Biological control
Learning Objectives

· What is biological control, what are the benefits of its use? 

· Mechanism of biological control

· Requirements of successful bio-control 

· Working examples of bio-control 

What is a disease?

· “A harmful deviation from normal functioning of physiological processes” 

· “Dis-Ease” 

General Principles of disease control

· Exclusion: Prevent pathogens from being introduced in the first place

· Eradication: If pathogens are established measures are taken to stop the spread and reduce populations

· Protection: Isolate the host from the pathogen

· Resistance: Plant is equipped with disease resistance

Types of control methods
· Biological control
· Cultural control

· Regulatory or legislative control

· Chemical control

· Mechanical control
· Integrated Pest Management: use of alternative methods to avoid use of harmful chemicals 
What is Biological control?
The term "biological control" was first used by Harry Scott Smith at the 1919. It was made popular by the entomologist Paul H. DeBach (1914–1993) who worked on citrus crop pests. First known use of biological control is use of large yellow ants with long legs ( Oecophylla smaragdina) to protect oranges from worms by Chinese.   Biological control techniques as we know them today started to emerge in the 1870s. The first international shipment of an insect as biological control agent was made by Charles V. Riley in 1873, shipping to France the predatory mites Tyroglyphus phylloxera to help fight the grapevine Phylloxera (Daktulosphaira vitifoliae) that was destroying grapevines in France.
The term biological control was first coined with reference to the biological control of insects. It is also known as suppression of insect populations by native or introduced enemies. It is the reduction of pest populations by natural enemies typically involving an active human role. Biocontrol of plant diseases involves the use of another organism or organisms to inhibit the pathogen and reduce disease. The basic idea involves a strategy for reducing disease incidence or severity by direct or indirect manipulation of microorganisms. 
In a very generic term it can be designated as a population-leveling process in which the population of one species lowers the number of another. In other words it can be said that Biological control is a method of controlling pests such as insects, mites, weeds and plant diseases using other organisms. It relies on predation, parasitism, herbivory, or other natural mechanisms, but typically also involves an active human management role. 
Broadly, the term is also applied to the use of herbal formulations (the natural products) for control of pathogen and pests. These natural products may be simple mixtures of natural ingredients having specific activities or complex mixtures with multiple effects on the host as well as the target pest or pathogen. Such products may imitate the activities of living organisms, but it is more proper to refer to them as biopesticides or biofertilizers, depending on the primary benefit provided to the host plant.

U.S. National Research Council took into account modern biotechnological developments and referred to biological control as “the use of natural or modified organisms, genes, or gene products, to reduce the effects of undesirable organisms and to favor desirable organisms such as crops, beneficial insects, and microorganisms”.

Natural enemies of insect pests, also known as biological control agents BCAs, include predators, parasitoids, pathogens, and competitors. Biological control agents of plant diseases are most often referred to as antagonists. Biological control agents of weeds include seed predators, herbivores and plant pathogens.

Why use biological control?  

Biological control agents are usually Expensive, Labor intensive as well as Host specific where as chemical pesticides are cost-effective, easy to apply and Broad spectrum so what are the reasons for shift of world focus towards biological control? The reason is that chemical pesticides cause ecological, environmental, and human health problems, require yearly treatments and are toxic to both beneficial and pathogenic species. On the other hand biological control agents are non-toxic to humans, do not pose a threat to water contamination and once introduced colonized may last for years are host specific and only effect one or few species.
Disadvantages of Biological control:

Biological control can have side-effects on biodiversity through attacks on non-target species by any of the same mechanisms, especially when a species is introduced without thorough understanding of the possible consequences. Many of the most important pests are exotic, invasive species that severely impact agriculture, horticulture, forestry and urban environments. They tend to arrive without their co-evolved parasites, pathogens and predators, and by escaping from these, populations may soar. Importing the natural enemies of these pests may seem a logical move but this may have unintended consequences; regulations may be ineffective and there may be unanticipated effects on biodiversity, and the adoption of the techniques may prove challenging because of a lack of knowledge among farmers and growers
Biological control can affect biodiversity through predation, parasitism, pathogenicity, competition, or other attacks on non-target species.[88] An introduced control does not always target only the intended pest species; it can also target native species. However, host range and impacts need to be studied before declaring their impact on the environment
Types of Biological Control

1. Classical (importation),: The practice of importing, and releasing for establishment, natural enemies to control an introduced (exotic) pest, although it is also practiced against native insect pests. 
2. Inductive (augmentation): in which a large population of natural enemies are administered for quick pest control. It involves the supplemental release of natural enemies that occur in a particular area, boosting the naturally occurring populations there. Augmentation of antagonists naturally involves two approaches. The first is direct augmentation, at potential infection sites or zones, with organisms antagonistic or parasitic to the pathogens themselves. In this approach, the antagonist population is directly responsible for disease suppression. A second approach is to inoculate plants with nonpathogenic organisms that prompt general plant defenses against infection by pathogens (induced resistance). Disease control is then achieved through greater plant resistance to infection.
3. Conservation (inoculative) : in which measures are taken to maintain natural enemies through regular re-establishment or  Habitat Management to provide conditions that promote biological control. Natural enemies are already adapted to the habitat and to the target pest, and their conservation can be simple and cost-effective, eg.  nectar-producing crop plants grown in the borders of rice fields provide nectar to support parasitoids and predators of planthopper pests and have been demonstrated to be so effective (reducing pest densities by 10- or even 100-fold) that farmers sprayed 70% less insecticides and enjoyed yields boosted by 5%.[31] . The methods are based on:

