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Foreword

In reviewing the chapters in this volume, I am reminded of three separate but
distinct responses of three notable colleagues to K. F. Baker’s and my first book,
Biological Control of Plant Pathogens, published in 1974.

The first was the response of Dr. Lilian Fraizer, New South Wales Depart-
ment of Agriculture (Australia), who, after reviewing an early draft of our manu-
script, described it as ‘‘defensive,’’ as if we had to prove to a skeptical readership
that biological control as a science and practice has a place in plant pathology.
There was no doubt that our audience at that time consisted of many skeptics,
but conveying a defensive posture as the basic message of our book would only
reinforce this skepticism. Much to our satisfaction, Dr. Fraizer described our
published book as ‘‘quietly confident.’’

I would describe the substance of this book, organized and edited by Sam-
uel S. Gnanamanickam, as exceedingly confident but also pragmatic, based on
nearly three decades of lessons from the ‘‘school of hard knocks’’ since K. F.
Baker and I wrote our first book. The list of examples of biological control of
plant pathogens with introduced microorganisms (Chap. 17) on a global basis is
truly remarkable. The pragmatism is apparent in all chapters, at least with respect
to biological control with introduced microorganisms, reflecting the experience
of the past 30 years that discovery of an antagonist is only the first and relatively
easy step on a long path to delivery.

The second response to my first book was from Dr. J. M. Hirst in a review
published in Nature (252:147) under the title ‘‘What Is Biological Control?’’ Dr.
Hirst questioned our broad definition of biological control: ‘‘This concept is so
broad that it embraces all of microbial ecology and much of agriculture, except
the use of chemicals aimed solely against pathogens.’’ Dr. Hirst was half right—



the other exception to our broad concept was physical controls, such as the use
of heat, desiccation, or electrocution or the physical separation of host and patho-
gen, as with quarantine and the production of pathogen-free planting material
using meristem culture.

It is worth noting that the two possibly most significant advances in our
fundamental understanding of biological control of plant pathogens over the past
three decades—suppressive soils and plant–microbe interactions—are outcomes
primarily of our understanding of microbial ecology. The descriptions by Sivasi-
thamparam in Chapter 4 of the plant habitats of microbial biocontrol agents and
by Mazzola in Chapter 12 of phytomanagement of resident antagonists are prime
examples of the application of principles of microbial ecology to understand and
achieve biological control.

The third response was from R. R. Baker, who, like K. F. Baker and me,
accepted that the principles of microbial ecology are the foundation of biological
control of plant pathogens but questioned our inclusion of host plant resistance
as part of biological control. He sent a questionnaire to 216 plant pathologists
around the world and asked them to select one of three choices for a definition of
biological control: (1) the Baker and Cook definition, (2) S. D. Garrett’s definition
published in the 1965 volume Ecology of Soil-borne Plant Pathogens, which
focused on agents other than the host and pathogen, or (3) ‘‘A ‘good’ definition
has yet to be published.’’ Of 140 respondents, 49% favored the definition of
Baker and Cook, 34% favored Garrett’s definition, and 17% thought that a good
definition was still needed.

Twenty-five years may not be long enough to settle this issue, but clearly
the trend is toward acceptance of host–plant resistance as part of biological con-
trol. Two chapters in this book illustrate this point—Chapter 3, ‘‘Transgenic
Plants for the Management of Plant Diseases: Rice, a Case Study,’’ and Chapter
16, ‘‘Biocontrol Agents in Signaling Resistance.’’

Because of advances in molecular biology, all biological control of plant
pathogens comes down to delivery of the products of genes and biosynthetic
pathways to the right place at the right time. Take-all decline is the result of
the antibiotic 2,4-diacetylyphloroglucinol produced in adequate amounts in the
rhizosphere of wheat by certain genotypes of Pseudomonas fluorescens enriched
by monoculture wheat. One of the key enzymes in this biosynthetic pathway,
chalcone synthase, is the same enzyme used in plants in the biosynthesis of phyto-
alexins—substances that, if produced by microorganisms, would be called antibi-
otics. Biological control of fungal pathogens with chitinous cell walls can be
achieved by using the right chitinase produced in adequate amounts when and
where needed—by Trichoderma in the rhizosphere, as a pathogen-related protein
induced as part of the systemic acquired resistance in response to a pathogen or
nonpathogen, or by a transgene expressed in plants. The best examples, of course,
are the family of genes in Bacillus thuringiensis (Bt) for production of the crystal-



line proteins lethal to certain insects: biological control of these insects is the
result of the right form of one of these proteins produced in adequate amounts
when and where needed, whether by a strain of Bt on the plant or as a product
of a Bt transgene expressed in the plant.

The delivery of the products of genes or biosynthetic pathways of microbial
biocontrol agents through transformation of the crop plant is compelling because
of both the relative simplicity of this approach and the long history of success in
breeding crops for resistance to plant diseases. Clearly, this approach is justified.
However, there are equally important reasons for delivering these mechanisms
of biological control through microorganisms, especially as plant-associated mi-
croorganisms. Microbial biocontrol of plant pathogens rarely involves a single
mechanism, whereas the transfer of genes from one of these agents to a crop
plant will likely focus on just one mechanism, which may be less durable. For a
crop such as wheat and a disease such as take-all, the development of a microbial
biocontrol seed treatment product that works on multiple cultivars and market
classes typical of this crop precludes the need to transform each of the cultivars
for each of the environments in which take-all is important.

We must also remember that biological control of plant pathogens with
microorganisms includes resident antagonisms managed by cultural practices—
by far the most successful method, as illustrated by the examples given for the
diseases of the 12 crops discussed in this book. It is easy in this age of sophisti-
cated research to overlook the importance of biological control by resident antag-
onists—their stimulation by organic amendments, exploitation in suppressive
soils, or role in the crop rotation effect. In many respects, biological control in
its many variations and applications has been and remains the mainstay of plant
disease management, especially for diseases caused by pathogens that are not
exclusively seedborne and that therefore have not been subject to control by
cleaning up the planting material. Indeed, biological control does embrace much
of agriculture. The challenge ahead is how to make greater use of this natural
resource. Although the new tools open exciting new possibilities, we must not
lose sight of the proven traditional methods.

R. James Cook, Ph.D.
Washington State University

Pullman, Washington



Preface

Agriculture has been man’s primary occupation since time immemorial. History
shows that agriculture has shaped and dictated the fate of many civilizations and
that effective disease management has long been a challenge to mankind. Today,
in light of growing concerns about environmental safety, suppression of plant
diseases through biological agents is gaining ground as a supplement to tradi-
tional disease-management strategies. Several groups are actively engaged in re-
search pertaining to the identification of biocontrol agents against specific plant
pathogens, with special focus on their deployment on a commercial scale.

I was fascinated by the elegant early research that emerged from University
of California–Berkeley and Washington State University. This led to my involve-
ment in biocontrol research, and today some of my Indian friends in research
circles inform me that I was the first one to introduce Pseudomonas fluorescens
for biocontrol research in India in the early 1980s. The first book on biological
control, Biological Control of Plant Pathogens, by K. F. Baker and R. J. Cook
(published in 1974), and my personal and academic association with Dr. Jim
Cook have been sources of great inspiration for developing this volume.

Many books and edited volumes on biological control have been published
in recent years, most of them addressing the biological control of a particular
nonspecialized pathogen (e.g., Fusarium) that causes diseases in different host
plants. This volume aims at providing a comprehensive update on principles, a
catalogue of the advancements in the application of biocontrol practices for major
crops cultivated around the world, and a glimpse of the challenges involved in
testing, formulating, and applying them within the context of integrated disease
management. It comprehensively presents the agents and methods practiced to
control diseases of major crops, each of which is dealt with in a separate chapter.



The chapters contain the experiences of leading experts engaged in biocontrol
research. There are twelve such chapters in this volume.

Chapters 15–18 cover very interesting and useful subjects related to biolog-
ical control: ‘‘Implementation of Biological Control of Plant Diseases in Inte-
grated Pest-Management Systems’’ (Chap. 15), ‘‘Comprehensive Testing of Bio-
control Agents’’ (Chap. 17), and ‘‘Formulation of Biological Control Agents for
Pest and Disease Management’’ (Chap. 18). Jo Handelsman has provided in
Chapter 19 fine insight into future trends and challenges in biocontrol research
and its application.

The reader will be quick to realize that the volume has been designed to
accommodate the changing scope of biological control brought on by the advent
of biotechnological advances—the definition of biocontrol stands expanded as
S. K. Datta (Chap. 3) presents his work on transgenic rices for disease manage-
ment and L. C. van Loon (Chap. 16) describes signaling mechanisms initiated
by rhizobacteria that culminate in resistance to plant pathogens. The first chapter,
‘‘Principles of Biological Control,’’ and the Foreword by Dr. Jim Cook recognize
this change.

I sincerely hope that this volume will both fill the long-felt need for a
textbook on the subject and serve as an advanced treatise for those seeking details
on biological management of diseases for any of these 12 crops as well as related
topics. I welcome any comments and suggestions for improvement.

I am very grateful for the Foreword by Dr. Jim Cook, whom I consider a
living legend on the subject and a staunch supporter of biocontrol research and
its application. His contribution definitely adds fillip to this volume. I deeply
appreciate the efforts of all the contributors, who have given their best in prepar-
ing their chapters. Members of my research team stood by me and assisted in
reading and editing the original manuscripts and page proofs: among them, Dr.
Preeti Vasudevan deserves special mention. I sincerely thank Marcel Dekker,
Inc., and the editorial staff, Ms. Moraima Suarez in particular, for their profes-
sionalism and commitment to the development of this volume.

Samuel S. Gnanamanickam
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Principles of Biological Control

Samuel S. Gnanamanickam and Preeti Vasudevan
University of Madras–Guindy, Chennai, Tamil Nadu, India

Munagala S. Reddy and Joseph W. Kloepper
Auburn University, Auburn, Alabama

Geneviève Défago
Institute of Plant Sciences, Eidgenössische Technische Hochschule,
Zurich, Switzerland

I. INTRODUCTION

The term biological control was coined by the late Harry Smith of the University
of California, who defined it as ‘‘the suppression of insect populations by the
actions of their native or introduced enemies’’. There have been debates regarding
the scope and definition of biological control ever since, mainly to accommodate
the technological advances in the tools available for pest management. The defi-
nition presented by Van Drieshce and Bellows [1], ‘‘the use of parasitoid, preda-
tor, pathogen, antagonist, or competitor populations to suppress a pest population
making it less abundant and thus less damaging than it would otherwise be,’’
appears to convey the current thinking on biological control by those researchers
involved in insect research.

In their earlier definition of biological control, Baker and Cook [2] de-
scribed it as ‘‘the reduction of inoculum density or disease-producing activities of
a pathogen or a parasite in its active or dormant state, by one or more organisms,
accomplished naturally or through manipulation of the environment, host or an-
tagonist, or by mass introduction of one or more antagonists.’’ This definition
was subsequently reworded to read ‘‘the reduction in the amount of inoculum
or disease-producing activity of a pathogen accomplished by or through one or
more organisms other than man’’ [3]. These are perhaps the most widely quoted
and accepted definitions of biological control.



Some time later, the U.S. National Academy of Sciences introduced some
modifications to the definition, referring to biological control as ‘‘the use of natu-
ral or modified organisms, genes or gene products to reduce the effects of undesir-
able organisms and to favour desirable organisms such as crops, beneficial insects
and microorganisms’’ [4]. Obviously, due consideration has been given to the
advances by the advent of molecular biology to plant pathology and to research
in biological control.

There have been other recent definitions, many of which still reflect the
basic idea presented in the classical definitions of biological control. According
to Shurtleff and Averre [5], biological management or control refers to ‘‘disease
or pest control through counter balance of microorganisms and other natural com-
ponents of the environment. It involves the control of pests (bacteria, fungi,
insects, mites, nematodes, rodents, weeds, etc.,) by means of living predators,
parasites, disease-producing organisms, competitive microorganisms, and de-
composing plant material, which reduce the population of the pathogen.’’ Agrios
[6] defined biological control as the total or partial destruction of pathogen popu-
lations by other organisms.

All these modifications introduced to the basic definition of biological con-
trol by different workers indicate its changing scope and perspective. This is
largely attributed to the insights obtained by the use of various molecular and
biochemical tools for the study of this hitherto poorly understood phenomenon
involving interactions within a multicomponent system. Therefore, biological
control of plant pathogens has now emerged as a broad concept, evident in the
accounts and examples presented by different contributors in this volume, and
encompasses several mechanisms. We have, in fact, included the development
of transgenic plants and biologically induced systemic resistance (ISR) in hosts
under the broad umbrella of biological control.

II. TYPES OF BIOLOGICAL CONTROL

Although biological control broadly refers to the use of living organisms to curtail
the growth and proliferation of other, undesirable ones, it may specifically involve
one or more of the following strategies.

Importation biological control is often referred to as ‘‘classical biological
control,’’ reflecting the historical predominance of this approach. It generally
involves importation and establishment of a nonnative natural enemy population
for suppression of nonnative or native organisms.

Augmentation biological control includes activities in which natural enemy
populations are increased through mass culture, periodic release (either inocula-
tive or inundative), and colonization for suppression of native or exotic pests.
Inoculative releases are intended to colonize natural enemies early in a crop cycle



so that they and their offspring will provide pest suppression for an extended
period of time. Inundative releases are conducted to provide rapid pest suppres-
sion by the released individuals alone, with no expectation of suppression by
their offspring. These two approaches represent extremes on a continuum of ac-
tivities, with most augmentative releases being a hybrid of the two [7].

Conservation biological control can be defined as the study and modifica-
tion of human influences that allow natural enemies to realize their potential to
suppress pests. While augmentation deals with laboratory-reared natural enemies
or microbial antagonists, conservation deals with resident enemy populations.
Therefore, it involves (1) identification and remediation of negative influences
that suppress natural enemies and (2) enhancement of systems (e.g., agricultural
fields) as habitats for natural enemies.

It has to be understood, however, that there are major differences between
biological control of weeds (plants) and plant pathogens. While the former at-
tempts to favor a pathogen at the expense of the plant [8], the latter suppresses
the pathogen so as to favor the plant. Hence, the concepts of biological control
used in entomology can apply to the control of nematodes and parasitic seed
plants and not to other pathogens [3].

III. CURRENT CONCEPTS OR APPROACHES
TO IMPLEMENT BIOLOGICAL CONTROL

A. Introduction of Microbes in the Phylloplane,
Rhizosphere, or Soil

Whereas biological control of insect pests commonly involves foreign explora-
tion and importation of natural enemies of the insect, obtained from the original
home of the insect, biological control of plant pathogens and plant parasitic nema-
todes commonly involves the enhancement or augmentation of antagonists al-
ready present on the plant or in the soil but at populations too low to provide
adequate or timely biological control.

This practice aims at biological protection against infection. Protection of
planting material (crown-gall control) and roots with biological seed treatments
(PGPR and root-colonizing Pseudomonas fluorescens/P. putida including Pf2-
79) as well as the deployment of Streptomyces 5406 used in millions of hectares
of cotton in China are ideal examples of the successful adoption of this form of
plant protection.

Following are some examples in the suppression of major diseases by the
introduction of plant-associated antagonists into the rice rhizosphere (as a seed
treatment) and phylloplane (as foliar sprays): control of rice blast [9,10] sheath
blight [11,12], sheath rot [13], and bacterial blight [14].



Biological protection against infection is accomplished by destroying the
existing inoculum, by preventing the formation of additional inoculum, or by
weakening and displacement of the existing virulent pathogen population. While
the former two are ensured during the augmentation of antagonists, the latter is
achieved by reduction of vigor or virulence of the pathogen by agents such as
mycoviruses or hypovirulence determinants.

B. Stimulating Indigenous Antagonists

Some agents that are closely related to pathogens such as avirulent or dsRNA-
infected hypovirulent strains, epiphytes and endophytes may contribute to making
soils naturally disease suppressive. Such microbial agents may be stimulated by
the addition of organic amendments such as suppressive compost, thereby in-
creasing the suppressive nature of the soil. The following strategies have been
used by different researchers (listed in Ref. 15) to facilitate the enrichment, con-
servation, and management of resident soil and plant-associated microroganisms
by (a) selective elimination of soilborne plant pathogens and enhancement of
antagonists by steaming, sublethal fumigation, and soil solarization and (b) man-
agement of natural suppression of soilborne pathogens.

A number of mechanisms have been implicated in the suppression of soil-
borne plant pathogens by naturally suppressive soils or by introduced beneficial
microorganisms:

1. Competition for iron: fusarium wilts of flax, carnation, siderophore-
mediated control of Gaeumannomyces graminis var. tritici in wheat
and barley.

2. Antibiosis: the production of antibiotics like phenazines, pyoluteorin,
pyrrolnitrin, 2,4-diacetylphloroglucinol, which have been reviewed ex-
tensively by Defago et al. [16] O’Sullivan and O’Gara [17], Dowling
and O’Gara [18], Cook et al. [19], and Handelsman and Stabb [20].

3. Induced resistance (reviewed in Refs. 21,22).
4. LPS derivatives [23].
5. HCN [24].
6. Use of endophytes as biocontrol agents through one or more of the

interactions mentioned above.
7. Use of suppressive compost [25,26] in the control of R. solani, Phy-

tophthora, F. oxysporum, and Pythium.
8. Ice nucleation: Ice strains of P. syringae to suppress ice-nucleation–

active strains causing frost injury [27]. Other ice-active strains are
found in P. viridifava, P. fluorescens, X. campestris pv. translucens,
and E. herbicola in corn [28].



C. Induced Resistance

Some nonpathogenic microbial agents induce a sustainable change in the plant,
resulting in an increased tolerance to subsequent infection by a pathogen. This
phenomenon has been described as induced resistance. This emerging concept
was discussed extensively in the first international symposium in induced resis-
tance held in Greece in May 2000. Induced systemic resistance (ISR) has been
used to describe the systemic resistance induced against pathogens by nonpatho-
genic or plant growth–promoting rhizobacteria [29,30]. This has been distin-
guished from systemic acquired resistance (SAR), which essentially refers to the
host reaction in response to localized infection by pathogens, manifested as broad
range of protection against other pathogens [31,32]. In some cases it has been
observed that the elicitation of pathogenesis-related (PR) proteins, which are
characteristic of the SAR pathway, are not always associated with ISR [33]. How-
ever, since in other cases it does appear that the same suite of genes and gene
products are involved in both these phenomena, some workers still believe that
the terms can be used interchangeably [34]. (For an update on our knowledge
about the role of biocontrol agents in signaling resistance, see Chapter 16.)

D. Biorational Approaches

Mixtures of PGPR strains having identifiable differences in mechanisms (antibio-
sis, siderophores, HCN production, and induced resistance) may be used to afford
increased levels of protection against pathogens [35]. A mixture of six strains of
P. putida, P. fluorescens, P. aureofaciens, and Serratia plymuthica in cucumber
resistance assays against anthracnose caused by Colletotrichum lagenarium
showed that PGPR could induce systemic resistance to the pathogen that is spa-
tially separated from the root zone.

Use of host resistance and biological control agents is an approach that
combines two major strategies, host resistance and biological control. In host-
pathogen systems that have a well-documented list of major R genes, it makes
sense to combine the use of R genes and biocontrol agents for disease manage-
ment. Resistance to rice blast caused by Magnaporthe grisea is governed by more
than 30 major R genes [36] and resistance to bacterial blight of rice (Xanthomonas
oryzae pv. oryzae) is governed by more than 20 major genes [37]. For both sys-
tems, near-isogenic rice lines (NILs) have been developed in the genomic back-
grounds of CO39 for blast and IR24 for bacterial blight. In preliminary studies,
when rice plants carrying the Pi-1 gene for blast resistance were treated with P.
fluoresccens Pf7-14 and P. putida V14-I, they showed enhanced protection
against leaf blast development [38]. Similar results were obtained for bacterial
blight development when NIL IRBB4 (Xa4) were treated with bacterial biocon-



trol agents. Host resistance and biocontrol agents should complement each other
in their activity against pathogens because some major genes are known to be
expressed in either the seedling or adult plant stage and not throughout crop
growth [37].

Smith et al. [39] established a genetic basis for interactions between recom-
binant inbred lines (RILs) of tomato that comprised a mapping population to
Pythium torulosum and disease-suppressive Bacillus cereus UW85. Their genetic
analysis revealed that three quantitative trait loci (QTL) associated with biologi-
cal disease suppression explained 38% of the phenotypic variation among the
RILs. This research suggests that there are new opportunities to exploit the natural
genetic variation governed by major genes or QTL to develop efficient biocontrol
strategies.

Data are available about a number of transgenic rice plants that have been
generated to express major R genes (e.g., Xa-21 for bacterial blight resistance)
and defense genes (chitinases, glucanases, and thaumatin-like proteins) for the
management of rice bacterial blight, sheath blight, and other diseases. The possi-
bility of pyramiding these genes in transgenic plants to afford higher levels of
pathogen suppression presents another good opportunity for biological disease
management.

IV. OPPORTUNITIES AND CHALLENGES

There are a range of challenges and opportunities, including discovering and
implementation of microorganisms as biological control agents, whether man-
aged as resident communities or introduced as individuals or a mixture of strains.
These include scientific and technical challenges and the regulatory processes in
different countries that require special reviews and tests as prerequisites for the
registration of these agents as microbial pesticides [15].

In many countries as well as the European Union, biological agents are
treated on a par with commercial pesticides or fungicides for the purpose of
registration. Elaborate toxicological and biosafety data have to be obtained and
furnished to regulatory agencies, which ultimately leads to a long waiting period
before registration and a very high initial cost for the development of the product.

Different strategies for formulating biocontrol agents and the challenges
associated with the process are discussed in Chapter 18. Genetic improvement
of biocontrol agents offers many opportunities for their improvement while the
transformation of plants with transgenes from these antagonists or other sources
of resistance is also an exciting and challenging possibility.

Transgenic rice plants with transient expression of more than one defense
gene is an attractive strategy for management of the rice sheath blight pathogen



Rhizoctonia solani [40,41], especially because rice (cultivated or wild) does not
have adequate levels of resistance to this devastating disease.

Biological control remains a very vital disease-management strategy for
developing countries, where the costs of chemical treatments can be prohibitive.

REFERENCES

1. RG Van Drieshce, TS Bellows, Jr. Pest origins, pesticides and the history of biologi-
cal control. In: RG Van Drieshce, TS Bellows, Jr., eds. Biological Control. New
York: Chapman and Hall, 1996, pp 3–18.

2. KF Baker, RJ Cook. Biological Control of Plant Pathogens. Amer Phytopathol Soc,
St. Paul, MN, 1974, pp 35–50.

3. RJ Cook, KF Baker. The Nature and Practice of Biological Control of Plant Patho-
gens. Amer Phytopathol Soc, St. Paul, MN, 1983.

4. Research briefing. Report of the research briefing panel on biological control in
managed ecosystems. Washington, DC: National Academy Press, 1987.

5. MC Shurtleff, CW Averre, III. Glossary of Plant Pathological Terms. APS Press,
St. Paul, MN, 1997.

6. GN Agrios. Plant Pathology, 4th ed. San Diego, CA: Academic Press, 1997.
7. DB Orr, CP-C Suh. Parasitoids and predators. In: JE Rechcigl, NA Rechcigl, eds.

Biological and Biotechnological Control of Insect Pests. Boca Raton, FL: Lewis
Publishers, CRC Press, 2000, pp 3–24.

8. R Charudattan, HL Walker, eds. Biological Control of Weeds with Plant Pathogens.
John Wiley and Sons, 1982.

9. SS Gnanamanickam, TW Mew. Biological control of blast disease of rice (Oryza
sativa, L.) with antagonistic bacteria and its mediation by a Pseudomonas antibiotic.
Ann Phytopath Soc Jpn 58:380–385, 1992.

10. A Chatterjee, RM Valasubramanian, AK Vachhani, SS Gnanamanickam, AK Chat-
terjee. Isolation of ant mutants of Pseudomonas fluorescens strain Pf7–14 altered
in antibiotic production, cloning of ant� DNA and evaluation of the role of antibiotic
production in the control of blast and sheath blight of rice. Biol Control 7:185–195,
1996.

11. TW Mew, AM Rosales. Bacterization of rice plants for control of sheath blight
caused by Rhizoctonia solani. Phytopathology 76:1260–1264, 1986.

12. KV Thara, SS Gnanamanickam. Biological control of rice sheath blight in India:
lack of correlation between chitinase production by bacterial antagonists and sheath
blight suppression. Plant Soil 160:277–280, 1994.

13. N Sakthivel, SS Gnanamanickam. Evaluation of Pseudomonas fluorescens for sup-
pression of sheath rot disease and for enhancement of grain yields in rice, Oryza
sativa L. Appl Environ Microbiol 53:2056–2059, 1987.

14. P Vasudevan, SS Gnanamanickam. Progress and prospects for biological suppres-
sion of rice diseases with bacterial antagonists. In: Proceedings of national sympo-
sium on biological control and plant growth promoting rhizobacteria (PGPR) for
sustainable agriculture, Hyderabad, India, April 3–4, 2000.



15. EC Tjamos, GC Papavizas, RJ Cook. Biological Control of Plant Diseases: Progress
and Challenges for the Future. New York: Plenum Press, 1992.

16. G Defago, D Haas. Pseudomonads as antagonists of soil-borne plant pathogens:
modes of action and genetic analysis. In: JM Bollag, G Stotzky, eds. Soil Biochemis-
try. New York: Marcel Dekker, Inc., 1990, pp 249–291.

17. DJ O’Sullivan, F O’Gara. The traits of fluorescent Pseudomonas spp. involved in
suppression of plant root pathogens. Microbiol Rev 56:662–676, 1992.

18. DN Dowling, F O’Gara. Metabolites of Pseudomonas involved in the biocontrol of
plant disease. Trends Biotechnol, 12:133–141, 1994.

19. RJ Cook, LS Thomashow, DM Weller, D Fujimoto, M Mazzola, G Bangera, D Kim.
Molecular mechanism of defense by rhizobacteria against root diseases. Proc Natl
Acad Sci USA 92:4197–4201, 1995.

20. J Handelsman, EV Stabb. Biocontrol of soilborne plant pathogens. Plant Cell 8:
1855–1869, 1996.

21. J Kuc. Induced immunity to plant disease. Bioscience 32:854–860, 1982.
22. LC Van Loon, PAHM Bakker, CMJ Pieterse. Systemic resistance induced by rhizo-

sphere bacteria. Ann Rev Phytopathol 36:453–483, 1998.
23. M Reitz, K Rudolph, I Schoroder, S Hoffmann-Hergaeten, J Hallmann, RA Sikora.

Lipopolysaccharides of Rhizobium etli strain G12 act in potato roots as an inducing
agent of systemic resistance to infection by the cyst nematode, Globodera pallida.
Appl Environ Microbiol 66:3515–3518, 2000.

24. C Voisard, C Keel, D Haas, G Defago. Cyanide production of Pseudomonas fluo-
rescens helps suppress black root rot of tobacco under gnotobiotic conditions.
EMBO J 8:351–358, 1989.

25. HAJ Hoitink, Y Inbar, MJ Boehm. Status of compost-amended potting mixes natu-
rally suppressive to soilborne diseases of floricultural crops. Plant Dis 75:869–873,
1991.

26. HAJ Hiotink. Composted bark, a light weighted growth medium with fungicidal
properties. Plant Dis. 66:1106–1112, 1980.

27. SE Lindow, DC Arny, CD Upper. Erwinia herbicola: a bacterial ice nucleus active
in increasing frost injury to corn. Phytopathology 68:523–527, 1978.

28. SE Lindow, DC Arny, CD Upper. Distribution of ice nucleation active bacteria on
plants in nature. Appl Environ Microbiol 36:831–838, 1978.

29. CMJ Pieterse, SCM van Wees, E Hoffland, JA van Pelt, LC van Loon. Systemic
resistance in Arabidopsis induced by biocontrol bacteria is independent of salicylic
acid accumulation and pathogenesis-related gene expression. Plant Cell 8:1225–
1237, 1996.

30. E Hoffland, J Hakulinen, JA van Pelt. Comparison of systemic resistance induced
by avirulent and non-pathogenic Pseudomonas species. Phytopathology 86:757–
762, 1996.

31. JA Ryals, UH Neuenschwander, MG Willits, A Molina, H-Y Steiner, MD Hunt.
Systemic acquired resistance. Plant Cell 8:1809–1819, 1996.

32. L Sticher, B Mauch-Mani, JP Metraux. Systemic acquired resistance. Annu Rev
Phytopathol 35:235–270, 1997.

33. HGM Linthorst. Pathogenesis-related proteins in plants. Crit Rev Plant Sci 10:123–
150, 1991.



34. JW Kloepper, MS Reddy. Use of plant growth-promoting rhizobacteria (PGPR) to
enhance plant growth and induce systemic disease resistance. In: Proceedings of
national symposium on biological control and plant growth promoting rhizobacteria
(PGPR) for sustainable agriculture, Hyderabad, India, April 3–4, 2000.

35. JW Kloepper, G Wei, S Tuzun. Rhizosphere population dynamics and internal colon-
isation of cucumber by plant-growth promoting rhizobacteria which induce systemic
resistance to Colletotrichum orbiculare. In: ES Tjamos, ed. Biological Control of
Plant Diseases. New York: Plenum Press, 1992.

36. L Babujee, SS Gnanamanickam. Molecular tools for the characterization of rice blast
pathogen (Magnaporthe grisea) population and molecular marker-assisted breeding
for disease resistance. Curr Sci 78:248–257, 2000.

37. SS Gnanamanickam, VB Priyadarisini, NN Narayanan, P Vasudevan, S Kavitha.
An overview of bacterial blight disease of rice and strategies for its management.
Curr Sci 77:1435–1444, 1999.

38. K Krishnamurthy. Biological control of rice blast and sheath blight with Pseudomo-
nas spp: survival and migration of the biocontrol agents and the induction of sys-
temic resistance in biological disease suppression. Ph.D. thesis, University of Ma-
dras, 1997.

39. KP Smith, J Handelsman, RM Goodman. Genetic basis in plants for interactions
with disease suppressive bacteria. Proc Natl Acad Sci USA 96:4786–4790, 1999.

40. W Lin, CS Anuratha, K Datta, I Potrykus, S Muthukrishnan, SK Datta. Genetic
engineering of rice for resistance to sheath blight. Bio/Technology 13:686–691,
1995.

41. K Datta, R Velazhagan, N Oliva, T Mew, GS Khush, S Muthukrishnan, SK Datta.
Overexpression of cloned rice thaumatin-like protein (PR-5) gene in transgenic rice
plants enhances environmental friendly resistance to Rhizoctonia solani causing
sheath blight disease. Theor Appl Genet 98:1138–1145, 1999.



2
Biological Control of Rice Diseases

Preeti Vasudevan, S. Kavitha, V. Brindha Priyadarisini,
Lavanya Babujee, and Samuel S. Gnanamanickam
University of Madras–Guindy, Chennai, Tamil Nadu, India

I. INTRODUCTION

The early 1960s witnessed a dramatic increase in the global population and a
mood of despair regarding the world’s ability to cope with the food–population
balance. Concerned about this impending crisis, several organizations sought to
promote rice cultivation in the developing, rice-growing regions of the world.
High-yielding, fertilizer-responsive cultivars like IR-8, which could be grown
throughout the year, were therefore introduced for cultivation in several parts of
Asia, where 92% of the world’s rice is grown. Today, 23 countries contribute
more than 1 million tons of rice in the global scenario.

This acceleration of growth in rice production has been possible largely
due to the replacement of traditional agricultural practices by modern ones. While
the deployment of high-yielding cultivars contributed to a direct enhancement of
grain yield, the development of effective strategies for pest and disease manage-
ment minimized crop losses and consequently increased the net availability of
rice.

Annual losses of up to 40% are said to be incurred due to biotic stresses
like insect pests, pathogens, and weeds, and more than half of the world’s rice
crop is estimated to be lost [1]. Among several diseases caused by bacterial,
fungal, and viral pathogens that devastate rice yields all over the world, Magna-
porthe grisea (rice blast), Rhizoctonia solani (sheath blight), Sarocladium oryzae
(sheath rot), Xanthomonas oryzae pv. oryzae (bacterial leaf blight), and the rice
tungro virus (tungro disease) are considered serious constraints.

Disease-management strategies aimed at reducing losses and averting out-
break of epidemics have been developed in the past and have been in use ever



since. The use of chemicals, especially compounds containing mercury and cop-
per, and diverse antibiotics were widely resorted to in order to achieve high levels
of disease suppression. However, the persistent, injudicious use of chemicals has
been discouraged owing to their toxic effects on nontarget organisms and due to
the undesirable changes they inflict upon the environment. Many of these chemi-
cals are also too expensive for the resource-poor farmers of Asia. Though the
exploitation of host resistance and introgression of R-genes into local high-yield-
ing cultivars appear promising, the large-scale and long-term use of resistant
cultivars is bound to result in significant shifts in the virulence characteristics of
pathogens, culminating in resistance breakdown.

Biological control therefore assumes special significance in being an eco-
friendly and cost-effective strategy for disease management, which can also be
used in integration with other strategies to afford greater levels of protection and
sustain rice yields. Though fungi, viruses, insects, or any organism (other than
the damaged host or the pathogen causing the disease) can be used as agents
mediating biological control, bacterial antagonists to various plant pathogens
have received enormous attention and are considered ideal candidates for biologi-
cal control for obvious reasons such as rapid growth, easy handling, and aggres-
sive colonization of the rhizosphere. These bacteria may mediate biocontrol by
the production of antibiotics, iron-scavenging siderophores, lytic enzymes, and
microbial cyanides or by initiating a cascade of events resulting in the induction
of systemic resistance in the host [2]. Efficient bacterial antagonists to many rice
pathogens affording appreciable levels of disease suppression have been identi-
fied, and a few strains demonstrating potential for very high levels of suppression
have been studied in detail. Also, the discovery that many of these antagonists
may function as plant growth–promoting rhizobacteria (PGPR), contributing di-
rectly to the enhancement of plant growth and health, has aroused enormous
interest in biological control and favors its deployment as a sound, ecology-
conscious strategy for disease management. This chapter aims at highlighting the
usefulness of biological control agents in suppressing some major diseases of
rice.

II. CANDIDATES FOR BIOLOGICAL CONTROL
OF RICE PATHOGENS

Diverse groups of microbes exist in nature. Obviously, biological control agents
are not limited to any specific group, but very few groups of microbes have
received attention and have been widely acclaimed as ideal candidates for biocon-
trol. Bacterial antagonists in general, Pseudomonas and Bacillus in particular,
are thought to be the most appealing candidates for biological control [3]. Bacilli
are gram-positive endospore-producing bacteria that are tolerant to heat and des-
iccation, a feature that makes them very attractive for effective deployment. The



pseudomonads are gram-negative rods and have simple nutritional requirements.
They are known to be excellent colonizers and are widely prevalent in the rice
rhizosphere [4]. This chapter describes the use of bacterial biocontrol agents for
rice disease management.

Both fluorescent and nonfluorescent bacteria have been implicated in the
suppression of rice diseases (Table 1). A number of antagonistic bacteria identi-
fied from the rice rhizosphere soils of upland and lowland fields, diseased and
healthy plants, and from rice field flood waters [5] have been broadly categorized
as fluorescent or nonfluorescent strains. Among them, 91% of the former and
33% of the latter inhibited mycelial growth of R. solani in vitro. When used
for seed bacterization, these strains reduced rice sheath blight (ShB) severity in
greenhouse and field tests.

Rosales et al. [6] have identified different groups of bacterial antagonists
for seedborne, foliar, and sclerotium-forming rice pathogens. These antagonists
belonged to the genera Bacillus, Pseudomonas, Serratia, and Erwinia. All of 23
antagonists screened inhibited mycelial growth of R. solani, while few of them
could inhibit growth of other fungal pathogens like Sclerotium oryzae, Helmin-
thosporium oryzae, Pyricularia oryzae, Sarocladium oryzae, and Fusarium mo-
noliforme.

Also, studies from our laboratory have revealed that a large number of
bacterial strains possess the ability to protect rice plants from diseases such as
blast [7], sheath blight [8,9], sheath rot [10], and stem rot [11]. About 40 bacterial
isolates antagonistic to the rice bacterial blight pathogen were identified through
dual plate assays (Fig. 1). Treatment of susceptible rice plants with these antago-
nists appears to effect statistically significant reductions in bacterial blight lesion
lengths (Table 2), as evident from field assays [12]. Also, there seems to exist
a direct correlation between the endophytic survival of a biocontrol agent applied
to rice plants through various treatments and the extent of bacterial blight suppres-
sion by Pseudomonas putida strain V14i [13]. The exploitation of endophytes
for biocontrol is therefore an exciting possibility, especially for the control of
vascular pathogens [14–16].

A limited number of fungal antagonists have also been reported against
rice pathogens, particularly in the control of R. solani, among which Trichoderma
spp. [17], Penicillium, Myrothecium verrucaria, Chaetomium globosum, and
Laerisaria arvalis are known to be efficient [18].

III. SUPPRESSION OF SOME MAJOR RICE DISEASES
BY BIOLOGICAL AGENTS AND MODES
OF DISEASE REDUCTION

The assessment of the potential of any organism to bring about disease suppres-
sion demands that it be applied to the plant system in suitable form. This may



Table 1 Major Rice Diseases: Their Causal Organisms, Symptoms, and Biocontrol Agents

Biocontrol
Disease Causal organism Symptoms agents Ref.

Blast Pyricularia oryzae Small, water-soaked, whitish-gray spots that en- Pseudomonas Gnanamanickam and
Teliomorph: Magna- large, forming elliptical lesion with pointed fluorescens Mew, 1992; Rosales et

porthe grisea ends and brown margins. In the pannicle, the al., 1993; Valasubra-
neck blackens and rots, causing it to fall as manian, 1994
the grain sets.

Brown Drechslera oryzae/ Initiated as a brown, oval, or round spot on leaf Pseudomonas Rosales et al., 1993
spot Helminthosporium or sheath. Spots coalesce in severe cases. P. aeruginosa

oryzae Black or brown spots seen on glumes as well. Bacillus sp.
Teliomorph: Cochlio- B. subtilis

bolus miyabeanus
Bacterial Xanthomonas oryzae Dull green water-soaked lesions on leaf tip or Bacillus sp. Vasudevan and Gnana-

blight pv. oryzae margin that enlarges, forming characteristic manickam, 2000
yellow lesions with wavy margins that extend
up to the sheath. Leaves later turn straw-like
and blight.

Stem rot Sclerotium oryzae/ Small black irregular lesions on the outer leaf P. fluorescens Elangovan and Gnanaman-
Helminthosporium sheath. Lesions advance to the inner leaf P. aeruginosa ickam, 1992; Rosales et
sigmoideum sheath and leaf rots. Internodes rot causing B. subtilis al., 1993

Teliomorph: Naka- stem to lodge. B. pumilus
tara sigmoidea/
Magnaporthe sal-
vinii

Copyright 2002 by Marcel Dekker. All Rights Reserved.



Sheath Rhizoctonia solani Ellipsoid to ovoid lesions on leaf sheath with a P. fluorescens Vasantha Devi et al.,
blight Teliomorph: Thana- grayish-white center and brown margin. Le- P. putida 1989; Thara, 1994;

tephorus sasaleii sions enlarge and extend to the leaves, caus- P. fluorescens Rosales et al., 1993;
ing severe blight symptoms. Sclerotia formed Bacillus sp. Mew and Rosales, 1986
during advanced stages. B. subtilis

B. laterosporus
B. pumilus
Serratia

marcescens
Pseudomonas
P. aeruginosa

Sheath rot Sarocladium oryzae Rotting of the uppermost leaf sheath enclosing P. fluorescens Sakthivel, 1987; Rosales
young pannicles. Lesions begin as oblong, ir- B. subtilis et al., 1993; Sakthivel
regular spots with brown margins and gray P. aeruginosa and Gnanamanickam,
centers that enlarge and coalesce later. Young Pseudomonas 1987
pannicles remain within sheath or only par-
tially emerge.

