
ABSTRACT 

 

LOUGH, REBECCA CUTRIGHT. Inheritance of Tomato Late Blight Resistance in 

Lycopersicon hirsutum LA1033.  (Under the direction of Randolph G. Gardner.) 

 Extensive efforts to control late blight of tomato and potato, caused by 

Phytophthora infestans (Mont.) de Bary, through incorporation of single resistance genes 

have been thwarted by the rapid development of virulent pathogen strains.  In contrast, 

multigenic late blight resistance in potato has proven durable over decades of use.  

Lycopersicon hirsutum Kunth LA1033 is highly resistant to P. infestans, and other 

studies have suggested that this resistance is multigenic.  We evaluated the inheritance of 

late blight resistance in LA1033 using traditional methods and quantitative trait analysis.  

A BC3F2 population was derived from L. esculentum Miller NC215E × L. hirsutum 

LA1033 and was screened for late blight resistance using detached leaf tests.  BC3F3 

progeny were evaluated in the field to verify detached leaf test results.  Bulked segregant 

analysis was conducted on the most resistant and most susceptible BC3F2 plants to 

identify AFLP markers linked to resistance.  A BC1F1 population of 284 individuals was 

also derived from L. esculentum NC215E × L. hirsutum LA1033.  This population was 

evaluated for late blight resistance in the field and with detached leaf tests that were 

scored with a four-point rating system and the Horsfall-Barratt scale.  A linkage map was 

constructed based on 155 BC1F1 individuals with 231 AFLP and two morphological 

markers.  Quantitative trait analysis was conducted using the following four methods: 

simple linear regression, interval mapping, composite interval mapping, and multiple 

interval mapping.  Segregation of late blight resistance in the BC3F2 individuals indicated 



that the BC3F1 plant carried two genes conferring late blight resistance; however, minor 

genes may have been lost in the development of the BC3F1 or may not have been 

detected.  An AFLP marker was identified in the BC3F2 population which clearly 

segregated with resistance.  In the BC1F1 population, segregation ratios indicated the 

presence of more than two late blight resistance loci.  This was confirmed through 

quantitative trait analysis.  Quantitative trait loci (QTL) affecting late blight response 

were detected on four to nine linkage groups depending upon the method of analysis 

used.  The location of the most significant QTL corresponded with the marker identified 

through bulked segregant analysis.   



INHERITANCE OF TOMATO LATE BLIGHT RESISTANCE IN 
LYCOPERSICON HIRSUTUM LA1033 

 
 
 
 

Rebecca Cutright Lough 
 
 
 
 

Dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the 
requirements for the Degree of 

Doctor of Philosophy 
 

in 
 

Horticultural Science 
 
 

Raleigh 
2003 

 
 
 

APPROVED BY: 
 
 
 

______________________ 
Randolph G. Gardner 
Chair of Committee 

 
 
 

______________________   ______________________ 
David M. O’Malley    Charles H. Opperman 

 
 
 

______________________ 
Paul B. Shoemaker 

 



 ii

Dedication 

 

To the glory of God for great is His faithfulness! 

To my husband Dan for his love and support. 



 iii

Biography 

 

 Rebecca June Cutright Lough was born in Silver Spring Maryland in March 1976.  

Her parents, Edwin and Wanda Cutright, moved to Culpeper Virginia when she was two.  

With the exception of first grade, she was educated at home by her parents from 

kindergarten through high school.  Rebecca graduated from Virginia Tech with a B.S. in 

Horticulture in 1997 and a M.S. in Horticulture in 1998.  Rebecca was married to  

Dr. Daniel L. Lough in May 1999, and they currently reside in Maryland.  After 

graduation, she plans to start a plant breeding program. 



 iv

Acknowledgements 

I wish to express my appreciation to my advisor, Dr. Randy Gardner, for the 

direction, encouragement, and support he provided throughout my doctoral program. 

I thank the other committee members, Dr. David O’Malley, Dr. Charles 

Opperman, and Dr. Paul Shoemaker, for their helpful suggestions and assistance.  In 

particular, I wish to thank Dr. O’Malley for his tremendous contributions to the 

molecular markers analysis, linkage mapping, and quantitative trait analysis and Dr. 

Shoemaker for his assistance with resistance screening. 

I am also grateful to the following individuals for advice and assistance with 

particular aspects of the research: Dr. Henry Amerson, Dr. Christopher Basten, Dr. 

Alexander Myburg, Dr. Bryon Sosinski, and Dr. Zhao-Bang Zheng.  

I would like to thank Dr. Ron Sederoff and Dr. David O’Malley of the Forest 

Biotechnology Center for generously allowing me to utilize their facilities for DNA 

extraction and molecular marker analysis.  I thank Dr. Steve Clouse for the use of his 

laboratory early in the project.   

 The assistance of the Mountain Horticultural Crops Research Station and 

Extension Center staff was greatly appreciated.  I thank Steven Henderson for assisting 

with field and greenhouse trials and Dreama Milks for assisting with detached leaf test 

inoculations.  I am also grateful to Gregory Scott at NCSU in Raleigh for his assistance. 

I thank all of my family for their support.  I would especially like to express my 

appreciation to my husband, Dan Lough, who has been a great encouragement and help 

to me throughout the entire graduate program.  I could not have done this without you. 



 v

Table of Contents 

List of Tables ................................................................................................................... viii 
List of Figures ......................................................................................................................x 
 
Chapter I: Breeding for Resistance to Late Blight in Tomato and Potato...........................1 

1.1 Introduction........................................................................................................1 
1.2 The Pathogen and Disease .................................................................................1 

1.2.1 Host Range..........................................................................................1 
1.2.2 Relationship of Tomato and Potato Late Blight .................................2 
1.2.3 Disease Symptoms ..............................................................................2 

1.2.3.1 Foliar Symptoms..................................................................2 
1.2.3.2 Stem Symptoms ...................................................................3 
1.2.3.3 Fruit Symptoms....................................................................4 

1.2.4 Control of Late Blight.........................................................................4 
1.2.5 Pathogen Taxonomy and Morphological Description ........................5 
1.2.6 Pathogen Life Cycle and Development ..............................................6 

1.2.6.1 Primary Inoculum ................................................................6 
1.2.6.2 Asexual Reproduction..........................................................7 
1.2.6.3 Sexual Reproduction............................................................8 
1.2.6.4 Conditions Favoring Growth and Reproduction................10 
1.2.6.5 Rate of Disease Development............................................11 

1.3 Emergence and Re-emergence of Late Blight .................................................11 
1.3.1 Introduction.......................................................................................11 
1.3.2 Emergence of Late Blight in the 1840’s ...........................................12 

1.3.2.1 Appearance in North America and Europe........................12 
1.3.2.2 Origin of the 1840’s Migrations ........................................13 
1.3.2.3 Characteristics of Historic Populations..............................14 

1.3.3 Re-emergence of Late Blight ............................................................15 
1.3.3.1 Introduction........................................................................15 
1.3.3.2 Characteristics of New Populations ...................................15 
1.3.3.3 Causes of Re-emergence....................................................17 

1.3.3.3.1 Introduction.........................................................17 
1.3.3.3.2 Role of Sexual Recombination ...........................17 
1.3.3.3.3 Role of Mutation .................................................18 
1.3.3.3.4 Role of Migration................................................18 

1.3.4 Potential for Future Change ..............................................................19 
1.4 Breeding for Resistance ...................................................................................20 

1.4.1 History of Late Blight Resistance Breeding in Tomato....................20 
1.4.2 History of Breeding for Resistance in Potato ...................................25 
1.4.3 Types of Late Blight Resistance .......................................................26 

1.4.3.1 Specific Resistance ............................................................26 
1.4.3.2 General Resistance.............................................................27 

1.4.4 Late Blight Resistance Genes in Tomato..........................................28 
1.4.5 Late Blight Resistance Genes in Potato ............................................29 
1.4.6 Pathogen Race Structure ...................................................................31 



 vi

1.4.7 Prospects for Durable Resistance......................................................32 
1.4.8 Breeding Strategy for Durable Resistance........................................35 
1.4.9 Obstacles to Utilizing General Resistance........................................35 
1.4.10 Role of Marker Assisted Selection .................................................36 

1.5 Research Objectives.........................................................................................36 
1.6 Chapter Summary ............................................................................................37 
Bibliography ..........................................................................................................39 

 
Chapter II: Population Development and Late Blight Resistance Screening ....................49 

2.1 Introduction......................................................................................................49 
2.1.1 Screening Populations in order to Map Late Blight Resistance 

Genes.................................................................................................49 
 2.1.1.1 Screening Tomato Populations to Map Qualitatively and 

Quantitatively Inherited Late Blight Resistance ...............................50 
 2.1.1.2 Screening Potato Populations to Map Qualitatively and 

Quantitatively Inherited Late Blight Resistance ...............................51 
2.1.2 Research Objectives and Methodology ............................................53 

2.2 Materials and Methods.....................................................................................54 
2.2.1 Germplasm........................................................................................54 
2.2.2 BC3F2 Population..............................................................................54 

2.2.2.1 Population Development....................................................54 
2.2.2.2 Detached Leaf Tests...........................................................55 
2.2.2.3 Progeny Test ......................................................................58 

2.2.3 BC1F1 Population..............................................................................59 
2.2.3.1 Population Development....................................................59 
2.2.3.2 Field Trial...........................................................................59 
2.2.3.3 Detached Leaf Test ............................................................60 

2.3 Results..............................................................................................................61 
2.3.1 BC3F2 Population..............................................................................61 

2.3.1.1 Detached Leaf Tests...........................................................61 
2.3.1.2 Progeny Test ......................................................................62 

2.3.2 BC1F1 Population..............................................................................63 
2.3.2.1 Field Trial...........................................................................63 
2.3.2.2 Detached Leaf Test ............................................................63 

2.4 Discussion ........................................................................................................64 
Bibliography ..........................................................................................................82 

 
Chapter III: Identification of AFLP Markers Linked to Late Blight Resistance Genes 

in L. hirsutum LA1033 through Bulked Segregant Analysis........................85 
3.1 Introduction......................................................................................................85 

3.1.1 Bulked Segregant Analysis ...............................................................85 
3.1.2 AFLP Markers ..................................................................................87 
3.1.3 Research Objective ...........................................................................89 

3.2 Materials and Methods.....................................................................................89 
3.2.1 DNA Extraction ................................................................................89 



 vii

3.2.2 DNA Restriction, Ligation, Pre-amplification, and Final 
Amplification ....................................................................................90 

3.2.3 Denaturing Gel Electrophoresis........................................................92 
3.2.4 Data Analysis ....................................................................................93 
3.2.5 Verification of Results ......................................................................93 

3.3 Results..............................................................................................................94 
3.4 Discussion ........................................................................................................96 
Bibliography ........................................................................................................104 

 
Chapter IV: Mapping of Quantitative Trait Loci for Late Blight Disease Resistance 

in L. hirsutum LA1033................................................................................107 
4.1 Introduction....................................................................................................107 
4.2 Materials and Methods...................................................................................114 

4.2.1 Data Collection ...............................................................................114 
4.2.1.1 Plant Material...................................................................114 
4.2.1.2 DNA Extraction ...............................................................114 
4.2.1.3 Template Preparation .......................................................116 
4.2.1.4 PCR Amplification...........................................................116 
4.2.1.5 Denaturing Gel Electrophoresis.......................................117 
4.2.1.6 Scoring Gel Images..........................................................118 

4.2.2 Data Analysis ..................................................................................118 
4.2.2.1 Linkage Mapping .............................................................118 
4.2.2.2 Quantitative Trait Analysis ..............................................120 

4.2.2.2.1 Software ............................................................120 
4.2.2.2.2 Data Inputs ........................................................121 
4.2.2.2.3 Analyses............................................................122 

4.2.2.2.3.1 Simple Linear Regression ..................122 
4.2.2.2.3.2 Interval Mapping................................122 
4.2.2.2.3.3 Composite Interval Mapping .............123 
4.2.2.2.3.4 Multiple Interval Mapping.................123 

4.2.2.3 Multiple Regression .........................................................124 
4.3 Results............................................................................................................124 

4.3.1 Data Collection ...............................................................................124 
4.3.2 Data Analysis ..................................................................................125 

4.3.2.1 Linkage Mapping .............................................................125 
4.3.2.2 Quantitative Trait Analysis ..............................................126 

4.3.2.2.1 Simple Linear Regression.................................126 
4.3.2.2.2 Interval Mapping...............................................128 
4.3.2.2.3 Composite Interval Mapping ............................128 
4.3.2.2.4 Multiple Interval Mapping................................129 

4.3.2.3 Multiple Regression .........................................................131 
4.4 Discussion and Conclusions ..........................................................................131 
4.5 Future Work ...................................................................................................139 
Bibliography ........................................................................................................193 



 viii

List of Tables 

2.1 Four ratings, numeric scores, and descriptions utilized in evaluating the BC3F2 
and BC1F1 detached leaf tests ............................................................................................67 
 
2.2 Ratings and descriptions utilized in evaluating the progeny test field trial composed 
of BC3F3 families ...............................................................................................................68 
 
2.3 Ratings and descriptions utilized in evaluating the BC1F1 field trial...........................69 
 
2.4 Horsfall-Barratt standard scale used to rate BC1F1 detached leaf screens ...................70 
 
2.5 Chi Square analysis of a goodness of fit test of the observed to expected ratios of  
highly susceptible to partially or completely resistant individuals in the BC3F2 
population given a one, two, or three gene model of late blight resistance.......................71 
 
3.1 EcoRI adapter and primer sequences utilized to amplify AFLP markers for the bulked 
segregant analysis experiment ...........................................................................................98 
 
3.2 MseI adapter and primer sequences for the ligation, preamplification, and final 
amplification steps in the AFLP marker system that was utilized in this study ................99 
 
3.3 Results of 44 scorable primer combinations that were tested on the resistant and 
susceptible parents and bulks...........................................................................................100 
 
4.1 Name of the EcoRI primer, name of the MseI primer, and the total number of 
segregating AFLP marker loci that could be scored in the interspecific BC1F1 mapping 
population from NC215E (L. esculentum) × LA1033 (L. hirsutum) ...............................141 
 
4.2 Framework marker names, the linkage group the marker was assigned to, the position 
of the marker in the linkage group oriented in accordance with figures 4.1 to 4.12, the 
number of missing values scored for the particular marker, the number of individuals 
with the marker band present, the number of individuals with the marker band absent, and 
the Χ2 value calculated to test for segregation distortion in the interspecific BC1F1 
mapping population from NC215E (L. esculentum) × LA1033 (L. hirsutum) ................142 
 
4.3 Results of simple linear regression for the interspecific BC1F1 mapping population 
from NC215E (L. esculentum) × LA1033 (L. hirsutum) .................................................144 
 
4.4 Results of interval mapping for the interspecific BC1F1 mapping population from 
NC215E (L. esculentum) × LA1033 (L. hirsutum) ..........................................................146 
 
4.5 Results of composite interval mapping for the interspecific BC1F1 mapping 
population from NC215E (L. esculentum) × LA1033 (L. hirsutum) ...............................147 
 



 ix

4.6 Results of multiple interval mapping for the interspecific BC1F1 mapping population 
from NC215E (L. esculentum) × LA1033 (L. hirsutum) .................................................148 
 
4.7 Results of multiple regression of field rating data from the interspecific BC1F1 
mapping population on marker genotypes.......................................................................149 
 



 x

List of Figures 

2.1 Lycopersicon hirsutum LA1033 ..................................................................................72 
 
2.2 BC3F3 population derived from L. esculentum NC215E (recurrent parent) and L. 
hirsutum LA1033 ...............................................................................................................73 
 
2.3 (Upper) Individual humidity chambers containing inoculated detached leaves  
(Lower) Detached leaves of BC3F2 individuals and of the susceptible parent L. 
esculentum NC215E...........................................................................................................74 
 
2.4 (Upper) The two leaf cuttings on the right were rated highly resistant (Class I).  The 
two samples on the right were rated moderately resistant (Class II).  (Middle) These leaf 
cuttings were rated intermediate (Class III).  (Bottom) These leaf cuttings were rated 
susceptible (Class IV). .......................................................................................................75 
 
2.5 Four detached leaf cuttings from the BC1F1 population. (Upper Left) Horsfall-Barratt 
rating of zero (0% affected area).  (Lower Left) Horsfall-Barratt rating of three (>6≤12% 
affected area).  (Upper Right) Horsfall-Barratt rating of six (>50≤75% affected area).  
(Lower Right) Horsfall-Barratt rating of ten (>97≤100% affected area) ..........................76 
 
2.6 Distribution of BC3F2 individuals among the four disease rating categories ..............77 
 
2.7 Distribution of the second leaf test evaluation of the BC3F2 population among four 
classes ................................................................................................................................78 
 
2.8 Distribution of the BC1F1 population among 7 late blight resistance ratings ..............79 
 
2.9 Distribution of the BC1F1 population among the four categorical ratings for two 
detached leaf tests of late blight resistance ........................................................................80 
 
2.10 Distribution of the Horsfall-Barratt ratings of the first and second detached leaf tests 
of late blight resistance ......................................................................................................81 
 
3.1 Demonstration of the expected band patterns............................................................101 
 
3.2 Digital image collected by the LICOR® sequencer during electrophoresis of final 
selective amplification products ......................................................................................102 
 
3.3 Partial gel image showing a final amplification reaction with the primer pair  
E32/M54 ..........................................................................................................................103 
 
4.1 Linkage group one for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................150 
 



 xi

4.2 Linkage group two for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................151 
 
4.3 Linkage group three for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................152 
 
4.4 Linkage group four for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................153 
 
4.5 Linkage group five for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................154 
 
4.6 Linkage group six for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................155 
 
4.7 Linkage group seven for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................156 
 
4.8 Linkage group eight for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................157 
 
4.9 Linkage group nine for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................158 
 
4.10 Linkage group ten for the BC1F1 population of the interspecific cross NC215E  
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................159 
 
4.11 Linkage group eleven for the BC1F1 population of the interspecific cross NC215E 
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................160 
 
4.12 Linkage group twelve for the BC1F1 population of the interspecific cross NC215E 
(L. esculentum) × LA1033 (L hirsutum) ..........................................................................161 
 
4.13 Results of interval mapping for linkage group one based on the BC1F1 population  
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................162 
 
4.14 Results of interval mapping for linkage group two based on the BC1F1 population  
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................163 
 
4.15 Results of interval mapping for linkage group three based on the BC1F1 population 
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................164 
 
4.16 Results of interval mapping for linkage group four based on the BC1F1 population  
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................165 
 



 xii

4.17 Results of interval mapping for linkage group five based on the BC1F1 population  
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................166 
 
4.18 Results of interval mapping for linkage group six based on the BC1F1 population  
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................167 
 
4.19 Results of interval mapping for linkage group seven based on the BC1F1 population 
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................168 
 
4.20 Results of interval mapping for linkage group eight based on the BC1F1 population 
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................169 
 
4.21 Results of interval mapping for linkage group nine based on the BC1F1 population of 
the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum) .......................170 
 
4.22 Results of interval mapping for linkage group ten based on the BC1F1 population of 
the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum) .......................171 
 
4.23 Results of interval mapping for linkage group eleven based on the BC1F1 population 
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................172 
 
4.24 Results of interval mapping for linkage group twelve based on the BC1F1 population 
of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum)...................173 
 
4.25 Results of interval mapping for linkage group thirteen based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).174 
 
4.26 Results of composite interval mapping for linkage group one for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).175 
 
4.27 Results of composite interval mapping for linkage group two for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).176 
 
4.28 Results of composite interval mapping for linkage group three for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).177 
 
4.29 Results of composite interval mapping for linkage group four for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).178 
 
4.30 Results of composite interval mapping for linkage group five for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).179 
 
4.31 Results of composite interval mapping for linkage group six for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).180 
 



 xiii

4.32 Results of composite interval mapping for linkage group seven for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).181 
 
4.33 Results of composite interval mapping for linkage group eight for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).182 
 
4.34 Results of composite interval mapping for linkage group nine for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).183 
 
4.35 Results of composite interval mapping for linkage group ten for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).184 
 
4.36 Results of composite interval mapping for linkage group eleven for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).185 
 
4.37 Results of composite interval mapping for linkage group twelve for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).186 
 
4.38 Results of composite interval mapping for linkage group thirteen for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).187 
 
4.39 Results of multiple interval mapping for field trial ratings of the BC1F1 population of 
the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum) .......................188 
 
4.40 Results of multiple interval mapping for the September 29, 2000 detached leaf test 
resistance ratings for the BC1F1 population of the interspecific cross NC215E (L. 
esculentum) × LA1033 (L hirsutum) ...............................................................................189 
 
4.41 Results of multiple interval mapping for the October 13, 2000 detached leaf test 
resistance ratings for the BC1F1 population of the interspecific cross NC215E (L. 
esculentum) × LA1033 (L hirsutum) ...............................................................................190 
 
4.42 Results of multiple interval mapping for the transformed Horsfall-Barratt ratings of 
the September 29, 2000 detached leaf test for the BC1F1 population of the interspecific 
cross NC215E (L. esculentum) × LA1033 (L hirsutum)..................................................191 
 
4.43 Results of multiple interval mapping for the transformed Horsfall-Barratt ratings of 
the October 13, 2000 detached leaf test for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum) ...........................................................192 
 



Chapter 1: Breeding for Resistance to Late Blight in 

Tomato and Potato 

 

1.1 Introduction 

Late blight is a severe disease of potato (Solanum tuberosum L.), tomato 

(Lycopersicon esculentum Mill.), and their wild relatives caused by the oomycete 

pathogen Phytophthora infestans (Mont.) de Bary.  Renowned as the cause of the Irish 

potato famine in the 1840’s, P. infestans has remained an important pathogen since its 

discovery over 150 years ago.  This chapter contains a brief description of the late blight 

disease, biology of P. infestans, historic and recent migrations of P. infestans, past efforts 

to develop resistant varieties, and future prospects for durable disease resistance. 

1.2 The Pathogen and Disease 

1.2.1 Host Range 

 The economically important hosts of P. infestans are potato and tomato, but many 

other host species exist.  Unsprayed weed and ornamental hosts can act as reservoirs of 

inoculum, and in warm climates P. infestans can overwinter on these species (Vartaninan 

and Endo 1985).  All members of the genus Lycopersicon are somewhat susceptible 

including the following five species: Lycopersicon chilense Dun., L. esculentum Mill., L. 

hirsutum Kunth, L. peruvianum (L.) Mill., and L. pimpinellifolium (Jusl.) Mill.  

Phytophthora infestans can cause disease on at least 49 other species in the Solanaceae, 

including 27 in the genus Solanum. (Turkensteen 1973, Vartanian and Endo 1985)  [For 

an extensive listing see Turkensteen (1973).]  In addition, late blight has developed on 

several unrelated species following inoculation (Turkensteen 1973). 
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1.2.2 Relationship of Tomato and Potato Late Blight 

Late blight strains vary tremendously in their aggressiveness on tomato.  All 

strains have been found to be aggressive on potato but are either tomato aggressive or 

tomato non-aggressive.  Non-aggressive strains will infect and cause symptoms on 

tomato, but disease development and sporulation is limited (Giddings and Berg 1919).  

Tomato-aggressive isolates cause larger lesions and produce more sporangia per lesion 

than tomato non-aggressive genotypes.  Aggressive isolates (US-6 clonal lineage) of P. 

infestans produced up to 271,750 sporangia on 5.25 cm square lesions on L. esculentum 

cv. Vendor, whereas non-aggressive isolates (US-1 clonal lineage) produced 2,875-

13,875 sporangia per lesion with lesion size averaging 0.56 to 1.06 sq. cm (Legard et al. 

1995).  In addition, sporangia of tomato non-aggressive strains are smaller than sporangia 

of aggressive strains (Mills 1940).  Certain pathogen genotypes produce more oospores 

on tomato than potato, indicating host specialization for sexual reproduction (Cohen et al. 

1997).  Aggressiveness on tomato is a readily acquired trait.  Several investigators have 

recovered tomato-aggressive strains by passing non-aggressive strains through repeated 

infection cycles on tomato plants (Mills 1940, Turkensteen 1973). 

1.2.3 Disease Symptoms 

1.2.3.1 Foliar Symptoms 

The extent and appearance of late blight symptoms varies depending upon 

climatic factors.  On tomato, late blight symptoms also vary depending upon whether the 

pathogen is an aggressive or non-aggressive strain.  Non-aggressive strains form brown 

to black colored lesions which expand slowly up to a rate of 1mm per day.  Often these 

lesions become angular in shape as the veins limit the expansion of the lesions.  Under 
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favorable weather, lesions may expand across smaller veins.  Typically lesion 

development ceases in an early stage when lesions are less than 2-3mm in diameter.  

Sporulation is often not visible on lesions but may develop if climatic conditions are 

particularly favorable.  Non-aggressive strains can sporulate profusely on senescent 

leaves, and light sporulation may also be visible on necrotic tissue (Turkensteen 1973). 

Generally, the initial foliar symptoms of aggressive strains on tomato are small, 

irregular, light to dark green, water-soaked spots.  Under favorable conditions, these spots 

develop into large brown necrotic regions with indefinite borders.  On tomato, lesions 

expand linearly up to 5mm per day (Turkensteen 1973, Agrios 1997).  Lesions are often 

surrounded by a yellow-green halo of chlorotic tissue.  Sporangiophores and sporangia 

may be visible as a whitish downy ring 3-5 mm wide around the edge of the lesion, 

especially on the leaf underside.  Under continuously wet conditions, expansion of 

lesions and repeated infection will result in blighting and rotting of all tender above 

ground plant parts.  If conditions become too dry, pathogen growth halts; and existing 

lesions turn black, curl, and shrivel.  If favorable climatic conditions develop again, the 

pathogen resumes growth and sporulation (Agrios 1997, Thurston and Schultz 1997). 

1.2.3.2 Stem Symptoms  

 Non-aggressive strains of P. infestans cause small black spots to form on tomato 

stems.  These spots are typically 1 mm in diameter and rarely expand up to 4 mm.  

Tomato-aggressive strains cause large stem lesions to form which can sporulate 

abundantly under favorable weather.  Concentric rings of darker and lighter tissue may be 

visible on stems.  Lesions are initially dark reddish brown in color but fade to pale grey.  
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Late blight infection causes stems to become brittle and susceptible to wind damage 

(Turkensteen 1973). 

1.2.3.3 Fruit Symptoms 

In addition to attacking foliage and stems, late blight also infects tomato fruit.  

Tomato fruit are susceptible until ripening.  The extent of symptom development depends 

upon whether the late blight strain is tomato-aggressive.  Non-aggressive strains usually 

cause small localized lesions, while tomato-aggressive strains may infect the entire fruit.  

The initial symptom on green fruit is a reddish brown feathery pattern on the skin.  Over 

several days, infected areas of the tomato skin turn dark brown and lumpy.  Concentric 

rings of dark and light brown tissue may be visible on larger fruits.  If the P. infestans 

strain is tomato-aggressive, the dark grayish brown lesions may expand until the entire 

fruit is rotten.  Infected fruit eventually become hard and dry.  Under favorable 

conditions, profuse sporulation is visible as a whitish wooly substance on the exterior of 

the blighted fruits (Turkensteen 1973). 

1.2.4 Control of Late Blight 

 Tomato late blight is controlled through use of disease free transplants, sanitation 

to remove plant debris and volunteer plants harboring inoculum, and fungicide 

application (Agrios 1997).  Potato varieties with moderate levels of general resistance 

have been released; however, these have not achieved good commercial acceptance in 

Europe and North America (Umaerus et a. 1983).  Commercially acceptable tomato 

varieties with effective general late blight resistance against all extant strains are not 

available.  In developed countries, large crop losses are prevented by fungicide 

application; but there is growing concern over the negative environmental impact of 
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fungicide application.  In countries where producers lack the financial resources to apply 

fungicides, crop losses to late blight can be heavy (Mendoza 1993).  Low levels of late 

blight are difficult to detect in the field and may remain unnoticed until substantial 

damage occurs.  Most effective fungicides currently labeled for use are protectants and 

must be applied prior to infection, since they lack therapeutic activity (Fry and Goodwin 

1997).  Chemical control is complicated by the rapid development of late blight 

epidemics in wet weather.  Since fungicides cannot be applied and spray residues may 

wash off in rain, crops are often unprotected under ideal conditions for pathogen 

reproduction, dispersal, and infection (Gallegly 1960).  In addition, strains of late blight 

resistant to the fungicide metalaxyl have developed (Dowley and O’Sullivan 1981); and 

resistance to other fungicides may emerge in the future.  Due to these problems with 

chemical late blight control, the development and utilization of late blight resistant 

cultivars is highly desirable.  In comparison with susceptible cultivars, resistant cultivars 

may require fewer fungicide applications for effective late blight control (Agrios 1997). 

