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Foreword

Crucifers are very important and widespread crops grown worldwide in cool tem-
perate, continental, and subtropical regions. Agriculturally economic crops include 
Brassica oil-yielding crops, Brassica vegetable crops, fodder crops, horticultural 
crops, and several weeds including Arabidopsis – a model plant for genomic studies 
in this modern era. Cruciferous Brassica vegetables are a major source of vitamins, 
fiber, minerals, and proteins in the human diet, while Brassica oilseeds are a major 
source of quality vegetable oil, and cake for animal feed. The demand for Brassica 
vegetables, and oilseeds is increasing annually globally. Crucifers are damaged by 
several biotic, and abiotic stresses under environmental conditions wherever these 
crops are grown. Downy mildew in crucifers is the third major biotic stress that 
causes severe annual yield losses of this crop. This book, Downy Mildew Disease of 
Crucifers: Biology, Ecology and Disease Management, is an important, timely con-
tribution to our knowledge about Hyaloperonospora parasitica (Gaum.) Goker, the 
most destructive pathogens of crucifers globally.

In spite of our access to current information through the Internet, an encyclopae-
dic book is required where students, researchers, teachers, and industrialists can get 
well-documented updated information at their desk. This book is arranged into 16 
different chapters with proper headings, and subheadings; illustrations such as pho-
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tographs, graphs, figures, and tables; and references to stimulate better comprehen-
sion on the disease. It provides a much-needed background on the disease, and 
current information with insight knowledge on future priorities, areas of research, 
and methodologies, making it a central reference for use by the ‘Brassicalogists’ 
across the world regarding investigations on the pathogen, and its host.

I congratulate the authors Drs. G. S. Saharan, Naresh Mehta and P. D. Meena for 
timely bringing their lifelong professional interest, and expertise into a comprehen-
sive treatise. This book has been designed to be the most useful resource with a wide 
range of logically organized, and easily accessable information, and is a very impor-
tant contribution in the series on Sclerotinia diseases, white rust disease, and 
Alternaria diseases of crucifers authored by the aforementioned scientists and pub-
lished by Springer. 

New Delhi� T. Mohapatra
11th September, 2017

Foreword
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Preface

Since the first comprehensive treatise publication in the form of a Monograph on 
Downy Mildew of Crucifers (Saharan, Verma, Nashaat, 1997), lots of information 
have been generated, and published on downy mildew of crucifers in the form of 
research papers, reviews, book chapters, scientific popular or extension articles, and 
news for farmers. This book entitled Downy Mildew Disease of Crucifers: Biology, 
Ecology, and Disease Management encompasses all the available published infor-
mation for the access to researchers, teachers, students, extension experts, and other 
end users like industrialists, and farmers to comprehend the third most widespread, 
and devastating disease of crucifers. The disease is known to cause severe yield 
losses quantitatively and qualitatively in cruciferous crops grown all over the world. 
The major cruciferous crops challenged by the disease are Brassica crops grown for 
high-quality edible (rapeseed-mustard, canola, and other rape), and industrial 
(Crambe) oils, forage Brassicas, common vegetable crops (cabbage, cauliflower, 
radish, kohlrabi, broccoli, Brussels sprouts, kales, and other Brassicas), ornamental 
plants (wall flower, stocks), and several weeds including Arabidopsis, a model plant 
for studying genomics, and molecular genetics through Arabidopsis-
Hyaloperonospora pathosystem. The information has been arranged in 16 chapters 
with several headings and subheadings in numerical series. Each chapter includes 
references for original consultation by the readers. The chapter-wise arrangement 
includes the introduction to the book narrating development in the downy mildew 
research of crucifers over time comprising of present status of disease, and patho-
gen; the disease and its distribution, symptomatology, host range, yield losses, and 
disease assessment; the pathogen and its taxonomy, morphology, phylogeny, vari-
ability, sporulation, survival, and perpetuation; spore germination, infection, patho-
genesis, seed infection, disease cycle, epidemiology, forecasting, and fine structures; 
biochemical, histological, genetic, and molecular mechanisms of host resistance, 
including cloning and mapping of R genes; sources of resistance, disease resistance 
breeding strategies, and genetics of host-parasite interactions; disease management 
through cultural, chemical, biological, and host resistance methods, and integrated 
approach; and standardized reproducible techniques. Chapter 15 offers suggestions 
for future priority areas of research. To track the information given in different 
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chapters, subject index has been included in Chapter 16. The text has been vividly 
illustrated with photographs, graphs, figures, histograms, tables, coloured plates, 
and flowcharts for effective, and stimulating easy comprehension by the readers.

We believe that this book will be immensely useful to the researchers, teachers, 
extension specialists, students, industrialists, farmers, and all others who are inter-
ested to grow healthy, and profitable cruciferous crops all over the world. Any sug-
gestions by the readers are always a source of inspiration for the authors. Any 
shortcomings, lacunae, and flaws in the book are responsibility of ours.

Hisar, Haryana, India� G.S. Saharan
� Naresh Mehta 
Bharatpur, Rajasthan, India� P.D. Meena

Preface



ix

Acknowledgements

Authors are highly grateful to the following persons/scientists/publishers/societies/
journals/institutes/websites, and all others whose valuable materials such as photo-
graphs (macroscopic, microscopic, electron micrographs, scanning electron micro-
graphs), drawings, figures, histograms, graphs, tables, flow charts, etc., have been 
used through reproduction in the present document. The address of the author(s)/
source(s) from where material has been adapted can be obtained from the reference 
which is cited in the reference section of the book. The authors are also sincerely 
thankful to all the scientists/publishers/journals/institutes/societies, and websites 
whose materials have been reproduced in one or the other form in this manuscript 
but forget to acknowledge their name(s) inadvertently.