Tungro RTV Stunting, discoloration of leaves in various P. fluorescens Ganesan, 1999
disease Vector: Nephotettix shades of yellow to orange. Young leaves mot- (for green

virescens tled; old leaves have rusty specks of various leaf hopper
sizes. vector)

Copyright 2002 by Marcel Dekker. All Rights Reserved.



Figure 1 Inhibition of Xanthomonas oryzae pv. oryzae, the rice bacterial blight patho-
gen, by bacterial antagonists in dual plate assays.

be achieved either by direct inoculation (dipping seeds in a bacterial culture,
aerial spraying, or spreading the bacteria in sowing furrows by drip systems) or
by the use of various solid-phase inoculants.

In our laboratory bacterization is achieved by application of biocontrol
agents to the seeds before sowing and/or as foliar sprays to the foliage of the
plant. Surface-sterilized seeds are dipped overnight in bacterial suspensions (OD
at 600 nm � 0.1) prepared in 0.5–1% carboxymethylcellulose for seed bacteriza-
tion and are then air-dried before sowing. This suspension may also be used to
bacterize plants as foliar sprays. Biocontrol agents thus applied have been effec-
tive in bringing about significant suppression of several serious foliar rice dis-
eases. Greenhouse and field experiments for sheath rot suppression revealed that
P. fluorescens treatments applied to the seeds and rice plants prior to inoculation
with the pathogen could reduce disease severity by 20–42% in five rice cultivars
tested. Bacterization of rice plants was also found to enhance plant height, number
of tillers, and grain yields from 3 to 160% [19]. Seed treatments with bacterial
antagonists to Fusarium monoliforme causing the rice bakane disease could bring
about 72–96% disease reduction in seedbed experiments [20].

Similarly, experiments for the biological control of the bacterial blight
pathogen revealed that different species of Bacillus applied to rice plants as a



Table 2 Suppression of Rice Bacterial Blight
by Treatments with Bacterial Antagonists in Field
Experiments, Conducted at Water Resources Department,
Anna University, Chennai, India

Difference of
Mean lesion length LSD value

Bacterial lesion length from control
isolate (cm) (cm) 1% 5%

Mon#2-16 6.00 R 7.02** 1.20 1.59
M1 7.91 R 5.11** 1.81 2.44
VyI19 6.91 R 6.11** 1.40 1.87
Al23 8.03 R 4.99** 1.47 2.00
Mon5 11.80 S 1.22 1.50 2.01
Alp18 8.73 R 4.29** 1.94 2.61
M9 10.70 S 2.32** 1.72 2.30
Mon13 10.96 S 2.06* 1.76 2.35
VyII17 10.92 S 2.10** 1.31 1.74
Cal9 8.50 R 4.55** 0.99 1.31
Mon#2-17 10.67 S 2.35** 1.23 1.63
M3 10.99 S 2.03* 1.56 2.09
M5 12.05 S 0.97 1.36 1.82
M16 9.56 S 3.46** 2.22 3.00
F1 9.08 R 3.94** 1.94 2.62
VyI18 10.64 S 2.38* 2.16 2.91
Pat8 9.08 R 3.94** 1.12 1.49
M13 11.10 S 1.92* 1.80 2.56
M11 10.58 S 2.44* 1.85 2.50
Nel16 10.56 S 2.46** 1.56 2.09
Control 13.02 S — — —

* Reduction in lesion length significant at 5%; **reduction in lesion
length significant at 1%.

R, Disease reaction resulting in �10 cm bacterial blight lesion length
(resistant); S, a susceptible reaction characterized by lesion length of
�10 cm.
Source: Refs. 12, 21.

seed treatment before sowing, a root dip prior to transplantation, and two foliar
sprays prior to inoculation could afford up to 59% suppression of the disease.
These treatments could also bring about a twofold increase in plant height and
grain yield [21]. Efforts are underway to characterize the mechanism(s) mediating
the biological suppression of bacterial blight disease.

Recent work from our laboratory has demonstrated the insecticidal activity



of P. fluorescens strains on the rice green leaf hopper (GLH), Nephotettix
virescens. The GLH is the insect vector of the rice tungro virus (RTV) causing
Tungro disease. This is one of the most devastating rice diseases, whose success-
ful management has been a challenge to rice growers all over the world. Bacterial
strains of Pf 7–14 and PpV14i showed maximum toxicity to the insect vector,
bringing about death of 90% of the insects that were fed on bacteria-treated rice
leaves for 7 days. Thin sections of the gut and eyes of the dead insects, however,
did not reveal the presence of the bacteria [22]. The death of the insect vector
therefore appears to be mediated by certain toxic substances produced by the
bacteria. The possibility of using such bacteria to control vectors and thereby
reduce incidence of the disease, however, needs to be explored, and intensive
studies with regard to the feasibility of such an approach must be carefully as-
sessed.

A. Mechanisms of Sheath Blight Suppression

Native bacterial strains, both fluorescent and nonfluorescent, antagonistic to the
rice sheath blight pathogen have been identified and analyzed for the mechanism
mediating control. Since chitin forms a major component of the cell wall of the
pathogen, it was hypothesized that chitinase producers may be efficient antago-
nists of R. solani. Therefore, as many as 1409 strains were screened for their
ability to produce chitinase in the laboratory [9]. Most fluorescent pseudomonads
were very poor chitinase producers, while nonfluorescent bacteria like Bacillus
sp. produced appreciable levels of chitinase [23]. However, seedbed and field
experiments revealed that seed bacterization with fluorescent pseudomonads [24],
particularly strains of P. fluorescens and P. putida V14i, were most efficient in
reducing ShB severities by 68 and 52%, respectively (Table 3). This lack of
correlation between chitinase production and disease suppression suggests that
other mechanism(s) may be involved in ShB suppression [25]. A more recent
investigation has suggested that the induction of systemic resistance in rice by
these fluorescent pseudomonads may also contribute to ShB suppression [26].
Therefore, protection afforded by biocontrol agents may not really be exemplified
by just one factor, but is usually a consorted effect of more than one mechanism.

Indeed, antifungal metabolites produced by biocontrol agents have been
implicated in the control of the ShB pathogen. Metabolites like phenazines, pyr-
rolnitrin, and 2,4-diacetylphloroglucinol were identified in the culture filtrates of
different strains of Pseudomonas by standard chromatographic methods [27].
These are thought to be responsible for the control of R. solani in vitro and for
affording limited protection of seedlings against the pathogen [6].

Disease suppression by biocontrol agents is governed by a multitude of
factors. These factors influencing biocontrol are bound to vary with the type of
biocontrol agent used and the nature of the pathogen targeted for control. There-



Table 3 Suppression of Rice Sheath Blight in IR50 Rice by
Bacterial Treatments in the Field, Pattambi, Kerala, Southern India

Disease
R. solani Chitinase suppression

Strain (mm) production (%)

P. putida V14I 15 0 67.6
P. fluorescens V20d 16 0 35.2
P. fluorescens U113b 25 0 52.1
P. fluorescens U113c 25 0 50.9
P. fluorescens F012 11 0 45.8
P. fluorescens F006 8 2 51.8
Bacillus NF403 5 5 36.3
Validamycin — — 26.5
Check — — 0

LSD (0.05) � 6.2
LSD (0.01) � 14.5

Source: Ref. 25.

fore, systematic studies that evaluate the relative importance of various factors in
modulating disease suppression by biological agents is essential for the successful
deployment of biological control as a disease-management strategy. One such
attempt to understand the influence of soil factors and cultural practice on the
biological control of ShB with antagonistic bacteria was made by Gnanaman-
ickam et al. [28]. The results of this study revealed that acidic soils of pH 5.0
and boron toxicity favored biocontrol. Also, bacterial treatments afforded greater
protection in direct-seeded rice than in transplanted rice, which may be attributed
to a greater crop canopy in the former, creating an ecological niche that favors
colonization and epiphytic survival of the introduced agents.

Trichoderma spp. elicit biocontrol mainly by being mycoparasites and by
being aggressive competitors of the pathogen. Several workers have observed
growth and coiling of the mycelia of Trichoderma on the host hyphae. The sus-
ceptible hyphae usually become vacuolated, collapse, and finally disintegrate.
The mycoparasite then grows on the hyphal contents. Species of Trichoderma
are also known to produce antibiotics at low pH, which may mediate biocontrol
in some cases. Also, T. hamatum and T. harzianum produce lytic enzymes like
chitinases and glucanases that attack both the hyphae (resulting in exolysis) and
the sclerotia of R. solani. However, the extent of ShB suppression by the fungus
is influenced by several parameters, the most important being soil pH. Disease
suppression is greatly reduced if the soil pH is about neutral and the maintenance
of a threshold population of the fungus in the rhizosphere is impaired to a great



extent at higher pH. Antibiotics like viridin and gliotoxin produced by Glioclad-
ium spp. are thought to mediate their antagonism against R. solani [18].

B. Mechanisms of Blast Suppression

Rice blast is a serious production constraint in most rice-growing regions of the
world. Extensive screening of a large number of rice rhizosphere–associated bac-
teria for antagonism against the rice blast pathogen has been carried out in our
laboratory. Some of these strains have demonstrated up to 80% reduction of leaf
blast in susceptible rice crops [7].

Strains of Pseudomonas fluorescens were probably the first agents of bio-
control identified against the blast pathogen [29]. A strain designated Pf 7–14
isolated from the rice rhizosphere afforded significant levels of blast suppression
in field experiments. A preliminary effort was also made to characterize the mech-
anism involved in disease suppression by this promising biocontrol agent. Sider-
ophore production, one of the most important mechanisms known to mediate
bacterial antagonism to fungi, could not have been involved here, as the rice soils
in which these experiments were carried out were highly acidic (pH 4). Moreover,
Fe amendments to the medium did not reverse the antagonism of this strain to
the blast fungus. Antibiotics partially purified from the culture filtrate of the bac-
terium by sephadex column chromatography were implicated in blast suppression
These antifungal antibiotics (afa) afforded 70–100% inhibition of condial germi-
nation of P. grisea at 1.0 ppm concentration [30]. The exact chemical nature of
this antibiotic was not elucidated.

A genetic analysis of the genes encoding production of this afa was per-
formed. A genomic library of Pf 7–14 was constructed in a cosmid vector
pLARF5 [31]. Recombinant cosmids carrying DNA fragments of ca. 20–30 kb
were mobilized into mutants deficient in antibiotic production. Three different
classes of mutants were generated. The Class I mutants, totally deficient in anti-
fungal antibiotics (ant�), were generated by ethyl methyl sulfonate (EMS) or
transposon mutagenesis using mini-Tn5-Km. Class II mutants obtained by
transposon mutagenesis produced reduced levels of antibiotics (antleaky), while
class III mutants generated by mutagenesis with EMS overproduce antibiotics
(anthyper). Complementation analysis using the former two classes of mutants re-
vealed that five cosmids restored antibiotic production with different complemen-
tation patterns. Two cosmids, one that restored antibiotic phenotype in both
classes of mutants (pAKC908) and another that restored the antibiotic phenotype
as well as exo-protease activity and the wrinkled colony morphology in their
respective mutants (pAKC902), were subsequently analyzed. Mutagenesis of the
cosmid pAKC908 with Tn3HoHo1 followed by complementation analyses and
Southern hybridization revealed that the genes required for antibiotic production
are clustered together [7,32].



Pf 7–14 is known to produce several antifungal metabolites [6], and it is
likely that each of these metabolites requires a different set of genes for its synthe-
sis. This supports the hypothesis that tight ant� mutants could have resulted from
a defect in the common regulatory gene responsible for the synthesis of precursors
of all these metabolites. gacA is one such global regulatory gene known to control
antibiotic production in other strains of Pseudomonas. However, no homology
could be detected between gacA and the insert DNAs of the cosmids that restored
antibiotic production in mutants upon Southern hybridization even under condi-
tions of high stringency. Moreover, mobilization of gacA� plasmid into afa mu-
tants could not restore antibiotic production. Homologs of lemA [33] or phz [34]
could not be detected under similar conditions. It is believed that a comparison
of the sequence data of the ant� region of Pf 7–14 with that of such known global
regulators will provide useful information in this regard [32].

The Pf 7–14 mutants, lacking either totally or partially the ability to pro-
duce antifungal metabolites generated by transposon mutagenesis (miniTm5-
Km), were tested in field experiments along with the wild strain in an attempt
to compare their efficiency in mediating blast suppression (Fig. 2). While the
wild-type strain afforded 79 and 82% leaf and neck blast reductions, respectively,
the mutants afforded a mere 24–40% and 3–25% suppression of leaf and neck

Figure 2 Suppression of neck blast by Pseudomonas fluorescens strain Pf 7–14 (plants
on the right) and lack of protection against neck blast in plants treated with its afa� mutant
(plants on the left).



blast (Table 4). Also, the wild-type and mutant strains of Pf 7–14 controlled ShB
by 82 and 10%, respectively. It was also observed that the reductions in blast
and sheath blight mediated by Pf 7–14 in the field was better than those achieved
by treatment with a commercial fungicide tricyclazole [7]. Antifungal antibiotics
produced by the bacterium were therefore thought to be responsible for biological
control of blast by Pf 7–14.

The direct evidence for the involvement of an antibiotic produced by a
biological control agent in disease suppression nevertheless comes with detection
of the antibiotic in question in the rhizosphere of the plant system to which the
agent has been applied. Perhaps the first of its kind was a high performance liquid
chromatography–based assay developed by Thomashow et al. [35]. A similar
approach was followed in our laboratory to detect the production of antibiotics
produced by P. fluorescens strain Pfcp in the rice rhizosphere. This strain was
originally isolated from citrus leaves [19] and produced phenazine carboxylic
acid (PCA). Samples of rice rhizosphere obtained from IR50 rice plants treated
with this strain were washed in phosphate buffer and used for isolation of antibiot-
ics by extraction with methylene chloride. The crude antibiotic was subsequently
purified by column chromatography. The biologically active fractions thus ob-
tained had spectral properties similar to those of authentic PCA. Also, the severity
of blast disease was reduced by up to 60% in plants that received treatments
of P. fluorescens Pfcp [36]. This study provides unequivocal evidence for the
production of PCA in vivo and its association in blast suppression.

Many fluorescent pseudomonads and other PGPRs have been reported to
induce systemic resistance in different plant systems against their respective
pathogens [37–43]. A recent study from our laboratory suggests that induced
systemic resistance (ISR) in rice triggered in response to treatments with Pf 7–
14 and PpV14i is an important mechanism in the biological suppression of blast

Table 4 Evaluation of Pf7–14 and Its Mini-Tn5 Mutants
in the Field for the Suppression of Leaf Blast in IR50 Rice

Leaf blast

Bacterial Percent disease Percent disease
strain incidence control

Pf 7–14 21.30 78.70
Afa� mutant AC2003 75.30 24.70
Afaleaky mutant AC2007 52.90 47.10
Fungicide (tricyclazole) 31.00 69.00

Source: Ref. 7.



[44]. While an increase in the endogenous levels of salicylic acid was detected,
the rice phytoalexin momilactone-A could not be detected in rice plants treated
with either strain of bacteria. This increase in SA levels by bacteria-induced ISR
was found to contribute to rice blast suppression by 25% [45].

Several workers have attempted the induction of host resistance against
rice blast disease. In fact, avirulent strains of P. grisea have been used to induce
resistance in rice against the highly virulent strains of the pathogen [46–50]. A
recent report suggests that treatment of rice plants with strains of avirulent P.
grisea and isolates of Bipolaris sorokiniana could bring about substantial reduc-
tion of leaf blast in greenhouse experiments. Application of B. sorokiniana to
rice plants at the four-leaf stage systemically reduced the disease in leaf 5. A
significant reduction in disease severity was also observed in field experi-
ments [51].

IV. MARKING SYSTEMS FOR TRACKING OF INTRODUCED
BACTERIAL BIOCONTROL AGENTS
IN THE RICE RHIZOSPHERE

Colonization of the rhizosphere and migration to aerial parts of the plant are
important prerequisites for the mediation of disease suppression by introduced
antagonists. It is therefore imperative to confirm the presence of the introduced
antagonist and determine its population dynamics in the rhizosphere in order for
a meaningful correlation between the biocontrol agent and the extent of disease
suppression to be established. In the past, researchers have relied upon phenotypic
traits such as antibiotic resistance as markers for their introduced strains. How-
ever, the major disadvantage associated with the use of antibiotic markers is
that native populations more often mimic the phenotypic traits of the introduced
organisms. This can be overcome by using marker genes that encode unique,
easily distinguishable phenotypes in biocontrol agents. The expression of these
marker genes will help distinguish introduced strains from the background mi-
croflora [52,53]. Such marker genes, apart from detecting introduced organisms
in the rhizosphere, will also aid in analyzing their migration, survival, and endo-
phytic presence within the host system [45]. Bioluminescent markers such as lux
genes [54] and chromogenic markers like xylE [55] have been used in the past
for this purpose.

The lacZY gene constitutes another very useful chromogenic marking sys-
tem. The stable insertion of the lacZ and lacY gene from E. coli K12 into the
chromosome of Pseudomonas spp. using a disarmed Tn 7 derivative [56] favors
the utilization of lactose as a carbon source, a trait that has not been encountered
in the pseudomonads. Also, the lacZY gene product (β-galactosidase), cleaves



the chromogenic dye X-gal (5-bromo-4-chloro-3-indolyl-β-galactopyranoside),
resulting in the development of a blue coloration, and therefore facilitates selec-
tion of marked organisms on selection media.

Mageswari and Gnanamanickam [57] developed such a tracking system in
PpV14i, an agent for control of R. solani. The lacZY genes were inserted into the
chromosome of this strain using a disarmed transposon (Tn:lacZY) by triparental
mating. The plasmids pMON7181 and pMON7117 containing the Tn7::lacZY
genes were mobilized from the donor, E. coli DH5α, into PpV14I in the presence
of a helper plasmid pRK2013 in E. coli HB101. Transconjugants were selected
on M9 medium supplemented with 1% lactose, streptomycin, and X-gal and was
used to monitor the survival and migration of PpV14I-gal on rice tissues. The
insertion of the lacZY gene did not affect the biocontrol efficacy of the strain. A
similar molecular tracking system was also developed for Pf 7–14, a potential
biocontrol agent of the blast pathogen [45].

V. FORMULATIONS OF BIOCONTROL AGENTS
FOR THE CONTROL OF RICE PATHOGENS

The success of a biocontrol program depends largely on the ability of the intro-
duced agent to establish itself in the new environment and maintain a threshold
population on the planting material or rhizosphere. Also, the commercial applica-
tion of biological control and its implementation as a farm-level strategy demands
that these agents be preserved in a viable state for long periods of time and be
designed to tolerate desiccation and other physiological stresses associated with
transport, storage, and application. Therefore, the development of cost-effective
formulations of biocontrol agents that are easy to handle and have no adverse
effects on seed germination or plant growth is essential.

Studies from our laboratory have revealed that among formulations of
PpV14I and Pf7–14 with eight different combinations of methylcellulose (mc),
talc, and CaCO3 in different proportions, the combination of mc:talc (1:4)
emerged as the most satisfactory. The bacteria survived on this formulation for
up to 10 months [45]. Formulated PpV14I applied as seed treatment, root dip,
and foliar sprays effected ShB suppression of up to 60% [58]. Similarly, a formu-
lation of Pf7–14 applied as seed and multiple foliar sprays afforded 60 and 72%
suppression of leaf and neck blast, respectively.

Seed treatments with a formulation of the marked Pf 7–14 strain have also
provided useful insights into its survival and migration in rice tissues. Their per-
sistence on rice roots for up to 110 days (almost the entire cropping period)
can be correlated with the high levels of disease suppression encountered upon
treatment [59]. The limited ability of Pf 7–14 to migrate to aerial parts of rice
plants (until 7–9 days after emergence) suggests that a direct contact between



the bicontrol agent and the pathogen may not exist. Disease suppression in such
circumstances may be attributed to a systemic resistance induced by the agent
in rice [45] or to the production of potent antifungal antibiotics in the rhizosphere
and their transport to aerial parts.

VI. TRANSGENIC RICE FOR DISEASE MANAGEMENT

The advent of plant biotechnology and genetic engineering has opened up new
vistas for addressing the problem of disease management and the improvement
of crop productivity and has facilitated the introduction of agronomically impor-
tant traits into desirable cultivars. Indeed, several workers have contributed to
the establishment of efficient gene-delivery systems [60], which have in turn
resulted in the development of disease-resistant transgenic rice lines.

Viral diseases of rice are by and large the most difficult to suppress by use
of traditional management practices. The development of transgenic lines for
virus resistance may, apart from conventional breeding, be one of the most reli-
able means of curtailing yield losses. Pathogen-derived resistance (PDR), involv-
ing the expression of pathogen-derived transgenes in plants to interrupt the virus
infection cycle, is therefore gaining enormous attention. Transgenic rice lines for
resistance against several viral rice pathogens like rice stripe virus (RSV), rice
hoja blanca virus (RHBV), and rice ragged stunt virus (RRSV) have been devel-
oped using this strategy [61]. Rice plants transformed with the coat or capsid
protein (CP) genes of RSV, rice dwarf virus (RDV), and the rice brome mosaic
virus (RBMV) show increased levels of resistance to the corresponding viral
diseases [62–64]. A similar strategy is believed to be useful in generating
transgenic plants resistant to the rice tungro virus [65–67]. Viral genes other than
the CP may also be used to confer PDR. Transformation of susceptible rice lines
with the gene encoding the RNA-dependent RNA polymerase of rice yellow
mottle virus (RYMV) renders them highly resistant to attack by viral strains from
different African locations [68].

Engineering rice for resistance to fungal pathogens has also been attempted.
Indica rice variety IR72 expressing the transformed bar gene was resistant to
attack by R. solani and showed decreased symptoms of rice blast following bia-
laphos treatment [69]. Transformation of rice plants with a stilbene synthase gene
from grape vine under the control of its own promoter allowed the expression
of other phytoalexins in addition to the rice phytoalexin momilactone, thereby
demonstrating higher levels of resistance to P. oryzae [70]. Also, reintroduction
of the rice chitinase (cht-2 and cht-3) and the β-1,3- and 1,4-glucanase (gns1)
genes under the control of an enhanced CaMV 35S promoter into elite japonica
cultivars by an Agrobacterium-mediated transformation resulted in blast-resistant
transgenic plants [71].



Several workers have attempted genetic engineering of rice for resistance
to the sheath blight pathogen [72–74]. Transgenic rice lines obtained via the
transformation of rice protoplasts with chitinase gene chiI I were resistant to R.
solani [75]. More recently, Datta et al. [76] cloned a 1.1 kb fragment containing
the coding region of a thaumatin-like protein (TLP-34) and transformed it into
local Indian cultivars. The presence of the 23 kDa TLP in the transgenic lines
was confirmed by Western blot. Bioassays of transgenic plants challenged with
the ShB pathogen indicated that they overexpressed TLPs and demonstrated en-
hanced resistance to R. solani compared to untransformed control plants.

Rice transformed with the cloned BB R-gene Xa-21 [77] demonstrated en-
hanced levels of resistance to the rice bacterial blight pathogen X. o. oryzae. This
gene confers multi-isolate resistance [78] and is therefore expected to exclude
several pathogenic races of the BB pathogen. Recent efforts to transform IR72
rice with this gene have been extremely successful and have resulted in T1 prog-
eny resistant to BB [79]. Elite indica rice cultivars, CO39 and IR50, have recently
been introgressed with genes for blast resistance (Pi-1 � Pi-2) by gene pyramid-
ing through backcross breeding, and the pyramids have shown high levels of
blast resistance in the field. An effort is in progress to transform these CO39 and
IR50 pyramids with Xa-21 gene to make them resistant to both blast and bacterial
blight (N. N. Narayanan, S. K. Datta, and S. S. Gnanamanickam, unpublished
results).

Genetic engineering has therefore contributed enormously to the develop-
ment of disease-resistant lines and is emerging as an indispensable technique to
supplement conventional breeding for resistance to viral, bacterial, and fungal
rice pathogens.

VII. CONCLUSIONS AND FUTURE DIRECTIONS

Inconsistent performance of biocontrol agents in the field developed thus far has
plagued researchers and their efforts to exploit them for commercial application.
Therefore, there is a compelling need to identify efficient and dependable biocon-
trol agents to be used singly or as mixtures to ensure consistent performance in
the farmer’s field.

Choice of the correct microbial candidate is indeed one of the most impor-
tant factors governing the success of biocontrol programs on a commercial basis.
It is therefore important to consider biocontrol agents with the ability to reduce
the severity of more than one pathogen, as this will make their application cost-
effective. Once such agents are selected after stringent testing, it is imperative
to have them formulated for high levels of consistent performance. Bacillus
strains are attractive candidate agents because they withstand desiccation and
storage conditions better than fluorescent pseudomonads or other bacteria.



Engineering rice plants with defense genes (chitinases, glucanases, and
thaumatin-like proteins), a combination of defense-related or other genes that
trigger the signal transduction pathway leading ultimately to the induction of
systemic resistance to rice diseases, is an emerging strategy. Work in this direc-
tion will gain momentum as more and more genes of the defense pathway become
known and are made available. Alternatively, bacterial strains may also be engi-
neered for enhanced biocontrol potential by enabling heterologous expression of
antibiotics or other metabolites mediating biological disease suppression.

Recent studies from our laboratory have shown that 1,2,3-benzothiodia-
zole-7-carbothioic acid S-methyl ester (BTH), a potent chemical inducer of plant
defense [37], evokes substantial levels of induced systemic resistance (ISR) to
blast, sheath blight, and bacterial blight. The use of BTH in combination with
existing disease-management practices for suppressing rice diseases therefore ap-
pears very promising.

It needs to be remembered, nevertheless, that most of the world’s rice farm-
ers who live in Asia are resource-poor. Therefore, cost-effective formulations of
biocontrol agents that perform consistently in their fields when made available,
either by themselves or as part of an integrated disease-management (IDM) pack-
age, will benefit these low-income group rice farmers with increased grain har-
vests. In this lies the key to the ultimate success of biocontrol research for rice
disease management.
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I. INTRODUCTION

The occurrence of plant diseases and their counterattack for self-defense might
have evolved simultaneously. Every plant species possesses its own immune sys-
tem, which signals a cellular response and leads to the death of the attacking
pathogen. Plants recognize pathogen-encoded molecules through probable recep-
tors encoded by disease resistance (R) genes. A signal transduction study provides
an excellent understanding of gene-for-gene resistance, which explains plant
pathogen co-evolution in a given environment [1]. Plant diseases cause billions
of dollars in crop losses annually. Yield loss in rice alone is enormous. About
20% of total yield is lost due to biotic stresses, including severe diseases such
as blast, sheath blight, bacterial blight, tungro, etc. Disease control implies that
it is based on the principle of maintaining yield loss below an economic injury
level. In most cases, agrochemicals such as fungicides/pesticides and biological
control including crop rotation are used to control diseases. Developing varieties
with disease resistance will most likely provide the best solution for disease con-
trol. This approach is inexpensive and environmentally friendly, and management
would be easier than before. The classic R gene defined by plant breeders is now
isolated and characterized as a cloned gene, and plant biotechnologists can trans-
fer R genes along with pathogenesis-related genes into many crop plants, includ-
ing rice [2–4]. R and PR genes are listed in Tables 1–3. A few selected areas
such as transgenic research with R and PR genes and expression of those genes
in transgenic crop plants leading to strategic management of diseases are stressed
here.



Table 1 Classes of Cloned Plant Disease Resistance Genes

Class R gene Plant Pathogen Avr gene Structure Ref.

1 Hm1 Maize Cochliobolus carbonum (race 1) None HC-toxin reductase 13
2 Pto Tomato Pseudomonas syringae pv. tomato avrPto Serine/threonine 14

protein-kinase
3a RPS2 Arabidopsis P. syringae pv. tomato avrRpt2 LZ-NBS-LRR 45

RPM1 Arabidopsis P. syringae pv. maculicola avrRpm1/avrB LZ-NBS-LRR 46
Prf Tomato P. syringae pv. tomato avrPto LZ-NBS-LRR 47
l2 Tomato Fusarium oxysporum f. sp. lycopersici Unknown LZ-NBS-LRR 48

3b N Tobacco Tobacco mosaic virus TMV replicase? TIR-NBS-LRR 49
L6 Flax Melamsora lini AL6 TIR-NBS-LRR 50
RPP5 Arabidopsis Peronospora parasitica AvrPp5 TIR-NBS-LRR 51

3c Xa1 Rice Xanthomonas oryzae pv. oryzae Unknown NBS-LRR 52
3d Mlo1 Barley Erysiphe gramini f. sp hordei NBS-LRR 53
4 Cf-9 Tomato Cladosporium fulvum Avr9 LRR-TM 54

Cf-2 Tomato C. fulvum Avr9 LRR-TM 55
5 Xa21 Rice X. oryzae pv. oryzae Unknown LRR, protein kinase 39
6 Stv-bi Rice Rice stripe virus Unknown Unknown 56

HC � Helminthosporium; LRR � leucine-rich repeat; LZ � leucine zipper; NBS � nucleotide binding site; TIR � Toll-1L-1R homology region; TM �

transmembrane.



Table 2 Pathogenesis-Related Protein Families in Plants (Recognized and Proposed)

Molecular
Representative weight Biochemical Gene

Family plant (kDa) properties symbol

PR-1 Tobacco 14,15,17 Antifungal, un- ypr1
known

PR-2 Tobacco 31, 33, 35 β-1,3-Glucanase ypr2, [gns2]
PR-3 Tobacco 27,28,32,34 Chitinase ypr3, chia
PR-4 Tobacco 13,15,20 Similar to potato ypr4, chid

proteins
PR-5 Tobacco 24,26 Thaumatin-like ypr5

Rice 23
PR-6 Tomato 8,13 Proteinase inhib- ypr6, pis

itor (‘pin’)
PR-7 Tomato 69 Endo-proteinase ypr
PR-8 Cucumber 28 Chitinase ypr8, chib
PR-9 Tobacco 39,40 Lignin-forming ypr9

peroxidase
PR-10 Parsley 17–19 Ribonuclease-like ypr10
PR-11 Tobacco 41,43 Class V chitinase ypr11, chic
Others

Thionins Barley 5 Antimicrobial
Plant defensins Radish 5 Antifungal

Plants use a variety of strategies to protect against pathogen attack. Plant
protection is manifested by a single gene or group of genes to make it work in
coordination [5]. Resistance genes are regulatory in nature, whereas defense
genes are functional. However, R genes regulate the functions of defense genes.
Defense genes are usually quiescent in healthy plants but become activated when
a pathogen comes in contact with the plant, which then releases a signal [6].

When a plant R gene interacts with the corresponding avirulence gene (Avr)
of the pathogen, this triggers a series of defense responses (Fig. 1). Some common
features appear:

1. The cell wall is strengthened to create a barrier between the plant cell
and the pathogen.

2. Localized cell death occurs at the infection site, known as hypersensi-
tive response (HR). HR is usually correlated with a transient burst of
active oxygen species and accumulation of defense-related gene prod-
ucts [7,8]. HR is particularly associated with increased resistance
throughout the plant against subsequent pathogen attacks [9]. This phe-



Table 3 Pathogenesis-Related Proteins and Genes in Grains

PR-protein Class/subfamily/ Protein Tissue of
family enzyme activity Name cDNA/gene expression Induced by Ref.

Rice
PR-1 Acidic 16.5 kDa JIP P Roots Jasmonic acid 57
PR-2 Basic glucanase P Grain Developmental 58
PR-2 Acidic glucanase P Bran Developmental 59
PR-2 Glucanase P Leaves Stress 60
PR-3 Class Ib chitinase P Bran Developmental 61
PR-3 Class I chitinase P Leaves Pathogen 62
PR-3 Class II chitinase P Leaves Pathogen 62
PR-3 Class Ib chitinase RCH-A, RCH-B P Suspension cells Oligo (NAG) 63
PR-3 Class III chitinase RCH-C P Suspension cells Oligo (NAG) 63
PR-3 Class Ia chitinase Chi11 G Seeds 64
PR-3 Class I chitinase 2-2W C Seeds Developmental 61
PR-3 Class I chitinase RC-7 C Leaves Pathogen 62
PR-5 TLP P Leaves Jasmonic acid, stress 60
PR-5 TLP pPIR2 C Leaves Pathogen 65
PR-5 TLP C22 C Leaves Pathogen 66
PR-5 TLP D34 C Leaves Pathogen 66
PR-6 Cystatin OC-1 P Seeds Developmental 67
PR-6 Cystatin OC-2 P Seeds Developmental 67
PR-6 Cystatin OC-26 C Seeds Developmental 67
PR-6 Cystatin OC-9b C Seeds Developmental 68
PR-9 Peroxidase PO-C1 P Seedlings Pathogen 69
PR-9 Peroxidase P Roots Jasmonic acid 57
PR-10 RNAse Osdrr P Roots Jasmonic acid 57
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Wheat
PR-2 Basic glucanase P Grain Developmental 70
PR-2 Subfamily B LW2 C Aleurone layer Developmental 70
PR-2 Glucanase P Leaves Pathogen 71
PR-2 Glucanase Clone SM289 C Spikelet Pathogen 72
PR-2 Glucanase Clone SM638 C Spikelet Pathogen 72
PR-3 Class Ib chitinase P Germ Developmental 73
PR-3 Chitinase P Leaves Aphid infestation 74
PR-3 Chitinase P Leaves Pathogen 71
PR-3 Class IV chitinase SM383 C Spikelet Pathogen 72
PR-3 Class VII chitinase SM194 C Spikelet Pathogen 72
PR-5 TLP Trimatin P Seeds Developmental 75
PR-5 TLP WAS-3 P Suspension cells 76
PR-6 Bowman-Birk Wali5 C Roots Al toxicity 77
PR-6 Trypsin inhibitor P Seedlings Pathogen, salicylic acid 78
PR-9 Peroxidase P Leaves Aphid infestation 74
PR-9 Peroxidase C Leaves Pathogen 79
PR-9 Peroxidase pox1 C Roots 80
PR-9 Peroxidase pox2 C Roots, leaves Pathogen (leaves) 80
PR-9 Peroxidase pox3 C Leaves 80
PR-9 Peroxidase pox4 C Roots 80
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Table 3 Continued

PR-protein Class/subfamily/ Protein Tissue of
family enzyme activity Name cDNA/gene expression Induced by Ref.

Barley
PR-1 Basic pHvPR-1a C Leaves Pathogen 81
PR-1 Basic pHvPR-1b C Leaves Pathogen 81
PR-1 bpr-1 G Pathogen 82
PR-2 Basic glucanase G1-GIII P Leaves Developmental 83
PR-2 Glucanase BHV-V C Roots, leaves Developmental 84
PR-2 Glucanase P Leaves Pathogen 85
PR-2 Glucanase GII P Grain Developmental 86
PR-3 Class II chitinase Chitinase C P Grain Developmental 87
PR-3 Class I chitinase Chitinase K P Grain Developmental 88
PR-3 Class II chitinase CH1 P Flour Developmental 89
PR-3 Class I chitinase CH2 P Flour Developmental 89
PR-3 Class I chitinase CH3 P Flour Developmental 89
PR-3 Class I chitinase clone 10 C Aleurone Developmental 90
PR-3 Class II chitinase cht2a C Pathogen 81
PR-4 Chitin-binding P Grain, leaves Pathogen 91
PR-5 TLP BP-R, BP-S P 91
PR-5 TLP Hv-1 P Leaves Pathogen 92
PR-6 TLP Bsi1 P Pathogen 82
PR-13 Thionin P Pathogen 82
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Sorghum
PR-2 Glucanase P Leaves, sheath Pathogen 93
PR-5 TLP P Seeds Developmental 75
PR-6 Cystatin C Seedlings Developmental 94
PR-10 Peroxidase C Mesocotyls Nonpathogen 95

Maize
PR-2 Glucanase P Seedlings Pathogen 96
PR-2 Acidic glucanase C 97
PR-3 Class I chitinase ChitA, ChitB P Seeds Developmental 98
PR-3 Chitinase G Seeds Developmental 98
PR-3 Chitinase P Seedlings Pathogen 96
PR-3 Class I chitinase C Seedlings 33
PR-3 Class I chitinase C Seedlings 33
PR-4 Chitin-binding P Grain Developmental 91
PR-4 Chitin-binding P Leaves Stress 91
PR-5 TLP Zeamatin P Flour Developmental 99
PR-5 TLP P Seeds Developmental 100
PR-5 TLP Zlp C Seeds Developmental 101
PR-6 Bowman-Birk WIP1 C Coleoptiles Wounding 102
PR-6 MPI C Embryos Pathogen 103
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Figure 1 Signal transduction pathway leads to control of plant defense. (A) Model of
signal transduction for defense response in plant cell. (B) Sheath blight bioassay showing
resistance reaction of transgenic rice to Rhizoctonia solani Kuhn.

nomenon is termed systematic acquired resistance (SAR) and is found
with the overexpression of PR genes and subsequent elevated levels
of salicylic acid (SA). The NPR1 gene cloned from Arabidopsis, shown
to be independent of the R gene, confers resistance to the pathogens
Pseudomonas syringae and Peronospora parasitica. NPR1 appears to
succeed in enhancing plant immunity by overexpressing regulatory in-
duction of the SAR signaling pathway [10].

II. RESISTANCE, AVIRULENCE, AND TRANSGENES

The gene-for-gene hypothesis as proposed [11] can also be explained by the de-
fense response that is often activated by the action of a host resistance (R) gene
and a pathogen avirulence (Avr) gene [12].

The first cloned R gene, Hm1 from maize, was obtained through transposon
tagging. Hm1 confers resistance to race 1 strains of the fungal pathogen Cochlio-



bolus carbonum. Hm1 encodes an NADPH-dependent reductase that inactivates
the potent plant toxin produced by these fungal strains [13]. However, the Hm1
R gene does not involve pathogen Avr genes. Nevertheless, this work outlines
the first natural or engineered plant disease resistance. Chromosome walking (po-
sitional cloning) and heterologous transposon tagging made it possible to clone
several R genes (Table 1) and enhanced plant resistance against the pathogenic
fungus (Table 4). The R/Avr approach was reported in tomato [14]. Pto cloned
from tomato confers resistance against P. syringae expressing the Avr gene. Pto

Table 4 Increased Fungal Resistance in Transgenic Plants

Plant Transgene(s) Pathogen Ref.

