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ABSTRACT 

The most economic and effective way to control loose smut disease of wheat is 

by the development of resistant cultivars. This study was conducted to screen 

tetraploid species of wheat resistant to Ustilago tritici races, to investigate the genetic 

similarities among different races of U. tritici, to determine the genetic control of 

resistance to race T33 in three crosses and to identify molecular markers linked to loose 

smut resistance. 

About 160 selected lines of tetraploid species of Triticum carthlicum, T. 

dicoccoides, T. dicoccum, T. polonicum, T. turanicum, and T. turgidum were screened 

for resistance to three races (T33, T32, and T26). The highest percentage of resistant 

lines was observed in three species, T. carthlicum, T. dicoccoides, and T. dicoccum to 

the three races of U. tritici. T. polonicum, T. turanicum, and T. turgidum had a lower 

percentage of resistant lines. 

Twenty races of U. tritici collected from durum and bread wheat were analysed 

to assess the degree of similarity based on molecular genetic data. Cluster analysis 

indicated that races collected from durum and bread wheat did not have any consistent 

grouping according to the wheat species they were collected from. 

Three crosses (Stewart 63 x Biodur, DT662 x D93213, and D93221 x DT658) 

were evaluated to determine the inheritance of resistance to race T33 of U. tritici. In 

Stewart 63 x Biodur, resistance appeared to be dominant and under the control of more 

than one gene, probably one major gene along with minor gene(s). Resistance in 

DT662 x D93213 was dominant and controlled by a single gene whereas in D93221 x 
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DT658, resistance was recessive and conditioned by three genes. Although, allelic 

studies were not conclusive, the presence of smutted progenies from crosses among the 

resistant parents as well as the results of molecular studies indicate that the resistance 

genes studied may not be allelic. 

To identify molecular markers linked to loose smut resistance, bulked segregant 

analysis was used to screen two recombinant inbred populations from the crosses 

Stewart 63 x Biodur and DT662 x D93213. In the Stewart 63 x Biodur population, five 

Amplified Fragment Length Polymorphism (AFLP) markers were identified. Two 

markers were on one side of a smut resistance locus at a distance of 19.3 eM whereas 

three markers were on the other side at a distance of 15.5 eM. Marker E32/M55R 

accounted for up to 41% of the disease reaction variability. Since these markers were 

flanking the smut resistance locus, they can be effectively used for marker-assisted 

selection despite being loosely linked. In DT662 x D93213, five markers including two 

AFLP, two wheat microsatellites (WMS) and one Sequence Characterized Amplified 

Region (SCAR) were identified. The SCAR marker was on the one side of a smut 

resistance locus at a distance of 3.2 eM and accounted for up to 64% of the disease 

reaction variability whereas the other markers were on the other side of the smut 

resistance locus at distances ranging from 5.9 eM to 35.9 eM. 

iii 



ACKNOWLEDGEMENTS 

I would like to express my sincere gratitude to my supervisor Dr. Stephen Fox 

for his untiring patience and invaluable guidance. His unwavering support and advice 

during the course of research and in the writing of this thesis are greatly appreciated. 

I am thankful to the members of my advisory committee, Dr. G. Scoles and Dr. 

G. Hughes, for providing laboratory facilities and guidance as well as to Dr. S. 

Kaminskyj, and Dr. Y. Wei for their guidance throughout my research. Financial 

assistance provided by College of Agriculture Trust Fund is gratefully acknowledged. 

I thank to Dr. J. Menzies, Cereal Research Center (Winnipeg) for providing me 

with lab techniques and fungus samples as well as microsatellite marker information. 

Thanks also to Dr. R. Knox, (AAFC, Swift Current) for providing seed samples, and 

SCAR marker information. I would also like to thank Dr. J. Kolmer, Research Plant 

Pathologist, USDA-ARS, St. Paul, Minnesota, for taking the time out of his busy 

schedule to serve as my external examiner. 

I am grateful to Mr. P. Eckstein, Crop Molecular Genetics laboratory for 

providing technical assistance that allowed me to complete the molecular aspects of my 

research. Thanks to the members of the durum wheat field lab crew and my fellow 

graduate students for helping me at various phases of my research. 

And finally I would like to thank: my parents (Surinder Kaur & Harbhajan 

Singh), my wife Anup, her parents (Kirpal Kaur & Darshan Singh) as well as other 

family members for their support and encouragement throughout my endeavors. I 

thank the Almighty Akaal Purkh for his countless blessings. 

IV 



TABLE OF CONTENTS 
PERMISSION TO USE .................................................................................................. i 
ABSTRACT .................................................................................................................... ii 
ACKNOWLEDGEMENTS ......................................................................................... iv 
TABLE 0 F CONTENTS .............................................................................................. v 
LIST 0 F TABLES ...................................................................................................... viii 
LIST OF FIGURES ....................................................................................................... X 

LIST 0 F APPENDICES ............................................................................................ xiii 
LIST OF ABBREVIATIONS .................................................................................... xiv 

1. INTRODUCTION .................................................................................................... 1 

2. LITERATURE REVIEW ........................................................................................ 5 
2.1 Loose Smut Of Wheat ............................................................................................ 5 

2.1.1 Pathogen and its taxonomy ............................................................................. 5 
2.1.2. Occurrence and economic importance ........................................................... 6 
2.1.3 Disease cycle and epidemiology ..................................................................... 7 
2.1.4 Symptoms and disease assessment ................................................................. 7 
2.1.5 Host range ....................................................................................................... 9 
2.1.6 Factors effecting disease development ......................................................... 10 
2.1.7 Disease control .............................................................................................. 12 

2.2 Genetics OfLoose Smut ...................................................................................... 13 
2.2.1 Physiological specialization .......................................................................... 13 
2.2.2 Anatomy and mechanism of resistance to loose smut. ................................. 18 
2.2.3 Genetic control of loose smut ....................................................................... 20 

2.3 Genetic Source Of Resistance .............................................................................. 22 
2.3.1 Transfer of disease resistance genes from related species ............................ 23 

2.4 DNA Based Molecular Markers .......................................................................... 24 
2.4.1 Marker assisted selection .............................................................................. 25 
2.4.2 Bulked segregant analysis ............................................................................. 27 
2.4.3 Genetic similarity among fungi .................................................................... 28 

3. SCREENING OF GERMPLASM FOR RESISTANCE TO LOOSE SMUT ... 31 
3.1 Introduction .......................................................................................................... 31 
3.2 Materials And Methods ................................................................. .' ..................... 32 

3.2.1 Plant material and pathogen races ................................................................ 32 
3.2.2 Plant growing conditions .............................................................................. 33 
3.2.3 Inoculation ........... -......................................................................................... 34 
3.2.4 Disease evaluation ........................................................................................ 35 

3.3 Results .................................................................................................................. 36 
3.3.1 Field evaluation with race T33 ..................................................................... 36 
3.3.2 Greenhouse evaluation with race T33, T32, and T26 ................................... 37 

3.4 Discussion ................................................................... , ........................................ 39 · 

v 



4. GENETIC SIMILARITIES AMONG U. TRITICIRACES OBTAINED FROM 
DURUM AND BREAD WHEAT ............................................................................... 42 

4.1 Introduction .......................................................................................................... 42 
4.2 Materials And Methods ....................................................................................... 43 

4.2.1 Pathogen races and plant materials ............................................................... 43 
4.2~2 Culture conditions ......................................................................................... 44 
4.2.3 DNA extraction and quantification ............................................................... 44 
4.2.4 Primer screening and amplification .............................................................. 45 
4.2.5 Gel electrophoresis ....................................................................................... 45 
4.2.6 Scoring of data .............................................................................................. 46 
4.2.7 Analysis of data ............................................................................................ 47 

4.3 Results .................................................................................................................. 48 
4.3 .1 Genetic relationship based on RAPD data .................................................... 48 
4.3.2 Genetic relationship based on disease data ................................................... 51 

4.4 Discussion ............................................................................................................ 54 

5. GENETICS OF RESISTANCE AND IDENTIFICATION OF MOLECULAR 
MARKERS LINKED TO LOOSE SMUT RESISTANCE ...................................... 58 

5.1 Introduction .......................................................................................................... 58 
5.2 Materials And Methods ....................................................................................... 60 

5 .2.1 Plant material and pathogen race .................................................................. 60 
5.2.2 Inoculation and disease evaluation ............................................................... 60 
5.2.3 Statistical analysis ......................................................................................... 61 
5.2.4 DNA extraction and quantification ............................................................... 62 
5.2.5 Bulked segregant analysis ............................................................................. 62 
5.2.6 AFLP analysis ............................................................................................... 62 

5.2.6.1 DNA restriction and ligation of adapters ............................................... 63 
5.2.6.2 Pre-amplification of DNA fragments .................................................... 64 
5.2.6.3 Selective amplification of DNA fragments ........................................... 64 
5 .2. 6.4 Gel electrophoresis and silver staining .................................................. 65 

5.2.7 SCAR and WMS marker analysis ................................................................ 66 
5 .2.8 Linkage analysis of data ............................................................................... 67 

5.3 Results .................................................................................................................. 68 
5.3.1 Genetics of resistance to race T33 of U. tritici ............................................. 68 

5.3 .1.1 Stewart 63 x Biodur ............................................................................... 68 
5.3.1.2 DT662 X D93213 ............................................................. : ..................... 72 
5.3.1.3 D93221 X DT658 ................................................................................... 72 
5.3.1.4 Seedling death ........................................................................................ 74 

5.3 .2 Determination of allelism ............................................................................. 7 5 
5.3.3 Identification of molecular markers linked to resistance to race T33 ........... 76 

5.3.3.1 Stewart 63 x Biodur ............................................................................... 76 
5.3.3.2 Linkage analysis of Stewart 63 x Biodur data ....................................... 80 
5.3.3.3 DT662 X D93213 ................................................................................... 84 
5.3.3.4 Linkage analysis ofDT662 x D93213 data ........................................... 86 -

VI 



5.4 Discussion ............................................................................................................ 90 
5.4.1 Genetic control of loose smut resistance ...................................................... 90 
5.4.2 Identification of molecular markers linked to loose smut resistance ............ 95 

6. GENERAL D ISCUSSI 0 N ..................................................................................... 99 

7. CONCLUSIONS ................................................................................................... 108 

8. LIST 0 F REFERENCES ..................................................................................... 110 

9. LIST OF APPENDICES ...................................................................................... 121 
Appendix A: Description of morphological and biochemical traits evaluated on 
tetraploid species used for germplasm screening .................................................... 121 
Appendix B: Loose smut incidence and molecular marker data ............................. 122 
Appendix C: Composition of Ustilago liquid media (Atlas, 1993) ......................... 132 
Appendix D: DNA extraction methods ................................................................... 133 
Appendix E: Buffers and solutions used in molecular studies ................................ 135 

Vll 



LIST OF TABLES 

Table Page 
Table 2.1: Occurrence of races of U. tritici worldwide (Nielsen and Thomas, 
1996). 14 

Table 2.2: Reaction of differentials to races of U. tritici (Nielsen and Thomas, 
1996). 16 

Table 3.1: Number of accessions from seven different species used for 
inoculation with three races of U. tritici in field and greenhouse evaluation. 33 

Table 3.2: Reaction and proportion of resistant lines and range of smut 
incidence in susceptible lines from different species inoculated with race T33 
and evaluated in a field nursery. 37 

Table 3.3: Number of lines resistant to the three races (T33, T32, T26) of U. 
tritici. 38 

Table 3.4: Reaction of different tetraploid species to three races of U. tritici. 38 

Table 4.1: Races of U. tritici obtained from durum and bread wheat used for 
molecular analysis. 43 

Table 4.2: Virulence data of 20 U. tritici races based on the reaction of 19 
differentials lines from Nielsen and Thomas ( 1996). 46 

Table 4.3: Random primers that were used for molecular analysis of smut 
races. 48 

Table 4.4: Disease reaction of eight wheat lines to six races of U. tritici. 51 

Table 5.1: Three recombinant inbred populations used to study resistance to 
U. tritici race T33. 60 

Table 5.2: EcoR1 and Mse1 primers combinations with their last 3 selective 
bases used for AFLP analysis. 63 

Table 5.3: Primer information of SCAR and two WMS markers tested on 
DT662 x D93213 population. 66 

viii 



Table Page 
Table 5.4: Loose smut incidence in parents and F 1 in two inoculation. 68 

Table 5.5: Goodness-of-fit test for the segregation ratio in the Stewart 63 x 
Biodur population in different inoculations. 69 

Table 5.6: Goodness of fit test for the segregation ratio for resistance to U. 
tritici race T33 in two crosses. 74 

Table 5.7: Reaction of segregating generations from crossing of resistant 
~~- ~ 

Table 5.8: Mean smut incidence (%) and coefficient of determination (R2
) 

with the presence and absence of each marker on different data set and 
segregation of all markers in Stewart 63 x Biodur population. 82 

Table 5.9: Mean smut incidence (%) and coefficient of determination (R2
) 

with the presence and absence of each marker using combined data in Stewart 
63 x Biodur population. 84 

Table 5.10: Mean smut incidence (%) and coefficient of determination (R2
) 

with the presence and absence of different markers and segregation of all 
markers in DT662 x D93213 population. 89 

ix 



LIST OF FIGURES 

Figure Page 
Figure 3.1: The percentage of resistant lines in different species to the three 
races of U. tritici. Number in the parentheses is the number of lines evaluated 
in each species to three races. 39 

Figure 4.1: Dendrogram generated using the Coefficient of Jaccard based on 
RAPD data set depicting the genetic relationships among 20 races of Ustilago 
tritici. Races marked with red colour were collected from durum wheat 
whereas races with blue colour indicate races collected from bread wheat 
cultivars. The year in which each race was first identified is indicated in 
parentheses. The number at the corresponding nodes of each cluster represent 
the bootstrap values generated by 1000 replicates using the Win boot program. 49 

Figure 4.2: Dendrogram generated using the Coefficient of Jaccard based on 
data from virulence analysis of Nielsen and Thomas (1996) and depicting the 
genetic relationships among 20 races of Ustilago tritici. Races marked with red 
colour were collected from durum wheat whereas races with blue colour 
indicate races collected from bread wheat cultivars. The number of loci 
expressing virulence is indicated in parentheses. The number at the 
corresponding nodes of each cluster represent the bootstrap values generated by 
1000 replicates using the Winboot program. 53 

Figure 5.1: Distribution of loose smut incidence in 107 F9 recombinant inbred 
lines from the cross Stewart 63 x Biodur inoculated with race T33 in 1998. 70 

Figure 5.2: Distribution of loose smut incidence in 108 F9 recombinant inbred 
lines from the cross Stewart 63 x Biodur inoculated with race T33 in 2000. 70 

Figure 5.3: Distribution of loose smut incidence in 101 F 8 recombinant inbred 
lines from the cross Stewart 63 X Biodur inoculated with race T33 in field 1996. 71 

Figure 5.4: Distribution of mean loose smut incidence in 108 recombinant 
inbred lines from the cross Stewart 63 x Biodur inoculated with race T33 in 
1996, 1998, and 2000. 71 

Figure 5.5: Distribution of loose smut incidence in 90 F 8 recombinant inbred 
lines from the cross DT662 x D93213 inoculated with race T33. 73 

Figure 5.6: Distribution of loose smut incidence in 101 F 7 recombinant inbred 
lines from the cross D93221 x DT658 inoculated with race T33. 73 

X 



Figure Page 
Figure 5. 7: Polymorphism of marker E33/M54R (AAG+CCT) between parents 
and bulk lines in the Stewart 63 x Biodur population. Position of arrow 
indicates the polymorphic band (286 bp) present in resistant parent (RP), 
resistant bulk (RB), and eight resistant (1-8R) bulk lines. SP = susceptible 
parent, SB = susceptible bulk, 1-8S = susceptible lines. 78 

Figure 5.8: Polymorphism of marker E37/M53R (ACG+CCG) between parents 
and bulk lines in the Stewart 63 x Biodur population. Position of arrow 
indicates the polymorphic band (325 bp) present in resistant parent (RP), 
resistant bulk (RB), and eight resistant (1-8R) bulk lines. SP = susceptible 
parent, SB = susceptible bulk, 1-8S = susceptible lines. 78 

Figure 5.9: Polymorphism of marker E32/M55R (AAC+CGA) between parents 
and bulk lines in the Stewart 63 x Biodur population. Position of arrow 
indicates the polymorphic band (255 bp) present in resistant parent (RP), 
resistant bulk (RB), and eight resistant (1-8R) bulk lines. SP = susceptible 
parent, SB = susceptible bulk, 1-8S = susceptible lines. Line 8S was 
recombinant. 79 

Figure 5.10: Polymorphism of marker E41/M58 (AGG+CGT) between parents 
and bulk lines in the Stewart 63 x Biodur population. Position of top arrow 
indicates the polymorphic band ( 179 bp) present in resistant parent (RP), 
resistant bulk (RB), and eight resistant (1-8R) bulk lines. Bottom arrow 
indicates the polymorphic band ( 126 bp) present in susceptible parent (SP), 
susceptible bulk (SB), and seven susceptible lines (1-7S). Line 8S was 
recombinant for both the bands. 79 

Figure 5.11: A linkage map of five AFLP markers E37/M53R (ACG+CCG), 
E33/M54R (AAG+CCT), E32/M55R (AAC+CGA), and E41/M58 R and S 
(AGG+CGT) associated with loose smut resistance in Stewart 63 x Biodur 
population in three different data sets. Map distance in eM units is reported on 
the left side. 81 

Figure 5.12: A linkage map of five AFLP markers E37/M53R (ACG+CCG), 
E33/M54R (AAG+CCT), E32/M55R (AAC+CGA), and E41/M58 R and S 
(AGG+CGT) associated with loose smut resistance in Stewart 63 x Biodur 
population based on the mean of three different data sets. Map distance in eM 
units is reported on the left side. 83 

Figure 5.13: Polymorphism of marker E43/M55R (ATA + CGA) between 
parents and bulk lines in the DT662 x D93213 population. Position of arrow 
indicates the polymorphic band (270 bp) present in resistant parent (RP), 
resistant bulk (RB), and eight resistant (1-8R) bulk lines. SP = susceptible 
parent, SB = susceptible bulk, 1-8S = susceptible lines. 85 

xi 



Figure 5.14: Polymorphism of marker E45/M55S {ATG + CGA) between 
parents and bulk lines in the DT662 x D93213 population. Position of arrow 
indicates the polymorphic band ( 410 bp) present in susceptible parent (SP), 
susceptible bulk (SB), and eight susceptible (l-8S) bulk lines. RP = resistant 
parent, RB = resistant bulk, 1-8R = resistant lines. 85 

Figure 5.15: A linkage map of two AFLP markers E45/M55S {ATG+CGA) 
and E43/M55R {ATA+CGA) associated with loose smut resistance locus in the 
DT662 x D93213 population. Map distance in eM units is reported on the left 
side. 86 

Figure 5.16: Polymorphism of SCAR marker between parents and bulk lines in 
the DT662 x D93213 population. Position of arrow indicates the polymorphic 
band present in susceptible parent (SP), susceptible bulk (SB), and eight 
susceptible (l-8S) bulk lines. RP =resistant parent, RB =resistant bulk, 1-8R = 
resistant lines. 88 

Figure 5.17: Polymorphism of WMS 234 marker between parents and bulk 
lines in the DT662 x D93213 population. Position of arrow indicates the 
polymorphic band. RP = resistant parent, RB = resistant bulk, 1-8R = resistant 
lines, SP = susceptible parent, SB = susceptible bulk, and 1-8S = eight 
susceptible bulk lines. 88 

Figure 5.18: Polymorphism of WMS 443 marker between parents and bulk 
lines in the DT662 x D93213 population. Position of arrow indicates the 
polymorphic band. RP = resistant parent, RB = resistant bulk, 1-8R = resistant 
lines, SP = susceptible parent, SB = susceptible bulk, and 1-8S = eight 
susceptible bulk lines. 88 

Figure 5.19: A linkage map of part of the short arm of chromosome 5B 
showing the location of five markers (SCAR, 2 WMS markers 443 and 234, and 
2 AFLP markers E45/M55S and E43/M55R) associated with loose smut 
resistance locus in the DT662 x D93213 population. Map distance in eM units 
is reported on the left side. 87 

xii 



LIST OF APPENDICES 

Appendix Page 
Appendix A: Description of morphological and biochemical traits evaluated on 
tetraploid species used for germplasm screening. 121 

Appendix B: Loose smut incidence and molecular marker data. 122 

Appendix B-1: Loose smut incidence in seven tetraploid species when 
inoculated with race T33 in 1998 and with T33, T32, and T26 in 1999. 122 

Appendix B-11: Loose smut incidence in the Stewart 63 x Biodur population 
when inoculated with race T33 in 1996, 1998, and 2000 and presence (+) or 
absence(-) of five AFLP markers. 127 

Appendix B-Ill: Loose smut incidence in the DT662 x D93213 population 
when inoculated with race T33 and presence(+) or absence(-) of five markers. 130 

Appendix C: Composition of Ustilago liquid media (Atlas, 1993). 132 

Appendix D: DNA extraction methods. 133 

Appendix D-1: Genomic DNA extraction from mycelium of Ustilago tritici 
according to the method of Kim eta!., (1990). 133 

Appendix D-11: DNA extraction protocol for wheat leaves using the Qiagen 
DNeasy Plant Mini Kit. 134 

Appendix E: Buffers and solutions used in molecular studies. 135 

Xlll 



AFLP 

eM 

CTAB 

dATP 

dCTP 

dGTP 

dTTP 

DNA 

EDTA 

LOD 

MAS 

NTSYS 

PCR 

PDA 

QTL 

RAPD 

RFLP 

RILs 

SCAR 

SIMQUAL 

LIST OF ABBREVIATIONS 

Amplified Fragment Length Polymorphism 

centiMorgan 

Hexadecyltrimethylammonium bromide 

deoxyadenosine triphosphate 

deoxycytidine triphosphate 

deoxyguanosine triphosphate 

deoxythymidine triphosphate 

Deoxyribonucleic Acid 

Ethylene diamine tetra acetic acid 

Log of the likelihood 

Marker-assisted selection 

Numerical, Taxonomy, and Multivariate Analysis System 

Polymerase chain reaction 

Potato dextrose agar 

Quantitative trait loci 

Random Amplified Polymorphism DNA 

Restriction Fragment Length Polymorphism 

Recombinant inbred lines 

Sequence Characterized Amplified Region 

Similarity of qualitative data 

xiv 



TAE 

TBE 

TE 

UBC 

UPGMA 

WMS 

Tris-Acetate-EDT A 

Tris-Borate-EDT A 

Tris-EDTA 

University of British Columbia 

Unweighted pair group method with arithmetic averages 

Wheat Microsatellites 

XV 



1. INTRODUCTION 

Wheat refers to the cultivated species of genus Triticum that includes diploids, 

tetraploids, and hexaploids. Historically, a number of species have been cultivated; 

however, cultivation is now confined almost entirely to tetraploid durum wheat (T. 

turgidum L. var. durum Desf.) and hexaploid wheat (T. aestivum L.) also known as 

common or bread wheat (Knott 1989). Durum wheat is an allotetraploid consisting of 

two genomes, A and B each consisting of seven chromosomes. Wheat (Triticum sp.) is 

a cool season crop, but it flourishes in a wide range of environments around the world 

(Peterson, 1965). Wheat is the principle food crop of the world, ranking first in area 

under cultivation among all of the crops of the world and third in production after rice 

and com. Wheat was cultivated on 213 m ha with production of 576 m tonnes 

worldwide in 1999-2000 (Anonymous, 2000). In Canada, wheat was cultivated on 11.2 

m ha with a production of 26.8 m tonnes in 2000 (Anonymous, 2000a). Canada ranks 

61
h in wheat production after China, India, United States, France, and Russia and is one 

of the major exporters of wheat in the world, with exports of approximately 19.4 m 

tonnes of wheat in 1999/2000 (Anonymous, 2000b ). Most Canadian wheat (95%) is 

grown in the provinces of Manitoba, Saskatchewan, and Alberta (Peterson, 1965). 

Durum wheat makes up about 22% of both area and production of all wheats in the 

prairie provinces. In 2000, the total area seeded with durum wheat in the prairies was 

about 2.6 m ha resulting in production of about 5.65 million tonnes (Anonymous, 
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2000c ). Saskatchewan produces about 80% of the durum grown in the prairies. The 

durum area and production in Saskatchewan in 2000 were 2.16 m ha and 4.75 million 

tonnes, respectively (Anonymous, 2000d). 

Among the different factors that limit wheat productivity, diseases have 

tremendous economic impact on yield and quality. One such disease, loose smut of 

wheat, caused by the fungus Ustilago tritici (Pers.) Rostr., occurs throughout the wheat 

growing areas of the world. It is responsible for reductions in yield approximately 

equivalent to the percentage of smutted plants (Morton, 1961 ). This disease is more 

prevalent in cool moist climates during flowering (Tapke, 1929). It can cause 

economic losses even in the dry and warm summers of the Canadian prairies (Nielsen, 

1983). Higher losses for durum wheat have been reported than for bread wheat 

reflecting the general lack of resistance in the registered durum wheat cultivars 

(Thomas and Menzies, 1997). 

