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27.1 lntroduction

The introduction of the insect CactobLastis cactorum to control prickly pear, the
use of the myxomatosis virus for rabbit control and the commercial availability of
a range of parasites and predators to control insect pests are some of many well
known examples of biological control. Since sustained biological control was
achieved in all these cases by the deliberate introduction of a parasite or
predator, there is a commonly held view in the general community that biological
control is only achievable through the introduction of exotic organisms. This
limited vision of biological control also occurs among plant pathologists, as most
biological control strategies have involved the deliberate introduction of
antagonistic micro-organisms into the environment to control a pathogen.

Such a limited approach ignores the fact that biological control occurs to some
extent in all ecosystems. Many traditional agricultural practices affect the
biological balance and provide some disease control. In natural ecosystems,
severe disease epidemics are exceptional, as pathogens co-exist with their plant
hosts and other micro-organisms in their environment. Biological control of plant
diseases encompasses any reduction in the amount or the effect of pathogens
that is achieved through biological mechanisms or with organisms other than
humans. Disease control that is obtained through the action of naturally
occurring or introduced antagonists, that occurs by manipulating the micro-
environment to favour the activity of antagonists or that is achieved through the
induction of plant resistance mechanisms by non-pathogenic or incompatible
micro-organisms, are all examples of biological control.
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27.2 Natural control

One of the basic principles of plant pathologr is that interactions occur between
hosts, pathogens and the environment and that disease severity is determined by
the outcome of these interactions. The environment is a particularly important
component of this 'disease triangle' and the role of environmental factors such as
moisture and temperature in disease development is widely recognised (see
Chapter lB). However, the effects of organisms that live in the same environment
as the pathogen are often ignored. All biological communities are complex
ecosystems in which plants are consumed by or coexist with herbivores,
predators, pathogens, parasites and decomposers. Intricate food webs can be
constructed and computer models have been designed to describe the myriad of
interactions that occur between these groups. The abundance of any one
organism is controlled by its food supply, the environment and by other
organisms. These same principles also apply to plant pathogens. If the quantity
and activity of a pathogen is kept in check by the microbial community with
which it is associated, biological control has been achieved.

There is increasing evidence that biological control occurs naturally on plant
surfaces (e.g. in the rhizosphere, phylloplane and fruit surfaces) by the activity of
epiphytic microflora. The most convincing indirect evidence for this control comes
from examples where the use of an agricultural chemical to control a particular
leaf disease results in the occurrence of another disease problem previously
regarded as unimportant. For instance, the use of copper fungicides to control
shothole disease of apricot caused by CLasterosporium carpophiLum may cause an
increase in apricot dieback (caused by Eutgpa arrneniacae) by decreasing natural
antagonists of the latter pathogen. In the soil environment, certain cultural
practices and most organic amendments increase the quantity and diversity of
micro-organisms and these organisms may then suppress pathogens. However, it
must be recognised that such biological control systems are complex, multi-
factorial and r,rrlnerable to disruption.

27.3 Modes of action of biological control agents
Microbial antagonism of plant pathogens occurs in several ways, the most
common mechanisms being parasitism and predation, competition for nutrients
or space, production of antimicrobial substances and induced resistance. As our
knowledge of these mechanisms has increased, it has become apparent that
antagonism often involves the synergistic action of several mechanisms.

Competition for nutrients and space
Competition occurs when two or more organisms require the same resource for
growth and survival. The use of this resource by one organism reduces the
amount available to the other. A soil-borne pathogen which infects only certain
parts of the root may therefore be limited by competition for suitable colonisable
sites or space on the root surface. The rhZosphere is a region of intense microbial
activity where there may also be competition for oxygen. On the leaf surface,
where nutrients are in short supply, competition for nutrients is thought to play a
significant role in disease suppression. Competition for the same site is
sometimes called 'site exclusion' and frequently takes place amongst organisms
which are closely related taxonomically (e.g. the fireblight bacterium Ertutnia
amgLouora and the saprophytic species E. herbicola). In the case of competition for
nutrients the situation is similar. Antagonists with the same nutrient
requirements as the pathogen are its most effective competitors.
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Competition for the same carbon source between Pgthium uttimum, a common
cause of seedling damping-offl and rhizosphere bacteria has resulted in effective
biological control of P. uttimum in several crops. Ethanol and acetaldehyde
released from seeds of pea and soybean following imbibition stimulate hyphal
growth from sporangia of P. uttimurn- Treating seeds with a strain of Pseudomonas
putida, which utilises ethanol as its sole carbon source in culture, reduces the
concentration of volatiles released, lessens hyphal growth or sporangial
germination of the pathogen and increases seedling emergence in Pgthium-
infested soil. Similarly, ethanol-metabolising strains of Enterobacter cLoqcae
reduce the ability of cotton seed exudate and volatiles to stimulate sporangium
germination of P. uLtimum.

