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    Progress in Biological Control   

 Series Preface

Biological control of pests, weeds, and plant and animal diseases utilising their 
natural antagonists is a well-established and rapidly evolving  fi eld of science. Despite 
its stunning successes world-wide and a steadily growing number of applications, 
biological control has remained grossly underexploited. Its untapped potential, however, 
represents the best hope to providing lasting, environmentally sound, and socially 
acceptable pest management. Such techniques are urgently needed for the control 
of an increasing number of problem pests affecting agriculture and forestry, and to 
suppress invasive organisms which threaten natural habitats and global biodiversity. 

 Based on the positive features of biological control, such as its target speci fi city 
and the lack of negative impacts on humans, it is the prime candidate in the search 
for reducing dependency on chemical pesticides. Replacement of chemical control 
by biological control – even partially as in many IPM programs – has important 
positive but so far neglected socio-economic, humanitarian, environmental and ethical 
implications. Change from chemical to biological control substantially contributes 
to the conservation of natural resources, and results in a considerable reduction of 
environmental pollution. It eliminates human exposure to toxic pesticides, improves 
sustainability of production systems, and enhances biodiversity. Public demand for 
 fi nding solutions based on biological control is the main driving force in the increasing 
utilisation of natural enemies for controlling noxious organisms. 

 This book series is intended to accelerate these developments through exploring the 
progress made within the various aspects of biological control, and via documenting 
these advances to the bene fi t of fellow scientists, students, 
public of fi cials, policy-makers, and the public at large. 
Each of the books in this series is expected to provide a 
comprehensive, authoritative synthesis of the topic, likely 
to stand the test of time   .

        Heikki M.T. Hokkanen, Series Editor   
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    Preface   

 Various crop plants have been domesticated, after careful selection from innumerable 
wild plant species over several millennia, because of their potential for higher yield 
and better quality of the produce. Crop production systems have been developed 
primarily to ful fi ll philosophic and economic objectives of feeding humans and 
animals and providing better livelihood for the growers. Microbial plant pathogens 
continue to be a scourge of mankind from the prehistoric period, as the causative 
agents of numerous devastating diseases of plants that provide food, feed,  fi ber and 
all other materials essentially required for man and animals. Continuous and 
sustained efforts have been made to minimize the quantitative and qualitative losses 
of crops due to diseases incited by the microbial plant pathogens – oomycetes, fungi, 
bacteria, phytoplasmas, viruses and viroids – in different ecosystems. Managing 
crop diseases through development of cultivars resistant to diseases has been 
successful only to a limited extent, because of the unavailability of dependable 
sources of resistance genes for incorporation into susceptible cultivars. Application 
of chemicals is being practiced for several centuries and selective chemicals with 
systemic action could provide protection against microbial pathogens for short 
periods only. Development of resistance in plant pathogens to chemicals, accumulation 
of chemical residues in grains and food materials and environmental pollution 
due to indiscriminate use of chemicals, gave negative signals for their continued 
use for crop protection. Biological management of crop diseases has emerged as 
an attractive, alternative approach for minimizing the incidence and severity of 
diseases of crops caused by microbial pathogens. 

 Biological management of crop diseases involves the utilization of biotic and/or 
abiotic agents that act through one or more mechanisms to reduce the infection 
potential of microbial pathogens directly and/or indirectly by activating the host 
defense systems to reduce the disease incidence and/intensity. The biotic agents 
include oomycetes, fungi, bacteria and viruses that suppress the development of 
crop diseases caused by microbial pathogens in various crops. The abiotic agents 
such as solar energy, heat, ultraviolet light, organic amendments, organic and 
inorganic compounds and naturally-derived substances of plant and animal origin 



x Preface

also possess the ability to restrict the development of crop pathogens through 
direct and/indirect effects, as the biotic agents. Although innumerable biotic and 
abiotic agents have been demonstrated to have high level of biocontrol activity in 
in vitro assays, very few have been found to have the expected level of biosuppressive 
activity under  fi eld conditions where they have to compete with the pathogens for 
the available nutrients and niche for survival. In the recent years, due to growing 
concern and awareness for protecting the environment and the need for providing 
chemical-free food to the consumers, several formulations based on microbial 
antagonists and resistance inducers (plant activators) have been commercialized. 
Consistency in their performance under various agroclimatic zones is one of the major 
requirements to make the production of biocontrol products as a viable economic 
industrial venture. The advantages of biocontrol strategies and their limitations are 
discussed in detail in two volumes of this treatise. The investigations to study the 
nature and characteristics of the biological control agents are presented in the  fi rst 
volume. The possibilities of integrating different biological strategies with crop 
disease management systems are highlighted in the second volume. 

 The information presented in this book represents extensive literature search 
(over 2,500 citations) and it is aimed to provide a comprehensive knowledge to 
the upper level undergraduate and graduate students, researchers and teachers 
associated with teaching courses as a component of biological management of 
diseases of crops in the Departments of Plant Pathology, Plant Protection, Micro-
biology, Molecular Biology, Botany, Ecology, Agriculture and Horticulture. 
Provision of several protocols appended at the end of relevant chapters to assist 
the researchers in planning their experiments is a unique feature of this book. 

 Coimbatore, India P. Narayanasamy   
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 Biological management of diseases of crops has the foundation on the research efforts 
to identify the various ecofriendly approaches (i) to mitigate the ill effects of infection 
by microbial plant pathogens – oomycetes, fungi, bacteria, phytoplasmas, viruses and 
viroids, by using antagonistic microorganisms, naturally-derived materials of plant and 
animal origin and inorganic and organic compounds, (ii) to reduce or replace the use of 
synthetic chemicals and (iii) to integrate the compatible and synergistic strategies for 
enhancing the effectiveness of disease suppression. These approaches are expected to 
protect the environment and to create the possibilities of increasing the yields of crops 
and supplying chemical residue-free farm produce to the consumer. 

    1.1   Concepts and Aims of Biological Management 
of Crop Diseases 

 Crops in different ecosystems have been under biotic and abiotic stresses that constitute 
a major constraint in realizing the full yield potential of cultivars of various crops. 
The extent of loss induced, may vary depending on the nature of the cause and avail-
ability of environments favorable for the development and persistence of disease-
inducing agent(s). Among the biotic causes, microbial plant pathogens play a 
predominant role in adversely affecting the crop production systems, leading, to huge 
quantitative and qualitative losses in attainable yield levels. In order to minimize the 
incidence and severity of diseases of crops, the effectiveness of various short- and 
long-term strategies has been assessed in different geographical locations. No single 
disease management strategy or combination of strategies could be advocated for 
successful cultivation of crops in all areas with desirable pro fi t margin to the growers. 
However, with growing concern for environmental pollution and presence of chemi-
cal residues in grains, vegetables, fruits and other food materials, intensive efforts 
have been made to restrict the use of plant protection chemicals which were earlier 
considered as indispensable requirement for containing the plant diseases. 

    Chapter 1   
 Introduction                 
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 Crop management methods have been developed primarily to maintain soil fertility 
at high levels and to enhance the crop yields by manipulating application of fertilizers, 
tillage and irrigation practices and maintaining appreciable levels of organic matter 
in the soil. Crop management practices have signi fi cant in fl uence on the incidence 
and severity of diseases caused by microbial pathogens. It is essential that disease 
management strategies are compatible with the current cultural practices adopted in 
a given geographical location to have the acceptance of the farmers. Biological 
management tactics applicable for crop disease management seek to be a compo-
nent of the synergistic orchestrated symphony, the bene fi t of which will reach both 
the producer and consumer. Concepts of biological management of diseases have 
evolved from time to time, based on the information and techniques to assess the 
nature of interactions between the pathogens and other organisms and the plants. 
The term ‘biological control’ or ‘biocontrol’ is applied in a narrow sense to indicate 
the control of “one organism by another organism” (Beirner  1967  ) . This term has 
been used also in a wider sense to indicate the “use of natural or modi fi ed organisms, 
genes or gene product to reduce the effects of undesirable organisms (pathogens) 
and to favor desirable organisms such as crops, trees, animals, bene fi cial insects and 
microorganisms”. This broad de fi nition was proposed in the Report of the Research 
Brie fi ng Panel on Biocontrol in Managed Ecosystems (Cook  1987  ) . It is well known 
that no organism can exist independently and interdependence is the basic factor 
that decides the survival and persistence of life forms through subsequent generations. 
Restrictive application of the term ‘biological control’ to one organism controlling 
another organism appears to be unrealistic. The development of a microorganism 
controlling another depends on several factors that favor its antagonistic activity. 
Further, some microorganisms and naturally-derived organic or inorganic com-
pounds act on the host plants in the same manner by inhibiting pathogen development 
directly or enhancing the level of resistance in host plants against the target patho-
gens indirectly. Both biotic and abiotic agents that have been commercialized, are 
applied to crops against several diseases and both types have direct and indirect 
effects on the pathogen and host plants. Hence, biological management is de fi ned as 
the utilization of biotic and abiotic agents that act through one or more mechanisms 
to reduce the potential of the pathogen directly or indirectly by activating host 
defense systems to reduce the disease incidence and/intensity. Several investigations 
have shown that combination of biotic and abiotic agents results in synergism, 
improving the effectiveness of disease control. 

 Green revolution leading to higher crop yields achieved in several countries 
including developing countries was possible by applying different crop manage-
ment strategies such as use of high yielding varieties, high doses of fertilizers and 
frequent and indiscriminate use of pesticides. Adoption of these strategies was also 
responsible for emergence of new problems that reduced yields in due course. As 
regards crop disease management, development of resistance in pathogens to fun-
gicides and bactericides became a serious constraint for reaching the intended targets 
of high yield. The need for  fi nding out effective alternative strategies for minimiz-
ing the incidence and intensity of crop diseases was fully realized. In addition, 
the possibility of restricting the use or replacing the synthetic chemicals that were 
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apparently found to be highly effective against some pathogens had to be explored. 
The studies on the compatibility of biotic agents with fungicides or bactericides 
revealed that it would be possible to select strains of biocontrol agents (BCAs) 
showing tolerance to synthetic chemicals and they could be applied in combination 
with the chemicals resulting in restricted use of the chemicals. Thus the aims of the 
biological management of crop diseases are to (i) select the most effective biotic 
agents; (ii) identify the abiotic agents that can act individually or in combination 
with biotic agents; (iii) assess their effects on growth promotion in treated plants; 
and (iv) examine the possibility of reducing the use or replacing the chemicals 
without compromising the effectiveness of disease control.  

    1.2   Landmarks in the Development of Biological 
Disease Management Systems 

 Occurrence of diseases of crops of economic importance is known even in prehistoric 
times as indicated by examination of fossils about 25,000 years old (Klausner  1987 ; 
Chu et al.  1989  ) . Although concepts about the nature of the causes of plant diseases 
underwent changes due to the availability of information, efforts to contain the dis-
eases were made constantly to reduce the losses. Several ancient conventional prac-
tices were adopted to preserve soil fertility. Crop rotation, application of green 
manures, tillage and irrigation methods had been followed with a view to reducing 
disease incidence by increasing the period of absence of susceptible crops, encour-
aging the microbial activities and altering soil moisture conditions to make them 
unfavorable for pathogen development (Grigg  1974 ; Katan  2010  ) . Injuries to branches 
and stems of plants due to pruning were protected with a mixture of cow dung and 
urine to prevent infection of apple canker (Austen  1657  ) , indicating that the points 
of pathogen entry had to be sealed with protectants. 

 Antagonism of one microorganism by another microorganism was observed by 
many earlier researchers. But the practical utility of this phenomenon became a 
reality, only after the discovery of Alexander Fleming  (  1929  ) . Production of peni-
cillin and its application in medicine provided great impetus to initiation of 
numerous studies on antagonists of plant pathogens. Investigations to determine 
the usefulness of application of antagonistic fungi for the suppression of damp-
ing-off of pine seedlings (Hartley  1921  )  and potato scab disease (Millard and 
Taylor  1927  )  appear to be the pioneering attempts that laid the foundation for the 
development of biological management as a feasible strategy. Mycoparasitism of 
the pathogen  Rhizoctonia solani  by  Trichoderma (Gliocladium) virens  was  fi rst 
reported by Weindling and Fawcett  (  1936  ) . The evidence for the existence of soil 
suppressive to soilborne pathogens was obtained by Henry  (  1931  )  and the trans-
ferability of microbiota responsible for soil suppressiveness to conducive soil was 
demonstrated by Shipton et al.  (  1973  ) . The role of ectomycorrhizal fungi in increas-
ing the resistance of pine plants against  Phytophthora cinnamomi  was investigated 
by Marx  (  1969  ) . The possibility of commercial exploitation of cross-protection 
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phenomenon for reducing the incidence of  Citrus tristeza virus  (CTV) was 
demonstrated in Brazil by pre-immunization of susceptible plants with attenuated 
strain of CTV (Costa and Miller  1980  ) . 

 Antagonistic microorganisms could compete with and inhibit the development of 
the microbial plant pathogens present in the soil by producing antibiotics. The plant 
growth-promoting rhizobacteria (PGPRs),  Pseudomonas  spp. and  Bacillus  spp. are 
excellent antibiotics producers. Hence, they may have the potential for suppressing the 
development of crop diseases caused by microbial pathogens (Cook and Rovira  1976  ) . 
Fluorescent  Pseudomonas  spp. are present abundantly in the rhizosphere and their abil-
ity to protect plants against microbial plant pathogens and to promote growth of plants 
has been demonstrated.  Bacillus  spp. produce endospores that are resistant to adverse 
environmental conditions, facilitating their survival for long periods. These bacteria 
produce different kinds of antibiotics, siderophores and growth-promoting compounds 
that could have a major role in disease-suppressive and growth-promotion effects on 
plants treated with them. Many PGPRs are able to transcend the endodermis barrier, 
cross the root cortex to the vascular system and subsequently thrive as endophytes in 
stem, leaves, tubers and other organs (Bell et al.  1995 ; Hallman et al.  1997  ) .  

    1.3   Biological Disease Management Strategies 

 Biological management of any speci fi c disease has to begin by making maximal use 
of indigenous or constitutive biological control principles. Cultural practices, meant 
for preserving the soil fertility and enhancing yields, have signi fi cant in fl uence on 
the incidence and severity of many diseases. Crop rotation, crop sanitation, and 
elimination of infected plants and debris reduce the chances of pathogen inoculum 
buildup. On the other hand, application of fertilizers, tillage and irrigation practices 
alter the soil microbial community structure and resistance/susceptibility levels of 
plants to infection by microbial pathogens (  Chap. 2    ). Physical agents such as heat, 
solar energy and irradiation have been applied either to reduce the population of 
pathogens or weaken their pathogenic potential (virulence). Hot air, hot water and 
aerated steam are employed to obtain disease-free seeds and planting materials. Soil 
solarization using transparent polyethylene sheets has effectively suppressed the 
development of many soilborne diseases. In addition, solarization reduces the weed 
population signi fi cantly and consequently the crop plant could obtain adequate 
nutrition resulting in higher yields. Hot water and hot air application is effective for 
the control of postharvest diseases of fruits and vegetables. Thermotherapy has been 
an effective treatment for elimination of viruses from infected plant materials, when 
coupled with tissue culture methods. UV-C irradiation is effective in suppressing 
postharvest diseases of fruits and vegetables and its disease suppressive ability is 
attributed to induction of resistance in treated fruits (  Chap. 3    ). 

 Microbial plant pathogens can spread from weeds and wild plants that are infected 
during the absence of crop plants. The importance of weed control and elimination of 
diseased plants to reduce the inoculum available for infection of crop plants has been 

http://dx.doi.org/10.1007/978-94-007-6377-7_2
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well realized. The role of vectors of plant viral, fungal and bacterial pathogens in 
introducing the plant diseases into a  fi eld and subsequent spread of diseases has been 
revealed by several investigations. In the case of viruses that are able to multiply in the 
insect vectors, transovarial transmission to the next generation through eggs was 
demonstrated as in the case of  Rice dwarf virus . In such cases, the insect vectors them-
selves form important sources of virus inoculum. Furthermore, the vectors of the 
viruses can acquire and transmit the viruses from plants at far way locations. Biological 
management of these additional sources of inoculum is also an important approach for 
containing the crop diseases. Some fungal biocontrol agents have been formulated 
and commercially available for large scale application (  Chap. 4    ).  

    1.4   Integration of Biological Disease Management Strategies 

 Several biocontrol agents – biotic and abiotic agents – have been selected based on 
their ef fi ciency, compatibility with crop production practices and chemicals already 
in use for disease control. The biocontrol agents by themselves, may signi fi cantly 
reduce disease incidence and severity. But when they are integrated with other dis-
ease management tactics, the effectiveness may be enhanced. 

    1.4.1   Application of Formulated Products 
of Biological Control Agents 

 Antagonistic microorganisms, exhibiting high ef fi ciency in the assessments under 
various greenhouse and  fi eld conditions, are selected for formulation and commer-
cialization. Microorganisms selected for their biocontrol activity against the target 
pathogen(s) have to be mass multiplied in appropriate media, preserved, stored and 
formulated for commercialization. Two types of formulations are made from microbial 
antagonists: liquid and dry formulations. Different delivery systems suitable for the 
crop-pathogen combinations are applied for placing the biocontrol agents at required 
sites either prior to or after infection by the microbial pathogens. The process of 
formulation and registration and hurdles in registration of bioproducts are discussed 
and the fungal and bacterial biocontrol agents available commercially are listed for 
reference in   Chap. 5    .  

    1.4.2   Integration of Biological Control Strategies 
with Crop Disease Management Systems 

 Integration of various strategies that are compatible with each other and act on the 
pathogens synergistically through different mechanisms is essential to develop 
effective biological disease management systems for agricultural crops. Crop sanitation 

http://dx.doi.org/10.1007/978-94-007-6377-7_4
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and proper disposal of infected plants and debris and management of weed populations 
may result in reduction in pathogen inoculum available for infection of crop plants. 
In addition, various cultural practices have signi fi cant impact on disease incidence, 
as the pathogen propagules are reduced in number or weakened. Efforts to develop 
integrated systems of management of disease of agricultural crops have been scarce. 
The available information on the integration of biological control strategies with 
other disease management tactics for the diseases of cereals, cotton, pulses, and 
oilseed crops and the achievement of higher level of disease control through such 
integration are presented in   Chap. 6    . Fruit and vegetable crops are high value crops 
and greater efforts have been taken to contain the diseases caused by microbial 
pathogens under  fi eld conditions, as well as during storage. Prevention of wounds to 
the plants and vegetables and fruits at pre- and post-harvest stages will have marked 
effect on the disease incidence and severity. Biological disease management systems 
have to be developed by integrating several strategies taking into consideration 
the factors such as pathogen biology, cultivar resistance, and epidemiology. In general, 
the number of chemicals and frequency of their application are generally more than 
the optimum and hence, restriction of chemical use is essential to avoid development 
of resistance in pathogens. Both biotic and abiotic biological control agents have 
been combined to attain higher level of disease control. Information on compatibility 
of BCAs with chemicals has helped to reduce the quantity of chemicals applied. 
Attempts to develop integrated diseases management systems for various vegetable 
and fruit crops are highlighted in   Chap. 7    . 

 The information presented in this book in an easily understandable style, has 
been distilled from an extensive literature search to include latest  fi ndings and concepts 
on biological management of crop diseases. Various aspects of biotic and abiotic 
biological control agents and the crop production strategies that have signi fi cant 
impact on the success of crop disease control are discussed, describing some case 
studies in detail. The information presented in this book is expected to provide a 
comprehensive knowledge to the upper level undergraduate and graduate students. 
Researchers and teachers in the Departments of Plant Pathology, Plant Protection, 
Microbiology, Molecular Biology, Botany, Ecology, Agriculture and Horticulture 
will  fi nd the information presented in the book to be useful for furthering their 
research investigations. Incorporation of several protocols appended at the end of 
relevant chapters to assist the researchers in planning their experiments is a unique 
feature of this book.       
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 Domestication of certain plant species that were once growing in an environment 
without human interference, to satisfy the need for food, feed,  fi ber and timber, led to 
weakening of their ability to overcome the onslaught of adverse environmental 
conditions that include biotic and abiotic stresses. An agroecosystem contains numerous 
species of plants, animals, insects and microorganisms. All living organisms detri-
mental to successful crop production were termed as biotic stresses which include 
microbial plant pathogens. Crop production systems aim at reducing the adverse 
effects of microbial plant pathogens by applying both short- and long-term strategies. 
During the last few decades, crop production is facing several long-term crises such as 
energy shortage, global warming and environmental pollution. As environmental and 
ecological issues continue to impact on agriculture, all technologies developed for 
enhancing crop production should be economically feasible, ecologically sound, envi-
ronmentally safe and socially acceptable. The philosophy of plant protection has 
shifted the importance of chemical pesticides to methods that are environment friendly. 
With the growing awareness for the protection of environment, all practical solutions 
to crop disease problems must be based on the safety of environment, conservation of 
natural resources and maintenance of genetic biodiversity of all life forms. Crop 
production through sustainable agriculture has the goal of providing materials for the 
existence of humans and animals with least negative effects on the environment. 
Cultural practices in fl uence the incidence and spread of crop diseases to varying 
degrees. The effects of cultural practices may vary widely from region to region and 
it may be dif fi cult to assess them, since bene fi cial effects become recognizable only 
over a period of several years or seasons. Cultural practices may be grouped into three 
types based on the primary aim of their application: (i) practices usually applied for 
improvement of plant growth and ultimately higher yield and not related to crop 
protection; (ii) practices used mainly for reduction in disease incidence and/or spread 
and (iii) practices applied for achieving higher yield level and also providing protection 
to crops (Katan  2010  ) . The in fl uence of major cultural practices on the pathogen inoc-
ulum and consequently disease incidence and subsequent spread within the crop and 
other  fi elds or locations are discussed in this chapter. 

    Chapter 2   
 Cultural Practices In fl uencing Biological 
Management of Crop Diseases               
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    2.1   Crop Sanitation 

 Crop sanitation aims to prevent the introduction of inoculum into the  fi eld/geographical 
location where the pathogen concerned has not been established and to reduce the 
amount of initial inoculums, if the pathogen is already present. 

    2.1.1   Use of Disease-Free Seeds and Propagative 
Plant Materials 

 Using disease-free seeds and propagative plant materials is an essential basic disease 
management strategy recommended for cultivation of all crops especially for organi-
cally grown crops. Numerous microbial pathogens are transmitted by infected seeds 
and asexually propagated planting materials such as tubers, bulbs, corms or setts. 
Decline in crop yield increases progressively through several generations, if no atten-
tion is paid for selecting disease-free seeds or planting materials. Certi fi ed seeds are 
made available by testing the mother plants or crops at different stages employing 
various techniques for detecting the presence of pathogens in seeds and propagative 
materials (Narayanasamy  2011  ) . Several abiotic agents like heat and ultraviolet light 
have been employed to reduce/eliminate the pathogen populations. Quarantines and 
certi fi cation agencies are involved in the process of preventing the introduction of 
pathogens into the country/area and producing disease-free seeds and propagative 
materials respectively. Both these agencies adopt seed health standards and tolerance 
limits for different pathogens as suggested by the International Seed Testing 
Association (ISTA) through Working Sheets for each pathogen/disease. 

    2.1.1.1   Production of Propagative Plant Materials Free 
of Fungal and Bacterial Pathogens 

 The seeds of different crop plants carry a large number of fungal and bacterial 
pathogens which can reduce seed germination and adversely affect the seedling 
vigor. The seed lots are indexed by applying isolation-based methods, using speci fi c 
or selective medium for isolating the target pathogen or methods based on immuno-
logical and/or nucleic acid characteristics of the target pathogens. The infected seed 
lots with infection levels above the prescribed limits are rejected. Seed lots satisfy-
ing the standards are certi fi ed and supplied to the growers. Use of seeds free of 
pathogens which are transmitted primarily through seeds such as sorghum grain 
smut ( Sphacelotheca sorghi ), rice bakanae ( Fusarium moniliforme ), cabbage black-
leg ( Phoma lingam ), cabbage black rot ( Xanthomonas campestris  pv.  campestris ) 
and common bean bacterial wilt ( Curtobacterium  fl accumfaciens  pv.   fl accum-
faciens ) has been shown to be a sound strategy to minimize the spread of these 
diseases in the  fi eld or to other countries. 
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 Several biological control agents (BCAs) such as  Chaetomium  spp.,  Gliocladium  
spp.,  Penicillium  spp.,  Pseudomonas  spp. and  Trichoderma  spp. have been employed 
for treating the seeds for suppressing the development of fungal and bacterial pathogens 
present in the seeds (Table  2.1 ). Treatment of cotton seeds with  Gliocladium  
(= Trichoderma )  virens  or  Bacillus subtilis  reduced the colonization of roots by 
 Fusarium oxysporum  f.sp.  vasinfectum  and suppressed Fusarium wilt disease incidence 
and severity also (Zhang et al.  1996  ) . Corn damping-off disease caused by  Pythium 
ultimum ,  P .  arrhenomanes  and  Fusarium graminearum  was more effectively con-
trolled by coating the seeds with  Gliocladium virens  isolate Gl-3, resulting in greater 
seedling stand, plant height and fresh weight and reduction in root rot severity 
compared to the fungicide captan (Mao et al.  1997  ) . The potential of  Bacillus  sp. 
strain L324-92, for control of Pythium root rot caused by  P .  irregulare  and  P .  ulti-
mum  and Rhizoctonia root rot caused by  Rhizoctonia solani , in addition to wheat 
take-all disease caused by  Gaeumannomyces graminis  var.  tritici , was demonstrated 
by Kim et al.  (  1997  ) . Treatment with the bacterial BCA, not only reduced incidence 
of fungal diseases, but also enhanced grain yields under  fi eld conditions in which 
one or more of the root diseases of wheat were primarily responsible for reduction 
in yield levels (Kim et al.  1997  ) . In six  fi eld experiments, treatment of wheat seeds 
with  Clonostachys rosea  (IK726) signi fi cantly reduced disease caused by  Fusarium 
culmorum . The fungal BCA was active against the pathogen at average soil tem-
peratures at sowing ranging from 6.2 to 12.0 °C (Jensen et al.  2000  ) . Treatment with 
carrot seeds with  Pseudomonas  sp. strain MF416 and  Clonostachys rosea  strain 
IK726 provided best protection against the fungal pathogens  Alternaria dauci  and 

   Table 2.1    Biological management of seedborne diseases   

 Crop/pathogen  Biotic agents  References 

 Cauli fl ower/ Pythium 
aphanidermatum  

  Trichoderma harzianum   Mukherjee et al.  (  1989  )  

 Chickpea/ Fusarium oxysporum  
and  Rhizoctonia solani  

  Gliocladium virens   Mukhopadhyay and 
Mukherjee  (  1991  )  

 Cotton/ Xanthomonas axonopodis  
pv.  malvacearum  

  Streptomyces atroolivaceus   El-Raheem and 
Shanshoury  (  1994  )  

 Cucumber/ Pythium ultimum    Pseudomonas  fl uorescens   Rip and Seuk  (  1995  )  
 Mungbean/ Macrophomina  spp.   Trichoderma viride   Raguchander et al.  (  1997  )  
 Tomato/ Fusarium oxysporum  

f.sp.  lycopersici  
  Tirchoderma harzianum   Sivan et al.  (  1987  )  

 Wheat/ Gaeumannomyces graminis  
var.  tritici  

  Pseudomonas  fl uorescens   Pierson and Weller  (  1994  )  

  Ustilago segetum  var.  tritici    G .  virens; P .   fl uorescens   Dharam singh and 
Maheshwari  (  2001  )    Trichoderma  spp. 

  Tilletia caries    Muscodor albus   Goates and Mercier 
 (  2011  )  

  Fusarium culmorum    Clonostachys rosea   Jensen et al.  (  2000  )  
 Carrot/ Alternaria dauci  

and  A .  radicina  
  C .  rosea   Jensen et al.  (  2004  )  

 Bean/ Curtobacterium  fl accumfaciens  
pv.   fl accumfaciens  

  Rhizobium leguminosarum   Huang et al.  (  2007  )  
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 A .  radicina . In addition, the effect of hot water treatment was signi fi cantly improved, 
when combined with either of the bacterial or fungal biocontrol agents (Koch et al. 
 2010  ) . Application of the biofumigant fungus  Muscodor albus  treatment of wheat 
seeds effectively protected the plants against wheat common bunt disease caused by 
 Tilletia caries  (Goates and Mercier  2011  ) .   

    2.1.1.2   Production of Seeds and Propagative Plant Materials 
Free of Viral Pathogens 

 Plant viruses are transmitted through true seeds of several crop plants. Development 
of virus-free seed stocks is a major management strategy for diseases such as lettuce 
mosaic, barley stripe mosaic, peanut mottle and soybean mosaic diseases. In the 
case of lettuce mosaic disease, lettuce seedlings are raised in insect-proof glass-
houses; infected seedlings are thoroughly rogued out and healthy seedlings are then 
planted in mosaic-free areas under constant supervision by technical personnel to 
eliminate plants developing symptoms of infection by  Lettuce mosaic virus  (LMV), 
as and when they are seen (Grogan et al.  1952  ) . In Salinas Valley, California, USA, 
following introduction of the program for production of virus-free lettuce seeds, 
yield increased by 33.5 % consequent to prevention of losses due to LMV (Kimble 
et al.  1975  ) . Elimination of  Barley stripe mosaic virus  (BSMV) from barley seeds 
could be achieved by a procedure involving a combination of assaying seedlings for 
the presence of BSMV by serological technique and roguing infected plants from 
certi fi ed seed plots. Following enforcement of zero tolerance for seedborne BSMV 
on all certi fi ed seeds, loss due to BSMV declined dramatically (Lister et al.  1981 ; 
Carroll  1983  ) . 

 The ef fi cacy of biopriming seed treatment for suppression of root rot pathogens 
infecting faba bean was assessed. The antagonistic fungi  Trichoderma viride  and 
 T .  harzianum  and the bacteria  Bacillus subtilis  and  Pseudomonas  fl uorescens  were 
applied as either growth culture discs or bioprimed faba bean seeds. Under green-
house conditions, all the tested fresh and stored seeds (for 2 months), bioprimed 
faba bean seeds protected the plants entirely at both pre- and post-emergence stages, 
compared with untreated control treatment. Seeds stored for 4 and 6 months showed 
less protective effect against the root rot disease. After 3 months of storage, inci-
dence of both pre- and post-emergence damping-off disease was effectively 
controlled under  fi eld conditions by biopriming the faba bean seeds. The ef fi ciency 
of protection declined progressively with increase in storage period. With suitable 
application technique, the safe and inexpensive seed biopriming technique may be 
considered for large scale use (El-Mougy and Abdel-Khader  2008  ) . The effectiveness 
of biopriming soybean seeds for protecting the seedlings against damping-off 
disease caused by  Colletotrichum truncatum  was investigated, using  Trichoderma 
harzianum ,  T .  virens  and  Pseudomonas aeruginosa . Biopriming with  P .  aeruginosa  
was the most effective in protecting the seedlings against pre- and post-emergence 
damping-off, reduction in disease incidence being 48.6–51.9 % and 65.0–97.2 % 
respectively. The effectiveness of  P .  aeruginosa  treatment was generally comparable 
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to  T .  harzianum  and the fungicide Benlate®. The results indicated that biopriming 
with  P .  aeruginosa  or  T .  harzianum  had the potential for application as an alternative 
to fungicide treatment (Begum et al.  2010  ) . Experiments under greenhouse and  fi eld 
conditions were performed to evaluate the effectiveness of seed dressing and soil 
application of formulations containing  Trichoderma viride ,  T .  virens  and  T .  harzanum  
against wet root rot disease of mungbean caused by  Rhizoctonia solani . Effects on 
plant growth and yield were also assessed. Seed dressing formulation Pusa 5SD and 
soil application formulations Pusa Biogranule 6, Pusa Biopellet 16 G containing 
 T .  virens  was found to be more effective than the other formulations in reducing 
disease incidence and increasing seed germination and improving plant growth 
parameters. Seed treatment was more effective than soil application in reducing 
disease incidence and enhancement of plant growth and yield of mungbean. The 
results clearly revealed the effectiveness of the treatment with biocontrol agents 
(Dubey et al.  2011  ) . 

 Indexing and certi fi cation are essential for asexually propagated crops. It may 
be possible to select propagative materials by avoiding infected mother plants to 
obtain healthy planting materials in crops like potato, sweet potato, cassava and 
banana. However, mother plants which are infected late in the season and with 
latent infection cannot be recognized by visual observations. Hence, the health 
status of planting materials such as tubers, bulbs, corms and setts has to be veri fi ed 
by infectivity tests using appropriate indicator plants or molecular diagnostic 
techniques. Serological tests and nucleic acid-based assays are increasingly 
employed to select virus-free healthy planting materials. The importance of planting 
certi fi ed propagative materials has been emphasized for crops grown in the glass-
houses. Chrysanthemum production was seriously hampered by several viral, 
viroid, fungal and bacterial diseases. The serious losses caused by these diseases 
could be avoided by planting certi fi ed disease-free propagating materials. This 
approach has played a crucial role in the successful commercial production of 
chrysanthemum (Narayanasamy  2002,   2011  ) .   

    2.1.2   Proper Disposal of Infected Plant Debris, 
Plants and Plant Parts 

 Proper disposal of infected plant materials is essential for preventing the buildup of 
pathogen inoculum capable of infecting the standing crops and/or subsequent 
crops. Infected plant debris should be removed and properly disposed to reduce the 
conidia and vegetative hyphae which form potential sources of infection for 
 Botrytis cinerea  on geranium and other greenhouse crops.  B .  cinerea  is known to 
sporulate readily on wounded and senescent plant tissues, providing inoculum for 
further infection and spread (Hausbeck and Pennypacker  1991  ) . Infected crop 
plants left in the  fi elds, volunteer (self-sown) plants growing from infected seeds 
and additional (collateral) hosts of the pathogens form important sources of infec-
tion. Removal of all such infected plants and infected plant parts reduces the 
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amount of inoculum of the pathogens, resulting in considerable reduction in incidence 
of diseases in several crops, especially in perennial crops such as banana, cocoa 
and sugarcane (Kommedahl and Todd  1991  ) . Removal of infected stumps and 
windrowing was found to be effective in reducing the root disease due to  Armillaria  
spp. in  Pinus radiata  from 22 to 5 % in a period of 5 years from planting (Self and 
MacKenzie  1995  ) . When the disease spread is slow as in cocoa swollen shoot dis-
ease, roguing and replanting with virus-free plants resulted in relatively greater 
productive stands (Matthews  1991  ) . Regular roguing of infected plants was found 
to be effective in restricting the spread of  African cassava mosaic virus  in tropical 
African countries (Robertson  1981 ) and  Banana bunchy top virus  in eastern 
Australia (Dale  1987  ) . 

 Dormant pruning is a conventionally followed practice in apples. If summer 
pruning is adopted, there is consistent reduction in the incidence of  fl yspeck 
diseases of fruits caused by  Schizothyrium pruni  by 50 %, even when no fungicide 
was applied. It was suggested that summer pruning might lead to a small change in 
the apple canopy microclimate involving a decrease in the hours of relative humidity 
(<95 %) in the canopy by 63 % and increase in the evaporative potential and 
improvement in spray deposition, if fungicide is to be applied (Cooley et al.  1997  ) . 
Hand removal of all basal growth of hops up to 4 ft from the soil line was found to 
be highly effective in reducing the incidence of downy mildew disease caused by 
 Pseudoperonospora humuli  in the United States (Romanko  1965  ) . The spread of 
maize sheath blight caused by  Thanatephorus sasakii , was reduced by removing 
infected leaves as effectively as the chemical application (Jinggangmycin) (Qing 
et al.  1994  ) . It is important to bear in mind that roguing of infected plants or plant 
parts should be carried out as soon as the symptoms are visible and before the patho-
gens produce resting spores/asexual spores. Timing of roguing is very important to 
realize the maximum bene fi t. The effectiveness of eliminating alternate host plants 
and alternative plants that are required for their survival in the absence of the 
primary crop plant species, has been demonstrated in many pathosystems 
(Narayanasamy  2002  ) . Plant sanitation involving removal of dead and infected 
leaves and/or fruits has been shown to have signi fi cant effect on the incidence and 
severity of diseases in susceptible crop cultivars. The effects of leaf and fruit sanita-
tion on the severity of strawberry leaf spot caused by  Mycosphaerella fragariae  and 
gray mold caused by  Botrytis cinerea  were assessed. Leaf spot severity was 
signi fi cantly reduced by about 90 % due to leaf sanitation and by 50 % due to plant-
ing strawberry in one-row system instead of two-row system. Neither leaf sanitation 
nor fruit sanitation had any bene fi cial effect on the incidence/severity of gray mold 
disease. However, the combination of one-row system, leaf- and fruit sanitation 
reduced the gray mold disease incidence by 50 % in the  fi rst crop year, compared to 
two-row system without leaf- and fruit sanitation. Severity of gray mold disease 
correlated signi fi cantly and positively with plant biomass. Based on the results, it 
was suggested that for humid central European conditions, adoption of a one-row 
system combined with leaf sanitation in early spring and fruit sanitation during 
harvest, if fruit density is high, might be effective in reducing the risk of damages 
caused by leaf spot and gray mold diseases in strawberry (Schmid et al.  2005  ) .   
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    2.2   Crop Nutrition 

 Crops to be cultivated in a particular location are selected based on several factors 
such as soil productivity, water availability, weather, cost/bene fi t ratio and market-
ability of the produce harvested. Among the cultural practices, crop nutrition has a 
marked in fl uence not only on the growth and yield of crop plants, but also on the 
development of diseases, when other favorable conditions exist. During the second 
half of the twentieth century, rapid increase in human population enhanced the 
pressure on the production of food and other essential requirements for comfort-
able living, resulting in the adoption of intensive agriculture. As a result, high yield 
could be achieved through heavy application of chemical fertilizers, synthetic 
pesticides and monoculture of new cultivars with or without crop rotation. The 
success of control of plant diseases by synthetic chemicals created a wrong impres-
sion that chemical control could provide permanent solution to the disease problems 
in modern agriculture. During this period, agricultural economy was highly depen-
dent on the development and application of chemical fertilizers and fungicides. 
Development of resistance in plant pathogens to chemicals and growing awareness 
for protection of environment, drastically altered the approaches for solving plant 
disease problems from chemical methods to other alternative methods aimed to 
restrict or replace the use of synthetic chemicals. Disease symptoms often re fl ect 
the altered nutritional status of the plant. Many cultural disease control tactics such 
as crop sequence, organic amendments, soil pH adjustment, tillage and irrigation 
management in fl uence disease incidence and severity and function through altered 
biological activity. Response to a particular nutrient may be different, when its 
level moves from de fi ciency to suf fi ciency than from suf fi ciency to excess. Since 
each nutrient functions as part of a delicately balanced interdependent system 
in fl uenced by plant genetic constitution and the environment, it is essential to 
maintain a nutritional balance for optimum crop response. Through an understand-
ing of the disease interactions with each speci fi c nutrient, the effects on the plant 
pathogen and environment may be effectively modi fi ed to improve the effective-
ness of disease management, enhance production ef fi ciency and increase in crop 
quality. The effects of many nutrients on disease development have been examined 
incidentally as a consequence of fertilizing to optimize plant growth or yield 
(Huber and Haneklaus  2007  ) . 

    2.2.1   Application of Organic Matter 

 Addition of organic matter favorably improves crop yield mainly by enhancing soil 
fertility rather than through provision of nutrients to the plants. In addition, many 
microorganisms antagonistic to plant pathogens are activated following addition of 
organic matter to the soil, leading to suppression of disease development. Organic 
matter incorporated into the soil is known as amendment, whereas organic matter 
placed or spread on the soil surface is termed as mulch. Use of organic amendments 
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has been shown to promote biological destruction of pathogen inoculum through 
germination-lysis mechanism and the intensi fi cation of microbiological activity, 
resulting in the decay of pathogen propagules. 

    2.2.1.1   Organic Amendments 

 Organic amendments may exert stimulatory or inhibitory effects on the microbial 
plant pathogen populations and disease development. They may either prevent 
infection by activating the soil micro fl ora potentially competitive with or antago-
nistic to plant pathogens present in the soil or control plant pathogens by producing 
toxic compounds in the soil, when they decompose in the soil. It is necessary to 
compost the organic materials properly before incorporation into the soil, since 
some pathogens may survive in the organic amendments and are likely to be intro-
duced in the  fi eld. The need for proper composting may be understood by the 
investigation on  Phytophthora ramorum . Three main processes involved in pathogen 
suppression, while composting plant materials, have been identi fi ed: (i) high 
temperatures (40–70 °C) during thermophilic composting phase; (ii) colonization 
of compost by a variety of different microorganisms that either antagonize or 
outcompete the target microorganism(s) and (iii) production of antibiotic com-
pounds by organisms involved in the composting process.  P .  ramorum  has a wide 
host range and it can infect different plant parts of numerous plant species. It is 
possible that  P .  ramorum  may be carried into composting facilities via infected 
green wastes. In commercial turned windrow composting facilities minimum of 
55 °C for 1 h had to be maintained for eliminating  P .  ramorum . Under  fi eld condi-
tions, it would be dif fi cult to avoid temperature  fl uctuations. Hence, it would be 
preferable to have higher temperature for short duration. After composting, the 
absence of  P .  ramorum  was veri fi ed by employing different methods of detection 
such as baiting, direct plating and PCR-based technique. Pathogen variability in 
compost was assayed by direct tests capable of differentiating between the patho-
gen suppression and pathogen elimination. The data suggested that  P .  ramorum  
was capable of surviving in  fi nished compost, if introduced. Hence, it should not 
be construed that all compost originating from infected green waste might be safe 
by virtue of the fact that the USA EPA guidelines were applied for the production 
of composts (Swain et al.  2006  ) . 

 Compost-amended substrates offer the potential for the management of diseases 
caused by soilborne pathogens as well as pathogens infecting aerial plant parts. The 
ef fi cacy of composted pine bark mix forti fi ed with  Trichoderma hamatum  382 
(FCPB) against bacterial spot disease of radish, lettuce and tomato was assessed. 
Plants grown in the FCPB mix and inoculated with bacterial leaf spot pathogens 
were less severely infected than plants grown in commercial peat mix or vermiculite. 
Disease suppression capacity of FCPB mix was lost by autoclaving and restored by 
reinoculating the autoclaved FCPB, indicating that the disease suppressive ability of 
the FCPB was associated with the biological component of the amendment 
(Aldahmani et al.  2005  ) . The ef fi cacy of wheat bran, saw dust, coffee grounds, chicken 
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manure or mixture of different compost amendments with or without crab shell 
powder (5 % w/w) in suppressing the development of  Fusarium oxysporum  f.sp. 
 spinaciae  was assessed. The soil amended with composts became suppressive to 
disease development on the second and third cropping. The coffee compost lowered 
soil pH, but became suppressive to the disease after modifying the soil pH. In the 
 fi eld trial using the mixture of the different composts containing 5 % crab shell 
powder, a combination of 5 % before the  fi rst cropping and 2.5 % every second 
cropping gave stable disease control and promoted plant growth also (Escuadra and 
Amemiya  2008  ) . The effectiveness of neem cake amendment in sandy loam 
arti fi cially infested with  Rhizoctonia solani  and a muck soil naturally infested with 
damping-off pathogens was investigated. Neem cake had no immediate effect on 
damping-off of cucumber seedlings. However, incubation of amended soil for 
7 days before planting radish or cucumber reduced damping-off severity. The results 
suggested that neem cake was not directly toxic to the damping-off pathogens, but 
during incubation, neem cake might have created a biological climate that was sup-
pressive to the disease (Abbasi et al.  2005  ) . 

 The potential of condensed distiller’s soluble (CDS), a co-product of ethanol 
production from corn, rich in organic matter and high in carbon to nitrogen ratio was 
assessed for its ef fi cacy as a preplant amendment against Verticillium wilt of 
eggplant and potato scab in potato soils from commercial  fi elds and against damp-
ing-off disease of radish and cucumber seedlings in a peat-based mix and muck soil. 
Eggplants grown in a potato soil amended with CDS showed less Verticillium wilt 
and increased fresh and dry plant biomass compared with control plants. In muck soil 
from a commercial  fi eld naturally infested with  Pythium  spp., application of CDS 
provided protection to cucumber seedlings from immediately after incorporation, but 
maximum protection was observed after 1 week with different rates (0.25, 0.5 and 
1 %) of CDS applied. The number of total bacteria was enhanced in the CDS-
amended muck soil. In the micro-plots, CDS (0.5 and 1 %) applied as an amendment 
to muck soil 2 weeks before planting improved the percentage of healthy cucumber 
seedlings and fresh plant weight compared to the control. The CDS was not toxic to 
the pathogens and disease suppression was believed to be due to biological activity 
stimulated by CDS in the substrate (Abbasi et al.  2007  ) . Application of composted 
cattle manure at the rate equivalent to the 100 % recommended inorganic fertilizer 
dose, signi fi cantly reduced the intensity to diseases caused by  Pseudomonas syrin-
gae  pv.  lachrymans  and  Erwinia tracheiphila  in cucumber and by  Colletotrichum 
piperatum  and  Erwinia carotovora  in pepper (Huelsman and Edwards  1998  ) . The 
effect of incorporation of soil with lopsided oat or woolly pod vetch as green manure 
was assessed for the suppression of potato common scab disease caused by 
 Streptomyces turgidiscabies . Signi fi cantly fewer diseased tubers were harvested 
from soil incorporated with lopsided oat or wooly pod vetch, compared with those 
from oat and continuous potato cultivation. Treatment with lopsided oat followed by 
lopsided oat or wooly pod vetch was signi fi cantly more effective (P < 0.001) in 
suppressing the disease severity than oat and continuous potato cultivation. An 
increase in the marketable tuber ratio was also greater in this treatment than for oat 
and continuous potato cultivation (Sakuma et al.  2011  ) . 
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 Various types of amendments have been incorporated into the soil to assess their 
effect on the pathogen population and suppression of diseases. Incorporation of 
barley straw in the top soil signi fi cantly reduced populations of  Verticillium albo -
 atrum , causing wilt diseases of potato, cotton, tomato, strawberry, watermelon and 
other cruciferous crops. Reduction in disease incidence was attributed to the direct 
quantitative reduction in pathogen population, since there was no change in host 
resistance or fungal pathogenicity (Harrison  1976  ) . Verticillium wilt disease of 
potato could be effectively suppressed by application of Sudan grass or corn as 
green manures. Positive correlation was observed between wilt incidence and colo-
nization of apical stem by  V .  dahliae  (Davis et al.  1976,   1996  ) . Maximum reduc-
tion in the severity of Rhizoctonia stem canker of potato was observed following 
application of farm yard manure (FYM) and white mustard grown as green manure 
(Scholte and Lootsma  1998  ) . Development of avocado root rot caused by 
 Phytophthora cinnamomi  could be effectively checked by continuously planting 
cover crops and applying abundant poultry manure to maintain high organic matter 
content and soil pH at neutrality. This approach is now widely practiced in eastern 
Australia (Utkhade  1992  ) . 

 Soil amendments of crucifer crop residues such as cauli fl ower, broccoli or cabbage 
have been demonstrated to suppress the development of soilborne pathogens, in part 
due to release of chemical breakdown products of glucosinolates (GLS) (   Subbarao 
et al.  1996  ) . The effect of fresh cauli fl ower residue amendment alone and with a low 
dose of metam sodium (MS) combined with soil solarization was assessed for the 
control of Verticillium wilt disease of artichoke in two commercial  fi elds under 
artichoke-cauli fl ower rotation. Inoculum densities (ID) of  Verticillium dahliae  were 
measured before and after soil treatments as well as determination of disease inci-
dence, symptom severity and yield. Soil solarization with transparent 50  μ m thick 
PE plastic sheets reduced the inoculum of  V .  dahliae  and the disease incidence in 
artichoke. No added bene fi t was evident, when solarization was combined with 
cauli fl ower residue amendment. In addition to toxic volatile compounds, other 
mechanisms could be involved in disease suppression, because the effects of incor-
poration of cauli fl ower residue were not enhanced by solarization. The effect of 
cauli fl ower residues on  V .  dahliae  population (microsclerotia) in soil was inconsistent, 
possibly due to varying pretreatment of inoculum levels. Combination of cauli fl ower 
residues and low doses of MS reduced inoculum densities signi fi cantly in the  fi elds 
throughout the growing season and signi fi cantly reduced the percentage of plants 
infected by  V .  dahliae . Rotation of artichoke with cauli fl ower for crop residue 
incorporation with or without low doses of MS could be an effective disease 
management strategy for Verticillium wilt in  fi elds with low preplanting inoculum 
density (Berbegal et al.  2008  ) . 

 Allelopathy is a direct or indirect biochemical inhibition of one plant or microor-
ganisms on another through production of toxic compounds or allelochemicals 
released into the environment. Plant residues applied as organic amendments have 
been reported to contain a variety of compounds which can reduce the severity of 
several soilborne diseases through their effect on microbial antagonisms, antibiosis 
and other dynamic mechanisms operating in the soil. Many allelopathic agents are 
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produced during the decomposition of crop residues (Patrick  1986  ) . Residues of 
cruciferous plants have been shown to have disease suppressive (allelopathic) 
compounds effective against several pathogens (Gamliel and Stapleton  1993 ; Keinath 
 1996  ) . The interactive effects of incorporation of broccoli residue and temperature 
were investigated in the cauli fl ower- Verticillium dahliae  pathosystem. Both fresh and 
dry broccoli almost entirely eliminated the microsclerotia of  V .  dahliae  at 35 °C. 
The optimum temperature for the broccoli-mediated elimination of  V .  dahliae  micro-
sclerotia were between 25 and 30 °C. The results indicated that to obtain maximum 
reduction of microsclerotia in the soil leading to reduction in wilt disease incidence 
in cauli fl ower, broccoli residue should be incorporated at temperatures 20 °C and 
above. Enhanced growth of cauli fl ower in broccoli-amended soil was also observed 
(Subbarao and Hubbard  1996  ) .  

    2.2.1.2   Organic Mulches 

 Organic mulches consisting of stubbles and other plant parts are applied on the soil 
surfaces primarily for the conservation of soil moisture and organic matter and for 
reducing soil erosion. Infection of apple roots by  Sclerotium rolfsii  in Israel could 
be markedly reduced by application of mulches which could reduce the soil tem-
perature, though the pathogen was present on the surface of apple roots. The low 
soil temperature in mulched soil prevented the penetration of roots of apples by the 
pathogen (Lavee as cited by Avizohar-Hershenzon and Palti  1962  ) . The effectiveness 
of management system for black sport disease of citrus caused by  Guignardia 
bidwelli  could be improved by integrating mulching with  Panicum maximum  and 
fungicidal sprays. There was an increase of 13–16 % in the amount of exportable 
disease-free fruits, because of mulching. The amount of inoculum appeared to be 
reduced as re fl ected by the percentage of rejected fruits (Schutte and Kotze  1997  ) . 
The effect of application of inert materials on the incidence of soilborne diseases 
was investigated in sugar beet and cabbage nurseries. Sand and saw dust covering 
reduced damping-off disease caused by  Pythium debaryanum ,  Rhizoctonia solani , 
 Phytophthora  spp. and  Fusarium  spp., infecting seedlings in the nurseries. However, 
emergence of lettuce seedlings in the nurseries was adversely affected by mulching 
with these inert materials (Balardin et al.  1994  ) . Organic mulches may introduce 
both bene fi cial and harmful microbes into the soil. Most of the isolates of actinomy-
cetes isolated from organic mulch used in avocado plantations in western Australia 
were inhibitory to  Phytophthora cinnamomi . But some isolates were harmful to 
plant growth also (You et al.  1996  ) . Wood-based mulches (cellulose-rich) have been 
used in avocado production and these mulches were evaluated for their ef fi cacy in 
reducing Phytophthora root rot disease caused by  P .  cinnamomi . A role for micro-
bial cellulose enzymes in pathogen suppression through effects on the cellulose cell 
walls of  P .  cinnamomi  was examined. A standard curve was developed to correlate 
cellulose activity in mulches with concentrations of a cellulose product. Sustained 
exposure of  P .  cinnamomi  to cellulose at 10–50 U/ml signi fi cantly reduced sporangial 
production, but the biomass was only reduced at concentrations of cellulose over 
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100 U/ml. The results indicated that cellulose activity in mulch was suf fi cient to 
impair sporangial production of  P .  cinnamomi , but not always suf fi cient to reduce 
the vegetative biomass of the pathogen (Richter et al.  2011  ) . 

 Straw mulches have been reported to be good alternatives to expensive inorganic 
mulches in a few pathosystems. In the case of  Cucumber vein yellowing virus  infect-
ing cucumber, the vector white fl ies were attracted by the yellow color and killed by 
the high temperatures, when they alighted on straw mulch (Nitzany et al.  1964  ) . 
Wheat straw mulch was found to be effective in reducing the incidence of aphid-
borne viruses and white fl y populations in cucurbits. In zucchini squash grown over 
straw mulch, yields were as high and the incidence of the aphid-borne virus diseases 
was no greater than in plants grown over re fl ective plastic mulch. Straw mulch also 
deterred colonization by white fl y and reduced the incidence of squash silver leaf 
(Summers et al.  2005  ) . However, the possibility of using stubble and debris mulches, 
leading to higher level of incidence of fungal, bacterial and viral diseases has also 
been indicated by many investigations. Diseases such as wheat blotch ( Septoria 
nodorum  and  S .  tritici ), barley leaf blotch ( Rhynchosporium secalis ), maize stalk rot 
( Diplodia zeae  and  Gibberella zeae ), bacterial wilt ( Clavibacter  michiganensis  subsp. 
 nebraskensis ) and sun fl ower leaf spot ( Alternaria helianthii ). Many viral and spiro-
plasmal diseases are spread by vectors that may acquire them from infected stubbles 
left in the  fi eld, due to adoption of no-tillage practice where stubbles of previous crop 
are left undisturbed.  Maize dwarf mosaic virus ,  Wheat streak mosaic virus ,  Rice 
tungro - associated viruses  and Rice yellow dwarf phytoplasma may be transmitted 
from regenerated growth from stubbles left in the  fi eld (Narayanasamy  2002  ) . 

 Polyethylene mulch alters the environmental conditions in the soil and also alters 
the environmental conditions above the mulch. The actual effects and their magni-
tude depend on the characteristics of the polyethylene sheet used and how the cover-
ing of the soil is carried out (attached to the soil or not). The effectiveness of different 
kinds of polyethylene mulches was assessed for suppressing or preventing the 
development of potato tuber blight disease caused by  Phytophthora infestans  under 
 fi eld conditions. A water-permeable agricultural textile treated with copper hydroxide 
was also tested for its ef fi cacy. Two barriers that covered the potato hills, black 
polyethylene  fi lm and copper hydroxide-treated agricultural textile reduced the inci-
dence of tuber blight relative to appropriate controls. Other barriers (mulches) had 
little effect on tuber blight incidence. The effectiveness of black polyethylene  fi lm 
might be attributed to the blocking of water resulting in prevention of in fi ltration of 
inoculum through potato hill and alteration of the soil environment within the hill, 
thus markedly affecting inoculum movement and infection capacity. In the case of 
textile mulch, copper hydroxide coating (6 g/m 2 ) applied to textile was considered 
to be responsible for the disease suppression, since copper hydroxide could kill both 
sporangia and zoospores of  P .  infestans  in the soil. The mulch treatments provided 
only partial protection to potato tubers and hence, this approach is unlikely to be 
adopted for commercial potato production system (Glass et al.  2001  ) . 

 The ef fi ciency of covering the soil with polyethylene before planting with or 
without application of fungicides commonly used by organic growers for suppressing 
the development of tomato late blight disease caused by  Phytophthora infestans  was 
assessed. Polyethylene mulch provided consistent, effective and highly signi fi cant 
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suppression of the late blight disease with a control ef fi cacy of 83.6 ± 5.5 %. On the 
other hand, the effectiveness of fungicides was inconsistent and insuf fi cient to sup-
press the disease to the desirable level with a control ef fi cacy of 34.5 ± 14.3 %. The 
combination of mulch and fungicides showed an additive effect, reducing the dis-
ease severity by 96 % (Fig.  2.1 ). There was no signi fi cant difference in the effective-
ness of different types of polyethylene mulches like biocolor aluminized, clear or 
black in the suppression of tomato late blight disease development. The polyethyl-
ene mulch effectively suppressed the cucumber downy mildew disease caused by 
 Pseudoperonospora cubensis , but the suppressive effect was less than that was 
obtained for tomato late blight disease. The disease suppressive effect of the poly-
ethylene mulch appeared to be due to the reduction in both the leaf wetness and 
duration, since mulching resulted in decrease in both frequency of nights when dew 
formed and the number of dew hours per night, when it formed. Mulching also 
reduced the relative humidity (RH) in the canopy which might reduce sporulation of 
both fungal pathogens. Other bene fi ts of using plastic mulches are reduction in 
weed infestation and saving up to 30 % of irrigation water (Shtienberg et al.  2010  ) .    

    2.2.2   Use of Inorganic Fertilizers 

 As adequate organic matter is not available to meet the requirements of crop plants, 
inorganic fertilizers have to be applied to increase the growth of yield potential of 
different crops. The fertilizers may act indirectly through their effects on host plant 
resistance resulting in increase or reduction in disease incidence and/or severity. 
They may also have some effect on the environment around the plant and antagonists 
on or near the plant contributing to the suppression of disease development. Nitrogen 
favors rapid vegetative growth and excessive supply of nitrogen is known to increase 
the susceptibility of crop plants to several diseases. Excessive application of nitrogen 

  Fig. 2.1    Effect of mulching and chemical control on the severity of tomato late blight disease in 
walk-in tunnels.  Open bars : treated with a mixture of Kocide 2000 (0.5 %) and Neemguard (2 %) 
at weekly intervals;   fi lled bars : untreated controls.  Bars accompanied by different letters  are 
signi fi cantly different at P = 0.05 (Courtesy of Shtienberg et al.  2010  and with kind permission of 
The American Phytopathological Society, MN, USA)       
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leads to formation of loose tissues with large thin-walled cells, larger intercellular 
spaces and stomata remaining wide open. Such conditions facilitate rapid development 
of pathogens especially bacterial pathogens (Grossmann  1970  ) . The incidence and 
intensity of wheat powdery mildew caused by  Erysiphe graminis  increased propor-
tionately with increase in levels of nitrogen applied (Heitefuss  1989  ) . Delaying or 
split application of nitrogen when weather conditions are favorable for the develop-
ment of rice blast disease caused by  Pyricularia grisea , may be an effective strategy 
to reduce the disease incidence. Reduction of nitrogen supply for wheat crops in dry 
land areas of the Paci fi c Northwest delayed the onset of the plant water stress that 
was required for development of Fusarium foot rot disease and consequently the 
incidence of the disease was reduced (Cook  1980  ) . Development of soilborne dis-
eases is markedly in fl uenced by nitrogenous fertilizers which alter the soil pH con-
siderably. Cotton wilt disease ( Fusarium oxysporum  f.sp.  vasinfectum ) incidence 
increased with excessive application of nitrogen (Hillocks  1997  ) . Potato tuber rot 
due to infection by  Phytophthora infestans  was signi fi cantly increased at higher 
levels of nitrogen (   Heitefuss  1989 ). 

 The nutritional status of the plant species has a marked impact on its susceptibil-
ity/resistance to disease(s). Application of optimum amount and proper form of 
nitrogen may be a potential strategy for disease control. Ammonium nitrogen was 
found to be suppressive to wheat take-all disease caused by  Gaeumannomyces 
graminis  var.  tritici  (Colbach et al.  1997  ) . Ammonium fertilization was reported to 
encourage pseudomonas antagonistic to the pathogen (Smiley  1978a,   b  ) . Disease 
suppression by nitrate fertilizers may be achieved in the case of Fusarium wilt 
diseases affecting bean, chrysanthemum, cotton, tomato and wheat as well as 
diseases caused by  Sclerotium rolfsii . Suppression of cabbage club root disease 
caused by  Plasmodiophora brassicae  obtained by application of lime could be 
further enhanced by nitrate fertilizer. The effect of ammonium nitrogen in  Verticillium 
dahliae  infecting tomato was suppressed by ammonium nitrogen (Smiley  1975  ) , 
whereas it did not affect the percentage of foliage affected or root and stem coloni-
zation by  V .  dahliae  infecting eggplant (Elmer and Ferrandino  1994  ) . The effects of 
many major and minor nutrients on wilt diseases have been investigated (Jones et al. 
 1989  ) . Tomato seedlings were grown in soilless rockwool system infested with 
 Fusarium oxysporum  f.sp.  radicis - lycopersici  and they are fertilized with a nutrient 
solution amended with macro- and micro-elements at different rates. Disease severity 
was signi fi cantly increased by ammonium nitrogen, while disease severity was 
reduced by nitrate nitrogen. A differential effect of nitrogen form on pH was 
considered as a major mechanism of action for suppression of soilborne pathogens 
(Duffy and Défago  1999  ) . 

 Phosphate fertilization favors plant growth by promoting rapid root develop-
ment. Enhancement of levels of resistance to diseases in crops receiving adequate 
phosphotic fertilizers has also been observed. Wheat take-all disease caused by 
 Gaeumannomyces graminis  var.  tritici  was found to be favored by phosphorus 
de fi ciency. The onset and severity of the disease was appreciably reduced by repe-
ated application of phosphates in the long-term  fi eld experiments at Rothamsted, 
England (Mattingly and Slope  1977  ) . Reduction in take-all disease in wheat 
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infected by vesicular-arbuscular mycorrhizal (VAM) fungus  Glomus mosseae  in 
phosphorus-de fi cient soil was possibly due to enhanced absorption of phosphorus 
by wheat roots facilitated by  G .  mosseae  (Graham and Menge  1982  ) . Higher levels 
of phosphorus reduced the incidence and lesion morphology of potato scab 
( Streptomyces scabies ) (Davis et al.  1976 ), potato late blight ( Phytophthora infes-
tans ) (Heitefuss  1989  ) , peanut (groundnut) rust ( Puccinia arachidis ) (Mayee et al. 
 1983  )  and cowpea anthracnose ( Colletotrichum lindemuthianum ) (Adebitan  1996  )  
diseases. Application of superphosphate increased the growth of forest trees and 
reduced root rot infection by  Phytophthora cinnamomi . This effect was presumed 
to be due to removal of excessive soil moisture (Nework  1970  ) . Since phosphates 
are applied to correct the de fi ciency of this nutrient in the soil, determination of 
their effect on disease development was not done as the primary aim of the inves-
tigation. Hence, the available information is scanty and inadequate to draw any 
reliable conclusion for the management of plant diseases. 

 Potassium has a key role in osmoregulation in the cell and maintenance of 
electrical balance across the plasma membrane. De fi ciency of potassium, phosphorus, 
magnesium and minor nutrients leads to impairment of processes involved in the 
maintenance of cell structure and function. This situation increases susceptibility to 
pathogens such as  Gaeumannomyces gramins  var.  tritici  (Reis et al.  1982  ) . Abundant 
supply of potassium, in addition to optimum levels of other nutrients, has been 
shown to increase the levels of resistance of plants to several diseases. Resistance to 
cereal rusts and powdery mildew was increased by higher doses of potassium due to 
strengthening of the epidermal cell wall. Formation of cellulose and sclerenchyma-
tous structures is accelerated by adequate supply of potassium, resulting in enhance-
ment of resistance to cereal foot rots and stem rots and counteracting effects of 
excess nitrogen which results in lodging of plants (Heitefuss  1989  ) . Reduction in 
incidence or severity of diseases following application of abundant potassium has 
been reported, indicating the possibility of using potassium fertilizers as a management 
strategy for some crop diseases. Incidence of soybean root rot and mosaic diseases 
could be reduced by applying complete fertilizer containing N, P, and K in required 
proportion. The yield of the soybean crop was signi fi cantly increased to the maximum 
extent (Pacumbaba et al.  1997  ) . Resistance of wheat and  fl ax to rust diseases and 
maize to Stewart’s wilt disease may be lost under conditions of potassium de fi ciency 
(Huber and Arny  1985  ) , indicating that maintenance of potassium supply to ade-
quate level is necessary to avoid predisposition of plants to diseases caused by 
microbial pathogens. 

 Nutrient management is important for the activation of passive and active mecha-
nisms of disease control operating in plants. Mineral nutrients are components of 
plants and regulate metabolic activity associated with resistance of a plant species 
and virulence of a pathogen capable of infecting that plant species. Adequate nutri-
tion is generally required to maintain a high level of resistance. Nutrients such as 
calcium that suppress disease caused by  Erwinia  spp. (bacterial soft rots),  Sclerotium 
rolfsii ,  Pythium myriotylum ,  Rhizoctonia solani ,  Fusarium solani  and  Sclerotinia 
minor , increase the structural integrity and resistance of the middle lamella, cell 
wall components and cell membranes to the extracellular macerating enzymes 
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produced by these pathogens (Bateman and Basham  1976 ; Kelman et al.  1989  ) . 
Incidence of  Phytophthora cinnamomi  causing root rot disease of  Quercus ilax  was 
at low level in soils with medium to high calcium (Ca 2+ ) content. The possibility of 
inducing soil suppressiveness by applying calcium fertilizers was examined. The 
in vitro assays showed that Ca 2+  fertilizers inhibited signi fi cantly production of 
sporangia, zoospores and chlamydospores at mM concentrations, while mycelial 
growth was not affected by them. In arti fi cially infested soils, some Ca 2+  induced 
signi fi cant decrease in viability of chlamydospores. In the greenhouse experiments 
using soils infested with  P .  cinnamomi , signi fi cant reduction in severity of foliar 
and root symptoms was observed in Holm oak seedlings growing in soils amended 
with Ca 2+  fertilizers. Based on the results obtained in this investigation, limestone 
amendments in oak rangelands were suggested for enhancing suppressiveness of 
soils to  P .  cinnamomi  (Serrano et al.  2012  ) . 

 Immobilization of manganese (Mn) at infection sites by  Gaeumannomyces 
graminis  var.  tritici  or  Magnaporthe grisea  predisposed wheat tissues to take-all 
disease or to rice to blast disease respectively. The ability to oxidize Mn from the 
reduced, plant available form, to the oxidized, non-available form was identi fi ed as 
a virulence mechanism of the fungal pathogens. The isolates of  G .  graminis  and 
 M .  grisea  that could not oxidize Mn were also found to be avirulent. Many cultural 
disease control practices may function through their effect on mineral availability. 
Transformation from insoluble Mn +3  or Mn +4  oxides to plant-available soluble Mn +2  
is highly dependent on environmental factors so that many factors predisposing 
plants to disease may act through their effect on Mn availability. A  fi rm seed bed 
recommended for reducing wheat take-all disease increased Mn uptake by wheat. 
Plant growth-promoting rhizobacteria (PGPRs) applied to seed or seedlings reduced 
diseases by modifying the microbial environment and increasing the availability of 
speci fi c micronutrients such as iron (Fe) and Mn (Huber and Haneklaus  2007  ) . 

 Silicon added as a supplement to nutrient solutions for hydroponically grown 
cucumber was effective against the powdery mildew disease caused by  Sphaerotheca 
fuliginea . Silicon application (100 mg/l) increased the latent period, reduced the 
number of colonies per leaf, decreased colony area per leaf and germination rates of 
conidia of  S .  fuliginea  on cucumber plants grown in greenhouses (Bélanger et al. 
 1995  ) . Susceptible cucumber cultivars irrigated with potassium silicate at 100, 150 
or 200 mg/l exhibited a slight but statistically signi fi cant reduction in powdery mil-
dew over the course of a 49-day trial. Temperature in combination with silicon was 
found to alter powdery mildew suppression on cucumber leaves. The greatest effect 
of temperature on powdery mildew suppression was observed at 20 °C at which 
cucumber plants irrigated with silicon at 100 mg/l exhibited signi fi cant reduction in 
the number of powdery mildew colonies per leaf. The differences in the number of 
powdery mildew colonies per leaf between the Si −  and Si +  treatments decreased at 
25 °C or 30 °C, although the number of powdery mildew colonies on Si +  treated 
plants remained signi fi cantly lower than that on Si −  treated plants (control). The 
results revealed that temperature could alter the effectiveness of silicon amendments 
for powdery mildew suppression of cucumber in hydroponic nutrient solution. The 
effect of temperature on powdery mildew suppression by silicon may explain the 
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differences in the results obtained in Canada and Florida, USA on the in fl uence of 
silicon (Schuerger and Hammer  2003  ) .  

    2.2.3   Use of Biofertilizers 

 Different bacterial species that can  fi x atmospheric nitrogen in the root nodules or 
in the soil have been produced commercially and applied as biofertilizers. The 
potential of these bacteria in suppressing the development of crop diseases has been 
investigated in some pathosystems. Biofertilizers Bio1 and Bio2 were generated 
from the anaerobic and aerobic digestion of cattle manure respectively. The effect 
of application of Bio1 and Bio2 was assessed in vitro and in vivo for suppressing the 
mycelial growth of  Phyllosticta citricarpa  ( Guignardia citricarpa ), causing citrus 
black spot (CBS) disease. Bio2 produced by aerobic digestion of cattle manure did 
not have any effect on the mycelial growth of  P .  citricarpa . In contrast, Bio1 pro-
duced by anaerobic digestion inhibited the mycelial growth in proportion to its con-
centration. Under  fi eld conditions, the effect of Bio1 in controlling CBS was directly 
proportional to its concentration. The disease index (DI) values were 0.25 and 0.23 
for 10 and 20 % concentration of Bio1, while the untreated control had a value of 
0.33, indicating the potential of the biofertilzer in controlling the disease (Kupper 
et al.  2006  ) . The ef fi cacy of the bio-organic fertilizer was assessed for the control of 
watermelon Fusarium wilt disease. The bio-organic fertilizer formulation contain-
ing organic fertilizer  Paenibacillus polymyxa  and  Trichoderma harziaum  was 
applied at 0.5 %. The disease incidence at 27 and 63 days following treatment was 
reduced by 84.9 and 75 % respectively compared with control under growth cham-
ber and greenhouse conditions (Wu et al.  2009  ) . 

 The potential of  Rhizobium  strains and biofertilizers was evaluated for suppressing 
the development of bush bean and root rot complex caused by  Fusarium oxysporum , 
 F .  solani ,  Sclerotium rolfsii ,  Sclerotinia sclerotiorum  and  Rhizoctonia solani . The 
seeds were treated with the bioinoculants and sown in the  fi eld. The biofertilizers 
and  Rhizobium  strains improved the seed germination signi fi cantly, compared with 
untreated control. Foot and root rot disease was reduced up to 59.2 % by different 
strains and biofertilizers. Yield of green pods was also signi fi cantly increased by the 
 Rhizobium  strains and biofertilizer treatments (Khalequzzaman and Hossain  2008  ) . 
The ef fi cacy of Effective Microorganism (EM), a microbial inoculant comprising of 
actinomycetes, photosynthetic bacteria, lactic bacteria and yeasts and Vaira, a 
biofertilizer derived from anaerobic fermentation of cow manure was assessed for 
suppressing the development of  Xanthomonas campestris  pv.  vesicatoria  ( Xcv ), 
infecting sweet pepper ( Capsicum annuum  cv. Margareth). Sweet pepper seedlings 
were transplanted in  fi eld plots where the soil had been treated with EM, the biofer-
tilizer or left untreated to serve as control. A suspension of  Xcv  at 10 8  CFU/ml was 
sprayed on the plants at 60 days after planting. The number of bacterial pathogen 
(colonies) population isolated from leaves of plants in different treatments and 
disease incidence were determined. The pathogen populations in diseased leaf in 
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EM and biofertilizer treatments were 0.5 × 10 8  CFU and 0.4 × 10 8  CFU respectively 
as against 3.5 × 10 8  CFU in the untreated control. The disease incidence was also 
signi fi cantly reduced by both EM and biofertilizer treatments (Castro et al.  1997  ) .   

    2.3   Tillage 

 Tillage is an important operation in the crop management system, carried out for the 
preservation of soil status to provide optimum conditions for plant growth and to 
maintain long-term productivity of the soils. As soil is turned, mixed, loosened or 
compacted using different implements, alteration in water retention, aeration and 
soil temperatures occurs to varying degrees. These changes have a signi fi cant 
in fl uence on the survival and dissemination of pathogens present in the soil or resi-
dues of crops grown earlier. Most of the soilborne facultative fungal pathogens, 
plant pathogenic bacteria and microorganisms antagonistic to these pathogens com-
plete a part or entire life cycle in the soil or on the plant residues. Obviously the soil 
conditions altered by tillage may be expected to affect both pathogens and antagonists 
(Cook and Baker  1983  ) . Tillage reduces disease risk mainly by reducing pathogen 
inoculum by acceleration of decomposition of infested residues, physically separat-
ing the pathogen from host plants by burying the pathogen deep in the soil or by 
changing soil conditions such as, increasing temperature and reducing moisture) 
(Yang  2002  ) . Minimum tillage and conservation tillage practices are advocated in 
the recent years, because of the reduction in costs, improvement of soil structure 
and water in fi ltration ensuring reduction of soil erosion. However, these tillage 
practices result in accumulation of postharvest plant residues in the top layer. The 
infected residues may be a potential infection source for a range of soilborne dis-
eases (Jirak-Peterson and Esker  2011 ; Váňová et al.  2011  ) . 

 Tillage as a crop management practice has a general bene fi cial effect in destroy-
ing the weeds and volunteer plants that may serve as sources of inoculum for patho-
gens. In addition, it may reduce the amount of pathogen inoculum. Deep ploughing 
may bury the pathogen for inactivation by soil micro fl ora or the pathogen present in 
the soil, after ploughing, may be brought to soil surface and inactivated by heat 
(solar radiation) and drought. Inoculum of  Rhizoctonia solani  infecting many crops 
and  Verticillium dahliae  infecting cotton may be reduced by deep ploughing 
(Papavizas and Lewis  1979 ; Butter fi eld in Fry  1982  ) . Deep ploughing for the con-
trol of bean white mold disease caused by  Sclerotinia sclerotiorum  is recommended, 
because the sclerotia buried deep in the soil do not germinate (Abawi and Grogan 
 1979  ) . Deep ploughing may have different effects on the current and successive 
crops. Lettuce drop disease caused by  Sclerotinia minor  was reduced in the crop 
planted immediately after ploughing, whereas the disease incidence greatly increased 
in the second crop. This was attributed to the signi fi cant reduction in the number of 
sclerotia and the altered distribution of sclerotia following ploughing, providing 
greater chances of infection in the succeeding crop (Subbarao et al.  1996  ) . In the 
presence of the stubbles from a fallow-sown, no-till wheat cover crop, the dispersal 
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of soil inoculum of  Phytophthora capsici  causing Phytophthora blight of bell 
pepper was suppressed, resulting in considerable reduction in disease incidence. 
The  fi nal disease incidence ranged from 2.5 to 43.0 % in no-till plots as against 71 
to 72 % incidence in pepper planted in a bare  fi eld, where all dispersal mechanisms 
operated without hindrance (Ristaino et al.  1997  ) . On the other hand, the detection 
frequency of  Phytophthora sojae  infecting soybean near the soil surface was two 
to three times greater than that of conventional till  fi elds at this depth resulting 
in higher incidence of damping-off disease (Workneh et al.  1998  ) . Variations in 
the results reported may possibly be due to the dif fi culty in precisely assessing the 
pathogen propagules present in the soils. Hence, no attempt was made to relate the 
disease incidence with the amount of viable pathogen population capable of inducing 
disease. Bocus and Shroyer  (  1998  )  suggested that the reduced or no-till practice 
may be coupled with proper crop sequence to achieve the twin objectives of retaining 
the crop residues and satisfactory level of disease suppression. 

 The effects of different tillage practices such as reduced tillage, conservation till-
age and no-till on crop production differ widely and con fl icting results have been 
reported by agronomists. No-till or nontillage practice was adopted in some annual 
 fi eld crops and perennial crops. Direct drilling of barley was found to reduce inci-
dence of take-all disease in Scotland (Lockhart et al.  1975  ) . In contrast, the incidence 
and severity of take-all disease of wheat were greater in no-till plots than in tilled plots 
in Washington, USA (Moore  1978  ) . The tillage practices employing moldboard 
plough, chisel plough and no-till were evaluated for their ef fi cacy in reducing Fusarium 
head blight (FHB) disease infecting wheat. Incidence and severity of FHB were lower 
in moldboard ploughed plots than in either chisel ploughed or no-till plots, although 
differences among chisel plough and no-till treatments were apparent. Yields of wheat 
were 10 % greater in moldboard ploughed plots than in either chisel ploughed or no-
till treatments. The results suggested that changes in the regional tillage practices, 
principally the move towards conservation tillage and reduced till systems might have 
contributed to the FHB epidemics in the Upper Midwest in the United States (Dill-
Macky and Jones  2000  ) . The effects of different long-term conventional and conser-
vation tillage treatments on the incidence and diversity of  Fusarium  spp. in soil were 
investigated. The isolation frequency of  Fusarium  spp. and the total number of CFUs 
were affected by the sampling years (2000 and 2001) and the cultivated crop (winter 
wheat, mustard or maize) and showed signi fi cant differences between tillage treat-
ments (moldboard plough, chisel plough or rotary tiller). Moldboard plough treat-
ments showed a lower diversity of  Fusarium  species than in chisel plough and rotary 
tiller treatments. The number of total CFUs per g of soil and  Fusarium  spp. was higher 
in 2000, when wheat was cultivated (Fig.  2.2 ) than in 2001 when maize was grown 
(Fig.  2.3 ) and showed differences between treatments. Moldboard-based plots at 24 
and 17 cm showed higher populations in 2001 than in 2000. Based on the analysis of 
variance the isolation frequency of total CFUs and  Fusarium  spp. was signi fi cantly 
in fl uenced by tillage treatments. Besides the tillage systems, the tillage depth also 
appeared to affect the  Fusarium  populations. The deeper the tillage, the lower was the 
number of  Fusarium  spp. isolated. In conservation tillage, a higher diversity of 
 Fusarium  species was found than in the moldboard plough-based tillage plots. 
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  Fig. 2.2    In fl uence of tillage treatments on isolation frequency of total colony forming units 
(CFUs) and  Fusarium  spp. in wheat.  mp  moldboard plough,  cp  chisel plough, 30, 24 and 17 depth 
of treatment in cm (Courtesy of Steinkellner and Langer  2004  and with kind permission of Springer 
Science + Business B.V., Heidelberg, Germany)       
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  Fig. 2.3    In fl uence of tillage treatments on isolation frequency of total CFUs and  Fusarium  spp. in 
maize.  mp  moldboard plough,  cp  chisel plough,  rt  rotary tiller, 30, 24 and 17 depth of treatment 
in cm (Courtesy of Steinkellner and Langer  2004  and with kind permission of Springer Science + 
Business B.V., Heidelberg, Germany)       

Moldboard ploughing resulted in a lower occurrence of pathogenic  Fusarium  spp. 
such as  F .  culmorum  and  F .  graminearum . The results indicated that conservation soil 
tillage led to conditions which increased the incidence of  Fusarium  spp. in soil 
(Steinkellner and Langer  2004  ) .   
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 The in fl uence of conventional and minimum tillage treatments in combination 
with 2- and 3-year crop rotations on the development of soil suppressiveness to 
potato canker and black scurf disease caused by  Rhizoctonia solani , dry rot caused 
by  Fusarium  spp. and silver scurf disease induced by  Helminthosporium solani  was 
investigated. Analysis of root zone bacteria recovered from the rhizosphere (exo-
root) and potato root tissue (endoroot) showed that antibiosis activity inhibiting the 
growth of the soilborne pathogens was at the maximum level in bacterial isolates 
recovered from the endoroot tissues of 3-year rotation crop (barley, red clover and 
potato) under minimum tillage management. The results suggested that the soil 
agroecosystems could be modi fi ed through rotation and conservation tillage prac-
tices to improve disease suppression by enhancing the antibiosis abilities of endo-
phytic and root zone bacteria (Peters et al.  2003  ) . Peanut (groundnut) was raised 
under four different tillage systems viz., disc harrow, chisel plough, no-till and para-
till subsoiler and the effect of the tillage systems on the incidence of brown root rot 
disease caused  by Fusarium solani  was assessed. Use of paratill subsoiler before 
sowing peanut in the no-till system generally reduced the subsurface layer of com-
pacted soil which provided a favorable environment for root growth and conse-
quently reduced disease incidence. Reduction of root rot disease incidence was 
greater in a 2-year rotation including corn-soybean or soybean-corn prior to peanut. 
Root rot incidence in different tillage systems at 2 weeks before harvest, showed a 
strong negative correlation with pod yield. Use of paratill subsoiler before sowing 
peanut in a no-till system had the potential for application as an alternative strategy 
for the control of root rot disease of peanut in the southern Argentina, since this 
system could improve peanut root growth and reduce the disease as well (Oddino 
et al.  2008  ) . Tillage practices namely conventional tillage, no tillage (NT) and mini-
mum tillage (MT) were evaluated for their ef fi cacy in reducing the occurrence of the 
mycotoxin deoxynivalenol (DON, produced by  Fusarium  spp.), stem base diseases 
and take-all disease in winter wheat. Tillage practices had statistically signi fi cant 
effect on the values of DON content in the grain. The least amount of DON was 
present in the grains of plants grown in conventional tillage treatment. DON con-
tents were higher in the treatments using conservation tillage. Highest DON content 
was recorded in the grains of plants raised in no-tillage treatment. The eyespot dis-
ease incidence was higher in plots with conventional tillage treatment. Higher level 
of risk of getting enhanced level of incidence of stem base diseases, root diseases 
and Fusarium head blight disease appeared to be associated with conservation till-
age practice (Váňová et al.  2011  ) .  

    2.4   Soil Flooding 

 Flooding may be feasible as a cultural practice for disease control only in areas 
where large resources of water are available (Palti  1981  ) . Soil  fl ooding may be con-
sidered as a soil disinfestation treatment performed prior to sowing or planting. 
Flooding may become effective by restricting oxygen availability, increasing CO 

2
  or 
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other microbial interactions such as production of substance toxic to the soilborne 
pathogens upon anaerobic processes (Bruehl  1987  ) . A well known example of 
 fl ooding being effective is that of Panama wilt of banana caused by  Fusarium 
oxysporum  f.sp.  cubense . The soil was  fl ooded for 3–4 months or more with a mini-
mum of 30 cm of water. This practice was not effective in soils with very high 
pathogen populations or under conditions that might favor rapid development of the 
pathogen (Stover  1962  ) . Flooding was successfully applied as a cultural practice for 
the control of Verticillium wilt disease infecting cotton.  V .  dahliae  was effectively 
suppressed by long-term summer soil  fl ooding with or without growing rice crops. 
The control of  V .  dahliae  was directly associated with control of Verticillium wilt in 
subsequent cotton crops and with increased yields. But soil  fl ooding done during 
winter months and irrigated rice without  fl ooding were not effective. Anaerobic 
conditions and low oxidation-reduction potentials in  fl oods might be responsible for 
the pathogen suppression (Pullman and De Vay  1981  ) . The duration of soil satura-
tion was found to be an important factor in both greenhouse and  fi eld testing where 
population densities declined after 6–8 weeks of  fl ooding. Suppression of  V .  dahliae  
development might be due to anaerobic conditions and low oxidation-reduction 
potentials in  fl ooded soils (Katan  2000  ) . The effect of soil  fl ooding was investigated 
also on other soilborne fungal pathogens. The sclerotia of  Sclerotinia sclerotiorum  
were entirely decayed after 24–45 days in three types of  fl ooded soils at tempera-
tures of 22–26 °C (Moore  1949  ) . Likewise, sclerotia of  S .  minor  and  S .  sclerotiorum  
were no longer viable after 3 weeks in  fl ooded soils at mean temperatures ranging 
from 30 to 33 °C (Matheron and Porchas  2005  ) . Summer  fl ooding treatment for 
60 days of soil infested with  F .  oxysporum  f.sp.  vasinfectum  signi fi cantly reduced 
the occurrence of Fusarium wilt on cotton crops grown subsequently (Allen and 
Lonergan  2000  ) . The effectiveness of  fl ooding, for suppressing the development of 
 F .  oxysporum  f.sp.  lactucae  infecting lettuce, was assessed. Flooding treatment was 
applied by completely saturating the soil with water and maintaining a 2-cm layer 
of water on the soil surface by adding water daily to replace that was lost due to 
evaporation in experiments conducted in microplots. Growth of lettuce in  fl ooded 
soil containing the pathogen occasionally was signi fi cantly higher than in non-
 fl ooded soil. However, the effect on plant growth was not as consistent as that 
recorded for soil solarization treatment with which  fl ooding treatment was com-
pared (Matheron and Porchas  2010  ) .  

    2.5   Planting Date and Density 

 Date of sowing/planting of a crop depends on several factors such as crop duration, 
availability of irrigation facility/rainfall and other requirements for good growth of 
plants to realize the maximum yield potential of cultivar selected. From the disease 
management point of view, date of sowing/planting may be determined with 
the primary objective of reducing the period for which the crop may be exposed to 
the virulent pathogen or propagules available in the environment/substrate. In the 
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case of viruses or other vector-borne pathogens, the date of sowing has to be so 
adjusted that the crop is not exposed to the period, when the vector population is 
high with active movements. The pattern of incidence of the disease(s) on a crop in 
a given location has to be studied over several seasons or years to plan a realistic 
proposal for avoiding the disease by suitable manipulation of date of sowing/plant-
ing. Although this approach may appear to be simple, some problems imposed by 
crop requirements and seasons have to be overcome. 

 By selecting appropriate dates of sowing, some diseases could be signi fi cantly 
controlled as in the case of wheat foot rot disease caused by  Pseudocercosporella 
herpotrichoides . When wheat was sown in late September or early October, the 
incidence of foot rot disease was markedly reduced in Washington and other adja-
cent states of USA. The take-all disease of wheat caused by  Gaeumannomyces 
graminis  var.  tritici  could be reduced by early sowing of winter wheat (late October 
to early November) in irrigated areas (Cook and Baker  1983  ) . Likewise, Sclerotinia 
crown and stem rot disease of alfalfa caused by  Sclerotinia trifoliarum  could be 
appreciably reduced by combining early sowing and no-till practice (Sulc and 
Rhodes  1997  ) . Some of the viral diseases can be managed by properly adjusting 
sowing dates. Early sowing of sugar beet permits its germination and growth, when 
temperatures are too low for infection of roots by the fungal vector  Polymyxa betae . 
On the other hand, late sowing leads to the additional advantage of avoiding the 
rhizomania disease caused by  Beet necrotic yellow vein virus  for which  P .  betae  is 
the vector (Blunt et al.  1992 ; Rush and Heidel  1995  ) . The effect of planting dates on 
the incidence of rice tungro disease (RTD) in the Cauvery delta of Tamil Nadu 
State, India was studied in detail. Rice crops planted before the  fi rst fortnight of 
August generally showed minimal infection by RTD, while the disease incidence 
increased markedly in rice crops planted in October and thereafter. The higher dis-
ease incidence had a signi fi cant positive relationship with the buildup of population 
of green leafhoppers (Narayanasamy  2002  ) . 

 Planting density, as determined by seed rate and spacing adopted, has a distinct 
effect on the amount of foliage canopy and consequently on the microclimate 
around the crop. It is well known that high rate of seeds sown in nurseries of 
tobacco, tomato and other vegetable crops along with high soil moisture favor the 
incidence of damping-off disease due to  Pythium  spp. and  Rhizoctonia  spp., result-
ing in the death of large number of seedlings in the nurseries. High planting density 
favors the development of diseases also in the main  fi eld after transplanting as in 
the case of downy mildew of tobacco, sugar beet and pepper (chilli) (Palti  1981  ) . 
Coffee rust ( Hemileia vastatrix ) and tea blister blight ( Exobasidium vexans ) dis-
seminated by wind may spread rapidly in densely planted crops. Severity of potato 
silver scurf ( Helminthosporium solani ) and black scurf ( Rhizoctonia solani ) dis-
ease increased with increase in plant density (Firman and Allen  1995  ) . Canola 
seeding rates, likely to affect the microclimate beneath the canopy, were evaluated 
for their impact on the incidence of stem rot disease caused by  Sclerotinia sclero-
tiorum . A signi fi cant relationship between Sclerotinia stem rot disease incidence 
(DI) and seed rate was observed. With an increase in seeding rate, the DI was 
signi fi cantly increased. Lodging of plants of all four cultivars increased, when 
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seeding rates exceeded the recommended seeding rate (6.5 kg/ha). Both plant 
density and lodging resistance varied in having larger in fl uence on DI depending 
on the year (2001–2003) and cultivar analyzed. The results indicated that higher 
seeding rate modi fi ed the micro-environment and might increase the potential for 
lodging, resulting in plant-to-plant spread of the disease (Jurke and Fernando 
 2006  ) . The effects of plant density on the susceptibility of medium and medium-
late maturity maize hybrids to ear rot and to mycotoxin contamination in natural 
infection conditions were determined. The plant density signi fi cantly in fl uenced 
the percentage of kernels infected by  Fusarium  infection (+24 %) and higher fun-
gal ear rot severity (+43 %) than plots with lower plant densities. However, the 
plant density did not in fl uence the type of mycotoxin found in the kernel which 
depended mainly on the climatic conditions during the season and their in fl uence 
on the infection and the development of different fungal genera and species associ-
ated with ear rot disease. The natural occurrence of the mycotoxins found each 
year (2001–2004) was always signi fi cantly higher in crops with higher plant den-
sity. The use of a medium-late maturity hybrid instead of a medium maturity hybrid 
could lead to higher contamination of mycotoxins. Maize crops cultivated in tem-
perate areas at high plant populations might exhibit a signi fi cant increase in myco-
toxin contamination risk in the kernels (Blandino et al.  2008  ) . Sowing time, plant 
density and nitrogen fertilization were evaluated for their effect on Fusarium ear 
rot incidence and severity, kernel infection by  F .  verticillioides  and  F .  graminearum  
and contamination of kernel with fumonisin and deoxynivalenol (mycotoxins). 
The fumonisin levels were less affected by nitrogen fertilization, plant density and 
hybrid maturity. The presence of deoxynivalenol was related to late sowing, high 
plant density and N fertilization (Blandino et al.  2009  ) . 

 The in fl uence of plant density on the incidence of virus diseases has been inves-
tigated. Reduction of incidence of  Groundnut rosette virus  in groundnut (peanut) 
by adopting closer spacing was suggested as a practical measure of rosette disease 
management. Closer spacing (2.5 × 90 cm) reduced the rosette disease signi fi cantly 
compared to that in widely spaced (30 × 90 cm) plots (Farrell  1976  ) . The incidence 
of bud necrosis virus in groundnut could be reduced by adopting closer spacing 
(15 × 15 cm) followed by elimination of infected plants up to 6 weeks after sowing 
(Narayanasamy et al.  1976  ) . Similar effect of closer spacing on the incidence of 
bud necrosis disease was observed also by Mali  (  1992  ) . Adoption of narrow row 
spacing (17.5 cm) resulted in reduction of  Bean yellow mosaic virus  incidence in 
narrow-leaved lupine ( Lupinus angustifolius ) (Jones  1994  ) . The effect of varying 
plant density and crop variety on the incidence of virus diseases of cowpea ( Vigna 
unguiculata ) was investigated with the aim of identifying tolerant cowpea cultivars 
and determining optimum planting density that could lower viral disease incidence 
and increase cowpea yield. Planting density and variety had signi fi cant effect on 
the incidence of  Cowpea aphid - borne mosaic virus ,  Cowpea mild mottle virus , 
 Cowpea mosaic virus ,  Cowpea chlorotic mottle virus  and  Cowpea golden mosaic 
virus . The lowest mean disease incidence was recorded in plots with planting den-
sity of 25 × 75 cm, compared with planting density of 50 × 75 cm and 75 × 75 cm. 
However, planting at a mid-level density 50 × 75 cm with variety IT89KD-288 



332.6 Irrigation Practices

showed lowest disease incidence and outperformed the other combinations for 
yield. Hence, this combination was recommended for wider application (Aliyu and 
Balogun  2011  ) .  

    2.6   Irrigation Practices 

 Irrigation, probably, has greater in fl uence on the development of both host plant 
and microbial plant pathogens than other agricultural practices. Irrigation is essen-
tial to maintain required soil moisture levels for the absorption of plant nutrients 
from the soil and for maintaining turgidity of plan cells/tissues. Both high moisture 
and water stress may predispose plant to infection by different kinds of pathogens. 
Four kinds of irrigation techniques are used for various crops depending on the 
quantum of water available/required. Flooding is done, when the quantity of water 
is abundantly available, but this system is likely to spread the soilborne inoculum 
throughout the  fi eld. Furrow irrigation saves some water, but spreads the pathogen 
along the furrows. The sprinkling system restricts the amount of water used fur-
ther, but causes enormous splash dissemination of the pathogen inoculum, while 
surface dissemination is limited. The trickling (drip) system conserves water 
requirement and aids pathogen dissemination to some extent. A combination of 
subsurface drip irrigation and minimum tillage practices more effectively reduced 
the incidence of lettuce drop disease caused by  Sclerotinia minor  and the severity 
of corky root disease caused by  Rhizomonas suberifaciens , compared with furrow 
irrigation and conventional tillage. Differential moisture and temperature effects 
were considered to be responsible for disease suppression (Bell et al.  1998  ) . The 
effect of three irrigation methods, daily drip, 3-day drip and alternate row furrow 
irrigation on the incidence of Phytophthora root rot disease caused by  Phytophthora 
capsici  in pepper ( Capsicum annuum ) was compared. Root rot incidence in the 
infested plots was higher under alternate furrow irrigation than in other two sys-
tems of irrigation. Drip irrigation increased the yield of marketable green fruits by 
providing either favorable soil moisture conditions or unfavorable condition for the 
pathogen development (Xie et al.  1999  ) .  Phytophthora capsici  produces zoospores 
that initiate infection of roots primarily. Conditions of wet and dry cycles in soil 
are required for completion of different stages in its life cycle. Rainfall and peri-
odic furrow irrigation provide the wet-dry cycle in the soil, favoring sporangia 
production during dry period and zoospore release during wet period. The role of 
irrigation methods (drip, basin and furrow) in the development of pepper crown rot 
disease caused by  P .  capsici  was studied. Disease percentage was higher (78.39 %) 
in drip irrigation system than in basin (56.27 %) and furrow irrigation (55.92 %) 
methods (Sağir et al.  2005  ) . 

 The type of irrigation can be very important in terms of disease risk. Sprinkler 
irrigation results in wetting of the entire crop canopy and soil surface, compared to 
furrow or  fl ood irrigation and as a consequence may increase the risk of foliar dis-
eases. Frequent irrigation provides a favorable microclimate for downy mildews 
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which are almost absent in areas with low rainfall and relative humidity. Favorable 
conditions for the incidence of potato late blight disease caused by  Phytophthora 
infestans  in northwestern United States and Israel were created by sprinkler irriga-
tion system (Rotem and Palti  1969  ) . In dry lands of Washington, USA, use of over-
head sprinkler irrigation upset the biological balance existing before the introduction 
of this practice. In these  fi elds, increase in the incidence of diseases due to  Verticillium 
dahliae ,  Gaeumannomyces graminis  var.  tritici  and  Fusarium  spp. was observed 
over the years (Baker and Cook  1974  ) . Peanut (groundnut) late leaf spot, rust and 
 Tomato spotted wilt virus  (TSWV) diseases affected peanut crops more severely in 
plots irrigated by sprinkler system than in plots receiving surface irrigation. Splash 
dissemination of spores and disturbance to thrips (vector of TSWV) by sprinkling 
water may account for the increased disease incidence/spread in plots receiving 
water through sprinkler irrigation system (Ganapathy  1985  ) . Supplemental irriga-
tion under drought stress conditions may improve the growth and yield of potatoes. 
But it can in fl uence the incidence of tuber diseases. Surface sprinkler irrigation was 
applied based on tensiometer or moisture block readings deployed in  fi eld plots. 
Black scurf ( Rhizoctonia solani ), black dot ( Colletotrichum coccodes ), silver scurf 
( Helmithosporium solani ) and common scab ( Streptomyces scabei ) were quanti fi ed 
on potato tubers randomly sampled at harvest and kept at storage temperature of 
7.2 °C, before visual assessment. The mean incidence of black scurf, silver scurf 
and black dot ranged from 3 to 18 %, 2 to 33 % and 4 to 7 % respectively in best, 
unirrigated and reduced irrigation respectively. The results suggested that irrigation 
might lead to increase in disease incidence. However, crop rotation and application 
of amendment may reduce incidence of potato tuber diseases selectively to some 
extent (Olanya et al.  2010  ) .  

    2.7   Effects of Other Crops 

 Many other crops may be grown in rotation with the primary crop in different 
seasons or as intercrop along with the primary crop in the same season. Incidence 
of diseases may be in fl uenced by other crops to varying degrees with either positive 
or negative effects. 

    2.7.1   Crop Rotation 

 Crop rotation or sequence refers to a system of inclusion of appropriate crops in a 
sequence for a de fi nite period of time (usually 2 or 3 years in most cases). The suc-
cess of crop rotation as a biological method of disease control depends on several 
factors including time, the environment, and the nature of the pathogen(s) to be 
managed and characteristics of the host crop. Rotation to a non-host(s) for the path-
ogen concerned for a suf fi cient period allows enough time for the decomposition 
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of infected crop residues and/or a reduction in the viability of pathogen survival 
structures and the ability of the pathogen to produce inoculum, thus eliminating a 
potential source of disease. Crop rotation is likely to be an effective disease manage-
ment strategy under certain conditions only. The source of the inoculum must be 
from the  fi eld concerned or the potential movement of the pathogen from other 
adjacent  fi elds is limited. Crop rotation may not be effective for seed-borne patho-
gens such as cereal smut pathogens. The host range of the pathogen has to be narrow 
and crop rotation may not be effective for diseases like Sclerotinia stem rot of 
canola, because the pathogen has an extensive host range which includes several 
crops and weed species. Another requirement for the effectiveness of crop rotation 
is the inability of the pathogen to survive for long time in the absence of the crop 
plant species. If the pathogen has the ability to produce resting spores such as scle-
rotia or chlamydospores which can remain viable for several years, crop rotation 
may not be a suitable option for the management of such pathogens. Crop rotation 
may be the most effective for the diseases caused by pathogens that are soilborne or 
plant residue-borne. 

 Inclusion of legumes in crop rotations provides double bene fi ts because of their 
ability to  fi x atmospheric nitrogen that can be used by the succeeding crops and to 
reduce the incidence of the target disease. Lupin included in the rotation either in 
the preceding year or even 2 years previously, signi fi cantly reduced the incidence of 
wheat take-all disease caused by  Gaeumannomyces graminis  var.  tritici  and 
increased the yield compared with monoculture of wheat (Reeves et al.  1984  ) . For 
the management of wheat take-all disease and winter wheat Cephalosporium stripe 
disease caused by  Cephalosporium graminearum , a 2-year or 3-year rotation was 
found to be effective. The sequence of wheat-potato, wheat-corn, wheat-beans or 
wheat-sugar beet for wheat take-all disease and wheat followed by spring wheat, 
spring barley, peas or lentils for winter wheat stripe disease was recommended 
(Bruehl  1968 ; Cook and Baker  1983  ) . The inclusion of a legume cover crop was 
found to be useful for improving soil fertility as well as disease suppression. Hairy 
vetch ( Vicia villosa ), when incorporated into the soil, exerted differential in fl uence 
on the pathogens causing cotton disease complex. The incidence of black root rot 
disease caused by  Thielaviopsis basicola , soil populations of  T .  basicola  and the 
frequency of isolation of the pathogen from diseased cotton seedling were 
signi fi cantly reduced, following cultivation of hairy vetch as a cover crop in winter 
compared to fallowing the  fi eld. On the other hand, soil populations of  Rhizoctonia 
solani  and  Pythium  spp. forming the components of the disease complex increased 
after hairy vetch as a cover crop (Rothrock et al.  1995  ) . This differential effect was 
attributed to the increase in soil atmospheric ammonia levels in hairy vetch amended 
soil.  T .  basicola  was more sensitive to the ammonia than  R .  solani  and  Pythium 
ultimum  (Candole and Rothrock  1997  ) . 

 Incidence and severity of common root rot caused by  Cochliobolus sativus  was 
reduced in wheat following lupine, compared to wheat following wheat. Signi fi cant 
increase in yield of wheat following lupine was also obtained and this enhanced 
yield was considered to be due to suppression of disease and higher nitrogen status 
of the soil (Doyle et al.  1988  ) . In another investigation, crown root rot of wheat 
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caused by  Fusarium graminearum  was reduced and wheat yield increased by a 
chickpea-wheat versus wheat-wheat rotation. The mean incidence of crown rot was 
12 % for chickpea-wheat rotation, compared with 30 % infection in wheat-wheat 
system (Felton et al.  1998  ) . The effect of crop rotation including canola, lupine, 
medic, medic-clover mixture on the incidence of wheat crown root rot disease was 
investigated. The incidence of  F .  graminearum -induced disease was signi fi cantly 
higher on wheat for the rotation treatment that included wheat and canola. Highest 
disease incidence and severity were recorded for this treatment. Medic-clover mix-
ture as the rotation component reduced the incidence of the crown root rot to the 
maximum extent and enhanced the yield of wheat grains (Lamprecht et al.  2006  ) . 
Rhizoctonia bare patch disease caused by  Rhizoctonia solani  AG-8 increased in no-
till cereals and the disease was considered as a major limiting factor for adoption of 
no-till technology. In an 8-year experiment, crop rotation had no effect on the bare 
patch incidence during the  fi rst 5 years and from years six to eight, both soft white 
and hard white classes of spring wheat ( Triticum aestivum  L.) grown in a 2-year 
rotation with spring barley had an average of only 7 % of total land area with bare 
patches, compared with 15 % in continuous annual soft white wheat or hard white 
wheat (monoculture). Both classes of wheat had less bare patch area and produced 
higher grain yield, when grown in rotation with barley. But monoculture of hard 
white was more severely affected by  Rhizoctonia solani  than soft white wheat. The 
results indicated that Rhizoctonia bare patch disease could be suppressed in no-till 
system by adopting rotation of cereal crops (Schillinger and Paulitz  2006  ) . 

 The effect of mixed cropping on disease suppressiveness of soils was tested for 
two cropping systems, Brussels sprouts-barley and triticale-white clover. No 
signi fi cant effects of mixed cropping on general disease suppressiveness of three 
different soils to three different soilborne pathogens,  Rhizoctonia solani ,  Fusarium 
oxysporum  f.sp.  lini  and  Gaeumannomyces graminis  var.  tritici  could be observed. 
However, for Fusarium wilt disease, soils cropped with barley had the highest level 
of disease suppressiveness, compared with soils cropped with Brussels sprouts and 
the mixed crop. The results of the bioassay GGT1 for  G .  graminis  var.  tritici  indi-
cated a weak, but similar trend for suppressiveness of soils for the cropping systems 
and soilborne pathogens tested in this investigation (Hiddink et al.  2005  ) . Take-all 
decline is considered a consequence of the development of antagonistic microbial 
community in the soil. The population of take-all pathogen  G .  graminis  may be 
much reduced by a break crop which is other than a cereal that is not susceptible to 
the target pathogen. The introduction of barley into a sequence of wheat crops may 
result in less take-all than would be expected in another crop of wheat, as barley is 
more resistant to the disease. Effects of different cultivated or weed grasses as pure 
stands or in combination with wheat on take-all and its suppression in subsequent 
wheat crops were evaluated. Annual brome grasses maintained take-all inoculum in 
the soil as ef fi ciently as wheat (grown as a continuous sequence) and much better 
than the cultivated species with a perennial habit. Take-all developed more in wheat 
grown after  Anisantha sterilis  (barren brome) or  Bromus secalinus  (rye brome) with 
or without wheat, than in continuous grass-free wheat in the same year, whereas 
take-all decline was apparently occurring. While annual grass species were found to 
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be more effective hosts of the take-all pathogen, some of the perennial grasses were 
more effective obstacle to the development of suppression (Gutteridge et al.  2006  ) . 

 Corn anthracnose disease caused by  Colletotrichum graminicola  occurs in two 
phases as leaf blight and stalk rot. The effect of soybean-corn crop rotation on the 
incidence and severity of leaf blight and stalk rot diseases was assessed. Continuous 
corn cropping increased the leaf blight incidence and severity of 91 % and 24–78 % 
respectively over that of soybean-corn rotation. The corn residue was found to be an 
important source of primary inoculum and the buildup of inoculum was accelerated 
by continuous corn cropping. Managing residue levels through crop rotation could 
be expected to reduce anthracnose leaf blight (Jirak-Peterson and Esker  2011  ) . 
Rotation of pepper ( Capsicum annuum ) with peanut or sesame resulted in reduction 
of the incidence of blight caused by  Phytophthora capsici  by 39 and 11 % respec-
tively (Kim  1989  ) . Nonhosts include in the rotation and/or fallowing reduced the 
selection pressure for a given soilborne pathogen and ‘starve’ it out, preventing the 
buildup of large populations. The frequency and composition of crops in a potato 
rotation in fl uence the incidence and development of soilborne diseases affecting 
potato crops.  Phytophthora erythroseptica  causing pink rot disease of potato can 
survive for many years in soil as oospores and propagules of the pathogen which are 
endemic in most cultivated soils where potatoes are grown repeatedly (Lambert and 
Salas  2001  ) . Crop rotation with at least one alternate crop was found to reduce the 
pink rot disease incidence signi fi cantly (Lambert et al.  2001  ) . In a later investiga-
tion, the effect of 2- and 3-year crop rotations and conservation tillage practices on 
the severity of pink rot disease was assessed. Barley was included in 2-year rotation, 
while red clover was also included additionally in the 3-year rotation. The develop-
ment of pink rot disease due to  P .  erythroseptica  was signi fi cantly less pronounced 
in potatoes from 3-year rotational soils than from 2-year rotational soils. Potato 
plants grown in greenhouse using soils from  fi eld plots, had less disease in the 
3-year rotation than in 2-year rotation (P = 0.05). The results suggested that potatoes 
grown in soils managed under a 3-year rotation appeared to be intrinsically more 
resistant to infection by  P .  erythroseptica  than those managed under a 2-year rota-
tion (Peters et al.  2005  ) . 

