
Population structure and genetics of host resistance in the barley leaf
spot pathogen Bipoluris sorokiniønø

BY

HABIBOLLAII GHAZVINI

This dissertation submitted to the Faculty of Graduate Studies of the University of
Manitoba in partial fulfillment of the requirements for the degree of Doctor of philosophy

IN

PLANT SCIENCE

Department of plant Science
Faculty of Agricultural and Food Sciences

University of Manitoba

Winnipeg, Manitoba
March2007

@ Copyright by Habibolah Ghazvínt2007



THE T]NIVERSITY OF MANITOBA

FACULTY OF GRADUATE STTJDIES
*****

COPYRIGHT PERMISSION

Population structure and genetics of host resistance in the batley leaf
Spot patho gen Bip ol aris s or okiniønø

BY

HABIBOLLAH GHAZVINI

A Thesis/Practicum submitted to the Faculty of Graduate Studies of The University of

Manitoba in partial fulfillment of the requirement of the degree

DOCTOR OF PHILOSOPHY

HABIBOLLAH GHAZVINI @ 2OO7

r Permission has been granted to the Library of the University of Manitoba to lend or sell copies of

, this thesisþracticum, to the National Library of Canada to microfilm this thesis and to lend or sell

I "opies 
of the film, and to University Microfilms Inc. to publish an abstract of this thesis/practicum.

' This reproduction or copy of this thesis has been made available by authority of the copyright
I o,nr,er solely for the purpose of private study and research, and may only be reproduced and copied

' as permitted by copyright laws or with express written authorization from the copyright owner.



ACTC.{owLEDGEMENTS

I am profoundly grateful to my advisor Dr. Andy Tekauz for his strong and able
mentorship, guidance and advice. His support, encouragement, and timely advice at every
step of this research project was greatly appreciated. I am pleased and proud to be the
only Ph'D' student that Dr' Tekauz has directly supervised during his distinguished
research career.

I am also grateful to the members of my advisory committee, Dr. Lakhdar Lamari, Dr.
Daryl Somers' and Dr' Michele Piercey-Nofinore for their valuable guidance, assistance,
and support and for their critical review of the thesis. I am greatly honoured to have this
distinguished group of scientists on my advisory committee. I would also like to thank
Dr' stephen Neate for dedicating his valuable time to review this thesis as the external
examiner.

I would like to thank Dr' Tom Fetch and Dr. Brent Mccallum regarding proofreading and
correcting some parts of this thesis. Their valuable advices surely enriched this
dissertation' I deeply appreciate the hetp that Dr. sheila woods, Dr. Bruce Ford, Dr.
Anne worley, Dr' curt Mccartney and Dr. AlirezaNavabi provided for data analysis of
this thesis' Sincere thanks also to Eric Mueller, Meconnen Beyene, Marcos stulzer and
Leslie Bezte for their valuable technical assistance and their faithful friendship. I also
wish to thank all other staff and academic members of the Agriculture and Agri-Food
canada, cerear Research centre, winnipeg, MB, and Department of prant science,
university of Manitoba for their help and coraboration during my study.

I wish to thank Dr. Bilr Legge, Dr. Mitari Banik, and James Tucker of the AAFC
Brandon Research centre, MB for their courtesy in providing me with the doubled
haploid lines and differential lines for this research project. without their assistance and
collaboration the achievement of this work would not have been possible. Thank you also
to the commonwealth Mycological Instifute for permission to use Map No. 322, in my
thesis.

ii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..........ii
TABLEOFCONTENTS "'""iv
LIST OF TABLES ... .......ix
LIST OF FIGURES .... . ... .... "xi
LIST OF SYMBOLS AND ABBREVIATIONS .......xv
ABSTRACT ..... .. . ....xviii

CHAPTER 1

INTERACTIONS BETWEEN BARLEY AND BIPOLARIS SOROKINIANAZ

LITERATURE REVIEW

1.1. Introduction ......1
1.2. Barley .............." 3

1.2.1. Origin,morphologicalvariation, andimportanceofbarley... ""'"""' 3

1.2.2.CultivationanduseofbarleyinCanada ....' 5

L.3. Diseases of barley in Canada ..... ....'.5
1.3.1. Foliar diseases of barley and their importance in Canada -...""'6
1.4. Spot blotch " " "'7
1.4.1. Causal agent " ""7
1.4.2.Yíeld,loss .. .. ""'8
1.4.3. Distribution. ""' "'8

7.4.4.Thehost range """"9
1.4.5. Disease symptoms..... """"9
1.5. Taxonomy and phylogeny """"" 10

1.5.1. Taxonomy of the genus Cochliobolus .... ""'10
1.5.2. Phylogeny of the genus Cochliobolus . ' '. . ""'12
1.5.3. Classification of the species among the genus Cochliobolus .... .. ... ............I2

1.6. Morphological, cytotogical, and physiological characters of B. sorokínianø .....I3

1.6.1. Morphological characters of B. sorokiniana in teleomorphic state '.........."13
1.6.2. Morphologicai and cytological characters of B. sorokinianø in anamorphic state 14

1.6.3. Physiological specialization andvirulence diversity of B. sorokiniana .......15

1.7. Epidemiology .....17

1.7.1. Primaryinfection..... """n
1.7.2. Secondaryinfection """"I7
1.7.3. Survival .. ...."'18
1.7.4.Effect of environmental factors in spread of the disease ..........18
1.7.5. Effect of environmental factors on spore release and dispersal .... ....-20

1.8. Spot blotch evaluation ""20
L.9. Interaction between barley and B. sorokiniøna - - - -. . . .. ' "22
1.9.1. Mechanism of invasion and defense ..... """'22
1.9.1.1. Germination of conidiospores on the leaf surface ' ' ' ' " ' '22
1.9.1.2. Pathogenicity factors affecting the biotrophic and necrotrophic phases ...........-23

tv



I.9.I.2.1. Hydrolytic enzymes as major pathogenicity factors in biotrophic phase .........23

I.g.I.2.2. Toxins as major pathogenicity factors in necrotrophic phase .--....24

1.9.1.3. Host response to spot blotch disease " " " " '26
1.9.2. Molecular aspects ofhost-pathogen interactions ..... ""'27
1.g.2.1. Molecular markers and their application in host-pathogen interactions .. .. . .. ....21

1'9.2.2. Application of molecular markers in evaluation of molecular diversity of B.

sorokiniana and spot blotch resistance in barley genotypes .........29

1.10. Disease management " """'30
1.10.1. Chemical control """""30
1.10.1.1. Seed treatment ""'30
1.10.L.2.Foliar sprays. """'31
7.10.2. Rotation and crop management """"32
1.10.3. Host resistance . """33
1.10.3.1. Genetics of resistanceto B. sorokiniana in barley """'33
1.10.3.2. Sources of genetic resistance for spot blotch in barley ... . ....33

LI0.4. Other control measures ""'34
1.11. Objectives '""35
1.12. References """37

CHAPTER 2

VIRULENCE DIVERSITY IN THE BIPOLARIS SOROKINIANI POPULATION

2.1. Introduction " ""56
Z.Z.l/Laterials and methods """'58
2.2.1. Collection of isolates """"58
2.2.2.Differential lines ""'59
2.2.3.Preparation of host plants """"'59
2.2.4. Preparation of inoculum """"""'60
2.2.5.Inoõulation and disease assessment ' " ' "60
2.2.6.Viru1ence group designation """6I
2.3. Results..... ""'61
2.4.Discussion. ""'64
2.5. Tables and Figures ..... ""'77
2.6. References . """79

CHAPTER 3

HOST X PATHOGEN INTERACTIONS AMONG BARLEY GENOTYPES AND

B IP O LA RIS S O ROKINIANI ISOLATE S

3.l.Introduction ""'82
3.Z.Materials and methods " ""'84
3.2.1. Disease assessment and virulence group designation """'84



3.2.2.Data analysis ..... ... .. " " " """84
3.2.2.I. Analysis of variance " " " """84
3.2.2.2.Regrôssion analysis """"'85
3.2.2.3.Hiãrarchical cluster analysis """""'86
3.3. Results ..... " "" ""'87
3.3.1. Analysis of variance """'87
3.3.2.Regression analysis """87
3.3.2.I.Regression analysis ofpathogen virulence on differential lines .""'87
3.3.2.2. Regression analysis of the differential lines infection responses induced by

different pathogen isolates """89
3.3.3.Hierarchical cluster analysis of isolate virulence """"""'90
3.4. Discussion . ""'91
3.4.1.Analysis of variance """'91
3.4.2.Regrâssionanalysis ''""'""93
3.4.2.l.Regression analysis of fungal virulence on differential lines -.........93

3.4.2.2. Regression analysis of the differential lines infection responses induced by

different fungal isolates """"'94
3.4.2.3. Application of joint linear regression analysis to study host x pathogen

inieractions..... """""'95
3.4.3.Hierarchical cluster analysis of the disease virulence of isolates ..'....96

3.4.5.Implications from the results of quantitative approaches . . . ......97

3.5. Tabies and Figures .... ""104
3.6.References. ""115

CHAPTER 4

GENETIC DIVERSITY \üITHIN BIPOLARIS SOROKINIAN,4 POPULATIONS
AND ITS RELATEDNESS TO VIRULENCE PATTERN IN THE PATHOGEN

VI



4.3.7. Principal coordinate analysis '.'i31
4.3.8. AFLP pattern of the three ND reference isolates ...131

4.3.9. Comparison of molecular data with virulence pattern of isolates (Mantel's test) 132

4.4. Discussion . ....132
4.4.1. General discussion .. . .. . .I32
4.4.2.sourcesofvariationinthepathogenpopulation ..........'737
4.4.2.I. Mutation ...137

4.4.2.2. Migration and gene flow . ..... .138

4.4.2.3. Recombination ... .....i38
4.4.3. Conclusion ...140

4.5. Figures and Tables ..........142
4.6. References . ....157

CHAPTER 5

MAPPING QTLS CONFERRING RESISTANCE AT THE SEEDLING STAGE
TO PATHOGENIC ISOLATES OF BIPOLARIS SOROKINIAN,4 IN BARLEY
LINE TR 251 BY SELECTIVE GENOTYPING

S.l.Introduction ...163

5.2. Materials and methods ...'165

5.2.lPhenot¡1ping ...165

5.2.l.L Plantmaterials ..........165
5.2.1.2. Fungal isolates and virulence assessment ... .....166

5.2.L3. Phenotypic data analysis .... .-'.".'.166
5.2.2. Genotyping .........166
5.2.2.I. DNA extraction and quantification .........166
5.2.2.2. Bulked segregant analysis (BSA) .----'.....767
5.2.2.3. Simple sequence repeat analysis ....167

5.2.2.4. AFLP analysis ....168

5.2.2.5. Linkage analysis .....'.168
5.2.2.6.Identification of the QTl-linked markers ........-.169
5.2.2.6.7. Statistical analysis of allelic differences using binomial distribution test .. ....169

5.2.2.6.2. Statistical analysis of allelic differences using hypergeometric distribution 170

5.3. Results ..... ......170
5.3.1. Phenotypic data analysis (virulence analysis) ...'..I70
5.3.2. Genotypicdataanalysis.... .'....17I
5.3.2.I. Marker (SSR and AFLP) and bulked segregant analyses .'...I7I
5.3.2.2. Linkage analysis '-'-'-...172
5.3.2.3.Identification of the QTl-linked markers . '. ' -. ... 173

5.3.2.3.I. Statistical analysis of allelic differences using binomial distribution test .. ...173
5.3.2.3.2. Statistical analysis of allelic differences using hypergeometric distribution

5.4. Discussion . ..1,75

5.5. Figures and Tables ........ 184

test
174

v11



5.6. References

CHAPTER 6

GENERAL DISCUSSION AND CONCLUSIONS

6.1. General discussion
6.2. Conclusions
6.3. References

APPENDICES ..

Appendix I: Disribution map of Bipolaris sorokiniøna
Appendix II: Gramineous hãsts oiBipotaris sorokiniøna
Appendix Irr: Suplementary information on the oin"..otiuïiio",

. ...195

207

208
.........212

214

vllt



LIST OF TABLES

Accession number, year and location of collection, host and tissue
origin, and name of supplier of Bipolaris sorokiniana isolates used
for virulence analysis.

Average infection responses on T2 barley differential lines
inoculated with 127 isolates of Bipolaris sorokiniana and
coresponding virulence groups designated by the coded triplet
nomenclature system.

Number and percentage of Bipolaris sorokinian¿ isolates collected
(or obtained) from different provinces of canada or other countries
assigned to 8 virulence groups.

Number and percentage of r27 isolates of Bipolaris sorohiniana
collected from different host plants or plant parts assigned to g

virulence groups.

Disease reactions induced by eight virulence groups of Bipolaris
sorokiniana on 12 barley differential lines based on the classical
binary method of virulence group designation.

Analysis of variance of arcsin transformed mean disease severities
induced by r27 isolates of Bipolarís sorokiniana oî 12 barley
differential lines.

Page
Table 2-1.

Table2-2.

Table 2-3.

Table2-4.

Table 3-1.

Table 3-2.

72

75

78

78

10s

105

Table 3-3. Mean disease virulence (arcsin transformed) and regression
parameters of L27 isolates of Bipolaris sorokiniana ftn 8 virulence
groups) based on infection response of 12 barley differential lines. 106

Table 3-4. Mean disease infection responses (arcsin transformed) and
regression parameters for 12 barley differential lines inoculated with
I27 isolates of Bipolaris sorokiniana. I07

Table 4-1. The winnipeg Research Station (wRS) codes, year and location of
collection, original host plant, name of supplier and virulence
groups of Bipolaris sorokiniana isolates used for AFLP analysis. 143

Table 4-2. Number and frequency of monomorphic and polymorphic markers
generated by each primer combination used in amplified fragment
lengfh polymorphism (AFLP) assays of 93 isolates of Bipaolaris
sorokiniana. I45

Table 5-1. Monogenic segregation of SSR and AFLP markers that exhibited
association with spot blotch resistance loci at the seedling stage in a

1X



DH population of a cross between barley line TR 251 (disease
resistant) and cDC Bold (disease susceptible). Marker-erl
association was tested by a binomial distribution-based selective
genotyping analysis, using 5, 10, and 15% of the selected
individuals with extreme phenotlpes in each tail of the population.
Segregation data for SSR markers 'EBmac0827','Bmag0359', and
'Bmag0120' on centromic region and long arm of chromosome 7H
with no association with resistance erl, are shown for comparison.

Monogenic segregation of ssR and AFLp markers that exhibited
association with spot blotch resistance loci at the seedling stage in a
DH population of a cross between barley line TR 251 (disease
resistant) and cDC Bold (disease susceptibre). Marker-eTl
association was tested by a hypergemetric distribution-based
selective genotyping analysis, using 5, 10, and, 15% of the selected
individuals with extreme phenotypes in each tail of the population.
Segregation data for SSR markers 'EBmac}B27,,'Bmag0359', and
'Bmag0120' on centromic region and long arm of chromosome 7H
with no association with resistance eTL are shown for comparison.

185

Table 5-2.

186



Figure 3-1.

Figure 3-2a,b.

Figure 3-3.

Figure 3-4a,b.

Figure 3-5.

Figure 4-1.

LIST OF FIGURES

The virurence response of isolates with the maximum (Max.) 
Page

and- minimum (Min.) regression coefficients within each of the8 designated virulen"" group. of Biporaris sorokiniana toincreasing susceptibility in ti Aarley differential lines. Detailsabout the calcurations of mean disease virulence of isolates
and genotype disease infection response index are described intext. 

10g

The relation of mean disease virulence and the regressionparameters of a) regression coefficient and b) deviatiJi meansquares, of r27 isorates of Biporaris soroikiniana in eightdesignated virulence groups. --' vrvv'eew"q LL' 
110

The response of 1? barrey differentiar lines to 127 isolates ofBipolaris sorokiniana with different levels ofvirulence/aggressiveness. The'isorate virurence index, foreach isolate was.calcurated by subtracting the ou.ruri 
.-.un

from.the marginal mean infection responses of differentials tothat isolate' The mean of the diseasè infection .ìrpãnr.. oreach differential line were regressed on isolate virulenceindexes. Regression lines of .ulãr,*. .CDC Bold, and .CDC
Stratus' are overlapped and cannot be distinguishedindividualiy. u¡uLr¡rðu 

li 1

The relation of mean disease infection response and theregression parameters of a) regression coefficient and b)deviation mean squares, for lz barrey differentiar rinesinoculated with I27 isolates of Bipolaris sorohiniana. II2
Dendrogram of similarity of the mean disease virurences ofr.27 isolates of Biporaris sorokiniana on L2 barrey differentiallines revealed by cluster analysis based o" **áighì.ã p"ir_group merhod using arithmetic averages (IrpGMA):rhe Ëcaleillustrated at the bottom of the dendro"gram is the mean diseasevirulence similarity coefficient based" on average taxonomicdistances (Sneath and Soka., rg73)- Isolates in the samevirulence goup based on the classiáal method of virurencegroup designation are colour_coded. i i3

Partial q.] i-ut::*.o{ rhe amplified fragmenr lengthpolyrnorphism (AFLP) banding pättr_ of 93 isolates of
B ip o I ar i s s o r o kini ana, produced -U 

y S Oiffo.rrt r.i..tirr; ;;_",
liT: The amplification products were analyzed on an ABI3100 fragment analyser iogether with a Genescan_S 0o Lrz

xi



Figure 4-2.

Figure 4-3.

FÍgure 4-4.

labelled size standard (the first lane from reft side).
chromatograms were processed by the Genescan software and
data were converted into a gel image using Genographer
software. AFLP markers showing close asiociation with
isolates of virulence gïoups 6.3.5.0, 7.7.5J, and, 7.7.7.5 are
indicated by arrows for each primer combinations.

Partial gel images of the amplified fragment length
polymorphism (AFLP) banding pattem of 93 isolates of
Bipolaris sorohiniana, produced by 2 different selective primer
pairs. The amplification products were anaryzed on an ABI
3100 fragment analyser together with a Genescan-5}} Lrz
labelled size standard (the first lane from left side).
chromatograms were processed by the Genescan software and
data were converted into a gei image using Genographer
software. AFLP markers showing close asiociatioã with
isolates of virulence group 0.0.0.0 are indicated by anows for
each primer combinations.

Partial gel images of the amplified fragment length
polymorphism (AFLP) banding pattern of 93 isolates of
Bipolaris sorokiniana, produced by 3 different selective primer
pairs. The amplification products were arnlyzed on un a¡l
3100 fragment analyser together with a Genescan-5}) Lrz
labelled size standard (the first lane from left side).
chromatograms were processed by the Genescan software and
data were converted into a gel image using Genographer
software. Two AFLP markers showing close associatiðn with
both isolates of virulence groups 0.0.0.0 and 6.0.0.0 (E_AA+
M-CC-134 and E-AA + M-CG-77) and, an AFLp marker
showing ciose association with isolates of virulence groups
0.0.0.0, 6.0.0.0, 6.3.5.0 and 7.7.7.5 (E-AA+ M_CT_4ù) are
indicated by arrows for each primer combinations.

A dendrogram of 93 isolates of Bipolaris sorokiniana
produced by the unweighted pair-group method using
arithmetic averages (IlpGMA), and based ón Dice similarity
coefficient (Dice, 1945; Nei and Li, lgTg). A total of g5
polymorphic amplified fragment length polymorphisms
(AFLPs) obtained with 8 primer combinatio.rq *e.e used in
the anaiysis. The numbers above the nodes represent the
percentage bootstrap support (1,000 replications) for each
cluster showing values greater than 50%. The virulence and
AFLP groups, determined by the classical method of virulence
group classification and cluster analysis of molecular data,
respectively, aÍe listed for each isolate.

r46

t47

148

149

xl1



Figure 4-5.

Figure 4-6.

Figure 4-7.

Figure 4-8.

Figure 5-1.

A dendrogram of 93 isolates of Bipolaris sorokiniana
produced by the weighted pair-group method using arithmetic
averages (WPGMA), and based on Dice similarity coefficient
(Dice, 1945; Nei and Li, 7979). A total of 85 polymorphic
amplified fragment length polymorphisms (AFLPs) obtained
with 8 primer combinations were used in the analysis. The

virulence and AFLP groups, determined by the classical
method of virulence group classification and cluster analysis of
molecular data, respectively, are listed for each isolate.

Estimated phylogenetic relationships among 93 isolates of
Bipolaris sorokiniana based on cluster analysis using the
neighbor-joining method and the Dice genetic distance

coefficient performed on 85 amplif,red fragment length
polymorphisms (AFLPs) obtained with 8 primer combinations.
The numbers above the nodes represent the percentage

bootstrap support (1,000 replications) for each cluster with
values greater than 50o/o. S¡rmbols represent the virulence
group as identified for each isolate based on the classical
method of virulence group designation.

Associations among 93 Bipolaris sorokiniana ísolates revealed
by a two-dimensional plot produced by principal coordinate
analysis of 85 amplified fragment length pol¡rmorphism
markers. Isolates were classified into 8 different virulence
groups based on the classical method of virulence group

designation. Isolates of each virulence group are indicated by
different codes and s¡rmbols of different colors to provide a

clearer differentiation.

Associations among 72 pathogenic Bipolaris sorokiniana
isolates revealed by two-dimensional plot produced by
principal coordinate analysis of 85 amplified fragment length
polymorphism markers. Six virulence groups 6.3.5.0, 7.7.5.I,
7.7.7.5,5.7.0.0, 5.7.4.0 and 7.7.5.4, were used in this analysis.

Isolates of each virulence group are indicated by different
codes and symbols of different colors to provide a clearer

differentiation.

Frequency distribution of the mean infection responses of the

226DH lines of the cross TR 25I x CDC Bold and the parents

inoculated with isolates WRS1983 and WRS1934,
representative of virulence groups 7.7.7.5 and 5.7.4.0,
respectively, of Bipolris sorokinian in Canada.

151

153

155

156

r87

x11l



Figure 5-2.

Figure 5-3.

Bulked segregant analysis of pooled DNA in 11 resistant
(Bulk-R) and 11 susceptible (Bu1k-S) DH lines and

corresponding resistant (TR 251) and susceptible (CDC Bold)
parents, screened by SSR marker 'Bmag0138' (QTl-linked
marker on chromosome 3H) compared to SSR marker
'Bmac03i6' (QTl-unlinked marker on chromosome 6H).

Partial genetic linkage map of chromosomes lH, 3H, 5H and

7H constructed based on the segregation data of 84 selected

progenies of the TR 251 x CDC Bold DH population with
extreme phenotypes (resistant + susceptible), showing relative
distances of the 26 SSR and AFLP tested by selective
genotyping analyses. Marker designations are illustrated on the

right side of each chromosome. The map distances in
centimorgans (cM) were calculated using the Kosambi
mapping function and are illustrated on the left side of each

linkage group.

t87

188

XlV



LIST OF SYMBOLS AND ABBREVIATIONS

A,A'IìC Agriculture and Agri-Food Canada

AFLP Amplified fragment length polymorphism

ANOVA Analysis of variance

ATP Adenosine 5'-triphosPhate

b¡ Regression coefficient

bp Base pair
BSA Bulked segregant analYsis

BSA* Bovine serum albumin

BTH Beruo(I,Z,3)thiadiazole-7-carbothioicacid-S-methylester

CHEF Contour-clamped homogeneous electric field

cm Centimetre (10-2 metre)

cM CentiMorgan

CMI Commonwealth Mycological lnstitute

CRC Cereal Research Centre

cv. Cultivar
DCINA 2,6-dichloroisonicotinic acid

DDC Dice dissimilarity coefficient

df Degree of freedom

DH Doubled haploid

DL Differential line

DNA Deoxyribonucleic acid

dNTPs Deoxynucleoside triphosphate

DSC Dice similarity coefficient

DTT Dithiothreitol
E .EcoRl

EDTA Ethylenediaminetetraacetic acid

EST Expressed sequence tag

F Fisher statistic

FISH Fluorescent in situ hybridization

g Gram

GISH Genomic in situ hybridization

GS Growth stage

GTBM Germ tube burst method

h Nei's allelic diversity index

h Hour
IR Infection response

ITS Internal transcribed spacer

L Long arm (e.g. 3HL:Long arm of chromosome 3H)

M MseI

xv



MAT Mating type

Mbp Mega base pairs (106 base pairs)

MS Mean square

mg Milligram (i0-3 gram)

min Minute

ml Millilitre (tOr titre;

mM Millimolar (10-3 moles solute per litre of solvent)

ng Nanogram (10-e gram)

NJ Neighbor-joining

nm Nanometer (i0-e metre)

N-P-K Nitrogen-Phosphate-Potassium

P Probability
P PstI

PCoA Principal coordinate analysis

PCR Polymerase chain reaction

PFGE Pulsed field gel electrophoresis

pH Potential of hYdrogen

pmol Picomole (1O-tt moles solute per litre of solvent)

QTL Quantitative trait loci

r Coefficient of correlation

r2 Coefficient of determination

RAPD Random amplified polymorphic DNA

RFLP Restriction fragment length polymorphism

RH Relative humiditY

rpm Revolutions Per minute

s Second

S Short arm (e.g. 3HS:Short arm of chromosome 3H)

SAP Single amino acid polymorphisms

SCRI Scottish Crop Research Institute

SNP Single nucleotide polyrnorphism

SS Sum ofsquares

SSR Simple sequence rePeat

STS Sequence tagged site

TE buffer Tris/EDTA buffer

Tris-HCl Tris(hydroxymethyl)aminomethane

TIPGMA Unweighted pair-group method with arithmetic averages

UP-PCR Universally primed polymerase chain reaction

vlv Volume to volume (i.e.2% v/v means that the volume of the substance is

2Yo of the total volume of the solution or mixture)

xvl



VIG Virulence group

WPGMA Weighted pair-group method with arithmetic averages

WRS V/innipeg Research Station
oC Degree centigrade (or degree Ceisius)

¡.tl Microlitre 1tO-6 iitre)

XVl1



ABSTRACT

Spot blotch, caused by Bipolaris sorokiniana is one of the most damaging foliar diseases

of barley in Canada, especially in Manitoba. This research project was undertaken to

evaluate the virulence and genetic diversity of the pathogen in Canada, as well as the

genetics of resistance in the spot blotch resistant barley line TR 251.

The infection responses of 12 differential barley genotypes inoculated wíth I27 B.

sorokinianø isolates were used to charactenze the virulence pattern of the pathogen in

Canadaand compare this to that previously reported for the USA (i.e. pathot¡pes, '0', '1'

and'2'). Using the classical (qualitative) method of pathoty,pe designation isolates were

classified into eight virulence goups. A quantitative analysis of the data showed that

these eight groups can be categorized into 3 distinct pathogenic groups, of: 1) low

virulence (equal to pathotyp" '0'); 2) differential virulence (equal to pathotype'2'); and

3) virulence with varying levels of aggressiveness (the other 6 virulence groups).

Considerable virulence diversity among isolates in the third major group did not allow for

the incorporation of all these isolates into a single unique virulence group (i.e. pathotype

'1').

Based on molecular analysis, low virulence isolates and those with differential virulence

were clearly discernable from isolates in the other six virulence groups þathogenic group

3). The molecular analysis did not provide a robust differentiation between isolates of the

latter six virulence groups identified by the classical method of pathotype designation'

xvlrl



However, the groupings based on molecular analysis were concordant with those made

by quantitative analyses of virulence data.

A doubled haploid population derived from a cross with TR 251 was used to

evaluate the genetics of the resistance to spot blotch. Four putative loci on chromosomes

1H, 3H, 5H, and 7H were associated with spot blotch resistance in line TR 251, of which

two, located on chromosomes 1H and 5H, have not been reported previously. These loci

are both likely unique, and presumably contribute to the superior resistance of line TR

25I to B. sorokiniana.
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CHAPTER 1

II{TERACTIONS BETWEEN BARLEY

S O RO KI MA NAz LITERATURE REVIEW

AND BIPOLARIS

1.1. Introduction

The world's growing population requires additional food production to ensure

adequate nutrition in the future. By 2050, global population is projected to be 50% larger

than at present and global grain demand is projected to double (Tilman et al., 2002). The

majority of arable land on the planet is already under cultivation and only limited amount

of marginal land can be exploited for further crop production. Further increases in

agricultural ouþut, therefore, must be focused on yield increases through water-, soil-,

and nutrient-use efficiencies, plant breeding, and disease and pest management. Plant

pathogens are a major constraint to crop production, and result in severe losses in yield

and quality (Gaunt, 1995). About 30% of total world crop production is lost annually due

to various biotic and abiotic stresses and one-third of this loss is attributable to plant

diseases (Fraser, I 985).

Although in recent years the development and availability of numerous systematic

fungicides has provided for effective control of plant diseases, the most efficient and

environmentally sound means of control is through deployment of resistant cultivars. The

long-term effectiveness of breeding for disease resistance depends on the nafure of the

pathogen and diversity of virulence in the pathogen population, as well as availability,

diversity and type of genetic resistance present in host genotlpes. The evolutionary

interactions among crops and their pathogens indicates that pathogens can evolve rapidly

and that improvements in crop resistance to a pathogen is likely to be transitory $ilman

et al., 2002). The virulence variability in populations of pathogens must be checked

regularly in order to identify newly evoived pathogen races. Information on pathogenic

variability of pathogens is necessary for successful deployment of resistance genes in

new cultivars.



Barley (Hordeum vulgare L.) is the second most important cereal crop in Canada

(Anon, 2005). On a global scale, Canada is one of the four major exporters of barley

(Racz, 2003). Barley is affected by numerous diseases and these can occur wherever the

crop is grown. In Canada, barley is affected by severai economically important diseases

caused by fungal, bacterial, and viral pathogens (Bailey et a1., 2003). Of the foliar

diseases, spot blotch is one of the most important in Canada and can cause significant

reductions in grain yield and quality. In recent years, the importance of spot blotch in

barley has increased markedly in southern Manitoba (Tekauz et aI.,2003). Disease is also

a main constraint of barley production in other regions of Canada (Bailey et a1.,2003). A

considerable level of interaction between different pathotypes of Bipolaris sorokiniana

(Sacc.) Shoemaker, causal agent of spot blotch, and barley cultivars has been found in the

USA and some other countries (Arabi and Jawhar, 2004; Meldrum et aI.,2004; Valjavec-

Gratian and Steffenson,I99Ta). Three pathotypes of B. sorokiniana þathotypes 0, 1 and

Z)have been identified in North Dakota, the main spring barley growing state of the USA

(Valjavec-Gratian and Steffenson, I997a). The molecular diversity in B. sorokiniana

(Fordyce and Meldrum,200l; Mironenko and Bulat, 2001;Zhong and Steffenson, 2001a)

as weli as the mapping of the loci conferring the resistance to different pathotypes of the

pathogen (Bilgic et aL,2005 and 2006; Steffenson et al., 1996) have been evaluated in

several studies.

In contrast to the several published studies on the pathogenic and genetic diversity

in B. sorokiniana in the USA and elsewhere, there are no recent, comprehensive reports

documenting the virulence variation present in the Canadian population of B.

sorokiniana. This, in combination with the emergence of a new pathotype of pathogen

þathotype '2') in North Dakota (Valjavec-Gratian and Steffenson, i997a), a US state

adjacent to Manitoba, underlined the importance of evaluating the current virulence in the

pathogen population in the province. The recent severe outbreaks of spot blotch in

Manitoba may be the result of the emergence of new pathogen races, and therefore,

underscore necessity to discover new sources of resistance in Canadian barley

germplasm. Molecular markers provide powerful tools to study genetic variations in the

Canadian population of B. sorokiniana, and to identify the chromosome locations of



quantitative trait loci contributing to spot blotch resistance in newly-identified resistant

lines developed in western Canada.

The aim of this chapter is to provide a comprehensive literature review on the

importance of barley (host), md B. sorokinianø þathogen), and on their interactions.

Different aspects of the pathogen, including taxonomy, morphology, cytology, and

physiological characters, as well as its phylogeny will be discussed in detail. The

epidemiology of the disease and effect of environmental factors on the development of

spot blotch will also be reviewed. This will also include a review of the literature on

different aspects of the host-pathogen interactions, including microscopical, biochemical,

toxilogical, and genetical interactions between barley and B. sorokiniana. A summary of

the literature on available disease management strategies for spot blotch control will also

be presented. The overall objectives of this thesis will be listed at the end of the chapter.

1.2. Barley

1.2.1. Origin, morphological variation, and importance of barley

Cultivated barley (Hordeum vulgare L.) is one of the founding crops of Old

World agriculture that still is grown across a wide diversity of environments on the

planet. The genus Hordeum L. belongs to the tnbe Triticeae Dtxnortier in the grass

family (Poaceae), the largest family among monocotyledonous plants. The genus

Hordeum consists of 31 species, including cultivated barley, H. vulgare subsp. vulgare

(BadenandBothmer,lgg4;Bothmeretal 1995). Ofthese, 15,7,and4 aredi-,tetra-, and

hexaploid, respectively, whereas two of the other five species include both di- and

tetraploid, and three include di-, tetr-, and hexaploid cytotypes (Petersen and Seberg,

2003). The Middle East, particularly the 'Fertile Crescent' (Jordan, Lebanon, Israel,

Syria, kaq, Turkey and southwestern han), has been defined as the Centre of Origin of

many cereals including barley (Harlan 1976). Most studies indicate that barley was likely

domesticated from its wild ancestor, H. vulgare subs. spontaneum, about 10,000 years

ago. This wild progenitor, along with a range of other Hordeum species, is sti1l found in

its primary habitats in the 'Fertile Crescent' (Badr et al., 2000; Harlan and Zohæy, 1966;

Nevo, 1992).



Barley genotypes show a large variation in morphological traits. A multitude of

current cultivated barley genotlpes with diverse characteristics (e.g. two-rowed versus

six-rowed; hulled versus naked kemels; black-aleurone versus white-aleurone) is based

on accumulated mutations and spontaneous hybridization between different types of

primary cultivated barley genotypes as well as with accompanying weedy forms of fL

spontaneum (Bothmer and Jacobsen, 1985; Molina-Cano et al., 2002). There are two

broad categories of barley based on spike morphology, two-rowed and six-rowed types.

In barley spikes there are three spikelets at each node of the rachis, each only having a

single floret. The lateral spikelets in two-rowed barley bear sterile florets which do not

produce any seed, whereas all three spikelets in six-rowed barley are fertile. Barley

genotypes with intermediate spike types also exist (Bothmer and Jacobsen, 1985). Based

on archeological barley remains, it was proposed that two-rowed types were older than

six-rowed types (He1b aek, 19 59 ; Zohary, I97 3).

Barley is the fourth largest cereal crop in the world following wheat, maize and

rice (Langridge and Ban,2003; Poehlman, 1985). Barley is grown throughout the world

and because of its wide adaptability to drought and poor soils, especially those with

higher salinity which may restrict cultivation of other cereals, it also cultivated on many

marginal environments with low production potential. Barley is a short season crop, and

is an early maturing grain compared to other cereals (Poehiman, 1985). This makes it a

favorable crop in short-season environments and arid and semi-arid areas with

insufficient rainfall or water supply during the cropping season. About 85% of the

world's barley production is estimated to be used to feed farm animals (e.g. cattle, sheep,

goats, pigs, horses and poultry), while the rest is used for malt production, human food,

seed production and starch production (Fischbech,2002). The extracted malt from barley

grain can be used for a number of purposes, but most of the barley malt is utilized in

brewing industry to make beer, whisky and some other alcoholic or non-alcoholic

products (Fischbech, 2002).
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1.2.2. Cultivation and use of barley in Canada

Barley is the second most important cereal grain in Canada. Based on the five-

year average from 2000-2004, it occupies a land base of about 4.9 million hectares.

Average annual production of barley in Canada from 2000-2004 was around 11.4 million

tons (Anon, 2005). Barley is grown throughout Canada, but the major growing areas are

in the prairie provinces, Alberta, Saskatchewan and Ma:ritoba, and these account for 93Yo

of Canada's a¡nual production (Anon, 2005). Almost all barley produced in Canada is

spring-type and is planted in spring, from April to June, and harvested from August to

October. ln most of regions barley is harvested for grain and is used mainly by the

malting and livestock feed industries. In some regions planted barley is cut green, and

fed, mainly to cattle as gleen chop, hay, or silage (Anon, 2006). On a global scale,

Canada is a major barley producer and also one of the four (EU, US, Canada and

Australia) significant barley exporters (Racz, 2003). The world barley supply can be

significantly influenced by changes in Canadian barley production.

L.3. Diseases of barley in Canada

Barley is affected by numerous diseases and these can occur wherever the crop is

cultivated. Barley diseases are a major limiting factor to barley production and grain

quality. In North America, bariey is damaged by about 15 economically important

diseases (Kiesling, 1935). These may reduce both yield and quality of barley for malt,

food, and feed uses (Kiesling, 1935). In Canada, biotic diseases of barley are caused by

fungi, bacteria, and viruses, with funga1 pathogens being the most numerous and

damaging microorganisms among the above (Bailey et a1.,2003). Barley fungal diseases

in Canada can be classified into four major classes as follows:

1. Root and crown diseases that are responsible for poor germination and seedling death

(e.g. seedling blight, common root rot, pythium root rot, eyespot, and take-all).

2. Foliar diseases caused by several fungal pathogens which destroy leaf tissues resulting

in reduced productivity in plants (e.g. net blotch, spot blotch, powdery mildew, leaf

stripe, leaf rust, stripe rust, speckled leaf blotch, and scald).

3. Stem diseases, in particular stem rust.



4. Head diseases that replace or damage the kernels and decrease grain quality (e.g.

covered smut, false loose smut, loose smut, ergot, and fusarium head blight).

1.3.1. Foliar diseases of barley and their importance in Canada

Foliar diseases are widespread and serious invaders of barley in most parts of the

world. Barley plants grown in temperate, humid regions are parasitized by about 10

economically important bacterial and fungal foliar pathogens, some of which also attack

parts of the plant other than foliage (Mathre, 1997). These are also an important

component of fungal pathogens invading barley in Canada. Leaf pathogens destroy leaves

resulting in a reduction of photosynthesis. lnfected leaves senesce earlier and plants

mature before completing their normal physiological processes. This results in smaller

kemels that reduce both grain yield and quality. The severity of the foliar disease on

barley and the amount of yield or quality loss depend largely upon the virulence and

aggressiveness of the pathogen, resistance of the host cultivar, influence of environmental

factors, and time of initial infections (Kiesling, 1985). The main foliar diseases of barley

are leaf rust, leaf blights, and powdery mildew (Mathre, 1997). Except for powdery

mildew, caused by Erysiphe graminis DC. f. sp. hordei Em. Marchal, and barley leaf rust,

caused by Puccinia hordei G. Otth, the other foliar diseases of barley are classified in a

major group referred to as leaf blights. The major leaf diseases in this latter category

include leaf stripe (Pyrenophora graminea lto &. Kuribayashi), net blotch (Pyrenophora

teres Drechsler), scald (Rhynchosporium secalis (Oud.) Davis), speckled leaf spot

(Septoria passerinii Sacc.), and spot blotch (Bipolaris sorokiniana (Sacc.) Shoemaker),

among which scald, net blotch, and spot blotch are the most prevalent foliar diseases of

barley in western Canada (Femandez et a1., 7999; Tekauz et al., 1999; Xue et a1.,1994).

Leaf blights have a number of attributes in common: contaminated seed or infected crop

residue is the source of primary inoculum. Most of the pathogens are not soil inhabitants

and their spores ate not carried long distances by wind to initiate epidemics.

Consequently, they are locahzed diseases whose development depends on indigenous

primary inoculum as well as on local weather (Shaner, 1981).



1.4. Spot blotch

Spot blotch, caused by B. sorokiniana, is one of the most important foliar diseases

of barley found in nearly every region in the world where the crop is grown (Mathre,

1982). However, it appears to cause significant losses only in areas with a warrn, humid

climate, and is rarely a problem in barley grown under semiarid conditions (Bonman et

al., 2005). Spot blotch can markedly reduce both kernel size and weight in barley and

causes significant yield losses. Under favorable climatic conditions severe damage can

occur, and crop losses are proportional to the amount of leaf and sheath tissue destroyed

(Bailey et a1.,2003). The severity of disease on barley can vary greatly from year to year

because the pathogen is sensitive to environmental conditions (Bonman et al., 2005).

Under experimental conditions using artificial inoculation, yield reductions of 11 to 30%

have been reported for susceptible barley cultivars in Canada (Clark, 1979; Dostaler et al.

1987; Ghazvini and Tekauz,2004).

The importance of the spot blotch has increased markedly in the last few decades.

In wheat, this may be related, in part, to recent successes in developing cultivars more

resistant to ieaf rust, which providing more tissue for colonization by facultative parasitic

fungi (Gilbert et al., 1998). The pathogen can attack any organ of a barley plant and

causes other desfructive diseases of barley such as common root rot and seedling blight

(Kumar et a1., z}}z).lnfection of heads can result in a dark seed discoloration, termed

black point or smudge (Bailey et a1., 2003). In eastem Canada, seedling blight is often

followed by the foliar phase (spot blotch). In western Canada, seedling blight can

continue to develop underground as common root rot (Bailey et a1.,2003).

1.4.1. Causal agent

Bipolaris sorokiniana (Sacc.) Shoemaker f(teleomorph Cochliobolus sativus, (Ito

and Kuribayshi) Drechs. ex Dastur. syn. Helminthosporium sativum Pamm. King and

Bakke.] is the causal agent of spot blotch. It has been a serious problem of barley and

wheat since 1910 when it was first shown to be a plant pathogen (Pammel et al., 1910).

The fungus is one of the most important constraints to the normal growth and



development of the crops in warm and humid conditions, and usually becomes severe

after inflorescence emergence (Couture and Sutton,I978c).

1.4.2. Yield loss

Spot blotch caused average yield losses of 260/o and 16%o in 1976 and 1977,

respectively, and a t}o/o reduction in kernel weight at Ottawa, ON (Clark , 197 9) . In North

Dakota, Nutter et al. (1985) found that yield losses in six-rowed barleys inoculated at

specific growth stages with B. sorohiniana ranged from 4o/o to 20Yo. An annual grain

yield loss of 5-I0o/o was estimated for barley production in Manitoba when plants were

damaged by the leaf spot complex of net blotch (Pyrenophora teres) and spot blotch

(Tekauz, 2003). Results of Z-year field trials with trvo barley cultivars naturally and

artificially infected with B. sorokiniana showed that leaf inoculation gave significant

decreases in thousand kernel weight, kemel size, and yield in two years and control of B.

sorokinianø spot blotch by fungicides led to an 8o/o increase in yield in one year (Presser,

1991). Likewise, Anderson and Banttari (1976) reported that in field and greenhouse

evaluations, yields and kemel weights were less and kernel discoloration greater in both

resistant and susceptible barley cultivars inoculated with B. sorohiniana, than in non-

inoculated controls. The effects of seed-borne infection of barley by B. sorokiniana on

yield loss have also been investigated. Whittle and Richardson (1978) found that with no

development of foliar disease, losses from heavily infected seed stocks amounted to an

average of75o/o.

1.4.3. Distribution

The pathogen is found in nearly every region where barley is grown. Bipolaris

sorolcinian¿ attacks a large number of species in the family Gramineae (Sprague, i950)

a:rd a few dicotyledonous species (Sp,rrr and Kiesling, 196l). Because of its extended

host range, the pathogen has a widespread distribution (Anon., 1986). According to

Commonwealth Mycological Institute (CMÐ map (Appendix I) evidence of disease has

been reported from more than 90 countries distributed over all continents. The occurrence

of the pathogen in cooler areas of the world (East Europe, North-west China, North-west

Africa, and North America) may be attributed to its ability to acclimatize to cold, which



enables inoculum survival even under freezíng winter temperatures (Kumar, 2002).

Breeding efforts and the extension of irrigated lands have recently increased cropping

intensity, thereby supporting the spread of the pathogen to previously uninfected areas.

The disease has been especially damaging in the upper Midwest of the United States and

in the central provinces of Canada (Mathre, 1997).

1.4.4. The host range

Bipolaris sorokíniana is known primarily as a cereal pathogen Q.{elson and Kline,

1961). It causes a major disease, spot blotch, of barley and wheat (Triticum aestivum L.)

and also can attack oat (Avena sativa L.), rice (Oriza sativa L.), rye (Secale cereale L.),

Triticale (Triticale sp.) and com (Zea mays L.) (Bakonyi et aI, 1997; Sivanesan, 1987).

Zillinsky (1983) reported that rye is less susceptible and oat is seldom infected. However,

the pathogen has been collected from both these cereals in many countries (Bakonyi et al.

1997; Sivanesan, 1987). A wide variety of wild relatives of cultivated cereals and other

grasses act as potential hosts for B. sorokiniana (Nelson and Kline, 1961, 1962, and

1963). Fifty of these wild relatives and monocotyledonous grasses, together with seven

cereal species, which can be infected by the pathogen, are listed in Appendix II. The

pathogen may rareiy attack dicotyledonous plants in the fr.eld. Bipolaris sorokiniana was

isolated from leaf lesions in a field of Michelite beans (Spurr and Kiesling, 1961). In

addition, Spurr and Kiesling (1961) found that bean, cowpea, cucurbits, pea, sunflower

and tomato plants can be parasitized by B. sorokiniana in the greenhouse.

1.4.5. Disease symptoms

The s¡rrnptoms of B. sorokiniana infection vary with the barley genotype and

growth stage, the isolate of the pathogen, and the environment (Kiesling, 1985). Spots

can develop on leaves and leaf sheaths at all stages of plant development. Symptoms first

appear as small brown spots on a leaves that enlarge into elliptical, uniformly dark brown

blotches with distinct ye1low halos, but may later coalesce into irregular dark brown

necrotic areas (Dickson, 1956). The spots are usually restricted in width by leaf veins;

however, in some cases, lesions may continue to enlarge to form blotches that cover large

areas of leaves (Mathre, 1997). The most corrmon characteristic of the symptoms is the



production of a dark brown pigment in the lesions (Kiesling, 1985). Older spot blotch

iesions often appear olive black, due to sporulation of the fungus (Mathre, 1997). Lesions

closely resemble the spotted form of net blotch. Lesions may extend longitudinally on the

leaf blade, but they do not become long, narrow streaks as in net blotch (i\4artens et al.,

2003).

