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ABSTRACT
Downy mildew is one of the destructive plant diseases caused by obligate biotrophic oomycetes belonging primarily to the families Peronosporaceae and Albuginaceae. It affects a wide range of economically significant crops, including grapes, cucurbits, Brassicas, spinach, and ornamentals, leading to considerable yield and quality losses worldwide. This comprehensive review explains the taxonomy, life cycle, symptoms, and environmental conditions that favor the development of the disease. Emphasis is placed on the mechanism of underlying pathogenicity, symptoms, pathogens biology and recent advances in disease detection and diagnosis, in addition to current management strategies, including chemical control, cultural practices, and biological control. There is no proper method to eradicate 100% infection; resistant cultivars do not show full resistance to downy mildew, and fungicide applications can minimize the disease severity, but total eradication of the disease does not happen. Therefore, the development of organic fungicides is crucial for promoting environmentally friendly agriculture. Additionally, the use of biocontrol agents should be increased in the future to enhance disease control. The review also highlights future directions for sustainable downy mildew management in the context of climate change and integrated disease management systems. Recent advances emphasize the increasing role of biological control agents and genomics-driven breeding for durable resistance. Growers majorly face challenges like fungicide resistance, evolving pathogen populations, and limitations on resistance genes. Today’s need is to develop more resistant varieties by genomic editing to generate long-term downy mildew management. With that, downy management requires sustained research, integrated pest management, and grower education to adaptively combine cultural, chemical, and biological tools for sustainable crop protection. To overcome the problem it is mandatory that to develop more resistant varieties and to develop more environmentally friendly disease management strategies to maintain crop quality while maintaining quantity.
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Introduction
Downy mildew disease is induced by organisms belonging to the family Peronosporaceae, the predominant obligate pathogenic group within the phylum Oomycota belongs to a group of plant diseases caused by obligate oomycetes. These are pathogens that infect a wide range of crops and ornamental plants, leading to significant economic losses worldwide. Downy mildews are highly specialized and biotrophic and they deploy unique virulence proteins to infect plants (oomycetes proliferate rapidly in humid conditions, generally known as water molds). It exists in thousands of distinct forms of water molds, with downy mildew being the most common. Many downy mildews are restricted to specific plant species or groups. Downy mildew may survive on plant debris, on weeds, and in seeds, even though it can't live long without a living host. They infect a significant variety of flowering plants, including both monocotyledonous and dicotyledonous species (Thines and Choi, 2016). Symptoms of this pathogen vary somewhat among hosts. These pathogens thrive in humid conditions, producing characteristic symptoms like yellowish or necrotic lesions on upper leaf surfaces and white-grayish fungal growth on the undersides. Nevertheless, they all form yellow spots on the upper surface of the leaves between the veins. These regions are everywhere, excluding the veins, and eventually turn brown. The yellow or brown lesions inhibit the plant's ability to photosynthesize effectively. When a leaf becomes brown, it falls. A plant will die if it sheds an excessive number of leaves. When a plant gets infected, the disease spreads quickly and makes new spores within 4-7 days. If the disease is not controlled well, it can cause a big impact on the yield of important crops.
Several of the plant's fruit rot due to mildew or suffer from sunburn, preventing growth since the leaves no longer generate sufficient shade. Downy mildew emerges in particular crops when seedlings are affected. Systemic growth is inhibited, leading to abnormalities and discoloration. A common symptom is the appearance of downy growth (sporangiophores and sporangia) predominantly on the lower side of the leaves. Spores are generally white, lavender, or gray. Pale yellow to necrotic lesions or black speckles appear on the upper surface of specific plant leaves. Some regions are angular and delimited by veins. In perennial hosts like roses, it affects the young apical shoots, causing bending, stunting, and stem cracks. Key causal agents include Plasmopara viticola, responsible for grapevine downy mildew. Pseudoperonospora cubensis, which affects cucurbits such as cucumber, melon, and squash, and Peronospora destructor in onions. Peronospora effusa is found in spinach. In cereal crops like maize and millets, downy mildew pathogens like Plasmopara viticola in grapevines and Hyaloperonospora species in Brassica can cause major losses in both the amount and quality of many crops around the world. The pathogens reproduce via spores that spread in moist, humid conditions, leading to rapid disease outbreaks.
Taxonomy
· Kingdom: Straminipila (also called Chromista)
· Phylum: Oomycota
· Class: Oomycetes
· Order: Peronosporales
· Family: Peronosporaceae
· Genera: Common genera include Peronospora-: A common genus, often responsible for downy mildew in nurseries and specific hosts like Roses and Brassicas.
· Plasmopara- Notable for species like Plasmopara viticola, the causal agent of grapevine downy mildew.
·  Bremia: Bremia lactucae causes downy mildew on lettuce.
·  Pseudoperonospora: Pseudoperonospora cubensis, which affects cucurbits
· Hyaloperonospora: Causes downy mildew in plants like Arabidopsis.
· Sclerospora: affects monocots, including maize.

	Host
	Causal organism

	Grapes
	Plasmopara viticola

	Peas
	Peronospora viciae

	Ornamentals
	Peronospora spp., Plasmopara spp.