1.2.5 Pathogen Taxonomy and Morphological Description 

 Phytophthora was first described by deBary in 1876.  It contains 43 species which 

cause a wide variety of diseases on a large number of herbaceous and woody crop plants 

(Zentmyer 1983).  Phytophthora is a member of phylum Oomycota, class Oomycetes, 

order Peronosporales, and family Pythiaceae.  Initially, Oomycota was placed in the 

kingdom fungi but was later transferred to the kingdom Chromista that also includes the 

brown algae (Agrios 1997).  Several characteristics distinguish the members of 

Phytophthora from the fungi including: cell walls composed of glucans and cellulose 
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instead of chitin, motile zoospores with tinsel and whiplash flagella, several sporangia 

produced on each sporangiophore, and diploid vegetative cells (Zentmyer 1983). 

Phytophthora infestans reproduces sexually through oospores and asexually 

through zoospores or sporangia.  Sporangia are hyaline, lemon-shaped, and thin-walled 

with a large apical papilla and are borne at the tips of the sporangiophore branches on 

short pedicels (Alexopoulos 1962).  Sporangiophores are sympodially branched and 

exhibit indeterminate growth.  The sporangiophore branch structure is characterized by 

zig-zag growth and swollen nodes.  Sporangia are 20-25µm by 25-35 µm in size (Fry and 

Goodwin 1997).  Sporangia are multinucleate and germinate either directly or through the 

production of zoospores which differentiate completely inside the sporangium (Zentmyer 

1983).  Zoospores are uninucleate, biflagellate, oval in shape, and have a groove that runs 

their entire length (Coffey and Gees 1991).  Oospores are the only resting spores that P. 

infestans produces.  These spores are rounded, thick-walled, approximately 30 µm in 

diameter, and vary in color from light to medium brown depending upon the host plant 

(Cohen et al. 1997). 

1.2.6 Pathogen Life Cycle and Development 

1.2.6.1 Primary Inoculum 

In the absence of sexual spores, P. infestans is an obligate parasite and survives 

the winter on living host tissue such as infected potato tubers or field debris in warmer 

areas.  The primary inoculum for tomato late blight is airborne sporangia from infected 

plants, mycelium and sporangia on infected tubers left in fields or gardens, infected 

volunteer potato plants, and infected transplants (Agrios 1997).  In addition to over-

wintering in infected potato tubers, P. infestans can also survive on seeds from infected 
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tomato fruits (Boyd 1935).  Since sporangia can be transported over large distances by 

wind, the pathogen can move south to north in the spring if cool moist conditions prevail.  

In regions where P. infestans reproduces sexually, oospores in the soil or on debris also 

serve as a source of primary inoculum. While soil-borne sporangia remain viable for a 

maximum of 77 days, oospores have been shown to remain viable for eight months even 

in extreme temperatures (Pittis and Shattock 1994).   

1.2.6.2 Asexual Reproduction 

Once the primary inoculum successfully infects a host plant, rapid mycelial 

growth occurs intercellulary with intracellular haustorial development.  As the host cells 

become necrotic, the pathogen colonizes the adjacent living tissue.  In cool moist 

weather, numerous sporangiophores bearing sporangia may emerge within four days after 

infection (Agrios 1997).  Sporangia are easily detached from the sporangiophore and are 

disseminated both by wind and water from rain or irrigation.  Depending upon climatic 

factors, sporangia will either germinate directly through a germ tube or through formation 

of zoospores (Alexopoulos 1962).   

Sporangia that germinate directly produce a germ tube that enters the leaf through 

the stoma.  Once inside, hyphae grow in the intercellular spaces and produce haustoria 

which penetrate the host cells (Alexopoulus 1962).  After several days of colonization, 

sporangiophores bearing sporangia will emerge from the newly infected tissue.   

Zoospores are thought to form in the sporangia through production of “Elongate, 

irregular-shaped cleavage vesicles in the sporangial cytoplasm” which fuse together to 

form the zoospores (Coffey and Gees 1991).  Sporangia frequently contain six nuclei, 

each of which becomes the nucleus of a single zoospore.  Once formed, the zoospores are 
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released into the sporangial papilla which is distended to create a large vesicle.  The 

vesicle then bursts, releasing the motile zoospores (Coffey and Gees 1991).  The 

zoospores swim in free water until they contact a conducive surface where they encyst.  

Zoospores preferentially encyst and penetrate the host cells adjacent to the stomatal guard 

cells.  The zoospore develops a spherical shape and forms a cyst wall.  The cyst 

germinates, producing a germ tube which grows into an appressorium.  The entire 

process of zoospore formation to cyst germination can occur in two hours.  An infection 

peg emerges from the appressorium and enters the host either directly through the 

epidermis or after growing within the periclinal cell wall.  After entering the cell, it 

develops an enlarged hyphal structure called the infection vesicle.  Secondary hyphae 

grow from the infection vesicle and penetrate either into mesophyll cells or into 

intercellular spaces.  Profusely branching mycelium continue to colonize the intercellular 

spaces and produce intracellular haustoria when in contact with cell walls (Coffey and 

Gees 1991, Alexopoulos 1962).  Under favorable conditions, sporangiophores will 

emerge from the infected leaves within a few days and produce numerous sporangia 

which are dispersed to new infection sites (Alexopoulos 1962). 

1.2.6.3 Sexual Reproduction 

Phytophthora infestans is heterothallic, with antheridia and oogonia being 

produced on physiologically distinct mycelia.  Two mating types, designated A1 and A2, 

have been described; and studies of the genetics of mating type have indicated that it is 

determined by a single locus (Judelson 1996).  Individual genotypes of P. infestans 

produce both antheridia and oogonia and some genotypes are capable of self-fertilization 

in culture (Frinking et al. 1987).  The genotypes which are self-fertile are of the A2 
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mating type, and did not produce as many oospores by selfing as they produced when 

crossed with the A1 mating type.  These self-fertile types only produced oospores in vitro 

and did not produce oospores in planta.  For non-selfing genotypes and for all genotypes 

in the field, the presence of the opposite mating type is required to induce formation of 

gametangia.  When growing in close proximity, each mating type (compatibility type) 

produces a hormone which induces mycelia of the opposite mating type to form 

antheridia and oogonia (Smart et al. 1998).  Oospores can form even if the population is 

primarily of one mating type with few (as little as 5%) of the opposite type (Cohen et al. 

1997).  The female hypha grows through the young antheridium and develops into a 

globose structure (oogonium) above it so that the mature antheridium forms a funnel-

shaped collar around the base of the oogonium (Alexopoulos 1962).  The antheridium 

then fertilizes the oogonium which develops into an oospore (Agrios 1997).  Oogonia and 

antheridia generally develop five to six days after inoculation (Cohen et al. 1997).  

Oospores appeared in abundance nine to ten days after inoculation and have been 

reported to be produced in a density greater than 6,000 spores per square cm of potato 

leaf tissue. Under field conditions, oospores were observed 13-17 days after inoculation 

(Drenth et al. 1995).   

Oospores germinate by formation of germ tubes which terminate either in 

sporangia or in the production of mycelium (Smoot et al. 1958).  Following inoculation 

of plants with oospores, blight symptoms were observed in seven days.  Generally, 

germination experiments with in vitro oospores have resulted in low levels of 

germination (Pittis and Shattock 1994).  Though germination rates of oospores appear 

lower than sporangia, copious production of these extremely hardy resting spores ensures 
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pathogen survival for extended periods apart from the host.  Fay and Fry (1997) showed 

that exposure of oospores to temperatures between -20°C and + 40°C did not reduce 

spore germination.  Soil containing oospores remained infectious for up to 35 weeks 

under natural weather conditions in the Netherlands (Drenth et al. 1995). 

1.2.6.4 Conditions Favoring Growth and Reproduction 

Ribeiro (1983) summarized and applied Klebs’ (1900) four principles of fungal 

reproduction to P. infestans: “1) The external environment determines when growth or 

reproduction will take place, 2) conditions for reproduction are generally less favorable 

for growth, 3) reproduction generally occurs over a narrower temperature range than 

growth, and 4) the degree of vegetative growth determines the caliber of reproduction” 

(Ribeiro 1983).  Mycelial growth occurs between 2°C and 30°C but optimally at 21°C.  

When temperatures rise above 30°C, mycelial growth is halted; though the pathogen will 

remain alive in the plant tissue.  Optimal conditions for sporangial formation are 18-22°C 

with relative humidity at 100%, though some sporangia will form with temperature and 

humidity as low as 9°C and 91%, respectively (Alexopoulos 1962).   

Infection is favored by cool moist conditions.  Sporangia can germinate in 

temperatures of 1.5°C to 24°C, but above 20°C will survive only one to three hours in dry 

air or five to15 hours at humidity near 100%.  With abundant moisture, sporangia will 

germinate directly via germ tubes at temperatures near 24°C and indirectly via zoospores 

at temperatures near 12°C (Alexopoulos 1962).  At temperatures below 10°C, zoospores 

can remain motile for up to 22 hours; whereas zoospores remained motile for 30 minutes 

at temperatures between 16°C and 25°C.  In general, the lower the ambient temperature, 

the longer the period of zoospore motility (Ribeiro 1983). 
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Temperatures of 8°C to 23°C and extended periods of continual wetness allow 

oospore production in tomato and potato leaves, with maximum production at 

temperatures near 10°C rather than higher temperatures (15-20°C) (Cohen et al. 1997).  

Oospores do not develop on fully necrotized tissue; therefore, delayed lesion 

development at lower temperatures provides adequate time for oospore production 

(Frinking et al. 1987, Mosa et al. 1991, Cohen et al. 1997).  Subjecting oospores to 

temperature treatments from -20°C to +20°C had no deleterious effect on their ability to 

germinate, and oospores from some matings survived temperatures from -80°C to +35°C 

(Ribeiro 1983, Drenth et al. 1995).   

1.2.6.5 Rate of Disease Development  

Due to copious production of asexual spores, rapid infection and tissue 

colonization, a short latent period, and planting of numerous susceptible plants in close 

proximity, late blight epidemics can develop with remarkable speed.  Under favorable 

climatic conditions percent diseased foliage can increase from one to 75 percent in two 

weeks (Turkensteen 1973). 

1.3 Emergence and Re-emergence of Late Blight 

1.3.1 Introduction 

Late blight is panglobally distributed and exists wherever potatoes or tomatoes are 

grown.  Until the 1840’s, late blight was not known to exist outside of Mexico.  Since 

that time, it has moved around the globe in a series of migrations.  The historic 

migrations introduced the pathogen into Europe, Asia, Australia, new locations in North 

America, and possibly South America.  More recent migrations have introduced a second 
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mating type, more aggressive strains, and greater genetic diversity into much of the 

world.   

1.3.2 Emergence of Late Blight in the 1840’s 

1.3.2.1 Appearance in North America and Europe 

The first report of late blight on tomato was by Payen (1847) several years after it 

was reported on potato (Mills 1940).  Late blight was first detected outside of Mexico in 

the northeastern United States in 1843 on potato in New Hampshire, Vermont, 

Massachusetts, Rhode Island, Connecticut, New York, New Jersey, Pennsylvania, and 

Delaware.  By 1845, late blight had spread to Maine, Illinois, Michigan, and Indiana; and 

it was also reported in Canada and Nova Scotia (Stevens 1933).  Late blight was first 

recorded in Belgium in June of 1845 and by August had spread throughout northwestern 

Europe and southern England.  There is some possibility that the disease had appeared in 

isolated areas in 1844 or even 1843, but there is no evidence prior to 1841.  Late blight 

appeared in Ireland in September 1845 and was especially severe in 1846.  At the end of 

1845, late blight ranged south almost to the Mediterranean, east to central Europe, and 

north to Scandinavia (Bourke 1964).   

Once late blight was established in North America and Europe, it spread locally 

through the natural dispersion of sporangia and transportation of infected plant material.  

Late blight was introduced to Asia, Africa, and South America most likely through the 

importation of infected European potato tubers for planting (Spielman et al. 1991, Fry et 

al. 1993).   
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1.3.2.2 Origin of the 1840’s Migrations 

There is some debate over the exact origin and movement of the late blight 

epidemics of the 1840’s.  In the 1800’s, it was assumed that late blight was introduced to 

the United States and Europe from the Andes mountain region in South America (Bourke 

1964).  There was sufficient trade to facilitate its introduction; however, late blight was 

not reported in Argentina until 1887.  In many other South American countries late blight 

was not discovered until the early to mid 1900’s.  It is possible that late blight had been 

introduced into South America much earlier but had not been identified.  Although the 

South American populations are more similar to the European populations than they are 

to the Mexican populations, late blight may have been introduced into South America 

from Europe or North America rather than the reverse (Niederhauser 1991). 

It is generally held that Mexico is the center of origin of P. infestans, since it is 

also the center of diversity.  In the 1950’s a survey of Mexican, American and Canadian 

P. infestans isolates showed that the A1 and A2 mating types existed in equal proportions 

in central Mexico but only the A1 mating type was found among U.S. and Canadian 

isolates (Gallegly and Galindo 1958).  Mexico was the only location where P. infestans 

was known to reproduce sexually in nature until the late 1900’s.  The genetic diversity 

present in Mexican isolates is unparalleled, and most isolates collected from the region 

are genetically unique which is consistent with sexual reproduction.  Late blight resistant 

Solanum species have been collected from Mexico, where they co-exist with P. infestans.  

Although none of these species are immune to P. infestans, they have a level of general 

resistance which allows them to perpetuate.  At least 15 single resistance genes have been 

identified in Solanum species, and Mexico is the only location where all these resistance 
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genes have been found in native species along with pathogen races carrying the 

corresponding virulence alleles (Niederhauser 1991, Fry et al. 1993).  The above 

evidence is taken as strong support for the Mexican origin of the 1840’s migrations.  

Since late blight was well established in the United States prior to appearing in Europe 

and European strains are all derived from a single genotype, late blight might have 

moved first from Mexico to the United States and then to Europe (Bourke 1964, Fry et al. 

1993, Goodwin et al. 1994a).   

1.3.2.3 Characteristics of Historic Populations 

Studies of P. infestans populations collected prior to the 1970’s outside of Mexico 

indicated that their genetic base was extremely narrow.  These populations are thought to 

have descended through asexual reproduction from the initial P. infestans migrations of 

the 1840’s.  U.S. and Canadian populations consisted of several clonal lineages closely 

related to the US-1 genotype; whereas European, Asian, African, and South American 

populations all descended from the US-1 clonal lineage.  All genetic variation in old 

European and European-derived populations could be accounted for by mutation and 

mitotic recombination occurring in the US-1 genotype (Goodwin et al.1994a).  Since only 

the A1 mating type was present, all populations reproduced asexually.  Consequentially, 

P infestans could only overwinter on living host tissue.  Lack of sexual reproduction may 

have lead to a phenomenon known as Mueller’s ratchet, which is a reduction in fitness 

over time through accumulation of deleterious mutations in asexual populations (Fry and 

Goodwin 1997).  Although P. infestans populations lacked genetic diversity and 

reproduced asexually, all attempts to develop highly resistant cultivars with single 

dominant genes were ultimately frustrated by the rapid emergence of virulent pathogen 
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strains (Derie and Inglis 2001).  Though immune cultivars could not be developed, a 

combination of chemical controls, moderately resistant varieties, sanitation, and clean 

planting stock brought late blight under control.  By the mid-1900’s, substantial losses 

due to late blight epidemics were all but eliminated in developed countries (Fry and 

Goodwin 1997).   

1.3.3 Re-emergence of Late Blight 

1.3.3.1 Introduction 

After a respite of several decades, severe late blight epidemics broke out in 

Europe in the early 1980’s causing extensive damage.  Although late blight regularly 

appeared in many potato and tomato production areas in the U.S. prior to 1990, rarely 

were these outbreaks difficult to control.  In 1990, a late blight epidemic affected potato 

production in the Columbia River basin.  These epidemics became especially devastating 

in the mid 1990’s (Johnson et al. 1997).  In 1991, late blight was widespread throughout 

tomato production areas in North Carolina, South Carolina, and Kentucky.  From 1991 to 

1998, late blight appeared annually on tomato in western North Carolina.  In eastern 

North Carolina potato production areas, late blight was especially severe in the mid-

1990’s (Fraser et al. 1999).  

1.3.3.2 Characteristics of New Populations 

The re-emergence of late blight as an important disease led to investigation of the 

composition of local P. infestans populations around the world.  Changes in P. infestans 

populations were discovered including resistance to the fungicide metalaxyl, occurrence 

of the A2 mating type, increased pathogen aggressiveness, greater numbers and different 

combinations of virulence alleles, and new marker genotypes (greater genetic diversity).  
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Metalaxyl was first used in Europe in the late 1970’s and quickly became one of the most 

important fungicides for late blight control due to its therapeutic activity.  The failure of 

metalaxyl to control late blight in Ireland in 1980 was attributed to appearance of 

metalaxyl resistant strains (Dowley and O’Sullivan 1981).  Metalaxyl resistance is now a 

feature of P. infestans populations worldwide.  In 1984, the A2 mating type was first 

discovered outside of central Mexico in Switzerland (Hohl and Iselin 1984).  Soon 

reports of the A2 mating type were issued from other European countries (Tantius et al. 

1986), Egypt (Shaw et al. 1985), and Japan (Mosa et al. 1989).  The presence of the A2 

mating type was first reported in the U.S. and Canada in isolates collected from 1983-

1989 (Deahl et al. 1991).  The A2 mating type was also first detected in Northern Mexico 

in isolates collected between 1983 and 1989 (Goodwin et al. 1992).  Occurrence of the 

A2 mating type in Europe was found to be associated with new allelic patterns at isozyme 

markers.  In addition, these new genotypes carried greater numbers and different 

combinations of virulence factors (Spielman et al. 1991, Drenth et al. 1994).  Compared 

to the old US-1 type populations, the new population was much more diverse (Fry et al. 

1993).  Studies of pathogen fitness indicated that the new strains were more aggressive 

than previously occurring US-1 type strains (Miller et al. 1998).  Over a period of several 

years these new strains increased in frequency, displacing the older US-1 type strains 

(Fry et al. 1991, Speilman et al. 1991).  The displacement of the extant population by the 

new genotypes indicates that the new genotypes were more fit (Fry et al. 1993).   
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1.3.3.3 Causes of Re-emergence 

1.3.3.3.1 Introduction 

The sudden appearance and wide distribution of new pathogen genotypes around 

the world was established as causing the increase in severe late blight epidemics.  These 

new pathogen genotypes could have arisen through sexual recombination, mutation, 

through migration from regions of greater diversity, or through a combination of the three 

preceding mechanisms.   

1.3.3.3.2 Role of Sexual Recombination 

Presence of the A1 and A2 mating types in the same region brings the possibility 

of sexual recombination.  Drenth et al. (1994) attributed the great genotypic diversity 

present in populations in the Netherlands after 1980 to a limited pathogen migration in 

the late 1970’s followed by sexual recombination in which new alleles were generated.  

In contrast to Europe, sexual recombination occurs rarely in the United States and 

Canada.  This may be due to infrequent occurrence of both mating types in the same field 

(Goodwin et al. 1995a).  However, evidence has been presented for probable sexual 

reproduction occurring in the field in northern North America.  A population was 

detected in British Colombia in 1992 that appeared to have arisen through sexual 

reproduction (Goodwin et al. 1995a).  Gavino et al. (2000) detected “patterns of 

polymorphisms in nuclear markers, mating type, and mtDNA haplotypes” in a 1993 

collection of P. infestans isolates from the Columbia basin which met the expectations of 

a population derived through sexual reproduction (Gavino et al. 2000).  The multilocus 

genotypes US-11, US-12, US-16, and US-17 were all probably generated through sexual 

reproduction (Goodwin et al. 1998).   
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1.3.3.3.3 Role of Mutation 

Mutation, mitotic recombination, and selection probably caused the sudden 

appearance of new virulence genes within clonal lineages of P. infestans in the past.  

Fungicide resistance could also arise through such mechanisms.  Outside of the U.S. and 

Canada, metalaxyl resistance was found independently of new pathogen strains and may 

have arisen through mutation in older strains (Goodwin et al. 1996).  In South Africa, 

severe late blight epidemics were attributed to metalaxyl resistance in old A1 type strains 

(Mcleod 2001).  In the Netherlands, metalaxyl resistance may have arisen through 

mutations occurring in a variety of genetic backgrounds (Fry et al. 1991).  In East Asia 

metalaxyl resistance appeared to arise independently in two different clonal genotypes 

rather than through sexual recombination (Koh et al. 1994).  Metalaxyl resistance was 

strictly associated with the newly immigrated US-6, US-7, and US-8 genotypes in the 

U.S. and Canada (Goodwin et al. 1996, Miller et al.1998).  Therefore it appears that in 

some regions metalaxyl resistance arose through mutation in extant populations, while in 

other areas metalaxyl resistance was introduced by way of pathogen migration from 

metalaxyl resistant populations. 

1.3.3.3.4 Role of Migration 

Though sexual recombination and mutation have contributed to the sudden 

appearance of new genotypes, pathogen migration through international trade has played 

a major role in the recent extensive global changes in P. infestans populations.  In the late 

1970’s, potatoes were exported from Mexico to Europe for domestic consumption.  It is 

possible that the new A2 mating type strains detected several years later were present on 

those shipments (Niederhauser 1991, Fry et al. 1993).  New pathogen strains may have 
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migrated to the U. S. and Canada on several separate occasions via shipments of tomatoes 

from Mexico (Goodwin et al. 1994b).  The sudden and broad distribution of the A2 

mating type has been entirely attributed to pathogen migration (Spielman et al. 1991).  In 

East Asia, new P. infestans strains have emerged apart from any evidence for sexual 

recombination.  These genotypes are too distinct to have developed through mutation and 

appear to have arisen through migration (Koh et al.1994).  In the United States, the multi-

locus genotype US-1 is thought to date to the 1840’s immigration, and several closely 

related genotypes have arisen most likely through mutation and/or mitotic recombination.  

The genotype US-6 likely immigrated into California from Mexico in 1979.  The 

genotypes US-7, US-8 and US-10 are believed to have migrated from northwestern 

Mexico during the early 1990s.  The US-9 genotype carried an allele common in Europe 

and may represent a limited migration from Europe (Goodwin et al. 1995a).   

1.3.4 Potential for Future Change 

Today, late blight remains a present and potentially increasing threat.  Although 

developed countries are equipped with effective fungicides, late blight forecasting 

programs, less susceptible cultivars, and disease management practices, late blight is and 

will continue to be a concern for the following reasons.  Ongoing pathogen migrations 

through international trade of infected plant material foster introduction of new strains 

around the globe.  Occurrence of sexual reproduction in P. infestans populations on a 

global scale, even if limited, can produce new strains which are more fit than existing 

strains.  According to the “Red Queen” theory, sexual reproduction in predominantly 

asexually reproducing populations might infrequently give rise to an especially fit 

genotype, the “Red Queen”.  The “Red Queen” could then become the predominant 
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pathogen lineage through rapid asexual reproduction (Gavino et al. 2000).  Emerging 

strains (whether from local sexual reproduction or from immigration from regions of 

greater diversity) may be more aggressive, carry new fungicide resistance genes, or may 

cause more disease than previous strains on moderately resistant cultivars.  In addition, 

overwintering of oospores from sexual reproduction in production areas may result in 

earlier disease onset and a continuous supply of heat, cold, and drought tolerant inoculum 

(Fry et al. 1993).  In response to the increased threat of late blight epidemics interest has 

been renewed in developing commercial varieties with moderate to high levels of durable 

horizontal late blight resistance.  In the following section, a historical perspective on late 

blight resistance breeding is presented along with prospects for achieving durable 

resistance in tomato. 

1.4 Breeding for Resistance 

1.4.1 History of Late Blight Resistance Breeding in Tomato 

In 1946, there was a serious late blight epidemic on tomato which prompted a 

search for sources of genetic resistance (Bonde and Murphy 1952, Walter 1967).  This 

epidemic was estimated to cost tomato growers in the U.S. forty million 1946 dollars 

(Bonde and Murphy 1952).  Andrus (1946) reported 17 commercial tomato varieties with 

varying degrees of resistance observed in the 1946 late blight epidemic in South Carolina.  

Gallegly (1960) suggested that this resistance was probably multigenic.  A survey of 137 

varieties and accessions of L. esculentum and four other Lycopersicon species did not 

reveal any highly resistant genotypes under the test conditions.  The authors speculated 

that some degree of resistance may be observed in the field where conditions for late 
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blight development were not ideal but that late blight resistance in the genus 

Lycopersicon was probably rare (Richards and Barratt 1946).  

A few years after Richards and Barratt’s search for resistance, a single gene 

conferring resistance was found.  Unfortunately, virulent pathogen races appeared even 

before resistant cultivars were released.  Bonde and Murphy (1952) found six selections 

which were highly resistant in greenhouse inoculations to a strain of P. infestans found 

on potato.  The following year all but one variety was susceptible in field tests indicating 

presence of a different pathogen race.  The one resistant selection was L. esculentum var. 

cerasiforme ‘Red Cherry.’  ‘Red Cherry’ was highly resistant to both foliar blight and 

fruit rot and appeared to carry a dominant resistance gene.  Gallegly (1952b) identified 

three sources of resistance to one strain of late blight.  Two of these were also resistant to 

a second race.  Seven other sources of resistance to both races were found, but all the 

accessions were susceptible to a third late blight race.  It was concluded that there were 

three races present among the five isolates of P. infestans used for screening (Gallegly 

1952b), and that late blight resistance was present in some wild tomatoes though absent 

from common commercial cultivars (Gallegly 1952a).   

In Florida, resistance was found in two small fruited tomato varieties grown as 

ornamentals.  One accession was identified as L. esculentum var. pyriforme Dunal.  The 

level of resistance decreased as plants aged and fruit ripened.  The resistance was 

characterized by hypersensitivity but did not confer complete immunity.  This partial 

resistance was shown to be hereditary and was thought to be controlled by one major 

factor with other modifying factors, though the exact nature of inheritance could not be 

determined.  Although this resistance was effective in fields in Florida, it was not 
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effective in North Carolina or West Virginia, indicating the existence of virulent 

pathogen races (Walter and Conover 1952).  During the 1951-1952 growing season, 

normal expanding late blight lesions developed on these resistant stocks, and testing 

confirmed that the resistance was overcome by a virulent race in Florida (Conover and 

Walter 1953).   

Gallegly and Marvel (1955) noted a dominant hypersensitive resistance in West 

Virginia accessions 36 and 106.  However, this resistance was overcome by a specialized 

race of P. infestans.  They also noted resistance that appeared to be partial and multigenic 

in West Virginia accessions 19 and 731-1 and the varieties ‘Southland’ and ‘Wisconsin 

55.’  Resistance was found in West Virginia accessions 700 and 915 that appeared 

dominant and was not overcome by tomato race 1 (Gallegly and Marvel 1955).  A total of 

179 accessions of L. hirsutum, L. peruvianum, L. pimpinellifolium, and L. esculentum × 

L. pimpinellifolium were screened by collaborators in the U.S. and Canada.  Three L. 

pimpinellifolium accessions and 38 L. esculentum × L. pimpinellifolium hybrids were 

resistant to late blight.  Most screens were conducted with the commonly occurring 

tomato race of P. infestans, and some resistant accessions were later found to be 

susceptible when challenged with other pathogen races.  The only promising source of 

resistance to all the tomato races of P. infestans was PI accession 204996 which is the 

same as West Virginia 700 (Gallegly et al. 1955).  Resistance to tomato race 2 (T2) in 

West Virginia 700 was thought to be multigenic but was later shown to be monogenic 

(Turkensteen 1973).  Turkensteen (1973) discovered that West Virginia 700 contained a 

single dominant gene conferring resistance to stem lesions and partial resistance to foliar 

lesions.  This gene differed from Ph1 and was named Ph2.  ‘West Virginia 63’ was less 
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resistant than West Virginia 700, but its compact growth habit may have contributed to 

its apparent susceptibility.  Another resistant accession, PI 224675, appeared to carry 

different resistance genes than West Virginia 700.  When PI 224675 was crossed with 

West Virginia 700, some of the F1 progeny were more resistant than either parent, 

indicating that the resistance genes present acted additively (Turkensteen 1973).   

Several commercial cultivars were developed which carried Ph1: ‘Geneva 11’, 

‘New Hampshire Surecrop’, and ‘Rockingham.’  These cultivars were useful in some 

areas where P. infestans tomato race 1 (T1) was not present.  ‘West Virginia 63’ was 

developed by Gallegly and carried resistance to T1 and T2.  In trials in France, it was 

reported to have resistance superior to other cultivars such as ‘Rockingham’ (Walter 

1967).  A commercial cultivar (‘Pieraline’) was developed from ‘West Virginia 63’ in 

France.  ‘Pieraline’ was resistant to T1; however, some French isolates were capable of 

overcoming this resistance when artificially inoculated (Laterrot 1975).  In Brazil, West 

Virginia 700 and several derived cultivars were resistant to late blight under natural 

conditions (Pereira and Fortes 1984).  Tests of eight heirloom tomato cultivars in 

Washington revealed that all tested cultivars were susceptible to late blight.  Only L. 

esculentum var. cerasiforme ‘Matt’s Wild Cherry’ which was used as the resistant check 

proved to be resistant to the naturally occurring inoculum of the US-11 genotype (Inglis 

et al. 2000).  This cultivar was also rated resistant in 1998, though nine other commonly 

grown cultivars were susceptible (Inglis et al. 1999).  Black et al. (1996) tested two L. 

pimpinellifolium accessions (L3707 and L3708) and found them to be highly resistant in 

trials in Taiwan, Tanzania, and Nepal.  Segregation studies suggested that the resistance 

was conferred by a single additive gene.  Races of late blight that overcame Ph-1 and Ph-
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2 were present in the trials; therefore, it was concluded that the resistance in L. 

pimpinellifolium L3708 was conferred by a different gene. 