One of the best documented examples of nutrient competition in biological
control involves competition for iron between fluorescent pseudomonads and soil-
borne fungal pathogens such as Fusarium oxAsporum. Strains of bacteria
including Pseudomonas fluorescens and P. putida produce siderophores,
metabolic products of micro-organisms that bind iron and facilitate its transport
from the environment into the microbial cell. The siderophores pyoverdine and
pseudobactin have a high affinity for the soluble ferric iron (Fe*") and inhibit the
growth of pathogens by limiting the availability of iron. Evidence for involvement
of siderophores in biological control has been obtained from experiments with
well-characterised and genetically-manipulated bacterial strains. Pyoverdine
production is correlated with biological control while pyoverdine deficient strains
have reduced capabilities in biological control.

The usefulness of nutrient competition as a mechanism of biological control
depends on the type of pathogen that is targeted. It may not be useful in
suppressing biotrophs such as rusts and powdery mildews because they do not
require exogenous nutrients to infect the host. On the other hand, a
nectrotrophic pathogen such as Botrytis cinerea is directly affected. Such
pathogens require some exogenous nutrients during a definite saprophytic phase
prior to infecting the host and are therefore vulnerable to nutrient competition.
There are many examples of bacteria and yeasts effectively reducing spore
germination or germ tube growth in necrotrophic pathogens by competing for
nutrients. For instance, a Pseudomonas species inhibited the germination of
conidia of Botrgtis ctnerea by competing for amino acids. Pollen stimulates
infection of sugar beet leaves by Phoma betae. However, pink and white yeasts
present on the leaves can reduce this effect, presumably by utilising the nutrient
source before the pathogen.

Production of antimicrobial substances
When grown in culture, most micro-organisms produce secondary metabolites.
These compounds are generally produced in a phase subsequent to growth and
are not essential intermediaries to the central metabolism. They often have
unusual structures and are toxic to other micro-organisms (e.g. antibiotics and
mycotoxins). They may be volatile or non-volatile. Among the known volatile
substances, hydrogen cyanide and ammonia have been studied in most detail,
mainly in soil ecosystems. Knowledge of non-volatile antimicrobial substances is
extensive but their ecological significance on plant surfaces is uncertain and
forms the basis of an ongoing debate. Some believe that these substances are
produced as by-products of growth and that they have little impact on other
micro-organisms. Others argue that if antibiotics were not imporLant to micro-
organisms in the natural environment, it is unlikely that the genetic information
for their production would have survived. Unfortunately, most research on
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antibiotic production has been done in the laboratory under conditions of
nutrient abundance. Many antibiotic substances are only detectable when the
producer organism is cultured in a nutrient rich medium. They are difficult to
find in the nutrient poor environment that often exists on plant surfaces. The
detection and extraction of antibiotics from the rhizosphere is hindered by
adsorption to clay colloids and humus and also because only small amounts are
produced. Antibiotics are also easily lost to the atmosphere, particularly from
aerial plant surfaces. In addition, en4rrnatic breakdown of antibiotics can occur
in all situations due to the activity of micro-organisms that are insensitive to
these compounds.

There are very few examples of antibiotics being detected in natural
environments and shown to play a role in suppressing a pathogen. Most of the
evidence is circumstantial and involves comparing the disease suppressive
capacity of wild type biocontrol agents with mutants that do not produce
antibiotics. A role for antibiotic production is often inferred if the wild type strain
reduces disease and the mutant does not. However, it is possible that the
mutants have lost other attributes that also contribute to biological control.
Because of their great precision, molecular techniques are proving to be useful in
detecting antibiotics in micro-organisms. Thus, transposon mutagenesis has
been used to demonstrate the importance of a phenazine antibiotic produced by a
strain of Pseudomonas fluorescens in the suppression of the take-all pathogen of
wheat, GauemannomAces gramtnis var. tritici. Mutants defective in phenazine
synthesis failed to suppress the pathogen whereas the phenazine-producing
wildtype strain was suppressive.