 A system of cultivar rotation was suggested for the management of Verticillium 
wilt of cotton caused by  Verticillium dahliae . The cotton cultivar Acala SJ-4 was 
relatively tolerant to Verticillium wilt and could yield better than susceptible cv. 
SJ-2 in  fi elds with high inoculum densities (9–13 microsclerotia/g of soil). The cv. 
SJ-2 had higher yield potential in soils with lower inoculum densities. It was recom-
mended that cv. SJ-4 could be grown in  fi elds until the pathogen population was 
reduced below the threshold level and then cv. SJ-2 might be grown to reduce the 
damage to this cultivar (Ashworth and Huisman  1980  ) . The ef fi ciency of crop rota-
tion in eliminating  Verticillium dahliae  causing cauli fl ower wilt disease was 
assessed. Incorporation of broccoli residue resulted in signi fi cant reduction in num-
ber of propagules of  V .  dahliae  and the decline continued throughout the cauli fl ower 
season. Rotation of broccoli with cauli fl ower followed by incorporation of broccoli 
residue was suggested as a practical measure of control for this disease (Xiao et al. 
 1998  ) . Adoption of a rotation system of 2 years of cotton and 1 year of sorghum 
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reduced the density of microsclerotia of  V .  dahliae  (2/cm 3  of soil), compared with 
continuous cotton (23/cm 3  of soil). Crop rotation avoiding excessive irrigation and 
using a partially resistant cultivar reduced incidence of Verticillium wilt and 
improved net returns (Wheeler et al.  2012  ) . 

 As crop rotation with broccoli has been shown to be effective in reducing 
Verticillium wilt disease infecting cauli fl ower, similar approach was adopted for the 
management of Verticillium wilt disease in strawberry. The effects of broccoli and 
lettuce rotations on population densities of  Verticillium dahliae  and  Pythium  spp. in 
soil and on strawberry ( Fragaria  ×  ananassa ) growth and yield were determined in 
conventional and organic production systems. Strawberry was planted after two 
successive crops of broccoli or lettuce. In the control treatment in the conventional 
 fi eld, the soil was fumigated with methyl bromide + chloropicrin prior to strawberry 
planting. No difference in the inoculum densities of  V .  dahliae  was seen in organic 
and conventional plots following lettuce rotations. But in plots following broccoli 
rotations, decrease in the inoculum densities of  V .  dahliae  in organic plots was 
greater than in conventional plots. Crop rotation treatments did not have any consis-
tent effect on the inoculum densities of  Pythium  spp. Verticillium wilt incidence in 
strawberry was lower by 12–24 % in  fi elds rotated with broccoli, compared with 
 fi elds rotated with lettuce. Likewise, wilt severity was also reduced to a greater 
extent in  fi elds rotated with broccoli, compared with the  fi elds rotated with lettuce. 
The usefulness of employing broccoli rotation coupled with postharvest incorpora-
tion of broccoli residue was indicated by this investigation (Njoroge et al.  2009  ) . 

 The effect of rotation with broccoli or Brussels sprouts on the inoculum densities 
of  Verticillium dhaliae , infecting strawberry was assessed. Inoculum densities of 
 V .  dahliae  were reduced to a greater extent, when broccoli or Brussels sprouts were 
grown as rotation crop, compared with lettuce. The yield increase was proportional 
to the reduction in inoculum densities of the pathogen which had direct effect on 
disease incidence (Fig.  2.4a, b ). The mechanism of broccoli-mediated disease con-
trol was suggested to be biofumigation, due to degradation of glucosinolates in the 
crop residue (Martin and Bull  2002  ) . The effectiveness of rotation of strawberry 
with broccoli, Brussels sprouts and lettuce in reducing soilborne inoculum of 
 Verticillium dahliae  and  Pythium  spp. and severity of wilt disease was assessed. 
Rotation did not alter the total population levels of  Pythium  spp. at two sites tested. 
On the other hand,  V .  dahliae  microsclerotia were signi fi cantly reduced with broc-
coli and Brussels sprouts rotations, compared with lettuce rotations at  V .  dahliae -
infected site. Reduction in propagules was re fl ected by lower Verticillium wilt 
severity on strawberry plants in the broccoli and Brussels sprouts rotations, com-
pared with lettuce rotations. Further, strawberry vigor and fruit yield were 
signi fi cantly lower in lettuce-rotated plots. None of the rotation treatments was bet-
ter than the standard chemical treatment with methyl bromide + chloropicrin for all 
the variables quanti fi ed. Rotation with broccoli and Brussels sprouts could be an 
effective cultural practice for managing strawberry wilt disease, in the absence 
of chemical fumigation (Subbarao et al.  2007  ) . Adoption of a rotation system of 
Chinese leek-banana reduced the Fusarium wilt of banana caused  by F .  oxysporum  
f.sp.  cubense  ( Foc ) incidence and severity index by 88–97 % and 91–96 % 
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respectively and improved the crop value by 36–86 % in an area heavily infested by 
 Foc  during 2007–2009 (Huang et al.  2012  ) .  

  Sclerotinia minor , causative agent of lettuce drop disease, has a wide host range. 
Use of crop rotation as a disease management strategy for reducing the incidence in 
lettuce was examined. The ef fi ciency of broccoli as a rotation crop was assessed for 
reducing the number and viability of sclerotia of  S .  minor  and the incidence of let-
tuce drop in the  fi eld. Continuous lettuce did not increase the lettuce drop disease 
incidence for at least 2 years, although an increase in soilborne sclerotia was 
observed annually. Rotation with broccoli resulted in small reduction in disease 
incidence only in the  fi rst year. The density of sclerotia was the lowest in plots with 
lettuce, followed by a fallow period (LFL) and highest in plots with continuous let-
tuce (LLL). In another location, rotation with broccoli signi fi cantly reduced both 
sclerotia and lettuce drop disease incidence. The number of broccoli crops rather 
than the sequence of lettuce rotations with broccoli was critical for reducing the 
numbers of sclerotia of the pathogen in the soil. Fallowing after a lettuce crop caused 
marginal reduction in sclerotial number and disease incidence. Incorporation of 
broccoli residue reduced the numbers of sclerotia, possibly because of volatiles 
formed during the breakdown of glucosinolates present in broccoli. The results indi-
cated that broccoli as a nonhost of  S .  minor  and the glucosinolates present in its 
tissues could be desirable candidate(s) for use as a component of crop rotation for 
the control of lettuce drop disease (Hao et al.  2003  ) . The effect of growing  Brassica  
crops as green manure or cover crops on the incidence of potato stem rot disease 
caused by  Sclerotinia sclerotiorum  was assessed.  Brassica napus ,  B .  juncea  and 
 B .  campestris  were raised in three naturally infected potato  fi elds during three 
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  Fig. 2.4    Effect of crop rotation on yield of fruits of strawberry from  fi elds infested by  Verticillium 
dahliae .  Numbers followed by same letters  are not signi fi cantly different (P = 0.05) (Courtesy 
of Martin and Bull  2002  and with kind permission of The American Phytopathological Society, 
MN, USA)       
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cropping seasons of 2008–2010.  Brassica  crops signi fi cantly reduced the disease 
incidence and mean percentage of dead plants. The extent of disease reduction 
varied in different  fi eld sites. However, growing  B .  juncea  was the most effective in 
reducing the disease incidence by 55.6 % (average over all years and sites), whereas 
average of disease reduction percentage for  B .  napus  and  B .  campestris  were 31.6 
and 45.8 % respectively. The results showed that the cultivation of  Brassica  crops 
could be considered as a component of potato production management system 
(Ojaghian et al.  2012  ) . 

 The effects of a cropping system designed speci fi cally for suppression of soil-
borne diseases of potato and also for their effect on soil microbial community 
characteristics were assessed. The ef fi cacy of crop rotation, as a disease management 
strategy for the control of bacterial diseases has been evaluated in a few pathosys-
tems. The effect of previous crop in the incidence of tomato bacterial wilt disease 
caused by  Burkholderia  ( Ralstonia )  solanacerum  was assessed. The population of 
 B .  solanacearum  declined after cowpea and rice, but not after eggplant (brinjal) and 
a similar effect was also observed on disease incidence, when these crops were raised 
prior to tomato. The yield of tomato was adversely affected by cultivation of eggplant 
prior to tomato (Michel et al.  1996  ) . The disease suppressive (DS) system included 
diverse crops with known disease suppressive capability. The DS system consisting 
of  Brassica  and Sudan grass as green manure crops, fall cover crops and high crop 
diversity resulted in greatest reductions in stem and stolon canker and black scurf 
( Rhizoctonia solani ) and common scab ( Streptomyces scabies ) under both irrigated 
and non-irrigated conditions, compared with other cropping systems designed for 
soil conservation (SC), soil improvement (SI) and a status quo standard rotation (SQ) 
as control. All cropping systems reduced Rhizoctonia stem and stolon canker of 
potato caused by  R .  solani , relative to the continuous potato (PP) with individual 
yearly reductions of 10–50 % and overall average reductions of 20–30 % (all years 
considered together). However, no signi fi cant differences among the cropping sys-
tems in any year or average over all 3 years could be seen (Fig.  2.5 ). DS also pro-
duced signi fi cant shifts in soil microbial community characteristics different from all 
other rotations. Biofumigation was considered to be the mechanism of actions for 
these crops. However, additional mechanisms including speci fi c changes in soil 
microbial communities not related to levels of glucosinolates or other toxic metabo-
lites could be important in the reduction of soilborne diseases by  Brassica  crops. Soil 
microbial population and microbial diversity may be increased due to interactions 
between the components of cropping system. Fatty acid methylester (FAME) pro fi les 
revealed distinct differences in soil microbial community characteristics associated 
with DS system. Signi fi cant differences in the bacterial and fungal communities were 
indicated by FAME analysis. A cropping system incorporating disease suppressive 
rotations, cover crops and crop diversity might provide opportunities for enhanced 
sustainable production and disease management (Larkin et al.  2011  ) .  

  Aspergillus  fl avus  causes the a fl aroot disease in peanut and the kernels contami-
nated with a fl atoxins produced by  A .   fl avus  pose potential danger to human and 
animal health. Investigations on crop sequences (rotation) that could reduce  A .   fl avus  
populations and identi fi cation of microbial groups that could reduce the population 
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levels of the a fl atoxin-producing fungi in peanut soils were carried out. Peanut 
cropping sequences, continuous peanut, 4 years of continuous bahia grass followed 
by peanut, peanut-corn-cotton and peanut-cotton were evaluated. Ribosomal inter-
genic spacer analysis (RISA) provided greater solution and analysis of soil micro-
bial diversity than other nucleic acid-based techniques. Soil enumeration indicated 
that using bahia grass in rotation with peanut resulted in lower  A .   fl avus  population 
levels, compared with other cropping sequences. Fungal RISA pro fi les showed 
similarities among communities for replicate plots of the same crop rotation. The 
presence of common bands in all cropping sequences might be attributed to the 
presence of common saprophytes in these soils. The minimum population density 
of 2.6 × 10 6  CFU/g soil was necessary for detection of  A .   fl avus  in the soil. The 
molecular technique like RISA to determine microbial community structure with 
emphasis on a fl atoxin-producing fungi may provide a better understanding and 
consequent development of management approaches for the a fl atoxin problem 
(Sudini et al.  2011  ) .  

    2.7.2   Multiple Cropping 

 The system of growing two or more crops as intercrop, mixed crop or barrier crops 
has been a traditional practice followed in several countries. Two or more crops may 
be sown simultaneously or in a staggered manner so that the growth periods of the 

  Fig. 2.5    Effect of cropping system on average severity of stem and stolon canker disease of potato 
under  fi eld conditions during 2006–2008.  SQ  status quo system, standard 2-year rotation (barley/
clover-potato),  SC  soil-conservation system, 3-year rotation, limited tillage (barley/timothy-timothy-
potato),  SI  soil-improving system, 3-year rotation, same as SC, but with yearly compost amend-
ments,  DS  disease suppressive system, 3-year rotation (mustard blend GM/rapeseed cover 
crop-sudan grass GM/rye cover crop-potato),  PP  continuous potato, non-rotational control.  Bars 
with same letter  are not signi fi cantly different based on analysis of variance and Fisher’s protected 
least signi fi cant difference test (P = 0.05) (Courtesy of Larkin et al.  2011  and with kind permission 
of The American Phytopathological Society, MN, USA)       
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crops may overlap. Generally, the crops that are not infected by the same pathogen(s) 
are selected. Crops which are planted as intercrop or mixed crop may (i) modify the 
microclimate of another crop; (ii) intercept or  fi lter out the spores of the pathogens; 
(iii) restrict the movement of the vectors of viruses or other pathogens and (iv) 
reduce the infectivity of stylet-borne viruses which are lost, when the vectors feed 
on nonhosts. Intercropping or mixed cropping has been shown to be effective in 
reducing the incidence of several diseases. When pearl millet was grown as inter-
crop with peanut (groundnut) (one row of pearl millet and three rows of peanut), the 
severity of early and late leaf spot and rust diseases was reduced in six peanut variet-
ies with varying degrees of resistance to these diseases. Sorghum as an intercrop 
with peanut reduced the incidence of rust disease (ICRISAT  1981  ) . Rust disease 
was less severe on bean, when it was intercropped with corn (Moreno  1979  ) . In 
Kenya, bean cultivated along with corn as intercrop had much less incidence of 
several diseases such as anthracnose, common blight, halo blight, powdery mildew 
and scab (Van Rheenan et al.  1981  ) . 

 Wheat ( Triticum aestivum ) and  fi eld beans ( Vicia faba ) were grown in an organic 
system as sole crops (SC) and additive intercrops (IC). All of the intercrops 
accumulated more nitrogen than the sole-cropped wheat, but did not exceed that 
accumulated by sole-cropped beans. Both powdery mildew ( Erysiphe graminis ) 
and brown rust ( Puccinia recondita ) were at very low levels. The plant density had 
no signi fi cant effect on either powdery mildew or brown rust. In contrast, increasing 
the density of beans increased the incidence of mildew on the lowest leaf of wheat. 
The presence of beans at 25 % (recommended density, RD) also signi fi cantly 
increased (P < 0.05) the incidences of brown rust on  fl ag leaf, though bean densities 
had no signi fi cant effect. The increase in powdery mildew with increasing bean 
density probably related to the increase in the nitrogen content (N %) of wheat. 
Increase in bean density signi fi cantly increased the incidence of chocolate spot 
disease caused by  Botrytis cinerea  on bean. Wheat density did not have any 
signi fi cant effect on the incidence of chocolate spot disease (Bulson et al.  1997  ) . 
Planting shade trees to shield cocoa plants against infection by  Verticillium dahl-
iae , reduced the incidence of disease (Trocmé  1972  ) . Intercropping of cotton with 
sorghum or  Phaseolus aconitifolius  reduced root rot caused by  Rhizoctonia solani  
and  R .  bataticola  by reducing soil temperature and maintaining high humidity. The 
Phytophthora blight of red pepper ( Capsicum annuum ) caused by  Phytophthora 
capsici  was effectively suppressed by growing sesame ( Sesamum indicum ) or 
peanut ( Arachis hypogaea ) as intercrops in Korea (Kim  1989  ) . Extracts of soils on 
which peanut or sesame was cultivated and the root exudates of these intercrops 
inhibited mycelial growth, sporangium formation and release of zoospores by the 
pathogen. In soils amended with these extracts, the incidence of Phytophthora 
blight was markedly reduced (Lee et al.  1990,   1991  ) . The effect of intercropping in 
three consecutive cropping seasons on the incidence of barley diseases was assessed 
by including dual grain legume (pea, faba bean and lupine)-barley intercropping 
(IC), as compared to the respective sole crops (SC). The stability was not greater 
than that of grain legume SC. The ICs were effective at suppressing weeds, captur-
ing a greater share of available resources than SC. Reduction in disease incidence 
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was observed in all IC systems, compared to the corresponding SC with a general 
disease reduction in the range of 20–40 %. Barley net blotch disease caused by 
 Pyrenophora teres  was the most serious during the 3 years of experimentation, in 
addition to the infection by brown rust caused by  Puccinia hordei . Incidence of 
Ascochyta blight ( Mycosphaerella pinoides ), chocolate spot ( Botrytis cinerea ) and 
brown spot ( Peronospora ) on grain legumes was also reduced in intercrops. In the 
case of brown spot, disease incidence was drastically reduced by almost 80 % by 
intercropping (Hauggaard-Nielsen et al.  2008  ) . 

  Plasmodiophora brassicae  causing club root disease of crucifers produces rest-
ing spores that can persist in the soil for more than 15 years (Wallenhammer  1996 ). 
Germination of the resting spores is presumed to be stimulated in the presence of 
some nonhost plant species. The effect of four nonhost plants on  P .  brassicae  was 
investigated in a 3-year  fi eld experiment and a 14-month glasshouse experiment. 
None of the plant species, leek ( Allium porrum ), winter rye ( Secale cereale ) and 
perennial rye grass ( Lolium pernne ) and clover ( Trifolium pratense ) reduced the 
concentration of  P .  brassicae  in soils, when tested with bioassay host Chinese cab-
bage. In the glasshouse experiment, there was a reduction in disease incidence in all 
plant treatments, compared with plant-free controls, following incorporation and 
decomposition of plant roots. The results indicated that use of nonhost plant species 
for reducing club root disease incidence would not be an effective approach (Friberg 
et al.  2006  ) . On the other hand, intercropping  fi eld vegetables with other crops has 
been shown to have potential to be used as alternative to the application of chemi-
cals for reducing the disease incidence. Further, intercropping with commonly used 
vegetable crops  fi ts into environmentally acceptable and sustainable crop produc-
tion practices adopted by various farms. Vegetable intercrops, carrot, spider plant 
( Cleome gynandra ) and French bean ( Phaseolus vulgaris ) were evaluated for their 
ef fi cacy in reducing the incidence of downy mildew ( Peronospora destructor ) and 
purple blotch ( Alternaria porri ) diseases on onion. Each vegetable was intercropped 
with three onion cultivars Bombay Red, Red Creole and Orient (F1) and develop-
ment of downy mildew and purple blotch diseases was determined until physiologi-
cal maturity. The vegetable intercrops reduced severity and incidence of both 
diseases on all three onion varieties. However, only spider plant showed consistent 
and signi fi cant (P  ≥  0.05) reduction of disease incidence, severity and the area under 
disease progress curve (AUDPC) up to 24.5 % on all onion varieties. Although 
intercropping onion with vegetables reduced onion bulb yield, it improved the gross 
return per unit area. The results showed that intercropping bulb onion with vegeta-
bles could be bene fi cial in reducing foliar diseases and improving gross return per 
unit area (Narla et al.  2011  ) . 

 Intercropping practice has been reported to be effective in reducing the incidence 
and/or severity of bacterial diseases of  fi eld crops. The effect of intercropping cow-
pea ( Vigna unguiculata ) with cassava or maize on bacterial blight disease of cowpea 
caused by  Xanthomonas axonopodis  pv.  vignicola  was determined in  fi ve cropping 
systems viz., cowpea monoculture at high density and at low density, cowpea-maize 
‘within row’ and cowpea-maize ‘in alternate rows’. Disease incidence was higher in 
cowpea monoculture at high density than in cowpea-cassava ‘in alternate rows’ in 
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1996 and in cowpea-maize ‘in alternate rows’ in1997. The disease severity index 
was reduced by 50 % in cowpea-cassava ‘in alternate rows’ pattern in 1997, but not 
in 1996. Highest percentages of leaves with spots or blight occurred only in the 
cowpea monoculture in high density. Comparing the land ef fi ciency, use of cowpea 
monoculture at high density to intercropping, the land equivalent ratio (LER) was 
similar in the intercropping systems with ‘alternate row’ patterns and the yield loss 
of cowpea in intercropping was compensated by the additional yield of intercrops 
(Sikirou and Wydra  2008  ) . The effectiveness of intercropping tobacco with garlic in 
reducing tobacco bacterial wilt disease caused by  Ralstonia solanacearum  ( Rs ) was 
assessed in 2008 and 2009. Tobacco bacterial wilt disease development was 
signi fi cantly inhibited by intercropping with garlic in both years. The appearance of 
the disease was delayed for about 15 days in intercropped  fi elds. The population of 
 Rs  in the rhizosphere was signi fi cantly lower in intercropped  fi elds (138 × 10 4 –
161 × 10 4  CFU/g dry soil) than in monocultured  fi elds. The results indicated the 
potential of intercropping of tobacco with garlic for reducing the bacterial wilt dis-
ease and obtaining higher monetary return for the grower (Lai et al.  2011  ) . 

 Any form of plant diversi fi cation like mixed cropping, cover crops, border plants, 
intercrops and trap crops, used to protect a primary crop from insect-transmitted 
viral diseases may be called as barrier cropping. The in fl uence of intercrops and 
barrier crops on the incidence of  Tomato yellow leafcurl virus  (TYLCV) was 
reduced, when tomato was interplanted with cucumber (Al Musa  1982  )  or with 
pigeonpea (Yassin and Abu Salih  1976  ) . Incidence of peanut bud necrosis disease 
caused by  Tomato spotted wilt virus  (TSWV) was signi fi cantly reduced by growing 
sorghum or pearl millet as intercrop or barrier crop (Ganapathy and Narayanasamy 
 1991  ) . A wide barrier of oats reduced the incidence of  Bean yellow mosaic virus  and 
 Pea mosaic virus  from 99 to 13 %. Oats as a barrier crop signi fi cantly reduced the 
incidence  of Watermelon mosaic virus  (WMV) also (Chalfont et al.  1977  ) . Cultivation 
of other crops as inter-, mixed- or barrier crops has been shown to reduce the inci-
dence of several viral diseases. Infection of capsicum (pepper) by  Potato virus Y  
(PVY) was reduced by >50 % by growing sun fl ower as border crop to protect pep-
per (Simmons  1957  )  and in potato with borders of sorghum, soybean or wheat 
(DiFonzo et al.  1996  ) . Likewise, the incidence of  Broadbean yellow mosaic virus  
was reduced by raising barley as border strips (Jayasena and Randles  1985  ) . 
Incidence of PVY and  Cucumber mosaic virus  (CMV) in pepper was signi fi cantly 
reduced by growing maize or sun fl ower as barrier crops. Reduction in disease inci-
dence was due to decrease in infectivity of vectors that landed on maize or sun fl ower 
before reaching capsicum crop (Avilla et al.  1996  ) . In a later study, the effectiveness 
of growing sorghum, corn or vetch as border crop for protecting peppers against 
PVY and CMV was assessed. Sorghum and vetch borders were found to be effec-
tive in only 2 of 4 years tested and the level of reduction in disease was less than 
15 % (Fereres  2000  ) . The in fl uence of intercropping with grain sorghum, peanut, 
soybean or corn on the incidence of  Water melon mosaic virus  (WMV) and  Papaya 
ringspot virus  type-W (PRSV-W) in pumpkin was assessed in  fi ve  fi eld trials over 
3 years. Reduction in disease incidence achieved by intercropping with grain sor-
ghum ranged from 43 to 96 % (P  ≤  0.05). Surrounding pumpkin plots with borders 
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of peanut, soybean or corn was not effective. Borders of grain sorghum were effec-
tive, but disease control was generally less than for the intercrop treatment. 
Intercropping soybean and peanut with pumpkin reduced disease incidence to a 
lesser extent than intercropping with grain sorghum (Damicone et al.  2007  ) . 

 The effectiveness of intercropping as a management strategy for virus diseases 
and its relationship with vector, compatibility of intercrops with the main crop and 
the types of cultural practices followed commonly was determined. Three intercrop-
ping models viz., cassava-pepper, plantain-pepper and maize-pepper were evaluated 
for their ef fi cacy in reducing the incidence of  Pepper vein mottle virus  during 
2004–2006. Based on the averages of disease incidence for 3 years, the viral disease 
incidence and severity were signi fi cantly reduced by all three intercrops raised with 
pepper. Viral disease incidence was relatively higher in sole crop of pepper with 
disease incidence of 42 % and severity of 23.3 %. Plantain-pepper combination 
recorded the maximum disease incidence of 5–8.33 % and severity of 4–7 %. 
Maize-pepper fruit combination gave the highest yield (5.98 t/ha), while the sole crop 
yield was far low (1.54 t/ha). The effectiveness of the intercrops was determined 
based on the extent of reduction in number of diseased plants, enhanced plant vigor 
and yield and quality of pepper fruits (Fajinmi and Fajinmi  2010  ) . 

 The exact mechanisms by which the barrier crops reduce the incidence of virus 
diseases transmitted by aphids in a nonpersistent manner are not clearly known. The 
aphids cannot distinguish hosts from nonhosts until they make brief, shallow explor-
atory probes with their mouthparts. During this process, the virus particles present 
on their stylets/mouth parts may be released into the protector/barrier plant. Thus 
the barrier plants may function as virus-sink for nonpersistent viruses. Alternatively, 
the barrier plants may act as physical barriers and reduce the total number of aphids 
entering the primary crop resulting in reduction of disease incidence. The barrier 
plants may protect the primary crop by camou fl aging them from vector insects. 
Another possibility suggested is that the aphids may be attracted by the secondary 
plants used as trap crops. The protector plants may act as a “decoy” by attracting 
aphids away from the primary crop plants. The competition between the primary 
crop and barrier crop for nutrients should not become a limiting factor for its use to 
protect the primary crop against virus diseases (Hooks et al.  2007  ) .   

    2.8   Effects of Cultural Practices on Soil 
Microbial Communities 

 The effects of crop management practices on microbial populations in the soil have 
been investigated. Management practices are primarily adopted for the improve-
ment of plant growth and yield potential. Tillage and crop rotations have exerted 
indirect bene fi cial effects by reducing pathogen populations and consequently 
resulting in reduction in disease incidence. Soil disturbance by tillage is a major 
factor affecting microbial communities, leading to reduction in soil micro fl ora due 
to desiccation, mechanical destruction, soil compaction, reduced pore volume and 
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disruption of access to food resources. However, soil dwelling organisms are able 
to improve crop production by releasing available forms of nutrients from soil 
organic and inorganic sources,  fi xing nitrogen within plant roots and increasing 
phosphorus uptake (Carpenter-Boggs et al.  2003  ) . Crop rotation and residue 
management may regulate soil microbial biomass which mediates residue 
decomposition, nutrient cycling and organic matter turnover. Microbial commu-
nities associated with the rhizosphere may vary with different plant species and 
component of crop rotation. Cover crops may affect the soil microbial communi-
ties and may suppress the development of plant pathogens (Mazzola  1999 ; Smalla 
et al.  2001  ) . The effects of 2- and 3-year crop rotation with conventional and 
minimum tillage treatments on the severity of soilborne diseases of potato canker 
and black scurf ( Rhizoctonia solani ), dry rot ( Fusarium  spp.) and silver scurf 
( Helminthosporium solani ) and the root zone bacteria were investigated. The 
2-year rotation included spring barley, while the 3-year rotation had barley and red 
clover in addition to potato. The disease incidence/severity was reduced to greater 
extent in 3-year rotational soils compared with 2-year rotational soils. Analysis of 
root zone bacteria recovered from the rhizosphere (exoroot) and potato root tissues 
(endoroot) showed that the greatest antibiosis activity inhibiting the growth of 
soilborne pathogens in vitro occurred in bacterial isolates recovered from the 
endoroot tissues of 3-year rotation crops under minimum tillage management. 
The soil agroecosystems can be modi fi ed through rotation and conservation tillage 
practices to improve disease suppression by enhancing antagonistic activities of 
endophytic and root zone bacteria (Peters et al.  2003,   2005  ) . 

 The in fl uence of mixed cropping on disease suppressiveness of soils using two 
cropping systems, Brussels sprouts-barley and triticale-white clover was assessed 
for the soilborne pathogens  Rhizoctonia solani ,  Fusarium oxysporum  f.sp.  lini  
and  Gaeumannomyces graminis  var.  tritici . Diversity of the indigenous bacterial 
and fungal micro fl ora was determined with denaturing gradient gel electrophoresis 
(DGEE) of ampli fi ed 16S- and 18S rDNA fragments respectively and related to 
disease severity determined in different bioassays applied for the three different 
pathogens. For both cropping systems, mixed cropping did not enhance disease 
suppressiveness of the soil, except in the case of Fusarium wilt disease. Soils 
cropped with barley had the highest level of disease suppressiveness, compared 
with soils cropped with Brussels sprouts and the mixed crop. In some cases, soil 
cropped to barley alone was signi fi cantly more suppressive to  F .  oxysporum  f.sp. 
 lini  than soils cropped to Brussels sprouts or the mixture of Brussels sprouts and 
barley. Analyses of the diversity of the indigenous bacterial and fungal micro fl ora 
by DGEE of ampli fi ed 16S- and18S- rDNA fragments respectively revealed in 
most cases, no signi fi cant difference between mixed and mono-cropped soils 
(Hiddink et al.  2005  ) . 

 Tillage and crop rotation practices have been shown to in fl uence the population 
densities of soilborne pathogens and also bene fi cial micro fl ora, especially actino-
mycetes,  Trichoderma  spp. and  Gliocladium  spp. (Rojo et al.  2007  ) . A long-term 
 fi eld study was taken up to analyze the effect of tillage and crop rotation on the 
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abundance of actinomycetes,  Trichoderma  spp. and  Gliocladium  spp. and the inci-
dence of peanut (groundnut) root rot caused by  Fusarium solani . Isolation on 
speci fi c media and quanti fi cation of microbial population were followed. The tillage 
intensity affected organic matter which in turn was negatively correlated with the 
abundance of potential biocontrol agents. Higher populations of potential biocon-
trol agents (PBAs) were associated with reduction of peanut root rot disease inci-
dence (Table  2.2 ). The biotic soil quality factors might be inversely related to tillage 
intensity and no-till systems appeared to increase microbial activity. Maize and soy-
bean residues had a strong effect on populations of actinomycetes,  Trichoderma  
spp. and  Gliocladium  spp. which were higher, when maize was the previous crop 
and lower, when it was soybean. The microbial populations could be an index of soil 
conditions and crop health and their assessment might be useful for the develop-
ment of sustainable cropping systems (Gil et al.  2008  ) .  

 The in fl uence of intercropping of lentil with different crops on the incidence/
severity of damping-off and root rot diseases caused by  Rhizoctonia solani  and 
 Fusarium solani  was investigated under greenhouse and  fi eld conditions. 
Intercropping cumin, anise, onion and garlic signi fi cantly reduced damping-off 
and root rot disease and also increased the yield. Highest positive in fl uence was 
exerted by anise, while onion as intercrop had the least effect. The effect of 
preceding crop on the disease severity was also assessed. Severity of damping-off 
and root rot diseases was reduced to the maximum extent, when cowpea and 
gaur were the preceding crops. Lentil crop following cowpea produced the highest 
seed yield followed by gaur or millet as preceding crops. In addition, cultivation 
of cowpea prior to lentil resulted in the lowest population of  R .  solani , 
whereas sorghum as the preceding crop, most effectively reduced the popula-
tions of  F .  solani . The root exudates of crops effective in reducing pathogen 
populations, reduced mycelial dry weight of the fungal pathogens in in vitro 
assays (Abdel-Monaim and Abo-Elyousr  2012  ) .      

   Table 2.2    Effect of tillage systems and preceding crops on the potential biocontrol agents (PABs) 
(Gil et al.  2008  )    

 Treatments 

 log 10 CFU/g soil of PABs 

 Actinomycetes a    Trichoderma  spp. b    Gliocladium y spp. b  

 Tillage systems  No tillage  7.00a  4.20a  2.90a 
 Disc harrow  5.90b  3.70b  1.90b 
 Mouldboard 

plough 
 4.80c  3.10c  1.50c 

 Previous crop  Maize  7.00a  5.40a  4.00a 
 Soybean  6.00b  2.80b  1.40b 

  The values are average of samples taken after peanut sowing and before harvest 
 For each biocontrol agent, the numbers followed by the same letter are not signi fi cantly different 
according to LSD test at P < 0.05 
  a Actinomycetes are expressed as ×10 4  
  b Fungi as ×10 2   
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    3.1   Heat Treatments 

 The sensitivity to high temperature of microbial pathogens varies considerably, 
because of their ability to adapt themselves to the unfavorable environments. 

    3.1.1   Fungal Pathogens 

    3.1.1.1   Field Crop Diseases 

 Heat may be applied as hot air or hot water to treat the seeds or asexually propagative 
planting materials such as tubers or setts. Hot water was used for the control of 
smuts of barley and oats (Jensen  1888  ) . Application of heat for the elimination of 
 Ustilago tritici  and  U. nuda  causing loose smut of wheat and barley respectively 
was found to be effective. The seeds were immersed in water at 20–30 °C to stimu-
late the dormant mycelium of the pathogen present in them and the pathogen could 
be killed, when the seeds were immersed in hot water at 50–52 °C (Appel and 
Riehm  1911  ) . A useful modi fi cation of this principle that can be adopted in tropical 
countries was developed by Luthra  (  1953  )  in Punjab, India. The seeds are soaked in 
cold water for about 4 h and then they are spread as a thin layer under the sunlight 
(at temperatures around 50 °C) for 4 h. They are then stored under dry conditions. 
Maize seeds were  fi rst pretreated in water at 18–22 °C for 4 h and then they were 
treated with hot water at 60 °C for 5 min to eliminate  Fusarium moniliforme  (Daniels 
 1983  ) . Soaking onion seeds in hot water at 50 °C for 20 min was found to be more 
effective than fungicidal application in reducing the seedborne infection by 
 Alternaria porri  and  Stemphylium vesicarium  though seed germination and seed-
ling emergence were reduced (Aveling et al.  1993  ) . Hot water treatment at 60 °C for 
10 min was the most effective in suppressing the colonization of rice seeds by 
 Drechslera oryzae  (Krishnamurthy et al.  2001  ) . 

    Chapter 3   
 Physical Techniques for Biological Crop Disease 
Management               
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 Hot air treatment was applied for the control of anthracnose pathogen 
 Colletotrichum capsici  infecting pepper (chilli) seeds. Exposure of pepper seeds to 
hot air at 85 °C for 5 days reduced seedborne infection with some reduction in seed 
germination (Kobabyashi  1990  ) . Likewise,  Phytophthora infestans  causative agent 
of late blight disease, carried in discolored seeds from infected tomato fruits was 
eliminated by drying seeds in an oven at 29.5–37.5 °C for 6 h (Vartanian and Endo 
 1985  ) . A high precision method, involving the use of warm air which is in moisture 
equilibrium with the grains to be treated was employed for the control of fungal 
pathogens in wheat seeds. Sanitation of wheat grains using warm air resulted in 
reducing seedborne infection by  Tilletia caries  and  Microdochium nivale  to a level 
comparable with chemical seed treatment. No adverse effect on plant development 
following warm air treatment was observed. The warm air treatment is suitable for 
treatment of seeds with thick layers at short durations and has the potential for 
large scale application at a low cost (Forsberg  2001  ) . Heat treatment of wheat and 
barley seeds with high level of infection by  Fusarium graminearum  (84 and 23 % 
respectively) was evaluated. The pathogen was eliminated from Canada Western 
red spring wheat seeds treated at 60 °C for15 days or at 70 °C for 5 days or at 80 °C 
for 2 days. Similarly, the barley seeds were freed of the pathogen after treatment at 
60 °C for 21 days, or at 70 °C for 9 days or at 80 °C for 5 days. Rates of germina-
tion in most samples were not reduced due to heat treatments (Clear et al.  2003  ) . 
Aerated steam treatment of carrot seeds was more effective than hot water or electron 
treatment in eliminating  Alternaria dauci  and  A. radicina  from carrot seeds. Hot 
water combined with  Pseudomonas  sp. MF416 or  Clonostachys rosea  IK726 treat-
ment showed enhanced performance against the seedborne pathogens of carrot 
(Koch et al.  2010  ) . 

 The microclimate of the crop plants grown in the glasshouses may be manipu-
lated to some extent, so that temperature and humidity become unfavorable to the 
development of pathogens without causing any obvious ill effects on the host plants. 
By applying forced heated air continuously from beneath an open bottom bench, the 
incidence of geranium stem blight disease caused by  Botrytis cinerea  could be 
signi fi cantly reduced. The conidial concentrations were lower in the treated area 
and the temperature increase was not more than 1.5 °C that of the control area 
(Hausbeck et al.  1996a  ) . A similar approach of using hot water was shown to be 
effective for the control of pineapple heart rot disease caused by  Phytophthora 
cinnamomi . Pineapple crown buds, lateral bud and suckering buds and rhizomes 
were exposed to sunlight for 4–8 h at a temperature of 33 °C to eliminate the patho-
gen present in these tissues (Yang and Chang  1998  ) . Heat has been applied as steam 
for soil disinfestations. It was introduced in Europe mainly in greenhouses by steam-
ing the soil. The temperature should reach a level that is lethal for most heat tolerant 
soilborne pathogens existing in the soil. The temperatures above 70 °C or approach-
ing 100 °C become detrimental to soil biota including fungi and bacteria antagonis-
tic to plant pathogens. Drastic reduction in soil microbial activity may lead to rapid 
reinfestation of the heated soil by a contaminating inoculum resulting in higher 
level of disease incidence/severity than that in the non-treated soil due to ‘biological 
vacuum’ (Baker  1962  ) . Aerated steam at 60 °C for 30 min applied to glasshouse 
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soils was found to be thermally selective by eliminating plant pathogens, while 
leaving a part of the established nonpathogenic micro fl ora to multiply and compete 
with pathogenic organism(s) that may be introduced (Baker and Cook  1974  ) .  

    3.1.1.2   Postharvest Diseases 

 Heat treatments in different forms have been demonstrated to be effective in providing 
disease-free environment for fresh fruits and vegetables against postharvest diseases. 
Postharvest decay control through the use of heat differs essentially from other uses 
of heat on agricultural commodities such as curing to promote wound healing or 
heating to eliminate viruses, insects or nematodes. Postharvest heat treatment for 
disease management is restricted to short periods, whereas longer periods of heat 
treatments are required for other purposes. Various factors are to be considered, 
while heat treatments are opted for different fruits and pathogen combinations for 
successful suppression of disease(s) during storage. Many pathogens are present on 
the surface or within a few coat cell layers of the infected produce and many of them 
have thermal sensitivity much lower than the fruits and vegetables. The location 
of the target pathogen in or on the fruit and the thermal sensitivity of the target 
organism and the fruit are the major factors determining the effectiveness of heat 
treatment (Narayanasamy  2006  ) . Some of postharvest diseases of fruits that could 
be effectively controlled are presented in Table  3.1 .  

   Table 3.1    Application    of different forms of heat for the control of postharvest diseases of fruits 
and vegetables (Adapted from Narayanasamy    2006  )    

 Fruit/vegetable  Fungal pathogen  Form of heat 
 Temperature (°C)/
treatment time (min) 

 Apple   Moilinia fructicola   HW  40/5–10 
  Gloeosporium  sp.  HW  45/10 
  Penicillium expansum   HA  45/15 

 Banana   Colletotrichum musae   HW  45/30 
 Mango   Colletotrichum 

gloeosporioides  
 HW  51/15 

 Orange   Phomopsis citri   HW  53/5 
  Penicillium digitatum  

 Papaya   Colletotrichum  sp.  HW  43/20 
 Pear   Botryosphaeria   HA  30/35 

  Berengeriana   HW  50/5–7 
 Strawberry   Botrytis cinerea   HA  44/40 
 Bean   Pythium butler   HW  52/0.5 

  Sclerotinia sclerotiorumi  
 Pepper (chilli)   Alternaria alternata   HW  50/2 

 HA  38/48 h 
 Lemon   Penicillium digitatum   HW  52/5 
 Melon   Fusarium  spp.  HW  57/0.5 

  HA, hot air; HW, hot water  
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 Application of heated water has been shown to be effective against certain fungal 
pathogens causing postharvest diseases. The mango stem-end rot disease is caused 
by  Dothiorella dominicana, Lasiodiplodia theobramae  and  Phomopsis mangiferae.  
Infection by  D. dominicana  could be effectively reduced by vapor heat treatment of 
mango fruits cv. Kensington Pride (fruit seed surface temperature of 46.5 °C) for 
10 min (Coates et al.  2003  ) . The ef fi cacy of vapor heat treatment was assessed with a 
view to replacing the use of SO 

2
  for the control of gray mold pathogen  Botrytis cinerea  

infecting table grapes. Vapor heat treatment at 52.5 °C for 21 or 24 min and at 55 °C for 
18 or 21 min provided most effective protection against the gray mold disease (Lydakis 
and Aked  2003  ) . Hot water dip (HWD) treatment was effective against anthracnose 
diseases caused by  Colletotrichum musae  and  C. gloeosporioides  infecting banana 
and mango (   Loepez-Escudero and Blanco-Lopez  2001  ) . By wrapping fruits in plas-
tic bags prior to HWD, the temperature requirement could be reduced to achieve the 
level of disease control expected (Acedo et al.  2001  ) . Hot water brushing (HWB) 
was developed to control green mold pathogen  Penicillium digitatum  infecting 
citrus fruits. The method involves rinsing hot water and brushing of fruits. HWB 
treatment at 56, 59 and 62 °C for 20 s reduced decay development in the infected 
wounds to 20, 5 and less than 1 % res pectively of that in untreated control fruits 
(Porat et al.  2000  ) .  Alternaria alternata  infection of mangoes was effectively reduced 
by HWB treatment. The level of disease reduction was equal to that in fungicide 
treatment (Prusky et al.  2003  ) . 

 The effect of hot water (HW),  Bacillus subtilis  species complex CPA-8 and 
sodium bicarbonate (SBC) treatments applied separately or in combination for the 
control of  Monilinia laxa  infecting peaches was assessed. The treatments with HW 
at 60 °C for 40 s, SBC at 2 % for 40 s and CPA-8 at 10 7  CFU/ml did not affect fruit 
quality. The combinations of these treatments were evaluated in three cultivars of 
peaches and nectarines arti fi cially inoculated with  M. laxa . When the fruits were 
incubated for 5 days at 20 °C, a signi fi cant additional effect to control of  M. laxa  
was observed with the combination of HW followed by the antagonist CPA-8. Only 
8 % of the fruits were infected in the combined treatment, compared to 84, 52 or 
24 % of the fruits among control, CPA-8 and HW treatments respectively. When 
fruits were incubated for 21 days at 0 °C plus 5 days at 20 °C, the signi fi cant differ-
ences between separate or combined treatments were reduced and generally the 
incidence of brown rot was higher than when the fruits were incubated for 5 days at 
20 °C. The effects of the treatments were similar, when naturally infected fruits 
were tested (Casals et al.  2010a,   b  ) . 

 Pineapple suffers markedly due to infection by  Chalara paradoxa , causing black 
rot disease. Hot water dip treatment at 54 °C for 3 min suppressed the development 
of  C. paradoxa  in fruits inoculated with 10 4  spores/ml, when the fruits were stored 
at 10 °C for 21 days followed by 48 h at an ambient temperature (28 ± 2 °C). 
Inoculated dip-treated fruits held at 28 ± 2 °C for 6 days also remained healthy. 
No observable symptoms were produced on treated fruit, while characteristic dis-
ease symptoms developed in untreated fruit under similar storage conditions. No 
signi fi cant difference was recorded between hot water-dipped fruits in respect of 
 fl esh and shell color of the fruits, ascorbic acid contents and titrable acidity and 
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other quality parameters (Wijeratnam et al.  2005 ). Hot air treatment was applied as 
a tool to induce resistance in citrus. Oranges were inoculated with  Penicillium digi-
tatum  and 1 day after inoculation, they were exposed to hot air treatment at 37 °C 
for 3 days. Activities of phenylalanine ammonia lyase (PAL), peroxidase, ß-1,3-gluca-
nase and chitinase increased in treated fruit in parallel with increased resistance, 
especially in the albedo. Generally highest activities were recorded in the  fl avedo. 
Expression of the gene encoding PAL and that of the genes coding for the 
basic, rather than for the acidic isoforms of the PR proteins was also induced in 
both tissues, but most dramatically in the albedo (Ballester et al.  2010  ) . Treatment 
of  Monilinia fructicola -infected apples with hot water at 40 °C for 5–10 min was 
preferred for effective suppression of the development of the brown rot pathogen 
(Barkai-Golan and Phillips  1991  ) . Direct antimicrobial effects on pathogen propa-
gules as well as induction of host defense responses have been considered to have a 
role in restricting the decay development. The effect of heat treatment (HT, hot 
water treatment at) 40 °C for 5 or 10 min on  M. fructicola  causing brown rot was 
assessed. Hot water treatment inhibited spore germination and germ tube elongation 
of  M. fructicola  in in vitro assays. Further, hot water treatment triggered the accu-
mulation of reactive oxygen species (ROS), collapse of mitochondrial membrane 
potential and a decrease in intracellular ATP in  M. fructicola . In treated peach, the 
expression of defense-related genes including chitinase, ß-1,3-glucanase and phe-
nylalanine ammonia lyase was induced. Enhanced activity of these enzymes could 
be detected in treated peach fruit. The results indicated that hot water treatment 
exerted both direct inhibitory effects of enhancing the resistance in the fruits against 
infection by  M. fructicola  (Liu et al.  2012  ) . 

 The effects of heat, in combination with other alternative methods of fruit decay 
control were investigated using ‘Montenegrina’ tangerines. Different treatment 
combinations using hot water (60 °C), brushing and immersion in chloride dioxide, 
imazalil (fungicide), sodium bicarbonate and hand-applied wax were used. The tan-
gerines were then placed in cold storage for 20 days at 5 °C and retrieved to ambient 
conditions for seven more days. Heat treatments signi fi cantly reduced the number 
of tangerines with decay symptoms and enhanced the ef fi cacy of the tested prod-
ucts. Application of carnauba wax signi fi cantly increased the number of rotten 
fruits, exerting a protective effect on the fungi present on the fruit surface by cover-
ing their structures. Sodium bicarbonate in combination with heat treatments effec-
tively reduced the incidence of fruit decay. Heat treatments partially removed the 
hyphae and spores of fungal pathogens on the fruit surface and also melted the 
cuticular waxes that covered stomata and cracks, reducing possible entry points for 
the pathogens (Montero et al.  2010  ) . The ef fi cacy of hot air treatment at 38 °C for 
36 h or the yeast  Pichia guillermondii  applied alone or in combination for suppressing 
the development of anthracnose rot caused by  Colletotrichum acutatum  in loquat 
fruit was assessed. Combined treatment signi fi cantly reduced natural decay and dis-
ease incidence and lesion diameter in arti fi cially inoculated fruit. Low activities of 
catalase (CAT) during the early storage period were recorded, but CAT and super-
oxide dismutase (SOD) activities both increased later in storage. This condition 
corresponded with a high level of H 

2
 O 

2
  in the early storage period and lower level 
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of H 
2
 O 

2
  in later stages in storage. At the same time, induced activity of PAL and 

ß-1,3-glucanase stimulated synthesis of lignin, thus eliciting disease resistance. 
Furthermore, the combined treatment signi fi cantly inhibited the mycelial growth 
and spore germination of  C. acutatum , reducing anthracnose rot of loquat fruit 
(Liu et al.  2010  ) .   

    3.1.2   Bacterial Diseases 

 Thermotherapy involving the use of heat for eliminating the bacterial and phyto-
plasmal pathogens from propagative materials has been successfully applied in a 
few cases. The bacterial pathogen  Clavibacter xyli  subsp . xyli , causative agent of 
sugarcane ratoon stunting disease was ef fi ciently eliminated by treating the setts in 
hot water at 50 °C for 2–3 h (Steindl  1961  ) . Treatment with hot air (Steindl  1961  )  
and moist hot air treatment (Shukla et al.  1974  )  was also found to be effective in 
eliminating the bacterial pathogen from infected setts. The adverse effect on germi-
nation of setts was found to be a limiting factor. However, large scale use of heat 
therapy as a disease control strategy is followed in several sugarcane growing countries. 
For the control of grassy shoot and white leaf diseases caused by phytoplasmas, 
treatment of setts with hot water, hot air, moist-hot air and aerated steam have been 
reported to be successful in eliminating the pathogens to varying degrees (Edison 
and Ramakrishnan  1972 ; Srivastava et al.  1977  ) . Hot water treatment of dormant 
cuttings of grapevine was applied as a means of freeing the cuttings from the Pierce’s 
disease caused by  Xylella fastidiosa  (Goheen et al.  1973  ) . Treatment of cuttings at 
50 °C for 20 min was effectively applied on imported cuttings in Australia (Barlass 
et al.  1987  ) . Hot air treatment was reported to be effective in reducing the cabbage 
black rot pathogen infection in seeds (Shiomi  1992  )  and bacterial wilt pathogen 
infection of ginger rhizome (Tsang and Shintaku  1998  ) .  Agrobacterium tumefa-
ciens  biovar (AT3) is a systemic pathogen and spreads through propagative materi-
als to different locations or generations. The effect of heat therapy on the elimination 
of the pathogen AT3 from grape cuttings was assessed, since excluding the patho-
gen by shoot-tip culture was found to be time-consuming. AT3 was eradicated or 
reduced to below the level of detection in dormant cuttings of grape rootstocks 
K5140 ( Vitis schampini  ×  V. riparia ) and Ramsey ( V. champini ) and in arti fi cially 
infested Cayuga (interspeci fi c hybrid) by a hot water treatment at 50 °C for 30 min. 
Strains of AT3 exhibited different levels of sensitivity to heat. But they were gener-
ally more sensitive than strains of biovar1 or biovar2. Populations of about 10 3  CFU/
ml of AT3 in broth were killed by a 30-min treatment. The treated cuttings were 
assayed by taking the vascular extracts and plating them on arti fi cial medium. 
As few as 50 CFU of AT3 in the triturated callus tissues were detected (Table  3.2 ). 
The hot water treatment was found to be a simple, effective, economical and envi-
ronmentally safe method of eradicating crown gall pathogen from dormant grape 
cuttings (Burr et al.  1989  ) . Immersion of bud sticks of sweet cherry in hot water at 
52 °C, followed by immediate cooling by immersion in water at 21 °C eliminated 
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 Pseudomonas syringae  pv.  syringae  ( Pss ), causative agent of bacterial canker disease. 
The treated bud sticks were grafted onto established Mazzard rootstocks. Bud blast 
and canker development were monitored relative to the untreated bud sticks. The 
heat treatment eliminated the pathogen with minimal damage to the bud sticks (Hall 
et al.  2002  ) .  

 The synergistic effect of relatively less ef fi cient disease control strategies when 
combined together, was investigated for the control of tomato bacterial leaf speck 
disease caused by  Pseudomonas syringae  pv.  tomato  ( Pst ). Treatment of tomato 
seeds infected by  Pst , with a combination of mild heat (42–45 °C in a circulating 
water bath for 2 h), inoculation with  Azospirillum brasilense  (a biocontrol agent) 
and later a single application of commercial bactericide (a mixture of 0.5 % copper 
hydroxide and 0.3 % copper oxychloride), almost eliminated bacterial leaf speck 
pathogen. The treated plant grew normally as the untreated control plants and 
remained without disease symptoms in a mist chamber for 6 weeks (Bashan  2000  ) . 
Angular leaf spot (ALS) disease seriously affects strawberry seedlings in the nurseries 
and the infected seedlings are the principal mode of spread of the disease to the 
main  fi eld. Disease control strategies are directed to obtain disease-free strawberry 
seedlings that are to be exported from the USA to European countries. Populations 
of the pathogen  Xanthomonas fragariae (Xf)  exposed to 56 and 52 °C were killed 
entirely after 15 and 60 min of exposure respectively, but both treatments killed the 
plants also. Strawberry seedlings of six cultivars were treated with hot water at 44 
or 48 °C for 0, 60, 120, 180 and 240 min. Bacterial populations exposed to 44 °C for 4 h 
or 48 °C for 2 h were reduced by 10 5  or 10 6  CFU/ml. These treatments minimally 

   Table 3.2    Effect    of hot water treatment at 50 °C on the persistence of 
 Agrobacterium tumefaciens  biovar 3 (AT3) in dormant grape cuttings a  (Burr 
et al.  1989  )    

 Rootstock or cutivar 

 No. of cuttings with AT3/no. of cuttings treated 

 Time (min) 

 0  10  20  30 

 Ramsey b   6/10  –  –  0/10 
 K5140  8/12  –  0/10  0/10 
 K5140  6/10  –  0/10  0/10 
 Ramsey  7/10  –  0/10  0/10 
 K5140 c   8/10  6/10  0/10  0/10 
 Ramsey  7/10  0/10  0/10  0/10 
 K5140  5/10  1/10  0/10  0/10 
 K5140  4/10  0/10  0/10  0/10 
 K5140 c   8/20  –  0/50  0/50 
 Cayuga White b   20/20  –  –  0/20 

   a All cuttings after hot water treatment were indexed by plating vascular extract 
on RS medium 
  b Ramsey    and K5140 with natural infection; Cayuga White arti fi cially inoculated 
with AT3 
  c Calluses generated from K5140 were indexed for the presence of AT3  
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affected the vegetative growth of plants bagged dry or wet, but  fl owering was 
adversely affected. The strawberry cultivars varied in their sensitivity to heat. By 
selecting heat tolerant strawberry cultivar, heat treatment for nursery stock might be 
feasible and it could be applied to supplement standard production practices for 
producing pathogen-free nursery stock (Fig.  3.1 ) (Turechek and Peres  2009  ) .  

 Thermosensitivity of phytoplasmas (earlier known as mycoplasmas) was reported 
as early as 1936 by Kunkel who demonstrated that peach yellows-infected plants 
could be cured by heat or hot water treatment. Attempts to eliminate the phyto-
plasma from Cabot high bush blueberry by exposing the whole plant to high tem-
perature (38 °C) in growth chamber failed, when the plants were grown at ambient 
CO 

2
  level. But at an enhanced level of CO 

2
  (1,200 ppm), Cabot plants produced new 

shoots after 6 weeks. Soft wood cuttings (10–20 mm long) were taken from new 
shoots and propagated. These cuttings were free from the phytoplasma, as revealed 
by the test using diaminophenylindole (DAPI)  fl uorescent stain. The number of 
DAPI-positive plants grown from heat-treated cuttings decreased with increase in 
the duration of treatment. At 5 weeks after treatment, all cuttings were free from 
infection by the phytoplasma. Three clones of blueberry free of the phytoplasma 
were established by this high carbon-dioxide-thermotherapy technique (Converse 
 1987  ) . Sweet potato plants could be freed from the little leaf phytoplasma ( Candiatus  
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  Fig. 3.1    Assessment    of thermosensitivity and survival of  fi ve cultivars of strawberry for selection 
of angular leaf spot disease-free strawberry seedlings under  fi eld conditions at two locations in 
2 years (2006 and 2007) (Courtesy of Turechek and Peres  2009  and with kind permission of The 
American Phytopathological Society, MN, USA)       
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 Phytoplasma aurantifolia ) by applying cryotherapy treatment. Shoot tips with 3–4 
leaf primordia were excised from in vitro grown infected plants. All plants regenerated 
from cryo-treated shoot tips were free of phytoplasma (100 %), whereas shoot tip 
culture or dehydration of shoot tips without subsequent cryotherapy resulted in 
plants free of phytoplasma at a frequency of only 7–10 %. Light and transmission 
electron microscopy (TEM) indicated that cryotherapy was lethal to all cells, except 
those in the apical dome of the meristem and the two youngest leaf primordia. 
No phytoplasma bodies could be seen in the surviving parts of the shoot tip. In con-
trast, abundant phytoplasmal bodies were present in the sieve elements located in 
the lower parts of the untreated shoot tip. Cryotherapy holds promise for long-term 
storage of plant germplasm and also for production of pathogen-free plants effec-
tively from infected plants (Wang and Valkonen  2008  ) .  

    3.1.3   Virus Diseases 

 Higher temperatures have been demonstrated to be useful to create variability in the 
virulence of viruses, resulting in the selection of mild strains that could be employed 
to cross-protect the susceptible plants against the severe strains of the same virus or 
related viruses or strains. This aspect of biological control of virus diseases through 
cross-protection has been discussed earlier. Heat treatments (thermotherapy) has 
been applied to effectively eliminate the pathogens especially viruses from asexu-
ally propagated planting materials using different forms of heat based on their ther-
mosensitivity. Heat treatments have also been used as the  fi rst step to reduce the 
virus concentration or to eliminate the virus present in the apical meristem to 
enhance the percentages of meristematic tissue free of virus. Consequently, the 
plants generated from the tissue culture may be free from viruses that cannot be 
eliminated by other methods. 

    3.1.3.1   Elimination of Plant Viruses by Thermotherapy 

 The possibility of eliminating over 100 plant viruses from infected plants was indi-
cated by Nyland and Goheen ( 1969 ). Heat may be applied as hot air, hot water or 
aerated steam. Growing plants at temperatures of 35–40 °C for several days or 
weeks was effective in eliminating the viruses from the host plant species. The 
plants growing from cuttings from  Cassava mosaic virus -infected plants grown at 
35 °C for 30 days, failed to develop any visible symptoms of the disease (Kartha and 
Gamborg  1975  ) . Grapevine plants infected by  Grapevine fan leaf virus  were entirely 
freed of the virus, by growing them at 38 °C for 163 days (Rives  1970  ) . Heat treat-
ments have been applied as a practical means for the control of sugarcane diseases 
transmitted through setts.  Sugarcane mosaic virus  (SMV) and its strains A, B, D, H 
and I were eliminated from sugarcane setts by serial hot water treatment on four 
successive days at 54.8, 57.3, 57.3 and 57.3 °C for 7 min on each day (Benda  1972 ; 
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Benda and Ricaud  1978  ) . Physiological changes in the virus-infected plants following 
heat treatments were studied. An isolate of  Tomato aspermy virus  (TAV) was inac-
tivated both in vitro and in vivo at 36 °C. Virus inactivation was not entirely due to 
loss of infectivity following heat treatment. The concentration of polyphenoloxidase 
(PPO) increased greatly in tobacco plants grown at 36 °C. The results indicated that 
PPOs either directly or indirectly enhanced the inactivation of TAV during heat 
treatment. In addition, the concentration of ribonucleases also increased in heat-treated 
tissues and these might supplement the inactivation of the virus by heat treatment. 
Reduction in the pH and ionic strength of the sap in heat-treated plants might affect 
the optimal requirement of pH and molarity for TAV infectivity. The alterations in 
cellular metabolism during heat-induced stress may have a role in the viral inactivation 
(Johnstone and Wade  1974  ) . 

 Stable viruses like  Tobacco mosaic virus  (TMV) can remain viable on the seed 
surface and the externally seedborne virus can be inactivated by various mechanical, 
chemical and physical treatments (Hall et al.  2002  ) .  Cucumber green mottle mosaic 
virus  (CGMMV), a member of the genus  Tobamovirus  is transmitted through 
cucumber seeds. Virus-contaminated seeds were dried at 35 and 50 °C for 24 h each 
and then incubated at 72, 75, 79 or 82 °C for 72 h. Puri fi ed CGMMV was also sub-
jected to these temperature treatments. The mechanism of virus inactivation by high 
temperatures was studied. Electron microscopy and reverse transcription (RT)-
polymerase chain reaction (PCR) assay were employed to determine the changes 
caused by heat treatments. Heat treatment at 75 °C for 72 h completely inactivated 
CGMMV on contaminated seeds as shown by the bioassay of heat-treated seeds and 
the treatment at 85 °C for 24 h also inactivated the virus. Observations under the 
electron microscope revealed that virus particles puri fi ed from heat-treated seeds 
were broken down into a variety of fragments as the temperature of treatment 
increased. Virus puri fi ed from untreated control seeds infected  Nicotiana benthamiana , 
while the preparation from any of the heat-treated seeds did not infect the assay host 
plants. Analysis of viral RNA revealed that there were heat-sensitive and heat-resistant 
regions of the virions of CGMMV. The heat-sensitive regions were located in the 
RNA-dependent RNA polymerase (RdRp) gene. The results indicated that RT-PCR 
assay of CGMMV-speci fi c primers corresponding to the 2–2.5 kb and/or 4–4.8 kb 
regions could be employed for rapid detection of virus inactivation by heat treat-
ment. The technique developed in this investigation would allow detection of virus 
inactivation on heat-treated seeds in large number of seed samples facilitating devel-
opment of virus-free seed stocks (Kim et al.  2003  ) . 

 Carnation plants are seriously damaged by  Carnation latent virus  (CLV). Heat 
therapy approach was evaluated for its effectiveness in producing virus-free plants 
for further propagation. Carnation plants infected by CLV were placed in heat therapy 
chamber and expose to two heat regimes of 35 ± 2 °C or 40 ± 2 °C for 1, 2, 3 weeks 
and more than 3 weeks. The surviving plants were indexed for the presence of CLV 
by applying enzyme-linked immunosorbent assay (ELISA) test. Plants exposed to 
either 35 ± 2 °C for 4 weeks or 40 ± 2 °C for 3 weeks were found to be free of the 
virus, while other temperature treatments were ineffective in eliminating the virus 
from carnation plants. Furthermore, all plants regenerated from the axillary buds 
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which were heat-treated at 35 ± 2 °C for 4 weeks or at 40 ± 2 °C for 3 weeks were 
free of CLV as revealed by ELISA technique (Mangal et al.  2004  ) . In order to obtain 
virus-free lily plants, different techniques including thermotherapy were employed 
in combination.  Lily symptomless virus  (LSV) adversely affected plant growth and 
quality of cut  fl owers. Stock bulbs of pollenless Asiatic hybrid lily ( L.  x  elegans ) 
lines (409 and 509) were used as explants. Shoot meristems were excised and micro-
propagated. Thermotherapy treatment (35 °C for 42 days) was applied to in vitro 
growing bulblets and a second meristem cut was made from heat-treated material. 
ELISA or RT-PCR techniques were employed to check the leaf tissues from bulblets 
formed before or post-heat treatments for the presence of LSV. The line 409 pro-
duced LSV-free plants without heat treatments, but line 599 produced LSV-free 
plants only after heat treatment. The growth of virus-free lily bulblets was at a faster 
rate and acclimatized promptly. The results showed that thermotherapy was effec-
tive in virus elimination and also promoted plant growth resulting in vigorous, 
virus-free lily plants (Nesi et al.  2009  ) . 

 Propagative materials from three clones of grapevine cv. Chardonnay infected by 
multiple virus combinations of  Grapevine leafroll-associated virus  (GLRaV) and 
 Grapevine rupestris stem pitting virus  (GRSPaV) and virus-like diseases (vein 
mosaic and vein necrosis) were propagated. Selected progenies were obtained after 
virus elimination by heat therapy and in vitro apex grafting. The effect of heat ther-
apy was assessed by graft indexing and double antibody sandwich (DAS)-ELISA 
format. The effect of selective virus elimination on vigor, yield and fruit quality was 
assessed. Elimination of GLRaV-2 provided the highest bene fi cial impact with a 
marked increase in cumulative weight growth (21 %), fresh fruit yield (22 %) and 
sugar concentration of fruit juice (9 %). Selective elimination of GLRaV-1 and 
GLRaV-3 also showed bene fi cial effect on fruit quality. The results indicated that 
heat therapy has the potential for wide application in view of the enhancement of 
desirable yield and quality parameters (Komar et al.  2007  ) . The effectiveness of 
in vitro thermotherapy at 35–37 °C for 20 days in obtaining propagative materials 
of apricot ( Prunus armeniaca ) cv. Bebecou free from  Plum pox virus  (PPV) was 
compared to the conventional heat treatment of potted plants at 30–35 °C for 8 weeks. 
The in vitro thermotherapy was combined with shoot tip culture. The combination 
resulted in the enhancement of effectiveness of virus elimination by more than  fi ve 
times, while requiring only half the time needed for conventional thermotherapy 
(Koubouris et al.  2007  ) . In another investigation, thermotherapy and chemotherapy 
treatments were combined for the elimination of  Apple chlorotic leaf spot virus  
(ACLSV) and  Prunus necrotic ringspot virus  (PNRSV) from myrobalan ( Prunus 
cerasifera  var . diversicata ), PNRSV from ‘Empress’ plum ( Prunus domesticata ) and 
Prune dwarf virus from ‘Early Rivers’ sweet cherry ( Cerasus avium ) plants. The 
cultured shoots were subjected to heat therapy in a growth chamber wherein the 
temperature was gradually increased from 28 to 36 °C within a week and maintained 
at 36 °C for the following 4 weeks. The treated and untreated (maintained at 22 °C) 
shoots were assayed for the presence of the viruses by DAS-ELISA tests for 1 year 
after heat therapy treatment. PNRSV and ACLSV were effectively eliminated by 
heat treatment, while it was not ef fi cient in eliminating PDV from sweet cherry. 
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Combination of thermotherapy and chemotherapy with Virazole® (a synthetic broad 
spectrum antiviral nucleoside, 1-ß-D-ribofuranesyl-1,2,4-triazole-3-carboxamide) 
at a concentration of 50–100 mg/l effectively eliminated PDV from sweet cherry 
shoots. However, phytotoxic symptoms were observed in plum shoots (Table  3.3 ) 
(Cieślińska  2007  ) .  

  Indian citrus ringspot virus  (ICRSV) disease is a serious problem affecting citrus 
production in India. In order to obtain virus-free plants, the effect of hot water and 
moist hot air treatments on the elimination of ICRSV was assessed. Nodal segments 
from mother plants were treated at different temperature (40–50 °C for 30 min). 
The percentage of virus elimination achieved varied from 40.74 to 60.0 % and 
48.15–73.33 % as assessed by RT-PCR and ELISA tests respectively. The results 
indicated that ELISA test was less ef fi cient in deleting low virus concentrations, 
whereas RT-PCR technique could detect the virus in such ELISA-negative plant 
materials, resulting in lower percentages of virus elimination by the treatments 
(Sharma et al.  2008  ) . It was dif fi cult to eliminate  Raspberry bushy dwarf virus  
(RBDV) from raspberry plants using conventional meristem-tip culture. Subjecting 
plants to thermotherapy prior to meristem-tip culture, reduced drastically the con-
centrations of viral RNA2 and RNA3 and the coat protein in the shoot tips. But the 
plants were not virus-free. Hence, a novel method involving thermotherapy fol-
lowed by cryotherapy was developed for ef fi cient virus elimination. Heat treatment 
induced subcellular alterations such as enlargement of vacuoles in the more devel-
oped virus-infected cells which were largely eliminated after application of cryo-
therapy. Using this procedure, 20–36 % of treated shoot tips survived; 30–40 % 
regenerated and up to 35 % of regenerated plants were virus-free as revealed by 
ELISA and reverse transcription loop-mediated isothermal ampli fi cation techniques. 
This study enabled to study the factors in fl uencing virus elimination, including 

   Table 3.3    Ef fi cacy    of thermotherapy and chemotherapy in eliminating viruses infecting  Prunus  spp. 
(Cieślińska  2007  )    

 Treatment 

 No. of ELISA negative plants/total no. of plants tested 

 Myrobalan  Plum  Sweet cherry 

 PNRSV  ACLSV  PNRSV  PDV 

 Control  0/30  0/30  0/30  0/25 
 Thermotherapy  14/24  16/24  15/20  0/25 
 Chemotherapy-Virazole 
 10 mg/l  0/27  10/27  10/26  0/25 
 25 mg/l  0/26  16/26  12/24  0/25 
 50 mg/l  0/26  23/26  7/10  0/22 
 100 mg/l  0/21  18/21  8/8  0/14 
 Thermotherapy + Chemotherapy Virazole 
 10 mg/l  16/25  14/25  22/22  0/25 
 25 mg/l  17/25  20/22  20/20  3/25 
 50 mg/l  19/19  19/19  10/10  8/21 
 100 mg/l  18/18  15/18  2/2  14/15 
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invasion of shoot tips and meristematic tissues by RBDV, enhanced viral RNA 
degradation and increased sensitivity to freezing caused by thermotherapy and sub-
cellular changes and subsequent death of cells caused by cryotherapy (Wang et al. 
 2008  ) . The feasibility of applying thermotherapy as a virus disease management 
strategy was assessed under  fi eld condition. Trees of two cultivars in each of plum, 
apricot and peach were arti fi cially inoculated with two strains of  Plum pox virus  
(PPV-D, PPV-M). Two cycles of thermotherapy in vivo were adopted. During the 
 fi rst cycle, 16 trees of individual cultivars of plum, apricot and peach were treated 
for 15 days at 37 °C. In the second cycle 10 trees of individual cultivars of plum, 
apricot and peach were treated for 22 days at 37 °C. DAS-ELISA and RT-PCR 
assays were employed to check the trees for freedom from virus. Out of a total 
of 26 trees treated, four trees (two plum and two apricot) recovered from virus 
infection. Thermotherapy was not successful in the case of peach trees. The results 
indicated that though the chemotherapy ef fi ciency in vivo was only 15 %, it would 
be possible to enhance the ef fi ciency by improving treatment application (Polák 
and Hauptmanova  2009  ) .  

    3.1.3.2   Electrotherapy for Elimination of Plant Viruses 

 Application of electric current for producing virus-free plants has been demon-
strated as a new approach for virus disease management.  Cactanucia  tree stakes 
showing mosaic symptoms were treated with electric current at a voltage of 500 V 
for 5–10 min. Up to 90 % of the treated plants were found to be virus-free 
(Quacquerrelli et al.  1980  ) . Later, the electrotherapy was comprehensively 
employed for the elimination  Potato virus X  (PVX) from potato plants. The infected 
plants were exposed to an electric current of 15 mA for 5 min, leading to 60–100 % 
elimination of PVX in different potato cultivars (Lozoya-Saldaña et al.  1996  ) . In 
addition to elimination of PVX, electrotherapy was successfully used for the elimi-
nation of  Potato virus Y  (PVY),  Potato virus A  (PVA),  Potato virus S  (PVS) and 
 Potato leafroll virus  (PLRV) (Pazhoushande and Mozafari  2001  ) . Furthermore, 
electrotherapy has been reported to be effective for the elimination of  Onion yellow 
dwarf virus  (OYDV) and  Leek yellow stripe virus  from garlic (Hernández et al. 
 1997  ) ,  Banana streak virus  (BDV) from banana (Hernández et al.  2002  ) ,  Dasheen 
mosaic virus  (DaMV) from cocoyam (Igarza-Castro et al.  2001  )  and  Tomato 
yellow leafcurl virus  (TYLCV) (a DNA virus) from tomato plants (Fallah et al. 
 2007  ) . The effect of electrotherapy involving the use of continuous electric  fi eld 
for elimination of  Grapevine leafroll-associated virus  (GLRaV) was assessed in 
comparison to chemotherapy. Infected grapevine plants raised from one bud woody 
cuttings were subjected to continuous electric  fi eld and in vitro culture. The ef fi cacy 
of virus elimination of GLRaV 1 + 3 from grapevine cv. Ranâi Magaraci was 
achieved by electrotherapy to an extent of 66.66 %. No clear correlations could be 
established between explants positions and virus-free plant regeneration percent. 
When Oseltamivir was applied at 120  μ mol/l for 30 days, the virus elimination rate 
obtained was 71.42 %. However, when the exposure time was doubled, the virus 
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elimination was reduced to 66.66 %. Another chemotherapeutant ribavirin was 
ineffective in eliminating the virus. For assessing the genetic  fi delity of virus-free 
plants, random ampli fi ed polymorphic DNA (RAPD) techniques was ef fi cient in 
generating reproducible results. No variation was observed between mother plant 
and randomly tested regenerants indicating the maintenance of genetic uniformity 
among regenerants (Fig.  3.2 ) (Gută et al.  2010  ) .  

 Use of virus-free germplasm is a prerequisite for production of certi fi ed seeds as 
in the case of common bean ( Phaseolus vulgaris ) in which  Bean common mosaic 
virus  (BCMV) is transmitted through seeds. The effectiveness of electrotherapy in 
eliminating BCMV and producing virus-free plants in two common bean cultivars, 
was evaluated. Nodal cuttings of infected bean plants were exposed to electric cur-
rents of 5, 10, and 15 mA for 10 min and planted in vitro. There was no signi fi cant 
difference in the response of the bean cultivars to electrotherapy. One month old 
regenerated plantlets were tested by double antibody sandwich (DAS)-ELISA for-
mat for detecting BCMV infection. The three intensities of electric current resulted 
in mean virus elimination percentages of 37.2, 45.5 and 71.9 % and mean plant 
regeneration of 79.5, 68.6 and 58.4 % respectively (Table  3.4 ). The therapy ef fi ciency 

  Fig. 3.2    RAPD patterns ampli fi ed by primers OPC05 ( a ), OPC06 ( b ), OPC01 ( c ) and OPA02 
( d ) for determining the genetic stability of virus-free plants generated after electrotherapy treat-
ment Generants did not show any deviation from the mother plant (Courtesy of Gută et al.  2010  
and with kind permission of Romanian Biotechnological Letters, Romania)       
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index (TEI) for the three electrotherapy treatments was estimated as 28.9, 29.2 and 
39.1 in cv. Khomein and 26.9, 33.3 and 44.8 in cv. Capsouli respectively. Based 
on the TEI, an electric current of 15 mA for 10 min was found to be the most effec-
tive treatment for eliminating BCMV from both cultivars. The regeneration rate 
of virus-free plants obtained after electrotherapy was higher than that of plants 
exposed to more conventional virus elimination techniques including meristem 
culture, thermotherapy and chemotherapy. Regenerated plantlets after exposure to 
electrotherapy were morphologically identical to those generated from non-treated 
control explants. The results suggested that electrotherapy might denature viral 
nucleoproteins, by increasing the temperature inside the tissues. There is no need for 
any chamber as required for thermotherapy treatments (Hormozi-Nejad et al.  2010  ) .   

    3.1.3.3   Tissue Culture Technique for Virus Elimination 

 Tissue culture technique has been demonstrated to be useful for the preservation of 
germplasm of several crops. Another application of tissue culture is rescuing valu-
able plant varieties from virus diseases, when all plants are systemically infected by 
the viruses. Propagation of virus-free plants from meristem cultures has been suc-
cessful, if the viruses spread relatively slowly to the newly formed tissues. Virus-
free stocks of seeds and asexually propagated plant materials have been established 
in many countries by ensuring freedom from virus infection by employing immuno-
assays and/or nucleic acid-based detection techniques (Narayanasamy  2011  ) . 
The meristem tip culture is an aseptic culture of apical meristem dome plus the  fi rst 
pair of leaf primordia. The length of meristem pieces may be about 0.5–1.0 mm and 
this length may vary with plant species. The chances of getting virus-free plants are 

   Table 3.4    Effects of electrotherapy treatments on the regeneration of in vitro plantlets and 
elimination rate of BCMV from two bean cultivars (Hormozi-Nejad et al.  2010  )    

 Cultivar/treatment 
(mA/min) 

 Regeneration rate  Elimination rate 

 Regenerated a   Percentage treated b   BCMV-free c   Percentage regenerated c  

 Khomein 
 0/0  17/20  85.0  –  – 
 5/10  38/47  80.8  11/38  40.0 
 10/10  27/41  65.8  12/27  44.4 
 15/10  26/49  53.6  19/26  73.0 
 Capsouli 
 0/0  18/20  90.0  –  – 
 5/10  29/37  78.3  10/29  34.4 
 10/10  30/42  71.4  14/30  46.6 
 15/10  30/49  63.2  22/30  70.9 

   a Number of regenerated plants 
  b Number of explants treated 
  c Number of virus-free plants  
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more with shorter pieces of tissue, but chances of tissue survival are less than that of 
longer pieces. By meristem tip culture, chlorotic virus infecting two jute species 
 Corchorus olitorius  and  C. capsularis  could be eliminated using 0.2–0.8 mm mer-
istem dome. The smaller the dome size, greater was the chance of getting virus-free 
plant. The percentages of obtaining virus-free plants through direct plant regenera-
tion and through callus to plant formation methods were 40–50 % and 50–60 % 
respectively (Das et al.  1983  ) . In order to enhance the chances of obtaining virus-free 
plants, two kinds of pre-treatments to source plants have been applied. By exposing 
the infected plants to high temperatures, it may be possible to get virus-free plants 
even with longer pieces of meristematic tissue. Cassava plants infected by  Cassava 
mosaic virus  were exposed to 35 °C for 30 days and meristems up to 8 mm in length 
were cultured. Mosaic-free plants could be regenerated from such longer pieces of 
meristem (Kartha and Gamborg  1975  ) . Similar procedure was adopted to eliminate 
 Tomato apsermy virus  from chrysanthemum and a wide range of other viruses from 
host plant species (Garrett et al.  1985  ) . Another approach for pre-treating the 
infected plants for virus elimination, is to accelerate the elongation of internodes of 
plants by applying auxins. Using different combination of kinetin and indole acetic 
acid (IAA) for treating virus-infected sweet potato plants, it was possible to get 
sweet potato plants free of leaf spotting, internal cork and feathery mottle virus 
complex by culturing meristematic tips (0.4–0.8 mm long). The auxin-treated plants 
elongated at a rate faster than the viruses could invade the newly developed tissues, 
thereby increasing the possibility of having higher percentages of plants free of 
viruses infecting sweet potato (Alconero et al.  1975  ) . 

 The potential of tissue culture method for the elimination of viruses infecting 
lily plants was assessed. The bulbils from stem, bulblets from scale, basal pieces 
of leaves and basal pieces of petals from plants infected by  Lily symptomless 
virus  (LSV) were used as explants and they were placed on Murashige and Skoog 
(MS) medium. For Asiatic hybrids, methods using adventitiously formed mer-
istems on bulbscale explants resulted in 50–70 % LSV-free plants of  Lolium 
longifolium  cultivars. Detection of LSV in the regenerated plants by electron 
microscope was performed to con fi rm the freedom of regenerated plants from 
infection by LSV. Plantlets from basal parts of the petals and of basal pieces of 
leaves, used as explants, were free from virus to the maximum extent (Dapkūniene 
et al.  2004  ) . Microshoot-tip culture technique has shown to be an effective 
method of eliminating viruses infecting grapes. In microshoot-tip culture method, 
a growing tip (less than 0.5 mm) is excised from shoot tip. It includes the mer-
istematic dome and two to four leaf primordia. Rapidly growing shoots in the 
spring and early summer provide the best tissue for excision. Terminal buds are 
preferred, since they are larger, easier to excise and more vigorous than axillary 
buds. Normally 10–30 % of the meristem pieces survive and become rooted 
plants. Of these surviving plants usually 70–100 % were found to be virus-free, 
depending on the virus and grapevine cultivar. Microshoot-tip culture eliminated 
 Grapevine leafroll-associated virus, Grapevine fan leaf virus, Grapevine virus A, 
B and D  (associated with rugose wood disease) and  Rupestris stem pitting-associated 
virus  and  Tomato ringspot virus . In addition,  Agrobacterium vitis  causing crown 
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gall disease was also eliminated from infected grapevine plants. The microshoot-tip 
technique has several advantages over other tissue culture techniques. It avoids 
the production of plants from callus, resulting in regeneration of an off-type 
plant. Many pathogens including the bacterial pathogen can be eliminated by 
applying microshoot-tip culture technique (Sim  2006 ; Sim and Golino  2010  )  
(Appendix A.3). 

 The absence of viruses in the shoot apical meristems (SAM) tissues is of practical 
importance, because virus-free plant clones can be generated by culturing meristem 
tips.  Cucumber mosaic virus  (CMV) and  Tobacco rattle virus  (TRV) were able to 
invade the shoot meristem. But the SAM tissues recovered from virus infection 
later. These shoots became virus-free in due course (Mochizuki and Ohki  2000 ; 
Martin-Hernández and Baulcombe  2008  ) . The kinetics of distribution of  Tobacco 
ringspot virus  (TRSV) in infected tobacco plants were analyzed, since asymptomatic 

  Fig. 3.3    Distribution of  Tobacco ringspot virus  (TRSV) in shoot meristem of infected tobacco 
plants ( a ) longitudinal sections of tobacco plant meristem tissues at 7, 10, 14, 18 and 38 days post-
inoculation (dpi), treated with an anti-TRSV serum.  Dotted lines  in the 18 dpi image indicate the 
location of the transverse sections in ( b ). H: healthy, negative control; note absence of TRSV signal 
(Courtesy of Dong et al.  2010  and with kind permission of Springer Science + Business B. V., 
Heidelberg, Germany)       
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leaves were formed above the symptomatic leaves that exhibited ring spots. 
Immuno histochemical microscopy was employed to detect TRSV in shoot apical 
meristem (SAM) tissues. Longitudinal sections of tobacco plant meristem tissues 
were treated with an anti-TRSV antiserum at 7, 10, 14, 18 and 38 days post-
inoculation with TRSV. The cells infected with TRSV were darkly stained due to the 
reaction between the virus and the virus-speci fi c antibodies (Fig.  3.3 ). In contrast, 
TRSV infection was transient in the root apical meristem that TRSV infection 
occurred only within and around the tissues exhibiting ring spot symptoms. 
However, TRSV was not or hardly detected in the asymptomatic leaves of inocu-
lated tobacco plants. The recovery of young leaves from TRSV infection becoming 
aymptomatic was attributed to the phenomenon of RNA silencing. Decreased 
distribution of TRSV in root meristem of tobacco plants could also be due to an 
RNA silencing-like mechanism. The results suggested the need for studying the 
distribution of viruses in meristematic tissues before utilizing them for obtaining 
virus-free plants (Dong et al.  2010  ) .  

 Vanilla ( Vanila planifolia ) is infected  by Cucumber mosaic virus  (CMV) 
and  Cymbidium mosaic virus  (CyMV) accounting for marked losses in production. 
The infected plants were freed from these two viruses through apical meristem 
culture technique. Apical meristem measuring 0.1–0.25 mm in length were cultured 
in Murashige and Skoog (MS) medium supplemented with 0.45  μ M thiadiazuron 
for 40–45 days to initiate growth. Following enlargement of meristem, it was trans-
ferred to MS medium supplemented with 4.43  μ M 6-benzyl aminopurine (BAP) and 
2.68  μ M  α -naphthalene acetic acid (NAA) for regeneration. The regenerated plant-
lets were hardened in insect-proof glasshouse. The plants were indexed for virus 
infection using RT-PCR assay using virus-speci fi c primers. The frequency of CMV 
elimination was 79.4 %, whereas CyMV was eliminated from 82.4 % of regener-
ated plants, when tested individually. Both viruses were eliminated by meristem 
culture procedure in 75 % of the regenerated vanilla plants (Retheesh and Bhat 
 2010  ) . Purple passion fruit plants are infected by  Passion fruit woodiness virus  
resulting in marked reduction in yield. Apical meristem culture technique was 
adopted for production of virus-free plants. Shoot tips (2 mm) were excised from 
infected plants and shoots were regenerated by culturing on MS medium supple-
mented with different concentrations of benzyladenine (BA) and NAA. Root forma-
tion was promoted by indole-3-butyric acid. The regenerated shoots were assayed 
for the presence of woodiness virus using ELISA or a test strip kit. The virus-free 
shoots were used for further propagation leading to production of virus-free plants 
(Prammanee et al.  2011  ) .  

    3.1.3.4   Combination of Thermotherapy and Tissue Culture 
for Virus Elimination 

 Tissue culture of apical meristem of plants infected by viruses has been shown to be 
effective for eliminating some viruses from infected plants and to develop virus-free 
stocks. But several viruses are able to invade the meristematic tissues and it is 
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dif fi cult to eliminate such viruses only by tissue culture methods. Heat therapy 
either prior to or after excision of meristems has been useful to reduce the virus titer 
(concentration) appreciably. Somatic embryogenesis technique is based on the pro-
duction of somatic plantlets via callus tissue from anthers and/or ovaries. Elimination 
of grapevine viruses using in vitro somatic embryogenesis was successfully 
achieved, but this procedure was not suf fi cient to eliminate  Grapevine fan leaf virus  
(GFLV) (Goussard et al.  1991  ) . Somatic embryos were successfully regenerated 
from callus tissue of anthers and ovaries excised from in fl orescences of grapevines 
infected with GFLV. Production of pro-embryogenic masses (PEMs) was controlled 
by speci fi c growth regulators and culture conditions. The presence of GFLV particles 
in plantlets regenerated by somatic embryogenesis without heat incubation indi-
cated that the virus was translocated from infected via proliferating callus to 
embryoids. The cultures were incubated in darkness and constantly agitated on an 
orbital shaker at 35 °C for 60 days. Somatic embryos (containing roots and cotyle-
dons) and plantlets were analyzed by immunosorbent electron microscopy (ISEM) 
and ELISA test. The observations showed that GFLV was effectively eliminated by 
the combination of embryogenesis and heat therapy (Goussard and Wiid  1992  ) . 

 In grapevines, infection by individual viruses causes losses to different degrees 
and combined infections become more destructive. Production of virus-free plants 
is considered to be desirable in the case of asexually propagated crops. Virus elimi-
nation could be achieved through thermotherapy and meristem- or shoot tip culture, 
but the combination of both methods was found to be more effective (Grammatikakk 
et al.  2005  ) . In a later investigation, meristem or shoot-tip cultures coupled with 
thermotherapy were used to successfully eliminate  Grapevine leafroll-associated 
virus-1  (GLRaV-1) and  Grapevine rupestris stem-pitting-associated virus-1  
(GRSPaV-1), resulting in a relatively high percentage of virus-free plantlets. 
GRSPaV-1 was found to be earlier recalcitrant to elimination, whereas GLRaV-1 
was more easily eliminated. The effectiveness of two different virus elimination 
techniques including meristem tip culture was evaluated. Meristem tip culture com-
bined with thermotherapy [26 °C (day) and 23 °C (night) gradually raised by 3 °C/
week to reach the  fi nal temperature of 40 °C (day) and 37 °C (night) over a period 
of 6 weeks] was the most effective in eliminating both viruses. The freedom from 
viruses was checked by nested RT-PCR assays. Success rate for GLRaV-1 (91.2 %) 
was greater than for GRSPaV-1 (67.6 %). The ratio of virus elimination to survival 
was greater for meristem tip culture than for shoot tip culture. The technique devel-
oped in this investigation allowed to have bigger explants such as shoot tips and the 
survival rate was signi fi cantly greater than in meristem tip culture. The plants were 
virus-free, making the adoption of this technique feasible for wider application 
(Skiada et al.  2009  ) . 

 Thermotherapy was applied for recovering healthy citrus plants from trees 
infected by  Citrus tristeza virus  (CTV) and  Citrus psorosis virus  (CPsV). It was 
found to be effective for the elimination of most graft-transmissible viruses, but not 
viroids and spiroplasmas (Grant  1976 ; Calavan et al.  1972  ) . Shoot tips (0.14–
0.18 mm long) were aseptically isolated from diseased citrus plants and they were 
grafted (inverted T graft) onto young etiolated seedlings grown in vitro. One month 
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after grafting, plants were transferred to in vitro conditions. Bigger shoot tips were 
collected from thermo-treated buds at 32–35 °C. This combination reduced virus 
replication and increased meristematic cell activity and the shoot tips were free of 
 Citrus psorosis virus  which was found to be dif fi cult to be eliminated by shoot-tip 
grafting alone (Navarrot et al.  1975 ; Carvalho et al.  2002  ) . Citrus somatic embryo-
genesis from stigma and style in vitro culture is the ef fi cient sanitation technique for 
total recovery of the most infected  Citrus  spp. Styles and stigmas are dissected from 
freshly collected closed  fl owers under laminar  fl ow. Explants are vertically placed 
on the medium in petridishes. Green somatic embryos developed in 2–7 months and 
embryos developed into plantlets which are in vivo transferred. The embryos formed 
are totally free from CTV. Somatic embryogenesis is user-friendly and can be 
applied for the sanitation of  Citrus  spp. (Meziane et al.  2009  ) . 

  Potato virus  Y (PVY) is an important virus infecting potato crops and it is consid-
ered to be primarily responsible for high yield losses and degeneration of seed tubers. 
The effect of tissue culture technique, thermo- and chemo- and electro-therapies on 
elimination of PVY was assessed. Direct antigen coating (DAC)-ELISA format was 
employed to detect the presence of PVY in the treated materials. Plants developed 
from tubers stored for 3 months in the cold room were subjected to two cycles of 
thermotherapy at approximately 37 °C during 40 and 30 days resulted in elimination 
of virus in 33.3 and 14.2 % of plantlets respectively, indicating the moderate ef fi ciency 
of virus elimination. Application of an antiviral compound, ribavirin (RBV) at 
20 mg/l was more effective, providing elimination ef fi ciency of 30–43 %, when the 
medium was amended with ribavirin. Stems with axillary buds were excised from 
potato plants; grown for 45 days and treated with electric shock. Stems were directly 
connected to the electrodes of power supply or they were immersed in electri fi ed 
water in a wide range of time and power. Axillary buds excised from electric-shocked 
stems or tissues immersed in electri fi ed water, were transferred into the medium 
supplemented with or without ribavirin. Electro-therapy treatments at 5, 10, and 
15 mA electric current, eliminated PVY in 66.7, 90 and 100 % of the plantlets respec-
tively. Among the therapeutic treatments, electrotherapy was the most ef fi cient in 
elimination of PVY from treated plantlets (Mahmoud et al.  2009  ) . Sweet potato, a 
vegetatively propagated crop, is infected by several viruses which contribute to the 
decline in yield and quality of tubers, because of virus accumulation following many 
cycles of vegetative propagation. Stem cuttings of sweet potato cv. Abees were grown 
under controlled greenhouse conditions and indexed for the presence of  Sweet potato 
feathery mottle virus  (SPFMV), using dot-ELISA procedure. Infected plants were 
exposed to 42 °C/day and 30 °C/night for 3 weeks. After heat treatment, meristems 
were excised, cultured and plants were regenerated. Plantlets derived from tissue 
culture were analyzed by RT-PCR using speci fi cally designed primers based on the 
conserved regions present in all strains of SPFMV. All plantlets were found to be 
SPFMV-free. This RT-PCR procedure was ef fi cient in detecting the speci fi c band 
(~300 nucleotides) used as the molecular marker for SPFMV. Tissue-culture derived 
plants were routinely tested for 2 years subsequently by dot-ELISA. None of the 
plants showed SPFMV infection in in vitro propagation (El Far and Ashoub  2009  ) .  
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    3.1.3.5   Combination of Tissue Culture and Ultraviolet Irradiation 
for Virus Elimination 

 Ultraviolet (UV)-irradiation has been employed to induce mutations in plant viruses, 
resulting in the selection of mild strains that could be used to cross-protect plants 
against infection by severe strains of the parent virus/strain. Ultraviolet-B (UV-B) 
irradiation was evaluated for its ef fi ciency in protecting plants regenerated from 
calli which were exposed to UV-B irradiation. The calli produced from tomato cv. 
PKM1 were treated with UV-B irradiation. Plantlets regenerated from treated calli 
were challenge-inoculated with  Cucumber mosaic virus  (CMV). All treated plants 
had remarkably high levels of soluble phenolics, salicylic acid (SA) and peroxidase 
compared with untreated controls. The challenge-inoculated plants showed disease 
severity ranging from 32 to 78 %, while the control plants exhibited disease severity 
of 92 %. Accumulation of CMV in young uninoculated leaves was signi fi cantly 
reduced in treated plants. The results suggested that exposure of calli to UV-B might 
activate defense responses in plantlets resulting in enhancement of resistance to 
CMV (Sudhakar and Murugesan  2011  ) .    

    3.2   Solar Energy Treatments 

 Solar energy derived from sunlight provides heat that can be harvested to enhance the 
temperature, resulting in improvement of sanitation of the soil and plant materials. 
Ultraviolet light, a component of the sunlight has also been shown to have germicidal 
property. Soil solarization is a method of heating the soil by covering it with transpar-
ent polyethylene sheeting during summer season to control soilborne diseases affect-
ing several crops. This technique has been commercially exploited for growing 
high-value crops in environments with hot summer, when air temperatures exceed 
35 °C. This clear polyethylene sheets are used to cover the soil, after irrigation and 
solar energy is trapped by plastic sheets which prevent the loss of heat by evaporation 
and convection currents. Solarization results in a layer of pasteurized or disinfected 
soil, but not sterilized soil. The effect of solarization is similar to that obtained by 
application of aerated steam. It is important that high soil moisture levels are main-
tained during solarization. The important bene fi t of soil solarization appears to be its 
long-term bene fi ts, as it is a physical treatment which has neither phytotoxic effect 
nor leaves any harmful residues as the chemical treatments. Solarization selectively 
eliminates pathogens, while high biological activity is maintained during treatment. 
Another, probably, most important advantage of employing solarization for elimina-
tion of pathogens, is that this approach is simple, economical and safe with none of 
the hazards associated with chemical treatments. Though there are several advan-
tages, use of solarization as a disease management strategy, is limited to areas where 
hot conditions exist. In addition, the high cost of plastic sheets may prohibit its appli-
cation for many economically important crops (Narayanasamy  2002  ) . 
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    3.2.1   Fungal Diseases 

 Elimination of propagule-like microsclerotia and sclerotia of soilborne pathogens 
such as,  Verticillium dahliae  (Pullman et al.  1981  ) ,  Sclerotium rolfsii  (Katan et al.  1976  ) , 
 Pythium  spp.,  Thielaviopsis basicola  and  Rhizoctonia solani  (Pullman et al.  1981  )  
has been achieved to a satisfactory level by covering the soil with polyethylene 
sheets. The inoculum level of  V. dahliae  was reduced to trace amounts even at a soil 
depth of 60 cm in the unshaded areas in a 4-year old pistachio orchard in Southern 
California, by covering the soil with plastic sheets for a period of 6 weeks (Ashworth 
et al.  1982  ) . In a greenhouse experiment with tomato,  V. dahliae  could not be iso-
lated from soil solarized using transparent polyethylene sheets for 10 weeks, 
whereas high levels of pathogen populations were present in nonsolarized soil. The 
yield increase due to solarization was 112.4 % over control treatment. No infected 
plant was present in the treated area and the percentage of infected roots was as low 
as 0.3–0.4 %, as against 60 % in nonsolarized soil, indicating clearly the bene fi cial 
effect of soil solarization (Bourboos and Skoudridakis  1996  ) .  Verticillium dahliae  
causes serious damages to olive trees in Spain. The effectiveness of single (1 year) 
or double (two consecutive years) soil solarization treatments was assessed for the 
control of Verticillium wilt in young olive orchards. Plantations had different initial 
inoculum densities of  V. dahliae . Soil solarization treatments were applied to lines 
of trees for either one or two consecutive years. Solarization signi fi cantly reduced 
the pathogen population in the top 20 cm of soil for at least 3 years in relation to 
untreated control plots. Pathogen reduction after the single solarization obscured 
effects of the second solarization treatment. Decrease of inoculum density in soil by 
solarization did not correspond to a similar reduction in disease severity. Disease 
severity was reduced only in orchards with medium or high inoculum densities. 
A second soil solarization treatment did not improve the effect of single solarization 
on Verticillium wilt control. In orchards with low inoculum densities, solarization 
did not result in signi fi cant difference in disease incidence and severity. However, 
recovery of the trees from disease was improved. Solarized plots remained free of 
weeds and no growth improvement due to solarization was evident (Loepez-
Escudero and Blanco-Lopez  2001  ) . Effects of soil solarization for the suppression 
of Verticillium wilt disease affecting artichoke ( Cynara cardunculus  var . scolymus ) 
were investigated. Soil solarization reduced the inoculum of  V. dahliae  and also the 
incidence of Verticillium wilt disease in artichoke. However, no added bene fi t could 
be realized, when solarization was combined with addition of cauli fl ower residue 
amendments. Solarization had a signi fi cant effect on yield, producing an increase in 
yield by 16–40 % relative to the uncovered plots. Soil solarization would be com-
patible with normal agronomic practices adopted for artichoke production (Berbegal 
et al.  2008  ) . 

 Long-term bene fi t offered by soil solarization was indicated by the investigation 
on cotton wilt disease caused by  Fusarium oxysporum  f.sp . vasinfectum . Effective 
control of the cotton wilt disease could be achieved by adopting a combination of 
solarization and proper crop sequence (rotation). Drastic reduction in pathogen 
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population was obtained with soil solarization and following appropriate crop 
sequence, the availability of susceptible cotton plants could be avoided, resulting in 
the signi fi cant reduction in disease incidence in cotton, when it was cropped again 
(Katan et al.  1983  ) . The effectiveness of soil solarization using transparent polyeth-
ylene sheets was assessed for the control of watermelon wilt disease caused by  
F. oxysporum  f. sp . raphani  and China aster wilt disease caused by  F. oxysporum  
f.sp . chrysanthemi . Solarization for 3–4 weeks prior to planting reduced the wilt 
disease incidence by 39–74 %. The maximum temperatures were 50.5 and 44 °C at 
soil depths of 0–15 cm and 15–30 cm respectively. Plastic sheet mulching (covering 
the soil surface) controlled the weeds and improved the crop growth also (Huang 
 1993  ) . Soil solarization using photoselective low density polyethylene  fi lm for a 
period of 32–49 days prior to planting tomatoes signi fi cantly reduced the density of 
 Fusarium oxysporum  f.sp . lycopersici  and  F. oxysporum  f.sp . radicis-lycopersici  in 
the upper 5 cm of soil, whereas the treatment signi fi cantly decreased the density 
of  Phytophthora nicotianae (= P. parasitica ) and  Burkholderia solanacearum 
(= Pseudomonas solanacearum ) up to depths of 25 and 15 cm respectively. The 
increase in temperature in solarized soils was 5.7, 7.1 and 5.0 °C over non-solarized 
soils at depths of 5, 15 and 25 cm respectively. The sensitivity of the pathogens to 
higher temperature may be an important factor determining the effectiveness of soil 
solarization in eliminating the pathogens present at different soil depths (Chellemi 
et al.  1994  ) . Incidence of Fusarium wilt of tomato following solarization for 
40–55 days was reduced to a level comparable to fumigation with a mixture of 
methyl bromide + chloropicrin (Chellemi et al.  1997  ) . Soil solarization for 15 days 
resulted in signi fi cant reduction in the incidence of Fusarium wilt disease in cumin 
(Lodha  1995  ) . Soil solarization and semi-solarization were evaluated alone or in 
combination with calcium cyanamide as soil amendment or a nonpathogenic sup-
pressive strain of  Fusarium oxysporum  to develop alternative and ecologically com-
patible methods to control  F. oxysporum  f.sp . melonis (Fom) . The mean soil 
temperatures at 25 cm depth were increased by 8.6–12.6 °C and 12.6–16.3 °C 
respectively by semi-solarization and full solarization treatments. Solarization 
reduced the population of  Fom  grown in sterile soil samples from 3.8–60 × 10 5  CFU/g 
to 0–60 × 10 5  CFU/g soil in those placed at 15 and 25 cm depth. Solarization reduced 
Fusarium wilt disease incidence by 82–90 % in three out of  fi ve experiments. 
Calcium cyanide did not improve the effectiveness of soil solarization (Tamietti and 
Valentino  2006  ) . 

 The ef fi cacy of soil solarization in suppressing the development of  Rhizoctonia 
solani  AG-1 causing lettuce bottom rot disease and  Sclerotinia minor  causing lettuce 
drop disease was assessed. Soil solarization was applied for 60 days during the 
summer in lettuce  fi elds. Incidence of both diseases was very low in the  fi rst year 
after solarization and crop cycle was shortened by 10 days as compared to the non-
solarized plots. In non-solarized plots a loss of 25–40 % of lettuce heads was 
recorded. In addition to reduction in disease incidence due to soil solarization, addi-
tional advantages such as preservation of  fl uorescent pseudomonads and increased 
nutrient availability were also realized (Patricio et al.  2006  ) . Biodegradable plastics 
and plastic  fi lms employed for soil solarization were evaluated for their comparative 
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ef fi ciency in suppressing the development of tomato wilt disease pathogen  Fusarium 
oxyporum  f. sp . lycopersici  and  Sclerotinia minor  causing lettuce drop disease. 
Plastic cover was more effective and consistent in increasing soil temperature com-
pared to biodegradable plastics. Both plastic and biodegradable solarizing materials 
were effective in reducing the lettuce drop disease. Solarization with plastic  fi lms 
signi fi cantly suppressed weed development, while biodegradable plastic offered 
limited weed control. The results indicated that biodegradable solarizing materials 
may have to be considered for control of soilborne diseases, in view of the dif fi culties 
in the disposal of used plastic materials (Bonanomi et al.  2008  ) . 

 The ef fi cacy of soil solarization in reducing the incidence of wilt diseases was 
assessed in Fusarium sick plots of chickpea and pigeonpea during 3 years (1984–1985, 
1985–1986 and 1986–1987). In these  fi elds all plants of the susceptible cultivars 
were entirely (100 %) infected. Clear polyethylene sheeting (400 gauge) was laid in 
plots (Fig.  3.4 ). Soil was placed on the edges of each polyethylene sheet to secure it 
and sheets were removed after 6 weeks, followed by sowing of seeds of pigeonpea 
and chickpea. At 5 cm depth, soil solarization increased the temperature by about 
10 °C. Heavy reduction in the population of both pathogens and wilt disease inci-
dence in pigeonpea, due to solarization in both dry and irrigated conditions was 
observed (Fig.  3.5 ). Wilt susceptible cultivars did not show mortality in solarized 
plots, in spite of the presence of pathogen propagules. In contrast, all plants of wilt 
susceptible cultivars of chickpea and pigeonpea were killed before maturity in non-
solarized plots. In addition to protection against wilt diseases, stimulatory effects of 
solarization on plant growth were also observed (ICRISAT  1980  ) . The effects of 
soil solarization on the incidence of Fusarium wilt disease caused by  Fusarium 
oxysporum  f.sp . lactucae  (FOL) and the growth of lettuce plants were assessed. 
In four trials conducted in the  fi elds infested with FOL, the incidence of Fusarium 

  Fig. 3.4    Solarization using clear polyethylene sheeting (100  μ m thick) under  fi eld conditions 
(With kind permission of the International Crops Research Institute for Semi-Arid Tropics 
(ICRISAT), Patancheru, India)       
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wilt on lettuce sown in soil after solarization was reduced from 91 to 42 %, com-
pared with non-solarized plots. No signi fi cant bene fi t was observed due to a 2-over 
a 1-month solarization period under natural  fi eld conditions, where the mean soil 
temperature at a depth of 5 cm during 1-month solarization period was 47 and 49 °C 
in 2005 and 2006 respectively. The growth of lettuce plants in solarized plots was 
consistently greater than the plants in the non-solarized plots. This growth response 
might be due to more than the direct effect of solarization on the reduction of pathogen 
populations, since solarization was able to induce plant growth response in soil 
free of known soilborne pathogens. Retention of soil moisture by the plastic  fi lm 
during solarization process was considered as an important factor contributing to 
the reduction in pathogen population, since microorganisms are much more resistant 
to heat under dry conditions. Soil solarization signi fi cantly reduced the number of 
plants affected by Fusarium wilt disease in a subsequent planting of susceptible 
lettuce cultivar, indicating the long-term bene fi t of solarization (Matheron and 
Porchas  2010  ) .   

  Phytophthora fragariae  var . fragariae  and  P. fragariae  var . rubi  are the patho-
gens primarily involved in root diseases infecting respectively strawberry and rasp-
berry crops. The effect of soil solarization for 2 months on the incidence and severity 
of root rot diseases was assessed. Increase in temperatures at 10 cm depth of the soil 
was between 7 and 17 °C over that prevailing in non-solarized soils. Soil collected 
after solarization was assayed for growing bait plants cv. Totem strawberry or cv. 
Qualicum raspberry respectively to detect the presence of the fungal pathogens at 
15 °C for 6 weeks in saturated soil to promote infections. Solarization signi fi cantly 
reduced root necrosis ( P  > 0.05) and increased root weight of bait plants compared 
to plants grown in soil from non-solarized plots. Infection of strawberry roots 
by  P. fragariae, Pythium, Rhizoctonia  and  Cylindrocarpon  spp. was reduced 
signi fi cantly ( P  < 0.05) by solarization in sampled soil. Disease incidence was 
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  Fig. 3.5    Effect of solarization 
on the incidence of Fusarium 
wilt disease in chickpea 
genotype ICCC4 (With kind 
permission of the 
International Crops Research 
Institute for Semi-Arid 
Tropics (ICRSAT), 
Patancheru, India)       

 



82 3 Physical Techniques for Biological Crop Disease Management

reduced in solarized  fi eld plots also. Red raspberry plants yielded more, when 
planted in solarized than in non-solarized soil. The bene fi cial effect of solarization 
in suppressing root rot was observed in strawberry and raspberry plantings for two 
or more years after solarization (Pinkerton et al.  2002  ) . Soil solarization using trans-
parent polyethylene sheets to cover tobacco seedbeds for 6 weeks effectively 
reduced the incidence of damping-off disease caused by  Pythium aphanidermatum  
and black shank disease caused by  Phytophthora parasitica  var . nicotianae , due to 
enhancement of soil temperature (Wajid et al.  1995  ) . Solarization with clear low-
density polyethylene mulch decreased the  fi nal incidence and progress of Rhizoctonia 
crown rot and blight infection by  Pythium  spp. in roots and root discoloration in 
impatiens. In addition, shoot biomass was also increased by solarization (McGovern 
et al.  2002  ) . The ef fi cacy of soil solarization and biofumigation with cabbage 
residue to reduce the damping-off disease of cucumber crops grown in greenhouse 
was assessed. Both solarization (for 21 days) and biofumigation with organic 
amendment (5 kg/m 2 ) reduced the damping-off disease signi fi cantly, relative to the 
control treatment. Disease incidence was reduced more effectively by biofumiga-
tion compared with soil solarization, at the  fi nal count of disease incidence at 
35 days after planting. Solarization and biofumigation enhanced plant growth as 
revealed by stem height and stem diameter. Reduction in pathogen population levels 
and disease incidence and enhancement of plant growth were greater during summer 
season than in winter season (Deadman et al.  2006  ) .  Phytophthora cinnamomi  
causes the major root rot disease of avocado worldwide. The effectiveness of soil 
solarization for the control of the Phytophthora root rot disease was evaluated under 
 fi eld conditions. Solarization was applied in a naturally infested plot before planting 
avocado ( Persea americana ) and viñatigo ( P. indica ) seedlings and also in estab-
lished avocado trees for four consecutive summers. Soil solarization provided long-
term positive effects, when applied as a preplanting treatment. Five years after 
solarization, disease severity in avocado and viñtago planted in solarized soil was 
2.03 and 0.71 respectively, compared with 4.05 and 4.84 (in 0–5 disease rating 
scale) in the controls. Eleven years after solarization, the percentage of dead plants 
in solarized soils was 73 % for avocado and 43 % for viñtago, while all trees (100 %) 
were killed in control plot. In contrast, the level of control achieved in established 
orchards was insuf fi cient, probably due to lower temperature reached during 
solarization under the shade of tree canopy (Gallo et al.  2007  ) . 

