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MESSAGE
With the changing priorities of Agricultural research and education in India, the subject of
Plant Pathology also needs to be addressed so as to meet the challenges of 21st Century. We
really need to look and revisit the subject and foresee so that the coming generation is ready
with the solutions and this can be only achieved with the concerted efforts of the Plant Pathology
experts working on different aspects. Indian Phytopathological society (IPS) has taken right
step in this direction by bringing out a compilation “Plant Pathology in India: Vision 2030.” It is
indeed a valuable publication encompassing a wide range of the subjects ranging from ancient
history, important diseases of crops, molecular diagnostics, biological control, transgenic,
disease management etc. I appreciate the efforts of the Society for the timely publication. My
best wishes to all for a grand success of Brain Storming session on “Plant Pathology in India:
Vision 2030”.

(R.K. JAIN)
Head
Division of Plant Pathology
Indian Agricultural Research Institute
New Delhi 110 012

PREFACE
The Indian Phytopathological Society (IPS) is a professional forum for promoting the cause of
Phytopathology. It is the third largest society of plant pathologists in the world. The Society
was established in February 28, 1947 at the Indian Agricultural Research Institute, New Delhi
by Dr. B.B. Mundkur, an eminent Plant Pathologist. The Society is an international scientific
organization devoted to the study of plant diseases and their control. The Society provides
information on the latest developments and research advances in plant health science through
its journals and participates in the exchange of plant health information with public policy
makers, and the larger scientific community; and provides opportunities for scientific
communication, collaboration, and professional development.
Indian agriculture registered a phenomenal growth in the recent past mainly due to development
of varieties resistant to pathogen and adoption of latest plant protection measures. A lot more
need to be done to sustain the momentum gained. In this context, the contribution of the
Society in bringing to focus the area of research on diverse aspects of plant pathogen is
invaluable. Advanced techniques for rapid, reliable and specific detection and characterization
of pathogen is promoted. Identification of resistance genes and their source, development of
molecular markers for resistance, environmental health by promoting bio-control agents and
growth promoting bacteria and transgenic resistance as well as host-pathogen interaction are
some of the issues, IPS through its various activities trying to crystallize the concepts and its
implications in future. In the new millennium IPS will co-ordinate and will provide impetus to
amalgamation of molecular plant pathology and the practical plant pathology to mitigate the
disease losses. It is expected that in the foreseeable future, a knowledge-based economy will
provide the platform to sustain a rapid rate of economic growth to achieve the objectives. IPS
shall remain committed to its core competencies within chemical, biochemical and
biotechnological crop disease management to coexist in the future.
The Indian Phytopathological Society (IPS) recognizes the need to look to the future to best
position the discipline to meet future societal needs and scientific opportunities.
In this document, a vision for the future of plant pathology has been described that must be
pursued and supported for sustainable production of healthy plants upon which life itself
depends.
I would like to place on records the suggestions made by Dr S. Ayyappan, Secretary, DARE
and Director-General, ICAR and Dr. T.P. Rajendran, ADG (Plant Protection) in making the
document relevant and useful one.

(PRATIBHA SHARMA)
Secretary
Indian Phytopathological Society
Division of Plant Pathology
IARI, New Delhi 110012

PREAMBLE
Historically, Plant Pathology of India is quite ancient as the Indian agriculture, which is
nearly 4000 years old. This confirms that mention about plant diseases was made much
before the time of Theophrastus. The events of the development of Plant Pathology in
India have great signpost. Plant diseases, other enemies of plants and methods of their
control had been recorded in the ancient books viz., Rigveda, Atharva Veda (1500-500
BC), Artha Shastra of Kautilya (321-186 BC), Sushruta Samhita (200-500AD), Vishnu
Purana (500 AD), Agnipurana (500-700 AD), Vishnudharmottara (500-700 AD) etc. During
11th century, Surapal wrote Vraksha Ayurveda, which is the first book in India where he
gave detail account on plant diseases and their control. Plant diseases were grouped
into two-internal and external. Tree surgery, hygiene protective covering with paste, use
of honey, plant extracts, oil cakes of Mustard, Castor, Sesamum etc. are some of the
disease management practices recorded in the book. Symptoms of plant diseases are
cited in other ancient Indian literatures viz. Jataka of Buddhism, Raghuvamsha of Kalidas
etc.
Plant Pathology is composed of many other disciplines such as botany, mycology,
microbiology, bacteriology, virology, nematology, meteorology, biochemistry, genetics,
soil science, horticulture, agronomy and forestry. Plant pathology encompasses the study
of what causes a plant disease; how a pathogen attacks the plant at the molecular,
cellular, tissue, and whole plant levels of organization; the host response to attack;
dissemination of pathogens: influence of environment; management of plant pathogens
and thereby reduce the effects of the disease on plant populations. Unlike physicians or
veterinarians, who emphasize treatment of individuals, plant pathologists are usually
interested in populations of plants and not individuals. Some plant pathologists spend
most of their time in the field studying how pathogens move over a large area and what
environmental factors play a role in development of epidemics or determining which
management tactics are most effective in controlling or reducing the impact of a disease.
Other plant pathologists are interested in the processes by which a pathogen induces a
disease or may look for genes that confer resistance in a plant and complete most of
their professional activities in a laboratory.
In the pre DNA era of plant pathology studies have gone through many phases where
numerous conventional markers were used for detection, identification, quantification of
pathogen species and for evaluation of the genetic variation at either individual, population,
species level. These methods include diagnostics methods such as disease symptoms,
isolation and culturing of the microorganism and their identification through morphological
and physiological traits. Moreover, the pathotypic analysis such as virulence and
aggressiveness have been the characters most often used for genetic studies of plant
pathogens and have provided a clear picture of race diversity and distribution, however, it
does not allow the evolutionary relationships among pathotypes to be discerned. On the
other hand, the morphological characters and physiological tests are costly and time
consuming. These markers were also not considered reliable because they are instable
and usually vary with the environment. Over the years, solutions where however found to

avoid some of these problems by using markers biochemical traits such as proteins and
isozymes. These markers have already been used for various purposes in plant pathology
including fingerprinting, genetic diversity and taxonomy.
Changes in climate, namely temperature fluctuations, have influenced the agriculture
and forestry industries, pests and diseases routinely lower production and quality despite
significant gains in the development of improved plant varieties and farming practices.
How the adaptive capacity of agriculture and forestry industries would be affected by
shifting disease dynamics resulting from the changing climate is worthy of consideration
for social, economic and political reasons. Fingerprints of global change on pathogen
and disease dynamics should be the immediate strategies to be developed. There are
numerous disease-forecasting models that use short-term weather data for tactical disease
management, but very few models/studies link disease prevalence or severity to longterm climate data.
The present era is of microbes including viruses, fungal pathogens, endophytes (fungi),
mychorrhizae (fungi), bacteria and various interactions. Capitalization of beneficial,
symbiotic relationships to produce plants that are more heat tolerant, drought
tolerant or self-sufficient. Disease management is another branch where Plant Pathologist
is directly related as a Plant Doctor, who is nowhere less than a medical Doctor and
Verteranian.To practice in field is a challenging job. There is a great scope of it since ,we
have labs employed for IPM, IDM, Biocontrol, resistance, cultural practices, chemicals
and an integrated prescription will help a farmer to manage crop disease problems. Plant
Pathology offers a great scope of research, product development, teaching, extension
and with combination of other subjects a fleet of private or public practioners of plant
health management can be created. This status has to be recognized and the course
curricula strengthened so that the employment opportunities can be enhanced. Compilation
of Plant Pathology-Vision 2030 is an attempt to integrate known experts of the country to
express and highlight their views on various pathological problems.
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Some ancient and medieval classics on
agriculture and their relevance today
Y.L. NENE
Asian Agri-History Foundation, Secunderabad 500 009, Andhra Pradesh
Email: yeshwantn2@gmail.com

India has had a rich agricultural heritage since the time of Rigveda (c. 8000 BC). While
farmers still follow ancient practices in many regions, the ‘modern’ agricultural graduates,
trained in the agriculture of the West, are mostly ignorant of our own ancient agricultural
practices. Despite attempts to improve communication between scientists and farmers,
the two groups continue to operate on different wavelengths, and communication gap
continues. It is absolutely necessary for the farm scientists to possess knowledge of our
agricultural heritage in order to effectively communicate with the majority of farmers.
In the last 15 years, the Asian Agri-History Foundation (AAHF), Secunderabad, Andhra
Pradesh has translated four ancient Sanskrit, one Persian, one Malayalam, and one old
Kannada texts into English, along with commentaries on the scientific validity of the
practices that had been followed. These texts confirm the richness of knowledge possessed
by our ancestors.

Krishi-Parashara (Agriculture by Parashara) (c. 400 BC)
Krishi-Parashara (c. 400 BC) probably is the first-ever ‘textbook’ on agriculture in which
the information is logically organized in chapters. Here are some highlights from KrishiParashara. It describes tools and implements, forecasting rain, importance of good
management in agriculture, management of cattle, seed collection and storage.
The level of knowledge base that we find in Krishi-Parashara about the plough,
production of crops, and management of cattle indicates that the period of Parashara
must have preceded Kautilya (4th century BC) in whose Artha-sastra we see an
undoubtedly superior agricultural knowledge base, including the knowledge of techniques
to irrigate crops from rivers, tanks, and wells. Thus I believe that Parashara must have
written the manuscript prior to Artha-sastra, i.e., prior to 4th century BC. The pattern of
the rainfall distribution in a season points to the latitudes of 30" to 34°N in the old Punjab.
If we study the total precipitation of the agricultural areas around Taxila (375-500 mm)
and around Sialkot (650-900 mm), both in Pakistan, it would be tempting to conjecture
that Parashara could be covering the latter area, especially keeping in mind the field
crops that he mentions; e.g., rice, sugarcane, barley, wheat, sesame, black gram, and
mustard. These crops could not have been grown without irrigation in the Taxila region,
whereas these could be raised in the Sialkot region.

1
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Kashyapiyakrishisukti (A Treatise on Agriculture by Kashyapa) (c. 800 AD)
A copy of the manuscript (No. 38J8) in Devanagari script exists in the Adyar Library,
Chennai, India. Kashyapiyakrishisukti (KKS) was translated in English in 1985 by G.
Wojtilla and was published in Hungary. The AAHF undertook the present assignment
because (i) Wojtilla’s translation is not easily available; and (ii) the translation was
apparently not reviewed by an agricultural scientist.
The language of KKS is very simple and easy, reminding one of the languages of
Puranas. It has a natural flow. Clarity, ease, fluency, and simplicity are the characteristics
of Kashyapa’s language. Being a work on an applied science such as agriculture, KKS
has on the whole succeeded in systematically instructing the agriculturist on various
issues of farming in a simple language.
The present text (c. 700–800 AD) is a detailed one covering not only irrigated rice
production in India but also other aspects such as stressing strong support to agriculture
from the ruler, stressing participation of people of all castes in farm-related activities,
cattle management, describing soil properties, growing pulses on uplands, growing
vegetables, fruits, spice crops, and ornamental plants, growing trees, laying out gardens,
marketing, and even mining. It is indeed an excellent text on agriculture.
Kashyapa has stressed that people who practice agriculture should possess good
values of life. Farmers should be free from jealousies, be mutually helpful, truthful,
compassionate, animal lovers, hospitable to guests, devoid of anger, laziness, and
excessive desires, happy with children and relatives, loyal to the king, etc.; all these
values should be respected by farmers of all castes. It seems Kashyapa was emphasizing
a code of conduct for achieving happiness while pursuing farming.
According to MS Randhawa, Kashyapa possibly was a resident of Kosala (Oudh in
central Uttar Pradesh). Wojtilla suggests that Kashyapa followed the ‘Vaishnava’ tradition
of South India and wrote the text sometime during 700 to 800 AD. I find myself in agreement
with Wojtilla’s view, although one must accept the wide knowledge that Kashyapa
possessed with regard to agriculture of several regions of the Indian subcontinent. I would
like to suggest that the main focus of Kashyapa was the Krishna-Godavari deltas and the
adjacent northern regions

Vrikshayurveda (The Science of Plant Life) by Surapala (c. 1000 AD)
Vrikshayurveda of Surapala (c. 1000 AD), an ancient Sanskrit text on the science of
plant life was a mere name until few years ago. The names of both the text and the author
were preserved by tradition. The actual text, however, was unavailable. The AAHF procured
a manuscript of Vrikshayurveda of Surapala from the Bodleian Library, Oxford, UK.
The text is an independent, full-fledged work on the subject of Vrikshayurveda. The
following observations proved beyond doubt that such a branch of learning existed in
ancient India. There are frequent references to this science in ancient Indian literature
such as Atharvaveda, Brhatsamhita of Varahamihira, and Sarngadharapaddhati of
Sarangadhara.
2
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The tridhatu theory of Ayurveda is applied to trees, bushes and other perennials.
Vrikshayurveda, which means “The Science of Plant Life”, mainly deals with various
species of trees and their healthy growth and productivity. The text mentions about 170
species of plants, including herbs, shrubs, and trees. There are 325 systematically arranged
verses, beginning with a salutation to Lord Ganesha, followed by glorification of trees,
and composition on tree planting and production. Various chapters deal with the raising
of orchards, agri-horticulture, and tree planting near houses. Special references are made
on procuring, preserving, and treatment of seeds and planting materials; preparation of
pits for planting; selection of land (soil); methods of irrigation and ways to locate
groundwater; nourishment and fertilizers; diseases of plants and plant protection; laying
out of gardens and orchards; creation of agricultural/horticultural wonders; use of plant
species as indicators of crop and animal production; and description of sacred plants.
The place of horticulture in ecology both at the home garden scale and at the field
scale was well understood, as is evident from references such as in verse 9: “A person is
honored in Heaven for as many thousand years as the days he resides in a house where
tulasi is grown”; or in verse 10: “And if one properly grows bilva (bel), which pleases Lord
Siva, in his family (courtyard), the goddess of riches resides permanently (in his house)
and this (riches) is passed on to his sons and grandsons.” Apparently the place of trees
in environmental maintenance and food chain was well understood. The saints and
philosophers of the time extolled the people to ‘grow more trees’— a slogan that we
seem to have rediscovered during the past few decades.
From the types of soils, plant species, kinds of plant protection materials, I believe
that Surapala was referring to the Bihar-Orissa region.

Lokopakara (For the Benefit of People) by Chavundaraya, 1025 AD
The Lokopakara, which meant “for the benefit of common people”, is a vade mecum of
everyday life for commoners and describes topics such as astrology, portents, vastu
(architecture), water-divining, vrikshayurveda (the science of plant life), perfumery, cookery,
veterinary medicine, etc. In this bulletin, we have selected those topics that are of interest
to farmers residing in rural areas.
The Western Chalukya Kings, with their capital at Kalyani (near Bidar, Karnataka,
India) had a tradition of supporting scholarship and Chavundaraya II was one such poetscholar in the court of Jaisimha II (1015–1042 AD).
The author of Lokopakara is also known as Chavundaraya II. This is because another
Chavundaraya, referred as Chavundaraya I, preceded him by several decades and was a
great minister, Commander-in-Chief, as well as a litterateur in the court of the Ganga
rulers of southern Karnataka. Chavundaraya I set up the world famous Gommateshwara
statue at Shravanbelagola in Karnataka around 980 AD.
This bulletin is based on a printed Halagannada manuscript edited in 1950 by H
Sesha Iyengar, a copy of which was obtained from the Madras Government Oriental
Manuscripts Library (Adyar Library), Chennai. Since very few people today understand

3
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Halagannada, we requested C K Kumudini, Department of Kannada Studies, University
of Agricultural Sciences, Bengaluru to translate the manuscript into Hosagannada (modern
Kannada). The Hosagannada manuscript was then translated into English by Sri Valmiki
Sreenivasa Ayangarya. Three commentaries have been written; one by Y L Nene, another
by Nalini Sadhale and Shakuntala Dave, and yet another by Umashashi Bhalerao. These
commentaries hopefully would stimulate scholars and researchers to provide notes on
the scientific value of Lokopakara.
The original text contains the following chapters: Astrological aspects, auspicious
and inauspicious time (muhurtas) for various mundane and religious affairs, vastu
(Architecture), portents, water divining, vrikshayurveda (Ayurveda for plants including
trees), perfumes, recipes for food, medicine for humans and animals, treatment for
snakebite, etc., characteristics of animals, and omens.

Mriga.pakshi.shastra (The Science of Animals and Birds) (13th century AD)
This 13th century classic was compiled by a Jain scholar, Hamsadeva on the advice of
King Shaudadeva, who probably ruled the Junagarh area of Gujarat. It is a detailed
description in Sanskrit of more than 170 animals and birds. Hamsdeva describes the
habitat, breeding, and types of many animals and birds. For example, he describes 6
types of lion; viz. Simha, Mrigendra, Panchasya, Haryaksha, Kesarin, and Hari as different
types and does not consider them as synonyms. Similarly, he describes 3 types of Koel,
vanapriya, parabhrita, and kokila. This classic is yet another proof of the advancements
made by our ancestors in the field of biology.
This Sanskrit text was obtained from the Oriental Institute, Vadodara, Gujarat. This
was translated in English by Dr Nalini Sadhale and commentaries written by Drs Sadhale
and Nene.

Krishi Gita (Agricultural Verses) c. 15th century
This Malayalam printed text was procured from Adyar Library, Chennai. It is edited by
Vidwan C. Govinda Warriar. AAHF published its Translation in English done by B Mohan
Kumar. Commentaries were written by Mohan Kumar and PK Ramchandran Nair. This
text refers to cultivation of coastal region crops prior to introductions by Arabs and
Portuguese. Soil management involved tillage, manuring, and avoiding water stagnation
and iron toxicity. Agronomy covered optimum seed rate, time of planting, depth of planting,
spacing between plants and iron toxicity. Agronomy covered optimum seed rate, time of
planting, depth of planting, spacing between plants and rows.
A large number of rice varieties (135 varieties) for different areas are recommended,
indicating availability of genetic variation. Other crops discussed are arecanut, (8 varieties),
Amaranthus (3 varieties), ash gourd (1 variety), banana/plantain (19 varieties), chickpea
(2 varieties), betel leaf (13 varieties), bitter gourd (3 varieties), brinjal (12 varieties), chili
(7 varieties), coconut (5 varieties), cotton (2 varieties), cowpea (4 varieties), Elephant
foot-yam (2 varieties), fenugreek (1 variety), yam-Diascoria spp (6 varieties), cocoyam (9
varieties), beans-Dolichos lablab (9 varieties), ivy gourd (3 varieties), lime-Citrus spp.(4

4
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varieties), maize (8 varieties), oriental pickling melon (2 varieties), pigeonpea (2 varieties),
sesame (9 varieties), snake gourd (4 varieties), sugarcane (6 varieties), taro (3 varieties),
tobacco (8 varieties), turmeric (3 varieties), and watermelon (2 varieties).

Vishvavallabha (Dear to the World: The Science of Plant Life) 1577 AD
In the last few years, some of the rarest texts on agriculture were discovered, translated
into English, and commented upon in the context of current knowledge of scientific
agriculture. Since then another Sanskrit classic on agriculture, Vishvavallabha (Dear to
the World: The Science of Plant Life), was discovered in the library of the Rajasthan
Prachya Vidya Pratishthan, Jodhpur, Rajasthan. The Asian Agri-History Foundation,
Secunderabad, Andhra Pradesh recently published the English translation and also
discussed utility of the contents for today’s agriculture.
Vishvavallabha was compiled by a scholar, Sri Chakrapani Mishra, around 1577 AD.
Chakrapani worked under the patronage of the towering personality of Maharana Pratap
(1540–1597) of Mewar in Rajasthan. As is well-known Maharana Pratap refused to surrender
or be a vassal of the Mughal ruler, Akbar and protected his own honor as well as that of
his people all through his life.
The text contains a wealth of information. It describes methods to detect underground
water, construction of water reservoirs, planting methods, plant disorders and treatments,
and plantation in forts.

Nuskha Dar Fanni-Falahat (The Art of Agriculture) (c. 1650)
This text in Persian was copied from a compendium, Ganj-e-Badawar, compiled around
1650 AD by the Mughal prince Dara Shikoh, son of Shah Jahan, who built the famous Taj
Mahal.
The text briefly describes the “art” of growing about 100 economic plant species.
These include trees (fresh fruit, dry fruit, avenue, and timber), shrubs of ornamental
significance, vegetables, cereals, legumes, oilseeds, and aromatics. Species are grouped
on the basis of similarities and the general sequence followed is: fresh fruit trees, dry
fruit trees, berry-producing plants, avenue and timber trees, flowering shrubs, plantation
crops, spices, aromatics, cereals, legumes, fiber crops, and vegetables. However, the
sequence has not been followed strictly.
Manures mentioned are dung, salt, and nitre for soil application in case of palm
trees, nitre and vine sap as foliar application in vines, eggs in soil and olive leaf-sap
sprinkling on leaves in fig, dung in soil in olive, pig’s dung and human urine in soil in
pomegranate, night soil, animal dung, and sheep’s blood in soil in guava [pear (?)], dry
dung of pig in almonds, and cowdung in carrots.
Nitre as a fertilizer was new to the Indian agriculture as no document before the
present one mentioned use of nitre as a manure. This must be therefore one of the first
inorganic fertilizers used in India. The recommendation to sprinkle nitre on vines must
have been based on observing beneficial effects on growth of vines.

5
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A statement under baqla (Vicia faba L.) is noteworthy. It is mentioned that roots,
branches, and leaves of baqla “have the qualities of manure and it increases the strength
of the manure” and that is why it is grown as an intercrop. This is a very significant
statement pointing to the beneficial effects of legumes, which we know so well today.
The contents of “Nuskha Dar Fanni-Falahat” are almost totally different from the
earlier, indigenously written texts. It is not difficult to understand the reason. Historically
speaking, the conquerors almost always despise the conquered. The Portuguese and
the British did it and so did the Mughals. British tried to implant their knowledge and
culture in India as something superior compared to what was indigenous. Mughals did
the same. Because Dara Shikoh was a scholar with an open mind, he tried to encourage
exchange of information between the cultures of West Asia and the Indian subcontinent.
The text “Nuskha Dar Fanni-Falahat” seems to be one such effort. During the Mughal rule
in India from 1526 through 1857, a large number of persons from West Asia and West
Central Asia (e.g., Uzbekistan) settled down in India, owned land, and practiced agriculture,
especially horticulture. Thus in villages, at the level of farmers, exchange of knowledge
was occurring during the 300-year period. From the sporadic references we find, the
Muslims seem to have specialized in ornamental gardening and in developing excellent
fruit orchards.

Relevance today
There is a great need to renew interest in astrologically made rainfall predictions, because
the modern meteorology is still imperfect. The two systems could synergize and lead to
better predictions.

-

In all these classics, management of soil, water, and other resources have been
stressed. In India we do have excellent crop varieties, but the management is generally
unsatisfactory. As a result the optimum yield potential of varieties is not exploited. Domestic
cattle were cared for as “members of family” and their management was given a very high
priority.
Seed quality was given highest importance and selling spurious seed was a major
offence. One of the duties of Rajas, kings, and other rulers was to ensure timely supply
of resources to farmers in their kingdoms.
The science of Vrikshayurveda evolved utilizing the knowledge of Ayurveda, between
600 and 1000 AD. Many recommendations were made in texts such as Surapala’s
Vrikshayurveda, Chavundaraya’s Lokopakara, and Chakrapani Mishra’s Vishvavallabha.
These texts also contain several recommendations to increase yield, especially the
perennial plantation crops such as tea
It is up to present-day farm scientists to study recommendations of the past and
practice them, if found valid.
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Ug99 and yellow rust in India
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Wheat rusts have posed a significant threat to the production of wheat world wide. The
rust pathogens have been responsible for causing many disease epidemics across the
world. Though incorporation of host resistance from time to time has prevented large
scale damage due to pathogens but the ability of the rust pathogens to produce new
virulent forms has always kept the race going. Both Ug99 and Yr9-virulences are two
such events in the history of wheat cultivation that have impacted scientific community
thinking to a great extent. Being wind – borne, these pathogens are forcing the countries
of the region to adopt resistant varieties sooner unless they want to suffer huge losses.
Unless joint efforts are put up by the countries at risk through cultivation of resistant
cultivars, the pathogens can inflict heavy losses. In India, there is a need to review the
strategy dealing with such threats and be prepared. Presently, Yr9-virulences are
spreading in the North and North western parts of the country as PBW343 has become
susceptible. Stem rust, though did not occur since long, can not be ignored especially
when Ug99 is reported from adjoining Iran. It would be worth while to adopt measures
and prepare ourselves to meet this potential threat. Continuous monitoring, usage of
minor-gene based resistance and use of chemicals must be adopted if we want to save
our wheat to these threats.

Ug99 and yellow rust in India
Wheat rusts have been one of the most important diseases since wheat has been
cultivated in the country. Instances of large scale spread of rusts causing losses and
disease severities ranging from mild incidence to sometimes high severities have been
documented. In the first half of 20th century, wheat stem rust damaged wheat crops on a
massive scale across continents. Rust pathogens being wind- borne can travel over
long distances and are termed dangerous as they can spread far and wide in a short
time. Large scale migration of Yr9- virulences in the 90s and projected migration of
Ug99 towards South Asia are significant developments. These events are going to be
driving wheat breeding across world in the next decade or more. Because wheat is
preferred food for the people of the country and wheat workers presently are engaged
in increasing its yield to feed teeming millions, there is a need to save the crop from any
threat. Wheat Rust Lab, in Shimla, has contributed significantly in preventing any large
scale damage to the crop since independence through various ways. From detection of
new variation in advance of any economic damage, to the identification of new races to
urging the wheat workers for developing diverse wheat, this lab has saved the wheat
crop of the country by keeping wheat rusts at bay.
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Currently, wheat in India is grown on 27 million ha (approx.) with production ranging
about 86 million tonnes. Before the introduction of Mexican wheats, stem rust used to
occur in Central and Peninsular India and occasionally was also reported from eastern
part of the country. In the post Green Revolution period, however, a major proportion of
the Indian wheat germplasm remained resistant to stem rust mainly due to the presence
of resistance gene Sr31 a, located on rye translocation 1BL /1RS. This resistance
gene, since it is linked with leaf rust and yellow rust resistance, was picked up/ selected
by different breeders in different agro-ecological areas of the world. Since this
translocation was also reported to be associated with enhanced yield levels, wider
adaptability, it became such a likely choice with many breeders that more than 40 per
cent of the elite lines carried this gene. Presently, the wheats carrying this gene are
grown over a very large area starting from East Africa through Middle East, Central Asia
and South Asia. It has became a cause of concern for wheat workers across the world
and the scientific community fears that virulent race on this gene can lead to heavy
losses in this area leading to food deficit and political unrest. Though, not withstanding
that whether or not it is a threat to wheat in India, there is a need to be vigilant and not
to ignore the threat. If an epidemic from Ug99 does occur in South Asia, a huge population
of wheat farming families would be seriously affected and there would be significant
implications for rural and national economic growth rates.

Emergence of race Ug99 and the threat it poses
The emergence of Ug99, a new race of stem rust, was detected in the year 1999 in
Uganda (Singh et al., 2008 ; Pretorius et al., 2000). Entire wheat community across the
world has earlier apprehended if such a development was imminent. It was named as
TTKS, based on the naming system of North American rust workers (Wanyera et al.,
2006) and more recently as TTKSK with the addition of a fifth set of differentials ( Jin et
al., 2008).
However, the race is popular as Ug99 because of its detection in Uganda in the
year 1999. This is the only stem rust race that carries a broad virulence against many
of the stem rust resistance genes including Sr31 and has been sometimes referred to
as Super Race by many. The emergence of Ug99 is considered a highly significant
event having far reaching consequences not only for India but also for global wheat
production due to susceptibility of majority of wheat cultivars against Ug99. It has been
estimated by Singh and his coworkers (2008) that the area under risk of Ug99 amounts
to around 50 million ha of wheat grown globally i.e., about 25% of the world’s wheat
area. Almost entire wheat area of India is expected to be prone to this virulent race. The
race is expected to move in next three years to South Asia where wheat is so important
for a huge population. Germplasm with resistance to Ug99 is available [Singh et al.,
2006 and 2008], but for many parts of the world including India, genetic stocks of this
type are not present in varieties grown in farmer’s fields.

Emergence of Yr9- virulences
With the yellow rust emergence in several regions, Yr9-virulence, with presumed origin
in East Africa was another significant development during this period. It is causing
8
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major epidemics throughout Near East and into South Asia (Singh et al., 2004). In
India, Yellow rust of wheat, occurring more frequently in North and North- west parts of
the country is now a very serious threat. This region, being the wheat bowl of the
country, always needs to be insulated against any biotic stress. With the threat of rust
variants always looming large, it is a constant struggle that new variants are intercepted
and used strategically to identify new resistances. Like Ug99, Yr9- virulences across
Africa and Asia are reminders to wheat workers that wheat rusts are producing new
variation regularly that can lead to large scale damage to crop.
The grim situation caused by Ug99 and Yr9-virulences demand for accurate
monitoring and early warning to directly support the efforts of wheat researchers and
national policy-makers working to prevent the spread of the disease. The preparation
against Ug99 is a proactive measure and must be resorted to.
These two major developments in the history of wheat rusts can be termed as the
most significant. These developments have impacted breeding programmes to such an
extent that the world wheat workers have now starting reorienting the strategies to address
the challenge posed by these variants. It is relevant for us, here, to describe the strategies
to assess the potential damage to Indian wheat and discuss the measures to address
these challenges.
It is pertinent for us to discuss epidemiology of wheat rusts in the country for
thorough understanding of the strategies to be adopted for mitigating the threat of wheat
rusts.
Epidemiology of stem and Yellow rusts in Indian Subcontinent
Stem Rust : It is worthwhile explaining the epidemiology of wheat rusts especially the stem
rust. Wheat rusts have remained dominant pathogens of the wheat crop in India. Dr. Mehta
[1952], a pioneer Indian wheat rust epidemiologist, worked out the dissemination of wheat
rusts. He established that Barberis spp. occurring in the hills of India do not have any role to
play in the annual recurrence of rusts in India. He regarded central Nepal and Nilgiris as the
most dangerous foci of infection for stem rust. Early appearance of stem rust was also recorded
in Dharwad (Karnatka) in South of the country. Dissemination of stem rust, according to him
occurred mainly from these sources. Gokhale and Patel [1952] corroborated these findings
while systematically mapping the movement of black rust from South to the North from Dharwad
to Gujarat. This seemed true for the entire country. Later, no additional information was added
to these findings till the work on mobile survey data was documented. Based on time of
appearance of stem rust in different parts of the country [Joshi, 1976] it was elaborated that
stem rust gets established in normal sown crop either in the neighbouring plains of Nilgiris or
central India depending on the mode of transportation of inoculum. Earlier, Nagarajan [1973]
described that the urediospores of P. graminis tritici survive all through the year in the Nilgiri
hills of South India. From here the urediospores dispersion to central and North India occurs
during November under the influence of tropical cyclones. The defined dispersal route from
South to North is called the “Puccinia Path” of India. Unlike “Path America”, the spread from
the Nilgiris to neighbouring states, which have the favourable weather conditions for development
of stem rust, is an independent event and there is no feed back of inoculum to the Nilgiris.
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However, for North India, low temperature not being congenial for stem rust development,
was responsible for non- occurrence of stem rust. It was intriguing to us as a wide range of
environmental conditions exist within this zone of the country, which is likely to favour the
development of stem rust. For example, temperature would be low in Amritsar of Punjab but
would certainly be high for South Haryana, and South and East of Rajasthan. According to
Joshi [1976], the instances of late appearance of stem rust in the North was considered
insignificant as it would not lead to any yield loss.
The authors would like to share some of the observations listed below to corroborate
their viewpoints. The introduction of green revolution varieties in the country brought
with it the resistance to stem rust. In recent years, the reports of stem rust occurrences
are rare. Therefore, it is the resistance against stem rust which has led to gradual
decrease in inoculum of stem rust. Interestingly, these days even the hot spot areas of
stem rust do not get any infection on the susceptible cultivars as a majority of the area
is under resistant cultivars. The adjoining country Bangladesh, though has very favourable
weather conditions for stem rust, has also not reported its significant incidence due to
the cultivation of resistant cultivars. When Dr. Mehta established epidemiology in the
1950s, wheat was largely sown under dry conditions without irrigations and with limited
use of fertilizers. The wheat areas in the northwestern and northeastern plain zones
were also limited. The area and productivity of wheat in the 1970s increased dramatically
with the introduction of early maturing, rust resistant semi-dwarf wheats (Sonalika and
Siete Cerros) and due to irrigation and fertilizer use. Wheat is now grown in much
diverse ecology in India and neighbouring countries than in the 1950s or 1960s. The
cultivation of stem rust resistant cultivars for last few decades has removed an important
factor in the epidemiology in the region - the removal of susceptible host during the
crop season for rust to multiply at exponential rates to cause epidemics, and survive
during the off-season at significant levels. This can change within a few years once
Ug99 reaches India as it will find susceptible volunteer wheat plants in the plains where
water is available for growing summer crops or in the hilly areas.
Yellow Rust : In India, yellow rust remains confined mostly to the northwestern regions,
northern foothills, and adjacent plains, and in the Nilgiri and Pulney hills in the south (Joshi,
1976). Mehta (1940, 1952) indicated that in the plains in northern India, wheat rusts cannot
over-summer due to extremely high temperatures, and that the Himalayas, particularly in
central Nepal, were the primary sources of infection for the new crop. Later, studies (Joshi et
al., 1977) showed that the hills in central Nepal are the only area where significant oversummering occurs. In the Shimla hills in northwest India, stripe rust was found to survive on
off-season plants (Joshi et al., 1976).
The breakdown of Yr2 in 1980 followed by Yr9 had significant impact on wheat cultivation
in India. Breakdown of Yr2 occurred when Kalyansona - virulences emerged in North
Western part of the country. Kalyansona was later replaced by Sonalika that was grown
on a large area. This cultivar became susceptible to a new race later and many wheat
breeding programmes later diversified and selected. Following the introgression of Yr9,
many cultivars were identified for commercial release namely HS420, UP2338 and
PBW343. However, it was PBW343 that was grown over a large are due to associated
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increased yield and its adaption even to the marginal areas of wheat cultivation. The
expanding cultivation of one cultivar over such a large area was indication of lack of
diversification. With the development of Yr9 virulence, though many Yr9 bearing cultivars
became susceptible but mega cultivar PBW343 was found resistant to this virulence.
Despite release of many cultivars possessing diverse resistance PBW343 was not replaced
by any of these cultivars. Later, though a new virulence was picked up in 1996 but it did
not spread to large area till 2006. Since then many prone regions of the country are
regularly witnessing yellow rust.
The development of new race through sexual hybridization, as recently discovered by
Yue Jin et al., (2010) has further impacted the status of variation in yellow rust. The
wheat rust scientists all over the world are now assessing the implications of the sexual
cycle for yellow rust.
In order to address the challenge of wheat rust variants whether Ug99 or yellow rust
virulences, we are resorting to following measuresStrengthen our survey and surveillance system : involving personnel from our national
agricultural universities, state departments of agriculture and farmers. Being wind borne, these
rust pathogens are capable of causing epidemics in areas away from their origin. Migration of
Yr9 virulence from East Africa through Middle Ease and West Asia and finally to Asia is well
documented (Singh et al., 2004). Introduction of wheat yellow rust to Australia in 1979 (Steele
et al., 2001) and Soybean rust was introduced in USA in 2004 carried by hurricane Ivan
(Anonymous, 2005) have also impacted many national agricultural programmes of the world.
Since millions of spores are produced and transmitted, it becomes very difficult to predict the
first site of infection in the new region. So intensive scouting of the area would enable us to
pick infection early in the season and take preventive measures. India was saved from the
disaster that yellow rust race could have caused, if not detected early. Early detection of a
new race and then using this race in the screening nurseries, both pathological and breeding
to identify new promising and rust resistant wheat material.
Use minor gene based resistance : Predominantly, the control of wheat rusts has been
through the use of resistant cultivars. The experience of using single vertical resistance,
however, has not been very encouraging as rust pathogens can mutate very easily through
one step mutation. The failure of resistance over the short term has led to a boom-and-bust
syndrome (Kil-patrick, 1975). Some cultivars rusted before they were even grown on more
than fraction of the cultivated acreage. Such failures, in most cases if not all, have been due to
inadequate knowledge of the virulences present in the pathogen population. The strategy,
therefore, should be to use race-specific resistance genes not alone but in combinations
(Singh et al., 2008). Several spring wheat cultivars developed by CIMMYT have shown a slow
rusting type of resistance (Rajaram et al., 1996). Lr34 together with un-named slow rusting
genes have been shown to be involved for durable resistance of Frontana ( Singh and Rajaram,
1992) and Lr46 in combination with few slow rusting genes are responsible for durable resistance
of Pavon 76 (Singh et al., 1998). For yellow rust some of resistance sources like CappelleDesprez (Yr3a, Yr4a, Yr6) (Johnson, 1981), Juliana (Yr14, +), Carstens VI (Yr12, +) and
Arminda (Yr13, +) have been considered as non- specific (Stubbs, 1985). Some of the CIMMYT
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germplasm derived cultivars such as Anza (Yr18), Pavon 76 also have durable resistance
(Singh and Rajaram, 1994). Slow rusting gene Yr18, together with other unnamed slow rusting
genes, is currently believed to be involved in durable resistance of several spring and winter
wheats ( Singh, 1992; McIntosh, 1992).
Usage of chemicals to stop the spread of a virulent race into new areas : When spotted
early in the season, the secondary spread of the pathogen can be stopped if chemical sprays
are used. Such a practice of using fungicides has prevented large scale damage to the wheat
crop in Punjab. As soon as yellow rust appears in the foothills, an advisory is sent to the
extension agencies and farmers to spray the crop to stop its spread. This practice has been
helping the region in preventing damage to the wheat crop.
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Basmati is a variety of long grain rice grown in Indian subcontinent, notable for its fragrance
and delicate, nuanced flavour. India is the largest cultivator, consumer and exporter of
this rice. It is primarily grown in the foothills of the Himalayas. Due to the demand of
basmati rice in the domestic as well as global market at premium price, the
total traditional basmati growing area under the Geographical Indication of India
has been designated as Agri Export Zone for basmati rice by the Government of India
in order to promote production of the commodity and enhance the improvement
of socio-economic conditions of the farmers living in the area. Traditional varieties of
basmati rice are durable, photosensitive and susceptible to all rice diseases prevalent
in the area which are the major constraint in basmati rice farming. However, major
diseases are the following:

Blast
The fungus can infect rice from the seedling stage to harvest maturity. The disease
usually develops during tillering (leaf blast) and at heading (panicle blast). Most plant
parts are susceptible to infection except the roots.
The initial infection occurs on leaves usually around tillering and appear as diamond,
football, or spindle shape lesion with pointed ends. Lesions start as small water soaked
areas on young leaves and enlarge into diamond shape with a blue gray cast which are
the fungal spores. Lesions often dry out and turn tan with a brown border. Lesion shape
and size can vary.
Head infections usually develop at the joint just below the head (neck blast) or on
individual panicle branches (panicle blast).The head can break off at neck lesion. After
stem elongation nodes can be infected causing node blast. The pathogen overwinters as
spores in infected plant debris. The fungus produces new spores in the spring that reinfects
rice. Spores are carried by wind and splashing rain. Movement can be over long distances.
Blast development is favored by thick stands and high nitrogen rates which increase
canopy thickness resulting in higher moisture levels but is most severe under upland or
drained conditions. Other conditions that favor blast are sandy soils and fields lined with
trees.
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Resistance to blast is available but resistance tends to break down over time as the
fungus adapts to new resistant varieties.

Sheath blight
Sheath blight in basmati rice is an increasing concern for rice production especially in
intensified production systems. A yield loss of 25% was reported if the flag leaves are
infected. The damage due to the disease is seen as formation of lesions and production
of empty grains and under favourable conditions, the disease increases at grain filling
stage. All plant parts are susceptible to infection except the roots. The disease is
recognized with following symptoms:

•

Initial lesions are water-soaked to greenish gray and later becomes greyish white
with brown margin

•

Lesions on leaf sheaths near waterline and on leaves

•

Filled or empty grains, especially those on the lower portion of the panicles

•

Lesions on the stem are sometimes confused with those caused by stem rot.

Following factors favour the disease development:

•

Presence of sclerotia (or infection bodies) floating on the water

•

Relative humidity from 96 to 100% and temperature from 28-32 °C

•

High levels of nitrogen fertilizer

•

Late tillering or early internode elongation growth stages

Foolish seedling/Bakane disease
Crop losses caused by bakane disease may reach up to 20 per cent in outbreak cases.
A yield loss in India is up to 15 per cent. The damage is seen as abnormal plant growth
and infection usually occurs during seedling and tillering. The disease results into :
abnormal elongation of plants in seedbed and field - thin plants with yellowish green
leaves, reduced tillering and drying of leaves at late infection - dying seedlings at early
tillering, and partially filled grains, sterile, or empty grains for surviving plant at maturity
The disease is primarily seed borne. The pre-disposing factors include:

•

Over dose of nitrogen with soil temperature ranging from 30 to 35° C

•

Wind or water easily carries the conidia from one plant to another.

•

Fungus survives under adverse conditions in infected seeds and other diseased plant
parts
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Brown spot
Brown spot disease was considered to be the major factor contributing to the Great
Bengal Famine in 1942, resulting in yield losses of 50 to 90% and causing the death of 2
million people. Epidemics in India have resulted in 14-41% losses in higher yielding
varieties. The disease results into severe yield loss due unfilled grains. The fungus attacks
the crop from seedling in nursery to milk stage.
The disease appears first as minute brown dots, later becoming cylindrical or oval to
circular. The fungus can survive in the seed for more than 4 years. Infected seeds, volunteer
rice, infected rice debris, and several weeds are the major sources of inoculums in the
field. Infected seeds give rise to infected seedlings. The fungus can spread from plant to
plant and in the field by airborne spores. The disease is common in nutrient-deficient
soils and unflooded soil but rare on rice grown on fertile soils.
Disease development is favored by high relative humidity (86-100%) and optimum
temperature between 16 and 36°C. Leaves must be wet for 8-24 hours for infection to
occur. Yield losses due to brown spot epidemic in Bengal in 1942 was attributed to
continuous temperature of 20-30°C for two months, unusually cloudy weather, and higherthan-normal temperature and rainfall at the time of flowering and grain-filling stages.

Bacterial blight
The disease occurs in both tropical and temperate environments, particularly in irrigated
and rainfed lowland areas. It is commonly observed when strong winds and continuous
heavy rains occur. Over 70% loss has been recorded in high yielding varieties. Yield loss
due to the disease corresponds to the plant growth stages at which the rice plants were
infected. The earlier the disease occurs, the higher the yield loss. Sign and symptoms of
the disease are following :

•

Infected leaves turn greyish green and roll up. As disease progresses, leaves turn
yellow to straw-coloured and wilt, leading whole seedlings to dry up and die.

•

This expression of the disease is known as “kresek”

•

On older plants, lesions usually develop as water-soaked to yellow-orange stripes on
leaf blades or leaf tips or on mechanically injured parts of leaves

Factors favouring the disease are:
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•

Clipping of tip of the seedling at the time of transplanting, heavy rain, heavy dew,
flooding, deep irrigation water

•

Severe wind and temperature of 25-30 °C

•

Application of excessive nitrogen, especially late top dressing
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Bacterial leaf streak
Bacterial leaf streak initially causes narrow, dark-green and water-soaked streaks on
the interveins-usually from tillering to booting. As the disease progresses, the streaks
become yellowish-gray and translucent with numerous milky to yellow beads of bacterial
exudates formed on the surface of the lesions. Disease severity increases with wounds
and damaged plant parts, and poor handling or strong winds.
Fine translucent streaks are formed on the veins and the lesions enlarge lengthwise
and infect larger veins and turn brown. On the surface of the lesions, bacteria ooze out
and form small yellow band-like exudates under humid conditions. In severe cases the
leaves may dry up.
The disease is favoured by heavy rain, strong wind and temperature of 25-30 °C.
Application of excessive nitrogen, especially late top dressing favours disease
development.

Genetic enhancement of resistance against diseases
Rice blast
Genomes sequencing of Asian cultivated two subspecies of rice i.e. indica (Basmati)
and japonica (Goff et al., 2002; IRGSP, 2005) has opened an avenue for exploring the
genomic basis of agricultural trait differences between these two subspecies (Garris et
al., 2005). When Chinese rice varieties were tested with different Japanese Magnaporthe
oryzae strains, most of the japonica varieties could be classified into groups according
to their respective disease-response patterns to the M. oryzae strains. However, when
Chinese indica varieties were tested with the same stains, it was difficult to analyse
their disease-response patterns because some were resistant to all the strains. This
suggests that the indica and japonica varieties have diverged significantly in resistance
to M. oryzae strains.
So far, 10 rice blast R genes (Pib, Pita, Pi9, Pid2, Pi2, Piz-t, Pi36, Pi37, Pikm, and
Pi5) have been identified via map-based cloning methods. All the cloned blast resistance
genes encode NBS–LRR proteins except for Pid2, which encodes a receptor-like kinase
(Chen et al., 2006). The large number of published blast R gene isolations reveals the
importance of the NBS–LRR gene family in rice blast disease resistance. Study focused
only on genetic variations among common R gene sequences in the two genomes, but
did not associate the genetic variations with the differential disease resistance between
indica and japonica rice.
As stated above, the two major subspecies of Asian cultivated rice (Oryza sativa
L.), indica and japonica, have shown obvious differences in rice blast resistance, but
the genomic basis that underlies the difference is not clear. Therefore, Shang and coworkers (2009) designed the PCR-based molecular markers specific to the Nipponbare
NBS–LRR pseudogene alleles and used them as cosegregation markers for blast
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susceptibility in a segregation population from a cross between a rice blast-resistant
indica variety and a susceptible japonica variety. The genome-wide comparison of NBS–
LRR gene sequences between Chinese variety 93-11 (indica) and Japanese variety
Nipponbare (japonica) was performed. The investigation reveals many potential NBS–
LRR pseudogenes in both 93-11 and Nipponbare genomes due to premature stop codons
or frameshift mutations in the ORFs. Notably, the scientists found great differences in
constitution and distribution of pseudogenes between the two genomes. The feasibility
of this approach was applied to this novel strategy to the indica variety, Digu, and
successfully identified a new blast R gene, Pid3.
Previously, improvement of basmati rice against fungal infection through gene transfer
technology was carried out. The study explicit the cloning of chitinase derived blast
resistance gene RCC2 and introduction in rice cultivar Basmati 385 through
Agrobacterium mediated transformation to develop disease resistance against fungal
stress (Asghar et al., 2007).
Recently, Singh and co-workers (2011a) studied PCR products using random
amplified polymorphic DNA (RAPD) and sequence characterized amplified regions
(SCAR) markers to detect resistance against blast in the genotype Vallabh Basmati-21
(VB-21). The Basmati type, disease resistant and promising selections were assessed
for lineage with traditional varieties of basmati rice. The resultant genotype VB-21
expressed close molecular lineage with traditional varieties of basmati rice as well. The
study indicated substantial utility of molecular markers to supplement traditional methods
of breeding for improvement of basmati rice.
Further, the parental lines of superfine grain aromatic rice hybrid Pusa RH 10
namely, Pusa 6A, Pusa 6B and PRR78 were improved for resistance to blast by
transferring genes Pi54 + Piz5, respectively (Singh et al., 2011b). Presently, the
pyramiding of these genes for resistance to blast into Basmati rice varieties viz., Pusa
Basmati 1121 and Pusa Basmati 6 is under way. In order to develop genetically enhanced
donor sources for resistance to blast in Basmati background, isogenic lines are being
developed for major resistance genes/QTLs for respective stress in the background of
Pusa Basmati 1.

Bacterial leaf streak
Genetic engineering allows for introduction of R-genes from unrelated plant species,
which often remain functional in the new host plant. The R-gene Rxo1 from maize was
successfully introduced into rice and conferred resistance against bacterial streak
disease caused by Xanthomonas oryzae pv. oryzicola (Zhao et al., 2005). The use of
multiple R-genes (pyramiding) expressed in a single plant through a combination of
genetic engineering approaches has been successful in producing rice resistant to
multiple pathogenic bacteria isolates. There are several potential problems with genetic
engineering of resistance through the use of R-genes. These include the potential for
spontaneous activation leading to cell death via HR-like response, the development of
pathogens with an alternative avr gene and reduced overall fitness.
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Bacterial leaf blight
Pusa Basmati 1 (PB1) was the first semi-dwarf, high yielding Basmati quality rice variety
released for commercial cultivation in 1989. Over period of time, this variety became
highly susceptible to bacterial blight (BB) disease caused by Xanthomonas oryzae pv.
oryzae. Marker assisted backcross breeding (MABB) approach was used to incorporate
BB resistance in PB1 using IRBB55 (an isogenic line of IR24) as a donor for BB resistance
genes xa13 and Xa21. The CAPS marker RG136 linked to xa13, and STS marker pTA248
linked to Xa21 were used for the foreground selection. PusaRH10 (PRH10), the first
super fine grain aromatic rice hybrid developed by IARI, has the inherent advantage of
earliness, high yield and better quality, but it is susceptible to BB. In order to incorporate
BB resistance in PRH10, its maintainer line Pusa6B and restorer line PRR78 were first
improved using Pusa1460, as donor for xa13 and Xa21 through MABB approach. Later,
the improved Pusa6B was used as donor for xa13 and Xa21 for improving Pusa6A.
Improvement of PRH10 for BB resistance was facilitated by the availability of BB resistance
genes xa13 and Xa21in the Basmati background i.e., Improved Pusa Basmati 1 (Singh et
al., 2011b).
At present Pusa Basmati 1121 is the most widely grown Basmati rice variety. However,
this variety is also susceptible to BB disease. In order to incorporate BB resistance in
this variety, Pusa 1460 was again used as the donor parent for marker assisted transfer
of BB resistance genes xa13 and Xa21 in Pusa Basmati 1121 and Pusa Basmati 6.
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In case of plant pathosystems of many economically important crops, disease is controlled
by breeding for genetic resistance in the host plant. Two types of resistance, qualitative and
quantitative, are operating in the plants for disease resistance. Qualitative or major-gene
resistance is based on single major effect resistance genes (termed as R-genes) and
provides race-specific, high-level resistance where as quantitative resistance has a multigene basis and generally provides non-race-specific intermediate levels of resistance.
Genomic regions (or loci) responsible for latter type of effects are known as quantitative
trait loci (QTL) or disease QTL (dQTL). During the last three decades, a large number of
genes governing disease resistance have been identified by both conventional methods and
molecular approaches, and also utilized them for varietal improvement particularly to defend
the attack of pathogens. In the present article, genetic bases of disease resistance in two
important cereal crops namely rice and maize have been cited.

Rice
Globally, Rice is the most important food crop and a primary source of food for more than
half of the world’s population. Major increases in rice production occurred during last four
decades due to the adoption of green revolution technology. Although yield potential of rice
is 10 tons per hectare, farmers on the average harvest about 5 tons per hectare from
irrigated lands. This yield gap is due to the losses caused by biotic and abiotic stresses.
Among the biotic stresses blast disease and bacterial leaf blight are most important.
Rice blast
Current research on blast disease has allowed the identification of several dozens of major
blast resistance (R) genes; each of them confers race specific resistance. Some of them
have been molecularly characterized with user friendly molecular markers for breeding.
However, rice blast is still a major threat for stable rice production because of race change
mutations occurring in rice fields, which often overcome added resistance based on single
R genes, and these virulent races of Magnaporthe oryzae pose a continued challenge for
blast control (Khush and Jena, 2009).
Resistance to M. oryzae is a classical gene-for-gene system where a major R gene,
called Pi genes in rice, is effective in preventing the infections by M. oryzae strains containing
the corresponding avirulence (AVR) (Flor 1971, Silue et al. 1992). Operationally, an R gene
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is often identified from landrace cultivars or wild relatives of rice cultivars using differential
physiological races of M. oryzae (Tanksley and McCouch 1997). Currently, identification
and subsequent incorporation of an R- gene into adapted germplasm is a slow process
because of the following classical problems in the blast system:
(1) the instability of M. oryzae avirulence genes not only reduces the reliability of the
pathogenicity assays, but also reduces the durability of an R- gene (Valent and
Chumley, 1994, Kang et al. 2001, Dean et al. 2005);
(2) a single R gene that masks the existence of other R- genes in any given cultivar can
trigger the resistant response;
(3) it is often unknown how many R- genes are present in any given cultivar, and how
many avirulence genes are present in any M. grisea race; and
(4) the information on R- genes in any given cultivar is difficult to verify because
quarantine restrictions that inhibit the exchange of different M. oryzae races,
particularly in rice-producing areas.
During the past 25years great advances have been made in studying the genetics of blast
resistance. Following conventional genetic analysis of identified donors with resistance,
availability of pure isolates of the blast pathogen and use of advanced molecular analysis
techniques, about 70 genes for resistance have been identified. Near Isogenic Lines (NILs)
have been used for genetic mapping by dissecting complex genotypes and evaluating the
effect of individual genes in a common genetic background. NIL with single genes for
resistance have been developed in the genetic backgrounds of the indica variety CO39,
Japonica variety Lijiangxintuanheigu (LTH) and a universal susceptible line US2. These
isogenic lines (Kobayashi et al. 2007) developed through a collaborative project between
IRRI and Japan International Research Center for Agricultural Sciences (JIRCAS) are very
useful for identification of blast races, identifying genes for blast resistance in donors and
for monitoring the shift in blast races.
Rapid advances in biotechnology, including controlled phenotyping, DNA sequence
analysis, gene expression using DNA microarray and serial analysis of gene expression,
have accelerated the efforts identification of R-gene and their incorporation for blast resistance.
Till date 85 blast resistance genes have been tagged with molecular markers ; some of them
have been cloned and others have been used for breeding for improved resistance (Sharma
et al., 2010). Similar to other plant R-genes, 13 cloned blast R-genes encode putative receptor
proteins with NBS-LRR domain except for Pi-d2 and pi21. Pi-d2 encodes predicted B-lectin
receptor kinase and pi21 is a defected proline protein (Chen et al. 2006; Fukuoka et al
2009). It is interesting to note that 10 out of 13 blast R-genes have been cloned in the past 5
years. With more matched R and AVR genes cloned in the future, the recognition mechanisms
of blast R-genes can be further examined. Immediate benefit of cloning of R-gene is to
enable the development of DNA markers from portions of cloned genes. These types of
markers are derived from R-genes themselves and are referred to as The Perfect Markers.
The perfect markers for two blast resistance genes, Pit and Pib have been effectively developed
(Fjellstrom et al., 2004; Jia et al. 2009; Wang et al. 2007). Among them, the perfect markers
for the Pita gene have been effectively used for MAS since 2002 (Jia et al., 2009).
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Bacterial blight
Utilizing R-genes in rice against bacterial blight
In India, the researchers are mainly involved towards developing resistance via gene
pyramiding approach either through conventional breeding or molecular breeding (Marker
assisted backcross breeding - MABB). Few successful cultivars with pyramided resistance
genes are developed that showed promising resistance against bacterial blight disease of
rice. These include, Improved Samba Mahsuri with Xa21, xa13 and xa5 (Sundaram et al.
2008); NH-56 containing 4 R genes (Xa4, xa5, xa13, Xa21), Joythi containing 4 R genes
(Xa4, xa5, Xa7, Xa21), Improved Pusa Basmati 1 (also called Pusa-1460) containing 2 R
genes (xa13, Xa21). Presently at IARI, New Delhi, the pyramiding of genes for resistance
to blast (PiZ and Pi54) and bacteterial leaf blight (xa13 and Xa21) into Basmati rice varieties
viz., Pusa Basmati 1121 and Pusa Basmati 6 is underway (Singh et al., 2011)

Maize
Maize (Zea mays L), is the third most important food crop of India after rice and wheat.
India is the 4th in area and 7th largest producer of maize in the world contributing 3% of the
global production. Like other crops, maize also encounters various diseases caused by
fungal, bacterial and viral pathogens. In maize too, both types of resistance, qualitative and
quantitative, have been proved to the diseases, however, vast majority of genetic resistance
used by maize breeder is quantitative. Wisser et al. (2006) compiled information on qualitative
and quantitative resistance to fungal, oomycete, bacterial, and viral pathogens and R-gene
analogs (RGA) in maize for a number of diseases viz., northern corn leaf blight (Exerohilum
turcicum), southern corn leaf blight (Cochliobolus heterostrophus), northern corn leaf spot
(Cochliobolus carbonum), gray leaf spot (Cercospora zeae-maydis), southern rust (Puccinia
polysora), common rust (P. sorghi), downy mildews (Peronosclerospora spp.), common
smut (Ustilago maydis), ear and stalk rots (Fusarium moniliformae, Aspergillus flavus,
Gibberella zeae, Colletotrichum graminicola), aflatoxin producer (A. flavus), Stewart’s wilt
(Erwinia stewartii) and viral diseases (MSV, SMV, MMV, MCDV, MDMV, WSMV). In maize,
a total of 437 dQTL, 17 major genes (R-genes) and 25 RGAs were reported (Wisser et al.,
2006). Till now, 228 RGAs have been identified in maize using partial sequence data derived
from several different maize lines (Balint-Kurti and Johal, 2009; Xiao et al., 2007). The
information compilation report of Wisser et al. (2006) revealed that a relatively small number
of major genes have been mapped in maize. This may reflect the relatively low importance
of major genes in maize controlling disease in field. Out of the 17 R-genes described by
them (Wisser et al., 2006), some correspondence with dQTL for the same diseases. Colocalization of major virus resistance genes (Msv1, Mv1, Wsm1, Wsm2, Wsm3 and Mdm1)
and viral dQTL were found to be evident. A recessive gene conferring resistance to southern
corn leaf blight (SCLV), rhm, co-localized with SCLV dQTL on chromosome 6. Rp3, a
common rust resistance gene, co-localized with common rust dQTL on chromosome 3. Two
northern corn blight (NCLB) major genes, Ht2 and Htn1, co-localized with NCLB dQTL on
chromosome 8. Here, the resistance genes recorded in maize pathosystems has been
discussed disease wise.
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Northern leaf blight
The genetics of NLB or NCLB caused by E. turcicum (Pass) Leonard and Suggs have
been extensively studied and are the subject of a recent review (Welz and Geiger, 2000).
Yet, the genetic evidence to NLB resistance is remaining ambiguous. QTL for NLB resistance
were identified in at least nine different populations (Wisser et al., 2006). A number of QTL
mapped for NLB resistance, they seemed to be scattered throughout the genome and tend
to be insensitive to light and temperature variations (Carson and Van Dyke, 1994). This
confirms the hypothesis that a large number of loci contribute to NLB resistance (Wisser et
al., 2008). Several other studies using recurrent selection to increase NLB resistance have
documented strong selection responses, with approx. 15-20% reduction in susceptibility
per germination (Carson, 2006). It is an indication of an oligogenic mode of inheritance
(Ceballos et al., 1991).
Among the necrotrophic diseases, NLB is an unusual one in that several dominant or
partially dominant qualitative genes have been described that confer race-specific resistance.
It includes Ht1 (Hooker, 1963), Ht2 (Hooker, 1977), Ht3 (Hooker, 1981), Htn1 (also known
as HtN, Gevers, 1975) and HtP (Ogliari et al., 2005).

Maydis leaf blight
Maydis leaf blight (MLB) caused by Bipolaris maydis [= Cochliobolus heterostrophus
(Drechsl)] was first reported by Dreschler (1925) on maize in Florida. In India, the disease
was first reported by Munjal and Kapoor (1960) from Malda region of West Bengal. So far,
three races of B. maydis viz., Race O, Race T and Race C have been reported. Race O
and T differ in symptoms produced, cytoplasmic specificity, production of toxins, optimum
growth temperature, reproductive rate and plant parts attacked (Hooker, 1972). The specific
disease symptom of chlorotic lesion type was signified as resistant reaction of the host
which was subsequently reported to be controlled by two-linked recessive genes (Craig and
Kalio, 1968). In maize, one recessive major gene, namely rhm1, was identified which
confers resistance to race O of C. heterostrophus (Chang and Peterson, 1995; Zaitlin et
al., 1993). It was not clear whether rhm1 also confers resistance to race T, but it has been
shown that the resistance it confers is associated with relatively few changes in gene
expression or protein levels (Simmons et al., 2001). Inheritance of resistance to MLB was
studied by Faluyi and Olorede (1983) and reported that the resistance is monogenic in
nature. Later on, the role of QTL in governing resistance to MLB was established. Carson
et al. (2004) identified a total of 11 QTL giving resistance to MLB. Of these, seven are
located on the chromosome 1, 2, 3, 4 and 7; 10 were coming from resistant parent and
additional QTL from the susceptible parent. Another six significant QTL (LOD ›3.1) were
identified for resistance to MLB which are located on the chromosome 1, 2, 3, 6, 7 and 8
(Kurti and Carson, 2005). Seven potential QTL and two strongest being located on
chromosome 3 (bin 3.04) and 9 (bin 9.04) were reported by Kurti et al. (2006). Recently,
Kump et al. (2011) identified 32 QTL using nested allocation mapping population.
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Downy mildews
Major downy mildews (DM) recorded in maize are sorghum DM (Peronosclerospora
sorghi), Philippine DM (P. philippinensis), Java downy DM (P. maydis), sugarcane DM
(P. sacchari), brown stripe DM (Sclerophthora rayssiae var. zeae) and Rajasthan DM
(P. heteropogoni). Under the Asian Maize Biotechnology Network (AMBIONET), efforts
were made for mapping of QTL conferring resistance to downy mildews affecting maize
in tropical Asia. The QTL that were detected in maize highlighted differences in the
pathogen populations that characterize four locations of India (Prasanna and Hoisington,
2003). Three QTL, two on chromosome 2 and one on chromosome 7, significantly
conferred resistance only to particular pathogen populations. The first QTL on
chromosome 2 at position 158cM, with resistance due to alleles from susceptible parent
CML 139, was specific to sorghum DM at Mandya, Karnataka. The second QTL on the
chromosome 2 (at 234 cM) and the QTL on the chromosome 7, with resistance due to
alleles from resistant parent Ki3, were influenced specifically Rajasthan DM at Udaipur,
Rajasthan. The QTL found on chromosome 6 was consistently expressed across
environments despite the significant effect of the environments having distinct pathogen
populations. Collectively, the five QTL identified in AMBIONET programme explained
phenotypic variation in disease susceptibility ranging from 24% (Thailand) to 54%
(Udaipur, India). The QTL on the chromosome 6 had the largest contribution accounting
for nearly 20% and 31% of phenotypic variance for P. sorghi and P. heteropogoni
disease susceptibility at Mandya and Udaipur, respectively (Prasanna and and Hoisington,
2003). Other genes located on chromosome 6 include mdm1 (bin 6.01) which confers
resistance to maize dwarf mosaic virus (MDMV) (Simcox et al., 1995), wsm1 conferring
resistance to a related potyvirus, wheat streak mosaic virus (WSMV) (McMullen and
Louie, 1991), rhm1 conferring resistance to C. heterostrophus (Zaitlin et al., 1993)
and a QTL conferring resistance to sugarcane mosaic virus (SCMV) (Zhang and Li,
personal communication of Prasanna and Hoisington, 2003).

Gray leaf spot
Importance of gray leaf spot (GLS) caused by Cercospora zeae-maydis has increased
over the past 15 years due to increased practice of conservation tillage which allows
infected plant residue to remain on the soil surface as a spore reservoir (Ward et al.,
1999). The resistance to this disease was reported to be moderate to highly heritable
and based largely on additive effects (Gordon et al., 2006). Several QTL for resistance
to GLS has been identified (Gordon et al., 2004).

Southern rust
It is also known as polysora rust as the causative fungus is Puccinia polysora Underw..
Rpp9, a major gene conferring resistance to this rust have been mapped on the short
arm of chromosome 10 (Scheffer and Ullstrup, 1965). Other genes for resistance were
also mapped to this region, but their allelic relationship to Rpp9 have not been established
(Jines et al., 2006).
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Stalk rots and ear rots
The stalk rots have been categorized in to two groups, pre-flowering and post flowering stalk
rots. Four major stalk rots (Anthracnose, Gibberella, Fusarium and Diplodia) and four
major ear rot problems (Aspergillus, Gibberella, Fusarium and Diplodia) are prevalent in all
the maize growing regions.

Stalk rots
A major gene for Gibberella stalk rot resistance has been reported on chromosome 6 and
also at least four loci providing moderate levels of resistance to this disease (Yang et al.,
2004; Pe et al., 1993). A major QTL for resistance to anthracnose stalk rot reported by Jung
et al. (1994) was also described as the major gene Rcg1 (Badu-Apraku et al., 1987) and
encodes an RGA (Wolters et al., 2006).

Ear rots
As in the case of other diseases, QTL for resistance has also been mapped for ear rot
causing fungi namely F. verticillioides (F. moniliforme) and F. proliferatum (Perez-Brito et
al., 2001; Robertson-Hoyt et al., 2006), Aspergillus flavus (Brooks et al., 2005; Paul et al.,
2003), Gibberella zeae (F. graminearum) (Ali et al., 2005). Majority of these QTL were
mostly small in effect and environmentally dependent (Balint-Kurti and Johal, 2009).

Cloning and characterization of disease resistance gene
Specific resistance against leaf blight caused by C. carbomun race 1 (CCR1) was reported
to be governed by the Hm1 gene (Ullstrup, 1944). The virulence of race 1 on susceptible
hm1 maize is due to production of host specific toxin, HC-toxin, a cyclic tetrapeptide (Kawai
et al., 1983). Hm1 gene was cloned by transposon tagging and was found to be an NADPHdependent HC-toxin reductase, which reduces a key carbonyl group on HC-toxin, thereby
inactivating it (Balint-Kurti and Johal, 2009).

Future strategy
In fact single and poly genes contribute towards the disease resistance in the crop plants.
Although a good number of resistance genes have so far been identified , effort still needs
to be continued to trace out and tag many other novel genes. For a fruitful research on
pyramiding resistance genes conventional breeding methods must be carried out side by
side with the most glamorous transgenic research of the present era.
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Millets are grown on 35.46 million ha in the world producing 28.52 million tonnes, of
which India shares around 60% of the area and output, being the largest producer and
consumer of millets. Millets are staple diet of farm house holds in the arid and semi-arid
regions and offer food security to humans and livestock. More than 60% of area in India
is cultivated under arid and semi-arid conditions which provide around 40% of the food
production. Millets include pearl millet (Pennisetum glaucum (L.), sorghum (Sorghum
bicolor (L.) Moench), and several small millets like- finger millet (Elusine coracana),
foxtail milet (Setaria italica), little millet (Panicum milliare), kodo millet (Panicum
scrobiculatum), barnyard millet (Echinochloa colosna), fonio (Digitaria exilis) and teff
(Erogrotis tef). Sorghum and pearl millet are important and sometimes indispensable for
the survival of man and domestic animals in austere dry environments. Among the small
millets, finger millet is the most important and the most nutritionally valuable. In India,
sorghum and pearl millet are cultivated as dual purpose crops in over 9.3 and 8.3 m ha,
ranking third and fourth position among total cereals, respectively (Yadav et al., 2011).
Like all the other crops, millets are subject of a variety of production constraints, like
lack of popular improved varieties, traditional production practices, pests and diseases.
In this paper, a review of major diseases of millets and their control strategies is presented
and future research needs highlighted.

Pearl millet
Major diseases of pearl millet are Downy mildew (Sclerospora graminicola (Sacc.)
Schröt), Ergot ( Claviceps fusiformis Loveless), Smut (Tolyposporium penicillariae
=Moesziomyces penicillariae (Bref.), Vanky) , Rust (Puccinia substriata Ellis & Barth.
var. indica Ramachar & Cummins) and blast (Pyricularia pennisetti (Cooke) Sacc.). E
also reduces grain quality by producing mycotoxin- ergotoxin. Rust is important in forage
pearl millet and is also important in seed production.
Downy mildew: In India downy mildew is more severe in states of Marashtra, Rajasthan
and Gujarat, where hybrids are grown. Sixty percent of 10 million ha is grown with hybrids.
Under epidemic condition (30-40% disease incidence), production loss up to 20%
accounting for about Rs. 288 crore/year have been estimated.Use of metalaxyl (Ridomil,
Apron), a systemic fungicide as seed treatment was recommended, but it is expensive,
and imparts protection for limited period-i.e. up to 40 days. Host plant resistance is the
most dependable control method. Several studies indicate quantitative inheritance.
Parents with dominant resistance had higher GCA than susceptible parents Highly inbred
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genetic stocks developed from germplasm accessions without selection for agronomic
eliteness. Five accessions: IP 18292, IP 18293, IP 18294, IP 18295, and IP 18298
showed zero disease incidence in field nurseries in India, but none has been stable.
Molecular-marker-based genetic linkage maps greatly facilitated disease resistance
manipulation. Mapping populations developed and evaluated for IP 18292 and IP 18293.
Hybrid HHB 67 (from HAU) was most popular in Haryana and eastern Rajasthan. Its
Parents: 843 A/B was highly susceptible to DM while H77/833-2 was resistant to DM.
DMR QTL transferred in both parents of hybrid through DMR QTL donors: ICMP 85410
and P7-3. Hybrid HHB 67 has been resistant in farmers’ fields for about 10 yr. DM
survey 2003 in Haryana revealed that HHB 67 showed up to 25% incidence, while New
HHB 67 with DMR QTL is disease free(Thakur et al., 2004).
Ergot: It is a major floral disease of pearl millet, affecting both the quantity and quality
of the grain because of the neurotoxic alkaloids contained in the fungal sclerotia. The
disease has been more severe in single cross F1 hybrids than in open pollinated varieties.
Genetic resistance to ergot in peal millet is mediated through rapid pollination and
fertilization. important advances have been made in understanding the biology and
epidemiology of the pathogen and resistance in the host, in developing effective field
screening techniques, in identifying sources of genetic resistance and in developing
breeding lines resistant to ergot and other diseases (Thakur and Rai, 2002)
Smut: Source of smut resistance have been identified in germplasm accession from
Cameroon, India, Lebanon, Mali, Nigeria and Togo, representing diverse agro-ecological
zones, and characterized for their agronomic attributes and reactions to smut germplasm
accession numbers (IP 19685-IP20021). A number of these lines were evaluated at the
key hot spots in Africa and India, and several lines with stable resistance to smut were
identified. Many of these lines have improved agronomic traits and combined resistance
to smut and downy mildew.
There are conflicting reports as to whether host reaction to smut is affected by
cytoplasm. Rai and Thakur (1996) concluded that it is not the A1 cytoplasm per se but
the cytoplasm-mediated male sterility that enhances the susceptibility of A1- lines and
their hybrids to smut. Observations at ICRISAT Asia Center and earlier evidence indicate
that resistance to smut is dominant and simply inherited. Both dominant and additive
gene actions have been reported for smut resistance, but additive genetic effects were
much larger than dominance effects. The simply-inherited recessive tr allele, which confers
trichomelessness to most above-ground plant parts including stigmas confers a useful
degree of smut resistance.
Ergot: Screening techniques are available, on identification and utilization of host plant
resistance to pearl millet. The ergot fungus produces both asexual and sexual spores. Sclerotia,
compact mycelial mats of the fungus, play an important role in perpetuation of ergot and are
the major source of primary inoculum. Those mixed with seed also reach the soil when
sclerotia-infested seed is sown. Under favourable conditions, they germinate within 30-45
days coinciding with the flowering of the crop. Upon germination the sclerotia produce
perithecia containing ascospores. Numerous ascospores forcibly discharged from perthecia,
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are carried by air currents to stigmas where they germinate and cause primary infection.
Cloudy weather, during morning and evening, light showers (80% RH), temperatures
between 20 and 300C, movement of air and evenly distributed rain during anthesis of
crop are conducive for ergot development and spread.
Inheritance of ergot resistance is relatively complex, and can involve cytoplasmic x
nuclear interactions. Rai and Thakur (1995) concluded that it is not the A1 cytoplasm per
se but the cytoplasm-mediated male sterility that is responsible for increases ergot
severity of A-lines and their hybrids. Resistance is recessive and polygenically controlled.
Ergot- resistant hybrids, therefore, cannot be bred unless both parents possess the
same resistant genes.
Rust: Pearl millet rust is heteroecious. It requires two distinct hosts to complete its life-cycle
and these two hosts are unrelated. Pearl millet is the primary host and brinjal (eggplant,
Solanum melongena L.), several other Solanum spp. and possibly the weed Euphorbia
pulcherimma Wild are the alternate hosts.
In recent years, several concerted efforts have been made to indentify resistance
source for pearl millet rust. Suresh (1969) was the first to report high levels of rust
resistance in open-pollinated cultivars. He identified PT 826/4 and PT 829/4 as highly
resistant and PT 829/3, PT 829/8 PT 833/4, and PT 835/6 as tolerant.
Slow-rusting genotypes have been reported in millet. Slow-rusting has been transferred
into the genetic background of Tift 23DB from a tall, Short-day sensitive introduction from
Senegal, and the product releases as Tift 89D2. ICMP 451 appears to be another elite
inbred source of this character.
To sum up, a large number of sources of various types of rust resistance are now
available. Development of genes from these sources in cultivars has begun.
Characterization of genes controlling these resistances is now needed to permit their
effective utilization and genetic diversification of resistance sources. In nearly all cases
so far reported, pearl millet rust resistance was demonstrated to be controlled by a
single dominant gene except in 700481-23-2, in which complementary gene action was
reported and in 700481-27-5-2 where resistance was governed by one dominant and
one recessive gene (Pannu et al., 1996).
Blast: Magnaporthe grisea is the teleomorph of the complex group of Ascomycetes fungi
composed of interfertile anamorphs (Pyricularis grisea= Pyricularia oryzae) that cause blast
and leaf spots of rice and / or other Gramineae including pearl millet. Because of the importance
of rice blast, this fungus and the diseases caused by it are among the best studied in the
world. Both cultivated landraces and wild relatives of pearl millet have served as sources
of resistance to this disease. Tift 186 and its d2 dwarf backcross derivative Tift 383 were
described as resistant to Pyricularia at the time they were registered. Host reaction to
leaf spot incited by P. grisea in pearl millet is not affected by cytoplasm. The wild
accession of P. glaucum subsp monodii that served as the resistance donor in breeding
Thift 85D2B1 carried three independent dominant resistance genes, but backcrossing
and selection for resistance only succeeded in transferring one of these. Four landrace
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accessions from Burkina Faso have shown each having a single dominant gene for leaf
spot resistance that is inherited independently of that Tift 85D2B1.

Sorghum
Ergot: Sugary disease or ergot of sorghum is a serious problem that affects the
production of F1 hybrid seeds. This disease is particularly severe in male sterile lines
(A lines) either when non- synchronous flowering of A lines and restorer lines occur or
when adverse environmental conditions result in lack of viable pollen and delayed seed
setting. In India losses of 10-80 % have been reported in hybrid seed production.
World over three species-Claviceps sorghi in India, C. africana in Zimbabwe and C.
sorghicola in Japan have been reported. Recently, the occurrence of C. Africana was
independently confirmed in india following molecular and biochemical analyses. The
imperfect state of both C. sorghi and C. Africana are named Sphacelia sorghi. Although
both C. sorghi and C. africana have been reported in india, the distribution and relative
abundance of these two pathogens in different sorghum growing areas is unknown. The
recent rapid global spread of C. africana raised concern about its potential for
reintroduction and spread of ergot in seed borne inoculum. Quarantines have been
ineffective in preventing an eventual initial entry of the pathogen into new geographical
regions, and their efficacy has been questioned in region where the pathogen is already
present. Sclerotia can be easily removed by physical means. Because sclerotia formation
is rare in this pathogen, microconidia or honeydew are the primary seed borne inocula,
which can be effectively inhibited through use of contact fungicides like captan or
thiram. Thus, it has been advocated that fungicide treated seeds from ergot affected
areas have very low inoculums potential.