Depending on host resistance (or susceptibility), pathogen virulence and

environmental factors, lesion sizes may vary from minute to small necrotic lesions (0.3-

0.7 mm in length and 0.3- 0.5 mm in width) with no or very slight diffuse marginal

chlorosis, indicative of low compatibility, to large necrotic lesions (4.0- 8.0 mm in length

and 1.4- 3.2 mm in width) with distinct chlorotic margins (rangrng from 0.5 to 1.0 mm in

width) indicative of high compatibility (Fetch and Steffenson, 1999). Dark spots may also

appeff on the leaf sheaths, necks, and heads of the plants. Lesions on the stalk below the

head, especially at the nodes, can result in 'neckbreak' (Martens et al., 2003). Early flora1

infections produce aborted embryos or severely shriveled kernels (Anderson and Banttari,

1976). The kernel blight phase of the disease is referred to as 'black point' or 'kemel

blight', and may develop if inoculum is abundant following heading, and environmental

conditions are conducive to infection (Mathre, I99l). The dark brown areas that develop

on lemmas of infected kernels are usually found at the basal end (Anderson and Banttari,

re76).

1.5. Taxonomy and phylogeny

1.5.1. Taxonomy of the genus Cochliobolus

Bipolaris sorokiniana has been generally classified according to its perfect stage,

Cochliobolus sativus, which belongs to the superkingdom of Eukaryota, Kingdom of

Fungi, Phylum of Ascomycota, Class of Loculoascomycetes, Order of Pleosporales,

Family of Pleosporaceae and the Genus Cochlioboløs (Alexopoulos et aL,1996). Most of

the fungi in the Pleosporales are placed in the large family Pleosporaceae. The family

Pleosporaceae comprises mainly pathogens of grasses, the anamorph stages of which are

charucteized by the production of large, darkly pigmented, multicelled conidia that leave

a pore or a dark scar on the conidiophore after they are released (Guano et al., 1999).
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Among the family Pleosporaceae, Cochliobolus, Pyrenophora and Setosphaeria with

corresponding anamorphic (asexual) states of Bipolaris, Drechslera, and Exserohilum,

respectively, aÍe well known as pathogens of variety of cereal grasses (Sivanesan,1987).

The genus Cochliobolus and its allied genera, Pyrenophora and Setosphaerla, previously

were classified in alarge $oup known as the genus Helminthosporium but this was later

divided into the three above-mentioned groups (Kumar et ãI., 2002). in later

classifications the genus Curvularia was also ciassified as an asexual stage of

Cochliobolus. and that two genera of Bipolaris and Curvularia are now recognized as the

asexual stages of Cochliobolus (Sivanesan, 1981).

Cochliobolus, Pyrenophora and Setosphaeria are closely related and

differentiation of these genera relies mainly upon a combination of characters of both the

sexual and asexual states, such as the shape and septation oftheir ascospores and conidia,

presence or absence of a protruding hilum (the point at which the germ-tube originates

from the basal celi), ffid the sequence and location of the first three conidial septa

(Sivanesan, 1987). Species ín Cochliobolus have long slender coiled (hence 'cochlio')

and transversely septate ascospores where species in Setosphaeria have shorter

ascospores, with few (usually three) transverse septa, and species of Pyrenophora have

longfitudinal, as well as transversely septate ascospores (Berbee et aI., 1999).

Generally, prediction of the phylogenetic relationship of a fungus should be

possible based on only its imperfect state (Luttrell, 1977). In species of Bipolar¿s the

large, dark multicellular conidia are fusiform (spindle-shaped or ellipsoidal form) and are

produced from pores along a gradually elongating dark conidiophore. Often conidial cells

appear to be very thick-walled, with central cells that are not much darker or broader than

the distal ones. The hilum is not protuberant and germination is bipolar, as suggested by

the generic name Bipolaris (Alcorn, 1988; Sivanesan, 1987).In Curvularia, conidiahave

one swollen and often more pigmented central cell, conidial cells never appear very

thick-walled, conidia are often curved, with or without a prominent hilum, ffid

germination is bipolar (Alcorn, 1988; Sivanesan, 1987). In Drechslera conidia have a

cylindrical form, germination can take place from any cel1, and the hilum is not
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protuberant (Aicorn, 1988; Sivanesan, 1987). In Exserohilum, conidia have different

shapes from fusiform-cylindrical to obclavate (i.e. club shaped in reverse) with a

protuberant hilum, and germination is bipolar (Alcorn, 1988; Sivanesan, 1987).

L.5.2. Phylogeny of the genus Cochliobolus

Nearly all of species in the genus Cochliobolus are pathogens of wild grasses or

cereal crops. While most species in Cochliobolus are mild pathogens on wild grasses, a

few are responsible for serious disease epidemics on some cereals (Scheffer, 1997;

Sivanesan, 1987).Interestingly, based on diversity of the internal transcribed spacer (iTS)

and glyceraldehyde-3-phosphate dehydrogenase (GAPD) gene sequences, Berbee et al.

(1999) found that all Cochliobolu.s and Bipolaris species that cause serious crop losses,

such as B. saccltari, C. carbonum, C. lteterostropltus, C. miyabeanus, C. sativus and C.

victoriae, were located within a parsimony tree. However, they stated that in spite of

close relatedness between these species, which are all well-known pathogens on cereal

crops compared to other species in the genus Cochliobolus that only parasitize the wild

grasses, these highly virulent pathogens did not form a monophyletic group of species.

Berbee et al. (1999) suggested that theses species had diverged rapidly and recently.

1.5.3. Classification of the species among the genus Cochliobolus

Cochliobolus and its asexual forms in Bipolaris and Curvularia compnse over 90

species (Alcorn, 1990 and l99l; Sivanesan, 1987). Eighty-six species of Bipolaris and

Curvularia were characteized in a classification made by Sivanesan (1987) among which

only 35 species had a distinguished Cochliobolus teleomorph, while 51 had unknown

perfect states. Classification of the species in the genus Cochliobolus is based mainly

upon characters, as follows (Sivanesan, 1987):

1. Color, shape and size of ascomata, asci and ascospores

2. Number of septa in ascospores

3. Morphological characters of colonies in culture

4. Color, shape and size of conidia

5. Conidial ornamentation

6. Hilum prominence
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7. Number of septa in conidia

8. Stromata

9. Their host and also their secondary metabolites and toxins

1..6. Morphological, cytological, and physiological characters of B. sorokiniana

1.6.1. Morphological characters of B. sorokiníøn¿ in teleomorphic state

Cochliobolus sativus (teleomorphic state of B. sorokiniana) is a heterothallic

ascomycete whose isolates tlpically are bisexual (monoecious or hermaphroditic), self-

sterile and belong to either of two sexual compatibility groups or mating types

(Shoemaker, 1955; Tinline, 1951). The sexual state of B. sorokiniana is rarely, if ever,

encountered in nature (Tinline, 1988). Under natural conditions there is only a single

report for the perfect state, in Zarrtbia (Raemaekers, 1988), and this has not been reported

from any other area where the pathogen prevails (Kumar et a1., 2002). However, the

teleomorph can be obtained under laboratory conditions by pairing opposite mating

strains (i.e. possessing opposite MAT genes) of single conidial isolates in Such's agar

media containing sterilized barley grains (Kuribayashí,1929; Tinline, 1951). The fungus

has a bipolar, homogenic incompatibility reproduction system (Tinline, 1988). Zhongand

Steffenson (2001b) reported that genetic factors other than MAT genes affect the fertility

of the fungus. Shoemaker (1955) reported ascogonia, and spermogonia that produce

spermatia in C. sativus. Spermatia are uninucleate and apparently function in the

fertilization of ascogonia to initiate pseudothecial development. Both Shoemaker (1955)

and Hrushovetz (1956b) indicated that nuclear fusion takes place in the young ascus. The

fusion nucleus undergoes two meiotic and a subsequent mitotic division to form eight

haploid nuclei (Hrushovet z, 19 5 6b).

Cochliobolus sativus is characterizedby globose ascomata, 340-470 ¡im high and

370-530 ¡rm wide, with a long cylindrical neck and obclavate cylindrical asci (Sivanesan,

1937). Ascospores are hyaline, filiform or flagelliform, pointed towards the end, contain

6-14 septa, constricted at the septum, closely coiled in a helix in the ascus, with the size

of 16-360 x 6-10 ¡rm and are often surrounded by a hyaline, thin mucilaginous sheath

(Sivanesan, 1987). Ascospores are uninucleate at inception and multicellular and
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multinucleate at maturity (Hrushovetz, I956b; Shoemaker, 1955). Asci contain zero to

eight ascospores, eight being the fuli complement (Tinline, 1988). Ascospores are longer

than the ascus within which they are helically coiled (Tinline, 1988). This arrangement

precludes the isolation of ordered tetrads as is common in many species of ascomycetes

(Tinline, 1988). The spores are large and easily manipulated. They germinate from one to

all segments, whereas conidia typically exhibit bipolar germination (Tinline, 1988).

1.6.2. Morphological and cytological characters of B. sorokinianø in anamorphic

state

Bipolaris sorokiniana is differentiated from other members of the genus Bipolaris

on the basis of morphological features of conidiophores and conidiospores (Kumar et al.,

2002). Conidiophores occur singly or in sma11 groups, are straight to flexuous, smooth,

septate, cyiindrical, sometimes geniculate, and pale or mid dark brown, up to 220 pm

long and 6-10 ¡rm thick. Conidiogenous nodes are smooth to vemrculose (Sivanesan,

1987). Conidia are curved, but in culture are often straight, dry, fusoid to broadly

elliptical shaped (Sivanesan, 1987), and in the wild type have a dark brown outer wa1l

(Tinline, 1988). The conidía arc also charactenzed by thick-walled structures with a

smooth surface and they are always multicellular with 3-12 (commonly 6-10) septa

(Sivanesan, 1987). Their size is large, an average of 40-120 x 77-28 ¡tm,that facilitates

their easy observation and manipulation (Sivanesan, 1987; Tinline, 1988). On culture

media, the mycelium is composed of hlrphae interwoven as a loose cottony mass which is

white or light to dark grey in colour depending on the isolate (Kumar et a7, 2002).

Hl,phae are smooth to vemrculose (Sivanesan, 1987). Mycelial colonies may grow

rapidly or slowly, forming a velvety layer of grey to dark brown hyphae in which

abundant sporulation occurs (Sivanesan, 1987).

Studies of the vegetative elements of B. sorokiniana indicated that conidia and

hyphal cells are multinucleate. Many young conidiophores contain at least two nuclei and

conidial initials are multinucleate, and it has been suggested that a heterokaryotic

condition could persist in a thallus and be perpetuated by the conidia (Hrushovetz,

I956a). Tinline (1962) reported that conidia of somatic diploids were always larger than
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those of haploids. Tinline (1988) stated that the range in spore size within isolates

appeared sufficiently large to negate size of conidia as a discrete indicator of ploidy. He

suggested that nuclear síze may be a better indictor of ploidy and reported that interphase

somatic nuclei had an average volume 2.03 times greater than that of haploid nuclei.

Primary karyotlpe data obtained by conventional light microscopy on meiosis

estimated that haploid chromosome number in C. sativus is eight. Hrushovetz (1965b)

indicated seven or eight chromosomes from observation of meiotic division stages.

Huang and Tinline (1974) reported six to eight as the haploid chromosome number from

their study of mitosis in haploid and diploid somatic nuclei. These findings gained more

validity when Guzman et al. (1982) found the haploid chromosome number ín C.

heterostrophus was eight. Nelson (1960) successfully inter-crossed isolates of C.

Iteterostropltus with C. sativus indicating a close similarity in the chromosome

complements of the two species. Likewise, Tanaka et aL. (1992) confirmed the

chromosome number of eight in C. heterostrophus by an analysis using pulsed field gel

electrophoresis (PFGE). However, more recent studies using new cytological methods

estimated that the haploid chromosome number in C. sativzs is fifteen. Tsuchiya and

Taga (200I) used the germ tube burst method (GTBM) and estimated the chromosome

numberof 15 for C. sativus and 15 or 16 fordifferent strains of C. heterostropltus. These

findings may explain why isolates of C. heterostrophus can be successfully inter-crossed

with isolates of C. sativus. In addition, Zhong et al. (2002) found fifteen chromosome-

sized DNAs in C. sativus isolates using counter-clamped homogeneous electric field

(CHEF) electrophoresis combined with telomere probe analysis of comigrating

chromosome-sized DNAs. The chromosome sizes ranged from I.25 to 3.80 mega base

pairs (Mbp), and the genome size of fungus was estimated to be approximately 33 Mbp

(Zhong et a1.,2002).

1.6.3. Physiological specialization and virulence diversity of B. sorokiníana

'Parasitic' specialization in B. sorokiniana was first described by Christensen

(1922), who showed that isolates of the fungus varied considerably in their virulence on a

variety of cereals and grasses. Further studies indicated that virulence diversity persists
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among isolates of the pathogen (Clark and Dickson, 1958; Dosdall, 1923; Gayed, 1962;

Wood, 1962).In 1949, Sallans and Tinline (referenced by Tinline, 1988) found that most

isolates of B. sorokiniana collected in Canada were virulent on wheat, but that there were

no differentially pathogenic races. Tinline (1960) reported pathogenic and cultural

variation among population of B. sorokiniana, but did not make any comments on

differential expression of the isolates.

The first evidence of host-specific virulence in isolates of B. sorokiniana was

reported by Levitin et al. (1985). Since then, several studies have reported on differential

virulence versus continuous aggressiveness of B. sorokiniana ísolates. However, all of

these studies, demonstrating the differential virulence of B. sorokiniana isolates, have

been conducted using barley genotypes as differential lines. To date, there is no report of

differential virulence among pathogen isolates on wheat genotypes. Tinline (1988)

mentioned that since most of the B. sorokiniana isolates were virulent, but demonstrated

no differential virulence on wheat, that almost any isolates from the host could be used in

screening wheat for resistance. Duveiller and Garcia Altamirano (2000) could not find

any physiological specialization among isolates of the pathogen from wheat collected in

Mexico. They suggested that the pathogen appeared as a continuum of isolates differing

in aggressiveness. Hetzler et al. (1991) reported that only I-ZYo of the variance was

attributed to host-pathogen interactions, when evaluating the infection responses induced

by 206 B. sorokiniana isolales collected from 24 different countries on 12 wheat

cultivars. Likewise, Maraite et al. (1998) pointed out that B. sorokiniana isolates, unlike

rusts, do not exhibit clear virulence patterns and consist of a continuum of strains

differing in aggressiveness.

In contrast, differential virulence in B. sorokinian¿ isolates has been reported

using barley genotypes. Fetch and Steffenson (1994) found B. sorokiniana isolates having

differential virulence on several two-rowed barley genotypes from North Dakota. These

tlpes of isolates were further designated as ND 'pathotype 2' (Valjavec-Gratian and

Steffenson, I997a). Differential virulence among B. sorokiniana isolates was also

detected by Meldrum et al. (2004) who identified six pathotlpes of B. sorokiniana in
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Australia based on their differential virulence on 12 barley genotypes. Distinct

differentiai virulence in B. sorokiniana isolates has also recently been reported in

Uruguay (Gamba and Estramill, 2003) and Syria (Arabi and Jawhar,2004).

1.7. Epidemiology

1.7.1. Primary infection

Bipolaris sorohiniana overwinters in crop residue, in the soil, on wild grasses

(many of which are hosts of the pathogen), or on the seed (Mathre,1997).In the field, the

pathogen sporulates on infected foliar and underground plant parts (Chinn, 1977:'

Raemaekers and Tinline, 1981). However, viable conidia in the soil typically are dormant

untii stimulated to germinate by exogenous substances such as exudates from roots of

host plants (Tinline, 1983). Initial foliar infections in the spring results from airborne

conidia produced either from infected straw, wild grasses, and infested soil, or mycelium

in infected straw and seed (Dickson, 1956; Mathre, 1997). The level of primary inoculum

depends directly on the development of disease in the preceding crop and on conditions

for infection during seed formation (Shaner, 1981). Spores are not normally carried long

distances by wind and as such do not initiate widespread epidemics in the same year; spot

blotch is thus considered to be a localized disease whose development depends on

indigenous primary inoculum as well as on local environmental conditions (Shaner,

19Sl). The number of airborne conidia is primarilyrelated to the extent of infection on

the upper leaves. Infection may occur at any stage in the growth of host plants. Root rot

and seedling blight, spot blotch, and kernel blight are all caused by B. sorokiniana at

various barley growth stages (Martens et a1., 2003).

1.7.2. Secondary infection

Secondary inoculum is less important than primary inoculum because such

conidia may be produced too iate to cause significant additional foliar damage during the

growing season. Daily spore counts expressed cumulatively to the time of harvest showed

that few spores were dispersed sufficiently early in the growing season to serve as

inoculum for epidemics (Couture and Sutton, 1978c). The high spore populations of B.

sorokiniana trapped after harvest indicated that pathogen sporulates heavily and for iong
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periods of time on barley stubble and debris (Couture and Sutton, I978c). The incubation

period for the leaf blights caused by Drechslera and Bipolaris species is 6-8 days and

tends to be shorter as temperature increases to the optimum in the range of 18-25 'C

(Shaner, 1981). By contrast, the latent period in B. sorokiniana is relatively long because

conidia do not form until the necrotic lesions are extensive, usually atlater stages of plant

growth; i.e. in crops that are nearly ripe or that have dead leaves (Chinn, 1965; Couture

arrd Sutton,I978c). However, spores produced during the growing season on diseased

portions of lower leaves, even when small in proportion, can spread the disease to upper

leaves and heads, and to other plants in the field (Martens et a1.,2003). The amount of

dead leaf tissue determines the potential amount of spore production during the growing

season but the final outcome depends considerably on environmental conditions (Couture

and Sutton, I978c; Shaner, 1981). Secondary inoculum likely is more important for the

damage (discolouration) caused on the developing seeds in spikes (i.e. kernel blight phase

of pathogen) than is to the destruction of additional foliar tissue.

1,7.3. Survival

The fungus can be long-lived and this can be attributed to the thick-walled

structure of both conidia (Kiesling, 1985) and mycelium (Mead,1942).In soil, conidia

form thickened inner walls and chlamydospores; conidia without chlamydospores do not

germinate (Meronuck and Pepper, 1968). Bipolaris sorobinian¿ is the only known leaf

blight pathogen that has conidia that can survive between cropping seasons in the soil

(Hampton, 1979). Mycelial infection of the wheat pericarp by B. sorokiniana can persist

more than ayear (Shaner, 1981). Boosaiis (1962) reported that 650/o of the conidia kept in

unamended soil outdoors remained viable for 490 days.

1.7.4. Effect of environmental factors in spread of the disease

Temperature, moisture, and light aÍe the important meteorological factors

influencing the development and spread of plant pathogens (Agrios, 1997). Bipolaris

sorokinianahas aworldwide distribution, but it particularly damaging in regions that are

warm and humid (Kiesling, 1985; Mathre, 1997). Extended periods (i.e. longer than 16 h)
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of warm (above 20 oC), moist weather are conducive to epidemic development (Mathre,

reeT).

Conidial germ tubes of B. sorolciniana penetrate into leaf tissue over a

temperature range of 6 to 39 oC, with an optimum of 12 to 34 oC. Maximum infection

rates have been found to occur between 22 and 30 oC (Dossdall, 1923). Clark and

Dickson (1958) found that development of maximum foliar disease occurs at 28 oC. In a

two-year field trial, foliar damage caused by B. sorokiniana in barley was more severe in

the warmer year in which mean daily maximum temperatures were 27-30 oC, compared

to the year having more norrnal temperatures of 21-30 oC (Hampton, 1979). Couture and

Sutton (1978c) reported that airbome spores were especially numerous on days that

followed period of persistent leaf surface wetness of 24-72 h, high relative humidity (RH

> 95yo), and warm temperature (15-25 oC). However, a season in which temperatures

reach 28-30 oC during the day, but do not persist for long periods, also may be quite

favorable for disease (Shaner, 1981). The latent period becomes shorter at 28 "C

compared to that at lower temperatures, and more leaf tissues become necrotic sooner

following infection (Shaner, 1931). Therefore, even though 28 oC is not the most

favorable temperature for spore production directly, this leads to a gteater potential

substrate for spore production (Shaner, 1981).

The persistence of moisture on the leaf surface is a significant factor in plant

infection. Moisture is also necessary for sporulation, spore dispersal, and infection.

Relative humidity near I00o/o is essential for formation of conidiophores and conidia in

fungal leaf blights (Shaner, 1981). Although prolonged (24-72 h) periods of leaf-surface

wetness favour sporulation, moist periods only at night seems to be sufficient for copious

spore production (Shaner, 1981). A change in leaf spot predominance from tan spot to

spot blotch between 1990 and 1991 in Nepal was attributed to foggy weather and higher

than normal night temperatures (Gilbert et a1.,1998).

Light also has an important role in formation of conidiophores and conidia.

Bipolaris sorokiniana has a diurnal periodicity for spore production and spore release
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(Shaner, 1981; Sheehy and HugueLet, 1967). Light promotes conidiophores production

and no conidiophores form in darkness (Shaner, 1981). I¡r contrast, only few conidia form

in light, and most of these form in darkness once conidiophores have developed (Shaner,

1981). Spun and Kiesling (1961) found that B. sorokiniana sporulated more heavily on

barley straw when this was located mainly on areas exposed to direct sunlight. Arabi and

Jawhar (2001) reported that exposure of the fungal colonies to ultraviolet-C radiation

Q5a nrr) increased mycelial growth and sporulation of B. sorokiniana as well as its

virulence on barley subcrown internodes.

1.7.5. Effect of environmental factors on spore release and dispersal

Conidia produced on barley debris in the spring are dispersed by wind and rain

splash to new crops and may initiate epidemics. Wind and rapidly declining relative

humidity increases spore release (Kiesling, 1985). Low relative humidity favours spore

release, especially at low wind speeds (Shaner, 1981). Although wet conditions are

necessary for spore production, dry conditions favor aerial dispersal (Shaner, 1981). The

daily peak of B. sorokiniana spores in the air above a wheat field canopy occurred

between i3:00 h and 16:00 h and the majority of daily spore peaks occurred after 10 or

more hours of sunshine (Sheehy and Huguelet, 1967). Circumstantial evidence indicated

that spore production and dispersal were prompted by persistent leaf-surface wetness,

high relative humidity and temperatures (> 15 "C) alternating with dry, windy periods

(Couture and Sutton, I97 8c).

1.8. Spot blotch evaluation

Assessment of host response to isolates differing in virulence is essential to

evaluate host-pathogen interaction in plant pathology. Many terms have been used to

define disease measurement (Chester, 1950). However, disease incidence and disease

severity (James, 1973), defined as the number of plant units affected (e.g. percentage of

diseased plants or leaves) and the area of plant tissue infected by disease (e.g. percentage

of lesions covering the total area of a Ieaf), respectively, have been widely accepted in

plant pathology. While disease assessment methods that estimate incidence have been

applied uniformly by different researchers, a number of methods have been developed to
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estimate disease severity, indicating the diverse interest of specialists studying disease-

loss appraisal, epidemiology, or disease resistance (James, 1974).

Based on lesion size and the presence or absence of a chlorotic halo around the

necrotic lesions, Cook and Timian (1962) deveioped a rating scale with five classes to

differentiate spot blotch severity on barley plants. Fetch and Steffenson (1999) devised a

more comprehensive rating scaie for assessing infection responses of barley to B.

sorokiniana, and developed an illustrated 1-9 scale for infection responses at the seedling

stage, and an illustrated descriptive scale consisting of four classes (resistant, moderately

resistant, moderately susceptible and susceptible) at the adult plant stage. Although these

scales were well-defined and clearly illustrated, the seedling stage rating scale only

describes individual lesion size (including both necrotic and chlorotic components) and

does not measure the total leaf area affected by disease. Adlakha et aI. (1984) described a

0-5 spot blotch rating scale for wheat that includes the percentage of leaf area infected as

a component of disease measurement. However, this rating scale, does not define the

lesions size for each class as precisely as that developed by Fetch and Steffenson (1999).

Duveiller and Garcia Altamirano (2000) used the rating scale developed by Adlakha et al.

(1984), but also measured average leaf lesion density (number of lesions cm-t; to evaluate

infection responses of the wheat cultivar to B. sorokiniana isolates. James (1974) stated

that measuring the total leaf area infected i.e. pustules or lesions, including any

accompanying chlorosis, necrosis, or defoliation, is likely to be better correlated with

disease damage than only measuring individual pustule or lesion area alone. Although it

does not cover all aspects of disease assessment, the spot blotch rating scale of Fetch and

Steffenson (1999) has been used extensively by other researchers because of its ease of

use (Arabi and Jawhar,2004; Gamba and Estramill, 2003; Meldrum et a1., 2000), and was

adopted for this study to evaluate infection responses of barley genotlpes to .8.

sorokiniana isolates. One may also consider the number of lesions and the total leaf area

infected as complementary components of spot blotch assessment when using this scale.
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1.9. Interaction between barley and B. sorokiniana

Interaction is a general term that describes the relationship between two species

such as those between a pathogen and its corresponding host. Different aspects of the

host-pathogen interactions have been evaluated in barley x B. sorokiniana pathosystem

using microscopical (Carlson et al., 1991b; Kumar et al., 200I; Schäfer et al., 2004;

Yadav, 1981), biochemical (Emami and Hack, 200I; Peltonen, 1995; Peltonen et aI.,

7994), toxilogical (Apoga et aI.,2002; Briquet et aI., 1998; Carlson et a1., l99la; Olbe et

al., 1995) and genetical (Kutcher et al., 1994 and 1996; Steffenson et al., 1996; Valjavec-

Gratian and Steffenson, 1997b) approaches.

1.9.1. Mechanism of invasion and defense

Previously, it had been assumed that B. sorokiniana has a necrotrophic lifestyle

(Kiraly et a7.,2002; Kumar et al. 2001). Recently, it was discovered that B. sorokiniana

has a hemibiotrophic tifestyle consisting of two distinct phases, a biotrophic phase at very

early stages of the penetration process, and a necrotrophic phase at later stages of the

host-pathogen interaction (Ibeagha et a1.,2005; Schäfer et a1., 2004). The mechanism of

pathogenesis in -8. sorokiniana as a hemibiotrophic pathogen comprises three phases

(Bidari and Govindu,1979; Carlson et aI.,199lb; Kumar et aL.2002; Yadav, 1981):

i) Germination of conidiospores on the leaf surface;

ii) Elaboration of an appressorium-like structure from the germ tube which supports

direct penetration by hyphae of the leaf cuticle and ce11 wall of the host plant, followed by

the development of hyphae within the invaded, living epidermal host cell (biotrophic

phase); and

iii) Colonzation, in which hyphae spread in the mesophyll layer, accompanied by toxin

secretion and epidermal and mesophyll cell death (necrotrophic phase).

Microscopic analysis of fungal development in leaves of a susceptible barley cultivar (cv.

Ingnd) has been illustrated by Kumar et al. (2002).

1.9.1.1. Germination of conidiospores on the Ieaf surface

To function as infectious propagules conidia must germinate on the leaf surface of

the host. Conidia are able to germinate using endogenous energy reserves, but need to be
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stimulated by exogenous nutrients (Clay et a1., I99l;Yadav, 1981). Persistent moisture

on the leaf surface is also a crucial factor to initiate infection. The funga1 hyphae grow

along grooves between epidermal cells of barley leaves but often cross the epidermal

ridges and then attach themselves to the ridges by an extracellular matrix (Jansson and

Åkesson, 2003). The close contact of germ-tubes and hyphae with the cuticular surface

may be necessary for directed growth (Jansson and Ä,kesson, 2003). The extensive

growth of hyphae on the leaf surface before appressorial formation and penetration of the

host by B. sorokiniana indicates that appressoria are formed mainly when the nutrients

stored in the conidia are depleted (Jansson and Åkesson, 2003). However, appressoria are

not formed on artif,rcial surfaces, indicating that appressoria formation require

thigmotropic signals (contact with a tactile surface) (Jansson and Åkesson, 2003).

1.9.1.2. Pathogenicity factors affecting the biotrophic and necrotrophic phases

1.9.1.2.1. Hydrolytic enzymes as major pathogenicÍty factors in biotrophic phase

The pathogen rarely penetrates into mesophyll tissue via stomata (Kumar et al.,

2002). Therefore, Bipolaris sorokiniana should have the potential to produce a diverse

range of cell wall degrading enzymes to hydrolyse plant cell wall components (Emami

and Hack, 2007; Peltonen, 1995; Peltonen et a1.,1994). Cell wall degrading enzymes may

have two distinct roles in the pathogenicity of fungi, first in initial penetration into the

plant and the killing of plant cells, and second, in the use of cell walls as a carbon source

during saprotrophic growth in dead plant tissue (Emami and Hack, 2001).

Hydrolytic enzymes such as cutinases and esterases may play arole in adhesion of

fungal propagules to the plant surface (Deising et a1.,1992). Lin and Kolattukudy (1980)

isolated cutinases from B. sorokinian¿ isolates. In addition, Jansson and Åkesson (2003)

found esterases in the extracellular matrix of B. sorokiniana. These hydrolytic enzytnes

likely assist the pathogen to soften or digest the wax layers of the leaf and are thus likely

important for pre-penetration events. The predominant polyrners of the plant cell wall

matrix also play a significant role in the induction of enzyme activities by pathogens

(Howell, 1975). In monocotyledons, e.g. in the Gramineae, the cell walls contain less

thart |0o/o of the pectic polysaccharide content of dicotyledonous cell walls, but up to
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40Yo of P-L,4-xylans (Labavitch and ray, 1978). Thus, xylanases are likeiy to be

particularly important enzymes in cereal pathogens for degrading cell wall components of

monocotyledonous plants. Peltonen (1995) found that B. sorokiniana produced the most

xylanase when grown on cell wall preparation medium. In addition, cellulose-hydrolysing

enzyrnes (B-glucosidase and cellobiohydrolase) have been pafüaIIy purified and

charactenzed from B. sorokiniana (Geimba et a1.,1999). However, a cel1 wall degrading

enzpe (endopolygalacturonase) which breaks down pectic polysaccharides in barley

leaves has been also isolated from B. sorokiniana (Clay et a1.,1997).

Boothby and Magreola (1984) reported that B. sorobinianø is able to grow readily

in liquid culture with glucose, cellobiose, carboxyrnethylcellulose, pectin or larchwood

xylan as carbon sources, as well as with powdered wheat straw or an extract of straw.

This may indicate the capability of fungus to overcome a wide range of cell wall barriers,

including pectic polyrners that prevent pathogen penetration. In contrast to conidial

germination which is initiated by an endogenous energy source, successful penetration of

B. sorokiniana'germlings'requires an exogenous energy source (Yadav, 1981). Pectic

compounds are thought to be a more readily available source of energy for the pathogen

than cellulosic or hemicellulosic polymers during penetration (Clay et al., 1997). Clay et

al. (1997) stated that this possibility can be supported by the finding that pectic-degrading

enzymes are the first to be produced during degradation of wheat straw by B.

sorohiniana, and also that a significant increase in fungal biomass occurs before xylanase

or cellulose activity can be detected (Boothby and Magreola, 1984).

1.9.1.2.2. Toxins as major pathogenicity factors in necrotrophic phase

It has been proposed that the pathogenicity of B. sorokiniana is associated with

production of toxins. Mesophyll tissue neqotization is closely associated with successful

fungal infestation, whereby necrotization preceded fungal inter- and intracellular growth

(Schäfer et aI.,2004). Therefore, collapse of mesophyll cell without direct contact with

developing hy,phae may be due to toxin produced by the fungus (Kumar et a1., 2002;

Schäfer et al., 2004). Moreover, Kumar et al. (2001) found that toxin infiltration into

leaves eiicits both necrosis and chlorosis in the infiltrated area of the leaves. Bipolaris
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sorokiniana toxins interact with host membranes resulting in cell death and leakage of

metabolites (Marrè, 1980; Harborne, 1983). These phyotoxins induce both chlorosis and

necrosis in plant tissue (Harborne, 1983). Nilsson et al. (1993) suggested that toxins may

be important in the initial stages of the pathogen's infection process. However, Schäfer et

aI. (200Q demonstrated that in B. sorokiniana with hemibiotrophic lifestyle, toxins may

play a pivotal role at later interaction stages rather than in the early penetration process.

Host cell collapse in the necrotrophic phase is indicated by an increase in electrolyte

leakage coinciding with disease development (Wisniewska et a1., 1998).

The first evidence for pathogenicity-related toxins in B. sorokiniana was reported

by Ludwig et al. (1956). Ludwig (1957) found that application of culture filtrates of the

pathogen to barley seediings and some other cereals induced foliar syrnptoms similar to

those induced by fungal spores. Likewise, Gayed (1961) showed that application of

culture ñltrates of the B. sorokiniana cart induce leaf spot disease on barley cultivars.

Numerous toxic compounds have since been isolated from cultures of B. sorokiniana.

The highest phytotoxic activity has been associated with sesquiterpenoid toxins that are

sl.nthesized from farnesol (Apoga et a1., 2002; Kumar et al., 2002). The toxic metabolites

helminthosporol and its dialdehyde analogue, helminthosporal (Briquet et a1., 1998) were

the first substances isolated from B. sorokiniana (De Mayo et al., 1961 and 1965;

Sommereyns and Closset,1978; White and Taniguchí,1972). Helminthosporal interferes

directly with cellular respiration, inhibiting electron transfer and oxidative

phosphorylation processes in the mitochondria (Briquet et a1., 1998; Taniguchi and

White, 1967).It also drastically affects the membrane permeability of chloroplasts and

microsomes, inhibiting photophosphorylation in the chloroplasts, and proton pumping

across the cell plasma membrane (Briquet et a1., 1998).

Recent studies suggest that prehelminthosporol, a precursor of helminthosporol,

constitutes the main toxic compound produced by B. sorokiniana (Carlson et a1., l99la;

Nilsson et aI., 1993; Olbe et al. 1995). Carlson et a1. (1991a) found that the toxin was

present in conidia, hlphae and also in the surrounding culture medium. The effects of

prehelminthosporol on the activity of the enzpe 1,3-B-glucansynthetase and on the

25



electrogenic proton pump in plasma membrane vesicles of the cell wall in barley plants

have been reported in several studies (Carlson et a1., 1997a; Liljeroth et al. 1994; Nilsson

et a1.,1993; Olbe et al. 1995). Nilsson et al. (1993) demonstrated that prehelminthosporol

with amphiphilic properties may function as a detergent and aid in softening the waxy

cuticle layers of the leaves prior to penetration. They suggested that hydrophobic solid

waxes which comprise the outer layers of the cuticle have to be softened before cutinase

produced by the fungus can enter the inner polyrner cutin layer, and that this may be

facilitated by prehelminthosporol secreted at initial stages of the infection process. Apoga

et al. (2002) demonstrated that isolates of ,8. sorokiniana with low toxin production

þrehelminthosporol) had lower virulence on barley roots compared to those that

produced higher amounts of the toxin. However, they also reported that virulence did not

increase with prehelminthosporol levels among high toxin-producing isolates.

Although prehelminthosporoi and helminthosporol are the two major toxic

compounds detected in B. sorokiniana, other phytotoxins with different chemical

structures have also been reported to be produced by the pathogen. Pringle (1976)

reported that victoxinine can be produced by B. sorobiniana as well as by B. victoriae

(teleomorph Cochliobolus victoriae). Sterigmatocystin, which is a toxic compound with a

carcinogenic effect, was isolated from B. sorokinianaboth growing in liquid and on solid

media (Rabie et al., 1976). Nakajima et al. (1994) isolated a toxic compound from -8.

sorokiniana c;rtlttre filtrate which they named 'sorokinianin'. This toxic compound was

found to have inhibitory activity on barley seed germination.

1.9.1.3. Host response to spot blotch disease

Cell wal1 defense mechanisms similar to those against biotrophic fungi have been

detected and implicated in preinfectional defense of barley (Schäfer et al., 2004) and

wheat (Ibeagha et al., 2005) cultivars against B. sorokiniana penetration. This includes

formation of papilla-like structures beneath sites of fungal attack, the hypersensitive

reaction, or both, resulting in failure of epidermis cell penetration, and the local

generation of Hydrogen peroxide (HzOzt in cell wa11 appositions or in whole cells in both

barley and wheat genotypes (Ibeagha et aI., 2005; Kumar et al., 200I; Schäfer et aI.,
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2004). Formation of pathogen-induced cell wall appositions þapilla-like structures) is

considered to be an effective resistance mechanism against B. sorokiniana (Kttmar et a1.,

2001). A post-penetration hypersensitive reaction, which restricts fungal growth after

penetration into an individual epidermal cell, and is followed by its death, has been also

reported to occur in barley (Schäfer et a1., 2004).Ibeagha et al. (2005) found that fungal

penetration into the epidermal layer failed primarily as a result of a cell wall-associated

defense mechanism. They demonstrated that the biotrophic growth phase of B.

sorokiniana on wheat is confined primarily to a single epidermal cell invaded by

infection hyphae, whereas the necrotrophic growth phase is initiated by invasion of the

mesophyll tissue and is followed by host cell death which appears to be a consequence of

toxin secretion. Resistance of genotypes may be combination of defense responses both at

the cell wall level and in mesophyll tissue. Ibeagha et a1. (2005) pointed out that invasion

by itself (biotrophic phase), as well as spread after invasion (necrotrophic phase) were

subject to distinct defense reactions exerted in more resistant wheat genotypes. They

reported that in wheat cultivars in which the fungus successfully overcame the initial

epidermal defense, in the more resistant genotlpes its spread within the mesophyll tissue

(necrotrophic phase) was restricted compared to susceptible genotypes.

1.9.2. Molecular aspects of host-pathogen interactions

1.9.2.1. Molecular markers and their application in host-pathogen interactions

The development of DNA-based molecular markers in the last three decades has

dramatically enhanced the efficiency of studies on host-pathogen interactions (Brown,

1996; Michelmore and Hulbert, 1987). The advent of molecular markers provided an

opporlunity for biologists to add in vitro [i.e. all polymerase chain reaction (PCR)-based

and hybridized-based markersl and in situ lí.e. genomic in situ hybridization (GISH) and

fluorescent in situ hybndízatíon (FISH) methods] analyses as complementary tools to

their in vivo studies on the organisms. In addition, the recent development of new marker

systems such as expressed sequence tags (ESTs) has allowed studying genotypes in silico

and has facilitated the discovery of single nucleotide polymorphisms (SNPs), which are

the most frequent genetic markers. Plant pathologist, geneticists, and plant breeders have

used molecular markers extensively as powerful diagnostic tools in studying genetic
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variations in pathogen populations as well as for the identification of loci controlling

disease resistance.

Molecular markers such as isozyrnes (Goodwin, et aI.,1993; Leung and Williams,

1986; Newton et a1., 1985), restriction fragment length pol¡rmorphisms (RFLP) (Banniza

et al.,1999; Keller et a7.,1997; McDonald, 1990), random amplified polymorphic DNA

(RAPD) (Borchardt et a1., 1998; Crowhurst et al., 1991; Peever and Milgroom, 1994),

and amplified fragment length poi¡rmorphisms (AFLP) (Pongam et al., 1999; Purwantara

et aI.,2000; Rau et a1., 2003) have been used extensively to study the genetic variability

of pathogens, classify pathogen races, identify pathogen population dynamics and the role

of gene flow in the population structure of the pathogen, and detect phylogenetic

relationships between pathogen races. AFLPs have proven to be more informative, robust

and polymorphic than 'older' marker systems such as RFLPs and RAPDs (Vos et aI,

1995; Powell et a1., 7996; Majer et al, 1996; McDonald, 1997). Because of their

reproducibility, high multiplex ratios, and PCR-based system, AFLPs have become

popular among researchers for the study of the genetic variability of funga1 pathogens in

recent years.

The development of molecular marker techniques has also facilitated the

construction of detailed linkage maps for many crop species (Chao et al., 1989;

Helentjaris, 1987; Xu et al., 1994). Barley genetic maps for marly crosses have been

developed to identify chromosomal regions associated with qualitative traits such as

resistance to fungal pathogens (Borovkova et al., 7997; Giese et al., 1993; Schweizer et

al., 1995) as well as those associated with quantitative traits such as yield, grain quality,

maturity and resistance to several biotic and abiotic stresses using quantitative trait loci

(QTL) analysis (E11is et a1.,2002; Gao et aI,2004; Mesfin eta1.,2003; Reinheimer et a1.,

2004). These genetic maps have been based on various DNA markers such as RFLPs,

RAPDs, AFLPs, sequence tagged sites (STSs), simple sequence repeats (SSRs), and more

recently ESTs and SNPs. Because of their abundance, high level of polymorphism,

codominant inheritance, transferability from one mapping population to another, and ease

of use after initial primer development, SSRs have been used widely to identify

28



chromosomal regions associated with disease resistance genes/QTl in barley (Graner et

al., 1999; Manninen et aI.,2000; Mesfin et a1.,2003; Raman et a1.,2003).

1.9.2.2. Application of molecular markers in evaluation of molecular diversity of B.

sorokinianø and spot blotch resistance in barley genotypes

Molecular markers have been used in several studies to either elucidate molecular

variability of B. sorokiniana populations or identiff chromosomal locations of the

genes/QTls in barley genotypes. Molecular variability in B. sorokiniana population(s)

was first examined by evaluating isozyme polymorphism among isolates (Terekhova and

Rochev, 1989; Valim-Labres et aI., 1997). Nakada et al. (1994) used RFLP markers to

discriminate between Bipolaris and Curvularia species. Since the advent of PCR and

PCR-based assays, molecular markers such as RAPDs and its derivatives have been

exploited in several studies to elucidate the genetic variability within the B. sorokiniana

populations (Bulat and Mironenko,1993; de Oliveira et a1., 2002; Fordyce and Meldrum,

2001; Mironenko and Bulat, 2001). In recent years, a research team including Dr.

Shaobin Zhong, Dr. Brian J. Steffenson, and their co-workers in the Department of Plant

Pathology, North Dakota State University, Fargo, USA has used the more advanced

aspects of molecular genetics to study the virulence diversity of the pathogen, tag DNA

markers associated with virulence, and construct a linkage map of -8. sorokiniana. Zhong

and Steffenson (2001a) applied an AFLP assay to determine the molecular diversity of ,8.

sorobiniana isolates from North Dakota and some other regions/countries. In another

study, Zhong and Steffenson (2002) identified AFLP markers which were associated with

a locus conferring virulence on barley cv. 'Bowman' in B. sorokiniana isolates. Zhong et

al. (2002) also constructed a molecular genetic map and electrophoretic karyotype of B.

sorokiniana consisting of 97 AFLPs, 31 RFLPs, two polymerase chain reaction amplifred

markers, the mating type locus (CsMAT), ar-Ld a gene (ïtHv1) conditioning high virulence

on the barley cv. 'Bowman'. In addition, they exploited a contour-clamped homogeneous

electric field (CHEF) electrophoresis combined with telomere probe analysis of

comigrating chromosome-sized DNAs to resolve the chromosome number in B.

sorokinian¿ isolates.

29



Molecular markers have been employed in several studies to identify the

chromosome location of genes/QTls associated with spot blotch resistance in barley

genotypes. Kutcher et al. (1996) used RAPD markers to identify cornmon root rot and

spot blotch resistance genes in barley genotypes. Steffenson et al. (1996) applied a

combination of different molecular markers including RFLPs, RAPDs, single amino acid

polymorphisms (SAPs), isozyrnes, telomeres, centromeres, and some morphological

markers to evaluate spot blotch and net blotch resistance loci in a 'Steptoe/IvIorex'

population. Bilgic et al. (2005) used the same marker systems to find QTLs associated

with spot blotch resistance at the seedling and adult plant stages in several doubled

haploid (DH) populations of barley. Recent studies, however, indicate that the use of SSR

markers in molecular mapping of QTL loci conferring resistance to B. sorokiniana

(Bilgic et al., 2006; Yun et a1.,2005 and2006) is becoming more common.

1.10. Disease management

Spot blotch can be controlled by several management strategies. Chemical seed

treatment, foliar fungicide sprays, cultural practices such as crop rotations to reduce

inoculum sources, and host resistance, are the most common management practices to

reduce damage caused by B. sorokiniana (Bailey et al., 2003; Kiesling, 1985; Mathre,

1997). Other mariagement strategies such as biological control and induced resistance

have also been investigated (Kumar et a1., 2002) and may be promising alternatives for

spot blotch control in the future.

1.10.1. Chemical control

1.10.1.1. Seed treatment

Because B. sorokiniana caî be seed-borne, the use of pathogen-free or fungicide

treated seed may be useful to reduce infection levels (Mathre, 1997). Seedling blight of

bariey can be effectively controlled by seed treatment with fungicides (Clark,l97l; Mills

and'Wallace,1969). The mercurial fungicides initially used for seed treatment effectively

controlied the seed-bome phase of B. sorokiniana. However, because of their toxicity and

possible environmental or human health consequences, the use of all mercurial pesticides

in plant disease control was banned in the USA and many other countries some 30 years
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ago (Huisingh, 7974; Lalancette and Robison,2002). Subsequently, systemic fungicide

such as captan, mancozeb, maneb, thiram, carboxin, gaazatine plus iprodione and

triadimefon became available to eradicate seed-borne pathogens in cereals (Sharma-

Poudyal et al., 2005; Stack and McMullen, 1991). Richardson (1912) found that B.

sorokiniana colonies could not develop on barley seed treated with carboxin. Seed

treatment by carboxin plus thiram significantly reduced the intensity of disease

development on subcrown internodes of certain barley genotypes (Hampton, 1979).

Narimol and fenapanil, as seed dressings, have also been reported as effective systemic

fungicides to control seed-borne infection of barley seedling by B.sorobiniana (Luz and

Vieira, 1982). Seed treatment with imazalll can significantly reduced root rot at the

seedling and adult stages (Verma et a1., 1981), lower disease severity in the subcrown

internode, and increase grain yield and test weight compared to the control treatment

(Herrman et a1., 1990). Because control of seed-borne pathogens is the major reason for

seed treatment, it is suggested that decisions to apply seed treatments should be

determined by seed health test results (McGee, 1995).