The occurrence of virulent pathogen races and the apparently limited number of 

specific resistance genes has led some investigators to search for general resistance.  The 

tomato cultivar ‘Atom’ was thought to carry two genetic factors, designated Phf and Phf-

2, conferring field resistance to the T0 and T1 races of P. infestans.  These resistance 

genes appeared incompletely dominant and did not produce a hypersensitive response.  

‘Ružový Ker’ carried at least one additional gene conferring field resistance (Günther et 

al. 1970).  Although the cultivar ‘Atom’ reportedly exhibited resistance which reduced 

sporulation, Turkensteen (1973) found it to be completely susceptible in the Netherlands.  

It is possible that different pathogen strains were utilized in the experiments.  Resistance 

was found in L. hirsutum that was polygenically controlled and effective against P. 

infestans race 1.  The resistance appeared to slow the growth of mycelium in leaf tissue 

and to increase the incubation period (Saccardo et al. 1975).  Two L. hirsutum accessions 

(L3683 and L3684) were resistant under severe disease pressure in Asian late blight field 

trials.  However, the level of resistance was not as high as that in L. pimpinellifolium, and 

lesions larger than 1cm developed on resistant plants (Black et al. 1996).  Lycopersicon 

hirsutum f. glabratum LA2099 and L. hirsutum LA1033 were found to possess general 

resistance to late blight.  This resistance was correlated with rapid dispersal of inoculum 

droplets on the leaf surface (Jones and St. Clair). 

To date, there are no commercially acceptable tomato cultivars with either general 

or specific resistance to all known strains of P. infestans.  In some regions, resistance in 

cultivars such as ‘Pieraline’ and ‘West Virginia 63’ is effective some years (Laterrot 
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1975).  However, this is not presumed to be reliable over the long term since virulent 

pathogen races have been identified.   

1.4.2 History of Breeding for Resistance in Potato 

Interest in developing late blight resistant potatoes began immediately after the 

European and North American late blight epidemics of the 1840’s.  At that point, most 

potatoes were grown from true seed which was selected on-farm.  Although most of these 

populations were extremely susceptible, a few were notably resistant.  Initial breeding 

and selection efforts concentrated on the general resistance present in these populations 

that did not succumb as readily to the blight.  In the mid to late 1800’s, on-farm selection 

of true-seed potatoes was gradually replaced with breeding and propagation of cultivars.  

An attempt was made to utilize S. demissum as a crop in the 1840’s, since it was found to 

be blight resistant.  However, this failed due to the poor quality and yield of tubers and 

the susceptibility of the S. demissum genotypes in Great Britain and Germany.  Hybrids 

between S. tuberosum and S. demissum were developed and traded in the 1850’s, but 

these were not as resistant as initially claimed.  The cultivars developed by early breeders 

with appreciable levels of general resistance are primarily derivatives of the original 

seed-propagated S. tuberosum populations; however, there is a slight possibility that 

some of the resistance was derived from S. demissum (Colon et al. 1995). 

In the early 1900’s, the re-discovery of late blight resistance in Solanum 

demissum Lindl conferred by single dominant genes gave opportunity to develop immune 

cultivars.  Plant breeders began concentrating on these genes conferring specific 

resistance and were able to backcross them into a S. tuberosum background.  These initial 

results were promising, but hope of developing cultivars with durable resistance was 
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eventually destroyed.  Months to years after release of resistant cultivars, pathogen strains 

arose with complimentary virulence alleles that overcame the resistance genes (Toxopeus 

1956).  Today, potato breeders are once again working to develop varieties with general 

resistance to late blight (Douches et al. 2001).   

1.4.3 Types of Late Blight Resistance 

1.4.3.1 Specific Resistance 

 Two types of resistance, specific and general, have been identified both in tomato 

and potato (Gallegly and Marvel 1955).  Specific resistance is resistance which is only 

effective against specific races or biotypes of a pathogen (Thurston 1971).  Other terms 

frequently used are vertical, race-specific, major gene, or monogenic resistance.  It is 

usually characterized by a hypersensitive response to late blight and frequently confers 

immunity (Black 1952).  According to Kuc´ et al. (1976) expression of specific resistance 

against P. infestans is associated with rapid localized cell death in the resistant plant, 

“browning of the affected area, and the accumulation of at least 16 terpenoids.”  

Susceptibility in the P. infestans-host interaction may be conferred by an active 

mechanism in the pathogen.  Compatible reactions might involve a blocker produced by 

the pathogen that suppresses the resistance response through interaction with a specific 

site in the host.  If the pathogen’s blocker(s) does not match the specific site conferred by 

the resistance gene in the host, a resistant (incompatible) reaction will occur (Kuc´ et al. 

1976).  Occasionally, avirulent pathogen genotypes have been able to produce small, 

confined but sporulating lesions on hosts carrying specific resistance genes.  This partial 

resistance reaction can be confused with general resistance but is ultimately overcome by 

compatible races (Turkensteen 1993).  Progeny from crosses between resistant and 



 27

susceptible individuals typically fall into two discrete categories of resistant and 

susceptible.  In potato and tomato, specific late blight resistance so far identified has been 

monogenically controlled.  These genes are often dominant, but a few are partially 

dominant.  Due to the dominant expression, monogenic inheritance, and high level of 

resistance conferred by specific resistance genes, they are easily incorporated into new 

cultivars. 

1.4.3.2 General Resistance  

General resistance is resistance which is effective against all known pathogen 

strains or biotypes.  Numerous other terms have been applied including field resistance, 

horizontal resistance, minor gene, and multigenic resistance (Thurston 1971).  General 

resistance is thought to be controlled by multiple genes each with a small effect.  General 

resistance consists of a number of complementary resistance components (host-parasite 

interactions) which can be individually measured (Thurston 1971).  These resistance 

components are infection efficiency, lesion growth rate, latent period, sporulation 

capacity, and sporulation period.  Whether all of these components significantly 

contribute to resistance and the relative importance of the components varies among 

studies (Colon et al. 1995).  The mechanisms underlying general late blight resistance are 

not understood.  An ultrastructural study of the interaction between zoospores of P. 

infestans and two potato cultivars, one susceptible and one possessing a high level of 

general resistance, showed that the general resistance response involved rapid necrosis of 

the invaded epidermal cells.  Electron-dense granular material accumulated in these 

necrotic cells, and thin cell wall appositions appeared in adjacent host cells.  Invading 

hyphae were generally restricted to the epidermal layer, and any attempt of the pathogen 
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to penetrate underlying mesophyll cells was usually blocked by formation of papillae.  

The authors compared their results with studies of the resistance response in potato 

cultivars possessing specific resistance genes and concluded that there were no apparent 

differences between the cytological nature of the general resistance reaction they 

observed and the specific resistance reaction in a cultivar carrying R1 (Coffey and Wilson 

1983).  Mapping, cloning, and analyzing general resistance genes may eventually lead to 

an understanding of the basis of this type of resistance and to the cause of its apparent 

durability.  General late blight resistance can be difficult to accurately assess, as it has 

been reported to be influenced by plant age, nutrition, day-length, leaf position, and plant 

source (reviewed by Thurston 1971).  Breeding for general resistance is also challenging 

due to frequent decreases in the level of resistance in crossing and backcrossing (Douches 

2001)  

1.4.4 Late Blight Resistance Genes in Tomato 

Due to the distance between the center of diversity for the genus Lycopersicon in 

South America (Peru) and the center of origin of P. infestans in Mexico, it appears that 

Lycopersicon species did not contact P. infestans until tomato was introduced into 

Mexico during pre-Columbian times.  Late blight did not appear in the center of diversity 

of Lycopersicon until the mid-1900’s.  Therefore, little natural selection for resistant 

genotypes has taken place among most Lycopersicon species (Turkensteen 1973).   

Three single genes for late blight resistance have been identified and mapped in 

Lycopersicon spp.  The first gene, Ph-1 (also designated Ph) is dominant and gives 

complete resistance to race T0.  Ph-1 was found in L. pimpinellifolium.  This gene was 

overcome by P. infestans tomato race 1 (T1) which became the predominant race of late 
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blight on tomato in Europe (Günther et al. 1970).  Ph-1 was mapped onto chromosome 7 

of the classical tomato map (Clayberg et al. 1965, Pierce 1971).  A second gene which is 

incompletely dominant was designated Ph-2.  It was found in L. pimpinellifolium 

WVa700 and was mapped onto chromosome 10 (Moreau et al. 1998).  It confers 

resistance to T1 and T2.  Another incompletely dominant gene Ph-3 from L. 

pimpinellifolium accession L3708 confers partial resistance to late blight.  Ph-3 was 

mapped onto tomato chromosome nine and is therefore not the same as Ph-2 

(Chunwongse et al. unpublished).  Frary et al. (1999) also mapped late blight resistance 

in L. pimpinellifolium L3708.  They found two quantitative trait loci (QTL) which were 

located on chromosomes six and eight.  Because the sp (self-pruning) locus was located 

within the most significant QTL region (Frary et al.1999), it is possible that disease 

resistance was confounded with determinate or indeterminate plant type.  A total of eight 

quantitative trait loci contributing to late blight resistance in L. hirsutum were identified.  

Of these, four QTL (located on chromosomes 3, 4, 5, and 11) were selected for 

introgression into a L. esculentum background.  Preliminary results indicated that the 

QTL had a significant effect on late blight resistance in a backcross population 

(Coulibaly et al. 2001).  

1.4.5 Late Blight Resistance Genes in Potato 

 More than 15 dominant resistance genes have been identified in Solanum species 

(Niederhauser 1991).  A total of 11 single dominant specific resistance genes have been 

identified to date in the wild potato relative S. demissum.  Specific resistance genes are 

also present in S. stoloniferum Schldl. and Bouché, S. commersonii, S. microdontum, S. 

chacoense, and S. pinnatisectum (Malcolmsom and Black 1966, Micheletto 1999, Kuhl et 
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al. 2001).  The gene Rpi1 was found in S. pinnatisectum but may correspond to R9 from 

S. demissum (Kuhl et al. 2001).  Several of these genes have been mapped including R1 

on chromosome V (Leonards-Schippers et al. 1992), R3 on chromosome XI (El-

Khabortly et al. 1994), R6 and R7 on chromosome XI (El-Khabortly et al. 1996), R2 on 

chromosome IV (Li et al. 1998), and Rpi1 on chromosome VII (Kuhl et al. 2001).  

General resistance has also been found in numerous potato species (Turkensteen 1993).  

Recent efforts to map quantitative resistance genes have met with success.  A single 

multi-allelic locus was mapped on chromosome VIII from S. tuberosum ssp. tuberosum 

accounting for 31.6% of observed phenotypic variation (Meyer et al. 1998).  Leonards-

Schippers et al. (1994) identified 11 QTL contributing to late blight resistance in a 

diploid potato population.  Twelve QTL for foliage resistance and one QTL for tuber 

resistance to late blight were identified in five diploid potato families (Oberhagemann et 

al. 1999).  Collins et al. (1999) identified QTL for late blight resistance on 11 linkage 

groups.  The majority of these QTL had been identified in other studies, and resistance 

was found to correlate with late maturity and vigor.  They suggested that general 

resistance in potato could be attributed to a combination of the four following factors: 

developmental/physiological attributes, pathogen population dynamics, resistance factors, 

and the general disease/stress response.  Ghislain et al. (2001) found two QTL with major 

effects (16 and 43 % of the phenotypic variation) and six QTL with smaller effects in a 

family obtained by crossing S. phureja and S. tubersosum.  These QTL were different 

from those identified in the four previously mentioned studies.   
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1.4.6 Pathogen Race Structure  

For every single dominant gene conferring resistance to late blight in potato, a 

corresponding gene has been found in the pathogen that confers virulence.  Races of P. 

infestans carrying virulence genes were also found that overcame single gene resistance 

in tomato (Gallegly and Marvel 1955).  Matching virulence alleles produce a compatible 

(susceptible) plant-pathogen reaction, but only one interaction needs to be incompatible 

for a resistant reaction.  Virulence against potato resistance genes is controlled by one to 

two loci and can be either dominant or recessive.  Virulence against the tomato late blight 

resistance gene Ph-1 is dominant, and may be controlled by two loci (Spielman et al. 

1989).  No known correlation exists between pathogen race characteristics on tomato and 

race characteristics on potato, nor is there a relationship between potato and tomato race 

characteristics.  Currently, potato and tomato late blight resistance genes appear to be 

distinct as do the genes conferring virulence in the pathogen (Wilson and Gallegly 1955).   

Although extant P. infestans populations are primarily clonal, the determinants of 

resistance gene specificity in P. infestans are extremely plastic.  In addition, individual 

genotypes of P infestans can accumulate and carry numerous virulence alleles with no 

apparent fitness cost (Umaerus et al. 1983, Derie and Inglis 2001).  Mutation rates at 

pathogenicity loci, both conferring virulence against particular resistance genes within a 

host species and the ability to infect a host species, appear to be much higher than 

mutation rates at molecular loci utilized in genotype determination.  There is sufficient 

variability at pathogenicity loci within clonal lineages to overcome any combination of 

specific resistance genes now known in both tomato and potato (Goodwin et al. 1995b).  

Serial passages of late blight strains carrying virulence against three to four R genes on 
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potato cultivars with four to five R genes yielded pathogen strains carrying virulence 

against the last R gene.  Passing late blight Race 0 through tomato carrying the Ph-1 

resistance gene seven times was demonstrated to produce a virulent strain T1.  The 

development of virulence could occur either stepwise or through a single mutation 

(Graham et al. 1961).  Clones derived from field isolates of P. infestans were found to be 

highly variable for virulence and aggressiveness.  Frequently clones differed in virulence 

from their parent (Sujkowski 1989).   

1.4.7 Prospects for Durable Resistance 

 The rapid development of virulent pathogen strains in the past has led plant 

breeders to question whether durable resistance to late blight can be achieved 

(Niederhauser 1991).  It is clear that single resistance genes conferring high levels of 

specific resistance are not durable (Turkensteen 1993).  However, the general resistance 

in several old potato cultivars has been found to be durable (Colon et al. 1995, Thurston 

1971).  Van Der Plank (1971) examined late blight assessments in the annual potato 

cultivar lists in the Netherlands.  He found ten cultivars that were continuously listed as 

resistant between 1938 and 1968 and concluded that the general late blight resistance in 

cultivars without specific resistance genes was stable.  No tuber-bearing Solanum species 

is completely immune to late blight when exposed to natural late blight epidemics in 

central Mexico.  The extent of late blight development on a particular potato genotype is 

determined exclusively by its level of general resistance rather than by specific resistance 

genes.  Field trials conducted in central Mexico have demonstrated the durability of 

general resistance even when challenged with the world’s most diverse P. infestans 

population.  Over 20 years, 350 to 400 selections were planted in the field and the 
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difference in yield between sprayed and unsprayed plots was measured.  Few selections 

decreased in resistance over the 20 year period.  In another field trial, over 1800 resistant 

and susceptible selections were planted in order of decreasing resistance and were 

evaluated for resistance each growing season.  The next year, the trial was again planted 

in order of decreasing resistance based on the proceeding season’s data.  Less than 5 % of 

the selections had to be moved to a new position over the 21 years the trial was 

conducted, disregarding the first two years of the trial period (Niederhauser 1991).  In the 

United States, sixteen potato clones were evaluated in a single year in eight different 

states.  The general resistance present in the clones was stable across all the test locations, 

indicating that it was not strongly influenced by the environment nor by different 

pathogen genotypes which may have been present (Haynes et al. 1998).   

Turkensteen (1993) reviewed several studies on the durability of general 

resistance.  He noted evidence that some pathogen isolates are able to cause more disease 

on cultivars with general resistance than other isolates.  These differences in the 

adaptation of isolates to cultivars with general resistance were small but statistically 

significant.  However, Turkensteen concluded that major erosion of durable general 

resistance in potato (resistance proven durable over decades of commercial use) due to 

adaptation of P. infestans strains was very unlikely and that apparent loss of general 

resistance was often due to virulent strains overcoming specific resistance genes within 

cultivars also carrying general resistance, differential expression of resistance under 

differing climatic conditions, and viral infection (Turkensteen 1993).  James and Fry 

(1983) concluded that P. infestans was not likely to rapidly adapt to cultivars with rate-

reducing (general) resistance.  Although some sub-populations changed in pathogenic 
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ability when grown separately, there was no evidence in their experiment for adaptation 

to specific cultivars carrying rate-reducing resistance. 

It has been postulated that the pathogen is less likely to completely overcome 

general resistance, since it would require multiple mutations.  However, pathogen strains 

carrying as many as nine virulence alleles against the R-genes in potato have been 

identified in Europe; and in Mexico there are races carrying 11 virulence factors 

(Turkensteen 1993).  Since sheer numbers of specific resistances genes do not confer 

durability, some other mechanism must differentiate general resistance genes from 

specific ones.  Current efforts to produce late blight resistant cultivars of potato 

emphasize the combination of general resistance from several sources, as this may result 

in cultivars with higher levels of durable resistance.  Progeny of crosses between parents 

possessing different general resistance genes may be more resistant than the most 

resistant parent (Colon et al. 1995, Turkensteen 1993).   

Unfortunately, there is no direct evidence for durable late blight resistance in 

tomato.  The lack of cultivars with general resistance to late blight precludes opportunity 

to observe the longevity of general resistance in tomato.  The rapid breakdown of specific 

late blight resistance genes combined with the availability of effective fungicides 

hampered further searches for resistance to late blight in the genus Lycopersicon.  

However, there is evidence for partial multigenic resistance to late blight in Lycopersicon 

species.  Because of the similarity of this multigenic resistance to the general resistance 

found in potato, it seems more likely to be durable than the monogenic resistance found 

in L. pimpinellifolium.  Turkensteen (1993) suggested that potato cultivars with a high 

level of durable resistance could probably be developed through the utilization of related 
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wild germplasm in combination with use of isolates that are compatible with the specific 

resistance genes present in the germplasm, proper resistance screening of materials in 

every breeding cycle to maintain minor genes, and appropriate tests of multigenic 

heritability when initiating and finishing cultivar or germplasm development.  Due to the 

similarity of the species and their interactions with P. infestans, it seems that this 

approach would also be effective in developing tomato cultivars with durable resistance 

to late blight. 

1.4.8 Breeding Strategy for Durable Resistance 

 In order to develop more durable late blight resistance in tomato, it is necessary to 

introgress general resistance genes.  Cultivars carrying a combination of general 

resistance genes from several sources may have a higher level of resistance than cultivars 

possessing general resistance from a single source (Colon et al. 1995, Turkensteen 1993, 

Douches et al. 2001).  The most probable strategy for developing tomato cultivars with a 

sufficient level of durable late blight resistance is to combine general resistance from 

different wild sources into a single cultivar.  Emphasis should be placed on incorporating 

resistance that has proven effective against a broad spectrum of races and resistance that 

is quantitatively inherited.  

1.4.9 Obstacles to Utilizing General Resistance 

Unfortunately, it is difficult to maintain a high level of general resistance through 

sufficient backcrossing generations for variety development (Douches et al. 2001).  

Resistance genes may be lost during selection processes, especially when they have a 

small effect.  Gene pyramiding is complicated by the expression of multiple genes with 

the same phenotype (Pedersen and Leath 1988). 
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1.4.10 Role of Marker Assisted Selection  

Some of the above problems can be overcome through marker assisted selection.  

Genetic markers can be used in backcross breeding to indirectly select for particular traits 

and to eliminate undesirable genes from the donor parent.  Marker assisted selection is 

particularly useful when incorporating resistance genes (Tanksley and Rick 1980).  

Segregating populations can be screened molecularly with markers known to be linked to 

the gene(s) of interest thus reducing the number of phenotypic evaluations required 

(Rommens and Kishore 2000).  In addition to saving time and resources by reducing the 

number of progeny that must be screened, marker assisted selection in combination with 

direct selection may reduce the number of susceptible plants that appear resistant and 

escape detection (Tanksley and Rick 1980).  Quantitative trait locus (QTL) mapping can 

be utilized to identify markers linked to quantitative resistance genes and to gain insight 

into the number of genes involved in the resistance and their contributions.  Once 

markers linked to quantitative resistance genes are identified, they can be employed to 

detect the presence of the resistance genes in individual progeny.  This makes it easier to 

retain quantitatively-inherited resistance genes through generations of backcrossing.  

Marker assisted selection is also useful in combining several resistance genes from 

different sources into a single breeding line or cultivar.  Individuals that possess several 

different genes conferring the same phenotype can be identified with molecular markers 

even if there are no discernible phenotypic differences (Young 1996).   

1.5 Research Objectives 

Late blight is a frequent problem in the mountainous western region of North 

Carolina where tomatoes are grown for fresh market consumption.  The tomato breeding 
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program of Dr. Randy Gardner has concentrated on developing varieties that are well 

adapted to North Carolina and to the mid-Atlantic region in general.  In addition to 

selecting for fruit size and quality, Dr. Gardner’s program has incorporated numerous 

disease resistance genes into varieties.  These disease resistant varieties have made fresh 

market tomato production economically viable in the disease-prone mid-Atlantic region.  

Since late blight has become a frequent problem on tomato in the region, Dr. Gardner has 

begun incorporating late blight resistance into breeding lines.  Ultimately, his goal is to 

pyramid both general and specific resistance genes into lines to develop varieties with a 

high level of durable resistance.  Due to the difficulty of maintaining a high level of 

quantitative resistance in crossing and backcrossing, it is desirable to develop markers for 

marker assisted selection.  Linked markers could also facilitate identification of lines with 

multiple resistance genes in a gene pyramiding breeding program. 

The objective of this study was to identify markers linked to late blight resistance 

in Lycopersicon hirsutum LA1033.  The inheritance of the resistance was characterized, 

and two mapping populations were developed and screened for resistance (Chapter Two).  

Bulked segregant analysis was utilized to identify primer pairs yielding putatively linked 

markers (Chapter Three).  Finally, a linkage map was constructed and genomic regions 

contributing to resistance were identified through quantitative trait analysis (Chapter 

Four). 

1.6 Chapter Summary 

Phytopthora infestans (Mont.) de Bary overwinters in a wide range of climates 

apart from its sexual stage, is efficiently dispersed over great distances, reproduces 

rapidly through asexual means under favorable conditions, invades host tissue by means 
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of sporangia and motile zoospores, rapidly colonizes host tissue, reproduces after a short 

latent period, and survives periods of adverse climatic conditions in living host tissue.  

The aforementioned characteristics in combination with its ability to colonize all above-

ground portions of tomato plants, including fruit, have made it one of the most 

destructive diseases of tomato.  The mutability of its genome combined with its ability to 

carry numerous virulence alleles with no apparent fitness cost has allowed P. infestans to 

overcome the best efforts of plant breeders for more than 150 years.  Strains have also 

developed with resistance to a highly effective therapeutic fungicide.   

Phytophthora infestans has traversed the globe in a series of migrations.  In the 

1840’s, late blight appeared in northern North America and Europe.  These populations 

consisted of a limited number of genotypes which reproduced asexually.  Recent 

migrations have distributed a second mating type throughout the global range of P. 

infestans, allowing for sexual reproduction.  Newly introduced P. infestans strains are 

more aggressive and carry more virulence alleles.  Ongoing migration, sexual 

recombination, and mutation in P. infestans populations will continue to present a threat 

to tomato and potato production in the United States and around the world. 

Due to the rapid development of virulent strains on cultivars carrying single 

dominant or incompletely dominant resistance genes in the past, breeding for specific 

resistance has been abandoned in favor of general resistance conferred by multiple genes.  

General resistance in potato cultivars has been shown to be durable, and several maps of 

QTL conferring general late blight resistance have been developed.  No tomato cultivars 

with a high level of general resistance are available; however, there is evidence for 

multigenic late blight resistance in some accessions of Lycopersicon hirsutum.   
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Chapter 2: Population Development and Late Blight 

Resistance Screening 

 

2.1 Introduction 

2.1.1 Screening Populations in order to Map Late Blight Resistance Genes 

Marker assisted selection requires reliable markers that are tightly linked to the 

gene(s) of interest.  The first step in marker assisted selection is to identify such markers 

through mapping.  Identification of markers is contingent upon collection of accurate 

phenotypic data (Young 1996).  A plethora of methods have been described for screening 

potato and/or tomato genotypes for resistance to late blight.  Methods include field trials, 

greenhouse trials on whole plants, detached leaf screens, and leaf disc tests. 

The extent of late blight development is determined by the environment 

(temperature and humidity), the pathogen (virulence and aggressiveness of the strain), 

and the host plant (resistance, plant age, nutrition, day-length, leaf position, plant source, 

and virus infection) (Turkensteen 1993 and Thurston 1971).  The existence of 

qualitatively-inherited partial resistance which bears a strong phenotypic resemblance to 

quantitatively-inherited resistance (Turkensteen 1993) and the tremendous influence of 

factors other than heritable resistance on late blight development has occasionally led to 

confusion regarding inheritance of late blight resistance.  Because these factors tend to 

distort segregation ratios and blur distinctions between phenotypic classes, qualitatively-

inherited resistance can appear to be quantitatively-inherited (Moreau et al. 1998).  

Qualitatively-inherited dominant resistance to late blight is less challenging to score than 
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incompletely dominant and quantitatively-inherited resistance.  If a single resistance gene 

is dominantly expressed, the progeny will fall into resistant or susceptible classes.  If a 

single resistance gene is incompletely dominant, progeny should fall into susceptible, 

intermediate, and resistant categories depending on whether they are homozygous 

susceptible, heterozygous, or homozygous resistant, respectively.  Screening populations 

for quantitatively inherited resistance is complicated by a potentially large and undefined 

number of phenotypic classes; therefore, more elaborate methods such as component 

analysis are often employed (Umaerus et al. 1983). 

2.1.1.1 Screening Tomato Populations to Map Qualitatively and Quantitatively 

Inherited Late Blight Resistance 

 Three single genes for late blight resistance have been mapped in tomato 

(reviewed in Chapter 1).  The first gene, Ph-1 (Ph), was mapped with morphological 

markers, and the population was screened by detached leaf inoculation in humidity 

chambers.  Based on the reactions of the detached leaves, plants were scored as either 

resistant or susceptible. (Pierce 1971 and Pierce 1970).  The partially dominant late blight 

resistance gene, Ph-2, was mapped with molecular markers and screening was conducted 

by inoculating 6-week-old cuttings in a growth chamber.  Disease symptoms were scored 

on either stems or leaves using an index system with the following four categories: “0 = 

no symptoms or rare necrotic spots, 1 = small lesions, 2 = large expanding lesions, 3 = 

more than 30% of the stem covered with lesions” (Moreau et al. 1998).  Resistance in L. 

pimpinellifolium L3708 was mapped using bulked segregant analysis and an F2 mapping 

population.  A single additive gene, Ph-3, was found on chromosome 9 (Black et al. 

1996, Chunwongse et al. unpublished).  Resistance in L. pimpinellifolium L3708 was also 
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mapped by Frary et al. (1999) using phenotypic data from a field study and mapping and 

quantitative trait analysis of an interspecific F2 population.  In contrast to Chunwongse et 

al. (unpublished), they found two loci on chromosomes 6 and 8.  The QTL region on 

chromosome 6 contained the self-pruning locus, sp.  The authors concluded that 

indeterminate individuals may have appeared more resistant than determinate individuals, 

because the new growth was not infected.  The second locus they mapped explained 6.5% 

of the variation observed and was statistically less significant (Frary et al. 1999).  In an 

interspecific backcross population derived from susceptible L. esculentum and resistant L. 

hirsutum, eight QTL for late blight resistance were detected utilizing replicated field 

trials and whole plant and detached leaflet assays (Coulibaly et al. 2001). 

2.1.1.2 Screening Potato Populations to Map Qualitatively and Quantitatively 

Inherited Late Blight Resistance 

In potato, five single late blight resistance genes have been mapped from Solanum 

demissum and one has been mapped from S. pinnatisectum.  The S. pinnatisectum  gene, 

Rpi1, was mapped using a detached leaf test, and leaves were scored using five disease 

severity indices based on the percentage of leaf area affected (Kuhl et al., 2001).  The S. 

demissum gene R1 was mapped using leaf disc tests to determine resistance phenotype.  

Plants were rated as either resistant or susceptible based upon absence or presence, 

respectively, of sporulating lesions on inoculated leaf discs.  Inoculations were done with 

P. infestans races zero, one, four, and one/four (Leonards-Schippers et al. 1992).  R2 was 

mapped utilizing a detached leaf test with P. infestans race zero.  Resistant genotypes 

were inoculated again with P. infestans race two to confirm the presence of R2 in the 

mapping population.  Detached leaves were scored as resistant or susceptible (Li et al. 
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1998).  The single genes R3, R6, and R7 were mapped using a detached leaf assay and 

were scored as either resistant or susceptible (El-Kharbotly et al. 1994; 1996). 