  Phytophthora cactorum , a causative agent of leathery rot disease of strawberry 
fruit and  Rhizoctonia  spp. are soilborne fungal pathogens. The effectiveness of 
raised bed-solarization (RBS) alone or in combination with chicken manure (CM) 
amendment, methyl bromide (MB), TeloDrip (1,3-dichloropropene + chloropicrin) 
was assessed for suppressing the soilborne diseases of strawberry caused by these 
pathogens. Raised bed solarization for 7 weeks or combined with CM amendment 
(10 t/ha), metham sodium (50 ml/m 2 ) after 2-week RBS and MB (50 g/m 2 ) 
signi fi cantly reduced the soilborne diseases. Treatment with TeloDrip was less 
effective, compared with other treatments in the  fi eld experiments conducted during 
two cropping seasons of 2002–2004. All treatments effectively controlled four weed 
species commonly found in strawberry  fi elds. Total marketable yields from RBS 
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with or without CM and 2-week solarization plus MS were enhanced to a level 
equal to that of methyl bromide treatment in the  fi rst year. On the other hand, only 
raised bed solarization and CM amendment resulted in increase in yield in equiva-
lence to MB treatment in the second year. The results indicated that raised bed solar-
ization had the potential as an alternative to MB which has to be phased out in due 
course (Benlioğlu et al.  2005  ) . The ef fi cacy of soil solarization and  Trichoderma  
spp. in suppressing the soil population of  Phytophthora cactorum , when applied 
alone or in combination was determined. Clear low density (50  μ m) polyethylene 
sheets were used to cover the plots, while  Trichoderma  spp. (10 8  conidia/ml) was 
applied via dip and drip, adding to the soil at 7 days before planting. Solarization 
reduced the population of  P. cactorum  by 100 % in the  fi rst year, by 47 % in the 
second year and by 55 % in the third year, relative to the untreated control. Combined 
application of solarization and  Trichoderma  spp. reduced the population of the 
pathogen which remained at low levels in a sustained manner for all the 3 years. 
In addition, the combined application increased strawberry yield appreciably (Porras 
et al.  2007  ) . Effect of soil solarization for the control of raspberry root rot caused by 
 Phytophthora rubi  was investigated under  fi eld conditions using raised bed plots, 
 fl at bed plots or hilled bed plots. Soil solarization could be an effective component 
of integrated management of Phytophthora root rot disease of raspberry, especially, 
when combined with raised beds and gypsum amendments (Pinkerton et al.  2009  ) . 

  Macrophomina phaseolina  causing charcoal rot disease infects several crop 
plants. The effectiveness of soil solarization alone or combined with millet residue 
or paunch contents as amendments was assessed for the control of disease affecting 
cowpea ( Vigna unguiculata ) in naturally infested soil. Solarization increased the 
soil temperature to 50 °C for at least 4 h/day during June, resulting in a signi fi cant 
reduction of soil inoculum of  M. phaseolina  by 44 %. Paunch contents and millet 
residues reduced the initial inoculum density by 46 and 66 % respectively. 
Combination of soil solarization with millet residues and paunch contents reduced 
the disease severity as expressed by the area under disease progress curve (AUDPC) 
by 78 and 96 % respectively. The results suggested that in the Sahelian region, com-
bination of soil solarization with organic amendment could be effective as an 
alternative to fungicides for the management of charcoal rot disease caused by  
M. phaseolina  (Ndiaye et al.  2007  ) . The ef fi ciency of soil solarization for the con-
trol of  Macrophomina phaseolina  infecting strawberry was assessed using polyeth-
ylene  fi lms (30  μ m thick) containing different additives ultraviolet (UV), UV + 
infrared (UV + IR), UV + antifog (AF) + IR + antidust (UV + IR + AF + AD) and 
also applying used polyethylene  fi lm (260  μ m thick). The highest soil temperatures 
reached at the depth of 10 cm under polyethylene sheet containing UV + IR + AF + 
AD were 54 °C in 2007 and 50.7 °C in 2008.  M. phaseolina  sclerotia survived more 
than 18 days at 45 °C. There was a sharp decline in  M. phaseolina  at 50 °C, where 
it survived for 19 h, but was completely killed at 20 h. In the  fi eld, solarization did 
not reduce the viability of  M. phaseolina  at a soil depth of 10 or 20 cm. However, a 
signi fi cant reduction (66 %) in survival of  M. phaseolina  occurred at a soil depth of 
5 cm was recorded, indicating the loss of effectiveness of soil solarization with 
increase in soil depth. Marketable fruit yield was increased to a maximum extent in 
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the plots treated with UV + IR. All treatments effectively eliminated all weeds 
except  Cyperus rotundus  by 100 % as an additional advantage of contributing to the 
increases in yield of marketable fruits (Yildiz et al.  2010  ) . 

 Soil solarization alone or residue incorporation, summer irrigation and biocontrol 
agent in combination was evaluated for the ability to adversely affect the survival of 
 Macrophomina phaseolina  and  Fusarium oxysporum  f.sp .cumini (Foc) , causative 
agents of root rot and wilt disease of cluster beans and cumin respectively. Combining 
amendments and soil solarization elevated the soil temperatures by 0.5–5.0 °C and 
2.5–13.0 °C, compared to non-amended solarized and non-solarized plots respec-
tively. The treatment combinations signi fi cantly reduced  M. phaseolina  and  Foc  
propagules compared to control. The effect of surviving propagules of  M. phseolina  
and  Foc  on the incidence was assessed in the subsequent rainy and winter seasons. 
Signi fi cant reduction in the incidence of both diseases was observed with or without 
soil solarization, compared to control (Israel et al.  2005  ) . Combination of soil solar-
ization with biocontrol agents  Bacilus subtilis  or  Trichoderma harzianum  reduced 
infection of table beet by  Rhizoctonia solani , increased the plant stand by 25–95 % 
and fresh weight of beet by 32–41 %, when compared to individual treatment 
(Gasoni et al.  2008  ) . 

  Pyrenochaeta lycopersici  causes tomato corky root disease which increases in 
severity annually, reaching the maximum after 7 years under protected monoculture 
in greenhouses. The effectiveness of soil solarization for controlling tomato corky 
root disease in closed greenhouses was demonstrated by Garibaldi and Tamietti 
( 1983 ). In a later investigation, the performance of plastic  fi lms used for soil mulch-
ing in greenhouses in solarization treatments for suppression of corky root disease 
was assessed, in addition to comparison of soil solarization with chemical fumiga-
tion for their effectiveness. Tests were carried out with clear, traditional and inno-
vative plastic  fi lms and fumigant application. Soil solarization was effective in 
controlling corky root disease, relative to the untreated control. Use of different 
greenhouse covering and mulching  fi lms for solarization was found to be effective 
in reducing corky root disease severity, compared to the control. Solarization 
reduced disease incidence to a level comparable with application of methyl bromide 
and more effective than metham sodium and metham potassium. Among the  fi lms 
tested, green coextruded  fi lm could be preferred, because it is possible to use it as 
mulch after solarization (Vitale et al.  2011  ) . 

 Polyethylene mulch has been demonstrated to offer bene fi cial in fl uence for the 
control of fungal pathogens infecting aerial plant organs. Black polyethylene mulch 
reduced cucumber downy mildew ( Pseudoperonospora cubensis ) disease index and 
also increased the yield (Milvoj and Osvald  1994  ) . Colonization of cucumber leaves 
by  P. cubensis  and sporangial production were signi fi cantly inhibited using polyeth-
ylene  fi lm with added blue pigment for solarization of soil. Use of plastic foil mulch 
for soil solarization was found to be effective for the control of gray mold disease of 
strawberry caused by  Botrytis cinerea . The plastic foil prevented loss of radiation 
heat during the night, resulting in reduction of dew formation and also effectively 
prevents the fruits coming into contact with soilborne inoculum (Palti  1981  ) . Green-
pigmented polyethylene sheet screened visible light mainly from 560 to 800 nm and 
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UV radiation up to 380 nm. Use of green-pigmented sheet in the greenhouse reduced 
the conidial load of  B. cinerea  and gray mold by 35–75 %. Filtration of solar light 
by green-pigmented polyethylene sheet was also effective against disease caused 
by  Sclerotinia sclerotiorum  on cucumber  Fulvia fulva  on tomato and powdery mil-
dew on cucumber (Elad  1997  ) . The effect of plastic mulch and forced heated air on 
 B. cinerea  infecting geranium plants was investigated. The extent of sporulation of 
 B. cinerea  on necrotic lower leaves of mature geranium plants was reduced 
signi fi cantly. The combined effect of both plastic mulch and forced heated air was 
still greater. However, the stem blight phase of the disease was not reduced by com-
bined treatments (Hausbeck et al.  1996b  ) . Re fl ecting  fi lm mulching combined with 
rain-shelter treatment appreciably reduced the incidence of  Monilinia fructicola  and 
 Gleosporium laeticolor (= Glomerella cingulata)  on peach. Fruits from plants sub-
jected to combined treatment matured early and were of better quality compared to 
fruits from untreated control trees (Hyun et al.  1995  ) .  

    3.2.2   Bacterial Diseases 

 The potential of soil solarization for the suppression of bacterial plant diseases has 
been examined. The effectiveness of soil solarization using plastic  fi lms was 
assessed for the control of crown gall bacteria  Agrobacterium tumefaciens . 
Solarization signi fi cantly reduced the populations of  Agrobacterium  spp. popula-
tions in the soil. The reduction in the pathogen population was positively correlated 
with the average temperature during the trial. The maximum population reduction 
obtained was 99 %, when the temperature ranging from 39 to 51 °C prevailed. 
However,  A. tumefaciens  population was still present after solarization. The treat-
ment resulted in 89 and 94 % reduction in the incidence of crown gall in the root-
stocks GF677 and bitter almond, compared to seedlings planted in non-solarized 
plots (Khlaif  2003  ) . Transparent polyethylene sheet were used to cover the soil in 
commercial tomato production areas for the control of bacterial canker disease 
caused by  Clavibacter michiganensis  subsp . michiganensis (Cmm) . Soil mulching 
with the plastic  fi lm was applied for 6 weeks in plastic houses. Symptoms (disease 
intensity) induced by  Cmm  were reduced drastically throughout the growing season. 
The bacterial species of  Pseudomonas, Bacillus  and  Streptomyces  present in the 
tomato rhizosphere were able to survive the enhanced temperatures following solar-
ization. The  fl uorescent pseudomonads isolated from the rhizosphere soil of tomato 
raised in solarized soils, induced resistance to the bacterial canker disease, when 
applied as tomato seed treatment. Tomato growers in Greece appeared to be con-
vinced about the bene fi cial effect of soil solarization using polyethylene sheets 
(Antoniou et al.  1995  ) . Soil solarization using transparent plastic sheet as mulch 
during summer months was found to effectively reduce the bacterial wilt disease 
of tomato caused by  Ralstonia solanacearum . The bacterial biocontrol agent 
 Pseudomonas  fl uorescens  was incorporated uniformly in soils infested by  R. solan-
acearum  followed by solarization for 8 and 10 weeks at two locations in Himachal 
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Pradesh, India. The soil temperature was increased in solarized soils by 8.9 and 
10.0 °C in two locations where the experiments were conducted. The bacterial 
antagonist proliferated in the solarized soils in the  fi rst year and the population 
declined subsequently. The incidence of bacterial wilt disease in the solarized soil 
was reduced by 43–63 %. There appeared to be no correlation between disease sup-
pression and duration of soil solarization. Possibly, the population of  Pseudomonas  
spp. present after soil solarization might be an important factor to be reckoned with 
(Ambadar and Sood  2010  ) .  

    3.2.3   Virus Diseases 

 Re fl ective plastic mulches have been used to prevent/reduce the incidence of some 
of the virus diseases affecting crop plants (Loebenstein and Raccah  1980  ) . These 
mulches re fl ect short-wave length light which confuses the incoming alate aphids, 
resulting in reduction of number of aphids alighting on plants. This in turn reduces 
the incidence of virus diseases transmitted by them. Plastic foils of different colors 
have been tested for their effect on the vectors of virus diseases (attraction/repellance) 
and consequently on the incidence of virus diseases. Signi fi cant reduction in the 
incidence of  Cucumber mosaic virus  (CMV) and  Potato virus Y  (PVY) was 
achieved by placing yellow polyethylene sheets spread with sticky substances 
for trapping aphids which were attracted by yellow color. Yellow polyethylene 
sheets delayed infection of tomatoes by  Tomato yellow leafcurl virus  (TYLCV), 
because of the stronger attraction of white fl y vectors to them over aluminum or 
blue-colored polyethylene sheets and death of white fl ies due to heat (Cohen  1981 ; 
Keren et al.  1991  ) . 

 The repellant action of re fl ective surfaces has been considered as the principal 
reason for their use for the control of nonpersistent viruses transmitted by aphid 
vectors (Loebenstein and Raccah  1980  ) . Infection of bell pepper by  Cucumber 
mosaic virus  (CMV) and  Potato virus Y  (PVY) was signi fi cantly reduced by using 
gray plastic mulch and the winged aphids trapped in the mulched plots were only 
6–12 % of that in unmulched plots (Loebenstein et al.  1975  ) . The ef fi cacy of silver 
re fl ective plastic mulches in reducing aphid population and mosaic virus diseases 
infecting yellow crookneck summer squash ( Cucurbita pepo  var . melopepo ) was 
assessed. Silver re fl ective mulch alone and silver re fl ective mulch with insecticide 
were superior to other colors of plastic mulches (white, yellow and black with yellow 
edges) in reducing aphid populations. Silver re fl ective plastic mulch with or without 
insecticide, resulted in a delay of 10–13 days in the onset of mosaic diseases caused 
by CMV , Watermelon mosaic virus  I and II,  Zucchini yellow mosaic virus  and 
 Squash mosaic virus . In addition, marketable yields were higher in plants grown on 
silver plastic mulch compared to controls. The silver mulch was also found to be 
cost-effective, due to ef fi cient virus disease control (Brown et al.  1993  ) . 

 Silver gray mulch and silver plastic mulch reduced the incidence of  Watermelon 
mosaic virus  and  Cucumber mosaic virus  on zucchini melon. In the crop raised in 
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fall, 100 % of plants grown in unmulched plots, with and without insecticide applica-
tion, were infected by viruses at  fi rst harvest, whereas only 10 % of plants grown 
over silver mulch exhibited virus infection. Silver-pigmented mulches were more 
effective in repelling aphids and delaying disease incidence than white-pigmented 
mulches. Yields of marketable fruits increased by 75 and 80 % due to silver polyester 
 fi lm and silver spray mulches respectively (Summers et al.  1995  ) . The symptom 
development in squash following infection by  Zucchini yellow mosaic virus  (ZYMV) 
and CMV was delayed with application of aluminum foil mulch. The number of 
marketable fruits increased signi fi cantly due to mulching. Infection by these viruses 
on Courgette was reduced by re fl ective mulches (Ansanelli et al.  1997  ) . Use of white 
and silvery mulches was found to be effective in reducing the incidence of viral 
diseases transmitted by other kinds of insect vectors with persistent relationship with 
respective viruses. White and silvery plastic mulches reduced thrip injury and delayed 
virus epidemics on hot pepper ( Capsicum  spp.) in West Java, Indonesia. The plastic 
mulch also had a favorable effect on plant growth (Vos et al.  1995  ) . White fl y-borne 
 Tomato yellow leafcurl virus  (TYLCV) incidence was reduced by re fl ective alumi-
num colored plastic mulches, resulting in increase in tomato fruit yields (Mauromicale 
et al.  1996  ) . However, the ef fi ciency of aluminum-colored plastic mulch was reported 
to be inferior to yellow polyethylene sheets (Cohen  1981  ) . 

 Cantaloupes are seriously infected by aphid-transmitted viruses viz.,  Cucumber 
mosaic virus  (CMV),  Watermelon mosaic virus  (WMV) and  Zucchini yellow mosaic 
virus  (ZYMV). Re fl ective, metalized plastic mulch, formed by adhering a thin coat of 
aluminum ions has been demonstrated to reduce the incidence of aphid-borne viruses. 
The number of winged aphids per leaf was signi fi cantly higher on plants grown over 
bare soil (control) than those grown over plastic mulch. The lower aphid counts 
on plants grown over plastic mulch resulted in lower virus disease incidence. The 
re fl ective plastic mulch maintained virus incidence below 10 % through mid-September 
2002. The incidence of virus diseases closely followed that of winged aphids per leaf 
with the highest percentage of infected plants grown over bare soil (Summers et al. 
 2005  ) . The effect of integration of UV-re fl ective plastic mulch and commercially 
available resistance-inducing compound BioYield TM  on the incidence of  Watermelon 
mosaic virus  (WMV) infecting summer squash ( Cucurbita pepo  var . melopepo ) was 
assessed. Incidence of WMV was signi fi cantly reduced in plants grown on silver-
on-black (UV-re fl ective) mulch, compared with plants grown on black mulch (control). 
In the fall trial, highly UV-re fl ective silver mulch was also included for testing. WMV 
incidence and ELISA values were signi fi cantly lower for squash plants in the silver 
mulch treatment, compared with silver-on-black and black mulch treatments. However, 
yields of squash plants were signi fi cantly greater for plants in the silver-on-black 
mulch treatment than for those in the silver or black mulch treatments. The treatments 
with BioYield  ™  neither reduced WMV incidence nor increased the squash fruit yields 
in both spring and fall trials (Murphy et al.  2008  ) . 

 White fl ies form    another major group of insects involved in the transmission of 
viruses infecting several economically important crops. The sweet potato white fl y 
 Bemisia tabaci  B biotype (also known as  B. argentifolii ) is an important pest of 
zucchini squash ( Cucurbita pepo ) and also functions as the vector of  Cucurbit 
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leafcrumple virus  (CuLCrV). The ef fi cacy of UV-re fl ective mulch and the living 
mulch, buckwheat ( Fagopyrum esculentum ) was assessed for the control of the 
white fl y and the cucurbit leafcrumple disease, including white mulch as the control 
treatment. The re fl ective mulch and the living mulch were more effective than control 
treatment in reducing the white fl y densities and incidence of CuLCrV on zucchini 
plants. The white mulch (control) treatment had the highest virus disease incidence 
and number of white fl ies. Re fl ective mulch alone gave protection to zucchini plants 
as the insecticide imidacloprid, addition of which did not provide any additional 
advantage. Hence, the re fl ective mulch alone was considered to be satisfactory. The 
effectiveness of UV-re fl ective mulch in reducing the incidence of CuLCrV was 
attributed to its ability to repel white fl ies, preventing them from alighting on 
zucchini plants (Nyoike et al.  2008  ) . The effect of root zone temperature (RZT) as 
in fl uenced by plastic  fi lm mulch on symptom expression in tomato inoculated with 
 Tomato spotted wilt virus  (TSWV) or in naturally infected plants was assessed. 
The root zone temperatures attained were 27.5, 27.0, 25.8 and 24.8 °C in plants 
grown respectively on black, gray, silver and white mulches. Plastic mulches that 
created high RZT stress resulted in reduced plant growth and yield and predisposed 
plants to rapid expression of symptoms of TSWV under arti fi cial and natural infec-
tions (Diaz-Perez et al.  2007  ) .   

    3.3   Radiation Treatments 

    3.3.1   Ultraviolet Irradiation 

 Radiation treatments under suitable conditions, may reduce populations of, or elim-
inate microbial pathogens and retard physiological processes such as ripening or 
senescence and sprouting. The radiation systems such as gamma rays (Cobalt-60 or 
Caesium-137), fast electrons (linear accelerators) and ultraviolet (UV) rays have 
been employed as radiation sources. UV light has been used to treat several fruits 
and vegetables as a postharvest disease management strategy. Three ranges of wave 
lengths of UV light, present in sunlight, have been designated UV-A (310–390 nm), 
UV-B (280–310 nm) and UV-C (190–280 nm). All ranges of UV light can damage 
the plant DNA and alter physiological processes depending on the duration of expo-
sure (Luckey  1980 ; Stapleton  1992  ) . A wide array of fruits and vegetables has been 
reported to respond positively to treatment with UV light and the treated commodities 
became resistant to the respective pathogens (Narayanasamy  2006  ) . 

    3.3.1.1   Postharvest Diseases 

 Treatment of grapefruits marsh Seedless and Star Ruby and orange cultivars 
Washington Navel, Biondo Commune, Tarocco and Valencia Late with UV-C light 
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at 0.5 kJ/m 2  reduced signi fi cantly the decay due to  Penicillium digitatum , causing 
green mold disease. UV-C irradiation markedly reduced the growth of  P. digitatum  
at the fruit wound sites and enhanced the resistance of treated fruits (Porat et al. 
 1999  ) . The cultivars of orange responded to UV-C light differently based on treat-
ment dose and harvest date, indicating their differential response to UV-C treat-
ment. Higher dose of UV-C at 3.0 kJ/m 2  reduced the decay intensity on Washington 
Navel to a greater extent, compared with lower dose (0.5 kJ/m 2 ) (D’hallewin et al. 
 1999  ) . However, in Star Ruby grapefruit, UV-C irradiation at 0.5 kJ/m 2  was effec-
tive in reducing the decay and increase in the dose above this level did not improve 
the decay control any further (D’hallewin et al.  2000  ) . The ef fi cacy of UV-type C 
(254 nm) irradiation, two yeast species  Candida saitoana  and  C. oleophila  (antago-
nists), chitosan and harpin (resistance inducer) was assessed for protecting apple 
cv. Red Delicious fruit against the blue mold pathogen  Penicillium expansum . 
Treated fruits were inoculated with  P. expansum  at 24, 48 or 96 h following treat-
ment and stored at 24 °C in the dark. All treatments were effective in reducing the 
area under disease progress curve (AUDPC). Treatment with UV-C was the most 
effective among the treatments used, followed by harpin, chitosan and the antago-
nistic yeast. There was a clear time-dependent response of the fruit to the treat-
ments, in which treatments applied at 96 h before challenge inoculation with the 
pathogen provided best protection to apples. UV-C induced resistance within the 
 fi rst 24 h following treatment. However, greater control was achieved, when fruits 
were treated at 48 or 96 h before inoculation. UV-C irradiation besides being 
germicidal and causing delayed ripening of fruit, elicited biochemical responses 
in host tissue (de Capdeville et al.  2002  ) . 

 The ef fi cacy of treatment of table grapes with chitosan alone or in combination 
with UV-C radiation in suppressing the development of gray mold disease caused 
by  Botrytis cinerea  was assessed. The in fl uence of these treatments on catechin and 
resveratrol contents and chitinase activity in grape berry skins was also investigated. 
Clusters of cvs. Thompson Seedless, Autumn Black and Emperor were sprayed in 
the vineyard with 1 % chitosan and at 5 days after harvest, they were inoculated 
with  Botrytis cinerea . Decay incidence and disease severity were signi fi cantly 
reduced by chitosan treatment which was the most effective on berries harvested 
1 or 2 days after treatment. In another set of bunches, grape berries were sprayed 
with chitosan, harvested 2 days later, irradiated for 5 min with UV-C (0.36 J/cm 2 ) 
and inoculated with the pathogen 2 days later. Combined application of chitosan 
and UV-C to cv. Autumn Black or Selection B36-55 was synergistic in reducing the 
gray mold disease incidence and severity, compared with individual treatment. 
Berries treated with chitosan and exposed to UV-C had higher catechin and trans-
resveratrol induction, compared with the same treatments applied separately. The 
integrated strategy of combining chitosan and UV-C treatments exploiting the syn-
ergistic effects of the components could be an effective alternative for postharvest 
disease control. Further, induction of trans-resveratrol by the treatments may be 
bene fi cial, because of its anticarcinogenic and antioxidant properties. UV-C irradiation 
was shown to be a rapid, simple and economical postharvest treatment with poten-
tial for large scale application (Romanazzi et al.  2006  ) . 
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 Treatment of  Monilinia fructigena , infecting strawberry with UV-C at 0.50 J/cm 2  
inhibited the pathogen growth signi fi cantly. When UV-C exposure was combined 
with heat treatment (45 °C for 15 min), the intensity of disease symptoms was 
reduced, indicating the synergistic action of both these treatments (Marquenie et al. 
 2002a  ) . In the case of  Botrytis cinerea , exposing strawberry fruits to UV-C light 
at > 0.01 J/cm 2  resulted in signi fi cant reduction in pathogen growth. Heat treatment 
had no appreciable effect on the development of  B. cinerea , but the highest temperature 
(48 °C) tested, damaged the berry surface and reduced fruit  fi rmness (Marquenie 
et al.  2002b  ) . Papaya anthracnose disease caused by  Colletotrichum gloeospori-
oides  is an important postharvest disease. The effects of UV-C and gamma irradia-
tion on pathogen development and disease progress were investigated. Gamma 
irradiation at 0.75 and 1.0 kGy doses inhibited conidial germination and mycelial 
growth in vitro, but all doses increased fungal sporulation. Anthracnose disease inci-
dence and severity were reduced by 0.75 and 1.0 kGy doses applied post-inoculation. 
But there was no effect of gamma irradiation, if applied prior to pathogen inoculation. 
In the case of UV-C, all doses inhibited conidial germination, while doses greater 
than 0.84 kJ/m 2  inhibited the mycelial growth and sporulation also in vitro. There 
was no effect of UV-C doses (0.2–2.4 kJ/m 2 ) and time intervals between treatment 
and inoculation on anthracnose disease control and fungal sporulation on fruit 
lesions. The results indicated that gamma irradiation could be an alternative for 
reducing the use of fungicides (Cia et al.  2007  ) . 

 Postharvest decay of strawberries is caused by  Botrytis cinerea  which is widely 
distributed and is capable of infecting several fruit and vegetable crops. UV-C 
treatment at 0.5 and 1.0 kJ/m 2  followed by storage of strawberry fruit at 20 ± 1 °C 
or 3 °C signi fi cantly reduced the development of the gray mold pathogen. The 
results indicated that reduction in disease incidence might be due to a direct germi-
cidal effect of UV-C light by disinfecting the external contamination, in addition to 
induction of resistance by activating host defense systems (Nigro et al.  2000  ) . 
Strawberry fruit exposed to a hermetic dose of UV-C prior to storage showed less 
disease incidence and severity. Hence, the gene expression and enzymatic activity 
of a set of strawberry genes that are related to plant defense systems against  
B. cinerea , were studied. The expression and activity of phenylalanine ammonia 
lyase (PAL) increased over the level found in control after 4 and 24 h of storage. 
The activity of ß-1,3-glucanase and peroxidase showed a biphasic pattern. Higher 
polyphenoloxidase activity was detected in treated fruit compared with control 
from 10 to 48 h post-irradiation. The chitinase genes  FaChi2-2  and  FaChi3  were 
induced immediately after exposure to UV-C and the activity of the corresponding 
chitinase was increased at 10 h post-treatment. Gene expression pro fi le of ß-1,3-
glucanases was different from those of chitinases. The  FaPR1  gene expression was 
also stimulated by UV-C treatment at 4 and 24 h of storage. The results indicated 
that the reduction in strawberry fruit decay by UV-C treatment at harvest could be 
related to the enhancement of transcription and activity of a set of enzymes and 
proteins involved in the defense against microbial pathogens causing postharvest 
disease in strawberry (Pombo et al.  2011  ) . 
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 Treatment of carrots with UV-C radiation inhibited the development of 
 Botrytis cinerea  causing gray mold diseases in several vegetables. UV irradiation 
does not appear to have any systemic effect, as disease resistance could be 
induced only in tissues directly exposed to the irradiation. UV radiation induced 
local accumulation of 6-methoxymellein (6-MM) which reached a concentration 
near or higher than the ED 

50
  (50 % effective dose) for inhibiting  Botrytis cinerea . 

It is possible that 6-MM could be involved in inducing resistance. Freshly har-
vested carrots had a number of constitutive chitinases and ß-1,3-glucanases 
which were not affected by UV irradiation. When challenged with  B. cinerea , 
induction of a 24-kDa chitinase was enhanced in UV-treated carrots. UV radia-
tion had only a local effect in priming the chitinase response. Treatment of veg-
etables with UV-C irradiation for the control of postharvest diseases has been 
performed successfully (Mercier et al.  2000  ) . Application of UV-C (254 nm) 
hormesis on tomato fruits stimulated bene fi cial responses, leading to reduction 
in disease development initiated by  Rhizopus stolonifer,  incitant of soft rot dis-
ease. The delay in ripening of tomatoes treated with UV-C was considered to be 
partly due to the high level of putrecine and spermine polyamines as well as 
accumulation of tomatine (Stevens et al.  1998  ) . Further, mature green tomato 
fruits irradiated with UV-C light (24–36 kJ/m 2 ) exhibited delayed ethylene pro-
duction and reduced respiration rate. Infection of  Alternaria alternata  was 
reduced, in addition to retarded ripening and color development in tomato fruits 
(Rong and Feng  2001  ) . 

 Physiological, biochemical and structural changes induced by UV-C (3.7 kJ/m 2 ) 
in tomato fruits resulting in reduction in gray mold rot caused by  Botrytis cinerea  
were investigated. Treated fruits were more susceptible to disease immediately 
after treatment, but they became gradually resistant to infection by  B. cinerea . The 
resistance was maintained until the end of storage duration of 35 days. Synthesis 
and accumulation of the phytoalexin rishitin were induced by prestorage treatment 
with UV-C radiation. Rishitin concentration reached the peak at 15 days (46.23 mg/
kg) after treatment and declined at the end of storage (3.5 mg/kg). A signi fi cant 
correlation was observed between rishitin accumulation in UV-treated fruit both 
before and after inoculation and disease resistance. The level of rishitin present at 
the time of inoculation with  B. cinerea  appeared to be the primary, but not the only 
factor in the expression of resistance, while its accumulation after inoculation 
might have a reinforcing role in resistance to gray mold pathogen (Charles et al. 
 2008d  ) . Changes in the topography and  fi ne structure of tomato fruit pretreated 
with UV-C light were monitored using scanning electron microscope (SEM). The 
formation of an operculum over broken trichomes was a common feature of rip-
ened control fruit, while this structure was incompletely formed in UV-C-treated 
fruits. Colonization of the fruit surface was sparse on treated fruit. UV-C treatment 
resulted in alteration in the amount of epicuticular wax and its ultrastructural 
arrangement. In addition, the UV-C-induced physical and chemical modi fi cations 
of tomato fruit surface could be an improved capacity of the tissues to resist infec-
tion by  B. cinerea  (Charles et al.  2008c  ) . 
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 UV-C induced changes in tomato fruit treated prior to storage were investigated 
to reveal the ultrastructural modi fi cations of the pericarp leading to develop-
ment of resistance to gray mold pathogen  Botrytis cinerea . UV-induced plas-
molysis of the epicarp cells as well as some cell layers of the mesocarp. 
Collapse of these cells, resembling HR-like cell death, led to the formation of 
the cell wall stacking zone (CWSZ). In the UV-treated fruit, pathogen develop-
ment was primarily restricted to the outer most part of the fruit and further 
invasion of the deeper tissues seemed to be blocked by the CWSZ. This zone, 
through physical obstruction to pathogen spread, seemed to be an important 
factor in restricting the development of gray mold pathogen on tomato fruit 
(Charles et al.  2008a  ) . Stimulation of biosynthesis of phenolic compounds in 
the epicarp and mesocarp cells of tomato exposed to UV-C prior to storage was 
detected. Biochemical reinforcement of cell wall through ligni fi cations and 
suberization was induced. These responses were primarily localized in the 
CWSZ induced by UV-C treatment. These responses were further intensi fi ed in 
treated fruit following challenge inoculation with  B. cinerea  (Charles et al. 
 2008b  ) . The role of constitutive defense enzymes and inducible pathogenesis-
related (PR)-proteins was studied in the development of resistance induced by 
UV-C treatment prior to storage. Polyacrylamide gel elelctrophoresis (PAGE) 
analysis revealed (i) enhanced repression of expression of some proteins, (ii) 
enhanced expression of constitutive proteins like ß-1,3-glucanase, chitinases 
(acidic and basic) and (iii) synthesis of new proteins. The results suggested that 
PR-proteins with glucanohydrolase activities induced by UV-C might be an 
integral part of the long-term resistance exhibited by UV-C treated tomato fruit 
(Charles et al.  2008e  ) . 

  Botrytis cinerea  causing postharvest petal speckling is one of the major factors 
adversely affecting marketability of cut  fl owers of  Freesia hybrida . The germi-
cidal and inducible effects of UV-C irradiation on cut  fl owers of  F. hybrida  were 
assessed. UV-C irradiation of freesia in fl orescences after arti fi cial inoculation 
with  B. cinerea  was more effective in reducing petal speckling, compared with 
UV-C treatment before inoculation with the pathogen, indicating its germicidal 
effect. Cut freesia in fl orescences exposed to 1.0 kJ/m 2  UV-C after initial inocula-
tion with conidial suspension (10 4 /ml) displayed reduction in disease severity 
scores, lesion numbers and lesion diameter by 74, 68 and 14 % respectively, 
compared to untreated controls. In contrast, UV-C irradiation with 1.0 kJ/m 2  
before arti fi cial inoculation reduced lesion numbers and lesion diameter by 13 
and 24 % respectively, compared to the non-irradiated controls. Higher UV-C 
doses of 2.5 or 5.0 kJ/m 2  reduced disease severity scores, lesion number and 
lesion diameter, when applied after inoculation, but increased disease severity, 
when applied before inoculation with the pathogen. Irradiation with UV-C at 
0.5–2.5 kJ/m 2  did not adversely affect the vase life of freesia  fl owers. But at a 
higher dose of 5.0 kJ/m 2 , irradiation caused phytotoxicity, as inferred from petal 
discoloration and reduced vase life compared to non-irradiated in fl orescences 
(Darras et al.  2010  ) .  
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    3.3.1.2   Field Crop Diseases 

 The bene fi cial effects of UV light in reducing the diseases affecting certain  fi eld 
crops have also been reported. Exposure of cabbage seeds to UV-C light at 3.6 kJ/m 2  
was effective in reducing black rot disease caused by the bacterial pathogens 
 Xanthomonas campestris  pv . campestris (Xcc)  and the density of bacterial pathogen 
population. In addition, the cabbage plants growing from treated seeds had the most 
desirable color, highest weight, largest head diameter and delayed maturity (Brown 
et al.  2001  ) . Treatment of mungbean ( Vigna radiata ) and groundnut (peanut) seeds 
with UV-C radiation for 5, 10, 20, 30 and 60 min was carried out to assess the effects 
on plant growth and the development of fungal pathogens such as  Macrophomina 
phaseolina, Rhizoctonia solani  and  Fusarium  spp. causing root diseases. Infection of 
roots by the fungal pathogens was signi fi cantly reduced in mungbean plants growing 
from seeds treated with UV-C light for different periods (5–20 min). Likewise, treat-
ment of groundnut seeds for 20, 30 and 60 min resulted in maximum reduction in 
infection or roots by  R. solani  and  M. phaseolina.  In addition to disease control, 
UV-C treatment of seeds improved the growth parameters such as shoot weight, 
shoot length, root weight and number of root nodules formed. The results indicated 
that treatment with UV-C light exerted bene fi cial effects on plant growth as well as 
suppression of pathogen development (Siddiqui et al.  2011  ) . 

 The effects of UV-B radiation on the development of fungal diseases infecting 
plants have been assessed in certain cases. The defense signaling pathways share 
components with those involved in plant responses to UV radiation which can 
induce expression of plant genes required for resistance to infection by microbial 
pathogens. These intriguing links suggest that UV treatment might activate resis-
tance to pathogens in normally susceptible plant species/cultivars. Pre-inoculative 
UV (254 nm) radiation of  Arabidopsis thaliana  (model plant) susceptible to infec-
tion by the obligate pathogen  Hyaloperonospora prasitica  causing downy mildew 
disease induced dose- and time-dependent resistance to the pathogen detectable up 
to 7 days after exposure to UV. The UV irradiation may initiate the development of 
resistance to  H. parasitica  in plants normally susceptible to the pathogen and 
UV-induced DNA damage also may have a role in the process of resistance develop-
ment (Kunz et al.  2008  ) . The ef fi cacy of UV-B radiation as an alternative strategy of 
management of strawberry powdery mildew disease caused by  Spherotheca aphanis  
var.  aphanis  was assessed. The suppressive effect of UV-B radiation against pow-
dery mildew pathogen was evaluated in a vinyl house using three strawberry cultivars. 
All cultivars were effectively protected by UV-B radiation. RT-PCR analysis 
revealed that UV-B radiation induced the expression of a disease-resistance gene 
(encoding PR-protein). The results indicated that the mechanism of suppression of 
powdery mildew development was through induction of disease resistance in straw-
berry plants as one of its possible mode of action (Kanto et al.  2008  ) . 

 Ultraviolet radiation in the environment has increased due to depletion of ozone. 
Investigations on plant responses to UV were taken, since solar UV wave lengths 
can reduce plant genome stability, growth and productivity. These detrimental 
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effects may result from damage to cell components, including nucleic acids, proteins 
and membrane lipids. Plants are obligate phototrophs and plants have to counter the 
onslaught of cellular damage due to prolonged exposure to sunlight. The plants 
overcome the obstacles by attenuating the UV dose received through accumulation 
of UV-absorbing secondary metabolites, neutralizing UV-induced pyrimidine dimers 
by photoreactivation, extracting UV-photoproducts from DNA via nucleotide exci-
sion repair and perhaps transiently tolerating the presence of DNA lesions via rep-
licative bypass of the damage. The signaling mechanisms determining these 
responses suggested that exposure to UV may also be bene fi cial to plants by increas-
ing cellular immunity to pathogens. Thus, resistance to microbial plant pathogens 
may be enhanced by UV treatment (Kunz et al.  2006  ) .   

    3.3.2   Gamma Radiation 

 The effect of gamma radiation on the development of fungal  fl ora in dry onion 
bulbs has been assessed. The average storage moisture maintained at room tem-
perature and at 4 °C were 75 and 85 % respectively. A positive correlation between 
the reduction in initial fungal  fl ora and dose of irradiation was observed. The com-
bination of chilling and ionization was the most effective in reducing fungal  fl ora 
at a dose of 0.31 kGy (Benkeblia and Selselet-Attou  1997  ) . Bunches of grapes cv. 
Italia were irradiated at different doses of gamma rays and stored at 0 °C and 95 % 
RH for 30 days and then transferred to 25 °C and 85 % RH to evaluate the effect of 
treatment on the development of gray mold disease caused by  Botrytis cinerea . 
Rate and severity of infection decreased at a dose of 1.5 or 2.0 kGy on inoculated 
fruit. The spread of the disease to adjacent and distant fruits also was signi fi cantly 
reduced. Irradiation treatment did not adversely affect the color and composition of 
fruits. Favorable effects following irradiation were at low rates of berry splitting 
and natural shattering, but there were greater losses of fruit weight and  fi rmness 
(Cia et al.  2000  ) .  

    3.3.3   Short-Wave Infrared Radiation 

 Short wave infrared radiation (IR) has been demonstrated to be a highly ef fi cient 
form of heating. The ef fi cacy of IR was compared with the commercially used hot 
water treatment for the management of postharvest diseases of mango. Exposure of 
mango fruits to IR for 3 min was found to be as effective as the hot water dip at 
50 °C for 5 min followed by a 20 s ambient temperature and prochloraz dip in con-
trolling anthracnose disease caused by  Collletotrichum gloeosporioides  and soft 
brown rot caused by  Nattrassia mangiferae  on seven mango cultivars. The fruit 
quality was similar to those treated with hot water. The rapidity and lower treatment 
cost are additional bene fi ts of using IR treatment for the control of postharvest diseases 
of mangoes (Saaiman  2003  ) . The ef fi cacy of red light irradiation in suppressing the 
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development of Corynespora leaf spot disease of cucumber caused by  Corynespora 
cassiicola  was assessed under greenhouse conditions. In the greenhouse with red 
light (+Red) lesion appearance was delayed relative to that under  – Red and its 
development was also signi fi cantly suppressed. Disease suppression under red light 
was observed in the glasshouse grown pathogen inoculated cucumbers. Red light 
did not show any direct effect on infection behavior of the pathogen. The results 
indicated that the delay and suppression of Corynespora leaf spot of cucumber 
under +Red were due to induction of resistance in cucumber and not due to differ-
ences in the environmental conditions or fungal population between the +Red and 
−Red greenhouses. Use of red light has the potential for adoption as an alternative 
strategy for the management of Corynespora leaf spot disease of cucumber (Rahman 
et al.  2010  ) .  

    3.3.4   Microwave Treatment 

 The possibility of employing microwaves for suppressing the development of post-
harvest diseases of peach was investigated. Peach fruits inoculated with  Botrytis 
cinerea  were treated with microwave for 2 min. Percentages of infection and lesion 
diameter were signi fi cantly reduced ( P   ≤  0.05), compared with control fruits. The 
storage experiments demonstrated the effectiveness of use of microwave power 
as a prestorage treatment in controlling natural infection by fungal pathogens. 
Furthermore, the fact that the microwave treatment neither caused surface damage 
to fruits nor impaired fruit quality, is an additional advantage for the wider applica-
tion of this approach for the management of postharvest diseases of various fruits 
(Karabulut and Baykal  2002  ) . The effectiveness of radiofrequency (RF) heating in 
controlling brown rot disease caused by  Monilinia fructicola  in peaches and nectar-
ines was assessed. RF treatment was applied at 27.12 MHz with 17 nm distance 
between fruit and upper electrode and 18 min exposure time. The fruits were inocu-
lated with the pathogen at 0, 24, and 48 h before RF treatment using inoculum 
concentration of 10 3 , 10 4 , and 10 5  conidia/ml. The average brown rot incidence 
ranged from 44–82 % to 63–100 % in Summer Rich and Placido peaches respec-
tively. RF treatment reduced the infection in Summer Rich more effectively than in 
Placido peach. On the other hand, RF treatment completely inhibited the develop-
ment of brown rot in naturally infected peaches of both cultivars. The treatment with 
RF was not effective in reducing brown rot disease in nectarines infected by natural 
or arti fi cial inoculum (Casals et al.  2010a,   b  ) .   

    3.4   Ozone Treatment 

 Ozone, the triatomic form of oxygen (O 
3
 ) has been recognized as being generally 

safe (GRAS) for food contact applications in the USA (Graham et al.  1997  ) . Storage 
of lemons and oranges under 1.0 ppm ozone was reported to effectively prevent 
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sporulation of  Penicillium digitatum , causing green mold disease on infected fruit 
and moderately reduce the incidence of the disease (Harding  1968  ) . Valencia 
oranges were continuously exposed to 0.3 ± 0.05 ppm (v/v) ozone at 50 °C for 
4 weeks, whereas Eureka lemons were exposed to an intermittent day/night ozone 
cycle (0.3 ± 0.01 ppm ozone only at night) in a commercial cold storage room at 
4.5 °C for 9 weeks. Exposure to ozone did not reduce  fi nal incidence of green mold 
( Penicillium digitatum ) and blue mold ( P. italicum ), although incidence of both dis-
eases was delayed about 1 week and infection developed more slowly under ozone 
(Palou et al.  2001  ) . In a later investigation, ozone gas penetration through packaging 
materials and its effectiveness in reducing sporulation of  P. digitatum  and  P. itali-
cum  was evaluated using arti fi cially inoculated and commercially packed Lanelate 
oranges stored at 12.8 °C and exposed to an average ozone concentration of 0.72 ppm 
(v/v) for 14 days. Ozone penetration was strongly dependent on the vented area of 
each type of package. Sporulation inhibition of both pathogens was clearly related 
to ozone penetration and it was satisfactory only on oranges packed naked in return-
able plastic containers (RPC). Since ozone was not able to penetrate through 
 fi berboard cartons or plastic bags which are used commonly for packaging, the 
practical use of ozone gas exposure for treatment of fresh produce during storage is 
limited (Palou et al.  2003  ) . The effectiveness of gaseous ozone exposure on the 
development of  Botrytis cinerea  causing stem-end rot of kiwifruit ( Actinidia deli-
cosa ) cv. Hayward was assessed. Kiwifruits were inoculated with  B. cinerea  and 
placed in conventional storage conditions for 4 months (0 °C, RH 95 %) where cata-
lytic oxidation of ethylene was applied (control) or exposed to continuous supply of 
ozone (0.3  μ l/l). Ozone treatment delayed and simultaneously decreased disease 
incidence by 56 %, while disease severity on infected fruit did not show any change. 
Sclerotia were produced and there was no sporulation of the pathogen on the treated 
fruits. Pre-inoculation exposure of fruit to ozone, at increasing exposure time 
intervals led to signi fi cant suppression of disease incidence, while post-inoculation 
exposure did not have any effect on disease development. The results suggest that 
ozone treatment might induce resistance in kiwifruit against  B. cinerea , as strong 
negative correlation between disease incidence or severity and phenol content in 
treated fruits (Minas et al.  2010  ) .       

     Appendix Elimination of Viruses from Infected 
Plants Using Microshoot Tip Culture Technique 
(Sim  2006 ; Sim and Golino  2010  )     

     1.    Harvest shoot tips about 2 cm long from greenhouse- or  fi eld-grown plants; rinse 
under running tap water for 1 h with addition of a drop of detergent at 20 min 
interval and surface sterilize the tissues by submersing in10 % commercial bleach 
plus one drop of detergent for 10 min.  

    2.    Excise the microshoot tips aseptically in a transferhood under 10–50× 
magni fi cation with the aid of a zoom binocular dissecting microscope; remove 



97References

leaf scales individually to expose the shoot tip using a sterile forceps and scalpel; 
after each cut, sterilize in  fl ame and cool and cut at the base of the last of several 
leaf primordia and place the microshoot tips (about 0.4–0.5 mm) gently on the 
surface of the initiation medium and include 1–3 pairs of leaf primordia.  

    3.    Initial and maintenance medium, Murashige and Skoog (MS) salts and vitamins 
with 1.0 mg/l of cytokinin growth hormone 6-benzylaminopurine (BA), 3 % 
sucrose and 6.0 g/l gum agar adjusted to pH 5.8 (MSB); the rooting medium has 
half-strength MS salts and vitamins with 1.0 mg/l of the auxin growth hormone 
indole acetic acid (IAA), 1.5 % sucrose and 6.0 g/l gum agar adjusted to pH 5.8 
(RM).  

    4.    Incubate the explants at 2.5 °C in a growth chamber at 70 % RH for 16 days 
under cool white  fl uorescent and incandescent light; transfer the explants to fresh 
medium every 3 weeks and transfer them to rooting medium every 3 weeks and 
transfer them to rooting medium, when shoots 2 cm long with 4 or 5 well devel-
oped leaves are formed.  

    5.    After rinsing of the roots to remove the medium, plant them in pots containing 
sterilized potting mix; place the pots in clear plastic box with lid-on for 2 weeks 
for gradual acclimatization and transplant them in bigger pots and transfer them 
to the greenhouse.       
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    4.1   Biological Control of Weeds 

    4.1.1   Biotic Agents-Based Control Strategies 

 Biological control of weeds using microbial pathogens may be achieved by applying 
two distinct strategies. In classical biocontrol systems, pathogens are isolated from 
regions where both the pathogen and weed species are indigenous and where 
the pathogen exhibits some degree of control of the weed species concerned. These 
exotic pathogens are released into the areas where the weed species is to be con-
trolled. These pathogens have to establish and reach a sustainable population level 
to suppress further spread of weed population. They should be capable of self-
dissemination generally through wind. Such biocontrol agents should be environ-
mentally safe and host-speci fi c, since the spread of the biocontrol agent to nontarget 
plants including crops cannot be limited. In bioherbicide strategy, potential antago-
nistic microorganisms are multiplied arti fi cially and applied on weeds to be con-
trolled at required concentrations like chemical herbicides. The bioherbicides 
selected for weed control containing different species/strains of fungi are known as 
mycoherbicides (Charudattan  1991  ) . A large number of pathogenic microorganisms 
have been isolated from various weed species. Pathogenicity tests are performed to 
select effective isolates of microorganisms. The biology of the pathogens has to be 
studied to determine their optimal requirements for growth, sporulation and produc-
tion of resistant spore forms. The ability to sporulate in submerged culture is a desir-
able attribute, since liquid fermentation is more practical and economical than other 
methods. Solid-state fermentation methods were found to be more dif fi cult and 
expensive (Boyette et al.  1991  ) . The type of parasitism pursued by the pathogenic 
fungus affects its ability to serve as a mycoherbicide. Obligate parasites like rusts 
typically cause less damage on the weed hosts, because of the requirement of live 
host plants for their survival. On the other hand, facultative parasites or facultative 
saprophytes can cause serious damages by producing toxic metabolites that kill 
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plant tissues with differing rapidity and these pathogens can derive their nutrition 
from the partially killed or dead plant tissues/cells. Further, dif fi culties in multiplying 
the obligate parasites in arti fi cial media make them less preferred candidates for 
biological control of weeds. A pathogen that can become endemic, is capable of 
being more or less constantly present from year to year in a moderate to severe form 
may be chosen for further development. The host speci fi city of mycoherbicides is 
like a double-edged sword. If the host range of the selected pathogen is narrow, its 
potential market will be limited by the distribution of the susceptible weed species. 
But the highly speci fi c mycoherbicides will pose minimal risk to non-target plants 
including crops. In contrast, the pathogen with wide host range can be effectively 
used with consequent larger market potential. However, these pathogens may pose 
substantial risk to other economically important plant species. Hence, the choice of 
a mycoherbicide has to depend on several factors with suitable follow up measures 
(Pilgeram and Sands  1999  ) . 

    4.1.1.1   Isolation and Identi fi cation of Biotic Agents 

 Various isolates of biotic agents obtained from weed plant species are carefully 
studied to determine their morphological, physiological and genetic characteristics 
using appropriate protocols. Simultaneously the ef fi cacy of the pathogen species/
strains in suppressing the development of target weed species is assessed. Precise 
identi fi cation of the strains/races/biotypes of the pathogens is important, since host-
pathogen speci fi city may be governed by single gene differences or by a small 
number of genes, especially at sub-speci fi c level (Yandoc et al.  2006  ) .  Valdensinia 
heterodoxa , an ascomycete fungus considered as a potential biocontrol agent was 
examined for genetic diversity. Three geographically separate populations were 
cultured and single-spore cultures were prepared for DNA isolation. Ampli fi ed 
fragment length polymorphism (AFLP) technique was used to generate individual 
DNA  fi ngerprints for each of the three  V .  heterodoxa  isolates. These isolates exhib-
ited low genetic diversity, with just 30 of 214 loci being polymorphic. There were 
many shared haplotypes within each population. The results suggested that with low 
diversity and high population differentiation, the effectiveness of  V .  heterodoxa , as 
a biocontrol agent might be limited to local populations or to use it in combination 
with other control methods (Wilkin et al.  2005  ) . The fungal pathogen  Sclerotinia 
minor  IMI344141 has been developed as a bioherbicide for the control of broad-
leaved weeds. A strain speci fi c molecular marker was generated for the detection 
and monitoring this speci fi c strain. This method was based on polymerase chain 
reaction (PCR) ampli fi cation of two sequence-characterized ampli fi ed regions 
(SCAR) primer pairs for a  fi rst round PCR and another two sets of nested primers 
was employed for a second round PCR, if higher sensitivity was required. The DNA 
of  S .  minor  bioherbicide isolate IMI344141 could be detected in the soil even 
2 months after application. This molecular detection protocol provided a mecha-
nism to distinguish this isolate from other related strains and a tool to monitor the 
presence of the BCA in nature, particularly in soil (Pan et al.  2010  ) . 
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 The study of biology of the fungi with potential for use as bioherbicide is 
important, as exempli fi ed by the rust pathogens. An understanding of the life cycle 
of the pathogen is desirable, before its release as a biocontrol agent to assess the risks 
involved in such a release. The life cycle and infection parameters of the neotropical 
rust pathogen ( Prospodium tuberculatum ) infecting  Lantana camara  were studied. 
This rust pathogen was found to be autoecious and microcyclic producing only 
urediniospores and teliospores on infected  L .  camara . The pathogen survived 
entirely through several cycles of urediniospores on the target weed species through-
out most of its native range. The urediniospores and teliospores could survive for 
extended periods in liquid nitrogen. Under glasshouse conditions, the uredinio-
spores exhibited wide temperature tolerance (10–25 °C) for infection on  L .  camara  
with an optimum near 20 °C. The minimum dew period required for plant infection 
was 9 h with the optimum close to 15 h (Ellison et al.  2006  ) . In order to determine 
the host range of  P .  tuerculatum , 40 Australian  Lantana camara  forms and 52 
closely related non-target plant species were inoculated under glasshouse condi-
tions. The Brazilian rust strain was pathogenic only to two color forms of the  fl owers 
viz., pink and pink-edged red. Macro- and microsymptoms were recorded based on 
11 categories of symptom types and four susceptibility ratings. The results showed 
that none of the non-target plant species was susceptible to the rust pathogen, indicat-
ing the speci fi city of host-pathogen interaction (Thomas et al.  2006  ) . 

 Three rusts  Puccinia nassellae ,  Uromyces pencanus  and  Puccinia graminella  
were investigated under  fi eld conditions.  Uromyces pencanus  was identi fi ed as the 
most promising candidate. It caused signi fi cant damage to Chilean needle grass 
( Nassella neesiana ) in the  fi eld. An isolate that could infect most population of the 
weed species in Australia was identi fi ed. The uredinospores could be stored for over 
12 months. The pathogen was host-speci fi c for use as classical biocontrol agent 
(Anderson et al.  2010  ) . In a later investigation,  P .  nassellae  produced several cycles 
of urediniospores in a season. The teliospores were dormant and incapable of 
infecting Chilean needle grass.  U .  pencanus  also produced cycles of urediniospores 
capable of infecting the target weed species, but the teliospores failed to germinate. 
On the other hand,  P .  graminella  produced only aecia and telia. The aeciospores 
were repetitive and infected the weed plants. These rust species appeared to be het-
eroecious and their respective alternate hosts are needed for the completion of their 
life cycles. It is essential to maintain the pathogens in the repetitive phase, so that 
large amounts of inoculum for infection of Chilean needle grass are available 
(Anderson et al.  2011  ) .  Puccinia jacea  var.  solstitialis  is an autoecious rust that 
produces all stages of its life cycle in the same weed host yellow starthistle, an inva-
sive alien weed in California. This pathogen was released throughout California, but 
long-term establishment rates were generally found to be low, because of its inability 
to adapt to the climate where the weed was more invasive (Fisher et al.  2011  ) . 

  Phomopsis amaranthicola  was described as a new species capable of infecting 
weeds belonging to the genus  Amaranthus . The range of plant species susceptible to 
 P .  amaranthicola  was determined by inoculating 45 accessions of 21 species of 
 Amaranthus  and 46 species belonging to the genera other than  Amaranthus  which 
included some crop plants in which fungal BCA might be applied as bioherbicide. 
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 P .  amaranthicola  was highly pathogenic to several  Amaranthus  spp. But it was 
unable to infect plant species outside the genus  Amaranthus . The mortality levels 
induced by  P .  amaranthicola  varied depending on the species of  Amaranthus . 
This BCA was found to be con fi ned to  Amaranthus  genus. The genetic level 
speci fi city rendered it not only a safe bioherbicide, but also one that could be applied 
against several weedy  Amaranthus  spp. (Rosskopf et al.  2006  ) . In another study, the 
ability of  Phomopsis amaranthicola  and  Microsphaeropsis amaranthi  to infect eight 
species of  Amaranthus  was determined by applying alone or in combination. The 
fungal pathogens infected most of the  Amaranthus  spp. tested and reduced their 
growth and survival. However, the responses of the weeds in the greenhouse were 
less than in  fi eld experiments. Treatments with the fungal pathogens caused mor-
tality of  A .  albus  and  A .  blitoides  to the extent of 80–100 % when the mixture of 
 P .  amaranthicola  and  M .  amaranthi  was applied both in the greenhouse and  fi eld 
experiments at 2 weeks after treatment. But in the  fi eld trials, the fungal pathogens 
induced severe disease symptoms with mortality of all weed species ranging from 74 
to 100 %. The biomass of treated weeds was also signi fi cantly reduced, indicating the 
effectiveness of treatment with fungal pathogens as mycoherbicides (Ortiz-Ribbing 
and Williams  2006  ) .  

    4.1.1.2   Formulations and Delivery Systems 

 Although numerous fungal pathogens of weeds have been found to signi fi cantly 
reduce the weed population, only a few have been developed and registered as 
bioherbicides for large scale application. Fresh preparations containing conidial/
spore suspensions of the BCA form the simplest formulation.  Phytophthora 
palmivora  was formulated as a fresh liquid with a 6-week shelf-life and marketed 
by Abbott Labs., IL, USA for the control of weeds in citrus orchards (Kennedy 
 1986  ) . In the case of rust pathogens, the urediniospores are applied as inoculum 
for the control of different weed species like  Lantana camara  (Ellison et al. 
 2006 ; Thomas et al.  2006  ) . Conidial suspensions of  Myrothecium verrucaria , a 
soil fungus were sprayed on the Old World Climbing Fern  Lygodium microphyl-
lus  which became one of the most invasive and destructive weeds in southern 
Florida. The fungal BCA retarded the growth of the weed severely (Clarke et al. 
 2007  ) . Organic (plant) materials infested with the fungal BCA like  Sclerotinia 
sclerotiorum  were found to be useful in the case of pathogens that did not spo-
rulate readily in liquid cultures. However, large quantity of infested materials 
(830 kg/ha of infested wheat seeds) would be required to bring about acceptable 
level of weed control (Brosten and Sands  1986  ) .  Sclerotinia sclerotiorum  was 
employed for the control of  Ranunculus acris . Wheat grains were inoculated 
with the mycelium of the BCA and they were milled and broadcast onto the weed 
plants. The ef fi ciency of inoculum types-mycelium or ascospores of  S .  sclerotiorum  
in suppressing the weed development was assessed. The ascospores were found 
to be more effective, when their concentrations were maintained at 2.5 × 10 6  
spores/ml (Pottinger et al.  2008  ) . 



1114.1 Biological Control of Weeds

 The microsclerotia of the fungus  Colletotrichum truncatum , an effective 
mycoherbicide against the weed  Sesbania exalta  were formulated in wheat gluten-
kaolin granules called ‘Pesta’ and applied to the soil. Weed control averaged 
84–88 % respectively in plots treated with pre-plant incorporated (PPI) at ‘Pesta’ 
rates of 168 or 336 kg/ha over a 2-year period of testing. Postemergence (POE) 
treatment was less effective. Soybean yields were signi fi cantly greater in plots 
treated with  C .  truncatum  ‘Pesta’ granules (Boyette et al.  2007b  ) .  Myrothecium 
verucaria  isolate was evaluated for its potential against all serious weed species pres-
ent in commercial tomato  fi elds in southeastern USA.  M .  verrucaria  was found to 
be highly virulent against all the weeds tested, when applied as conidial sprays for-
mulated in 0.2 % Silwet L-77 surfactant, even in the absence of dew. In the  fi eld 
plots, application of  M .  verrucaria  (2 × 10 7  conidia/ml) in 0.2 % Silwet killed 
90–95 % of both purslane species and 85–95 % of both spurge species at 7 days 
after application. Tomatoes in plots treated with  M .  verrucaria  remained healthy 
and vigorous throughout the growing season. This fungal BCA has the potential for 
large scale application as an effective bioherbicide for pre-plant weed control in 
production systems with transplanted tomatoes (Boyette et al.  2007a  ) . 

  Stagonospora  spp. induced severe disease symptoms in  Convolvulus arvensis  
( fi eld bind weed) and  C .  sepium  at all stages of growth. Formulation of  Stagonospora  
spp. in a 10 % rapeseed oil-in-water emulsion signi fi cantly improved its biocontrol 
ef fi cacy and reduced its dependence on extended dew periods. Inoculation of the 
weed with 10 7  spores/ml in the oil emulsion applied to run-off produced a high level 
of leaf necrosis even in the absence of 100 % relative humidity (P fi rter and Défago 
 1998  ) . Solid-state fermentation on couscous (cracked hard wheat) produced up to 
4 × 10 8  spores/g of substrate. These spores were as virulent as those grown on V8 
juice agar. After air-drying on kaolin, followed by storage at 3 °C, the spores were 
viable and infective for 140 days (P fi rter  2000  ) .  S .  convolvuli  strain LA39 was 
applied in maize  fi eld heavily infested with  Convolvulus sepium . Severe infection 
by the pathogen and heavy defoliation of the weed were observed. The potential of 
the strain LA39 was also demonstrated in a non-crop situation (Guntli et al.  1999  ) . 
The soilborne fungal pathogen  Sclerotium rolfsii  isolate SC64 was evaluated for its 
ef fi cacy in suppressing broad-leaved weeds  Cyperus difformis ,  Lindernia procum-
bens ,  Rotala rotundifolia ,  Ammannia baccifera  and  Eclipta prostrate  present in rice 
 fi elds. Pathogen infested solid substrates (composed of mixtures of rice hulls and 
bran) at 60–140 g/m 2  were applied in two sites in China. Percentage of plant mortal-
ity ranged from 50 to 89 % and 30 to 71 % respectively in 2 years of testing. Weed 
density, prevailing temperature and humidity at the time of pathogen application 
in fl uenced the effectiveness of the treatment (Tang et al.  2011  ) . Another bioherbi-
cidal fungus  Colletotrichum gloeosporioides  f.sp.  aeschynomene  ( Cga ) was formu-
lated as an invert emulsion (MSG 8.25) with dried formulated spores. This pathogen 
was highly pathogenic to the leguminous weed  Aeschynomene virginica  (northern 
jointvetch), but it did not infect another more serious leguminous weed  Sesbania 
exaltata  (hemp sesbania). A 1:1 (v/v) fungus/invert emulsion mixture caused 100 % 
infection and mortality of inoculated hemp sesbania seedlings at 21 days after inoc-
ulation under greenhouse conditions. In replicated  fi eld experiments, the fungal 
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BCA in invert emulsion controlled 85–90 % in two locations (Stuttgart, AR and 
Stoneville, MS). The results suggested that the host range of  Cga  could be enlarged 
by using suitable formulation with a concomitant improvement in the biocontrol 
potential of the fungal pathogen (Boyette et al.  2011  ) . 

 The effectiveness of biocontrol of  Amaranthus rudis  (waterhemp) and  Amaranthus  
spp. (pigweeds) by the application of  Microsphaeropsis amaranthii  and  Phomopsis 
amaranthicola  was assessed in irrigated and non-irrigated pumpkin and soybean 
crops for over 2 years. The bioherbicide was applied with lecithin and vegetable oil 
at 187 l/ha (in 2008) and 374 l/ha (in 2009). The treatments were spore suspensions 
of the fungal BCA alone, a mixture of both BCAs and sequential treatments of 
BCAs with halosulfuron-methyl (Sandea Herbicide) in pumpkin or glyophosphate 
(Roundup Original Max Herbicide) in soybean. Observations were made to record 
disease incidence and disease severity, percent weed control and weed biomass 
reduction. The bioherbicides signi fi cantly reduced weed biomass. The results indi-
cated the possibility of tank-mixing  M .  amaranthii  with halosulfuron-methyl result-
ing in enhancement of effectiveness of weed control (Ortiz-Ribbing et al.  2011  ) . 

 Fungal pathogens are known to produce various kinds of metabolites that are 
toxic to plant hosts. These toxins may be selective in their action on plants which 
develop distinctive symptoms similar to those caused by the pathogen itself. Some 
toxins cause general non-speci fi c symptoms.  Aschochyta caulina  showed herbicidal 
activity on the weed  Chenopodium album . This pathogen produced in liquid cul-
tures three main metabolites proposed as possible natural herbicide. Experiments 
were performed for maximizing toxin production by  A .  caulina , reducing produc-
tion costs, scaling up a large scale puri fi cation procedure and identifying fast and 
inexpensive chemical methods to quantify toxin yields.  A .  caulina  grew well and 
produced up to 230 mg of toxins/l culture, when grown for 5–10 days in shake cul-
tures, provided the initial inoculum was at least 10 5 –10 6  conidia/ml of culture. 
Addition of yeast extract to the medium could be useful for mass production of 
toxin by  A .  caulina . The investigation indicated that use of the toxin in place of the 
fungus producing it, could be a better option for the control of  Chenopodium album  
(Vurro et al.  2012  ) .  

    4.1.1.3   Commercialization of Bioherbicides 

 Several pathogens have been demonstrated to have potential for effective suppression 
of weeds infesting agricultural  fi elds where various crops are cultivated. However, very 
few fungi have been developed as commercial bioherbicides, because of formidable 
constraints that have to be overcome. Host variability, host range, availability of opti-
mal environmental conditions, mass production of viable, infective and genetically 
stable pathogen propagules and inconsistency in their performance under varied  fi eld 
environments are the major constraints that have to be addressed. As the bioherbicides 
contain live propagules, safety to human beings, animals and other non-target plants 
including crops in which the bioherbicides are to be applied have to be clearly estab-
lished. The bioherbicides should be fairly fast-acting, provide high levels of control 
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similar to chemical herbicides and easy to use and offer consistent performance for the 
acceptance by industries and users. Information on the availability of bioherbicides that 
have been registered is either scarce or lacking (Table  4.1 ).    

    4.1.2   Abiotic Agents-Based Biocontrol Strategies 

 Soil solarization has been demonstrated to offer several bene fi ts in addition to 
suppression of soilborne microbial plant pathogens. Soil solarization, an alternative 
to fumigation with chemicals such as methyl bromide and metham sodium, is a 
hydrothermal soil-disinfestation process that utilizes clear plastic mulch to trap 
solar radiation in moist soils. Solarization during hot seasons can enhance soil 
temperatures to levels that can kill soilborne pathogens and weeds. Thin clear poly-
ethylene sheets are used to cover the soil, after irrigation. By this, the solar energy 
is trapped by plastic sheets which prevents loss of heat by evaporation and convection 
currents. Solarization results in a layer of pasteurized or disinfested soil. Solarization 
is a physical treatment which has neither any phytotoxic effects nor leaves any 
harmful residue as in chemical treatments. In addition, solarization is a simple and 
safe method with none of the hazards associated with chemical treatments. Organic 
growers are at an additional disadvantage, because of the restrictions on pesticides 
allowable under organic certi fi cation programs. The effectiveness of soil solariza-
tion may be enhanced by combining it with other treatments such as fertilization 
and cultivation of or amendment with cruciferous crops. Plants often grow faster 
and produce higher yields, when grown in solarized soils, as a result of weed and 
disease suppression, increased solubility of nutrients and changes in the microbial 
composition of the soil (Stapleton et al.  2000  ) . 

 The effects of soil solarization on six important weed species were investigated 
by conducting under laboratory, small plots and on-farm conditions. The seeds of 
barn-yard grass ( Echinochloa crus - galli ), London rocket ( Sisymbrum irio ), com-
mon purslane ( Portulaca oleracea ), black nightshade ( Solanum nigrum ), annual 

   Table 4.1    Mycoherbicides developed as commercial products (Adapted from Charudattan  1991  
and Chutia et al.  2007 )   

 Pathogenic fungus  Product name/company  Country of registration 

  Phytophthora palmivora   DeVine, Abbott Laboratories  United States 
  Colletotrichum gloeosporioides  

f.sp.  aeschynomene  
 COLLEGO  United States 
 Univ. Arkansas, USDA 
 UP John Company 

  C .  gloeosporioides  f.sp.  malvae   BioMal™  Canada 
  C .  gloeosporioides  f.sp.  cuscutae   LUBOAII  China 
  Cylindrocladium leaveae   Stumpout ™  South Africa 
  Chondrostereum purpureum   Biochon™  Netherlands 

 Myco-Tech™  Canada 
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sowthistle ( Sonchus oleraceus ) and tumble pigweed ( Amaranthus albus ), present 
commonly in parsley and strawberry  fi elds were killed within 20 min at 70 °C and 
in 3 h at 60 °C. Solarization reduced the weed numbers by 86–94 % and weed bio-
mass by 94–99 %, compared with untreated control plots. Solarization treatments 
reduced labor time necessary to maintain commercial weed control in the plots by 
92–97 % as compared to timed hand-weeding treatment. In terms of parsley foliage 
yield, solarization treatment provided an economic yield of foliage ranging from 6.7 
to >20-fold increase over untreated control   . Soil solarization for 4 weeks effectively 
reduced weed density and increased marketable strawberry fruit yield by 32–42 %. 
Solarization did not provide satisfactory control of yellow nutsedge ( Cyperus escu-
lentus ) as in the case of application of metham sodium, methyl bromide or chloropi-
crin. The cost of solarization ($150–$300 per acre) was found to be much cheaper 
than methyl bromide fumigation. Combination of solarization with metham sodium 
(where permissible) appeared to be an attractive option for commercial production 
systems (Stapleton et al.  2005  ) . 

 Soil solarization has been reported to offer bene fi cial effect for disease suppres-
sion, enhancement of plant growth and weed control as well. Soil solarization using 
transparent polyethylene sheets reduced the incidence of water melon wilt disease 
caused by  Fusarium oxysporum  f.sp.  raphani  by 39–74 %. The weeds present in the 
plots covered with polyethylene sheet were controlled effectively (Huang  1993  ) . 
Raised bed solarization (RBS) for 7 weeks alone or in combination with chicken 
manure (CM) amendment effectively reduced the incidence of strawberry diseases 
caused by  Phytophthora cactorum  and  Rhizoctonia  spp. In addition, four weed species 
commonly found in strawberry  fi elds were effectively controlled by RBS treatment 
alone and also in combination with CM amendment. Raised bed solarization 
increased the fruit yield signi fi cantly in the  fi eld trials conducted during two 
cropping seasons of 2002–2004 (Benlioğlu et al.  2005  ) . Soil solarization treatments 
using polyethylene  fi lms (30  μ m thick) containing different additives viz., ultraviolet 
(UV), UV + infrared (IR), UV + IR + antifog (AF) + antidust (AD) were evaluated 
for their ef fi cacy in suppressing the development of  Macrophomina phaseolina  
infecting strawberry and the weeds. The survival of the sclerotia of  M .  phaseolina  
and weed growth were signi fi cantly reduced by solarization. All weeds except 
 Cyperus rotundus  were effectively eliminated by soil solarization treatments (Yildiz 
et al.  2010  ) .   

    4.2   Biological Control of Insect Vectors 
by Microbial Pathogens 

 Microbial plant pathogens, especially viruses depend on different kinds of vectors 
for their spread from infected plants to healthy plants. Some viruses are transmitted 
by the vectors from one generation to the next generation through eggs of infected 
females as in the case of  Rice dwarf virus . Reduction of vector population by different 
methods may be expected to result in decrease in the incidence of such diseases. 
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Biological management of insects is considered to be a desirable option for reducing 
or replacing the chemical application. Plant viruses are transmitted by various 
insects belonging to different taxonomic groups of which aphids, white fl ies, leaf-
hoppers and thrips are important. Mycopathogens parasitizing these groups of 
insects that occur as pests of different crops have been identi fi ed. Some of the insect 
species can also be ef fi cient transmitters of plant viruses. Various species of ento-
mopathogenic fungi such as  Lecanicillium  (syn.  Verticillium ) sp.,  Beauveria 
bassiana ,  Metarhizium anisopliae ,  Paecillomyces  sp. and  Nomuraea rileyi  have 
been evaluated for their potential to be employed for the management of insect 
pests. The effectiveness of the pathogens infecting insects and prospects of developing 
them as commercial products for large scale application for managing the insects 
are discussed in this section. 

    4.2.1   Aphids 

    4.2.1.1   Fungal Biocontrol Agents 

 Among the aphids,  Myzus persicae , the green peach aphid is considered as the 
champion of the vectors of plant viruses, since it can transmit over 25 different plant 
viruses with different ef fi ciencies (Narayanasamy and Duraiswamy  2003  ) .  Aphis 
gossypii  also transmits many plant viruses infecting different crops. Twelve strains 
of entomopathogenic fungi (EPF) such as  Lecanicillium lecanii ,  Paecilomyces 
farinosus ,  Beauveria bassiana ,  Metarhizium anisopliae ,  Cordyceps scarabaeicola  
and  Nomuraea rileyi  were screened for their ef fi cacy in reducing the population of 
two aphid species viz.,  Myzus persicae  and  Aphis gossypii  which were commonly 
observed in vegetable crops grown in greenhouses. The time required to kill 50 % 
of aphids (lethal time, LT 

50
 ) was calculated for each strain of the fungal species. The 

LT 
50

  values of  L .  lecanii  strain 41,185, 6,543 and 6,541 were lower than those of 
other fungal strains tested (Table  4.2 ). Two strains of  L .  lecanii  41,185 and 6,541 
caused 100 % mortality of  M .  persicae  in 4 days at 25 °C and 75 % RH, while other 
fungal strains could reach mortality of 72–100 % only at 6–8 days after treatment. 
The LT 

50
  values of the three strains 41,185, 6,541 and 6,543 indicated that they 

were more effective against  A .  gossypii  also, compared with other fungal strains. 
 L .  lecanii  strain 41,185 required only 2 days to reach the mortality level of 100 %. 
 A .  gossypii  was more sensitive to the fungal pathogens than  M .  persicae . The 50 % 
lethal concentration (LC 

50
 ) of the conidial suspension of  L .  lecanii  41,185 was 

6.55 × 10 5  conidia/ml. This strain grew well in a wide temperature range (15–30 °C). 
The conidia of this strain could germinate at a wide range of temperatures (15–30 °C) 
(Vu et al.  2007  ) .  

 Ef fi cient application of an entomopathogen as a mycoinsecticide is considered 
to involve hitting the target insect species directly with a lethal dose of conidia. 
However, secondary pick-up of pathogen propagule (conidia) from surrounding 
vegetation may be an important source of inoculum. Increasing aphid mobility 
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with (E)-ß-farnesene (EBF) (aphid alarm pheromone) was shown to improve the 
pick-up of pesticides and control of the cotton aphid  Aphis gossypii  (   Grif fi ths and 
Pickett  1987 ). The methods of increasing acquisition of conidia of  Lecanicillium  
( Verticillium )  lecanii  by  Myzus persicae  were explored. E-ß-farnesene application 
signi fi cantly increased mortality of  M .  persicae  that were exposed for 24 h to 
discs of green pepper leaf sprayed with conidia of  L .  lecanii  and then transferred 
to fresh untreated leaf discs to allow disease development. The effect of using 
sub-lethal doses of the chloronicotinyl insecticide imidacloprid on the conidia 
pick-up by  M .  persicae  was assessed. Systemic application of 1 % of the recom-
mended dose of imidacloprid, dramatically increased aphid movement which 
was quanti fi ed by image analysis of videotaped aphid behavior. This resulted in 
greater mortality from mycosis in the experiments where aphids were exposed to 
insecticide-treated leaf discs that had been sprayed with conidia of  L .  lecanii . 
High mortality of the aphids on insecticide treated surface appeared to account for 
increased aphid mortality. The results provided a clear link between increased 
movement of aphids and enhanced secondary pick-up of fungal conidia. The com-
bined use of two control agents with different mechanisms of action might reduce 
the chances of simultaneous development of resistance to both agents (Roditakis 
et al.  2000  ) . The effectiveness of the endophytic fungus  Chaetomium globosum  in 
reducing the population of  Myzus persicae  was assessed.  C .  globosum  strain 
YY-11 with antifungal activities was isolated from rape seedlings. The agglutinin 
( pta ) gene from  Pinellia ternata  was cloned into the strain YY-11 adopting the 
procedure of  Agrobacterium tumefaciens -mediated transformation. The positive 
transformants, as selected by antibiotic resistance, were evaluated for their ef fi cacy 
using polymerase chain reaction (PCR) and Western blot assays. The recombinant 
endophytes colonized different crops. The resistance of rape inoculated with the 

   Table 4.2    Ef fi cacy of entomopathogenic fungal strains on two aphid species (Vu et al.  2007  )    

 Pathogen strains 

 LT 
50

  values a  (days for mortality) 

  M .  persicae    A .  gossypii  

  Lecanicillium lecanii  41,185  1.58  1.40 
           6,543  2.43  1.50 
           6,541  2.38  1.49 
  L .  fusisporum  4078  4.24  1.60 
  Cordyceps scarabaeicola  J94  4.78  2.50 
  Paecilomyces farinosus  J301  3.06  2.81 
  Beavueria bassiana  J57  4.75  2.70 
  P .  fumosoroseus  J50  4.11  1.97 
  P .  farinosus  J302  4.58  5.47 
  P .  farinosus  J67  3.75  2.16 
  Nomuraea rileyi  J125  4.80  2.18 
  Metarhizium anisopliae  J88  5.66  1.64 

   a LT50 values of  M .  persicae  and  A .  gossypii  based on probit analysis program using detached 
leaves of Chinese cabbage and cucumbers at 25 °C and 75 % RH  
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transformants was enhanced, resulting in the inhibition of growth and reproduction 
of the aphid  Myzus persicae . The results indicated the possibility of employing 
recombinant endophytes expressing  Pinella ternata  agglutinin (PTA) for the control 
of aphids such as  M .  persicae  which is an important pest, as well as an ef fi cient 
vector of several plant viruses (Qi et al.  2011  ) . 

 The ef fi cacy of a strain of  Lecanicillium lecanii  in causing mortality of the aphid 
 Schizaphis graminum  was determined. The fungal pathogen was inoculated onto the 
fourth instar nymphs and to alate and apterous adult morphs as a ground rice-kernel 
formulation.  L .  lecanii  formulation reduced the survival of the aphids and interacted 
differently with morphs, the lethal time (LT) values being lower for alate compared 
to apterous morphs and nymphs. Treatment with  L .  lecanii  reduced the fecundity of 
three treated aphid groups signi fi cantly. The pathogen hyphae invaded the hemocoel 
of a limited number of alate and apterous morphs as revealed by histological 
observations. Scanning electron microscope (SEM) observations showed that 
 L .  lecanii  adhered to the body surface of both nymphs and adults without any 
variation due to stage of aphid species. The results indicated the potential of 
 L .  lecanii  for use as a biocontrol agent for the management of  S .  graminum  and 
other aphid species (Ganassi et al.  2010  ) .  Lecanicillium longisporum  formulated 
and developed as the commercial product Vertalec® was evaluated for its ef fi cacy 
against the aphid  Aphis gossypii  and the powdery mildew pathogen  Sphaerotheca 
fuliginea  infecting cucumber under greenhouse conditions with  fl uctuating 
temperature and relative humidity (RH) within normal operating ranges. Cucumber 
plants (5–6 weeks old) were inoculated with cotton aphids or powdery mildew 
pathogen or both. Vertalec, Vertalec containing irradiation-inactivated blastospores 
(II Vertalec) or sterilized water was applied to cucumber plants at 1, 4 and 7 days 
after inoculation. Vertalec treatment provided complete control of aphids at 
16 days after inoculation. II Vertalec was ineffective and it was not signi fi cantly 
different from water-treated control. Powdery mildew colonies developing on 
cucumber leaves and sporulation were signi fi cantly reduced by Vertalec. The results 
showed that the commercial product Vertalec® containing  L .  longisporum  had the 
potential for the effective management of cotton aphids and the powdery mildew 
disease on cucumber under greenhouse conditions (Kim et al.  2010  ) . 

 Isolates (23) of  Metarhizium anisopliae  and  M .  acridum  were evaluated for their 
biocontrol potential against  Myzus persicae . The apterous adults of  M .  persicae  
were inoculated by spraying conidial suspensions at concentrations of 11.5, 99 and 
1,179 conidia/mm 2  in leaf-dish bioassays. Most of the isolates were pathogenic to 
 M .  persicae  at 21 ± 1 °C and 14:10 h light:dark photoperiod, causing corrected 
mortalities of 10.1–95.3 % at high conidial concentration. Ten isolates caused 
>50 % mortality and the estimates of their LC 

50
  and LT 

50
  values were worked out. 

Four isolates of  M .  anisopliae  (ARSEF759, 4,132, 2,080 and 57) had LC 
50

  values of 
44–80 conidia/mm 2  at 8 days after inoculation and LT 

50
  values of 4.9–6.8 days at 

100 conidia/mm 2  with 91–98 % of the killed aphids showing mycosis after death. 
The results indicated that four isolates with high level of virulence and ability to 
produce high concentrations of conidia could be considered for further development 
of formulation and commercialization (Shan and Feng  2010  ) . The ef fi cacy of four 
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native isolates of  Metarhizium anisopliae , LIM1, LIM2, LIM3 and V275 and one 
native isolate (LIB1) and one exotic isolate of  Beauveria bassiana  (Botaniard) was 
evaluated for the control of  Myzus persicae . All isolates tested, were able to cause 
100 % mortality of  M .  persicae  at 7 days post-inoculation. However, signi fi cant 
differences in their virulence could be observed at 2 days post-inoculation. High 
mortalities of 80, 81 and 87 % were recorded for native  B .  bassiana  LIB1 isolate, 
Botanigard and  M .  anisopliae  V275 respectively. All native strains of  M .  anisopliae  
and  B .  bassiana  (LIB1) induced higher percentage of mycosis (80 %) developed on 
aphid cadavers at 7 days post-inoculation. A dose-dependent relationship in mortality 
of  M .  persicae  was indicated by LC 

50
  and LT 

50
  assessments. The estimated LC 

50
  for 

LIM1 isolate was signi fi cantly higher than that for LIB1. The results indicated 
that the isolates of entomopathogenic fungi present in a location have to be tested 
for their pathogenicity to the target insects along with the commercial products 
(Ibrahim et al.  2011  ) .  

    4.2.1.2   Bacterial Biological Control Agents 

 The plant growth-promoting rhizobacteria (PGPR) are known to be ef fi cient 
biocontrol agents against fungal, bacterial and viral pathogens infecting a wide 
range of crops. The effects of the rhizobacterium  Bacillus subtilis  strains BS3A25 
on the incidence of  Cucumber mosaic virus  (CMV) on tomato and the vector 
 Aphis gossypii  were assessed under natural conditions of high levels of vector-
virus pressure on tomato plants. Tomato seeds treated with the strain BS3A25 
showed enhanced seed germination (99 %), compared with untreated control 
(78 %). When seed treatment was combined foliar application of the BCA strain, 
the level of protection of tomato plants against CMV was increased, in addition 
to improvement in plant growth. Furthermore, the strain BS3A25 had many 
inherent positive traits such as phosphate solubilization ability, ACC utilization 
as the sole source of nitrogen and production of signi fi cantly greater concen-
trations of IAA and cytokinin. Treatment with the strain BS3A25 in fl uenced the 
growth parameters of  A .  gossypii  such as development time, time of birth to adult 
(tD) and preproduction time ((td) which were longer due to bacterial treatment. 
In addition, the relative growth rate (RGR) and intrinsic rate of natural increase 
(r 

m
 ) were lower following treatment with BS3A25 supernatant compared with 

the effect of insecticide imidacloprid. In tomato plants treated with BS3A25, 
higher activities of phenylalanine ammonia lyase (PAL), peroxidase, and polyphe-
noloxidase and total phenols were recorded, suggesting the possible induction of 
defense responses. Under  fi eld conditions, seed and foliar treatment with BS3A25 
effectively reduced the aphid population and CMV incidence compared with 
imidacloprid treatment. The cost:bene fi t ratio was the highest in BS3A25 formu-
lation treated plots (1:2.5), followed by the insecticide (1:2.0) and control (1:1.4) 
treatments. The results showed that the strain BS3A25 could be considered for 
commercial development (Sudhakar et al.  2011  ) .   



1194.2 Biological Control of Insect Vectors by Microbial Pathogens 

    4.2.2   Whitle fl ies 

 Development of resistance to chemical insecticides in white fl ies has accelerated the 
search for alternative methods for the management of this group of pests that are 
also involved in the spread of many economically important virus diseases. Among 
alternative methods, biological control approach has drawn the attention of a large 
number of researchers. Natural infections of  Bemisia  spp. by  Paecilomyces , 
 Beauveria  and  Lecanilcillium  (= Verticillium ) have been commonly observed. The 
ability of fungal pathogens to provide effective control of  Bemisia tabaci  has been 
investigated under a wide range of conditions. Several in vitro and  fi eld experiments 
have shown that the high ambient humidity conditions required for development of 
natural epizootics are not necessarily required for fungal infections. Many fungal 
pathogens  fi nd required moisture for spore germination and host penetration within 
the leaf or insect microclimate boundary layer. This phenomenon was observed for 
infection of white fl y nymphs by  Paecilomyces fumosoroseus  and  Beauveria bassi-
ana  (Wraight et al.  2000  ) . Temperature has signi fi cant effects on the physiology and 
development of both the insect host and fungal pathogen (host susceptibility and 
pathogen virulence) and these effects are in fl uenced, in turn, by factors related to 
the host plants. The potential of fungal pathogens has been assessed using all life 
stages of white fl ies. Young instars of  B .  tabaci  tend to be more susceptible to fungal 
infections than the later stages (Faria and Wraight  2001  ) . The effects of relative 
humidity levels on the infectivity of two entomopathogenic fungi  Verticillium 
lecanii  (Mycotal) and  Beauveria bassiana  (Naturalis-L) on the white fl y  Trialeurodes 
vaporariorum  were determined by two series of bioassays. In one series, a non-
excised bean leaf was sandwiched to create a chamber above the white fl y infested 
area. In another series, three potted whole bean plants were maintained in an air-
tight plastic box. Relative humidity in both series was controlled by injecting a cir-
culating constant  fl ow of humidity-regulated air which had passed over a salt 
solution used to maintain targeted air humidity levels (from 53 to 98.5 % and 75 to 
98.5 % respectively). Microclimatic measurements demonstrated that non-excised 
leaves signi fi cantly increased the air humidity in the air circulating in the immediate 
environment of the leaf surface as well as that of the whole plant. In the  fi rst series 
of assays under all RH conditions tested (70–98 %) after passage over the leaves, 
the mycoparasite induced high mortality rates of white fl ies (92–100 %). The fungal 
pathogenicity occurred early, since at least 70 % of white fl ies died as second instars, 
before next molt occurred. Fungus-induced mortality appeared to be independent of 
the humidity level existing around the leaves of bean plants (Vidal et al.  2003  ) . 

 Fungal infection of white fl ies depends on many biological events which are initi-
ated by adhesion of fungal spores to the insect cuticle, followed by spore germina-
tion and hyphal growth. The hyphae exert mechanical pressure and produce 
cuticle-degrading enzymes such as proteases and chitinases to breach the insect 
cuticle.  Paecilomyces fumosoroseus  strain 612 was exposed to UV-irradiation to 
generate mutants. Selection of colonies displaying clearing zones on colloidal chitin 
agar medium was found to be an ef fi cient qualitative screening method for rapid 
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examination of a large number of colonies after UV mutagenesis. One mutant M84 
exhibited a large and stable chitin hydrolysis halo. This stable mutant that over-
produced chitinases compared with parent strain was selected. Glucose consump-
tion and biomass production were similar for M84 and the parent strain. Chitinase 
was inducible by chitin and repressed by glucose in both strains. But when they 
were grown on minimal medium plus colloidal chitin as sole carbon source, the 
parent and M84 strains yielded 198 and 690  μ mol  N -acetylglucosamine respec-
tively, indicating enhanced synthesis of a chitinase with higher activity by the 
mutant M84. Bioassays performed with  Bemisia tabaci  nymphs showed that the 
strain M84 incited a two-fold mortality of  B .  tabaci , compared with the parent 
strain. The results suggested that chitinase activity was directly involved in higher 
virulence of the fungal pathogens of white fl ies (Hernández-Torres et al.  2004  ) . 
Infestation of tomatoes and spread of white fl ies and thrips that vector  Tomato yellow 
leafcurl virus  (TYLCV) and  Capsicum chlorosis virus  (CaCV) constitute major 
risks for tomato production.  Paecilomyces fumosoroseus  was found to be effective 
against both groups of insects.  P .  fumosoroseus  strain FWA3 caused 76.7 % mortal-
ity of  Bemisia tabaci . White rice, brown rice, broken-milled rice, corn and sorghum 
grains were evaluated for their ability to serve as solid substrate for fungal mass 
multiplication. White-rice and broken-milled rice were more ef fi cient in enhancing 
conidial production and the maximum yield of conidia was obtained after an incu-
bation period of 10 days. The infection process of the fungal pathogen was visualized 
using scanning electron microscope. The conidia germinated by forming a germ 
tube which gained entry into insect body cavity or haemocoel by penetration through 
the cuticle and epidermal regions of insect integument or by passing through insect 
spiracle. The potential of  P .  fumosoroseus  for use as a bioinsecticide was assessed 
by bioassays. Pest-infested tomato plants were sprayed in insect screen cages 
to determine effective dose rates for spray application of the BCA in greenhouses. 
The LC 

50
  value of the strain against  B .  tabaci  was 9.41 × 10 4  conidia/ml. A simple 

low-cost method with less expensive and locally available materials was developed 
for mass multiplication of  P .  fumosoroseus  strain FWA3 for the biocontrol of 
 B .  tabaci  occurring in tomato crops (Panyasiri et al.  2007  ) . 

 Mass multiplication and production of large quantities of biomass of entomopatho-
genic fungi is a critical step for their successful formulation and further development 
as commercial products. Solid-state fermentation (SSF) is an effective method of 
obtaining fungal spores produced by aerial hyphae. Aerial conidia produced by SSF 
are similar to those produced by naturally on the surface of insect cadavers and are 
superior to mycelia and blastospores produced under submerged fermentation condi-
tions (Wraight et al.  2001 ; Roberts and Leger  2004  ) . Synchronous conidia production 
procedure using a series of solid-state fermentation (SSF) chamber system was devel-
oped. The usefulness of the SSF chamber system was veri fi ed by employing the 
method for the conidia production of  Metarhizium anisopliae ,  Paecilomyces fumoso-
roseus  and  Beauveria bassiana  which have been reported to be effective against 
several insects. Rice grains were used as a solid substrate and the fungi were grown in 
a series of chambers at 25 °C. The conidial powder harvested from 5 kg rice cultures 
varied from 40.0 to 147.1 g and conidial concentrations differed from 1.3 × 10 12  to 
5.4 × 10 12  depending on the pathogen species/strain. The conidial viability of the strains 
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was up to 95 %. The results indicated that the chamber system developed in this 
investigation had the potential for wider application, after necessary modi fi cation to 
suit the speci fi c requirement of the entomopathogen concerned (Chen et al.  2009  ) . 
Native and exotic isolates of the entomopathogens  Metarhizium anisopliae  and 
 Beauveria bassiana  were evaluated for their potential to cause mortality of the  fi rst 
instar larvae of white fl ies. Six isolates LIM1, LIM2, LIM3 and V275 of  M .  anisopliae  
and LIB1 and Botanigard® of  B .  bassiana  showed signi fi cant differences in their 
virulence re fl ected by the cumulative mortality of white fl ies  Bemisia tabaci  at 7 days 
post-inoculation. The duration required to cause 50 % mortality also differed for each 
isolate. The highest mortality of  B .  tabaci  was caused by exotic isolate Botanigard® 
and it required 3.4 days to induce 50 % mortality of  B .  tabaci  and 7 days for 96.5 % 
mortality. In the case of  M .  anisopliae , the native isolate LIB1 alone killed more than 
30 % of larvae within 3 days, 50 % within 4.5 days and 88 % mortality in 7 days. 
Based on the LC 

50
  and LT 

50
  values,  B .  bassiana  appeared to be more ef fi cient than 

 M .  anisopliae  in causing the mortality of white fl ies. Native  B .  bassiana  LIB1 isolate, 
applied in combination with the insecticide di fl ubenzuron, reduced the population of 
 fi rst instar larvae of white fl ies under greenhouse conditions, indicating an additive 
effect of the BCA and insecticide (Ibrahim et al.  2011  ) . 

 Entomopathogenic fungi possess a contact mode of action on target white fl y spe-
cies. Infectious fungal spores have to reach the target insect or onto substrates in the 
habitat from which secondary inoculation may be possible through the insect move-
ment or feeding. As the white fl y nymphs are small and do not move about actively, 
the most effective means of achieving rapid, high rates of infection is by direct 
inoculation under  fi eld conditions. For this, the lower sides of leaves have to be 
thoroughly covered with sprays of conidial inoculum which is a dif fi cult challenge 
to be faced effectively. Good coverage is achievable with conventional hydraulic 
technologies like using drop-tubes with swivel-mounted nozzles. The mycoinsecti-
cides are generally compatible with a wide range of insecticides, resulting in 
enhancement of their effectiveness against target insect. Commercial products con-
taining the pathogenic fungi have been developed for use in greenhouse crops. 
 Paecilomyces fumosoroseus  is marketed as PreFeRal (Thermo Triology/Biobest 
NV) in Belgium, while  Beauveria bassiana  has been commercially developed as 
Botanigard (Emerald BioAgriculture Corporation, USA), as AgoBiocontrol 
Beauveria (AgoBiocontrol, Colombia), as Bea-Sin (Agrobiologicos, Mexico) and 
as Boveril PM (Itaforte BioProducts, Brazil). The ef fi cacy of the entomopathogenic 
fungi against white fl ies is not generally effective under  fi eld conditions, possibly 
because of harsh climatic conditions in open  fi elds (Faria and Wraight  2001  ) .  

    4.2.3   Leafhoppers 

 Leafhoppers constitute an important group of pests on several crops and they are 
capable of transmitting many plant viruses and phytoplasmas infecting various 
crops in all countries. Fungal pathogens belonging to the genera  Beauveria , 
 Metarhizium  and  Lecanicillium  (=  Verticillium ) have been reported to be pathogenic 
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to leafhoppers and planthoppers (Aguda et al.  1984 ; Toledo et al.  2007 ; Jin et al. 
 2008  ) . The green leafhoppers are ef fi cient transmitters of rice tungro and rice 
yellow dwarf diseases, while rice grassy stunt disease is transmitted by brown plan-
thoppers. In a few cases, bacterial biological control agents have also been reported 
to have adverse effects on the development of leafhoppers. The bacterial strains 
could cause about 90 % mortality of  N .  virens , when they fed on rice leaves treated 
with the bacterial strains for 7 days (Islam et al.  2010  ) . 

  Beauveria bassiana  and  Metarhizium anisopliae  effectively parasitized the 
brown planthopper (BPH)  Nilaparvata lugens  obtained from various locations. 
The local isolates of these pathogens were more virulent than the exotic isolates. 
The most effective concentration of  B .  bassiana  causing high mortality of  N .  lugens  
was 6 × 10 12  spores/ha.  M .  anisopliae  and  B .  bassiana  signi fi cantly reduced the 
population of BPH at 7 days after spraying. Rice bran medium was found to be the 
suitable medium for mass multiplication of  B .  bassiana , as it produced greater 
amounts of dried biomass than other media tested (Van Nghiep et al.  1999  ) . Thirty-
 fi ve isolates of  Metarhizium anisopliae  and  M .   fl avoviride  were bioassayed for 
their potential in causing mortality of  N .  lugens . Third instar-nymphs were inocu-
lated with a concentration of 1,000 conidia/mm 2  of the fungal pathogens at 25 °C 
with a 14:10 light:dark photoperiod under in vitro conditions. At 9 days after inoc-
ulation, mortality of the nymphs due to mycosis ranged from 6.5 to 64.2 %, depend-
ing on the virulence of the isolates. Only the two BPH-derived  M .  anisopliae  
isolates from Philippines (Ma450) and Indonesia (Ma576) could cause mortality of 
>50 % of the nymphs with a standard suspension of 1 × 10 8  conidia/ml. These two 
isolates, however, caused mortality close to 70 % at highest concentration of about 
1,000 conidia/mm 2 . The two isolates of  M .  anisopliae  were superior to  Beauveria 
bassiana  in causing nymphal mortality. The LC 

50
  values were estimated as 731 and 

1,124 conidia/mm 2  at 7 days after inoculation respectively for Ma456 and Ma576 
(Jin et al.  2008  ) . The bacterial strains could cause about 90 % mortality of  N . 
 virens , when they fed on rice leaves treated with the bacterial strains for 7 days 
(Islam et al.  2010  ) . 

 The ef fi cacy of 17 isolates of  Beauveria bassiana ,  Lecanicillium muscarium , 
 Metarhizium anisopliae ,  Isaria farinosa , and  I .  fumosorosea  in causing mortality of 
three hemipterans,  Peregrinus maidis ,  Delphacodes kuscheli and Dalbulus maidis , 
vectors of corn diseases was assessed. Three isolates of  B .  bassiana  CEP147, CEP150 
and CEP189 were found to be effective against  Peregrinus maidis . No consistent dif-
ferences in the susceptibility of males and females of  P .  maidis  to fungal pathogens 
were detectable. There was no correlation between the percentage of conidial germi-
nation and percentage of mortality caused by fungal infection of  P .  maidis  in any of 
the treatments. The adults of  P .  maidis ,  D .  kuscheli  and  D .  maidis  were inoculated 
with the fungal pathogens. The most effective  B .  bassiana  isolate CEP147 caused a 
cumulative mortality of 69.8 ± 6.4 % after 7 days post-inoculation. At 2 weeks after 
inoculation with the isolate CEP147, the levels of susceptibility of the insect species 
were determined. Both  D .  kuscheli  with cumulative mortality of 73.3 ± 9.0 % and 
 P .  maidis  with a cumulative mortality of 68.6 ± 6.7 % were signi fi cantly more 
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susceptible than  D .  maidis  with a cumulative mortality of 49.9 ± 9.7 %. The results 
indicated the potential of  B .  bassiana  for the management of leafhoppers as pests and 
vectors of corn virus diseases (Toledo et al.  2007  ) .  

    4.2.4   Thrips 

 The economic importance of thrip species as pests of several crops and vectors of 
destructive viruses like  Tomato spotted wilt virus  (TSWV) has been well recognized. 
 Paecilomyces fumosoroseus , the fungal pathogen of many insects was evaluated for 
its ef fi cacy in causing mortality of thrips. A strain of  Lecanicillium lecanii  origi-
nally isolated from glasshouse white fl y and later commercially produced in the 
Netherlands was also effective against thrip species  Frankliniella occidentalis  (van 
der Schaaf et al.  1991  ) . Later, isolates of  L .  lecanii ,  Metarhizium anisopliae  and 
 Beauveria bassiana  were also reported to be pathogenic to  F .  occidentalis  
(Vestergaard et al.  1995 ; Sengonca et al.  2006  ) . Isolates of  P .  fumosoroseus  were 
reported to be pathogenic to  F .  occidentalis  and an isolate of  P .  fumosoroseus  was 
developed as a commercial product to be used against white fl ies and thrips (Saito 
and Sugiyama  2005  ) . In a later investigation,  P .  fumosoroseus  isolates FWA3 and 
FWA5 were found to be highly virulent against thrips species  Ceratothripoides 
claratris  infesting tomato plants. The LC 

50
  of  P .  fumosoroseus  isolate FWA3 against 

 C .  claratris  and  B .  tabaci  were 9.51 × 10 2  conidia/ml and 9.41 × 10 4  conidia/ml 
respectively. The white-rice and broken-milled rice produced the highest concen-
tration of  P .  fumosoroseus  conidia after an incubation period of 10 days. The isolate 
FWA3 with high level of pathogenicity against thrips and white fl ies possessed many 
attributes required for the candidate for commercialization (Panyasiri et al.  2007  ) . 

  Paecilomyces lilacinus , a soil inhabiting nematophagous fungus produces chitin-
ases and proteases capable of breaking down egg shell, facilitating penetration into 
insect body. This mechanism was demonstrated to operate effectively against the 
western  fl ower thrip  Frankliniella occidentalis  (Fiedler and Sosnowska  2007  ) . 
 P .  lilacinus , at a concentration of 2.3 × 10 9  conidia/ml was blended with neem 
( Azidirachta indica ) leaf, and seed extract (10 ml/l) and diatomaceous earth for-
mulation (PyriSec) (3 g/l) and the mixture was tested for its effect on  Thrips 
tabaci , using cotton leaf disc bioassay technique. The bioassays were performed 
at 25 ± 1 °C and >70 % relative humidity with 16:8 light:dark photoperiod con-
ditions.  P .  lilacinus  was very effective for the control of  T .  tabaci , when applied 
alone and in combination with neem on cotton. Application of this mixture resulted 
in signi fi cant reduction in thrips population both in in vitro assays and in semi-
natural conditions compared with control. The combination of  P .  lilacinus  and 
diatomaceous earth formulation was less effective, compared with fungus + neem 
extract combination. The results indicated the advantages of combining two 
naturally derived organic materials for the ef fi cient control of thrips in cotton 
(Wakil et al.  2012  ) . 
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 In another investigation,  fi ve strains of  Beauveria bassiana  were evaluated for 
their ef fi cacy against  F .  occidentalis . The strain RSB was the most virulent causing 
69–96 % mortality at concentrations of 1 × 10 4  – 1 × 10 7  conidia/ml, at 10 days after 
inoculation of  fi rst instar larvae. In greenhouse evaluation, RBS strain applied to 
broccoli foliage signi fi cantly reduced adult and larval populations of  F .  occidentalis  
(Gao et al.  2012b  ) . The insecticidal property of  Beauveria bassiana  on  Orius sauteri , 
an important predator of western  fl ower thrips  Frankliniella occidentalis  was 
assessed under in vitro conditions.  B .  bassiana  strain RSB (Bb-RSB) was not insec-
ticidal against  O .  sauteri , irrespective of the concentration applied to the  fi rst instars. 
The developmental rate of  O .  sauteri  was also not affected by direct treatment with 
Bb-RSB. However, signi fi cant differences in the development rates and adult longevity 
were noted between  O .  sauteri  that fed on Bpb-RSB infected  F .  occidentalis  
cadavers and those fed on untreated thrips. Developmental time (from  fi rst instar to 
adult) increased from 0.3 to 0.7 days for predators-fed thrips treated with low and 
high concentration of strain Bb-RSB respectively, compared with predators fed on 
untreated thrips. But these differences were only 3–13 % of mean values for the 
controls. The results suggested that the observed adverse effects on  O .  sauteri  were 
relatively minor. The usefulness of combination of  B .  bassiana  and  O .  sauteri  
for the control of  F .  occid entalis has to be demonstrated under  fi eld conditions 
(Gao et al.  2012a,   b  ) .       
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 Phylogenetically diverse microorganisms have been demonstrated to be potential 
natural antagonists of various microbial plant pathogens. Interactions with plant 
pathogens such as antibiosis, competition, predation and induction of resistance in 
plants, result in the suppression of pathogen development. The use of microorganisms 
as biocontrol agents to reduce the adverse effects of plant diseases is considered as 
an important alternative method to minimize the application of chemicals. Because 
of the diversity and complexity of reactions and numerous metabolic pathways, the 
microorganisms form an amazing resource for the biological management of plant 
diseases. Although hundreds of species/strains of fungi or bacteria have been 
reported to possess antagonistic potential against plant pathogens, only some of 
them have been found to be suitable for development of formulation and commer-
cialization as biological products or microbial pesticides for the management of 
crop diseases under  fi eld conditions. This situation may be due to the fact that the 
biocontrol systems are based on living microorganisms whose activities are depen-
dent on different biotic and abiotic factors. Knowledge of the in fl uence of these 
factors on most microorganisms that are found to have antagonistic activities, is 
lacking. Commercial products have to be registered as microbial pesticides, after 
satisfying the stringent requirements prescribed by the environmental protection 
agency (EPA) under the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) 
or the Federal Food, Drug and Cosmetics Act (FFDCA) of the Untied States of 
America. The European Union (EU) has established directive 91/414/CEE for 
harmonizing the Register of Pesticides. In the developing world, the Association of 
Asian Paci fi c Agricultural Research Institutions (AAPARI) monitors the process of 
development of bioproducts (Montesinos  2003 ; Harman et al.  2010  ) . Various 
steps in the development, registration and commercialization of bioproducts and 
consumer concerns are discussed for facilitating development of a socially receptive 
environment to microbially-based biocontrol strategies for the management of crop 
diseases. Development of formulations and registration of bioproducts have to be 
carried out in different stages before the registered products are marketed for large 
scale application. 

    Chapter 5   
 Development of Formulations 
and Commercialization of Biological Products               
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    5.1   Development of Formulations 

    5.1.1   Isolation and Screening of Microorganisms 

 The  fi rst stage in the development of formulations is the isolation of fungi, bacteria 
or viruses that can interfere with the biological cycles of microbial plant pathogens. 
Sampling using proper methods in appropriate locations or plant materials may 
increase the probability of obtaining effective microorganisms. Samples taken in 
suppressive soils or plants in epidemic areas are likely to contain microbes antago-
nistic to target pathogens. Isolation of fungal and bacterial antagonists by suitable 
methods for growing them in synthetic media or speci fi c media or by enrichment in 
appropriate media has been described in detail elsewhere (Volume 1). Frequently 
several species or strains may be found to be effective among hundreds of microor-
ganisms isolated from large number of soils. The species or strains that prove to be 
effective in in vitro tests such as dual plate or confrontation tests have to be 
precisely identi fi ed by classical taxonomic methods or immunological or nucleic 
acid-based techniques. Screening for antagonistic activity of the isolates against the 
target pathogen(s) is a critical step, since the type of microorganisms selected 
depends on the type of method(s) used. The dual culture method can select the 
isolates whose mechanisms of action are based on antibiosis or toxicogenesis 
towards the target, but not parasitism or induction of defense responses in plants. 
Screening methods for parasitism include burying and retrieving propagules of 
pathogens to isolate antagonists. Methods for determining competition for nutrients 
and/or space include looking for microbes that rapidly colonize sterilized soil and 
have the capacity to colonize infection court. Live plants have to be used for assessing 
the potential of the isolate to induce resistance to the target pathogen(s). Determination 
of principal or additional modes of action of the candidate microorganism is impor-
tant to develop proper method of developing formulations. 