Foliar diseases
Several foliar diseases attack sorghum. The major among them are - anthracnose
(Colletotrichum graminicola), common leaf blight (Exserohilum turcicum), target leaf spot
(Bipolaris sorghicola), zonate leaf spot (Gloeocercospora sorghi), gray leaf spot
(Cercospora sorghi), sooty stripe (Ramulispora sorghi), rough leaf spot( Ascochyta sorghi),
drechslera leaf blight (Drechslera australiensis) and rust (Puccinia purpurea) The estimated
yield losses due to foliar diseases in Asia, Africa and America range from 32 to 60%
(Frederiksen 2000). The use of the fungicide to control diseases decreases profit margins
of low cash-input forage production systems and increases the risk of residual effects
from fungicide on forage. Therefore, the use of host plant resistance is considered to be
more practical and reliable for managing foliar diseases..
The foliar pathogen of sorghum vary in their host range. While Ramulispora sorghi,
Cercospora sorghi, Ascochyta sorghi and Puccinia purpurea infect sorghum species
only, zonate leaf spot pathogen, Gloeocercospora sorghi, has been reported to infect
Johnson grass, Sudan grass, sugarcane, maize Agrostis canina, truf grass Vetiveria
zizonioides, P. typhoides and P. purpureum. Exserohilum turcicum is common pathogen
of sorghum, teosinate, paspalum and maize. In addition, Tricticum, Hordeum, Avena,
Saccharum and Oryza are also susceptible to Exserohilum turcicum when inoculated
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artificially. Soil-or seed-borne sporogenic sclerotia are potential survival sources for
Ramulispora sorghi, Gloeocerospora sorghi and Ramulispora sorghicola. Anthracnose
pathogen Colletotrichum graminicola also produces sclerotia in sorghum stalks (Casela
and Frederiksen, 1993).
The possibility of the existence of specialised forms of Gloeocercospora sorghi
were reported among isolates infecting sorghum, pearl millet and maize and of
Exserohilum turcicum infecting sorghum, Johnson grass and maize. The existence of
races in Puccinia purpurea has also been documented from Hawaii and India. But
specific studies to further substantiate these observations and characterise the races/
pathotypes are still wanting. Such information is available for sorghum anthracnose
pathogens wherein two formae specialize-C. graminicola var. zonaum from India diffused
spots (up to 50mm) with numerous acrevuli in concentric zones; and C. graminicola
var. isolatum from Nigeria on the basis of morphological characters and pathogenicity
have been characterized. Among grain sorghum isolates of C. graminicola, pathogenic
variability has been reported, based on reaction on foliage on a set of sorghum cultivars.
So far, more than 60 races/pathotypes have been reported at the global level; mostly
the individual workers used different sets of differentials and different parameters for
evaluation of the variability. Based on the mean virulence above index across six
differential lines, 33 isolates collected from eight States of India were grouped into six
pathotypes. Variations among populations within States were evident as the isolates
from the same State fell into separate clusters (Rao et al, 1999). through ICAR-ICRISAT
collaborative studies, variability based on virulence and RAPDs has been reported in
Anthracnose and leaf blight (Mathur et.al., 2011).
Resistance to foliar diseases can be complex, controlled by a single or several
genes depending on the source of resistance, plant development stage and the pathotype
used. Molecular marker technology greatly facilitates the study of complex traits and
has made it possible to dissect the polygenes controlling such traits into individual
Mendelian factors. DNA-based molecular markers delimiting disease resistance loci in
sorghum have been reported for head smut, downy mildew (Gowda et al. 1995), leaf
blight (Boora et al.,1999), grain mold (Klein et al., 2001), and drechslera leaf blight,
target leaf spot, zonate leaf spot (Mohan et al., 2009). Recently, genes for anthracnose
resistance in sorghumhave been mapped to chromosomes SBI-05 and SBI-08 (Singh
et al., 2006; Perumal et al., 2008).
QTL analysis was undertaken using 168 F7 recombinant inbred lines (RILs) of a
cross between a female parental line 296B (resistant) and a germplasm accession
IS18551 (susceptible). A total of twelve QTLs for five foliar diseases on three sorghum
linkage groups (SBI-03, SBI-04 and SBI-06) were detected, accounting for 6.9–44.9%
phenotypic variance. The morphological marker Plant color (Plcor) was associated with
most of the QTL across years and locations. The QTL information generated may aid in
the transfer of foliar disease resistance into elite susceptible sorghum breeding lines
through marker-assisted selection.
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Charcoal rot : Charcoal rot of sorghum is problematic in rabi crop where it is raised in
residual soil moisture and water stress occurs at flowering. Macrophomina phaseolina
(Tassi) Goid (Syn. Tiarosporella phaseolina (Tassi) vam der Aa) is a soil borne fungus.
Lodging of plants at maturity is the main characteristic, butother symptoms include
decayed roots, plant death, and abnormal panicle with poor quality grain.Various methods
have been attempted for management of charcoal rot, like-biological control using
Trichoderma harzianum and Pseudomonas fluorescens, which reduced germination of
sclerotia by 60-63%.A naturaloil product contaibning actinidine extracted from Nepeta
clarkei, and hypovirulent strains due to association of Ds RNA viruses have shown good
suppression of thedisease.Breeding for nonsenescene (stay green types) is a promising
control strtategy for simultaneous selectionfor stalk rot resistance. Resistance to M.
phaseolina appears to be multigenic,with expression heavily influenced by the
environment.
Grain molds: The fungal related deterioration of sorghum, popularly known as Grain
mold. The fungi associated with sorghum grain molds are Fusarium moniliforme Sheld.,
(Gibberella fujikuroi) , Curvularia lunata (Wakker) Boedijn, F. semitectum Berk. & Rav,
and Phoma sorghina (Sacc.).F. moniliforme and C. lunata are of significance world wide.
Species of Fusarium are known to produce mycotoxins such as fumonisins (fumonicins
B1, B2 and B3), moniliformin, fusaproliferin, fusaric acid, fusaris, beauvericin and gibberellic
acid. Grain mold is generally associated with sorghum maturing under wet conditions.
Highly significant correlations were found between the grain old scores and mean
maximum relative humidity.
Research on grain mold usually have focused on host plant resistance and chemical
control.However, the methodology for screening for host plant resistance usually vary
widely from evaluation under natural conditions, artificial wetness, multilocational tests
and in vitro screening. The level of resistance has been high in colored grain genotypes
with tannins, followed by colored grain genotypes without tannins and finally white and
hard grain sorghums. DNA-based molecular markers delimiting disease resistance loci
for grain mold have been reported (Klein et al., 2001), Adjusting the time of harvest ,
i.e. harvesting at physiological maturity to avoid exposure of mature grains to excess
humidity and drying of grains to 10-12 % moisture have been advocated to avoid losses.
Finger millet : A wide range of fungal and bacterial diseases have been reported on
finger millet. The most important of these is blast caused by Pyricularia grisea. The
disease is both economically significant and very destructive, causing more than 50%
losses (Esele, 2002).The pathogen affects finger millet at all the growth stages of plant
development, from seedling to grain formation. Neck infection significantly reduces
grain number and grain weight, as well as increases spikelet sterility. The pathogen has
a wide host range including many graminaceous weeds like- Elusine indica, E. africana,
Digitaria spp., Setaria spp. and Doctyloctterium spp. Molecular analysis of the P. grisea
populations infecting rice and finger millet showed these to be genetically distinct (Viji
et al., 2000).
Zeigler (1995) reported the occurrence of fertile blast isolates from finger millet in
central Himalayan hills of Uttarakhand and showed differences in degree of sexual
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compatibility between M. grisea isolates from different hosts. Viji and Gnanamanickam
(1999) also studied mating type distribution and fertility status of Magnaporthe grisea
populations from various hosts in India. However the genetic relatedness and
aggressiveness of isolates infecting the alternative host plants is unknown. Distribution
of mating type varied with geographical region. Male fertile and female sterile isolates
segregated in 1:1 ratio among field isolates collected from both north and south India.
Field isolates from north India showed equal probability of getting male fertile, female
sterile and hermaphrodite isolates, which suggested that probability for sexual
reproduction in the population of M. grisea existed in nature in the central Himalayas of
India (Srivastava et al., 2009).
Four fungicides viz., carbendazim, tricyclazole, hexaconozole, propioconozole and
a biocontrol agent Pseudomonas fluorescens were tested for their efficacy to control
blast of finger millet. In two separate treatments first spray was either with carbendazim
or tricyclazole followed by mancozeb suppressed both neck and finger blast significantly.
The disease control resulted consistently in a significant increase in yield in plots sprayed
with propioconozole, although per cent added returns was highest in sprays with either
carbendazim or tricyclazole followed by mancozeb (Madhukeshwara et al., 2004)
The mixture of two strains of Pseudomonas fluorescens and two strains of Bacillus
afforded 88.87% (line 1) and 88.80% (line 2) blast suppression and this was the highest
level of biological blast control observed. The bacterial strains Pf-52 and KRU-22
suppressed disease by 86.64% and 87.87% respectively, in Setaria italica line 1, and
86.64% and 83.21% in line 2. In addition to disease suppression, the bacterial strains
significantly increased root and shoot length when compared with untreated plants. Of
the four strains, Pf-52, KRU-22 and the mixture of all four strains showed significant
increases of root length of 10.02, 7.44 and 13.29 cm (line 1), and 9.2, 5.7 and 13.11 cm
(line 2) in the root growth stage. As in the case of root length, Pf-52, KRU-22 and the
mixture of all four strains showed significant increases of shoot length of 11.38, 10.42
and 11.99 cm (line 1), and 9.87, 11.44 and 12.11 cm (line 2) in the shoot growth stage.
For use of host plant resistance, attempts have been made to identify and clone R
genes. Three-fourths of the recognition-dependent disease resistance genes (R-genes)
identified in plants encodes nucleotide binding site (NBS) leucine-rich repeat (LRR)
proteins. NBS-LRR homologs have only been isolated on a limited scale from Eleusine
coracana. Genomic DNA sequences sharing homology with NBS region of resistance
gene analogs were isolated and characterized from resistant genotypes of finger millet
using PCR based approach with primers designed from conserved regions of NBS
domain. Attempts were made to identify molecular markers linked to the resistance gene
and to differentiate the resistant bulk from the susceptible bulk. A total of 9 NBS-LRR and
11 EST-SSR markers generated 75.6 and 73.5% polymorphism respectively amongst 73
finger millet genotypes. NBS-5, NBS-9, NBS-3 and EST-SSR-04 markers showed a clear
polymorphism which differentiated resistant genotypes from susceptible genotypes. By
comparing the banding pattern of different resistant and susceptible genotypes, five
DNA amplifications of NBS and EST-SSR primers (NBS-05504, NBS-09711, NBS-07688,
NBS-03509 and EST-SSR-04241) were identified as markers for the blast resistance in
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resistant genotypes. Transgene involving a gene coding for a antifungal protein (PIN)
from Prawn was generated (Latha et al., 2005), that showed a dominant inheritance.
Reddy et al. (2010) reported that Resistance gene homologues were isolated from
finger millet (Eleusine coracana L.) using degenerate oligonucleotide primers designed
to the conserved regions of the nucleotide binding site (NBS) of previously cloned plant
disease resistance genes (R-genes) using polymerase chain reaction (PCR). Of the
eleven primer combinations tested, only five showed amplification of resistance gene
homologues in finger millet. BLAST search of cloned finger millet DNA fragments showed
strong homology to NBSLRR- type R-genes of other crop species. Of the 107 clones
sequenced, 41 showed homology to known R-genes, and are denoted as EcRGHs
(Eleusine coracana resistance gene homologues), while 11 showed homology to pollen
signalling proteins (PSiPs), and were denoted as EcPSiPs (Eleusine coracana pollen
signalling proteins). The cloned EcRGH sequences were classified into four clusters,
and EcPSiPs formed two separate clusters based on sequence homology at the amino
acid level. The amino acid sequences of the cloned EcRGHs showed characteristic
features of non-TIR-type R-genes, which have been identified in all the monocot species
studied so far. Six EcRGHs-specific primers were designed based on the sequences
obtained in finger millet; reverse transcription PCR was performed on the cDNA and
revealed the expression of EcRGHs in finger millet. The ratio of non synonymous to
synonymous nucleotide substitution (dN/dS) in the NBS domains of finger millet RGHs
varied from 0.3 to 0.7 for the different classes, which suggests a purifying selection,
though the LRR region also needs to be considered to make predictions. This report
on RGHs in finger millet will serve as a valuable resource for finger millet improvement
using molecular tools.

Future needs
•

Effective monitoring of the pathogen populations and resistance stability against
major diseases in the coarse millets

•

Need to use DNA-markers for characterizing the virulence of major pathogens
of different millets

•

Need to develop near-isogenic R-lines with different R-genes as host differentials

•

Identification of new resistance genes and avirulence genes and mapping them

•

Better understanding of QTLs and their contributions

•

Effective and efficient transfer of QTL to breeding lines

•

Strategic deployment of host plant resistance

References
Boora, K.S., Frederiksen, R.A. and Magill, C.W. (1999). A molecular marker that segregates with
sorghum leaf blight resistance in one cross is maternally inherited in another. Mol. Gen. Gene.
261:317–322

38

Plant Pathology in India: Vision 2030

Casela, C.R. and Frederiksen, R.A. (1995). Evidence of dilatory resistance to anthracnose in
sorghum.Plant Dis. 79: 908-911
Esele, J.P. (2002). Diseases of finger millet- a global overview.pages 21- 26. In Sorghum and
millets diseases.(Leslie,J.F.,ed.) Iowa State Press, Iowa ames.)
Frederiksen, R.A. (2000). Diseases and disease management in sorghum. In: Smith WC,
Frederiksen RA (eds) Sorghum: origin, history, technology and production. Wiley, New York,
pp 497–533
Gowda, P.S.B., Frederiksen, Xu GW, R.A. and Magill, C.W. (1995) DNA markers for downy mildew
resistance genes in sorghum. Genome 38:823–826
Klein, R.R., Rodriguez-Herrera, R., Schlueter, J.A., Klein, P.E., Yu, Z.H. and Rooney, W.L. (2001).
Identification of genomic regionsthat affect grain mold incidence and other traits of agronomic
importance in sorghum. Theor. Appl. Genet. 102: 307–319
Madhukeshwara, S.S., Mantur, S.G., Krishnamurthy, Y.L. and Babu, H.N.R. (2004). Control of Blast
(Pyricularia grisea (Cke.) Sacc) of Finger Millet (Eleusine coracana (L.) Gaertn) by Fungicides.
Environ. Ecol. 22 : 824-826.
Mathur, K., Thakur, R.P., Rao, V.P., Rathore, S. and Velazhahan, R. (2011). Pathogenic variability
in leaf blight pathogen Exserohilum turcicum and genetic resistance in sorghum. Indian
Phytopath. 64: 32-36
Mohan, S.M., Madhusudhana, R., Mathur, K., Howarth, C.J., Srinivas, G., Satish, K., Reddy, R.N.
and Seetharama, N. (2009). Co-localizationof quantitative trait loci for foliar disease resistance
in sorghum. Plant Breed. 128:532–535
Perumal, R., Menz, M.A., Mehta, P.J., Katile, S., Gutierrez-Rojas, L.A., Klein, R.R., Klein, P.E.,
Prom, L.K., Schlueter, J.A., Rooney, W.L. and Magill, C.W. (2008). Molecular mapping of Cg1,
a gene for resistance to anthracnose (Colletotrichum sublineolum)in sorghum. Euphytica
165:597–606
Pannu, P.P.S., Sokhi, S.S. and Aulakh, K. (1996). A resistance in pearl millet against rust. Indian
phytopath. 49: 243-246.
Rai, K.N. and Thakur, R.P. (1995). Ergot reaction of pearl millet hybrids affected by fertility
restorations and genetic ressitance of parental lines. Euphytica.83: 225-231
Madhavi Latha, A., Venkateswara Rao, K.and Dashavantha Reddy, V. (2005).Production of
transgenic plants resistant to leaf blast disease in finger millet (Eleusine coracana (L.) Gaertn.)
Plant Sci. 169:4 657-667.
Reddy, I.N.B.L., Srinivas Reddy, D., Narasu, M. and Sivaramakrishnan, S. (2010). Characterization
of disease resistance gene homologues isolated from finger millet (Eleusine coracana L.
Gaertn).Mol. Biol. Rep 38: 3427-3456.
Singh M, Chaudhary K, Boora KS (2006) RAPD-based SCAR marker SCA 12 linked to recessive
gene conferring resistance to anthracnose in sorghum [Sorghum bicolour (L.) Moench]. Theor
Appl Genet 114:187–192
Srivastava, T.R.K., Bhatt, R.P., Bandyopadhyay, B.B. and Kumar, J. (2009). Fertility status of
Magnaporthe grisea populations from finger millet. Indian Journal of Science and Technology
Vol.2 : ISSN: 0974- 6846

39

Plant Pathology in India: Vision 2030

Thakur, R.P. and Rai, K.N. (2002). Pearl millet ergot Research: Advances and Implications.pages
57-64. in Sorghum and Millet Diseases (Leslie,JF, Ed.) iowa State Press, Ames, Iowa.
Thakur, R.P., Rao, V.P., Wu, B.M., Subbarao, K.V., Shetty, H.S., Singh, G., Lukose, C., Panwar, S.,
Paco Sereme, Hess, D.E., Gupta, S.C., Dattar, V.V., Panicker, S., Pawar, N.B., Bhangale,
G.T. and Panchbhai, S.D. (2004). Host resistance stability to downy mildew in pearl millet
and pathogenic variability in Sclerospora graminicola Crop Prot. :23: 901-908.
Thakur, R.P., Rao, V.P., Wu, B.M., Subbarao, K.V., Mathur, K., Tailor, H.C., Kushwaha, U.S.,
Dwivedi, R.R., Krishnaswamy, R., Hiremath, R.V. and Indira, S. (2007). Genetic resistance
to foliar anthracnose in sorghum and pathogenic variability in Colletotrichum graminicola.
Indian Phytopath. 60: 13-23.
Viji, G., Gnanamanickam, S.S. and Levy, M. (2000). DNA polymorphisms of isolates of Magnaporthe
grisea from India that are pathogenic to finger millet and rice. Mycol. Res. 104: 161-167
Viji, G. and Gnanamanickam, S.S. (1998). Mating type distribution and fertility status of Magnaporthe
grisea populations from various hosts in India. Plant Dis. 82:36–40.
Yadav, O.P., Rai, K.N., Khairwl, I.S., Rajpurohit, B.S. and Mahala, R.S. (2011). Breeding pearl
millet for arid zone of north-west India: Constraints, Opportunities and Approaches. All
India Co-ordinated Pearl Millet Improvement Project, Jodhpur India

40

Plant Pathology in India: Vision 2030

Management options and researchable issues
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Pulse crops are the major source of protein in the predominantly vegetarian diet of the
people of India. We grow a greater variety of pulses than any other country. These pulses
include chickpea, pigeonpea, blackgraam, greengram, lentil, pea, mothbean, horsegram,
khesari and cowpea.
Several explanations for the low production of pulses have been offered.
•

Most of the pulse crops are grown by small farmers either on marginal lands and as
intercrops of as catch crops on residual moisture.

•

The use of low inputs and non availability of improved seeds and chemicals.

•

Pulse crops suffer losses due to weeds, diseases, insect pests, drought, water logging,
salinity and a variety of other stress factor.

•

Support prices and marketing arrangements are inadequate.

Management options
•

Soil solarization as a non chemical tool in plant protection
Methods is based on soil heating by covering the soil with transparent polythene
sheets for 4 weeks or more during summer, before deep ploughing and followed by
irrigation. Prof. Katan (1995) extensively elaborated the importance and use of soil
solarization in the management of soil borne diseases caused by fungi, bacteria and
nematodes etc. It also avoids soil and environmental pollution and crop yields can be
increased by 150% through soil solarization.

•

Integration of soil solarization with other bioagents and organic amendments.
It further enhance the effective management of soil borne diseases as well as reduce
the weed population.

•

Role of rhizobacteria in improving plant health/growth
Micro organisms colonize crop roots and thereby prevent the entry of various
nematodes such as root-knot, cyst and other pathogenic micro organisms. There is
a need for research on biotic, antagonistic potentials that play a vital role in the crop
rhizosphere.
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•

Integrated pest management relies on a judicious combination of techniques which
include biological control, host resistance and cultural techniques with near total
avoidance of chemical pesticides that rode the environment. Data generated by
ICAR and State Agricultural Universities, system have clearly shown that by adopting
this strategy, pesticide usage can be reduced and yield of crops increased. Since,
many farmers not familiar with the new techniques, there is need for supervised
operations at least in early stage, or till the IPM becomes widely known.

Researchable issues/opportunities for research on diseases of pulse crops
•

Symptomatology
Study of differential symptoms of seedling and post flowering mortality in lentil and
pea.

•

Loss assessment
Development of quantitative model for disease assessment e.g. Ascochyta blight and
Botrytis gray mold of chickpea, Phytophthora blight of pigeonpea, leaf curly and
powdery mildew of greengram and blackgram, wilt and rust of lentil, and powdery
mildew and rust of pea.

•

Pathogen taxonomy
a. Rust species in chickpea needs to investigate.
b. Survey of Phytopthora blight of pigeonpea leading to identification of one or
more species of Phytophthora in India.

•

Pathogen variability
Following pathogens require attention as far as the variability is concerned –
Ascochyta rabie, Botrytis cinerea and Fusarium oxysporum f. sp. ciceri on chickpea.
Fusaarium udum, sterility mosaic virus and Phytophthora drechsleri f. sp. cajani on
pigeonpea, Cercospora canescnce on greengram F. oxysporum f. sp. lentis on
lentil, powdery mildew on pea , greengram and blackgram and rust on pea, chickpea,
lentil.

•

Epidemiology

a. Study on primary source and mode of dissemination of Ascochyta on chickpea.
b. What are the resources for getting more phytophthora on alfisols than vertisols.
c. Epidemiology of pea rust, lentil rust and pea powdery mildew must be understood.
•

Disease resistance

a. There is a need to work out an efficient screening techniques for chickpea stunt and
Botrytis gray mold, cercospora and powdery mildew, mungbean and urdbean, leaf
curl, pea rust and powdery mildew.
b. Identification of genes from the wild species.
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•

Cultural practices
Solarization – Identify the situations where the cost benefit ratio is favorable even
with the high cost of polyethylene, we must take into account that it not only controls
many soil borne diseases, but also offers other advantages such as improved soil
fertility, weed and insect control and, of course, significantly higher yields of crops.
Experiments should be conducted on intercropping, mixed cropping, crop rotation,
date of planting for disease management.

•

Biological control

a. Production and delivery system of Trichoderma and bacteria need to work out.
b. Critical examination of relationship between mycorrhiza and diseases of pulse crops
•

Chemical control

a. Appropriate seed dressing fungicide should be work out to manage the seed borne
inoculum for Ascochyta blight and Botrytis gray mold of chickpea.
b. Experiments should be conducted to control Phytophthora blight of pigeonpea by
combining good soil drainage with the use of foliar sprays of metalaxyl when necessary.

Research and development
•

Soil borne diseases
Occurrence of soil borne diseases is increasing, research on their
symptomatology, epidemiology, interactions and management strategies should
be considered on priority. Field losses due to diseases should be estimated,
models to forecast disease should be developed in relation to various
meteorological parameters. Apart from quantitative quality losses of the produce
should also be considered. Research on integrated management of soil borne
pathogens of economic crops must be urgently initiated. Role of rhizobacteria
and other bio-agents in the management of soil borne pathogens must be
investigated. Efficient bio-agents should be formula tied to make available to
users. Extensive research on soil solarization for economic and effective
management of soil borne pathogens, including nematodes should be initiated
in collaboration where research on soil solarization in being done.

•

Disease assessment and epidemiology
Research efforts on developing methodology, prediction models and forecasting
systems of important crop diseases need to be intensified.

•

Integrated disease management
The future efforts shoul include both generations as well as transfer of IDM
technology to the farmers. Methodology for assessing the relative role of individual
components of IDM should be developed. The benefit cost ratio of IDM technology
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should be worked out. Future research on IDM should be production system oriented
rather than by crop of commodity, so that transfer of technology will be easy and
realistic.
•

Plant disease management related studies/biological control
Pellet formulation of bio-control fungus Trichoderma should be tested for controlling
Sclerotium rolfsii both in pot culture as well as in the field and dose for soil application
should be standardized.
Since Trichoderma formulation for seed treatment of pulses and oil seeds have
been developed under projects of GOI. It is necessary to ensure commercial
production to make them available to farmers. Govt. of India may be requested to
provide incentives such as a tax holiday for five years to the private sector when it
undertakes mass production of bio-control agents.

•

Transfer of disease management technology
More efforts should be made in the transfer of disease management technologies
generated by researchers to farmers. Disease management components other than
resistant varieties should also be included in transferable packages. Integrated
packages rather than individual components should be evaluated in the fields before
they are recommended to farmers management of multiple diseases and their
influence on successive crops in the cropping system should be studied. Farmer
participation in any technology transfer work should be pre requisite.
Multi institutional approach is essential to create awareness through audio-visual
aids and mass communication media to ensure effective technology transfer process.
Economics should be encouraged to measure the impact of transferred technologies.
More emphasis should be placed on the technology transfer of research efforts in
disease management.

•

Biotechnology in disease management
More emphasis should be given to biotechnological / molecular biological techniques
in reducing plant disease problems. Facility must be established for conduction of
studies on molecular fungal pathology. A laboratory with the entire advanced
infrastructure for disease diagnostics must be established to make available the
molecular probes for detection of fungal and bacterial pathogens.
More projects should be formulated to study race picture of important Plant pathogens
utilizing molecular methods, which have several advantages over race identification
using differential host genotypes.

•

Chemicals in disease management
Benefit cost ratio should be worked out in all field evaluation trials for the efficacy of
fungicides. Fungicides of microbial origin and compounds of allelopathic mature
should be evaluated of reduce pollution due to chemicals. A coordinated project for
uniform evaluation of candidate fungicide under different ecosystems in various
crop pathogen systems should be formulated.
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Current status and future research strategies
for diseases of pulse crops in India
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Pulses are an integral part of Indian agricultural since time immemorial because of their
multiple utility in human food, animal feed and soil health. India has the distinction of
being the top producer of pulses in the world accounting 25% of the global output of 58
m tones. The country has witnessed a spectacular 18.2 million tones of pulses production
during 2010-11 against 13 – 15 million tones obtained during 1960 to 2009. This has
been possible due to development of improved production and protection technologies,
their transfer to the farmers, supported with government efforts and blessed with
favourable environmental conditions. In spite of this, the progressive decline in per
capital availability of pulses from 69g in 1961 to 37 g at present is a matter of great
concern. The current productivity of pulses is only 640 kg/ha which is quite low as
compared with other crops. In order to feed the expected 1350 million populations by
2020 AD, around 27 million tones of pulses will be required considering the dietary
requirements of the predominantly vegetarian population in the country. To approach
this target, the current production and protection technologies are required to be further
strengthened and refined.
Chickpea (Cicer arietinum L.) pigeonpea [Cajanus cajan (L.) Millsp.], mungbean
[Vigna radiata (L.) Wilczek], urdbean [V.mungo (L) Hepper], lentil (Lens culinaris Medic.)
and fieldpea (Pisum sativum L.) are the major pulse crops grown under varied agroclimatic situations viz., north west plain zone (west U.P., Delhi, Punjab, Haryana and
West Rajasthan), north east plain zone (eastern U.P., Bihar, West Bengal and Assam),
central zone (Madhya Pradesh, Maharastra, Gujarat and Rajasthan), southern zone
(Tamil Nadu, Andhra Pradesh and Karanataka). At national level, the most important
pulse growing states are Madhya Pradesh, Uttar Pradesh, Rajasthan, Maharashtra,
Andhra Pradesh, Karnataka, Gujarat, Chhattisgarh and Bihar which account for more
than 90.0% of the production.
Among the major problems wilt, root rot, moulds, ascochyta blight, phytophthora
blight, alternaria blight, leaf spot, mildews, rust, anthracanose, sterility mosaic and
common bean mosaic are known to limit yields of these crops. Around 8-10 percent
crops are annually lost due to ravages of diseases alone causing heavy losses to the
National exchequer (Vishwa Dhar and Chaudhary, 2001). Reduction of losses caused
by these diseases is therefore, an important component of the crop production
technology. Integrated Disease Management (IDM) that encourages the most compatible
and ecologically sound combinations of available disease suppression techniques is
the right approach to mitigate the huge losses caused by these diseases.
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Disease problems
Most of the pulses are cultivated on marginal and rain fed areas and is prone to be
attack by a large number of plant pathogens. Chickpea and pigeonpea, the two most
important crops are attacked by over 170 and 210 pathogens, respectively. Similarly,
mungbean, urdbean, lentil, pea and rajmash are also infected with an array of pathogens.
The major diseases of pulse crops which are economically important in India are listed
(Table 1).

Management strategies
Efficient management practices for major diseases have been developed and their
utilization has lead to encouraging gains in improving productivity. However, their
integration with crop production packages still needs perfection. Development of means
of disease management such as cultural practices especially the resource conservation
technologies (RCT) and use of bioagents in combination with host plant resistance is
essentially required to develop integrated disease management packages for major
diseases. IDM modules for wilt, phytophthora blight in pigeonpea wilt/root rot of chickpea
have been developed. Crop rotations, inter- cropping, wider spacing, limited use of
fungicides and cropping of disease tolerant varieties are among the measures being
practiced by traditional farmers. There seems to be great scope for exploitation of other
means of disease management such as cultural practices and use of bioagents in
combination with host plant resistance in the light of resource conservation of efficient
crop production technologies. These options may be evaluated in farmers’ fields for
adoption and further refined. Though good progress in recent past has been made
towards the development of cultivars with resistance to many of the diseases, but their
effective utilization in management of these diseases has been very limited. Moreover,
the instability of resistance in the newly developed varieties due to high pathogenic
variability in the pathogens is an area of major concern for pathologists and breeders
engaged in crop improvement programmes. It is therefore, of utmost importance that
the extent of variability prevalent in the pathogen(s) across the locations is clearly
understood to streamline the resistance breeding programme.

Chickpea
Chickpea commonly known as gram is an important rain fed crop in India grown in
around 8.0 - 8.5 million hectares with 7.0 - 8.0 million tones and 850 to 900 kg / ha
productivity. In addition to wilt (Fusarium oxysporum. f. sp. ciceris), Ascochyta blight
(Ascochyta rabiei) and grey mould (Botrytis cinerea); dry root rot (Rhizoctonia
bataticola), wet root rot (R. solani), collar rot (Sclerotium rolfsii), stem rot (Sclerotinia
sclerotiorum) Alternaria blight and chickpea stunt virus diseases are emerging as a
potential threat in specific parts of the country, especially in dry areas and rice-chickpea
cropping system. Efforts made under National and International programme have enabled
to identify resistant sources to wilt, Ascochyta blight and dry root rot diseases and
these have been utilized in development of disease resistant varieties for different regions
of the country. However, instability of some of these varieties due to pathogenic variability
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Problem areas

Erysiphe pisi
Uromyces viciae fabae
(syn.U. fabae)
Uromyces viciae fabae
(syn.U. fabae)
F. oxysporum f.sp. lentis,
Rhizoctonia spp.
Bean common mosaic virus

Ascochyta rabiei
Fusarium udum
SMD Virus
Phytophthora drechsleri
f.sp. cajani
Alternaria alternata
Mungbean yellow
mosaic virus
Cercospora canescens and
Pseudocercospora cruenta
Erysiphe polygoni

Ascochyta blight
Wilt
Sterility mosaic
Phytophthora blight

Pigeonpea

Grey mould

Fusarium oxysporum f.sp.
ciceris, Rhizoctonia spp.,
Fusarium spp.
Botrytis cinerea

Wilt /root rots

Chickpea

Pathogen

Disease

Crop

Table 1. Major disease problems of pulse crops in India
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in the pathogens is fading away the attempts. Also, at present we do not have enough
multiple resistant cultivars against major and these location specific diseases. Information
on prevalence of pathotypes / races for most of the pathogens is either not available or
very scarce. Recently, new set of differential cultivars has been designed and the racial
profile of chickpea wilt pathogen (Foc) in the major parts of country has been determined,
but still its validation with large number of area specific isolates is needed (Anonymous,
2008). Honnareddy and Dubey (2006) reported the existence of highly variable population
of Foc across the country. The reaction on international differential cultivars of chickpea
was not able to distinguish the isolates in to known races of the pathogen, because
response of these cultivars to the isolates evaluated were not similar to the reactions
recorded earlier. More than one race from each states of India along with a few new
races has been identified. Based on the reactions of the isolates representing 5 states
of India on international differentials, more than one race was found to be present in
each state. Therefore, a new set of differential with 10 cultivars of chickpea has been
standardized for getting clear cut differential response of the changed Indian populations
of the pathogen (Dubey and Singh 2008; Dubey et al., 2010). Genetic diversity of the
Indian isolates of the pathogen has been characterized using different molecular markers,
namely, RAPD, ISSR, SSR, URP and some gene specific markers as TEF, beta-tubline
and ITS etc (Dubey and Singh 2008). ITS region based markers and RAPD based
SCAR markers for detection of Indian isolates of the pathogen have been developed
(Dubey et al., 2011). Vegetative compatibility grouping has been completed for India
populations of the pathogen. To determine the host pathogen interaction, two sets of
SSH library were prepared using JG-62 and WR-315 separately. A total 68 differentially
expressed clones were from WR-315 and 74 from JG-62 were of different functions
viz., defense, signal transduction, metabolism, transcription and translation, energy
and transport were identified (unpublished).
An attempt has been made for pathotyping of R. bataticola isolates and their molecular
characterization. The virulence analysis of the isolates of R. bataticola on a set of chickpea
cultivars namely ICC 12441, ICC 11332, ICC 11224, ICC 12450, Pusa 362, BGD 112,
Pusa 1103, Pusa 212, Pusa 1088 and BCP 17 under blotter paper as well as sick soil
grouped them into 6 pathotypes. The pathotype groups were related to agro-ecological
regions of the country (Aghakhani and Dubey, 2009a). Genetic diversity among 27 isolates
(23 from chickpea and 4 from other host crops) of Rhizoctonia bataticola representing 11
different states of India was determined by Aghakhani and Dubey (2009b) using random
amplified polymorphic DNA (RAPD), internal transcribed spacer restriction fragment length
polymorphism (ITS-RFLP) and ITS sequencing.
The screening for resistance against other soil borne diseases is a regular feature
under All India Coordinated Programme of chickpea along with other diseases, but more
concentrated efforts are required to identify stable resistant sources to new emerging
threats for combining resistance (Dubey and Singh, 2003; 2004 and 2008). Besides
resistant varieties, other management options based on cultural practices, chemicals
and bio-agents have been developed and limited efforts to integrate them with crop
husbandry have been made (Vishwa Dhar and Gurha, 1998; Vishwa Dhar et al., 2001 &
2004, Chaudhary, 2004; Gurha et al. 2005; Dubey et al., 2007; Dubey et al., 2011; Vishwa
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Dhar et al, 2011). Although, these options have helped the pulse growers to reduce
yield losses but more concerted efforts are needed to further refine these technologies
and make them more economical and acceptable (Chaudhary et al., 2008).

Pigeonpea
Pigeonpea is the second most important pulse crop after chickpea in India. It is grown
in around 3.5 million hectares producing 2.6 million tonnes in different parts of country
under a varied range of cropping systems. The average national productivity of 700-800
kg/ha is much lower than the production potential of 2000-2500 kg/ha of improved varieties.
The major diseases affecting the crop in different production areas include Fusarium wilt
(Fusarium udum), sterility mosaic (Pigeonpea sterility mosaic virus) and Phytophthora
blight (Phytophthora drechsleri f. sp. cajani). In certain specific locations, cercospora
leaf spot (Cercospora spp.), Alternaria blight (Alternaria alternata, A. tenuissina) and
powdery mildew (Leveillula taurica) assume importance causing significant yield losses.
Appearance and progress of most of these diseases are greatly influenced by weather
parameters and crop phenology. Annual losses due to wilt and sterility mosaic together
have been reported to be 302,000 tonnes (Kannaiyan et al., 1984).
Cultural practices like deep summer ploughing, selection of field having no previous
record of wilt, disease free seed, inter or mixed cropping with sorghum, maize, finger
millets, sesamum and crop rotation of atleast 3 years with non host crops such as sorghum,
tobacco, castor and sesamum have been recommended to reduce the incidence of wilt
(Reddy et al., 1998; Vishwa Dhar et al., 2005). Delayed sowing and increased plant density,
balance use of fertilizer and limited use of cultural operations also reduce wilt incidence.
Amendment of soil with green manures, saw dust and oil cakes are quite effective against
pigeonpea wilt. Judicious use of chemicals through seed treatment with benlate + thiram,
carbendazim + thiram or carbendazim has been found effective in reducing the wilt incidence.
Seed Antagonists, Trichoderma harzianum, T. viride, T. virens, Bacillus subtilis,
Pseudomonas fluorescens have been recommended against F. udum as seed treatment or
soil application or both either alone or in integration with chemicals by many workers.
However, efficacy has not been consistent at locations due to edaphic and other environmental
factors. Integrated disease management module for wilt has also been developed and
evaluated at farmer’s field (Reddy et al., 1998; Vishwa Dhar et al., 2005). Management of
Phytophthora blight by maintaining good drainage in field through ridge sowing has been
recommended. Intercropping of pigeonpea with soybean, cowpea, groundnut, mungbean
and urdbean as cover crops also helps in reduction of the disease. Integration of disease
tolerant cultivar, ridge sowing and intercropping with mungbean in north east plain zone
and combination of ridge sowing + soybean as cover crop and metalaxyl seed treatment in
central India has been recommended (Chaudhary et al.,2008).
Under the ambit of All India Coordinated Pulses Improvement Project and through its
collaborative programme with ICRISAT, a number of sources resistant to wilt and sterility
mosaic diseases have been identified (Nene et al., 1989; Vishwa Dhar and Chaudhary,
2001, Vishwa Dhar and Reddy, 2004, Mishra and Vishwa Dhar, 2010). Few of these
resistant sources have been utilized for developing wilt and sterility mosaic resistant
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varieties for different areas of the country. As in chickpea, variability in wilt and SM
pathogens poses serious threat to the stability of newly released resistant varieties and
therefore this aspect again needs to be adequately addressed. Limited studies on variability
in F.udum have indicated that the fungus exhibits physiologic specialization (Reddy and
Chaudhary, 1985). Recent studies at Indian Institute of Pulses Research, Kanpur have
revealed occurrence of 5 pathogenic variants in different pigeonpea growing areas of the
country which have been designated as variant 1, 2, 3, 4, and 5 ( Tiwari and Vishwa Dhar,
2011; Vishwa Dhar et al., 2011). A tentative distribution pattern of F.udum variants in India
has also been developed. Genetic diversity of the F.udum isolates from different parts of
India has been characterized using RAPD, ISSR, SSR and some gene specific markers
as TEF, ITS etc (Anonymous, 2008; Vishwa Dhar et al.,2011; Datta et al., 2009a & b;
2011). Tef based markers of diagnostic value are being developed. Further understanding
of the physiological races and genetic diversity of the pathogen is essential to guide the
development of appropriate strategies for breeding that will enhance durability of Fusarium
wilt resistance.

Mung, urd and other beans
Mungbean yellow mosaic virus (MYMV), cercospora leaf spots (Cercospora canescens
Pseudocercospora cruenta, C. dolichi, C. Kikuchii), dry root-rot and seedling blight
(Rhizoctonia bataticola = Macrophomina phaseolina), powdery mildew (Erysiphe polygoni)
web blight or wet root rot (Rhizoctonia solani), bacterial leaf spot (Xanthomonas
campestris pv. vignaeradiatae), Halo blight (Pseudomonas syringae pv. phaseolicola)
and leaf crinkle are the important diseases.
Major work in various organizations is continuing on management of diseases using
resistant cultivars and chemicals alone or along with bio-agents. Several resistant sources
to mungbean yellow mosaic virus and a few to CLS, powdery mildew have been identified
and disease resistant varieties developed (Vishwa Dhar et al., 2001; Singh et al., 2004).
For other diseases including the new emerging leaf crinkle virus resistant sources are
not yet available. The majority of the varieties showing resistance to foliar diseases
including mosaic are found susceptible to leaf crinkle. Studies on the etiology of leaf
crinkle are in progress at IIPR, Kanpur. Variability in cercospora species is being
determined. Chemical control through judicious application of carbendazim and other
fungicides along with bio-agents have been worked out (Dubey, 2003; Dubey and Singh,
2006a). Combination of seed treatment with thiamethoxam (CruiserTM) at 4 g kg-1 and
carbendazim (BavistinTM) + TMTD (Thiram TM) at 2.5 g kg-1 (1:1 ratio) followed by foliar
applications of thiamethoxam (ActaraTM) 0.02% and carbendazim 0.05% at 21 and 35
days, respectively, after sowing enhanced seedling establishment, shoot and root lengths,
number of pods, plant biomass, number of Rhizobium root nodules, 1000-seed weight,
and grain yield in mungbean with the lowest intensity of cercospora leaf spots and
mungbean yellow mosaic (Dubey and Singh, 2010). Vector (whitefly) populations were
also the lowest in this treatment during all stages of the crop. This treatment was cost
effective as it obtained the highest return per rupee of input. Integration of soil application
of T. harzianum based PBP 10G and seed treatment with Pusa 5SD alone and in
combination with carboxin (2g/kg seed) was found superior over any one alone in

50

Plant Pathology in India: Vision 2030

reducing dry root rot incidence and increasing seed germination, plant growth and
grain yield (Dubey et al., 2009). It was observed that rainy season urdbean crop sown
on 15 July gave significantly higher grain yield of both the varieties (barabanki local
and KU 99-4) over other sowing dates and favoured moderate development of both
cercospora leaf spots and yellow mosaic (Dubey and Singh, 2006b).

Lentil
Rust (Uromyces fabae, wilt (Fusarium oxysporum f.sp. lentis - Fol), root rots (R.
bataticola, R. solani , Fusarium solani) and collar rot (Sclerotium rolfsii) are the major
diseases of lentil. Good work has been done on identification of resistant sources of
rust and breeding rust resistant varieties (Vishwa Dhar and Chaudhary, 2001). As a
result several rust resistant varieties have been released for cultivation in disease endemic
areas. However, the situation is still unsatisfactory in case of Fusarium wilt where high
level of resistance is yet to be identified. The problem becomes more complicated due
to pathogenic variability in the fungus. The prevalence of as many as 4 pathogenic
groups among the Indian isolates of Fol has been reported (Anonymous, 2008). RAPD
and SSR markers were used to characterize the variability (Datta et al., 2009). More
efforts are required to work out the racial picture of the pathogen in India and in depth
studies on molecular diversity. Effective chemicals and their application schedule to
control rust have been recommended by several workers. Seed treatment / dressing
with fungicides and antagonists have been worked upon for management of wilt, root
rots and collar rot diseases. There is need to effectively address the cultural practices
that help in reducing the wilt, root rots and collar rot diseases.

Pea
Powdery mildew (Erysiphe pisi), rust (Uromyces fabae.), downy mildew (Peronospora
pisi), wilt (Fusarium oxysporum f.sp. pisi), wet root rot (Rhizoctonia solani ) and dry
root rot (Rhizoctonia bataticola (Macrophomina phaseolina) are the important diseases
of pea. The management practices based on cultivation of resistant cultivars, cultural
practices and chemicals are available for powdery mildew and wilt. The available reports
indicate that 2 races of F. oxysporum f. sp. pisi are known to exist. Race 1 is reported
in India. Variability has not been worked out for other pathogens. Seed treatment /
dressing with fungicides and antagonists have been recommended for management of
root rots and collar rot diseases.

Future research strategies
The following areas should be addressed properly for effective management of diseases of
pulses.
1. Molecular variability and racial profiling of major plant pathogens infecting pulses
such as, Rhizoctonia bataticola, R. solani, F. oxysporum f. sp. lentis, Ascochyta
rabiei, Sclerotinia sclerotiorum and Cercospora species.
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2. Validation of racial picture of F. oxysporum f. sp. ciceris and F. udum with new
set of differential against large number of area specific isolates. Distribution pattern
of the races in different crop growing areas.
3. Development and validation of PCR based markers for diagnostics of several
pathogens specially soil and seed borne in a single goal (multiplex-PCR based
diagnostics).
4. Functional genomics for identification of markers for virulence and resistant genes in
Fusarium species associated with wilt and root rots. Marker Assisted Selection for
multiple disease resistance breeding.
5. Evaluation and validation of effective bio-formulations for the management of the
diseases and generation of basic information on mechanism of disease
suppression and soil ecological aspects including soil properties (soil type, pH,
temperature, moisture and biological properties) to make bio-agents sustainable
under niche soil. Improvement in available formulations in respect of shelf life
and delivery efficiency are among the important factors need to be addressed.
6. Development on efficient strains of bio-agents through biotechnological
interventions.
7. Focus on cultural practices that help in management of diseases especially of
soil borne nature for efficient utilization and conservation of resources. These
include, planting methods, sowing depths, plant density, crop geometry, irrigation,
mulching, weed management practices, green manuring and organic amendments
and crop diversification.
8. Greater thrusts on the aetiology and management of important virus diseases
like leaf curl and crinkle of beans and stunt of chickpea.
9. Critical evaluation of existing Integrated Disease Management modules, their
sustainability under different cropping systems and further refinement based on
current options. Aggressive dissemination of these modules through on farm
adoptive trials.
10. Decision support system for economic management of diseases.
11. Impact of climate change on disease scenario, succession and severity and
strategies to overcome the changing disease situation.
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India ranks second in terms of area under fruit coverage and production after China.
The total area under fruit production in India is 5.78 mill. ha with total production of 63.5
mill. t, but the average productivity of fruit is very low, i.e., 11MT/ha. This is mainly due
to some very important threatening diseases of subtropical fruits, besides other factors,
which causes substantial loss affecting their production.
The mango (Mangifera indica L.) is cultivated in tropical and subtropical climate. In
India, it is greatly valued. India ranks first in mango area (2.2 mill. ha.) and production
(13.79 mill. t) in the world. The diseases like powdery mildew, malformation, die back
etc., causes enormous loss every year in mango. Over 140 fungi (70 diseases), about 12
nematodes and with a dozen of phanerogamic parasites and epiphytes are associated
with this fruit crop (Prakash and Misra, 1993; Prakash, et al., 1997)
Powdery mildew caused by Oidium mangiferae Berthed, is the priority disease of
mango. It is reported from 35 countries of the world and causes loss upto 90 per cent in
India. Inflorescence infection is the most important symptom which causes significant
loss of mango production in the country. The disease is weather sensitive, hence chemical
management with relation to epidemiological factor is of prime importance. On the basis
of epidemiological studies and control measures conducted for the last 25 years at CISH,
Lucknow, the disease cycle and an integrated disease management practice is worked
out. Now the disease can easily be controlled by adopting effective spray schedule in
relation to worked out weather parameters. As the disease is weather sensitive, need
based chemical control depending upon environmental conditions, effectively manage it.
Mango malformation is another important disease of mango but its occurrence is
sporadic. South and west India is almost free from the disease. Mango cultivar Ellaichi is
identified as resistant source of malformation at CISH, Lucknow. Identification of resistant
source (cv. Ellaichi) at CISH, Lucknow, opens a new line and can be used in transferring
gene in choicest varieties to overcome the problem of malformation (Misra et al. 2000).
The disease is also effectively controlled by repeated removal of malformed panicles for
3-4 years.
In recent years in different parts of India some new diseases are also recorded.
These diseases are posing serious threat to mango production. Some of the diseases for
which the causes are not determined are grouped under diseases of unknown etiology
and others are new diseases.
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Wilt in mango was not a common problem in mango earlier, but for the last few
years it has emerged as major problem in several mango growing areas of U.P. and
other parts of India viz. Tamilnadu, West Bengal, Karnataka, etc. Although exact loss
due to wilt is not estimated but it causes heavy loss as plant die and there is complete
loss. As disease causes sudden wilting, it can be related with the vascular wilt and some
wilt causing pathogens may be associated with the problem. This disease needs to be
worked out extensively on priority for reducing the loss in mango production.
Shoulder browning, tear staining and blemishing has emerged another major problem
of mango in recent years, which drastically reduces the market value of fruits. It is
more common in Saharanpur mango area, although it’s presence is also recorded in
other mango growing areas of U.P. Problem generally starts just after the onset of rains.
It is prevalent more in all the late maturing cultivars grown around Saharanpur, even in
late Dashehari harvested after rains. Unlike sooty mould, the scar can not be removed
from the fruits even after rubbing. Some times mixed effect of sooty mould and shoulder
browning and tear staining is also observed. The loss is so severe that farmers of this
region are desirous to shift to some other crop, as mango cultivation has become
unprofitable in these areas. The problem is very serious and needs our attention
immediately.
In recent years, mango clustering (Jhumka) has become of common occurrence
and every year there is substantial loss due to this problem. Several times there is
heavy flowering in mango in Malihabad mango belt of U.P., and initial set seems very
promising, but after few days most of the fruits drop. Locally the disease is called
‘Jhumka’ as it’s appearance is like an ear pendant. In several orchards the severity of
clustering is reported as high as 80 per cent. The malady is characterized by the
formation of bunch of fruitlets without seeds at the tip of panicles. The reasons ascribed
for the malady are lack of pollination and fertilization owing to aberrant weather conditions,
lack of pollination due to excessive use of pesticides, or simultaneous production of
vegetative growth associated with the malady resulting in massive diversion of photo
assimilates to the growing vegetative points leading to abortion of the embryo and
subsequent fruit drop. This also needs immediate attention of mango workers.
During recent past in tarai region of Uttar Pradesh a serious wide spread occurrence
of a leaf spot was recorded on leaves of mango. The pathogen causing the leaf spot
was identified as a new species of Plenotrichella and designated as Plenotrichella
mangiferae nov. sp. Prakash and Misra. This new disease also needs our immediate
attention.
Similarly guava is grown in about 150.9 ha with the production of about 1710.6 MT.
Out of country’s total area and production of fruits, its percentage share is 3.49 and
3.65, respectively. Though the guava is hardy plant, but it suffers by number of important
diseases viz. wilt and fruit rots resulting in the high loss of guava production in India and
abroad. About 177 pathogens are reported on various parts of guava plant or associated
with guava fruits. These cause various diseases viz. pre and post harvest rots of fruits,
canker, wilt, die back, defoliation, twig drying, leaf spot, leaf blight, anthracnose, red
rust, sooty mould, rust, seedling blight, damping off, etc. (Misra, 2003).
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Wilt is one of the most destructive diseases of guava in India and loss due to this
disease is substantial (Misra, 2006). It requires our priority attention. As the disease is
soil borne, there are limitations for the control of this disease. Extensive work has been
conducted on this disease for understanding the disease at CISH, Lucknow and various
control measures tried. Fusarium oxysporum f. sp. psidii F. solani and Gliocladium
roseum are reported as the cause of the disease (Misra and Pandey, 2000). Time to
time recommendations for the control of wilt has been given by different scientists and it
is required that a comprehensive integrated management practice is adopted which
include: a) Proper sanitation of the orchard: wilted trees should be uprooted, burnt and
trench should be dug around the tree trunk, b) Protecting plant from root damage: while
transplanting, roots of plants should not be damaged severely, tillage should be avoided
during rainy and after rainy season c) Pit treatment: The pits may be treated with
formalin and kept covered for about 3 days and then transplanting should be done after
two weeks, d) Green manuring, e) Use of oil cakes and lime, d) Judicious use of N, P, K
and Zn e) Separate basin irrigation to different plants f) Use of bioagents: Aspergillus
niger strain AN17, Trichoderma spp. or Penicillium citrinum have been found effective
(Misra, et al., 2000), g) Intercropping with marigold, garlic or turmeric, h) Use of resistant
root stock Psidium molle X Psidium guajava: This root stock is identified as resistant
source at CISH, Lucknow as repeated inoculation with Fusarium oxysporum, F. solani
and Gilocladium roseum could not reproduce disease (Misra, 2003).
Other important priority diseases of guava are anthracnose, canker, fruit rots, etc.
Anthracnose is a common problem of rainy season guava and causes fruit blemishing
and fruit rot. Market value is drastically reduced due to anthracnose fruit rot. Dropped
fruits in the orchard increases the incidence of anthracnose in fruits on plant. Though
chemical control is effective for this disease but as guava is consumed raw ecofriendly
management needs to be worked out. Similarly fruit canker caused by Pestalotia psidii
also needs to be managed with safe protectant. Various fruit rots of guava could also be
managed with pre-harvest sprays of fungicides (companion - Carbendazim + Mancozeb)
with proper post-harvest practices, i.e., harvesting and handling.
Similarly, the loss in citrus is as high as 46 per cent due to gummosis and decline
caused by Phytophthora spp. Post-harvest rots due to Penicillium sp. and other fungal
pathogens also causes substantial loss. These are priority diseases of citrus and needs
to be worked out for better management. Integrated approach management of
Phytophthora diseases of citrus includes production and use of Phytophthora free nursery
stock, use of tolerant rootstocks, appropriate cultural practices to mitigate disease
development, use of chemicals as prophylactic and for cure of the disease and use of
biological antagonists.
Banana, which ranks first in the world in terms of area and production, occupies
0.65 mill. ha., with the total production of 23.21 mill. t, suffers badly with fungal diseases
like panama wilt, sigatoka, cigar end rot, anthracnose, etc. and causes heavy loss. For
the management of panama wilt of banana, immediate removal of diseased plant with
surrounding soil, use of healthy planting stock, avoidance of root injury, control of
nematodes and use of resistant varieties are the practical methods for the control of
this important disease.
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Similarly aonla, which can be grown in waste and marginal lands and is of high
medicinal importance, suffers badly by post-harvest rots like Penecillium citrinum etc.
reducing the market value of the fruits. Careful harvesting and adoption of sanitary practices
in handling effectively reduces the incidence of this disease. Bael, which is a crop of drier
area, suffers from die back, Fusarium fruit drop and cracking etc. These minor fruits
which were not given importance earlier, now needs our attention as these fruits are
gaining importance due to there medicinal importance.
Dependency on management of these fungal diseases, only with chemicals needs to
be modified and integrated disease management practices needs to be implemented.
Hence, intelligent management practices (IMP), such as weather based chemical control
for air borne diseases and biocontrol for soil borne diseases with IPM in fruit crops may
substantially reduce the losses and could enhance the fruit productivity in the country.
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Soil and tuber diseases of potato such as bacterial wilt, common scab, black scurf and
dry rots are major tuber borne diseases prevalent in different parts of the country and
affect quality and marketability of the produce. They not only cause economic losses but
also spread to uninfected areas through infected seed potato tubers which form the bulk
of planting material. Bacterial wilt or brown rot of potato is a serious disease which is
likely to threaten potato cultivation with the rise in global temperature and requires
immediate attention. Common scab caused by Streptomyces spp. and black scurf caused
by Rhizoctonia solani are other serious potato diseases which are spreading fast due to
cultivation of potato in the same land year after year and lack of proper seed treatments.
Fusarium dry rot is an important post harvest disease of potato tubers which together
with soft rots causes significant losses in storage and transit of both seed and table
potatoes. Management of tuber diseases of potato, therefore, is an important issue in
the production of good quality of potato in the country and thus requires immediate
attention.

Bacterial wilt
Bacterial wilt or brown rot is caused by Ralstonia solanacearum (Smith) (Yabunchi et al.
1995). The pathogen has a wide host range affecting more than 200 plants species and
survives on weed hosts and in plant debris in soil. It is one of the most damaging pathogens
on potato worldwide and has been estimated to affect potato crop in 3.75 million acres in
approximately 80 countries with global damage estimates exceeding $950 million per
year (Floyd, 2007). The disease is present and limiting potato production in many parts
of India. With increase in global temperature it is likely to spread to new areas and affect
potato cultivation. There is nil tolerance to the disease in most international seed
certification systems and seed produced in bacterial wilt infested areas therefore, can
not be exported. Spreading of the disease to seed production areas can provide a great
set back to the seed industry. The, work therefore, need be taken up on priority to manage
the disease.
The pathogen Ralstonia solanacearum produces extracellular polysaccharide and a
phytotoxic glycopeptide toxin which causes wilting in infected plants. Historically, strains
of R. solanacearum were classified into five races based loosely on host range, and into
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five biovars based on differential ability to produce acid from a panel of carbohydrates
(Denny, 2006). Recently a more phylogenetically meaningful system has classified R.
solanacearum into four major genetic groups called phylotypes that reflect the
geographical origin and ancestral relationships between strains (Fegan and Prior, 2005).
R. solanacearum race 3 biovar 2 (R3b2) belongs to Phylotype II (sequevars 1 and 2).
Race 3 biovar2 is listed as an organism under bioterrorism act in the United States of
America. The host range of this group is not as wide as race 1. Shekhawat et al.,
(1978) reported the race 1 biovar III of R. solanacearum to be responsible for bacterial
wilt of potato in Indore. Recently prevalence of R3b2 has now been observed in Indore
and some other potato growing area and need to be confirmed. The pathogen population
with respect to biovars and races of the pathogen need to be characterized through
out the country, race distribution maps prepared, their likely effect on potato cultivation
ascertained and suitable management strategies worked out to manage the disease.
Symptom-less plants may harbour the bacterium and transmit it to progeny tubers
as latent infection. This could lead to severe disease outbreaks when the tubers are
grown at disease free sites. Use of healthy planting material is the most effective means
to control the disease. Planting material used in formal or traditional multiplication
schemes, therefore, need be tested for latent infection of R. solanacearum. Rapid
methods to detect pathogen in potato need be developed on priority. Work on this
aspect has been carried out by Priou et al. (1999) but needs further accuracy to detect
latent infection in tubers. The disease can be detected in conventional PCR assay
ranging from 102 CFU ml -1 (Khakvar et al., 2008) to 105 CFU ml -1 (Fegan et al., 1998).
To improve the sensitivity of a single round PCR, various modifications have been
employed viz., enrichment in semi-selective SMSA broth prior to PCR (Elphinstone et
al., 1996), real time BIO-PCR (Ozakman and Schaad, 2003) and nested PCR (Khakvar
et al., 2008). A two step protocol involving multiple displacement amplification (MDA); a
pre-amplification step for generating large quantities of high quality non specific whole
genome DNA using ö 29 DNA polymerase enzyme and random hexamer primers in an
isothermal reaction (Sorenson et al., 2004). MDA can amplify the whole genome more
than a billion fold directly from the few femtograms yielding micrograms of DNA
(Raghunathan et al., 2005). It is an ideal pre-PCR procedure for the detection of low
copy number sequences. Second step is R. solanacearum specific primer amplification.
Grover et al., 2009 reported detection of the as low as 1 CFU ml-1 of bacteria within 8 h
including DNA isolation. The sensitivity of the technique is comparatively more than the
standard PCR amplification. DNA detection tools for reliable detection of latent infection
by R. solanacearum, therefore need to be standardized further to detect minimal amount
of disease in large seed lots.
Breeding varieties resistant to bacterial wilt has often failed due to enormous variability
present in the pathogen. Breeding for resistance have not been very successful especially
under subtropical and tropical highlands. Cultivars derived from S. phureja which exhibit
resistance under cool highland subtropics succumbs to disease under high temperature
in the tropics. Therefore, temperature related variability in R. solanacearum need be
investigated and suitable breeding strategies need be devised.
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Endoglucanase gene sequencing has developed into a powerful tool to determine
the phylogenic relationships amongst the R. solanacearum stains since sequence data
for this gene from diverse hosts and geographical location is easily available (Horita et
al., 2010). Egl sequencing and ERIC PCR was employed to determine the genetic
diversity of R. solanacearum isolates from Philippines (Ivey et al., 2007). Ji et al.,
(2007) used the egl sequencing studies for determining the genetic diversity of R.
solanacearum strains isolated from ornamental and vegetable crops from Florida. Hong
et al. (2008) carried out the sequevar analysis of R. solanacearum from irrigation
ponds and associated weeds from Florida by egl gene sequencing. Cellior and Prior
(2010) studied the phylogeny of European and Mediterranean strains of R. solanacearum
by egl gene sequence analysis. Horita et al., (2010) divided the Japanese strains of R.
solanacearum isolated form potato into Phylotype I and Phylotype IV by egl gene
sequence analysis. In addition to egl and ITS, Prior and Fegan (2005) also described
the mutS gene sequence analysis for the classification of R. solanacearum into the
four phylotypes. mutS and egl sequence data was used to determine the phylogenetic
position of Phylotype II strains of R. solanacearum infecting diverse crops from Martinque
(Wicker et al., 2007). Mahbou Somo Toukam et al., (2009) carried out the sequence
analysis of mutS and egl genes from R. solanacearum strains from Cameroon to
determine their phylogenetic relationships. AFLP is a PCR-based DNA fingerprinting
technique. In AFLP analysis, bacterial genomic DNA is digested with restriction enzymes,
ligated to adapters, and a subset of DNA fragments are amplified using primers containing
16 adapter defined sequences with one additional arbitrary nucleotide. AFLP methodology
has been used to study the diversity of race 3 isolates of R. solanacearum (Van der
Wolf et al., 1998). Poussier et al., 2000 reported that AFLP permitted very fine
discrimination between different isolates and was able to differentiate strains that were
not distinguishable by PCR-RFLP. The pathogen population needs to be characterized
with respect to sequence analysis of 16s rRNA, egl, HrpB and mutS genes to understand
the virulence factors present in the population and develop suitable management
strategies.
The disease has been managed by soil amendments with urea, borax (Lee et al.
1982) together with use of healthy seed. Brassica crops used in crop rotations and as
green manures have been associated with reductions in soil borne pests and pathogens.
These reductions have been attributed to the production of volatile sulfur compounds
through a process known as biofumigation (Larkin & Griffin, 2007). However, changes in
soil microbial community structure with soil amendment requires to be understood for
advances in the disease management.
Biocontrol of bacterial wilt by use of antagonists such as Pseudomonas flourescens,
Bacillus spp, avirulent P. solanacearum and actinomycetes have been found to be effective
in some countries. In India, biocontrol of bacterial wilt by use of antagonists such as
Pseudomonas flourescens, Bacillus spp, have been found to be effective at some locations
(Shekawat et al, 1993). Similarly, Bacillus subtilis (strain B5) was recovered from
rhizosphere soil of potato plants growing in bacterial wilt infested fields of Bhowali,
(Uttarakhand).The strain B5 enhanced the crop yield and controlled tuber / seed borne
Ralstonia solanacearum under different climate conditions (Sunaina et al., 2006) More
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such biocontrol agents effective against bacterial wilt need be identified and their
deployment in potato field need be standardized for management of the disease in an
eco-friendly manner.
Incidence of bacterial wilt declines by application of bleaching powder @ 12 kg/h
mixed with fertilizer or soil drenching after first earthing up (Shekhawat et al. 1988a,b)
and use of healthy seed (Gadewar et al. 1991). Application of copra and pea nut meal
has been reported to reduce the disease (Shekhawat et al 1982). An integrated approach
involving use of pathogen free seed, reduction of field inoculum, growing crop under
right environmental conditions, chemical and biological control can help in management
of the disease. More such integrated approaches need be identified to manage the
disease and prevent its spread to healthy fields using the components suitable for Indian
subtropical conditions.

Common scab
Common scab of potato caused by Streptomyces spp. has spread to a vast area in
Indo Gangetic plains due to cultivation of potato year after year in the same land. The
disease appears on potato tubers as deep pitted or superficial brown irregular lesions
which greatly disfigure the produce and reduce its market value especially for processing
industry. The disease beyond 5% is not permitted in seed stocks by seed certification
agencies. The pathogen is both seed and soil borne. It can survive in soil for several
years in plant debris and infested soil. Many Streptomyces spp. may cause common
scab. The prominent among them are Streptomyces scabies (Thaxter) Lambert and
Loria, S. acidiscabies Bambert and Loria, S. turgidscabis Takeunchi, S. collinus
Lindenbein, S. Longisporoflavus, S. cinereus , S. violanceoruber, S.alborgriseolus, S.
griseoflavus, S. catenulae and others). S. griseus (Krainsky) Waksman & Henria in
combination with Fusarium oxysproum has also been reported to cause common scab
(Jeswani et al, 1987), Plant pathogenesis by Streptomyces has been reviewed by
Loria et al. 1997.
Potato is physiologically most susceptible to Streptomyces spp. in the period following
tuber initiation. Streptomyces spp infects the newly formed tubers through stomata and
immature lenticels (Loria et al.1997). Once the periderm has differentiated, tubers are
no longer susceptible to the pathogen (Loria et al. 1997). Irrigation during tuber initiation
and 4 to 6 weeks thereafter could suppress the disease significantly (Lapwood, 1966,
Lapwood et al. 1970, 1973). Mulching during earlier part of season and frequent irrigation
to maintain soil moisture approaching field capacity, from tuber initiating stage to maturity
of the crop, is thus universally recommended and practiced for control of common scab
(Lapwood and Hering 1970 Lapwood et al. 1973; Singh and Singh, 1981). But recently
it has been reported by many farmers that the recommendation of providing irrigation to
manage scab is not working at many locations and on the contrary an increase in scab
has been observed in fields provided with high irrigation. The issue needs to be
investigated taking into consideration variations in strains of the pathogen present in
different parts of the country, the associated antagonists and their response to moisture
level in soil so that the management practice could be suitably revised.
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Bio-control of common scab using antagonists such as Bacillus subtilis (Schmiedeknecht
et al. 1998), non pathogenic Streptomyces spp. (Lorang et al. 1995, Beausejour et al.
2003; Kurzawinska & Mazur, 2008) and bio-pesticides such as Geranium pretense (Ushuki
et al. 1998) have shown promise for control of common scab. Effective use of antagonistic
microflora need be standardized and exploited for management of the pathogen.
The disease can be reduced by use of single super phosphate. Application of
magnesium, manganese sulfate, and sulfur to potato crop has been found to reduce
common scab (Trehan and Grewal, 1980; Vashisth et al. 1990). Rotational crops such as
maize, cotton, sorghum, wheat, cabbage and onion have been observed to reduce incidence
of the disease (Shekhawat et al. 1991). However, seed disinfestations with chemicals is
the most commonly employed to control the disease. Seed treatment are methoxy ethyl
mercuric chloride and 3% boric acid (Shekhawat et al. 1993b) have been used for
management of seed inoculum. Effective integrated packages need be developed to manage
both seed and soil borne inoculum and prevent further spread of the disease to new
uninfected potato fields.

Black scurf and stem canker
Black scurf of potato caused by Rhizoctonia solani is a well known disease of potato with
worldwide distribution. It cause damping off of seedlings, stem canker in growing plants
and black scurf on potato tubers. The disease kill potato sprouts, delay crop emergence,
reduce crop stand, affect tuber quality and marketability of the produce. Yield losses up
to 35% primarily due to reduced crop stand has been reported by some workers (Carling
et al., 1989). Isolates of R. solani from potato mostly belong to anastomosis group 3
(AG-3) (Bandy et al., 1988). Sequence analysis of the genomic regions encoding the
internal transcribed spacers ITS1 and ITS2 is convenient for AG determination (Carling et
al., 2002; Woodhall et al., 2007) and has become increasingly common with the
accumulation of sequences from different isolates in databases. Strains of Rhizoctonia
solani need to be collected from the black scurf infested fields from all parts of the
country and need to be characterized through molecular markers. The pathogen is both
soil and seed borne but the disease spreads to new growing areas through sclerotiacovered seed tubers (Tsror and Peretz-Alon 2005). Seed-borne (i.e. tuberborne) inoculum
is the main source of primary infection leading to stem canker symptoms on the
underground plant parts. The disease gets established in fields wherever the untreated
infected tubers are used as seed. Secondary inoculum of the Rhizoctonia disease is
soilborne and accomplished by R. solani mycelia and sclerotia already inhabiting soil
where the potato crop is planted (Balali et al., 1995).
The disease can be managed by following proper cultural practices together with seed
disinfestations. Use of healthy seed free from sclerotia of the pathogen helps in disease
management. Planting should be carried out in relatively dry and warm soil to achieve rapid
crop emergence and an appropriate crop rotation programme should be followed. Shallow
covering of seed tubers allow less opportunity for the fungus to attack the susceptible
sprouts and thus less disease. Two to four year crop rotation with cereals and legumes
leads to decline in the population levels of the R. solani. Cereals are good rotational crops
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since R. solani affecting cereals have different AGs and cannot affect potato (Anderson,
1982). Crop rotation also offers an effective protection against soil borne inoculum of R.
solani (Carling et al., 1989). Soil solarization with transparent polyethylene mulching
during hot summer months in Indian subtropical plains has been found very effective for
control of the soil borne part of the disease (Arora et al.2000, 2006).

Fusarium dry rot
Fusarium dry rot is an important post harvest disease of potato tubers. It causes
significant losses in storage and transit of both seed and table potatoes. Healthy tubers
become infected through bruises and wounds occurring during harvest, handling and
transport, however, the symptoms of dry rot generally become evident only one to two
months after storage of such tubers. The affected tubers if used as seed may cause wilt
of plants in field. Planting un-suberized cut pieces of potato tubers can also result in
Fusarium seed piece decay. Fusarium spp. are present in abundance in soil and can
infect surfaces of cut tubers when used as seed. The cut seed pieces rot from surface
inward eventually destroying growing buds and result in poor emergence of the crop.
Under such conditions losses by Fusarium rots may go up to 50 percent (Chelkowski,
1989).
Polymerase chain reaction (PCR) has emerged as a useful tool for the detection
and identification of fungal pathogens. The internal transcribed spacer (ITS) region of
the rDNA can display variation within genera and are used in the differentiation of
species (Carbone and Kohm 1993). Studies using molecular techniques carried out
show that nucleotide sequences of ITS regions are useful for identification of different
Fusarium species. Molecular markers have been used to characterise genetic diversity
of different isolates of Fusarium oxysporum (Alves-Santos et al., 2002).
Pathogenic Fusaria are always present in soil, in air, on implements, containers
and it is practically not possible to eradicate them. They cannot infect intact periderm
and lenticels of tubers. Cuts and wounds created during harvest, grading, transport and
storage predispose them to infection. An increase in interval between haulm destruction
and the harvest increases strength of tuber skin and is generally believed to reduce dry
rots but the contrary view also exist (Carnegie et al., 2001). Dry rot development is
affected by tuber damage, degree of curing, tuber size and storage conditions. The
pathogen enters the tubers through wounds and proper wound healing could reduce the
infection. Tubers cured for wound healing at 21oC with adequate aeration develop wound
periderm in 3 to 4 days but it takes more time at lower temperature. Development of
disease is also affected by moisture and temperature. The fungus grows well between
15 to 28 oC. Storage period and relative humidity have been found to be positively
correlated with dry rot whereas maximum temperature was negatively correlated (Singh,
1986). Large sized tubers are more susceptible than small tubers. Susceptibility to
tubers may also increase with tuber age during storage. No significant correlation exists
between chemical composition of tubers and susceptibility to dry rots (Singh, 1986).
Avoiding bruises by careful handling of the produce minimize the dry rots. This can be
done by delaying harvesting for about two weeks after haulm destruction when skin of
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the tubers have matured. Bruises can also be avoided by taking suitable precaution with
machinery, proper adjustment and padding etc. of the equipments. Harvesting on cold
frosty morning predisposes potato to bruises. Planting of healthy seed, adopting sanitation
measures to avoid soil contamination through farm implements, irrigation water and
reducing soil inoculum through crop rotation and eliminating volunteer potatoes are
some of the measures which can reduce the risk of dry rot.

Future strategies
Future work need to be focused on molecular chacterization of important tuber borne
pathogens including Ralstonia solancearum, Streptomyces spp., Rhizoctonia solani
among others and list strainal variations prevalent in different parts of the country. This
will enable us to develop an in depth understanding of such pathogens and place the
disease management strategies on a sound footing. Developing better diagnostic
techniques to detect minimal amount of pathogen propagules present in large seed lots
can enable us to detect the disease and take remedial measure well in time before the
use of mildly infected seed become a potential source of inoculums later in the season.
This is especially relevant in case of latent infection of pathogens such as Ralstonia
solancearum causing bacterial wilt disease of potato where the latently infected seed
tubers can spread the disease to new uninfested areas. Search for new microflora
antagonistic to major potato pathogens and their use in consortium or together with low
doses of safer pesticides can further reduce our dependence on the harmful pesticides.
Reclaiming of sick soil where the pathogens has already got established due to continuous
cultivation of potato in the same land year after year need to be taken up on priority. For
this, use of improved techniques of soil solarization involving self degradable and
sprayable plastics need be explored. Identification and use of plant species suitable for
biofumigation of soil to minimize soil borne inoculum is another area which needs
attention. Developing new seed priming materials that are effective against most tuber
borne pathogens and pests of potato and their use as seed treatment before planting
could be a convenient way to manage diseases and pests of potato. Further improvement
in padding in machinery used during planting, harvesting, grading and handling to
prevent abrasions and wounds on potato tubers can prevent entry of Fusaria and Erwinias
in seed tubers and thereby prevent dry and soft rots developing in storage. Further
improvement in ventilation, temperature and gaseous exchange during storage and transit
can prevent conditions leading to tuber rots and facilitate management of tuber borne
diseases.
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Management of foliar diseases in vegetable
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Vegetable crops are grown in an area of 53.125 million ha with annual production of
1011.5 million tons in the world. India accounts for a production of 92.8 million tons in an
area of 6.9 million ha land (FAO 2009) occupying second position globally. The most
commonly grown vegetables in India are tomato, potato, onion, hot and sweet peppers,
colecrops, cucurbits, vegetable legumes, okra and leafy vegetables. Speciality vegetables
like lettuce, gherkins, celery, leeks, zukhuni, squash, sweet corn, baby corn, chinese
cabbage, brussel sprouts, broccoli, asparagus, fennel etc are grown in a limited area in
the country. India is exported many vegetables both fresh and in the processed form.
Vegetables have shown to earn 20-30 times more foreign exchange per unit area than
cereals. As per APEDA reports, India earned Rs 3051.3 crores in the year 2009-10 by
export of vegetables. The vegetable consumption per capita is increasing with an increase
in awareness on health consciousness among the population. The expected minimum
prescribed average per capita consumption of vegetables per day is around 300grams to
balance the nutritional security of individuals in their daily needs.
Vegetable crops suffer from a number of diseases caused by viruses, bacteria, and
fungi. Intensive cultivation, monocropping, lack of availability of resistant varieties result
in pathogen buildup, warranting indiscriminate use of chemicals. This result in
accumulation of pesticide residues in the produce, foliage, contaminating food chain
and water resources. With this background, the important concern in vegetable production
is food safety, for the domestic as well as export market needs. The food safety issues
predominantly confined to the minimization of pesticide usage in order to obtain residue
free or safe produce. Residue free produce can be achieved by scheduling the foliar
application of pesticides based on their MRL values and adopting waiting periods for the
dissipation of pesticides. By adopting alternative pest management strategies, using
safe chemicals and resistant cultivars, chemical usage can be minimized or avoided.
The research on vegetable crops disease management was focused by and large on
chemical based control measures during 1970- 1990. In the later part of 1990s there was
a paradigm shift in focus, on disease management by including botanicals, biocontrol
agents and arbuscular mycorrhiza etc., with additional benefits of plant growth promotion
was addressed. Many research laboratories were looked for effective antagonists as
disease suppressants resulting in the emergence of research on Trichoderma and
Pseudomonas fluorescence as seed dressers and as soil augmenters in soil health
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management. Later many antagonists were added to the list predominantly for the
management of soil borne diseases. Soil health management was also addressed by
soil solarization, and gradually withdrawing soil fumigants due to their hazardous nature
while handling, its ill effects on human health and high input cost per unit area.
In late 1990 or early 2000 the focus was shifted to integrated disease management or
integrated pest management strategies, to address on issues pertaining to the overuse
of pesticide chemicals, their residual toxicity on human health, negative effects on
environment and food chain etc. The IDM/IPM was a holistic approach for the management
of soil borne and foliar diseases involving, chemicals, resistant varieties, cultural practices,
trap crops, etc. Parallely breeding aspects on crop improvement which was focused
initialy on higher yields and quality was shifted to resistance breeding for single or multiple
diseases along with higher yields and other quality attributes. With this background the
futuristic requirement in vegetable disease management is addressed in this paper on
following issues

•
•
•

Prioritization of research issues on resistance breeding in vegetable crops

•
•

Harnessing microbial resources in biointensive disease management

•
•

Developing rapid screening techniques for quick identification of resistant sources

•

Shortlisting pesticides for their safety, waiting periods, MRL to incorporate in IDM
packages

Developing transgenic plants where no resistant sources are available.
Pathogen diversity analysis to assist breeders to obtain durable resistant varieties or
hybrids

Establishing culture repositories of pathogens for resistance breeding programme
and biocontrol agents for formulation of IDM packages

Developing IDM packages for minimization of pesticide usage and to produce safe
food

Resistance breeding
Resistance breeding is one of the best options in minimization of pesticide usage and to
obtain economical yields. Many diseases hamper productivity in vegetable crops. Thus,
the seed companies in private and public domain are entrusted with resistance breeding
for multiple diseases along with improved yield and quality parameters. Listed below are
some of the diseases where work is already going on and needs to be intensified further.
Tomato

-

Multiple resistance to TLCV, bacterial wilt (BW), fusarium wilt, early blight
(EB), late blight (LB) and tospo virus.