· Understanding Community Food Webs

· Manipulating Habitats to create Refuge 

· Understanding how Landscapes act as “Filters” for large-scale and long-term movement of organisms

Cropping systems can be modified to favor natural enemies, a practice sometimes referred to as habitat manipulation. Providing a suitable habitat, such as a shelterbelt, hedgerow, or beetle bank where beneficial insects such as parasitoidal wasps can live and reproduce, can help ensure the survival of populations of natural enemies.
Mechanisms of biological control of plant pathogens

Biological control depends on various types of interactions between organisms. In all cases, pathogens are antagonized by the presence and activities of other organisms that they encounter. 

Direct antagonism means physical contact and/or a high-degree of selectivity for the pathogen by the mechanism(s) expressed by the BCA(s). Example: hyperparasitism in which one parasite is parasitic on other pathogen/parasite and no other organism is required to exert a suppressive effect.

Indirect antagonism is brought about by activities that do not involve sensing or targeting a pathogen by the Biological control agents (BCAs). Example: Stimulation of plant host defense pathways by non-pathogenic BCAs. 

Most effective BCAs appear to antagonize pathogens using multiple mechanisms. For example pseudomonads known to produce the antibiotic 2,4-diacetylphloroglucinol (DAPG) may also induce host defenses (Iavicoli et al. 2003). Additionally, DAPG-producers can aggressively colonize roots, a trait that might further contribute to their ability to suppress pathogen activity in the rhizosphere of wheat through competition for organic nutrients (Raaijmakers and Weller 2001).

 Types of interspecies antagonisms leading to biological control of plant pathogens.

	Type
	Mechanism
	Examples

	Direct antagonism
	Hyperparasitism/predation
	Lytic/some nonlytic mycoviruses
Ampelomyces quisqualis
Lysobacter enzymogenes
Pasteuria penetrans
Trichoderma virens

	Mixed-path antagonism
	Antibiotics
	2,4-diacetylphloroglucinol
Phenazines
Cyclic lipopeptides

	 
	Lytic enzymes
	Chitinases
Glucanases
Proteases

	 
	Unregulated waste products
	Ammonia
Carbon dioxide
Hydrogen cyanide

	 
	Physical/chemical interference
	Blockage of soil pores
Germination signals consumption
Molecular cross-talk confused

	Indirect antagonism
	Competition
	Exudates/leachates consumption
Siderophore scavenging
Physical niche occupation

	 
	Induction of host resistance
	Contact with fungal cell walls
Detection of pathogen-associated,
molecular patterns
Phytohormone-mediated induction


The mechanisms of biocontrol mainly includes antibiosis, competition, mycoparasitism, cell wall degrading enzymes, and induced resistance.
Antibiosis: Antibiosis may be involved and play an important role in plant disease suppression by certain bacteria and fungi.It can be defined as: 
· Inhibition of one organism by another as a result of diffusion of an antibiotic. 
· Interactions that involve a low-molecular weight compound or an antibiotic produced by a microorganism that has a direct effect on another microrganism. 
Antibiotics are microbial toxins that at low concentrations, poison or kill other microorganisms. Most microbes produce and secrete one or more compounds with antibiotic activity. Antibiotic production is common in soil-dwelling bacteria and fungi. To be effective, antibiotics must be produced in sufficient quantities near the pathogen to result in a biocontrol effect. Several biocontrol strains are known to produce multiple antibiotics which can suppress one or more pathogens. For example, Bacillus cereus strain UW85 produces both zwittermycin (Silo-Suh et al. 1994) and kanosamine (Milner et al. 1996). The ability to produce multiple antibiotics probably helps to suppress diverse microbial competitors, some of which are likely to be plant pathogens. Pseudomonas putida WCS358r strains genetically engineered to produce phenazine and DAPG display improved capacities to suppress plant diseases in field-grown wheat (Glandorf et al. 2001, Bakker et al. 2002).
Examples of antibiotics produced by BCAs

	Antibiotic
	Source
	Target pathogen
	Disease
	Reference

	2, 4-diacetyl-phloroglucinol
	Pseudomonas fluorescens F113
	Pythium spp.
	Damping off
	Shanahan et al. (1992)

	Agrocin 84
	Agrobacterium radiobacter
	Agrobacterium tumefaciens
	Crown gall
	Kerr (1980)

	Bacillomycin D
	Bacillus subtilisAU195
	Aspergillus flavus
	Aflatoxin contamination
	Moyne et al. (2001)

	Bacillomycin, fengycin
	Bacillus amyloliquefaciensFZB42
	Fusarium
oxysporum
	Wilt
	Koumoutsi et al. (2004)

	Xanthobaccin A
	Lysobacter sp. strain SB-K88
	Aphanomyces
cochlioides
	Damping off
	Islam et al. (2005)

	Gliotoxin
	Trichoderma
virens
	Rhizoctonia solani
	Root rots
	Wilhite et al. (2001)

	Herbicolin
	Pantoea agglomerans C9-1
	Erwinia amylovora
	Fire blight
	Sandra et al. (2001)

	Iturin A
	B. subtilisQST713
	Botrytis cinerea and R. solani
	Damping off
	Paulitz and Belanger (2001), Kloepper et al. (2004)