1.10.1.2. Foliar sprays

Foliar applications of fungicides can significantly reduce the level of infection

caused by B. sorokiniana in barley and increase yields (Mathre, 1997). Couture and

Sutton (1978b) reported that spot blotch severity was significantly reduced by 63,68, 68,

77, 82 and 88% in barley, compared to controls, with application of foliar fungicides

mancozeb, RH-2161, chlorothalonil, fentin hydroxide, triadimefon and anilazine,

respectively. All fungicides except chlorothalonil significantly increased the 10OO-kernel

weights of treated plants in the range of ll-l1Yo. Triadimefon could markedly suppress

the progress of spot blotch and delay leaf senescence in barley (Couture and Sutton,

1978a). Propiconazole can also reduce spot blotch severity. Foliar treatment of barley

cultivars with propiconazole resulted in increased yield and yield-related traits in both

hulled and hulless genotypes (Lee et al., 1997). Based on a cost-benefit analysis of four

foliar fungicides applied to wheat, Sharma-Poudyal et al. (2005) demonstrated that a

single spray could be cost-effective when a susceptible cultivar is planted under high
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'Helminthosporium leaf blight'severity. However, several applications of f,rngicides are

sometimes necessary to achieve adequate control (Mathre, 1997).

1.10.2. Rotation and crop management

Primary inoculum in crop residue can be reduced by rotation with non-susceptible

crops (i.e. nongrass species) or by tillage practices either that bury or otherwise facilitate

the rapid breakdown of stubble, grass weeds and volunteer cereals (Mathre, 1997). Leaf

spot disease severity can be greater in monoculture compared to alternating with a non-

host crop. Crop rotations take advantage of the fact that plant pathogens important on one

crop may be non-pathogenic on another crop. Crop diversification can improve the

management of plant diseases through crop selection and intemrption of disease cycles

through crop rotation (Krupinsky et al., 2004).Increased crop diversity in rotations was

found to reduce populations of B. sorobiniana and some other pathogens in wheat leaves

and roots (Bailey et a1., 2001). The advantages of crop rotation in controlling conidia

populations of leaf pathogens have been reported in several studies (Bailey et al., 2000;

Chinn, I976; Duczek et aI., 1999). Leaf spot disease severity on barley was found to be

lower following wheat, mustard, canola and dry pea compffed with the barley-after-

barley rotation (Krupinsky et al., 2004). Rotations of two or more years to flax (Linum

usitatissimum L.) as a break crop, when growing wheat or barley, reduced the amount of

viable inoculum of B. sorokiniana in the soil (Conner et aI.,1996).

The survival of B. sorokiniana on crop residue is an important means of carryover

from one year to another (Duczek et al., 1999). The inoculum density of the pathogen in

the soil is directly related to the amount of funga1 sporulation occurring on crop residues

(Reis and Wünsche, 1984). Reis (1984) found that sporulation was higher on

aboveground plant debris than underground parts. Thus, clearing or ploughing under the

stubble, weeds and volunteer plants should be useful in reducing inoculum density.



1.1 0.3. Host resistance

1.10.3.1. Genetics of resistance to B. sorokiniønø in barley

The use of resistant cultivars is the most economical and environmentally sound

means for controlling spot blotch in barley. Spot blotch resistance in barley is inherited

by both monogenic and oligogenic, as well as polygenic resistance. A single recessive

gene that controls the resistance to isolate ND9OPr (l.ID pathotype '2') in line ND 5883

was reported by Valjavec-Gratian and Steffenson (I997b). Likewise, in a recent study,

Bilgic et al. (2006) identified a single gene (designated as Rcs6) on chromosome 1H of

the line Calicuchima-sib using a 'Calicuchima-sib/Bowman-BC' DH population, which

confers resistance to isolate 'ND9OPr' at the seedling and adult plant stages. Gonzalez

Ceniceros (1990) identified two resistance genes to isolate ND85F (ND pathotype '1') in

the cv. 'Bowman'. In contrast, Kutcher et aI. (1996) found RAPD markers that were

associated with common root rot and spot blotch resistance, but with relatively small

phenotypic effects, supporting the quantitative mode for inheritance of resistance. Other

recent studies have confirmed that resistance to more virulent isolates of B. sorokiniana

may be exerted through complex inheritance mechanisms in barley cultivars with durable

resistance. Several genes and QTLs located on different chromosomes of the barley cv.

'Morex' were found to be associated with spot blotch resistance at the seedling and adult

plant stages against isolate ND85F, a virulent isolate of B. sorokiniana (Bilgic et al,

2005; Steffenson et aI., 1996; Steffenson and Smith,2004). The presence of these

genes/QTls in the genome of the cv. 'Morex' may elucidate the polygenic inheritance of

spot blotch resistance against more virulent isolates.

1.10.3.2. Sources of genetic resistance for spot blotch in barley

Barley germplasm with a high level of resistance to spot blotch has been

identified. Six-rowed malting barley cultivars growTr in North Dakota, USA have

remained resistant to B. sorokiniana for more than 40 years. Spot blotch resistance in this

North Dakota barley germplasm appears to be derived from three main sources:

'Manchuria', 'Oderbrucker', and CI 7117-77 (Gonzalez Ceniceros, 1990). Line CI 7117-

77 was crossed to cv. 'Kindred' which in turn was derived from cv. 'Oderbrucker' with

some level of spot blotch resistance, and from this cross, line ND BIT2 and several
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resistance sibs were selected (Gonzalez Ceniceros, 1990). Line ND BII2 is one of the

most stable sources of spot blotch resistance, and has been used widely in barley breeding

programs in North America. The durable resistance found in six-rowed malting barley

cultivars developed in North Dakota is mostly derived from line ND B1I2 (Yaljavec-

Gratian and Steffenson, 1997a). Cultivars such as 'Cree', Manker', 'Morex', 'Robust',

with high level of spot biotch resistance were all derived from ND BlI2 (Wilcoxson et

aI., 1990). Additional sources of spot blotch resistance, which are not genetically related

to ND BlI2, have been identified among H. vulgare experimental lines or accessions

such as 'Jet' (CI 967), Wisc 69I-1, CI 1227, CI 6311, and CI 9584 and also among H.

agriocrithoz accessions (Mumford, 7966; Wilcoxson et al., 1990). Line ND 7556, a two-

rowed experimental line with a good level of spot blotch resistance at the seedling and

adult plant stages, is an additional source of resistance. This line was selected from the

cross of 'Norbert/A{D48561M37', where 'Norbert', ND4856, and M37 in turn were

selected from the crosses '7It8-703-13ll(lages', 'KlagesÀ{D1244', and

'MankerlkarV/IvI-18', respectively (Gonzalez Ceniceros, 1990). ND1244, 'Manker', and

M-18 are the presumed sources of resistance in ND 7556 becatse all these six-rowed

lines have ND 8112 in their pedigrees (Gonzalez Ceniceros, 1990).

1.10.4. Other control measures

Warm and hot water treatments (V/inter et a1., 1996) and dry heat treatments

(Couture and Sutton, 1980) of barley seed can be used as alternatives to chemical

dressings when applied to seeds of susceptible cultivars to B. sorokiniana. Another

alternative strategy for disease control, albeit in its infancy, is induced resistance. There is

evidence for both biological and chemical induction of resistance to B. sorokiniana.

Pretreatment of wheat leaves with Bipolaris oryzae (inducer organism) reduced numbers

and size of spot blotch lesion produced by B. sorokiniana on the same leaves (Sarhan et

al., 1991). Chemical induction of resistance to B. sorokiniana in barley by pretreatment

with the resista:rce inducers 2,6-dichloroisonicotinic acid (DCINA), benzo(I,2,3)

fhiadiazole-7-carbothioic acid-S-methylester (BTH) or jasmonates also have resulted in

symptom reduction in the range of I010o/o (Kumar et aI. 2002).
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Among control measures other than the application of chemicals, cultural

practices and breeding for resistance, biological control of B. sorokiniana has received

most attention. Biological protection of barley against B. sorokinianahas been studied

extensively. Several fungal, bacterial or yeast species have been found that possess

antagonist effects against B. sorokiniana. Fungal species such as Chalara heteroderae

(Duczek and White, 1986), Trichoderma sp. and Trichoderma ltarzianun (Biles and Hill,

1988; Patil et al., 1987; Prasad et à1., 1978), Chaetomium species, particularly

Chaetomium globosurø (Biswas et al., 2000; Knudsen et a1., 1995), Idriella bolleyi

(Knudsen et al., 1995; Liljeroth and Bryngelsson, 2002), and Gliocladium roseum (Dal-

Bello et alr, 2003; Knudsen et al., 1995) have been identified as a potential antagonist of

B. sorokiniana.

An antagonistic effect by saprophytic bacteria of Bacillus spp. (Knezevic et al.,

2000a and 2000b; Patil et al., 1987) including Bacillus subtilis (Da1-Be11o et al., 2003),

strains of Pseudomonas sp. (Hodges et aI, 1994; Knezevic et a1.,2000a; Zhang and Yuen,

2000) including Pseudomonas chlororaphis (Johnsson et àI., 1998), strains of

Streptomyces sp. (Patil et al., 1987; Prasad et a1., 1978), and Stenotrophomonas

maltophilia (Zhang and Yuen, 2000), as well as yeast strains (Fokkema et a1.,1979) on B.

sorokiniana have also been reported. Adding extracts of Dittrichia viscosa þreviously

known as Inula viscose Aiton), a weed plant from the Compositae family, into the

growing media inhibited growth of B. sorokiniana (Qasem et aI., 1995). This indicates

that antifungal product against this pathogen can be found even in plant species. To date,

the efficacy of these antagonistic interactions in real-world farming situations is

uncertain, but biological control of B. sorokiniana may be applicable to on-farm

situations in future.

1.11. Objectives

This study was conducted to investigate the population structure and genetics of

host resistance in the barley ieaf spot pathogen B. sorokiniana. Specifically, the

objectives of this study were as foilows:
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1. To identify and charactenze virulence diversity in the population of B. sorokiniana in

Canada (Chapter 2).

2. To study host x pathogen interactions among barley genotypes and Bipolaris

sorokinian¿ isolates (Chapter 3).

3. To evaluate genetic diversity within the B. sorolcinianø population and its relatedness

to virulence patterns in the pathogen (Chapter 4).

4. To identify quantitative trait loci conferring resistance in barley line TR 251 at the

seedling stage to pathogenic isolates of B. sorohiniana (Chapter 5).
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CHAPTER 2

VIRULEI{CE DIVERSITY TN THE BIPOLARIS SOROKINIA]VA

POPULATION

2.1. Introduction

Spot blotch, caused by Bipolaris sorokiniana (Sacc.) Shoemaker f(teleomorph

Cochliobolus sativus, (Ito and Kuribayshi) Drechs. ex Dastur. syn. Helmintltosporium

sativum Pamm. King and Bakke.] is a major and damaging foliar disease of barley

(Hordeum vulgare L.) in Canada. Recently, the prevalence of spot blotch has increased

dramatically in the eastern prairie region of Canada. In 2002, this was the predominant

disease of barley and affected every field sampled from Manitoba (Tekauz et a1.,2003).

Spot blotch symptoms on barley leaves are typically manifested as oval necrotic lesions

surrounded by chlorotic halos that result in a reduction of photosynthetic area which can

lead to premature senescence of the entire plant. Yield losses up to 30olo have been

reported for susceptible barley cultivars in Canada (Clark, 1979; Ghazvini and Tekauz,

2004). High humidity with temperatures between 22 to 30 oC, commonly found on the

Canadian prairies during the growing season, enhance damage caused by spot blotch

(Bailey et al., 2003; Dosdall, 1,923). The pathogen can also attack other parts of barley

plants to cause common root rot, seedling blight, and black point (Kumar et a1.,2002).

Although fungicides can be used to reduce damage from the disease, a more economical

and environmentally desirable means of control is through the deployment of resistant

cultivars.

lnformation on the pathogenic variability and virulence present in the B.

sorokiniana population in a particular region is necessary to develop cultivars with

effective resistance against the local population of the pathogen. 'Parasitic' specialization

in B. sorokiniana was first described by Christensen (1922), who showed that isolates of

the fungus varied considerably in their virulence on a variety of cereals and grasses.

Although other virulence studies found diversity among isolates of the pathogen

(Dosdall, 1923; Dostaler et a1., 1981; Gayed, 1962; Wood, 7962), it is only recently that

comprehensive studies were begun to examine the differential virulence of B. sorohiniana
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on barley. Levitin et al. (1985) reported on host-specific virulence in isolates of -8.

sorobinian¿ in Russia, but they emphasized that such virulence diversity can be only

found among geographically remote populations of the pathogen. In contrast, Fetch and

Steffenson (1994) identified B. sorokiniana isolates with differential virulence on several

two-rowed barley genotypes within North Dakota. Valjavec-Gratian and Steffenson

(1997a) further evaluated 36 isolates, mostly collected from North Dakota, and identified

three pathotypes (0, 1, and 2) of B. sorokiniana. Subsequently, Zhong and Steffenson

(200i) forurd the same three pathotypes among 22 isolates of B. sorokiniana collected

from three US states, Canada, Poland, Brazll, New Zealand and Uruguay. In Uruguay,

Gamba and Estramlll (2002) identified three virulence groups (ViGs) of B. sorokiniana

isoiates, based on infection responses (IRs) of 20 Uruguayan barley genotypes. In

Australia, Meldrum et aI. (2004) identified six pathotypes of B. sorokinianã amongthe 34

isolates they tested using 20 differential lines (DLs). In Syria, Arabi and Jawhar (2004)

reported the presence of three VIGs among 11 B. sorokiniana isolates using 10

differential barley genotypes.

In contrast to the several published studies on pathogenic diversity in other

countries, there are no recent, comprehensive reports documenting the virulence variation

present in the Canadian population of B. sorokiniana. Several studies regarding the

popuiation structure of the B. sorokiniana inCanada have been conducted, but attention

has been centered either on the pathogen's morphological and cytological characteristics

(Hrushovetz,1956; Shoemaker,1955; Tinline, 7962), or the mating type system (Harding

and Tinline, 1983; Tinline, 1951; Tinline and Dickson, 1958). Variability in the

population of B. sorokiniana in Canada, based on morphological and physiological

characters and the virulence patterns of 250 isolates, was reported in an abskact by

Dostaler et al. (1981). Although they could not find distinct host specialization in the

pathogen isolates studied, they reported that pathogen isolates differed in their virulence

and could be classified into three discrete groups. Tekauz (2002) found that differential

virulence was present in the four Manitoba isolates of B. sorokiniana tested on 19 barley

genotypes, at both seedling and adult-plant stages. The apparent considerable interactions

among barley genotypes and isolates of ,8. sorokiniana fuom the Canadian prairie regions
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(Dostaler et al., 1981; Tekauz, 2002), coupled with the emergence of a new pathotype

þathotlpe '2') in North Dakota, a nearby US state (Valjavec-Gratian and Steffenson,

7997a), underlined the importance of evaluating the current virulence pattem in the

pathogen population.

The objectives of this study were to evaluate the virulence in the population of B.

sorokiniana in Canada, and to compare this with that from other parts of the world.

Because Alberta, Saskatchewan, and Manitoba account for 93o/o of Canada's annual

production of barley (Anon, 2005), most of the Canadian isolates tested in this study were

collected there. Particular emphasis was made to identify the virulence diversity of the .8.

sorobinian¿ in Manitoba, where spot blotch levels recently have increased markedly

(Tekauz et a1., 2003). The classical method of pathotype identification using differential

genotypes as described by Stakman et al. (1962) was employed to evaluate the virulence

diversity of the B. sorokiniana isolates. This method, which assumes a 'gene-for-gene'

interaction between pathogen isolates and host genotlpes, has been used in several

studies to assess virulence variability of the B. sorokiniana population (Meldrum et al.,

2004; Valjavec-Gratia:r and Steffenson,7997a; Zhong and Steffenson, 2001).

2.2. Materials and methods

2.2.1. Collection of isolates

Ninety-two Canadian isolates of B. sorokiniana including 75, 8, 5, 3, and 1

isoiates collected from Manitoba, Saskatchewan, Alberta, Ontario, and Quebec,

respectively, were evaluated for their virulence in this study (Table 2-1). Most isolates

originated from infected barley leaf tissue; others from either seed of barley or from

infected leaf tissue of wheat or oat (Table 2-1).

Thirty-five exotic isolates including 9,8,7,6,3, and 2 isolates from Australia,

Uruguay, Poland, BrazíI, the USA, and Mexico were also included in the study to

compare the virulence of isolates from Canada with that from other parts of the world.

Isolates from the USA CNrD85F, ND9OPr and ND93-1) were representative of North

Dakota pathotypes 'I', '2', and '0', respectively (Valjavec-Gratian and Steffenson,
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1997a). The nine isolates from Australia were from different regions and representative

of the six pathotypes of ,8. sorokiniana (Meldrum et al., 2004) found there. Most of the

exotic isolates were originally isolated from leaf tissue or seed of barley, while a few

were from leaf tissue of wheat and rye, or crown tissue of barley (Table 2-1).

2.2.2. Differential lines

A differential set of 12 barley lines/cultivars, including six Canadian genotypes

and six genotypes from the USA, was used to test the pathogen isolates. The set included

lines ND BII2 and ND 5883 and the cv. 'Bowmarì' which were used previously to

charactenze the B. sorokiniana population in North Dakota (Valjavec-Gratian and

Steffenson, 1997a) and have also been used for identification of B. sorokiniana

pathotypes in several other studies (Gamba and Estramlll, 2002; Meldrum et al., 2004;

Zhong and Steffenson; 2001). The cvs. 'Conlon', 'Robust' and 'Stander' developed in the

USA and widely-grown in Manitoba were also included in the study to provide additional

information on the virulence of Canadian B. sorokiniana isolates. The six Canadian

barley genotypes (TR 251, TR 261, 'Newdale', 'CDC Stratus', 'CDC Bold' and 'AC

Metcalfe') included were selected based on their differential reactions to B. sorokiniana

isolates in previous studies (Tekauz, 2002) or in the case of 'AC Metcalfe', its current

popularity in western Canada. Additional information on row type, level of spot blotch

resistance, and pedigrees of the DLs used in this study can be found in Appendix III.

2.2.3. Preparation of host plants

Differential lines were seeded 2 weeks prior to inoculation, as four clumps of

eight seeds per 30 cm diameter clay pot into a mixture of sifted soil, sand, and 'Turface'

in a ratio of 4: 1 : 1. Nitrogen based (34-0-0, N-P-K) fertllizer (Ammonium nitrate, Crop

King lnc.) at the rate of 5.0 g was added to each pot with the first watering to optimize

seedling growth. Plants were grown in a controlled environment cabinet (Model PGW36,

Conviron Inc. Winnepeg, Manitoba, Canada) at 17 oC and an 18 h photoperiod.
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2.2.4. Preparation of inoculum

For isolates obtained from leaf tissue or seed (most western Canadian isolates),

leaf sections or infected seeds with putative spot blotch or black point lesions were

surface-stenlized rn 50o/o ethanol for 15 s and in 2o/o sodium hypochlorite for 30 s, and

then rinsed in sterile distilled water for 30 s. They were then placed on dry filter paper in

petri dishes with another piece of filter paper, moistened with distilled water, placed in

the lids, and incubated at 20 oC and a 12 h photoperiod to promote pathogen sporulation

in the lesions. After 3 to 4 days, single conidia were transferred to 9 cm diameter plastic

petri plates containing 10% V-8 juice agar (Tekauz, 1990). For isolates obtained from

other collections (most exotic isolates), single conidia taken from the original stock (e.g.

pure spores, culfures on growth medium, or silica gel) were cultured in the nutritional

medium.

The plates were incubated for l0-I2 days and then were used to prepare the final

inoculum. For preparation of the inoculum, plates were flooded with sterile double-

distilled water and the colony surface was rubbed with a sterile wire loop. The resulting

suspension was homogenized for 1 min in a Waring blender and filtered through two

layers of cheesecloth. Density of the conidial suspension was measured with a Klett-

Summerson photoelectric colorimeter and the data were transformed to conidia per

milliliter using a reference curve for conidial concentration at different colorimetric

densities. The concentration of conidial suspension was adjusted to 3,000 conidia per ml

by adding double-distilled water to each sample. A drop of Polyoxyethylene-2O-sorbitan

monolaurate (Tween 20) was added per 50 ml of suspension as a spreader and sticker to

facilitate adherence and the even distribution of inoculum on seedling leaves.

2.2.5. Inoculation and disease assessment

Inoculum was applied to 2-week old plants IGS 13 in Zadoks et al. (1974)l using

an atomizer nozzle (Model 15, DeVilbiss Co., Somerset, PA, USA) fitted to an

electrically driven pressure air pump. Sufficient inoculum, as described by Tekauz (1990,

2002), was used to cause run-off on seedlings. Inoculated plants were incubated in

darkness for 18 h at 20-22 oC and 100% relative humidity. They were then grown in
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growth cabinet under an 18 h photoperiod at 17 oC. The second leaf of seedlings was

scored for infection response I0-I2 days after inoculation using the 1-9 infection

response scale for spot blotch developed by Fetch and Steffenson (1999). All of the

isolates were tested at least twice, and some were tested 3, 4, or 5 times (TabIe 2-2).

Average IR for each isolate was calculated across replications to one decimal place. To

evaluate a gene-for-gene model between isolates and DLs, average IRs of < 4.4 and >4.5

were considered as resistant ard susceptible reactions, respectively.

2.2.6. Virulence group designation

Isolates were classified into different VIGs employing the coded triplet

nomenclature system of Limpert and Mriller (1994).In this system, host differentials are

ordered in subsets of three (hence coded triplet). The reaction of a DL to each pathogen

isolate is a binary value, where 1 and 0 represent susceptible and resistant reactions,

respectively. The resulting binary value of 1 (susceptible reaction) is then converted to

decerurary values by a conversion factors 20 (equal to 1), 21 (equal to 2) and,22 (equalto

4) for the first, second and third DL in a subset, respectively, where a binary value of 0

(resistant reaction) is not converted. The sum of all decennary values in each subset is

calculated and the digits are separated by dots. In this study, the 12 DLs are listed

alphabetically and then divided into four subsets of three differentials each resulting in a

4-digit code (e.g. R,R,R; S,R,R; R,S,R; S,S,R can be designated as 0.1.2.3 and R,R,S;

S,R,S; R,S,S; S,S,S can be designated as 4.5.6.7, respectively). A group of isolates with

similar  -digit codes were considered as a 'virulence group' to avoid confusion with the

three North Dakota 'pathotype' groups identified by Valjavec-Gratian and Steffenson

(t997a).

2.3. Results

All isolates tested induced spot blotch symptoms on the 12 DLq resulting in

lesions that varied in their size and foiiar coverage (severity). Symptoms varied from

minute to small necrotic lesions surrounded by no or very slight marginal chlorosis to

large necrotic lesions often accompanied by a distinct marginal halo. The lesions

exhibited by DLs to different isolates of B. sorokiniana vaned in a continuous
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progression and intermediate IRs (IRs of 4 and 5) on the barley differentials were

frequent. Ir some instances the extent of the chlorotic halos surrounding necrotic lesions

was not as large or 'typical' as illustrated by Fetch and Steffenson (1999), and the overall

size of the necrotic portion of a lesion was therefore used as the main criterion to rate

genotype IRs.

Based on IRs induced by the 127 ísolates of B. sorokinian¿ on the 12 DLs, the

isolates could be classified into eight VIGs by coded trþ1et nomenclature system (Table

2-2).Isolates of group 0.0.0.0 displayed low IRs (mostly 2 to 3) on all DLs and were

therefore similar to North Dakota pathotlpe '0' described by Valjavec-Gratian and

Steffenson (T997a). VIG 6.0.0.0 was composed of isolates inducing a virulence pattern

similar to those for North Dakota pathotype '2', with high iRs on cvs. 'Bowman' and

'CDC Bold' and low IRs on other differentials (Table 2-2). Group 5.7.0.0 isolates

induced susceptible IRs on 'AC Metcalfe', 'CDC Bold', 'CDC Stratus', 'Conlon', and

ND 5883 and resistant ones on 'Bowman', ND BII2,'Newdale', 'Robust', 'Stander', TR

257, and TR 261 (Table 2-2). Isolates of group 5.7 .4.0 were similar to isolates of group

5.7.0.0 with the addition of virulence on cv. 'Robust' (Table 2-2). Based on IRs on the

three reference DLs 'Bowman', ND 5883, and ND BII2, both of these groups would be

classified as North Dakota pathotype '1' (Valjavec-Gratian and Steffenson, 1997a).

Isolates of group 7.1.5.4 induced susceptible IRs on most of the DLs except for

'Newdale', 'Stander', and TR 251 (Table 2-2).Isolates of group 7.7.5.4 had similarities

to isolates of group 5.7.4.0 except for their virulence, albeit moderate and rated mostly as

'5', on'Bowman', ND 8112, Robust, and TR 261 (Table2-2).Isolates of VIGs 5.7.4.0

and 7.7.5.4 exhibited higher virulence on cvs. 'AC Metcalfe', 'CDC Bold', 'CDC

Stratus', 'Conlon' (mostly 6 to 7) and very high virulence on line ND 5883, inducing

large necrotic lesions with distinct chlorotic halos characteristic of the IRs of 8 and 9

described by Fetch and Steffenson (1999).

Virulence group 7 .7 .7 .5 was composed of isolates inducing susceptible IRs on all

DLs except TR 251. The few isolates designated as VIG 7.7.5J exhibited resistant IRs on

'Newdale', TR 25i, and TR 261, and susceptible IRs on all other differentials. Group
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6.3.5.0 also was composed of only a few isolates that induced susceptible IRs on

'Bowman', 'CDC Bold', 'CDC Stratus', 'Conlon', ND 8112, and'Robust', but resistant

IRs on 'AC Metcalfe', ND 5883, 'Newdale', 'Stander', TR 251, and TR 261 (Table2-2).

Two of the three reference isolates from North Dakota, ND85F and ND9OPr

(pathotypes '1' and '2', respectively) exhibited a virulence pattem corresponding to

isolates of VIGs 5.7.4.0 and 6.0.0.0. However, isolate ND93-1 (representative of North

Dakota pathotype '0') was virulent on some DLs in this study, including line ND 5883,

which was previously reported to be resistant to this isolate (Valjavec-Gratian and

Steffenson, 1997a). The virulence pattern of isolate ND93-1 (North Dakota pathotype

'0') was completely different from that of the low virulence isolates of VIG 0.0.0.0,

identified in this study. The nine reference isolates from Australia (Meldrum et a1., 2004)

had virulence patterns similar to those of four of the eight VIGs (0.0.0.0, 5.7 .0.0, 5.7 .4.0,

7.7.5.4) identified in this study. None of the reference Australian isolates of B.

sorokinianø induced IR on the 12 barley DLs that were similar to those of isolates of
groups 6.0.0.0 (North Dakota pathotype '2'), 6.3.5.0,7 .7 .5.1, or 7 .7 .7 .5.

The number and frequency of isolates collected from different provinces in

Canada and other countries assigned to each VIG are listed in Table 2-3. Of the total of
I27 isolates tested, 32 (25%) exhibited low virulence on all DLs (group 0.0.0.0). Isolates

in groups 5.7.4.0,7.7.5.4, 5.7.0.0,7.7.7.5,7.7.5.I,6.3.5.0 and 6.0.0.0 comprised 38

(30%), 26 (21,%), 14 (lI%), 7 (6%), 4 (3%), 3 (2%), and 3 (2%) of total isolates,

respectively. Isolates assigned to VIGs 6.3.5.0, 7.7.5.1, and 7.7.7.5 were collected only

from Manitoba. Of the three isolates of VIG 6.0.0.0, two were collected in Manitoba and

the third was the reference isolate ND9OPr (pathotype '2') from North Dakota.

All isolates designated as group 7.7.5.4 were collected from either Manitoba or

Saskatchewan, except isolate 4US98153 from Australia. In contrast, isolates designated

as group 5.7 .4.0, with similar virulence to isolates of North Dakota pathotype 'I' , had a

wide geographic distribution in all provinces of Canada except Quebec, and all other

countries except for Mexico, &om which only one and two isolates, respectively, were
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tested. The highest frequencies of isolates in this VIG were detected in Alberta, Poland

and Uruguay, comprising 60%o,86% and 63Yo,respectively, of the total isolates collected

in those regions. Isolates of group 5.7.0.0, similar to North Dakota pathotype '1'were

found in Manitoba at a low frequency (7o/o), but were not found in other provinces of

Canada. In contrast, isolates of this group comprised a larger proportion of those

collected from Australia, Brazll, Poland and Uruguay (33o/o, 33o/o, I4%o and 25o/o,

respectively).

Of the 127 ísolates evaluated in this study, 86, 18, and 1 isolate were collected

from barley leaf seed and crown tissues, respectively (Table 2-4). Ten, five, and one

isolate(s) were collected from leaves of wheat, oat, and rye, respectively, while the host

origin(s) of remaining 6 isolates was unknown (Table 2-4). Isolates of all pathogenic

groups were found among B. sorokiniana isolates collected from barley leaf tissue. Of the

18 isolates collected frombarley seed, IIo/owere classified in group 0.0.0.0, while 89%

were more virulent and classified in VIGs 5.7.0.0,5.7.4.0 and7.7.5.4. The majority of the

isolates collected from leaves of wheat (70%) and oat (60%) and one isolate from each of

rye leaf and barley crown had low virulence on the DLs used here and were classified as

vrc 0.0.0.0.

2.4. Discussion

Different virulence patterns were detected across B. sorokiniana isolates collected

from several provinces in Canada, and from other countries, and eight VIGs were

identifïed among I27 isolates based on resistant or susceptible responses among 12 DLs.

The greatest amount of pathogenic variability among B. sorobiniana isolates was

observed in Manitoba, where all eight VIGs were represented. Isolates designated as

groups 7.7.7.5,7.7.5.1, and 6.3.5.0 were found only in collections from Manitoba. In

addition, isolates of group 7.7.5.4 were found only in Manitoba, Saskatchewan, and

Australia. These results may indicate a broader variability in the pathogen in the eastern

prairie region of Canada, especially in Manitoba. However, this likely can be attributed to

the higher number of isolates tested from Saskatchewan (n:9) and from Manitoba

(n:75). Duveiller et al. (2000) reporled that the probability of detecting an isolate that
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differs from the others increases with the number of isolates tested, and that this is more

likely to occur with isolates from locations distinct from one another.

The sma11 number of isolates collected from cereals other than barley (7,3, and I

from wheat, oat, and rye, respectiveiy) in this study does not allow for a definitive

evaluation of host specificity among B. sorokiniana isolates. Nonetheless, most of the

isolates collected from wheat and oat, and one Australian isolate collected from rye, were

weakly virulent on the 12 bafley DLs used in this study, and were designated as VIG

0.0.0.0. Nelson and Kline (1961) pointed out that most species of Helminthosporium carr

atÍack a wide variety of gramineous hosts. In their study, they reported that H.

sorokinianum (syn. B. sorokiniana) conidia isolated from barley could infect 13 different

gramineous species, including barley, rice, sorghum and 10 wild relatives. Likewise,

Misra (1973) stated that B. sorokiniana can infect several hosts and can thus be

transferred from one cereal crop to another. Based on the differential responses of 25

species in 22 genera of the Gramineae, Nelson and Kline (1962) found intraspecific

variation in the pathogenicity of eight H. sorokinianum isolates collected from different

regions of Canada and the USA. All eight isolates were pathogenic on barley and

sorghum, seven on wheat, five on rice, but none infected corn. However, Nelson and

Kline (1961, 1962) used the term 'pathogenic' for any lesions found on host plants, and

made no attempt to interpret quantitative or qualitative variation (i.e. lesion size, and

type), representative of the virulence of isolates.

The occurrence of VIGs such as 0.0.0.0, 5.7.0.0, 5.7.4.0 and 1.7.5.4 in isolates

originating from both barley leaves and kerneis indicates that tissue specificity is unlikely

to occur in above-ground tissues. This is in agreement with Valjavec-Gratian and

Steffenson (1,997a) who found no tissue specificity among isolates collected from barley

leaves and kernels. Because only one root-derived isolate was evaluated in this study, no

comment can be made regarding specificity of B. sorokiniana isolates collected from

barley crowns and roots versus aerial tissues. However, the low virulence of this single

isolate (group 0.0.0.0), accompanied with evidence of low virulence for the only root-

derived isolate of B. sorokiniana used in the study of Valjavec-Gratian and Steffenson
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(I997a), suggests that further research on tissue specificity between root isolates and

isolates from aerial parts of cereal plants is warranted.

The small number of isolates tested from geographical regions outside Canada

and the virulence groups identified among these, likely do not represent the total

variability in the B. sorokiniana population in those regions, i.e. in Australia, Poland,

Mexico, etc. Nonetheless, isolates classified in virulence groups 5.7.4.0,5.7.0.0, and

0.0.0.0 appear to have a wider distribution in the world than isolates of other groups.

Based on IRs on 'Bowman', ND 5883, and ND 8112, VIGs 5.7.4.0 and 5.7.0.0 equate to

North Dakota pathotype 'l', and VIG 0.0.0.0 to North Dakota pathotype '0' (Valjavec-

Gratian and Steffenson, I997a). Our results agree with Valjavec-Gratian and Steffenson

(I997a) and Zhong and Steffenson (2001), who also reported the presence of isolates

designated as pathotype '1' and '0' in countries other than the USA, i.e. Brazil, Uruguay,

Poland, and Canada. Although we did not evaluate any isolates from China, Japan, or

New Zealand in this study, the occurrence of pathotypes '1' and '0' in those countries has

been reported (Valjavec-Gratian and Steffenson, I997a; Zhong and Steffenson, 2001).

ln our study, the proportion of VIGs 5.7.4.0 and 5.7.0.0 was 30%o and lIo/o,

respectively. If isolates of group 7.7.5.4 (with relatively close virulence pattern to isolates

of groups 5.7.4.0 and 5.7.0.0) are added, the proportion with virulence similar to North

Dakota pathotype '1' becomes 620/o. Ir contrast, the proportion of isolates of group

0.0.0.0 was 25o/o. This was also the case in Australia, where Meldrum et al. (2004) found

that percentage of pathotypes I77, 377, and 737, corresponding to North Dakota

'pathotype 1', was 59% and a relatively smaller proportion (35%) of the isolates were

similar to North Dakota pathotype '0'. However, our findings are in contrast to those of

Valjavec-Gratian and Steffenson (1997a), who found a very high proportion of pathotype

'0' (680/0), and a very low proportion of pathotype'I' (9o/o), among 22 isolates of B.

sorokiniana collected from different parts of North Dakota. In addition, isolate ND93-1

(North Dakota pathotype '0') exhibited a virulence pattem completely different from that

of low virulence isolates (goup 0.0.0.0) in our study, but similar to that of isolates of

goup 5.7 .0.0, the equivalent of North Dakota pathotype '1'.
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The differences found across studies (above) may be due to a number of factors:

the inoculation methods, inoculation conditions, genetic differences in seed stocks, or

experimental error among raters. Duveiller et al. (1998) demonstrated that measuring B.

sorokiniana pathogenicity at the seedling stage is extremely sensitive to experimental

conditions. Duveiller et al. (2000) also stated that inoculum calibration and an unequal

amount of inoculum sprayed on the leaves can be two major sources of experimental

error when evaluating B. sorokiniana pathogenicity at the seedling stage. The different

reaction spectrum produced by isolate ND93-1 in our study could also have resulted from

an error in the labeling of the isolate culture(s) at the original (T. Fetch, personal

communic ati o n) or destination laboratories.

Isolates designated as VIGs 7.7.7.5,7.7.5.1 and 6.3.5.0 were only collected in

Manitoba. These can be regarded as new VIGs of B. sorokiniana based on their virulence

specificity on the DLs in this study. Their common attribute was the intermediate level of

virulence (usually rated as an IR of 5, and rarely as 4 or 6) on DL ND 5883, compared to

groups 7 .7 .5.4, 5.7 .4.0, and 5.7.0.0 that had a higher virulence (usually an IR of 8) on ND

5883. The other characteristic of the isolates of these three groups was their higher

virulence on ND B1I2 and its derivatives, 'Bowman', 'Robust', and 'Stander', compared

to that of groups 5.7.4.0 a:rd 5.7.0.0; however, their virulence on these DLs was similar to

that of isolates of VIG 7 .7 .5.4. None of the B. sorolciniana isolates collected in Manitoba

prior to 2002had the same virulence pattern as the isolates in these groups. This suggests

that these VIGs may have evolved recently, or that their frequency was previously too

low to be readily detected in the population. Although the frequency of these VIGs was

only l4o/o of the total of 75 isolates collected in Manitoba, they comprised 32Yo of the 43

isolates of B. sorokiniana collected in 2002. The isolates were collected primarily from

central regions of Manitobain2})2, but a few were collected from westem regions of the

province during the an¡ual barley leaf spot disease survey that year (Tekauz,

unpublished). Additional collections from western and other parts of Manitoba should be

made to determine the extent of the occurrence of these isolates with apparent unique

virulence.
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Isolates designated as group 6.0.0.0 in this study can be equated to North Dakota

pathotlpe '2' (Yaljavec-Gratian and Steffenson, 1997a). Excluding isolate ND9OPr, only

two isolates collected in Manitoba were classified as such. Fetch and Steffenson (1994)

and Valjavec-Gratian and Steffenson, (1997a) documented a markedly higher virulence

in isolates of pathotyp e '2' on the cv. 'Bowman' and two-rowed derivatives of 'Bowman'

in North Dakota. The sensitivity of the Canadian two-rowed cv. 'CDC Bold' to isolates

of group 6.0.0.0 was likewise detected in this study. 'CDC Bold'was developed from the

cross S888403/Tyra, where accession 5888403 is a line from the University of

Saskatchewan, Crop Development Centre, Canada with the pedigree of 'DeuceÆowman'

(B. Rossnagel, personal communication). Based on a genetic study of the cross

'Bowman/lr{D 5883', a clear gene-for-gene interaction between line ND 5883 and isolate

ND9OPr þathotype '2') was identified and a single recessive gene in line ND 5883

conferred the resistance to isolate ND9OPr (Valjavec-Gratian and Steffenson,l997b).It

may be that a dominant allele from 'Bowman' at the same locus possibly encodes for a

product (i.e. receptor) that cannot recognize the specific elicitor released by isolate

ND9OPr. If true, caution is warranted when using the cv. 'Bowman' in crosses, in

breeding programs targeting regions where isolates of group 6.0.0.0 (North Dakota

pathotype'2') predominate.

Isolates of pathotype '2', 23Yo of the 22 isolates collected in North Dakota

(Valjavec-Gratian and Steffenson, I997a), appear to be more prevalent and widely

distributed in North Dakota than in Manitoba, and in addition, none were detected from

other Canadian provinces or countries. This finding is in agreement with that of Valjavec-

Gratian and Steffenson (1997a) and Zhong and Steffenson (2001) who did not detect this

pathotype among isolates collected from other US states or other countries. While Gamba

and Estramil (2002) reported a virulence profile similar to that of North Dakota pathotype

'2' among Uruguayan isolates of B. sorokiniana, none of the eight isolates from Uruguay

tested in this study or the five Uruguayan isolates tested by Zhong and Steffenson (2001)

displayed the same virulence pattern as isolates of group 6.0.0.0 (North Dakota pathotype

'2'). Therefore, it is probable that VIG 6.0.0.0 (North Dakota pathotype '2') of B.

sorokinianø is specific to North Dakota and Manitoba regions. Testing of advanced
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barley lines developed from a 'Bowman' pedigree with an isolate of VIG 6.0.0.0 would

be prudent before their release as a new barley cultivar. This is especially pertinent for

Manitoba and North Dakota, where the presence of the 'susceptible' Bowman gene could

result in substantial crop damage from -8. sorokiniana isolates of this VIG.

In contrast, breeding for resistance against the predominant VIGs of B.

sorokiniana, also having higher virulence, will likely be a more difficult task than

breeding for VIG 6.0.0.0 (North Dakota pathotype '2') resistance. These higher virulence

groups were much more frequent in western Canada than isolates of either groups 0.0.0.0

or 6.0.0.0 $trorth Dakota pathotypes '0' and '2', respectively). Our results demonstrated a

great diversity in the virulences of isolates other than those in groups 0.0.0.0 and 6.0.0.0.

This diversity does not lend itself to categonze all of these isolates in a simple unique

VIG (i.e. pathotype '1'). Using an IR of 5 as the cut-off point fas apptied by Valjavec-

Gratiarr and Steffenson (1997a and 1997b); Zhong and Steffenson (2001)l rather than 4.5

as used here, to differentiate among resistant and susceptible responses, the number of
VIGs of B. sorokiniana in this study would increase to 32 (data not shown). This can be

attributed to the many intermediate IRs induced on the DLs by most of these virulent

isolates.

Ir summary, our findings demonstrate that complex interactions exist between

many B. sorokiniana isolates and their barley host, and that this requires additional

evaluation. The detection of a continuous range of IRs of 2 to 9 on different barley

genotypes induced by virulent isolates together with frequently observed intermediate IRs

of 4 and 5 among genotypes, suggest that such isolates may not demonstrate a distinct

gene-for-gene interaction with differential barley lines. Therefore, the virulence of B.

sorokiniana isolates may better be analyzed using quantitative approaches to differentiate

among them and to clarify their relatedness. The term 'aggressiveÍress', which depicts the

amount of disease produced in a particular susceptible host-pathogen interaction

(Andrivon, 7993), may be preferred to 'virulence' to determine the pathogenicity of B.

sorokinianø isolates quantitatively. As such, the use of the most aggressive isolates in
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specific regions/provinces is desirable to provide the most effective screening of progeny

in barley breeding programs.
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2.5. Tables and Figures
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Table 2-1. Accession number, year and location of collectìon, host and tissue origin, and name of supplier of Bipolaris sorokiniana
isolates used for virulence analysis.