Genomic regions contributing to quantitative late blight resistance have been 

identified in potato.  In a diploid F1 potato population 11 QTL which contributed to late 

blight resistance were identified on nine linkage groups.  Screening was conducted by a 

leaf disc method and was replicated four times using two different races of P. infestans.  

The leaf discs were scored as percent leaf area infected (Leonards-Schippers et al. 1994).  

A population derived from crossing a susceptible and a resistant tetraploid potato was 

screened in a field trial with a complex P. infestans race.  Resistance was rated using a 

one to nine scale, and parental clones were utilized as controls.  Due to fairly stringent 

threshold values, only one QTL, which explained 31.6% of the phenotypic variation, was 

identified (Meyer et al. 1998).  QTL for foliage resistance were detected on 10 

chromosomes along with a QTL for tuber resistance in five hybrid diploid potato 

families.  Resistance was evaluated in field trials that contained spreader rows and a set 

of commercial cultivars as resistant and susceptible standards.  The spreader rows were 

inoculated with sporangia from a locally occurring strain.  Plants were scored on a one to 

nine scale based on percent necrotic tissue (Oberhagemann et al. 1999).  A diploid potato 

population was evaluated over three years using a complex P. infestans isolate.  The field 

trials contained one or two plants of each genotype in one or two rows next to infector 

rows which were inoculated.  Three or four ratings were made at weekly intervals 

utilizing a one to nine scale of increasing resistance based on percent necrotic tissue.  In 

addition, tuber blight, maturity, and vigor were evaluated for each genotype.  Eleven 

QTL were detected which contributed to foliage resistance.  One QTL for tuber blight 
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resistance was detected consistently.  QTL were identified on seven linkage groups for 

earliness and on nine for vigor.  Foliage resistance and tuber resistance were associated 

with earliness and vigor.  Four markers on chromosome V were significantly associated 

with all four traits; however, foliage and tuber resistance were negatively correlated 

(Collins et al. 1999).  The previously discussed studies were conducted under long-day 

conditions.  A quantitative trait analysis of a diploid potato population has been 

conducted under short-day conditions.  Resistance was evaluated as percent diseased 

foliage in a replicated field trial.  Two QTL that explained 16% and 43% of the 

phenotypic variation were identified.  Several less significant QTL were also identified.  

In contrast to several previous studies, the major QTL detected were new and some 

previously detected QTL were not significant.  The authors suggested that their results 

differed from the results of previously published studies due to different germplasm as 

well as to distinct environmental differences (Ghislain et al. 2001). 

2.1.2 Research Objectives and Methodology  

 In this chapter, I discuss the development and screening of two mapping 

populations: a BC3F2 population for bulked segregant analysis and a BC1F1 population 

for linkage mapping and quantitative trait analysis.  A BC3F2 population was chosen for 

bulked segregant analysis, since on average 6.25% of the genome of BC3F2 individuals 

should have derived from L. hirsutum.  It was thought that reducing the heterozygosity of 

the population while maintaining resistance levels through three backcrosses might 

reduce the number of identified markers that were either spuriously or loosely linked.  A 

BC1F1 population was chosen for mapping and quantitative trait analysis because of the 

high level of heterozygosity.  
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Since our objective was the development of markers for marker assisted selection, 

it was important that the mapped loci contribute appreciably to disease reduction in the 

field.  At the same time, it was also desirable to differentiate the resistance level of each 

individual under the more stringent and controlled laboratory conditions.  Therefore, the 

response of the populations to late blight was characterized with both laboratory and field 

tests. 

2.2 Materials and Methods 

2.2.1 Germplasm 

 All of the populations used in this study were derived from two parents.  The 

recurrent parent in all of the crosses was Lycopersicon esculentum Miller NC215E, which 

is an advanced breeding line that was developed by Dr. Randy Gardner at North Carolina 

State University.  Lycopersicon esculentum NC215E is susceptible to late blight but is 

resistant to early blight and possesses good horticultural traits.  The late blight resistant 

selection Lycopersicon hirsutum Kunth LA1033 (Figures 2.1, 2.2) was obtained from the 

University of California, Davis.  Both species are diploids (2n = 2× = 24).  Although L. 

esculentum is self-compatible, L. hirsutum is not.     

2.2.2 BC3F2 Population 

2.2.2.1 Population Development 

 NC215E was used as a female parent in a cross with LA1033 to produce the F1 

hybrid NC9661.  The BC1F1 was made with NC215E as the female with pollen from 

NC9661.  A population of 375 plants of the BC1F1, designated as NC9719, was grown in 

the greenhouse and selection was made for self-compatible plants based on fruit set.  

Selfed seed were harvested from 86 self-compatible plants of NC9719, and 24 plants of 
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the BC1F2 from each of the 86 BC1F1 plants were produced in the field in 1997.  A single 

BC1F2 plant (70LB-2(97)) highly resistant to late blight was used as a pollen parent in a 

backcross to NC215E to produce the BC2F1, designated as NC980.  A population of 76 

plants of NC980 were grown in the greenhouse and used as pollen parents in backcrosses 

to NC215E.  Once fruit had formed on the 76 NC980 plants, selections were made in the 

greenhouse based on horticultural traits.  A total of 11 BC2F2 individuals were selected, 

and seed resulting from backcrosses of these individuals with NC215E were saved.  In 

the spring, BC3F1 seed from each of the 11 selected BC2F2 individuals was started in the 

greenhouse.  Plants of the 11 BC3F1 families were planted at the Mountain Horticultural 

Crops Research Station (MHCRS) in Fletcher, North Carolina and at the Mountain 

Research Station (MRS) in Waynesville, North Carolina in July, 1998 in two replicated 

field trials with six-plant plots and two replications per location.  A single BC3F1 plant 

(designated NC114LB-1), which exhibited a high level of late blight resistance and better 

than average fruit and growth characteristics, was selected.  In late season, this plant 

(NC114LB-1) was dug from the field and replanted to a pot in the greenhouse. 

 Selfed seed were collected from the highly resistant BC3F1 selection and were 

sown in 24-cell trays containing soilless potting medium and grown in a greenhouse with 

14-hour daylength and day and night temperatures of 24°C to 29°C and 16°C to 18°C, 

respectively.  Individual BC3F2 plants were then transplanted into 1.92-liter pots of 

soilless potting medium and grown until flowering in a greenhouse under the same 

conditions as described above.   
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2.2.2.2 Detached Leaf Tests 

 A detached leaf screen was used to test the resistance of 240 BC3F2 individuals 

derived from NC114LB-1.  Phytophthora infestans genotype US18 (Fraser et al. 1999) 

was maintained on L. esculentum ‘Mountain Pride’ plants by weekly transfers.  Tomato 

plants of ‘Mountain Pride’ were grown in a greenhouse under the conditions noted in 

section 2.2.2.1 and then placed into individual humidity chambers.  Inoculum was 

transferred into the chambers from an infected leaf, and the chamber lids were sprayed 

with water to increase the humidity.  The inoculated plants were incubated under 12 hour 

daylength and temperatures of 20°C (day) and 16°C (night).  After five days, infected 

leaves were collected from these plants, and sporangia were removed by spraying each 

leaf two to three times with a household atomizer containing distilled water and 

collecting the runoff in a beaker.  The beaker was then placed on a stir plate at room 

temperature to keep the sporangia in suspension.  A few drops of the suspension were 

collected from the center of the beaker and pipetted onto a hemacytometer.  Four counts 

were made and averaged to determine the number of sporangia per ml.  After sporangia 

concentration was determined, the inoculum concentration was adjusted to 5,000 

sporangia per ml with distilled water. 

 On January 25, 1999 a single mature leaf was collected from each of 240 BC3F2 

plants and six leaves each were collected from NC215E and NC114LB-1.  The petioles 

of the individual leaf cuttings were placed through a hole in the lid into labeled plastic 

cups containing 30 ml distilled water.  The cups of leaf cuttings were then randomly 

placed into large clear plastic boxes with lids.  Each box held 14 samples.  As a control, 

the six cuttings of each parental plant (NC215E and NC114LB-1) were placed into 12 
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randomly selected boxes.  A household atomizer was used to spray the 14 leaf cuttings in 

each box with 17 ml of the inoculum that was prepared as described above.  Prior to 

inoculation, the output of the atomizer was quantified by collecting and measuring 15 

sprays.  This was done six times and the average output per spray was calculated.  

Between sprays, the boxes were turned, the inoculum was shaken, and the atomizer was 

sprayed once into a beaker to assure even application.  Following inoculation, boxes 

containing the cuttings were covered and incubated in fluorescent-lighted growth 

chambers under 12 hour daylength and temperatures of 20°C (day) and 16°C (night).  

The boxes were kept in the growth chambers for five days until symptoms were well 

developed (Figure 2.3). 

 The detached leaf samples were removed from the chambers and divided into 

classes based upon apparent severity of symptoms and extent of visible sporulation.  The 

samples fit into four distinct classes (Table 2.1).  Following evaluation, all plants which 

rated highly resistant or susceptible and 30 plants which rated moderately resistant or 

intermediate were transferred to 3.84-L pots to continue growing in the greenhouse.  The 

remaining plants which rated moderately resistant or intermediate were discarded. 

 In order to verify that the results were consistent, the experiment was repeated 

using leaf samples from the greenhouse and identical inoculation and scoring procedures.  

Samples from all plants rated highly resistant or susceptible and from the 30 remaining 

plants rated moderately resistant or intermediate were inoculated on February 8 and 

scored on February 13 and again on February16.  On February 22, two leaf cuttings were 

collected from each of 26 plants that had been scored as highly resistant and 23 plants 

that had been scored as susceptible in both prior tests.  These were inoculated, and both 
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samples from each plant were scored on February 27.  As checks, six leaf cuttings of each 

parent were included in the February 8 and February 22 experiments. 

2.2.2.3 Progeny Test 

 BC3F3 seed were collected for progeny testing from 26 BC3F2 plants with disease 

ratings of highly resistant, three plants with disease ratings of moderately resistant, one 

plant with a disease rating of intermediate, and 23 plants with disease ratings of 

susceptible.  Seeds were sown in the greenhouse on May 31, 1999.  After seedlings 

developed true leaves, they were transplanted to 24-cell trays and grown in the 

greenhouse under 14-hour daylength and day and night temperatures of 24°C to 29°C and 

16°C to 18°C, respectively.  Field trials were planted in early July at the Mountain 

Horticultural Crops Research Station (MHCRS) in Fletcher, North Carolina and at the 

Mountain Research Station (MRS) in Waynesville, North Carolina.  Each field trial 

consisted of two replicates with six plants per plot of each of the 54 BC3F3’s.  Between 

the two locations, 24 BC3F3 individuals were tested from each of the 54 BC3F2 plants 

from which seeds were collected.  As a susceptible check, twelve NC215E plants (2, 6-

plant plots) were planted at each location.  The field trials were not inoculated; however, 

naturally occurring late blight was allowed to develop extensively in the field trials.  

Overhead irrigation was utilized in dry periods to encourage disease development.  On 

October 12, 1999, all plants at MHCRS were evaluated and scored as resistant, 

moderately susceptible, or highly susceptible (see description in table 2.2).  Because of 

insufficient late blight development before a killing frost, plants at MRS could not be 

evaluated.  In addition to rating the BC3F3 individuals, it was determined whether BC3F3 

families derived from single BC2F2 plants were segregating for disease resistance. 
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2.2.3 BC1F1 Population 

2.2.3.1 Population Development 

 An interspecific F1 population was derived from L. hirsutum LA1033 and L. 

esculentum NC215E.  LA1033 was used as the pollen donor, since the crosses are 

incompatible in the other direction.  Crosses were conducted in a greenhouse, and the 

seed parent was emasculated.  The resulting seed were sown in the greenhouse and 

transplanted to individual pots.  A single F1 plant with morphological characteristics 

intermediate between the two parents was selected and used as the pollen parent in 

crosses with NC215E.  The progeny of these crosses formed the BC1F1 population.    

2.2.3.2 Field Trial  

 The BC1F1 seed were sown in July 2000 in flats containing soilless medium.  

After the first true leaves developed, the seedlings were transplanted into 24-cell trays of 

soilless medium and grown in the greenhouse under 14-hour daylength and day and night 

temperatures of 24°C to 29°C and 16°C to 18°C, respectively.  A population of 284 

BC1F1 plants was planted in a field trial at the MHCRS in August 2000.  Guard rows of 

NC215E and the F1 parent were planted as checks around the field plot.   

 Infected leaves with naturally occurring late blight from nearby field trials were 

spread throughout the guard rows in early September, and overhead irrigation was 

utilized in dry periods to encourage disease development.  The field trial was evaluated 

for late blight resistance on September 28 and October 7, 2000.  Presence or absence of 

disease on each plant was noted in the first evaluation.  On October 7, plants were rated 

as highly resistant, resistant, moderately resistant, moderately susceptible, susceptible, 

highly susceptible, or extremely susceptible.  These seven ratings are described in Table 
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2.3.  On September 28, the growth habit (determinate or indeterminate) of each plant was 

also noted.  In early October, the plants were classified as either self-compatible or self-

incompatible based on the presence or absence of fruit.   

2.2.3.3 Detached Leaf Test 

 Detached leaf tests were conducted on all 284 BC1F1 plants on two dates.  On 

September 21, 2000 a single new, fully expanded leaf (third or fourth from the shoot 

apex) was collected from each BC1F1 plant in the field along with six cuttings from 

NC215E and the F1 hybrid as susceptible and intermediate checks, respectively.  The 

petioles of the individual leaf cuttings were placed through a hole in the lid into plastic 

cups containing approximately 30 ml of distilled water.  The cups were labeled just prior 

to inserting the leaves to avoid mislabeling.  The cups of leaf cuttings were randomly 

placed into large clear plastic boxes with lids and transported to the lab.  

 Inoculum was prepared from sporulating late blight lesions collected from the 

upper canopy of tomato plants in the early blight and late blight disease resistance trial.  

Infected leaves were collected from the field and immediately transported to the lab.  

Inoculum was prepared, quantified, and applied as described in section 2.2.2.2. 

 Following inoculation, the boxes were covered and transported to a greenhouse.  

The boxes were placed under shade cloth and the greenhouse temperature was set at 16°C 

(day) and 10°C (night).  On September 29 the detached leaves were scored using the 

rating system described in table 2.1 (Figure 2.4) and the Horsfall-Barratt standard scale 

(Horsfall and Barratt 1945) (Table 2.4) (Figure 2.5).  A second detached leaf test was 

inoculated on October 7 and scored on October 13.  The procedures for this test were 

identical to the first detached leaf test.  
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2.3 Results  

2.3.1 BC3F2 Population 

2.3.1.1 Detached Leaf Tests 

 In the first detached leaf screen of 240 BC3F2 individuals, 39 were rated highly 

resistant, 40 were rated moderately resistant, 130 were rated intermediate, and 31 were 

rated susceptible (Figure 2.6).  The mean rating for the 240 plants based on the numerical 

scores for the four classes (Table 2.1) was 2.633 with a standard deviation of 0.905.  The 

mean rating for the subset of 121 plants which were inoculated again on February 8 was 

2.5207 with a standard deviation of 1.1909.  All six NC215E checks were rated 

susceptible, and the NC114LB checks were rated intermediate.     

 From the 39 highly resistant, 11 moderately resistant, 40 intermediate, and 31 

susceptible plants that were re-tested on February 8, 51 were rated highly resistant, 8 

were rated moderately resistant, 27 were rated intermediate, and 35 were rated 

susceptible (Figure 2.7).  The mean rating for the 121 plants was 2.3802 with a standard 

deviation of 1.2926.  The six NC215E checks were rated susceptible, and five of the 

BC3F1 checks were rated intermediate while one was rated moderately resistant.  A test of 

correlation between the detached leaf tests conducted on January 25 and February 8 on 

121 samples produced an R-squared value of 0.5632.    

In the replicated detached leaf test of the highly resistant and susceptible classes, 

all plants which had previously been scored as highly resistant were highly resistant in 

both replications and all plants that had been scored as susceptible were susceptible in 

both replications.  The four NC215E checks that were scored were susceptible.  Of six 

BC3F1 checks, five were scored highly resistant and one was scored moderately resistant. 



 62

By combining the results of the detached leaf tests and eliminating 58 samples 

that could not be consistently scored, an estimate of the number of samples in each 

disease rating category was obtained.  Of the 182 samples that were consistently scored, 

27 were highly resistant, 31 were moderately resistant, 101 were intermediate, and 23 

were susceptible.   

2.3.1.2 Progeny Test 

Of the BC3F3 populations derived from the 27 BC3F2 plants with disease ratings of 

highly resistant, 19 populations were homozygous resistant, 7 were segregating, and one 

plot was not true to type.  The population derived from the plant that was consistently 

rated moderately resistant was homozygous resistant as were the populations from the 

two individuals rated resistant in the first test and moderately resistant in the second test.  

The population derived from a BC3F2 individual with disease ratings of highly resistant 

and intermediate was homozygous resistant in one replication but could not be scored in 

the other.  Of the 23 BC3F3 populations derived from BC3F2 plants with disease ratings of 

susceptible, 12 were homozygous very susceptible, 7 were homozygous moderately 

susceptible, one was segregating, one was homozygous resistant in one replication and 

could not be scored in the other, and two could not be scored. 

The total number of BC3F2 individuals evaluated was 240.  Only 23 were rated 

susceptible in all three detached leaf tests.  Of these, 12 could be inferred to be 

homozygous susceptible from the progeny test.  The phenotype of two BC3F3 populations 

could not be determined; therefore, the total number of BC3F2 individuals evaluated was 

reduced to 238.  For a one, two, and three-gene model the expected fraction of 

homozygous recessive progeny is one-fourth, one-sixteenth, and one sixty-fourth, 
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respectively.  The result of a goodness of fit test of the ratio of homozygous recessive to 

all other progeny given a one, two, and three gene model is shown in Table 2.5.   

2.3.2 BC1F1 

2.3.2.1 Field Trial  

 Of 284 plants that were transplanted to the field, 8 plants either died prior to 

September 28 or had abnormal morphological characteristics such as distorted leaves and 

severe stunting.  The late blight had not developed in the field adequately on September 

28 to be confident of the resistance level of the plants.  Therefore, only the presence or 

absence of late blight was noted, and a large number of escapes was expected.  The total 

numbers of symptomatic and non-symptomatic plants were 72 and 203, respectively.  For 

the majority of the population, the growth habit was readily determined.  Of 276 normal 

progeny, 118 were indeterminate, 145 were determinate and the growth habit of 13 

individuals could not be determined.   

 On October 7, late blight had spread throughout the field so that the susceptible 

NC215E plants in the guard rows were infected.  The disease rating of one plant could 

not be determined, 7 plants were morphologically abnormal or had died, 37 were scored 

as highly resistant, 10 were resistant, 4 were moderately resistant, 11 were moderately 

susceptible, 171 were susceptible, 41 were highly susceptible, and two were very highly 

susceptible (Figure 2.8).   

2.3.2.2 Detached Leaf Test 

 The detached leaf tests of late blight resistance, which were conducted on two 

different dates using different leaves from the same plants and identical inoculation 

methods, differed in severity.  The test that was evaluated on September 29 resulted in 37 
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plants scored highly resistant, 66 plants moderately resistant, 139 plants intermediate, and 

36 plants susceptible (Figure 2.9).  The mean score was 2.6259 with a standard deviation 

of 0.8730.  The detached leaf test was also rated using the Horsfall-Barratt scale with the 

following results: 37 had no leaf area defoliated (LAD), 57 had 1.4% LAD, 52 had 4.2% 

LAD, 36 had 8.5% LAD, 58 had 17.3% LAD, 21 had 35.4% LAD, 9 had 61.2% LAD, 1 

had 80.8% LAD, 5 had 90% LAD, 1 had 94.5% LAD, 1 had 98.5% LAD, and 0 had 

100% LAD (Figure 2.5).  The mean percent leaf area defoliated was 13.0%. 

On October13 the second detached leaf test was evaluated with the following 

result for the categorical rating: five plants were rated highly resistant, 23 were 

moderately resistant, 93 were intermediate, and 157 were susceptible (Figure 2.9). The 

mean score was 3.446 with a standard deviation of 0.7227.  Rating the detached leaves 

with the Horsfall-Barratt scale resulted in five plants with no LAD, 11 with >0≤3% LAD, 

29 with >3≤6% LAD, 42 with >6≤12% LAD, 40 with >12≤25% LAD, 21 with >25≤50% 

LAD, 49 with >50≤75% LAD, 23 with >75≤87% LAD, 14 with >87≤94% LAD, six with 

>94≤97% LAD, 9 with >97≤100% LAD, and one with 100% LAD (Figure 2.10).  The 

mean percent leaf area defoliated was 38.4%.  Overall, the mean categorical score of the 

second test was 0.8201 points higher than the first test.  The relatively stringent nature of 

the second test is also apparent when the distributions of the BC1F1 population scores for 

the first and second tests are compared (Figures 2.9 and 2.10).  

2.4 Discussion 

 The resistance present in L. hirsutum LA1033 appears to be incompletely 

dominant.  The BC3F1 selection NC114LB-1(98), derived from backcrossing resistance 

from LA1033 into NC215E, was intermediate in resistance in the detached leaf tests, 
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which were generally more stringent than the field tests.  In the field, the resistance level 

of NC114LB was closer to that of LA1033.  Progeny of segregating crosses did not fall 

into discreet classes.  Continual variation of resistance was observed in both the BC3F2 

and BC1F1 populations.  Chi square analysis indicated that late blight resistance in 

NC114LB-1(98) is likely conferred by two loci.  Field test results, showing three distinct 

classes (resistant, intermediate, and susceptible), in the BC3F1 families, support this 

conclusion.  In addition, BC3F2 populations homozygous for resistant and intermediate 

resistant reactions further support this conclusion.   

It is likely that additional minor genes in LA1033 contributing to late blight 

resistance were lost in the evaluation and selection processes in the development of 

NC114LB.  Selection for self compatibility in the BC1F1 would have resulted in loss of 

genes linked to the self incompatibility locus.  Although highly resistant to late blight, the 

BC1F2 selection, NC70LB-2(97), may not have contained all resistance genes from 

LA1033, especially since it was selected for improved horticultural traits in addition to its 

high level of late blight resistance.  In addition, selection of the 11 best BC2F1 plants of 

NC980 based on horticultural traits alone as pollen parents to develop the BC3F1 families 

could have further eliminated genes linked to undesirable traits.  The low number of 

highly resistant plants in the detached leaf tests for the BC1F1 population and the wide 

range in disease reactions of this population in the field indicate that more than two genes 

likely contribute to late blight resistance in LA1033.  For two genes, assuming dominant 

gene action for resistance, 25 percent of the population should have been in the most 

resistant class in the BC1F1 population in the field and detached leaf tests.  For the field 

test, 13 percent of the plants were in the most resistant class.  In the detached leaf tests, 
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13 percent and two percent of the plants were in the most highly resistant class for the 

first and second tests, respectively.  This is in agreement with previously published 

reports that late blight resistance in L. hirsutum appears to be under polygenic control 

(Saccardo et al. 1975).  Saccardo et al. (1975) used leaf discs to evaluate the inheritance 

of resistance in L. hirsutum accessions for F1 and F1BC1 progeny.  They concluded that 

the resistance was polygenic but did not indicate the number of genes involved (Saccardo 

et al. 1975).  Coulibaly et al. (2001) found eight QTL for resistance in a L. hirsutum 

accession, but only four of these were selected for further evaluation based on 

consistency and significance. 

The resistance from LA1033 was stable under the field trial conditions in North 

Carolina.  However, screening was conducted either with naturally occurring inoculum or 

with inoculum of the same multi-locus genotype.  The quantitative inheritance of this 

resistance is characteristic of the durable general late blight resistance discovered in 

potato, but use of this resistance in a large area over a long period of time is necessary to 

determine if this resistance is truly durable.   
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Table 2.1. Four ratings, numeric scores, and descriptions utilized in evaluating the BC3F2 
and BC1F1 detached leaf tests.  When available a check genotype that is representative of 
the rating is also listed.  Lycopersicon hirsutum LA1033 is completely resistant, L. 
esculentum NC215E is highly susceptible, and heterozygous individuals (F1 or BC3F1) 
displayed intermediate symptom development in detached leaf tests.   
 

Rating Score Symptoms Signs Check 
Highly Resistant 1 No Visible Lesions None Visible LA1033 

Moderately 
Resistant 

2 Few Small Non-
Expanding Lesions

None Visible N/A 

Intermediate 3 Several Confined 
Lesions 

Reduced Sporulation BC3F1 or F1 

Susceptible 4 Extensive Lesions Visible Sporulation NC215E 
 

 

 

 

 

 

 

 

 

 

 

 



 68

Table 2.2. Ratings and descriptions utilized in evaluating the progeny test field trial 
composed of BC3F3 families.  Plants rated resistant appeared nearly as resistant as 
LA1033, whereas those rated highly susceptible were similar to the susceptible parent, 
NC215E.   
 

Rating Symptoms 
Resistant No expanding lesions 

Moderately Susceptible Several lesions 
Highly Susceptible Extensive disease development, 

lesions sporulating profusely 
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Table 2.3. Ratings and descriptions utilized in evaluating the BC1F1 field trial. 
 

Rating Description 
Highly Resistant No lesions 

Resistant Few restricted non-sporulating lesions 
Moderately Resistant Several restricted non-sporulating lesions 

Moderately Susceptible Several expanding lesions, reduced sporulation 
Susceptible Sporulating lesions scattered throughout plant 

canopy 
Highly Susceptible Extensive disease development and sporulation 

Extremely Susceptible Plant completely infected, extensive sporulation 
visible 
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Table 2.4. Horsfall-Barratt standard scale used to rate BC1F1 detached leaf screens.  The 
range of percent affected leaf area for each rating is given in the right column (Horsfall 
and Barratt 1945). 
 

Rating Range of % Affected Area

0 0% 

1 >0≤3% 

2 >3≤6% 

3 >6≤12% 

4 >12≤25% 

5 >25≤50% 

6 >50≤75% 

7 >75≤87% 

8 >87≤94% 

9 >94≤97% 

10 >97≤100% 

11 100% 
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Table 2.5. Chi Square analysis of a goodness of fit test of the observed to expected ratios 
of highly susceptible to partially or completely resistant individuals in the BC3F2 
population given a one, two, or three gene model of late blight resistance.  The P value is 
the probability of the observed values occurring given that the null hypothesis (that the 
observed ratio fits the given model) is true.  
 
Model % Homozygous 

Recessive 
Expected 

Expected 
Ratio 

Observed 
Ratio 

Chi 
square

Degrees of 
Freedom 

P Value 

One 
Gene 

25% 60:178 12:226 51.34 1 < 0.005 

Two 
Genes 

6.25% 15:223 12:226 0.64 1 0.9>P>0.1

Three 
Genes 

1.5625% 4:234 12:226 16.27 1 <0.005 
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Figure 2.1. (Upper) Lycopersicon hirsutum LA1033 growing in a field trial in North 
Carolina is highly resistant to late blight and many other pathogens.  (Lower) Close up of 
L. hirsutum LA1033 showing small green inedible fruit. 
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Figure 2.2. (Upper) The two rows on the right are a late blight resistant BC3F3 population 
derived from L. esculentum NC215E (recurrent parent) and L. hirsutum LA1033.  The 
rows of L. esculentum on the left are susceptible to late blight. (Lower) Fruit collected 
from the late blight resistant BC3F3 population. 



