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Chapter 1
Introduction

1.1  Crops and Their Distribution

Crucifers occupy prominent place in world’s agrarian economy as vegetables, oil-
seeds, feed, and fodder, green manure, and condiment. Oilseed Brassica, also 
known by their trade name of rapeseed-mustard, include Brassica napus, B. juncea, 
B. carinata, and three ecotypes of B. rapa (B. rapa var. brown sarson, B. rapa var. 
yellow sarson, B. rapa var. toria). Major crucifers susceptible to downy mildew 
disease grown all over the world are given in Table 1.1 with their botanical name, 
common name, and usages. Global production of oilseed Brassica crops exceeded 
63.76  mt, making them the second most valuable source of vegetable oil in the 
world. The leading oilseed Brassica producers in the world are the European Union, 
China, Canada, and India (USDA 2015). Different forms of oilseed Brassica are 
cultivated throughout the world. Winter-type B. napus predominates in Europe, 
parts of China, and Eastern USA, while spring-type B. napus is cultivated in Canada, 
Australia, and China. Spring forms of B. rapa are now mainly grown in the Indian 
subcontinent. Winter-type B. rapa has largely been replaced by higher-yielding 
winter-type B. napus and spring crops in its traditional production zones. Only win-
ter type of B. juncea is cultivated in the Indian subcontinent and has now been 
actively considered as an option in drier areas of Canada, Australia, and even 
Northern USA. In India, B. juncea predominates and is grown on an over 80% of the 
area under rapeseed-mustard crops. The goal of developing canola forms has been 
accomplished for B. rapa, B. napus, and B. juncea but remains as an important 
objective in B. carinata. Almost all rapeseed produced in Australia, Canada, and 
Europe, and to a very large extent in China, is now canola. The cultivation of canola 
rapeseed-mustard has just begun in India (Chauhan et al. 2010). Crucifer vegetable 
forms an important group of vegetable crops of the world. These include a wide 
array of crops that span numerous genera and species in the family Brassicaceae. 
However, cole crops belonging to B. oleracea, viz. cauliflower, cabbage, broccoli, 
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Brussels sprouts, kohlrabi, and kale, are most susceptible to downy mildew 
disease.

As these crops are grown in a wide array of climate and cropping systems, these 
require general or specific adaptation to specific situations. Varieties with varying 
maturity duration are required to escape frost (Canada) or late-season drought 
(Southern Australia) or to fit in multiple cropping sequences (India, China). 
Breeding programmes are also concerned with the cultivar suitability for existing or 
emerging management practices, e.g. herbicide resistance or mechanical harvest-
ing, resistance to pod shattering, etc. (Kumar et al. 2015). Brassica species relation-
ship has been given in Fig. 1.1. Crucifers are confronted with several biotic and 

Table 1.1 Commonly cultivated crucifers and Brassica species susceptible to downy mildew 
disease

Botanical name Common name Usages

B. nigra Black mustard Condiment (seed), vegetable fodder 
(leaves)

B. oleracea
B. oleracea var. acephala Kale Vegetable (head)
B. oleracea var. capitata Cabbage Vegetable (head)
B. oleracea var. sabauda Savoy cabbage Vegetable (head)
B. oleracea var. gemmifera Brussels sprouts Vegetable, fodder (stem)
B. oleracea var. botrytis Cauliflower Vegetable (inflorescence)
B. oleracea var. gongylodes Kohlrabi Vegetable, fodder (stem)
B. oleracea var. italic Broccoli Vegetable (inflorescence)
B. oleracea var. fruticosa Branching bush kale Fodder (leaves)
B. oleracea var. alboglabra Chinese kale Vegetable (stem, leaves)
B. rapa
B. rapa subsp. oleifera Turnip rape Oilseed
B. rapa var. brown sarson Brown sarson Oilseed
B. rapa var. yellow sarson Yellow sarson Oilseed
B. rapa var. toria Toria Oilseed
B. rapa subsp. rapifera Turnip Fodder, vegetable (root)
B. rapa subsp. chinensis Bok choy Vegetable (leaves)
B. rapa subsp. pekinensis Chinese cabbage Vegetable, fodder (head)
B. rapa subsp. nipposinica – Vegetable (leaves)
B. rapa subsp. parachinensis – Vegetable (leaves)
B. carinata Ethiopian mustard Vegetable, oilseed
B. juncea Mustard Oilseed, vegetable
B. napus
B. napus subsp. oleifera Rapeseed Oilseed
B. napus subsp. rapifera Rutabaga, swede Fodder
Eruca sativa Rocket, taramira Oilseed, fodder(leaves)
Raphanus sativus Radish Vegetable, fodder
Raphanus raphanistrum Wild radish Fodder
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abiotic stresses (Table 1.2). Among biotic stresses (diseases), downy mildew ranks 
the third most widespread devastating disease all over the world (Kolte 1985; 
Saharan et al. 1997, 2005).

1.2  The Disease and Pathogen

The term ‘mildew’ was first used in the USA to denote a wide group of parasitic 
fungi with little in common except their appearance as a white or lightly coloured 
delicate outgrowths caused by the proliferation, and fructification of mycelium on 
the surface of green, and necrotic plant tissues. Downy mildew quickly adapted to 
European conditions when vine mildew was introduced from North America. 
Downy mildew or members of the family Peronosporaceae are a distinctive group 
of obligate plant pathogens classified within the Mastigomycotina in the Oomycete 
order Peronosporales. In the family Cruciferae, about 50 genera and more than 100 
different species are susceptible to infection by downy mildew pathogen.

Originally Gaumann (1918), on the basis of conidial measurements and cross- 
inoculation tests, recognized 52 species of Peronospora on crucifer hosts. Later 
studies by Yerkes and Shaw (1959) concluded that there are no reliable  morphological 
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Fig. 1.1 U’s triangle showing species relationship among different Brassica species (UN 1935)
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Table 1.2 Biotic and abiotic stresses of crucifers (Saharan 1984, 1992; Kolte 1985; Williams 
1985)

Sr. 
No. Common name Symbola Pathogen or cause

1. Alternaria disease, black 
spot, leaf stem or pod spots, 
and blight

Ab Alternaria spp. (A. brassicae (Berk.) Sacc.; A. 
brassicicola (Schw.) Wiltsh.; A. raphani Groves 
& Skolko; A. alternata

2. Anthracnose Ch Colletotrichum higginsianum Sacc.
3. Aster yellows AY Mycoplasma-like organism or phytoplasma 

organism (MLO)
4. Autogenic necrosis AN(G) Genetic disorder
5. Bacterial leaf spot Psm Pseudomonas syringae pv. maculicola 

(McCulloch) Young et al.
6. Bacterial soft rot, Erwinia 

stalk rot
Ec Erwinia carotovora pv. carotovora (Jones) 

Bergey et al.
7. Bacterial soft rot, 

Pseudomonas rot
Pmm Pseudomonas marginalis pv. marginalia 

(Brown) Stevens
8. Black leg and phoma root rot Lm Leptosphaeria maculans (Desm.) Ces. & de 

not. (anamorph: Phoma lingam (Tode: Fr.) 
Desm.

9. Black mould rot Rst Rhizopus stolonifer (Ehr.: Fr.) Vuill.
10. Black root Ar Aphanomyces raphani Kendrick
11. Black rot Xcc Xanthomonas campestris pv. campestris 

(Pammel) Dowson
12. Black speck BS Physiological disorder
13. Bottom rot, damping off, 

head rot, seedling root rot, 
wire stem, basal stem rot

Rs Rhizoctonia solani Kuhn (teleomorph: 
Thanatephorus cucumeris (Frank) Donk.)