 The importance of determining the mode(s) of action of the potential biocontrol 
agent (BCA) may be illustrated by the example of  Trichoderma virens . This BCA 
was thought to act on the target pathogens, most likely via antibiosis, by producing 
the antibiotic gliotoxin which showed strong activity on a wide range of plant patho-
gens (Howell  1998  ) . However, later studies carried out using number of mutants that 
were de fi cient in their ability to be mycoparasitic and/or to produce gliotoxin were 
able to suppress the development of fungal pathogen  Rhizoctonia solani . No relation-
ship could be established between the ability of the strains to produce the antibiotic 
or to parasitize the target pathogen with the suppression of the pathogen. In contrast, 
an extremely high correlation was observed between the abilities of the different 
strains to induce terpenoid phytoalexins involved in development of resistance in 
cotton seedlings against  R .  solani  (Howell et al.  2000 ; Howell  2006  ) . In another 
pathosystem involving  Pythium ultimum  that causes damping-off diseases in many 
plant species including  Arabidopsis , the earlier assumption of mycoparasitism being 
the mechanism of biocontrol activity of  Trichoderma harzianum  strain T22 was 
proved to be incorrect by a later investigation. The biocontrol activity of strain T22 
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was lost in  fi ve mutants of  Arabidopsis  with disruptions in  NPR1  gene which is 
essential for resistance to be induced. The deletion had no effect on mycoparasitic 
events. Hence, the biocontrol activity of strain T22 was due to induced resistance 
than to direct effects on the pathogen by strain T22 (Shoresh et al.  2010  ) . 

 Characterization of effective species or strains is of great importance to establish 
its genetic stability and to precisely identify the most effective strains in the species 
showing wide genetic diversity as in the case of  Trichoderma  spp. In the process of 
development of modern taxonomy for  Trichoderma  and development of broader 
species concept, strains with speci fi c attributes were identi fi ed in speci fi c species. 
The genus  Trichoderma  was earlier divided into nine species groups based on 
growth, colony and spore characteristics (Rifai  1969  ) . As tremendous diversity 
could be recognized within a species of  Trichoderma , the suggested species group-
ings were not meaningful in terms of ecological or physiological properties. Now 
the taxonomy is based on genetic sequence data. As a consequence, more than 100 
species and taxa have been differentiated based on their abilities and characteristics. 
This convenient system of classi fi cation involves the use of standard primer 
sequences. Once the ampli fi cation of a speci fi c segment is performed, the sequence 
is entered into a  Trichoderma  barcode database and the presumed species 
identi fi cation returns almost instantly (International Subcommision on Trichoderma 
and Hypocrea Taxonomy, ISTHT). Furthermore, GenBank contains all available 
data on gene sequences that have not been incorporated into the barcode database. 
The pooling of data has resulted in species de fi nitions that are distinct and unam-
biguous. Based on the characteristics included in the modern taxonomy, it is possi-
ble to separate species that are genetically different from species that possess 
biocontrol potential (Harman et al.  2010  ) . Several strains of  Trichoderma  have been 
formulated and are available commercially. In order to detect and quantify two 
strains IMI206039 ( Hypocrea parapilulifera ) and IMI 206040 ( Trichoderma atro-
viride ), primers for sequence characterized ampli fi ed region (SCAR) were devel-
oped. In addition,  fl uorophore-labeled probes were also used for simultaneous 
detection and differentiation of these two strains when they occurred together, in 
combination with SCAR primers. When two different soils were incubated, after 
arti fi cial inoculation and maintained under controlled conditions, the quanti fi cation 
through ampli fi cation with SCAR in quantitative polymerase chain reaction 
(qPCR) and through colony-forming units (CFUs) from plate counting correlated 
well (Feng et al.  2011  ) . 

 The need to have easy and inexpensive screening methods whose test conditions 
simulate as much as possible, the real system where the putative control agent is to 
be applied, has been recognized. The knowledge of the mechanism of action of the 
selected BCA in combination with an analysis of the sequence of the correspond-
ing genes can provide gene targets to develop high-throughput screening proce-
dures. Modern nucleic acid-based techniques using phenotypic or genotypic 
markers have been shown to improve the productivity of the screening stage. 
However, an association between some markers and the biocontrol potential of the 
putative strain has been demonstrated only for a few cases (Mathre et al.  1999 ; 
Montesinos  2003  ) . The pathogenic fungus  Sclerotinia minor  strain IMI 344141 
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was developed as a bioherbicide for broadleaf weed control in turfgrass. In order 
to differentiate this strain from similar fungal species/strains, a strain-speci fi c 
molecular marker was employed to detect and monitor the strain IMI344141. This 
procedure was based on polymerase chain reaction (PCR) ampli fi cation of two 
sequence-characterized ampli fi ed regions (SCAR) primer pairs for a  fi rst round 
PCR and another two sets of nested primers were employed for the second round 
PCR, if higher level of sensitivity was needed.  S .  minor  IMI344141 was ef fi ciently 
tracked both in pure cultures and environmental samples originating from bioher-
bicide-released  fi eld trials. DNA of the strain IMI344141 could be detected in the 
soil at 2 months after application, but not in samples taken at 3- and 9 months after 
application. When applied as a bioherbicide strain IMI344141 did not persist into 
the following spring in turf environments. The molecular markers developed in this 
study could be reliably used as a tool to monitor the presence and behavior of 
 S .  minor  in nature, particularly in soil samples (Pan et al.  2010  ) . 

 In addition to ef fi cacy and consistency of results between bioassays, other desir-
able attributes of the putative BCA such as effectiveness at low doses, production of 
antimetabolites or toxins against the target pathogen, tolerance to fungicides or 
other plant protection chemicals, plant activators and adaptability to general crop 
management practices are also considered, while selecting the BCA isolates or 
strains for formulation of products. Non-pathognic  Fusarium oxysporum  strain 
CS-20 exhibited signi fi cant antagonistic activity against  F .  oxysporum  f.sp.  lycoper-
sici  and reduced the incidence of wilt disease in tomato. The compatibility of strain 
CS-20 with seven fungicides recommended for tomato in Maryland, USA was 
investigated. The fungicides reduced the radial growth of the strain CS-20 in agar 
medium amended with different concentrations of respective fungicides to varying 
degrees. Azoxystrobin and chlorothalonil were most toxic to strain CS-20. 
Mefenoxam (Ridomil Gold) and mefenoxam + copper did not affect the growth of 
the BCA strain. In the greenhouse experiments, tomatoes were drenched with strain 
CS-20 at seeding and just before transplanting into the  fi eld soil infested with the 
pathogen. Plants were treated with fungicides at the highest label rate. The results 
indicated that strain CS-20 was not compatible with the fungicides tested, since 
disease incidence was not reduced signi fi cantly by the combination of the BCA 
with the fungicides (Fravel et al.  2005  ) .  Coniothyrium minitans , a mycoparasite, has 
been shown to be an effective biocontrol agent capable of suppressing the develop-
ment of  Sclertotinia sclerotiorum  causing Sclerotinia stem rot disease of oilseed 
rape. The possibility of combining soil application of  C .  minitans  with fertilizer 
(N, P and K) application during cultivation of oilseed rape was explored. The com-
pound fertilizer at concentrations of 0.1–10 % inhibited conidial germination and 
mycelial growth of  C .  minitans  in a dosage-response manner in vitro. Simultaneous 
application of the BCA and the compound fertilizer at various concentrations 
signi fi cantly reduced the number of apothecia produced by sclerotia of  S .  sclerotio-
rum  in both pot and  fi eld plot experiments. The compound fertilizer did not adversely 
affect the ability of  C .  minitans  to infect sclerotia of the pathogen in vitro or to sup-
press carpogenic germination of sclerotia of  S .  sclerotiorum . The results indicated 
that  C .  minitans  was compatible with compound fertilizer when applied at planting 
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of oilseed rape. Thus application of the BCA along with compound fertilizer would 
save labor cost, resulting in greater monetary bene fi t to the farmer and enhancement 
of production ef fi ciency (Yang et al.  2011  ) . 

 As the effectiveness of biocontrol is generally strain-dependent subspeci fi c char-
acteristic, generally less than 1 % of the isolates satisfy the requirements for advanc-
ing them to the next stage. After assessing the biocontrol ef fi cacy and mechanism(s) 
action of the isolates in the laboratory, growth chamber and greenhouse assays, the 
most effective ones are tested in pilot trials under conditions as close as possible to 
the natural  fi eld conditions under which the BCA is placed in practice. At this stage, 
it would be desirable to expose the BCA in an environment where several pathogens 
or pests will be available. This will enable to verify the spectrum of action and to 
determine the effectiveness of the BCA in different environmental conditions which 
can be diverse enough to guarantee a wide range of applicability. It would be pos-
sible to select a few isolates under these limiting conditions. Most of the BCA iso-
lates are eliminated at this stage, because of their narrow spectrum of action and 
inconsistency in their performance in various  fi eld trials conducted during different 
seasons. 

 Selection of antagonistic microorganisms may be achieved by applying methods 
that are frequently used in the case of most plant pathogens. However, novel meth-
ods may be required for the selection of antagonists effective against postharvest 
diseases originating from latent infections by fungal pathogens. Biological control 
of latent infections may occur on fruits in nature and microorganisms involved, 
could be isolated from the fruit and used for controlling this type of infection after 
harvest. Direct interactions were observed between the pathogen structure involved 
in latent infection (appressorium) and the test microorganism can be studied in vitro 
and then tested in situ on fruit. Appressoria of  Monilinia fructicola  causing brown 
rot disease were produced on para fi lm or wax membranes after depositing drops 
containing conidia in sucrose solutions (0.25 mM) containing 10 mM cAMP and 
incubating at 18 °C for 16 h, followed by addition of putative BCA strain and addi-
tional incubation at 24 °C for 72 h. Microorganisms colonizing appressoria and 
mycelium may be further tested for biocontrol activity on fruit with latent infection 
induced arti fi cially under laboratory conditions. Several antagonists effective against 
brown rot originating from latent infections on stone fruits were selected by apply-
ing this approach. The antagonists that are best adapted to conditions occurring 
during storage and handling of fruits may be selected at the next stage and advanced 
for developing formulations (Janisiewicz et al.  2011  ) . 

 Some of the endophytic plant symbionts have been demonstrated to be effective 
against microbial plant pathogens. These include plant growth-promoting rhizobac-
teria (PGPR), free-living rhizosphere competent fungi-like some strains of 
 Trichoderma  spp. and mycorrhizal fungi like  Piriformaspora indica  (Kloepper et al. 
 2004 ; Harman et al.  2008 ; Waller et al.  2008  ) . The effectiveness of using molecular 
pro fi le data of endophytic actinobacterial community structure to rapidly identify 
and select ecologically important BCAs from tomato root internals was validated. 
More than six genera  Streptomyces ,  Nesterenkonia ,  Arthrobacter ,  Microbacterium , 
 Cellulomonas  and  Propionibacterium  were detected in four actinobacterial 16S 
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rRNA gene clone libraries derived from tomato roots. Species similar to  S .  virginiae  
were detected by culture-independent and culture-dependent methods from all 
samples. The isolated strains Y30 and E36 similar to  S .  virginiae  showed potent 
antagonism to  Ralstonia solanacearum  causing tomato bacterial wilt. These two 
strains showed signi fi cant protection to seedlings against bacterial wilt disease in 
greenhouse assays. The results indicated that sequence directed data could be useful 
for rapidly selecting biocontrol strains from diverse microbial communities 
(Tan et al.  2011  ) . It is likely that these endophytic BCAs may have much longer 
periods of ef fi cacy than nonendophytic organisms, because of their ability to grow 
along within the plants and in the environment in which plants develop. In addition, 
some endophytic fungal strains may colonize shoots, roots or stems have shown to 
increase resistance to water stress and salt or temperature tolerance.  Trichoderma 
harzianum  T22 enhanced expression of proteins involved in photosynthesis and 
starch accumulation (Harman and Shoresh  2007,   2008  ) .  Trichoderma  strains may 
alleviate intrinsic stresses like loss of seed vigor and improve seed germination 
(Shoresh et al.  2010  ) . The usefulness of endophytic plant symbionts has to be 
assessed and the effective strains have to be selected by applying suitable methods.  

    5.1.2   Preparation of Formulations 

 The strains with high level of antagonistic potential against microbial plant patho-
gens and acting through one or more mechanisms should be genetically stable, 
effective at low concentrations, easy to mass-produce in culture on inexpensive 
media and be effective against a wide range of microbial pathogens. Furthermore, 
the putative BCA should occur in an easily distributable form and it should be non-
toxic or nonpathogenic to human beings and other plant species grown in the same 
ecosystem. Different methods have been applied to prepare formulations containing 
fungal and bacterial biocontrol agents. A formulated microbial product is composed 
of biomass of the selected biocontrol agent and ingredients to improve its survival 
and effectiveness of the product. Formulations of microbial mass may be of two 
types. Liquid formulations may be variously known as  fl owable or aqueous suspen-
sions consisting of biomass suspensions in water, oils or emulsions. Dry formula-
tion products include wettable powders, dusts or granules. Wettable powders and 
dusts contain dry inactive or active ingredients, while granules are free- fl owing, 
aggregated product consisting of inactive and active ingredients (Schisler et al. 
 2004  ) . The development of a shelf-stable formulated product that can retain biocon-
trol activity at a level which is similar to that of freshly isolated microorganism is 
the basic requirement for formulation and commercialization of biocontrol prod-
ucts. A biocontrol product for application against crop diseases should be easy to 
prepare and apply and produce abundant viable propagules with long shelf-life, 
sustained ef fi cacy and economical. The self-life of a biocontrol product is the length 
of time that the propagules of the microorganism remain viable and exhibit antago-
nistic activity. It is expected that the product should have a shelf-life of at least 
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12–18 months without refrigeration to be commercially acceptable (Rhodes  1993  ) . 
Various aspects such as development of suitable medium for mass multiplication, 
shelf-life, ability to grow and survive after application under different ecological 
conditions, effectiveness of disease suppression under  fi eld conditions and ease and 
cost of application have to be studied (Narayanasamy  2006  ) . 

    5.1.2.1   Fungal Biocontrol Agents 

 The biocontrol agents selected for development of formulations to be advanced for 
commercial use should be produced at the industrial scale (fermentation), preserved, 
stored and formulated. Generally solid- or liquid-phase fermentation for mass scale 
production of the desired BCA is adopted. Many fungal BCAs are fermented in solid 
state, while bacteria and yeast are produced by liquid fermentation, using continu-
ously stirred tank bioreactors (Fravel et al.  1999  ) . Irrespective of the method used for 
fermentation, it should be possible to achieve highest yield of the BCA with the low-
est cost of culture medium prepared from molasses, peptones or industrial grade 
protein hydrolysates. The BCAs are concentrated by  fi ltration or centrifugation. 
When required level of BCA concentration is attained, the concentrated preparation 
of the BCA has to be stored under proper conditions that will increase its shelf-life 
which is one of the principal limiting factors affecting the prospects of commercial-
ization. For this, the viability of the BCA has to be stabilized by refrigeration or by 
freezing in the presence of cryoprotectant substances, if the preparation is in liquid 
state or by keeping it as a dehydrated product. The methods based on dehydration 
may be preferable, since they allow optimum conditions for storage, handling, distri-
bution and formulation of the BCA concerned. Though lyophilization is more effec-
tive in maintaining the viability of cells, its cost is quite high. Alternatively, 
encapsulation of microbial cells by mixing cells with a matrix-forming material like 
gelatinized polysaccharide or an emulsion in lipid material which can be diluted and 
spray-dried to obtain granules. At industrial level spray- or  fl uidized bed-drying is 
applied, but considerable loss of viability of cells occurs. Biocompatible additives 
are added to increase survival, improve application and stabilization of the  fi nal prod-
uct. The additives consist of wetting and dispersal agents, nutrients and ultraviolet- 
or osmotic-protection agents that help microbial cells survive under  fi eld conditions 
(Andrews and Harris  2000 ; Montesinos  2003  ) . Methods of formulating some of the 
improved fungal biocontrol agents effective against diseases occurring in the  fi eld 
and during storage after harvest are discussed below. 

    Formulations of Fungal Biocontrol Agents Against Field Crop Diseases 

     Trichoderma  spp. 

  Trichoderma  spp. are ubiquitous saprophytes and they are easily isolated from 
soil-decaying plant materials and organic matter. Various species of  Trichoderma  
such as  T .  viride ,  T .  harzianum ,  T .  asperellum ,  T .  atroviride  and  T .  stromaticum  
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have been reported to be effective as biocontrol agents against a wide range of 
microbial plant pathogens. The effectiveness of different strains within each species 
varies signi fi cantly and the ef fi cient strains have been formulated for commercial-
ization.  T .  harizianum  strain T-22 was produced by protoplast fusion between strains 
T-95 and T-12. This strain formulated as granules named RootShield® and powder 
named PlantShield® by BiWorks, Geneva, NY was effective against gray mold 
diseases, Fusarium wilts, Pythium damping-off and Rhizoctonia root rots in many 
crops such as corn, soybean, potato, tomato, beans, cotton and peanut (groundnut). 
 T .  harzianum  T-39 as TRICHODEX 20P was shown to be effective against pink rot 
and stem rot of tomato caused by  Phytophthora erythroseptica  and against gray 
mold diseases caused by  Botrytis cinerea  (Etebarian et al.  2000 ; Paulitz and Bélanger 
 2001  ) .  Trichoderma virens  was formulated and marketed as SoilGaurd by Certis 
LLC (Harman et al.  2010  ) . A method for mass multiplication and formulation for 
 T .  viride  was developed at the Department of Plant Pathology, Tamil Nadu Agricultural 
University, Coimbatore, India. The BCA is multiplied in molasses-yeast medium in 
the fermentor for reaching a concentration of 10 8  conidia/ml and then mixed with 
talc powder (carrier) in the proportion of 1:2 (v/w). After air-drying, carboxymeth-
ylcellulose (CMC) is added as a sticker at 5 g/kg of BCA-talc mix. This preparation 
is dried to a moisture level of 20 % and packed in polyethylene bags (Narayanasamy 
 2002  ) .  T .  harzianum  T-1 was grown in the medium containing zeolite, molasses, 
brewer’s yeast and wheat bran. Alginate was used to pelletize the zeolite-containing 
conidia of  T .  harzianum  T-1. Zeolite and alginate were found to be cheap and harm-
less to the environment (Küçük and Kivanç  2005  ) . As the liquid fermentation-based 
formulations are more vulnerable to desiccation compared with solid-state fermen-
tation-based formulations, the effect of glycerol added as a osmoticant in the 
production medium, was assessed. The addition of glycerol at 3, 6 or 9 % reduced 
water activity in the medium. Both in shake culture and fermentor, the addition of 
glycerol in the production medium prolonged the shelf-life of talc formulations to 
7–12 months as against 4–5 months without glycerol. In the bioeffcacy tests, formu-
lations derived with addition of glycerol 3 or 6 % in the production medium could 
protect the tomato plants against Fusarium wilt disease effectively (44–50 %) even 
after storage for 12 months indicating the ef fi cacy of glycerol as osmoticant 
(Sriram et al.  2011  ) . 

 The effectiveness of an invert emulsion formulation of  Trichoderma harzianum  in 
suppressing the development of postharvest diseases caused by  Rhizopus stolonifer , 
 Botrytis cinerea  and  Penicillium expansum  was evaluated based on the diameter of 
decay lesions induced by the pathogens and the period of protection provided. Treatment 
with  T .  harzianum  conidia formulated in invert emulsion signi fi cantly reduced the 
mean lesion diameters induced by  R .  stolonifer  on apple, pear, peach and strawberry, 
 B .  cinerea  on grape, pear, strawberry and kiwifruit and  P .  expansum  on grape, pear and 
kiwifruit, compared with control treatment. The longest mean duration of minimum 
protection period (up to 59 days) was achieved for unwounded apple fruit against infec-
tion by  R .  stolonifer . The results showed the potential of invert emulsion formulation of 
 T .  harzianum  in protecting fruits from infection by the primary postharvest pathogens 
up to about 2 months with reduction of decay lesion diameters up to 86 % (Batta  2007  ) . 
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A procedure for formulation of  T .  harzianum  maintained in sawdust: soil: molasses 
(5 %) was developed. The carrier consisting of  fl yash:soil:molasses (5 %) was used and 
the material was stored at 25 °C. The shelf-life of the formulation was about 32 weeks. 
Seed treatment with the formulation at 5 g/kg seeds of chickpea and pigeonpea effec-
tively reduced wilt diseases caused by  Fusarium oxysporum  f.sp.  ciceri  and  F .  udum  
respectively. The soil populations of these pathogens were greatly reduced. Treatment 
with  T .  harzianum  also controlled root knot ( Meloidogyne incognita ) in these crops 
(Khan et al.  2011  ) . Formulations of  Trichoderma viride ,  T .  virens  and  T .  harzianum  for 
seed treatment and soil application were evaluated for their ef fi cacy against  Rhizoctonia 
bataticola , causative agent of dry root rot disease of chickpea under greenhouse and 
 fi eld conditions, either singly or in combination. A combination of soil application of 
 T .  harzianum  (PBP10G) and seed treatment with  T .  harzianum  (Pusa 5SD) + carboxin 
was the most effective in suppressing the root rot disease development, in addition to 
improving the seed germination, plant growth and grain yield under  fi eld conditions 
(Dubey et al.  2011  ) . 

  Trichoderma atroviride  isolate C52 was selected as a biocontrol agent against 
 Sclerotium cepivorum  causing onion white rot disease, since it reduced the disease 
incidence by 51 and 91 % in two glasshouse-based trials, when introduced into the 
soil as an infested solid substrate formulation (Mc Lean and Stewart  2000  ) .  T .  atro-
viride  was formulated into a pellet formulation where conidia were coated onto the 
outside of a nutritive kernel and solid-substrate formulation where conidia were 
combined with grain-based components. The pellet formulation maintained the fun-
gal conidial concentration at 10 5  CFU/g of soil, whereas solid-substrate and seed-
coating formulation had a concentration of 10 4  and 10 CFU/g of soil respectively. 
When the isolate C52 was introduced into pathogen infested soil both as pellet and 
solid-substrate formulations, no statistically signi fi cant differences in disease sup-
pression could be recorded between these treatments. On the other hand, the pellet 
formulation increased the percentage of the healthy plant by two times that was 
observed in control treatment (Mc Lean et al.  2005  ) .  Trichoderma asperellum  strain 
GJS03-35 earlier considered as a strain of  T .  viride  was shown to be effective against 
a wide spectrum of plant pathogens including  Fusarium graminearum  causing head 
blight disease of cereals. It was produced in submerged liquid medium for 40–60 h, 
concentrated and carboxymethyl cellulose (CMC) and magnesium salts added as 
stabilizers. This formulation remained effective for 3 months, when stored at tem-
peratures ranging from 15 to 30 °C (Kolombet et al.  2001  ) . In a later study, addition 
of starch as food base, reduction of metabolic activity by lowering the pH of the 
biomass paste and addition of small amounts of copper were effective in prolonging 
the shelf-life and enhancing the competitiveness of the formulation for about 1 year 
under standard conditions of storage (Kolombet et al.  2008  ) .  

     Gliocladium  spp. 

 Species of  Gliocladium  are common soilborne fungi and some of them possess 
biocontrol activity against fungal pathogens causing root diseases in various plant 
hosts.  G .  catenulatum  parasitizes the pathogens  Sporidesmium sclerotiorum  and 
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 Fusarium  spp. (Punja and Utkhede  2004 ; Viterbo et al.  2007  ) .  G .  catenulatum  strain 
J1446 has been formulated as a wettable powder and marketed as Primastop® by 
Kemira Agro Oy, Finland. When applied as soil drench or foliar spray, it effectively 
reduced the incidence of damping-off disease caused by  Pythium ultimum  and root 
rot disease incited by  Rhizoctonia solani  under greenhouse and  fi eld conditions 
(Viterbo et al.  2007  ) .  G .  virens  isolate GL-21 formulated as an alginate prill and 
named as GlioGard® by W.R. Grace Co. and as a granular formulation sold as 
SoilGard® developed by the Thermo Triology Corp., Colombia reduced the seed-
ling diseases of ornamental plants and vegetable crops (Punja and Utkhede  2004  ) . 
As the investigations based on molecular techniques revealed the close relationship 
of  G .  virens  to  Trichoderma  genus, it was suggested that this taxon might be referred 
to as  Trichoderma virens  (Paulitz and Bélanger  2001  ) .  

     Chaetomium  spp. 

  Chaetomium  species are commonly found in soil and organic matter. They have been 
shown to be potential antagonists of soil- and seed-borne pathogens which are sup-
pressed by different mechanisms such as competition for substrate and nutrition, myco-
parasitism or antibiosis.  C .  globosum  and  C .  cupreum  could effectively suppress the 
development of pathogens causing root rot diseases of citrus, black pepper and straw-
berry and damping-off diseases of sugar beet (Soytong et al.  2001 ; Tomilova and 
Shternshis  2006  ) . These fungal BCAs were formulated in the form of powder and 
pellets as Ketomium®, with broad spectrum of activity against several fungal pathogens. 
In addition, Ketomium® has also been registered as a biofertilizer for degrading organic 
matter and for inducing resistance in plants and stimulating plant growth (Soytong et al. 
 2001  ) . Ketomium® was highly ef fi cient in suppressing the development of raspberry 
spur blight disease caused by  Didymella applanata  and it was able to reduce the 
incidence of  Rhizoctonia solani  infecting potatoes and enhance the potato yield (Shternshis 
et al.  2005  ) . The antagonistic activity of the BCA in the formulated product was retained 
at high levels even after storage for 2 years (Tomilova and Shternshis  2006  ) .  

     Penicillium oxalicum  

  Penicillium oxalicum  protects by inducing resistance in the tomato plants against 
 Fusarium oxysporum  f.sp.  lycopersici , causing wilt disease. Induced resistance in 
tomato plants by  P .  oxalicum  was related to renewed or prolonged cambial activity 
that led to the formation of additional secondary xylem in  P .  oxalicum -treated plants 
(De Cal et al.  1997,   2000  ) . Quantum of conidia of  P .  oxalicum  produced in liquid 
and solid fermentation was assessed.  P .  oxalicum  produced 250-fold more conidia 
in solid than in liquid fermentation at 30 days after inoculation of the substrate. 
Solid fermentation was carried out in plastic bags containing 50 g of peat/vermicu-
lite (PV, 1:1 w/w) with 40 % moisture, sealed, sterilized and then inoculated with 
1 ml of a conidial suspension of  P .  oxalicum  (10 5  conidia/g dry substrate), sealed 
again and incubated in darkness at 20–25 °C for 30 days. Amendment of PV with a 
meal of cereal grains (barley) or leguminous seeds (lentil) enhanced the conidial 
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production to the maximum extent (100-fold higher) among the various amendments 
tested. Conidial production at 5 days after inoculation was equal to that obtained 
after 30 days. Optimal initial moisture in the substrate was 30–40 %. This solid-
state fermentation process was found to be effective in producing large quantities of 
conidia of  P .  oxalicum  (Larena et al.  2002  ) . Additives of different kind were evalu-
ated for their effect on dispersal of dried conidia of  Penicillium oxalicum  in water to 
improve the effectiveness of BCA application. Sugars, polyalcohols, inorganic salts 
and detergents were added at three points of the production-formulation process. 
Conidial dispersal in water improved signi fi cantly, when 1.5 % sodium alginate, 
60 % sucrose, 60 % D-sorbitol, 60 % fructose, 5–20 % polyethylene glycol (PEG) 
8000, or 20 % glycerol were added to conidia before drying. Dispersal of conidia 
was enhanced with 1 % Tween20, 1 % Tween80, 1 % TritonX-100, or 1.5 % 
sun fl ower oil. Two  P .  oxalicum  formulations (with conidial suspensions being 
maintained with 60 % sucrose or 1.5 % sodium alginate for 10 min before drying) 
signi fi cantly reduced tomato Fusarium wilt disease under greenhouse conditions 
(Sabuquillo et al.  2005  ) . In later studies, eight different formulations of  P .  oxalicum  
obtained by addition of various ingredients were evaluated for their ef fi cacy in con-
trolling Fusarium wilt disease of tomato.  P .  oxalicum  conidial formulations could 
be prepared by non-vacuum or vacuum packaging that included 1.5 % alginate, 
20 % glycerol, 5 % sucrose and 5 % sorbitol with <15 % moisture content. The 
biocontrol ef fi cacy of the formulations was high, when wilt disease pressure was 
moderate under  fi eld conditions (Sabuquillo et al.  2006,   2010  ) .  

     Epicoccum nigrum  

  Epicoccum nigrum  isolate 282, a component of resident myco fl ora of peach twigs 
and  fl owers effectively reduced the peach twig blight and fruit rot caused by 
 Monilinia  sp. in the orchards in Spain. The shelf-life of conidia of  E .  nigrum  was 
enhanced by drying them with  fl uidized bed dryer twice for 20 min at the highest air 
 fl ow rate and at a temperature range of 30–40 °C conidia dried by this procedure 
maintained 100 % viability after 90 days of storage at room temperature (Larena 
et al.  2003  ) . In a later study, wettable powder formulations of  E .  nigrum  conidia 
with a shelf-life of 12 months were developed. The moisture content of conidia after 
 fl uidized bed-drying was critical for conidial viability during storage time. Conidial 
samples were dried for 40 min at 40 °C in a  fl uidized bed-dryer to obtain moisture 
contents <15 %. Nontoxic stabilizers and desiccants were added at different stages 
of production-drying process. Shelf-life of formulations retaining the highest viabil-
ity were conidia produced with 1 % KCl or 50 % polyethylene glycol (PEG) 8000, 
conidia dried with 2.5 % methylcellulose and conidia dried with 1 % KCl + silica 
powder. These formulations with greater shelf-life of conidia were able to reduce 
the brown rot of peaches signi fi cantly (Larena et al.  2007  ) . In order to improve the 
adhesion of the formulation of  E .  nigrum  to peach surfaces and to enhance its 
bioef fi cacy, stickers, desiccants and commercial adhesive (NU FILM17®) were 
evaluated. Adhesion and viability of adherent  E .  nigrum  conidia to peach surfaces 
were increased, when either 1.25 % sodium alginate (sticker) or methylcellulose 
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was added to the conidial masses after  fl uidized-bed drying, compared to control 
without additives.  E .  nigrum  conidial formulations with 2.5 % methylcellulose were 
more effective than dried  E .  nigrum  conidia without additives in reducing the infec-
tion by  Monilinia laxa  causing brown rot of peaches. When 2.5 % methylcellulose 
was incorporated into  E .  nigrum  conidial formulation, the adhesion of BCA conidia 
to peach surfaces signi fi cantly increased resulting in effective suppression of brown 
rot disease development (Larena et al.  2010  ) .  

     Coniothyrium minitans  

  Coniothyrium minitans  is a mycoparasite of different species of sclerotial pathogens 
such as  Sclerotinia minor ,  S .  sclerotiorum  and  Sclerotium cepivorum  infecting let-
tuce, oilseed rape, peanut and onion. The principal mechanism of biocontrol activity 
of  C .  minitans  is through mycoparasitism. The BCA uses the sclerotia of  S .  sclero-
tiorum  as the source of food for survival. The medium containing ground sclerotia of 
 S .  sclerotiorum  was found to be a good substrate for mass production of conidia of 
 C .  minitans  (Huang and Erickson  2007  ) . The product formulated by Prophyta 
Biologischer P fl anzengchutz GmbH, Germany contained conidia of  C .  minitans  and 
registered for use in Germany, Switzerland, Norway and USA (Partridge et al.  2006 ; 
Yang et al.  2007  ) . The product could be applied to soil or as foliar spray. The BCA 
could survive in the soil for several years (Li et al.  2006 ; Whipps et al.  2008  ) .  

    Ampelomyces 

 Parasitism of grapevine powdery mildew pathogen  Uncinula necator  by  Ampelomyces 
quisqualis  was reported by Daoust and Hofstein  (  1996  ) .  A .  quisqualis  isolate M-10 
was formulated as AQ10 Biofungicide by Ecogen Inc., USA. The formulated prod-
uct is in water-dispersible granules containing conidia of  A .  quisqualis . It was found 
to be effective against powdery mildew diseases of different crops like grapevine, 
carrot, cucumber and mango (Shishkoff and McGrath  2002 ; Kiss  2003  ) .  

     Pythium oligandrum  

  Pythium oligandrum  showed signi fi cant biocontrol potential against sugar beet 
damping-off disease caused by  Pythium ultimum , when the seeds were treated with 
oospores of  P .  oligandrum  (Lewis et al.  1989  ) . The fungal BCA was formulated as 
a granular or powder product designated Polygangron®.  P .  oligandrum  was shown 
to act on the pathogen by indirectly enhancing the resistance of beet root seedling to 
infection by the pathogen. In addition, the phosphorus uptake by plants, emerging 
from  P .  oligandrum -treated seeds, was also enhanced (Le Floch et al.  2003  ) .  

     Clonostachys rosea  

  Clonostachys rosea  has been reported to be effective against seed- and soil-borne 
diseases. Application of  C .  rosea  as a single strain or mixture of strains reduced the 
infection of cocoa crop by  Moniliophthora roreri , causing moniliasis disease. 
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Motorized mist blowers and directional hydraulic spray techniques were used for 
applying the formulation. The mycofungicide preparation containing  C .  rosea  
reduced sporulation of the pathogen resulting in restriction of pathogen spread. 
Overall, motorized use of mist blower was less effective than the directional 
hydraulic spray method (Hidalgo et al.  2003  ) .  C .  rosea  strain IK726 was more 
ef fi cient in suppressing disease development (Jensen et al.  2007  ) .  

     Microsphaeropsis ochracea  

 When the biocontrol agent  Microsphaeropsis ochracea  was applied for the control 
of apple scab disease caused by  Venturia inaequalis  under  fi eld conditions as an 
unformulated spore suspension with air blast spray using low water volumes, it was 
less effective compared to a ground cover spray using high water volumes. In order 
to improve the colonization of apple leaves by  M .  ochracea , the effect of spore sus-
pension (10 9 –10 12  conidia/ha), water volume (250–2,500 l/ha) and 20 adjuvants 
were evaluated. Higher conidial concentrations facilitated greater colonization of 
apple leaves. Water volume was not a critical factor affecting the BCA colonization. 
The adjuvant glycerin improved the spore germination, while mycelial growth was 
stimulated by Agrimer, Ekol and Tween80 in some trials. When tested on apple 
trees, the adjuvant Assist provided the most consistent improvement in colonization 
in many trials. The results indicated that use of oils, humectants and surfactants 
could broaden the possibility of using this biocontrol agent for the management of 
apple scab disease (Bailey et al.  2007  ) .   

    Formulations of Fungal Biocontrol Agents Against Postharvest Diseases 

     Candida  spp. 

 A white yeast  Candida oleophila  was shown to be effective against the blue and 
green mold diseases affecting citrus fruit and blue and gray mold diseases affecting 
apples. A formulation containing  C .  oleophila  was formulated and marketed as 
Aspire by Ecogen Inc. (Droby et al.  1998  ) . Methods of preparation of formulation 
of  C .  oleophila  (strain O) effective against  Botrytis cinerea  and  Penicillium expan-
sum  were standardized by Jijakli  (  2000  ) . The viability, storage stability and biocon-
trol potential of freeze-dried  Candida sake  strain CPA-1 against  P .  expansum  
infecting Golden Delicious apples were assessed. Survival of  C .  sake  was the high-
est (85 %), when the yeast cells were protected with lactose (10 %) and rehydrated 
with skimmed milk. However, the yeast cells freeze-dried with lactose (10 %) + 
skimmed milk (10 %) as protectant and peptone (1 %) as rehydration medium 
reduced the incidence of blue mold to the maximum extent. In general, freeze-
drying reduced the biocontrol potential signi fi cantly compared to fresh yeast cells 
(Abadias et al.  2001  ) . Suspensions of eight isolates were mixed with cellulose and 
dried. The product was then milled to a  fi ne powder. The ef fi cacy of this yeast-
cellulose formulation, applied as a dry powder to sporulating colonies of  Botrytis 
cinerea  infecting kiwifruit was assessed. This formulation signi fi cantly suppressed 
liberation of conidia by binding directly to the pathogen spores. By using  α -cellulose 
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prepared with  Candida pulcherrima , a reduction of about 50 % in the number of 
conidia released from the lesions induced by  B .  cinerea  could be achieved. Such 
suppression of liberation by a yeast formulation may provide an effective manage-
ment tool for biological management of sporulating postharvest fungal pathogens 
(Cook  2002  ) . 

 The survival of biocontrol agents could be improved by osmotic adaption and 
thermotolerance of the fungal cells. When osmotically adapted cells of  Candida 
sake  CPA-1 were applied to apples in the  fi eld, the BCA was able to survive for 
longer periods. Osmotically adapted cells were obtained by modifying the water 
activity of the growth medium with organic solutes to impose a mild osmotic stress. 
Water activity is the ratio between the vapor pressure of water in a substrate (P) and 
vapor pressure of pure water (Po) at the same temperature and pressure. Osmotically 
adapted cells were signi fi cantly better adapted to survival under  fi eld conditions 
than the control cells without adaptation (Teixidó et al.  1998  ) . Increasing the ther-
motolerance of BCAs may also improve their survival in sub-optimal conditions, 
when applied in natural conditions. Cells of  C .  sake  CPA-1 exposed to 30 and 33 °C 
at different fermentation phases became thermotolerant under in vitro conditions. 
Furthermore, the survival of cells heat-adapted at 33 °C during the early or mid-
stationary phases of liquid fermentation was signi fi cantly higher compared with 
non-adapted cells after spray drying (Cañamás et al.  2008b  ) . In a later investigation, 
liquid formulation of  C .  sake  was improved by growing the yeast cells in molasses 
medium with a 

w
  modi fi ed to 0.98 with the addition of sorbitol and preserved with an 

isotonic trehalose solution. The viability of this formulate was 100 %, after storage 
for 180 days at 4 °C. The ef fi cacy against  Penicillium expansum  on apples was more 
than 95 % rot reduction.  C .  sake  cells grown on unmodi fi ed molasses medium 
exposed to mild heat treatment at 30 or 33 °C during mid or late exponential or early 
or mid-stationary growth phases showed an increase of survival, when they were 
exposed to lethal shock at 40 °C, but only marginal improvement occurred after 
spray drying the formulation (Usall et al.  2010  ) . These studies suggested that 
 C .  sake  CPA-1 might be physiologically adapted for the environmental stresses on 
the phylloplane. 

 The effect of modifying water activity (a 
w
 ) and the addition of protective sub-

stances to the preservation medium of liquid formulations of  Candida sake  stored at 
4 and 20 °C, was evaluated. The a 

w
  of the preservation medium was altered to have 

a range from 0.72 to 0.95 by adding glycerol or polyethyleneglycol (PEG). The 
viability of yeast cells was improved by a 

w
  levels of 0.93–0.95, but not to the desired 

level. When sugars such as trehalose and polyols such as glycerol or PEG were used 
as protectants, cells of  C .  sake  maintained viabilities of greater than 60 %. Storage 
at 4 °C was preferable to 20 °C, because of maintenance of greater viability of yeast 
cells at the lower temperature. The biocontrol ef fi ciency of liquid formulations of 
 C .  sake  in controlling  Penicillium expansum  infection in wounds on apples was 
similar to fresh yeast cells. Use of 10 % sucrose as protectant in the liquid formula-
tion of  C .  sake  would be an acceptable proposition, as the cost of the formulated 
product would not be a limiting factor for industrial production (Torres et al.  2003  ) . 
In another study, preservation of  C .  sake  CPA-1 strain cells in trehalose solution 
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(0.96 M) which was isotonic with yeast cells yielded best results. After storage for 
7 months at 4 °C, the yeast cells were grown in the sorbitol modi fi ed medium and 
preserved with isotonic solution of trehalose (0.96 M) maintained the viability of 
yeast cells at high levels. The formulated product effectively controlled the blue 
mold disease of apples (Abadias et al.  2003  ) . 

 The effectiveness of three formulation strategies was evaluated for successful 
establishment, survival, persistence and ef fi cacy of  Candida sake  CPA-1 applied to 
grapevines for the control of  Botrytis cinerea  causing gray mold disease. The for-
mulation strategies were (i) liquid formulated cells versus fresh cells; (ii) induced 
thermotolerance in the BCA cells using heat treatments during mass production 
process and (iii) mixture of Fungicover® (FC), an edible coating. Different formu-
lations of  C .  sake  cells were applied at  fl owering, pea sized berries, veraison and 
before harvest. Spray application of different formulations of  C .  sake  resulted in 
colonization of bunches under  fi eld conditions. When  C .  sake  combined with FC 
(additive) had signi fi cantly higher survival rates (up to 50 % higher) compared with 
 C .  sake  not coated with FC. Formulation of  C .  sake  cells in an isotonic solution 
combined with FC resulted in effective control of  B .  cinerea  at a level greater than 
that could be achieved with conventional fungicide program, indicating the poten-
tial of  C .  sake  CPA-1. Fungicover® showed bene fi cial effect on the BCA, by 
improving the persistence of  C .  sake  cells on the host plant. The ef fi cacy of the 
combination of  C .  sake  and FC under typical hot, dry summer climatic conditions 
prevailing in Catalonia (Spain) was distinctively high. The results indicated that it 
might be possible to widen the spectrum of effectiveness of BCAs by selecting 
appropriate formulation strategies (Cañamás et al.  2011  ) .  

     Pichia  spp. 

 Strains of  Pichia anomala  was reported to inhibit the development of blue and gray 
molds caused by  Penicillium expansum  and  Botrytis cinerea  in apple and grapevine 
(Jijakli and Lepoivre  1998 ; Masih et al.  2000  ) . A system to assess the survival of 
 P .  anomala  strain J121 after liquid formulation and long-term storage in different 
storage buffers was assessed. The cells were stored in vials containing an atmosphere 
with water to prevent a continuous drying process of samples. The conventional 
method of estimating the amount of viable cells based on CFU/ml, is time-consuming 
and cumbersome. Hence, an assay using  fl ow cytometry was developed to discrimi-
nate viable and dead cells of  P .  anomala  in samples. Oxonol was used to stain dead 
cells and unstained viable cells were determined. The CFU and  fl ow cytometry 
analyses provided similar results. Flow cytometry was found to be superior to the 
conventional method. The survival of  P .  anomala  in liquid formulation with lactose, 
starch and trehalose amendments was determined during prolonged storage at 
temperatures ranging from −20 to +30 °C. After 4 weeks incubation at 4 and 10 °C, 
75–90 % of the BCA cells were viable and no signi fi cant differences between the 
formulations were evident. Trehalose was the most effective protectant at 20 and 
30 °C. Liquid formulations have an advantage over dry formulations, since there is 
need to rehydrate prior to usage and rehydration may become dif fi cult, when large 
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quantities of the dry formulations have to be handled (Melin et al.  2006  ) .  Pichia 
membranefaciens  effectively suppressed the development of Rhizopus rot disease 
of nectarines caused by  Rhizopus stolonifer . The effectiveness of biocontrol activity 
was enhanced by calcium chloride (2 %) (Tian et al.  2002  ) . Survival of  P .  mem-
branefaciens  in liquid formulation with sugar protectants (trehalose and galactose) 
and L-ascorbic acid was assessed during storage at 4 and 25 °C. The BCA 
maintained viability >60 % after 90 days at 4 °C, when 5 % galactose served as a 
protectant and its combination with L-ascorbic acid was the most effective in main-
taining viability of BCA cells. The liquid formulation was more effective when 
stored at 4 °C than at 25 °C. In comparison with another yeast BCA, trehalose was 
considered to be a suitable protectant for liquid formulation of  Cryptococcus 
laurentii . On the other hand, galactose was found to be better as a protectant for 
 P .  membranefaciens . Combining L-ascorbic acid with sugars improved the protective 
ef fi ciency of both yeast BCAs (Liu et al.  2009  ) .  

     Cryptococcus  spp. 

  Cryptococcus laurentii  in combination with  C .  in fi rmo - minitans  could protect pear 
fruits against the blue mold pathogen  Penicillium expansum  more effectively than 
the fungicide thiabendazole (TBZ) at high dose (528  μ g/ml) (Goyal and Spotts 
 1997  ) . When galactose or trehalose was used alone as protectant,  C .  laurentii  main-
tained relatively high viability in potassium phosphate buffer. Addition of L-ascorbic 
acid to trehalose improved the protective effect of trehalose. The biocontrol ef fi cacy 
was at high level after formulation and storage (Liu et al.  2009  ) .  Cryptococcus nod-
aensis  isolate OH182.9 was shown to effectively reduce the Fusarium head blight 
(FHB) disease of wheat. Frozen biomass of the isolate OH182.9 reduced FHB in 15 
 fi eld experiments in the United States (Milus et al.  2001 ). Freeze-drying of fungal 
biomass has advantages such as protection from contamination or infestation during 
storage, long viability and ease of distribution. However, dehydration of microbial 
biomass may adversely affect its viability and ef fi cacy in the process of formulation 
and further development for commercialization. Isolate OH182.9 was grown for 48 
and 72 h in a semi-de fi ned complete liquid (SDCL) medium with different carbon-
to-nitrogen (CN) ratios. In general, cells harvested at 48 h survived freeze-drying 
better than those harvested at 72 h. Survival of freeze-dried cells was the greatest for 
cells grown for 48 h in C/N ratio 30:1 medium. Cells grown in SDCL C/N 30:1 
media with 7 and 14 g/l carbon loading signi fi cantly reduced FHB disease severity. 
Cells harvested from SDCL C/N 9:1, 11:1 and 30:1 with 14 g/l carbon increased 
the100-kernel weight compared with control. The results indicated the potential of 
improving the product quality of the yeast BCA by managing the nutritional envi-
ronment of production media without compromising the biocontrol ef fi cacy (Zhang 
et al.  2005  ) . In a later investigation, a procedure was developed for the production 
of dried granules of  Cryptcoccus  fl avescens  (earlier known as  C .  nodaensis  
OH182.9). Small spherical granules were dried using a  fl uidized-bed dryer at 30 °C. 
The granules dried to different moisture levels were evaluated for storage stability 
at 4 °C for up to 1 year. Storage stability varied signi fi cantly across the range of 
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moisture contents (4–12 %). Moisture content of 9 % showed the best short-term 
stability (up to 4 months), while 4 % moisture content was more ef fi cient for the 
long-term survival (1 year) (Dunlap and Schisler  2010  ) .  

     Rhodotorula  spp. 

  Rhodotorula  spp. have been reported to be effective biocontrol agents against post-
harvest pathogens.  R .  glutinis  signi fi cantly reduced the infection of apples and pears 
by  Penicillium expansum  and of strawberry by  Botrytis cinerea  (Benbow and Sugar 
 1999 ; Helbig  2001  ) .  R .  minuta  ef fi ciently suppressed the development of mango 
anthracnose disease caused by  Colletotrichum gloeosporioides  in a preliminary 
 fi eld experiment. A submerged fermentation production process for  R .  minuta  was 
developed and scaled up to a 100-l pilot fermentor. A low cost mineral enriched 
medium (MEM) was used for mass multiplication of  R .  minuta . The higher viable 
cell count obtained at pilot scale was linked to a better oxygenation of the bench 
and pilot bioreactors as compared with the shake  fl asks. The antagonistic potential 
of  R .  minuta  was not altered, because of the scale-up of the production process, 
formulation and shipping. The BCA was applied onto the mango trees starting at 
blossoming. As the formulation was applied at monthly intervals, the yeast BCA had 
enough time to colonize the phylloplane, competing with the pathogen, resulting in 
signi fi cant reduction in the infection of fruits. Formulating the BCA at 10 9  CFU/ml 
and adding glycerol (20 %) or xanthan gum (5 g/l) avoided both contamination and 
yeast cell sedimentation and preserved the biocontrol ef fi cacy for 6 months at 4 °C. 
Field tests were conducted in commercial orchards during three harvest seasons. 
Yeast suspension applied to mango trees reduced the fruit anthracnose severity to 
levels equivalent to or better than fungicide benomyl (Patiño-Vera et al.  2005  ) .  

     Metschnikowia  spp. 

 The yeast antagonistic species of  Metschnikowia  have been demonstrated to have 
signi fi cant biocontrol potential that could be exploited for the management of post-
harvest diseases of fruits.  M .  fructicola  was evaluated for the control of  Botrytis 
cinerea  infecting strawberry at pre- and post-harvest stages and  Rhizopus stolonifer  
causing storage rot. Application of  M .  fructicola  against preharvest rots was equally 
effective as the fungicide fenhexamid in two growing seasons in greenhouse trials. 
In the  fi eld experiment the disease incidence was reduced to commercially accept-
able levels. Field application of  M .  fructicola  reduced fruit rot during postharvest 
storage by 64–72 %. The population levels of the yeast  M .  fructicola  on fruits treated 
at weekly intervals, was about 1 × 10 5  CFU/fruit (Karabulut et al.  2004  ) . A strain 
B10126 of  Metschnikowia pulcherrima  was selected for development and commer-
cialization. Different complex nutrient sources with or without pH control were 
evaluated to optimize biomass production. Addition of yeast extract, two carbon 
sources d-mannitol and l-sorbose at 5 g/l each signi fi cantly increased the BCA 
growth reaching highest biomass. The pH range of 5.0–7.5 in combination with 
yeast extract, d-mannitol and l-sorbose (YEMS) exhibited synergistic effect on 
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biomass production. In ef fi cacy trials, YEMS reduced the incidence and severity of 
 Botrytis cinerea  (gray mold and  Penicillium expansum  (blue mold) infection on 
Gala and Golden Delicious apples (Spadaro et al.  2010a  ) . The effect of freeze-
drying using different lypoprotectants at different concentrations on the viability 
and biocontrol ef fi cacy of  M .  pulcherrima  was assessed. Yeast cells grown for 36 h 
with maltose (25 %) as protectant maintained high viability for 6 months at 40 °C 
after freeze-drying. The ef fi cacy of freeze-dried cells was similar to that of fresh 
cells on Gala apples, but was slightly lower on Golden Delicious apples. The opti-
mization of freeze-drying conditions may pave way for commercial development 
(Spadaro et al.  2010b  ) .    

    5.1.2.2   Bacterial Biocontrol Agents 

 Among the bacterial biocontrol agents, plant growth-promoting rhizobacteria 
(PGPR),  Pseudomonas  fl uorescens ,  P .  putida ,  P .  aeruginosa ,  Bacillus subtilis  and 
other  Bacillus  spp. form an important group of bacteria with signi fi cant biocontrol 
potential. Many strains of these bacterial BCAs have been formulated and commer-
cialized for large scale application under different agroecological conditions. 
Bioformulations containing  fl uorescent pseudomonad strains were found to be 
inconsistent in their effectiveness and failed due to lack of long-term viability, 
because of their inability to produce endospores. In the recent years, greater atten-
tion is bestowed for developing commercial products based on  Bacillus  spp. which 
produce endospores capable of resisting adverse conditions like temperature, vari-
ous pH and drought stress. However, strains of  fl uorescent  Pseudomonas  spp. are 
being selected currently for their potential to induce systemic resistance and/or pro-
mote plant growth resulting in high yield levels in treated plants. Other species of 
bacteria with signi fi cant biocontrol potential belong to  Agrobacterium ,  Burkholderia , 
 Erwinia ,  Serratia  and  Streptomyces . Different steps in the formulation and com-
mercialization of bioproducts containing various strains/species of bacteria are 
discussed. 

    Formulations of Bacterial Biocontrol Agents Effective
Against Field Crop Diseases 

     Pseudomonas  spp. 

 Strains of  Pseudomonas  fl uorescens  have been reported to effectively suppress the 
development of a wide range of microbial plant pathogens infecting various crops. 
It is essential to precisely identify the most effective strains either by isolation-
dependent or isolation-independent methods. Cell viability during different stages 
of formulation and maintenance of required population levels at different periods 
after storage and application under  fi eld conditions where the BCA concerned is 
expected to act on the pathogen(s) are important factors. Isolation-dependent methods 
require long time and results obtained may be inconsistent and inconclusive. Hence, 
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isolation-independent methods especially polymerase chain reaction-based techniques 
are preferred because of their higher level of sensitivity, rapidity, reliability and 
reproducibility of results. A simple protocol that uses PCR to amplify a speci fi c portion 
of the 16S gene, allowing recognition of  Pseudomonas  fl uorescens  from other group 
I  Pseudomonas  was developed. The ampli fi ed DNA patterns of 16S rRNA and 
ITS1, from the restriction fragment length polymorphisms (RFLPs) after digestion 
with endonucleases  Vsp I,  Hae III and  Taq I, produced band patterns characteristic of 
biotypes of  P .   fl uorescens . Comparison of RFLP pro fi les and culture test for levan 
production formed a rapid and less expensive approach to routinely identify three 
biotypes A, B, C and 3 of  P .   fl uorescens  (Scarpellini et al.  2004  ) . The isolates of 
 P .   fl uorescens  obtained from rhizosphere of cotton plants were subjected to dual 
culture test for selecting the effective ones for the suppression of development of cotton 
bacterial blight pathogen  Xanthomonas axonopodis  pv.  malvacearum . The ef fi cient 
isolates Pf32 and Pf93 were identi fi ed based on the sequences of 16S-23S intergenic 
ITS region after ampli fi cation by PCR (Salaheddin et al.  2010  ) . 

 Different kinds of carriers such as talc, peat, lignite, vermiculite, kaolinite and 
farm yard manure (FYM) have been used for formulating  Pseudomonas  fl uorescens  
strains P7NF and Pf1 (Caesar and Burr  1991 ; Vidhyasekaran and Muthamilan 
 1995  ) . Although peat soil has been used as a carrier to formulate  Pseudomonas  spp., 
it did not  fi nd acceptability by researchers, because of variability in its quality and 
presence of contaminants (Bashan  1998  ) . Talc-based powder and bentonite-based 
powder as mineral carriers were used for formulating  Pseudomonas  fl uorescens  for 
suppressing the development of cotton damping-off disease. The organic and inor-
ganic carriers effectively improved the stability of the formulations and effective-
ness of the BCA strain in controlling the cotton damping-off disease (Ardakani 
et al.  2010  ) . The suitability of talc-based formulation of  P .   fl uorescens  for the con-
trol of cotton bacterial blight disease was reported by Salaheddin et al.  (  2010  ) . 
 Pseudomonas  fl uorescens  strain S11:P:12 was effective in suppressing potato dis-
eases and sprouting potato tubers prematurely. During liquid cultivation, the starch 
produced a polysaccharide marginalan. The bioactivity of marginalan was assessed, 
when applied alone or in combination with washed cells, for the suppression of dry 
rot and pink rot diseases and inhibition of sprouting. The impact of marginalan on 
cell survival during drying and storage was also determined, since the formulation 
and storage of dried biocontrol product is preferred for commercial use. Washed 
bacterial strain formulated with 0–6.6 g/l polysaccharide were either applied to 
Hy fl o granules, then slowly dried for 24 h with air fl ow at 50–60 % relative humid-
ity, or in 1  μ l droplets placed in replicate wells of a microplate, then rapidly dried 
for 1 h in a biohazard hood. Both Hy fl o and microplate dry storage results indicated 
that marginalan signi fi cantly reduced cell death after drying. The  fi nal stable cell 
density was increased by 2.5–5.0 orders respectively, when compared to control 
without marginalan. The polysaccharide did not exhibit signi fi cant impact on dis-
ease or sprout inhibition by the strain S11:P:12. Preservation of cell viability during 
drying and storage was the principal bene fi t of marginalan. Similar bene fi cial effect 
was observed, following formulation of selected  P .   fl uorescens  strains with margin-
alan (Slininger et al.  2010  ) . 
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  Pseudomonas putida  isolate 06909 was effective in reducing rhizosphere 
populations of  Phytophthora citrophthora  causing root rot disease in citrus seedling 
bed trials. This isolate actively colonized the hyphae of  Phytophthora  spp., restricted 
the growth of the pathogen and produced an iron chelating siderophore pyoverdine. 
 P .  putida  06090-rif/nal in the form of lyophilized inoculum in 10 % skimmed milk 
was applied to the soil through irrigation water. A  fi eld fermentor was used to pro-
duce the inoculum of  P .  putida  06906 rif/nal for application in commercial orchards. 
Rhizosphere populations of  Phytophthora parasitica  were signi fi cantly reduced in 
1 out of 3 years of experimentation (Steddom et al.  2002  ) . Talc-based formulation 
of  P .  putida  retained the viability up to 6 months with the population remaining at 
10 8  CFU/g of the product (Bora et al.  2004  ) . A formulation of  Pseudomonas boreo-
polis  combining with  Brassica  seed pomace, glycerin and sodium alginate (PBGG) 
was developed for controlling  Rhizoctonia solani  AG-4, causing damping-off 
disease of cabbage. Application of PBGG (1 %) to the soil infested with the patho-
gen reduced the percentage of colonization of cabbage seeds by  R .  solani  and also 
stimulated proliferation of  Streptomyces padanus  (SS-07) and  S .  xantholicus  
(SS-09) with strong antagonistic activity against  R .  solani . Amendment of soil with 
1 % PBGG alone or 1 % PBGG mixed with  S .  padanus  or  S .  xantholicus  did not 
affect the germination of Chinese cabbage seeds and signi fi cantly reduced the 
damping-off disease incidence (Chung et al.  2005  ) . Talc-based formulations of 
 Pseudomonas  fl uorescens  Pf1 were found to reduce the incidence of several plant 
diseases be earlier investigations. In order to develop a new formulation of Pf1 
strain with enhanced biocontrol potential, different compounds like trehalose, poly-
vinylpyrrolidone and glycerol were evaluated. Glycerol was the most effective in 
maintaining higher population levels of Pf1 up to 6 months of storage. The dose of 
liquid-based formulation of Pf1 was standardized for seed treatment and seedling 
root dip. For seed treatment an aliquot of 10 ml/kg of seeds was found to be opti-
mum, whereas large quantity (150 ml) was required for root dip treatment of seed-
lings to be planted in 1 ha. Storage of liquid formulation up to 6 months did not have 
any negative effect on bacterial cell viability. Incidence of tomato Fusarium wilt 
disease was reduced to the maximum extent (4.8 %), when a combination of seed 
treatment, seedling root dipping and soil drenching with liquid formulation of Pf1 
was applied under  fi eld conditions (Manikandan et al.  2010  ) . It remains to be 
demonstrated whether the bene fi t-cost ratio is favorable for undertaking the seed-
ling root dipping and soil application treatments which are quite cumbersome and 
expensive.  

     Bacillus  spp. 

 The ubiquitous presence of  Bacillus  spp. in almost all agricultural soils and 
extremely large range of environments has prompted the researchers to examine 
their potentiality as biological control agents and plant health promoters. The US 
Food and Drug Administration (USDFA) has granted the “generally regarded as 
safe (GRAS)” status to  Bacillus subtilis  which has been recognized as non-
pathogenic organism which is one of the essential characteristics for development 
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as a biopesticide.  Bacillus  spp. have the capacity to produce spores which are 
extremely resistant to high temperatures, pH variations, lack of nutrients and water. 
The spores are produced, when the environmental conditions become unfavorable, 
helping the bacteria to survive in the phytosphere (Piggot and Hilbert  2004  ) . These 
characteristics facilitate post-culture conditioning as bacterial suspensions can be 
converted into “easy-to-handle” powder formulations without signi fi cant bacterial 
cell mortality observed in the case of non-sporulated bacterial species (Lolloo et al. 
 2010  ) . Shelf-life of bioformulations based on sporulated bacteria is generally longer 
and need less storage precaution compared to other products prepared from living 
microorganisms. Furthermore,  B .  subtilis  has several characteristics that enhance its 
survival in the rhizosphere like the ability to live as a facultative anaerobe surviving 
under low oxygen availability (Nakano and Hulett  1997 ; Losick and Kolter  2008  ) . 
 Bacillus subtilis  has been reported to suppress the development of crop diseases 
through different mechanisms.  B .  subtilis  strain BacB reduced the severity of sugar 
beet Cercospora leaf spot disease caused by  Cercospora beticola  (Collins et al. 
 2003  ) , while the strain CL127 reduced the infection of seedling by  Botrytis cinerea  
(Leifert et al.  1995  ) . The strain GA1 could colonize apple fruit tissues resulting in 
signi fi cant reduction in gray mold disease caused by  B .  cinerea  (Toure et al.  2004  ) . 
Since different strains of  Bacillus subtilis  act on the fungal pathogens either directly 
by producing antifungal compounds or indirectly by enhancing the growth and/or 
its resistance of plants to plant pathogens, it is necessary to identify the species/
strains of  Bacillus  precisely to maintain purity of ef fi cient strains by eliminating the 
less ef fi cient or inef fi cient strains. 

  Bacillus subtilis  isolate S1-2010 effective against  Botrytis cinerea  causing gray 
mold disease of strawberry was identi fi ed based on biochemical, morphological and 
cultural characteristics. Further, the identity of the isolate was con fi rmed with 16S 
rRNA sequence analysis using NCBI BLAST searching tool. The sequence showed 
more than 99 % homology with the authentic strain of  B .  subtilis  (Hang et al.  2005  ) . 
Suppressive subtractive hybridization (SSH) was employed to identify genetic 
markers associated with biological control activities of  Bacillus subtilis  strains. The 
genomes of two commercialized strains GB03 and OST713 were compared with 
that of strain 168 which showed no biocontrol activity, in order to have a pool of 
DNA fragments unique to the selected biocontrol strains. Sixteen subtracted DNA 
fragments shared a high degree of similarity to sequences found in multiple  B .  sub-
tilis  strains with proven biocontrol potential. Oligonucleotide primers speci fi c to 
nine genes involved in biocontrol activity of  Bacillus  strains were developed. The 
targeted  fi ve genes involved in antibiotic synthesis and four additional genes not 
previously associated with biocontrol were identi fi ed. All nine markers were 
ampli fi ed from the commercial strains GB03, OST713 and MB1600. Strains scored 
positive for the ampli fi able markers generally were more effective at inhibiting the 
growth of  Rhizoctonia solani  and  Pythium ultimum  that infected several crops, than 
other  Bacillus  isolates that lacked the genetic markers identi fi ed in this investiga-
tion. The diversity of marker sequences could be used as a criterion for selecting 
novel strains that might be more suitable for different biocontrol applications (Joshi 
and McSpadden Gardener  2006  ) . 
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  Bacillus -based formulations have been shown to have certain advantages over 
 Pseudomonas -based products. The durability of  Bacillus  spores allows some 
processes that may be chemically, physically or environmentally more severe which 
are not feasible for formulating less resistant microbial biomass, as in the case of 
 Pseudomonas  sp. and  Bacillus  sp. that have effectively reduced the incidence and/
or severity of plant diseases. They have been formulated using clay, peat, chitin, 
methylcellulose, vegetable oil, peptone, polyvinylpyrrolidone. The biomass viability 
has to be preserved during different stages of formulation like stabilization, drying 
and rehydration to optimize fermentation. The fermentation procedures should be 
designed to maximize the production of ef fi cient endospores rather than vegetative 
bacterial cells. Production of endospores of  Bacillus subtilis  from distillery ef fl uent 
was optimized using experimental designs the results of which could be analyzed 
statistically. Variables in fl uencing spore production such as ammonium sulfate, 
MgSO 

4
  and corn  fl our were predicted using Box-Behnken design. The optimum 

values for the variables were obtained. Under the predicted optimum conditions, the 
spore concentration attained was 6.95 × 10 8  spores/ml (Shi and Zhu  2007  ) . The UV 
light may have a devastating effect on the survival of microbial cells. The ability of 
a water-soluble sodium salt of lignin and the optical brightener Blankophor BBH 
(Sigma, Detroit, USA) as UV protectants to aid the survival of dried cells of 
 B .  subtilis  OH131.1 exposed to sun light was assessed, using microplates. In vitro, 
lignin and BBH enhanced the survival of dried cells of all concentrations tested, 
when cells were exposed to 6 h of UV treatment (Schisler et al.  2004  ) . 

 The strain of  Bacillus subtilis  used for seed treatment suppressed the develop-
ment of damping-off pathogen  Pythium aphanidermatum , infecting tomato. 
Formulations based on talc, lignite, lignite +  fl yash, bentonite and polyethylenegly-
col (PEG) as wettable powder and water-dispersible tablet were evaluated for their 
ef fi cacy, after different intervals of storage for 2 years. The BCA population in the 
formulations remained at high level for 2 years of storage at 28 °C (room tempera-
ture). There was no reduction in the antagonistic ability for 1 year in the lignite, 
lignite +  fl yash, bentonite paste, wettable powder and water-dispersible tablet 
formulations. Damping-off incidence in tomato was signi fi cantly reduced by seed 
treatment with these formulations which also enhanced the plant biomass under 
 fi eld conditions.  B .  subtilis  strain actively colonized the rhizosphere of tomato plants 
growing from seeds (Jayaraj et al.  2005  ) . Formulations of  B .  subtilis  prepared using 
glucose, talc and peat were applied as soil and seed treatments for suppressing the 
development of  Fusarium oxysporum  f.sp.  lentis  (FOL), causing wilt disease of 
lentil. Seed treatment signi fi cantly increased the biocontrol activity against FOL, 
compared with unformulated bacterial suspension. The formulations decreased the 
severity of disease by reducing the pathogen colonization of host plant roots and by 
promoting the growth of the plants. Formulations based on glucose and talc were 
more effective than peat-based formulation (El-Hassan and Gowen  2006  ) . Plant 
growth-promoting rhizobacteria (PGPR) have been marketed as inoculants or 
plant strengthening agents or biofertilizers because of their bene fi cial effects on plant 
growth, in addition to their biocontrol potential against plant pathogens. One of the 
 fi rst widely marketed PGPR was a strain of  Bacillus sutilis  produced by Gustafson 
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Inc., as Kodiak. This product was applied primarily for seed treatment. These organ-
isms (usually mixtures of strains) have the ability to promote growth of plants and 
root development, induce systemic resistance and other possible bene fi cial effects. 
In Europe, in order to meet the registration requirements, the liquid products of 
PGPR are mixed with other bene fi cial organisms such as  Trichoderma -compatible 
strains of  B .  subtilis  and mycorrhizal fungi which permit sales as a biofertilizer 
under European guidelines. The combination of organisms could provide bene fi ts 
that single organisms are unlikely to offer. This system received widespread accep-
tance in many other countries like Egypt, Chile, Argentina, Brazil, Peru, Colombia 
and China. With the use of these bioproducts, use of chemicals was almost totally 
dispensed with and yields were increased appreciably with less cost to the farmers 
(Harman et al.  2010  ) . 

  Bacillus subtilis  S1-0210 was selected, because of its inhibitory effect on the 
mycelial growth of  Botrytis cinerea  in in vitro assays. A wettable formulation of the 
strain S1-0210 was prepared by mixing with inert ingredients bean  fl our, rice  fl our, 
glucose, FeSO 

4
 ·7H 

2
 O and MnCl 

2
 ·4H 

2
 O. The wettable powder effectively suppressed 

gray mold disease development on leaves and fruits of strawberry under greenhouse 
conditions. At 35 days after inoculation with  Botrytis cinerea , incidence of gray 
mold disease on wettable powder-treated plants was 12.1 % as against 93.1 % in 
untreated controls. Pretreatment with the formulation was more effective than when 
applied as curative treatment (Table  5.1 ). The wettable powder treatment containing 
strain S1-0210 under  fi eld conditions was able to reduce the gray mold disease inci-
dence signi fi cantly with a control ef fi cacy of 70 %. There was signi fi cant difference 
in the ef fi cacy of biocontrol formulation and fungicide (diethofencab-carbendazim) 
in reducing gray mold infection on leaves and fruits. The results indicated the poten-
tial of  B .  subtilis  S1-0210 in suppressing the development of gray mold disease of 
strawberry both under  fi eld conditions and in conventional storage conditions (Hang 
et al.  2005  ) . The process of microencapsulation involves the use of biodegradable 
matrix based on chitosan, guar gum, arabic gum, sodium alginate and other biopo-
lymers for formulating biocontrol agent. The microencapsulation offers protection 

   Table 5.1    Effect of wettable powder (WP) formulation of  Bacillus subtilis  S1-0210 on incidence 
of gray mold disease on strawberry under greenhouse conditions (Hang et al.  2005  )    

 Treatments 

 Gray mold disease incidence (%) 

 21 DAI  35 DAI 

 Fruit  Leaf  Fruit  Leaf 

 Control  5.3 a  0.0 a  8.0 a  0.0 a 
 Pathogen alone  92.6 b  70.6 b  93.1 b  93.3 c 
 WP + pathogen  2.9 a  0.0 a  11.4 a  0.0 a 
 Pathogen + WP  4.0 a  0.0 a  12.1 a  3.0 a 
 Fungicide + pathogen  7.4 a  0.0 a  6.7 a  0.0 a 
 Pathogen + fungicide  4.0 a  0.0 a  7.1 a  0.0 a 

  Means of treatment followed by the same letter in the same column are not signi fi cantly different 
as per Duncan’s multiple range test (DMRT) at P = 0.05 
 DAI days after inoculation, WP wettable powder,  Fungicide  diethofencarb-carbendazim WP  
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to the BCAs against environment stress and enables slow release of the BCAs 
slowly. The microcapsules containing the BCA can be stored for long periods at 
room temperature (Bashan et al.  2002 ; Puoci et al.  2008  ) . Spores were mixed with 
calcium chloride and sodium alginate to form microcapsules and dried at 72 °C for 
72 h. The microcapsules (MIC) were dissolved in sodium bicarbonate solutions 
(4 %) and numbers of spores were determined under the light microscope. 
Application of MIC containing strains of  B .  subtilis  reduced the incidence of 
Fusarium wilt caused by  Fusarium oxysporum  f. sp.  lycopersici  and root rot caused 
by  Rhizoctonia solani  in tomato and also exerted positive effects on plant growth, 
leaf area, biomass and tomato yield (Nihorimbere et al.  2010  ) . In another investiga-
tion,  B .  subtilis  applied as MIC for seed treatment of tomato seeds reduced the 
incidence and severity of diseases caused by  Fusarium oxysporum  f. sp.  lycopersici  
and  R .  solani . Further, plant growth, aerial and root dry weight, leaf area and fruit 
yield were signi fi cantly increased due to MIC treatment compared with untreated 
controls. The results showed that formulation of  B .  subtilis  as MIC could be a fea-
sible approach for the management of two important diseases of tomato, in addition 
to enhancement of tomato yields (Hernández-Suárez et al.  2011  ) .  

 Rice sheath blight disease caused by  Rhizoctonia solani  is one of the important 
diseases seriously affecting rice production in several countries.  Bacillus megate-
rium  was formulated and tested under greenhouse and  fi eld conditions against 
sheath blight disease. The freshly prepared bacterial suspension and formulated 
product were effective in suppressing the development of rice sheath blight disease 
under greenhouse conditions. However, the formulated product was not able to sup-
press the development of sheath blight disease under  fi eld conditions, possibly due 
to dilution and inactivation of antibiotics produced by  B .  megaterium  in the aquatic 
environment in the rice  fi elds and climatic conditions that were not favorable for 
the persistence of  B .  megaterium  (Pengnoo et al.  2000  ) . In a later investigation, 
 B .  megaterium  was formulated as  fl oating pellets and water-soluble granules. Their 
ef fi cacy in suppressing the development of rice sheath blight disease was evaluated 
under both greenhouse and  fi eld conditions. The  fl oating pellet formulation was 
prepared using an extrusion-spheronization process. The water-soluble granule for-
mulation contained lactose, polvinylpyrrolidone, sodium alginate and BCA suspen-
sion. Under  fi eld conditions,  fl oating pellet formulation was placed at the center of 
each rice hill on top of the inoculum of  R .  solani . Water-soluble granule formulation 
(10 g/100 ml) was sprayed using a knapsack sprayer. The  fl oating pellet formulation 
was as effective as the fungicide iprodione in suppressing the sheath blight disease 
under greenhouse conditions. But when sprayed onto rice plants under  fi eld condi-
tions, the water-soluble granule formulation was no more effective than the  fl oating 
pellet formulation and suppressed the development of sheath blight disease as 
ef fi ciently as iprodione based on the percentage of rice tillers affected by  R .  solani  
(Table  5.2 ). When sprayed, the granule formulation might be deposited on various 
rice plant tissues such as leaf sheath and leaf blade, making it more effective 
(Kanjanamaneesathian et al.  2007  ) . In a later study, seed treatment with water-soluble 
granule formulation of  B .  megaterium  (1 g/100 g seed) followed by three sprays at 
seedling, tillering and  fl owering stages (200 g/20 l) was effective against rice blast 
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( Pyricularia oryzae ) and sheath blight diseases, when recommended N-fertilizer 
was applied and weeds were adequately controlled. This schedule of application of 
the BCA has been recommended to the farmers for adoption in their  fi elds 
(Kanjanamaneesathian et al.  2009  ) .  

 Combinations of strains of  Bacillus subtilis  (GB03),  B .  pumilus  (SE34, INR 7 
or T4) and  B .  amyloliquefaciens  (IN937) were formulated using chitosan as 
carrier. The formulation of two strains of the above mentioned  Bacillus  spp. and 
chitosan was named as biopreparation. Five biopreparations containing two strains 
each were used to treat tomato plants. When the plants were challenged with 
 Cucumber mosaic virus  (CMV) biopreparation-treated plants had signi fi cantly 
greater fresh weight and  fl ower and fruit numbers than the untreated tomato plants. 
Treatment with biopreparations reduced CMV disease severity ratings signi fi cantly 
at 14 and 28 days post-inoculation (dpi). Accumulation of CMV in young nonin-
oculated leaves in biopreparation-treated plants was signi fi cantly less as revealed 
by enzyme-linked immunosorbent assay (ELISA). The biopreparation-treated 
plants were phenotypically and perhaps developmentally, similar to plants that 
were 10 days older. The results suggested that biopreparation formulation might 
result in increased resistance level in treated plants against  Cucumber mosaic 
virus  infection (Murphy et al.  2003  ) .  

     Paenibacillus  spp. 

  Paenibacillus polymyxa  strain E681, a PGPR earlier showed antagonistic properties 
and suppressed the development of pre- and post-emergence damping-off disease of 
cucumber and pepper. But seed treatment with strain E681 alone did not provide 
consistent protection to sesame plants. Hence, the effect of pelleting with strain 
E681 on disease suppression was assessed. A combination of clay and vermiculite 
was applied to enhance seed germination and root colonization on sesame by the 

   Table 5.2    Field evaluation of  B .  megaterium  formulations for their ef fi cacy in suppressing the 
development of rice sheath blight disease (Kanjanamaneesathian et al.  2007  )    

 Treatments/concentrations 
 Percentage of tillers 
with sheath blight symptoms  Lesion length (cm) 

 Floating pellet 
 10 g  82.3 b  16.6 b 
 20 g  84.5 ab  16.2 b 
 30 g  79.9 b  15.1 c 
 Water-soluble granules 
 100 ml  80.1 b  13.8 d 
 200 ml  70.6 c  13.6 d 
 300 ml  50.6 d  12.9 d 
 Iprodione  55.7 d   8.5 e 
 Control (pathogen alone)  92.5 a  18.7 a 

  Means followed by the same letter are not signi fi cantly different as per Duncan’s multiple range 
test (DMRT) at P = 0.05  
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strain E681. Seed pelleting with E681 signi fi cantly reduced the disease incidence in 
conducive soil. Under  fi eld conditions, pelleting of sesame seeds with strain E681, 
promoted plant growth and increased the yield levels also. The results indicated that 
application of  P .  polymxa  strain E681 via seed pelleting offered effective solution 
for disease problem associated with successive years of sesame cultivation (Ryu 
et al.  2006  ) . The effects of two milling methods and  fi ve surfactants were assessed 
on the suspensibility of a wettable formulation of  Paenibacillus polymyxa  HY96-2 
( P .  polymyxa  original powder or PPOP). The suspensibility of PPOP was signi fi cantly 
improved by both hammer milling and jet milling respectively from 8.1 to 26.4 % 
and 58.3 %, while no adverse effect on spore viability could be noted. The surfac-
tants EFWR, D-425R, sodium dodecylbenzene sulfonate, tea saponin and sodium 
lignosulphonate and D-425 mixed with jet-milled powder (JMP) were evaluated for 
their effect. Sodium lignosulphonate and D-425 were equally effective and better 
than the other surfactants tested in improving the suspensibility of the wettable 
formulation of strain HY96-2. Further, sodium lignosulphonate exhibited best 
biocompatibility and spore viability values of JMP mixed with this (1–10 % w/w) 
were over 95 %. The results suggested that jet milling and sodium lignosulphonate 
might synergistically improve the suspensibility of  P .  polymyxa  wettable powder 
without any detectable adverse effect on the spore viability (Liu et al.  2011  ) .  

     Serratia  spp. 

 Among  Serratia  spp.,  S .  plymuthica  is classi fi ed into the risk group1 by the DSMZ 
(German Collection of Microorganisms and Cell Cultures), indicating that this spe-
cies does not inadvertently pose a threat to human health. There appears to be no 
compelling evidence that  S .  plymuthica  is capable of causing human infections. 
Different strains of  S .  plymuthica  has been reported to be effective in reducing the 
incidence of diseases caused by  Rhizoctonia solani,   Phytophthora cactorum,  
 P .  capsici,   Magnaporthe grisea,   Botrytis cinerea,   Verticillium dahliae  and  Sclerotina 
sclerotiorum  (Vleesschauwer and Höfte  2007  ) . A well-characterized strain of 
 S .  plymuthica  HRO-C48 effectively reduced the infection of strawberry by 
 Verticillium dahliae , causing wilt disease and  Phytophthora cactorum , inducing root 
rot disease by 18.3 and 33.4 % respectively. The bene fi cial effect of  S .  plymuthica  on 
strawberry was indicated by an increase in yield by 60 %, compared with untreated 
controls (Kurze et al.  2001  ) . A commercial product containing  S .  plymuthica  HRO-
C48 named as RhizoStar® was developed (European patent 98124694.5) by e-nema 
GmbH, Raisdorf, Germany. The biocontrol activity of  Serratia plymuthica  A21-4 
against  Phytophthora capsici  causing pepper (chilli) Phytophthora blight disease 
was enhanced by modifying the minimal medium and the buffer for multiplying the 
BCA. Sodium citrate buffer replaced MgSO4 in buffer. The newly formulated buf-
fer solution for suspending the bacterial cells enhanced the biocontrol ef fi cacy even 
at 100 × lower concentration. This  fi nding was considered to be crucial for produc-
ing the commercial product of  S .  plymuthica  A21-4 (Shen et al.  2005  ) .  Serratia 
marcescens  was found to have high potential as a biocontrol agent against  Fusarium 
oxysporum  f.sp.  cubense , causing the Panama (Fusarium) wilt of banana. Bentonite, 
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a montmorillonite clay was selected as the carrier, non-fat skimmed milk (NFSM) 
and sucrose as enrichment materials and para-aminobenzoic acid (PABA) as a 
UV-protectant. The components of the formulation of  S .  marcescens  were not 
particularly bene fi cial for storage stability, but they offered more bene fi ts to the 
bacterial cells as protectants against UV light, when the formulation was applied 
under  fi eld conditions. Bentonite-clay was shown to have protectant effects against 
UV, higher temperature and desiccation. Sucrose added to the cell suspension con-
tributed to the bacterial cell viability. The additive material PABA was found to have 
antimicrobial effect on the formulated cells. The results showed that bentonite and 
sucrose contributed signi fi cantly to protection against UV light and viability of cells 
of  S .  marcescens  (Ting et al.  2009 ).   

    Formulations of Bacterial Biocontrol Agents Effective 
Against Postharvest Diseases 

     Pseudomonas  spp. 

 Mass multiplication of biocontrol agents is the basic requirement in the process of 
formulation and commercialization of bioproducts. Combinations of two carbon 
(sucrose and molasses) and two nitrogen (urea and yeast extract) sources were eval-
uated for their ef fi cacy in rapid biomass production of the bacterial biocontrol agent 
 Pseudomonas  fl uorescens  P-35, using nutrient broth as control. The medium con-
taining molasses and yeast (MY) extract (1:1, w/w) stimulated the growth of the 
strain P-35 attaining high quantities of biomass. The biocontrol ef fi cacy of P-35 
grown in MY was higher than when grown in other combinations of carbon and 
nitrogen sources. The percentage of fruits showing decay caused by  Botrytis cinerea  
(gray mold disease) was 38.6 %, compared to 100 % infection in control treatment, 
after 10 days of incubation. The strain P-35 exhibited good biocontrol ef fi cacy after 
growing in MY for 20 days. The antagonist development was inhibited by the pres-
ence of urea (Peighami-Ashnaei et al.  2009  ) . The nutritional requirements, opti-
mum temperature, pH, and other conditions for the rapid multiplication of biocontrol 
agents have to be determined. The compounds that differentially stimulate growth 
of the antagonist with no detectable stimulatory effect on the target pathogen were 
identi fi ed for  Pseudomonas syringae  strain L-59-66 that was found to be effective 
against  Penicillium expansum  causing apple blue mold disease. The BCA occurred 
naturally on fruit trees and was capable of controlling postharvest diseases of pear 
and citrus fruits. A formulation of  P .  syringae  compatible with practices followed 
in packing houses was developed (Janisiewicz  1994  ) . A biocontrol product was 
commercialized under the name Bio-Save11, from a formulation containing 
 P .  syringae  by EcoSience Corporation.  P .  syringae  strain L-59-66 (renamed as strain 
ESC-11) controlled blue mold ( Penicillium expansum ), gray mold ( Botrytis cinerea ) 
and mucor rot ( Mucor  spp.) on apple and pear (Janisiewicz and Jeffers  1997  ) . 

  Pseudomonas syringae  ESC-11 sold as Biosave 110 was recommended for 
postharvest decays of pear and apple.  P .  syringae  strain ESC-10 was effective 
against citrus rots and it was marketed as BioSave 100 (Janisiewicz and Jeffers  1997  ) . 
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The strain ESC-11 was able to reduce the crown rot of banana caused by a complex 
of fungi including  Fusarium semitectum  and  F .  moniliforme . In addition, potato 
dry rot caused by  F .  sambucinum  could also be suppressed by the strain ESC-11. 
Furthermore, the growth of the foodborne pathogen  Escherichia coli  0157:H7 in 
apple wounds could be prevented by applying the strain ESC-11 (Kenwick and 
Jacobsen  1998 ; Janisiewicz et al.  1999 ; Williamson et al.  1999  ) . The powder 
formulation of BioSave 11 was effective as the unformulated laboratory wet prep-
arations in controlling blue mold and gray mold in Golden Delicious and Red 
Delicious apples. Formulating  P .  syringae  strain ESC-11 into a powder did reduce 
its growth and survival in fruit wounds, but it was effective in protecting the fruits 
against postharvest pathogens. Hence, the commercial product has the potential to 
replace synthetic fungicides used for the control of fruit rots (Janisiewicz and 
Jeffers  1997  ) .  

     Pantoea  spp. 

  Pantoea agglomerans  has been shown to be antagonistic to a many postharvest 
pathogens affecting pome fruits and citrus. The carbon and nitrogen sources that 
favored maximum biomass production of  P .  agglomerans  strain CPA-2 were deter-
mined. A combination of nitrogen sources such as yeast extract (5 g/l) and dry beer 
yeast sources such as yeast extract (10 g/l) with inexpensive carbohydrates such as 
sucrose (10 g/l) and molasses (20 g/l) was found to be suitable for the mass multi-
plication of this bacterial BCA which was effective against  Penicillium digitatum  
and  P .  italicum  infecting oranges. This investigation provided a reliable basis for a 
scale-up of the fermentation process to an industrial project (Costa et al.  2001  ) . The 
bacterial species employed as biocontrol agents have to be protected against freeze-
drying injury in order to preserve the cell viability and to enhance the shelf stability 
of formulated products. The viability of the biocontrol agents may be enhanced by 
using freeze-drying protective agents and rehydration media. Maximum protection 
from freeze-drying injury to the bacterial antagonist  P .  agglomerans  strain CPA-2 
was provided by trehalose (5 %) with a survival of over 60 % of the bacterial cells. 
Skimmed milk (10 %) was found to be the most effective rehydration medium from 
which 100 % of the freeze-dried bacterial cells could be recovered.  P .  agglomerans  
CPA-2 reduced blue mold and gray mold diseases of pome fruits signi fi cantly (Costa 
et al.  2000  ) . Further study showed that freeze-dried cells of  P .  agglomerans  could 
be stored in glass vials or in high barrier plastic bags at 4 °C for 3 months without 
any loss of the biocontrol activity against  Penicillium digitatum  (Costa et al.  2002  ) . 

 A talc-based formulation of  Pantoea agglomerans  strain Eh 24 effectively sup-
pressed the development of  fi re blight disease in pear blossoms. The bacterial cells 
could survive in talc-based formulations for more than 120 days at 4 °C. Addition 
of glycerol to the BCA cell suspension appeared to increase long-term survival of 
the strain Eh 24. The moisture content of the formulation was maintained at 15 % 
after drying. The talc-based formulation of Eh 24 at a concentration of 10 8  CFU/ml, 
signi fi cantly reduced the blossom blight of pear under  fi eld conditions. The popula-
tion of Eh applied on pear blossoms increased from 2 × 10 4  CFU/blossom to 



1575.1 Development of Formulations

1.3 × 10 6  CFU/blossom over a period of 18 days (Fig.  5.1 ) (Özaktan and Bora  2004  ) . 
 P. agglomerans  strain E325 forms the active ingredient of a commercial product 
effective against  Erwinia amylovora , causing  fi re blight disease of apple and pear. 
Osmoadaptation involving the combination of saline osmotic stress and osmolyte 
amendment to growth media was investigated for improving the epiphytic coloniza-
tion of E325 on apple  fl owers, particularly in dry climates. E325 was osmoadapted 
in nutrient yeast dextrose broth and the commercial fermentation medium, amended 
with NaCl and glycine betaine. The BCA was cultured and freeze-dried with cryo-
protectants at an ARS-USDA laboratory and commercial facility prior to treating 
apple  fl owers in an orchard where relative humidity averaged <50 %. Osmoadaptation 
generally did not affect colonization of E325 on  fl ower stigmas or near-rich hypan-
thia on orchard  fl owers and on detached crab apple  fl owers. The exception was the 
signi fi cant advantage of osmoadapted E325 on hypanthia of detached  fl owers at 
70 % RH, resulting in osmotic conditions marginally conducive for bacteria. 
Osmoadaptation proved most bene fi cial for enhancing E325 survival during freeze-
drying and storage prior to orchard application. Osmoadaptation complemented 
cryoprotection, by improving overall stability of freeze-dried preparations of 
 P .  agglomerans  strain E325 (Pusey and Wend  2012  ) .  

 The survival and effectiveness of different formulations of  Pantoea agglomerans  
against  Penicillium  spp. infecting citrus was assessed using different preharvest 
treatments. High sensitivity of non-adapted and osmotic-adapted  P .  agglomerans  
cells to environmental conditions existing in the  fi eld was observed. Dry conditions 
and solar radiation were found to signi fi cantly affect population of BCA cells. 
Different formulation strategies were evaluated for their ef fi cacy in improving the 
resistance of BCA cells to unfavorable environmental conditions. Osmotic-adapted 
 P .  agglomerans  cells in the presence of NaCl (25 g/l) in the production medium or 
at water activities (a 

w
 ) of 0.98 had higher survival rates than non-adapted cells, 

when these cells were sprayed on oranges and stored hermetically sealed chambers 

  Fig. 5.1    Assessment of population sizes of  Pantoea agglomerans  in pear blossoms at different 
dates after treatment based on isolation using sucrose nutrient agar (SNA) medium supplemented 
with streptomycin (Courtesy of Özaktan and Bora  2004  and with kind permission of the Brazilian 
Journal of Microbiology, Brazil)       
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at a low RH (43 %). Of the seven additives tested, Fungicover (5 %) added to the 
bacterial suspension enhanced the adherence and persistence of bacterial cells on 
oranges exposed to unfavorable conditions. Lyophilization of cells also improved 
the resistance of BCA cells to unfavorable conditions compared with fresh cells. 
The results indicated that the formulation strategies that could improve the resis-
tance levels of BCA to unfavorable conditions have to be applied for effective man-
agement of diseases occurring at postharvest stages (Cañamás et al.  2008a  ) . In a 
later investigation, by modifying growth media or temperature during growth period, 
the cell viability of  P .  agglomerans  in spray-dried formulations could be improved. 
 P .  agglomerans  grown during 48 h in NaCl 0.97 a 

w
 -modi fi ed medium could increase 

their viability after spray-drying the formulation from 6 % in unmodi fi ed medium 
to nearly 30 % without affecting their biocontrol potential. The effect of combina-
tion of thermal and osmotic stress was assessed to improve effectiveness of  fl uidized 
bed drying formulations of  P .  agglomerans . By using NaCl to adjust a 

w
  to 0.988 in 

the growth medium and increasing the temperature to 35 °C during 1 h in the early 
stationary phase, it was possible to obtain an effective formulate with only 0.5 log 
reductions during  fl uidized bed drying process (Usall et al.  2010  ) .  

     Bacillus subtilis  

  Bacillus subtilis  strain CPA-8 is effective in suppressing the development of post-
harvest pathogen  Monilinia fructicola  infecting peaches. A low cost medium based 
on commercial products and by-products was developed to maximize the growth of 
the strain CPA-8 and to maintain its biocontrol ef fi cacy. Low cost media containing 
economical nitrogen and carbon sources such as yeast extract, peptone, soy prod-
ucts, sucrose, maltose and molasses were evaluated. Maximum cell growth 
(>3 × 10 9  CFU/ml) was obtained in defatted soy  fl our (44 %) combined with sucrose 
or molasses media. CPA-8 production was scaled up in a 5-1 fermentor and the 
bacterial BCA population on dynamics, pH and oxygen consumption in optimum 
medium was recorded. Bacterial cell suspensions and cell-free supernatants from 
CPA-8 grown in optimized medium maintained their biocontrol ef fi cacy against 
 M .  fructicola  on peaches, resulting in reduction of disease incidence up to 95 %. 
Population of the BCA survived in wounds on inoculated peaches, regardless of the 
culture media used. It is possible to mass multiply  B .  subtilis  CPA-8 in a low cost 
medium combining inexpensive nitrogen and carbon sources in shake  fl asks and a 
laboratory fermentor (Yánez-Mendizábal et al.  2012  ) .     

    5.1.3   Combination of Bacterial and Fungal Biocontrol Agents 

 Rice sheath blight disease caused by  Rhizoctonia solani  is one of the major diseases 
in several countries. The ef fi cacy of the formulated product based on  Bacillus mega-
terium ,  B .  subtilis  and  Aspergillus niger  was assessed. Application of talc-based 
formulation of individual antagonists and mixtures of the bacterial and fungal 
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antagonists as spray or soil application were effective in reducing the disease 
incidence up to 45 % at 27 days after inoculation of  R .  solani  and the grain yield due 
to application of BCA formulations was also increased. Optimum sporulation con-
ditions, antagonists for preparation of spore-based formulations and their commer-
cially desirable features such as the ability to maintain spore viability in storage 
were determined. Culturing in the synthetic replacement sporulation medium 
(SRSM-2) for 72 h was the most effective for sporulation of  B .  megaterium  and 
 B .  subtilis , whereas culturing  A .  niger  in PDA for 7 days was effective for high 
sporulation. The talc-based formulations of all antagonists either in refrigerated 
storage (4 °C) or at room temperature (28 ± 2 °C) retained greater spore viability 
over a longer period (>6 months) than spore suspension. The bacterial spore-based 
formulations are more desirable than those based on vegetative cells, because of their 
longer survivability under natural  fi eld conditions (Soe and De Costa  2012  ) .   

    5.2   Delivery Systems for Formulated Products 

 Biotic biological control agents (BCAs) after assessing their potential against target 
pathogen(s), are formulated by applying various procedures. These formulated 
products are applied to soils, seeds or propagative materials such as tubers, bulbs, 
rhizomes and setts, and plants either as protective or curative treatments. Their 
ef fi cacy in reducing the disease incidence and/or severity is compared with the 
unformulated fresh fungal or bacterial species to determine the extent of loss of 
biocontrol activity, if any, due to the process of formulation and storage for various 
duration. Commercially available products are evaluated by state-owned research 
institutions, before they are recommended for use by farmers. 

    5.2.1   Seed Treatment 

 Seeds are treated with liquid, powder or granular formulations containing single or 
mixture of strains of fungal or bacterial biocontrol agents. Seed treatment with 
biocontrol products has been the most common method of application, since it is 
easier and more economical especially, when the target pathogens are soilborne. 
Seed treatment not only tackles the pathogens present on or in the seeds, but also 
protects the emerging young seedlings against the pathogens surviving in the soils. 
Treatment of seeds with plant growth-promoting rhizobacteria (PGPR) has been 
carried out for suppressing the development of pathogens causing diseases that 
affect different plant parts such as roots, stem, foliage and in fl orescence. The PGPRs 
are effective against different kinds of pathogens because of their multiple modes of 
action such as antagonism, competition for nutrients and space and induction of 
resistance in plants growing from treated seeds. Both fungal and bacterial biocontrol 
agents have been shown to be effective in reducing the incidence and/or severity of 
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diseases following seed treatment.  Trichoderma viride,   T .  harzianum,   T . ( Gliocladium ) 
 virens,   Gliocladium catenulatum,   Pseudomonas  fl uorescens,   Bacillus subtilis,  
 B .  pumilus  and  Streptomyces griseoviridis  have been reported to be effective against 
soilborne pathogens causing seed rot, root rot and wilt diseases. Parasitism and 
antagonism by producing different antimicrobial compounds may be the more common 
mechanism of biocontrol activity of fungal agents. On the other hand, production of 
antimicrobial substances that have direct action on the pathogens and induction of 
resistance in plant hosts against pathogens are primarily associated with bacterial 
agents. 

 The biocontrol agents (BCAs) are applied as spore suspensions or dry powder to 
coat the seeds. The seeds are soaked in the spore suspension and air-dried before 
sowing. Coating or pelleting of seeds with BCAs may ensure the presence of the 
antagonists on or near the seed for longer periods after sowing and irrigation. 
Various kinds of stickers such as carboxymethyl-cellulose (CMC) (1 %), methocel 
(2 %), polysulf (0.8 %) and polyvinyl alcohol (20 %) have been used for ef fi cient 
adherence of the BCA to seed surfaces. Several biocontrol agents like  Chaetomium,  
 Gliocladium,   Penicillium,   Pseudomonas  and  Trichoderma  have been reported to be 
effective, following seed treatment for the control of several destructive crop dis-
eases. Treatment of cotton seeds with  Trichoderma  ( Gliocladium )  virens  or  Bacillus 
subtilis  reduced colonization of roots by  Fusarium oxysporum  f.sp.  vasinfectum , 
resulting in lower levels of disease incidence and severity (Zhang et al.  1996  ) . The 
corn damping-off disease caused by  Pythium ultimum,   P .  arrhenomanes  and 
 Fusarium graminearum  was more effectively controlled by coating the seeds with 
 T .  virens  isolate Gl.3, resulting in greater seedling stand, plant height and reduction 
in root rot severity, compared to the fungicide captan or other antagonists tested 
(Mao et al.  1997  ) . The biocontrol potential of  Bacillus  sp. strain L324-94 for the 
control of Pythium root rot caused by  P .  irregulare  and  P .  ultimum , Rhizoctonia 
root rot caused by  R .  solani  and wheat take-all disease caused by  Gaeumannomyces 
graminis  var.  tritici  was assessed. The plants growing from seeds coated with BCA 
were effectively protected from all three diseases, when the treated seeds were 
directly drilled into the soil in both winter and spring seasons. The strain L324-92 
could survive and proliferate at 4 °C in winter and later in the season also (Kim et al. 
 1997  ) . Seed treatment with BCAs may offer protection against foliage pathogens in 
certain cases.  Pseudomonas  fl uorescens  in coated rice seeds as a bacterial suspen-
sion or talc-based powder formulation spread to roots, stems and leaves of plants 
growing from the treated seeds and protected the plants growing from the treated 
seeds and protected the rice plants against  Rhizoctonia solani  causing sheath blight 
disease and  Magnaporthe grisea  causing rice leaf blast disease. This bacterial BCA 
may act on the pathogens by multiple modes of action such as inhibition of patho-
gen growth by producing antibiotics, siderophores and/or by inducing systemic 
resistance in rice plants against the pathogens. In addition to suppression of disease 
development, higher yield could also be obtained by the seed treatment with 
 P .   fl uorescens  (Mew and Rosales  1986 ; Vidhyasekaran et al.  1997  ) . 

  Trichoderma virens  was earlier considered to suppress the development of  Rhizo-
ctonia solani  infecting cotton seedlings by mycoparasitism and/or by producing 
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gliotoxin. However, by generating mutants incapable of being mycoparasitic or 
producing the antibiotics, it was shown that  T .  virens  was able to induce terpenoid 
phytoalexins in cotton seedlings and protect the cotton seedlings. Thus, the mecha-
nisms proposed earlier were found to be incorrect (Howell  2006  ) . Antibiotic-
producing isolates of  Streptomyces  spp. were used to treat the seeds of sugar beet 
tubers, a few weeks before harvest. The isolate J-2 was the most potent in inhibiting 
the germination of sclerotia in the soil and also effectively reduced the damping-off 
disease. The antifungal compounds produced by the isolate J-2 induced conspicu-
ous inhibition zones in the in in vitro assays. The BCA was able to multiply and 
survive in the rhizosphere soil from naturally infested soil for more than 3 weeks 
(Errakhi et al.  2007  ) . Treatment of barley seeds with  Pseudomonas chlororaphis  
MA342 was effective against net blotch disease caused by  Drechslera teres . 
Immediately after inoculation of seeds, the bacteria were present mainly under the 
seed glume, when the seeds were sown. Irregularly distributed area of bacterial 
aggregation were found, indicating the epiphytic colonization of glume cells. The 
bacteria were not seen within the embryo. Bacterial aggregates were regularly 
observed in the groove of each seed formed by the base of the coleoptiles and scutel-
lum, suggesting that the BCA could localize with the pathogen which facilitate the 
action of antifungal compounds produced by this BCA strain (Tombolini et al. 
 1999  ) .  Pseudomonas aeruginosa  strain 7NSK2 and  P .   fl uorescens  strain CHA0 
were compared for their ef fi cacy in reducing the intensity of symptoms induced by 
cotton bacterial blight disease caused by  Xanthomonas campestris  pv.  malvacearum  
( Xcm ). Cotton seeds were treated with the biocontrol agents after acid-delinting and 
neutralization of seeds.  P .  aeruginosa  was equally ef fi cient in inducing resistance to 
 Xcm  in cotton plants and also in increasing plant biomass (fresh weight) (Fallahzadeh-
Mamaghani et al.  2009  ) . Treatment of seeds with PGPR followed by drenching of 
roots of seedlings growing from treated seeds with BCA suspension was shown to 
induce systemic resistance (ISR) against virus diseases. Treatment of tobacco seeds 
and later the roots of seedlings with  Bacillus  spp. signi fi cantly increased the plant 
height and fresh weight. Severity of infection by  Tobacco mosaic virus  (TMV) was 
remarkably reduced at 28 days post-inoculation (dpi). Accumulation of TMV in the 
young non-inoculated leaves was greatly reduced for all plants treated with  Bacillus  
spp. Enhanced plant growth and reduction in virus disease severity might be due to 
a series of physiological and biochemical changes induced by the bacterial biocontrol 
agent (Wang et al.  2009  ) . 

 Biopriming of seeds is used commercially as a tool to increase speed and unifor-
mity of germination and to improve  fi nal stand under environmental stress condi-
tions. However, if the seeds are infected, biopriming can provide conditions favorable 
for development of the pathogens. Application of antagonistic microorganisms 
during biopriming may be considered as an environmentally friendly strategy for 
the control of seedborne pathogens, instead of chemicals. The solid matrix priming 
(SMP) method is combined with biological seed treatment to enhance the level of 
protection offered by BCAs to plants. This method involves soaking the seeds in a 
suspension of spores or cells of BCA (1 ml/4 kg seeds) followed by mixing the 
treated seeds with organic carriers such as sphagnum moss, bituminous coal or 



162 5 Development of Formulations and Commercialization

leonardite shale, using water to attain the  fi nal moisture content varying from 60 to 
90 %, depending on the nature of seeds. The mixtures are then incubated at 20 °C 
for 4 days, followed by planting them in the soil. This technique was employed for 
integrating seed treatment with  Trichoderma harzianum  and solid matrix priming 
(Harman and Taylor  1990  ) . Inoculation of seeds with BCAs in combination with 
priming has been shown to enhance their biocontrol potential especially against 
soilborne pathogens (Callan et al.  1990  ) . Isolates of  Clonostachys rosea  controlled 
pre- and post-emergence mortality of carrot seedlings by  Alternaria dauci  and 
 A .  radicina  as effectively as the fungicide iprodione. Isolate IK726 of  C .  rosea  was 
used in biopriming a seed lot with 29 %  A .  radicina  and 11 %  A .  dauci  (high level 
of infection) and a seed lot with 4 %  A .  radicina  and 7 %  A .  dauci  (low level of 
infection). The seeds were primed with water alone (hydropriming) or with addition 
of  C .  rosea  IK 726 (biopriming). During 14 days of hydropriming the incidence of 
 A .  radicina  and  A .  dauci  was dramatically increased to two- and  fi ve-folds respec-
tively, regardless of initial level of seed infection. In contrast, biopriming reduced 
the incidence of  A .  radicina  to 2.3 % and that of  A .  dauci  to 4.8 %, while the level 
of infection by both pathogens was reduced to <0.5 % on primed seeds with low 
level of seed infection (Jensen et al.  2004  ) . The conditions required for seed bioprim-
ing of oilseed rape ( Brassica napus ) to be more effective were studied for the bacte-
rial antagonists  Serratia plymuthica  and  Pseudomonas chlororaphis . The bacterial 
density in the biopriming suspension should be >10 9  CFU/ml for  S .  plymuthica  
and >10 8  CFU/ml for  P .  chlororaphis . Priming duration of 2–4 h was found to be 
optimum for  S .  plymuthica  and  P .  chlororaphis  respectively. Addition of MgSO 

4
  

supported the establishment of both BCAs and also improved seed germination. 
The optimum temperatures to be maintained were 28 and 22 °C respectively for 
 S .  plymuthica  and  P .  chlororaphis  respectively. The results indicated the need for 
standardization of conditions optimal for biopriming with different BCAs to achieve 
the best results (Abumasha et al.  2011  ) .  

    5.2.2   Treatment of Cuttings and Transplants 

 Asexually propagated plants, when infected by microbial pathogens, carry the infec-
tion to the subsequent generations through infected plant material such as tubers, 
rhizomes, corms, bulbs, cuttings or setts. These planting materials have to be treated 
with biocontrol agents to reduce or entirely eliminate the incidence of the diseases 
in the  fi elds. Treatment of sugarcane setts with a suspension of talc formulation of 
 Pseudomonas  fl uorescens  for 1 h, followed by incubation for 18 h prior to planting 
reduced the incidence of red rot disease of sugarcane caused by  Colletotrichum 
falcatum  under  fi eld conditions. In addition, sett treatment with the BCA resulted in 
enhancement of plant growth (Viswanathan and Samiyappan  2002  ) . Potato silver 
scurf disease caused by  Helminthosporium solani  primarily spreads during storage. 
The minitubers of Red Norland potato were immersed in a suspension of fungal 
BCA  Acremonium strictum  for 3 min and air-dried. The treated and untreated tubers 
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(control) were inoculated with  H .  solani  by spraying the conidial suspension. 
 A .  strictum  reduced the sporulation and spore germination of  H .  solani . The BCA 
was effective, when applied as a protective treatment. But  A .  strictum  did not reduce 
silver scurf development in already infected tubers (Rivera-Varas et al.  2007  ) . 

 Plant growth-promoting rhizobacteria (PGPRs) have been reported to protect the 
plants against diseases caused by microbial plant pathogens, following treatment of 
roots with the PGPRs. Dipping of the wounded roots of tomato seedlings in a sus-
pension of cells of  Agrobacterium radiobacter  strains K84 or K1026 or the com-
mercial product ‘Nogall’ entirely inhibited crown gall formation by  A .  tumefaciens  
(Fakhouri and Khalaif  1996  ) . The bacterial BCAs  Pseudomonas aureofaciens  and 
 P .   fl uorescens  with wide spectrum of antagonistic activity were tested against 
 A .  tumefaciens  and  A .  vitis  infecting raspberry and grapevines respectively. The effec-
tiveness of  P .  aureofaciens  and  P .   fl uorescens  applied as root dip to grapevine 
cuttings varied depending on the grapevine cultivar. Disease incidence was reduced 
by 56–80 % and disease severity index (DSI) by 75–86 %. Both  P .  aureofaciens  
and  P .   fl uorescens  persisted on the root surfaces of inoculated grapevine cuttings 
and non-sterile soil. Treatment of rooted raspberry seedlings with  P .  aureofaciens  
B-4117 strain provided effective protection against  A .  tumefaciens  strains infecting 
raspberry (Khmel et al.  1998  ) . An increase in the amounts of phenolics in cucumber 
roots treated with  Pseudomonas putida  BTP1 was observed. The enhanced levels of 
phenolics correlated with increased protection of plants against root rot disease 
caused by  Pythium aphanidermatum  (Ongena et al.  1999  ) . The root system of 
cucumber was soaked in the suspension of  P .  putida  BTP1 for 10 min, followed by 
inoculation with  P .  aphanidermatum . The seedling mortality due to root rot disease 
was as high as 80 % in the untreated control plants, whereas the disease incidence 
was 45 % in plants treated with  P .  putida . Accumulation of several antifungal 
molecules in the root system of cucumber plants due to treatment with BCA strains 
BTP1 was observed. Higher concentrations of fungitoxic compounds in leaves of 
BTP-1-treated plants were detected. The results indicated the possible systemic 
elicitation of phytoalexins, as the primary mechanism of biocontrol activity of 
 P .  putida  against  P .  aphanidermatum  infecting cucumber (Ongena et al.  2000  ) . 