Peppers

-

Resistance to powdery mildew, anthracnose, viral diseases, phytophthora
blight and BW

Potato

-

Viral diseases, BW, EB and LB
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Brinjal

-

BW, phomopsis blight

Cucurbits

-

Fusarial wilt, gummy stem blight, anthracnose, downy and powdery
mildew

Okra

-

Fusarial wilt, powdery mildew, yellow vein mosaic

Onion

-

Basal rot, white rot, purple blotch, anthracnose, stemphylium blight, Iris
yellow

Legumes

-

Powdery mildew, rust, ashy stem blight, root rot, alternaria blight and
viral diseases

Colecrops -

Downy mildew, alternaria blight

Carrot

Powdery mildew, cercospora leaf spot, alternaria blight

-

Transgenics in disease resistance
In the absence of resistant sources, GM plants are the answer for several diseases eg,
spotted wilt of solanaceous and cucurbitaceous crops, resistance to Alternaria and
Phytophthora blights in many vegetable crops, chilli anthracnose etc. are some of the
major diseases where source of resistance is not available. Intensification of molecular
breeding approaches toward development of GM crops is of utmost importance in this
scenario

Pathogen variability and establishing culture repository
Understanding the etiology of several diseases, proving the pathogenecity are primary
requisites towards resistance breeding and disease management studies. Establishing
pathogen diversity, virulent strains helps in breeding varieties with durable resistance.
Conserving important pathogenic cultures, establishing culture repositories for easy
accessibility to the pathologists as well as crop breeders are essential prerequisites in
crop improvement programmes.

Rapid screening techniques
Handling of pathogens, restoring their virulence are vital steps in standardizing screening
techniques. Screening techniques are different for different pathogens and are yet to be
developed for several diseases in vegetable crops. A thorough screening of germplasm
accessions and advanced breeding lines with diverse pathogen population in a shorter
duration facilitates breeders to develop varieties in a short time span for multiple diseases.
In this direction diagnostics play a major role towards the correct identity of the pathogen
being exploited in resistance breeding

Disease management practices
Overuse of pesticides, wrong use of agricultural chemicals in disease management, non
availability of resistant planting material, not adopting good agricultural practices, poor
extension activities are some of the lacunae noticed in disease management practices
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in vegetable crops. Crop based IDM/IPM packages needs to be developed for all the
pests and diseases where a flow chart of treatments starting from seed till the end of
harvest to be developed. At present, the research in this aspect is fragmented to a
single pest / single crop recommendations leading to the overuse of pesticides.
Prioritization of broad spectrum pesticide chemicals, their compatibility with antagonistic
microbes, their MRL values and waiting period for dissipation of residues need to be
worked out to include in IDM packages. The seed treatment chemicals could be replaced
by several PGPR and biocontrol organisms. Refining or fine tuning of IDM packages is
a continuous process and research on this aspect needs to be strengthened and to be
addressed in a network mode. The IDM packages developed are to be tested extensively
in farmers field through KVK and other extension groups to create awareness among
farming community. The treatments included in IDM packages should address issues
mainly on minimization of pesticide usage along with quality produce. There is a need
to go for foliar application of bioagents and botanicals, in order to minimize the foliar
application of pesticide chemicals. Farming community needs to be trained in the area
of preparation of botanicals and bioagents to cut down the cost of pesticides and make
farmer self reliant than looking for supply sources of botanicals and bioagents.

Biointensive disease management
Harnessing beneficial microbes which enhance seed germination, seedling growth, crop
biomass and induce resistance in plants against diseases are the topmost priority areas
of research, towards achieving biointensive disease management. Soil augmentation
with FYM and organic farm wastes act as source of energy for enhancing soil microbial
population. Soil amendments with compost/oilcakes/ FYM and mulching with green manure
should be a regular practice to maintain soil health and to increase the disease
suppressiveness of soils.
Research on biointensive management of several foliar diseases needs to be
addressed. In this direction isolation and identification of microorganisms specific to
foliar pathogens like rusts, smuts, blights, mildews, leaf spots needs to be strengthened
with good infrastructure and financial support from funding agencies. Formulation and
toxicology studies of biopesticides at present is being carried out in a fragmented way
in several laboratories, needs to be consolidated. A national level project has to be taken
up with several coordinating centers on crop based biointensive management of pests
and diseases.

Pesticide residue research
Many referral labs need to identify for generating data on several pesticides, their MRL
values along with waiting periods. This facilitates to identify safe chemicals. Such
chemicals are to be further evaluated with promising antagonists to get compatibility
data. This information goes a long way in developing integrated disease management
packages to address food safety issues.
Thus, the management of foliar diseases in vegetable crops require a thorough
relook into the management strategies to achieve pesticide minimization aiming for food
safety and environment safety, which are the need of the hour.
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Pomegranate (Punica granatum L.) a native of Iran, is an ancient fruit endowed with nutritive
and therapeutic properties. Pomegranate which was considered a minor fruit until 1986, is
now grown in Mediterranean and other tropical and subtropical regions of the world. In
India, though fruit is found in many parts of the country, its commercial cultivation dominates
mainly in arid and semi arid regions of Maharashtra, Karnataka, Andhra Pradesh, Tamil
Nadu and Gujarat. There has been marked increase in growth rate of pomegranate area and
production during the last two decades and today India is the leading country world over in
pomegranate acreage (109 thousand ha) and production (834 thousand t). However,
pomegranate cultivation in the region in recent years received a jolt due to outbreak of
important diseases which have not only adversely affected the yield but also threatened
pomegranate cultivation. This article describes some of the important disease impeding
pomegranate production and their management practices.

Bacterial blight
Bacterial blight is one of the most dreaded diseases of pomegranate responsible for dwindling
yields and hampering crop cultivation in major pomegranate areas. Disease was of minor
importance until 1998, however, due to its widespread occurrence since then, disease has
been identified as a major constraint in pomegranate cultivation. Bacterial blight was first
reported from Delhi (Hingorani and Mehta, 1952) and subsequently Hingorani and Singh
(1959) reported it from Bangalore and identified the pathogen. At present disease is known
to occur in states of Maharashtra (52.5% disease prevalence), Karnataka (58.3%), Andhra
Pradesh (43.4%), Rajasthan and Himachal Pradesh. (Sharma et al., 2010). Apart from
India, bacterial blight occurrence is also reported from South Africa ( Peterson et al., 2010).
Losses due to bacterial blight may extend up to 80% under epidemic conditions.
Disease manifests initially as minute water soaked lesions on foliage which later turn
necrotic, circular to irregular in shape with conspicuous transparent halo. Infected leaves with
brownish black lesions may reveal chlorosis and drop. Initial infections on fruits reveal brownish
black lesions with minute fissures and subsequently these lesions enlarge resulting in fruit
splitting and rendering them unsuitable for consumption. Stem/twig infections, which are
common at nodes, may lead to girdling and canker formation.
Bacterial blight is caused by Xanthomonas axonopodis pv punicae (Hingorani and Singh)
Vauterine et al. Bacterium is a gram negative rod with single polar flagellum, aerobic, non
spore forming and measures 0.4-0.75 x 1.0-3.0 µm. ERIC-PCR technology has been
developed and used in the detection, differentiation and virulence screening of the
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pomegranate blight pathogen (Mondal and Singh, 2009). Pathogen survives in plant debris
and infected plant stems and buds (Kishun, 1993, Sharma, 2010) and its survivability is
reported for 5 to 7 months in infected fruits residues and leaves lying in field ( Rani and
Verma, 2002, Yenjerappa et al., 2009). Secondary spread of the pathogen is through wind
borne rain splashes, pruning tools, infected planting material, insect-vectors and farm workers
through contact (Benagi and Ravikumar, 2009). Bacterium infects plant parts through natural
openings like stomata, lenticels, hydathodes and wounds. Infected plants usually develop
symptoms within 7 to 15 days of incubation depending on meteorological conditions. Disease
remains prevalent throughout the year in infected orchards at temperature range of 9.0oC –
40.0oC and RH > 30.0% in mild to moderate intensities, However, moderate temperatures
between 25.0 - 35.0oC, high relative humidity of > 80.0% and frequent rains are highly
conducive for blight development as a result its severity increases alarmingly during summer
rainy months. Blight severity has been observed positively and significantly correlated with
relative humidity and rainfall (Sharma, 2010 b; Sharma et al., 2011).
Integrated blight management practices, as mentioned below, have resulted in effective
management of blight in recent years.
i) Planting the new orchard with healthy and disease free saplings from Tissue culture
or from disease free certified nurseries
ii) Avoidance of rainy season crop (Mrig bahar, June-July flowering) in blight affected
areas and regulation of autumn crop (Hastha bahar, October flowering)
iii) Adoption of stringent sanitation measures by collecting and burning the diseased
stems and fruits fallen on the ground. Pruning the diseased and dead stems/twigs
and immediately spraying plants with copper oxychloride (0.2%)/Bordeaux mixture
(1.0%)
iv) Orchard must be given rest period of 3-4 months to reduce inoculum build-up.
v)

Drenching the orchard especially area below plant canopy with bleaching powder
(@20kg/ha) at least twice a year vi) Application of chemical sprays comprising of
Streptocycline (500ppm)/Bactronol (2-Bromo,2-Nitropane,1,3 diol) (500ppm)
alongwith fungicides like copper oxychloride (0.2%) /carbendazim(0.1%) at 15 days
interval or at 7-10 days interval during the rainy season.

Pomegranate wilt
Pomegranate wilt is a destructive disease of wide occurrence and was first reported from
Nashik district of Maharashtra in 1978 ( Somasekhara, 1999). Disease surveys (2005-10)
revealed varied wilt prevalence in different states viz. Karnataka (61.1%), Maharashtra (
49.2%) and Andhra Pradesh (8.6%) ( Sharma et al. 2010 b). Losses due to wilt may vary
from 5 to 65.0% depending on severity of the disease.
Wilt symptoms are conspicuous by yellowing of the foliage of one or more branches of a
plant, followed by yellowing and drooping of the foliage of entire tree and ultimately resulting
in death of the plant.
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Ceratocystis fimbriata, has been observed to be the main cause of pomegranate wilt
(Somasekhara, 1999, Sharma et al., 2010). Recently, pomegranate wilt caused by C. fimbriata
has also been reported from Himachal Pradesh (Khosla et al., 2011). Besides India, C.
fimbriata causing pomegranate wilt is also known to occur in China (Huang et al., 2003).
Pathogen produces hyaline cylindrical endoconidia, oval to ellipsoidal thick walled brownish
aleurioconidia and globose perithecia with characteristic long hyphal neck through which
galeate shaped ascospores are discharged in chains. Besides C. fimbriata, some other
pathogens observed to cause wilt infections include, Fusarium spp. including Fusarium
oxysporum (Chavan and Dake, 2001), Macrophomina phaseolina, Rhizoctonia bataticola,
Root-knot nematode (Meloidogyne incognita), Shot hole borer (Xyleborus fornicatus) and
Stem borer (Celosterna spinator).
C. fimbriata survives either in plant host or debris and in soil as thick walled aleurioconidia
and is reported to survive in infected plant parts for 190 days (Somasekhara et al., 2009)
and in soil for at least 4 months (Sharma et al., 2010). Pathogen causes new infections in
host through roots and secondary spread takes place through irrigation and rain water,
insects, root-contact of adjacent plants, implements and infected seedlings. After infecting
the host, pathogen moves through cortex and xylem vessels and such infections often become
conspicuous by grayish streaks observed in vascular and cortex regions when infected root
or stem portion is dissected. Pathogenicity studies revealed that wilt symptoms initiates
within one month of inoculations and it takes about five months period for complete wilting
and death of the plant. (Sharma et al., 2010). Predisposing factors for disease build-up include
planting in deep heavy soils with poor drainage, close plant spacing (<4.5 x 3.0 m) and
excessive irrigation.

Pomegranate wilt management involves following integrated measures.
1) Pomegranate plantation should be a avoided in deep heavy soils with poor drainage
and also at close plant spacing (< 4.5x3.0 m) ii) High soil moisture favours C. fimbriata,
hence heavy irrigation should be avoided iii) Intercropping with marigold (Tagetes sp.)
is useful in managing root-knot nematode infestations.
2) Completely wilted plants should be removed and basin of the removed plant be
treated with suitable chemicals as mentioned below.
3) Soil drenching of plant basin with carbendazim (0.2%)/ propiconazole (0.15%)/
mancozeb (0.2%) + chlorpyriphos (0.2%) at monthly intervals in severely wilt infested
orchards is effective measure in wilt management. Root-knot nematode infestations
are managed by soil application of phorate/carbofuran (20g-30g/plant).
4) Soil application of bioagent formulations, Trichoderma viride (20g/plant)/Pseudomonas
fluorescens (20g/plant), is an useful measure in wilt management. Soil application of
neem cake (500g/plant) in tree basin is helpful in managing wilt.

Fungal fruit spots and rots of pomegranate
Pomegranate is susceptible to several fungal leaf and fruit spots and rots caused by different
pathogens, which may result in economic losses if not managed judiciously. Some important

76

Plant Pathology in India: Vision 2030

fungal spot and rot diseases of pomegranate and their management practices are described
here.
(i). Cercospora leaf and fruit spots
Leaf and fruit spots of pomegranate caused by Cercospora spp. are of widespread
occurrence and their disease severity in some orchards may range up to 40-50%.
Various species of Cercospora causing leaf and fruit spots have been reported viz.
C. granati (Chahal and Rawla, 1977) and C. punicae ( Gaekwad, 2000). Besides,
another genus Psudocercospora punicae is also known to infect Punica granatum.
Symptoms caused by Cercospora punicae on foliage appear as small, circular to
irregular reddish brown spots often with gray centre and yellow halo and may vary
in size from 1.0 – 8.0 mm. Diseased foliage may reveal senescence and drop.
Spots on fruits are brownish black in colour enlarged and may coalesce to cover
large area of the fruit. Cercospora spots on foliage and fruits often resemble bacterial
blight spots so closely that it becomes difficult to discern them in field. However,
critical examination of spots reveal that bacterial blight spots on foliage have
conspicuous transparent halo where as Cercospora spots lack these. Blight spots
on fruits have minute Y, L shaped fissures initially and later fruits reveal splitting
along with the spot, while Cercospora spots remain smooth without any fissure and
don’t result in cracking.
Cercospora punicae produces conidia on clustered dark olivaceous conidiophores
developing from stromatal base. Conidia are olivaceous, long, slender, straight to
curve, multicelled and their size varied between 19.37 – 100.0 x 2.85 – 5.63 µm.
Pathogen perpetuates in affected twigs and soil debris and conidia are disseminated
by wind and cause secondary infections in leaves and fruits. Cercospora spots are
more severe under humid and rainy conditions from July to December months
(Sharma, 2010 a).
(ii). Colletotrichum anthracnose
Fruit anthracnose caused by Colletotrichum gloeosporioides is an important disease
resulting in considerable losses in affected orchards. Anthracnose symptoms on
fruits initiates generally from the calyx end and advance toward remaining surface
of the fruit in the form of dark brownish to black spots and infected fruits may result
in rotting and drop . At times spots on fruits are some what spherical with light centre
and dark brown margin. Symptoms on leaves appear as minute brownish spots of
variable size and shapes.
Colletotrichum gloeosporioides produces acervuli which develop conidia on
conidiophores. The conidia are hyaline, cylindrical one celled with variable shape and
size. Conidia may have rounded ends with narrow centre or apices round or obtuse
and measures 12.31 – 18.26 x 4.13 – 5.62 µm. (Sharma, 2010 a) Pathogen survives
in plant debris and infected plant parts. Conidia are released from acervuli under
wet conditions and are disseminated by wind and rain splashes. High humid conditions
and moderate temperatures of 20.0 – 30.0oC favour disease development, as a result
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disease is more severe in rainy season during July – October months.
(iii). Sphaceloma scab
Fruit scab of pomegranate, of late, has become a major problem to reckon with as
disease is observed in mild to severe form in many pomegranate orchards of
Maharashtra and Karnataka. Fruit infections usually initiate at fruit setting stage or
even before, resulting in development of light brown protuberances which later turn
dark brown rusty and may cover entire fruit surface resulting in scabby appearance
and roughness on the surface. Severely infected fruits become disfigured and may
drop. Foliage infections reveal rusty or creamy lesions while stem infections may
reveal rusty brown corky lesions. Sphaceloma punicae, the cause of scab, produces
small, hyaline spherical to ellipsoidal conidia in acervuli. Pathogen survives in infected
plant parts and debris and dissemination of the pathogen mainly takes place through
wind borne water splashes. Fruit infections are favoured by humid and rainy condition
and subsequently disease may continue to develop even at lower humidity and
remains prevalent throughout the year (Sharma, 2010 a).
(iv). Drechslera fruit spot
The disease is observed in some orchards in mild to moderate proportions and is
characterized by numerous minute black spots with dark green reddish yellow margins
on fruit surface. Infections are also observed on leaves and stems. Drechslera
rostrata produces conidia which are golden brown, cylindrical, straight or curved
with many transverse septa, and have distinct protuberant hilum. The conidial size
may vary from 17.20 - 66.27 x 7.13 – 15.97 µm. Pathogen survives in infected plant
parts and debris. Conidia are disseminated by wind and splashing rains. Moderate
temperatures between 18.0 – 32.0oC and high humidity are favourable for disease
development.
(v). Alternaria fruit spots
Alternaria spots though remain prevalent for most part of the year, disease is of
minor importance. Enlarged dark brown spots are observed on leaves, which may or
may not be concentric. Infected leaves reveal senescence and fall off. Infections on
fruits can be observed as dark brown spots which on coalescing cover large fruit
area. Sometimes several minute spots of smoke black colour with or without definite
margins are observed. Stem infections are apparent as blackish sooty mass
particularly during the humid warm conditions . The spots are caused by Alternaria
alternata and the pathogen produces conidia which are brownish, oval or ellipsoidal
with prominent beak, muriform, formed singly or in chains on conidiophores. Pathogen
survives as mycelium in plant debris and infected plant parts mainly as mycelium or
spores. The conidia are detached and disseminated by wind. High humidity and
moderate temperatures are favourabe for disease development.
(vi) Phytophthora fruit rot
Two species of Phytophthora, P. nicotianae var. nicotianae and P. palmivora have
been observed to cause fruit rot in pomegranate. P. nicotianae var nicotianae:

78

Plant Pathology in India: Vision 2030

Disease is more severe on nursery plants resulting in their complete killing. Initial
symptoms on nursery plants reveal light brownish lesions on foliage and stems and
subsequently result in damping off symptoms. Infections on leaves are observed as
water soaked lesions which later became necrotic and covere almost entire leaf
surface. Fruits reveal light brownish blight lesions which continue to extend covering
large fruit surface. Fruit rot caused by P. nicotianae var nicotianae is of sporadic
occurrence and observed mainly under highly humid rainy conditions. Fungus produces
sporangia which were hyaline, spherical, ovoid to pyriform with conspicuous papillae
and measure 21.86 - 78.66 x 21.09 – 45.µm. Sporangia develop numerous zoospores
under moist conditions. Disease development is favoured by high humid conditions
and temperatures of 19.0 - 32.0oC, however, sporangial production is observed at
temperatures of 22.0 - 27.0oC under rainy conditions. Disease was observed in severe
form during October – November months in 2008 under Solapur (Maharashtra)
conditions. (Sharma, 2010 a). Fruit rot due to P. nicotianae var. nicotianae has also
been reported from Madhya Pradesh (Neama and Sharma, 2006).
Phytophthora palmivora causing brown fruit rot has been reported from Pune district
of Maharashtra (More et al., 1989). Brown fruit rot occurred in severe form in the
months of July- August, caused heavy incidence of 15-20% on developed fruits and
resulted in fruit drop. Rainy weather and temperatures 20.0 - 22.0oC favored disease
development.
(vii) Phomopsis dry fruit rot
Disease normally initiates from the calyx end as brown blackish spot with distinct
dark margin surrounding the spot. Spot continue to extend and spread all over the
fruit resulting in its dry rot. Phomopsis spp. produces pycnidia which develops two
kind of conidia, alpha ( hyaline, spherical to oval) and beta ( filiform and curved).
Fruit rot due to Phomopsis aucubicola was reported by Verma et al. (1952).
(viii)Coniella granati
Pathogen causes dry fruit rot. High humidity, rainfall and a temperature range of 22.032.0 oC favours disease development causing complete rotting of the fruit (Claramma
and Singh, 1977). The rot is characterized by softening of the rind and arils.
Besides above mentioned fungal spots and rots, following pathogens responsible for
various spots have also been reported on pomegranate from India.
Botryodiplodia theobromae, Curvularia pallescens, Discosia punicae, Nigrospora
oryzae, Pestalotiopsis versicolor, Sclerotium rolfsi and Beltraniella humicola,
Ceuthospora phyllosticta, Fusarium spp., and Cladosporium oxysporum.

Post harvest fruit rots
Following post harvest fungal pathogens are reported on pomegranate. Aspergillus spp. (A.
niger, A. flavus, A. fumigatus, A. variecolor, A. versicolor, A. niveus) Penicillium spp. (P.
frequentans and P.expansum) Alternaria spp.(A. alternate and A. solani), Rhizopus arrhizus,
Glomerella cingulata, Phoma punicae and Phomopsis aucubicola.
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Management of leaf and fruit spots and rots
1. Diseased leaves, twigs and fruits, fallen on the ground should be collected and
destroyed. Diseased and dead twigs of the plant should be pruned and destroyed to
check the spread of the pathogen. Drenching the orchard , areas below the crop
canopy with bleaching powder (20kg/ha) minimizes pathogens’ inoculum.
2. Since most of the spot and rot causing diseases are favoured by high humidity and
rainfall, it is advisable that rainy season crop (June-July flowering) should be avoided.
3. Leaf and fruit spots and rots can be effectively controlled by fungicidal spray schedules
comprising of any of the following fungicides. Carbendazim (0.1%)/ thio-phanate
methyl (0.1%)/ difenconazole (0.1%) / propiconazole (0.1%)/ mancozeb (0.25%)/
captan (0.2%) / chlorothalonil (0.2%)/copper oxychloride (0.25%)/ Bordeaux mixture
(1.0%). Of late, some combi products like mancozeb (63.0%) + carbendazim (0.12%)
have been found effective in the management of various fruit spots and rots. However,
for the management of fungal blight or rot caused by Phytophthora spp. like P.
nicotianae sprays of metalaxyl 8% + mancozeb 64% (0.2%) are effective. Sprays
may commence from time of disease appearance and continue at 15 days interval.
4. Application of Neem seed kernel extract (NSKE @5.0%) is observed beneficial in
the management of various leaf and fruit spots.

References
Benagi .V.I., and Ravikumar, M.R. (2009). Present status of pomegranate bacterial blight and its
Management. In: IInd Internatioan Symposium on Pomegranate and Minor including Mediterranaean
Fruits, 23-27 June, 2009,UAS Dharwad, Karnataka, India, pp. 53-58.
Claramma, L. and Singh,R.D. (1997). Climatic factors affecting the severity of pomegranate fruit rot. J.
Mycol. Plant Pathol.27(1): 48-50.
Chahal, S. and Rawla, G. (1977). Trace elements requirement for the growth of Cercospora granati.
Indian Phytopath. 30 (1): 47-50.
Chavan, S. and Dake, G. ( 2001). In vitro inhibition of Fusarium associated with wilt of pomegranate by
rhizobacteria. J.Mah.Agri.Uni. 26(3): 257-259.
Gaekwad, A.P. (2000). Synergy between carbendazim and mancozeb in controlling leaf and fruit spots
of pomegranate. J.Mah.Agri.Uni. 25(2): 165-167.
Hingorani, M.K. and Mehta,P.P. (1952). Bacterial leaf spot of pomegranate. Indian Phytopath 5: 55-56.
Hingorani,M.K and Singh,J.N. (1959). Xanthomonas punicae sp.nov. on Punicagranatum L. Indian
J.Agri.Sci. 29: 45-48.
Huang Q., Zhu Y.Y., Chen, H.R., Wang,Y.Y., Liu, Y.L., Lu,W.J. and Ruan, X.Y. (2003). First report of
pomegranate wilt caused by Ceratocystis fimbriata in Yunnan, China. Plant Dise. 87: 1150.
Khosla, K., Gupta, A.K. and Bhardwaj, S.S. (2011). Occurrence of pomegranate wilt caused by
Ceratocystis fimbriata in Himachal Pradesh. J.Mycol.Plant Pathol. 41 (3): 117-118.
Kishun, R. (1993). Bacterial diseases of fruits. In:. Chadha,K.L and Parek,O.P (eds).Advances in
Horticulture-Fruit Crops (Vol 3). Malhotra Publishing Home, New Delhi, India, pp. 1389-1404.

80

Plant Pathology in India: Vision 2030

Mondal, K.K. and Singh, D. (2009). Bacterial blight an emerging disease of pomegranate. In: Vth
International conference on Plants Pathology in the Globalized Era, 10-13, November, 2009, IARI,
New Delhi, p. 40.
More, W.D., Banger, S.G. and Khetmalab, M.D. (1989). A new fruit rot disease of pomegranate in
Maharashtra. J.Mah.Agri.Uni. 14 (3): 386.
Neama, S. and Sharma, N.D. (2006). Occurrence of Phytophthora nicotianae on pomegranate in Madhya
Pradesh. Indian Phytopath. 59 (1): 128.
Peterson, Y.,Mansvelt, E.L.,Venter, E., and Langenhoven,W.E. (2010). Detection of Xanthomonas
axonopodis pv.punicae causing bacterial blight on pomegranate in South Africa. Aust.Plant Pathol.
39(6): 544-546.
Rani,U. and Verma, K.S. (2002). Perpetuation and spread of Xanthomonas axonopodis pv. punicae
causing black spot of pomegranate. Plant Disease Research 17 : 46-50.
Sharma, K.K. (2010 a). Fungal leaf and Fruit spots and Rot diseases of Pomegranate and their
Management. In: Chandra,R and Jadhav V.T. (eds).Compendium of Model Training Course on
Production, Protection and Postharvest Management of Pomegranate, National Research Centre
on Pomegranate, Solapur, pp. 102 -110.
Sharma, K.K. (2010 b). Influence of meteorological factors on bacterial blight development under tropical
conditions of Maharashtra. In: National Symposium on Perspectives in Plant Health Management,
14-16 Dec. 2010, AAU Anand, Gujarat, p. 64.
Sharma, K.K., Sharma, Jyotsana and Jadhav, V.T. (2010 a). Etiology of pomergranate wilt and its
management. Fruit, Vegetable and Cereal Science and Biotechnology 4 (Special issue 2): 98-103.
Sharma, K.K., Sharma, Jyotsana and Jadhav V.T. (2010 a ). Status of bacterial blight of pomegranate in
India. Fruit, Vegetable and cereal Sciences and Biotechnology 4 (Special Issue 2): 102-105.
Sharma, K.K., Jadhav, V.T, and Sharma, Jyotsana. (2011). Present status of pomegranate bacterial
blight caused by Xanthomonax axonopodis pv. punicae and its management. Acta Hortic. 890 :
513-522.
Sharma, Jyotsana. (2010). Bacterial blight of pomegranate and its management. In: Chandra, R and
Jadhav V.T. (eds). Compendium of Model Training Course on Production, Protection and Post Harvest
management of pomegranate National Research Centre on Pomegranate, Solapur, pp. 89-97.
Somasekhara, Y.M. (1999). New record of Ceratocystis fimbriata wilt of pomegranate in India. Plant
Dis. 83: 400.
Somasekhara, Y.M. , Wali, S.Y. and Sheikh, M.K. ( 2009). Studies and the management (Punica granatum
L.) wilt (Ceratocystis fimbriata Latin American group). In: IInd International Symposium on
Pomegranate and Minor including Mediterranaean Fruits, 23-27 June, 2009,UAS Dharwad,
Karnataka, India, pp. 132-33.
Verma, R.R., Lal, B. and Tripathi, K.C. (1952). Evaluation of some pomegranate varieties to the Anar fruit
borer and fruit rot in Garhwal hills. Indian J. Forest. 6 (3): 237-238.
Yenjerappa,S.T., Nargund,V.B., Rafee, C.M.(2009). Studies on the survival period of Xanthomonas
axonopodis pv. punicae, the causal agent of bacterial blight of Pomegranate In: IInd International
symposium on Pomegranate and Minor Including Mediterranean fruits, 23-27 June, UAS , Dharwad,
Karnataka, India, p. 305.

81

Plant Pathology in India: Vision 2030

Emerging diseases of Bt cotton and their
management
R.N. PANDEY
Department of Plant Pathology, B.A. College of Agriculture, Anand Agricultural University, Anand 388
110, Gujarat
Email:pande56@gmail.com

Cotton (Gossypium hirsutam) is one of the most ancient and important commercial
fiber crop, grown widely in India. It has a significant role in Indian agriculture, textile,
handloom, vegetable oil, paper, cardboard and livestock feed industry. India commands
a premier position in global cotton scenario, with the largest area under all four species
of cotton namely Gossypium arboreum, G. hirsutam, G. barbadense and G. herbaceum.
The data, based on estimates for the year 2010-11, shows that out of total area of
111.42 lakh hectares under cotton cultivation, 98.54 lakh hectares are under Bt Cotton,
of which Gujarat, Maharashtra and Andhra Pradesh are the top producers of cotton with
105, 88 and 53 lakh bales cotton respectively, and 81%, 92% and 98% of their total
cotton cultivation area under Bt cotton. In Gujarat cotton acreage has gone up from 24
lakh hectares to nearly 26 lakh hectares, while the area under non-Bt cotton has gone
up from 7.5 lakh to 9 lakh hectares in the same period. Last year, Gujarat alone accounted
for nearly 1 crore bales of cotton with a productivity of 743 kg cotton/ha. Because of
wide range of climatic and soil conditions many diseases causes qualitative and
quantitative damage to cotton crop. The diseases together cause more than 10% annual
losses in cotton yield which results to a loss of about Rs. 1200 million.
The cotton crop suffers with bacterial, fungal, physiological wilting and nemic
diseases. During the last one decade, there has been a change in the relative importance
of the different diseases affecting cotton in India. These changes may be due to change
over from the cultivation of Asiatic or desi (G. herbaceum and G. arboreum) to American
cotton (G. hirsutum) and hybrids, most of them though high yielding are susceptible to
diseases. In the recent past about 50 Bt hybrids have been released by about 30 seed
producing companies in India. Both Bt and non-Bt cotton hybrids are equally susceptible
to the diseases. The per cent disease index varied from 22.88 to 32.58, and 27.74 to
57.28 to Alternaria, bacterial blight and grey mildew, respectively.

Important diseases of cotton
Bacterial disease
(i) Angular leaf spot/ black arm / bacterial blight Xanthomonas axonopodis pv.
malvacearum (E. F. Smith) Dye
It is one of the widely prevalent diseases of cotton and causes quantitative and qualitative
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yield losses. Disease is more serious in humid and rainy weather. The pathogen may survive
in the seed or on plant debris in the soil.
Symptoms:The disease attacks all the above ground plant parts at all stages of plants growth.
The disease appears as water soaked lesion of varying sizes on the under surfaces of the
leaves. The lesions on leaves are angular and water soaked, turning brown to black, delimited
by the small vein-lets of the leaves. Sometimes large areas are formed by due to coalescing
of a number of spots leading to death and shedding of leaves.
The lesions on the stems and petioles are dark brown, elongated and sunken. The
affected stems show cracks and gummosis which may cause girdling or death of the affected
organs.
The lesions on bolls are water soaked, sunken and associated with bacterial exudation.
The lesions on bolls may coalesce later and extends to whole tissues, where the lint may be
damaged and destroyed.

Losses

•

The disease causes losses of the chlorophyll of leaves and stem which reduces
photosynthetic activity of the plant and resulted in defoliation of leaves, rotting and
distortion of bolls.
• The disease intensity may vary from 13.58 to 21.09 percent and may cause of 520% losses in the seed cotton yield, seed index, oil percentage and ginning outturns.
Control measures

•
•
•

Soak the acid delinted seeds in Streptomycin sulphate, 1000 ppm (10 g in 10 lit of
water) solution for 8-10 hours before sowing.
Give 2-3 sprays of streptomycin sulphate 0.005% (5 gm in100 lit of water) + 0.15%
copper oxy -chloride, (150 gm in 100 l of water) at 15 days interval from the
appearance of the disease.
Collect and destroy plant debris after harvest.

Fungal diseases
(i) Wet root rot (Rhizoctonia solani Kuhn.)
The disease is common during seedling stage and high soil moisture favors the disease
development. The disease occurs in patches.
Symptoms : Infected plants show sudden death by wilting. The leaves showed drooping
without the sign of discoloration. Roots of infected plants rot and show shredding of the bark.

Control measures

•

Seed treatment of carbendazim at 3 g/kg or Trichoderma harzianum at 10 g/1 kg seed.
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•
•
•

Green manuring, crop rotation with non host crops and application of proper
recommended dose of NPK.
Apply T. harzianum 1.5 kg + 60 kg organic manure in furrow before sowing.
Drenching of carbendazim, 0.05% (10 g Bavistin/10 lit water) in soil near root zone
at the appearance of the disease.

ii) Vascular wilt (Fusarium oxysporum f.sp. vasinfectum (Atk.) Snyder & Hansen)
The disease is more severe during the boll setting and maturity of the crop. The
fungus survives in the soil as chlamydospores,
Symptoms: The chief symptoms are the yellowing, wilting and drooping of the leaves. Affected
plants are stunted. They gradually wilt and die. The vascular system becomes brown. Often
the diseased plants are small and with smaller leaves and bolls. Leaf discoloration appears
around the edges and progresses towards the midrib and leaves gradually drop down.

Control measures

•
•
•
•

Grow resistant varieties. American cottons are more resistant to the disease.
Sowing the healthy seeds from healthy plants.
Apply organic manures and potash in sufficient amount in the field before sowing.
Follow the crop rotation with non-host crop like; millets, groundnut and sorghum.

iii) Dry root rot (Macrophomina phaseolina (Tasi) Goid.)
The disease is common during the boll formation and maturity of the crop.
Symptoms : Infected plants show drying and wilting. The leaves showed drooping. Roots of
infected plants rot and show black discoloration and shredding of the bark. Secondary roots
are dried and such plant can be pulled up easily.

Control measures

•
•
•
•
•

Give seed treatment of carbendazim at 3 g/kg or Trichoderma harzianum at 10 g/1
kg seed.
Apply T. harzianum 1.5 kg + 60 kg organic manure in furrow before sowing.
Drenching of carbendazim, 0.05% (10 g Bavistin/10 lit water) to the soil near root at
the appearance of the disease.
Apply proper recommended dose of NPK.
Follow crop rotation for two to three years, green manuring, use of organic manure,
proper irrigation and mix cropping with moth bean and black gram.

iv) Anthracnose (Colletotrichum gossypii Southw.); Perfect stage : Glomerella gossypii
Edgerton.
The disease is more severe during humid and hot weather particularly in the month of
September and October. The pathogen is seed borne in nature.
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Symptoms : The disease appears as reddish or dark brown lesions on the leaves, stem and
bolls. The lesions enlarge and coalesce to cover more area. When the diseased area extends,
it causes the leaves and boll to shed-off. Often the boll infection results to boll rot.

Control measures

•
•

Seed treatment with carbendazim at 2 to 3g/kg seed.
Spray the crop with carbendazim, 0.05% at the appearance of the disease at 10-15
days interval.

v) Alternaria leaf spot (Alternaria alternata (Fr.) Keissler)
The disease incidence is observed more during capsule formation and maturity. The
fungus survives as mycelium in the infected crop debris.
Symptoms : The leaf spots are characterized by the appearance of typical brown mostly
circular lesions with concentric rings and reddish borders on the affected leaves, bolls,
bracts. The lesions may coalesce to form larger lesions and results in extensive defoliation of
infected parts. The disease intensity may vary from 22.88 to 32.58% and leaf defoliation.

Control measures

•
•

Spray the crop with mancozeb, 0.2% at 12- 15 days intervals as per the need.
Destroy the diseased plant debris after harvest.

vi) Grey mildew (Ramularia areola Atk)
This is also known as Aerolate mildew, false mildew or Dahiya. The disease appears
during cool winter and crop maturing stage as high humidity and low temperature help in the
spread of the disease.

Causal organism
The conidial stage of the causal organism is known as Ramularia areola Atk. The fungus has
an ascomycete sexual stage known as Mycosphaerella areola Ehr. & Wolf. Conidiophores
bear one or two septate, hyaline conidia. Spermogonia appear as raised black dots in lesions
on the lower surface of fallen leaves. When mature, rod shaped spermatia ooze out through an
apical opening in a viscous mucilage. Perithecia later replace the spermogonia and are
brown in color producing eight, two celled ascospores.
Symptoms
The disease appears first on the lower canopy leaves. Lesions are 3-4 mm in width bounded
by the vein lets, giving an irregular or angular outline to the appearance of the lesions.
It usually appears on plants, which are coming to maturity. The lesions are light green to
yellow-green in color on the upper leaf surface but, on the under surface, profuse sporulation
gives them a white mildew like appearance.
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Under humid conditions lesions become white on the upper surface also. Once active
sporulation ceases, the lesion becomes necrotic and dark brown in color. Similar lesions
may also develop on the bracts. The disease intensity may vary from 27.74 to 57.28 percent.
Severe infection may result in defoliation which may cause premature opening of balls and
deterioration of fibers.

Epidemiology
It mainly develops in the moist localities and also low-lying wet soils. When the temperature is
25-30°C the conidial germinate.

Control measures

•
•
•

Destroy the infected-plant debris.
Avoid continuous cultivation of cotton.
Spray of carbendazim or tridemorph, 0.1%, wettable sulphur, 0.2% or dinocap, 0.05%
at the disease initiation and as per the need.

vii) Boll rot ( Aspergillus niger Van. Tiegh.)
Symptoms: A soft pinkish rot develops on the side or base of the boll. Eventually the rot
changes from pink to brown with abundant production of black spores in the affected areas
resulting into a black sooty appearance.
The rots cause considerable damage by directly reducing the yield of seed cotton and quality
of fiber.

Control measures
•

Spray the crops with copper oxy chloride at 3 g/lit and carbaryl insecticide at 2-2.5 g/
lit of water at boll formation stage at 10-15 days interval.

(III) Deficiency disease:
i) Physiological wilting/ Para wilt/Reddening of leaf and bolls
The type of wilting/ drying of the crops are more associated with the genotypes of crop and
the improper crop husbandry. In last 2-3 years the disease is more common and severe in
Bt cotton. The disease has been observed in the plants wherein a number of bolls are formed
at a time or due to water stress and high environmental temperature (36-400C) and abrupt
weather change during the month of September/October.
Symptoms: The leaves and bolls show reddening first at the site exposed to sun. Later the
whole lamina becomes red in case of severity. The reddening of the leaves is followed by
shedding of the flower buds, flowers and young bolls. The maturing capsules break open with
emergence of cotton from it. The disease appears both in black soil and red soil and irrespective
of dry crop or irrigated crop. But in sandy loam soil the crop suffer the most due to the
disease.
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Control measures

•
•
•
•
•
•
•

Sowing of Bt cotton in well fertile soil.
Mix well decomposed composted manure and organic manures before planting.
Apply chemical fertilizers i.e. NPK, and micronutrients viz. FeSO4, ZnSO4, FeSO4
as per recommended dose at the time of sowing.
Application of 2% urea solution during boll setting and as and when required.
Care of moisture stress during boll development should be taken up.
Spray 1% MgSO4 solution at the starting of reddening of leaves observed at 15 days
interval as per the need.
Irrigate the crop to maintain the soil moisture particularly during higher temperature
(36-400C).

However, a systematic research is needed to find the cause and remedies to manage this
disease.
(IV) Nemic disease
(i) Reniform nematode : Rotylenchulus reniformis Linford and Oliveira )
Symptoms : The nematode causes severe pruning of roots which results in stunted growth of
plants. The lateral roots may be coarse and stubby.

Control measures

•
•
•

Spot application of aldicarb or carbofuran each at 1 kg a.i./ha after 15 days of
sowing have been found useful to reduces nematode population in the soil.
Crop rotation with mustard, chillies, onion, rice, sorghum, sugarcane and turnip
have been found useful to manage the disease..
Grow resistant varieties recommended into a particular area.

Future strategies

•
•

Etiology, epidemiology and management of para wilt.
Integrated management strategy for major diseases including nematode.
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Andaman and Nicobar Islands are situated at 6 o-14o North latitude and 92o-94o East
longitudes and have a chain of 572 emerald green islands and isles in the Bay of Bengal.
These Islands are situated in the equatorial belt and exposed to marine influences and
have a tropical warm humid climate with heavy rainfall of ~3100 mm distributed over 8
months. The soils of Andaman and Nicobar Islands have been developed under the dominant
influence of vegetation and climate over diversified parent material. The Andaman and
Nicobar Islands have a land area of about 8293 square kilometer and about 82 % of the
land area is covered with tropical forest encompassing over 2,500 indigenous and about
500 non-indigenous angiosperm species. About 50,000 hectares of area is under agriculture
out of which, coconut is grown over an area of about 24,000 ha followed by rice (8,390
ha), vegetables (5,200 ha), areca nut (4,152 ha), perennial fruits (3,119 ha), pulses (2,971
ha), spices (1,590 ha) and cashew nut (1,077 ha) (Anonymous, 2011). The prevailing high
temperature and relative humidity help in occurrence and spread of major pathogens
causing diseases of crops. A variety of fungal and bacterial pathogens cause severe
damage to agricultural production in many parts of these islands. Accurate diagnosis
and timely solving of field problems in crops are the vital components of crop management
which assures optimum use of inputs for enhanced productivity leading to increased
profits.

Status of diseases
The rice, pulses and vegetables are the important field crops in these islands, thus the
management of prevalent diseases play a major role in sustaining crop production
practices. On the basis of relative occurrence and severity, diseases are described below;

Diseases of rice
Rice is a staple food crop widely grown in this island with annual production of 24,907
tons against the domestic demand of 64316 tones to meet out the 39% of total rice
requirement of this islands. Rice being a crop of rainy season and the annual precipitation
of rainfall is maximum during the crop growth period, thus it is severely affected by
various fungal and bacterial diseases which ultimately reduces the crop yield and quality
of the produce. Some of the major diseases of rice in these islands are sheath blight,
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bacterial leaf blight and brown spot. While blast, false smut, sheath rot and bacterial leaf
streak are the minor diseases.
Sheath blight, a major disease caused by Rhizotonia solani result in heavy yield
losses during congenial weather in highly susceptible cultivars by reducing plant vigor
and growth. Fungal sclerotia survive for long periods in the soil and float to the surface of
flooded rice fields causing infection to weed hosts, which serves as pathogen reservoirs.
The brown spot caused by Helminithosporium oryzae has a worldwide distribution in
almost all the rice growing countries and this disease is also common in these Islands.
Blast is another severe disease of rice caused by the fungus Pyricularia grisea but its
occurrence in these islands depends on congenial weather conditions. Initially the disease
symptoms are found on leaf and gradually spread to nodes of the plant. On the leaf,
small spindle shaped black or brown spots with ash or whitish center are formed. Leaf
spots or lesions reduce the effective leaf area for photosynthesis. Leaf blight symptoms
are prominent covering whole leaf which turns white and dry down during congenial weather
in these Islands. Kresek phase coupled with yellowing and blighting on leaf is also some
time recorded. As heavy rains, water logging and high temperature during crop growth are
the major predisposing factors for occurrence of this disease. Bacterial leaf blight has
been reported to cause yield losses up to 60%. False smut caused by Ustilaginoidea
virens, is a minor diseases but sometimes occur in a serious form in these Islands. Yield
loss is not only due to the occurrence of the smut balls but also due to increased sterility
of kernels adjacent to the smut balls. The disease can reduce seed germination, yield
and affects grain quality. Sheath rot (Sarocladium oryza) is a minor disease in Andaman
and Nicobar Islands. It is occurring during panicle emerging stage of rice.

Diseases of vegetable crops
Cultivation of vegetables in different combinations with other crops in various cropping
sequence and rotations also helps in suppression of diseases and to ensure round the
year production. Disease pressure in the standing crop from seedling stage to harvest,
during transit, storage and marketing is one of the main constraints in vegetable production.
Base line studies of major vegetable growing areas of these islands revealed the prevalence
(incidence and severity) of 26 diseases from 14 vegetable crops comprising four families
(cucurbitaceae, solanaceae, malvaceae and leguminosae). The diseases of vegetable
crops have been caused by pathogens of various origins viz. fungi, bacteria, viruses and
phytoplasmas in trace to severe forms. Disease incidence ranged from 1 to 100 % and
severity from 1 to 60 % in different diseases of crops surveyed. However, their prevalence
varied in great extent due to change in cropping pattern, host resistance, cultural practices
and management practices. Wilt of brinjal, leaf spot of little gourd , frog eye spot of chilli,
leaf spot of snake gourd and leaf curl of tomato and chilly were found as major diseases
in vegetable crops in these Islands.
A high dose of fungicide is a threat to human animal and fisheries health. Excess
fungicide application particularly on vegetables also reduces population of beneficial
microorganisms and resurgence of biotypes of diseases. In order to fetch the maximum
monetary returns farmers are indiscriminately applying chemical fungicides which are
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neither ecofriendly, nor ensuring health aspects of consumers. Once the Integrated
Disease Management (IDM) program is followed, crop diseases are effectively managed
using very less money and efforts. Various biotic factors like fungi, bacteria, viruses,
phytoplasmas, nematodes, insect and mites are responsible for causing huge losses to
the crops. Abiotic factors like sun scald, nutritional disorders are indirectly associated
with the crop diseases that result into reduction in yield and quality of the crops. There
are some diseases which can be completely managed through mixed cropping, proper
cropping sequences and integration of eco-friendly IDM modules. Hence, there is a need
to demonstrate the potential of integrated disease management and integrated farming
system to create awareness among farmers for adopting cultural and organic disease
management practices. This can be utilized optimally for high IDM brand or organic
vegetable so that farmers can fetch maximum returns. Therefore, an effort should be
made to demonstrate the potential and benefits of IDM to the farmers.

Diseases of pulse crops
Pulses in general and mungbean, urdbean and cowpea in particular are the important
crops during Rabi season after harvest of rice in North & Middle, South Andaman and
Nicobar districts (Campbell Bay Islands). The trends of pulse cultivation in these Islands
has enormously changed during last 6 to 7 years with a proportional increase of 6 to 7
fold in area and 4 to 5 fold in production. Because pulses require the low inputs and have
the ability to improve soil fertility in this high rainfall area apart from providing additional
income to the farmers for their livelihood security and also fulfill the nutritional requirement
in remote islands.
All the three major pulses (mungbean, urdbean and cowpea) are affected by fungal,
bacterial and viral diseases. Some of these are causing severe losses in yield in the
epidemic conditions. Majority of the diseases are common across the agro-ecological
region of these Islands. Cercospora leaf spot and anthracnose are the major fungal
diseases in these islands. The fungus survives on the infested seeds and crop debris.
Intermittant rains at frequent intervals favour the epidemics of the disease, which ultimately
reduces the yield of crop. Yellow Mosaic Virus is the severe disease in these Islands on
these crops which is caused by the Gemini virus and is transmitted by Bemisia tabaci.
This viral disease is found on several alternate and collateral hosts which act as primary
source of inoculums. In case of mungbean, severe incidence of YMV been recorded
causing yield loss up to 70%. Despite YMV, leaf crinckle is another viral disease caused
by Urdbean Leaf Crinckle Virus (ULCV) and transmitted by aphids, whitefly and leaf
hopper. It affects the pollen production and seed setting which ultimately affect the loss
of yield. Unveiling the antagonistic potential of tropical microbes from rhizosphere and
extreme environments of Andaman and Nicobar Islands
Fungi belonging to Aspergillus, Mortierella, Paecilomyces, Pencillium, Pythium,
Rhizospus and Trichoderma groups were isolated from serpentine soils of Andaman and
Nicobar and were found resistant to cobalt (Pal et al., 2006). Eleven out of 38 isolated
fungi which tolerated > 6.0 mM Co (II) showed cobalt biosorption using dried mycelial
mass. The study revealed that metal biosorption capacity of isolates was accelerated
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with increasing cobalt concentration. There are few other studies on rhizosphere
microorganisms harboring nickel hyper accumulators Rinorea bengalensis was found
endemic to serpentine outcrops for their tolerance and accumulation of nickel (Pal et al.,
2007). A novel gram-negative, rod shaped, non-motile bacterium, strain AMV 16T was
isolated from a soil sample collected from a Mud Volcano located in Andaman Islands,
India. Based on the above mentioned phenotypic and phylogenetic characteristics, strain
AMV 16T is proposed as the representative of a novel genus and a new species,
Cesiribacter andamanesis gen. nov., sp.nov (Srinivas et al., 2011).
The extent of microbial diversity in nature is still largely unknown and untapped. It
needs to be collected, characterized and conserved for further exploitation for sustainable
agriculture. Andaman and Nicobar tribes are residing in undisturbed, unexplored land
masses and expected to have potential/novel agriculturally important microorganisms in
their vicinity. Collection, conservation, utilization of microbial genetic resources to
development of bio-fungicides, bio-intensive disease management of major crops for
sustainable productivity and conservation of natural resources are important in the Islands.
Due to intensive cultivation practices, the Islands encounter many diseases. Maximizing
the potential for successfully developing a biocontrol product begins with a carefully
crafted microbial screening procedure and proceeds with developing mass production
protocols. This is very much essential to optimize potential biocontrol with quantity that
preserves shelf-life, aids product delivery and enhances bioactivity.

Active mud volcano
Extreme and rhizosphere soils of Andaman and Nicobar Islands are microbially very
diverse in nature from where various types of fungi, bacteria and actinomycetes have
been targeted for their isolation, characterization and conservation (Table 1). Results
revealed enormous amount of novel microorganisms which have ability to be used as
antagonists, plant growth promoting, salt tolerant and thermo-tolerant properties during
the target years of testing.
A total of 80 rhizobacteria were isolated from coastal agricultural ecosystem of
cultivated vegetable rhizosphere soils. The isolates were screened for antagonistic activity
against Sclerotium rolfsii and Colletotrichum capsici and plant growth promoting (PGP)
traits (Kumar et al., 2010a). The results revealed that 15.0% and 43.7% isolates showed
statistically significant inhibition of mycelial growth of S. rolfsii and C. capsici respectively,
while 48.7% isolates produced siderophore, 57.5% isolates solubilized phosphate and
21.1% isolates produced indole-3-acetic acid (IAA) more than 20 µg/ml. However, only
three isolates PfS1, PfR2 and BL5 were found positive for all properties tested. The
identification of potential bacterial isolates through Microbial Identification System
(BIOLOG) and 16S rDNA sequencing of the isolates revealed that Bacillus species were
dominant in the cultivated vegetable rhizosphere soil of Neil and Havelock Islands, India
(Kumar et al., 2010). The isolates were studied for antagonistic activity against major
pathogens viz., Macrophomina sp., Sclerotium rolfsii, Fusarium oxysporum, Rhizoctonia
solani, Pythium sp and Colletotrichum capsici and PGP activities (IAA, PO4 solubilization,
siderophore and HCN production), salt tolerant properties and thermo-tolerant properties
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Table 1: Properties and percentage of the positive isolates from different
environments

Percentage of isolates

No. of multi-trait novel
isolates

Rhizosphere
soil

Mud
Volcano
& Lime
Cave

Barren
Island
(Active
Volcano)

25.1
21.1
21.1
43.7
18.1
ND

17.3
15.5
26.9
ND
14.8
ND

29.4
14.7
19.6
ND
ND
ND

15 bacteria and 8
Trichoderma spp.

Plant growth promoting properties
IAA
34.0
Po4 solubilization
43.8
Siderophore
58.1
HCN production
2.9

69.2
19.3
11.5
7.4

57.5
33.3
55.9
00.0

35 bacterial isolates
possess all properties

Hydrolytic enzyme properties
Protease
74.1
Cellulose
50.1
Amylase
63.7
Lipase
17.2
Pectinase
11.2
Chitinase
26.7

46.2
55.8
ND
ND
ND
ND

41.2
23.5
42.1
25.5
ND
ND

7 bacterial isolates
possess all properties

ND

3.7

15.4

ND

ND

20.6

Isolates BAN52, BAN88,
BAN96 and BAN100 were
grown up to 30% Na Cl
(w/v) conc.
Isolate BAN20 grown at
92°C

Antagonistic properties
Macrophomina sp
S. rolfsii
R. solani
C. capsici
Pythium sp.
F. oxysporum

Other properties
Salt tolerance
(13% Na Cl w/v)

Thermo-tolerance
(at 72°C)
ND: Not determined
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for possible use in the plant disease management and plant growth enhancement. The
potential isolates were amplified, sequenced and identified for their taxonomic classification.
After cultural, morphological and molecular characterization of 76 Trichoderma
isolates, four Trichoderma spp viz., T. ovalisporum, T. erinaceum, T. brevicompactum
and T. asperellum from Andaman and Nicobar Islands, India have been reported by Kumar
et al. (2010 b & c). A total of 79 gene sequences were submitted to NCBI, Gen Bank from
Trichoderma spp., 22, Colletotrichum spp. (22) (Kumar et al., 2010d) and other bacterial
species (45). Around 50 potential antagonistic bacterial and fungal species and plant
pathogens were deposited to National culture collection centers in NBAIM, Mau and
ITCC, Chandigarh.

Disease management through organic agriculture
Organic farming system in India is not new and is being followed from ancient time. It is
a method of farming system which primarily aims at cultivating the land and raising crops
in such a way, as to keep the soil alive and in good health by use of organic wastes (crop,
animal, farm wastes, aquatic wastes) and other biological materials along with beneficial
microbes (biofertilizers) to release nutrients to crops for increased sustainable production
in an eco-friendly pollution free environment. Organic farming is a system which avoids or
largely excludes the use of synthetic inputs (such as chemical fertilizers, fungicides,
hormones, feed additives etc) to the maximum extent feasible. It relies upon crop rotations,
crop residues, animal manures, off-farm organic waste, mineral grade rock additives and
biological system of nutrient mobilization and plant protection. The islands are endowed
with a high amount of rainfall (3000 mm) distributed over 8–9 months, but the home
gardeners do not utilize it effectively due to lack of knowledge. For achieving increased
and stable crop production of the system, techniques of integrated farming could be
applied coupled with IDM.
Some plant species are known to produce diverse range of secondary metabolites
like terpenoids, alkaloids, certain amino acids, sugars etc. Many of these plants induce
defense response when the plant extracts are applied to the healthy and infected plants,
and subsequently protect them from insect and pathogens. Much before the advent of
synthetic chemical, many botanical fungicides such as ‘neem’ were used to protect
agricultural crops from the damage of insects and diseases. Management of insect pests
and diseases using synthetic chemicals has created a number of ecological and
environmental problems. Environmental hazards aggravated by excess application of
dangerous chemicals which could be minimized using environmentally safe bio-control
agents. Some of the traditional plants used as bio-control agents against insects and
diseases in these Islands are Azadirachta indica, Annona squamosa, Pongamia pinnata,
Vitex trifolia, Vitex negundo, Ageratum conyzoides, Argemone mexicana, Tamarindus
indica, Calotropis gigantea, Coleus amboinicus, Eclipta alba, Orophaea katcehallic and
Costus specuiosus. These botanicals exert a range of behavioral and physiological effects
on the colonization, development, growth, survival and multiplication of various insects
which might be suppressing the diseases where these products spread for control of
insect and diseases. In view of this, environmentally safe botanical fungicides offer an
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alternative over synthetic chemicals for integration in integrated disease management
program. The botanical fungicides are relatively safe and do not leave any residues on
agricultural products. These are simple, eco-friendly and farmer friendly; therefore, there
are ample scope to utilize plenty of bioactive compounds available in native plant species
of Andaman and Nicobar Islands.

Suggestive basic IDM strategies for Islands
The followings are the key management strategies to mitigate the onslaught problem of
threatening diseases of major crops in these islands.

•

Growing resistant varieties which are well adopted along with suitable crop rotation for
Island ecosystem.

•

Vermi-compost production and its application as manure.

•

Use of resident bio-control agents (BCAs) as seed treatment, soil treatment, nursery
treatment and spraying.

•

Application of value added vermicompost and compost with BCAs.

•

Soil solarization for nursery bed area in the month of February to May.

•

Appropriate cultural practices for control of diseases.

•

Cleaning of bunds and eradication of alternate/collateral hosts of pathogens.
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The North east India, comprising of eight states, such as Arunachal Pradesh, Assam, Manipur,
Meghalaya, Mizoram Nagaland, Sikkim and Tripura, occupying about 2,62,179 sq.km, is
known for its rich bio-diversity. Physiographically this region can be categorized into the
Eastern Himalayas, the Patkai Naga Hills, the Brahmaputra valley and the Barak valley. The
region is characterized by high rainfall and high humidity. The diverse climate of the region
supports almost all types of vegetation from cultivated plants to grasslands, meadows, marshes,
swamps and scrubs, mixed deciduous and humid evergreen forest, temperate and alpine
vegetation.
The Indian Council of Agricultural Research (ICAR) has identified this region as a centre of
rice germplasm and the National Bureau of Plant Genetic Resources (NBPGR), India, has
recognized the region as being rich in wild relatives of crop plants. The region is endowed
with rich forest cover with great diversity of flora and fauna. The major forest types of the
region are- tropical moist deciduous forests, tropical semi evergreen forests, tropical wet
evergreen forests, subtropical forests, temperate forests and alpine forests (Hedge 2000,
FSI, 2003). The region is believed to harbor about 15,000 out of 80,000 species of flowering
plants.
This region enjoys tropical, sub-tropical and temperate climate. The major population depends
on agriculture. All types of agricultural crops are being cultivated because the soil is fertile
and climate is suitable. Rice cultivation, the staple food for the people of the region, is mostly
depending on summer monsoon which starts in May-June and continued till August-September.
During the same season cultivation of maize, spice crops like turmeric, ginger, chilies;
vegetables like brinjal, different types of beans, cucurbits, etc. and fruiting of most of the
temperate fruits such as each peach, plums, pears, etc. take place during the same season.
However, the same agro-climatic conditions that favor plant growth also favor growth and
multiplication of plant pathogens and high disease incidence during the same season occurs.
The most common crop diseases encountered in the region are listed as follows-

Diseases of cereals
Rice
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:

Blast of rice by Pyricularia oryzae (more sever under upland rice during MayJuly than in wet cultivation), brown spot- Drechslera oryzae (both jhum fields
and wet cultivation- July-August), sheath blight-Rhizoctonia solani ( less
common in jhum fields-July-Sept), false smut- Ustilaginoidea sp.(occurs
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but not in sever form- Sept-October), foot rot/bakanae disease-Fusarium
sp. (July-Sept under wet cultivation) and bacterial blight – Xanthomonas
oryzae pv. oryzae (common in some rice growing areas).
Maize

:

Downy mildews-Sclerospora sp. (July-September, very common), brown
spot-Physoderma sp. (July-September; very common), leaf spot/leaf blightDrechslera sp. (July-September; very common), anthracnose-Colletotrichum
sp. (July-September; common) and maize smut- Ustilago sp. (July-September;
less common).

Diseases of pulses
Pigeonpea :

Wilt - Fusarium sp. (common from July-October), stem rot- Phytophthora sp.
(July- October; Occurrence not common) and collar rot -Sclerotium rolfsii
(May-August; very common and destructive).

Pea

:

Powdery mildew-Erysiphe sp. (December-February; occur in sever form), rustUromyces sp. (January-February; occur in sever form) and wilt- Fusarium sp.
(Dec.-January; common).

Lentil

:

Leaf spot-Cercospora sp. (June-August; occur in sever form).

Soybean

:

Root rot- R. solani (August- September; not so common), anthracnoseColletotrichum sp. (August-September; common) and leaf spot- Alternaria
sp. (September-October, common).

Oilseed crop
Groundnut :

Leaf spots (early/late)- Cercospora spp. (June-August; common), rustPuccinia sp. (July-August; common) and collar/stem rot- Sclerotium rolfsii
Sacc.(June-August; common; destructive).

Sesamum :

Cercospora leaf spot-Cercospora sp. (July-August; common).

Mustard

:

Alternaria blight- A. brassicae (occurs in sever form), white rust- Albugo
candida (Nov-December; sever form; destructive) and downy mildewPeronospora parasitica (common).

Sunflower :

Alternaria blight-Alternaria sp. (common), stem rot-Sclerotium rolfsii (common)
and powdery mildew-Erysiphe sp. (common).

Sugarcane :

Red rot/Anthracnose on leaf- Colletotrichum falcatum (Aug-Sept; very
common), eye spot- Drechslera sp. (August- September; occur in sever form)
and smut-Ustilago sp. (common).

Diseases of plantation crops
Tea

:

Blister blight- Exobasidium sp. (very common), red rust- Cephaleuros sp.
(common) and grey blight- Pestalotia sp. (common).
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Rubber

:

Powdery mildew- Oidium sp. (Feb-April; sever on young leaves) and abnormal
leaf fall- Phytophthora- (not much common).

Arecanut

:

Fruit rot-Phytophthora sp. (June-August; common).

Cashewnut :

Anthracnose-Colletotrichum sp. (common occurrence).

Diseases of spices
Pepper

:

Foot rot-Phytophthora sp. (common).

Coriander :

Stem gall- Protomyces sp. (common) and powdery mildew- Erysiphe sp.
(common).

Turmeric

:

Leaf spot- Taphrina sp. (July-Sept.; very common and in sever form),
anthracnose/Leaf blotch-Colletotrichum (July-September; common) and
rhizome rot- Pythium sp. (June-September; common).

Ginger

:

Soft rot- Pythium myriotylum; (July-September, sever at high altitude), dry
rot-Fusarium sp.; (July-September, occur in sever form at lower altitude) and
leaf spot- Phyllosticta sp.(July-September; under shade lesser symptom).

Naga King :
Chilli
(world’s )
hottest chilli

Fruit rot/Anthracnose/Die-back - Colletotrichum capsici and C. gloeosporioides
(August-September; severe form), wilt- Fusarium/Bacteria- (July-September
common), mosaic – (less common) and leaf curl – (common).

Tuber crops
Potato

:

Late blight-P. infestans (May-June at high altitude; severe form), early blightA. solani (Feb-March at lower altitude; severe form) and bacterial wilt –
Ralstonia solanacearum (common).

Diseases of fruits
Citrus

:

Gummosis- Phytophthora sp. (common), powdery mildew- Oidium sp. (occurs
in severe form), sooty mold- Capnodium sp. (very common), bacterial cankerXanthomonas axonopodis pv. citri (severe in certain varieties), citrus greeningFastidious bacteria (common) and citrus decline – Multiple factors (very
common).

Grapevine :

Anthracnose on leaf- Gloeosporium sp. (common); downy mildew-Plasmopara
viticola (common), powdery mildew- Uncinula sp. (common) and rotting of
berries- Rhizopus/Botrytis common.

Mango

Anthracnose- Colletotrichum gloeosporioides (June-August on young
leaves), powdery mildew-Oidium sp. (common on inflorescence) and sooty
mold- Capnodium sp. (common occurrence).
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Banana

:

Sigatoka leaf spot- Cercospora musa (severe on Jahaji variety), anthracnoseGloeosporium sp. (more common on certain varieties), cigar end rot-Verticillium
sp. (common on some varieties), panama disease-Fusarium sp. (common
and destructive) and bunchy top-Banana bunchy top virus (common
occurrence).

Guava

:

Guava wilt-Fusarium sp.; (common occurrence) and AnthracnoseGloeosporium sp. (common).

Papaya

:

Collar rot/stem rot- P. aphanidermatum (common occurrence), anthracnoseC. gloeosporioides (common occurrence) and leaf spot- Phyllosticta sp. (very
common occurrence) A farmer claimed that he could control this disease
with ash) and leaf curl-TLCV (common and severe form).

Pineapple :

Fruit rot/soft rot- Ceratocystis paradoxa (very common occurrence), heart
rot/Stem rot-P. parasitica (common occurrence) and leaf blotch-Colletotrichum
sp. (commonly occur).

Jackfruit

Rhizopus rot- Rhizopus artocarpi (very common occurrence).

:

Vegetables
Brinjal

:

Alternaria leaf spot- Alternaria sp. (common occurrence) and phomopsis fruit
rot- Phomopsis sp. (common).

Tomato

:

Early and Late blight-Alternaria and Phytophthora respectively (common),
fusarium wilt- Fusarium sp. (common occurrence) and leaf curl – Tomato leaf
curl virus (common).

Chillies

: ` Anthracnose/fruit rot-C. capsici (very common occurrence), cercospora leaf
spot-Cercospora capsici ( common occurrence) and fusarium wilt-Fusarium
sp. (common).

Cucurbits :

Fruit rot/cottony leak-Pythium aphanidermatum (common), powdery mildewE. cichoracearum (very common) and downy mildew- P. cubensis (common).

Cruciferous :
crops

Club root-Plasmodiophora brassicae (common), black spot/dark leaf spot-A.
brassicae/ A. brassicicola (common), white rust- A. candida (common) and
black rot – Xanthomonas campestris pv. campestris (common).

French
beans

:

Anthracnose- C. lindemuthianum (common and in sever form), rust of beansUromyces sp. (common), common mosaic – virus (common) and yellow
mosaic – virus (common).

Colocasia :

Phytophthora blight- P. colocasiae (common occurrence, July-Sept. in
severe form, serious problem in colocasia cultivation) and storage rotAspergillus sp. (common occurrence).

Okra

Yellow vein mosaic – Okra yellow vein mosaic virus (very common in severe
form).

:
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Diseases of ornamentals
Rose

:

Powdery mildew-Sphaerotheca sp. (common) and leaf spot – Diplocarpon
rosae (less common).

Chrysanthemum: Powdery mildew- Oidium sp. (common).
Begonia

:

Powdery mildew-Oidium sp. (common at high altitude) and root Stem rotsPythium sp. (common).

Marigold

:

Powdery mildew-Sphaerotheca fuliginea (common) and leaf spot- Cercospora
sp. (common occurrence).

Carnation :

Fusarium wilt- Fusarium sp. (common), grey mold- Botrytis cinerea (common),
powdery mildew- Oidium sp. (common) and leaf spot-Alternaria sp. (common).

Geranium :

Leaf spot- Alternaria sp. (common), black stem rot- Pythium sp. (common)
and rust- Puccinia sp. (Common).

Gladiolus :

Botrytis rot- Botrytis cinerea (common) and storage rot- Penicillium sp.
(common disease).

Zinnia

:

Cercospora spot- C. zinniae (occur in sever form) and leaf spot- A. zinniae
(common).

Tulip

:

Tulip blight-Botrytis cinerea (common).

Lily

:

Foot rot-Phytophthora sp. (common disease) and fusarium scale/bulb rotFusarium sp. (common occurrence).
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India’s food grain production, which was 82 million tones in 1960-61, reached to about
220 million tones in 2010-11 and is projected to be about 342 million tones by 2030.
The population, which was 439 million in 1960, rose to 1210 million in 2011 and is expected
to increase to 1449 million in 2030. In India, more than 250 million people do not have
adequate food despite comfortable food and foreign exchange reserves and high growth
in GDP. The problems of declining land, water and labour force engaged in agriculture
have impacts on projected food demands for growing population. Cereals, pulses, tubers,
vegetables and fruits are important that provide food and nutritional requirements. All
these crop plants are susceptible to diseases both in field and post harvest. Globally,
these diseases are responsible for loss of 10% of global food production. Every year,
30% of crops is lost in India due to pests and diseases. The crop loss due to pest and
diseases is estimated to be Rs.90,000 crores annually. Among these, fungal foliar diseases
are economically important.

Foliar diseases and food security
Foliar diseases caused by fungal pathogens can threaten the food security. For example,
potato blight, caused by Phytophthora infestans, in Ireland during the 1840s was
responsible for death of a million people out of starvation and more than 1.5 million
people migrated. Migration of a highly virulent isolate of P.infestans from Mexico, favourable
weather conditions for epidemic development, lack of resistance in the potato and
dependence of Irish population on potato for sustenance are the reasons for this calamity.
There are other disasters caused by foliar diseases such as the Great Bengal Famine of
1943 in India and the southern corn leaf blight epidemic of 1970–1971 in the USA. In the
Great Bengal famine, 2 million people died due to the high dependence of most of the
population on a single crop, rice, which was attacked by the fungus Cochliobolus
miyabeanus. In the USA, maize crop was completely killed by C. heterostrophus, although
no one died, the agricultural economy was crippled. Fungal foliar diseases are more
severe in the tropical country like India, where congenial humidity and uniform warm
temperatures are the norm.
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Rice and wheat are the staple food crop for the India’s population, among whom are
many of the poorest. Rice is attacked by the Ascomycete fungus Pyricularia oryzae
(teleomorph Magnaporthe grisea), causing rice blast, resulting in losses of 10%–30%
of the crop every year. Other cereals are also affected by P. oryzae or the similar
species P. setariae; these include finger millet, Eleusine coracana, which, when attacked
before grain formation, can suffer complete loss of yield. Such an attack has serious
consequences in India where finger millet is an important food security crop. A species of
Pyricularia has also been reported as an increasingly important problem on wheat in
addition to rusts. Rusts are emerging as major production constraints in beans, soybeans,
grapes, fig and chrsanthemum. Members of the downy mildews such as
Peronosclerospora, Peronospora, Pseudoperonospora, Plasmopara, Sclerophthora and
Sclerospora regularly cause severe diseases on a variety of crops that include maize,
sorghum, pearl millet, onion, soybean, cucurbits, and grapes. The genus Phytophthora
belong to stramenopila and P. infestans is perhaps its most notorious species, causing
losses up to 100 % on potato and tomato crops and incurring heavy fungicidal costs for
control measures. Alternaria spp cause serious leaf blight diseases on tomato, potato,
cauliflower, cabbage, carrot, coriander, rapeseed mustard, sunflower, sesame and seed
species. Anthracnose caused by Colletotrichum spp is a serious production constraint in
chillies, yam, grape, mango, black pepper and cardamom and also known to infect more
than 25 hosts of field and horticultural crops. Cercospora is an economically important
pathogen in grain legumes, vegetables, groundnut and banana.

Success story of outreach programme on ALCOCERA
Recognizing the importance of three leaf spot pathogens Alternaria, Colletotrichum and
Cercospora in the National food and nutritional security, The Indian Council of Agricultural
Research, New Delhi has launched an out reach programme on “Diagnosis and
management of leaf spot diseases of field and horticultural crops”, christened as
ALCOCERA (Alternaria, Colletotrichum and Cercospora) during XI plan period to strength
the research efforts to tackle Alternaria, Colletotrichum and Cercospora incited disease
problems across the crops and regions of India as coordinated effort by through
understanding of pathogen diversity, developing molecular diagnostic kits for rapid
identification, developing bio-intensive integrated disease management strategies and
capacity building and empowerment of human resources. This programme is highly
successful and generated the following technologies and some of which have been
commercialized.
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•

A culture repository containing 500 fungal isolates, associated with leaf spot diseases,
belonging to Alternaria (12 species), Colletotrichum (4), Cercospora ,which has been
characterized based on morphology and mutli locus sequence typing has been
established. The multi-locus sequences were deposited in the NCBI.

•

PCR based diagnostic assays for rapid detection of A.solani in tomato, A.helianthi in
sunflower, Colletotrichum capsici in chilli, C. gloeosporiodes in mango and C. falcatum
in sugarcane.
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•

AltID- Alternaria identification system for rapid identification of A.solani,, A.porri,
A.macrospora, A.alternata, A. brassicae, A.brassicicola, A. helianthi, A.sesame,
A.carthami, A.ricini, and A.burnsii. The system is based on the IGS-RFLP patterns
and secondary metabolite profiling. Digest patterns and secondary metabolite profiles
are entered into an analysis package. If a match can be found, unknown isolates
may be identified in a matter of hours rather than the several days required for
traditional morphological analysis.

•

User friendly and computer based Alternaria infection prediction model (AIPD) and
Cercospora infection prediction model (CIPD).

•

A seed coating formulation christened as Seedpro based on Hypocrea lixi OTPB3 and
Bacillus subtilis OTPB1 for production of disease free quality vegetables seedlings
and formulations of Pichia guilliermondii (Y-12 isolate) for management of anthracnose
chilli.

Need for new initiative on foliar diseases
An epidemic of late blight on tomato caused by IN-3, a new population of Phytophthora
infestans, was recorded in Karnataka during 2008 and is currently spreading to other
states causing a serious concern to potato and tomato growers. Highly virulent wheat
rust fungus race Ug99 discovered in Africa has the potential to famine if aggressive efforts
are not taken to create new forms of resistance and other management strategies before
the pathogen spreads to India.
Taking clue from above examples, there is need to formulate new initiative during 12th
plan period for fungal foliar pathogens to develop cutting edge technologies across crops
and geographical regions, which would enhance the understanding about the foliar disease
and would generate eco-friendly and sustainable technologies to develop integrated disease
management packages to increase crop productivity, as it is economical, eco-friendly
and suitable for Indian farming systems where agricultural holdings are relatively small
and the practice of intercropping of diverse crops is common. There is need to fill up the
following research gaps to manage foliar pathogens effectively so as to safe guard national
food security and to avoid famines.

•

A repository of the foliar pathogens, particularly, rusts, smuts, powdery and downy
mildews is lacking.

•

Diversity of the species, existence of races of the foliar pathogens is not available.

•

Whole genome sequencing of rusts, downy mildew, blast, Alternaria, Colletotrichum
and Cercospora are lacking.

•

Lack of ready to use diagnostic techniques and kits for early and rapid detection of
seed borne infections and exotic threats.

•

Virulence characteristics of foliar pathogens, their nature, dissemination, and evolution.
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•

Molecular markers for fungicidal resistance and virulence.

•

Mode of survival of pathogen in soil in relation to soil parameters and hosts are lacking
and are important to design disease control strategies.

•

Lack of disease prediction models and decision support systems to reduce fungicidal
load and cost of production.

•

Exploiting the knowledge of the biochemistry and Molecular Biology of disease in
order to increase resistance.

•

Efforts need to be intensified to locate resistance /tolerance to these foliar fungi in the
available cultivars through intensive screening and to develop phenotypic and genotypic
screens.

•

Lack of bio-intensive IDM packages for effective and eco-friendly management of foliar
pathogens.

•

Lack of a user-friendly bio-informatics platform that supports the integration and use
of available data on major foliar pathogens.
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Concept
Disease is “ to inoculums if host is not limited. However, production of inoculums depends
on fitness of the pathogen on particular host genotype. The resistance gene in the host
plant imposes a penalty on the fitness of the pathogen. The interaction between host
and its pathogen revolves around this balance between the fitness of the pathogen and
the resistance gene. When the fitness of a pathogen is completely checked on a particular
host genotype the resistance is mostly considered to be vertical. While reduced rate of
growth and reproduction in the pathogen on the host genotypes aresults in horizontal
form of resistance. Vertical and horizontal resistance is the outcome of interaction of
host and pathogen over a large area at population level. In very few cases this phenomena
has seen in the gel of molecular biologists, cellular level in the culture tubes and single
plant or few plants under pot conditions. Thus the outcome of host – pathogen interaction
will remain in the driving seat and new emerging discipline would reinforce this field to
generate precise results and take accurate decision for the utilization of resistance in
various crop plants.

