged kernels were identified as shriveled, light-weight and chalky white kernels with

occasional pink colouration. These kemels were distinguishable from plump visually

disease free kernels within a sample.
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A total of 40 microsatellite markers on chromosome 6B (Somers et al.. 2004)

were screened for polymorphism between the parents of the population. Polymorphic

marker primer sequences, annealing temperatures, and allele sizes are listed in Table 4.1.

Nineteen polymorphic markers on 68 were used to genotype the RILs and create the

genetic map. JoinMap, V3.0 (Biometris, Wageningen, The Netherlands,

htç://wwwjoinmap.nl) was used to determine the marker order and map distances.

4.3.4 Construction of the genetic map

Analysis of variance (ANOVA) for DI, DS, VRI, and FDK for each site and a

combined analysis across the four site years were performed using the "PROC GLM"

procedure of the SAS software package (SAS Institute Inc., Version 8.2). A

homogeneity test u'as conducted to ensure the data could be combined over site years.

The model statement used in the combined analysis was "variables : env rep(env) entry

entry*env. All factors in this statement with the exception of entry were considered to be

random. The F-test values were considered approximate since the trait values were not

normally distributed.

4.3.5 Statistical analysis

4.4 Results

There were 89 RILs identified from fhe I,440 F5.7 mapping population to be

homozygous susceptible for FHB resistance QTL on 3BSc and 5A and recombinant near

the FHB resistance 6B QTL interval. The interval distance between flanking markers

WMC104 and G'WM219 on 685 was 32 cM (Figure 4.2).
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Figure 4.2: Phenotypic distribution based on FFIB infection of 89 F57 RILs from the cross
Domain*2/Sumai 3//AC Foremost. Percent infection was measured from one replicated
greenhouse (GH) experiment and replicated field disease nurseries combined over four site-years.
Traits included disease severity (DS), disease incidence (DI), visual rating index (VRI = DS x
DI), and Fusarium damaged kernels (FDK). Resistant and susceptible parent and check lines
showed infection phenotypes within the respective modes of the distributions. Small black
arrows indicate the division point to classiff lines as resistant or susceptible.
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4.4.1 Fusarium head blight phenotyping

4.4.1.1 Greenhouse trials

Ten plants of each RIL and parental check were inoculated in the greenhouse using DFI

on a single primary spike to assess disease severity. The range in GH-DS (l-10)

infection ratings showed a bimodal distribution (Fig a.1 GH-DS). The range in GH-DS of

RILs classif,red as resistant was 1.5-5.3 and for lines classified as susceptible was 7.6-

10.0. There was very low variability (standard error: resistant RILs 4.1 * 0.25 and

susceptible RILs 9.3 + 0.25) within the ten plants of each RIL and no overlap between the

resistant and susceptible classes (Fig. a.1). Resistant parental checks showed a disease

severity range of 2.1-2.3 (resistant) and the susceptible check was 9.3. Darkening of the

inoculation point was visible by day 7; however, disease progression was minimal by day

14 for the susceptible RILs and susceptible parental check. Disease development

progressed basally from the inoculation point and there was a substantial change in

infection ratings for susceptible RILs between day 14 and 21 post-inoculation. The

population segregated 41 resistant to 48 susceptible plants, fitting a 1:1 chi-square ratio

(p<0.10).
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Figure 4.2: Genetic map position of Fhb2 on chromosome 6B5 in the cross AC
Domain*2/Sumai 3llAC Foremost. A population of 89 RILs recombinant for a segment of
chromosome 68 was phenotyped for FHB infection symptoms and RILs were classified as

resistant or susceptible based on replicated greenhouse and field disease nurseries combined over
four site years. Recombination distance is shown on the left in cM and the Chinese Spring
deletion bin assignment for GWMl33 and GWM644 (Sourdille et al.. 2004) are shown on the
right.

4.4.1.2 Field trials

Environmental data was collected and conditions differed between the 2003 and

2004 field seasons. Mean temperature and precipitation during inoculation and prior to

rating (July and August) are the most critical for infection and disease development.
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High amounts of precipitation and flooding in the spring of 2004 affected plant

establishment at Glenlea and led to loss of one of the replicates. Despite the differences

in temperature and precipitation between years, the mean infection level for all field traits

did not differ between the years.

The ANOVA for combined site-years indicated all sources of variation for Field -

Di, -VRI, -FDK, and -DS were significant with the exception of environment for Field -

DS (Table 4.2). The phenotypic distribution of all field traits over site years was bimodal

@ig. a.1). All 89 RILs that were classified showed the same classification for all four

field traits. The population segregated 45 resistant to 44 susceptible RILs for all field

traits, f,ruing a 1:1 chi-square ratio þ<0.05) (Fig. a.1). The correlation between the

averaged greenhouse and field data measurements for the 89 RILs showed all correlations

were high and statistically significant (o:0.01) (Table 4.3).

There were 12 RILs that were recombinant between the GH-DS and field traits.

Four RILs were resistant for GH-DS and susceptible for field traits with a range of 47-

52% and a mean rating of 50o/o infection. There were 8 RILs susceptible for the GH-DS

rating and resistant for the field traits with a range of 78 - 100% and a mean rating of

89% infection. The correlation based on DS between the visual assessment of each row

in the FHB f,reld nurseries and the harvested spike analysis (25 heads) was also high:

Carman 2003 (r:0.91), Glenlea2003 (r:0.89), Carman 2004 (r:0.88), and Glenlea 2004

(r:0.85).
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Table 4.2: Analysis of variance for four phenotypic field variables (disease incidence,
disease severity, visual rating index, and Fusarium-damaged kernels) from two field
locations (Glenlea and Carman, MB) over two years (2003 arñ2004).

Source

Variable: Disease Incidence (Df)

Env. 3 49.7

Rep(env) I I 25.7

Entry 102 6301.9

df

Env*Entry

Error

Type III SS

Variable: Disease Severity (DS)

Env. 3 4.2

Rep(env) 11 29.1

Entry 102 7712.3

304

1,1 15

Mean

square

Env*Entry

Error

510.7

1152.9

16.6

2.3

61.8

1.7

1.0

F-value

Variable: Visual Rating Index (VRÐ

Env. 3 835.0

Rep(env) 11 1862.2

Entry 102 759439.1

304

1,1 15

16.0

2.3

s9.8

1.6

P-value

Env*Entry

Error

607.0

1295.8

1.4

2.6

7 5.6

2.0

1.2

<0.0001

0.0102

<0.0001

<0.0001

Variable: Fusarium-damaged kernels (FDK)

Env. 3 13106.7 4368.9

Rep(env) 11 2221.5 202.0

Entry 102 924706.9 9065.8

Env*Entry 304 83535.5 274.8

Error 1,1 1 5 133352.1 119.6

304

1,115

1.2

2.3

65.t

1.1

36144.5

73281.5

278.3

169.3

1445.5

I 18.9

65.7

0.31 18

0.0095

<0.0001

<0.0001

4.2

2.3

1t3.3

1.8

0.0055

0.0031

<0.0001

<0.0001

36.5

1.7

75.8

2.3
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Table 4.3 Correlation coefficients (r) calculated using averaged values for greenhouse and
field data measurements from two field locations (Glenlea and Carman, MB) over two
years (2003 and2004).