The fungus U. tritici infects the plant at the time of flowering and becomes 

incorporated into developing kernels. It persists within the seed embryo as a dormant 

mycelium. Plants grown from infected kernels produce spikes in which the spikelets 

are transformed into dry, black masses ofteliospores (Agrios, 1997). 

New races of U. tritici are detected infrequently, spread slowly, and grow 

almost exclusively on cultivated wheat. New races may result either from 

recombination of pre-existing virulence genes or mutation of an avirulence gene to 

virulence. The races of U. tritici collected on cultivated wheat are usually pathogenic 

to either T turgidum or T aestivum (Nielsen, 1987). 
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Methods to control loose smut include use of clean seed, seed treatment with 

systemic fungicides, hot water, or host resistance. An effective method of disease 

control, host resistance has been shown to be the most economical and effective method 

for loose smut. Breeding for disease resistance is a primary objective of many cereal 

breeding programs. The use of resistant cultivars also does not add any cost for 

chemicals or for cultural operations (Knott, 1989). Genetic studies of resistance form 

the basis for the development of resistant cultivars. However, screening for loose smut 

resistance is very difficult as each floret of a wheat spike must be individually 

inoculated and extensive growth cabinet and greenhouse space is required for progeny 

testing (Jones and Dhitaphichit, 1991). Moreover phenotypic screening of the loose 

smut reaction requires two generations: one for seed inoculation and a second for 

disease expression. Selection for loose smut resistance using molecular markers can 

help overcome these difficulties (Procunier et al., 1997), and their application is more 

flexible than traditional testing. 

Wild and domestic relatives of common wheat are important sources of genes 

for resistance to diseases and pests (Brown-Guedira et al., 1996). Genes controlling 

resistance to various wheat diseases have been transferred from related species and 

have been exploited commercially (Sharma and Gill, 1983); however, no evaluation of 

tetraploid germplasm for loose smut resistance has been reported. 

Since the races of U. tritici collected on cultivated wheats are usually 

specialized on either T. turgidum or T. aestivum (Nielsen, 1985), some differentiation 

of races may have occurred between tetraploid and hexaploid wheat. DNA 
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fingerprinting can be used for race classification and estimation of pathogen variability 

(Shi et a/., 1996) and has been used in more than 45 different genera of fungi (Wei sing 

et a/., 1995). Race specific DNA polymorphism could be used in loose smut field 

surveys rather than a differential set. There has been no reported use of such 

techniques to measure the extent of genetic variability among the different races of U. 

tritici. 

Project Objectives: 

Several studies were undertaken with the following objectives: 

1. To screen wild germplasm for resistance to loose smut; 

2. To study the genetic similarity between the different races of U. tritici obtained 

from durum and bread wheat; 

3. To study inheritance of the resistance to race T33 of U. tritici in three durum 

wheat crosses and 

4. To identify DNA markers for loose smut resistance genes. 
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2. LITERATURE REVIEW 

2.1 Loose Smut Of Wheat 

2.1.1 Pathogen and its taxonomy 

The fungus Ustilago tritici (Persoon) Rostrup, belongs to the order 

Ustilaginales in the Basidiomycotina subdivision of higher fungi. It causes the seed

borne disease loose smut of wheat. The members of this division have the basidium as 

a common structure; it is a club-shaped organ that bears one to four basidiospores 

exogenously (Alexopoulos and Mims, 1996). The Basidiomycotina is divided into two 

classes: Hemibasidiomycetes and Hymenomycetes. The Hemibasidiomycetes consists 

of the orders Uredinales (rust fungi) and Ustilaginales (smut fungi) (Agrios, 1997). 

Within the Ustilaginales, the genus Ustilago contains the most species, and these 

species infect a large number of host families (Vanky, 1987). The genus Us til ago 

contains a number of economically important pathogens such as U. maydis which 

causes com smut, U. tritici which causes loose smut of wheat, U. nuda which causes 

loose smut of barley, U. hordei which causes covered smut of barley, U. nigra which 

causes false loose smut of barley, U. avenae which causes loose smut of oat and U. 

Kolleri which causes covered smut of oat (Alexopoulos and Mims, 1996). Within the 

species U. tritici, 40 races have been identified (Nielsen and Thomas, 1996). 
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2.1.2. Occurrence and economic importance 

Loose smut of wheat is found in all wheat growing areas of the world but is 

more serious in cool, humid regions (Dhitaphichit et al., 1989). It is an economically 

important disease even in the dry and warm summers of the Canadian prairies (Nielsen, 

1983). Yield losses due to loose smut are estimated by multiplying yield by the mean 

percentage of infected plants. The percentage of infected plants correlates to the 

percentage yield loss due to smut in wheat, barley, and oat (Green et al., 1968; Morton, 

1961 ). In Manitoba and Saskatchewan, the percentage of durum wheat fields affected 

by loose smut was 41% in 1998,67% in 1999, and 46% in 2000, with a maximum level 

of infection of0.3% (Popovic et al., 2000, Menzies et al., 2001). Yield losses in durum 

wheat due to loose smut in the prairies in 1995 were estimated at about 4.1 million 

dollars (Statistics Canada 1987 -96). Yield losses are usually less than 1% but losses as 

high as 27% have been reported in some fields (Wiese, 1987) and has the potential to 

cause 100% losses (Mathur and Berry, 1993). 

In Manitoba during 1981, an average loose smut incidence of 1.5% was 

estimated in the cultivar Sinton resulting in an estimated loss of 1.67 million dollars: 

the annual cost of fungicide would have been about $390,000 (Nielsen, 1983). 

Although most of the spring wheat cultivars grown in western Canada are at least 

moderately resistant to prevalent races of U. tritici, durum and winter wheat cultivars 

registered for production are susceptible to loose smut. 
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2.1.3 Disease cycle and epidemiology 

The pathogen overwinters as dormant mycelium in the kernel embryo. When 

infected kernels begin to germinate, the mycelium becomes active and grows 

intercellularly through the tissue of the embryo and young seedling until it reaches the 

growing point of the plant. Usually all spike tissue except the rachis and awns are 

invaded intracellularly and replaced with dry, black masses of teliospores that are 

dispersed by wind when the diseased spike emerges. Spore release coincides with 

anthesis of healthy plants (Agrios, 1997). 

The immature teliospore has two haploid nuclei. After karyogamy (fusion of 

nuclei) takes place, the mature teliospore is produced which is diploid. The teliospore 

undergoes meiosis when it germinates to produce haploid promycelium that bears 

sporidia (equivalent to basidiospores). These haploid basidiospores multiply by 

budding forming yeast-like cells. When two basidiospores of sexually compatible 

mating types germinate in close proximity, plasmogamy (fusion of cells) takes place to 

produce a dikaryotic mycelium. The resulting dikaryotic mycelium penetrates the 

flower through the young ovary wall and becomes established in the embryo tissue 

before the kernel matures. The mycelium then becomes inactive and remains dormant 

in the scutellum until the infected kernel germinates (Agrios, 1997). 

2.1.4 Symptoms and disease assessment 

Loose smut is generally regarded as having little effect on the growth of the host 

plant until the ear is partially or completely replaced by teliospores. Smutted plants 

sometimes headed earlier than healthy ones and are often taller than healthy plants 
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(Nielsen, 1987). In an infected plant, almost all the spikes and spikelets are entirely 

smutted (Agrios, 1997). 

Both resistant and susceptible reactions were studied by a number of workers. 

Oort (1944) reported the first observations of an abnormal reaction to smut infection in 

some seedlings grown in the greenhouse from inoculated seed. Besides normal 

resistant and susceptible reactions, some abnormal seedlings were also observed. In 

these abnormal seedlings, there was a severe inhibition of growth shown by a shorting 

of the first three leaves, which was often accompanied by chlorotic stripes and spots 

and leaf curling. The seedlings showing these symptoms often died in the two to three

leaf stage, but some recovered either by the development of a lateral shoot or new 

growth from the main axis. These recovered plants were dwarf but produced ears that 

were free from smut. These abnormal reactions were viewed as hypersensitive. 

Although Oort had no direct evidence that the phenomenon was caused by loose 

smut, Mantle ( 1961) anatomically examined these abnormal seedlings and found loose 

smut as the cause of the reaction. He observed that increasing severity of symptoms 

was correlated with the extent of mycelial distribution within the plumular bud. He 

also suggested using the term incompatibility instead of hypersensitivity as the 

localized necrosis would damage or destroy the growing point and the whole plant 

would be stunted or die. Plants with incompatible reactions often do not survive after 

the first leaf stage or do not emerge, making them difficult to identify. This 

incompatible reaction is generally specific to the host genotype and is not observed in 

all plants. 
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Disease assessment of loose smut is based on disease incidence and evaluated 

by counting healthy and sporulating spikes primarily based on the smut incidence on 

the primary tiller (Nielsen, 1987). When inoculated plants are grown for the disease 

expression in a greenhouse they are generally crowded and most of the time they 

produce few tillers. In cases when more than one tiller is produced, other tillers may or 

may not be smutted because of the nature of the path of infection in the grain. 

In the susceptible host, the mycelium grows in the scutellum and maintains 

itself very near to the apical growing point of the embryo (Agrios, 1997). Lateral 

shoots sometimes escape from the mycelium and produce normal spikes because the 

mycelium did not invade those meristematic cells from which the lateral tillers 

developed (Mantle 1961 ). Although only two principal classes of response are 

exhibited by plants from an inoculated plant (resistant producing healthy spikes and 

susceptible producing smutted spikes), an intermediate class in which partially smutted 

spikes are produced occurs at a very low frequency (Dhitaphichit et a/., 1989). When 

observed, these were also considered susceptible, as the disease assessment for loose 

smut is based on disease incidence not severity. 

2.1.5 Host range 

The host range of U. tritici is wide. Although wheat is the principle host, U. 

tritici is pathogenic on species of the genera Triticum, Aegilops, Secale, Elymus, 

Haynaldia, Agropyron, Hordeum, and Taeniatherum (Nielsen, 1978). However, only 

species of the genus Triticum appear to have a role in the epidemiology. Most races 

collected on Aegilops species are avirulent on cultivated wheat (Nielsen, 1985). 
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2.1.6 Factors effecting disease development 

For precise genetic analysis it is important to obtain reliable and optimum 

expression of disease. The level of disease expression of a particular line is affected by 

environment and genotype of host and pathogen (Dean, 1969; Tapke, 1948). The 

effects of environmental conditions during inoculation, inoculation methods and the 

time of inoculation on the disease expression have been investigated. Gassner and 

Kirchoff ( 193 5) observed that late sowing of spring wheat, especially at high 

temperature, favored the development of loose smut, while earlier sowing at lower soil 

temperatures hindered it. Due to reduced growth of mycelium in the seed, fewer spikes 

were infected at the time of flowering leading to lower smut incidence. Maximum 

smut development occurred at 23°C; at 20°C and l5°C the incidence and extent of 

smutting was reduced. Vernalization has also been shown to reduce smutting in both 

spring and winter wheat (Lasser, 193 7). Tapke ( 1931) observed a reduction in the 

percentage of smut infection when inoculated wheat spikes were subjected to low 

relative humidity. Extreme heat has been reported to lower teliospore germination and 

germ tube growth, delay penetration of the host ovary and prevent the fungus from 

reaching the host growing point (Nielsen and Thomas, 1996). 

Method of inoculation plays an important role in the expression of loose smut 

symptoms. Natural infection occurs via the ovary during anthesis. For genetic 

analysis, since natural infection may result into low levels of disease incidence, 

artificial inoculation has been developed to simulate natural infection conditions 

(Nielsen, 1987). Different methods of artificial inoculation have been developed over 
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time including dusting spores over entire spikes (Tingey and Tolman, 1934), high 

pressure jet inoculation (Anderson, 1961 ), partial vacuum with spores suspended in 

water (Heyne and Hansing, 1955), inoculum suspended in talc and placed in a bag over 

the wheat spike (Loria et al., 1982) and the injection method (Poehlmann, 1945). The 

injection method involves injecting a spore suspension into the floret using a rubber 

ball or syringe and hypodermic needle. This method gives the highest level of infection 

as compared to other methods (Nielsen, 1987). 

The stage of flowering at the time of inoculation is critical. Spores must enter 

florets around the time of flowering so that infection can occur. Some reports showed 

that optimum infection could be achieved by inoculating spikes as they emerged from 

the sheath when the anthers are green and the stigma immature (Gothwal, 1972). 

Tingey and Tolman (1934) suggested that the optimum time for inoculation is just prior 

to anthesis. However, several workers (Tapke, 1929; Oort, 1939; Ohms and Bever, 

1956; Malik and Batts, 1960; Bever and Ohms, 1966; Jones and Dhitaphichit, 1991) 

suggested mid-anthesis as the optimum time for inoculation. Recently, Menzies et al., 

( 1999) compared inoculation at different stages of development using the partial 

vacuum method. They found no significant difference between the pre- and mid

anthesis for smut incidence, but inoculation at post-anthesis produced significantly 

greater numbers of viable seed per spike and a lower percentage of smutted plants. 

Inoculum concentration can also affect the amount of loose smut infection 

(Oort, 1939; Jones and Dhitaphichit, 1991). Loria et al., (1982) reported that teliospore 

concentrations varying from 0.02 to 20% did not alter the infection rate of intact florets. 
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The mean infection ranged from 13.6 to 31.4o/o for clipped florets as compared to 1.1 to 

11.6% for intact florets. Nielsen ( 1987) recommended that 1 g spores/L of water as the 

optimum spore concentration. It has been estimated that 1 g spores/L water produces a 

suspension of about 20 million spores/mL (Nielsen, 1987; Oort, 1939). When 

inoculating with a needle, about 20-30 pL of inoculum is received by a single floret and 

contains 400,000 - 600,000 spores. It has been reported that even at 1110 of this 

concentration, the level of infection is not significantly reduced (Nielsen, 1983 ). 

2.1. 7 Disease control 

Different methods to control loose smut of wheat include use of clean seed from 

a loose smut free crop, seed treatment with systemic fungicides and hot water and the 

use of genetically resistant cultivars (Agrios, 1997). Use of clean pedigree seed free 

from smut will help in minimizing disease incidence, as this disease is seed born. 

Khanzada and Mathur (1983) reported that loose smut of wheat can be controlled 

completely by seed treatment of wheat with feneuram and triadimenol at a rate of 2-4 

g/kg of seed and that these fungicides were more effective than carboxin. Loose smut 

can also be controlled by a hot water treatment where seeds are soaked in water at 20°C 

for 5 hours, drained for one minute, dipped into water at 49°C for one minute and then 

into 52°C for 11 minutes and immediately afterward placed into cool water. Seed is 

then allowed to dry (Agrios, 1997). This method leads to a decrease in seed 

germination. The use of genetic resistance offers an economical and environmentally 

neutral option as it will lower the cost of fungicidal seed treatment to farmers and 

reduce the release of pesticides into the environment. This is of practical interest in 
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prairie agriculture where the profit margins of growing wheat are usually small. 

Resistant lines can be more attractive for use in organic grain farming systems where 

pesticides cannot be used. 

2.2 Genetics Of Loose Smut 

2.2.1 Physiological specialization 

Physiologic specialization has been defined as the occurrence of entities within 

morphologic species that differ from each other in one or more physiologic characters 

including pathogenicity, biochemical properties, cultural variability, spore germination 

and ecological relationships (Holton, 1953; Halisky, 1965). In fungi, such entities have 

been designated in various ways; physiologic forms, physiologic strains, biologic 

forms, biologic species, biotypes, and races. These terms were used more or less 

synonymously until the term "physiologic race" was adopted officially and became 

generally accepted as the standard (Fischer and Holton, 1957). In the family 

Ustilaginaceae, the term physiologic race is used to designate a collection of 

teliospores that behave consistently in parasitism on certain differential cultivars of host 

plants (Christensen and Rodenhiser, 1940). 

In case of loose smut new races may result either from sexual recombination of 

pre-existing virulence genes or mutation from avirulence to virulence (Nielsen, 1987). 

A total of 40 races of U. tritici have been identified all over the world with six races 

specific to durum wheat (Table 2.1 ). Of the 40 races, 23 have been found in Canada. 

Seven of these 23 races have been found only in Canada (Nielsen and Thomas, 1996). 
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Table 2.1: Occurrence of races of U. tritici worldwide (Nielsen and Thomas, 1996) 
Race First identified in 
designation collection from 
Tl Canada 

T2 Canada 

T3 Canada 
T4 Canada 
T5 Canada 
T6 Sweden 
T7 Denmark 
T8 Germany 
T9 Czechoslovakia 
TIO Canada 
Til India 

T12 Argentina 
T13 Russia 
T14 Tunisia 
T15 Canada 
T16 Canada 
T17 Canada 
T18 Canada 
T19 Canada 
T20 Canada 
T21 Brazil 
T22 Brazil 
T23 Brazil 
T26 Turkey 
T27 Turkey 
T28 Russia 
T29 Poland 
T30 Australia 
T31 Poland 
T32 Canada 
T33 Canada 
T34 Russia 
T35 Russia 
T37 China 
T38 Israel 
T39 USA 
T41 China 
T42 Russia 
T43 Russia 
T44 Canada 

Later identified in 
Collections from 

Afghanistan, Yugoslavia, Algeria, Kenya, Iran, Iraq, Egypt, 
Ethiopia, Tunisia, Poland, Turkey, Germany,;Australia, Russia, 
India, USA, Denmark, China, Pakistan, Nepal, Mexico 
Germany, Tunisia, Kenya, Denmark, Turkey, South Africa, 
Brazil, Great Britain, Sweden, China, USA 
Russia, USA, Italy 
Algeria, USA, Italy, Mexico 

Ireland, Russia 
Canada, New Zealand, Australia 
Brazil, Poland, Australia, Russia, USA 
Canada 
India, USA 
Ethiopia, Pakistan, Iran, Poland, Turkey, Canada, USA, Iraq, 
Nepal 
Canada, USA, Uruguay 

Canada 

Poland, China, Egypt 
Russia, Turkey, USA, Uruguay 

Canada, USA 
Poland 
Australia, China, Uruguay 

Italy 

China, Egypt 

Turkey, Canada 
Egypt, Italy 
Canada 
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The reactions of these U. tritici races were determined using 19 differential 

cultivars (Table 2.2) and demonstrated that races possess multiple genes for virulence 

and wheat differential lines possess multiple genes for resistance. The races of U 

tritici collected on cultivated wheat are usually specialized on either T. turgidum or T. 

aestivum, and they are further specialized to the cultivars they can attack within each 

species. This specialization is due to the presence of avirulence or virulence genes 

corresponding to genes for resistance or susceptibility in the cultivars of each species 

(Nielsen, 1985). 

Two early studies on specialization of races of U tritici in wheat in China 

reported that collections from common wheat were virulent only on that species 

whereas those collections taken from durum wheat were virulent only on durum 

cultivars (Wang, 1942; Yin, 1948). Mitov (1968) also found that races of U tritici in 

Bulgaria were virulent on either durum or common wheat but not on both. Huang and 

Nielsen (1985) identified seven races of U tritici of wheat from China collected on 

common wheat that were virulent on common wheat differentials only and three durum 

wheat differentials were resistant to them. Such specialization is common but not 

universal as reported by Medeiros and Nielsen ( 1977). They reported that U tritici 

samples collected on cultivars of common wheat, besides being virulent as expected on 

several differentials of common wheat, were also virulent on the durum wheat 

differential 'Pentad'. However, none of the Canadian races that were virulent on 

common wheat were virulent on durum wheat. Moore (1942) also mentioned that races 

were usually, but not always, specialized on either common or durum wheat. 
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Table 2.2: Reaction of differentials to races of U. tritici (Nielsen and Thomas, 1996~ 
Race U. tritici Differential 

(T) Ia 2 3 4 5A 6 7 8A 9 10 11 12A 13 14 15 16 17 18 19 

T1 b s s s s 
T2 s s s s s s s 
T3 s s 
T4 s s s 
T5 s s s 
T6 s s s s 
T7 s s s s s 
T8 s s s s s s s 
T9 s s s s s s s s 

TIO s s s s s s s s 
Til s s 
T12 s s s s s s 
T13 s s s s s s s s s s s s 
T14 s s s 
T15 s s s s s s s s s 
T16 s s s 
T17 s s s s s 
T18 s s s s s s 
T19 s s s s s s s s s s s s 
T20 s s s s s s s s 
T21 s s s s s s s 
T22 s s s s s s s s s s s 
T23 s s s s s s 
T26 s s 
T27 s s 
T28 s s s s 
T29 s s s s s 
T30 s s s s s s 
T31 s s s s s 
T32 s s s 
T33 s s s s 
T34 s s s 
T35 s s s s 
T37 s s s s s 
T38 s s s s s s 
T39 s s s s s s s s s s s s s 
T41 s s s s s s 
T42 s 
T43 s s s s s 
T44 s s s s s s s 

• a 1 = Mindum, 2 =Renfrew, 3 = Florence/Aurore, 4 = Kota, 5A =Little Club/Reward, 6 =PI 69282, 
7 = Reward, 8A = Carma!Reward, 9 = Kearney, 10 = Red Bobs, 11 = Pentad, 12A = 
Thatcher/Regent/Reward, 13 =PI 298554/CI 7795, 14 = Sonop, 15 = H44/Marquis, 16 = Marroqui 
588, 17 = Marquillo/Waratah, 18 = Manitou*2/Giza 144 and 19 = Wakooma. 

• b Resistant reaction left blank for clarity of table; S =Susceptible . 
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Races of U. tritici interact with wheat following a gene-for-gene relationship. 

The gene-for-gene relationship was first demonstrated by Flor (1956) with flax (Linum 

usitatissimum L.) and flax rust (Melampsora lini Desm.). According to Flor's gene-for

gene relationship, for every resistance gene in the host plant there is a corresponding 

and specific avirulence gene in the pathogen. In general terms, a plant with resistance 

gene Rl is resistant to a race of pathogen with the corresponding a virulence gene A 1 

and susceptible to races lacking this particular avirulence gene irrespective of how 

many other avirulence genes it may have~ The resistance response can occur only when 

the pathogen releases a gene (Avr) product, which can be detected by the presence of a 

specific resistance gene (R) in the host plant (Staskawicz et al., 1995). 

The gene-for-gene relationship was postulated and demonstrated by Oort ( 1963) 

in analyzing the interaction between differentials and the races identified by them, and 

it was later demonstrated by Tikhomirov (1983) by analyzing the interaction between 

differential cultivars and U. tritici races. On the basis of genes for resistance in nine 

differentials, the genes for virulence of smut races that are complementary to resistance 

were postulated. Tikhomirov (1983) recognized that genetic differentiation gave better 

understanding of the evolution of the pathogen and an opportunity to regulate the 

process in a direction required for breeding purposes. The racial differentiation of the 

U. tritici pathogen in wheat based on the genetic principles of host-pathogen 

interactions can greatly increase efficiency of wheat breeding for resistance to loose 

smut. 
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2.2.2 Anatomy and mechanism of resistance to loose smut 

Understanding the histological and developmental relationships of resistance to 

loose smut should provide a basis for techniques designed to assist in the more efficient 

breeding of smut resistant wheat. Many workers have tried to investigate the path of 

infection and the mechanism underlying the resistance reaction in specific tissues of the 

embryo. Freeman and Johnson (1909) observed that spores come in contact with the 

young ovary wall or the stigma, and after germination, the fungus penetrates the ovary 

wall. McAlpine ( 191 0) also suggested that in addition to stigma penetration the fungus 

may penetrate the young ovary wall. 

However, Batts (1955) investigated the penetration of the U. tritici fungus into 

the ovary and its subsequent passage to the embryo by following the path of infection. 

He observed that mycelium present on the surface of the ovary wall penetrates through 

the ovary wall and after about eleven days enters the integuments and nucellus region. 

No trace of infection via the style has been found in infected grain. The fungus 

permeates this region and passes towards the base of the grain. The fungus enters the 

aleurone layer but only rarely penetrates the endosperm. The fungus grows from testa, 

nucellus, and aleurone layers to the scutellum. The mycelium grows profusely in the 

scutellum and passes to the growing point of the embryo, but has not been found in the 

plumule and radicle. Batts (1955) further observed that the mycelium migrates 

intracellularly in the pericarp and testa and mainly intercellularly in the aleurone, 

scutellum, and other tissues of the embryo. At the point of penetration, an 

appressorium is formed, and there is considerable sheathing of internal mycelium. 
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In understanding the mechanism under! ying the resistance reaction, Popp ( 19 51) 

reported that resistance was expressed as an inhibition of mycelial development from 

embryos to seedling growing points and once the growing point was infected, there 

appeared to be no subsequent reduction in infection percentage. Resistance could result 

from 1) inability of the U. tritici mycelium to invade the embryo, 2) inability of the 

mycelium to invade the growing point, or 3) the failure of mycelium to survive in the 

plant after invasion of the embryo has taken place. Batts and Jeater (1958) showed that 

embryos of some loose smut resistant wheat cultivars were invaded by U. tritici upon 

inoculation, yet the mature spikes were free from smut spores. Popp (1959) further 

revealed that resistance in such cultivars was expressed as inhibition of mycelial 

penetration from scutella into plumular buds and in those instances where some 

plumular buds were infected no subsequent reduction of infection occurred. 