14. Broomrape Oa Orobanche aegyptiaca Pers.
15. Cercospora leaf spot Cb Cercospora brassicicola Henn.
16. Club root Pb Plasmodiophora brassicae Wor.
17. Crown gall At Agrobacterium tumefaciens (Smith & 

Townsend) Conn.
18. Damping off, Fusarium F Fusarium spp.
19. Damping off, Pythium PT Pythium spp.
20. Downy mildew, stag head Hp Hyaloperonosporaparasitica (Gaum.) Gokar
21. Grey mould Bc Botrytis cinerea Pers.: Fr. (teleomorph: 

Botryotinia fuckeliana (de Bary) Whetz.
22. Gummosis G Physiological disorder
23. Light leaf spot Pyb Pyrenopeziza brassicae Sut. & Rawl

(continued)
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Table 1.2 (continued)

Sr. 
No. Common name Symbola Pathogen or cause

24. Nematode
  (a) Awl D(N) Dolichodorus spp.
  (b) Cyst Hs(N) Heterodera schachtii Schmidt

Heterodera cruciferae Franklin
  (c) Pin PA(N) Paratylenchus spp.
  (d) Root knot M(N) Meloidogyne spp.
  (e) Root lesion P(N) Paratylenchus pratensis (de Man) Filipjev

Paratylenchus spp.
  (f) Sting B(N) Belonolaimus spp.

25. Phyllody PLO Phytoplasma

26. Pod malformation GP Genetical and physiological disorder
27. Powdery mildew Ec Erysiphe cruciferarum Opiz. ex. Junell
28. Ring spot Mb Mycosphaerella brassicicola (Duby) Lindau
29. Root rot Phymatotrichum Po Phymatotrichum omnivorum (Shear) Dug.
30. Root rot Phytophthora Pm Phytophthora megasperma Drechs.
31. Scab Sts Streptomyces scabies (Thaxter) Waksman & 

Henrici
32. Sclerotinia stem rot Watery 

soft rot
Ss Sclerotinia sclerotiorum (Lib.) de Bary

33. Southern blight, root rot Sr Sclerotinia rolfsii Sacc. (teleomorph: Athelia 
rolfsii (Curzi) Tu & Kimbrough)

34. Stem blight No Nigrospora oryzae (Berk. & Brown) Peteb
35. Tip burn TB(P) Calcium deficiency
36. Verticillium wilt Vd,Va Verticillium dahliae Kleb.

V. albo-atrum Reinke & Berth.
37. Virus diseases

  (a) Cauliflower mosaic CAM 
(V)

Cauliflower mosaic virus

  (b) Mustard mosaic MM Mustard mosaic virus
  (c) Radish mosaic RM(V) Radish mosaic virus
  (d) Turnip mosaic TUM(V) Turnip mosaic virus
  (e) Yellows BMY(V) Beet western yellows virus

38. White rust, stag head Ac Albugo candida (Pers. Ex. Lev.) Kuntze 
(Hyaloperonospora sp. commonly present in 
stag head phase)

39. White leaf spot, grey stem Pc Pseudocercosporella capsellae (Ell. & Ev.) 
Deighton

40. Xanthomonas leaf spot Xca Xanthomonas campestris pv. armoraciae  
(Mc Culloch) Dye

41. Yellows Fo Fusarium oxysporum Schlecht. spp.
42. Chlorosis LC Loss of chlorophyll; S, Mg, N, P, K deficiency

aPathogen symbol: G genetic disorder, P physiological disorder, N nematode, V virus

1.2  The Disease and Pathogen
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criteria for distinguishing Peronospora isolates from different host species, and all 
collections of downy mildew from the Cruciferae are currently grouped in the single 
aggregate species P. parasitica (Pers. ex Fr.) Fr. Constantinescu (1989) later pro-
posed a new genus, Paraperonospora, to accommodate several species of 
Peronospora pathogenic on hosts in the family Compositae. Constantinescu and 
Fatehi (2002) splitted Peronospora into three separate genera, Peronospora s. str., 
Hyaloperonospora, and Perofascia, on the basis of morphology, ITS 1, ITS 2, and 
5.8 S rDNA sequence analysis. The latest revisions are based on molecular phylo-
genetic methods. Interestingly, the latter two genera were found to be almost entirely 
restricted to a single host family, Brassicaceae. Within Hyaloperonospora, only six 
species were accepted because of the differences in morphology of conidia and 
conidiophores. This concept is similar to that of Yerkes and Shaw (1959) and de 
Bary (1863). There are two different patterns of host colonization: systemic and 
localized. Systemic infection is characterized by colonization of leaves, stems, and 
sometimes roots, mostly through the infection of the seedlings by primary inocu-
lum. The symptoms vary from chlorotic discolouration to stunting and distortion of 
the whole plant. Localized infections are characterized by the occurrence of lesions 
on leaves, surrounded by a conspicuous characteristic white ‘down’ on the abaxial 
surface (Lucas and Sherriff 1988).

1.3  The Downy Mildew of Crucifers

The term mildew was first used in the USA to denote fungal growth on the surface 
of green and necrotic plant tissues. The word downy mildew came from the vine 
mildew introduced from North America which was quickly adapted by researchers 
of different countries. Persoon (1796) was the first person who described downy 
mildew of crucifers on Capsella bursa-pastoris. All isolates obtained from crucifer-
ous hosts were ascribed to Peronospora parasitica (Pers. ex. Fr.) Fr. However, 
Gaumann (1918) named isolates of Peronospora affecting plants of Brassica spe-
cies as P. brassicae Gaum. After several arguments and controversies among mycol-
ogists and taxonomists and following an extensive biometric study, over 80 species 
names were reduced to one synonym, and a single species, i.e. P. parasitica, was 
recognized on cruciferous hosts (Dickinson and Greenhalgh 1977; Hiura and 
Kanegae 1934; Waterhouse 1973; Yerkes and Shaw 1959). Based on molecular and 
morphological features, the large genus Peronospora was segregated by 
Constantinescu and Fatehi (2002) into two genera, i.e. Hyaloperonospora and 
Perofascia. Based on molecular, morphological, ITS1, ITS2, and 5.8  S rDNA 
sequence analysis and phylogenetic investigations, Hyaloperonospora was demon-
strated to be the pathogen on cruciferous hosts with specificity of H. parasitica to 
Capsella bursa-pastoris, H. brassicae to Brassicaceae, and H. arabidopsidis to 
Arabidopsis thaliana (Choi et  al. 2003; Goker et  al. 2003, 2004, 2007, 2009a, 
Voglmayr 2003). Since, the first report of downy mildew disease on crucifers in 
1796, periodic milestones set, and significant historical development in the downy 
mildew research have been outlined in Table  1.3. It is quite clear from the 
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milestones set by Gaumann (1918) on various aspects/areas of research which were 
further pursued and strengthened to comprehend the downy mildews on cruciferous 
crops all over the world by various researchers. The validation of Gaumann’s 
research by others on crucifer downy mildew warrants that Gaumann may be con-
sidered as father of crucifers downy mildew disease.

The third largest group of downy mildews, which is mostly restricted to one plant 
family, is the brassicolous downy mildews (BDM), even though a few species of 
this group are parasitic to other plant families, such as Capparaceae, Resedaceae, 
Limnanthaceae, Cistaceae, and Zygophyllaceae (Constantinescu and Fatehi 2002; 
Goker et al. 2009b). The BDM contain about 100 known species (Constantinescu 
1991), but there are several species level clades which have not yet been formally 
described (Goker et al. 2009b). Importantly, it also includes an economically rele-
vant but yet undescribed species occurring on arugula (or rocket; Eruca sativa).
Without quarantine regulations in effect, it is fast-spreading throughout the world 
(Goker et al. 2009b; Koike 1998). The BDM contain two genera, Hyaloperonospora 
and Perofascia, of which the monotypic genus Perofascia is characterized by spo-
rangiophores that often intertwine, thick-walled oospores, and hyphal haustoria. 
The genus seems to be restricted to the Brassicaceae tribe Lepidieae (Constantinescu 
and Fatehi 2002). On plants belonging to the same tribe, but also on plants of about 
20 other tribes of Brassicaceae, the genus Hyaloperonospora can be found.