	Cabbage and crucifers
	Hyaloperonospora brassicae

	Sunflowers
	Plasmopara halstedii

	Spinach
	Peronospora farinosa f. sp. Spinaciae

	Hops
	Pseudoperonospora humuli

	Lettuce
	Bremia lactucae

	Soybeans
	Peronospora manshurica

	Cucurbits
	Pseudoperonospora cubensis

	Allium (Onion)
	Perenospora destructo

	Beta (Silver beet)
	Perenospora farinosa

	Rheum (Rhubarb)
	Perenospora jaapiana

	Antirrhinum
	Perenospora antirrhini

	Eustoma
	Perenospora chlorae

	Papaver (Poppy)
	Perenospora arborescens

	Ranunculus
	Perenospora anemonse

	Rosa (rose)
	Perenospora sparsa

	Matthiola (stock)
	Perenospora parasitica

	Lobularia (alyssum)
	Perenospora parasitica

	Helichrysum
	Bremia lactucae

	Impatience
	Plasmopara obducens

	Primula
	Perenospora oerteliana

	Pearl millet
	Pennisetum glaucum




Table 1 - shows Pathogen and it’s Hosts list
Grape downy mildew 
One of the most harmful diseases impacting viticulture worldwide is grapevine downy mildew, which is caused by Plasmopara viticola (Berk. & M. A. Curtis; Berl. & De Toni).This disease has been identified in North America since the middle of the 1800s. In the late 1870s, it was brought to Europe, most likely by the introduction of phylloxera-resistant American rootstocks. The disease quickly spread from Europe to other locations, such as the Mediterranean basin, and finally to the majority of grape-growing countries globally, causing substantial economic losses, especially in warm, humid climates.
On vineyard surfaces, P. viticola overwinters as thick-walled oospores in leaf litter. Oospores germinate to produce sporangia during springtime rainy days. Wind or rain splashes spread the sporangia, which release tiny swimming zoospores. Rain splashing onto grape tissues spreads zoospores, which then swim to the stomata. Infection occurs when zoospores develop germ tubes and enter plant tissues through stomatal apertures. Any green, actively growing portion of the vine with mature, functional stomata is susceptible to infection by the pathogen. Depending on the temperature and humidity level, visible lesions may appear 5–7 days after infection. During nighttime with high humidity and temperatures above 55°F, the pathogen generates sporangia, which are zoospore-containing capsules that can cause secondary infections. The peculiar downy appearance on the leaf is caused by the production of these sporangia on a large number of branched structures that emerge through stomata. When flowers, fruits, and shoots are affected disease directly reduces yield. Premature defoliation affects fruit quality, makes vines more vulnerable to winter damage, and lowers fruit set the next season, all of which lead to indirect losses known as “oil spots.” Early in the season, diseased leaves develop yellowish-green lesions on their upper surfaces that can appear shiny. The diseased areas become mottled or brown (necrotic) as the lesions enlarge. Leaves from severely infected vines may curl and fall off too soon. In late summer and fall, the disease also attacks older leaves, resulting in a mosaic of tiny, angular, yellow to red-brown patches on the upper surface of the leaf that eventually turn necrotic. Usually, leaf veins enclose lesions. The disease is a distinct, white, downy, fungal-like growth caused by the pathogens. Usually, leaf veins enclose lesions. The disease's distinct white, downy, fungal-like growth is caused by the pathogens sporulating on the underside of foliar lesions. Infected green fruit turns light brown to purple, shrivels, and detaches easily. White, downy sporulation is abundant on diseased berries during humid weather. Diseased berries are easily detached from their pedicels, leaving a dry stem scar. Fruit becomes resistant to downy mildew infection about 3 to 4 weeks after bloom, but cluster stems (rachis), fruit stems (pedicels), and leaves remain susceptible throughout the growing season. When young shoots, petioles, tendrils, or cluster stems are infected, they frequently become distorted, thickened, or curled. White, downy sporulation can be abundant on the surface of infected areas. Eventually, these tissues wither and die. The green fruit that is infected shrinks turns light brown to purple, and separates easily. In humid conditions, infected berries exhibit extensive white, downy sporulation. A dried stem wound is left behind when diseased berries are readily separated from their pedicels. About three to four weeks after bloom, the fruit begins to resist the downy mildew infection, but leaves, fruit stems (pedicels), and cluster stems (rachises) remain disease-prone throughout the growth season. Infected juvenile shoots, petioles, tendrils, or cluster stems often grow swollen, twisted, or deformed. On the surface of infected areas, white, downy sporulation may be widespread. These tissues eventually degrade and die.
Plasmopara viticola is a pathogen that generates both sexual oospores and asexual biflagellate zoospores. It has an aseptate mycelium. It belongs to the Peronosporales order of oomycetes. This category also includes organisms from the genera Bremia, Peronospora, and Sclerospora, all of which are known to cause significant downy mildew diseases. The majority of taxonomists has reclassified oomycetes in the kingdom Chromista and no longer includes them in phylogenetic groups that include ascomycetes or basidiomycetes. Oomycetes and fungal plant diseases share many biological, ecological, and epidemiological traits, despite phylogenetic considerations. The pathogen is an obligate parasite that absorbs nutrients from the living host tissue through globose haustoria. The hyphae primarily exist within the host's internal structures. Sexual reproduction takes place via the fusion of antheridia and oogonia within the host tissue. The resultant sexual spore is an oospore, serving as the survival and resting phase of the pathogen. Oospores serve as the primary source of inoculum and can survive the winter in leaf litter or may be released into the soil as leaves decompose or are buried by detritivores. Germination typically occurs in substantial quantities soon after the grape's bud break, and in certain growing areas, oospore populations may persist in germinating throughout the entire growing season. Oospores develop a singular germ tube that culminates in a sporangium. Spores develop inside the sporangia and subsequently are released. Zoospores germinate and infiltrate the plant exclusively through active stomata, meaning they only target green host tissue. Sporangia and zoospores are highly susceptible to moisture loss. They die within 2 to 3 hours of exposure to low humidity and sunlight, leading to the majority of infections occurring shortly after their release. Nevertheless, they may remain on leaf surfaces for over 24 hours in cool, humid environments.
Sporangia serve as a means for the secondary spread of the pathogen. Treelike sporangiophores, which carry white, lemon-shaped sporangia, develop from a mycelial mat located within the host tissue and subsequently emerge through the stomata. Sporangia are spread through the actions of wind and rain splash. Zoospores that are released from the sporangia travel through free water on the surface of the grapevine and encyst nearby to stomata. Zoospores subsequently germinate and infiltrate through a stoma via the formation of a germ tube. Oospores develop in infected host material as the season draws to a close. The resulting oospores possess thick walls, functioning not only as survival spores throughout the intercrop period but also serving as a source of genetic variation. Environmental conditions, such as moderate temperatures and increased humidity, influence how these symptoms develop. Precipitation or dew on plants provides enough moisture for the pathogen to sporulate and spread. The symptoms can become more severe as the disease grows; causing significant damage to grapevine crops.
Taxonomy
Domain : Eukaryota
Kingdom: Chromista
Phylum: Oomycota
Class: Oomycetes
Order: Peronosporales
 Family: Peronosporaceae
Genus: Plasmopara
     Species: Plasmopara viticola
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 					Fig 1. Life cycle of Plasmopara viticola