No. Isolate' Acc. Numbe¡ Year collected Host origin Geoeraphic orisin Source

1 WRS1903
2 WRS1908
3 WRS1909
4 WRS1910
5 WRS191 1

6 WRS1927
7 WRS1928
8 WRS1929
9 WRS1930
10 wRs1932
11 WRS1933
12 WRS1934
13 WRS1935
14 WRSI936
15 WRSl937
16 WRS1938
t7 wRS1939
18 WRS1940
t9 wRS194i
20 wRs1942
21 WRS1943
22 WRS1944
23 WRS1945
24 WRS1946
25 WRS1947
26 WRS1948
27 WRS1949
28 WRS1950
29 WRSl951
30 wRS1952
31 WRSl9s3
32 WRS1954
33 WRS1955
34 WRS1956
35 WRS1957
36 WRSi958
37 WRS1959
38 WRS1960
39 WRS1961
40 wRS1962
41 WRS1963
42 WRS1964
43 WRS1965
44 WRSl966
45 WRSl967
46 WRS1968
47 WRS1969
48 WRS1970
49 WRS1971
50 wRSi972
51 WRS1973
52 WRS1974
53 WRS1975
54 WRS1976
55 WRSi977
56 WRSl978
57 WRS1979
58 WRS1980
59 WRS1981
60 wRS1982
6l wRs1983

98-MÆ--9-1
741(oN)-1
742(ON)-l
743(ON)-l
744(ON)-2
99A-10-1
99A-16-r
99A-V
99A-14-i
00-7GI-1
00-56Gr-1
0062Gr-1
0063GI-1
01s-5v-1
0i s-6v-1
01s-l1V-l
0ls-5NV-l
01s-6NV-1
01s-8NV-1
0is-6OvA-1
01s-61VA-1
01s-62V-r
0ts-60v8-1
01s-61V8-1
01s-59V-1
01G-l713VÄ'
01G1716V
01G-172iV
01G-1713V8
01G-1717V
01G-17i5V
01G-1718V
02s-1
02s-2
02s-3
02s-4
02s-s
02s-6
02s-7
02s-8
02s-9
02s-r0
02s-1 i
02s-r2
02s-1 3

02s-14
02s-1 5

02s-1 6

02s-1 7

02s-1 8

02s-1 9

02s-20
02s-21
02s-22
02s-23
02s-24
02s-25
02s-26
02s-27
02s-28
02s-29

A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz

1 998

2001

2001
2001

2001

1999
1999
1999
r999
2000
2000
2000
2000
2001
200r
2001

2001

2001

2001

200r
200i
2001

2001

2001

2001

200r
2001

2001

200 I
2001

2001

2001

2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002

Leaf/barley Ridgeville/MB/Canada
I-naf/barley Duf¡esne/MB/Canada
I-eaf/barley CarmanÀ4B/Canada
I-eaf/barley St. AnneÀ4B/Canada
Iæaf/barley Glenlea./MB/Canada
Leaf/barley Altona./MB/Canada
Leaflbarley Altona./MB/Canada
LeafJwheaf Altona./MB/Canada
læaflbarley Altona./MB/Canada
Leaflwheat G¡osse isle/MB/Canada
Leaflwheat G¡osseis'le/lr4B/Canada
Leaflwheat Grosse isle,MB/Canada
Leaflwheat Grosse isle/MB/Canada
Leaf/oat
I-,eaf/oat
I-eafJoat
I-eaf/oat
Lnafloat

Selki¡k/MB/Canada
Selki¡k/lvf B/Canada
Selkirk/MB/Canada
Selkirk/MB/Canada
Selkirk/MB/Canada

Leaflbarley SelkirkÀ4B/Canada
Leaf/barley Selkirk/MB/Canada
Leaflbarley Selkirk/MB/Canada
Leaftbarley SelkirkÀ4B/Canada
læaflbarley SelkirkÀ48/Canada
I*aflbarley SelkirkÀ4B/Canada
Leaf/barley Selkirk/MB/Canada
I*aflbarley Glenlea,/MB/Canada
Leaf/barley Glenlea,/MB/Canada
Leaîlbarley Clenlea./MB/Canada
Leaf/barley Glenlea./MB/Canada
I-naf/barley Glen'lea./MB/Canada
Leaflbarley Glenlea./MB/Canada
I-naf/barley Glenlea/MB/Canada
Leaf/barley G¡ande Pointe,MB/Canada
I-naf/barley St.PierreJolys/MB/Canada
Leaf/barley New Bothwell/MB/Canada
Leaf/barley Blumenort/MB/Canada
Leaf/barley Anola./MB/Canada
I-naf/barley Ste.Agathe/MB/Canada
Lnaflbarley Morris/l\4BlCanada
læaf/barley Lowe Farm/MB /Canada
Leaflbarley PlumCoulee,MBlCanada
I-naf/barley Dominion City/MB/Canada
Leaf/barley l¿ Salle/I4B/Canada
Leaflbarley Warren/MB/Canada
Leaf/barley G¡osse isle/MB/Canada
Leaflbarley Garson/MB/Canada
I-na0/barley Stonewall/l4B/Canada
læaflbarley Teu'lon/MB/Canada
I-saf/barley Teu'lon/lvfB/Canada
Leaflbarley Teulon/MB/Canada
Leaflbarley Culross/MB/Canada
Leaf/barley CarmanÀ4B/Canada
Leaflbarley Morden/lr4B/Canada
I-naf/barley Rosenfeld/lr4B/Canada
Leaflbarley Oakland./MB/Canada
Leaf/barley Marquette/lVfB/Canada
læaflbarley Warren/MB/Canada
læaf/barley Rosse¡/lr4B/Canada
Leaflbarley Miami/lr4B/Canada
I-eaf/barley Manitor¡/MB/Canada
Leaf/bar'ley Cartwrieht/MB/Canada
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Table 2-1. (Continued)

No. Isolate Acc. Number Year collected Host orisin Geosraphic origin
62

63

64
65

66
67

68

69

70
II
72
73

74
75

'76

77

78

79

80

81

82

83

84

85

86
öt
88

89

90
9l
92

93

94
a5

96

97

98

99
100

101

r02
103

104

105

106

107

108

109

110

111

t12
113

114
115

116

117

118

119

120

121

122

wRS1984
wRS1985
wRS1986
wRS1987
wRs1988
wRS1989
v/RS 1 990
wRS199t
wRs1992
wRS1993
wRS1994
wRSi99s
wRS1996
wRSl997

Guelph98.l
Guelph98.2

Quebec95
Ottawa8

ND85F"

ND9OPRC

NDg3.1"
Mexico4
Mexico5
UR1T98
UR5T99
UR2P98
UR2T98
URlV99
UR3T98
UR2V98
UR1P98
POL97KD21
POL97KD33
POL97KD26
POL97KD29
POL97KD37
POL97KD32
POL97KD38
SKIA98
SKl SB98
SK2N98
SK2A98
SK1CR98
SK2CR98
SK2T98
SK1N98
A812000
A822000
A832000
AB42000
ABs2000
BRZ176
BRZ178
BRZ193
BF.ZA
BRZ5
BRZ6

AUSSB22d

AUSSB25d

Aus98024d

AUS-98042d

02s-30
02s-3 1

02s-32
02s-33
02s-34
02s-35
02s-36
02s-3'7
02s-39
02s40
02s41
02s42
02Br-l
02Br-2

oN1c99
oN2G99
PQsSF96
221,557

ND85F

ND9OPR

ND93-2
MX4
MX5
UR] T98
UR5T99
UR2P98
UR2T98
UR1V99
UR3T98
UR2V98
UR1P98
KD 2l-POl
KD 33-PO10
KD 26-PO4
KD29-PO7
KD 37-PO13
KD 32-PO9
KD 38-PO14
SK1A99
SKlSB99
SK2N99
SK2A99
SKiCR99
SK2CR99
SK2T99
SK1N99
L0124
11057

L2003
L2007
L2008
BRZT17
BRZT79
BRZ194
Iso'latel-BRZ
Isolate4-BRZ
Isolate5-BRZ

sB22
SB25

98024

98042

I-naflbarley
Leaflbarley
Leaflbarley
I-naflbarley
I-eaf/barley
Leaf/barley
I-eaf/barley
I-eaflbarley
I-,eaflbarley
Leaf/barley
I-eaîlbarley
Leaf/barley
Lnaf/barley
Leaflbarley

I-.eaflbarley
Í-æaf/barley

Seed/barley

Leaflbarley

Leaflbarley

Seed/barley

'iaf/barley

Leaf/barley
I-naf/barley
Leaflbarley
Leaf/barley
Leaflbarley
Leaflbarley
Leaf/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Seed/barley
Leaf/barley
Leaflbarley
Leaflbarley
Leaflwheat
LeaflWheat
læaflWheat
LeaflWheat
LeaflWheat

A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
A. Tekauz
B. tægge

B. Iægge

F. Sabo

T. Fetch

T. Fetch

]:t'"
F. Gamba

F. Gamba
F. Gamba
F. Gamba

F. Gamba
F. Gamba

F. Gamba

F. Gamba
J. Chelkowski
J. Chelkowski
J. Chelkowski
J. Chelkowski
J. Chelkowski
J. Chelkowski
J. Chelkowski
R. Clear
R. Clear
R. Clear
R. Clea¡
R. Clea¡
R. Clea¡
R. Clear
R. Clear
D. Orr
D. On
D. On
D. On

t. 
o'

2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002
2002

1 998

1 998

l 995

1 985

I 990

t::,

1 998

1999
1 998

1 998

1999
1 998

1 998

1 998
't 

997

1997

1997

r99l
1997

1997

1997

1999
1999
1 999
1 999
r999
1 999

1999
I 999
2000
2000
2000
2000
2000
2002
2002
2002

Nesbitt/MB/Canada
Wawanesa./MB/Canada

St. ClaudeÀ48/Canada
St. Eustache.MB / Canada
Poplar PointMB/Canada
Macdonald./MB/Canada
Neepawa./MB/Canada
Hallboro/MB/Canada
Grosse is'leÀ4B/Canada
WoodlandsÀ48 /Canada
Stonewall/MB/Canada
Petersfi e'ldÀ4B/Canada
BrandonÀ4B/Canada
B¡andon/MB/Canada

Guelphy'ON/Canada

Guelph/ON/Canada
Ste. Foy/QC/Canada

Walsh,/ND/U.S.

Cass/l.lD/U.S.

Walsh,¡ND/U.S.
Cd. Delicias/Chihuahua./Mexico
MonterreyÀ.i. L./Mexi co
Tarari¡as/Colonia./Uru guay
Tarariras/Colonia/Uruguay
Paysandu/Paysandu,/Uruguay

Ta¡ariras/Co'lonia/Uruguay
Valdense/Coloni a/Uru guay
Tarariras/Colonia./Uruguay
Valdense/Colon i a./Uruguay

Paysandu/Paysandu/Uruguay
Poland
Poland
Poland
Poland
Poland
Poland
Poland
A¡borfi eld/Sli/Canada
St. Brieux/Sl(,/Canada
Niacom/SK/Canada
Arborfield/SIlCanada
Canot River/SIlCanada
Carrot River/SK/Canada
Tisdale/SI(/Canada
Niacom/SllCanada
Ponoka./AB/Canada
l¿combe/AB/Canada
Rimbey/AB/Canada
Ponoka./AB/Canada
BashaVAB/Canada
Passo Fundo,/Rio Grande do Sul/Brazil
Passo Fundo/Rio G¡ande do SulÆrazil
Passo Fundo/Rio Grande do Sul/Brazil

I 995

1 995

1 998

1 998

Leaf/barley Redlands/QlD/Australia

Crown/barley Millmerran/QLD/Australia

I-caflbarley Kyogle/l.,lSWAustralia

Leaf/barley Monto/QlD/Austra'lia

G- Platz

G. Platz

G. Platz

G. Platz

t3



Table 2-1. (Continued)

No. Isolate Acc. Number Year collected Host origin Geosraphic orisin Source

t23 AUS98137d

124 AUS98153d

t25 AUS99074d

126 AUS99108d

t27 AUS99l09d

98r37

981 53

99074

99108

99i09

1 998

1 998

r999

1999

1 999

Leaf/barley Cobbiffy,ô{SWAustralia

Leaflbarley North Star/Ì{SWAustralia
I-eaf/rye Biloela./QlD/Australia

Seed/barley WonganHills/lVestemAustralia

Leaflbarlev A¡atula./OlD/Australia

G. Plaø

G. Platz

G. Platz

G.Pla¡z

G. Platz

"Prefixes WRS (Winnipeg Resea¡ch Station), ND, UR, POL, SK, AB, BRZ, AUS represent isolates collected in Manitoba, No¡th Dakota,
Uruguay, Poland, Saskatchewan, Alberta, Brazil and Australia, respectively.
blnformation not available.

"Reference isolates whose virulence pattern was previously characterized in Nofth Dakota ffaljavec-G¡atian and Steffenson, 1997a).
dReferenceisolateswhosevirulencepattemwaspreviouslycharacterizedinAustralia(Meldrum 

eta1.,2004).
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Table2-2. Average infection responses on l2 barley differentjal lines inoculated with 127 isolates of Bipolaris sorokiníana and
corresponding virulence groups designated by the coded triplet nomenclature system.

Differential line

Isolate

o

o
o.a

¿.

wRs1928
wRS1929
tvRs 1 930
wRs1932
wRS1937
wRs1938
wRS1940
wRS1948
wRS1949
wRs1950
wRSi951
wRSr952
wRSl953
wRs1954
wRs1971
wRS1982
wRS1988
wRS1991
Guelph93.l

Quebec95
Ottawa8
Mexico4
Mexico5
URlT98
SK1 SB98
A842000
A.852000
BRZT76
BRZ178
BRZ193
AUSS825
AUS99074

2^

2

J

2
2

4
2
')

)
2

2

2
2

2
2
2
)
2

J

2

2
2

J

2

2

2
2

2
2

2
2

2

J

J

J

J

4
2

2
2

J

3

J

2

J

3

2
2

J

2

J

2

2

2

J

2

3

4
)
J

J

2

2

4

4
J

4
J

J

J

J

3

4
J

J

2

J

3

J

3

J

3

J

3

J

2
J

J

J

J

2

2

2

3

J

7

8

I

5

5

5

5

6

5

5

5

6

6
5

6

6

5

J

4
J

J

3

4
2

J

4
J

J

J

J

2
J

2

J

2
J

J

J

J

J

J

J

3

J

3

J

J

J
)
2

2

2

7
7

7

J

J

J

2

J

4
2

3

J

3

J

3

2
3

J

3

J

4
J

4
J

J

3

J

J

J

J

J

J

2
')

J

4
4
-1

J

J

J

3

2

3

2
3

J

J

J

3

2
J

J

J

J

J

2

J

3

J

2

J

3
1

3

J

J

J

J

2

4
4
4

3

4
2

4
3

4
J

2

2
J

J

J

2
3

J

3

2

J

J

J

J

J

J

J

3

J

3

J

J

J

J

3

3

J

J

4
4
4

J

J

4
4
J

4

3

J

3

4
3

J

2

J

3

J

J

J

2
3

J

3

J

J

J

3

4
2

J

J

3

J

4

3

J

5

5

5

6
6

5

5

5

6
6
5

6

7

6

J

4
4

¿JJ

343
JJJ

332
)a2

343)))
¿J5
)12

333
?11

JJJ

a¿¿

233
233
¿JJ

233
JJ3
?1)
333
LJJ

232
233
333
122

JJ3
JJ4
233
232
))?
233
)aî

22
JJ
f2

22
22

22
22
22
aa

22
t?

22

22

a1

22
23
22
22
11
11

22
22
53

32
1a
aa

0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0
0.0.0.0

6.0.0.0
6.0.0.0
6.0.0.0

6.3.5.0
6.3.5.0
6.3.5.0

7.7.5.1
7.7.5.1
7.7.5.1
7.7.5.1

7.7.7.5
7.7.7.5
7.7.7.5
7.7.7.5
7.7.7.5

7.7.7.5

7.7.7.5

5.7.0.0
5.7.0.0
5.7.0.0

wRS1909
wRS1978
NDgOPR

wRsl964
wRS1975
wRS1993

wRS1956
wRs1959
wRs196s
wRs1997

wRS1960
wRs1961
wRS1962
wRS1974
v/Rsl 977

wRS1983

wRs1986

wRsi936
wRS1984
wRsl9Ss

565
575
565
575
586
5'75
575

23
23
24'\, ¿,

24

33
34
aÀ

3

4

J

4

4
4

5

5

5

5

23
23
JJ

44
34
34

53
34
34
34

45
45
45
35
45
45
45

46
45
46

46
46
45
35

555
555
556

555
555
556
555

J

J

J

4

3

J

J

J

J

5

J

J

2*

6

6

6

6

6

6

6

5

5

5

5

5

5

5

5

5

5

5

5

5

6

5

5

5

5

5

5

5

6

6

7

5

5

5

5

6

7

7

5

5

6

6

5

6

5

5

5

5

5

JJJ

423
334

8

6

7

55
55

4

2
4

4

4
4
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Table2-2. (Continued)

Diffe¡ential line

.a

9,=EË-No€EccõFçe¿;uoi*ñÈ2ËKRq6aâõoo6ËE4.l

ô

o
ca

¿.
Isolate Virulence
wRS1994
wRSl996
ND93.1
UR2P98
UR1V99
POL97KD38
BRZ5
BRZ6
AUSSB22
AUS98024
4US98137

wRSl908
wRsl934
wRS1941
wRSl943
wRS1944
wRSi945
wRs1955
wRS1957
wRS1958
wRS1966
wRS1967
wRS1968
wRSi969
wRS1970
wRS1976
wRS1981
Guelph98.2
ND85F
UR5T99
UR2T98

UR3T98
UR2V98
UR1P98
POL97KD2i
POL97KD33
POL97KD26
POL97KD29
POL97KD37
POL97KD32
SK2A98
SK2T98
A812000
A822000
A832000
BRZA
AUS-98042
AUS99108
AUS99109

wRS1903
wRs1910
wRSt9i 1

wRS1927
wRS1933
wRS1935
wRSi939
wRs1942

5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0
5.7.0.0

5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0

5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0
5.7.4.0

7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4

J

4
2
J

2

2

2

2

2
2

2

3x
2

3*
2*

2*

2*
2x
2*
3*

3

2

J

J

J

3*
2*
2

2

2
)
2
J

2

2*
2*
2
2
2
J

3

3

2x
2

2
)

2*
3*
3*
2*
2*
J

2

2*

5

5

5

5

5

6

6

ó

5

5

6

6

7

6

6

6
6

6

6

6

6

7

7

6

5

6

5

6

6

5

6

7

7

6

6

6
6
7

7

6

6

6

6

6
5

6

6

6

6

6

6

6
'7

7

6

7

6

4
4
4
4
4
4

3

4
J

4
4

5

5

7

6
'7

5

5

5

5

5

6

6

ö

5

7

8

7

6
6

6

6

6

6

8

7

7

6

6

6

6

7

6

6

6

6

7

6
6
7

7

5

7

5

6
6
6
6

7

7

7

7
8

7

7

I
8

5

5

5

6

6

5

5

5

5

5

6

6

7

6

7

7

7

6
6

5

6

6

6

7

7

6

6

6

6

6

8

6

8

7

7

7

6

6
8

8

5

7

7

5

6

6

7

6

7

8

6
'7

8

7

7

7

8

5

5

6

6
5

5

6

5

5

5

6

6

6

6

6
7

6

7

7

6

6

6
6

6

6

6

5

6

6

7

6

5

8

7

7

7

7

7

6

6

6

6
I
6

6

5

6

7

6
6
6

7

7

7

ò

7

5

8

7

7

8

ò

Ò

6
I
8

8

4
J

4
4
4
3

J

4
4
4
4

J

J

4

3

J

4
4
4
J

J

4

4

3

4
3

4
4
J

4

3

4
J

4
4
4
4
4
4
4
J

J

J

4
4
4
4
4
4
4
4
J

J

J

J

J

J

3

4
4

4
4
4
4
4

^
4
4

4

4
4
4
4
4
4
4
4
4
4

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

6

6

6

5

5

6

5

5

5

5

5

5

3

J
Á

4
4
4
4
4
J

4
4

4
4
4
4
4
4
4
4
4
4
4
4
4
4

4
4

4
4
4
4

4
4
4
4
4
4
4
4
4
4
4
4
4

4
4
4
4
4

4

4
4
4
4
4
4
4

3

J

J

2
J

2
3

J

2
J

3

3

J

J

J

J

4
J

3

J

J

J

J

J

J

J

4

3

J

4
J

3

J

J

J

4
J

4
4
J

J

4

3

2

J

J

J

J

4

J

J

J

J

3

J
5

J

4
4
4
J

4
4
J

4
J

4
4

4
4
4
4
4
4
4
J

4
4
4
4
4
4

4
4
4
4

4
4

4
4
4
4
4
4
4
4
3

4
4
4
J

J

4
4
4
4

5

5

5

5

5

5

6

5

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

4
4
4
J

4

4
4
4
4
4
4
+

4
4
4
4
4
4
4
4
4

4
4

5

5

5

5

5

5

5

5

7

7

ö

8

7

8

8

8

8

8

8

7

ò

8

8

8

7

7

I
9

8

8

ö

8

8

7

8

8

I
I
I
ò

7

7

ö

8

8

8

7

7

7

8

8

8

8

4
J

4
4

4
4
4
4
4
4
4
4
4
À

4
4
4
4

4
4

4
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4
4
4
4
J
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4
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4
4
4
J
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5
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5

5
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Table2-2. (Continued)

o
ño
Ào

Differential line

-o
=a
oF=!e:iuE_gNsË Ë 3 ?, E ä. E E Ê K Ro6aoõoâ6ËEy.t

Isolate

wRS1947
wRS1963
wRS1972
wRs1973
wRs1979
wRS1980
wRS1987
wRs1989
wRs1990
wRS1992
wRS199s
SK1A98
SK2N98
SKlCR98
SK2CR98
SK1N98
AUSg8i53

45
35
45
35
35
45
35
35

35
35
35
35
35
35

35
45

7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
7.7.5.4
11ÊÀ

7.7.5.4

1946 J

3*

2

2*
J

2*
2
2+
2+
3

J

2*
2*
2

2

657768545
656668545
657668s46
6677't 8645
757778545
556868545
656668s46
657777545
6s6668s45
657768645
55776854s
65776'ts4s
657678535
757688546
6s6678s3s
657668545
656768s45
757778545

4
4

4
4

3

4
4
4
4
4
4
4
4
4
4
4
4
4

Susceptible reactions

R¡esistance reactions

uAverage ofinfection responses in the column calculated by averaging infection responses ofthe correspondingreplications using 1-9
rating scale ofFetch and steffenson (1999). Decima'l averages ofreplications were rounded to one decimal place.

bvirulence groups designated according to the coded triplet nomenclature system of Limpert and Müller (1 994).

"Asterisks indicate that isolates have been tested in an additional replication only with 4 of the differential lines including'Bowman',
NDB I 12, 'Stander' and TR 251.

89 43 95 92 92 89 40 7 78 11 0 33

38 84 32 35 35 38 81 120 49 1 16 127 94
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Table 2-3. Number and percentage of Bipolaris sorokiniana isolates collected (or obtained) from different provinces of Canada or other
countries assigned to eight virulence groups.

0.0.0.0 6.0 6.3.5.0 7.7.5-1 '1;7.',|.5 5.7.0.0 5.7.4.0Provinces and/or

MB, Canada'

SK, Canada

AB, Canada

ON, Canada

QC, Canada

Australia

Brazil

Mexico

Poland

Uruguay

18 (24%)b 2 Q%) 3 (4%) 4 (s%) '7 (e%) s (7%) 16 (21%) 20 (27%) '7s

1(13%) 0 0 0 0 0 2(2s%) s(62%) 8

2(40%) 0 0 0 0 0 3(60%) 0 s

2(66%) 0 0 0 0 0 1(33%) 0 3

1(100%) 0 0 0 0 0 0 0 1

2(22%) 0 0 0 0 3(33%) 3(33%) 1(11%) e

3(s0%) 0 0 0 0 2(33%) 1(r7%) 0 6

2(100%) 0 0 0 0 0 0 0 2

0 0 0 0 0 1(14%) 6(86%) 0 7

r(13%) 0 0 0 0 2(2s%) s(63%) 0 8

ND, USA 0 1 (33%) 0 0 0 1, (33%\ 1 (33o/o\ 0 3

Total

Total percentage"

32

25%

t27J

2%

34
2o/o 3o/n

t14

6% 1r%

38

3Oo/n

26

2I%

" MB, SK, AB, ON, QC and ND represent Manitoba, Saskatchewan, Alberta, Ontario and Quebec provinces in Canada and North Dakota
state in the USA, respectively.
b Percentage in the brackets represents proportion of the isolates of each designated virulence group in the province/country collected.

"Total percentage Ìepresents proportion of the isolates of each designated virulence group in the total of 127 isolates of Bipolaris
s o rokinianø evaluated.

Table 2-4. Number and percentage of 12'7 isolates of Bipolaris sorokiniana collected from different host plants or plant parts assigned to
eight virulence groups.

Virulence grouDo

Host source 0.0.0.0 6.0.0.0 6.3.s.0 7.7.s.1 7.7.7.5 5.7.0.0 5.7.4.0 /. t.t.4 Total

Seed/barley

Leaflwheat

l-eaf/rye

I-naf/oat

Iæaflbarley

Crown/barley

Unlrrown

2 01%)b 0

7 (70%) 0

1(100%) 0

3 (60%) 0

2 (11%) e (s0%)

0 I (10%)

00
1 (20%) 0

00
2 (33%\ | (17%)

5 (28%) 18

2 (20%) 10

01
r (20%) s

18 (21%) 86

01
06

0

0

0

0

0

0

0

0

0

0

0

0

ts (17%) 3 (3%) 3 (3%) 4 (s%) 7 (8%) 9 (10%) 27 (31%)

1 (100%) 0

3 (s0%) 0

0

0

0

0

0

0
u Virulence groups designated according to the coded triplet nomenclature system of Limpert and Müller (1994).
b Percentage in the brackets represents proportion of the isolates of each virulence $oup collected from different host plants or plant
parts.
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HOST

CHAPTER 3

X PATHOGEN INTERACTIOI\S AMONG BARLEY

GEN O TYPE S AND B I P O LAÃI^S .SOÀ O KI N I A NA I S OLATE S

3.1. Introduction

Barley (Hordeum vulgare L.) is the second most important cereal grain in Canada,

and based on the five-year average from 2000-2004 it occupies a land base of about 4.9

million hectares (Anonymous, 2005). Annual barley production in Canada from 2000-

2004 was around 11.4 million tons (Anon¡rmous, 2005). Spot blotch, caused by Bipolaris

sorokiniana (Sacc.) Shoemaker (teleomorph Cochliobolus sativus, [Ito and Kuribayshi]

Drechs. ex Dastur.), is one of the major foliar diseases of barley in Canada and can cause

significant damage to the crop (Bailey et al., 2003). The disease can be controlled by

several common management strategies including chemical seed treatment, foliar

fungicide sprays, cultural practices, and host resistance.

Information on the virulence diversity of plant pathogens is necessary to deploy

resistance genes against the prevalent pathotypes. A discussion on the presence of

differential differences in virulence versus non-differential differences in aggressiveness

of pathogen isolates in the barley x B. sorokiniana pathosystem has been ongoing for

some time. The first evidence of host-specific virulence in isolates of B. sorokiniana was

reported by Levitin et al. (1985). Subsequently, Fetch and Steffenson (1994) reported on

B. sorokiniana isolates with differential virulence on the cv. 'Bowman' and its

derivatives in North Dakota. The term 'pathotype', which is defined as the combination

of virulences on a set of host differentials differing in sources of resistance, was

introduced in the H. vulgarelB. sorokiniana pathosystem when Valjavec-Gratian and

Steffenson (I997a) evaluated the virulence diversity of 36 isolates of B. sorokiniana

collected mostly from North Dakota and detected differential virulence using three

differential lines (DLs). Valjavec-Gratian and Steffenson (1997b) reported that both

virulence in B. sorokiniana isolate ND9OPr þathotype '2') and resistance in the barley

line ND 5883 were controlled by a single gene. However, they emphasized that their

finding neither confirmed nor refuted a possible gene-for-gene interaction in the H.
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vulgarelB. sorobiniana pathosystem. Nonetheless, the term 'pathotype' was used

extensively to describe virulence diversity of B. sorokiniana population in subsequent

studies. Differential virulence in B. sorokiniana has likewise been reported in several

other recent studies (Arabi and Jawhar,2004; Gamba and Estramill, 2003; Meldrum et

al.,2000).

Despite reports of differential virulence in the B. sorobiniana x barley

pathosystem, this type of virulence has not been reported in isolates of B. sorokiniana

collected from wheat cultivars. Tinline (1988) stated that since most -8. sorokiniana

isolates were virulent on wheat and displayed no differential virulence, almost any host

isolate could be used in screening wheat for resistance. Likewise, Maraite et ai. (1998)

had suggested that B. sorokiniana isolates, unlike the rusts, do not exhibit clear virulence

patterns, and consist of a continuum of strains differing in aggressiveness. Analysis of

infection responses (IRs) of 12 wheat cultivars inoculated \¡/ith 206 B. sorokiniana

isolates collected ftom 24 countries, showed that only l-2o/o of the variance could be

attributed to interactions between host and pathogen (Hetzler et al., I99l). Duveiller and

Altamirano (2000) suggested that the pathogen appeared to be continuum of isolates

differing in aggressiveness. Caten (1987) had suggested that in the case of no known

differential interactions between host genotypes and pathogen, isolates should be

classified into 'aggressive races'. Bos and Parlevliet (1995) described 'aggressiveness' as

whether, and to what extent, a pathogen can attack an organism, and Andrivon (1993)

defined aggressiveness as depicting quantitative, nonspecific interactions between

pathogen isolates and host genotypes.

Reports of non-differential versus differential interactions between host genotypes

and B. sorokinian¿ isolates suggest that the host-pathogen interaction in this system

should be studied in more detail, e.g. by using a quantitative approach to data analysis.

The classical method of pathotype identification, based on IRs of 12 barley genotypes to

127 isolates of B. sorohiniana collected from Canada and other parts of the world, was

evaluated based on the assumption that interactions between isolates and barley

genotypes are controlled by a gene-for-gene system (Chapter 2). This analysis allowed
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classification of the B. sorohiniana population into eight virulence groups (VIGs).

However, intermediate IRs (near the cut-off point between resistance and susceptibility)

were frequently observed among genotypes; this made it difficult to assign these types of

reactions unequivocally to either the resistance or susceptible categories. While the

classical method of pathotype identification requires separation of the IR's of genotypes

into binary values of resistance and susceptibility, a quantitative analysis of host-

pathogen interactions in this pathosystem using the actual IR values is warranted.

Quantitative approaches might be useful in providing an improved understanding of the

interaction in this hoslpathogen system. Therefore, the objectives of this study were to

further evaluate the H. vulgarelB. sorokinian¿ interaction model by using the quantitative

approaches of analysis of variance (ANOVA), regression, and cluster analysis to explain

the different disease severity observed on barley DLs. Averages of IR values of DLs to

each isolate were considered as a continuous criterion in the analysis of the data from a

quantitative point of view.

3.2. Materials and methods

3,2.1, Disease assessment and virulence group designation

One hundred and twenty seven isolates of B. sorokiniana and 12 barley DLs

(Chapter 2) were used to evaluate the host x pathogen interactions in the barley x 3.

sorokiniana pathosystem. Propagation of the host plants, preparation and application of

inoculum, and disease assessment is described in Chapter 2. A summary of the VIG

designations based on the classical method of differentiation is shown in Table 3- 1 .

3.2.2. Data analysis

3,2.2,1. AnalysÍs of variance

Averages of the IR values of the DLs to each isolate were used to evaluate the

host x pathogen interaction. Anaiysis of variance was conducted in a one-way ANOVA

method to test responses of DLs to each isolate separately, considering each test as an

unbalanced completely randomized design. Bartlett's homogeneity of variance test (Steel

et al., 1997) was used to examine the homogeneity of error mean squares of separate

tests. Because of significant differences among error mean squares, an arcsin
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transformation (Steel et aI. 1997) was applied to the data to provide homogeneous error

mean squares. A combined analysis of variance was carried out on the transformed data

to determine if there were differences between isolates in their virulence, and between

genotypes in their partíal resistance, and also to examine the significance of genotype x

isolate interactions. Data were analyzed as a two-way unbalanced design with PROC

GLM (SAS Inst., 2001). Based on estimators of variance components, appropriate F-tests

were conducted.

3.2.2.2. Regression analysis

Joint linear regression analysis (Eberharts and Russell, 1963) was used to evaluate

host x isolate interactions using a quantitative approach. The average IRs of barley

genotlpes to different B. sorobiniana isolates were used to determine the level of
pathogenicity of isolates, as well as the resistant or susceptible responses of the barley

genotypes. To adapt the regression analysis of Eberharts and Russell (1963) for analysis

of host-pathogen interaction in the present study, each pathogen isolate was considered to

be a separate environment to which the host plants were exposed, and in turn, each host

genotype was considered to be a separate environment for the pathogen isolates as

described by Hamid et al. (1982). Regression parameters were calculated based on

splitting the interaction sum of squares (SS) into two components which represent the

heterogeneity of linear regression coefficients (bi) and the pooled deviations from

individual regression lines (deviations MS). The slope of the regression for each isolate

was considered to represent the aggressiveness of the isolates to increased general

susceptibility of the DLs and the deviations from the regression as representing

specificity of the isolate virulence with respect to the DLs (Leonard and Moll, 1979). To

evaluate the resista:rt responses of DLs to the isolates, the slope of the regression for each

genotype was considered to represent the sensitivity of the genotypes to increased general

virulence, while deviations from regression represented the specificity of a genotype's

resistance with respect to the pathogen isolates (Leonard and Moil, 1979).

The foilowing linear regression model described by Eberhart and Russell (1966)

was used to analyze the data:
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Y, = l¿;+b,I.,+6¡ .... .........Equation3-1

Where, in this study, Yz7 is the mean disease severity of the ith isolate/DL on tt:re jth

Dl/isolate, ¡ri is the mean of the ith isolate/Dl- over all Dl/isolate, b,is the regression

coefficient that measures the response of the ith isolatelDl to varying levels of disease

severity in Dls/isolates, Ij is the genotype disease IR index/isolate virulence index

(environmental index) which is defined as the mean of a1l isolate/DL atthe jth isolatelDl,

and ô¡ is the sum of deviations from regression of the ith isolatelDL onthe jth Dllisolate.

To calculate the regression coefficients and deviations from regression a two-way

model can be assumed. If DLs are indicated with the index "i", (i: 1, .. .., p) and isolates

with'ij" (j: I,...., g), "xr" Íepresents the observed mean disease severity of DL "i"

induced by isolate ']". Then, " Í,." , " x.r" aÍrd " r*. " denote the marginal means of DL "i" ,

isolate "j", aÍrd the overall mean disease severity, respectively. A genotlpe disease IR

index for each DL was calculated by subtracting the overall mean from the marginal

mean disease virulence of isoiates for that genotype (î.¡-Í..). The mean disease virulence

values of each isolate were then regressed on the genotype disease IR index to estimate

the component of the regression line as a measure to evaluate the variation in the

pathogen population. Likewise, an isolate virulence index for each isolate was calculated

by subtracting the overall mean from the marginal mean IRs of the genotypes to that

isolate (i,.-î..). The meari of IRs of each DL were then regressed on isolate virulence

indices to estimate the component of the regression line, as a measure of the variation

among barley genotypes.

3.2.2.3. Hierarchical cluster analysis

To determine the relative virulence distances between isolates and evaluate the

intra- and inter-relationship among isolates of each VIG, cluster analysis was conducted

using the average IR value of the DLs to each isolate. A similarity matrix based on the

average taxonomic distance coefficient (Sneath and Sokal, 1973) was constructed using

the SMINT program in the NTSYS-po software (version 2.I,Exeter Software, Setauket,

86



NY). Average taxonomic distance calculates the average squared differences among

character values and is suitable for quantitative data. It is represented by the equation:

E¡¡: lft (1/n) (ñ,rX,o-)']' ...Equation 3-2

where n is the number of characters used in comparisons, X¿¡ or X¿r. the score of

population i or population j for character k. The similarity matrix generated was then

examined using Unweighted Pair-Group Method with Arithmetic averages (JPGMA)

clustering method (Sneath and Sokal, 1973) of the NTSYS-po (SHAN module).

3.3. Results

3.3.1. Analysis of variance

Analysis of variance identified significant differences among genotlpes, isolates

and genotype x isolate interactions (Table 3-2). The largest differences were observed

among genotypes, indicating that the set of differentials chosen was useful in revealing

virulence diversity. Significant differences among the isolates indicated that isolates

differed in their pathogenicity factors. Isolate x genotype interactions also were a

significant source of variation, suggesting that isolates responded differently to different

genotypes. Results for the sum of squares (SS), a measure of variation, indicated that

isolates and genotypes with a SS of 79.43 and 52.41, respectively, contributed the largest

portion of the total variation. Isolats x genotype interactions with a SS of 37.25

contributed a smaller portion of the total variation (Table 3-2).

3.3.2. Regression analysis

3.3.2.1. Regression analysis of pathogen virulence on differential lines

The relationship between the virulence of the isolates and the IRs of the DLs was

measured by joint linear regression analysis. Table 3-3 shows the regression parameters

for isoiates in each VIG. Regression of the mean disease virulence of isolates against the

genotype disease IR indices for isolates with the highest and lowest regression coefficient

in each VIG were plotted to illustrate the range of virulence exhibited within each VIG

(Figure 3-1). Regression parameters of isolates were plotted against their mean disease

virulence to illustrate the isolate virulence on different genotypes (Figure 3-2a,b).
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Based on regression coefficients, the virulence of isolates on the DLs was very

variable and ranged from 0.04 to 2.I0 for isolates WRS1953 and IIR2T98 belonging to

VIGs 0.0.0.0 and 5.7.4.0, respectively (Table 3-3). On aveÍage, the regression

coefficients for VIGs 7.7.5.4, 5.7.4.0 and 5.7.0.0 were 1.41, I.47 and 1.08, respectively;

however, a gteat range in viruience among isolates in each VIG was observed (Table 3-3,

Figure 3-i). For these three groups, the results indicate higher isolate virulence on

susceptible genotypes and lower virulence on resistant genotypes as would be expected

(Figures 3-1 and 3-2a).

In contrast, the average regression coefficients for VIGs 6.3.5.0, 7.7.5.7, 7.7.1.5

and 6.0.0.0 were 0.39,0.61,0.35 and 0.51, respectively, indicating lower regression

slopes for isolate virulence (Table 3-3; Figures 3-1 and 3-2a). This indicates that the IRs

between the resistant and susceptible DLs induced by these four groups were not as

divergent as was observed for VIGs 7.7.5.4,5.7.4.0 and 5.7.0.0 (Figure 3-1). It also

indicates that isolates of these four groups had lower virulence on susceptible genotlpes

and/or higher virulence on resistant genotypes than the virulence induced by isolates of

the three groups above.

Isolates of VIG 0.0.0.0 had an average regression coefficient of 0.24, indicating

that the DLs responded in a similar way to the low virulence induced by isolates of this

goup. A few individual isolates with steeper slopes, similar to those that were found for

VIGs 6.3.5.0,7.7.5.I,7.7.1.5 and 6.0.0.0, were also present among isolates of VIG

0.0.0.0. However, the lower mean disease virulence of these isolates clearly distinguished

them from isolates of other VIGs (Figures 3-1 and 3-2a).

Deviations MS appeared not to be correlated to pathogenicity factors except in

VIG 6.0.0.0 (Table 3-3). This parameter was uniformly distributed among isolates of all

other VIGs, without showing any strong correlation to isolate virulence behavior. For

example, the widest range in the deviations MS (0.05 to 1.63) was observed among

isolates of VIG 0.0.0.0, despite the fact that these isolates were low-virulent on all DLs

(Table 3-3). The scatter plot for deviations MS of isolates plotted against their mean
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disease virulence demonstrate that the three isolates designated as VIG 6.0.0.0 have a

very different virulence pattern compared to isolates of all other groups (Figure 3-2b).

The higher virulence of these three isolates on only two differential cvs. 'Bowman' and

'CDC Bold', and near universal low virulence on all other DLs (Table 3-3), likely

explains this wider degree of deviations MS.

3.3.2.2. Regression analysis of the differential lines infection responses induced by

different pathogen isolates

The mean disease IRs (arcsin transformed) of the DLs, slope, and deviations MS

of regression lines for each genotype are shown in Table 3-4. The mean IRs of isolates

were regressed on isolate virulence indices to compare the varying degree of resistance

existing among DLs (Figure 3-3). Regression parameters (coefficient and deviations MS)

of genotlpes were plotted against their mean disease IR to evaluate the summary of
genotype response to the different levels of virulence found in isolates (Figure 3-4a,b).

The iowest and highest regression coefficients (slopes of 0.53 and 1.75) were

observed in lines TR 251 and ND 5883, respectively (Table 3-4). Line TR 251,

'Newdale', 'Stander', ND B112 and 'Bowman' with regression coefficients of 0.53, 0.68,

0.6I, 0.64 and 0.62, respectively, generally seem to have parallel response over all

isolates (Table 3-4 and Figure 3-3). This illustrates that the reaction of these genotypes to

increasing virulence in pathogen isolates was similar, although TR 251, 'Newdale' and

'Stander' had lower mean disease IRs than ND B1l2 and 'Bowman'. It can also be

inferred that these genotypes displayed relatively lower changes in their responses when

inoculated with weakly- and highly-virulent isolates of B. sorokiniana.By contrast, TR

261, 'Robust', AC Metcalfe', 'Conlon' 'CDC Bold', 'CDC Stratus' and ND 5883 had

higher regression slopes, and displayed a 'crossover interaction' with the five genotypes

above, representing larger changes in their IRs when inoculated with weakly-virulent

versus highly virulent isolates (Figure 3-3). However, the lower regression slopes of TR

261 and'Robust' distinguished these two genotypes from 'AC Metcalfe', 'Conlon' 'CDC

Bold', 'CDC Stratus' and ND 5883, which exhibited higher IRs to highly virulent isolates

of B. sorohiniana (Figwe 3-3). Among these, ND 5883 had the highest mean disease IR
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and regression coefficient of any DLs representing the highest susceptibility to the most

virulent isolates of B. sorokiniana (Figure 3-4a).

Line ND 5883 had the highest deviations MS of any DL, with the cv. 'Bowman'

also having considerable higher ones (Table 3-4, Figure 3-4b). Line ND BIl2,'CDC
Bold' and 'CDC Stratus', also had somewhat higher deviations. Lines TR 251 and TR

261 displayed the lowest deviations MS from regression lines. The higher amount of
deviations MS for some barley genotypes compared to others may be attributed to the

differential responses of these genotypes to the varying degree of virulence among the

different VIGs of B. sorokiniana.

Regression analysis was used to identify the genotypes which were most resistant

to increasing virulence of the isolates in the B. sorobiniana population. A resistant

genotype can be defined as one possessing a lower mean disease IR to all isolates, as well

as a lower regression coefficient, representative of resistant responses to both highly- or

weakly-virulent isoiates (Faris, 1985; Hamid et al., 1982). Using this definition, TR 251,

'Newdale' and 'Stander', can be classified as 'resistant' to B. sorokiniana,with TR 251

being the most resistant of these; TR 261, ND 8112, 'Bowman' and 'Robust' as

'moderately resistant' genotypes; 'AC Metcalfe', 'Conlon' 'CDC Bold' and 'CDC

Stratus' as'moderately susceptible'; and ND 5883 as'susceptible'.

3.3.3. Hierarchical cluster analysis of isolate virulence

Cluster analysis illustrating the virulence of isolates over DLs was done to

identify relationships among isolates of each designated VIG (Figure 3-5). A dendrogram

of similarity, based on average taxonomic distance using IIPGMA cluster analysis,

indicated that with only few exceptions, all isolates were clustered within the eight ViGs

also identifred by the classical method of pathotlpe designation (Chapter 2). A greater

similarity was found among six pathogenic groups (VIGs 6.3.5.0, 7 .7 .51,7.7 .7 .5, 5.7 .0.0,

5.7 .4.0, and 7.7.5.4) compared to VIGs 0.0.0.0 and 6.0.0.0 (Figure 3-5). Isolates of VIG

0.0.0.0 were clustered together at a taxonomic distance of 0.93, while the three isolates of
VIG 6.0.0.0 were clustered at a lesser distance of 0.60. The clusters for VIGs 0.0.0.0 and
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6.0.0.0 were joined together at a taxonomic distance of 1.95, indicating a closer virulence

pattern between isolates of these two groups.

The four isolates of VIG 7.7.7.5 and one of the four isolates of VIG 7.7.5.I

formed a group that in turn were clustered to another group of isolates consisting of the

remainder of isolates of VIG 7.7.5.1 and those of VIG 6.3.5.0 at taxonomic distance of

0.74. The remaining three isolates of VIG 7 .7 .7 .5 were joined to this group at taxonomic

distance of 1.08. This composite cluster was distinct from clusters composed of other

VIGs designated as 5.7.0.0, 5.7.4.0 andT.7.5.4.

Isolates of VIG 5.7.0.0 formed a distinct cluster at a taxonomic distance of 0.79,

while isoiates of VIGs 5.7.4.0 and 1.7.5.4 formed individual clusters at distances of 0.74

and 0.66, respectively (Figure 3-5). However, all isolates of VIGs 5.7.0.0,5.7.4.0 and

7.7.5.4 formed alarger major cluster at a taxonomic distance of 1.04 that was distinct

from other groups, indicating a closer relationship between these groups. The major

cluster consisting of VIGs 6.3.5.0, 7.7.5.1 and7.7.7.5 was reiatively closer (at a distance

of 1 .43 ) to the maj or cluster constructed for VIGs 5 .l .0 .0, 5 .7 .4.0 and 7 .7 .5 .4, than to the

major cluster consisting of isolates of VIGs 6.0.0.0 and 0.0.0.0.

3.4. Discussion

3.4.1. Analysis of variance

Results of the ANOVA in this study indicated significant effects for all sources of

variation: genotypes, isolates, and isolate x genotype interactions. Vander Plank (1982)

demonstrated that in a two-variable system consisting of a host and pathogen, a highly

significant interaction effect of isolates x genotypes can be related to the virulence

(differential effect) of isolates. In such circumstances the gene-for-gene hypothesis can be

applied, whereas a highly significant main effect of isolates in the ANOVA can be related

to distinct differences in aggressiveness among isolates. Based on this definition, the

isolates of B. sorokiniana evaluated in this study differed not only in their virulence but

also in their aggressiveness. Vanderplank (1963, 1968) defined virulence as qualitative,

specific interactions between pathogen isolates and host genotypes, and aggressiveness as
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the quantity of disease induced by a pathogenic strain on a susceptible host. Virulence

and aggressiveness can be considered as two complementary components of

pathogenicity, which describe both the ability of the pathogen to induce the disease on a

host and the severity of it. Andrivon (1993) stated that most plant pathologists use and

agree with these definitions for virulence and aggressiveness.

Our results indicated that isolate x genotype interactions were a smaller

component of the total variation compared to the main effect of isolate. Therefore, it can

be inferred that the aggressiveness of an isolate may be a more important factor in the -8.

sorokiniana x barley pathosystem than differential virulence. However, the effect of the

differential virulence of isolates, albeit smaller, suggests thata gene-for gene relationship

was significant and real. VanDerPlank (1982) proposed that pathogenicity may exist as a

mixture of aggressiveness and virulence, in any proportion. Kline and Nelson (1963)

demonstrated that the variation among isolates of B. sorokiniana at a qualitative level

indicated that certain genetic systems might be unique to specific isoiates, while

quantitative differences suggested a multigenic control of these systems. Further studies

substantiated the views of Kline and Nelson (1963), and one study (Hosford et a1., 1975)

reported that the virulence of B. sorokiniana isolates to spring wheat was controlled by

two genes, and to barley line ND BlI2 and the cv. 'Larker' by three and four genes,

respectively. By contrast, Kline and Nelson (197I) found that the pathogenicity of B.

sorokiniana isolates on five wild gramineae species was conferred by only one gene.

Valjavec-Gratian a:rd Steffenson (1997b) reported that a single gene controlled the

virulence of isolate ND9OPr (North Dakota pathotype '2') on the cv. 'Bowman',

demonstrating a gene-for-gene interaction.

VanDerPlank (1982) also demonstrated that a highly significant interaction effect

of isolates x genotypes in an ANOVA determines the vertical (race-specific) resistance of

the genotypes; it is most likely that the gene-for-gene hypothesis can be applied. He

proposed that a highly significant main effect of host genotype determines horizontal

(race-non-specific) resistance. In this study, the ANOVA revealed that genotypes were

significantly different, and constituted a greater part of the total variation measured. The
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interaction effect, although smaller than the genotype effect, also was high. This suggests

that both race-non-specific (horizontal) and race specific (vertical) resistance may exist in

this particular host-pathogen pathosystem, but that horizontal resistance likely has more

impact than vertical resistance.

Using a doubled-haploid (DH) population of 'steptoe'/'MoÍex' , Steffenson et al.

(1996) identified a single gene on chromosome 7H, and two quantitative trait loci (QTL)

on chromosomes lH and 7H in the barley cv. 'Morex' that conferred spot blotch

resistance at the seedling and adult plant stages, respectively, to isolate ND85F,

representative of North Dakota pathotype '1'. In addition, Steffenson and Smith (2004)

using a 'Dicktoo'/'Morex' DH population, reported that two additional QTLs, one on the

short arm and the other on the long arm of chromosome 3H, also were associated with

spot blotch resistance at adult plant stages in 'Morex'. In another study, several genes and

QTLs located on different chromosomes of the barley cv. 'Morex' were found to be

associated with spot blotch resistance at the seedling and adult plant stages (Bilgic et al.,

2005). These suggest that spot blotch resistance in the cv. 'Morex' against isolate

ND85F, a highly virulent isolate of B. sorokiniana, may be inherited quantitatively. Caten

(1987) pointed out that if the inheritance of resistance in host plants is controlled targely

in a quantitative fashion that virulence differences observed among isolates may be

insufficient to differentiate among pathogenic races. In contrast, Valjavec-Gratian and

Steffenson (I997b) reported that a single recessive gene controlled the resistance in line

ND 5883 to isolate ND9OPr Q.{orth Dakota pathotype '2'), demonstrating a gene-for-gene

interaction.