Hyaloperonospora is characterized by treelike sporangiophores, comparatively 
thin-walled oospores, and globose to lobate haustoria. Like Perofascia, this genus 
was segregated from Peronospora only after molecular phylogenetic analyses were 
able to prove distinctiveness from Peronospora (Constantinescu and Fatehi 2002; 
Riethmuller et al. 2002; Voglmayr 2003), rendering them the first two downy mil-
dew genera described with the aid of molecular phylogenies. The genus 
Hyaloperonospora is the third largest genus of downy mildews, containing more 
than 100 species, which can infect economically important Brassicaceae crops, e.g. 
horseradish (Armoracia rusticana), mustard greens (Brassica juncea), rapeseed (B. 
napus), cabbage (B. oleracea), Chinese cabbage (B. rapa), arugula (Eruca sativa), 
wasabi (Eutrema japonicum), watercress (Nasturtium officinale), and radish 
(Raphanus sativus). The downy mildew of Arabidopsis thaliana and 
Hyaloperonospora arabidopsidis (Goker et al. 2009b) has become a model organ-
ism to dissect plant pathogen interactions (Baxter et al. 2010; Coates and Beynon 
2010). The BDM have been monographed by Gaumann (1918), and this almost 
100-year-old work is still the most important source of reference for this group, 
together with the list of downy mildew names at that time placed in Peronospora by 
Constantinescu (1991). Since this last monograph, only few new species of this 
genus have been published (Voglmayr et al. 2014a), despite the fact that numerous 
new species-level clades have been found in phylogenetic analyses (Goker et  al. 
2009b; Thines and Choi 2016).

The downy mildew of crucifers is a very widely destructive disease all over the 
world wherever cruciferous plant species, cultivated or wild, are available 
(Table  1.1). The disease is very devastating causing yield losses in oil-yielding 
Brassica crops and cruciferous vegetable crops ranging from 50 to 100% depending 

1.3  The Downy Mildew of Crucifers
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upon amount of pathogen inoculum present in the soil or near vicinity of host, 
favourable environmental conditions present for infection, and development, cul-
tural practices adopted, and disease management practices followed. The informa-
tion generated by the dedicated research workers so far on downy mildew of 
crucifers have been arranged in the present book in 16 chapters with appropriate 
headings and subheadings in numerical order. The present manuscript on downy 
mildew of crucifers deals with the various aspects, viz. the disease and its synony-
mous; geographical distributions and symptomatology on oil-yielding Brassica 
crops, cruciferous vegetables, and other economically important host plants; host 
ranges; yield losses and disease assessment scales/procedures; the pathogen, its tax-
onomy, and classification, phylogeny, and pathogenic variability; pathogen mor-
phology, sporulation, perpetuation, and germination; host-parasite interaction; seed 
infection, process of infection, and pathogenesis; disease cycle; epidemiology and 
forecasting; fine structures observed though light and electron microscopy; bio-
chemical changes during host-parasite interaction; host resistance, its sources, and 
genetical, biochemical, morphological, and histological mechanism of inheritance; 
molecular aspects dealing with cloning, mapping, and identification of resistance 
genes; disease management practices like cultural, chemical, biological, and inte-
grated control; and standardized techniques on all aspects have been included. 
Chapter 15 deals with the future priorities of research on downy mildew of crucifer-
ous crops for resolving unanswered questions by the researchers in the time to 
come. In the last Chapter, 16, subject index has been given to facilitate the readers 
to search desired information included in different chapters of the book.

1.4  The Pathogen/Causal Organism of Downy Mildew 
of Crucifers

In the literature published up to 2002, the pathogen/causal organism of downy mil-
dew of cruciferous crops has been referred as Peronospora parasitica (Pers. Ex. Fr.) 
Fr under a very large genus Peronospora infecting large number of diverse kinds of 
plant families. In the present book, to keep the coherence of text, the pathogen has 
been referred as Hyaloperonospora parasitica (Gaum.) Goker. Based on molecular, 
morphological, and phylogenetical studies, taxonomists and mycologists have 
established three different species of downy mildew pathogen on crucifers, viz. 
Hyaloperonospora parasitica (Gaum.) Goker on Capsella bursa-pastoris, H. bras-
sicae (Gaum.) Goker on Brassicaceae, and H. arabidopsidis (Gaum.) Goker on 
Arabidopsis thaliana.
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1.5  Taxonomy and Classification of Downy Mildew Pathogen

The downy mildews are very large group of obligate parasite infecting the hosts of 
very diverse families of plants. The downy mildews (Peronosporaceae) in the tradi-
tional sense are morphologically diverse group which is mainly united by obligate 
parasitism in combination with more or less complex conidio- or sporangiophores 
with determinate growth. Even after recent molecular and phylogenetic analysis, it 
is still uncertain whether downy mildews are monophyletic or stem from different 
groups. The comparison of downy mildews order, family, and generic level by 
renowned taxonomists/mycologists is given in Table 1.4 including downy mildew 

Table 1.4 Comparison of some ordinal, family, and generic classifications of downy mildews, 
white blister/rusts, and relatives

Waterhouse (1973) Kirk et al. (2001)
Riethmuller et al.  
(2002)

Goker et al. (2007),  
Thines and Spring (2005)

Peronosporales Peronosporales (no order name) Peronosporales

  Peronosporaceae   Peronosporaceae   Peronosporaceae   Peronosporaceae

   Basidiophora    Basidiophora    Basidiophora    Basidiophora

   Bremia    Benua    (Benua)    Benua

   Bremiella    Bremia    Bremia    Bremia

   Peronospora    Bremiella    Paraperonospora    Graminivora

   Plasmopara    Paraperonospora    Peronophythora    Hyaloperonospora

   Pseudoperonospora    Peronospora    (Peronosclerospora)    Paraperonospora

   Sclerospora    Plasmopara    Peronospora    Perofascia

  Albuginaceae    Pseudoperonospora    Phytophthora    Peronosclerospora

   Albugo   Albuginaceae    Peronospora    Peronospora

  Pythiaceae    Albugo    Plasmopara    Peronospora

   Phytophthora   Pythiales    Pseudoperonospora    Plasmopara

   Pythiogeton   Pythiaceae    Sclerospora    Plasmoverna

   Pythium    Halophytophthora   Albuginaceae   Protobremia

   Sclerophthora    Peronophythora    Albugo    Pseudoperonospora

   Trachysphaera    Phytophthora   Pythiaceae   Sclerospora

   Pythium    Lagenidium   Viennotia

   Trachysphaera    Pythium     (family not formally 
classified)

  Pythiogetonaceae    (Pythiogeton)    Phytophthora

   Pythiogeton    (Trachysphaera)   Albuginales

  Sclerosporales    (Sclerophthora)   Albuginaceae

  Sclerosporaceae    Albugo

   Peronosclerospora    Pustula

   Sclerospora    Wilsoniana

  Verrucalvaceae

   Sclerophthora
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of crucifers. The taxonomic classification of Hyaloperonospora parasitica causing 
downy mildew of crucifers is as follows:

Kingdom Mycota
Subkingdom Eumycota
Division Mastigomycotina
Class Oomycete
Order Peronosporales
Family Peronosporaceae
Genus Hyaloperonospora parasitica (Gaum.) Goker

(Peronospora parasitica)
H. brassicae (Gaum.) Goker on Brassicaceae
(Peronospora brassicae)
H. arabidopsidis
(Gaum.) Goker on Arabidopsis thaliana
H. arabidopsidis (Gaum.) Goker, Rieth:, Voglmayr,
Weiss and Oberw [as Arabidopsis]. Mycol. Prog. 3(2): 89
(2004). Synonymy Peronospora arabidopsidis Gaum. (1918)

1.6  Current Generic Status of Downy Mildew of Crucifers

Generic concepts in downy mildews were (and still are) mainly based on 
conidio−/sporangiophore morphology in combination with conidial/sporangial 
morphology. Dichotomous versus monopodial branching of conidio−/sporangio-
phore, shape of the terminal branches, and presence of conidia or sporangia were the 
primary features used for genus classification. However, interpretation of these mor-
phological features was not always unequivocal and dependent on the observer’s 
vision, which sometimes resulted in conflicting generic concepts and delimitation.