	Mycosubtilin
	B. subtilisBBG100
	Pythium
aphanidermatum
	Damping off
	Leclere et al. (2005)

	Phenazines
	P. fluorescens 2-79 and 30-84
	Gaeumannomyces graminis var. tritici
	Take-all
	Thomashow et al. (1990)

	Pyoluteorin, 
pyrrolnitrin
	P. fluorescens Pf-5
	Pythium ultimum and R. solani
	Damping off
	Howell and Stipanovic (1980)

	Pyrrolnitrin, 
pseudane
	Burkholderia cepacia
	R. solani and Pyricularia oryzae
	Damping off and rice blast
	Homma et al. (1989)

	Zwittermicin A
	Bacillus cereusUW85
	Phytophthora medicaginis and P. aphanidermatum
	Damping off
	Smith et al. (1993)

	Zwittermicin A
	B. cereus
	Phytophthora
	root rot in alfalfa
	


Hyperparasites and predation
In hyperparasitism, the pathogen is directly attacked by a specific BCA that kills it or its propagules. There are four major types of hyperparasites:
· Obligate bacterial pathogens: E.g.  Pasteuria penetrans is an obligate bacterial pathogen of root-knot nematodes that has been used as a BCA. 

· Hypoviruses : Example: virus that infects Cryphonectria parasitica, a fungus causing chestnut blight, which causes hypovirulence, a reduction in disease-producing capacity of the pathogen. The phenomenon has controlled the chestnut blight in many places (Milgroom and Cortesi 2004). However, the interaction of virus, fungus, tree, and environment determines the success or failure of hypovirulence.
· Facultative parasites: There are several fungal parasites of plant pathogens, including those that attack sclerotia (e.g. Coniothyrium minitans) while others attack living hyphae (e.g. Pythium oligandrum). And, a single fungal pathogen can be attacked by multiple hyperparasites. For example, Acremonium alternatum, Acrodontium crateriforme, Ampelomyces quisqualis, Cladosporium oxysporum, and Gliocladium virens are just a few of the fungi that have the capacity to parasitize powdery mildew pathogens (Kiss 2003). Other hyperparasites attack plant-pathogenic nematodes during different stages of their life cycles (e.g. Paecilomyces lilacinus and Dactylella oviparasitica).  Trichoderma produces a range of enzymes that are directed against cell walls of fungi. However, when fresh bark is used in composts, Trichoderma spp. do not directly attack the plant pathogen, Rhizoctonia solani. But in decomposing bark, the concentration of readily available cellulose decreases and this activates the chitinase genes of Trichoderma spp., which in turn produce chitinase to parasitize R. solani (Benhamou and Chet 1997). 
· Predators: Microbial predation is more general and pathogen non-specific and generally provides less predictable levels of disease control. Some BCAs exhibit predatory behavior under nutrient-limited conditions. Predators are mainly free-living species that directly consume a large number of prey during their whole lifetime. Given that many major crop pests are insects, many of the predators used in biological control are insectivorous species. Lady beetles, and in particular their larvae which are active between May and July in the northern hemisphere, are voracious predators of aphids, and also consume mites, scale insects and small caterpillars. The spotted lady beetle (Coleomegilla maculata) is also able to feed on the eggs and larvae of the Colorado potato beetle (Leptinotarsa decemlineata). Several species of entomopathogenic nematode are important predators of insect and other invertebrate pests.[37] Phasmarhabditis hermaphrodita is a microscopic nematode that kills slugs. Its complex life cycle includes a free-living, infective stage in the soil where it becomes associated with a pathogenic bacteria such as Moraxella osloensis. The nematode enters the slug through the posterior mantle region, thereafter feeding and reproducing inside, but it is the bacteria that kill the slug. The nematode is available commercially in Europe and is applied by watering onto moist soil. 

· Parasitoids:   lay their eggs on or in the body of an insect host, which is then used as a food for developing larvae. The host is ultimately killed. Most insect parasitoids are wasps or flies, and many have a very narrow host range. The most important groups are the ichneumonid wasps, which mainly use caterpillars as hosts; braconid wasps, which attack caterpillars and a wide range of other insects including aphids; chalcid wasps, which parasitize eggs and larvae of many insect species; and tachinid flies, which parasitize a wide range of insects including caterpillars, beetle adults and larvae, and true bugs. Parasitoids are most effective at reducing pest populations when their host organisms have limited refuges to hide from them. 

· Microbial insecticides are defined as pothogenic  microorganisms or by products of these organisms formulated for control of insects. Etc. they may be bacteria , fungi, nematodes, protozoa etc. Of these only 10% have been mass produced. Out of these more than 50% fungi, 25% virus and 20 % protozoa have been investigated. Bacteria and virus together form approximately 35% of microbial pesticides.  

· Pathogens: micro-organisms include bacteria, fungi, and viruses. They kill or debilitate their host and are relatively host-specific. Various microbial insect diseases occur naturally, but may also be used as biological pesticides. Fungi used for biological control of nematodes and other insects cause fungal mycoses. The infective unit is the spore.Conidia germinate on the cutical and hyphal filaments multiply in hemocoel. These then proliferate and occupy internal organs of the insects.  Some fungi produce toxins. Mass production of such fungi is done on artificial media. Since virulence is reduced by repeated subculturing, it is restored by passage through insect hosts.  Eg. Entomophthora, Beauveria, Metarrhizium, Aspergillus. All four The major fungal groups have entomopathogenic species.