Greenhouse DS

Field - VRI

Field - DI

Field - DS

Field - FDK

GreenhouselField Data Measurements

Greenhouse - DS Field - VRI Field - DI

0.75

0.74

0.78

0.73

A genetic map was constructed by genotyping the 89 RILs with 19 polymorphic

microsatellite markers on chromosome 6B (Table 4.1). The marker order was iclentical to

the wheat consensus map (Somers et al.. 2004), with the exception of markers GWM518

and CFDi3; and GWM608 and WMC182, which were inverted. The total map length for

the population was 32 cM (Fig. a.Ð compared to 42 cM on the wheat consensus map

(Somers et al.. 2004). The 89 RILs were classified as resistant or susceptible using five

disease infection measurements (Field-DI, Field-DS, Field-VRI, Field-FDK and GH-DS).

All of the four field traits mapped to a coincident genetic position on chromosome 6B5

flanked by GWM133 and GWM644. This gene controlling field resistance to FHB is

here named Fhb2. The GH-DS mapped 2 cM distal to Fhb2 due to the presence of 12

RILs which \ilere recombinant between GH-DS and field traits (Fig. 4.2).

4.4.2 Genetic map

0.99

0.94

0.97

Field - DS Field - FDK

0.92

0.97 0.91
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4.5 Discussion

There are inherent difficulties associated with phenotypic characterization of FHB

due to methodological problems of inoculation and confounding effects of the

environment (Andersen 1948; Hanson et al.. 1950; Scot| 1927). The present study

decreased this variability and increased the reproducibility in phenotyping FHB

resistance by focusing on variables that could be controlled. This included the

development of a large RIL mapping population that segregated for a single major FHB

resistance gene, multiple site-years of field phenotyping, and indoor DFI phenotyping.

The significant level of variation for all field traits (Table 4.2) may be due to the

varying level of disease pressure for combined site years, differences in isolates used and

differences in the type of irrigation system used between locations. Statistically, the most

significant factors affecting FHB ratings in the population were entry and env*entry

interaction. The env*entry interaction for Field-DI, Field-DS, Field-VRI and Field-FDK

compared to the entry effect is relatively small since the sum of squares for entry is more

than 10 fold higher than the sum of squares for the env*entry interaction (Table 4.2).

There is no overlap in the two classes of RlLs (Fig. a.1) therefore the env*entry

interaction is more a function of annual differences in values as opposed to overlapping

phenotypic classes.

The ANOVA showed that the entries were highly significant for all field traits

and using the phenotype distribution each RIL could be classified as either resistant or

susceptible (Table 4.2,Fig.4.1). The experimental design and data collection methods

were effective in removing these sources of variation from the entry effects.
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The DS was measured both in the greenhouse using DFI and in the field using

spray inoculation to ensure consistency amongst ratings and proper characterization of

the RILs. There were 12 RILs that were recombinant between the GH-DS and field

traits. The overall rating results indicated the GH-DS levels were greater than the field

DS (Fig. 4.1); however, the GH-DS and field DS were highly correlated (r:0.78). The

data showed all four field measurements of FHB resistance mapped to one coincident

location on chromosome 6B5, represented by Fhb2. The GH-DS measurement of FHB

resistance mapped 2 cM distal to Fhb2 due to the presence of the 12 recombinant lines

between GH-DS artd Fhb2.

This study provided an approach to qualitatively map the Fhb2 gene using the

Sumai 3 source of resistance in a large mapping population by collecting phenotypic data

from both the field and greenhouse. The total genetic distance between the two flanking

markers WMC104 and GWM219 on the wheat consensus map is 42 cM and32 cM in the

present population. The main difference in genetic distance between the two populations

is attributed to the map distance between markers CFD13 and GWM518 in the wheat

consensus map of 10 cM versus 1 cM in the 8W278/AC Foremost map. The increased

genetic distance may be due to differences in background genetics, population types, and

population sizes used to create the wheat consensus map.

The distance between flanking markers GWMl33 and GV/M644, and Fhb2 is 2

and 4 cM, respectively. Comparisons of physical and genetic maps of wheat indicate that

most genetic recombination occurs in gene-rich, telomeric regions (Gill et al.. 1996; Faris

et al.. 2000). Fhb2 is shown to map to 685, proximal to the centromere, since the

flanking markers GWM133 and GWM644 are assigned to deletion bin C-68S5-0.16
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(Sourdille et al.. 2004) (Fig. a.Ð. In the study by Yang et al.. 2003, QTL analysis of

chromosome 6B for FHB resistance in the population DH181 (Sumai 3 derivative)/AC

Foremost was completed evaluating Type II resistance in the greenhouse using SFI. The

results of the research revealed a major QTL on chromosome 6B contributes to FHB

resistance. The most important microsatellite marker in the study located on 6B was

GWM644 and explained 21% of the phenotypic variation in DHl8l(Sumai 3

derivative)/AC Foremost population. An additional study conducted by Shen et al..

(2003) developed a RIL population from the cross of Nin1894037 and Alondra. Type II

resistance was evaluated in the field and greenhouse using SFI. The QTL on 68 was

found to be closest to marker GWM644. Based on the location of markers on the wheat

consensus map, these intervals in these two studies are coincident on 6B5 proximal to the

centromere (Somers et al.. 2004; Sourdille et al.. 2004). The present results indicated

there was one gene, Fhb2, controlling FHB freld resistance on 6B5 and an additional

locus 2 cM distal to Fhb2 controlling FHB Type II resistance. Fhb2 was estimated to

map within 2 cM of the QTL intervals reported by Yang et al.. (2003) and Shen et al..

(2003), suggesting the FHB resistance QTL on 685 and Fhb2 are likely coincident.

In summary, Fhb2 was successfully mapped to 685 and confers field resistance to

FHB. The large population design with a fixed susceptible background, qualitative

mapping and comparative mapping were used to attain a precise map position of Fhb2.

Fhb2 provides FHB field resistance as a single gene present in a susceptible background.

Yang et al.. (2003) reported a coefficient of determination on GH-DS of 2I% for the

microsatellite marker GWM644 on 685 which reduced FHB severity by 52%. In the

present study the resistant allele on 6B5 reduced FHB GH-DS by 56% when compared to

-75-



the RlLs carrying the susceptible allele. A more precise map location should reduce

linkage drag associated with marker-assisted selection and assist with efficient and

effective pyramiding of different FHB resistance genes for wheat improvement.
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5.0 MAPPING OF ADULT LEAF RUST RESISTANCE GENE, LR34,
AND THE INTERACTION WITH FUSARIUM HEAD BLIGHT
RESISTANCE GENE, FHB2, IN SPRING WHEAT (TRITICUM
AESTTVUM L.).