 74

 

 
 
Figure 2.3. (Upper) Individual humidity chambers containing inoculated detached leaves 
were placed in incubators for approximately five days to facilitate disease development.  
(Lower) On the right are detached leaves of BC3F2 individuals rated resistant after 
inoculation and incubation, and on the left are detached leaves of the susceptible parent L. 
esculentum NC215E which was used as the susceptible check. 
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Figure 2.4. (Upper) The two leaf cuttings on the right were rated highly resistant (Class 
I).  The two samples on the left were rated moderately resistant (Class II).  (Middle) 
These leaf cuttings were rated intermediate (Class III).  (Bottom) These leaf cuttings were 
rated susceptible (Class IV). 
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Figure 2.5. Four detached leaf cuttings from the BC1F1 population. (Upper Left) 
Horsfall-Barratt rating of zero (0% affected area).  (Lower Left) Horsfall-Barratt rating of 
three (>6≤12% affected area).  (Upper Right) Horsfall-Barratt rating of six (>50≤75% 
affected area).  (Lower Right) Horsfall-Barratt rating of ten (>97≤100% affected area). 
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Figure 2.6. Distribution of BC3F2 individuals among the four disease rating categories 
described in table 2.1.  The four bars along the X-axis represent the individuals in the 
four different categories, and the height of the bars along the Y-axis indicates the number 
of individuals in each category. (Class I =highly resistant, Class II = moderately resistant, 
Class III = intermediate, Class IV = susceptible) 
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Figure 2.7. Distribution of the second leaf test evaluation of the BC3F2 population among 
four classes.  The number of individuals in each class is indicated along the Y-axis.  The 
colored regions in the bars indicate how the individuals in that category were scored in 
the first detached leaf test.  (Class I =highly resistant, Class II = moderately resistant, 
Class III = intermediate, Class IV = susceptible) 
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Figure 2.8. Distribution of the BC1F1 population among 7 late blight resistance ratings.  
The field trial ratings were taken on October 7, 2000.  Legend: HR = highly resistant, R = 
resistant, MR = moderately resistant, MS = moderately susceptible, S = susceptible, HS = 
highly susceptible, VHS = very highly susceptible.  These ratings are described in table 
2.4. 
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Figure 2.9. Distribution of the BC1F1 population among the four categorical ratings for 
two detached leaf tests of late blight resistance.  The blue and purple bars indicate the 
number of individuals in each class for the tests scored on September 29 and October 13, 
respectively. (Class I =highly resistant, Class II = moderately resistant, Class III = 
intermediate, Class IV = susceptible) 
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Figure 2.10. Distribution of the Horsfall-Barratt ratings of the first and second detached 
leaf tests of late blight resistance.  The Horsfall-Barratt rating (Table 2.4) is shown on the 
X-axis and the number of BC1F1 individuals in each category is on the Y-axis. 
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Chapter 3: Identification of AFLP Markers Linked to Late 

Blight Resistance Genes in L. hirsutum LA1033  

through Bulked Segregant Analysis 

 

3.1 Introduction 

3.1.1 Bulked Segregant Analysis 

 Bulked segregant analysis is “a method for rapidly identifying markers linked to 

any specific gene or genomic region” (Michelmore et al. 1991).  This technique requires 

a segregating population derived from a single cross.  Two DNA bulks are composed by 

pooling DNA from selected individuals in the population.  “Each pool … contains 

individuals that are identical for a particular trait or genomic region but arbitrary at all 

unlinked loci” (Michelmore et al. 1991).  When two bulks of DNA that differ by a single 

trait are analyzed with molecular markers, associations between marker phenotypes and 

the trait of interest can be identified.  Markers that are polymorphic between the bulks 

may be “linked to the loci determining the trait used to construct the pools”(Michelmore 

et al. 1991).    

 Bulked segregant analysis (BSA) has been utilized in tomato to identify markers 

linked to genes of unknown location and to saturate genomic regions known to contain 

particular genes.  RAPD (randomly amplified polymorphic DNA) markers linked to a 

major quantitative trait locus (QTL) conferring resistance to tomato yellow leaf curl virus 

in Lycopersicon. pimpinellifolium were identified through BSA.  The resistance QTL was 

located on chromosome 6 (Chagué et al. 1997).  A nematode resistance gene, Mi-3, from 
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L. peruvianum was mapped on tomato chromosome 12 after linked RAPD markers were 

identified through BSA (Yaghoobi et al. 1995).  AFLP (amplified fragment length 

polymorphism) and RFLP (restriction fragment length polymorphism) markers linked to 

the late blight resistance gene Ph-2 (Moreau et al. 1998) and AFLP markers linked to the 

Ph-3 late blight resistance gene (Chunwongse et al. unpublished) were identified through 

BSA.  Chagué et al. (1996) used BSA to identify RAPD markers linked to the Sw-5 gene 

for tomato spot wilt virus resistance which was mapped on chromosome 9.  Bulked 

segregant analysis was used to identify RFLP, AFLP, and CAP (cleaved amplified 

polymorphic sequence) markers that mapped to the region surrounding the Cnr 

(Colourless non-ripening) mutation on L. esculentum chromosome 2 (Tör et al. 2002).  

Chunwongse et al. (1997) saturated the region of chromosome 12 containing the powdery 

mildew resistance gene Lv using BSA and RFLP and RAPD markers.  The region of 

chromosome 6 containing powdery mildew resistance gene Ol-1 was saturated by BSA 

with RFLP and RAPD markers that were converted to SCARs (sequence characterized 

amplified regions) (Huang et al. 2000).  Jointless-2 was mapped to tomato chromosome 

12 after tightly linked RAPD markers were identified by BSA (Zhang et al. 2000).  

Zhang and Stommel (2000) used BSA to identify AFLP and RAPD markers linked to 

Beta and Beta modifier which increase fruit ß–carotene content. 

 Bulked segregant analysis is particularly suited to identifying markers linked to 

loci with large effects (Wang and Patterson 1994).  It can be utilized to identify markers 

linked to quantitative trait loci if the trait is controlled by a few major genes.  In such 

cases, bulks should be composed of individuals with extreme phenotypes (Michelmore et 

al. 1991).  Wang and Patterson (1994) suggested that QTL with effects on phenotype 
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greater than or equal to one standard deviation might be routinely detected by pooling 

extreme individuals from a sufficiently large population.   

Polymorphic loci located within15cM from a targeted locus are likely to be 

detected when assayed through BSA.  The upper limit of detection is approximately 

25cM on either side of a targeted locus.  Contamination of a bulk of individuals from one 

phenotypic class with small amounts of DNA from individuals of a different phenotypic 

class may not interfere.  Depending upon marker type and the particular allele assayed, 

alleles present in low proportions (e.g. 0.1) may not be detected.  Due to the low 

probability of an unlinked dominant marker being polymorphic between bulks 

(probability for two bulks of 10 F2 individuals is 2 × 10-6), they do not need to contain 

many individuals (Michelmore et al. 1991).   

3.1.2 AFLP Markers 

 Amplified fragment length polymorphism (AFLP) marker technique is an 

efficient means to generate molecular markers.  This technique combines aspects of the 

RFLP and PCR techniques.  (AFLP is a registered trademark of Keygene N.V. and is 

covered by patents owned by Keygene N.V., Wageningen, The Netherlands).  Genomic 

DNA is digested with restriction enzymes, and oligonucleotide adapters are ligated to the 

cut ends.  Restriction fragments are selectively PCR amplified with primers that anneal to 

the adapter and restriction sequence and extend into the restriction fragments.  For 

complex genomes, a second amplification with selective primers further reduces the 

number of different fragments amplified.  The selectivity of the amplification steps can 

be adjusted by increasing or decreasing the number of nucleotides extending into the 
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restriction fragment.  The amplified products are then detected through denaturing gel 

electrophoresis (Vos et al. 1995). 

The AFLP technique offers several advantages over other marker types.  Like 

RAPDs, AFLPs require small amounts of DNA and can be generated from organisms of 

any genome size and complexity without prior DNA sequence knowledge.  Each 

amplification reaction produces numerous fragments (50-100) that can be detected on a 

single gel (Vos et al. 1995).  AFLP markers are dominant, but codominant analysis of 

banding data has been achieved by quantifying differences in band intensity between 

heterozygous and homozygous individuals (Jansen et al. 2001).  AFLPs are more reliable 

than other molecular markers employing “arbitrarily selected PCR primers” because the 

reaction conditions for primer annealing are more stringent (Vos et al. 1995).  A study 

comparing results of RAPD, AFLP, and sequence-tagged microsatellite (SSR) techniques 

in several European laboratories (up to nine) found that RAPDs had low reproducibility, 

SSRs were reproducible with small differences observed in allele size determinations, 

and AFLPs had extremely high reproducibility after the lab group gained experience with 

the technique (Jones et al. 1997). 

AFLP markers have been utilized in combination with bulked segregant analysis 

in tomato to map several genes including Ph-2 (Moreau et al. 1998), Ph-3 (Chunwongse 

et al. unpublished), Cnr (Tör et al. 2002), and Beta and Beta modifier (Zhang and 

Stommel 2000) (section 3.1.1).  In addition, AFLP markers have been incorporated into 

several tomato linkage maps including a map of recombinant inbred lines derived from L. 

esculentum × L. esculentum var. cerasiforme (Saliba-Colombina et al. 2000) and an F2 

population derived from L .esculentum × L. pennellii (Haanstra et al. 1999).   
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3.1.3 Research Objective 

 In this chapter, we describe the identification of AFLP markers linked to 

quantitatively inherited late blight resistance in L. hirsutum LA1033 through bulked 

segregant analysis.  The susceptible and resistant individuals included in the DNA bulks 

were selected from an interspecific BC3F2 population based upon screening and progeny 

testing (Chapter 2). 

3.2 Materials and Methods 

3.2.1 DNA Extraction 

 Young leaf material was collected from the BC3F2 plants that were scored as 

either highly resistant or susceptible (Chapter 2).  The tissue was placed on ice, 

transported to Raleigh, North Carolina, frozen in liquid nitrogen, and stored at -80°C.  

Extractions were attempted with the CTAB Total DNA Isolation protocol (Doyle 1991), 

the tomato DNA extraction protocol of Cerny (1997), and the Nucleon Phytopure DNA 

extraction kit.  Following the successive failure of the preceding methods, DNA was 

extracted utilizing DNeasy® Plant DNA extraction kits from Quiagen Inc. (Valencia, 

CA).  DNA was extracted from 30 samples using Quiagen DNeasy® Plant Maxi DNA 

extraction kits and either 0.5-0.6g or 0.75-0.8g leaf tissue.  DNA was extracted from 16 

other samples using Quiagen DNeasy® Plant Mini DNA extraction kits with either 0.06-

0.075g or 0.1g of leaf tissue.  Purified DNA was quantified with a spectrophotometer set 

at 260 to 280nm absorbance. 
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3.2.2 DNA Restriction, Ligation, Pre-amplification, and Final Amplification 

 Molecular marker analysis was conducted using the AFLP marker system (Vos et 

al. 1995) with modifications as described by Marques et al. (1998), Remington et al. 

(1999) and Remington and O’Malley (2000).  A detailed protocol written and updated by 

Alexander Myburg and David Remington at the North Carolina State University Forest 

Biotechnology Group was utilized extensively.  The restriction digest contained 6.0µl 5× 

restriction/ligation buffer (50mM Tris HAc pH=7.5, 50mM MgAc, 250mM KAc, 25mM 

DTT, and 250ng/ul BSA), 12 units EcoRI (New England Biolabs, Beverly MA), 8 units 

MseI (New England Biolabs), and 250ng DNA in a total volume of 30µl.  DNA was 

digested for three hours at 37°C (Vos et al. 1995).  After incubation, 10µl of the digestion 

reaction was loaded on a 0.8% agarose gel stained with ethidium bromide and viewed 

under ultraviolet light to check for complete digestion (Marques et al. 1998).   

For the ligation reaction, 5µl of adapter ligation reaction mix was added to 20µl 

of digested DNA sample.  Adapter ligation reaction mix contained: 2.5 pMol EcoRI 

adapter, 25pMol MseI adapter,1 mM ATP, 1µl 5× restriction/ligation buffer (50mM Tris 

HAc pH=7.5, 50mM MgAc, 250mM KAc, 25mM DTT, and 250ng/ul BSA), and 0.5 

Weiss units T4 DNA ligase (Boehringer Mannheim) in a total volume of 5µl.  The EcoRI 

and MseI adapter sequences (Vos et al. 1995) are listed in Tables 3.1 and 3.2.  The 

ligation mix was incubated overnight at 37°C then diluted 1:10 with sterile distilled water 

(sdH2O) (Remington et al. 1999).   

In order to construct the DNA bulks, equal amounts of the individual ligation 

mixes were combined.  From the available samples, three resistant and three susceptible 

bulks were created.  Although it would have been desirable for each bulk to contain six 
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randomly selected highly resistant or susceptible individuals, there were not enough 

homozygous susceptible individuals (as determined through progeny testing).  Therefore, 

three bulks were constructed of six resistant samples each, one bulk of six highly 

susceptible individuals, one bulk of three highly susceptible individuals, and one bulk of 

moderately susceptible individuals.  In the following steps, the bulks were used instead of 

individual samples. 

Standard AFLP EcoRI and MseI primers (Vos et al. 1995) with one selective 

nucleotide were used for the preamplification.  The primer sequences with the particular 

selective nucleotides utilized are listed in Tables 3.1 and 3.2.  PCR was carried out in 96-

well polycarbonate V-bottom microtiter plates (USA Scientific, Inc. Ocala, Fl.).  

Preamplification reactions contained 5.0µl diluted restricted/ligated DNA mixture as 

template, 0.2mM each of dNTPs (Promega Corp. Madison, WI), 30ng EcoRI primer 

(Genosys), 30ng MseI primer (Genosys), 1.2U Taq Polymerase (Roche Diagnostics 

Corp), 10mM Tris-HCL pH 8.3, 1.5mM MgCl2, 50mM KCl, and sdH2O to a total volume 

of 20µl (Remington et al. 1999).  Plates were covered with reusable OmniSeal mat lids 

(Hybaid Middlesex, UK) and briefly vortexed and centrifuged.  The following PCR 

amplification profile was carried out in PTC-100™ thermocyclers with heated lids from 

MJ Research (Waltham, MA): 28 cycles of denaturation at 94°C for 30 sec, annealing at 

60°C for 30 sec, and extension at 72°C for 60 sec (Cervera et al. 1996, Remington et al. 

1999).  The pre-amplification product was diluted 1:40 (Remington and O’Malley 2000) 

by adding 585µl of low TE buffer to 15µl of PCR product.  Diluted preamplification 

products were stored at 4°C. 
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The final amplification reaction contained 5µl of diluted pre-amplification 

product as template, 4.98ng of infrared dye labeled EcoRI primer, 30ng MseI primer, 1.2 

units of Taq polymerase, 0.2mM each dNTP, 10mM Tris-HCL pH 8.3, 1.5mM MgCl2, 

50mM KCl, and sdH2O to a total volume of 20µl.  The unlabeled MseI primers were 

synthesized by Genosys, and the infrared dye labeled IRDye800™ EcoRI primers were 

obtained from LI-COR®, Inc (Lincoln, NE).  Primer sequences (Vos et al. 1995) utilized 

in the final amplification reactions are listed in Tables 3.1 and 3.2.  Final amplification 

reaction mixtures were pipetted into 96-well microtiter plates, sealed with OmniSeal mats 

(Hybaid), briefly vortexed and centrifuged, and loaded into a MJ Research PTC-100™ 

thermocycler with a heated lid.  The following PCR program (Remington and O’Malley 

2000) was run: 

Cycle 1: 94°C for 10 sec 
    65°C for 30 sec 
    72°C for 60 sec 
Cycles 2-13:    94°C for 10 sec 
             65°C – 0.7°C per cycle for 30 sec 
             72°C for 60 sec 
Cycles 14-36:  94°C for 10 sec 
  56°C for 30 sec 
  72°C for 60 sec + 1 additional sec per cycle 
Final Extension: 72°C for 60 sec 
 
When PCR was completed, samples were stored at -20°C for up to two days prior to 

loading.  

3.2.3 Denaturing Gel Electrophoresis 

 Prior to gel electrophoresis, samples were thawed on ice and 10µl of formamide 

loading buffer (95% de-ionized formamide, 20mM EDTA pH 8.0, 0.5ml sdH2O, and 1 

mg/mL bromophenol blue) was added to each sample (Remington and O’Malley 2000).  

Samples were briefly vortexed and centrifuged and denatured at 94°C for three minutes 
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(Remington and O’Malley 2000).  Samples were placed on ice, and 0.8µl of sample was 

loaded in each lane of a polyacrylamide gel.  A 50-700bp IRDye800™ size standard (LI-

COR®) was also loaded in at least one lane of each gel.  Gels were poured in 25cm long 

plates with 0.25mm thick combs and spacers (LI-COR®) and contained 8% Long 

Ranger™ polyacrylamide (BMA Rockland, ME), 7.5M urea, and 0.8× TBE (71.2mM 

boric acid, 71.2 mM Tris, and 1.6mM EDTA) (Remington and O’Malley 2000).  

Electrophoresis was conducted in a LI-COR® 4000 automated DNA sequencer using 

0.8× TBE running buffer.  Run parameters were 1500V, 35mA, 42W, 48°C plate 

temperature, signal channel 3, and motor speed 3.  The pixel depth for collection of TIFF 

image files was set to 16 bit, and eight frames of image were collected per gel loading 

(Remington and O’Malley 2000, Myburg et al. 2001).   

3.2.4 Data Analysis 

Data were collected as 16 bit TIFF images, printed, and analyzed by hand.  Any 

primer combinations producing bands that appeared in the resistant parent and the three 

resistant bulks that were absent or extremely faint in the susceptible parent and bulks 

were noted for further testing (Figure 3.1).  

3.2.5 Verification of Results   

 In order to ascertain whether the putatively linked markers segregated in the 

individual samples as predicted by bulked segregant analysis, the resistant and 

susceptible parents, 11 resistant, nine susceptible, and two moderately susceptible 

individuals were tested with the selected primer combinations.  The same restricted and 

ligated DNA samples were utilized that had been extracted for forming the resistant and 

susceptible bulks.  Pre-amplification, final amplification, and gel electrophoresis of the 
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individual samples was conducted as described for the DNA bulks in sections 3.2.2 and 

3.2.3.  Markers of interest on the gel images produced by the LI-COR® sequencer were 

scored by hand.  

3.3 Results 

Several DNA extraction protocols (listed in section 3.2.1) failed to produce DNA 

of adequate quality.  Although these methods were successful with L. esculentum 

genotypes, they yielded gelatinous darkly colored material when extracting DNA from L. 

hirsutum and interspecific genotypes.  DNA was successfully extracted from L. hirsutum 

and interspecific genotypes with Quiagen DNeasy® Plant DNA extraction kits.  DNA 

extractions utilizing the DNeasy® Plant Maxi kit and 0.5-0.6g of leaf tissue yielded from 

42.5 to 412.5µg of DNA with mean yield for the 26 samples of 115.9µg.  Extracting 0.75 

to 0.8g of tissue with the DNeasy® Plant Maxi kits produced yields ranging from 8.45 to 

13µg with mean total yield for four samples of 11.2µg.  Mean yields of 12 and 19.3µg of 

DNA were obtained with the DNeasy® Plant Mini kit and 0.06-0.075g or 0.1g of leaf 

tissue, respectively.   

Electrophoresis of DNA that had been incubated with EcoRI and MseI restriction 

enzymes produced smears of fragments in the expected size range of 100 to 1200 base 

pairs.  Based on fragment size, it appeared that the restriction digests were complete.  

Smears of fragments less than 600 base pairs in length were visible when pre-

amplification products were separated by gel electrophoresis.  This indicated that the pre-

amplification reactions were successful.  Final amplification produced products typically 

ranging from 50 to 600 base pairs.  Electrophoresis images collected by the LI-COR® 
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sequencer consisted of dark and well-delineated bands on a light contrasting background 

(see Figure 3.2). 

A total of 48 primer combinations were tested via bulked segregant analysis.  Of 

these, 44 combinations produced images that could be readily scored.  Different primer 

combinations produced widely varying numbers of scorable fragments.  The number of 

scorable fragments per primer pair ranged from 13 to 115 with a mean of ~51 fragments.  

The total number of scorable fragments produced by the 44 primer pairs was 2226 of 

which 1651 fragments segregated between the parents.  The percentage of scorable 

fragments that were polymorphic ranged from 15.4% to 96.3%, while the number of 

polymorphic fragments produced per primer ranged from two to 74.  AFLP primer pairs 

produced ~38 fragments on average that were polymorphic between the two parents.   

Based upon co-segregation of the marker phenotype with disease resistance, 24 

primer combinations yielded 35 markers that appeared to be linked (see Table 3.3).  

When the primer pairs were tested with individual BC3F2 DNA samples, one marker from 

the primer pair E36 and M54 did not appear to co-segregate with disease resistance and 

was eliminated from further experiments.  With one exception, the bands of interest were 

present in all of the eleven resistant individuals tested.  However, the bands of interest 

were typically present in two to three of the susceptible and moderately susceptible 

individuals.  Only one band was present in LA1033 and all the resistant BC3F2 

individuals and entirely absent from NC215E and the susceptible BC3F2 individuals (see 

Figure 3.3). 
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3.4 Discussion 

 Once high quality DNA was obtained with Quiagen DNeasy® plant DNA 

extraction kits, the AFLP marker system efficiently produced a large number of scorable 

fragments.  Most of the primer combinations tried (forty-four out of forty-eight) produced 

bands that could be scored.  Over 70% of the amplified fragments were polymorphic 

between L. hirsutum LA1033 and L. esculentum NC215E.  Final selective amplifications 

produced an average of 38 polymorphic bands which allowed 1651 polymorphic bands to 

be tested in a short time period.   

Bulked segregant analysis was successfully applied to generate markers that are 

putatively linked to late blight disease resistance in an interspecific BC3F2  population.  

Since one marker segregated precisely with the disease phenotype, it is likely to be 

closely linked to a resistance gene or gene cluster with a large effect.  Other putatively 

linked markers, which co-segregated with disease resistance but were present in two to 

three susceptible individuals, may be linked to resistance genes with smaller effects or 

may be located further from the resistance genes.  

Errors in scoring disease phenotypes can generate misleading results in 

subsequent mapping studies.  It seems more likely for a susceptible individual to escape 

infection and appear resistant than for a resistant individual to appear susceptible.  

However, a plant could possess a minor resistance gene and still develop late blight 

disease symptoms.  Although the plants were carefully evaluated with detached leaf tests 

and a progeny test (Chapter 2), individuals possessing minor resistance genes could have 

been scored susceptible.  Due to a shortage of confirmed highly susceptible individuals, 

moderately susceptible individuals were utilized in the third bulk.  These moderately 
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susceptible individuals may possess a minor resistance gene.  Because of the stringent 

nature of the detached leaf screens and the use of a progeny test to select BC3F2 

individuals with progeny that were homogeneously resistant or susceptible, it is unlikely 

that there are completely susceptible individuals among those scored as resistant. 

Although bulked segregant analysis was effective in identifying putatively linked 

AFLP markers, the number of loci involved in the resistance and the relative contribution 

of the loci is yet to be determined.  Mapping the putatively linked markers in a larger 

population (Chapter 4) should address the aforementioned questions as well as eliminate 

spuriously linked markers.  In addition, mapping all markers that can be scored in the 

mapping population and conducting quantitative trait analysis on the linkage groups may 

allow detection of QTL with smaller effects that may not have been detected by bulked 

segregant analysis.  
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Table 3.1. EcoRI adapter and primer sequences utilized to amplify AFLP markers for the 

bulked segregant analysis experiment (Vos et al. 1995).  

 
NAME SEQUENCE 

EcoRI Adapter 5’-CTCGTAGACTGCGTACC-3’ 

                     CTGACGCATGGTTAA 

EcoRI Preamplification 

Primer 

5’-GACTGCGTACCAATTCA-3’ 

EcoRI Final Amplification 

Primer E-32 

5’-GACTGCGTACCAATTCAAC-3’ 

EcoRI Final Amplification 

Primer E-35 

5’-GACTGCGTACCAATTCACA-3’ 

EcoRI Final Amplification 

Primer E-36 

5’-GACTGCGTACCAATTCACC-3’ 

EcoRI Final Amplification 

Primer E-37 

5’-GACTGCGTACCAATTCACG-3’ 

EcoRI Final Amplification 

Primer E-38 

5’-GACTGCGTACCAATTCACT-3’ 
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Table 3.2. MseI adapter and primer sequences for the ligation, preamplification, and final 
amplification steps in the AFLP marker system that was utilized in this study (Vos et al. 
1995). 
 
NAME SEQUENCE 
MseI Adapter 5’-GACGATGAGTCCTGAG 

                 TACTCAGGACTCAT-5’ 
MseI Preamplification Primer 5’-GATGAGTCCTGAGTAAC-3’ 

MseI Final Amplification Primer M-47 5’-GATGAGTCCTGAGTAACAA-3’ 

MseI Final Amplification Primer M-48 5’-GATGAGTCCTGAGTAACAC-3’ 

MseI Final Amplification Primer M-49 5’-GATGAGTCCTGAGTAACAG-3’ 

MseI Final Amplification Primer M-50 5’-GATGAGTCCTGAGTAACAT-3’ 

MseI Final Amplification Primer M-51 5’-GATGAGTCCTGAGTAACCA-3’ 

MseI Final Amplification Primer M-52 5’-GATGAGTCCTGAGTAACCC-3’ 

MseI Final Amplification Primer M-53 5’-GATGAGTCCTGAGTAACCG-3’ 

MseI Final Amplification Primer M-54 5’-GATGAGTCCTGAGTAACCT-3’ 

MseI Final Amplification Primer M-55 5’-GATGAGTCCTGAGTAACGA-3’ 

MseI Final Amplification Primer M-56 5’-GATGAGTCCTGAGTAACGC-3’ 

MseI Final Amplification Primer M-57 5’-GATGAGTCCTGAGTAACGG-3’ 

MseI Final Amplification Primer M-58 5’-GATGAGTCCTGAGTAACGT-3’ 

MseI Final Amplification Primer M-59 5’-GATGAGTCCTGAGTAACTA-3’ 

MseI Final Amplification Primer M-60 5’-GATGAGTCCTGAGTAACTC-3’ 

MseI Final Amplification Primer M-61 5’-GATGAGTCCTGAGTAACTG-3’ 
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Table 3.3. Results of 44 scorable primer combinations that were tested on the resistant and 
susceptible parents and bulks.  The columns are from left to right as follows: EcoRI primer 
number, MseI primer number, number of bands that could be scored on the gel image, number of 
bands on the gel image that were polymorphic between the resistant and susceptible parents, and 
number of markers that appeared to be linked to late blight resistance based upon segregation 
pattern. 
 
EcoRI Primer MseI Primer Scorable Bands Polymorphic 

Bands 
# of Markers Putatively 
linked to Resistance 

E-32 M-47 115 69 1 
E-32 M-48 81 58 2 
E-32 M-49 71 49 0 
E-32 M-51 93 73 3 
E-32 M-52 68 46 0 
E-32 M-53 34 24 0 
E-32 M-54 89 63 3 
E-32 M-55 63 45 2 
E-32 M-56 27 20 0 
E-32 M-57 54 46 2 
E-32 M-58 30 23 0 
E-32 M-59 101 72 1 
E-32 M-60 75 50 2 
E-35 M-47 39 33 1 
E-35 M-48 21 19 0 
E-35 M-49 38 31 0 
E-35 M-50 30 22 0 
E-35 M-51 63 44 1 
E-35 M-52 58 33 0 
E-35 M-53 39 29 2 
E-35 M-55 48 41 1 
E-35 M-56 27 26 0 
E-35 M-57 52 42 1 
E-35 M-58 34 29 0 
E-36 M-47 81 63 0 
E-36 M-48 58 40 1 
E-36 M-49 52 39 0 
E-36 M-50 34 31 2 
E-36 M-51 87 74 3 
E-36 M-52 52 38 1 
E-36 M-53 26 18 0 
E-36 M-54 69 57 1 
E-37 M-55 13 2 0 
E-37 M-56 22 16 0 
E-37 M-57 31 27 1 
E-37 M-58 30 26 0 
E-37 M-59 55 50 1 
E-37 M-61 22 17 0 
E-38 M-56 18 7 0 
E-38 M-57 29 24 1 
E-38 M-58 23 17 0 
E-38 M-59 56 37 0 
E-38 M-60 57 35 1 
E-38 M-61 61 46 1 
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Figure 3.1. Demonstration of the expected band patterns.  The labels across the top of the 
figure represent lanes in a gel containing (from left to right) final amplification reactions 
from the resistant parent, the susceptible parent, the resistant bulk, and the susceptible 
bulk.  Blue lines represent AFLP marker bands derived from the resistant parent, and red 
lines represent bands from the susceptible parent.  The rows of bands (1-4) represent 
amplified fragments of different length.  Row one shows a band that is present in LA1033 
and the resistant bulk but is absent from the susceptible parent and bulk.  This band 
segregation pattern indicates that the marker is putatively linked to resistance.  Row two 
shows a band that is present in the susceptible parent and both bulks.  Since it does not 
segregate with the disease resistance phenotype, this marker is not linked.  Row three 
contains a band that is present in the susceptible parent and susceptible bulk but is absent 
from the resistant parent and resistant bulk.  This marker is putatively linked to 
susceptibility.  The fourth row shows a band from the resistant parent that is absent from 
the susceptible parent but is present in both the resistant and susceptible bulks.  This 
marker is not linked to resistance. 
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Figure 3.2. Digital image collected by the LICOR® sequencer during electrophoresis of 
final selective amplification products.  Each set of eight lanes was amplified utilizing a 
different AFLP primer combination.  For each primer pair, the samples from left to right 
are as follows: L. hirsutum LA1033 (resistant parent); L. esculentum NC215E 
(susceptible parent); resistant bulks one, two, and three; and susceptible bulks one, two, 
and three (moderately susceptible).   The arrow on the right of the image points to a 
marker that co-segregates with the resistant phenotype.  
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Figure 3.3. Partial gel image showing a final amplification reaction with the primer pair 
E32/M54.  The samples in the lanes from left to right are the resistant parent L. hirsutum 
LA1033, the susceptible parent L. esculentum NC215E, and 11 resistant, nine susceptible, 
and one moderately susceptible BC3F2 individuals.  A size standard is in the far right 
lane.  The arrow points to a marker that co-segregates with resistance.     
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Chapter 4: Mapping of Quantitative Trait Loci for Late Blight 

Disease Resistance in L. hirsutum LA1033 

 

4.1 Introduction 

In the early 1900s, Nihlson-Ehle and East demonstrated through Mendelian 

analysis of crosses that quantitatively-varying characters resulted from the cumulative 

effects of multiple segregating factors (Edwards et al. 1987).  Extensive experiments with 

inbred-lines by Belling, East, Emerson, and Hayes provided further evidence for the 

multiple-factor hypothesis (East 1916, Wright 1968).  East (1916) listed eight expectations 

that should be met under the multiple-factor hypothesis in the F1, F2, and F3 generations 

originating from a cross between inbred lines.  All requirements had been met in several 

experiments, providing substantiating evidence for the multiple factor hypothesis (East 

1916).   