Cucurbit 
 Pseudoperonospora cubensis. This pathogen is an obligatory parasite, necessitating a living host for survival. This pathogen infects the majority of species within the Cucurbitaceae family. The family encompasses crops including pumpkins, gourds, melons, and squash. Members of the Cucurbitaceae family exhibit similar symptoms, although only the leaves of the watermelon show curling. This disease develops as leaf spots that show an angular shape and are delineated by the leaf V pattern. This pattern is especially evident in the cucumber. The pathogen thrives in chilly, humid environments; however, it can endure a diverse array of conditions. Symptoms present four to twelve days post-infection. An elevated moisture level offers an optimal environment for the pathogen. The pathogen exhibits a cluster of spores known as sporangia. Subsequently, these sporangia germinate and disseminate infection on the foliage. The best conditions for sporulation occur at 15°C with 6-12 hours of moisture, which is usually provided by morning dew. While high daytime temperatures of 35°C might not be suitable for pathogens, cooler nighttime temperatures could be beneficial. Approximately 20 taxa within the Cucurbitaceae family are recognized as hosts for P. cubensis. Downy mildew affecting the Cucumis genus, including cucumbers and melons, has been observed in 70 countries and exhibits the broadest spread within the genus Cucumis. Downy mildew of cucurbits is prevalent in North America, the Pacific area, and Australia and is less frequently observed in Africa and Asia. Recent investigations indicate the potential existence of additional pathotypes, with host specialization exhibiting greater variability and dynamism.
TAXONOMY
Kingdom : Straminipila
Phylum : Oomycota 
Class: Oomycetes
Order: Peronosporales
Family: Peronosporaceae
Genus: Pseudoperonospora
Species: Pseudoperonospora cubensis
Sporulation on the underside of leaves results in the production of sporangia that are dispersed by wind. On arrival on a susceptible host, sporangia germinate in free water on the leaf surface, producing biflagellate zoospores that swim to and encyst on stomata, where they form germ tubes. An appressorium is produced and forms a penetration hypha, which enters the leaf tissue through the stomata. Hyphae grow through the mesophyll and establish haustoria, specialized structures for the transfer of nutrients and signals between host and pathogen.
.
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             Fig 2-Life cycle of P. cubensis
Brassica Downy mildew
“Downy mildew is a disease caused by Hyaloperospora parasitica, which was formerly known as Peronospora parasitica. Disease Occurs worldwide where Brassica crops are grown. Among the twenty genera of this family, Hyaloperonospora comprises approximately 50 species, most of which are specialized to a particular host genus or species within the Brassicaceae and allied families”.(Choi et al., 2010, 2017; Göker et al., 2004, 2009; Lee et al., 2017). “The infamous species Hyaloperonospora brassicae causes destructive damage to Brassica, Raphanus, and Sinapis species, including many economically relevant crops such as broccoli, cabbage, radish, rape, tatsoi, and wasabi” (Thines and Choi, 2016).
Kingdom: Chromista, 
Phylum : Oomycota, 
Order : Peronosporales, 
Family : Peronosporaceae 
Genus : Hyaloperonospora
Species: parasitica
Downy mildew is common on broccoli, cabbage, Chinese cabbage, turnips, Brussels sprouts, cauliflower, kohlrabi, marrow-stem, kale, turnip rape, oilseed rape, rutabaga, brown mustard, black mustard, and Abyssinian mustard. Most severely affected young seedlings succumb to the disease and die. Infection can occur at a later stage, and while it may not be severe, it still reduces yield. Generally, all aerial parts of the host plants may become infected; symptoms appear primarily on leaves and inflorescences. If cotyledons become infected, it results in necrotic lesions. Infection occurs on leaves results in small, angular lesions, which later enlarge and develop into irregular orange or yellow necrotic patches. When leaves become infected, they first develop tiny, angular lesions that eventually grow into asymmetrical orange or yellow necrotic patches. Sporangiophores (conidiophores) and sporangia (conidia) grow on the lower surface of leaves, which is important for the identification of downy mildew. The pathogen also infects the curds of cauliflower, broccoli, and cabbage heads, leading to pale brown or greyish discoloration on the surface of the curd or head, along with the development of greyish or black spots and streaks on the stem. Sporulation may be visible on the curd or head surface, or it may develop after incubation under humid conditions.
Disease cycle 
H. parasitica is an obligate parasite. The pathogen produces sporangiophores (conidiophores) and sporangia (conidia). Conidiophores are produced singly or in groups. Conidia are hyaline and spherical at first but later become ellipsoidal. H. parasitica also produces sexual spores (oospores). Mature oospores are thick-walled, yellow-brown, and spherical. Oospores are produced in plant residues and can be carried on the seeds. Seedlings can be infected by oospores from plant residues or on the seed. In temperate climates, H. parasitica overwinters on winter-sown crops or survives between seasons in other biennial or perennial crucifer hosts. Infection of leaves and other aerial plant parts occur from airborne sporangia (conidia) produced on living host plant tissues. After infection and a period of vegetative growth, conidiophores emerge through stomata to produce conidia. These conidia are a source of secondary spread and infection. Wind-borne conidia typically infect leaves. Conidia survive for only a few days on leaves under typical field conditions. The disease is most prevalent under cool, moist conditions. A temperature around 15°C (60°F) is most favorable for the development and epidemic of downy mildew.
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Fig 3-Life-cycle of Hyloperenospora parasitica	
Sunflower Downy mildew
Downy mildew of sunflower (Plasmopara halstedii) is a foliar pathogen that affects sunflowers and related species in the Asteraceae (daisy) plant family. This pathogen was first discovered in the United States in the 1920s However, it has since been found in most countries that produce sunflowers, except Australia. The pathogen causes leaf symptoms, stunting and is capable of causing yield losses of up to 39% overseas. All parts of living and dead infected plants can carry the long-lived spores of this fungus. Nursery stock, soil, potting mix, and particularly seeds (including weed seeds and illegal imports of sunflower seeds) are all likely modes of entry, while wind-borne spores are able to spread the disease only in local areas under wet and windy conditions. Infected seedlings may experience “damping off” (sudden death) or develop white fungal growth, which appears downy and produces spores. Young plants show chlorotic mottling with downy fungal growth on the underside of leaves. The leaves may become thickened, curl downwards, and die. Infection of older plants results in stunting, thin stems, small horizontal seed heads, and chlorotic leaf mottling. Infected plants have reduced oil and seed yield and poor seed viability. Latent infections show no obvious symptoms.
Kingdom: Stramenopila
Phylum: Oomycota
Class: Oomycetes
Order: Peronosporales
Family: Peronosporaceae
Genus: Plasmopara
Species: Plasmopara halstedii 