5.1 Abstract

Leaf rust and Fusarium head blight (FHB) are two of the most destructive spring wheat

diseases. The ability for breeders to develop spring wheat varieties with enhanced

resistance levels simultaneously may involve the resistance genes Lr34 and Fhb2; and

therefore, understanding their interaction is important. A large mapping population of

2,300 recombinant inbred lines (RILs) was developed from the cross BW278|AC

Foremost. The population segregated for two known leaf rust resistance genes Lrl6,

Lr34 and one unidentified resistance gene tentatively named LrF; and the FHB resistance

gene Fhb2 on 6B5. There were 253 of these RILs that carried the susceptible allele for

Lrl6 and LrF and were recombinant between markers GWM1220 and GWM130

flanking Lr34 and segregated for Fhb2. These RILs were evaluated for leaf rust severity

in the field during 2003 and 2004 to develop a high density map for Lr34. A second

group of 89 RILs from the same cross were genotypically selected to be fixed resistant

(a5 RILs) or susceptible (44 RILs) for Fhb2 and segregated for varying combinations of

Lrl6, LrF, and Lr34. This group of RILs was evaluated for leaf rust using growth

cabinet inoculation and for Fusarium head blight in the field during2003 and 2004. The

phenotypic distribution for leaf rust was bimodal for both groups of RILs and Lr34 was

mapped on 7D in both RIL populations. Leaf rust resistance gene Lr34 is known to

enhance the level of disease resistance to many diseases in addition to its effects on leaf
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nrst. However, there was no clear positive enhancement of FHB resistance when Lr34

and the unlinked gene, Fhb2 resistance alleles were present together.

5.2 Introduction

Leaf rust, caused by Puccinia triticina Eriks. (Anikster et al.. 1997) (synonym P.

recondita Rob. Ex Desmaz f.sp. tritici), is a major disease of wheat (Triticum aestivum

L.) worldwide. The disease severity ranges from year to year; however, annual average

yield losses in western Canada were estimated at $88 million annually between 2001 and

2005 (McCallum et al.. 2007). Genetic rust resistance offers a cost-effective strategy to

reduce losses in wheat from attack by rust pathogens. To date, more than 50 leaf rust

resistance genes have been characterized (Knott 1989; Mclntosh et al.. 1995). Most of

them are effective from the seedling stage through the whole life of the plant, whereas

only seven of them are monogenic and primarily effective at the adult stage (Mclntosh et

al.. 1995). Wheat genes Lr34 and the completely linked YrlS have provided durable

resistance to leaf rust and stripe rust (Puccinia striiformis), respectively (Dyck et al..

1966; Singh and Rajaram 1992;Ma and Singh 1996). Lr34 typically expresses partial

resistance quantitatively (Drijepondt and Pretorius i989; German and Kolmer 1992;

Singh 1992) with an increased latency period, and a decreased infection frequency and

uredium size (Drijepondt and Pretorius 1989).

Using monosomic analysis, Dyck (1987) mapped Lr34 to chromosome 7DS. In

the study by Spielmeyer et al.. (2005), Lr34 and YrlS were mapped to a single locus

flanked by microsatellite markers GWM295 and GWM1220 on chromosome 7DS. The

Lr34/Yrl8 region has been associated with many traits and disease resistance in wheat
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including durable, adult plant resistance to leaf rust (Lrj4) (Singh and Gupta 1991);

durable adult plant resistance to stripe rust (Xr18) (Mclntosh 1992; Singh 1992a); adult

plant resistance to powdery mildew (Spielmeyer et al.. 2005); tolerance to barley yellow

dwarf virus (Bdv1) (Singh 1993); enhanced expression of stem rust resistance (Dyck

1987, Vanegas et a1..2007)); and leaf tip necrosis of flag leaves (¿ft) (SinghI992b).

Although Lr31 is present in wheat worldwide, it is still not known whether some

or all of the disease resistance traits are controlled by single genes or by several tightly

linked resistance genes. Fusarium head blight is one disease that has not been studied to

determine if there is an enhancement in the level of FHB resistance when Lr34 is present.

Sumai 3, an FHB resistant Chinese spring wheat variety possesses FHB resistance genes

Fhbl and Fhb2 found on chromosomes 3BS and 6B5, respectively (Cuthbert et al..

2006a; Cuthbert et al.. 2006b) and another gene on 5AS (QÍhs.fa-5A) (Bai et al.. 7999,

Anderson et al.. 200I;Zhouetal..,2002; Somers et al.. 2003; Yang et al.. 2003; Yang et

al.. 2005). Sumai 3 also contains the adult leaf rust resistant gene Lr34 (Brent

McCallum, unpublished data). Although Fhbl and Fhb2 are not linked with Lr34, it may

be possible that there is a gene interaction occurring resulting in an increased level of

FHB resistance when resistance alleles for Lr34 and Fhbl or Fhb2 are present in the

same line.

There were two major objectives for this research: 1) to map the Lr34locus using

microsatellite markers; and2) to measure any gene interaction between Lr34 and Fhb2.
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5.3 Materials and methods

5.3.1 Genetic mapping of Lr34

5.3.1.1 Mapping population, genotyping and selection of lines

The line 8W278 is a backcross derived doubled haploid (DH) line (AC Domain*2/Sumai

3) and carries resistance alleles for Lrl6, Lrj4, and Fhb2 (Cuthbert et a1.. 2006b). Single

seed descent was used to develop a recombinant inbred line (RIL) population of 2,300

F57 lines from the cross 8W278 x AC Foremost (HY320*518W553//HY320*617424-

BW5B4). AC Foremost carries an unidentified seedling leaf rust resistance gene,

tentatively named LrF.

The leaf rust reactions of the 2,300 Fs.z RILs were determined in the greenhouse

using leaf rust races (MBDS favirulent to Lr]ílviru,lent to LrFf; TJBJ fvirulent to

Lrlílavirulent to LrFf; TDT [avirulent to Lr]6 and LrFf to select 253 seedling

susceptible lines that carried the susceptible alleles for both Lrl6 and LrF, but segregated

for the adult leaf rust resistance gene Lr3 4 . The selected 253 F s t lines were grown in the

field to evaluate disease resistance to leafrust.

5.3.1.2 Genotyping

Five seeds of each of the recombinant lines were germinated on filter paper in petri

dishes and leaf tissue was harvested and lyophilized for DNA extraction with the Qiagen

DNeasy 96 Plant Kit (Qiagen, Mississauga, Ont.). DNA was quantified by fluorimetry

using Hoechst 33258 stain. Genotypic data for the population was collected using Ml3-

tailing and fluorescent capillary electrophoresis on an ABI3100 genotyper (Applied
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Biosystems Inc., Foster Cify, Calif.). Ml3-tailing required adding the Ml3 sequence

(CACGACGTTGTAAAACGAC) to the 5' end of the forward primer during primer

synthesis (Schuelke 2000). The PCR conditions were'.24 ng DNA, 1.5 mM MgCl2, 50

mM KCl, 0.8 mM dNTPs, 2 pmol reverse primer, 0.2 pmol forward primer, and 1.8 pmol

Ml3 primer (CACGACGTTGTAAAACGAC) fluorescently labelled with 6-FAM, HEX,

or NED (Applied Biosystems Inc.), and 0.5 U Taq DNA polymerase (Promega, Madison,

Wis.). Thermal cycling included: 94"C - 2 min,30 cycles of 95'C - 1 min, (0.5"C/s to

6ll5I"C),6I|5I'C - 50 sec, (0.5"C/s to 73C),73"C - 1 min, 1 cycle 73"C - 5 min. The

internal molecular weight standard for the ABI3100 was Genescan 500-ROX (Applied

Biosystems Inc.). Data collected by fluorescent capillary electrophoresis was first

converted to a gel-like image using Genographer available at

http ://hordeum. oscs. montana. edu/geno grapher.