3.4.2. Regression analysis

3.4.2.1. Regression analysis of fungal virulence on differential lines

Regression analysis was used as a complementary tool to evaluate the virulence

and aggressiveness of the isolates. Isolates with higher virulences on susceptible

genotlpes, and lower virulences on resistant genotypes, resulting in steeper regtession

slopes, can be clearly distinguished from the lesser slopes of isolates having moderate

virulence on most genotypes. Almost all isolates in VIGs 7.7.5.4,5.7.4.0 and 5.7.0.0 had
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higher regression coefficients that were distinct from those of other VIGs. Based on their

higher mean disease severities, isolates of VIGs designated as 7 .7 .7 .5,7 .7 .5.7, and 6.3.5.0

comprised a cluster of isolates that could be distinguished from those of VIGs 6.0.0.0 and

0.0.0.0. Similarly, isolates of VIGs 6.0.0.0 and 0.0.0.0, having lower regression

coefficients and mean disease severities, were distinct from other groups a:rd from one

another. Deviations from regression were very high for a1l three isolates designated as

VIG 6.0.0.0. This regression component did not differentiate the isolates of other VIGs.

The higher virulence fluctuations of the three isolates of VIG 6.0.0.0 on the differential

genotypes can be interpreted to result from specific gene-for-gene interactions with the

DLs. In sum, the regression coefficient accompanied by the mean disease severity can be

considered as a measure of the aggressiveness of an isolate, while the deviations MS from

the regression may be a good indicator of the differential virulence of isolates.

3.4.2.2. Regression analysis of the differential lines infection responses induced by

different fun gal isolates

For completeness, regression parameters also were used to evaluate the response

of the DLs to the increasing virulence among B. sorokiniana isolates. The lower

regression slopes of some DLs may be an indication that such genotypes had relatively

lower changes in their IRs when inoculated with weak- and highly-virulent isolates of B.

sorokiniana.The absence of a crossover interaction in TR 251, 'Newdale', 'Stander', ND

BlI2 and 'Bowman' may be misleading at the first glance. It can be questioned why

'Bowman', for which a clear gene-for-gene interaction was previously reported

(Valjavec-Gratian and Steffenson, 1997b) and was confirmed in this study, had a parallel

response similar to that of TR 251, 'Newdale', 'Stander' and ND BIl2. However, the

few (3) isolates of VIG 6.0.0.0 detected in this study likely did not have a significant

impact on the general trend for the regression slope constructed, which was based on the

responses of the cv. 'Bowman' to all isolates. Except for the three isolates of VIG 6.0.0.0,

all other isolates elicited IRs on'Bowman'very similar to those of line ND 8112.

Cultivar 'Nordic', a parent of 'Bowman', was shown by Fetch and Steffenson (1994) to

have ND Bll2 in its pedigree.
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Line ND 5883, and the cvs. 'Bowman' and 'CDC Bold' which exhibited marked

differential interactions with isolates of some VIGs (especially VIGs 6.0.0.0 and 6.3.5.0),

had the highest deviations from regressions. The higher deviations MS from the

regression line for these genotypes may be attributed to their differential responses (gene-

for-gene interaction) to specific virulences elicited by certain isolates. In contrast,

genotypes such as TR 251, TR 261, 'Newdale' and 'Stander' had reduced deviations MS

suggesting their resistance may be largeiy multigenic. In general, deviations from

regression seem to be an appropriate parameter for estimating the significance of vertical

(or horizontal) resistance among genotypes. Leonard and Moll (1981) regarded the

variation in the regression slope as indicative of the sensitivity of a genotype to general

virulence in the pathogen and the deviations from the regression lines as indicative of the

specificity of its resistance.

3.4.2.3. Application of joint linear regressÍon analysis to study host x pathogen

interactions

Regression analysis has been widely used to study host x pathogen interactions

(Leonard and Moll, 1981; Faris et aI.,1979; Faris, 1985; Hamid et al., 1982; Utkhede and

Rahe, 1980; Utkhede and Rahe, 1983, Shew et a1., 1989; Kyong pang and Halloran,

1995). Although most of these authors used the term 'stability' to def,rne either the

virulence in the pathogen or resistance in the host, Vanderplank (1982) was opposed to

this term and argued that stability and durability are 'agricultural ideals', and are best

avoided when studying the host-pathogen interaction. In addition, the joint linear

regression technique, itself, has been denounced as an appropriate measure of stability by

numerous authors (Becker and Léon, 1988; Léon and Becker, 1988; Lin et a1., 1986; Lin

and Binns, 199I; Wright, 1971;Zobel et al., 1988). Becker and Léon (1988) noted that

when applyng the most appropriate biometrical method, the regression approach is of

little use if the regression coefficient is included in the definition of "stability". Therefore,

regression analysis is generally viewed by such authors, not to be a measure of stability,

but rather to provide additional information on the average response of a genotype to

different environmental conditions. For this study, we adopted the views of Vanderplank

(1982) and Becker and Léon (1988) and used regression parameters to provide a more
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comprehensive picture of the responses of both the B. sorokinian¿ isolates and the DLs

interacting with one another, rather than to provide stability parameters. The results of

this study suggest that joint linear regression analysis is a powerful statistical tool for

evaluation of pathosystems in which interactions are affected both by virulence and

aggressiveness in the pathogen and horizontal and vertical resistance in the host.

3.4.3. Hierarchical cluster analysis of the disease virulence of isolates

With a few exceptions, cluster analysis supported the results of the classical

method of VIG identification (Chapter 2), as well as those of the regression analysis of

the data (in this Chapter), and provided additional information on inter- and intra-

correlations among isolates of VIGs. The virulence variation within VIGs, as well as the

virulence variation between groups, was observed for isolate of all VIGs. Ciuster analysis

separated the eight VIGs into four major clusters. Isolates of VIG 0.0.0.0 were distinct

from all other groups and comprised a unique cluster of isolates with low virulence on all

DLs. Isolates of VIG 6.0.0.0 composed the second major cluster and appeared to be

related more closely to isolates of VIG 0.0.0.0 than to the other groups. In fact, the three

isolates of VIG 6.0.0.0 identified in this study had low virulence on i0 of the 12 DLs, the

exception being the cv. 'Bowman' and its derivative 'CDC Bold'.

The 14 isolates designated in VIGs 1.7."7.5,1.7.5.1and 6.3.5.0 comprised a cluster

of isolates that were distinct from isolates of VIGs 0.0.0.0 and 6.0.0.0, and those of VIGs

5.7.0.0, 5.7.4.0 and7.7.5.4. These 14 isolates were moderately virulent on most of the

DLs but exhibited higher virulence on the six-rowed line ND BlI2 and its six-rowed

derivatives 'Robust' and 'Stander' (Rasmusson et a1.,1993; Wilcoxson, 1990), as well as

its two-rowed derivative 'Bowman' (Fetch and Steffenson, 1994). The close relationship

among isolates of these three VIGs may be indicative of their common origin. Al1 isolates

in this unique cluster induced reactions on the DLs which v/ere very close to the cut-off

point (IR of 4.5) between resistance and susceptibility (Chapter 2). As such, based on

their different virulences on some DLs, i.e. falling either just above or below the cut-off

point, these 14 isolates were separated into three VIGs using the classical method of

classification (Chapter 2).
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A fourth major cluster included all isolates of VIGs 5.7.0.0, 5.7.4.0, and 7.7.5.4.

In this cluster, isolates of VIGs 7 .7 .5.4 and 5.7 .4.0 were more closely related, and in turn

related to VIG 5.7.0.0. In contrast to isolates of VIGs 0.0.0.0 and 6.0.0.0 which were

avirulent on all and most of the barley differentials, the isolates in this and the previous

major cluster were pathogenic on most of barley differentials. However, the severity of

disease induced on the DLs differed among isolates and exhibited a continuum of varying

degrees ofaggressiveness for the isolates located in each cluster.

Cluster analysis has been used by several researchers to classify VIGs among

plant pathogens. Meldrum et al. (200$ used cluster analysis and re-grouped the six VIGs

of B. sorokiniana they identified in Aushalia into four distinct groups. Similarly, Arabi

and Jawhar (2004) used cluster analysis to classiff B. sorokiniana isolates collected in

Syria into three distinct groups based on the continuous range of IRs induced on 10

barley DLs.

3.4.5. Implications from the results of quantitative approaches

The classical method of VIG identification, based on conversion of phenotypic IR

data into the binary values of 'resistant' and 'susceptible', differentiated the B.

sorokinianø isolates into eight VIGs using 12 selected barley lines (Chapter 2). However,

the analysis of the data presented here, based on actual disease severities, provided a

more efficient tool to evaluate the host-pathogen interactions in the B. sorokiniana x

barley pathosystem. Analysis of variance suggested that thal a gene-for-gene system,

while present, may not be the principal system operating in this host-pathogen

interaction. A quantitative model for the interactions in the B. sorokiniana x barley

genotlpe pathosystem 1ed to further regression and cluster analysis to discover the cause

of significant effects for sources of variation in the ANOVA, as well as the relationships

among isolates.

Tiered classification of the data indicated that isolates could be separated into two

major classes in the first tier, those with low virulence and those with high virulence

potential on at least some of the barley genotypes (e.g. VIG 6.0.0.0). Based on this major
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separation, isolates of VIG 0.0.0.0 were distinct from all other isolates of higher virulence

potential. Both regression and cluster analysis strongly support this classification. In the

second tier, isolates of VIG 6.0.0.0 that exhibited a gene-for-gene interaction with the cv.

'Bowman' and its derivative cv. 'CDC Bold' (Chapter 2) could be delineated from other

pathogenic isolates with no evidence for a gene-for-gene interaction. Although the slopes

of regression lines and the mean disease severities of the three isolates in this group were

similar to those of isolates of VIGs 6.3.5.0, 7 .7 .5.7 and 7 .7 .7 .5, their high deviations MS

clearly separated them from other pathogenic groups. The host x pathogen interactions in

isolates of the other six VIGs appear to follow a quantitative model in which both the

pathogenicity of B. sorokiniana isolates and resistance present in barley genotypes may

be involved. Regression and cluster analysis both showed that isolates of these six VIGs

could be separated into two distinct classes. The first class includes isolates of VIGs

6.3.5.0, 7.7.5.7 and7.1.7.5 which induced moderate virulence on the most of the DLs,

and thus possessed lower regression slopes, and a second class composed of isolates of

VIGs 7.7.5.4, 5.7.4.0 and 5.7.0.0, which had higher regression slopes, representative of

lower virulence on resistant and higher virulence on susceptible genotypes.

All the analytical approaches used clearly separated the 32 B. sorokiniana isolates

of VIG 0.0.0.0 having low virulence on all DLs, from all other isolates. The low

virulence potential of this group of isolates appears to be a characteristic of the isolates

themselves rather than the result of resistant responses in the barley differentials. The low

virulence of Australian isolates AUSSB25 and 4US99074 on 17 barley, 1 wheat, 1 rye

and 1 triticale genotypes was previously reported by Meldrum et aI. (2004). These two

isolates also had low virulence on the 72 barley genotypes used in this study. They appear

to be typical of low virulence isolates of B. sorokiniana that were identified using a

comprehensive set of very resistant to very susceptible host genotlpes from Australia

(Meldrum et aL.2004), and the USA and Canada (Chapter 2). It is likely, based on the

host genotypes tested to date, that resistance to such isolates is common and universal in

barley as well as in other cereals. The minute foliar lesions induced on host plants by

these isolates suggest that a pre-infection recognition defense response is occurring in

host plants. This defense response against isolates of VIG 0.0.0.0 is possibly taking place
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in the cell wall, by restricting penetration of the appressorium and not allowing the

pathogen to enter the cell, become stabilized and subsequently invade neighboring cells.

Ibeagha et al. (2005) defined the pre-infection defense response as non-penetrated cell

wall appositions beneath sites of fungal attack and epidermal hlpersensitive reactions,

resulting in the failure of fuither fungal development and invasion of the mesophyll

tissue.

The resistance of all barley genotypes to isolates of VIG 0.0.0.0 suggests a lack of
virulence factors in these isolates. This may be similar to a low virulence race of
Cochliobolus carbonum (Helminthosporium carbonum : Bipolaris zeicola) in corn,

designated as 'race 0', reported by Welz and Leonffd (1938). Genetic analysis indicated

that isolates of 'race 0' in C. carbonum lack the virulence factors necessary to infect corn

cultivars (W eLz and Leonard , 1994). It is probably preferable to avoid the use of the terms

'gene-for-gene' and 'specific elicitors' in the case of B. sorokinianaVlG 0.0.0.0, as this

assumes the presence either of many resistance genes, each found in different

genotypes/species, interacting specifically with corresponding avirulent genes each found

in different isolates ofthis group, or, the presence ofa universally durable resistant gene

in all genotypes/species coffesponding to a universal avirulent gene in all isolates of this

VIG world-wide. Both assumptions are improbable.Welz and Leonard (1993) proposed

that isolates of nonpathogenic 'race 0' ín C. carbonum may have spread to corn from an

unknown weed host present in farm fields. A similar scenario could be proposed for B.

sorokiniana isolates of VIG 0.0.0.0.

ln contrast to VIG 0.0.0.0, isolates of all other VIGs were found to be 'virulent'

and to express pathogenicity factors effective on at least some of the differential barley

lines used. Resistance against isolates of VIG 6.0.0.0 is govemed by a recessive gene

(Valjavec-Gratian and Steffenson, I997b) that probably encodes for a specific receptor to

which a specific elicitor produced by this isolate type will bind. The susceptibility of the

Canadian cv. 'CDC Bold' clearly confirms the presence of a specific gene-for-gene

interaction between barley lines/cultivars derived from the cv. 'Bowman' and isolates of
VIG 6.0.0.0 (Chapter 2). This tlpe of interaction appea.rs to be the result of a gene-for-
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gene model similar to those of biotrophic pathogens. Kline and Nelson (1963, I97l)
found that 28 isolates of B. sorokiniana which had similar interactions with 26

gramineous species could be differentiated based on their pathogeicity on one to six wild

species and that pathogenicity on a given species was simply inherited and depend on one

gene in 5 species and two genes in the sixth species. However, this type of gene-for-gene

interaction between isolates of VIG 6.0.0.0 and certain genotypes within a species

(barley) seems to be an exception.

Zhong et al. (2002) using contour-clamped homogenous electric field (CHEF)

electrophoresis, mapped the specific virulence locus, VHv1, of isolate ND9OPr Qrlorth

Dakota pathotype '2'), conditioning high virulence on the barley cv. 'Bowman', to a

putative 2.80 Mbp chromosome. Excluding the cv. 'Bowman' and its derivative 'CDC

Bold', isolates of this VIG induced only low virulence, similar to that of VIG 0.0.0.0, on

the remainder of the DLs. Whether 6.0.0.0 isolates originated from a mutation in the

weakly-virulent group (i.e. VIG 0.0.0.0), or were derived from a pathogenic isoiate that

lost its overall pathogenicity factors except on the cv. 'Bowman', is unknown. Zhong et

aI. (2002) using the chromosomes of isolate ND93.1 Q.{orth Dakota pathotype '0') as a

reference, found that at least five chromosomes in isolates ND9OPr were involved in

translocations. Moreover, the assumption that species-specific B. sorokiniana isolates of
VIG 0.0.0.0 migrated from weed-hosts to barley plants, can also be speculated in this

case. It is appropriate to utilize the term 'virulence', defined as the qualitative, specific

interactions between pathogen isolates and host genotypes (Vanderplank, 1963 and 1968)

to separate VIG 6.0.0.0 from the other VIGs identified in this study. Because only three

isolates of VIG 6.0.0.0 were identified among the total of 127 tested, it was not possible

to determine whether isolates of this grorÌp differed in their aggressiveness on a

susceptible cuitivar such as 'Bowman'.

Isolates of the other six pathogenic groups induced higher IRs on a greater

number of differentials than the isolates of VIG 6.0.0.0. The resistant IRs in barley

genotypes against these virulent isolates can be attributed to an active response in these

host genotypes and not to the low virulence nature of the isolates (i.e. isolates of VIG
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0.0.0.0). Resistance at this stage can result from any inhibitory factor produced by the

host plant to thwart 'successful penetration' and 'successful infection,' as deñned by

Ibeagha et al. (2005). Our results suggest that for the six pathogenic groups other than

VIGs 0.0.0.0 and 6.0.0.0, horizontal resistance has the major role in inhibiting the

pathogen, and that different combinations or numbers of various putative resistant genes

confer variable levels of resistance against B. sorokiniana isolates in different barley

genotypes. If true, the term 'aggressiveness' (Vanderplank, 1963,1968) is appropriate to

evaluate the severity of infection induced by virulent pathogen isolates that have

overcome the primary defense barrier(s). The number and expressivity of the virulence

genes in pathogenic isolates, as well as that of resistance genes in host genotypes, may be

responsible for the severity of disease induced on the barley differentials. The reciprocal

interactions of virulence genes in pathogen isolates and resistance genes in host

genotypes would then resuit in a continuous range of pathogenicity among isolates of

different VIGs, each having a different degree of aggressiveness. Duveiller and

Altamirano (2000) and Maraite et al. (1998) suggested that the B. sorokinianapopllation

on wheat appeared to be a continuum of isolates differing in aggressiveness. This may

also be true in barley, but only in the case of pathogenic isolates possessing gene pools

with a different number of virulence genes.

Both major pathogenic classes identified through regression and cluster analysis,

could be sub-divided into smaller groups, as was also achieved using the classical method

of VIG designation whereby these two classes were separated into 6 distinct VIGs

(Chapter 2). Our results presented here indicate that the 14 isolates designated as VIGs

6.3.5.0, 7 .7 .5.I and 7 .7 .7 .5 were distinct from those of VIGs 7 .7.5.4, 5.7 .4.0 and 5.7.0.0.

The 14 isolates, all collected in Manitoba, had some attributes in common that

distinguished them from ail other isolates, whether based on regression or cluster

analysis. They may represent a new pathogenic group of B. sorokiniana of possibie recent

Manitoba origin. By contrast, isolates designated as VIGs 7.7.5.4,5.7.4.0 and 5.7.0.0, had

certain similarities and were classified in another major class. These isolates were found

among those collected or obtained from every Canadian provinces sampled, as well as

various other countries around the world. Our results indicated, that in general,
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pathogenic isolates originating from Australía,BrazlI, Poiand, Uruguay, and from Alberta

and Ontario in Canada were less aggressive than isolates of B. sorokinian¿ collected from

Manitoba and Saskatchewan. However, diverse levels of aggressiveness were also found

among them. Since the differential genotypes used were identical in all cases, any

differences in isolates aggressiveness among these VIGs can only be due to a difference

in the quantity or virulence of the pathogenicity genes involved.

In summary, we were able to classify 127 isolates of ,8. sorokinian¿ into three

major groups: a low virulent group (VIG 0.0.0.0), a pathogenic group with a specific

gene-for-gene interaction (VIG 6.0.0.0), and pathogenic group having different leveis of

aggressiveness (VIGs 6.3.5.0, 7.7.5.I,7.7.7.5,7.7.5.4,5.7.4.0 a:rd 5.7.0.0). This is in

concordance with the groupings proposed by Valjavec-Gratian and Steffenson (1997a)

who classified North Dakotan B. sorobiniana isolates into three pathotypes, designated as

'0', '1' aÍtd '2' . While our VIGs 0.0.0.0 and 6.0.0.0 had an identical virulence pattern to

North Dakota pathotypes '0' and '2',respectively, extensive variability was found among

the other VIGs equivalent to North Dakota pathotype '1'. Based on the IRs of the three

DLs they used, this level of variability was not reported by Valjavec-Gratian and

Steffenson (I997a). Using additional DLs and isolates, Meldrum et al. (2004) reported a

greater diversity among pathogenic isolates of B. sorokiniana in Australia. We agree with

the three pathotype groupings for the B. sorokiniana population proposed by Valjavec-

Gratian and Steffenson (1997a), but suggest that in the case of groups other than VIGs

0.0.0.0 and 6.0.0.0, the considerable virulence diversity among isolates does not allow

incorporating all of these isolates in a single unique pathotype group such as ND

pathotype'1'. Here, the term 'aggressiveness' may be appropriate to demonstrate the

continuous range of virulence among such highly-virulent isolates. Andrivon (1993)

classified pathogens into three qualitative categories: nonpathogens, avirulent pathogens,

and virulent pathogens, and proposed that aggressiveness should be applied only to the

latter category, as evidenced by the amount of disease produced in a particular

compatible host-parasite interaction.

r02



In conclusion, our study suggests that the gene-for-gene model may not be the

principal system operating in the H. vulgarelB. sorokiniana pathosystem, although it has

a major role in specific interactions, such as that between the cv. 'Bowman' and its

derivatives and isolates of VIG 6.0.0.0. The complex interactions in the H. vulgare/B.

sorokinianø pathosystem cannot easily be analyzed using the 'simple' classical method of
pathotype designation, commonly used for most biotrophic fungi with established gene-

for-gene systems. The use of more sophisticated statistical techniques is preferable to

char actenze the,B. s orokiniana population affecting barley.
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3.5. Tables and Figures
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Table 3-1. Disease reactions induced by eight virulence goups of Bipolaris sorokiniana on 12
barley differential lines based on the classical binary method of virulence group designation.

Differential line
,ÐØ
6'c=
{Yro.b()::CeV)
g,

Virulence¿ioO
sroupu?r988

ca ô.1 (¡)

==dåõ=m9-tlJl-.lc)ocú222¿,ü
v) \cNcrE
¿¿a

-?Fr

o
orl

SSSRSRRS26
SSRRSRRR3S
SSRRRRRR14
SSSSSSRST
SSSRSSRR4
SRSRSRRR3
RRRRRRRR3
RRRRRRRR32

SbSSS
SRSS
SRSS
SSSS
SSSS
RSSS
RSSR
RRRR

11< Á

5.7.4.0

5.7.0.0

L7.1.5
7.7.5.1

6.3.s.0

6.0.0.0

0.0.0.0

Isolate total
u Virulence groups designated according to the coded triplet nomenclature system of Limpert
and Müller (1994).
b Infection responses of 14.49 and, 4.5-9 were considered as resistant (R) and susceptible (S)
reactions, respectively, using 1-9 rating scale ofFetch and steffenson (1999).

Table 3-2. Analysis of variance of arcsin transformed mean disease
severities induced by 127 isolates of Bipolaris sorokiniana on 12 barley
differential lines.

Source ofvariation MS F P>F

127

df

Isolate

Differential

Isolate x Differential

Error

126 79.43 0.630 93.680 <.0001

11 52.4t 4.765 707.990 <.0001

1386 37.25 0.027 3.990 <.0001

2208 14.86 0.007
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Table 3-3. Mean disease vi¡ulence (arcsin transformed) and regression parameters of 127 isolates of Bipolaris sorokÌniana fn 8 virulence
g¡oups) based on infection response of 12 barley differentia'l lines.

Isolate "41::,tt Meanb Stope (å)" Dev. MS" Isotate tÏ]::t" Mean Stope (ó) Dev. MSgloup" -' '-' -- -- goup
SK2N98

Aus98153

wRS1939

wRs1935

wRS1927

wRs1972

wRSl946
wRS1933

wRS1942

v/RS1979

wRs1990

wRs1903

wRs1963

wRS1992

wRsi911
wRS1989

wRs1987

wRS1995

wRS1910

SK1N98

SKlA98
SK2CR98

wRS1947

wRS1980

wRS1973

SKlCR98

7.7.5.4

7.7.5.4

t.t.i.4
7;7.5.4

7.7.5.4

7.7.5.4

7.7.5.4

7 .7.5.4

7.7.5.4

7.7.5.4
11<¿.
17<^

7.7.5-4

7;7.5.4

7.7.5.4
'r.7.5.4

1.7.5.4

7.7.5.4
11<¿.

1.7.5.4

7.7.5.4

7.7.5.4

7;7.5.4

7.7.5.4

7.7.5.4

7.7.5.4

0.909

0,885

0.884

0.880

0.872

0.871

0.850

0.848

0.844

0.843

0.841

0.833

0.832

0.827

0.815

0.814

0.810

0.807

0.807

0.806

0.805

0.804

0.800

0.797

0.790

0.785

1.69

r.53

1.57

r.52

1.68

1.49

1.45

t<t
1.70

1.45

1.26

1.34

1.28

1.48

1.17

1.20

1.21

1.28

1.28

1.27

1.46

1.19

t.27

r.30

1.56

r.48

0.40

0.47

0.62

0.28

1.31

0.37

0.s6

0.23

0.74

0.56

0.36

0.49

0.23

0.1 8

0.34

0.09

0.22

0.s9

0.13

0.32

0.i9
0.28

0.27

0.1 8

0.26

0.52

1.49

i.09
1.43

1.39

1.48

1..46

1.53

1.11

1.45

1.58

1.41

1.55

0.s6

0-43

0.53

0.93

0.25

0.77

0.51

0.23

0.84

0.69

0.53

0.22

UR3T98

wRS1981

wRs1967

UR5T99

wRs1966

SK2A98

wRS19s8

ND85F

wRs1957

BRZ4

AB22000

wRS1955

s.7.4.0 0.766

5.7.4.0 0.761

5.7.4.0 0.761

5.1.4.0 0.757

5.7.4.0 0.757

5.7.4.0 0.752

5.7.4-0 0.752

5;7.4.0 0.749

5.7.4.0 0.747

5.7.4.0 0.740

5.7.4.0 0.738

5.7.4.0 0.733

Mean

AUS98137

ND93.1

AUS98024

URlV99
BRZ5

POL97KD38

BRZ6

wRS1996

wRS1985

UR2P98

wRS1936

wRs1994
wRS1984
AUSSB22

5.7.0.0 0.'147

s.7.0.0 0;/33

5.7.0.0 0.732

5.7.0.0 0.726

5.7.0.0 0.715

5.7.0.0 0.713

5.7.0.0 0.705

5.7.0.0 0.702

5.7.0.0 0.698

5.7.0.0 0.692

5.7.0.0 0.691

5.7.0.0 0.680

5.7.0.0 0.672
5.7.0.0 0.671

t.47

r.46

r.40

1 .31

r.6'7

1.41

1.35

0.86

r.27

1.01

1.58

1.29

0.70
1 l6
1 .51

0.45

0.41

0.60

0.52

I .31

0.89

0.26

0.s3

0.34

0.1 5

0.90

0.26

0.27
0.61

Mean

UR2T98

UR2V98

wRS1969

POL97KD33

POL97KD21

AUS99109

A812000

POL97KD37

URiP98

wRS1945

wRS1976

wRs1944

wRS1970

SK2T98

wRS1934

Guelph98.2

POL97KD32

wRs1908

POL97KD26
AUS98042

wRs1968

v/RS1943

AUS99l08

POL97KD29
wRS1941

AB32000

5.7.4.0 0.844

5.7.4.0 0.841

5.7.4.0 0.838

5.7.4.0 0.837

5.7 -4.0 0.830

5.7.4.0 0.818

5.7.4.0 0.816

5.7.4.0 0.816

5.7.4.0 0.811

s.7.4.0 0.806

5.7.4.0 0.797

5.7.4.0 0.796

5.7.4.0 0.796

5.7.4.0 0.796

5.7.4.0 0.791

s.7.4.0 0.790

5.7.4.0 0.789

5.7.4.0 0.786

5;7.4.0 0.783

5.7.4.0 0.781

5.7.4.0 0.780

5.7.4.0 0.778

5.7.4.0 0.777

5.7.4.0 0.776
5.1 .4.0 0.771

5.7.4.0 0.76't

1.41

2.10

1.70

1.51

1.43

1.6',7

1.65

1.68

1.66

1.70

t.42

1.41

i.59
1.66

1.65

r.70

1.27

1.71

1.20

r.42
1.63

1.26

1.65

1.62

1.43

1.35

r.37

1.47

0.91

0.51

0.36

0.55

0.ó5

0.8s

1.17

0.38

0.61

0.44

0.81

0.15

0.63

1.11

0-20

1.07

0.26

0.43

0.45

0.36

0.3 i
0;7'7

1.13

0.45

0.3l

1.08

0-44

0.29

0.46

0.81

0.45

0.70

Mean

wRs1993

wRS1964

wRSl975

6.3.5.0 0.737

6.3.5.0 0.718

6.3.s.0 0.708

Mean

wRs19s9
wRS196s

wRS1997

wRSl956

7.7.5.1 0.779

7.7.5.1 0.743

7;7.5.1 0.742

7.7.5.r 0.736

0.39

0.41

0;75

0.75

0.51

0.97

0.64

0.53

0.86

Mean

wRS1983

wRS1986

wRs1977

wRS1961

wRS1962

wRS1974
wRS1960

7.7.7.5 0.883

7.7.7.5 0.875

7.7.7.5 0.873

7.7;7.5 0.834

7.7.7.5 0.8i1
'7.7.7.5 0.790
7.1.7.5 0.789

0.61

0.54

0.50

0.23

0.3s

0.27

0.33

0.2r

1 .31

0.95

I .51

0.86

0.86

0.83
0-34

Mean

ND9OPR

wRS1978
wRS1909

6.0.0.0 0.637

6.0.0.0 0.631

6.0.0.0 0.622

0.45 6.42

0.51 5.02
0.56 3.94

0.51
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Table 3-3. (continued)

Isolate Virulence Mean Slope (å)
group

Dev. MS Isoìate Virulence Mean
srouD

Slope (å) Dev. MS

wRS1938

A852000

wRS19s2

Quebec95

wRs1950
wRS1930

A842000

wRSi929
wRS1932

wRsr954
URlT98
sK1SB98

wRS1991

wRs1928

wRS1948

wRS1949

OttawaS

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.0.0.0

0.587

0.558

0.521

0.516

0.515

0.500

0.494

0.493

0.480

0.476

0.471

0.470

0.468

0.462

0.456

0.4s6

0.456

wRS1982

wRS1971

wRs1937

BRZ178

wRS195r

wRs1988

AUSS825

BRZI76
Mexico4

BRZ193

wRS1940

Mexico5

Guelph98.1

Aus99074

wRs1953

0.31

0.r2

0.21

0.24

0.11

0.13

0.21

0.10

0.14

0.45

0.30

0.35

0.32

0.31

0.1 5

0.15

0.25

0.34

0.18

0.26

0.20

0.44

0.45

0.18

0.47

1.63

0.23

0.26

0.48

0.21

0.47

0.73

0.73

0.52

0.20

0.28

0.20

0.32

^ 
)6,

0.26

0.1 5

0.33

0.32

0.18

0.23

0.28

0.47

0.27

0.04

0.56

0.44

0.5 i
0.53

0.47

0.67

0.37

0.43

0.23

0.62

0.61

0.44

0-26

0.40

0.05

0.0.0.0 0.456

0.0.0.0 0.454

0.0.0.0 0.449

0.0.0.0 0.449

0.0.0.0 0.449

0.0.0.0 0.442

0.0.0.0 0.438

0.0.0.0 0.429

0.0.0.0 0.422

0.0.0.0 0.422

0.0.0.0 0.415

0.0.0.0 0.413

0.0.0.0 0.409

0.0.0.0 0.389

0.0.0.0 0.362

Mean 0.24

"Virulence groups designated according to the coded triplet nomenclature system of Limpert and Müller (1994).
bMean represents mean disease virulence of each isolate in a descending fashion among eàch designated uirulence group (arcsìn scalej.
"Slope (b) and Dev. MS represent re$ession coefficient and deviations mean square from regression line ofeach isolate.

Table 3-4. Mean disease infection responses (arcsin transformed)
and regression parameters for 72 barley differential lines
inoculated with 127 isolates of Bipolaris sorokinìona.
Differential line Mean Slope (å)' Dev. Msu

TR 25I
'Newdale'
'Stander'
TR 261

ND 8112
'Bowman'
'Robust'
'AC Metcalfe'
'Conlon'
'CDC Bold'
'CDC Status'
ND s883

0.49
0.58
0.62
0.63
0.61
0.68
0.73
0.77
0.81

0.83
0.83
0.94

0.53
0.68
0.61

0.89
0.64
0.62
0.88
r.28
1.35

1.38

r.39
1.15

42.81
s2.95
58.47
40.81

111.50
182.27
11.29
78.66
82.41

126.93

116.80
359.66

"Slope (å) and Dev. MS represent regression coefficient and
deviations mean squ¿lre from regression line of each differential.

107



Figure 3-1. The virulence response of isolates with the maximum (Max.) and minimum
(Min.) regression coefficients within each of 8 designated virulence groups of Bipolaris
sorokiniana to increasing susceptibility in 12 barley differential lines. Details about the
calculations of mean disease virulence of isolates and genotype disease infection response
index are described in text.
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CHAPTER 4

GENETIC DIVERSITY WITHII\ BIPOLARIS SOROKINIANA

POPULATIOI{S AND ITS RELATED¡{ESS TO VTRUI,EI.{CE

PATTERN IN THE PATHOGEI{

4.1. Introduction

Spot blotch has been a major disease of barley in Canada for many years.

Recently, the severity of spot blotch, caused by Bipolaris sorokiniana (Sacc.) Shoemaker

f(teleomorph Cochliobolus sativus, (Ito and Kuribayshi) Drechs. ex Dastur. syn.

Helminthosporium sativum Pamm. King and Bakke.] has increased in Manitoba. Tekauz

et al. (2003) reported that the pathogen was found on barley leaf tissue from all 42 fields

sampled at reguiar intervals across Manitoba in2002. When conditions are favourable for

disease development, yield reductions of 11 to 30%o have been reported in susceptible

barley cultivars in Canada (Clark, 1979; Dostaler et aI. 1987; Ghazvini and Tekauz,2004;

Tekauz,2002). Although the application of foliar fungicides can reduce damage from leaf

spot disease, the most effective and environmentally sound means of control is through

the use of resistant cultivars. To breed for effective and durable spot blotch resistance,

knowledge of the diversity in the virulence among B. sorokiniana isolates is essential.

This will provide useful information on resistance genes avaiiable for deployment in the

host genotypes.

Differential virulence on barley genotypes has been reported for the pathogen in

several studies (Fetch and Steffenson, 1994; Valjavec-Gratia:r and Steffenson, 1997;

Zhong and Steffenson, 2001; Meldrum et a1., 2004). Three pathotypes,'0',' 1' and '2' of
B. sorokiniana were previously identified in North Dakota (lttrD; Valjavec-Gratian and

Steffenson, 1997). The Australian B. sorokiniana population was shown to be more

diverse and 34 isolates tested on 20 differential lines (DLs) could be classified into six

pathotype groups (Meldrum et aI.,2004). Based on the classical method of the pathotype

identification,127 isolates of B. sorokiniana, coilected from Canada and other regions of
the world, were classified into eight virulence groups (VIGs) (Chapter 2). However,
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quantitative analysis of the virulence data indicated that the population of the pathogen

can be classified into 3 major pathogenic groups: one of low virulence (i.e. ND pathotype

'0'), u second of differential virulence (i.e. ND pathotWe'2'), and the third of virulence

of varying aggressiveness having more complex interactions between barley genoÐapes

and isolates of this group (Chapter 3). The third group, with a wider range of virulence

could be separated into several subgroups (Chapters 2 and,3). Among these, isolates of
three VIGs 7.7.7.5,7.7.5.1and 6.3.5.0, having some attributes in conÌmon were identified

as new VIGs of B. sorokiniana in Manitoba (Chapters 2 and,3).

Morphological and physiological charactenzation of B. sorokinian¿ has been

widely studied (Chand et aI.,2003; Harding and Tinline, 1983; Shoemaker, 1955; Tinline
and Dickson, 1958). Although these studies demonstrated that there was enough

morphological or physiological variability in pathogen population to classify isolates

based on such characters, there is no strong evidence to relate these to the pathogenicity

of the fi.rngus. Hosford et al. (1975) demonstrated that dark colony color locus was linked

to virulence in progenies of a cross between two different B. sorokiniana isolates, but this

linkage could not be found in other crosses. Moreover, morphologicai markers are rurely

observed in natural populations of fungi, have a limited number of alleles, and often have

adverse phenotypic effects (Michelmore and Hulbert, 1987). The results of virulence

phenotyping, therefore, would be more reliable if these were confirmed by genetic

studies, in particular those based on recently developed molecular assays.

Molecular genetic markers, in combination with pathogenicity tests, have been

used frequently to identify population structure and virulence diversity in fungal

pathogens. The abundance and selectively neutral nature of molecular markers have made

them reliable tools to elucidate many important aspects of genetic diversity in pathogen

populations (Rosewich and McDonald, 1994). Genetic variability in B. sorokiniana was

studied primarily by evaluating isozyn,e polymorphism among isolates (Terekhova and

Rochev, 1989; Valim-Labres et a1.,7997). The advent of the polymerase chain reaction

(PCR) together with the development of DNA markers provided an opportunity for
phytopathologists to study the genetics of pathogenic fungal populations in more detail.
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As a result, PCR-based molecular methods, such as randomly amplified polymorphic

DNA (RAPD) and universally primed polymerase chain reaction (LP-PCR) were used in

several studies to evaluate the genetic diversity within the B. sorokiniana population

(Bulat and Mironenko, 1993; Mironenko and Bulat, 200I; de Oliveira et aI., 2002;

Fordyce and Meidrum, 2001; Weikert-Oliveira et al., 2002). Amplified fragment tength

polymorphisms (AFLPs) have proven to be more informative, robust and pol¡rmorphic as

genetic markers than RAPDs (Vos et al., 1995; Powell et al., 1996; Majer et at, 7996).

Because of their reproducibility and the high multiplex ratio, AFLP markers have been

used extensively to fingerprint many pathogenic fungi (Leiöova et al., 2005; Pongam et

al., 1999; Rau et al., 2003; Schnieder et al., 200r; zhong and Steffenson, 2002). AFLP

analysis was appliedby Zhong and Steffenson (2001) to find moiecular diversity of B.

sorokiniana isolates from North Dakota and some other regions in US as well as isolates

from other countries. Although they discovered two AFLP markers unique to pathotype

'2' isolates in ND, their molecular data did not provide robust support for the three

pathotype classes chaructenzed in ND based on virulence phenotype (Valjavec-Gratian

and Steffenson, 1997).

The present study was conducted to evaluate the molecular variation in 93 isolates

of B. sorokiniana from Canada and other parts of the world and to investigate relatedness

of genetic variation with the virulence diversity in the population of the pathogen using

an AFLP assay.

4.2. Materials and methods

4.2.1. Fungal isolates and virulence assessment

The virulence phenotype of 127 isolates of B. sorokiniana collected or obtained

from different regions of Canada and six other countries was evaluated on 12 barley DLs

(Chapters 2 and 3). Propagation of the host plants, preparation and application of
inoculum, and disease assessment are described in Chapter 2. Virulence group

nomenclature was applied according to the coded tripiet nomenclature system described

by Limpert and Muller (1994). Of the total of I27 B. sorokiniana isolates tested in the
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virulence analysis (Chapters 2 and 3),93 isolates representative of eight identified VIGs

were selected for AFLP assay (Table 4-i).

4.2.2. Mycelial Growth and DNA extraction

4.2.2.1. Preparation of medium to grow mycelium

For the preparation of one litre of 'liquid complete medium' described by yoder

(1988) the following were added to 1 litre distilled water:

a) 10 ml of solution A [10 g Ca CNO3)2. 4lF.zO in 100 ml water].

b) 10 ml of solution B (2 e KHzPo¿ ,2.5 g MgSo+7 ]Hzo,1.5 gNaCl in 100 ml
water). The pH of solution was adjusted to 5.3 with NaOH and was filter sterilized.

c) 20 g sorbose + 0.5 g glucose

d) 1 gyeastextract

e) i g casein hydrolysate

One hundred ml of the medium was poured into each 500 ml flask, and the flasks and

contents were autoclaved to prepare sterile solution.

4.2,2.2. Growing mycelium

Cultures of the isolates originating from single-spores were grown at Z0 oC and a

12-h photoperiod on l0%o V-8 juice agar for 10-12 days. Plates were then flooded with
sterile distilled water (approximately 8-10 ml) and the colony surface was rubbed with a

sterile wire loop. The resulting suspension was poured into a 500-ml flask containing 100

ml of liquid complete medium as described above. Flasks were incubated at 28 oC on a

Psycrotherm incubator shaker (New Brunswick Scientific Co., Edison, NJ) at 150 rpm for

48 h. The resulting mycelium was harvested by pouring the solution through four layers

of cheesecloth and thoroughly rinsing with sterile distilled water.

4.2.2.3. DNA extraction and quantification

The harvested mycelium was transferred into a 50-ml plastic centrifuge tube and

lyophilized in a 6-litre vacuum freeze drier (Labconco Corporation, Kansas City, MO) for
72 h at -60 oC. Thirty to 50 mg of the dry mycelium was then placed into a I.2-ml
collection tube, and ground to fine powder by shaking with glass beads. DNA extraction
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was perfonned using the 'DNeasy' plant DNA extraction kit (Qiagen Mississauga, ON)

according to the manufacturer's instructions. Concentration of the extracted DNA was

determined using Hoechst 33258 stain. A Fluoroskan Ascent microplate fluorometer and

Ascent software (Thermo Labsystems, Helsinki, Finland) were used for DNA

quantification. Final DNA concentrations were set at 25 ngl¡tl in sterile distilled water.

4.2.3. AFLP analysis

The AFLP procedure foilowed was that f,rrst described by Vos et al. (1995) with

minor modification. Template DNA for PCR was prepared by digesting 250 ng of
genomic DNA with EcoR I and Mse I restriction endonucleases 12.5 units of each

restriction enzvrrre in 10 mM Tris-HCl pH 7.4,50 mM NaCl,0.1 mM EDTA, 1 mM

DTT, 0.1 mglm1 BSA*, 3I.25% glycerol (v/v)l and 5x restriction digestion buffer (50

mM Tris-HCl pH 7.4,50 mM Mg-acetate,250 mM K-acetate) in the total volume of 25

¡il and incubating the reaction at 37 oC for 2 h. The mixture was subsequently incubated

at 70 oC for 15 min to inactivate the restriction endonucleases, followed by a rapid

cooling to 4 
oC.

Adapters were ligated to cohesive ends of the restriction fragments by adding 25

¡rl of digested DNA to adapter/ligation solution 130 pmol of each 3' and 5' end MseI

adaptor, 3 pmol of each 3' and 5' end EcoRr adaptor, 0.4 mM ATP, 10 mM Tris-HCl pH

8.0, 10 mM Mg-acetate, 50 mM K-acetatel and T4 DNA Ligase [1 unit in 10 mM Tris-

HCI pH 7.5, 1 mM DTT, 50 mM KCI,50yo (v/v) glyceroll in a total volume of 50 ¡r1. The

reaction was incubated at room temperature (- 20 oC¡ for 2h and the mixture was then

diluted 10-fo1d with TE buffer [10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA].

Preselective amplification of restriction fragments was performed using primers

with one selective base at the 3' end (EcoRI-A and MseI-C), complementary to the core

of the adapter sequences. Five microliters of the diluted DNA was combined with the pre-

amplification primer-mix solution (36.45 pmoll¡tl EcoRI-Aprimer, 32.7 pmoll¡tl of MseI-

C primer, 1.875 mM Mg C12,0.12 mM dNTPs), 10x PCR buffer for AFLP (1 M Tris-HCl

pH 8.4, 3 M KCl, 0.1 M Mgclz) and one unit of TaqDN{polymerase in a total volume
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of 51 ¡ll. Mixed products were amplified in a thermal cycler programmed for 20 cycles at

a profile of 94 oC for 30 s, 56 oC for 1 min, and 72 oC for 1 min, and then held at 4 oC.

Fifteen microiiters of the preselective amplification product from each sample was

resolved on a I% agarose gel and stained with ethidium bromide to verify the

amplification. Based on intensities of the smears visualized on the agarose gel,

preselective PCR products were diluted from 30- to sO-fold with TE buffer.

For selective amplification, each individual isolate was fîngerprinted using eight

combinations of primer pairs with two selective bases, including one base of preselective

amplification. Primer combinations used in selective amplification aÍe illustrated in Table

4-2. Four microliters of the diluted preamplified fragments were used as template DNA

for selective ampiification. Template DNA was combined with PCR buffer (16.67 rnM

Tris-HCl pH 8.3, 83.33 mM KCI), 6.25 mM MgCl2, 1.33 mM dNTPs, 0.07 pmoV¡rl

EcoRI selective primer, 0.42 pmoV¡.tl MseI primers, 0.1 unit of Taq polymerase in the

final volume of 10 pl. The PCR amplification program was 1 cycle at 94oC for 30 s, 65
oC for 30 s, and 72oC for 1 min, 12 cycles that reduced the annealing temperature by 0.7
oC each cycte (65.0 to 56.6 oC¡, and 23 cycles at 94oC for 30 s, 56 oC for 30 s, and 72oC

for 1 min. Amplification products were subsequently held at 4oC.

EcoRI primers used in the selective amplification were fluorescence labelled with

four different fluorescent dyes (6-FAM, VIC, NED and PET; Applied Biosystems). The

amplification products were analysed on an ABI 3100 fragment analyser together with a

Genescan-5}} LIZ labelled size standard (Applied Biosystems lnc., Foster Cit¡ CA).

Chromatograms were processed by the GeneScan software (version 3.1; Applied

Biosystems Inc., Foster City, CA), and data were converted into a gel image using

Genographer software (customized version 1.6, CRC, AÁFC). To optimize the resolution

of gel images for each primer pair and dye colour, images were evaluated at different

intensities. Final analysis of data was done on gels with the best intensity.
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4.2.4.Data analYsis

DNAfragmentsof50to500bpinsizewerescoredvisuallyforeachprimerpatr

and each AFL' marker was coded as 1 0r 0, whether present or absent in an individuar

isolate, respectively. Each individual was thus represented by a vector of 1s and 0s and

these values were used to compile binary data matrices. The genetic diversity index was

calculated based on Nei's allelic diversity index (h) asthe measure of marker information

content (l'{ei, 1973), according to the equation as follows:

h =r-Lp', . 
" ""Equation 4'1

where, pr is the frequency of the ith allele. Ailelic diversity for the entire population and

within isorates of each designated vIG was calcurated as the mean arlelic diversity over

all loci.