	A.	 Persons/Scientists/Authors

Allen RL,
Asada Y,
Awasthi RP,
Babber S,
Bahcevandziev K,
Baxter L,
Bergot M,
Cabral A,
Cao H,
Chakraborty S,
Channon AG,
Chattopadhyay C,
Choi YJ,
Chou CK,
Coelho PS,
Constantinescu O,
Cooke RC,
Crute IR,
Damgaard C,



x

Daniels MJ,
Dangl JL,
Davison EM,
Dean C,
Dickinson CH,
Fatehi J,
Felton MW,
Garcia-Blazquez G,
Goker M,
Gorden PL,
Greenhalgh JR,
Hartman H,
Hayter JBR,
Heran A,
Hidaka H,
Holt III BF,
Holub EB,
Jang P,
Jensen BD,
Jones JD,
Kamoun S,
Kluczewski SM,
Koch E,
Kolte SJ,
Kruger W,
Lebeda A,
Leung H,
Li X,
Lin CY,
Lister BJ,
Lucas JA,
Mims CW
Mansfield JW,
Matsumoto I,
Mauch-Mani B,
Mitchell SE,
Monteirio AA,
Moss NA,
Nagatani T,
Nashaat NI,
Parker JE,
Ploch S,
Proctor R,
Rehmany AP,
Richardson EA,

Acknowledgements



xi

Riethmuller A,
Ryan EW,
Safeeulla KM,
Sakamoto K,
Sangeetha CG,
Schwin FJ,
Schlaich NL,
Sharma SR,
Shaw CG,
Sherriff C,
Shin HD,
Singh D,
Shiraishi M,
Siddaramaiah AL,
Singh RB,
Singh RN,
Slusarenko AJ,
Sohi HS,
Soylu EM,
Soylu S,
Spring O,
Staskawicz BJ,
Sutton JC,
Szabo V,
Tham FY,
Thomas L,
Thornton JD,
Thines Macro,
U N,
Valerio L,
Verma PR,
Vicente JG,
Vishwanath,
Voglmayr H,
Walker JC,
Wang TM,
Williams PH,
Wilson ZA,
Xiao D,
Yerkes WD,

	B.	 Journals

African Journal of Agricultural Research
African Journal of Biotechnology
Annals of Applied Biology

Acknowledgements



xii

Annals of Botany
Annals of Phytopathological Society, Japan
Annual Review of Phytopathology
Australian Journal of Agricultural Research
Brassica
Botany
Brazilian Phytopathological Society
Canadian Journal of Botany
Canadian Journal of Plant Pathology
Canadian Journal of Plant Science
Cell
Crop Protection
Cruciferae Newsletter
Euphytica
European Journal of Plant Pathology
Evolution
Fungal Diversity
Fungal Genetics & Biology
Genes, Genomics, Genetics
Horticulture Research
Indian Phytopathology
Indian Journal of Agricultural Sciences
International Journal of Agriculture, Environment & Biotechnology
Japan Journal of Botany
Journals of Agricultural Research
Journal of Applied Microbiology
Journal of Biological Chemistry
Journal of General Plant Pathology
Journal of Indian Botanical Society
Journal of Mycology and Plant Pathology
Journal of Oilseed Brassica
Journal of Phytopathology
Journal of Plant Disease and Protection
Molecular Microbiology
Molecular Plant Microbe Interaction
Molecular Plant Pathology
Molecules
Mycologia
Mycological Progress
Mycological Research
Mycopathologia
Nature
New Pathologist
Nova Hedwigia
Nucleic Acids Research

Acknowledgements



xiii

Oikos
Physiological and Molecular Plant Pathology
Physiological Plant Pathology
Phytopathology
Phytochemistry
Phyton
Plant Breeding
Plant Disease
Plant Disease Research
Plant Journal
Plant Molecular Biology
Plant Pathology
PLoS Pathogens
Proceedings of the National Academy of Sciences USA
Proceedings of the Indian Academy of Sciences, Plant Science
Review of Plant Pathology
Science
Seed Science & Technology Journal
Sydowia
Tests of Agrochemicals
The Canadian Journal of Plant Pathology
The Plant Cell
The Plant Pathology Journal
Transaction of British Mycological Society
Tropical Plant Pathology
Theoretical and Applied Genetics

	C.	 Websites

http://diwww.epfl.ch/ wstamatak/ index-Dateien/publications/GCB2006_Poster.
pdf;

http://prodes.toulouse.fr/multialign/multialign.html
http://brassicadb.org/brad
http://www.bio-rad.com
http://frodo.wi.mit.edu/primer3
http://en.cellfood.com.cn/culture.aspx
http://prgdb.cbm.fvg.it
http://cals.arizona.edu/PLP/pryorlab/alternaria.html
http://nt.ars-grin.gov/fungaldatabases/
http://www.mycobank.org
http://www.marinespecies.org
http://www.elsevier.com/locate/yfgbi
http://www.sciencedirect.com
http://www.ipcc.ch

Acknowledgements



xiv

	D.	 Publishers/Press

Academic Press, London
CABI, London, UK
CRC Press, Boca Raton, Florida, USA,
CSIRO Publishing
Elsevier Scientific Publisher, Oxford
John Wiley & Sons, Inc.
Narosa Publishing House, New Delhi
Springer, Netherlands/ New York
Taylor & Francis Group
Scientific Publications, Jodhpur, India
Indus Publication Company, New Delhi, India
American Oil Chemists Society Press
Kluwer Academic Press, Dordrecht, Netherlands
Wiley Blackwell Publication, Hoboken, New Jersey, USA

	E.	 Institutions/ Societies

All Indian Coordinated Research Project, ICAR, New Delhi
Agriculture and Agri-Food Canada, Saskatoon Research Centre, Saskatoon, Canada
American Phytopathological Society, USA
Canadian Phytopathological Society
CCS Haryana Agricultural University, Hisar, India
Directorate of Rapeseed-Mustard Research, Bharatpur, India
Indian Council of Agricultural Research, India
Indian Phytopathological Society, New Delhi
Indian Society of Mycology and Plant Pathology
Indian Society of Plant Pathologist, Ludhiana
International Development Research Centre, Ottawa, Ontario, Canada
Korean Society of Plant Pathology
Mycological Society of America
Pryor Laboratory, University of Arizona School of Plant Sciences, USA
Society for Rapeseed-Mustard Research
The American Phytopathological Society
The Australasian Plant Pathology Society
The British Society for Plant Pathology
The Korean Society of Plant Pathology
University of Wisconsin, Madison
GCIRC