5.3.1.3 Leaf rust phenotyping - field

The field trials tested 257 entries including 253 RILs and 4 check varieties: AC

Barrie, AC Foremost, 8W278, and Thatcher, which were screened in the leaf rust nursery

at Glenlea, Manitoba during the 2003 and 2004 field seasons. Trial entries and checks

were replicated three times in a randomized complete block design with susceptible

spreader rows of 'Little Club'. Spreader rows were placed every alternating third and

fourth row to increase and monitor disease development throughout the field. Plots

consisted of a single I meter row spaced 17 cm apart. Sowing density was approximately

60 seeds per row. The inoculum used throughout the phenotyping process was an

epidemic mixture of an equal proportion of the most prominent isolates collected during
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the 2002 and 2003 leaf rust disease survey and used in the 2003 arÅ 2004 leaf rust

nurseries, respectively (McCallum and Seto-Goh 2004,2005). Spreader rows were first

inoculated at the stem elongation phase. The inoculum mixture was a suspension of 1.5

grams of urediospores / L of light mineral oil (Bayol, Esso Canada, Toronto Ontario). A

hand held low volume herbicide applicator was used to apply the inoculum to the

spreader rows only. Inoculation was conducted in the afternoon as relative humidity was

rising to ensure adequate moisture for spore germination and infection. Spreader rows

were re-inoculated twice after heading until disease pressure increased and symptoms

were present on the spreader rows.

When pustules became visible on the check and spreader rows, disease ratings

were performed every five days on the flag leaves using the modified Cobb Scale (%

infection of flag leaf) and pustule type (R:resistant; MR:moderately resistant;

MS:moderately susceptible; S:susceptible) (Petersen et al.. 1948). There were a total of

four ratings conducted per growing season which allowed area under the disease progress

curve (AUDPC) to be calculated for each growing season. Days to heading, and leaf tip

necrosis (Ltn) nofes were also taken during the growing seasons to determine if leaf

senescence was due to maturity or susceptibility. Ltn is a phenotypic marker linked to

Lr34 and has been used by many researchers as a means of determining the presence of

Lr34 (Sinsh 1992b).

5.3.1.4 Construction of the genetic map of 7DS

A total of 71 microsatellite markers on chromosome 7DS (Somers et al.. 2004)

were screened for polymorphism between the parents of the mapping population.
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Polymorphic marker primer sequences, annealing temperatures, and allele sizes are listed

in Table 5.1. The polymorphic markers were used to genotype the 253 RILs in the

population. JoinMap V3.0 (Biometris, Wageningen, The Netherlands,

http://wwwjoinmap.nl) was used to determine the marker order and map distances.

5.3.1.5 Statistical analysis

Analysis of variance (ANOVA) for AUDPC for each site year and a combined

analysis across the two site years were performed using the "PROC GLM" procedure of

the SAS software package (SAS Institute Inc., Version 8.2). A Bartlett's test for

homogeneity was conducted to determine if the data could be combined over site years.

The model statement used in the combined analysis was AUDPC: Entry Rep Year

Rep(Year) Entry*Year. All factors in this statement with the exception of entry were

considered to be random.

5.3.2Interaction between Lr34 on Fhb2

5.3.2.1 Genetic population development

A subset of 1,440 lines of the original2,300 RILs was randomly selected from the cross

between 8W278 and AC Foremost. 8W278 was the source of FHB resistance in the

population, which segregated for three known FHB resistance QTL or genes including

QFhb.crc-3BSc, Fhb.uc-SA and Fhb2. The QTL identified on 3BSc is located proximal

to the centromere (Somers et al.. 2003). The 1,440 F5.7 recombinant inbred lines (RILs)

were genotyped using microsatellite markers on chromosome 68 (WMC104,WMC397,

GWM219), 5A (GWM154, GWM304, WMC415), and 3BS (WMC78, cWM566,
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WMC52I) (Somers et a1.., 2004) which facilitated selection of 89 RILs that were

homozygous susceptible for FHB QTL intervals on 3BSc, 54, and recombinant for the

interval on 68 carrying Fhb2 (Cuthbert et al.. 2006b). BV/278 is known to lack

resistance alleles at Fhbl (Cuthbert et a1..2006a) on 3BS near GWM493. These 89 RILs

were segregating for Lrl6, LrF, and Lr34.

The epistatic effect between Lr34 and Fhb2 was determined by evaluating the leaf

rust reaction of the 89 RILs in the growth cabinet using an isolate virulent to Lrl6 and

LrF; and the FHB reaction of the lines in the greenhouse and field.

5.3.2.2 Fusarium head blight phenofyping.

Fusarium head blight disease response was evaluated on the 89 RILs and parental checks

in the greenhouse and f,reld to classify each line as resistant or susceptible (Cuthbert et al..

2006b). Dual floret injection (DFI) was used in the greenhouse to evaluate disease

severity (DS). Macroconidial spray inoculations were used in the field nurseries

conducted at two locations in southern Manitoba (Carman and Glenlea) over two years

2003 and 2004 to evaluate disease incidence (DI), disease severity (DS), visual rating

index (VRI) and Fusarium damaged kernels (FDK).

5.3.2.3 Leaf rust phenotyping - growth cabinet

The 89 RILs and resistant (8W278), intermediate resistant (AC Banie) and susceptible

checks (Thatcher, AC Foremost) were arranged in a completely randomized design and

grown in a growth cabinet with lighting set for 16 hour daylight and temperature during

the day of iSoC and 15oC. RILs and checks were replicated seven times over two cycles
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within the same growth cabinet. The relatively low temperature was used to promote

tillering. Once the flag leaves emerged the plants were inoculated with P. triticina

virulence phenotype MGBJ (Long and Kolmer I99; McCallum and Seto-Goh 2003) by

suspending urediospores in light oil (Bayol 55, Imperial Oil Canada, Toronto, ON) and

spraying the oilispore mixture on the flag leaves of the adult plants using an air powered

inoculator. This isolate was virulent to the seedling resistance genes Lrl6 and LrFbut

avirulent to Lr34. After inoculation, plants were allowed to dry for four hours and were

placed overnight in a dew chamber (Percival, model 160D, Perry lowa) for 16 hours with

the following chamber conditions: water reservoir 30oC, chamber wall 5oC, and air

temperature 20oC. Plants were placed back into the growth cabinet for infection to

develop and flag leaves were rated 14 days post-inoculation using the modified Cobb

Scale (1-100o/o) andpustule type (R/MR/MS/S) (Petersen et al.. 1948).

5.3.2.4 Genetic map

A total of 7l microsatellite markers on chromosome 7DS (Somers et al.. 2004) were

screened for polymorphism between the parents of the mapping population. Polymorphic

markerprimer sequences, annealing temperatures, and allele sizes are listed in Table 5.1.