With the availability of molecular phylogenies, it soon became apparent that 
current generic classification and circumscription contained numerous problems 
and had to be adapted if standards of phylogenetic classification were applied. 
Based on molecular and morphological features, the genera Hyaloperonospora 
and Perofascia were segregated from the large genus Peronospora (Constantinescu 
and Faheti 2002).

1.7  Species Concepts in Crucifer’s Downy Mildew

The species concept is probably the most controversial issue in downy mildew sys-
tematics, partly due to experimental difficulties to test it and partly due to its pro-
found implications for researchers outside the systematic research community. In 
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downy mildews, several species concepts were applied, which resulted in highly 
different numbers of accepted species depending on the criteria used. The main 
problem in species delimitation in downy mildews is that there are numerous indica-
tions that, due to their obligate parasitism, they often have narrow host ranges and, 
therefore, represent genetically distinct species. On the other hand, host specificity 
is not always paralleled by morphological distinctness. Therefore, if morphology is 
used as a primary criterion for species definition, only a few species can be defined 
and accepted in many lineages, resulting in genetically heterogeneous species. 
Historically, two approaches were commonly followed, which were both mainly 
based on host ranges: the splitting approach of Gaumann (1918, 1923) versus the 
lumping approach of Yerkes and Shaw (1959). Gaumann (1918, 1923) advocated a 
narrow species concept in Peronospora, based on his results of cross-inoculation 
studies and minute morphological differences. Each species was usually assumed to 
be confined to one host genus or even a few host species (one host-one species con-
cept). Conversely, Yerkes and Shaw (1959) argued that host specificity is neither 
sufficient nor suitable for the recognition of a species without clear-cut morphologi-
cal differences. As a consequence, the numerous Peronospora species were recog-
nized on Brassicaceae and Chenopodiaceae each into a single species (Peronospora 
parasitica and P. farinosa, respectively), resulting in a wide one host family-one 
species concept.

Both the splitting and the lumping approach have sincere shortcomings. Using 
the narrow species concept, identification of morphologically similar species is 
often difficult or impossible without correct identification of the host. In addition, 
high host specificity has rarely been conclusively demonstrated, weakening the pri-
mary underlying assumption of the narrow species concept. In a wide species con-
cept, there is the problem that genetically distinct or even unrelated entities may be 
classified in the same species, raising incorrect assumptions on biology and host 
ranges. This is especially problematic if host jumps are common and parasitism on 
the same host family has evolved multiple times, resulting in polyphyletic species. 
However, due to its easier applicability, the approach to classify all accessions of a 
given host family within a single species was widely followed by phytopathologists 
and molecular biologists.

1.8  Broad and Narrow Species Concepts

With respect to species concepts in downy mildews and in particular in the genus 
Peronospora, there have long been two conflicting views – the narrow species con-
cept, advocated by Gaumann (1918, 1923) and Gustavsson (1959), and the broad 
species concept advocated by de Bary (1863) and Yerkes and Shaw (1959). While 
the narrow species concept was followed by most taxonomists, the broad species 
concept, which ascribed the host specificity of some downy mildew pathogens to 
specialized forms (formae speciales) of the same species, was mostly followed by 
applied plant pathologists. This schism made the sequencing of the Arabidopsis 
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downy mildew seems to be of direct importance to plant pathologists working on 
economically important Brassicaceae crops. However, due to the fact that the downy 
mildew species are only distantly related, even though the genome of 
Hyaloperonospora arabidopsidis has provided important insights into downy mil-
dew evolution (Baxter et al. 2010), the findings are difficult to translate into applica-
tions in Brassica crops. In general, molecular phylogenetic analyses have provided 
solid evidence for a high degree of specialization for most downy mildew species, 
also including the genera Hyaloperonospora (Goker et al. 2009b; Voglmayr et al. 
2014a) and Peronospora (Belbahri et al. 2005; Choi et al. 2007b, 2008, 2009, 2010, 
2015; Thines et al. 2009; Voglmayr et al. 2014b). There are only rare exceptions – a 
few downy mildew species seem to have broad host ranges (Kenneth 1981; Runge 
et al. 2011). However, in line with molecular phylogenetics, infection trials have 
shown that downy mildews are generally highly host specific (Byford 1967; 
Gaumann 1918, 1923; Lebeda and Syrovatko 1988; Sherriff and Lucas 1990). Thus, 
it seems reasonable to treat emerging downy mildew diseases on new hosts as sepa-
rate species – especially with respect to quarantine – until infection trials and phy-
logenetic investigations have revealed whether or not they are highly host specific. 
Had this been done in the past, it might have been possible to restrict pandemic 
downy mildew agents, such as Peronospora belbahrii from sweet basil, Peronospora 
somniferi from opium poppy, Peronospora salvia officinalis from sages, and 
Plasmopara obducens s.l. from cultivated Impatiens species, preventing high yield 
losses around the world (Thines and Choi 2016).

1.9  Use of Molecular Data for Downy Mildew Species 
Concept

Recently, molecular phylogenetic investigations have enabled the evaluation of the 
species problem using new perspectives and have led to the shift from a morpho-
logical to a phylogenetic species concept. A biological species concept directly 
addressing mating barriers has never been applied to downy mildews due to sincere 
methodological difficulties, and it is unlikely that these can be overcome. Therefore, 
reproductive isolation can only be indirectly assessed, e.g. by genetic distance of 
sequence data. The impact of molecular data is manifold: (1) numerous additional 
characters are available for recognition and distinction; (2) presence and amount of 
reproductive isolation can be assessed; (3) presence and amount of genetic distances 
provide indirect but strong evidence for host specificity and host ranges; (4) molec-
ular data are less variable and prone to subjective interpretation than morphological 
data; (5) molecular data provide a sound basis for species identification even if 
morphological data are missing or incomplete; and (6) pathotypes or races, the basic 
entities for experiments in applied sciences, can be properly attributed to a species, 
and their phylogenetic relationships can be assessed. Therefore, in the absence of 
sound morphological characters, the species concept is increasingly based on 
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molecular evidence of reproductive isolation, which is a general tendency within 
mycology. Consequently, morphologically similar cryptic species are often recog-
nized as distinct species if reproductive isolation and genetic distinctness can be 
demonstrated. However, evaluation of species boundaries by molecular data requires 
thorough sampling throughout the distribution area to assess genetic variability as 
well as reproductive isolation, and at best several molecular markers should be used 
for corroboration of species boundaries. Due to easy amplification and variability, 
the ITS rDNA region has been used in most investigations addressing the species 
concept in downy mildews and white blister rusts (Choi et al. 2003, 2005, 2006, 
2007a, b, c, d; Voglmayr 2003; Goker et al. 2004; Scott et al. 2004; Cunnington 
2006; Spring et al. 2006; Voglmayr et al. 2006; Landa et al. 2007; Garcia Blazquez 
et  al. 2008). However, the mitochondrial COX2 region may also be a promising 
candidate to resolve species boundaries and for species identification (Choi et al. 
2006, 2007d). Interestingly, the current evidence from molecular phylogenetic 
investigations often supports a narrow species concept as advocated by Gaumann 
(1918, 1923), although there are sometimes marked differences in detail.