	F.	 Databases

MycoBank, International mycological Association
Systematic Mycology and Microbiology Laboratory Fungal Database, 

U.S. Department of Agriculture

Acknowledgements



xv

	1	� Introduction............................................................................................. 	 1
	 1.1	�� Crops and Their Distribution..........................................................	 1
	 1.2	�� The Disease and Pathogen..............................................................	 3
	 1.3	�� The Downy Mildew of Crucifers....................................................	 6
	 1.4	�� The Pathogen/Causal Organism of Downy Mildew  

of Crucifers.....................................................................................	 12
	 1.5	�� Taxonomy and Classification of Downy Mildew Pathogen............	 13
	 1.6	�� Current Generic Status of Downy Mildew of Crucifers..................	 14
	 1.7	�� Species Concepts in Crucifer’s Downy Mildew..............................	 14
	 1.8	�� Broad and Narrow Species Concepts..............................................	 15
	 1.9	�� Use of Molecular Data for Downy Mildew Species Concept.........	 16
	 1.10	�� Hyaloperonospora Species on Crucifers.........................................	 17
	 1.11	�� Strategies to Breed Downy Mildew Resistance Cultivars  

of Crucifers.....................................................................................	 18
	 1.11.1	�� Identification and Utilization of Receptor-Like  

Kinases Involved in Plant Immunity.................................	 18
	 1.11.2	�� Identification and Utilization of R Genes  

Involved in ETI..................................................................	 19
	 1.11.3	�� The Utilization of Quantitative Trait Loci (QTLs)............	 19
	 1.11.4	�� Screening and Utilization of Recessive  

Gene-Mediated Broad-Spectrum Resistance.....................	 19
	 1.11.5	�� Engineering Broad-Spectrum Resistance 

Through Biotechnology.....................................................	 20
	 1.11.6	�� Designation and Nomenclature of Downy Mildew  

Resistance Genes (R Genes) and Isolates  
(Races/Pathotypes)............................................................	 20

	 1.12	�� Importance of Hyaloperonospora arabidopsidis  
in Molecular Plant Pathology..........................................................	 23

	 1.13	�� Impact of Climate Change on the Diseases of Crucifers................	 24
	 References..................................................................................................	 28

Contents



xvi

	2	� The Disease: Downy Mildew.................................................................. 	 35
	 2.1	�� Introduction.....................................................................................	 35
	 2.2	�� Geographical Distribution...............................................................	 35
	 2.3	�� Economic Importance.....................................................................	 40
	 2.3.1	�� Brassica Oilseeds..............................................................	 41
	 2.3.2	�� Brassica Vegetables...........................................................	 42
	 2.4	�� Host Range......................................................................................	 43
	 2.5	�� Symptoms........................................................................................	 43
	 2.5.1	�� Brassica Oilseeds..............................................................	 43
	 2.5.2	�� Brassica Vegetables...........................................................	 52
	 2.5.3	�� Broccoli.............................................................................	 54
	 2.5.4	�� Wallflower (Cheiranthus)..................................................	 54
	 2.5.5	�� Stock (Matthiola)...............................................................	 54
	 2.5.6	�� Rocket (Eruca sativa)........................................................	 55
	 2.5.7	�� Cruciferous Weed (Arabidopsis thaliana).........................	 55
	 2.6	�� Disease Assessment.........................................................................	 56
	 References..................................................................................................	 59

	3	� The Pathogen: Hyaloperonospora parasitica (Gaum.)  
Goker [H. brassicae (Gaum.) Goker].................................................... 	 67

	 3.1	�� Introduction.....................................................................................	 67
	 3.2	�� Taxonomy and Morphology............................................................	 69
	 3.2.1	�� Phylogenetic Analyses.......................................................	 75
	 3.2.2	�� The Species Concept of Downy Mildew...........................	 81
	 3.2.3	�� Relationship of Peronospora with Hyaloperonospora 

and Perofascia...................................................................	 84
	 3.2.4	�� Major Species Clusters in Hyaloperonospora...................	 84
	 3.2.5	�� Hyaloperonospora arabidopsidis on Arabidopsis.............	 86
	 3.3	�� Reproduction and Reproductive Structures.....................................	 87
	 3.3.1	�� Asexual Phase....................................................................	 87
	 3.3.2	�� Conidiophores and Conidia...............................................	 88
	 3.3.3	�� Sexual Phase......................................................................	 88
	 References..................................................................................................	 89

	4	� Electron Microscopy and Ultrastructures............................................ 	 93
	 4.1	�� Introduction.....................................................................................	 93
	 4.2	�� Host Penetration..............................................................................	 93
	 4.3	�� Haustorium Development...............................................................	 97
	 4.4	�� The Host-Pathogen Interface...........................................................	 98
	 4.5	�� Ultrastructural Features of Intercellular Hyphae,  

Haustorium, and Host Cell..............................................................	 109
	 4.6	�� Conidiophore Development............................................................	 111
	 4.6.1	�� Conidiophore Primordial...................................................	 111
	 4.6.2	�� Unbranched Conidiophores...............................................	 111
	 4.6.3	�� Production of Branches.....................................................	 111

Contents



xvii

	 4.6.4	�� Development of Conidia....................................................	 112
	 4.6.5	�� Formation of a Cross Wall.................................................	 112
	 4.6.6	�� Conidiophore Growth........................................................	 112
	 4.6.7	�� Conidial Formation............................................................	 114
	 4.6.8	�� Host Response...................................................................	 115
	 4.6.9	�� Cytology and Genetics......................................................	 116
	 References..................................................................................................	 125