 When the roots of grapevine seedlings were soaked in a cell suspension of the 
nonpathogenic  Agrobacterium vitis  strain VAR03-1 for 24 h before a 1-h soak in a 
cell suspension of tumorigenic  A .  vitis  and subsequent planting in infested soil, 
incidence of tumor formation was signi fi cantly reduced by strain VAR03-1 
(Kawaguchi et al.  2007  ) . In the further studies, roots of grapevine, rose ( Rosa 
multi fl ora ) and tomato were soaked in cell suspension of  A .  vitis  strainVAR03-1, 
before planting in soil infested with tumorigenic  A .  vitis ,  A .  rhizogenes  and  A .  tume-
faciens . Treatment with strain VAR03-1 signi fi cantly reduced the number of plants 
with tumors and disease severity in the grapevine, rose and tomato. The inhibitory 
effects of treatment with VAR03-1 and nonpathogenic  A .  rhizogenes  strain K84 on 
crown gall of rose and tomato were almost identical and the inhibitory effect of 
VAR03-1 on grapevine was greater than that of strain K84. Furthermore, under  fi eld 
conditions VAR03-1 was found to be more ef fi cient in controlling grapevine crown 
gall caused by  A .  vitis . VAR03-1 was able to multiply and establish a population 
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averaging 10 6  CFU/g of roots in the rhizosphere of grapevine and persisted on 
grapevine roots for 2 years (Kawaguchi et al.  2008  ) . 

 Application of the biocontrol agents to the roots may be effective in reducing 
other bacterial diseases also, as in the case of tomato bacterial wilt disease caused 
by  Ralstonia solanacearum . The percentage of tomato seedling survival was mark-
edly increased, when the roots were dipped in a suspension of  Pseudomonas aerugi-
nosa  strain ATC7700 and planted in pathogen-infested soil. The highest level of 
disease suppression was obtained by using a concentration of 10 10  CFU/ml of sus-
pension (Furuya et al.  1997  ) . The effectiveness of  Bacillus vallismortis  strain 
EXTN-1 in suppressing the development of tomato bacterial wilt disease was 
demonstrated by root bacterization with the ef fi cient strain EXTN-1 of  B .  vallis-
mortis . Root treatment with this BCA strain reduced the percentage of infection to 
65 % from 95 % infection in non-bacterized control plants (Park et al.  2007  ) . The 
endophytic actinomycete  Streptomyces grieseorubriginosus  strain S96 was evaluated 
for its ef fi cacy in suppression of the development of banana Panama (Fusarium) wilt 
disease caused by  Fusarium oxysporum  f.sp.  cubense  ( Foc ) race4. The roots of 
plantlets were immersed in a suspension of strain S96 (10 6  CFU/ml) for 1 h before 
planting, followed by inoculation with  Foc  after 3 weeks. The wilt disease severity 
was reduced signi fi cantly, while the mean fresh weight of plant was increased 
(Cao et al.  2005  ) . Dipping roots of tomato plants in the cell suspension of  Achrom-
obacter xylosoxydans  (10 8  CFU/ml) reduced the Fusarium wilt disease incidence 
by about 50 %. While no phytotoxin symptoms were noticed due to the treatment 
with the BCA, the root treatment with  A .  xylosoxydans  enhanced plant growth, 
compared with untreated control plants (Moretti et al.  2008  ) .  

    5.2.3   Soil Application 

 Several fungal and bacterial pathogens are able to remain viable as actively prolif-
erating propagules or as dormant spores that can survive adverse conditions. The 
biocontrol agents either forming a natural component of the micro fl ora or as intro-
duced organisms have to compete with the pathogens and other micro fl ora for avail-
able nutrients and niches for establishment. Although several fungal and bacterial 
species/strains have been found to show required level of antagonistic activity 
against pathogens in in vitro assays, very low percentage of them exhibit consistent 
effectiveness and could be employed for the biocontrol of plant pathogens under 
 fi eld conditions. The selected strains have to survive environmental stress and be 
aggressive colonizers of the rhizosphere to be successful biocontrol agents. Both 
fungal and bacterial BCAs have been applied to the soil primarily for the control of 
soilborne pathogens. Some of the PGPRs like  Pseudomonas  and  Bacillus  strains 
have been demonstrated to induce systemic resistance in treated plants, resulting in 
the reduction of foliage diseases also. 

 Among the fungal biocontrol agents  Trichoderma viride ,  T .  harzianum  and 
 T .  virens  have been widely employed for the control of a wide range of soilborne 
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diseases caused by  Pythium  spp.,  Phytophthora  spp.  Rhizoctonia solani ,  Fusarium 
oxysporum ,  Sclerotinia  spp. and  Verticillium  spp. The biocontrol agents are applied 
as water-dispersible granules or wettable powder. Other fungal BCAs employed for 
the management of soilborne diseases are nonpathogenic  Fusarium oxyporum  Fo47, 
 Coniothyrium minitans ,  Chaetomium  spp.,  Gliocladium catenulatum , and  Pythium 
oligandrum . The bacterial agents  Pseudomonas  fl uorescens ,  Bacillus subtilis , 
 B .  licheniformis ,  Burkholderia cepacia ,  Agrobacterium radiobacter  strain 64 have 
been shown to signi fi cantly reduce the incidence and/or severity of diseases caused 
by soilborne pathogens. Soil application of biocontrol agents is less preferred, 
because large amounts of the product may be needed to obtain satisfactory level of 
disease control. Further, uniform treatment of soils may be dif fi cult to achieve. The 
BCAs may be applied either as a broadcast-incorporation or as placement in the 
seed furrow at the time of sowing. Soil application of BCAs for the control of dis-
eases affecting glasshouse crops may be feasible. Nonpathogenic isolates of 
 Fusarium oxysporum  isolated from wilt-suppressive soils were more effective in 
controlling wilt diseases of tomatoes and watermelon and muskmelon compared to 
 Burkholderia cepacia ,  Trichoderma virens ,  T .  hamatum  and  Pseudomonas 
 fl uorescens  (Larkin and Fravel  1998  ) . The possibility of using BCAs acting through 
different mechanisms and with a wide spectrum of activity against crop pathogens 
receiving acceptance for large scale  fi eld application appears to be greater. 
 Trichoderma koningii  suppressed the saprophytic growth of  Gaeumannomyces 
graminis  var.  tritici  in natural soil and consequently reduced wheat take-all disease 
signi fi cantly (Simon and Sivasithamparm  1989  ) .  T .  koningii  applied to the seed fur-
row in the  fi eld trial reduced crown root infection in wheat by 40 % and also 
increased the yield of spring wheat by 65 %. The combination of  T .  koningii  and 
 Pseudomonas  fl uorescens  Q292-80 strain was more effectively reduced the disease 
incidence resulting in greater yield levels (Duffy et al.  1996  ) . 

 The hypovirulent binucleate  Rhizoctonia  (HBNR) was successfully employed 
for suppressing the development of damping-off diseases caused by  Rhizoctonia 
solani  in cotton, radish, wheat and cucumber and by  Pythium ultimum  in pepper 
(chilli). Ef fi cient colonization of host tissues is the crucial requirement for the pro-
tection by HBNR. The ability of HBNR to protect plants against Fusarium crown 
and root rot of tomato (FCRR) throughout the growing period and their effects in 
reducing the population of  Fusarium oxysporum  f.sp.  radicis - lycopersici  (FORL) in 
roots and stem under soil systems in the greenhouse and  fi eld were evaluated. In the 
greenhouse and soil systems, HBNR isolates signi fi cantly reduced vascular discol-
oration and discoloration of total root system by 90–100 % and by 73–89 % respec-
tively. Under  fi eld conditions, HBNR isolate WI signi fi cantly reduced vascular 
discoloration by 71 %. Application of HBNR resulted in increases of marketable 
and total yields of tomatoes as much as 70 and 73 % respectively, compared with 
untreated plants (Muslim et al.  2003  ) . Botrytis leaf blight of lily ( Lilium formosa-
num ) caused by  B .  elliptica  seriously affected lily production in Taiwan. The ef fi cacy 
of  Bacillus cereus  and  Pseudomonas putida  strains was assessed for control of 
Botrytis leaf blight disease under greenhouse and  fi eld conditions. Plants treated 
with  B .  cereus  strain CIL effectively protected  L .  formosanum  against  B .  elliptica  
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infection. The protection could last for at least 10 days and it was consistent with the 
high populations of  B .  cereus  on lily roots.  P .  putida  was less effective in protecting 
the plants against  B .  elliptica  both under greenhouse and  fi eld conditions. The 
results suggested that soil application of  B .  cereus  could protect lily plants against 
the foliar pathogen by eliciting induced systemic resistance (ISR) (Liu et al.  2008  ) . 

 Most a fl atoxin biocontrol programs utilize nontoxigenic  Aspergillus  spp. to com-
petitively exclude toxigenic fungal species. Successful reduction of a fl atoxin con-
tamination through the introduction of competitive non-a fl atoxin producing strains 
of  A .   fl avus  has been demonstrated in several crops including corn (Dorner  2005  ) . 
A fl atoxin contamination in corn was reduced by  fi eld application of wheat grains 
preinoculated with non-a fl atoxigenic  Aspergillus  fl avus  strain NRRL30797. The 
reliability and ef fi ciency of replacing wheat grains with the novel bioplastic formu-
lation, Mater-Bi® was applied to serve as a carrier matrix to this formulated BCA. 
Mater-Bi® granules were inoculated with a conidial suspension of NRL 30797 
strain to achieve a  fi nal cell density of approximately 10 7  conidia/granule. Incubation 
of 20 g-soil samples receiving a single Mater-Bi® granule for 60 days resulted in 
10 4.2 –10 5.3  propagules of  A .   fl avus /g of soil in microbiologically active (non-sterile) 
and sterilized soil respectively. The degree of soil colonization by the BCA was not 
enhanced by increasing the number of granules applied to the soil. In addition, to 
the maintenance of rapid vegetative growth and colonization of soil, the bioplastic 
formulation was also highly stable under soil environment. The results indicated 
that Mater-Bi® had the potential for substituting wheat grains as carrier for applica-
tion of  A .   fl avus  NRRL30797 for reducing a fl atoxin contamination in corn (Accinelli 
et al.  2009  ) . In a later investigation to evaluate the feasibility of bioplastic-based 
formulations for delivering a non-a fl atoxigenic strain of  Aspergillus  fl avus  was 
assessed for monitoring  Aspergillus  population to control a fl atoxin contamination 
in corn. Field application of inoculated bioplastic granules showed a rapid shift in 
composition of soil population of  A .   fl avus  with a signi fi cant decrease in relative 
abundance of indigenous a fl atoxigenic isolates. Application of bioplastic granules 
at 30 kg/ha was more ef fi cient in replacing a fl atoxigenic isolates than a 15 kg/ha 
dosage. Under  fi eld conditions, in test plots, a fl atoxin contamination levels at corn 
maturity were 4.4 and 28.9 ng/g for 2009 and 2010  fi eld seasons respectively. 
However, the bioplastic formulation was effective in reducing a fl atoxin contamina-
tion in both years. Soil application of 15 and 30 kg/ha of bioplastic granules reduced 
a fl atoxin contamination by 59 and 86 % in 2009 and 80 and 92 % in 2010 respec-
tively (Accinelli et al.  2012  ) .  

    5.2.4   Application on Aerial Plant Parts 

 Biocontrol agents have been applied on various plant parts such as leaves, stem and 
in fl orescence to protect them against microbial plant pathogens that may cause 
localized or systemic infections. Powdery mildews of roses caused by  Sphaerotheca 
pannosa  var.  rosae  and of cucumber caused by  S .  fuliginea  could be suppressed by 



1675.2 Delivery Systems for Formulated Products

the application of  Ampelomyces quisqualis  which ef fi ciently parasitized the fungal 
pathogens, killing them in about 5 days (Sundheim and Krekling  1982  ) . A formu-
lated product AQ10 (Ecogen, Jerusalem, Israel) containing  A .  quisqualis  was devel-
oped for the control of powdery mildews (Elad et al.  1996  ) .  Verticillium lecanii  
effectively suppressed the development of cucumber powdery mildew disease. In 
addition,  V .  leccanii  was also pathogenic to the aphid  Macrosiphum euphorbiae  
which can transmit  Cucumber mosaic virus  to cucurbitaceous plants. This investi-
gation revealed for the  fi rst time that a fungal biocontrol agent could be effective 
against a plant pathogen and an arthropod vector of a plant virus (Askary et al. 
 1998  ) . Another BCA,  Sporothrix  fl occulosa , when applied on roses, was equally 
effective in protecting the plants against powdery mildew disease as the recom-
mended fungicide (Bélanger et al.  1994  ) . The biofunigicide AQ10TM containing 
 Ampelomyces quisqaulis  has been evaluated for its ef fi cacy in suppressing the 
development of powdery mildews in several countries around the world. Early 
application at the commencement of disease incidence and effective coverage of the 
entire grapevine canopy has to be adopted for achieving ef fi cient control by the 
BCA (Daoust and Hofstein  1996  ) .  Fusarium proliferatum  G6, applied at weekly 
intervals, reduced development of downy mildew disease caused by  Plasmopara 
viticola  signi fi cantly on leaves and fruits. Reduction in disease severity on cultivar 
Lakemont ranged from 81 to 99 % in different years. The BCA could be preferen-
tially employed at locations where pathogen strains resistant to metalaxyl have been 
detected (Falk et al.  1996  ) . Biocontrol agents have been employed for the control of 
diseases affecting high value horticultural crops with a view to reducing the quantity 
of fungicides used so that the chances of development of fungicide-tolerant patho-
gen strains are minimized. Among the pathogens,  Botrytis cinerea  causing gray 
mold diseases on several crops has been the main target.  Trichodema harzianum  and 
 Gliocladium roseum  have been reported to be the most effective. The formulated 
product Trichodex 20P containing  T .  harzianum  strain T-39 was tested under  fi eld 
conditions in 19 different countries (O’Neill et al.  1996  ) . In Israel, a decision sup-
port system known as Botman ( Botrytis  manager) was developed by integrating 
chemical and biological control strategies involving Trichodex 20P. Based on 
weather records and 4-day forecast, chemical spray was recommended, if condi-
tions are extremely favorable for disease development. During other periods, 
Trichodex 20P spray was carried out. Signi fi cant success in the control of  B .  cinerea  
infection in tomatoes and strawberries could be achieved with minimum use of 
chemicals (Elad et al.  1994  ) . Another promising BCA useful for management of 
gray mold diseases is  Gliocladium roseum  which could effectively suppress the 
infection of stamens and fruits of strawberry. This BCA was equal in its effective-
ness to or better than the fungicide and other BCA tested.  G .  roseum  was also effec-
tive in protecting raspberry and conifer seedlings against  B .  cinerea  (Yu and Sutton 
 1994 ; Sutton  1995  ) . 

 The effectiveness of employing BCAs for the management of grapevine diseases 
has been well demonstrated. The gray mold disease caused by  Botrytis cinerea , 
powdery mildew caused by  Uncinula necator  and downy mildew caused by 
 Plasmopara viticola  were traditionally managed by heavy application of fungicides 



168 5 Development of Formulations and Commercialization

in most countries. Appearance of strains of pathogens resistant to fungicides in 
many regions/countries necessitated development of alternative methods like bio-
control strategies and became a feasible approach. Spraying  T .  harzianum  or 
Trichodex 25P was found to be effective in suppressing gray mold effectively. As 
few as two late applications of the BCAs provided equally effective protection 
against bunch rot as the fungicide applied  fi ve times throughout blossom-fruit devel-
opment. Application of  T .  harzianum  at bloom and early fruit development stage 
followed by a tank-mix application of BCA and iprodione (50 % of recommended 
dose) provided excellent control of bunch rot disease. Inclusion of a nutritive adhe-
sive (Pelgel, a mixture of gum arabic and carboxymethylcellulose) enhanced the 
effectiveness of BCA treatment (O’Neill et al.  1996  ) .  T .  harzianum  T-39 was able to 
induce plant defense mechanisms against  B .  cinerea  in tomato, lettuce, pepper, bean 
and tobacco. Application of  T .  harzianum  T-39 at a site spatially separated from 
inoculation with  B .  cinerea  resulted in a 25–100 % reduction in disease severity (De 
Meyer et al.  1998  ) . 

 Fire blight disease of pear and apple caused by  Erwinia amylovora  is one of the 
devastating diseases, affecting fruit production drastically. The nonpathogenic bac-
terium  E .  herbicola  (Eh1087) (syn:  Pantoea agglomerans ) is a natural epiphytic 
bacteria occurring on blossoms and it is inhibitory to  E .  amylovora . This BCA, 
when applied on apple blossoms, multiplies rapidly and the population reaches 
400–800 folds compared with naturally occurring epiphytic population. When 
 E .  herbicola  was applied at early and mid-blossom stages, the BCA provided 
70–80 % protection against  fi re blight disease, while late application offered only 
36 % protection (Kearns and Hale  1993  ) .  E .  herbicola  acts through preemptive 
colonization of blossom surfaces and the extent of control depended on the natural 
spread of the BCA to the blossoms, when they open after BCA application. Under 
wet and cool conditions,  E .  herbicola  may spread rapidly aided by honey bees. 
The BCA could protect treated plants consistently to the level equivalent to that of 
streptomycin (Hickey  1996  ) .  Pseudomonas  fl uorescens  strain A506 is a registered 
and commercialized for the control of  fi re blight as Blightban 506 (NuFarm, 
TX, USA).  P .   fl uorescens  A506 inhibits  E .  amylovora  by competing with the 
pathogen for growth-limiting resources available. Strain A506 populations in open 
 fl owers at inoculation were initially about 10 4  cells/ fl ower and increased to approxi-
mately 10 6  cells/ fl ower in  fl owers that were inoculated within about 5 days of 
opening. Large total bacterial populations on A506-treated trees were associated 
with signi fi cant reductions in populations of  E .  amylovora  and reduced incidence 
and severity of  fi re blight disease (Lindow and Suslow  2003  ) . 

 The bacterial antagonist  Pantoea agglomerans  strain E325 of commercial inter-
est was exceptionally effective in suppressing populations of  Erwinia amylovora  on 
 fl ower stigmas of crab apple  fl owers (Pusey  2002  ) .  P .  agglomerans  E325 was devel-
oped commercially with the product name ‘Bloomtime Biological’ by North West 
Agricultural Products, WA, USA. A comparison of the ability of BCA strains of 
 P .  agglomerans  E325 and  P .   fl uorescens  A506 to grow on stigmas of various ages 
revealed the failure of strain A506 to grow on late senescent stages that supported 
the growth of  P .  agglomerans  and also the pathogen  E .  amylovora . This investigation 
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revealed antagonist limitations that possibly affected  fi eld performance like inability 
of strain A506 to multiply on relatively old stigmas conducive to  E .  amylovora  
(Pusey and Curry  2004  ) . In a later investigation,  P .  agglomerans  strain E325 was 
found to have very high suppressive activity toward  E .  amylovora  on stigmatic 
surfaces and to be effective in reducing blossom blight on mature apple trees. The 
strain E325 suppressed  E .  amylovora  not only by competing for nutrients on stigma, 
but also by producing antibiotics speci fi c to the pathogen (Pusey et al.  2008  ) . 

  Sclerotinia sclerotiorum  causes stem rot disease in canola ( Brassica napus ), 
infection commencing from petals generally. Four bacterial strains  Pseudomonas 
chlororaphis  PA-23,  Pseudomonas  spp. (DF41) and  Bacillus amyloliquefaciens  
BS6 and E16 were evaluated for their ef fi cacy in suppressing the development of 
 S .  sclerotiorum  by spraying the bacterial suspension at 30 and 50 % bloom stages, 
followed by inoculation with ascospore suspension of the pathogen.  P .  chlororaphis  
strain PA-23 and  B .  amyloliquefaciens  strain BS6 signi fi cantly reduced stem rot 
disease. Ascospore germination was inhibited and plant defense enzymes were 
triggered by strain PA-23. The effectiveness of strains PA-23 and strain BS6 was 
comparable to the level of control that could be obtained with the fungicide Rovral Flo® 
(iprodione). No signi fi cant difference in the disease incidence in plots receiving 
single- or double-spray application of the BCA strains (Fernando et al.  2007  ) .  

    5.2.5   Dissemination of Biological Control 
Agents Through Pollinators 

 A novel method was developed for spreading biocontrol agents through honey bees 
which visit  fl owers for their nectar and incidentally spreading the biocontrol agents 
as well as plant pathogens.  Pseudomonas  fl uorescens  effective against  Erwinia 
amylovora  causing  fi re blight disease of apple. The honey bee species  Apis mellifera  
could deposit the bacterial BCA on  fl oral parts, when the  fl owers open soon after 
application, because of their foraging habits (Thomson et al.  1992  ) . In another 
investigation, an ef fi cient procedure of spreading the fungal BCA  Gliocladium 
roseum  formulated with talc and corn meal was developed. The formulated material 
was placed inside the bee-hive in a dispenser. As the honey bees moved inside the 
hive, the conidia of  G .  roseum  adhered to their legs and bodies. The BCA propagules 
were then deposited on the  fl oral parts, when the honey bees visited the strawberry 
 fl owers for nectar later (Peng et al.  1992  ) .  Monilinia vaccinii - corymbosi  causes the 
mummy berry disease in blueberry and the commercial product ‘Serenade’ contain-
ing  Bacillus subtilis  showed antagonistic activity against  M .  vaccinii - corymbosi  
causing  fl ower infection. The ef fi cacy of  B .  subtilis  was assessed by using bee-hives 
equipped with dispensers containing the biocontrol product for reducing the disease 
incidence. On caged rabbit eye blueberry bushes in the  fi eld, population densities of 
 B .  subtilis  vectored by honey bee reached a carrying capacity of <10 3  CFU per 
 fl ower stigma within 2 days of exposure. Serenade treatment signi fi cantly affected 
the incidence of fruit mummi fi cation on caged bushes, whereby increasing bee 
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density increased disease incidence and application of Serenade reduced the disease 
incidence. The results suggested that use of hive-dispersed biocontrol product like 
Serenade as a supplement during pollination could reduce the risk of mummy berry 
disease (Dedej et al.  2004  ) . The ef fi cacy of two pollinators  Apis mellifera  and the 
mason bee  Osmia cornuata  as carriers of  Bacillus subtilis  strain BD170 (present 
commercial product Biopro®) was assessed for the control of  fi re blight disease 
caused by  Erwinia amylovora . Under  fi eld conditions, the ef fi ciency of pollinating 
bee species in carrying  B .  subtilis  from sprayed  fl owers to the stigmas of newly 
opened ones at different intervals was determined by detecting the BCA strain using 
PCR assays.  O .  cornuata  was found to be more ef fi cient in carrying the BCA from 
 fl ower to  fl ower. The percentages of PCR-positive  fl ower samples were higher in 
the internal treated areas of the  fi eld compared with external treated areas 
(Maccagnani et al.  2009  ) .  

    5.2.6   Electrostatic Application of Biocontrol Agents 

 The usefulness of electrostatic force to deliver the biocontrol agents onto speci fi c 
plant structures precisely was investigated using  Bacillus subtilis  an ef fi cient bio-
control agent capable of suppressing the development of several phytopathogens. 
Incorporation of electrostatic force was attempted to increase the mass transfer of 
the viable bacterial cells of  B .  subtilis  onto stigmatic surfaces of blueberry infecting 
pathogens like  Monilinia  sp. The population density of 1.52 × 10 5  CFU of biocontrol 
agent electrostatically deposited per ~0.7 mm diameter stigma exceeded by 4.5-fold 
that was deposited by conventional full rate application of  B .  subtilis . The results 
revealed the potential of electrostatic spraying of  B .  subtilis  for the protection of 
 fl oral infection by fungal pathogens (Law and Scherm  2005  ) .  

    5.2.7   Application on Postharvest Produce 

 Postharvest pathogens may infect fruits and vegetables either prior to harvest and/or 
during transport and storage causing heavy losses. The produce has to be protected 
against postharvest pathogens in such a way that the consumers do not lose any of 
the desirable attributes of the fruits and vegetables, because of the negative effects 
associated with the use of chemicals. Biocontrol approach has been demonstrated as 
an acceptable alternative for restricting the incidence and severity of postharvest 
diseases. Biocontrol agents have been applied on fruits and vegetables by spraying 
or immersing in the suspension of conidia/spores prior to storage at required tem-
perature. The biocontrol agents have been able to restrict the pathogen development 
through one or more mechanisms such as antibiosis, competition for nutrients and/
or space or induction of resistance in treated fruits against the pathogens. Different 
species of  Candida ,  Cryptococcus ,  Bacillus  and  Pseudomonas  have been effective 
to varying degrees, based on the strains of the BCA and pathogens. 
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  Muscodor albus , an endophytic fungus has a different mechanism of biocontrol 
activity on the postharvest pathogens.  M .  albus  produces a large number of 
volatile compounds which together can inhibit and kill several microbial patho-
gens causing  fi eld crop and postharvest diseases. Fumigation of apples for 
7 days with a culture of  M .  albus  provided complete control of apple blue mold 
( Penicillium expansum ) and gray mold ( Botrytis cinerea ) diseases in wound-
inoculated fruits. Direct contact between the pathogen and BCA was prevented. 
Since  M .  albus  has sterile mycelium without any kind of spores that can be 
disseminated and does not require direct contact with the plant or pathogen, it 
could be employed as an effective biological fumigant for controlling posthar-
vest diseases (Mercier and Jiménez  2004  ) . An endophytic bacterial species 
 Pseudomonas putida  strain MGY2 reduced the incidence of anthracnose disease 
caused by  Colletotrichum gloeosporioides  in papaya fruits, when the papaya 
fruits were immersed in bacterial suspension for 10 min, followed by air-drying. 
The disease index and lesion diameter were also signi fi cantly reduced following 
treatment with the strains MGY2. Treatment with the BCA activated defense 
mechanisms operating normally in papaya fruits, resulting in enhanced activi-
ties of defense-related enzymes and accumulation of phenolic compounds. 
Treatment with the strain MGY2 accelerated the synthesis of host enzymes and 
compounds, but not chemicals harmful to the human beings, making the use of 
BCAs that induce resistance to pathogens, acceptable for large scale application 
(Shi et al.  2011  ) .  

    5.2.8   Application of Biological Control Agents 
Compatible with Agricultural Inputs 

 Cultivation of crops has been successfully achieved by providing required in puts 
such as fertilizers and irrigation to sustain better plant growth and consequent 
higher yields. Biocontrol agents contribute to the yield increase by reducing ill-
effects of microbial plant pathogens, causative agents of numerous economically 
important diseases. Attempts have been made to determine the effect of combin-
ing application of BCAs with fertilizer application and irrigation systems. 
Simultaneous application of  Coniothyrium minitans , a mycoparasite, effective 
against  Sclerotinia scleorotiorum  causing Sclerotinia stem rot disease oilseed rape 
and the compound fertilizer (N-P-K) at various concentrations signi fi cantly 
reduced (P < 0.05), the number of apothecia produced by sclerotia of  S .  sclerotio-
rum  in  fi eld experiments. The compound fertilizer did not adversely affect the 
ability of  C .  minitans  to infect the sclerotia of the pathogen or to suppress the 
carpogenic germination of sclerotia of the pathogen.  C .  minitans  was found to 
be compatible with the compound fertilizer when applied at planting of oilseed 
rape. Application of the BCA along with the fertilizer could suppress develop-
ment of stem rot disease and also save labor cost, increasing production ef fi ciency 
of oilseed rape (Yang et al.  2011  ) . 
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 Compatibility of biocontrol agents with current crop management practices is 
an important attribute that can widen its acceptability for the management of 
crop diseases. The biofungicide AQ10TM containing  Ampelomyces quisqaulis  
has been evaluated for its ef fi cacy in suppressing the development of powdery 
mildews in several countries around the world. Early application at the com-
mencement of disease incidence and effective coverage of the entire grapevine 
canopy has to be adopted for achieving ef fi cient control by the BCA (Daoust and 
Hofstein  1996  ) .  Fusarium proliferatum  G6, applied at weekly intervals, reduced 
development of downy mildew disease caused by  Plasmopara viticola  signi fi cantly 
on leaves and fruits. Reduction in disease severity on cultivar Lakemont ranged 
from 81 to 99 % in different years. The BCA could be preferentially employed at 
locations where pathogen strains resistant to metalaxyl have been detected (Falk 
et al.  1996  ) . The compatibility of  Trichoderma atroviride  strain C52, effective 
against  Sclerotium cepivorum , infecting onion ( Allium  pp.) crops with manage-
ment practices was assessed. Addition of two blended pellet products containing 
poultry manure and other organic nutrients or humic acid plus organic matter to 
the sandy soil stimulated the proliferation of  T .  atroviride . The BCA strain C52 
was less sensitive to the  fi eld rate application of urea in  fi eld soils. However, 
increase in the rate of urea applied, reduced the growth of the BCA. Populations 
of C52 were not adversely affected when exposed to any of the fungicide soil 
treatments tested. Diallyl disulphide (DADS) applied to soil at 4, 6 and 8 weeks 
before treatment with the strain C52, did not have any detectable negative effects 
on the BCA. The results indicated that effects of production practices followed 
in a location have to be assessed before choosing the BCA for  fi eld application 
(Mc Lean et al.  2012  ) .   

    5.3   Registration and Commercialization 
of Biological Control Agents 

 Biocontrol agents have been demonstrated to have the potential to become alter-
natives for synthetic chemicals applied for the management of diseases affecting 
a wide range of crops in different ecosystems. The biocontrol agents that have 
provided consistent protection have been registered and commercialized. 
Biocontrol products are regulated by systems originally designed for chemical 
pesticides that have created market entry barriers by imposing burdensome costs 
on the biopesticide industry. It is necessary as a  fi rst step, to ensure legal protec-
tion for the new formulation based on biocontrol organisms, as a biotechnological 
invention by obtaining a patent. A temporary privilege is provided by a patent for 
industrial or commercial exploitation given by the administration to the owner for 
20 years after the application date. Biopesticide patents are considered biotechno-
logical inventions, because they include microbial products and processes. Filing 
of patents for microbial pesticides is regulated by a legal series of national and 
international treaties. 
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    5.3.1   Regulatory Requirements and Barriers for Registration 

 For registration of new formulations, different sets of regulations have to be followed 
depending on the country where the product is to be registered. The Food, Insecticide, 
Fungicide and Rodenticide Act (FIFRA) of United States of America, requires any 
material making pesticide claims must be registered with the U. S. Environmental 
Protection Agency (EPA). Registration of biopesticides in European Union Countries 
and Canada appears to be more dif fi cult than in the USA. When the data package is 
submitted, the regulatory frame work in EU requires not only toxicological and envi-
ronmental testing, but also ef fi cacy evaluation. Ef fi cacy tests have to be performed 
for almost every crop-pathogen combination, resulting in the limitation of registra-
tion on different pathogens. Costs are enormous especially for entry level products. 
In the USA, registration of bioproducts is authorized by the Of fi ce of Pesticides 
Programs in EPA. In the EU, the register is maintained by the Directorate of the 
Consumer Health Protection and it is regulated by Directive 911414/CEE. Some of 
the biopesticides commercially produced based on fungal and bacterial biocontrol 
agents are presented in Tables     5.3  and  5.4  respectively. Further details are available 
in the websites:   www.ipc.orst.edu/biocontrol/biopesticides     and   www.epa.gov/pesti-
cides/biopesticides     (Montesinos  2003 ; Harman et al.  2010  ) .   

 According to the de fi nition of FIFRA, the bioagents that are not themselves toxic 
or parasitic on target pathogens, but capable of inducing resistance in plants against 
pathogen(s), are also “pesticides”. The microbial pesticide regulations in FIFRA 
and similar regulatory frame works, are primarily designed for speci fi c, de fi ned 
active ingredients. Hence, the complex microbial systems such as microbial mix-
tures, composts, compost teas and other complex mixtures are not well suited to 
these regulations. Companies may be interested to develop biocontrol products only 
if the pro fi t margin is favorable. Likewise, the decision for the farmer whether or not 
to adopt a new technology depends on economic terms as a cost-bene fi t comparison 
of pro fi ts to be made from applying the new versus the existing technology. Another 
point to be considered is that conventional chemicals are being used widely and the 
 fi xed costs associated with them are spread over large number of users. Hence, it 
may represent a small percentage of the total cost of pest control. On the other hand, 
potential adopters of bioproducts, being limited in number, have to bear high  fi xed 
costs of the adoption that can decrease only when the new products attract many 
more users. The inconsistency in the performance of the biocontrol agents under 
various environmental conditions poses considerable risk for the manufacturers and 
farmers who have to be fully convinced of the effectiveness of the newly developed 
bioproducts. 

 The guidance of Organization for Economic Cooperation and Development 
(OECD) for microbial biopesticides is that “the microorganism and its metabolites 
pose no concerns of pathogenicity or toxicity to mammals and other non-target 
organisms which will likely be exposed to the microbial product; the microorganism 
does not produce a known genotoxin; all additives in the microbial manufacturing 
product and in end-use formulations are of low toxicity and suggest little potential 

http://www.ipc.orst.edu/biocontrol/biopesticides
http://www.epa.gov/pesticides/biopesticides
http://www.epa.gov/pesticides/biopesticides
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for human health or environmental hazard” (OECD  2003  ) . The information to be 
provided include mode of action, toxicological and eco-toxicological evaluations and 
host range testing. It is expensive for the companies to produce and it can deter them 
from commercialization of biopesticides which are usually niche market products. The 
decision whether or not to authorize a biopesticide product is made on the basis of expert 
opinion available within the regulatory authority. Hence, lack of expertise with bio-
spesticides may lead to delay in making the required decision (Chandler et al.  2011  ) . 

 Microorganisms labeled as ‘inoculants’, ‘plant strengthening agents’ and ‘bio-
fertilizers’ are considered as organisms for improving the plant performance. Micro-
organisms such as plant growth-promoting rhizobacteria (PGPRs), mycorrhizal 
fungi and  Trichoderma  spp. provide several bene fi cial effects on plants. They may 
be produced and sold in various agricultural systems without speci fi c pesticide 
registration, if pesticidal claims are not made. Sales of biocontrol agents in this 
manner may exceed those of formally registered organisms. A strain of  Bacillus 
subtilis  was sold by Gustafson, Inc., as Kodiak for treating the seeds as a bioinocu-
lant for increasing yields of crops. Likewise,  Trichoderma harzianum  T 22 is sold 
as a registered pesticide product in the USA, but it is marketed (as Trianum) in 
Europe as a plant strengthening agent, although its biocontrol activity against several 
plant pathogens is known. Development of these useful products is much rapid 
and less expensive compared to the full pesticide registration marketing process. 
In certain countries, local production systems are in operation. In Tamil Nadu, 
India, unskilled persons are trained by interactive and learning-by-doing techniques. 
Biological agents such as  Trichoderma ,  Pseudomonas ,  Azospirillum  and mycorrhizal 
fungi are produced by different groups with a production capacity of about 1,000 kg/
month. The local production systems are likely to be much less expensive and 
effective distribution of the bioproducts may be achieved more easily compared 
with sophisticated production systems in developed countries (Selvamukian et al. 
 2006 ; Harman et al.  2010  ) .       
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 Disease management systems are developed by integrating effective approaches 
that have been directed individually or in combination for reducing the pathogenic 
potential of disease-causing microorganisms that have access to susceptible crop 
plants. Approaches for reducing the negative effects of the pathogen may be due 
to either direct inhibitory effect on pathogen population or indirect suppressive 
action by enhancing the level of resistance of the host plant to the target pathogen(s). 
The integration of the approaches may result in increase or decrease in the effec-
tiveness of disease control. Hence, it is essential to select the approaches that will 
not have any negative in fl uence on each other. However, only limited efforts have 
been made to assess the interactive effects of different disease management strate-
gies on the incidence and/or severity of crop diseases and their contribution to 
enhance the yield levels. The possibility of integrating different management 
strategies that are individually effective has been indicated in the case of some of 
the destructive disease(s) infecting economically important crops and available 
information is discussed in this chapter. 

    6.1   Diseases of Cereal Crops 

    6.1.1   Wheat Diseases 

    6.1.1.1   Take-All Disease 

 Wheat take-all disease caused by  Gaeumannomyces graminis  var.  tritici  ( Ggt ) has a 
historical background for providing explanation for the phenomenon of “suppres-
siveness of soil” as a factor for reducing incidence of take-all disease. When wheat 
was planted consecutively, disease severity increased progressively and yield loss 
was substantial in the second, third and fourth crops. The disease severity subse-
quently decreased in  fi fth and sixth crops. This decline in take-all incidence and 
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severity was due to enhancement of populations of soil microorganisms antagonistic 
to  Ggt . The take-all decline persisted only as long as wheat was grown continuously. 
Antagonism of root-colonizing  fl uorescent  Pseudomonas  spp. may be involved in 
the process of take-all decline. Wheat cultivars differed in their ability signi fi cantly 
to support resident populations of peudomonads capable of producing the antibiotic 
2,4-diacetylphloroglucinol (2,4-DAPG) that suppressed the development of  Ggt  
and consequently take-all disease severity (Mazzola et al.  2004  ) . It may be advanta-
geous to select such wheat cultivars, the rhizosphere of which might provide 
favorable conditions for the rapid multiplication of  fl uorescent  Pseudomonas  spp. 
with antagonistic potential against wheat take-all pathogen. The importance of 
nutrient management for reducing the incidence and severity of diseases incited by 
microbial plant pathogens has been revealed by different investigations. In the case 
of wheat take-all disease caused by  Gaeumannomyces gramins  var.  tritici , nutrient 
de fi ciencies at any time during crop growth increased the severity of take-all 
disease. Ensuring the availability of adequate N, P, K, sulfur (S) and potassium (K) 
at the time of sowing was found to be a critical factor to reduce the risks of take-all 
incidence. Yields were generally higher with ammonium chloride than with ammo-
nium nitrate, urea or ammonium sulfate. Wheat plants receiving ammonium nitrate 
were shorter and yielded less compared to plants fertilized with ammonium chloride 
and these plants were more vigorous (Christensen and Hart  2008  ) . The nutritional 
status of the crop plant has a marked in fl uence on the susceptibility to disease(s). 
Wheat take-all disease was found to be favored by phosphorus de fi ciency. The onset 
and severity of the disease was appreciably reduced by repeated application of 
phosphates in the long-term  fi eld experiments at Rothamsted, England (Mattingly 
and Slope  1977  ) . Ammonium nitrogen was suppressive to wheat take-all disease 
(Colbach et al.  1997  ) . Phosphorus was required to be applied routinely, since 
P-de fi cient plants were more susceptible and infected seedlings had poorly 
functioning root systems (Christensen and Hart  2008  ) . 

 Incidence and severity of disease caused by soilborne pathogens is generally 
reduced by addition of organic amendments. Take-all severity on roots of barley and 
wheat caused by  Gaeumannomyces graminis  var.  tritici  was signi fi cantly lower in 
organically-managed than in conventionally managed soils. Fluorescent  Pseudomonas  
spp. and in particular phlD +  pseudomonas (producing the antibiotic 2,4-diacetylphlo-
roglucinol, DPAG), key factors in the take-all decline were present in lower popu-
lation densities in organically managed soils, compared to conventionally managed 
soils. In addition, organic management adversely affected the initial establishment of 
introduced phlD +   Pseudomonas  fl uorescens  strain Pf32- gfp , but not its survival. The 
ef fi cacy of biocontrol of take-all disease by introduced strain Pf32- gfp  was 
signi fi cantly stronger in conventionally managed soils than in organically managed 
soils. The results suggested that phlD +   Pseudomonas  spp. might not have a vital role 
in the suppressiveness of soils included in this investigation and other bacterial 
genera not investigated so far that could inhibit the growth and activity of the take-all 
pathogen might be involved in some soils (Hiddink et al.  2005b  ) . The compatibility 
of the biocontrol agents with fungicides is a desirable attribute. The fungus  Penicillium 
radicum  promoted the growth of wheat plants and also inhibited the growth of 
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several soilborne pathogens including  G .  graminis  var.  tritici . A combination of 
 P .  radicum  with fungicide  fl udiconazole (Jockey) signi fi cantly reduced the incidence 
of take-all disease (Wakelin et al.  2006  ) . 

 Crop rotation is considered as the most effective strategy for the control of 
take-all disease, since survival of the pathogen in the absence of the susceptible 
host plant is poor. A 1-year break from wheat or barley seems to be suf fi cient to 
reduce the risk to an insigni fi cant level. The crops that could effectively break the 
continuous availability of susceptible host plant species are oats, corn, beans, veg-
etables, oilseed crops and annual legumes for seed (Christensen and Hart  2008  ) . 
Take-all disease infecting wheat is suppressed by naturally occurring fungi closely 
related to the pathogens that infect grasses and cereals. Suppression of take-all 
disease development by these fungi was reinvestigated, because of the changing 
importance and role of grass weeds and grass cover in arable farming. Natural 
population of the antagonist  Gaeumannomyces cylindrosporus  was allowed to 
develop under rye-grass and they were found to be more effective than arti fi cially 
introduced populations in suppressing the development of take-all disease in the 
following wheat crops. The critical requirement is that the antagonist should be 
present in the  fi eld soil before the wheat crop is planted. The antagonistic fungi 
should be introduced into the preceding monocot crop not susceptible to 
 Gaeumannomyces graminis  var.  tritici  ( Ggt ). Further, the plant species suscep-
tible to  Ggt  should not be allowed to remain in the  fi eld as volunteers or weeds 
(Gutteridge et al.  2007  ) .  

    6.1.1.2   Bare Patch Disease 

 Soil suppressiveness against soilborne diseases appears to be nonspeci fi c. Most 
natural and agricultural soils exhibit some degree of suppressiveness to soilborne 
pathogens. Association of microorganisms with soil suppressiveness has been 
indicated in wheat take-all disease. Rhizoctonia bare patch disease of cereals 
caused by  Rhozoctonia solani  AG-8 is a major fungal root disease in no-till crop-
ping systems. Rhizoctonia bare patch increased when tillage was eliminated and 
the disease became a major limiting factor to the adoption of no-tillage technology. 
Since several pulse and oilseed crops are susceptible to  R .  solani , the effect of 
mixed cropping and rotation with different crops was studied. Mixed cropping of 
triticale wheat with clover and of barley with Brussels sprouts did not enhance 
soil suppressiveness to  R .  solani  (Hiddink et al.  2005a  ) . A 8-year crop rotation 
experiment showed that crop rotation had no effect on bare patch, during the  fi rst 
5 years. However, from years 6 to 8, both soft white and hard white classes of 
spring wheat ( Triticum aestivum  L.) grown in a 2-year rotation with spring barley 
had an average of only 7 % of total land area with bare patches, compared with 
15 % in continuous annual soft white wheat and hard white (monoculture system). 
Further, average yield of both soft white and hard white wheat, during these 
2 years, were greater, when grown in rotation with barley than in monoculture 
(Schillinger and Paulitz  2006  ) .  
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    6.1.1.3   Fusarium Head Blight Disease 

 Fusarium head blight (FHB) disease of wheat caused by  Fusarium graminearum  
( Gibberella zeae ), as well as  F .  avinaceum ,  F .  culmorum ,  F .  poae  and  Microdochium 
nivale  has become a major problem in several countries. Seedling bight (damping-off 
disease complex) is primarily due to  F .  culmorum  and  F .  graminearum  resulting in 
reduced seed germination and emergence of seedlings. Crop residue left at soil surface 
is the principal source of inoculum. Conservation tillage systems involve leaving all or 
part of the crop residue on soil surface after harvest to reduce soil erosion. Effects of 
previous crop residues and tillage practices on FHB were investigated. The FHB inci-
dence and severity were greatest, when wheat followed corn and least when wheat 
followed soybeans. Incidence and severity of FHB were lower in moldboard ploughed 
plots than in either chisel ploughed or no-till plots. Wheat yields were reduced by 15 % 
in plots where wheat followed corn or wheat than wheat following soybean and mold-
board ploughed plots gave higher yield (10 %), compared with chisel ploughed or no-
till treatments (Dil-Macky and Jones  2000  ) . The results of a later investigation indicated 
that conservation soil tillage might increase the incidence of  Fusarium  in soil. The 
deeper the tillage, the lower was the number of  Fusarium  spp. isolated from the soil 
samples. Moldboard ploughing reduced the occurrence of pathogenic  Fusarium  spp. 
(Steinkellner and Langer  2004  ) . The effect of crop rotation on the incidence of wheat 
crown disease caused by  Fusarium pseudograminearum  was assessed. The incidence 
of crown rot was signi fi cantly higher on wheat for the treatment that included wheat 
and 1 year of canola, compared with other treatments. The lowest incidence and 
severity of crown rot were recorded in wheat with a medic-clover mixture and in the 
treatment that included wheat after 3 years of rotation. The results indicated that by 
selecting suitable crops and duration of rotation, the incidence and severity of crown rot 
disease could be reduced substantially (Lamprecht et al.  2006  ) . 

 The effectiveness of biocontrol agents in suppressing the development of  Fusarium 
graminearum  ( Gibberella zeae ) has been demonstrated under in vitro conditions. 
Only very few biotic agents have been tested under  fi eld conditions. The major inoc-
ulum of Fusarium head blight and Gibberella ear rot disease of wheat comes from 
melanized structures such as pseudothecia or perithecia produced on crop residues. 
The antagonistic fungus  Microsphaeropsis  sp., a saprophyte is well adapted to winter 
conditions. The potential of  Microsphaeropsis  sp. isolate P130A was evaluated as an 
antagonist of  G .  zeae  in in vitro assays and under  fi eld conditions. Application of the 
isolate P130A signi fi cantly reduced ascospore production on wheat, when applied 
2 weeks before inoculation with  G .  zeae . When applied on crop residues in the  fi eld 
as postharvest or preplanting treatment,  Microsphaeropsis  sp. had no effect on the 
pattern of perithecia maturation, but signi fi cantly reduced the number of perithecia 
produced on two sampling dates (May1998 and July 1999).  Microsphaeropsis  sp. 
had signi fi cant effect on immature and mature perithecia formed on spikelets, as the 
number of perithecia produced was signi fi cantly reduced (P < 0.05) under severe 
epidemic conditions, when 36 % of crop residues were infected by the pathogen. The 
results indicated that  Microsphaeropsis  sp. had the potential of biologically reducing 
the initial inoculum of  G .  zeae  (Fig.  6.1 ) (Bujold et al.  2001  ) .  
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  Fig. 6.1    Effect of treatment with  Microsphaeropsis  sp. on the number of perithecia produced by 
 Gibberella zeae  on different wheat residues in 1998 ( left ) and 1999 ( right ) ( a ) immature perithecia 
on straw; ( b ) mature perithecia on straw; ( c ) immature perithecia on spikelet and ( d ) mature peri-
thecia on spikelet.  Bars with same letter  are not signi fi cantly different according to LSD test at 
0.05 level of con fi dence (Courtesy of Bujold et al.  2001  and with kind permission of The American 
Phytopathological Society, MN, USA)       
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 Of the six antagonists tested under  fi eld conditions,  Cryptococcus  sp. OH71.4 and 
 C .  nodaensis  OH182.9 reduced the Fusarium head blight (FBH) disease severity by 
as much as 57 % in the trial at Peoria, IL, USA, whereas  Cryptococcus  sp. OH181.1 
reduced disease severity by 59 % in the trial at Langdon, ND, USA. The yeast antag-
onists OH71.4, OH181.1 and OH182.9 seemed to have the highest potential for the 
suppression of FHB development on durum wheat under  fi eld conditions. The yeast 
antagonists did not in fl uence the contents of the pathogen-produced toxin deoxyni-
valenol (DON) in the grains. The bacterial isolates  Bacillus subtilis  AS43.3 and 
AS43.4 performed better in protecting wheat plants against  G .  zeae  than the yeast 
antagonist isolates. However, the performance of the bacterial isolates was inferior to 
the yeast isolates under  fi eld conditions. The application of biological control agents 
in the  fi eld reveals the inherently more variable nature of their biocontrol potential 
and challenges to be faced by them than in the greenhouse. The biological agents that 
can tolerate and remain viable under the harsh  fi eld environments have to be selected 
for large scale application (Schisler et al.  2002  ) . The carbon/nitrogen (C/N) ratio, 
carbon loading of production media and cultivation time in fl uenced the survival of 
 C .  nodaensis  OH182.9, after freeze-drying and biocontrol ef fi cacy of fresh cells 
against Fusarium head blight disease. Cells of OH182.9 harvested after 48 h from the 
semi-de fi ned complete liquid (SDCL) C/N 30:1 medium with 7 and 14 g/l carbon 
survived better after freeze-drying than others and demonstrated levels of biocontrol 
ef fi cacy comparable to cells harvested after 48 h from the standard SDCL C/N 11:1 
media (Fig.  6.2 ). The results indicated the potential of improving the product quality 
of OH182.9 by managing the nutritional environment of production without compro-
mising biocontrol ef fi cacy (Zhang et al.  2005  ) .  

 A strain of  Fusarium equiseti  G9 was selected as the most effective among 113 
pre-screened microorganisms that were tested for their ef fi cacy in suppressing the 
winter wheat ear blight caused by  Fusarium culmorum  and  F .  graminearum  under 
 fi eld conditions and in reducing the production of mycotoxins particularly 
deoxynivalenol (DON) in wheat grains. Ears were spray inoculated during anthesis 
with spore suspensions,  fi rst with putative BCA strain followed by the pathogen. 
The strain G9 decreased DON content consistently on wheat inoculated with 
 F .  culmorum , compared with control, often by more than 70 %. The BCA strain 
was effective well under severe disease pressure ( F .  culmorum  at 10 5  conidia/ml) 
and similarly to a standard fungicide, tebuconazole. Percentages of diseased 
grains and amounts of DON corresponded well. Low concentrations of nivalenol 
(NIV) were detected in grain samples after treatment with some  F .  equiseti  strains. 
On wheat ears inoculated with  F .  graminearum , the BCA strain G2 decreased the 
percentage of diseased grains by 92 % and DON by 94 %. The strain  F .  equiseti  
G2 produced small quantities of NIV in pure cultures. The results indicated 
that  F .  equiseti  strain G9 had the potential for reducing the disease incidence and 
mycotoxin contents in wheat grains (Dawson et al.  2004  ) . The ef fi cacy of seed 
treatment with the fungal BCA  Clonostachys rosea  (IK726) was assessed for the 
suppression of Fusarium head blight (FHB) disease caused by  Fusarium culmo-
rum , one of the  Fusarium  spp. associated with the disease. Six  fi eld experiments 
were conducted, in addition to growth chamber experiments. The disease severity 
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was signi fi cantly reduced. The BCA was active against the pathogen at average 
soil temperatures at sowing ranging from 6.2 to 12 °C. Dried and stored conidia 
of  C .  rosea  controlled  F .  culmorum  as effectively as freshly harvested conidia. 
A high correlation was established between disease index ratings from  fi eld 
experiments and corresponding growth chamber assessments of the ef fi cacy of 
 C .  rosea . Addition of stickers Pelgel or Sepiret did not affect the ef fi cacy of the 
BCA strain. The effective dosages of IK726 (CFU/seed) were estimated by in vitro 
bioassays and they were very similar for freshly harvested conidia and for dried 
conidia. With both types of conidia at a concentration of >5 × 10 3  conidia per seed 
over 80 % disease control could be achieved repeatedly, indicating the stability of 
the two types of BCA formulations (   Jensen et al.  2000 ). A mixture of  C .  rosea  
47 and/or  Trichoderma atroviride  312 with carboxin, thiram and triticonazole 
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  Fig. 6.2    Effect of carbon-loading in semi-de fi ned complete liquid (SDCL) media (C/N 30:1) on 
survival of  Cryptococcus nodaensis  OH182.9 cells after freeze drying. Improvement of biocontrol 
ef fi cacy could be achieved by appropriate management of the nutritional environment of BCA 
production (Courtesy of Zhang et al.  2005  and with kind permission of The American 
Phytopathological Society, MN, USA)       
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applied to wheat seeds signi fi cantly controlled  F .  culmorum  in growth chambers. 
Under  fi eld conditions, the antagonists applied in  fi eld dose to seeds naturally 
infected by  F .  culmorum  reduced the disease to a level comparable to triticon-
azole at full  fi eld dose. The results indicated the feasibility of combining the fungal 
BCAs with the reduced dose of fungicide for effective management of Fusarium 
head blight disease of wheat (Roberti et al.  2006  ) .  

    6.1.1.4   Seedling Blight Disease 

 The bacterial isolates (164) were evaluated under  fi eld conditions for their poten-
tial in suppressing the development of wheat seedling blight disease caused by 
members of  Fusarium  complex,  Fusarium culmorum  and  Microdochium nivale . 
The experiments were conducted for  fi ve consecutive growing seasons with spring 
and winter wheat. The most ef fi cient isolates were three  fl uorescent pseudomonads. 
 Pseudomonas  sp. RNA group1 MF30 (closest to  P .  veroni ),  Pseudomonas  
sp. RNA group MF416 and  P .   fl uorescens  MF588 and one isolate of  Pantoea  sp. 
MF626 (closest to  P .  agglomerans ). These four isolates suppressed the seedling 
blight disease development as effectively as the fungicide guazatine in respect of 
crop stand and yield. The bacterial isolates were applied as seed treatment and the 
disease suppressive effects were repeatable. Seed treatment with  Pantoea  sp. iso-
late MF626 enhanced the wheat grain yield by an average of more than 500 kg/ha 
in six  fi eld experiments (Table  6.1 ). The results indicated that seed treatment with 
naturally occurring and properly selected bacterial isolates could be an effective 
approach for ef fi cient management of wheat seedling blight disease and for 
reducing the application of synthetic chemicals (Johansson et al.  2003  ) . The 
biocontrol potential of  Pseudomonas  fl uorescens  strains MKB158 and MKB249 

   Table 6.1    Effect of seed treatment with bacterial isolates on the yields of spring 
wheat cv. Curry and winter wheat cv. Tarso naturally infected by  Microdochium 
nivale  (Johansson et al.  2003  )    

 Treatments 

 Yield (kg/ha) a  

 Spring wheat  Winter wheat 

 Untreated  4,405b  4,169c 
 Panoctine 400 b   4,612a  5,366a 
 Isolate MF-30  4,486ab  − 
 Isolate MF-416  4,514ab  5,028ab 
 Isolate MF-588  4,466b  4,788b 
 Isolate MF-626  4,535ab  5,062ab 
 n-value  12  9 

  Figures with the same letter in one column are not statistically different according to 
Duncan’s multiple range test (P < 0.05) 
  a Average of yields in three locations 
  b Fungicide with guazatine acetate as the active ingredient  
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and  P .  frederiksbergensis  strain 202 against Fusarium head blight disease caused 
by  Fusarium culmorum  was assessed under both greenhouse and  fi eld conditions, 
when the BCAs were applied 24 h prior to pathogen inoculation, the disease 
severity and the loss in 1,000-grain weight were signi fi cantly reduced. In the 
 F .  culmorum -inoculated  fi eld trials, treated with strain MKB158 or MKB 249 
signi fi cantly reduced severity in wheat and barley. In addition, the levels of 
deoxynivalenol (DON) were also signi fi cantly reduced in wheat and barley grains 
by 74–78 %. The results showed that both disease severity and DON levels in 
grains could be reduced by the treatment of plants with  P .   fl uorescens  as a protective 
application (Khan and Doohan  2009  ) .  

  Microdochium nivale  causes seedling blight and snow mold diseases in winter 
wheat and rye. Seeds were treated with fermentate of  Pseudomonas brassi-
cacearum  MA250 and dried before sowing or they were directly sprayed in the 
furrow opener at the time of sowing under  fi eld conditions. Parallel climate 
chamber assays were also performed to assess the effect of bacterial treatment on 
snow mold caused by  Microdochium nivale  and  Fusarium  sp. Signi fi cant biocon-
trol activity, as re fl ected by plant density counts, was observed both in the  fi eld 
and climate chamber experiments. Furrow spray application was less effective 
compared to seed treatment with BCA fermentate. The bacterial cell con-
centration of 10 9  CFU/ml was required to achieve effective suppression of the 
disease (Levenfors et al.  2008  ) . In another investigation, four bacterial strains of 
 Pseudomonas  exerted signi fi cant effect by increasing seedling emergence and 
decreasing wheat seedling blight disease severity.  P .   fl uorescens  was the most 
effective in improving plant establishment and yield in infested winter wheat. 
The plant population increased up to 48 % and yield by 26.5 % in different  fi eld 
trials. Consistent and effective protection to wheat plants was provided by 
 P .   fl uorescens  for long periods during growing seasons (Amein et al.  2008  ) . 
Another bacterial biocontrol agent  Lysobacter enzymogenes  strain C3 in combi-
nation with the fungicide tebuconazole provided consistent protection to wheat 
against FHB disease caused by  Fusarium graminearum  in all three  fi eld experi-
ments (Jochum et al.  2006  ) . Induction of systemic resistance by chemical com-
pounds to different diseases affecting various crops has been reported. A foliar 
fertilizer containing potassium phosphate, DL-3-aminobutyric acid (BABA) and 
benzothiadiazole (BTH) were evaluated for their potential in suppressing the 
development of Fusarium head blight (FHB) disease of winter wheat caused by 
 Microdochium majus  (=  M .  nivale  var. majus ) under greenhouse conditions. 
Winter wheat plants were sprayed with aqueous solutions of the test chemicals at 
7 days prior to inoculation of heads prior to inoculation of heads with the fungal 
pathogen. The number of bleached spikelets indicated the severity of the disease. 
Spraying plants with the foliar fertilizer reduced the disease severity up to 40 %. 
Reduced disease development was indicated by results of detached leaf bioassay. 
The resistance inducers BABA and BTH did not show any negative effect on 
the development of FHB signi fi cantly. Application of foliar fertilizer contain-
ing potassium phosphate showed signi fi cant bene fi cial effects that have to be 
con fi rmed by  fi eld trials (Hofgaard et al.  2010  ) .  
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    6.1.1.5   Foliar Diseases 

 The biocontrol potential of six isolates of  Trichoderma harzianum  and one isolate 
of  T .  koningii  to reduce the incidence and severity of wheat tan spot disease caused 
by  Pyrenophora tritici - repentis  and leaf blotch disease caused by  Mycosphaerella 
graminicola  was assessed under  fi eld conditions. When the BCA isolates were 
either used for seed treatment or spraying on wheat leaves at different growth stages, 
both leaf blotch and tan spot diseases were suppressed to the maximum extent 
(up to 56 %). At tillering stage, six of the seven isolates reduced the severity of tan 
spot and leaf blotch diseases up to 39 and 12–53 % respectively compared to con-
trols. Treatment with  Trichoderma  isolates provided some bene fi cial effect at head 
stage also against tan spot disease (Perelló et al.  2006  ) . One of isolates of  T .  har-
zianum  T7 was effective as the fungicide tebuconazole in suppressing the develop-
ment of tan spot caused by  P .  tritici - repentis  (Perelló et al.  2008  ) . For the control of 
tan spot disease, no single disease management strategy could provide satisfactory 
long-term solution. Hence, the potential of two strains of  Trichoderma harzianum  
and two synthetic compounds acibenzolar- S -methyl (ASM) and thiamethoxam (TM), 
capable of inducing systemic resistance in plants against plant diseases were evalu-
ated for their ef fi cacy in suppressing the development of tan spot disease, when 
applied alone or in combination on the wheat cultivar Klein Escorpion. The fungal 
BCA strains, ASM and TM were applied to  fi eld plots and the severity of tan spot 
was reduced in treated plots, as compared with controls. In addition, plant height, 
fresh and dry weights of shoots and dry weight of roots increased in comparison to 
the untreated controls. As preinoculation treatment ASM, TM and  T .  harzianum  
strain Th1 reduced necrotic lesions by more than 50 %, compared to the control. 
ASM alone or in combination with Th1 strain increased the dry weight to more than 
60 %, whereas the effects of TM and Th1 on dry mass showed an increase ranging 
from 25 to 57 %. Combination of the BCA and resistance inducers resulted in a six-
fold increase in dry weight over control (Perelló and Dal Bello  2011  ) . Septoria 
blotch caused by  Septoria tritici  another major foliar disease of wheat could be sup-
pressed by seed treatment with or foliar application of  T .  harzianum . Application of 
the BCA at later stages of crop growth did not reduce the disease severity to a satis-
factory level. Two isolates T2 and T4 were equally effective as the fungicide Folicur 
in reducing disease incidence and severity (Perelló et al.  2009  ) .  

    6.1.1.6   Common Bunt Disease 

 Disinfection of seeds and planting materials using heat treatments has been success-
fully applied against some seedborne diseases. A high precision method involving 
the use of warm air which is in moisture equilibrium with the grains to be treated 
was employed for the control of fungal seedborne infections of wheat seeds. 
Sanitation of wheat seeds using warm air reduced seedborne infection by  Tilletia 
caries  and  Microdochium nivale  to a level comparable with chemical seed treat-
ment. No adverse effect was observed on plant development following warm air 
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treatment. The warm air treatment can be applied for treating seeds with thick layers 
at short durations. As the cost of treatment is low, warm air treatment may be advan-
tageous for large scale application (Forsberg  2001  ) . Heat treatment of wheat and 
barley seeds with high level of infection by  Fusarium graminearum  (84 and 23 % 
respectively) was evaluated. The pathogen was eliminated from Canadian Western 
red spring wheat seeds treated at 60 °C for 15 days or at 70 °C for 5 days or at 80 °C 
for 2 days. Likewise, the barley seeds were disinfected by heat treatment at 60 °C 
for 21 days or at 70 °C for 9 days or at 80 °C for 5 days. Seed germination percent-
ages were not affected in most seed samples due to heat treatment (Clear et al. 
 2003  ) . The effectiveness of the biofumigant fungus  Muscodor albus  in suppressing 
the development of  Tilletia caries , causing wheat common bunt disease was inves-
tigated. Dry rye grain culture of  M .  albus  was ground into powder and applied (at 
125 mg/g of seed) to wheat seed infested with teliospores of  T .  carries . The culture 
was also broken into small particles and applied in furrows at 4 g/m of row, along 
with teliospore-infested seed during planting. The experiments were carried out 
during two growing seasons and two planting dates, when the soil temperatures 
were optimal for disease development (5–10 °C). In the  fi rst year, treatments in the 
 fi rst seeding date (beginning early spring) reduced the common bunt disease to 12 
and 9 % respectively in seed and in-furrow treatments, as compared to control with 
44 % diseased spikes. In the planting date, the disease incidence was low (6 %) in 
the control and no infected head was noted in both treatments. In the second year, 
the incidence of common bunt disease was low even in the control plots (8 %). The 
disease incidence recorded for seed and in-furrow treatments were 0.5 and 0.25 % 
respectively in the second seeding date. The results indicated the usefulness of 
applying the biofumigant  M .  albus  for the suppression of wheat common bunt 
disease (Goates and Mercier  2011  ) .   

    6.1.2   Barley Basal Kernel Blight Disease 

  Pseudomonas syringae  pv.  syringae  ( Pss ) causes barley basal kernel blight disease. 
The potential of strains of  Pantoea agglomerans  (syn.  Erwinia herbicola ) for the 
suppression of basal kernel blight disease was studied. When the BCA strains were 
applied to head prior to the infection by  Pss , the disease development was sup-
pressed. Reduction of kernel blight disease following application of BCA was from 
45 to 74 %, depending on the BCA isolate and barley cultivar tested under  fi eld 
conditions. The ef fi cacy of BCA strains varied due to time and rate of application. 
Pre-inoculation treatment with BCA strains was more effective than coinoculation 
treatment. A single application of  P .  agglomerans  at 3 days prior to pathogen inocu-
lation provided adequate control of the disease, since populations of the BCA were 
about 10 7  CFU/kernel, while the pathogen population was reduced by 100-fold to 
2 × 10 4  CFU/kernel. Application of the BCA to the  fl ag leaf (before heading) also 
reduced the kernel infection percentages signi fi cantly. Formulations of  P .  agglom-
erans  prepared by using oil/starch/sugar encapsulation and stored at 4 °C retained 
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viability (90–93 % survival) better than the formulations stored at 22 °C (73–79 %). 
Use of synthetic bactericides may be uneconomical, compared with the application 
of bacterial BCAs. Combination of strategies viz., application of  P .  agglomerans , 
selection of less susceptible barley cultivars and reduced irrigation during infection 
might provide effective protection against basal kernel blight disease of barley 
(Braun-Kiewnick et al.  2000  ) .  

    6.1.3   Corn Diseases 

    6.1.3.1   Anthracnose Disease 

 Corn anthracnose disease caused by  Colletotrichum graminicola  occurs in two 
phases as leaf blight and stalk rot in most corn production areas and it may be 
responsible for complete crop failures in sweet corn  fi elds. Corn residue is an important 
source of primary inoculum source which may increase through cultural practices 
such as no-tillage and continuous corn monoculture. Field experiments conducted 
in agricultural research stations in Arlington and Madison showed that incidence 
and severity of anthracnose leaf blight were higher in continuous corn crop mon-
oculture than in soybean-corn rotations by 91 % and 24–78 % respectively. 
Anthracnose stalk rot was marginally increased by chisel-ploughing treatment. 
A positive relationship between spring residue cover and anthracnose leaf blight 
could be seen, but no such correlation between residue and stalk rot was evident. 
Severity of anthracnose leaf blight was correlated negatively with yield. But anthra-
cnose stalk rot phase did not affect the yield in proportion of disease severity. The 
results showed that proper management of residue levels through crop rotation 
might be effective in lowering the incidence and severity of corn anthracnose 
disease (Jirak-Peterson and Esker  2011  ) .  

    6.1.3.2   Ear Rot Disease 

  Fusarium verticillioides , the causative agent of maize ear rot and kernel rot disease 
also produces the mycotoxin fumonisins that are harmful to humans and animals, 
when contaminated grains are consumed. The antagonistic potential of  Pseudomonas 
 fl uorescens  against  F .  verticillioides  and ability to reduce accumulation of fumoni-
sin was assessed.  P .   fl uorescens  formulation was applied as seed treatment and 
foliar spray. The bacterial BCA was formulated using corn starch, wheat bran and 
talc powder. Pure culture of  P .   fl uorescens  and the formulations increased maize 
plant growth and vigor as re fl ected by seed germination, seedling vigor, plant height, 
1,000-seed weight and yield. The incidence of disease and accumulation of fumoni-
sin were reduced more ef fi ciently by  P .   fl uorescens  than control and chemical treat-
ment under  fi eld conditions, indicating the effectiveness of  P .   fl uorescens  (Nayaka 
et al.  2009  ) . In a later investigation, the ef fi ciency of  Bacillus amyloliquefaciens  and 
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 Enterobacter hormaechei  in suppressing  F .  verticillioides  infection and reducing 
fumonisin B 

1
  accumulation was assessed. The antagonists were applied as seed 

treatment and spray on maize ears at  fl owering.  F .  verticillioides  infection and 
fumonisin B 

1
  (FB 

1
 ) contents were determined in kernels of physiologically mature 

maize plants at harvest time under  fi eld conditions. Seed treatment with the bacte-
rial BCAs reduced infection by ear rot pathogen and the FB 

1
  contents in both years 

of investigation. The number of CFU of  F .  verticillioides  obtained from harvested 
maize kernels was positively correlated with FB 

1
  content. The results suggested that 

treatment with bacterial antagonists might improve the quality of maize grains by 
reducing toxin levels, although no improvement in grain yield could be possible 
(Pereira et al.  2010  ) .   

    6.1.4   Rice Diseases 

    6.1.4.1   Blast Disease 

 Rice crops are cultivated in a wide range of environmental conditions and at different 
altitudes. Hence, occurrence of diseases caused by fungi, bacteria, phytoplasmas 
and viruses varies, depending on the levels of their resistance/susceptibility, existing 
environmental conditions and inputs provided to the plants. Rice blast disease, one 
of the major diseases is caused by  Magnaporthe grisea  which exists as numerous 
races that differ in their virulence (pathogenic potential). Certain cultural practices 
such as changing planting dates, avoiding application of excessive application of 
nitrogen, maintaining optimum levels of soil moisture and planting blast resistant 
rice varieties, have been shown to have suppressive effect on the incidence and 
severity of blast disease or to escape from the severe infection by the disease. 
Application of silicon (Si) as sodium silicate has been demonstrated to reduce the 
incidence and severity of blast disease. When Si was applied to Si-de fi cient soils, 
application of fungicides could be eliminated, even in areas with high endemic levels 
of blast as in Colombia. In addition, Si application in Si-de fi cient soils increased 
yield by 20–35 %, compared to non-amended soils. Si alone and Si combined with 
the fungicide edifenphos reduced leaf blast severity by 22–75 %, when compared to 
non-amended, untreated controls. Suppression of leaf blast by Si alone was equal to 
or better than the full rate tricyclazole treatment, when disease severity was low. But 
when disease severity was higher, a 10 % rate of tricyclazole (full rate for  fi eld) was 
also required, in addition to Si. Yield levels were equal for Si alone and fungicide 
(full rate) (Seebold et al.  2004  ) . The mechanism of blast disease suppression 
has been studied. The leaf extracts from rice plants grown in soils amended with 
Si (Si + ) followed by inoculation with  M .  grisea  contained higher concentrations 
of momilactone phytoalexins, compared with those from unamended control rice 
plants (S – ). Production of momilactones following treatment with Si was considered 
as a potentially important factor for reducing the blast disease severity (Rodrigues 
et al.  2005  ) .  Pseudomonas  fl uorescens  Pf1 has been reported to provide effective 
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protection against rice blast disease. The seed treatment followed by three foliar 
applications of strain Pf1 reduced the incidence and severity of blast disease 
(Vidhyasekaran et al.  1997  ) . Foliar spray of  P .   fl uorescens  reduced the incidence of 
rice blast disease and also increased the grain yield (Karpagavalli et al.  2001  ) .  

    6.1.4.2   Sheath Blight Disease 

 Rice sheath blight disease is caused by  Rhizoctonia solani  which is soilborne and 
has a wide host range, including many crop plants. No effective genetic source for 
development of rice cultivars resistant to sheath blight pathogen has been identi fi ed. 
Control of sheath blight disease by applying fungicides is economically not feasible. 
Biological management by employing fungal and bacterial biocontrol agents holds 
promise as an alternative approach. Talc-based formulations containing  Pseudomonas 
 fl uorescens  strain PF1 and FP7 either alone or in combination reduced the sheath 
blight incidence to different levels, depending on the strain or strain mixture. The 
extent of disease reduction was up to 29.2 % for individual strains and up to 45.1 % 
for strain mixture. In addition to reduction of disease incidence, treatment with PF 
strains enhanced the plant growth resulting in higher grain yield up to 40.4 %, when 
PF1 and FP7 mixture was applied (Fig.  6.3 ) (Nandakumar et al.  2001  ) . Talc-based 

  Fig. 6.3    Effect of different delivery systems on the severity of sheath blight disease and yield of 
rice plants treated with PF1 or FP7 strains of  Pseudomonas  fl uorescens  alone or in combination. 
Strain mixture was more effective than individual strains (Courtesy of Nandakumar et al.  2001  and 
with kind permission of Springer Science + B. V., Heidelberg, Germany)       

 



2036.1 Diseases of Cereal Crops

formulations of  P .   fl uorescens  strains PF1 and FP7 in combination with chitin 
amendment were more effective in reducing sheath blight disease up to 62.1 and in 
increasing the yield up to 21 % (Radjacommare et al.  2002  ) . The effectiveness of 
suppression of mixtures of sheath blight disease by application of mixtures of fun-
gal biocontrol agents  Trichoderma harzianum ,  T .  viride  and  Gliocladium virens  
under  fi eld conditions was demonstrated (Tang et al.  2002  ) . Talc-based formulations 
of  P .   fl uorescens  and  T .  viride  reduced the sheath blight incidence signi fi cantly 
under  fi eld conditions and their effectiveness was comparable to the level obtained 
with the fungicide carbendazim. Enhanced plant growth as re fl ected by the number 
of productive tillers, grains per panicle and 1,000-grain weight was observed in 
plants treated with  P .   fl uorescens  or  T .  viride . Combination of these two BCAs 
resulted only in a marginal increase in grain yield and reduction in disease 
incidence, indicating lack of additional bene fi t due to use of BCA combination 
(Mathivanan et al.  2005  ) .  

  Bacillus subtilis  strain NJ-18 showed antifungal activity against  Rhizoctonia 
solani  and  Sclerotinia sclerotiorum  causing rice sheath blight and rape Sclerotinia 
stem rot diseases respectively. In the  fi eld experiments, fermentation of NJ-18 strain 
at 5.0 × 10 7  CFU/ml signi fi cantly reduced sheath rot disease incidence and severity. 
When NJ-18 was applied alone or combined with 50 % kresoxim-methyl at 225 g 
a.i./ha, the sheath blight disease was controlled more effectively than 50 % 
kresoxim-methyl alone or Jinggangmycin at 120 g a.i./ha. Disease control obtained 
with NJ-18 alone was as high as 100 %, indicating the potential of the BCA strain 
in suppressing the development of rice sheath blight disease (Yang et al.  2009  ) . 
 Bacillus megaterium  effective against the rice sheath blight pathogen  R .  solani  was 
formulated as  fl oating pellets and water soluble granules. The  fl oating pellets 
showed good  fl oating properties and gradually released the bacterial BCA load over 
time. In the greenhouse tests, even at lower dose, the  fl oating pellet formulation was 
equally effective as the granular formulation in suppressing rice sheath blight 
disease development. The presence of endospores of  B .  megaterium  on the surface 
of leaf sheath and on leaf blade of rice plants following application of formulated 
product was detected by scanning electron microscope (SEM). In the  fi eld evalua-
tion, the population of bacterial antagonist was maintained in both formulations at 
equivalence. The granular formulation applied at 300 ml/rice hill was as effective as 
the fungicide iprodione in reducing the disease incidence and intensity and more 
effective than the  fl oating pellet formulation. The  fl oating pellet formulation might 
become less effective, since it might be dispersed in the relative open system, from 
point of application, possibly due to water movement. The effect of the antibiotic 
produced by  B .  megaterium  might be diluted resulting in loss of effectiveness to the 
desired level in the  fl oating pellet formulation (Kanajanamaneesathian et al.  2007  ) . 
 B .  megaterium -based water soluble granular formulation was applied as seed 
treatment (1 g/100 g seed) followed by three sprays at seedling, tillering and 
 fl owering stages. Treatment with  B .  megaterium  effectively reduced sheath blight 
and blast diseases. Yield of plants treated with the BCA was greater than the 
untreated controls, when weed populations was kept under check and recommended 
nitrogenous fertilizers were applied (Kanjanamaneesathian et al.  2009  ) .  
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    6.1.4.3   Bacterial Leaf Blight Disease 

 Bacterial leaf blight (BLB) disease of rice caused by  Xanthomonas oryzae  pv. 
 oryzae  ( Xoo ) causes considerable loss, when favorable environmental conditions 
prevail. The possibility of using antagonistic bacterial species/strains has been 
examined. An avirulent mutant of  Xoo  strain Du728 generated by deleting a viru-
lence gene was evaluated for its antagonistic potential against the BLB pathogen. 
One single spray application of strain Du728 (10 6  CFU/ml) reduced the disease 
severity by 48.5 %, compared with the control. Combination of the strain Du728 
and salicylic acid (10  µ g/ml), the inducer of disease resistance, was more effective 
than the mutant strain alone in reducing the disease severity under greenhouse con-
ditions. The BCA and salicylic acid combination applied thrice as foliar sprays 
under  fi eld conditions, reduced the disease by 80 % and the combined application 
was more effective than the chemicals tested (Liu and Wang  1998  ) .  Lysobacter 
antibioticus  strain13-1 isolated from rice rhizosphere was evaluated for its biocon-
trol potential for the control of rice BLB disease. Whole broth culture (WBC) of the 
strain 13-1 was applied at maximum tillering stage of rice cultivar Huangkenuo 
along with the antibiotic zhongshengmycin 1 % and water (control) to assess the 
comparative effects under  fi eld conditions. The strain 13-1 reduced the rice BLB 
disease index by 78.3 and 59.1 % in 2005 and 2006 respectively relative to the con-
trol. The BCA treatment was more effective than zhongshengmycin with suppres-
sion ef fi ciencies of 69.4 and 47.7 % in 2005 and 2006 respectively. The strain 13-1 
could colonize on rice leaves as well as rice stems at 3 weeks after application. The 
strain 13-1 could suppress the disease development in most rice cultivars, irrespec-
tive of their susceptibility levels (Ji et al.  2008  ) . 

 Harpins produced by plant pathogenic bacteria have multifunctions. They pro-
mote plant growth and induce defense responses as well. Nine fragments of the 
harpin protein HpaG 

xooc
  from  Xanthomonas oryzae  pv.  oryzicola  were characterized 

and these fragments possessed the properties of plant defense elicitation and plant 
growth stimulation relative to the intact protein. Under controlled conditions, the 
fragment HpaG 

10–42
  was more active in both properties than HpaG 

xooc
  and other frag-

ments. These two fragments were evaluated under  fi eld conditions. The activity of 
HpaG 

10–42
  in rice under  fi eld conditions signi fi cantly was greater than that of 

HpaG 
xooc.

  The fragment stimulated resistance to three important diseases of rice, 
bacterial leaf blight, blast and sheath blight and also increased the grain yields in 
experiments conducted in 672 experimental plots with nine rice cultivars planted at 
three locations. The effects of application rate, frequency and timing of application 
in respect of rice growth stages were also investigated. Of the concentrations (24, 12 
and 6  µ g/ml), number and timing of applications (1–4 stages) tested, HpaG 

10–42
  at 

6  µ g/ml applied to plants once at nursery seedling stage and three times in the  fi eld 
was the most effective. Incidence of bacterial leaf blight, blast and sheath blight was 
reduced by 61.6, 93.6 and 93.2 % and 56.4, 76.0 and 55.05 % respectively in indica 
and japonica cultivars relative to the untreated controls. In addition, grain yields 
were increased by 22–27 %, compared with control treatments. The effectiveness of 
application of harpin fragment HpaG 

10–42
  was equal to the local management 
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practices including use of chemicals. The results showed that HpaG 
10–42

  protein 
fragment could be used effectively to control three important rice diseases and 
increase the yield levels of rice crops (Chen et al.  2008  ) . 

 Three bacteriophages strains that lyse  Burkholderia glumae  and  B .  plantarii , 
causing rice seedling rot and seedling blight diseases were evaluated for their poten-
tial to suppress the development of the seedling diseases. The strain BGPP-Ar was 
more effective than the other two strains tested. The ratio of seedlings exhibiting 
disease to the total number of seedlings examined after treatment with BGPP-Ar at 
a concentration of 1.0 × 10 8  plaque-forming units (PFU)/ml was 0.0 for seedling rot 
and 2.0 for seedling blight, whereas the ratios were 14.3 and 15.0 respectively, after 
treatment with ipconazole/copper (II) hydroxide. BGPP-Ar was highly effective in 
suppressing seedling rot of rice, even at the low concentration of 1.0 × 10 5  PFU/ml. 
Phage treatment of seeds indoors was the most effective, since phage inactivation by 
UV irradiation could be avoided. Treatment with phages has the potential for effec-
tive control of seedborne bacterial diseases (Adachi et al.  2012  ) .   

    6.1.5   Diseases of Sorghum and Millets 

    6.1.5.1   Charcoal Rot Disease 

  Macrophomina phaseolina , incitant of charcoal rot disease of sorghum is responsi-
ble for serious losses. Three strains of  Pseudomonas  spp. selected out of 126 
isolates obtained from different sorghum growing regions in India, were evaluated 
for their ef fi cacy in reducing the incidence of charcoal rot disease under  fi eld condi-
tions.  P .  chlororaphis  SRB127 proved to be the most effective in suppressing the 
development of charcoal rot disease. When applied as seed treatment, the incidence 
of charcoal rot disease was reduced by >40 %, crop-lodging by >20 % and increased 
the grain weight. The strain SRB127 was able to colonize the sorghum root ef fi ciently 
forming microcolony-like cell aggregates in some parts of root system in the sand 
culture and survived in the sorghum rhizosphere without signi fi cant reduction in its 
population level (Das et al.  2008  ) . Two strains of  Pseudomonas  fl uorescens  Pf-52 
and KRU-22 suppressed the development of Setaria blast disease caused by 
 Magnaporthe grisea  to an extent of 86.7 and 87.8 % respectively. Plant growth was 
also improved by treatment with the bacterial strains signi fi cantly (Karthikeyan and 
Gnanamanickam  2008  ) .  

    6.1.5.2   Downy Mildew Disease 

 The ef fi cacy of four strains of plant growth-promoting rhizobacteria (PGPRs), 
 Bacillus pumilus  INR7 and SE34 and  B .  subtilis  IN937b and GB03 were assessed 
for the control of pearl millet downy mildew disease caused by  Sclerospora gramin-
icola  under  fi eld conditions. With fresh suspensions of bacterial cells, treatment 
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with INR7 protected the pearl millet plants more effectively than the other strains. 
When applied as powder formulation also, the strain INR7 proved to be better than 
other strains in protecting the plants against infection by  S .  graminicola . Application 
of the fungicide metalaxyl (Apron) was far superior in reducing the downy mildew 
disease incidence (12.0 %), compared with all of the BCA strains (30–69 %) under 
 fi eld conditions (Raj et al.  2003  ) . A talc-based formulation, Trichoshield containing 
 Trichoderma harzianum ,  T .  lignorum ,  Glocladium  (=  Trichoderma )  virens  and 
 Bacillus subtilis  was applied as seed treatment, slurry treatment or foliar spray for 
the control of pearl millet downy mildew disease. Foliar spray was found to be more 
effective than the other methods. Trichoshield treatment provided protection vary-
ing from 52 to 71 % under  fi eld conditions. In addition, the yield attributes were also 
improved by the BCA treatment. However, the fungicide metalaxyl (Apron) was 
more effective than the BCA formulation (Raj et al.  2005  ) .    

    6.2   Diseases of Cotton 

    6.2.1   Verticilium Wilt Disease 

 The role of organic amendments in the development of suppressiveness of soil to 
soilborne pathogens has been investigated in respect of cotton diseases.  Verticillium 
dahliae  causing cotton Verticillium wilt disease exists as two distinct groups of iso-
lates, one group causing defoliating (D) and another group inducing non-defoliating 
(ND) symptoms in infected cotton plant. The ef fi cacy of inducing disease suppres-
siveness by organic amendments from various plant species was assessed against the 
microsclerotia (MS) of D and ND isolates in infested soil. The ef fi cacy of suppres-
siveness depended on species of plants, incubation time, pathogen isolate and whether 
soil was sterilized. The ND isolate was more sensitive than D isolate to amendment 
treatments. Debris of  Diplotaxis virgata  was the most effective in consistently reduc-
ing the viability of MS among the plant species tested. The eradicative potential of 
organic amendments on MS of  V .  dahliae  was con fi rmed by observations on disease 
incidence and severity of symptoms of Verticillium wilt of cotton plants grown in 
infested, amended soil. All organic amendments reduced the disease incidence and 
severity in soils infested with both D and ND isolates to different degrees. None of 
the cotton plants in soils infested with ND isolate and treated with amendments 
exhibited the symptoms of infection, indicating that organic amendments could 
strongly reduce the  fi nal disease incidence levels (López-Escudero et al.  2007  ) . 
Several organic amendments were evaluated for their biocontrol potential against 
Verticillium wilt disease of cotton. Among them, crab shell (chitin) was found to be 
the most effective in reducing the disease severity by 72 %, whereas soybean stalk 
and alfalfa reduced the disease severity by 60 and 50 % respectively. Crab shell 
amendment stimulated the proliferation of antagonists to  Verticillium dahliae  in the 
rhizosphere of cotton plants. The changes in the rhizosphere populations of micro-
organisms by crab shells might contribute to suppression of cotton wilt disease 
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(Huang et al.  2006  ) . Four strains of  Pseudomonas  spp. isolates from the rhizosphere 
of cotton and weeds suppressed the development of Verticillium wilt disease, when 
the cotton seeds bacterized with the BCA strains were sown. The cotton plants were 
protected, when the treated plants were challenged by stem-injection with the conidia 
of  V .  dahliae . The bacterial BCA  Serratia plymuthica  (HRO-C48) was also included 
for comparing the ef fi cacies of  Pseudomonas  strains with the known effective BCA. 
The reduction of area under disease progress curve (AUDPC) by seed bacterization 
with four strains of  Pseudomonas  (FP22, FP23, FP30 and FP35) and  S .  plymuthica  
ranged from 39.2 to 50.9 % and 22.1–36.8 % in the trials conducted in 2005 and 
2006 respectively. The seed cotton yield of the cultivar Sayar 314 was increased in 
BCA-treated plots from 13.1 to 22.3 % in the  fi eld trial in 2005. But signi fi cant 
increase in seed cotton yield could be obtained following treatment with BCA strains 
in 2006. The results showed variable effects of BCA treatment on disease suppres-
sion and seed cotton yield, depending on cotton cultivar and environmental condi-
tions (Erdogan and Benlioğlu  2010  ) . 

  Verticillium dahliae  ( Vd ) and  Fusarium oxysporum  f.sp.  vasinfectum  ( Fov ) caus-
ative agents of Verticillium wilt and Fusarium wilt diseases in cotton, may cause 
serious losses, when they appear together in the same  fi eld, making it dif fi cult to 
manage them effectively. The dry mycelium (DM) of  Penicillium chrysogenum  
(PEN), a waste product of the pharmaceutical industry was evaluated for its biocon-
trol potential against  V .  dahliae  and  Fov . Cotton  fi elds were amended with DM before 
planting or squaring or both and disease incidence was monitored from 2001 to 2004. 
In the experiment during 2001 and 2002, at a dose of 30 g/m 2  of DM, either as basal 
application alone or basal application + side dressing of DM, provided signi fi cant 
protection against Verticillium wilt and Fusarium wilt diseases. But side dressing 
alone was not effective in reducing the incidence of both diseases. In the second 
experiment (2003 and 2004), the ef fi cacy of DM was found to be dependent on the 
application rates. Basal application plus side dressing at doses of 30, 90 and 150 g/
m 2  provided protection of 20.1, 34.6 and 42.7 % against  Fov  and of 26.8, 47.8 and 
49.6 % against  Vd , compared with untreated controls. Signi fi cant increases in lint 
yields were also recorded in plots treated with DM. As there was no direct inhibitory 
effect of DM on the pathogens, disease suppression was considered, possibly due to 
induction of resistance in cotton against the wilt diseases (Dong et al.  2006  ) .  

    6.2.2   Root Rot Disease 

 Cotton root rot complex caused by  Fusarium oxysporum  ( Fo ) and  Pythium debarya-
num  ( Pd ) is a dif fi cult disease problem to be tackled by any one approach. Mixtures 
of biocontrol agents  Trichoderma hamatum ,  T .  harzianum  and  Paecilomyces lilaci-
nus  and resistance inducer salicylic acid (SA) and Bion [benzo (1,2,3)-thiadiazole-7-
carbolic acid- S -methyl ester (BTH)] were evaluated for their biocontrol potential in 
reducing the cotton root rot disease incidence under greenhouse and  fi eld conditions. 
All treatments reduced the infection by  Fo  and  Pd  under greenhouse conditions. 
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Disease index percentage was signi fi cantly reduced (78.8 %), while seed germina-
tion improved almost by two-fold (199 %), compared with untreated controls. Under 
 fi eld conditions, extent of protection achieved was the highest in the plots treated 
with a combination of  T .  hamatum  +  P .  lilacinus  + SA + BTH which reduced DI to 
72.3 and 69.3 % for  Fo  and  Pd  respectively compared to control treatment. The 
results indicated the enhancement of control ef fi cacy through combination of fungal 
BCAs and inducers of disease resistance (Abo-Elyousr et al.  2009  ) .  

    6.2.3   Seedling Diseases 

 Cotton seedlings are infected by one or more fungal pathogens such as  Rhizoctonia 
solani ,  Pythium aphanidermatum ,  P .  ultimum  and  Rhozopus oryzae . The seedlings 
may be killed at pre-emergence or post-emergence stages, resulting in gappiness in 
the  fi eld. Application of organic amendments, seed treatment with chemicals and 
maintaining optimum soil moisture level are the strategies suggested for the man-
agement of the seedling diseases. Fungal biocontrol agents have been evaluated for 
their potential against one more of these fungal pathogens involved either alone or 
in combination in causing the disease. Q strains of  Trichoderma  (= Gliocladium ) 
 virens  was demonstrated to be effective against the cotton seedling disease caused 
by  Rhizoctonia solani  (Howell et al.  1997  ) .  T .  virens  suppressed the pathogen devel-
opment through antibiosis and/or induction of systemic resistance in cotton against 
 R .  solani  (Lumsden et al.  1992 ; Howell et al.  2000  ) . Pre-emergence damping-off 
disease affecting cotton caused by  Pythium  spp. and  Rhizopus oryzae  was studied 
for the development of effective control measures. Seed treatment with metalaxyl 
effectively controlled the disease incited by  Pythium aphanidermatum ,  P .  ultimum  
and an unidenti fi ed  Pythium  spp., but it was not effective against the disease caused 
by  Rhizopus oryze . Under  fi eld conditions, seed treatment with metalaxyl was only 
partially effective in naturally infested soils. Hence, disease symptoms observed in 
47 % of the seedlings were attributed to infection by  R .  oryzae . The ef fi cacy of seed 
treatment with formulations of  Trichoderma virens  parent strains G6 and G6-5 and 
the hybrid strains of  T .  virens  ×  T .  longibrachiatum  Tvl-30 and Tvl-35 were able to 
effectively control the disease caused by all the four pathogens (Howell  2002  ) . 

 Non-pathogenic isolates of binucleate  Rhizoctonia  spp. (np-BNR) have been 
reported to protect the cotton seedlings against damping-off and crown and root rot 
diseases caused by  Pythium  spp. and  Rhizoctonia solani . The np-BNR isolates with 
biocontrol potential belonged to the anastomosis groups (AGs) AG-A, AG-B(a), 
AG-B(o), AG-G, AG-1, AG-GK and AG-P (Sneh et al.  1991  ) . Pretreatment of 
cotton seedlings with np-BNR isolates provided ef fi cient protection against 
pre- and post-emergence damping-off caused by a virulent strain of  R .  solani  
(AG-4). Seedling stand of protected cotton was signi fi cantly higher than that of 
untreated control seedlings. Many of the np-BNR isolates reduced the disease 
severity signi fi cantly (P < 0.05). Combined application of np-BNR and the resistance 
inducer BTH provided effective protection to cotton seedlings, not only against 
seedling rot, but also against Alternaria leaf spot disease caused by  Alternaria 
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macrospora . However, the degree of disease reduction was comparable to that 
obtained with np-BNR treatment alone. Leaf symptoms induced by  A .  macrospora  
on cotton cotyledons pretreated with np-BNR or sprayed with BTH were signi fi cantly 
reduced. The np-BNR-treatment was more effective than BTH in reducing the 
disease severity. The results indicated that np-BNR isolates were more ef fi cient in 
protecting cotton seedlings against both root and leaf pathogens and the disease 
control provided by them was superior to that offered by the chemical inducer of 
disease resistance (Jabaji-Hare and Neate  2005  ) .  

    6.2.4   Black Root Rot Disease 

  Thielaviopsis basicola , causal agent of cotton black root rot induces necrosis of root 
cortex, delayed seedling emergence and fruit set, resulting in serious yield loss in 
Australia. Acibenzoalr- S -methyl (ASM) consistently reduced disease severity on 
taproots by 20–30 %, when cotton seeds were soaked in ASM solution (25 or 50  µ g/
ml) for 3–5 h before planting under greenhouse conditions. In the  fi eld experiments, 
ASM was applied either as spray over seeds during sowing (in-furrow spray) or as 
seed dressing by soaking in the chemical solution or as a foliar spray over seedlings. 
Seed-soaking in ASM solution reduced the severity of black root rot disease 
by 33 %. The in-furrow application of ASM (25  µ g/ml at 550 l/ha) reduced the 
severity of symptoms on tap roots by 24 % and increased the number of relatively 
healthy lateral roots (by 35 %) and fruit number (by 24 %). The application of ASM 
as foliar spray was not effective against the black root rot disease. The results 
showed that application of ASM could induce systemic acquired resistance against 
the soilborne pathogen  T .  basicola  causing the black root rot disease of cotton 
(Mondal et al.  2005  ) . Seed coating with bacterial BCA  Paenibacillus alvei  strain 
K-165 formulated in xanthan gum and talc reduced the symptoms of black root rot 
diseases very effectively. Plant growth was also signi fi cantly promoted by seed 
treatment with the strain K-165 which was found to be an ef fi cient root and soil 
colonizer inhibiting extensive root colonizer inhibiting extensive root colonization 
by  T .  basicola  (Schoina et al.  2011  ) .  

    6.2.5   Alternaria Leaf Spot Disease 

 The effect of foliar application of potassium nitrate (KNO 
3
 ) on the development of 

Alternaria leaf blight of cotton caused by  Alternaria macrospora  was assessed under 
 fi eld conditions. Disease incidence, severity and leaf shedding were determined at 
the bottom (1–7 nodes), middle (8–14 nodes) and top (15 + nodes) of plants at weekly 
interval. Foliar application of KNO 

3
  at 13 kg/ha signi fi cantly reduced the mean 

diseases incidence, severity and leaf shedding during the experimental duration. 
Disease incidence, severity and leaf shedding were higher at the middle of the canopy 
for all treatments than those at bottom and top canopies. KNO 

3
  treatment signi fi cantly 



210 6 Biological Disease Management Systems for Agricultural Crops

reduced the adverse effects of Alternaria leaf spot disease (Bhuiyan et al.  2007  ) . The 
effectiveness of non-pathogenic binucleate  Rhizoctonia  spp. (np-BNR) isolates 
and BTH in reducing the severity was assessed. Leaf symptoms induced by 
 A .  macrospora  on cotton cotyledons pretreated with np-BNR or sprayed with BTH 
were signi fi cantly reduced. The np-BNR treatment was more effective than BTH in 
reducing the severity of Alternaria leaf spot disease (Jabaji-Hare and Neate  2005  ) .  

    6.2.6   Bacterial Blight Disease 

 The bacterial pathogen  Xanthomonas axonopodis  pv.  malvacearum , causing bacterial 
blight disease infects cotton plants at different stages of crop growth and all aerial 
plant parts such as leaves, petioles, stem, calyx, bolls and seeds causing both quantita-
tive and qualitative loss of lint and seeds. Crop sanitation, supply of nutrients at opti-
mal levels, use of cultivars tolerant to bacterial blight pathogen and application of 
bactericides have been suggested to reduce the incidence and severity of the disease. 
The biocontrol potential of  Bacillus cereus  isolate L2-1 and ef fi cacy of the resistance 
inducer acidbenzolar- S -methyl (ASM) applied either alone or in combination in sup-
pressing the development of cotton bacterial blight disease were assessed. Treatment 
with ASM reduced the disease severity to the maximum extent (57.8 %), whereas the 
strain L2-1reduced the disease severity to 25.48 % of the untreated control. The com-
bination of ASM and L2-1 was less effective, compared to ASM treatment alone, 
indicating a negative interaction between the resistance inducer and bacterial BCA 
(Ishida et al.  2008  ) . A commercially developed product of seaweed  Sargassum wightii  
marketed as ‘Dravya’ was assessed for its potential in suppressing the development of 
bacterial blight disease of cotton. Seed soaking with Dravya at a concentration of 
1:500 followed by foliar sprays thrice at 10, 20 and 30 days after sowing, reduced the 
disease incidence by 66, 70 and 74 % at 40, 60, and 80 days after sowing. In addition, 
promotion of plant growth due to treatment with plant extract was indicated in param-
eters such as plant height, total number of bolls formed, and boll weight. This effect 
on plant growth was considered to be due to induction of systemic resistance to the 
bacterial blight in treated plants (Raghavendra et al.  2007  ) .   

    6.3   Diseases of Pulse Crops 

    6.3.1   Soybean Diseases 

    6.3.1.1   Damping-Off Disease 

 The fungal pathogen  Rhizoctonia solani  (teleomorph:  Thanatephorus cucumeris ) 
has a wide host range in addition to soybean.  R .  solani  infects soybean at different 
stages of crop growth causing damping-off, root rot, stem rot and foliar blight, 
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accounting for heavy losses in yield. Disease incidence increased, when dry beans 
( Phaseolus vulgaris ) and sugar beet ( Beta vulgaris ) were grown in soybean rota-
tions, as they were also susceptible to  R .  solani  (Nelson et al.  1996  ) . Binucleate 
 Rhizoctonia  (BNR) isolates were detected in soybean and sugar beet roots. The 
BNRs were found to be effective against  R .  solani  infecting other crops such as 
tomato, potato, sugar beet and snap bean (Cardoso and Echandi  1987 ; Herr  1988 ; 
Escande and Echandi  1991 ; Muslim et al.  2003  ) . The biocontrol ef fi cacy of BNR 
isolates BNR-4, BNR8-2 and BNR8-3 in suppressing the development of  R .  solani  
anastomosis groups AG-4 and AG2-2, infecting soybean was assessed. There was 
no BNR x cultivar interaction. With AG-4 of  R .  solani , BNRs signi fi cantly 
increased seedling emergence and survival of soybean plants and decreased dis-
ease severity. There was no negative effect of BNRs on soybean seed germination 
and plant height. Further, no evidence of pathogenicity of BNR isolates to soy-
bean could be inferred. BNRs could be consistently isolated from hypocotyls and 
roots, indicating their ability to colonize plant tissues associated with control 
(Khan and Nelson  2005  ) . Soybean foliar blight disease is caused by  Rhizoctonia 
solani  AG-IA, AG-IB and AG2-3 in Japan and yield loss due to this phase of 
disease was estimated to be up to 70 %. The resistance inducing compounds 
salicylic acid (SA) and acibenzolar- S -methyl (ASM) and fungicides were evalu-
ated for their ef fi cacy in suppressing the development of foliar blight disease. 
Application of ASM (12.5 mg a.i./l) and SA (25 mM) sprayed at 10 and 20 days 
before inoculation with the pathogen provided the most effective protection 
against the disease (Meyer et al.  2006  ) . In a later investigation, the effect of ASM 
was assessed for the control of  R .  solani  AG-4 causing root rot disease of soybean. 
At a concentration of 0.5 g/l, ASM showed its maximum antifungal activity. Seed 
treatment with ASM at 0.08 and 0.5 g/l signi fi cantly induced the resistance 
responses in the soybean hypocotyls, resulting in reduction of intensity of rotting 
symptoms. The reduction in disease intensity due to ASM treatment was corre-
lated with stimulation in the activities of defense-related enzymes like chitinase. 
Application of ASM induced a transitional growth retardation effect on treated 
soybean plants. However, the treated plants recovered rapidly in optimal growth 
conditions (Faessel et al.  2008  ) . 

 Biofumigation using organic amendments such as Brassicaceae green manure or 
seed meal incorporation into the soil has been demonstrated as an ecologically suit-
able alternative to chemical fumigation. Release of glucosinolate-derived com-
pounds are considered to be primarily responsible for the suppression of soilborne 
fungal pathogens such as  Rhizoctonia solani ,  Fusarium oxysporum  and  Pythium 
ultimum . The tolerance of the fungal biocontrol agents  Trichoderma  spp. to these 
compounds was assessed to facilitate combined application of  Brassica carinata  
seed meal (BCSM) for pathogen suppression through different mechanisms. 
 Trichoderma  spp. were found to be generally less sensitive to BCSM than the fungal 
pathogens tested at the highest dose (10  µ mol of sinigrin). The fungal BCAs were 
able to grow on BCSM and over the pathogens. The greatest inhibitory effect was 
observed, when BCSM was applied in combination with  Trichoderma , irrespective 
of the ability of BCSM to release isothiocyanates. The results suggested that it 
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might be possible to improve the effectiveness of pathogen suppression by the 
integrated approach of combining the fungal BCA with an organic amendment with 
biofumigant property (Galletti et al.  2008  ) .  

    6.3.1.2   Sclerotinia Stem Rot Disease 

  Sclerotinia sclerotiorum , a soilborne pathogen causes Sclerotinia wilt or stem rot 
disease in soybean and it is pathogenic to many crops including lettuce and sun fl ower. 
A nonpathogenic strain of  Fusarium oxysporum  was isolated from the soil suppres-
sive to  S .  sclerotiorum . This nonpathogenic strain S6 exhibited antagonistic activity 
against  S .  sclerotiorum . The strain S6 produced the antibiotic cyclosporine A which 
inhibited the growth of  S .  sclerotiorum  and also suppressed sclerotia formation by 
the pathogen. A signi fi cant increase in the number of surviving soybean plants 
occurred, when the pathogen and strain S6 were coinoculated with the pathogen 
alone under the greenhouse conditions (Rodriguez et al.  2006  ) . The biocontrol poten-
tial of the cell suspensions or cell-free  fi ltrates of two strains of  Bacillus subtilis  
SB01 and SB24 was assessed for the suppression of Sclerotinia stem rot disease 
under  fi eld conditions. The bacterial cell suspensions were more effective than the 
cell-free  fi ltrates in suppressing the development of  S .  sclerotiorum . The cell suspen-
sions applied on soybean leaves for up to 10 days were able to signi fi cantly reduce 
the disease severity by about 20–90 % at 5 days after inoculation with the pathogen. 
The cell suspensions could protect the plants most effectively at 3 days after applica-
tion which reduced the disease severity by 40–70 % (Zhang et al.  2011  ) . 

 The effectiveness of  Coniothyrium minitans  (as Contans® WG),  Streptomyces 
lydicus  WYEC (as Actinovate® AG),  Trichoderma harzianum  T-22 (as PlantShield® 
HC) and  Bacillus subtilis  QST (as Serenade® MAX) was assessed for reducing the 
number of sclerotia of  Sclerotinia sclerotiorum  under  fi eld conditions. At two loca-
tions, soil arti fi cially infested with the pathogen sclerotia was treated with these BCA 
preparations in the top soil, before planting soybean. The fungicide Boscalid was 
sprayed on the foliage at the soybean growth stage R1 as positive control. The results 
showed that  C .  minitans  was the most effective in reducing disease severity index 
(DST) by 68.5 % and the number of sclerotia of the pathogen in the soil by 95.3 %. 
 S .  lydicus  and  T .  harzianum  were able to reduce DSI by 43.1 and 38.5 % and sclerotia 
in soil by 90.6 and 70.8 % respectively.  B .  subtilis  exhibited only marginal adverse 
effect on DSI and sclerotia in the soil. Populations of the BCAs in the soil samples were 
determined at different periods after application from 3 to 169 days. The populations of 
 Streptomyces ,  Trichoderma  spp. and  C .  minitans  did not vary signi fi cantly throughout 
the period of sampling, indicating their persistence in the soil (Zeng et al.  2012  ) .  

    6.3.1.3   Fusarium Root Rot Disease 

 Fusarium root rot disease caused by  F .  oxysporum  and  F .  graminearum  is a major 
disease of soybean in Ontario, Canada.  Bacillus subtilis  strains SB01, SB04, 
SB23, SB24, SB28 and SB33 from soybean roots and CB01 and CH22 from corn 
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roots signi fi cantly reduced the severity of root rots due to  F .  oxysporum  and 
 F .  graminearum , when applied as a seed or soil treatment. The strains from 
soybean were the most effective against both pathogens in either seed or soil 
treatment. When applied as seed treatments, the soybean strains reduced root rot 
severity by 43–63 % and increased the seedling emergence by 13–17 %, plant 
height by 9–18 % and root weight by 8.4–19 %. When applied as soil treatment, 
the soybean strains reduced the root rot severity by 68–74 % and increased seed-
ling emergence by 14–18 %, plant height by 11–23 % and root dry weight by 
16–24 %. Soil treatment with  B .  subtilis  strains appeared to be a more effective 
method of application against both  Fusarium  pathogens, causing root rot disease 
of soybean than seed treatment (Zhang et al.  2009  ) .  

    6.3.1.4   Rust Disease 

 Soybean rust disease caused by  Phakopsora pachyrhizi  is another destructive 
disease limiting soybean production. Silicon (Si) amendments were investigated for 
the ability to reduce the rust disease incidence and intensity. Silicon was applied as 
wollastonite (CaSiO 

2
 ) as soil application (at 0.96 and 1.92 t/ha of Si) or as foliar 

application of potassium silicate (K 
2
 SiO 

3
 ) under greenhouse conditions. Si treat-

ments delayed the onset of disease by about 3 days. The area under disease progress 
curve (AUDPC) of soybean plants receiving Si application was signi fi cantly lower 
than that of control treatment. In the  fi eld evaluation of the effect of Si treatment, an 
average of 3-day delay in the disease onset was recorded only in the case of soil 
application. Reduction in AUDPC values for soil and foliar treatments were up to 
43 and 36 % respectively. As the rust pathogen was unable to overwinter in the 
major soybean production areas of the USA, the delay in the onset of disease cou-
pled with reduction in AUDPC, Si treatments could be expected to be a useful alter-
native strategy for the management of soybean rust disease (Lemes et al.  2011  ) .  

    6.3.1.5   Soybean Mosaic Disease 

 The phenomenon of cross-protection of plants against severe strains by pre-inocu-
lating mild strain of the same virus has been successfully exploited for the control 
of many virus diseases like  Citrus tristeza virus  (CTV).  Tobacco mosaic virus  
(TMV) and  Papaya ringspot virus  (PRSV).  Soybean mosaic virus  (SMV) is a seed-
borne and aphidborne potyvirus. To evaluate the effectiveness of the cross-protection 
strategy, black soybean seedlings were inoculated with the attenuated SMV isolate 
Aa15-M2. The soybean plants, at 1–3 days after protective inoculation with the 
SMV isolate, were transplanted in seed farms in Kyoto Prefecture, Japan. 
Development of severe strains of SMV was effectively suppressed in protected 
plants. The seeds obtained from these plants were virtually free of SMV. In the next 
stage, black soybean seedlings grown from these seeds were transplanted in the 
growers’  fi elds. The incidence of virulent strains of SMV up to pre- fl owering stage 
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about 40 days after transplanting was 1.3 % in the  fi rst year and 0.8 % in the second 
year. The results revealed the effectiveness of applying cross-protection strategy for 
the management of soybean mosaic disease (Kosaka and Fukunishi  1994  ) .   