Tobacco PR-1a, SAR 8.2 Peronospora tabacina, Phytophthora 104
parasitica, Pythium

Class III chitinase Phytophthora parasitica 104
Ch-I Rhizoctonia solani 104
Bean chitinase (CH5B) R. solani 105
Barley RIP R. solani 106
Serratia marcescens Chi-A R. solani 106
Barley Chi � Glu R. solani 107
Barley Chi � RIP R. solani 107
Rice Chi � alfalfa Glu Cercospora nicotianae 108
Radish Rs-AFP Alternaria longipes 109

Carrot Tobacco Chi-I � Glu-I Alternaria dauci, A. radicina 110
Tobacco AP24 Cercospora carotae, Erysiphe heracleı̈ 110

Tomato Tobacco Chi-I � Glu-I Fusarium oxysporum 111
Brassica Bean chitinase Rhizoctonia solani 105

napus Tomato/tobacco chitinase Cylindrosporium conc. 112
Sclerotinia sclerotiorum 112
Phoma lingam 112

Potato AP24 Phytophthora infestans 113
Glux-ox P. infestans 114

Verticillium dahliae 114
Aly AFP Verticillium sp. 115

Rice Rice-TLP Rhizoctonia solani 16
Rice-Chi11 R. solani 3,18
Rice Chi, RC7 R. solani 4
Rice-Chi11 R. solani 19
Rhi-Cht2, Cht3 Magnaporthe grisea 24
Rice-Pi-ta M. grisea 15

Wheat Aly AFP Fusarium sp. 116
Sorghum Chi11 Rhizoctonia solani 117



encodes a protein with similarity to serine-threonine protein kinases. Further, a
few R genes were cloned that encode proteins containing leucine-rich repeat
(LRR) domains (Table 1). The gene-for-gene hypothesis has also been demon-
strated in rice by Valent et al. [15].

III. PR PROTEIN GENES AND THEIR ROLE
IN PLANT DEFENSE

Pathogenesis-related proteins were first reported 30 years ago as new protein
components induced by tobacco mosaic virus (TMV) in hypersensitively reacting
tobacco [2]. Since then a great deal of research has focused on the isolation,
characterization, and regulation of expression of this unique class of defense pro-
teins in a variety of plants (Table 2); selected detailed of PR proteins and genes
of cereals are shown in Table 3 [16]. The major interest has focused in recent
years on the realization that several PR proteins had antimicrobial and insecticidal
activity. Several studies led to the conclusion that overexpression of PR proteins
in transgenic crops can delay the progression of diseases caused by several patho-

Table 5 Status of Transgenic Rice Plants with Pathogenesis-Related Genes

No. of Fertility
Gene of Method regenerated Analysis status

Cultivar interest used plants (Southern*) (%)

IR72 Chi11 B 72 60 70
RC7 B 20 15 75

IR64 RC7 B 3 1 Fertile
CBII Chi11 P 56 30 90

RC7 P 232 42* 90
D34 P 141 30* 90

ML7 Chi11 B 20 14 85
IRRI-NPT Chi11 B 133 48* 55
Basmati 122 Chi11 Agro 45 15* 50
Tulsi Chi11 Agro 115 111 80
Vaidehi Chi11 Agro 64 64 90
Dinorado D34 B 54 5* 80
Swarna Chi11 B 90
IR58 RC7 B 35 29 62

B � Biolistic; P � protoplast; Agro � Agrobacterium; ML � maintainer line; IRRI-NPT � IRRI
new plant type.
* All plants were not analyzed.



Table 6 Summary of Agrobacterium-Mediated Transformation with Different Rice Cultivars

No. of positive
No. of No. of putative No. of plants

explants transformed calli plants in
Cultivar Explant Agro strain used cocultivated after selections greenhouse HPT� S�

Basmati 122 SC LBA 4404 (pNO1) 275 52 (12) 45 ND 15/27
Basmati 122 SC A281 (pNO1) 175 40 (7) 0 — —
Tulsi SCM LBA4404 (pNO1) 400 69 (22) 113 11/16 45/46
Tulsi SCM A281 (pNO1) 300 114 (48) 0 — —
Vaidehi SCM LBA4404 (pNO1) 290 41 (15) 64 16/17 27/30

Numbers in parentheses represent the number of primary (independent) calli selected.
SC � Scutellar calli from immature embryo; SCM � scutellar calli from mature seeds; S� � Southern positive for chitinase gene; HPT� � Hygromycin
phosphotransferase assay positive; ND � not done.
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gens belonging to diverse genera (Table 4). PR genes are designated as ypr fol-
lowed by the same suffix in accordance with the recommendations of the Com-
mission for Plant Gene Nomenclature (Table 2) [2]. It is necessary to gather
information at both the nucleic acid and the protein levels when dealing with
stress-related proteins. Newly defined cDNAs may also be added to the existing
families when shown to be induced by pathogens or specific elicitors. Defensins
and thionins, both families of small, basic cysteine-rich polypeptides, qualify for
inclusion as new families of PRs (Table 2). Datta et al. [17], on individual classes
of PR protein (PR-1 through PR-11), provide detailed information on the isola-
tion, characterization, and function of individual PR proteins in plants, including
a chapter on transgenic research.

There is always some selectivity in the interaction between a PR protein
and its intended target pathogens, in that PR proteins represent generalized plant
defense responses for broad, albeit incomplete, protection against diverse patho-
gens (Table 4). Many transgenic plants have now been developed with constitu-
tive inducible expression of PR proteins at effective levels and could be used as
a tool to enhance or stabilize yield in areas where pathogens and pests are endemic
(Tables 5, 6).

IV. EVALUATION OF PR GENES FOR SHEATH BLIGHT
RESISTANCE IN CEREALS

Sheath blight disease of rice causes significant yield losses every year and is
widespread in all rice-growing countries. Resistance breeding for this disease is
not feasible because resistant germplasm is not yet known. It now seems that
genetic engineering to manage sheath blight is an attractive and powerful tool
by introducing PR genes and optimizing the overexpression of PR proteins in
transgenic plants. Two different types of PR genes, PR3-chitinases (Chi11 and
RC7) and PR-5 thaumatin-like protein genes, have been introduced into rice
[3,4,16,18–20] (Tables 5, 6). Transformation was done with the biolistic, proto-
plast, and Agrobacterium systems (Fig. 2) described earlier [21–23]. Inheritance
was studied by Southern blot analysis (for gene integration) and Western blot
analysis with a polyclonal antibody (Fig. 3). The transformants synthesized high
levels of PR proteins constitutively and exhibited enhanced resistance when chal-
lenged with the sheath blight pathogen (Rhizoctonia solani), (Fig. 4). At least 10
rice cultivars have been transformed with several PR genes, and they are now
at different stages of development, awaiting homozygous status with acceptable
levels of PR protein expression (Table 5, 6). A good phenotype with enhanced
levels of antifungal activity is now being selected for future field testing and
breeding.



Figure 2 A schematic protocol for production of transgenic rice plants using biolistic-,
protoplast-, and Agrobacterium tumefaciens–mediated transformation.

V. BLAST RESISTANCE

Rice blast caused by Magnaporthe grisea is the most devastating plant disease
in Asia, particularly in areas where rice is irrigated or receives high amounts of
rainfall and nitrogen fertilizer [24]. Breeders have adopted three methods to sup-
press blast disease. First, they tried to use varieties with field resistance. Second,
they introduced resistance genes into high-yielding cultivars from other varieties.



Figure 3 Transgenic rice with chitinase gene showing integration and expression of
PR proteins. (a) Partial map of reconstructed plasmid PNO1 for Agrobacterium-mediated
transformation. (b) Southern blot showing monogenic segregation (3:1) of chitinase
transgene (chi11) in T1 generation of Agrobacterium-derived rice cultivar Tulasi. (c) West-
ern blot showing expression of 35 kDa protein encoded by chitinase transgene (chi11) in
transgenic rice cultivar Vaidehi.

However, shortly after their release, these cultivars became seriously susceptible
to blast disease in many areas because of the appearance of new races of the
blast fungus. Thus, this showed clearly that solving the blast problem is more
challenging than thought. The third approach adopted was to develop varieties
showing a high level of field resistance. Genetic engineering allows shortening
breeding time since the genes for a single trait would be transformed without
altering the genetic make-up of the adopted cultivar. Two rice chitinase genes



Figure 4 Transgenic rice with RC7 gene showing enhanced resistance against sheath
blight. (a) Bioassay results showing enhanced resistance of homozygous dihaploid
transgenics of rice cultivar Swarna carrying chitinase transgene (Chi11) to sheath blight
fungus under greenhouse conditions. (b) Bioassay results showing enhanced resistance of
homozygous transgenics of rice cultivar IR64 carrying chitinase transgene (RC7) to sheath
blight fungus under greenhouse conditions.



have been transferred into two japonica varieties of rice (Nipponbore and Koshih-
ikari) by Agrobacterium-mediated transformation. The presence of transgenic
chitinase genes was confirmed by PCR (polymerase chain reaction), and their
expression in leaves was followed by Northern blot analysis [25]. The product
of the cht-2 gene was intracellular, whereas cht-3 was extracellular in accumulation.
The constitutive expression of cht-2 and cht-3 chitinases showed enhanced resis-
tance against the blast fungus M. grisea compared to control plants. Instead of en-
hanced resistance, some transgenic lines showed reduced disease resistance, which
might be due to co-suppression of endogenous PR genes or gene silencing. A similar
gene silencing was observed in transgenic rice [26] and in many other plants.

VI. VIRUS RESISTANCE IN TRANSGENIC PLANTS

Plant viruses cause severe damage to numerous crops including rice. Consider-
able progress has been made in engineering crop plants with virus resistance
(Table 7). More than $1 billion in losses is reported yearly for rice in Southeast

Table 7 Status of Transgenic Plants for Virus Resistance

Viral
transgene Resistance Status or

Crop Resistance construct evaluation development Ref.

Rice RSV CP Greenhouse Experimental 31
Rice RDV CP Greenhouse Experimental 32
Rice RYMV RYMV Greenhouse Experimental 30
Corn MDMV CP Growth Experimental 118

chamber
Tomato TMV CP Field Experimental 119

CMV CP Field Experimental 120
CMV, TSWV CP, NP Greenhouse Experimental 121

Potato PVX CP Field Experimental 122
PVY CP Field Experimental 123
PLRV CP Field Experimental 124

Squash ZYMV, WMV2 CP, CP Field Commercial 125,126
CMV, ZYMV, CP, CP, Field Deregulation 125

WMV2 CP
Melon CMV CP Greenhouse Experimental 127

CMV, ZYMV CP, CP Field Experimental 128
Papaya PRSV CP Field Deregulation 129,130
Cucumber CMV CP Field Experimental 131

RSV � Rice stunt virus; RDV � rice dwarf virus; RYMV � rice yellow mosaic virus; MDMV �
maise dwarf mosaic virus; TMV � tobacco mosaic virus; CMV � cucumber mosaic virus;
TSWV � tomato spotted wilt virus; PVX � potato virus X; PVY � potato virus Y; PLRV � potato
leafroll virus; ZYMV � zucchini yellow mosaic virus; WMV2 � watermelon mosaic virus; PRSV �
papaya ringspot virus; CP � coat protein; NP � nucleoprotein.



Asia [27]. The coat protein (CP) gene of tobacco mosaic virus (TMV) is the first
report of virus-derived resistance in transgenic plants [28]. Transgenic tobacco
plants expressing high levels of TMVCP were more resistant to TMV virions
than to TMVRNA inocula, suggesting that CP-mediated protection against TMV
was through the inhibition of virion disassembly in the initially infected cells [29].

Another approach of antisense RNA in homology-dependent resistance was
hypothesized. The posttranscriptional gene silencing and pathogen-derived resis-
tance to viruses was thought to be very effective, but it has yet to be well demon-
strated in protecting crops against the viruses, particularly in cereals [30] (J. Fut-
terer, personal communication).

VII. TRANSGENIC RICE RESISTANCE TO YELLOW
MOTTLE VIRUS—A CASE STUDY

Rice yellow mottle virus (RYMV) causes major yield losses in African rice pro-
duction. Though endemic to Africa, RYMV is spreading in newly established,
large-scale irrigated rice development schemes and experimental fields of Asian
varieties. Control of this disease is difficult because the virus is highly infectious
and the epidemiology and role of vectors are not well understood. Natural resis-
tance to RYMV is found in African landraces of rice. However, the resistance
is recessive and polygenic, and fertility barriers do not allow the introgression
of this trait into cultivated rice. Genetic engineering based on pathogen-derived
resistance was applied in this case to disrupt the pathogenesis. A transgene encod-
ing the RNA-dependent RNA polymerase of RYMV, coupled to a 35S promoter
and hpt, was transferred into susceptible rice cultivars. Fourteen fertile, indepen-
dent transgenic lines were produced that carried the transgenes. The transformed
lines were resistant to RYMV strains from different African locations. One line
completely suppressed virus multiplication. Resistance was stable over the last
three generations. Further, in the most resistant line, transcription analysis indi-
cated that the resistance derives from an RNA-based mechanism associated with
posttranscriptional gene silencing [31]. Some examples also showed transgenic
rice conferring resistance to rice stripe tenuvirus [32] and rice dwarf virus [33].

VIII. BACTERIAL RESISTANCE IN TRANSGENIC PLANTS

Few reports are available on transgenic crops conferring resistance to bacterial
pathogens. Transgenic potato and tomato plants have been developed with modi-
fied apple rootstock. Genetically modified potato containing a gene encoding glu-
cose oxidase from Aspergillus niger was highly resistant to soft rot disease incited
by Erwinia carotovora [34]. Potato plants containing a gene coding for lysozyme,
a bacteriolytic enzyme from the bacteriophage T4, showed reduced susceptibility



to E. carotovora [35]. The first report on map-based cloning and isolation of a
resistance gene to combat the bacterial pathogen Pseudomonas syringae pv. to-
mato was demonstrated in transgenic tomato plants [14]. Several other genes now
available have been shown to be effective against the bacterial pathogens de-
scribed in Table 7, with great potential for future application [36].

IX. TRANSGENIC RICE DEVELOPED WITH BACTERIAL
BLIGHT RESISTANCE

Bacterial blight (BB) caused by Xanthomonas pv. oryzae (Xoo) is one of the
most destructive diseases of rice worldwide. Rice yield losses caused by BB in
some areas of Asia can reach 50%. The use of resistant cultivars is the most
economical and effective method for controlling this disease [37].

A dominant gene for resistance to BB was transferred from a wild species,
Oryza longistaminata, to the cultivated variety IR24 [38]. The resulting line with
Xa-21 is called IRBB21. Xa-21 confers resistance to all the known races of Xoo
in India and the Philippines [39]. The molecular structure of Xa-21 represents
an uncharacteristic class of plant disease-resistance genes. From its deduced
amino acid sequence, the gene was found to be translated into a receptor kinase–
like protein carrying leucine-rich repeats in the putative extracellular domain, a
single-pass transmembrane domain, and a serine/threonine kinase intracellular
domain. Further, Xa-21 supports a role for cellular signaling in plant disease
resistance [40].

Xa-21 has been transferred to susceptible japonica rice T309, which showed
resistance to BB [41]. Because T309 is not a commercial variety, we introduced
the gene in elite breeding cultivars, such as IR72, MH63, IR51500, etc. Molecular
analysis of transgenic plants revealed the presence of a 3.8 kb EcoRV-digested
DNA fragment corresponding to most of the Xa-21 coding region and its com-
plete intron sequence, indicating the integration of Xa-21 in the genome of rice.
Transgenic plants were challenged with two prevalent races (4 and 6) of Xantho-
monas oryzae. T0 and T1 plants positive for the transgene were resistant to bacte-
rial blight [42]. We also observed that the level of resistance to race 4 of Xoo
was higher due to pyramiding of Xa-21 in addition to Xa-4 already present in
IR72. This is a very efficient way to improve BB resistance of rice without genetic
dragging, and it requires less than 2 years [3].

X. FIELD EVALUATION OF TRANSGENIC BB
RESISTANCE IN IR72

Based on characterization of the resistance phenotype and molecular analysis,
several homozygous lines carrying Xa-21 against the BB pathogen were obtained



from previously transformed indica rice IR72. The homozygous line, T103-10,
with the best phenotype and seed setting was tested repeatedly under normal field
conditions to evaluate its resistance to the BB pathogen in Wuhan, China, in
1998 and 1999. The races of Xoo used in the experiments were PXO61, PXO79,
PXO99, and PXO112 isolated from the Philippines, T2 isolated from Japan, and
Zhe173 isolated from China. The results demonstrated that the transgenic homo-
zygous line expressed the same resistance spectrum, but with a shorter lesion
length to each inoculated race than the lesion length of the Xa-21 donor line
IRBB21 (Table 8) (Fig. 5). The nontransformed control IR72 carrying Xa-4 was
resistant to PXO61, PXO112, Zhe 173, and T2 but susceptible to PXO79 and
PXO99. The negative control variety IR24 was susceptible to all isolates under

Table 8 Disease Reaction of 90 Plants of Various Lines to Different Races of Xoo
Under Field Conditions in 1999, Huazhong Agricultural University, Wuhan, China

Lesion length
Xoo race Variety (cm) Reaction

Philippines race 1 (PXO 61) IR72 1.04 � 0.12 R
T103 0.31 � 0.05 HR
IR24 16.43 � 1.32 HS
IRBB21 0.97 � 0.24 HR

Philippines race 3 (PXO79) IR72 9.00 � 0.86 S
T103 0.61 � 0.24 HR
IR24 14.11 � 1.46 HS
IRBB21 0.82 � 0.40 HR

Philippines race 5 (PXO112) IR72 0.72 � 0.13 HR
T103 0.39 � 0.09 HR
IR24 7.60 � 1.11 S
IRBB21 1.02 � 0.62 R

Philippines race 6 (PXO99) IR72 9.37 � 1.21 S
T103 2.43 � 0.53 R
IR24 15.69 � 1.24 HS
IRBB21 8.00 � 1.20 MS

Chinese race 4 (Zhe 173) IR72 1.41 � 0.53 R
T103 0.79 � 0.31 HR
IR24 11.16 � 1.89 S
IRBB21 1.58 � 0.73 R

Japanese race 2 (T2) IR72 0.71 � 0.45 HR
T103 0.61 � 0.31 HR
IR24 20.01 � 1.89 HS
IRBB21 1.94 � 0.91 R

HS � Highly susceptible; S � susceptible; MS � moderately susceptible; R � resistant; HR �

highly resistant.



Figure 5 Engineered rice with Xa21 is resistant to bacterial blight disease.

field conditions. The results demonstrated clearly that the Xa-21 transgene led
to an excellent field performance of the induced bacterial blight resistance trait
on the recipient plants [43]. The yield performance of transgenic homozygous line
T103-10 is comparable with that of the control under field conditions (Table 9).

We also noticed that an increased level of resistance to the BB pathogen
persisted in transgenic plants through several generations, indicating its stable
inheritance. The heritable increased level of resistance to the BB pathogen can,
in turn, provide an advantage for genetic engineering over classical breeding in
cases where the highest levels of resistance are desirable and can be achieved in
a short time. It is also noteworthy that various national agricultural research sys-
tems in Asia are making efforts to incorporate the other Xa genes into popular
cultivars through marker-aided selection.

The availability of various cultivars with different resistance genes could
significantly decrease the yield loss. Assuming a minimum yield loss of 1% due
to this disease, around $32.5 million could be saved over 30 million ha with an
average yield of 5.5 t/ha in China, whereas a yield loss of 0.75% covering 132.5
million ha with an average yield of 3.6 t/ha in Asia translates into $715.5 million.
Thus, transgenic rice with BB resistance would have a large economic impact.



Table 9 Agronomic Traits of Transgenic IR72 and IR72 Control Under Field Conditions, Huazhong Agricultural University, Wuhan,
China, 1999

Seed-
Plant Filled Empty Total setting 1000-seed

Days to height Panicles/ seeds/ grains/ seeds/ rate weight Yield
Variety/line flowering (cm) plant panicle panicle panicle (%) (g) (t/ha)

IR72 transgenic 98 85.6 16.2 67.9 41.1 108.9 62.4 20.8 4.89
IR72 control 96 93.6 17.1 65.0 29.8 94.8 68.5 21.3 4.97

Copyright 2002 by Marcel Dekker. All Rights Reserved.



This study shows that conventional and molecular breeding techniques
could be a powerful combination in rice breeding. Genetic transformation is a
one-step process of introducing novel genes into a desirable genetic background
of important crops. Because it is a fast and efficient gene integration tool, it could
well be the answer to catching up with the pathogen’s ability to mutate quickly
and render once-resistant plants susceptible. For instance, rice cultivars carrying
the Xa-4 gene for resistance, which were widely deployed in the Philippines in
the early 1970s, became susceptible to the predominant race of Xoo within 5
years [44]. Transformation techniques could help to develop transgenic plants in
less than 2 years to minimize the effects of a breakdown in resistance in the host
plant. With the availability of resistance genes from other sources, the strategic
deployment of transgenic rice with gene pyramiding may provide durable resis-
tance in rice breeding.

XI. CONCLUSIONS

Disease resistance will be an exciting and challenging research area in the coming
decades. The cloning of many specific and broad-spectrum resistance genes can
be anticipated in the near future. Functional analysis will allow the dissection of
molecular specificity, leading to the explanta generation of new transgenic plants
with resistance-gene specificities. Disease-resistance genes control pathogens at
a low phenotypic cost by inducing programmed cell death by hypersensitive reac-
tion due to the response of the pathogens. A signal transduction study now pro-
vides an excellent understanding of gene-for-gene resistance, which explains
plant pathogen co-evolution in a given environment. The recent breakthrough in

Figure 6 Integrated disease management.



cloning several R genes, such as Xa-21, shows that conventional and molecular
breeding techniques could be a powerful combination in rice breeding. Genetic
transformation is a one-step process of introducing novel genes into a desirable
genetic background of important crops. Because it is a fast and efficient system,
it will create improved varieties faster than the pathogen can overcome the resis-
tance. Overexpression of PR genes and the combination of more than one gene
will delay disease symptoms and protect plants in a sustainable manner. However,
a disease is the outcome of interactions among the host, pathogen, and environ-
ment, and therefore, using all possible approaches including genetic engineering
in an adopted elite variety with enhanced disease resistance is the only way to
achieve durable resistance (Fig. 6).
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I. INTRODUCTION

As with most other plant diseases, the extent of success in biological control of
wheat diseases, especially those caused by soilborne fungi, is determined by the
environment. This is especially true in rain-fed crops, especially in Mediterra-
nean-type environments. The low-input agriculture in these regions implies that
there is usually little or no attempt made to employ cultural practices to change
moisture, pH, or in some instances even the fertility of the soils. These are, how-
ever, some of the soil conditions that determine the level of success of biocontrol
methods. This becomes a major issue when one extrapolates research results from
biocontrol studies of relatively and naturally nutrient-rich soils of the cool tem-
perate, warm tropical, or subtropical regions to the microbially and nutrient-
impoverished soils of regions such as southern Australia. Much of the coverage
on the biocontrol of wheat diseases in this chapter deals with take-all caused by
the fungus Gaeumannomyces graminis var. tritici and Rhizoctonia root rots, with
which I am familiar. Most, if not all, major soilborne fungal diseases of wheat
are caused by necrotrophs, which tend to be more damaging to crops in nutrient-
impoverished soils [1].

Difficulties encountered with the biocontrol of pathogens in such disease-
conducive soils are not dissimilar to those experienced elsewhere with exces-
sively large disease pressures. This is further complicated by the fact that the
harsh environment to which the host and pathogen have naturally adapted may
be inhospitable to a biocontrol agent that requires soil conditions with favorable
soil moisture, temperature, and nutrient supply. The success and failure of a bio-
control agent, therefore, may be determined by its behavior in bulk soil, rhizo-



sphere, rhizoplane, and/or the root cortices. In this scenario one must also include
the growth stage and the tissue of the host affected and the site and phase of
activity of the pathogen.

In southern Australia, which enjoys a Mediterranean-type climate, the
wheat crop is essentially a rain-fed winter crop. Following seeding in late autumn,
the winter and spring rains support crop growth. The winters are mild in these
regions, and the summers are generally hot and dry [2]. Seedling diseases under
these conditions are affected by conditions which are very different from, for
instance, the winter wheat of the temperate regions of the Northern Hemisphere.
Wheat seedlings in the tropics, such as in Thailand, however, can be affected
severely by Sclerotium rolfsii, which is active only under conditions associated
with temperatures over 25°C, significantly higher than temperatures experienced
at germination in either the temperate or Mediterranean environments. The spec-
trum of pathogens infecting wheat and the severity of disease they cause in any
region can vary significantly depending on the soil mineralogy and soil conditions
such as nutrient and moisture levels and temperature. It is noteworthy that biocon-
trol agents can be similarly affected by variations in soil conditions. In Washing-
ton State, Fusarium root rot can be serious in a rain-fed crop of wheat, while
take-all (caused by Gaeumannomyces graminis var. tritici) may replace it as the
major pathogen if the crop was irrigated [3]. While take-all may be favored by
moist soils, flooding of soil such as that practiced in rice production, could
reduce the inoculum of the take-all fungus. Thus, although the take-all fungus
has been recorded in tropical or subtropical regions of Asia, such as India and
Japan [4], the disease is not considered to be a serious threat due to periodic
flooding between wheat crops. Soil pH may have differential effects, Fusarium
may be favored by moderately low pH, while liming soil may render the soil
conducive to the take-all fungus, which is a serious threat to wheat in neutral to
moderately alkaline soils [5]. Not all biocontrol agents are likely to be effective
under such varying soil conditions. Targeting a single pathogen in fields where
there is a complex of pathogens can also create new problems. Control of a Fu-
sarium root rot by fluorescent pseudomonads [6] or of the take-all fungus by a
sterile fungus [7] could lead to emergence of Rhizoctonia solani AG8, the causal
agent of the bare-patch disease of cereals, which is not suppressed by these antag-
onists.

The biotic and abiotic environments can play a significant role not only in
the pathogenicity of the disease-causing organisms, but also in the antagonistic
activities of the biocontrol agents. Biological control of a disease can be affected
by ‘‘pathogen suppression’’ or ‘‘disease suppression’’ [3,8]. Pathogen suppres-
sion is brought about by the antagonistic activities of soil microflora occurring
outside the influence of the host plant, invariably in the ‘‘bulk soil.’’ Disease
suppression, on the other hand, is considered to be directly or indirectly mediated



by the plant. Much of the biocontrol work on root disease of wheat in the past
two decades has concentrated on fluorescent pseudomonads, which are thought
to bring about disease suppression essentially through their activities both in the
rhizosphere/rhizoplane region as well as in the root tissues [6]. Their suppression
of the take-all fungus on the root surface is favored by the ectotrophic growth
habit of the take-all fungus, which occurs not only before initial penetration [9]
but also in the subsequent spread of the pathogen up the root axes. This suppres-
sion of spread facilitates the abortion on the root axis of lesion extension towards
the crown. It is caused by the antagonistic fluorescent pseudomonads, which are
considered to be natural occupants of the rhizosphere and rhizoplane [6]. It is
likely that in soils subjected to high temperature and drying cycles, spore-forming
bacteria (e.g., Bacillus spp.) are likely to be more active as antagonists, especially
in the bulk soil.

The nature of bacterial and fungal flora of the root surface affects the ecto-
trophic habit of the take-all fungus on wheat roots [5]. The growth of the pathogen
towards the root and the ectotrophic growth on the root is critical for the establish-
ment of its parasitic phase. It is therefore possible that the root-infecting pathogen
could be disoriented in its trophic growth by the presence in the rhizosphere/
rhizoplane region of bacterial [10] and fungal [11] flora that are typically occu-
pants mainly of the bulk soil. This is certainly a novel approach in the biocontrol
of root-invading pathogenic fungi, the management of which conventionally has
been mainly through the introduction onto the roots of rhizosphere-competent
strains mainly belonging to Pseudomonas spp. [6].

II. ABIOTIC ENVIRONMENT

The activities of microorganisms are environment dependent. In relation to bio-
control this would apply not only to the pathogen but also to its antagonists. In
addition, environmental factors may also affect the susceptibility of the host plant
to disease [2]. In field trials carried out to screen strains of microbial antagonists,
these complex interactions are often overlooked with only the response of the
pathogen to the abiotic conditions taken into consideration. Very often the vari-
ability between sites and between seasons in the performance of biocontrol agents
in the field could also be attributed to the heterogeneous and/or inhospitable
environments provided for the introduced biocontrol agent. A good example of
this is the acidification of bulk and rhizosphere soil resulting from the continued
use of ammoniacal nitrogen (N). The shift, although slight, in the soil pH is
adequate to render the soil suppressive to the take-all fungus. This shift is also
sufficient to render the soil conducive to the native populations of Trichoderma



koningii (considered to be the cause of soil suppressiveness) but not to the take-
all fungus. Continued use of the ammoniacal form of N eventually results in the
soil becoming unsuitable for the wheat crop. The remedial application of lime,
however, renders the soil suppressive to T. koningii but conducive to the disease
[8]. This is an interesting example of the abiotic component of the environment
affecting disease through the mediation of soil microflora.

Abiotic factors affect biocontrol activities of microorganisms through a va-
riety of direct and indirect effects. For instance, Leggett et al. [13] found that
strains of fluorescent pseudomonads they tested on wheat roots reduced ecto-
trophic growth of the take-all fungus and lesion development only when no N
was added to a nutrient-impoverished sandy soil. They suggested that the N effect
in this case might be related to other soil characteristics. They also demonstrated
that nutrient supply affected root growth, colonization by the take-all fungus,
colonization of the root by the antagonistic pseudomonad, and the interaction of
the three.

It is important to note that take-all, like many other diseases caused by
necrotrophic root-infecting fungi, is severe in soils that are nutrient impoverished
and poorly buffered microbially. Any soil amendment to improve the fertility of
such soils invariably reduces the severity of the disease. Manganese (Mn) as an
element has received considerable attention [14], with cereals that are adequately
supplied with Mn and genetically efficient in its utilization usually less severely
affected by take-all. The availability of Mn to the plant, however, can be affected
by soil pH and the activity of manganese-reducing and -oxidizing bacteria, in
addition to the genetically determined ability of the host to be efficient in the
requirement and utilization of Mn. At least in theory, any improvement in the
ability of the host roots to support a large population of manganese reducers
should render the host tolerant to the disease. In this case the manganese-reducing
bacteria could effectively function as biocontrol agents, although their effect on
the pathogen is largely indirect and host mediated.

Crown rot of wheat caused by Fusarium roseum complex appears to be
exacerbated by moisture stress [3]. Biocontrol agents selected to manage this
disease should also be capable of being active and effective under these condi-
tions. Take-all, on the other hand, is most severe in alkaline sandy soils that
are cool and moist [5]. This may explain the relative success of a variety of
soil bacteria screened for the biocontrol of take-all in the cool temperate wheat-
growing regions worldwide [6].

The abiotic factors most critical for the activity of both pathogen and antag-
onists are temperature and moisture. Early work [15] showed that take-all in field
soil declined at temperatures of 25°C and above. This effect of temperature was
not evident in sterilized soil infested with the pathogen, indicating the role of
soil microflora in amelioration of the disease under warm conditions. Thus, al-



though the temperature optima for in vitro agar cultures of the pathogen may be
close to 23°C, the disease caused by the take-all fungus in the glasshouse may
peak around 15°C [16]. Rhizoctonia solani AG8, however, may be most damag-
ing in relatively warm and dry soils [17]. It is therefore likely that in fields where
the inocula of both the take-all fungus and R. solani are present, as is the case
in some wheat field soils in southern Australia, the ecological attributes of the
strains successful in the biocontrol of the two diseases may well be different and
reflect the conditions that favor each disease.

Temperature ranges in soil at seed germination may be critical for the bene-
ficial activities of the biocontrol agents. Temperature and moisture affect both
the multiplication of microorganisms as well as the production of antibiotics in
soil by biocontrol agents [3]. Temperature can also change the behavior of a
biocontrol agent. For instance, Phialophora graminicola, which causes signifi-
cant reductions in the root rot caused by the take-all fungus [18,19] under rela-
tively cool conditions, has been found to cause serious root rot of grasses under
warm (�30°C) conditions [20].

Pythium spp., which affect the early stages of growth in wheat, may need
to be challenged by biocontrol strains capable of rapidly establishing themselves
in the spermosphere. This is necessary because certain pathogenic strains of
Pythium spp. invade the seed within 28 hours of sowing [3]. Because Pythium
spp. are also favored by relatively high soil moisture levels, the antagonists cho-
sen to control these pathogens should be capable of being effective under these
conditions. Aspects such as these are overlooked or underrated because of the
‘‘optimal’’ conditions that are generally used in greenhouse biocontrol trials,
which always form the initial and accepted basis of selection preceding field tests.
Natural selection may also favor bacteria that produce antifungal compounds in
lesions caused by a virulent pathogen. Charigkapakorn and Sivasithamparam [21]
found that a greater proportion of fluorescent pseudomonads antagonistic to the
take-all fungus in vitro were isolated from the wheat rhizosphere with each suc-
cessive planting of wheat in the greenhouse in natural soil infested with the take-
all fungus. It is interesting that several ‘‘effective’’ biocontrol strains are isolated
from fields in which the disease is widespread and sometimes rampant. It would
be tempting to assume that the presence of such strains indicates the enrichment
of the soil by these strains associated with lesioned roots and may relate to the
potential for a future ‘‘decline’’ in the disease at that site [3]. It is also probable
that the infrequent presence in nonsuppressive soils of strong antagonists may
indicate that these strains in such situations are incapable of causing an effect
because environmental conditions at that point of time do not favor the large-
scale multiplication required to build up an effective population of the antagonist.
This may also explain the existence of suppressive and nonsuppressive soils in
close proximity [22].



III. BIOCONTROL OF WHEAT DISEASES—WHOLE PLANT

A. Root Systems

Fungal pathogens target one or more parts of the wheat plant, the root system
generally being the most affected, especially in Mediterranean environments (Fig.
1). The seminal roots, which number around five in most commercial varieties
of wheat, are the most important, being responsible for the uptake of moisture
from the depths of the soil profile [23]. The secondary roots are less involved in

Figure 1 Niches associated with the wheat plant normally targeted for the activities of
biocontrol agents: 1, seminal roots; 2, the seed; 3, the subcrown internode; 4, nodal and
tiller roots; 5, crown; 6, leaves, flowers, and seeds; 7, residues around the plant. Note that
the abiotic and biotic environment for each of these niches may be different.



seeking moisture from such storage, especially under Mediterranean-type envi-
ronments, where surface soil usually explored by these roots retains little moisture
as the cropping season progresses. Thus, take-all and Rhizoctonia bare-patch
cause greater crop damage under these conditions, where early disfunction of the
seminal roots results in the stunting of seedlings or premature senescence of adult
plants. The infected adult plants suffer from deprivation of moisture and nutrients
following cessation of seasonal rains. Unlike the take-all fungus, which can in-
vade plants almost until the ‘‘booting’’ stage of plant growth, much of the root
invasion by R. solani AG8 occurs on wheat seedlings in the first 2 weeks of
growth. Therefore, while protection by biocontrol agents of Rhizoctonia root rot
may be needed only for the early seedling stages of wheat, protection against
take-all may need to be extended until flowering, even though attack of seedling
roots may cause the most severe crop loss. Thus, it would require biocontrol
organism(s) to be adaptable enough to be active not only on and in seminal roots
with live cortices, but also on older seminals, as well as young and mature second-
ary (nodal and tiller) roots. Relatively superior performance of microbial mixtures
used biocontrol agents against the take-all fungus [6,24] may indicate the value
of introducing a variety of microorganisms that could succeed with changing age
and type of roots as well as the variation in the physical environments of the soil
that could be expected with the progression of the growing season.

With the varieties of wheat sown in Western Australia, the nodal roots do
not appear until day 21 after germination. Therefore, any antagonist introduced
on seed has to survive on or around the seminal roots for a period of time to be
able to colonize the secondary roots. Although the first internode in shallow sown
wheat is telescoped and indistinguishable, deep-sown crops tend to have a pro-
nounced subcrown internode (first internode), which would separate the seminals
from the secondaries not only by time but also by space. The subcrown internode
is not usually favored for infection by the take-all fungus, Rhizoctonia solani
AG8 or Pythium spp., but the common root rot fungus (Cochliobolus sativus)
and sometimes certain fusaria colonize it and are often diagnosed by their activity
on it. Barley differs from wheat in its ability to produce large numbers of compen-
satory roots, which helps the host, to some extent, cope with infections by the
take-all fungus [25] but not against Rhizoctonia solani AG8 infections under
Western Australian conditions. This ability appears to be absent in wheat. These
aspects of root formation and function in wheat need to be considered in relation
to the survival and spread of the introduced biocontrol agent.

B. Stem Base/Crown

These regions are commonly affected by fusaria and C. sativus. Fusarium cul-
morum is associated with foot and root rot in the northwestern United States [26],



and the crown rot or dryland rot of wheat in Australia and South Africa is caused
by Fusarium graminearum group 1, which persists in or on the tillage layer,
predominantly as hyphae in crop residues. Infection occurs mainly at the coleop-
tile, subcrown internode and crown, depending on the nature of the inoculum
[27]. Current practices related to minimum tillage and the retention of stubble
have resulted in the increased incidence of these trashborne diseases in rain-fed
crops. Under these conditions, infection could even occur via senescent leaf
sheaths [28]. Thus, the variety of infection courts involved would require a bio-
control agent capable of being effective at all the sites of infection or a selection
of agents capable of being active in as many of these niches involved would need
to be employed. In addition, the moisture stress and high temperatures associated
with disease severity would restrict the nature of antagonists that could be effec-
tive. Pathogenic fusaria are in general active in conditions that are not favorable
to bacterial activity [3]. It has, therefore, been proposed that fusarial pathogens
are active mainly in soils that are not conducive to competition from soil bacterial
flora [3]. This would indicate that choice of antagonists for the control in the
field of crown rot fungi would need to be made in the knowledge of conditions
that favor infection and development of these diseases.

C. Foliar and Glume Diseases

Necrotrophic foliar and glume diseases are caused by trashborne inoculum of
pathogens such as Stagonospora (Septoria) nodorum. These diseases have be-
come a greater threat to wheat production since the use of minimum tillage, which
favors conservation of inoculum based in trash. Although greenhouse studies
have identified several phyllosphere organisms with noticeable potential to reduce
the parasitic activity of these pathogens on foliage, their value as field-scale appli-
cations still remain to be proven.

The management of diseases through the manipulation of trash is currently
more promising. Any practice that helps to degrade the stubbleborne inoculum
will help to reduce the disease hazard. This is likely to be ineffective in back-
to-back wheat crops, especially in Mediterranean regions with dry hot summers,
where the inoculum is conserved relatively intact between the cropping seasons.
Although management of inoculum in host residues has been considered in horti-
cultural crops [29], little has been done in the field to develop methods to enhance
field degradation of trashborne inoculum of necrotrophic foliar pathogens of
wheat, either through introduced antagonist(s) or by encouraging microbiological
breakdown of the stubbleborne inoculum through appropriate cultural practices.
Complex interactions, however, may be involved in the succession of parasitic
fungi by saprophytic fungi in crop residues in soil [30].



IV. PHASES OF ACTIVITY OF PATHOGEN TARGETED

A. Saprophytism

All major wheat root–infecting pathogenic fungi have necrotrophic habits. The
two major root pathogens in southern Australia are the take-all fungus and R.
solani AG8. Although both pathogens are capable of producing spores, their
spores are involved in neither the spread nor the survival of the pathogens. The
inoculum of these two pathogens exists as mycelia. The take-all fungus inoculum
is essentially the mycelium in the stem base and roots (‘‘saprophytic survival’’
[5]), colonized during its parasitic phase, while the R. solani inoculum exists as
mycelia within and on residues as well those growing in bulk soil (‘‘saprophytic
growth’’ [5]). R. solani, and to a much lesser extent the take-all fungus, also
depends on saprophytic colonization [5] to establish a mycelial network in soil
(Fig. 2). Sandy soil favors soil growth of the take-all fungus [2] and R. solani
[17]. The Mediterranean environments are conductive to the saprophytic activity
of these pathogens when soil moisture and temperature are favorable [2].

Figure 2 Aspects of soil saprophytism relevant to both the pathogens and the biocontrol
agents. Left to right: saprophytic survival involving the survival of the pathogen in residues
of tissues colonized during its parasitic phase; saprophytic colonization of soil organic
matter by the pathogen preceding parasitic activity in the cropping season; saprophytic
growth of the mycelium of the pathogen through soil, from the substrate where it survived,
to the young root. (Concepts from Ref. 5.)