The polymorphic markers were used to genotype the 89 RILS. JoinMap V3.0 (Biometris,

Wageningen, The Netherlands, http://wwwjoinmap.nl) was used to determine the marker

order and map distances.
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5.3.2.5 Statistical analysis

A two-way ANOVA was conducted to determine if there was any significant gene

interaction between the expression of adult leaf rust resistance from Lr34 and FHB

resistance from Fhb2 in the 89 RILs. The main variable is represented by FHB and

sources of variation include the resistance and susceptibility ratings for leaf rust and

FHB. FHB resistance was measured in the 89 RILs using greenhouse disease severity

(GH-DS); and field disease incidence (DI), disease severity (DS), visual rating index

(VRI), and Fusarium damaged kernels (FDK) data (Cuthbert et al.. 2006b).
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Table 5.1 Primer sequences, annealing temperatures, and allele sizes of markers used in the 8W278/AC Foremost population for
mapping Lr34 in spring wheat

Marker

wMCs06

GWM63s

CFD41

CFD3I

CFD66

wMC463

CFD3O

GV/M1220

GWMt30

GWM44

CFD46

wMCl2l

Forward Primer (5'---+3')

CACTTCCTCAACATGCCAGA

TTCCTCACTGTAAGGGCGTT

TAAAGTCTCAGGCGACCCAC

GCACCAACCTTGATAGGGAA

AGGTCTTGGTGGTTTTGGTG

GATTGTATAGTCGGTTACCCCT

AATCGCACAACAATGGTTCA

CACGACGTTGTAAAACGACAG

AGCTCTGCTTCACGAGGAAG

GTTGAGCTTTTCAGTTCGGC

TGGTGGTATAGTCGTTGGAGC

GGCTGTGGTCTCCCGATCATTC

Reverse Primer (5'---+3')

CTTTCAATGTGGAAGGCGAC

CAGCCTTAGCCTTGGCG

AGTGATAGACGGATGGCACC

GTGCCTGATGATTTTACCCG

TTTTCACATGCCCACAGTTG

ATTAGTGCCCTCCATAATTGTG

GCCTCTCCTCTCTGCTCCT-T

GAATAGAAGTCATCGCGCGT

CTCCTCTTTATATCGCGTCCC

ACTGGCATCCACTGAGCTG

CCACACACACACACCATCAA

ACTGGACTTGAGGAGGCTGGCA

Anneal Allele Size References

cc) F-w278

6l

6t

6l

6r

6t

6l

61

6t

6t

6t

61

6l

24t

115

296

243

t94

178

224

159

148

194

198

303

http ://wheat.pw.usda. gov

Röder et al.. (1998)

http ://wheat. pw.usda. gov

http ://wheat.pw.usda. gov

http ://wheat.pw.usda. gov

http ://wheat. pw.usda. gov

http ://wheat.pw.usda. gov

Dr. Ganal - Trait genetics

Röder et al.. (1998)

Röder et al.. (1998)

http ://wheat.pw. usda. gov

http ://wheat.pw.usda. gov
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5.4 Results

5.4.1 Genetic mapping of Lr34

5.4.1.1, Leaf rust field trials

Environmental data were collected and conditions differed substantially between the

2003 and 2004 field seasons. Mean temperature and precipitation during inoculation

(June) and prior to rating (July and August) are the most critical for infection and disease

development. High amounts of precipitation and flooding in the spring of 2004 affected

plant establishment at Glenlea. Temperatures were below normal for the 2004 season

resulting in lower infection levels compared to 2003 (Mean AUDPC: 2003 : 765.7;

2004:389.1). Leaf tip necrosis ratings were difficult to distinguish in this population in

the field due to the variability in the weather in 2003 and2004. As a result, this trait was

not included in the mapping analysis.

The ANOVA for individual site years indicated entry was highly significant in

both 2003 and 2004; however, the replicate effect was non-significant in 2003 and

significant in 2004 due to variability of disease development (Table 5.2). Due to the

heterogeneity of the error variances the data were presented separately by year.

There were 253 RILs from the 2,300 F5 7 line mapping population identified to be

susceptible for seedling genes Lrl6 and LrF and recombinant in the Lrj4 region. The

phenotypic distribution of leaf rust AUDPC over site years was bimodal for this major

gene (Fig. 5.14). The range in Yo infection of flag leaf of RILs classified as resistant was

12 - 57Yo and for lines classified as susceptible was 82 - 100%. The population
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segregated 115 resistant to 138 susceptible RILs for AUDPC, f,rtting a 1:1 chi-square

ratio (X2 : 2.08;P>0.10). (Fig. 5.14).

Table 5.2. Analysis of variance for leaf rust area under disease progress curve (AUDPC)
collected in years (2003,2004) in Glenlea, Manitoba.

Source

AUDPC - Year: 2003

Model

Entry

Rep

Error

DF' Type III SS

258

256

2

442

AUDPC - Year: 2004

Model

Entry

Rep

Error

159,8n,475.4

I59,797,201.8

300.2

7,128,923.8

Mean

Square

AUDPC - Year: Combined 2003 & 2004

258

2s6

2

442

Model

Entry

619,441.6

624,207.8

1 50.1

16,128.8

F-Value

90,817,061 .0

90,185,460.3

601,550.9

8,811,727.2

Rep 2

Year 1

Rep(Year) 2

Entry*Year 256

5t7

256

3 8.41

38.70

0.01

P-value

Error

352,004.r

352,287.0

300,715.5

77,345.9

302,602,169.9

232,753,716.8

268,116.6

52,385,469.0

288,738.5

17,r80,020.3

15,940,651.0

<.0001

<.0001

0.9907

20.29

20.31

17.34

950

585,304.0

909,194.2

134,058.3

52,385,469.0

144,369.3

67,109.5

16,779.6

<.0001

<.0001

<.0001

34.88

s4.1 8

7.99

3,12r.97

8.60

4.00

<.0001

<.0001

0.0004

<.0001

0.0002

<.0001
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Fig. 5.1 Phenotypic distribution of leaf rust infection (% infection of flag leaf) collected in the
field and growth cabinet for the 253 RILs (A) and 89 RILs (B), selected from the population
BW278|AC Foremost. The rating scale was based on the modified Cobb Scale (% infection of
flag leaf) and pustule type (R:resistant; MR:moderately resistant; MS:moderately susceptible;
S:susceptible)

5.4.L.2 Genetic map on 7DS

There were 12 polymorphic markers out of 71 tested on 7DS which were used to

genotype the 253 RILs and construct a genetic map of chromosome 7DS (Table 5.1).

The marker order of the map was identical to the ITMI map (Roder et a1.. 1998). The

total map length for the population was 52.8 cM (Fig. 5.2A) which is similar to 72 cM on

the ITMI map (Roder et al.. 1998). The 253 RILs were classified as resistant or

susceptible to leaf rust using AUDPC measurements from field data collected over two
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site years. Lr34 mapped to a 13.0 cM interval on chromosome 7DS. This gene

controlling resistance to adult leaf rust resistance was flanked by GWML220 and

GV/MI30 (Fig. s.2A).

A

cM

0.0

3.7

Marker

CFD66

CFD3i

B

wN,C463

25.8

Marker

CFD66

CFD31

31.0

CFD3O

GWM1220

40.5

44.3

49.2

52.8

LR34

GWM130

GWM44

CFD46

wMC463

Fig. 5.2 Genetic map of the adult leaf rust resistance gene, Lr34 on chromosome 7DS, based on
field data (253 RILs) (A) and controlled environment data (89 RILS) (B), of the population
BW278lAC Foremost. Rating scale based on the Modified Cobb Scale (% infection of flag leaf).
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5.4.2 Interaction between effects of Lr34 on Fhb2

5.4.2.1 Leaf rust growth cabinet test

Seven plants per RIL of the population containing 89 RILs and checks were inoculated

with P. trÌticina in the growth cabinet using adult plant inoculations to assess % infection.