    6.3.2   Chickpea Diseases 

    6.3.2.1   Fusarium Wilt Disease 

 Management of soilborne diseases like wilt disease caused by  Fusarium oxysporum  
f.sp.  ciceris  ( Foc ) race  fi ve has been found to be dif fi cult, since no single strategy 
provides effective reduction in disease incidence/severity. Crop rotation, soil solar-
ization, use of pathogen-free seed, removal of infected plant debris and seed treat-
ment with biocontrol agents/fungicides have been suggested for developing an 
integrated management system suitable for the speci fi c location. The potential of 
soil solarization for the control of chickpea Fusarium wilt disease was assessed, 
using wilt-sick plots during 1984–1985, 1985–1986 and 1986–1987 seasons. 
Susceptible cultivars showed 100 % mortality due to  Fusarium oxysporum  f.sp. 
 ciceris  ( Foc ). Resistant cultivar JG74 was also included in the trials. Soil tempera-
ture under polyethylene sheeting exceeded 60 °C at 5 cm and reached 42 °C at 
20 cm soil depth. The increase in soil temperature, following solarization, induced 
various biological and physicochemical changes in the soil that affected plant 
growth and soil micro fl ora. The pathogen population in the experimental plots was 
>1,000 propagules/g of soil. Substantial reduction in pathogen population, due to 
solarization was observed, while in non-solarized plots pathogen population 
increased during this period. In non-solarized plots virtually all plants of susceptible 
chickpea cultivar were killed before maturity. In the case of resistant cultivar, no 
wilting of plants was observed both in solarized and non-solarized plots. In addition 
to protection against wilt disease, solarization exerted stimulatory effects on the 
growth of chickpea plants of susceptible and resistant cultivars. Solarization mark-
edly increased dry matter production and seed yield of both susceptible and resis-
tant chickpea cultivars (ICRISAT  1980  ) . 

  Fusarium oxysporum  f.sp.  ciceris  (Foc) occurs in severe forms causing chick-
pea wilt disease in most areas where chickpea is cultivated. Treatment of chickpea 
seeds with talc-based formulations of  Pseudomonas  fl uorescens  Pf1 suppressed the 
development of chickpea Fusarium wilt disease under  fi eld conditions and also 
increased the seed yield. Pf1 strain was inhibitory to the bioinoculants  Rhizobium  
and  Azospirillum  and the biocontrol activity of Pf1 strain was not affected by fun-
gicides Thiram and carbendazim used for seed treatment against seedborne patho-
gens (Vidhyasekaran and Muthamilan  1995  ) . In another investigation, the ef fi cacy 
of  Pseudomonas  fl uorescens  RGAF101,  P .   fl uorescens  RG26,  Bacillus megaterium  
RGAF51 and  Penibacillus macerans  RGAF101 was assessed for suppressing 
the development of wilt disease in chickpea. Seed and soil treatments with these 
rhizobacterial species, especially two  P .   fl uorescens  strains suppressed the disease 
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development by delaying the expression of symptoms and reducing the rate of 
disease increase at 20 and 30 °C, but not at 25 °C. In the absence of the bacterial 
BCA, higher numbers of Foc infections were necessary at 20 and 30 °C than at 
25 °C for rapid development of disease severity, indicating the effect soil tempera-
ture on disease development and ef fi ciency of the bacterial BCAs (Landa et al. 
 2001,   2004b  ) . Combination of sowing date, use of partially resistant chickpea 
genotypes and seed and soil treatments with biocontrol agents  Bacillus megate-
rium  RGAF51,  Bacillus subtilis  GB03, nonpathogenic  Fusarium oxysporum  
Fo90105 and  Pseudomonas  fl uorescens  RG26 was examined for their combined 
effects on chickpea wilt disease. Advancing the sowing date from early spring to 
winter signi fi cantly delayed disease onset, reduced  fi nal disease intensity and 
increased seed yield. Under conditions highly conducive for Fusarium wilt disease 
development, the extent of disease control depended on primarily on choice of 
sowing date and to a lesser extent on the level of resistance of chickpea genotypes 
to Foc race 5 and the biocontrol treatments. Adoption of these strategies resulted in 
reduction in the rate of disease intensity and an increase in emergence of chickpea 
seedlings (Landa et al.  2004a  ) . 

 Improvement in the ef fi cacy of biological control and overcoming inconsisten-
cies in the performance of individual biocontrol agents may be achieved by combin-
ing biocontrol agents or combining biocontrol agents and chemical treatments. The 
chickpea seeds were treated with metalaxyl, because of its effectiveness against 
Pythium seed rot under  fi eld conditions. Metalaxyl in fl uenced survival of the BCAs 
on chickpea seeds differentially. Metalaxyl had no effect on  Bacillus megaterium  
RGAF51 and  B .  subtilis  GB03 during storage, but reduced viability of nonpatho-
genic Fo90105 to some extent. Metalaxyl was more deleterious to  P .   fl uorescens  
RG26. Although metalaxyl affected the viability of  P .   fl uorescens  RG26 and non-
pathogenic Fo90105, treatments with these BCAs either alone or in combination 
were among the most effective ones, suppressing wilt disease development and 
increasing the seed yield. Combining nonpathogenic Fo90105 with either  B .  subtilis  
GB03 or  P .   fl uorescens  RG26 was more effective in suppressing Fusarium wilt than 
single application of nonpathogenic Fo90105, but was equally effective as each 
bacterium alone. The results indicated the enhancement of effectiveness of disease 
suppression by integrating the existing control practices, partially effective by 
themselves with other disease management strategies (Landa et al.  2004a  ) .  

    6.3.2.2   Root Rot Disease 

 Incidence of chickpea root rot disease caused by  Macrophomina phaseolina  is 
favored by the association of the infestation of nematode  Meloidogyne incognita . 
For the biological management of the root rot disease, the potential of  Glomus 
intraradices ,  Rhizoctonia  sp. and  Pseudomonas putida  and  Paenibacillus poly-
myxa  was assessed. Combined application of the mycorrhiza and bacterial spe-
cies reduced the root rot index, nematode galling and multiplication. Plant growth 
and absorption of nutrients, nitrogen, phosphorus and potassium were increased 
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by  G .  intraradices ,  Pseudomonas striata  and  Rhizobium  sp. Root colonization by 
 G .  intraradices  was enhanced in the presence of  P .  putida  and  P .  polymyxa  
(Akhtar and Siddiqui  2007,   2008  ) .  

    6.3.2.3   Damping-Off Disease 

 Chickpea damping-off disease caused by  Pythium ultimum  results in death of young 
seedlings, leading to reduction in plant stand and consequent reduction in seed 
yield. The ef fi cacy of seed treatment with biological agents  Bacillus pumilus  GB34 
(as YieldShield),  B .  subtilis  GB03 (as Kodiak),  B .  subtilis  MBI600 (as Subtilex), 
 Streptomyces lydicus  WYEC108 (as Actinovate),  S .  grieseoviridis  K61 (as 
Mycostop),  Trichoderma harzianum  Rifai strain KRL-AG2 (as T-22 Planter Box) 
and fungicides  fl udioxonil (Maxim) and mefenoxam (Apron XLLS) either alone 
or in combination was assessed for the control of damping-off disease caused by 
 P .  ultimum  under greenhouse and  fi eld conditions. The desi cultivar showed lower 
incidence of damping-off disease than the Kabuli cultivar under greenhouse and 
 fi eld conditions. In the  fi eld trials conducted at three locations, mefenoxam was 
found to be the most effective as seed treatment. Treatment with the biocontrol 
agents were ineffective in reducing the incidence of damping-off disease and in 
promoting plant growth compared with control treatment. The results indicated the 
superiority of fungicide treatment over all the biocontrol agents tested for the 
control of the chickpea damping-off and the need for comparing the ef fi cacy of 
BCAs under  fi eld conditions (Leisso et al.  2009  ) .  

    6.3.2.4   Ascochyta Blight Disease 

 Chickpea Ascochyta blight disease incited by  Ascochyta rabiei  (teleomorph—
 Didymella rabiei ) causes greater losses in winter seasons. Chickpea lines CA-252 
and CA-255with partial resistance to Ascochyta blight and wilt diseases might be 
useful in reducing the loss due to these diseases, since winter sowings could 
expose the chickpeas to environmental conditions highly conducive for the devel-
opment of Ascochyta blight disease. Hence, an appropriate level of resistance to 
Ascochyta blight disease in chickpea cultivars has to be ensured as a management 
practice for winter crops (Navas-Cortés et al.  1998 ; Landa et al.  2004a,   b  ) . The 
infected debris is an important source of inoculum for the blight pathogen that 
could be carried over to the next crop. The effect of application of biological con-
trol agents on plant debris left in the  fi eld was assessed. Application of non-
amended suspension of the yeast  Aureobasidium pullulans  to the postharvest 
chickpea debris resulted in reduction of Ascochyta blight lesions by 37.9 and 
38.4 % on chickpea plants relative to the untreated controls in 2004–2005 and 
2006–2007 seasons respectively. Ascospores released from the debris were 
identi fi ed as that of  Didymella rabiei  accounting for high proportion of airspora 
released from chickpea debris (Dugan et al.  2009  ) .   
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    6.3.3   Pigeonpea Wilt Disease 

 Fusarium wilt disease of pigeonpea is caused by a different species  Fusarium udum  
with taxonomic characteristics different from  Fusarium oxysporum  which occurs 
in the form of many formae speciales. Application of organic manures to activate 
the resident antagonistic organisms and adoption of crop rotation may have 
bene fi cial effect on plant growth and also results in reduction of disease incidence. 
The fungi,  Aspergillus niger ,  Penicillium citrinum ,  Trichoderma harzianum  and 
 T . (=  Gliocladium )  virens  and the bacterial species  Bacillus licheniformis  isolated 
from the rhizosphere were found to have inhibitory effect on the pathogen  F .  udum  
in in vitro and greenhouse assays. But under  fi eld conditions all the fungi were able 
to reduce the incidence of wilt disease, while the bacterial species was ineffective. 
 T .  virens  was the most effective with 50.5 % disease control followed by  A .  niger  
with 38.7 % disease control.  T .  harzianum  was the least effective in reducing the 
disease incidence (Singh et al.  2002  ) . The biocontrol potential of  Streptomyces  sp. 
A6 and its tolerance to fungicides that are frequently used against soilborne path-
goens, were determined.  Streptomyces  sp. A6 showed strong tolerance towards the 
fungicides mancozeb, sulfur and carbendazim. In addition, the strain A6 exhibited 
enhanced growth and mycolytic enzyme production in the presence of these fungi-
cides. By combining the  Streptomyces  sp. and the fungicides (at EC 

50
  dose), infec-

tion by  F .  udum  was most effectively reduced. By this approach of integration, 
excessive application of fungicides could be avoided, simultaneously achieving 
effective control of pigeonpea wilt disease (Singh and Chhatpar  2011  ) .  

    6.3.4   Mungbean Root Rot Disease 

 Root rot disease caused by  Macrophomina phaseolina  infects all pulse crops includ-
ing mungbean ( Vigna radiata ). Application of organic amendments and mainte-
nance of balanced soil moisture levels may be helpful in containing the disease to 
some extent. As the pathogen is soilborne, fungicide control of the disease would be 
uneconomical and often ineffective. Antagonistic microorganisms have been shown 
to be effective in inhibiting the growth of the pathogen in in vitro and greenhouse 
evaluations. Only a few have been tested under  fi eld conditions. Combined applica-
tion of  Trichoderma viride  and  T .  harzianum  reduced the root rot disease by 23 %, 
whereas another combination of  T .  harzianum  and  Aspergillus versicolor  was more 
effective and reduced the disease incidence by 31 %. These antagonistic fungi 
remained at reasonably high population levels in the applied soils for about 60 days 
after sowing (Choudhary et al.  2010  ) . Seed treatment or soil application of the pow-
der formulation of the bacterial BCA  Burkholderia  sp. strain TNAU-1 reduced the 
root rot incidence to 16 % as against 52.6 % infection in untreated control plots. 
Treatment with the strain TNAU-1 was as effective as the fungicide carbendazim in 
protecting mungbean plants against the root disease (Satya et al.  2011  ) .   
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    6.4   Diseases of Oilseed Crops 

    6.4.1   Peanut Diseases 

    6.4.1.1   Root Rot Disease 

 Peanut (groundnut) root rot disease caused by  Macrophomina phaseolina  (Fig.  6.4 ) 
or  Fusarium solani  is a devastating disease in several countries like Argentina and 
India and the production losses could reach up to 95 % in Argentina, under condi-
tions like drought stress. Compatibility of the biocontrol agent  Pseudomonas 
 fl uorescens  Pf1 effective against peanut root rot pathogen  Macrophomina phaseo-
lina  and the plant growth promoter  Rhizobium  TNAU-14 was assessed under glass-
house and  fi eld conditions. Seed treatment and soil application of Pf1 was more 
effective than other treatments in reducing the root rot disease incidence and 
improving the plant growth as well (Shanmugam et al.  2002  ) . The biocontrol 
potential of  Trichoderma  spp. against  Fusarium solani  causing peanut root rot was 
evaluated. The optimum inoculum potential of  T .  harzianum  ITEM 3636 and 
 T .  longibrachiatum  ITEM 3635 was determined under greenhouse conditions for 
application for  fi eld trials conducted in 2003–2004 in a commercial  fi eld with 
previous history of the disease. Two seed treatments—seed coated with a conidial 
suspension using carboxymethylcellulose (CMC) as sticker and seeds coated with 
the antagonistic fungal biomass on Biodac particles were carried out.  T .  harzianum  
in both seed treatments was more effective than  T .  longibrachiatum  in decreasing 
the mean disease severity index (MSI), increasing the frequency of healthy plants 
and boosting yield. The effectiveness of  T .  harzianum  in suppressing the develop-
ment of root rot disease and promoting the growth of peanut plants was con fi rmed 

  Fig. 6.4    Peanut    plant 
showing symptoms of 
infection by  Macrophomina 
phaseolina        
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in the trial conducted in 2004–2005 in  fi elds arti fi cially and naturally infested with 
pathogen (Rojo et al.  2006  ) .  

 Cultural practices may be combined appropriately to bene fi t natural populations 
of antagonistic microorganisms that may contribute to the management of soilborne 
diseases in a sustainable manner within the existing ecological boundaries. The 
effects of rotation of crops (maize, soybean and peanut) and tillage systems (no-till, 
reduced and conventional tillage) on potential biocontrol agents and the incidence 
of root rot disease caused by  F .  solani  were evaluated in two long-term  fi eld experi-
ments in Argentina. When maize was the preceding crop and crops were under 
conservation tillage, populations of BCAs were higher in both trials. However, the 
relationship between cultural management and the incidence of root rot incidence 
was lower, when maize was the previous crop and peanut was under no-till, and 
higher under the same management conditions in the second location (Gil et al. 
 2008a  ) . Soil samples were taken at sowing and harvest and root rot incidence was 
evaluated at harvest. There was an inverse relationship between root rot incidence in 
peanut and populations of potential biocontrol agents (PBAs), actinomycetes, 
 Trichoderma  spp. and  Gliocladium  spp. under no-till, suggesting a possible role of 
PBAs in the control of  F .  solani . The incidence of root rot was low under no-till and 
disc harrow was associated with high populations of PABs. However, no such cor-
relation was seen, when soybean preceded peanut. The incidence of root rot was 
low, in spite of the presence of low populations of PBAs in the soil compared with 
that in maize as previous crop (Table  6.2 ) (Gil et al.  2008b,   2010  ) .   

    6.4.1.2   Sclerotinia Blight Disease 

  Sclerotinia minor  causes the peanut Sclerotinia blight disease which accounts for 
considerable crop losses. Overwintering sclerotia of  S .  minor  in the soil form the 
primary inoculums for this soilborne pathogen. Crop rotation as a very important 

   Table 6.2    Total colony forming units (CFUs) of potential biocontrol agents in peanut under 
different tillage systems and preceding crops (Gil et al.  2008b  )    

 Field treatments 

 log 10 CFU/g of soil of potential biocontrol agents 

 Actinomycetes   Trichoderma  spp.   Gliocladium  spp. 

 Tillage systems 
 No-tillage  7.00a  4.20a  2.90a 
 Disc harrow  5.90b  3.70b  1.90b 
 Moldboard plough  4.80c  3.10c  1.50c 
 Previous crop 
 Maize  7.00a  5.40a  4.00a 
 Sorghum  6.00b  2.80b  1.40b 

  In the same column,  fi gures followed by the same letter are not signi fi cantly different according 
to LSD test at P < 0.05 
 Actinomycetes are expressed as ×10 4  and fungi as ×10 2   
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cultural practice followed for managing peanut diseases was examined for its 
usefulness for the control of Sclerotinia blight diseases. Long-term rotations with 
crops such as corn and cotton showed only limited effectiveness, since the soilborne 
sclerotia could remain viable for as long as 4 years (Melzer et al.  1997  ) . Use of peanut 
cultivars with resistance to one or more diseases has been suggested to minimize the 
disease incidence. An advanced breeding line N92056C and cultivars Tamrun 98 and 
Perry showed moderate to high levels of resistance to  S .  minor  and produced high 
yields compared with susceptible cv. NC7 (Lemay et al.  2002  ) . In order to induce 
resistance in peanut plants, three applications of acibenzolar- S -methyl (ASM) were 
carried out along with the fungicide  fl uazinam for comparison of their effects on dis-
ease incidence and yield of treated plants. But the fungicide suppressed the disease 
development effectively and also increased the yield in two of three locations. 
Although ASM had been reported to induce resistance to many pathogens infecting 
different crops, application of ASM for protecting peanut plants was found to be an 
ineffective strategy for the management of Sclerotinia blight disease of peanut 
(Lemay et al.  2002  ) . 

 Several microorganisms including  Coniothyrium minitans  have been demonstrated 
to be mycoparasites of  Sclerotinia  spp.  C .  minitans  readily infected and colonized the 
sclerotia of  Sclerotinia  spp. in the soil and its effectiveness in controlling  S .  sclerotio-
rum  infecting various crops has been reported (Budge et al.  1995 ; Gerlagh et al.  1999  ) . 
The effectiveness of  C .  minitans  in suppressing the development of Sclerotinia blight 
disease caused by  S .  minor  was investigated in a  fi eld experiment conducted for 5 years 
and in eight short-term experiments. The commercial formulation Contans WG was 
repeatedly applied to the soil at 2 and 4 kg/ha. In addition, individual commercial pea-
nut  fi elds were treated with single dose of  C .  minitans  at 4 kg/ha. The number of scle-
rotia of  S .  minor  in the soil and the incidence of Sclerotinia blight of peanut were 
reduced in the 5-year  fi eld study by applying  C .  minitans . However, the reduction in 
disease was not observed until at least 1 year after  C .  minitans  was introduced.  C .  mini-
tans  was active against the sclerotia of  S .  minor  in the soil, even when the environmen-
tal conditions were favorable for the pathogen and under monoculture of peanut. Both 
the 2- and 4-kg/ha rates of  C .  mintans  applied to the soil, decreased the number of 
sclerotia recovered and disease incidence. No enhanced effectiveness of  C .  minitans  
was observed by increasing the application rate (4 kg/ha). Sclerotinia blight incidence 
was less in plots receiving applications of  C .  minitans  for either 1 or 3 years compared 
with untreated control. Integration of consecutive years of soil application of  C .  mini-
tans  at 2 kg/ha with moderately resistant cultivars and fungicide application may pro-
vide protection to the peanut plants to the required level (Partridge et al.  2006  ) .  

    6.4.1.3   Collar Rot Disease 

 Collar rot or seedling blight disease appears to be induced by  Sclerotium rolfsii  or 
 Aspergillus niger  in different geographical regions. The disease due to  S .  rolfsii  is also 
referred to as Southern blight disease. Seedborne infection by  S .  rolfsii  adversely 
affected nodulation, leghemoglobin and nitrogenase activity of peanuts. Seed treatment 
with formulated  Bacillus subtilis  counteracted the negative effects of the pathogen. 
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In addition, the crop vigor index, total nitrogen content and survivability of  Rhizobium  
spp. were also improved by the application of  B .  subtilis  (Abd-Allah and El-Didamony 
 2007  ) . In a later investigation, talc-based formulations of  Beauveria bassiana  (B2) and 
 Pseudomonas  fl uorescens  (TDK1 and Pf1strains) alone and their combination with and 
without chitin were evaluated for their ef fi cacy in reducing the incidence of collar rot 
disease caused by  S .  rolfsii  and the leaf miner ( Aproaerema modicella ) on peanut under 
greenhouse and  fi eld conditions. The combination of B2 + TDK1 + Pf1 was the most 
effective in reducing the incidence of both collar rot disease and the leaf miner infesta-
tion. In addition, the treatment with fungal and bacterial biocontrol agents with fungal 
and bacterial biocontrol agents promoted the plant growth and enhanced the yield, 
compared with untreated control plants (Senthilraja et al.  2010  ) . 

 Bacteria isolated from six habitats of peanut were evaluated for their broad 
spectrum antifungal activity and suppression of collar rot caused by  Aspergillus niger  
in peanut.  Pseudomonas aeruginosa  GSE18 and GSE19 strains were more effective 
than the other 391 isolates tested. The strain GSE18 was more ef fi cient than strain 
GSE19. When applied as seed treatment, strain GSE18 reduced the pre-emergence rot-
ting and post-emergence wilting by 60 %. Further, the strain GSE18 effectively colo-
nized the peanut plant rhizosphere both in native and in infested soils.  P .  aeruginosa  
GSE18 was tolerant to thiram and in combination with the fungicide higher level of 
suppression of collar rot disease could be achieved, indicating the feasibility of inte-
grating the BCA application with fungicide treatments applied against other peanut 
pathogens (Kishore et al.  2005  ) . Pre- and post-harvest a fl atoxin contamination of 
groundnut is due to  Aspergillus  fl avus  which causes a fl root disease in the  fi eld. Strains 
of  Pseudomonas  spp.,  Bacillus  spp. and  Trichoderma  spp. isolated from the geocarpo-
sphere (pod zone) of peanut ef fi ciently reduced the infection by  A .   fl avus  and also 
reduced the populations of  A .   fl avus  by 50 % in the geocarposphere of peanut (Anjaiah 
et al.  2006  ) . In a later investigation, a strain of marine bacterial species  Bacillus mega-
terium  was evaluated for its biocontrol potential against postharvest decay of peanut 
kernels caused by  Aspergillus  fl avus . The concentration of  B .  megaterium  in fl uenced 
its biocontrol ef fi cacy in vivo. The washed bacterial cell suspension at a concentration 
of 1 × 10 9  CFU/ml reduced the kernel rot signi fi cantly to a level that was markedly 
lower than that of the control treatment, after 7 days of incubation at 28 °C. The washed 
and unwashed cells of  B .  megaterium  were equal in their effectiveness against  A .   fl avus . 
The  B .  megaterium  strain could signi fi cantly reduce the biosynthesis of a fl atoxin by 
 A .   fl avus  and the expression of the genes  a fl R and a fl S  was repressed by the bacterial 
strain resulting in reduction in production of a fl atoxins (Kong et al.  2010  ) .   

    6.4.2   Oilseed Rape Diseases 

    6.4.2.1   Sclerotinia Stem Rot Disease 

 Oilseed rape ( Brassica napus ) is affected by Sclerotinia stem rot disease caused 
by  Sclerotinia sclerotiorum  which has a wide host range that includes many 
crops like soybean and peanut. As the sclerotia of the pathogen remain viable 



222 6 Biological Disease Management Systems for Agricultural Crops

for long time (>4 years), crop rotation with nonhosts has limited applicability 
for the effective management of this disease. The mycoparasite,  Coniothyrium 
minitans  has been reported to be effective against  S .  scletotiorum  in other crops. 
A petal inoculation technique revealed that  C .  minitans  was effective in inhibit-
ing infection initiated by ascospores of  S .  sclerotiorum  on  fl ower petals by 
restricting the mycelial growth of the pathogen. When  C .  minitans -treated rape-
seed leaves were inoculated with the mycelia of  S .  sclerotiorum , the BCA failed 
to prevent infection of leaves, but caused signi fi cant reduction in the number 
of sclerotia produced on diseased leaves. Under  fi eld conditions,  C .  minitans  
(10 6 /ml) alone,  C .  minitans  + benomyl (50  µ g/ml), benomyl alone (100  µ g/ml), 
 C .  minitans  + vinclozolin (100  µ g/ml) and vinclozolin (500  µ g/ml) alone were 
evaluated during 1997–2004. No signi fi cant differences in the disease suppres-
sive ability of the treatments were observed. All the treatments applied as aerial 
sprays on leaves reduced the stem rot disease incidence signi fi cantly. The 
sclerotia of  S .  sclerotiorum  collected from the diseased plants in plots treated 
with  C .  minitans  showed infection by  C .  minitans  at a frequency ranging from 
21.3 to 54.5 %, indicating the mycoparasitic ability of  C .  minitans  under  fi eld 
conditions (Li et al.  2006  ) . 

 The effectiveness of  Pseudomonas chlororaphis  PA-23 and  Bacillus amyloliq-
uefaciens  BS6 in suppressing the development of stem rot disease of canola 
caused by  Sclerotinia sclerotiorum  was assessed under  fi eld conditions for 
2 years (2003–2004). Application of the strains PA-23 and BS6 twice at 30 and 
50 % bloom signi fi cantly reduced the percent stem rot disease incidence. The 
difference between single and double application of BCAs in disease reduction 
was not signi fi cant. The BCAs were as effective as the fungicide Rovral-Flo 
and both were effective in reducing petal infection by  S .  sclerotiorum . Two 
sprays with PA-23 and BS6 more effectively reduced petal infection than single 
application of the BCA strains. Application of PA-23 triggered the expression 
of PR-3 protein, indicating the underlying mechanism of its biocontrol activity, 
might be through induction of systemic resistance in canola against  S .  sclerotio-
rum  (Fernando et al.  2007  ) .  Bacillus subtilis  strain NJ-18 exhibited antifungal 
activity against two economically important fungal pathogens  Sclerotinia 
sclerotiorum  and  Rhizoctonia solani , causing Sclerotinia stem rot of rapeseed 
and sheath blight disease of rice respectively. In the  fi eld experiments, fermen-
tation of NJ-18 at 1.0 × 10 7  CFU/ml signi fi cantly reduced the disease incidence 
and severity with control percentage of 77.1 %. The effectiveness of disease 
control was equivalent to that was obtained with dimethachlon and better than 
carbendazim, when applied at the rate of 750 g a.i/ha. The results showed that 
the potential of  B .  subtilis  strain NJ-18 for suppressing the development of 
oilseed rape Sclerotinia stem rot disease (Yang et al.  2009  ) .  Pseudomonas 
 fl uorescens  PS1 formulated in saw dust-oil as a carrier was effective in sup-
pressing the development of  S .  sclerotiorum , causing stem blight disease in 
Indian rapeseed ( Brassica campestris ). Seed bacterization enhanced seed germi-
nation, increased plant growth and reduced stem blight incidence and increased 
the yield (Aeron et al.  2011  ) .  
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    6.4.2.2   Blackleg Disease 

 Canola ( Brassica napus ) is affected by blackleg disease which is a complex in 
which two fungal species,  Leptosphaeria biglobosa  and  L .  maculans  are 
involved.  L .  biglobosa  is weakly virulent and classi fi ed as pathogenicity group1 
(PG-1), while  L .  maculans  is aggressive, highly virulent and classi fi ed into 
pathogenicity groups PG-2, PG-3 and PG-4. Under  fi eld conditions, blackleg 
disease severity was reduced in plants inoculated with PG-2 alone or prior to 
PG-1. Inoculations on canola plants with PG-1 at the six-leaf stage provided 
evidence for the operation of processes resulting in development of systemic 
acquired resistance (SAR). When plants were treated with the PG-1 isolate on 
lower leaves and then treated with PG-2 on upper leaves, resistance was induced. 
The results of  fi eld experiments suggested that the severity of blackleg disease 
could be reduced signi fi cantly by the weakly virulent PG-1 isolate alone at 24 h 
prior to PG-2 inoculation (Chen and Fernando  2006  ) .   

    6.4.3   Sesamum Damping-Off Disease 

 Incidence of damping-off and wilt diseases increases to alarming proportions, 
when sesamum is cultivated in the same  fi eld for two or more successive years. 
 Paenibacillus polymyxa  E681, with plant growth-promoting and antagonistic 
properties was evaluated for its ef fi cacy against the pathogens involved in these 
diseases. The unformulated strain E681 did not provide protection to the plants 
consistently. Hence, the bacterial BCA was formulated with a combination of clay 
and vermiculite and the seeds of sesamum were pelleted with this material. In the 
greenhouse evaluation, formulations of the strain E681 reduced the disease 
incidence in disease-conducive soil. Under  fi eld conditions, pelleting of seeds 
with strain E681 signi fi cantly reduced pre- and post-emergence damping-off 
compared with untreated controls. In addition, pelleting with strain E681 promoted 
the growth of plants growing from treated seeds. The results revealed the potential 
of  P .  polymyxa  E681 for protecting the sesamum plants against the damping-off 
disease (Ryu et al.  2006  ) .  

    6.4.4   Sun fl ower Diseases 

    6.4.4.1   Head Rot Disease 

 Head rot disease incited by  Sclerotinia sclerotiorum  attacks the grains directly, 
resulting in huge losses. No single disease management strategy provides ef fi cient 
control of the disease. Hence, different methods have to be integrated to achieve 
disease reduction to the required level. Early sowing of sun fl ower was reported 
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to reduce the probability of having cool and humid weather conducive for disease 
development, when the crop reached  fl owering stage. Application of chemicals 
to contain the disease incidence and spread is not an economically viable propo-
sition (Mantecón and Pereyra  1997  ) . Suppression of development of  Sclerotinia 
sclerotiorum  by targeting the sclerotia of the pathogen has been investigated, as 
an alternative approach for its effectiveness.  Trichoderma  spp. was isolated from 
sun fl ower heads and a composite mixture of  Trichoderma  spp. was found to be 
effective against  S .  sclerotiorum . A novel method of employing honeybees as 
vectors of  Trichoderma  spp. and disseminating them under  fi eld conditions, was 
developed by Escande et al.  (  1994  ) . A mixture of six isolates including 
 Trichoderma koningii ,  T .  aureoviride  and  T .  longibrachiatum  was tested for their 
ef fi cacy in reducing sun fl ower head rot caused by  S .  sclerotiorum  under  fi eld 
conditions.  Trichoderma  formulation (TF) containing  Trichoderma  conidia and 
viable hyphal fragments, industrial talc and milled corn kernels was developed. 
Honeybees ( Apis mellifera ) were employed to disperse TF for 6 weeks from the 
onset of  fl owering. Two days after the  fi rst TF delivery, sun fl ower heads were 
inoculated with ascospores of the pathogen. When honeybees had dispersed 
100 g of TF at 10 h/day, the incidence of head rot was signi fi cantly reduced. 
A delay of epidemic onset of head rot through TF dissemination by honeybees 
could be observed. By combining with a partially resistant genotype, reduction 
in disease incidence from 75 to 15 % or from 90 to 23 % could be achieved. The 
results indicated that the new delivery system of employing the honeybees for 
the dissemination of the BCA could be integrated into the disease management 
system (Escande et al.  2002  ) .  

    6.4.4.2   Necrosis Virus Disease 

 Incidence of  Sun fl ower necrosis virus  (SNV) in several States in India has raised 
concern and the need to contain its spread has been emphasized. As in the case 
of other virus diseases, adoption of cultural practices such as alteration in planting 
dates, elimination of sources of virus inoculum and crop sanitation may be useful 
in reducing the disease incidence. Another strategy of employing biocontrol 
agents that can induce resistance in sun fl ower plants against SNV was studied, 
since none of the biocontrol agents showed direct antiviral effect. Strains of 
 Streptomyces  sp. PMS,  Streptomyces fradiae  MML1042,  Bacillus licheniformis  
MML2501,  Pseudomonas aeruginosa  MML2212 and  Bacillus  sp. MML2551 
were evaluated for their ef fi cacy in reducing the incidence of SNV. The bacterial 
strains were employed for seed treatment and soil application either alone or in 
combination. Among the treatments, the combination of  B .  licheniformis  + 
 Bacillus  sp. +  S .  fradiae  was the most effective in reducing the disease incidence. 
Treatment with these bacterial BCAs promoted plant growth and yield attributes 
under  fi eld conditions, resulting in favorable bene fi t-cost ratio (1:8) (Srininvasan 
and Mathivanan  2011  ) .   
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    6.4.5   Palm Bud Rot Disease 

 Bud rot disease caused by  Thielaviopsis paradoxa  (teleomorph- Ceratocystis 
paradoxa ) is a serious disease occurring on various species of palm. Application 
of fungicides was found to provide protection only to a limited extent and 
uneconomical. Screening of  Chaetomium  spp. to identify the ef fi cient strains 
that could suppress the development of  T .  paradoxa  was undertaken in Thailand 
for the last two decades. A biological formulation from  C .  cupreum  CC1-10 and 
 C .  globosum  CG1-12 was developed into pellet and powder formulations and 
patented for use in palms. Under  fi eld conditions, the  Chaetomium  biological 
product signi fi cantly reduced the disease incidence by 75 % within 30 days after 
application. Five year old bottle palms ( Hyophorbe lagenicaulis ) completely 
recovered from the disease, when the biological product was applied to the 
infested soil at the rate of 20 g/plant. When the antagonistic compounds pro-
duced by  C .  cupreum  and  C .  globosum  were sprayed, the terminal bud rot sever-
ity was reduced. The treated trees recovered within 30 days after application of 
biological products and new healthy leaves emerged, indicating the curative 
effect of the compounds produced by  Chaetomium  spp. (Fig.  6.5 ). The results 
showed the potential of the biological product developed from  Chaetomium  spp. 
for the effective control of bud rot disease of palms under  fi eld conditions 
(Soytong et al.  2005  ) .    

    6.5   Postharvest Diseases 

 Seeds of agricultural crops infected by various microbial plant pathogens form the 
primary sources of infection, carrying the infection to the next generation and also 
to new locations where the pathogen(s) may be absent. Seed treatments based on 
physical, chemical and biological methods have been employed with different 
degrees of effectiveness for suppressing the development of seedborne pathogens. 
These methods have their own advantages and disadvantages. Application of bio-
control agents is considered to be more desirable and advantageous in certain 
pathosystems. The grains and feed materials that are contaminated by mycotoxins 
produced microbial pathogens are particularly suitable for treatment with bio-
control agents (BCAs). The antagonistic organisms with genetic stability and 
ef fi ciency have to be selected and environments conducive for their rapid estab-
lishment and multiplication should be provided. The competition from other seed 
micro fl ora for the space and nutrition has to be minimized by providing condi-
tions that will differentially favor the development of the BCAs. The ability to 
remain viable and retain the biocontrol potential for long periods (about 1 year) at 
room temperature has to be ensured, while screening the isolates of putative BCAs 
(Narayanasamy  2006  ) . 



226 6 Biological Disease Management Systems for Agricultural Crops

    6.5.1   Physical Methods 

 Internally seedborne fungal pathogens may be eliminated by exposing the seeds to 
dry heat (air) or wet heat (hot water) treatments. Hot water treatment has been 
shown to be effective in the case of cereal pathogens. The comparative ef fi cacy of 
electrons and hot water was assessed for the control of wheat bunt disease caused 
by  Tilletia caries . No adverse effect on seed germination due to electron was 

  Fig. 6.5    Curative effect of  Chaetomium -based biological fungicide on the recovery of Bottle Palm 
from bud rot disease caused by  Hyophorbe lagenicaulis  under  fi eld conditions (Courtesy of 
Soytong et al.  2005  and with kind permission of Journal of Agricultural Technology, Thailand)       
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detectable, while hot water treatment at 52 °C for 10 min reduced seed germination 
(Winter et al.  1998  ) . Pretreatment of maize seeds was performed at 18–22 °C for 4 h 
and at 60 °C for 5 min to eliminate  Fusarium moniliforme  (Daniels  1983  ) . Hot 
water treatment at 60 °C for 10 min was the most effective in suppressing the colo-
nization of rice seeds by  Drechslera oryzae  (Krishanamurthy et al.  2001  ) . A new 
high precision method, involving the use of warm air which is in moisture equilib-
rium with the grain to be treated, has been developed. Sanitation of wheat grain 
using warm air resulted in control of seedborne fungal pathogens such as  Tilletia 
caries  and  Microdochium nivale , comparable to the chemical seed treatment. No 
adverse effect on plant development, following warm air treatment, could be seen. 
This procedure is suitable for treatment of seeds with thick layers at short durations 
and has the potential for large scale application at low cost (Forsberg  2001  ) . The 
effectiveness of heat treatment of wheat and barley seeds with high level of infec-
tion by  Fusarium graminearum  (84 and 23 % respectively) was evaluated. The 
pathogen was eliminated from Canada Western red spring wheat seeds treated at 
60 °C for 15 days, or at 70 °C for 5 days, or at 80 °C for 2 days. Likewise, barley 
seeds were freed of the pathogen after treatment at 60 °C for 21 days, or at 70 °C for 
9 days or at 80 °C for 5 days. Germination in most samples was not reduced. The 
results suggested that thermotherapy could be an effective tool for minimizing the 
national and international movement of the fungal pathogens through seeds/grains 
(Clear et al.  2003  ) . Infrared radiation has been employed as another method of seed 
sanitation. Wheat seeds contaminated with microorganisms were exposed to infra-
red irradiation. The bacterial counts were effectively reduced from 5.7 × 10 4  CFU/g 
to 0.73 × 10 3  CFU/g by irradiation at 2.0 kW range for 60 s. Intermittent irradiation 
was more effective in maintaining the internal quality of wheat seeds. Reduction in 
bacterial counts was proportional to the irradiation dose (Hamanaka et al.  2000  ) .  

    6.5.2   Biological Methods 

 Various fungal and bacterial species/strains have been evaluated for the potential to 
minimize the loss of grain quality used as food or feed. The ef fi cacy of the yeast 
 Pichia anomala  for the control of  Penicillium roquefortii  during storage of wheat 
grains under airtight conditions in outdoor silos was assessed.  P .  anomala  could 
survive long-term storage in airtight sealed tubes better at 15 °C than at −20 °C. In 
addition,  P .  anomala  was able to protect barley and oats stored under airtight condi-
tions (Petersson and Schnürer  1998  ) . Wheat loose smut caused by  Ustilago segetum  
var.  tritici  infects the entire earheads and converts them into a mass of spores, result-
ing in considerable loss. The antagonistic fungi and bacteria  Trichoderma viride , 
 T .  harzianum ,  Gliocladium virens  and  Pseudomonas  fl uorescens  were evaluated for 
their ef fi cacy in reducing the infection. Seed treatment with these BCAs reduced the 
loose smut incidence. As these BCAs were compatible with the fungicide carboxin 
used for seed treatment, the concentration of the fungicide could be reduced to half of 
normal dose to achieve higher level of disease control (Singh and Maheshwari  2001  ) . 
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The populations of seedborne fungi may be signi fi cantly reduced, leading to the 
production of healthy and more vigorous seedlings. Corn seeds infected by  Fusarium 
moniliforme  and  F .  graminearum  were treated with the BCAs  Bacillus subtilis  or 
 Chaetomium globsum . These BCAs effectively controlled seedling blight disease to 
a level equal to that could be obtained by treatment with the fungicides captan or 
thiram and consequently healthy seedlings were produced from the treated seeds 
(Mew and Kommedahl  1968  ) .  Gibberella zeae  causes Fusarium head blight (FHB) 
disease in fl icting heavy losses in wheat and barley. Bacterial and yeast strains 
reduced the severity of FHB on cultivar Renville.  Bacillus subtilis  strain AS43-4 
reduced the severity of FHB by as much as 90 % in the greenhouse assays. However, 
under  fi eld conditions, the yeast  Cryptococcus  sp. OH71-4 and  C .  nodaensis  
OH182-9 could reduce the disease severity more effectively, compared with other 
antagonists tested. The contents of the mycotoxins deoxynivalenol (DON) of the 
grains did not show signi fi cant difference, due to treatment with any of the BCA 
evaluated (Schisler et al.  2002  ) . 

 Peanut kernels infected by  Aspergillus  fl avus  and  A .  parasiticus  contain the myc-
otoxins a fl atoxin at high levels capable of causing ailments in humans and animals, 
when contaminated kernels or other products are consumed. The peanut cv. 
Florunner plants were treated with the conidial suspensions of nontoxigenic strains 
of  A .   fl avus  and  A .  parasiticus  in  fi eld plots. After harvest, one half of the pods was 
also treated with the conidial suspensions of the nontoxigenic strains. Peanuts 
(treated and untreated control) were stored for 3–5 months under high temperature 
and relative humidity conditions designed to promote a fl atoxin contamination. The 
concentrations of a fl atoxins were determined in the samples from different treat-
ments. Treatment of pods with nontoxigenic strains prior to storage did not provide 
any additional protection against a fl atoxin contamination. Field application of non-
toxigenic strain reduced a fl atoxin contamination because of apparent carryover 
effect (Dorner and Cole  2002  ) . Application of  Clonstachys rosea  and  Gliocladium 
catenulatum  on fresh petals of alfalfa at anthesis stage reduced the pod infection by 
 Botrytis cinerea . Further, these BCAs suppressed the development of  B .  cinerea  on 
pods and seeds of alfalfa, when they were applied on senescent petals at the pod 
development stage. In the three  fi eld trials conducted during 2000–2002, applica-
tion of  C .  rosea  to the upper parts of alfalfa plants signi fi cantly reduced pod rot and 
seed rot caused by  B .  cinerea , resulting in enhanced production of healthy seeds. 
The results revealed the potential of  C .  rosea  as an effective alternative to the syn-
thetic fungicides (Li et al.  2004  ) .       
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 Horticultural crops are cultivated in varied environments from temperate to tropical 
conditions in different ecosystems. They may be grown under natural conditions or 
controlled conditions in greenhouses where temperature, humidity and nutrient supply 
can be controlled. As the plants are exposed to different environment and nutrient 
regimes, disease problems are likely to vary widely. Consequently, the extent of 
losses due to diseases caused by microbial pathogens may depend on the suscepti-
bility/resistance levels of cultivars and available inoculum potential. Vegetable and 
fruit crops are high value crops and hence, greater attention is bestowed to protect 
them against diseases caused by microbial pathogens, compared to diseases affect-
ing agricultural crops. Generally, number and frequency of application of chemicals 
are high, leading to the possibility of development of resistance in pathogens to 
chemicals. Intensive research efforts have been made to integrate various strategies 
showing effectiveness to the required level for the development of suitable disease 
management systems for the horticultural crops, in order to minimize the incidence 
and severity of diseases both under  fi eld conditions and during storage. Disease 
management systems for diseases affecting major vegetable, fruit and plantation 
crops are discussed in this chapter. 

    7.1   Diseases of Vegetable Crops 

    7.1.1   Diseases of Tomato 

    7.1.1.1   Fusarium Wilt Disease 

 Application of soil amendments to differentially encourage the antagonistic micro-
organisms has been followed for the reduction of incidence of soilborne diseases. 
Chitosan has been applied as a soil amendment to suppress the development of 
 Fusarium oxysporum  f.sp.  radicis - lycopersici  (FORL) in soilless tomato system. 

    Chapter 7   
 Biological Disease Management Systems 
for Horticultural Crops                 
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The toxicity of chitosan to FORL was assessed. The tomato wilt pathogen was 
sensitive to treatment with chitosan. Ultrastructural studies using transmission elec-
tron microscope (TEM) revealed marked alterations in the sensitive fungal pathogen 
cells. The results suggested that chitosan application could be combined with biotic 
biological control agents to enhance the effectiveness of disease suppression 
(Lafontaine and Benhamou  1996 ; Palma-Guerrero et al.  2008  ) . 

 Soil solarization has been demonstrated to have marked negative effects on soil-
borne plant pathogens like  Fusarium  spp. Soil solarization using photo-selective 
low density polyethylene  fi lm for a period of 32–92 days prior to planting tomatoes 
signi fi cantly reduced the population density of  F. oxysporum  f.sp.  lycopersici  and  
F. oxysporum  f.sp.  radicis - lycopersici  in the upper 5 cm of soil. The increases in 
temperatures in solarized soils at depths of 5, 15, and 25 cm, were 5.7, 7.1 and 
5.0 °C respectively over nonsolarized soils. The sensitivity of the pathogens to 
enhanced temperature was an important factor in their elimination (Chellemi et al. 
 1994  ) . In another investigation, biodegradable plastics and plastic  fi lms were evalu-
ated for solarization of soil for their comparative ef fi ciency in suppressing the 
development of tomato wilt disease pathogen  F. oxysporum  f.sp.  lycopersici . Plastic 
cover was more effective and consistent in, increasing soil temperature, compared 
to biodegradable plastics. Solarization with plastic  fi lms signi fi cantly suppressed 
weed development, while biodegradable plastic offered limited effect on weed 
growth. The results indicated that the biodegradable solarizing materials have to be 
considered for the control of soilborne diseases, because of the dif fi culties associ-
ated with the disposal of used plastic materials (Bonanomi et al.  2008  ) . 

 The effectiveness of the biocontrol activity of the fungi depends on the type of 
fermentation employed for their mass multiplication. Both solid and liquid fermen-
tation systems have been adopted for mass production of BCAs.  Penicillium oxali-
cum  applied as conidial suspension by watering the tomato seedlings in seedbeds 
7 days before transplanting, provided the most effective protection against tomato 
Fusarium wilt disease caused by  F. oxysporum  f.sp.  lycopersici  (FOL) (De Cal et al. 
 1999  ) . The volumetric yield of  P. oxalicum  conidia was 250-fold higher in solid 
fermentation than in liquid fermentation at 30 days after inoculation. Solid fermen-
tation has been shown to offer several advantages over conventional submerged 
culture such as lower capital and operating costs, simpler equipment and media and 
easier downstream processing. Conidia of  P. oxalicum  in solid fermentation had a 
long shelf-life of >180 days, if stored at −20 °C (   Larena et al.  2003  ) . The ef fi cacy of 
strains of nonpathogenic  Fusarium oxysporum  isolated from the wilt-suppressive 
soil, in controlling the Fusarium wilt disease of tomato was demonstrated (Larkin 
and Fravel  1998  ) . The ability of the BCA strain CS-20 to suppress the development 
of Fusarium wilt disease in different soil type, pathogen isolate and race, environ-
mental and cropping conditions and tomato cultivars was studied. The strain CS-20 
reduced the Fusarium wilt disease at all temperature regimes and four different  fi eld 
soils varying in texture and organic matter content. This strain was also effective 
against all three races of FOL and reduced the disease incidence by 48–66 %. The 
results indicated the need for assessing the ef fi cacy of the BCA strains under varied 
conditions to avoid the inconsistencies in the performance of the selected BCA 
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strain(s) under  fi eld conditions (Larkin and Fravel  2002  ) . The ef fi cacy of 
 Streptomyces griseoviridis  strain K61 formulated and marketed as Mycostop® 
alone or combined with soil solarization was assessed for the control of tomato 
Fusarium wilt disease under  fi eld conditions for over 2 years (2001 and 2002). The 
biofungicide was very effective against  Fusarium oxysporum  f.sp.  lycopersici  (FOL) 
in arti fi cially infested soils. Soil spraying was more effective than soil irrigation for 
the control of tomato wilt disease.  S. griseoviridis  was not effective against Fusarium 
crown and root rot disease caused by  F. oxysporum  f.sp.  radicis - lycopersici  (FORL), 
when applied alone. Soil solarization provided good control of FOL, but it was 
slightly less effective, when combined with  S. griseoviridis . A signi fi cant increase 
in fruit mass and a higher yield was achieved, when solarization and the BCA were 
applied together in 1 year, indicating a possible additive effect of the BCA and 
solarization (Minuto et al.  2006  ) . 

 Presence of several fungal biocontrol agents, effective against  Fusarium oxysporum  
f.sp.  lycopersici  (FOL), has been reported in different countries.  Penicillium oxali-
cum  was evaluated for its ef fi cacy by applying one to four times to the substrate 
prior to infestation with the pathogen. Repeated application of  P. oxalicum  pro-
longed the duration of protection against FOL, especially when the disease inci-
dence was high. Reduction in disease incidence was not related with decrease in 
FOL population density, irrespective of the number of applications of BCA (De Cal 
and Melgarejo  2001  ) . Formulations of  P. oxalicum  were tested under glasshouse 
and  fi eld conditions. All formulations (FOR1 to FOR8) were applied to seedlings in 
seedbeds at 7 days before transplanting. The initial conidial viability of formula-
tions just after  fl uid bed-drying was approximately 80 % for FOR2, FOR3, FOR5, 
FOR6 and FOR8 and 30 % for the remaining ones. The percent disease reduction 
varied from 22 to 64 % with all formulations. Disease incidence in untreated plants 
was negatively correlated (r = 0.54) with percentage of disease control (Sabuquillo 
et al.  2006  ) . The effectiveness of the biocontrol agents is in fl uenced by the nature of 
additive and storage conditions of varying durations and temperatures.  Pseudomonas 
 fl uorescen s Pf1 suppressed the development of tomato wilt pathogen  Fusarium 
oxysporum  f.sp.  lycopersici  (FOL). Glycerol, among different amendments tested, 
more effectively maintained the population level of the strain Pf1 for a period of 
6 months. The optimum doses of liquid-based formulation of Pf1 for seed treatment 
and seedling dip were standardized. The Pf1 formulation at 10 ml/kg seeds and 
150 ml/ha were found to be optimum for seed treatment and seedling root dip treat-
ments to achieve effective control of tomato wilt disease (Manikandan et al.  2010  ) . 
In another investigation, the optimal conditions for the biocontrol activity of 
 Penicillium oxalicum  against FOL were determined. A  P. oxalicum  conidial formu-
lation for maintaining high biocontrol activity and a long shelf-life was developed 
with a non-vacuum-packed or vacuum-packed formulation that contained 1.5 % 
sodium alginate, 20 % glycerol, 5 % sucrose and 5 % sorbitol and had <15 % mois-
ture content (Sabuquillo et al.  2010  ) . 

 In another study, the effect of glycerol, an osmoticant in the production medium 
on the shelf-life of  Trichoderma harzianum  was assessed. Addition of glycerol in 
the production medium, reduced the water activity in the medium and extended the 
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shelf-life of talc formulation. The bioef fi cacy assays showed that addition of glycerol 
(3 or 6 %) in the production medium reduced the tomato Fusarium wilt disease by 
44–50 % (Sriram et al.  2011  ) . The ef fi cacy of consortium of bioagents in suppress-
ing the development of Fusarium wilt disease and enhancing the yield of tomato 
was investigated under greenhouse and  fi eld conditions.  Pseudomonas  spp. and 
 Trichoderma harzianum  were applied by biopriming and the mycorrhiza  Glomus 
intraradices  by soil treatment. The combination of the bacterial and fungal and 
mycorrhizal bioagents protected the tomato plants in a highly effective manner, 
resulting in a reduction of disease incidence by 74 and 67 % respectively under 
greenhouse and  fi eld conditions. Yield of tomato fruits due to treatment was also 
increased by 20 %. Addition of cowdung compost still further reduced disease inci-
dence and improved the yield in all treated plots (Srivastava et al.  2010  ) . 

 Compatibility of fungal bioagents with fungicides can be expected to widen its 
applicability to crops for which application of fungicides might have become 
unavoidable. The nonpathogenic strain of  Fusarium oxysporum  strain CS-20 
reduced the incidence of Fusarium wilt disease of tomato signi fi cantly. The compat-
ibility of  F. oxysporum  CS-20 with the fungicides recommended for tomato was 
investigated. Mefenoxam (Ridomil Gold) and mefenoxam + copper did not affect 
the growth of the strain CS-20. Other fungicides azoxystrobin, chlorothalonil, man-
cozeb, mancozeb + copper inhibited the growth of the strain CS-20 in the in vitro 
assays, but they were less toxic in greenhouse tests. The results suggested that the 
compatibility of the bioagents with the fungicides generally applied to the crop 
concerned will have to be determined before advancing the BCAs to the next stage 
in commercialization (Fravel et al.  2005  ) . The antagonistic potential and compati-
bility with fungicides of  Bacillus megaterium  (strain 96) and  Burkholderia cepacia  
(strain 91) were investigated for the control of tomato crown and root rot caused by 
 F. oxysporum  f.sp.  radicis - lycopersici  (FORL). Both bacterial strains were highly 
tolerant to carbendazim. Application of carbendazim at a low concentration (1   m  g/
ml) in combination with  B. cepacia  or  B. megaterium  reduced the disease symptoms 
by 46 and 84 % respectively, compared with carbendazim alone (77 %) and untreated 
control. The combination of bacterial BCA slightly outperformed the treatment 
with carbendazim at 100   m  l/ml, indicating the possibility of reducing the fungicide 
use, by combining it with the bacterial strains for the control of Fusarium crown and 
root rot disease of tomato (Omar et al.  2006  ) .  

    7.1.1.2   Damping-Off Diseases 

 Damping-off disease may affect the tomato seedlings in the nursery bed at pre-
emergence and post-emergence stages of development.  Pythium  spp.,  Rhizoctonia 
solani  and  Sclerotium rolfsii  are the causative agents of the diseases. Bacterial 
bioagents have been reported to suppress the development of the damping-off 
disease. In the rockwool system,  Pseudomonas  fl uorescens ,  P. putida ,  P. marginalis ,  
P. corrugata  and  P. viridi fl ava  reduced the incidence of damping-off caused by both 
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 P. aphanidermatum  and  P. ultimum  (Gravel et al.  2005  ) . Treatment of tomato seeds 
with  Bacillus subtilis  AUBS-1 formulations in lignite, lignite+ fl yash, bentonite 
paste resulted in effective suppression of the damping-off disease caused by  
P. aphanidermatum  and enhancement of plant biomass under glasshouse and  fi eld 
conditions (Jayaraj et al.  2005  ) . Soil application of  Bacillus subtilis  RB14-C pro-
tected the tomato seedlings against the damping-off disease incited by  Rhizoctonia 
solani  (Szezech and Shoda  2006  ) . An integrated management system for tomato 
damping-off disease caused by  Pythium ultimum  was developed.  Pseudomonas 
 fl uorescens  isolate CW2 in combination with fungicides azoxystrobin, metalaxyl-M 
or pyraclosporin was assessed for their ef fi cacy. The fungicides were fungitoxic to 
 P. ultimum , but did not inhibit the development of  P.  fl uorescens  in in vitro assays. 
Under greenhouse conditions, two concentrations (5 and 10   m  g/ml) of fungicides 
were applied. The degree of control varied signi fi cantly depending on the fungicide 
applied. On the other hand, combined seed treatment with  P.  fl uorescens  and fungi-
cides resulted in signi fi cant improvement in disease control and improved plant 
growth too, as indicated by shoot and root dry weights. Metalaxyl-M alone or in 
combination with  P.  fl uorescens  more effectively protected tomato seedlings than 
other fungicides tested. Strobilurin alone and in combination with the bacterial 
BCA stimulated plant growth to a greater extent with moderate level of disease 
control (Salman and Abuamsha  2012  ) . 

  Rhizoctonia solani  and  Sclerotium rolfsii  cause damping-off disease in the nurs-
ery beds and induce crown and stem rot disease in transplanted main  fi elds. Many 
biocontrol agents and commercial formulations, when sprayed on the plants could 
not reduce the disease incidence signi fi cantly, because the suspension containing 
the antagonists may not reach the crown region in suf fi cient concentration covered 
by dense foliage. In order to overcome this obstacle, two bacterial isolates 
 Burkholderia cepacia  T1A-2B and  Pseudomonas  sp. T4B-2A were compared with 
two commercial biofungicides based on  Bacillus subtilis  (BSF4) and  Trichoderma 
asperellum  (Tv1). These BCAs were applied to the soil, proximal to the plant 
crowns and main roots by means of an effective and speci fi c system of drip irriga-
tion under  fi eld conditions for 2 years. Four synthetic fungicides tolchlofos-methyl, 
azoxystrobin, fosetyl-Al and fosetyl-Al + propamocarb were also applied in the 
same manner for comparing their effect on disease incidence. In all experiments, 
the bacterial BCAs signi fi cantly reduced the disease incidence as well as the disease 
severity induced by  R. solani  or  S. rolfsii . The level of effectiveness of disease con-
trol by the strains T1A-2B and T4B-2A was comparable to Tv1, better than BSF4 
and comparable with synthetic fungicides, except tolchlofos-methyl which was the 
most effective among all the treatments tested. The strain T1A-2B reduced the 
disease severity caused by  S. rolfsii  and  R. solani  up to 58.33 % and up to 63.8 % 
respectively. On the other hand, the strain T4B-2A reduced the disease severity 
induced by  S. rolfsii  and  R. solani  up to 73.2 and 62.7 % respectively. The results 
indicated the importance of delivery system in providing effective protection to crop 
plants, although the BCAs have the potential for controlling the disease in question 
(De Curtis et al.  2010  ) .  
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    7.1.1.3   Southern Blight Disease 

 Southern blight disease of tomato caused by  Sclerotium rolfsii  is responsible for 
serious losses in Thailand. The biocontrol potential of the plant growth-promoting 
rhizobacteria (PGPR),  Bacillus amyloliquefaciens  strain IN937a and  B. pumilus  
strains IN937b, SE34, SE49, T4 and INR7 was evaluated for the suppression of 
southern blight disease under  fi eld conditions. Application of INR937a alone and 
the mixture of IN937a + IN937b reduced the disease severity signi fi cantly by 75 
and 65 % respectively, compared with untreated control. Further, the PGPR mixture 
IN937a + IN937b increased the yield of marketable fruit by 1.5 times over that of 
the control in the rainy season. On the other hand, in the winter season, the mixtures 
IN937a + In937b, T4 + INR7 and IN937b + SE34 were also able to provide protec-
tion to tomato plants to a level that was signi fi cantly greater than the untreated 
control treatment (Table  7.1 ) (Jetiyanon et al.  2003  ) .   

    7.1.1.4   Late Blight Disease 

 Management of late blight disease of tomato caused by  Phytophthora infestans  in 
the greenhouse, has been dif fi cult, because of the limited possibility of manipulat-
ing the environmental conditions of prolonged periods of leaf wetness and tempera-
tures favoring the development of this disease. The late blight pathogen infects all 
plant parts including fruits, when favorable conditions prevail (Fig.  7.1 ) (Douglas 
 2010  ) . Polyethylene mulch alters the environmental conditions in the soil and also 
above the mulch. The effects of using the polyethylene mulch to cover the soil 
before planting tomato plants and application of fungicides commonly used by 
organic farmers on late blight disease incidence were assessed. Application of fun-
gicide Kocide 2000 plus Neemguard resulted in inconsistent and insuf fi cient sup-
pression of late blight disease (34.5 ± 14.3 %). On the other hand, the polyethylene 
mulch provided consistent, effective and highly signi fi cant suppression, the disease 
control ef fi cacy being 83.6 ± 5.6 %. The combined effect of polyethylene mulch and 

   Table 7.1    Effect of treatment of tomato with PGPR strain alone or mixtures on the severity 
of southern blight disease and fruit yield in rainy and winter seasons (Jetiyanon et al.  2003  )    

 Treatments 

 Reduction of disease (%)  Total fruit weight (kg/plot) 

 Rainy season  Winter season  Rainy season  Winter season 

 Control  70.8a  72.7a  1.4b  2.5a 
 IN937a alone  16.7b  48.1ab  2.0ab  2.9a 
 IN937a + IN937b  23.9b  38.7b  2.4a  3.7a 
 IN937b + SE34  58.0ab  46.9b  1.6ab  3.4a 
 IN937b + SE49  34.7ab  53.6ab  1.7ab  2.8a 
 T4 + INR7  57.0ab  41.4b  1.6ab  3.4a 
 LSD (P = 0.05)  44.4  25.2  0.8  1.9 

  Means followed by the same letter in one column are not signi fi cantly different as per the least 
signi fi cant difference (LSD) test at P = 0.05  
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fungicide was additive. As the next step, the effect of type of polyethylene mulch on 
disease suppression was studied, by employing bicolor aluminized, clear or black 
sheets. The type of polyethylene mulch did not affect the ef fi cacy of late blight 
disease suppression, control ef fi cacy of late blight disease suppression varying from 
60.1 to 95.8 %. The disease suppressive effect of the polyethylene mulch appeared 
to be due to a reduction in leaf wetness duration, since both frequency of nights 
when dew formed and the number of dew hours/night when it formed, were reduced 
following polyethylene mulching in the greenhouse. In addition, mulching also pos-
sibly resulted in reduced sporulation. Additional bene fi ts of prevention of weed 
infestation and saving up to 30 % of irrigation water also have been realized by 
tomato growers in Israel (Shtienberg et al.  2010  ) .  

 The effectiveness of different kinds of polyethylene mulches was assessed for 
suppressing or preventing the development of potato tuber blight caused by 
 Phytophthora infestans  under  fi eld conditions. A water-permeable agricultural tex-
tile treated with copper hydroxide was also tested for its ef fi cacy. Two barriers that 
covered the potato hills, black polyethylene  fi lm and copper hydroxide-treated agri-
cultural textile reduced the incidence of tuber blight, relative to appropriate con-
trols. Other barriers (mulches) had little effect on the tuber blight incidence. The 
effectiveness of black polyethylene  fi lm might be attributed to blocking of water, 
resulting in prevention of in fi ltration of inoculum through potato hill and alteration 
of the soil environment within the hill. Hills covered with black plastic sheets were 
drier and slightly warmer than uncovered hills, thus markedly affecting inoculum 
movement and infection potential (Glass et al.  2001  ) . Induction of systemic resis-
tance, as a disease management strategy, has been investigated for protecting the 
tomato plants against the late blight pathogen  Phytophthora infestans  by inoculating 

  Fig. 7.1    Symptoms of late blight disease on aerial plant parts of tomato (Courtesy of Douglas 
 2010  and with kind permission of the Connecticut Agricultural Experiment Station, CT, USA)       
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lower leaves of tomato with the pathogen and assessing the induction of resistance 
to zoospore germination on the non-inoculated upper leaves (Heller and Gessler 
 1986  ) .  Bacillus pumilus  SE34  and Pseudomonas  fl uorescens  89B61 were employed 
to elicit systemic resistance in tomato against late blight disease. The disease sever-
ity was reduced by a level equivalent to systemic acquired resistance (SAR) induced 
by the pathogen or induced local resistance by ß-aminobutyric acid (BABA) (Yan 
et al.  2002  ) .  

    7.1.1.5   Anthracnose Disease 

 Compost amendments have been shown to improve biological, chemical and physi-
cal properties of amended soils. In addition, they stimulated the proliferation of 
microorganisms antagonistic to microbial plant pathogens. Compost incorporation 
into soil was reported to reduce the severity of diseases caused by foliar pathogens 
(Tränkner  1992  ) . The effect of compost amendments on the development of tomato 
anthracnose disease was assessed under  fi eld conditions for 2 years. The incidence 
of anthracnose fruit rot was reduced in organic tomato plots amended with high 
rate of composted cannery wastes compared with the disease incidence in non-
amended control plots, when the disease pressure was high. Marketable yield was 
increased by 33 % in compost-amended organic plots. In addition, plots amended 
with high compost rate produced more ripe fruits than the non-amended control 
plots. The bene fi cial effects of compost amendments which in fl uence plant growth 
and physiology, can be realized, only if the composts have been stabilized ade-
quately before application in the soil. It is possible that the effects of compost on 
fruit infection by  Colletotrichum coccodes  might be due to systemic induced resis-
tance (Abbasi et al.  2002  ) .  

    7.1.1.6   Stem Canker Disease 

  Botrytis cinerea  causes stem canker disease in greenhouse tomatoes. Bioagents and 
chemical treatments were evaluated for their effectiveness against the stem canker 
disease. Commercial bioagent Prestop and the fungicide Decree applied as preven-
tive or curative sprays, PlantShield applied as curative spray and S33 ( Rhodosporidium 
diobovatum  and Quadra 136 applied as preventive or preventive plus one spray to 
wounded surface, protected the treated tomato plants against  B. cinerea  infection 
for the entire growing season. Treatments with bioagents enhanced the tomato plant 
growth resulting in increased fruit yield, in addition to the protection against the 
stem canker disease (Utkhede and Mathur  2006  ) . The possibility of inducing sys-
temic resistance in tomato plants to  B. cinerea  by applying defense activator aciben-
zolar- S -methyl (ASM) and O-hydroxyethylorutin (HER) was examined. Pretreatment 
of tomato plants with ASM or HER at 24 h prior to inoculation suppressed the 
development of  B. cinerea  (Malolepsza  2006  ) .  
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    7.1.1.7   Bacterial Wilt Disease 

 Bacterial wilt disease caused by  Ralstonia solanacearum  occurs in most areas where 
tomatoes are grown. Various disease management strategies have been evaluated for 
their ef fi cacy, when applied alone or in combination. The potential of soil solar-
ization for the suppression of tomato bacterial wilt disease was assessed. Soil 
solarization using transparent plastic sheets as mulch during summer months was 
found to effectively reduce the incidence of bacterial wilt disease. The bacterial 
BCA  Pseudomonas  fl uorescens  was incorporated uniformly in soils infested with 
 R. solanacearum  followed by solarization for 8–10 weeks at two locations in 
Himachal Pradesh, India. The soil temperature was increased in solarized soils by 
8.9 and 10 °C in the two locations. The bacterial antagonist proliferated in the solar-
ized soil in the  fi rst year and the population of the pathogen declined subsequently. 
The incidence of bacterial wilt disease was reduced by 43–63 % in the solarized 
soil. A progressive decrease was recorded in the terminal wilt incidence with a cor-
responding increase in duration of solarization. A 10-week solarization period was 
the most effective in reducing the terminal wilt phase of the bacterial wilt disease 
(Ambadar and Sood  2010  ) . 

 Different plant growth-promoting rhizobacteria (PGPRs) have been evaluated 
for their potential biocontrol activity against tomato bacterial wilt pathogen 
 Ralstonia solanacearum  (race1, biovar1). In addition, acibenzolar- S -methyl (ASM) 
(Actigard) and a soil amendment with S-H mixture containing agricultural and 
industrial wastes such as bagasse, rice husk, oyster shell powder, urea, potassium 
nitrate, calcium superphosphate and mineral ash were also included for assessing 
their comparative effect.  Pseudomonas putida  89B61 signi fi cantly reduced bacte-
rial wilt disease incidence, when applied to the transplants at the time of seeding and 
1 week prior to inoculation with  R. solanacearum . BioYield, containing two  Bacillus  
strains, decreased the incidence of bacterial wilt signi fi cantly. Equity containing 
more than 40 different microbial strains did not reduce the disease incidence 
signi fi cantly, compared with controls. Incorporation of S-H mixture into infested 
soils at 2 weeks prior to transplanting reduced bacterial wilt incidence in one experi-
ment, while combination of Actigard and S-H mixture signi fi cantly reduced bacte-
rial wilt incidence in tomato in both experiments (Amith et al.  2004  ) . The effect of 
application of  Paenibacillus polymyxa  strains or chitosan on the development of 
tomato bacterial wilt disease caused by  Ralstonia solanacearum  was studied under 
greenhouse conditions. Chitosan and  P. polymyxa  showed strong antibacterial activ-
ity required for suppression of development of bacterial wilt disease. Chitosan 
applied as seed treatment at a concentration of 10 mg/ml for 2 h, followed by over-
night drying or as soil drench at a concentration of 10 mg/ml signi fi cantly reduced 
wilt disease incidence by 48 and 72 % respectively.  P. polymyxa  MB02-1007 as 
seed treatment with bacterial suspension for 8 h, followed by drying overnight or 
soil drench with bacterial suspensions (1 × 10 9  CFU/ml) was effective in reducing 
the disease incidence by 88 and 82 % respectively.  P. polymyxa  was more effective 
than chitosan in reducing bacterial wilt disease incidence. Chitosan was more effective 
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as a soil drench, whereas  P. polymyxa  activity was not affected by the method of 
application. Irrespective of application methods, both chitosan and  P. polymyxa  
promoted plant growth, resulting in greater height, fresh weight and dry weight of 
plants (Algam et al.  2010  ) . 

 The effects of application of acibenzolar- S -methyl (ASM) alone or in combina-
tion with  Pseudomonas  fl uorescens  strain Pf2 on the suppression of tomato bacte-
rial wilt disease caused by  Ralstonia solanacearum  were investigated. Treatment 
of tomato seedlings with either Pf2 or ASM signi fi cantly reduced severity of bacte-
rial wilt disease by 58 and 56 % respectively. Highest disease suppression (72 %) 
was achieved by combining both Pf2 and ASM. Application of ASM alone 
increased seedling biomass, relative to infected control with 64.3 %. Changes in 
the activities of polyphenol oxidase (PPO), ß-glucosidase (ß-GL) and peroxidase 
(PO) in tomato, following application of ASM and Pf2 and inoculation with 
 R. solanacearum  were investigated. Signi fi cant changes (P < 0.05) in the activities 
of PPO, ß-GL and PO were also observed. The results of  fi eld trials indicated that 
application of ASM and  P.  fl uorescens  as foliar sprays and soil drench could be 
integrated with disease management program for tomato bacterial wilt disease 
(Abo-Elyousr et al.  2012  ) . The effectiveness of the  fi lamentous bacteriophages 
ØRSM3 in suppressing the development of tomato bacterial wilt disease was dem-
onstrated. Inoculation of ØRSM3-infected pathogen cells into tomato plants did 
not cause bacterial wilt disease. Pretreatment of tomato plants with ØRSM3 
infected cells effectively protected them from infection by virulent  R. solan-
acearum  strains. The effective dose of ØRSM3-infected cells for prevention of 
disease incidence was 10 5  CFU/ml. ØRSM3 infected pathogen cells could grow 
and continue to produce infectious phage particles under appropriate conditions. 
The use of ØRSM3 for the control of tomato bacterial wilt seems to be a desirable 
approach (Addy et al.  2012  ) . 

 The effectiveness of acibenzolar- S -methyl (ASM) in suppressing the development 
of tomato bacterial wilt pathogen  Ralstonia solanacearum  was investigated using 
susceptible and moderately resistant tomato cultivars under greenhouse and  fi eld 
conditions. ASM was ineffective in reducing bacterial wilt disease incidence in sus-
ceptible cultivar Equinox and FL47. However, ASM signi fi cantly enhanced the level 
of resistance in cultivars with moderate resistance like Neptune and BHN466. The 
results suggested that ASM-mediated resistance was partially due to prevention of 
internal spread of the bacterial pathogen toward upper stem tissues of inoculated 
tomato plants. The results of  fi eld experiments were consistent with those of green-
house assessments of the effects of ASM on bacterial wilt disease incidence. ASM-
treated BHN466, FL7514 and Neptune with moderate resistance to bacterial wilt 
disease showed signi fi cantly lower level of disease incidence, compared with 
untreated controls. Further, the cultivars BHN466 and FL7514 treated with ASM, 
yielded more than the control treatment. The results indicated the need for combin-
ing two different disease management strategies of using genetic resistance and resis-
tance inducers to achieve higher level of disease control (Pradhanang et al.  2005  ) . 

 Thymol (from  Thumus  spp.) and palmarosa (from  Cymbopogon martinii ) are 
volatile plant essential oils with antimicrobial properties. Thymol and palmarosa 
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were evaluated for their ef fi cacy in suppressing the development of tomato bacterial 
wilt disease under  fi eld conditions. Two hours after infestation of  fi eld soils with 
 Ralstonia solanacearum , the essential oils were applied at a concentration of 0.7 % 
and the plots were sealed with plastic mulch for 3 or 6 days. Tomato seedlings were 
planted after 7 days. Thymol was more effective than palmarosa oil with  fi nal dis-
ease incidence of 33.1 and 48.1 % respectively. The untreated control plots showed 
92.5 % wilted plants. Soil treatment with thymol or palmarosa increased the yield 
of tomato, compared with untreated control plots. In the second year, thymol alone 
was tested and its application signi fi cantly reduced bacterial wilt incidence on the 
susceptible cultivar SolarSet, with 12 % infection, as against 65.5 % infection in 
untreated controls. The yield of tomato fruit was also increased signi fi cantly by 
treatment with thymol. The results indicated that thymol had the potential for use as 
soil fumigant as an alternative to chemicals conventionally applied for soil fumiga-
tion (Ji et al.  2005  ) . 

 With a view to enhancing the effectiveness of soil application of thymol for the 
control of tomato bacterial wilt ( Ralstonia solanacearum ) and root knot nematode 
( Meloidogyne arenaria ), acibenzolar- S -methyl (ASM) was applied in conjunction 
with thymol. This essential oil was applied as preplant fumigant, after infestation 
with the bacterial pathogen and nematode, through drip irrigation lines under poly-
thene mulch at the rate of 73 kg/ha during 2004 and 2005. ASM was applied primar-
ily as foliar spray at 25 mg/l. Thymol application signi fi cantly reduced incidence of 
bacterial wilt disease in both years of  fi eld trials, the percent disease incidence being 
26 and 22.6 % respectively in 2004 and 2005, as against >95 % in untreated control 
plots. In plots treated with both thymol and ASM, the number of root knot juveniles 
was signi fi cantly reduced both in 2004 and 2005 trials. In thymol-ASM-treated 
plots, the yield of tomatoes was signi fi cantly increased, compared with single treat-
ment of thymol or ASM. The development of drip irrigation system for thymol 
application has the potential for wider use for delivery of biocontrol agents for dis-
ease management (Ji et al.  2007  ) . In a later  fi eld experiment, the effect of combined 
application of thymol and ASM on the incidence of tomato bacterial wilt disease 
was investigated. Thymol (9.43 kg/ha) was applied after soil infestation with 
 R. solanacearum , followed by foliar application of ASM (3.59–8.98 l/ha) on tomato 
seedlings once in the greenhouse and for  fi ve times on tomato plants in the  fi eld 
after transplanting. The combined application of thymol and ASM signi fi cantly 
reduced disease incidence in tolerant tomato genotype 7514, compared with thymol 
alone treatment. The yield was also increased by the combined treatment, whereas 
ASM or thymol alone did not provide bene fi cial effect either on diseases incidence 
or enhancement of yield of tomato (Hong et al.  2011  ) .  

    7.1.1.8   Bacterial Spot Disease 

  Xanthomonas axonopodis  pv.  vesicatoria  ( Xcv ), causing tomato bacterial spot disease 
is primarily transmitted through infected seeds and becomes endemic posing a chal-
lenge in commercial tomato production areas, necessitating utilization of different 
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strategies for effective management of the disease. In the  fi eld trials conducted in 
Alabama and Florida,  Pseudomonas syringae  strain Cit7 was found to be the most 
effective in suppressing bacterial spot disease in two of three trials.  Bacillus pumilus  
SE34 suppressed the development of bacterial leaf spot in two  fi eld trials. Combined 
application of these two strains was effective against bacterial spot and bacterial 
speck of  Pseudomonas syringae  pv.  tomato  in all the trials. Both bacterial strains 
appear to enhance the level of resistance in treated tomato plants (Ji et al.  2006  ) . The 
mutants generated from the pathogen  Xcv , 75-3S  hrpG ,  hrpX ,  hrpF  and  hrpE 1 were 
evaluated for their biocontrol potential against bacterial spot pathogen  Xcv  under 
greenhouse conditions. The mutant 75-3S  hrpG  was the most effective and consis-
tently suppressed the disease development with a mean reduction in disease severity 
by ~58 %. These mutants were further evaluated under  fi eld conditions along with 
the previously reported BCA  Pseudomonas syringae  Cit7 and  Pseudomonas putida  
B56 in Alabama (AL) and Florida (FL). Two mutants 75-3S  hrpG  and 75-3  hrpF  
provided signi fi cant reductions in disease severity, compared to pathogen-only con-
trol treatment in all three  fi eld trials. Averaged across all three  fi eld trials, the 75-3S 
 hrpG  mutant provided a mean reduction in foliar disease severity of ~76 %, com-
pared to the mean of ~29 % for  P. syringae  Cit7 averaged across all previous trials. 
The results revealed the effectiveness of the mutants 75-3S  hrpG  and its superior 
performance over other BCAs reported earlier (Moss et al.  2007  ) . 

 Use of bacterial viruses or bacteriophages for the control of plant bacterial diseases 
was evaluated as an alternative approach. In the  fi eld experiments conducted in 1997 
and 1998. Spray application of four phages speci fi c to  Xanthomonas campestris  pv . 
vesicatoria  ( Xcv ) in the early morning twice a week reduced the disease severity of 
bacterial spot disease on tomato plants by an average of 17 %. On the other hand, the 
copper-mancozeb application (standard treatment) could reduce the disease severity 
by 11 %. In addition, phage treatment promoted plant growth resulting in the produc-
tion of more extra large-sized fruits (Flaherty et al.  2000  ) . In a later investigation, the 
ef fi cacy of phage was found to be greatly reduced due to its short residual activity on 
plant foliage. Hence, three formulations (Agriphage, OmniLytics Inc., USA) contain-
ing six to eight phage mixtures with enhanced longevity on plant surface were evalu-
ated under greenhouse and  fi eld conditions. In the greenhouse tests, the nonformulated 
pregelatinized corn  fl our (PCF), Casecrete- and skim milk-formulated phage mixtures 
reduced the disease severity by 1, 30, 51 and 62 % respectively, compared with 
untreated controls. In the  fi eld experiments PCF- and Casecrete-formulated phage 
mixtures reduced the disease severity signi fi cantly, compared with unformulated 
phage mixture and controls. PCF-formulated phage was more effective, when applied 
in the evening than in the morning (Balogh et al.  2003  ) . 

 Bioactive products, referred to as plant activators, have been used to induce 
systemic acquired resistance (SAR) in plants to limit the process of initiation of 
infection, leading to development of symptoms characteristic of the disease. 
Acibenzolar- S -methyl (ASM, CGA245704, Actigard 50WG and Bion 50WG has 
been reported to induce systemic resistance in several plant species against various 
microbial plant pathogens. Plant activators have no direct antimicrobial activity, 
but elicit in plants preinfectional biochemical processes that confer resistance 
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against the same spectrum of pathogens as biological elicitors. ASM was evaluated 
for its effectiveness against tomato bacterial leaf spot pathogen  Xanthomonas axo-
nopodis  pv . vesicatoria  ( Xcv ) under  fi eld conditions. Application of ASM at 35 g 
a.i./ha reduced severity of bacterial spot in 14 of 15 experiments. Disease control was 
similar or superior to that obtained with standard bactericide copper. The results 
indicated that ASM could be integrated as a viable alternative to copper-based 
bactericides for  fi eld management of bacterial spot disease (Louws et al.  2001  ) . 
 Pseudomonas  fl uorescens  and benzothiadiazole (BTH) were applied as seed 
treatment or foliar spray for the control of bacterial spot disease under  fi eld condi-
tions. All treatments effectively reduced the severity of bacterial spot disease, com-
pared with untreated control plants. Foliar application of  P.  fl uorescens  was the 
most effective treatment in reducing disease severity. The combined application of 
 P.  fl uorescens  and BTH reduced the pathogen population effective and also pro-
moted plant growth (Abo-Elyousr and El-Hendawy  2008  ) . 

 Phosphorus acid salts (PASs) were evaluated for their ability to suppress the 
development of tomato bacterial spot disease under fi eld conditions for a period of 
3 years. The treatments were a weekly schedule of PAS alone, PAS combined with 
standard copper bactericide at full rate or half-rate, PAS alternated with a standard 
copper-bactericide and PAS every week plus biweekly applications of acibenzolar-
 S -methyl (ASM). The effectiveness of PAS combined with standard copper bac-
tericide full rate, PAS alternated with standard copper bactericide and PAS every 
week plus biweekly applications of ASM was on par with that of standard 
copper-bactericide program. None of the treatments improved the tomato yield in 
any of the  fi eld experiments conducted. Phytotoxicity due to PAS treatment was 
observed under greenhouse conditions. The usefulness of phosphorus salts has not 
been demonstrated in clear terms by this investigation (Wen et al.  2009  ) .  

    7.1.1.9   Bacterial Speck Disease 

  Pseudomonas syringae  pv.  tomato , causative agent of tomato bacterial speck disease, 
occurs worldwide and it is responsible for considerable quantitative and qualitative 
losses, since fruit infection reduces the market value of the fruits considerably. 
Nonpathogenic strains of  P. syringae  Cit7 most effectively reduced the disease 
intensity in the greenhouse conditions, when  P. syringae  strains TLP2,  Pseudomonas 
 fl uorescens  strain A506 and  P. syringae  pv.  syringae  DC3000  hrp  mutants were also 
tested for their ef fi cacy. The strain Cit7 provided a mean level of disease reduction 
of 78 % and hence, this strain was tested under  fi eld conditions at different locations 
in Alabama and Florida, USA and Ontario, Canada.  P. syringae  Cit7 was the most 
effective in reducing disease severity. The mean level of disease reduction was 28 % 
over ten different  fi eld experiments.  P.  fl uorescens  A506 available commercially as 
BlightBan provided a mean level of disease reduction of 18 % over nine different 
 fi eld experiments. As both strains Cit7 and A506 were sensitive to copper, they can-
not be integrated with the standard copper bactericides (Wilson et al.  2002  ) . 
Application of acibenzolar- S -methyl (ASM) at 35 g a.i./ha reduced the severity of 
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tomato bacterial speck disease in all seven  fi eld experiments conducted in the USA 
(four states) and Canada (one state). The severity values of foliar bacterial speck 
ranged from 0 (complete absence) to 22.6 and fruit with bacterial speck ranged from 
1.4 to 9.2 for ASM, whereas the untreated control plots had severity values ranging 
from 1.3 to 45.0 for foliage infection and from 9.2 to 22.6 for fruit infection. Tomato 
yield, however, was not improved by the application of ASM in the  fi eld (Louws 
et al.  2001  ) . Commercially available plant activators like benzothiadiazole (BTH) 
(inducer of SAR) and plant growth-promoting rhizobacteria (PGPRs) (inducers of 
induced systemic resistance, ISR) have been shown to be effective, when applied 
individually. Use of these products together as an integrated control strategy was 
investigated for the control of tomato bacterial speck disease caused by  Pseudomonas 
syringae  pv . tomato . BTH and ISR-inducer BioYield concentrate (containing the 
endospores of  Bacillus subtilis  GB03 and  B. amyloliquefaciens  IN937a). Application 
of BTH on greenhouse-grown tomatoes effectively reduced bacterial speck disease 
incidence and severity, both alone and in combination with the ISR-inducing bacte-
rial product. No antagonism between BTH and the bacterial product was indicated, 
since the extent of disease control was similar to or better than BTH. The results 
indicated that incorporation of BTH into greenhouse transplant production, in place 
of copper bactericide, might be useful for bacterial speck disease control (Herman 
et al.  2008  ) .  

    7.1.1.10   Bacterial Canker Disease 

 The effect of soil solarization on the tomato bacterial canker disease caused by 
 Clavibacter michiganensis  subsp . michiganensis  ( Cmm ) was investigated. Transparent 
polyethylene sheets were used to cover the soil in commercial tomato production 
areas. Soil mulching with the plastic  fi lm was applied for 6 weeks in plastic houses. 
Disease severity induced by  Cmm  was drastically reduced by soil solarization/mulch-
ing throughout the tomato growing season. The bacterial species  Pseudomonas , 
 Bacillus  and the actinomycete  Streptomyces  antagonistic to  Cmm  present in the 
tomato rhizosphere survived the increased temperatures following soil solarization. 
The  fl uorescent pseudomonads isolated from the tomato rhizosphere soil, could 
induce resistance to  Cmm  in plants growing from seeds treated with peudomonads. 
Tomato growers in Greece appeared to be convinced about the bene fi cial effects of 
soil solarization using polyethylene  fi lms (Antoniou et al.  1995  ) . The effectiveness of 
 Bacillus subtilis  (Quadra 136 and 137),  Trichoderma harzianum  (RootShield) and 
 Rhodosporidium diobovatum  (S33) in suppressing the development of tomato bacte-
rial canker disease was indicated by Utkhede and Koch  (  2004  ) . 

 Acibenzolar- S -methyl (ASM) was evaluated for its ability to induce resistance in 
tomato plants against  Clavibacter michiganensis  subsp.  michiganensis  ( Cmm ). 
Pretreatment of tomato plants with ASM reduced the severity of the canker disease. 
Development of resistance to canker disease required an interval of 1–7 days between 
inducer application and challenge inoculation with  Cmm . Highest level of protection 
could be obtained, when plants were inoculated at 3 days after ASM application 
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(Soylu et al.  2003 ; Baysal et al.  2003  ) . DL-ß-aminobutyric acid (BABA) has been 
demonstrated to induce resistance in tomato plants against canker pathogen  Cmm . 
Foliar sprays at 500   m  g/ml of BABA suppressed canker disease development up to 
54 % by 14 days after inoculation. Bacterial populations were reduced by 84 % in 
planta by treatment with BABA (Baysal et al.  2005  ) . In another investigation, the 
effect of BABA application alone, or in combination with  Pseudomonas  fl uorescens  
isolate CW2 in suppressing the development of tomato canker disease was assessed. 
Soil treatment with BABA or isolate CW2 signi fi cantly reduced the incidence of 
bacterial canker disease. Combined sequential treatments with BABA and isolate 
CW2 were found to be more effective in reducing the disease severity, compared to 
treatment with either BABA or isolate CW2. The combined application was effective 
not only for protecting the tomato plants against canker disease, but also for promot-
ing the growth of tomato plants (Hassan and Buchenauer  2008  ) .   

    7.1.2   Tomato Spotted Wilt Disease 

  Tomato spotted wilt virus  (TSWV) infects tomato and it has a wide host range that 
includes several crops and weeds growing in and adjacent to tomato  fi elds. Several 
species of thrips belonging to the genera  Frankliniella  and  Thrips  transmit TSWV 
in a persistent manner. The virus and the thrips have to be managed by integrating 
all possible strategies of disease management. The ultraviolet (UV)-re fl ective 
mulches have been shown to reduce thrips colonization onto tomato and mulch 
painted silver and UV-re fl ective silver mulch have been reported to reduce TSWV 
incidence in tomato (Riley and Pappu  2000 ; Stavisky et al.  2002  ) . Hence, the effects 
of UV-re fl ective mulch, acibenzolar- S -methyl (ASM) and insecticides for reducing 
the incidence of virus and the vector species  F. occidentalis  were investigated under 
 fi eld conditions. The UV-re fl ective mulch was more effective than the black poly-
ethylene in reducing the colonization of thrips and consequently the primary infec-
tions by TSWV was reduced, since the thrips migrating from other plants/areas are 
responsible for the primary infections on tomato plants. During the TSWV epi-
demic in 2000, the primary spread of the virus reduced early in the season in toma-
toes grown on UV-re fl ective mulch versus black mulch. Application of ASM further 
reduced TSWV incidence in 2000 and 2002, when the disease pressure was quite 
high. Reproduction of thrips on the tomato plants in the experimental plots was 
poor. Insecticide application (methamidophos/spinosad) reduced the thrips popula-
tion and prevented secondary spread in 2000 and 2002. The combination of 
UV-re fl ective mulch, acibenzolar- S -methyl and insecticides was very effective in 
reducing tomato spotted wilt incidence in tomato (Momol et al.  2004  ) . 

  Lecanicilliium lecanii ,  Metarhizium anisopliae  and  Beauveria bassiana  were 
reported to be pathogenic to  F. occidentalis  (Vestergaard et al.  1995 ; Sengonca et al. 
 2006  ) . A strain of  L. lecanii  originally isolated from glasshouse white fl y and later 
commercially produced in the Netherlands was also effective against thrip species 
 Frankliniella occidentalis  (van der Schaaf et al.  1991  ) , the vector of  Tomato spotted 
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wilt virus . Isolates of  Paecillomyces fumosoroseus  were reported to be pathogenic to 
 F. occidentalis  and an isolate of  P. fumosoroseus  was developed as a commercial product 
to be used against white fl ies and thrips (Saito and Sugiyama  2005  ) .  Paecilomyces 
lilacinus , a soil inhabiting nematophagous fungus produces chitinases and proteases 
capable of breaking down egg shell, facilitating penetration into insect body. This 
mechanism was demonstrated to operate effectively against the western  fl ower thrip 
 F. occidentalis  (Fiedler and Sosnowska  2007  ) . In another investigation,  fi ve strains of 
 Beauveria bassiana  were evaluated for their ef fi cacy against  F. occidentalis . The 
strain RSB of  B. bassiana  was the most virulent causing 69–96 % mortality at con-
centrations of 1 × 10 4  to 1 × 10 7  conidia/ml, at 10 days after inoculation of  fi rst instar 
larvae. In greenhouse evaluation, RSB strain applied to broccoli foliage signi fi cantly 
reduced adult and larval populations of  F. occidentalis  (Gao et al.  2012b  ) . The insec-
ticidal property of  Beauveria bassiana  on  Orius sauteri , an important predator of 
western  fl ower thrips  Frankliniella occidentalis  was assessed under in vitro condi-
tions.  B. bassiana  strain RSB (Bb-RSB) was not insecticidal against  O. sauteri , irre-
spective of the concentration applied to the  fi rst instars. The developmental rate of 
 O. sauteri  was also not affected by direct treatment with Bb-RSB. However, 
signi fi cant differences in the development rates and adult longevity were noted 
between  O. sauteri  that fed on Bpb-RSB infected  F. occidentalis  cadavers and those 
fed on untreated thrips. Developmental time (from  fi rst instar to adult) increased 
from 0.3 to 0.7 days for predators-fed thrips treated with low and high concentration 
of strain Bb-RSB respectively, compared with predators fed on untreated thrips. But 
these differences were only 3–13 % of mean values for the controls. The results 
suggested that the observed adverse effects on  O. sauteri  were relatively minor. 
The usefulness of combination of  B. bassiana  and  O. sauteri  for the control of 
 F. occid entalis has to be demonstrated under  fi eld conditions (Gao et al.  2012a  ) .  

    7.1.3   Diseases of Potato 

    7.1.3.1   Verticillium Wilt Disease 

 Among the various cultural practices, addition of green manures is practiced with a 
view to improving soil fertility and structure, in addition to promoting the activities 
of antagonistic organisms in the soil. The ef fi cacy of sweet corn varieties (Jubilee 
Sweetcorn and Jubilee Supersweet corn) as green manure was assessed for sup-
pressing the Verticillium wilt disease of potato caused by  Verticillium dahliae . The 
sweet corn varieties suppressed the disease incidence by 60–70 %. These treatments 
did not in fl uence the pathogen populations directly, but the colonization of  V. dahl-
iae  on potato feeder roots and in potato tissues of stem pieces were reduced. Feeder-
root colonization was positively correlated with Verticillium wilt disease incidence 
(P < 0.05) and negatively corrected with yield. In addition, corn green manures 
increased the populations of several soil fungi such as  Ulocladium  and  Fusarium 
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equiseti . When potato was grown consecutively for 2 years, the bene fi cial effects of 
sweet corn green manures was almost entirely lost. But following two consecutive 
years of potato, a single sweet corn crop was enough to restore the original bene fi t 
of disease suppression and enhanced yields, although the pathogen populations had 
increased by four-fold. The results indicated the effectiveness of growing green 
manure crops that could reduce disease incidence and increase the yield as well 
(Davis et al.  2010a  ) . Austrian peas, Sudan grass, rape, oats and rye also exerted 
similar bene fi cial effects by reducing disease incidence and enhancing potato yields 
(Davis et al.  2010b  ) . 

 Bacterial isolates (5) and extracts of plant species (4) were tested for their ef fi cacy 
in suppressing the development of Verticillium wilt disease caused by  Verticillium 
dahliae  in two potato cultivars Russet Burbank (moderately susceptible) and Kennebec 
(highly susceptible).  Pseudomonas  fl uorescens  biotype F isolate DF37 was more 
effective in reducing the disease incidence, severity and vascular discoloration due to 
infection in both cultivars over two seasons in growth-room experiments.  Bacillus 
pumilus  isolate M1 reduced the wilt parameters only on Kennebec. Among the plant 
extracts, Canada milkvetch extract (MVE) was the most effective in reducing the wilt 
incidence by 55–84 %, compared with untreated controls. In the  fi eld experiments, 
the isolate DF37 and plant extract MVE were effective in reducing Verticillium wilt 
on Russet Burbank and Kennebec respectively. Reductions in percent infection and 
vascular discoloration by DF37 were 26 and 67 %, whereas treatment with MVE 
reduced the parameters by 45 and 55 % respectively during the  fi rst  fi eld trial. During 
the second year trial, bacterial isolates DF37 and MI and the plant extract MVE 
reduced all wilt parameters by percentages ranging from 19 to 31 % and increased 
the yield by 18 % on cultivar Kennebec. Bacterial isolate DF37 could reduce the 
Verticillium wilt disease by 29–43 % and increased the yield of the cultivar Russet 
Burbank by 24 % (Uppal et al.  2008  ) .  

    7.1.3.2   Stem Rot Disease 

  Sclerotinia sclerotiorum , causing potato stem rot disease, infects several other crops 
also, accounting for appreciable losses in production. Sixteen isolates belonging to 
11 species of  Trichoderma  were evaluated for their potential to suppress the devel-
opment of stem rot disease. In addition, one isolate of  Talaromyces  fl avus  was also 
included in the evaluation. Spore suspensions of these fungi were sprayed on the 
foliage in the greenhouse assays.  T. koningii ,  T. virens ,  T. ceramicum  and  T. viride-
scens  were more effective in reducing disease severity, while  T.  fl avus  was the least 
effective against the stem rot pathogen. Under  fi eld conditions, the spore suspen-
sions of the BCAs were applied to the soil and foliage  fi ve times.  T. viridescens  
followed by  T. ceramicum  provided the best protection to the potato plants against 
 S. sclerotiorum . The results indicated the need for con fi rming the biocontrol ef fi cacy 
of the microorganisms that perform well in the greenhouse assay, under the  fi eld 
conditions also (Ojaghian  2011  ) .  
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    7.1.3.3   Late Blight and Tuber Blight Disease 

  Phytophthora infestans  infects the foliage of the plants destroying the photosynthetic 
tissues seriously. Shortly after late blight is established on the potato foliage, the inoc-
ulum consisting of sporangia and zoospores produced on the foliage is deposited onto 
the surface of the potato hill. Then the water from irrigation or rain can carry the 
inoculum into the soil. Infection of potato foliage by  P. infestans  results in late blight 
phase of the disease and later tubers are also infected leading to tuber blight disease. 
The late blight disease is a challenging plant health problem defying human efforts to 
achieve complete control. Different disease management strategies have been applied 
alone or in combination to restrict the disease incidence and spread of the disease 
through forecasting models, genetic resistance, cultural practices and chemical appli-
cation and varying degrees of success have been obtained under different environmen-
tal conditions. It is necessary to combine different approaches that are suitable for the 
geographical localities concerned. Use of disease-free certi fi ed seed tubers is the basic 
step to effectively eliminate initial sources of inoculum of  P. infestans . Production of 
disease-free tubers depends on the prevention of tuber infection in the previous crop 
to a great extent. Crop sanitation has to be strictly adopted. All volunteer plants and 
solanaceous weeds have to be thoroughly eliminated and properly disposed off, since 
the pathogen can overwinter in the plant debris by forming oospores that can be a 
potential source of inoculum for the subsequent crops of potatoes. During the growing 
period, incidence of the disease has to be carefully monitored and the infected plants 
have to be eliminated immediately. Observations on the pattern of incidence of late 
blight disease in a give location may be useful to select the date of planting, when the 
natural incidence of the disease is less. This approach was followed for reducing the 
disease incidence in West Bengal State, India (Basu  2009  ) . The effects of strip-
cropping of potatoes with cereals or a grass-clover mix on the incidence of late blight 
disease were assessed during 2001–2002. In the plots with strip-cropped potatoes, 
incidence of the disease was signi fi cantly reduced by 4–20 %, depending on the plot 
size. The smaller plots (6 × 18 m) contracted less disease, compared to larger plots 
(6 × 36 m). Grass-clove mix in and perpendicular to the main wind direction also con-
tributed to reduction in late blight disease incidence. The results indicated strip inter-
cropping might be a useful component in an overall management strategy to reduce 
incoming late blight inoculum (Bouws and Finckh  2008  ) . 

 The effectiveness of different kinds of polyethylene mulches was assessed for 
suppressing or preventing the development of potato tuber blight caused by 
 Phytophthora infestans  under  fi eld conditions. A water-permeable agricultural tex-
tile treated with copper hydroxide was also tested for its ef fi cacy. Two barriers that 
covered the potato hills, black polyethylene  fi lm and coppery hydroxide-treated 
agricultural textile reduced the incidence of tuber blight relative to the appropriate 
controls. Other barriers (mulches) had little effect on the tuber blight incidence. The 
effectiveness of black polyethylene  fi lm might be attributed to blocking of water 
through potato hill and alteration of the soil environment within the hill. The hills 
covered with black plastic sheets were drier and slightly warmer than uncovered 
hills, thus markedly affecting the inoculum movement and infection. The effect of 
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mulches and hill sizes as barriers on development of potato tuber blight was studied. 
The polyurethane spray foam in an 8-cm diameter area immediately surrounding 
the plant stem and black polyethylene  fi lm over the entire hill except near the stem 
alone or in combination were tested. Water permeable agricultural textile treated 
with copper hydroxide was also used to cover the hill as in black polyethylene. 
Black  fi lm and textile mulches reduced tuber infections signi fi cantly, indicating that 
inoculum of  Phyophthora infestans  could move from foliage to tubers through soil 
and that inoculum movement was not limited to large channels in the hills such as 
those created by potato stems. Mulching the stem area with spray foam did not 
reduce incidence of tuber blight incidence, compared with control. Comparison of 
blight incidence in tubers in different hill sizes, showed insigni fi cant differences 
among the hill size treatments, although tubers covered with more than 15 cm soil 
had lower blight incidence (1–14 %) than tubers with less soil cover (13–59 %). The 
mulch treatments could provide only partial protection to the tubers, limiting its 
practical use for wider application by growers. Suppression of tuber infection might 
be better achieved by preventing/reducing foliar epidemics or through host resis-
tance (Glass et al.  2001  ) . 

 Several fungal and bacterial species with known antagonistic activity against 
other microbial plant pathogens have been reported. Different species of  Trichoderma , 
 Pseudomonas  and  Bacillus  were evaluated for their ef fi cacy in suppressing the devel-
opment of late blight pathogen. The fungal BCAs  Penicillium aurantiogriseum  and 
 Stachybotrys atra  suppressed the lesion development following inoculation with 
 P. infestans  in greenhouse-grown potato plants. The disease severity was reduced by 
93 and 84 % respectively. The ef fi cacy of these BCAs was not, however, tested under 
 fi eld conditions (Jindal et al.  1988  ) . An isolate of  Pseudomonas putida  had no direct 
inhibitory effect on  P. infestans  in in vitro assays, but it induced systemic resistance 
in potato plants against the pathogen. On the other hand,  Serratia plymuthica  inhib-
ited the growth of  P. infestans  through antibiosis, but it did not induce systemic 
resistance in potato plants. Both  P. putida  and  S. plymuthica  effectively suppressed 
the development of late blight disease through different mechanisms of action on the 
pathogen  P. infestans  U8-clonal lineage which is a highly aggressive isolate (Daayf 
et al.  2003  ) . Tuber infection could be reduced signi fi cantly by treatment of tubers 
with strain mixtures of  P.  fl uorescens  (Slininger et al.  2007  ) .  Trichoderma harzianum , 
among the six antagonists tested under  fi eld conditions, was found to be the most 
effective in reducing the disease severity percentage, followed by  Pseudomonas 
 fl uorescens  compared with untreated control treatment. Seed treatment with  T. har-
zianum  (5 g/kg) and  P.  fl uorescens  (2.5 g/kg) provided effective protection to plants 
and also increased the tuber yield to 19.5 and 19.0 t/ha respectively, compared with 
control (13.8 t/ha). These BCAs are being used widely by farmers in the West Bengal 
State, India (Basu  2009  ) . Late blight forecast systems have been adopted in many 
countries and adapting them to suit different conditions existing in various locations 
for the application of biological control agents may become feasible in future. 

 Late blight management has been heavily dependent on application of fungicides 
and in many countries fungicide use has increased over the years, due to the appearance 
of new, more aggressive (virulent) genotypes of  Phytophthora infestans . Even in 
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organic production of potato application of copper-based fungicides for the control of 
late blight is on the increase, despite the existing ceiling of 6 kg of elemental copper/ha 
(   Kato et al.  1997 ; Ghorbani et al.  2004 ). Hence, there is enormous pressure to develop 
suitable and effective alternative non-chemical strategy to protect potatoes against late 
blight and other economically important crop diseases. Numerous plant-derived prod-
ucts especially plant extracts and essential oils have been shown to be effective in 
in vitro assays and greenhouse tests. However, none of them had the stability to be used 
under the  fi eld conditions for effective reduction of incidence and/or severity of late 
blight disease (Dinz et al.  2006 ; Soylu et al.  2006  ) . Many organic compounds have 
been demonstrated to induce resistance in plants against diseases caused by microbial 
pathogens. The protective effect of ß-aminobutyric acid (BABA) against the potato late 
blight pathogen  Phytophthora infestans  was demonstrated using two potato cultivars 
Bintje and Pampeana with different levels of horizontal resistance. Foliar pre-treatment 
at 30 days after emergence provided a 60 % protection in cv. Pampeana against 
 P. infestans . BABA treatment stimulated the expression of molecules associated with 
development of disease resistance (Altamiranda et al.  2008  ) . Plants receiving four 
applications of BABA throughout the crop cycle produced tubers with greater resis-
tance to both  P. infestans  and another potato pathogen  Fusarium solani , than those 
from non-treated control plants. Treatment with BABA improved the growth of potato 
plants, in addition to the protection provided against the fungal pathogen. The degree 
of enhancement of resistance by BABA depended on the natural level of genetic resis-
tance of the potato cultivars to different races of  P. infestans  (Olivieri et al.  2009  ) . 
Combination of BABA and fungicides appeared to have an additive effect both under 
greenhouse and  fi eld conditions. With increase in the concentration of BABA, the pro-
tective effect became stronger proportionally. The partially resistant potato cultivars 
Ovatio and Superb reacted to lower concentrations of BABA, whereas no signi fi cant 
effect of treatment with BABA was discernible under  fi eld conditions. BABA treat-
ment was able to compensate a 20–25 % reduction in the dose of fungicide Shirlan, as 
the combination was effective as the full dose of Shirlan alone. The results indicated 
that BABA could be applied as a component of disease management system directed 
towards an important disease of potato (Liljeroth et al.  2010  ) . 

 Phosphites (Phi) are alkalimetal salts of phosphorus acid with the potential for 
protecting plants against plant pathogens. The effects of treatment of seed tubers 
and foliage of potato cv. Shepody and Kennebec with Phi on the induction of resis-
tance to  Phytophthora infestans ,  Fusarium solani  and  Rhizoctonia solani  were 
assessed. The degree of protection provided by Phi was high against  P. infestans , 
intermediate against  F. solani  and low against  R. solani . In addition, seed tubers 
treated with calcium or potassium phosphate (CaPhi or KPhi) at 1 % commercial 
product emerged earlier than untreated ones. When Phi sprays were applied on foli-
age two to four times at different doses, high levels of protection against 
 P. infestans  were observed on both cultivars. Kennebec was more responsive to Phi 
application than Shepody, as re fl ected by the degree of resistance developed in 
treated plants. Application of Phi did not cause any detectable adverse effect on 
plant growth. Leaves in treated plants were darker green in color than those in 
untreated plants, in addition to a delay in setting of leaf senescence in Phi-treated 
plants (Lobato et al.  2008  ) .  
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    7.1.3.4   Black Scurf Disease 

 Potato black scurf pathogen  Rhizoctonia solani  can infect a wide range of plant species 
including several crop plants on which damping-off and root rot diseases in fl ict serious 
damages. Different disease management tactics have been applied with varying 
degrees of success. The effects of 2- and 3-year crop rotations with conventional 
and minimum tillage treatments on the severity of soilborne diseases of potato, can-
ker and black scurf disease ( Rhizoctonia solani ), dry rot ( Fusarium  spp.) and silver 
scurf ( Helminthosporuin solani ) and root zone bacteria were investigated. The 
2-year rotation included spring barley, while the 3-year rotation had barley and red 
clover, in addition to potato. The disease incidence/severity was reduced to a greater 
extent in the 3-year rotational soils, compared with the 2-year rotational soils. The 
soil agroecosystem can be modi fi ed through crop rotation and conservation tillage 
practices to improve disease suppression by enhancing antagonistic activities of 
endophytic and root zone bacteria, as revealed by the analysis of root zone bacteria 
using in vitro assays (Peters et al.  2003,   2005  ) . A cropping system was designed 
speci fi cally for suppressing soilborne diseases affecting potato. The disease sup-
pressive (DS) system included diverse crops with known disease-suppressive poten-
tial, such as  Brassica  and Sudangrass, green manure crops and fall cover crops. 
High crop diversity resulted in greatest reduction in stem and stolon canker and 
black scurf caused by  Rhizoctonia solani  and common scab due to  Streptomyces 
scabiei  under both irrigated and non-irrigated conditions, compared to other sys-
tems for soil management. The DS system also caused signi fi cant shifts in soil 
microbial community characteristics different from all other rotations. Biofumigation 
was considered to be the mechanism of action for the crops included in the DS sys-
tem (Larkin et al.  2011  ) . 