When the biological suppression of a pathogen occurs in the bulk soil or
in any niche outside the influence of the plant host, it is considered to operate
through pathogen suppression [3,8]. Pathogen suppression therefore is involved
in the suppression of the pathogen in its saprophytic phase (during saprophytic
survival, saprophytic growth, and/or saprophytic colonization [5]). Pathogen sup-
pression can also be effective against plant parasitic nematodes [31].

Much of the attack on the saprophytic phase of pathogens, by biological
means or otherwise, can only be successful under field conditions if appropriate
cultural practices are employed. Although the saprophytic survival phase is rela-
tively sensitive to microbial attack [3], such attacks are particularly difficult under
field conditions in Mediterranean environments where the soil is too hot and dry
during summer for microbial activity. Unseasonal (i.e., summer when the inocu-
lum is resting under Mediterranean conditions) rains can result in the destruction
of the inoculum between crops. This is evident when delayed sowing in May/
June has been shown to result in reduced inoculum density and disease [2]. Deep
ploughing can not only break the stubble-based inoculum into smaller and less
infective units, but could also render the inoculum less infective if the infective
units are, during cultivation, buried deeper into the soil profile where the avail-
ability of O2 may be limited.

Saprophytic colonization in soil by the take-all fungus may occur only in
impoverished and disease-conducive soils in southern Australia [2]. It is, how-
ever, a widespread habit of R. solani AG8, but the reduction of disease severity
following cultivation of soil is considered to result in the disruption of hyphal
networks connecting organic residues and the consequent disconnection from
particulate food sources [32]. The disrupted mycelia are also likely to be exposed
to microbial attack in the cultivated soil.

Saprophytic growth in soil of the hyphae or mycelial strands is common
with most root pathogens, although the biomass and distance traveled from the
food base would differ with the pathogen and the conduciveness of the soil for
hyphal growth. With soils that are nutrient rich and microbially active, such as
those found in Cambridge, United Kingdom, the saprophytic soil growth of the
take-all fungus is limited [5], in contrast to the conductive soils of the wheat belt
of Western Australia [2].

The reduction of take-all in Western Australia following the application of
ammoniacal form of N has been attributed to induced soil suppressiveness. This
suppressiveness resulting from the shift in soil pH has been shown [8] to be
related to the increased activity of antagonistic strains of Trichoderma koningii
in treated soil. A strain from this study has shown considerable promise in field
crops as a biocontrol agent of take-all in the United States [33] and China [34].
The study of Simon and Sivasithamparam [8] also showed that the reduction of
take-all in soil amended with ammonium N was essentially a response to patho-
gen suppression.



The biological suppression of saprophytic soil growth of the take-all fungus
is considered to result in the reduction in the number of hits by the pathogen on
the roots of seedlings of wheat and further interference of the pathogen in the
rhizosphere.

B. Parasitism

Both the take-all fungus and R. solani AG8 have an ectotrophic phase preceding
invasion of the cortex. The ectotrophic growth of the take-all fungus is, however,
comparatively more elaborate [9] than that of R. solani AG8. The activity on the
root of the runner hyphae of the take-all fungus occurs not only before penetration
but also during the spread of the fungus along and between root axes. This habit
lent to successful testing of a wide variety of rhizosphere organisms for the bio-
control of take-all. The rhizosphere habit of R. solani AG8 is different. The
growth of the pathogen in wheat rhizosphere, probably at the expense of the root
exudates, consists of loosely branched and detached runner hyphae, while the
infective hyphae, more adpressed to the root, consist of pigmented hyphae that
branch heavily at right angles (J. S. Gill, unpublished). Such branching is associ-
ated with infection cushions typical of R. solani on other hosts. These mycelia
in the rhizosphere/rhizoplane region are easily targeted or outcompeted by antag-
onists that inhabit these niches. The major differences between the two pathogens
is that while the infections can continue to be established till flowering with the
take-all fungus, colonization by R. solani AG8 appears to be restricted mainly
to seedling roots, and thus the antagonists have only a short period of time to
interact with and suppress R. solani in the rhizosphere. This period is still shorter
with Pythium spp. With dryland Fusarium rot, and to a lesser extent with C.
sativus, the infection court activity of the pathogen can last from early infections
of young roots and coleoptiles to senescing leaf sheaths of mature plants.

The final frontier for the defense of stelar elements of roots against root-
infecting pathogenic fungi is the root cortex [7]. In addition to mycorrhizal fungi
[35], a variety of nonmycorrhizal fungi [2] and bacteria [36] inhabit the live
cortices of roots and succeed in defending the stele through mechanisms that
involve direct and indirect interactions. These interactions have been recognized
for a considerable period of time [3] and have been, with the exception of few
fine studies (e.g., Refs. 37, 38), largely unexplored. As endophytic fungi they
inhabit live cortices and cause little or no damage to the host. Instead, some of
these fungi (such as the sterile red fungus [7]) produce antifungal compounds
and promote plant growth. The sterile red fungus is capable of preemptively
colonizing the seminal roots in the presence of the take-all fungus and masks the
damaging effects of the pathogen by producing compensatory roots. The sterile
red fungus also appears to compete with the take-all fungus for thiamine, which
they both require, and cause hyphal lysis in the pathogen. This antagonist also



causes induced resistance of roots to the take-all fungus [7]. It is, however, not
clear whether or when one or more of the mechanisms observed are responsible
for the disease reduction observed in limited field trials. Although this antagonist
is endophytic, it offered no protection against R. solani. It also requires a rela-
tively moist soil to be active, indicating that it is adapted only to a limited set
of environmental conditions. This study, however, points to the fact that such
fungi, which in all probability are cosmopolitan in distribution, deserve more
attention than they have received to date.

Our work also showed that a wide variety of soil fungi invade the cortices
of young wheat roots, many of which enhance plant growth and/or reduce root
rot caused by the take-all fungus [2]. These fungi invariably invade up to the
endodermis of the root and appear to do little or no harm to the host plant.
Whether or not all of them could be classified as endophytes is not clear and
certainly warrants investigation. The main advantage of these dwellers of root
cortices is that if they are introduced to seed at sowing, their survival and activity
in and along the root is extended in time and space. As cortical inhabitants they
are also protected from harsh environments on and around the root, such as with
drought-affected or waterlogged soils.

Disease suppression is considered to occur where the biocontrol agent re-
duces the activity of the pathogen on and inside the roots [2,8]. These interactions
are directly or indirectly influenced by the host plant, the indirect action usually
mediated by the host plant (induced resistance). Although by definition rhizo-
sphere relates to the soil as influenced by host roots, it is currently accepted that
rhizosphere activities of biocontrol agents could extend into the cortical cells of
the root [39]. Thus, a population of antagonistic bacteria, for instance, could
interact with the pathogen outside in the rhizosphere and could continue its activi-
ties inside the cortex (see Ref. 40). The activities of such bacteria inside the live
root cortices is considered to facilitate the induction of resistance in the host
plant.

V. BIOLOGICAL CONTROL AGENTS

A. Bacteria and Actinomycetes

Bacteria have predominantly been used for the control of cereal diseases. This
is partly because of the ease of multiplication and application and also because
of the advantage of having the background technology already developed for
Rhizobium inoculants. Actinomycetes, unfortunately, have received relatively
less attention. Numerically, bacteria dominate the rhizosphere, and many of them
produce a wide variety of antifungal compounds. In general, the rhizosphere has
been recognized as the frontline defense in protection of roots against invading
root pathogens [6]. Constant phenotypic changes in the biocontrol bacteria, the



heterogenous soil environment, and unpredictable climatic conditions contribute
to the variation in the performance of many of the strains in the field.

Bacteria are relatively easy to screen in the greenhouse against the take-
all fungus and Pythium spp. where average yield increases of wheat of up to 17%
have been realized [41]. The pseudomonad strain 2–79, for instance, can be an
aggressive root colonizer that could be reisolated through the cropping season,
forming 50% of total fluorescent pseudomonads reisolated from seminal roots
[42]. Kloepper et al. [43] demonstrated the importance of spermosphere compe-
tence, the level of importance of which, however, could vary from test to test.
Root colonization ability is most critical for protection against root pathogens.
The dose of P. fluorescens 2–79 applied to seed was reflected in its population
of the strain on roots, and there was an inverse relationship between the popula-
tion of the strain 2–79 on roots and incidence and severity of take-all lesions on
wheat roots. Populations of these strains on individual roots, however, varied up
to a 1000-fold [6]. Following inoculation with the strain, 20–40% of the roots
were not colonized 4 weeks after sowing. It is, therefore, critical to ensure that
colonization of the roots by the protectant bacterium is complete at the time the
susceptible region of the root is exposed to the root pathogen resident in the
surface organic layer soil. Fortunately, reports (see Ref. 6) indicate that the bac-
terial colonization by competent strains can be very high at the region near the in-
oculum layer of the pathogen in the soil, declining towards the root tip. The
colonization of the root was considered to take place at the rate of 2–9 cm/d. The
successful strains are supposed to attach themselves to the roots, often displacing
ineffective resident strains, the growth being determined by the soil environment,
which also affects root growth. In this matter their behavior is similar to the
competitiveness of effective Rhizobium strains on legume roots.

P. fluorescens 2–79 was reported [6] to be active in the range of �0.3 to
�0.7 bars in which O2 availability and turgor potential of the cells and/or nutrient
availability was optimum, as was the temperature range of 25–30°C. Pseudomo-
nas putida prefers �20°C for root colonization and a pH of 6–6.5 rather than
7. These requirements may be critical for the application of these bacteria in
soils where aeration, temperatures, and moisture may not be conducive for their
multiplication. It may therefore be advisable to consider application of strains
suitable for each environment or, if possible, consider application of a mixture
of compatible strains from which appropriate strains could be naturally selected
by the unpredictable microenvironment around the germinating wheat seed. In
addition, the activity of the individual strain could also be affected by the pheno-
type of the host plant [6] associated with it.

It is also probable that different biocontrol strains may be required to target
different pathogens. The strain Q2-79–80, for instance, could suppress a Pythium
sp., while increasing or having no effect on R. solani AG8 [6]. Where a certain
strain lacks ecological competence in a specific environment, other introduced



and better adapted strains in the mixture could take over the antagonistic activities
to bring about the suppression of root rot caused by the take-all fungus [6,24].
It is also possible that some useful strains have specific site(s) of activity. P.
chloraphis MA342, for instance, appears to have strong spermosphere but poor
rhizosphere colonizing ability [45]. This strain was shown to have strong potential
for control of seedborne plant pathogens such as Drechslera teres, Tilletia caries,
Microdochium nivale, and Stagonospora nodorum [45]. This strain produces the
metabolite 2,3-deepoxy-2,3-didehydrorhizoxin (DDR), which was considered to
be involved in disease control [45]. A variety of bacterial metabolites with
involvement in disease suppression have been reported. These include sidero-
phores (e.g., pyroverdin, pseudobactin, pyochelin), antibiotics (e.g., acetylphloro-
glucinols, 2,4-diacethylphloroglucinol, phenazines, phenazine-1-carboxylic acid,
pyrroles, pyoluteorin, pyrrolnitrin, macrocyclic latones, DDR), lytic enzymes
(e.g., β-1,3-glucanase, chitinases, proteases) biosurfactants (e.g., rhamnolipids),
and HCN. A variety of plant growth–promoting substances are also reported
to be produced by bacterial strains and include plant hormones such as auxins,
indole-3-acetic acid, and gibberellins [46–48]. Certain hormones can help the
host to cope with the disease by producing compensatory roots.

The ability of many of these strains to produce bioactive compounds in
vivo has been demonstrated in several studies. It is, however, accepted that the
production of these compounds in effective quantities is determined by the soil
environment, including nutrient supply. Increased production of these compounds
by biocontrol agents, however, is not always related to increased disease suppres-
sion.

Because many of these biocontrol bacterial strains produce growth-promot-
ing substances in addition to antifungal compounds and, in some cases, can also
cause induced resistance [36,49], it is not clear whether all three mechanisms are
employed by the producers in an environment at a given time.

B. Fungi

Several monographs (e.g., Ref. 3) and reviews (e.g., Ref. 39) have comprehen-
sively covered the potential of fungi as biocontrol agents of fungal pathogens in
cereal crops. Essentially, various fungi (including yeasts) are capable of antago-
nizing pathogens in all niches associated with the wheat plant illustrated in Figure
3. In soil they can be operative in the bulk soil (e.g., Trichoderma koningii [8])
affecting pathogen suppression. Such strains can also be operative in the rhizo-
sphere, including the root cortex [11]. Effectiveness of such strains are certainly
related to their ability to suppress the pathogen at several of the niches referred
to in Figures 1 and 2.

Ideally, antagonists of each pathogen should be screened in relation to the
soil behavior and spreading habits on and in roots by the pathogen. For instance,



Figure 3 Regions in the soil and root where the pathogen could be suppressed. The
pathogens including nematodes could be suppressed by biocontrol agents (e.g., Bacillus
spp. [3], Trichoderma spp. [8], and Verticillium chlamydosporium [31]) in the bulk soil.
In the rhizosphere and/or rhizoplane it could be suppressed by biocontrol agents such as
Pseudomonas spp. [6]. The rhizoplane and cortices (up to endodermis) could be the sites
of activities of biocontrol fungi such as Fusarium spp. [37], G. graminis var. graminis
[55], Phialophora graminicola [19], and the sterile red fungus (SRF) [7].

while the soil saprophytic growth and soil colonization habit of the take-all fungus
may be limited, these habits are significantly elaborate and extensive in R. solani
AG8, the pathogenicity of which is therefore determined to a large extent by the
establishment of its soil phase preceding infection. In bare patch disease of wheat
caused by R. solani AG8, the severity of disease depends heavily on the integrity
of the hyphal inoculum of the pathogen in soil.

The mechanisms by which fungal antagonists have been proposed to sup-
press diseases caused by fungal plant pathogens are many and varied. Unlike
with bacteria, only a few genetic studies of them have been conducted in order
to establish the basis of disease suppression. Competition, antiobiosis, predation,
and mycoparasitism have been proposed as mechanisms [3] but have generally
been difficult to prove exclusively. Harman [50], discussing mechanisms of sup-
pression by antagonistic Trichoderma, suggested that where a certain mechanism
employed by a biocontrol agent fails or is ineffective, it is likely that another
mechanism could come into play and compensate.

While most studies with fungal antagonists of fungal pathogens involve in-
depth investigations into mechanisms of suppression, relatively few examine the
niche behavior in soil and root of the antagonists and their role in the determina-



tion of the suitability of the biocontrol agent. Fungi, although numerically smaller
than bacteria, have an advantage in their ability to grow towards a stimulus or
target and also tolerate a greater range of moisture and/or pH stresses. The nutri-
ent status of the niche is also critical for all forms of biocontrol agents, including
fungi. In the bulk soil, in the absence of a high level of competitive saprophytic
ability, the biocontrol agent may opt to rely to a large extent on its ability to
sustain itself as a mycoparasite or to live off the exudates from the propagule or
hyphae of the pathogen (e.g., through externally coiling around the hyphae of
the pathogen). The hyphae of the pathogen in these nutrient-impoverished soils
low in organic matter can be a relatively attractive source of nutrients attracting
‘‘hyphasphere’’ bacteria, actinomycetes, and fungi. It has been proposed [51]
that strains of Trichoderma spp., which are naturally attracted to the hyphae of
the take-all fungus in these soils, produce antibiotics that could help to weaken
and predispose the hyphae to successful mycoparasitism by the antagonist. The
root exudates in the rhizosphere support a large spectrum of bacteria and fungi
that are able to compete and utilize them. The biocontrol agents in the
rhizosphere/rhizoplane region are therefore expected to have a certain level of
rhizosphere competency to be sufficiently active to suppress the ectotrophic activ-
ities of the pathogen. The outer cortical cells of wheat roots progressively die
and are invaded by soil microflora [52,53]. This region of roots sometimes called
the ‘‘endorhizosphere’’ (see Ref. 40) is to both the antagonists and pathogen
ecologically indistinguishable from the natural rhizosphere. Whether rhizosphere
inhabiting biocontrol agents invariably invade live cortical cells needs verifica-
tion, especially where they cause induced resistance against the invading patho-
gens. Another approach has been to seek antagonists among fungi which are
taxonomically and ecologically similar to pathogens [54–56].

A variety of fungal invaders and inhabitant of root cortices, some mycorrhi-
zal and others not [7], have some level of parasitic competency and are effective
in protecting the vascular elements from fungal pathogens. This is a promising
area for exploration, at least in annuals such as wheat where the protection and
growth promotion of young seminal roots confers significant boost to the early
growth, which could lead to improved yield from the crop.

C. Microfauna

Activities of microfauna in the organic layer of wheat field have been largely
ignored or underrated, especially in relation to pathogen suppression. Chakra-
borty and Warcup [57] reported the ability of soil protozoan populations to para-
sitize or feed on runner hyphae of the take-all fungus. The role of microfauna
in the development of ‘‘general suppression’’ [58] to root disease such as take-
all and Rhizoctonia bare-patch warrants detailed studies. Following the report of
‘‘decline’’ of root rot of wheat caused by R. solani AG8 in South Australia by



Roget [59], Gupta et al. [60] found that protozoan predation and the subsequent
decomposition of damaged Rhizoctonia hyphae was one of the main reasons for
the reduced survival of Rhizoctonia inoculum from one season to another. Graz-
ing by microfauna of the fungal network of Rhizoctonia, which form the large
component of the fungal inoculum in soil, could be expected to have a significant
effect on the inoculum potential of the pathogen. Although it may be difficult to
culture and introduce individual species of beneficial micro- or mesofauna on a
field scale, there is certainly scope to develop cultural practices, which may pro-
mote the activity of these organisms. There is currently considerable interest in
the use in Australia of brassica residues for the ‘‘biofumigation’’ of wheat field
soils [61]. The glucosinolates in these plant tissues are hydrolyzed to isothiocya-
nates in soil, which has been proposed to reduce the inoculum of the take-all
fungus. Although this approach may lead to the emergence of diseases not re-
sponding to the amendment, it certainly deserves further evaluation. It is likely
that certain microfauna populations could be enhanced following such ‘‘green-
manure’’ residues enhancing soil fertility and inducing ‘‘general suppres-
sion’’ [58].

VI. CONCLUSION

Biological control of wheat diseases, mainly those caused by soilborne fungal
pathogens, have been studied worldwide. Certain diseases, such as the take-all
caused by Gaemannomyces graminis var. tritici, have been useful ‘‘models’’ to
study the mechanisms of biocontrol in depth [47]. Despite the knowledge that
has accrued on this subject, there is no indication to date of a reliable biological
means of field control of cereal root rots on a large scale. The only exception is,
however, the ‘‘take-all decline’’ that occurs following continuous cropping of
wheat in fields infested with the take-all fungus [62,63]. While this method has
wide acceptance in Europe [64] and the United States [3], it has not been widely
successful in Australia. Similar ‘‘decline’’ has also been reported with R. solani
AG8 in Australia [59] and the United States [63]. The nature of agriculture in
Australia, however, may not accommodate a practice that requires continuous
cropping with wheat. Studies on this suppressiveness phenomena may yield infor-
mation that could help to develop new strategies for the cultural control of cereal
root rots.

Specific-suppression strategies have attracted most of the attention of those
working on the biocontrol of wheat root diseases. Although these studies have
yielded exciting results, many of the trials using this strategy have, in general,
resulted in inconsistent results [64], mainly due to unpredictable and variable
environmental conditions. There are several instances where combinations of spe-
cific and general suppression could operate together and yield more reliable re-



sults (e.g., Refs. 8, 37). Manipulation of the environment through cultural prac-
tices to enhance the activities of specific and/or general microflora clearly holds
great promise.

Another aspect receiving inadequate attention currently is the potential haz-
ard of a nontarget pathogen replacing a pathogen that is specifically suppressed
following application of an effective biocontrol agent. A complex of pathogens
is commonly resident in wheat field soils [2]. Even within a pathogenic species,
variation in sensitivity to a biocontrol agent may occur. For example, anastomo-
ses groups of Rhizoctonia solani may vary in their sensitivity to gliotoxin [65].
Strategies to manage the major diseases simultaneously may eventually become
the solution. This is again the reason why, even where specific suppression of a
disease is promising, a management strategy that includes practices enhancing
‘‘general suppression’’ of two or more major diseases may still be necessary and
agronomically useful.
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I. INTRODUCTION

Cotton (Gossypium spp.) is an important fiber crop cultivated in almost every
tropical country as well as in many parts of the subtropical world. In India, cotton
has been cultivated since ancient times, playing a key role in the national econ-
omy. Cotton fields in India occupy an area of 8.9 m ha, representing the largest
cotton-growing area in the world. However, it is only fourth place in production
(11.1 m bales, each bale � 170 kg lint), and the mean productivity is 292 kg
lint/ha, which is just 50% of the world average of 583 kg lint/ha [1]. Lack of
suitable disease-management programs is considered to be one of the most impor-
tant factors limiting the productivity of this crop [2]. The present chapter will
discuss the changing disease scenario of cotton and the biocontrol approaches
so far taken in combating such diseases, keeping in view the fundamental research
and its ecofriendly application in integrated disease/crop management.

II. COTTON DISEASE SCENARIO

A. Diseases of Major Concern

Several diseases afflict the cotton crop, but bacterial blight, root rot, new wilt,
and cotton leaf curl are of major concern. Bacterial blight of cotton, caused by
Xanthomonas campestris pv. malvacearum, was of minor importance until 1947–
48 primarily because 97% of the total area was planted with diploid, indigenous
cottons (G. arboreum L. and G. herbaceum L.), which are naturally resistant to



the disease [3–5]. The disease assumed severe proportions during 1948–52, when
a campaign was started to replace the rainfed, indigenous, diploid cottons with the
high-yielding, good-quality, tetraploid cottons (G. hirsutum and G. barbadense),
which were susceptible to disease [4].

During the last decade a new problem of wilt has emerged, which affects
all the four cultivated Gossypium spp., causing much damage in the central and
southern parts of India In affected plants a loss of 14.76–94.5% has been ob-
served, depending upon the genotype and the time of manifestation of wilting
[2]. Direct and indirect evidence suggests that the disease is not caused by any
fungus, bacterium, virus, or phytoplasma; neither is it transmitted through graft-
ing nor through infected debris or soil [2,6]. According to Sahay et al. [7], excess
production of ethylene may be responsible for this wilting.

Recent surveys in 10 villages in East Nimar (Khandwa) during 1989–90
and 1990–91 to assess the incidence of new wilt revealed that on average the
incidence ranged between 3.0 and 4.0% in 1989 and 3.2, and 4.8% in 1990 in
the four most commonly cultivated hybrids/varieties; the maximum incidence
was found, however, at Burhanpur on Maljari (6.2 and 5.2% in 1989 and 1990,
respectively). The incidence on both hybrids and varieties was almost same, con-
tradicting the earlier view that the disease is more severe in or restricted to hybrids
[8]. The relative incidence of the disease varies from season to season, even in
the same genotype. The observation that some genotypes are relatively disease-
free in one season but others are affected and that some seasons are wilt-free
while others show a high incidence is suggestive of the environment influencing
the expression of the disease. The susceptibility to new wilt was found to be
distributed in all three species widely cultivated in India (G. hirsutum, G. arbo-
reum, and G. herbaceum, including inter- and intrahirsutum hybrids). It was con-
cluded that new wilt is a genetically controlled physiological disorder expressed
under strong influence of the environment.

Root rots caused by Rhizoctonia solani Kuhn and R. bataticola (Taub.)
Butler have been reported from all the cotton-growing areas but are serious prob-
lems only in Punjab, Rajasthan, and Gujarat. A loss of about 3% in general and
90% in certain cases have been reported [9].

Cotton leaf curl virus (CLCuV) has become the most important disease
problem in the northern cotton zone of India and Pakistan. The virus belongs to
the Gemini virus group [10]. In India, the disease was noticed in the Srigangana-
gar, Abohar, and Fazilka areas of Rajasthan and Punjab [11].

B. Diseases of Minor Importance

With the change in cotton species complex, the disease situation also changed.
Fusarium wilt became less important because American (New World) cottons
are immune to the Indian race of Fusarium wilt pathogen, and these upland cot-



tons now occupy about 70% of the cotton area. So far no change in the virulence
of this pathogen has been noticed, and American cotton varieties continue to
maintain immunity to this wilt. Of late Verticillium wilt appeared on cotton in
Tamil Nadu, which is, however, restricted to southern areas [2]. Grey mildew,
which was a serious problem for diploid cottons, especially in Maharashtra and
Gujarat, has almost disappeared due to large-scale cultivation of tetraploid cot-
tons immune to this disease. Other diseases such as Alternaria, Myrothecium,
Cercospora, Helminthosporium leaf spots and rust occur only sporadically. Dis-
eases of viral origin, e.g., leaf crumple [12], anthocyanosis [13], and viral wilt
[14], have been restricted in the Marathwada area of Maharashtra, where these
diseases were first reported. Bacterial wilt [15] and stenosis [16] are mainly re-
stricted to Karnataka.

III. MANAGEMENT PRACTICES

The existing disease-management approaches are primarily chemical based and
are, therefore, not efficient in terms of energy use or ecological concerns. Further,
soilborne cotton pathogens, especially root-rot pathogens, are very difficult to
manage with chemicals. Soil fumigation is effective but not affordable. The de-
velopment of resistance to some soil-treatment chemicals (brassicol and vitavax)
was also evident in R. bataticola, the inducer of root rot [4]. Further, the injudi-
cious use of pesticides is becoming a global concern, mainly because of its nega-
tive impact on environment, ecology, and society. Resistance against widely used
chemicals is gradually becoming more common. The continuous exposure of
bacterial blight pathogens to antibiotics has resulted in the development of antibi-
otic-resistant mutants [17,18]. Verma et al. [5] suggested different need-based
integrated practices for the eradication of bacterial blight of cotton, depending
on the availability of chemicals, date of sowing, disease symptoms, and other
agronomic practices; they also demonstrated natural biological control through
the presence of less virulent/avirulent races of X. c. pv. malvacearum and phyl-
loplane bacteria with preinoculative protective ability [3,17]. Agronomic prac-
tices including tillage to manage pathogens present in crop residues has led to
loss of soil organic matter and soil erosion. Resistant varieties are known for a
large number of bacterial [19], fungal [20,21], and viral diseases [22]. But the
ecological sustainability of the resistance breeding essentially depends on a con-
stant supply of new resistant sources in the germplasm, which is unlikely in view
of the genetic diversity of pathogens, particularly when several pathogens are
involved. Thus, the life of a resistant variety is short.

Genetic engineering approaches towards developing transgenics have of-
fered hope because of wider access to useful genes, but it may take some time
for this to become socially and ecologically acceptable.



IV. NEED FOR BIOLOGICAL CONTROL

Environmental and related considerations have led to a progressive decline in
the availability and use of pesticides, stressing the need to develop dependable
biological control. Although complete replacement of chemicals in disease man-
agement is not anticipated in the near future, the considerable progress already
made in the development of eco-friendly biocontrol agents gives hope that there
may someday be a remarkable reduction in the use of agro-chemicals. Thus, a
rapid shift from a chemical-intensive to a biological agent–intensive integrated
cropping system [ICS, including the appropriate IPM (Integrated Pest Manage-
ment) menu] is clearly visible. In the near future, the IPM menu, based on envi-
ronment, agricultural practices, and pest scenario (including forecast network),
will be available to farmers so that they can choose the best locally and ecologi-
cally sustainable menu in the ICS.

V. USE OF SAPROPHYTIC/UNRELATED
MICROORGANISMS IN BIOCONTROL
OF COTTON DISEASES

A. Phylloplane Microorganisms

Biological control using unrelated saprophytic microorganisms has been demon-
strated for bacterial blight of cotton [16,23–25]. Spraying with several phyl-
loplane bacteria resulted in the reduction of disease; these phylloplane bacteria
(species of Aeromonas, Flavobacterium, and Pseudomonas) were not antagonis-
tic to X. c. pv. malvacearum but possessed a preinoculative protective ability
[i.e., when these phylloplane bacteria were preinoculated 8–20 hours before the
challenge dose of X. c. pv. malvacearum, there was no (reduced) disease develop-
ment], perhaps due to the production of a protection factor (something similar
to elicitors) and faster use of nutrients. Some strain specificity was also observed,
and the cultivars Bikaneri Nerma and BC-131-2 were most responsive to phyl-
loplane bacteria spray for the control of bacterial cotton blight. This area requires
more research to develop a phylloplane bacterium or a mixture of phylloplane
bacteria/microorganisms for the biological control of cotton diseases.

The phylloplane bacteria possessing this preinoculative protective effect
belonged to the genera Flavobacterium, Pseudomonas, and Aeromonas and repre-
sented 14.2% of the total phylloplane bacterial population. Greater protection
was afforded to a less virulent race of X. c. pv. malvacearum than to a highly
virulent race. Field trials have already indicated that a phylloplane bacteria spray
could effectively reduce the severity of bacterial cotton blight and could be used
effectively in the integrated management of the disease [25].



B. Endophytes as Biocontrol Agents

The interaction of bacterial endophytes on cotton with other plant-associated bac-
teria has been critically reviewed [26]. Pseudomonas fluorescens 89B-61 is a root
colonist that has been shown to reduce the incidence of Fusarium wilt of cotton
(causal agent Fusarium oxysporum f. sp. vasinfectum) [27]. Endophytic bacteria
have shown significant control in model systems of R. solani on cotton [28] Chen
et al. [29] suggested that the biocontrol effect of endophytic bacterial strains
resulted mainly from enhanced host defense rather than from bacterial metabo-
lites. Bacterial endophytes are also thought to play a role in the resistance ob-
served in the multiple adversity-resistant (MAR) cotton lines [30]. Biswas iso-
lated five bacterial endophytes from cotton plants showing antagonistic activity
towards X. c. pv. malvacearum, Sclerotium rolfsii, and R. solani in vitro; all of
these endophytes belonged to the genus Pseudomonas (B. Bhowmik, personal
communication, 2000).

C. Rhizosphere Microorganisms Including Plant-Growth–
Promoting Rhizobacteria

Fluorescent pseudomonads are unique rhizobacteria possessing the ability to pro-
mote plant growth and suppress plant diseases [31] (Table 1). Laha and Verma
[35] demonstrated that 18.75% of fluorescent pseudomonad isolates were effec-
tive against X. c. pv. malvacearum (angular leaf spot phase of bacterial blight of
cotton), R. solani (root rot), and S. rolfsii [38]; seed bacterization with fluorescent
pseudomonads effectively increased seed germination and reduced seedling in-
fection by R. solani, S. rolfsii, and seedling blight by X. c. pv. malvacearum.

A strain of Pseudomonas fluorescens antagonistic to R. solani was isolated
from rhizosphere of cotton seedlings [33], which produced an antibiotic (pyrrolni-
trin) that was strongly inhibitory to R. solani. Seed treatment with this bacterium
or pyrrolnitrin increased seedling survival from 30 to 79% and from 13 to 70%,
respectively. Pyrrolnitrin persisted for 30 days in moist nonsterile soil with no
measurable loss in activity. Verma et al. [39] also observed more than 80% im-

Table 1 Cotton Diseases Controlled by Fluorescent Pseudomonads

Disease Pathogen Ref.

Bacterial blight Xanthomonas campestris pv. malvacearum 3,32
Seedling blight Rhizoctonia solani 33–35
Seedling rot Pythium ultimum 84,86
Wilt Fusarium oxysporum f. sp. vasinfectum 28,37



proved seed germination on seed treatment of various cotton cultivars with fluo-
rescent pseudomonads. Sezgin et al. [40] identified Penicillium sp., P. petuletum,
Aspergillus sp., A. terreus, A. fumigatus, and Chaetomium sp. as antagonistic to
R. solani. Seed coating with Trichoderma spp. reduced disease (R. solani) inci-
dence up to 83% in greenhouse [41]. In field experiments, disease severity was
reduced to 47–60%, which was equal to that obtained with PCNB. Pseudomonas
fluorescens CRb-26, a cotton rhizobacterium, when applied on X. c. pv. malva-
cearum–inoculated cotton seeds, significantly improved [32] germination (by
35.71 and 82.07% under sterilized and unsterilized soil, respectively, over the
nonbacterized X. c. pv. malvacearum–inoculated seeds). The isolate CRb-26,
which was highly effective in in vitro antibiosis, also showed the highest ability
to colonize upon seed bacterization along the young cotton seedling, especially
on the cotyledon. At the same time it significantly reduced the cotyledon infection
(71.59 and 58.51% in sterile and nonsterile soils, respectively) [32]. Further, the
rhizosphere resident CRb-26 was also effective on aerial parts. The isolate CRb-
26 caused significant reduction in bacterial blight disease intensity on susceptible
cotton line Acala 44 when applied 8 and 24 hours after or before challenging
with X. c. pv. malvacearum [32]. This observation suggests that a viable cotton
bacterial blight management strategy can be developed with isolate CRb-26 as
presowing seed treatment to control seedborne infection and as postemergence
foliar spray to control secondary spread of the disease during the growing season.
The effectiveness of fluorescent pseudomonads/PGPR against seedling infection
of cotton caused by fungal pathogens including R. solani, Pythium ultimum, Fu-
sarium spp., Verticillium sp., Sclerotinia sp., etc. has also been reported in other
crops [42–46]. An isolate of Burkholderia cepacia (D1) recovered from cotton
bolls in Arizona proved to be an extremely effective control agent (in the field
as soil drench) against Aspergillus flavus–induced cotton boll decay [47] and R.
solani–induced cotton seedling damping-off [48] in the field.

D. Bacteriophages

Bacteriophages have been reported to act as biocontrol agents [49]. A field experi-
ment in 1936 in Tashkent showed that bacteriophage treatment of the cotton seed
in combination with vernalization lowered the infection of seeding diseases by
74%; treatment of the seeds shortly before sowing showed very little effect [50].
Phages of X. c. pv. malavacearum are widely distributed and could be isolated
from cotton soil and fresh and stored diseased leaves [51]. Lysogeny was also
demonstrated [18]. A detailed study was made of the uptake and translocation
of phage lysate and longevity of phages in cotton seedlings with a view to resolve
the potentials of phages as biocontrol agents [52]. It was evident that cotton
seedlings absorbed phages when root tips of 72-hour-old cotton seedlings were



immersed in phage lysate, and subsequently the phages reached the cotyledon
within 12 hours. It was concluded that phages could persist in cotton seedlings
at least 48 hours, even in the absence of X. c. pv. malvacearum. When phage
lysate (90 � 107 pfu/mL) was spray-inoculated on leaves, the phages were de-
tected for only 24 hours, while in case of leaf infiltration phages were detected
for 48 hours. Verma et al. [52] also noted that the preinoculation of phage 1
hour before X. c. pv. malvacearum challenge afforded maximum protection for
susceptible reaction of cv. Acala-44 (40%) and hypersensitive reaction of 101–
102 B (80%). It was found that at the 0 hour challenge, better control was
achieved when phage was applied first. It appears that when the bacterial patho-
gen is applied first, the bacterium occupies the infective sites in the host within
the intercellular spaces, which makes them relatively inaccessible to the phages.

VI. USE OF AVIRULENT STRAINS IN BIOCONTROL

A. Cross-Protection

A protective effect of preinoculation with an avirulent strain or heat-killed races
of X. c. pv. malvacearum was demonstrated when the challenge dose of virulent
strain of X. c. pv. malvacearum was given at 8–24 hours [17,24]. It has been
observed that the virulence of the mixture of races may be synergistic, intermedi-
ate, or even less [3,53]. When race 2 and race 32 of X. c. pv. malvaceanum were
co-inoculated or when leaves preinoculated with race 2 were challenged with
race 32 or vice versa, an additional (synergistic) effect was observed on cultivars
susceptible to both the races. Acala-44 is a variety susceptible to both races, and
when they were co-inoculated, the disease increase (measured in terms of lesions
area) was 72.7% greater than race 2 (less virulent and attacks only polygenes)
and 48.8% greater than race 32 (more virulent and attacks polygenes and at least
five major genes, e.g., B7, B4, B2, Bln, and BN). Further, it was observed that
veinal infection started in race 32 in 12 days, while in co-inoculation the veinal
infection started on the 9th day or even earlier [53]. It has been concluded that
resistant reaction of cotton hosts towards race 2 was not changed upon mixing
or challenging with race 32 (the highly virulent genotypes). But when race 2 was
challenged on leaves pre inoculated with race 32, the susceptible reaction of the
host was expressed at a 48 h challenge but not at a 0 h challenge. Thus, in a
mixed inoculation, a synergistic effect was obtained on cultivars susceptible to
both the races, whereas on cultivars resistant to the less virulent race, a hypersen-
sitive response (HR) was observed. It appears that in a mixed inoculation of two
races on a cultivar that is resistant to one race, the incompatible reaction, HR,
started first and the product of this reaction inhibited the compatible reaction,
and accordingly instead of a susceptible reaction (SR), an HR was obtained. The



incompatible reaction, i.e., rapid browning or HR, was dominant, started earlier,
and probably inhibited the compatible (disease) reaction, but it did not kill the
pathogen.

As many as 13 races could be differentiated from 19 isolates of X. c. pv.
malvacearum collected from four different lesions on one leaf of Acala-44, which
is the most susceptible line of differentials. This was taken to indicate that most
of the races colonized this highly susceptible variety very easily and could grow,
perhaps, individually. It was concluded [54] that multiple races were present in
the same host, in the same leaf, and even in the same lesion, at least on highly
susceptible cultivars in natural infection. Preliminary studies have indicated [53]
that new races possessing more virulent genotype could be generated in nature
(perhaps by a process similar to recombination) from mixed infection of X. c.
pv. malvacearum genotypes on susceptible cultivars. Future work may demon-
strate the significance of cross-protection and recombination in the evolution of
the interaction of host-pathogen systems and how these could be exploited in
integrated biointensive disease management.

B. Microbial Metabolites

The secondary metabolites of fluorescent pseudomonads have received consider-
able attention, probably due to the abundance of this bacterium in the rhizosphere
and also because of their ability to produce a range of secondary metabolites that
are inhibitory to other microflora including the plant pathogen [31]. Siderophores,
metabolites with antimicrobial properties, and other substances like cyanide are
the main groups of metabolites known to be involved in the pathogen suppression
[55–60].