The spores for this type of mildew stay in the soil for years. Systemic infections produce two spore types: short-lived asexual zoospores from the underside of leaves and long-lived sexual oospores in the roots, stem, leaves, and seeds. Most infections are from the long-lived soil-borne or seed-borne oospores, while some in-crop infections result from the short-lived airborne zoospores. Seed-borne infections usually result in latent infections that have no obvious symptoms but still produce spores, continuing the pathogen's life cycle. The long-lived soil-borne spores (viable for up to 10 years) and the reported pathotypes of the fungus make this disease very difficult to control. Distribution is present almost worldwide where sunflowers are grown, including Africa, Europe, Asia, and the Americas except Australia.
Signs and Symptoms
Downy mildew can be characterized broadly by two different types of symptoms: systemic and secondary. Systemic symptoms occur when seedlings are infected through the developing roots, and the disease usually kills plants, causing a reduction in stands and sometimes resulting in sizeable blank spots in the field. If infected seedlings do survive, symptoms of systemic infection may be first witnessed on the cotyledons or the first true leaves and are characterized by a thickening and yellowing (chlorosis) of leaves. Chlorosis usually borders the veins of the leaves but can be present on the whole leaf. White cottony masses (fungal mycelium and spores) appear on the underside of infected leaves and are a valid diagnostic sign of the disease. Plants infected systemically typically exhibit severe dwarfism, leading to a reduction in seed production upon reaching maturity. Sunflower fields can also witness rare delayed systemic infections. These plants (six- to eight-leaf stage) will be moderately stunted and display typical downy mildew symptoms on the upper leaves but have no symptoms on the lower leaves. Secondary infection results when windblown zoospores from infected leaves land on sunflower leave. Symptoms include small, angular lesions that are chlorotic on the upper leaf surface and are often referred to as “local lesions.” Signs of secondary infections are white, cottony masses that appear on the underside of the angular lesions. Secondary infections rarely cause systemic symptoms or yield loss.
Disease Cycle 
Plasmopara halstedii survives for up to 10 years in soil as sexual, thick-walled oospores. Oospores are produced just beneath the epidermis of infected plants and are more common in roots than leaves. When soils are cool and water-saturated, oospores will germinate and form zoosporangia, which give rise to asexual, motile zoospores. Systemic infection results when zoospores infect the sunflower seedling before the root reaches 2 inches in length. Sunflower plants that survive this initial infection produce white zoosporangia on the underside of the chlorotic areas of leaves. When windborne zoosporangia land on sunflower leaves, secondary infections may occur. Secondary infection is most common when sunflower leaves remain wet for prolonged periods of time. Plants are susceptible to secondary infection for a much longer period than to systemic infection via root infection. Damping-off, or seedling blight, occurs when seedlings are exposed to a high concentration of inoculum in the soil combined with cool (54-57°F), damp soils.
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	    	Fig 4 - Life-cycle of Plasmopara halstedii
Spinach downy mildew
“Spinach, a leafy vegetable, is native to Central and Western Asia. It is of the order Caryophyllales, family Amaranthaceae, and subfamily Chenopodioideae. Spinach is cultivated in over 60 countries worldwide; notable producers include China, the U.S.A., Iran, Japan, Turkey, and Indonesia. Spinach is typically grown for its dark green leaves. Spinach leaves have tender and soft textures and contain high amounts of vitamins A and C, carotenoids, and antioxidant compounds” (Eriksen et al., 2017; Tang et al., 2005).
Its leaves are a common vegetable consumed either fresh or after storage, using preservation techniques by canning, freezing, or dehydration. It may be eaten cooked or raw, and the taste differs considerably; the high oxalate content may be reduced by steaming. Since 2014, several farms in the northeastern U.S. have discovered downy mildew in spinach. Before this, there were no reports for about 15 years. This disease has been a major production constraint in California and Arizona. They are similarly able to produce an abundance of wind-dispersed spores capable of moving long distances, do not need leaves to be wet to infect (high humidity is sufficient), and can devastate crops. Spinach downy mildew is caused by an obligate. The oomycete pathogen, Peronospora effusa, was formerly known as Peronospora farinosa f. sp. spinaciae. Downy mildew spreads through airborne sporangia produced on infected leaves, which are dispersed by wind and water. Oospores, formed through sexual reproduction, can be seedborne and contribute to the disease cycle.
kingdom :Chromista, 
Phylum :Oomycota,
 	class :Oomycetes
 order: Peronosporales
 	family: Peronosporaceae
 	Genus: Peronospora
 	Species: effusa
	