	5	� Physiologic Specialization (Pathogenic Variability)............................. 	 127
	 5.1	�� Introduction.....................................................................................	 127
	 5.2	�� Pathogenic Variability.....................................................................	 128
	 5.2.1	�� DNA Fingerprinting of H. parasitica................................	 138
	 5.2.2	�� Identification of Host Differentials  

and Nomenclature of Pathotypes.......................................	 140
	 5.3	�� Heterothallism and Homothallism..................................................	 142
	 5.4	�� Hybridization of Hyaloperonospora Isolates..................................	 143
	 References..................................................................................................	 143

	6	� Perpetuation and Survival of Pathogen................................................ 	 147
	 6.1	�� Introduction.....................................................................................	 147
	 6.2	�� Mycelium........................................................................................	 147
	 6.3	�� Conidia............................................................................................	 147
	 6.4	�� Oospores..........................................................................................	 148
	 6.5	�� Seed Infection.................................................................................	 149
	 6.6	�� Axenic Culture................................................................................	 149
	 6.7	�� Conidial Discharge..........................................................................	 149
	 6.8	�� Conidial Germination......................................................................	 151
	 6.9	�� Oospore Germination......................................................................	 154
	 References..................................................................................................	 155

	7	� Infection and Pathogenesis..................................................................... 	 157
	 7.1	�� Introduction.....................................................................................	 157
	 7.2	�� The Process of Infection.................................................................	 157
	 7.2.1	�� Light Microscopic Observation  

of Infection Process...........................................................	 159
	 7.3	�� Nature and Mechanism of Pathogenesis.........................................	 165
	 References..................................................................................................	 174

	8	� Disease Cycle........................................................................................... 	 175
	 8.1	�� Introduction.....................................................................................	 175
	 8.2	�� General Disease Cycle on Cruciferous Crops.................................	 175
	 8.3	�� Disease Cycle on Arabidopsis.........................................................	 177
	 8.4	�� Factors Affecting Disease Cycle.....................................................	 180
	 References..................................................................................................	 180

Contents



xviii

	9	� Epidemiology and Forecasting............................................................... 	 183
	 9.1	�� Introduction.....................................................................................	 183
	 9.2	�� Disease Development in Relation to Temperature, Humidity,  

Rainfall, and Leaf Wetness..............................................................	 183
	 9.3	�� Disease Development in Relation to Planting Time........................	 192
	 9.4	�� Disease Development in Relation to Host Nutrition.......................	 192
	 9.5	�� Disease Interaction with Insecticidal Sprays..................................	 196
	 9.6	�� Disease Prediction Models..............................................................	 196
	 References..................................................................................................	 197

	10	� Association or Mixed Infection of Downy Mildew  
and White Rust Disease Complex.......................................................... 	 199

	 10.1	�� Introduction.....................................................................................	 199
	 10.2	�� Symptoms........................................................................................	 200
	 10.3	�� Yield Losses....................................................................................	 201
	 10.4	�� Pathogenesis....................................................................................	 202
	 10.5	�� Histopathology................................................................................	 204
	 10.6	�� Epidemiology..................................................................................	 208
	 10.7	�� Disease Forecasting.........................................................................	 209
	 10.8	�� Altered Phenotypic Expression of Downy Mildew.........................	 211
	 References..................................................................................................	 211

	11	� Biochemistry of the Host Pathogen Interaction................................... 	 215
	 11.1	�� Introduction.....................................................................................	 215
	 11.2	�� Metabolic Changes..........................................................................	 215
	 11.3	�� Role of Natural Biochemical Compounds......................................	 220
	 11.4	�� Biochemistry of Disease Resistance...............................................	 220
	 References..................................................................................................	 223

	12	� Host Resistance........................................................................................ 	 225
	 12.1	�� Introduction.....................................................................................	 225
	 12.2	�� Mechanism of Host Resistance.......................................................	 226
	 12.3	�� Host-Pathogen Recognition System................................................	 231
	 12.4	�� Systemic Acquired Resistance........................................................	 231
	 12.4.1	�� Expression of Systemic Acquired Resistance....................	 232
	 12.5	�� Genetics of Host-Pathogen Relationship........................................	 233
	 12.5.1	�� Seedling and Adult Plant Resistance to  

Downy Mildew..................................................................	 240
	 12.5.2	�� Inheritance of Partial Resistance to Downy Mildew.........	 241
	 12.5.3	�� Molecular Basis of Downy Mildew Resistance.................	 242
	 12.5.4	�� Mutation Approach to Identify Resistance Genes.............	 243
	 12.5.5	�� Genetics of Multiple Disease Resistance..........................	 245
	 12.5.6	�� Disease Resistance Increases Competitive Ability  

of Host Plants....................................................................	 247
	 12.5.7	�� Expression of Age-Related Resistance (ARR)  

to Downy Mildew..............................................................	 247

Contents



xix

	 12.5.8	�� Different Requirements for Disease Resistance Genes.....	 249
	 12.5.9	�� Differential Expression of Downy Mildew  

Resistance Genes...............................................................	 250
	 12.5.10	�� Cloning of Major Resistance Genes..................................	 252
	 12.5.11	�� Mapping of Downy Mildew Resistance Genes.................	 256
	 12.5.12	�� Resistance Gene-Mediated Signal Transduction...............	 257
	 12.6	�� Biochemical Basis of Resistance....................................................	 260
	 12.6.1	�� Role of Phytoalexins in Resistance  

to Downy Mildew..............................................................	 261
	 12.6.2	�� Lignification of Host Cells................................................	 262
	 12.7	�� Sources of Resistance......................................................................	 264
	 12.8	�� Breeding for Disease Resistance.....................................................	 267
	 12.8.1	�� Strategies to Breed Downy Mildew  