The resulting binary matrix was used to compute a genetic similarity matrix for ail

pairsofisolatesusingthesIMQUALprogramintheNTSYS-pcsoftware(version2'1'

Exeter software, Setauket, NY) based on the Dice similarity coefficient (Dice' 1945' Nei

and Li, 1919) as follows:

DSCii --2al(2a+b+c) 
"""Equation4'2

whereDsciirepresentsDicesimiiaritycoefficientbetweentwoindividualslandj'anda'

b, andc represent total number of bands shared by both individuals' bands unique to the

individuar r, and bands unique to the individual j, respectivery. The generated similarity

matrix was then examined using both unweighted Pair-Group Method with Arithmetic

avelages(I'PGMA)andWeightedPair-GroupMethodwithArithmeticaverages

$PGMA)clusteringmethods(Sneathandsokal,tg13)usingNTSYS-po(SHAN
moduie).

Data were also araryzed by neighbor-joining (NJ) method (saitou and Nei' i987)

toestimatetheevolutionaryrelationshipalflongisolates.Dicesimilaritycoefficients

(Dice,I945;NeiandLi,IgTg)weÏeconvertedtogeneticdistance(Leydesdorffand

Vaughan,2006) using equation 4'3 as follows:
Equation 4.3
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where DDC¡¡ and Dsci¡represent Dice dissimitarity and similarity coeff,rcients between

two individuais I andi, respectively' A resulting genetic distance matrix was then used to

construct the NJ tree, using NTSYS-po (NJOIN module)'

TheUPGMAandNJclustersweresubjectedtobootstrapanalysis(Felsenstein,

19s5)todeterminetheconfidencelimitsforthegroupingsproducedbyeachdendrogram.

Bootstrap analysis of 1000 replications was performed using PAUP* version 4'0b10

softwareprogam(Swofford,zooz)toestimatesupportforindividualclusters'Bootstrap

values of >50% are shown on two dendrogtams for TIPGMA and NJ cluster analysis'

In order to identify major clusters, principal coordinate analysis (PCoA; Gower,

rg66)also was used to graphically display genetic relationships among isolates using the

DOIIBLECENTERandEIGENVECTORoptionsofNTSYS-pc.PCoAwasalsoapplied

to isolates of six VIGs or B. sorokiniana(VlGs 6.3.5.0, 7 .7.5.|,7 .7 '7,5.7.0.0, 5.7.4.0 and

7.7.5.4)identifi,ed as 'pathogenic gtoups with varying aggressiveness" to evaluate the

relationshipamongisolatesofthesegroupsinmoredetail.Ingeneral,PCoAcanbe

expected to be more informative about differentiation among major groups' while

clustering is more useful in detecting relationships among closely related populations

(Liu et a1., 2001)'

Toprovideanobjectivecomparisonbetweenmoleculardataandthevirulence

patterns of the isolates, matrices of cophenetic values' generated from the virulence

matrix and AFLp matrix were compared by Mantel's test (Mantel, 1967) using the

NTSYS-pc program (MXCOMP module)'

4.3. Results

4,3.l.AFLP polymorphism among isolates

TheeightAFLPprimercombinationsyieldedmanyunambiguousDNAbands

that could be scored readily. The number of AFLp bands varied with the primer pair and

theB.sorokinianaisolateevaluated.Foreachofeightprimerpairs,|7.47iength

polynorphicDNAfragmentsof60-500bpinsizeweredetected(Table4_2).Atotalof
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274 AFLP bands were recorded of which I8g (69%) and 85 (31%) were monomorphic

and polynrorphic, respectively. Among the 93 isolates tested, 82 different AFLP

genotypes (haplotypes) were detected indicating the genetic uniqueness of most of the

isoiates. While 73 isolates had a unique AFLP pattern, 100% similarity in banding pattern

was observed between eight pairs of isolates (16 isoiates) and also among a group of 4

isolates.

4.3.2. Pathogenicity-related AFLP markers

Two AFLP markers, 'E-AGfM-CA-406' and 'E-AG+M-CG-303" were found to

be unique for isolates of VIGs designated as 6.3.5.0,7'7'5J and 1'7'7'5, and urere

detected inTlll (64%)and 10/11(g1%) isolates of these VIGs, respectively (Figure 4-1)'

Two additionai markers, 'E-AA+M-CA-429' and 'E-AG+M-CT-424', wete also present

in 8/1 | (73%) and 9/t1 (82%), respectively, of isolates designated as 6.3.5 -0, 7 .7 .5 'l and

7.7.7.5, and in the Australian low-virulent isolate 'AUSSB25' (Figure 4-1). Another

AFLP marker, 'E-AA+M-CG-189', that was present in 10/11 (91%) of the isolates of

groups 6.3.5.0, 7.7.5.1 and7.7.7.5, also was detected in Australian low-viru1ent isolate

,AUSSB25' and isolate ,wRs1938" a low-virulent isolate collected from oats in

Manitoba (Figure 4-1).

Of the 85 polymorphic AFLP aileles scored, 22 aIIeIes (or null alieles) were

specific for isolates of vIG 0.0.0.0, of which 20 alleles were found in 3 to 12 isolates

among the 18 isolates of VIG 0.0.0.0 tested. However, two of t]ne 22 AFLP markers'

designated as .E-AA+M -CA-r23' and 'E-AA+M-CC-296', were present in 17118 (94%)

and 18/18 (100%) of isolates of vIG 0.0.0.0, respectively (Figure 4-2). Another AFLP

marker designated as 'E-AA+M-CT-280' was absent in 21 isolates among which 17 were

low-virulent (vIG 0.0.0.0). Two AFLP markers, 'E-AG1_M-C1I-207', and'E-AG+M-CG-

121, were detected solely in the three isolates of VIG 6.0.0.0, equivalent to ND pathotype

.2, isolates. The AFLP allele 'E-AA+M-CC-134' was absent in all isolates of VIG

6.0.0.0 and eight isolates of vIG 0.0.0.0 (Figure a-3). Similarly, AFLP marker 'E-

AA+M-CG-77, was onlypresent in the three isolates of VIG 6.0.0.0 and 6 isolates of

VIG 0.0.0.0 (Figure 4-3). The AFLP marker 'E-AA+M-CT-4L1' was absent in all
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isolates of VIGs 0.0.0.0 and 6.0.0.0, as weil as eight isolates classified as VIGs 6.3.5.0

and 7 .7 .7 .5 (Figure a-3).

4.3.3. Allelic diversity index

Nei's allelic diversity index for entire population (averaged over 85 AFLP loci)

was calculated as 0.24. The allelic diversities within isolates of VIGs 0.0.0.0, 5.7.0.0 and

5.7.4.0 werc 0.27,0.14 and 0.19, respectively. The allelic diversities within isolates of

vIGs 7.7.5.1,6.0.0.0,6.3.5.0, 7.7.7.5 arrrd7.7.5.4 were 0.05,0.08,0.09,0.10 and 0.11,

respectively. Because of the similar virulence pattern among isolates designated as VIGs

6.3.5.0, 7.7.5.t and7.7.7.5 (Chapter 3), and as an attempt to reduce the risk of error

related to the low numbers of isolates in these groups, the total of i 1 isolates in these

three gtoups was considered as a single entity and the Nei's allelic diversity for this

unique group was re-computed as 0.12.

4.3.4. UPGMA clustering and corresponding bootstrap analysis

The dendrogïam produced using IIPGMA cluster analysis based on the Dice

similarity coefficient (Dice, 1945) separated the isolates into nine clusters at l0%o

similarity (Figure 4-a). However, three of these clusters each consisted of a single low-

virulent isolate. Of these, one isolate 'WRS1938' and two others ('AUSSB25' and

'Guelph98.l') were amalgamated into a cluster composed of six other isolates of VIG

0.0.0.0 in 640/o and 620/o similarity, respectively, now forming a major group of nine low-

virulent isolates (group-2 in Figure 4-4). This grouping was well supported by bootstrap

analysis resulting in a bootstrap value of 78o/o. The remaining 9 isolates of VIG 0.0.0.0

were classified as another group having 77o/o simllarity (group-l in Figure 4-4). This

grouping also was strongly supported by bootstrap values of 99o/o (Figure 4-4). These

first and second major groups of isolates of VIG 0.0.0.0 were joined to other clusters in

the dendro gam at 40Yo and 44Yo símllartty, respectively. The third major goup (group-3

in Figure 4-4) was formed by the three isolates designated as VIG 6.0.0.0, at 8|o/o

similarity, and was supported by a bootsffap value of 87o/o.Isolates of VIG 6.0.0.0 were

joined to other virulent isolates of B. sorokiniana at 62%o similarity. Bootstrap analysis

for this grouping was 77o/o, indicating a strong support.
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A group of isolates made up largely of isolates designated as VIG 5.7 .4.0 formed

the forth major cluster (g¡oup-4 in Figure 4-4) with 73Yo simllanty. Within this cluster

seven of the 10 isolates of VIG 5.7.4.0 were closely related, showing 85% similarity,

which was also supported by a bootstrap value of 92%. However, the fourth major

cluster, itself, was not supported by the bootstrap analysis. The fifth major cluster (group-

5 in Figure 4-4) consist of five isolates at the similarity of 77o/o of which three were

designated as VIG 6.3.5.0 and two as VIG 7.7.7.5. Bootstrap analysis did not give strong

support for this grouping. The remainder of the isolates formed the sixth group (group-6

in Figure 4-4) and were clustered at 12Yo similanty. This cluster was formed by virulent

isolates of B. sorokiniana including VIGs 5.7.4.0, 5.7.0.0, 7.7.5.4, 7.7.5.1 and 7.1.7.5,

where two isolates of VIG 7.7.5.I and four of VIG 7.7.7.5 composed a distinct group

within this cluster. This sixth major isolate cluster was not supported by bootstrap

analysis, although among these there was some clustering of isolates having a high

percentage of similarity, which was also strongly supported by bootstrap analysis (Figure

4-4). However, all virulent isolates designated as VIGs 5.7.4.0, 5.7.0.0,7.7.5.4,6.3.5.0,

7 .7 .5.l and 7 .1 .7.5, located in groups 4 to 6, formed a major cluster at 660/o similarity that

was supported by bootstrap value of 47o/o (not shown in the dendrogram in Figure 4-4).

4.3.5. WPGMA clustering

Compared to llPGMA, cluster analysis using the WPGMA method revealed more

informative genetic structure for isolates with different virulence patterns which were

designated in distinct VIGs. At a 670/o level of similarity, the dendrogram produced by

the WPGMA clustering method separated the isolates into 8 clusters (Figure 4-5). Four

clusters comprising 18 isolates of VIG 0.0.0.0 showed relationships similar to those

revealed by UPGMA clustering (groups I and2 in Figure 4-5). The three isolates of VIG

6.0.0.0 were clearly separated from other isolates using WPGMA, forming the third

major cluster (group-3 in Figure 4-5).

With the exception of isolates '4US98153', 'Guelph98.2', and ''WRS1970', the

other isolates of the forth cluster identified by I-IPGMA (group-4 in Figure 4-4) showed

the same relationship using WPGMA (group-4 in Figure 4-5). However, in WPGMA
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clustering isolates of group-4 showed more similanty (62%) to isolates of VIG 6.0.0.0

(group-3) than to other virulent isolates (59%). Interestingly, in the V/PGMA

dendrogram, the 11 isolates designated as VIGs 6.3.5.0, 7.7.5.7 and7.7.7.5 showed a

closer relationship and all were located in the fifth major group (group-5 in Figure 4-5),

at 77o/o similarity. However, the distribution of isolates within this main cluster was not a

complete match with their virulence pattems. Excluding the isolates located in the group-

4, remaining pathogenic isolates of B. sorokiniana designated as VIGs 5.7.0.0,5.7.4.0

and 7 .7 .5.4 were all located in the sixth cluster at 680/o similarity, forming a major group

consisting of 50 isolates (group-6 in Figure 4-5). There was no clear-cut pattern to

differentiate among isolates of the three VIGs composing this huge cluster.

4.3.6. Neighbor-joining tree and corresponding bootstrap analysis

To estimate the phylogenetic relationship among B. sorokiniana isolates, NJ

method was used to construct an unrooted evolutionary tree (Figure 4-6). Two groups of

isolates of VIG 0.0.0.0 identified by both clustering methods (groups 1 and 2 in the

UPGMA and WPGMA dendrograms) were also distinguishable from each other in the NJ

tree. These were well supported by bootstrap values of 97%o for the 9 isolates in the upper

clade, and77o/o for the other 9 in the lower clade (Figure 4-6). Unlike shown in IIPGMA

and WPGMA clustering, a major clade consisting of all 18 isolates of VIG 0.0.0.0 was

formed in the NJ tree, demonstrating their closer genetic association compared to

association with other isolates. This clade was supported by a bootstrap value of 60Yo.

The NJ tree indicated that the three isolates of VIG 6.0.0.0 were genetically more closely

related to isolates of VIGs 0.0.0.0 than to other VIGs. However, bootstrap analysis did

not provide strong support for this relationship, as the bootstrap value for this major

branch consisting of isolates of VIGs 0.0.0.0 and 6.0.0.0 was only 37o/o (not shown in the

dendrogram in Figure 4-6).

Isolates clustered in group-4 in the TIPGMA dendrogram also formed a unique

clade in the NJ tree which was closer to the clade comprising isolates of VIGs 0.0.0.0 and

6.0.0.0 than to other isolates. Of the 11 isolates designated as VIGs 6.3.5.0, 7.7.5.I and

7.7.7.5, eight isolates comprised a cluster which contained all isolates of VIGs 6.3.5.0
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aîd 7.7.5.1, but only three of the isolates designated as 7.7.7.5. However, bootstrap

analysis did not provide a good support for this grouping. The remaining three isolates of

VIG 7.1.7.5 were distributed across the tree, and showed less genetic relationship to the

other isolates in this group (Figure 4-6). No apparent relationship was found among

pathogenic isolates of B. sorokiniana designated as VIGs 5.7.0.0,5.7.4.0 and 1.7.5.4,

except for several small clusters of isolates.

4.3.7. Principal coordinate analysis

Principal coordinate analysis was computed to provide a general perspective on

the relationships between VIGs as identified by virulence assessment. Based on the

PCoA, isolates of VIGs 0.0.0.0 and 6.0.0.0 were markediy distinct from isolates of other

VIGs, with isolates of VIG 0.0.0.0 forming a more dispersed group (Figure 4-7). Among

isolates of the other six VIGs, two distinct groups were discernable from the remainders

which were densely aggregated. The first group included seven of the isolates of VIG

5.7.4.0, while the second included 2,3 and 2 isolates of VIGs 5.7.0.0,5.7.4.0 and7.7.5.4,

respectively. These association patterns were also well illustrated by LIPGMA clustering

and the NJ tree. However, when isolates from only the six pathogenic groups with higher

virulence were subjected to PCoA, isolates designated in VIGs 6.3.5.0, 7.7.5.1 and

7.7.7 .5 formed a third discernable group of virulent isolates located far from the core of

densely clustered viruient isolates (Figure a-8). No further distinct grouping was found

among isolates of VIGs 5.7.0.0, 5.7.4.0 and7.7.5.4 in this core of virulent isolates.

4.3.8. AFLP pattern of the three ND reference isolates

All analytical approaches indicated that isolate 'ND85F', representative of ND

pathotype'1', was situated with the isolates of the fourth cluster designated in both the

UPGMA and WPGMA dendrograms (Figures 4-4 and 4-5). Isolate 'ND9OPr',

representative of ND pathotWa '2', had a similar AFLP pattern to that of two other

isolates from Manitoba; and all three were designated as VIG 6.0.0.0 (Chapter 2).By
contrast, isolate ND93-1, representative of ND pathot¡rpe '0', showed 100% band

similarity to Manitoba isolate 'WRS1976', and the two formed a haplotype group located

among isolates of sixth cluster consisting of virulent isolates (Figures 4-4, 4-5). In
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confast to the low viruience of this isolate reported by Valjavec-Gratian and Steffenson

(1997), this isolate was virulent on some barley genotypes as reported in our previous

study (Chapter 2). The above groupings were also confirmed both by NJ method and

PCoA.

4.3.9. Comparison of molecular data with virulence pattern of isolates (Mantel's

test)

A virulence dissimilarity matrix based on average taxonomic distances (Sneath

and Sokal, 1973) was compared with dissimilarity matrices upon which IIPGMA,

WPGMA and NJ dendrograms were constructed for AFLP data. A significant correlation

was observed for all three paired comparisons, resulting in r-values of 0.62,0.65 and 0.71

when the virulence matrix was compared to UPGMA, WPGMA and NJ matrices,

respectively,

4.4. Discussion

4.4.1. General discussion

All the clustering methods used demonsfrated a high level of correspondence

between the genotypic and virulence data. Both multivariate analysis (LIPGMA and

WPGMA clustering methods and PCoA; Mohammadi and Prasanna, 2003) and NJ tree

(Saitou and Nei, 1987) clearly separated the isolates of VIGs 0.0.0.0 and 6.0.0.0 from the

other six groups of isolates possessing virulence of varying aggressiveness (Chapters 3).

This classification was also strongly supported by bootstrap analysis. Isolates of VIGs

6.3.5.0, 7.7.5.I and7.7.7.5, which were discemable from other pathogenic isolates by

using quantitative analysis of virulence data (Chapter 3), were also delineated from other

groups based on their DNA fingerprinting. This delineation was distinct using the

WPGMA clustering method, but only partially so with UPGMA and NJ analyses. With

the removal of isolates of VIGs 0.0.0.0 and 6.0.0.0 from the analysis, PCoA also showed

that isolates of VIGs 6.3.5.0, 7.7 .5.I and 7.7.7.5 to be distinct from those of other three

pathogenic groups. From the preliminary VIG designations (Chapters 2 and 3), it was

inferred that the data set consisted of a core of reasonably identical groups of isolates,

which would impose some distortions on any hierarchical technique used in cluster
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analysis. ln contrast to IIPGMA, in WPGMA cluster analysis the smailer clusters have

the same weight as larger ones, atrd thereby their influence is enhanced, and this

minimizes distortions due to varying group size (Sneath and Sokal, 1973). This suggests

that in this study a classification of the isolates based on W?GMA clustering may be

more realistic than one based on IIPGMA.

Most of the pathogenic isolates in the three remaining virulence groups 5.1.0.0,

5.7.4.0, and7.7.5.4, formed a cluster of isolates (group-6) which were closely related

based on their AFLP patterns. However, a sub-group of isolates from these three

pathogenic groups (group-4), exhibiting the same virulence behaviour to those of group-

6,had a markedly distinct genetic profile from the remainder of isolates of VIGs 5.7.0.0,

5.7.4.0, and 7.7.5.4. This indicates that isolates having a distinct genetic profile may

induce similar virulence on barley genotypes.

The results of this study are consistent with findings from several other studies

reporting a strong association between virulence and molecular patterns in asexual

populations of plant pathogens (Asigbetse et aI., 1994; Fordyce and Meldrom, 2001;

Kolmer, 2001; Liu and Kolmer, 1998). ln such populations of plant pathogenic fungi, the

genetic distinctiveness of unique pathotypes is assumed to be a result of the isolated

clonal propagation of individuals within each group (Burdon and Roelfs, 1985a; Levy et

ã1., 1993). Burdon and Roelfs (1985a, 1985b) compared the asexual and sexual

population of wheat stem rust, Puccinia graminis, and concluded that the degree of

correlation between virulence and isoz)¡me phenotypes was greater within the asexual

population of the pathogen. Kolmer et al. (1995) and Liu and Kolmer (1998) found a

close correlation between molecular and virulence patterns in an asexually reproducing

population of Puccinia recondita f. sp. tritici, causal agent of wheat leaf rust. Evidence

for a relationship between the molecular profile of isolates and their virulence pattern on

differential host lines was also reported for the rice blast fungus, Magnøporthe grisea

(Levy et a1., I99l;Levy et a7.,1993; Zeigler et al., 1995).
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Our findings agree with those of Fordyce and Meldrum (2001) who found a close

correlation between DNA fingerprints and virulence patterns of Australian isolates of B.

sorokiniana. However, these are in contrast toZhong and Steffenson (2001) who could

not find a strong correlation between virulence pattern and AFLP pattern of B.

sorokinian¿ isolates from ND and other regions. Nonetheless, Zhong and Steffenson

(2001) found two AFLP markers unique to ND pathotlpe '2' isolates. The presence of
these same AFLP markers ('E-AG+M-CA-207' and 'E-AGrM-CG-121') in isolates of
VIG 6.0.0.0 (equivalent to ND pathotWe '2'), was also verified in this study. The

presence of these unique markers may support the correlation between the genetic profile

and virulence of isolates in the research carried out by Zhong and Steffenson (2001).

ln general, a correlation between the AFLP pattern and the virulence was more

apparent than one between the AFLP pattern and isolate geographic origin. With a few

exceptions, isolates from different provinces or countries were arbitrarily distributed

within the groups distinguished by all clustering methods. There were some

geographical-based associations within some pathogenic isolates from Australia, Brazl|

and Poland, but these comprised only few clusters with a small number of isolates from

each region which were scattered across dendrograms. Isolates collected in Manitoba

(designated with prefix WRS in all dendrograms) initially may demonstrate a close

relationship and appear to be grouped into dense ciusters. However, when considering

that 56 isolates of the total of 93 isolates were collected from Manitoba, their scattered

distribution in all analytical approaches is notable. A weak correlation between genetic

similarities measured by AFLP markers and the geographic origin of B. sorokiniana

isolates was also reported by Zhong and Steffenson (2001).

The detection of several AFLP markers specific to VIGs also indicated that results

of AFLP analysis were congruent with virulence analysis. The identification of two

AFLP markers, one present in all, and the other in 94% (T7lT8) of isolates of VIG 0.0.0.0

is reported in this study for the first time. The presence of two AFLP markers unique to

isolates of ND pathotype'2'(VIG 6.0.0.0 in this study) (Zhong and Steffenson,200l)

was verified in this study. ln addition, in the present study two other AFLP alleles were
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identified only in every isolate of VIG 6.0.0.0 and certain isolates of VIG 0.0.0.0. The

most noteworthy finding of this study was the detection of AFLP marker 'E-AA+M-CT-

411' which was absent in all isolates of VIGs 0.0.0.0, 6.0.0.0, and 6.3.5.0, and five of the

six isolate of VIG 7 .7 .7 .5 (with an exception of isolate 'WRS 1983'). Ail of these isolates

had weak or moderate virulence on barley line ND 5883, compared to the greater

virulence in isolates of the other pathogenic groups 5.7.0.0, 5.7.4.0 andT.7.5.4.

Pathogenicity-related markers were also identified in VIGs 6.3.5.0, 7.1.5.I and

7.7.7.5. Five different AFLP bands were present in most isolates of VIGs 6.3.5.0, 7.7.5.1

and 7 .7 .7 .5 (in 64% to 9Io/o of the isolates). However, 3 of these AFLP bands were also

present in the Australian isolate 'AUSSB25' (VIG 0.0.0.0) and one in Manitoban isolate

'WRS1938' (VIG 0.0.0.0), collected from barley crown and oat leaf tissue, respectively.

Both of these isolates had a distinct genetic profile from the rest of isoiates of VIG

0.0.0.0; this was clearly depicted by both clustering techniques and NJ analysis.

Interestingly, isolate'WRS1938'had higher virulence on12 DLs than other isolates of
VIG 0.0.0.0 in the virulence study (Chapter 2). However, markers not universally present

in all pathogen isolates of specific VIGs, may not be as useful as others which are found

in all cases.

In spite of the good clustering of isolates 'ND85F' and'ND9OPr', representative

of ND pathotypes'1'and'2',wifh isolates of VIGs 5.7.4.0 and 6.0.0.0, respectively,

isolate 'ND93.1', representative of ND pathotype '0' did not have any AFLP similarity to

isolates of VIG 0.0.0.0. Indeed, isolate 'ND93.1' and isolate 'WRS1976' collected from

Rosenfield, MB had absolute band similarity and formed a distinct haplotype group. ln

our previous study (Chapter 2), we found that the virulence pattern of isolate 'ND93.1'

was different from that of isolates of VIG 0.0.0.0, and this isolate was assigned to the

VIG 5.7.0.0. However, this anomaly was likely due to an error in the labelling of the

isolate culture(s) at the original (T. Fetch, personal communication) or destination

laboratories (Chapter 2).
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Nei's allelic diversity showed that 18 isolates of VIG 0.0.0.0 were the most

diverse group tested. Although these isolates exhibited low virulence on all barley DLs,

their virulence potential on barley genotypes in phenotype analysis varied indicating their

likely virulence diversity, but this was not marked enough to place them into separate

VIGs (Chapter 2). Likewise, Zhong and Steffenson (2001) found that allelic diversity

among ND pathot¡zpe '0' isolates was 0.23, the highest diversity among three identified

pathotypes. Welz et al. (1994) found that genetic diversity in race '0' of Cochliobolus

carbonum was significantly greater than that observed in pathogenic races. Isolates of

VIGs 5.7.0.0 and 5.7.4.0, with a virulence pattern corresponding to isolates of ND

pathotype '1 ', had allelic diversity of 0.14 and 0.19, respectively, close to allelic diversity

of 0.15 found for isolates of ND pathotype 'l' (Zhong and Steffenson, 2001). As

suggested by Zhong and Steffenson (2001), the higher allelic diversity values for VIGs

0.0.0.0, 5.7.0.0, and 5.7.4.0 indicate that these isolates may have diverged early in the

evolution of the pathogen.

Nei's allelic diversity among the three isolates of VIG 6.0.0.0 in this study was

very low (0.08), similar to the allelic diversity of 0.10 among isolates of ND pathotype

'2' found by Zhong and Steffenson (2001). Zhong and Steffenson (2001) stated that the

lower allelic diversity in isolates of pathotype'2' may be due to the shorter period of time

since their evolution in ND. Our results are in agreement with those of Zhong and

Steffenson (2001) and may support the recent emergence of VIG 6.0.0.0. However,

because of the low number (3) of isolates of this group identified in our study, this

speculation is tenuous.

The group of B. sorokiniana isolates designated as VIGs 6.3.5.0, 7.7.5.1 and

7.7.7.5 also had lower values for their allelic diversity compared to those for VIGs

0.0.0.0, 5.7.0.0, and 5.7.4.0, either singly or when combined. Isolates of these three VIGs

(6.3.5.0, 7.7.5.I, and 1.7.1.5) with well-distinguished virulence patterns, which were

found only among the Manitoban isolates collected in 2002, may also have evolved

recently. None of the isolates collected from Manitoba prior to 2002 exhibited a virulence

pattem similar to that of the isolates of these VIGs. The occurrence of such distinct
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isolates of the pathogen may be an indication that mechanisms other than random

mutation are contributing to alter the genetic structure of the B. sorokiniana population.

4.4.2. Sources of variation in the pathogen population

In order to determine the likely mechanism(s) involved in the genetic variability

B. sorokiniana,tl'ree general sources of variation in plant-pathogenic fungi, i.e. mutation,

migration and gene flow, and recombination (Burdon and Silk, 1997) and their possible

influence on the genetic diversity in the B. sorokiniana population are assessed in more

detail.

4.4.2.1. Mutation

Because of its putative asexual reproduction system, mutation may be considered

as the most powerful source of novel variation in B. sorokiniana. Pathogen isolates have

been reported to be prone to mutation either spontaneously or following their induction

(Tinline, 7961 and 1988). Christensen and Davies (T937) reported that the variation in B.

sorokiniana population was caused primarily by mutation rather than by heterokaryosis.

Although mutation rates per locus are generally low, the large number of conidia

produced from each individual lesion or from infested plant debris makes it possible for

mutation be an effective source of the variation in the B. sorokiniana population. The

occulrence of different levels of aggressiveness among otherwise closely related isolates

of B. sorokiniana (i.e. isolates of VIGs 6.3.5.0, 7.7.5.1 and7.7.7.5, or isolates of VIGs

5.7.0.0,5.7.4.0 and 7.7.5.4) may be the result of such accumulated mutations on a

founder parental isolate(s) which may affect the virulence behaviour of the resulting

isolates. Tinline (1961) reported that mutation in monoascosporic isolates of the -8.

sorokinianø produced new strains that varied from the original strains in morphological

characters (i.e. conidial color), conidial production and virulence. The diverse molecular

pattern among isolates of VIG 0.0.0.0 revealed by all clustering methods might signal

that such gradual changes occurred in their founding isolates. Simcox et al. (1,992)

suggested that new pathotypes in C. carbonum might arise through successive stepwise

mutations within an asexual clonal lineage.
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4.4.2.2. Migration and gene flow

AFLP analysis indicated that the population of B. sorokiniana collected from

different regions of Canada and from other countries contained a high level of genetic

variability. Extensive variability could even be detected within groups of isolates

collected from the same field as was observed among isolates collected in Gross Isle, MB

or Selkirk, MB (isolates 7-10 and 11-16 in Table 4-1, respectively). Sixteen and four

isolates, however, formed 8 pairs and a group of 4 identical AFLP phenotlpes,

respectively. Of the nine haplotype groups six groups were detected among isolates

originated from the same province/countries (5 classes of identical phenotype from

Manitoba and one from Poland). However, these identical genetic profiles were also

observed between 3 isolates from Manitoba and one isolate collected from each of

Alberta, Saskatchewan and the USA. Zhong and Steffenson (2001) also found such an

identical AFLP genotype between isolates from ND and Poland. These results suggest

that these identical isolates were most likely derived from the same founder isolates and

that this derivation is quite recent as other sources of variation (i.e. mutation) have not yet

caused any detectable changes in their genetic background. When a sub-population of the

pathogen in a restricted area (i.e. freld) is so variable, how can identical isolates from

different regions of North America or even different continents be explained? Spores of

B. sorokiniana may be too large (heavy) to be carried long distances by wind and the

pathogen is considered to cause localized disease (Shaner, 1981). If so, such long

distance movement is probably mostly provided by assistance from man. Modern, rapid

transportation systems and increasing reciprocity in agricultural trade provides ample

opportunity for the movement of fungal pathogens from one location to another, even at

the global level.

4.4.2.3. Recombination

Bipolaris sorokinian¿ is described as a fungus that reproduces asexually (Tinline,

1988). However, there are several lines of evidence that indicate the presence of a mating

system (Tinline, 1951), occurrence of the perfect stage under laboratory or natural

condition (Raemaekers, 1988; Tinline, 1951; Tinline and Dickson, 1958), and occurrence

of somatic hybndization in B. sorokiniana (Tinlíne, 1962), all of which suggest the
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possibility of sexual or asexual recombination as a source of variation in the pathogen

population.

The occurrence of pathotype'2'inND (ViG 6.0.0.0 inthis study) lends support

to the hypothesis that recombination, while rare, may be a plausible source of de novo

emergence of these new types of virulence in pathogen populations. Based on both

virulence phenotyping and the molecular profile, isolates of VIG 6.0.0.0 had

characteristics intermediate to those of VIG 0.0.0.0 and a sub-group of pathogenic

isolates designated as group-4 in both IIPGMA and W?GMA clustering. Group-4

isolates were also a well-distinguished group in the neighbour-joining tree and PCoA

analysis. Although point mutation is considered to be the major source of recombination

in putative asexual fungi, the considerable differences between isolates of VIG 6.0.0.0

and both low-virulent and virulent isolates, suggests that mutation was unlikely to

produce such differences. Where isolates of this group showed higher similarities to a

particular group of pathogenic isolates, i.e. group-4 in TIPGMA and WPGMA clustering,

neighbour-joining analysis revealed a closer relationship for this group to isolates of VIG

0.0.0.0.

Recombination during either sexual or asexual stages þarasexuality) can be

speculated to generate a pathotype (VIG 6.0.0.0) with the molecular and virulence

characteristics intermediate to those of low-virulent and virulent isolates. However,

parasexual recombination may provide a better explanation for the occurrence of such

newly-identified pathotype. Parasexuality involves heterokaryosis, karyogarrly, mitotic

recombination, and segregation (Tinline and MacNeill, 1969). Variation can result even if
all these events do not occur, and the degree of variation in the progeny depends on the

quantity of gene pool exchange (i.e. nuclear exchange, chromosome exchange or

nondisjunction, and mitotic crossing-over) between parents (Michelmore and Hulbert,

1987). Many imperfect fungi undergo recombination through the parasexual process

which can lead to rapid formation of new combinations of virulence alleles (McDonald et

a1., 1989).
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4.4,3. Conclusion

In total, isolates of VIGs 0.0.0.0 and 6.0.0.0 were clearly discernable from the

other pathogenic isolates using all clustering methods applied to analyse the data.

Nonetheless, molecular analysis did not provide a robust differentiation of the other 6

groups of pathogenic isolates recognized using the classical þhenotype) method of VIG

designation. This was especially true for isolates of VIGs 5.7.0.0, 5.7.4.0 and7.1.5.4,

which could not be classified as distinct groups based on their genetic relationships.

However, a sub-set of pathogenic isolates from the three other pathogenic groups, 6.3.5.0,

7.7.5.1 and7.7.7.5, clustered together in most of the analytical procedures, indicating a

closer relationship among isolates of these designated groups.

Among the 93 isolates tested, 82 different AFLP genotypes were detected,

demonstrating a high level of genetic variability among B. sorobiniana isolates. To

evaluate the possible sources of this variability, the influence of different sources of

variation on the pathogen population was discussed in detail. Mutation was regarded to

be amajor source of variation inB. sorokiniana, but gene flow and sexual and asexual

recombination were also speculated to change genetic structure of the pathogen

population. However, if the sexual stage of the fungus does occur in field populations,

and likely this is extremely rare, it can be inferred that this reproductive strategy is being

exploited by the pathogen to maintain and/or increase its variability, rather than as a

means to generate infective propagules.

Our findings demonstrate that the grouping of the B. sorokiniana isolates based on

their molecular profiles appears to be better associated to groupings based on a

quantitative analysis of virulence data (Chapter 3) rather than classical method of VIG

designation (Chapter 2). The significant correlation coefficients between AFLP and

virulence data matrices (Mantel's test) indicated that the classification of B. sorokiniana

isolates based on their actual disease virulences may be more appropriate to determine the

genetic basis of the various virulence patterns in the pathogen population. Two distinct

groups of virulent isolates (i.e VIGs 6.3.5.0, 7.7.5.1 and7.7.7.5, and VIGs 5.7.0.0, 5.7.4.0

arñ 7 .7.5.4) identified through regression analyses and cluster analysis of virulence data
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(Chapter 3), were also well separated by most cluster analyses of AFLP data. This

implies that the results of molecular data and virulence study in the case of ,8.

sorobiniana may be more congruent if virulence data are quantitatively analysed.
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4.5. Figures and Tables
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Table 4-1. The Winnipeg Research Station (WRS) codes, year and location of collection, origínal host plant, name of supplier and
virulence groups of Bipolaris sorokiniana isolates used for AFLP analysis.

No Isolate"
Yea¡ Virulence

col'lected Host origin Geographic origin Source srouDb

1 WRSI903

2 WRS1908

3 WRS1909

4 WRS19I0

5 WRSlgi l
6 WRS1927

7 WRS1932

8 WRS1933

9 WRS1934

10 wRS1935

11 WRS1936

12 wRs1938

13 WRS1939

t4 wRSl942
15 WRS1944

16 WRS1946

77 WRS1950

18 WRSl953

19 WRSI955

20 wRSl957
21 WRS1958

22 WRS1959

23 WRS1961

24 WRSi962

25 WRS1963

26 WRS1964

27 WRS1966

28 WRS1967

29 WRSI968

30 wRSl970
31 WRS1971

32 WRS1973

33 WRS1974

34 WRS1975

35 WRS1976

36 WRS1977

37 WRS1978

38 WRSl979

39 WRS1980

40 wRS1981

41 WRS1982

42 WRS1983

43 WRS1984

44 WRS1985

45 WRS1986

46 WRSl987

47 WRSl988

48 WRS1989

49 WRS1990

50 wRS1991

51 WRS1992

s2 wRS1993

i 998 I-eaf/barley

2001 Leaflbarley

2001 Leaf/barley

2001 I-naf/barley

2001 Leaflbarley

1999 Leaflbarley

2000 læaflwheat

2000 Leaflwheat

2000 Leaflwheat

2000 Leaf/wheat

2001 I-naf/oaT

2001 I-naf/oat

2001 I-eaf/oal

2001 Leaf/barley

2001 Leaflbarley

2001 Leaflbarley

2001 Leaflbarley

2001 Leaflbarley

2002 Leaf/barley

2002 Leaflbarley

2002 Leaflbarley

2002 Leaf/barley

2002 Leaf/barley

2002 Leaflbarley

2002 I-naf/barley

2002 Leaflbarley

2002 l-eaf/barley

2002 I-eaftbarley

2002 I-eaf/barley

2002 Leaîlbarley

2002 I-naflbarley

2002 Leaf/barley

2002 I-naf/batley

2002 I-naf/barley

2002 I-naf/barley

2002 læaflbarley

2002 Leaflbarley

2002 Leaflbarley

2002 Leaf/barley

2002 I*aflbarley
2002 Leaf/barley

2002 Leaflbarley

2002 Leaf/barley

2002 Leaf/barley

2002 Leaf,/barley

2002 I-naf/barley

2002 Leaf/barley

2002 I-naf/barley

2002 Leaf/barley

2002 Leaflbarley

2002 Leaf/barley

2002 Leaf/barley

Ridgeville/MB/Canada

Dufiesne/MB/Canada

Carman,A4B/Canada

St. Anne/À4B/Canada

Glenlea./MB/Canada

Altona-/MB/Canada

Grosse isleÀ4B/Canada

Grosse isle/MB/Canada

G¡osse isle/MB/Canada

Grosse isle/lvf B/Canada

SelkirkÀ4B/Canada

SelkirkÀ4B/Canada

Selki¡kÀ4B/Canada

Selkirk/MB/Canada

SelkirkÀ4B/Canada

Selkirk/MB/Canada

Glenlea./MB/Canada

Glenlea./MB/Canada

Crande Pointe/MB/Canada

New Bothwell/MB/Canada

Blumenort/MB/Canada

Anola./MB/Canada

Morris/lr4B/Canada

Lowe Farm/MB/Canada

Plum Coulee/MB/Canada

Dominion City/MB/Canada

Warren/MB/Canada

Grosse isle/l\4BlCanada

Ga¡son/lvlB/Canada

Teulon/MB/Canada

Teulon/MB/Canada

Culross/MB/Canada

Carman/lr4B/Canada

MordenÀ4B/Canada

RosenfeldÀ4B/Canada

Oakland/MB/Canada

Marquette/MB/Canada

Wanen/MB/Canada

Rosser,MB/Canada

Miami/MB/Canada

Manitou./MB/Canada

Cartrwight/MB/Canada

Nesbitt/MB/Canada

Wawanesa./MB/Canada

St. Claude/MB/Canada

St. Eustache/MB / Canada

Poplar Point/MB / Canada

Macdonald-/MB/Canada

Neepawa./MB/Canada

HallboroÀ48/Canada

Grosse isle/MB/Canada

Wood'lands/À4B / Canada

Ardy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

Andy Tekauz

7.7.5.4

5.7.4.0

6.0.0.0

7.7.5.4

7.7.5.4

7.7.5.4

0.0.0.0

7.7.5.4

5.7.4.0

7.7.5.4
5.7.0.0

0.0.0.0

7.7.5.4

7.7.5.4

5.7.4.0

7.7.5.4

0.0.0.0

0.0.0.0

5.7.4.0

5.7.4.0

5.7.4.0

7.7.5.1

7.7.7.5
7.7.7.5

7.7.5.4

6.3.5.0

5.7.4.0

5.7.4.0

5.7.4.0

5.7.4.0

0.0.0.0

7.7.5.4

7.7.7.5

6.3.5.0

5.7.4.0

7.7.7.5
6.0.0.0

7.7.5.4

7.7.5.4

5.7.4.0

0.0.0.0

7.7.7.5
5.7.0.0

5.7.0.0

7.7.7.5

7.7.5.4

0.0.0.0

7.7.5.4

7.7.5.4

0.0.0.0

7.7.5.4

6.3.5.0
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Table 4-1. (continued)

No. Isolate
Year

collected Host oriein Geoeraphic orisin
Vi¡u'lence

grouD

53

54

56

57 Guelph98.1

58 Guelph98.2

59 Quebec95

60 OttawaS

61 ND85F

62 NDgOPR

63 ND93.1

64 Mexico5

65 URlT98
66 UR5T99

67 UR1V99

68 POL97KD21

69 POL97KD33

70 POL97KD37

71 POL97KD32
'72 SK1A98

73 SK2N98

74 SKlCR98

75 SK2CR98

76 SK1N98

77 ¡^B22000

78 A832000

79 A842000

80 ABs2000

81 BRZL76

82 BFZA

83 BRZs

84 BRZ6

85 AUSSB22

86 AUSSB25

87 4US98024

88 AUS-98042

89 AUS98l37

90 Aus98153

9r AUS99074

92 4US99108

93 AUS99109

2002 læaf/barley

2002 I-.eaflbarley

2002 l-eaf/barley

2002 Leaflbarley

1998 Leaf/barley

1998 I-naflbarley

1995 Seed/barley

1985 I-.eaflbarley

1990 I-naflbarley

1993 Seed/barley

1998 I*aflbarley
1999 Leaflbarley

1999 I-eaf/barley

1997 Seed/barley

1997 Seed/barley

1997 Seed,ôarley

1997 Seed,õarley

1999 Seed/barley
'1,999 

Seed/barley

1999 Seed/barley

1999 Seed/barley

1999 Seed,õarley

2000 I-eaf/barley

2000 l-eaf/barley

2000 LeaflWheat

2000 LeaflWheat

2002 LeaflWheat

Stonewall/MB/Canada

PetersfieldÀ4B/Canada

Brandon/MB/Canada

Brandon/ì4B/Canada

Guelph./ON/Canada

Guelph./ON/Canada

Ste. Foy/PQ/Canada

Walsh.rND/U.S.

Cass/1.{D/U.S.

Walsh.rND/U.S.

MonterreyA.l. L./Mexico

Tarariras/Colonia./Uruguay

Tarariras/Colonia./Uruguay

Va'ldense/Colonìa./Uru guay

Poland

Poland

Poland

Poland

Arborfield/SK./Canada

Niacom/Sl3Canada

Carrot River/SllCanada

Carrot Rive¡/SI(,/Canada

Niacom/SIlCanada

l¿combe/AB/Canada

Rimbey/AB/Canada

Ponoka./AB/Canada

BashaVAB/Canada

Passo Fundo/Rio G¡ande do Sul/Brazil

wRs1994

WRS1995

wRS1996

wRs1997

Andy Tekauz

Andy Tekauz

Bill Legge

Bill Legge

,a rubo

Tom Fetch

Tom Fetch

Tom Fetch

Femanda Gamba

Femanda Gamba

Femanda Gamba

Jerzy Chelkowski

Jerzy Chelkowski

Jerzy Chelkowski

Jerzy Chelkowski

Randy Clear

Randy Clear

Randy Clear

Randy Clear

Randy Clear

Denise Orr

Denise Orr

Denise Orr
Denise Orr

Greg Platz

Greg Platz

Greg P'latz

Greg Platz

C:regPlatz

Greg Plaø

Greg Platz

Greg Plaø

Greg Platz

5.7.0.0

7.7.5.4

5.7.0.0

7.7.5.1

0.0.0.0

5.7.4.0

0.0.0.0

0.0.0.0

5.7.4.0

6.0.0.0

5.7.0.0

0.0.0.0

0.0.0.0

5.7.4.0

5.7.0.0

5.7.4.0

5.7.4.0

5.7.4.0

5.7.4.0
AAEÀ

7.7.5.4

7.7.5.4

7.7.5.4

7.7.5.4

5.7.4.0

5.7.4.0

0.0.0.0

0.0.0.0

0.0.0.0

5.7.4.0

5.7.0.0

5.7.0.0

5.7.0.0

0.0.0.0

5.7.0.0

5.7.4.0

5.7.0.0

7.7.5.4

0.0.0.0

5.7.4.0

5.7.4.0

1995 I-naf/barley

i 995 Crown/barley

1998 Leaf/barley

1998 Leaf,õarley

1998 I-eaflbarley

1998 Leaflbarley

1999 Leaf/rye

1999 Seed/barley

1,999 Leaf/barley

Redlands/QLD/e,ustralia

Millmerran/QLD/Australia

Kyogle/l.iS WAustralia
Monto/QLD/Australia

Cobbi ttyll\lSWAustralia

North Star/NsW/Australia

B i loela,rQLD/Australia

Wongan Hills/Westem Australia

Aratula-/QLD/Australi a

"Prefixes WRS (Winnipeg Research Station), ND, UR, POL, SK, AB, BRZ, AUS represent isolates col'lected in Manitoba, North Dakoø,
Uruguay, Poland, Saskatchewan, Alberta, Brazil and Australia, respectively.
\y'irulence group designation was according to the coded triplet nomenclature system of Limpert and Müller (1 994).

"lnformation is not available.
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Table 4-2. Number and frequency of monomorphic and polymorphic
markers generated by each primer combination used in amplifred fragment
length poll.rnorphism (AFLP) assays of 93 isolates of Bipolaris sorokiniana.

Number of AFLP markers

Primer combination Total Monomorphic Pol)¡morphic

E-AA+M-CAA
E-AA+M-CC

28 (O.7qb

37 (0.1e)
26 (0.14)
24 (0.6e)
2s (0.66)
e (0.s3)
2s (0.66)
1s (0.s4)

e (0.24)
10 (0.21)

e (0.26)
10 (0.2e)
13 (0.34)

8 (0.47)
13 (0.34)
r3 (0.46)

E-AA+M-CG 35

E-AA+M-CT
E-AG+M-CA
E-AGIM-CC
E-ACr+M-CG 38

E-AG+M-CT

37
Á1

34

38

t7

28

Total 274 189 (0.69) 8s (0.3 1)

?refixes E and M represent EcoRl and MseI, respecfively; two letters at the
end of each primer pair represent selective bases for each primer.
hJumbers in the brackets represents frequency of the mono- or polymorphic
AFLPs generated by each primer pair.