Sax (1923) detected linkage between seed coat pattern and pigmentation 

(qualitative morphological traits) and seed size (a quantitative trait) in Phaseolus vulgaris.  

He concluded that bean size may be affected by the cumulative independent action of 

simply inherited factors on different linkage groups and that these factors may have 

unequal effects.  In addition, Sax proposed that discovery of linkage between qualitative 

(simply-inherited) and quantitative traits should make it possible to study unlinked 

quantitative factors independently (Sax 1923).  Another investigator soon reported linkage 

between simply-inherited and quantitatively-inherited traits (Rasmusson 1933).  Thoday 

(1961) presented a technique for mapping quantitative trait loci (QTL) using marker 

genes; however, the majority of quantitative mapping studies were limited to experimental 
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organisms because of the tremendous time and labor required to conduct these 

experiments in crop species (Tanksley et al. 1982, Edwards et al. 1987).  Systematic and 

accurate mapping of QTL was not possible in many crop species due to lack of suitable 

markers that could be scored in a single cross (Lander and Botstein 1989, Edwards et al. 

1987, Tanksley et al. 1982). 

 Genetic linkage studies were initiated in tomato early in the 20th century.  The first 

linkage groups were based on morphological variation found in cultivated tomato varieties 

and contained few markers (e.g. Macarthur 1926).  Continued linkage studies of naturally 

occurring variation in cultivated tomato and related species and the induction of mutants 

led to publication of a linkage map of tomato containing seven linkage groups and five 

unlinked genes as markers for the remaining groups (Butler 1952).  Following publication 

of this map, tremendous progress continued in the induction and mapping of mutations.  

By 1974 more than 900 tomato genes were known, and 190 loci had been mapped (Rick 

1974).  Though the morphological map of tomato contained many marker genes, its utility 

in quantitative trait mapping was limited by the inherent properties of the morphological 

loci including: 1) loci are not phenotypically neutral and can interfere with the expression 

of traits of interest through alteration of plant morphology and physiology, 2) epistatic 

interactions among marker loci limit the number of markers that can be scored in a single 

cross, and 3) most mutations are recessive therefore heterozygotes and wild type 

homozygotes are frequently indistinguishable (Tanksley and Rick 1980, Tanksley et al. 

1982). 

Isozymes were the first genetic markers with near-neutral phenotypes.  Their 

utility in plant breeding was demonstrated by their use for marker assisted selection.  
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Discovery of tight linkage between isozyme markers and two simply inherited traits in 

tomato, root knot nematode resistance (Rick and Fobes 1974) and nuclear male sterility 

(Tanksley et al. 1984), facilitated indirect selection of these important traits.  An attempt 

to construct a complete linkage map of tomato based on isozyme variation led to 

characterization of more than forty isozyme markers of which thirty-six were mapped on 

11 chromosomes (Tanksley and Bernatzky 1987).  In contrast to morphological mutant 

loci, most isozyme markers are phenotypically neutral, do not exhibit epistatic 

interactions, and are codominant (Tanksley and Rick 1980, Tanksley et al. 1982).  

However, their usefulness has been limited by low polymorphism and lack of abundance 

resulting in sparse coverage of the tomato genome (Bernatzky and Tanksley 1986, 

Tanksley and Bernatzky 1987).   

Nevertheless, the first systematic quantitative trait mapping studies in tomato and 

many other higher plants were accomplished through analysis of isozyme markers.  

Tanksley et al. (1982) scored 12 isozyme loci and four quantitative traits (leaf ratio, 

stigma exsertion, fruit weight and seed weight) in a backcross population derived from L. 

esculentum and L. pennellii.  A total of 21 statistically significant QTL were identified for 

all four traits with at least five QTL identified for each trait.  According to Edwards et al. 

(1987), Weller (1983) analyzed 18 quantitative traits and 10 marker loci (four isozyme 

and six morphological) in an F2 population derived from L. pimpinellifolium × L. 

esculentum.  Significant interactions were found for eighty- three marker-trait 

comparisons.  Edwards et al. (1987) evaluated 82 quantitative traits and 17-20 segregating 

isozyme marker loci in two maize populations.  Significant associations between marker 

loci and quantitative trait values were identified for every trait analyzed.  Marker loci 
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individually explained 0.3% to 16% of the observed variation.  Between 8 and 40% of the 

phenotypic variation for a subset of 25 traits was explained by the cumulative effects of 

the QTL identified. 

 DNA marker technology (initially RFLPs and later PCR based markers) made it 

possible to construct linkage maps of closely spaced phenotypically neutral markers.  A 

recently published map of the tomato genome contains more than 1,000 RFLP markers 

distributed over 1276 cM.  Markers on a map containing RFLPs and genes of known 

function are spaced at average distances less than one cM (Pillen et al. 1996).  Forty-seven 

RAPD markers and six microsatellites have been mapped in an interspecific L. esculentum 

× L. pimpinellifolium population (Grandillo and Tanksley 1996).  In addition, 1078 AFLP 

markers have been mapped in two F2 populations derived from L. esculentum × L. 

pennellii (Haanstra et al. 1999).  The nearly complete genome coverage afforded by 

molecular markers allows systematic examination of the entire genome for the presence of 

quantitative trait loci (Tanksley et al. 1989). 

Advances in analytical methods have also increased the efficiency and efficacy of 

quantitative trait analysis.  In early QTL mapping studies, QTL were detected by testing 

for quantitative trait value differences between groups of individuals which differed for a 

particular marker.  If the mean value of the quantitative trait was significantly different 

between the marker genotype classes, the marker was considered to be linked to the trait 

with the difference between the quantitative trait means providing an estimate of the QTL 

effect.  Simple statistical tests (equivalent to linear regression) were performed to 

determine if the mean phenotypic value for the two marker genotype classes were 

significantly different (Lander and Botstein 1989).  In such studies (e.g. Sax 1923, Thoday 
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1961, Soller and Brody 1976), single genetic markers were analyzed one at a time (Lander 

and Botstein 1989).  Although this method is straightforward, it has several disadvantages 

including: genetic locations of QTL are poorly resolved because distant linkage and small 

phenotypic effects are indistinguishable (Lander and Botstein 1989), QTL effects will 

likely be underestimated because they are confounded with the recombination frequencies, 

whether a marker is linked to a single or to multiple QTL can not be determined, due to 

confounding effects larger numbers of progeny are required to generate enough power to 

detect QTL (Zeng 1994). 

Several alternative methods have been proposed for mapping quantitative traits 

including interval mapping (Lander and Botstein 1989), composite interval mapping 

(Zeng 1994), and multiple interval mapping (Kao and Zeng 1997, Kao et al. 1999).  If a 

maximum of one QTL is located on each chromosome, interval mapping is a powerful 

method to accurately detect the location and effects of QTL (Zeng 1994).  Interval 

mapping uses a likelihood ratio test to detect whether there are differences in effects 

between marker genotype classes in genomic regions defined by pairs of markers.  A 

particular genomic region is deemed to contain a QTL if the likelihood profile of the 

interval is greater than a pre-determined critical threshold.  Advantages of interval 

mapping include: it facilitates efficient detection of QTL while providing a means for 

limiting false positives, QTL effects can be accurately estimated particularly if there is 

only one segregating QTL on a chromosome, QTL can be localized to specific genomic 

regions, and interval mapping requires fewer individuals than simple linear regression 

since the QTL effect is not confounded with recombination frequency (Lander and 

Botstein 1989, Zeng 1994).  Disadvantages of the method include: the test does not 
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determine whether or not a QTL resides within a defined interval, when there is more than 

one QTL on a chromosome the test statistic at a given interval may be affected by other 

QTL leading to biased QTL position and effect estimates, and interval mapping does not 

utilize information from other markers (Zeng 1993, Zeng 1994). 

Composite interval mapping (CIM) combines interval mapping with multiple 

regression analysis (Zeng 1994).  This method employs an interval test but uses other 

genetic markers to control effects on the test statistic of QTL outside a defined interval 

through multiple regression analysis (Zeng 1993, Zeng 1994).  CIM offers several 

advantages over interval mapping. According to Zeng (1994), “By confining the test to 

one region at a time it reduces a multiple dimensional search problem (for multiple QTLs) 

to a one dimensional search problem.” Since CIM blocks the effects of linked markers 

outside a defined window and utilizes other markers (background markers) in the analysis, 

it can improve the precision and efficiency of QTL mapping (Zeng 1994).  Disadvantages 

of the method include: uneven marker distribution can affect the analysis, CIM limits the 

ability to estimate the total contribution to the genetic variance of multiple linked QTL, it 

does not permit direct analysis of epistatic interactions, and “use of tightly linked markers 

as co-factors can reduce the statistical power to detect a QTL” (Zeng et al. 1999).  

According to Zeng et al. (1999), “Multiple interval mapping … is well suited to 

the identification and estimation of the genetic architecture parameters, including the 

number, genomic positions, effects and interactions of significant QTL and their 

contribution to the genetic variance.”  Multiple interval mapping facilitates study of the 

genetic architecture of quantitative traits “by fitting multiple QTL parameters… in a 

comprehensive framework for model identification and parameter estimation.”  To 
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determine whether a new QTL identified through multiple interval mapping should be 

added to the model or not, QTL Cartographer calculates an information criterion.  The 

information criterion (I) is a “function in form 

I(Lk, k, n) = -2(log(Lk)-kc(n)/2)  

where Lk is the likelihood of a k parameter model, c(n) is a penalty function, and 

log is the natural log” (Basten et al. 2001).  One of six different penalty functions can be 

specified.  Potential advantages of multiple interval mapping include: “MIM can aid the 

identification of QTL, … improve the statistical power to identify more minor and 

complex QTL, and also improve the precision of estimating QTL positions.”  It “can help 

to identify patterns and individual elements of QTL epistasis and to provide appropriate 

and integral estimation of QTL effects, variances and covariance contributions.”  In 

addition, “MIM can provide appropriate and powerful estimates of the genotypic values of 

individuals that can be used for marker-assisted selection” (Zeng et al. 1999).  However, it 

can be difficult to determine an appropriate “critical value for claiming QTL detection” 

when utilizing multiple interval mapping (Kao et al. 1999).  

Quantitative trait analysis has been applied in cultivated tomato and other 

Lycopersicon species to identify genomic regions contributing to salt tolerance (Foolad et 

al. 1998) and resistance to pathogens including: Phytophthora infestans (Coulibaly et al. 

2001) and Alternaria solani Sorauer (Foolad et al. 2002).  QTL have also been identified 

for floral traits and reproductive behavior (Bernacchi and Tanksley 1997) and agronomic 

traits including: total yield, red yield, soluble solids, Brix × red yield, fruit color, firmness, 

fruit weight, fruit pH, stem retention, cover, puffiness, viscocity, fruit shape, green yield, 

maturity, and horticultural acceptability (Paterson et al. 1990, Bernacchi et al. 1998).   
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 The objectives of this work were to generate a linkage map of Lycopersicon 

hirsutum LA1033 and to identify genomic regions contributing to late blight resistance 

through quantitative trait analysis.  For this purpose, AFLP markers [including markers 

putatively linked to late blight resistance (Chapter 3)] were generated on a large BC1F1 

population that was previously screened for late blight resistance (Chapter 2).  A linkage 

map was constructed from this marker data.  Quantitative trait analysis was conducted on 

the BC1F1 linkage map and phenotypic data.  The quantitative trait loci identified in this 

study should provide a basis for the development of tightly linked flanking markers that 

are suitable for marker assisted selection.  Marker assisted selection would enable more 

efficient transfer of quantitative late blight resistance from L. hirsutum LA1033 to 

advanced breeding lines and varieties and may enable the combination of this resistance 

with late blight resistance from other sources. 

4.2 Materials and Methods 

4.2.1. Data Collection 

4.2.1.1. Plant Material  

 A BC1F1 population derived from L. esculentum NC215E and L. hirsutum LA1033 

was planted at the Mountain Horticultural Crops Research Station (MHCRS) in Fletcher 

North Carolina for late blight resistance evaluation (see sections 2.2.1 and 2.2.3).  Young 

leaf material was collected on August 29, 2000 from 284 BC1F1 individuals, placed on ice, 

and transported to Raleigh North Carolina. 

4.2.1.2 DNA Extraction 

 DNA was extracted utilizing Quiagen DNeasy® 96 plant kits and protocols and the 

96-well DNA isolation protocol of Myburg et al. (2001).  On August 29 and August 30, 
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0.05g of leaf tissue was weighed and placed in 2ml screw-cap tubes (Fisher) in 200µl of 

buffer AP1 (Quiagen) not containing RNAse or reagent DX.  Round ceramic spheres 

(lysing matrix 2 from FastDNA Kit, QBiogene, Carlsbad, CA) were added to the tubes on 

top of the leaf tissue.  Samples in tubes were stored at 4°C until extracted.  On August 31, 

192 samples were extracted.  Immediately prior to extraction, additional buffer AP1 was 

prepared by adding 300µl of reagent DX (Quiagen) and 300µl of RNAse (Quiagen) to 

80ml of buffer.  Buffer AP1 containing reagent DX and RNAse was pre-heated to 70°C 

and 400µl were added to each sample.  To facilitate complete disruption of the tissue, a 

ceramic cylinder (QBiogene) was added to the tubes.  The samples were disrupted in a 

FastPrep®  FP120 Instrument (QBiogene) for 45 seconds at 4.5m/s.  Immediately after 

being disrupted, the samples were placed in an ice slurry until all samples were prepared.  

Samples were incubated for 10 minutes in a 65°C water bath and cooled on ice for five 

minutes.  Two-hundred µl of buffer AP2 (Quiagen) was added, and samples were 

incubated in an ice slurry for 30 minutes.  Samples were centrifuged for 10 minutes in a 

microfuge at 14000g, and 400µl of supernatant was transferred to new 1ml deep-well 

blocks.  Six-hundred µl of buffer AP3/E (Quiagen) was added and mixed (Myburg et al. 

2001).  The samples were transferred to a DNeasy® 96 plate on a square-well block.  DNA 

extraction was continued as written from step eleven of the Quiagen DNeasy® 96 plant 

protocol.  A volume of 100µl of buffer AE was used in both elution steps.  The remaining 

88 BC1F1 samples and two samples each of L. esculentum NC215E and the interspecific 

F1 parent were extracted on September 1 2000 as described above.  DNA was quantified 

by comparison with 25, 50, 100, and 200ng/ul lambda DNA standards.  DNA samples and 
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standards were run on a 1% agarose electrophoresis gel containing ethidium bromide for 

30 minutes.  The gel image was visualized with ultraviolet light. 

4.2.1.3 Template Preparation 

 DNA restriction and adapter ligation reactions were carried out with AFLP Core 

Reagent Kits from Life Technologies.  The Life Technologies protocol supplied with the 

kits was followed with two exceptions: restriction endonucleases were not inactivated, and 

reaction volumes were cut in half for some of the samples.  Restriction reactions contained 

125ng genomic DNA, 1µl EcoRI/MseI (Life Technologies), and 2.5µl 5× reaction buffer 

(Life Technologies) in a total volume of 12.5µl.  Restriction digests were briefly vortexed 

and centrifuged then incubated for 2 hr. at 37°C in a thermal cycler.  After incubation, 

samples were briefly centrifuged and placed on ice.  For adapter ligation, 12µl 

adapter/ligation solution (Life Technologies) and 0.5µl of T4 DNA ligase (Life 

Technologies) were added to each digested DNA sample.  Samples were vortexed and 

centrifuged briefly and then incubated at 20°C for 2 hours in a thermal cycler.  The 

individual restricted and ligated DNA samples were then diluted 1:10 in TE buffer (Life 

Technologies).   

4.2.1.4. PCR Amplification 

 Preamplification reactions were carried out in 96-well plates as described in 

Chapter 3 except that the reaction volume was changed to 30µl and minor adjustments 

were made to the reaction mixture and PCR protocol.  Each 30µl preamplification reaction 

contained 3µl of diluted restricted/ligated DNA as a template, 0.2mM each of four dNTPs, 

50ng EcoRI primer, 50ng MseI primer, 2 units Taq polymerase (Roche or Promega), 

10mM Tris-HCL pH 8.3, 1.5mM MgCl2, 50mM KCl, and sdH2O to a total volume of 
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30µl. The PCR protocol was changed to 28 cycles of denaturation at 94°C for 15s, 

annealing at 60°C for 30s, and extension at 72°C for 1 min with a 1s per cycle extension.  

At the end of the 28th cycle, a final extension step of 2 min at 72°C was performed 

(Myburg et al. 2001).  Pre-amplification products were diluted 1:40 with TE buffer 

(10mM Tris-HCl pH 8.0, 0.1 mM EDTA) (Myburg et al. 2001).   

Diluted pre-amplification products were tested once by performing a final 

amplification in order to verify that all pre-amplified samples worked.  Pre-amplified 

samples that produced final amplification results that could be scored were transferred in 

the correct order to deep well blocks to aid in preparation of final amplification reactions.  

Each of the three blocks of pre-amplified samples contained L. hirsutum LA1033, L. 

esculentum NC215E, the F1 plant from which the BC1F1 was derived, and 61 unique 

BC1F1 individuals. 

For each primer pair tested, 192 final amplification reactions (183 BC1F1 

individuals plus parental samples to be included on every gel as link lanes) were prepared 

to be run on three 64-lane gels.  Final amplification reactions were composed exactly as 

described in Chapter 3.  The final amplification PCR protocol (Chapter 3) was only 

changed by extending the length of the final extension step to two minutes at 72°C.   

4.2.1.5 Denaturing Gel Electrophoresis 

 Denaturing gel electrophoresis was conducted as described in Chapter 3 with a few 

modifications.  The 0.8× TBE running buffer was made from LI-COR® KBPlus 10× TBE 

buffer packs, and formamide loading buffer (Stop Solution) was also obtained from LI-

COR®  Prior to denaturation, final amplification products were vacuum dried to 
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approximately 5µl volume (Myburg et al. 2001).  Formamide loading buffer (10µl) was 

added to the samples which were then denatured and loaded as described in Chapter 3. 

4.2.1.6. Scoring Gel Images 

 Digital gel image files were scored with the AFLPQuantar™ software program 

version 1.05 (KeyGene products B.V., Wageningen, The Netherlands).  Binary (band 

presence/absence) data were obtained through “semi-automated band scoring” as 

described by Myburg et al. (2001), except that most gel images were scored once.  Since 

three 64-lane gels were run for each primer pair, the second and third gel images were 

scored using the “CopyScore” command to insure that the same markers were scored on 

all images of the same primer combination.  Identical samples (link lanes) that were 

included in all three gels of a single primer pair were used to align the gel images.  Data 

were exported directly to Microsoft Excel spreadsheets and were re-formatted for the 

linkage mapping program. 

4.2.2. Data Analysis  

4.2.2.1. Linkage Mapping 

 AFLP band phenotypes were analyzed to find samples which consistently had a 

high percentage of missing data due to weak amplification.  Samples with 25% or more 

missing data were eliminated from the data set.  Bands that could only be scored on one of 

three gels were also eliminated from the data set.  Raw data were analyzed for deviation 

from the expected 1:1 ratio of band presence or absence (skewed segregation) using a chi 

square goodness of fit test.  Bands were considered to significantly differ from expected 

ratios at the 0.01 significance level (P≤=0.01, χ2 ≥ 6.63).  Bands exhibiting skewed 
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segregation were initially excluded from the data set during framework map construction 

and were placed in a separate file.   

MAPMAKER for Macintosh 2.0 software (Lander et al. 1987, E. I. DuPont de 

Nemours and Company, Wilmington, DE) was used to construct a framework linkage 

map (A.P. Jordan 1997, Remington et al. 1999).  Band data were input as F2 backcross 

data into MAPMAKER.  Bands were assigned to linkage groups using the GROUP 

command with a maximum recombination fraction (θ) of 0.25 and a minimum LOD score 

of 4.00.  Preliminary maps were generated by approximating band order for each linkage 

group using the “FIRST ORDER” command and parameters θ ≤ 0.40 and LOD score ≥ 

3.00.  A framework map with interval support ≥ 3.00 was derived from the preliminary 

map through the following multi-step process.  First, the recombination matrix for each 

linkage group was examined for terminal bands that exhibited strong linkage with bands 

in the middle of the linkage group.  Since these terminal bands were expected to contain 

error, they were dropped one at a time from the linkage group.  The remaining bands in 

the linkage group were reordered after each drop using the FIRST ORDER command.  

Second, the DROP MARKER command was used to identify internal bands whose 

inclusion increased map length by more than 6cM.  These bands were dropped (except 

E32M54-205 on linkage group twelve) one at a time until no internal bands expanded the 

map by more than 6cM.  Third, bands that were too tightly linked to be placed with 

confidence (typicallyθ ≤ 0.05) were removed from the framework map.  Fourth, the 

RIPPLE command was utilized to permute the order of all adjacent triples in each linkage 

group and compute the log likelihood difference between the current band order and all 

alternative orders.  Bands were dropped one at a time until a band order with interval 
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support ≥ 3.00 (at least 1,000 times more likely than alternative orders) was achieved for 

all triplet permutations in each linkage group.  Fifth, all bands that had been dropped from 

the linkage groups during framework map construction were placed adjacent to the nearest 

framework markers as accessory markers with the NEAR command.  The Haldane 

mapping function was utilized in MAPMAKER to convert recombination fractions to map 

distances. 

The data file containing AFLP bands exhibiting skewed segregation was imported 

into MAPMAKER and analyzed separately as described above for the framework 

markers.  Framework linkage map markers and the bands exhibiting skewed segregation 

were then combined in another data file.  This file was imported into MAPMAKER, and 

distorted bands were either integrated into the framework map or were placed adjacent to 

the nearest framework markers as accessory markers. 

4.2.2.2 Quantitative Trait Analysis 

4.2.2.2.1 Software 

 Quantitative trait analysis was conducted using four different methods to detect 

QTL: simple linear regression, interval mapping (Lander and Botstein 1989), composite 

interval mapping (Zeng 1994), and multiple interval mapping (Zeng et al. 1999).  

Analyses were carried out using QTL Cartographer (Basten et al. 1994; Basten, et al. 

2001).  Specifically, the Windows QTL Cartographer V. 2.0 written by Wang et al (2002) 

was utilized for all analyses.  Simple linear regression and composite interval mapping 

were run with an April 2002 software release, while interval and multiple interval 

mapping were run with the December 2002 software release.  
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4.2.2.2.2 Data Inputs 

 Marker, map, and phenotypic data required for quantitative trait analysis were 

input into QTL Cartographer.  Markers utilized in the analysis included the 55 framework 

markers plus the two AFLP markers which were not mapped.  Data entered for each 

marker consisted of the marker name (linkage group and position) and a variable 

indicating presence or absence of the marker band for each of the 155 BC1F1 individuals 

in the mapping population.  Map data consisted of the marker names in order, their 

linkage group and position, and the distance in centimorgans between the markers in the 

linkage groups.  The two unlinked markers were included.  Marker E32M59-191 was 

included in position 13-1, and E32M47-474 was included in position 13-2.  Map data 

were obtained from MAPMAKER linkage analysis outputs.  Late blight response data had 

been collected from a field plot and from two detached leaf inoculation tests which were 

scored using two methods (ratings of 1 to four with 1= highly resistant and Horsfall-

Barratt ratings).  (These experiments and results are presented in Chapter 2).  The standard 

Horsfall-Barratt ratings correspond to percent leaf area defoliated.  The percent leaf area 

defoliated data were transformed by using the arcsine of the geometric midpoint.  The 

following five sets of phenotypic data were analyzed in QTL Cartographer as individual 

traits: field test rating (1-4; 1=highly resistant), Sept. 29, 2000 detached leaf test rating (1-

4; 1=highly resistant), Sept. 29, 2000 detached leaf test transformed percent leaf area 

defoliated, Oct. 13, 2000 detached leaf test rating (1-4; 1=highly resistant), and Oct. 13, 

2000 detached leaf test transformed percent leaf area defoliated. 
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4.2.2.2.3 Analyses 

4.2.2.2.3.1 Simple Linear Regression 

 The single marker analysis menu fit the data to the linear model yi=b0 + b1xi + e, 

where yi is the quantitative trait phenotype of the ith individual, b0 is the mean (intercept), 

b1 is the regression coefficient (slope) and xi is an indicator variable for the marker 

genotype (xi = heterozygote or homozygote).  The values of b0 and b1 are estimated, and 

error (e) is assumed to be normally distributed (Basten et al. 2001).  For each marker, the 

F statistic and the tail probability of the F statistic given one degree of freedom in the 

numerator and n-1 degrees of freedom in the denominator were calculated for the null 

hypothesis that the marker is not linked to the trait.  Likelihood ratio test statistics 

{likelihood ratio = -2[log (L0/L1)]} were also calculated.  Single marker analyses were 

conducted for 57 markers on the five trait measurements listed in section 4.2.2.2.2 (Data 

Inputs).   

4.2.2.2.3.2 Interval Mapping 

 Interval mapping (Lander and Botstein 1989) was carried out in QTL Cartographer 

with walking speed set to 2.0 cM.  The experiment-wise significance levels for interval 

mapping were determined empirically through permutation tests (Churchill and Doerge 

1994).  For each permutation, quantitative trait phenotypes were shuffled relative to the 

marker genotypes and interval mapping was then utilized to search the entire genome for 

apparent QTL.  The highest likelihood ratio test statistic resulting from each permutation 

was recorded.  A total of 1000 permutation tests were performed.  At the end of the 

permutation tests, the resulting likelihood ratio values were placed in order.  The 95th 

percentile likelihood ratio value was identified which corresponds to the experiment-wise 
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significance level at α = 0.05 (Basten et al. 2001)  Experiment-wise significance levels for 

interval mapping were determined through 1000 permutation tests for each of the five 

phenotypic trait measurements.  The permutation tests were run by Dr. Christopher Basten 

at the NCSU Bioinformatics Research Center using custom Perl scripts.  Likelihood ratio 

test statistics were calculated to test the null hypothesis that the putative QTL effect was 

equal to zero.  If the likelihood ratio test statistic was greater than or equal to the pre-

determined threshold, the null hypothesis was rejected in favor of the alternative 

hypothesis that the putative QTL effect is not equal to zero.   

4.2.2.2.3.3 Composite Interval Mapping 

 Composite interval mapping was conducted for all trait measurements using the 

standard model (model six).  The number of markers to control for the genetic background 

and the window size were set to their default values of five markers and 10 cM, 

respectively.  Walking speed was set to 2.0 cM.  Experiment-wise significance levels at α 

= 0.05 for composite interval mapping were determined through permutation tests as 

described above for interval mapping except that apparent QTL in the permuted data were 

identified through composite interval mapping.  The null hypothesis (that the additive 

effects of the putative QTL being tested equal zero) was rejected in favor of the alternative 

hypothesis (that the additive effects of the putative QTL being tested are not equal to zero) 

when the likelihood ratio test statistic equaled or exceeded the critical value. 

4.2.2.2.3.4 Multiple Interval Mapping 

 Since an initial model was not specified, multiple interval mapping (MIM) was 

conducted through four steps.  First, QTL were identified.  Second, pairs of QTL were 

tested for the presence of epistatic interactions.  Third, the positions of the QTL within the 
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QTL intervals were refined.  Fourth, r2 values were calculated.  The penalty function, c(n), 

chosen for the MIM analyses was  

 c(n) = log(n) 

with a significance threshold of 0.0 as suggested by Basten et al.(2001).  The walking 

speed was set to 1.0 cM, and the forward regression method was utilized to search for 

QTL.  All five phenotypic measurements were analyzed via MIM as separate traits.  

Putative QTL were retained in the model if the difference between the information 

criterion value calculated for the model with k parameters and the information criterion 

value calculated for the model with k+1 parameters was greater than or equal to the 

threshold value of 0.00 (Basten et al. 2001). 

4.2.2.3 Multiple Regression 

 The student edition of the statistical software package JMP® (JMP IN® version 3.2, 

SAS Institute, Inc.) was used to calculate the least squares mean disease ratings of BC1F1 

individuals in different QTL genotype categories.  Models including either three or four 

putative QTL were tested. 

4.3 Results 

4.3.1 Data Collection 

 Extractions yielded 200 µl of DNA solution with an estimated concentration of 

50ng/µl.  Electrophoresis of restriction digests indicated that the reactions were complete, 

as all DNA fragments were in the expected size range.  Preamplification of 

restricted/ligated DNA samples produced a visible smear on an electrophoresis gel.  