· Phycomycetes: Coleomyces, Entomophthora, Massospora.

· Ascomycetes: Cordyceps imperfectii, Aspergillus, Beauveria, Hirsuletta, Isaria, Metarrhizium.

· Basidiomycetes: Septoblasidium

Entomophthora has been used against sawflies, Aphids, plant bugs, citrus sc ale mites, cutworms, cabbage worms, grass hoppers, crickets, armyworms, leaf worms, cattle grub flies etc. cockroaches, termites, mosquitoes, midges, gnats etc.

Aspergillus has been used against Gypsy tussock moth, web worm, bud worm, aphid plant bugs, leaf roller, stem stalk borer, lice, mites, mosquitoes, midges, gnats.

Metarrhizium has been used against scolytid beatles, leaf rollers, codling moth, bud worms, wire worms, grubs, chrysomelid beatles.

Destructive mycoparasitism – the parasitism of one fungus by another

· Direct contact

· Cell wall degrading enzymes

· Some produce antibiotics

Example: Trichoderma harzianum, BioTrek, used as seed treatment against pathogenic fungus.

Coccinobolus infests Erysiphe graminis, Oidium ewonymi japonica (members of erysiphaceae). They develop mycelia threads instead hypha and conidiophores and hinder the growth of pathogen. Mycilium shrinks and the oidiaformation is impeded. Darluca, Cladosporium aecidiicola   and Tuberculina attacks the sori of uredinales. They attack the pycniospores and reduce the formation of aeciospores. Fungi acts by direct antagonism  or parasitism. It is not very effective as requires high moisture content, it is not dominant on soil surfaces and autolyzes easily.

Certain bacteria also infect fungi. Example: Erwinia urediniolytica attacks pedicels of spores of uredinales. Xanthomonas uredovorus attacks uredospores of Puccinia graminis. Bacillus thuringiensis is the most widely applied species of bacteria used for biological control, with at least four sub-species used against Lepidopteran (moth, butterfly), Coleopteran (beetle) and Dipteran (true fly) insect pests. The bacterium is available to organic farmers in sachets of dried spores which are mixed with water and sprayed onto vulnerable plants such as brassicas and fruit trees.[63]