P aras iti sm an d p redati o n
The parasitism of one fungus by another (hyperparasitism or mycoparasitism) is
well documented and is manifested as morphological disturbance, direct
penetration of hyphae and hyphal lysis. The degree of hyperparasitism is affected
by environmental factors such as temperature, light and pH, but nutrient status,
especially the C:N ratio, is also important. The genus Trichoderrna contains some
of the most studied mycoparasites. Formulations of some species are available
commercially and are used to control fungal pathogens in the soil and on aerial
plant surfaces. This mycoparasite penetrates resting structures such as sclerotia
or may parasitise growing hyphae by coiling round them. Trtchoderma harztanum
degrades fungal cell walls by the lytic action of glucanases and chitinases, while
other species also produce cellulase. Trtchoderma species are amenable to genetic
manipulation and their usefulness in integrated disease management programs
has been enhanced by the production of pesticide-tolerant strains with enhanced
hyperparasitic and lytic capabilities. The attributes of the partially successful
mycoparasite AmpeLomgces quisquaLis, which can control powdery mildew in
glasshouse grown cucumber, are discussed later in this chapter. Other widely
studied mycoparasites include Coniothgrium minitans and Sporidesmi.um
scLerotiorum, which are antagonists of sclerotial fungi, and Gliocladium spp.,
which parasitise a range of soil-borne pathogens. Mycoparasitic Pythium spp.
appear to have some affinity for plant-parasitic members of the same genus. On
the phylloplane, several fungi, including VerticittiumLecanii, Sphaerellopsis;ftlum
and Cladosporium sp., are known to attack rust fungi.

Bacteria which occur on the phylloplane and in the rhizosphere are also known
to parasitise plant pathogens. For instance, BdetLouibrio bacteriouorus is
widespread in soil and can attack other bacteria, particularly Gram-negative
species, by attaching to and penetrating the bacterial cell wall and lysing the cell.
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There are also many examples of bacteria causing lysis of fungal spores. Isolates
of Bo:cillus obtained from the surface of cereal rust urediniospores can lyse germ
tubes arising from urediniospores on agar. When bacterial suspensions are
sprayed onto cereal leaves, pustule development is reduced.

A discussion on biological control of plant pathogens would not be complete
without considering predation of pathogens by other organisms. In soil,
numerous invertebrates, including mites, springtails, protozoans, free-living
nematodes and earthworms, by virtue of their varied feeding habits, may
contribute to some form of general biological suppression of pathogens.
Unfortunately specific information on their relative importance is meagre. Some
amoebae ingest yeasts and small spores or bore holes in fungal hyphae and then
enter them to rapidly clean out the cytoplasm of the cell. Large numbers of
bacteria in the soil and rhZosphere are consumed by bacterial feeding nematodes
and several species of fungal feeding nematodes are common in soil. However, the
role of these organisms in biological control is uncertain. Many are omnivores
and may not have a preference for particular plant pathogenic fungi or bacteria.

Cross protection and induced resistance

It is difficult to distinguish clearly between cross protection and induced
resistance. In cross protection, an organism which first arrives at an infection site
acts directly or indirectly against a pathogen that arrives later. For example,
symptomless strains of tobacco mosaic virus are used to protect tomatoes from
virulent strains of the same virus. One of the best known examples of cross
protection involves inoculation of young citrus trees in the nursery with a mild
strain of tristeza virus (mild strain protection). Inoculated trees are protected from
later infection by the more virulent strain and this protection will last for many
years. Induced resistance which is a form of cross protection, is achieved by
restricted inoculation of plants with pathogens, attenuated pathogens (e.g.
pathogens inactivated by heat treatment) or selected non-pathogens or by
treatment with chemical substances which stimulate an immune response. Host
defence mechanisms recognise and respond to this perceived threat so that they
are already operating when the pathogen subsequently attacks. The nature of the
immune response is poorly understood, but the concept is not new and it
provides protection against a broad spectrum of pathogens across many crop
species including cereals, cucurbits, legumes, solanaceous plants and fruit trees.
For instance, seedlings can be protected from wilt-inducing strains of Fusarium
oxasporum by prior inoculation with non-pathogenic strains. However, the
protection is not complete and impractically high quantities of the protectant are
required for success. Inoculation of cucurbits with ColletotrichumLagenarium or
tobacco necrosis virus systemically protects plants against disease caused by
numerous pathogens. Infiltration of leaves with heat-killed cells of the bacterium
Ratstonia soLqnacearum can give protection against the virulent pathogen. In this
case some type of inhibitor is thought to be induced in response to the
recognition of dead cells.