Gaskin and Schafer ( 1962) observed that the ultimate effect of resistance was to 

produce normal spikes and seed, but resistance was apparent in different tissues or 

organs or at different stages in development of the host plants. Different histological 

studies cited by Gaskin and Schafer (1962) showed that resistance can occur at several 

points in the infection cycle including ovary resistance, embryo exclusion, inhibition of 

plumular bud or growing point penetration, subsequent reduction of growing point 

infection during plant development, differential internode elongation, and seedling or 

embryo death that eliminates the infected plant. Oort ( 1944) observed that if the fungus 

maintains itself within the meristem, resistance might be apparent by the inhibition of 

growth and further development of the seedling due to an incompatibility reaction. 
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Many biochemical compounds in plants have been involved in the resistance 

expression to plant diseases. Arora and Wagle (1985) studied the relationship between 

peroxidase level, polyphenoloxidase activity, and phenolic content in wheat seedlings 

and resistance to loose smut. High peroxidase and isoperoxidase activity was found in 

the resistant cultivar CPAN 1333 which also contained more total phenols as compared 

with the susceptible cultivar Sonalika. The levels of preformed phenols and enzymes 

indicated that the phenolic oxidation system may be involved in the resistance 

expression. 

2.2.3 Genetic control of loose smut 

The success in breeding for resistance to loose smut depends primarily on a 

-
proper understanding of the inheritance of trait. The information regarding the 

understanding of the inheritance of resistance to a disease is valuable for planning 

crosses in breeding programs, identifying resistance genes, and developing genetic 

markers to assist in selection (Knox et al., 1998). 

Jones and Dhitaphichit, ( 1991) acknowledged that the genetic analysis of loose 

smut resistance is difficult because florets of the wheat spike must be individually 

inoculated and progeny testing requires extensive growth cabinet and greenhouse 

space. The evaluation of loose smut reaction is done on a family basis requiring two 

generations, one for inoculation and the second for symptom expression. Because of 

wide variations in loose smut reaction within genotypes, genetic analysis is complicated 

due to the overlapping of reactions of resistant and susceptible families such that 

delimitation ofthe resistant and susceptible classes is difficult (Ribeiro, 1963). Disease 
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escapes and incomplete penetrance of the genes combined with continued segregation 

in a population further complicate the interpretation of results (Knox eta/., 1998). 

Despite these difficulties several studies of inheritance of resistance to loose 

smut have been conducted in wheat. Resistance to loose smut in wheat has been 

reported to be under the control of one gene (Caldwell and Compton, 1947; Gaskin and 

Schafer, 1962), two genes (Heyne and Hansing, 1955), and three genes (Tingey and 

Tolman, 1934; Shestskova and V'yushkov 1976). Krivchenko and Bakhareva (1985) 

reported that resistance to loose smut was dominant and monogenic in its inheritance in 

one cultivar, and it was controlled by the complementary interaction of two 

independent dominant genes in another. Knox et a/., ( 1999) reported a single major 

gene was required for complete resistance to races T1, T10, T19, and T39, and this 

gene and a one minor gene were required for complete resistance to race T15 in the 

experimental wheat line HY3 77. 

Different resistance genes have been identified and localized to specific wheat 

chromosomes. Knox and Howes ( 1994) reported that resistance genes for race T 19 had 

been localized on the short arm of chromosome 6A. Resistance genes effective against 

race T6 have been localized on chromosome 7 A and 7B in the cultivars Hope and 

Thatcher, respectively (Dhitaphichit et al., 1989). Genes for resistance to race T 10 

have been identified on the long arm of chromosome 2B (Bernier et al., 1995). Mathur 

eta/., (1997) reported that resistance to loose smut was governed by at least three genes 

localized on chromosomes 1B, 3D, and 7D. The genes on chromosome 3D were major, 

and genes on chromosome 1 B and 7D were modifiers. 
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Limited studies have been conducted to understand the genetics of virulence in 

U. tritici. Five genes namely Utvl, Utv2, Utv3, Utv4, and Utv5 have been identified. 

These genes are recessive for virulence and are independently inherited (Nielsen, 1977; 

1982; Nielsen and Thomas 1996). 

2.3 Genetic Source Of Resistance 

Breeding for resistance to a wide range of diseases is an objective for most 

wheat improvement programs. Selection pressure in pathogen populations due to 

selection of virulent races to the deployed genetic resistance results in the break down 

of effective genetic resistance (Leung et al., 1993 ). Pyramiding of different resistance 

genes has been used to increase the durability of genetic resistance and requires sources 

of diverse resistance genes (Brown-Guedira et al., 1996). Because of their peculiar 

mode of origin involving interspecific hybridization, chromosome doubling, and 

resultant instant isolation from parental species, the cultivated polyploid wheats, 

Triticum turgidum var. durum, and T aestivum, have a very narrow genetic base 

representing only a fraction of the genetic diversity of their wild progenitors (Dhaliwal 

et al., 1993). Lange and Balkema-Boomstra, (1988) suggested that the progenitors of 

cultivated species should be considered as an important source of variability for 

broadening the genetic basis of resistance for cultivated crops. 

Wild and domestic relatives of common wheat are important sources of genes 

for resistance to diseases and pests. Damania et al., (1990) reported that wild relatives 

could provide valuable genes for disease resistance, high protein content, tillering, 

drought tolerance, and other economically desirable attributes. The wild relatives of 
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wheat have been used extensively as a source of disease resistance in breeding durum 

and bread wheat and although a number of transfers have been made, much genetic 

variability remains to be exploited (Knott and Zhang, 1990). 

Jiang et a/., ( 1994) classified the wild relatives of wheat on the basis of their 

genomic constitutions into primary, secondary, and tertiary gene pools. Primary gene 

pools include hexaploid landraces, cultivated tetraploid T. turgidum and its wild form 

T. dicoccoides, the A genome donor T. monococcum, and the D genome donor T. 

tauschii. The secondary gene pool consists of closely related Triticum and Aegilops 

species that share one genome in common with wheat, whereas the tertiary gene pool 

includes the diploid and polyploid species having genomes homoeologous to wheat. 

Genes from the primary gene pool can be transferred by direct hybridization, 

homologous chromosome recombination, backcrossing, and selection (Gill and Raupp, 

1987). The wild tetraploids carrying the AB genome cross without difficulty with 

durum wheat since chromosome pairing is relatively normal and the hybrids are fertile 

making gene transfer easy by backcrossing (Knott, 1989). 

2.3.1 Transfer of disease resistance genes from related species 

Many researchers have successfully transferred alien genes for disease 

resistance into cultivated wheat. Most of the research has been confined to transferring 

dominant genes that confer resistance to insect, fungal and viral diseases from various 

Triticum, Aegilops, Agropyron, and Secale species into wheat (Sharma and Gill, 1983). 

However, wild alien species of Triticum and Aegilops have a great reservoir of 

unexploited desirable genetic resources not only for disease and insect resistance but 
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also for other traits such as stress tolerance and for physiological traits responsible for 

higher productivity (Tahir and Pashayani, 1990). 

A number of genes controlling resistance to various wheat diseases have been 

transferred from related species and have been exploited commercially. Mcintosh et 

a/., (1982) transferred the Lr28 leaf rust resistance gene from Aegi/ops speltoides. 

Sharma and Knott (1966) transferred a gene Sr25 for resistance to stem rust and Lr19 

for leaf rust resistance from Agropyron elongatum. Stem rust resistance genes Sr 2, 

Sr9a, Sr 13, Sr 14, Sr 17 and powdery mildew resistance genes Pm4a and Pm5 have been 

transferred from T. dicoccum. Genes Sr36, Sr37, and Pm6 have been transferred from 

T. timopheevii into cultivated wheat (Lupton, 1987). 

2.4 DNA Based Molecular Markers 

In the past decade, the design of molecular techniques and the development of 

molecular markers brought a new dimension into the traditional area of plant breeding. 

Molecular markers not only allow the easy and reliable identification of clones, 

breeding lines, hybrids, and cultivars, but also facilitate the monitoring of introgression, 

and the estimation of genetic diversity and relatedness among germplasm used in 

breeding programs. High density molecular genetic linkage maps for economically 

important crops have been established. These maps provide a basis for marker-assisted 

selection of agronomically useful traits, pyramiding of resistance genes, and isolation 

of these and others important genes by map based cloning strategies (Weising eta/., 

1998). 
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Molecular techniques have been increasingly used for the identification of fungi 

at the level of species, sub-species, and race. For genetic analysis in earlier studies, 

naturally occurring markers were not sufficient and various treatments were necessary 

to generate mutants (Michelmore and Hulbert 1987). However, molecular techniques 

have provided new ways of detecting differences among fungi. Races are defined with 

respect to known resistance genes in the host and are identified from the resulting 

pattern obtained by infecting a series of host differentials homozygous for different 

combinations of resistance genes. It is very time consuming to carry out such race 

identification on a new isolate. Natural variation present in the DNA of all species can 

be used as a means for classifying the race of a fungal pathogen (Coddington and 

Gould 1992). 

2.4.1 Marker assisted selection 

Molecular markers have been identified in wheat for various traits including 

pre-harvest sprouting (Anderson et al., 1993), resistance to powdery mildew (Ma eta/., 

1994), cadmium uptake (Penner eta/., 1995), resistance to common bunt (Demeke et 

a/., 1996), seed protein content (Blanco eta/., 1996; Mesfin eta/., 1999), resistance to 

Hessian fly (Dweikat et a/., 1997), and resistance to loose smut (Procunier eta/., 1997). 

Tight linkage of a marker to a resistance gene can be exploited for indirect 

selection of resistance in a breeding program. Instead of testing for the trait, selection 

in segregating generations is based on determination of the marker genotype and only 

those individuals that carry the desired marker allele( s) are selected for next generation. 

Analyzing plants at the seedling stage, screening multiple characters that would 
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normally be epistatic with one another, minimizing linkage drag, and rapidly 

recovering a recurrent parent's genotype are several uses of marker assisted selection 

(Tanksley et a/., 1989). 

Melchinger (1990) discussed the practical application of marker assisted 

selection (MAS) for the transfer of resistance genes under different circumstances. It 

can be more reliable or simpler than tests for resistance when it is difficult to ensure 

uniform disease inoculation natural in field plots. MAS can be used to select for 

resistance during the off-season or in the absence of exotic or quarantined pathogens. 

In situations where expression of many resistance genes is strongly influenced by 

environmental conditions, MAS would be more reliable than direct disease screening. 

Early selection based on marker genotype of young seedlings would be particularly 

beneficial for the traits where resistance was expressed at a late developmental stage. 

MAS could be used as a tool to accelerate transfer of recessive resistance genes. 

Nelson (1978) suggested pyramiding of resistance genes to provide durable 

resistance to both virulent and avirulent races of a pathogen. Pyramiding involves the 

accumulation of several resistance genes effective against the same pathogen into a 

single line where each host resistance gene is effective against different pathogen races. 

However, gene pyramiding can be complicated when it is difficult to distinguish the 

various resistance genotypes due to lack of appropriate races with virulence gene 

combinations that can distinguish one resistance gene in the presence of another. Once 

tightly linked markers tag genes conferring resistance to the same pathogen, these 

genes could easily be pyramided into a line using MAS (Melchinger, 1990). 
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Selection for loose smut resistance using molecular markers can help overcome 

the difficulties associated with screening for this disease, and it would be more 

effective (Procunier et a/., 1997). Different classes of molecular markers have been 

linked to resistance genes. Among these, Restriction Fragment Length Polymorphism's 

(RFLPs) and PCR -based multiple loci markers have been successfully identified as 

having linkage to resistance genes in wheat (Williams et a/., 1990; Autrique et a/., 

1995; Schachermayr eta/., 1995; and Procunier eta/., 1995). PCR-based multiple-loci 

marker techniques that include Random Amplified Polymorphism DNA (RAPD), 

Amplified Fragment Length Polymorphism (AFLP), Microsatellites, and Sequence 

Characterized Amplified Regions (SCAR) are more efficient than RFLP (Lu et a/., 

1996). The advantages of these PCR-based markers over RFLPs are that they can be 

undertaken using minute amounts of DNA, and results can be obtained quickly and can 

detect a large number of loci. The Amplified Fragment Length Polymorphism (AFLP) 

technique provides a very powerful DNA fingerprinting technique for DNAs of any 

origin and complexity including pooled DNA samples and cloned DNA segments. It is 

a very effective tool to reveal restriction fragment polymorphism that can be used to 

construct high-density genetic maps of genomes or genome segments (Vos et a/., 

1995). 

2.4.2 Bulked segregant analysis 

Bulked segregant analysis to detect markers in specific genomic regions by 

using segregating populations has been developed by Michelmore et a/., ( 1991 ). The 

method involves comparing two pooled DNA samples of individuals from a 
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segregating population. Within each pool the individuals are identical for a specific 

genomic region, the gene of interest, but are arbitrary for all other regions. Two DNA 

samples (i.e. resistance and susceptible bulks) are analysed to identify markers. The 

DNA fragments that are polymorphic between the pools will be genetically linked to 

the loci determining the trait used to construct the pools. The size of the bulks can vary 

from 4-10 individuals but most bulks consist of 7-10 individuals. With a smaller bulk 

size, the frequency of false positives will increase and with a larger bulk, the frequency 

of polymorphisms between bulks decreases (Michelmore et a/., 1991 ). 

Bulked segregant analysis does not work well for traits governed by multiple 

genes, and is dependent on reliable genotyping of each individual in the bulk. A trait 

may be extremely difficult to measure and be controlled by a few major genes or by a 

small number of major genes that have a large environmental variance component, or 

by a large number of genes with small effects or a mixture of the two. In these cases 

the identification of QTL (quantitative trait loci) is required to identify markers 

(Dudley, 1993). 

2.4.3 Genetic similarity among fungi 

Host plant resistance is an economically and ecologically sound approach for 

protecting crops from many pathogens. Unfortunately resistance to many plant 

pathogens has been often short-lived in farmer's fields and deployed resistance may be 

overcome by new races or by pre-existing races that were not utilized in screening the 

resistant lines. The break down of resistance is essentially a problem of host-pathogen 

coevolution. Although new races of U. tritici arise either from sexual recombination or 
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mutation, the rate of occurrence of new races is relatively slow as compared to other 

plant pathogens (Nielsen and Thomas 1996). Nelson et al., (1994) suggested that 

studying the mechanisms of pathogenicity and sources of genetic variation in plant 

pathogens is likely critical for the future control of plant diseases, and the use of 

pathotypic and molecular analyses in combination can provide insights into the 

evolution of pathogen populations. 

Pathogen populations have been characterized primarily by virulence analysis 

on differential cultivars carrying different resistant genes. Virulence survey studies 

have proven useful for the management of several epidemic plant diseases. However, 

characterization of populations through virulence analysis alone offers only limited 

insight into the true genetic diversity and phylogenetic relationships in pathogen 

populations (Leung et al., 1993). 

Classical approaches of evaluating genetic variability including comparative 

anatomy, morphology, and physiology have been increasingly complemented by 

molecular techniques. Molecular markers offer a powerful tool for understanding 

population structure and facilitate research in a variety of disciplines such as taxonomy, 

phylogeny, ecology, genetics, and plant breeding (Weising et al., 1995). 

Genetic markers generated by Random Amplified Polymorphism DNA (RAPD) 

have been used to assess genetic variability and phylogenetic relationships in a wide 

variety of organisms including fungi (Shi et al., 1996). Many species in more than 45 

different genera of fungi have been analysed by DNA fingerprinting using PCR -based 

methods (Weising et al., 1995). 
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Races of U tritici have been determined by inoculating florets of a series of 

differential cultivars and by recording the absence or degree of smutted plants in the 

next generation. Nielsen, ( 1987) suggested that since this procedure is time consuming 

and labor intensive, faster methods have to be sought to identify virulence in the 

fungus, or resistance in the host by searching for correlation with other more readily 

measurable traits of pathogen or host. Since the races of U tritici collected on 

cultivated wheats are usually specialized on either T turgidum or T aestivum (Nielsen, 

1985), some differentiation of races found on tetraploid or hexaploid wheats may have 

occurred. Differentiation of races of U tritici was attempted by immunochemistry 

(Yamaleev eta/., 1975) and by characterization of the polypeptides (Kim eta/., 1984). 

Race specific DNA polymorphism could be used in loose smut field surveys using 

markers. 
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3. SCREENING OF GERMPLASM FOR RESISTANCE TO LOOSE 
SMUT 

3.1 Introduction 

Currently grown Canadian durum wheat cultivars are susceptible to the 

prevalent races of U tritici (Thomas and Menzies, 1997). Although loose smut can be 

effectively controlled by seed treatment with systemic fungicides, the use of host plant 

resistance is an inexpensive and environmentally sound approach. Growing loose smut 

resistant cultivars can reduce input costs. 

Despite the fact that host resistance is considered to be a sound approach to 

control many plant diseases, deployed resistance is often overcome by the appearance 

of new virulence. The longevity of host resistance is affected by characteristics of the 

host genotype and pathogen population as well as environmental factors that affect the 

host-pathogen interaction including management practices (Bonman and Mackill, 

1988). Although U tritici reproduces through a sexual cycle, the rate of development 

of new races in the pathogen population is low due to its monocyclic nature and limited 

time period during which infection can occur. New sources of resistance may be 

expected to have a longer commercial life because of the slower rate of new virulence 

that becomes established in the pathogen population. Pyramiding of diverse resistance 

genes can increase the durability of genetic resistance. 

Virulence studies of U tritici collections in Canada suggest that there is 

selection pressure for races with wider virulence, indicating the necessity of breeding 
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for resistance to U tritici in wheat cultivars and the use of more diversified forms of 

resistance in Canada (Menzies, unpublished). Although occurring at a slower rate, the 

emergence of new virulence in U tritici populations necessitate the continual search for 

new sources of loose smut resistance and their incorporation into breeding lines. 

Genetic resistance to loose smut requires the identification of new sources of 

resistance and their integration into cultivar development programs. Different 

accessions from cultivated wheat have been screened for loose smut resistance 

(Nielsen, 1983). Wild relatives of wheat have been evaluated for many disease 

resistance genes and these genes subsequently transferred into breeding lines, however, 

there is no reported screening of germplasm for resistance to different races of U 

tritici. 

The objective of this study was to evaluate tetraploid wheat germplasm for 

resistance to different races of U. tritici. 

3.2 Materials And Methods 

3.2.1 Plant material and pathogen races 

Plant material used for this study was obtained from the germplasm collections 

maintained at the Crop Development Centre, University of Saskatchewan, Saskatoon. 

For 1000 accessions that were available, 13 morphological and biochemical traits were 

surveyed, and the description of these traits is given in Appendix A. Dr. S.L. Fox 

provided the data for biochemical traits and maturity. The data was converted into a' 1' 

and '0' binary matrix based on the mean value of each trait. The genetic similarity 

coefficient based on 13 morphological and biochemical traits was calculated and an 
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UPGMA based dendrogram was constructed using NTSYS-pc (Numerical, Taxonomy, 

and Multivariate Analysis System), computer-aided program developed by Rohlf 

( 1998). About 200 lines of tetraploid species of Triticum carthlicum, T dicoccoides, T 

dicoccum, T. polonicum, T timopheevii, T turanicum, and T turgidum were selected 

based on genetic diversity for disease screening. Of these 200 lines, 114 lines were 

inoculated with race T33 and sown in the field. One hundred and sixty lines were 

inoculated with three races and inoculated seed sown in a greenhouse. The number of 

accessions screened is summarized by species in Table 3.1. The cultivar 'Sceptre' was 

used in this study as a susceptible check to all three races of U. tritici (T33, T32 and 

T26). The races were obtained from Dr. Ron Knox (AAFC, Swift Current) and were 

chosen because they were the prevalent races found to attack durum wheat in western 

Canada (Menzies, unpublished). 

Table 3.1: Number of accessions from seven different species used for inoculation with 
three races of U. tritici in field and greenhouse evaluation 

Year 
Species 
T. carthlicum 
T. dicoccoides 
T. dicoccum 
T. polonicum 
T. timopheevii 
T. turanicum 
T. turgidum 
Total 

Field 1999 
T33 
16 
13 
38 
13 
2 
5 

27 
114 

3.2.2 Plant growing conditions 

T33 
21 
17 
54 
12 
3 
9 

45 
161 

Race 
Greenhouse 2000 

T32 T26 
21 21 
15 17 
53 51 
11 13 
3 3 
9 10 

48 44 
160 159 

All the smut inoculations were done on plants grown in growth cabinets. Plants 

for smut inoculation were grown in 15 em pots filled with 'Redi-Earth™'. One plant 
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was grown in each pot to obtain a maximum number of spikes per plant. Usually two 

spikes were inoculated with each of the three races on one plant. Growth chambers 

were set for growing temperatures of 20°C (day) and 17°C (night) and light regime of 

18 hrs light and 6 hrs dark, respectively. The relative humidity was maintained at 90% 

day and 80% night. Fluorescent lights were maintained at 30-50 em above the plants. 

About three weeks after sowing, 2 g/pot of slow release fertilizer, 'Osmocote™' (14-

14-14, N, P, K) was applied. Water-soluble fertilizer 'Tune Up™' (20-20-20, N, P, K) 

was applied four weeks after planting at a concentration of 3 giL. Plants were watered 

as required. 

For disease evaluation, inoculated seeds were either grown in a greenhouse or 

field. When grown in the greenhouse, inoculated seeds were grown in tubs filled with 

'Redi-Earth™'. Typically, 100 plants were grown per tub with about 20 plants per line 

inoculated with each race. The temperature in the greenhouse was set to approximately 

22°C (day) and 18°C (night) for 18 hrs and 6 hrs, respectively. Three weeks after 

planting, water-soluble fertilizer 'Osmocote™' was applied at the rate of 25 g/tub. The 

plants were watered twice with nutrient water during the growing season. Plants were 

watered as required. When grown in a field, inoculated seeds of each line were seeded 

in a single row of 8 feet in length with the number of seeds planted varying from 1 0 to 

30 per line. 

3.2.3 Inoculation 

Two inoculations were done over a period of time depending upon the 

availability of space. In the first inoculation, 114 lines were inoculated with race T33 
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during 1998 in the growth cabinet. These inoculated seeds were grown in the field in 

summer of 1999 for disease expression. In the second inoculation, a total of 160 lines 

(including all the 114 lines from the first inoculation) were inoculated separately with 

three races T33, T32, and T26 during 1999 in the growth cabinet. These inoculated 

seeds were grown in the greenhouse for disease evaluation. 

The inoculation procedure used in this study was based on the needle method as 

described by Nielsen ( 1987). Inoculation was done at mid-anthesis. The proper stage 

for inoculation was recognized when the anthers from the florets in the middle of the 

spike started to tum white while the anthers of most of the upper and lower spike lets 

were still yellow. After inoculation, the uppermost 1 em of the spike was clipped to 

mark the inoculated spike. Inoculum was prepared from a piece of infected wheat 

spike. Spores were dispersed in distilled water by shaking until the spore suspension 

concentration was similar to the standard solution which was prepared in advance at a 

concentration of 1 g spores/L of water (about 20 million spores/mL ). The inoculum 

was injected with a 10 mL syringe fitted with a 24-gauge hypodermic needle. The 

syringe was held at an angle of about 5-10° to the spike and a drop of inoculum (about 

30 1-1L) was placed directly on the ovary between the palea and the lemma. 

3.2.4 Disease evaluation 

The disease rating was done primarily on the basis of incidence of smut on the 

primary tiller: other tillers sometimes may get rated healthy because of incomplete 

infection of the growing point and thus disease escape. A plant with one smutted spike 

was considered susceptible. The data for number of smutted plants and non-smutted 
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plants was recorded at heading. Smut incidence was calculated as the number of 

susceptible plants divided by total number of plants headed. When the inoculated seeds 

were grown in the field, additional data on the number of secondary tillers infected in a 

susceptible plant was also recorded as more tillers were observed in field grown plants 

than when plants were grown in the greenhouse. Seedling death was recorded when 

observed. 