  Verticillium biguttatum  an effective biocontrol agent against potato black scurf 
pathogen  Rhizoctonia solani  was examined for its compatibility with broad-
spectrum fungicides azoxystrobin, chlorothalonil and thiabendazole. These fungi-
cides were found to be fungitoxic to  V. biguttatum  in the in vitro bioassays. On the 
other hand, the oomycete-speci fi c fungicides cymoxanil and propamocarb did not 
affect the growth of  V. biguttatum . In contrast,  Rhizoctonia -speci fi c fungicides 
pencycuron and  fl utalonil, when co-applied with  V. biguttatum , showed additive 
effects and improved the effectiveness of black scurf biocontrol. When combina-
tions of  V. biguttatum  and cymoxanil or propamocarb were applied to immature 
potato tubers at green crop lifting, a reduction in both black scurf and  Pythium - or 
 Phytophthora -incited tuber rot was observed at harvest. The results indicated that 
 V. biguttatum  could be combined with selected chemicals that had speci fi c activity 
against  R. solani  or  Pythium  spp. or  Phytophthora  spp. infecting potato tubers (van den 
Boogert and Luttikholt  2004  ) .  

    7.1.3.5   Dry Rot Disease 

 Potato dry rot disease caused by  Fusarium sambucinum  has signi fi cant economic 
importance, because of its potential to induce serious quantitative and qualitative 
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losses of tubers. Isolates of  Bacillus licheniformis  and  B. cereus  effectively reduced 
the development of  Fusarium roseum  var . sambucinum  causing potato dry rot dis-
ease and also stimulated emergence of plants from treated tubers.  B. licheniformis  
132 and  B. cereus  X16 were more ef fi cient in reducing disease severity. Field evalu-
ation of the ef fi cacy of the ef fi cient isolates 132 and X16 showed that they were 
effective in controlling Fusarium rot on seed tubers and increased yield parameters. 
The seed tuber colonization by bacteria increased until 61 days after planting with 
a rate signi fi cantly higher for  B. cereus  X16. Furthermore, during conventional stor-
age conditions for 6 and 8 months, dry rot disease incidence was signi fi cantly lower 
on potato boxes treated with each isolate of the antagonist alone or by the mixture 
(consisting of X16 +  Bacillus thuringiensis  var.  galleriae  and  Trichoderma viride  
55T), as compared with pathogen inoculated control boxes and to those treated with 
the fungicide carbendazim (Sad fi  et al.  2002  ) . 

 The biocontrol potential of  Pseudomonas  fl uorescens  and  Enterobacter cloacae  
in suppressing the development of the pathogen, when applied as seed treatment 
under  fi eld conditions for 2 years was assessed. The fungicide  fl udioxonil and mus-
tard meal were included in the  fi eld trial for comparison of effectiveness of disease 
suppression. After the harvest of tubers, severity of dry rot and also other diseases 
including silver scurf ( Helminthosporium solani ) and common scab ( Streptomyces 
scabiei ) was recorded. Signi fi cant reduction in dry rot severity was observed in all 
treatments, compared with non-treated control inoculated with  F. sambucinum . The 
descending order of effectiveness of dry rot disease suppression was noted in 
 fl udioxonil (55.7 %), mustard meal (47.5 %),  P.  fl uorescens  (35 %) and  E. cloacae  
(26.5 %). In addition, all treatments signi fi cantly reduced the severity of common 
scab and silver scurf diseases, compared with non-treated controls. On an average, 
seed tubers treated with  P.  fl uorescens  and  E. cloacae  produced higher total number 
of tubers.  E. cloacae  was more effective than  P.  fl uorescens  in increasing both total 
and marketable tuber yields than non-treated inoculated controls. The results indi-
cated that  P.  fl uorescens  and  E. cloacae  and mustard meal could be considered 
as viable options for control of potato tuber diseases along with the fungicide 
(Al-Mughrabi  2010  ) .  

    7.1.3.6   Pink Rot Disease 

  Phytophthora erythroseptica , a soilborne fungus causes the pink rot disease of 
potato tubers. The frequency and composition of the crops in a potato rotation 
in fl uence the incidence and development of soilborne diseases affecting potato 
crops.  P. erythroseptica  can survive in the soil for several years as oospores and 
propagules of the pathogen, making it an endemic disease in most cultivated soils 
where potatoes are grown repeatedly. Crop rotation with at least one alternate crop 
was found to reduce the pink rot disease incidence signi fi cantly (Lambert and Salas 
 2001  ) . In a later investigation, the effect of 2- and 3-year crop rotations and conser-
vation tillage practices on the severity of pink rot disease was assessed. Barley was 
included in the 2-year rotation, while red clover was also included additionally in 
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the 3-year rotation. The development of pink rot disease was signi fi cantly less 
 pronounced in potatoes from the 3-year rotational soils than from the 2-year rota-
tional soils. Potato plants grown in the greenhouse, using soils from  fi eld plots, had 
less disease in 3-year rotation than in 2-year rotation (P = 0.05). The results sug-
gested that potatoes grown in soils managed under a 3-year rotation appeared to be 
intrinsically more resistant to infection by  P. erythroseptica  than those managed 
under a 2-year rotation (Peters et al.  2005  ) . 

 Fungal and bacterial antagonistic species have been evaluated for their ef fi cacy 
in suppressing the development of pink rot disease.  Trichoderma virens  DAR74290 
and Trichodex, a commercial formulation containing  T. harzianum  T-39 were tested 
alone or in combination. These bioagents, when applied alone or in combination 
reduced the disease severity in shoots and roots of potatoes at 10 weeks after the 
pathogen inoculation. In addition to disease suppression, the fungal BCA increased 
the tuber yields also compared with untreated control plots (Etebarian et al.  2000  ) . 
The zoospores or germinating encysted zoospores of  Phytophthora erythroseptica  
could induce new infections via potato tuber eyes, lenticels and cracks and cuts that 
result during harvesting. The possibility of preventing pathogen entry through these 
infection courts,  Enterobacter cloacae ,  Enterobacter  spp. and  Pseudomonas  spp. 
were used as suspension of cells for tuber treatment.  E. cloacae  strain S11:T:07 was 
more ef fi cient in reducing the lesion size than other two bacterial species that also 
reduced the lesion development signi fi cantly. Treatment with the bacterial BCAs 
provide protection to both potato cultivars Russet Norkotah and Russet Burbank, 
indicating that cultivars did not in fl uence the performance of antagonists (Schisler 
et al.  2009  ) .  

    7.1.3.7   Scab Diseases 

 Potato scab and common scab diseases are due to  Streptomyces scabies  and  S. turgi-
discabies  respectively. They are capable of surviving in the soil for a long time. 
Cultivation and incorporation of speci fi c green manure crop(s) have been suggested 
as a management tactic for soilborne diseases. The effects of green manures (buck 
wheat and canola) and crop sequences on potato scab disease ( Streptomyces scabies ) 
and Verticillium wilt disease ( V. dahliae ) were assessed in a 2-year  fi eld trial. 
Indigenous streptomycete densities and in vitro pathogen inhibitory activity were 
also determined. Potatoes grown in soil planted to corn or alfalfa in the previous 
year had lower potato scab and Verticillium wilt ratings signi fi cantly, as well as 
higher yields than potatoes grown in soil previously planted with potato. 
Streptomycetes from soil collected from green manure (GM)-treated plots tended to 
have greater in vitro pathogen inhibitory activity than those from fallow-treated 
plots. The streptomycete communities in GM-treated soils had consistently greater 
proportion of pathogen antagonists than communities in fallow-treated plots in the 
second season of the investigation. GM crops may selectively enrich the abundance 
or activity of antibiotic producers within the soil microbial community (Wiggins 
and Kinkel  2005  ) . 
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 The effect of green manure and fallow on the incidence of potato common scab 
diseases caused by  Streptomyces turgidiscabies  was determined under  fi eld condi-
tions. The number of diseased tubers harvested from soil incorporated with lop-
sided oat or woolly pod vetch was signi fi cantly fewer, compared with those from 
oat and continuous potato cultivation in a planter experiment. In the  fi eld experi-
ments conducted during 1999–2000, treatment with lopsided oat, followed by 
lopsided oat or woolly pod vetch was signi fi cantly more effective at suppressing 
the disease severity than oat and continuous potato cultivation (P < 0.001). An 
increase in marketable tuber ratio was also more signi fi cant than for oat and con-
tinuous potato cultivation (P < 0.001). In another  fi eld experiment (2000–2001), 
lopsided oat cultivation alone and with the application of Ferosand (Fe, mainly 
FeSO 

4
  to decrease soil pH) at 1.8 t/ha or resistant potato cultivar treatment were 

signi fi cantly more effective in suppressing the disease severity and incidence than 
sugar beet cultivation (P < 0.001), even under high disease pressure in the  fi eld. 
However, the potato yield tended to decrease, after lopsided oat treatment with an 
application of Ferosand (1.8 t/ha), compared with lopsided oat alone or the appli-
cation of Ferosand at 600 kg/ha, due to low pH conditions. In the third  fi eld exper-
iment (2001–2002), the lowest disease severity and incidence of common scab 
disease were observed in soil treated with lopsided oat than with other treatments. 
The results suggested that lopsided oat could be a useful option as fallow green 
manure for reducing common scab disease severity and increasing the tuber yield 
(Sakuma et al.  2011  ) .   

    7.1.4   Pepper Diseases 

    7.1.4.1   Phytophthora Blight Disease 

 Several investigations have indicated the contribution of cultural practices to restric-
tion of incidence and severity of diseases affecting various crops. In the presence of 
the stubble from a fall-sown, no-till wheat cover crop, the dispersal of soil inoculum 
of  Phytophthora capsici , causing Phytophthora blight disease of bell pepper was 
markedly reduced, resulting in considerable reduction in disease incidence. The 
 fi nal disease incidences ranged from 2.5 to 43 % in no-till plots, as against 71–72 % 
incidence in pepper planted in a bare  fi eld, where all dispersal mechanisms operated 
without hindrance (Ristaino et al.  1997  ) . In order to retain crop residues and satis-
factory level of disease suppression, reduced or no-till practice may be coupled with 
proper crop sequence. Rotation of pepper (chilli) ( Capsicum annuum ) with peanut 
or sesame resulted in the reduction of Phytophthora blight disease by 39 and 11 % 
respectively. Nonhosts included in the rotation and/fallowing reduced the selection 
pressure for a given soilborne pathogen and ‘starve’ it out, preventing the buildup of 
large populations of pathogen (Kim  1989  ) . The type of irrigation may become an 
important factor in terms of disease risk.  P. capsici  produces zoospores that initiate 
infection of roots primarily. Conditions of wet and dry cycles in soil are required for 
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completion of different stages in its life cycle. Rainfall and periodic furrow  irrigation 
provide the wet-dry cycle in the soil favoring production of sporangia during dry 
period and zoospores release during wet period. The role of irrigation methods 
(drip, basin and furrow) in the incidence of pepper crown rot disease caused by  
P. capsici  was investigated. Disease percentage was higher in the drip irrigation 
system (78.39 %) than in basin (56.27 %) and furrow (55.92 %) irrigation systems 
(Sağir et al.  2005  ) . 

 Antagonistic bacterial species have been evaluated for their potential against 
 Phytophthora capsici , causing Phyophthora blight disease of pepper which can 
infect the different plant parts and at different growth stages. Biocontrol ef fi ciency 
of  Bacillus  preparation (BB11 and FH17 strains and a mixture of both strains(BF at 
a 1:1 ratio by concentration) and different application methods was assessed. In the 
greenhouse assays, BF showed greater biocontrol ef fi cacy (60.3 %) and yield 
increase (200 %) than that could be obtained with BB11 (55.8 and 80.6 % respec-
tively) or FH (37.1 and 50.0 % respectively). In the  fi eld trials, the most effective 
dosage of BF mixture (10 10  CFU/ml) was 7.5 l/ha, when BF was mixed with rape 
seed residue and made compost before application. When preparations were applied 
at the best dosage in the same  fi eld, the BF mixture provided superior biocontrol 
ef fi ciency and greater yield increase with this treatment. Addition of BF mixture 
to rape seed residue followed by composting and applying the compost provided 
better disease control and higher yield than other methods of application of the 
bacterial BCA  Bacillus  sp. (Jiang et al.  2006  ) . Phytophthora blight disease incited 
by  P. capsici  causes devastating damages to the crop, when it occurs along with 
 Rhizoctonia solani ,  Fusarium oxysporum  and  F. solani . In order to develop an effec-
tive biocontrol approach, three bacterial chitinolytic BCAs,  Serratia plymuthica  
strain C-1, strongly antagonistic to  P. capsici ,  Chromobacterium  sp. strain C-61 
strongly antagonistic to  R. solani  and  Lysobacter enzymogenes  strain C-3 antago-
nistic to  R. solani  and  Fusarium  spp. were evaluated under greenhouse conditions. 
Application of all three bacterial strains suppressed Phytophthora blight more 
effectively than individual strains. The formulation derived from simple medium 
containing chitin was tested under  fi eld conditions. The ef fi cacy of the formulated 
product depended on the dose and timing of application. The undiluted product sup-
pressed Phytophthora blight under all  fi eld conditions. A ten-fold diluted product 
was effective in solar-sterilized greenhouses and in  fi elds with crop rotation (Kim 
et al.  2008  ) . The availability of phosphorus, an important nutrient for plant growth 
is a vital factor, since it is generally found in insoluble form in the soil. The possibil-
ity of controlling pepper crown blight caused by  P. capsici  by employing phosphate-
solubilizing bacteria like plant growth-promoting rhizobacteria (PGPR) was 
examined under growth room and  fi eld conditions. Three phosphate solubilizing 
strains of  Bacillus megaterium  were effective, when applied alone or in combina-
tion in reducing disease severity under  fi eld conditions, although their ef fi cacy was 
lower under  fi eld conditions than in the growth room conditions. Treatment with 
strain M1-3 reduced crown blight severity to half, having an ef fi cacy of 50.4 % 
higher than all other treatments. Increase in yield due to treatment with M1-3 was 
also observed (Akgül and Mirik  2008  ) . 
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 Acibenzolar- S -methyl (ASM), a known inducer of disease resistance was evaluated 
for its potential to protect pepper plants against root rot phase of the disease induced 
by  Phytophthora capsici . ASM was applied four times on greenhouse-grown pep-
per plants and inoculated with  P .  capsici  or in soil naturally infested with the patho-
gen. Inhibition of stem canker development on pepper cvs. Bell Tower and AZ9 
after four treatments with ASM (75   m  g/ml) was signi fi cantly greater than on plants 
receiving single application of ASM. Survival of pepper plants grown in  fi eld soil 
naturally infested with  P. capsici  was signi fi cantly increased by three foliar applica-
tions of ASM (75   m  g/ml), compared with untreated plants. The length of survival 
among pepper plants treated with 25, 50, or 75   m  g/ml of ASM and grown in soil 
infested with  P. capsici  was similar. ASM could be employed in combination or in 
alternation with mefenoxam to manage the crown and root rot disease. This will be 
useful to reduce the development of resistance to mefenoxam by  P. capsici  (Matheron 
and Porchas  2002  ) . The suppressive ability of silicon applied as calcium silicate 
(+Si) or calcium carbonate (−Si) on the development of Phytophthora blight disease 
in bell pepper was studied by incorporating them in the soil and by planting 
seedlings were planted after 6 weeks. The soil was infested with the pathogen 
 Phytophthora capsici  isolates Cp30 and Cp32. The disease development was 
assessed based on the area under disease progress curve (AUDPC) and area under 
wilting progress curve. An increase of 40 % in the Si concentration in the roots, but 
not in the stem was observed in the treated plots. The rate of disease progress was 
signi fi cantly reduced in +Si treatment, as compared to −Si treatment. The dry root 
weight and stem weight were increased due to Si treatment, compared with control, 
indicating the growth promotion effect of Si on pepper plants, in addition to protec-
tion against Phytophthora blight disease (French-Monar et al.  2010  ) .  

    7.1.4.2   Verticillium Wilt Disease 

 Verticillium wilt disease caused by  Verticillium dahliae  infects several crop 
plants especially those belonging to the family Solanaceae including pepper. The 
ef fi cacy of Polyversum® containing  Pythium oligandrum , the bioagent and the 
conventional fungicides benomyl and propamocarb-hydrochloride in suppress-
ing the development of Verticillium wilt disease was assessed. Benomyl was the 
most ef fi cient in suppressing the development of the disease to the extent of 94.6 
and 88.2 %, as pre- and post-inoculation treatments respectively. Polyversum 
was more effective (66.6 %), when applied prior to inoculation and its effective-
ness was equal to that of propamocarb-hydrochloride, but less ef fi cient, when 
compared with benomyl. However, Polyversum-treated plots had signi fi cantly 
less disease, compared with untreated control plots (Rekanovic et al.  2007  ) . The 
bioagent  Trichoderma asperellum  and the chemical dazomet either alone or in 
combination were evaluated for their potential to suppress the development of 
Verticillium wilt disease in bell pepper ( Capsicum annuum ). Six  fi eld trials in 
three consecutive years were carried out in commercial farms in Poland. In  fi ve 
of six trials, no signi fi cant differences in the area under disease progress curve 
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(AUDPC) values could be observed between methyl bromide (MB, used for 
comparison of effectiveness) and dazomet (DZ) alone or DZ combined with 
 T. asperellum  B35. The most consistent positive effect on yield and reduction in 
root rot complex and Verticillium wilt was obtained in the treatment with DZ + 
 T. asperellum . The mean yield increase due to the combination was 40.1 % which 
was equal to that of MB treatment. Further, DZ +  T. asperellum  combination 
provided the highest net marginal return and a higher return on investment than 
MB.  T. asperellum  alone provided highly variable protection which did not merit 
the recommendation for wider adoption by growers (Slusarski and Pietr  2009  ) .  

    7.1.4.3   Anthracnose Disease 

 Anthracnose disease incited by  Colletotrichum acutatum  infects all aerial plant 
parts including fruits. Myxobacteria produce a large number of bioactive second-
ary metabolites that have suppressive effect on microbial plant pathogens. The 
biocontrol potential of three strains of  Myxococcus  spp. KYC1126, 1136 and 2001 
was determined for the control of anthracnose disease under greenhouse and  fi eld 
conditions in 2009 and 2010.  Myxococcus  KYC 1126 was the most effective as 
shown by in vitro assays and greenhouse tests. The culture  fi ltrate of KYC1126 
was able to reduce the incidence of anthracnose disease on seedlings to 29 %, 
whereas the disease incidence in the untreated control plots was 74 %. This strain 
was more effective with a control value of 60 %, compared with the fungicide 
dithianon (42 %). However, the biocontrol activity was not maintained for long 
time in the  fi eld experiments (Kim and Yun  2011  ) .  

    7.1.4.4   Fusarium Wilt and Rhizoctonia Damping-Off Diseases 

 Pepper and tomato crops are infected by Fusarium wilt and Rhizoctonia damping-off 
diseases which occur commonly in most of the areas where these crops are cultivated. 
Three PGPRs  Bacillus licheniformis  CECT5106,  Pseudomonas  fl uorescens  CECT5398 
and  Chrysobacterium balustinum  CECT5399 and the bioproduct LS213 derived from 
 Bacillus subtilis  strain GB03,  B. amyloliquefaciens  strain IN937 and chitosan were 
evaluated for their potential to protect pepper and tomato plants against Fusarium wilt 
and Rhizoctonia damping-off diseases. The treatments that combine LS213 and each 
of the three PGPRs provided signi fi cantly higher level of protection as re fl ected by 
higher percentages of healthy pepper and tomato plants than that can be obtained with 
LS213 alone. Similar synergistic effect of LS213 and the individual bacterial species 
on plant growth promotion was observed. Overall, the positive effects of treatment with 
the BCAs and the bioproduct LS213 were greater on pepper than on tomato. The results 
revealed that the combinations of microorganisms might be more effective probably 
because of their ability to act on the pathogens through different mechanisms (Domenech 
et al.  2006  ) . The compatibility of endophytic bacterial strains  Bacillus subtilis  EPCO16 
and EPC5 and  Pseudomonas  fl uorescens  Pf1 for the suppression of  Fusarium solani  
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incitant of pepper wilt disease was investigated. The bacterial strains applied alone or 
in combination effectively reduced the incidence of wilt disease. Combinations of 
EPCO16 + EPC5 + Pf1 were more effective than the individual strains. The results 
indicated that the bacterial strains suppressed the disease development by inducing 
systemic resistance in pepper plants against Fusarium wilt disease (Sundaramoorthy 
et al.  2012  ) .  

    7.1.4.5   Sclerotium Root and Stem Rot and Ralstonia Wilt Diseases 

 Occurrence of two and more diseases simultaneously results in disease complex, 
making their management more dif fi cult and complicated. The biocontrol potential 
of strains of  Streptomyces  spp. was assessed for the suppression of development of 
root and stem rot disease caused by  Sclerotium rolfsii  and bacterial (Ralstonia) wilt 
disease caused by  Ralstonia solanacearum  infecting pepper (chilli) under green-
house conditions. The ef fi cacy of  Streptomyces philanthi  RL-1-178 in suppressing 
Sclerotium root and stem rot of pepper was approximately equal to that of 
 Trichoderma harzianum  NR-1-52 or that of the fungicide carboxin.  S. mycarofa-
ciens  SS-2-243 and  S. philanthi  RL-1-178 suppressed the development of Ralstonia 
wilt disease and its antibacterial activity was similar to that of streptomycin sulfate 
treatment.  T. harzianum  NR-1-52 had no adverse effect on the bacterial pathogen. 
Under  fi eld conditions where the soil was infested with the pathogens,  S. philanthi  
RL-1-178 was able to protect the pepper plants against both  S. rolfsii  and  R. solan-
acearum  more effectively than  S. mycarofaciens  SS-2-243 or  T. harzianum  NR-1-52. 
Treatment with  S. philanthi  RL-1-178 resulted in 58.75 % survival of pepper plants 
and its effectiveness was equivalent to that of carboxin and streptomycin sulfate 
treatment (Boukaew et al.  2011  ) .   

    7.1.5   Diseases of Cucurbitacous Crops 

    7.1.5.1   Pythium Root Diseases 

 Different species of  Pythium  can cause frequently the root rot disease of greenhouse-
grown cucumbers. Physical and biological management strategies have been shown to 
be effective in reducing damping-off or root rot disease. Trials were conducted in 
commercial greenhouses to assess the effect of solarization and biofumigation on the 
incidence of cucumber damping-off disease caused by  Pythium aphanidermatum . For 
biofumigation, cabbage residue ( Brassica oleracea ) was incorporated into top 20-cm 
soil at the rate of 5 kg/m 2 . Clear polythene (0.2 mm thick) was used to cover the soil. 
Solarized and biofumigated plots had signi fi cantly reduced disease incidence, com-
pared with untreated controls. Damping-off disease incidence was signi fi cantly lower 
in biofumigated than in solarized plots at the  fi nal assessment at 35 days after planting. 
Biofumigation and solarization treatments enhanced plant growth as additional bene fi t 



2657.1 Diseases of Vegetable Crops

(Deadman et al.  2006  ) .  Pythium ultimum  is another fungal pathogen involved in 
damping-off disease. Compost amendments have been reported to have disease sup-
pressive properties. Municipal biosolid compost was suppressive to  P. ultimum  and 
disease incidence on cucumber was signi fi cantly reduced. Suppression of damping-
off disease incidence in cucumber was shown to be due to microbial consortia colo-
nizing cucumber seeds within 8 h of sowing (Chen and Nelson  2008  ) . The bacterial 
strains  Bacillus subtilis,   Pseudomonas  fl uorescens  and  P. corrugata  and two fungal 
strains  Trichoderma viride  and  T.  ( Gliocladium )  virens  were evaluated for their ability 
to suppress the damping-off disease of cucumber caused by  P. ultimum . Among the 
antagonists,  Pseudomonas  spp. were superior to  Bacillus subtilis  in reducing the inci-
dence of damping-off disease in cucumber. Combination of antagonists did not show 
any additive effect. The effectiveness of disease suppression was greater, when the 
bacterial antagonists were applied by drenching or by coating the cucumber seeds 
with bacteria in a peat carrier (Georgakopoulos et al.  2002  ) .  

    7.1.5.2   Fusarium Wilt Diseases 

 Fusarium wilt diseases are caused by  Fusarium oxysporum  f.sp . radicis - cucumerinum  
(FORC) in cucumber and by  F. oxysporum  f.sp.  melonis  (FOM) in melon. The effect 
of soil amendments on the incidence of Fusarium root rot and stem rot caused by 
FORL was studied. The composts containing greenhouse waste material (GC), 
windrow composted dairy solids (WDS) and vermicomposted dairy solids (VMC) 
were evaluated for their ef fi cacy in suppressing the development of FORC in infecting 
cucumber. Greenhouse compost signi fi cantly reduced cucumber plant mortality due 
to FORC to 13 % as against 63 % in untreated control. The effectiveness of GC was 
equal to that of the fungicide benomyl (Punja et al.  2002  ) . The composts consisting 
of dairy and greenhouse wastes signi fi cantly reduced the severity of FORC. The 
number of total culturable microbes in the composts showed a positive relationship 
with disease suppressive potential of the compost. The strains of  Pseudomonas 
aeruginosa  isolated from the composts exhibited the greatest antagonistic activity 
against FORC. Further, internal stem colonization of FORC was signi fi cantly 
reduced by  P. aeruginosa  (Bradley and Punja  2010  ) . 

 Disease suppressiveness of composts is in fl uenced by several factors. Effects 
of the raw materials, aeration conditions during composting process and com-
post maturity were investigated to determine their in fl uence on suppressiveness 
to melon Fusarium wilt disease caused by  Fusarium oxysporum  f.sp . melonis  
(FOM). Application of compost reduced the incidence of Fusarium wilt disease 
of melon.  Aspergillus  spp. isolated from the compost was the most effective 
among the large number of microorganisms isolated from the compost. The sup-
pressiveness of the compost was associated with the population of  Aspergillus  
spp. (Suárez-Estrella et al.  2007  ) . The ef fi cacy of two citrus composts – C1 
composed of 40 % citrus wastes, 20 % sludge obtained from citrus industry 
waste-water treatment facility and 40 % green residues and C2 composed of 
60 % citrus wastes amended with  Trichoderma harzianum  T-78 – was evaluated 
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for the control of  Fusarium oxysporum  f.sp . melonis  (FOM). Incidence of 
Fusarium wilt disease on melon and growth promotion effect of the treatments 
was recorded. Disease incidence was signi fi cantly reduced in C2Th (extract 
amended with T-78), while C1Th was not effective. Population of T-78 
signi fi cantly decreased at  fi rst sampling time compared to the initial level, but 
later recovered over time. The results indicated that combination of citrus com-
post and  T. harzianum  T-78 could become a viable alternative to peat and also 
adoption of this strategy could minimize the chemical use for the management 
of Fusarium wilt disease in greenhouse nurseries for melon seedling production 
(Lopez-Mondejar et al.  2010  ) . Residues of various plant species were evaluated 
for their ef fi cacy in suppressing the development of cucumber crown and root 
rot disease caused by  Fusarium oxysporum  f.sp . radicis - cucumerinum  (FORC). 
Disease incidence and severity of the disease in cucumber plant inoculated with 
the pathogenic FORC were reduced by 20–80 %, when seedling were planted in 
soils incorporated with residues of  Diplotaxis tenuifolia  (Wild rocket, WR), 
 Artemisia dracunculus ,  Salvia of fi cinalis  and  Brassica oleracea  var.  italica  
(broccoli). Effective soil suppressiveness persisted after repeated inoculations 
and plantings in the same soil without additional treatment between inocula-
tions. Furthermore, residues of WR induced soil suppressiveness in two addi-
tional tested soils differing in their physical and chemical properties. Soil 
suppressiveness to Fusarium crown and root rot disease was induced, when 
cucumber seeds were sown in soils which were initially amended with WR resi-
dues and later infested with FORC chlamydospores. The results indicated that 
the possibility of containing the incidence of soilborne disease caused by 
 Fusarium oxysporum  by incorporating suitable plant residues that contribute to 
development of soil suppressiveness (Klein et al.  2011  ) . 

 Disease suppressiveness of composts is in fl uenced by several factors. Effects of the 
raw materials, aeration conditions during composting process and compost maturity 
were investigated to determine their in fl uence on suppressiveness to melon Fusarium 
wilt disease caused by  Fusarium oxysporum  f.sp . melonis  (FOM). Application of 
compost reduced the incidence of Fusarium wilt disease of melon.  Aspergillus  spp. 
isolated from the compost was the most effective among the large number of microor-
ganisms isolated from the compost. The suppressiveness of the compost was associ-
ated with the population of  Aspergillus  spp. (Suárez-Estrella et al.  2007  ) . The ef fi cacy 
of two citrus composts – C1 composed of 40 % citrus wastes, 20 % sludge obtained 
from citrus industry waste-water treatment facility and 40 % green residues and C2 
composed of 60 % citrus wastes amended with  Trichoderma harzianum  T-78 – was 
evaluated for the control of  Fusarium oxysporum  f.sp . melonis  (FOM). Incidence of 
Fusarium wilt disease on melon and growth promotion effect of the treatments was 
recorded. Disease incidence was signi fi cantly reduced in C2Th (extract amended with 
T-78), while C1Th was not effective. Population of T-78 signi fi cantly decreased at 
 fi rst sampling time compared to the initial level, but later recovered over time. The 
results indicated that combination of citrus compost and  T. harzianum  T-78 could 
become a viable alternative to peat and also adoption of this strategy could minimize 
the chemical use for the management of Fusarium wilt disease in greenhouse nurser-
ies for melon seedling production (Lopez-Mondejar et al.  2010  ) . 
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 The effect of soil solarization and semi-solarization were investigated during  fi ve 
consecutive years alone or in combination with calcium cyanamide soil amend-
ment, in order to develop alternative and ecologically compatible methods for the 
management of Fusarium wilt diseases of melons caused by  Fusarium oxysporum  
f.sp . melonis  (FOM). Semi-solarization and solarization increased the mean soil 
temperature at 25 cm depth by 8.6–12.6 °C and 12.6–16.3 °C degrees    respectively. 
Solarization reduced the population of FOM in sterile soil samples and also reduced 
the Fusarium wilt disease incidence by 82–90 % in three out of  fi ve trials. The 
reduction in disease incidence (%) was proportional to the period, when the soil 
temperatures remained at or above 40 °C or at or above 42 °C at 25 cm depth. 
Calcium cyanamide amendment at 80 g/m 2  had no effect on the ef fi ciency of soil 
solarization (Tamietti and Valentino  2006  ) . The nonpathogenic mutant strain 4/4 
and 15/15 of FOM generated through UV mutagenesis were employed to protect the 
muskmelon plants. No symptoms of infection by the wild-type strain of FOM race 
1, 2 or any detrimental effect could be observed, following inoculation of musk-
melon plants with strain 4/4. In contrast, strain 15/15 caused mortality of susceptible 
muskmelon cultivars to a lesser extent compared with the wild-type strain. The 
mutant 4/4 colonized the roots to a great extent (100 %) and between 30 and 70 % 
of the lower stem tissues in 7 days after planting. The mutant 4/4 was able to 
signi fi cantly reduce mortality of watermelon seedling caused by  F. oxysporum  f.sp . 
niveum  race 2. The results indicated the wide spectrum of activity of the nonopatho-
genic mutant FOM and its potential to protect other cucurbitaceous crop plants also 
(Freeman et al.  2002  ) . 

 Hairy vetch ( Vicia vilosa ), a legume, can be planted as a winter crop that can 
reduce soil erosion, decrease nutrient run-off and maintain soil productivity. Hairy 
vetch as a soil amendment was assessed for its ability to suppress Fusarium wilt 
disease of watermelon caused by  Fusarium oxysporum  f.sp . niveum  (FON) under 
greenhouse, microplot and  fi eld conditions. Soil amended with hairy vetch at 0.25 
or 0.5 % (w/w) in microplots resulted in 54–69 % decrease in wilt disease inci-
dence and 100–220 % increase in watermelon biomass. Hairy vetch winter cover 
crop incorporated into  fi eld plots under black plastic sheets reduced wilt disease 
incidence by 42–48 % which was comparable to the level that could be obtained 
with fumigants methyl bromide or 1,3-dichloropropene + 35 % chloropicrin. 
Hairy vetch amendment signi fi cantly reduced propagules of the pathogen FON 
and this might be due to increased temperatures under  fi eld conditions. Hariy 
vetch soil amendment signi fi cantly reduced propagules of FON and this might be 
due to increased temperatures under  fi eld conditions. Hairy vetch amendment, 
along with increased temperatures under plastic  fi lm provided another bene fi t of 
suppressing the growth of some annual grass and broad leaf weeds. Hairy vetch 
soil amendment has little human and environmental risks and it is compatible 
with current crop production systems in some parts of the United States (Zhou 
and Everts  2004  ) . 

 Another disease management tactic that has provided promising results is the use 
of organic compounds that may aid in reducing disease incidence/severity in treated 
plants. The immobile phytohormone 24-epibrassinolide (EBL) with antistress activity 
was evaluated for its ef fi cacy in reducing the incidence of Fusarium wilt disease of 
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cucumber caused by  Fusarium oxysporum  f.sp . cucumerinum  (FOC) by treating the 
roots and foliage of test plants. Pretreatment with EBL to either roots or shoots of 
cucumber plants signi fi cantly reduced the disease severity and also improved the 
plant growth, irrespective of the method of application. Population of FOC on root 
surfaces was signi fi cantly reduced in treated plants, while population of antagonistic 
fungi and bacteria on root surfaces increased. In addition, EBL application nulli fi ed 
the effects of the pathogen on the bacterial community in the rhizosphere of treated 
cucumber plants. The results indicated that EBL treatment of cucumber plants, 
might improve the plant growth, encourage the multiplication of antagonistic organ-
isms and reduce the incidence of Fusarium wilt disease (Ding et al.  2009  ) . The 
bioorganic fertilizer containing an organic fertilizer and  Paenibacillus polymyxa  
(3 × 10 7  CFU/g) and  Trichoderma harzianum  (5 × 10 7  CFU/g) was evaluated for its 
ef fi cacy in suppressing the development of watermelon Fusarium wilt disease 
caused by  F. oxysporum  f.sp . niveum.  The incidence of Fusarium wilt disease was 
reduced by 84.9 and 75.0 % at 27 and 63 days after treatment with bioorganic fertil-
izer (0.5 %) under greenhouse conditions (Wu et al. 2009). In the further study con-
ducted under  fi eld conditions, best control was obtained by applying the bioorganic 
fertilizer product B10 into soil during the nursery phase of watermelon seedling, 
followed by a second application to Fusarium-infested soil at the time of transplan-
tation of watermelon seedling. The incidence of Fusarium wilt disease was reduced 
by 60–100 % in the greenhouse and by 59–73 % under  fi eld conditions. Nursery 
application of B10 reduced the pathogen population in the soil signi fi cantly. The 
bacterial BCA  Paenibacillus polymyxa  present in the product, effectively colonized 
the rhizosphere of watermelon and proli fi erated along the extending plant roots. The 
results indicated the potential of B10 to be considered as an alternative for the man-
agement of watermelon wilt disease (Ling et al.  2010  ) .  

    7.1.5.3   Phytophthora Blight Disease 

  Phytophthora capsici  causes the Phytophthora blight disease of squash and it is 
responsible for appreciable loss in production. The possibility of suppressing the 
development of Phytophthora blight of squash by applying acibenzolar- S -methyl 
(ASM), an inducer of systemic acquired resistance (SAR), under  fi eld conditions 
was examined. ASM was applied as foliar sprays before and after transplanting at 
rates of 17.5, 8.8 and 4.4 a.i./ha. Application of ASM did not reduce the  fi nal 
Phytophthora blight incidence to the desired level. However, the values of area under 
disease progress curve (AUDPC) were reduced signi fi cantly by ASM in all the three 
experiments. The combined application of ASM with mefenoxam (Ridomil Gold), 
copper hydroxide and mandipropamid (Revus), reduced both AUDPC values and 
 fi nal disease incidence consistently and more effectively than the fungicides alone. 
ASM treatment enhanced the squash yield, when applied alone or in combination 
with fungicides. The results suggested that ASM might induce the resistance of 
squash plants under  fi eld conditions and the combination of ASM with fungicides 
might enhance the consistency of the level of protection offered to treated squash 
plants against Phytophthora blight diseases (Ji et al.  2011  ) .  
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    7.1.5.4   Anthracnose Disease 

 Anthracnose disease caused by  Colletotrichum orbiculare  (Teleomorph:  Glomerealla 
cingulata  var . orbiculare ) infects leaves and fruits of cucumber and other cucurbits. 
Plant growth-promoting rhizobacteria (PGPR) strains capable of inducing resis-
tance in cucumber against naturally occurring cucumber diseases were evaluated 
under  fi eld conditions with and without methyl bromide (MB) fumigation in 1996 
and 1997. The strains of  Bacillus pumilus  strain INR7,  Bacillus subtilis  GB03 and 
 Curtobacterium  fl uccumfaciens  strain ME1 either alone or in combination of strains 
reduced the severity of anthracnose disease caused by  Colletotrichum orbiculare  
and bacterial angular leaf spot caused by  Pseudomonas syrringae  pv . lachrymans.  
The mixtures of PGPR strains provided higher level of protection to the foliar dis-
eases in both years with and without methyl bromide. The results indicated that 
PGPRs might help compensate for the reduced plant growth attributed to fumiga-
tion with MB which was to be phased out of vegetable integrated pest management 
programs (Raupach and Kloepper  2000  ) .  Serratia marcescens  suppressed the devel-
opment of anthracnose disease caused by  Colletotrichum orbiculare  in cucumber 
through induced systemic resistance (ISR). The level of ISR mediated by  S. marc-
escens  strain 90-166 varied with iron concentrations of the potting mix in which 
cucumber plants were grown. ISR by the strain 90-166 was affected by external iron 
concentration, indicating that iron-regulated production of components such as 
siderophores might be required for the ability of this strain to induce ISR. When the 
iron concentration of the planting mix was reduced by addition of an iron chelator, 
suppression of cucumber anthracnose by the strain 90-166 was signi fi cantly 
improved. The mutant 90-166-2882, lacking catechol siderophore production had a 
transposon insertion in an  entA  homolog. The  entA  mutant 90-166-2882 could not 
induce resistance in cucumber to  C. orbiculare , but it retained the ability to produce 
salicylic acid. Severity of anthracnose on cucumber plants treated with the  entA  
mutant was similar to that in control plants, whereas plants treated with the wild 
type 90-166 showed highly signi fi cant reduction in the incidence of disease 
(P = 0.05). Total (internal and external) population sizes of 90-166 and the  entA  
mutant on roots did not differ signi fi cantly (P = 0.05) at any sampling time, whereas 
internal population size of the  entA  mutant were signi fi cantly lower than those of 
the wild-type strain at two sampling times (Fig.  7.2 ). The loss of ISR capacity by the 
 entA  mutant could not be attributed to lack of rhizosphere colonization. The inabil-
ity of the mutant to produce the catechol siderophore which was produced by the 
wild-type strain under iron-limiting conditions in vivo might contribute to induction 
of ISR in cucumber against anthracnose pathogen (Press et al.  2001  ) .  Bacillus 
mycoides  isolate BmJ and  B. mojavensis  isolate 203-7 were tested for their ability 
to induce systemic resistance in treated plants against the anthracnose disease. The 
isolates BmJ and 203-7 delayed disease onset and reduced total (43 and 56 %) and 
live spore production (38 and 49 %) per mm 2  of lesion area by inducing systemic 
acquired resistance (SAR) in cucumber. Field experiments (2004 and 2005) were 
conducted to evaluate the ef fi cacy of applications of BmJ and fungicides for the 
control of anthracnose in cucumber cv. General Lee and cantaloupe. BmJ applied 7 
days before inoculation with the pathogen reduced disease severity by 41 % in 
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cucumber in 2004 and by 21–14 % in cantaloupe for both years, compared with 
water controls which were in equivalence to fungicides azoxystrobin and chlorotha-
lonil. BmJ applied 1 week prior to inoculation with the pathogen signi fi cantly 
reduced the AUDPC values (P = 0.05) in cucumber, compared with control plots 
(Neher et al.  2009  ) .  

 Resistance to cucumber anthracnose disease has been induced by different inor-
ganic and organic chemicals. Spraying inexpensive phosphate solution on the foliage 
induced resistance to anthracnose disease. Hyaluronic acid (HA) isolated from 
 Streptococcus  sp. strain KL01888 was evaluated for its ef fi cacy in suppressing the 
development of cucumber anthracnose disease. Application of HA, even at the lowest 
concentration (0.1 ppm) signi fi cantly suppressed development of anthracnose disease. 
Drenching HA was more effective than injection or spray application. Drenching 
with 10 ppm of HA provided about 71.9 % disease suppression, compared to control. 
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  Fig. 7.2    Population sizes of  Serratia marcescens  90-166 and the  entA  −  mutant 90-166-2882 on the 
roots of cucumber at different days after planting. The mutant was less effective than the parent 
strain (Courtesy of Press et al.  2001  and with kind permission of The American Phytopathological 
Society, MN, USA)       
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On the other hand, Actigard (benzothiadiazole, BTH) showed 97.14 % protection 
over control (Fig.  7.3 ) (Park et al.  2008 ). Phosphate-mediated resistance in cucumber 
was shown to be associated with localized cell death and increases in the activities of 
defense-related enzymes (Orober et al.  2002  ) . Acibenzolar- S -methyl (ASM) was 
evaluated for its ability to induce systemic resistance in cucumber against the 
anthracnose pathogen  Colletotrichum orbiculare . Application of ASM signi fi cantly 
reduced the disease severity. The studies on the mechanism of biocontrol activity of 
ASM indicated that antifungal compounds capable of inhibiting the development 
of  C. orbiculare  were formed in ASM-treated plants, resulting in the suppression of 
anthracnose disease development (Lin et al.  2009  ) .  

 The possibility of developing a sustainable nonchemical strategy was explored 
for the management of watermelon anthracnose disease caused by  Colletotrichum 
orbiculare  and gummy stem blight caused by  Didymella bryoniae  which require 
multiple applications of fungicides. A split-plot  fi eld trial was conducted over 3 
years to evaluate the effects of a no-till-hairy vetch ( Vicia villosa ) cover crop on 
disease severity, plant growth and fruit yield, compared with two conventional bed-
ding systems and fungicide application. Hairy vetch mulch provided more than 
65 % reduction in area under disease progress curve (AUDPC) of anthracnose and 
gummy stem blight diseases and greater than an 88 % decrease in diseased fruits 
compared with bare ground or polyethylene mulch. Extent of reduction was compa-
rable to that was achieved by application of fungicides. Watermelon vine length in 
plots with hairy vetch was similar to or greater than those in plots with polyethylene 
or bare ground that were treated with fungicides. Marketable fruit yield was also 
increased in plots with hairy vetch and the increase was similar to the level obtained 
with fungicide application. Combination of fungicide application and hairy vetch 
provided additive effect on fruit yield. The results demonstrated the feasibility of 
adopting no-till-hairy vetch as an effective strategy for managing anthracnose and 
gummy stem blight diseases of watermelon (Zhou and Everts  2012  ) .  

  Fig. 7.3    Effect of treatment 
of cucumber plants with 
hyaluronic acid (HA) on the 
development of anthracnose 
disease in comparison to 
Actigard (BTH) and 
untreated control (Courtesy 
of Park et al.  2008  and with 
kind permission of Springer 
Science and Business Media 
B.V., Heidelberg, Germany)       
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    7.1.5.5   Powdery Mildew Diseases 

 Powdery mildew disease of cucumber caused by  Sphaerotheca fuliginea  occurs in 
severe forms frequently, resulting in withering of shoots and drastic reduction in 
fruit production. The biocontrol potential of fungal biocontrol agents has been dem-
onstrated. The hyperparasite,  Ampelomyces quisqualis  was able to effectively para-
sitize  S. fuliginea , killing the pathogen in about 5 days (Sundheim and Krekling 
 1982  ) . The conidia of  A. quisqualis  may be spread by wind currents to untreated 
plants (Elad et al.  1996  ) .  A. quisqualis  was found to be compatible with fungicides 
and pesticides applied to cucumber crops. The fruit yield of cucumber was increased 
by 50 %, when  A. quisqualis  and triforine were alternated (Sundheim and Amundsen 
 1982  ) . A formulated product AQ10 (Ecogen, Jerusalem, Israel) was developed for 
use against powdery mildews (Elad et al.  1996  ) .  Verticillium  ( = Lecanicillium ) 
 lecanii , another fungal biocontrol agent was also reported to effectively suppress the 
cucumber powdery mildew development. In addition,  V. lecanii  was also pathogenic 
to the aphid  Macrosiphum euphorbiae  which is an ef fi cient vector of  Cucumber 
mosaic virus  infecting cucumber and other cucurbitaceous crops. The effectiveness 
of  V. lecanii  for the control of a fungal pathogen and the aphid vector of an impor-
tant plant virus has opened up new avenues for the development of integrated dis-
ease management systems (Verhaar and Hijwegen  1994 ; Askary et al.  1998  ) . The 
biocontrol ef fi cacy of antagonistic microorganisms depends on a combination of 
factors such as the characteristics of the antagonistic microorganism, the epidemiol-
ogy of the target pathogen and the environmental conditions in which the relation-
ship between the pathogen and the antagonist(s) is taking place (Paulitz and Bélanger 
 2001 ). The biocontrol ef fi cacy of two mycoparasite-based products AQ10® con-
taining  Ampelomyces quisqualis  and Mycotal® containing  Lecanicillium lecanii , as 
well as three strains of  Bacillus subtilis  was assessed for the control of the melon 
powdery mildew disease caused by  Podosphaera fusca . The mycoparasites were 
more effective, when the relative humidity values in the greenhouse were 90–95 %. 
The effectiveness of the mycoparasites  A. quisqualis  and  L. lecanii  was absolutely 
dependent on mineral oil. The mycoparasites were most effective only in combina-
tion with the mineral oil ADDIT, showing a disease reduction of 80–95 %. On the 
other hand, the strains of  Bacillus subtilis  without any complementary additive were 
very effective in providing disease reduction similar to mycoparasites with mineral 
oil or the fungicide azoxystrobin. The results revealed the effectiveness of these 
BCAs for suppressing the development of powdery mildew disease of greenhouse 
melons/cucurbits either as single products or as a component of integrated control 
programs (Romero et al.  2007  ) . 

 Powdery mildew disease of pumpkin ( Cucurbita pepo ) is incited by three fungal 
species  Podosphaera xanthii ,  Golovinomyces cucurbitacearum  and  G. orontii . 
Three commercially available products Actinovate ( Streptomyces lydicus  WYEC108), 
Companion ( Bacillus subtilis  GB03) and Sonata ASO ( Bacillus pumilus  QRD2808) 
were evaluated along with the fungicide quinoxyfen for their ef fi cacy in suppressing 
the development of powdery mildew in pumpkin under  fi eld conditions where the 
disease pressure was high. Penetration of foliar sprays of the bacterial BCA strains 
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to the lower surfaces appeared to be restricted, resulting in higher incidence and 
severity of the disease in the lower surface of leaves. Disease incidence was 
lower in  B. subtilis -treated foliage than on leaves treated with  S. lydicus  or  
B. pumilus . Disease incidence on the upper surface of leaves treated with three spe-
cies in rotation, was similar to levels in  B. subtilis -treated plots. The fungicide qui-
noxyfen was the most effective in reducing the disease severity and outperformed 
all three bacterial BCAs tested (Janousek et al.  2009  ) . 

 Silicon is considered to have signi fi cant effect on plant growth and development. 
Addition of silicon (100 mg/l) to nutrient solution in hydroponic system adopted for 
cucumber production reduced the number and area of colony of the powdery mildew 
pathogen,  Sphaerotheca fuliginea  (Bélanger et al.  1995  ) . In a later investigation, the 
effect of temperature on suppression of powdery mildew by silicon was investigated. 
The greatest effect of temperature on powdery mildew suppression was observed at 
20 °C, when cucumber plants irrigated with silicon at 100 mg/l exhibited signi fi cant 
reduction in the number of powdery mildew colonies per leaf, indicating the crucial 
role of temperature in disease suppression (Schuerger and Hammer  2003  ) . The effect 
of foliar application of silicon (Si) on the resistance of cucumber to infection by 
 Podosphaera xanthii  (syn.  Sphaerotheca fuliginea ) was assessed. Two cucumber cul-
tivars differing in the level of resistance to powdery mildew, Ningfeng No.3 (suscep-
tible) and Jinchun No. 4 (resistant) were treated with Si by foliar and root application. 
Root-applied Si signi fi cantly suppressed powdery mildew development, the disease 
index being lower in Si-supplied than in control (Si-deprived) plants. The resistant 
cultivar showed a more consistent lower disease index than the susceptible cultivar, 
irrespective of Si treatment. On the other hand, foliar-applied Si had no in fl uence on 
either the suppression of subsequent infection by the powdery mildew pathogen, or 
on the activity of defense-related enzymes, irrespective of inoculation. The results 
indicated that foliar application of Si might suppress powdery mildew development 
through the physical barrier of Si deposited on leaf surfaces, whereas root-applied Si 
might induce systemic resistance response to infection by the foliar pathogen  P. xan-
thii  infecting cucumber (Liang et al.  2005  ) .  

    7.1.5.6   Virus Diseases 

 The phenomenon of cross-protection between plant viruses and their strains has 
been exploited for large scale application to protect susceptible plants against 
infection by severe strains, employing mild strains. Multiple inoculations of 
cucumber seedlings with attenuated isolates of  Cucumber mosaic virus  (CMV), 
 Zucchini yellow mosaic virus  (ZYMV) and  Watermelon mosaic virus - 2  (WMV-2) 
reduced yield loss due to mixed infection by virulent strains of these viruses under 
 fi eld conditions, when severe epidemic prevailed in 1994 and 1995. This approach 
of multiple inoculations of viruses was found to be an effective virus disease man-
agement strategy for the summer-early autumn production of cucumber, when 
economic losses due to the concurrent incidence of CMV, WMV-2 and ZYMV 
were greater than the loss in yield due to the attenuated strains of these viruses 
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(Kosaka and Fukunishi  1997  ) .In a further study, an attenuated isolate of ZYMV 
was obtained by cold treatment. The attenuated strain of ZYMV-2002 was obtained 
from a virulent isolate, after repeated low temperature treatment at 12.5–15 °C, 
followed by  fi ve cycles of single plant transfer. The cucumber plants protected 
with ZYMV-2002 had very similar fruit productivity to healthy plant under  fi eld 
conditions. The protected plants exhibited very mild or no symptoms after inocu-
lation with ZYMV-2002 under  fi eld conditions. Protected cucumber plants exhib-
ited signi fi cant suppression of infection by ZYMV, progression of disease severity 
and reduction of fruit yield and quality. The results revealed the potential of the 
attenuated ZYMV-2002 strain for protecting the cucumber plants against severe 
strain of ZYMV under  fi eld conditions (Kosaka et al.  2006  ) . 

 Re fl ective, metalized plastic mulch formed by adhering a thin coat of alumi-
num ions has been demonstrated to reduce the incidence of aphid-borne viruses 
infecting cucurbitaceous crops (Summers et al.  2004 ). The effect of integration 
of UV-re fl ective plastic mulch and commercially available resistance-inducing 
compound BioYield ™  on the incidence of  Watermelon mosaic virus  (WMV) 
infecting summer squash ( Cucurbita pepo  var  melopepo ). Incidence of WMV 
was signi fi cantly reduced in plants grown on silver-on-black (UV-re fl ective 
mulch), compared with plants grown on black mulch (control) in the spring trial. 
Absorbance values obtained with enzyme-linked immunosorbent assay (ELISA) 
tests, re fl ecting the concentration of WMV in treated plants, were less than those 
in control. In the fall trial, highly UV-re fl ective silver mulch was also included 
for testing. WMV incidence and ELISA values were signi fi cantly lower for 
squash plants in the silver mulch treatment, compared with silver-on-black and 
black mulch treatments. However, yields of squash plants were signi fi cantly 
greater for plants in the silver-on-black mulch treatment than for those in the 
silver or black mulch treatments. Treatments with BioYield ™  neither reduced 
WMV incidence, nor increased the squash fruit yields in both spring and fall tri-
als (Murphy et al.  2008  ) .   

    7.1.6   Diseases of Allium Crops 

    7.1.6.1   White Rot Disease 

 Allium white rot disease caused by  Sclerotium cepivorum  is a major disease of 
Allium crops in several countries around the world. White rot disease infects gar-
lic causing considerable loss in production. Soil solarization was highly effective 
in suppressing the development of garlic white rot disease by bringing down the 
soil populations of  S. cepivorum  to negligible levels. Soil solarization provided 
the bene fi cial effect for the second consecutive crops of garlic with signi fi cant 
improvement in yield. Spraying tebuconazole to the stem bases of garlic plants 
was also effective as solarization. When soil solarization and application of tebu-
conazole were combined, the yield of garlic bulbs was almost doubled, compared 
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with untreated control plots. The bulb quality was also enhanced by the combined 
treatment, even under high disease pressure conditions. In contrast, selected iso-
lates of  Trichoderma harzianum  and  Bacillus subtilis  were used for treating the 
cloves and the soil, the levels of disease control provided by them were signi fi cantly 
lower than that could be obtained by using soil solarization and the fungicide 
(Melero-Vara et al.  2000  ) . 

 Application of different kinds of organic amendments to the soil is one of the dis-
ease management strategies followed for soilborne diseases. The ef fi cacy of mixtures 
of wet vegetables ( Brassica , carrot or onion) and dry onion wastes composted at 50 °C 
for 7 days was assessed for the suppression of white rot disease. The viability of scle-
rotia was reduced by incorporation of raw or composted vegetable mixtures into sandy 
loam, silt and peat soils in the glasshouse assays. Onion waste was the most effective 
in reducing the viability of sclerotia in all the three types of soils tested. The ef fi ciency 
of onion waste in reducing the sclerotial viability was less under  fi eld conditions, 
compared with that under glasshouse conditions. The most consistent control by onion 
waste was observed in the peat soil, indicating the effect of soil type on the effective-
ness of the organic amendments against onion white rot disease (Coventry et al.  2005  ) . 
As the ef fi ciency of onion waste compost (OWC) was variable, the fungal BCA 
 Trichoderma viride  S17A was used as an OWC amendment. The effects of OWC and 
spent mushroom waste (SMC) with and without  T. viride  on sclerotial viability of  
S. cepivorum  were studied. Incorporation of OWC into the soil reduced the viability 
of sclerotia and the incidence of Allium white rot disease on onion plants in the glass-
house assays. On the other hand, SMC or  T. viride  could reduce the incidence of the 
disease only. In the  fi eld experiments, OWC reduced sclerotial viability and also 
decreased disease incidence as effectively as the fungicide. Addition of  T. viride  to 
SMC facilitated proliferation of T. viride  in the soil and increased healthy onion bulb 
yield. The disease suppressive activity of OWC was attributed to the presence of sul-
fur compounds in the compost (Coventry et al.  2006  ) . 

  Trichoderma viride  isolates L4 and S17A were selected based on their high level 
of ef fi cacy in degrading the sclerotia of  Sclerotium cepivorum , the causative agent 
of Allium white rot disease. Field experiments were conducted in 2000 and 2001 for 
testing these two isolates for their potential to suppress disease development. The 
isolates L4 and S17A consistently reduced the white rot symptoms in both years. 
These two isolates  fl uid-drilled in guar gum with bulb onion seed reduced the white 
rot symptoms more effectively, while stem base treatment, applied at mid-season 
was ineffective in reducing the disease (Clarkson et al.  2002  ) . In a later investiga-
tion, clear relationships between the ef fi cacy of  T. viride  isolates L4 and S17A to 
degrade  S. cepivorum  sclerotia and soil water potential or temperature were 
observed. Degradation of  S. cepivorum  sclerotia by both  T. viride  isolates increased 
with temperatures from 5 to 25 °C and soil water potential of −0.022 MPa, with 
most degradation occurring at 10 °C. The results indicated that  T. viride  L4 and 
S17A could effectively degrade sclerotia of  S. cepivorum , but their ef fi cacy and 
performance for biological control is modi fi ed by pathogen isolate, soil type, tem-
perature and soil water potential (Clarkson et al.  2004  ) . Commercially available 
formulations of the vesicular, arbuscular mycorrhiza (VAM)  Glomus intraradices  
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were evaluated for the ef fi cacy in controlling Allium white rot (AWR) disease 
caused by  Sclerotium cepivorum  on onions ( Allium cepa ) in organic soils in com-
parison with the fungicide Folicur 3.6F (430 g a.i./l, tebuconazole) under  fi eld 
conditions during 2000 and 2001. The VAM product MIKRO-VAM applied in 
transplanted onions, reduced the disease incidence by about 50 %, compared with 
the untreated control. The effectiveness of VAM product was comparable with that 
of the fungicide applied at label recommendations. Consistent difference in the 
incidence of white rot was observed between cultivars Hoopla and Fortress. The cv. 
Hoopla was found to be more susceptible than cv. Fortress in 10 of 13  fi eld trials. 
Signi fi cant negative correlation between disease incidence and VAM colonization 
was observed, indicating the importance of root colonization by the VAM for effec-
tive suppression of white root rot disease development. This investigation has dem-
onstrated, under  fi eld conditions, the potential of the VAM as a biocontrol agent 
against a soilborne fungal pathogen (Jaime et al.  2008  ) . 

 An integrated disease management strategy was developed for suppressing the 
Allium white rot (AWR) caused by  Sclerotium cepivorum . Two isolates of 
 Trichoderma viride  L4 and S17A were evaluated for their ef fi cacy with different 
onion accessions and cultivars alone or in combination with tebuconazole-based 
seed treatment or composted onion waste. All the 23 bulb onion accessions did 
not show variation in their susceptibility to white rot disease. But when combined 
with S17A isolate, disease incidence was reduced by up to two-thirds over all 
accessions. L4 and S17A isolates, tecbuconazole or composted onion waste con-
trolled AWR and at least halved the proportion of diseased plants. Combination of 
treatments of  T. viride  with either tebuconazole or compost enhanced disease con-
trol and in some treatments, disease incidence was almost eliminated. Control of 
AWR by the isolate S17A was signi fi cant in 17 out of 18  fi eld trials using indi-
vidual or mixed bulb-onion accessions, with disease reduced overall by more than 
half. Combining the isolate S17A and tebuconazole resulted in same level of con-
trol of AWR as the fungicide alone. The results indicated that use of  T. viride , 
tebuconazole seed treatment and composted onion waste as soil amendment had 
potential for suppressing the development of AWR. Integrating these approaches 
might provide protection to bulb onion crops for the entire season (Clarkson et al. 
 2006  ) . Compatibility of  Trichoderma atroviride  Karsten strain C52 with organic 
amendments, nitrogen fertilizer, fungicides and diallyl disulphide (DADS – a 
stimulant of germination of sclerotia of  Sclerotium cepivorum , causative agent of 
white rot disease) was examined. Addition of two blended pellet products con-
taining poultry manure and other organic matter to the sandy soil enabled  T. atro-
viride  populations to proliferate well. Urea at twice  fi eld rate application reduced 
the mycelial growth of  T. atroviride , as well as the spore germination and elonga-
tion of germ tube. However,  T. atroviride  was less sensitive to  fi eld rate of urea in 
the  fi eld soil.  T. atroviride  C52 populations were not adversely affected by fungi-
cides tested. Volatiles of DADS reduced  T. atroviride  C52 mycelial growth in vitro 
at high rates, but not at half  fi eld rate. However, when DADS was applied to soil 
at 4, 6 and 8 weeks, before application of  T. atroviride  C52, populations were not 
affected. An integrated white rot disease management strategy could be proposed 
based on the results obtained in this investigation (McLean et al.  2012  ) .  
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    7.1.6.2   Leaf Blight Disease 

 Onion leaf blight disease caused by  Botrytis squamosa  is a widespread disease found 
in most onion growing countries. Conidia formed from overwintering sclerotia form 
the principal source of inoculum for newly planted onion crops, whereas the conidia 
from lesions formed on onion leaves contribute to the secondary inoculum buildup. 
The biocontrol potential of  Microsphaeropsis ochracea  was investigated for suppress-
ing the pathogen development from sclerotia-borne inoculum, by colonizing onion 
leaves and reducing production of conidia under  fi eld conditions. Colonization of  
M. ochracea  of onion leaves was monitored at different growth stages of onion crop 
and its effect on  B. squamosa  sporulation on necrotic leaves was evaluated. Field plots 
for different treatments were applied with either Dithane® or with  M. ochraceae  at 
7–10 days interval and according to inoculum production index (IPI). The number of 
conidia produced per sclerotium treated with  M. ochracea , was reduced by 75.5 %. In 
the  fi eld,  M. ochracea  colonized only senescent or necrotic leaves and reduced the 
production of conidia on the infected leaves by an average of 82 %, as compared with 
untreated leaves. The fungicide Dithane® was more effective in reducing the leaf 
blight disease. During the period of 3 years of investigation, no signi fi cant differences 
in the concentrations of airborne conidia in plots treated with Dithane® or  M. ochra-
cea  at 7–10 day-interval were observed. Application of  M. ochracea  in the fall could 
be used as a sanitation practice to reduce initial inoculum or as a part of an integrated 
disease management program for onion crops (Carisse et al.  2006  ) .  

    7.1.6.3   Black Mold Disease 

 Black mold disease of onion incited by  Aspergillus niger  is responsible for both 
quantitative and qualitative yield losses of onion bulbs. Application of composts 
prepared from alfalfa and sun fl ower stalks reduced the incidence of black mold 
disease. The leachates from alfalfa and sun fl ower stalks were used at 10 and 20 % 
concentrations for treating onion seeds. The leachates reduced the disease incidence in 
sets, but not disease severity in onion seedlings. No signi fi cant difference in the anti-
fungal activity of the leachates against  A. niger  was observed. The presence of 
 fl uorescent pseudomonads and  Pantoea agglomerans  was detected in the leachates of 
alfalfa and sun fl ower composts. The sun fl ower compost leachate had higher populations 
of  P. agglomerans , compared with that of alfalfa leachate. It is possible that the 
bacterial species with antagonistic activity might have a role in the suppression of 
development of black mold pathogen by producing antifungal compounds effective 
against this pathogen (Özer and Köycii  2006  ) .  

    7.1.6.4   Basal Rot Disease 

 The soilborne pathogen,  Fusarium oxysporum  f.sp.  cepae  (FOC) causes the basal 
rot disease of onions. The biocontrol of  Trichoderma harzianum  ( Th ) to suppress 
the development of the disease was assessed under greenhouse and  fi eld conditions. 
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Seeds were treated with  T. harzianum  at 10 g/kg and sown in naturally infested soil. 
Seed treatment with  Th  reduced the disease incidence to a level comparable with 
that of the imidazole fungicide prochloraz under both greenhouse and  fi eld condi-
tions. Extracts from onion sets grown from the  Th -treated seed showed high antifungal 
activity against FOC, indicating the mechanism of biocontrol activity of FOC was 
through antibiosis (Coşkuntuna and Özer  2008  ) .  

    7.1.6.5   Xanthomonas Leaf Blight Disease 

  Xanthomonas axonopodis  pv . allii  ( Xaa ) causes the bacterial leaf blight disease 
which limits the onion yields considerably in the western United States. Use of 
disease-free seeds, adopting crop rotation including nonhosts of  Xaa  and grow-
ing resistant onion cultivars have been suggested for minimizing the disease 
incidence. Copper bactericides amended with an ethylenebisdithiocarbamate 
(EBDC) applied preventively and regularly increase the production cost. In 
addition, these fungicides are considered as class B2 carcinogens and their reg-
istrations are likely to be cancelled in the future (Houeto et al.  1995  ) . The poten-
tial of acibenzolar- S -methyl (ASM) and the bacterial biocontrol agents (BCAs) 
and the bacterial biocontrol agents (BCAs)  Pantoea agglomerans  strain C9-1 
and  Pseudomonas  fl uorescens  A506 was assessed for the control of the onion 
Xanthomonas leaf blight disease. Application of ASM reduced in planta and 
epiphytic populations of  Xaa  as effectively as copper hydroxide-mancozeb in 
growth chamber assays. Under  fi eld conditions, four weekly applications of 
ASM reduced the severity of Xanthomonas leaf blight disease as or more effec-
tively than 9–12 weekly sprays of copper hydroxide or copper hydroxide-man-
cozeb. When ASM was applied ten times at weekly intervals, yield reduction of 
22–27 % was recorded in the absence of disease. The commercial formulation 
of the mixture of strain C9-1 and strain A506 reduced the disease severity, under 
 fi eld conditions, to the level comparable with that of copper hydroxide-manco-
zeb. This investigation indicated an effective and economical means of reducing 
the use of copper bactericides and EBDC fungicides for suppressing the 
Xanthomonas leaf blight disease of onion by combining ASM and bacterial bio-
control agents (Gent and Schwartz  2005  ) .   

    7.1.7   Sugar Beet Diseases 

    7.1.7.1   Rhizoctonia Crown and Root Rot Disease 

  Rhizoctonia solani  AG2-2 causes the crown and root rot disease which is one of the 
most damaging diseases of sugar beet. In addition, this pathogen may also cause 
post-emergence damping-off of sugar beet seedlings.  Pseudomonas  fl uorescens  
strain 96.578 applied as seed treatment signi fi cantly reduced the incidence of 
crown and root rot disease. The biocontrol activity of the strain was associated with 
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its ability to produce a cyclic lipopeptide tensin (Nielssen et al.  2000  ) . Three yeast 
species  Candida valida ,  Rhodotorula glutinis  and  Trichosporon asahii , when 
applied individually or in combination signi fi cantly reduced damping-off, crown 
and root rot diseases of sugar beet. In addition, they promoted the plant growth also 
(El-Tarabily  2004  ) . The ef fi cacy of antagonistic  Bacillus  sp. strain MSU-127 and 
fungicides in suppressing the development of crown and root rot disease of sugar 
beet was assessed under  fi eld conditions. The fungicides azoxystrobin and tebu-
conazole were applied as in-furrow sprays at planting or as band sprays directed at 
the crown at the 4-leaf stage, 4- plus 8-leaf stage, whereas the bacterial BCA was 
applied at the 4-leaf stage only. The strain MSU-127 provided long-term protection 
to sugar beet plants equal to the low rate of azoxystrobin (76 g a.i./ha) or tebucon-
azole in both years (1996 and 1997). The ef fi cacy was increased by the combined 
application of MSU-127 with low rate of azoxystrobin. The combination of BCA 
and fungicide resulted in best disease reduction and greatest increase in root and 
sugar yield (15.9 %). The sugar yield was further increased to 23.0 %, when the 
BCA-fungicide combination was applied twice during the growing season at the 
4- and 8-leaf stages (Kiewnick et al.  2001  ) . The effectiveness of two  Streptomyces  
sp. was evaluated under  fi eld conditions for 3 years (2005–2007). Seed treatments 
with BCA reduced the seedling mortality by Rhizoctonia damping-off in naturally 
and arti fi cially infested soils. The BCAs were more effective than the fungicide 
Vitavax and there was no difference in the ef fi cacy of the two  Streptomyces  spp. 
and the root yield of beet was signi fi cantly increased (Sadeghi et al.  2009  ) .  

    7.1.7.2   Damping-Off Disease 

 Sugar beet damping-off disease caused by  Pythium ultimum  is responsible for high 
rate of mortality of seedlings. Bacterial strains  Bacillus subtilis,   Pseudomonas 
 fl uorescens  and  P. corrugata  and fungal strains  Trichoderma viride  and  Gliocladium  
( Trichoderma )  virens  were evaluated for their ef fi cacy in suppressing the develop-
ment of damping-off disease due to  P. ultimum . Bacterial seed treatments and fungal 
compost treatments were effective in controlling the disease.  Pseudomonas  spp. 
were superior to  Bacillus subtilis  in reducing disease incidence (Georgakopoulos 
et al.  2002  ) .   

    7.1.8   Bean Diseases 

    7.1.8.1   White Mold Disease 

 White mold disease of bean caused by  Sclerotinia sclerotiorum  is a major disease 
of several vegetable crops, including bean. The disease management strategies 
applied for Sclerotinia diseases such as application of organic amendments and 
soil solarization may be effective. The effectiveness of  Ulocladium atrum  in 
suppressing the development of white mold disease was assessed under  fi eld 
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conditions for 3 years. Foliar application of conidial suspensions of  U. atrum  
(300 ml/m 2  of 10 6  spores/ml) signi fi cantly reduced incidence and severity of 
white mold disease. In addition, application of  U. atrum  conidial suspension 
enhanced seed yield and reduced contamination of bean seed with the sclerotia 
of  S. sclerotiorum . The BCA  U. atrum  and the mycoparasite  Coniothyrium 
minitans  were equally ef fi cient in suppressing the development of white mold 
disease of bean. Application of fungicide Ronilan (vinclozolin) at the rate of 
1,200 g/ha or Lance (boscalid) at the rate of 750 g/ha were more ef fi cient in 
protecting the bean plants against white mold disease than both fungal BCAs 
(Huang and Erickson  2007  ) .  

    7.1.8.2   Root Rot Disease 

  Rhizoctonia solani  causes root rot disease in many leguminous crops. 
Application of different organic amendments, adoption of crop rotation and 
soil solarization have been followed for minimizing the incidence of root rot 
disease. The biocontrol potential of fungal and bacterial bioagent has been 
assessed. The long-term activity of some antagonistic fungal and bacterial 
agents against the faba bean root rot pathogen was evaluated, when applied as 
bio-priming seed treatment. The antagonistic activity of  Trichoderma viride, 
 T. harzianum,   Bacillus subtilis  and  Pseudomonas  fl uorescens , was enhanced 
signi fi cantly under greenhouse conditions, when applied as biopriming seed 
treatment. All the tested and 2-months-stored bioprimed faba bean seeds 
showed signi fi cant reduction in disease incidence at both pre- and post-emergence 
stages, compared with untreated control treatment. Seeds stored for 4 and 
6 months showed less protective effect against the disease. After storage for 
3 months under  fi eld conditions, the biopriming treatment could protect seeds 
against infection by  R. solani . Priming the seeds only with the adhesive had no 
in fl uence on disease incidence. The results indicated primed seeds might be 
considered as a safe, cheap and easily applied biocontrol tactic, providing effec-
tive protection to plants against soilborne pathogens like  R. solani  (El-Mougy 
and Abdel-Kader  2008  ) .   

    7.1.9   Lettuce Diseases 

    7.1.9.1   Fusarium Wilt Disease 

  Fusarium oxysporum  f.sp . lactucae  (FOL) causes wilt disease of lettuce, causing 
heavy losses in several countries. The effects of soil solarization on the incidence 
of Fusarium wilt disease and growth of lettuce plants were determined. In four 
trials under  fi eld conditions where soils were infested with FOL, soil solarization 
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reduced Fusarium wilt disease incidence to 42 %, compared with the control plots 
with 91 % infection. No signi fi cant extra bene fi t was obtained due to a 1-month 
over a 2-month solarization period under natural  fi eld conditions, where the mean 
soil temperature at a depth of 5 cm during 1-month solarization period was 47 and 
49 °C respectively in 2005 and 2006. The growth of lettuce plants in solarized 
plots was consistently greater than the plants in nonsolarized plots. Retention of 
soil moisture by the plastic  fi lm during solarization process was considered as an 
important factor contributing to the reduction in the pathogen population, since 
microorganisms are much more resistant to heat under dry conditions. Soil solar-
ization offered extended bene fi t to the subsequent lettuce crops. Solarization 
signi fi cantly reduced the number of plants affected by Fusarium wilt disease in a 
subsequent planting of susceptible lettuce cultivar, indicating the long-term bene fi t 
of solarization (Matheron and Porchas  2010  ) . The effectiveness of  fl ooding in 
suppressing the development of Fuasrium wilt disease was assessed. Flooding 
treatment was applied by completely saturating the soil with water and maintain-
ing a 2-cm layer of water on the soil surface by adding water daily to replace 
water that was lost due to evaporation in experiments conducted in microplots. 
Growth of lettuce in  fl ooded soil containing the pathogen occasionally was 
signi fi cantly higher than the plants in non- fl ooded soil. However, the effect on 
plant growth was not as consistent as that recorded for soil solarization with which 
 fl ooding treatment was compared (Matheron and Porchas  2010  ) . 

 The biocontrol potential of nonpathogenic isolates of  Fusarium oxysporum  
was assessed for the control of lettuce Fusarium wilt disease caused by  F. oxyspo-
rum  f.sp . lactucae , along with commercially available bioproducts containing 
 Trichoderma harzianum  T-22 (RootShield) and  T. viride  (Remedier) under  fi eld 
conditions. With high disease pressure, the best results in terms of disease con-
trol as well as increased growth promotion were provided by  T. harzianum  T-22 
applied at 3 g/l of substrate.  F. oxysporum  IF23 gave effective disease control in 
two of the  fi ve trials. Another nonpathogenic strain  F. oxysporum  MSA25 at 3 g/l 
of substrate and  T. viride  TV1 provided signi fi cant, but less consistent disease 
control. The bioproduct Mycostop containing  Streptomyces griseoviridis  was 
less effective in reducing the disease incidence, compared with the other BCAs 
tested in this investigation which indicated the feasibility of using the biocontrol 
agents for minimizing the incidence of Fusarium wilt disease of lettuce (Gilardi 
et al.  2007  ) .  

    7.1.9.2   Lettuce Drop Disease 

 Lettuce drop disease is caused by two species of  Sclerotinia ,  S. sclerotiorum  and  
S. minor . Different disease management strategies have been evaluated for their 
ef fi cacy in suppressing the development of lettuce drop disease. The effects of cul-
tural practices in the incidence of lettuce drop disease have been studied. Deep 
ploughing reduced the population of  S. minor  sclerotia in soil, but the increased 
post-deep ploughing operations to prepare land redistributed the inoculum from an 
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aggregated pattern to less aggregated patterns. The tillage operations, thus, trans-
ferred sclerotia to areas within the  fi eld that were devoid of them. Hence, the inci-
dence of lettuce drop disease increased signi fi cantly, after deep ploughing (Subbarao 
et al.  1996  ) . The investigation to assess the effect of irrigation types on the incidence 
of lettuce drop showed that surface drip irrigation reduced both the number of soil-
borne sclerotia and incidence of the disease (Subbarao et al.  1997  ) . As the initial 
investment costs are quite high and the subsurface irrigation system requires inten-
sive management, practical application for wider use has been very much limited. 
The fungal pathogens causing lettuce drop disease have wide host range that includes 
several crop plant species affected by stem rot disease. The possibility of using crop 
rotation as a disease management strategy was examined. The ef fi cacy of broccoli 
as a rotation crop was assessed for reducing the number and viability of sclerotia of 
 Sclerotinia minor  and the incidence of lettuce drop disease in the  fi eld. Continuous 
lettuce did not increase lettuce drop incidence for at least 2 years, although an 
increase in soilborne sclerotia was observed annually. Rotation with broccoli 
resulted in small reductions in disease incidence only in the  fi rst year. In another 
location, rotation with broccoli signi fi cantly reduced both sclerotia of the pathogen 
and lettuce drop incidence. The number of broccoli crops, rather than the sequence 
of lettuce rotations with broccoli was critical for reducing the number of sclerotia in 
the soil. Fallowing after lettuce crop resulted in a marginal reduction in sclerotial 
number and disease incidence. Incorporation of broccoli residue reduced the num-
ber of sclerotia, possibly because of volatiles formed during the breakdown of glu-
cosinolates present in broccoli. The results indicated that broccoli, as a nonhost of 
 S. minor  and glucosinolates present in its tissues could be a desirable candidate for 
use as a component of crop rotation for the control of lettuce drop disease (Hao et al. 
 2003  ) . The ef fi cacy of soil solarization in suppressing the development of two soil-
borne diseases of lettuce, lettuce drop disease caused by  S. minor  and lettuce bottom 
rot incited by  Rhizoctonia solani  AG1-1 was assessed. Soil solarization was applied 
for 60 days during the summer in lettuce  fi elds. Incidence of both diseases was very 
low in the  fi rst year after solarization and the crop cycle was shortened by 10 days, 
as compared to nonsolarized plots. In the nonsolarized plots, a loss of 25–40 % of 
lettuce heads was recorded. Soil solarization, in addition to providing protection 
against lettuce drop and bottom rot diseases, offered additional advantages such as 
preservation of the population of  fl uorescent pseudomonads and increased nutrient 
availability to lettuce plants (Patricio et al.  2006  ) . 

 Use of  Coniothyrium minitans , the sclerotial mycoparasite of  Sclerotinia sclero-
tiorum , has been demonstrated to be an effective approach for the control of lettuce 
drop disease. The ef fi ciency of  C. minitans  decreased, when disease pressure 
increased under  fi eld conditions. Compatibility of  C. minitans  with fungicides and 
other chemicals, one of the important attributes that decide the suitability of the 
BCA for further advancement in the process of development and commercialization 
was studied. An iprodione tolerant  C. minitans  isolate was selected. Disease caused 
by  S. sclerotiorum  was signi fi cantly reduced by  C. minitans  and its effectiveness 
was enhanced by a single application of iprodione. The combination of  C. minitans  
and a single application of iprodione was found to be as effective as the prophylactic 
sprays with iprodione every 2 weeks. The results showed that the integrated control 



2837.1 Diseases of Vegetable Crops

of  S. sclerotiorum  with soil applications of  C. minitans  and reduced foliar applica-
tions of iprodione was feasible (Budge and Whipps  2001  ) .  C. minitans  signi fi cantly 
increased the percentage of sclerotia infected and reduced the percentage viability 
of sclerotia, when applied to lettuce plant showing the earliest symptoms of lettuce 
drop caused by  S. minor  in commercial crops. The viability of untreated sclerotia of 
 S. minor  in the plant debris on the surface of soil declined greatly, providing evidence 
that prolonging the exposure of pathogen sclerotia on the soil surface before cultiva-
tion for the next crop may substantially reduce sclerotial inoculum. Infected mature 
plants have to be cut at an early stage of symptom development and removed from 
the  fi eld and disposed off properly (Isnaini and Keane  2007  ) .  

    7.1.9.3   Bottom Rot Disease 

  Rhizoctonia solani , incitant of lettuce bottom rot disease has a wide host range, 
including many crop plants which suffer from root rot diseases induced by this 
pathogen. The biocontrol potential of three bacterial strains of  Pseudomonas 
 fl uorescens  B1,  P.  fl uorescens  B2 and  Serratia plymuthica  B4 was assessed for sup-
pressing the development of  R. solani  under growth chamber and  fi eld conditions. 
All three BCAs entirely or signi fi cantly limited the dry mass (DM) losses on lettuce 
and disease severity (DS) caused by  R. solani  on potato sprouts (assay host). Under 
 fi eld conditions, the disease severity on lettuce and potato plants which were bacter-
ized, decreased signi fi cantly and the biomass losses on lettuce decreased as well. 
The strain B1 provided best protection and disease suppressive effect among the 
three bacterial strains tested under high disease pressure conditions. As  P.  fl uorescens  
B1 proved to be the most effective against  R. solani , this strain has the potential for 
further development and commercialization (Grosch et al.  2005  ) .   

    7.1.10   Cabbage Diseases 

    7.1.10.1   Cabbage Yellows Disease 

 Yellows disease of cabbage is associated with infection by  Verticillium long-
isporum  and  Fusarium oxysporum  f.sp.  conglutinans  (FOC). The fungal BCA 
 Heteroconium chaetospira  could colonize the roots of cabbage plants and suppress 
the disease under  fi eld conditions.  H. chaetospira -treated plants displayed slight 
yellowing on leaves and reduced the disease by 60 % under high disease pressure 
conditions (Narisawa et al.  2000  ) . In order to enhance the effectiveness of biocon-
trol, fungal endophytes were screened and two isolates of  Phialocepahalia fortinii  
and a dark, septate endophyte (DSE) effective against  V. longisporum  were 
identi fi ed. Chinese cabbage ( Brassica campestris ) preinoculated with  P. fortinii  
DE isolate were transplanted into the  fi eld infested with the pathogen.  H. chaeto-
spira  was also included in the trial for comparison. The DSE isolate was more 
effective than  H. chaetospira  and suppressed the development of Verticillium 
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yellows disease, with reductions in disease percentages of external and internal 
symptoms of 84 and 88 % respectively. The BCA-treated plants produced heads 
with better marketable quality (Narisawa et al.  2004  ) . The development of FOC 
causing cabbage yellows disease was effectively suppressed by  Pseudomonas 
 fl uorescens  LRB3W1 under glasshouse conditions and the bacterial BCA survived 
in the roots and rhizosphere for about 4 weeks, after initial application. Under  fi eld 
conditions, combined application of the strain LRB3W1 and a low dosage of beno-
myl was more effective than the bacterial BCA alone. The survival of LRB3W1 
was not affected by the fungicide. The combination of the BCA and fungicide 
appeared to be a desirable option for effective management of cabbage yellows 
disease caused by  Fusarium oxysporum  f.sp.  conglutinans  (Someya et al.  2007  ) .  

    7.1.10.2   Damping-Off Disease 

 Damping-off disease of Chinese cabbage is caused by  Rhizoctonia solani  which 
infects many vegetable crops, inciting pre- and post-emergence damping-off diseases. 
Addition of organic amendments and soil solarization may be effective in reducing 
pathogen populations and consequent reduction in disease incidence. A granular for-
mulation, PBGG was prepared by combining  Pseudomonas boreopolis ,  Brassica  seed 
pomace, glycerin and sodium alginate. Application of PBGG (1 %) to the soil infested 
with  R. solani  AG-4 signi fi cantly reduced the percentage of colonization of cabbage 
seeds by the pathogen and also stimulated the development of  Streptomyces padanus  
strain SS-07 and  S. xantholiticus  strain SS-09 which exhibited high antagonistic activ-
ity against  R. solani.  Soil treatment with  S. padanus  or  S. xantholiticus  alone or in 
combination with 1 % PBGG signi fi cantly reduced the percentage of colonization of 
cabbage seeds by  R. solani , compared with untreated control . S. padanus  was the most 
effective in suppressing the development of damping-off disease. Under  fi eld condi-
tions, soil amendments with PBGG (1 %) alone or in combination with  S. padanus  or 
 S. xantholiticus  effectively reduced the incidence of damping-off disease caused by 
 R. solani  and no adverse effect due to treatment with PBGG or actinomycetes was 
observed. The results of the investigation indicated the effectiveness of the combina-
tion of PBGG and actinomycetes applied before sowing the seeds for suppressing the 
development of damping-off disease of Chinese cabbage (Chung et al.  2005  ) .   

    7.1.11   Radish Diseases 

    7.1.11.1   Fusarium Wilt Disease 

  Fusarium oxysporum  f.sp . raphani  (FOR) causes the widespread Fusarium wilt dis-
ease of radish, being responsible for considerable losses. Use of different antagonistic 
microorganisms has been shown to be a promising alternative approach for the control 
of the disease. The additive or inhibitory effects of biocontrol agents, when applied in 
combination have been investigated.  Pseudomonas putida  strain RE8 inhibited the 
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growth of  P.  fl uorescens  strain RS111 in in vitro assays. The combination of these two 
strains did not improve the effectiveness of control of Fusarium wilt of radish. On the 
other hand, the combination of RE8 with RS111-a, a spontaneous mutant of RS111 
did not have any inhibitory effect and the combination enhanced the suppression 
of pathogen development (De Boer et al.  1999  ) . In a later investigation, the effect of 
combining two BCA strains  P. putida  WCS358 and RE8 on the development of 
Fusarium wilt disease of radish. The strain WCS358 suppressed the wilt pathogen 
FOR by competing with it for iron through the production of the siderophore pseudo-
bactin. The strain RE8 induced systemic resistance against Fusarium wilt disease. 
When both strains WCS358 and RE8 were mixed through the soil together, disease 
suppression was enhanced to approximately 50 % as compared to the 30 % reduction 
for the single strain treatment. Moreover, when one strain failed to suppress the dis-
ease development in the single strain application, the combination still provided higher 
level of protection to radish plants. The results indicated that consistency of biocontrol 
performance could be ensured by combining biocontrol strains that may have differ-
ent disease suppressive mechanisms, leading to enhancement of effectiveness of bio-
control of crop diseases (De Boer et al.  2003  ) .  

    7.1.11.2   Damping-Off Disease 

 Radish damping-off disease, due to infection by  Pythium aphanidermatum  and 
 Rhizoctonia solani , causes high mortality of seedling under favorable soil mois-
ture conditions. Different kinds of organic amendments have been evaluated for 
their ef fi cacy in suppressing the development of damping-off disease. The bio-
control potential of  fi sh emulsion in suppressing the damping-off disease of 
radish was assessed. Fish emulsion (1–4 %) or equivalent inorganic fertilizer 
(N-P-K) was incorporated in pathogen-infested peat mix. After 7 days, seeds 
were planted. In the peat mix amended with 4 %  fi sh emulsion, 70–80 % of the 
seedlings remained disease-free. The inorganic fertilizer treatment did not have 
any effect on disease incidence. Hence, it was considered that disease suppres-
sion was not due to increased plant nutrition supplied by  fi sh emulsion. Fish 
emulsion incorporarted into the soil at 5 days before planting protected the rad-
ish seedlings effectively against damping-off disease. Fish emulsion (2 and 4 %) 
applied on naturally infested muck soil effectively and consistently suppressed 
damping-off disease of cucumber seedlings. In addition, the plant growth was 
promoted in soil treated with  fi sh emulsion. Fish emulsion might prove to be a 
desirable organic amendment for use in organic or conventional transplant pro-
duction (Abbasi et al.  2004  ) .   

    7.1.12   Asparagus Crown and Root Rot Disease 

 Infection by  Fusarium oxysporum  f.sp.  asparagi  and  F. proliferatum  causes the 
Fusarium crown and root rot disease of asparagus which is economically  important 
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in many countries, including the United States. As in the case of other  soilborne 
diseases of various crops, different disease management tactics such as addition 
of organic amendments, use of mulches and establishing general soil anaerobic 
conditions have been evaluated for their ef fi cacy in minimizing disease incidence. 
However, asparagus is a deep-rooted perennial, making application of chemical or 
biological control methods dif fi cult, once the crop is established. Infection of 
seedlings in the nursery predisposes the crop to severe decline, making the seed-
ling stage a critical time to apply management strategies for Fusarium crown and 
root rot disease. Under  fi eld conditions, aerobic conditions develop, when oxygen 
consumption mostly by the soil micro fl ora, exceeds resupply of oxygen by diffu-
sion from the atmosphere. A general anerobic condition was established by 
increasing microbial respiration through incorporation of readily decomposable 
organic amendments into moist soil and by reducing the resupply of oxygen by 
covering the soil with ensilage plastic with low oxygen-permeability characteris-
tics. Field plots were amended with fresh broccoli or grass (3.4–4.0 kg fresh 
weight/m 2 ) and covered with plastic sheeting. In these plots, aerobic and strongly 
reducing conditions developed rapidly, as indicated by rapid depletion of oxygen 
and a decrease in redox potential values to as low as −200 mV. After 15 weeks, the 
survival of  F. oxysporum  f.sp.  asparagi  and other soilborne pathogens  Rhiozoctonia 
solani  and  Verticillium dahliae  in inoculum samples buried 15 cm was strongly 
reduced in amended, covered plots in two  fi eld experiments. No adverse effects on 
the fungal pathogens were observed in amended, non-covered or non-amended, 
covered plots. The results indicated the potential of this approach to become an 
alternative to chemical disinfestations for high value crops under conditions 
where other alternatives such as soil solarization or soil  fl ooding are not effective 
or feasible (Blok et al.  2000  ) . 

 The ability of fungal biocontrol agent  Trichoderma harzianum  strain 2-2 and 
nonpathogenic isolates of  Fusarium oxysporum  and fungicides to suppress the 
development of Fusarium crown and root rot disease of asparagus caused by 
 F. oxysporum  f.sp . asparagi  (FOA) was assessed.  T. harzianum  T-22, benomyl 
and  fl udioxonil treatments increased the root weight and decreased the disease 
incidence in asparagus seedlings, compared with the infested control, when a 
low level of FOA and  F. proliferatum  (FP) was used. Fludioxonil treatment lim-
ited plant mortality caused by FOA and FP at high inoculum levels, whereas 
strain T-22 was not effective (Reid et al.  2002  ) . Nonpathogenic strains of 
 Fusarium oxysporum  (NPFO) alone and in combination with sodium chloride 
were evaluated for their ef fi cacy in suppressing the development of crown root 
rot disease of asparagus. Crowns of asparagus were treated with NPFO at plant-
ing and NaCl was broadcast at 280 and 560 kg/ha in later years. The NPFO 
CWB318 reduced disease incidence at two locations tested and increased yield 
by 29 % in one location over controls, but did not increase the yield in another 
location. Application of NaCl did not affect the biocontrol activity of NPFO 
strains (Elmer  2004  ) .  
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    7.1.13   Postharvest Diseases of Vegetables 

 Vegetables may be infected in the  fi eld prior to harvest and during harvest, handling, 
transit and storage, by various kinds of microbial pathogens. It is necessary to ensure 
that close coordination, constant surveillance and ef fi cient technical support for 
rapid detection and precise identi fi cation of microbial pathogen(s) associated with 
the disease(s) concerned and feedback on the effectiveness of corrective measures 
applied to restrict the incidence and subsequent spread of diseases gathered and 
made available for development of effective systems of disease management. 
Various disease management strategies applied at preharvest stage may lead to 
reduction in pathogen inoculum, such as use of disease-free seeds and planting 
materials, modi fi cation of cultural practices and application of organic amendments 
and mulches, soil solarization, eradication of alternative and alternate hosts and 
proper disposal of infected plant debris have to be applied. These ecofriendly meth-
ods will not pollute the environment and also, there will not be any accumulation of 
toxic materials in the vegetables, as in the case of treatments involving use of chem-
icals. Furthermore, the chances of causing wounds to the vegetables during harvest, 
transit and storage should be considered and necessary precaution should be taken 
to avoid wounds which form the primary entry points for the pathogens. Various 
physical, chemical and biological methods have to be integrated for effectively min-
imizing or avoiding incidence and severity of postharvest diseases. 

    7.1.13.1   Tomato Diseases 

 Physical, chemical and biological agents have been evaluated for their ef fi cacy in 
suppressing the development of postharvest pathogens infecting tomatoes. 
Application of ultra-violet (UV)-C (254 nm) hormesis in tomato fruits stimulated 
bene fi cial responses resulting in reduction of incidence of soft rot disease caused by 
 Rhizopus stolonifer  (Stevens et al.  1998  ) . Mature green tomato fruits irradiated with 
UV-C light (24–36 kJm 2 ) showed delayed ethylene production and reduced respira-
tion rate. Infection by  Alternaria alternata  was reduced, in addition to retarded 
ripening and color development in tomato fruits (Rong and Feng  2001  ) . Treatment 
of tomato fruit with UV-C irradiation suppressed the development of gray mold 
disease caused by  Botrytis cinerea  by enhancing the level of resistance to diseases. 
Induction and maintenance of resistance to gray mold rot disease in tomato fruit 
during storage by hormic dose of UV-C (3–7 kJ/m 2 ) was investigated. Treated fruits 
became more susceptible to disease soon after treatment with UV-C, but thereafter, 
they became gradually resistant and the resistance was maintained until the end of 
the storage period of 35 days. There was a signi fi cant correlation between the phy-
toalexin, rishitin accumulation in UV-treated fruit both before and after inoculation 
and disease resistance (Charles et al.  2008  ) . A short pre-storage hot water rinsing 
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and brushing (HWRB) method was shown to be effective for reducing infection by 
 Botrytis cinerea  in tomatoes. Fruit of the pink tomato cv. 189 were placed at 5 or 
12 °C for 15 days and plus 3 days at 22 °C. Application of HWRB treatment at 
52 °C for 15 s, or dipping the fruit at 52 °C for one min (hot water dip, HWD) 
signi fi cantly reduced decay development. Further, chilling injury symptoms were 
entirely arrested after storage. In addition, HWRB treatment enhanced the resis-
tance of tomato fruits arti fi cially inoculated with  B. cinerea.  Further, their storabil-
ity was also extended to over 3 weeks at 5 °C by minimizing chilling injury (Fallik 
et al.  2002  ) . 

 Tomato fruits may come in contact with the soil and the pathogens causing decay 
may spread and during the transit and storage. Gray mold ( Botrytis cinerea ) and 
Alternaria rot ( Alternaria alternata ) could be suppressed effectively by employing 
the yeast  Pichia guillermondii  to wounds of tomatoes after harvest (Chalutz and 
Droby  1998  ) . Fruit rot (soil rot) caused by  Rhizoctonia solani  may infect tomatoes 
through seeds and soilborne inocula.  Trichoderma harzianum , when added to soil or 
applied as a coating on tomato fruits, provided signi fi cant control (Strashnov et al. 
 1985 ). Formulations of  T. harzianum  KRL-AG2,  Trichoderma  spp. and  Pseudomonas 
cepacia  available commercially, reduced the soil rot caused by  R. solani  effectively 
(   Janisiewicz and Korsten  2002a,   b  ) . Strains of the yeast species  Rhodotorula rubra  
and  Candida pelliculosa  effectively arrested the development of  Botrytis cinerea , 
causing gray mold disease of tomato which seriously reduced the shelf-life of har-
vested tomatoes.  R. rubra  strain 231 was the most effective in reducing the lesion 
diameter by 60 %, compared to untreated control fruits. The results indicated that 
the application of antagonistic yeasts could be a promising and environment-friendly 
alternative to the fungicide treatments for the control of postharvest gray mold dis-
ease of tomatoes (Bello et al.  2008  ) . The marine yeast  Rhodosporidium paludige-
num  effectively controlled the gray mold disease in cherry tomatoes at 15 °C (Wang 
et al.  2010a,   b  ) .  

    7.1.13.2   Potato Diseases 

 Several fungal pathogens infect the potato tubers prior to harvest in the  fi eld and 
they are carried, during transit and storage, whereas others infect the tubers at post-
harvest stage.  Rhizoctonia solani  (sclerotial stage),  Macrophomina phaseolina  
(conidial stage) and  Thanatephorus cucumeris  (teleomorph) may infect potato 
plants in the  fi eld causing charcoal rot disease of tubers. The percentage of infection 
by  M. phaseolina  at harvest could be reduced by treating the tubers with the  bacterial 
antagonist  Bacillus subtilis  (Thirumalachar and O’Brien  1977  ) . Potato black scurf 
disease caused by  R. solani  is initiated by both seed- and soilborne inocula. Pathogen 
sclerotia were parasitized by  Verticillium biguttatum . The extent of reduction in 
black scurf symptoms on tubers by the antagonist was comparable to, and in some 
cases greater than, that could be obtained by using chemical disinfectants of soil 
(Velvis and Jager  1983  ) . The bacterial species  Azotobacter chroococcum  in combi-
nation with  V. biguttatum  provided more effective protection to potato plants, sprouts 
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and stolons. Production of sclerotia on new tubers was signi fi cantly reduced by 
inoculating the seed tubers with three isolates of  V. biguttatum  separately or in 
mixtures (Meshram  1984 ; Jager and Velvis  1986  ) . Application of  Trichoderma vir-
ide  and  T.  ( = Gliocladium )  virens  as dusts to seed tubers inoculated with  R. solani  
reduced the disease incidence and severity, since both soil- and tuber-borne inocula 
were signi fi cantly reduced (Beagle-Ristaino and Papavizas  1985  ) . The biocontrol 
products formulated from  Trichoderma  spp . ,  Trichoderma  strain KRL-AG2 and 
 Streptomyces griseoviridis  strain K61 were also found to be effective against 
 R. solani  (Janisiewicz and Korsten  2002a,   b  ) . 

  Phytophthora infestans  causes the highly destructive late blight disease of 
potato crops. All aerial plant parts are infected by the pathogen. Tubers in the soil 
are also infected by this pathogen causing tuber blight. Bacterial strains (18) pat-
ented as biological control agents of both sprouting and Fusarium dry rot were 
evaluated for their ef fi cacy in suppressing the development of  P. infestans  causing 
tuber blight.  Pseudomoas  fl uorescens  S22:T:04 consistently suppressed the patho-
gen development to the maximum extent. Small scale pilot testing of three strains 
of  P.  fl uorescens  and  Enterobacter cloacae  S11:T:07 was carried out under condi-
tions simulating a commercial application. Tubers (30 tubers per box) after inocu-
lation with the pathogen were randomized in storage and maintained for 4 weeks 
at 7.2 °C and 95 % RH. All BCA treatments reduced the disease signi fi cantly. The 
extent of disease suppression ranged from 35 % up to 86 % in the  fi rst year and 
from 35 to 91 % in the second year. Four strain mixtures were the most effective in 
suppressing the development of tuber blight disease. The BCA strains and strain 
mixtures were earlier found to be effective against Fusarium dry rot and sprouting. 
These results suggested that the bacterial strain with broad spectrum of biocontrol 
activity and sprout suppression could be an effective alternative to the synthetic 
chemicals (Slininger et al.  2007  ) . The polysaccharide marginalan isolated from 
 P.  fl uorescens  S11:P:12, when added to the bacterial cells protected them against 
drying and storage survival. The effects of marginalan were more subtle and dry rot 
suppression was not impacted (Slininger et al.  2010  ) . 

 Potato dry rot disease appears to be due to infection by one or more species 
of  Fusarium  such as  F. solani  var . coeruleum ,  F. sulphureum  (syn . F. sambucinum ), 
 F. thricothecioides ,  F. equiseti ,  F. sporortrichoides  and  F. avenaceum . Dry rot 
disease is a serious worldwide storage disease caused by different  Fusarium  spp. 
individually or in combination. Strains of  Pseudomonas  fl uorescens  and  Enterobacter 
cloacae  that were effective in suppressing the development of Fusarium dry rot 
disease of stored potato tubers and also amenable to production in liquid culture 
were selected for bin trials conducted at commercial storage houses. In the  fi rst year 
of pilot trials,  P.  fl uorescens  S22:T:04 decreased dry rot caused by  Fusarium sam-
bucinum  (teleomorph:  Gibbrella pulicaris ) by 19 %, when coinoculated with the 
pathogen, compared to controls and to the fungicide thiabendazole (TBZ) applied at 
label rates. In the second year,  P.  fl uorescens  P22:Y:05 and  E. cloacae  S11:T:07 
reduced the disease severity by 25 and 17 % respectively, when the antagonists were 
applied after pathogen inoculation. In the commercial storage bin trials,  E. cloacae  
reduced naturally occurring levels of dry rot by an average of 21 %, compared to 
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14 % for TBZ, indicating the suitability of the bacterial BCA for application to 
potato tubers for suppression of Fusarium dry rot disease, as an alternative to the 
fungicide (Schisler et al.  2000  ) . 

 In another investigation,  Bacillus s pp. were evaluated for their ef fi cacy in sup-
pressing the development of dry rot disease.  B. cereus  (X16) was the most effec-
tive for the control of the dry rot on seed tubers and increased the yield parameters 
as well. During the traditional cold storage for 6–8 months, dry rot incidence was 
reduced signi fi cantly in potato boxes treated with the antagonist, compared to the 
treatment with fungicide carbendazim (Sad fi  et al.  2002  ) . The biocontrol potential 
of  Pseudomonas  fl uorescens  was assessed for the control of dry rot disease. In 
addition, their ability to inhibit tuber sprouting during storage was also investi-
gated.  P.  fl uorescens  bv.VS11:P:12 and two strains of  Enterobacter  sp. S11:T:07 
and S11:P:08 exhibited maximum effectiveness in controlling sprouting of 
tubers, in addition to the superior level of protection to tubers against the dry rot 
disease. The BCA strains showed the potential for use as an alternative to the 
synthetic chemical inhibitor, 1-methylethyl-3-chlorophenyl carbamate (Burkhead 
et al.  2003  ) .  Heliminthosporium solani  causes the silver scurf disease of potato 
tubers. The presence of thiabendazole-resistant strains of  H. solani  is widespread, 
underscoring the need for alternative strategy for minimizing the incidence and 
spread of silver scurf disease. Application of  Pseudomonas corrugata , as a post-
harvest treatment, reduced the disease severity and secondary transfer of the 
pathogen to daughter tubers under glasshouse conditions (Chun and Shetty 
 1994  ) . It is essential to determine the in vitro heat tolerance of different kinds of 
spore forms or infection structures of postharvest pathogens of concern to develop 
effective heat treatment systems. The growth and proliferation of undisturbed 
colonies of  H. solani  could be eliminated in vitro by radiant heat treatment above 
50 °C and lasting 5 min. In contrast, detached conidia were not affected by a 
3-min treatment at 70 °C. These conidia can pose problems, if tubers are heat-
treated. It is suggested that removal of conidia by washing the tubers in hot water, 
followed by heat treatment lethal to the remaining mycelium may be effective in 
reducing fungal inoculum on seed tubers (Johnson et al.  2003  ) .  

    7.1.13.3   Carrot Diseases 

 Heat treatment has been applied for the control of postharvest diseases in differ-
ent forms. The effectiveness of steam treatment for the reduction of decay of 
carrot caused by  Alternaria  spp. and  Sclerotinia sclerotiorum  was demonstrated. 
Winter carrots were exposed to steam for three seconds prior to packaging. After 
60 days of storage at 0.5 °C plus an additional week at shelf conditions (20 °C), 
treated carrots exhibited only 2.0 % decay as against 23 % decay in untreated 
carrots. Arti fi cial inoculation with  Alternaria alternata ,  A. radicina  and 
 Sclerotinia sclerotiorum  followed by steam treatment resulted in 5 % decay, 
whereas the untreated carrots showed 65 % decay (Afek et al.  1999  ) . Brushing 
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the carrots before storage enhanced the infection by black root rot disease caused 
by  Thielaviopsis basicola . The ef fi cacy of combining physical, low residue 
chemical and bioagents was evaluated, as an alternative to the conventional 
chemical control method. The technology for the precise application of steam 
and combined application with stabilized hydrogen peroxide (Tsunami®100) or 
the yeast commercial product, Shemer ™  were tested. Both steam and Tsunami 
were highly effective in reducing decay, when applied alone, but they were phy-
totoxic to the carrots. Application of combined treatments of sublethal steam, 
followed by a sublethal dosage of Tsunami or Shemer improved the ef fi cacy and 
disease control by 80 and 86 % respectively. These combinations showed a syn-
ergistic effect as compared with the effect of individual treatment. The results 
indicated that the disease-suppressive agents could be used for a short period, 
then washed off, if needed and ef fi ciently followed by application of a bioagent 
(Eshel et al.  2009  ) .  

    7.1.13.4   Melon Diseases 

 Postharvest diseases of melon are caused by fungal pathogens such as  Alternaria 
alternata ,  Fusarium semitectum ,  Rhizopus stolonifer  and  Trichothecium roseum  
(Yang et al.  2006  ) . Among the various kinds of bioagents employed for the sup-
pression of postharvest diseases of vegetables,  Bacillus  spp. offers some advan-
tages.  Bacillus  spp. including  B. subtilis  produce spores that are resistant to various 
physical and chemical treatments such as desiccation, heat, UV-irradiation and 
organic solvents and they produce different antibiotics and cell wall-degrading 
enzymes that adversely affect the development of fungal pathogens of postharvest 
diseases.  B. subtilis  EXWB1 was effective in suppressing the development of 
 Alternaria alternata  infecting melon ( Cucumis melo ). Treatment of melon fruits 
with  B. subtilis  limited the development of  A. alternata  around the inoculated sites 
on the fruit surface and the necrotic lesions induced by the pathogen were 
signi fi cantly reduced by 77.2 %. In addition, the treated fruits retained high levels 
of sugar and vitamin C and low levels of organic acids and maintained water con-
tent and turgidity at room temperature. The results indicated that the strain EXWB1 
could restrict the pathogen development and maintain fruit quality parameters to 
the required levels (Wang et al.  2010a,   b  ) . Silicon (Si) application has been shown 
to induce resistance in treated vegetables against postharvest pathogens. Application 
of Si (100 mM) was the most effective in suppressing the development of  Alternaria 
alternata ,  Fusarium semitectum  and  Trichothecium roseum  infecting melon fruits. 
Si at 100 mM was the most effective concentration in reducing decay by these 
three pathogens, whereas higher concentration (200 mM) was phytotoxic which 
led to lack of general acceptance. Si showed direct inhibitory effect on the fungal 
pathogens. Disease suppression was correlated with induction of peroxidase and 
chitinase activities, indicating the possible induction of resistance to the posthar-
vest diseases as an alternative mode of action of Si (Bi et al.  2006  ) .    
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    7.2   Management of Diseases of Fruits 

    7.2.1   Apple Diseases 

    7.2.1.1   Root Rot Disease 

 Rhizoctonia root rot of apple caused by  R. solani  AG-5 becomes severe after a few 
years of orchard establishment. A soil suppressive to Rhizoctonia root rot of apple 
was identi fi ed in Washington where the soil had been in wheat monoculture, prior 
to planting apple at that site. However, the soil became conducive within 3 years 
and the transition of the soil from a suppressive to conducive state was associated 
with signi fi cant changes in the microbial community structure including a decrease 
in recovery of actinomycetes and  Burkholderia cepacia  from apple. Some isolates 
of  Pseudomonas putida  were able to provide protection against  R. solani  AG-5 
(Mazzola  1998,   1999  ) . The role of host genotype in elicitation of the essential 
transformations in soil microbial community structure that led to disease suppres-
siveness was investigated. Apple orchard soils were planted with three successive 
28-day cycles of speci fi c wheat cultivars prior to infestation with  R. solani  AG-5. 
Wheat cultivars that induced disease suppression enhanced populations of speci fi c 
pseudomonad genotypes with antagonistic activity toward  R. solani  AG-5 and 
AG-8. Wheat cultivar-speci fi c response in terms of the transformation of the 
 fl uorescent pseudomonad community and subsequent suppression of Rhizoctonia 
root rot of apple was observed in three different orchard soils. The transformation 
was characterized by a change in the dominant  fl uorescent pseudomonad from 
 P. putida  to  P.  fl uorescens  bv. III. When the same soil was cultivated to wheat prior 
to planting apple, infection of apple roots by the resident population of  R. solani  
was reduced and associated with an increase in the relative proportion of  P. putida  
in the  fl uorescent population recovered from the apple rhizosphere (Mazzola and 
Gu  2000,   2002  ) .  