145





V
iru

le
nc

e
gr

ou
F

ls
ol

at
es

E
-A

A
+

M
.C

A

hd
q

m
 s

I9
32

\w
 s

I9
38

w
R

 s
I9

50
\n

 s
I9

53
\R

 S
l9

7l
w

R
 s

! 
98

2
\R

 S
r9

88
\r

T
. 

sr
99

l
C

uc
lp

h9
8.

 I
Q

uó
c 

c9
5

M
R

io
5

U
R

ID
E

A
84

20
00

^B
 52

00
0

o 
rb

w
a 

8

R
Z

 l?
6

^u
ss

 82
5

^u
s9

90
74

R
 5

19
09

\W
 S

I9
7E

N
D

O
P

R
R

 S
19

64
\R

 S
19

75
1R

 S
19

93
M

 S
19

59
*R

 5
19

97
\R

 S
l9

6r
w

R
 s

t9
62

\R
 S

I9
?4

w
 s

l9
77

R
 S

t9
83

m
 s

I9
86

\R
 S

r9
36

w
R

 s
I9

84
m

 s
l9

E
5

w
R

 s
I9

94
R

 S
19

96

^U
S

S
 82

2

^u
s9

80
24

^u
s9

8 
l3

 ?
R

Z
5

R
Z

6
U

R
I 

W
9

N
D

3,
 I

\R
 S

I9
O

E
\!R

 S
19

31
\w

 s
I9

44
w

 s
l 9

55
\R

 S
r9

57
w

 s
I9

58
\R

 S
19

66
w

R
 s

r9
67

\R
 S

19
68

m
 s

l 
97

0
m

 s
I9

76
w

R
S

l9
8l

^ 
B

 2
20

00

^B
 32

00
0

R
Z

1

^u
s9

E
04

2
^u

s9
9 

10
8

^u
s9

9 
10

9
G

 ù
cl

ph
98

.2
U

R
5D

9
P

O
L9

7K
D

2I
P

O
L9

7K
D

33
P

O
L9

7K
D

3'
P

O
L9

7K
D

32
N

M
5F

w
 s

I9
03

R
S

l9
l0

m
sl

9l
r

M
 S

t9
27

\R
 S

r9
3l

\n
 s

l9
3J

\w
 s

r9
l9

m
 s

I9
42

\lr
. 

s1
94

6
w

 s
I9

63
\R

 S
19

73
\tr

. 
st

 9
79

R
 S

t9
80

\R
 S

r9
E

7
\R

 S
I9

89
m

 s
I9

90
w

 s
I9

92
w

 s
I9

95
S

K
A

9E
S

P
N

98
sK

cR
 9

8
sp

cR
 9

8
sK

l 
N

98

^u
s9

8t
53

oo qE !! tt
I I t¡ I I t¡ I I I II I I

tI
I I I

Iil
lt lt I I I I il I ll I I I I lt il lt I I t¡ I t! tl I .E I I I lt II t¡ I ¡t I I I il I I

tt
I lt

II
I I I ll I I I ìt ll ll tl ¡l I I t¡ ll ll tl ll tr It ¡t ill ll] nl rl rr

l
¡ll ill Il t¡

l
It rr

l
II

0.
0.

0.
0

o 0 q ! I

I I lt lt I I I

E
-A

G
+

M
C

C

6.
0.

0.
0

ño @
o

oo dq Þ
! It

I 
i 

il 
III

I 
: 

I 
¡ 

It
I 

iil
tr

t
I 

lr 
I 

ll
I 

I 
I 

tIt
I 

I 
I 

II
I 

ril
 

I 
rt

I 
I 

I 
rt

li 
ìl 

lIl
II 

ilt
lr

I 
tlt

 
t¡

t
r 

il 
I 

r¡
f 

I 
tll

I 
r 

I 
I 

tt
I 

I 
r 

I 
I 

¡I
¡¡

 
I 

tr
t

) 
t 

I 
I 

tt
I 

: 
il 

f 
tt

ût
 

lrl
E

 
I 

II
I 

i 
I 

T
I

I 
I 

lr
I 

I 
rt

I 
I 

tr
. 

I 
tr

Il ,¡
 

lll
l

.t 
I 

tt
I 

I 
rt

ll 
I 

I 
Il

I 
i 

tt!
''I

 
t 

rlt
r 

| 
¡t

 
I 

tt
I 

il 
I 

It
I 

r 
t 

lt
il 

I 
ll

I 
I 

¡t
I 

r 
I 

It
I 

l 
I 

It
I 

I 
It

I 
I 

rt
I 

r 
I 

tf
I 

rl 
I 

f 
l

a 
' 

, 
I 

I 
f 

l
l 

I
I 

¡ 
r 

I 
Il

I 
rll

f 
I 

I 
rr

t
I 

I 
tr

t
'tl

 
I 

lll
I 

ll:
l

:l 
i 

I 
Il

¡ 
r 

t 
rt

ll 
, 

lll
ll

I 
L 

i 
I 

It
I 

r 
I 

t¡
I 

ll
I 

¡ì
 

I 
tt

I 
I 

r 
I 

r!
tt 

I 
It

il 
t 

lt
I 

ri 
i 

I 
It

n 
¡ 

lt
I 

I 
I 

ll
I 

I 
t 

rl
I 

lì 
tE

I 
r¡

tt
T

' 
¡ 

T
I

! 
tlÈ

 
tr

t
ll 

r 
ttr

I 
t 

rt
I 

tr
t

f 
I 

N
 

tr
l

I 
I 

ì:l
 

ll
| 

il 
l 

¡ 
Il

ll 
lt 

tIl
I 

r 
¡ 

lt
lt 

tt¡
I 

I 
rl 

I 
I 

Il
it 

I 
l4

, 
I 

I 
Il

I 
I 

rt
Ú

 
I 

I¡
f 

r 
I 

rt
I 

i 
, 

I 
lt

;l 
¡ 

It
ìt 

i 
r 

! 
I 

rt
rl 

I 
I 

It
I 

iI 
I 

I¡
I 

l 
t

r 
r 

I 
tt

| 
¡ 

t¡
t 

I 
r 

I 
¡t

I 
ì 

tE

6.
3.

5.
0

7.
7.

5.
1

I

E
 +

E
 k

 r=
l

!.=
Jv

r'

s 
å.

å 
È

E
{ 

E
 E

 S
'rù

äõ
 

r 
R

'.s
,

F
 tr

€.
È

 s
ôH

(9
Ê

Y
. 

P
 

*a
 

V

F
s 

Ë
.'8

 å
ï 7

;3
s

F
í, 
ñ 

È
'R

 ro
s.

ã 
T

äs
H

^-
pd

g-
JP

U
!

l5
 

^<
 

'l
$ 

35
.ë

td
eg

*¡
;

ÌO
 

P
 

!i 
F

l.1
 O

Þ
ãã

33
€õ

8å
6

O
O

 
O

cn
 to

:o
 

-r
D

 
5

Þ
 3

 ñ
 g

Ë
,

V
H

Ë
È

.6

H
n.

sá
F

'
Ã

É
Ã

.s
.-

9+ +
õÀ

ãñ
a 

n¡
 9

.9
 3

äq
R

 ä
i 

I
Ò

-L
.^

 
S

0 
ñ

'v
{-

'È

,9
 Ë

'Þ
' õ

 E
È

ë 
*s

E
-(

D
+

-P
O

 
- 

C
L(

Þ
x

/t9 <
 

câ
,1

S
0 

O
:1

 5
 !

t3
k

ã)
ùa

 c
D

 1
5 

g
V

-J - 
ô=

hå
'o

S
Þ

A
ö'

Ë
rü

 E
. 
B

 ø
Y

.s
i õ

 5
 Þ

=
'E C
 ir

 P
9 

B
oO

O
.íL

:;3
 +

Ë
H

 R
 a

 ä
{9

H
+

+
;;

¿
/)

)w
)J

$Ë
 i4

 { 
E

E
 s

'*
g 

á
Ë

 Ð
:ö

Ë
¡^

 
.^

1 
I-

l, 
H

:-
 

f-
5.

Ê
0 

v
'U

:. 
U

 
ê

H
:lN

)i

Ë
 g

 8
.Ë

,f 
o 

o 
o

oo
a 

Ë
 

F
+

)

ãñ
*p

ø
Ë

5w
d 

- 
>

ø
S

 ã
 E

É
Ë

 ã
 -f

f
9H

 o
o

^^
^+

v9
v¿ i$
r*

R
gâ

E
$

^r
(U

!
Y

ü 
åd

'

7.
7.

7.
5

j

I

5.
7.

0.
0

I

I I

LV
l

I I

5.
74

.0

I i I I lr I I

I I I
r 

tÍ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

I
t

7.
7.

54

il

I

I I I I

I

ll I lr I I I

I





FÍgure 4-4. A dendrogram of 93 isolates of Bipolaris sorokiniana produced by the
unweighted pair-group method using arithmetic averages (IIPGMA), and based on Dice
similarity coefñcient (Dice, 1945; Nei and Li, I919). A total of 85 pot¡rmorphic amplified
fragment length poll.rnorphisms (AFLPs) obtained with 8 primer combinations, were
used in the analysis. The numbers above the nodes represent the percentage bootstrap
support (1,000 replications) for each cluster showing values greater than 50%. The
virulence and AFLP groups, determined by the classical method of virulence group
classification and cluster analysis of molecular data, respectively, are listed for each
isolate.
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Figure 4-5. A dendrogram of 93 isolates of Bipolaris sorokiniana prodlced by the
weighted pair-group method using arithmetic averages (WPGMA), and based on Dice
similarity coefficient (Dice, 1945; Nei and L|I979). A total of 85 polymorphic amplified
fragment lengfh polymorphisms (AFLPs) obtained with 8 primer combinations were used
in the analysis. The virulence and AFLP groups, determined by the classical method of
virulence group classification and cluster analysis of molecular data, respectively, ãrê
listed for each isolate.
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Figure 4-6. Estimated phylogenetic relationships among 93 isolates of Bipolaris
sorokinian¿ based on cluster analysis using the neighbor-joining method and the Dice
genetic distance coefficient performed on 85 amplified fragment tength polynrorphisms
(AFLPs) obtained with 8 primer combinations. The numbers above the nodes represent
the percentage bootstrap support (1,000 replications) for each cluster with values greater
than 50%o. Symbols represent the virulence group as identified for each isolate based on
the classical method of virulence group designation.
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CHAPTER 5

MAPPING QTLS COI\F'ERRII{G RESISTANCE AT THE SEEDLII{G

STAGE TO PATHOGEI{IC ISOLATES OF BIPOLARIS

SOROKINIANA II{ BARLEY LINE TR 25I BY SELECTIVE

GEI{OTYPII{G

5.1. Introduction

Spot blotch, caused by Bipolaris sorokiniana (Sacc.) Shoemaker f(teleomorph

Cochliobolus sativus, (Ito and Kuribayshi) Drechs. ex Dastur. syn. Helminthosporium

sativum Pamm. King and Bakke.] is one of the most important foliar diseases impacting

on barley production in the eastern prairie regions of Canada (Manitoba) and upper

Midwest region of the USA. Recently, the importance of spot blotch as a component of
the leaf spot complex on barley in Manitoba has increased markedly (Tekauz et a7.,

2003). Yield losses due to spot blotch depend greatly on climatic conditions. Under

epidemic condition yield reduction up to 30Yo has been reported for susceptible barley

cultivars in Canada (Clark, 1979; Dostaler et al. 1987). Although fungicides can be used

to control spot blotch, resistant cultivars are considered a better choice from farmer's

perspective, because of inherent environmental safety and economic eff,rciency. Six-

rowed malting barley cultivars developed and grown in North Dakota (l.ID) have

remained resistant to all pathotlpes of B. sorokiniana in ND for more than 40 yea.rs.

Some of these cultivars, e.g. 'Robust' and 'Stander' have also been grown in Manitoba

for 10 or more years. This durable resistance is mostly derived from line ND 8112 which

has improved level of spot blotch resistance (Valjavec-Gratian and Steffenson, I997a).

By contrast, two-rowed barley genotypes developed in ND generally possess a lower

level of resistance to B. sorokiniana than six-row types as evidenced in both green-house

and field trials (Fetch and Steffenson, 1994).

Studies on the inheritance of resistance to spot blotch in barley have indicated that

both monogenic and oligogenic as well as polygenic resistance has been reported in

barley genotypes. Valjavec-Gratian and Steffenson (1997b) reported that a single
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recessive gene controlled the resistance to isolate ND9OPr (ltl-D pathotpe '2') in line ND

5883, showing a gene-for-gene interaction. Monogenic inheritance of spot blotch

resistance to isolate ND9OPr was recently confirmed, when Bilgic et al. (2006) identified

a single gene (designated RcsQ on chromosome lH of iine 'Calicuchima-sibÆowman-

BC'. Gonzalez Cericeros (1990) identified two resistance genes to isolate ND85F (NID

pathotl,pe'1') in the cv.'Botrvman'. Monogenic and oligogenic (mostly 2 genes)

inheritance of resistance genes against B. sorokiniana isolates has also been frequently

reported in wheat (Ragiba et a1., 2004a; Ragiba et al., 2004b; Mikhailova et al., 2004;

Bhushan et al., 2002; Adlakha et al., 1984). However, recent studies have indicated that

resistance against pathogenic isolates of B. sorokiniana with higher virulence (i.e. isolate

ND85F representative of ND pathotlpe'1') is based on more complex inheritance in

those barley cultivars showing durable resistance. Several genes/QTls have been

identified in cv. 'Morex' contributing in resistance against isolate ND85F (Biigic et al.,

2005; Steffenson et al., 1996; Steffenson and Smith, 2004). This suggests that the

inheritance of resistance against highly-virulent isolate of B. sorokiniana is likely to be

controlled by quantitative trait loci (QTLs).

Quantitative trait loci are defined as a region of the genome affecting polygenic

traits, haits which are measurable and show continuous variation (Geldermann,1975).

The conventional approach to map QTLs is based on evaluation of a segregating

population for phenotypic variation of one or more quantitative traits within the

population and the subsequent genotlping for all individuals. Several statistical

techniques such as t-test, ANOVA, linear regression, and maximum likelihood were used

previously to estimate the position and impact of the QTLs on the genome of different

organisms (Liu, 1998). However, these techniques were gradually repiaced with more

sophisticated biometrical methods such as interval mapping (Lander and Botstein, 1989),

composite interval mapping (Zeng,1994) and multiple interval mapping (Kao and Zeng,

1997; Kao et a1.,1999).

An alternative QTL analysis based on 'selective genotyping' can be employed

when QTL mapping for a particular trait within alarge population is desired, (Lebowitz
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et à1., 1987; Lander and Botstien, 1989). In this approach, following thorough

phenotyping for the trait of interest in the entire population, QTLs which affect the trait

are identified by subjecting only selected individuals displaying extreme phenotypic

values to the genetic analysis. Theoretically, the allele frequency of genes/QTls affecting

a specific trait is expected to change under directional selection for that trait (Falconer,

1989; Foolad et a1.,2001; Lander and Botstein, 1989). The 'Hitchhiker' effects between

such gene/QTL alleles and nearby marker alleles are expected to produce coffesponding

changes in the allele frequencies of linked markers (Lebowitz et al., 1987). This allows

limiting the number of the individuals used to detect QTLs having even a small effect on

the trait, although it is less useful for estimating the effects of these QTLs (Lynch and

Walsh 1998). Selective genotyping has been used in many studies to detect QTLs related

to important quantitative traits in plant breeding research (Hu et aI.,1995; Foolad et aI.,

1997 and200l; Miklas et a1.,1996; Ni et al., 1998).

Recently, the two-rowed malting line TR 251 was developed at the AAFC

Bra:rdon Research Centre, Brandon, MB having a high level of spot blotch resistance

against all virulence groups (VIGs) of B. sorokiniana collected from Canada and other

countries (Chapter 2 and 3). This line was not registered for commercial production

because of its high susceptibility to hull peeling (Somers et al. 2004). The objective of
this study was to elucidate the genetics of the resistance present in line TR 251, and to

compare this with that found in other cultivars. This would facilitate the use of TR 25I as

a source of resistance to spot blotch in breeding programs, particularly in Manitoba.

5.2. Materials and methods

5.2.1 Phenotyping

5.2.1.1. Plant materials

A population of 226 DH lines generated from the cross between line TR 25T as a

resistant parent (maternal) and cv. CDC Bold as a susceptible parent þaternal) was made

available for this study through the courtesy of Dr. Bill Legge and Dr. Mitali Banik

(AAFC Brandon Research Centre). A microspore culture protocol was used to deveiop
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the DH population. Microspore isolation and culture techniques were essentially based on

the protocol of Kasha et al. (2001).

5.2.1.2. Fungal isolates and virulence assessment

Fungal isolates WRS1934 and WRS1983, both having nondifferential virulence

on bariey genotypes, and representative of the common virulence found in Manitoba

(Chapter 2 artd 3) were used for spot blotch screening at the seedling stage. Propagation

of the host plants, as well as preparation and application of inoculum is described in

Chapter 2. The second leaves of seedlings were scored 2 times for their infection

responses (IRs) 8 and 10 days after inoculation using the illustrated numerical scales of 1-

9 for spot blotch assessment (Fetch and Steffenson, 1999). Parents and DH progenies

were inoculated at the seedling stage in three separate experiments. Isolate V/RS1983 was

used in the first and second experiments and isolate WRS1934 in the third. Mean IRs for

the parents and226 DH lines were calculated within and between replications.

5.2.1,3. Phenotypic data analysis

Mean diseases IRs for each line in each replication at the seedling stage was

calculated by averaging the amount of disease scored after 8 and 10 days. The Pearson's

correlation coefficient was computed to measrrre the association between IRs of the DH

lines in different replicates. Mean diseases IRs of the genotypes were computed based on

the average of three replications. To evaluate if resistance to spot blotch infection in the

population behaves as a discrete (qualitative) vs. continuous (quantitative) llrait, a

frequency histogram of the IRs of the DH lines was produced.

5.2.2. Genotyping

5.2.2.1. DNA extraction and quantification

Genomic DNA was extracted from 5-6 fresh leaves of 2-week-old healthy plants

with no disease symptoms. The detached leaf samples were immediately frozen in liquid

nitrogen and stored at -80 oC before lyophilization. The DNA extraction procedure

followed that described by Pallotta et al. (2003). Concentrations of extracted DNAs were

determined by fluorimetry using Hoechst 33258 stain.
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5.2.2.2. Bulked segregant analysis (BSA)

Two bulks of DNA samples were prepared from either 11 resistant or 11

susceptible DH lines. Bulked DNA were prepared by pooling equal amount of DNA from

each of the selected lines and diluted to a final concentration of 25 ng/p"I for amplified

fragment length polyrnorphism (AFLP) and 10 ngl¡rl for simple sequence repeat (SSR)

analyses. Three hundred seventy six SSR markers and AFLPs generated ftom256 primer

combinations were then screened among the parents and the two bulked DNA samples.

5.2.2.3, Simple sequence repeat analysis

A total of 376 SSR markers which had been developed in earlier studies (Ramsay

et a1.,2000; Becker and Heun, 1995; Liu et al., 1996) were used to screen the DH lines

and their parents. Most of these, however, were selected from a SSR-AFLP-based linkage

map of barley derived from the 'Lina x Spontaneum Canada Park' DH population

(Ramsay et a1., 2000) in Scottish Crop Research Institute (SCRÐ. Of these, 223 markers

were previously assigned to different locations of the chromosome lH to THin barley

genome (Ramsay et a1.,2000; Becker and Heun, 1995; Liu et al., 1996). The M13 tailing

(Schuelke, 2000) and fluorescent capillary electrophoresis on an ABI3100 fragment

analyzer (Applied Biosystems) were employed to collect the genotypic data in the

mapping population.

The PCR conditions were performed in a 10-¡rl volume containing 1.5 mM

MgClZ,50 mM KCl, 0.8 mM dNTPs, 0.2 pmol forward primer,2 pmol reverse primer,

1.8 pmol Ml3 primer (CACGACGTTGTtuAJAACGAC) fluorescently labelled with 6-

FAM, VIC, NED, or PET (Applied Biosystems), 0.5 U Taq DNA polynrerase (Promega)

and 25 ng of template DNA. Thermal cycling was according to optimized PCR

conditions for each SSR primer pairs described by Ramsay et al. (2000). The Genescan-

500 LIZ (Applied Biosystems) was used as an internal molecular weight standard for the

4BI3100. The chromatograms produced by fluorescent capillary electrophoresis were

processed by the GeneScan software (version 3.7; Applied Biosystems), and data were

converted into a gel-like image using Genographer software (customized version 1.6,

CRC, AAIìC).

T67



5.2.2.4. AFLP analysis

AFLP analysis essentially followed that of Vos et al. (1995). Briefly, 250 ng of

genomic DNA was digested with PslI and MseI restnction endonucleases. The PslI and

MseI adaptor pairs were then ligated to cohesive ends of restriction fragments.

Preamplification was perfored using primers with one selective nucleotide at the 3' end

(PsrI-A and MseI-C), followed by selective amplification by PsrI and MseI selective

primers each with three selective bases at 3' end. Preamplification PCR was performed

in a thermal cycler programmed for 20 cycles at a profile of 94oC for 30 s, 56 oC for 1

min, and 72oC for I min. Selective amplification PCR progam consisted of I cycle at94
oC for 30 s, 65 oC for 30 s, and 72 oC for 1 min, lhen 12 cycles reducing the annealing

temperature by 0.7 oC each cycle, followed by 23 cycles at 94oC for 30 s, 56 oC for 30 s,

andTZ.C for 1 min. A total of 256 possible combinations of the selective primers were

used to screen the parents and two bulked DNA samples. The M13 tailing (Schuelke,

2000) and fluorescent capillary eiectrophoresis on an ABI3100 fragment analyzer

(Applied Biosystems) were used to collect the genotypic data. MseI pnmers used in the

selective amplification v/ere fluorescently labelled with 6-FAM, HEX and NED (Applied

Biosystems). Genescan-s}} LIZ labelled size standard (Applied Biosystems) was used to

estimate the size of the amplified fragments. Chromatograms were processed by the

GeneScan software (version 3.7; Applied Biosystems), and data were converted into a

gel-like image using Genographer software (customized version 1.6, CRC, AAFC). The

nomenciature of the AFLP markers was based on the primer pairs as designated by

KeyGene@ listed at http:llwheatpw.usda.gov/ggpageslkeygeneAFlPs.htm and the

relative molecular weight.

5.2.2.5. Linkage analysis

Segregation dala was utilized to anchor AFLP markers to the specific

chromosomes, based on their linkage to the SSR markers with known chromosome

position. A partial genetic linkage map consistingof 26 markers (19 SSRs andT AFLPs)

which showed association with spot biotch resistance was constructed using genotypic

data obtained from the 84 of selected (resistant + susceptible) DH progenies with extreme

phenotypes. Linkage relationships among marker loci were estimated using the maximum

168



likelihood approach implemented in the JOINMAP version 3.0 software package

(Biometris, Wageningen, The Netherlands, http://wwwjoinmap.nl). Map distances in

centiMorgans (cM) were calculated using the Kosambi mapping function (Kosambi,

1944).

5.2.2.6. Identification of the QTl-linked markers

5.2.2.6.1, Statistical analysis of allelic differences using binomial distribution test

AII226 DH lines used for phenotl,ping were ranked according to their mean IRs

to B. sorokiniana isolates at the seedling plant stage. Progenies with the highest and

lowest mean IRs, located within 5, i0 and 15% of the population with extreme

phenotypes (I0,20, and30o/o, respectively, of the total progenies), were used for selective

genotyping. The genotypes of selected lines were determined for the SSR and AFLP

markers identified through BSA. Genotype numbers for marker loci among selected lines

were used to estimate marker allele frequency among resistant and susceptible groups.

The variance of the allele frequency for each marker locus was calculated as a binomial

variance (Foolad et a1, 2001):

S2q=pg/2N . ........Equation5.1

where p and q are the allele frequencies at a given marker iocus in the selected sample

and N is the number of progenies genotyped at that locus (Falconer, 1989). For each

marker locus, allele frequency difference between resistant and susceptible DH lines in

each tail (q, - qr) was calculated, where q, and Qs àrê the frequencies of the ith allele at

the ldh marker locus among the selected resistant and selected susceptible progenies,

respectiveiy (Foolad et al., 1997 and 2001). Allelic frequency differences were

considered significant if
8r- 8, >-zrotzl aq .-- ....Equation 5.2

Where z@tÐ is the value of z at significant level of 0.001 and øo is the standard error of

the difference between marker allele frequencies. The standard error of the difference

between marker allele frequencies was calculated by the equation follows:

oq: (p,q,/2N,*prq,/2NÍn ....Equation 5.3

where N, and N, are number of selected resistant and susceptible progenies in each tail,

respectively (Zhang et al. 2003). At each marker locus, significant allele frequency
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differences between the spot blotch-resistant and spot-blotch-susceptible classes was

considered as an association of the marker locus with QTL(s) controlling the spot blotch

resistance (Foolad and Jones, 1993; Foolad et al., 1997; Lander and Botstein, 1989).

5.2.2.6.2. Statistical analysis of allelic differences using hypergeometric distribution

For each marker a:rd each proportion of the population (I0, 20, and 30%), the

number of lines of each parental genotype within each selected tail was counted and a

statistical test based on the hypergeometric distribution was conducted (Steel et al.,

1997). This test assesses the probability that z individuals sampled without replacement

from a population of l/ individuals will consist of no more than u individuals of a given

type. Here, l/ represents the total population size (226 DH lines), n represents the total

number of lines in the selected upper and lower tails of the distribution (e.g. 22 for

genotyping of 10o/o of the population), and n1 indicates the sum of the number of

progenies with susceptible genotype (e.g., 'CDC Bold') in the lower extreme of the

distribution, representative of resistant phenotype, and the number of lines with the

resistant genotype (e.g., TR 251) in the upper extreme of the distribution, representative

of susceptible phenotype. Data were analyzed with 'þrobhypr" function of SAS (SAS

Inst., 2001) to test the hypothesis that a sample of n lines drawn at random from a

population of l/ lines without replacement would include no more than n1 lines of a

certain genotype (Ayoub and Mather,2002).

5.3. Results

5.3.1. Phenotypic data analysis (virulence analysis)

The difference in IRs of line TR 251 (resistant parent) and cv. 'CDC Bold'

(susceptible parent), inoculated by isolate WRS1983 was relatively small (iRs of 3.5 and

6.0 for TR 251 and 'CDC Bold', respectively). To improve on this, a conidial suspension

derived from isolate WRS1934, having higher differential virulence on parents, was used

for the third inoculation. Although the range of IRs of the parents became greater (iRs of

2.5 and 6.5 for TR 251 and'CDC Bold', respectively) this did not have a significant

impact on IRs of the progenies. Moreover, progenies did not respond differentially to the

virulence induced by these two isolates. When average IRs of the DH lines to isolate
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WRS1983 (in two replications) were compared with those of isolate WRS1934, a

significant correlation was found for IRs of the individuals (r:0.88), indicating similar

tesponses of the DH lines to isolates from different VIGs. Therefore, the average of IRs

of the progenies induced by the two isolates was used for further anaiysis. The frequency

distributions of the IRs of the DH lines demonstrated a continuous distribution, consistent

with a complex trait (Figure 5-1). Lack of discrete classes of resistance and susceptibility

among DH population indicated that inheritance of spot biotch resistance in line TR 251

is controlled by more than one or two genes and thus, appropriate quantitative approaches

were used to identify the locations of the QTLs.

5.3.2. Genotypic data analysis

5.3.2.1. Marker (SSR and AFLP) and bulked segregant analyses

Of the 376 SSR markers tested, 279 markers were monomorphic in the parents.

Fourteen SSR primers could not amplify any fragments using the optimized PCR

programs for these primers (Ramsay et a1.,2000). Bulked segregant analysis indicated

that of the 83 SSR primers that generated polyrnorphic fragments in parents, 64 were not

related with spot blotch resistance loci in line TR 251. This speculation was based on the

strong amplification of both parental markers among the resistance and susceptible bulks

(Figure 5-2). However, the banding pattern of pooled DNA in resistance and susceptible

bulks was in concordance with those of corresponding parents when the parents and bulks

were screenedwiththe other 19 SSRmarkers (Figure 5-2). Of these 11,5,2 and l were

located on chromosomes 3}J,7H, iH and 5H, respectively.

All 11 SSR markers on chromosome 3H in both resistance and susceptible bulks

demonstrated high association with the corresponding markers in the parents. However,

based on close distances among some of these markers only eight SSR markers that were

distributed in different parts of chromosome 3H were chosen for selective genotyping

analysis (Table 5-1). Of several pol¡rmorphic SSR markers on chromosome 7H, only

three SSR markers on chromosome 7HS (EBmag0794, Bmag0007, and AF0227254) and

two on 7HL (EBmac0755 and Bmac0156) showed to be associated with spot blotch

resistance loci in this chromosome. However, three other SSR markers on chromosome
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7H, showing no clear association with spot blotch resistant, were added to these markers

for further linkage analysis and also as the control markers for selective genotyping

(Figure 5-3 and Table 5-1). In total, 19 SSR markers including 8, 8, 2 and 1 markers on

chromosomes 3H, 7H,IH and 5H, respectively, were chosen for the selective genotyping

(Figure 5-3).

From the 256 combinations of the AFLP primers 16 failed to generate DNA

fragments. DNA fragments generated from the 240 different combinations were screened

to find AFLPs demonstrating similar banding patterns between resistant and susceptible

parents and corresponding bulked groups. AFLP bands in six combinations of primer

pairs, including 7 AFLPs appeared to be linked to the spot blotch resistance in line TR

251 (Table 5-1). These were added to 19 SSRmarkers for further linkage analysis and

selective genotyping.

5.3.2.2. Linkage analysis

Partial linkage map, based on segregation data in 84 of the progenies was

constructed to assign the AFLP markers to specific chromosomes, and to estimate relative

distances between markers tested by selective genotyping analyses. Of seven AFLP

markers screened by BSA four were linked to the SSR markers on chromosome 3H

(Figwe 5-3). Each of the three remaining AFLP markers was linked to the SSR markers

located on chromosome 7H, lH and 5H (Figure 5-3). All eight SSR markers which have

previously been assigned to chromosome 3H (Ramsay et aI.,2000), were syntenic to the

SSR-based linkage map of barley developed in SCRI (Figures 5-3). These together with

the four linked AFLP markers formed a unique linkage group with a total map length of

44 cl:[l/^. By contrast, eight SSR markers previously mapped on chromosome 7H (Ramsay

et al., 2000), together with a linked AFLP marker, formed three separate linkage groups

each with three markers (Figure 5-3). Because of the identification of only two markers in

chromosome 5H, orientation of the AFLP marker could not be determined in this

chromosome.
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5.3.2.3. Identification of the QTl-linked markers

5.3.2.3.1. Statistical analysis of allelic differences using binomial distribution test

To evaluate significance of the association between targeted markers with spot

blotch resistance loci identified through BSA, differences in the allele frequencies of

those marker loci were analysed using a binomial distribution test. Testing resistant and

susceptible progenies in the three different selected intensities, al1 eight SSR markers and

four AFLPs on chromosome 3H displayed significant changes in the allele frequency

(Table 5-1). An AFLP marker (P401M57-442) located on 3HS (Figure 5-3) and a SSR

marker (Bmag0127) located on the proximal regions of 3HL (Ramsay et a1., 2000), had

the highest values of the allele frequency differences using all three proportions of the

selected individuals (Table 5-1).

Three SSR markers located on chromosome 7HS (Aß0227254, Bmag0007, and

EBmag0794) had significant changes in allele frequency when 5o/o of the DH lines in

each tail were tested (Table 5-1). Difference in the allele frequency of two of these

markers (8mag0007, and EBmag0794) was also significant when |0o/o and 75%o of the

selected progenies were tested. These markers both had higher differences in the allele

frequencies compared to one observed in'AF022725A' when selected progenies were

tested with all three different selection intensities. Significant changes in the allele

frequency of all three different proportions of the population were also found when

selected individuals were screened with AFLP marker 'P44/M5I-223', Iocated on

chromosome 7HL (Table 5-1). Of the two SSR markers (EBmac0755 and Bmac0156)

that exhibited association with resistance through BSA and showing close linkage to

AFLP marker 'P44/M5I-223' (Figure 5-3), only 'EBmac0755' showed significant allele

frequency difference when 20o/o of the population (10% in each tail) were tested with this

marker (Table 5-1). However, difference in the allele frequency of these markers were

lower than those of other markers on chromosome 7HS (or other chromosomes), using

the al1e1e frequencies data in different selection intensities (Table 5-1).

The significant change in marker allele frequency was detected when the selected

lines were screened with the two SSR markers and a linked AFLP marker located on
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chromosome lHS (Table 5-1). Among these, SSR marker'Bmac0213' and AFLP marker

'P381M49-267' had higher allele frequency differences than SSR marker 'GMS021',

when these markers screened with different proportions of the population (Table 5-1). A

significant allele frequency difference was also detected for a SSR marker 'Bmag0223'

and a linked AFLP marker 'P46/M57-310' on the centromeric regions of chromosome

5H, using all different selection intensities (Table 5-1).

5.3.2.3.2. Statistical analysis of allelic differences using hypergeometric distribution

test

The hypergeometric distribution test was used as complementary tool to evaluate

significance of QTl-linked markers detected by BSA and the binomial distribution test.

The signifrcant p-values (< 0.0005) of the allele frequency difference between selected

resistant and susceptible lines in each taii were used as a measure for detecting QTL-

linked markers (Table 5-2). This analysis confirmed most of results achieved through

BSA and the binomial distribution test. Significant associations were detected between

spot blotch resistance QTLs and most of the identified marker loci on chromosomes 3H,

5H and those on 7HS, using allele frequency data in all three proportions of the selected

individuals (Table 5-2).

None of the SSR markers located at the distal part of chromosome 3HL had

significant p-values when difference in the allele frequency was assessed using 5%

selection intensity, whereas other SSRs and AFLPs located on the short arm and proximal

parts of the long arm had significant p-values, indicating their closer positions to the

resistance QTL(s) in this chromosome. Of three markers on chromosome 7HS, significant

allele frequency difference in all different seiection intensities was detected only for SSR

marker 'EBmag0794'. Of the two other SSR markers in this region, only 'Bmag0007'

had significarú p-values when difference in allele frequency was assessed using 5 and

15% selection intensity (Table 5-2). Two QTl-linked markers on chromosome 5H both

showed significant allele frequency differences between resistant and susceptible lines in

tails of phenotypic distribution using all three different selection intensities (Tab1e 5-2).
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This analysis did not indicate significant effects for the three markers positioned

rrear a QTL on chromosome 1H, using allele frequency data in 5o/o selection intensity

(Table 5-2). However, association of two, and all three of these markers to a resistance

QTL on chromosome 1H was detected when 10 and 20Yo of the individuals in each tails,

respectively, were subjected to this analysis (Table 5-2). By contrast, significantp-values

of allele frequency difference were not detected for three markers on chromosome 7HL,

using any of the three proportions of popuiation (Table 5-2).

5.4. Discussion

The spot blotch resistance in six-rowed malting barley cultivars grown in the

upper Midwestern states of the USA has remained effective for more than 40 years

(Valjavec-Gratian and Steffenson,l99Ta). Most of this durable resistance present in some

American and Canadian 6-rowed barley cultivars is derived from ND BII2 (Wilcoxson

et a1., 1990). The cv. 'Morex', a spot blotch resistant six-rowed malting barley cultivar

which presumably derived from ND BII2 (Steffenson et a1., 1996), has been used in

some genetic studies to identify the location of Spot blotch resistance gene/QTls in this

cultivar (Bilgic et al., 2005; Steffenson et al., 1996; Steffenson and Smith, 2004). Several

gene/QTls in either seedlings or adult plants have been reported to confer the spot blotch

resistance to cv. 'Morex'. Ourprevious studies indicated that line TR 251 was the only

barley genotypes among 12 differential lines used, including ND BII2, that showed a

consistent resistant IRs to isolates of all VIGs identified in Canada, and in other parts of

the world (Chapter 2 and 3). The superior resistance of line TR 251 compared to ND

Bll2 at the seedling stage was demonstrated in interactions with many B. sorokiniana

isolates, especially those with higher virulence collected from Manitoba and

Saskatchewan (Chapter 2 and 3). In this study, our primary goal was to identify the

number and chromosomal locations of loci controlling spot blotch resistance in line TR

25I and to compare this to those reported in 'Morex' , aND 81l2-derived cultivar.

A bulked segregant analysis (Michelmore et ai., 1991) allowed targeting the

genomic regions affecting the spot blotch resistance in line TR 251. Using this screening

analysis, all polymorphic markers on chromosome 3H, and few on chromosome 7H, lH
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and 5H were found to be associated with spot blotch resistance QTL regions in line TR

251. To verify the results found through BSA, marker loci screened by BSA were tested

with selective genotyping analyses. Both selective genotyping approaches indicated that

selection for spot blotch resistance/susceptibility resulted in significant changes in allele

frequency between the two selected groups for most of the identified marker loci. This

confirmed the power of BSA to detect the QTl-linked markers. Selective genotyping has

also been reported as useful analysis in confirming the results of BSA in other studies

(Prasad et a1.,1999; Roy et al., 1999; V/ingbermuehle et a1.,2004).

The association between spot blotch resistance and all polymorphic SSR markers

previously mapped on both long and short arms of chromosome 3H, strongly supports the

presence of QTL regions on this chromosome. The greatest difference in the allele

frequencies between resistant and susceptible lines in all three proportions (5, 10, l5%) of

the selected individuals was found for an AFLP marker (P401M57-442) mapped on

chromosome 3HS. However, some SSR markers which were located farther, at the

proximal regions of 3HL, also indicated a high allele difference. Steffenson and Smith

(2004) reported that two QTLs on the short and long arms of chromosome 3H contribute

to the overall spot blotch resistance against isolate ND85F (ND pathotype '1') at the adult

plant stage in cv. 'Morex'. Subsequently, Bilgic et al. (2005), reported for two QTLs on

the short and long arms of chromosome 3H of cv. 'Morex' which explained IgYo of the

phenotlpic variations in 'Steptoe/lvlorex' and 4o/o of the variations in 'DicktooAyforex'

populations, respectively, both contribute to the overall resistance against isolate ND85F

at the seedling pla:rt stage. The QTLs mapped in these studies (Steffenson and Smith,

2004; Bilgic et al. 2005) were based on marker data provided by previous linkage

analyses of the 'SteptoeAvlorex' population (Kleinhofs et al., T993, Hayes et a1., 1993),

using marker systems other than SSRs and AFLPs. As a result, r.e were not able to

investigate if the spot blotch resistance loci on chromosome 3H identified here are

altemate alleles of spot blotch resistance loci reported previously (Steffenson and Smith,

2004; Bilgic et al., 2005).
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Both selective genotyping approaches indicated that of the three SSR markers

previously mapped on chromosome 7HS (Ramsay et al, 2000), 'EBmag0794' and

'Bmag0007' were closer than '4F022725A' to the QTL region on this chromosome.

Based on allele frequency differences found by both analytical approaches,'EBmag0794'

is likely the most closely linked ma¡ker to a putative QTL detected in this region.

Steffenson et al. (1996) were the first to report mapping of a molecular marker-based spot

blotch resistance gene against isolate ND85F at the seedling stage and a QTL with a

minor effect (r2 : 0.09) at the adult plant stage, both located on chromosome 7HS in the

cv. 'Morex'. The presence of this gene/QTL in cv. 'Morex' as well as line TR 306 was

fuither confirmed when Bilgic et al. (2005) mapped resistance QTLs with major effects at

the same location on chromosome 7HS using four different mapping populations.

Based on the different markers systems we used in this study, no clear comparison

can be made to determine whether a resistance QTL detected on chromosome 7HS in line

TR 251 is identical to those reported in other studies. Nonetheless, when Yun et al.

(2005) constructed a SSR-based linkage map of the cross between the Hordeum vulgare

subsp. spontaneum accession 'OIJH602' and the cv. 'Harrington', they identified a

resistance QTL with a major effect explaining approximately 25-42o/o of the phenotype

variation against isolate 'ND85F', and mapped this on a similar genomic region of the

chromosome 7H (the BIN 2 to 4) as previously reported by Steffenson et al. (1996).

Interestingly, SSR marker 'Bmag0007', showing close linkage to the resistance QTL in

our study, was also located in the vicinity of the resistance QTL detected on chromosome

7HS of accession '01111602'. This finding suggests the possibility of allelism between the

spot blotch resistance loci detected on chromosome 7HS in this study and those reported

previously (Steffenson et al., 1996; Bilgic et aI.,2005). However, further work is needed

to clarify if spot blotch resistance QTL identified on chromosome 7HS in this study is

allelic to those reported by Steffenson et al. (1996) and Bilgic et al. (2005) or the one

detected by Yun et al. (2005).

The BSA and subsequent selective genotyping analyses used in this study were

able to detect three markers linked to a resistance QTL on chromosome iHS. These
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markers were located on the regions of the barley genome that is not well saturated with

SSR markers (Ramsay et al., 2000). From the few available SSR primers in this region,

most were monomorphic between the resistant and susceptible parents. As such, only 2

polymorphic SSR markers,'Bmac0213'and'GMS021', and a linked AFLP marker,

'P381M49-267', werc found to be associated with a resistance QTL on chromosome lH.

Based on a loose correlation with a morphological marker, the 'v3' (six row,

intermedium), Gonzalez Ceniceros (1990) identified a spot blotch resistance gene on

chromosome lH, conferring resistance at the seedling stage against isolate ND85F in cv.

'Bowman'. The 'v3' locus is located on chromosome lH, near the centromeric region

(Jensen and Jørgensen, 1975; Persson, T969). Subsequently, a resistance QTL with a

major effect, explaining 620/o of the phenotlpic variation for spot blotch resistance

against isolate 'ND85F' at the adult plant stage, was mapped on chromosome lH of cv.

'Morex' (Steffenson et al., 1996). Based on a consensus linkage map of barley

(Langridge et a1., 1995), marker 'ABG494' mapped to the vicinity of this QTL was

located on the proximal regions of chromosome lHL, and in the lower stream of the

'Ical'locus mapped on the centromeric region. Based on the consensus map of barley

(Karakousis et al., 2003), the resistance QTL identified on chromosome 1H in this study

is located on the short arm, near the telomeric region, and appeared to be different from

those previously reported by Gonzalez Ceniceros (1990) and Steffenson et al. (1996).

Recently, Bilgic et aI. (2006) identified a single gene (designated as Rcsd) on

chromosome lH of the line Calicuchima-sib using 'Calicuchima-sib/Bowman-BC' DH

population, conferring spot blotch resistance to isolate 'ND9OPr' (ND pathotype'2') al

the seedling and adult plant stages. This major resistance gene was positioned near the

telomeric regions on chromosome 1HS, in the upper stream of SSR marker 'Bmac0213'.

Surprisingly, SSR marker'Bmac0213' also was located in vicinity of the resistance QTL

detected on chromosome 1H in our study. The coincidence of the QTL found in this

study with a resistance gene in the same genomic region (Bilgic et a1.,2006) contributing

to the overall resistance and conferring the resistance against isolates with virulence

pattern similar to ND pathotyrpes'1', and'2', respectively, is interesting and a bit

surprising. However, this coincidence is more likely due to a close linkage between two
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different loci rather than to alternate alleles at the same locus. Th-is assumption is based

on the diverse origin of iine TR 251, discussed in detail below, compared to line

Calicuchima-sib which has the pedigree "LBhan/LlN\S2Tlllcloria/Comanche" (Hayes

et al., 2000), as well as the different responses of the two populations in question to

different pathotlpes of B. sorokiniana.

In the present study, two markers with significant effects were identified to be

linked to a resistance QTL on chromosome 5HL, near the centromeric region. The SSR

marker 'Bmag0223' previously mapped on chromosome 5HL (Ramsay et aI.,2000) was

used to assign AFLP marker 'P461M57-310' to this chromosome. The location of the

SSR marker 'Bmag0223' on chromosome 5H (Ramsay et a1., 2000) may explain the low

number of QTl-linked markers found on this chromosome. All SSR markers previously

mapped in the upper stream of 'Bmag0223' werc either monomorphic in the parents or

not available for use in this study, while no SSR markers are available in the lower stream

of this marker until a distance of 45 cM (Ramsay et aL,2000). However, both the

markers detected in this region demonstrated a strong association with the resistance

locus when resistant and susceptible progenies in all three selection intensities (5, 10, and

15%) were tested with both selective genotyping methods. Griffee (1925) reported on the

position of a spot blotch resistance gene on chromosome 5H in the cv. 'Svanhals', based

on a loose correlation between the morphological marker 'Blp' (formerly B/b) and spot

blotch resistance at the adult plant stage. Recently, Bilgic et ai. (2005) identified a

resistance QTL on chromosome 5H of the cv. 'Harringlon' with a minor effect explaining

5o/o of the phenotypic variation for the adult plant resistance against isolate 'ND85F'. To

date, there has been no report of a gene/QTL on chromosome 5HL responsible for spot

blotch resistance at the seedling stage. Therefore, this resistance QTL is likely unique and

responsible, in part, for the superior resistance of line TR 251 to B. sorokiniana.

Based on the different marker systems used in this study and those employed in

previous studies, it is diffrcult to infer with certainty if the QTLs identified here are allelic

with previously reported loci. However, the pedigree of line TR 251 suggests that the

same source of origin for at least some of these QTLs with those identified in cv. 'Morex'
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(Steffenson and Smith, 2004; Steffenson et a1., T996; Bilgic et aI.,2005) is 1ike1y. Line

TR 25i was selected from the cross 'TR229 //AC Oxbow A{D 7556' , and line TR229 in

turn from a cross between cv. 'AC Oxbow' and line TR 940 (Bill Legge, personal

communication). Line ND 7556 is a two-rowed experimental line with a good level of

seedling and adult plant resistance to spot blotch (Gonza\ez Ceniceros, 1990) and is

presumed to be main source of resistance in line TR 251 (8i11 Legge, personal

communication). ND 7556 was selected from the cross of 'Norbert//lr{D48561M37',

where Norbert, ND 4856, and M37 in turn were selected from the crosses 'lII8-703-

13Æ(lages', 'KlagesÀ{DI244', and 'MankerÆ(arl/lM-18', respectively (Gonzalez

Ceniceros, 1990). ND 1244, 'Manker', and M-18 are the presumed sources of resistance

in ND 7556 because these six-rowed lines have ND 8112 in their pedigrees (Gonzalez

Ceniceros, 1990). Based on these pedigree comparisons, it can be speculated that the

QTLs detected on chromosomes 7H and 3H may be allelic to those in the cv. 'Morex' (a

ND 8112-derived cultivar) previously mapped on these chromosomes (Bilgic et al.,

2005; Steffenson et al., 1996).