Siderophores are low molecular weight compounds excreted under low iron
conditions, which selectively chelate iron with very high affinity. Kloepper et al.
[61] were the first to demonstrate the importance of siderophores in the biological
control of plant pathogens. The function of siderophores is to supply iron to the
cell. The concentration of soluble ferric ion at pH 7 needed to sustain microbial
growth is very low (10�17 M). Soilborne microorganisms active in low iron condi-
tions are capable of producing these iron-chelating compounds. In the field, sider-
ophores produced by plant growth–promoting rhizobacteria (PGPR) such as flu-
orescent pseudomads are thought to deprive the deleterious rhizosphere
microorganism (DRMO) of iron, a limiting essential nutrient for metabolism,
presumably due to the higher affinity for iron of the siderophores produced by
PGPR than those produced by the pathogens or DRMOs. Further, PGPR also
have the ability to utilize the ferric-siderophore complex produced by DRMO.
In contrast, DRMO and pathogens lack the receptor protein for the ferric-sidero-
phore complex of PGPR [61,62]. Mondal et al. [64] demonstrated production of
several antimicrobial secondary metabolites including HCN and siderophores by



five cotton rhizobacteria antagonistic to race 32 of X. c. pv. malvacearum, the
most prevalent and virulent race of bacterial blight pathogen found in India. The
most efficient rhizobacterium was Pseudomonas fluorescens CRb-26, which pro-
duced four major phenolic metabolites, two of which were fluorescent and two
nonfluorescent; one of the fluorescent metabolites, which was produced maxi-
mally, was identified as 2,4-diacetylphloroglucinol. In vitro efficacy of these me-
tabolites indicated that 2,4-diacetylphloroglucinol and a nonfluorescent com-
pound suppressed the growth of bacterial blight pathogen more effectively than
the other two; these two metabolites also protected cotton plants (Gossypium
hirsutum and G. barbadense) when applied simultaneously (along with pathogen)
or 8 hours after the pathogen inoculation. Thus these metabolites were identified
as candidates for exploitation in the management of bacterial blight of cotton.
Further, the iron tolerance level of CRb-26 for siderophore production was
higher, 10�2 M FeCl3, in comparison to other rhizobacterial isolates with toler-
ance levels of 10�3 M FeCl3. This again suggested that strain CRb-26 has great
potential as a biocontrol agent due to its ability to produce siderophores even at
higher iron levels. Such iron-tolerant strains would be better suited as biocontrol
agents in iron-toxic areas. Besides siderophores, fluorescent pseudomonads pro-
duced several other secondary metabolites with antimicrobial properties such as
cyanide, acetylphloroglucinols, pyoluteorin, and pyrrolnitrin. Pyrrolnitrin and py-
oluteorin produced by P. fluorescens were the key antagonistic factors against
Rhizoctonia solani and Pythium spp. that infect cotton [33,65].

The induction of a defense response in plants by biotic elicitors is well
known. Certain resistance-inducing compounds (resistance elicitors) are known
today that are involved in systemic acquired resistance (SAR), e.g., oxalate, phos-
phate, 2,6-dichloroisonicotinic acid and its ester derivatives, salicylic acid and
ethylene. Systemin is a likely endogenous signal in the tobacco and cucumber
resistance response, i.e., they act as inducers of pathogenesis-related protein in
plants. Several chemicals are known to inhibit the development of bacterial blight
symptoms in cotton [66]. SAR can be effective against infection by a broad range
of pathogens totally unrelated to the inducer. For example, in cucumber or to-
bacco, a first infection by fungus/bacteria/virus/abiotic stress (e.g., wounding,
UV exposure, etc.) protects the plants against subsequent infection by fungus/
bacteria/virus in both infected and uninfected parts of plant [67,68]. Several stud-
ies have revealed that fluorescent pseudomonads also induce systemic resistance
against many pathogens and control disease caused by them [69]. Pea root bacteri-
zation with P. fluorescens or Bacillus pumilus triggered a set of plant defense
reactions [70]. Seed bacterization of rice with fluorescent pseudomonads also
induced systemic resistance [71]. Marked host metabolic changes culminating in
a number of structural (accumulation of callose or lignin) and biochemical re-
sponses (synthesis of chitinases) occurred at the onset of bacterial antagonist–
induced resistance in several plants [69]. An increase in peroxidase activity as



well as an increase in the level of mRNAs encoding for PAL and chalcone syn-
thase could be seen in bean roots colonized by bacterial antagonists [72]. Fluores-
cent pseudomonads are known to produce salicylic acid and several other SAR
inducers and inhibitors of pathogens [31,73]. Molecular cloning of genetic deter-
minants for inhibition of Pythium ultimum (inducer of damping-off of cotton) by
a fluorescent pseudomonad was done, and at least five genes were required for
fungal inhibition [74]. Biotic and abiotic stress-related expression of SAR genes
is also known [75]. P. fluorescens is known to control a large number of diseases
in various crops [76], and it is hoped that this bacterium will be used in biointen-
sive management programs, because data on effective dosage of the bacterial
inoculant, survivability, SAR activity, microbial inhibitors, proper strain mix-
tures, time of application, and suitable delivery systems are already available in
several cases.

VII. BIOCONTROL IN INTEGRATED CROP/PEST
MANAGEMENT

Integrated crop/pest management (ICM/IPM) involves need-based use of pesti-
cides and adoption of farming techniques to keep the pest incidence below eco-
nomic threshold levels, thereby promoting the build-up of many biocontrol agents
in the crop ecosystems. Thus, this approach, a greener alternative to the conven-
tional use of chemicals, is an attempt to promote natural, economic, and sociolog-
ical farming methods through the most effective combination of farming tech-
niques and judicious and limited use of fungicides. Biological control is an
important component of the ICM/IPM program, in which the pathogen activity
is reduced through the use of other living organisms, resulting in a reduction of
disease incidence and severity.

In this context it is imperative to discuss the MAR (Multiple Adversity
Resistance) system developed in cotton by Bird [30,63], which makes it easier
to produce cultivars with stable resistance to two or more types of pest. The
techniques and procedures that evolved into the MAR program originated in in-
formation gathered on seed conditioning, bacterial blight resistance, and genetic
interrelationships for resistance to several diseases. Interrelationships among
genes conferring resistance to several diseases of cotton suggested one of four
possible situations: (1) genes causing resistance to two or more pathogens;
(2) close linkages among genes conditioning resistance to several pathogens;
(3) genes conditioning a mechanism effective against pathogens causing several
diseases; or (4) a rather broad pleiotropic system. Further, the genetic interrela-
tionship pathways indicated a strong association between resistance to bacterial
blight and the Fusarium wilt/root-knot nematode complex. Lesser but significant
associations existed between blight resistance and resistance to Verticillium wilt,



Phymatotrichum root rot, and seed coat resistance to mold. The measured associa-
tions with bacterial blight were stronger when at least four races of X. c. pv.
malvacearum were used to evaluate and select for resistance. Similar associations
existed between resistance to the Fusarium wilt/root-knot nematode complex,
Verticillium wilt, and Phymatotrichum root rot. A reduced rate of seed germina-
tion at low temperatures (13–18°C) was associated with resistance to Verticillium
wilt and seedling pathogens. Seed coat resistance to mold was strongly associated
with high yield potential and early maturity. Small seed size was associated with
rapid germination at reduced temperatures and susceptibility to Verticillium wilt.
These associations formed a complex model of interrelationship that have been
measured in formal genetic studies and have held up under 15 years of use in
the MAR genetic improvement system [30,77]. Other correlations that may com-
plement the system were between the B2, B3, and B6 genes for bacterial blight
resistance and resistance to a boll-rotting fungus (Colletotrichum sp.) and the
cotton stainer, a boll- and seed-puncturing insect [78]. Three hybrid pools have
been processed from the MAR program. Two varieties, Tamcots SP 21 and SP
37, released in 1972 were first pool hybrids comprising progenies in 1967–1968.
Replacement of older varieties by the new Tamcot SP varieties doubled the aver-
age yield per hectare in the Coastal End of Texas. The third hybrid pool repre-
sented by three varieties (Tamcots SP 21S, SP 37H, and CAMD-E) released
in 1975 and cultivars LEBO and CPPS were the progenies during 1976–1978.
Comparisons made in the Coastal End area among cultivars representing each
hybrid pool showed that each sequence of MAR improvement resulted in higher
yield and earliness potentials. Resistance to diseases and insects has improved
simultaneously with increased yield and earliness. The greatest improvements
have been in resistance to various problems that were low or nonexistent during
1967–1968. The rate of progress slowed as a high level of resistance was ap-
proached. As more and more MAR genes were accumulated, resistance to some
problems increased while resistance to other adversities occurred where more
could be measured earlier and production potential increased. This indicated that
a weak MAR gene complex was adequate for some adversities but that a stronger
one was necessary to influence others [79–81]. Within a plant species, genes for
viability, adaptation, fitness, and some morphological traits tend to be linked or
associated [82]. Many of these genes are not likely dealt with in domestic plant
improvement. If this is the case, the MAR system may have evolved a bioassay
procedure that identified little-used but important genes for survival and fitness.
Such genes, having a small genetic but a broad biological effect for resistance,
may be accumulated under natural selection. But these genes may be bypassed
or diluted by domestic procedures that deal more with specific traits. It is believed
[77] that the explanation for genetic events recurring in the MAR program lies
within this general concept. The program offers a system in which quantitative
genes are easier to use than qualitative ones in developing cultivars with resis-



tance to several diseases. The nature of resistance conferred by the MAR system
is based on the fact that cotton has the genetic potential to alter its natural symbiotic
microflora, which occur on seed and root surfaces and in tissues, to organisms that
are unfavorable to pathogens and insects. This system is under the control of MAR
genes. Further, the change is accomplished by genetic alteration of the quality and
quantity of components of exudates from seed coat, seedlings, or plant roots and
fluids in tissues. The altered fluids are nutritionally unfavorable for pathogens
and insects and selectively favorable for bacteria, actinomycetes, and fungi that are
highly competitive with pathogens and insects. Unfavorable nutrition and microor-
ganisms function together to provide a mechanism of multiadversity resistance.
Initial investigations revealed that bacteria and fungi (Bacillus spp., Pseudomonas
spp., and Fusarium spp.) from seedling roots of MAR cultivars when used as treat-
ments reduced damage by root pathogens. The bacteria and fungi together were
more effective than either alone. Two bacteria (Bacillus spp.) types from leaves
and squares of Tamcot CAMD-E (high resistance to bacterial blight and partial
resistance to boll weevil) induced resistance to the bacterial blight pathogen in
leaves of a susceptible cotton. The same bacteria when applied to a susceptible
cotton cultivar made it as resistant as Tamcot CAMD-E to the boll weevil. Thus,
bacteria that can influence host responses to diseases and insects do exist in tissues
of MAR cottons [83,84]. These investigations emphasize that more meaningful
results may be obtained in the future by focusing research planning not only on the
complex interaction of host-pathogen epiphyte/saprophyte/antagonist/symbiont
environment, but also on their components, rather than only on the simpler cases
of classic host-pathogen-environment interaction.

VIII. SPECIFIC RECOMMENDATIONS FOR COTTON
DISEASE BIOCONTROL AGENTS

Some specific recommendations made for the biocontrol of cotton diseases are
listed in Table 2. Of these, the use of fluorescent pseudomonads in the biocontrol
of seedling diseases has been approved by the U.S. Environmental Protection
Agency [85]. Trichoderma, Gliocladium, Bacillus, and Paecilomyces have been
approved for use in other crops [86–90]. Fluorescent pseudomonads are known
to control more than 46 diseases in 23 crops [76]. A mixture of P. fluorescens
and B. subtilis was effective against Pythium ultimum, Fusarium oxysporum, and
Thielaviopsis basicola, the causal pathogens of seedling diseases in cotton [91].
Fluorescent pseudomonads were also effective against X. c. pv. malvacearum
[32,35]. The application of Burkholderia cepacia (isolate D1) as soil drench sig-
nificantly increased numbers of emerged seedlings in two field trials in Safford
and Tucson, Arizona, conducted in 1996 [87]. Although biological agents have
been suggested for the management of CLCuV (through vector control), certain



Table 2 Biocontrol of Cotton Diseases

Biocontrol agents
Diseases/pathogens identified Recommendations Ref.

Bacterial blight (Xantho- P. fluorescens CRb26 Seed bacterization fol- 32
monas campestris pv. lowed by foliar spray
malvacearum) with bacterial suspen-

sion
Cotton leaf curl (Gemini Paecilomyces spp. All these are natural ene- 84

virus) (fungi) mies of whitefly, the
Eretmocerus mundus vector of cotton leaf

(aphelinid) curl; therefore, the rec-
Chrysoperla cama ommendation is not to

(lacewing) use increased and
early insecticides in
cotton

Damping-off (Rhizocto- P. fluorescens Seed bacterization fol- 85
nia spp., Pythium lowed by seedling
spp.) drench with bacterial

suspension
Trichoderma spp. Seed coating 86

Gliocladium virens
Bacillus cereus 22
Burkholderia cepacia Drenching furrow 48,87

shortly after sowing
cotton seed with bacte-
rial suspension

Bacillus subtilis Seed bacterization
Nonpathogenic binu- Seed coating before 88

cleate Rhizoctonia sowing
Root rot (Macrophomina Pseudomonas aerugi- Seed dressing 89

phaseolina, nosa, Paecilomyces
Rhizoctonia solani, lilacinus, Trichod-
Fusarium solani) erma koningii

Wilt (Fusarium ox- P. fluorescens Seed bacterization with 29,37
ysporum f. sp. vasin- bacterial suspension
fectum)

Gliocladium virens Seed dressing 90
Trichoderma hamatum



other nonchemical recommendations have also been made by the Indian Council
of Agricultural Research (ICAR) Committee. The main recommendations are:

1. Seed production of CLCuV-resistant variety like RG 8, HD 107, LD
327 of G. arboreum, RS 810, RS 875, LRA 5166, LRK 516 of G.
hirsutum and hybrid LHH 144, LK 515, RS-2013, HHH-223;

2. Creation of Buffer Zone 1 (consisting of entire belt adjoining the inter-
national border) of G. arboreum cotton up to 20 km and Buffer Zone
II’ of resistant/tolerant varieties of G. hirsutum in next 20 km in all
the three affected states (Rajasthan, Punjab, and Haryana);

3. Rogueing and destruction of diseased plants, alternate hosts/weeds in
the off-season as well as during crop season;

4. Avoid cultivation of G. hirsutum cotton in and around orchards.

Since there is obviously no single solution to this highly complex and wide-
spread problem of CLCuV, a multidisciplinary integrated disease-management
approach is required. Both short- and long-term strategies involve delaying Be-
misia tabaci infestation combined with use of early-maturing varieties and crop
sanitation, reducing whitefly population and virus reservoirs, and developing tol-
erant and resistant crop varieties will go a long way towards management of
cotton leaf curl disease.

IX. PROBLEMS IN BIOLOGICAL CONTROL

There appears to be a nongeneral correlation between the in vitro ability of the
antagonists and their ability to suppress diseases in the field; accordingly, the
strains/chemicals producing the largest zones of inhibition on agar media do not
always make the best biocontrol agents [85,92–94]. It is, therefore, necessary to
develop suitable in vitro assay procedures, which closely simulate natural condi-
tions. Colonization and rapid multiplication of the biocontrol agent in the natural
environment of the pathogens (i.e., seed, root, stem, and leaf) are considered very
important attributes for effective biocontrol [31,95].

Biological control essentially depends upon maintaining a threshold popu-
lation of the antagonist on planting material or in soil; any drop in the viable
count below this critical level may render biological control ineffective. A large
number of edaphic and environmental factors affect the viability of antagonists.
Gram-positive spore-forming species of Bacillus have the advantage of producing
endospores (for longer survival/viability). But gram-negative formulations face
the same difficulties as rhizobia, which do not produce endospores, and their
vegetative cells are, therefore, sensitive to drying and heat. A granular peat for-
mulation of P. fluorescens [96] has shown promise in controlling seedborne



pathogens of cotton. It, therefore, appears necessary to develop appropriate tech-
niques for suitable formulations for biological control so that inconsistencies in
their performance are eliminated. Ecological data also must be generated, particu-
larly on the viability of antagonists and optimum conditions for their multiplica-
tion on plant surfaces or in soil and the production/secretion of the secondary
metabolite involved in biocontrol. Currently, little is known about the bacterial
traits that contribute to their ecological competence. Another complication is the
effect of biocontrol agents on pathogens other than the target pathogen; thus,
when one pathogen is controlled, another may become predominant [96]; thus,
an understanding of the pathogens in the agro-ecosystem and conditions that
favor each is essential.

X. RECENT PROGRESS IN THE IMPROVEMENT
OF BIOCONTROL ACTIVITY

In recent years efforts have been made to increase the efficiency of P. fluorescens.
For example, introduction of gene(s) phlx encoding a monoacetylphloroglucinol
acetyl transferase into a wild-type strain (M114) of Pseudomonas sp., which is
unable to synthesize the more active antifungal metabolite 2,4-diacetylphloroglu-
cinol, has resulted in an enhanced biocontrol ability of strain M114 against Pyth-
ium ultimum both in the laboratory and in greenhouse experiments [97]. Likewise,
a chitinase biosynthesis gene from Serratia marcescens was transferred to P.
fluorescens to achieve a wider protection of plant by the transformed strain
against fungal pathogens that have chitin in their cell wall [98–101]. Further, the
development of a constitutively siderophore-producing mutant improved sidero-
phore-mediated biocontrol under condition of high iron in vitro [102]. Increasing
the copy number of gene(s) in a wild-type strain also led to the overproduction
of 2,4-diacetylphloroglucinol and pyoluteorin and resulted in enhanced disease
suppression. The biocontrol activity of a genetically manipulated strain of Tri-
choderma virens was enhanced against cotton seedling disease incited by R. so-
lani (as compared with wild-type strain) due to the overexpression of a chitinase
gene (Cht 42) [103]. However, the transformant showed patterns similar to the
wild-type strain with respect to other characteristics like growth rate, sporulation,
antibiotic production, colonization of cotton roots, and growth/survival in soil
[103].

An ecofriendly approach to the management of CLCuV would be to investi-
gate the molecular mechanism by which the virus is transmitted by B. tabaci in
the hope of designing genetically engineered plants that express an ‘‘antitransmis-
sion factor’’ that will effectively neutralize the vector’s ability to transmit the
virus. Some of the approaches reported [104] for the development of transgenic



resistance to CLCuV include (1) expression of antisense RNA against complete
or fragments of AC1 gene, (2) overexpression of AC1 in transgenic plants, and
(3) expression of a virus-induced cytotoxin gene in transgenic plants.

XI. FUTURE CHALLENGES

The challenges of biological control are to select suitable naturally occurring
strains of biocontrol agents or create them through genetic engineering. This
could be problematic because production of many antimicrobial metabolites by
superior strains is not governed by a single gene [105]. Further, it may take
time to develop the procedures of risk assessment of the genetically modified
microorganisms and make them ecologically sustainable as well as socially ac-
ceptable. The ultimate aim must be to develop disease-resistant transgenic plants
by incorporating useful genes.

It is also necessary to develop inexpensive mass production of antagonists
and easily applicable formulations that remain viable under less than optimal
conditions. Because it is known that P. fluorescens can penetrate host epidermal
cells [69] and trigger a set of ultrastructural changes that lead to plant defense
[69,70], it is necessary to generate information on the mechanism of interaction
and the ideal time and place for application of antagonists. For example, soil
application of fluorescent pseudomonads just before sowing of seeds effectively
controlled cotton seedling diseases [34,35]. One strain of Bacillus subtilis (JM
339) attained the highest endophytic populations in cotton following a 2-hour
seed soak, while another strain (CC-90-471) had maximum population with foliar
spray [106]. If seed treatments offer only transient protection (by inducing de-
fense genes), then seed treatment must be followed by foliar spray applications
of the antagonists. The final challenge is the modification of farm equipment and
practices to accommodate biological treatment as one component in integrated
disease/crop management. The quality control of commercial biocontrol agents
should be also strictly enforced. Efforts should also be made to see that these
bioformulations are not treated as pesticides for registration purposes.

XII. CONCLUSIONS

The major challenges for plant pathologists are to develop techniques for easy,
early, and fast detection of pathogens and to postulate appropriate management
practices for diseases considering the environmental, social, economic, and sus-
tainable values. A single disease-management approach/agro-technique cannot
meet these challenges. Therefore, an integrated approach incorporates all the
available strategies of disease management as well as crop production techniques,



blending them in such a way so that the detrimental effects of individual compo-
nents can be overcome. We call this the ‘‘cafeteria’’ approach, where the user,
with the help of a computer, can select the best ‘‘menu.’’ Data need to be gener-
ated so that the appropriate software can be developed. Biological control of plant
pathogens play a major role in this effort. Though a total replacement of chemi-
cals for disease control is not feasible, the IPM approach would at least reduce
their use. There will be in the future a shift from fungicides, which have a direct
mode of action on the target pathogen, to chemicals that induce systemic resis-
tance (e.g., 2,6-dichloro-isonicotinic acid, which protects cucumber and tobacco
against pathogens). However, the successful deployment of a biocontrol agent
would heavily depend on the time, dosage, and method of its application and,
above all, on the information available regarding its consistent and good perfor-
mance. The success of future programs will be information based and will depend
on advances in computer technologies.
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I. INTRODUCTION

Currently, disease management in tobacco is based on appropriate cultural prac-
tices, with host resistance and chemical applications being used to varying de-
grees depending upon the specific problems and their severity [1]. Although there
are many research reports on microbial biological control of tobacco diseases,
as outlined in this chapter, commercial products are generally unavailable. A
search yielded only one product, Trieco, listed for use on tobacco [2]. Trieco is
a formulation of Trichoderma viride for control of various soilborne pathogens.
Commercially available biological control products have not targeted the tobacco
market. This is unfortunate because fungicide residues on tobacco continue to
pose a major problem on the world market. This review is by no means exhaus-
tive, but it attempts to cover some of the more recent work on biological control
of diseases in tobacco.

II. ROOT AND STEM DISEASES CAUSED BY FUNGI

A. Black Root Rot

The soilborne fungus Thielaviopsis basicola causes black root rot. This disease
occurs in most major tobacco-growing regions of the world and is most severe
in cool climates [3]. The roots of infected plants are black and rotted, resulting
in a greatly reduced root system. However, the fungus is restricted to the cortex
of the root and does not enter the vascular tissues. Control is based on a combina-
tion of cultural practices, genetic resistance, and chemical applications [3].



Biological control of black root rot of tobacco with fluorescent pseudomo-
nads has been studied extensively [4–19]. Pseudomonas fluorescens strain CHA0
was originally isolated from tobacco roots grown in a soil from Morens, Switzer-
land, that was naturally suppressive to black root rot [4]. In initial pot experi-
ments, addition of strain CHA0 (107 cfu/cm3 soil) to soils that were conducive
to black root rot rendered most of them suppressive (36 of 39 soils) [4]. In order
to understand the mechanisms of disease suppression, most of the subsequent
work with P. fluorescens CHA0 was conducted in a controlled environment gno-
tobiotic system [6–8,10–14,16]. In natural soil artificially infested with T. ba-
sicola, in both field plots and pot experiments, biocontrol with CHA0 has been
less successful [5].

Strain CHA0 produces several secondary metabolites that are involved in
its ability to suppress plant diseases. Fluorescent siderophores (iron-chelating
compounds), cyanic acid, and antibiotics are produced by this pseudomonad [6–
11]. Ahl et al. [6] reported that iron-free siderophores (pyoverdine type [9]) re-
duced the production of endoconidia by T. basicola in vitro but did not inhibit
germination of endoconidia or chlamydospores, nor did it inhibit mycelial growth
of the fungus. However, Fe3�-bound siderophores strongly inhibited both myce-
lial growth and spore germination in culture [6]. Ahl et al. [6] suggested that the
bacterial siderophores had increased iron to the point where it became highly
toxic to T. basicola. Iron competition is not the mechanism of black root rot
suppression. However, sufficient iron is required for P. fluorescens CHA0 to
effectively suppress black root rot of tobacco [7]. The iron requirement is most
likely related to production of hydrogen cyanide (HCN) by CHA0 [7–9].

Voisard et al. [8] tested the importance of cyanide in a gnotobiotic system
containing an iron-rich vermiculite soil. A cyanide-negative mutant, CHA5, was
constructed by gene replacement. The mutant was less effective than the wild-
type CHA0 in protecting tobacco from black root rot. Complementation of CHA5
by the cloned wild-type hcn� genes of CHA0 restored the strain’s ability to sup-
press disease [8]. Production of HCN by P. fluorescens CHA0 and restored mu-
tants was also highly correlated with root hair formation [9].

Pseudomonas fluorescens CHA0 produces the antibiotics 2,4-diacetyl-
phloroglucinol (Phl), pyoluterorin, and monoacetylphloroglucinol [9]. The im-
portance of 2,4-diacetylphloroglucinol in suppression of black root rot has been
demonstrated. This metabolite has antifungal, antibacterial, and phytotoxic activ-
ity [10]. A Phl-negative mutant, CHA625, obtained by Tn5 insertion, suppressed
black root rot to a lesser extent than the wild-type CHA0 under gnotobiotic condi-
tions [10–12]. The mutant and the parental strain did not differ in root coloniza-
tion [10]. The ability of CHA625 to suppress disease and produce 2,4-diacetyl-
phloroglucinol was restored with a cosmid obtained from a genomic library of
strain CHA0 [10–12]. Since Phl has herbicidal activity, it has been suggested
that, like other herbicides, Phl may induce plant defense mechanisms against



pathogens [10,12]. It has also been hypothesized that Phl synthesized in the rhizo-
sphere might locally inhibit pathogens on plant roots [10,12]. Strain CHA0 also
suppresses take-all of wheat, and Phl has been recovered from the rhizosphere
of wheat colonized by CHA0 in a gnotobiotic system [10].

A global regulator gene, gacA, has been identified which regulates pro-
duction of HCN, Phl, and pyoluteorin in P. fluorescens during restricted growth
and/or limited nutrient supply [13]. The gacA mutants of P. fluorescens CHA0
were greatly reduced in their ability to suppress black root rot of tobacco [13].

In an effort to enhance the biocontrol capacity of P. fluorescens CHA0, a
recombinant strain (CHA0/pME3090) that overproduced pyoluteorin and Phl
three- to fivefold in vitro was evaluated in a gnotobiotic system [14]. The anti-
biotic-overproducing strain protected tobacco roots significantly better against
black root rot than the parental strain CHA0, but growth of tobacco plants was
greatly reduced [14], suggesting that the amounts of pyoluteorin and Phl produced
in the rhizosphere of tobacco by the overproducing mutant were great enough
to be toxic to the plants [14].

To elucidate the physical relationship between CHA0 and T. basicola,
Troxler et al. [15] conducted immunofluorescence microscopy studies on tobacco
roots. Strain CHA0 was introduced into sterile soil microcosms, and within 4–
7 days of planting tobacco seeds cells of CHA0 were observed between and
inside cells in the epidermis and cortex and in xylem vessels of the roots. The
presence of CHA0 delayed colonization of the root interior by T. basicola, but
CHA0 was seldom in contact with the mycelium of the fungus, suggesting that
direct colonization of the mycelium of T. basicola by CHA0 was not required
for protection against black root rot [15].

Recently, the genetic basis of hydrogen cyanide synthesis in P. fluorescens
CHA0 was investigated [16]. Under microaerophilic conditions, HCN is pro-
duced by P. fluorescens from glycine. The structural gene cluster encoding HCN
synthase in CHA0 was expressed in Escherichia coli, resulting in HCN produc-
tion. The gene encoding an anaerobic regulator protein, ANR, was cloned from
CHA0 and sequenced [16]. An anr mutant of CHA0 produced little HCN and,
similar to an hcn deletion mutant, was impaired in its ability to suppress black
root rot of tobacco. The anaerobic regulator ANR is required for synthesis of
HCN by P. fluorescens CHA0, suggesting that ANR-mediated cyanogenesis con-
tributes to biocontrol of black root rot, especially under limited oxygen condi-
tions, such as a poorly aerated, water-saturated soil [16].

Pseudomonas fluorescens CHA0 suppresses black root rot of tobacco
through multiple mechanisms. In addition to any direct effects of the various
toxic metabolites produced by CHA0 on the fungus, these compounds may also
affect tobacco plants, resulting in the induction of stress-related defense responses
[15,17].

In addition to P. fluorescens CHA0, there are other reports of black root



rot suppression by a fluorescent pseudomonad. Reddy and Patrick isolated a pseu-
domonad designated as RD:1 from rye residues. Root bacterization with RD:1
increased seedling growth and reduced severity of black root rot [18,19]. Strain
RD:1 became established in the rhizosphere of tobacco seedlings and reduced
populations of other fluorescent and nonfluorescent pseudomonads and total aero-
bic bacteria [19]. Vegetative growth of T. basicola in vitro also was inhibited by
RD:1. The authors indicated that the biocontrol activity of RD:1 might be due
to the production of diffusible antibiotics and to its inhibitory effects on indige-
nous soil microflora [18,19].

In Italy, a reduction in the number of propagules of T. basicola has been
reported in soils with tobacco roots colonized by the vesicular-arbuscular mycor-
rhizal fungus, Glomus microcarpum [20]. However, in the burley tobacco–grow-
ing regions of Kentucky, mycorrhizal fungi, specifically Glomus macrocarpum
and G. microcarpum, are responsible for a common and widespread disease
known as tobacco stunt [21].

B. Stem Rot

Stem rot of tobacco is caused by Sclerotium rolfsii (teleomorph Athelia rolfsii)
[22]. The disease is not a major problem in tobacco but may cause losses of up
to 10% in some fields. Stem rot is widely distributed in warmer regions of the
temperate zone and in the tropics [22]. Overwintering sclerotia of the fungus
germinate to produce fanlike mats of hyphae that contact and infect plant stems.

In the Philippines, various isolates of the biocontrol fungi Trichoderma
harzianum, T. hamatum, and T. aureoviridae were evaluated for control of S.
rolfsii on tobacco seedlings and for parasitism of sclerotia of S. rolfsii [23]. In
greenhouse experiments with soil artificially and naturally infested with S. rolfsii,
seedling survival was significantly increased by Trichoderma treatments. The
number of transplantable seedlings was fourfold greater from soil with Tricho-
derma than from the infested control soil. Two of the more effective isolates
(T. harzianum no. 1 and T. hamatum no. 1) were originally recovered from para-
sitized sclerotia of S. rolfsii from tobacco field soil. In a controlled experiment,
76 and 82% of recovered sclerotia were parasitized by these isolates, respec-
tively [23].

C. Black Shank

Phytophthora parasitica var. nicotianae causes black shank, a very destructive
root and stem disease of tobacco. The disease is worldwide in distribution but
is most destructive in warmer climates [24]. The roots and lower portions of the
stem are primarily affected by the pathogen, but all parts of the plant can be
infected. Symptoms of black shank vary with plant age and environment. In the



final stages of the disease, the stem or shank becomes black, hence the name
black shank [24]. Control of black shank is based mainly on the use of resistant
cultivars, crop rotation, and the fungicide metalaxyl. However, there are reports
on efforts to control black shank biologically [25–28].

English and Mitchell [25] isolated fungi and bacteria that colonized devel-
oping tobacco roots rapidly in natural field soil. These isolates included Tricho-
derma harzianum, Aspergillus carbonarium, Aspergillus terreus, Penicillium
steckii, and Pseudomonas putida. In a glasshouse study, a composite of these
organisms was added to soil infested with P. parasitica var. nicotianae. During
the first 14 days the number of root infections was not affected by the microbial
composite amendment. However, after 90 days of plant growth there was a sig-
nificant decrease in mortality of tobacco in the soil amended with the microbial
composite [25].

The biocontrol bacterium Bacillus cereus strain UW85 was evaluated for
antagonism against P. parasitica var. nicotianae in a laboratory microassay [26].
Previously, Bacillus cereus UW85 had been shown to lyse zoospores of Phy-
tophthora [29] and to protect alfalfa from infection by P. megasperma f. sp.
megasperma [30]. In the microassay, one 7-day-old tobacco seedling was placed
in each well of a 96-well microtiter plate and inoculated with 500 zoospores
of P. parasitica var. nicotianae. Sporangia of Phytophthora did not develop on
seedlings that were inoculated simultaneously with zoospores and either 5 µL of
filtrate of a sporulated culture of B. cereus UW85 or 1 µg/mL of the fungicide
metalaxyl. The authors suggested that the microassay might be useful for rapid
screening of potential biological and chemical control agents and for studying
mechanisms of infection and control of Phytophthora spp. under hydroponic con-
ditions [26].

Three isolates (P9023, L9125, KC94J) of nonpathogenic binucleate Rhizoc-
tonia fungi (BNR) controlled black shank on greenhouse-grown seedlings in Sty-
rofoam float trays [27]. The BNR were incorporated into soilless mix on colo-
nized, pulverized, sifted rice particles; colonized whole rice grains; or pelleted
tobacco seeds with 0.5% methylcellulose. The degree of protection varied with
application method and was greatest with BNR applied as rice inocula. The mech-
anism(s) of protection may involve root colonization and competition for attach-
ment sites or systemic induced resistance [27].

Trichoderma harzianum and the VA mycorrhizal fungus Glomus fascicula-
tum were evaluated singly and in combination for control of black shank in a
naturally infested tobacco nursery in India [28]. The soil was infested with both
P. parasitica var. nicotianae and Pythium aphanidermatum. Trichoderma (100
g produced in wheat bran and sawdust, 2 � 103 propagules/g) and G. fascicula-
tum (250 g, 8 � 102 propagules/g) were spread on the surface of 1 � 1 m seed-
beds and covered with a layer of topsoil. Tobacco seed was mixed with fine sand
and broadcast over the seedbed. Seed germination and the number of transplant-



able seedlings were greatest and seedling mortality was lowest with the combina-
tion of T. harzianum and G. fasciculatum. This treatment was equal to treatment
with the fungicide metalaxyl (Ridomil MZ-72 WP 0.2% in 500 mL water applied
as a soil drench at sowing and as a spray 20 days after sowing). Both the dual
inoculation of T. harzianum and G. fasciculatum and the metalaxyl treatment
were significantly better than the untreated control [28].

D. Pythium Diseases

Pythium diseases occur wherever tobacco is grown and include damping-off of
seedlings, stem and root rot of young plants, and feeder root necrosis of field
plants [31]. Pythium does generally not attack mature tissues, and therefore infec-
tions in older plants are often limited to the root tips [31]. Damping-off can cause
severe losses in outdoor seedbeds and of greenhouse-grown plants seeded in trays
floating in water reservoirs. Pythium diseases occur over a wide range of tempera-
ture. The prevailing temperature determines the species of Pythium that is active
in tobacco tissues. Some of the more frequently isolated species of Pythium from
tobacco roots include P. aphanidermatum, P. ultimum var. ultimum, and P. myri-
otylum.

Trichoderma harzianum has been evaluated for control of damping-off
caused by P. aphanidermatum [32,33] and P. myriotylum [33]. Application of T.
harzianum (wheat bran sawdust medium) to artificially infested soil significantly
reduced damping-off compared with control and metalaxyl-treated seeds [32]. In
pot tests, T. harzianum (on wheat bran) was added to natural and sterile soils
infested with P. aphanidermatum or P. myriotylum [33]. Control of seedling
damping-off was achieved in sterile soil but not in natural soil. The authors sug-
gested that effective control of Pythium could be achieved in seedbeds if they
were fumigated first, then amended with T. harzianum to prevent reinfestation
by Pythium spp. [33].

An experimental system was developed [34] to determine the potential for
combining systemic acquired resistance (SAR) and microbial biocontrol with Ba-
cillus cereus UW85 for control of damping-off diseases caused by Pythium toru-
losum, P. aphanidermatum, and Phytophthora parasitica. Bacillus cereus UW85
produces the antibiotics zwittermicin A [35–37] and kanosamine [36,38]. In the
presence of plant roots, cultures of UW85 or either of the antibiotics it produces
can inhibit zoospore movement, reduce zoospore encystment on roots, and delay
germination of zoospore cysts and the elongation rate of germ tubes [39].

Systemic acquired resistance occurs in many plant species in response to
pathogen infection and certain chemicals. SAR is associated with expression of
plant defense genes. It can last for several weeks to months after induction and is
effective against a broad range of pathogens. To induce SAR, 7-day-old tobacco
seedlings were treated with 0.5 mM salicylic acid or 0.1 mM 2,6-dicholoroisoni-



cotinic acid. Induction of SAR suppressed damping-off and did not affect growth
of UW85 on tobacco roots. Strain UW85 did not induce SAR. The combination
of induced SAR and treatment with UW85 resulted in greater disease suppression
than did either alone [34].

E. Rhizoctonia Sore Shin and Damping-Off

Rhizoctonia solani is a broadly distributed soilborne pathogen with an extensive
host range. The fungus causes stem cankers (sore shin) and damping-off of to-
bacco. In the field, losses are usually small, but damage can be extensive to
seedlings produced in outdoor seedbeds or in the float system in the greenhouse
[40].

Several isolates of Trichoderma were collected from tobacco field soils in
Zimbabwe and tested for pathogenicity against R. solani in vitro [41]. In sterilized
soil, isolates of T. harzianum reduced the build-up of populations of R. solani,
and to a lesser extent Fusarium solani. Biocontrol of R. solani and F. solani in
tobacco transplants was achieved by addition of T. harzianum T77 to seedbeds
that had been fumigated with methyl bromide, then infested with R. solani before
seed was sown [41]. Plant growth and yield were also increased. Integration of
the fungicide triadimenol with Trichoderma treatment enhanced disease control.

Another mycoparasite, Verticillium biguttatum, has been isolated from
strains of R. solani recovered from tobacco plants with symptoms of sore shin
in Italy [42]. Verticillium biguttatum isolates have been widely studied for their
ability to suppress black scurf of potato caused by R. solani [43–45]. However,
the study from Italy is the first report of V. biguttatum on tobacco isolates of R.
solani [42]. In a greenhouse test, V. biguttatum isolates reduced severity of sore
shin in a sterile soil artificially infested with R. solani.

B. cereus strain BA55 [46] also has potential as a biological control for
sore shin of tobacco. Strain BA55 was originally isolated from a tobacco field
soil and inhibits mycelial growth of R. solani in vitro [47]. Cultures of BA55
produced in a minimal medium were more effective than inoculum grown in a
nutrient-rich medium in reducing disease severity caused by sore shin [46].

III. FOLIAR DISEASES CAUSED BY FUNGI

A. Target Spot

The basidiospores of Thanatephorus cucumeris (anamorph of Rhizoctonia solani)
cause a leaf spot disease of tobacco termed target spot. The disease has been
reported from mild humid climates where tobacco is grown. Symptoms begin as
small water-soaked lesions about 2–3 mm in diameter [48]. When temperatures
are moderate and relative humidity is high, the lesions expand, becoming light



green with irregular margins and chlorotic halos [48]. The lesion tissue becomes
necrotic and will drop out, leaving a ‘‘shot-hole’’ effect in the leaf. Environmental
conditions within greenhouses for transplant production by floating Styrofoam
trays in water reservoirs can be highly conducive to development of target spot
[48].

Bacillus cereus strain BA55 has been tested for control of target spot in a
transplant production greenhouse [47,49]. An aqueous suspension of BA55 cells,
applied as a foliar spray, was as effective as foliar fungicides (fluazinam, manco-
zeb, iprodione) on direct-seed and seed-and-transfer tobacco, on both burley
(DF485) and dark-fire (TR Madole) cultivars. In a subsequent test, with direct-
seed plants only, BA55 was effective only on DF485 [47,49]. The causes of
variability in disease control with BA55 include method of production and rate
of application [46].

B. Brown Spot/Alternaria Leaf Spot

Alternaria alternata causes brown spot, a major foliar disease of tobacco [50].
It occurs on tobacco grown worldwide but is more severe in warm climates.
Damage is greatest when older leaves are infected, leading to premature ripening
and death of large areas of leaf tissue [50]. Under favorable environmental condi-
tions, infections can result in premature abscission of leaves and dark brown
sunken lesions on stems of suckers, petioles, seed capsules, and stalks [50].

Most isolates of Alternaria spp. from tobacco are nonpathogenic [50]. Spurr
[1977] applied nonpathogenic isolates of Alternaria to tobacco leaves and re-
duced brown spot by 60% in laboratory tests and 65% in artificially induced
field infections [51]. In controlled environment studies, Bacillus cereus subsp.
mycoides effectively controlled development of tobacco brown spot lesions by
inhibiting germination of A. alternata conidia [52]. In a field study conducted in
China, the percentage of plants with Alternaria brown spot disease was de-
creased, and yield and quality of tobacco were increased with biological control
applications composed of attenuated cucumber mosaic virus and its satellite
RNA [53].