Introduction
Production of major food crops in the present decade is likely to be more influenced by
consumers ( packers, millers and processors) due to adaptation of several new
regulations related to food safety bills by various government and international law.. A
number of customized items have also been launched in the market. Emphasis on the
food processing to reduce the post harvest losses is one of the major goals of planning
commission to increase the food availability and ensure profitability of the famers. The
new food processing technology needs desired traits in the agricultural products to
maintain a uniform quality and product specification. The new technology demand
uniformity for physical and chemical parameters in grain as well as their other products.
Many industrial products based on grains also demand the cultivation of particular variety
to meet their various technological and market demand. The market driven agriculture
often forced the farmers to cultivate only few variety of different crops. The new market
demand is likely to further reduce the species diversity on agricultural land and would
create more uniformity of particular genotype over the larger area. In the past
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consequences of uniformity in genotype over a large area was seen in the form of
boom and bust cycle. Outbreaks of southern corn blight in maize and outbreak of yellow
rust of wheat are well documented with a threat to food scarcity. In coming decade the
genetic uniformity in wheat, maize, rice, sorghum, barley and other crops is likely to
increase many fold over a vast agricultural track. The currently existing diversity within
a crop species will further reduced and leads to the vulnerability to many diseases and
pests. The pest and disease management would revolve around “3 R” phenomena i.e.
Resistance, Resurgence and Replacement that is going to be witnessed under uniformity.
It will be difficult to intervene the market forces until new demand of new product is
generated that would be based on diverse species that would be created diversity in
crop stand. Major gene based resistance in major food crop will no more be sustainable
as it is seen today. However, with the current knowledge, genetic diversity needs to be
created in the back ground of the accepted genotypes. For that diverse crosses are
needed to be made and segregating generation needs to be evaluated for their
effectiveness and durability.
Test for durability needs time and space thus required several year to develop an
agronomically suitable genotype. This process can be enhanced by using molecular tool and
bio informatics. Many resistance genes working against important plant pathogen are belonging
to gene family. Where ever genomic data are available sequences of these can be align and
degenerate primer can be developed quickly for the selection in the segregating population.
The use of back ground selection with the help of molecular markers reduces the entire
process of durability testfrom several years to few years.

Interaction between genes for biotic and abiotic stressess
The chilling sensitive gene (ch2) of Arabidopsis showed phenotypes include yellowish
and collapsed leaves, increased electrolyte leakage, up-regulation of pathogenesis related
genes, and accumulation of excess hydrogen peroxide and salicylic acid (SA) at low
temeparature when grown at temperature below 16 0C. Map-based cloning revealed
that a single amino acid substitution occurred in the TIR-NB-LRR (for Toll/Interleukin-1
receptor- nucleotide-binding Leucine-rich repeat)-type resistance (R) protein RPP4
(for Recognition of Peronospora parasitica), which causes a deregulation of the R
protein in a temperature-dependent manner. The chs2 mutation led to an increase in
the mutated RPP4 mRNA transcript, activation of defense responses, and an induction
of cell death at low temperatures. In addition, a chs2 intragenic suppressor, in which
the mutation occurs in the conserved NB domain, abolished defense responses at lower
temperatures. Genetic analyses of chs2 in combination with known SA pathway and
immune signaling mutants indicate that the chs2 conferred temperature sensitivity
requires enhanced disease susceptibility, required for Mla12 resistance and suppressor
of G2 allele of skp1 but does not require phytoalexin deficient, non expressor of PR
genes, or SA. This study reveals that an activated TIR-NB-LRR protein has a large
impact on temperature sensitivity in plant growth and survival. For optimal growth and
survival, plants have evolved unique and sophisticated defense mechanisms against
multiple stresses, both abiotic and biotic.
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Temperature sensitivity
Frontana, CIM25 (a leaf-rust resistant breeding line), Pavon 76, Pari 73 and Flinders
carried low temperature adult plant resistance (LTAP) which was expressed only at 14.5
0
C. The adult plant resistance of Chris, Arz, Mukta, WW15(R) and VL421 was best
expressed at 30 0C, and these 5 wheat genotypes carried high temperature adult plant
resistance (HTAP). The adult plant resistance of WH291 was expressed equally at 14.5,
20 and 30 0C. The infection pattern of Mentana, WL410, IWP72, HD2204 and Son-KlRend was similar to that of Thatcher near-isogenic lines carrying the genes Lr22a and
Lr37 and their adult plant resistance was expressed only at 20 0C. The Thatcher nearisogenic lines carrying the genes Lr12, Lr13, Lr22b and Lr34, and WL711 having the
gene Lr13 did not show resistance against race 77-5.

Hybrid cultivars
Hybrids are likely to replace open pollinated cultivars in major food crops i.e., rice,
maize, sorghum, and pearl millet. Hybrids are going to occupy more than 80 areas of
these crops within few years. Hybrid technology is based on the high heterosis percent.
Out of the several crosses very few cross combinations provides the desired heterosis
for hybrid production. Genotypic and genetic diversity is likely to further reduced on
farm. As, stated above that reduced diversity will increase the vulnerability to diseases
and pests.
Many genetic interactions that were not common in the traditional cultivars will play
greater role. Many recessive resistance genes that are effective in several food crops,
vegetables and ornamentals are likely to be ineffective due to the presence of susceptible
dominant allele. In contrast to this many epistatis gene that was normally not fixed in open
pollinated cultivars would express very clearly. Additive genes with their small contribution
often give significant phenotypic expression need to be re-looked for their exploitation in
hybrid. All the additive genes need to be interogress in the hybrid parent to exploit it.
Complimentry, suplimentry, and duplicate genes will also express in hybrid. Most of the
genetic interaction in the hybrid and with the pathogen is known very little except in case of
Helmithosporium maydis in maize and Puccinia coronata in oat.

Conservation agriculture
Conservation agriculture is likely to be one of the major practices in agriculture for the
rejuvenation and sustainability of the agro- eco system. Conservation agriculture
relies mostly on the surface residue management. Under this practices soil borne plant
pathogen would get greater opportunity to infect the crop from seedling to maturity
stage. Direct seeded grain crop like wheat and rice are likely to suffer due to presence
of Rht genes responsible for its dwarf nature by reducing the coleoptiles length. So,
many cultivars with double and triple doses of Rht will not emerge successfully from the
soil and are likely to be infected by the pathogens since resistance mechanism generally
become more effective with the photosynthesis. Under moisture deficient conditions
seeds are sown at greater depth in conservation agriculture which will take some more
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time for their emergence. This additional time during which the plumule stays within the
soil will be infected by the soil borne non host specific pathogen like Rhizoctonia,
Sclerotium, Pythium etc. Thereby in conservation agriculture the problems of pathogens
intensifies both for host specific as well as host non-specific pathogen. This will inturn
require a different and appropriate package of practices for crop managment.
Drip and sprinkler irrigation
Water crisis at global and national level has forced policy makers, bureaucrats and farmers
for its efficient use in the crop production. Drip irrigation for the fruit and vegetable crops
would create most favorable condition for the growth of many fungal pathogen creating
root rot, foot rot, coller rot, etc. A number of root stocks have been already identified in
many horticultural crops citurs, apple, grape and mango. There is need to reevaluate all
those root stocks currently under use for their better utilization. Accordingly root stock
breeding programme need to be initiated.
Use of sprinkler irrigation is increasing very rapidly and it changed the mico- climate
specially prolong retention of water on the leaf surface. The spores of foliar pathogens i.e.
Phytopthora, downy mildews, rusts, Alternaria, Bipolaris, Cercospora etc need free water
on the leaf surface for the pathogenesis. Most of the durable resistance in the important
crops like wheat, rice, potato, maize, sorghum, pearl millet etc are likely to be influenced due
to quantitative resistance that is highly influenced by the microclimate.
Transgenic
Mostly Bt based transgenic crops are being increasingly used recently ; this would likely
change the interaction scenario by favoring the sucking insects in the new niche created
due to replacement of biting and chewing insect. Thus many new viral pathogen is likely
to emerge.
Durable resistance
Durable resistance are those who are effective over a time and space under disease conducive
conditions. This resistance is considered to be most valuable to insulate the crop from
epidemic across the time and space. However, the time and space are not precisely defined
parameter in any crop to judge the durability of resistance gene. Many resistance genes
that have been globally deployed in various crop plants in tropical to temperate region are
still effective and is considered to be durable (Table 1). Most of these resistances are
based on post penetration and rely on the reduced growth and reproduction of the pathogen
as compared to the susceptible genotypes. The molecular studies revealed that durable
resistance is generally QTL based and contribution of genes is phenotypic expressed as
additive effect. In spite of the substantial progress made on durable resistance there is not
much information available about the colonization behavior and pathogen’s reproduction..
Durable interaction between host – pathogen in the field are perceived as, longer incubation
period and latent period and poor infection efficiency, slow rate of spread of inoculum and
disease progress. These phenotypic expressions are sensitive to fluctuating environment
and need to be re- assessed under the changing climatic situation. There is also need to
assign all the resistant expression to QTLS as their function.
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A number of gene in many crop i.e. Sr2 for the stem rust resistant, Lr 34 for the brown
rust, er gene for the powdery mildew resistant, Xa 21 for Bacterial leaf blight of rice they have
been effective over a large space and time. A clear understanding about the function of such
gene will help to make many more gene Lr 34 confer better resistance when it is combined
with the L13.
Thermo labile genes
A number of major resistance gene(s) those are thermolabile are likely to be influenced
by the increasing temperature. A list of these genes need to be prepared and their
interaction need to be re-evaluated. Recently number of gene have been identified in crop
that tolerate fairly a high degree of temperature. There is urgent need to see the effect of
thermo labile gene in the temperature tolerant back ground.
Integrated pest management
IPM is likely to be the most popular and widely accepted pest management system in
the agro- ecosystem by virtue of its novelty. A number of bio agents, non fungicidal
synthetic chemicals and many other practices are known to induce the resistance in the
plant. These practices are likely to be integrated with the major and minor resistance
gene for their anticipated synergistic effect. The synergistic interaction of resistance
genes with the IPM is least known and would provide an holistic approach towards plant
protection in a sutstainable manner.
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Fungal systematics is an essential part of biological research especially in the context
of its ecological and economic implications. Sampling, identifying, and studying biological
specimens are among the first steps toward protecting and benefiting biodiversity.
Species identification and classification have traditionally been the specialist domain of
taxonomists, providing a nomenclatural backbone and a key prerequisite for numerous
biological studies.
Basic and applied aspects of mycological research are the major concerns in many
universities and institutes of India. Following 10 years has generally seen a decline in
fungal systematic research in many parts of the world (Hyde 2003), with researchers
either retiring and not being replaced or funds being directed elsewhere.

Traditional methods of fungal identification
Before 1990, the Identification of fungi was only based on the conventional methods,
viz., cultural identification, germ-tube formation, carbohydrate assimilation and
morphological characters. These techniques are often time-consuming, lack sensitivity
& specificity, labour intensive and difficult to interpret. Phenotypic characters are
unstable and can change with environmental changes and require skilled personnel.

Current diagnostic methods of fungal identification
The idea of a standardized molecular identification system emerged due to unavailability of
fungal sexual stage.The molecular based identification arose progressively during the 1990s
with the development of PCR-based approaches for species identification. Currently, the
molecular identification of species in fungi is based primarily on nuclear DNA markers, such
as nuclear large ribosomal subunit (LSU rDNA) (Kurtzman & Robnett 1998), nuclear small
ribosomal subunit (SSU rDNA) (Baayen et al., 2001), internal transcribed spacer (ITS)
(Druzhinina et al. 2005), â-tubulin (BenA) (Geiser et al., 2007), translation elongation factor
1-á (tef-1) (O’Donnell et al. 2008) and second largest subunit of RNA polymerase II (RPB2)
(Ertz et al., 2008). Over the past five years, traditional morphological identification of fungi
has been supplemented by sequencing of the targeted gene (Geiser et al., 2004).
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Advanced research in Mycology
Over a million species in the Kingdom Fungi have evolved over millions of years to
occupy diverse ecological niches and have accumulated an enormous but yet
undiscovered natural arsenal of potentially useful innovations. While the number of
fungal genome sequencing projects continues to increase, the phylogenetic breadth of
current sequencing targets is extremely limited. Exploration of phylogenetic and ecological
diversity of fungi by genome sequencing is therefore a potentially rich source of valuable
metabolic pathways and enzyme activities that will remain undiscovered and unexploited
until a systematic survey of phylogenetically diverse genome sequences is undertaken.To
explore fungal systemic and microbial diversity, following new tools can be used.
DNA barcoding: DNA barcoding is an exciting new tool for taxonomic research and that
obtains species specific DNA signature, is based on the simple premise that sequence diversity
within small stretches of the organism’s genome can provide a ‘biological barcode’ to enable
identification of any organism at the species level. The basic rationale of using the short DNA
sequence (universal molecular yardstick), is that it allows discriminating among species of a
taxon under the assumption that the sequences chosen have relatively lower ‘within-taxon’
variation than that ‘between-taxa’. It is a novel system designed to provide rapid, accurate,
and automatable species definitions by using short, standardized gene regions as internal
species tags. The cost and time-effectiveness of DNA barcoding enables automated species
identification, which is particularly useful in large samples. In this way, DNA barcoding could
also improve large surveys aiming at unknown species detection and identification of pathogenic
species with medical, ecological and agronomical significance (Armstrong and Ball 2005; Ball
and Armstrong 2006).
The microbiodiversity DNA barcoding has yet been poorly studied. The emerging
community genomics and the metagenomics approaches promise great insights on
biodiversity and molecular evolution. But, for microscopic eukaryotes, the routine use of
the sequence based approach is not technically conceivable and too expensive today,
highlighting the interest of DNA barcoding on pooled samples (i.e. where multiple species
are present or communities) to assess eukaryotic microbiodiversity. The use of DNA
barcoding is relatively new (with the first publication appearing in 2003). A 648-bp segment
of mitochondrial cytochrome c oxidase 1 (CO1) is the core barcode region for animals,
but its utility has not been tested in fungi.
Barcoding is generating a global, open access library of reference barcode sequences
which enables non-taxonomists to identify specimens. The barcode of an unidentified
specimen can be compared with the reference barcodes to find the matching species.
Barcoding projects have already generated hundreds of thousands of reference barcodes
for tens of thousands of species of scientific, economic, or social importance.
The Consortium for the Barcode of Life (CBOL) is promoting international partnerships
that will enable people in all countries to better understand and protect their biodiversity.
The Barcode of Life Data system (BOLD) is central to the DNA barcoding approach. The
specificities of BOLD are (i) to assemble standard information on voucher specimens
using common description fields (DNA tag, specimen taxonomy, specimens details,
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collection information, voucher pictures), and, (ii) its dynamic status that allows taxonomic
revisions and reassignment of the deposited sequences.DNA barcoding includes three
types of activities:
1. Working with organisms: Collecting, identifying, and preserving voucher specimens
in secure repositories.
2. Laboratory procedures: Sampling and processing tissue from specimens to obtain
DNA barcode gene sequences.
3. Managing data: Sharing the DNA barcode sequence and data about its voucher
specimen in a public database.
Metagenomics: Sequencing DNA directly from the environment, a technique commonly referred
to as metagenomics is an appropriate tool for exploring microbial communities, especially the
uncultured majority. Metagenomics (also Environmental Genomics, Ecogenomics or
Community Genomics) is the study of genetic material recovered directly from environmental
samples. It is a breakthrough sequencing approach to examine the open-space microbial
species without the need for isolation and lab cultivation of individual species.
Identification, isolation and cloning for novel genes is the main driving force behind the
development of unprecedented experimental approaches. Metagenomics is one such novel
approach for engendering novel genes. Metagenomics of complex microbial communities is a
rich source of novel genes for biotechnological purposes. The contribution made by
metagenomics to the already existing repository of prokaryotic genes is quite impressive but
nevertheless, this technique is still in its infancy. Recent studies use “shotgun” Sanger
sequencing or massively parallel pyrosequencing to get largely unbiased samples of all genes
from all the members of the sampled communities.

Produce of metagenomics
There is no other way but to extract collective DNA and analyze it, though sequence analysis
of ancient DNA is challenging because of the technological obstacles of degradation and
contamination with modern DNA. These difficulties not withstanding Micrococcus luteus
preserved in 120 million year old amber have been identified using metagenomics (Greenbelt
et al., 2004).
Metagenomics can lead to microbial diversity assessment through shot-gun sequencing
of uncultivated strains and species, and to construct DNA microarray. In the funtion-driven
approaches, metagenomics libraries can be screened the expressed traits. Metagenomics
can also be used to gather information stored in ancient bacteria which have been fossilized.

Next-generation sequencing
Next-generation sequencing has enormous potential to further our understanding of
microbial biodiversity, the ecological roles of fungi and their geographical distribution.
This study will be among the first attempts towards applying next-generation sequencing
for high-throughput ecological surveys of fungi, which have the potential to revolutionarily
accelerate such ecological studies.
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Bioinformatics
The meticulous and thorough characterization of microorganisms, the storage and
analysis of the generated information and its intelligent interrogation will provide us with
microbial solutions to critical challenges of our age. It is imperative that scientists,
researchers in biosystematics and taxonomy employ modern tools of informatics and
data processing to make best use of our microbial resources.
The elements of taxonomy such as species description, development of identification
keys, scientific nomenclature, treatment of morphological, nutritional and physiological
traits, are increasingly being computerized to meet the challenge. The process of storage
of genetic information with digital techniques for archiving, interpreting and quantifying
of data in artificial systems is an important feature of bioinformatics. Microbial taxonomists
and curators must take full advantage of the available technology that has been adopted
in other biological fields. Sequence data have now been available on the web for many
years for public access and utilization (http://www.ncbi.nih.gov/Genbank/
GenbankSearch.html; EMBL (http://www.ebi.ac.uk/embl/) are two key resources.
By combining new sequencing technologies and comparative genomics analysis,
we can address large and complex sequencing projects such as surveying the broad
phylogenetic and ecological diversity of fungi and capturing genomic variation in natural
populations and engineered strains. This approach allows us to address biological
questions in each of the programmatic areas and to build a foundation for translating
the enomic potential of fungi into practical applications

Establishment of Mycological Research labs/HRD
The only effective way to move forward is to develop existing centers and utilize them to
provide higher degree training for students in the region. The next five years may be a
turning point for taxonomic mycology in Asia either under the umbrella of International
Mycological Association Committee for Asia (IMACA, http://imaca1.tripod.com/imaca/),
or as local societies. It is important that mycologist lobby governments and actively
promote fungi in future GTI developments. The responsibility falls on each of us, and if
we fail we only have ourselves to blame.
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Current status
Bacteria belong to under Domain “Bacteria” which is further divided into 29 Phylla. Most of
them are strictly saprophytic, which help to decompose large quantities of organic waste and
only 200 of 1600 bacterial species are known to infect various kinds of plants including several
economically important crops. More than 200 bacterial diseases have been reported from
India. Post green revolution period witnessed, the wide spread use of improved high yielding
varieties responsive to heavy and imbalance dose of fertilizers especially nitrogen and wide
spread use of chemical pestides. Collectively this lead to emergence of a number of diseases,
which were previously considered to be confined to certain areas or less important to becoming
problems of national importance. In case of cereal crops bacterial diseases such as tundu
diseases of wheat (Rathayibacter tritici), bacterial blight of rice (Xanthomonas oryzae pv.
oryzae), bacterial leaf streak of rice (X. oryzae pv. oryzicola), bacterial leaf stripe of maize and
sugarcane (Pseudomonas rubrilineans), ratoon stunting of sugarcane (Leifsonia xyli sub sp.
xyli) became important and have significant economic importance. Among the bacterial diseases
of vegetables wilt of solanaceaous crops particularly tomato, potato, brinjal and chilli (Ralstonia
solanacearum race 1 biovar 3 & 4), bacterial leaf spot of tomato and chilli (Xanthomonas
vesicatoria), black rot of crucifers (Xanthomonas campestris pv. campestris), curd rot of cole
crops (Erwinia carotovora sub sp. carotovora), soft rot (E. carotovora sub sp. carotovora),
common scab of potato (Streptomyces scabeie), black leg of potato (Erwinia carotovora sub
sp. carotovora and E. c. pv. atroseptica), angular leaf spot of cucurbits (Pseudomonas syringae
pv. syringae), leaf spot of elephant yam (X. campestris pv. amorphophalli), wilt of ginger (R.
solanacearum race 4 biovar 3& 4) etc. have been recorded in diverse climatic conditions.
Citrus canker (Xanthomonas citri), black spot and canker of mango (X. campestris pv.
mangiferae indicae), canker of grapes (Xylophilus ampelinus), crown gall diseases of stone
and pome fruits (Agrobacterium tumefaciens), bacterial blight of pomegranate (X. axonopodis
pv. punicae), citrus greening (Candidatus Liberobacter asiaticus) are reported as important
bacterial diseases on fruit crops from India. In case of pulse crops, common blight (X. axonopodis
pv. phaseoli), fuscous blights(X. axonopodis pv. phaseoli var. fuscans) and halo blight of beans
have been reported and among them bacterial leaf spot of mungbean (X. axonopodis pv.
vignaeradiateae), bacterial leaf spot of guar (X. axonopodis pv. cyamopsidis), bacterial blight
of soybean (X. axonopodis pv. glycines), bacterial blight of cowpea (X. campestris pv. vignicola)
and bacterial leaf spot of pigeon pea (X. axonopodis pv. cajani) are commonly found in India.
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In oilseed crops, bacterial leaf spot of sesame (P. syringae pv. sesami), bacterial blight of
sesame (X. campestris pv. sesami), black rot of crucifers (X. campestris pv. campestris),
stalk rot of rapeseed – mustard (Pectobacterium carotovora), are found in different
parts of India. Similarly in case of fiber crops, bacterial blight of cotton (X. axonopodis
pv. malvaceaerum), and leaf spot (X. campestris pv. nakatae corchori) of jute are
important in India. Besides the bacterial diseases, some important Phytoplasma diseases
such as sandal wood spike, little leaf of eucalyptus, witches broom disease of acid lime,
little leaf of brinjal, phyllody black pepper, root wilt in coconut, jute and sesame are also
reported from India (Raychaudhuri et al., 1972, Jayraman and Verma, 2002).
The etiology of these bacterial pathogens is well established based on their
morphological, biochemical, cultural and pathological characters. However, advanced
techniques, like fatty acid profile, serological and molecular protocols are most probably
being used for characterization and identification of few Indian isolates of phytobacterial
pathogens. Races of X. axonopodis pv. malvacearum have been identified on the
basis of susceptible and hypersensitive reactions on a set of differentials. 26 races
were described from India, of which race 32 could neutralize five bacterial blight resistant
genes (B7, B2, B4, B1N and BN) and widely distributed in India. The racial position of
another important bacterial pathogen R. solanacearum has been studied and five races
have been reported in world and race 1 biovar 3 & 4, causing diseases in solanaceous
crops, race 3 biovar 2 affecting potato at low temperature in hills and race 4 biovar 3 &
4 from ginger are reported from India. Majority of the races of R. solanacearum belong
to phylotype 1. Race position of other important bacterial pathogens like X. campestris
pv. campestris, X. oryzae pv. oryzae, X. citri and X. vesicatoria is well established in
other countries, attempted in India too but not yet established.
Diagnosis of diseases and detection of bacterial plant pathogens from seeds and
planting materials, soil, irrigation water are essential for diseases management of
diseases. In India, classical methods like, cultural including selective medium,
morphological, biochemical, physiological and pathological characters are mainly used
for identification and detection of plant pathogenic bacteria in most of the cases. Earlier,
bacteriophage is used for detection of bacterial pathogens from soil, water and seeds.
However, the isolates of R. solanacearum isolated from ginger, tomato, potato and chilli
were detected with NCM- ELISA and biovars on the basis of membrane protein pattern
on SDS-PAGE and biovar specific protein. The ELISA techniques is being also used for
detection of X. campestris pv. campestris from seeds by using specific antibodies.
DNA based molecular techniques are also employed for detection of phytopathgenic
bacteria. RFLP and PCR based techniques using specific primers are developed to
detect bacterial pathogens such as X. oryzae pv. oryzae, R. solanacearum, X. campestris
pv. campestris, X. campestris pv. mangifereaeindicae and X. axonopodis pv. punicae
from seeds, tubers and planting material. Various genes (16s rRNA, hrc, hrpB, hrpF, fliC, SCAR marker) of bacteria are used to develop specific primers for particular bacteria.
Sensitivity of the primers to detect bacteria is being improved by using bio-PCR and
nested PCR. The molecular characterization and finger printing of these bacteria are
also done by using AFLP, RFLP, RAPD, Rep-PCR and multi locus sequence alignments
(Verma et al., 1995, Singh and Shri Dhar, 2011).
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Exopolysacharide (EPS) is induced by most of the phytopathogenic bacteria, which
play an important role in disease development in the host plant. EPS secreted by X. axonopodis
pv. malvacearum (Xam) create persistent water soaking, that is essential for multiplication,
spread and invasion of host tissue. Virulence of Xam has been correlated with the production
of protease, endo-PG and endogluconase. Protease deficient mutants are found less
aggressive. The wild type R. solanacearum produce copious amount of slime/ EPS both in
rich broth culture and inside the vascular system of infected plants. After the entry of the
pathogen in to a host plant, the bacterium multiplied rapidly in high density where the high
virulence phenotype is expressed. A clone of (pSD1) carrying the EPS biosynthetic gene
(gum) cluster of X. oryzae pv. oryzae restored EPS production and virulence to several mutants.
Based on localized recombination analysis, southern hybridization, PCR amplification and
sequence analysis of this bacterium, it has been found that the mutations are due to insertion
of either one or two novel endogenous insertion sequence elements namely, ISXo1 and ISXo2,
into gum M, the last gene of gum gene cluster. It indicates, the presence of multiple copies of
both IS elements in the genome of X. oryzae pv. oryzae. It has been reported that aroE gene
is required for normal level of virulence and xanthomonadin production in X. oryzae pv. oryzae.
Various methods have been used to manage bacterial diseases of crop plants. These are
resistant variety, cultural practices, balance application of manures and fertilizers, physical
treatments, chemical and biological means. Though the source of resistance against bacterial
diseases is less exploited but some progress has been made in certain cases. For development
of resistant variety against X. oryzae pv. oryzae, a gene pyramiding of Xa5, Xa13 and
Xa21 has been done in rice in background of Pusa Basmati and improved Pusa Basmati has
been released for commercial cultivation. Early Dutch variety of cabbage is resistant to X.
campestris pv. campestris. In chilli, out of 170 lines tested for resistance to X. vesicatoria,
22 was found resistant, 92 susceptible and remaining segregating. Mango variety Bombay
green, Jahangir, Fazari and Suvannrekha are reported resistant to X. campestris pv.
mangiferaeindicae. Hot water treatment of seeds at 50 – 550C for 10 – 30 min depending on
crop and bacterial pathogen is remained popular earlier to remove existing bacteria on /or in
the seeds. The efficacy was further improved by combining hot water with antibiotic treatments
(100- 200 ppm). Various antibiotics/ chemicals such as agrimycin- 100 (500- 1000 ppm),
streptocyline (250 ppm), streptomycin sulphate (200- 300ppm), chlorotetracycline (200ppm),
carboxin (foliar application) chloropicrin and bleaching powder (@ 12 -15 kg/ hectare for wilt
diseases of solanaceous crops) have been used to manage bacterial diseases in different
crops. Besides these antibiotics and chemicals, different group of fungicides namely fytolan,
captan, vitavax, mercurials and copper oxychloride were also tried in control of bacterial
diseases. Except copper oxychloride, other groups of fungicides are not to that extent potential
in reducing bacterial diseases. Antibiotic in combination with copper oxychloride is commonly
used to control the bacterial disease but due to development of resistant mutant against these
chemicals, the use of chemicals has now become limited.
There have been potential uses of plant associated bacteria as agents of stimulating
plant growth and managing soil and plant health especially in case of bacterial diseases of
plants. Plant growth-promoting bacteria (PGPB) are associated with many, if not all, plant
species and are commonly present in many environments. The most widely studied group of
PGPB are plant growth-promoting rhizobacteria (PGPR) colonizing the root surfaces and the
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closely adhering soil interface, the rhizosphere. Some of these PGPR can also enter root
interior and establish as endophytic populations. Many of them are able to transcend the
endodermis barrier, crossing from the root cortex to the vascular system, and subsequently
thrive as endophytes in stems, leaves, tubers and other organs. The extent of endophytic
colonization of host plant organs and tissues reflects the ability of bacteria to selectively
adapt to these specific ecological niches. Consequently, intimate associations between bacteria
and host plants can be formed without any harmful effect on the plant. The widely recognized
mechanisms of biocontrol mediated by PGPB are competition for an ecological niche or a
substrate, production of inhibitory allelochemicals, and induction of systemic resistance
(ISR) in host plants to a broad spectrum of pathogens and/or abiotic stresses. Action of
PGPB, both free-living and endophytic bacteria, and their potential use for the biological
control of plant diseases have been studied (Stephane et al., 2005). The bioagents
Pseudomonas fluorescens, Bacillus subtilis and B. polymixa have been reported to delay the
development and reduce the incidence of bacterial wilt of potato. In case of black rot of
cauliflower, P. fluorescens and B. subtilis reduce the incidence of disease by foliar application.
A phylloplane bacterium B. coagulans has been reported effective against X. campestris pv.
mangifereaeindicae causing bacterial canker of mango. Out of 23 isolates of rhizobacteria,
three isolates [MRb-1 (P. fluorescens), MRb-2 and MRb-3] inhibited the bacterial leaf spot
pathogen. Seed treatment with phase lysate + streptomycin (300 ppm) effectively controlled
seedling infection of mungbean (X. axonopodis pv. vignaradiatae). Specific bacteria like
Flavobacterium, Aeromonas and Pseudomonas reduced the disease intensity of bacterial
blight of cotton, when applied as preinoculative spray. Systemic induced resistance (SIR)
has been induced in plants by abiotic and biotic agents. The activation of defence enzymes
such as PAL and peroxidase with salicylic acid (abiotic inducer) or P. flurorescence (biotic
inducer) has been reported in cotton, which showed the presence of a unique peroxidase
(POD4) isoenzyme absent in susceptible reaction and present in hypersensitive reaction.
Botanicals including neem based formulations (plantolyte and agricare @ 5 mg/ liter of
water) alone or along with streptomycin (100 mg/ ml) have been reported to reduce intensity
of bacterial blight of cotton.

Future research strategies
The science of plant bacteriology has significantly advanced in recent past years due to the
advancement in the genomics and bioinformatics tools. Now, it is right time to exploit these
advances to improve our understanding on major issues likes host pathogen interaction,
etiology related confusions, more strategies leading to disease management. A wider spread
focus on research to reduce crop losses offers the additional benefit of increasing stakeholder
support for plant bacteriology (Allen et al., 2009). The following areas of research in field of
plant bacteriology therefore should be undertaken –
1. Genomic and pathogenic diversity of major bacterial pathogens are needed.
2. Rapid, reliable and more sensitive advanced diagnostic tool either serological (ELISA,
lateral flow device) or nucleic acid based PCR including quantitative PCR and
microarray to detect bacteria from asymptomatic plants, propagating materials, seeds,
soil and irrigation water require to be developed.
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3. Bar coding of plant pathogenic, antagonistic and plant growth promoting rhizobacteria
will be needed for identification of bacteria and maintain their record.
4. Identification of resistance genes against bacterial pathogens in the plants and
incorporation of these genes in susceptible high yielding cultivars/ variety through
marker assisted selection and other high throughput biotechnological tool.
5. Population dynamics and threshold bacterial population in susceptible and resistant.
6. Bacterial behavior in natural hosts under biologically realistic conditions should be
studied. For example, the phytotoxin coranatine facilitates the pathogen entry into
leaf mesophyll by causing stomata to open, but this effect was masked if leaves were
infiltrate with bacteria and was only detectable when Pseudomonas syringae strains
were inoculated onto leaf surfaces.
7. Although, most of the plant pathogenic bacteria are non spore forming but they often
survive extremes of humidity and persist for years; How? It is required to study
mechanism behind survivability of these bacteria under extreme conditions.
8. Unculturable bacterial endophytes are largely unexplored communities that affect
disease development and also potential biocontrol agents.
9. Metagenomic to open window on biological signals that balance and cause innocuous
endophyte to become a destructive pathogens including R. solanacearum,
Candidatus Liberobacter asiaticus and Clavibacter michiganensis susp. sepidonicum,
which have long term latent infection, effectively functioning as endophytes.
10. Fluorescent microscopy may be employed to tract the distance bacterial signal
molecules in cells on roots and leaves.
11. Plant compounds, which have antimicrobial effects on human pathogens but their
effects on plant pathogens, are unknown. For example, 5’ – methoxyhydnocarpin, a
plant compound that inhibits an ATP- binding cassette transporter, thereby making
the plant- produced antibiotic berberine more effective, has been studied for its
effect on a human pathogen, but not on plant pathogens.
12. To understand the identify hidden partnerships of plant pathogenic bacteria that are
often associated with single disease and accelerate the growth and disease severity
in plants. For examples, soft rot of potato caused by Pectobacterium and Clostridium
species which are routinely found together in decaying potato and both can cause
disease on their own. These pathogens may work together to attack their plant hosts.
Pectobacterium cannot degrade starch of potato while Clostridium efficiently breaks
down this polymer.
13. Microbe- pathogen associated molecular patterns (MAHP/ MAMP) and type III
secretion system –dependent effectors proteins are current area of research in
plant bacteriology. The role of various suppressing PAMP- triggered immunity needs
to be studied under different host plant and bacterial pathogen system.
14. The role of quorum sensing establishing and stabilizing multispecies communities
and role in polybacterial disease.
119

Plant Pathology in India: Vision 2030

15. Continuous application of antibiotics and copper fungicide lose their utility because
pathogens become resistant, often through acquisition of broad host range
transmissible plasmids from other bacteria. It is required to overcom this problem by
searching alternative option like â-lactamase inhibitors or some other to use bacterial
disease control.
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Abnormal changes in air temperature and rainfall, increased intensity and frequency of
storms, drought and flooding and altered hydrological cycles events are the growing
concern to agricultural ecosystems. Global climate change especially increased CO2
and temperature level (Pachauri and Reisinger, 2007) is thought to influence or change
all the elements of a disease triangle i.e. host, pathogen and weather factors and their
interactions (Legreve and Duveiller, 2010). Both climatic seasonality and climate change
are relevant drivers of plant disease epidemics and expected to alter spatial distribution
of agro-ecological zones, habitats, distribution patterns of plant diseases and pests which
can have significant impacts on food production. Aside from climate change, global change
also influences change in agriculture include population growth, labor, migration, energy,
policies and trends, as well as shifts in diets (Savary et al., 2011). Whatever may be the
reason be it climate change or global change or shifts in seasonality changes in disease
situations already experienced as some minor diseases have now become major diseases
in the subcontinent. Current shift in disease scenario in India especially in rice and
wheat is a case in point. In rice, bacterial leaf blight (Xanthomonas oryzae pv. oryzae)
has now been a global biotic threat despite of constant efforts to improve resistance
through exploitation of host R-gene. Sheath blight (Rhizoctonia solani) and tungro virus,
that were of minor importance, has emerged as major problems in most of the rice growing
areas. Spot blotch (Bipolaris sorokiniana), once unknown or of minor importance, has
become a serious problem (Sharma et al., 2007) in wheat. Dry root rot (Rhizoctonia
bataticola) in chickpea is becoming more severe in rainfed environments due to moisture
stress and higher temperatures (Pande et al., 2010). Excess moisture on the other hand
favouring some of the dreaded soil-borne diseases caused by Phytophhora, Pyhthium,
Rhizoctonia solani and Sclerotium rolfsii especially in pulses (Pande et al., 2010).
Systematic quantitative analysis of these effects will be necessary in developing
future disease management plans, such as plant breeding, altered planting date schedules,
chemical and biological control methods and increased monitoring of new disease threats.
Quantitative analysis of climate change is largely lacking, either from field or laboratory
or from modeling based assessments. Plant Pathologists’ job is to provide long-term as
well as short-term climate change adaptation measures to reduce the risk of crop loss
due to sudden emergence of diseases so far unknown or economically negligible. Disease
risk in advance requires for short term or tactical disease management and disease
scenario based on climate forecasts are to be the basis of future strategies. Therefore,
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regular disease monitoring and surveillance is important for management as disease
management does not work like fire fighting. Identifying and quantifying impacts of
climate changes on plant diseases is complex (Coakley and Scherm, 1996) as there is
a great deal of uncertainty about the accurate climate forecast.
In the current communication information is provided for developing adaptation
strategies under climate change scenario.

Strategies to meet the challenges for adaptation measures
Epiphytotics/monitoring of conducive environments
Indian subcontinent largely being in hot and humid tropics, crop production is plagued by
pests and diseases. Disease management is largely dependent on use of costly and
hazardous chemicals. However, disease monitoring for the purpose of judicious pesticide
use is not properly addressed so far. Thus abuse and over use of pesticides have brought
in environment and soil health problems. In contrary, pesticide use in developed world is
largely guided by well advanced disease monitoring systems. For monitoring purpose,
there is a need to determine favourable period for infection say, for rice blast infection
requires about consecutive 15-18 hours of RH (>95%) and temperature 25-26°C during
that high RH period (Padmanabhan, 1965). This information is the minimum requirement
for monitoring rice blast during the susceptible stage i.e. tillering to flowering stage of the
crop. Airborne diseases influenced by weather can be monitored knowing favourable period
for infection.

Disease forecasting models
Forecasting models or rules have been developed for airborne fungal diseases occur in
economically important crops like potato (Krause et al., 1975, Johnson et al., 1996),
tomato (Pennypacker et al., 1983), onion (Gilles et al., 2004) and apple. As infection
always precedes symptoms development, predictive system forecast the occurrence of
disease symptoms expression by monitoring certain environmental condition known to
be conducive to infection of the host plant by the causal organism. Once favorable infection
periods have occurred, subsequent symptoms expression is based on the assumption
that certain environmental condition favorable to colonization will proceed according to
historically established weather trends. Similar rules can be applied for emerging diseases
which are likely to come up. India, except potato and apple hardly any disease has been
taken seriously for forecasting system development.

Host-parasite interaction under climate change
There are reports that rising CO2 may modify pathogen aggressiveness and/ or host
susceptibility, affecting initial establishment of the pathogen on the host and increased
fecundity and growth of some fungal pathogens (Chakraborty et al., 2000). In both biotrophs
and necrotrophs, significant changes have been reported in the onset and duration of
stages in the pathogen life cycle under elevated CO2. Latent period was extended under
high CO2 in all pathogens studied so far. Together an increase in plant canopy size
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especially in combination with humidity, an increase in abundance and biomass can
increase the size of pathogen population (Pangga et al., 2004). However, there is not
enough evidence to generalize whether elevated level of CO2 and temperature will increase
or decrease or no effect at all. Host-parasite interaction under artificial exposures in high
CO2 and temperature level might help to determine contrasting effect on change in
qualitative and quantitative manner. Change in epidemic features namely, primary infection
rate, incubation /latent period and basic infection rate, disease progress curve, parameters
for resistance and susceptibility enables to explain the impact of elevated exposure
level. Open top chambers for CO2 exposure (OTC); Free air CO2 enrichment (FACE),
temperature gradient chambers/free air temperature enrichment (FATE) or growth chambers
having regulation for temperature and CO2 concentrations can be employed for such
study.

Modelling disease development
Disease development has been modelled using various approaches, including growth
curve analysis, analytical models using linked differential equations, and mechanistic
simulation models (Madden et al., 2007, Gilligan and Bosch, 2008). Often, models have
been used to predict or forecast plant diseases for management interventions and D or
to discover causal relationships. However, most of these models ignore canopy- level
interactions. In one study, a 3D ‘virtual plant’ model was modified to incorporate disease
development within canopy structure using L-systems (Wilson and Chakraborty, 1998).
Dynamics of the architecture of the plants is crucial in determining the consequences of
interactions with environment. Plant disease, resulting from host-pathogen interaction in
a conducive environment is manifested in the 3-D space of a plan canopy or root system.
Rise in CO2 and temperature might change architecture of the plants and thereby alteration
in pathogen-host interaction. Dynamic simulation of canopy architecture in elevated and
ambient exposure conditions enables exact quantification of contrasting effect between
the levels. Wilson et al. (1999) a virtual plant model to simulate effect of elevated CO2 on
pasture legume S. scabra on plant architecture to study of disease impact under climate
change scenario. In peanuts, leaf spot (Cercosporidium personaturn) is more severe in
the bottom canopy layer (Plaut and Berger, 1980). More complex scenarios of attack by
pests and diseases resulting in changed plant architecture have been described (Barbosa,
1993).
A recent development has been the coupling of plant disease models with 3D
architectural models. Examples include the linking of a septoria leaf blotch model with a
wheat architectural model (Robert et al., 2008) and a powdery mildew model with a
grapevine architectural model (Calonnec et al., 2008).

Simulation of diseases for Decision Support System
Crop growth linked with disease models
Simulation modeling is an effective approach for addressing the impact of global and
climate changes on crop diseases. Because they are process-based, simulation models
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can improve our quantitative understanding of the dynamics of epidemics or yield loss
build-up. They are also useful for the formulation of strategies, management decisions,
research priorities, and the analysis of future scenarios. Agrophysiological models
simulating the physiological effect of disease injuries on crop and yield have also been
developed for many crop (Savary et al., 2006), and this quantitative knowledge can be
used to model yield losses under climate and global change. Since a crop in general in
expose to several diseases, which often interact in their yield reducing effects, so multiple
disease models can be used to predict the relative importance of diseases during a crop
cycle, as well as the efficiencies of different crop health management strategies under
future scenarios. Such validated models exist for two key crops on a global scale, wheat
and rice (Pinnschmidt et al., 1995).
The CERES-Rice model simulates rice growth and yield based on the physiological
development of root, stem, leaf, and grain under different weather conditions. CERESRice simulates daily crop development and leaf area, which are needed to drive BLASTSIM.
The BLASTSIM model simulates the typical leaf blast monocycle based on crop growth
and weather conditions. The infection cycle of blast is described by subroutines for spore
production, dispersion, deposition, leaf infection, latent period, lesion formation, and lesion
development (Calvero & Teng, 1992). BLASTSIM has two main components: the blast
simulation, in which values of the state variables are computed, and the dew period
simulation component which predicts dew period and amount per day using the program
DEWFOR (Luo & Goudriaan, 1991). Predicted values of dew period are used in BLASTSIM
to drive the infection process.
Prediction of probable distribution of diseases under climate change scenario
We need to anticipate invasion risks from both exotic and indigenous pests (Sturrock, et
al., 2011) under climate change scenario. Ecological niche models, or species distribution
models, are powerful tools to predict future disease epidemics, and provide support for
developing strategies against new threats. Ecological niche models are defined here as
correlative models that predict a species’ potential geographical range based on two
types of georeferenced data, biological data describing the species’ known distribution
(presence and absence) and environmental data which describe the landscape conditions
where the species is found (Venette et al., 2000, Franklin, 2009).
Weather based monitoring of diseases linked to Geographical Information System
Geographic information systems (GIS) brings about the possibility of overlaying,
geographically, a wide range of very different information, whether pertaining to pathogens,
hosts, and environments, as well as to socio-economic and infrastructural, such as road
networks (and thus access to markets and inputs), or irrigation systems (Savary et al.,
2011). GIS is commonly used to evaluate and model the spatial distribution of plant
disease or to analyze relationships between environmental factors and plant disease
intensity. Such information, when mapped together, creates a powerful tool for monitoring
and management. Inclusion of geo-referenced socio-economic data can add important
targeting and impact assessment information. GIS technology is increasingly applied to
cover many different aspects of plant disease research and management. GIS can exploit
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these resources in diverse ways, from the perspective of disease resistance discovery,
of disease monitoring, as well as for risk mapping, and epidemiological purposes.
Monitoring and forecasting of trans-boundary diseases relies on coordinated international
surveillance networks. GIS provides a platform for data management of disease surveys,
integrated analysis of dispersal, and risk assessment. Hodson and DePauw (2010)
describe the application of GIS for monitoring and risk assessment of new virulent
races of wheat stem rust, whereby standardized global disease survey data are integrated
with wind models, crop varietal distribution, crop phenology and climatic data.
Future disease scenario generation based on climate forecasts
Impact of climate change in plant disease through weather patterns has been studied in
detail for several important plant disease, particularly at smaller scale (Garrett et al.,
2006), and also at larger scales for rice blast prediction (Luo et al., 1998). Quantifying
them, however, requires additional careful, disease-by-disease experimentation and
analysis, because of differing nonlinear relationship between temperature and the rate of
disease development among pathosystem. Assessments of climate and weather influence
on crop diseases depend on time and spatial scales. Weather variation during hours or
days can be critical for assessing the weather impact on some diseases, whereas in
some cases the average climate over weeks and months can be the main determinants.
Daily records for temperature, humidity and precipitation, etc., are available at the local
scale, and there are established methodologies available for estimating hourly values
from daily values (Parton and Logan, 1981) for temperature, and humidity to provide crop
disease models with input. Long-term trials in UK have shown that air quality and human
activity were associated with a shift in prevalence of wheat diseases caused by Septoria
tritici over Stagonospora nodorum over the course of decades (Bearchell et al., 2005). To
assess the effects of climate-change scenarios, crop disease models need climate inputs
of the same high temporal and spatial resolution used for their calibration and
parameterization, usually weather records at a daily or hourly temporal resolution and
plot- or field-level spatial resolution. However, climate-change assessments are made for
large temporal and spatial units, and their reliability decreases in the context of high
resolution analyses.
Modelling microclimate
Leaf wetness, temperature, wind and, to a lesser extent, radiation are important
microclimatic variables that influence plant disease epidemics. Complex microclimatic
models have been used to estimate dew or leaf wetness using energy balance equations.
Physical leaf wetness simulation models developed for grapes (Dalla Marta et al., 2005)
and adapted to other crops (Magarey et al., 2006), although accurate, can be too complex,
site-specific and models are difficult to parameterize. In another approach the crop is
divided into layers and microclimate is simulated by solving the energy balance in each
layer (Norman, 1982). More recently, microclimatic variables such as radiation (Chelle,
2005) have been integrated in 3D plant architecture models. Luquet et al. (2003) simulated
temperature variability in a cotton crop using an energy balance model at leaf level based
on a 3D description. The use of ‘phylloclimate’, which is the microclimate of individual
plant organs (Chelle, 2005) and the DROP rainfall distribution model (Bassette and
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Bussiere, 2005), are among other examples of canopy microclimate modelling. An energy
balance model was used to predict rises of 1.6-2.0°C in rice paddy water by 2081–2100,
which could promote pests and diseases (Ohta and Kimura, 2007).

Conclusion
Identifying and quantifying impacts of climate changes on plant diseases is complex as
both climate change and climate variability affect plant disease epidemics. Limited data
show that the influence may be positive, negative or neutral, depending on the hostpathogen interactions and will affect disease management with regard to timing, preference
and efficacy of chemical, physical and biological measures of control. Existing preventive
plant protection measures, such as use of diversity of crop species in cropping systems,
adjustment of sowing or planting dates, use of crop cultivars with superior resistance and
/or tolerance to diseases and abiotic stress, use of reliable tools to forecast disease
epidemics, application of IPM strategies, and effective quarantine systems, may become
important in the future. Effective crop protection technologies are available and will provide
appropriate tools to adapt to altered conditions. However, disease monitoring and
surveillance in prevailing and future weather data in different agroecosystems are the
critical inputs to assess/identify or /explain local and /or regional risk of probable epidemics
under current uncertainties of future climate scenario.
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Increasing climate variability with the change in climate is recognized unequivocally.
With the changing climate patterns and cropping systems, host, pathogen and favourable
environment interactions are leading to diseases epidemics in a range of crops. Three
essential components are required simultaneously for a disease to occur: a virulent
pathogen, a susceptible host and favourable environment and the effect over time of the
evolutionary forces on living populations leading to new disease epidemics often referred
as “disease tetrahedran”. Even with minor deviations from the normal weather, the
efficiency of applied inputs and food production is seriously impaired (Rotter et al.,
1999). Agriculture production of rainfed regions, which constitute about 65% of the
area under cultivation and account for about 40-45% of the total production in India, is
expected to suffer severe as a result of climate change (Agarwal, 2003).
Temperature, moisture and greenhouse gases are the major variables of climate
change. The most obvious effect of climate change is on the global mean temperature
which is expected to rise between 0.9 and 3.5 ºC by the year 2100 (IPCC, 2007). Cold
days and nights and frost have become less frequent over most land areas, whereas hot
days and nights are becoming more frequent. Variability in rainfall pattern and intensity
is expected to be high. Greenhouse gases (CO2 and O 3) would result in increase in
global precipitation of 2 ± 0.5ºC per 1ºC warming. Climate variability is adding a new
dimension to managing plant diseases by altering the equilibrium of host-pathogen
interactions resulting in either increased epidemic outbreaks or new pathogens surfacing
as threats or less known pathogens causing severe yield losses. This paper discusses
the climate variables and how they affect the plant diseases giving some examples.

Changing scenario of plant diseases and pathogens
Climate change may affect plant pathosystems at various levels viz. from genes to
populations, from ecosystem to distributional ranges; from environmental conditions to
host vigour/susceptibility; and from pathogen virulence to infection rates. In general,
climate variability has shown positive and negative impacts on host-pathogen interactions.
However, in general climatic changes could result in following changes in diseases/
pathogens a) extension of geographical range; b) increased over-wintering and
oversummering; c) changes in population growth rates; d) increased number of
generations; (e) loss of resistance in cultivars containing temperature-sensitive genes
(f) extension of crop development season; (g) changes in crop diseases synchrony; h)
changes in inter-specific interactions etc.
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Plant pathogens have varying ranges of temperature requirements that affect the
various steps in disease infection cycles such as penetration, pathogen survival,
dispersal, epidemic development, survival and sexual reproduction. Few studies have
shown that wheat and oats become more susceptible to rust diseases with increased
temperature Increased temperature and more frequent moisture stress (Drought) are
predicted to increase in many regions and is likely to influence plant disease epidemics.
For example, dry root rot of chickpea (caused by Rhizoctonia bataticola) is becoming
more severe in rainfed environments as the host plant is predisposed by moisture stress
and higher temperatures during the flowering to pd filling stage (Pande et al., 2010).
Weather and dry root rot disease data collected in India for one decade showed higher
incidence of dry root rot in chickpea varieties that resist Fusarium wilt in years when
temperatures exceed 33ºC (Pande et al., 2010; Sharma et al., 2010). On the contrary,
cooler temperature and wetter conditions are associated with increased incidence of
stem rot on soybean (Sclerotinia sclerotiorum); blights (Ascochyta spp.) in chickpea,
lentil, pea; and anthracnose in chickpea and lentil (Pande et al., 2010, Pangga et al.,
2004). Many models that have been useful for forecasting plant disease epidemics are
based on increases in pathogen growth and infection with in specified temperature.
Another climate variable, moisture can impact bothy host plants and pathogens in
various ways. For example high moisture (rainfall) favors most of the foliar diseases
and some soilborne pathogens such as Phytophthora, Pythium, Rhizoctonia solani
and Sclerotium rolfsii etc. Forecast models for these pathogens are based on leaf
wetbness and relative humidity and precipitation measurements. An outbreak of
Phytophthora blight of pigeonpea (Phythophthora drechsleri f. sp. cajani) in Deccan
Plateau of India is attributed to erratic and heavy rainfall (>300mm in 6-7 days) leading
to temporary flooding (Sharma et al., 2006; Pande et al., 2011). Alternaria blight of
pigeonpea is being seen more frequently in recent years in semi-arid tropic regions
due to the untimely rainfall (Sharma and Pande, unpublished). However, in areas where
moisture is decreasing due to climate change, Fusarium wilt, dry root rot etc. will become
problematic for the cool season pulses.
Most of the available data clearly suggests that increased CO2 would affect the
physiology, morphology and biomass of crops (Challinor et al., 2009). Elevated CO2
and associated climate change have the potential to accelerate plant pathogen evolution,
which may, in turn, affect virulence. Pathogens fecundity increased due to altered
canopy environment and was attributed to the enhanced canopy growth that resulted in
conducive microclimate for pathogen’s multiplication (Pangga et al., 2004). Foliar
diseases like Ascochyta blights, Stemphylium blights and Botrytis gray mold can become
a serious threat in pulses under the higher canopy density. Increased CO2 will lead to
less decomposition of crop residues and as a result soil borne pathogens would multiply
faster on the crop residues.

Disease management strategies
Since regional impacts of climate change on plant diseases will be more, disease
management strategies will require adjustments. Although physiological changes in host
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plants may result in higher disease resistance under climate change scenarios, the
durability of resistance may be threatened and may lead to more rapid evolution of
aggressive pathogen races (Hibberd et al., 1996). The population dynamics of beneficial
microorganisms such as rhizobia, biocontrol agents and mycorrhizal fungi may get
affected due to increased temperature, moisture and CO2. Under elevated CO2 conditions,
mobilization of resources into host resistance through various mechanisms such as
reduced stomata density and conductance (Hibberd et al., 1996); greater accumulation
of carbohydrates in leaves; more waxes, extra layers of epidermal cells and increased
fiber content and increased biosynthesis of phenols (Hartley et al., 2000), increased
tannin content (Parsons et al., 2003) have been reported. The efficacy of fungicides
may change with changes in climate variables. For example more frequent rainfall events
could make it difficult for farmers to use the fungicides on plants leading to more frequent
applications.
In addition to refinement in the existing management practices, there is a need for
simulation models to assess the potential of emerging pathogens for a given crop
production system and also shift in pathogen populations/fitness that may demand
modifications in current production systems. Forecasting models which allows
investigating multiple scenarios and interactions simultaneously will become most
important for disease prediction, impact assessment and application of disease
management measures. Many weather driven epidemiological models have been
developed and used to predict plant disease epidemics under variable climate (Serge et
al, 2011). Most forecasting models are meant for tactical and strategic decisions Another
modeling is ecological niche modeling or species distribution models to anticipate the
potential geographical range (Serge et al., 2011). Recently, Geographic information
system (GIS) is commonly used to evaluate and model the spatial distribution of plant
disease in relation to environmental factors. Using GIS, Phytophthora blight of pigeonpea
was monitored in the major pigeonpea growing areas in India indicating that Phytophthora
blight occurs on improved as well as local cultivars of pigeonpea irrespective of soil
types and cropping systems (Pande et al., 2010).

Conclusion
Regional impacts of climate change on plant disease management strategies need a
relook using forecasting models and biotechnological approaches in understanding the
emerging scenario of host pathogen interactions. Epidemiological knowledge, combined
with biophysical and socio-economical understanding are required to deploy resistances
and achieve sustainable disease management. There is a need for a greater
understanding of the effect of climate variables on the efficacy of synthetic fungicides,
their persistence in the environment, and development of resistance in pathogens
populations to the fungicides. Recently, national and international net work is also actively
anticipating and responding to biological complexity in the effects of climate change on
agriculture and crop diseases (Serge et al., 2011). The primary benefit of such studies
to growers will be their ability to control the diseases that become severe as result of
climate change, select varieties that are less vulnerable for diseases, and reduce
fungicide application. The information will be useful to the crop growers, scientists and
extension agencies, NGOs, research planners, and administrators.
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Epidemiology deals with dynamics of plant pathogen infecting host population. Bitter
memories of Irish famine and potato late blight motivated plant pathologists to probe into
reasons behind the same. They looked at biology of the pathogen, its life cycle, hostpathogen systems, etc. Eradication of barberry plants (Mehta, 1933) marked the beginning
of phytoepidemiological awareness for plant disease management. ‘Dutch rules’ by van
Everdingen (1926) for potato late blight prediction is relevant even today as recent systems
consider the same meteorological parameters indicated therein. Gradually, meteorologists
(Schröeder, 1960; Bourke, 1970), aerobiologists (Hirst, 1952; Gregory, 1968),
mathematicians (Vanderplank, 1963), other phytopathologists viz., Waggoner and Horsfall
(1969) joined the bandwagon; Waggoner and Horsfall (1969) simulated plant disease
epidemic on computer while Vanderplank (1963) viewed practical epidemiology and
forecasting of plant diseases as a multi-disciplinary science. Post-Mehta era, the world
saw how Nagarajan and Singh (1990) discovered that wheat rust epidemics over Indian
subcontinent are influenced by western disturbance of air and depression that passes
over the Nilgiri hills. Spores of wheat stem rust travel from South India to Central and
North India. Monitoring of ambient conditions with western disturbance by weather satellite
over north-west India between November and April could be used as index to find if it will
be a year for brown rust, yellow rust or no rust (Nagarajan and Singh, 1990).
Mankind has always been eager to know the unknown of the future to enable plan
suitably for the same. With generation of knowledge, the disease triangle and tetrahedron
was considered involving the interaction among host and pathogen in a given environment
over time. Plant disease forecasting is a management system used to predict the
occurrence or change in severity of plant diseases. At the field scale, these systems are
used by growers to make economic decisions about disease management. The
environment is usually the factor that controls whether disease develops or not, the
vulnerability of the host, presence of the pathogen in a particular season through their
effects on processes such as over-seasoning or ability of the pathogen to cause disease.
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In these cases a disease forecasting system attempts to define when the environment
will be conducive to disease development.

Why study epidemiology and forecasting of plant disease?
A wide gap exists between the potential yield and the yield realized at the farmers’ field.
Among the factors contributing towards this yield gap are the biotic stresses that affect
the crops. Severity of infestation of the pests and diseases differs between seasons,
regions and individual crops within a region. In the absence of stable, desirable and
diverse sources of resistance to the biotic menaces, pesticides remain the only effective
means to manage them. Knowledge about the timing of start of infestation of these pests
and their gradual progress in advance could enable plan necessary pesticide schedule
for the season, region on the particular crop against the specific menace expected. This
could be enabled by development of region, crop and pest-specific prediction models to
forewarn these menaces. Since these biotic menaces are weather-dependent, weatherbased prediction models could be developed to enable manage these pests.

Where to use forecast models?
Forecast model devising consumes a lot of resources viz., manpower, time, etc. Hence,
it is important that such resources are provided only to an important crop. The candidate
disease should be sporadic and its occurrence, severity, progression should be influenced
by weather factors and hence should vary accordingly, should cause economically
significant yield losses over large area and availability of timely and quality forecast
could enable mitigate the risks due to the occurrence of the disease by application of
effective economic prophylactic measure. Forecast models provide an alternative to
calendar spray schedule to bring need-based precision, eg., instead of sprays at 7-14day intervals to spray at precise time just when and where the disease is likely to appear
or has just initiated to enable cut input costs. Thus, precision pest management may
bring down number of sprays to provide economic and environmental benefits. Finally,
the system of forecast should enable take economically acceptable action as an integral
part of IPM package while growers should be capable and flexible enough to take due
advantage of a disease forewarning.
Disease forecasting model is a set of formulae, rule or algorithm patterned after the
biology of the specific pathogen keeping in view the host and standard crop management
practices. The stages of modelling start with development [assumptions and selection of
key environmental and host variables (resistance to disease, gene-for-gene theory of
Flor, 1942, etc.) apart from considering farmers’ socio-economic situation (constraints,
perceptions)], devising equations based on laboratory and field studies to predict risk of
occurrence of disease and / or development of inoculum, validation (testing assumptions
over agro-climatic zones and years; revise and refine based on results or needs of different
locations) and implementation (grower trials and issue of advisories in public interest,
transferred to private domain viz., consultant, industry, etc. for improved crop
management). Thus, to devise forecast model, thorough study of temporal and spatial
changes in development of epidemics is important apart from reliable sampling procedure,
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wherein assessment of initial inoculums (by spore traps and use of serological, molecular
tools) could make the job easy. Forecasting plant disease epidemics is intellectually
stimulating. Mostly, having maximum possible information about disease is useful before
venturing to predict its development. Sometimes, one or two factors affecting disease
development predominate so much that knowledge about them is sufficient to formulate
a reasonably accurate forecast. Thus, forecasts could be based on initial inoculum,
meteorological parameters and their combinations. Thus, the criteria for making prediction
should be based on sound investigation in laboratory and field. If information on favourable
weather conditions is known, subjective weights based on this information can be used
for constructing weather indices. In absence of such information, correlation coefficients
between targeted forecast and respective weather variable / product of weather variables
can be used (Agrawal et al., 2004).

Regional forecasting for crop protection advisories
The crux of crop protection advisory services to farmers depends on real-time availability
of quality regional short-to-medium range weather forecasts and tested epidemiological
models. In order to enable forecast for likely occurrence of any disease to be effective,
the risk-related information must be made available to the targeted farmer at least 7-10
days ahead of actual occurrence of the menace so that the client is able to arrange for
required economic action (viz., spray of fungicide, etc.) to mitigate the impact of the
pest. Thus, the farmers need to be advised on the mitigation strategies for likely impacts
of weather parameters on pest-disease infestation. Earlier most of the work focused on
effects of a single meteorological variable on the host, pathogen, or the interaction of the
two under controlled conditions. Since use of ‘Dutch rules’, thumb rules or even empirical
models have been used to forecast plant diseases viz., potato late blight forecast presently
in vogue (http://web.pau.edu/potato/). There are several disease forecasting networks
across the globe viz., maize (EPICORN – for Southern corn leaf blight), tomatoes and
potatoes (EPIDEM, TOMCAST, BLITECAST – for early and late blights), apple (Maryblight,
EPIVEN – for fireblight and scab), etc. Then came advanced weather-based locationspecific forewarning models based on multiple or stepwise regression, discriminant function
analysis, artificial neural network (Jain et al., 2009) developed for major diseases
(Alternaria blight, white rust, powdery mildew) and aphid of oilseed Brassica in India
(Desai et al., 2004; Chattopadhyay et al., 2005a,b; 2011; Laxmi and Kumar, 2011). These
have been validated with success over 2005-08 at Bharatpur (Rajasthan) for occurrence
of Alternaria blight, white rust and aphid on Indian mustard crop, even with issue of agroadvisories for public use.
Machine learning techniques offer many methodologies like decision tree induction
algorithms, genetic algorithms, neural networks, rough sets, fuzzy sets, integration of
neural network (ANN) and fuzzy inference strategies for the classification and prediction
of diseases (Jain et al., 2009). Decision tree is utilized for forewarning diseases using
weather variables. Artificial Neural Networks (ANNs) is another attractive tool for disease
forecasting. These learn from examples and capture subtle functional relationships among
the data even if the underlying relationships are unknown or hard to describe; thereafter,
it can often correctly infer the unseen part even if data contains noisy information. For
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qualitative data or mere availability of epidemic status, logistic regression models could
be developed for forewarning occurrence of diseases by categorizing the data into two or
three categories [occurrence and non-occurrence as 1/0 (2 categories) or low, medium
and high severity as 0, 1, 2 (three categories), etc.] of disease (Mishra et al., 2004).

Why use remote sensing in forecasting of plant diseases?
We have discussed the success of regional or location-specific networks or models in
vogue to forecast occurrence of different plant diseases. These are all based on
observations recorded at surface level for disease and meteorological factors. Data
recorded at surface meteorological observatories remain valid to a maximum range of 75
km radius. In order to cover all agro-ecological zones of India (3287240 sq km), we would
require weather data recording at least at ~1200 observatories (presently ~1000
meteorological observatories are functional in India with some linked through satellite
communication, not uniformly distributed) apart from multi-year observations on disease
epidemics in those many locations. Most (70%) of the land-holding size of farmers average
0.39 ha (some even 20 m x 20 m) and only 1% crop growers hold > 10 ha (mean: 17.3
ha). Patchiness of disease incidence could pose problems in its proper assessment.
Thus, such exercise could be highly time-consuming and labour-intensive for the seventh
largest country with difficult terrain, 66% gross cropped area under food crops, lacking in
number of skilled manpower and shrinking resources. Remote sensing overcomes such
limitations with ability to access all parts of the country and can often achieve a high
spatial resolution (5 m x 5 m by multi-spectral LISS IV at 25-day intervals), thus leading
to an accurate estimation of area affected. Further, in case of possible failures in forecasts,
accurate assessment of damage due to pest is possible for providing compensation to
farmers. Of course, remote sensing does involve standardization of techniques based on
ground-truths and hence could be cross-checked with actual ground situation.
The first multi-spectral airborne study for identification of plant disease using remote
sensing in India was conducted jointly by ICAR and ISRO that demonstrated identification
of coconut wilt using aerial false colour photography (Dakshinamurti et al., 1971). At
present, remote sensing (ISRO) data are also being used in generating weather forecasts,
providing crop estimate in terms of net sown area and yield, issued in operational mode
for the last few years with reasonable accuracy for rice, wheat, mustard and potato in
collaboration ICAR-ISRO (SAC) of under MoA (DAC)-funded project FASAL (Forecasting
Agricultural output using Space, Agrometeorological and Land-based observations).
Mustard production has been forecasted at national level under FASAL using multi-date
temporal AWiFS (Advanced Wide Field Sensor on IRS-P6; 56 m x 56 m) and RADAR
(RAdio Detection And Ranging) data. Two forecasts were made during the season at
different crop growth stages. Encouraged by these successes, India Meteorological
Department (GoI) envisages implementation of FASAL initially at 46 centres, which is
likely to be extended to 130 stations in due course (IMD, 2011)
Success of remote sensing for forecasting plant diseases depends on high-resolution
(1-5 m) multispectral / hyperspectral or microwave observations from satellite platform.
Research efforts have been put to apply or refine ground-based models using satellite-
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based spatial weather and high-resolution remote sensing observations for mustard aphid
infestation (Bhattacharya et al., 2007a; Dutta et al., 2008). Use of remote sensing and
Geographic Information System could be explored for analysis of satellite-based agromet data products, mapping geographical distribution of pests, delineating the hotspot
zones. Super-imposition with causative abiotic and biotic factors on visual pest maps
can be useful for disease forecasting. Since, diseased plants increase reflectance
particularly in chlorophyll absorption band (0.5-0.7 mm) and water absorption bands (1.451.95mm), forecasting plant disease is possible by remote sensing. Though information
on this aspect is scanty, disease severity assessment and yield loss estimation using
changed reflectance pattern of diseased plants can be attempted. Remote sensing
(greenness vegetation index derived from LANDSAT MSS digital data, four bands) has
been successfully used to distinguish the healthy wheat in India from diseased wheat in
Pakistan. Favourable weather from January to April and a sudden rise in temperature at
mid-April are the main causes for yellow rust disease. Routine monitoring at surface for
weather and by remote sensing could help predict epidemic well before first appearance
of the disease on the crop, giving a positive edge to make accurate decision related to
disease management. Similarly, preparation of mustard crop mask, mapping of spatial
distribution of aphid (population density) growing zones and prediction of its growth,
dates of severe pest infestation (peak population) at each grid level in the Bharatpur
region of Rajasthan state (Bhattacharya et al., 2007a; Dutta et al., 2008) was possible.
It has also been possible to detect Sclerotinia rot-affected mustard using remote-sensing
technology (Dutta et al., 2006; Bhattacharya et al., 2007b). These successful experiences
could certainly be effective boosters for any future endeavour.
But the potential benefits of shortto-medium range weather forecast from
numerical weather prediction (NWP)
models or future climate projections have
been least harnessed in India for regional
crop protection services. Recent
momentum to assimilate more updated
satellite-based
spatio-temporal
atmospheric and land surface products
from Indian geostationary satellites
(Kalpana-1, INSAT 3A) for high resolution
(5-15 km) weather forecasts from
advanced NWP model such as WRF
(Weather Research and Forecasters) is
encouraging. Such regular highresolution forecast products are available for the registered users (http://
www.mosdac.gov.in). Very soon a National Crop Forecasting Centre (NCFC) is scheduled
at IARI, New Delhi under the behest of MoA (DAC). Therefore, an Integrated Decision
Support System (IDSS) for Crop Protection Services (Figure 1) can be imagined with its
evolution in a phased manner, which could have the following three components: (A)
Operational focus (with periodic production of alarm zones encompassing 127 agro-climatic
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zones through well-tested models, forecast weather, high-resolution remote sensing data
and operational crop map in the GIS framework), (B) Research priorities (i) Development
of forecast models for major diseases with large-scale applicability, validation in farmers’
fields and model refinements. (ii) Evaluation and improvement in quality of well-validated
satellite-based products, improved data assimilation approaches. (iii) Field-to-satellitebased remote sensing with high-resolution observations to differentiate among crops,
among phenological stages within crop growth period, biotic stresses from abiotic stresses
(moisture and nutrients), normal health. (iv) Development of models for minor pests and
diseases in view of climate change scenario]. (C) Human Resources renewal [(i) Creation
of experts on handling of spatial data, who could be brave enough to think differently, bold
enough to believe that as a team they could bring a positive change in the present
practices of disease management and talented enough to do it. (ii) Familiarization of
policy makers with more of digital products for interpretation. (iii) Regular feedback
mechanism from farmers through Village Resources Centre network using satellite
communication.

Why use computer-based decision support system?
Forecasted information needs to be simple and user-friendly. Interpretation and use of
these devised prediction models is difficult for persons not having proper statistical
knowledge. Further, keeping in view the need to help the plant researchers, extension
personnel and farmers in forecasting of disease and timely application of control measures,
computer and web-based systems are developed. The software uses statistical models
to predict disease occurrence well in advance of its actual arrival on the crop. The
architecture of software could be multi-layered viz., Client Side Interface Layer [CSIL;
using Hyper Text Markup Language (HTML) and JavaScript with forms for accepting
information from the user and validating those forms], Server Side Application Layer (SSAL)
and Database Layer (DBL; by using MS-SQL Server database for storing users’ information
(i.e. login name, login password).
On-line decision support systems to forecast different diseases are in use across
the globe viz., tan spot, septoria leaf blotch, leaf rust and Fusarium head blight /scab
diseases of wheat (http://www.ag.ndsu.edu/ndsuag/features/small-grain-diseaseforecasting), canola light leaf spot (Pyrenopeziza brassicae on http://
w w w. r o t h a m s t e d . b b s r c . a c . u k / R e s e a r c h / C e n t r e s / C o n t e n t . p h p ?
Section=Leafspot&Page=llsforecast) and Phoma stem canker (Leptosphaeria maculans,
L. biglobosa on http://www.rothamsted.bbsrc.ac.uk/Research/Centres/Content.php?
Section=Leafspot&Page=phomaforecast). With support from ICAR, we too have designed
and implemented web-based forecast software (www.drmr.res.in/aphidforecast/index.php)
for prediction of mustard aphid (Lipaphis erysimi) on oilseed Brassicas for different locations
(Bharatpur, Morena, Hisar, Ludhiana, Pantnagar, Berhampur) in India. This software,
developed by deploying ubiquitous unbeatable open sources LAMP technology, uses
weather parameters as independent variables to predict crop age at time of first appearance
of aphid on crop, peak number of aphid and crop age at peak population as dependent
variables, well ahead of actual occurrence of the event. Online evaluation of the system is
in process and initial user-response has been very positive due to effective forecast and
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the easy user interface. Parallel to this, we have also developed a computerized imagebased Rapeseed-Mustard Disease Identification and Management (RMDI&M) expert
Software to identify and manage oilseed Brassica diseases, which provides necessary
support for the mustard grower. The system can be used on any machine having internet
connectivity.

Coping with climate change and sustain accuracy of forecast
In view of changing climate, the devised and to-be-born models need to be oriented to
dynamic mode. The models already developed are based on some meteorological and
disease observations recorded in the past and they are based on previous disease-weather
correlation. However, with change in climate, the disease-weather relationship is also
bound to change apart from behaviour of the hosts, newer varieties, cropping practices,
etc. (Chakraborty et al., 2008). Dynamic models incorporate the recorded data of each
crop season for a particular disease to suitably revise itself and thus remains stable,
relevant enough to continue providing accurate forecast.
Farmers’ decisions are of vital importance for good yields of crops. Forecasted weather
products and area-wide weather networks are becoming more prevalent. Now, the challenge
is to bring continuous improvement in productivity, profitability, stability and sustainability
of major farming systems, wherein scientific management of plant diseases holds a
pivotal role (Swaminathan, 1995). Crop loss models, representing a dynamic interaction
between pathogen and host, are essential for forecasting losses due to plant diseases.
Accurate information concerning possible yield losses due to occurrence of a disease is
needed by growers or plant protection specialists to decide on cost-effective control
measures. With an increasing concern for cleaner environment and discouragement for
pesticide use, there is need to approach disease management through knowledge on
dynamics of plant diseases as an art of living with them (Zadoks, 1985). Thus, future
research and education in Plant Pathology does need to include this aspect of disease
management, for which fund requirement would certainly be lesser than many ambitious
ones.
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Plants have mechanisms to keep a homeostatic balance with potential pathogen or nonpathogens in the immediate environment. A basic requirement for the proper functioning
of even a simpler cellular system is communication between its components. In this
sense, communication means transmitting information to and receiving information from
the environment, then transforming it to signals or instructions which the cell can understand
and respond to. This exchange of information can be mediated by soluble agents
(transmitters) or by direct cell-cell interaction. It is assumed that compatibility and
incompatibility are initiated by surface-surface contact.
The importance of the plasma membrane in the maintenance and regulation of a
cell’s physiological state, its interaction with other cells and its antigenic individuality
have been well established. In addition, by serological methods it has been established
that antigen is located, at least in part, on or near the cell surface. Antigens may involve
information transfer and/or the maintenance of membrane integrity during the cell-to-cell
interaction of host and parasite. When two cells touch, the interfacial energy in the area
of contact becomes very low. This can have a large effect on both the protrusion of
membrane proteins in that area and on their local aggregation resulting in protein transfer
following cell-cell contact. The mutual recognition of different cell types could result from
the transfer or interaction of membrane proteins by these mechanisms. Membrane proteins
aggregate in response to a variety of triggering substances including antigens and
mitogens.

Antigenic concept
The success or failure of infection is determined by dynamic competition and the final
outcome is determined by the sum of favourable and unfavuorable conditions for both the
pathogen and host cells. There is evidence that tolerance of the parasite by the host
increases with increasing antigenic similarity, whereas, resistance of the host is
characterized by an increasing disparity of antigenic determinants. In this context, the
concept of common antigens has acquired a special meaning due to its coincidence in
compatible host-parasite relationships and because it may give some clue to the high
degree of specificity.
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The relative unspecificity of fungi and hosts in all kinds of mycorrhiza comes as a
surprise to those who might be led to expect that organisms which form permanent
mutualistic associations would be more likely to be highly specific than pathogenic
biotrophs whose association is temporary, ending perhaps with the premature death of
the host. Indeed it might further be expected that ectomycorrhizal fungi, symbiotic with
long-lived perennials, might be more specific than those of annual herbs, but that is not
so either. The explanation lies in the selective advantage of the associated state and a
consequent selection against variation towards incompatibility. In addition to the nutritional
advantages mentioned, there is for the fungus a further selective advantage arising out
of non-specificity. There will always be, in any soil or in any ecosystem, suitable
habitat, i.e. suitable host roots, for a non-specific fungal symbiont. Mycorrhizal
dependency may be defined as “the degree to which a plant is dependent on the
mycorrhizal condition to produce maximum growth or yield at a given level of fertility” of
soil. “Mycorrhizal dependency” is essentially a crop or host-oriented concept where
interest centres on the growth or development of the host rather than of the fungus.
“Mycorrhizal effectiveness” considers the effectiveness of the mycorrhizas as organ
active in some physiological processes e.g. nutrient absorption, but it is often measured
in similar terms, of dry weight increment per unit time compared to an uninfected control,
as mycorrhizal dependency.
Very little experimental work has been performed on mutual recognition of mycorrhizal
fungi and their hosts. Their specificity is not close; a single fungal isolate may form
vesicular-arbuscular mycorrhiza with a wide range of species of host of all the phyla of
land plants in laboratory experiments. Specificity seems to be closer in the competition
of natural vegetation than in pure culture. The extent to which this impression is real is
questionable. At all events, any mycorrhizal host is usually compatible with a wide range
of fungi and each mycorrhizal fungus with a wide range of hosts. Moreover at a single
time one individual plant may associate with several species of fungi. Mycorrhizal fungi
have extensive compatibility with potential hosts which is perhaps only limited by the
inhibitory properties in the host, which itself can be universal or selective in response to
the fungi.

Disease diagnosis
Presumptive diagnosis of plant diseases in plants showing symptoms can be relatively
simple when typical, definitive symptoms are evident. However, symptoms are not always
unique and can be confused with other diseases. Diagnosis of plant diseases can be
even more difficult with infected seeds or asymptomatic infected propagative materials
such as tree-grafting stocks or potato tubers. Traditional isolation and pathogenicity
tests require 10 to 20 days or longer, enough time for bacteria and aerial fungi to
spread dramatically, causing severe epidemics. Besides, crops are highly vulnerable to
accidental or deliberate introductions of crop pathogens. Strategic thinking about
protection against deliberate or accidental release of a plant pathogen is also an urgent
priority. Recent efforts on various microbe-based technologies for increasing crop
production overcoming biotic and abiotic stresses have led to field applications of
bioprotectants. However, an area which needs attention is to determine the sustainability
of the introduced microorganisms in the soil. Rapid and specific detection of
microorganisms from soil or plant parts will be the key to success.
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A diagnostician depends heavily on reliable, accurate, standardized assays. Rapidity
is important, although techniques that take an entire day to complete but do not require
the diagnostician’s full attention are preferably acceptable. Cost is always a consideration
and diagnostic labs will invest in technology that is applicable to the greatest number of
pathogens. Analysis of the interpretation of techniques currently available for pathogen
detection will serve as a guide to those who must use the art as well as the science for
disease diagnosis. The diagnostician must not lose sight of the fact that the main goal is
to interpret results. With difficult cases, the diagnostician must integrate many line of
‘hard’ and soft’ empirical evidence in order to make a reliable diagnosis.