Symptoms
Downy mildew spreads through airborne sporangia produced on infected leaves, which are dispersed by wind and water. Oospores, formed through sexual reproduction, can be seedborne and contribute to the disease cycle. The causal agent of spinach down mildew is Peronospora effusa (previously known as P.farinosa f.sp. spinaciae). The pathogen typically grows in purplish-grey,fuzzy form on the underside of leaves. Infection spread overnight, and during the day, spores are dispersed by air currents. On the upper side of leaves tissue will be yellow, initially dull, becoming brighter and larger with time. Subsequently affected tissue will become dry and tan.
Disease Cycle 
“P. effusa has both asexual and sexual reproductive phases in its disease cycle. Sporangia are appearing on branched sporangiophores that emerge from stomata, mostly on the abaxial surface of leaves, during asexual reproduction. These sporangia are then released into the environment after being dislodged by wind or splashes of rain. To infect spinach, sporangia land on receptive foliar tissue. When nighttime temperatures and humidity favor the excessive dew formation on leaves, symptoms may start at the cotyledon stage and advance quickly in true leaves. High relative humidity, cool temperatures, and moisture on leaf surfaces promote sporangial infection and germination” (Choudhury et al., 2016). At night, grey to brown sporangial masses form, which during the day become airborne and disperses. Following either short- or long-distance dispersal, each sporangium can cause fresh leaf infections on plants 7 to 10 days after inoculation, the lower side of the leaf exhibits masses of sporangia and sporangiophores, as well as symptoms of irregular chlorotic spots. Plants with symptoms should not be sold fresh, and plants with no symptoms, where the pathogen is still dormant (Subbarao et al. 2018), may exhibit tissue damage or sporulation when stored after harvest.
 Sexual reproduction
Sexual reproduction requires two distinct mating types. Sexual recombination results in thick-walled oospores, visible in infected leaves and seeds. Oospores are formed by fertilizing oogonia by antheridia, the female and male gametangia, respectively. The mature oospores have an average diameter of approximately 37 μm and are chocolate brown (Choi et al., 2007; Kunjeti et al., 2016). Oospores are not visible to the naked eye, like asexually produced spore masses seen on leaf surfaces. A pathogen population can experience significant genetic variation due to sexual recombination.
Oospores are crucial as the main inoculum for initiating disease in the field and for promoting genetic diversity within pathogen populations. (Correll et al., 2011) reported “the exponential appearance of new P. effusa races over the past years, a condition that is likely exacerbated by sexual recombination that has taken place in P. effusa populations. Furthermore, the rapidly evolving populations of P. effusa have been recently documented in California and Arizona, the two major spinach production sites in the U.S.” (Lyon et al. 2016). “Asexual reproduction Sporangiophores come out of the stomata of infected leaves and look like a gray to light brown mass on the surface of the leaves. Mycelia and sporangiophores are hyaline, and the latter have a branching pattern that looks like a single stem. Sporangia are oval and ranges in size from 21 to 33 μm long and 18 to 23 μm wide” (Choi et al., 2007). “Other oomycetes and similar species suggest that the sporangia don't last long. The sporangia thrive in conditions of 15 to 20°C and 40 to 80% relative humidity (RH). The sporangial survival rate was highest at 10°C and 53 to 95% RH and lowest at 33°C and 33% RH. After being exposed to these conditions for 6 hours, the half-life of P. destructor and P. tabacina sporangia dropped from 83% to 68% on cloudy days and from 46% to 0% on sunny days. Furthermore, the sporangial germination of Pseudoperonospora cubensis (the pathogen that causes cucurbit downy mildew) went down more on sunny days than on cloudy days” (Kanetis et al., 2010). Sporangia of P. effusa can grow at a wide range of temperatures (5 to 25°C), but the rate of germination goes down as the temperature goes up (Choudhury and McRoberts, 2018). When viable sporangia of P. effusa land on the wet surfaces of spinach leaves, they germinate right away, and germ tubes go straight through healthy leaves. Like P. effusa, the sporangia of other Peronosporaceae members do not release zoospores (Thines and Choi 2016). This behavior is different from other oomycetes (Gascuel et al., 2015). “Sporangia from infected lesions are released into the air and spread locally within their originating field or possibly to other fields” (Choudhury et al., 2017). Sporangia that are carried by the wind can cause multiple secondary infections in commercial fields with spinach downy mildew.
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Rose downy mildew
“One of the most devastating diseases that can affect roses is downy mildew. The disease, first described in England in 1862, has now been reported throughout Europe and the USA and is known to occur in Canada, China, New Zealand, and South Africa.It can attack all kinds of roses in greenhouses, nurseries, and landscapes. Peronospora sparsa is the pathogen that causes downy mildew, which makes roses' leaves and stems have purple-red or brown spots. Rose downy mildew doesn't infect other ornamental plants, but Peronospora sparsa can infect other types of Rubus plants, like blackberries, raspberries, and boysenberries. Infection can spread to the plant's stems, leaves, sepals, calyces, and peduncles. The plant primarily displays the symptoms in its stems and leaves” (Baysal-Gurel, F., 2017). Infected canes and roots can stay alive during the winter, and spores can quickly grow on wet leaves.
Early symptoms include yellow spots or lesions on the upper area of the leaf. The spots or lesions may turn purple, red, or black over time and will border along the veins of the leaf. Downy mildew can infect leaves, stems, flower stalks, and flowers. Leaf symptoms are the most common and are mainly found on young growth. Infected leaves develop purplish-red to dark brown, irregularly shaped spots and blotches seen most clearly on the upper surface. Downy mildew can easily be confused with a black spot; however, lesions tend to begin near or at the bottom of the infected plant, whereas in downy mildew, the infection will begin to show symptoms around the top part of the plant. Defoliation may occur before the lesions become visible on the leaves. Lesions may also become necrotic in dry conditions. The lesions usually have clearly defined edges. Leaf lesions are often angular in appearance as a result of their rarely spreading across major leaf veins. However, downy mildew lesions can sometimes have less well-defined margins; microscopic examination of lesions for the fungal structures typical of downy mildew and black spot should be undertaken if there is doubt about the cause of spotting. Affected leaves may turn yellow, and the disease can result in a rapid and severe defoliation of plants. Even apparently healthy leaves may fall prematurely. Although black spot can also result in leaf drop, usually this symptom is less severe than that caused by downy mildew. Sporulation of downy mildew occurs on the undersurface of leaves but can be difficult to see; it appears as a sparse, white to light grey downy growth. More abundant sporulation is observed under prolonged humid conditions. During the later stages of infection, leaves may become necrotic. Infection of the flower bud or flower results in retarded and distorted growth. Black or brown dead areas form on the petals. The calyx can also be affected. Infection of the flower stalks or stems results in reddish-brown, elongate lesions. Occasionally, young shoots become so heavily infected that they die back.
Kingdom: Chromista
Phylum: Oomycota
Class: Oomycetes
Order: Peronosporales
Family: Peronosporaceae
Genus: Peronospora
Species: sparsa
Disease cycle
The sporangia can usually be found on the undersides of the leaves. The sporangia can spread by air currents and water splashing from an infected plant onto a nearby healthy plant. The ideal temperature for the spread of the rose downy mildew pathogen is cool, wet weather (between 59° and 64°F) and high humidity around 85% or greater. Symptoms usually occur rapidly after infection, depending on environmental conditions. This period can last anywhere from a few days to weeks before symptoms are seen.
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Pearl millet Downy mildew
The downy mildew disease of pearl millet [Pennisetum glaucum (L) R. Br.], sometimes referred to as ‘green ear’ disease, is caused by Sclerospora graminicola, which is the type species of the genus Sclerospora. It is the most widespread and destructive disease of pearl millet in India and Western Africa .This disease, first reported in India, is present in more than 20 countries and is a major factor limiting the full exploitation of the high yield potential of hybrids in India.