Resistance Cultivars of Crucifers......................................	 267
	 12.8.2	�� Designation and Nomenclature of Resistance Genes........	 267
	 12.9	�� Mechanisms and Application of Gene Silencing Techniques  

to Downy Mildew of Crucifers.......................................................	 268
	 12.9.1	�� Stable Versus Transient Gene Silencing............................	 270
	 12.10	�� Development of Resistance to Fungicides......................................	 271
	 References..................................................................................................	 271

	13	� Disease Management.............................................................................. 	 285
	 13.1	�� Introduction.....................................................................................	 285
	 13.2	�� Cultural Practices............................................................................	 285
	 13.3	�� Seed Treatment................................................................................	 286
	 13.4	�� Soil Treatment.................................................................................	 287
	 13.5	�� Compost Treatment.........................................................................	 288
	 13.6	�� Foliar Spray of Fungicides..............................................................	 288
	 13.6.1	�� Brassica Vegetables...........................................................	 289
	 13.6.2	�� Brassica Oilseeds..............................................................	 294
	 13.7	 ��Biological Control...........................................................................	 299
	 13.7.1	�� Plant Extracts as Fungitoxicant.........................................	 299
	 13.7.2	�� Antagonists for Biocontrol................................................	 299
	 13.8	�� Host Resistance...............................................................................	 301
	 13.9	�� Fungicide Resistance.......................................................................	 301
	 13.10	�� Integrated Disease Management.....................................................	 301
	 References..................................................................................................	 304

	14	� Techniques............................................................................................... 	 309
	 14.1	�� Introduction.....................................................................................	 309
	 14.2	�� Culturing of Hyaloperonospora parasitica.....................................	 309
	 14.3	�� Maintenance of H. parasitica Isolates and Production  

of Inoculum.....................................................................................	 310
	 14.4	�� Germplasm Screening and Evaluation............................................	 311
	 14.5	�� Preservation of Hyaloperonospora parasitica................................	 313
	 14.6	�� Artificial Inoculation of Excised Cotyledons..................................	 314

Contents



xx

	 14.7	�� Propagation of Hyaloperonospora parasitica on Cotyledons  
or True Leaves of Japanese Radish Seedlings.................................	 314

	 14.8	�� Laboratory Tests of Fungicides.......................................................	 315
	 14.9	�� Fungicide Resistance Assay............................................................	 316
	 14.10	�� Measuring Systemic Infection of the Downy Mildew Pathogen....	 316
	 14.11	�� Methods of Breeding for Multiple Disease Resistance...................	 317
	 14.12	�� Heterothallism and Homothallism..................................................	 320
	 14.13	�� Seed-Borne Nature of H. parasitica................................................	 320
	 14.14	�� Conidial Germination......................................................................	 321
	 14.15	�� Sporulation......................................................................................	 322
	 14.16	�� Discharge of Conidia.......................................................................	 322
	 14.17	�� DNA Fingerprinting of Hyaloperonospora parasitica....................	 322
	 14.17.1	�� DNA Isolation....................................................................	 323
	 14.18	�� Molecular Marker for Identification of H. parasitica.....................	 324
	 14.19	�� Leaf Disc Test to Assess Resistance...............................................	 328
	 14.20	�� Use of Rooted Leaves for Screening Brassica Germplasm............	 329
	 14.21	�� Artificial Inoculation Technique Under Growth Chamber  

(Williams 1985)...............................................................................	 330
	 14.22	�� Microscopic Studies........................................................................	 332
	 14.23	�� Light and Transmission Electron Microscopy (TEM)....................	 334
	 14.24	�� C DNA-AFLP Analysis to Reveal Gene Expression......................	 335
	 14.25	�� Thawing and Revival of Inoculum..................................................	 337
	 14.26	�� Obtaining New Isolates from Dried Leaf Tissue  

Containing Oospores.......................................................................	 338
	 References..................................................................................................	 338

	15	� Future Strategies and Priorities of Downy Mildew  
DiseaseManagement............................................................................... 	 343

	 15.1	�� Introduction.....................................................................................	 343
	 15.2	�� Disease Epidemiology.....................................................................	 343
	 15.3	�� Physiological Specialization...........................................................	 344
	 15.4	�� Genetics of Resistance....................................................................	 344
	 15.5	�� Molecular Plant Pathology/Genomics/Genetic Engineering..........	 345
	 15.6	�� Biochemical Aspects of Resistance.................................................	 346
	 15.7	�� Disease Management......................................................................	 346
	 15.8	�� Phylogenetic Relationship and Co-evolution  

of Cruciferous Hosts and Downy Mildew Pathogen.......................	 347

�Index................................................................................................................. 	 349

Contents



xxi

Authors

G.S. Saharan,  ex-professor and head of the 
Department of Plant Pathology, retired from the active 
service in 2002. He did his B.Sc. (1965), and M.Sc. 
(1967) in agriculture from S.K.N. College of Agriculture, 
Jobner, University of Udaipur, and Ph.D. (1977) from 
Himachal Pradesh University, Palampur, India. He 
served as lecturer (1967–1976) and assistant professor 
(1976–1980) at HPKVV, Palampur, and as associate 
professor (1980–1988), professor (1988–2002), and 
professor and head (2002) at the Department of Plant 
Pathology at CCS Haryana Agricultural University, 

Hisar. Dr. Saharan has been a visiting professor at the Department of Plant Sciences, 
University of Alberta, Edmonton, Canada (1991 and 1994); Agriculture and Agri-
Food Canada, Saskatoon Research Station, Saskatoon, Canada (1991, 1994, 1997); 
and Rothamsted Research, IACR, Harpenden, UK (1994 and 1997).