1.10  Hyaloperonospora Species on Crucifers

According to Constantinescu and Faheti (2002), about 140 species names were pub-
lished attributable to this genus. In their separation of Hyaloperonospora from 
Peronospora, Constantinescu and Faheti (2002) recognized only six morphologi-
cally distinct species. The accessions from most hosts of Brassicaceae were placed 
in Hyaloperonospora parasitica. However, subsequent molecular phylogenetic 
investigations demonstrated that the latter was a paraphyletic assemblage with 
respect to the other five Hyaloperonospora species and that many more species 
should be accepted based on the high genetic distances observed (Choi et al. 2003; 
Goker et al. 2003, 2004; Voglmayr 2003). Usually, these genetically distinct entities 
deserving species rank have a narrow host range and are confined to host genera or 
even species; however, in some cases, accessions from the same host do not form a 
monophylum (Armoracia rusticana; Goker et al. 2004). Therefore, it is problematic 
when species are determined solely on host association, as this is often but not 
always conclusive. The case study of Hyaloperonospora is also relevant for investi-
gations at the molecular level of plant-pathogen interactions, as numerous studies 
are performed with the plant model organism Arabidopsis thaliana and its 
Hyaloperonospora parasite. The parasite is usually named H. parasitica, but it is 
genetically quite distinct from H. parasitica sensu stricto which is confined to 
Capsella bursa-pastoris (Goker et al. 2004); therefore, the name H. arabidopsidis 
should be used for the Arabidopsis parasite.

1.10  Hyaloperonospora Species on Crucifers
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1.11  Strategies to Breed Downy Mildew Resistance Cultivars 
of Crucifers

The incompatible interaction between host and pathogen results into agriculturally 
important resistant phenotypes. Thus, any strategies that can contribute to the 
incompatible interaction are potentially useful in plant disease resistance breeding. 
On the one hand, incompatible interaction (R) can be converted into compatible 
interaction (S) in the case that host loses the related genes in immunity or pathogen 
evolves new virulence effectors (genes), especially in the gene-for-gene interaction 
of race-specific resistance in crucifer host-patho (H. parasitica) system. On the 
other hand, compatible interaction (S) can be converted into incompatible interac-
tion (R) when the host or the pathogen loses the function of certain genes that are 
essential for pathogenesis or plant/host gains novel resistance genes. Incompatible 
interaction due to the loss of function mutation in a certain host gene is often of high 
value for disease resistance breeding programmes because the resistance is usually 
durable and non-race specific. Based on current information generated and under-
standing on the molecular mechanisms of crucifers, H. parasitica interactions fol-
lowing strategies for developing downy mildew resistance cvs. of crucifers may be 
adopted.

1.11.1  Identification and Utilization of Receptor-Like Kinases 
Involved in Plant Immunity

The first layer of immunity, termed pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI), is initiated upon the recognition of PAMP’s by plant 
pattern recognition receptors (PRR) at the cell surface (Dodds and Rathjen 2010); 
PTI is often phenotypically reflected by basal resistance that is able to prevent infec-
tion by diverse potentially pathogenic pathogen (Catanzarite et al. 2010). The sec-
ond layer of immunity is triggered upon the recognition of specific effector proteins 
from invading pathogens by host immune receptor proteins traditionally called 
resistance (R) proteins. Because a R protein specifically recognizes one or a few 
pathogen effectors (and the recognized effectors are termed avirulence factors or 
Avr), effector-triggered immunity (ETI) typically endows hosts with race-specific 
resistance, also known as R gene-mediated resistance against well-adopted patho-
gen carrying the recognized Avr genes. PTI is highly conserved at or above the spe-
cies level. ETI is often polymorphic within a particular plant species with some cvs. 
Being resistant and others being susceptible. Due to its importance and genetic ame-
nability, ETI has been extensively studied, and R genes have been widely exploited 
in crop production. However, large-scale deployment of elite cultivars carrying an R 
gene (i.e. monoculture) imposes higher selection pressure on the pathogen carrying 
the cognate Avr gene to survive, resulting in the modification or depletion of the 
recognized Avr gene or generation of novel effector gene that can escape the 
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recognition of the old R gene. This R-Avr interactive co-evolution explains why 
many R cvs. in field lose their resistance in a relatively short period of time. In this 
regard, exploiting new knowledge on the molecular mechanisms of PTI and durable 
and broad-spectrum resistance has become important in disease resistance breeding 
programme of crucifers host – downy mildew pathosystem (Jones and Dangl 2006; 
Li et al. 2013). Thus, screening and employment of receptor-like proteins involved 
in plant immunity appear to be very promising strategies for creating crop cultivars 
or germplasm with broad-spectrum and durable resistance in cruciferous crops.

1.11.2  Identification and Utilization of R Genes Involved 
in ETI

Most of the characterized R proteins involved in ETI belong to NB-LRR family and 
are extensively exploited in crop breeding and production. Some R genes contribute 
to broad-spectrum resistance because they confer resistance against a large part of 
strains of a pathogen. Identification of novel broad-spectrum resistance R genes 
involved in ETI and using molecular markers for such genes can highly improve 
selection efficiency in breeding programme for disease resistance. Whole-genome 
sequencing of plant pathogens in generating an increasing list of effector proteins 
that can facilitate the identification of new R genes in crop plants or in their wild 
relatives is essential. A strategy of ‘pyramiding’ R genes can be exploited in which 
several R genes each of which recognizes a specific range of strains of a pathogen 
are introduced into a single plant via marker-assisted selection (Xiao et al. 2008; 
Dangl and Jones 2001).

1.11.3  The Utilization of Quantitative Trait Loci (QTLs)

Resistance-associated QTLs provide abundant resources for disease resistance 
breeding because they generally render non-race-specific and durable resistance. 
Some resistance-related QTL genes can be directly used in breeding and production 
of cruciferous crops.

1.11.4  Screening and Utilization of Recessive Gene-Mediated 
Broad-Spectrum Resistance

In host-pathogen interaction, there are some host genes whose functions are required 
for the pathogenesis of certain pathogens. When mutation occurs in such a gene, 
host containing the mutant gene usually confers broad-spectrum or non-race-
specific resistance to that pathogen. It is possible to screen for resistance mutants 
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from mutagenized susceptible plant populations under conditions favourable for 
pathogenesis of certain diseases (Li et al. 2013). The mutated genes can be used in 
the investigation of the underlying mechanisms and breeding programme. 
Identification of such genes can be a novel approach in crucifiers.

1.11.5  Engineering Broad-Spectrum Resistance 
Through Biotechnology

The mechanism of host-pathogen interaction has been more thoroughly investigated 
in model host plant Arabidopsis thaliana and then in other crucifers. NPR1 is a key 
regulator of the expression of pathogenesis-related (PR) genes; PR1, PR2, and PR5 
are of disease resistance response termed as systemic acquired resistance (SAR) in 
Arabidopsis. Ectopic expression of NPR1 leads to broad-spectrum resistance or 
enhanced resistance against pathogens. The resistance obtained due to NPR1 – or 
NPR1 homologous – overexpression is usually associated with faster and greater 
expression of the PR genes (Xiao 2012; Lacombe et al. 2010; Cao et al. 1997, 1998; 
Mukhtar et  al. 2009). Another potential resource of broad-spectrum resistance is 
RPW 8.2 that confers salicylic acid-dependent resistance to a wide range of patho-
gens at the host pathogen interfacial membrane in Arabidopsis. RPW 8.2 enhances 
the callose deposition and induces the H2O2 accumulation in the invaded cell to limit 
the invasion of the pathogen (Wang et al. 2007, 2010; Collier et al. 2011). RNA 
interference (RNAi)-based host-induced gene silence (HIGS) is another promising 
biotechnology to create resistance in cvs. by knockdown of either the host or 
pathogen- originated virulence-related regulators. The principle of this strategy is to 
express a small RNA in planta that can target genes of pathogen to suppress the 
virulence (Li et al. 2013). Mathematical modelling that combines ecological param-
eters (to explain spatial and temporal changes in population) with evolutionary 
genetics (natural selection acting on multiple loci on interacting species) represents 
an enormous challenge for breeding downy mildew resistance cvs. of crucifers.