The other two QTLs detected on the telomeric region of chromosome lHS and in

the centromeric region of chromosome 5HL are both unique and presumably contribute

for the superior resistance of line TR 251. Whether these have been derived from ND

7556 or from other parents of line TR 251 is unknown. The better spot blotch resistance

(i.e. less foliar damage and yield loss) of line ND 7556 than ND 8112 has been reported

under the field conditions in a subtropical region in Mexico (Gilchrist et al., 1995). This

may suggest the presence of additional spot blotch resistance factors in line ND 7556

compared to those in ND 8112. While line ND 7556 is presumably the main source of

resistance in line TR 251, the cultivar 'AC Oxbow' with a intermediate level of resistance

to B. sorokiniana may be contributing additional resistance to that in ND 7556 (Bill

Legge, personal communication). The assumption that the fwo novel QTLs identified on

chromosomes lH and 5H of TR 25I in this study trace back to 'AC Oxbow' is

reasonable. The presence of these loci in upper Midwest US resistant barley cultivars has

not been reported in any ofseveral genetic studies for spot blotch resistance.
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The identification of several QTLs, each contributing a portion of the spot blotch

resistance in line TR 251, together with the factthat differences in the IRs of the parents

of DH population used were not too distinct (i.e. TR 251: 3.0; CDC Bold: 6.3) was

problematic to the precise scoring of the mid-parents progenies, and for subsequently

finding an appropriate approach to analyse the data with the least error. While IRs of 3 to

4 (resistance IRs) could easily be distinguished from those of 6 to 7 (susceptible IRs) by

visual assessment, rating of mid-class progenies located between extreme phenotyrpes was

more difficult. Therefore, we sacrificed individual QTL effects, in favour of the number

and locations of the QTLs. We employed 'selective genotyping', an alternative QTL

analysis, to determine the chromosome locations of the spot blotch resistance QTLs in

line TR 251 using individuals with distinct resistant or susceptible reactions to B.

sorokiniana. Although, this analysis is less amenable to determine the effects of each

individual QTL, it is thought to be more efficient than the standard marker-based analysis

at detecting locations of the QTLs (Tanksley, 1993).

Determination of linkage between marker loci and QTLs by selective genotyping

has been reported in many other studies (Ayoub and Mather, 2002; Hu et al., 1995;

Foolad et aI., 1997, 200I; Nandi et aI., 1997; Wingbermuehle et al., 2004; Zhang et al.,

2003). This analysis is usually used when there is more interest to find QTL numbers and

locations as opposed to QTLs effects. ln a comparative study, selective genotyping could

reliably detect almost all of the mapped QTLs identified through interval mapping, often

with only T0o/o of the population genotyped (Ayoub and Mather,2002). However, using

0.01 significance thresholds (probabilities below 0.005 in a two-tailed statistical test) in a

hypergeometic distribution-based selective genot¡1ping, Ayoub and Mather (2002)

identified the presence of several spurious QTLs in regions of the genome where interval

mapping had given no evidence of QTL effect. To be more stringent, we used a

significance leve1 of 0.001 (probabilities below 0.0005) to test the linkage between

marker loci and corresponding linked QTLs in the hypergeometric distribution-based

selective genotyping in this study. Moreover, for additional stringency of the results we

also used a significance level of 0.001 (e value of 3.29) to test probabilities below 0.0005

in the binomial distribution-based test. To test the association between the marker and a
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QTL in the binomial distribution-based selective genotyping analysis, Foolad et al.

(1997) and Zhang et al. (2003) used a z value of 3 to test the association between the

marker and a QTL. The estimation of the linkage between a marker locus and a QTL has

been tested by an even lower z value of 2 (Foolad et a1.,2001).

Using more stringent threshold values in both selective genotyping approaches in

this study, the type I error was reduced to 0.001 on a per-marker basis. This reduced the

probability of detecting false-positive QTLs and provided more robustness to the spot

blotch resistance QTLs identified in line TR 251. Using these stringent thresholds, it was

also inferred that the spot biotch resistance locus detected in the chromosome 7HL may

be a spurious QTL because its presence was not confirmed by hypergeometric

distribution-based selective genotyping. Although the chromosome locations of several

spot blotch resistance QTLs in line TR 251 were determined in this study, fuither work is

needed to elucidate contribution of each of the identified QTLs. To provide more reliable

phenotypic averages, particularly for those lines with intermediate IR.s, additional

replications could be used to minimize the experimental error in a marker-based QTL

analysis. The use of isolates with greater differential virulence on the parents could also

expand the range of IRs among progenies. If feasible, genotyping the whole population

using markers in the targeted regions detected in this study could be done to estimate the

contribution of each spot blotch resistance QTL to the phenotypic variation.

In this study, 4 putative loci were detected in line TR 251 for spot blotch

resistance of which two, located on the chromosomes 1H and 5H, have not been reported

in previous studies. These additional genetic factors, in conjunction with the other loci on

chromosomes 3H and 7H, may confer the improved resistance of line TR 251 over line

ND B112. Our findings also confirmed the polygenic inheritance of resistance against

highly-virulent isolates of the pathogen (i.e. ND pathotype '1') in resistant barley

genotypes. It can be speculated that in such a multigenic inheritance pattern, spot blotch

resistance loci are likely acting in an additive manner, rather then in a gene-for-gene

model, to confer apafüal resistance to a genotype. If so, pyramiding multiple resistance

factors into current breeding germplasm may enhance the resistance against this
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pathogen, as this type of pyramiding has likely taken place in line TR 251. Our results

also indicated that sources of resistance to ,8. sorokinian¿ in North American barley

germplasm are not confined to those reported in previous studies. Additional research

would be beneficial to identify new sources of spot blotch resistance genes/QTls, and to

introgress these into current existing pyramided gene combinations, to provide superior

resistance to North America population of B. sorokiniana.
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5.5. Figures and Tables
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Table 5-1. Monogenic segegation of SSR and AFLP markers that exhibited association with spot blotch resistance 'loci at the seedling
stage in a DH population of a c¡oss between barley line TR 251 (disease resistant) and CDC Bold (disease susceptible). Marker-QTL
association was tested by a binomial distribution-based selective genoþping analysis, using 5, 10, and 15% ofthe selected individuats with
extreme phenotypes in each tail of the popularion. Segregation data for SSR markers 'EBmac0827', 'Bmag0359', and 'Bmag0120' on
centromic ¡egiqn and long arm of chromosome 7H with no association with resistance QTL are shown for comparison.

Genetic marker 50% selection in l0% selecrion intensity L5% selection
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0.64 r*x

0.73 ***

0.73 ***

0.73 ***

0.73 ***

0.55 x**

0.55 x**

0.55 *xx

0.55 *x*

0.91 ***

0.91 **x

0.64 ***

0.00

0.00

-0.18

0.36

0.45 **x

0.36

1.00 0.1 3

0.96 0.30

0.87 0.26

0.87 0.26

1.00 0.35

1.00 0.35

1.00 0.35

1.00 0.30

0.91 0.35

0.87 0.48

0.87 0.48

0.96 0.57

0.65 0.17

0.65 0.22

0.35 0.09

0.30 0.r7

0.30 0.17

0.30 0.39

0.70 0.35

0.70 0.30

0.70 0.48

0.96 0.s2

0.96 0.48

0.9r 0.43

0.74 0.17

0.65 0. r 7

0.05 0.87 *x*

0.07 0.65 ***

0.08 0.61 ***

0.08 0.6i ***

0.07 0.65 x*x

0.07 0.65 +x*

0.07 0.65 ***

0.07 0.70 ***

0.08 0.57 x**

0.09 0.39 ***

0.09 0.39 ***

0.08 0.39 *x*

0.09 0.48 x**

0.09 0.43 *xx

0.08 0-26

0.09 0. i 3

0.09 0.13

0.1 0 -0.09

0.10 0.35 *x*

0.i0 0.39 ***

0.10 0.22

0.08 0.43 x**

0.08 0.48 ***

0.08 0.48 *x*

0.09 0.57 ***

0.09 0.48 x**

0.94 0.15

0.82 0-29

0.79 0.26

0.79 0.26

0.91 0.38

0.91 0.38

0.91 0.38

0.91 0.35

0.88 0.38

0.88 0.47

0.88 0.47

0.91 0.53

0.62 0.21

0.62 0.24

0.38 0.15

0.35 0.21

0.35 0.21

0.35 0.35

0.62 0.35

0.62 0.29

0.62 0.47

0.9i 0.53

0.91 0.50

0.88 0.44

0.65 0.21

0.59 0.1 8

0.05 0.79 *x*

0.07 0.53 ***

0.07 0.53 x*x

0.0'7 0.53 x*x

0.07 0.53 x*x

0.07 0.53 rx*

0.0'7 0.53 *x*

0.07 0.56 x**

0.07 0.50 ***

0-07 0.41 ***

0.07 0.41 x*x

0.07 0.38 x*x

0.08 0.41 **+

0.08 0.38 **+

0.07 0-24

0.08 0.15

0.08 0.15

0.08 0.00

0.08 0.26

0.08 0.32 x*x

0.08 0.15

0.07 0.38 xxx

0.07 0.41 ***

0.07 0.44 *x*

0.08 0.44 **x

0.08 0.41 xx*

Chromosome 1H

GMS021 1.00 0.55 0.11 0.45 *xx

Bmac0213 1.00 0.45 0.1i 0.55 ***

P38/M49-267 0.91 0.36 0.12 0.55 *x*

Chromosome 5H

Bmag0223 0.73 0.00 0.09 0.73 x**

P46/M57-310 0.82 0.00 0.08 0.82 **x

" q, represents TR 251 (spot blotch resistant parent) a'l'lele frequency among selected resistant group.
oq, represents TR 251 (spot blotch resistant parent) allele fiequency among selected susceptible group.

' oo is standard error of the difference between marker allele frequencies.
o q, -q, t.pt.t.nts al'lele frequency difference between the selected ¡esistant and selected susceptible groups. A negative sign shows that
allele frequency change in the opposite direction to the parental phenotype.

" *** represents significant at the 0.001 probability levels.
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Table 5-2. Monogenic segregation ofSSR and AFLP markers that exhibited association with spot blotch ¡esistance loci at the seedling
stage in a DH population of a c¡oss between barley line TR 25i (disease resistant) and CDC Bold (disease susceptible). Marker-QTL
association was tested by a hlpergemetric distribution-based selective genotyping analysis, using 5, 10, anð, 15%o of the selected
individuals with extreme phenotypes in each tail of the population. Segregation data for SSR markers 'EBmac0827', 'Bmag0359', and
'Bmag0l20'on centromic ¡egion and long arm of chromosome 7H with no association with resistance QTL are shown for comparison.

Genetic marker 5o% selection intensi I 0%o selection intensitv t5% selection intensity

rì,u D.b Ìtl " P-value ns nr P-value llr P-value

Chromosome 3H

P40/M57442

P35/M6l -180

P45/M49-214

P45/M49-t50

Bmag0603

EBmac0871

Bmag0l38

Bmac}12'7

Bmag0225

Bmag0841

Bmag0010

Bmag0606

Chromosome 7H

EBmagO794

Bmag0007

AF022725A

EBmac0827

Bmag0359

Bmag0120

EBmac0755

P44M51-223

BmaC0l56

Chromosome 1H

GMSO21

BmacO213

P38/M49-267

Chromosome 5H

Bmag0223

P46/M57-310

0

1

1

1

0

0

0

0

1

1

1

0

2

3

J

J

J

J

3

3

4

4

4

5

2 0.0000 *** d

4 0.0014 *x*

4 0.0014 x**

4 0.0014 ***

3 0.0002 ***

3 0.0002 ***

3 0.0002 x**

3 0.0002 **x

5 0.0060

5 0.0060

5 0.0060

5 0.0060

I 0.0000 ***

1 0.0000 *x*

4 0.0014

11 0.5885

I 1 0.5885

13 0.8692

7 0.0573

6 0.0207

7 0.0573

6 0.0207

5 0.0060

s 0.0060

3 0.0002 ***

2 0.0000 ***

3 0.0000 ***

8 0.0000 ***
g 0.0000 *"*

9 0.0000 *r*
8 0.0000 **x

8 0.0000 ***

8 0.0000 x**

7 0.0000 x*x

l0 0.0000 +**

14 0.0023

14 0.0023

14 0.0023

4 12 0.0002 x**

5 13 0.0008

2 17 0.0342

4 20 0-2045

4 20 0.2045

9 2s 0.7955

8 ls 0.0063

7 t4 0.0023

r 1 l8 0.0683

257
610i6
7916
7 9 16

3131ó
3 i3 16

3 13 16

3 12 15

41317
41620
41620
3 18 21

13 '7

13 8

215
227
227
22 12

i3 12

13 10

13 16

)^

21

26

29

29

34

25

23

29

3 18 21

31720
4 i5 19

12719
14620

0.0000 +**

0.0000 x**

0.0000 ***

0.0000 *rx

0.0000 *x*

0.0000 **+

0.0000 xx*

0.0000 x**

0.0000 xx*

0.0000 *x*

0.0000 *x*

0.0001 **x

0.0000 ***

0.0001 **x

0.0146

0.0958

0.0958

0.5576

0.0067

0.0011

0.0958

0.0001 x**

0.0000 x**

0.0000 ***

0.0000 **:r

0.0000 ***

03
1'7
36
36
08
08
08
07
28
3 1l

3 11

1 13

1

1

4

9

9

9

J

J

J

0

0

0

2

2

4

4

3

4

30
20

I
8

15

16

16

16

7

7

7

06
05
I4

1 12 13 0.0008

1 I i 12 0.0002 "*x
2 10 12 0.0002 *x*

6 4 10 0.0000 x**

8 4 12 0.0002 x*x
¡ n.represents number oflines with susceptible genotype (e.g., 'CDC Bold') in the lov/er extreme ofthe distribution, representative of
resistant phenotype.

bn,represents number oflines with resistant genoÞ?e (e.g., TR 251) in the upper extreme ofthe distribution, representative of
susceptible phenotype.

" n1 reptesents sum ofthe ns and n..
d *** represents significant at the 0.001 probability levels.
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Figure 5-1. Frequency distribution of the mean infection responses of fhe 226 DH lines
of the cross TR 251 x CDC Bold and the parents inoculated with isolates WRS1983 and
\MRS1934, representative of virulence goups 7.1 .1 .5 and5.7.4.0,respectively, of Bipol-
aris s oro kinian in Canada.

Figure 5-2. Bulked segregant analysis of
pooled DNA in l1 resistant (Bulk-R) and I I
susceptible (Bulk-S) DH lines and correspond-
ing resistant (TR 251) and susceptible (CDC
Bold) parents, screened by SSR marker
'BmagOl38' (QTl-linked marker on chromo-
some 3H) compared to SSR marker
'Bmac03 16' (QTl-unlinked marker on chro-
mosome 6FI).

o
ñ co úc4N (J r¿r¿
¿^E'=
F O coco

: s
t;J r ¡t:-ll

=O¿,u)v¡ ¡ IN¡ìVW

ú.t-lirFOcqÊ0

I -G@

I-II-n

BmagO138

t87



Chromosome lH

Bmag0223

P46/l/457-310

:l
,:ll
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Figure 5-3. Partial genetic linkage map of chromosomes lH, 3H, 5H and 7H constructed
based on the segregation data of 84 selected progenies of the TR 251 x CDC Bold DH
population with extreme phenotypes (resistant + susceptible), showing relative distances
of the 26 SSR and AFLP tested by selective genotyping analyses. Marker designations are
illustrated on the right side of each chromosome. The map distances in centimorgans (clrzf)

were calculated using the Kosambi mapping function and are illustrated on the left side of
each linkage group.
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CHAPTER 6

GENERAL DISCUSSIOT{ Ar'lD COI{CLUSIOI{S

6.L. General discussion

Characterisation of the virulence diversity existing in a pathogen population is

necessary to deploy effective resistance against the pathogen in breeding programs. In

this study, we evaluated the virulence diversity of a large number of B. sorokiniana

isolates collected from different regions of Canada, and these were compared to those

from six other countries. The infection responses (IRs) of 12 differential barley genotypes

inoculated wíth 127 isolates of B. sorokiniana were used to compile an interaction matrix

between isolates and differential lines. Data were analysed using both qualitative and

quantitative approaches to evaluate the virulence diversity of the pathogen in detail.

The classical method of virulence group (VIG) designation, based on the

assumption that interactions between B. sorokiniana and barley genotypes follow a gene-

for-gene model, has been previously exploited by some researchers to classify the

virulence diversity in B. sorobiniana (Meldrum et al., 2004; Valjavec-Gratian and

Steffenson, 1997a; Zhong and Steffenson, 2001). Based on such analyses, three

pathotypes, '0' , ' 1' and '2' of B. sorokiniana were previously identified in North Dakota

(Valjavec-Gratian and Steffenson,I99Ta). To evaluate the gene-for-gene model between

pathogen isolates and barley differentials in this study, the IRs of the differential lines

were converted into binary values of resistance and susceptibility (Chapter 2). Using this

qualitative analytical approach, the I27 isolates of B. sorokiniana were classified into

eight VIGs. Two of these, '0.0.0.0' and '6.0.0.0', were equated to North Dakota

pathotl,pes '0' and '2', respectively (Valjavec-Gratian and Steffenson,l99Ta). However,

considerable diversity was detected in the virulences of isolates other than those in groups

0.0.0.0 and 6.0.0.0. This did not allow incorporating all of these isolates in a single

unique VIG (i.e. ND pathotype'1'). A higher degtee of virulence was identified among

isolates collected from Manitoba and Saskatchewan in comparison to that from other

provinces of Canada, or from other countries.
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Although the classical method of VIG designation was useful in classifying the B.

sorokiniana isolates into different groups, because of the occurrence of many

intermediate IRs (near the cut-off point between resistance and susceptibility) in the

barley differentials, the application of this classification was deemed to be misleading.

Results of virulence analyses indicated that the IRs of the barley differentials to B.

sorokiniana isolates were not as distinct as those occurring in some biotrophic fungi that

clearly discriminate between resistance and susceptible reactions. Intermediate IRs (i.e. 4-

5 in a 1-9 rating scale; Fetch and Steffenson, 1999) were frequently observed among

genotypes; this made it difficult to assign these types of reactions unequivocally to either

the resistance or susceptible groups. As such, isoiates with similar virulence patterns,

were assigned to different VIGs. Therefore, it was proposed that in the case of barleylB.

sorokiniana pathosystem, the classical method of VIG designation could not differentiate

isolates into the clearly unique VIGs or races as it does in the case of host/pathogen

interactions with well-known gene-for-gene systems. As an alternative, quantitative

approaches were subsequently used to differentiate among B. sorokiniana isolates

exhibiting different virulence patterns, and to clarify their relatedness.

The analysis of the reaction data based on actual disease severities using

quantitative analyses provided a clearer perspective of the interactions in the barleylB.

sorokiniana pathosystem than the classical method (Chapter 3). Isolates with similar

virulence pattems aggregated in distinct clusters using both regression and clustering

protocols. Overall, isolates could be classified into 3 distinct pathogenic groups, having:

1) low virulence (VIG 0.0.0.0);2) differential virulence (VIG 6.0.0.0); and 3) virulence

of varying aggressiveness (other 6 VIGs). Among the third group, isolates of three VIGs

7.7.7.5,7.7.5.1 and 6.3.5.0, had some attributes in common and were distinct from the

other three VIGs, 7.7.5.4,5.7.4.0 and 5.7.0.0. These three groups of isolates, which all

were collected from Manitoba, displayed a virulence pattern that had not been reported in

previous studies. These isolates were moderately virulent on most barley genotypes,

including American six-rowed barley genotypes considered to possess durable resistance

against B. sorokiniana (Fetch and Steffenson, 1994; Steffenson et a1., 1996). If they

emerged recently they may be responsible, in part, for the recent unprecedently severe
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outbreaks of spot blotch in Manitoba. Meldrum et al. (2004) exploited cluster analysis as

an alternative technique to the classical method, and re-grouped the six pathotypes of B.

sorokiniana they identified in Australia into four distinct pathogenic groups.

In the present study, both qualitative and quantitative analyses of virulence data

showed that isolates of VIG 0.0.0.0 (low virulent isolates) were completely distinct from

other VIGs. They were only able to induce minute lesions on leaves of the host

genotypes, regardless if these were 'resistant' or 'susceptible'. It was inferred that isolates

of VIG 0.0.0.0 may lack the pathogenicity factors such as some essential enzymes to

initiate the infection or toxic compounds in the post-penetration stages, both necessary for

severe infection.

In contrast, isolates of VIG 6.0.0.0 (ND pathotype '2') were highly virulent on

barley cv. 'Bowman' and its derivative 'CDC Bold'. However, isolates of this VIG

exhibited low virulence similar to those induced by isolates of VIG 0.0.0.0 on other

differential lines. A previous genetic study had revealed that resistance to isolates of

pathotype '2' was controlled by a single gene in barley line ND 5883, and that a clear

gene-for-gene system operates the interaction between such isolates and iine ND 5883

(Valjavec-Gratian and Steffenson, 1997b). It was inferred that cv. 'Bowman' and its

derivatives may lack the gene that possibly encodes for a product (i.e. receptor) that can

recognize the specific elicitor released by isolate of VIG 6.0.0.0. However, this type of
gene-for-gene interaction between isolates of VIG 6.0.0.0 and cv. 'Bowman' seems to be

an exception.

The quantitative analyses of data suggested that the gene-for-gene model may not

have a major influence in barleylB. sorokiniana pathosystem, although it is valid for

certain interactions. In the case of the six pathogenic groups other than VIGs 0.0.0.0 and

6.0.0.0, a continuous range of virulence was detected among isolates of different VIGs,

suggesting that the term 'aggressiveness' (Andrivon, 1993; Vanderplank, 1963 and 1968)

was appropriate to differentiate among isolates with similar virulence patterns. Indeed,

identification of various cell wall degrading enz)¡rnes (Boothby and Magreola, 1984;
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Emami and Hack, 200I; Peltonen, 1995; Peltonen et al., 1994) and toxic metabolites in -8.

sorokiniana (Apoga et al., 2002; Briquet et a1., 1998; Carlson et al., I99I; Ludwig, 1957;

Olbe et al., 1995) may elucidate the reason for the continuous range of pathogenicity

induced by different isolates. The gain or loss of one or more of the numerous pathogenic

factors, likely through mutations or parasexuality in the pathogen population, appears to

generate a continuum of pathogenic isolates possessing gene pools with different

numbers of virulence genes, and thus of varying aggressiveness.

The quantitative analysis of data also suggested that for pathogenic groups other

tha:r VIGs 0.0.0.0 and 6.0.0.0,honzontal resistance in the host may play a major role in

inhibiting the pathogen, and that different combinations or numbers of various putative

resistant genes may confer varying degrees of resistance to .8. sorokiniana isolates in

different barley genotypes. The reciprocal interactions of virulence genes in pathogen

isolates and resistance genes in barley genotypes may result in a continuous range of IRs

in the host genotypes. This speculation agrees with the finding of Bilgic et al. (2005),

Steffenson et al. (1996), and Steffenson and Smith (2004) who reported on several spot

blotch resistance genes/QTls in cv. 'Morex' against isolate ND85F (ND pathotype '1'), a

high virulence -8. sorokiniana isolate from North Dakota.

Altogether, both quantitative and qualitative analysis of virulence diversity

indicated that the B. sorokiniana poptilation is very dynamic and prone to rapid changes.

Our results demonstrated more pathogenic variation in Canada tha:r that reported for

North Dakota (Valjavec-Gratian and Steffenson, 1997a) and Australia (Meldrum et a1.,

2004). The recent identification of pathogen isolates having new virulence patterns in

Manitoba and North Dakota supports the hypothesis that diversification of -8. sorokiniana

may be occurring more rapidly in North America than other parts of the world. This is

possibly because of the deployment of spot blotch resistance genes in American Mid-

west barley cultivars for more than 40 years (Wilcoxson at al., 1990; Fetch and

Steffenson, 1994) which has imposed a selection pressure on the pathogen population.
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To evaluate the genetic variation among isolates, and to investigate the correlation

between their molecular profiles and virulence pattems, 93 isolates of B. sorokiniana

representative of all eight identified VIGs were subjected to an AFLP assay (Chapter 4).

A significant correiation between AFLPs and the virulence of B. sorokiniana isolate was

identified. Based on their molecular structure, isolates of VIGs 0.0.0.0 and 6.0.0.0 were

clearly discemable from other pathogenic isolates. The identification of two AFLP

markers unique to isolates of VIG 0.0.0.0 (low virulence isolates) is reported in this study

for the first time. In a previous study, two AFLP markers specific to isolates of virulence

VIG 6.0.0.0 CND pathotype '2') were identified by Zhong and Steffenson (2001), and

these were also confirmed in our study. These markers may be valuable diagnostic tools

for characterisation of these VIGs in vitro in further studies. Molecular analysis did not

provide a robust differentiation of the other six VIGs identified by the classical method of

VIG designation. By contrast, classification of isolates based upon AFLP data were in

concordance with those made using quantitative analyses of virulence data. This

association indicated that the classification of B. sorokiniana isolates based on their

actual disease severities may provide advantages over classical method, to analyze the

virulence variation in the pathogen population. Isolates of VIGs 6.3.5.0, 7.7.5.1, and

7.7.7.5, which showed more similarity through quantitative analysis of virulence data,

also had some AFLP bands in common, but these were not present in all isolates of these

groups. Based on their AFLP profile, in most of the analytical procedures these isolates

clustered together indicating their close genetic relationship. However, these clusters

were closely associated with, or were nested within, a major cluster comprised of isolates

of the other three pathogenic groups (1.7.5.4, 5.1.4.0 and 5.7.0.0).

To evaluate causes of genetic variation in the B. sorokinianø poptlation, the

influence of mutation, migration and gene flow, ffid recombination as three major

sources of variation in pathogenic fungi (Burdon and Si1k, 1997) was discussed in detail

(Chapter 4). The predominance of monomorphic AFLP bands indicated that B.

sorokiniana population is most likely propagating clonally and that mutation may be the

major cause of genetic variability detected among isolates. The intermediate genetic

profiles of isolates in some VIGs, coupled with their intermediate virulence pattems,
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which were located between weakly-virulent and highly-virulent isolates, invited

speculation that such VIGs may be a result of genetic recombination between isolates of

these two groups. However, this should be confirmed by further analysis, using additional

genetic markers or sequence data, and advanced methods such as phylogeny,

compatibility, and substitution distribution (Ma¡mard, 1999; Posada et al., 2002; Wiuf et

a1.,200I).

To date, immunity to spot blotch has not been identified in barley genotypes. The

production of resistant cultivars, with no cost for farmers, is the most economical and

environmentally desirable means to manage spot blotch. Barley genotypes with high level

of resistance to -8. sorokiniana have been reported in several studies (Bilgic et al., 2005;

Mumford, 1966; 'Wilcoxson et a7, 1990). In the present study, the 12 barley genotypes

used as differentials were grouped into four classes of resistant, moderately resistant,

moderately susceptible, ffid susceptible, among which line TR 251 was the only

differential line exhibiting good resistance to all isolates tested (Chapter 3). A doubled

haploid population of the cross derived from TR 251 was used to evaluate the genetics of

the resistance to spot blotch (Chapter 5). Four putative loci on chromosomes lH, 3H, 5H,

and 7H were associated with spot blotch resistance in line TR 251. In this study, we

identified two spot blotch resistance QTLs, located on the chromosomes lH and 5H,

which have not been reported in previous studies. These QTLs both are likely unique, and

presumably contribute to the superior resistance of line TR 251 to B. sorokiniana.

Genetic studies on the inheritance of spot blotch resistance have indicated both

monogenic and polygenic resistance depending on the barley genotypes (Bilgic et a1.,

2005 and 2006; Valjavec-Gratian and Steffenson, 1997b; Yun et a1., 2005). While

inheritance of resistance against VIG 6.0.0.0 (NrD pathotype '2'), with high virulence on

cv. 'Bowman' was shown to be under monogenic control (Valjavec-Gratian and

Steffenson, I997b; Bilgic et a7., 2006), polygenic inheritance of resistance also has been

shown to play a major role against more virulent isolates (Bilgic et al., 2005; Steffenson

et a1.,1996; Steffenson and Smith, 2004). Our findings demonstrated the contribution of

several QTLs for spot blotch resistance in line TR 251. This agrees with previous studies
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(Bilgic et aI., 2005; Steffenson et al., 1996; Steffenson and Smith, 2004) which identified

several QTLs responsible for the spot blotch resistance to isolate ND85F (ltID pathotype

'1') in the barley cv. 'Morex'. Kutcher et al. (1996) also suggested a quantitative mode of

inheritance for resistance against B. sorokÌnÌana.It can be proposed that quantitative or

qualitative modes of inheritance for spot blotch resistance in barley genotypes depends

directly on the virulence profile of the B. sorokiniana isolates used in genetic studies.

Here, we proposed that in the case of a multigenic inheritance pattern, spot blotch

resistance loci may act in an additive manner, rather then in a gene-for-gene manner, to

confer pafiíal resistance to a genotype. If this speculation is true, a durable spot blotch

resistance could be achieved by pyramiding multiple resistance genes/QTls into a single

barley genotype. Our results indicated that apart of the task has likely already taken place

in that several effective spot blotch resistance QTLs have been pyramided into line TR

251, which shows superior resistance compared to other resistant barley cultivars.

6.2. Conclusions

In this study, random sampling of isolates ac oss Canada indicated that the

proportion of low virulent isolates (group 0.0.0.0) was 260/o of the total of Canadian B.

sorokinianø population sampled. Although isolates designated as VIG 0.0.0.0 are

considered as having low virulence, their pathogenicity is still substantial and these

should not be considered as 'non-pathogenic'. In a comparative study, the average yield

losses of six barley genotypes inoculated with high- and low-virulence isolates of B.

sorokiniane, were ITYI and 60/o, respectively (Ghazvini and Tekauz ,2004). In this study,

both virulence (Chapter 2 and 3) and molecular analyses (Chapter 4) demonstrated a high

level of variation among isolates of VIG 0.0.0.0. However, from the breeding point of

view, breeding for resista:rce against these types of isolates may be a lower priority

compared to those with higher virulence. Moreover, our previous study showed that

resistant barley genotypes (e.g. cv. 'Stander' and line TR 251) lost less yield compared to

susceptible genotypes, when inoculated with a weakly-virulent as well as with a highly-

virulent B. sorokiniana isolate (Ghazvini and Tekauz,2004). This may demonstrate the

effectiveness of resistance genes even against such low-virulence isolates which can

potentially reduce the severity of the spot blotch under fie1d conditions.
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Our results showed that from numerous B. sorokiniana isolates collected from

different regions of Canada and six other countries, only two isolates collected from

Manitoba, plus the reference isolate from North Dakota, were designated as VIG 6.0.0.0

(ND pathotype '2'). These comprised only 2%o of the randomly sampled isolates from

Canada. This suggested that isolates of VIG 6.0.0.0 of B. sorokiniana may be specific to

North Dakota and Manitoba regions. From a breeding perspective, breeding for resistance

against this VIG in Canada also may be considered to be of lesser important. There are

several reasons for this: 1) the isolates occur in very low proportion (2o/o), and only in

Manitoba, 2) only the cv. 'Bowman' and its derivatives (i.e. 'CDC Botd') which

comprise a minor acÍeage in Manitoba (Anon, 2005) can be severely affected by these

isolates, 3) resistance against these isolates is under monogenic control and readily

manageable, and 4) apparcntly, a resistance gene that can prevent the damage caused by

this type of isolates is present in most of the current North American bariey germplasm,

and even in barley genotlpes which are well-known to be highly susceptible to B.

sorokiniana (i.e.line ND 5883). The outbreaks of spot blotch in North Dakota in 1990s

was thought to be related to the susceptibility of cv. 'Bowman' and its derivatives to

isolates of newly emerged pathotype '2' (VIG 6.0.0.0 in this study). 'Bowman' was the

most commonly-planted two-rowed cultivar in this region in the 1990's. Based on

evidence from this study, it seems that the reduced use of 'Bowman' in barley breeding

programs across Mid-west America has decreased the proportion of this pathotype in that

region, or, at least in Marritoba. However, testing of advanced or elite barley lines

developed from a 'Bowman' pedigree with an isolate of VIG 6.0.0.0, and eliminating

susceptible lines, would reduce the risk of the damage caused by these isolates.

The results of this study demonstrated that pathogenic isolates of B. sorokiniana

of varying aggressiveness (VIGs 5.7.0.0, 5.7.4.0, 6.3.5.0, 7.7.5.1, 7.7.5.4, and 7.7.7.5)

comprised the highest proportion (72%) of those sampled from Canada. These highly-

virulent isolates are apparently representative of the current virulence in the Canadian -8.

sorokinianø population, and are resulting in the increased damage seen in barley. These

appear to be the most damaging and problematic B. sorokiniana isolates, and most of the

research should be focused on breeding for resistance against such isolates. Although a

202



close relationship was found between these isolates, some induced greater virulence on

the barley genotypes used than did others. In this study, we utilized the term

'aggressiveness' to discriminate between isolates having such sma1l differences in

virulence. Based on this definition, the use of the most aggressive isolates in specific

regions/provinces is recommended to screen for spot blotch resistance in barley breeding

programs. Among the virulent isolates, newly identified pathogenic groups 6.3.5.0,

7.7.5.1, and 7.7.7.5 in Manitoba with more virulence on resistant six-rowed barley

genotypes (e.g. ND BlI2 and its derivatives), should receive the most attention.
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Appendix I: Distribution map of Bipoløris sorokiniuna

Commonwealth Mycological Institute (CMI) distribution maps of plant diseases

illustrating the distribution map of Bipolaris sorokiniana (teleomorph: Cochliobolus

sativus) across the world (Map No. 322,Edition 4, Issue f .iii., 1986). List of countries in

which the pathogen has been recorded are shown in pages 2I0 and 2ll. A written

permission from CAB International in 0211112006 was obtained to use Map No. 322

(Distribution map of Cochliobulus sativus) in this thesis. This map can only be

reproduced and copied as permitted by copyright laws or with a written authorization

from the original copyright holder.
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!9BI'!¿4IB_M
+C¿nada (General) (Crowell & Lavallee(22:74) pp. 29, 59)
Mexico (43,768)
USA (ceneraI, inctudlng Alaska) (Acrtc.

HÊndb. USDA 165, t96o (ao:5ri)i--
a3;-76-rt-t-

CENTRAL AMERICA & t{PsT TNDIES

Ce¡rtra.L Amerlca (MuIIer, 33:Zgl)+Costa RÍca
Guate¡I&la (Muller, 30: 123)+Jamalca (on Tomato)
Niceragua (36:684)
Salvador (49, 3740)

souTH AMERICå

Argentlna (15:2O9; 2l:5lB)*Boll vl a
+BraziI (Bahia; Rio Grande

Bolnr ên. Serv, FltoDat-
corõiñEla-(26, 3Oæ¡*--
Pa.raguay (43, 768)
Peru ( II:225; Garcia Rada & Stevenson

23: 3ì.6 )
Uluguay ( 35: 751 )
Venezuei.a (Standen, 32: 3g)

+Records in He¡.b, IMI

Stat. conld. BÍpola.ris sorclrinia.na (Sacc,) SIìùgD.

Syn. Drechsle¡.a so¡okiniana (Sacc. ) tjuLr¡'um
& Jaln

NOTE: See Ctll Descript. ?Ol

Numbers in brackers e.g. (S4, I234) r.efert0 bastracts in Review of planr pâ.tLjol()gy

do Sul) (43, 2569;
4:L2, L959]

t.)



Appendix II: Gramineous hosts of Bipolaris sorokiniønø

List of50 wild grasses and seven cereal crops that can be parasifized by Bipolaris sorokiniana.

No. Species References u

1

2

J

4

5

6

7

8

9

10

11

t2
13

I4
15

16

t7
18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

JJ

34

35

36

3t
38

39

40

47

42

43

44

Wild qrasses

Agropyron crystatum

Agropyron pectinatum
Agropyron repens

Agrostis palustris
Al op ecurus arundinac ea

Alopecurus pratensis
Avenafatua
Axonopus ffinis
Buchloe dactyloides
B e c lctn anni a eru ciþ rmis
Bouteloua curtþendula
Bromus arttensis

Bromus catharticus
Bromus erectus

Bromus inermis
Bromus marginatus
Bromus pumpellianus
Bromus uniloides
Bromus willdenovü

Chloris sp.

Cynodon daclylon
Dactylis glomerata
Eleustne corocan(t
Eleusine indica
Elymus junceus

Eragrostis curuula
Festuca elatior
Festucø heterophylla
Festucø ovina
Hordeum marínum
Hordeum sp.

Loliummultiflorum
L o lium multifl o rum x L o lium p er enn e

Lolium perenne

Microlaena stipoides

Panicum lacromanianum
Panicum virgatum
Pennisetum glaucum

Pennisetum spicatum

Pennisetum villosum
Phalaris atundinacea
Pennisetum tuberosa

Poa pratensis
Poa trivíalis

Nelson and Kline (1963)

Bakonyi etal.(1997)
Bakonyi etal. (1997)
Nelson and Kli¡e (1961), Nelson and Kline (1963)

Nelson and Kline (1961)

Bakonyi etal.(1997)
Nelson and Kli¡e (1962)

Nelson and Kline (1962), Nelson and Kline (1963)

Nelson and Kline (1963)

Bakonyi etal. (1997)
Nelson and Kline (1963)

Nelson and Kline (1963)
Nelson and Kline (1961)

Bakonyi etal.(1997)
Sivanesan (1987), Bakonyi etal. (1997)

Sivanesan (1987)

Nelson and Kline (1963)

Sivanesan (1987)
Nelson and Kline (1962)
Sivanesan (1987)

Nelson and Kline (1962)
Nelson and Kline (1961), Bakonyi et al. (7997)

Sivanesan (1987)

Sivanesan (1987), Nelson and Kline (1963)

Nelson and Kline (1963)

Nelson and Kline (1961)

Nelson and Kline (1961)

Bakonyi etal. (1997)
Bakonyi et al. (1997)
Sivanesan (1987), Bakonyi etal. (1997)

Sivanesan (1987)

Nelson and Kline (1961)

Sivanesan (1987)

Sivanesan (1987), Nelson and Kline (1961)

Sivanesan (1987)

Sivanesan (1987)

Nelson and Kline (1963)

Nelson and Kline (1963)

Nelson and Kline (1961)

Bakonyi etal. (1991)

Nelson and Kline (1962), Nelson and Kline (1963)

Nelson and Kline (1961), Nelson and Kline (1963)

Bakonyi et al. (1997), Nelson and Kline (1962)
Nelson and Kline (1963)
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AooendixII. lcontinued)
No. Species Refe¡ences

45 Seteria vi,'dß
46 Setafid sp.
47 Sorghash'wn nutans
48 Sorghun almwn
49 Sorghant sudanense

50 Triticum sp.

Cereâl croDs

Avena sativa
Hortleunr vulgare
Oiza satíva
Secale cereale

h'iticqle sp.

6 h'iticunt aesfivwn

Nelson and Kline (1962), Bakonyi et al. (1997)
Nelson and Kline ( 1963)
Nelson and Kline (1963)
Nelson and Kline (1963)

Nelson and Kline ( l96l), Nelson and Kline (1962)

Sivanesan (1987)

Sivanesan (1987), Bakonyi et al. (1997)

Sivanesan (1987), Nelson and Kline ( 1961)

Sivanesan (1987), Nelson and Kline ( 1961)

Sivanesan (1987), Bakonyi et al. (i997)
Sivanesan ( 1987)

Sivanesan (1987), Bakonyi et al. (1997)

7 Zea nays Sivanesan (i987)

" Refe¡ences can be found in the reference section at the end of Chapter 1 (1.6. References).
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Appendix III: Supplementary information on the differential lines

Supplementary information on the row type, level of spot blotch resistance (based on

previous studies), and pedigrees of 12 differential lines used to identify the virulence

diversity of the Bipolaris sorokiniana isolates (Chapters I and2) in this dissertation.

ND 8112: ND B112 is a six-rowed barley line that is developed at the North Dakota

State University, Fargo during the early 1950s and was derived from the cross 'CI 7II7-

TTllfundred' (Wilcoxson, 1990). ND B 112 has been an effective source of resistance to

spot blotch for 40 years in six-rowed barley cultivars developed in North Dakota and is

considered to be durable (Wilcoxson, 1990). This line was resistant to all three

pathotypes of B. sorokiniana found in North Dakota (Valjavec-Grutiart and Steffenson,

1ee7).

ND 5883: ND 5883 is a two-rowed line very susceptible to virulent pathotypes of spot

blotch (i.e. North Dakota pathotyþe '1') but resistant to newly-emerged pathotype '2' in

North Dakota (Valjavec-Gratian and Steffenson, 1997). ND 5883 was derived from a

cross between 'Clipper' (PI 349366) and the Canadian experimental line 702-10 (Fetch

and Steffenson, 1994).

oBo\ilman': 'Bowman' (PI 483237) is a two-rowed feed barley cultivar that has been

fonnd usefu1 for differentiating pathotlpe '2' of B. sorokiniana ftom other virulence

types in North Dakota (Valjavec-Gratian and Steffenson, 7997). 'Bowman' was selected

from the cross 'Klages//FergusÀ{ordic/34{DIl56l4lhector' at North Dakota Agricultural

Experiment Station, North Dakota State University in cooperation with USDA-ARS and

released in 1984 (Franckowiak et a1., 1985).

'Conlon': 'Conlon' is a two-rowed malting barley cultivar moderately susceptible to spot

blotch. 'Conlon' was derived from the cross 'Bowman*2¿DWS1008A{D10232' made at

the North Dakota Agricultural Experiment Station, North Dakota State University

(Hensleigh et al., 2005).
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AooendixII. lcontinued)
No. Species Refe¡ences

45 Seteria vi,'dß
46 Setafid sp.
47 Sorghash'wn nutans
48 Sorghun almwn
49 Sorghant sudanense

50 Triticum sp.

Cereâl croDs

Avena sativa
Hortleunr vulgare
Oiza satíva
Secale cereale

h'iticqle sp.

6 h'iticunt aesfivwn

Nelson and Kline (1962), Bakonyi et al. (1997)
Nelson and Kline ( 1963)
Nelson and Kline (1963)
Nelson and Kline (1963)

Nelson and Kline ( l96l), Nelson and Kline (1962)

Sivanesan (1987)

Sivanesan (1987), Bakonyi et al. (1997)

Sivanesan (1987), Nelson and Kline ( 1961)

Sivanesan (1987), Nelson and Kline ( 1961)

Sivanesan (1987), Bakonyi et al. (i997)
Sivanesan ( 1987)

Sivanesan (1987), Bakonyi et al. (1997)

7 Zea nays Sivanesan (i987)

" Refe¡ences can be found in the reference section at the end of Chapter 1 (1.6. References).
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oRobust': 'Robust' is a six-rowed malting barley that was selected from the cross

'Morex/lvlankeÍ' at the University of Minnesota. Robust performed a resistance reaction

to spot blotch induced by isolates of B. sorokiniana in Minnesota (Wilcoxson, 1990).

'stander': 'stander' is a six-rowed malting barley that was selected from the cross

'Robust*2/3lCreelBonanza/lMattker/4lRobust/Bumper' at the University of Minnesota.

This cultivar has displayed good level of spot blotch resistance in Minnesota (Rasmusson

et al.,1993).

TR 251: TR 251 is a two-rowed breeding line with good malting potential and a high

level of spot blotch resistance, developed at AAFC Brandon Research Centre. TR251 was

selected from the cross 'TR229 llAC Oxbow /NID7556'. ND 7556 is considered to be the

donor parent of spot blotch resistance, and 'AC Oxbow' may be contributing additional

resistance above that of ND 7556 (8i11 Legge, personal communication).

TR 261: TR 261 is a two-rowed barley line moderately resistant to spot blotch and was

derived from a cross between TR236 and TR231, where TR 236 and TR231 in turn, were

derived from the crosses' WPG84 1 9 -24-2-I I I AC Oxboillvlanley' and'Ellice/NlD7s 5 6',

respectively. This line was developed at AAFC Brandon Research Centre (Bill Legge,

p er s onal c ommuni c ati on).

6AC Metcalfe': 'AC Metcalfe' is a two-rowed malting barley that has commonly shown

a moderately susceptible reaction to the prevalent isolates of B. sorokiniana in western

Canada. This cultivar was selected from the cross 'TR226lManIey' and released by the

AAFC Brandon Research Centre (Legge et a1., 2003).

'CDC Bold': 'CDC Bold' is a two-rowed feed barley cultivar normally used as a

susceptible control in spot blotch disease nurseries. This line was developed from the

cross 'SB88403lTyra', where 'Tyra' is a semi-dwarf barley of European origin and

accession 5888403 is a line from the University of Saskatchewan, Crop Development
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Centre, Saskatoon, with the pedigree of 'Deuce/Bowman' (Brian Rossnagel, personal

communication).

'CDC Stratus': 'CDC Stratus' is a two-rowed malting barley cultivar developed by the

University of Saskatchewan, Department of Crop Science and Ecology, Saskatoon, from

the cross 'Manley/ID810279' and is considered to have a poor reaction to spot blotch

(Andy T ekauz, p ers onal communication).

oNewdale': 'Newdale' is a two-rowed malting barley cultivar with moderate resistance to

spot blotch that was recently developed at the AAIìC Brandon Research Centre, from the

cross' CDC Stratus/TR23 6//WM862-6' (Bill Legge, p ers onal communication).
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