3.3 Results 

3.3.1 Field evaluation with race T33 

A total of 114 accessions of seven different tetraploid species were inoculated 

with race T33 in the growth cabinet and inoculated seed grown outside in the field for 

disease evaluation {Table 3.1 ). Although seeds sown for disease evaluation varied from 

10-30 seeds per line, the number of plants headed was low in most of the lines due to 

poor emergence. A high percentage of accessions screened from all the species were 

resistant to race T33 of U tritici. Of the 114 lines inoculated, 95 lines showed 

complete resistance to race T33 {Table 3.2). The range of smut incidence for the other 

19 lines varied from 3.4% to 100%. The susceptible check Sceptre showed 65% smut 

incidence and was considered a reasonably effective inoculation; although, higher 

levels of smut incidence are possible with this check. 

Among the different species inoculated with race T33, all lines ofT. carthlicum 

and T. dicoccoides were resistant and about 89% of the lines of T. dicoccum were 

resistant. A lower percentage of resistant lines were observed in T. polonicum, T. 

turanicum, and T. turgidum. Both lines ofT. timopheevii tested were resistant. A 
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summary of reactions and frequency of resistant lines along with range of smut 

incidence of different species to race T33 is given in Table 3.2. 

Table 3.2: Reaction and proportion of resistant lines and range of smut incidence in 
susceptible lines from different species inoculated with race T33 and evaluated in a 
field nursery 
Species T.carthlicum T.dicoccoides T.dicoccum T.polonicum T.turanicum T.turgidum 
Resistant 
Susceptible 
Proportion of 
resistant lines 
Smut range 

16 13 34 8 3 19 
0 0 4 -5 2 8 

100 100 89 
3-40 

61 
21-100 

3.3.2 Greenhouse evaluation with race T33, T32, and T26 

60 
29-50 

70 
6-100 

In this experiment, about 160 lines from different species (including all the 114 

lines from the first inoculation) were inoculated individually with races T33, T32, and 

T26 during 1999 in a growth cabinet. These inoculated seeds were grown in a 

greenhouse for disease expression. Although, about 15-30 inoculated seeds were sown 

for disease expression, the number of plants headed varied from 7-25 in most of the 

lines with a few lines having less than six plants due to poor emergence and seedling 

death. Sceptre showed a high degree of susceptibility ( 68-72%) to all three races of U. 

tritici indicating the effectiveness of the inoculation. 

Among the 158 lines inoculated with three individual races, the proportion of 

resistant lines varied from 66 to 73%. The range of smut incidence in the susceptible 

lines varied from 4.3 to 100%. Not all lines could be inoculated with all three races. A 

total of 133 lines were inoculated with all three races and 53% of lines were found to be 

resistant to all three races of U. tritici. The frequency of lines resistant to individual or 

combinations of races is shown in Table 3.3. 
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Table 3.3: Number of lines resistant to the three races (T33, T32, T26) of U tritici 

Race(s) T33 T32 T26 T33+T32a T32+T26a T33+T26a T33+T32+T26a 

Resistant 115 105 103 86 85 79 71 

Susceptible 
Proportion of 
resistant lines 

43 

73 

52 53 

67 66 

24 38 23 17 

60 59 55 53 
a These are the combination of any two or three races inoculated individually on the same plant rather 
then a race mixture. 

The reaction of seven different tetraploid species to three races of U tritici was 

compared (Table 3.4). Among all the lines tested from both T. carthlicum and T. 

dicoccoides, a high number of lines were resistant to any of the three races. In T. 

dicoccum, about 70% of lines were resistant to all three races. In T. polonicum, T. 

turanicum, and T. turgidum, the number of resistant lines was similar to the number of 

susceptible lines when tested with all three races; however, a higher number of resistant 

lines for race T26 was observed for T. polonicum and for race T33 in the case ofT. 

turgidum. Three lines ofT. timopheevii tested with all three races were resistant. The 

relative frequency of resistant lines among different species is presented in Figure 3 .1. 

Table 3.4: Reaction of different tetraEloid sEecies to three races of U tritici 
Race T33 T32 T26 
SJ!ecies Resistant SusceJ!tible Resistant SusceJ!tible Resistant SusceJ!tible 
T.carthlicum 21 0 18 3 17 4 
T.dicoccoides 15 2 15 0 15 2 
T.dicoccum 37 17 39 14 34 17 
T.polonicum 5 7 5 6 10 3 
T.turanicum 5 4 3 6 3 7 
T.turg_idum 32 13 25 23 24 20 
Total 115 43 105 52 103 53 
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Figure 3.1: The percentage of resistant lines in different species to the three races of U 
tritici. Number in the parentheses is the number of lines evaluated in each species to 
three races. 

3.4 Discussion 

Of the accessions that were inoculated with race T33 and evaluated in the field 

and later reinoculated with race T33 and evaluated in the greenhouse, most of the lines 

were consistent for disease reaction in both inoculations. However, the range of 

infection levels was narrower for the field grown materials. Changes in the disease 

reaction of some lines in field grown compared with the growth cabinet indicated that 

some misclassification had occurred (Appendix B-1). Disease incidence was higher for 

the second inoculation when inoculated seeds were grown in a greenhouse. There were 

six lines that showed smut incidence in the first inoculation but did not show any smut 

when reinoculated with race T33. However, there were 20 lines that were found to be 

resistant in the first inoculation that showed smutted plants in the second inoculation. 

Factors including effectiveness of inoculation and environmental conditions contribute 

to disease escape and can account for differential reactions. 
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In general, a higher percentage of resistant lines was observed from two species, 

T carthlicum, and T. dicoccoides, to the three races of U. tritici (Figure 3.1 ). There 

were almost twice as many resistant lines as susceptible from T dicoccum. The 

percentage of resistant and susceptible lines from three species, T polonicum, T. 

turanicum, and T. turgidum were similar. These three species were relatively poor 

sources of resistance as compared to T. carthlicum, T. dicoccoides, and T. dicoccum. 

Three lines ofT. timopheevii were also tested and found resistant to all three races of U. 

tritici. Relative grouping of all the species according to their percentage of resistant 

lines was consistent in both T33 inoculations. 

Nielsen (1983) screened 2,644 lines or cultivars of spring wheats of diverse 

origin including 12 accessions from T. turgidum, T. dicoccum, T timopheevii, and T 

dicoccoides, with a mixture of 31 races. Although only 8% of the lines or cultivars 

were found to be resistant to the race mixture of wide virulence, all 12 accessions from 

tetraploid species were highly resistant to the race mixture. In another study, Sharma et 

al., (1985) screened a germplasm collection containing 439 cultivars of bread wheat, 13 

of durum wheat and two accessions of T. dicoccum inoculated with a mixture of field 

races. Only 19% cultivars were resistant to the race mixture whereas both accessions 

of T dicoccum were resistant. In both studies, only limited accessions from tetraploid 

germplasm were screened, and all were found to be resistant. In this study, a number of 

lines resistant to all three races were observed; however, lines susceptible to any of the 

three races were also observed in all the six species (Table 3.4). All accessions of T. 

timopheevii inoculated with three races in this study as well as those inoculated by 

40 



Nielsen ( 1983) with a race mixture were fully resistant to loose smut. There is no 

report so far of any smut incidence in T timopheevii. Nielsen and Thomas ( 1996) 

reported that most wheat species are primary hosts for U. tritici except T timopheevii. 

This species differs from other tetraploid species as it has different genomes (AAGG) 

as compared to the AABB genomes of the other species that were tested (Kimber and 

Feldman, 1987). The GG genome in T timopheevii would likely make gene transfer 

from the GG genome to the AA or BB genomes of durum difficult. 

There have been growing concerns about the narrow genetic basis of modem 

wheat cultivars as breeders are using advanced breeding materials to accelerate the 

development of new cultivars. Plant breeders depend on a variety of different forms of 

germplasm for breeding efforts. To utilize these wild species for transferring disease 

resistance, resistant lines need to be crossed with breeding lines. Resistant progenies 

can be selected and then further backcrossed with breeding lines until the resistance is 

transferred into an adapted genetic background. Wild emmer, T dicoccoides (AABB) 

has been identified as the donor of A and B genomes of durum and bread wheats 

(Kimber and Feldman, 1987). The A and B genome chromosomes ofT dicoccoides 

show high homology with those of durum wheat and crosses are fully fertile. 

Consequently, genes from this wild species can be introgressed in the cultivated wheats 

through recombination of homologous chromosomes (Valkoun, 2001 ). Since these 

species having the AABB genomes are good sources of resistance to many other biotic 

stresses and protein quality traits (Damania et al., 1990), they can be used to broaden 

the genetic base of commercially grown wheat. 
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4. GENETIC SIMILARITIES AMONG U. TRITICI RACES 
OBTAINED FROM DURUM AND BREAD WHEAT 

4.1 Introduction 

Studying the mechanisms of pathogenicity and sources of genetic variation in 

plant pathogens is critical for the future control of the plant diseases (Nelson et al., 

1994 ). Knowledge of pathogen population structure can contribute both to resistance 

breeding efforts and to the development of strategies for the deployment of resistance. 

Population structure consists of the amount of genetic variation among individuals in a 

population and the genetic relationships among individuals within and between 

subpopulations (Leung et al., 1993). The most widely used method for characterizing 

pathogen populations is the determination of the virulence spectrum on a set of 

differential cultivars carrying different resistance genes. This measure of genetic 

variability provides information on the virulence structure of pathogen populations. 

Leung et al., (1993) recognized the most serious limitations of relying on 

virulence analysis to infer population structure is that the genes involved in host-

specificity represent a very small fraction of genes in the pathogen. These genes may 

be subjected to strong selection by the host and may not reflect the true genetic 

diversity and evolutionary history of the isolates examined. They further suggested that 

to avoid this potential bias, population structure should be inferred from a variety of 

neutral markers distributed randomly in the genome. The use of pathotypic and 

molecular analyses in combination can provide insights into the evolution of pathogen 
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populations. Genetic markers generated by Random Amplified Polymorphism DNA 

(RAPD) have been used to assess genetic variability and for studying genetic and 

phylogenetic relationships in a wide variety of organisms including fungi (Shi et al., 

1996). 

The objective of this study was to assess the degree of similarity among the 

races of U. tritici collected from durum and bread wheat based on molecular and 

virulence data. 

4.2 Materials And Methods 

4.2.1 Pathogen races and plant materials 

Twenty races of U. tritici collected from the set of wheat differentials were used 

for this study (Table 4.1 ). In addition to races of U. tritici, five other closely related 

species of Ustilago including U. nuda, U. hordei, U. nigra, U. kolleri, and U. avenae 

were included to provide a relative measure of genetic relatedness. Dr. J. Menzies, 

(CRC, Winnipeg) supplied the teliospores of fungal materials. 

Table 4.1: Races of U. tritici obtained from durum and bread wheat used for molecular 
analysis 
Races collected from durum wheat 
Races collected from bread wheat 

Other species 

T3, T4, T14, T26, T32, and T33 
T1, T2, T5, T7, T9, T10, T12, T15, T16, T17, 

T18, T19, T20, and T39 
U. nuda, U. hordei, U nigra, U. kolleri, and 
U. avenae 

Five durum lines (D96162, D96176, D96178, 096319, and Sceptre) and three 

bread wheat lines (Genesis, Laura, and Sinton) were also inoculated with six races of 

U. tritici (T26, T32, T33, T2, Tl 0, and T39) and evaluated for disease reaction. The 
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inoculation was done as described in section 3.2.3 in a growth cabinet and the 

inoculated seeds were grown in a greenhouse for disease expression. 

4.2.2 Culture conditions 

Teliospores from a single sorus of each race were germinated on potato dextrose 

agar (PDA). Smut spores from each race were scattered on 0.5% PDA with the help of 

a plate spreader. These plates were incubated at 22°C for 24 hours. After that, a single 

germinating teliospore was isolated and transferred to new plates containing 0.5% PDA 

and incubated at 22°C. After 3-4 days these cultures were transferred to slants 

containing 0.5% PDA. A small piece of mycelium from these slants was then 

transferred to 250-mL Erlenmeyer flasks containing about 50 mL of Ustilago liquid 

media (Appendix C). These flasks were agitated on a shaker at about 175 rpm and then 

incubated at 22-23°C for 5-7 days. Mycelium was then transferred with liquid media 

into a 15 mL centrifuge tube and separated by centrifugation for 10 minute at 800 x g. 

The liquid media was poured off and the mycelium was collected after washing with 

sterile water. Collected mycelium was frozen at -20°C overnight and then lyophilized. 

4.2.3 DNA extraction and quantification 

DNA was extracted from lyophilized mycelium according to the method of Kim 

et al., (1990) with slight modifications (Appendix D-1). DNA was quantified using a 

GeneQuant RNA/DNA calculator (Pharmacia Biotech, Canada) on the basis of UV 

absorption at 260 nm. DNA was diluted to 50 ng/J.LL and stored at- 20°C. 
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4.2.4 Primer screening and amplification 

Random 1 O-rner primers used in this study were obtained from Operon 

Technologies Inc. USA, and the University of British Columbia, Canada. DNA 

amplification was performed using 0.2 mL tube strips. The reaction mixture contained 

50 ng of genomic DNA template, 1 unit of Taq DNA polymerase in a Gibco BRL 

buffer (50 mM KCl, 20 mM Tris-HCl, pH 8.4), 2.0 mM MgCh, 0.6 J.!M of primer and 

100 J.!M of each of dATP, dGTP, dTTP, and dCTP (Gibco BRL). The reaction mixture 

was made up to 25 J.!L with sterile deionized water. As a negative control, lJ.!L of 

sterile water was used instead of the genomic DNA. Amplification was performed in a 

96-well Lab-Line thermal cycler (VWR, Canada) programmed for initial denaturation 

of 6 minutes at 94°C followed by 35 cycles of denaturation at 94°C for 1 minute, 

annealing at 36°C for 1 minute, and extension at 72°C for 1 minute. The final 

extension cycle was at 72°C for 6 minutes and then the PCR product was cooled to 

4°C. 

4.2.5 Gel electrophoresis 

After PCR amplification, 4 ~-tL of gel loading buffer (Appendix E) was added to 

the PCR product. PCR products were separated by electrophoresis on an agarose gel 

(1.5% w/v) containing ethidium bromide (0.5 Jlg/mL) in IX TAE buffer (Appendix E) 

at 80 volts for three hours. A gel was viewed under an ultraviolet transilluminator 

(Cole-Parmer Instrument Co. Chicago) and photographed using the gel documentation 

system UVP Image Store 7500 (DiaMed Lab Supplies Inc. Mississauga). 
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4.2.6 Scoring of data 

DNA banding patterns generated by RAPD analysis were converted into binary 

data. All the bands were scored by assigning ' 1 ' for the presence of a band and '0' for 

the absence of a band. Similarly, virulence analysis data from the disease reaction of 

eight wheat lines to six U. tritici races and the data ofNielsen and Thomas (1996) from 

the reaction of 19 differential lines with 20 races (Table 4.2) were converted into binary 

data by assigning' 1' to resistance and '0' to susceptible reactions. 

Table 4.2: Virulence data of 20 U. tritici races based on the reaction of 19 differentials 
lines from Nielsen and Thomas ~ 19962 
Race U. tritici Differential 
{T} p 2 3 4 5A 6 7 8A 9 10 11 12A 13 14 15 16 17 18 19 
T1 b s s s s 
T2 s s s s s s s 
T3 s s 
T4 s s s 
T5 s s s 
T7 s s s s s 
T9 s s s s s s s s 
T10 s s s s s s s s 
T12 s s s s s s 
T14 s s s 
T15 s s s s s s s s s 
T16 s s s 
T17 s s s s s 
T18 s s s s s s 
T19 s s s s s s s s s s s s 
T20 s s s s s s s s 
T26 s s 
T32 s s s 
T33 s s s s 
T39 s s s s s s s s s s s s s 

• a 1 = Mindurn, 2 =Renfrew, 3 = Florence/Aurore, 4 = Kota, 5A = Little Club/Reward, 6 = PI 
69282, 7 = Reward, SA =Canna/Reward, 9 =Kearney, 10 = Red Bobs, 11 =Pentad, 12A = 
Thatcher/Regent/Reward, 13 =PI 298554/CI 7795, 14 = Sonop, 15 = H44/Marquis, 16 = Marroqui 
588, 17 = Marquillo/Waratah, 18 = Manitou*2/Giza 144 and 19 = Wakooma. 

• b Resistant reaction left blank for clarity of table; S =Susceptible . 
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4.2.7 Analysis of data 

Data were entered into a binary matrix and analysed using the NTSYSpc 2.02 

software program (Rohlf 1998). NTSYS is a multivariate analysis that uses the number 

of unique and shared traits to generate a similarity coefficient using the matrices of 

Jaccard. The Jaccard similarity coefficient was calculated according to the formula 

a/(a+b+c) where 'a' is the number of fragments shared by two races, 'b' is the number 

fragments present only in one race and 'c' is the number of fragments present only in 

the other race. It gives equal weight to both matched (a) and unmatched (b, c) pairs 

(Rohlf 1998). The Dice similarity coefficient was also calculated as 2a/(2a+b+c) and 

results were compared with Jaccard similarity coefficient. Coefficients were computed 

using the SIMQUAL (similarity of qualitative data) program and a phenogram was 

generated by UPGMA (unweighted pair group method with arithmetic averages). The 

resulting cluster was represented as a dendrogram using the SAHN (Sequential, 

Agglomerative, Hierarchical, and Nested) clustering methods. 

To assess the strength of the clusters generated by the tree-making program, the 

data were subjected to bootstrap analysis with 1000 replications using the Win boot 

program (Yap and Nelson, 1996). Bootstrapping is a statistical technique that uses 

computer intensive random resampling of data to determine sampling error or 

confidence intervals for some estimated parameter (Felsenstein, 1985). Characters are 

resampled with replacement to create many bootstrap replicate data sets. The 

frequency of occurrence of a particular group among all the dendrograms constructed 

provides an indication of the degree of support for that group. 
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4.3 Results 

4.3.1 Genetic relationship based on RAPD data 

In a preliminary study, four races were used to screen a collection of 100 

random Ope:::-on and UBC primers. Although most of the primers typically produced 

four to eight bands, some primers gave no amplification. Thirty-two Operon and six 

UBC primers that produced consistent banding patterns were selected to analyze all 

races and the other Ustilago species (Table 4.3). These 38 primers produced 177 

scorable polymorphic bands. All the bands were polymorphic due to the inclusion of 

related species of Ustilago. 

Table 4.3: Random primers that were used for molecular analysis of smut races 

Operon OPF: 9, 10, 14, 15 
OPG: 2, 5, 6, 8, 9, 11, 12, 13, 16, 17 
OPH: 1, 2, 12, 13, 14, 17, 19 
OPI: 3, 12, 13, 17 
OPJ: 4, 18, 19 
OPM: 1, 2, 5, 6 

UBC UBC: 606, 660, 704, 707, 706, 708 

Based on UPGMA cluster analysis, all races of U. tritici were grouped together 

with an average similarity of 70o/o. The other five species of Ustilago were grouped 

together with an average similarity of 21%. This latter group was very diverse as 

compared to U. tritici, and it showed an average similarity of 14% with all U. tritici 

races. Among the races of U. tritici, cluster analysis based on the RAPD data did not 

produce distinct groupings of the races that reflected the species of wheat that they 

were collected from. However, there were two main groups distinguished on the basis 

of genetic similarity and their bootstrap values (Figure 4.1 ). 
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Figure 4.1 : Dendrogram generated using the Coefficient of Jaccard based on RAPD 
data set depicting the genetic relationships among 20 races of Ustilago tritici. Races 
marked with red colour were collected from durum wheat whereas races with blue 
colour indicate races collected from bread wheat cultivars. The year in which each race 
was first identified is indicated in parentheses. The number at the corresponding nodes 
of each cluster represent the bootstrap values generated by 1000 replicates using the 
Winboot program. 
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In the first group, eight races (T1, T2, T3, T4, T5, T7, T9, and T10) were 

grouped together with a similarity coefficient of about 76% and a bootstrap value of 

58%. Races T3 and T4 collected from durum wheat showed about 92% similarity and 

were grouped together consistently. These two races showed about 83% similarity with 

race T5 and T7; 80% with race T 1 and T2; and 77% with race T9 and T 1 0, all collected 

from bread wheat. Most of these races were first identified in Canada except Race T7, 

which was first identified in Denmark, and T9, which was first identified in 

Czechoslovakia. 

The second group has the same similarity coefficient (about 76%) and bootstrap 

value (58%) as of first group but has two sub groups. The first sub group consisting of 

five races (T12, T26, T14, T19, and T20) had a similarity coefficient of about 81o/o but 

a lower bootstrap value (35%) suggesting a weak cluster. Race T14 and T26 were 

collected from durum wheat and were in this sub group along with other races. In the 

second sub group, seven races (T15, T16, T17, T18, T32, T33, and T39) were grouped 

together with 85% similarity and a higher bootstrap value of 65%. All of these races 

were first identified in Canada except Race T39, which was first identified from the 

USA. Race T32 and T33 (collected from durum wheat) were about 93% similar and 

grouped together consistently (bootstrap value of 79%). The other four races (T15, 

T16, T17, and T18) were collected from bread wheat and were about 93% similar and 

grouped together most of the time. Race T39 (collected from bread wheat) was distinct 

among all the races in this sub group. 
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4.3.2 Genetic relationship based on disease data 

Five durum lines (D96162, D96176, D96178, D96319, and Sceptre) and three 

bread wheat lines (Genesis, Laura, and Sinton) were inoculated with six races of U. 

tritici (T26, T32, T33, T2, TlO, and T39). These lines were considered susceptible to 

races collected from respective species. Races T26, T32, and T33 were collected from 

durum wheat and races T2, TlO, and T39 were collected from bread wheat. Disease 

reactions of the wheat lines are given in Table 4.4. From the disease reactions, it was 

revealed that races collected from durum wheat attacked durum lines and races 

collected from spring wheat attacked spring wheat lines except race T39. This race was 

collected from bread wheat and was virulent on both bread and durum wheat lines. 

Table 4.4: Disease reaction of eight wheat lines to six races of U. tritici 
Durum Wheat Lines Bread Wheat Lines 

Race D96162 D96176 D96178 D96319 Sceptre Genesis Laura Sinton 
T2 R R R 68 46 69 

TlO R R R R R 56 40 67 
T39 50 67 R 70 60 56 
T26 40 68 R R R 
T32 R 91 38 75 R R R 
T33 50a 65 R R R 

a Number showing percentage smut incidence for susceptible plant, R: Resistance (0%), "-":No Data. 

The data were converted into a binary matrix and UPGMA based cluster 

analysis was performed in the same way as with the molecular data. The two sets of 

races were clustered into two groups with only 4% genetic similarity. In the first group 

T2, TlO, and T39 collected from bread wheat were clustered together. Race T2 and 

TlO showed no diversity whereas race T39 showed only 18% similarity with T2 and 

TlO. The second group consisted of three races collected from durum wheat (T26, 
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T32, and T33) and had 1 OOo/o similarity. Because of the limited disease data of this 

study, analysis of reactions of wheat differential lines to 20 races {Table 4.2) from 

Nielsen and Thomas (1996) was conducted using UPGMA based cluster analysis. All 

the races of U tritici were grouped together with a similarity of 36%. The grouping of 

races based on virulence data differed from the grouping based on RAPD markers. 

Grouping was based on the number of virulence loci expressed and the number of 

differentials attacked. There were four main groups on the basis of genetic similarity 

and their bootstrap values (Figure 4.2). The first group included five races (Tl, T7, 

Tl8, TlO, and T12), all collected from bread wheat showing 78% similarity with a 24% 

bootstrap value. In the second group, six races {T3, T4, T32, T33, Tl4, and T26), all 

collected from durum wheat, were clustered together having 89o/o similarities with a 

51% bootstrap value. These six races were clustered with race T5 and T16 at about 

78% similarity with a bootstrap value of 27%. The third group includes five races {T2, 

T17, T15, T20, and T9) all collected from bread wheat having 62% genetic similarity 

with a low bootstrap value. The fourth group includes only two races T 19 and T3 9 

both collected from bread wheat were about 63% similar with a 71% bootstrap value. 

The dendrograms based on both data sets were generated using the Dice 

similarity coefficient. Both Jaccard and Dice similarity coefficients exclude negative 

matches (absence of bands in both races). The Dice coefficient differs from the Jaccard 

coefficient as it gives twice as much weight to matched pairs than to unmatched pairs 

resulting in numerically larger similarity coefficients than those generated by Jaccard. 

When both coefficients were compared, the topology of both dendrograms was similar. 
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Figure 4.2: Dendrogram generated using the Coefficient of Jaccard based on data from 
virulence analysis of Nielsen and Thomas (1996) and depicting the genetic 
relationships among 20 races of Ustilago tritici. Races marked with red colour were 
collected from durum wheat whereas races with blue colour indicate races collected 
from bread wheat cultivars. The number of loci expressing virulence is indicated in 
parentheses. The number at the corresponding nodes of each cluster represent the 
bootstrap values generated by 1000 replicates using the Winboot program. 
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4.4 Discussion 

Cluster analysis based on Jaccard similarity coefficients using molecular as well 

as virulence data showed that all the races were unique. When using RAPD data, most 

races were clustered in a group of two with high similarity coefficient. Although 

considerable variability among different races of U. tritici was observed, all were 

clustered together in a single group compared to the outliers. Five closely related 

species of Ustilago including U. nuda, U. hordei, U. nigra, U. kolleri, and U. avenae 

were included to provide a relative measure of genetic relatedness among the smut 

fungi. The U. tritici races were more related to each other than to any other species. 