C. Gray Mold

Botrytis cinerea causes gray mold on seedlings wherever tobacco is grown [54].
Gray mold usually appears when seedlings are large enough for transplant. Dur-
ing rainy periods wet rot lesions form and the surface of the lesions are covered
with Botrytis. If infected seedlings are transplanted to the field, cankers may
develop on the stem and the plants may die. If dry conditions prevail, the seed-
lings may recover [54].



Trichoderma harzianum T39 applied at sites (soil or leaves) spatially sepa-
rated from inoculation with B. cinerea significantly reduced severity of gray mold
and caused a delay in spreading lesion formation in tobacco [55]. The spatial
separation of the pathogen and biocontrol agent suggested that biocontrol was at
least partially attributed to induction of systemic resistance by T39 [55]. Competi-
tion for nutrients and suppression of B. cinerea pathogenicity enzymes are also
potential biocontrol mechanisms by T39 [55].

D. Blue Mold

Blue mold is a devastating foliar disease of tobacco caused by the oomycete
Peronospora tabacina. Destruction of leaf tissue, systemic infection, and stunting
of plants can be extensive when the environment is cool and wet [56]. The sys-
temic fungicide metalaxyl is commonly used in seedbeds and field tobacco for
control of blue mold.

The concept of immunization of plants or induction of SAR has come
largely from early work with the blue mold pathogen of tobacco. In 1960, Cruick-
shank and Mandryk [57] reported high foliar resistance to blue mold when to-
bacco plants were stem-infected with a spore suspension of P. tabacina, and the
foliage was subsequently inoculated with the same pathogen. Subsequently, it
was shown that application of P. tabacina spores to the soil surface around stems
could restrict infection in the stem and induce systemic resistance [58]. Induction
of resistance by either method was associated with premature senescence, smaller
leaves, dwarfing, and symptoms of nitrogen deficiency [57,58].

Later, another technique for immunization was developed that involved
injection of P. tabacina into tobacco stem tissue external to the cambium [59–
61]. With this technique, plants were 95–99% protected. At flowering, height
and dry weight were increased by 40%, fresh weight was increased by 30%, and
immunized plants had four to six more leaves than control plants [59–61]. SAR
is characterized by an accumulation of salicylic acid and various pathogenesis-
related proteins, including β-1,3-glucanases, chitinases, and peroxidases in the
immunized plant [17]. In field experiments in Mexico, stem injections with P.
tabacina protected tobacco against metalaxyl-tolerant strains of P. tabacina [63].
Technology that induces SAR is still in development and most recently has led
to commercialization of chemicals that induce SAR in tobacco.

IV. ROOT DISEASE CAUSED BY BACTERIA

Bacterial wilt is caused by the soilborne pathogen Ralstonia solanacearum (for-
merly Pseudomonas solanacearum). The disease has been reported from tropical,
semitropical, and warm temperate regions where tobacco is grown [64]. Wilting,



stunting, and yellowing of the foliage are symptomatic of bacterial wilt and may
occur at any stage of plant development. Effective control of bacterial wilt
includes crop rotation, nematode management, resistant cultivars, and sanita-
tion.

Avirulent bacteriocin-producing strains of R. solanacearum provided pro-
tection of tobacco seedlings against a virulent strain of R. solanacearum in green-
house and field experiments [65,66]. A combination of avirulent R. solanacearum
and a bacteriophage of R. solanacearum were tested for control of bacterial wilt
[67]. Tobacco roots were placed in a suspension of the avirulent R. solanacearum
for one hour, transplanted to pots, and drenched with culture filtrate containing
the bacteriophage. Equal protection against a phage-susceptible pathogenic strain
of R. solanacearum was provided by the combined treatment even when the
interval between the two treatments was varied from 1 hour to 7 days. Treatment
with the combination of avirulent R. solanacearum and the bacteriophage was
more efficacious than either treatment alone in reducing wilting. The combined
treatment was not effective against a phage-tolerant pathogenic strain of R. sola-
nacearum [67].

More recently [68], mutant Hrp- strains of R. solanacearum were selected
for their ability to aggressively colonize tobacco root tissue. These mutants do
not elicit a hypersensitive response and are not pathogenic. Root inoculation of
tobacco with an Hrp- mutant strain of R. solanacearum gave protection against
subsequent inoculation by a pathogenic strain. The more invasive the Hrp- strain,
the greater protection it provided against pathogenic R. solanacearum [68].

V. FOLIAR DISEASES CAUSED BY BACTERIA

A. Wildfire

Pseudomonas syringae pv. tabaci causes a foliar disease of tobacco commonly
called wildfire. The primary symptom is leaf spot surrounded by a yellow halo
[69]. Wildfire is known in almost all tobacco-producing regions of the world.
Losses from wildfire have largely been eliminated with development of resistant
cultivars [69].

Within the past 10 years there have been numerous reports of induced sys-
temic resistance (ISR) to fungal, bacterial, and viral pathogens in different host
plants by nonpathogenic rhizobacteria. The disease resistance induced by ISR is
phenotypically similar to chemical- and pathogen-induced SAR [17]. Bacterial
determinants of ISR include siderophores, lipopolyssaccharides, and salicylic
acid [17]. The rhizobacterium Serratia marcescens strain 90–166 can induce re-
sistance in tobacco to P. syringae pv. tabaci [70]. Research on the bacterial deter-
minants responsible for ISR by strain 90–166 is underway. However, unlike other



rhizobacteria-host-pathogen interactions [17], bacterial salicylic acid does not ap-
pear to be involved in disease resistance induced by 90–166 [70].

VI. DISEASES CAUSED BY VIRUSES

More than 20 viruses are known to infect tobacco naturally [71]. There are reports
of biological control of tobacco mosaic virus (TMV), tobacco necrotic virus
(TNV), and cucumber mosaic virus (CMV) on tobacco. These viruses occur
worldwide. CMV is an important pathogen of tobacco in Asia and has caused
significant losses in Europe. TMV is economically important but can be con-
trolled effectively with crop rotation, sanitation, and resistant cultivars. TNV is
soilborne and may kill seedlings. Its economic importance is unknown [71].

Foliar inoculations with TMV can induce SAR to challenge inoculations
with TMV and the blue mold pathogen P. tabacina [17,72,73]. The rhizobacter-
ium Pseudomonas aeruginosa strain 7NSK2 can mediate ISR in tobacco to TMV
[17,74,75]. In this interaction, bacterially produced salicylic acid contributes to
induction of systemic resistance [74,75].

Tobacco plants can be immunized against TNV with prior TNV inocula-
tions [77]. Pseudomonas fluorescens CHA0 can also induce resistance to TNV
in tobacco. Tobacco plants grown for 6 weeks in autoclaved natural soil inocu-
lated with Pseudomonas fluorescens CHA0 showed resistance in leaves to infec-
tion with TNV [77]. The response was accompanied by an increase in salicylic
acid in the leaves. A siderophore-negative mutant of CHA0 only induced partial
resistance to TNV, thus implicating a role for the pyoverdin siderophore of CHA0
in the induction of resistance against TNV [77].

Compounds purified from fungi [78,79] and plants [80] can inhibit TMV
infection in tobacco. Mycolaminaran, a β-1,3-glucan purified from the cytoplasm
of Phytophthora megasperma, significantly reduced the number of necrotic le-
sions caused by TMV when co-inoculated with the virus, but it was ineffective
when applied 4 hours after TMV inoculation [78]. Mycolaminaran is thought to
induce a rapid general resistance in certain plants to local viral infection on treated
leaf surfaces, rather than a systemic resistance [78]. A polysaccharide derived
from the basidiomycete Fomes fomentarium (designated BAS-F) induced sys-
temic resistance in tobacco to TMV [79]. A basic protein derived from the leaves
of Clerodendrum aculeatum induced a high level of systemic resistance against
TMV infection in tobacco [80].

In a field study conducted in China, tobacco plants were treated with prepa-
rations of attenuated cucumber mosaic virus and its satellite RNA [53]. Following
inoculation with virulent CMV, the percentage of attenuated CMV-treated plants
with CMV was significantly less than control plants.



VII. DISEASES CAUSED BY NEMATODES

Root-knot nematode is a major disease problem in tobacco production worldwide.
Root-knot is most severe on light sandy or sandy loam soils in warm climates
[81]. Root galling by nematodes leads to symptoms of drought stress and mineral
deficiency that result from reduced efficiency of the root system. The quality and
yield of tobacco is reduced, resulting in severe losses [81]. Four species of root-
knot nematode are found on tobacco, including Meloidogyne incognita (southern
root-knot nematode), M. javanica (Javanese root-knot nematode), M. arenaria
(peanut root-knot nematode), and M. hapla (northern root-knot nematode) [81].
Meloidogyne javanica is the most common in subtropical and tropical regions,
and M. incognita is the most common in temperate tobacco-growing regions [81].
Management of root-knot in tobacco is based on crop rotation, cultural practices,
resistant cultivars, and fumigant and nonfumigant chemical pesticides [81].

There are several reports on biological control of root-knot with fungal and
bacterial parasites of nematodes [82–90]. Pasteuria (formerly Bacillus) pene-
trans is an obligate, endospore-forming bacterial parasite of root-knot nematodes.
In a field experiment in Florida, addition of P. penetrans to the soil of field plots
reduced yield losses in tobacco caused by M. incognita by 23% [82]. In another
field study in Florida [83], P. penetrans was suppressive to a mixed population
of M. incognita and M. javanica. The population density of Meloidogyne spp.
second-stage juveniles (J2) in soil was negatively correlated with both the num-
bers of P. penetrans endospores attached per J2 and the percentage of J2 with
endospores attached [83].

A field site in Florida was identified as suppressive to Meloidogyne spp.
[84]. The field had a mixed population of M. incognita and M. javanica and had
been in tobacco monoculture for 7 years. Nematode management practices had
not been applied to the site during this time. Initially yield losses were severe,
but production recovered to the point that there was little difference in the growth
of nematode-susceptible and resistant tobacco cultivars. The underlying basis of
root-knot disease suppression was investigated, and it was concluded that reduc-
tions in root galling, numbers of egg masses, and eggs observed in the suppressive
field soil were caused by infection of both nematode species with P. penetrans
[84].

Paecilomyces lilacinus is a fungal parasite of nematodes and has been asso-
ciated with egg masses of M. incognita and M. javanica from a Florida tobacco
field soil [85]. Pasteuria penetrans, in combination with Paecilomyces lilacinus,
a fungal parasite of nematodes, was evaluated for control of M. incognita in
tobacco [86]. In greenhouse experiments, the combination of P. penetrans and
P. lilacinus, or either agent applied alone, provided significant control of M.
incognita [86]. Field tests on tobacco with applications of P. lilacinus have not



been as successful. The fungus did not control M. javanica [87] or M. incognita
[88] on tobacco.

Incorporation of the endomycorrhizal fungus Glomus fasciculatum into soil
infested with M. incognita resulted in better growth and higher yield of tobacco
than in nonmycorrhizal soil [89]. The number of root-knot galls, endoparasites,
and egg masses per infested seedling was reduced by 61–89% as a result of
mycorrhizal inoculation [89].

DiTera, a new biological nematicide derived from the fermentation of a
nematode-parasitic isolate of the fungus Myrothecium verrucaria, has been regis-
tered as a microbial nematicide in several countries. The product has activity
against several nematode species, including species of root-knot nematode [90].
Currently, it is available for cole crops and turf in the United States and table
grapes in Mexico [90]. Although the fungus is cosmopolitan in distribution, it
has been reported only once from cysts of the soybean cyst nematode Heterodera
glycines [90,91]. The isolate of M. verrucaria used to produce DiTera was de-
rived through subisolate selection from the soybean cyst nematode isolate [90].
The fermentation mass is utilized in the production of DiTera, and the organism
is killed during the processing steps, resulting in a nonliving microbial product
[90]. Field evaluations indicate that this product has potential for nematode con-
trol in tobacco [90].

VIII. DISEASES CAUSED BY PARASITIC HIGHER PLANTS

Broomrapes (Orobanche spp.) are the most important parasitic seed plants that
cause disease in tobacco [92]. Plants attacked early in the season are stunted,
while quality is reduced in plants attacked late in the season [92]. Effective man-
agement of broomrape is very difficult and relies on hand weeding and selective
herbicides [92]. Fungal pathogens of Orobanche are being studied for their poten-
tial as biological controls of broomrape [93–96].

Fusarium oxysporum, isolated from naturally infected Orobanche in Iran,
reduced broomrape by 75% and increased dry weight of tobacco by 81% in a
field trial [93]. The fungus was not pathogenic on tobacco. Similarly in green-
house studies in Germany, F. oxysporum f. sp. orthoceras was highly pathogenic
on Orobanche from tobacco [94]. Studies on Fusarium lateritium indicate that
it also has good potential as a mycoparasite of Orobanche spp. on tobacco. In a
field study in Bulgaria, protection of tobacco by F. lateritium against broomrape
ranged from 62 to 68% [95]. Application of the fungus in irrigation water at the
time of transplant provided long-lasting protection [95].



IX. TRANSGENIC TOBACCO

In the last few years there have been hundreds of reports on development of
transgenic tobacco with disease resistance. A review of this topic is beyond the
scope of this work. However, the production of transgenic tobacco with a gene
encoding a strongly antifungal endochitinase from the mycoparasitic biocontrol
fungus Trichoderma harzianum [96] serves as an example of future directions
in biological control of tobacco diseases. Expression of the Trichoderma endochi-
tinase in tobacco resulted in a high level of resistance to soilborne and foliar
fungal pathogens. The degree of disease resistance represented a major improve-
ment in comparison to transgenic expression of other chitinase genes from plants
or bacteria [96]. The authors suggested that this probably results from the stronger
and wider spectrum of antifungal activity by Trichoderma chitinases compared
with those from plants and bacteria [97]. Incorporation of microbial genes respon-
sible for biological control into plants is one possible solution to the problem
of inconsistent performance that can occur when biocontrol microorganisms are
introduced into a variety of environments [96].

X. CONCLUSION

As illustrated by these numerous research studies, there is great potential for
biological control of tobacco diseases. As with many other crops, inconsistent
performance and multiple disease problems in the field have hampered commer-
cial development. In the last 10 years our understanding of microbial biocon-
trol mechanisms and plant responses has increased tremendously. Continued ad-
vances will lead to a greater understanding of the reasons for variability in disease
control and enhance our capacity to manipulate biocontrol mechanisms in order
to optimize biological disease control.
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B Wüthrich. Suppression of black root rot of tobacco and other root diseases by
strains of Pseudomonas fluorescens: potential applications and mechanisms. In: D
Hornby, ed. Biological Control of Soil-borne Plant Pathogens. Wallingford, UK:
CAB International, 1990, pp 93–106.

10. C Keel, U Schnider, M Maurhofer, C Voisard, J Laville, U Burger, P Wirthner, D
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73. XS Ye, SQ Pan, J Kuć. Pathogenesis-related proteins and systemic resistance to blue
mould and tobacco mosaic virus induced by tobacco mosaic virus, Peronospora
tabacina and aspirin. Physiol Mol Plant Pathol 35:161–175, 1989.
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I. INTRODUCTION

The peanut, or groundnut (Arachis hypogaea L.), is a very important legume
crop of tropical and subtropical areas of the world. The importance of peanut as
a food and oil crop and as a cash source in the semi-arid tropics is well known.
Peanut is grown in many countries throughout the world, with �80% of the crop
grown in developing countries. Peanut is grown on �3.1 � 107 ha throughout
the world with a production of �3.8 � 107 metric tons [1]. Average yields, �825
kg/ha, of peanut in developing countries are low in comparison with the 2650
kg/ha or higher obtained in developed countries. An important factor contributing
to low yield is disease attack by different microorganisms, nematodes, and insect
pests. Peanut is prone to attack by more than 55 pathogens, including fungi,
bacteria, viruses, mycoplasma, nematodes, and parasitic flowering plants, among
which fungal diseases cause the majority of economic losses of yield. The most
significant diseases of peanut are listed in Table 1 [2]. This chapter summarizes
the efforts to develop biological control of the major fungal and nematode dis-
eases of peanut. Biological control of bacterial and viral diseases of peanut using
fungal and bacterial agents has not been studied in detail. The experience of the
authors’ laboratory, including unpublished results, and findings of various re-
search groups as to biological control of fungal diseases of peanut using fungal
and bacterial agents are presented here.



Table 1 Important Diseases of Peanut and Their Pathogens

Disease Causal organism

Fungal diseases
Foliar diseases

Alternaria leaf blight Alternaria tenuis Auct.
A. tenuissima (Kunze ex Pers.) Wiltshire
A. arachidis Kulk.

Alternaria leaf spot A. arachidis Kulk.
A. alternata (Fr.) Keissler
Alternaria sp.

Cercospora leaf blight Cercospora canescens Ellis & Martin
Choanephora leaf spot, wet blight Choanephora cucurbitarum (Berk. &

Rav.) Thaxt;
Choanephora sp.

Drechslera leaf blight Bipolaris spicifera (Bainier) Subramanian
Early leaf spot Cercospora arachidicola Hori
Late leaf spot Phaeoisariopsis personata (Berk. &

Curt.) v. Arx
Pepper spot and leaf scorch Leptosphaerulina crassiasca (Sechet)

Jackson & Bell
Pestalotiopsis leaf spot Pestalotiopsis arachidis Satya

P. adusta (Ell. & Ev.) Steyaert
P. versicolor (Speg.) Steyaert

Phoma leaf blight Phoma arachidis
P. microspora Balasubramaniam & Nara-

yanasamy sp nov.
P. sorghina (Sacc.) Boerema, Doren-

bosch & V. Kest
Rust Puccinia arachidis Speg.
Scab Sphaceloma arachidis Bitancourt & Jenk.
Web blotch, net blotch, ascochyta Didymella arachidicola (Chock.) Taber,

Pettit & Philleyleaf spot, phoma leaf spot,
spatselviek, muddy spot

Zonate leaf spot Cristulariella pyramidalis Waterman &
Marshall

Seed and seedling diseases
Aspergillus crown rot, crown rot, Aspergillus niger van Tieghem

collar rot, black mold Aspergillus pulverulentus (McAlpine)
Thom.

Collar rot, diplodia collar rot, Lasiodiplodia theobromae (Pat.) Grif. &
Maub.diplodia blight



Table 1 Continued

Disease Causal organism

Damping-off and foot rot Rhizoctonia solani Kuhn
Fusarium solani f. sp phaseoli (Burk.)

Sny. & Hans.
F. oxysporum Schl. emend Sny. & Hans.
Fusarium spp.
Pythium myriotylum Dreschsler
Pythium debaryanum Hesse
Pythium irregulare Buisman
Pythium ultimum Trow
Macrophomina phaseolina (Tassi.) Goid.
Sclerotium rolfsii Sacc.

Preemergence seed and seedling rots Rhizopus arrhizus Fischer
R. stolonifer (Ehr. ex Fr.) Vuillemin
R. oryzae Went & Gerlings
Fusarium solani f. sp phaseoli (Burk.)

Sny. & Hans.
F. oxysporum Schl. emend Sny. & Hans.
Fusarium spp.
Pythium myriotylum Dreschsler
P. debaryanum Hesse
P. irregulare Buisman
P. ultimum Trow
P. butleri Subramaniam
Rhizoctonia solani Kuhn
Macrophomina phaseolina (Tassi.) Goid.
Sclerotium rolfsii Sacc.
Aspergillus niger van Tieghem
A. flavus Link ex Fries
Botryodiplodia theobromae Pat.
Cochliobolus bicolor Paul & Par.
Penicillium citrinum Thom.
P. funiculosum Thom.

Yellow mold, aflaroot Aspergillus flavus Link ex Fries
A. parasiticus Speare

Stem, root, and pod diseases
Blackhull Thielaviopsis basicola (Berk. & Br.) Ferr.
Blacknut, charcoal rot, ashy stem Macrophomina phaseolina (Tassi.) goid.
Blight, dry rot, dry wilt �Rhizoctonia bataticola (Taub.) Butler
Blue damage Sclerotium rolfsii Sacc.
Concealed damage Diplodia gossypina Cooke

Aspergillus niger van Tieghem
Macrophomina phaseolina (Tassi.) Goid.



Table 1 Continued

Disease Causal organism

Cylindrocladium black rot Cylindrocladium crotalariae (Loos)
Bell & Sobers (anamorph)

Fusarium wilt Fusarium oxysporum Schl. emend Sny. &
Hans.

Pythium vascular wilt Pythium myriotylum Dreschsler
Root rot, pod rots, pod breakdown Rhizoctonia solani Kuhn

Fusarium solani f. sp Phaseoli (Burk.)
Sny. & Hans.

F. oxysporum Schl. emend Sny. & Hans.
Fusarium spp.
Pythium myriotylum Dreschsler
P. debaryanum Hesse
P. irregulare Buisman
P. ultimum Trow
Macrophomina phaseolina (Tassi.) Goid.
Sclerotium rolfsii Sacc.

Sclerotinia blight Sclerotinia minor Jagger
S. sclerotiorum (Lib.) de Bary

Stem rot, white mold, southern Sclerotium rolfsii Sacc.
blight, Sclerotium blight, Sclero-
tium rot, Sclerotium wilt

Verticillium wilt, floury rot Verticillium albo-atrum Reinke & Bert.
V. dahliae Kleb.

Bacterial diseases
Bacterial wilt Pseudomonas solanacearum (Smith)

Smith
Witches’ broom Mycoplasma-like organism
Rugose leaf curl Rickettsia-like organism

Viral diseases
Peanut mottle Peanut mottle virus (potyvirus group)
Groundnut rosette, chlorotic rosette, Groundnut rosette virus and its satellite

RNAgreen rosette, and mosaic rosette
Groundnut rosette assistor virus (luteo-

virus group)
Peanut clump Peanut clump virus (furovirus group)
Peanut stripe Peanut stripe virus (potyvirus group)
Bud necrosis, spotted wilt, bud blight Tomato spotted wilt virus (tomato spotted

wilt virus group)
Peanut stunt Peanut stunt virus (cucumovirus group)
Peanut green mosaic Peanut green mosaic virus (potyvirus

group)



Table 1 Continued

Disease Causal organism

Nematode diseases
Chlorosis and stunting Scutellonema cavenessi Sher
Kalahasti malady Tylenchorhynchus brevilineatus Williams
Peanut rot Ditylenchus destructor Thorne
Root-knot Meloidogyne arenaria (Neal) Chitwood

M. hapla Chitwood
M. javanica (Treub) Chitwood

Phanerogamic parasites
Dodder Cuscuta campestris Yunck.
Witch weed Alectra vogelii Benth.

II. BIOLOGICAL CONTROL OF FUNGAL DISEASES

A. Leaf Spots (Early and Late)

1. Fungal Biocontrol

Dicyma pulvinata, Fusarium spp., Penicillium spp., and Verticillium lecanii para-
sitize Cercospora arachidicola and Phaeoisariopsis personata, the causal agents
of early and late leaf spot diseases of peanut. D. pulvinata appears as a peculiar
whitish, downy growth on diseased spots and parasitizes hyphae and spores of
P. personata on peanut [3–5]. D. pulvinata penetrates stromatic cells, and the
hyphae can be both inter- and intracellular. The growth of the mycoparasite is
mainly confined to the peripheral region of the lesion, indicating a correlation
with the actively growing pathogen. Microscopic observations of the myco-
parasite on the lesion appear as extensively branched, septate, hyaline mycelia,
conidioiphores, and conidia.

The use of D. pulvinata offers a model system for studying the effects of
different environmental factors relevant to the development of an effective foliar
biocontrol system and to provide a better understanding of the pathogen-
mycoparasite interaction. Mitchell and Taber [6] determined the survival and/or
growth of D. pulvinata in culture media and on host tissue invaded by C. per-
sonatum and tested the potential carriers for spray formulations of the mycopara-
site. Variables tested included temperature, pesticide concentration, pH, and rela-
tive humidity. D. pulvinata exhibited a broader growth range in terms of
temperature (23–28°C) on peanut leaflets infected with C. personatum compared
with growth in broth culture (23–25°C). On detached leaves sporulation occurred
at constant temperatures up to 30°C, and no sporulation occurred at 31.5°C. D.
pulvinata grew over a broad pH range with maximal growth in the range of 3.3–



7.7. The germination and growth of D. pulvinata was completely inhibited by
pesticides benomyl, mancozeb, and triphenyltin hydroxide during commercial
field applications, and slight inhibition of growth was observed with carbofuran,
quintozene, and carboxin. D. pulvinata therefore could be incorporated with the
insecticides chloropyrifos and carbofuran onto peanut plants without any adverse
effects. A chemically induced mutant of D. pulvinata (BR 30), tolerant of beno-
myl, was selected to incorporate into an existing pest-management system that
uses benomyl.

Spores of D. pulvinata survived for 29 days in carriers consisting of H2O,
0.1–0.2% carboxy methyl cellulose (CMC), 0.2–0.4% citrus pectin, or 0.25%
ghatti gum incubated at 25°C or 60 days at 6°C, with little loss of viability [7].
Viability of D. pulvinata spores was higher after 29 days in the above carriers
when incubated at 25°C compared with 6°C.

Mitchell et al. [8] further established that at 26°C, conidia of D. pulvinata
close to both hyphae and conidia of C. personatum germinate within 11–17 hours.
Visible signs of colonization of lesions of C. personatum by D. pulvinata appear
within 58–65 hours. D. pulvinata was an effective protectant only when plants
were exposed to continuous leaf wetness at 26°C for 5 days, which limits its use
as a biocontrol agent. Lesions of C. personatum were visibly colonized by D.
pulvinata within 4 days after applying their conidial suspensions under 40 hours
of leaf wetness, 60 hours at 23–28°C, and 17.31 cm rainfall. D. pulvinata proba-
bly could not be used as a protectant of peanut plants against infection by C.
personatum but possibly to control its secondary spread. It is, therefore, necessary
to increase biocontrol efficacy through selection of superior agents, improved
formulation techniques, or more appropriate application schedules.

Mycoparasites and their culture filtrates have a significant role in the reduc-
tion of leaf spot diseases. D. pulvinata and V. lecanii and their culture filtrates
inhibit the in vitro conidial germination of P. personata, with V. lecanii culture
filtrate being more efficacious than D. pulvinata [9]. That the mycoparasites were
better than their respective culture filtrate, in inhibiting spore germination of P.
personata, suggests nutrient competition or elaboration of fresh inhibitory sub-
stances by the spores of mycoparasites in the germinating medium. The mycopar-
asites and their culture filtrates reduced the in vivo development of late leaf spot
to a significant level when compared with control. V. lecanii and its culture filtrate
completely suppressed the development of late leaf spot even 12 days after inocu-
lation. Preinoculation with V. lecanii 48 hours before the pathogen gave better
disease control when compared with simultaneous inoculation [10]. In most
cases, V. lecanii established contact directly through the spore wall, and in a few
cases through germspores. Mycelia were observed inside the spores of leaf spot
pathogens, but sporulation was not evident. Lysing of the pathogen spores was
common. Bursting of spores due to extensive growth of the fungus was also
observed occasionally. V. lecanii has the potential to control peanut late leaf spot
disease, but significant work has not been done on the formulation of V. lecanii



in suitable carriers for field application of this biocontrol agent. Intercropping
peanut with pigeonpea and two sprays of cell-free culture filtrate of P. islandicum
at 55 and 70 days after planting protected groundnut crop from leaf spot diseases
[11]. A few species of Fusarium and Penicillium commonly present on the phyl-
losphere of peanut effectively reduced late leaf spot [12].

2. Bacterial Biocontrol

Epiphytic bacteria have the potential to control foliar plant diseases through an-
tagonistic activity against pathogens [13]. A chitinolytic Bacillus cereus was iso-
lated from the foliar chitin amended leaves and when applied again to chitin
amended leaves survived better than on nonamended leaves [14]. Significant re-
ductions in the severity of early leaf spot were obtained by chitin amendment on
leaves, and further reductions were obtained by chitin and B. cereus amendments.
Scanning electron microscopy revealed chitin deposits, fungal hyphae, and spores
colonized by bacilliform bacteria. Colonized fungal hyphae and spores were pit-
ted and distorted, indicating a potential for biological control of chitin-containing
fungal pathogens by chitinolytic bacterial antagonists.

Four antagonistic bacterial strains, B. thuringiensis (HD-1), B. thuringiensis
(HD-521), B. cereus var. mycoides (Ox-3), and Pseudomonas cepacia (Pc 742),
were formulated as wettable powders and dusts [15]. Bacterial preparations were
applied to the plants at biweekly intervals as aqueous suspensions of wettable
powders or as dusts. Survival of Bacillus spp. formulated as wettable powder
was less variable than survival of P. cepacia formulated as wettable powder or
dust, and mean log populations were higher for Bacillus spp. However, P. cepacia
controlled the disease more effectively.

Efforts are being made in our laboratory to identify a potent bacterial
strain(s) for control of late leaf spot. A large number of rhizobacterial strains
isolated from the rhizosphere of peanut [16] were tested for in vitro antagonistic
activity against P. personata. Bacterial strains that inhibited the germination of
P. personata conidia by more than 90% were further tested for control of late
leaf spot. The bacteria were used as a foliar spray at different time intervals 48
hours before, 24 hours before, simultaneously, 24 hours after, and 48 hours after
the pathogen inoculation. Two bacterial strains that appeared promising in control
of late leaf spot in the greenhouse [17] are being field tested. Development of
suitable formulations for field application and designing an effective spray sched-
ule for late leaf spot control are also underway.

B. Rust

1. Fungal Biocontrol

Verticillium lecanii and Penicillium islandicum and their culture filtrates inhibit
in vitro germination of urediniospores of Puccinia arachidis and significantly



reduce in vivo development of rust [10,18]. V. lecanii establishes inside the spores
of P. arachidis, and the growth of the fungus causes bursting of the spores [10].
V. lecanii has a high potential for use in biological control of rust and early and
late leaf spot diseases of peanut, since it can parasitize all three pathogens, which
normally occur together.

Treatment of peanut leaves with Acremonium obclavatum resulted in sig-
nificant reductions in the number of pustules and uredospores, delay in maturity
and opening of uredosori, and reduced viability of uredospores [19]. The pathoge-
nicity of spores collected from infected sori was reduced, and A. obclavatum
reappeared on most of the sori developed from infected uredospores. A. obclava-
tum (mycelium or conidia) survives until the time of rust development and are
carried along with the rust fungal spores, when they are liberated from the
pustule, reducing the infection capacity of rust fungus and leading to biocontrol
of rust disease. Cell-free culture filtrates of A. obclavatum also reduced the
number and size of rust pustules both when applied along with the pathogen and
one day before the pathogen. This indicates a possible role of cell-free culture
filtrate of A. obclavatum in induced systemic resistance. A water-soluble glucan
isolated from the culture filtrate of A. obclavatum inhibited the germination of
uredeospores of P. arachidis. Prior treatment of peanut leaves with glucan pro-
longed the incubation period and decreased the number of pustules and
uredospores/sorus. Increased levels of endogenous salicylic acid, intercellular
chitinase, and β-1,3-glucanase activities were found in glucan-treated peanut
leaves [20].

Mycoparasites of rust fungi produce lytic enzymes capable of degrad-
ing the cell wall polymers of pathogenic fungi. Chitinase is a key enzyme in-
volved in cell wall lysis of higher fungi and plays a vital role in biological con-
trol. Fusarium chlamydosporum, a mycoparasite to rust isolated from uredo-
sori of P. arachidis, produces extracellular chitinase and has potential as a
biological control agent for peanut rust [21,22]. Purified chitinase inhibited the
germination of uredospores and also lysed the walls of uredospores and germ
tubes [23]. An antifungal metabolite inhibiting the germination of uredospores
of P. arachidis was also isolated from the culture filtrate of F. chlamydosporum
[24].

Trichoderma harzianum inhibits the germination and germ tube growth of
P. arachidis when uredospore suspensions were mixed with T. harzianum conid-
ial suspensions either with or without prior incubation of the conidial suspension.
Treatment with T. harzianum before or at the same time as inoculation with P.
arachidis decreases the number of rust pustules and number of uredospores/pus-
tule. T. harzianum colonizes pustules formed before application of the conidial
suspension better than those forming after application of conidial suspension. A
phenol-like antifungal compound inhibitory to P. arachidis was isolated from
the germination fluid of T. harzianum [25].



2. Bacterial Biocontrol

Bacillus subtilis AF 1, a plant growth–promoting biocontrol rhizobacterium, iso-
lated from soils nonconductive to pigeon pea wilt was used as a foliar spray to
control rust in a detached leaf bioassay. AF 1 effectively reduced the severity of
rust. Partially purified chitinase of AF 1 inhibits the germination of uredospores
and development of rust (unpublished data from authors’ laboratory).

C. Aspergillus Crown Rot

1. Fungal Biocontrol

Trichoderma harzianum and T. viride compete with organisms that cause crown
or pod rot disease in peanuts and damping-off on other hosts [26,27]. The linear
growth of Aspergillus niger considerably decreased in the presence of T. har-
zianum. A decrease in disease incidence occurred in T. harzianum soil treated
at both the seedling and vegetative growth stages. The percentage of rotted pods
was greatly reduced. The number and weight of pods or seeds significantly in-
creased in soil infested with A. niger in combination with T. harzianum. Seed
dressing with T. harzianum resulted in a decrease in crown rot infection at differ-
ent Aspergillus inoculum levels [28]. Similarly, soil application of T. harzianum
was effective in controlling seed and collar rot [29].

2. Bacterial Biocontrol

Two fluorescent pseudomonad strains, FPC 32 and FPO 4, applied as seed treat-
ment significantly protected peanut against A. niger infection and increased the
yield [30]. Significant control of crown rot was obtained by bacterization of pea-
nut seeds with Bacillus subtilis AF 1 in A. niger–infested soil [31]. In dual cul-
tures, AF 1 lysed A. niger cell wall, suppressed �90% fungal growth, and inhib-
ited sporulation of A. niger. An extracellular protein precipitate from the filtrate
of B. subtilis AF 1 culture exerted a growth-retarding effect on A. niger. The
mycelial preparation of A. niger, as principal carbon source, supported the growth
of AF 1 as much as chitin. When treated with B. subtilis AF 1, lipoxygenase
levels in peanut seedlings increased earlier than they did when treated with A.
niger [32]. 13-Hydroperoxyoctadecadienoic acid and 13-hydroperoxy-octadeca-
trienoic acid formed upon incubation of peanut lipoxygenase with linoleic acid
or α-linolenic acid inhibited the growth of A. niger in vitro. Toxic phytoalexin
accumulated in peanut in response to A. niger infection is converted to nontoxic
or less toxic lower homologs [33]. However, in dual inoculation with A. niger
together with B. subtilis AF 1, the phytoalexin remains unchanged, to the benefit
of the plant. The multiplication and survival of B. subtilis AF 1 in different formu-
lations in calcium alginate, peat, mushroom spent compost, peat amended with



chitin, and peat amended with A. niger mycelium was determined at different
temperatures and over a period of 6 months of storage and used for control of
crown rot in greenhouse experiments. Of these different formulation products,
seed bacterization with chitin supplemented peat formulation of B. subtilis AF
1 showed better disease control than freshly grown cells of AF 1 [34]. Two rhizo-
bacterial strains exhibited antagonism towards growth, and a few strains inhibited
sporulation of A. niger when a large number of rhizobacteria from peanut were
tested (authors’ unpublished data).

D. Rhizoctonia Damping-Off

1. Fungal Biocontrol

The majority of Trichoderma isolated from soil, pine bark, and other bark were
antagonistic to Rhizoctonia solani, and the isolates from pine bark were more
aggressive against R. solani than those from other sources [35]. ANF-777, a fun-
gus with an exceptionally strong inhibitory effect against R. solani was selected
from a collection of 7500 microbial colonies [36].

The hyperparasites Botryotrichum piluliferum, Coniothyrium sporulosum,
Dicyma olivacea, Gliocladium catenulatum, Stachybotrys chartarum, Stachy-
botrys elegans, Stachylidium bicolor, Trichothecium roseum, Verticillium chla-
mydosporium, V. tenerum, and V. bigguttatum parasitize the hyphae of R. solani
[37,38]. Profuse coiling of the parasitic hyphae around the host hyphae result in
the cytoplasm of the host cells becoming granulated, disintegrated, and the con-
tents disappear. In advanced stages of parasitism, the host hyphae finally die.

The growth of R. solani significantly decreased in the presence of Tricho-
derma harzianum Th008 culture filtrates [39]. Scanning electron microscopic
observations of parasitism of T. harzianum and T. hamatum on R. solani revealed
that the hyphae of Trichoderma coil around the host. T. harzianum attached to
host mycelium by forming hooks, and T. hamatum produces appressoria at the
tips of short branches. Trichoderma spp. penetrated the host by partial degrada-
tion of cell wall [40]. In the later stages of parasitism pronounced collapse and
loss of turgor of R. solani hyphae occurs besides cell wall breakdown and occa-
sional hyphal disintegration. Continuous production of chitinases by the antago-
nist resulted in gradual breakdown of chitin. Disorganization of the cell wall
structure of R. solani appears to be an early event that promotes internal osmotic
balance, which, in turn, triggers intracellular disorders, such as retraction of the
plasma membrane and cytoplasm aggregation [41]. Recognition of the host by
the parasite is the first step in the fungus-fungus interaction leading to mycopara-
sitism. R. solani contains a lectin, which binds to O but not A and B erythrocytes,
and this attachment is prevented by galactose and fucose. A lectin present in R.



solani hyphae binds to galactose residues on Trichoderma cell walls and plays
a role in prey recognition by the predator [42]. Culture filtrates of S. elegans
possessing β-1,3-glucanase and chitinase activities were capable of degrading R.
solani mycelium. Depending on the carbon source used, different isoforms of
chitinases and β-1,3-glucanases were detected in the culture filtrate, suggesting
a role for these enzymes in mycoparasitism [43].

R. solani failed to form sclerotia in the presence of Gliocladium virens,
which colonizes both mycelia and sclerotia of R. solani. G. virens formed appres-
soria and penetrated the host hyphal cells. The parasitized hyphae began to col-
lapse and shrink and finally collapsed completely and died. Mycelia of G. virens
were found in the sclerotial cells of R. solani, demonstrating the intracellular
parasitism of sclerotia by G. virens [44]. Two mycoparasitic strains of G. virens
and their mutants with no mycoparasitic activity on R. solani showed similar
efficacy as biocontrol agents of cotton seedling disease induced by R. solani,
indicating that mycoparasitism is not the major mechanism in the biological con-
trol of R. solani by G. virens [45].

T. harzianum prevented reinfestation of the fumigated soil by R. solani and
S. rolfsii up to 88% under field conditions. The combined treatment of fumigation
and T. harzianum applications caused almost total mortality of sclerotia in soil
in the laboratory and in the field [46]. T. harzianum in wheat bran/peat prep-
aration applied at the time of sowing was used for the control of Rhizoctonia
damping-off [47]. Infestation of soil with antagonists of R. solani—binucleate
Rhizoctonia spp., Laetisaria arvalis, and an unidentified orange basidiomycetous
fungus—had no effect on the yield of peanut grown in rotation with corn or corn
and snapbean [48]. Coniothyrium minitans applied as seed treatment significantly
reduced pre- and postemergence damping-off [49].