27.4 Examples of biological control of plant pathogens

Pathogens of pruning wounds and other newly cut surfaces
When tree crops and vines are pruned, the pruning wounds can provide a point
of entry for plant pathogens. In such cases, infection can result in the death of
limbs or of the entire host plant. The fungus Eutgpa armeniacae, the cause of
gummosis or dieback of apricot trees and dead arm of grapevine, is an example of
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such a pathogen. It causes severe losses when pruning wounds are left
unprotected but successful biological control is obtained with the saprophytic
fungus, Fusarrum Lateritium. This fungus, which was isolated from apricot wood
tissue, naturally colonises newly cut surfaces such as pruning wounds. F.
Lateritium produces a non-volatile, water soluble antibiotic in culture which
inhibits spore germination and growth of E. armeniacae.In practice, the pathogen
is controlled by using specially designed cutters to apply a suspension of conidia
of the antagonist to pruning wounds as the cut is made. The antagonist rapidly
colonises the wound and out-competes the pathogen. Another similar example
which is not yet commercialised involves BacilLus subtilis, an antagonistic
bacterium which prevents the establishment of Nectria gattigena, the cause of
canker on apple trees. This bacterium persists in leaf scars throughout winter
and early spring, inhibits the entry of the pathogen through leaf scar wounds
and, thereby reduces the numbers of shoots that become infected in early spring.
Antibiotics are produced by the bacterium in culture but it is not known whether
they are important in the biological control process.

Heterobasidton oinnosum is a soil-borne pathogen that causes butt and stem
rot of pine trees, especially in managed plantations. Basidiospores of the fungus
are dispersed from above-ground fruiting-bodies and germinate on recently
exposed stumps. The pathogen grows down the dying stump and invades the
roots, from where it can attack healthy trees through natural root grafts. This
disease, which is now controlled by the fungus PhLebta gtgantea, provided one of
the first examples of commercial biological control of a fungal plant pathogen.
The antagonist is applied to freshly cut surfaces in the lubricating oil on the
chainsaw used to make the cut. It then colonises the whole stump, denying
access to H. oLttrtostrm, which is a poor competitor. It also excludes the pathogen
by hyphal interference and through the production of antibiotics. Successful
biological control is achieved even when the number of spores of the antagonist is
low relative to the number of spores of the pathogen.

The above-mentioned examples of biological control have some features in
common. They all take advantage of the virtually sterile surface on new leaf scars,
freshly cut tree stumps or on new pruning wounds. Disease develops when the
pathogen is the first organism to arrive at the infection court but biological
control can be achieved when the pathogen is denied access to its ecological
niche.

Crown gall

Crown gall, which is caused by the soil-inhabiting bacteria Agrobacterium
tumefaciens, A. rhizogenes and A. uitis, has been reported from over 90 families of
plants. It is particularly important on commercial tree and vine crops such as
peach, plum, apple, cherry, almond and grape. It is also found on ornamental
plants such as roses. Galls typically appear on the crown of plants and infection
frequently takes place in nursery planting stock and propagation material. A.
tumeJactens carries a large (>20O kb) tumour-inducing (Ti) plasmid, an
extrachromosal piece of DNA that can replicate independently of the main
chromosome and may be transferred between cells. During the infection process,
a segment of DNA is excised from the plasmid and becomes integrated into the
host plant genome. The integrated DNA causes unregulated cell division and
encodes enzymes for the synthesis of opines, which are low molecular weight
molecules which serve as nutrient sources for the pathogen. Biological control is
achieved with a closely related non-pathogenic bacterium, Agrobactertum
radiobacter strain K84. This bacterium, which is an efficient coloniser of host
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roots, produces an antibiotic (agrocin 84) that inhibits certain strains of closely
related bacteria. It is especially active against strains of A. tumeJaciens that carry
a specific type of Ti plasmid which encodes for the production of the opine
agrocinopine. Agrocin 84 utilises the uptake system for this opine which means
that the pathogen specifically takes up the agrocin 84 and is then killed by it.
Although biological control is primarily mediated through this mechanism,
competition for colonisation sites and nutrients are also contributing factors.

Commercially, the biological control agent is applied by dipping plants or
cuttings in a suspension of A. radtobacter strain K 84 during propagation and
transplanting. This technique is so simple and effective that it has been widely
adopted. Strain 84 is not effective against crown gall infections involving opines
other than agrocinopine. However, recent studies have revealed strains of
A. radiobacter which act against A. tumeJaciens strains carrying nopaline,
octopine and agropine Ti plasmids.