Kingdom: Chromista
 Phylum :Oomycota,
 Class: Oomycetes, 
Order :Peronosporales, 
Family :Peronosporaceae
Genus: Sclerospora
Species:  graminicola 
Symptoms
Downy mildew disease causes a reduction in the plant height, number of leaves, and nodes in susceptible cultivars. As a result, grain and fodder yields are reduced. Symptoms often vary according to host, time of expression, and ambient conditions. Both systemic and localized infections occur. Infection is mainly systemic, and symptoms appear on leaves and inflorescences. The downy mildew stage is prominent on the leaves (caused by sporangia), and the green ear stage affects the inflorescence/ear (caused by oospores). The green ear stage is more prominent, since the strain of the pathogen occurring in India produces more oospores than sporangia. The initial symptoms appear in seedlings at the three- to four-leaf stage of the plant. Symptoms can be observed in two phases: one is the downy mildew phase that appears on the leaves, and the other is the green ear phase that appears on the ear head. Soil-borne spores cause systemic infection of the young seedlings. The affected leaves show patches of light green to light yellow color on the upper surface, and the corresponding lower surface bears white downy growth of the fungus consisting of sporangiophores and sporangia. Infected leaves show greyish-white downy fungal growth on the lower leaf surface and white downy growth under high relative humidity (greater than 95%) and moderate temperature (20-22°C). Initial symptoms of the systemic infection are expressed as chlorosis, or yellowing of the lower leaves, that progressively spread to the upper leaves and the whole plant. The infection is systemic, and 7- to 10-day-old seedlings show downy mildew symptoms as chlorosis on the upper surface and whitish sporangial growth on the lower surface of the leaf. Subsequently, the leaves turn reddish brown due to oospore production and ultimately dry up. The sporangia can cause further localized infection. Often, the lower half of a leaf shows symptoms while its upper half remains symptomless. This is known as the ‘half leaf’ symptom. Severely infected plants are generally stunted and do not produce panicles.
Epidemiology
Oospores, which are the source of primary inoculum, remain in the soil and infect the underground parts of plants, mostly at the seedling stage. After penetration, the pathogen soon colonizes the growing point. After the invasion of the growing point, systemic symptoms appear in leaves and panicles produced by the growing point. Although the appearance of disease symptoms may depend to a large degree on the environment, under field conditions, systemic infection has been observed within 6 to 11 days after sowing. Infected plants produce oospores, which are transmitted on the seed surface, in soil, by wind, or by water. Under humid conditions, systemically infected leaves produce abundant sporangia on the abaxial surface. Sporangia are important for the secondary spread of the disease. These sporangia germinate and produce zoospores, which, in turn, germinate and cause infection. Germ tubes generally penetrate the epidermis between cells, but they can enter through the stomata. Sporangial infectivity is limited by seedling age, with the greatest susceptibility from the time of seed germination to the 1-2 leaf stage. Thereafter, the susceptibility decreases sharply. Inoculation of plants at the coleoptiles stage produces systemic symptoms in young leaves 4-7 days later. If the environment is suitable, infected leaves continue to produce sporangia until the tissues become necrotic or senesce. Oospores are produced in infected leaves when compatible mating types of S. graminicola are present in the same tissue or when homothallism is operative. Oospores are not always found in systemically infected leaf tissue, presumably because only one mating type is present and homothallism is inoperative. Oospores remain in the soil along with infected leaf residue and cause primary infection in the following years.
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Fig 7-Life cycle of Sclerospora graminicola
Disease Management strategies against Downy mildew
Crop rotation is an effective disease management strategy. Removal and complete destruction of infected plant material is important to avoid the secondary spread of the disease. Hence, growers should identify the early disease symptoms and destroy the infected plant materials. Management traditionally relies on cultural practices, resistant cultivars, and fungicides, especially copper-based compounds, but resistance to chemicals and environmental concerns have driven the search for sustainable alternatives, such as biocontrol agents and integrated disease management. Genetic resistance is an effective method for controlling many plant diseases. Combined with timely and integrated management, it is crucial to minimize crop losses and ensure sustainable production. Early and accurate identification of the specific causal agent is crucial for effective disease control and the development of resistant crop varieties.
Disease management in Grapes
“For Grape disease management, soil should be well drained and fertilized according to soil testing. Eliminate infected and fallen leaves, as they can serve as a reservoir for overwintering inoculum. Prune out the ends of infected shoots. Rotation of crops, if possible, after every 2-4 years, can reduce the soil-borne inoculum. Enough space is required to promote airflow and to reduce humidity and leaf wetness. Avoid overhead watering in the morning when spores are released. Use of the drip irrigation method during the daytime keeps foliage dry. Ensure the infected plant material is removed and destroyed. Fungicides should be applied to susceptible cultivars. Application should be done just before the bloom, 7 to 10 days later (usually at the end of bloom), 10 to 14 days after that, and finally, 3 weeks after the third application. For cultivars very susceptible to downy mildew or where the disease was severe the previous season, an additional application is suggested about 2 weeks before the first blossom opens. Pesticides registered for use include captan, copper, fosetyl-Al, mancozeb, and ziram. Selection of plant-resistant cultivars is crucial. In India, a novel fungicide combination called Oxathiapiprolin 48g + Amisulbrom 240 g/L SE works well against downy mildew in grapes grown in fields. In comparison to single fungicide treatments and untreated controls, the study discovered that this combination, particularly at doses of 312.5 ml/ha and 375 ml/ha, significantly decreased disease incidence and increased grape yield. This combination fungicide is a suggested choice for controlling grape downy mildew, it provides excellent disease control and yield benefits without having any phytotoxic effects”. (Pharate et al., 2023)
Disease management in Cucurbit 
“The disease management for cucurbits requires resistant cultivars in conjunction with fungicide applications, and an aggressive fungicide program, with sprays every 5-7 days for cucumber and every 7-10 days for other cucurbits, has been necessary to control outbreaks and to prevent crop loss. Effective disease control incorporates timely fungicide application, selection of less susceptible cultivars when feasible, and sanitation practices that lower initial inoculum and alter the environment to be less conducive to disease” (Gent et al., 2015) Fungicide applications are most effective when used in combination with disease-resistant varieties and other methods of control. Many fungicides are available for controlling downy mildew, including both protectant and eradicant fungicides. Protectant fungicides, including copper-based compounds, chlorothalonil, and mancozeb, can be used alone to protect plants from infection early in the season. To prevent or delay the infection, it is recommended (or required) that eradicant fungicides that have different modes of action be used.
Disease management in Brassica 
Apply preventative fungicides like copper, mancozeb, chlorothalonil, or oxathiapiprolin, particularly in favorable weather conditions. Rotate fungicides from various chemical classes to halt the development of resistance. Use of Brassica cultivars with known resistance or tolerance to downy mildew can minimize the losses. Use fungicides such as copper, mancozeb, and chlorothalonil. Apply oxathiapiprolin, particularly in favorable weather conditions. Ensure that sprays cover both surfaces, as spores reside on both sides. Utilizing microorganisms such as Trichoderma harzianum and Bacillus subtilis can suppress pathogen growth and induce plant resistance, providing an environmentally friendly complement or alternative to chemical treatments.