Initially, 245 samples were pre-amplified and tested of which 187 produced good results 

in a final amplification test. 
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 Final amplifications were conducted with 19 EcoRI/MseI primer combinations and 

generated a total of 236 segregating bands that could be scored on one or more gel images 

(Table 4.1).  The number of bands that could be reliably scored per primer combination 

ranged from five to 30 with a mean of 12.4 bands.  Estimates of band size obtained from 

AFLPQuantar™ based on a 50-700bp LI-COR® size standard showed that scored 

fragments ranged in size from 44.5 to 872.8 bases. 

4.3.2 Data Analysis 

4.3.2.1 Linkage Mapping 

AFLP band data were collected on 183 BC1F1 individuals.  Twenty eight samples 

had more than 45 (25%) missing data points and were removed from the data set.  Marker 

and phenotypic data were analyzed for the remaining 155 individuals.  Five bands (four of 

which could only be scored on a single gel image) were removed due to inconsistencies.  

A total of 65 AFLP markers and one morphological marker, S (self-incompatible), 

exhibited skewed segregation at a significance level of 0.01.  Out of the 65 AFLP markers 

showing distortion at the 0.01 level, 41 or 63% were in favor of the L. esculentum alleles.  

The mean χ2  test statistic was 23.2 for the 24 distorted markers that favored L. hirsutum 

alleles but was only 9.5 for the distorted markers favoring L. esculentum alleles.   

Integration of the normal and skewed band data resulted in 229 markers mapping 

into 12 linkage groups (Figures 4.1-4.12).  In addition, the morphological markers sp 

(self-pruning) and S (self-incompatible) were also mapped.  Linkage maps covered a total 

distance of 1033 cM (Haldane function) allowing 10cM for the end of each linkage group 

(Remington et al. 1999). 
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Two AFLP markers could not be mapped with the linkage criteria utilized, but the 

closest framework markers were identified.  The unlinked marker E32M59-191 had a 

recombination fraction of 0.32 (LOD 4.01) with the morphological marker sp on linkage 

group four, and the unlinked marker E32M47-474 had a recombination fraction of 0.37 

(LOD 2.02) with the closest framework marker E36M50-169 on linkage group ten.   

Fifty-four AFLP markers and one morphological marker were placed on the 

framework linkage map, while most of the remaining 175 AFLP markers formed tightly 

linked clusters and were placed as accessory markers beside the nearest framework 

markers (Table 4.2 and Figures 4.1-4.12).  All of the linkage groups contained at least one 

region of tightly linked markers.  Linkage group three (Figure 4.3) contained two distinct 

clusters of tightly linked markers, while all other linkage groups contained single clusters 

of tightly linked markers.   

Regions of the framework map of linkage groups three, six, nine, and twelve 

exhibited distorted segregation at a significance level of 0.01 (Table 4.2).  Distortion in 

linkage groups three and six favored L. hirsutum alleles, while regions in linkage groups 

nine and twelve favored both parents.   

4.3.2.2 Quantitative Trait Analysis 

4.3.2.2.1 Simple Linear Regression 

 Table 4.3 contains the results of single marker analysis for all markers with F-

statistics having a probability of 0.05 or less.  (An experiment-wise α-value of 0.05 

corresponds to p ≤ 0.001.)  When field data were analyzed, only markers 6-1 and 6-2 

produced F-statistics with probabilities less than or equal to 0.001.  F-statistics for markers 
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6-4, 8-3, 8-4, 8-5, 9-2 and 9-3 had P-values less than or equal to 0.01.  F-statistics for 

markers 2-2, 3-1, 9-1, and 9-4 had P-values less than or equal to 0.05. 

Analysis of late blight resistance rating data from the Sept. 29, 2000 detached leaf 

test resulted in F-statistics for markers on linkage groups four (4-1, 4-3, 4-4) and six (6-1) 

having probabilities less than 0.001.  One marker on linkage group two (2-4), two markers 

on linkage group four, one marker on linkage group six (6-2), and four markers on linkage 

group eight (8-2 to 8-5) had F-statistics with P ≤ 0.01.  Markers 2-4 and 13-2 had F-

statistics with probabilities ≤ 0.05. 

Analysis of transformed percent leaf area defoliated data from the Sept. 29, 2000 

detached leaf test showed that markers 4-1, 4-3, 4-4, 6-1, and 13-2 had F-statistics that 

were significant at the 0.001 level (P ≤ 0.001).  In addition F-statistics were significant at 

the 0.01 level (P ≤ 0.01) for marker 4-2 and at the 0.05 level (P ≤ 0.05) for markers 2-4, 4-

5, 6-2, 8-2, 8-5, 10-2, and 11-1. 

For the Oct. 13, 2000 detached leaf test resistance rating data, markers with F-

statistics having probabilities ≤ 0.001 were located on linkage group six (6-1 and 6-2).  

One marker on linkage group ten (10-1) had an F-statistic with P ≤ 0.01.  Markers 3-2, 6-

3, 8-3 to 8-5, 9-1 and 10-2 had F-statistics with probabilities between 0.05 and 0.01. 

Analysis of transformed percent leaf area defoliated data from the Oct. 13, 2000 

detached leaf test showed that the F-statistics for markers 6-1 and 6-2 were significant at 

the 0.0001 level (P ≤ 0.0001).  The F-statistic for marker 9-1 had a probability ≤ 0.01.  

Markers 1-1, 1-2, 1-3, 3-2, 3-3, 5-5, 6-3, and 8-3 to 8-5 had F-statistics that were 

significant at the 0.05 level. 
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4.3.2.2.2 Interval Mapping 

 Results of interval mapping for all late blight resistance measurement types and all 

linkage groups are presented in Figures 4.13 to 4.25.  Statistics are presented in Table 4.4.  

Critical experiment-wise likelihood ratio values for declaring a QTL significant were 11.1 

for the field rating, 11.3 for the Sept. 29, 2000 detached leaf test rating, 11.3 for the Oct. 

13, 2000 detached leaf test rating, 11.0 for the transformed percent leaf area defoliated 

data from the Sept. 29 2000 detached leaf test, and 11.3 for the transformed percent leaf 

area defoliated data from the Oct. 13, 2000 detached leaf test.  Significant QTL were not 

detected on linkage groups one, two, three, five, seven, ten, eleven, and twelve.  A highly 

significant QTL was detected on linkage group six with all trait measurements used.  A 

QTL was detected on linkage group eight that was significant for the field rating and Sept. 

29, 2000 detached leaf test rating, but it was not significant for the transformed percent 

leaf area defoliated data from either detached leaf test or for the Oct. 13, 2000 detached 

leaf test rating.  Two QTL on linkage groups four and thirteen were only detected with the 

transformed percent leaf area defoliated data from the Sept. 29, 2000 detached leaf test, 

and a QTL on linkage group nine was only detected with field rating data. 

4.3.2.2.3 Composite Interval Mapping 

 Composite interval mapping results for all late blight resistance measurement 

types and all linkage groups are presented in Figures 4.26 to 4.38.  Table 4.5 presents the 

statistics for positions along the linkage groups with the highest likelihood ratios (most 

likely QTL positions) for all significant QTL.  Critical experiment-wise likelihood ratio 

values for declaring a QTL significant were 11.8 for the field rating, 11.7 for the Sept. 29, 

2000 detached leaf test rating, 11.6 for the Oct. 13, 2000 detached leaf test rating, 11.2 for 
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the transformed percent leaf area defoliated data from the Sept. 29, 2000 detached leaf 

test, and 11.6 for the transformed percent leaf area defoliated data from the Oct. 13, 2000 

detached leaf test.  QTL were detected on linkage groups four, six, eight, and thirteen.  

The QTL flanked on the left by marker 6-1 was significant for all trait measurements 

analyzed.  The QTL on linkage group eight was significant for all trait measurements 

except for the transformed percent leaf area defoliated data from the Sept. 29, 2000 

detached leaf test and the Oct. 13, 2000 detached leaf test rating.  A QTL was detected on 

linkage group four with both the transformed percent leaf area defoliated and the 

resistance rating data from the Sept. 29, 2000 detached leaf test, but it was not significant 

for the three other trait measurements.  A QTL was detected near marker 13-2 only with 

transformed percent leaf area defoliated data from the Sept. 29, 2000 detached leaf test.   

4.3.2.2.4 Multiple Interval Mapping 

 Multiple interval mapping (MIM) analysis of field data resulted in the 

identification of putative QTL on linkage groups six, seven, eight and nine (Figure 4.39).  

Statistics on the MIM results are given in Table 4.6.  In this section, the term “near” 

indicates that the marker is located to the left of the QTL and is one of a pair flanking the 

QTL region.  In some cases, the QTL is located closer to the right flanking marker.  

Putative QTL that increased the resistance level were located near markers 6-1, 8-4, and 

9-2.  QTL near markers 6-1, 8-4, and 9-2 decreased disease ratings by 0.843, 0.4901, and 

0.3592 and explained 22.5%, 8.2%, and 5.8% of the variation, respectively.  A QTL 

identified near marker 7-2 increased the disease rating by 0.3181 and explained 2.3% of 

the variation.  Epistatic interaction between the QTL near markers 6-1 and 8-4 decreased 
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the disease rating by 0.8328 and explained 5.1% of the variation.  The model explained 

43.84% of the total variation.   

 For the late blight resistance rating data from the Sept. 29, 2000 detached leaf test, 

QTL were detected near markers 2-3, 4-3, 6-1, 8-4, and 13-1 that together explained 

42.25% of the total variation (Figure 4.40).  QTL near markers 2-3, 6-1, and 8-4 decreased 

disease ratings by 0.34, 0.59, and 0.45, respectively; while QTL near markers 4-3 and 13-

1 increased disease ratings by 0.67 and 0.36, respectively.  QTL near markers 2-3, 4-3, 6-

1, 8-4, and 13-1 individually explained 4.6%, 14.0%, 12.6%, 6.8%, and 4.2% of the 

variation, respectively.   

 MIM analysis of the transformed percent leaf area defoliated data from the Sept. 

29, 2000 detached leaf test revealed putative QTL on linkage groups four, six, eight, and 

thirteen (Figure 4.42).  QTL near markers 6-1 and 8-2 had additive effects of -9.16 and -

8.61, while QTL near markers 4-3 and 13-1 had effects of + 9.26 and +9.55, respectively.  

Epistatic interactions were identified between QTL near markers 6-1 and13-2 and 8-2 and 

13-2 which accounted for 5.2 and 5.1% of the total variation, respectively.  The additive 

and epistatic effects in the model together explained 47.42% of the total variation. 

 MIM analysis of the Oct. 13, 2000 detached leaf test resistance rating data resulted 

in a model with five QTL having additive effects that accounted for 37.93% of the total 

phenotypic variation (Figure 4.41).  A QTL near marker 6-1 had the largest effect (-0.71) 

on the disease rating and explained 23.6% of the variation.  QTL near markers 8-4 and 12-

2 decreased the disease rating by 0.32 and 0.29 and explained 4.6% and 2.7% of the 

variation, respectively.  QTL near markers 9-1 and 10-1 increased the disease rating by 

0.24 and 0.32, explaining 2.4% and 4.7% of the variation, respectively.   
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 Results of MIM analysis of transformed percent leaf area defoliated data from the 

Oct. 13, 2000 detached leaf test are shown in Figure 4.43.  Four QTL were detected that 

were located near markers 1-2, 6-1, 8-4, and 9-1 and that individually explained 3.6%, 

24.2%, 6.6%, and 4.6% of the total variation, respectively.  Effects of the four QTL in 

order were (1-2) -9.5698, (6-1) -21.1094, (8-4) -11.5001, and (9-1) +8.8434.  The QTL 

detected accounted for 39.07% of the total variation. 

4.3.2.3 Multiple Regression 

 Results of multiple regression of the field ratings on QTL genotypes are given in 

Table 4.7.  For the field data, the least squares mean disease rating of those individuals 

heterozygous at markers 6-1, 8-4, and 9-2 was 1.80, while the least squares mean disease 

rating for individuals homozygous for L. esculentum NC215E alleles at markers 6-1, 8-4, 

and 9-2 was 3.32.  When the marker 10-1 was added to the model, the least squares mean 

disease rating for individuals heterozygous at markers 6-1, 8-4, and 9-2 and homozygous 

for NC215E alleles at marker 10-1 was 1.60, while the least squares mean disease rating 

for individuals homozygous for NC215E alleles at markers 6-1, 8-4, and 9-2 and 

heterozygous for marker 10-1 was 3.36. 

4.4 Discussion and Conclusions 

 A framework linkage map was constructed in a BC1F1 population that was derived 

from L. esculentum NC215E and L. hirsutum LA1033.  The framework map contained 54 

AFLP markers and one morphological marker.  The twelve linkage groups spanned a total 

distance of 1033 cM.  The current tomato RFLP map, which was constructed using an F2 

population derived from L. esculentum and L. pennellii, has a total length of 1276 cM 

(Pillen et al. 1996).  A linkage map constructed from an L. esculentum × L. hirsutum 
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population covered 1409cM (Foolad et al. 2002).  Based on the linkage maps published by 

Pillen et al. (1996) and Foolad et al. (2002), our linkage map covered approximately 80% 

and 73% of the total tomato map length, respectively.   

The morphological marker S (self-incompatible) is located on chromosome 1 of 

the tomato linkage map (Pillen et al. 1996).  In the present study, self-incompatibility was 

associated with linkage group two (Figure 4.2).  The morphological marker sp (self-

pruning) is located on chromosome 6 of the tomato linkage map (Pillen et al.1996) and 

mapped to the end of linkage group four in this study (Figure 4.4).  Thus, it can be 

inferred that our linkage group two is tomato chromosome 1 and that our linkage group 

four is tomato chromosome 6.  In our study, marker intervals on chromosome 1 (linkage 

group two) spanned 136cM, and marker intervals on chromosome 6 (linkage group four) 

covered a total of 67 cM.  In comparison, marker intervals for chromosomes 1 and 6 of the 

tomato linkage map (Pillen et al. 1996) total 133.4 cM and 101.9 cM, respectively.   

Most (~75%) of the AFLP markers formed tightly linked clusters and were placed 

on the linkage groups as accessory markers.  Haanstra et al. (1999) found that 848 EcoRI 

+ MseI AFLP markers formed dense clusters in primarily centromeric regions, while the 

remaining 230 EcoRI + MseI AFLP markers were distributed over the genome.  

Clustering was not observed with PstI + MseI AFLP markers.  Saliba-Colobani et al. 

(2000) observed clustering of 60% of RAPD and 80% of AFLP markers in recombinant 

inbred lines derived from a cross between L. esculentum and L. esculentum var. 

cerasiforme.  In a population derived from L. esculentum and L. pimpinellifolium, 75% of 

47 RAPD markers and 100% of six GATA microsatellites clustered around centromeric 

regions (Grandillo and Tanksley 1996).  Clustering of RFLP markers has also been 
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reported (Tanksley et al. 1992).  Regions of tightly-linked markers frequently correspond 

to the putative heterochromatic regions surrounding the centromeres and occasionally 

telomeric regions (Tanksley et al. 1992, Haanstra et al. 1999).  This phenomenon may be 

caused by suppressed recombination in the heterochromatic regions rather than unequal 

distribution of markers.  Since EcoRI is not methylation sensitive, it recognizes restriction 

sites in the methylated heterochromatic regions as well as in the non-methylated 

euchromatic regions (Haanstra et al. 1999).   

Twenty-eight percent of the AFLP markers exhibited skewed segregation (P ≤ 

0.01).  Although more marker loci (63%) were skewed in favor of the L. esculentum 

alleles, the most severe distortion generally favored L. hirsutum alleles.  Four linkage 

groups (three, six, nine, and twelve) exhibited distorted segregation (P ≤ 0.01).  In linkage 

groups three and six, segregation ratios were distorted in favor of L. hirsutum alleles, 

while there were distinct regions that favored both parents in linkage groups nine and 

twelve.  Distorted segregation has been detected in many interspecific tomato mapping 

populations (e.g. Bernacchi and Tanksley 1997, Foolad 1996, Haanstra et al. 1999, Saliba-

Colobani et al. 2000).  Distorted segregation is caused by selection occurring in any of the 

four following phases: sporogenesis, spore function, seed development, and seed 

germination and plant growth prior to evaluation (Foolad 1996).  Foolad (1996) suggested 

that skewed segregation in an inter-specific cross (L. esculentum × L. pennellii) exhibiting 

unilateral incompatibility could be due to “pre-zygotic differential selection during pollen 

function” resulting primarily from “multigenic unilateral incompatibility reactions 

between the two species.” The cross we conducted between L. esculentum and L. hirsutum 

also exhibits unilateral incompatibility. 



 134

In this study, four different methods of quantitative trait analysis were applied to 

five different types of trait measurement.  The linkage groups on which putative QTL 

were found are listed below for each method of analysis.   

In order to achieve an experiment-wise α value of 0.05 for the simple linear 

regression analysis, the significance level required for individual tests was 0.000877 

which was rounded to 0.001.  Using this experiment-wise significance level, markers 

linked to late blight resistance were identified on linkage group six with all trait 

measurements, on linkage group four with two trait measurements, and near unlinked 

marker 13-2 with one trait measurement. 

Simple interval mapping resulted in identification of QTL on linkage group six 

with all traits; on linkage groups eight and four with two traits; and on linkage group nine 

and near unlinked marker 13-2 with one trait measurement. 

Using composite interval mapping, QTL were identified on linkage group six with 

all trait measurements, on linkage group eight with three trait measurements, on linkage 

group four with two trait measurements, and near unlinked marker13-2 with one trait 

measurement.  

Through multiple interval mapping, putative QTL were detected on nine linkage 

groups and near unlinked marker 13-2.  QTL were identified on linkage groups six and 

eight with all trait measurements.  QTL were identified on linkage group nine with three 

trait measurements; on linkage groups four and near marker 13-2 with two trait 

measurements; and on linkage groups one, two, seven, ten and twelve with one trait 

measurement.   
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In order to summarize the findings of all 20 method/trait measurement 

combinations, the total number of times a QTL was detected on each linkage group was 

tallied.  A QTL was detected on linkage group six with all 20 combinations.  QTL were 

detected on linkage group eight with ten combinations, on four with eight combinations, 

near marker 13-2 with five combinations, and on linkage group nine with four 

combinations.  QTL were identified on linkage groups one, two, seven, ten, and twelve 

with one combination.  No QTL were detected on linkage groups three, five, and eleven.   

The percent of the variation which individual QTL accounted for varied depending 

upon the method of analysis and the type of trait measurement utilized.  The direction of 

the effect for individual QTL was generally consistent across methods of analysis and 

types of trait measurements.  QTL on linkage groups one, two, six, eight, nine (marker 9-

2), and twelve had negative effects on the level of disease (increased the resistance), and 

QTL on linkage groups four, seven, nine (9-1), and ten and near unlinked marker 13-2 had 

positive effects on the disease level (increased the susceptibility).  Although L. esculentum 

NC215E is susceptible to late blight and L. hirsutum LA1033 is resistant to late blight, the 

occurrence of QTL regions detected in LA1033, which increased the disease ratings of the 

mapping population, indicates either the presence of genes in LA1033 having a negative 

pleiotropic effect on the level of late blight resistance or the presence of genes in NC215E 

that contribute to late blight resistance.  L. esculentum NC215E was found to be less 

susceptible in late blight screenings than L. esculentum ‘Mountain Pride’ (Dawn Fraser, 

personal communication).  

The four methods of quantitative trait analysis utilized varied in their power to 

detect QTL.  Through simple linear regression, significant QTL were located on four 
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linkage groups.  Interval mapping resulted in the identification of QTL on five linkage 

groups, while composite interval mapping allowed the identification of QTL on four 

linkage groups.  Multiple interval mapping resulted in detection of QTL on nine linkage 

groups and near an unlinked marker (13-2).  This result is not surprising.  When there is 

only one QTL on each linkage group, simple interval mapping may have greater power to 

detect QTL than composite interval mapping (Zeng 1994, Lander and Botstein 1989).  

Simple linear regression generally has the least power to detect QTL effects because of 

the confounding of QTL effects with recombination (Zeng 1994).  Multiple interval 

mapping may have more power to detect minor QTL than other methods (Zeng et al. 

1999).   

However, the four methods of quantitative trait analysis used also differed in the 

way the significance level was determined.  The experiment-wise significance levels for 

QTL detection with simple linear regression were set to 0.05.  For interval mapping and 

composite interval mapping, experiment-wise significance levels were approximated 

through permutation tests.  Because several genomic regions are tested simultaneously in 

multiple interval mapping, it is not possible to determine an approximate significance 

level through permutation tests (Zeng et al.1999, Kao et al. 1999).  QTL detected on 

linkage groups one, two, seven, ten, and twelve were only identified through multiple 

interval mapping with a single type of trait measurement.  The failure of these putative 

QTL to meet the critical likelihood ratio value for an experiment-wise significance level 

of 0.05 in all of the simple interval mapping and composite interval mapping analyses 

casts doubt on their significance.  Detection of some of these putative QTL may have 

resulted from an effectively lower significance level. 
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It was demonstrated through multiple regression (Table 4.7) that the QTL regions 

on linkage groups six, eight, and nine contributed appreciably to the late blight resistance 

level of BC1F1 individuals in the field trial.  The putative QTL region near marker 10-1, 

which was detected once through multiple interval mapping, did not have a biologically 

significant impact on resistance levels of BC1F1 individuals in the field trial.   

The QTL that was most consistently detected in the quantitative trait analyses was 

located on linkage group six in a 28.4 cM interval between markers E32M54-129 and 

E32M57-68.  Multiple interval mapping results indicated that this QTL explained 9.8% to 

24.2% of the variation, depending upon the trait measurement used.  Most multiple 

interval mapping results indicated that the QTL was closer to E32M54-129 than to 

E32M57-68.  The marker E32M54-129 was originally identified through bulked segregant 

analysis of a BC3F2 population (Chapter 3).  E32M54-129 clearly differentiated the 

resistant and susceptible bulks and also segregated precisely with the resistance phenotype 

when individual BC3F2 samples were tested. 

In conclusion, we have detected two major QTL that contribute to late blight 

resistance on linkage groups six and eight.  In addition, minor QTL on linkage groups four 

and nine and near marker 13-2 were detected through several methods of quantitative trait 

analysis and with different late blight resistance measurements.  Other minor putative 

QTL were detected on linkage groups one, two, ten, and twelve, but there biological 

significance is questionable.  These results are in agreement with earlier observations that 

the resistance to late blight in L. hirsutum LA1033 is quantitatively-inherited and with the 

observation of a small proportion of highly-resistant individuals in the BC1F1 population.  
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By analyzing the inheritance of late blight resistance from a BC3F1 individual in a 

BC3F2 population through progeny tests, we concluded that there were probably two 

major quantitative loci contributing to the resistance (Chapter 2).  We suggested that other 

minor genes could be segregating in that population but would not be detected because of 

their small effects and the tremendous impact of the environment on late blight 

development.  Considering the number of QTL identified in the BC1F1 population through 

quantitative trait mapping, it is quite possible that some of these QTL were lost during the 

development of the BC3F2 population.  Loss of minor QTL would have made the 

resistance appear to be more qualitatively inherited.  As selected material derived from the 

BC3F1 plant was advanced to the next generation, the resistance level of the material 

declined (Dr. Randy Gardner, personal communication).  This observation is consistent 

with the presence of several QTL (some with large and some with small effects).  Loss of 

minor QTL through backcrossing and selection for horticultural traits would lead to a 

decrease in the resistance levels in advanced generations. 

Incorporation of the QTL that were mapped in this study into a L. esculentum 

background may lead to the production of cultivated tomato varieties with a high level of 

quantitatively-inherited late blight resistance.  The relative importance of the QTL regions 

identified can be determined through further study of their contribution to late blight 

resistance in cultivated tomato.  The only true test for durability of resistance is extensive 

use of the resistance over time; however, the quantitative nature of the late blight 

resistance in L. hirsutum LA1033, its effectiveness against a large number of strains, and 

its field performance in North Carolina to date suggest the possibility that this resistance 

might be durable.  Because of the number of significant QTL regions detected, marker 
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assisted selection will greatly aid in maintaining the resistance level through the many 

backcrosses required to move the resistance from a wild species with undesirable 

horticultural traits into cultivated tomato varieties. 

4.5 Future Work 

 For marker assisted selection of quantitative traits, it is desirable to have pairs of 

markers flanking the intervals containing the QTL.  In addition, markers should be 

selected so that there is minimal recombination between the trait and markers.  This will 

reduce the occurrence of errors in inferring quantitative trait genotypes from marker 

phenotypes.  Undesirable linkage drag from the wild parent can be reduced by minimizing 

the width of the QTL regions defined by the flanking markers.  Further linkage analysis is 

required to find ideal markers for marker assisted selection of the late blight resistance 

QTL identified in this report.  First, the linkage groups containing the resistance QTL 

must be identified so that the approximate chromosomal locations of the QTL are known.  

This could be accomplished by mapping additional PCR-based markers, which have been 

previously placed on the linkage map of tomato, in the BC1F1 population employed in the 

current study.  Incorporation of markers whose chromosomal location is known would 

identify the chromosome with which the linkage group corresponds.  Second, tightly 

linked flanking markers should be identified by fine mapping of the QTL.  Densely spaced 

markers which have previously been placed on the tomato linkage map in the probable 

QTL regions should be tested in a large population segregating for late blight resistance.  

In order to have sufficient statistical power to locate markers flanking the QTL regions, 

error in determining the phenotypes of individuals in the mapping population must be 

minimized through replication of field trials in different environments and repetition of 
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laboratory or greenhouse disease screening.  Analysis of variance could then be utilized to 

partition the total variance into its components.  In addition, progeny testing of all 

individuals would further reduce errors.  Quantitative trait analysis should be conducted 

through methods, such as composite interval mapping, which more precisely locate the 

QTL region.  Last, selected flanking markers should be tested in a tomato breeding 

program to verify their efficacy in marker assisted selection. 
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Table 4.1. Name of the EcoRI primer, name of the MseI primer, and the total number of 
segregating AFLP marker loci that could be scored in the interspecific BC1F1 mapping 
population from NC215E (L. esculentum) × LA1033 (L. hirsutum).  All markers derived 
from the L. esculentum backcross parent are homozygous in this population, while all 
markers from L. hirsutum LA1033 are segregating.  The AFLP primer sequences are 
listed in Tables 3.1 and 3.2.   
 

EcoRI primer MseI Primer Number of Loci Scored 
E-32 M47 13 
E-32 M54 19 
E-32 M55 11 
E-32 M57 6 
E-32 M59 12 
E-32 M60 14 
E-35 M47 17 
E-35 M51 19 
E-35 M53 10 
E-35 M57 7 
E-36 M48 12 
E-36 M50 11 
E-36 M51 30 
E-36 M52 16 
E-37 M57 6 
E-37 M59 5 
E-38 M57 7 
E-38 M60 8 
E-38 M61 13 
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Table 4.2. Framework marker names, the linkage group the marker was assigned to, the 
position of the marker in the linkage group oriented in accordance with figures 4.1 to 
4.12, the number of missing values scored for the particular marker, the number of 
individuals with the marker band present, the number of individuals with the marker band 
absent, and the Χ2 value calculated to test for segregation distortion in the interspecific 
BC1F1 mapping population from NC215E (L. esculentum) × LA1033 (L. hirsutum).  The 
critical Χ2 values for declaring a marker to be significantly distorted at α = 0.05 and α = 
0.01 with one degree of freedom are 3.8 and 6.6, respectively.  Deviations from the 
expected 1:1 (band present to band absent) segregation ratio at the 0.05 and 0.01 
significance levels are indicated with one and two asterisks, respectively.  Since markers 
were scored in a BC1F1 population, only markers derived from L. hirsutum LA1033 are 
segregating.  AFLPs are dominant markers; therefore, BC1F1 individuals with a marker 
band present are heterozygous at that particular marker locus.  Individuals with a marker 
band absent are homozygous for the L. esculentum NC215E allele at that particular 
marker locus. 
 