PAb/MAb based diagnosis
Immunological methods are being used increasingly in agricultural research and a
number of disease detection kits have been developed for use at the site where a
disease is suspected. These kits, which in most cases do not require laboratory
equipment, are especially useful to growers. Polyclonal and monoclonal antibody for
many viruses, bacteria and fungi have been developed for commercial use or in individual
labs. Although polyclonal
Antibodies have been successfully used for detecting several plant pathogens, they
often lack specificity. While monoclonal antibodies are highly specific, but are generally
slow to produce and are highly expensive. Formats for immunodiagnostic techniques
include enzyme-linked
immunosorbent assays (ELISA), western blots, dot-blot
immunobinding assays, immunofluorescence (IF), immunfluorescence colony staining
and immuno-strip tests as well as serologically specific electron microscopy (SSEM).
ELISA, by far the most common immunodiagnostic technique, has been consistently
used for virus, bacteria and fungi detection in soil, water as well as plant tissue in
diagnostic labs due to its high throughput capability.
One critical application of immunoassay technology is the monitoring of pathogen
spread in a crop system. Immunoassays have the potential to detect and quantify pathogen
propagules in soil and other complex matrices. Direct detection and quantification of
pathogens in soil may be more difficult to achieve as a result of low propagule counts,
soil complexity and other factors. However, high sensitive tests using immunoassays
and immunofluorescence combined with appropriate soil preparation measures will likely
overcome some of these obstacle to provide information that can be used in making
crop management decision.

DNA-based diagnosis
PCR has revolutionized molecular biology and diagnostics. With the development of
PCR, DNA-based techniques have rapidly become the preferred tool for identification
of plant pathogens. A large number of classical PCR primers for identification of important
plant pathogens have been developed and many more are becoming available. PCRbased assays offer many advantages over traditional isolation and immunological
methods; most important are specificity and time. Specificity of PCR depends upon the
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uniqueness of the sequences selected for primers and probes. Improvements in
sequencing technologies are making the selection of reliable PCR primers routine.
PCR has also been coupled with density gradient gel electrophoretic (DGGE) analysis,
temperature gel gradient electrophoresis (TGGE), quantitative polymerase chain reaction
(qPCR) and microarrays to support evidence for detection. These tools are valuable
because they can look for many genes and many organisms at once and also because
the technology is well understood and commercially available.
Currently, numerous diagnostics laboratories are adopting molecular methods for
plant pathogen detection. Among others important applications of these technologies
which are increasingly developed as resourceful tools for quickly and sometimes cheaply
assessing diverse aspects of plant pathogen genomes. These include genetic variation
characterization, genome fingerprinting, gene mapping and tagging, genome evolution
analysis, population genetic diversity, taxonomy and phylogeny of plant pathogen taxa.
With the advent of the DNA based marker, a new era of modern plant pathology
begun. These techniques are rapid, highly specific and can be used to detect minute
quantity of DNA. Today a wide range of techniques can be employed to identify and
quantify plant pathogen propagules even before the installation of symptoms. This could
help for control measures decisions. These techniques are also used to detect genetic
variation, fingerprinting, taxonomy and phylogeny of pathogens at all stages of growth
and development unlike the conventional method.
Thus, nationwide network of diagnostic laboratories will facilitate rapid diagnostics
and improved communication for (i) early and specific detection of phytopathogens in
plant tissue and/or soil before appearance of symptoms which will pave the way for
developing strategies for plant disease management and (ii) sustainability of the
introduced agriculturally important microorganisms in the soil for improvement of plant
health can be determined specifically with the help of developed diagnostic kits.

Cell-cell interaction
One of the most difficult and intriguing aspects in the study of biology is an understanding
of Plants are constantly being challenged by aspiring pathogens, but disease is rare.
Why? Broadly, there are three reasons for pathogen failure. Either (i) the plant is
unable to support the niche requirements of a potential pathogen and is thus a non host;
or (ii) the plant possesses preformed structural barriers or toxic compounds that confine
successful infections to specialized pathogen species; or (iii) upon recognition of the
attacking pathogen, defense mechanisms are elaborated and the invasion remains
localized. All three types of interaction are said to be incompatible, but only the latter
resistance mechanism depends on induced responses. Successful pathogen invasion
and disease (compatibility) ensue if the preformed plant defenses are inappropriate,
the plant does not detect the pathogen, or the activated defense responses are ineffective.
Pathogens have evolved to interact with their hosts in many different ways. In many
cases these interactions reflect a close relationship between both partners, and are a
result of a long coevolution. Research at the molecular level on different coevolved
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systems should contribute to finding the answers for designing integrated control method
of plant diseases.
The initial process of pathogen attachment to a host plant is essential for the
establishment of pathogenesis. This attachment may be involved in the recognition of
the host cell surface and may serve as a base around which the infection court may be
altered. The extracellular matrix (ECM) is a biologically active part of the cell surface
composed of a complex mixture of macromolecules that, in addition to serving a structural
function, profoundly affect the cellular physiology of the organisms. The plant ECM has
undoubtedly a central role both in plant development and in the interactions with
pathogenic and other symbiotic microorganisms. Earlier studies on plant disease
resistance genes (R genes) and pathogenesis related proteins (PR-proteins) have allowed
the characterization of several components involved in specific or non-specific defense
responses of plants during pathogenesis. Some of these components have successfully
used in controlling disease in genetically transformed plants. However, the first steps in
cell-to-cell recognition and adhesion have not been elucidated yet. The molecular events
determining the specificity of plant-pathogen interactions and the identification of the
receptors and ligands involved in recognition are not well understood.

Idiotypes
Idiotypes, the unique and characteristic determinants of an immunoglobulin or T cell
receptor, can function as antigens. Anti-idiotypic responses, which include anti-idiotypic
antibody-producing B cells and idiotype-specific T cells, form a network of immune
cells that regulate their production. The idiotypic network hypothesis postulates that the
immune response may be regulated by responses to idiotypes, unique determinants
originally described on B cell, and now also on T-cell receptors. These interactions
create a network of clones of B and T cells that express distinct idiotypic specificities
that interact with each other to regulate the immune response. Data have been
accumulated supporting the existence of a functional idiotypic network in immune
responses to haptens, and viral, bacterial, parasitic and tumour antigens. Furthermore,
investigations in this area have contributed to the design of new vaccines and new
therapeutic strategies for the treatment of various diseases such as B-cell lymphomas,
and autoimmune disorders.

Anti-idiotypic (anti-IT) antibody
In order to look for a putative ligand-receptor system which may be involved in
communication between the target host and the pathogen, the anti-idotype (anti-IT)
antibody strategy can be developed. An anti-IT antibody reacts with antigenic determinants,
termed idiotopes, localized on the variable regions of other antibodies. An anti-IT antibody
that interacts with the original antibody in the same way as the antigen is said to carry
an internal image of the antigen and some of these anti-IT antibodies have been shown to
mimic the antigens. Functional idiotypic mimicry of the ligands of biological receptors
has indeed been described in several systems. For example, anti-IT anti-receptor antibodies
have been used to identify putative receptors for the importation of proteins into

145

Plant Pathology in India: Vision 2030

mitochondria. Perhaps the most successful use of anti-IT antibodies has been in the
identification of cell-surface receptors for hormones, neurotransmitters, neuropeptides,
growth factors and intercellular receptors involved in the retention of proteins in the
lumen of endoplasmic reticulum. In these cases, the proof resides in the ability of the
anti-IT antibodies to mimic the ligand by eliciting the same physiological response in
vivo.
Anti-idiotypic antibodies can mimic the ability of phyto-pathogens to induce the
accumulation of transcripts associated with defense responses in plants. The anti-IT
antibodies can be used as inducers on host, and the expression of genes involved in
plant defence responses can be analysed. The components of both primary
(glyceraldehydes-3-phosphate dehydrogenase, GAPDH) and secondary ( phenylalanine
ammonia lyase, PAL) metabolism of plants which are activated during defence responses
to pathogen attack and general environmental stress conditions, may be used to test the
ability of anti-IT antibodies to induce the host defence responses. In addition, similar
levels of induction with anti-IT antibodies can also be measured for hydroxymethyl glutaryl
coenzyme A reductase (HMGR), an enzyme involved in the first step of isoprenoid
biosysnthesis. Thus anti-IT antibodies are able to mimic the inducer-driven plant defence
responses.

-

This anti-IT approach will provide a new tool which has been used previously to
detect putative receptors in other systems. Functional idiotypic mimicry of ligands and
biological receptors has also been probed. In plant –pathogen interactions, the use of the
anti-IT antibodies approach to detect ligands and receptors will also allow us to study
and understand the complex network of signal transduction pathway that operate after
the first recognition event. Knowing the protein structures of the components interacting
in the patho-system, one approach could be the design of molecules that can be targeted
at inhibiting the ligand-receptor binding site in order to block the specificity of the hostpathogen interaction.

Defense proteins
Pathogenesis related (PR) proteins have arguably received the most attention as both
an indicator of induced resistance and a potential weapon against pathogens. Localization
of the major, acidic PR proteins in the intercellular space of the leaf seems to guarantee
contact with invading fungi or bacteria before these are able to penetrate. In
immunolocalization studies, labelling for b,1,3-glucanase and chitinase was especially
pronounced over fungal cell walls confirming their role in plant defence. Most of the
investigations were devoted to leaf tissues. In roots, expression of defence genes was
studied on infection by pathogens, arbuscular mycorrhizal fungi, antagonistic fungus
Trichoderma harzianum or non-pathogenic bacterium Pseudomonas fluorescens and
differences in the expression of distinct classes of chitinases and b,1,3-glucanases were
reported in dependence on the particular microbial inducer. The deposition of enzymes
was predominantly found in endodermis, cortical cells adjacent to endodermis and xylem
vessels. Similar to pathogens, benzothiadiazole (BTH) induced deposition of both chitinase
and b,1,3-glucanase systemically in cortex and endodermis cells. Specific immunogold
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labelling of chitinase was evident in leaf tissues following induction of resistance in
plants using salicylic acid and hexaconazole. There is now compelling evidence that
b,1,3-glucanase and chitinase, acting alone and particularly in combination, can help
defend against fungal infection.
More recently, specific b,1,3-glucanase proteins have been measured
immunologically and their mRNAs have been measured semi-quantitatively by RNA-blot
hybridization. In a limited number of cases, regulation of transcription has been studied
using plants transformed with Gus reporter genes under the control of the promoter
region of b,1,3-glucanase genes. Biochemical characterization and immunolocalization
of defense related proteins that exhibit properties of chitinase and b,1,3-glucanase has
also been demonstrated in few plants. A link between antifungal proteins (AFPs) and
resistace is clearly established, although only partial protection is obtained. In the short
term it will be possible to select for high levels of characterized AFPs (sormatin, b,1,3glucanase, chitinase) in developing, mature and infected grain by direct analysis or by
using antibodies or molecular markers. In the long term more information is required on
the endogenous AFPs of various crop plants. There is a need to identify new components,
to determine activity and synergism, location, initiation of synthesis and amounts in
developing and mature tissues and to relate the above to resistance. The development
of molecular markers [e.g. simple sequence repeats (SSRs)] is essential to underpin
the selection of resistance and the combination of resistance with yield and end use
quality. It will also facilitate dissection of the various aspects of resistance, for example,
the separate effects of hardness and AFPs. A more directed approach can also be
adopted using marker based on characterized AFPs (e.g., thaumatin) and putative
resistance genes (based on other species).
Transformation is an essential prerequisite for long term improvement and must
continue to be supported. Despite major advances in the field of plant disease resistance,
the precise molecular mechanisms of plant pathogen recognition and detailed dissection
of R-gene mediated signalling network remains elusive. There is a long term need to
identify and characterize resistance genes in crops and cereals. These genes would be
expected to ultimately regulate the manifestation of different phenotypes with resistance
to grain mold. In the short term the conserved sequences of R-genes may be used to
design primers which can be used to generate polymorphism in marker-assisted selection.
In the years ahead, new genomic, proteomic and metabolomic technologies will assist in
the identification of signalling components and the investigation of the biochemical
functions of R-proteins and other signalling molecules. Beyond gene identification ,
proteomic approaches will provide insights into the biochemical properties of proteins
involved in disease resistance.
In conclusion, the new generation in the field of Plant pathology should be “Plant
Doctors”capable of practicing their professionals with great care and responsibility. Tactical,
strategic and policy-based decisions in disease management on the basis of advances in
Biotechnology has to be considered. We have to equip Plant Doctors with basic knowledge
to fully understand plant health as well as information technology to communicate with
International community and personal skills to assist farmers in our country.
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Molecular approaches in diagnosis of plant
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The world population is projected to reach 9.3 billion by 2050 of which about 90% will
reside in Asia, Africa and Latin America. India with a population of 1.5 billion will be the
most populous country by 2050. It would be a stupendous task to keep pace with the
growing food demand considering global population growth, changing lifestyles in
developing countries, deteriorating production environment, competition with bio-fuels,
and higher risks and threats to plant health due to climate change and globalization
(Godfray et al., 2010). Plant pests and diseases could potentially cause over 50% loss
to attainable yield in major crops (Oerke, 2006). Each year an estimated 10–16% of
global harvest (Strange & Scott, 2005) is lost to plant diseases. Combined with additional
postharvest losses of 6–12%, it becomes critical for food security of developing countries
like India. Pest and disease management played a key role in doubling food production in
the last 40 years, but pathogens still claim 10–16% of the global harvest. Moreover, biorisks and threats to crop health are escalating with time due to climate change and
trans-boundary spread of insect-pests and diseases. Plant health management would be
particularly difficult in India where average land holdings is quickly declining and it has
been projected that by 2030 average size of farm would be mere 0.32 ha. The absolute
number of operational holdings is also increasing quickly which was more than 121 million
during 2000-01. Several key components of integrated disease management that require
concerted action by the farmers in time and space cannot be exploited to their full potential
because of this peculiar situation. Since it would be difficult to reach all the farm holders
and convince them to follow integrated management practices in proper time and space,
top priority for disease management should be given on resistant varieties and ensuring
seed health.
Seed and other propagules often constitute the primary source of inoculums for disease
initiation and spread. Therefore, ensuring seed health would significantly curtail incidence
and intensity of plant diseases in standing crop. Sensitive techniques for reliable pathogen
detection in planting materials is a pre-requisite for ensuring seed health. The technology
of seed production as well as the profile and intensity of pathogens are changing
continuously with time. For example, tissue culture raised seed material is quickly
replacing conventional planting materials in many of the horticultural crops. This requires
more and more sensitive techniques to detect very low level of pathogen inoculums in
micropropagated plants. Moreover, several exotic pathogens have been identified as
potential risks in India and have been declared as quarantined pests. Sensitive and
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robust techniques are necessary for detection of all those pathogens in imported
materials. Therefore, it is necessary to refine existing technologies and to develop
better techniques and protocols for sensitive detection of pathogens. It is also necessary
to harmonize different detection techniques with nationally and internationally accepted
and adopatable protocols.

Plant disease diagnosis
Reliable diagnosis of a plant disease and sensitive techniques for detection of the causal
agent are the pre-requisites for critical investigation of practically every dimension of the
disease quadrant. In most of the annual crops, prophylaxis is preferred to curative
procedures for disease management. Detection, surveillance, and diagnosis are the three
pillars of any effective prophylactic strategy. Diagnosis is the determination of the cause
of a disease or syndrome in a plant or plant population, whereas detection refers to the
identification of microorganisms or their products, e.g., toxins, in any number of substrates
including plant tissues, soil, and water. Surveillance generally refers to the monitoring of
plant systems for pathogens and/or diseases. In short, surveillance is the process of
searching, detection is the process of finding, and diagnosis is the process of determining
and/or verifying what is found. Disease diagnosis and pathogen detection are central to
the ability to protect crops and natural plant communities from invasive biotic agents
(Miller et al., 2009). In addition to detecting new invasive species, rapid and accurate
diagnostic tests are required to monitor the emergence of novel variants of well-known
pathogens as a consequence of climate change or other environmental shifts, or due to
new agricultural practices.
Keen observational at power and judgmental intuition of an experienced plant doctor
constituted the pillars of diagnosis before the establishment of germ theory. Plant diseases
were identified as blights, cankers, galls, mosaic, rust, smut, wilts etc. on the basis of
disease syndrome. Light and electron microscope played a crucial role in disease
diagnosis after 1858 when germ theory was finally accepted. It was demonstrated beyond
any doubt that plant diseases were caused by a multitude of parasitic entities like the
phanerogamic plants, nematodes, fungi, actinomycetes, bacteria, phytoplasma, viruses,
and viroids in order of their decreasing level of complexity and size. Diagnostic techniques
with increasing sensitivity and sophistication were necessary for detecting pathogens of
decreasing complexity. For example phanerogamic plant parasites like mistletoes, dodder
etc. can easily be diagnosed with naked eye; nematodes can be identified by a simple
stereoscopic microscope; and fungal and bacterial plant pathogens by light microscope.
However, the simplistic architecture and tiny size of the viruses and viroids defy the
power of visible light for their detection. Therefore, electron microscopic techniques have
been developed from 1960 onwards for physical detection of viruses and viroids. Sensitive
techniques based on serological cross reactivity have also been developed for detection
of plant-pathogenic viruses, bacteria and phytoplasma. The enzyme linked immunosorbent
assay (ELISA) virtually revolutionized the sero-diagnostic procedure which has been adopted
widely in developed as well as developing countries. Serology based lateral flow devices
(LFD) are also becoming popular for disease diagnosis. The advent of DNA-based methods
greatly enhanced the speed, sensitivity and accuracy of pest and pathogen detection
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and diagnosis. Polymerase chain reaction (PCR) and real-time PCR techniques have
already expanded the options of molecular diagnostics and are becoming more affordable
and portable, enabling use beyond the laboratory (Boonham et al., 2008). It is expected
that new alternative amplification chemistries based on isothermal or rolling circle
amplification, when combined with novel detection methods such as bioluminescence or
magnetic microbeads may lead to less costly assay formats and easy-to-use biosensors.

Molecular diagnostics
Emergence of nucleic acid based technologies during last 25-30 years has revolutionized
the discipline of life science including disease diagnostics. Though, organic chemical
nature of nucleic acid was first discovered in 1869, its role in genetic inheritance was
demonstrated only in 1943. In 1953, James Watson and Francis Crick determined that
the structure of DNA is a double-helix polymer, a spiral consisting of two complementary
strands wound around each other. Each strand is composed of a long chain of monomer
nucleotides. The exquisite specificity and sensitivity of nucleic acid based detection
technique result from rapid, high-fidelity hydrogen bonding between complementary
nucleotide sequences. Complementarily between two nucleic acid strands (either DNA
or RNA) constitutes the abiding principle of nucleic acid hybridization (NAH) based
diagnostics. The polymerase chain reaction (PCR) developed by Kary Mullis and his
associates in 1986 is another ingenious nucleic acid based technique which quickly
pervaded each and every aspects of pathogen diagnostic. The technique depends on
specific amplification of DNA/RNA sequences in vitro. The NAH and PCR based techniques
are confined to sophisticated laboratories. To make the molecular diagnostics more
affordable and simple, techniques based on isothermal amplification procedures have
been developed recently. Isothermal amplification followed by nano-technology based
detection would greatly simplify molecular diagnostic procedures. Besides, the microarray
techniques are also being developed for simultaneous detection of large number of
pathogens.

Nucleic acid hybridization (NAH)
Nucleic acid hybridization (NAH) refers to the specific interaction in vitro between two
polynucleotide sequences (RNA:RNA, RNA:DNA or DNA:DNA) by complementary base
pairing. The method stems from the fact that the two complementary strands in the
nucleic acid duplex or double helix can be denatured and separated by heat and then
renatured (annealed, hybridized) under conditions favouring the hydrogen bonding of base
pairs. The binding of nucleic acid could take place in solution (solution hybridization),
filter paper or membrane (solid-support hybridization), or it could happen on the tissue
itself (in situ hybridization). For pathogen detection, separation of nucleic acid by
electrophoresis is not required prior to their transfer to solid support. Instead, nucleic
acid from infected samples is spotted on the solid support and is called dot-blot or
nucleic acid spot hybridization (NASH). In this technique, the probes constitute the key
for specific identification of a pathogenic agent. Probes can be a double stranded dsDNA,
single stranded ssDNA or RNA or synthetic oligonucleotide specific for the pathogen to
be detected. Single stranded DNA and RNA probes are more sensitive than dsDNA probes
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because they hybridize only to the target sequence and cannot reanneal. Single stranded
DNA probes are made by cloning dsDNA into a vector containing a 13-base sequence of
the M13 phage universal primer complementary to the 5’ side of a multiple cloning site.
The universal primer is used to initiate synthesis of a single strand (‘-’ strand) DNA from
the cloned fragment by the Klenow fragment of E. coli DNA Polymerase 1. Single
stranded RNA probes are made by cloning the probe DNA into a vector with SP6 (from
Salmonella phage SP6), T3 or T7 (from E. coli phages) promoters using the appropriate
RNA polymerases to make sense/antisense RNA transcripts. Oligonucleotide probes
are short (usually less than 40 nt) nucleotide sequences capable of being chemically
synthesized in large quantities. They are highly specific to a target nucleic acid sequence
because a single base pair mismatch drastically affects the stringency. Oligonucleotide
probes are used to determine point mutations and single base pair changes in the
target sequence. Two types of labels have been used for the preparation of probes.
Early studies used radioactive labels consisting of α-32P isotope because of its high
energy that converts into short scintillation counting times and short autoradiographic
exposures. Radioactive probes are now being disfavoured because of their hazardous
nature, problems associated with waste disposal, requirement of highly trained personnel
and short half life of the isotope (14.2 days for 32P). Therefore, in recent years, several
non-radioactive labeling techniques have been developed. In non-radioactive techniques
the probe is conjugated with haptens like biotin, digoxigenin (DIG) or an antigenic
sulfone group. The conjugated hapten is detected by enzme linked antibodies specific
for the haptens or by chemiluminescence/chemifluorescence. Non-radioactive labels
like biotin, DIG are difficult to incorporate directly into oligos, therefore, linkers are at
first attached to the oligo probes during synthesis and the haptens are linked afterwards
with the linkers. In very recent years, techniques for direct labeling of oligonucleotide
probes with heat stable isoforms of peroxidase and alkaline phosphatase have been
developed using glutaraldehyde fixation technique. Enzyme labeled probes can be
detected by suitable substrates that are cleaved by the enzyme to generate a colored or
luminescent/fluorescent product. Sensitivity of such enzyme labeled probes are equal
to or better than radioactively labeled probes. Moreover, enzyme labeled probes can be
stored for several years with losing any activity. Exposure time for chemiluminescence
detection using enzyme labeled probes is in minutes instead of days required for
autoradiography. Commercial kits are available for labeling and detection by nonradioactive techniques which can be done within 2 hours.

Polymerase chain reaction (PCR)
The polymerase chain reaction (PCR) has been developed to detect very small quantities
of nucleic acid by amplification of a segment of the DNA situated between two regions of
known nucleotide sequence. Such a segment is flanked by two oligonucleotides that
serve as primers for a series of reactions that are catalyzed by a DNA polymerase. Three
essential steps for PCR include: (i) melting of target DNA; (ii) annealing of two
ologonucleotide primers to the denatured DNA strands; and (iii) primer extension by DNA
polymerase. Melting of the product DNA duplexes and repeating the process many
times result in an exponential increase in the amount of target DNA. The use of PCR
grew rapidly with the introduction in 1988 of Thermus aquaticus (Taq) DNA polymerase.
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This enzyme possesses relative stability at DNA melting temperatures, which eliminates
the need for enzyme replenishment after each cycle of synthesis, reduces PCR costs
and allows automated thermal cycling. PCR technique can amplify DNA sequences up
to 10 kb in length, but shorter sequences on the order of 100 to 1000 bp are most
efficiently amplified and easily resolved by agarose gel electrophoresis. Specific primers
are derived from sequences of either amplified or cloned DNA (cDNA) or RNA from the
microorganism to be detected. Several factors affect primer specificity for the target
sequences, including primer length, annealing temperature, magnesium concentration
and secondary structure of target and primer sequences. Computer softwares are
available to design ideal PCR primers. Web based tools are also available for designing
suitable primers from a known sequence. For example Primer3 programme can be
used to design upstream and downstream primers for amplification of a known sequence
(URL http://www.basic.nwu.edu/biotools/primers.html).
While almost any nucleic acid may be amplified by PCR, amplification of mRNA
and single- or double stranded viral RNA requires modification of the standard procedure.
A cDNA is synthesized by reverse transcription (RT) before amplification by Taq
polymerase. Different types of reverse transcriptases are available to suite different
needs and reaction conditions. Reverse transcriptase enzymes commonly used include
AMV RT, SuperScriptTM III, ImProm-IITM, Omniscript, Sensiscript and Tth RT. At the end
of the RT step the polymerase enzyme is heat inactivated. It could also be that the
reverse transcriptase polymerase and DNA polymerase is one and the same enzyme
and that the enzyme only requires a DNA polymerase activation step after the RT step.
An example of such an enzyme is Tth polymerase. This enzyme has both RNA-dependent
reverse transcriptase and DNA-dependent polymerase activity. However, the active center
of the DNA polymerase is covered by dedicated oligonucleotides, called aptamers. At
temperatures below the optimal reaction temperature, the DNA-dependent polymerase
component of Tth remains covered by the aptamers. At these temperatures the Tth enzyme
only synthesizes a DNA copy of the RNA template. Once the reaction temperature is
raised to 95°C, the aptamers are removed and the DNA-dependent polymerase component
will start to amplify the target sequence. This enables direct amplification of RNA viruses
in a single tube.
Combination of several primer pairs in the same PCR reaction (multiplex PCR) allows
simultaneous amplification of more than one specific DNA fragment. Multiplex PCR is
useful for: (i) simultaneous detection and differentiation of several target pests in the
same specimen; (ii) incorporation of an internal positive control that would give a PCR
product irrespective of the presence of the pathogen; (iii) simultaneous amplification of
different target regions from the same template. Multiplex PCR also saves time and
reagents. Each PCR product has a unique size by design so it can be differentiated from
the others by gel electrophoresis.

Real time PCR
In most traditional PCRs, the resulting products are analyzed only after completion of
PCR cycles. This is called end-point analysis and is normally qualitative in nature rather
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than being quantitative. For this sort of analysis, products are mostly analyzed on an
agarose gel and visualized using ethidium bromide as a fluorescent dye. Direct correlation
between signal strength and initial sample concentration is not possible using end-point
analysis since PCR efficiency decreases as the reaction nears the plateau phase. Realtime PCR, however, offers an accurate and rapid alternative to traditional PCR. Realtime PCR offers the researcher the opportunity to amplify and analyze the product in a
single tube using fluorescent dyes. This is known as homogenous PCR. During a realtime PCR, the increase in fluorescence is correlated with the increase in product.
Through the use of different specific dyes, real-time PCR can be used to distinguish
between different strains of a virus and even to detect point mutations. The major
advantage of real-time PCR is that analysis of resulting products using gel electrophoresis
is not required. This means that real time PCR can be implemented as a high-throughput
technique for sample screening.

Isothermal amplification
PCR-based methods require high precision instruments for amplification and elaborate
methods for detection of the amplified products. In addition, they are often cumbersome
to adapt for routine diagnostic use. In addition, PCR has several intrinsic disadvantages,
such as the requirement for thermal cycling, and time consuming post-PCR analysis,
thereby potentially leading to laboratory contamination. Therefore, several isothermal
amplification techniques have been developed during last two decades that does not
require thermocycler machine. These non-PCR based methods have been developed
based on new findings in molecular biology of DNA/RNA synthesis and some accessory
proteins and their mimicking for nucleic acid ampliûcation in vitro. The best known
isothermal amplification methods are transcription mediated amplification (TMA) or selfsustained sequence replication (3SR), nucleic acid sequence-based amplification
(NASBA), signal mediated amplification of RNA technology (SMART), strand displacement
amplification (SDA), rolling circle amplification (RCA), loop-mediated isothermal
amplification of DNA (LAMP), isothermal multiple displacement amplification (IMDA),
helicase-dependent amplification (HDA), single primer isothermal amplification (SPIA),
and circular helicase dependent amplification (cHDA).

Microarray and macroarray
Microarrays have been used for some years as a tool for visualizing relative changes in
global expression levels of mRNAs, as well as single nucleotide polymorphism typing
and host–pathogen interactions. Microarrays are high-density arrays with spot sizes
smaller than 150 µm. A typical microarray slide can contain up to 30,000 spots.
Macroarrays are generally membrane-based with spot sizes of greater than 300 µm.
Arrays printed with probes corresponding to a large number of virus species (or indeed,
any type of pathogen) can be utilized to simultaneously detect all those viruses within
the tissue of an infected host. Agindotan and Perry (2007) reported a macroarray
sytem using 70-mer oligonucleotide probes immobilized on nylon membrane for the
detection of CMV, PVY and PLRV. Sugiyama et al. (2008) used convenient, cost-effective
macroarray and microtube hybridization (MTH) system in which cDNA probes were
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immobilized on nylon membrane. Target viruses were amplified and labelled with biotin
and then hybridization was carried in hybridization oven and colorimetrically detected
using nitro-blue tetrazolium (NBT)/bromo-4-chloro-3-indolyl phosphate (BCIP) reagent.
Bystricka et al. (2005) described a microchip using short synthetic single-stranded
oligomers (40 nt) instead of PCR products as capture probes for detection of PVA,
PVS, PVM, PVX, PVY and PLRV, in both single and mixed infections. Sip et al. (2010)
reported oligonucleotide microarray for the detection of mixed infections of potato virus
A (PVA), potato virus S ordinary strain group (PVS O), potato virus M (PVM), potato
virus X (PVX), potato virus Y strain group O (PVY O), potato virus Y strain group N
(PVYN), potato virus Y strain group N variant NTN (PVYNTN) and potato leafroll virus
(PLRV). The European Union has funded a project to develop an array called DiagChip
for all of the EU-listed pathogens and even some pests of potato (http://
www.diagchip.co.uk). The major concern about microchip now is its sensitivity which is
comparable to das-ELISA only.

Future trends
DNA-based assays, particularly PCR and real-time/quantitative PCR (qPCR), are being
adopted in diagnostic laboratories; ordinary PCR testing for many pathogens is now
routine and affordable in the developed world. Quantitative PCR is more expensive than
PCR as a result of high start-up costs and expensive materials, but it has been adopted
for high-consequence pathogens, especially in regulatory circumstances, because of
their high sensitivity and specificity. Both types of assay, however, are out of reach of all
but elite biotechnology laboratories in the developing world. Tests utilizing isothermal
amplification techniques may prove to be less costly and thus more appropriate than
current DNA-based methods in these countries in the future. It is encouraging that within
the field of human health greater strides have been made to recognize the need for a
strategy for high-impact diagnostics in the developing world. PCR assays, as with
serological tests, are limited in the number of pathogens that can be tested at once, and
thus a preliminary differential diagnosis must be done to narrow down the possible causes
and reduce costs due to unnecessary testing. Considerable emphasis is now being placed
on generic platforms such as DNA microarrays and sequencing (DNA barcoding), which
will facilitate diagnosis of plant pathogens. Combinations of serological nano and nucleic
acid detection technologies almost unimaginable a decade are under development for
human diagnostics and may eventually make their way to plant disease diagnostic
applications. Electronic technology is also finding its way into disease diagnostic and
pathogen surveillance systems. Detection of airborne inoculum, traditionally based on
trapping of spores or other particles combined with microscopy, has now been adapted
to PCR methods, with the future prospect of developing biosensors able to identify pathogen
inoculum, either through specific sequence amplification, or biochemical signatures
present on spores or cells, or released during germination of propagules. There are
considerable technical challenges in producing a sensor of sufficient sesitivity and
specificity that can detect disease agents in real time without the need for downstream
sample processing. Signal amplification from very small quantities of biological target
material and transduction into an electrical readout that is proportional to the initial chemical
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concentration are two key issues. Advances in nanotechnology and sensor design
suggest that these challenges should be met in the near future. Already, electrochemical
devices are available that exploit changes in electromagnetic waves (surface plasmon
resonance) when biopolymers such as DNA or proteins adsorb to the sensor chip
surface. Such devices can incorporate the speciûcity of antibody–antigen or nucleic
acid molecular interactions. It is anticipated that advances in biosensor technology will
increasingly impact on ûelds as diverse as health care, food science, agriculture and
biosecurity.
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Applications of proteomics in fungal pathology
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Concept
The term proteome refers to the complete set of proteins that are specified by the genome.
Proteomics describes the study and characterization of the complete set of proteins present
in a cell organ or organism at a given time. With the availability of full genome sequences of a
number of fungal plant pathogens and several plant species, a more thorough understanding
of gene expression and function can be achieved through the characterization of the product of
expression in the form of proteins involved in mediating specific cellular processes. In addition
to this, proteomics study also deduces post-translational modifications (PTM) during growth
and development of an organism, which otherwise can not be done from genomic studies.
Therefore, proteomics has emerged as an indispensable tool for understanding the cellular
mechanisms of fungal pathogenicity, and in investigating plant- pathogen interactions.

Introduction
The development of DNA sequencing techniques revolutionized the life sciences research. To
date the complete genome sequences of several organisms including a number of plant species
and fungal pathogens are available (website http://cpgr.plantbiology; msu.edu/egi-bin/). However,
the function of many of the genes identified through these sequences remains a mystery and
the focus has now shifted towards the functional characterization of proteins that are encoded
by the cellular genetic machinery. In this post-genomics era, systems biology approaches
also referred to as “omics” are utilized extensively to characterize the interplay between the
various components of the cell in order to fully understand cellular processes. Proteomics,
Transcriptomics, Metabolomics, Genomics and Computational/mathematical modeling are
among these approaches. Although these techniques were applied in areas of human and
animal biology but their significance in plant pathology is also recently well emphasized.
Defined areas of proteomics are: 1) Descriptive proteomics, including intracellular and
subcellular proteomics; 2) Differential expression proteomics, 3) Post-translational modifications;
4) Host-pathogen interactions; and 5) Targeted or hypothesis-driven proteomics. In the case of
fungi, a new area can be defined as Secretomics (the secretome is defined as being the
combination of native proteins and cell machinery involved in their secretion), since many
fungi secret a vast number of proteins to accommodate their saprotrophic life-style; this would
be the case of proteins implicated in the adhesion to the plant surface, host-tissue penetration
and invasion of effectors and other virulence factors. To harness the potential of fungi as hosts
for recombinant protein expression in post-genomic era, we would require an increase in both
transcript and proteomic related research. The earliest, post-genomic studies of filamentous
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fungi were published at the beginning of the twenty-first century by Lim et al. (2001) on
Trichoderma reseei cell envelop proteins and by Bruneau et al. (2001) on Aspergillus fumigatus
glycosylphosphatidyl inosito-anchored proteins. Since then a significant proteomics studies
have been done in a number of fungi of economic importance (Table 1).
Table 1. List of filamentous fungal proteomics papers (Kim et al., 2007)
Fungi

Techniques used

Aspergilli
subproteomics;

Sample preparation; Intracellular proteomics; Membrane
Secretomics

Botrytis cinerea

Intracellular proteomics

Neurospora crassa

Mitochondrial subproteomics

Penicillium expansum

Intracellular proteomics; Membrane subproteomics; Mitochondrial
subproteomics; Secretomics

Pleurotus sapidus

Secretomics

Sclerotinia sclerotiorum

Secretomics

Terebralia palustris

Sample preparation

Trichoderma

Sample preparation; Intracellular subproteomics; Membrane
subproteomics; Mitochondrial and proteasome subproteomics
Secretomics

Techniques in proteomics
Proteomics is constantly being updated, and, in the last ten years, there has been an explosion
of new protocols. Continuous improvements have been made at all work stages starting from
the laboratory at tissue and cell fractionation, protein extraction, depletion, purification,
separation, MS analysis and ending at the computer level i.e. algorithms for protein identification
and bioinformatics tool for data analysis, databases and repositories (Kav et al., 2007).

Applications
(a) Proteomics to unravel the mechanism of fungal pathogenicity: Proteomics in
combination with other techniques, has become a powerful tool for providing important
information about pathogenicity and virulence factors, thus opening new possibilities
for crop disease diagnosis and crop protection. The relevance of proteomics in
fungal pathogen research is very well illustrated by the pioneer work on Cladosparium
fulvum-tomato interaction, that allowed the characterization of the first avirulence
gene product (Avr9) after purification from tomato apoplastic fluids by using prep
PAGE and reverse-phase HPLC and EDMAN N-terminal sequencing. Another
example is the tomato-Fusarium oxyporum pathosystem, in which first effector of
root invading fungus was identified by mass spectrometry to be a 12KDa cysteinerich protein. Further, many protein effectors have been characterized in different
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fungi through proteomics approaches (Kav et al., 2007; Farnandez, and Novo, 2010).
(b) Proteomics to decipher plant pathogen interactions: Proteomics can be used to
investigate the processes that occur during plant pathogen interaction, in all kinds of
pathogenic fungi such as biotrophs, hemibiotrophs and necrotrophs. Proteins involved
in photosynthesis, carbon metabolism, energy production, protein synthesis,
degradation and signal transduction have been identified in compatible/ incompatible
interactions. The stimulation of hypersensitive cell death is triggered by the interaction
between race-specific disease resistance (R) genes of plants and corresponding
avirulence (Avr) genes of pathogens. Although many R-genes have been characterized
but the proteome level study is needed to understand cellular mechanisms involved in
programmed cell death. The information obtained through various proteome level studies
of the interaction between hosts and fungi will generate novel information which will
lead to more effective disease management strategies. Some of the recent proteomics
studies to understand host-pathogen interaction have been listed in Table 2.
Table 2. Proteomics for important plant-pathogen interactions
Pathogen

Host

Description of study

References

Alternaria
brassicicola

Arabidopsis

Oh et al., 2005

Cladosporium
fulvum
Erysiphe pisi

Tomato

Fusarium
graminearum

Barley

Fusarium
graminearum

Wheat

Fusarium
oxysporum
Fusarium
oxysporum

Sugar beet

Fusarium
verticillioides

Maize

Magnaporthe
grisea

Rice

Puccinia
triticina

Wheat

Study of change in the Arabidopsis
secretome in response to
salicylic acid
Identified 3 novel fungal
secretory proteins
Identification of proteins implicated
in powdery mildew resistance
Identification of proteins associated
with resistance to head blight
in barley
Identification of proteins associated
with resistance to Fusarium head
blight in wheat
study of resistance to F. oxysporum
disease
Identification of tomato and fungal
proteins in plants infected by
F. oxysporum
Identification of protein change
patterns in germinating maize
embryos
Analysis of differentially expressed
proteins induced by blast fungus in
leaves and during appressorium
formation
Change analysis in the proteomes
of both host and pathogen during
development of wheat leaf rust
disease
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Pea

Tomato

Bolton et al., 2008
Curto et al., 2006
Geddes et al., 2008

Zhou et al., 2005

Larson et al., 2007
Houterman et al., 2007

Campo et al., 2004

Liao et al., 2009

Amey et al., 2008

Plant Pathology in India: Vision 2030

(c) Proteomics for detection of plant pathogens: The utility and value of proteomicsbased technologies to accurately and efficiently detect phytopathogens has been
emphasized. The 2D-gel electrophoresis along with mass spectrometry can be utilized
to detect fungal pathogens and to further understand their biology. The information
generated by peptide mass fingerprinting and their matches with the existing data
base can definitely be utilized for diagnostic purposes.
(d) Proteomics to understand mechanism of biological control: Proteomics studies
of biological control agents specially of filamentous fungi is of importance for the
reason that they secret a large number of antimicrobial proteins (Peberdy, 1994).
There are evidences to show that Trichoderma spp. secrete a range of cell wall
degrading enzymes that break down the cell wall of phytopathogenic fungi leading to
their death. Besides these, antibiotics are also secreted by fungal biocontrol agents.
Therefore, an understanding of the protein content of fungal biocontrol agents,
including the cell wall is required to identify determinants playing a role in biological
control. Some initiatives have been taken to identify protein through proteomics
approaches in Trichoderma harzianum, T. reesei and T. atioviride (Grinyer et al.,
2004; Kim et al., 2007). Recently, proteomic approach has been taken to separate
and identify proteins from a potential strain of Chaetomium globosum with well
established biocontrol properties. Therefore, in the wider context effective protein
separation and identification in filamentous fungi can provide researchers with targets
for anti-fungal activity for biological and therapeutic uses.
e) Proteomics in development of fungicides: Several changes in the design of
chemical fungicides are being tackled by the research community by summarizing
the genomic and proteomic information available. Biosynthetic fungicide design has
been established as a new focus in fungicide development (Collado et al., 2007).
Based on an in depth study of fungal biology, the use of alien or modified natural
compounds provides a potential species-specific method of controlling plant pathogens
by specific inhibition of those proteins involved in the infection cycle (Pinedo et al.,
2008). The use of these compounds minimizes the environmental impact as they are
biodegradable, possess high specificity, and poorly integrate in the food chain.

Conclusion
In the genomics era, proteomics has emerged as an indispensable tool for understanding
cellular mechanisms of fungal pathogenicity, its potential impact in plant pathology, and the
study of plant-fungal interaction. Previously, a limited number of genes involved in infection
process had been identified using conventional molecular genetic and biochemical methods.
With the advent of proteomics technology, a number of proteins involved in appressorium
formation, secreted proteins, proteins involved in dimorphic transition etc. have been identified.
In future, the integration of proteomics with genomics, transcriptomics, and metabolomics,
will play a major role in understanding the different functions of fungal proteins. The continued
proteomics advances in unrevealing the mechanisms of fungal pathogenicity will lead to a
better understanding of fungal-plant interactions, which may ultimately contribute to the
development of novel disease tolerant varieties of agriculturally important crops.
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Using genomic technologies, it is now possible to address research hypotheses in the
context of entire developmental or biochemical pathways, gene networks, and
chromosomal location of relevant genes and their inferred evolutionary history. Through a
range of platforms, researchers can survey an entire transcriptome under a variety of
experimental and field conditions. Interpretation of such data has led to new insights and
revealed previously undescribed phenomena. In the area of plant-pathogen interactions,
transcript profiling has provided unparalleled perception into the mechanisms underlying
gene-for-gene resistance and basal defense, host vs non host resistance, biotrophy vs
necrotrophy, and pathogenicity of vascular vs nonvascular pathogens, among many others.
In this way, genomic technologies have facilitated a system-wide approach to unifying
themes and unique features in the interactions of hosts and pathogens. Access to complete
genomic sequences, coupled with rapidly accumulating data related to RNA and protein
expression patterns have made it possible to determine comprehensively how genes
contribute to complex phenotypes. Transcript profiling experiments provide a snapshot
or a series of snapshots of global transcript levels. These snapshots can aid in the
discovery of genes putatively involved in a process and identification of a set of coregulated
genes that may represent part of a regulatory network. As analysis of the host
transcriptome has been highly informative, analysis of the pathogen transcriptome has
also been fruitful, identifying genes involved in pathogenesis that other methods have
failed to uncover. Transcriptome analysis has fueled a better understanding of hostpathogen interactions through examination of both compatible and incompatible
interactions and comparison of responses mediated by different resistance genes.

Functional analysis
Functional characterization of the candidate genes can be accomplished by genetic
mutation, over expression, or gene silencing. A number of resources needed for reverse
genetic and functional analysis of candidate genes are now available for both plants and
pathogens. In addition, sequenced genomes can serve as a reference for many crops,
which allow for the identification of key proteins in defense. Translational genomics has
become a practical approach, allowing for the use of synergistic experimental approaches
that integrate knowledge from both model and crop organisms to propel functional analysis
of plant-pathogen interactions. For crops that may prove difficult and time-consuming to
transform, transient methods may be used, such as virus-induced gene silencing (VIGS),
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single cell gene silencing (TIGS), and overexpression. These techniques are amenable
to functional analysis of large numbers of genes and have an advantage over stable
mutations or transgenic plants in cases when constitutive loss or gain of gene function is
lethal.

Integration of signaling pathways and genomic transcript profiling
Flor’s gene-for-gene model, which he proposed about 50 yr ago, has since explained the
genetics of disease phenotypes incited by plant-pathogenic viruses, bacteria, fungi, and
nematodes as well as the success or failure of certain plant– insect interactions. The
picture now emerging is that the products of resistance genes in gene-for gene systems
serve as receptors for specific ligands produced by the pathogen, either directly or indirectly
through expression of avirulence genes, and that this specific receptor-ligand recognition
event, in turn, through signal transduction, elicits a complex cascade of defensive
responses observed as the resistant phenotype.
The initial signal eliciting defense in plants is highly specific and differs between
attacking organisms, but there are similarities in subsequent signalling and gene
expression responses to various types of attack. SA, JA, ET and abscisic acid (ABA)
pathways are involved in these defense responses. Alterations in defense gene expression
can also be elicited by application of exogenous elicitors such as cis-jasmone (CJ) or
methyl jasmonate (MJ). Although early works on induced defense signaling in plants
associated the SA pathway with defense against pathogens and the JA pathway with
defense against herbivores, numerous recent studies have shown a more complex picture,
with varying involvement of both pathways in different pathogen and herbivore interactions
depending on the species involved.
The signaling networks that control these responses are being unraveled further with
the aid of transcript profiling. Early transcriptional targets of regulatory genes have been
characterized by studies that have combined microarray analyses with clever experimental
design, especially when followed up with functional analyses. While significant advances
have been obtained with Arabidopsis as a model, the advent of diverse microarrays for
crops built upon community-wide sequencing efforts is empowering direct, crop-specific
studies. This is especially true for those crop-plant systems for which robust downstream
functional genomics platforms are available that permit rapid reverse genetic analysis of
statistically significant genes. In addition, identification and characterization of virulence
factors also has been accelerated by genomic technologies available for several
pathogens. The exponential growth of data sets from plants and microorganisms presents
a plethora of opportunities for comparative analysis. Up till now, parallel expression
technology has been mostly applied to experimental systems differing by a particular
genotype, time, or pathogen.
Changes at a transcriptomic and proteomic level should necessarily be reflected in
the metabolome, since metabolites are the final amplified product of gene and protein
expression. In recent years, metabolomics studies have received increasing attention,
as a means of acquiring a better insight into the complete biological process, combining
this information with that obtained through genomics, transcriptomics and proteomics.
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Proteomics
In the post-genome era, proteomics has emerged as an indispensable tool for
understanding cellular mechanisms, and its potential impact in plant pathology and the
study of plant-microbe interactions is perhaps much broader than originally thought.
From initial objectives of identification of individual proteins to the development of high
throughput proteomics-based technologies, proteomics research has developed
remarkably in the last few years. As strategies for high throughput proteome analysis
continue to develop, the capability of proteomics to identify novel targets for the
development of plants with increased tolerance or resistance to various phytopathogens
will likely continue to improve. The integration of proteome-based techniques along with
information generated from genomic sequencing, traditional plant pathology and genetic
engineering will lead to a better understanding of various host-pathogen interactions,
which may ultimately contribute to the development of novel disease resistant varieties of
agriculturally-significant crops.
Over the years, several studies have been performed to analyse plant–pathogen
interactions. Recently, functional genomic strategies, including proteomics and
transcriptomics, have contributed to the effort of defining gene and protein function and
expression profiles. Using these ‘omic’ approaches, pathogenicity- and defence-related
genes and proteins expressed during phytopathogen infections have been identified and
enormous datasets have been accumulated. However, the understanding of molecular
plant–pathogen interactions is still an intriguing area of investigation. Proteomics has
dramatically evolved in the pursuit of large-scale functional assignment of candidate
proteins and, by using this approach, several proteins expressed during phytopathogenic
interactions have been identified. Overall, the use of proteomic studies, allied to functional
validation analyses, can provide fascinating contributions to the understanding of complex
mechanisms, such as plant–pathogen interactions. The first step in the understanding of
disease resistance is currently being met with the identification of the proteins expressed
during plant–pathogen interactions. The next step will be to determine which proteins
confer pathogenicity and disease resistance, and the mechanisms by which they do so.

Status of molecular pathology work done in SBI
Genomics work in sugarcane-red rot pathogen interaction is currently under progress for
the past eight years, funded by the DBT, DST and ICAR. Sugarcane pathology group at
the Sugarcane Breeding Institute, Coimbatore is actively involved in molecular pathology
works in addition to the conventional aspects viz. screening for disease resistance,
Quarantine and diagnosis, management etc. The work gained momentum with a paradigm
shift from biochemical to molecular basis of disease resistance in sugarcane involving
the red rot pathogen - Colletotrichum falcatum.The group has been actively involved in
understanding the molecular basis of red rot resistance applying the tools of genomics
and proteomics. An attempt was made to study the spatial and temporal pattern of
sugarcane x red rot pathogen interaction by utilizing selective molecular tools like differential
display RT-PCR, which resulted in the identification of differentially expressed genes in
incompatible interaction. Further work of isolating full length gene of potential DD-transcripts
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was successfully done by applying RACE-PCR. The results were cross validated by
RNA blots for expression analysis. Significant progress has been made in the recent
past in understanding the mechanism of systemic acquired resistance in sugarcane x
Colletotrichum falcatum interaction.
Semi-quantitative RT- PCR analyses was performed using different sets of primers
designed for genes encoding targeted Transcription factors and Resistance gene analogues
(RGAs). Preliminary results indicated SAR-primed up-regulation of specific transcripts
out of the 41 sets of primers encoding TF families – WRKY, MYB, TLP, NAC etc.
Interestingly few of the TFs were differentially up-regulated in response to treatment with
SAR inducers as well as with challenge with C. falcatum, indicating the possible
involvement of SAR-responsive transcripts in red rot pathogen defense. This study was
the first attempt in sugarcane to study the TF regulated defense response against C.
falcatum. The distinct temporal expression patterns of various TFs can provide guidance
to the use of other experimental approaches to test the hypothesis about particular gene
function. Further studies will be directed towards delineating the specific role of individual
TFs – functional genomics of defense and to explore the possibility of manipulating these
TFs for durable red rot resistance in sugarcane. Elicitor-mediated red rot pathogen
recognition and deciphering the downstream defense signaling is being critically examined
by the Investigatory group. Isolation, Purification, activity bioassay and identifying the
full length gene encoding the C. falcatum elicitor is being done. Detailed transcriptome
analysis of the host-pathogen interactions indicated some of the genes were found to be
differentially expressed under in planta situation and at cellular level.
Proteomics of sugarcane is in its infancy, especially when dealing with the stalk
tissues, where there is no study to date. A systematic proteome analysis of stalk tissue
yet remains to be investigated in sugarcane, wherein the stalk tissue is well known for its
rigidity, fibrous nature, and the presence of oxidative enzymes, phenolic compounds and
extreme levels of carbohydrates, thus making the protein extraction complicated. Our
group has evaluated five different protein extraction methods in sugarcane stalk tissues
and optimized the best protocol for extracting soluble proteins from sugarcane stalk
tissues. Both quantitative and qualitative protein analyses were performed for each method.
2-DE analysis of extracted total proteins revealed distinct differences in protein patterns
among the methods, which might be due to their physicochemical limitations. Based on
the 2-D gel protein profiles, TCA/acetone precipitation-LBT and phenol extraction methods
showed good results. The phenol method showed a shift in pI values of proteins on 2-D
gel, which was mostly overcome by the use of 2-D cleanup kit after protein extraction.
Among all the methods tested, 2-D cleanup-phenol method was found to be the most
suitable for producing high number of good-quality spots and reproducibility. In total, 30
and 12 protein spots commonly present in LB, LBT and phenol methods, and LBT method
were selected and subjected to eLD-IT-TOF-MS/MS and nESI-LC-MS/MS analyses,
respectively, and a reference map has been established for sugarcane stalk tissue
proteome for the first time. A total of 36 non-redundant proteins were identified. This is a
pioneering basic study on sugarcane stalk proteome analysis and would promote further
the unexplored areas of sugarcane proteome research.
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The results hitherto obtained clearly demonstrates that in India, considerable progress
has been made in Sugarcane Biotechnology research in the recent years and a
substantial output is in the offing in different areas of Sugarcane Biotechnology. With
the increasing level of expertise of our Scientists in specialized laboratories abroad and
with the support of external funding agencies, we can look forward to work more intensely
and focused on various domains of Sugarcane Biotechnology involving collaborating
partners from within and outside the country.

Conclusion
The twentieth century has been productive for the science of plant pathology and the
field of host-parasite interactions—both in understanding how pathogens and plant
defense work and in developing more effective means of disease control. Plant pathology
rapidly adopted molecular cloning and its spin-off technologies, and these have fuelled
major advances in our basic understanding of host-pathogen interactomics. This growing
knowledge and the development of efficient technologies based on the tools of “omics”
viz. genomics, proteomics, metabolomics etc. convey optimism that plant-pathogen
interaction will be better elucidated in the future.
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The study of Pathogenomics attempts to utilize genomic, including metagenomics and
transcriptomics data generated from high through-put technologies (e.g. sequencing or
DNA microarrays), to understand microbe diversity, microbe-microbe interaction as well
as host-microbe interactions involved in disease states. The bulk of pathogenomics
research concerns itself with pathogens that affect human health; however, information
also is available for plant and animal pathogens. In 1995, the first pathogen genome, that
of Haemophilus influenza was sequenced by traditional Sanger method which is not only
slow but costly. The emergence of second generation high through-put sequencing
technologies have allowed for microbial sequence information to be generated much more
quickly and at a considerably lower cost. Largely thanks to second generation sequencing
methods, hundreds of pathogen genomes have been sequenced in the last decade. Several
white papers on genome initiatives for pathogenic microorganisms have been published
by Broad Institute in USA. A quantum jump in the sequencing projects around the world
is an immediate fall out of effect of reduction in cost and time spent on sequencing full
genome (Table 1). This influx of information is also due to the capacity of sequencing
platforms to evaluate the sequences of many organisms in parallel. The table 1 highlights
the status of genome sequencing projects around the world. A little over of ~11000
sequencing projects are going on around the world as on Nov 2011 which includes major
agricultural crops and their pests & pathogens.
A total of 2977 full genome sequences have been published (GOLD statistic, November
2011). In India 46 full genome projects are underway and documented (Table 2). In terms
of overall contribution this is very small (46/2977) with no plant pathogen genome has
been sequenced to completion in any of the Indian laboratory as on November 2011
though few of them are underway. This would give an opportunity to the plant pathologists
to initiate sequencing projects for nationally important plant pathogens.
Analysis of this large-scale genomic data would not be possible without the power of
computers, and the genomic research efforts in plant pathogens are aided by the
development of custom databases, and visualisation and analysis softwares. To
commensurate with the pathogen diversity, there is a need to analyze more than a single
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Table 1. Abstract of type of sequencing projects including transcriptome related
ones around the world
Type of sequencing project around the world
Organism

Genome
309

Transcriptome/ Resequencing Uncultured
EST
0
0
18

ARCHAEA
BACTERIA

Total
330

8376

4

84

80

8556

EUKARYA

1488

435

197

1

2214

Targeted genome

-

-

-

-

438

10173

439

281

99

11238

project
Total

Source: GOLD statistics, http://genomesonline.org/cgi-bin/GOLD/bin/gold.cgi; ftp://
ftp.ncbi.nih.gov

Table 2. *Genome sequencing projects in India
Sl No

Organism

Organization

Relevance

1.

Oryza sativa indica Group
Nagina 22
Sphingobium indicum B90A

University of Delhi

Agriculture

University of Delhi

Mycobacterium indicus pranii
MTCC 9506
Amycolatopsis mediterranei
S699, ATCC 13685

University of Delhi

Biodegradation of
pollutants,
Biotechnological
Medical

5.
6.

Thermus sp. RLM
Mesorhizobium ciceri ca181

7.

Camelus bactrianus

8.

Camelus dromedarius

9.

Bubalus bubalis

10.

Clostridium tetani drde

University of Delhi
National Bureau of
Agriculturally Important
National Bureau of
Agriculturally Important
Microorganisms, ICAR
National Bureau of
Agriculturally Important
Microorganisms, ICAR
National Bureau of
Agriculturally Important
Microorganisms, ICAR
DRDO

2.

3.
4.
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University of Delhi

Biotechnological,
Pharmaceutical,
Antibiotic
production
Environment
Microorganisms, ICAR
Agriculture/soil
Agriculture/ Veterinary

Agriculture/ Veterinary

Agriculture/ Veterinary

Medical
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11.

Streptococcus mutans

University of Madras

12.

Corynebacterium diphtheriae
gravis
Phaeodactylum tricornutum
Bohlin clone CCMP632
Pseudomonas
pseudoalcaligenes
MTCC 5210
Bacillus
amyloliquefaciens PGK1
Pasteurella multocida
gallicida Anand1_poultry
Pasteurella multocida
multocida Anand1_goat
Pasteurella multocida
multocida Anand1_buffalo
Pasteurella multocida
multocida Anand1_cattle
Lactobacillus helveticus
MTCC 5463
Lactobacillus helveticus
MTCC 5462
Bubalus bubalis Jaffrabadi

University of Madras

Dental Pathogen,
Human Pathogen,
Medical
Medical

Avesthagen

Environment

Central Leather
Research Institute

Bioremediation

Anand Agricultural
University
Anand Agricultural
University
Anand Agricultural
University
Anand Agricultural
University
Anand Agricultural
University
Anand Agricultural
University
Anand Agricultural
University
Anand Agricultural
University
University of Gujarat

Agriculture/soil

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.

Acidithiobacillus ferrooxidans
SRDSM2

24.
25.

27.
28.
29.
30.
31.

Leptospira interrogans australis Sathyabama University
Pseudomonas putida CSV86
National Environmental
Engineering Research
Institute (NEERI)
Rubrivivax benzoatilyticus JA2 University of Hyderabad
Xcelris labs Ltd
Helicobacter pylori 908
University of Hyderabad
Helicobacter pylori 2017
University of Hyderabad
Helicobacter pylori 2018
University of Hyderabad
Escherichia coli NA114
University of Hyderabad
Paracoccus denitrificans SD1
University of Hyderabad

32.

Rheinheimera sp. A13L

26.

Institute of Genomics
and Integrative Biology
(IGIB)

Agriculture/ Veterinary
Agriculture/ Veterinary
Agriculture/ Veterinary
Agriculture/ Veterinary
Food industry
Food industry
Agriculture/ Veterinary
Bioleaching,
Bioremediation,
Environmental
Medical
Environment

Bioenergy
Medical
Medical
Medical
Medical
Bioremediation,
Biotechnological,
Energy conservation,
Evolutionary
Environment
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33.

Idiomarina sp. A28L

34.

Bacillus pumilus IKMB12-518F

35.

Tetrathiobacter kashmirensis
WT001
Mycoplasma agalactiae
VP20-L15/02

36.

37.

Cyclotella meneghiniana

38.

Millettia pinnata

39.

Leptolyngbya valderiana
BDU 20041

40.

Bubalus bubalis

41.

Sediment microbial
communities from Lonar Lake

42.
43.
44.
45.

Pseudomonas putida
Ricinus communis breed
Candida albicans CAS15
Oryza sativa Japonica Group

46.

Pigeonpea

Institute of Genomics
and Integrative Biology
(IGIB)
Institute of Genomics
and Integrative Biology
(IGIB)
Bose Institute

Environment

National Referrral Lab
on Mycoplasma, India
Delhi University campus
Department of Science
and Technology, Forensic
Science Laboratory
Madhuban(H) INDIA
Nandan Biomatrix
Limited
National Facility for
Marine Cyanobacteria,
Bharathidasan University
National Bureau of
Animal Genetic Resources
(NGAGR), Animal Science
Division, Indian Council
of Agricultural Research
(ICAR), Central Institute
for Research on Buffaloes
(CIRB)
Department of
Biotechnology, Sant Gadge
Baba Amravati University,
Amravati, Maharashtra, India
Bharathiyar University
Nandan Biomatrix Limited
Indian Institute of Science
Indian Initiative for Rice
Genome Sequencing,
Indian Council of
Agricultural Research
(ICAR)
Indian Council of
Agricultural Research
(ICAR) and SAUs of India

Medical

Medical

Agriculture/soil

Algae

Agricultural, Bioenergy,
Biofuels
Algae

Agriculture/ Veterinary

Environment/
Biotechnological

Agriculture
Agriculture
Medical
Agriculture

Agriculture

Source: GOLD statistics, http://genomesonline.org/cgi-bin/GOLD/bin/gold.cgi; ftp://
ftp.ncbi.nih.gov
*Several projects are in various stages of completion
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genome sequence of a pathogen species to understand pathogenesis mechanisms.
Therefore comparative genomics would a powerful methodology that has gained more
applicability with recently increased amount of sequence information especially from
microbes. The comparative genomics would decipher genomic factors such as gene
loss, gene gain and genome rearrangement which collectively are influenced by changes
in the ecological niche that a particular microbial strain resides-in including the interior of
plants while initiating or causing disease. We have now entered an era in which genomic
approaches can reveal genetic diversity in much finer detail. This has resulted in the
development of phylogenetic trees, which identify theoretical evolutionary groupings at
ranks below the level of the currently described bacterial species. We are now able to
compare the completed genomes of hundreds of pathogen genome, revealing previously
intractable evolutionary relationships between these organisms, and providing new insights
into adaptation of pathogens to their hosts and environmental niches. Comparing the
genes present in phylogenetically diverse plant pathogens also allows us to identify
common pathways or strategies used by these organisms offer the prospect of novel
generic control strategies. All major plant pathogenic microbes have been sequenced
and the information is already available publically. Complete genome information on 700
genomes with annotations are available in public databases which includes 36 viroids,
623 plant viruses, 31 bacteria, 13 fungi including oomycetes and 2 nematodes (Table 3).
Microbes may switch from being non-pathogenic and pathogenic & vice versa due to
changing environments especially during the disease cycle. It is now well established
that during pathogenesis, the host organism triggers the defense system by recog-nizing
and responding to microbial factors popularly called pathogen associated molecular
patterns (PAMSs) and pathogen induced molecular patterns (PIMSs). The former one is
equivalent to yesteryear’s horizontal resistance and the later one is almost equivalent to
the classical vertical resistance. The later one is also called as damage associated
molecular patterns (DAMPs) or effectors in general. For its part, the pathogenic
microorganism also responds to the signals generated by its interaction with the defense
system by changing the gene expression pattern to neutralize or at least to decrease the
degree of the host defense. The understanding of host-pathogen interactions not only
requires an investigation of host innate and adaptive immune responses to the infection,
but also knowledge of pathogen factors that provide adaptation of the pathogen to the
host environment including its endosphere. At the moment, this understanding is limited,
and new experimental approaches to analyze these complex interactions have to be
developed.
The sequencing of hundreds of microbial genomes including several hundred
pathogens, stimulated devel-opment of novel approaches for functional studies at the
genome-wide level. Modern technologies, such as serial analysis of gene expression
(Velculescu et al., 1995), subtractive hybrid-ization (Diatchenko et al., 1996), and DNA
microarray analysis (Kato-Maeda et al., 2001, Schoolnik et al., 2002) enable the analysis
of bulk gene expression profiles in a single exper-iment, and provide a deeper insight into
host-pathogen interactions. The transcriptome is the set of all RNA molecules, including
mRNA, rRNA, tRNA, and other non-coding RNA produced in a cell or a tissue. Unlike the
genome, which is roughly fixed for a given cell line, the transcriptome can vary with
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Table 3. *Finished Genome of bacterial plant pathogens
Sl.No Organism

Relevance

1.

Bacterial Fruit Blotch disease DOE-JGI

Acidovorax avenae subsp.

Organization

citrulli AAC00-1
2.

Agrobacterium tumefaciens Crown gall

Cereon University of

str. C58

Washington

3.

Agrobacterium vitis S4

Crown gall of grape

4.

Aster yellows witches-

Aster yellows witches-broom Ohio State University

5.
6.
7.

broom phytoplasma AYWB
Burkholderia cenocepacia Sour skin of onions
AU 1054
Burkholderia cenocepacia Sour skin of onions

DOE Joint Genome
Institute
DOE Joint Genome

HI2424

Institute

Burkholderia cenocepacia

Sour skin of onions

J2315
8.

University of Washington

Burkholderia cenocepacia

Welcome Trust Sanger
Institute

Sour skin of onions

DOE Joint Genome

MC0-3

Institute

9.

Burkholderia glumae BGR1 Seedling rot and panicle
blight of rice

10.

Clavibacter michiganensis

Crop Functional Genomics
Center, Seoul National
University
Center For Biotechnology,

Bacterial canker of tomato

subsp. michiganensis

Bielefeld University

NCPPB 382
11.

Clavibacter michiganensis

Potato ring rot

subsp. sepedonicus

Welcome Trust Sanger
Institute

ATCC 33113
12.
13.
14.

Erwinia carotovora subsp.

Soft rot and blackleg of

Welcome Trust Sanger

atroseptica SCRI1043

potato

Institute

Leifsonia xyli subsp.

Ratoon stunting disease

Sao Paulo State (Brazil)

xyli str. CTCB07

in sugarcane

Consortium

Onion yellows phytoplasma Onions yellow disease

University of Tokyo, Japan

OY-M
15.

Pseudomonas syringae

Halo blight of bean

Cornell University

Brown spot of bean

DOE Joint Genome

pv. phaseolicola 1448A
16.

Pseudomonas syringae
pv. syringae B728a

17.

Pseudomonas syringae
pv. tomato str. DC3000
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18.

Ralstonia solanacearum

Bacteria wilt

Genoscope

Potato scab

Welcome Trust Sanger

Citrus canker

FAPESP/ONSA

Black rot

Bielefeld University

Black rot of crucifers

Chinese National HGC,

GMI1000
19.

Streptomyces scabies
87-22

20.

Xanthomonas axonopodis

Institute

pv. citri str. 306
21.

Xanthomonas campestris
pv. campestris B100

22.

Xanthomonas campestris
pv. campestris str. 8004

23.

Xanthomonas campestris

Shanghai
Black rot of crucifers

FAPESP/ONSA

Xanthomonas campestris

Bacteria spot of pepper

Bielefeld University

pv. vesicatoria str. 85-10
Xanthomonas oryzae
pv. oryzae KACC10331
Xanthomonas oryzae

and tomato
Bacteria blight in rice

pv. campestris str.
ATCC 33913
24.
25.
26.

Bacterial blight in rice

pv. oryzae MAFF 311018
27.

National Institute of
Agricultural Biotechnology
National Institute of
Agrobiological Sciences

Xanthomonas oryzae

Bacterial blight of rice

pv. oryzae strain PXO99A

and Computational Biology

28.

Xylella fastidiosa M12

Citrus variegated chlorosis

29.

Xylella fastidiosa 9a5c

Citrus variegated chlorosis

30.

Xylella fastidiosa M23

Citrus variegated chlorosis

31.

Xylella fastidiosa Temecula1 Pierces disease of grape

Center for Bioinformatics
Sao Paulo State (Brazil)
Consortium
DOE Joint Genome
Institute
DOE Joint Genome
Institute
Sao Paulo State (Brazil)
Consortium

*29 other projects are underway; http://cpgr.plantbiology.msu.edu/ as accessed on 14th
Nov 2011
external environmental conditions including the state of the pathogen and the pathogenesis
in the case of plant associated microbes. Because it includes all mRNA transcripts in
the cell, the transcriptome reflects the genes that are active at any given time, with the
exception of mRNA degradation phenomena such as transcriptional attenuation and
modifications. The study of transcriptomics, also referred to as expression profiling,
examines the expression level of mRNAs in a given cell population, often using highthroughput techniques based on DNA microarray technology or sequencing technology
for qualitative analysis and quantitative measurements. The use of next-generation
sequencing technology to study the transcriptome at the nucleotide level is known as
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Table 4. *Finished Genome of fungal and oomycetes plant pathogens
Sl No

Organism

Relevance

Organization

1.

Ustilago maydis 521

Corn smut

Broad Institute

2.

Mycosphaerella graminicola

Septoria tritici blotch

DOE Joint

IPO323

Genome Institute

3.

Magnaporthe grisea 70-15

Rice blast

Broad Institute

4.

Fusarium graminearum PH-1

Fusarium head blight

Broad Institute

5.

Botrytis cinerea B05.10

Gray mold rot

Broad Institute

6.

Aspergillus niger CBS 513.88

Black mold

DSM Food Specialties

7.

Ashbya gossypii ATCC 10895

Stigmatomycosis

University of Basel

8.

Hyaloperonospora parasitica

Downy mildew of

Washington

Arabidopsis thaliana

University/ VBI

Damping-off, stem

NCGR/DOE- JGI

9.

Phytophthora capsici

and vine blight, wilting
or fruit rot
10.

Phytophthora infestans T30-4

Potato late blight

Broad Institute

11.

Phytophthora ramorum

Sudden oak death

DOE Joint Genome

12.

Phytophthora sojae

Soybean blight

DOE Joint Genome

13.

Pythium ultimum DAOM

Pythium Root Rot

JVCI/Michigan State

Institute
Institute
BR144

University

*27 other projects are underway; http://cpgr.plantbiology.msu.edu/ as accessed on 14th
Nov 2011
RNA-Seq. Organisms including the plant pathogens have to accommodate changing
environmental conditions and their programs of growth and development. Much of the
biological regulations assuring these functions occur at the level of transcriptional control
of genes involved in these processes. Thus comprehensive knowledge of the genes that
change their expression pattern in response to a signal originated from the host plants or
more precisely the specific niche in the host tissue may reveal much on the mechanisms
of pathogenesis of the pathogens. Global transcriptome analysis is of growing importance
in understanding the interaction between a plant’s genome and its environment especially
the pathogen interactions determines agricultural performance and nutritional value. In
spite of its qualitative nature, microarrays have been the platform of choice for many
transcriptomic studies, although sequence-based approaches, such as Serial Analysis
of Gene Expression (SAGE) and other related techniques, are becoming attractive with
the development of accurate and cost effective next-generation sequencing technology.
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Sequence-based approaches to analyses gene expression have the advantage of querying
“known RNAs (or genes)” as well as previously “unknown or novel RNAs (or genes)” in a
sample. With the explosion of information on genome sequences and the emergence of
functional genomics, it is now possible to study the expression of many genes in a
single experiment. The development of DNA chips for genome-wide expression studies
(Schena et al., 1995) and the next generation sequencing (NGS) technology for much
deeper transcriptome analyses (Morozova and Marra 2008) are complementary approaches
to conduct functional genomics research (Coppee 2008). DNA chip-based transcriptome
analyses are efficient to study host-pathogen interactions using either pathogen
transcriptomes (Jansen and Yu 2006) or host transcriptomes (Jenner and Young, 2005;
Shivers et al., 2008) or both pathogen and host modifications of the transcriptome during
infection.
cDNA copies of the RNA present in the sample are made, sequenced, and mapped to a
reference genome which is used in deducing the structure using bioinformatic tools.
Genome-wide expression monitoring and analysis has recently become feasible with the
description of complete genome sequences or with the availability of large EST databases
and through the development of cDNA and oligonucleotide array technology. The principle
of this technology is very simple. DNA molecules or oligo-nucleotides corresponding to
the genes whose expression has to be analysed (the probes) are attached in an ordered
fashion to a solid support that can be a nylon membrane or a glass slide. Miniaturization
and automation of array production with robotic spotters or in situ synthesis of
oligonucleotide makes it possible to produce arrays with several thousand genes
represented on few square centimetres. To measure the relative abundance of the
corresponding transcripts in a RNA preparation, the sample is first labeled with a fluorescent
or radioactive marker and then hybridised with the arrays. The intensity of the hybridisation
signal is a measure for the relative abundance of the corresponding mRNA in the sample.
The expression profile or transcriptome refers to the complete collection of mRNAs present.
Thus comparing the hybridisation signals for different mRNA samples allows changes in
mRNA levels to be determined under the conditions tested for all the genes represented
on the arrays. The purpose of array experiments and transcriptome characterization are
to address biological issues and this can be achieved at different levels of complexity
(Lockhart and Winzeler, 2000).

Future applications
1. Metabolic reconstruction using transcriptome data: Genomic tools coupled with
transcriptome data can be exploited to reconstruct the metabolic pathways which
would culminates in the identification of genes and gene clusters involved in the host
pathogens interaction.
2. Pathway analysis within the microbial species: Above mentioned approach can be
exploited for deciphering the growth factors needed to culture so called Unculturable
microorganisms including pathogenic ones especially the Phytoplasmas and xylem
limited bacteria. Such a in silico generated data can be used to design media for
culturing such microorganisms.
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3. Analysis of molecular changes in the host due to pathogen invasion: Probably the
simplest application of arrays is their use in “gene discovery” in any biological
experiments including host pathogen interaction and the pathogenesis. Molecular
signaling between microbial pathogens and their eukaryotic hosts plays a fundamental
role both in pathogenesis and in the establishment of beneficial or parasitic interactions
between the symbiotic or parasitic partners respectively. Beneficial plant-microbial
interactions in various spheres of the plant can result in the promotion of plant health
and development. An understanding of these interaction processes and of the functions
regulated may have profound implications for the design of new strategies to combat
disease or to promote those interactions of benefit to the eukaryotic partner. The use
of microarray and comparative genomic technologies for the analysis of host-pathogen
interactions has led to a greater understanding of the biological systems involved in
disease progress and pathogenesis. Transcriptome analysis of pathogens at single
or multiple time points during pathogenesis offers insight into the pathogen lifecycle.
Host-pathogen transcriptome analysis in vivo, over time, enables characterization of
both the pathogen and the host during the dynamic, multicellular host response.
Comparative genomics using hybridization microarray-based or comparative wholegenome resequencing or de novo whole-genome sequencing can identify the genetic
factors responsible for pathogen evolutionary divergence, emergence, reemergence
or the genetic basis for different pathogenic phenotypes. Together, microarray and
comparative genomic technologies will continue to advance our understanding of
pathogen evolution and assist in combating disease. Complex bio-interactions such
as multigenic interaction events related to colonization within the host under the
influence of many environmental factors can be studies using transcriptome analysis.
4. Analysis of molecular cross talk between host and the pathogen: Transcriptional
profiling using microarrays provide a unique opportunity to decipher host pathogen
cross-talk on the global level. Co-evolution of microbes and the immune system
(Pathogen Triggered Immunity) has resulted in the selection of sophisticated
mechanisms, which may provide advantages to the host or to the microbe, and
ultimately result in resistance or susceptibility to disease. The use of both host and
pathogen microarrays in time-course experiments may allow the activities of host
and pathogen to be measured simultaneously, and might show how gene expression
changes in the host correlate with those observed in the microorganism and vice
versa. In short the Pathogen induces changes in the host and Host induced changes
in the pathogen can be quantitatively measured. A detailed comprehension of the
common responses is likely to give insight into the basic mechanisms governing
host-pathogen cross-talk, whereas genes that are modulated in a cell-specific manner
may provide information about specific gene expression programs initiated upon
pathogen encounter.

Summary
Genomic tools coupled with transcriptome data through metabolic reconstruction based
pathway analysis can be exploited for designing specific nutritional requirements for the
so called Unculturable microbes which would potentially open a chapter in plant pathology.
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The irreversible changes (or diseased state) in/on the host plants induced by the pathogens
have traditionally led to development of several preventive strategies for management of
plant diseases. It remains to be seen whether the detailed understanding of the interaction
between host and pathogen through modern “Omics Tools” especially the Transcriptomics
and Interactomics culminates in development of strategies which makes this interaction
reversible one!. Perhaps this could well be an open challenge for the modern day plant
pathologist in the years to come!
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Next generation sequencing platforms have substantially lowered reagent costs and
dramatically increased the throughput. Many of these techniques make available huge
and complex sequence data whose interpretation requires finding relevant biological roles
for these data. This process is a very time consuming task that should be automated as
much as possible. There is a demand for computer-assisted analytical tools with the
development of high-throughput laboratory techniques. As a result of these developments,
the limitations of DNA sequencing have shifted from hardware to the software aspects.
Bioinformatics comes to the rescue of biologists in this context.
The emerging field of bioinformatics is an integrated field by merging biology and
informatics. The critical mission of bioinformatics is to utilize this vast sequence and
structure data to discover new genes, to predict structure and/or function of proteins, to
analyze metabolic pathways, and to understand the system as a whole. Utilization of
bioinformatics would take the current research to accelerated mode which is needed for
the present knowledge driven predictive science. Bioinformatics will ultimately allow the
evolution of biology from a descriptive science to a predictive science based on ‘omics’
data mining.
The field of phytopathology is being radically transformed by the inevitable sequence
data. Bioinformatics is a conglomeration of various new frontiers of science such as
genomics, proteomics, metabolomics etc. and is destined to play a more decisive role in
the domain of plant pathology too. In recent years, the study of plant pathogens has
been greatly promoted by the availability of their genomic sequences and resources for
functional genomic analysis, which, in combination with targeted mutagenesis or transgenic
studies, are unravelling molecular host-pathogen crosstalk, the complex mechanisms
involving pathogenesis and host avoidance. The latest developments in biological and
bioanalytical research will lead into a paradigm shift towards trying to understand
pathogenic organisms at a systems level. The ambitious aim of these non-targeted ‘omic’
technologies is to extend our understanding beyond the analysis of separated parts of
the system, in contrast to traditional reductionistic hypothesis-driven approaches.