Even though U. nuda, (causes loose smut of barley) is closely related to U. tritici 

(Nielsen and Thomas, 1996) and has some common hosts, it was only 21% similar to 

the U. tritici races. 

Although six races collected from durum wheat grouped together with a high 

degree of similarity when virulence data was used for cluster analysis, their grouping 

was not consistent with cluster analysis based on RAPD data. However, there were two 

groups (T3 and T4; T32, and T33) that had high similarity coefficients as well as 

consistently high bootstrap values based on RAPD data. This suggested that these two 

pairs of races were genetically similar. Possibly one race was derived from another. 

The grouping of races based on the virulence data did not support the grouping of races 

based on the RAPD data. These RAPD markers were unable to group the races 

according to the host species they attack (durum or common wheat). When virulence 

data was used, the races were grouped together according to their virulence spectrum 
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(host range); however, when RAPD markers were used the grouping did not coincide 

with the virulence spectrum of the races. Hence the cluster analysis based on the 

RAPD data did not produce the distinct grouping of the races based on host range as 

was observed when the virulence data was considered. 

These results are not surprising since the RAPD markers detected variation 

(polymorphism) that is distributed randomly throughout the fungal genome and not 

only in the specific loci associated with the virulence. Due to this, RAPD markers were 

unable to group these races according to the host species they attack. The cluster 

analysis based on RAPD data and virulence of race T39 on durum wheat lines show 

that the races collected from either durum or common wheat are not genetically 

different from each other except for the virulence genes they carry. 

The method used for race classification is based on a set of 19 differential lines, 

consisting of three durum lines (TD 1, TD 11, and TD 19), 15 bread wheat lines, and the 

tetraploid differential line TD 13 from Ethiopia, which serves as a universal susceptible 

to all the races of U tritici collected from Triticum species (Nielsen, 1983). Race T39 

was the most virulent race among all the 40 races as it could infect 13 lines of the 19 

loose smut differentials (Nielsen and Thomas, 1996). 

Early reports from China on specialization of races revealed that smut 

collections from common wheat were virulent only on that species whereas those taken 

from durum wheat attacked only durum (Wang, 1942; Yin, 1948). Mitov (1968) found 

the races of U tritici in Bulgaria to be virulent on either durum or common wheat but 

not on both, and accordingly he proposed the trinomials U tritici f. sp. duri and f. sp. 
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aestivi. Medeiros and Nielsen (1977) reported that loose smut samples collected on 

cultivars of common wheat in Brazil were virulent on several differentials of common 

wheat as well as virulent on durum differentials. Similar results were obtained in this 

study when races collected from durum and bread wheat were cross inoculated on 

bread and durum wheat. Race T39 was collected from the bread wheat but was virulent 

on two durum wheat cultivars. This suggests T39 has broad virulence. This race also 

showed about 85% similarity with races T32 and T33 on the basis of molecular 

analysis. 

Nielsen ( 1985) reported that the races of U. tritici collected on cultivated wheat 

are usually specialized either on durum or bread wheat and they are further specialized 

to the cultivars they can attack within each species. Medeiros and Nielsen ( 1977) 

reported that such specialization is common but not universal. They explained that it 

may be in the evolution of U. tritici that different races developed on durum and 

common wheat in geographical isolation from each other and that cultivation brought 

these populations together again. There is no barrier of incompatibility in crosses 

between races from common and durum wheat (Nielsen, unpublished). In this study it 

was also revealed that specialization of U. tritici races is not universal since races 

collected from bread wheat can infect durum wheat cultivars. 

From molecular analysis, some grouping was also observed on the basis of year 

when those races were first identified. For instance, Races T3 (1965) and T4 (1966); 

T1 and T2 (both 1964); T26 (1978), T12 (1978) and T20 (1975); and T32 (1979) and 

T33 (1980) were grouped together (Figure 4.1). These findings indicated that these 
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races could have evolved from earlier existing races by recombining different virulence 

genes through sexual recombination. New races originating in western Canada have 

been reported to represent a re-assortment of virulence genes found in previously 

identified races of the pathogen (Menzies, unpublished). New races of U. tritici result 

from either recombination of virulence genes or mutation of genes from a virulence to 

virulence (Nielsen, 1987). 

In this study, on the basis of cluster analysis of virulence data, races of U. tritici 

were clustered according to wheat species they were collected from, whereas on the 

basis of cluster analysis of molecular data no such grouping was observed. These 

results are in agreement with Leung et al., (1993) who reported that virulence analysis 

alone offers only limited insight into the true genetic diversity. Since the grouping of 

the races based on the virulence data represent only the virulence regions of the fungal 

genome whereas grouping of the races based on RAPD analysis represent the entire 

fungal genome. A lack of agreement of grouping of races based on the virulence and 

RAPD data indicated the independence of DNA polymorphism from virulence 

diversity. 
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5. GENETICS OF RESISTANCE AND IDENTIFICATION OF 
MOLECULAR MARKERS LINKED TO LOOSE SMUT 

RESISTANCE 

5.1 Introduction 

Among the different constraints in wheat production, diseases are a major 

problem for both quality as well as yield. Among these diseases, loose smut of wheat, 

caused by the fungus Ustilago tritici, occurs throughout the wheat growing areas of the 

world. Economic losses due to loose smut occur in the Canadian prairies (Nielsen, 

1983). Reduction in yield is approximately equivalent to the percentage of smutted 

plants as the loss of a spike due to smut is a loss in the total yield (Morton, 1961 ). 

There has been no effect on the grain quality for food or feed as generally no grains are 

produced in the smutted head (Wiese, 1987). 

Incorporating resistance genes into wheat cultivars is the most effective, 

economic, and environmentally safe method of controlling loose smut. Despite the fact 

that Nielsen ( 1983) identified several loose smut resistant lines in both durum and 

bread wheat that could be used in resistance breeding, all the currently registered 

cultivars of durum wheat lack resistance to loose smut. In order to utilize resistance 

sources in breeding programs, understanding of the inheritance of resistance is valuable 

in planning breeding strategies, identifying resistance genes, and developing genetic 

markers to assist in selection (Knox et a/., 1998). Genetic studies of resistance to loose 

smut involve progeny testing of inoculated plants in segregating populations. Jones 
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and Dhitaphichit ( 1991) recognized the difficulties in studying loose smut resistance as 

individual florets of the wheat spike must be inoculated and progeny testing requires 

extensive growth cabinet and greenhouse space as well as nearly two full generations, 

one for inoculation and the second for disease expression. Further, positive 

determination of resistance is hindered when resistance is not complete and susceptible 

plants may be misclassified as resistant as a result of disease escape due to the short 

period of susceptibility to infection (Procunier et al., 1997). 

Indirect selection for loose smut resistance using molecular markers can help 

overcome these difficulties, and it would be of great value to breeding programs. 

Marker assisted breeding for resistance to loose smut will be more effective as it can be 

used at all stages of plant growth and is not influenced by the environment. Tightly 

linked markers can also be used to pyramid different resistant genes, which are difficult 

to combine with traditional breeding approaches. Identifying new resistance genes and 

their respective molecular markers would accelerate the breeding of resistance into 

wheat cultivars by marker assisted selection. Hence, the objectives of this study were: 

1. To study the inheritance of resistance to race T33 of U tritici in three crosses; 

2. To determine the allelic relationship among the resistance gene(s); and 

3. To identify molecular markers linked to these resistance genes. 
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5.2 Materials And Methods 

5.2.1 Plant material and pathogen race 

Three crosses were used for this study to determine the genetic control of 

resistance to race T33 (Table 5.1 ). The first two crosses were also used to identify 

molecular markers linked to resistance gene(s). 

Table 5.1: Three recombinant inbred populations used to study resistance to U. tritici 
race T33 

Cross 

Stewart 63 (R) x Biodur 

OT662 X 093213 (R) 

093221(R) X DT658 

Population 

108 F9 RI lines 

90 F s RI lines 

101 F1 RI lines 

Source of Resistance 

Stewart 63 

VIR#6815/2xMedora/ /Sceptre 

VIR#6815/2xMedora/ /Plenty 

Race T33 of U. tritici was used for this study since this is the most virulent as 

well as the second most prevalent among the different races that currently attack durum 

wheat. Race T33 was found to occur at a frequency of 29% from the 1998 disease 

survey (Menzies, unpublished). All three resistant parents (Stewart 63, 093213, and 

093221) were intercrossed and segregating generations were inoculated with race T33 

to study allelic relationships. 

5.2.2 Inoculation and disease evaluation 

All inoculations were done in the growth cabinet at different times depending 

upon the availability of space. Seed from inoculated spikes were grown in the 

greenhouse for disease expression. The growing conditions, inoculation procedure and 

disease evaluation were the same as mentioned in section 3.2 of chapter 3. 

Recombinant inbred lines (RILs) of the first cross Stewart 63 x Biodur was inoculated 
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twice, once in 1998 and then again in 2000. Dr. R. Knox (AAFC, Swift Current) 

provided additional data for this cross: smut incidence for each line was obtained by 

inoculating the lines in the field in 1996 and then observing smut incidence in the field 

in 1997. The other two crosses were inoculated once. The minimum number of lines 

required in each recombinant inbred population to distinguish between one and two 

major gene segregation ratios (1:1 and 3:1) at 95% confidence is 38 and between two 

and three genes (3:1 and 7:1) is 102 (Hanson, 1959). The three populations studied 

here ranged from 90-108 lines. The number of plants evaluated for smut incidence in 

each line ranged from 20 to 35. Disease ratings were done primarily on the basis of 

incidence of smut on the primary tiller. A plant with one smutted spike was considered 

susceptible. The data for number of smutted plants and non-smutted plants was 

recorded at heading. Smut incidence was calculated as the number of susceptible plants 

divided by total number of plants that had completed flowering. 

5.2.3 Statistical analysis 

A frequency distribution of each population was plotted with class intervals 

based on loose smut incidence. Class intervals that showed a bimodal distribution 

separating resistant and susceptible lines were chosen. The frequency of each class was 

determined by summing the number of lines with loose smut incidence falling within 

that class interval. Genetic ratios generated from the data were tested for goodness of 

fit against theoretical ratios using x2
• 
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5.2.4 DNA extraction and quantification 

For identification of DNA markers linked to gene(s) controlling resistance to 

loose smut, the first two crosses (Stewart 63 x Biodur and DT662 x D93213) were 

used. Seeds were sown in a plastic tray and grown at 20°C in an incubator. After three 

weeks, leaves were harvested and were frozen at -20°C overnight and then lyophilized. 

The ground lyophilized leaves were then used for DNA extraction. Genomic DNA was 

extracted (Appendix D-11) using the Dneasy™ Plant Mini Extraction Kit (Qiagen Inc., 

Mississauga, Canada). DNA quantification was done with Fluroskan II Fluorimeter 

(Labsystems, Finland). 

5.2.5 Bulked segregant analysis 

Bulked segregant analysis (Michelmore et al., 1991) was conducted to detect 

markers in specific genomic regions by comparing two pooled DNA samples from 

segregating populations. Based on disease reaction, two DNA samples (i.e. resistant 

and susceptible bulks) were made. Each bulk consisted of eight lines: pooled together 

with equal amounts of DNA from each individual line. Within each DNA pool, the 

individuals were expected to be identical for a specific genomic region (the gene of 

interest) but variable for all other regions. 

5.2.6 AFLP analysis 

A total of 256 primer combinations of 16 EcoRl and 16 Msel primers (Table 

5.2) from Gibco BRL, Bethesda, USA, were used for Amplified Fragment Length 

Polymorphism (AFLP) analysis (Vos et al., 1995) on DNA bulks developed from the 

Stewart 63 x Biodur and DT662 x D93213 populations. These primer combinations 
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were first screened for polymorphism using only DNA bulks and then confirmed using 

bulks and parents together. Putative markers were investigated on the individual 

members of the DNA pools, which provide a better evaluation of the putative marker 

and a very p!eliminary measure of linkage between marker and trait. Selected markers 

were then tested on complete populations to establish linkage. 

Table 5.2: EcoR1 and Mse1 primers combinations with their last 3 selective bases used 
for AFLP analysis 

Sr. No. E-Primer8 

1 E-AAA 
2 E-AAC 
3 E-AAG 
4 E-AAT 
5 E-ACA 
6 E-ACC 
7 E-ACG 
8 E-ACT 
9 E-AGA 
10 E-AGC 
11 E-AGG 
12 E-AGT 
13 E-ATA 
14 E-ATC 
15 E-ATG 
16 E-ATT 

Name 
E31 
E32 
E33 
E34 
E35 
E36 
E37 
E38 
E39 
E40 
E41 
E42 
E43 
E44 
E45 
E46 

Sr. No. 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

M-Primer8 

M-CAA 
M-CAC 
M-CAG 
M-CAT 
M-CCA 
M-CCC 
M-CCG 
M-CCT 
M-CGA 
M-CGC 
M-CGG 
M-CGT 
M-CTA 
M-CTC 
M-CTG 
M-CTT 

Name 
M47 
M48 
M49 
M50 
M51 
M52 
M53 
M54 
M55 
M56 
M57 
M58 
M59 
M60 
M61 
M62 

a E-primer stands for EcoRl and M-primer stands for Msel primers and A, G, T, and C are the four 
nucleotides. 

5.2.6.1 DNA restriction and ligation of adapters 

DNA restriction was completed in a total volume of 25 f.lL, consisting of 500 ng 

of genomic DNA, 5X reaction buffer, 1.25 units/f.1L each of EcoR1 and Mse 1. The 

restriction reaction was incubated at 37°C for 2 hr, followed by incubation at 70°C for 

15 min. Samples were then chilled in ice. 
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The ligation of adapters was performed in the same microtube as the 

restrictions. Twenty four !J.L of EcoRl .(5 pmoles/!J.L) and Msel (50 pmolesi!J.L) 

adapters solution was added with 1 unit of T4 DNA ligase to the 25 !J.L of restriction 

reactions to 2. total volume to 50 !J.L. The reaction was then mixed gently and incubated 

at 20°C for 2 hr. 

5.2.6.2 Pre-amplification of DNA fragments 

After ligation, a 1: 10 dilution of the ligation mixture was performed in 0.1 TE 

buffer to produce a pre-amplification diluted template. The undiluted portion was 

stored at -20°C for further use. Each pre-amplification reaction was performed in a 

total volume of 50 !J.L, consisting of 2.5 ng of diluted template, 30 ng of each pre

amplification primer, IX PCR buffer, 100 !J.M each of dATP, dGTP, dTTP, and dCTP 

( Gibco, BRL ), and 1 unit of Taq DNA polymerase. The pre-amplification was 

performed in a 96-well Lab-Line thermal cycler (VWR, Canada) and consisted of 20 

cycles of 94°C for 30 sec, 56°C for 1 minute, and 72°C for 1 minute. The final PCR 

product was held at 4°C. 

5.2.6.3 Selective amplification of DNA fragments 

A 1:50 dilution of the pre-amplification reaction was performed in 0.1 TE 

buffer to produce final template DNA. The undiluted portion was stored at -20°C for 

further use. Each selective amplification reaction was performed in a total volume of 

20 J!L, consisting of 2.5 !J.L of diluted template, 30 ng of each E and M-primers (each 

having three selective nucleotides at their 3' end), IX PCR buffer, 100 !J.M each of 

dATP, dGTP, dTTP, and dCTP, and 1 unit of Taq DNA polymerase. The selective 
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amplification was performed in a Lab-Line thermal cycler. The program consisted of 1 

cycle of denaturation at 94 °C for 30 sec; annealing at 65°C for 30 sec; and extension at 

72°C for 1 minute followed by 12 cycles as above but lowering the annealing 

temperature 0. 7°C after each cycle. The last 23 cycles were performed at 94 °C for 30 

sec; 56°C for 30 sec; and 72°C for 1 minute. The final PCR product was held at 4°C. 

5.2.6.4 Gel electrophoresis and silver staining 

Large sequencing gel plates (Bio-Rad Laboratories Inc.) were used for PAGE 

(polyacrylamide gel electrophoresis). The short plate was treated with a binding 

solution (by adding 3 f.!L of Bind Silane to 1 mL of 95% ethanol and 0.5% glacial 

acetic acid). The long plate was treated with Sigma Cote® (Sigma Chemicals) or Rain

X™ (Quaker State Inc.). A 6o/o polyacrylamide gel was used to separate the PCR 

products (Appendix E). Samples were prepared by mixing selective amplification 

products with an equal volume of loading buffer (98% formamide, 10 mM EDT A, 

0.025% xylene cyanol, and 0.025% bromophenol blue). Before loading, samples were 

heated at 90°C for 5 min and chilled on ice. About 5 f.!L of samples were loaded on a 

prewarmed gel and run in 1x TBE buffer at constant power of 85 watts for 3.5 hr. 

After electrophoresis, the gel was stained using Silver Sequence DNA 

Sequencing system (Prom ega Co.). The gel was fixed in 2 L of fix/stop solution ( 10% 

glacial acetic acid) and agitated well for 20 min. The plate was rinsed 3 times (2 min 

each) with ultra pure water. After that, the gel was treated in 2 L of a staining solution 

(2 g of silver nitrate, 3 mL of 37% formaldehyde) by shaking for 30 min. A gel was 

rinsed in ultra pure water for 10 seconds before developing in chilled developer 
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solution ( 120 gm of sodium carbonate in 4 L of ultra pure water with 6 mL of 3 7% 

formaldehyde and 800 J.!L of sodium thiosulfate (lOmg/mL) added just before use). To 

terminate the developing reaction 2 litres of fix/stop solution was added and agitated 

for 2-3 min. Afterward the gel was rinsed twice in ultra pure water for 2 min each and 

then dried under the hood. 

5.2. 7 SCAR and WMS marker analysis 

A Sequence Characterized Amplified Region (SCAR) marker developed in Dr. 

R. Knox's lab (AAFC, Swift Current) from an AFLP marker, and two wheat 

microsatellite {WMS234 (Xgwm234-5B) and WMS443 (Xgwm443-5B)} markers 

identified in Dr. J. Menzies's lab (CRC, Winnipeg) linked to resistance to race T33 of 

U. tritici in durum wheat were also tested in these three crosses. Sequence information 

of primers for all three markers is given in Table 5.3. 

Table 5.3: Primer sequence information of SCAR and two WMS markers tested on 
DT662 x D93213 population 

Marker 
SCAR 

WMS234 

WMS443 

Forward 
Reverse 
Forward 
Reverse 
Forward 
Reverse 

Sequence 
5'-AAG TAC ATG GTG CCA AAC CTT C-3' 
5'-GCA GAT ATC ATG GAG GCT CAG A-3' 
5'-GAG TCC TGA TGT GAA GCT GTT G-3' 
5'-CTC ATT GGG GTG TGT ACG TG-3' 
5'-GGG TCT TCA TCC GGA ACT CT-3' 
5'-CCA TGA TTT ATAAATTCCACC-3' 

These primers were used to amplify genomic DNA. A 25 ~L PCR reaction 

mixture contained 50 ng of genomic DNA template, 1 unit of Taq DNA polymerase in 

a Gibco BRL buffer (50 mM KCl, 20 mM Tris-HCl, pH 8.4), 2.0 mM MgCh, 0.6 ~M 

of primer and 100 ~M of each of dATP, dGTP, dTTP, and dCTP (Gibco BRL). 
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Amplification for the SCAR was performed in a 96-well Lab-Line thermal 

cycler programmed for initial denaturation of 6 minutes at 94°C followed by 30 cycles 

of denaturation at 94°C for 1 minute; annealing at 63°C for 1 minute; and extension at 

72°C for 1 minute. The final extension cycle was at 72°C for 6 minutes and then the 

PCR product was held at 4°C. For WMS234 the annealing temperature of 58°C was 

used and for WMS443 the annealing temperature was 56°C. PCR products from both 

SCAR and WMS443 markers were run on 1.5% agarose in IX TAE whereas WMS234 

products were run on 6% polyacrylamide gel for 2 hr. 

5.2.8 Linkage analysis of data 

Linkage analysis of markers and the loose smut incidence data was performed 

using MAPMAKER/EXP V3.0 (Lander et al., 1987). A minimum LOD (log of the 

likelihood) score of 4 was used. A LOD score is a statistical measure that indicates the 

likelihood of linkage existing between two genetic loci. A LOD score of three or more 

is generally taken to indicate that the two loci are linked and means that the likelihood 

of linkage (estimated) is 1000 times greater than the absence of linkage. A LOD score 

of 4 is more stringent and increases the probability of linkage to 10000 times. The 

Kosambi function was used to convert map distance to centiMorgans (Kosambi, 1944). 

Regression analysis was also performed using SAS statistical software version 6.12 

(SAS Institute, Cary, North Carolina) to determine the percentage of the variability in 

disease resistance that was accounted for by each marker in the Stewart 63 x Biodur 

and DT662 x D93213 populations. 
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5.3 Results 

5.3.1 Genetics of resistance to race T33 of U. tritici 

5.3.1.1 Stewart 63 x Biodur 

This population was inoculated twice with race T33, once in 1998 and then 

again in 2000. Both the inoculations were done in the growth cabinet and grown in the 

greenhouse for disease expression. Stewart 63 x Biodur F 1 plants were also inoculated 

twice along with parents with race T33 to determine gene action. In 1998, Stewart 63 

was completely resistant and Biodur showed 20% smut incidence and 2 plants out of 17 

F 1 plants showed smutted spikes indicating dominance. In 2000, Stewart 63 had 18% 

smut incidence and Biodur had 49% smut incidence and 21 plants out of 24 F I plants 

were smutted {Table 5.4). In 1998, the smut incidence in F 1 plants was intermediate to 

the either parents whereas in 2000 F I plants were more susceptible than either parent. 

The Stewart 63 parent plants used to make the F 1 s in both years was different. These 

results could be due to heterogeneity in Stewart 63. 

Table 5.4: Loose smut incidence in Earents and F 1 in two inoculation 

Stewart 63 Biodur F 1 Stewart 63 x Biodur 

Year R s %Smut R s %Smut R s %Smut 

1998 48 0 0 32 8 20 15 2 12 

2000 27 6 18 18 17 49 3 21 88 

When 107 F 9 RILs were inoculated in 1998, the distribution of resistance of the 

lines was skewed towards the resistant parent (Figure 5.1 ). Some of the spikes of 

Biodur were partially smutted and had normal spikelets instead of completely smutted 

spikes. There were no lines with 18-30% smut incidence in the distribution. On this 
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basis, lines were classified into 73 resistant and 34 susceptible. This data fit a 3: 1 

resistant to susceptible ratio indicating two resistance genes (Table 5.5). Eight lines 

from the resistant and susceptible groups were selected for bulked segregant analysis to 

identify mol~cular markers linked to the smut resistance genes. The selected lines are 

indicated with 'RB' or 'SB' in Appendix B-11. 

Table 5.5: Goodness-of-fit test for the segregation ratio in the Stewart 63 x Biodur 
population in different inoculations 

Inoculation Year Resistant Susceptible Total Ratio tested x2 p- value* 

Greenhouse 1998 73 34 107 3:1 2.62 0.10 

Greenhouse 2000 

Field 1996 

Combined 

74 

64 

71 

34 

37 

37 

108 

101 

108 

3:1 

3:1 

3:1 

2.42 

7.29 

4.94 
*p-value > 0.05 indicates no significant difference between observed and expected ratio. 