HYPERLINK "https://en.wikipedia.org/wiki/Biological_pest_control" \l "cite_note-McGaughey-64"[64] Genes from B. thuringiensis have also been incorporated into transgenic crops, making the plants express some of the bacterium's toxins, which are proteins. These confer resistance to insect pests and thus reduce the necessity for pesticide use. If pests develop resistance to the toxins in these crops, B. thuringiensis will become useless in organic farming also. The bacterium Paenibacillus popilliae which causes milky spore disease has been found useful in the control of Japanese beetle, killing the larvae. It is very specific to its host species and is harmless to vertebrates and other invertebrates. 
A few bacterial diseases of nematodes have been reported (Saxena and Mukerji 1988); other bacteria produce compounds that are detrimental to plant-parasitic nematodes (Stirling 1991). The most widely studied of the bacterial pathogens of nematodes are in the genus Pasteuria. This bacterium has been found infecting a large number of nematode species (more than 200 in about 100 genera, Sayre and Starr 1988; Stirling 1991), does not attack other soil organisms, and is the most specific obligate parasite of nematodes known. Its spores attach to and penetrate the nematode cuticle. Most attention has been centered on populations (Pasteuria penetrans sensu stncto, Start and Sayre 1988) that attack root-knot nematodes (Meloidogyne spp.). The spores of P. penetrans germinate a few days after a contaminated nematode begins feeding on a root (Sayre and Wergin 1977). The bacterium reproduces throughout the entire female body, and the female may either be killed or may mature but produce no eggs. Bacterial spores (about 2 million from each infected nematode, Mankau 1975) are released when the nematode body decomposes, and they remain free in the soil until contacted by another nematode. They tolerate dry conditions and a wide range of temperatures, and may remain viable in the soil for more than six months. Because it is an obligate parasite, it has not yet been possible to develop in vitro culturing techniques for this bacterium.
Bacteriophages enter the cells, multiplies in it and once the cell lyses they are set free.
Viruses:Baculoviruses are specific to individual insect host species and have been shown to be useful in biological pest control. For example, the Lymantria dispar multicapsid nuclear polyhedrosis virus has been used to spray large areas of forest in North America where larvae of the gypsy moth are causing serious defoliation. The moth larvae are killed by the virus they have eaten and die, the disintegrating cadavers leaving virus particles on the foliage to infect other larvae.
          Some nematophagous fungi are endoparasitic in nematodes. Among these are genera which reproduce through motile zoospores (e.g., Catenaria anguillulae Sorokin, Lagenidium caudatum Barron, Aphanom.yces sp.), which generally appear only weakly pathogenic in healthy nematodes (Stirling 1991). Other endoparisitic fungi possess adhesive conidia, and the infection process begins when conidia adhere to a nematode's cuticle (e.g., the genera Vellicillium, Drechmeria,Hirsutella, Nematoctonuss). In Nematoctonus spp.,the germinating spores secrete a nematotoxic compound which causes rapid immobilization and death of nematodes (Giuma et al. 1973). A few species (Catenaria auxila[Kuhn] Tribe, Nematophthora gynophila Kerry and Crump) parasitize adult females or nematode eggs rather than juveniles.
          Other fungi capture nematodes through use of special trapping stmctures, and have been termed "predatory." Among the more common of these fungi are species in such genera as ,Monacrosporium, Arthrobotrys, and Nematoctonus. These fungi consist of a sparse mycelium, modified to form organs capable of capturing nematodes. These organs include adhesive structures, such as adhesive hyphae, branches, knobs, or nets (Stirling 1991). There are also nonadhesive rings, the cells of which expand when touched on their inner surface, constricting the interior of the ring and trapping nematodes. Most of these fungi are not specific and attack a wide range of nematode species. They are widely distributed (Gray 1987, 1988) and most are capable of saprotrophic growth, but often appear limited in this phase in the soil. Many soils suppress the growth of these fungi (a condition called soil fungistasis or mycostasis). This is possibly due to two different causes. Mankau (1962) concluded that a water-diffusible substance was responsible for inhibited germination in tests of soil from southern California (U.S.A.). Other studies have indicated increased activity following soil amendments with nutrients (Olthof and Esrey 1966) or organic material (Cooke 1968), which implies fungistasis may be a result of resource limitation. Following saprotrophic growth, formation of trapping structures occurs which is apparently stimulated by nematodes (Nordbring-Hertz 1973; Janssen & Nordbring Hertz 1980). Stirling (1991) suggests that this phase of predacious activity is followed by diversion of resources to reproduction, followed by a relatively dormant phase (Van Driesche & Bellows 1996).
          Other fungi are facultatively parasitic on nematodes. Of the few of these fungi that are significant pathogens of root knot and cyst nematodes, Verticillium spp, are among the most important. These fungi can parasitize nematode eggs, and Verticillium chlamydosporiumGoddard plays a major role in limiting multiplication of Heterodera avenae Wollenweber in English cereal fields (Kerry et at. 1982a,b). Paecilomyces lilacinus (Thom) Samson parasitizes eggs of Meloidogyne incognita (Jatala et al. 1979) and Heterodera zeae Koshy, Swarup, and Sethi (Dunn 1983; Godoy et al. 1983). Dactylella oviparasitica Stirling and Mankau, a parasite of Meloidogyne eggs, is thought to be at least partially responsible for the natural decline of root-knot nematodes in Californian peach orchards (Stirling et al. 1979).
Predatory nematodes are found in four main taxonomic groups: Monochilidae, Dorylaimidae, Aphelenchidae and Diplogasteridae. Each possesses a distinct feeding mechanism and food preferences (Stirling 1991). The monochilids have a large buccal cavity that bears a large dorsal tooth; all species are precdacious, feeding on protozoa, nematodes, rotifers, and other prey, which may be swallowed whole, or pierced and the body contents removed. The dorylaimidss are typically larger than their prey and possess a hollow spear which is used either to pierce the body of the prey or to inject enzymes into the food source and suck out the predigested contents. The group is considered omnivorous. but the feeding habits are known only for a few species (Ferris and Ferris 1989). Almost all the predatory aphelenchids are in the genus Seinura. Although small, they can feed on nematodes larger than themselves by injecting the prey with a rapidly paralyzing toxin through their stylet. The diplogasterids, typically a bacteria-feeding group, have a stoma armed with teeth, and the species with large teeth prey on other nematodes.
 Lytic enzymes and other byproducts of microbial life

Various microorganisms secrete and excrete metabolites that can interfere with pathogen growth and/or activities. Many microorganisms produce and release lytic enzymes that can hydrolyze a wide variety of polymeric compounds, including chitin, proteins, cellulose, hemicellulose, and DNA. Expression and secretion of these enzymes by different microbes can sometimes result in the suppression of plant pathogen activities directly. While they may stress and/or lyse cell walls of living organisms, these enzymes generally act to decompose plant residues and nonliving organic matter largely indicative of the need to degrade complex polymers in order to obtain carbon nutrition. Microbes that show a preference for colonizing and lysing plant pathogens might be classified as biocontrol agents. 
Examples: Lysobacter and Myxobacteria are known to produce copious amounts of lytic enzymes, and some isolates have been shown to be effective at suppressing fungal plant pathogens (Kobayashi and El-Barrad 1996, Bull et al. 2002). Control of Sclerotium rolfsii by Serratia marcescens is brought about by secretion of chitinase (Ordentlich et al. 1988). b-1,3-glucanase contributes significantly to biocontrol activities of Lysobacter enzymogenes strain C3 (Palumbo et al. 2005).

Lines between competition, hyperparasitism, and antibiosis are generally blurred. Furthermore, some products of lytic enzyme activity may contribute to indirect disease suppression. For example, oligosaccharides derived from fungal cell walls are known to be potent inducers of plant host defenses. 
The quantitative contribution of any and all of the above compounds to disease suppression is likely to be dependent on the composition and carbon to nitrogen ratio of the soil organic matter that serves as a food source for microbial populations in the soil and rhizosphere. However, such activities can be manipulated so as to result in greater disease suppression. For example, in post-harvest disease control, addition of chitosan can stimulate microbial degradation of pathogens similar to that of an applied hyperparasite (Benhamou 2004). Chitosan is a non-toxic and biodegradable polymer of beta-1,4-glucosamine produced from chitin by alkaline deacylation. Amendment of plant growth substratum with chitosan suppressed the root rot caused by Fusarium oxysporum f. sp. radicis-lycopersici in tomato (Lafontaine and Benhamou 1996). Although the exact mechanism of action of chitosan is not fully understood, it has been observed that treatment with chitosan increased resistance to pathogens.