Dr. Saharan has more than 250 research publications in journals of national and 
international repute. He has been editor of books, i.e. Diseases of Oilseed Crops, 
Annual Review of Plant Pathology, Phytopathological Techniques, Plant Pathology 
at a Glance, and Plant Pathological Research Problems and Progress, and author of 
books Diseases of Oilseed Crops (in Hindi), Sclerotinia Diseases of Crop Plants: 
Biology, Ecology and Disease Management, White Rust of Crucifers: Biology, 
Ecology and Management, and Alternaria Diseases of Crucifers: Biology, Ecology 
and Disease Management. He has authored monographs on white rust, Alternaria 
blight, and downy mildew diseases of rapeseed-mustard, including 5 bibliographies 
and 40 review articles in books. He is on the panel of experts of State Agricultural 
Universities, Indian Council of Agricultural Research, Central Scientific and 
Industrial Research, University Grants Commission, and Department of 
Biotechnology in India. He has contributed immensely in the preparation and 
release of Crop Protection Compendium (2002), CAB International, UK. He has 
guided three M.Sc. and eight Ph.D. students who are well-established scientists at 
different universities and research organizations in India and abroad.



xxii

Dr. Saharan has conducted research in diverse fields of plant pathology including 
standardization of artificial inoculation techniques, identification of sources of 
resistance, determination of pathogenic variability, genetics of host-parasite interac-
tion, epidemiology, and management of several diseases. He has been president 
(North Zone) of the Indian Phytopathological Society (2001), editor-in-chief of the 
Journal of Mycology and Plant Pathology (1999–2000) and the Journal of Oilseed 
Brassica (2012 to date), and president of the Indian Society of Mycology and Plant 
Pathology (2009) and has played a major role in the organization of global and 
Asian congress by the leading phytopathological societies of India. He has been a 
member of QRT, ICAR, New Delhi, for the soybean (2010) and rapeseed-mustard 
(2015). Dr. Saharan has been awarded with Y. L. Nene Outstanding Plant Pathology 
Teacher Award (2015) by the Indian Society of Mycology and Plant Pathology, 
Udaipur, India. He has been bestowed with Lifetime Achievement Award (2017) for 
his outstanding research leadership and expertise in oilseed Brassica research by the 
Society for Rapeseed-Mustard Research, Bharatpur, India. 

Naresh Mehta  did his B.Sc. in agriculture (Hons.) in 
1978 and M.Sc. in plant pathology in 1980 from Haryana 
Agricultural University, Hisar. He received his Ph.D. 
degree in plant pathology in 1993 from CCS HAU, 
Hisar, under the guidance of Dr. G. S. Saharan. During 
his study, he attained first position in elective plant pro-
tection at bachelor’s degree level. Dr. Mehta is the recip-
ient of Excel Industries Ltd. Bombay, India, Award as 
research fellowship for master’s degree programme and 
‘Senior Research Fellowship’ (SRF) Award to pursue 
Ph.D. programme by the Council of Scientific and 
Industrial Research (CSIR), New Delhi. He was awarded 

Ms. Manju Utereja Memorial Gold Medal for best Ph.D. thesis (1993–1994).
Dr. Mehta joined as assistant scientist (plant pathology) in 1981, scientist/assoc. 

professor in 1994, and professor in 2002 at CCS, HAU, Hisar. He was co-principal 
investigator in the scheme ‘Pathogenic variability and epidemiology of Alternaria 
brassicae’ funded by ICAR, New Delhi.

He has been teaching plant pathology courses to undergraduate and postgraduate 
students. He has guided five M.Sc. (plant pathology) and two Ph.D. students, and  
he is a member of many students’ advisory committees. He is the recipient of Best 
Poster Paper Award for the year 2005 by INSOPP and Indian Phytopathological 
Soc. (NZ). His students have been awarded P.R. Verma M.Sc. Student Thesis Award 
for the year 2009 by Indian Soc. of Mycology and Plant Pathology and 
M.J.  Narasimhan Academic Awards (NZ) by Indian Phytopathological Society, 
New Delhi, for the year 2010.

He has conducted research in diverse fields of plant pathology covering patho-
genic variability, genetics of host-pathogen interaction, epidemiological studies, 
identification of resistant sources, biochemical/genetic basis for resistance, residual 
analysis of fungicides, and disease management.

Authors



xxiii

Dr. Mehta was a member of Expert Committee, UGC, New Delhi, for 12 B status 
for the Gandhigram Rural Institute-Deemed University, Gandhigram, Tamil Nadu.

Dr. Mehta is one of the editors of the book “Diseases of Oilseed Crops” and one 
of the authors of books Sclerotinia Diseases of Crop Plants: Biology, Ecology and 
Disease Management and Alternaria Diseases of Crucifers: Biology, Ecology and 
Disease Management. He has published more than 100 research papers in the jour-
nals of national and international repute. In addition, 10 review articles, 20 book 
chapters, 10 practical manuals, 25 lead lectures in the conferences, 91 research 
paper presentations in the conferences, 35 popular articles, and 13 radio/TV talks 
are to his credit.

Dr. Mehta has been admitted as fellow of Indian Phytopathological Society 
(FPSI), New Delhi, Indian Society of Plant Pathologist (FINSOPP), Ludhiana, and 
Indian Society of Mycology and Plant Pathology (FISMPP), Udaipur. He has been 
on the editorial board of Indian Phytopathological Society (2012–2013, 2017–
2019), councillor (North Zone) of ISMPP (2005, 2011), a member of editorial board 
(2012–2014), and editor-in-chief (2014). He is also a member of Editorial Board of 
Indian Society of Plant Pathologist, Ludhiana, 2017–2018.

Dr. Mehta has been a visiting scientist to University of Alberta, Edmonton, 
Canada, in 1999 as a FAO fellow and presented a research paper in the 8th 
International Congress of Plant Pathology at Christchurch, New Zealand, 2002. He 
was invited to deliver lectures in the 9th International Congress of Plant Pathology, 
at Torino, Italy, 2008, and in the 5th International Conference on Plant Pathology on 
the theme ‘Plant Pathology in the Globalized Era’, New Delhi, 2009. In 2012, he 
has delivered lead lecture in the 3rd Global Conference on the theme ‘Plant 
Pathology for Food Security’ with several lead lectures in the national conferences 
held from time to time. 