0.12 

0.007 

0.026 

In the second inoculation, higher smut incidences were observed as compared to 

the first inoculation and the distribution of smut incidence in the population was 

continuous (Figure 5.2). Stewart 63 was 18% smutted and the Biodur was 49o/o 

smutted. A similar continuous distribution was observed with the field data provided 

by Dr. R. Knox and with combined data using the mean of all three disease incidences 

(Figure 5.3 and 5.4). Stewart 63 was completely resistant and Biodur showed 23% 

smut incidence in field. The continuous distributions observed in these data make it 

difficult to distinguish resistant and susceptible groups. The distribution was skewed 

toward low smut incidence. Biodur was used as a cut-off point in all these data. In the 

case of combined data, the mean smut incidence of Biodur was used. Both greenhouse 

data fit a 3: 1 resistant to susceptible ratio indicating two dominant genes (Table 5 .5). 
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Figure 5.1: Distribution of loose smut incidence in 107 F9 recombinant inbred lines 
from the cross Stewart 63 x Biodur inoculated with race T33 in 1998. 
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Figure 5.2: Distribution of loose smut incidence in 108 F9 recombinant inbred lines 
from the cross Stewart 63 x Biodur inoculated with race T33 in 2000. 
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Figure 5.3: Distribution of loose smut incidence in 101 F8 recombinant inbred lines 
from the cross Stewart 63 x Biodur inoculated with race T33 in field 1996. 
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Figure 5.4: Distribution of mean loose smut incidence in 108 recombinant inbred lines 
from the cross Stewart 63 x Biodur inoculated with race T33 in 1996, 1998, and 2000. 
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5.3.1.2 DT662 X D93213 

The resistant parent D93213 showed complete resistance and the susceptible 

parent DT662 showed a high level of susceptibility (70% ). All 25 F 1 plants inoculated 

with race T33 of U. tritici showed complete resistance indicating resistance was 

completely dominant in this cross. The 90 F 8 recombinant inbred lines of this 

population were inoculated with race T33 in a growth cabinet in 1999 and grown in a 

greenhouse in 2000. The distribution of loose smut incidence of these lines is shown in 

Figure 5.5. The population was divided into 49 resistant and 41 susceptible lines using 

a cut-off point at 17% based on a wide break in the distribution. The data fit a 1:1 

resistant to susceptible ratio expected for a single dominant gene (Table 5.6). Eight 

lines from the resistant and susceptible groups were selected for bulked segregant 

analysis to identify molecular markers linked to the smut resistance genes. The 

selected lines are indicated with 'RB' or 'SB' in Appendix B-III. 

5.3.1.3 D93221 X DT658 

Resistant parent D93221 was not completely resistant and showed smut 

incidence up to 16%, and the susceptible parent DT658 showed a high level of 

susceptibility (66%). To study the dominance relationship 12 F 1 seeds were inoculated 

with race T33. Only three plants were free from smut and nine were smutted indicating 

resistance was recessive. About 1 01 F 7 recombinant inbred lines were inoculated with 

race T33 in a growth cabinet in 2000 and grown in the greenhouse 2001. The 

distribution of smut incidence was discrete separating between resistant and susceptible 

lines (Figure 5.6). 
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Figure 5.5: Distribution of loose smut incidence in 90 F 8 recombinant inbred lines 
from the cross DT662 x D93213 inoculated with race T33. 

12 

10 DT658 
riJ 

~ 
~ 

= 8 ·--~ 
= 6 .. 
~ D93221 .c 
8 4 

•• t 
= z 

2 

I 0 I 

0 8 16 24 32 40 48 56 64 72 80 88 96 
%Smut 

Figure 5.6: Distribution of loose smut incidence in 101 F7 recombinant inbred lines 
from the cross D93221 x DT658 inoculated with race T33. 
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The D93221 x DT658 population was divided into 10 resistant and 91 

susceptible lines using cut-off point at 32% based on a break in the distribution between 

16% and 32%. Lines in the 8-16% smut incidence range would considered as resistant 

as the resist&nt parent fell into this category also. The data fit a 1 :7 ratio of resistant to 

susceptible indicting three recessive genes (Table 5 .6). If all the lines were 

homozygous, the genetic make up of the eight genotypes should be AABBCC, 

AABBcc, AAbbcc, aaBBCC, aabbCC, aaBBcc, AAbbCC, and aabbcc. Since three 

recessive genes control resistance, the first seven genotypes will be susceptible and 

only the aabbcc genotype will be resistant. The proportion of lines segregating for 

three loci was calculated as the number of homozygotes = [(2m -1 )/2m) r' where m = 

number of generations of selfing and n = number of loci segregating. For three genes 

segregating the number of homozygous genotypes would be 96 and 5 lines would be 

expected to be still segregating. These 5 lines would have been combined with the 

susceptible group as they could not be distinguished. 

Table 5.6: Goodness of fit test for the segregation ratio for resistance to U. tritici race 
T3 3 in two crosses 

Cross Resistant Susceptible Total Ratio tested x2 p- value* 

DT662 X D93213 49 41 90 1:1 0.71 0.40 

D93221 X DT658 10 91 101 1:7 0.62 0.43 

*p-value > 0.05 indicates no significant difference between observed and expected ratio. 

5.3.1.4 Seedling death 

Seedling death associated with loose smut infection was observed in all three 

populations. Some seedlings died just after emergence and others were stunted and had 

leaves that were brittle with necrotic tips. In the Stewart 63 x Biodur population, 
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seedling death was observed in about 30 lines in 1998 whereas in 2000, most of the 

lines showed some degree of seedling death. The effect of seedling death was more 

apparent in the DT662 x D93213 population as compared to other populations. In this 

population, 27 out of 41 susceptible lines showed seedling death as compared to 7 out 

49 resistant lines. In the third population D93221 x DT658, few lines showing seedling 

death were observed. Seedling death is viewed as an indication of plant susceptibility 

to the pathogen as the fungus actually kills the growing point. However, from an 

epidemiological point of view, seedling death reduces the amount of inoculum that 

would be available for the next disease cycle. 

5.3.2 Determination of allelism 

Crosses between resistant parents were made to determine allelism of genes 

controlling loose smut resistance. If the two parents in a cross carry the same gene for 

resistance, no segregation should be observed in the progenies of crosses between these 

lines. Susceptible families were observed when Stewart 63 x D93221 F3 families were 

evaluated for loose smut resistance. Although both parents showed low levels of smut 

incidence, 38 out of 53 families evaluated showed a mean smut incidence of 48%. The 

higher mean smut incidence of F 3 families than either parents suggested that the 

resistance genes in Stewart 63 and D93221 are non-allelic due to independent 

segregation of resistance genes {Table 5.7). 

Table 5. 7: Reaction of segregating generations from crossing of resistant parents 
Parents 

Stewart 63 
D93221 
D93213 

0/o Smut 
16 
15 
0 

Cross 
Stewart 63 x D93221 
D93221 X D93213 
Stewart 63 x D93213 
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Generation 
F3 Families 
F2 Plants 
F2 Plants 

Resistant Susceptible 
15 38 

180 17 
47 18 



Similarly F2 plants from· two crosses between D93221 x D93213 and Stewart 63 

x D93213 were evaluated. The difference in the resistant reaction of Stewart 63 and 

D93221 from D93213 indicated that these lines possess different genes for resistance. 

In the D93221 x D93213 cross only 8.6% of the F 2 plants were smutted which is 

similar to the smut incidence for D93221. In the Stewart 63 x D93213 cross, the mean 

smut incidence ofF 2 plants was higher (28%) than the smut incidence of either parent. 

Smut incidences observed in F 2 plants were similar to smut incidences observed in the 

resistant parents. The F 2 results were inconclusive since observed smut incidence could 

be due to either segregation of different genes or the resistance expression of an allelic 

gene found in both resistant parents. Thus F 3 families would need to be checked to 

confirm allelism in the Stewart 63 x D93213 and D93221 x D93213 crosses. 

5.3.3 Identification of molecular markers linked to resistance to race T33 

Only the first two crosses, Stewart 63 x Biodur and DT662 x D93213, showing 

a simple mode of inheritance were analysed to identify molecular markers linked to 

loose smut resistance. 

5.3.3.1 Stewart 63 x Biodur 

Lines from both the resistant and susceptible DNA bulks were selected on the 

basis of disease reaction from the 1998 inoculation. All the resistant bulk lines were 

completely resistant whereas the susceptible lines had smut incidence ranging from 

49% to 80% with an average of 64%. Out of 256 primer combinations screened on 

resistant and susceptible DNA bulks, about 60 primer combinations were polymorphic. 

These primers were then screened on bulks along with both parents. Fifteen primers 
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showing consistent polymorphism between the resistant bulk and susceptible bulk and 

the respective parents were tested on the individuals composing the bulk along with 

both bulks and parents. The primers which showed more than 3 recombinants in an 

individual bulk were not tested on the whole population. Four primer combinations 

E33/M54R (Figure 5.7), E37/M53R (Figure 5.8), E32/M55R (Figure 5.9), and 

E41/M58 (Figure 5.10) were used to screen all 108 lines to estimate linkage. The first 

three markers were linked to resistance and fourth marker (E41/M5 8) was a 

codominant marker linked to both resistance and susceptibility alleles. When a band 

was linked to resistance, it was called E41/M58R and E41/M58S if linked to 

susceptibility. If the banding pattern of the genotype resembled the resistant parent, it 

was scored'+' and'-' if it resembled the susceptible parent (Appendix B-11). 
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RP RB SP SB lR 2R 3R 4R 5R 6R 7R 8R lS 2S 3S 4S 5S 6S 7S 8S 

Figure 5.7: Polymorphism of marker E33/M54R (AAG+CCT) between parents and 
bulk lines in the Stewart 63 x Biodur population. Position of arrow indicates the 
polymorphic band (286 bp) present in resistant parent (RP), resistant bulk (RB), and 
eight resistant ( 1-8R) bulk lines. SP = susceptible parent, SB = susceptible bulk, 1-8S = 
susceptible lines. 

RP RB SP SB lR 2R 3R 4R 5R 6R 7R 8R lS 2S 3S 4S 5S 6S 7S 8S 

Figure 5.8: Polymorphism of marker E37/M53R (ACG+CCG) between parents and 
bulk lines in the Stewart 63 x Biodur population. Position of arrow indicates the 
polymorphic band (325 bp) present in resistant parent (RP), resistant bulk (RB), and 
eight resistant (1-8R) bulk lines. SP =susceptible parent, SB = susceptible bulk, 1-8S = 
susceptible lines. 
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Figure 5.9: Polymorphism of marker E32/M55R (AAC+CGA) between parents and 
bulk lines in the Stewart 63 x Biodur population. Position of arrow indicates the 
polymorphic band (255 bp) present in resistant parent (RP), resistant bulk (RB), and 
eight resistant (1-8R) bulk lines. SP =susceptible parent, SB =susceptible bulk, 1-8S = 
susceptible lines. Line 8S was recombinant. 

RP RB SP SB lR 2R 3R 4R 5R 6R 7R 8R lS 2S 3S 4S 5S 6S 7S 8S 

Figure 5.10: Polymorphism of marker E41/M58 (AGG+CGT) between parents and 
bulk lines in the Stewart 63 x Biodur population. Position of top arrow indicates the 
polymorphic band (179 bp) present in resistant parent (RP), resistant bulk (RB), and 
eight resistant (1-8R) bulk lines. Bottom arrow indicates the polymorphic band (126 
bp) present in susceptible parent (SP), susceptible bulk (SB), and seven susceptible 
lines (1-7S). Line 8S was recombinant for both the bands. 
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5.3.3.2 Linkage analysis of Stewart 63 x Biodur data 

Linkage analysis was done using MAPMAKER/EXP V 3.0 to determine 

linkage of markers to the smut loci in the Stewart 63 x Biodur population. Additional 

phenotypic data on disease reaction was made available from Dr. R. Knox (AAFC, 

Swift Current). This material was inoculated and grown in the field plots. The data 

from this material were also used for linkage analysis. Since the smut incidence data 

was not discrete for the 2000 inoculation and the field data, classification of lines was 

based on the smut incidence of the susceptible parent. When a susceptible parent was 

used as a reference point it is more reliable as compared to the resistant parents because 

disease escapes get the same rating as a fully resistant line. A cut-off point based on 

the smut incidence of Biodur was used to classify the population for linkage analysis 

for all three data sets. All the lines having a smut incidence lower than Biodur were 

classified as resistant whereas the lines with smut incidence higher than Biodur were 

considered susceptible. Although Biodur is not a fully smut susceptible parent, it 

provided a convenient cut-off point for the data that varied depending on the 

experimental conditions at the time of inoculation. The smut incidence of Biodur was 

found at the break in the distribution of resistant and susceptible lines in the 1998 data 

set (Figure 5.1) and in a lower frequency intermediate resistance/susceptibility class in 

the 1996 field inoculated data (Table 5.3). Further, greenhouse data for both years fit a 

two-gene model when resistant and susceptible groups were classified using Biodur as 

the cut-off point (Table 5.5). 
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The orientation of different markers with regard to the smut locus was the same 

for the different data sets. Among these five markers, two markers (E37/M53R and 

E33/M54R) were on one side of the resistance locus and three markers (E32/M55R, 

E41/M58R, and E41/M58S) were on the other side of the locus (Figure 5.11). The 

distance among these three markers (E32/M55R, E41/M58R, and E41/M58S) and the 

smut locus was similar in all three data sets. However, the map distance and order 

between two markers (E37/M53R and E33/M54R) and the smut locus varied with 

different data sets. These markers appeared to be farther apart with the greenhouse 

2000 data where smut incidence was higher. 
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Figure 5.11: A linkage map of five AFLP markers E37/M53R (ACG+CCG), 
E33/M54R (AAG+CCT), E32/M55R (AAC+CGA), and E41/M58 R and S 
(AGG+CGT) associated with loose smut resistance in Stewart 63 x Biodur population 
in three different data sets. Map distance in eM units is reported on the left side. 
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Regression analysis was used to determine the percentage of variability in 

disease resistance accounted for by each marker. All three phenotypic data sets 

(greenhouse 1998, greenhouse 2000, and field 1996) were used for regression analysis. 

For each marker, the mean smut incidence with and without the presence of each 

marker and R 2 (expressed as a percentage) for the different data sets was calculated 

{Table 5.8). The differences in map distance and mean smut incidence with markers 

E41/M58R, and E41/M58S was due to one heterozygous genotype showing both bands. 

The genotypic frequencies of all the markers segregated normally in a 1 : 1 ratio among 

the 108lines {Table 5.8). The probability of a larger Chi-square value for the observed 

and expected genotypic frequencies of all the markers was more than 0.05 meaning that 

the observed ratio was not distorted from the expected ratio of 1 : 1. 

Table 5.8: Mean smut incidence (%) and coefficient of determination (R 2) with the 
presence and absence of each marker on different data set and segregation of all 
markers in Stewart 63 x Biodur EOEulation 

GH 1998 GH2000 Field 1996 p value 

Markers p A R2 p A R2 p A R2 for 1:1 * 
E33/M54R 4 36 45 30 43 4 12 29 19 0.25 

E37/M53R 6 33 33 31 41 3 12 29 18 0.18 

E32/M55R 5 30 28 17 54 38 12 29 18 0.99 

E41/M58R 6 30 26 18 54 36 11 32 25 0.84 

E41/M58S 29 6 25 53 18 34 30 12 21 0.99 
P = Mean smut incidence with the presence of respective marker. 
A = Mean smut incidence with the absence of respective marker. 
*p-value > 0.05 indicates no significant difference between observed and expected ratio. 

Regression analysis revealed a considerable amount of variation explained by 

each marker in each data set except E33/M54R and E37/M53R in case of greenhouse 

2000 data. The low R2 value for these markers was due to high smut incidence in 13 
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lines in greenhouse 2000 data, which was also reflected in the linkage map. These lines 

had a smut incidence (ranging from 53 to 94%) higher than both greenhouse 1998 and 

field 1996 data. Due to the variation in smut incidence in the different data sets and the 

lack of discrete phenotypic classes, the distance of the different markers from the smut 

locus appeared to vary. Hence, a combined data set based on the mean of all three data 

sets was analysed. The mean of all three data sets was used for the linkage analysis and 

a combined linkage map was generated (Figure 5.12). Separation of classes was based 

on smut incidence ofBiodur in the three data sets. For combined data, the mean smut 

incidence of Biodur from the three data sets was used. Regression analysis was also 

performed on the combined data to estimate the amount of variation accounted for by 

each marker. The R2 value (expressed as a percentage) and mean smut incidence with 

and without the presence of each marker in the combined data set is given in Table 5. 9. 

E37/M53R 
6.9 

E33/M54R 

19.3 

Smut 
Resistance 

15.5 
E32/M55R, 
E41/M58R, 
E41/M58S 

Figure 5.12: A linkage map of five AFLP markers E37 /M53R (ACG+CCG), 
E33/M54R (AAG+CCT), E32/M55R (AAC+CGA), and E41/M58 R and S 
(AGG+CGT) associated with loose smut resistance in Stewart 63 x Biodur population 
based on the mean of three different data sets. Map distance in eM units is reported on 
the left side. 
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Table 5.9: Mean smut incidence (%) and coefficient of determination (R 2) with the 
presence and absence of each marker using combined data in Stewart 63 x Biodur 
population 
Marker 
Present 
Absent 
R2 

E33~54R E37~53R E32~55R 

15 16 11 
37 36 38 
26 22 41 

E41~58R 

12 
38 
40 

E41~58S 

38 
12 
38 

Based on the combined data, the position of all the markers was consistent 

among the individual data sets, although, the map distance varied with different data 

sets due to changes in disease incidence. Regression analysis revealed that the 

variation explained by each marker ranged from 22 to 41%. A lower R2 value was 

observed for the markers on one side of the smut locus whereas it was higher for the 

markers on other side. Since the markers flank either side of the smut locus, they can 

be used together for marker-assisted selection with an error rate of less than 6%. 

5.3.3.3 DT662 X D93213 

Based on the disease data, two DNA bulks were created each consisting of 

equal amounts of DNA from eight resistant and eight susceptible lines. Out of 256 

primer combinations analysed on the bulks, 75 primer combinations were polymorphic. 

These primers were then screened on bulks along with both parents. Twenty-two 

primers showing consistent polymorphism between the resistant bulk and susceptible 

bulk and the respective parents were tested on individual lines of each bulk along with 

both bulks and parents. Only two primers, E43/M55R (Figure 5.13) linked in coupling 

and E45/M55S (Figure 5.14) linked in repulsion, which showed no recombination in 

the individual bulk lines, were tested on 67 lines. 
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RP RB SP SB lR 2R 3R 4R 5R 6R 7R 8R lS 2S 3S 4S 5S 6S 7S 8S 

Figure 5.13: Polymorphism of marker E43/M55R (ATA + CGA) between parents and 
bulk lines in the DT662 x D93213 population. Position of arrow indicates the 
polymorphic band (270 bp) present in resistant parent (RP), resistant bulk (RB), and 
eight resistant (1-8R) bulk lines. SP =susceptible parent, SB =susceptible bulk, 1-8S = 
susceptible lines. 

RP SP RB SB lR 2R 3R 4R 5R 6R 7R 8R lS 2S 3S 4S 5S 6S 7S 8S 

Figure 5.14: Polymorphism of marker E45/M55S (ATG + CGA) between parents and 
bulk lines in the DT662 x D93213 population. Position of arrow indicates the 
polymorphic band (410 bp) present in susceptible parent (SP), susceptible bulk (SB), 
and eight susceptible (1-8S) bulk lines. RP = resistant parent, RB = resistant bulk, 1-8R 
= resistant lines. 
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5.3.3.4 Linkage analysis ofDT662 x D93213 data 

A linkage map with the position of these two markers and the smut locus is 

shown in Figure 5.15. Although no recombinants were observed in the individual lines 

that formed the DNA bulks, these markers were found to be loosely linked to the smut 

locus when tested on the population of 67 lines. Both markers were on the same side of 

the smut locus. Since both these markers were found to be loosely linked, only 67 lines 

out of 90 were analysed due to the cost factor involved in AFLP analysis and 

availability of additional DNA. 

Smut Resistance 

19.3 

E45/M55S 

E43/M55R 

Figure 5.15: A linkage map of two AFLP markers E45/M55S (ATG+CGA) and 
E43/M55R (ATA+CGA) associated with loose smut resistance locus in the DT662 x 
D93213 population. Map distance in eM units is reported on the left side. 

Since both the AFLP markers were loosely linked to smut resistance, indirect 

selection for loose smut resistance using these markers would not be effective because 

of the higher error rate. A Sequence Characterized Amplified Region (SCAR) marker 

developed by Dr. R. Knox (AAFC, Swift Current) and two wheat microsatellite 

(WMS234 and WMS443) markers identified in Dr. J. Menzies's lab were tested on this 
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population. All three markers were polymorphic between both parents and bulks. 

Polymorphism among parents, bulks, and individual bulk lines is shown in Figure 5 .16, 

5.17, and 5.18. All three markers were tested on 90 lines (Appendix B-Ill). However, 

in the final linkage analysis of all five markers (2 AFLP, 1 SCAR and 2 WMS), only 

data of 67 lines were used. A linkage map of all markers is presented in Figure 5.19. 

SCAR 
3.2 

Smut Resistance Gene 

5.9 
WMS234 

11.1 

WMS443 

10 

E45/M55S 

8.9 
E43/M55R 

Centromere 

Figure 5.19: A linkage map of part of the short arm of chromosome 5B showing the 
location of five markers (SCAR, 2 WMS markers 443 and 234, and 2 AFLP markers 
E45/M55S and E43/M55R) associated with loose smut resistance locus in the DT662 x 
D93213 population. Map distance in eM units is reported on the left side. 
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RP SP RB SB 1R 2R 3R 4R 5R 6R 7R 8R 1S 2S 3S 4S 5S 6S 7S 8S 

Figure 5.16: Polymorphism of SCAR marker between parents and bulk lines in the 
DT662 x D93213 population. Position of arrow indicates the polymorphic band present 
in susceptible parent (SP), susceptible bulk (SB), and eight susceptible (1-8S) bulk 
lines. RP = resistant parent, RB = resistant bulk, 1-8R = resistant lines. 

Figure 5.17: Polymorphism ofWMS 234 marker between parents and bulk lines in the 
DT662 x D93213 population. Position of arrow indicates the polymorphic band. RP = 

resistant parent, RB = resistant bulk, 1-8R = resistant lines, SP = susceptible parent, SB 
= susceptible bulk, and 1-8S = eight susceptible bulk lines. 

RP SP RB SB 1R 2R 3R 4R 5R 6R 7R 8R 1S 2S 3S 4S 5S 6S 7S 8S 

Figure 5.18: Polymorphism of WMS 443 marker between parents and bulk lines in the 
DT662 x D93213 population. Position of arrow indicates the polymorphic band. RP = 

resistant parent, RB = resistant bulk, 1-8R = resistant lines, SP = susceptible parent, SB 
= susceptible bulk, and 1-8S = eight susceptible bulk lines. 
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Regression analysis was performed to determine the percentage of variability in 

disease resistance accounted for by each marker. For each marker, mean smut 

incidence with and without the presence of each marker and R 2 (expressed as a 

percentage) ~Nas calculated (Table 5.10). The genotypic frequencies of all the markers 

segregated normally in a 1: 1 ratio as revealed by Chi-square analysis (Table 5.1 0). The 

p-value for the observed and expected genotypic frequencies of all the markers was 

more than 0.05 meaning that the observed ratio was not distorted from the expected 

ratio of 1: 1 (presence: absence). Considerable variation was observed with different 

markers. Marker E43/M5 5R accounted for the lowest amount of variation ( 11% ), 

whereas the SCAR marker accounted for the highest amount of variation (64%). Four 

markers were on one side of smut locus and the SCAR marker was on the other side. 

Table 5.10: Mean smut incidence (%) and coefficient of determination (R2
) with the 

presence and absence of different markers and segregation of all markers in DT662 x 
D93213 population 

Markers 

E43/M55R 
E45/M55S 
SCAR 
WMS234 
WMS443 

Smut incidence 
with Marker 

18 
38 
48 
5 
8 

Smut incidence 
without Marker 

38 
17 
1 

44 
43 

11 
12 
64 
45 
36 

p value for 1:1 * 

0.54 
0.90 
0.75 
0.75 
0.91 

*p-value > 0.05 indicates no significant difference between observed and expected ratio. 
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5.4 Discussion 

5.4.1 Genetic control of loose smut resistance 

The objective of this study was to determine the genetic control of loose smut 

resistance to race T33 in three sources of resistance. An understanding of the genetic 

control of resistance is important in any breeding program attempting to incorporate 

loose smut resistance. It helps in planning crosses, selecting breeding methods, time of 

commencing selection for loose smut resistance, and in developing DNA markers to 

assist in selection. 

Genetic analysis of resistance to loose smut in the three crosses indicated that 

resistance was dominant in the crosses DT662 x D93213 and Stewart 63 x Biodur and 

recessive in D93221 x DT658. Both types of resistance gene action have been 

reported: dominant gene action (Heyne and Hansing 1955; Knox et a/., 1999) and 

recessive gene action (Gaskin and Schafer, 1962; Nielsen and Dyck, 1988). Resistance 

was complete in D93213 whereas resistance was incomplete in Stewart 63 and D93221 

where some low level of smut incidence was observed. These differing levels of gene 

expression of loose smut resistance have been reported previously (Nielsen, 1983; 

Knox eta/., 1999). 