2. Bacterial Biocontrol

Pseudomonas fluorescens 2-79, P. aeruginosa EP 7, and Bacillus subtilis AF 1
inhibited the growth of R. solani [50]. Culture filtrates from B. megaterium B153-
2-2 reduced the growth of R. solani by �90%. B. megaterium produced a rela-
tively large amount of Ca2�-dependent endoproteinase, inactivating pectinase and
pectin lyase from R. solani, which are detrimental to plant cell wall. B. mega-
terium produced several other extracellular enzymes including phospholipase A,
glucanase, and endochitinase [39]. P. fluorescens, with strong inhibitory action
against R. solani and the ability to promote plant growth, reduced the average
lengths of R. solani–induced lesions under greenhouse conditions [51]. The bac-
terium inhibits the growth of R. solani by the production of siderophores, and
the germination of R. solani sclerotia was completely inhibited by the bacterium.
P. lindbergii, when applied as seed treatment, reduced pre- and postemer-



gence damping-off more effectively than the fungicides benomyl and carboxin
[49].

B. subtilis when added as a seed treatment reduced levels of root cankers
caused by R. solani AG-4, consistently colonized the roots, increased germination
and emergence, increased nodulation by Rhizobium spp., enhanced plant nutri-
tion, increased root growth, and increased the yield of peanut [52]. A crude prepa-
ration of the antibiotic(s) from the culture filtrate of B. subtilis, obtained from
Stylosanthes guianensis showed antifungal effects against R. solani and other
fungi such as Thanatephorus cucumeris, Phytophtohora parasitica, and Pyricula-
ria oryzaze. The inhibitory effect of a cell-free culture filtrate of B. subtilis was
often comparable with or better than that obtained with benomyl [53].

E. Charcoal Rot

1. Fungal Biocontrol

Trichoderma harzianum was effective in control of charcoal rot [54]. Distillary
effluents had no effect on T. harzianum, but dairy effluents caused reduced
growth of T. harzianum indicating that it can be used for the biological control
of R. bataticola even in the presence of dairy and distillary effluents.

The influence of soil moisture levels on root rot diseases caused by Rhizoc-
tonia bataticola and the rhizosphere population of R. bataticola and antagonist
T. viride is one of the major factors affecting the distribution, survival, prolifera-
tion, and subsequent establishment of T. viride in soil and in the rhizosphere [55].
At 40% moisture holding capacity, the population of R. bataticola in the ground-
nut rhizosphere was highest and the disease incidence was maximum. Disease
reduction positively correlated with increasing moisture levels, and the rhizo-
sphere population of T. viride was best at 40–60% moisture levels. The growth
and sporulation of T. viride was highest at 50% moisture. However, high moisture
levels were unfavorable for both the pathogen and the antagonist due to increased
activity of bacteria and also near anaerobic conditions that are not favorable for
either the pathogen or the antagonist. There was also a significant increase in T.
viride population in the rhizosphere of peanut with an increase in the age of the
crop, with maximum population at 75 days after sowing.

2. Bacterial Biocontrol

One hundred and fifty rhizobacterial strains from the rhizosphere of groundnut
were evaluated in vitro for antagonistic activity against R. bataticola on potato
dextrose agar medium. Nine bacterial strains exhibit potent antagonistic activity
against R. bataticola with an inhibition zone of above 15 mm (authors’ unpub-
lished data). Pseudomonas cepacia UPR 5C was found to be a strong inhibitor
to R. bataticola [56].



F. Sclerotinia Blight

1. Fungal Biocontrol

Sporidesmium sclerotivorum, a mycoparasite proliferates throughout the cortex
and medulla of sclerotia of Sclerotinia minor [57]. The colonizing hyphae were
most abundant in the extracellular matrix but were occasionally seen in the lumen
of sclerotial hyphae that were highly vacuolated or empty. These intracellular
structures were considered to be haustoria of the mycoparasite. Fungicides, beno-
myl, chlorothalonil, vinclozoline, iprodiene, and procymidone were not toxic to
S. sclerotivorum in soil at concentrations likely to be encountered in the field
[58]. Hence, these pesticides can be used in conjunction with S. sclerotivorum in
an integrated approach to disease control. Teratosperma oligocladum effectively
reduces the survival of S. minor sclerotia in soil [59], both when S. minor sclerotia
were added to soil after soaking in antagonist spore suspension and when the
spores of antagonist in water were mixed into soil containing sclerotia of S. minor.

Gliocladium virens colonized the sclerotia of S. minor, S. sclerotiorum, S.
rolfsii, and R. bataticola [60]. Optimum conditions for parasitism of S. scleroti-
orum sclerotia by G. virens were 25–35°C and pH 4.0–5.6. Germination of co-
nidia and infection of sclerotia took place only at 100% relative humidity and
only when free water was present. In soil, within a pH range of 4.5–7.8 and at
moisture content of 80% field capacity, the infection of sclerotia by G. virens
was maximum.

G. virens inhibited the formation of sclerotia by S. sclerotiorum, parasitized
both mycelia and sclerotia of the host fungus, and sporulated profusely on sclero-
tia when introduced to the culture of S. sclerotiorum after formation of sclerotia.
G. virens produced appressoria at the tips of short branches at various points of
contact between the two fungi. These appressoria gave rise to infection hyphae,
which penetrated the host cell wall and initiated intracellular parasitism. After
penetration of the host hypha the appressorium shrank and the parasitized host
hypha also shrank gradually with time. G. virens penetrated the host sclerotia
but failed to sporulate internally and the parasitized sclerotia failed to germinate
[61]. Crude culture filtrates of Coniothyrium minitans and T. viride grown on
autoclaved crushed sclerotia of S. sclerotiorum lyse wall isolated from hyphal
cells or the inner pseudoparenchymatous cells of the sclerotia, in which a
branched β-(1,3)-β-(1 → 6)-glucan, sclerotan, is a major constituent. Endo- and
exo-β(1 → 3)-glucanases produced by C. minitans act together to degrade the
glucan completely [62].

T. harzianum (TH-88) applied as seed treatment and foliar spray did not
affect the incidence of sclerotinia blight [63]. S. minor inhibits Penicillium citri-
num isolated from sclerotia of S. minor recovered from field soil planted with
peanuts [64]. Growth of S. minor was significantly inhibited with 10% (v/v)
filtrate from 2- to 3-week-old cultures of P. citrinum. The inhibitor(s) was active



against S. minor even after autoclaving. The molecular weight of the active com-
pound(s) was �1000 Da. The active component against S. minor in the culture
filtrate of P. citrinum was identified as citrinin. Sclerotia of S. minor soaked in
a conidial suspension of P. citrinum leads to colonization of sclerotia by P. citri-
num [65]. Similar treatments when incubated in pasteurized and nonpasteurized
soils resulted in destruction by P. citrinum, suggesting the potential use of P.
citrinum as a biocontrol agent for S. minor. Biological control of sclerotinia blight
using various rates and formulations of Sporicidium spp. and a Trichoderma sp.
was comparable with standard fungicide rovral [66].

G. Stem Rot

1. Fungal Biocontrol

Trichoderma spp. parasitizes the mycelium and sclerotia of Sclerotium rolfsii.
The mechanisms of parasitism were well studied in this interaction. Hyphae of
Trichoderma penetrate the rind and cortex of sclerotia without affecting the host
cells. Upon reaching the medulla, it ramified, lysed the medullar tissue, and pro-
duced chlamydospores and finally underwent autolysis. Degraded sclerotia be-
came dark, soft, and empty and disintegrated under slight pressure [67]. Observa-
tion of cross sections of sclerotia parasitized by T. harzianum revealed that fungal
growth mainly was intracellular in the rind layer, and cell invasion occurred
through localized host wall penetration. Incubation of ultrathin sections of parasit-
ized sclerotia with wheat germ agglutinin/ovomucoid-gold complex for localiza-
tion of chitin monomers revealed that, except in the area of hyphal penetration,
the chitin component of the host cell walls was structurally preserved. The host
cytoplasm had undergone complete disorganization at a time when β-1,3-glucans
were still distributed evenly over the rind cell walls, indicating that the production
of cell wall–degrading enzymes by T. harzianum probably was not the first event
involved in sclerotial decay [68].

Isolates of T. harzianum, T. hamatum, and T. koningii kill the sclerotia of
S. rolfsii. The penetration of sclerotia by Trichoderma spp. and multiplication
inside the sclerotium was dependent on the ability of the biocontrol agent to
attack the sclerotia and establish on the rind of the sclerotium [69]. Isolates of
T. harzianum, T. hamatum, and T. koningii were antagonistic to S. rolfsii by
production of diffusable and volatile metabolites, lysis, hyphal interference, and
mycoparasitism. Vacuolation, granulation, coagulation, and disintegration of S.
rolfsii cytoplasm and lysis of the host cells were observed [70]. Detachment of
a coiled hypha of T. harzianum and T. hamatum from around S. rolfsii revealed
a digested area and the penetration sites on the host mycelium. Fluorescence
microscopic observations of parasitism of T. harzianum on S. rolfsii and R. solani
indicated the presence of N-acetyl-d-glucosamine oligomers at coiling zones,



suggesting that chitin fibrils are exposed in the cell walls of S. rolfsii and R.
solani as a result of extracellular β-1,3-glucanase excreted by Trichoderma at
the contact sites. High β-(1,3)-glucanase and chitinase activities were detected
in dual agar cultures when T. harzianum parasitized S. rolfsii compared with
either fungus grown alone, and these enzymes are responsible for the degradation
of the host cell wall [40].

Talaromyces flavus parasitized both hyphae and sclerotia of S. rolfsii. T.
flavus penetrated the thick cell walls of S. rolfsii sclerotia and subsequently the
host cell organelles disintegrated and the cytoplasmic content disappeared. Extra-
cellular chitinase production by T. flavus positively correlated with mycoparasit-
ism of S. rolfsii [71]. The expression of various N-acetylglucosaminidases and
endochitinases during mycoparasitism was under a finely tuned regulation that
was affected by the host. In dual culture, when T. harzianum was antagonizing
S. rolfsii, a 102 kDa N-acetyl-glucosaminidase (CHIT 102) was the first to be
induced. As soon as 12 hours after contact, its activity diminished, and another
73 kDa N-acetyl-glucosaminidase (CHIT 73) was expressed, and none of the T.
harzianum endochitinases were detected during the parasitic interaction with S.
rolfsii. When T. harzianum was antagonizing R. solani, 12 hours after contact,
CHIT 102 activity was elevated, and the activities of three additional endochiti-
nases of 52, 42, and 33 kDa were detected. As the antagonistic interaction pro-
ceeded, CHIT 102 activity decreased and the activity of the endochitinases gradu-
ally increased. The activity of CHIT 73, which was highly expressed during the
parasitic action of T. harzianum towards S. rolfsii, was not detected during its
parasitic action towards R. solani. This differential expression of T. harzianum
chitinases may influence the overall antagonistic ability of the fungus against a
specific host [72].

S. rolfsii produces two agglutinins with molecular weights of 60 and 55
kDa. The crude agglutinin agglutinated certain gram-negative bacteria and yeasts.
A positive correlation between the ability of isolates of the mycoparasite Tricho-
derma spp. to attack S. rolfsii and the agglutination of conidia of Trichoderma
by S. rolfsii agglutinin suggests a role for the agglutinin in the recognition of S.
rolfsii by the Trichoderma spp. [73]. A biomimetic system based on the binding
of lectins to the surface of nylon fibers simulating the host hyphae that enables
examining the role of lectins in mycoparasitism was developed [74]. T. harzia-
num, when allowed to grow on nylon fibers treated with concovalin A or crude
S. rolfsii agglutinin, coiled around the nylon fibers and produced hooks in a pat-
tern similar to that observed with the real host hyphae. The incidence of interac-
tion was significantly higher with agglutinin-treated fibers than with control. In
contrast to the lectin isolated by Barak et al. [73], a lectin of molecular mass 45
kDa was isolated from the culture filtrates of S. rolfsii and its agglutination activ-
ity was not inhibited by any of the mono- or disaccharides tested. Incubation of
lectin with trypsin, chymotrypsin, and β-1,3-glucanase totally inhibited lectin



activity, and protease inhibited 70% activity. Incubation of lectin with either chi-
tinase or β-glucuronidase had no effect on agglutination activity. Both the protein
and β-1,3-glucan are necessary for agglutination of the lectin. The presence of the
purified agglutinin on the surface of the fibers specifically induced mycoparasitic
behavior in T. harzianum. Trichoderma formed tightly adhering coils around the
purified agglutinin-treated fibers. Other mycoparasite-related structures, such as
appressorium-like bodies and hyphal loops, were only observed in the interaction
between T. harzianum and the purified agglutinin-treated fibers [75].

Correlation studies on the infectivity of sclerotia of S. rolfsii on bean hypo-
cotyls and sclerotial colonization and ability to germinate after incubation in non-
sterile soil amended with G. virens suggested that, in addition to mycoparasitism,
antibiosis may be involved in the degradation of sclerotia by G. virens in soil
and in reducing the infectivity of germinable sclerotia [76].

T. harzianum was the most effective biocontrol agent against S. rolfsii when
compared with potential biocontrol agents Aspergillus flavus, A. niger, Bacillus
subtilis, Penicillium chrysogenum, Streptomyces spp., and T. viride [77]. A mod-
erate 36% control of stem rot was obtained using G. virens and T. longibrachia-
tum as biocontrol agents [78]. UV-induced mutants of T. viride exhibit increased
biocontrol abilities. Two mutants, M1 and M2, increased the zone of inhibition
in dual plate cultures and decreased S. rolfsii sclerotial production and germina-
tion [79]. The growth rate of T. harzianum in culture was greater than that of S.
rolfsii and invaded its mycelium under growth conditions adverse to S. rolfsii,
e.g., high pentachloronitrobenzene concentrations, high pH levels, and low tem-
peratures. The improved antagonism under conditions adverse for the pathogen
emphasizes the potential of integrating various means of disease control [80].

A diatomaceous earth granule impregnated with a 10% molasses solution
was suitable for growth and delivery of T. harzianum to peanut fields due to its
low bulk and no residues. Viability of Trichoderma on air-dried infested granules
was excellent, with virtually 100% of granules displaying mycelial growth. Re-
duction in number of dead plants with signs of S. rolfsii by application of 140
kg/ha Trichoderma granules was equivalent to that achieved using 10% PCNB
granules at 112 kg/ha [81]. T. harzianum added to soil on a wheat-bran formula-
tion reduced the viability of sclerotia in the soil. A combination of urea and T.
harzianum further reduced the viability of sclerotia. T. harzianum and calcium
ammonium nitrate applied together was most effective in reducing the disease
severity [82]. A wheat bran and biogas manure mixture (1:1) that stimulated the
growth and multiplication of T. harzianum was suitable for formulation of the
biocontrol agent. This formulation product suppressed S. rolfsii and increased
seedling emergence of peanut [83]. It was recommended that T. harzianum could
be multiplied in the wheat bran and biogas manure mixture for continued survival
of the biocontrol agent as a soil amendment.

Seed treatments with Rhizobium and a fungicide are included in the package



of practices for peanut. The effect of superimposition of antagonist T. harzianum
along with these treatments on plant growth and the incidence of root rot caused
by S. rolfsii was studied to develop an integrated method of management [84].
Application of T. harzianum inoculum to soil at sowing was better than other
treatments including seed treatment. Seed treatment with T. harzianum and appli-
cation of the antagonist to soil on the sixth day after sowing gave equal results
as with application of T. harzianum to soil at the time of sowing. These results
are similar to that obtained with carbendazim seed treatment and drenching 0.1%
carbendazim on the sixth day after inoculation. However, seed treatment with T.
harzianum and Rhizobium plus T. harzianum inoculum added to the soil on the
sixth day after sowing plus 0.1% carbendazin soil drenching on 30 days after
sowing was superior in disease control. Also, T. harzianum colonized well in the
rhizosphere of peanut and its population increased with increasing time, reaching
a maximum at 75 days after sowing. Integration of T. harzianum with carben-
dazim treatment offers great hope in the management of the disease under field
conditions. These results are in contrast with the earlier reports on management
of S. rolfsii using T. harzianum in combination with pentachloronitrobenzene
(PCNB) or carboxin [85]. None of the Trichoderma treatments alone or in combi-
nation with PCNB or carboxin gave better disease control. However, increases
in yield were observed in plots treated with T. harzianum and PCNB applied
on demand. T. harzianum mixed with wheat middlings was also ineffective in
increasing yield. This could be due to the survival of T. harzianum in the soil
for only 5–8 days and its sensitivity to foliar fungicides applied to peanut. These
contrasting results support the concept that colonization of the rhizosphere is an
essential prerequisite for the success of a biocontrol agent in the control of a
soilborne pathogen.

2. Bacterial Biocontrol

Rhizobium used for increase in nodulation and growth of peanuts was also found
to reduce the population of S. rolfsii in the rhizosphere of peanut [86]. Similarly
soil inoculation with Rhizobium reduced the population of S. rolfsii in the rhizo-
sphere. Disease incidence significantly reduced and the yields increased by 13
and 48% in two successive field trials when both S. rolfsii and Rhizobium were
present. Four bacterial isolates were inhibitory to the mycelial growth of S. rolfsii
among a collection of 150 rhizobacterial isolates (authors’ unpublished data). P.
fluorescens 2-79, P. aeruginosa EP 7, and B. subtilis AF 1 were antagonistic to
S. rolfsii. P. aeruginosa completely inhibited the growth of S. rolfsii by producing
a siderophore [50].

Sclerotial germination is an important stage in the life cycle of S. rolfsii.
Inhibition of sclerotial germination and reduction of their viability decrease both
the inoculum potential of the pathogen and disease severity [87]. An antagonistic



strain of Serratia marcescens inhibited the germination percentage of S. rolfsii
sclerotia dipped in the bacterial suspension. The incidence of stem rot was reduced
by 60% when S. marcescens suspension was mixed with soil [88]. Direct attack
of the biocontrol strain on the pathogen and not the interaction with the soil mi-
croflora was thought to be the mechanism of biocontrol, as determined by testing
for disease control in sterilized and unsterilized soils. This direct antagonism may
be due to the chitinolytic ability of S. marcescens by the production of extracellular
chitinase. Culture filtrate of S. marcescens grown on medium containing colloidal
chitin as a sole source of carbon degraded the cell wall or mycelium of S. rolfsii.
Scanning electron microscopy showed direct degradation of hyphae when S. rolfsii
mycelium served as the sole carbon source for the bacterium. Crude chitinase of
S. marcescens caused lysis of hyphal tips [89]. Among the hydrolytic enzymes
produced by the antagonists, chitinase plays a major role in the antagonistic activ-
ity against S. rolfsii. Hyphal tips, septa, and branches of hyphae of S. rolfsii contain
oligomers of β-glucan and N-acetyl glucosamine. The chitinase produced by the
biocontrol agent attacks these sites and causes a release of S. rolfsii β-glucanase,
which, together with the chitinase, completely degrades the hyphae.

P. fluorescens restricted S. rolfsii mycelial growth and sclerotial germina-
tion. Germination of sclerotia was inhibited after the sclerotia were immersed in
P. fluorescens cell suspension. The antagonistic activity was mediated by the
production of siderophores. In greenhouse experiments, 99% of peanut plants
were protected from S. rolfsii infection after inoculation with P. fluorescens.
Fresh weights of tops of plants inoculated with bacteria and infected with S.
rolfsii were significantly higher than weights of the wilted control plants [90].
Bacterization of peanut seeds with native strains of P. fluorescens might prove
very valuable for efficient management of soilborne plant pathogens S. rolfsii
and R. solani. C. minitans showed noticeable activity against pod rot caused by
S. rolfsii and is more effective than benomyl and carboxin [49].

H. Mycotoxins

1. Fungal Biocontrol

The potential for biological control of preharvest aflatoxin contamination of pea-
nut was demonstrated using an atoxigenic strain of Aspergillus parasiticus as a
biocompetitive agent [91]. Edible peanuts from the treated soil contained afla-
toxin concentrations of 11, 1, and 40 ppb for three consecutive crop years in
comparision with 531, 96, and 241 ppb in untreated soil. Reductions of aflatoxin
B1 levels in peanut kernels at maturity were also obtained by simultaneous inocu-
lation of root regions of 1- to 2-week-old peanut plants with toxigenic and atoxi-
genic strains of A. flavus when compared with plants inoculated with the toxigenic
strains alone [92]. Preinoculation of atoxigenic strains one day earlier resulted



in greater inhibition of aflatoxin production, whereas toxin level was not much
reduced when the atoxigenic strain was introduced 1 day after the toxigenic strain.
Inoculation of an atoxigenic strain at fivefold higher spore concentrations within
12 hours of toxigenic strain inoculation led to a significant reduction in aflatoxin
B1. Thus, the potential of atoxigenic strains of A. flavus in biological control
against pre-harvest aflatoxin contamination of developing peanuts was estab-
lished subject to the practicability of the approach. The effect of different inocu-
lum rates of nontoxigenic color mutants of A. flavus and A. parasiticus on prehar-
vest aflatoxin contamination of peanuts was studied. A stronger relationship was
found between inoculum rate and aflatoxin concentrations. It is possible to
achieve a higher degree of control when plots or fields are retreated with biocon-
trol agents in subsequent years [93]. The hypothesis behind these studies was
that the introduced atoxigenic isolates would exclude or outcompete the toxigenic
strain. A procedure was developed to encapsulate mycelia of an atoxigenic strain
of A. flavus in alginate pellets with corn cob grits as filler and wheat gluten as
adjuvant for seedling into agricultural fields in order to reduce aflatoxin contami-
nation via competitive exclusion [94].

In dual cultures, A. shirousamii decreased the production of aflatoxin by
A. flavus [95]. Application of T. harzianum to the soil reduced the colonization
of peanuts by A. flavus, and application of gypsum further enhanced the reduction
[96].

2. Bacterial Biocontrol

The soil, rhizosphere, and geocarposphere constitute three distinct ecological
niches within the vicinity of the peanut root system. Specific bacterial taxa are
preferentially adapted to colonize the geocarposphere, rhizosphere, and root-free
soil as identified by analysis of fatty acid methyl esters of the bacterial isolates
[97]. The geocarposphere microbial community is the last barrier for A. flavus
prior to pod colonization. Bacteria that colonize the geocarposphere were exam-
ined as potential biological control agents for pod-invading fungi such as the
toxigenic strains of A. flavus and A. parasiticus. Selected bacterial strains isolated
from the geocarposphere significantly reduced pod colonization by A. flavus in
both greenhouse and field conditions [98]. Flavobacterium odortum decreased
the production of aflatoxins by A. flavus in peanut kernels, and Bacillus mega-
terium, B. laterosporeus, Pseudomonas aurofaciens, Xanthomonas maltophila,
Cellulomonas carate, and Phyllobacterium rubiacearum increased aflatoxin pro-
duction on peanut kernels [99]. P. cepacia completely inhibited the growth of
A. flavus [100].

Treatment of viable peanuts with a combination of chitosan or Bacillus
reduced the growth of A. flavus. Peanuts treated with chitosan � Bacillus sp.
resulted in the greatest induction of chitosanase. The introduction of a bioinducer



into the plant-pathogen interaction is an effective method for induction of plant
resistance against pathogenic and toxigenic fungi [101].

III. DISEASES CAUSED BY NEMATODES

A. Root-Knot

1. Fungal biocontrol

Paecilomyces lilacinus, parasitizing Meloidogyne spp., was used as biocontrol
agent in a wide range of crops [102]. P. lilacinus, grown on neem cake, signifi-
cantly reduced the root-knot on peanut plants in M. javanica–infested soils [103].
P. lilacinus and two entamopathogenic fungi, Metrarhizium anisopliae and
Beauveria brongniartii, applied as soil amendment were effective in reducing
M. javanica infection [104]. Dilute culture filtrate of A. niger killed �90% of
the juveniles and also affected hatching of eggs significantly [105].

2. Bacterial Biocontrol

Pasteuria penetrans is an obligate mycelial and endospore-forming bacterial par-
asite of root-knot nematodes [106] and has great potential as a biocontrol agent
of root-knot nematodes [107]. The endospore germinates after attaching to the
nematode cuticle, the germ tube extends through the nematode cuticle and forms
vegetative thalli in the nematode body cavity, which enlarge, branch, and spread
throughout the nematode body producing sporangia that endogenously form sin-
gle spores [108].

Application of endospores of P. penetrans effectively reduced the damag-
ing effects of M. arenaria on peanuts [109]. Soil inoculation reduced root gall
index and pod galls. The major suppressive mechanism of M. arenaria by P.
penetrans on peanut is the initial endospore infestation of second-stage juveniles
at planting. Suppression was proportional to P. penetrans infestation levels, re-
gardless of the initial population densities of root-knot nematodes [110]. The
chance of P. penetrans infection of subsequent generations of nematodes during
the cropping season was negligible because of the minor endospore build-up in
soil, and the J2 that hatched from egg masses on root surfaces quickly enter
adjacent roots without being exposed to endospores in soil [111].

IV. CONCLUSIONS

Biological control is rapidly developing as an important component of integrated
disease management (IDM) because of its cost-effectiveness and the focus on
environmental pollution and residual toxicity caused by fungicides. In the past
two decades, several successful attempts were made to achieve biological control



Table 2 Antagonistic Activity and Control of Peanut Pathogens by Extracts of Commonly Available Nonhost Plants

Plant Type of extract Targeted pathogens Disease control Ref.

Azadirachta indica Aqueous leaf extracts Aspergillus flavus In vitro incidence was less than Dithane M-45 112
Aspergillus niger Control of in vitro incidence of A. niger was 112

higher than that obtained with commercial
fungicides thiran and dithane M-45

Phaeoisariopsis personata Effective in control of late leaf spot under field 113
conditions

Puccinia arachidis Effective in control of rust under field condi- 113
tions

Ethanolic leaf extract A. flavus Highly significant in reducing in vitro incidence 114
of A. flavus and reducing seed rotting

A. niger Significant reduction in seed and seedling rot- 114
ting was obtained in in vitro studies

Rhizoctonia bataticola R. bataticola infection was reduced significantly 114
in vitro

Neem oil P. personata 50% disease reduction was obtained in field con- 115
ditions

P. arachidis Significant reduction in rust incidence was ob- 115
tained in field conditions

Seed kernel extract Cercospora arachidicola Effective in disease control as a foliar spray 116
along with potash

P. personata Disease control was effective and comparable to 117
fungicides

P. arachidis Disease control was better than carbendazim � 117
mancozeb spray



Table 2 (Continued)

Plant Type of extract Targeted pathogens Disease control Ref.

Curcuma longa Turmeric powder A. flavus In vitro reduction in A. flavus incidence was sig- 112
nificant

A. niger Reductions in in vitro incidence of A. niger was 112
comparable to thiram and dithane M-45

Lawsonia inermis Aqueous leaf extract A. flavus Reduced in vitro incidence of A. flavus 112
A. niger Reduced in vitro incidence of A. niger 112
P. personata Reduced disease incidence in field conditions 113
P. arachidis Effective in disease reduction in field 113

Nerium odorum Aqueous leaf extract P. personata Effective in disease control 115
P. arachidis Effectively reduced the disease incidence 115

Ocimum gratissimum Ethanolic leaf extract A. flavus Marginal reduction in in vitro incidence of A. 114
flavus

A. niger Marginal reduction in in vitro incidence of A. 114
niger

Ocimum sanctum Ethanol extract and es- A. niger Increased seed germination 118
sential oils

Phyllanthus fraternus Leaf and plant extracts Peanut green mosaic virus Root extracts reduced the infectivity of the vi- 119
rus by 98%

Polyalthia longifolia Ethanol extracts A. flavus Reduced in vitro incidence of A. flavus 114
A. niger Reduced in vitro incidence of A. niger 114
R. bataticola Reduced in vitro incidence of R. bataticola 114



of peanut diseases using biocontrol fungi and bacteria. The results summarized
in this chapter indicate that biological control of fungal diseases of peanut is
possible using biocontrol agents as major constituents of IDM. Most of these
studies were confined to greenhouse environments, and few have reached the
point of commercial application, which reflects the necessity for more research
and better understanding of the impact of field environment on biocontrol agents
and their application technology. Although progress has been made in the experi-
mental biological control of peanut diseases, very little is known about the mecha-
nism of action of biocontrol agents, especially for the control of foliar diseases.
Further research is needed into the basic biology of biocontrol agents and plant
pathogens in order to understand their ecology, physiology, biochemistry, and
genetics necessary to predict the behavior of the biocontrol agents under different
environmental conditions and to develop reliable biocontrol systems.

The antagonistic activity of biocontrol agents against plant pathogens is
highly specific for both a pathogen and different races of pathogen. Further large-
scale screenings will be carried out in search of biocontrol agents with a broad
spectrum of activity. Moreover, biocontrol agents that can elicit systemic resis-
tance in plants can offer protection against a wide range of pathogens. In-depth
studies of the mechanisms of action of biocontrol agents must be made before
using them on a large scale. Development of new formulations and delivery sys-
tems suitable for field application will help the commercialization of biocontrol
agents for peanut diseases.

Several plant extracts and their components proved to have antagonistic
activity against major peanut pathogens, and several have been evaluated for
disease control (Table 2). There is great potential for control of major peanut
diseases and storage fungi using plant extracts, which enormously reduces the
cost of cultivation of the crop and losses during storage. Intensive investigations
need to be done in this regard to develop plant extracts as an alternative to chemi-
cal fungicides.
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I. INTRODUCTION

The importance of sugarcane as one of the world’s most important commercial
crops needs no special emphasis. Worldwide, sugarcane is cultivated over an area
of 18.32 million ha with an annual production of 700.99 million tons of sugarcane
and 85.57 million tons of sugar. The crop is a major source of employment and
industrial development, particularly in some developing countries.

A. The Role of Diseases

The primary factor deciding the production and productivity of the crop is the
cultivar in relation to its yield and quality (sugar content). The next most impor-
tant constraint in the production and productivity of the crop is the role of dis-
eases. It has been estimated that diseases annually cause a loss of 10–25% of
the sugarcane crop worldwide, amounting to losses of millions of dollars.

In addition to yield loss, many diseases result in severe deterioration in the
quality of juice from the infected canes and considerable problems are encoun-
tered during processing of the juice resulting in further reduction in the production
of quality sugar.

B. Disease Management in Sugarcane

By far the most important strategy to manage diseases of sugarcane is the use
of disease-resistant cultivars and agronomic and cultural measures. However,



there are often severe constraints in adopting the above measures of disease con-
trol due to practical factors such as value of the crop in terms of yield and quality
and expenditure likely to be incurred by following the control methods.

C. Inadequacy of Chemical Control

Use of chemicals, particularly fungicides, in the management of sugarcane dis-
eases is normally restricted to seed or sett (seed cutting) treatment with fungicides
such as carbendazim for the control of sett rot disease. It was at one time recom-
mended that the setts should be treated with organo-mercurial compounds such
as agrason, cereson, agallal, etc. for the prevention of sett- and soilborne diseases
such as sett rot (pineapple disease). However, with the ban on the use of mercurial
fungicides in the 1970s, it became necessary to use eco-friendly methods to man-
age sugarcane diseases. Now it is imperative that alternative methods be devel-
oped to manage sugarcane diseases effectively on a sustainable basis.

D. Fungicide Resistance

Continuous use of chemicals for disease control is known to result in the develop-
ment of resistance. It has been observed that treatment of seed setts with organo-
mercurial fungicides or carbendazim over a long duration results in the build-up
of resistance and tolerance to these chemicals by the sugarcane pathogens.

E. The Impact of Chemical Control

For the last three decades nonspecific and broad-spectrum antimicrobial chemi-
cals were routinely recommended for the management of certain sugarcane dis-
eases. The use of organo-mercurials (e.g., agrasan, cerasan) was widely recom-
mended to treat the seed setts for protection against soilborne plant pathogens.
However, in view of the nonspecific and general toxic effects of these compounds
on soil microflora, it has become desirable to discontinue their use and seek more
eco-friendly methods to manage the sugarcane diseases. Some recent antifungal
compounds such as thiophanate methyl are relatively specific against the red rot
pathogen of sugarcane and result in much less soil damage.

Considering the above facts, it is clear that nonchemical (or biological)
measures are the ultimate long-term solution to the problems of disease manage-
ment in sugarcane.

F. The Alternatives

With increased awareness of the adverse effects of plant protection chemicals on
the environment, particularly in the sugarcane ecosystem, the need to manage



these diseases using biological approaches has assumed significance. Worldwide,
considerable information has been generated to suggest the possible control of
sugarcane diseases using biocontrol measures. In spite of the limitations ex-
pressed by many workers, there are specific advantages in adopting biocontrol
measures for the control of sugarcane diseases.

G. Sugarcane—An Ideal Crop for Biocontrol

From the point of biocontrol of diseases, sugarcane can be considered ideal for
control of its diseases using biological methods based on the following criteria:

1. Because sugarcane is a commercial crop of high economic value, any
investment in biological control would be suitably rewarded in terms
of higher productivity.

2. Cultivation of the crop often on a plantation scale over large and con-
tinuous areas enables easy application of biocontrol techniques.

3. Continuous presence of the crop in the same fields over extended pe-
riods by way of ratoons or as a result of monocropping renders the
biocontrol agents self-sustainable without interruption.

4. Sugarcane crop management is very effectively carried out by efficient
agencies such as development organizations, sugar mill managements,
etc., providing adequate infrastructure to mass-produce biocontrol
agents, their application, and obtain feedback.

5. The industry is capable of effectively supporting R&D efforts in this
area through well-organized laboratories, scientific and technical man-
power, etc., of both governmental and private research institutions.

II. BIOLOGICAL CONTROL OF SUGARCANE DISEASES

A. Red Rot Disease

1. Biocontrol Using Fungal Antagonists

Among the fungal diseases of sugarcane, red rot, caused by the fungal pathogen
Colletotrichum falcatum [Glomerella tucumanensis (Speg.) Arx & Muller] is
known to cause severe reduction in crop yields and quality [1]. Although the
disease is primarily settborne, considerable transmission takes place through soil
and water that harbor and transport propagules of the pathogen. These soil- and
waterborne propagules are amenable for control using suitable antagonistic or-
ganisms. Alfonso and Cruz [2] observed that mycelial growth of C. falcatum was
inhibited by species of Trichoderma and Aspergillus using dual culture tech-
niques. Culture filtrates of these two fungi were also inhibitory to C. falcatum,
and the action was attributed to antibiotic production by Aspergillus and Tricho-



derma. In addition, Trichoderma also exhibited hyperparasitic activity. Iqbal et
al. [3], investigating fungal isolates from different sugarcane soils, found that
many isolates of Trichoderma harzianum, Chaetomium spp., and Penicillium spp.
were inhibitory to red rot pathogen. Filtrates of T. harzianum, Acremonium spp.,
and Penicillium spp. were very effective in suppressing spore germination of the
fungus. Singh [4] studied the antagonistic effects of Chaetomium globosum and
Trichoderma spp. against C. falcatum in detail. He has reported successful control
of red rot under endemic field conditions by application of these fungi after large-
scale multiplication.

Gururaja [5] carried out extensive studies on the possible use of biocontrol
agents in the management of sugarcane red rot. He concluded that Trichoderma
harzianum was the most effective organism to suppress mycelial growth and
sporulation of C. falcatum. Antibiotic production was attributed to the antagonis-
tic action with coiling of hyphae and lysis. Soil application of the antagonist was
found to protect germinating plants from infection. Treatment of healthy seed
cane with a suspension of 5 � 108 spores/mL appreciably reduced red rot infec-
tion in pathogen-infested soil. However, treatment of internally red rot–infected
setts was not found to be effective in preventing disease development. Spray
application with the fungal suspension at a concentration of 5 � 108 spores/mL
on preinfected plants also reduced infection. In addition to the antagonist, its
metabolites (culture filtrate), when sprayed, also effectively reduced disease de-
velopment. The purified metabolite with inhibitory action against the pathogen
was determined to be a protein with a molecular weight of 14.2 kDa (thermola-
bile). T. harzianum antagonistic to C. falcatum was favored by an acidic pH of
around 5 with a temperature range of 25–30°C. Commercial formulations of T.
harzianum in talc powder were prepared, which produced viable colonies up
to 105 days. However, T. harzianum was severely inhibited by the fungicide
carbendazim, which limits its use, suggesting the need to identify compatible
fungicides for use with the antagonist concomitantly.

Extensive studies on the possible use of biocontrol agents against red rot
utilizing bacterial and fungal antagonists have been conducted at this institute
during the past 5 years. Native strains of Pseudomonas spp. and Trichoderma
spp. were isolated from soil samples of sugarcane from different red rot endemic
locations. About 43 isolates of fluorescent pseudomonads and 23 isolates of Tri-
choderma were obtained. Among these antagonists, 15 bacterial isolates and 11
fungal isolates were found effective against C. falcatum under field conditions.
In addition, 13 isolates of Pseudomonas spp. and 8 of Trichoderma spp. were
effective against sett rot and root rot diseases [6]. All the bacterial isolates caused
lysis of the mycelium except one, which was fungistatic. Among the Trichoderma
isolates T5 was competitive, T33, T36, T52, T66, and T74 were mycoparasitic,
and T53 and T62 were antibiotic producers. Red rot–infected setts of cv CoC



671 treated with Trichoderma isolates showed less than 50% germination and
subsequent disease incidence was 20%, whereas treatment with bacterial antago-
nists recorded 80% germination with less than 5% disease in settlings under
greenhouse conditions [6].

Studies conducted by Singh [4] revealed that sugarcane sett treatment with
Chaetomium sp. and T. harzianum significantly improved the germination in the
pathogen inoculated setts. In the field Chaetomium sp. treatment showed reduced
disease build up and enhanced cane yield. Apart from sett treatment, foliar spray
of antagonists Chaetomium sp., T. harzianum, and Fusarium moniliformae was
found effective against red rot disease development in the field.

Singh [7] reported efficacy of Chaetomium globusum against red rot disease
under field conditions in subtropical India. Initially the setts (cv. CO7717) were
infected with C. falcatum by dipping in a spore suspension (105 conidia/mL)
prepared in 0.5% carboxymethylcellulose (CMC) for 10 minutes. The inoculated
setts were incubated for 24 hours for the development of pathogen infection be-
fore treating with antagonists. The antagonists C. globosum, T. harzianum, and
T. viride were multiplied on autoclaved sugarcane leaf bits (25 days). While treat-
ing the setts, 500 g leaf bits were blended and mixed in 20 L of water containing
0.5% CMC and the setts were dipped in this for 10 minutes before planting in the
field. The results revealed that sett treatment with C. globosum and the fungicide
bavistin significantly improved germination of setts. Similarly, C. globosum treat-
ments showed high reduction in disease and enhanced cane yields (Table 1).

Table 1 Effect of Fungal Antagonists on Red Rot Disease Development
in Sugarcane and Cane Yield

Red rot incidence
Cane yield(%)

Germination at harvest
Treatment percent Initial stage At harvest (t/ha)

Healthy setts 43.2 0.0 1.3 107.6
Pathogen alone 23.8 11.2 15.5 59.3
Pathogen � C. globosum 36.2 1.7 4.6 96.8
Pathogen � T. harzianum 26.9 4.9 9.5 80.4
Pathogen � Ecoderma 28.8 5.9 6.5 87.2
Pathogen � T. viride 31.3 4.9 8.0 81.0
Pathogen � bavistin 35.0 6.0 7.3 77.7
Pathogen � OvisG 29.5 5.9 8.8 77.4
CD (P � 0.05) 10.3 4.4 5.0 21.6

Ecoderma—T. viride commercial formulation from Margo; Ovis G—chemical 100 g/7.5 m2; bavis-
tin—0.2%.