Production of agrocin 84 is encoded by genes that are present on a conjugative
plasmid of strain 84. The biological control agent is not affected by the antibiotic
because genes encoding for immunity are also present on the same plasmid. One
potential problem with this system is the possibility that these genes could be
transferred to the pathogen by conjugation, thus rendering it immune to agrocin
84. However, this possibility has now been overcome using recombinant DNA
technologr. A deletion mutant of strain 84 has been produced that lacks this
conjugal transfer capacity.

Diseases of leaves and flowers
Aerial plant surfaces, especially leaves, are considered to be relatively hostile
environments for micro-organisms. Nutrients are limiting for the most part, water
is often scarce and microbial growth may occur only during periods of rainfall or
dew. Sunlight, especially the short wave ultraviolet wave lengths, also has a
damaging effect on micro-organisms. These factors, together with the availability
of a wide range of effective pesticides, have perhaps delayed the development of
commercially successful microbial products for biological control of foliar
diseases. Nevertheless, there are several examples of potentially useful biological
control systems that are currently being studied for pathogens of leaves and
flowers. Cucumber powdery mildew (sphaerotheia filtgtnea) has been
successfully controlled in the greenhouse by a hyperparasitic fungus
AmpeLomgces quisqualis. The antagonist usually penetrates the host hypha and
kills it. However, the need for repeated applications to sustain control and the
requirement of A. quisqualts for high humidity (over 8Oo/o) and moderate
temperatures (less than 30"C) for maximum survival and infection limits its
usefulness. These issues are particularly important under field conditions where
for much of the time, the environment is more variable and uncontrollable than
in the greenhouse.

Another interesting example of biological control involves antagonism of the
fireblight pathogen Ertuinia amgLouora by a closely related bacterium Ertuinia
trcrbicola. The pathogen has a wide host range but the disease is of particular
importance to the pome fruit industry in many areas of the world. The pathogen
overwinters in cankers and inoculum is carried to flowers by insects and rain
splash. Blossom infection results in reduced yields because fruit-bearing spurs
are killed. Twig blight may also occur and if extensive, can lead to death of limbs
and whole trees. In the last ten years, E. herbicola has been under investigation
as a biological control agent and has shown promise in field trials when applied
as a spray during flowering. Initial results suggest that it may also be possible to
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utilise bees to disperse the antagonist to blossoms. Since E. herbicoLa and E.
amgLouora are closely related organisms, the mode of action of E. herbicota is
thought to involve antibiotic production and competition for nutrients and space
in the same ecological niche.

Diseases of fruits and vegetables

Fruits and vegetables are subject to attack from a large number of pathogens
during growth, at harvest and during subsequent handling and storage. In fact,
fungal diseases represent a major limiting factor to the long-term storage of fruits
and vegetables. Currently, pesticides are widely used for disease control, but
because fruit spoilage organisms tend to be most serious when fruit are ready to
consume, there are limitations to the chemicals that can be used. There is
therefore considerable interest in biological control. One of the most common
pathogens targeted is Botrytis cinerea, the cause of grey mould in many fruit. On
grape, one of its more important hosts, B. ctnerea causes a preharvest berry rot,
as well as postharvest damage. Infection occurs through the flowers. The fungus
remains latent until the fruit begins to ripen. The fungus is spread rapidly by air-
borne spores. Experimentally, control has been achieved by applying spores of
Tri.choderma harzianum. Epidemics can be delayed by several weeks and the
incidence of rotted berries has been reduced by almost the same extent as
fungicide treatments in some field trials. Although the antagonist does not
suppress production of sclerotia by B. ctnerea, it destroys numerous sclerotia and
reduces production of conidia. The antagonist is not as effective as a fungicide
but it may be useful in an integrated disease management program, given that
Trichoderma spp. can be relatively easily manipulated to become resistant to
commonly used fungicides.

Apple scab, caused by the ascomycete Venturia inaeclualrs, also leads to both
pre- and postharvest loss of fruit due to reduction in fruit quality. Breaking the
overwintering cycle by eliminating ascospore production in leaf litter is an
important control strategy for this pathogen. Another ascomycete, Chaetomtum
gLobosum is one possible candidate for biological control of apple scab, as
ascospore suspensions applied to apple seedlings significantly reduce lesion
formation on leaves under controlled conditions. Field trials have been much less
successful, perhaps because of premature degradation of the antibiotic chetomin
which is involved in control or because the antagonist is a poor coloniser of
leaves. The basidiomycete antagonist Athelia bombacina has also been tested
against apple scab and reduced the production of ascospores under both
laboratory and field conditions.