The difference in the disease reactions was an indication that different genes 

conditioned the resistance in these lines. Although segregation of smut incidence was 

observed in the crosses among the resistant parents, susceptible plants observed in F 2 

(Table 5.7) should follow some segregation pattern. Expectations based on the 

inheritance of resistance in each resistant parent were not met indicating the possibility 
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that Stewart 63 may be heterogeneous for resistance genes. Based on these data, the 

results were inconclusive regarding the allelic relationships of the Stewart 63 resistance 

with the other sources of resistance. Data from the F 3 generation would be helpful in 

determining allelic relationships. However, conclusions based on the molecular data 

were clear. The markers for the resistant gene in the Stewart 63 were not polymorphic 

in the DT662 x D93213 and D93221 x DT658 populations. Thus these markers could 

not be used to distinguish the resistance found in Stewart 63 from that found in 

D93213. The SCAR marker that was associated with the D93213 resistance was 

polymorphic in the Stewart 63/Biodur population but did not cosegregate with the 

Stewart 63 resistance. This suggests that the Stewart 63 resistance is different from the 

resistance found in D93213. 

The number of lines inoculated was adequate to distinguish between a 1 : 1 ratio 

for one gene and a 3:1 ratio for two genes (38 families) and between a 3:1 ratio for two 

genes and a 7: 1 ratio for three genes ( 102 families) for RILs (Hanson, 1959). A clear 

discrete frequency distribution of smut incidence was observed in DT662 x D93213 as 

well as in D93221 x DT658 population. In the Stewart 63 x Biodur population, the 

distribution was discrete when inoculated in the greenhouse in 1998. However, 

reinoculation in 2000 resulted in a higher level of infection, causing an overlap of the 

smut incidence in the resistant and susceptible groups. A similar distribution was 

observed in the field 1996 data. When discrete classes are observed, classification of 

resistance and susceptible classes are based on bimodal distribution and genetic 

analysis is simple. Due to the wide variation in smut incidence within a genotype, 
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genetic analysis is complicated by overlap in the reaction of resistant and susceptible 

lines such that delimitation of the classes is difficult (Ribeiro, 1963). Inaccurate 

classification of a particular line occurs due to the short duration when infection can 

occur and thus leads to disease escape (Procunier et a!., 1997). 

In the Stewart 63 x Biodur population, the level of infection in Biodur was low 

(23o/o and 20%) when inoculated in 1996 and 1998, respectively but showed a higher 

infection rate of 49% in the year 2000 inoculation. The susceptible check Sceptre 

showed a 75% smut incidence in 2000 indicating the presence of some minor genes for 

resistance in Biodur. Further, partially smutted spikes were observed in Biodur instead 

of completely smutted spikes. Some degree of incompatible reaction (Nielsen and 

Thomas, 1996) was also observed in Biodur as well as in some progeny of Stewart 63 x 

Biodur. This incompatible reaction is characterized as a restriction in growth of the 

plant and, in some cases, seedling death. 

A higher smut incidence was observed in the parents as well as in lines in the 

2000 inoculation as compared to the first inoculation. In the 2000 inoculations, each 

spike was inoculated twice starting with middle spikelets on the first day of anthesis 

and completing top and bottom spikelets on the second day to get maximum infection. 

The distribution of smut incidence was continuous in the 2000 and 1996 data whereas 

in 1998, the distribution was discontinuous. The distribution of lines in three sets of 

data in the Stewart 63 x Biodur population was more skewed toward the resistant parent 

and indicated some low level of resistance in some lines, probably due to the presence 

of minor genes for resistance which influenced the effect of the major resistance gene. 
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Although the 1996 data did not fit a one or a two-gene ratio, segregation in 1998 and 

2000 did fit a 3: 1 ratio, indicating two-gene control. Such control of resistance to loose 

smut has been previously reported by Krivchenko and Bakhareva· (1985). 

Due to the lack of discrete classes in disease incidence, the Biodur was used as a 

cut-off point to classify lines for both the genetic study and linkage analysis. It is 

important to realize that Biodur is not a true susceptible parent, rather it has some minor 

level of resistance. The low level of resistance in Biodur provided a convenient cut-off 

point to classify lines. In all three inoculations of Stewart 63 x Biodur, lines having 

higher smut incidence than Biodur parent were observed indicating these lines lacking 

resistance genes from both the parents. Hence, these lines were considered susceptible. 

Occurrence of overlapping classes in Stewart 63 x Biodur populations may be due to 

the low level of resistance present in Biodur. For conducting a genetic study, it would 

be better to use parents from both extremes of the disease scale to draw reliable 

inferences. The presence of high smut incidence in DT662 and DT658 susceptible 

parents provided clear separation of the resistant and susceptible classes. One 

susceptible parent showing a high level of smut incidence should be used in genetic 

studies involving different resistant parents to minimize background effects. 

The DNA markers identified in the Stewart 63 x Biodur was (Section 5.3.3.2), 

accounted for up to 41% of the variation in disease reaction. The rest of the variation 

could be due to the presence of minor genes, partial resistance genes, or the presence of 

genes with poor penetrance as well as due to environmental factors. Heyne and 

Hansing (1955) also reported a major gene that gave high resistance (0-10% infection) 
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and a minor gene that gave moderate resistance (11-45% infection). Knox et al., 

(1999) recently reported one major gene and one minor gene controlling resistance to 

race T15 in the hexaploid wheat cross HY377/L8474-Dl. 

In D!662 x D93213 a single dominant gene controls loose smut resistance. 

This was also confirmed with co-segregation of different markers identified in this 

population (Section 5.3.3.3). Examples of single genes controlling resistance to loose 

smut have been reported previously by Gaskin and Schafer ( 1962). 

In D93221 x DT658 resistance appeared to be conditioned by three recessive 

genes. Tingey and Tolman (1934) reported three genes R., R2 and R3 each with a 

cumulative effect in the cultivar Hope. Shestskova and V'yushkov (1976) also reported 

a similar finding in cultivar Bezenchukskaya 98. Different combinations of these genes 

condition intermediate types of reactions. Although both D93213 and D93221 were 

derived from VIR#6815, each line contained different genes for resistance to loose 

smut as shown from the difference in smut incidence in both lines and from the genetic 

control of resistance in crosses with susceptible lines. In D93213, resistance was 

dominant and conditioned by single gene, whereas in D93221 resistance was recessive 

and conditioned by three genes. It is likely that VIR#6815 was not homogeneous for 

loose smut resistance. 

In the Stewart 63 x Biodur population three different data sets were used in 

analysing the inheritance of resistance whereas in the other two crosses only a single 

data appeared to be adequate for the analysis. The level of smut incidence in the 

susceptible parents in other two crosses was high as compared to the low to 
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intermediate smut incidence in Biodur. Also the distribution of smut incidence in the 

lines was more discrete in other two crosses and indicated the reliability of the data in 

two crosses based on single inoculation. The marker data from the DT662 x D93213 

supported this contention. 

Seedling death was observed in this study and may have some epidemiological 

impact on the disease. Due to incompatible reaction seedlings either die at an early 

stage of plant growth due to extreme susceptibility or sometimes secondary tillers 

develop from the coleoptile bud that may have escaped invasion by the mycelium and 

give rise to a healthy spike. In either situation, no smutted spikes are produced, 

therefore, less inoculum (spores) would be available to infect susceptible plants. This 

will lead to reduction in total smut incidence. 

5.4.2 Identification of molecular markers linked to loose smut resistance 

Since screening of loose smut of wheat is difficult, selection based on DNA 

markers linked to loose smut resistance would be a more reliable and economical 

approach. Two crosses were used to identify DNA markers linked to loose smut 

resistance. In the first cross, Stewart 63 x Biodur, four markers were identified. Two 

markers were located on one side of the resistance locus and two were on the other 

side. Although the distance among these markers varied with different sets of disease 

incidence data, the ordering of these markers remained identical. King eta/., (1998) 

also reported different linkage maps in mapping apple scab resistance and suggested 

that reliance on assessments of resistance or susceptibility from one data set may be 

misleading when assigning an accurate linkage position to a major source of resistance. 
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The map distance among different markers is subject to change with varying 

disease incidence levels, but due to the presence of flanking markers, these markers can 

be efficiently used in marker-assisted selection. Procunier et a/., ( 1997) also identified 

two molecular markers bracketing the loose smut resistance gene for race T10 in 

common wheat, and which were relatively loosely linked to the resistance gene. 

However, they demonstrated that when these two markers were used together the error 

rate (recombination due to double crossover) was within the range of the predicted 

frequency. Homozygous progenies can be distinguished from those that segregate by 

the use of the codominant marker (E41/M58). These markers accounted for up to 41% 

of the phenotypic variation in loose smut resistance in this population. 

Since more than one gene appears to control resistance in the Stewart 63 x 

Biodur cross, the molecular markers identified in this case were linked to the Stewart 

63 resistant gene as the resistant lines in bulked segregant analysis bulks had a 

resistance expression similar to Stewart 63 in the 1998 inoculation (smut incidence = 

0%). Thus the DNA bulks were designed to tag the Stewart 63 gene only. This tagged 

gene had a major expression of resistance. The other gene, either from Stewart 63 or 

from Biodur, would be difficult to tag with bulked segregant analysis. Selection of 

appropriate lines for the bulks that represent the other gene would be difficult since it 

would not be possible know whether the observation of low (not zero) smut incidence 

was due to a minor resistance gene or poor expression of a major gene or simply poor 

infection of a susceptible line. QTL analysis may help in tagging minor resistance 

genes. 

96 



A SCAR (Sequence Characterized Amplified Region) marker was recently 

developed by Dr. R. Knox's lab (AAFC, Swift Current) from an AFLP marker linked 

to resistance to race T33 in the population W9260BJ08 x DT676(R). The resistance in 

DT676 was derived from VIR#51658, a line demonstrating resistance to a broad range 

of loose smut races. This marker was first tested on parents of all three crosses. Two 

crosses, Stewart 63 x Biodur and DT662 x D93213 were polymorphic. It was then 

tested on the parents and individual bulk lines of these two crosses. When tested on 16 

individual bulk lines no association with smut resistance gene in the Stewart 63 x 

Biodur cross was observed, however, polymorphism was consistent in both parents and 

individual lines in the DT662 x D93213 population. Two wheat microsatellite markers 

(WMS234 and WMS443) on chromosome SB and linked to loose smut resistance, were 

identified in Dr. J. Menzies's lab (CRC, Winnipeg). These were also tested in these 

three crosses. However, both markers were polymorphic only in the DT662 x D93213 

population. 

Five markers linked to a loose smut locus were identified in the DT662 x 

D93213 population. Marker E43/M55R, which was loosely linked to the smut locus, 

accounted for the lowest amount of variation ( 11% ), whereas the SCAR marker 

accounted for highest amount of variation (64%). Using flanking markers should 

reduce the error rate to less than 2%. 

In the DT662 x D93213 population, three markers identified using other sources 

of resistance were found to be linked to the smut resistance gene in this cross. These 

findings indicated the wider application of these markers in breeding programs, as these 
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markers were not cross-specific. The \VMS markers are more efficient as they are 

codominant markers and can be used in marker-assisted selection in early segregating 

generations to select homozygous genotypes. These WMS markers are located on the 

short arm cf chromosome 5B of wheat near the telomere (Roder et a!., 1998), 

indicating that this loose smut resistance gene is also located on chromosome 5B. 

Earlier studies have reported the location of smut resistance genes on chromosome 6A 

for race Tl9, (Knox and Howes, 1994), 7A and 7B for race T6 (Dhitaphichit et al., 

1989), and 2B for TlO (Bernier et al., 1995). 

The genotypic frequencies of all the markers identified in both crosses 

segregated into the expected ratio of 1:1, indicating that they segregated normally. 

Genetic markers can often be found with distorted segregation ratios. This leads to 

questioning their reliability of determination, their association with genomic 

irregularities, or their linkage to pollen lethal genes. Although bulked segregant 

analysis using the AFLP technique has identified markers linked to loose smut 

resistance in both crosses, other enzyme combinations using methylation-sensitive 

(Pst 1 ), for example, could be used to find markers more closely linked to the resistance. 

A SCAR marker closely linked ( <3 eM) to loose smut resistance gene was developed 

by Dr. R. Knox from an AFLP marker which was identified using the Pstl!Msel 

enzyme combination. Powell et al., (1997) also observed that the Pstl!Msel primers 

are more efficient in detecting polymorphism in barley than the EcoRI/Mse 1 primers. 
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6. GENERAL DISCUSSION 

The overall objective of this project was to identify new sources of resistance to 

loose smut, to study the genetic similarities among different races of U. tritici, to study 

the genetics of resistance in three crosses and to identify molecular markers linked to 

loose smut resistance. 

The objective of the first part of the study was to evaluate wild tetraploid 

germplasm of wheat for resistance to different races of U. tritici. In this study seven 

tetraploid wheat species were screened for loose smut resistance with three races of 

loose smut (T33, T32, and T26). These three races are the most prevalent races that 

attack durum wheat in western Canada and represent a fairly complex virulence range. 

Inoculation was done with individual races rather than a mixture of three races to avoid 

any competition among the races. The frequency of resistant lines observed among 

tetraploid species was higher than those of cultivated lines screened earlier by Nielsen 

(1983) and Sharma eta/., (1985) indicating potential of these species in breeding for 

disease resistance. A higher percentage of resistant than susceptible lines was observed 

in three species (T. carthlicum, T. dicoccoides, and T. dicoccum) to the three races of U. 

tritici, whereas the percentage of resistant and susceptible lines was similar from three 

other species (T. polonicum, T. turanicum, and T. turgidum). Differences in frequency 

of resistance in these species could be due to their geographical distribution and extent 

of selection pressure by the loose smut pathogen on these species. Species grown over 
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a long period of time at a large scale are more likely to have less resistance because of 

many more opportunities for U. tritici to associate with its host and thus have an 

opportunity to develop and favour those virulence combinations that overcome 

resistance in the host population. Although a lower frequency of resistant lines was 

observed from T polonicum, T. turanicum, and T. turgidum, any of the species tested 

could be used to transfer resistance genes to durum wheat. These tetraploid species 

carry the AB genome and cross with durum wheat without difficulty since chromosome 

pairing is relatively normal. Hybrids are fertile making gene transfer to cultivated 

durum possible (Knott, 1989). However, before utilizing resistance genes from these 

species, the inheritance of resistance and any potential linkage with undesirable traits 

needs to be examined. Other agronomic characters should be taken into consideration 

when selecting any species for transfer of loose smut resistance (or any other gene) to 

durum wheat. Molecular markers identified in this study as well as from other studies 

should be used to screen resistant lines to identify common resistance genes. Flanking 

markers will be of particular use as these will help to reduce linkage drag when 

introducing a new gene by backcrossing into adapted germplasm. 

The second objective of this study was to assess the degree of similarity among 

the races of U. tritici collected from durum and bread wheat based on molecular and 

virulence data. Genetic similarity studies indicated that there was a considerable 

amount of genetic variability among the different races of U. tritici since the fungus 

goes though sexual recombination during each cycle of reproduction. All the races 

collected from durum wheat were grouped together when virulence data was used, but 
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with molecular data these races clustered in different groups. Hence, the grouping of 

races based on the virulence data did not support the grouping of races based on the 

RAPD data. Similar results have been reported in other studies. The relationship 

between virulence and molecular variation in populations of the wheat stripe rust 

pathogen (Puccinia striiformis fsp. tritici) were examined for genetic variation by the 

RAPD assay and a relatively low correlation between the virulence and molecular 

similarity matrices was observed, indicating the independence of DNA polymorphism 

from virulence diversity (Chen eta/., 1993 and Shan eta/., 1995). 

Studies from other plant pathogens showed a greater number of associations 

between virulences and molecular markers in asexual populations as compared to 

populations that undergo sexual reproduction. Liu and Kolmer (1998) compared the 

molecular and virulence diversity in asexual and sexual populations of the wheat leaf 

rust fungus (Puccinia recondita fsp. tritici). Weak associations between virulences and 

RAPD markers were detected in the sexual populations as compared to asexual 

populations. U. tritici undergoes sexual reproduction solely, which increases the 

diversity of molecular phenotypes possible and thus reduce opportunities for marker 

associations for reasons other than genetic linkage. Races collected from bread wheat 

can infect durum wheat cultivars and on the basis of RAPD analysis no groups derived 

from virulence range were observed. This study suggests that virulence effective 

against either species of wheat could arise from existing races of loose smut regardless 

of whether they are virulent on either durum or common wheats. New races originating 
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from western Canada have been reported to represent a re-assortment of virulence 

genes found in previously identified races of U. tritici (Menzies, unpublished). 

The last objective of this study was to determine the genetic control of 

resistance to loose smut to race T33 of U. tritici and to identify the molecular markers 

linked to loose smut resistance. Three crosses were studied to determine the genetic 

control of resistance. In two crosses, DT662 x D93213 and D93221 x DT65 8, disease 

incidence data showed discrete distributions which were clearly separated into 

resistance and susceptible groups. A single gene controlled resistance in D93 213, 

whereas three genes conditioned resistance in D93221. Such genetic control of 

resistance has been reported earlier (Caldwell and Compton, 1947; Tingey and Tolman, 

1934). 

The continuous distribution observed in the Stewart 63 x Biodur population 

made it difficult to separate lines into resistant and susceptible groups. The difficulty in 

classifying families by percentage infection has led researchers to use different 

approaches to classify families in segregating generations. Among these an arbitrary cut

off point based on percentage infection has been commonly used to establish a susceptible 

class. Bever (1947) and Heyne and Hansing (1955) classified wheat cultivars as resistant 

if they fell within the range of 0-10% smut incidence and 11% or more as susceptible 

whereas Krivchenko and Bakhareva ( 1985) classified F 3 families as susceptible when 

smut incidence was more than 30% in one cross and more than 60% in another cross. 

However, arbitrary delimitation of classes does not accurately reflect genotypic classes 

and is undesirable (Knott, 1989). Also arbitrary groupings may not be practical for 
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genetic studies of loose smut resistance since the level of smut incidence for any genotype 

can change from one inoculation to another due to environmental effects as observed in 

this study. 

Another approach for the cut-off point is based on the parental distributions in the 

same disease analysis. Classification of resistant and susceptible classes is based on the 

disease incidence of parental types. Griffey and Das (1994) used the parental means plus 

or minus one standard deviation for genotypic grouping for powdery mildew resistant and 

susceptible F 3 families. Plants were considered resistant if mildew severity was less than 

or equal to mean mildew severity plus one standard deviation of the resistant parent and 

considered susceptible if mildew severity was more than or equal to mean mildew severity 

minus one standard deviation of the susceptible parent. Shestskova and V'yushkov 

(1976) divided F3 families based on the smut incidence of the resistant parent where 

families with no infected plants were classified as resistant and families showing some 

smut incidence as susceptible. However, due to the possibility of disease escape, a more 

reasonable approach would be the use of the susceptible parent as a cut-off point since 

there is greater certainty in identifying true susceptible than resistant individuals. A 

susceptible plant may be misclassified as resistant as a result of disease escape due to 

the short duration of susceptibility to infection by loose smut (Procunier eta/., 1997). 

In studying the inheritance of resistance to loose smut in the Stewart 63 x 

Biodur population, a continuous distribution was observed and Biodur was used as a 

cut-off point to separate resistant and susceptible groups. The smut incidence of Biodur 

being present in the smut incidence distribution break of the 1998 data suggested its use 
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as a cut-off point. Smut incidence in Biodur varied from 18% to maximum of 49o/o in 

different inoculations. The susceptible check Sceptre showed smut incidence up to 

80% indicating that Biodur had some level of resistance. Further, seedling mortality 

was observed in some of the inoculated Biodur plants due to an incompatible reaction. 

The incompatible reaction is characterized as a restriction in growth of the plant. Some 

seedlings died just after emergence and other were stunted and had leaves that were 

brittle and had necrotic tips. Lines that showed the incompatible reaction had a 

resistant phenotype so that the incidence was zero. These spikes were produced from 

secondary tillers that develop from the coleoptile bud which may have escaped invasion 

by the mycelium (Mantle, 1961 ). The incompatible reaction was observed in the lines, 

and probably led to lower levels of smut incidence making the distribution appear 

continuous. The continuous distribution indicated that more than one gene likely 

controlled loose smut resistance in this population. Heyne and Hansing (1955) and 

Knox et a/., ( 1999) observed similar types of distributions and reported one major gene, 

along with one minor gene controlling resistance. 

When different sets of F 1 s were inoculated to determine gene action in Stewart 

63 x Biodur, conflicting results were observed. Parents used to make both groups of 

F 1 s were different which may have led to this variation. Earlier reports on Stewart 63 

considered it as a susceptible (Menzies, personal communication). Resistant parent 

Stewart 63 is more likely heterogeneous for resistance genes. The heterogeneity 

present in Stewart 63 was also reflected in results of the allelic study. 
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The ideal conditions for an allelic study would be crossing of two resistant 

parents that have complete resistance and noting any segregation in F 3 families. In this 

study the resistant parents have low levels of smut incidence that made it difficult to 

make any conclusions based on F 2 data. 

Among the three different resistant parents, 093213 is likely to be used more 

than Stewart 63 or 093221 in a breeding program because of its monogenic control, 

complete resistance and ease in selection due to codominant markers linked closely to 

the resistance gene. However, widespread use of a single resistance gene may lead to a 

change in the virulence in the pathogen population due to selection for a particular 

virulence gene; therefore, different resistance genes should be used to increase 

durability of resistance. Differential sets used to identify new races in Canada include 

only four durum cultivars, and all are susceptible to the prevalent races of U. tritici 

(Nielsen and Thomas, 1996). Since Stewart 63 and D93213 more likely to have 

different genes for resistance, they both should be included in the differential set; 

however, a homogenous line from the Stewart 63 x Biodur population (line 21 or 105 

from Appendix B-II) having complete resistance should be chosen. 

For linkage analysis to identify molecular markers linked to loose smut 

resistance, discrete classes of disease reaction are required to obtain genotypic 

frequencies. Molecular markers linked to disease resistant loci have been identified for 

non-discrete classes of disease reaction without any explanation regarding the 

determination of cut-off point. Mohan et a/., (1994) identified two RAPD markers 

linked to gall midge resistance in rice by scoring gall midge resistant lines with less 
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than 10% of plant damaged and susceptible with more than 60% of plant damage and 

excluded the intermediate types from the linkage analysis. Mudge et al., ( 1997) 

identified two microsatellite markers that flank the major soybean cyst nematode 

resistance locus. They classified phenotypes arbitrarily using 30% as a cut-off point; 

lines were resistant if the average number of cysts recovered from the roots of the 

plants in each line were less than 30o/o; otherwise, lines were classified as susceptible. 

When phenotypes were classified using Biodur as a cut-off point in the Stewart 

63 x Biodur population in all three data sets, linkage distances of different markers 

varied with data set, but their orientation was consistent. Although the linkage 

distances may be somewhat subjective, these markers can still be effectively used for 

marker-assisted selection in a breeding program as they flank the resistance gene. 

In the DT662 x D93213 population resistance was conditioned by single gene 

and the distribution of lines with smut incidence formed two discrete groups. A SCAR 

marker, which was about 3 eM from smut locus, accounted for up to 64% of the 

phenotypic variation. There will be still unexplained variation due to environmental 

factors. In the Stewart 63 x Biodur population, up to 40% of the phenotypic variation 

in the disease reaction was explained by some of the markers indicating they are linked 

to a major gene for resistance. 

These molecular markers can accelerate the selection for loose smut resistance 

by overcoming various difficulties associated with loose smut screening and eliminate 

the effect of environmental variation during selection. Molecular markers offer 

considerable savings of time as presence of resistance gene can be assessed in one day 
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on two-week old seedlings as compared to about eight months with traditional 

screening. These markers would help in incorporating genetic resistance into 

commercial cultivars that will reduce the cost of seed treatment with fungicides which 

would eventaally increase the profit margin of the prairie farmers. For MAS to be 

practical, DNA markers that are inexpensive, codominant, reliable, and suitable for 

screening thousands of genotypes quickly are necessary (Weising et al., 1998). Since 

AFLP markers are more expensive due to the cost of restriction enzymes, adapters, 

primers and running the sequencing gels and the greater technical expertise required, 

these markers need to be converted into user-friendly, efficient, and inexpensive 

markers such as SCAR. Cross non-specific markers like SCAR, WMS 234, and WMS 

443 identified in the DT662 x D93213 population can be used in different breeding 

programs as these markers worked in several different populations. 

Flanking markers improve the accuracy of selection when both the markers 

flanking the smut locus were scored simultaneously as the chance of double 

recombination events is small. Flanking markers can also used to reduce linkage drag 

help to eliminate potentially undesirable linked traits when moving a gene from 

germplasm to adapted breeding material. 

Pyramiding of diverse resistance genes is being used to increase the durability 

of genetic resistance. Although the fungus U. tritici reproduces through a sexual cycle, 

the rate of development of new races in the pathogen population is low due to its 

monocyclic nature and limited variety of genotypes available in one field. The 

resistance genes last longer as the new races arise infrequently. 
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7. CONCLUSIONS 

1. In ge1mplasm screening for resistance to three races of U. tritici, a higher 

percentage of resistant lines than susceptible was observed from three species; 

T. carthlicum, T. dicoccoides and T. dicoccum. The percentage of resistant and 

susceptible lines was similar from three other species; T. polonicum, T. 

turanicum and T. turgidum. 