1.11.6  Designation and Nomenclature of Downy Mildew 
Resistance Genes (R Genes) and Isolates (Races/
Pathotypes)

Breeders have interogressed disease resistance (R) genes from both cultivated and 
wild cruciferous plants in their efforts to produce more resistant varieties. Even so, 
new races of downy mildew pathogen regularly evolve through sexual reproduction 
of the pathogen that can overcome individual R genes. As per the term ‘gene-for- 
gene’ hypothesis, a plant to exhibit resistance (incompatibility) to a pathogen, a R 
gene must be present in the plant, and a corresponding avirulence (AVR) gene must 
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be present in the pathogen. An absence of either leads to disease (compatibility). 
This led to the hypothesis (elicitor/receptor model) that R genes encode receptors 
that enable plant to detect the ingress of pathogens whose avirulence genes cause 
them to produce the corresponding legends. Thus, R-gene products might be 
expected to have two functions: first, molecular recognition, and second, activation 
of plant defence upon recognition. Historically, and as per convention, R genes have 
been designated in different host-pathogen interactions on the basis of name of a 
disease and/or a pathogen/host. To narrate some of the R genes, viz. Sr for stem rust, 
Lr for leaf rust, Yr for yellow rust, Pm for powdery mildew resistance of wheat, and 
WRR for white rust resistance of crucifers, are based on the name of the diseases 
caused in respective hosts. Resistant genes  (R-genes) Hm1 confers resistance to 
maize leaf blight (Helminthosporium maydis, Cochliobolus carbonum), Xa 21 con-
fers resistance to Xanthomonas of rice, Cf9, Cf2 confers resistance to Colletotrichum 
fulvum of tomato, RPP1, RPP5 confers resistance to Peronospora parasitica (H. 
parasitica) of crucifers are based on the names of the pathogens. R genes ATR1 and 
ATR13 conferring resistance to downy mildew pathogen (H. arabidopsidis) of 
Arabidopsis thaliana are based on the name of hosts generic and specific names 
(AT). In the past specificity loci (R genes) of A. thaliana were named as RPP loci 
(abbreviation of recognition of P. parasitica or else recognized by P. parasitica 
(AVR)) and were numbered consecutively (i.e. RPP1, RPP2, etc.). Specificity loci 
(AVR genes) of P. parasitica had been named ATR loci (abbreviation of A. thaliana 
recognized or else A. thaliana recognition) and were numbered the same as the cor-
responding RPP locus (R genes). This nomenclature is descriptive of an interaction 
regardless of which partner is actively recognizing the other. Ideally new loci (R 
gene) should be named strictly on the basis of genetic recombination. Unfortunate 
consequence of change of pathogen name from P. parasitica to H. parasitica to H. 
arabidopsidis is no longer intuitively connected with the downy mildew pathogen 
from its current name to recognize P. parasitica (RPP) gene designation. Such 
changes in the names of host (Sisymbrium thalianum (L.) Grey to Arabidopsis thali-
ana (L.) Heynh) and pathogen (P. arabidopsidis Gaum. to P. parasitica (Pers. ex. 
Fr.) Fr. to H. parasitica to H. arabidopsidis (Gaum.) Goker) may be confusing and 
irritating for students and researchers, but it is inevitable in this modern era of 
molecular genetics and phylogenetic analysis of living beings. However, there is a 
need to develop and adopt a standardized system and procedure for the designation 
of R genes. On the basis of host and pathogen (both) recognition which can reflect 
both in their interaction phenotype, i.e. ATHA1 and ATHA2 for recognition of R 
genes by H. arabidopsidis from A. thaliana; ATAC 1, ATAC 2, etc. for recognition 
of R genes by A. candida from A. thaliana; and BJHP 1 and BJHP 2 for recognition 
of R genes by H. parasitica from B. juncea. The downy mildew resistance genes (R 
genes) recognized by H. parasitica isolates (pathotypes) from A. thaliana acces-
sions are given in Table 1.5. Similarly, for other crucifers, a uniform system may be 
adopted, viz. BNHP for B. napus-H. parasitica, BOHP for B. oleracea-H. parasit-
ica, and BRHP for B. rapa-H. parasitica interaction phenotypes (R genes).

Designation and nomenclature of pathogenic isolates (races/pathotypes) have 
gone through evolutionary process and methods. (1) Initially, physiologic races were 
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generally designated as numbers or letters in an arbitrary manner in order of their 
discovery, i.e. Puccinia spp., Melampsora lini, Albugo candida, Peronospora para-
sitica, etc. (2) An improvement over the use of arbitrary numbers or letters was 
Black’s nomenclature in which the races were designated on the basis of their viru-
lence on particular genes for resistance, i.e. an isolate of Phytophthora infestans 
attacking a potato cv. carrying the R genes, R1, was designated as race 1, the one 
attacking R4 as race 4, and an isolate attacking both R1 and R4 as race 1 and 4. The 
race which was avirulent on all the genes for resistance was designated as race 0. (3) 
Virulence formulae were proposed to designate races of stem, and leaf rust of wheat 

Table 1.5 Resistance genes (R genes) identified in crucifers (A. thaliana) against downy mildew 
(H. arabidopsidis) isolates (pathotypes)

Arabidopsis accessions R genes Downy mildew isolates (pathotypes)

Col-0 (Columbia) RPP-4 EMOY 2, EMWA 1
Col-0 RPP 2 CALA-2
WS-0 (Wassilewskija) RPP 1A,B EMOY 2
Ler-0 (Landsberg erecta) RPP 5, RPP 8 EMOY 2, NOCO 2, EMWA 1
Ws-0 RPP 1A CALA 2
Ws-0 RPP 1A, B, C NOCO 2
Nd-1 (Niederzenz) RPP 13 (ATR 13Nd) MAKS 9, ASWA, EDCO, EMCO, GOCO
Ws-0 RPP 1 (ATR 1 Ws B) MAKS 9
Rld 2 (Reschew) RPP 11 WELA 1
Col-0 RPP 6 WELA
Col-0 RPP 7 HIKS
Nd-0 RPP 25 AHCO
Ler-0 RPP 27 HIKS
Ws-0 RPP 10 NOCO, EMOY, MAKS, COLA
Ws-0 RPP 14 NOCO, EMOY, MAKS
Nd-1 RPP 26 WACO
Nd-1 RPP 16 ASWA
Nd-1 RPP 17 EMCO
Ws-0 RPP 12 WELA
Col-0 RPP 18 HIND
Ler-0 RPP 23 GOWA
Ler-0 RPP 21 MADI, MAKS
Ler-0 RPP 22 ASWA
Ler-0 RPP 24 EDCO
Oy-0 (Oystese) RPP 3 CALA
Wei-0 (Weiningen) RPP 9 HIKS
Cola-0 RPP 19 HIND 4
Cola-0 RPP 20 WAND
Cola-0 RPP 28 HIND 2

Tightly linked genes
RPP 1- Ws A CALA, EMOY, HIKS, MAKS, NOCO
RPP 1- Ws B
RPP 1-Ws C
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virulent or avirulent on particular genes for resistance, e.g. the formula 6,7,10/5,8,9, 
9a, 11 for a race of P. graminis tritici, indicates that the race is virulent on Sr6, Sr7, 
and Sr10 but avirulent on Sr5, Sr8, Sr9 a, and Sr11. (4) A very complicated method 
was proposed by Habgood using binary and decanary values. (5) A virulence analysis 
method was suggested using mobile nurseries in case of powdery mildew of barley.