DNA sequencing
Genomics is the study of an organism’s entire genome. Genomics appeared in the 1980s,
and accelerated in 1990s with the initiation of genome projects for several species. A
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major branch of genomics is still concerned with sequencing the genomes of various
organisms through expressed sequence tags (EST) based approach or through whole
genome sequencing. Complete genome sequences for numerous phytopathogens,
including viruses, bacteria, fungi, and oomycetes have been generated using Sanger’s
method. Of late, with the advent of NGS, there is a rapid proliferation of complete genome
sequences for many strains of plant pathogens which include 842 viruses, 29 bacteria,
10 fungi and four oomycetes. The first plant pathogen to have its genome completely
sequenced was Xyllela fastidiosa (Simpson et al., 2000) while the first plant pathogen
to have its genome sequenced using the second-generation sequencing technologies
was P. syringae pathovar oryzae strain I-6 (Reinhardt et al., 2009). The new sequencing
technologies are already making a big impact in plant pathology resulting in hundreds of
ongoing genome sequencing projects.
Sequence based approaches are highly useful for studying the genetic diversity as
well as species identity. Markers are used in assaying diversity in natural populations
and for genome-wide association studies aimed at finding the genetic basis for phenotypes.
Instead of relying on a few genetic markers or multilocus sequence analysis, the complete
genome sequence reveals the ultimate set of genetic markers that help to distinguish
genetically distinct isolates that previously would have been indistinguishable. Secondgeneration sequencing technologies can generate new genetic markers like SNPs for
trait mapping and marker assisted selection. Multi-isolate genome sequencing is beginning
to be applied to phytopathogens like Xanthomonas vasicola pathovar musacearum,
Pseudomonas syringae etc. Sequencing of genomes provides new insights into the
evolution and mechanisms of pathogenesis in these organisms. Nucleotide sequence
data offer the possibility of reconstructing patterns of descent among genotypes. It is
poised to make a direct impact on diagnostics, epidemiology and disease control.
The major drawbacks of NGS technologies are short read lengths compared to Sanger
sequencing and different error characteristics. As a result, the assembly of genome
sequences from these short reads is a difficult task that requires high computer power,
novel algorithms and partial complementation and verification. After the assembly of a full
genome, the next step is functional annotation. Ab initio gene prediction with molecular
data constraints is increasingly favored. Longer contig and singleton sequences are
assembled from short reads and analyzed for homology with sequences in public
databases using BLAST algorithms. Assembled contigs and singletons are subsequently
translated into peptides and annotated with a biological function using a homology search
against various public databases. Specialized software tools are required for the de novo
assembly of datasets generated by second generation sequencing platforms and for
their functional annotation. A number of tools are available for this depending on the
platforms used for sequencing (Table 1).

Transcriptomics
Once the genome is sequenced and assembled it is possible to search for gene functions.
The knowledge of full genomes has created the possibility for the field of functional
genomics, mainly concerned with patterns of gene expression during various conditions
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Table 1. Bioinformatics tools for handling of next generation sequence data
NGS de novo
alignment/assembly

Illumina

Roche

NGS reference-based
alignment/assembly

ABI
Illumina

Roche
ABI

NGS quality assessment

Visualization tool

Illumina
Roche
ABI
Illumina

Roche

Functional annotation

ABI
Illumina
Roche
ABI
-

Indel identification

Illumina

NGS data management

Roche
ABI
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Abyss, ALLPATHS, Curtain, Edena, Euler-SR,
FuzzyPath, IDBA, MIRA/MIRA3, Phrap, RGA,
QSRA, SHARCGS, SOAPdenovo, SOPRA,
SSAKE, Taipan, VCAKE, Velvet
Consensus/SeqCons, Curtain, Euler-SR,
FuzzyPath, MIRA/MIRA3, Newbler, Phrap,
SHRAP, SR-ASM, SSAKE, VCAKE,
VelvetAMOScmp, ARACHNE, CAP3,
Curtain, SHORTY, SOPRA, Velvet
BFAST, Bowtie, BWA, CABOG, ELAND/ELAND2,
EULER, EMBF, GenomeMapper, GMAP, gnumap,
ICON, Karma, LAST, LOCAS, MAQ, MOM,
Mosaik, mrFAST/mrsFAST, Nexalign, Novocraft,
PerM, RazerS, RMAP, segemehl, SeqMap,
SHRiMP, Slider/SliderII, SOCS, SOAP/SOAP2,
SSAHA/SSAHA2, Stampy, SXOligoSearch,
SHORE, Vmatch
SeqCons, SHRiMP, SSAHA/SSAHA2Bowtie, CABOG,
Exonerate, Mosaik, segemehl,
BFAST, Bowtie, BWA, CoronaLite, CABOG, ,
ELAND/ELAND2, Karma, Mapreads, MAQ,
Mosaik, MUMer, PerM, RazerS, SHRiMP, SOCS,
SOAP/SOAP2,
FastQC, PIQA, ShortRead, TileQC,
ShortRead
FastQC
Artemis/ACT, Consed, EagleView, Gambit,
Hawkeye, IGV, LookSeq, MagicViewer, MapView,
NGSView, Savant, Tablet, XMatchView, Yenta
Artemis/ACT, Consed, EagleView, Gambit,
Hawkeye, LookSeq, Savant, Tablet, XMatchView
NGSView
Goby, G-SQZ, Geneus
Goby
Goby, G-SQZ, Geneus
B-SIFT, MAPP, PhD-SNP, PolyPhen-2/PolyPhen, SIFT,
SNAP, SNAPper/Pedant
BreakDancer, BreakDancer/BD- Mini, Breakway,
cnvHMM, cnD, GASV/GSV, Hydra, MoDIL,
mrFAST, NovelSeq, PEMer, Pindel, SegSeq,
SOAPsv, SWT, VariationHunter/VH-CR
BreakDancer, BreakDancer/BD- Mini, Breakway,
NovelSeq, PEMer, SOAPsv
BreakDancer, BreakDancer/BD- Mini, Breakway,
CNVSeq, NovelSeq, PEMer, SegSeq, SOAPsv,
Solid large Indel tool, Solid CNV tool, VARiD
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SNP identification

Illumina

Roche

ABI
Comparative genomics
Metagenomics
Population genetics
Integrative platforms

Illumina
Roche

Atlas-SNP2, BOAT, DNAA, Galign,
GigaBayes/PbShort, GSNAP, inGAP,
ngs_backbone, ssahaSNP, Slider, SNP-o-matic,
SNPSeeker, SNVMix, SOAPsnp, SVA, VAAL,
VarScan, VARiD
inGAP, ngs_backbone, PyroBayes, ssahaSNP,
SOAPsnp, SWA454, VarScan, VARiD Atlas-SNP2,
DNAA, GigaBayes/PbShort, GSNAP,
DNA Baser, DNAA, Omixon Variant, SOAPsnp,
VARiD
DIAL, SomaticCall, VAAL
SWAP454
RAMMCAP, MG-RAST, CAMERA, Galaxy,
ShotgunFunctionalizeR
IM/IMa/IMa2, BEAST, LAMARC, MIGRATE,
STRUCTURE
SNAP workbench, iNquiry, EMBOSS, PLATCOM,
ISYS platform, CFGP

and comparative genomics with related taxa. Transcriptomics is the study of the complete
set of transcripts in a particular biological sample and estimation of their abundances.
There are different methods for studying the transcriptome based on either hybridization
of single-stranded nucleic acids with complementary nucleotide sequences (Northern
blotting and real-time PCR) or direct sequencing (microarrays, ESTs, RNA-Seq, SAGE
etc.). Microarray technology is now widely used for gene expression profiling in fungi
(Breakspear and Momany, 2007; Wise et al., 2008). Transcriptomics is an attractive
method for analyzing the molecular basis of plant-pathogen interactions and pathogenesis.
Analysis of transcriptomics data poses several challenges because of reasons like
discontinuous transcription, alternate splicing and contamination with genomic DNA.
Many of the algorithms like TopHat being used with reference genomes are vulnerable
to false positives and false negatives arising from genetic variation. De novo assembly
of transcript data avoids these limitations. Two de novo sequence assembly tools (Oases,
Trans-ABySS) have been released recently that are specifically designed to deal with
RNA-Seq data.

Proteomics
Proteomics provides a comprehensive insight into the protein profile of an organism
which is a powerful tool to study pathogenicity. It is a priority research in the postgenomic
era. Unbiased or untargeted protein analysis based on “shotgun proteomics” is the
recent development in proteomics. The full potential of proteomics is far from being fully
exploited in plant pathogen research. Proteomics can throw light on proteins implicated
in the adhesion to the plant surface, host-tissue penetration and invasion effectors, and
other virulence factors. There is increasing number of studies focusing on plant and
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microbial secretomes. Two-dimensional gel electrophoresis (2-DE) coupled to MS and
multidimensional protein identification technology (MudPIT) are the methods commonly
used to dissect proteomes. The most commonly used approach in proteomics studies of
plant–pathogen interactions has been 2-DE is followed by mass spectrometry. The use
of second generation proteomic techniques based on protein labelling and those labelfree ones are far from being fully exploited in plant pathogen research.
Proteomics tools also generate huge amount of data and bioinformatics tools are
essential for their analysis. Protein identification in the second generation techniques
is basically database dependant. A great resource for finding software tools for proteomics
can be found in the website https://proteomecommons.org/.

Metagenomics
Second-generation sequencing makes it possible to directly detect, identify, and discover
pathogens in an unbiased manner without requiring antibodies or prior knowledge of
the pathogen macromolecular sequence. This approach is called metagenomics which
is the analysis of genomic DNA from a whole community (Gilbert & DuPont, 2011).
Metagenomics literally means “beyond the genome.”

System biology
The molecular data, genetic evolution, environmental cues and species interaction need
to be combined with the understanding, modeling and prediction of active biochemical
networks up to whole species populations. The consequent integration of genotyping,
pheno/morphotyping and the analysis of the molecular phenotype using metabolomics,
proteomics and transcriptomics will reveal a novel understanding of plant metabolism
and its interaction with the environment. This process known as system biology, relies
on the development of new technologies for the analysis of molecular data, especially
genomics, metabolomics and proteomics data. Systems biology can be summarized as
integrating experimental data, genome-scale reconstruction of metabolic networks and
the derivation of mathematical models that are able to predict the molecular phenotype
of the plant in its natural environment.

Conclusion
The high throughput and combination of NGS, genomics, proteomics and metabolomics
technologies generates high amount of data which is an enormous challenge for
bioinformatics. A classical approach is the solely computer-assisted annotation of
predicted Open Reading Frames (ORF). Newly developed techniques consider
experimental data such as transcriptomic, proteomic but also metabolomic data for
improved genome annotation. Such studies have yielded huge amount of information
leading to numerous bioinformatics resources exclusively on plant pathogens. A glimpse
of such resources is given in Table 2.
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Table 2. Major online databases dedicated to plant pathogens
Name of the resource /tool

URL

Fungal Genomes Central

http://www.ncbi.nlm.nih.gov/
projects/genome/guide/fungi/
http://www.broadinstitute.org/
science/projects/fungalgenom
einitiative/fungal-genomeinitiative
http://mips.helmholtzmuenchen.de/genre/proj/
FGDB/

Fungal Genome Initiative

The MIPS Fusarium
graminearum Genome
Database
The MIPS U. Maydis
Database

e-fungi

FungalGenome

MPID

FPPI
Phytopathogenic Fungi
and Oomycete EST
Database
DPVWeb

FGDB

PHI-Base

PAIDB

Description

information and resources pertaining to
fungi and fungal sequencing projects
An initiative of the Broad Institute to
sequence and analyze fungal organisms
that are important to medicine, agriculture
and industry.
Information on the molecular structure and
functional network of the entirely
sequenced, filamentous fungus Fusarium
graminearum
http://mips.gsf.de/genre/proj/ Information on the molecular structure and
ustilago
functional network of the entirely
sequenced, filamentous fungus Ustilago
maydis
http://beaconw.cs.manchester. A warehouse which integrates sequence
ac.uk/efungi/execute/
data welcome from multiple fungal
sequences in a way that facilitates the
systematic comparative study of those
genomes
http//:fungalgenomes.org/wiki A website with several links and
/Fungal Genomes Links
references for the currently available
fungal genomes sequences or proposed
fungal genomes
http://bioinformatics.cau.edu. A database of predicted protein-protein
cn/cgi-bin/zzdcgi/ppi/mpid.pl
interaction network in rice blast fungus,
Magnaporthe grisea
http://csb.shu.edu.cn/fppi
Protein-protein interaction database of
Fusarium graminearum.
http://cogeme.ex.ac.uk/
A database containing ESTs from eleven
species of phytopathogenic fungi and
two oomycete species
http://www.dpvweb.net/
A central source of information about
viruses, viroids and satellites of plants,
fungi and protozoa
http://mips.helmholtzA comprehensive genome database of
muenchen.de/genre/proj/
Fusarium graminearum
fusarium/
http://www.phi-base.org/
A database containing expertly curated
molecular and biological information on
genes proven to affect the outcome of
pathogen-host interactions.
https://www.gem.re.kr/paidb/ A comprehensive relational database of all
about_paidb.php
the reported pathogenicity islands in
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PathoPlant

http://www.pathoplant.de/

PRGdb

http://prgdb.cbm.fvg.it/

Fungal Genome Size
Database
CFGP
genomics

http://www.zbi.ee/fungalgenomesize/
http://cfgp.snu.ac.kr

bacterial genomes
A database on plant-pathogen interactions
and components of signal transduction
pathways related to plant pathogenesis
A web resource containing 16884 plant
disease resistance genes (R-Genes)
A database providing freely accessible
genome size data of fungi
A web-based, comparative fungal

Oomycete Molecular
strengthen
Genetics Research
Collaboration Network

http://pmgn.vbi.vt.edu/

platform
A portal for oomycete workers to

VBI Microbial Database

Plant Pathogen Ribosomal
DNA (rDNA) Database

Plant Pathogen Transcript
Assemblies

collaboration and
communication, and sharing of techniques
and resources
http://vmd.vbi.vt.edu/
VBI Microbial Database hosts data from a
range of plant pathogenic oomycetes, fungi
and bacteria.
http://cpgr.plantbiology.msu.e This database contains all the ribosomal
du/cgiDNA in GenBank for Bacterial,
bin/cpgr_rdna/cpgr_rna_db.pl Stramenopile, Nematode and Fungal plant
pathogens
http://cpgr.plantbiology.msu.e The clustering of ESTs and construction of
du/cpgr_ta.shtml
plant pathogen transcript assemblies (TAs)
belonging to seven Oomycete species
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Fungi and oomycetes are responsible for many of the world’s most serious plant diseases
and resulting in very significant harvest losses each year. They are unique among the
microbial pathogens in being able to breach the intact surfaces of host plants and rapidly
establishing infections that can have disastrous consequences for large-scale agricultural
production. The ability to cause plant disease is not a common trait among the many
saprotrophic and mutualistic fungal species, but it is a very widespread one, occurring
throughout the fungal kingdom. Because most fungi have evolved to be free-living in the
environment and because the infections they cause are usually lesser in nature, it is
often difficult to identify specific traits that contribute to fungal pathogenesis. The enormous
diversity of crop diseases caused by fungi and oomycetes poses a difficult challenge to
the development of durable disease control strategies. Identifying common underlying
molecular mechanisms necessary for pathogenesis in a wide range of pathogenic species
is a major goal of current research. Development of new high throughput sequencing
technologies coupled with the dramatic fall in the price of DNA sequencing has significantly
increased the higher number of fungal genome sequencing projects. Because of the
small size of fungal genomes, sequencing of new species and isolates of the same
species, pathogenic determinants and adaptation, evolutionary history, and allelic variability
of virulence-associated genes has given new insights regarding plant-pathogen interactions.
In recent years, there has been a surge in the number of sequenced genomes of phytopathogenic fungi, and comparison of these sequences will prove to be an excellent resource
for exploring commonalities and differences in how these species interact with their hosts.

Next-generation DNA sequencing technologies
The chain-termination method published in 1977, also commonly referred to as Sanger or
di-deoxy sequencing (Sanger et al., 1977), has remained the most commonly used DNA
sequencing technique to date and was used to complete human genome sequencing
initiatives led by the International Human Genome Sequencing Consortium and Celera
Genomics. Many plants, animals and fungal species were also sequenced using chaintermination method. Very recently, the Sanger method has been supplanted by several
‘next-generation’ genome sequencing technologies that offer dramatic increases in costeffective sequence throughput, albeit at the expense of read lengths (Metzker, 2007).
The next-generation technologies commercially available today include the 454
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pyrosequencing based instrument (Roche Applied Science), the Solexa analyzer (Illumina,
Inc.), the SOLiD instrument from Applied Biosystems, and the Heliscope from Helicos,
Inc. These instruments allow highly streamlined sample preparation steps prior to DNA
sequencing, which provides a significant time savings and a minimal requirement for
associated equipment in comparison to the highly automated, multistep pipelines
necessary for clone-based high-throughput sequencing. By different approaches, each
technology seeks to amplify single strands of a fragment library and perform sequencing
reactions on the amplified strands. The fragment libraries are obtained by annealing
platform-specific linkers to blunt-ended fragments generated directly from a genome or
DNA source of interest. Because the presence of adapter sequences means that the
molecules then can be selectively amplified by PCR, no bacterial cloning step is required
to amplify the genomic fragment in a bacterial intermediate as is done in traditional
sequencing approaches. Another contrast between these instruments and capillary
platforms is the run time required to generate data. Next-generation sequencers require
longer run times of between 8 h to 10 days, depending upon the platform and read type
(single end or paired ends). The longer run times result mainly from the need to image
sequencing reactions that are occurring in a massively parallel fashion, rather than a
periodic charge-coupled device (CCD) snapshot of 96 fixed capillaries. The yield of
sequence reads and total bases per instrument run is significantly higher than the 96
reads of up to 750 bp each produced by a capillary sequencer run, and can vary from
several hundred thousand reads (Roche/454) to tens of millions of reads (Illumina and
Applied Biosystems SOLiD). The combination of streamlined sample preparation and
long run times means that a single operator can readily keep several next-generation
sequencing instruments at full capacity.
Next-generation sequencing technologies have found broad applicability in functional
genomics research. Their applications in the field have included gene expression profiling,
genome annotation, small ncRNA discovery and profiling, and detection of aberrant
transcription, which are areas that have been previously dominated by microarrays.
Significantly, several studies found that 454 sequencing correlated well with the
established gene expression profiling technologies such as microarray and moderately
with SAGE data. While the transcriptome sequencing studies predominantly used the
454 technology, Illumina and SOLiD technologies also offer significant potential for such
applications. Another major functional genomics application is determining DNA sequences
associated with epigenetic modifications of histones and DNA. Next-generation sequencing
approaches have been used in this field to profile DNA methylations, posttranslational
modifications of histones, and nucleosome positions on a genome-wide scale. While
these areas have been previously addressed by Sanger sequencing, next-generation
technologies have improved upon the throughput, the depth of coverage, and the resolution
of Sanger sequencing studies.

Genome sequencing of phyto-pathogenic fungi
The development of low-cost and high-throughput next-generation sequencing technologies
has enabled the sequencing of various free-living and pathogenic organisms genome and
expressed sequence tags (ESTs). The last decade has witnessed a revolution in the
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genomics of the fungal kingdom. Since the sequencing of the first fungus in 1996, the
number of available fungal genome sequences has increased by an order of magnitude.
Over 120 complete fungal genomes have been publicly released with a higher number
currently being sequenced, representing the widest sampling of genomes from any
eukaryotic kingdom. Moreover, many of these sequenced species have utility to undergo
comparative studies.
The era of fungal genomics has got start by the sequencing of the complete genome
of the yeast S. cereviseae (Goffeau et al., 1996). This milestone revolutionized work in
yeast and enabled the first global studies of eukaryotic gene function and expression.
However, the yeast genome sequence provided only a limited glimpse of the biological
diversity of the fungal kingdom. The subsequent completion of Schizosaccharomyces
pombe and Neurospora crassa (Galagan et al., 2003) revealed the limits of yeast as a
proxy for all other fungi. In particular, the genome of N. crassa, the first filamentous
fungus to be sequenced, possessed nearly twice as many genes as S. cerevisiae and S.
pombe and lacked homologs to known proteins for over 40% of these genes. Since then
a large increase in the number of available fungal genomes, especially during the last five
years has occurred. This includes various phyto-pathogens viz. Magnaporthe grisea,
Phytophthora infestans (cause late blight of Solanum plants), P. Saju, P. ramorum
Blumeria graminis f.sp. hordei (cause barley powdery mildew), Ustilago maydis and
Sporisorium reilianum (both cause maize smut), Puccinia graminis tritici Hyaloperonospora
arabidopsidis (cause downy mildew of A. thaliana) etc. This is partly due to the small
size of fungal genomes and the role of consortia such as the Fungal Genome Initiative at
the Broad Institute, the Eukaryotic Genomics Initiative at the JGI, the TIGR and Genoscope
sequencing projects.

Evolution of virulence-associated genes in phyto-pathogenic fungi
The application of comparative genomics to plant pathogenic fungi has revealed that
several different genetic processes have played important roles in the acquisition of
virulence associated genes (Dodds, 2010). These processes are largely driven by gene
duplication to provide the raw material for new open reading frames (ORFs), although
horizontal gene transfer (HGT) may also play a minor role. Specialization for life as a free
living organism may also lead to gene loss, as costly genetic material associated with
previous lifestyles is lost to increase reproductive fitness. Although these processes are
not unique to pathogenic fungi, their importance in virulence gene evolution has been
highlighted repeatedly in comparative genomic analysis (CGA) studies of pathogenic
fungi. The transfer of fungi from the environment to a plant host introduces them to a
range of challenging new environments. Studies have indicated that fungi have used a
variety of evolutionary mechanisms to facilitate growth in these potentially stressful
environments (Baxter et al., 2010).
While CGA has proved to be a very helpful tool in investigating fungal virulence, it is
clear that analysis of gene content alone is not sufficient to explain differences between,
or indeed within, fungal species. For example, comparison of two different species of
fungi that differ in the ability to invade host and cause infection in vivo by use of
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comparative genomic hybridization may indicate that the gene contents of the two species
are identical. However, global transcription comparisons may reveal significant differences
in gene expression profiles that are suggestive of transcriptional rewiring, which could
contribute to differences in growth rate between species in vivo. Therefore, functional
genomics approaches will be very helpful in identifying differences in gene expression
and function between closely related species.

Effectors of phyto-pathogenic fungi
There is strong selection pressure on parasites to develop strategies to successfully
infect whilst evading host detection and defense mechanisms. One of the major
components of the pathogenicity arsenal of pathogens is effectors. They are usually
secreted proteins that influence host metabolism or defense mechanisms to provide an
environment for successful infection (Birch et al., 2006). Depending upon the infection
strategies (biotrophic, hemi-biotrophic, and nectrotrophic), pathogens have evolved their
own effectors to alter plant responses. The precise expression, translocation, and
modifications mediated by both pathogen and host are important for the virulence and/
or avirulence activity of many effectors. Some effectors have enzyme inhibition activity,
many are host selective toxins, and some have necrosis inducing property. Resistance
(R) genes are part of the plant defense system, and are widely used in agriculture to
control parasites. Most of the known R genes encode nucleotide binding site leucine
rich repeat (NBS-LRR) receptors. When an NBS-LRR protein recognizes specific
pathogen effector molecules, plant defense responses that prevent further infection are
induced in accordance with the gene-for-gene model.
A wide variety of bacterial and oomycete effector proteins are known however, only
a handful of effector molecules from phyto-pathogenic fungi have been isolated. Very
recently, potential effector-encoding genes have been identified in the genomes of
several species of oomycete pathogens and are defined by the presence of a conserved
RXLR-EER motif downstream of the signal peptide sequence. The RXLR-EER motif is
necessary for delivery of effector proteins into host plant cells and is therefore critical
to their biological activity. To identify potential fungal effectors, Pfam motif frequency
between the secretomes of phytopathogens and nonpathogens were compared (Raffaele
et al., 2010). This analysis identified potential effector-encoding genes, including secreted
proteases, transcription factors and proteins that may be involved in cytoskeletal
rearrangements (such as Kelch-domain containing proteins) and protein-protein
interactions, as well as a group of pathogen-specific secreted isochorisimatases that
potentially could suppress salicyclic acid dependent host plant defences. Bacterial T3SEs
are injected directly into the host cytoplasm via the type III secretion injection apparatus
(Alfano and Collmer, 2004). However, the potential fungal effectors identified using
comparative genomics appear to be secreted by the normal cellular secretory pathway
via the endoplasmic reticulum and the mechanism by which fungal effectors might be
taken up by plant cells and enter into the host cytoplasm is currently being investigated
by certain research groups (Kale et al., 2010).
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The future of phyto-pathogenic fungal genomics
The growing number of complete fungal genomes provides an unprecedented opportunity
to study the biology and evolution of phyto-pathogenic fungi. However, sequence is only
the tip of the iceberg for genomic studies. The availability of genome sequence has
catalyzed the development of genome-wide functional studies for a growing number of
fungal species. In particular, microarrays-both public and commercial-are now available
for certain phyto-pathogenic fungi, enabling not only expression studies, but also crossgenome hybridization, the identification of transcription factor binding sites and chromatin
modifications, and population genotyping. High-throughput proteomic methods are also
increasingly being applied, providing insight into the protein modification and translational
control. In addition, as highlighted above, comprehensive gene knock-out or knock-down
projects are underway for several species. Ultimately, these data will enable a true systems
biological approach to understanding fungal biology and evolution in general and the
biology underlying pathogenesis and virulence in particular.
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The rapid growth of Indian agriculture to meet the food security has created serious problems
in the production systems during last two decades subsequent to green revolution. The
increasing imports of agricultural commodities being made under WTO’s philosophy of
liberalization has led to enhanced danger of introducing exotic pests and diseases of plants
and animals. The geographical location of India and the diverse agricultural scenario also
predisposes it to alien plant / fish species as well as new/exotic/ emerging pests and
diseases. A number of pests and diseases have the potential of inflicting huge losses to the
crop, animal husbandry and fishery sectors by crippling the production and trade, thus
seriously compromising food security. Ensuring an integrated biosecurity in the agricultural
environment can indeed contribute a lot for ensuring biosecurity, facilitating trade and conserving
biodiversity.
Agricultural pests and diseases threatens biosecurity
Plant pests and diseases result in about 25% annual loss of crop produce in India. The
diseases and pests continue to spread over large areas. India faced losses of over US$
236 million in recent years due to late blight disease of potato caused by Phytophthora
infestans affecting potato field grown over 1.4 million hectares in the countries. Another
major insect pest causing serious losses in the cotton bollworm Helicoverpa armigera, a
polyphagous pest with a host range of 181 plant species including cotton, pigeonpea,
chickpea, maize, sunflower and several vegetable crops which is estimated to cause a
economic losses up to about Rs. 250 million in India. Parthenium. hysterophorus has
now invaded around 7-8 million hectares of non-cropped area throughout the country and
the cost to control weeds in non-cropped areas is estimated to be Rs. 16 billion
(www.nrcws.nic.in). The threat by UG 99, a virulent strain of stem rust of wheat looms
large in the Asiatic countries, whereas the yellow rust continues to get more and more
serious every year. A number of infectious diseases of animals have the potential of
inflicting huge losses to the animal husbandry sector by crippling livestock, thus, seriously
compromising food security.
The diseases that are of immense importance from animal husbandry perspective as
well as public health include non-zoonotic diseases such as Foot and Mouth Disease
(FMD), Peste des Petits Ruminants (PPR) Blue Tongue, Babesiosis, Cysticercosis,
Anaplasmosis, Infectious Bovine Rhinotracheitis/ Infectious Pustular Vulvo-vaginitis (IBR/
IPV), Theileriosis, Contagious Agalactiae (Mycoplasmosis), Avian Influenza, Bovine
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Leucosis, etc. and Classical Swine Fever (CSF) etc. Avian Influenza (Bird Flu) has
recently caused considerable loss to poultry industry in India particularly due to ban on
transportation of live and dressed poultry.
Since last many years fish diseases, especially those of viral etiology have emerged
as the major constraint for the sustainability and growth of shrimp aquaculture. The total
collapse of the shrimp farming industry in Taiwan in 1987, China in 1992, and India in
1995 was due to infectious viral diseases, causing loss of billions of dollars in revenue for
the industry. Other than the Epizootic Ulcerative Syndrome (EUS) and some reports on
noda virus, no other OIE- notifiable diseases have been reported from India. EUS is a
pathogenic disease and caused by the fungus, Aphanomyces invadans in Asian freshwater
and estuarine fishes. In India, loss due to EUS has been estimated at 42.5 million US
Dollars during the period 1992-95. Among the infectious diseases of cultured shrimp,
certain virus-caused diseases stand out as most significant. The pandemics due to the
penaeid viruses, WSSV (White spot syndrome virus), Taura syndrome virus and YHV
(Yellow head virus), have cost the penaeid shrimp industry billions of dollars. The losses
to shrimp farmers due to WSSV in India are estimated to be Rs 2,000-3,000 million
annually
Biosecurity vis a vis trade
The global trade in agricultural commodities and transboundary movement of plants and
animals has led to situations warranting legislative measures to regulate the trade/ exchange.
Quarantine is a government endeavour enforced through legislative measures to regulate the
introduction of plant, animal, fish and their products, packaging material, soil, etc. in order to
prevent inadvertent introduction of pests (including insects, nematodes, pathogenic fungi,
bacteria, viruses, phytoplasmas, weeds, etc) harmful to the agriculture of a country/ state/
region, and if introduced, prevent their establishment and further spread.
The plant pests and diseases of potential quarantine significance to India include
Moko wilt of banana, Bacterial wilt and ring rot of potato, Fire blight of apple and pear,
Black pod of cocoa, powdery rust of coffee, Sudden death of oak, South American leaf
blight of rubber, Vascular wilt of oil palm, Soybean downy mildew, Blue mold of
tobacco,Coconut cadang cadang viroid, Palm lethal yellowing Pine wood nematode, Red
ring nematode of coconut, Mediterranean fruit fly and Cotton boll weevil.
The Livestock and poultry diseases of quarantine significance include Rinderpest,
Vesicular Stomatitis, African Swine Fever, Transmissible Gastro-enteritis, Anthrax,
Brucellosis, West Nile Fever, Tuberculosis, Japanese Encephalitis, Avian Influenza (Birdflu), Rabies, Newcastle Disease, Chicken Infectious Anaemia and Salmonellosis
The fishery pests/ diseases of quarantine importance are Koi herpes virus, Furunculosis
Spring Viraemia, Infectious pancreatic necrosis, Viral Haemorrhagic Septicaemia,
Infectious Hepatopancreatic and Haematopoietic Necrosis Virus in shrimps, Taura
syndrome virus affecting farmed shrimps, Bonamiosis in bivalve Molluscs, Marteiliosis
in bivalve Molluscs, Perkinsosis in bivalve Molluscs and Haplosporidiosis in bivalve
Molluscs.

192

Plant Pathology in India: Vision 2030

National legal umbrella related to biosecurity
In case of plants and products thereof the Government of India legislated the Destructive
Insects and Pests (DIP) Act in 1914 which has been amended subsequently from time to
time. The Plants, Fruits and Seeds (Regulation of Import into India) Order, 1984 (PFS Order)
issued under this Act has now been superceded by the Plant Quarantine (Regulation for
Import into India) Order 2003 which came into force as there was an urgent need to fill-in the
gaps in existing PFS Order for cases including import of germplasm/ genetically modified
organisms (GMO’s)/ transgenic plant material/ biocontrol agents etc., and to fulfill India’s
legal obligations under the international Agreements. This Order incorporates the Additional/
Special declarations for freedom of import commodities from quarantine and invasive alien
species (IAS), on the basis of standardized pest risk analysis (PRA), particularly for seed/
planting materials. The other salient features of the Order include prohibition on import of
commodities contaminated with weed / alien species and restriction on import of packaging
material of plant origin unless treated.
The Directorate of Plant Protection Quarantine and Storage (DPPQS) of Ministry of
Agriculture is the apex body for implementation of plant quarantine regulations (Figure
1). Currently it has a national network of 35 plant quarantine stations at different airports
(11), seaports (11) and land frontiers (13). National Bureau of Plant Genetic Resources
(NBPGR) undertakes the quarantine processing of the second category which includes
all plant germplasm and transgenic planting material under exchange
The Veterinary Services are backed by suitable Central and State legislations. The
Government of India legislation on Indian Veterinary Council Act (1984) regulates Veterinary
practices in the country. Another federal legislation, i.e., The Livestock Importation
(Amendment) Act, 2001 provides modalities of International Animal Health Certification.
Entry of any livestock or livestock product is regulated by the Livestock Importation Act,
1898 (amended in 2001). These importations are allowed subject to compliance of health/
quarantine requirements specified by the Government of India.
The regulation of import and export of livestock and livestock products, control of
exotic disease and certification as per OIE regulations is done through the Animal
Quarantine and Certification Services (AQ&CS) under the control of Department of Animal
Husbandry Dairying & Fisheries (DADF) through Stations located at New Delhi, Mumbai,
Kolkata and Chennai (Figure 1). These Stations are equipped to deal with all imports
coming into the country. Their functions include testing of imported livestock and livestock
products for quarantine purposes, export certification of livestock/ livestock products as
per the requirements of the importing country and as prescribed in the Terrestrial Animal
Health Code of O.I.E. and/ or implementation of various provisions of the Livestock
Importation Act, 1898 (as amended in 2001).
Several countries have specific legislation to regulate the import and export of live aquatic
organisms and their products for use in aquaculture, for human consumption, or other purposes.
At the central level, the Indian Fisheries Act (1897) which is a century-old is still in existence.
The legal mechanisms for control of both legally and illegally introduced aquatic organism
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and enforcement of the quarantine has to be made stringent. Draft legislation on “Live
aquatic organisms’ importation Act 2006" has been recently proposed. These are based on
the existing international agreements and codes of practices for the trans-boundary movement
of aquatic animals, the recommendations made in various consultations on invasiveness,
disease diagnostics, risk analysis, emergency preparedness, capacity building etc., and
existing legal provisions adopted by different countries.

Need for an integrated national agricultural biosecurity system
At national level, we do have well-developed laboratories and skilled manpower in the field of
animal and plant sciences but they are scattered and not converging for a common cause.
There is a dire need to work in a networking mode for diagnostics and control of diseases/
pests in cases of emergency. Preparations to mitigate the untoward situations in case of
accidental or deliberate introduction of diseases, such as wheat rust (UG99), are already in
the pipeline with the new resistant lines to replace the susceptible ones that are presently
under cultivation. After its first incident in 2005, detection and monitoring systems for avian
flu have also been strengthened and an effective vaccine has been developed against the
same. Besides, High Security Animal Disease Laboratory at Bhopal has developed vaccines
against H5N1 strain of Avian influenza virus and also a protocol for its early detection.
Besides, the potential of dangerous exotic pests being misused or mishandled and
thereby threatening the ecosystems on large scale is also an issue of national concern.
The agricultural economy is vulnerable to threat from exotic pests/ diseases that have
the potential to be used as bioweapons. Besides, a large number of destructive indigenous
pests of plants, animals and fisheries are endowed with strains/ isolates/ biotypes which
also have a potential for use as bioweapons. Instances of crop pests used or threatened
to be used for agro-warfare include dropping of the dreaded Colorado potato beetles
(Leptinotarsa decimlineata) by Germany in potato fields of UK during World War II; Cuban
accusation against the US of attacking Cuban crops on several occasions through pests
like tobacco blue mold, and sugarcane rust and Thrips palmi. The Core Group of Biological
Disasters of the National Disaster Management Committee has recently come out with
guidelines for the management of such potential disasters.
The holistic approach to ensure integrated agricultural biosecurity seeks to use the
synergies of various existing sectors at national level, without necessarily creating new
structures. It further recognizes the need for integration of various aspects of biosecurity
and the institutions involved.

Key issues to be addressed
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•

Regular review of all the legislations on plants and animals that are related to biosecurity
needs to be done. An Act on importation of live aquatic organisms needs to be enacted
on priority.

•

The infrastructure for quarantine of plants, animals and fisheries need to be upgraded
in terms of manpower and capabilities to bring it up to the international standards.
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National standards need to be developed for overcoming the SPS related impediments
concerning quality and compliance to international standards.

•

Establishment of quality control laboratories, their accreditation for monitoring microbial
and chemical contamination and checking for pollutants, toxicants and adulterants
will be needed and the manpower requirement needs to be met for these specialized
technical works.

•

Pest risk analysis (PRA) enables quarantine services to technically justify new
regulations, phytosanitary guidelines or safeguards, operational procedures, entry
status of imported articles and resource allocations. The DPPQS needs to be supported
on the matter by subject specialists.

•

The risk classification of micro-organisms is outdated and needs to be reviewed and
updated, and also a network of Containment laboratories of different Biosafety levels
be established.

•

The country has unorganized, primitive, subsidiary livestock rearing systems. There
is a need to strengthen the extension and advisory services in livestock sector.

•

There is a need to establish vaccine banks and antisera banks for exotic pests and
pathogens as well as new/ emerging native pests and diseases and stockpiling of
antivirals so that sufficient vaccine stock of diseases like Rinderpest that have been
eradicated is available for use in clean areas in the event of disease outbreak.

•

Comprehensive plans for immunization of animals for those diseases that are vaccine
preventable just like pulse-polio campaigns need to be initiated at National level.

•

Seed is the basic unit of agriculture but the status of seed health testing in the
national seed certification programme is pathetic and needs to be urgently revisited.

•

The indiscriminate and excessive use of pesticides is aggravating the pest and disease
situation including residual toxicity problems. Spurious pesticides in the market are
of grave concern.

•

Research needs to be prioritized based on gaps identified to meet the requirement for
export and import.

•
•

There is need to develop database on biosecurity for all stakeholders.

•

Finally, awareness about the biosecurity among scientific fraternity and general public
is to be enhanced to generate respect for the regulations in the interest of national
security.

Besides, there is a need for HRD for creating rapid response teams to deal with
epidemic/emergency situations, operational aspects of different biosafety facilities,
upgradadtion of skills and proficiency, etc.

Realising the grave implications of increasing pests and diseases and the potential
importance of biosecurity, a draft bill on Integrated National Agricultural Biosecurity
System is under the consideration of the government.
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Virus infections are the cause of numerous plant diseases that are generally characterized
by induction of symptoms such as developmental abnormalities, chlorosis and necrosis.
Induction of viral disease symptoms represents a long-standing question in plant pathology.
Recent studies indicate that symptoms are derived from specific interactions between
virus and host components contributing to successful completion of virus life-cycle and
these have potential to disrupt host physiology.
In a susceptible host, plant viruses induce a number of common physiological
alterations such as reduced photosynthesis, increased respiration, accumulation of
nitrogen compounds and expand oxidase activities. Combination of these and other
physiological effects results in virus-induced disease symptoms but, virus effects on
host physiology and symptom development are not well understood. Complex interactions
between viruses and their hosts have greatly inhibited our understanding for the pathways
through which symptoms and disease originate. Virus-induced symptoms are difficult to
understand in part owing to the intracellular replication site of these pathogens and lack
of specific virus-derived metabolic products such as the toxins and hormones that are
associated with fungal and bacterial diseases.
Plant virus research has focused mainly on viral genetics and mechanisms of
replication and movement [Nelson and Citovsky, 2005; Zaitlin and Hull, 1987] leaving
disease responses relatively unexplored. Knowledge regarding host responses to viral
infection is limited to the indexing of physiological changes within the host [Diener, 1963].
Recently, studies explaining transcriptional and proteomic changes in infected tissues
have significantly enhanced understanding of host responses but mechanisms responsible
for these physiological and molecular alterations remain largely unknown, regarding the
physiological variability associated with virus infections. Virus effects may occur locally
within infection foci or systemically in regions distal from the site of infection.
Interactions between specific virus and host components are responsible for the
development of disease symptoms. Thus reveals complexity of interactions functioning
to promote virus replication and spread within a host while either directly or indirectly
disrupting host physiology. Specific virus-host interactions form the basis of a causal
chain leading from infection to display of symptoms. The symptom induction includes
mechanisms and interactions through which virus components, protein or nucleic acid,
redirect or disrupt host functions.
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The role of specific virus-host interactions in replication, movement or suppression
of resistance clearly affects disease display and thus successful virus infection. The
virus-host interactions that contribute to localized host responses or resistance such as
the hypersensitive response.

Mechanisms of virus pathogenesis
There are two general models that explain virus-induced symptoms and disease
development. The competitive disease model that suggests plant viruses replicate within
the host to such an extent so as to usurp a substantial amount of a plant’s metabolic
resources, thus adversely affecting its growth and development. These disease symptoms
may also arise through disruptions of host processes by interaction of specific virus and
host components. Competition for resources is over come by high degree of viral
transcription and translation exploiting host machinery to produce symptoms. For example,
in Tobacco mosaic virus (TMV)-infected tobacco, viral proteins and genomes make up
~1% of the fresh weight of an infected leaf whereas TMV translation accounts for more
than half of total protein production in infected cells [Siegel et al., 1978]. Decreased host
gene expression, both at the transcriptional and translational levels, have been observed
at the site of virus replication in infected plant tissues [Wang and Maule, 1995] by increased
availability of host resources for virus synthesis. Also, virus RNAs contain unique
structures, such as internal ribosome entry sites or translation enhancer sequences that
provide a competitive advantage over host mRNAs for access to the cell’s metabolic
machinery [Thivierge, 2005]. Thus, the ability of a virus to outcompete the cell for resources
provides a simple explanation for virus-induced disease. There are many virus-host
combinations where variations in symptom severity do not correlate with the level of virus
accumulation, suggesting that competition for host resources is not a major contributor
to the disruption of host physiology. For example, symptom differences between two
strains of TMV were not attributed to resource competition but rather to specific properties
of the virus. Furthermore, reductions in host gene transcription and translation are often
restored once virus replication abates [Dreher and Miller, 2006]. Thus, for many virushost combinations competition for cellular resources may not be sufficiently sustained to
play a significant factor in the appearance of disease symptoms.
Alternative interaction disease model of specific virus and host components represent,
more complicated resource competition, and induction of disease by specific virus-host
interactions represents a selective model that can explain the variations in disease severity
observed when comparing similar viruses on same host or same virus in different hosts.
Evidence supporting specific virus-host interactions as a determinant in induction of
disease is significant.

Types of host-virus interactions
Host-virus interactions can be grouped into two generalized categories. The first category
includes consequential virus-host interactions that directly contribute to the establishment
of a systemic infection; while the second covers inconsequential virus-host interactions
not contributing to the successful infection but disrupt host physiology. There are numerous
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virus-host interactions that contribute to the infection cycle [Nelson and Citovsky, 2005;
Dreher and Miller, 2006; Lucas, 2006]. These interactions, such as binding of the Tomato
bushy stunt virus (TBSV) P19 RNAi suppressor protein with siRNAs or association of the
potyviral VPg protein with the cap-binding translation initiation factor, eIF4E, clearly
demonstrate how viruses usurp host components to disarm host defense mechanisms
and promote their own translation and replication [Lakatos, 2006; Leonard et al., 2004;
Silhavy et al., 2002]. Many of these interactions also disrupt host physiological processes
and potentially lead to disease but, not all of these appear to function in symptom display.

Systemic acquired resistance
Plants have evolved a number of inducible defense mechanisms against pathogen attack.
Plant immunization is the process of activating natural defense system present in plant
induced by biotic or abiotic factors. Plants pre-treated with inducing agents stimulate
plant defense responses that form chemical or physical barriers used against the pathogen
invasion. Inducers usually give the signals to rouse the plant defense genes ultimately
resulting into induced systemic resistance. Host plant remains induced for a period of
time and upon challenge inoculation, resistance responses are accelerated and enhanced.
Induced systemic resistance is effective under field conditions and offers a natural
mechanism for biological control of plant disease. Recognition of a pathogen often triggers
a localized resistance reaction or hypersensitive response, characterized by rapid cell
death at the site of infection. Systemic acquired resistance is a mechanism of induced
defense conferring long-lasting protection against a broad spectrum of microorganisms.
Systemic acquired resistance requires the signal molecule salicylic acid and is associated
with accumulation of pathogenesis-related proteins, which are thought to contribute to
resistance. Tobacco plants challenged with TMV subsequently developed. A high degree
of resistance to TMV developed in a 1-2 mm zone surrounding each TMV-induced local
lesion on hypersensitive host Nicotiana tabacum. No or a few tiny lesions developed
following challenge with TMV showing increased resistance to secondary infection in
distal tissues [Ross,1961].
Induced mechanisms are less active in uninfected, unstressed, or untreated plants,
but can be activated by pathogen infection, stress, or chemical treatment to inhibit
replication and movement of virus in the host. In contrast, defenses that are pre-existing
or serve to limit virus propagation and spread in otherwise susceptible hosts are considered
to be “basal” in nature. Both forms of resistance can be genetically determined. Most
recessive resistance genes that control resistance to viruses appear not to depend upon
inducible mechanisms but rather maintain basal resistance by producing nonfunctional
variants of factors, specifically translation initiation factors, required by the virus for
successful exploitation of the host cell protein synthetic machinery. Resistance to viruses
is not always genetically predetermined and can be highly adaptive in nature, exemplified
by resistance based on RNA silencing, which appears to play roles in both induced and
basal resistance to viruses. To counter inducible resistance mechanisms, viruses have
acquired counter defense factors to subvert RNA silencing. Some of these factors may
affect signal transduction pathways controlled by salicylic acid [Durrant and Dong, 2004],
jasmonic acid and ethylene.

199

Plant Pathology in India: Vision 2030

Strategies for transgenic resistance
The use of transgenics has broadened the possibility of generating virus resistant plants.
The number of viruses causing problems in plants is large, many viruses are capable of
infecting a multitude of host plants, and moreover ‘classical’ genetic sources of resistance
to viruses are scarce. The use of transgenic plants in agriculture have proven to be able
to produce durable and safe virus resistance in field enabling production of crops that
would otherwise not have been possible [Fuchs and Gonsalves, 2007]. Based on pathogenderived resistance concept various transgenic approaches based on viral genes and
sequences were applied to many plant species.

Coat-protein-mediated resistance
Transgene-induced virus resistance experiment performed earlier involved coat protein
(CP) gene of TMV. The level of protection in transgenic plants conferred by CP genes
varied from immunity to delay and attenuation of symptoms. In some cases protection is
broad and effective against several strains of the virus from which CP gene is derived, or
even against closely related virus species [Lomonossoff, 1995]. The molecular
mechanisms that govern CP-mediated resistance are not fully understood and are different
in different viruses. The degree of regulation of replication by aggregates of CP determines
relative strength of CP-mediated resistance [Bendahmane et al., 2007]. Establishment of
different levels of resistance indicates that multiple mechanisms could be involved.

Replicase-mediated resistance
Virus resistance by using genes encoding viral RNA dependent RNA-polymerases
(RdRps) was first reported for TMV with inhibition of virus replication at inoculation site
and at single-cell level in tobacco transformed with modified RdRp was found. Resistance
appeared to be strain-specific, against infection initiated by both TMV virions and RNA.
Although the 54-kDa protein was never detected in transgenic tissue, the finding that a
mutant encoding only 20% of the protein was ineffective suggested at that time that the
protein was indeed responsible for resistance [Carr et al., 1992]. Expression of a modified
TMV RdRp containing an unintended insertion of a bacterial transposon sequence
conferred resistance against TMV and other tobamoviruses. Differences between
replicase sequences in the transgene and those of the challenging viruses were not
compatible with RNA-based mechanisms, favouring a role of protein itself. However, the
picture of replicase-mediated resistance induced solely by the protein is certainly too
simple. The full-length 54- kDa RdRp from another tobamovirus, Pepper mild mottle
virus, appeared dispensable for resistance induction and plants expressing a truncated
construct (30% of the protein) were equally resistant. TMV replicase-mediated resistance
was definitely attributed to RNA silencing [Marano and Baulcombe, 1998]. A higher
protection was conferred by segments covering polymerase domain of the protein,
acting as dominant negative mutants [Goregaoker et al., 2000]. An initial RNA-based
mechanism was responsible for low-level protection which is conferred by any sequence
derived from TMV genome, including CP open reading frame (ORF). A more active
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protein-mediated resistance is then thought to intervene, possibly in conjunction with
RNA-mediated mechanisms. For potex- and potyviruses, resistance appeared proteinmediated, as again mutants of 166-kDa protein of PVX or NIb of PVY carrying deletions
or mutations in conserved GDD domain were ineffective [Audy et al., 1994]. For
alfamoviruses, where only plants expressing high doses of the Alfalfa mosaic virus P2
replicase carrying N-terminal deletions or mutations in the GDD motif were resistant, as
opposed to wild-type proteins [Brederode et al., 1995]. Concluding replicase derived
transgenes are potent source of resistance, but interpretation of role of (modified)
replicase proteins or their transcripts is not always clear. Perhaps true replicase protein
mediated resistance can add to a basal level of RNA-mediated resistance.

Rep protein-mediated resistance to single-stranded DNA viruses
Unlike RNA viruses, the genomes of plant single-stranded DNA viruses do not encode
polymerases. Instead, their replication requires interaction between a viral replicationassociated protein (Rep) and host polymerases. Geminiviral Rep proteins have been
widely exploited to generate resistance. Rep gene of African cassava mosaic virus
inhibited virus replication in protoplasts and induced virus resistance in plants, although
a correlation between transcript level and resistance was reported, protein expression
was not analysed [Hong and Stanley, 1995]. A protein-mediated resistance was described
with a truncated Tomato yellow leaf curl Sardinia virus (TYLCSV) Rep protein, which
strongly inhibited virus replication in protoplasts and induced resistance when expressed
at high levels. This dominant negative mutant, lacking a conserved NTP-binding domain,
acts by inhibiting the expression of viral Rep protein and by forming dysfunctional
complexes with viral Rep protein [Lucioli et al., 2003].

Movement-protein-mediated Resistance
The expression of mutant movement proteins (MP) has been reported to confer broader
resistance than CP or replicase by acting as a dominant negative mutant, interfering
with local and systemic movement of challenging virus. Plants transgenic for MP of TMV
lacking three N-terminal amino acids [Lapidot et al., 1993] showed delayed symptom
appearance and infection. Resistance was also effective against taxonomically distant
viruses, as a TMV dysfunctional MP transgene interfered with systemic spread of
tobravirus (Tobacco rattle virus), the caulimovirus Peanut chlorotic streak virus and
nepovirus Tobacco ringspot virus. Expression of wild-type MP, by contrast, generally
enhanced virus infection. In contrast to tobamoviruses, which rely on a single protein
for their movement, movement of potex- carla-, hordei- and some furoviruses is mediated
by three overlapping ORFs composing triple gene block. Expression of a 13-kDa protein
of the potexvirus White clover mosaic virus disrupted in a highly conserved domain
rendered plants resistant to the homologous virus, as well as to other TGB-containing
viruses [Seppanen et al., 1997].
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RNA-mediated resistance
(i) against RNA viruses
The role of RNA transcripts of viral transgenes results in sequence-specific RNA
breakdown also known as post-transcriptional gene silencing (PTGS) or RNA interference
(RNAi) or RNA silencing occurs in plants and other eukaryotes [Ding and Voinnet,
2007; Voinnet, 2005]. Expression levels of transgene-encoded viral proteins often did
not correlate with level of virus resistance. Indeed, plants expressing lowest or even
undetectable levels of protein often displayed highest resistance. Subsequent expression
of untranslatable transgenes formally demonstrated the involvement of transgenic RNA
in resistance. In this case, expression levels of transgenic RNA seemed inversely
proportional to resistance and were connected to co-suppression phenomenon that
involves post-transcriptional down regulation of endogenous genes by transgenes of
identical sequence. The basis of sequence-specific RNA degradation induced by
transgenes targeting all RNAs showing sequence identity with transgene RNA causing
virus resistance [Lindboet et al., 1993]. The basis of sequence-specific recognition
was determined by generation of small interfering RNA (siRNA) molecules derived from
transgenes [Baulcombe, 1996; Hamilton and Baulcombe, 1999].

-

Exploiting this knowledge to construct inverted repeat transgenes for generation of
long dsRNA precursors of siRNAs yielding up to 90% of all transgenic plants resistant to
homologous virus [Smith et al., 2000; Waterhouse and Helliwell, 2003]. The dsRNA itself
is a substrate for the RNaseIII-like enzyme Dicer, without requiring the activity of plantencoded RdRps to produce dsRNAs. Using inverted repeats effective RNA-mediated
resistance was produced to a wide range of RNA viruses, even ones for which senseRNA-mediated silencing was not effective [Hily et al., 2005]. Thus, siRNAs generated in
transgenic plants charge RNA-induced silencing complexes (RISC) with sequencespecific antiviral recognition prior to infection. Upon inoculation with limited number of
viral RNA molecules these can be rapidly and effectively targeted and degraded, even
before virus-encoded RNA silencing-suppressor proteins are produced to interfere.
This contrasts with normal infections, in which lag in induction of RNA silencing response
provides viruses time to mount their suppressor based counter-defense.
One of the drawbacks of RNA-mediated resistance is that it is ineffective against
viruses whose sequence differs by more than 10% from transgene. The 150-nt fragments
of viral sequences of four tospoviruses were fused in a single small chimeric inverted
repeat construct resulting in high frequency of multiple resistant plants [Bucher et al.,
2006]. Virus resistance was produced by modifying plant miRNA cistrons to produce a
range of antiviral artificial miRNAs [Niu et al., 2006; Qu et al., 2007]. The novel approach,
producing relatively few antiviral small RNAs compared with long dsRNA approach [García
and Simón-Mateo, 2006].

( ii )RNA-mediated resistance against DNA viruses
Plant cells infected with RNA viruses produce virus-specific siRNAs, which are thought
to originate from the breakdown of dsRNA replicative forms or from secondary structures
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of viral RNA [Molnar et al., 2005]. Interestingly, plant pararetro- and DNA viruses like
caulimoviruses and geminiviruses are also targets of RNA silencing [Lucioli et al., 2003;
Chellappan et al., 2004a & 2004b]. Biotechnological approaches expressing sense and
antisense RNA in transgenic plants has been employed successfully against Tomato
golden mosaic virus (TGMV) [Day et al., 1991] and TYLCV [Yang et al., 2004].

Future aspects
The virus interactions that affect host physiology, development of disease symptoms
represents a complex interplay between interactions involved in virus replication,
movement, suppression of resistance and cellular reprogramming.
The key determinant modulating virus effects on host physiology appear to be derived
from the interaction of virus and host components and not from general metabolic
perturbations caused by the overproduction of viral components and competition for host
resources. Host interactions that induce disease may be lost or modified to favor
interactions that maintain host integrity and physiological balance. For many virus-host
combinations the development of disease is a necessary outcome for a successful virus
life-cycle. Certainly some disease symptoms are the result of virus attempts to circumvent
host resistance. The ability to overcome RNAi apparently supersedes any detrimental
effects on the host conferred by the functions of the suppressor. The display of disease
symptoms may depend upon whether or not it is more advantageous to the virus to
maintain physiologically disruptive interactions.
To date, studies investigating virus effects on host biology have focused primarily on
the interaction between individual virus and host components. These interactions likely
occur as complexes composed of multiple host and virus components. Future studies to
identify components of these complexes and determine their effects on host biology are
needed to better understand the mechanisms through which viruses induce disease.
Moreover, a better understanding of downstream effects on host’s proteome and
transcriptome imparted by specific virus-host interactions is also needed because
inappropriate activity, expression or accumulation of these downstream host components
result in display of the disease symptoms.
Several longstanding questions in plant virology are related to virus-host combinations
include why in same host one virus induces a severe disease symptom whereas a closely
related virus replicating at a similar level induces little or none, and how does the same
virus induce widely different symptoms in different hosts. Answers to these questions will
provide a more complete view of viral effects on host physiology and a better understanding
of virus replication and movement processes that will help to design strategies to reduce
economic damages caused by virus disease.
The potential impacts of virus resistance transgenes on environment could be caused
by synergy between transgene and an infecting non-target virus or by its encapsidation
in particles composed in part of transgene-encoded CP. These risks can be avoided
and/or attenuated, even in plants that accumulate viral transgene RNA and protein. If a
problem arises through synergy or heterologous encapsidation, it is nearly always
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reversible. A more serious potential risk could result from recombination between a viral
transgene mRNA and genomic RNA of a non-target virus. Recently it was shown that in
cucumoviruses similar populations of recombinant viruses appear in transgenic plants
expressing a CMV CP gene infected by another cucumovirus and equivalent nontransgenics simultaneously infected with two cucumoviruses; indicating that transgenic
plants do not contribute to generation of recombinant viruses that would not generated
in natural double infections. Some more such results if obtained with other virus groups
would alleviate fears that recombination in transgenic plants expressing viral sequences
could be a significant source of emergence of novel viruses. Second concerns has
remained quite intractable, whether sexual outcrossing between the transgenic virusresistant plant and a wild relative could have significant effect on wild plant’s fitness and
invasiveness/weediness. Although many wild plant species are not strongly influenced
by virus infection, a few examples have strong impact of virus infection on plant fitness.
Sincere thanks are due to Dr (Mrs) Neelam Yadav for her help in preparation of the
MSS.
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Plant pathogens are estimated to cause yield reductions of almost 20% in the principal food
and cash crops worldwide. Of the 100,000 described species of fungi in the world, approximately
20,000 produce one or more diseases in various plants. Although these losses may be reduced
by the use of disease resistance cultivars, crop rotation or sanitation practices, fungicides are
often essential to maximize crop yields. The predicted growth of world’s population from 7
billion by the end of 2011 to 8.3 billion by 2030 presents a major global challenge to meet
necessary food demand. At the same time, per capita farmland is decreasing drastically. This
will result into increased demand of food, feed and fiber. Yield improvements are attainable
only if farm inputs are optimized, including fungicides. Fungicides also play important role in
improving food quality. They contribute to food safety by controlling many fungi that produce
mycotoxins. About one quarter of food crops worldwide are affected by mycotoxins such as
aflatoxins, ergot toxins, Fusarium toxins, patulin and tenuazonic acid (Knight et al., 1997). In
U.S.A. alone, growers apply fungicides for controlling more than 200 diseases of 50 crops in
field (Ragsdale, Gianessi and Reigne, 2005).

Developments – past to present
Starting with early 1800s, scientists and chemists have travelled the long journey to discover
and invent fungicides that would reduce disease losses (Morton and Staub, 2008). The
discovery of Bordeaux mixture in 1885 is considered the first important landmark in the
history of chemical disease control. Bordeaux mixture belongs to first generation of fungicides
along with other inorganic chemicals. The second generation of fungicides, which are organic
chemicals, dates from 1934 with the development of dithiocarbamates along with organotins,
low soluble copper compounds, quinines, captan and related compounds, chlorothalonil and
pentachloronitrobenzene. These compounds are all surface protectants like the inorganic
fungicides. The third generation fungicides are also organic but penetrate the plant tissue
i.e. systemic and control established infections. These include 2-aminopyrimidenes,
benzimidazoles, carboximides, organophosphorous compounds, triazoles, phenylamides,
alkylphosphonates and morpholines.
The fourth generation of fungicides consists of compounds that are ecologically safe, have still
new modes of action, some what broad spectrum and applied at quite low dose rates. Examples
of these are Strobilurins (azoxystrobin), Phenylpyrroles (fludioxanil), Phenoxyquinolines
(quinoxyfen), Oxazolidinediones (famoxadone), Anilinopyrimidines (cyprodinil), Spiroketalamines
(spiroxamine), Benzamides (fluopicolide), Valinamides (iprovalicarb), Mandelamides
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(mandipropamid), Cyanoimidazoles (cyazofamid), Thiocarbamates (ethaboxam) and
Amidoximes (cyflufenamid) representing different chemistries and mode of action. Majority
of these have been developed for use against oomycete pathogens thus indicating the necessity
to manage these pathogens. This last generation of fungicides also includes compounds that
in vitro are non-fungitoxic, but they still control plant diseases by interfering with processes
involved in fungal penetration into plant or by enhancing host resistance such as carpropamid
(Morton and Staub, 2008). Fungicides are now well considered to be second line of defense in
plant disease control program after disease resistance. The exceptional few discoveries that
had striking effect on disease management are summarized in Table 1.
In India, 52 fungicides are registered for use on agricultural crops. Some of the recently
developed fungicides have also been registered for use against different diseases and a good
number of the novel action fungicides are currently under evaluation (Thind, 2007). Azoxystrobin
and fenamidone have been registered for control of grape downy mildew and potato blight
Prominent among those being tested against different diseases are mandipropamid, iprovalicarb,
benthiovalicarb, fluopicolide, famoxadone, cyazofamid, pyraclostrobin and picoxystrobin.
Table1. Milestone fungicides developed for use in plant disease control
Common name

Class of chemistry

Year of
launch

Mode of action

Bordeaux Mixture
(Copper sulphate)
Chloro (2-hydroxy phenyl)
mercury
Thiram
Ferbam
Quintozene
Maneb
Captan
Dodine
Carboxin

Inorganic

1885

Multisite toxicant

Organo mercurial

1913

Multisite toxicant

Dithiocarbamate
Dithiocarbamate
Chlorophenyls
Dithiocarbamates
Phthalimides
Guanidines
Carboxamide

1931
1931
1936
1950
1952
1959
1966

Benomyl
Iprodione
Iprobenfos
Triadimefon
Metalaxyl
Fosetyl-Aluminum
Tricyclazole
Probenazole
Azoxystrobin

Benzimidazole
Dicarboximide
Phosphoroyhiolates
Triazole
Phenylamide
Phosphonate
Benzothiazole
Benzisothiazole
Strobilurin

1968
1970
1970
1976
1977
1977
1976
1979
1996

Acibenzolar-S-methyl
Quinoxyfen
Iprovalicarb
Mandipropamid
Fluopicolide

Benzothiadiazole
Quinoline
Valinamides
Mandelamides
Benzamides

1996
1997
2002
2005
2006

Multisite toxicant
Multisite toxicant
Lipid peroxidation
Multisite toxicant
Multisite toxicant
Cell wall disruption
Mitochondrial electron transport
Complex II
α−tubulin synthesis
Lipid peroxidation
Phospholipid biosynth.
Ergosterol biosynthesis
RNA transferase
Not conclusively determined
Melanin biosynthesis inhibitor
Systemic acquired resistance
Mitochondrial electron transport
Complex III
Systemic acquired resistance
Signal transduction
Phospholipid biosynth.
Cell wall deposition
Unknown

Adapted from Klittich (2008)
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Changes in discovery process
The last half century has seen new scientific approaches in pesticide research, yet last 25
years have recorded numerous discoveries of novel and highly efficient products (Leroux,
1996, 2003; Gullino et al., 2000). Revolutions in chemistry in the synthesis of novel molecules,
in particular combinatorial and robotic chemistry and a dramatic increase in the knowledge
of the genetic and genomic information have led to the designing of novel screening methods
to assess more than a hundred thousand novel compounds per year (Corran et al., 1998).
In addition, biochemistry has developed tools to identify compounds having a novel mode of
action very early in the research process so as to carry out early screening. Significant
progress has also been made to identify the biochemical targets of these compounds (Beffa,
2004). The discovery of new modes of action that result into improved activity of fungicides
against commercially important targets, combined with assured environmental and public
safety, is a critical step in safeguarding food security. By 1990’s there were total 113 active
ingredients registered as fungicides worldwide (Knight et al., 1997).
Presently discovery platform for most multi-national crop protection chemical companies
consists of a combination of several different approaches including high volume chemical
screens, chemistry based and biological target based synthesis programs, and natural products
research (Wenhua, 2009). Key elements of research and discovery of MNCs include high
throughput screening, combinatorial chemistry, advanced formulations and molecular &
environmental studies which operate in combination to develop new products and technologies.
The focus area of research in fungicide discovery are :
1. Combinatorial chemistry
2. High throughput screening
3. Advanced formulation, and
4. Molecular toxicology and environmental safety
High-throughput automated screening can assist tremendously in testing a large number of
different chemicals to detect potential research leads. Today’s miniaturized screens allow
scientists to run millions of tests a year, both on the whole organism, and on the isolated
biochemical target sites. The secret of this massive increase in throughput is the adoption of
a small micro-titer plate. These plates contain many individual wells or compartments, which
allow many options to be tested at once. A major advantage is that these new screens only
require a few micrograms of a test compound. This new technology allows the screening of
several hundred thousand compounds per year, with automation being employed throughout
the process. For high throughput screening, many chemical compounds must be tested to
find starting points, called leads, which help to focus further research into specific areas of
chemistry. Locating hundreds of thousands of novel and diverse chemical entities per year
to test in the high-throughput screens to find promising chemicals to investigate is a major
challenge. However, a variety of approaches are used by MNCs including in-house chemical
synthesis, collaborations with third parties, the testing of chemical collections called libraries
and robotic synthesis of designed libraries of chemicals.
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Although several novel products had been discovered by the high volume screening
approaches, the difficulties to obtain reliable sources for novel chemicals to feed the biological
screening system make this approach unsustainable for a long run. The target based approach
is the principle discovery platform for the pharmaceutical industry; however, the success of
this approach to pesticide discovery has yet to be achieved. Another approach is the natural
product platform. The discoveries of crop protection chemicals from natural products are
well documented (examples, pyrethroids, abamectins, spinosyns, etc.), the availability of
unique biological samples from new natural sources is limited and unreliable. Finally, the
chemical based approach is the most productive pesticide discovery platform today. This
platform requires experienced and insightful chemistry teams and the support of rapid
biological screening system (Oerke et al., 1994; Wenhua, 2009).
Significant advances have been made in recent years with regard to the formulation chemistry
and delivery mechanisms used to apply new products. For example, new micro-encapsulated
formulations and water-soluble bags have been developed. These and other technologies
have advantages such as controlling the release of the chemical, hazard reduction, mixture
compatibility and improved bio-performance of the product combined with added convenience
for the user.

Future needs
Concern for environment and public safety
The discovery of new modes of action that provide improved activity of fungicides against
commercially important targets, combined with assured environmental and public safety, is a
critical step in safeguarding food security. Fungicides in future will be characterized by
reduced application rates and lower toxicity to non-target organisms (Hewitt, 2000). Such
products must also contribute to our ability to manage the development of fungicide resistance
and thereby extend the utility of established fungicides. An important aspect of current fungicide
research has been the identification of suitable and novel target sites. Fungicides that interrupt
fungal development before the host penetration are very important. In the last decade already
many of new products had shown specific activity before the host penetration e.g. Carpropamid
against rice blast, Quinoxyfen against powdery mildew etc. In addition, naturally occurring
substances found in fungi, bacteria and higher plants are important sources of molecules
with antifungal properties. They may be developed either as products per se or used as
starting points for synthesis. Already many natural antibiotics have been successfully developed
like blasticidin S, kasugamycin and validamycin against rice blast and sheath blight. Another
group of antibiotics, the polyoxins, have been used to protect fungal diseases of fruit trees
and vegetables.

Tackling problem of fungicide resistance
Although fungicides play an important role in crop production, intensive and faulty use can
have adverse impacts on crops, useful antagonistic organisms and environment. However,
the most serious problem is the development of fungicide resistance strains leading to failure
of disease control. Fungicide resistance is now a widespread problem in global agriculture
(Thind, 2008).
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Resistance builds up through the survival and spread of initially rare mutants, during
exposure to fungicide treatment. This development can be discrete (resulting from a single
gene mutation) or gradual (considered to be polygenic). Resistance mechanisms vary, but
mainly involve modification of the primary site of action of the fungicide within the fungal
pathogen. Fungicide resistance is often regarded as a problem for the agrochemical industry
rather than growers but in fact, resistance has wider implications for sustainable farming.
Fungicide resistance not only threatens the usefulness of individual fungicised, but also the
farm economy because of potential yield losses from poor disease control. Hence, it is in
everyone’s interest to ensure the continued efficacy of the best available products in commercial
use. Fungicide resistance problems in the field have been documented for more than 100
diseases (crop - pathogen combinations), and within about half of the known fungicide groups.
Many more cases of resistance are suspected but have not been documented. Therefore, a
management strategy should be implemented before resistance becomes a problem. Strategies
for managing fungicide resistance are aimed at delaying its development. Specific strategies
for resistance management vary for the different fungicide groups, the target pathogen(s), and
the crop. Monitoring is vital, to determine whether resistance is the cause in cases of lack of
disease control, and to check whether resistance management strategies are working. It
must start early, to gain valuable base-line data before commercial use begins. Results must
be interpreted carefully, to avoid misleading conclusions. Resistance management should
integrate cultural practices and optimum fungicide use patterns. The desired result is to minimize
selection pressure through a reduction in time of exposure or the size of the population exposed
to the at-risk fungicide.

Novel modes of action
In order to effectively protect plants from diverse fungal pathogens, we have to develop new
anti-fungal compounds with high biological activity, i.e. low dose application, specificity and
low ecological impact. Moreover, novel modes of action are necessary to overcome resistance
to existing products. In addition, public education and awareness is necessary in order to
change the negative perception of chemical control that meets the toxicological and
environmental standard.

Role of modern disease diagnostic tools
Future success in chemical control will depend on maintaining a major commitment to research.
Sustainable development is currently a key idea of global environment. For IPM to become a
sustainable approach to crop protection, it must integrate the rational and environmentally
safe use of chemical control products. Modern disease diagnostic tools will play an important
role in improving rational use of fungicides.
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Insect pests, plant diseases, nematodes and weeds are the major biotic constraints in achieving
self-sufficiency in food production. A plant pathologist cannot overlook insects, nematodes or
weeds as some of these play an important role as vectors and/or collateral hosts for numerous
diseases. A yield loss depends upon the genetic background of the crop, its health and the
governing environmental factors, which is difficult to predict. Negligence in endemic areas
often results in complete crop failures or cultivation becomes uneconomical. General estimate
of annual crop losses (18% yield) due to pests in India amounts to Rs.1,60,000 crores per
year. Pest management with various groups of chemical molecules is losing the effectiveness
against major pests and paved way for alternative technology with more contribution coming
from Integrated Nutrient Management (INM) and development of GMO crops, which form
important ingredients of Integrated Pest Management (IPM). In the recent years, the need to
increase food production has necessitated the use of intensive farming systems which rely on
high chemical inputs like fertilizers, pesticides, irrigation, mono-cropping and multiple cropping
with narrow genetic bases. It unfortunately has favored proliferation of pests beyond our
imagination and as a result, whole crop-pest scenario has changed in a short span. In recent
years, cultivation of transgenic cotton on a large scale has resulted in increase of thrip
(Frankliniella spp), which acts as vector for virus diseases, with certain hitherto minor diseases
like parawilt, grey mildew, foliar rust and tobacco streak mosaic virus (Sharma et al., 2007) .
The changing cropping pattern including cultivation in non-traditional areas has resulted in a
spurt of pests and diseases in various cropping systems; remarkably changing the scenario
of biotic stresses. Of late, due to higher procurement price and market demand, local scented
rice in Madhya Pradesh is being replaced by PB-1121, which is susceptible (Sharma et al.,
2011) to Bakanae (Fusarium fujikorai). Yellow rust of wheat has suddenly appeared in certain
parts of Haryana, Punjab, J&K and Uttarakhand. Intensive cultivation has remarkably changed
the scenario of plant diseases which now pose as key constraints in crop production.

Era of high input agriculture
A number of synthetic inorganic pesticides containing arsenic, mercury, tin and copper were
developed towards the end of the nineteenth and the beginning of the twentieth century and the
focus shifted from ecological and cultural to chemical control during the period 1920-1945
(Smith et. al., 1976). During the 1950s, the benefits of the pesticides were obtained at a
substantial cost, and the costs included not only the increase in resistance to pest control
chemicals in target populations and the destruction of beneficial insects, but also the direct and
indirect effects on non-target organisms. In the early 1960s, public concern about these effects
was galvanized by Rachel Carson’s dramatic revelations of the effects of the new insecticides
by publication of silent spring in 1962 (Carson, 1962). Scientists all over the world including
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India were shaken of their total reliance on chemical pesticides. As per keynote address of Dr
Pimentel for Wildlife Pesticides and People Conference the estimated cost to society from
pesticide damage to beneficial insects including pollinators is given as $700 million annually.
Scientists of over the world including India were shaken of their total reliance on chemical
pesticides. The problems of indiscriminate use of pesticides are quite alarming in India, although
pesticide consumption (243 g/ha) is less in comparison to other developed countries like
Japan (12 Kg/ha), Taiwan (17 Kg/ha), Thailand (1.4 Kg/ha), and West Germany (3 Kg/ha)
(Dhaliwal and Arora, 1996; Singh et al., 2004). Pesticides initially made a great impact on
human health, production of good, feed and forage and fibre crops by controlling diseases,
insects and insect vectors and by keeping in check many unwanted species and weeds
(Dhaliwal and Pathak, 1993). Gains from the use of high yielding varieties of crops and application
of increasing amounts of fertilizers were possible only due to the protection provided by the
pesticide umbrella (Pradhan, 1983). The spectacular success of these pesticides masked their
limitations. The intensive and extensive use, misuse and abuse of pesticides during the ensuing
decades caused widespread damage to the environment. This, in turn, further increased the
consumption of pesticides resulting in the phenomenon of the pesticide treadmill (Pimental et
al., 1993). The combined impact of all these problems together with the rising cost of pesticides
provided the necessary feedback for limiting the use of chemical control strategy and led to the
development of the IPM concept.

Era of IPM
The solution to the pesticide crisis offered by the plant protection community is IPM; a more
thoughtful strategy, which is now widely accepted as an alternative to expensive calendarbased spraying schedule being adopted by majority of farmers. The United Nations Conference
on Environment and Development (UNCED) Agenda 21 (Chapter 14) emphasizes IPM as the
best tool for 21st century plant protection services. The IPM strategies involve all relevant
control tactics and locally available methods which are sensitive to local environments and
social needs. It involves the integrated use of some (cultural, resistant varieties, biological, and
chemical control) or all of the pest control strategies. IPM is more complex for the producer to
implement than spraying by the calendar, which is not only easy but also readily available on
credit basis. IPM has replaced the shotgun approach with more sustainable tools, which include
non-chemical strategies to prevent and avoid pest problems, and finely tuned chemical weapons
targeting specific pests and spare the non-targets especially the beneficials. IPM technology
requires education, skill in pest monitoring and understanding of pest dynamics, and it often
involves cooperation among producers en mass for effective implementation (Sharma et al.,
2000). IPM is built on detailed knowledge of pest biology, behaviour and ecology, not simply
chemistry and toxicology. At the time IPM began to be promoted as a pest control strategy in
the 1960’s, there was very little IPM technology available to be transferred to farmers. By
1970s some research leads were available to provide knowledge necessary to successfully
implement IPM programmes in important crops, such as rice, cotton, sugarcane and a few
vegetables. However, exaggerated expectations about the possibility that dramatic reductions
in pesticide use could be achieved without significant decline in crop yields as a result of
adoption of IPM could not be realized. Integrated approaches to disease management involving
host resistance, fungicides and cultural practices are much more common and gave effective
results. Selecting safe pesticides based on EIQ data (available at EPA’s site) for natural enemies,
honey bees and farm workers need to be implemented.
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Efforts in the promotion of IPM
Multi-stakeholder validation of cost effective and adoptable IPM modules have been done in
cotton, rice, mustard, chickpea, pigeonpea, groundnut, cabbage, tomato, apple and mango
under farmers’ participatory mode over larger areas ranging from 10-200 ha, in cluster of
villages under NATP, TMC and centre’s sponsored programmes. Under in-house research
programme, IPM technology has been successfully implemented in different crops; scented
rice in western UP and Haryana; conventional and transgenic cotton areas of rainfed in southern
Maharashtra and irrigated cotton in Haryana. Better Cost Benefit Ratio in western UP (IPM
1:3.16 and FP 1:2.12) proved quite encouraging and led to horizontal expansion of IPM.
Similarly, in the case of cotton, use of chemical pesticides has been reduced from 6 to 2
applications with increased Benefit Cost Ratio (IPM 3.03 as against 2.0 in FP). In the case of
cotton, various region specific IPM educational tools have been developed and popularized
under Technology Mission of Cotton (TMC-MMI) through 48 villages covering an area of 10,000
ha in addition to establishment of plant health clinics. The IPM technology was demonstrated
over 2,687 ha of hybrid cotton and 565 ha of Bt cotton, benefitting 2,400 farmers in villages
spread over 8 States. NCIPM with the help of their partners (ARS, Gulbarga; MAU, Parbhani;
APAU, Hyderabad; JNKVV, Jabalpur and IIPR, Kanpur) has implemented IPM in pulses
(pigeonpea & chickpea) through Areawide IPM approach in 5 states and covered 36,000 ha
during 2010-11 crop season. Implementation has led to check diseases e.g., Fusarium wilt,
Sclerotium soft rot, Cercospora Leaf spot and Powdery mildew to a greater extent.
Keeping pace with advancements in information technology, databases on various plant
protection components has been made and partially hosted on the Centre’s Home page
(www:ncipm.org.in). The same is updated periodically with latest information. Present efforts
are useful enough to provide basic information required for implementation of IPM. Recent
approach to include database on present plant protection workers will be an asset to it. In
order to cater to the need of plant protection workers at the national level, 17 online databases
were made available on the Centre’s website. These databases can cater to the immediate
need of information on statistics and plant protection measures required for taking decisions.
Special Emphasis has been given on IPM in the National Agricultural Policy 2001 (Para
24), Government of India with IPM to be the cardinal principle in plant protection. Keeping this
in view, NARS along with DPPQ&S are striving hard to achieve IPM goals and bring maximum
area under the ambit of IPM. The Government is also fully seized of the need for an effective
and pragmatic National Pest Management Policy. Various steps have been taken in this
direction and specific expert committees have been formed to advise the government on
various aspects of plant protection in the country. Major thrust of ICAR and the Department of
Agriculture and Cooperation is on promotion of IPM concept in all major crops as a part of
sustainable agriculture. This includes emphasis on:

214

•

Strengthening of work of biosystematics of agriculturally important insects and
organisms for conservation of biodiversity and for providing identification services.