    7.2.1.2   Scab Disease 

 Apple scab disease caused by  Venturia inaequalis  is considered to be the single 
most important disease of apples in several countries, as it is responsible for both 
quantitative and qualitative losses. The strategy of apple scab control relies mainly 
on multiple applications of fungicides. The fungal bioagents  Microsphaeropsis  sp., 
 M. arundinis ,  Ophiostoma  sp.,  Diplodia  sp. and  Trichoderma  sp. were evaluated 
for their ef fi cacy in suppressing the development of apple scab disease. Another 
antagonist  Athelia bombacina  and urea were also tested. In the autumn, the antago-
nistic fungi were applied to leaf disks arti fi cially inoculated with  V. inaequalis  and 
to scabbed leaves of apple ( Malus domestica ) incubated under controlled and 
natural conditions. In addition, large-scale trials were also conducted with 
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 Microsphaeropsis  sp. applied as foliar spray after harvest of apples or as a ground 
application at 90 % leaf fall. All treatments except  Ophiostoma  sp. resulted in 
signi fi cant reduction in  V. inaequalis  ascospore production on the leaf disks incu-
bated under controlled conditions or in the orchard. Leaves with apple scab lesions 
treated with urea or  Microsphaeropsis  sp. produced signi fi cantly fewer ascops-
pores of  V. inaequalis  than did nontreated leaves, with a reduction of 73.0 and 
76.3 % respectively.  Microsphaeropsis  sp. was the most effective in restricting 
ascospores production and it reduced the total amount of airborne ascospores 
trapped by 70.7 and 79.8 %, as compared with non-treated plots in 1997 and 1998 
respectively (Carisse et al.  2000  ) . In a further study,  fi eld and in vitro trials were 
conducted to establish the in fl uence of the BCA  Microsphaeropsis ochracea  on the 
ejection pattern of ascospores by  Venturia inaequalis  and on apple scab develop-
ment and to establish the best timing of application. Fall application of  M. ochra-
cea  combined with delayed-fungicide program was evaluated in orchards with 
intermediate and high scab risk. Ascospores production was reduced by 97–100 % 
on leaf disks inoculated with  M. ochracea  less than 6 weeks after inoculation with 
 V. inaequalis . But ascospores production increased with increasing interval between 
inoculation and BCA application. In the orchard, the greatest reduction in produc-
tion of ascospores (94–96 % in 2000 and 99 % in 2001) occurred on leaves sprayed 
with  M. ochracea  in August (Fig.  7.4 ). The results showed that  M. ochracea  should 
be applied in August or September and ascospores maturation models and delayed-
fungicide program could be adopted in orchards treated with  M. ochracea  (Carisse 
and Rolland  2004  ) .  

 Another disease management strategy applied for the control of scab diseases of 
apple ( Venturia inaequalis ) and pear ( V. pirina ) was induction of resistance using 
commercially available systemic resistance inducers, Messenger (a.i. harpin pro-
tein), Phoenix (a.i. potassium phosphate) and Rigel (a.i. salicylic acid derivative). 
These products were applied at four different growth stages of tree development and 
the fungicide penconazole was also included in the  fi eld evaluation for comparison. 
When the resistance inducers were applied only at two growth stages, they did not 
have any in fl uence on plant responses. However, when they were applied at three or 
four growth stages, they were able to induce resistance in treated trees and protected 
them against scab disease. The fungicide was the most effective in reducing scab 
disease incidence in both years (2006 and 2007) of  fi eld evaluation. Among the 
three resistance inducers, no difference in their ef fi ciency of protecting apple and 
pear trees against scab disease could be observed. The results indicated the useful-
ness of the strategy of using resistance inducers for the management of scab disease 
of apple and pear (Percival et al.  2009  ) .  

    7.2.1.3   Powdery Mildew Disease 

 Powdery mildew disease of apple caused by  Podosphaera leucotricha  occurs in 
severe forms during cool and dry weather conditions. The mycoparasite  Ampelomyces  
sp. parasitizes powdery mildew pathogens infecting many crops, including apple. 
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 Ampelomyces  sp. infecting apple powdery mildew pathogen, produces pycnidia 
and hibernates in the buds of apple trees infected with  P. leucotricha . In the investi-
gation conducted over a period of 6 years, apples heavily infected with powdery 
mildews were widely parasitized by  Ampelomyces  every year.  Ampelomyces  
mycoparasites survived the winter in two ways: as pycnidia, produced in the asco-
mata and in the conidiophores of powdery mildews and as thick-walled resting 
hyphae in the dried powdery mildew mycelia. Conidia of  Ampelomyces  released 
in the spring from the overwintered ascomata, germinated and penetrated into 
the freshly formed mycelia of  P. leucotricha . The results of this investigation 
showed that  Ampelomyces  sp. could survive the winter in the  fi eld as pycnidia 
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  Fig. 7.4    Effect of spraying  Microsphaeropsis ochracea  at different dates in the fall on production 
of ascospores of apple scab pathogen  Venturia inaequalis  (Courtesy of Carisse and Rolland  2004  
and with kind permission of The American Phytopathological Society, MN, USA)       
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and as resting hyphae in the dried mycelia of their fungal hosts (Szentiványi and 
Kiss  2003  ) . The yeast Y16 effectively suppressed the development of apple 
powdery mildew disease. The effects of application of the yeast BCA on the 
nontarget fungal pathogen  Venturia inaequalis , causing apple scab disease were 
assessed. The yeast did not affect the conidial germination or penetration of the 
leaf tissue, but suppressed the scab disease development. In addition, the quality 
parameters of apple fruit were not affected by the application of the yeast BCA 
(Alaphilippe et al.  2008  ) .  

    7.2.1.4   Fire Blight Disease 

 Fire blight disease caused by  Erwinia amylovora  is known to be a destructive 
disease of apple and pear for over two centuries (Baker  1971  ) . Fire blight dis-
ease management using chemicals has been dif fi cult, because of the availability 
of limited number of registered chemicals. Copper derivatives are phytotoxic 
and the antibiotic streptomycin has been shown to induce resistance in the 
pathogen and to have increased risk of resistance in the pathogen and to have 
increased the risk of resistance of human pathogens as well. As an alternative to 
chemicals, the potential of epiphytic bacteria have been assessed for the sup-
pression of  E. amylovora . The strains of  Pantoea agglomerans  (syn.  Erwinia 
herbicola ) and  Pseudomonas  fl uor escens have been evaluated for their ef fi cacy. 
 P.  fl uorescens  A506, the active ingredient of the commercial product BlightBan 
A506 and  P. agglomerans  were tested under  fi eld conditions for their ability to 
protect apple blossoms from infection by  E. amylovora . The strains E325 and 
C9-1 of  P. agglomerans  and  P.  fl uorescens  A506 were applied to open blossoms 
on enclosed or non-enclosed trees, in order to minimize or allow honey bee-
dispersal of the bacteria. Dispersal of antagonistic bacterial strains was less fre-
quent on blossoming apple trees surrounded by plastic enclosures. All BCA 
strains were able to colonize  fl ower stigmas and multiplied. The BCA strains 
A506 and C9-1 were equally effective and they were more ef fi cient than other 
strains (Fig.  7.5 ) (Pusey  2002  ) . In another study, the comparative ability of two 
strains of  Pantoea agglomerans  Eh252 (capable of producing antibiotic) and a 
near isogenic antibiotic-de fi cient derivative strain 10:12 was assessed. The BCA 
strains were applied to apple or pear trees at 30 and 70 % bloom. Aqueous sus-
pensions of freeze-dried cells of  Erwinia amylovora  ( Ea ) were applied at bloom. 
Both Eh252 and 10:12 strains reduced the growth of  Ea  on blossoms, compared 
with control treated with water. In three of the seven  fi eld trials, Eh252 was 
more effective in decreasing the  fi re blight incidence than the mutant strain. 
Overall, Eh252 reduced the disease incidence by 55 ± 8 % and strain 10:12 by 
30 ± 6 % (Stockwell et al.  2002  ) . The effect of  Pantoea agglomerans  E325 (Pa) 
and  Erwinia amylovora  (Ea) on pH of Gala apple stigmas was investigated in 
 fi eld inoculations in 2006 and 2007. The mean pH values for samples increased 
over time and in a narrow range. The pH values were only slightly lower than 
controls. Under low phosphate and low pH conditions, an antibacterial product 
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of E325 speci fi cally inhibitory to  E. amylovora  was produced, restricting the 
development of the pathogen (Fig.  7.6 ) (Pusey et al.  2008 ).   

 A strain of  Pantoea agglomerans , P10c isolated from pear blossoms reduced the 
 fi re blight incidence, when applied prior to inoculation with  Erwinia amylovora  on 
apple and pear  fl owers (Vanneste et al.  2002  ) . The strain P10c was selected for its 
ability to colonize apple and pear  fl owers rapidly which is an essential requirement 
for the bacterial BCA to be a successful antagonist of  E. amylovora . The number of 
healthy and diseased clusters of  fl owers was recorded. In all experiments, the level of 
control obtained with P10c was similar to that obtained with streptomycin (Vanneste 
et al.  2002  ) . A talc-based formulation of  Pantoea agglomerans  strain Eh24 was 
applied at 30 and 100 % bloom on two pear orchards in the Aegean Region in Turkey 
during 1999–2000. The BCA formulation was sprayed on pear trees naturally 
infected with  Erwinia amylovora . Application of the strain Eh24 reduced the per-
centage of blighted blossoms by 63–76 % in different orchards. The standard bacte-
ricides copper oxychloride + maneb was less effective in reducing the incidence of 
blossom blight phase of the disease, compared with the talc-based bioformulation. 
Experiments to study the colonization and population dynamics using the spontane-
ous streptomycin-resistant mutant of  P. agglomerans  (Eh24 strR+ ) showed that the 
population of Eh24 on pear blossom increased from 2 × 10 4  to 1.3 × 10 6  CFU/blossom 

  Fig. 7.5    Suppressive effects 
of bacterial biocontrol agents 
 Pantoea agglomerans  E325, 
 P. agglomerans  C9-1, 
 Pseudomonas  fl uorescens  
A506 prepared from fresh 
cultures and strain E325 from 
a freeze-dried (FD) culture on 
the incidence of  fi re blight 
disease on enclosed or 
non-enclosed trees of ( a ) 
Jonagold apple in 1997 and 
( b ) Gala apple in 1998.  Bars 
with different letters  are 
signi fi cantly different as per 
LSD test (P  £  0.005) 
(Courtesy of Pusey  2002  and 
with kind permission of The 
American Phytopathological 
Society, MN, USA)       
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over 18 days (Özaktan and Bora  2004  ) . The bacterial strains  Pseudomonas  fl uorescens  
A506 and  Pantoea agglomerans  strains C9-1 and Eh 325 and preparations of  Bacillus 
subtilis  QST713 containing bacterial endospores and lipopeptide metabolites were 
evaluated for their biocontrol potential against  fi re blight disease of apple under  fi eld 
conditions in three states in the United States. The bacterial strains in individual 
assessments were not consistent in the biocontrol activity as re fl ected by reduction in 
blossom infection which ranged from 9.1 to 36.1 % in the treated trees. Colonization 
of large proportions of  fl ower stigma and rapid growth to reach a large population 
size of 10 5 –10 6  CFU/blossom are important requirements, among other attributes for 
the bacterial antagonists to be successful. The bioproduct Serenade containing lipo-
peptides produced by  B. subtilis  QST713 was slightly more ef fi cient in controlling 
blossom blight than other antagonists and more consistent from year to year and 
between locations. However, Serenade was less ef fi cient, compared with streptomy-
cin. Integration of biological control preparations with streptomycin might be a 
desirable approach to reduce the use of streptomycin, while achieving better control 
of apple  fi re blight disease (Sundin et al.  2009  ) . 

 Plant activators that stimulate plant growth, in addition to protection offered 
against diseases caused by several microbial pathogens, have been investigated for 
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their ability to suppress the development of  fi re blight disease of apple. Acibenzolar-
 S -methyl (ASM) was able to protect Golden Delicious apple seedlings, scions and 
trees effectively against  fi re blight disease, when applied before inoculation of 
 Erwinia amylovora . ASM provided protection to apple seedlings to the level com-
parable to the standard antibiotic plantomycin (100 mg/l, streptomycin sulfate) 
applied just before inoculation with the pathogen. Protection of apple seedlings by 
ASM was consistently associated with the activation of defense-related enzymes. 
ASM (as Actigard, BION) provided signi fi cant level of  fi re blight disease control 
under very favorable conditions for  fi re blight infection in Michigan in 1999 and 
2000. Application of ASM, which stimulates the apple trees’ natural defense mech-
anism through systemic acquired resistance (SAR) pathway, has to be carried out 
before infection occurs to allow suf fi cient time for the induction of resistance 
(Brisset et al.  2000  ) . In most cases, the effectiveness of the resistance induced 
against  E. amylovora  did not appear to persist in apple. The best control of blossom 
blight and terminal infections was obtained, when sprays with ASM were repeated 
at weekly rather biweekly schedules. The effectiveness of ASM for shoot blight 
control increased with increasing concentration from 75 to 100 mg a.i/l. Although 
multiple applications of ASM reduced the incidence and severity of  fi re blight, it 
was not nearly as effective as streptomycin (Maxson-Stein et al.  2002 ; Norelli et al. 
 2003  ) . The potential of acibenzolar- S -methyl (ASM) and DL-3-aminobutyric acid 
(BABA) for suppressing the development of apple  fi re blight disease was assessed. 
ASM or BABA alone or in sequence were applied as foliar sprays on apple seed-
lings at different days before inoculation (dbi). ASM was slightly more effective 
than BABA in suppressing the development of  fi re blight disease. Spray treatments 
of seedlings with BABA (4 dbi) and ASM (4 dbi) in sequence drastically reduced 
the  fi re blight symptoms, while single treatment separately with ASM or BABA was 
less effective. Further, BABA/ASM treatment induced long-lasting resistance in 
apple seedlings, as indicated by the absence of disease symptoms on treated apple 
seedlings for more than 2 months (Hassan and Buchenaeur  2007  ) . 

 The organic compound trinexapac-ethyl (Moddus, Palisade), a growth retardant, 
when applied reduced the shoot growth of apple trees and also suppressed the sec-
ondary spread of  fi re blight disease in apple orchards (Jones  2001  ) . The ability of 
another commercially available product prohexadione-calcium (Apogee), when 
applied on apple, controlled vegetative growth and also reduced the incidence and 
severity of  fi re blight shoot infection (Yoder et al.  1999 ). Prohexadione-calcium did 
not show any direct antibacterial effect on the pathogen  Erwinia amylovora , 
increased host resistance by reducing plant vigor and altered the phenylpropanoid 
biosynthesis pathways that might result in increase in the level of resistance of pre-
treated plants to the  fi re blight disease. The potential of prohexadione-calcium (PC) 
to suppress the development of  fi re blight under severe natural infection conditions 
was assessed. Prohexadione-calcium was applied at petal fall, either as a single 
spray or as two sprays with the total amount of chemical applied per hectare being 
the same. The level of disease control under the severe infection conditions was 
60–75 %. Both single and split applications of prohexadione-calcium signi fi cantly 
reduced the severity of blossom and shoot blight in 1999. A single application of the 
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compound was more effective than the split application in 2000 (Fig.  7.7 ). The 
effectiveness of prohexadione-calcium (PC) was demonstrated in ten orchards in 
Virginia State. Application of PC suppressed the shoot blight development. The 
incidence of shoot blight was reduced by 88–96 % in four orchards where  fi re blight 
disease occurred (Evans et al.  1999 ; Norelli et al.  2003  ) .    

    7.2.2   Grapevine Diseases 

    7.2.2.1   Root and Stem Diseases 

 Armillaria root disease of grapevine is caused by  Armillaria mellea  which decays 
the woody roots of grapevine and many common forest trees. Infection of grape-
vine occurs in locations where forests are converted to vineyards, as the mycelium 
surviving in partially decayed tree roots can infect grapevines up to several years 
after planting (Baumgartner and Rizzo  2001  ) . Management of the Armillaria root 
disease has been primarily through the use of soil fumigants to kill the pathogen 
inoculum in the decayed roots. In order to replace the cumbersome and endless 
cycles of removing dead vines, fumigating and replanting, the possibility of 
employing antagonistic fungi was examined for suppressing the development of 
 A. mellea . A soil inoculant commercially available, Vesta (Biologically Integrated 
Organics, Inc., USA), prepared by a proprietary compost fermentation process 
was tested. The product contains viable populations of bacteria that serve as 
antagonists of  A. mellea . The bacterial species  Bacillus subtilis,   B. lentimorbus,  
 Comamonas testosteroni,   Pseudomonas aeruginosa  and  P. mendocina  were iso-
lated from the bioproduct Vesta. The ef fi cacy of Vesta for postinfection control of 
Armillaria root disease was assessed in an Armillaria disease-infested vineyard in 
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northern California. The bioproduct was applied via drip-irrigation to vine rows 
in replicated blocks in 2003 and 2004. Treatment with the bioproduct signi fi cantly 
increased cluster weights of symptomatic vines, relative to the comparable symp-
tomatic non-treated vines, to levels comparable to those of healthy vines (Fig.  7.8 ). 
However, the bioproduct did not reduce the rate of symptom development or 
mortality of treated vines. The results suggested that the inoculants may not pre-
vent root disease caused by  A. mellea , but it could provide therapeutic bene fi t by 
improving the productivity of infected vines (Baumgartner and Warnock  2006  ) .  

 Wound protection during all stages of grapevine propagation is of utmost impor-
tance to prevent infection of propagation materials by decline and die-back patho-
gens.  Trichoderma harzianum  applied to grapevine wounds in a spore suspension 
and in the commercial formulations of Trichoseal, Trichoseal spray and Vinevax 
pruning wound dressing reduced recovery of the pathogen  Eutypa lata  in the glass-
house and  fi eld experiments. Recovery of  E. lata  was signi fi cantly reduced 
(P < 0.001), when fresh wounds were treated with viable  T. harzianum  at 2 or 7 days 
before inoculation with ascospores of the pathogen in the glasshouse. Under  fi eld 
conditions, recovery of  E. lata  was signi fi cantly reduced (P < 0.001), when fresh 
wounds were treated with spores of  T. harzianum ,  Fusarium lateritium  or Vinevax 
at 1 or 14 days before ascospores were applied. In general, a dely of 14 days between 
wounding and inoculation with ascospores of  E. lata  reduced recovery of the patho-
gen, compared with inoculation on the day after wounding (John et al.  2005  ) . The 
ef fi cacy of chemical and biological protection of grapevine propagation material 
against trunk disease pathogens was assessed in semi-commercial nursery trials. 

  Fig. 7.8    Biocontrol potential of bioinoculants containing mixture of bacterial species against 
Armillaria root rot disease of grapevine. ( a ) yield of grapes (kg/vine); ( b ) cluster weight of healthy 
and symptomatic grapevines.  Bars with same letter  are not signi fi cantly different at P  £  0.05 as per 
Turkey’s test (Courtesy of Baumgartner and Warnock  2006  and with kind permission of The 
American Phytopathological Society, MN, USA)       
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Grapevine rootstock and scion cuttings were soaked in chemical or biological 
 sanitation products or water (for control) prior to cold storage, prior to grafting 
(machine- or hand-grafting) and prior to planting in  fi eld nurseries. Levels of natural 
infection in basal ends and graft unions of uprooted nursery grapevines were evalu-
ated at 8 months after planting. Untreated control plants showed pathogen infection 
up to 30 % in basal ends and 13 % in graft unions. The fungal pathogens associated 
with infection were  Phaeomoniella chlamydospora , being the most common, fol-
lowed by  Phaeoacremonium ,  Cylindrocarpon  +  Campylocarpon ,  Botryosphaeria  
sp. and  Phomopsis  spp. Machine-grafted unions generally had lower pathogen inci-
dence, compared with hand-grafted graft unions. Repeated-soak treatments of prop-
agation materials in the different products, generally were more effective in reducing 
incidence of the pathogens in the nursery grapevines. But products containing 
 Trichoderma harzianum  (Tricho fl ow-T), hydrogen peroxide (Bio-sterilizer) and 
8-hydroxy-quinoline sulfate (Chinosol) gave inconsistent results. On the other hand, 
Broncide (a blend of halogenated alcohols and water) was the effective sterilizing 
agent, but it reduced the certi fi able plant yield signi fi cantly. Benomyl (1 g/l), 
Sporekill (a patented didecyldimethyl ammonium chloride formulation) at 
150 ml/100 ml) and Captan (10 ml/l) were the most effective in reducing pathogen 
incidence without negatively impairing growth parameters of the treated grapevines 
(Fourie and Halleen  2006  ) .  

    7.2.2.2   Powdery Mildew Disease 

 Powdery mildew disease caused by biotrophic pathogen  Uncinula necator  infects 
leaves and the berries. As the infected berries split, the loss is quite high due to the 
disease. In addition, it may have negative effects on the wine production in terms of 
quantity and quality. Development of resistance in the pathogen to selective fungi-
cides and emphasis on the production of grapes with minimal fungicide residues 
have led to the active consideration of other alternative approaches of powdery mil-
dew disease suppression. The basidiomycetous yeast  Pseudozyma  fl occulosa  (syn. 
 Sporothrix  fl occulosa ) was found to be an ef fi cient natural antagonist of powdery 
mildews (Bélagner and Labbe  2002  ) . Extracts from the plant  Reynoutria sachalin-
ensis  (formulated extract under the name Milsana®) were found to be effective 
against powdery mildew diseases infecting vegetables and ornamentals. The ef fi cacy 
of Sporodex®L (based on  P.  fl occulosa ) and two formulations of Milsana® was 
assessed for the control of powdery mildew disease of grapevines. Six  fi eld trials 
were conducted in Greece. In three trials, Milsana® was tested alone. Both formula-
tions VP1999 and 2001 signi fi cantly reduced disease severity on berries and its 
ef fi cacy was moderate to low, but with the range of sulfur treatment alone. Signi fi cant 
increase in yield was recorded in one trial. Sporodex®L tested in two  fi eld trials was 
effective, when the disease pressure was moderate to high on grape bunches. But its 
ef fi cacy declined under extremely high disease pressure. The Sporodex®L was 
either similar or inferior to sulfur alone treatment in its ef fi cacy. Alternated applica-
tions of Milsana® and Sporodex®L assessed in one trial, improved the ef fi cacy of 
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Milsana®, but not that of Sporodex®L. There was no in fl uence of alternation of 
application of Milsana® or Sporodex®L with sulfur. The results indicated that 
Milsana® or Sporodex®L could be used in organic farming or in IPM systems to 
reduce the use of chemicals (Konstantinidou-Doltsinis et al.  2007  ) .  

    7.2.2.3   Downy Mildew Disease 

 Downy mildew disease of grapes is of historical and economic importance 
(Fig.  7.9 ). The well known Bordeaux mixture was formulated by preparing a 
mixture of copper sulfate and lime in the nineteenth century. Since then, its effec-
tiveness against several other fungal diseases of various crops has been reported. 
The need for  preparing the Bordeaux mixture afresh every time was found to be 
a serious limitation. Many organic compounds like ß-aminobutyric acid (BABA) 
was investigated for its ability to induce resistance against the downy mildew 
pathogen  Plasmopara viticola.  The ef fi cacy of DL-3-amino-n-butanoic acid, 

  Fig. 7.9    Symptoms of 
infection on grape bunch by 
downy mildew pathogen 
 Plasmopara viticola        
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DL-ß-aiminobutyric acid (BABA) or a mixture of BABA and different fungicides 
at reduced rates in reducing the incidence of grape downy mildew disease was 
compared. Two foliar sprays of BABA or the mixture of BABA reduced the dis-
ease effectively by >90 % in the foliage of  fi eld-grown grapevines. In  fi ve  fi eld 
trials, BABA sprays reduced signi fi cantly the infected leaf area, fungal sporula-
tion and necrosis of oilspots. In four trials, spray application of BABA was as 
effective as metalaxyl-Cu or Acrobat Plus (dimethomorph + mancozeb). Two-
way tank-mixtures of BABA + fosetyl-Al, BABA + folpet or BABA + Bion (ben-
zothiadiazole) each at half recommended rate, provided an additive effect against 
the downy mildew disease. These treatments were in equivalence in their effec-
tiveness to the full rate of each fungicide alone. BABA did not induce phytotoxic 
symptoms and also did not affect the pH, total titrable acids or Brix of the juice, 
as determined by commercial fungicidal standards. The results indicated that the 
foliar application of BABA could be advantageously integrated into a downy 
mildew control program in vineyards (Reuveni et al.  2001  ) . Application of BABA 
resulted in strong reduction in mycelial growth and sporulation of  P. viticola  in 
the susceptible cv. Chasselas. Best protection was provided by BABA, followed 
by jasmonic acid (JA). On the other hand, acibenzolar- S -methyl (ASM), salicylic 
acid (SA) and abscisic acid (ABA) had no in fl uence on the level of resistance in 
treated grapevine plants (Md. Hamiduzzaman et al.  2005  ) . The effect of Pen, an 
aqueous extract of the dry mycelium of  Penicillium chrysogenum  was investi-
gated on the suppression of grapevine downy mildew and grapevine powdery 
mildew diseases under greenhouse and  fi eld conditions. Pen extract had no direct 
inhibitory effect on the grapevine pathogens. Hence, it is considered that Pen 
might act indirectly by inducing resistance in treated plants. Under certain condi-
tions, Pen caused phytotoxic side effect producing small necrotic spots. Particularly 
puri fi ed fraction of Pen was much less toxic than the crude preparation. However, 
the level of protection provided by crude and partially puri fi ed preparations was 
similar (Thuerig et al.  2006  ) .   

    7.2.2.4   Gray Mold Disease 

 Biological control methods for the suppression of the gray mold pathogen  Botrytis 
cinerea  may be successful only with adequate knowledge of the ecology and epide-
miology of  B. cinerea  in the vineyards. In spring, conidia from saprophytically sur-
viving mycelium and germinating sclerotia infect senescing  fl oral tissues, tender 
shoots and leaves of grapevine plants (Seyb  2004  ) . An isolate of  Ulocladium oude-
mansii  effectively suppressed the development of  B. cinerea  on necrotic grape tis-
sues. An aggressive colonization of necrotic bunch trash tissues by  U. oudemansii  
early in the season is the primary mode of action of the BCA (Elmer et al.  2003 ; 
Shorten et al.  2003  ) . A commercial formulation of  U. oudemansii  (BOTRY-Zen®) 
was evaluated under  fi eld conditions. The formulation was found to be as effective 
as the fungicide program, as suggested by Hawke’s Bay Wineries (Elmer et al. 
 2005  ) . The ef fi cacy of the chemical elicitor 5-chloro-salicylic acid (5CSA) and the 
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fungal antagonist  U. oudemansii  in suppressing the development of  Botrytis cinerea  
infecting Chardonnay grapevines was compared, when applied alone and in combi-
nation under greenhouse conditions. Treatment with 5CSA reduced the lesion diam-
eter signi fi cantly, when the plants were treated at 7 days before challenge inoculation 
with  B. cinerea . Application of 5CSA or  U. oudemansii  and in combination every 
10–14 days from  fl owering until 1 week prior to harvest signi fi cantly reduced 
Botrytis bunch rot severity in the greenhouse. Levels of disease suppression by the 
treatments did not signi fi cantly differ, but they were signi fi cantly more effective in 
reducing bunch rot, compared with untreated controls. Assessment of Botrytis dis-
ease severity after 14 days of incubation postharvest showed that bunches from 
plants treated with the combination of 5CSA + BCA showed signi fi cant low inci-
dence of disease (<15.2 %), compared with those from untreated controls (83 %). 
The results indicated the effectiveness of the combination of the BCA and elicitor 
of disease resistance in suppressing the bunch rot disease (Reglinski et al.  2005  ) . 

 Biosuppression of gray mold disease pathogen  Botrytis cinerea  by bioagents has 
been inconsistent, because of the variability of environmental conditions in the  fi eld. 
The effectiveness of combining different formulations strategies on the establish-
ment, survival, persistence and ef fi cacy of  Candida sake  CPA-1 applied in the  fi eld 
in order to control  Botrytis cinerea  in grape was assessed. The formulations, liquid 
formulated cells and fresh cells of the strain CPA-1 were applied at  fl owering, pea-
sized berries, veraison and before harvest. In addition, the compound Fungicover® 
(FC), an edible coating was evaluated as a potential additive for CPA-1 treatments. 
Spray applications of different formulations of  C. sake  resulted in colonization of 
bunches under  fi eld conditions and when combined with FC, the BCA had signi fi cantly 
higher survival rates (up to 50 % higher), compared with the CPA-1 without the addi-
tive FC. All treatments with CPA-1 signi fi cantly reduced the incidence of  B. cinerea  
to between 36 and 40 %, while the disease incidence in the untreated control was 
64 %. No signi fi cant differences were observed between CPA-1 treatments and the 
conventional fungicide program recommended. Addition of FC signi fi cantly 
increased the populations of  C. sake  CPA-1 on grape berries throughout the growing 
season and there was signi fi cantly less Botrytis bunch rot, as a result of  C. sake  
CPA-1 applied with FC. However, FC did not have any direct inhibitory effect on 
 B. cinerea . The results indicated that good consistent Botrytis control could be 
achieved by combining  C. sake  CPA-1 and FC which provided more effective protec-
tion than the conventional fungicide program (Cañamás et al.  2011  ) .  

    7.2.2.5   Pierce’s Disease 

 The bacterial pathogen  Xylella fastidiosa  ( Xf ), causing the grapevine Pierce’s dis-
ease, can also infect several economically important crops such as citrus, peach, 
plum and coffee, in addition to grapevines. The bacterial pathogen is transmitted by 
the members of the leafhopper subfamily Cicadelinae (sharpshooters) and of the 
spittlebug subfamily Cercopidae (Purcell  1990  ) . Naturally occurring weakly viru-
lent or avirulent strains of  Xf  were identi fi ed and their biocontrol potential against 
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virulent strains of  Xf  was investigated. The weakly virulent or avirulent strains were 
inoculated into the lower nodes of grapevine cv. Carignane plants in the greenhouse 
and challenged with pathogenic strains 2 weeks later. Several strains provided some 
reduction in symptom development. A strain Syc86-1 from sycamore and two 
strains from elderberry were the most effective in reducing the symptom severity. In 
a 2-year  fi eld evaluation, the strain Syc86-1was effective in limiting the develop-
ment of Pierce’s disease in the cv. Himrod under vineyard conditions. In new vine-
yards with cvs. Flame Seedless and Cabernet Sauvignon, the strain EB92-1 (from 
elderberry) provided effective protection to both grapevine cultivars against the dis-
ease. Strain Syc86-1 was not effective in these vineyard evaluations. Two strains 
from grapevine were less effective, but delayed the symptom development. The 
results indicated that use of benign strains of  Xf , especially strain EB92-1 appeared 
to have potential for use in commercial vineyards for the protection of susceptible 
vine cultivars against the Pierce’s disease (Hopkins  2005  ) .  

    7.2.2.6   Crown Gall Disease 

 Crown gall disease caused by  Agrobacterium vitis , one of the most destructive dis-
eases of grapevines, occurs in several countries. The usefulness of biocontrol 
approach using antagonistic microorganisms to contain the crown gall disease of 
grapevine was investigated.  Agrobacterium rhizogenes  strain K84 was effective 
against  A. tumefaciens  infecting peach, but not against  A. vitis  (Kerr  1980  ) .  Rahnella 
aquatilis  isolated from vineyard soils in Beijing, was evaluated for its biocontrol 
potential against  A. vitis. R. aquatilis  strain HX2 exhibited signi fi cant suppressive 
effect on the development of crown galls in grapevines. Under  fi eld conditions, 
immersion of the basal ends of grape cuttings with HX2 cell suspensions inhibited 
or completely prevented crown gall formation caused by  A. vitis  K308 in the roots 
of the plants growing from the cuttings. The 3-year average disease incidence in 
grapevine plants treated with HX2 was 30.8 %, compared with 93.5 % in untreated 
control plants. Treatment with HX2 strain reduced the proportion of plants with vis-
ible symptoms of crown gall disease and the severity of the disease as well. The 
culture supernatant of HX2 exhibited a stronger suppressive effect on crown gal 
disease management than did the cell suspension. The strain HX2 could be detected 
in the grape rhizosphere grown under  fi eld conditions for up to 90 days after inocu-
lation. The supernatant and cell suspension of HX2 had no adverse effect on the 
total cell density of the microbial community consisting of fungi, bacteria and actin-
omycetes (Chen et al.  2007  ) . Nonpathogenic strains of  Agrobacterium vitis  ARK-1, 
ARK-2 and ARK-3 were evaluated for their ef fi cacy in suppressing crown gall 
development in grapevine seedlings. Stems of grapevine seedlings were inoculated 
with cell suspension of seven mixed strains of  A. vitis  (Ti) as pathogen and one of 
the nonpathogenic strains or  A. vitis  strain VAR03-1 (reported earlier as effective 
suppressor of crown gall), as competitors to determine the effectiveness of suppres-
sion of tumor formation. The nonpathogenic strains ARK-1, ARK-2 and ARK-3 
reduced the tumor incidence, when a 1:1 cell ratio of pathogen/nonpathogenic strain 
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was applied. Strain ARK-1 was the most effective in inhibiting tumor formation and 
it established high populations on roots of grapevine tree rootstock and persisted on 
roots for 1 year. The dead cells or culture  fi ltrate of ARK-1 did not have inhibitory 
effect on tumor formation. The strain ARK-1 showed potential for wider applica-
tion (Kawaguchi and Inoue  2012  ) .   

    7.2.3   Citrus Diseases 

    7.2.3.1   Phytophthora Root Rot Disease 

 Phytophthora root rot disease is caused by  P. parasitica  ( = P. nicotianae ) and  P. citro-
phthora . The disease induces a slow decline that reduces plant vigor, and size and 
number of fruits produced. No biological control approach appeared to have been 
made in the commercial  fi elds. Of the large number of rhizosphere bacterial isolates 
(1,600) tested, only 26 % of the bacterial isolates were effective in reducing the rhizo-
sphere populations of  Phytophthora citrophthora  or  P. parasitica  in greenhouse 
experiments.  Pseudomonas putida  06909 was effective in seedling bed trials. The 
population of  P. citrophthora  was reduced by 45–73 % (Turney et al.  1994  ) . The bac-
terial strain actively adhered to the hyphae of  Phytophthora . In the  fi eld trials, applica-
tion of  Pseudomonas putida  06909-rif/nal increased the populations of the BCA with 
every irrigation, as well as its biocontrol potential against  P. paras itica over that of a 
single annual applications at the start of the irrigation season (Steddom and Menge 
 1998,   1999  ) . A commercial  fi eld fermentor as a means of culturing and delivering the 
BCA  P. putida  06909-rif/nal through irrigation was developed. The fermentor pro-
duced 120 l of inoculum at 5 × 10 8  CFU/ml after 12-h fermentation, allowing two 
applications per day (Steddom and Menge  2001  ) . By employing the  fi eld fermentor, 
 P. putida  06909-rif/nal was applied repetitively during the irrigation season in two 
citrus orchards over 3 years (1997–1999). With weekly applications of the BCA, the 
pathogen populations of  P. parasitica  were signi fi cantly reduced in 1999, but not in 
1997 or 1998. Yearly application of the BCA did not reduce the rhizosphere popula-
tions of  P. parasitica . Repeated applications of  P. putida  strain resulted in signi fi cant 
changes in soil microbial community (Steddom et al.  2002a,   b  ) . 

 Viroids are subviral infectious agents capable of causing diseases in susceptible 
host plant species.  Citrus exocortis viroid  (CEVd) causes an economically important 
citrus exocortis disease. Exocortis-infected ‘Hamlin’ orange [ Citrus sinensis  on 
Rangpur lime ( C. limonia )] rootstock resisted  Phytophthora  infection, but there was 
no consistent differences between the effects of mild and severe strains on  Phytophthora  
lesions (Rossetti et al.  1980  ) . In a later investigation, citrus  viroid-induced resistance 
to  Phytophthora  infection in citrus was assessed by the number of  Phytophthora  
 sporangia in ‘Rio-Red’ grapefruit ( C. paradisi ) bait tissue infected with citrus viroids, 
compared with non-inoculated controls. CEVd E9, a severe isolate of  Citrus exocortis 
viroid  signi fi cantly reduced the number of sporangia in leaves and bark. Citrus viroid 
mixtures signi fi cantly reduced the number of sporangia on bark, leaves and roots, 
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compared with healthy plants. The results showed signi fi cantly reduced  Phytophthora  
sporangia development resulting from a number of viroids in mixed infection. Ef fi cient 
use of the right viroid isolate(s) might result in suppression of  Phytophthora  infection 
in citrus (Thomas et al.  2010  ) .  

    7.2.3.2   Canker Disease 

 Cirus canker disease caused by  Xanthomonas citri  subsp . citri  ( Xcc ) occurs all over 
the world. The bacterial pathogen infects all plant parts stem, leaves and fruits which 
bear cankerous lesions or spots. Application of organic compounds that induce sys-
temic resistance to other crop diseases, has been assessed for its effectiveness for the 
suppression of citrus canker disease. Swingle citrumelo seedlings ( Citrus paradisi  x 
 Poncirus trifoliata ) were treated with imadacloprid, isonicotinic acid or acibenzolar-
 S -methyl (ASM) as soil drenches or with ASM as a foliar spray 1 week prior to 
inoculation of immature leaves with  Xcc . Seedlings were re-inoculated four times 
over a 24-week period. Soil application of systemic acquired resistance (SAR) induc-
ers reduced canker lesions up to 70 %, compared with the untreated inoculated plants. 
The populations of  Xcc  were also reduced due to soil treatment with imadacloprid 
and SAR inducers (Francis et al.  2009  ) . In another investigation, imidacloprid, thia-
methoxam and ASM were evaluated for the suppression of canker disease develop-
ment on Ray Ruby grapefruit trees. All treatments signi fi cantly reduced foliar 
infection by  Xcc  on the combined spring-summer fall  fl ushes. The standard chemi-
cals copper hydroxide and streptomycin (11 sprays at 3-week interval) effectively 
reduced the canker incidence on shoot  fl ushes produced throughout the season, 
compared with the untreated control. On the other hand, soil applied SAR-inducers 
reduced foliar infection, depending on the rate, frequency and timing of application. 
During tropical storm, SAR inducers were generally ineffective and the protective 
ef fi ciency varied, depending on the concentration and timing of application (Graham 
and Myers  2011  ) .  

    7.2.3.3   Citrus Tristeza Disease 

  Citrus tristeza virus  (CTV) has been the primary cause for citrus decline and death 
of citrus propagated on sour orange rootstock, resulting in replanting of citrus, using 
decline-tolerant rootstocks. However, dispersal of severe isolates causing stunting 
and stem-pitting in grapefruit and sweet orange varieties irrespective of the rootstock 
used, necessitated to look for alternative strategies for containing the tristeza disease. 
Cross-protection provided by mild strain of CTV has been used extensively to reduce 
the losses due to the stem-pitting isolates of CTV in Australia (Broadbent et al.  1995  ) . 
Some mild isolates of CTV from apparently healthy Marsh and Thomspson grape 
fruit trees in orchards declining with CTV stem-pitting isolate, when grafted into 
virus-free Marsh grapefruit, protected against stem-pitting isolates transmitted by 
the aphid vector  Toxoptera citricida . The degree of protection varies with the CTV 
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isolate and environmental conditions. Pre-immunization with a mild CTV isolate 
(PB61) protected Marsh grapefruit trees against stem-pitting isolate for about 
35 years (Broadbent et al.  1995  ) . In a later study, the ef fi cacy of the mild strain PB61 
to protect the seedlings against superinfection with a severe grapefruits stem-pitting 
isolate PB219 or two orange stem-pitting (OSP) isolates PB155 or PB235 was 
assessed in the glasshouse. Preimmunization with PB61 provided partial protection 
against superinfection, using aphid-inoculation and delayed superinfection, when 
challenge was by graft inoculation. Pre-immunization with mild isolate did not ame-
liorate expression of OSP symptoms, once superinfection with OSP-inducing iso-
lates was initiated (Zhou et al.  2002  ) . 

 Successful application of cross-protection as a disease management strategy for 
 Citrus tristeza virus  (CTV) depends on the precise identi fi cation and differentiation 
of isolates of CTV is usually dispersed to new areas by propagation of infected buds 
and then it is locally spread in a semi-persistent mode by different species of aphids. 
Identi fi cation of the seedling yellows (SY) and stem-pitting (SP) isolates being a 
major threat to citrus industry in many countries and the mild isolates (non-SY or 
non-SP) could be done by biological indexing on selected indicator plants. Several 
molecular and serological markers have been employed. But lack of knowledge on 
the actual genetic determinants of CTV pathogenicity, the presence of mixed popu-
lations in  fi eld trees and limited sensitivity of detection procedures have been formi-
dable obstacles for their practical use to predict the pathogenic behavior of unknown 
isolates of CTV (Sieburth et al.  2005  ) . A real-time RT-PCR ampli fi cation of 56 
biologically characterized CTV isolates from 20 countries and melting curve analy-
sis of the ampli fi ed DNA products was developed for identi fi cation of the CTV 
isolates. All the mild CTV isolates could be precisely identi fi ed and differentiated 
by this technique. The procedure developed in this study may be applied for quar-
antine and certi fi cation programs to avoid introduction or nursery propagation of 
potentially dangerous isolates in areas where only mild isolates may be prevalent 
(Ruiz-Ruiz et al.  2009  ) .   

    7.2.4   Banana Diseases 

    7.2.4.1   Fusarium (Panama) Wilt Disease 

 Fusarium wilt disease of banana is incited by  F. oxysporum  f.sp . cubense  race 4 ( Foc  R4) 
is considered as one of the most destructive diseases affecting banana crops in all coun-
tries around the world. The pathogen survives as chlamydospores that remain viable in 
the soil for a long time (decades). Hence, the pathogen introduced through suckers into 
the  fi eld, makes it almost impossible to have economic production within a few years. 
Preventive methods based on the use of pathogen-free plantlets produced through tissue 
culture technique and restriction of movement of people, vehicles and equipments may 
reduce the incidence of Fusarium wilt disease (Moore et al.  1999a,   b  ) . Cavandish variet-
ies resistant to Foc R4 have not found market acceptability (Viljoen  2002  ) . 
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 Application of biocontrol agents as alternative strategy for the management of 
Fusarium wilt disease of banana has been examined. The microorganisms isolated 
from soils naturally suppressive to Fusarium wilt have been tested. Nonpathogenic 
strains of  Fusarium oxysporum  (Fo47) and  Pseudomonas  fl uorescens  were effective 
against Fusarium wilt diseases. The potential of nonpathogenic  Fusarium oxyspo-
rum  isolates from the rhizosphere soils of banana root to suppress the development 
of banana Fusarium wilt disease was assessed. Two nonpathogenic  F. oxysporum  
isolates CAV 255 and CAV 241 reduced the Fusarium wilt disease incidence by 
87.4 and 75.0 % respectively. The known Fo47 isolate did not suppress the disease 
signi fi cantly.  P.  fl uorescens  strain WCS417 reduced the disease incidence by 87.4 % 
under greenhouse conditions (Nel et al.  2006  ) . The bacterial bioagents  Serratia 
marcescens  effectively suppressed the development of  F. oxysporum  f.sp . cubense  
race 4 ( Foc  R4). The bacterial culture was formulated using montmorillonite clay 
(carrier), nonfat skimmed milk (NFSM) and sucrose (enrichment materials). The 
materials used for formulation of  S. marcescens  improved the bacterial cell viability 
signi fi cantly. Bioformulation of  S. marcescens  with the above materials was found 
to be useful for both storage and  fi eld application (Ting et al.  2009  ) . 

 The effectiveness of integration of compatible biological and cultural methods 
for the management of Fusarium wilt disease of banana was investigated. Application 
of nonpathogenic, endophytic  Fusarium oxysporum  ( Fo ) strains,  Trichoderma har-
zianum  EcoT®, silicon and mulching using macadamia alone or in combination 
were evaluated under greenhouse and  fi eld conditions. Nonpathogenic  Fo  strains 
were effective in reducing the disease incidence. Amendment with potassium sili-
cate to plants exposed to  Fo  strains, improved plant health of cold-stressed banana 
plants reduced disease severity by more than 50 % and shoot yellowing and wilting 
by 80 %, compared to those treated with  Fo  strains alone. A  fi eld trial was con-
ducted in a location in South Africa where the Fusarium wilt disease was a serious 
problem. Plants treated with combinations of nonpathogenic  Fo ,  T. harzianum  Eco-
T®, silicon and mulch had signi fi cantly better plant growth, compared with single 
application. Nonpathogenic strain N16 was superior to strain N7 in suppressing 
disease development and improving shoot height. The results showed that integra-
tion of nonpathogenic  Fo  strains, silicon and mulching treatments could provide an 
effective disease management option (Kidane and Laing  2010  ) .  

    7.2.4.2   Root Rot Disease 

 Root rot disease caused by  Cylindrocladium spathiphylli  has assumed serious pro-
portions, seriously affecting banana production. Adoption of cultural practices such 
as fallowing and chemical application has been attempted to reduce disease  incidence 
with limited success. The usefulness of employing arbuscular mycorrhizal fungi 
(AMF) for the management of root rot disease of banana was assessed. The four 
AM fungi  Glomus  sp . ,  G. proliferatum ,  G. intraradices  and  G. versiforme  were 
tested. Preinoculation of banana plants with AMFs attenuated the detrimental effect 
of the pathogen  C. spathiphylli . Lower disease severity and stimulation of plant 
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growth were observed in plants inoculated with any of the AM fungi. The mean root 
rot intensity was 29 % in AMF colonized plants as against 57 % in the control 
plants.  Glomus  sp. and  G. proliferatum  stimulated the plant growth to the maximum 
extent and more effectively than the other AMFs tested. Postinoculation of infected 
banana plants with AMFs resulted in decreased intensity of AM fungal root coloni-
zation of the plants. The results indicated application of AM fungi prior to infection 
by  C. spathiphylli  could reduce the disease intensity, in addition to the stimulation 
of plant growth (Declerck et al.  2002  ) . The potential of silicon (Si) in inducing 
resistance to banana toppling disease caused by  C. spathiphylli  was assessed. 
Dipping the root system of banana plants in conidial suspension of the pathogens 
and growing them on soils amended with 2 mM Si reduced the disease intensity. In 
addition, Si amendment exerted growth promotion effect, resulting in the alleviation 
of the negative effects of the pathogen. Application of Si appears to be an eco-
friendly alternative to use of chemicals (Vermeire et al.  2011  ) .  

    7.2.4.3   Leaf Spot Disease 

 The bacterial strain B106 isolated from the rhizosphere soil in banana  fi eld in 
China was identi fi ed as  Bacillus subtilis  based on its 16S rDNA sequence homol-
ogy with related bacteria from GenBank as well as physiological and biochemical 
characteristics. The strain B106 was effective in suppressing the development of 
 Pseudocercospora musae  (teleomorph : Mycosphaerella musicola ), causing banana 
leaf spot disease and  Colletotrichum musae , causing postharvest anthracnose dis-
ease of banana fruits during storage. The cultural conditions for strain B106 were 
optimized for expressing higher antagonistic activity against  P. musae . The antago-
nistic potential of the strain B106 was assessed under greenhouse and  fi eld condi-
tions. Development of banana leaf spot was suppressed by 72.3 % in the greenhouse 
experiment at 10 days after pathogen inoculation. The ef fi cacies of strain B106 
(1 × 10 6  CFU/ml) for controlling both the banana leaf spot diseases in the  fi eld and 
the anthracnose disease at postharvest stage were 48.3 and 48.6 % respectively 
under optimized cultural conditions for the BCA to express its antagonistic poten-
tial. The results indicated that the BCA strain could be tested in different locations 
for further advancement (Fu et al.  2010  ) .   

    7.2.5   Strawberry Diseases 

    7.2.5.1   Verticillium Wilt Disease 

  Verticillium dahliae , a soilborne pathogen, can infect a large number of plant spe-
cies including strawberry. Cultural practices may reduce incidence and severity of 
soilborne diseases by different mechanisms. Crop rotation with broccoli reduced 
soil populations of  V. dahliae  and incidence of wilt disease. Inoculum densities of 
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the pathogen are reduced to a greater extent, when broccoli or Brussels sprouts were 
grown as rotation crop, compared with lettuce. This corresponded to reduction in 
disease in the  fi eld and greater yields (Martin and Bull  2002  ) . In another investiga-
tion, the effectiveness of rotations of strawberry with broccoli, Brussels sprouts and 
lettuce in reducing the soilborne inoculum of  V. dahliae  and  Pythium  spp. and sever-
ity of Verticillium wilt disease was assessed. Rotations did not alter the total popula-
tion levels of  Pythium  spp. at two sites tested. On the other hand,  V. dahliae  
microsclerotia were signi fi cantly reduced with broccoli and Brussels sprouts rota-
tions compared with lettuce rotations at  V. dahliae -infested site. Reduction in 
propagules of the pathogen was re fl ected by lower Verticillium wilt severity on 
strawberry plants in the broccoli and Brussels sprouts rotations, compared with let-
tuce rotations. Furthermore, strawberry plant vigor and fruit yield were signi fi cantly 
lower in lettuce-rotated plots. However, none of the rotation treatments were more 
effective than the standard chemical treatment with methyl bromide + chloropicrin 
for all variables quanti fi ed. Rotation with broccoli and Brussels sprouts could be an 
effective cultural practice for managing Verticillium wilt disease, when methyl bro-
mide is to be phased out (Subbarao et al.  2007  ) . 

 In a later investigation, the effects of broccoli and lettuce rotations on popu-
lation densities of  Verticillium dahliae  and  Pythium  spp. in soil and on straw-
berry ( Fragaria  x  ananassa ) growth and yield were determined in conventional 
and organic production systems. Strawberry was planted after two successive 
crops of broccoli or lettuce. In the control treatment in the conventional  fi eld, 
the soil was fumigated with methyl bromide + chloropicrin prior to strawberry 
planting. No difference in the inoculum densities of  V. dahliae  was noted in 
organic and conventional plots following lettuce rotations. But in plots follow-
ing lettuce rotations, decrease in the inoculum densities of  V. dahliae  in organic 
plots was greater than in conventional plots. Crop rotations did not have any 
consistent effect on the inoculum densities of  Pythium  spp. On the other hand, 
Verticillium wilt incidence in strawberry was lower by 12–24 % in  fi elds rotated 
with broccoli, compared with  fi elds rotated with lettuce. Severity of wilt was 
also reduced to a greater extent in  fi elds rotated with broccoli, compared with 
that in  fi elds rotated with lettuce. The usefulness of employing broccoli rotation 
coupled with postharvest incorporation of broccoli residue was indicated by this 
investigation (Njoroge et al.  2009  ) . 

 An environmentally desirable disease management strategy was developed by 
employing a rhizobacterial species.  Serratia plymuthica  strain HRO-C48 iso-
lated from the rhizosphere of oilseed rape was selected for its high chitinolytic 
activity, ability to produce indole-3-acetic acid and its relative harmlessness to 
human and environment. The biocontrol potential of the strain HRO-C48 was 
assessed for the suppression of the development of  Verticillium dahliae  and 
 Phytophthora cactorum , causing Verticillium wilt and Phytophthora root rot dis-
eases respectively. In the greenhouse assays, treatment with the strain HRO-C48 
reduced Veriticillium wilt by 18.5 % and Phytophthora root rot by 33.4 %. In the 
 fi eld trials conducted in commercial strawberry farms, strawberry roots were 
dipped in the suspension of  S.  plymuthica  prior to planting in naturally infested 



312 7 Biological Disease Management Systems for Horticultural Crops

soils. Incidence of Verticillium wilt disease was reduced to different degrees 
ranging from 0 to 37.7 % with an average of 24.2 %, whereas the increase in 
yield ranged from 156 to 394 % with an average of 296 %. Reduction of 
Phytophthora root rot incidence ranged from 1.3 to 17.9 % with an average of 
9.6 % in the BCA- treated plots. The yield increase due to BCA treatment was 
60 %, compared with nontreated control. Under  fi eld conditions,  S. plymuthica  
strain HRO-C48 could survive in the strawberry rhizosphere for 14 months, after 
root application. The results indicated that by selecting suitable strain of the 
rhizobacterial species, the success rate might be enhanced for the control of two 
important soilborne diseases of strawberry (Kurze et al.  2001  ) .  

    7.2.5.2   Phytophthora Diseases 

  Phytophthora cactorum  causes the destructive crown rot and wilt disease and 
leathery rot on strawberry plants and fruits respectively.  P. fragariae  var . fragar-
iae  is the causative agent of root rot disease. The thermal sensitivity of  Phytophthora  
spp. was assessed to determine the feasibility of applying soil solarization as man-
agement strategy for Phytophthora diseases. Solarized plots reached a maximum 
temperature of 45 °C at the soil depth of 15 cm and  P. cactorum  was killed within 
2 weeks at 15-cm depth, but withstood the adverse effects of soil solarization at 
depths of 30 and 45 cm (Juarez-Palacios et al.  1991  ) . The effect of soil solariza-
tion on the disease incidence and severity of root rot disease was investigated. 
Increase in the soil temperature at 10 cm depth of the soil was between 7 and 
17 °C over that prevailing in nonsolarized soils. Solarization signi fi cantly reduced 
root necroses (P < 0.05) and increased root weight of plants. Infection of straw-
berry by  Pythium ,  Rhizoctonia  and  Cylindrocarpon  spp. was also reduced, in 
addition to infection by  P. fragariae  var . faragariae , due to soil solarization. In 
the second growing season, total number and number of healthy primocanes of cv. 
Qualicum raspberry plants were greater (P < 0.05) in solarized plots, compared to 
nonsolarized controls. Combined application of solarization and the fungicide 
mefenoxam did not provide better protection than solarization alone which was 
more effective than mefenoxam alone. The bene fi cial effect of solarization in sup-
pressing root rot disease in strawberry was obtained for two or more years after 
solarization. The results indicated that soil solarization could become a comple-
mentary component of integrated disease management system for strawberry and 
raspberry (Pinkerton et al.  2002  ) . 

 The effectiveness of raised bed solarization (RBS) alone or in combination 
with chicken manure (CM) amendment, methyl bromide (MB), TeloDrip 
(1,3-dichloropropene + chloropicrin), short RBS combined with reduced doses 
of metham sodium (MS) and TeloDrip was assessed for the control of soilborne 
pathogens,  Phytophthora cactorum  and  Rhizoctonia solani  infecting strawberry. 
Field experiments were conducted in two cropping seasons between 2002 and 
2004. In both seasons, raised bed solarization (for 7 weeks) alone or with CM 
amendment (10 t/ha), MS (50 ml/m 2 ) after 2-week RBS and MB (50 g/m 2 ) 
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signi fi cantly reduced both soilborne diseases. TeloDrip was less effective in 
reducing the disease incidence. All treatments effectively controlled four weed 
species, blue grass ( Poa annua ), common purslane ( Porutlaca oleracea ), red-
root pigweed ( Amaranthus retro fl exus ) and barnyard grass ( Echniochloa crus -
 galli ), commonly found in the strawberry  fi elds. RBS treatment with or without 
CM and 2-week solarization + MS enhanced the total marketable yields to a 
level equal to that could be achieved by MB application in the  fi rst season. On 
the other hand, only RBS and CM amendment were found to be as effective as 
methyl bromide treatment in the second year. The results indicated that raised 
bed solarization procedure could be considered as an alternative to methyl bro-
mide which faces imminent phasing out of  fi eld application (Benlioğlu et al. 
 2005  ) . The effectiveness of soil solarization or  Trichoderma  spp. alone and in 
combination for suppressing the development of  Phytophthora cactorum , caus-
ing crown rot and wilt disease of strawberry was assessed under  fi eld conditions 
for three consecutive years (2000–2003). Solarization was carried out during 
summer, using clear 50-  m  m low density polyethylene mulch.  Trichoderma  sp. 
was applied via drip and dip, adding to the soil at 7 days before planting. 
Strawberry roots were dipped in the suspensions of  Trichoderma  spp. prior to 
planting. Soil solarization reduced the soil population of  P. cactorum  by 100 % 
in the  fi rst year, by 47 % in the second year and by 55 % in the third year, rela-
tive to the untreated control. Application of  Trichoderma  spp. reduced soil pop-
ulations of  P. cactorum  and also reduced leathery rot incidence on strawberry 
fruit by 76 % in the  fi rst year and by 33.8 % in the second year, compared with 
untreated control plots. The combination of soil solarization and  Trichoderma  
spp. reduced the pathogen population to the maximum extent of 88.9, 97.6 and 
99 % in the  fi rst, second and third years respectively. The results indicated that 
the effectiveness of the disease control could be markedly enhanced by the com-
bination of soil solarization and the fungal BCA providing a promising alterna-
tive to chemical application (Porras et al.  2007  ) . 

 Plant activators have been shown to promote the growth of plants and induce 
resistance to several diseases of plants as well. Acibenzolar- S -methyl (ASM) and 
chitosan were evaluated for their ability to induce resistance in strawberry against 
 Phytophthora cactorum , causing rot and red stele disease. Application of ASM and 
chitosan reduced crown rot symptoms and the effect of amelioration of symptom 
intensity was enhanced when the time between treatment and challenge inoculation 
was increased from 2 to 20 days. No signi fi cant differences in the extent of suppres-
sion of disease symptoms could be seen due to increase in the concentrations of 
ASM was increased from 10 to 100   m  g a.i./plant. Inoculation of alpine strawberry 
plants ( Fragaria vesca  var . alpina  cv. Alexandria) with  Phytophthora fragarie  var. 
 fragariae  after treatment with ASM. Chitosan or fungicide fosetyl-Al showed that 
ASM was able to provide good protection to alpine strawberry. But chitosan had no 
effect at all. There was no signi fi cant difference between ASM and fosetyl-Al, when 
applied at the same time of inoculation with the pathogen. The results indicated the 
potential of ASM for use against the root-infecting fungal pathogens of strawberry 
(Eikeno et al.  2003  ) .  
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    7.2.5.3   Rhizoctonia Root Rot Disease 

 Strawberry root rot disease caused by  Rhizoctonia solani  ( = Macrophomina 
phaseolina ) causes high mortality of infected plants under favorable conditions. 
For solarization of the soil, polyethylene  fi lm (30   m  m thick) containing different 
additives-ultraviolet (UV), UV + infrared (IR), UV + IR + antifog (AF) and anti-
dust (AD) and used polyethylene  fi lm (260   m  m thick) were employed. Soil solar-
ization trials were conducted, using the above materials in commercial strawberry 
cv. Camarosa  fi elds. The soil temperatures reached the peak respectively of 54 
and 50.7 °C at a depth of 10 cm under the polyethylene sheet containing UV + IR + 
AF + AD in 2007 and 2008. Viability of the pathogen sclerotia was determined 
under various  fi eld conditions and temperatures. The sclerotia survived for more 
than 18 days at 45 °C and there was a sharp decline in the survival of sclerotia at 
50 °C. Under  fi eld conditions, solarization did not reduce the viability of the 
pathogen at a soil depth of 10 or 20 cm. But signi fi cant reduction in pathogen 
survival (66 %) occurred at a soil depth of 5 cm. Several dicot and monocot weeds 
were entirely killed by soil solarization which, however, was not effective against 
the grass weed  Cyperus rotundus . The marketable fruit yield was signi fi cantly 
increased in polyethylene sheet-covered plots (Yildiz et al.  2010  ) .  

    7.2.5.4   Gray Mold Disease 

  Botrytis cinerea  incitant of gray mold diseases, can infect several crops worldwide. 
Abundant sporulation of  B. cinerea  on dead and senescent plant tissues contributes 
signi fi cantly to the development and the maintenance of epidemic within the crop 
(Sosa-Alvarez et al.  1995  ) . It may be expected that plant sanitation involving 
removal of dead and infected leaves and/or fruits may have some effect on the inci-
dence of gray mold disease of strawberry. The effects of leaf and fruit sanitation on 
the severity of strawberry gray mold disease and leaf spot disease caused by 
 Mycosphaerella fragariae  were assessed. Neither leaf sanitation nor fruit sanitation 
had any bene fi cial effect on the incidence/severity of gray mold disease. However, 
the combination of the one-row-system, leaf- and fruit-sanitation reduced the gray 
mold disease by 50 % in the  fi rst crop year, compared with the two-row-system 
without leaf- and fruit-sanitation. Severity of gray mold disease correlated 
signi fi cantly and positively with plant biomass. On the other hand, leaf spot severity 
was signi fi cantly reduced by about 90 % due to leaf sanitation and by 50 % due to 
planting strawberry in one-row-system, instead of two-row-system. Based on the 
results, it was suggested that for the central humid central European conditions, 
adoption of a one-row-system combined with leaf sanitation in early spring and fruit 
sanitation during harvest might be effective in reducing the risk of damages caused 
by gray mold and leaf spot diseases in strawberry (Schmid et al.  2005  ) . 

 The fungal biocontrol agent  Ulocladium atrum  ( Ua ) was found to be strong com-
petitor in necrotic plant tissues. It could successfully compete with  Botrytis cine rea, 
the gray mold pathogen. The effectiveness of a competitive BCA applied in an 
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 inundative release depends on the inoculum density, frequency of application, the 
application technique and microclimatic conditions around the crop canopy (Cook 
 1993  ) . The biocontrol potential of  U. atrum  in suppressing the development of 
strawberry gray mold disease, using waiting-bed transplants, was assessed under 
 fi eld conditions. The ef fi cacy of fungicide programs,  Ua -spray programs and crop 
sanitation was compared with untreated controls. Under low disease pressure,  Ua -
spray programs effectively reduced gray mold at harvest in four of seven  fi eld trials. 
Sprays of  Ua  starting at transplanting resulted in better control of gray mold than 
sprays starting at the beginning of  fl owering in only one of the  fi ve experiments. 
Removal of necrotic leaves did not affect the level of gray mold which demonstrated 
that strawberry leaves were not a signi fi cant inoculum source for  B. cinerea  in the 
annual cropping system (Boff et al.  2002  ) . The yeast  Pichia guillermondii  and the 
bacterial species  Bacillius mycoides  were evaluated, when applied alone or in com-
bination for their ef fi cacy in suppressing the development of the gray mold patho-
gen  Botrytis cinerea  infecting strawberry. Application of the biocontrol agents as a 
mixture to strawberry leaves suppressed the disease development more effectively 
than the individual BCAs. Further, the greater suppressive effect of the BCA mix-
ture was observed under diverse conditions and also the inconsistency of disease 
control was signi fi cantly reduced. When the mixture of  P. guillermondii  and 
 B. mycodies  was applied as cell suspensions to the root zone of strawberry plants, 
the ef fi cacy of suppression of  B. cinerea  development on inoculated leaves was at 
higher level than when they were applied separately in one experiment. In the other 
experiment,  B. mycoides  reduced the disease severity signi fi cantly, but  P. guiller-
mondii  was not effective. Further, the presence of the yeast in the mixture did not 
improve the disease reduction that could be observed with  B. mycoides  applied 
alone (Fig.  7.10 ) (Guetsky et al.  2002  ) .  

  Bacillus subtilis  isolate S1-0210 was found to be antagonistic to  Botrytis cinerea  
and a wettable powder formulation of the bacterial cells was prepared, using bean 
 fl our, rice  fl our, glucose FeSO 

4
 ⋅7H 

2
 O and MnCl 

2
 ⋅4H 

2
 O. The formulation showed 

  Fig. 7.10    Effect of root treatment with  Pichia guillermondii  (Pg),  Bacillus mycoides  (Bmy) or 
their mixtures on severity of gray mold disease caused by  Botrytis cinerea  in strawberry.  Bars with 
same letters  are not signi fi cantly different (P = 0.05) as per LSD (Courtesy of Guetsky et al.  2002  
and with kind permission of The American Phytopathological Society, MN, USA)       
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85–89 % control ef fi cacies of gray mold incidence on fruits of strawberry plants in the 
greenhouse. The formulated product was evaluated under  fi eld conditions. The fruits 
of all plants showed symptoms of infection in the untreated control plots. In contrast, 
the formulated product of  B. subtilis  effectively reduced the gray mold incidence with 
70 % control ef fi cacy. The bioproduct was as effective as the fungicide diethofencarb-
carbendazim WP. The results indicated that the bioproduct containing  B. subtilis  
isolate S1-0210 could be an effective alternative to the fungicide applied for gray 
mold disease in strawberries (Hang et al.  2005  ) . A process for nutrient activation of 
the conidia of  Trichoderma harzianum  ( atroviride ) at 21 °C accelerated subsequent 
conidial germination of antagonist at temperatures from 9 to 21 °C. Both quiescent 
and preactivated conidia signi fi cantly reduced latent infection in greenhouse-grown 
strawberries at a mean temperature of 19 °C, whereas only preactivated conidia 
signi fi cantly reduced the gray mold disease in the  fi eld at a mean temperature of 
14 °C on the day of application (Hjeljord et al.  2001  ) .  Trichoderma atroviride  LU132 
inhibited development of lesions induced by  B. cinerea  on detached senescing leaves 
and also reduced sporulation compared to control. The isolate LU132 was further 
evaluated under  fi eld conditions over a 2-year period, using three different straw-
berry cultivars. The BCA isolate signi fi cantly suppressed sporulation of  B. cinerea  on 
leaves and  fl ower parts. The extent of disease control provided by  T. atroviride  
LU132 was in equivalence to that of fungicide fenhexamid (Card et al.  2009  ) .   

    7.2.5.5   Powdery Mildew Disease 

 Powdery mildew disease of strawberry has a worldwide distribution in various coun-
tries where strawberry is cultivated. Fungal and bacterial biocontrol agents have been 
evaluated for their ability to suppress the development of the powdery mildew dis-
ease.  Penicillium oxalicum  was effective in reducing disease  development on differ-
ent strawberry cultivars and genotypes in growth chamber and open- fi eld nursery 
conditions. Treatment of strawberry cultivars and lines with  P. oxalicum  reduced 
powdery mildew spread on leaves (De Cal et al.  2008  ) . In another investigation, the 
ef fi cacy of  Ampelomyces quisqualis ,  Bacillus subtilis  and  Trichoderma harzianum  
T-39 in suppressing the powdery mildew disease was assessed. The BCAs effectively 
controlled the powdery mildew, but none of them was more ef fi cient than fungicide. 
When the BCAs were alternated with chemicals, the amount of chemical residues 
was signi fi cantly reduced, while good powdery mildew control was maintained. 
None of the biocontrol agents had any side effects either on the bene fi cial predatory 
mite  Amblyseius andersoni  population or any favorable effect on the pest  Tetranychus 
urticae . Hence, the BCAs, tested in this investigation, can be regarded as safer for 
ecological balance for arthropods in strawberry greenhouses (Pertot et al.  2008  ) .  

    7.2.5.6   Angular Leaf Spot Disease 

 Angular leaf spot disease (ALS) of strawberry caused by  Xanthomonas fragariae  
( Xf ), affects the seedlings in the nurseries. The infected seedlings are the principal 
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mode of pathogen dispersal to the main  fi eld and elsewhere. Hence, disease 
management strategies are directed towards production of disease-free strawberry 
seedlings that are to be exported from USA to European countries. Populations of 
the bacterial pathogen  Xf  were examined for their thermosensitivity. The  Xf  cells 
exposed to 56 and 52 °C were killed completely after 15 and 60 min of exposure 
respectively. However, both treatments killed strawberry plants also. Strawberry 
seedlings of six cultivars were treated with hot water at 44 or 48 °C for 0, 60, 120, 
180 and 240 min. Hot water treatments at 44 °C for 4 h (240 min) or 48 °C for 2 h 
(120 min) reduced pathogen population by 10 5  or 10 6  CFU/ml. These treatments 
minimally affected the vegetative growth of plants bagged dry or wet, but  fl owering 
was adversely affected. The strawberry cultivars varied in their sensitivity to heat. 
By selecting heat-tolerant strawberry cultivar, heat treatment for nursery stock might 
become feasible and it could be applied to supplement standard production prac-
tices for producing pathogen-free nursery stock (Turchek and Peres  2009  ) .   

    7.2.6   Postharvest Diseases of Fruits 

 Various strategies, such as use of disease-free seed and planting materials, disease 
tolerant/resistant cultivars, application of soil solarization and/or antagonistic 
microorganisms and inducers of resistance to diseases have been employed under 
 fi eld conditions, to reduce the incidence and severity of diseases. These strategies 
have been demonstrated to reduce the pathogen load on the harvested fruits that 
are to be stored till they are shipped or marketed. The growing awareness and 
concern about the health hazards and environmental pollution due to chemical 
application have necessitated the acceleration of research and developmental 
efforts to  fi nd alternative nonchemical approaches for the effective management 
of postharvest diseases of fruits during storage. Biological control of diseases of 
fruits of involves the utilization of the biotic and/or abiotic agents that act through 
one or more similar mechanisms to reduce the potential of the pathogen directly 
or indirectly by activating the host defense systems to enhance the level of resis-
tance of the treated fruits. Biocontrol strategies for postharvest diseases of fruits 
include use of antagonists, application naturally-derived compounds and induc-
tion of resistance of fruits by applying live microorganisms or their formulated 
products, physical or chemical agents. The postharvest environments provide 
some unique advantages and challenges for the use of biocontrol approaches. 

    7.2.6.1   Apple Diseases 

 Apples are infected by different fungal pathogens, of which  Penicillium expansum  
causing blue mold disease is more widely distributed under storage conditions. 
Fungal and bacterial biocontrol agents have been applied alone or in combination 
with physical or chemical agents that could provide additive effects on the extent of 
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disease control achieved. The yeast biocontrol agent  Metschnikowia pulcherrima  
T5-A2 in combination with 1-methylcyclopropene (LMCP) was able to protect 
apple fruit against blue mold caused by  P. expansum  and also bitter rot disease 
caused by  Colletotrichum acutatum  on ‘Golden Delicious’ apples under controlled 
atmosphere (CA) conditions. Application of 1-MCP slowed down apple maturation 
and this might extend the action of natural mechanisms of disease resistance 
(Janisiewicz et al.  2003  ) . A portable drencher, capable of drenching a single bin 
of fruit was built to simulate the commercial application of the test suspensions 
to harvested apples in small orchard operations. The drencher required only 125 l 
of treatment solutions and permitted various bin speeds. After placing the wounded 
apples at different positions in the bins, they were drenched with a suspension 
of  P. expansum , followed by treatment with the yeast  Metschnikowia pulcherrima  
alone or in combination with 2 % sodium bicarbonate (SB). Application of the 
yeast BCA reduced the decay on both cultivars and in combination with the 
yeast was the most effective treatment for protection of ‘Golden Delicious’ apple 
(Table  7.2 ). This portable drencher could be useful for evaluation of different 
treatments applied to apples after harvest at the commercial level (Fig.  7.11 ) 
(Janisiewicz et al.  2005  ) .  

 The fungal pathogen  Penicillium expansum , causing blue mold disease of apples, 
produces a mycotoxin patulin in the infected apple fruit tissues. The ability of the 
BCAs  Rhodotorula glutinis  LS11,  Cryptococcus laurentii  LS28 and  Aureobasidium 
pullulans  LD30 to grow in the presence of patulin and to decrease the mycotoxin 
concentration was assessed. The strain LS11 was more effective in reducing the 
decay due to infection by  Penicillium expansum . In addition, accumulation of patu-
lin was signi fi cantly lower in apples pretreated with the strain LS11. The results 
suggested that the yeast cells surviving in decaying apples could metabolize patulin 
and/or negatively affect its accumulation or synthesis (Castoria et al.  2005  ) . In a 
later study, the compatibility of yeasts  Rhodosporidium kratochvilovae  LS11 and 

  Fig. 7.11    A portable 
drencher developed for the 
biocontrol of  Penicillium 
expansum  infecting apples 
under storage (Courtesy of 
Janisiewicz et al.  2005  and 
with kind permission of The 
American Phytopathological 
Society, MN, USA)       
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 Cryptococcus laurentti  LS28 with newly developed fungicides boscalid (BOSC), 
cyprodinil (CYPR) and fenhexamid (FENH) was examined to develop an integrated 
approach for the control of apple blue mold disease. Both BCA strains LS11 and 
LS28 were compatible with BOSC and CYPR, whereas they were strongly inhib-
ited in in vitro assays. When applied alone at low dosage, LS11, LS28, BOSC and 
CYPR reduced blue mold by 35, 52, 67 and 72 % respectively. After 7 days of 
storage, only the integrated treatment based on BCA with BOSC or CYPR resulted 
in lower fungicide residues and patulin (PAT) contamination in apples. The results 
indicated that the effectiveness of the combination of yeast strains with a low 
dose of fungicide could be an ef fi cient and safer strategy to control  P. expansum  and 
keep the fungicide residues as well as PAT contamination in treated apples low 
(Lima et al.  2011  ) . 

 The effect of heat treatment combined with application of the bacterial BCA, 
 Pseudomonas syringae  on the development of blue mold pathogen,  Penicillium 
expansum  was determined. Apple fruits were  fi rst exposed to heat at 38 °C for 4 days 
and wound-inoculated with  P. expansum , followed by treatment with  P. syringae . 
Disease development was assessed, after storage for 7 days at 20 °C or 3 months at 
1 °C. The heat treatment reduced the pathogen population on the apple surface, but 
provided little residual (transient) protection. Application of  P. syringae  further 
enhanced the level of disease control, because of the transient protection, indicating 
the synergistic action of heat and BCA. The combined of heat treatment and BCA 
resulted in substantial reduction of blue mold disease of apple caused by  P. 
expansum  (Leverentz et al.  2000  ) . In another investigation, the eradicative activity 
of heat was integrated with the antagonistic activity of heat-tolerant yeasts. 
Prestorage hot air treatment was applied to apples at 12 h after inoculation with  P. 
expansum , followed by application of yeasts. The biocontrol potential of yeasts was 
signi fi cantly improved by the heat treatment applied earlier (Leverentz et al.  2001  ) . 
Pressure in fi ltration of CaCl 

2
  (0.27 M) followed by application of  Pseudomonas 

syringae  isolate ESC, (a component of BioSave 110) reduced blue mold decay on 
Golden Delicious apples inoculated with  Penicillium expansum , incitant of blue 

   Table 7.2    Ef fi cacy of the yeast biocontrol agent alone or in combination 
with sodium bicarbonate in reducing blue mold disease incidence on two 
apple cultivars under cold storage at −2 °C for 3 months (Janisiewicz 
et al.  2005  )    

 Treatment 

 Decay incidence (%) 

 Delicious a   Golden delicious 

 Control  66.0a  33.1a 
 Sodium bicarbonate (SB)  34.0b  2.7b 
  M. pulcherrima   26.0c  3.3b 
  M. pulcherrima  + SB  8.8d  0.7b 

  Means with the same letter in a column are not signi fi cantly different 
according to Walter-Duncan multiple range test 
  a ‘Delicious’ and ‘Golden Delicious’ apples were treated at 24 h after harvest  
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mold decay to a greater extent, after cold storage for 6 months,  compared to indi-
vidual treatment with either CaCl 

2
  or BCA (Janisiewicz et al.  1998  ) . Integration of 

CaCl 
2
  and BCA provided additional bene fi ts, including reduction in the concentra-

tion of both components and alleviation of certain physiological disorders such as 
bitter pit, without loss of effectiveness of disease control (Janisiewicz and Korsten 
 2002a,   b  ) . 

 Gray mold of apples, another important postharvest disease is caused by  Botrytis 
cinerea . Fungal and bacterial biocontrol agents have been shown to suppress the 
gray mold disease development to different degrees, when applied alone or in com-
bination with other disease-suppressive agents. A biofumigant fungus  Muscodor 
albus  was able to inhibit and kill a wide range of storage pathogens including the 
gray mold and blue mold pathogens. Fumigation of apples for 7 days with the cul-
ture of  M. albus  grown on autoclaved rye grain provided complete control of 
 B. cinerea  and  Penicillium expansum , causing gray and blue mold diseases of apples 
respectively. There was no need for direct contact between  M. albus  and the patho-
genic fungi for its biocontrol activity. Hence, it coul be an attractive biological fumi-
gant for controlling two important postharvest diseases of apples (Mercier and 
Jiménez  2004  ) . The blue and gray molds of apples were more effectively controlled 
by the combined application of the yeast BCA  Candida saitoana  and glycochitosan 
(0.2 %). The effectiveness of disease reduction by the combined application was 
similar to that of the fungicide imazalil. A bioactive coating, consisting of  C. saitoana  
and glycochitosan (0.2 %) controlled the decay of apples more effectively in many 
apple cultivars than either  C. saitoana  or glycochitosan alone. Furthermore, the 
level of disease control was comparable or even better than thiabendazole in reduc-
ing decay, depending on the apple cultivar tested (El-Ghaouth et al.  2000  ) . 

 The effect of treatment of apples with the yeast antagonist  Cryptococcus lauren-
tii  alone or in combination with indole-3-acetic acid (IAA) on the infection by 
 Botrytis cinerea , causing gray mold disease during storage was assessed. The com-
bined treatment with  C. laurentii  and IAA (20   m  g/ml) was more effective in reduc-
ing gray mold disease incidence than the yeast alone. After 4 days of incubation, 
gray mold disease incidence in the combined treatment was about 18 % which was 
a 50 % reduction, compared with yeast treatment alone (Yu et al.  2008  ) .  Cryptococcus 
laurentii  LS28 tolerant to high concentrations of thiabendazole (TBZ), when applied 
with a low dose of TBZ, was more effective than when it was applied alone in sup-
pressing the development of gray mold disease on apple. The combined treatment 
provided prolonged control of fungal decay of apples. The integrated treatment was 
highly effective and durable showing high reduction of decay even after 18 days of 
storage (Lima et al.  2006  ) .  Aureobasidium pullulans  isolate ApB was the most 
effective among the ten isolates tested, in reducing the gray mold disease develop-
ment in apple. It was able to grow in a wide range of temperatures and it was resis-
tant to TBZ, iprodione and imazalil commonly commercially applied fungicides for 
postharvest treatment of apples. The results indicated the adaptability of isolate 
ApB to temperature and feasibility of applying along with the fungicide application 
to provide more effective protection against gray mold disease during storage 
(Vero et al.  2009  ) . 
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 The possibility of enhancing the effectiveness of protection to apples against 
blue and gray mold diseases by combining the bacterial BCA with a compatible 
fungicide was examined.  Pseudomonas syringae  MA-4 and the fungicide cyprodinil 
were applied in combination on apples. The combined application provided greater 
than 90 % control against blue mold caused by  Penicillium expansum . In contrast, 
gray mold caused by  Botrytis cinerea  could be controlled at a reduced concentration 
of cyprodinil (2.5   m  g/ml) and a higher concentration of strain MA-4 (1 × 10 8  CFU/
ml). As cypronidil does not have bactericidal activity, it could be safely combined 
with the bacterial antagonist  P. syringae  (Ting et al.  2002  ) . Blue and gray mold 
diseases infect pears also in storage. The ef fi cacy of  Cryptococcus laurentii  in com-
bination with calcium chloride (CaCl 

2
 ) in suppressing these diseases was assessed. 

Combined treatment of pear fruit wounds with  C. laurentii  and CaCl 
2
  was more 

effective in inhibiting the growth of  Penicillium expansum  (blue mold) and  Botrytis 
cinerea  (gray mold) infections than the BCA or CaCl 

2
  alone. The chemical CaCl 

2
  

elicited resistance responses against molds in fruits, when the time interval between 
CaCl 

2
 -treatment and pathogen-inoculation was increased up to 24 h, being associ-

ated with an activation of the peroxidase activity of pear fruit. The results suggested 
that CaCl 

2-
  reinforced biocontrol ef fi cacy of  C. laurentii  might be due to induction 

of natural resistance in fruits (Yu et al.  2012  ) . 
 The biocontrol potential of  Aureobasidium pullulans  strains L1 and L8 for suppress-

ing the postharvest diseases gray mold ( Botrytis cinerea ), bitter rot ( Colletotrichum acu-
tatum ) or blue mold ( Penicillium expansum ) was assessed. Washed cells of yeast strains 
controlled over 86 % of three types of decay. The cell concentrations of strains L1 and 
L8 were highly correlated with their ef fi cacy (R 2  0.93 to 0.99). The highest concentra-
tion of L1 and L8 (10 8  CFU/ml) provided the best control of  B. cinerea ,  C. acutatum  and 
 P. expansum . But for the control of gray mold, lower concentration (10 7  CFU/ml) was 
suf fi cient for effective suppression of disease development. Population dynamics of L1 
strain in Gala apple increased almost by eight-fold, during the  fi rst 48 h, after treatment 
and remained at high level up to 7 days, indicating the good adaptation of L1 and L8 
strains in wound environments. Dual culture assay revealed the production of volatile 
organic compounds (VOCs) by the yeast antagonists. The VOCs signi fi cantly inhibited 
the growth of all three pathogens tested, compared to the controls. When L1 strain was 
introduced into the wound at 12 h after pathogen inoculation, it exhibited curative effect 
by reducing blue mold and bitter rot by 38 and 50 % respectively, while the greatest 
suppression of gray mold occurred, when fruits were treated with the antagonist at 6 h 
after pathogen inoculation. The results indicated that  A. pullulans  strains L1 and L8 pos-
sessed antagonistic potential to the required level for the effective control of three impor-
tant postharvest diseases of apple (Mari et al.  2012  ) .  

    7.2.6.2   Citrus Diseases 

  Citrus  spp. include several types of delicious fruits grown widely all over the world. 
Citrus fruits are infected by green mold disease caused by  Penicillium digitatum  and 
blue mold caused by  P. italicum  very commonly. Fungal and bacterial biocontrol 
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agents either alone or in combination with physical or chemical agents have been 
applied to enhance the effectiveness of disease control. The combination of curing 
(at 37 °C for 72 h, 95 RH) of grapefruits inoculated with  P. digitatum  and after 
incubation for 1, 36 or 72 h at 25 °C and application of the yeast  Candida famata  ( = 
Torulopsis candida ) was evaluated for the control of decay. The combined treat-
ments carried out within 36 h after inoculation with the pathogen, signi fi cantly 
reduced the decay percentage, both during storage and after a simulated marketing 
period of 1 week (D’hallewin et al.  1999  ) . The yeast  Candida oleophila  was effec-
tive against the green mold disease infecting citrus. The commercial product Aspire, 
based on  C. oleophila  is recommended for application against citrus postharvest 
decay. It restricted the development of  P. digitatum  through multiple mechanisms of 
biocontrol activity like nutrient competition, site exclusion and direct mycoparasit-
ism. Application of  C. oleophila  to surface wounds or intact ‘Marsh Seedless’ 
grapefruit, elicited systemic resistance against  P. digitatum . Induction of pathogen 
resistance in fruit was pronounced 24 h after elicitation (Droby et al.  2002  ) . Blue 
mold decay on oranges was completely suppressed by applying  Cryptococcus lau-
rentii  prior to inoculation with  P. italicum  and incubation at 20 °C for 5 days at 4 °C 
for 30 days. Ef fi cacy of  C. laurentii  was reduced, when inoculated oranges were 
treated with the BCA (Zhang et al.  2005  ) . 

 The bacterial BCA  Pantoea agglomerans  CPA-2 was investigated for its poten-
tial to suppress the development of green and blue mold diseases caused respec-
tively by  Penicillium digitatum  and  P. italicum  in citrus, when applied alone or in 
combination with sodium bicarbonate or sodium carbonate solutions under ambient 
(20 °C) and cold storage (3 °C) conditions.  P. agglomerans  controlled both the 
pathogens  P. digitatum  and  P. italicum  at a concentration of 2 × 10 8  CFU/ml. The 
ef fi cacy of  P. agglomerans  was improved, when combined with sodium bicarbonate 
(SBC), resulting in complete and 97.6 % reduction of decay incidence at 3 and 
20 °C respectively, when compared with untreated controls. Use of bicarbonate 
(2 %) treatment followed by application of the bacterial BCA could be an effective 
alternative to fungicide application for the management of postharvest disease of 
oranges (Teixidó et al.  2001  ) . Commercial trials conducted with a formulated prod-
uct based on the strains CPA-2 showed that natural decay due to  P. digitatum  and 
 P. italicum  was signi fi cantly reduced by the treatment of SBC (3 %) at 5 °C for 40 s. 
The effectiveness of the treatment was equal to that of chemical treatments in reduc-
ing both green and blue mold disease (Torres et al.  2007  ) . 

 In another investigation, the effect of application of  Pantoea agglomerans  CPA-2 
alone or in combination with a curing treatment at 33 °C for 65 h on the development 
of green mold ( P. digitatum ) on lemon stored at ambient and cold storage conditions 
was determined. Curing  P. agglomerans -treated lemons at 33 °C for 65 h, entirely 
eliminated 24-h infections on arti fi cially inoculated lemons stored at 20 °C for 
14 days and on naturally infected lemons stored at 10 °C for 3 weeks plus seven 
additional days at 20 °C (Plaza et al.  2004  ) . The effectiveness of the combination of 
 Pseudomonas  spp. with dipping in hot sodium bicarbonate solution for the control of 
green mold disease on oranges was also demonstrated, providing evidence for its 
potential to be considered as an alternative to the fungicides (Zamani et al.  2009  ) . 
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The ef fi cacy of  P. agglomerans  was evaluated for the suppression of  Penicillium 
digitatum , causing green mold disease in Thomson Navel orange, when applied 
alone or in combination with dipping in 3 % sodium bicarbonate solution at 24 °C 
and 45 °C and stored at 20 °C (ambient) and 4 °C (cold storage).  P. agglomerans  
alone reduced green mold incidence by 75 % at both temperatures. But the BCA 
alone was not as effective as the fungicide imazalil.  P. agglomerans  was completely 
tolerant to sodium bicarbonate (SBC) up to a concentration of 3 %. The ef fi cacy of 
the bacterial BCA was enhanced at least by 5 and 11 %, when combined with 3 % 
sodium bicarbonate at 24 and 45 °C respectively. The combination of  P. agglomerans  
and sodium bicarbonate provided protection to high levels consistently and has the 
potential for use as an alternative to chemical application for the control of posthar-
vest decay in citrus (Zamani et al.  2009  ) . The effects of pre- and postharvest application 
of sodium bicarbonate (SB), sodium carbonate (SC), sodium silicate (SS), potassium 
bicarbonate (PB), potassium carbonate (PC), potassium sorbate (PS), calcium chlo-
ride (CC) and calcium chelate (CCh) on the incidence of postharvest decay due to 
 Penicillium digitatum  and  P. italicum  on ‘Commune’ Clementine and ‘Valencia Late’ 
oranges were investigated. Aqueous salt solutions (2 % w/v, 20 hl/ha) were applied 
as preharvest sprays, or dipping after harvest and combination of sprays and dipping. 
Preharvest sprays and the combinations were more effective in suppressing decays 
than preharvest dipping. SC and PC completely suppressed decay development on 
Clementine and orange. Other salts reduced decays by 66–100 % and 78–100 % on 
oranges and Clementines respectively. Postharvest dipping was generally less effec-
tive, SC and PC being superior to other salts. The minimum inhibitory concentration 
(MIC) for both  P. digitatum  and  P. italicum  was 0.25 % for SB, SC, PB, PC, PS and 
SS. The results indicated that  fi eld application of salts could be a useful disease man-
agement strategy that might be included in integrated system for controlling posthar-
vest diseases of citrus fruit (Youssef et al.  2012  ) . 

 The biocontrol potential of  Bacillus  spp. for the control of green mold disease of 
citrus was evaluated.  Bacillus subtilis  strain GB03 was effective as the standard fun-
gicide thiabendazole (TBZ) at 1,000 ppm concentration. The strain GB03 was most 
effective at 30 °C giving maximum reduction in disease incidence (Zhang and Dou 
 2002  ) . The ef fi cacy of  B. amyloliquefaciens  HF-01 in reducing the incidence of cit-
rus green mold caused by  Penicillium digitatum  and blue mold caused by  P. italicum  
was assessed, when applied alone or in combination with tea saponin (TS). The 
strain HF-01 signi fi cantly reduced the incidence of mold diseases, but it was less 
effective, compared with the fungicide treatment. The ef fi cacy of HF-01 was 
signi fi cantly improved, when it was combined with TS (50   m  g/ml) and the combined 
treatment was as effective as the fungicide treatment (>90 % control).  B. amylolique-
faciens  with a low dosage of TS signi fi cantly reduced postharvest decay without 
impairing any of the fruit quality parameters. The combination of HF-01 strain and 
TS could be useful as an effective alternative to synthetic fungicides for the control 
of citrus postharvest diseases (Hao et al.  2011  ) . Wax coatings enriched with antifun-
gals have been used to protect harvested citrus fruit against postharvest diseases. 
Essential oil (EO) of  Cinnamomum zeylandicum  was incorporated into commercial 
waxes shellac, carnauba, paraf fi n and polyethylene. The protective activity of these 
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formulations against citrus blue and green mold diseases, as well as their viscosity 
and adherence to the orange fruit surface were assessed. Excellent disease suppres-
sion was provided by  C. zeylandicum  EO incorporated in shellac and/or carnauba 
wax, compared to other formulations tested. The effectiveness of the formulations 
depended on the volume that remained on fruit surface and retention of EO compo-
nents on the fruit (Kouassi et al.  2012  ) .  

    7.2.6.3   Grape Diseases 

 Postharvest decay of grapes is due to infection of berries by fungal pathogens 
 Botrytis cinerea ,  Alternaria  spp. and  Aspergillus niger . The need for early detection 
of  Botrytis cinerea , causing latent infections in the berry-pedicel attachment and 
stamens, as a tool to improve postharvest quality of table grapes was demonstrated. 
A quantitative real-time PCR (qPCR) method was developed, based on a probe 
designed on  B. cinerea  intergenic spacer (IGS) region. The method allowed reliable 
detection of pathogen in naturally infected asymptomatic tissues (Sanzani et al. 
 2012  ) . The ef fi cacy of application of the yeast  Metschnikowia fructicola  alone or in 
combination with ethanol or sodium bicarbonate (SBC) was assessed for the control 
of decay of table grapes. The vines were treated at 24 h before harvest and the extent 
of decay was assessed at different period of storage. All treatments signi fi cantly 
reduced the total number of decayed berries by the fungal pathogen after storage for 
30 days at 1 °C, followed by 2 days at 20 °C. In three experiments, a mean gray 
mold incidence ( Botrytis cinerea ) of 34.2 infected berries/kg in untreated controls 
was reduced by  M. fructicola  (2 × 10 7  CFU/ml), ethanol (50 %) or SBC at 2 % to 
12.9, 8.1 and 10.6 infected berries/kg respectively. The ef fi ciency of  M. fructicola  
was not improved, when combined with ethanol or SBC treatments (Fig.  7.12 ). 
Phytotoxic symptoms due to treatments with the yeast and SBC were visible on the 
rachis and berries.  M. fructicola  populations persisted on the berries during storage, 
when applied alone or after ethanol treatment, whereas SBC reduced the yeast pop-
ulation signi fi cantly (Karabulut et al.  2003  ) .  

 The physical agents and naturally-derived organic compounds have been 
reported to suppress the development of postharvest diseases during storage. The 
effectiveness of chitosan treatment of table grapes alone or in combination with 
ultraviolet (UV-C) radiation to control gray mold caused by  Botrytis cinerea  was 
assessed. Clusters of cvs. Thompson Seedless, Autumn Black and Emperor were 
sprayed in the vineyard with chitosan (1 %) and then harvested daily for 5 days, 
followed by inoculation with  B. cinerea . Decay incidence and disease severity 
were signi fi cantly reduced by chitosan which was most effective on berries har-
vested 1 or 2 days after treatment. In another experiment, grape berries were 
sprayed in the vineyard with chitosan, harvested 2 days later, irradiated for 5 min 
with UV-C and inoculated with  B. cinerea  2 days later. Combined chitosan and 
UV-C treatments applied to cv. Autumn Black or selection B36-55 were synergis-
tic in their action and reduced gray mold incidence and severity to a greater extent, 
compared with either treatment alone. The results indicated the usefulness of a 
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combination of preharvest and postharvest treatments with chitosan and UV-C 
irradiation in reducing gray mold disease incidence and severity effectively 
(Romanazzi et al.  2006  ) .  

    7.2.6.4   Banana Diseases 

 The ef fi cacy of sodium bicarbonate (NaHCO 
3
 ) in the suppressing the development 

of  Colletotrichum musae , causing anthracnose disease was assessed. Addition of 
NaHCO 

3
  inhibited mycelial growth, spore production and germination and appres-

soria formation in vitro, by increasing pH (from 6.9 to 8.7) of potato dextrose (PD) 
broth. Postharvest dip of banana fruits in 300 mM NaHCO 

3
  for 10 min reduced the 

lesion area of anthracnose disease on arti fi cially inoculated fruits. Natural infections 
of anthracnose, crown rot and blossom end rot were also reduced signi fi cantly in 
fruit following treatment with 300 mM NaHCO 

3
  for 10 min. The effect of combined 

treatment with NaHCO 
3
  and the bacterial antagonist  Burkholderia spinosa  on 

anthracnose disease development was investigated. Dipping banana fruit in 300 mM 
NaHCo 

3
  solution for 10 min, followed by dipping them in suspension of  B. spinosa  

in nutrient broth (1 × 108 CFU/ml) effectively reduced anthracnose as well as crown 
rot and blossom-end rot diseases of banana cv. Kolikuttu. Increase in pH, total sol-
uble solids and thickness of fruit peel due to treatment with NaHCO 

3
  might have an 

indirect or cumulative effect on reduction of postharvest disease incidence in banana 
(De Costa and Gunawardhana  2012  ) . 

 The fungal pathogens  Lasiodiplodia theobromae ,  Thielaviopsis paradoxa , 
 Colletotrichum musae  and  Fusarium veriticllioides  are associated with crown rot 

  Fig. 7.12    Effect of application of sodium bicarbonate (SBC), Yeast  Metschnikowia fructicola  sul-
fur dioxide (SO 

2 
) or ethanol alone or in combination on the postharvest decay of Thompson Seedless 

table grapes treated 24 h before harvest and stored for 6 days at 20 °C (Courtesy of Karabulut et al. 
 2003  and with kind permission of The American Phytopathological Society, MN, USA)       
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disease of banana fruit.  Trichoderma harzianum  strain DGA01 reduced the infection 
of banana fruit by crown rot pathogens. The effect of combination of  T. harzianum  
with hot water treatment at 50 °C for 20 min on disease suppression was assessed, 
after storage at 22–25 °C and 90–95 % RH for 2 weeks. The bioef fi cacy of  T. har-
zianum  was enhanced by 11.4 % by combination with hot water treatment. The 
development of all crown rot pathogens was suppressed by the combined treatment. 
The strain DGA01 germinated on the fruit at 48 h after inoculation and parasitized 
the pathogens. Postharvest application of the BCA or hot water treatment separately 
was not effective, as the fungicide treatment. On the other hand, the combination of 
hot water treatment and DGA01 strain provided 93 % control of fruit decay which 
was in equivalence to the fungicide treatment (95 %). The quality of fruit was also 
markedly improved by hot water treatment in combination with the BCA to the level 
that could be achieved with fungicide treatment. The results indicated the usefulness 
of the combination of the fungal BCA and hot water treatment that could be an effec-
tive alternative to chemical treatment (Alvindia and Acada  2012  ) .    

    7.3   Management of Diseases of Plantation Crops 

    7.3.1   Tea Diseases 

    7.3.1.1   Blister Blight Disease 

  Exobasidium vexans , the incitant of blister blight disease, causes extensive damage 
to leaf tissues, affecting tea leaf production. The ef fi cacy of bioformulations based 
on the plant growth-promoting rhizobacterial species  Pseudomonas  fl uorescens  
strain Pf1 in suppressing the development of blister blight disease was assessed 
under  fi eld conditions for two seasons. The bioproduct was applied as foliar spray 
at an interval of 7 days. Incidence of blister blight disease was consistently reduced 
by the biocontrol agent. The effectiveness of the strain Pf1 was almost equal to that 
of the fungicide. In addition, the tea yield was signi fi cantly enhanced by treatment 
with Pf1. The bacterial BCAwas considered to protect the tea plants by stimulating 
the natural defense systems, resulting in reduction in disease incidence and also 
plant growth (Saravanakumar et al.  2007  ) .  

    7.3.1.2   Phomopsis Canker Disease 

 Phomopsis canker disease infecting tea is caused by  Phomopsis theae , is responsible 
for extensive drying of twigs under high disease pressure conditions. The comparative 
ef fi cacy of biological control agents and the fungicides was assessed under  fi eld condi-
tions. Soil application and wound protection with biological control agents  Gliocladium  
( = Trichoderma )  virens  and  Trichoderma harzianum  were more effective in protecting 
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tea plants against  P. theae  than the fungicides. The systemic fungicides carbendazim 
applied as soil drench was more effective than copper oxychloride and mancozeb used 
for wound dressing.  G. virens  was more ef fi cient in curing the cankers than  T. har-
zianum  and enhanced the yield of tea leaves as well. The initial carbohydrate level of 
9.15 % increased to 11.89 %, when rejuvenated plants (pruned to healthy tissues) were 
treated with  G. virens  (Ponmurugan and Baby  2007  ) .  

    7.3.1.3   Bird’s Eye Spot Disease 

 Tea bird’s eye spot disease caused by  Cercospora ocellata  ( = C. theae ) is respon-
sible for considerable loss of foliage. The ef fi cacy of plant products, bacterial and 
fungal biocontrol agents in reducing the disease incidence was assessed in compari-
son to fungicides under  fi eld conditions. Systemic fungicides were more ef fi cient in 
controlling the disease. However, maximum green leaf yield was signi fi cantly 
increased by the biocontrol agents.  Streptomyces sannanensis  enhanced the leaf 
yield to the maximum extent, followed by  Trichoderma harzianum . Two different 
carrier materials were used for formulating the BCAs. Vermicompost-based biofor-
mulation was more effective than talc-based formulation.  S. sannanensis  protected 
the tea plants more effectively than  Pseudomonas  fl uorescens  and  T. harzianum  and 
also in enhancing the yield potential of tea plants. The parameters, plucking surface 
of the bush, number of plucking points/unit area, internodal length, leaf moisture 
and dry matter contents were greater in plots treated with biocontrol agents than 
those in plots treated with fungicides. In addition, the leaf quality parameters such 
as total liquor color, thearubigins, thea fl avins, highly polymerized substance and 
caffeine were signi fi cantly improved by treatment with BCAs (Gnanambigai and 
Ponmurugan  2012  ) .  

    7.3.1.4   Anthracnose Disease 

 Anthracnose disease caused by  Colletotrichum theae - sinensis  is another major dis-
ease affecting tea leaf production markedly. The antagonistic bacterial species 
 Bacillus subtilis  BD0310 effective against anthracnose disease was isolated from 
the phylloplane of tea trees. The suspension concentrate (SC) of the biofungicide 
was formulated. Cell viability and antifungal activity of  B. subtilis  were maintained 
in the formulation for more than 12 months at room temperature. The antagonist 
was sensitive only to copper sulfate among the four fungicides and seven insecti-
cides tested. Under greenhouse conditions, the biofungicide controlled the disease 
more effectively in a protective mode than in a curative mode under  fi eld conditions. 
Alternated application of the biofungicide and fungicide were more effective in 
controlling the anthracnose disease than by the fungicide or biofungicide applied 
alone. The results showed that the anthracnose disease of tea could be effectively 
managed by alternate applications of  B. subtilis  and fungicide which could result in 
the restriction of chemical use (Kim et al.  2009  ) .   
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    7.3.2   Coffee Rust Disease 

 Coffee rust disease caused by  Hemileia vastatrix  has ruined coffee industry, because 
of its highly destructive nature. Development of alternative approaches to the con-
ventional fungicide application has been considered as a priority for coffee produc-
tion especially for organic coffee production. The endophytic bacterial species 
 Bacillus lentimorbus  and  B. cereus  were isolated from leaves and branches of  Coffea 
arabica  and  C. robusta .  B. lentimorbus  isolate TG4-Ia and  B. cereus  isolate TF9-Ia 
were more effective in suppressing the development of leaf rust disease on leaf 
discs, detached leaves and coffee plants (Shiomi et al.  2006  ) . Seven bacterial iso-
lates obtained from coffee plants were evaluated for their ef fi cacy in reducing the 
disease incidence.  Bacillus  sp. isolate B157 and  Pseudomonas  sp. isolate 286, 
selected because of their higher ef fi cacy, were tested under  fi eld conditions, along 
with copper hydroxide and calcium silicate. None of the treatments was effective 
under high disease pressure (23.8 %) conditions. When the disease pressure was 
moderate (7.5 %), signi fi cant differences in disease incidence and severity between 
treatments could be observed. Both  Bacillus  sp. and  Pseudomonas  sp. were equally 
effective as copper hydroxide in reducing coffee rust disease incidence and severity. 
 Bacillus  sp. was more effective than  Pseudomonas  sp. The results indicated the 
potential of the bacterial BCAs as possible alternatives to application of fungicides 
(Haddad et al.  2009  ) . In another investigation, the fungicides Bordeaux mixture and 
Bayleton and the bacterial BCAs  Bacillus subtilis  and  Pseudomonas  fl uorescens  
were evaluated for their ef fi cacy against coffee rust disease. The bacterial BCAs 
were less effective, compared with the fungicides in reducing the disease index. 
Bayleton was the most effective in reducing the disease intensity by 71.84 %, fol-
lowed by Bordeaux mixture (53.37 %). On the other hand,  B. subtilis  could reduce 
the disease index by 42.98 %, whereas  P.  fl uorescens  reduced the disease index by 
33.65 %. The combination of the biocontrol agents did not improve the effective-
ness of rust disease control (Daivasikamani and Rajanaika  2009  ) .  

    7.3.3   Cocoa Diseases 

 The ef fi cacy of fungal biocontrol agents in suppressing the diseases of cocoa trees 
and pods has been assessed in in vitro assays and also under  fi eld conditions. 

    7.3.3.1   Witches Broom Disease 

 Witches broom disease caused by  Moniliophthora  ( = Crinipellis )  perniciosa  is one of 
the most devastating diseases of cocoa, resulting in severe economical, social and envi-
ronmental problems in certain countries like Brazil. Five native mycoparasite strains of 
 Clonostachys rosea  isolated from cocoa trees or basidiocarps of  M. perniciosa  were 
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evaluated for their ability to suppress the symptoms of witches’ broom disease. None 
of the strains of  C. rosea  was effective under  fi eld conditions. However, the combina-
tion of  fi ve strains (G-1–G-5) of  C. rosea  consistently showed high level of biocontrol 
activity against  M. perniciosa  (Krauss and Soberanis  2001  ) . The antagonistic potential 
of  Trichoderma stromaticum  for suppressing the development of the pathogen  M. per-
niciosa  was investigated. Sixty three isolates of  T. stromaticum  were applied on brooms 
and placed under typical conditions of shaded cocoa plantations during two periods of 
3 months each. The percentages of sporulation of the BCA and severity of disease were 
assessed to determine the effectiveness of treatment with the BCA. The results indi-
cated a high phenotypic variation among isolates of  T. stromaticum . The rates of spo-
rulation of  T. stromaticum  were negatively correlated with the presence of  M. perniciosa  
in the brooms. Many isolates of the BCA reduced the incidence of  M. perniciosa  more 
effectively than the reference isolate. Contrasting isolates with different ef fi ciencies 
were assessed under  fi eld conditions. The results partially con fi rmed their biocontrol 
phenotypes, but also suggested isolate-speci fi c responses to environmental variations. 
Inhibition of  M. perniciosa  basidiospore germination by total protein secreted in cul-
ture supernatants of  T. stromaticum  isolates correlated well with the  fi eld results. The 
procedure developed in this investigation may be useful for prescreening of large num-
ber of isolates for selection of ef fi cient ones (Loguercio et al.  2009  ) .  

    7.3.3.2   Cocoa Pod Diseases 

 Cocoa pods are affected by frosty pod rot disease caused by  Moniliophthora  
( = Crinipellis )  roreri  and black pod disease caused by  Phytophthora palmivora . 
The ef fi cacy of two mycoparasitic fungi  Clonostachys byssicola  and  Trichoderma 
asperellum   fi eld conditions. These BCAs were applied using motorized mist blow-
ers (MMs) and hydraulic sprayers  fi tted with a narrow angle cone nozzle. Copper 
hydroxide, as prophylactic sprays at 1,500 g a.i./ha was found to be cost-effective 
and gave consistent protection against the black pod disease. The BCAs did not 
improve the yield of healthy pods (Bateman et al.  2005  ) . Black pod rot disease 
affects the cocoa pods seriously in all countries inducing average losses above 30 %. 
The ef fi cacy of endophytic fungus  Trichoderma martiale  strain ALF 247 in sup-
pressing the development of  Phytophthora palmivora  was assessed. When the strain 
ALF247 was applied at concentrations ranging from 1 × 10 4  to 5 × 10 7  conidia/ml, 
the disease severity was reduced in proportion to the BCA propagules. The ef fi ciency 
of the strain ALF247 was not affected by the addition of vegetable oil and/or sucrose 
in the formulation. The BCA was not sensitive to the fungicides copper hydroxide 
and fosetyl-AL, as re fl ected by the effect on conidial germination. The population 
of  T. martiale  was reduced progressively after application on cocoa pods after a 
period of 30–40 days, with concomitant increase in the severity of black pod dis-
ease. Rice grains as solid substrate supplemented with calcium carbonate favored 
rapid multiplication of  T. martiale . The results revealed the potential of  T. martiale  
for application against the black pod rot disease of cocoa pod (Hanada et al.  2009  ) . 
Effectiveness of  Pseudomonas  fl uorescens  was applied as liquid formulation as soil 
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drench and foliar spray for suppressing the infection of  Phytophthora palmivora . 
The disease incidence was reduced signi fi cantly, in addition to increase in dry bean 
yield with higher cost-bene fi t ratio compared to other treatments (Fig   .  7.13 ) 
(Dr. P. Muthulakshmi, Tamil Nadu Agricultural University, Coimbatore, India; 
Personal communication).         
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