P.D.  Meena  is working as Principal Scientist (Plant 
Pathology) at the Directorate of Rapeseed-Mustard 
Research (Indian Council of Agricultural Research), 
Bharatpur-321 303 Rajasthan, India. He started his 
career in Indian Council of Agricultural Research in 
1989 as a senior technical assistant at Central Soil & 
Water Conservation Research & Training Institute, 
Dehradun. He obtained his B.Sc. (Ag.) (1987) from the 
University of Rajasthan, Jaipur, and M.Sc. (Ag.) in 
plant pathology (1997) from Rajasthan Agricultural 
University, Bikaner, and Ph.D. in botany (2005) from 
the University of Rajasthan, Jaipur. He has developed 

garlic bulb aqueous extract (2 % w/v) as botanical product for control of Sclerotinia 
rot and Alternaria blight diseases of mustard. He has identified white rust resistance 
genotypes, viz. NRCDR 515, NRCDR-02, NRCHB-506, NRCHB-101, and 
NRCDR-601 of Brassica juncea and NRCYS-05-2 of B. rapa ssp. yellow sarson, 
and developed weather-based forecasting models for rapeseed-mustard diseases. He 
has published more than 50 research papers, reviews, and book chapters in 

Authors



xxiv

international and national reputed refereed journals, and he is editor of the book 
Principles of Plant Breeding. He has been a member of monitoring team for All 
India Coordinated Research Project on Rapeseed-Mustard in 2004–2010.

He has been honoured with Fellowship of Indian Society of Mycology and Plant 
Pathology and fellow of Plant Protection Association of India and also awarded 
with Dr. P.R. Kumar Outstanding Brassica Scientist Award in 2011 by the Society 
for Rapeseed-Mustard Research. He has served as councillor of Plant Protection 
Association of India, the founder secretary of the Society for Rapeseed-Mustard 
Research since 2008, a member of the editorial board (2010–2011), and managing 
editor (2012–2013) for the Journal of Oilseed Brassica.

Dr. Meena has been a principal investigator (PI) and co-PI for ICAR Outreach 
Programme on Diagnosis and Management of Leaf Spot Diseases in Field and 
Horticultural Crops (2009–2013), ICAR Network Project on Transgenics in Crops 
(Functional Genomics Component for Alternaria and Drought), and National 
Network for Management of Alternaria Blight in Brassica juncea and Vegetable 
Crops (2004–2008).

He is the recipient of the Best Paper Presentation Award (2005), Appreciation 
Certificate from Rajasthan Jankalyan Van Avum Paryavarn Vikas Sansthan, Jaipur 
(2006), and K.S. Bilgrami Best Paper Presentation Award (2010).

He undertook 3 months of research attachment training (2007) at the Rothamsted 
Research, Harpenden, UK, under Indo-UK collaborative research on oilseed bras-
sica crops. He has supervised nine M.Sc. students and co-supervised one Ph.D. 
student. 

Authors



xxv

Abbreviations

@	 At the rate of
<	 Less than
>	 greater than
μ	 Micron
μEm−2S−1	 Micro Einsteins per square metre per second
μg	 Microgram
μgml−1	 Microgram per millilitre
μh−1	 Per microhenries
μm	 Micrometre
μmol g−1	 Micromole per milligram
°C	 Degree Celsius
a.i.	 Active ingredient
a.m.	 Ante meridiem; before noon
AB 	 Alternaria blight
Ab 	 Alternaria brassicae
Ac	 Albugo candida
AFLP	 Amplified fragment length polymorphism
AICRP-RM	 All India Coordinated Research Project on Rapeseed-Mustard
AIP	 Aminoindan phosphonic acid
AN	 Autogenic necrosis
Ao	 Angstrom
Ar	 Aphanomyces raphani
At	 Agrobacterium tumefaciens
AUDPC	 Area under the disease progress curve
AY	 Aster yellows
B (N)	 Belonolaimus (nematode)
BABA	 β-Amino-butyric acid
BAC	 term
BAC	 Bacterial artificial chromosomes
Bc	 Botrytis cinerea
BMY(V)	 Beet western yellows virus



xxvi

bp	 Base pair
BrS	 Bremer decay indices
BS	 Black speck
BTH	 Benzothiadiazole
C.D.	 Critical difference
CAD	 Cinnamyl alcohol dehydrogenase
CaM	 Calmodulin
CAM (V)	 Cauliflower mosaic virus
Cb	 Cercospora brassicicola
cDNA	 Complementary DNA
cDNA-RFLP	 cDNA-restriction fragment length polymorphism
CHP	 Conserved hypothetical protein
cm	 Centimetre
cv.	 Cultivar
D (N)	 Dolichodorus (nematode)
dai	 Days after inoculation
DAS	 Days after sowing
DI	 Disease index
DM	 Downy mildew
dsRNA	 Double-stranded RNA
Ec	 Erwinia carotovora
Ec	 Erysiphe cruciferarum
EDS1 	 Enhanced disease susceptibility
ER	 Endoplasmic reticulum
ER1	 Exoribonuclease
F	 Fusarium
Fo	 Fusarium oxysporum
G	 Gummosis
g	 Gram
g/kg−1	 Gram per kilogram
GP	 Genetic and physiological disorder
h	 Hour
Hs (N)	 Heterodera schachtii (nematode)
h.p.i.	 Hour post inoculation
ha−1	 Per hectare
Hp	 Hyaloperonospora parasitica
HP	 Hyaloperonospora pathotypes
HR	 Hypersensitive cell death response
ICS	 Isochorismate synthase
IP	 Interaction phenotypes
ITS	 Internal transcribed spacer
K	 Potash
kb	 Kilobyte
KCl	 Potassium chloride
lbs	 Pound