Disease management in Spinach 
Careful monitoring of oospore infestations in commercial spinach seed lots and the creation of seed sanitation methods could help stop the pathogen from spreading too much through contaminated seeds. Also, the most important thing for managing downy mildew will continue to be research on genes or mechanisms that make plants resistant to infection, sources of inoculum, how long inoculum lasts, and better fungicides. Seed companies, growers, and researchers will work together to find long-lasting ways to control downy mildew on spinach.
“Effective fungicides are available to control the disease, and they are applied before the appearance of symptoms” (Subbarao et al. 2018). “Traditional spinach production systems depend on the early symptoms, and effective detection can be used for fungicide sprays, which can stop the early infection process and may eliminate the impending epidemics. Hence, recent efforts have focused attention also on spore trapping and quantification of pathogen DNA to advise growers on conditions optimal for increased airborne inoculum loads” (Choudhury et al. 2016, 2017; Klosterman et al. 2014). “To limit infections and symptom development, the reduction of wetness in leaf canopies is important; for that, the use of minimal overhead irrigation is helpful” (Choudhury et al. 2016; Klosterman 2016). Furthermore, early morning irrigation may allow sufficient time during the day to dehydrate the leaf boundary layer.

Disease management in Sunflower
Metalaxyl is a common and effective fungicide for controlling downy mildew in Sunflowers.  Application of  metalaxyl  to seed treatments like to protect seedlings from early infection. This is particularly important when establishing crops in fields with a history of downy mildew.  Regularly monitor sunflower fields for signs of downy mildew and take appropriate action if it appears.
	