 

Marker Linkage 
Group 

Marker
Position

Number
Missing 

Band 
Present 

Band 
Absent 

Χ2 

E32M57-48 1 1 2 78 75 0.1 
E32M47-61 1 2 13 65 77 1.0 
E38M57-91 1 3 20 53 82 6.2* 
E32M60-436 2 1 0 72 83 0.8 
E32M47-262 2 2 12 67 76 0.6 
E36M48-51 2 3 7 76 72 0.1 
E32M60-113 2 4 0 92 63 5.4* 
E32M59-275 2 5 4 91 60 6.4* 
E32M47-74 2 6 16 84 55 6.1* 
E32M60-57 2 7 0 78 77 0.0 
E36M48-76 3 1 6 112 37 37.8** 
E36M52-150 3 2 8 100 47 19.1** 
E36M52-72 3 3 6 83 66 1.9 
E32M55-180 3 4 1 85 69 1.7 
E32M55-135 3 5 1 88 66 3.1 
E32M60-206 4 1 0 78 77 0.0 
E32M47-117 4 2 17 78 60 2.3 
E35M47-380 4 3 12 81 62 2.5 
E36M48-78 4 4 9 74 72 0.0 
E38M60-244 4 5 7 81 67 1.3 

sp 4 6 20 68 67 0.0 
E32M47-582 5 1 14 59 82 3.8* 
E35M51-309 5 2 0 79 76 0.1 
E35M47-195 5 3 7 79 69 0.7 
E32M59-79 5 4 3 74 78 0.1 
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Marker Linkage 

Group 
Marker
Position

Number
Missing 

Band 
Present 

Band 
Absent 

Χ2 

E35M47-295 5 5 7 69 79 0.7 
E32M54-129 6 1 16 68 71 0.1 
E32M57-68 6 2 2 81 72 0.5 
E32M54-69 6 3 18 67 70 0.1 
E35M53-186 6 4 3 102 50 17.8** 
E36M50-218 6 5 2 124 29 59.0** 
E36M52-51 7 1 4 83 68 1.5 
E32M54-93 7 2 19 64 72 0.5 
E35M57-71 7 3 11 65 79 1.4 
E32M59-95 8 1 2 84 69 1.5 
E35M47-256 8 2 8 70 77 0.3 
E36M51-121 8 3 0 79 76 0.1 
E32M54-101 8 4 17 69 69 0.0 
E36M52-269 8 5 5 70 80 0.7 
E36M51-44 9 1 0 64 91 4.7* 
E32M60-159 9 2 0 64 91 4.7* 
E36M51-317 9 3 1 58 96 9.4** 
E32M59-376 9 4 2 95 58 8.9** 
E38M61-180 9 5 7 106 42 27.7** 
E36M50-169 10 1 3 76 76 0.0 
E32M54-447 10 2 16 66 73 0.4 
E36M52-59 10 3 4 66 85 2.4 
E36M52-129 11 1 6 62 87 4.2* 
E32M59-232 11 2 2 63 90 4.8* 
E35M47-137 11 3 7 60 88 5.3* 
E38M60-116 11 4 6 60 89 5.6* 
E36M48-143 11 5 6 67 82 1.5 
E36M51-216 12 1 0 97 58 9.8** 
E32M54-205 12 2 16 64 75 0.9 
E36M51-310 12 3 0 59 96 8.8** 
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Table 4.3. Results of simple linear regression for the interspecific BC1F1 mapping population 
from NC215E (L. esculentum) × LA1033 (L. hirsutum).  Columns from left to right are as 
follows: 1) type of resistance measurement; 2) linkage group and position of the marker; 3) 
marker name (EcoRI primer/MseI primer – fragment size); 4) estimate of the regression line 
intercept; 5) estimate of the regression line slope; 6) likelihood ratio test statistic; 7) F statistic 
given 1 and n-2 df in the numerator and denominator, respectively; and 8) probability of 
observing the F statistic given that the marker is not linked to the trait.  One, two, three, and four 
asterisks indicate significance at the 5%, 1%, 0.1%, and 0.01% α levels for the individual tests.  
 

Trait Marker 
Position 

Marker 
Name 

B0 B1 LR F Pr(F) 

Field1 2-2 E32M47-262 2.643 -0.292 4.157 4.159 0.043* 
Field 3-1 E36M48-76 2.695 -0.330 4.226 4.229 0.041* 
Field 6-1 E32M54-129 2.498 -0.635 20.526 21.664 0.000**** 
Field 6-2 E32M57-68 2.535 -0.522 13.689 14.128 0.000*** 
Field 6-4 E35M53-186 2.656 -0.407 7.102 7.173 0.008** 
Field 8-3 E36M51-121 2.561 -0.455 10.267 10.478 0.001** 
Field 8-4 E32M54-101 2.586 -0.446 9.751 9.934 0.002** 
Field 8-5 E36M52-269 2.578 -0.400 7.853 7.951 0.005** 
Field 9-1 E36M51-44 2.606 -0.308 4.476 4.483 0.036* 
Field 9-2 E32M60-159 2.512 -0.470 10.633 10.864 0.01** 
Field 9-3 E36M51-317 2.530 -0.411 7.787 7.882 0.006** 
Field 9-4 E32M59-376 2.654 -0.347 5.555 5.583 0.019* 

Rate I2 2-3 E36M48-51 2.440 -0.353 6.199 6.243 0.014* 
Rate I 2-4 E32M60-113 2.430 -0.429 8.971 9.117 0.003** 
Rate I 4-1 E32M60-206 2.856 0.506 13.134 13.529 0.000*** 
Rate I 4-2 E32M47-117 2.775 0.443 9.456 9.625 0.002** 
Rate I 4-3 E35M47-380 2.825 0.552 15.097 15.652 0.000*** 
Rate I 4-4 E36M48-78 2.876 0.586 17.794 18.612 0.000**** 
Rate I 4-5 E38M60-244 2.783 0.420 8.741 8.876 0.003** 
Rate I 6-1 E32M54-129 2.327 -0.604 18.930 19.874 0.000**** 
Rate I 6-2 E32M57-68 2.406 -0.408 8.399 8.519 0.004** 
Rate I 8-2 E35M47-256 2.386 -0.444 10.005 10.201 0.002** 
Rate I 8-3 E36M51-121 2.399 -0.418 8.836 8.975 0.003** 
Rate I 8-4 E32M54-101 2.401 -0.455 10.396 10.614 0.001** 
Rate I 8-5 E36M52-269 2.366 -0.460 10.740 10.977 0.001** 
Rate I 13-2 E32M47-474 2.771 0.345 5.967 6.005 0.015* 

Rate II3 3-2 E36M52-150 3.453 0.302 5.010 5.026 0.026* 
Rate II 6-1 E32M54-129 3.038 -0.710 36.462 40.577 0.000**** 
Rate II 6-2 E32M57-68 3.090 -0.565 22.146 23.499 0.000**** 
Rate II 6-3 E32M54-69 3.198 -0.292 5.489 5.515 0.020* 
Rate II 8-3 E36M51-121 3.219 -0.295 5.744 5.776 0.017* 
Rate II 8-4 E32M54-101 3.224 -0.313 6.389 6.439 0.012* 
Rate II 8-5 E36M52-269 3.204 -0.310 6.329 6.376 0.013* 
Rate II 9-1 E36M51-44 3.515 0.260 4.311 4.315 0.039* 
                                                 
1 Field trial ratings (1-4) 
2 September 29, 2000 detached leaf test ratings (1-4) 
3 October 13, 2000 detached leaf test ratings (1-4) 
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Rate II 10-1 E36M50-169 3.525 0.321 6.823 6.885 0.010** 
Rate II 10-2 E32M54-447 3.529 0.292 5.489 5.515 0.020* 
HB I4 2-4 E32M60-113 15.640 -5.136 4.193 4.195 0.042* 
HB I 4-1 E32M60-206 21.960 8.519 12.249 12.581 0.001*** 
HB I 4-2 E32M47-117 20.567 7.335 8.534 8.660 0.004** 
HB I 4-3 E35M47-380 21.162 8.588 11.963 12.277 0.001*** 
HB I 4-4 E36M48-78 21.972 9.139 14.120 14.592 0.000*** 
HB I 4-5 E38M60-244 20.234 5.886 5.606 5.635 0.019* 
HB I 6-1 E32M54-129 13.437 -9.365 14.834 15.366 0.000*** 
HB I 6-2 E32M57-68 14.804 -6.042 6.034 6.073 0.015* 
HB I 8-2 E35M47-256 14.941 -5.682 5.327 5.350 0.022* 
HB I 8-5 E36M52-269 14.816 -5.640 5.240 5.261 0.023* 
HB I 10-2 E32M54-447 20.603 5.064 4.130 4.132 0.044* 
HB I 11-1 E36M52-129 20.865 5.229 4.303 4.307 0.040* 
HB I 13-2 E32M47-474 21.645 8.098 11.014 11.268 0.001*** 

HB II5 1-1 E32M57-48 30.353 -8.662 6.297 6.344 0.013* 
HB II 1-2 E32M47-61 30.387 -7.352 4.379 4.384 0.038* 
HB II 1-3 E38M57-91 29.533 -7.784 4.523 4.531 0.035* 
HB II 3-2 E36M52-150 37.150 8.406 4.947 4.962 0.027* 
HB II 3-3 E36M52-72 37.878 7.683 4.811 4.823 0.030* 
HB II 5-5 E35M47-295 38.621 7.147 4.200 4.202 0.042* 
HB II 6-1 E32M54-129 26.618 -17.546 27.486 29.686 0.000**** 
HB II 6-2 E32M57-68 27.024 -15.772 21.939 23.263 0.000**** 
HB II 6-3 E32M54-69 30.677 -7.008 4.007 4.007 0.047* 
HB II 8-3 E36M51-121 30.845 -7.772 5.047 5.064 0.026* 
HB II 8-4 E32M54-101 30.766 -8.737 6.338 6.386 0.013* 
HB II 8-5 E36M52-269 30.634 -7.792 5.067 5.085 0.026* 
HB II 9-1 E36M51-44 40.618 10.267 8.661 8.793 0.004** 

 

                                                 
4 Hosfall-Barratt ratings of the September 29, 2000 detached leaf test 
5 Horsfall-Barratt ratings of the October 13, 2000 detached leaf test 
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Table 4.4. Results of interval mapping for the interspecific BC1F1 mapping population 
from NC215E (L. esculentum) × LA1033 (L. hirsutum).  Statistics were included for all 
markers with likelihood ratios greater than the critical value at an experiment-wise 
significance level of 0.05.  Columns from left to right are the following: 1) type of 
resistance measurement; 2) linkage group and position of the left flanking marker for the 
test position; 3) absolute position of the test given as the distance in Morgans (M) from 
the left end of the linkage group; 4) likelihood ratio test statistic; 5) r2 (proportion of the 
variation explained by the putative QTL); and 6) estimate of the effect. 
 

Trait Marker Position LR r2 Effect 
Field1 6-1 0.0801 22.1222274 0.1788589 -0.7574819 
Field 6-2 0.2841 13.3550108 0.0831511 -0.5169740 
Field 8-3 0.7151 12.1736149 0.0780881 -0.5004814 
Field 8-4 0.7541 12.8429591 0.0850236 -0.5222138 
Field 9-2 0.1201 11.0884443 0.0743184 -0.4970288 

Rate I2 4-1 0.0201 13.3760235 0.0868983 +0.5243105 
Rate I 4-2 0.1461 19.6143261 0.1222830 +0.6280800 
Rate I 4-3 0.1931 20.8511693 0.1403352 +0.6690181 
Rate I 4-4 0.2631 16.5894334 0.1017553 +0.5674753 
Rate I 4-5 0.3871 14.1456743 0.1154986 +0.6051978 
Rate I 6-1 0.0601 18.5016630 0.1421457 -0.6701456 
Rate I 8-2 0.4861 12.4446886 0.1091789 -0.5874112 
Rate I 8-4 0.8541 12.8664578 0.0901338 -0.5343357 

Rate II3 6-1 0.0001 44.1149443 0.2591892 -0.7880137 
Rate II 6-2 0.2841 20.7786318 0.1256198 -0.5489990 
HB I4 4-1 0.0001 12.2463334 0.0759598 +8.5201441 
HB I 4-2 0.1461 15.2906348 0.0957760 +9.6661596 
HB I 4-3 0.1931 15.8957265 0.1057238 +10.1033570 
HB I 4-4 0.2631 13.5132605 0.0835705 +8.9443753 
HB I 6-1 0.0801 12.9412548 0.1066230 -10.0954932 
HB I 13-1 0.4801 11.8721874 0.0864490 +9.1767854 

HB II5 6-1 0.0601 37.3882713 0.2792006 -22.9431403 
HB II 6-2 0.2841 18.6053328 0.1144111 -14.6964276 

 

                                                 
1 Field trial ratings (1-4) 
2 September 29, 2000 detached leaf test ratings (1-4) 
3 October 13, 2000 detached leaf test ratings (1-4) 
4 Horsfall-Barratt ratings of the September 29, 2000 detached leaf test 
5 Horsfall-Barratt ratings of the October 13, 2000 detached leaf test 



 147

Table 4.5. Results of composite interval mapping for the interspecific BC1F1 mapping 
population from NC215E (L. esculentum) × LA1033 (L. hirsutum).  Statistics were 
included for all markers with likelihood ratios greater than the critical value at an 
experiment-wise significance level of 0.05.  Columns from left to right are the following: 
1) type of resistance measurement; 2) linkage group and position of the left flanking 
marker for the test position; 3) absolute position of the test given as the distance in 
Morgans (M) from the left end of the linkage group; 4) likelihood ratio test statistic; 5) r2 
(proportion of the variation explained by the putative QTL); and 6) rt

2 (proportion of the 
total variation explained by the model); and 7) estimate of the effect. 
 

Trait Marker Position LR r2 rt
2 Effect 

Field1 6-1 0.0801 25.5554791 0.1737234 0.3483606 -0.7491110 
Field 8-3 0.7151 12.3009651 0.0630082 0.2850113 -0.4571536 
Field 8-4 0.7741 13.5468891 0.0735247 0.2955278 -0.4941496 

Rate I2 4-1 0.0601 17.9521158 0.0904505 0.3286911 +0.5425845 
Rate I 4-2 0.1461 27.8444297 0.1299417 0.3681824 +0.6509846 
Rate I 4-3 0.1931 28.9631561 0.1434539 0.3816946 +0.6790635 
Rate I 6-1 0.0801 18.1507278 0.1088021 0.4028144 -0.5900807 
Rate I 8-2 0.5461 11.9818861 0.0719058 0.3743591 -0.4797856 
Rate I 8-3 0.7151 13.5629100 0.0609963 0.3634495 -0.4414778 
Rate I 8-4 0.7541 14.5144324 0.0672241 0.3696774 -0.4627832 

Rate II3 6-1 0.0001 40.5967034 0.2032017 0.3757024 -0.7073225 
HB I4 4-1 0.0601 14.6972266 0.0765606 0.2688523 +8.6809930 
HB I 4-2 0.1461 18.2393136 0.0925443 0.2848360 +9.5469481 
HB I 4-3 0.2131 19.8226714 0.1074515 0.2997433 +10.2508206
HB I 6-1 0.1001 12.4114048 0.0817056 0.3136374 -8.8758162 
HB I 13-1 0.4801 13.0079284 0.0737108 0.2888185 +8.5196269 

HB II5 6-1 0.0601 40.1579657 0.2324830 0.4087632 -21.0276066 
HB II 8-3 0.7151 13.2338881 0.0612840 0.3592673 -10.9442285 
HB II 8-4 0.7541 13.9159651 0.0663248 0.3643082 -11.3569136 

 

                                                 
1 Field trial ratings (1-4) 
2 September 29, 2000 detached leaf test ratings (1-4) 
3 October 13, 2000 detached leaf test ratings (1-4) 
4 Horsfall-Barratt ratings of the September 29, 2000 detached leaf test 
5 Horsfall-Barratt ratings of the October 13, 2000 detached leaf test 
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Table 4.6. Results of multiple interval mapping for the interspecific BC1F1 mapping 
population from NC215E (L. esculentum) × LA1033 (L. hirsutum).  Columns from left to 
right are the following:  1) type of resistance measurement; 2) linkage group and position 
of the left flanking marker for the test position; 3) name of the left flanking marker for 
the test position (EcoRI primer number MseI primer number – fragment size); 4) absolute 
position of the test given as the distance in cM from the left end of the linkage group ; 5) 
likelihood ratio test statistic; 6) estimate of the effect, and 7) percent of the total 
phenotypic variation explained. 
 

Trait Marker 
Position 

Marker 
Name 

Position LR Effect %Effect 

Field1 6-1 E32M54-129 9.0000 14.8442 -0.8433 22.5 
Field 7-2 E32M54-93 31.9000 3.4579 0.3181 2.3 
Field 8-4 E32M54-101 76.4000 7.3335 -0.4901 8.2 
Field 9-2 E32M60-159 13.0000 4.8213 -0.3952 5.8 
Field 6-1×8-4 N/A N/A 3.9515 -0.8238 5.1 

Rate I2 2-3 E36M48-51 63.1000 3.7519 -0.3369 4.6 
Rate I 4-3 E35M47-380 18.3000 14.4803 0.6715 14.0 
Rate I 6-1 E32M54-129 7.0000 9.3117 -0.5887 12.6 
Rate I 8-4 E32M54-101 74.4000 7.1737 -0.4487 6.8 
Rate I 13-1 E32M59-191 48.9999 4.0669 0.3610 4.2 

Rate II3 6-1 E32M54-129 0.1000 20.5774 -0.7091 23.6 
Rate II 8-4 E32M54-101 74.4000 4.7206 -0.3181 4.6 
Rate II 9-1 E36M51-44 2.0000 2.5905 0.2383 2.4 
Rate II 10-1 E36M50-169 0.1000 4.6446 0.3225 4.7 
Rate II 12-2 E32M54-205 33.5000 3.1954 -0.2865 2.7 
HB I4 4-3 E35M47-380 19.3000 9.4795 9.2578 9.6 
HB I 6-1 E32M54-129 13.0000 7.6369 -9.1589 9.8 
HB I 8-2 E35M47-256 52.6000 5.4201 -8.6056 8.4 
HB I 13-1 E32M59-191 45.9999 9.0143 9.5453 9.3 
HB I 6-1×13-1 N/A N/A 3.7950 -13.1691 5.2 
HB I 8-2×13-1 N/A N/A 2.8602 -13.0372 5.1 

HB II5 1-2 E32M47-61 14.1000 5.0534 -9.5698 3.6 
HB II 6-1 E32M54-129 4.0000 20.7476 -21.1094 24.2 
HB II 8-4 E32M54-101 77.4000 6.7506 -11.5001 6.6 
HB II 9-1 E36M51-44 2.0000 4.2400 8.8434 4.6 

 

                                                 
1 Field trial ratings (1-4) 
2 September 29, 2000 detached leaf test ratings (1-4) 
3 October 13, 2000 detached leaf test ratings (1-4) 
4 Horsfall-Barratt ratings of the September 29, 2000 detached leaf test 
5 Horsfall-Barratt ratings of the October 13, 2000 detached leaf test 
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Table 4.7.  Results of multiple regression of field rating data from the interspecific BC1F1 
mapping population on marker genotypes.  The marker genotypes are given in the left 
four columns, and the least squares mean disease rating and standard error are given in 
the fifth and sixth columns, respectively.  A “+” in the genotype column indicates that the 
individuals are heterozygous (one allele from L. hirsutum LA1033 and one allele from L. 
esculentum NC215E) while a “-“ indicates that the individuals are homozygous with both 
alleles deriving from L. esculentum NC215E.  The marker loci (linkage group-marker 
number as listed in Table 4.2) included in the model are listed at the top of the columns.  
The first eight rows contain the analysis for a three-QTL model, while the remaining 16 
rows contain the analysis for a four-QTL model.    
 

10-1 6-1 8-4 9-2 Least Squares Mean Standard Error 
 + + + 1.800000000 0.2191620583 
 + + - 2.434065934 0.1989643677 
 + - + 2.458333333 0.2550359658 
 + - - 3.000000000 0.2000666718 
 - + + 2.733333333 0.2191620583 
 - + - 3.100000000 0.2259070788 
 - - + 3.000000000 0.2485064156 
 - - - 3.314935065 0.1709978493 

+ + + + 2.000000000 0.3465256404 
+ + + - 2.714285714 0.3208204030 
+ + - + 2.666666667 0.2829370006 
+ + - - 2.888888889 0.2829370006 
+ - + + 2.800000000 0.2684176069 
+ - + - 3.000000000 0.2450306302 
+ - - + 3.000000000 0.3795998200 
+ - - - 3.357142857 0.2268542825 
- + + + 1.600000000 0.2684176069 
- + + - 2.153846154 0.2354178146 
- + - + 2.250000000 0.4244055009 
- + - - 3.111111111 0.2829370006 
- - + + 2.666666667 0.3465256404 
- - + - 3.200000000 0.3795998200 
- - - + 3.000000000 0.3208204030 
- - - - 3.272727273 0.2559261464 
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Map Distance (cM) Haldane function 
Primer combination (EcoRI/MseI) 
Fragment size 
* denotes marker exhibiting skewed segregation (α ≤ 0.01) 
Distance from framework marker 
 
 
Figure 4.1. Linkage group one for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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* denotes marker exhibiting skewed segregation (α ≤ 0.01) 
Distance from framework marker 
 
 
Figure 4.2. Linkage group two for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.3. Linkage group three for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.4. Linkage group four for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.5. Linkage group five for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.6. Linkage group six for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.7. Linkage group seven for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.8. Linkage group eight for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.9. Linkage group nine for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 

E36M51-44

E32M60-159

E36M51-317*

E32M59-376*

E38M61-180*

E32M54-47* (0.01) 
E32M54-167* (0.01) 
E32M54-431 (0.16) 
E32M54-70* (0.00) 
E32M57-523* (0.01) 
E32M59-99* (0.01) 
E35M51-58* (0.00) 
E35M51-69* (0.00) 
E35M51-130* (0.01) 
E35M51-448* (0.00) 
E36M48-155* (0.00) 
E36M50-325* (0.01) 
E36M50-345* (0.01) 
E36M51-45* (0.00) 
E36M51-244* (0.00) 
E36M51-259* (0.00) 
E36M51-651* (0.00) 
E37M57-76* (0.05) 
E37M59-92* (0.02) 
E38M60-77* (0.01) 
E38M61-54* (0.02) 
E38M61-125* (0.02) 

E36M52-124 (0.17)
E38M61-81 (0.02)



 159

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Map Distance (cM) Haldane function 
Primer combination (EcoRI/MseI) 
Fragment size 
Distance from framework marker 
 
 
Figure 4.10. Linkage group ten for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.11. Linkage group eleven for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.12. Linkage group twelve for the BC1F1 population of the interspecific cross 
NC215E (L. esculentum) × LA1033 (L hirsutum). 
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Figure 4.13. Results of interval mapping for linkage group one based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.14. Results of interval mapping for linkage group two based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.15. Results of interval mapping for linkage group three based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.16. Results of interval mapping for linkage group four based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.17. Results of interval mapping for linkage group five based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.18. Results of interval mapping for linkage group six based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.19. Results of interval mapping for linkage group seven based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.20. Results of interval mapping for linkage group eight based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.21. Results of interval mapping for linkage group nine based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.22. Results of interval mapping for linkage group ten based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.23. Results of interval mapping for linkage group eleven based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.24. Results of interval mapping for linkage group twelve based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.25. Results of interval mapping for linkage group thirteen based on the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
interval mapping results from field trial ratings; blue represents results from the 
September 29, 2000 detached leaf test ratings; purple represents results from the October 
13, 2000 detached leaf test ratings; aqua represents results from transformed Horsfall-
Barratt ratings of the September 29, 2000 detached leaf test; and black represents results 
from transformed Horsfall-Barratt ratings of the October 13, 2000 detached leaf test. 
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Figure 4.26. Results of composite interval mapping for linkage group one for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.27. Results of composite interval mapping for linkage group two for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.28. Results of composite interval mapping for linkage group three for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.29. Results of composite interval mapping for linkage group four for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.30. Results of composite interval mapping for linkage group five for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.31. Results of composite interval mapping for linkage group six for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.32. Results of composite interval mapping for linkage group seven for the 
BC1F1 population of the interspecific cross NC215E (L. esculentum) × LA1033 (L 
hirsutum).  Likelihood ratio values are shown on the vertical axis, and distances in 
centimorgans from the linkage group end are shown on the horizontal axis.  Markers are 
labeled according to the linkage group and their position within the linkage group.  
Marker positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.33. Results of composite interval mapping for linkage group eight for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.34. Results of composite interval mapping for linkage group nine for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.35. Results of composite interval mapping for linkage group ten for the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis, and distances in centimorgans 
from the linkage group end are shown on the horizontal axis.  Markers are labeled 
according to the linkage group and their position within the linkage group.  Marker 
positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.36. Results of composite interval mapping for linkage group eleven for the 
BC1F1 population of the interspecific cross NC215E (L. esculentum) × LA1033 (L 
hirsutum).  Likelihood ratio values are shown on the vertical axis, and distances in 
centimorgans from the linkage group end are shown on the horizontal axis.  Markers are 
labeled according to the linkage group and their position within the linkage group.  
Marker positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.37. Results of composite interval mapping for linkage group twelve for the 
BC1F1 population of the interspecific cross NC215E (L. esculentum) × LA1033 (L 
hirsutum).  Likelihood ratio values are shown on the vertical axis, and distances in 
centimorgans from the linkage group end are shown on the horizontal axis.  Markers are 
labeled according to the linkage group and their position within the linkage group.  
Marker positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.38. Results of composite interval mapping for linkage group thirteen for the 
BC1F1 population of the interspecific cross NC215E (L. esculentum) × LA1033 (L 
hirsutum).  Likelihood ratio values are shown on the vertical axis, and distances in 
centimorgans from the linkage group end are shown on the horizontal axis.  Markers are 
labeled according to the linkage group and their position within the linkage group.  
Marker positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio values for declaring a QTL are represented by horizontal colored lines.  
The graph shows the likelihood ratio values at every position tested along the linkage 
group for each type of late blight resistance measurement.  The red line represents 
composite interval mapping results from field trial ratings; blue represents results from 
the September 29, 2000 detached leaf test ratings; purple represents results from the 
October 13, 2000 detached leaf test ratings; aqua represents results from transformed 
Horsfall-Barratt ratings of the September 29, 2000 detached leaf test; and black 
represents results from transformed Horsfall-Barratt ratings of the October 13, 2000 
detached leaf test. 
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Figure 4.39. Results of multiple interval mapping for field trial ratings of the BC1F1 
population of the interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  
Likelihood ratio values are shown on the vertical axis.  All linkage groups are shown 
sequentially along the horizontal axis separated by vertical black lines.  Linkage group 
one is at the far left and linkage group thirteen is at the far right of the horizontal axis.  
Marker positions along the horizontal axis are indicated by the symbol “^”.  The critical 
likelihood ratio threshold of 0.00 for declaring a QTL is represented by a horizontal red 
line.  The graph shows the likelihood ratio values along the linkage groups for all QTL 
included in the model.  
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Figure 4.40. Results of multiple interval mapping for the September 29, 2000 detached 
leaf test resistance ratings for the BC1F1 population of the interspecific cross NC215E (L. 
esculentum) × LA1033 (L hirsutum).  Likelihood ratio values are shown on the vertical 
axis.  All linkage groups are shown sequentially along the horizontal axis separated by 
vertical black lines.  Linkage group one is at the far left and linkage group thirteen is at 
the far right of the horizontal axis.  Marker positions along the horizontal axis are 
indicated by the symbol “^”.  The critical likelihood ratio threshold of 0.00 for declaring 
a QTL is represented by a horizontal red line.  The graph shows the likelihood ratio 
values along the linkage groups for all QTL included in the model.  
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Figure 4.41. Results of multiple interval mapping for the October 13, 2000 detached leaf 
test resistance ratings for the BC1F1 population of the interspecific cross NC215E (L. 
esculentum) × LA1033 (L hirsutum).  Likelihood ratio values are shown on the vertical 
axis.  All linkage groups are shown sequentially along the horizontal axis separated by 
vertical black lines.  Linkage group one is at the far left and linkage group thirteen is at 
the far right of the horizontal axis.  Marker positions along the horizontal axis are 
indicated by the symbol “^”.  The critical likelihood ratio threshold of 0.00 for declaring 
a QTL is represented by a horizontal red line.  The graph shows the likelihood ratio 
values along the linkage groups for all QTL included in the model.  
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Figure 4.42. Results of multiple interval mapping for the transformed Horsfall-Barratt 
ratings of the September 29, 2000 detached leaf test for the BC1F1 population of the 
interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  Likelihood ratio 
values are shown on the vertical axis.  All linkage groups are shown sequentially along 
the horizontal axis separated by vertical black lines.  Linkage group one is at the far left 
and linkage group thirteen is at the far right of the horizontal axis.  Marker positions 
along the horizontal axis are indicated by the symbol “^”.  The critical likelihood ratio 
threshold of 0.00 for declaring a QTL is represented by a horizontal red line.  The graph 
shows the likelihood ratio values along the linkage groups for all QTL included in the 
model.  
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Figure 4.43. Results of multiple interval mapping for the transformed Horsfall-Barratt 
ratings of the October 13, 2000 detached leaf test for the BC1F1 population of the 
interspecific cross NC215E (L. esculentum) × LA1033 (L hirsutum).  Likelihood ratio 
values are shown on the vertical axis.  All linkage groups are shown sequentially along 
the horizontal axis separated by vertical black lines.  Linkage group one is at the far left 
and linkage group thirteen is at the far right of the horizontal axis.  Marker positions 
along the horizontal axis are indicated by the symbol “^”.  The critical likelihood ratio 
threshold of 0.00 for declaring a QTL is represented by a horizontal red line.  The graph 
shows the likelihood ratio values along the linkage groups for all QTL included in the 
model.  
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