Biological control of apple scab can also be achieved by augmentation of
natural antagonists with nutrients. Treatment of senescent apple leaves shortly
before or after leaf fall with a solution of 2o/o urea reduces ascospore production
in the following spring. Saprophytic fungal and bacterial populations increase
following application of urea and this most likely leads to enhanced degradation
of leaf litter. Consequently the apple scab fungus has no substrate on which to
survive. Such methods harness the potential of naturally occurring antagonists
and often provide the most practical biological control systems, as they exclude
the labour intensive processes of selecting, testing, culturing and formulating
individual antagonists.

So far, the examples of biological control that have been discussed involve
application of antagonists prior to harvest to control both pre- and postharvest
disease development. Biological control is also being studied in the postharvest
situation and this relatively new research area has given some encouraging
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results. This success is due partly to the ability to control environmental
conditions of fruit in storage, so that antagonists are not subjected to the
fluctuations of temperature and moisture which occur in the field. Antagonistic
yeasts have been particularly useful in the control of postharvest fungal diseases
caused by wound-invading pathogens. For instance, the yeast Ptchta
guiLLterrnondii is highly effective in controlling Botrytis rot of apples and PeniciLLtum
rot of oranges when applied to wounded and inoculated fruit. The wound site
provides an abundance of nutrients and a humid atmosphere where the highly
competitive yeast cells are able to thrive. In some instances, the yeasts induce
enzymatic activity in the host so that it is then less vulnerable to pathogen
attack. A saprophytic isolate of the bacterium Pseudomonas sgringae has also
been effective in reducing disease in apples and pears caused by Botrytis cinerea
and PeniciLLium expansum. When mixed in equal amounts with the yeast
Sporobolomaces roseus, disease control was better than when the bacterium or
yeast were applied on their own.

Postharvest storage of fruit usually involves placing fruit at temperatures as
low as 5"C in a controlled atmosphere containing about 2o/o CO2. This means that
if it is to be successful, an applied biological control agent has to be able to
survive under these conditions for a considerable length of time. In an attempt to
ensure that this occurs, cold tolerant strains of a white yeast Cryptococcus
Laurentii which multiply in wounds of apples at 5'C have been selected and are
being tested for postharvest disease control. Such traits should give the
antagonists a competitive edge, especially against pathogens that are not
particularly active at low temperatures.

D i sease su p pressive soi I s
In some soils, disease does not occur in susceptible host plants even though the
pathogen is present or is introduced into the soil. Such soils are said to be
suppressive and they have been reported for several fungal pathogens (e.g.
Fusarium oxA sporum, Phgtophthora ctnnamomi., GaeumanomAces gramtni-s var.
tritici and Rhizoctonia solo.ni) and the cereal cyst nematode (Heterodera auenae).
TVro types of suppression occur, general and specific. In soils that are generally
suppressive, the total activity of the soil microbiota is largely responsible for
limiting the growth of pathogens. This activity may take the form of competition
as well as other antagonistic effects. On the other hand, when one or a few micro-
organisms control the pathogen, suppression is said to be specific. In many
instances both phenomena occur in the same soil. However, it must be noted that
suppression is not always a totally biological phenomenon. Certain abiotic
features and/or unique physico-chemical properties of a particular soil may also
be involved in the total suppressive effect.

A well known example of specific suppression is the Fusarium-suppressive soil
from the Chateaurenard region of the Rhone valley in France. These soils are
formed from alluvial deposits and are mainly used for growing vegetables.
Fusarium oxasporum f. sp. melonis, the cause of rock-melon wilt, is present, but
susceptible varieties of melon do not develop wilt even under conditions that are
conducive to disease development. When introduced into the soil, the pathogen
will not establish, or becomes established but does not cause disease. This soil is
also suppressive to other formae speciales of Fusarium oxAsporum but not to
other plant pathogens. Suppressiveness is destroyed by heat and can be
transferred to other soils. However, when micro-organisms are isolated from the
suppressive soil and mixed with heat-treated conducive soils, the soil does not
become suppressive. Therefore, the mode of action is complex and some intrinsic
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properties of this particular soil are most likely involved in suppression. The
growth rate of the pathogen is significantly reduced in the suppressive soil and
dormant chlamydospores do not germinate. Extensive studies have revealed that
non-pathogenic, native fusaria (F. oxAsporum and F. solanr) are mainly
responsible for the suppressiveness, since a mixture of fungi other than fusaria
do not restore suppressiveness to heat-treated suppressive soil. The current
hypothesis is that the pathogen is suppressed by fungistasis which is induced by
nutrient competition between closely related species.