Abbreviations



xxvii

LIF	 Lignification-inducing factor
Lm	 Leptosphaeria maculans
LSD	 Least significant difference
LSU	 Large subunit
M(N)	 Meloidogyne (nematode)
Max	 Maximum
Mb	 Mycosphaerella brassicicola
Mg	 Magnesium
min	 Minute
Min	 Minimum
miRNA	 Micro RNA
ML	 Maximum likelihood
ml	 Millilitre
mm	 Millimetre
MM (V)	 Mustard mosaic virus
MP	 Maximum parsimony
MRC	 Major recognition complexes
mRNA	 Messenger RNA
N	 Nitrogen
NBS-LRR 	 Nucleotide-binding site-leucine-rich repeat
NDR1 	 Non-race-specific disease resistance
NiF	 term
NIF	 Nucleus-inducing factor
No	 Nigrospora oryzae
Oa	 Orobanche aegyptiaca
OH-PAS	 Hydroxyphenyl-aminosulphinyl acetic acid dimethyl ester
oz/acre	 Ounce per acre
PLO	 Phytoplasma
P	 Phosphorus
P(N)	 Paratylenchus (nematode)
p.m.	 Post meridiem; after noon
PA(N)	 Paratylenchus (nematode)
PAD	 Protrusion array devise
PAL	 Phenylalanine ammonia-lyase
PAMP	 Pathogen-associated molecular pattern
PAZ	 Protein domain – Piwi, Argonaute, and Zwille
Pb	 Plasmodiophora brassicae
PBrS	 Partitioned Bremer support
Pc	 Pseudocercosporella capsellae
PCC	 Photosynthetic carbon cycle
PCR	 Polymerase chain reaction
PDS	 Percentage disease severity
PEG	 Polyethylene glycol
pH	 Potential of hydrogen ion
Pm	 Phytophthora megasperma

Abbreviations



xxviii

Pmm	 Pseudomonas marginalis pv. marginalis
Po	 Phymatotrichum omnivorum
ppm	 Parts per million
PR	 Pathogenesis related
Psm	 Pseudomonas syringae pv. maculicola
PT	 Pythium
PTGS	 Post-transcriptional gene silencing
Pyb	 Pyrenopeziza brassicae
QRT-PCR	 Quantitative real-time polymerase chain reaction
QTL	 Quantitative trait locus
r	 Correlation coefficient
R.H.	 Relative humidity
RAPD	 Random amplification of polymorphic DNA
rDNA 	 Ribosomal ribonucleic acid
RdRP	 RNA-directed RNA polymerase
RFLP	 Restriction fragment length polymorphism
Ribosomal DNA	 rDNA
RISC	 RNA-induced silencing complex
RITS	 RNA-induced transcriptional silencing
RM(V)	 Radish mosaic virus
RNA	 Ribonucleic acid
ROS	 Reactive oxygen species
Rs	 Rhizoctonia solani
Rst	 Rhizopus stolonifer
SA	 Salicylic acid
SAR	 Systemic acquired resistance
SCT	 Sexual compatibility type
SDW	 Sterile distilled water
siRNA	 Short interfering RNAs
sq ft	 Square feet
Sr	 Sclerotium rolfsii
Ss	 Sclerotinia sclerotiorum
Sts	 Streptomyces scabies
T	 Temperature
T.S.	 Transverse section
TAS	 Trans-acting siRNA
TB(P)	 Tip burn
TDFs	 Transcript-derived fragments
TEM	 Transmission electron microscopy
TGS	 Transcriptional gene silencing
TIR 	 Toll, interlcukin-1, resistance
TUM(V)	 Turnip mosaic virus
Tu MV	 Turnip mosaic virus
USA	 United States of America
UK	 United Kingdom

Abbreviations



xxix

v/v	 Volume by volume
Va	 Verticillium albo-atrum
var	 Variety
Vd	 Verticillium dahliae
w	 Watt
w/v	 Weight by volume
WP	 Wettable powder
WR 	 White rust
Xca	 Xanthomonas campestris pv. armoraciae
Xcc	 Xanthomonas campestris pv. campestris
yr	 Year
Ψ	 Atmospheric water potentials

Abbreviations



xxxi

List of Figures

Fig. 1.1	 U’s triangle showing species relationship among different  
Brassica species (UN 1935)�������������������������������������������������������������������   3

Fig. 2.1	 Disease assessment (1–9) on leaves of rapeseed-mustard�������������������   58

Fig. 3.1	 Phylogeny of the Peronosporales (Shaw 1981)�����������������������������������   73
Fig. 3.2	 Lower half of the phylogenetic tree inferred from  

the complete dataset with RAxML under a GTRMIX  
nucleotide substitution model approximation  
and rooted with Perofascia. Branch lengths are scaled  
in terms of the expected number of substitutions  
per site. Numbers above branches represent BS values  
above 50 % from ML (left) and MP (right) bootstrapping.  
Labels for Hyaloperonospora (H.) and Perofascia (P.)  
specimens indicate DNA isolation number and host  
species; if sequences were taken from GenBank,  
accession numbers are given. Thick vertical bars  
and adjacent names show the proposed species names.  
Asterisks mark binomials proposed in the present study.  
In the case of uncertainty regarding species boundaries,  
the bars are drawn in light grey. Thin vertical bars  
and adjacent numbers indicate clades apparently above  
species level as described in the text. See Fig. 3.3  
for the upper half of this tree (Voglmayr 2003)�����������������������������������   76

Fig. 3.3	 Upper half of the phylogenetic tree depicted in Fig. 3.2,  
including clades 4–6. For a description, see Fig. 3.2  
(Voglmayr 2003)����������������������������������������������������������������������������������   77

Fig. 3.4	 Strict consensus of the 404 most parsimonious trees  
(length, 2066 bp) inferred from the reduced dataset  
that contains only specimens from which both  
ITS and LSU sequences could be obtained. Numbers  
below branches represent RAxML/GTRCAT (left)  