The infection ratings showed a bimodal distribution (Fig. 5.18). The range in o/o

infection of the flag leaf of RILs classified as resistant was 6 - 38% and for lines

classified as susceptible was 62 - 94%. There was very low variability (standard error:

resistant RILs 15.3 + 0.75 and susceptible RILs 76.3 + 1.02) within the seven plants of

each RIL and no overlap between the resistant and susceptible classes (Fig.5.lB).

Parental checks showed a o/o flag leaf infection range of 19% (resistant); 50%

(intermediate) and 82-86% (susceptible). The population segregated 49 resistant to 40

susceptible plants, fitting a l:1 chi-square ratio (Xt : 0.72;P<0.5).

5.4.2.2 Fusarium head blight tests

The phenotypic distribution for all five FHB disease infection measurements in the

greenhouse and field was bimodal with lines resembling either the resistant or susceptible

checks and parents (Fig. 5.3). The 89 RILs in the greenhouse experiment segregated 42

resistant to 47 susceptible plants, fitting a 1:1 chi-square ratio (p<0.90). Phenotypic

classification for the 89 RILs in the field for all traits (DI, DS, VRI, FDK) showed the

same classification. The population segregated 45 resistant to 44 susceptible RILs for all

traits, fitting a 1:1 chi-square ratio þ>0.90). The correlation between the averaged

greenhouse and field data measurements for the 89 RILs showed all correlations were

high and statistically significant (o:0.05)
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5.4.2.3 Genetic map

A genetic map was constructed by genotyping the 89 RILs with 12 polymorphic

microsatellite markers on chromosome 7DS (Table 5.1). The marker order of the map

was identical to the ITMI map (Röder et al.. 1998). The total map length for the 7DS

segment in the 89 RILs was 76.9 cM (Fig. 5.28) which is similar to 72 cM on the ITMI

map (Roder et al.. 1998) and 52.8 of the genetic map created using the 253 RILs

population in this study. The 89 RILs were classified as resistant or susceptible to leaf

rust using AUDPC measurements from growth cabinet data collected over seven

replications. Lr34 mapped to a 3.0 cM interval on chromosome 7DS. This gene

controlling resistance to adult leaf rust resistance was flanked by GWM1220 and

GwMi30 (Fig. s.2B).

5.4.2.4 Gene interaction

The presence or absence of Lr34 had no significant effect on the expression of FHB

resistance parameters (Table 5.3). However, there was a significant effect (P : 0.05) of

Fhb2 in lowering all the FHB parameters measured (Table 5.3). There was a clear

bimodal distribution between those lines that carried Fhb2 and those that did not for all

the FHB parameters (Figure 5.3). Fhb2 is the only FHB gene segregating in the

population; therefore, Fhb2 would be expected to be significant. The interaction between

Lr34 and Fhb2 was not statistically significant for any of the FHB parameters measured

(T'able 5.3) based on a two-way ANOVA.
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Table 5.3. Two-way analysis of variance to measure the effect of the interaction between
Fusarium head blight Gfß) resistance gene Fhb2 and leaf rust resistance gene Lr34. Data for
FHB was collected in the greenhouse (disease severity) (GH-DS) and at two field locations
(Carman, Glenlea, MB) over two years (2003,2004) (disease severity, disease incidence, visual
rating index, Fusarium damaged kernels). Leaf rust data was collected in growth cabinet using
the rating scale of modified Cobb Scale.

Source

Greenhouse - Disease Severity (GH-DS)

Model 3

Lr34 I

Fhb2 1

Lr34*Fhb2 I

DF

Error
Field - Disease Severity (Field-DS)

Type III SS

Model 3

Lr34 I

Fhb2 1

Lr34*Fhb2 I

355.63

2.72

295.30

2.70

288.7185

Error
Field - Disease Incidence (Field-DI)

Mean
Square

Model 3

Lr34 I

Fhb2 1

Lr34*Fhb2 1

Error 85

1 18.54

2.72

295.30

2.70

3.40

s20.63

1.95

442.76

0.01

56.3885

F-Value

Field -Visual Rating Index (Field-VRI)

Model 3

Lr34 I

Fhb2 I

Lr34*Fhb2 1

Error 85

34.90

0.80

86.94

0.79

P-value

173.s4

1.95

442.76

0.01

0.66

37 5.70

0.35

326.81

0.16

t6.64

<0.0001

0.3732

<0.0001

0.3754

Field - Fusarium Damaged Kernels (Field - FDK)

Model 3

Lr34 I

Fhb2 l

Lr34xFhb2 I

261.65

2.94

667.55

0.01

125.23

0.35

326.81

0.16

0.20

4449s.93

61.47

38464.1s

40.1 5

1940.5I

Error

<0.0001

0.0901

<0.0001

0.9282

639.8s

1.80

1669.13

0.80

14831.98

61.47

38464.1s

40.1 5

22.83

53558.73

1.69

47363.03

61.93

3717.6285

<0.0001

0.1829

<0.0001

0.3739

649.66

2.69

1684.78

1.76

17852.91

1.69

47363.03

61.93

43.74

<0.0001

0.1 045

<0.0001

0.1 883
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5.5 Discussion

Leaf rust infection data were collected from the field on the 253 RILs to map the

Lr34 resistance gene on 7DS. The ANOVA for combined site years indicated a

significant level of variation arising from year, rep and entry (Table 5.2). The significant

level of variation over years was due to the varying level of disease pressure between the

two field seasons as a result of the differences in environmental conditions in 2003 and

2004. The ANOVA showed the entries were highly significant and using the distribution

of disease reaction each RIL could be classified as either resistant or susceptible.

To determine the interaction between Lr34 and Fhb2 a different subset of 89 RILs

were phenotyped for both leaf rust and FHB. Leaf rust infection data were collected on

the 89 RILs segregating at both the Fhb2 and Lr34loci. To reduce the confounding effect

of multiple leaf rust resistance genes, phenotyping of Lr34 was conducted in a growth

cabinet using adult plant inoculations with a P. triticina culture that was virulent to Lrl6

and LrF (Fig. 5.1).

This study provided a unique approach to map the gene Lr34 using the 8W278

source of resistance in two groups of RILs from the same spring rvheat mapping

population. The data collected in the field and growth cabinet for leaf rust resistance

mapped to one coincident location on chromosome 7DS (Fig. 5.2). The total genetic

distance between the two flanking markers CFD66 and CFD46 on the wheat ITMI map is

72 cM (Somers (data unpublished)) and was 52.8 and 76.9 cM in the 253 RILs and 89

RILs population, respectively. The difference in genetic distance between the two groups

of RILS from the same population may be attributed to the distortion in the segregation

of the 89 RILs possibly caused by the difference in sample size of the initial population
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(2,300 and 1,400 lines) and sampling of RILs to create the genetic map for the253 and

89 RILs, respectively (Fig.5.2). The segregation ratios for the two genes in the

population were Fhb2+ Lr34+ 25: Fhb2+ Lr34- 20: Fhb2-Lr34+ 15: Fhb2 - Lr34 -29.