One of the most studied examples of specific suppression is the phenomenon
of take-all decline. Take-all is a disease of wheat and barley that is caused by the
fungal pathogen GaeumannomAces gramini-svar. tritici. The disease is primarily a
root-rot which subsequently results in reduction in grain yield (see Chapter 28).
The pathogen survives in crop residues and disease increases if a susceptible
crop is grown continuously. Fallow, cultivation and crop rotation with non-
susceptible crops generally decrease disease incidence. However, in some fields,
the disease does not increase indefinitely in a monoculture situation. After 3-5
years of disease increase, the number of seriously affected plants decreases, a
phenomenon which occurs worldwide and is known as take-all decline. Several
explanations have been proposed for take-all decline and it seems likely that
some abiotic factors (e.g. rhizosphere pH) are involved. That micro-organisms
(bacteria and fungi) are also part ly involved is general ly accepted.
Suppressiveness can be transferred to disease conducive soils. It is destroyed by
heating and micro-organisms that are antagonistic to the pathogen increase as
take-all decline develops. The antagonists involved include species of Bacitlus,
Streptomgces and Pseudomonas (especial ly f luorescent pseudomonads),
mycophagous amoebae, fungi that are closely related to the pathogen and
avirulent strains of the pathogen itself. Take-all decline is a complex phenomenon
and it is quite likely that different mechanisms operate in different soils or
climates, or in different regions of the world.

The best documented example of specific suppression of a disease caused by
nematodes involves the decline of cereal cyst nematode under intensive cereal
rotations in England. This phenomenon was first detected when it was found that
drenching soil with formalin caused nematode multiplication to increase. This
suggested that the chemical had removed a parasite or competitor which was
limiting nematode reproduction. Studies over almost two decades have since
shown that two fungal parasites are mainly responsible for the decline in
nematode populations. iVematopthora ggnophtLa destroys immature females as
they emerge from the roots, while VertictLttum chtamgdosporium attacks egg-
producing females and also invades many of the eggs that are produced. Both
fungi are widespread in cereal f ields in England and once natural
suppressiveness becomes established, populations of cereal cyst nematodes are
perrnanently maintained at levels below the economic threshold.

An interesting and unique case of general suppression occurs in some avocado
orchards in Queensland. Avocado trees are highly susceptible to root rot caused
by Phgtophthora ctnnamomr. However, certain orchards planted in red clay soils of
basaltic origin have little trouble with root rot, despite the fact that they have
been planted to avocado for over 3O years. The pathogen occurs in the soil but
apparently causes little disease. Healthy orchards have been subjected to an
orchard management system which involves continuous cover cropping and
applications of poultry manure, while dolomitic limestone has been applied to
maintain soil pH at about 6.0. These practices ensure that the soil maintains a
high organic matter content and good soil structure and that the total cation
exchange capacity and calcium content is similar to that found in undisturbed
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rainforests nearby, where the soils are also suppressive to the pathogen. Further
evidence that these practices are suppressive to P. cinnamomi is provided by
observations that root rot is severe in avocado trees in surrounding clean-tilled
orchards where soil organic matter has been lost. Soils suppressive to
Phgtophthorc root rot become conducive to disease development if treated with
moist heat at IOO'C for 3O minutes but remain suppressive if treated at 6O'C for
3O minutes. This indicates that spore-forming bacteria including actinomycetes
may have a role in suppression. However, suppression is probably due to a mixed
microbial community, because no single agent has yet been isolated that will
provide the level of suppression observed in natural soil. Also, it must be
remembered that mulching and manuring improves the physical attributes of soil
and this not only enhances microbial activity but is also conducive to plant
growth. Manuring most likely increases ammonium concentrations in soil and
ammonia is known to be inhibitory to growth of the pathogen and sporangium
formation. High calcium levels may also induce resistance in avocado to the
pathogen. Finally, a stand of healthy plants will remove more water from the soil
than one with diseased roots, and this decreases waterlogging of low lying areas,
where Phgtophthora root rot tends to be more of a problem.

It is evident from the examples discussed above that useful suppression has
been observed against a wide range of soil-borne pathogens in soils throughout
the world. It is also apparent that disease suppressive soils involve complex
interactions of a myriad of biotic and abiotic features and therefore, may never be
completely understood. Nevertheless, they provide a good example of the need for
taking a holistic view when developing effective biological controls for pathogens.