Other microbial byproducts also may contribute to pathogen suppression. Hydrogen cyanide (HCN) effectively blocks the cytochrome oxidase pathway and is highly toxic to all aerobic microorganisms at picomolar concentrations. The production of HCN by certain fluorescent pseudomonads is believed to be involved in the suppression of root pathogens. P. fluorescens CHA0 produces antibiotics, siderophores and HCN, but suppression of black rot of tobacco caused by Thielaviopsis basicola appeared to be due primarily to HCN production (Voisard et al. 1989). Howell et al. (1988) reported that volatile compounds such as ammonia produced by Enterobacter cloacae were involved in the suppression of Pythium ultimum-induced damping-off of cotton. 
Competition

Nutrient competition is the most common way organisms limit growth of others. The competition between microorganisms is for carbon, nitrogen, O2, iron, and other nutrients.. Example: P. fluorescens, VITCUS, prevents bacterial blotch by competing with P. tolaasii . From a microbial perspective, soils and living plant surfaces are frequently nutrient limited environments. To successfully colonize the phytosphere, a microbe must effectively compete for the available nutrients. On plant surfaces, host-supplied nutrients include exudates, leachates, or senesced tissue. Additionally, nutrients can be obtained from waste products of other organisms such as insects (e.g. aphid honeydew on leaf surface) and the soil. While difficult to prove directly, much indirect evidence suggests that competition between pathogens and non-pathogens for nutrient resources is important for limiting disease incidence and severity. In general, soilborne pathogens, such as species of Fusarium and Pythium, that infect through mycelial contact are more susceptible to competition from other soil- and plant-associated microbes than those pathogens that germinate directly on plant surfaces and infect through appressoria and infection pegs. Genetic work of Anderson et al. (1988) revealed that production of a particular plant glycoprotein called agglutinin was correlated with potential of P. putida to colonize the root system. P. putida mutants deficient in this ability exhibited reduced capacity to colonize the rhizosphere and a corresponding reduction in Fusarium wilt suppression in cucumber (Tari and Anderson 1988). The most abundant nonpathogenic plant-associated microbes are generally thought to protect the plant by rapid colonization and thereby exhausting the limited available substrates so that none are available for pathogens to grow. For example, effective catabolism of nutrients in the spermosphere has been identified as a mechanism contributing to the suppression of Pythium ultimum by Enterobacter cloacae (van Dijk and Nelson 2000, Kageyama and Nelson 2003). At the same time, these microbes produce metabolites that suppress pathogens. These microbes colonize the sites where water and carbon-containing nutrients are most readily available, such as exit points of secondary roots, damaged epidermal cells, and nectaries and utilize the root mucilage.
Biocontrol based on competition for rare but essential micronutrients, such as iron, has also been examined. Iron is extremely limited in the rhizosphere, depending on soil pH. In highly oxidized and aerated soil, iron is present in ferric form (Lindsay 1979), which is insoluble in water (pH 7.4) and the concentration may be as low as 10-18 M. This concentration is too low to support the growth of microorganisms, which generally need concentrations approaching 10-6 M. To survive in such an environment, organisms were found to secrete iron-binding ligands called siderophores having high affinity to sequester iron from the micro-environment. Almost all microorganisms produce siderophores, of either the catechol type or hydroxamate type (Neilands 1981). Kloepper et al. (1980) were the first to demonstrate the importance of siderophore production as a mechanism of biological control of Erwinia carotovora by several plant-growth-promoting Pseudomonas fluorescens strains A1, BK1, TL3B1 and B10. And, a direct correlation was established in vitro between siderophore synthesis in fluorescent pseudomonads and their capacity to inhibit germination of chlamydospores of F. oxysporum (Elad and Baker 1985, Sneh et al. 1984). As with the antibiotics, mutants incapable of producing some siderophores, such as pyoverdine, were reduced in their capacity to suppress different plant pathogens (Keel et al. 1989, Loper and Buyer 1991). The increased efficiency in iron uptake of the commensal microorganisms is thought to be a contributing factor to their ability to aggressively colonize plant roots and an aid to the displacement of the deleterious organisms from potential sites of infection.

Induction of host resistance
soil- and plant-associated microbes produce a variety of chemical stimuli that can either induce or condition plant host defenses through biochemical changes that enhance resistance against subsequent infection by a variety of pathogens. Induction of host defenses can be local and/or systemic in nature, depending on the type, source, and amount of stimuli.  
Table . Bacterial determinants and types of host resistance induced by biocontrol agents

	Bacterial strain
	Plant species
	Bacterial determinant
	Type
	Reference

	Bacillus mycoides strain Bac J
	Sugar beet
	Peroxidase, chitinase and β-1,3-glucanase
	ISR
	Bargabus et al. (2002)

	Bacillus subtilis GB03 and IN937a
	Arabidopsis
	2,3-butanediol
	ISR
	Ryu et al. (2004)

	Pseudomonas fluorescens strains
	 
	 
	 
	 

	CHA0
	Tobacco
	Siderophore
	SAR
	Maurhofer et al. (1994)