Disease management in Rose 
Use of resistant cultivars and early plantation can also be helpful for disease prevention. Use of fungicides before the flowering is crucial. The application of fungicides is done when environmental conditions are favorable for disease development. Fungicide sprays should be applied at intervals of 7 to 14 days, depending on the severity of the disease. The use of protectant and eradicant fungicides is recommended during the disease management process.
Disease management in Pearl millet 
“S. graminicola oospores present in the soil are the primary source of inoculum. Crop rotation is an effective disease management strategy. Removal and complete destruction of infected plant material is important to avoid the secondary spread of the disease. Hence, growers should identify the early disease symptoms and destroy the infected plant materials. Pearl millet downy mildew can be managed by using bioagents like Pseudomonas fluorescens, Bacillus species, and Trichoderma harzianum. Among several biocontrol agents, Bacillus pumilus SE 34, Trichoderma harzianum Th UOM 1, Pseudomonas fluorescens UOM SAR 14, and Bacillus pumilus INR 7 are the most effective agents. The positive correlation between nitrogen fertilizer and the incidence of downy mildew was observed in grape, camelina, and pearl millet” (Jiang and Caldwell, 2016; Zarafi et al., 2005). Nitrogen fertilizers often boost lush vegetative growth, which may create an environment conducive to higher downy mildew sporulation and infection. Therefore, the timing and dose of nitrogen fertilizers may also be an important consideration to manage downy mildew.

Future Aspects
Soil-borne oospores are also considered a major cause of downy mildew in cucumbers (Zhang et al., 2012). P. sparsa, the fungus that causes rose downy mildew, has been discussed in terms of how oospores can be a source of primary inoculum for the disease to spread (Salgado-Salazar et al., 2018). Some downy mildew pathogens can spread through seeds. Further research is needed to determine the importance of these factors for the spread of the disease, including how quickly it spreads from infected seeds, how long oospores can remain dormant, and how they contribute to the spread of epidemics. Although some downy mildew pathogens can spread through seeds, more research is needed to determine the importance of this phenomenon for the spread of the disease, including how quickly it spreads from infected seeds, how long oospores can remain dormant, and how they contribute to the spread of epidemics.
Airborne spores spread many plant diseases. It is valuable to know how spores released into the air move through space and time to create a system that can predict disease outbreaks (Neufeld et al., 2018; Schmale and Ross, 2015). An early warning system that tells how much airborne inoculum there is could help you use preventative fungicides before a disease starts or plan when to use fungicides to stop diseases from spreading. Early detection systems may help figure out when and where to use fungicides, which saves money in the long run (Gent et al., 2013; Klosterman et al., 2014). The IPMPIPE (integrated pest management information-pest information platform for education and extension) system has been used to keep an eye on environmental factors, map the path of spore transport and deposit, predict the spread of diseases, and keep track of how often diseases occur in different places (Schwartz et al., 2014; VanKirk et al., 2012). Impaction spore samplers (also called spore traps) and molecular assays have been used to find and count airborne spores of downy mildew in hop orchards (Gent et al., 2009) and downy mildew of lettuce and spinach (Choudhury et al., 2017, 2018; Klosterman et al., 2014; Kunjeti et al., 2016). Different IPMPIPE systems use the dispersal or migration routes of pathogen propagules or insect vectors at the regional and continental scales (Isard et al., 2006; Ojiambo et al., 2015; VanKirk et al., 2012). While the cucurbit downy mildew's similar IPMPIPE may not be effective in predicting spinach downy mildew, monitoring spinach fields and environmental factors, along with using spore samplers to detect airborne spores, may aid in forecasting the risk of disease outbreaks. Over the past two decades, significant progress has been made in the field of molecular detection of plant pathogens. Molecular methods are more precise and can process more samples at once than traditional methods. It is possible to identify and separate the downy mildew pathogens (Crandall et al., 2018; Kunjeti et al., 2016a) by amplifying and quantifying different parts of the nuclear or mitochondrial genomes in vitro.
 	Researchers developed methods to find airborne spores of P. effusa by using a combination of spore traps and quantitative amplification of pathogen DNA (Klosterman et al., 2014). There was a strong link between the number of physical spores and the number of DNA copies in this test. No widely planted cultivars are resistant to the disease, although resistance varies quantitatively among cultivars. Additionally, the environmental circumstances of the geographic area where the crop is grown determine the necessary degree of resistance (Gent et al., 2015; Henning et al., 2015). Effective disease control incorporates timely fungicide application, selection of less susceptible cultivars when feasible, and sanitation practices that lower initial inoculum and alter the environment to be less conducive to disease (Gent et al., 2015). No widely planted cultivars are resistant to the disease, although resistance varies quantitatively among cultivars. Additionally, the environmental circumstances of the geographic area where the crop is grown determine the necessary degree of resistance (Gent et al., 2015; Henning et al., 2015).
Conclusion
As downy mildew disease is the most devastating for crops, today’s need is to develop more resistant varieties to resist the disease and to develop more environmentally friendly disease management strategies to maintain crop quality while maintaining quantity.
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