27.5 Commercialisation of biological control
There are numerous examples of successful biological control of plant pathogens
in greenhouse tests and small scale field trials, but except for a few examples
such as crown gall, tristeza virus and H. c"nnosum, commercial application and
grower acceptance of biological control has been slow to develop. There are
several reasons for this but one of the most imporlant is the variation in efficacy
which is observed under the range of environmental conditions which occur in
the field. This a recurring problem and will only be overcome by understanding
the environmental parameters that limit biological control. Situations that are not
suitable can then be avoided or the environment can be manipulated to favour
antagonism.

Another major impediment to progress in biological control is the lack of
investment in the development of commercially acceptable commercial products.
The upscaling of biological control from the small plot experimental stage to
commercialisation is expensive as it involves mass production, the development
of a suitable formulation, efficacy testing of the product and attention to human
and environmental safety matters, registration and marketing. Mass production
systems for biological control agents involve growth of the organisms on a solid
substrate such as cereal grains or in liquid culture. At present, nearly all
biological control agents are produced in deep-tank liquid fermenters where pH,
temperature and aeration can be controlled. Formulation involves concentration
and processing of the microbial biomass produced in a fermenter to achieve a
viable, high quality, genetically stable, cost effective and commercially useful
product. This is a critical stage in the production process as the type of
formulation can have an important effect on the performance of the biological
control agent in the field.



438 MarceLLe Stirltng and Graham Stirltng

The type of formulation selected will depend on the method of application.
Easily handled products that can be applied with standard machinery have a
distinct advantage over those that require a special applicator. To achieve these
goals, biological control agents have been formulated as dry products such as
wettable powders, dusts and granules and in liquid forms as aqueous or oil-
based products. To obtain a product with all the desirable attributes, numerous
additives including inert carriers, diluents, emulsifying agents, wetting agents,
humectants, ultra violet radiation screens and nutritional components may be
needed. These components may also help to prolong the shelf-life of the product,
which must be at least six months for the product to have any chance of
commercial success.

Once a formulated product is available, its efficacy must be evaluated under a
variety of conditions to ensure consistency of performance. Since many biological
control agents have a reputation for inconsistency, which is often attributed to
poor survival, formulations containing ingreciients that could enhance survival
are highly desirable. Many biological control agents have a narrow spectrum of
activity and it is therefore important to understand where they can be used
successfully and when alternatives should be employed. This lack of versatility
often makes biological products uneconomic, as they have to compete with
synthetic pesticides that usually perform equally in a range of situations.

Although biological products are often derived from naturally occurring
organisms, there are many human health and environmental concerns which
must be considered before they are made available commercially. For instance,
some micro-organisms may produce toxic metabolites which could have a
significant impact, depending on where the biocontrol agent was applied. Since
biological control agents are generally applied at much higher concentrations
than would normally occur in nature, off-target effects must also be considered.
In future, biocontrol agents may be manipulated genetically using techniques
such as chemical mutagenesis, irradiation, recombinant DNA technology or
protoplast fusion to produce strains with desirable characteristics. Such
characteristics could include resistance to fungicides, antibiotic production,
production of enzymes such as chitinases that attack fungal cell walls, ability to
thrive in the rhizosphere and tolerance of a wider range of temperatures. In
general, wild-type organisms can be registered relatively easily but registration of
genetically engineered micro-organisms is more complicated because of concerns
about the possibility of genes being transferred to other organisms in the
environment.

27.6 Future prospects

It would be unrealistic to expect that biological control products will replace
synthetic pesticides in the foreseeable future. There will always be a need for
synthetic pesticides, given that the world population continues to increase at a
rapid rate and global food production must keep pace with it. However, there is
likely to be some decline in the use of chemical pesticides, especially in developed
countries and this will open windows of opportunity for microbial products to
satisff niche markets. To date, most research has concentrated on the single
antagonist concept, as this emulates the manner in which pesticides are used. In
such a scenario, a single biological control agent is applied and is expected to
work efficiently and quickly on several stages of a pathogen. However,
experimental evidence suggests that adequate and sustained control is rarely
achieved using this strategy. A biological systems approach may provide a better
alternative, as the suppressive activity of a consortium of natural antagonists can
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then be encouraged. Alternatively, biological control agents could be developed as
a component of integrated management progams where the presence of biological
control agents is essential but the success of the programs is not totally
dependent on their activity.
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