	 
	Arabidopsis
	Antibiotics (DAPG)
	ISR
	Iavicoli et al. (2003)

	WCS374
	Radish
	Lipopolysaccharide
	ISR
	Leeman et al. (1995)

	 
	 
	Siderophore
	 
	Leeman et al. (1995)

	 
	 
	Iron regulated factor
	 
	Leeman et al. (1995)

	WCS417
	Carnation
	Lipopolysaccharide
	ISR
	Van Peer and Schipper (1992)

	 
	Radish
	Lipopolysaccharide
	ISR
	Leeman et al. (1995)

	 
	 
	Iron regulated factor
	 
	Leeman et al. (1995)

	 
	Arabidopsis
	Lipopolysaccharide
	ISR
	Van Wees et al. (1997)

	 
	Tomato
	Lipopolysaccharide
	ISR
	Duijff et al. (1997)

	Pseudomonas putidastrains
	Arabidopsis
	Lipopolysaccharide
	ISR
	Meziane et al. (2005)

	WCS 358
	Arabidopsis
	Lipopolysaccharide
	ISR
	Meziane et al. (2005)

	 
	 
	Siderophore
	ISR
	Meziane et al. (2005)

	BTP1
	Bean
	Z,3-hexenal
	ISR
	Ongena et al. (2004)

	Serratia marcescens90-166
	Cucumber
	Siderophore
	ISR
	Press et al. (2001)


Systemic acquired resistance (SAR) is supposed to be mediated by salicylic acid (SA), frequently produced after pathogen infection and leads to the expression of pathogenesis-related (PR) proteins. These PR proteins include a variety of enzymes some of which may act directly to lyse invading cells, reinforce cell wall boundaries to resist infections, or induce localized cell death. A second phenotype, first referred to as induced systemic resistance (ISR), is mediated by jasmonic acid (JA) and/or ethylene, which are produced following applications of some nonpathogenic rhizobacteria. Interestingly, the SA- and JA- dependent defense pathways can be mutually antagonistic, and some bacterial pathogens take advantage of this to overcome the SAR. For example, pathogenic strains of Pseudomonas syringae produce coronatine, which is similar to JA, to overcome the SA-mediated pathway (He et al. 2004). Because the various host-resistance pathways can be activated to varying degrees by different microbes and insect feeding, it is plausible that multiple stimuli are constantly being received and processed by the plant. Thus, the magnitude and duration of host defense induction will likely vary over time. Only if induction can be controlled, i.e. by overwhelming or synergistically interacting with endogenous signals, will host resistance be increased.

A number of strains of root-colonizing microbes have been identified as potential elicitors of plant host defenses. Some biocontrol strains of Pseudomonas sp. and Trichoderma sp. are known to strongly induce plant host defenses (Haas and Defago 2005, Harman 2004). In several instances, inoculations with plant-growth-promoting rhizobacteria (PGPR) were effective in controlling multiple diseases caused by different pathogens, including anthracnose (Colletotrichum lagenarium), angular leaf spot (Pseudomonas syringae pv. lachrymans and bacterial wilt (Erwinia tracheiphila). A number of chemical elicitors of SAR and ISR may be produced by the PGPR strains upon inoculation, including salicylic acid, siderophore, lipopolysaccharides, and 2,3-butanediol, and other volatile substances (Van Loon et al. 1998, Ongena et al. 2004, Ryu et al. 2004). Again, there may be multiple functions to such molecules blurring the lines between direct and indirect antagonisms. More generally, a substantial number of microbial products have been identified as elicitors of host defenses, indicating that host defenses are likely stimulated continually over the course of a plant’s lifecycle. Excluding the components directly related to pathogenesis, these inducers include lipopolysaccharides and flagellin from Gram-negative bacteria; cold shock proteins of diverse bacteria; transglutaminase, elicitins, and β-glucans in Oomycetes; invertase in yeast; chitin and ergosterol in all fungi; and xylanase in Trichoderma (Numberger et al. 2004). These data suggest that plants would detect the composition of their plant-associated microbial communities and respond to changes in the abundance, types, and localization of many different signals. The importance of such interactions is indicated by the fact that further induction of host resistance pathways, by chemical and microbiological inducers, is not always effective at improving plant health or productivity in the field (Vallad and Goodman 2004).

.

Requirements of successful biocontrol (desirable qualities)
1. Safety to other organisms. 

2. Control of pest at sub eco level.

3. Predictable results.

4. Continuous virulence.

5. Easily mass produced at relative cost.

6. Stability of formulation, storage

7. Suitability for application. 

8. The beneficial organism must have ecological requirements similar to to that of target organism.

9. It should have temporal compatibility and synchronization.

10. Density responsiveness: both numerical and functional.

11. High reproduction potential through either short generation time or high fecundity or both.

12. Capacity to search for target insects by its power of locomotion, perception to its host, survival and aggressiveness and persistence. 