•

Establishment of centralised pest database and creation of e-Pest Surveillance system
for co-ordinated pest management approach. Emphasis on survey, surveillance and
monitoring programmes in order to develop medium and long term pest forecasting
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and forewarning systems especially in view of climatic changes happening as of
now.
•

Strengthening of the national support system for screening of germplasm and
validation of cultural practices for management of diseases of soil borne nature.

•

Application of biotechnology for pest and viral disease management including the
development of efficient quarantine techniques for exchange of disease and pest
free germplasm.

•

Identification of new green pesticides.

•

Biological control of insect pests and plant pathogens with microbials and botanicals
and their consortia.

•

Establishment of model Plant Health Clinics for providing efficient plant protection
services to the farmers.

•

Creation of a National Network of stakeholders in Plant Protection.
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Organic farming is the globally accepted movement in respect of sustainable agricultural
production, health safety, eco friendly, socio viable and on-farm based organic inputs &
its management without disturbing the natural ecosystem. It is based on ecologically
sound organic management of natural resources that sustains biodiversity, substantial
harvest and proper conservation of natural resources including soil fertility. With the
emerging problems of small and marginal farmers mainly in rainfed areas, organic farming
is becoming an alternative livelihood strategy. Increasing global awareness in organic
commodities, interest and capabilities to have safe food is also opening new opportunities
for organic agribusiness. Indigenous systems have been considered to be of enormous
value and are viable alternatives for organic farming. Organic farming practices are very
much native to India and had sustained the farmers before the advent of green revolution
through traditional farming knowledge. The traditional farming system in India failed to
produce enough to feed the increasing population. Though the green revolution
technologies made India as self sufficient in food production by modernizing agriculture
and changed India from a food importing to a food exporting nation but these achievements
were at the expense of ecology and environment and to the detriment of the well-being of
the people. Organic farming approach by NAAS (2005) concludes that while synthetic
pesticides can be avoided, complete exclusion of fertilizers may not be advisable under
all situations. NAAS recommends that a “holistic approach involving Integrated Nutrient
Management (INM), Integrated Pest Management (IPM), enhanced input use efficiency
and adoption of region- specific promising cropping systems would be the best organic
farming strategy for India.”
“Organic agriculture is a unique production management system which promotes
and enhances agro-ecosystem health, including biodiversity, biological cycles and soil
biological activity, and this is accomplished by using on-farm agronomic, biological and
mechanical methods in exclusion of all synthetic off-farm inputs”. In India farming without
chemicals is not new and is being followed since ancient time. These traditional practices
need to be improved under scientific vision to feed the growing population. The follow
up of improved package forms the basis of organic farming. In this system microbial
machinery is exploited to harvest enormous potential of the atmosphere and the earth to
sustain agricultural crops. In the Indian context, it is also termed as ‘Jaivik Krishi’. It is a
method of farming which is primarily aimed at cultivating the land and raising crops in
such a way, as to keep the soil alive and in good health by use of organic wastes (crop,
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animal and farm wastes, aquatic wastes) and other biological materials along with
beneficial microbes (bio-fertilizers) to release nutrients to crops for increased sustainable
production in an eco friendly pollution free environment. Organic farming is not about
only farming without chemicals, it is also about the environment, agricultural traditions,
traditional seeds, animal welfare, farming communities, sensible energy use, soil and
water conservation. Organic farming is based on the understanding of a healthy relation
between different components of the ecosystem including biotic and abiotic components
in sustainable manner based on recycling strategies. In conventional agriculture prime
importance was given to production which has led to the deterioration of the both the
components. The disturbance in the biotic part is the major cause of concern for human
and to maintain it, organic agriculture is considered to be an answer.
The use of pesticides has helped in increasing agriculture production but also led to
the development of resistance in pests, contamination of the environment and resurgence
of many new pests. There are about 1000 agrochemicals in use in the world over. India
accounts for about 3.7 per cent of the total world consumption. At present, Indian
consumption is about 90,000 tonnes of plant protection chemicals. It comes to about
500 grams per ha compared to 10-12 kg/ha in Japan and 5 kg/ha in Europe. In spite of
increased consumption of plant protection chemicals, the produce loss due to insects
and pests increased by 5 times during the period from 1988 to 1995. In addition many
other disadvantages of the pesticides have been recorded including the contamination
of water sources, food and shift in biodiversity.
Many techniques used in organic farming like inter-cropping, mulching, botanicals,
and integration of crops and livestock have been used in the traditional agriculture.
However, involvement of modern developments in agricultural sciences like selection of
areas, crops/varieties, composting methods, biofertilizers, bioagents, parasites,
predators, traps etc. have provided strong scientific base for organic farming which
capacitates to get higher and quality yields in various crops and also helps in maintenance
and improvement of soil, water and environmental properties. Organic farming prohibits
the use of almost all synthetic inputs and health of the soil and environment is recognized
as the central theme of the method. The injudicious use of chemical fertilizers and
pesticides have shown negative effects on the environment manifested through soil
erosion, water shortages, salination, soil contamination, genetic erosion, etc. and has
persuaded people to think aloud. Organic farming is a system designed and maintained
to produce agricultural products by the use of methods and substances that maintain
the integrity of organic agricultural products until they reach the consumer. This is
accomplished by using substances, to fulfill any specific fluctuation within the system
so as to maintain long term soil biological activity, ensure effective pest management,
recycle wastes to return nutrients to the land, provide attentive care for farm animals
and handle the agricultural products without the use of extraneous synthetic additives.
Organic farming involves management of the agro-eco system as autonomous, based on
the capacity of the soil in the given local climatic conditions.
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Types of organic farming
•

Homa farming
Agnihotra, Tryambkam

•

Biodynamic farming
Biodynamic Calendar, Biodynamic composts, Horn manures

•

Vedic krishi
Use of cow urine, cowdung, buttermilk etc. (panchgavya, botanical extracts in
cow urine etc) FYM, Nadep compost, Indore compost

•

Biofertilizers and Biopesticides
Azotobacter, Azospirillum, Rhizobium, P-solubilising bacteria, Mycorrhizae
Botanicals, Trichoderma,, NPV, Beauveria etc.

•

Agronomic practices
Crop rotation, Intercropping, green manuring, mulching

Principles of plant disease management in organic farming
Plant Disease Management in Organic Farming is based on several principles such as•

Avoidance, exclusion, eradication, resistance etc (no chemicals)

•

Clean cultivation-suffer less damage from diseases.

•

Selection of varieties: organic input responsive with a natural resistance.
Local varieties are better at resisting local pest and diseases than introduced
varieties.

•

Timely planting of crops to avoid the period when a pest does most damage.

•

Companion planting with other crops so that avoid pests such as onion or garlic.

•

Trapping or picking vectors from the crop

•

Using crop rotations to help break pest cycles and prevent a carry over of pests
to the next season

•

Biopesticides

Managing the ecosystem on an organic farm is very challenging particularly for the
management of insect pests and diseases. Since the use of synthetic pesticides is not
allowed in the organic cropping system, disease management should be focused on
the prevention of disease outbreaks rather than coping with them after they occur. No
single method is likely to be adequate for all the diseases. Successful pest management
depends on the incorporation of a number of control strategies. Some strategies will
target insect and disease pests separately and others will target them together. Plant
pathogens cause economic losses once infestation levels reach a certain point i.e.
economic threshold. Thresholds vary with the crop and the pest in question and must be
closely monitored by the producer.
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Pathogens being microscopic are difficult to identify and hence more difficult to
manage. They change constantly through hybridization and mutations resulting in new
strains and thus new challenges to organic farmers. Also due to movement of seed and
planting material from one place to another helps in the dissemination of pathogens to
new areas that sometime may result in severe losses. The world market for organic
produce continues to be extremely competitive and makes disease management practices
to be critically considered. In an organic system disease management strategies need
to be developed on ecological basis, i.e. which encourage the growth and diversity of
soil inhabiting and epiphytic microorganisms that have the potential to exert beneficial
and pathogen antagonistic influences. In addition, crop rotations, intercropping, organic
insect, and weed management practices have ecological considerations.
Any crop management technique that contributes to a vigorous, competitive crop is
a tool of disease management. Many practices that work well in conventional systems
may not benefit organic systems. Certain crop species, crop varieties and equipment
may work well in one system but not in the other. Timely irrigation, maintenance of
proper spacing, pruning, mulching, sanitation etc are some of the cultural practices,
which help in reducing the initial inoculums as well as disease development. A brief
discussion on various issues pertaining to disease management under organic system
is given below:

Healthy soil
Maintaining favorable soil conditions is the first line of defense against pathogens. A
biologically active soil with good drainage supports vigorous crop growth, allowing a
higher level of crop competition with pathogens. Adequate, balanced soil nutrition is
essential for crop quality, yield and moisture-use efficiency. Inadequate soil phosphorous
can pre-dispose wheat to certain root diseases. Low levels of nitrogen can reduce the
incidence of disease outbreaks. A shortage of micronutrients such as zinc or copper
can result in disease-like symptoms on crops, while too much of any one micronutrient
may be toxic.
The addition of composted livestock manure improves soil quality, including increasing
the population of soil micro-organisms that compete with soil-borne plant pathogens.
Field experience has also shown that plants fertilized by the slow release of nutrients
from compost are more resistant to insects and diseases than crops fertilized by highly
soluble nutrients.

Diagnosis
Before making, any decision for the management of plant diseases proper and timely
diagnosis of the disease and the pathogen is the first step. Often field identification at
right stage is very difficult hence diagnosis of the disease must be got done from a
qualified laboratory and detailed records must be maintained for planning future plant
disease management steps.
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Resistance
Selection and plantation of disease resistant cultivars is one of the most important
components of organic disease management, however, these may not be available for
many crops. In some cases, the varieties resistant to one disease may be susceptible
to other disease or new strains of the pathogen may lead to the breakdown of resistance.
Thus under organic system the available resistant cultivars should be thoroughly
investigated to determine their performance under particular organic system.
The selection of disease-resistant cultivars developed through conventional plant
breeding programs can be a useful tool, but under no circumstances can genetically
modified varieties be used in organic systems. Certain species may avoid diseases
such as Fusarium head blight, but often agronomic factors, such as time of seeding or
choosing winter versus spring wheat, have more of an influence on the incidence of
disease.
Plants also vary in their degree of attractiveness to insects, diseases and vectors
transmitting disease. Factors such as leaf and stem toughness, pubescence, nutrient
content, plant architecture, growth habit and differences in maturity between crops and
varieties can influence pest growth, reproduction and host preference.

Site selection
Planting site selection and crop rotation strategies are very important to avoid diseases
from prone areas particularly soil borne diseases. Pathogens like Fusarium, Sclerotium,
Verticillium are soil inhabitants and persist in soil for many years. Not all fields are
infested with these pathogens so selection of disease free fields can be made. However,
for soil borne pathogens like Pythium, Phytophthora, Rhizoctonia and Ralstonia are
more widespread, so for these, site selection may be less important. Planting situations
like near grasslands, foothills, riverbanks that support weeds and natural vegetation
should be avoided as these act as reservoirs of pathogens that cause virus or
phytoplasmal diseases. Sites, which have well drained sandy soils, reduce the risk of
damping off and root rot diseases.

Exclusion
Exclusion is the practice of keeping away the infected or contaminated plants and
planting materials from the production system. Use of disease free or treated planting
material, clean and new pots, soil mix, avoiding introduction of infested soil, water and
equipments/implements, use of disease free and new staking material are some of the
methods that help in exclusion of the pathogens.
The use of high-quality seed is especially important in preventing seed borne diseases.
The seed supply should be free of smut, ergot bodies or other sclerotia, and free of
kernels showing symptoms of Fusarium head blight infection. Seed analysis by a
reputable seed testing laboratory will help determine specific diseases in the seed supply.
Relatively few diseases are exclusively seed-borne, and it is more common for pathogens
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to be transmitted from soil, stubble, or wind, as well as with the seed. Planting physically
sound seed is also important. A crack in the seed coat may serve as an entry point for
soil-borne microorganisms that rot the seed once it is planted.

Cultural practices
To prevent the organic farms from the attack of diseases it is essential to consider various
cultural practices which if followed properly lead to reduced inoculums and disease
development rates. A brief account of such practices is given belowa. Crop rotation: Rotation using diverse crops, inclusion of cover crops and
appropriate host free periods contribute toward reduction of inoculums levels of
soil borne pathogens and increased diversity of soil microflora. Too little crop
rotation can also stimulate a monoculture effect that might increase foliar
diseases. Rotations should be used with other cultural practices to achieve the
greatest benefit. Crop rotation is an extremely effective way to minimize most
pest problems while maintaining and enhancing soil structure and fertility. Diversity
in crop rotation program aimed at plant disease management is the key to its
success. Rotations are effective in controlling soil- and stubble-borne diseases.
The success of rotations in preventing disease depends on many factors, including
the ability of a pathogen to survive without its host and the pathogen’s host
range. Those with a wide range of hosts will be controlled less successfully.
Rotations will not have much effect on pathogens that live indefinitely in the soil,
but will shorten the life span of pathogens that can survive only brief periods apart
from their hosts. Other situations that limit the benefit of crop rotations include
the transmission of pathogens via seed, the presence of susceptible weeds and
volunteer crops that harbour pathogens, and the invasion of pathogens by wind
and other means.
b. Intercropping: The practice of intercropping (where two crops are grown at the
same time) can reduce disease problems by making it more difficult for the
pathogens to find a host crop. This technique also provides habitat for beneficial
organisms. Strip-cropping row crops with perennial legumes often leads to better
disease control.
c. Date of sowing: Planting should be scheduled so that the most susceptible time
of plant growth does not correspond to the peak in disease cycles. Early seeding
reduces crop damage caused by barley yellow dwarf virus in barley and wheat,
powdery mildew in peas and pasmo in flax.
d. Seed Rate: Using a higher seeding rate affects disease infestations by creating
favourable microcloimate. A dense leaf canopy can also create a moist soil surface
and elevated humidity within the crop, conditions favourable to certain leaf disease
pathogens. Reducing the seeding rate may decrease the severity of take-all in
spring wheat, but the reduced canopy may also allow weeds to invade.
e. Planting depth: Planting depths should be tailored in a way that enhances
germination. Optimum seeding depth is also important. Deep seeding in cold
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soils may result in seedling blights and damping-off, especially in pulses and
small-seeded crops. Seeding depth should generally be no deeper than required
for quick germination and even emergence. Variables include seed size, soil
type and moisture conditions. If the soil is loose before seeding, a packing
operation will firm up the soil and bring moisture closer to the surface. For most
crops, seeding should ideally be done when the soil is warm enough for rapid
germination. Seeds that remain ungerminated in cool soil are more susceptible
to damage.
f.

Soil solarization using plastic tarps especially in areas with acceptably high
summer temperatures reduces the population of soil borne pathogens in addition
to weeds and insect pests.

g. Sanitation: Reducing or removing crop residues and alternate host sites can be
used to control many diseases. Incorporating the residue into the soil hastens
the destruction of disease pathogens by beneficial fungi and bacteria. Burying
diseased plant material in this manner also reduces the movement of spores by
wind. Incorporation of the plant residues of some crops like crucifers has been
shown to have suppressive effect against some pathogens like Verticillium.
h. Roguing: Roguing refers to the labour-intensive practice of walking the fields to
remove diseased plants. Roguing may not be practical for large fields, but could
be suitable for seed plots or crops having highly infectious and destructive
diseases e.g. bacterial blackleg in potatoes and certain viruses in other crops.

Composts
Application of composts not only benefits soil fertility and soil conditions but also
undoubtedly helps in disease management in some way. The microbial population and
diversity increases in soil that results in competition, parasitism, as well as antagonism
with the plant pathogens and ultimately reduces the disease pressure.

Forecasting
Forecasts for various diseases well in advance are helpful in taking preventive measures
before the onset of the disease. The forecasts are usually available for some of the
destructive diseases.
Disease monitoring is imperative that the producer has a positive identification of the
disease causing damage before choosing a method of treatment.

Organic inputs
Many organic inputs have been used by organic practitioners based on ITKs for the management
of various diseases as given below. Many of them have been tested by the department of
Organic Agriculture at CSKHPKV, Palampur against a number of diseases of cereals and
vegetable crops and found effective.
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•

Beejamrit—Cowdung+ lime (Extracts)

•

Jeevamrit—Cowdung+cowurine+ Grampowder+jaggery

•

Panchgavya—CU+CD+Milk+curd+ghee

•

Amritpani—CD+ghee+honey

•

Horn manures (BD500 , BD507)

•

Matka khad –CD+CU+Jaggery+water

•

Vermiwash

•

Biosol etc.

•

Bioagents and botanicals

In a healthy, balanced ecosystem, biological control by natural predators is constantly
occurring. The more diverse a cropping system becomes, the greater the spectrum of
pathogens and micro-organisms within it. This leads to the development of more natural
parasites and competitors within the ecosystem. Many microorganisms have been isolated,
identified and after mass multiplication being used for the management of various disease.
Species of Trichoderma, Bacillus and Pseudomonas have been widely exploited and used.
Similarly many botanicals or plant based inputs are available in the market or can be
prepared on farm which are effective against many diseases e.g. neem oil, neem products,
asfoetida, eupatorium extracts etc.
The sphere surrounding organic agriculture has become considerably more complex
since its beginning. It is the right time for the countries like India to develop organic policies,
enter into global market, and transform organic products into commodities. There has also
been a significant sensitization of the global community towards environmental preservation
and assuring of food quality during the last two decades. Promoters of organic farming
consider that it is not only important to mitigate the problems associated with green revolution
technologies but also to preserve environment and assure safe food and water. It can lead to
complete development of rural areas and could provide a base for second green revolution.
After almost a century of development, organic agriculture is now being embraced by the
mainstream and shows great promise commercially, socially and environmentally.
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Chemical pesticides of micronized form have been widely used for controlling pests
and diseases of crop plants. Recently nano formulation of these chemicals has received
much attention. Synthesis of nano particles (NPs) of metallic compounds are being
done by biological means using different species of bacteria (Pseudomonas,
Lactobacillus, Escherichia, Thermomonospora), fungi (Aspergillus, Fusarium, Phoma,
Verticillium), plants (Alfa alfa, Aloe vera, Azadirachta, Solanum, Lemon grass) and
algae (Sargassum, Chlorella). They are also prepared synthetically. Silver nano particles
are reported for controlling phytopathogens like Fusarium culmorum, Rafflaea sp.,
Rhizoctonia solani, Sclerotinia sclerotiorum, Bipolaris sorokiniana and Magnaporthe
grisea. Nano copper was also effective in controlling rice bacterial blight disease caused
by Xanthomonas oryzae pv. oryzae and leaf spot of mung caused by X. campestris pv.
phseoli.
Nano-silica could provide successful control of insects like white fly (Trialeuroded
vaporarium), coconut mite (Dermanyssus gallinae) and mustard weevil (Phaedon
cochleariae). Our consortium has developed novel nano-silica for the management of rice
weevil (Sitophilus oryzae), a major storage insect pest. Nano forms of hexaconazole and
sulfur were found highly effective against two phytopathogens Rhizoctonia solani and
Erysiphe cichoracearum. Nano sulfur was also found superior in controlling the red spider
mite (Tetranychus urticae). It was more than ten times effective as compared to commercial
sulfur. This implies lesser cost for pest management.

Introduction
Use of micronized chemical pesticides in controlling plant diseases is an age old practice.
In its comparison, nanoformulation of these chemicals is a recent introduction to the field
of plant protection. The efficiency of a chemical can be improved by generating nanoparticles
(NPs) and hence nanotechnology attains much attention. Here syntheses of NPs of
metallic compounds, their application against crop pests and diseases have been
discussed.
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Biological approaches for synthesis of metallic nanoparticles
There are number of means to produce metallic nanoparticles (NPs) that includes
physical approaches like ‘attrition’ and ‘pyrolysis’, chemical approaches like wet chemical
methods etc. Although these procedures are widely used but they have got some
drawbacks like enormous consumption of energy in order to maintain high pressure and
temperature in physical methods, use of toxic solvents and generation of hazardous biproducts in chemical methods. Hence, cost effective, non-toxic and environmentally benign
procedures for the synthesis of metallic nanoparticles are being used for which biological
approaches have gained increasing importance (Thakkar et al., 2010). Biological resources
such as plants and plant products, algae, fungi, yeast bacteria and viruses could be
employed for the synthesis of nanoparticles. Nanoparticles of various metals synthesized
by using different organisms have been listed in table 1.
Of the various biological materials, fungi are taking the centre stage of studies on
biological generation of metallic nanoparticles due to their tolerance and bioaccumulation
ability (Sastry et al., 2003). According to Thakkar et al. (2010), the distinct advantage of
using fungi in nanoparticle synthesis is the ease in their scale-up (e.g. using a thin solid
substrate fermentation method). Fungi are efficient secretors of extracellular enzymes
that facilitate obtaining large-scale production of enzymes. Further, fungal mediated
‘green approach’ (green synthesis) of metallic nanoparticles include economic viability
and ease of handling biomass. Of course, a significant drawback of using these bioentities in nanoparticle synthesis is that the genetic manipulation of eukaryotic organisms
as a means of overexpressing specific enzymes is much more difficult than in prokaryotes.
It was also emphasized that irrespective of the biological system used to its maximum
potential, it is very essential to understand the biochemical and molecular mechanism of
nanoparticle synthesis.

Applications of nanoparticles in plant disease management
Till now, nanoformulations of the following elements are being attempted and found to
have potentiality in managing crop diseases. Apart from the efficacy, modes of action of
the nanoparticles are also discussed here.
Silver nanoparticles (Ag NPs)
These particles have got applications in a number of fields like intercalation materials for
electrical batteries (Klaus et al., 2001), catalyst in chemical reaction, bio-labeling,
polarizing filters (Hu and Chen, 2007), bioactive materials (Blaker et al., 2004), sensors
(Dubas and Pinpan, 2008), optical receptors (Schultz et al., 2000), signal enhancers in
SERS-based enzyme immune-assay (Chen et al., 2009) and for antimicrobial fields
especially in biomedical fields (Morones et al., 2005, Bellantone et al., 2000). Silver has
got broad spectrum antimicrobial properties due to microbial colonization associated
with biomaterial related infections (Gristina, 1987). Many fungi (Velmurugan et al., 2009)
including phytopathogens Fusarium culmorum (Kasprowicz et al., 2010), oak wilt pathogen
Rafflaelea sp. (Kim et al., 2009), sclerotium forming fungi Rhizoctonia solani, Sclerotinia
sclerotiorum and S. minor (Min et al., 2009), Bipolaris sorokiniana and Magnaporthe
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Table 1. Biological synthesis of nanoparticles by different microorganisms
Source

A. Bacteria
Pseudomonas stutzeri
Morganella sp.
Lactobacillus strains
Plectonema boryanum
(Cyanobacteria)
Escherichia coli
Clostridium
thermoaceticum
Actinobacter spp.
Shewanella algae

Type of
Location
metallic
nanoparticle

Ag
Ag
Ag and Au
Ag
CdS
CdS
Magnetite
Au

Rhodopseudomonas
capsulata

Au

Escherichia coli DH5 α

Au

Size
range
(nm)

Reference

Intracellular
Extracellular
Intracellular
Intracellular

<“200
20-30
1-10, 1-100

Klaus et al. (1999)
Parikh et al. (2008)
Nair and Pradeep (2002)
Lengke et al. (2006)

Intracellular
Intracellular and
extracellular
Extracellular
Intracellular,
pH = 7
Extracellular,
pH = 1
Extracellular,
pH = 7
Extracellular,
pH = 4

2–5
-

Sweeney et al. (2004)
Cunningham et al. (1993)

10-40
10-20

Bharde et al. (2005)
Konishi et al. (2004)

10-20
50-400

Shiying et al. (2007)

50-500

Intracellular

25-33

Liangwei et al. (2007)

Thermomonospora sp.
Au
Rhodococcus sp.
Au
Klebsiella pneumoniae
Ag
Pseudomonas aeruginosa
Au
Shewanella oneidensis
Uranium (IV)

Extracellular
Intracellular
Extracellular
Extracellular
Extracellular

8
5-15
5-32
15-30
-

Ahmad et al. (2003)
Ahmad et al. (2003b)
Shahverdi et al. (2007)
Husseiney et al. (2007)
Marshall et al. (2007)

B. Yeast
MKY3
Ag
Candida glabrata and
CdS
Schizosaccharomyces pombe

Extracellular
Intracellular

2-5
200

Kowshik et al. (2003)
Dameron et al. (1989)

Ag
Ag

Extracellular
Extracellular

Au
Ag
Ag
Ag
Ag
Ag

Extracellular
Intracellular
Extracellular
Extracellular
Extracellular
Extracellular

71.06-74.46 Chen et al., (2003)
20–40
Duran et al. (2005);
Marcato et al. (2005)
20–40
Ahmad et al. (2003c)
25 ± 12
Mukherjee et al. (2001)
5–25
Bhainsa and D’Souza (2006)
3–30
Jaidev and Narasimha (2010)
13–18
Mukherjee et al. (2008)
50–200
Vigneshwaran et al. (2006)

Magnetite

Extracellular

20–50

C. Fungi
Phoma sp. 3.2883
Fusarium oxysporum
Fusarium oxysporum
Verticillium
Aspergillus fumigatus
Aspergillus niger
Trichoderma asperellum
Phaenerochaete
chrysosporium
Fusarium oxysporum and
Verticillium sp.
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D. Plant and plant extracts
Solanum torvum
Ag
Azadirachta indica
Ag, Au, and
(Neem)
Ag/Au bimetallic
Geranium leaves extract
Ag
Lemongrass plant extract
Au
Avena sativa (Oat)
Au
Alfalfa sprouts
Ag
Aloe vera
Au
Cinnamomum camphora Au and Ag

Extracellular
Extracellular

14
50–100

Govindaraju et al. (2010)
Shankar et al. (2004a)

Extracellular
Intracellular
Extracellular
Extracellular

16–40
200–500
5–85
2–20
50–350
55–80

Shankar et al. (2003)
Shankar et al. (2004b)
Armendariz et al. (2004)
Torresdey et al. (2003)
Chandran et al. (2006)
Jiale et al. (2007)

E. Algae
Sargassum wightii
Chlorella vulgaris

Extracellular
—

8–12
9–20

Singaravelu et al. (2007)
Jianping et al. (2007)

Au
Au

Source: Thakkar et al. (2010)

grisea (Jo et al., 2009) and HIV virus (Elechiguerra et al., 2005) are sensitive to
AgNPs. Binding of silver nanoparticles of size equal/less than 5 nm to gp120 protein of
HIV virus prevented the virus from attaching itself to the host tissue cells. Govindaraju et
al., (2010) recorded the antimicrobial activity of Solanum torvum mediated AgNPs
against the silk worm (Bombyx mori) pathogens viz. Pseudomonas aeruginosa,
Staphylococcus aureus, Aspergillus niger and A. flavus. This antimicrobial activity of
Ag is due to the formation of insoluble compounds by inactivation of sulfhydryl groups
in the fungal cell wall and disruption of membrane bound enzymes and lipids which
cause cell lysis (Dorau et al., 2004). Antibacterial activity against both gram-positive
bacteria Staphylococcus sp. and Bacillus sp. and gram-negative bacterium E. coli is
also known to have in AgNPs. (Jaidev and Narasimha, 2010, Marcato et al., 2010).
According to Morones et al. (2005), AgNps bound and localized on the membrane of E.
coli cells. Using the Scanning Tunneling Electron Microscopy (STEM) and the X-ray
Energy Dispersive Spectrometer, Morones et al. (2005) further demonstrated (EDS)
that silver nanoparticles were not only present on the surface of cell membrane, but also
inside the bacteria. This suggests the possibility that the silver nanoparticles may also
penetrate inside the bacteria and fungi, causing damage by interacting with phosphorusand sulphur-containing compounds such as DNA. Silver tends to have a high affinity to
react with such compounds. The dissipation of the proton motive force of the membrane
in E. coli takes place while nanomoles concentrations of silver nanoparticles are given
(Lok et al., 2006) and also permeability increases due to pitting of the cell membranes
by AgNPs that finally leads to the cell death (Shaverdi et al., 2007). Because of the high
aspect ratio, AgNPs easily interact with other particles and increase their antimicrobial
efficiency. This effect is extremely robust, and as little as 1g of AgNPs is known to
impart antimicrobial properties to hundreds of square meters of substrate material
(Thakkar et al., 2010). Silver is also known to attack a broad range of biological
processes in microorganisms including the alteration of cell membrane structure and
functions (McDonnell et al., 1999 ; Pal et al., 2007 and Sondi et al., 2004) inhibits the
expression of proteins associated with ATP production (Yamanaka, et al., 2005). Despite
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of the above cited reasons, understanding of the antimicrobial mechanisms of silver
colloid particles is not complete or well known (Panacek et al., 2008; Jo et al., 2009).
It is obvious that Ag NPs have several antimicrobial functions to control various
phytopathogens ( Jo et al., 2009; Min et al., 2009; Kim et al., 2009). But some
disadvantages of using AgNPs such as adverse effect on the host plants have also been
reported. Studies on the seed germination and root growth of zucchini plants in hydroponic
solution amended with Ag NPs showed no negative effects whereas a decrease in plant
biomass and transpiration was observed on prolonging their growth in presence of Ag
NPs (Stampoulis et al., 2009). The cytotoxic and genotoxic impacts of Ag NPs were
studied using root tips of onion and observed that Ag NPs impaired the stages of cell
division and caused cell disintegration (Kumari et al., 2009). However, it needs more
cytotoxic and genotoxic evaluations by considering the properties of nanoparticles, their
uptake, translocation and distribution in different plant tissues.
Copper nanoparticles (CuNPs)
Nano-copper was found highly effective in controlling bacterial diseases namely, bacterial
blight of rice (Xanthomonas oryzae pv. oryzae) and leaf spot of mung (X. campestris pv.
phseoli). But precautions must be adopted while using the CuNPs. Because, Environment
Protection Agency (EPA) itself has recently recognized that, “Nano copper is more acutely
toxic than micro copper.” Studies of the acute toxicity of elemental copper nanoparticles
(23.5 nm) in mice found “gravely toxicological effects and heavy injuries on kidney, liver,
and spleen.” In a study comparing the toxicity of various metal oxide nanoparticles and
carbon nanotubes, copper oxide nanoparticles (averaging 43 nm) were the most potent of
all the nanoparticles tested at causing cytotoxicity and DNA damage. Although the potential
toxicity of nanoscale particles of copper carbonate has not been equally well characterized,
the results of the study with copper oxide nanoparticles are of particular concern because
both copper oxide and copper carbonate include a bivalent copper ion. Additionally, copper
is known to be toxic to aquatic organisms particularly during the larval stages of
invertebrates, and algae and plant life can be affected as well.
Further study was made on the effects of Cu NPs on the seedling growth of mung
bean and wheat using plant agar culture media for easy dispersion of nanoparticles without
any precipitation (Lee et al., 2008). Mung bean was found to be more sensitive to Cu NPs
than wheat and growth inhibition of seedlings was observed. Transmission electron
microscopy (TEM) images confirmed the entry of copper nanoparticles across the cell
membrane. Bioaccumulation of NPs increased with its concentration in growth media
and their bioavailability to the test plants was estimated by calculating the bioaccumulation
factor. This study confirmed plant agar test as a good protocol to test phytotoxicity of
nanoparticles which is hardly water soluble. Also, studies on the effects of Cu NPs on
the growth of zucchini plants showed reduced length of emerging roots (Stampoulis et
al., 2009). However, the germination of lettuce seeds in the presence of Cu NPs showed
an increase in shoot to root ratio compared to control plants (Shah and Belozerova.
2009). Different flora and fauna responds differently to nanomaterials and hence, it is
necessary to evaluate the safe effective concentration of each group of nanoparticles
before their application that reduce the risks of ecotoxicity to a great extent.
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Nanoparticles of existing fungicides
Antifungal action of fluconazole, a triazole fungicide was improved by using biologically
synthesized AgNPs for combating fungal pathogens and contaminants like Candida
albicans, Phoma glomerata and Trichoderma (Gajbhiye et al., 2009). Syngenta has
developed nano formulatins of propiconazole and fludioxonil and marketed in the names
of Banner MAXX and Aoron MAXX, respectively as seed treating chemicals. Primo MAXX,
a cyclopropyl derivative of cyclohexenone was also developed for using as plant growth
regulator and guarding the plants against both abiotic and biotic stresses including plant
pathogens (Gogoi et al., 2009). Many other products like ‘Nano-Gro’(Agro Nano Technology
Corporation, Florida) and ‘Nano-5’ were also released in the markets with their fungicidal
potentialities many diseases viz. Grey mold, rice blast, early and late blight, southern
blight, bacterial wilt, powdery mildews, mosaic, tristeza virus, exocortis viroid, cyst
nematodes, spiral nematodes etc. (http://www.unofortune.com.tw/index.htm; Banik and
Sharma, 2011). Recently, we (Gopal et al., 2010) have synthesized nano sulphur and
applied for controlling powdery mildew of vegetables caused by Erysiphe cichoracearum
(Gogoi et al., 2010). Another fungicide nano hexaconazole was also synthesized (Gopal
et al., 2011) having higher fungicidal activity in controlling Rhizoctonia solani. Standard
techniques viz., Dynamic light scattering (DLS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray diffraction (XRD) are available for
characterization of nanoparticles.

Conclusion
Nanotechnology has got tremendous implications in rapid detection of plant pathogens,
biosensor related control of pest and diseases, soil management etc. Several approaches
are being made to develop nanoformulations of agrochemicals around the world, but
research on the mechanism of action of nanopesticides in the targeted pests, biosafety
and interaction with plant, soil and environment is scanty. Proper investigations are due
on how these nanoencapsulated chemicals degrade in the soil and environment, which
need to be addressed strategically.
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Food security, both in terms of availability and access to food, poses a challenge to rapidly
growing populations, in environments of dwindling land and water resources. In order to feed
the rapidly growing populations, effective utilization of the available resources and careful
handling and utilization of the harvested produce is essential. Though the diverse agro climatic
zones in the world make it possible to grow almost all agricultural commodities, between 20
to 30% of total production goes to waste owing to spoilage at various steps of the postharvest
chain, reducing per capita availability to almost half the requirement for a balanced diet.
Greater losses occur in developing countries due to non availability of proper storage and
transportation facilities and improper handling methods, resulting in greater levels of injuries or
wounds during harvesting and transit. In India, the cumulative annual loss was estimated to be
as high as Rs.300 to 400 millions because of improper postharvest operations and storage
methods (Swaminathan, 1981).
Postharvest losses are caused by both external factors like mechanical injury, parasitic
diseases and internal factors like physiological deterioration. At least 5-50% of food items get
lost in the post-production system. Some estimates suggest that about 30–50% of all perishable
food crops harvested are lost between harvest and consumption. Post harvest losses in tropical
fruits alone vary widely from 10% to 80% in both developed and developing countries. Losses
in durable commodities, such as cereals, oilseeds, and pulses, may be about 15% and in
semi- perishables 20–30% on a worldwide basis. Under conditions favoring pathogens, loss
caused by postharvest diseases may be greater than the economic gains achieved by
improvements in primary production.
At least 50% of this loss could be prevented using appropriate post-harvest technology
and equipment. This enhances and augments per capita food availability from unit arable
land and thereby resulting in an overall increase in productivity, employment and income.
Stakman and Harrar (1957) emphasized that the responsibilities of the plant pathologists do
not end with the harvest of satisfactory yields of plant products and that harvesting marks the
termination of one phase of plant protection and the beginning of another. This clearly indicates
that the second phase of plant protection from the time of harvest until they reach the consumer
is equally important.
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Disease development and symptom expression
The loss of preformed barriers to pathogens, as well as a reduction in the capacity to mount
an active defense, are the important consequences of senescence, resulting in enhanced
susceptibility to the pathogens in the infected fruits and vegetables. Several postharvest
pathogens infect fruits early in their development and these infections remain quiescent until
ripening commences (Prusky, 1996).
Postharvest diseases caused by fungal pathogens occur more frequently than the diseases
caused by bacterial pathogens. The infection process commences with host recognition by
the pathogen as soon as propagules arrive at the fruit surface during the growing period or at
later stages. Host recognition is undoubtedly regulated by signals arising from the host. It
appears that presence of sucrose in leachates of red green unripe pepper fruits may be a
stimulatory factor for Colletotrichum piperatum.
Under conducive conditions, spores germinate to produce a germ tube, which terminates
as a thick-walled structure known as an appressorium which aid in penetration of the intact
host surface. Certain compounds present in the cuticle may stimulate spore germination and
elongation of germ tube of fungal pathogens. The differential stimulatory effect of surface
waxes from avocado on germination and formation of appressoria from the conidia of C.
gloeosporioides, and the lack of such effect for waxes from non host species, was demonstrated.
In addition, the avocado wax could not induce appressorium formation in other C. spp. that did
not infect avocado, indicating the host-specific action of waxes in the plant athogen interaction
(Podila et al., 1993).
After successful entry into the plant, the fungal pathogens have to disrupt the cell wall in
order to colonize the host tissue. A cocktail of enzymes and/or toxins are secreted by pathogens
to digest the host cell wall. Pectinases, cellulases, proteases, and xylanases of pathogen
origin are required for pathogenic and saprophytic development of the fungi. Pathogenic
fungi have multiple genes governing the secretion of extracellular hydrolytic enzymes required
for degrading the physical barriers presented by host plants to restrict invasion by pathogens.
C. gloeosporioides, infecting avocado fruit, produced pectate lyase (PL), the maximum
concentration of PL becoming detectable at the leading edge of lesions. In susceptible cultivars,
when the conditions are conducive, the compatible pathogen develops by drawing nutrition
from the host plant, producing asexual and sexual spores/propagules for its perpetuation. The
enzymes, toxins, or other metabolic products of the pathogens have been shown to be
responsible for many of the symptoms of diseases. They also produce toxic metabolites,
known as mycotoxins, contaminating produce. Such contaminated produces are harmful,
causing serious ailments in humans and animals consuming the contaminated foods and
feeds. Different species of Aspergillus, Fusarium, Penicillium, and Alternaria produce different
kinds of mycotoxins in the field and during transit and storage.

Influence of postharvest handling and storage conditions
Proper postharvest management is essential to provide commodities of high quality to the
consumer. Losses in both quantity and quality of durable and perishable commodities,
occurring between harvesting and final utilization, are substantial. It is well established that
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the quality of harvested commodities cannot be improved. But it may be possible to retain the
quality by adopting proper postharvest handling methods and providing suitable storage
conditions to slow down the ripening process by reducing the metabolic activity of the harvested
produce.Postharvest cooling eliminates field heat rapidly from freshly harvested fruits and
vegetables before shipment, storage, or processing thereby suppresses enzymatic degradation
and inhibits the development of microbial pathogens causing postharvest diseases. Fruits
and vegetables may require washing and cleaning to remove the adhering soil particles and
plant debris which carry microbial pathogens capable of causing diseases under storage
conditions. Chlorinated water is used commonly to wash the fruits and vegetables. Leafy
vegetables such as cabbage need to be trimmed to remove leaves infected by pathogens.
Abnormal and pathogen-infected, insect infested, or damaged fruits and vegetables may be
removed by hand. The water loss during storage from hardy vegetables, such as onions,
garlic, potato, and sweet potato, has to be reduced by curing.

Management strategies
Some of the strategies adopted for management of field crop diseases are also applicable for
the management of postharvest diseases, as many pathogens are carried from the field into
the storage after harvest. It is, therefore, essential to follow cultivation practices that may
reduce the incidence of postharvest diseases of fruits and vegetables. As a basic step in
disease management systems, exclusion of microbial pathogens has to be strictly enforced
to reduce the inoculum levels that may reach the harvested produce later. Therefore, correct
diagnosis of a disease is necessary to identify the pathogen, which is the real target of any
disease management program.
Conventional and molecular techniques have been widely employed to detect postharvest
pathogens and their toxic metabolites such as mycotoxin. Some of the conventional methods
used for the detection of the fungal pathogens on the produce include isolation on selective
media, blotter paper technique, direct plating or agar test, growing-on test/seedling symptom
test, chemical methods such as use of NaOH, trypton blue. Conventional methods, requiring
isolation of microbial pathogens from test seeds, require a long time to yield results and may
be influenced by the conditions under which the tests are performed. However, they form the
important, basic laboratory methods. The sensitivity and specificity of conventional methods
for detection of microbial pathogens are generally low.
Many microbial pathogens may remain dormant for varying periods untill favorable
conditions become available for their development, leading to visible symptoms from which
the disease and the pathogen may be identified. The period of quiescence may depend on
several factors, such as the pathogen’s nutritional requirements, presence of preformed
antifungal compounds, elicitation of defense-related compounds such as phytoalexin, and
activation of factors enhancing pathogenicity (Prusky, 1996). The presence of microbial
pathogens has to be rapidly recognized and precisely identified to apply suitable disease
management practices. A simple procedure to quantify quiescent infections of C. musae in
banana was developed by Bellaire et al. (2000).This method is based on the treatment of
banana fruits with 1200ml of ethylene/L of air for 24 h at 25°C. The fruits are placed at 32°C for
5 days, aintaining the ethylene concentration, so that conditions are optimal for the development
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of symptoms of infection. The technique was useful for routine testing of immature fruits at age
5 to 6 weeks after inflorescence emergence.
Chemicals have been utilized for the detection of some postharvest pathogens present in
plant parts or in harvested produce. Treatment of grapevine berries with paraquat reveals the
latent infection of Botrytis cinerea (Gindrat and Pezet, 1994). Likewise, latent infection of
plums by Monilina fructicola could be detected by treatment with paraquat, paving the way
for employing corrective measures (Northover and Cerkauskas, 1994).
Molecular techniques, which are being employed with increasing frequency, provide
reliable and reproducible results rapidly with greater accuracy compared to conventional
methods involving isolation of the pathogens. Furthermore, establishing the identity of slowgrowing fungal pathogens which may be overgrown by saprophytic fungi will be difficult by
the conventional methods. On the other hand, molecular diagnostic methods depend on the
characteristics of pathogen genomes and hence they can be applied for the identification of
all fungal pathogens, including obligate pathogens which cannot be isolated on cell-free
artificial media.
Molecular techniques used for the detection of post harvest pathogens are ELISA, dot
blot technique, multiplex PCR, RAPD-PCR analysis. Immunoassays have been demonstrated
to be an effective tool for the early and rapid detection of fungal pathogens causing postharvest
diseases. ELISA was more sensitive and quantitative ELISAs indicated that over 200mg of B.
cinerea biomass per gram of stem tissue was present in visibly rotted fruits, while the stems
from fruits without visible symptom had about 35mg/g. The immunological techniques can be
applied to detect not only the fungal pathogens, but also the metabolites produced by them.
Following infection of grape berries by B. cinerea causing gray mold disease, invertase activity
was stimulated. In the infected berries a new invertase species with a molecular weight (MW)
similar to that of Botrytis invertase (BIT) was detected.Western blotting with extracts of diseased
berries revealed the presence of the invertase of pathogen origin. The anti-BIT-IgY antibodies
(produced in chickens) were highly specific in their reaction with BIT, demonstrating the potential
of BIT as a target molecule for immunological detection of B. cinerea (Ruiz and Ruffner, 2002).
A multiplex PCR assay based on species-speciûc primers was used to establish the
etiology of bull’s eye rot disease of pear. RAPD analysis was applied to monitor imported and
exported fruits for the presence of quarantined M. fructigena, M. fructicola, M. laxa, and Monilia
polystroma. RAPD-PCR analysis has been demonstrated to be useful for simultaneous
identification of A. alternata, F. semitectum, F. roseum, and P. viridicatum infecting melon
fruits causing postharvest decay. Sequence characterized amplified region (SCAR) primer
(BA2f/BA 1r) were designed based on a previously cloned and amplified DNA fragment of
direct amplification of Botrytis spp. isolates associated with onion neck rot disease. The
detection limit of the assay was 1 to 10pg of purified fungal DNA.
Computer assisted systems like BIOLOG, CABIQ and FAME technology has been used
for the identification of the bacteria causing post harvest losses. BIOLOG is microplate
system provides accurate identification by their ability to utilize a series of 95 carbon sources.
Fatty acid profiles of bacterial species/isolate constitute a stable identification system.
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Preventive methods applicable durning pre harvest stage
It is well known that prevention is better than cure. Exclusion of microbial pathogens at all
stages after harvest is the basic and essential step to prevent access to the harvested
produce. The infected seeds and propagative planting materials, such as tubers and bulbs,
form the primary sources of infection. The fungal pathogens from infected seeds may spread
to healthy seeds and they may also be introduced into new locations where they may not be
present or currently not important. The tolerance limits have been prescribed by the
International Seed Testing Association (ISTA). Now, most countries enforce zero tolerance to
prevent the introduction of new pathogens into a country or area. The possibility of the
spread of diseases through seeds, such as celery leaf spot (Septoria apicola), bean halo
blight (Pseudomonas syringae pv. phaseolicola), carrot leaf blight (A. dauci), onion neckrot (B.
allii), Lettuce mosaic virus (LMV), Soybean mosaic virus (SMV), and Bean common mosaic
virus (BCMV), has been well recognized. Use of disease-free seeds not only helps to reduce
the infection in the crop grown in the next season, but this strategy will sustain the attempt to
have better produce with desirable market quality. Two anthracnose forecasting models have
been developed to determine fungicide application schedules and reduce fungicide usage
(Dodd et al.,1991).

Preventive methods applicable during storage
By careful handling and employing improved packaging techniques, losses in marketable
agricultural commodities can be effectively reduced to a great extent. The application of
waxes to fruit surfaces is done to extend their postharvest shelf life. Waxing reduces the
respiration and transpiration rates and protects against infection by microbial pathogens.
Primarily, two of physical agents, irradiation and heat treatments, have been observed to
provide appreciable protection against the microbial pathogens causing postharvest diseases
of fruits and vegetables. Heat treatment may alter various physiologic functions of both the
pathogens and the host tissues. Generally, moist heat is more effective than dry heat. The
radiation systems, though expensive, may be integrated with other storage and handling
methods. Gamma rays (Cobalt-60 or Caesium-137), fast electrons (linear accelerators), and
ultraviolet light (UV) have been used as radiation sources. Mature green tomato fruits irradiated
with UV-C light (24–36kJ/m2) exhibited delayed ethylene production and reduced respiration
rate. Infection by A. alternata was reduced in addition to retarded ripening and color development
in tomato fruits (Rong and Feng, 2001). The application od Modified Atmospheric Storage
(MAS) wherein the contents of oxygen (O2) and carbon dioxide (CO2) of the storage atmosphere
may be modified by reducing oxygen levels and increasing CO2 levels to reduce deterioration
of fruits and vegetables by the pathogens during storage. With increase in concentrations of
CO2, growth of Monilinia fructicola was inhibited both in vitro and in vivo (Tian et al., 2001).
Biological control agents, such as “BioSave “ as (Pseudomonas syringae) and
“Aspire” (Candida oleophila) alone or in combination with fungicides at lower concentrations
has been for the management of fruit rots.
Compounds of animal origin like Chitosan is a biodegradable fiber (polymer) derived from
crab-shell chitin can be used to coat the surface of fruits and vegetables. It has fungicidal
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properties and when applied for coating, fruit ripening may be delayed, consequently increasing
the shelf life of fruits and vegetables. In addition, chitosan has been demonstrated to be an
inducer of resistance by defense enzymes to postharvest diseases in treated fruits and
vegetables.
Different disease management strategies that have to be applied, both at pre- and
postharvest stages, should be integrated to provide more effective disease control than that
possible with a single approach. Combined application of heat treatments, plastic packaging,
and fungicide was evaluated for the control of mold diseases and keeping quality of ‘Oroblanco’
fruit. Application of TBZ, hot water dip, or curing (at 36°C for 72h) controlled the mold
diseases caused P. digitatum and P. italicum. Chemicals with two different mechanisms of
action on the postharvest pathogens have been combined with biocontrol agents.

Future avenues for the management
Among various strategies adopted for the management of postharvest diseases caused by
microbial pathogens, development of resistant cultivars through breeding for resistance has
been considered as the most desirable option. Hence development of cultivars with built-in
resistance has to be focused for managing postharvest diseases. Some chemicals do not
have antimicrobial activity, but they are known to induce resistance in host tissues against
microbial pathogens. In contrast, others act directly on the microbial pathogens, inhibiting
spore germination, mycelia growth, or sporulation, resulting in the prevention or reduction in
disease incidence or severity. In order to counter the adverse effects of microbial pathogens,
one or more ecofriendly strategies that are compatible with each other has to be evaluated.
Nanotechnology, nano particles have emerged as pivotal tool for detection of a particular
biological marker with extreme accuracy. Nanotechnology has provided new solutions to
problems in plants and food science (post-harvest products). Some of the nano particles that
have entered into the arena of controlling plant diseases are nano forms of carbon, silver,
silica and alumino-silicates. A need for detecting plant disease at an early stage so that tons
of food can be protected from the possible outbreak; has tempted Nanotechnologists to look
for a nano solution for protecting the food and agriculture from bacteria, fungus and viral
agents. Nanoscale Biosensors involving biological molecules such as sugars or proteins as
target-recognition groups could be used as biosensors on foods to detect pathogens and
other contaminants (Charych et al., 1996).
The potential of edible coatings has been recognised as an alternative or synergistic
addition to conventional packaging to enhance food quality and protection. One important
advantage of using edible films and coatings is that several active ingredients can be
incorporated into the matrix and consumed with the food, improving safety or nutritional and
sensory attributes. The new tendencies are to use edible coatings as carriers of functional
ingredients by incorporating antimicrobial, antibrowning, and neutraceutical agents to improve
the quality of fruits and vegetables. The development of new technologies to improve the
delivery properties of edible films and coatings is one of the issues requiring future research.
Hence there is a great scope for the characterisation of low-cost coating materials, the
optimisation of methods for coating application, and the effects and implications of applications
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on different food matrices. However, in most cases the commercial implementation of edible
coatings still requires further research and consideration of some critical issues such as
consumer acceptance and regulatory aspects.
To date, only a limited number of bacteriocins and producer strains have been tested for
improving postharvest safety. Other bacteriocins (such as some bacteriocins described
recently with a high activity against Gram negative bacteria) or their producer strains may
show promising results, but still need to be tested. Combinations of bacteriocins with novel
food processing technologies could provide efficient approaches for improving postharvest
safety applicable at industrial scale.
Essential oils appear to be a promising alternative that may subsequently lead to the
development of novel postharvest biofungicides to be used on fresh horticultural produce.
These could potentially reduce/replace the synthetic fungicides that the global horticultural
industry is highly reliant on at the present time. Fungi may also be less likely to develop
resistance to essential oil treatments because of their very complexity (made up of many
constituents) which makes it very difficult for organisms to evolve coping mechanisms.
A wide range of secondary metabolites produced by plants, such as essential oils, are
endowed with antimicrobial, allelopathic, antioxidant, and bioregulatory properties. During
ripening of fruits and upon infection by the pathogen, volatile aromatic compounds with
antifungal property are produced. Acetaldehyde formed during fruit ripening provided
protection to apples, stone fruits, and cherries against postharvest pathogens (Caccioni et
al., 1994). Attempts have to be made to assess the effectiveness of the volatile organic
compounds (VOCs) as markers for the identification of the bacterial species.
The other area which is being actively researched now is slow ripening by gene manipulation.
Since there is a close relationship between ripening and the development of post harvest
disease, post harvest disease development can be managed indirectly by delaying the onset,
and reducing the rate, ripening. Ripening is a process infruit senescence that is associated
with and enhanced by increased ethylene production. Thus field of biotechnology is now
focusing on the gene manipulation for the reduced production of ethylene.
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Horticulture in India has witnessed a tremendous progress. Though our country has
emerged as the second largest producers of fruits and vegetables in the world, yet there
has been a requirement of nearly doubling the production of fruits and vegetables to 75
and 160 million tons by year 2007-08 and further enhance the production of fruits and
vegetables to 81 and 185 million tons by the period 2010-2011. This was aimed at more
significantly providing nutritional security among mass and to reduce the malnourished
population by 50% (300 million to 150 million). To fulfill this there is clear-cut message to
reduce losses after the produce is harvested.
The most economically feasible and expedient means to increase the world food
supply is to reduce losses in food crops that occur after they are harvested (Coursey,
1983; Kelman 1984).
Unlike cereals the basic features of the horticulture produces are:

•
•
•
•

Higher moisture content (70-95%)
Softer texture
Large fruit size and
Higher respiration rates: hence production of more heat.

These features render fruits and vegetables highly perishable and a very susceptible to
attack by microorganisms during the period between harvest and consumption. Post
harvest losses of perishable crops in developing countries have been authentically
estimated to be in the range of 5-50% or more of the harvest (Salunke and Desai, 1984).
It is estimated that about 20-25% of the harvested fruits are decayed by pathogens
during post-harvest handling even in developed countries (Droby, 2006; Zhu, 2006). Even
in production areas with the mot advanced technologies available post harvest food,
losses are still substantial (Singer, 1980). Fungal fruits infection may occur during the
growing season, harvesting, handling, transport and post-harvest storage and marketing
conditions, or after purchasing by the consumer. Fruits contain high levels of sugars and
nutrients element and their low pH values make them particularly desirable to fungal
decayed (Singh and Sharma, 2007) (Table 1).
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Table 1: Important post harvest diseases caused by fungi
CROP

DISEASE

PATHOGEN

Mango

Stem end rot
Anthracnose
Black mold rot
Soft rot
Alternaria rot
Phomopsis rot
Pestalotia rot
Crown rot

Diplodia natalensis
Colletotrichum gloeosporiodes
Aspergillus niger
Rhizopus arrahizus
Alternaria tennuissima
Phomopsis mangiferae
Pestlotia mangiferae
Complex involving C. musae,
Verticillium theobromae,
Fusarium solani
C. musae
Verticillium theobromae
Botryodiplodia theobromae
Trichothesium roseum
Penicillium digitatum
Penicillium italicum
Alternaria citri
Aspergillus niger
Pestalotiopsis versicolor
Fusarium moniliformae, Phoma jolyana
Penicillium italicum
Penicillium digitatum
Greenaria uvicola
Alternaria alternata
Cladosporium herbarum
Aspergillus niger
Colletotrichum gloeosporioides
Phytophthora nicotianae
Guignardia psidii
Phomopsis psidii
Macrophomina phaseolina
Macrophomina phaseolina
Rhizopus stolonifer
Ascochyta caricare
Botryodiplodia theobromae
Fusarium solani
Alternaria alternata
Phomopsis caricae
Macrophomina phaseolina
Phytophthora nicotianae
Mycrothecium rosidum
Geotrichum candidum
Aurocladium sp. Alternaria solani
Colletotrichum gloeosporioides

Banana

Grape

Guava

Papaya

Tomato
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Anthracnose
Cigar end rot
Stem end rot
Pink rot
Green mold
Blue mold
Alternaria rot
Aspergillus rot
Pestaliopsis rot
Fusarium rot
Phoma rot
Blue mold
Grey mold
Bitter rot
Alternaria rot
Cladosporium rot
Stem end rot
Anthracnose
Fruit rot
Fruit rot
Fruit rot
Fruit rot
Botryodiplodia rot
Rhizophus rot
Ascochyta rot
Botryodiplodia rot
Fusarium rot
Alternaria rot
Phomopsis rot
Macrophomina rot
Buckeye rot
Ring rot
Sour rot
Other rots
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Onion

Post harvest decay

Bell pepper
French bean

Fruit rot
Rot
Pod rot
White cottony rot
Waxy rot
Brown rot
Brown pedical end rot
Grey white rot
Brown rot
Pink rot
Anthracnose
Cottony leak
Black mould-blemish

Cucurbits

Aspergillus spp., Sclerotium spp.
Fusarium spp. Alternaris spp..
Alternaria spp.
Phytophthora spp.
Pythium spp.
Fusarium oxysporum
Geotrichum candidum
Macrophomina phaseolina
Botryodiplodia theobromae
Sclerotium rolfsii
Alternaria tenusima
Trichothecium roseum
Colletotrichum langenariun
Pythium betleri
Aspergillus fumigatus

Consequences of microbial deterioration
Though the major concern is focused on the post harvest food losses and reduction in
nutritional value yet there are other important issues pertaining to microbial deterioration,
which are generally ignored. These include:
(a) Partial or total losses of consumer packages due to one to several diseased fruit.
(b) Reduced storage life of perishable crops due to accelerated ripening or senescence
triggered by ethylene from a few diseased fruits in the environment (Wild et al., 1976)
(c) Contamination of food stuff by mycotoxins elaborated by pathogens (King and Schade,
1984; Stinson et al. 1981; Rodricks, 1976).
(d) Toxic metabolites produce by diseased plant tissue is response to fungal attack or
exposure to ethylene (Wood 1979).
(e) Unacceptable taste of produce or products associated with diseased plant material.
(f) Disintegration of processed fruits by heat tolerant pectolytic enzymes of post harvest
pathogens e.g. Rhizopus and Sclerotinea.

Strategies of Post harvest disease management
The main objective of post harvest disease management in fruits and vegetables is to
keep them disease free until they are marketed and consumed. In present scenario the
main emphasis has been to develop strategies that are effective, safer and economic
viable so as to provide produce without any residues of fungicides or similar chemicals
considered as harmful to human health and environment. A number of options with success
stories are available for the management of post harvest diseases (Saxena, 2010; Mari
and Guizzardi (1998). Broadly the strategies for the management and categorized under
following (Johnson and Sangchote, 1995): I . Prevention II. Eradications and III. Delaying
disease symptoms.
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PREVENTION
(A) Field management: This utmost important to manage the field/orchard growing
fruits and vegetable scientifically following standard and recommended practices. There
are aimed at:
(i) Inoculum reduction: The number of infections propagules at a potential infection site
is usually a major determinant of disease severity following either field inoculation or post
harvest wound inculcation. The inoculum level determines not only the number of lesions
but also the probability of latent infections (Prusky et al., 1983).There is an existence of
Inoculum threshold for successful infection by pathogens. For example Direct infection
of uninjured citrus fruits by appresoria of Colletotrichum gloeosporioides (Brown, 1975);
Zoospore of Phytophthora parasitca; Infection of wound on citrus by Penicillium digitatum
(Wild and Eckert, 1982); Bacterial spot rot on potatoes caused by Erwinia carotovora
(Perombelon and Kelman, 1980).
Thus a reduction is amount of Inoculum on the harvested crop will result in significant
reduction in post harvest diseases.
(ii) Cultural practices: Following standard cultural practices in terms of sanitation,
proper nutrition, irrigation and appropriate harvesting tune and procedures etc. are known
to reduce post harvest diseases. Nutrient deficiency results in altering mango fruits
resistance to tip die back by Botryosphaeria ribis (Romos et al.,1991). Long term irrigation
management influences avocado abscisic acid content and fruit quality (Bower et al.,
1985). Stem end rot of mango (Lasiodiplodia natatensis) can be greatly reduced by
harvesting fruits on a clear dry day, and covering and removing them to the ripening
houses immediately after harvest (Pathak 1973).
(iii) Erection of wild breaks: Where wind is the carrier of pathogen, wind breaks can
reduce infection as in bacterial black spot of mango (Pruvost et al., 1990)
(iv) Cultivation of crops in region free from diseases or unfavorable: Mango
production is most successful in regions where flowering and fruiting occur in the dry
season, which is not conducive for anthracnose (Jefferies et al.,1990) Significant variations
were observed in losses in mango due to stem end rot obtained from different sources
(Peacock, 1988). This was suggested that proper orchard selection should result is less
stem end rot. Therefore, Disease risk analysis (DRA) has become an important component
to identify areas that are free from concerned diseases or infections.
(v) Cultivation of disease resistant cultivars: Cultivars or varieties resistant of different
post harvest disease should be cultivated. For example: Mango variety Edward is resistant
to anthracnose and in general poly embryonic varieties of mango are less susceptible
than mono embryonic ones.
(vi) Fruit bagging: Bagging of fruits influences surface wetness of fruits and act as a
barrier for deposition of inoculum. In mango fruit bagging has resulted in reduced post
harvest diseases.
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(vii) Care in harvesting and after harvest: During harvesting and subsequent postharvests operation, it is imperative to avoid fruit from wounding, minimize heat stress and
promote wounding healing to reduce losses. The severity of post-harvest diseases induced
by wound pathogens is proportional to the damage infected to the crop by rough handling
after harvest (Sommer, 1982). Mechanisms like lignifications, periderm formation and
phytoalexin production reduce the susceptible of slightly injured tissue to pathogenic
invasions (Eckert and Rathayake, 1983).

(B) Pre-harvest sprays of protectants fungicides
Field sprays with fungicides are known to prevent spore germination and the formation of
aspersoria or deep seated infections in the lenticels or in the floral remuneration the
fruits. This is an appropriate strategy in situation whose considerable harvest injury in
anticipated like peaches that are subjected in controlled ripening after harvest favour
decay by wound pathogens (Brown and Albrigo, 1972). Successful check on several
diseases have been obtained through pre-harvest protective sprays in several instances.
For obtaining best results need based, judicious and correct pre harvest pray schedule
has to be followed based on Epidemiology.
(C) Disinfectant, washing and post harvest chemical treatments:
(i) The packaging houses, fruit conveying and treating equipments are required to be
disinfect. For this spraying 1-3% formaldehyde solution, use of quaternary ammonium
compounds, hypochloutes, SOPP have been used (Pathak, 1997). Washing with water
alone reduced anthracnose and stem end rot of oranges (Brown, 1975); Use of hypochlorus
acid kill microbes in the water and reduces the hazards of inoculating the fruits during
operations (Greene, 1966).
(ii) Post harvest chemical treatments:
These treatments are known to prevent various rots (Gupta and Pathak, 1990; Eckert,
1990). Post harvest treatments with Benomyl and thiobendazole have rendered good
control of stem end rot in many citrus fruits (Brown and Albrigo, 1972); anthracnose of
banana (Griffee and Burden, 1974) and mangoes (Spalding and Reeder, 1972) despite the
fact that inoculation occurred long before the treatment was applied.
Recently reservations in using fungicides as post harvest treatment with fungicides were
expressed because of (i) health hazards (ii) higher residue levels, (iii) resistance buildup
among pathogen (iv) non availability of quick replacements of the compounds. Hence,
need based, judicious and minimal usage of fungicides has been advocated; fungicidal
treatment with Prochloraz has not only provided good control of post harvest rots in many
fruits but also resulted in less residues within MRL values.
(iii) Safer and less toxic chemicals treatments
The chemicals grouped under the category of GRAS (generally regarded as safe) have
been used for the control of post harvest diseases of fruit and vegetables.These compounds
mostly included week organic acids, inorganic salts and neutralized compounds. These
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compounds are not only effective as post harvest treatments but also do not have residue
problems and ill effects on human health (Saxena 2009; Saxena and Rawal, 2005; Saxena
and Rawal, 2002) Recently, Chitosan is a natural nontoxic biopolymer derivedby
deacetylation of chitin, a major component of the shells of crustacea such as crab,
shrimp, and crawfish. It has received considerable attention for its commercial applications
in the management of several diseases including post harvest diseases of fruits and
other horticultural crops industries (Agulló, E., et al., 2003).
(iv) Plant extracts
Extracts obtained from different plant parts has been used as an anti fungal agents in
managing post harvest diseases in fruits and vegetables (Pathak and Jain, 1970). Babu
and Reddy (1986) have reported that extracts of Eucalyptus globula, Punica granatum,
Lawsonia inumis and Datura stramonium were effective in checking fruit rot of lemon;
Ocimum sp. extracts were effective against various fruits rots (Godara and Pathak,
1995).
(v) Oils: Vegetable and other oils are effective against fruit rot (Pathak, 1980). Similarly
mustard, mobil, castor and paraffin oils have been found effective against Rhizopus rot of
mango (Pathak, 1977)
(D) Fruit wraps waxing, coating and packing

-

Paper wraps, impregnated with fungistatic chemicals are reported to chech the spread of
Botrytis and Rhizophus on several fruits (Eckert, 1977). Fruits can be individually wrapped
in a heat shrinkable polyethylene film that prevents in spread of diseases as well as
transfer of spores and debris from fruit to fruit in same container (Barmore et al., 1983).
According to EI Ghaouth et al. (1992) Chitosan an ingredient in some fruit waxes has the
potential of disease control, chitosan elicits phytoalexin productions in some hosts (Kendra
et al., 1989)
(E) Microbial control
Contamination of fruits and vegetables by pesticides, plant and human pathogens and
other pollutants has been and continues to be a major concern to consumers and the
fruit and vegetable industry. Fungicide usage has been curtailed and some materials are
banned or are under consideration because of:

•
•
•

Potential health hazards
Development of fungicidal resistant strains.
Non-availability of replacements.

In response, several physical and biological means have been evaluated as safer
alternative to the use of synthetic chemical fungicides.
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•

Use of natural plant products (essential oils and plant extracts).

•

Biocontrol agents ( fungal, yeast and bacterial antagonists).
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•

Non-selective biofungicides (Sodium carbonate, Sodium bicarbonate, Active
chlorine and Sorbic acid).

Microbial control of post-harvest decay of fruits and vegetables:
Research on biocontrol of post-harvest diseases has concentrated mainly on searching
for microorganisms that are antagonistic to wound pathogen. Typically, infection of wounds
by spores of pathogen is very rapid (often within 24 hours). Thus rapid colonization and
growth of an antagonist in the wound site is a key characteristic of successful antagonist.
In order to select a suitable biocontrol agent detailed knowledge of the epidemiology
of the pathogen, the infection process and disease development is critical to determine
the type of antagonist needed to interrupt the establishment of the pathogen in the tissue.
Several bacteria and yeast have been shown to protect a variety of harvested
commodities against a number of post-harvest pathogens. In particular, yeasts naturally
occurring on fruits and vegetables have been targeted by many workers as a number of
traits that confer greater potential for colonizing wound sites.

Yeasts

•

Can colonize and survive on plant surface for loner periods under dry conditions.

•

Check germination of fungal propagules.

•

Able to use available nutrients rapidly to proliferate.

•

Affects minimally by post-harvest fungicides.

•

They do not rely on the production of antibiotic substances.

Two yeast based products are now commercially available (Aspire: based on Candida
oleophila and Yield Plus based on Crytococcus albidus). Biosave-100 and Biosave110 are based on bacterium. Likewise many more such products are in pipeline awaiting
clearance etc. for registration and commercialization.
ERADICATION
(i) Culling
The post-harvest impact of diseases that develop on the fruit before harvest can be reduced
by culling affected fruit in the field of or later.
(ii) Pre-or/and post-harvest treatment with eradicant fungicides
Eckert and Ogawa, (1985); and Eckert (1990)) have reviewed the chemical control of
post-harvest diseases of fruits and vegetables and given comprehensive information on
effective fungicides for the management of particular disease in a particular crop. More
than 20 organic compounds have been evaluated over the last 45 years as post-harvest
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treatments to control diseases of perishables. The future of post-harvest fungicide is
uncertain because of several intrinsic reasons as explained earlier. However, strategies
to combat ill effects because of residue problems are being worked out. But in days to
come such fungicides will be phased out.

(iii) Heat treatment
The exposure to various fruits to high temperature (50 - 60oC) either as a wet or dry
treatment has been demonstrated to have a significant impact on controlling both post
harvest diseases and fruit quality. A short hot water brushing treatment (20 second at
62 oC) controlled green mold (P. digitatum) decay in organic citrus fruit (Porat et al.,
2000) and improved colour retention litchi fruits (Lichter et al., 2000).

(iv) Salt solutions
Both sodium and potassium bicarbonate salt have long been known to have fungicidal
activity against foliar pathogens. (Corral et al., 1988, Kueppar et al., 2000). Evidence
also indicates that various salt solutions can be used in a post harvest environment to
control decay, Infiltrations of calcium chloride into apples has been shown to control post
harvest diseases, delay senescence and also reduce physiological disorders (Conway,
1972).

(v) Irradiation
Gamma irradiation can penetrate fruits and inactivate pathogens in established and deepseated lesions. Dose rates required to eradicate infections range from 2000-3000 Gy. In
most cases the radiation dose required for disease control is harmful to fruit quality
(Pathak, 1997).

(vi) Fumigation
Fumigation has several promising applications. It can be carried out immediately after
harvest to prevent infection of injuries on fruits to be transported long distances, degreened
before processing or to be held for several days before processing. Only a fw fumigants
have been developed for the control of post harvest diseases. The application of sulphur
di oxide through sodium metabisulphite slow release pads reduces the environmental
risk and residue hazards. Other non residual fumigants assessed include acetylene
(Avissar and Pesis, 1991) and Hinokitol – a volatile oil extracted from Japanese cypress
(Hibia arbocuitae) (Fallik and Grinberg. 1992). Volatiles are attractive options and need
more attention.

Delaying disease symptoms
(i) Regulation of ripening:Fruits when treated with certain compounds delaying ripening
senescence and in turn avoid or reduce post-harvest infection. Some such compounds
are:

248

Plant Pathology in India: Vision 2030

(a) 2-4-dichlorophenoxyacetic acid delay senescence of button in lemon and avoid attack
of Alternaria citri (Bartholomew 1926) and oranges prevent stem end rots (Pelser,
1975).
(b) NAA effectively checked various rots in the treated papaya fruits by delaying the
ripening process (Gupta and Pathak, 1990).
(c) Use of giberellic acid delayed senescence of peel of naval oranges and reduced
pencillium decay.
Besides above, use of modified and controlled atmosphere and low temperature for storage
also resulted in reduction of post-harvest diseases in fruits and vegetables.

(ii) Fruit mixing and coating
Wax can be applied alone or in combination with chemicals. Likewise, paper wraps can
be used alone or after impregnated with chemicals. The contact spread of diseases can
be reduced by wrapping individual fruits in plain tissue paper or in paper wraps impregnated
with a fungistat such as bi-phenyl,sodium o-phenyl phenate (SOPP) dichloran or copper
compounds. Sornsrivichaai et al. (1989) found that the plastic wrapping extended storage
life of mangoes without increasing disease severity.
(iii) Genetic manipulation
In corporation of genetic code or disease restriction characters through transformation is
a good tool to manage the post harvest diseases. There is need to broaden the genetic
base for resistance in different fruits and vegetable. After ascertaining the source of
resistance, biotechnological tools are to be used for genetic manipulation to evolve resistant
variety / transgenic etc.

Future trend
Management of post harvest diseases in fruits and vegetables has been mostly confined
to individual approaches. There is a need to explore and develop synergism among different
effective approaches so as to integrate them for evolving an economic, effective and safer
management strategy. The need for the hour is to cut down or reduce usage of fungicidal
compounds. Integration of pre-harvest applications of different chemical, GRAS compounds
in field with post-harvest application of safer and less toxic chemicals, GRAS compounds
and Physical treatments (hot water, hot vapour treatments, use of gamma radiations)
etc. has provided very effective, safer and less expensive disease management in fruits
and vegetable and has emerged as a proffered strategy (Saxena. 2010; Saxena and
Rawal, 2005; Saxena and Rawal, 2004; Gupta and Chatrath, 1973; Roy, 1975).
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The term aflatoxin was coined in the early 1960s when death of turkey birds was attributed
to toxins in groundnut meals imported from South America (Blount, 1961). It has now
gained global significance as a result of their deleterious effects on human and animal
health and its importance in international trade. They are the most potent carcinogenic,
mutagenic and immuno-suppressive agent. Aflatoxins are a group of closely related
secondary metabolites of the fungi Aspergillus flavus and A. parasiticus. A. flavus
produces aflatoxin B1 (AFB1) and aflatoxin B2 (AFB2) whereas A. parasiticus produces
aflatoxin B1, B2, G1 and G2. Of these four, AFB1 is most potent toxin (Payne, 1998;
Abramson, 1998). AFB1 is produced by A. flavus, A. parasiticus, A. nomius, A. bombycis,
A. ochraceoroseus, A. pseudotamarii and Emericella venezuelans, on a wide range of
tropical and subtropical agricultural commodities. Of the various species, A. flavus is
most widespread and common. It is a saprophyte during most of its life cycle and grows
on a variety of substrates including decaying plant and animal debris. The major factors
that influence soil populations are temperature and soil moisture. A. flavus can grow at
temperatures from 12-48ºC and at water potentials as low as –35 Mpa (Klich, 2007). The
optimum temperature for growth is 25 to 42ºC. The fungi most commonly occur on groundnut
(Arachis hypogaea), maize (Zea mays), chilli, several tree nuts (pistachio, cashew nuts,
Brazil nuts, etc.), figs (Ficus carica), etc. Contamination mostly occurs on post-harvest
products, stored at high temperatures and high humidity, but also known to occur in the
fields before harvest on crops subjected to drought stress (Payne and Brown, 1998).

Economic impact of aflatoxins
The economic impact of aflatoxins derives directly from crop and livestock losses, human
health as well as indirectly from the cost of regulatory programs designed to reduce risks
to animal and human health. As per the FAO estimates, about 25% of the world’s food
crops are affected by mycotoxins, of which the most dangerous is aflatoxins (LopezGarcia and Park, 1998). Other adverse economic effects of aflatoxins include lowered
market potential of food and fiber crops. Keeping in view of these toxins adverse effects
on human and animal life, several countries impose strict regulatory limits on their domestic
and imported food commodities before they enter into their normal diets.
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Prevalence and distribution
Many agricultural commodities including cereals, oilseeds, spices, dry fruits and feeds
are contaminated by aflatoxin. Mc Donald and Castle (1996) conducted a survey on
aflatoxins in retail herbs and species in U. K. Out of 157 retail samples including curry
powders, pepper, cayenne pepper, chilli, paprika, ginger, cinnamon and coriander, 95%
of the samples contained < 10 µg/ kg of total aflatoxins and only nine samples had higher
levels. Reddy et al. (2000) reported the occurrence of aflatoxins in selected cereals and
spices. Spices like ginger rhizomes, turmeric, black pepper and coriander were analyzed
for the presence of aflatoxin. Reddy et al. (2001) assessed the aflatoxin contamination in
major chilli growing areas and chilli samples representing all the three grades collected
from the wholesale markets of Andhra Pradesh. Chilli Grade 3 samples contained over
25% of discoloured pods and were most contaminated by Aspergillus flavus. Ajith Kumar
and Naik (2005) conducted survey in Northern Karnataka districts of Gulbarga, Bellary
and Raichur to know the incidence and severity of aflatoxin contamination in chilli. The
highest incidence of (6.83%) was recorded in Bellary district followed by Raichur (5.29%)
and Gulbarga district (4.19%). Waliyar et al. (2007) examined the natural occurrence of
Aflatoxins (AFB1) produced by A. flavus in sorghum and pearl millet grains collected
from farmers’ field at harvest and storages. Navya et al. (2007) studied the incidence of
A. flavus and aflatoxin on seed samples of groundnut. Among 40 different samples
screened, the levels of A. flavus ranged from 0 to 72%.