A chi-square test of independence was conducted for the two genes, Fhb2 and Lr34, and

the results indicated that data does not differ significantly from the expected 1 :1: I :1 ratio

for the 89 RILs (X' : 3.3, P>0.05).

The distance to flanking markers surrounding Lr34 in the mapping population

with 253 RILs is 3.8 and 9.5 cM; 89 RILs is 0.6 and 2.4 cM (Fig. 5.2). Comparisons of

physical and genetic maps of wheat indicate that most genetic recombination occurs in

gene-rich, telomeric regions (Gill et al.. 1996; Faris et al.. 2000). In previous studies,

researchers have been able to map Lr34 to 7DS and indicate the closest microsatellite

locus is GWM295 (Dyck et al.. 1966; Singh et al.. 2000; Boukhatem et al.. 2002;

Ramburan et al.. 2004; Schnurbusch et al.. 2004a). In a recent study by Spielmeyer et al..

2005, Lr34 was mapped to a single locus flanked by microsatellite loci GWMl220 and

GWM295 on chromosome 7DS. Microsatellite marker GWM130 is coincident to

GWM295. The distance to flanking markers GWM1220 and GWM130 in the study by

Spielmeyer et al.. (2005) is 0.9 and 5.4 cM. The present study differed from that by

Spielmeyer et al.. (2005) in that the group of 253 RILs mapped the gene Lr34 in isolation

with no other background effects provided by secondary leaf rust genes. The infection

ratings from the growth cabinet (89 RILS) were lower for the resistant RILs, compared to

the 253 RILs from the same cross that were rated for leaf rust in the field. This could be

due to the presence of other leaf rust seedling resistance genes (Lrl6 and LrF) in

combination with Lr34 versus the 253 RILs segregating for only Lr34 (Fig.5.l); or
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reflect the inherent differences between artificial inoculation in the growth cabinet and

natural infection from inoculated field nurseries.

Based on statistical data provided in this study (Table 3), there was no indication

that the RILs containing Lr34 resistance were more resistant to FHB than those lines that

did not contain Lr34. The Fhb2 effect was significant (P < 0.05) for all FHB parameters;

whereas Lr34 had no significant effect on the expression of all FHB resistance

parameters measured (Table 5.3). Figure 5.3 also demonstrates the strong effect of Fhb2

segregating within the 89 RILs where those lines with Fhb2 are clearly distinguished

from those without Fhb2 for all the FHB parameters measured. This effect is significant

because Fhb2 is the only FHB resistance gene segregating in the 89 RILs, whereas Lr34

was not significant at the 0.05 level and there was no interaction between Fhb2 and Lr34.

FHB data tends to be quite variable in nature due to the influence of

environmental factor on disease symptoms making it difficult to determine smaller

difference in levels of resistance. The effect of the gene interaction may be less dramatic

since Fhb2 is the only FHB resistance gene present in the population and the fact that the

population size is small. FHB resistance is polygenic (Bai and Shaner 1994) and is

strongest when multiple resistance genes are present within a population (Berzonsky et

al.. 2007). Although the objective of this study was reached, it would be interesting to

conduct this same study using a population segregating for multiple FHB resistance

genes, including the major FHB resistance gene Fhbl to see if the results would be

different.
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Fig. 5.3 Distribution of the number of lines for 89 RILs from the cross BW278lAC Foremost
carrying various combinations of resistance genes Fhb2 and Lr34 to demonstrate the effect of
interaction of the two resistance genes. Percent of infection was measured from one replicated
greenhouse (GH) experiment and four replicated field disease nurseries over four site-years. FHB
resistance and susceptibility is displayed as a percent infection (l to 100%) on individual
histograms for each trait measured: (A) disease severity (GH-DS); (B) field - disease severity

@S); (C) field - disease incidence (DI); (D) field - visual rating index (VRI); and (E) field -
Fusarium damaged kernels (FDK). Classes of 89 RILs carrying Lr34 + (t), Lr34 - (n) are

represented by bars on graph.
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Lr34 is a very important disease resistance gene in wheat breeding programs

worldwide because it provides enhancement of resistance to multiple diseases. Based on

data from this study, there was no clear enhancement of FHB resistance in RILs

containing both Lr34 and Fhb2. The use of Lr34 instead of other leaf rust resistance

genes will have little effect on the progress that can be made in the FHB reaction. This

indicates development of cultivars resistant to these two major wheat diseases in Canada

will require pyramiding disease resistance genes to leaf rust and FHB.
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6.0 GENERAL DISCUSSION

Fusarium head blight and leaf rust are two of the most devastating diseases of

spring wheat in westem Canada. There are many mechanisms for managing the two

fungal diseases; however, pyramiding genetic host resistance is considered to be the most

efficient and cost effective over the long term. Plant breeders can use classical and

molecular plant breeding to pyramid Fhbl (Type II FHB resistance), Fhb2 (FHB field

resistance), and Lr34 (slow rusting adult leaf rust resistance) along with other disease

resistance genes to develop cultivars of spring wheat with suitable levels of FHB and leaf

rust resistance.

The ability to select desirable individuals in a breeding population based on

genotype is an extremely powerful application of DNA markers and QTL mapping.

DNA markers in genomic regions of interest enable breeders to select on the basis of

genotype rather than phenotype. This can be especially helpful for target traits such as

Fusarium head blight and leaf rust that are time consuming and laborious to score. By

simply eliminating or reducing the need for field trials early in a breeding program,

marker assisted breeding may revolutionize the process of cultivar development.

Quantitatively inherited traits have a strong genetic component but under normal

conditions of measurement and population design, cannot be shown to be controlled by

individually recognizable loci. There are many reasons for the inability to recognize

individual loci. Some disease reactions are difficult to score reliably and others are

highly sensitive to the environment. Environmentally sensitive traits are difficult to

measure accurately, resulting in lowered estimates of heritability and a reducecl likelihood
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of segregation in a Mendelian fashion unless special experimental precautions have been

taken.

FHB is a complex, quantitative trait. The present study allowed the design of

spring wheat populations with an FHB resistance QTL to be expressed as a Mendelian

factor using genotyping and phenotyping to isolate and map the locus of interest in a

fixed resistant and/or susceptible background. There were two sources of FHB resistance

(Sumai 3 and Nyubai) used in the study and phenotyping was performed in two different

environments (greenhouse and field). The design and development of populations using

genotyping and phenotyping to isolate the QTL of interest as a Mendelian factor allowed

a complex quantitative trait to be mapped qualitatively.

Fhbl was fine mapped to the syntenic interval on 3BS as a Mendelian factor in

both a fixed resistant (Thatcher/SxSumai3) (T/S) and susceptible (HC37413*98869-L41)

(HC/98) background. The major effect of Fhbl on Type II resistance was clearly evident

in the susceptible fixed recombinant plants of the T/S population and even in a fixed

resistant background. When the infection range for phenotypic data was analyzed, the

degree of resistance in phenotypic data is greater in the TiS fixed recombinant plants (0-

5olo) versus the HC/98 fixed recombinant plants (5-25%) and non-recombinant resistant

check plants (0-8%). These data from both populations suggests that Fhbl provides a

significant degree of Type II resistance and Fhbl is an additive gene relative to other

FHB resistance loci.