13. Ability to disperse so as to be in close proximity of target.

14. Host specificity and compatibility.

15. Culturability.

16. Lack of susceptibility to hyperparasitism or predators.
17. Highly effective biocontrol strain must be obtained or produced

a. Be able to compete and persist

b. Be able to colonize and proliferate

c. Be non-pathogenic to host plant and environment

18. Inexpensive production and formulation of agent must be developed

a. Production must result in biomass with excellent shelf live

b. To be successful as agricultural agent must be

1. Inexpensive

2. Able to produce in large quantities

3. Maintain viability 

19. Delivery and application must permit full expression of the agent

a. Must ensure agents will grow and achieve their purpose

Plant pathogen control by Trichoderma spp

· Trichoderma spp. are present in nearly all agricultural soils 

· Antifungal abilities have been known since 1930s

· Mycoparasitism 

· Nutrient competition

· Agriculturally used as biocontrol agent and as a plant growth promoter

· Why buy/develop a product that is readily available in the soil?

· Genetic Modification

· Wild strains

· Heterokaryotic – contain nuclei of dissimilar genotypes within a single organism

· Biocontrol strains

· Homokaryotic – contain nuclei which are similar or identical

· Allows genetic distinction and non-variability 

· IMPORTANT FOR QUALITY CONTROL

· Action against pathogenic fungi

· Attachment to the host hyphae by coiling 

· Lectin-carbohydrate interaction

· Some strains colonize the root with mycoparasitic properties

· Penetrate the root tissue 

· Induce metabolic changes which induce resistance

· Accumulation of antimicrobial compounds

· Commercial availability

   T-22

· Seed coating, seed pieces, transplant starter 

· Protects roots from diseases caused by Pythium, Rhizoctonia and Fusarium 

· Interacts with the Rhizosphere, near the root hairs and increases the available form of nutrients needed by plants.

How does Biological Control by Pseudomonads work?
Nutrient Competition

Antibiosis
Cross-communication
Site Competition
Control of Rhizoctonia solani on cotton by P. cepacia D1

· Produces fluorescent siderophores 

· Chelates Fe in environment

· All organisms require Fe

· Fe available at 10-18 M

Control of Take all disease of wheat caused by Pathogen:  Gaeumannomyces    graminis var. tritici Invades root vascular tissues, physically  water and food supply 

 Pseudomonas aureofaciens Produces Phenazine Antibiotics  (“Phenazine Phacts)
· Broad spectrum, blocks respiration, pathogen inhibition, cpmpetitive fitness
Examples of BCAs

	 Biocontrol agents
	Strain
	Process/metabolite
	target
	Crop 

	
	
	Antibiosis
	
	

	Agrobacterium radiobacter
	K84
	Agrocin 84
	A.tumefaciens 
	Stone fruits and roses

	Bacillus subtilis
	
	Iturin group
	Most fungi
	Various crops 

	Erwinia herbicola
	EH1087
	Beta Lactam
	Erwinia amylophora
	Rasaecous plants

	Pseudomonas flourescens
	CHAO
	Pyoluteoin and Phl
	Fusarium oxysporium f sp. Cucumerinum, Phomopsis sclertiodis
	Cucumber

	Pseudomonas flourescens
	CHAO
	HCN
	Theilaviopsis basicola and others
	Wheat, Tobacco

	Pseudomonas flourescens
	Hv37aR2


	Oomycin A
	Pythium ultimum
	Cotton

	Pseudomonas flourescens
	2-79
	Phenazine-1-carboxylic acis and phl
	Gaeumannomyces graminis var.  triticum 


	Wheat 

	Pseudomonas 119 flourescens
	2-79
	Anthranilic acid
	Gaeumannomyces graminis var.  triticum 


	Wheat

	Pseudomonas flourescens
	Pf5
	Pyoluteoin and Phl
	P.ultimum, R.solani, Erwinia caratovora sub sp atroceptica
	Cotton , cucumber 

	Streptomyces hygroscopicus var. geldanus
	3602
	Geldanamycin
	R. solani
	Pea

	Chaetomium globosum
	Cg-13
	Chaetomin
	P.  ultimum 
	Sugarbeet

	Trichoderma (Gliocladium) virens 
	
	Gliovirin 
	P. ultimum
	Cotton 

	Trichoderma virens
	G-20
	Gliotoxin
	P. ultimum
	Cotton 

	
	
	Cell wall degrading enzymes
	
	

	Serrati a marscecens
	
	Chitinolytic enzyme
	Various fungi
	Soyabean

	Trichoderma harzianum
	ATCC 36042
	Chitinolytic enzyme, Glucanases
	Various fungi
	Pea, Soyabean

	Coniothyrium minitans
	
	Mycoparasitism
	Sclerotinia spp. 
	Sunflower

	Pythium nunn
	
	Mycoparasitism
	Pythium spp.
	Variuos crops 

	Sporidesmium sclerotivorum
	
	Mycoparasitism
	Sclrotinia minor
	Lettuce 

	Trichoderma various spp. 
	
	Mycoparasitism
	Various and numerous fungi
	Various crops 

	Serratia marscecens
	
	Chitinolytic enzyme
	Various fungi
	Soyabean

	Trichoderma harzianum
	ATCC 36042
	Chitinolytic enzyme, Glucanases
	Various fungi
	Pea, Soyabean

	Coniothyrium minitans
	
	Mycoparasitism
	Sclerotinia spp. 
	Sunflower

	Pythium nunn
	
	Mycoparasitism
	Pythium spp.
	Variuos crops 

	Sporidesmium sclerotivorum
	
	Mycoparasitism
	Sclrotinia minor
	Lettuce 

	Trichoderma various spp. 
	
	Mycoparasitism
	Various and numerous fungi
	Various crops 

	
	
	
	
	