Assessment of population of Aspergillus flavus
Aflatoxigenic fungi are common components of soil mycobiota and soil serves as a reservoir
for A. flavus fungi that produce carcinogenic aflatoxins in agricultural commodities.
Aflatoxigenic fungi reside in soil as conidia, sclerotia and hyphae, which act as primary
inoculum for directly infecting crops and also invade developing seeds of crops. The
effect of corn and peanut cultivation on the soil population of A. flavus in soil was examined.
Drought stress in corn plants greatly increased the soil population of A. flavus from 2000
cfu g-1 soil to 6400 cfu g-1 of soil (Bruce et al., 1995).
Abbass et al. (2004) assessed the spatial variability of soil population of A. flavus in
Mississippi Delta field under different crops. The highest propagule density of 794 cfu g1
of soil of A. flavus was recorded in corn, 251 cfu g-1 of soil in cotton and 457 cfu g-1 soil
in wheat crop. Bruce (2006) studied the relationship between soil density of A. flavus and
the incidence of peanut colonization. The highest population density of A. flavus was
recorded in cultivable land (111-1733 cfu g-1 ) compared to forested (2-19 cfu g-1) and
fallow (6-61 cfu g-1) soils and up to 92% seed colonization was observed in peanut seeds.
Reddy et al. (2007) examined the effects of cotton-corn rotation and glyphosate use
on the soil population of A. flavus. The soil population of A. flavus ranged from 1.4 to 5.8
X 103 (cfu) g-1 and the population was significantly greater in glyphosate resistant cultivars.
Zablotowicz et al. (2007) assessed the density of A. flavus propagules and other soil
microflora (Fusarium spp.) associated with Mississippi Delta soils. Propagule density of
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A. flavus ranged from 1.97 to 4.31X 103 (cfu) g-1 while, the total Fusaria ranged from 2.99
to 5.37 X 103 (cfu) g -1 soil and the frequency of aflatoxin production in isolates ranged
from 13 to 81 per cent depending on soil. Naik and Sudha (2009), assessed the distribution
of A. flavus population present in the soil. Among three districts, Bellary recorded
maximum population density (835.90 cfug-1 soil) followed by Raichur (677.00 cfug-1 soil)
and the lowest population density of 501.20 cfug -1 soil was recorded in Gulbarga district.

Detection of aflatoxin
Seventy nine pre-packaged samples of 12 different types of spice powders (5 cardamom,
5 cayenne pepper, 8 chilli, 5 cloves, 7 cumin, 5 curry powder, 5 ginger, 5 mustard, 10
nutmerg, 12 paprika, 5 saffron and 7 white pepper) were estimated for the aflatoxin B1
content by HPLC method. Aflatoxin B1 (AFB1) was detected in 34 samples, all of the
Cayenne pepper samples were contaminated with AFB1 levels ranging from 2-32 µg AFB1/
kg. Three nutmeg samples contained levels ranging from 6-20 µg/kg. Paprika contained
levels of aflatoxin B1 ranging from 1-20µg/kg. Chillies, cumin, curry powder, saffron and
white pepper samples had levels ranging from 1-5 µg/kg. (Martin et al., 2001).
Reddy et al, (2001) analyzed aflatoxin B1 (AFB1) content by an indirect competitive
ELISA, for the samples of the three grades of the chilli pod (Grade 1 to 3) and chilli
powder. The highest AFB 1 concentration of 969 mg/kg was found in one sample
representing grade 3. As much as 9% of the chilli powder contained non-permissible
aflatoxin levels. Yellamanda Reddy et al. (2001) analyzed the groundnut samples/ kernel
and different varieties of groundnut for aflatoxin B1 production by ELISA method. Very
high level of aflatoxin was observed in 9.7% of samples ranging from 35 to 8172 mg/kg. In
TMV-2 the widely grown groundnut variety recorded, > 30 mg/kg of aflatoxin contamination
and other varieties viz., JL-24, TAG-24, TG-26 and GG-2 had aflatoxin at very low level
< 5 mg/kg.
The degree of aflatoxin contamination in different Indonesian food stuffs were determined
by ELISA and HPLC methods. Eighty two groundnut products, 12 baby food products
and 11 maize products were analyzed for total aflatoxin (AFT) and aflatoxin B 1 (AFB1)
using ELISA. Thirty five per cent of the groundnut products were contaminated with
aflatoxins ranging from 5 to 87 µg/kg. Eighteen per cent of the maize based products
were contaminated with aflatoxin ranging from 5.8 and 12.4 µg/kg from 12 analyzed baby
food samples, none of the sample was found to be contaminated with aflatoxin (Razzazi,
2004).
The mycoflora invading chillies (Capsicum annuum L.) kept in cold storage was studied
and also analysed for the aflatoxin B1 production by HPLC method. Species of Aspergillus
was found to be dominant on stored chillies and the samples were contaminated with
aflatoxin B1 to the extent of 5.5 µg/ kg (Kiran et al., 2005).
Fazekas et al. (2005) evaluated 91 spice samples (70 ground red pepper, 6 black
pepper, 5 white pepper, 5 spice mix and 5 chilli samples) for the presence of aflatoxins
B 1, B 2 , G 1 and G 2 and Ochratoxin A by HPLC method (High performance liquid
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chromatography). Out of 70 ground red pepper samples, 7 of them contained AFB1
concentration exceeding the maximum level of 5 µg/kg (6.1 – 15.7 µg/kg) and one chilli
sample exceeded 5 µg/ kg (8.1 µg/kg). Thirty of the 70 ground red pepper samples
contained Ochratoxin (OTA), 8 of them in a concentration exceeding the maximum level
of 10 µg/kg (10.6 – 66.2 µg/kg), one chilli sample contaminated with Ochratoxin A (2.1
µg/kg).
The kernel samples of discoloured rice cultivars were detected for the presence of
aflatoxin B 1 by indirect ELISA. Aflatoxin B1 contamination was high in rice cultivars of
Cottondorasannalu and BJ1 160 –175 µg/kg moderate in Swathi and Vijaya Mahsuri 33-45
µg/kg and was absent in TKM 9 (Mangala et al., 2006). The production of aflatoxin B1 in
rice cultivars was estimated by indirect competitive ELISA. Aflatoxin B1 production by A.
flavus on paddy and milled rice substrates of cultivars were estimated by indirect
competitive ELISA. The aflatoxin production on paddy substrate was maximum in cultivar
RH 12 (608mg/kg) and was at par (242-270mg/kg) in Samba Mashuri and Ajaya; it was
low in rest of the cultivar. A. flavus inoculated on milled grains showed from a minimum of
4018 mg/kg to a maximum of 4655 mg/kg cv. Ajaya (Mangala et al., 2007).
The chilli fruit samples from farmers field of Bellary district of Karnataka had higher
contamination of 24.64 µg/kg followed by Raichur (7.58 µg/kg) and Gulbarga (2.84 µg/kg)
districts. When aflatoxin was detected among various chilli products, only chilli powder
contained 23.20 µg/kg of aflatoxin which was above permissible limit. The other indigenous
chilli products such as chilli masala powder, sambar powder, puliogare powder and
vangibath did not contain any aflatoxin (Naik and Sudha, 2009).

Management of aflatoxin
Since aflatoxin contamination can occur pre-harvest, post-harvest and in processing
and storage conditions, it is necessary to implement various management options at all
levels to better manage this problem. Pre-harvest management of the aflatoxin problem
in agricultural crops is generally achievable through biological, cultural, chemical control
and host plant resistance. Biological control is the most widely used method wherein
antagonistic bacteria and fungi are used. An economically viable integrated management
strategy involving host plant resistance, amending the soil with lime and organic
supplements for enhancing water holding capacity, plant vigor and seed health, use of
bio-control agents such as Trichoderma spp. and Pseudomonas spp. is however an ideal
option. It is also important to use timely operations of harvesting and postharvest drying
as well as bringing awareness and conducting training courses for disseminating
technology to the end-users (Waliyar et al., 2008). Biological control with atoxigenic
strains of A. flavus and A. parasiticus that were applied in different formulations in the
preceding cropping season can result in significant reduction (92%) in peanut aflatoxin
concentrations. This method was found effective in delivering competitive levels of
atoxigenic strains of A. flavus and A. parasiticus to soil and also in reducing subsequent
aflatoxin contamination (Dorner et al., 2003). However, reports indicate that application of
atoxigenic A. flavus strain alone was found to be more effective than the non-toxigenic
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strain of A. parasiticus. Combined applications of atoxigenic strains of both A. flavus
and A. parasiticus were also proved to be effective (Dorner and Horn, 2007). The mechanism
by which aflatoxin management can be achieved is through competitive exclusion between
the strains of these A. flavus group of fungi (Chourasia and Sinha, 1994). The conidia of
these atoxigenic fungi remained near the soil surface in spite of heavy rains and varying
amounts of water through irrigation. Further, it was observed that rainfall could wash the
conidia along the furrows and in directions perpendicular to peanut rows up to 100 meters.
The retention of conidia of these aflatoxigenic fungi in upper soil layers is vital to reducing
aflatoxin contamination of peanuts, maize and cottonseed (Horn et al., 2001).
The use of botanicals or plant products is the safest method for management of
aflatoxin. Use of neem leaves and seeds, Eucalyptus, Pongamia extracts has been shown
to effective against aflatoxin contamination in groundnut (Reddy et al., 2004; Ajith Kumar
et al., 2005). Sudha and Naik (2009) reported that neem seed kernel extract (NSKE) and
nimbicidin (5%) were effective in reducing the A. flavus infection in chilli fruits.
In crops sensitive to aflatoxin, bio-control will have a long lasting solution from the
point of view of food safety and health hygiene. The antagonistic nature of Trichoderma
isolates against A. flavus has been shown involving production of volatile and non-volatile
antibiotics and hyphal interaction (Srilakshmi et al., 2001). The chilli fruits when treated
with bio-agents such as T. harzianum and Pseudomonas fluorescens ended up in least
colonization of 5.17% and 2% respectively as against 38.33% in untreated chilli fruits.
(Sudha and Naik, 2011). They further sprayed the bio agent under field conditions 10
days before harvest of chilli crop. The incidence of aflatoxin fungal infection was 2.4 to
2.6 % as against control with 7.4%. Hence, foliar spray of P. fluorescens pre-harvest
spray has been recommended (Sudha and Naik., 2011). Soil amendment with neem
cake has reduced the population of A. flavus by 66 to 77% after 90 and 120 days of
planting (Sudha and Naik., 2010). Any reduction in population at red ripening stage of
chilli crop can bring down the chances of aflatoxin contamination.
Some safe fungicides recommended for managing aflatoxin contamination include
mancozeb, thiram, captan, carbendazim and vitavax for seed treatment (Bansal and
Sobti, 1990; Sharma and Champawath, 2000; Ajith Kumar et al., 2005). However, their
use as a foliar spray is limited in groundnut. But foliar spray of some of these non systemic
fungicides like mancozeb is recommended as pre harvest spray to manage aflatoxin
contamination in chilli.
Chemical control of pre-harvest aflatoxin contamination is through application of gypsum
either to soil or seed alone or in combination. Gypsum application results in reduced
colonization by A. flavus and A. parasiticus. Further, gypsum also enhances the control
of seed colonization when applied in conjunction with the bioagent. No aflatoxins were
detected in peanuts harvested from gypsum-treated plots (Mixon et al., 1994). Although,
several management options are available against pre-harvest aflatoxin contamination of
peanuts, the field results are not consistent. Toxins continue to enter the food chain
persistently since the fungi are ubiquitous in nature. Hence, post-harvest management of
aflatoxins is also equally important to avoid or mitigate the problem.
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Human and animal exposure to aflatoxins can be reduced by mitigating aflatoxin
contamination in food and feed (Turner et al., 2005). However, aflatoxin contamination is
a complex problem and is influenced by diverse factors such as cropping practices,
climate and socioeconomic background of the people (Waliyar et al., 2005). Aflatoxin
contamination of food is severe after long-term crop storage because of excessive heat,
humidity, insect and rodent damage resulting in proliferation and spread of fungal spores.
The traditional approach to preventing exposure to aflatoxin has been to ensure that
foods consumed have the lowest practical aflatoxin concentrations. In developed countries,
this has been achieved for humans largely by regulations that have required low
concentrations of the toxin in traded foods. However, this approach has certain limitations
and clearly has failed as a control measure for developing countries. In developed countries,
where regulations allow higher aflatoxin concentrations in animals, agricultural industries
have developed alternative methods like chemoprotection and enterosorption to limit
biologically effective exposure without the high cost of preventing contamination (Galvano
et al., 2001). This approach has been used extensively and with great success in the
animal feeding industry (Rosa et al., 2001).
It is well understood that much of the contamination of commodities with aflatoxin
occurs during storage. To prevent aflatoxin production during storage, it is necessary to
prevent growth of fungus through adequate drying (<10% moisture), elimination of insect
activity that can increase moisture content through condensation of moisture resulting
from respiration, low temperature, and inert atmospheres. Conditions needed to prevent
aflatoxin contamination are known, but is not always easy to produce them in storage
systems in developing countries. Most people in rural areas grow and store their own
food; in consequence, most food is stored in small, traditional granaries and there is little
investment in the management of ideal storage conditions. Studies of grain quality in
such storage structures show a steady increase in the aflatoxin content over time, which
reflect the failure to maintain appropriate conditions (Turner et al., 2005).
HACCP (Hazard Analysis Critical Control Point) is in fact a logical plan for all the
controls to be implemented to anticipate the problems of food safety. This plan will be
specific to the risk. It establishes regular, systematic controls from end to end of the
chain of food production. In addition, it provides for corrective action to be implemented if
a risk has been identified.
The HACCP method is a well-known and well-established method in the agri-food
business, the aim of which is to ensure the risk-free production of food. It is however,
little used in the initial stages of agricultural production.
Several approaches can prevent aflatoxin exposure in developing countries. Because
much food contamination occurs during post harvest storage, methods to remove nuts or
kernels or fruits damaged by fungus before storage and to restrict humidity during storage
could reduce fungal growth and toxin production. The possible options for pre and post
harvest prevention of aflatoxin contamination and the ICRISAT’s management strategy of
pre- and post-harvest contamination is given in Table 1 (Waliyar et al., 2005).
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Table 1. A few options to reduce pre- and post-harvest contamination in food
crops (Waliyar et al., 2005).
Method

Purpose

I.

Primary prevention

To minimize fungal infestation and
aflatoxin contamination

•

Cultivation of Aspergillus flavus
resistant varieties

•

•

Control of field infection by following
appropriate phytosanitary measures to
reduce the fungal inoculum
Seed treatment and application of
fungicides
Appropriate scheduling for planting, harvest
and post harvest
Application of soil amendments (gypsum,
farmyard manure etc.)

•

Lowering moisture content of seeds after
harvesting and during storage
Preservatives to prevent insect infestation
and fungal contamination during storage

•

•
•
•

•
•

•
•
•

•

Potential for control of fungal
invasion and toxin production during
crop growth.
Limit fungal inoculum in the field

Limit fungal invasion during crop
growth
Avoid drought stress and other a
biotic stresses
Enhancing soil nutrient (especially
calcium) and water holding capacity,
promoting the growth of antagonistic
native soil micro biota
Limit fungal invasion and growth
during storage
Limit fungal invasion during storage

II. Secondary prevention

Elimination or limiting the fungal
contamination

•

Sorting of contaminated grains, pods and
kernels
Re-drying the harvested produce

•

Appropriate storage conditions to avoid
favorable conditions for mold growth
Detoxification of contaminated product

•

•
•
•
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•

•

Reducing aflatoxin contamination in
final product
Limit further mold invasion during
storage
Limit further mold invasion during
storage
Chemical inactivation of aflatoxins
through use of detoxification clay,
ammonification, electronic sorting of
kernels.
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Following options have been suggested for management of aflatoxin contamination
particularly in chilli (Naik and Sudha, 2009).

•

Phyto-sanitary measures to reduce the fungal inoculum.

•

Seed treatment in fungicides/bio-agents

•

Drying the chilli produce to 9% moisture

•

Avoiding drought and insect damage at fruiting stage

•

Use of botanical(NSKE) / bio-agent ( Pseudomonads fluorescens ) as pre harvest
spray at red ripening stage

•

Soil amendment with neem cake and gypsum to reduce the soil population

Conclusion
Cultural practices, especially those followed after hervest, which can lead to minimization
of mycotoxin contamination, shuold be investigated. Chill fruits often are wetted by
sprinkling with water prior to marketing them. This practice is likley to favour growth of
moulds, therefore guidence on post harvest handling food commodities to farmers aswell-as trades can greatly help in minimizing mould growth. We expect farmers to respond
to any improved processing methods which can result in a safe and quality product.
Additionally, creation of awareness among the consumers about the presence of aflatoxin
in food commodities may induce produrcers as well as traders to market mycotoxin free
products by use of resistant variety, chemical/botanicals, bioagents and other post harvest
treatmets in a judicious way.
Consequently, we must be able to ensure that the risks they represent are reduced
to an acceptable level. It is the role of the agri-food industry professionals to maintain a
minimal level of risk, as low a level as possible of aflatoxins in products within the limits
of what is feasible technologically and practically. On the other hand, public bodies are
the only ones with the power of setting and imposing realistic and applicable regulatory
limits on the levels of mycotoxins that are acceptable in products. Obviously they have to
do this based on analyses provided by research workers.
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Agriculture is one of the most vulnerable sectors to climate-change. Increased incidences
of abiotic and biotic stresses impacting productivity in principal crops are being witnessed
all over the world.
Abiotic stresses are the most important challenge facing crop production and can
occur from a shortage of an essential resource, excess amounts of toxic substances or
due to changes in environments. Throughout the world, biotic (diseases and insect pests)
and abiotic (drought, salinity, cold etc) stresses are major yield limiting factors in plants
and its impact is still on the rise especially in the tropics due to changing climate. They
adversely affect plant health and productivity. Extreme events like prolonged droughts,
intense rains and flooding, soil salinity, heat waves and frost damages are likely to increase
further in future due to climate change. More specifically, drought, flood and soil salinity/
sodicity are the major causes of crop loss world-wide. Drought, flooding, high salinity or
extreme temperatures not only adversely affect plant growth but also seed production.
Among different crops rice is the one which is affected most by abiotic stresses like
flooding, drought or salt. In India out of 44 million ha rice area, approx. 48% area is
rainfed and more prone to abiotic stresses. These stresses are the most important yield
limiting factor in eastern India (Assam, Bihar, Chhatisgarh, Jharkhand, Orissa, Uttar
Pradesh and West Bengal), which accounts for 26.6 million ha rice area. Almost 54% of
the rice area in eastern India is rainfed and prone to abiotic stresses. More frequent
flooding affects approx. 5.02 million ha rice area in eastern India. Severe floods were
encountered in Bihar, Orissa, West Bengal and part of UP during kharif 2011. Approximately
12 m ha rice area is drought-prone in India out of which 8.78 million ha is in eastern India.
In 2009, a severe drought hit South Asia resulting in major losses of crops and farm
revenues, 6 million ha rice land remained un-cropped in India alone, causing hardships
for millions of people. Almost 0.6 million ha rice area in Orissa and West Bengal suffers
from coastal salinity due to intrusion of the sea water and 0.75 million ha area in UP and
Bihar suffers from soil sodicity.
The economic costs of submergence, drought and soil salinity / sodicity are immense.
A large proportion of areas affected by high salt concentration is not cropped in India
particularly during dry season, when salinity becomes high. Poverty increases during
flood years as a result of crop failure. The disruption and hardship caused by crop failure

265

Plant Pathology in India: Vision 2030

is well known but the crop losses themselves are not only part of the economic costs of
submergence and drought. Farmers adjust production practices (e.g. retransplanting of
rice in flood affected areas in part of India and little use of inputs) to reduce the risk and
the impact of flood/drought when they occur. These practices have an economic cost
during the good years, however, as farmers loose the opportunities for possible good
harvests. In addition to these crop losses, there are others too that derive from the decline
in agricultural income that will affect employment in the whole rural sector. Losses by the
poor are compounded by other costs with longer term effects such as children being
withdrawn from school, increases in debt, and extensive migration in search of income
opportunities.
Salt stress confers oxidative stress to the plants as a consequence of the generation
of reactive oxygen species (ROS), which are detrimental to plant survival under salt
stress. There are evidences of yield declines in wheat and paddy crops in many parts of
South Asia due to excessive or shortage of water, reduction in number or uneven
distribution of rainy days and increased air temperature. Key processes of stress tolerance
including the signalling pathway components such as transcription factors, Heat Shock
Proteins (HSPs), chaperones and LEA (late embryogenesis abundant) proteins, reactive
oxygen species (ROS) scavenging and synthesis of osmoprotectants, ion and water
transporters, and a range of related processes appear to be common across plant species.
Therefore to cope with such impacts there is an urgent need to come up with suitable
and efficient adaptations and mitigation strategies which should be cost effective and
can be used on a short term basis. In this regard, host gene offering tolerance to abiotic
stresses and useful soil microbes may prove to be very handy and can provide a solution
to the problem to a large extent.

Microbes for the management of abiotic stresses
Microbes are an integral component of agricultural ecosystems. Microbes colonizing the
roots, rhizosphere, phyllosphere and spermosphere establish organic relationships with
plants and are capable of influencing their physiological processes, including tolerance
to abiotic and biotic stresses. Besides influencing the physico-chemical properties of
rhizospheric soil through production of exopolysaccharides and formation of biofilm,
microorganisms can also influence higher plants response to abiotic stresses like drought,
chilling injury, salinity, metal toxicity and high temperature, through different mechanisms
like induction of osmoprotectants and heat shock proteins etc. in plant cells. (Grover et
al., 2011).
A good amount of information is available on the use of microbes (fungi and bacteria)
for the management of biotic stresses, such as diseases and pests (Harman, 2004;
Singh et al., 2004), but hardly any significant effort has been made to use microbes for
the management of abiotic stresses, including salinity or water scarcity/ drought. Use of
these microorganisms per se can alleviate stresses in crop plants thus opening a new
and emerging application in agriculture and can help in better understanding the stress
tolerance, adaptation and response mechanisms that can be subsequently engineered
into crop plants to cope with climate change induced stresses. There is now an increasing
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interest in developing the potential biotechnological applications of microbes for improving
plant stress tolerance and sustainable production of food crops. A variety of mechanisms
have been proposed behind microbial elicited stress tolerance in plants.

Alleviation of abiotic stress in plants by Trichoderma and dark septate fungi
Trichoderma species are usually considered as saprophytic inhabitants of soil but some
exist as opportunistic, avirulent plant symbionts (Wilson, 1997; Harman et al., 2004).
Beneficial activities attributed to Trichoderma/bioti or abiotic stresses/plant interactions
include

•

Direct antagonism against plant pathogens mainly fungi and nematode (Singh et al., 2004).

•

Use of microbes and host tolerance for abiotic stress management in plants
Increased plant growth, especially of roots, and particularly under stress (Harman,
2000; Shoresh et al., 2010).

•

Systemic resistance to diseases, at least in part through processes other than standard
induced systemic resistance and systemic acquired resistance; both jasmonate and
salicylate signalling may be involved (Lorito et al., 2010; Bae et al., 2011).

•

Systemic resistance to abiotic plant stresses, including water deficit (drought), salt
and temperature (Mastouri et al., 2010; Shoresh et al., 2010)

•

Enhancement of the vigor of poor-quality seeds (Mastouri et al., 2010; Shoresh et al., 2010).

•

Decomposition of organic matter resulting in increased concentration of humic acid,
which promotes plant growth (Singh et al, .2004).

•

Solubilization of P and increased availability of micronutrients (Singh et al, 2004;
Harman, 2011ab)

•

Improved nitrogen use efficiency (NUE) by plants (Harman, 2011ab; Harman & Mastouri,
2010; Shoresh et al., 2010).

Success of Trichoderma sp. as a biopesticide, under field condition, depends not
only on its antagonistic activity alone but a combination of several other above listed
characteristics. Trichoderma sp. is important for overall plant health management rather
than soil-borne disease control alone. Studies have demonstrated high diversity in natural
populations of Trichoderma with respect to different characteristics. High biodiversity
was noticed even within the same species with respect to mycoparasitism (hyphal
colonization, sclerotial colonization, mechanisms of parasitism i.e. coiling vs haustoria
formation), antibiosis, nematode parasitization, root and/or shoot growth promotion, root
colonization, rhizosphere colonization, organic matter decomposition, nutrient
solubilization and tolerance to water stress (low water activity, Sharma, 2010)), temperature
and pH (Singh et al., 2004; Begoude et al., 2007; Sharma, 2010). However, so far most of
the selections made from natural population have given emphasis to biopesticidal
characteristics. Little efforts have been made to select the strains of Trichoderma for
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their biofertilizer characteristics or their ability to enhance tolerance of the plants to
water stress and to explore the relationship among different characteristics of Trichoderma
with respect to its ability to manage biotic/ abiotic stresses.
Trichoderma species are known to alter the response of plants to abiotic stresses.
To alter the drought response includes drought avoidance through morphological
adaptations, drought tolerance through physiological and biochemical adaptations, and
enhanced drought recovery (Malinowski and Belesky, 2000). Root size and architecture
are the factors which determine yield performance, particularly under conditions of limited
water availability (Price et al., 2000). The root colonization by Trichoderma increases the
growth of roots and of the entire plant, thereby increasing plant productivity and the
yields of reproductive organs. Recently, Vargas et al., (2009), demonstrated that plantderived sucrose is an important resource and is critical for plant root colonization by
Trichoderma virens. A fungal invertase is key to initiation of the mechanisms of root
colonization (Vargas et al., 2009). The fungal genome includes a plant-like sucrose
transporter: the specific sucrose/H2 symporter is induced during the early stages of root
colonization. Furthermore, the results suggested the presence of a sucrose-independent
network in the fungal cells that regulates the symbiotic association (Vargas et al., 2010).
Feedback received from several farmers, who have used Trichoderma for wheat seed
treatment, indicated that wheat crops raised from Trichoderma treated seeds tolerate
drought better than crops raised from non-treated or chemically treated seeds (U.S.
Singh, personal observation). This could be due to better root growth and/or better
availability of nutrients (Singh et al., 2004). Clearly, plants are induced to operate more
efficiently and to be better able to resist biotic and abiotic stresses if their roots are
colonized by effective Trichoderma strains. Brassica juncea plants raised from Trichoderma
harzianum isolates PB 9 or PB 23 treated seeds tolerated water stress better than
untreated plants or those treated with other isolates of T. harzianum. Isolate PB 23 was
able to colonize the cow dung even at 5% moisture level whereas most other Trichoderma
isolates required minimum 30% of moisture content for good colonization of cow dung
(2010). Isolate PB 23 but not PB 9 promoted the root growth of the mustard seedlings
indicating that root growth promotion is not the only criteria for enhanced tolerance to
water scarcity.
It is well documented that Trichoderma harzianum enhances root growth and helps in
water absorption and nutrient uptake under osmotic stress (Howell, 2003; Harmann et
al., 2004). When plants are under stress, the content of reactive oxygen species may
increase to toxic concentrations. Several studies have shown that root colonization by
Trichoderma harzianum results in increased level of plant enzymes , including various
peroxidases, chitinases, â -1,3 –glucanases, lipoxygenase-pathway hydroperoxide lyase
and such changes in plant metabolism can lead to accumulation of compounds like
phytoalexins and phenols. (Harman, 2006; Hoitinik et al., 2006; Gachomo and Kotchtoni,
2008). These compounds act as scavengers of ROS. Almost similar mechanism was
involved in better germination of T. harzianum strain T-22 treated seeds of tomato exposed
to biotic (seed and seedling disease caused by Pythum ultimum) abiotic (osmotic, salinity,
chilling or heat stress) or physiological (poor seed quality induced by seed aging) stresses
(Mastouri et al., 2010). The consistent response to varying stresses suggests a common
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mechanism through which the plant-fungal association enhances tolerance to a wide
range of abiotic and biotic stresses. A common factor that adversely affects plants
under these stress conditions is the accumulation of toxic ROS resulting in increased
concentration of lipid peroxides. Treatment of seeds reduced accumulation of lipid
peroxides in seedlings due to stress by scavenging ROS. Several pathways in plants
convert oxidized glutathione and ascorbate to the reduced form (Mittler, 2002) and
Trichoderma strains enhance the activity of these pathways, in part by enhanced expression
of genes encoding the component enzymes (Mastouri, 2010; Mastouri et al., 2010).
Enhancement of these pathways in chloroplasts would increase photosynthetic efficiency
by reducing damage by the superoxide anion and other reactive species involved in
photosynthesis. At least part of the stress resistance, and probably the increased
photosynthetic efficiency, is because the fungi improve the redox status of the plant.
Cellulose produced by T. harzianum act as an elicitor by inducing peroxidase activity
to induce resistance (Elad, 2000). At a molecular level, resistance results in an increase
in the concentration of metabolites and enzymes related to defense mechanisms, such
as the enzymes phenyl-alanine ammonia lyase (PAL) and chalcone synthase (CHS),
involved in the biosynthesis of phytoalexins and phenols. These comprise enzymes involved
in response to oxidative stress (Stacey and Keen, 1999). The osmoprotectants like
proline, trehalose, glycine betaine, mannitol, sucrose and fructan, being non-toxic, are
among the most important factors to protect plant and microbial cells from various types
of abiotic stresses like water, salt and oxidative stress. In stress tolerant strains they
are accumulated to higher levels without disrupting plant metabolism and maintain
structural integrity of the cytoplasm under water stress conditions. Transgenic plants
carrying gene coding for these osmoregulators like trehalose-6-phosphate synthase (Zhang
et al., 2006) and “1-pyrroline-5-carboxylate synthetase (P5CS) are involved in proline
synthesis (Nanjo et al. 1999). T. hamatum is reported to increase tolerance of cocoa
plants to water deficit through increasing root growth that provide greater water resources
to treated plants and delays the onset of water deficit in these plants (Bae et al., 2009).
Squash plants treated with T22 or other beneficial microorganisms were more tolerant of
salinity than untreated ones (Yildirim et al., 2006). These data, along with the frequent
observation that the greatest advantage of Trichoderma treatments to plants occurs when
they are under stress, gives credence to the concept that these beneficial fungi ameliorate
both biotic and abiotic plant stresses.
Endophytic dark septate fungi (DSE) are a group of environmentally hardy fungi,
which live in symbiotic relationships with the majority of land plants, including rice and
wheat. (Jumpponen and Trappe, 1998; Yuan,et al., 2010). However, despite their ubiquitous
presence in plant roots, DSE have received little attention, until recently. Studies have
now shown they can provide considerable benefits including improved nutrient uptake
and increased tolerance to salinity and heavy metal pollution (Waller, et al. 2005; Mandyan
and Jumpponen, 2005; Upson, 2009).
The widespread occurrence of DSE and Trichoderma indeed suggests their significant
(albeit unresolved) ecological role with considerable potential to improve agricultural
productivity and sustainability, with particular significance in stressed environments.
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Recently dark septate fungi found in plants growing under stressed environments such
as alpine habitats and arid grasslands have been reported to increase their resistance to
drought and heat and facilitate the acquisition of nutrients (Porras-Alfaro et al. 2008).
Rhizosphere fungus Paraphaeosphaeria quadriseptata enhanced plant heat stress
tolerance of Arabidopsis thaliana through induction of HSP101 and HSP70 the conserved
components of the stress response (McLellan et al. 2007). Piriformaspora indica an
endophytic fungus confers drought tolerance in Arabidopsis thaliana through priming of
the expression of a quite diverse set of stress related genes in the leaves, resulting in
stronger upregulation of the message levels for phospholipase, calcineurin B-like proteins
(CBL 1) and histone acetyltransferase (HAT) in P. indica colonized seedlings (Sheramati
et al. 2008).

Symbiotic fungi for alleviation of abiotic stress
AM fungi is the most extensively studied fungal symbionts (Barrow et al 2008).They are
microscopic filamentous fungi that colonize the roots and their rhizosphere simultaneously
and spread out in the form of ramified filaments (Nasim, 2010). Numerous studies
support the fact that plant colonized by mycorrhizal fungi is better nourished and better
adapted to its environment. It gains increased protection against environmental stresses,
such as drought, (Augé et al, 2008), cold (Charest et al 1993), salinity and heavy metal
toxicity (Chaudhry 1999) micronutrient imbalances and pathogens (Siddiqui and Singh,
2004, 2005). On the whole, the growth and health of colonized plants is improved and at
the same time, obtain increased protection against biotic and abiotic stresses detrimental
to their survival.
Mycorrhizal plants may avoid drought to some extent through enhanced water uptake
at low soil moisture levels by increasing host growth rates during drought, by affecting
nutrient acquisition and possibly hydration and water use efficiency (Augé, 2001). AM
fungal hyphae contributed extensively in terms of improving soil structure and its water
holding capacity (Miller et al, 2000). AM symbiosis can also result in altered rates of
water movement into, through and out of host plant, with consequent effects of tissue
hydration and leaf physiology (Nasim, 2010).
AM symbiosis also increase the flexibility of host plants against salinity stress,
perhaps with greater consistency than to drought stress (Cho et al, 2006) and occur
widely in salt stressed environment (Wang and Liu, 2001). They help in alleviating the
effects of salinity (Al Karaki et al, 2001) by compensating nutritional imbalances imposed
by salinization through mproved nutrient acquisition, (Sylvia and Williams, 1992) by
enhancing the ability of the plants to cope with salt stress (Jahromi et al, 2008) and ion
balance (Giri et al, 2007), protecting enzyme activity (Rabie and Almadini, 2005),
facilitating water uptake (Ruiz Lazano and Azcon, 1995) and improving plant nutrient
uptake, (Asghari et al, 2005).
Symbiotic stress tolerance involves activation of host stress response systems as
soon as the plant is exposed to stress. This helps the plant in avoiding and/ or adjusting
the stress impact (Schulz et al 1999; Redman et al, 1999) and synthesis of antistress
chemicals by endophytic microbes (Miller et al 2002; Schulz et al, 2002). Apart from it,
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the mutualistic behaviour of the plant and the microbes (endophytic fungi) also plays a
big role because the endophytes act as biological triggers to control the activation of
host stress response systems (Rodriguez et al,. 2004).

Alleviation of abiotic stress in plants by rhizosphere and endophytic bacteria
Bacterial inoculates have been applied as biofertilizers and can increase the effectiveness
of phytoremediation. Recent studies have shown that some strains of PGPR can elicit
tolerance to abiotic stresses. PGPR-induced physical and chemical changes in plants
that result in enhanced tolerance to abiotic stresses such as drought, salt and nutrient
excess or deficiency is termed as “induced systemic tolerance” (Yang et al. 2009).
Rhizobacteria inhabiting the sites exposed to frequent stress conditions, are likely to be
more adaptive or tolerant and may serve as better plant growth promoters under stressful
conditions (Lifshitz et al. 1986).
Root-colonizing non-pathogenic bacteria like Pseudomonas can provide ‘bioprotection’
against biotic and abiotic stresses, and some root-colonizing bacteria increase tolerance
against abiotic stresses such as drought, salinity and metal toxicity. Recent research is
now being focused on developing PGPR strains that could allow healthy growth of plants
even in saline or drought hit soils by stimulating the plant defensive metabolism (Barriuso
et al, 2008).
The PGPR strains produce cytokinin and antioxidants, which result in abscisic acid
(ABA) accumulation and degradation of reactive oxygen species (Stajner et al., 1997).
Some PGPR strains also produce gibberellins and indole acetic acid that increases root
length, root surface area and number of root tips, leading to better uptake of nutrients
thus improving plant health under stressed conditions (Egamberdieva and Kucharova,
2009).
Microbe-associated molecular patterns (MAMPs) analogs cell surface components
like flagellin and lipopolysaccharides (LPS) of beneficial Pseudomonas spp. are potent
inducers of the host immune response (Bakker et al., 2007). Siderophores (Leeman et
al., 1996) and antibiotics like 2, 4-diacetyl phloroglucinol (2, 4-DAPG) produced by some
fluorescent Pseudomonas spp., can also function as MAMPs in triggering the immune
response. (Weller et al. 2002). Bacillus subtilis GB03 confers salt tolerance in A. thaliana
by tissue specific regulation of HKT1 (Zhang et al., 2008). SA-dependent pathway is
reported to be involved in the Bacillus sp. induced defense responses (Barriuso et al.,
2008). Serratia proteamaculans ATCC 35475 and Rhizobium leguminosarum pv. viciae
inoculation can help alleviate salinity effects on the antioxidant enzymes, photosynthesis,
mineral content and growth of Lactuca sativa grown on saline soils (Han and Lee, 2005).
Co-inoculation of Pseudomonas sp and Rhizobium sp. on maize under salt stress resulted
in salt tolerance from beneficial bacterial inoculation which was mediated through decrease
in electrolyte leakage, osmotic potential as well as increase in the production of proline
and selective uptake of K ions (Bano and Fatima 2009).
Proline accumulation is also correlated with drought and salt tolerance in plants
(Chen et al., 2007). It protects membranes and proteins against the adverse effects of
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high concentration of inorganic ions and temperature extremes and functions as a
hydroxyl radical scavanger (Smirnoff and Cumbes 1989). Accumulation of proline buffers
cellular redox potential under environmental stresses (Wahid and Close 2007). Inoculation
with ACC deaminase containing bacteria induce longer roots which helps in the uptake
of more water from deep soil under drought stress conditions, thereby increasing water
use efficiency of the plants under drought conditions (Zahir et al., 2008).
Production of ethylene in plants also regulates plant homoeostasis that may result in
reduced plant growth under stress conditions. Plant ACC is degraded by bacterial cells
to supply nitrogen and energy in the presence of ACC deaminase producing bacteria. By
removing ACC, the bacteria reduce the harmful effect of ethylene which helps in
ameliorating plant stress and promoting plant growth (Glick 2007).
The expression of bacterial cold shock proteins (CSPs), (Csp A and Csp B) also
improves tolerance of transgenic rice, maize and arabidopsis plants to a number of abiotic
stresses like cold, heat and water deficit resulting in improved yields under field conditions
(Castiglioni et al., 2008). Root colonization of Arabidopsis thaliana by Pseudomonas
chlororaphis O6 induced tolerance in the plants against biotic and abiotic stresses due
to the production of a volatile metabolite, 2R, 3R-butanediol (Cho et al., 2008).

Host gene: stress tolerant varieties
A lot of work is in progress to develop the crop varieties which can tolerate abiotic stresses.
A good progress has already been made in rice. During recent years the International
Rice Research Institute has made considerable progress in developing rice varieties with
increased tolerance to submergence, drought and salt stress.
The submergence tolerance gene SUB1 was identified from an Indian land race from
Orissa, FR13A. It was fine mapped and transferred into several mega rice varieties, five of
them are from Indian subcontinent, using marker assisted backcross (MABC) approaches
to conventional plant breeding. These mega varieties are Swarna (MTU7029), Samba
Mahsuri (BPT5204), IR64, CR1009 and BR11.
The research providing the foundation for this achievement reaches back to the 1970s,
when stress-tolerant varieties such as FR13A were discovered through systematic
screening of germplasm collections (Khush and Coffman, 1977). Genetic studies of
submergence tolerance were only advanced with the use of molecular mapping through
DNA markers in the 1990s. Through the use of RAPD and RFLP markers, Xu and Mackill
(1996) identified a major quantitative trait locus (QTL) for tolerance on rice chromosome
9 using a parent that derived its strong submergence tolerance from FR13A. This single
QTL explained about 70% of the phenotypic variation in the F2-F3 population. This QTL,
designated as SUB1, was further fine-mapped to a small enough interval to allow markerassisted selection with tightly linked markers (Xu et al., 2000; Xu et al., 2004). Using a
positional cloning approach, the SUB1 locus was found to consist of three ethylene
response-like transcription factors designated SUB1A, SUB1B, and SUB1C (Xu et al.,
2006). SUB1 is an ethylene response factor and its expression is induced by ethylene
(Fukao and Bailey-Serres, 2008a). Thus, the accumulation of ethylene when plants are
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submerged conveniently induces this gene. Most plants undergo rapid leaf, sheath, and
internode elongation when submerged. This leads to rapid expending of energy and death
of the plants if submergence is prolonged. Plants expressing SUB1, on the other hand,
show an inhibition of elongation and, upon submergence, they recover rapidly and continue
growth (Fukao and Bailey-Serres, 2008b).
In 2003, IRRI started a program to introduce the SUB1 gene into mega-varieties
popular in Asia (Mackill et al., 2010 & 2011). The objective was to introduce only a small
segment of the chromosome 9 region harboring the SUB1 gene. Initial evaluation indicated
that these mega varieties were phenotypically identical to the original varieties in nearly
all traits. One notable exception was that the two varieties with dark-colored hulls (Swarna
and TDK1) had a change of hull color to light or straw color with the introduction of SUB1.
This would indicate that SUB1 must be tightly linked to a gene that inhibits the expression
of the dark-colored hull. The lack of a colored hull is not an undesirable trait and, in some
cases, this is viewed favorably as a way to distinguish the seed of Swarna from SwarnaSub1.
Mega varieties with SUB1 gene varieties are being widely evaluated both at farmers’
fields and on research stations through the research institutions. They have shown
excellent promise at farmers’ fields in India, Bangladesh and Nepal under flash flood
condition even up to 17 days of complete submergence (Bari et al., 2010; Singh et al.,
2009, Singh et al., 2010). In one such trial in Orissa, India, conducted by state agriculture
department, minimum yield of Swarna-Sub1 after 13 days of submergence was 2.9 tons/
ha, whereas under similar condition no other rice variety could be harvested. On an
average they offer yield advantage of one to 3 t/ha following submergence for variable
durations as compared to other varieties. Importantly, these tolerant varieties reduce
farmers’ risk. One of these lines Swarna-Sub1 is already released in India; two (SwarnaSub1 and BR11-Sub1) in Bangladesh and two (swarna-Sub1 and Samba Mahsuri-Sub1)
in Nepal for commercial cultivation whereas others are likely to be released soon (Mackill
et al., 2011). These Sub1 varieties provide a significant yield advantage even under short
submergence of 2 to 4 days, which may happen any where in wet season in rice growing
areas. Mega varieties with SUB1 gene are capable of enhancing rice productivity in flood
prone areas by 1 to 2 tons per ha in sustainable manner. These varieties also offer
opportunities for limited rice area expansion during the wet season. Because of their
ability to tolerate multiple flash floods within a season, these varieties can be promoted
in highly flash flood prone fields where no rice is cultivated presently during the wet
season. The Sub1 varieties can tolerate flash floods up to 17 days but they are not
effective in cases where water stagnates above 25 cm usually for few weeks to months.
Recently IRRI has developed new lines which can tolerate both flash and stagnant flood.
Research at IRRI on drought tolerance was initiated about a decade back. A range of
lines with different maturity groups were developed by conventional breeding. A few short
duration drought tolerant lines (IR74371-46-1-1, IR74371-54-1-1 and IR74371-70-1-1),
developed through conventional breeding by IRRI have shown excellent promise in India,
Bangladesh and Nepal. Under severe drought (when yield of control variety like IR64 is
nil), these lines yield approx. 1 to 1.5 tons/ha. Under normal conditions, when there is no
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drought, these lines are as good as or better than the current popular rice varieties
being grown in these areas. On an average they offer yield advantage of 1 ton/ha as
compared to existing popular rice varieties. One such line is already released in India
as Sahbhagi Dhan, in Nepal as Sookha dhan 3 and in Bangladesh in the name of BRRI
dhan 56. . This variety performs well under both upland and lowland conditions. Recently,
QTLs with large effects on grain yield under drought stress, namely DTY 1.1, DTY2.1,
DTY 2.2, DTY 3.1 , DTY 4.1 , DTY 9.1 and DTY 12.1 have been identified by IRRI scientists,
explaining 31-77% of the phenotypic variance. Some of these QTLs are associated
with root growth. Efforts are being made to transfer drought tolerance QTLs to mega
varieties like Swarna-Sub1 and IR64-Sub1 using the MABC breeding approach to manage
the situations where both drought and flood occur in same crop season at different
points of time (Bari et al., 2010, Singh et al, 2010)..
Rice varieties recently released in India including CSR-36 and Narendra Usar
Dhan 3 have shown great promise for cultivation in sodic / saline (Usar) soils of Uttar
Pradesh and Bihar in India. One IRRI line (CSR-89-IR8) has shown very good
performance in Usar soil and is likely to be released soon for the commercial use.
Similarly some salt tolerant lines developed at IRRI have shown excellent promise for
coastal saline areas in India and Bangladesh. Two lines have already been released in
Bangladesh in the name of BRRI Dhan 47 (IR63307-4B-4-3) and BINA dhan 8. Another,
IR 72046-B-R-3-3-3-1 showed good performance in coastal saline areas of Orissa and
West Bengal both during kharif (wet) and rabi (dry) seasons, and is likely to be released
soon. Besides, IRRI made considerable progress in developing a MABC system for the
major QTL, Saltol, associated with salinity tolerance in rice (Redona and Refuerzo,
2010). Through MABC, this locus has been introgressed into three popular varieties,
BR11, BRRI Dhan 28 and IR64 (Bari et al., 2010; Singh et al., 2010). Preliminary trials
conducted under greenhouse conditions showed that introgression of this QTL
significantly improved salt tolerance of these varieties. These are now being evaluated
in farmers’ fields. Availability of these salt tolerant varieties provide greater opportunity
for increasing and stabilizing productivity in salt affected areas, particularly when
combined with best agronomic practices specific for salt affected areas.
A good progress has been made in developing rice varieties with multiple stress
tolerance like submergence + salinity, submergence + drought, flash flood + stagnant
flood etc. These varieties should be very useful in managing abiotic stresses in field as
quite often more than one stress is involved (Bari et al., 2010).

Conclusion
Abiotic stress such as, drought, high soil salinity, heat, cold, oxidative stress and heavy
metal toxicity is the common adverse environmental conditions that affect and limit crop
productivity worldwide. So far no attempt has been made to test the efficacy of microbes to
enhance tolerance of plants to flooding. There is need to explore microbes like Trichoderma
and PGPR for their ability to enhance submergence tolerance of crops like rice.
Use of microbes may be a promising alternative strategy to overcome the limitations
to crop production brought by abiotic stress and for better plant health and protection
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because they are environmental friendly, cost effective and can also provide protection
against biotic stresses. However, most of the work done on use of the microbes for
abiotic stress management are confined mostly up to the controlled condition. There is
need to test these microbes in field for their ability to manage abiotic stresses.
Abiotic stress tolerant plant varieties particularly in rice are proving to be boon for
the farmers. However, only host gene is not enough under high stress severity or where
crop is exposed to multiple stresses like flooding, drought and diseases. Similarly
microbes alone may not be enough to provide proper protection against abiotic stresses.
Therefore evoking crop-microbe interactions within and around the roots of abiotic
stress tolerant varieties may further enhance tolerance of these varieties to not only
multiple abiotic stresses but also biotic stresses. Therefore there is need to evaluate
these microbes along with host tolerance under field condition to manage multiple
stresses.
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Biocontrol agents viz. Trichoderma spp., Pseudomonas fluorescens, Bacillus subtilis,
are the important microorganisms used for eco-friendly management of plant pathogens/
diseases of crop plants. The importance of these bioagents in plant disease management
has been realized to overcome the resistance against pesticides in the pathogens,
production of agricultural commodities free of the pesticides in the wake of globalization
of trade, checking of the pollution of hazardous chemical in the precious natural
resources, etc. Besides, the bioagents have other many qualities as to trigger systemic
resistance in plants against the pathogens, enhancing the crop growth due to uptake of
the essential micronutrients, control of nematodes, etc. Beyond doubt the biagents
have been very well proved that they are very useful component of integrated disease
management and crop production system.However, there are some key issues related
to the success of bioagents in the disease management and cropping system. These
issues includes:
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•

Testing of sensitivity of the different isolates of the bioagents viz. Trichoderma spp.
against the fungicides viz. thiram, benomyl, carbendazim,metalaxyl, combi-product
of metalaxyl MZ, carbendazim+mancozeb, etc. which are used simultaneously for
seed treatment for the management of seed and soil-borne diseases.

•

Simultaneously it will be also mandatory to develop higher tolerance in the efficient
bioagents against these fungicides. Similar strategies should be followed for
insecticides used for seed treatment to manage the sucking pests in crops.

•

The bioagents have been found comparatibly more effective to manage the seed
borne and soilborne pathogens therefore, the compatibility of the bioagents against
agrochemicals recommended in the crop production system should be studied.

•

The bioagents from different hosts crops and different cropping systems should be
isolated and characterized for their growth in respect of root exudates, colonizing
capacity of the rhizosphere, effect of soil pH, carbon status, and other soil properties
need to be studied to ascertain their role in various aspects of crop production and
plant protection.
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•

The role of the bioagents in production of siderophores for inhibiting the release of
essential elements needs to be studied.

•

The behavior of the bioagents against abiotic stresses viz. temperature, humidity
(soil wetness), soil alkalinity, soil salinity, etc. should be studied.

•

The various enzymes responsible for the biocontrol activities of the different isolates
from different agroecological regions should be studied and documented.

•

The molecular characterization of the bioagents in terms of enzymes, protein profiling,
gene sequencing, genome studied should be done to ascertain the effective gene
function.

•

The effective strains of the bioagents should be further subjected to transformation by
insertion of the desired gene for better bicontrol efficiency in a given situation.

•

The monitoring of the efficiency of the bioagents should be done under different
agroecological conditions.

•

The mass production technology of the bioagents for their longevity and quality on
different medium and carrier should be studied and improved upon them.

•

The delivery of the bioagents through seed treatment, seed priming, bioagent enrich
farm yard manures, should be studied and improved upon.

•

Packaging materials as well as carriers for better shelf life of the bioagents should be
investigated.

•

Liquid culture fermentation technology and use of liquid culture of the bioagents in the
management of diseases should be worked out.

•

The commercial formulators should be educated for various intricacies of developing
and multiplying efficient bioagents.

•

The farmers, traders, etc. should be educated for the limitation of the biagents in the
disease management, dos and don’t do, etc.

•

Demonstrations for the use of bioagents in the disease management should be
conducted and success stories be told for further propagation of the technology of
biocontrol of the plant diseases.
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Tubeuf (1914) coined the term ‘Biological control’ in relation to the plant pathogens,
while Hartley (1921) first attempted to control root diseases of plant with introduced
microbes. Cook and Baker (1983) defined biological control as the reductions of the
amount of inoculums or disease-producing activity of a pathogen accomplished by one
or more organisms other than man. Harman (2004) defined biological control as a
critically needed component of plant disease management. Important biocontrol agents
include species of Trichoderma, Gliocladium, Aspergillus, Penicillium, Neurospora,
Chaetomium, Dactylella, Arthrobotrys and Glomus, Pseudomonas fluoresens, Bacillus
subtilis and Streptomyces.
The term “biological control” or “Biocontrol” have been used in different fields of biology,
most notably entomology and plant pathology. The organism that suppresses the pest or
pathogen is referred as Biological control agents (BCAs) which are used now-a-days
instead of Biopesticides. Among the agents, some also have the ability to increase plant
growth, so these should be considered as plant growth promoting agents. Presently
emphasis is on sustainable agriculture therefore, treatment of seed/planting material
and biopriming of nurseries with biopesticides/ BCAs should be given priority. Different
microbial consortia can also be used for better control of plant diseases.
Mukhopadhyay (1987) highlighted that “Biological control of soil borne plant pathogens
by Trichoderma spp and other bioagents as a vital area of plant pathological research
all over the world these days”. Biological plant protection is too important component in
the ecofriendly management of plant diseases all over the globe. It is now widely accepted
that biological control of crop diseases is a distinct possibility for the future and can be
exploited within the frame work of Integrated Pest/ Disease Management System. We
now really need to explore this subject to bring it to the best potential for agriculture
production and crop management.

Strengthening of biocontrol research
Today, research on biocontrol is a buzz word and vogue of every lab without knowing
it’s fate .Large number of experiments are being designed for sake of a publication.
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Reviews are available on this subject which allows us to understand that how antagonists
have established their role in the management of pests. To prioritize biocontrol research
and application definitely is an utmost requirement of all plant protection managers
since; biocontrol directly or indirectly has become an important component. Some
excellent field researches conducted are not of academic interest, and it leaves you
alone but the technological transfer would greatly aid in reducing the amount of confusion
among growers for whom the technologies are developed. Role of industry need to be
emphasized and they should also come out with their viewpoints. We really also need to
develop a second generation of BCAs besides the most promising and common tested
BCAs. There is an urgent requirement of strengthening of biocontrol research in India
on microbes and their application. With upcoming techniques and tools this subject can
be upgraded like medical sciences and pharmaceuticals.

Microbial communities
The interaction between plant pathogens is not only affected by the density or microbial
spectrum of the community, but also by the function or activity of the individual components
in that community. Our lack of knowledge of how these interrelationships work are
driven along with the fact that a vast number of soil microbial species are still unknown
which require more research. We really need to clearly understand how the natural soil
populations, microbial diversity and community are influenced by different agro
ecosystems and environment. The trend towards a Biological System Management is to
develop an integrated relationship between the biological systems of the agro-ecosystem
with the crop production system. The interrelationships between biological entities –
plant, pathogen, pest and microbial community with a particular ecosystem play an
important role in developing management strategies.

Role of endophytes and PGPRs
Researches on the release of naturally occurring antagonists and enhancement of
resident antagonist are definitely a part of the recommendation combo of a plant protection
manager but the mechanism part is totally missed out. The study on the introduction of
microorganisms, promotion of root health, shift in microbial diversity, influence of soil
nutrients and organic amendments are the specific features associated to the innundative
approaches and biodiversity. The studies on the genetic binding of a microorganism to
a plant system are also important feature which highlight the rhizosphere specific
microbial communities. The role of crop cultivars is still unknown and studies in this
area will help to understand the plants ability to attract and support rhizosphere specific
microbial communities. The importance of entophytes needs attention which has
remained a neglected area, since this could make us understand rhizosphere specific
microbial community structure for root health. Improved techniques should allow analysis
of the biological system management through estimation of natural biological activity in
soils in absence of soil suppressiveness. Endophytes and plant growth promoting bacteria
help in rhizosphere to control the growth of many soil borne pathogens.
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Inconsistency of introduced biological control agents
In nature, due to the interaction of several populations of microorganisms, soil
suppressiveness usually limits disease incidence efficiently and consistently. But in
absence of this phenomenon we are bound to use the introduced antagonists, which are
target specific limiting the crop protection and therefore multitargetted biological control
strategy is required.

Search for new mycoparasities and techniques
Identification of new mycoparasities would be a great contribution for biocontrol research.
Although the standard screening procedures are apt for the saprophytes which can
very well grow on agar media by using mycelial inhibition technique but still we have a
scope to search some BCAs for obligate parasites and develop new methodologies for
isolation. Identification of new mycoparasite will make a substantial contribution to
biocontrol. The areas need more emphasis for instance, development of effective
techniques against obligate parasites viz., powdery mildews, downy mildews. Newer
techniques need to be developed which very well fit into integrated crop management
systems.

Control of necrotrophic fungal foliar pathogens
Necrotrophic pathogens may equally well colonize and sporulate upon naturally dead
plant tissues, but antagonist applications may result in preemptive colonization of this
substrates by saprophytes excluding the later-arriving pathogen. Several examples
have demonstrated the validity of this approach which aims at a retardation of epidemics
instead of protection of an individual plant. Biocontrol resulting in reducing sporulation
is likely to be consistent but may not always be sufficient as a standalone treatment. In
integrated control, the impact of reduced sporulation and disease might be comparable
with the use of tolerant varieties. With continued development of sustainable agricultural
and conservation tillage, an increasing amount of crop residue left on the soil surface
will increase inoculum production of necrotrophic pathogens with serious epidemiological
consequences. Microbial sanitation merely aiming to imitate the mechanical removal of
plant debris may reduce this problem.

Post harvest disease management
Biocontrol agents need to be maintained in a constant physical and chemical
environment. The BCAs should be well placed at the infection sites since the post
harvest pathogens are wound invading and depend on exogenous nutrients for the
pathogenic process. The promising antagonist needs to be improvised for the broad
spectrum activity and manipulation of the BCAs environment, development of the
antagonist’s mixture and increase in ecological fitness. Yeast antagonists and fungal
biocontrol agents can be used to control foliar and post harvest losses.
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Use of chitinolytic enzymes for biocontrol of plant pathogens
Chitinases from fungi, bacteria and plants can serve as potent disease control agents
against fungal plant pathogens .The possibility of protecting plants by the application of
lytic enzymes opens a new field for the development of chitinases as an alternate
sources for the control of plant diseases caused by fungi. Fungal chitinases and possibly
the genes encoding them are effective and need to be incorporated. Genetic
transformation of existing biocontrol fungi that are well adjusted to their environment is
likely to enhance their biocontrol capabilities.

Liquid cultivation of the biocontrol agent
Liquid cultivation is a well developed technology in food and pharmaceutical industries.
This can be well implemented here for long-term capital investment and strains need to
be developed for commercial antibiotic production. The selection of liquid culturable
strains of popular biocontrol agents viz., Trichoderma, Pseudomonas, use of appropriate
bioassays for presence of bioactive molecules (antibiotics, plant growth regulators and
enzymes) identification of chemical structures, use of chromatographic or other fast
and easy methods for evaluating metabolite accumulation, maximizing the storage
capability and efficacy are the new area of research.

Antifungal metabolites from bacterial antagonists
Determination of Pseudomonas strains for identification of antifungal metabolites are
capable of inhibiting plant pathogenic microorganism and the identification of genetic
system involved in the production of these metabolites should be taken up to offer inside
into their biosynthesis and regulation. Many examples are available in the literature
which needs to be further explored.

Quorum sensing
Quorum sensing is one of the core areas of research on plant microbe interactions
which is indeed very interesting for biocontrol scientists in studying the better
understanding of the biocontrol agents and their efficacy.

Diagnostic assay
The diagnostic assays such as PCR assays, multiple PCR assays combined with
hybridization assays, chromosomal DNA sequencing are used for the development of
probes for not only plant pathogens but also to biocontrol agents. To date, little such
work has been reported. When specific strains of biocontrol organisms are released
into the environment from the laboratory, they can be tagged with specialized marker
genes to facilitate their subsequent detection. An example for such marker that should
be appropriate for identification of biocontrol strains in the environment is fluorescent
Pseudomonas. Naturally it is Lac - and, therefore, introduced as Lac YZ on a plasmid
vector into Pseudomonas. The resultant strain was Lac + and cleaved the chromogenic
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substrate X-GAL to produce blue colonies in vitro; however, detection based on a Lac+
phenotype may not be widely applicable since the phenotype is widespread in the soil
microflora.
Strains of A.tumefaciens are able metabolize usual amino acids opines. Genes
involved in this pathway may therefore be introduced into biocontrol strains to provide
novel molecular markers. The moc (mannityl opine catabolism) gene was cloned and
introduced into a preselected site on the chromosome of a plant-growth-promoting
bacterial strain by marker exchange mutagenesis. A novel assayable phenotype to the
engineered species is the directed fusion of sequences from phylogenetically distinct
organisms should provide unique tags for any organisms. The engineered fusion can
be detected specifically by PCR using inwardly directed primers from the gene fusion.

Microarray technology
This technology has tremendous interest among scientists which helps in monitoring the
whole genome on a single chip so that researchers can study the interactions among
thousands of genes simultaneously. There are two major application forms of the DNA
microarray technologies: identification of sequences (gene or gene mutations) and
determination of expression levels or abundance of gene which can be further utilized
in species identification and assessment of genetic difference of several fungal genome
in a particular ecological niches.

Use of antagonists as plant activators
The antagonists have a potential of working as plant activator through activation of host
defence mechanism and the signal system which varies with the host pathogen system.
Work should be directed towards the development of biological plant activators effective
in different environmental conditions. These activators can be also used as component
of Integrated Pest Management system.

Enhancement of rhizosphere colonization of biocontrol agents
Research on the appropriate fungi or bacteria, individually or in combination with other
microbes, can be formulated onto plant seeds for enhanced colonization and/or biocontrol
activity. Perhaps the most exciting use of genetic approaches in colonization research
is the genetic manipulation of biocontrol agents to enhance colonization of the
subterranean portion of plant by these biocontrol agents. Agriculture situations may
occur where it is advantageous to use biocontrol agents that are nonpersistent in the
environment. Genetic approach has been used to construct nonpersistent mutants of
biocontrol bacteria. These mutants are ideal candidates for genetic containment strategies
for genetically improved strains. These nonpersistent strains also may be useful in seed
treatment with multiple strains where a temporal succession of biocontrol agents is
desired for the biocontrol of multiple pathogens. Finally, genetic approaches are being
devised to enhance colonization and microbial activity by plant-beneficial bacteria. We
also need to understand for its regulation also because this will remain as an academic
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research.

Use of biocontrol agents in abiotic stresses
Though biopesticide/BCAs are effective in controlling pests but sometimes the field efficacy
is threatened due to the extreme stress condition of the environment. Fungal Biopesticides
requires proper moisture contents to germinate their spores but in certain regions where
the atmospheric moisture is very low due to high temperature the fungal spores fails to
germinate results in decrease in the efficacy of the bio-control agents (BCAs). This is a
serious issue as the farmers are not aware of the fact which results in the decrease in the
efficacy of the commercialized BCA. Hence, there is a less acceptance of the BCA in
commercial scale compared to chemical pesticides. Farmers wants high productivity of
crops with less investment, hence there should be a productive efforts to generalize the
concept of acceptance of the BCA by dislodging the drawbacks. One such effort is to
develop a suitable and user-friendly delivery mechanism of CA’s which will also passively
protect the BCA’s from environmental stress condition.
Trichoderma spp. are better understood for their biopesticidal and biofertilizer
characteristics but little information is available about their ability to manage abiotic
stresses. Fungal- fungal / fungal- bacterial associations (Trichoderma, Pseudomonas
and AMF), particularly with genetic tolerance of the host, will increase crop resilience
and stabilize yields over time, this will help farmers cope with less and more erratic
rainfall, with soils of low fertility and high salinity. Increased crop resilience will bring
economic benefits to the farmers via improved yields and less reliance on chemical
pesticides and fertilizers. Fewer chemicals will bring an ecological benefit of reduced
environmental contamination.
A range of biotic and abiotic stresses e.g., nutrient deficiency, unfavorable climate
and diseases, combine to reduce the yield of different crops. In addition, changing
climate resulting in more frequent flash floods and droughts and changing disease
scenario and incompatible crop management strategies have considerably weakened
the sustainability of the system. However, only host gene is not enough under high
stress severity or where crop is exposed to multiple stresses like flooding, drought and
diseases. Evoking crop-microbe interactions within and around the crops can stimulate
growth under difficult conditions, stabilize soil structure and provide defense against
disease; and better and more stable yield under changing climate.
Root-colonizing non-pathogenic bacteria like Pseudomonas can increase plant
resistance to biotic and abiotic stresses. Bacterial inoculates have been applied as
biofertilizers and can increase the effectiveness of phytoremediation. Inoculating plants
with non-pathogenic bacteria like Pseudomonas can provide ‘bioprotection’ against
biotic stresses, and some root-colonizing bacteria increase tolerance against abiotic
stresses such as drought, salinity and metal toxicity. The role of Arbuscular mycorrhizal
fungi (AMF) in agricultural systems has been increasingly recognized in recent years,
with research showing these fungi improve nutrient uptake by the host plant and increase
its tolerance to abiotic stresses, such as drought and waterlogged soils. AMF and some
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PGPR also elicit physical or chemical changes related to plant defense, a process referred
to as induced systemic resistance (ISR). ISR elicited by PGPR has suppressed plant
diseases caused by a range of pathogens in both the greenhouse and field. AMF has
shown the beneficial effect under drought conditions and performs even better under
nutrient deficient conditions. Trichoderma spp are also known to act both as biopesticide
and biofertilizer and enhances plants’ tolerance to biotic (diseases) and abiotic (salinity,
drought and metal toxicity) stresses.

Use of biocontrol genes
Large scale production of Trichoderma spp. as a biocontrol agent is now underway in
several countries and this to be a promising microbe has lead everybody to have no
doubt about its performance. The species of Trichoderma are known to produce different
kinds of enzymes which have a significant role in biocontrol activity like cell wall
degradation, biotic and abiotic stress tolerance, hyphal growth, antagonistic activity
against plant pathogens. Tubulins are structural proteins made of microtubules and
they help in studying the cell wall composition of the pathogens .Chitinase helps in the
breakdown of the glycosidic bonds. Glucose oxidase catalyses D-glucose to D-glucono1, 5-lactone and hydrogen peroxide are known to have antifungal effect. Xylanase
helps in breaking hemicellulose a major component of plant cell walls. By the advance
techniques laid in the molecular biology, we can easily isolate, characterize, clone,
sequence and express the functions of these genes and can study their functions and
role in the biocontrol mechanism. Some of the important genes are protease, chitinase,
glucanase, tubulins, proteinase, xylanase, monooxygenase, galacturonase, cell adhesion
proteins and stress tolerant genes. These valuable genes can be transformed into plants
for disease resistance and improvement of plant growth. T. harzianum, T. viride, T.
atroviride, T. reesei, T. hamatum and T. longibrachiatum are some of the important
species which need to be explored.

Industrial view point
The human population of our country is growing and will continue to grow in the coming
decades. The real challenge to the agricultural community in India is to fulfill the growing
demands of food. India is an agricultural based country and the economy of the country
depends largely on this sector.

BCAs and nanotechnology
One of the emerging aspects to increase the field efficacy of biopesticide is by
implementing nanotechnology. Major challenges related to agriculture like low productivity
in cultivable areas, large uncultivable areas, wastage of inputs like water, fertilizers,
pesticides, wastage of products and of course food security for growing numbers can
be addressed through various applications of nanotechnology. In the agricultural sector,
nanotech research and development is likely to facilitate and frame the next stage of
development of crops. These applications are largely intended to address some of the
limitations and challenges facing large-scale capital intensive farming systems.
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Nanobiotechnology now appears to offer a new suite of tools to manipulate the genes of
plants or animals by using nanoparticles, nanofibres and nanocapsules, rather than
using viral vectors, to carry foreign DNA and chemicals into cells .These nonmaterial
can transport a much larger number of genes as well as the chemicals that trigger gene
expression. The detection and management of plants pathogens, host-pathogen
interactions, and development of nanoparticles through microbes offering plant
pathologists and nanotechnologists immense possibility of using microbes including
plant pathogens to produce nanoparticles (Banik and Sharma 2011).Theoretically, the
use of nanotechnology also offers greater control over the release of DNA at the target
site. Nanobiotechnology is already enabling scientists to rearrange the DNA of agricultural
crops. For example coating Beauveria bassiana (an entomopathogenic fungus) with
lignin for protection from solar radiation and effects on pathogenicity to Lygus. Nanotechnology for entrapping Metarhizium anisopliae spores with lignin was developed.
The lignin coating protects the spores by absorbing the UV radiation. Similarly Mishra
and Kumar (2009) studied the impact of metal nanoparticles on the plant growth promoting
rhizobacteria. Tamil Nadu Agricultural University (India) and Technologico de Monterry
(Mexico) Nano-formulated a herbicide to attack the seed coating of weeds, destroy soil
seed banks and prevent weed germination (Raj 2006). Australian Commonwealth Scientific
and Industrial Research Organization nano-encapsulated active ingredients of pesticides
including herbicides into a very small size of nanocapsules to increases their potency
(Invest Australia 2007).
National research Council took into account modern biotechnological developments and
referred to biological control as “the use of natural or modified organisms, genes, or
gene products, to reduce the effects of undesirable organisms and to favor desirable
organisms such as crops, beneficial insects, and microorganisms”, but this definition
spurred much subsequent debate and it was frequently considered too broad by many
scientists who worked in the field (US Congress, 1995). Because the term biological
control can refer to a spectrum of ideas, it is important to stipulate the breadth of the
term when it is applied to the review of any particular work.

Regulations
One of the problems regarding establishment of biopesticides/BCAs is the issue with
regulatory system. The regulatory system for biopesticides is modeled on a chemical
pesticides model which may not be very appropriate as the two categories are vastly
different in terms of safety. Chemical Pesticides is not at all environmentally safe and
falls under orange category and biopesticides should always be considered in green
category as it is eco-friendly. In order to simplify the registration system and motivate
the use of biopesticides the following recommendation are made:
To take out biopesticides from the purview of the Insecticides Act-1968 and enact a
separate “Biopesticides Act” for their evaluation and registration. In view of their inherent
safety and long term social as well as environmental benefits, it is advisable to seek only
the need based toxicological and other data and fix only a nominal fee for registration of
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biopesticide so as to hasten the process and reduce cost. To exempt biopesticide from
the State and Central Sales Taxes, Excise Duty and VAT to make these more affordable
to farmers.
Quality control
Some recommendations should be undertaken for ensuring quality control of biopesticide/bio-formulation products. A separate board may be setup to monitor quality
control and registration of biocontrol agents. The quality of bio-formulations at various
stages of production, marketing and applications should be checked properly by separate
testing laboratories with adequate infrastructure and manpower (Technical experts).
This can be done through different SAUs, and Agriculture and Horticulture departments
in different states of the country. All the above can be first approved by Central Insecticide
Board (CIB). This can lead to success at the field level and it will increase farmer’s
participation and confidence also.CIB be requested to form a technical expert committee
to see the infrastructural facilities of biopesticide manufacturing units before granting
registration under section 9(3B) or 9(3). The existing production unit will be subjected
to accreditation.

Commercialization of BCAs
Commercial use and application of biological disease control have been slow mainly
due to their variable performances under different environmental conditions in the field.
This problem can be solved by better understanding of the environmental parameters
that affect the biocontrol agents. In addition to this problem, there has also been relatively
little investment in the development and production of commercial formulation of biocontrol
active microorganisms probably due to the cost of developing, testing, registering and
marketing of these products. Biological control agents are generally formulated as wettable
powders, dusts, granules and aqueous or oil based liquid products using mineral and
organic carriers. A large number of companies with more diverse product lines including
a variety of agrochemical and biotechnological products have played a significant role
in the development and marketing of the products for the control of plant pathogens.
Biocontrol products are either marketed as standalone product or formulated as
mixture with other microbial. Some products with biocontrol properties may not be
registered, but sold instead as plant strengtheners or growth promoters without any
specific claims regarding disease control.
To help improve the global market perception of biopesticide as effective products,
the biopesticide industry alliance is establishing a certification process to ensure industry
standards for efficacy, quality and consistency. To improve commercial use and
application of biological disease control it is extremely important to emphasize and
concentrate on several factors including training of growers, formulation of biocontrol
microorganisms and studying the role of environmental factors.

Increasing faith among farmers
Most of the farmers in the country do not have sufficient and clear knowledge on the
use of BCAs. The farmers need to be educated. In order to educate farmers, educating
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and training extension workers is most important. This can be done through demonstration
trials on the cultivator’s field, as seeing believes. An intense publicity programme can
be done through media like TV, Radio, seminars, exhibitions and write ups in local
newspapers.
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Biotic stresses are the major limiting factors in realizing the yield potential of crop plants and
result in about 25% annual loss of crop produce in India (NAAS, 2008). Several chronic
diseases, including diseases of unknown etiology such as yellow rust, foliar blight and Karnal
bunt in wheat, bakane disease and sheath blight in rice/maize, bract mosaic in banana,
downy mildew of maize, soybean mosaic, citrus dieback and Phytophthora diseases, root
knot in vegetables and rice/wheat, coconut (root) wilt, crown rot of oil palms, brown blast
disease of rubber etc. are of serious concern by virtue of their resurgence capabilities resulting
from the change in cropping systems/climatic patterns. Besides, Groundnut bud necrosis
virus (GBNV), an opportunistic pathogen moving from groundnut to other fabaceous and
solanaceous crops causing soybean bud blight, mungbean/urd bean leaf curl, tomato bud
blight and potato stem necrosis and Tobacco streak virus (TSV) in sunflower and other crops
are emerging as serious problem. The nectrosis disease caused by TSV has nearly wiped
out sunflower production recently and is threatening groundnut also.
For more than two decades, transgenic research received considerable attention in
combating chronic and emerging pathogens by pyramiding transgenic resistance over intrinsic
plant resistance. Transgenic resistance can be developed by transforming plants with
resistance imparting transgenes derived from either pathogens or hosts or other sources.
Various genes of viruses have been used to develop Ist generation transgenics. Such genes
or their products are essential for virus replication, movement, pathogenesis etc. The commonly
deployed genes are coat protein, replicase and movement protein.
Transgenic approach has been successfully used to generate virus resistant transgenic
papaya using coat protein gene (Varma et al., 2002; Fuchs and Gonsalves, 2007; Collinge et
al., 2010). Although with initial success in developing resistance, expression of viral derived
genes have some related concerns, like the expression levels, strain specific approach and
expression of foreign protein. Besides, there is possibility of generation of new viruses/strains
as a result of recombination/transencapsidation. To overcome these problems, RNA mediated
gene silencing approach has been attempted. In modern RNAi world, various constructs,
viz., antisense, inverted repeats/hairpin, miRNA and artificial miRNA, have been designed to
develop 2nd and 3rd generation transgenics. These constructs have lead to the formation of
dsRNA, which triggers the RNAi pathway and silence the complementary viral genes
(Waterhouse et al., 2001; Voinnet, 2001; Ramesh et al., 2007). Biosafety issue is another
concern in the deregulation procedure of a transgenic crop. Efforts have been taken to minimize
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the foreign gene load on transgenic plants by using non-antibiotic/marker free selection
system, stacking of multiple resistance genes and targeted gene delivery in the host to
prevent undesired effects.
Transgenic research against plant pathogens did not receive adequate attention in India.
With some exceptions, efforts are in progress at various Centers in the country to develop
virus resistant transgenic plants (Table 1). In fact, it is essential to launch an aggressive
programme for developing transgenic plants, as there is a great potential in minimizing the
losses caused by the pathogens through transgenic crops.
Table 1: Research efforts for developing transgenic resistance against plant pathogens in India
Crop

Resistance against*

Research Centre**

Horticultural crops
1. Banana
2. Cassava
3. Citrus

BBTV / Wilt
ICMV
CTV

4.
5.
6.
7.

CMV / WBNV
PVY / PALCV / Late blight
PRSV / PLCV
ToLCV / TMV / CMV / GBNV

IARI / NRC Banana
CTCRI
IARI / South Campus,
Delhi University
IARI / IIHR
IARI / CPRI
IARI / CISH
IARI / IIVR / IIHR

Cucurbits
Potato
Papaya
Tomato

Agricultural crops
1. Cotton
2. Groundnut
3. Mungbean
4. Rice

CLCV
GBNV / TSV
MYMV
RTSV / RTBV

5.
6.

MYMV
TSV

Soybean
Sunflower

IARI / CICR
IARI / DGR
Madurai University
South Campus,
Delhi University / TNAU
IARI / DSR
IARI / DOR

* BBTV: Banana bunchy top virus; CMV: Cucumber mosaic virus; CTV: Citrus tristeza virus; CLCV:
Cotton leaf curl virus; GBNV: Groundnut bud necrosis virus; MYMV: Mungbean yellow mosaic virus;
PRSV: Papaya ringspot virus; PVY: Potato virus Y; PALCV: Potato apical leaf curl virus; RTSV/RTBV:
Rice tungro spherical and bacilliform viruses; TSV: Tobacco streak virus; WBNV: Watermelon bud
necrosis virus.
**CICR: Central Institute for Cotton Research, Nagpur; CISH: Central Institute for Subtropical
Horticulture, Lucknow; CPRI: Central Potato Research Institute, Shimla; CTCRI: Central Tuber Crop
Research Institute, Thiruvananthapuram; DGR: Directorate of Groundnut Research; DOR: Directorate
of Oilseeds Research, Hyderabad; DSR: Directorate of Soybean Research, Indore; IARI: Indian
Agricultural Research Institute, New Delhi; IIHR: Indian Institute of Horticultural Research, Bangalore;
IIVR: Indian Institute of Vegetable Research, Varanasi; NRCG: National Research Centre for
Groundnut, Junagadh; TNAU: Tamil Nadu Agricultural University, Coimbatore.
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