2. Genetic similarity studies indicated that there was a considerable amount of 

genetic variability among the different races of U. tritici. All races collected 

from durum wheat were grouped together when virulence data were considered. 

With molecular data, groups were not related to the wheat species that they 

were collected from. 

3. Resistance to race T33 of U. tritici in Stewart 63 x Biodur appears to be 

dominant and probably controlled by more than one gene with one gene having 

a major effect and the other having minor effects. Resistance in DT662 x 

D93213 was dominant and was controlled by a single gene. In D93221 x 

DT658 resistance was recessive and controlled by three genes. 

4. Results of the allelic studies were not conclusive. A combination of possible 

resistance gene, heterogeneity in Stewart 63 and the use of F2 populations 

instead of F 3 families precluded any firm conclusions from being made. 
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However, marker data indicated that the loose smut resistance in Stewart 63 was 

different from that in D93213. 

5. Five AFLP markers linked to loose smut resistance in the Stewart 63 x Biodur 

population were identified and two AFLP, one SCAR and two WMS markers 

linked to loose smut resistance in DT662 x D93213 were also identified. 
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9. LIST OF APPENDICES 

Appendix A: Description of morphological and biochemical traits evaluated on 
tetraploid species used for germplasm screening 
Morphological traits Description 
Spike density Number of spikelets per 10 em length of spike 

Threshability 

Awns 

Awn colour 

Glume colour 

Glume hairiness 

Relative maturity 

Biochemical traits 
Flour brightness 

NIR (%P) 

Threshability relate to the attachment of glumes to the grain 
during threshing 

Absence or presence of awns 

Colour of awns varied from white to black 

Colour of glumes varied from white to black 

Absence or presence of hairiness on the glume 

Maturity measured on a scale using Zadoks; a decimal code for 
the growth stages of cereals beginning with germination (stage 0) 
and ending with kernel ripening (stage 9) 

L-values as measured with a Hunter-Lab miniscan colorimeter. 
It is a measure of brightness. 

It is based on absorption of NIR (Near Infrared Reflectance) 
energy at specific wavelengths by peptide linkages between 
amino acids of protein molecules and at reference wavelengths to 
be determine the protein content in flour wheat. 

Flour colour b-value b-values as measured with a Hunter-Lab miniscan colorimeter. 

Yell ow pigment 

SDS 

Colour 

Its positive values indicate increased yellowness 

The yellow pigment content is an essential quality factor of raw 
materials for pasta and defined as the content of extractable 
carotenoids of the endosperm calculated as mg -carotene in 1 OOg 
dry matter. 

The degree of sedimentation of a wheat meal suspended in a 
lactic acid-SDS medium during a standard time. The SDS-value 
depends on the protein quality providing an indication of gluten 
strength. 

Seed Colour 
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Appendix B: Loose smut incidence and molecular marker data 
Appendix B-1: Loose smut incidence in seven tetraploid species when inoculated with 
race T33 in 1998 and with T33, T32, and T26 in 1999 

1998 1999 

Sr.# K# Species T33 T33 T32 T26 

5693 T. earthlicum 0 0 0 0 

2 5736 T. carthlicum 0 0 0 0 

3 5846 T. carthlieum 0 0 0 0 

4 5963 T. carthlieum 0 0 0 0 

5 5965 T. carthlicum 0 0 0 0 

6 5966 T. carthlicum 0 0 0 0 
7 6201 T. earthlicum 0 0 0 0 

8 6208 T.carthlicum 0 0 0 0 

9 6213 T. earth/ icum 0 0 0 0 

10 6264 T. earth/ icum 0 0 0 0 

11 6367 T. carthlicum 0 0 0 0 
12 6402 T. earthlieum 0 0 0 0 

13 6513 T. earth/ icum 0 0 0 0 

14 6514 T. earthlicum 0 0 0 0 

15 6515 T. earthlicum 0 0 0 0 

16 6396 T. earthlicum 0 0 0 12 

17 6397 T. earthlieum 0 0 0 
18 6406 T. earthlicum 0 0 0 

19 6483 T. earthlicum 0 23 20 

20 6137 T. earthlicum 0 46 22 

21 6245 T. earth/ icum 0 100 50 

22 5717 T. dicoccoides 0 0 0 0 

23 5718 T.dicoccoides 0 0 0 0 

24 5808 T. dicoecoides 0 0 0 0 

25 5809 T. dicoeeoides 0 0 0 0 

26 5854 T. dicoceoides 0 0 0 0 

27 5856 T. dicoceoides 0 0 0 0 

28 6407 T.dicoeeoides 0 0 0 0 

29 6408 T.dieoceoides 0 0 0 0 

30 6430 T. dicoccoides 0 0 0 0 

31 5746 T. dicoecoides 0 0 0 

32 5810 T. dieoccoides 0 0 0 

33 5903 T. dicoccoides 0 0 0 

34 6051 T.dicoccoides 0 0 0 
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1998 1999 

Sr.# K# Species T33 T33 T32 T26 

35 6431 T. dicoccoides 0 0 0 

36 6476 T.dicoccoides 0 0 

37 5898 T. dicoccoides 0 9 0 13 

38 6050 T.dicoccoides 0 10 0 0 

39 6522 T. dicoccoides 40 

40 5606 T.dicoccum 0 0 0 0 

41 5625 T.dicoccum 0 0 0 0 

42 5694 T.dicoccum 0 0 0 0 

43 5712 T.dicoccum 0 0 0 0 

44 5798 T.dicoccum 0 0 0 0 

45 5813 T.dicoccum 0 0 0 0 

46 5815 T.dicoccum 0 0 0 0 

47 5819 T.dicoccum 0 0 0 0 

48 5822 T.dicoccum 0 0 0 0 

49 5909 T.dicoccum 0 0 0 0 

50 5931 T.dicoccum 0 0 0 0 

51 5950 T.dicoccum 0 0 0 0 

52 6061 T.dicoccum 0 0 0 0 

53 6083 T.dicoccum 0 0 0 0 

54 6123 T.dicoccum 0 0 0 0 

55 6192 T.dicoccum 0 0 0 0 

56 6199 T.dicoccum 0 0 0 0 

57 6319 T.dicoccum 0 0 0 0 

58 6409 T.dicoccum 0 0 0 0 

59 5713 T.dicoccum 0 0 0 11 

60 5715 T.dicoccum 0 0 0 18 

61 6188 T.dicoccum 0 0 0 50 

62 6126 T.dicoccum 0 0 60 50 

63 6072 T.dicoccum 0 0 60 100 

64 5601 T.dicoccum 0 0 0 

65 6116 T.dicoccum 0 0 0 

66 5782 T.dicoccum 0 0 0 

67 5932 T.dicoccum 0 0 0 

68 5933 T.dicoccum 0 0 0 

69 5938 T.dicoccum 0 0 0 

70 6062 T.dicoccum 0 0 0 

71 6354 T.dicoccum 0 0 0 
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1998 1999 

Sr.# K# Species T33 T33 T32 T26 

72 6175 T.dicoccum 0 25 0 

73 6356 T.dicoccum 0 63 40 

74 6303 T.dicoccum 0 13 60 

75 6371 T.dicoccum 0 0 

76 6122 T.dicoccum 0 

77 5793 T.dicoccum 0 7 0 0 

78 5791 T.dicoccum 7 38 71 

79 5704 T.dicoccum 0 10 0 0 

80 6353 T.dicoccum 10 0 0 

81 5696 T.dicoccum 0 11 18 50 

82 6074 T.dicoccum 0 11 0 0 

83 6077 T.dicoccum 0 18 0 0 

84 5633 T.dicoccum 0 20 40 80 

85 5602 T.dicoccum 25 70 67 

86 5643 T.dicoccum 6 31 63 95 

87 6195 T.dicoccum 0 33 0 0 

88 5644 T.dicoccum 3 33 0 38 

89 5939 T.dicoccum 50 

90 5912 T.dicoccum 40 57 100 63 

91 5794 T.dicoccum 57 0 

92 5917 T.dicoccum 71 11 0 

93 5845 T.dicoccum 30 100 100 100 

94 6460 T.dicoccum 0 0 67 

95 6119 T.dicoccum 17 75 

96 5975 T.polonicum 0 0 0 0 

97 5985 T.polonicum 0 0 0 0 

98 5622 T.polonicum 0 0 0 

99 5681 T.polonicum 0 0 

100 5680 T.polonicum 100 0 0 0 

101 6347 T.polonicum 27 0 

102 5690 T.polonicum 0 38 50 0 

103 5683 T.polonicum 21 38 25 0 

104 5689 T.polonicum 100 40 55 0 

105 5679 T.polonicum 0 50 64 43 

106 5968 T.polonicum 0 57 90 100 

107 5983 T.polonicum 75 70 100 50 

108 6090 T.polonicum 0 0 0 
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1998 1999 

Sr.# K# Species T33 T33 T32 T26 

109 5979 T.polonicum 50 0 0 

110 6189 T. timopheevii 0 0 0 0 

111 6346 T. timopheevii 0 0 0 0 

112 6517 T. timopheevii 0 0 0 

113 6301 T. turanicum 0 0 64 72 

114 6389 T. turanicum 0 0 40 

115 6335 T. turanicum 29 0 27 63 

116 6322 T. turanicum 0 0 0 

117 6331 T. turanicum 0 33 50 

118 6336 T. turanicum 50 33 50 

119 6381 T. turanicum 50 63 50 

120 6320 T. turanicum 67 100 71 

121 6176 T.turanicum 0 88 44 

122 5956 T. turanicum 0 0 

123 6302 T. turanicum 0 0 

124 5658 T.turgidum 0 0 0 0 

125 6278 T.turgidum 0 0 0 0 

126 6282 T.turgidum 0 0 0 0 

127 6422 T.turgidum 0 0 0 0 

128 6222 T.turgidum 0 0 100 63 

129 5662 T.turgidum 0 0 0 90 

130 5731 T.turgidum 0 0 100 100 

131 6288 T.turgidum 0 0 0 

132 6099 T.turgidum 0 0 100 

133 6337 T.turgidum 0 0 

134 6281 T.turgidum 8 0 0 0 

135 6308 T.turgidum 50 0 0 61 

136 6147 T.turgidum 67 0 100 0 

137 5992 T.turgidum 100 0 0 0 

138 6246 T.turgidum 0 0 0 

139 6420 T.turgidum 0 0 0 

140 6488 T.turgidum 0 0 0 

141 6525 T.turgidum 0 0 0 

142 6531 T.turgidum 0 0 0 

143 6533 T.turgidum 0 0 0 

144 6537 T.turgidum 0 0 0 

145 6491 T.turgidum 0 4 0 

125 



1998 1999 

Sr.# K# Species T33 T33 T32 T26 

146 6395 T.turgidum 0 92 0 

147 6449 T.turgidum 0 0 

148 6535 T.turgidum 0 40 63 

149 6304 T.turgidum 0 8 73 

150 6433 T.turgidum 0 89 86 

151 6163 T.turgidum 0 100 100 

152 5989 T.turgidum 0 0 

153 6286 T.turgidum 0 0 

154 6527 T.turgidum 0 0 

155 6529 T.turgidum 0 0 

156 5670 T.turgidum 31 8 27 58 

157 6259 T.turgidum 0 9 0 0 

158 5864 T.turgidum 8 9 21 43 

159 6446 T.turgidum 9 0 0 

160 6233 T.turgidum 6 13 90 58 

161 5859 T.turgidum 0 14 25 0 

162 6141 T.turgidum 0 29 0 

163 6135 T.turgidum 0 33 0 33 

164 6177 T.turgidum 38 50 

165 6151 T.turgidum 50 100 0 

166 6427 T.turgidum 0 55 60 0 

167 6284 T.turgidum 0 60 94 94 

168 6384 T.turgidum 0 100 80 60 

169 6171 T.turgidum 0 0 0 

170 6190 T.turgidum 0 17 100 

171 5991 T.turgidum 23 47 50 

172 6487 T.turgidum 0 55 

173 6376 T.turgidum 83 71 

174 6493 T.turgidum 100 89 

175 6167 T.turgidum 100 

176 Check Sceptre 65 68 72 70 

-=Not Inoculated. 
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Appendix B-11: Loose smut incidence in the Stewart 63 x Biodur population when 
inoculated with race T33 in 1996, 1998, and 2000 and presence ( +) or absence (-) of 
five AFLP markers 

Line# Field 1996 GH 1998 GH 2000 E33/M54R E37fl\ii53R E32/M55R E41/M58R E41/M58S 
1RB 0 0 17 + + + + 
10 6 0 7 + + + 
15 0 0 5 + + + + 
16 5 0 33 + + + + 
19 15 0 0 + + + + 

20RB 18 0 13 + + 
21 0 0 0 + + + + 
23 22 0 11 + + + 
25 0 0 8 + + + 

27RB 0 0 18 + + + + 
28 3 0 0 + + + + 
29 2 0 13 + + + + 
30 10 0 8 + + + + 
33 10 0 33 + + + + 
34 8 0 0 + + 
37 11 0 6 + + + + 
40 11 0 0 + + + 
42 33 0 0 + + 
47 26 0 78 + + + 
51 4 0 33 + + + + 
52 0 0 5 + + + 
53 10 0 47 + + + + 
54 4 0 7 + + + + 
56 5 0 0 + + + + 
66 0 0 13 + + 
68 8 0 43 + + + + 
70 36 0 19 + + + + 
76 13 0 0 + '+ 
77 3 0 13 + + + 
81 8 0 60 + + + 

82RB 0 0 3 + + + + 
89 17 0 13 + + 
92 3 0 3 + + + + 

97RB 0 0 6 + + + + 
98 0 0 19 + + + + 

101RB 15 0 11 + + 
103RB 0 0 6 + + + + 
105RB 0 0 0 + + + + 

106 0 42 + + + + 

109 39 0 0 + + + + 

38 1 25 + + + + 

4 7 2 0 + + + 

13 12 2 29 + + + 

43 7 2 38 + + + 
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Line# Field 1996 GH 1998 GH 2000 E33/M54R E37/M53R E32/M55R E41/M58R E41/M58S 
18 0 2 9 + + + 
93 9 2 6 + + + 
31 2 2 39 + + + + 
5 2 2 32 + + + + 

85 2 14 + + + + 
12 25 2 53 + + + 
41 7 3 11 + + + 
46 19 3 9 + + 
78 0 3 38 + + + + 
72 0 3 8 + + + + 
83 13 3 9 + + + + 
90 12 3 69 + + + 
95 9 4 33 + + + 
11 37 4 80 + + + 
35 0 4 63 + + + 
36 3 4 40 + + + 
6 13 5 77 + + + + 
59 6 40 + + + 
64 0 9 38 + + 
104 39 9 53 + + + 
3 31 9 81 + + 

67 0 9 71 + + + 
60 40 11 7 + + 
108 43 12 0 + + 
8 2 13 94 + + + 

48 26 14 65 + 
74 16 14 71 + + + 
49 33 17 84 + + + 
75 31 17 43 + + + 
69 76 25 47 + + 
86 26 46 + 
32 35 26 25 + 
107 18 30 47 + 
24 47 31 0 + + 
91 51 33 8 + 
17 49 34 33 + 
73 27 38 6 + + 
71 36 40 11 + 
26 42 40 5 + + + 
57 52 42 75 + + 
61 21 42 46 + + 
63 4 43 64 + 
9 53 44 92 + 
79 10 46 56 + 

1005B 56 48 71 + + 
94 78 49 60 + 
22 36 49 31 + 
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Line# Field 1996 GH 1998 GH 2000 E33/M54R E37/M53R E32/M55R E41/M58R E41/M58S 
45SB 53 53 42 + 
44 39 53 50 + 
50 54 53 76 + 
58 68 53 68 + 
7 14 56 15 + 
39 44 56 50 + + 

99SB 40 58 75 + 
84SB 8 58 75 + 
87 60 45 + 
14 14 66 82 + + 

2SB 32 68 100 + 
96 26 69 72 + + 
62 27 70 100 + 

8oss 72 72 83 + 
65SB 66 72 92 + 
88SB 80 100 + 
102 7 50 + 

Biodur 23 20 49 + 
Stewart 63 0 0 18 + + + + 

RBand sa: Lines used for making DNA pool for BSA analysis from resistant and susceptible lines, respectively. 
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Appendix B-Ill: Loose smut incidence in the DT662 x D93213 population when 
inoculated with race T33 and Eresence ~ + l or absence ~ -l of five markers 

Line# Smut incidence E43/MSSR E45/MSSS SCAR WMS234 WMS443 
1 0 + + + 
2 0 + + + 

5RB 0 + + + 
7RB 0 + + + 
gRB 0 + + + 
10 0 + + + + 
12 0 + + + + 

14RB 0 + + + 
15RB 0 + + + 
17RB 0 + + + 
18RB 0 + + + 
19 0 + + + 

24RB 0 + + + 
29 0 + + 
32 0 + + 
33 0 + + 
34 0 + + + 
37 0 + + + 
40 0 + + + 
43 0 + + 
51 0 + + + 
52 0 + + + 
55 0 + + 
56 0 + + 
57 0 + + + 
60 0 
65 0 + + + + 
66 0 + + + 
68 0 + + 
77 0 + 
82 0 + + 
86 0 + + + 
89 0 + + 
90 0 + + 
91 0 
92 0 + + + 
93 0 + + 
94 0 + 
96 0 + + 
97 0 + 
99 0 + + 
102 0 + + 
103 0 + + + 
104 0 + + 
105 0 + + 

130 



Line# Smut incidence E43/M55R E45/M55S SCAR WMS234 WMS443 
109 0 
111 0 + + 
112 0 + + 
3 17 + + 
16 19 + + 
58 20 + + 
64 20 + + + 
87 20 + + + 
13 25 + + 
31 25 + + 
85 27 + + 
22 33 + + + 
62 33 + + 
110 33 + 
98 36 + 
50 40 + + + 
35 42 + + + 
25 50 + + 
27 50 + + + 
36 50 + + 
101 50 + 

83SB 53 + + 
47SB 57 + + 
95SB 58 + + 

11 60 + 
20 60 + 
42 60 + 
59 60 + + 
49 62 + + 

70SB 63 + + 
45 63 + + 
46 64 + + 
39 65 + + + 
6 65 + + + 

108 65 + 
28 68 + + + 
107 68 + 
53 70 + + 
30 70 + + + + 
4SB 73 + + 
88 80 + + + + 

21SB 82 + + 
63SB 87 + + 
10088 88 + + 

D93213 0 + + + 
DT662 70 + + 

RBand sa: Lines used for making DNA pool for BSA analysis from resistant and susceptible lines, respectively. 
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Appendix C: Composition of Ustilago liquid media (Atlas, 1993) 
Composition( per liter) Amount 
Yeast extract 11. Og 
Glucose 10.0g 
NH4N03 1.5g 
Salt solution 62.5ml 
Vitamin solution 1 O.Oml 

Salt Solution (Composition per liter) 
KH2P04 
KCl 
Na2S04 
MgS04.?H20 
CaCb 
Trace elements Solution 

Trace Elements Solution (Composition per 500ml) 
CuS04.SH20 
ZnCb 
MnCb.4H20 
FeCb.6H20 
H3B03 
Na2Mo04.2H20 

Vitamin Solution (Composition per liter) 
Inositol 
Calcium Pantothenate 
Choline Chloride 
Nicotinic acid 
Thiamine 
Pyridoxine 
Riboflavin 

132 

16.0g 
8.0g 
4.0g 
2.0g 
l.Og 

8.0ml 

0.2g 
0.2g 

0.07g 
0.05g 
0.03g 
0.02g 

0.4g 
0.2g 
0.2g 
0.2g 
0.1g 

0.05g 
0.05g 



Appendix D: DNA extraction methods 

Appendix D-1: Genomic DNA extraction from mycelium of Ustilago tritici 
according to the method of Kim et al., (1990) 

1. Grind lyophilized mycelia (About 0.5 gm) with sand using a mortar and pestle 
and transfer into mL microcentrifuge tube. 

2. Add 600 J.LL CT AB buffer and vortex for 10 sec. Add 66 J.LL 20% SDS and mix 
gently by inversion. 

3. Incubate at 65°C for 3 hours, mixing gently by inversion every 30 min. Then 
allow tubes to cool to room temperature. 

4. Add 333 J.LL each of phenol and 24:1 Chloroform:IAA (Isoamyl alcohol). Mix 
thoroughly by inversion for about 7 min. After that spin for 5 min at 13000 
rpm. 

5. Transfer supernatant to new tube (500-600 J.LL) and add an equal volume of 
Chloroform:IAA ( 500-600 J.LL ). Mix thoroughly by inversion and spin for 5 
min. at 13000 rpm. 

6. Transfer supernatant to a new tube (about 500 J.LL) and add 0.6 volume of 
isopropanol (300 J.LL). Mix gently by inversion, spin for 5 min. at 13000 rpm, 
and then decant supernatant. 

7. Wash pellet in 500 J.LL of cold 70% Ethanol. Spin for 5 min. at 13000 rpm. 
Repeat wash and air dry it. 

8. Resuspend pellet in 100 J.LL 0.1 TE. Add 2 J.LL RNAse A and incubate at 3 7°C 
for 1 hour. 

9. Add 0.5 volumes of7.5 M Sodium Acetate and 2.5 volume 95% Ethanol. Mix 
it gently. 

10. Place at -20°C overnight or at least 30 minutes. 

11. Wash pellet in 500 J.LL of cold 70% Ethanol. Spin for 5 min. at 13000 rpm. 
Repeat the wash and vacuum dry pellets. 

12. Resuspend in 100 J.LL 0.1 TE. Store at -20°C. 
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Appendix D-11: DNA extraction protocol for wheat leaves ustng the Qiagen 
DNeasy Plant Mini Kit 

1. Add 400 J.LL of Buffer AP1 and 4 J.LL ofRNase A stock solution (100 mg/mL) to 
a maximum of 20 mg of ground (lyophilized) leaf tissue and vortex vigorously. 

2. Incubate the mixture for 10 min at 65°C. Mix 2-3 times during incubation by 
inverting tube. 

3. Add 130 f.!L of Buffer AP2 to the lysate, mix, and incubate for 5 min on ice. 

4. Apply the lysate to the QIAshredder spin column (lilac) sitting in a 2 mL 
collection tube and centrifuge for 2 min at 13000 rpm. 

5. Transfer flow-through fraction from step 4 to a new tube without disturbing the 
cell-debris pellet. 

6. Add 0.5 volume of Buffer AP3 and 1 volume of ethanol (95%) to the cleared 
lysate and mix by pipetting. 

7. Apply 650 J.LL of the mixture from step 6, including any precipitate that may 
have formed, to the DNeasy mini spin column sitting in a 2 mL collection tube. 
Centrifuge for 1 min at 13000 rpm and discard flow-through. 

8. Repeat step 7 with remaining sample. Discard flow-through and collection tube. 

9. Place DNeasy column in a new 2 mL collection tube and add 500 J.!L Buffer 
AW to the DNeasy column and centrifuge for 1 min at 13000 rpm. Discard 
flow-through and reuse the collection tube in step 10. 

10. Add 500 J.!L Buffer AW to the DNeasy column and centrifuge for 2 min at 
13000 rpm to dry the column membrane. 

11. Transfer the DNeasy column to a 1.5 mL microcentrifuge tube and pipet 50 J.LL 
of preheated (65°C) Buffer AE directly onto the DNeasy membrane. Incubate 
for 5 min at room temperature and then centrifuge for 1 min at 13000 rpm to 
elute. 
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A~l!endix E: Buffers and solutions used in molecular studies 
Solution Com2osition Amount 
T AE (Tris-Acetate) 50x: 

Tris Base 242 g 
Glacial Acetic Acid 57.1 mL 
0.5M EDTA (pH 8.0) lOOmL 

TBA (Tris-Borate) lOx: 
Tris Base 108 g 
Boric Acid 55 g 
0.5M EDTA (pH 8.0) 40mL 

TE 1M Tris (pH 8.0) lOmL 
0.5M EDTA (pH 8.0) 2mL 
ddH20 988mL 

Gel Loading Buffer 2% Bromophenol Blue lOmg 
2% Xylene Cyanol lOmg 
0.5MEDTA 150 J.!L 
30% Ficoll400 625 J.!L 
ddH20 113 J.!L 

6% Polyacrylamide Gel 7MUrea 44.1 g 
lOx TBE 9mL 
40% Acrylamide/bisacrylamide ( 19: 1) 13.5 mL 

ddH20 36mL 

CTAB buffer 0.5MNaCl 6.16 mL 
1M Tris pH 8.0 2.2mL 
0.5M EDTA pH 8.0 2.2mL 
10%CTAB 2.2mL 
Proteinase K ( 10 mg/mL) 100 J.!L 

10% CTAB CTAB 0.5 g 
1M Tris pH 8.0 2.5mL 
0.5M EDTA EH 8.0 1 mL 
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