Fhb2 was qualitatively mapped to chromosome 6B5 in a fixed susceptible

population (BW278lAC Foremost) which differed from the mapping of Fhbl. Although,

the source of resistance was similar, Sumai 3, the phenotypic data was collected using
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double floret injections (DFI) in the greenhouse to measure disease severity (DS) and

also using conidial spray inoculations in the field to measure field disease incidence (DI),

severity (DS), visual rating index (VRÐ and Fusarium damaged kemels (FDK). Fhbl

only used greenhouse single floret injection (SFI) for phenotypic mapping data because

Type II FHB resistance that was being mapped. For the Fhb2 study, the DS was

measured in the greenhouse and field to ensure consistency amongst ratings and proper

characterization of recombinant inbred lines (RILs). There were 12 RILs that were

recombinant between the GH-DS and field traits. The overall rating results indicated that

GH-DS were greater than Field DS; however the GH-DS and Field-DS were highly

correlated. The data also showed that all four held measurements of FHB resistance

mapped to one coincident location on chromosome 685, represented by Fhb2. The GH-

DS measurement mapped to 2 cM distal to Fhb2 due to the presence of the 1,2

recombinant lines between GH-DS and Fhb2. These results indicate that field resistance

is controlledby Fhb2 and an additional locus 2 cM distal from Fhb2 provides Type II

resistance. Based on the size of the population (89 RILs), this result should be

interpreted with caution and the experiment repeated using a larger population size.

However, in studies by Yang et al.. (2003) and Shen et al.. (2003), Fhb2 was estimated to

map within 2 cM of the QTL intervals suggesting the FHB resistance QTL on 685 and

Fhb2 are likely coincident. Yang et al.. (2003) reported a coefficient of determination on

GH-DS of 21%o for the microsatellite marker GWM644 on 685, which reduced DS by

52o/o. In the present study the resistant allele on 685 reduced FHB GH-DS by 56% when

compared to the RILs carrying the susceptible allele. Fhb2 provides field resistance as a

single gene present in a susceptible background.
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The use of molecular markers and marker assisted selection facilitates the

mapping of specific loci in genetically simple and complex traits and allows genetic

interactions between resistance genes to be discovered. QTL mapping has uncovered a

number of examples of epistatic interactions in quantitative resistance. The ability to

develop spring wheat varieties with enhanced resistance levels simultaneously may

involve the resistance genes Lr34 and Fhb2; and therefore, understanding their genetic

interaction may be important for breeders.

In the final chapter of this thesis, the objective was two fold, to map the adult leaf

rust resistance gene Lr34 and to measure any gene interaction between Lr34 and Fhb2.

Lr34 was successfully mapped in two sub-populations of the cross BW2lSlAC Foremost.

Lr34 mapped to a coincident interval in both sub-populations (GWML220 and GWMl30)

with a difference in the mapping interval. The one population, 89 RILs, that was used to

map Fhb2 was also used to map Lr34 and determine if there was any gene interaction

between Fhb2 and Lr34. Statistical analysis was conducted and the result of the ANOVA

indicated that there was no clear positive effect of gene interaction when the two genes

were present in the same lines together.

There was no clear phenotype improvement in the population when Lr34 and

Fhb2 werc present in the same lines, therefore, breeders will have to select for the genes

and disease resistance individually and use gene pyramiding to develop durable resistant

lines for the two diseases.

Information from this thesis regarding the location and genetic interaction of key

disease resistance genes such as Fhbl, Fhb2 and Lr34 should aid plant breeders

worldwide to select for a small genetic interval around the gene of interest reducing
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"linkage drag" that frequently occurs from a donor parent. This knowledge also lays the

foundation that will be very useful in assisting in cloning of the functional resistance

gene(s).

While the concept of QTL mapping seems clear and simple, there are still many

practical limitations in practice. Many DNA marker maps are not sufficiently dense to

achieve the potential of QTL mapping, since sparse marker maps severely limit the power

of QTL mapping. Even under optimal conditions, multiple QTLs on a single linkage

group are difficult or impossible to resolve. Populations must be relatively large to

uncover some loci, and the biological relevance of loci and interactions depends on the

cut-off chosen for statistical significance. Since the traits of interest are, by nature,

genetically complex, environmental factors and genetic background potentially have an

enorlnous impact on results. Of course, this is one of the most powerful applications of

QTL mapping (i.e. analyzing gene x gene and gene x environment interactions) but it also

means that many large, time-consuming experiments as the ones in this thesis need to be

conducted.

QTL mapping like any genetic study is only as good as its phenotypic scoring

method. In studies such as this one involving complex disease resistance, factors ranging

from suitable inoculum source to diffrculties in quantitative assessment of resistance

make QTL mapping more challenging. Fortunately, powerful computer software and

programs are now available to analyze QTL mapping results and better DNA marker

systems have been developed to simplify the technique and increase marker density.

The application of marker assisted breeding for disease resistance takes on special

roles. Obviously pyramiding resistance genes (Fhb1, Fhb2, Lr34) into valuable genetic
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background is simplified through the use of marker based selection. This should be

especially helpful when screening for one resistance gene interferes with the ability to

screen for another, a frequent occurrence in disease resistance breeding. Rather than

screen sequentially for the inheritance of single resistance (or simultaneously through

progeny screens), individuals that have retained all of the genes of interest can be

selected based solely on DNA marker genotypes. Similarly, gene deployment can be

accelerated through the use of marker-assisted breeding. This approach, in which

cultivars with complementary sets of resistance genes (Fhb1, Fhb2, Lr34) with differing

race-specificities are grown by farmers, aims at achieving durable disease protection.

However, there are few, if any, published reports of resistance gene pyramiding or

deployment using DNA markers.

In theory, the capacity to pyramid or deploy genes of interest is not restricted to

major, single locus resistance genes. With QTL mapping, partial resistance loci can be

treated as Mendelian factors and manipulated just like any major gene, as seen in these

studies. Quantitative resistance loci from diverse donors can be rapidly introduced into a

desirable genetic background or deployed in a set of cultivars. The ultimate achievement

of QTL mapping technology in the future will be the molecular cloning of the key

resistance genes Fhbl, Fhb2 and Lr34 as well as other that confer pafüal resistance.

In conclusion, genes that control quantitative disease resistance in plants have

been difficult to identify or characterize precisely. The need for new types of disease

resistance in agriculture, especially those that hold the promise of long term duability,

calls out to plant pathologists, breeders, geneticists, and molecular biologists to turn their

attention to polygenic resistance phenotypes. It will be necessary in the future to
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discover new sources of FhbI, Fhb2 and Lr34 before the resistance genes are overcome

by new races/isolates of disease and these genes are no longer effective. Before the

advent of QTL mapping, analyzing the genes that control complex disease resistance

traits was an overwhelming task. With DNA markers and QTL mapping, complex forms

of disease resistance and their underlying genes are now far more accessible. Someday

soon, the distinction between qualitative and quantitative disease resistance may finally

disappear.
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