Like with any other host-pathosystem, the designation and nomenclature of 
downy mildew of crucifers pathogenic isolates/races/pathotypes have not been stan-
dardized at International level. No standard method and procedure has been adopted. 
Each researcher has used his own vision and system to name the pathogenic isolates 
collected from different locations/countries from cruciferous host species/
varieties/accessions (Table 5.12). However, a naming system for the isolates of H. 
arabidopsidis from A. thaliana was introduced by Dangl et al. (1992), Holub et al. 
(1994), and Slusarenko and Schlaich (2003) on the basis of geographical location and 
ecotypes infected. As, for example, an isolate collected from suburb of Zurich called 
Weiningen and virulent on (among others) the ecotype Landsberg erecta was named 
WELA using the first two letters of the location where the isolate was found (WE), 
combined with the first two letters of susceptible ecotype (LA). Thus, NOCO was 
found in Norwich and is virulent on Columbia, EMWA at East Malling, and is viru-
lent on Wassilewskija. The isolate EM (East Malling, UK), CA (Canterbury, UK); 
WE (Weiningen), CH, and NO (Norwich, UK) and the susceptible host line used for 
the isolates, third and fourth letters OY=OY-0, LA=LA-er, ND=Nd-0, CO=Col-0, 
etc have been used. New isolates collected from the same location and maintained on 
the same host genotypes were distinguished by a number (e.g. EMOY1 and EMOY 
2). However, the system and procedure of naming of an isolate should reflect both 
host-pathogen interactions to recognize avirulence gene (AVR gene) of the pathogen 
along with R gene of the host, i.e. HPBJ 1, HPBJ 2, etc., indicating H. parasitica 
isolate/pathotype recognized R genes 1 and 2 from B. juncea after interaction of 
isolate (pathotype) HPBJ1 and HPBJ2. Like international code of botanical nomen-
clature for naming an organism, a pattern or system of designation and nomenclature 
of R genes and AVR genes should be developed at International level with code 
of conduct so that researchers can compare/confirm and validate each other’s results. 
It will avoid unnecessary repetition and confusion among Brassica scientists.

1.12  Importance of Hyaloperonospora arabidopsidis 
in Molecular Plant Pathology

Hyaloperonospora arabidopsidis is a prominent pathogen in natural populations of 
Arabidopsis thaliana (Coates and Beynon 2010; Holub 2008). As such, it was 
adopted in the 1980s as one of the two pathogens of Arabidopsis, together with the 
bacterium Pseudomonas syringae (Koch and Slusarenko 1990). The Top 10 ranking 
of H. arabidopsidis reflects the subsequent success of the Arabidopsis-H. arabidop-
sidis pathosystem. H. arabidopsidis was initially utilized as a ‘physiological probe’ 
of the Arabidopsis immune system (Holub et al. 1994). This research led to the 
cloning of the first plant disease R genes against an oomycete, better understanding 
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of the evolutionary dynamics of R genes, the definition of broadly important immune 
system regulators, the identification of downy mildew-resistant mutants, and genetic 
definition of the complexity of the plant immune signalling network (Coates and 
Beynon 2010; Lapin and Van den Ackerveken 2013; Slusarenko and Schlaich 2003). 
On the pathogen side, research is hampered by the lack of protocols for culture and 
genetic transformation, established techniques with other oomycetes such as P. 
infestans. However, work in the early 2000s led to the development of genetic maps 
and DNA libraries that enabled the discovery of the first avirulence effector (Allen 
et al. 2004) and later to the R X LR effector family (Rehmany et al. 2005).

Genome sequencing of H. arabidopsidis isolate Emoy2, completed in 2010, 
unveiled 134 predicted RXLR effectors and other components of the H. arabidop-
sidis secretome (Baxter et al. 2010). Notably, this report also revealed important 
genomic signatures of obligate biotrophic that have evolved convergently in other 
obligate oomycete and fungal lineages (McDowell 2011). Protein interaction assays 
have shown that H. arabidopsidis effectors target highly interconnected host 
machinery, helping to define a representative plant-pathogen interaction network 
(Mukhtar et al. 2011). In addition, several high-throughput functional studies have 
investigated effector subcellular localizations, suppression of immune responses, 
molecular targets, and cognate immune receptors (Cabral et al. 2011, 2012; Caillaud 
et al. 2011; Fabro et al. 2011).

Future studies with the H. arabidopsidis experimental system will include (i) 
direct or Agrobacterium-mediated transformation for genetic manipulation required 
for the molecular analysis of downy mildew pathogenicity; (ii) the establishment of 
the temporal hierarchy of effectors during penetration, colonization, and sporula-
tion, which may serve as a blueprint for a better understanding of the molecular 
basis of biotrophy; (iii) the role of genetic recombination and epigenetic on the 
emergence of new effectors; (iv) the development of tools to understand how plant- 
originated molecules regulate pathogen response; and (v) the relevance of interspe-
cies transfer of small RNAs. These investigations on H. arabidopsidis will continue 
to provide new insights into the molecular mechanisms of downy mildew pathoge-
nicity and contribute to comparative and functional analysis of (obligate) biotrophic 
oomycete and fungal pathogens (Kamoun et al. 2015).

1.13  Impact of Climate Change on the Diseases of Crucifers

Climate change has become a household topic of discussion with more scientists 
getting involved in scientific research on the aspect, while politicians are trying to 
derive mileage from the paradigm. The last decade of the twentieth century and the 
beginning of the twenty-first century have been the warmest period in the entire 
global instrumental temperature record. Climate change is defined as any long-term 
significant change in the ‘average weather’ that a given region experiences, or in 
other words, it is the shift in the average statistics of weather for long term at a 
specific time for a specific region. Average weather may include temperature, 

1 Introduction



25

precipitation, and wind patterns. It involves changes in the variability or average 
state of the atmosphere over durations ranging from decades to millions of years. 
These changes can be caused by dynamic process on earth, external forces including 
variations in sunlight intensity, and human activities. Climate change in the usage of 
the Intergovernmental Panel on Climate Change (IPCC) refers to a change in the 
state of the climate that can be identified (e.g. using statistical tests) by changes in 
the mean and/or the variability of its properties that persists for an extended period, 
typically for decades or longer. It refers to any change in climate over time, whether 
due to natural variability or as a result of human activity (IPCC 2007).

Increased emission of carbon dioxide (CO2) and other greenhouse gases, pre-
dominantly methane (CH4) and nitrous oxide (N2O), has been ascribed as the main 
agents causing increase in global temperature. The second assessment report (AR2) 
of IPCC indicated that the increase of greenhouse gas concentrations leads to an 
additional warming of the atmosphere and the earth’s surface. Concentration of CO2 
has increased from about 280 to almost 360 ppmv since preindustrial time, CH4 
from 700 to 1720 ppmv, and N2O from about 275 to about 310 ppmv. This develop-
ment is ascribed to the magnitude of human intervention mostly in terms of fossil- 
fuel use, change in land-use pattern, and agriculture. Global mean surface 
temperature has increased by 0.3–0.6 °C since the late nineteenth century, a change 
that is unlikely to be entirely natural in origin. The temperature increase is wide-
spread over the globe and is greater at higher northern latitudes (http://www.ipcc.
ch). According to IPCC, cold days and cold nights have become less frequent and 
hot days, hot nights, and heat waves more common. Rising temperature also affect 
the pattern of precipitation. Changes in rainfall pattern have already been noticed. 
The IPCC reports that the frequency of heavy precipitation has increased over most 
land areas, which is consistent with warming and increase of atmospheric water 
vapour. Based on the trends since 1900, precipitation significantly increased in east-
ern parts of North and South America, northern Europe, and northern and central 
Asia whereas declined in the Sahel, the Mediterranean, Southern Africa, and parts 
of southern Asia. Globally, the area affected by drought has increased since the 
1970s. Effect of climate change on agriculture or more precisely on insect pests and 
diseases of agricultural crops is multidimensional. Magnitude of this impact could 
vary with the type of species and their growth patterns. With the change in the tem-
perature and rainfall pattern, the natural vegetation over a region is facing a new 
phase of competition for survival. The fittest species are more likely to dominate in 
the changing pattern of climate. It may be assumed that the vegetation tolerating 
high temperature and salinity and having high CO2-use efficiency could fair better 
than other species. Any change in the managed vegetation system, i.e. agriculture 
and forestry, will directly affect the socio-economic implications of the regions 
involved. IPCC in its report of 1995 predicted that a double increase in the CO2 level 
will increase yield by 30% in several crops. The elevated production could be off-set 
partly or entirely by the insect pest, pathogens, or weeds. It is, therefore, important 
to consider all the biotic components under the changing pattern of climate. There 
is also thought about shorter winters, which may affect the oil yields of the rapeseed- 
mustard crops.
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World over research on effect of climate change on pests and diseases of crops is 
inadequate (Huda et al. 2005). In India, there is limited effort in this area for any 
insect pest or disease of any crop (Subba Rao et al. 2007; Chattopadhyay and Huda 
2009). However, at the genomic level, advances in technologies for the high- 
throughput analysis of gene expression have made it possible to begin discriminat-
ing responses to different biotic and abiotic stresses and potential trade-offs in 
responses. At the scale of the individual plant, enough experiments have been per-
formed to begin synthesizing the effects of climate variables on infection rates, 
though pathosystem-specific characteristics make such synthesis challenging. At 
the population level, the adaptive potential of plant and pathogen populations may 
prove to be one of the most important predictors of magnitude of effects of climate 
change. Ecologists are now addressing the role of plant disease in ecosystem pro-
cesses and the challenge of scaling up from individual infection probabilities to 
epidemics and broader impacts (Garrett et al. 2006). Swaminathan (1986) indicated 
that the number of diseases on the same crops was much higher in tropics than under 
temperate conditions to indicate how rising temperatures could impact occurrence 
of plant diseases on agricultural crops. Presently, most of the work related to climate 
change vis-à-vis plant diseases is going on in rice (blast, bacterial leaf blight), wheat 
(Puccinia, Septoria), and horticultural (Meloidogyne) crops. The trend indicates 
that severity of majority of diseases is found to be higher with elevated CO2 levels 
(Chakraborty et al. 2008), an off-shoot of climate change. It is also being opined 
that climate change could lead to a changed profile (variants) of pathogen, insect 
pest (‘climate change can activate “sleeper” pathogens, while others may cease to 
be of economic importance’ – Bergot et al. 2004). The facultative pathogens with 
broad host range may survive better. There is also possibility of broadening of host 
range of the facultative pathogens. The need for further work in this area has been 
highlighted in adaptation experiments using twice-ambient CO2, which increased 
the aggressiveness (Chakraborty and Datta 2003) and fecundity (Chakraborty et al. 
2000) of Colletotrichum gloeosporioides, which causes anthracnose of tropical 
legumes. Elevated CO2 may modify pathogen aggressiveness and/or host suscepti-
bility and affect the initial establishment of the pathogen, especially fungi, on the 
host (Coakley et al. 1999; Plessl et al. 2005; Matros et al. 2006). In most examples, 
host resistance has increased, possibly due to changes in host morphology, physiol-
ogy, and composition. Increased fecundity and growth of some fungal pathogens 
under elevated CO2 have also been reported (Hibberd et al. 1996; Coakley et al. 
1999; Chakraborty et  al. 2000). However, it has been reported that greater plant 
canopy size, especially in combination with humidity, and increased host abun-
dance can increase pathogen load (Manning and Tiedemann 1995; Chakraborty and 
Datta 2003; Mitchell et al. 2003; Pangga et al. 2004). Sporulation by the pathogenic 
fungi could be 15–20-folds higher, leading to massive increase in the pathogen 
(Mitchell et al. 2003). New strains may develop, with adaptation occurring faster, 
and their evolution may get accelerated (Coakley et al. 1999). Among the 27 dis-
eases examined under elevated CO2 levels, 13 caused higher crop losses than 
expected. Ten of the diseases had a reduced impact, and four had the same effect as 
they do now (NSW DPI 2007). Low solar radiation and short-day periodicity could 
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result in higher infections by Fusarium, Sclerotinia, and Verticillium (Nagarajan 
and Muralidharan 1995). Root rot is an emerging threat for rapeseed-mustard pro-
duction system, recently reported from the farmers’ field in some pockets of the 
country (Meena et al. 2010), which was initially identified as stand-alone and along 
with bacterial or fungal incidence or in combinations (Erwinia carotovora pv. caro-
tovora, Fusarium, Rhizoctonia solani, and Sclerotium rolfsii). Keeping in view the 
fact that some isolates of Alternaria brassicae sporulated at 35 °C and several iso-
lates had increased fecundity under higher RH, it seems that as per recent changes 
towards warmer and humid winters, being in line with current projections for future 
climate change (Waugh et  al. 2003), existence of such isolates could pose more 
danger to the oilseed Brassica due to Alternaria blight in times to come. The 
immense variation available among 20 representative isolates of A. brassicae also 
indicates their ability to adapt to varied climatic situations (Meena et  al. 2012). 
Powdery mildew (Erysiphe cruciferarum) disease in oilseed Brassica was mostly 
occurring in Gujarat state barring stray incidences elsewhere, and the appearance of 
the disease used to occur from late January onwards in other parts of the country. 
However, in recent times, the disease has been found to be occurring in other oilseed 
Brassica growing states, viz. Haryana, Central UP, MP, parts of Rajasthan, 
Jharkhand, and Bihar, with the disease making its appearance even in December 
possibly due to shortening of cold spell during the crop period. Bihar hairy caterpil-
lar (Spilarctia obliqua) surprisingly on mustard has been noted to be on the rise. 
Oilseeds Brassica have been affected a lot by the painted bug (Bagrada cruci-
ferarum) in the Western and by saw fly (Athalia proxima) in the Eastern India. 
Presently, the Indian Meteorological Department (IMD, GOI) and the National 
Centre for Medium Range Weather Forecasting (NCMRWF) in coordination with 
scientists from other agencies as ICAR, etc. are regularly issuing location-specific 
weather forecast and agrometeorological advisory as per different climatic condi-
tions and cropping systems. The Indian Council of Agricultural Research (ICAR) 
recently launched National Initiative on Climate Resilient Agriculture (NICRA) in 
February 2011 to boost research on the impact of climate change and its mitigation 
at national level. The project aims to enhance resilience of Indian agriculture to 
climate change, climate vulnerability through strategic research, and technology 
demonstration. Research on adaptation and mitigation covers crops, livestock, fish-
eries, and natural resource management. It also demonstrates site-specific  technology 
packages on farmers’ fields for adapting to current climate risks. This will certainly 
enhance the capacity of scientists and other stakeholders in climate- resilient agri-
cultural research and its application (http://www.icar.org.in). The mitigation of the 
adverse effect of climate is challenging. Acquaintances between pragmatic and 
modelling studies could prop up swift advancement in perception and prediction of 
climate change effects (Chattopadhyay et al. 2011).
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