2. Strains of Pseudomonas spp. Against Red Rot Disease

Recently detailed investigations were conducted on the effect of Pseudomonas
spp. on the suppression of Colletotrichum falcatum by Viswanathan [8]. Native
Pseudomonas strains isolated from sugarcane rhizosphere and sugarcane stalks
were utilized for the biological suppression of red rot disease. Antagonistic activ-
ity of the Pseudomonas strains was studied on oatmeal agar, potato dextrose agar,
and King’s B medium. The results revealed that in vitro growth inhibition by
the bacterial strains was more on King’s B medium followed by oatmeal agar
and potato dextrose agar medium. Enhanced suppression of mycelial growth by
different strains, namely CHA0, Pf1, ARR1, and ARR2, was associated with
higher production of secondary metabolities in the medium [8].

Since the bacterial cultures were not suitable to study their efficacy under
field conditions, a talc formulation was prepared as per Vidhyasekaran and Mu-
thamilan [9]. The bacterial cultures were multiplied in King’s B broth for 48
hours to 9 � 108 cfu/mL. Talc formulations were prepared by mixing 400 mL
of the broth with 1 kg of sterilized talc powder (pH adjusted to neutral by adding
CaCO3 15 g/kg and carboxymethylcellulose 10 g/kg). After shade drying over-
night, the mixure was packed in polypropylene bags and sealed. The formulation
with 2.5–3.0 � 108 cfu/g was used in different experiments.

3. Pseudomonas-Induced Systemic Resistance Against
C. falcatum

Induction of systemic resistance by the bacterial strains against red rot was estab-
lished in a disease-susceptible cultivar CoC 671. The strains in the form of talc
formulation were applied in the rhizosphere by various methods. Among the dif-
ferent combination of bacterial applications, sett treatment while planting fol-
lowed by soil application 60 and 120 days after planting was found to induce
higher resistance in sugarcane against the pathogen. In the treated cane stalks
the pathogen was inoculated artificially by three different methods. The pathogen
was challenged by these three methods to prove the efficacy of different bacter-
ial strains in inducing systemic resistance against the pathogen. It was found
that the different bacterial strains had induced systemic resistance against the
pathogen when challenged by three different inoculation methods, namely plug
method, nodal swabbing method, and controlled condition testing. In the first
two methods the pathogen was inoculated on live canes in the field, whereas in
the third method the treated canes were brought to a disease-testing chamber
for inoculation. The results revealed that pathogen penetration and spread were
significantly reduced in the bacteria-treated canes as compared to the untreated
canes [10].

Assessment of pathogen colonization by ELISA at different nodal positions
of the bacteria-treated canes revealed that the induced systemic resistance (ISR)



effect had markedly reduced the pathogen colonization in the nodal region. In the
Pseudomonas-treated canes the pathogen could colonize only few upper nodes from
the point of pathogen inoculation, whereas in the untreated canes the pathogen
traversed throughout the cane and caused drying in 30 days [11] (Table 2).

Of the different methods of application of bacterial formulations attempted,
sett treatment while planting followed by soil application 60 and 120 days after
planting showed higher ISR effects as compared to other methods [12]. Later
studies of the same authors revealed that Pseudomonas spp.–induced resistance
was maintained up to 90 days in the host [10].

Although ISR effect against C. falcatum was proved in sugarcane, efficacy
of the bacterial strains against soilborne inoculum carried by infected crop debris
was not assessed. Recent studies by Viswanathan and Samiyappan [13] revealed
that P. fluorescens strain CHA0 treatment protected the crop up to 8 months in
a sick soil containing viable pathogen inoculum. Treatment with other strains
(KKM1 and VPT4) resulted in disease-free crops up to 6 and 4 months, respec-
tively. At 12 months, the control treatment had red rot in 35.5% of sugarcane
clumps, and in bacteria treatments the percent infection varied from 5.88 to
16.67%. This information suggests that the selected bacterial strains in addition
to the ISR effect have direct antagonistic activity against the pathogen. In a patho-
gen sick soil, germination of sugarcane setts was adversely affected. However,
Pseudomonas treatment was found to protect the setts from the time of germina-
tion onwards.

Table 2 Assessment of C. falcatum
Colonization in Pseudomonas
fluorescens Strain (VPT4)–Treated
Sugarcane Stalks by ELISA

OD value at 405 nm

Nodal Pseudomonas-
position treated Control

4a 1.644 1.412
5 0.943 1.709
6 1.143 1.606
7 0.992 1.504
8 0.717 1.383
9 0.668 0.955

10 0.577 0.924

a Pathogen inoculation was done just below
the 4th node.

Source: Ref. 11.



4. Mechanism of Pseudomonas-Induced Resistance

It was found that Pseudomonas strain (KKM1) treatment increased the defense
enzymes (chitinase, β-1,3-glucanase, peroxidase, and phenylalanine ammonia ly-
ase) in sugarcane. The challenge inoculation of the pathogen triggered multifold
increase in the enzyme activities in both bacteria-treated and untreated canes.
However, the increase in enzyme activity was significantly higher in the bacteria-
treated cane tissues as compared to the untreated control [10,12,14]. Western blot
studies revealed that Pseudomonas strains induce certain pathogenesis-related
(PR) proteins in sugarcane. Barley chitinase antiserum detected four new chi-
tinase isoforms with molecular weights of 12.0, 34.5, 53.5, and 63 kDa in the
KKM1-treated plants after C. falcatum challenge, whereas the control plants
showed none of the chitinases after pathogen inoculation. In addition to chi-
tinases, 40 and 43 kDa β-1,3-glucanases (PR-2) were found to be involved in
ISR against C. falcatum in sugarcane. Similarly, a 42 kDa thaumatin-like protein
(TLP), (PR-5), was also found associated with the systemic resistance [15]. Spe-
cific induction and identification of chitinase and other PR proteins for the first
time in sugarcane gives new dimensions to the understanding of red rot resistance.
These findings indicate that induction of antifungal PR proteins in a red rot–
susceptible variety results in enhanced resistance to the pathogen as noticed in
red rot–resistant varieties.

5. Bacterial Metabolites

Production of metabolites such as pyocyanine, pyrolnitrin, 2-4-diacetylphloroglu-
cinol, and phenazine in the culture medium by the P. fluorescens has been proved.
Existence of good correlation between metabolite production by the bacterial
strains and C. falcatum mycelial growth inhibition under in vitro condition was
found. Further, the strains have been found to produce siderophores by Pf1,
VPT4, and VPT10 in the medium. Similarly the strains CHA0, ARR10, and Pf1
produce higher levels of salicylic acid in the medium [8]. The results suggest
that enhanced production of these metabolites may have a positive role in plant
growth promotion and induced systemic resistance against the pathogen.

B. Sett Rot

Sett rot disease caused by Ceratocystis paradoxa Moreau is an important soilborne
disease that affects germination of setts at early stages of planting. The disease is
also referred to as pineapple disease, since the split-open infected canes emit an
odor reminiscent of pineapple fruits. Occasionally standing canes are also affected,
depending on environmental conditions. This disease is widely distributed in warm
temperate and tropical regions of the world and almost all the sugarcane–growing
regions [16]. The pathogen (C. paradoxa) is a facultative parasite inhabiting sugar-
cane soils and infects the seed setts through the cut ends, particularly in ill-drained



and waterlogged conditions. The fungus has a high saprophytic survival potential
and is grossly affected by soil biotic and abiotic factors.

Species of Trichoderma are the most common antagonists reported to be
effective against C. paradoxa. Contradicting findings have been reported on the
prevalence of Trichoderma spp. in sugarcane soils in relation to sett rot control.
Agnihotri and Singh [17] reported very high populations of Trichoderma spp. in
the sugarcane rhizosphere compared to a crop-free soil.

Dipping of the setts in a fungicide solution before planting is recommended
to control the disease. Fungicides such as carbendazim, bayleton, aretan, beno-
myl, thiophanate methyl, fluzolazole, and ethyltrianal have been found effective
in reducing the disease build-up in the soil [18–20]. Studies on the possibilities
of using biocontrol agents for the management of sett rot were started at this
institute. Different strains of Trichoderma harzianum and T. viride showed high
antagonism against C. paradoxa. Sett treatment with T. harzianum strain (5 �
108 cfu/mL) and or in combination with vitavax 300 ppm was found highly effec-
tive in the control of sett rot. The pathogen was able to survive in the field for
up to 60 days in the soil. However, in T. harzianum–treated soil the pathogen
could not survive beyond 15 days. When different fungicides were tested for
compatibility with the efficient T. harzianum strains, carbendazim, captan, and
prochloraz were found to be inhibitory to the pathogen at 100 ppm itself. Vitavax
and emisan were inhibitory to the pathogen at 750 ppm. A talc-based commercial
formulation was prepared, and viable colonies of T. harzianum were obtained up
to 120 days [21] (Table 3). The results of the study indicated that biocontrol
measures in combination with fungicides could effectively manage the sett rot
disease in sugarcane.

C. Biological Control of Wilt Disease of Sugarcane

Among the diseases that affect the sugarcane stalk, wilt disease is considered to be
important in certain situations. It is primarily a disease of the stalk. The external

Table 3 Effect of Sett Treatment with T. harzianum on Sett Rot Incidence

Percent germination
Treatment on 35th day

T. harzianum–treated setts in pathogen-infested soil 80.00
T. harzianum � vitavax 300 ppm–treated setts in pathogen- 85.00

infested soil
Carbendazim (500 ppm)–treated setts in pathogen-infested 60.00

soil
Untreated setts in pathogen-infested soil 0.50
Untreated setts in pathogen-free soil 90.00



symptoms of the disease include yellowing and drying of leaves, desiccation
and shrinking of stalks, and stunted growth. Internally, the stalk tissues become
discolored brown, with drying and cavity formation. In the advanced stages,
growth of the associated fungi can be observed in these cavities. The symptoms
are usually expressed after the growth phase of the crop, i.e., about 6–7 months
after planting. In addition to yield loss, the disease results in quality loss due to
reduction in juice content, decreased sugar in the juice, and accumulation of non-
sugar components in the juice [1].

Wilt has been associated with two fungi: Fusarium moniliforme and Cepha-
losporium sacchari. Although they are observed to be weak pathogens, coloniza-
tion of the host by these fungi is known to precede disease development. Studies
at the Sugarcane Breeding Institute, Coimbatore, India, have indicated the prefer-
ential colonization of the roots and lower parts of the stalks by Fusarium and
the middle and upper parts by C. sacchari. Simultaneous inoculation with both
fungi associated with stress results in better disease expression. Abiotic soil stress
such as drought, waterlogging, soil reaction, or nutrient imbalances and biotic
stress such as soil pests are found to be essential predisposing factors for disease
expression. Both F. moniliforme and C. sacchari causing sugarcane wilt are soil
inhabitants and infect the host through roots or subsoil parts of the stalk. Being
soilborne organisms, they are suitable targets for inhibition by other microbes in
the soil and in the rhizosphere. Since the inoculum is constantly available in the
soil and the crop can be infected at all stages, depending on the availability of
predisposing factors, fungicidal treatments of the seed cuttings are not effective
in controlling the disease.

Although extensive observations and reviews are available on the biologi-
cal control of Fusarium spp., reports on the specific control of sugarcane wilt
fungi by biocontrol agents are not common. The potential for biological control
of F. moniliforme with rhizobacteria was examined by Bacon and Williamson
[22]. Application of soil amendments has been reported to reduce severity of
sugarcane wilt. However, Singh et al. [23] attributed this effect to an increase in
the activity of organisms antagonistic to the wilt fungi in the soil. They also
observed that of the two organisms associated with wilt, Fusarium was more
sensitive to inhibition by the soil organisms.

Bhatti and Chohan [24] found strains of Streptomyces and Bacillus to be
highly antagonistic to Cephalosporium sacchari and indicated possibilities of
suppressing it in soil through their use. Sugarcane wilt very much resembles the
stalk rot and late wilt of maize associated with strains of F. moniliforme and
C. maydis, respectively. Many reports are available on the control of Fusarium
associated with maize, and attempts to follow similar approaches with sugarcane
wilt may yield promising results. Selected isolates of fungi, bacteria, and actino-
mycetes were antagonistic to Fusarium depending on the soil source from which
they were obtained.



Ramu [25] investigated in detail some aspects of biological control of sug-
arcane wilt. Isolates of Trichoderma viride and Pseudomonas were inhibitory to
wilt fungi in vitro and also reduced their population in soil. In addition, the antag-
onists markedly reduced colonization of the host by the pathogens in infested
soil. Evidence was obtained to suggest that both competition and antibiosis were
involved in the inhibitory action of the antagonists against the wilt fungi.

Considering the fact that sugarcane wilt develops only in the presence of
essential predisposing biotic and abiotic stress factors, the role of soil microbes
is quite apparent. This suggests the potential to manage the disease by use of
antagonistic organisms in soils along with suitable soil management practices
that would ensure sustained multiplication and survival of the antagonists in the
sugarcane rhizosphere.

D. Pythium Root Rot

Sugarcane is commonly propagated by seed cuttings (setts) of the stalk. How-
ever, in the varietal improvement programs true seed of sugarcane obtained
through hybridization are used to generate genetic variability for selection of
high-yielding and high-quality genotypes. These seeds are of very small size,
and large numbers of them are sown in seed beds of specialized soil mixture for
subsequent transplantation in the field for evaluation and selection.

These seedlings during the early phases of growth are very sensitive to
microbial attack. One of the common problems encountered in these seed beds
is root rot of the seedlings associated with species of Pythium. The symptoms
are characterized by yellowing and drying of the shoots, dark necrotic lesions
on the roots, followed by death of the seedlings along with rotting of roots. Severe
large-scale incidence of the disease results in extensive patchy stand of the seed-
lings. Death of the seedlings causes loss of potentially promising genotypes,
which could be developed into valuable commercial cultivars. Also, genotypes
that could become genetic stocks as donors of desirable attributes are also lost.
Thus, the disease is a serious constraint in the breeding and selection programs.
High seedling density and excess soil moisture usually result in high levels of
root rot incidence. Occasionally, standing canes are also affected by the disease,
resulting in rotting of roots and yellowing and dying of the clumps. This occurs
particularly under waterlogged and ill-drained conditions.

The common fungus associated with sugarcane root rot is Pythium gramini-
colum Subr. The traditional method of managing the problem was drenching the
seed beds with fungicides. Padmanaban and Alexander [26] reported studies on
the use of fungicides and biocontrol agents to control sugarcane seedling root rot.
They identified an isolate of Trichoderma viride antagonistic to P. graminicolum.
Among the fungicides used, demosan, difolatan, plantvax, ziram, and fenamino-
sulf were inhibitory to P. graminicolum at the concentrations tried. The antago-



nistic isolate of Trichoderma sp. was very sensitive to the fungicides ziram,
agallol, fytolan, and difolaton. The fungicides fenaminosulf, plantvax, and de-
mosan favored the growth of T. viride. Since fenaminosulf was also studied
against P. graminicolum, combinations of T. viride and fenaminosulf were stud-
ied for root rot control. Supplementary Trichoderma application with fenamino-
sulf drenching significantly reduced incidence of root rot while increasing root
and shoot growth of the seedlings. It also reduced the number of drenchings
required for effective disease control. Subsequent studies showed that with an
increase in the quantities of the antagonist applied, T. viride alone was very ef-
fective in reducing the incidence of sugarcane seedling root rot. Protection of
seedlings in the seedling pans recorded greater seedling height and root length
(Table 4).

While the mechanism of antagonism of T. viride against P. graminicolum
was examined, it was observed that no coiling of hyphae or lysis of mycelium
was involved. In dual culture tests T. viride completely suppressed the growth
of P. graminicolum within 4 days. Thus, growth suppression appears to be one
of the mechanisms of antagonism of T. viride against P. graminicolum. In addi-
tion to competition, production of toxic metabolites by T. viride inhibitory to P.
graminicolum was also observed. Many workers have reported competition as
one of the mechanisms of antagonism by T. viride. In addition to competition,

Table 4 Effect of Trichoderma sp. and Fenaminosulf on Control of Root
Rot Disease

Percent disease Seedling height Root length
Treatment incidence (cm) (cm)

Sterile soil
Control 12.6 (15.6) 5.7 9.9
Pathogen inoculated 49.0 (33.3) 4.1 7.6
Pathogen � Trichoderma 7.2 (10.9) 10.7 10.7
Pathogen � Trichoderma � 4.3 (8.9) 12.7 15.2

fenaminosulf

Unsterile soil
Control 27.9 (23.9) 4.9 9.9
Pathogen inoculated 57.6 (37.0) 3.8 6.4
Pathogen � Trichoderma 3.5 (7.9) 10.4 12.1
Pathogen � Trichoderma � 1.6 (3.5) 11.5 16.9

fenaminosulf
CD at 5% 9.8 2.9 2.9

Figures in parentheses are transformed values.



species of Trichoderma are known to produce toxic metabolites inhibitory to
plant pathogens [27]. Such a phenomenon was also observed with T. viride and
P. graminicolum interaction, where toxic metabolites produced in vitro by T.
viride effectively inhibited P. graminicolum.

Recently fluorescent pseudomonad strains native to sugarcane were tested
for their efficacy against seedling root rot disease and seedling parameters. The
talc formulation of five Pseudomonas strains tested showed significantly im-
proved germination. In the treated pots seedling stand was better in the Pseudo-
monas-treated ones as compared to the untreated ones. The control treatments
lost more than 60% of their original population, and in the bacteria-treated pots
it varied from 36 to 48.0% by the 120th day. The strains CHA0 and VPT4 were
found to be highly effective in improving seed germination and maintaining seed-
ling stand as compared to the other strains (Table 5) [28].

Nallathambi et al. [29] studied the efficacy of certain Pseudomonas and
Trichoderma sp. strains native to sugarcane against seedling rot caused by P.
graminicola. Pseudomonas strains were found to be comparatively more effec-
tive in suppressing seedling rot and enhancing seedling growth as compared to
Trichoderma strains. Colonization by bacterial strains in the root tissues was
determined up to 7 weeks after treatment in the soil.

E. Mycorrhizae and Control of Sugarcane Diseases

Mycorhizal fungi such as Glomus, Sclerocystis spp., Acaulospora spp., and Scu-
tellespora spp. have been known to be associated with sugarcane roots. Of these,

Table 5 Effect of Pseudomonas sp. Strains on Sugarcane Seed Germination
and Seedling Growth

Seedling growth parameters, 120th day

ShootSeedling population
Shoot dry Root Root dry(days after sowing)

Bacterial length weight length weight
strain 30 60 120 (cm) (g) (cm) (g)

CHA0 52.33a 39.33a 37.00a 73.43a 8.70a 22.42a 3.70ab

Pf 1 29.33bc 18.33bc 17.37bc 55.48abc 6.20b 15.42bc 3.16b

VPT 1 25.00cd 14.67cd 13.33c 52.08bc 6.73b 17.30abc 3.41b

VPT 4 35.00b 23.00bc 21.00b 60.13ab 8.73a 20.75ab 4.60a

VPT 10 27.67bc 16.00bc 15.00bc 52.03bc 6.50b 17.25abc 3.57b

Control 18.30d 8.33d 5.33d 38.28c 4.88c 14.25c 2.78b

In a column, means followed by the same alphabets are not significantly different at the 5% by DMRT.
Source: Ref 28.



Glomus mosseae was found to be predominant. Association of sugarcane roots
with G. mosseae, either alone or in combination with fungicides and Trichoderma
viride, resulted in effective control of Pythium root rot of sugarcane [30]. Hence
more detailed studies on the use of mycorhizae in the integrated management of
soilborne transmission of sugarcane diseases is expected to yield useful results.

F. Leaf Scald Disease

Among the major bacterial diseases of sugarcane, not much information is avail-
able on their biological control except for leaf scald disease.

Leaf scald disease is widely distributed in many sugarcane growing areas
of the world. Initially the disease appears as long brownish pencil line–like
streaks parallel to the veins along the length of the leaf lamina. Subsequently
these lesions coalesce and the leaf presents a scalded appearance. With the prog-
ress of the disease, all the leaves show scalding symptoms and dry up. There is
marked stunting of the stalks with shortening of internodes. Internal tissues also
show linear reddish-to-brown streaks along the vascular tissues with subsequent
development of extensive lesions and necrosis of the tissues. There is extensive
sprouting of the lateral buds. Severe incidence of the disease causes significant
yield and quality loss.

The disease is caused by a bacterium, Xanthomonas albilineans, and is
primarily transmitted through infected seed cuttings. Hence, use of disease-free
seed cane is the major control measure against the disease. Biological control
attempts against the disease have been mainly through a biotechnological ap-
proach. The bacterium Pantoea dispersa is antagonistic to Xanthomonas albili-
neans. The pathogen produces a toxin, albicidin, which is associated with patho-
genicity and symptom development. Strains of P. dispersa (Erwinia herbicola)
resistant to albicidin produced by X. albilineans were isolated from sugarcane
tissues infected by the bacterium and screened using a simple assay to distinguish
resistance mechanism. One strain with a strong capacity for enzymatic detoxifi-
cation of albicidin was identified. The strain designated 531403 provided almost
complete biocontrol against leaf scald disease when inoculated with a 10-fold
excess of X. albilineans cells onto a highly susceptible sugarcane variety [31].

A gene (albD) from P. dispersa has been cloned and sequenced and has
been shown to code for a peptide of 235 amino acids to detoxify the phytotoxin
albicidin. The gene showed no significant homology at the DNA or protein level
to any known sequence, but the gene product contained a GCG motif that was
a serine hydrolase. The albD protein purified to homogenicity by means of a
glutothione-S-transferase gene fusion system showed strong esterase activity (p-
nitrophenylbutyrate) and released hydrolytic products during detoxification of
albicidin. The albD hydrolysis of p-nitrophenylbutyrate and detoxification of al-



bicidin required no complex cofactors. The data suggested that albD is an albici-
din hydrolase. The enzyme detoxified albicidin efficiently over a pH range of
5.0–8.0 with a broad temperature optimum of 15–35°C. Expression of albD in
transformed X. albilineans strains abolished the capacity to produce albicidin
toxin and to incite disease symptoms in sugarcane [32]. Zhang et al. [33] further
explained the mechanism of albicidin detoxification and predicted the potential
to pyramid genes for different mechanisms in transgenic plants to protect plastid
DNA replication from inhibition by albicidin.

As in the leaf scald disease, biotechnological approaches using transformed
microbes may be attempted with other sugarcane diseases. The red rot pathogen
Colletotrichum falcatum produces phytotoxins that produce most of the symp-
toms of the disease, including the induction of phytoalexin (anthocyanidin) pig-
ments, in resistant varieties [34]. Recent studies of Viswanathan (unpublished)
indicated that an antagonistic bacterial strain VPT4 could completely inactivate
C. falcatum toxin activity. Further studies on identifying the toxin-inactivating
principle are expected to yield more fruitful results.

III. SUMMARY AND CONCLUSION

The need for developing biocontrol methods to manage sugarcane diseases is
well recognized in view of their advantages in relation to the uniquely suitable
aspects of the crop. Although the effectiveness of many biocontrol agents against
major sugarcane diseases such as red rot, wilt, sett rot, and root rot have been
demonstrated, their wide spread and systematic field level adoption is not yet
common. This would be further facilitated by identification of more effective
antagonistic strains of biocontrol agents and development of efficient techniques
for their mass multiplication, formulation, and field application. Altering the sug-
arcane environment to favor the rapid multiplication, survival, and sustenance of
biocontrol agents would be an added advantage.

Few reports are available on the biological control of foliar diseases of
sugarcane, such as leaf spot and rust, which are very important. The role of
phyllosphere microflora and hyperparasitism reported to be effective against sim-
ilar diseases in other crops could be deployed to manage foliar diseases of sugar-
cane.

With recent advances in the area of molecular biology, biotechnological
approaches using biocontrol agents are bound to become more common. The
results already obtained in this regard, such as those relating to PGPR, pathoge-
nicity-related proteins, transgenic antagonists, and induced resistance by biocon-
trol agents, etc. appear to be promising developments in the biological control
of sugarcane diseases.
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Biological Control of Potato Pathogens

Barry Jacobsen
Montana State University, Bozeman, Montana

The term biological control has many different definitions [1]. In this chapter I
will use the definition proposed by Baker and Cook [2]: ‘‘Biological control is
the reduction of inoculum or disease producing activity of a pathogen accom-
plished by one or more organisms other than man.’’ This definition is broad
enough to encompass classical approaches to biological control that directly in-
fluence pathogen populations via antibiosis, parasitism, or predation as well as
approaches that afford disease reduction through competition for nutrients or in-
fection niches, induced systemic resistance, altered plant physiology, or use of
transgenic strategies. While specific biological controls will be discussed in de-
tail, it is important to understand that resident soil microflora and fauna are re-
sponsible for much of the disease reduction attributed to crop rotation or incorpo-
ration of organic amendments. The specific role(s) of individuals or communities
of these organisms in affecting either pathogen populations or disease severity
is largely unknown.

Review of the literature reveals significant research efforts on biological
control of potato diseases, with the majority of effort focused on bacterial soft
rot, blackleg, Rhizoctonia black scurf and canker, Verticillium wilt, Fusarium
dry rot, silver scurf, and nematodes. While efficacy has been field demonstrated
for the majority of diseases or pathogens above, there are few products for potato
producers to use at this time.

I. DISEASES CAUSED BY BACTERIAL PATHOGENS

A. Bacterial Soft Rot

This disease, caused by Erwinia carotovora subsp. carotovora (Ecc), is involved
in seed piece decay, aerial stem rot, and postharvest soft rot of tubers [3]. This



pathogen can survive in soil and is commonly spread by infected potato seed
and contaminated irrigation water [4]. Biological control of seed piece decay has
been achieved by inoculation of seed pieces with various bacteria. This began
with the work by Kloepper et al. [5–7], who described control of Ecc by fluores-
cent psuedomonads and the growth promotion effects of these rhizobacteria,
coined as plant growth–promoting rhizobacteria (PGPR). Disease control was
attributed to production of siderophores [5] that complex iron such that it is un-
available to Ecc and a group of rhizobacteria termed deleterious rhizobacteria
(DRB) [8]. Growth promotion and yield increases were noted in these and many
other studies. Since this work, others have demonstrated control of seed piece
decay in the field with fluorescent psuedomonads [9,10]. While isolates of Pseu-
domonas fluorescens and P. putida have shown promise in the field, no commer-
cial products are available, most likely owing to the difficulty of making com-
mercially stable formulations. More recently, Sharga and Lyon [11] identified
a Bacillus subtilis isolate BS 107 that controlled Ecc and the closely related E.
carotovora subsp. atroseptica (Eca), the causal agent of blackleg. Control was
attributed to antibiosis. The potential for commercial product development is
greater with bacilli owing to the presence of endospores. These provide consider-
able resistance to mortality caused by environmental fluctuations. Erwinia caro-
tovora subsp. betavasculorum isolates have been demonstrated to suppress Eca
by both antibiosis [12] and competition [13].

Control of postharvest soft rot is achieved by reduction of injuries associ-
ated with harvesting and handling (wounds serve as infection sites) and by initial
storage conditions that allow the formation of infection-resistant cork layers in
wounds. P. putida strain M17 was shown to control postharvest soft rot when
applied as a seed piece treatment or as a postharvest treatment [14].

B. Blackleg

While blackleg can be caused by both Ecc and Eca, Eca is the more common
pathogen in temperate production areas. Eca does not survive in soils for long
periods and is spread almost exclusively by contaminated tubers. Two of the
fluorescent pseudomonad strains shown to provide control of Ecc also demon-
strated control of Eca [15] as did B. subtilis strain BS 107 [11]. While most
biological control efforts have focused on rhizosphere colonists that suppress Ecc
or Eca, endophytes from potato tubers belonging to the genera Curtobacterium
and Pantoea have been shown to suppress Eca in vivo and in vitro [16]. These
authors hypothesize that induced systemic resistance may be involved, although
they presented no evidence. They did demonstrate that more resistant cultivars
had higher populations of Eca-inhibitory bacterial isolates and had higher total
numbers of endophytic bacteria.



C. Ring Rot

The fluorescent pseudomonads P. aurefaciens and P. fluorescens biovar III were
shown to be inhibitory to the causal agent of ring rot, Clavibacter michiganensis
subsp. sepedonicus in vitro and in vivo [17]. In glasshouse trials these authors
showed both reduced infection and reduced populations of the pathogen when
roots of potato seedlings were dipped in suspensions of the antagonistic bacteria.
This disease is controlled primarily by pathogen-free certification programs.

D. Bacterial Wilt (Brown Rot)

Bacterial wilt is caused by Ralstonia solanacearum (formerly Pseudomonas sola-
nacearum) and is controlled by use of pathogen-free certification programs, crop
rotation, and resistant varieties. Unfortunately, resistant varieties are resistant to
only a few of many strains of the pathogen. Kempe and Sequiera [18] demon-
strated reduced levels of infection and disease severity when seed tubers were
treated with either avirulent or incompatible strains of R. solanacearum or P.
fluorescens. Induced resistance was hypothesized as the mechanism of action.
Preemptive colonization was hypothesized as the mechanism of biological control
by Bacillus polymyxa strain FU-6 and by P. fluorescens [19].

E. Scab

Scab is caused by several species of Streptomyces commonly found in soils
worldwide. S. scabies is considered to be the most common species causing scab.
While resistant cultivars are available, many susceptible cultivars are used be-
cause of their specific market characteristics. Management of this disease can be
achieved in part by management of soil moisture during early tuber formation,
maintenance of low soil pH, use of green or animal manures, and the use of seed
treatment fungicides to reduce seedborne inoculum [20,21]. Maintenance of high
soil moisture during early tuber development allows for higher populations of
antagonistic bacteria and lower populations of actinomycetes on the tuber surface
as compared to dry conditions [22]. They demonstrated that the effect of moisture
was not on S. scabies since it infected equally well in inoculated dry or wet sterile
soils. It is likely that the control achieved through the use of green or animal
manures is due to increased microbial activity. Biological control of scab associ-
ated with increased populations of fluorescent pseudomonads was found when a
swine feces–based nonantibiotic ‘‘actinomycete biofertilizer’’ was incorporated
into scab-infested soil in Japan [23].

Menzies [24] described scab decline in several soils and based on steaming
and soil transfer experiments concluded that a biological factor was involved.



This same situation was observed in Minnesota [25]. These researchers identified
scab-inducing and -suppressing species and attributed biological control to antibi-
osis. Liu et al. [26] indicated that both competition and antibiosis were involved
with suppressive streptomycete strains. The best strains were both antibiotic pro-
ducers and were nonpathogenic. Pathogenicity of S. scabies is characterized by
the production of the pathotoxin thaxtomin [27]. Using S. scabies strains that do
not produce thaxtomin to compete for infection sites on young tubers has been
proposed by Loria [20]. It is likely that biological control products will be devel-
oped for scab control.

II. DISEASES CAUSED BY FUNGAL PATHOGENS

A. Rhizoctonia Black Scurf

Rhizoctonia black scurf and canker is caused by Rhizoctonia solani, a common
soil-inhabiting fungus with worldwide distribution. Losses are from cankers on
stems and stolons that directly reduce yield and from the presence of the black
sclerotia on tubers that can create marketing problems. Biological control by
antagonistic organisms has been reported with Verticillium biguttatum, Tricho-
derma harzianum, T. viride, T. hamatum, Gliocladium virens, binucleate Rhizoc-
tonia, fluorescent pseudomonads, and Bacillus sp. applied to the soil or to seed
tubers [28–32]. Proposed mechanisms for biological control by these organisms
include mycoparasitism, antibiosis, and competition. Results of these biological
control efforts have been highly variable, and to date no commercial products
have been developed.

B. Fusarium Dry Rot

Fusarium sambuccinum (Gibberella pulicaris) is the primary cause of Fusarium
dry rot [33]. This fungus is commonly found in most soils where potatoes are
grown. Infection takes place through injuries to the periderm. Losses are both
from seed piece decay and decay in storage. Control is based on prevention of
injuries, adjusting storage temperatures and humidity to allow wound healing in
the 10–14 days after binning, and the use of postharvest applications of the fungi-
cide thiabendazole [22]. Unfortunately, widespread resistance to thiabendazole
has limited the effectiveness of the fungicide. Because infections only take place
through injuries and tissues are susceptible to infection for a relatively short time,
it is logical to assume that a biological control agent placed on fresh wounds
would provide control. Bacteria including P. syringae, P. corrugata, P. fluo-
rescens, Enterobacter cloacae, Pantoea agglomerans, and Bacillus sp. have
shown excellent control when used as postharvest treatments [34–36]. Based on
work by Kiewnick and Jacobsen, EcoScience Inc. labeled two products BioSave



110 and BioSave 1000 for Fusarium dry rot control and silver scurf control. The
products are based on P. syringae strain ESC-11 and are also used for control
of postharvest decay on fruits. These products are formulated as frozen pellets
to preserve viability of bacteria, which makes their use somewhat inconvenient.
The Bacillus formulations used by Kiewnick and Jacobsen are dried powder for-
mulations which have good storability and ease of handling. These Bacillus iso-
lates are compatible with thiabendazole and have shown control of thiabendazole-
resistant isolates.

C. Silver Scurf

Silver scurf is another important postharvest disease caused by the fungus Hel-
minthosporium solani. Losses are the result of market defects caused by skin
discoloration and sloughing and by increased moisture losses by infected tubers
in storage [37]. This disease is spread primarily by infected tubers, although in-
fested soils may play a role [38]. The disease is controlled by selection of resistant
cultivars, seed treatment fungicides, and postharvest fungicide treatments [38].
However, resistance to the postharvest applied fungicide thiabendazole is wide-
spread [39].

The potential for development of biological controls for silver scurf was
shown by Adams et al. [40], who reported that soils high in bacterial counts
reduced incidence of silver scurf. The first paper to deal with a specific biological
control was published by Chun and Shetty [41], who demonstrated that a strain
of Pseudomonas corrugata could reduce silver scurf severity when applied as a
postharvest treatment and in addition reduced secondary transfer to daughter tu-
bers from 18.6% to 2.7% under glasshouse conditions. Elson et al. [37] published
a study of 430 bacteria, yeasts, and actinomycetes from 47 agricultural soils and
7 tuber samples relative to biological control of H. solani. These authors identified
12 soils as suppressive to development of the silver scurf disease and identified
a P. putida isolate, a Nocardia globerula isolate, and a Xanthomonas campestris
isolate as providing biological control in their laboratory test system. These antag-
onists were not good periderm colonists, and antibiosis was hypothesized as the
mechanism of action.

D. Verticillium Wilt

The causal agents of Verticillium wilt are Verticillium dahliae and Verticillium
albo-atrum. These fungi are common soil inhabitants wherever potato or other
susceptible crops are grown. The host range is extremely large, with representa-
tion in more than 50 species of plants in 23 families. They survive in the soil
as microsclerotia (V. dahliae) or as dark thick-walled mycelia (V. albo-atrum).
Interactions with root lesion nematodes, Pratylenchus sp., create the disease po-



tato early dying. Verticillium wilt and the early dying diseases are controlled by
planting pathogen-free seed, crop rotation, the use of soil fumigants such as
metham sodium, irrigation management, and planting resistant varieties [21].
Davis et al. [42] demonstrated that Sudan grass, oat, corn, and rape green manures
reduced root infection by V. dahliae and that Sudan grass green manures actually
reduced soil populations of V. dahliae. Suppressiveness was associated with in-
creased microbial activity in soil. Fusarium equiseti populations and root coloni-
zation were increased by the green manures and were associated with disease
suppression.

Biological control research has focused on the use of mycoparasites. Fravel
et al. [43] demonstrated control of early dying using the fungus Talaromyces
flavus. This fungus was shown to colonize potato roots from treated seed pieces
and to colonize V. dahliae microsclerotia [44]. Results with this fungus have
been inconsistent [45]. Gliocladium roseum was shown to reduce microsclerotial
viability in a range of soils and water matrix potentials in laboratory assays [46].
The mechanism of action is thought to involve both mycoparasitism and produc-
tion of antibiotic compounds. Based on the research done to date, it seems that
broadcast preplant treatments with these mycoparasites will be more effective
than planting time or seed tuber treatments.

III. DISEASES INDUCED BY NEMATODES

A wide range of nematodes attack potato, and management involves crop rota-
tion, use of nematicides, resistant varieties, and green manures [47,48]. The ma-
jority of research has focused on root knot (Meloidogyne chitwoodi, M. hapla,
M. incognita, M. javanica, and M. arenaria) and cyst nematodes (Globodera
pallida and G. rostochiensis). Historically, the addition of animal or organic ma-
nures has been used to manage plant parasitic nematodes. The addition of ma-
nures increases microbial activity, and when amendments contain high amounts
of ammonical nitrogen they release high amounts of NH3, which is directly toxic
to nematodes [48]. Increases in microbial populations include those that are
antagonistic to nematodes. In related work, Rodriquez-Kabana et al. [39,49] dem-
onstrated control of root knot nematodes by amending soils with chitin and
chitin-urea mixtures. Chitin directly affects microbial communities [50,51]. In-
corporation of large amounts of neem, castor, or groundnut oil cake have also
been shown to provide control [52].

Biological control of nematodes that can infect potatoes has been reviewed
by Jatala [48,53]. Numerous experiments have shown control by fungi (Artho-
botrys irregularis, Paecilomyces lilacinus, Verticillium chlamydosporium, and
many others) and by bacteria including Bacillus penetrans and several rhizobact-



eria [54]. The fungi are generally direct parasites on eggs or adult females. Two
fungal products have been developed. These are A. irregularis-Royal-350 and P.
lilacinus-Biocon. These products have given variable control and are most effec-
tive when used in conjunction with other control measures. Bacteria such as B.
penetrans may be direct parasites or act by antibiosis, competition, or as inducers
of induced systemic resistance (ISR) [55]. In this later paper, Rietz et al. demon-
strated that Rhizobium etli strain G12 provides control of G. pallida by ISR.
Reduced infection and ISR was associated with lipopolysaccharides produced by
the bacteria, and the ISR was not associated with typical pathogenesis-related
proteins.

IV. CONCLUSION

Biological control of potato pathogens has shown promise for a number of dis-
eases. Research in this area has expanded greatly since 1974 at which time the
Agricola database shows 278 publications. This same database shows 829 publi-
cations addressing biological control of plant pathogens between 1995 and 1999
[1]. However, the direct use of specific antagonists is limited by the paucity of
products available. Product availability is limited by development of stable for-
mulations, production of the antagonist, and the cost of introducing effective
quantities of an antagonist into the soil. Research on mode of action and integra-
tion of biological controls with other control measures will certainly provide new
products in the future.

Another approach is the use of transgenic disease resistance. Monsanto Inc.
has pioneered this approach with the introduction of their trademarked New Leaf
line of potatoes. These are primarily established varieties carrying transgenes for
virus coat proteins (potato leaf roll virus and potato virus Y) or transgenes for
resistance to Verticillium wilt or late blight. Unfortunately, due to problems asso-
ciated with consumer acceptance of genetically modified crops, these cultivars are
not available, and the New Leaf business unit has been dissolved until consumer
acceptance issues are resolved. In 1998 Lorito et al. [56] reported the transforma-
tion of potato with the ThEn-42 gene from Trichoderma harzianum. This gene
encodes for an endochitinase, and transformed plants exhibit resistance to early
blight (Alternaria solani), Botrytis cinerea, and Rhizoctonia solani. The concept
of using genes from anatagonistic organisms may be useful against many other
pathogens.

As pesticide regulation and cost reduces pesticide availability, biological
controls will become more important. At that time products will be developed that
provide control by antibiosis, competition, parasitism, or ISR or a combination of
these mechanisms.
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I. INTRODUCTION

World soybean production has increased dramatically during the past 50 years.
The increase has been facilitated by several factors, including market demand
for soybean byproducts, adaptation and development of high-yielding varieties,
and improvement in production practices and equipment. Soybean is highly
adaptable, and the crop is grown in all areas from the tropics to very short-season
areas in northern China and Canada. The expansion in production is the result
of new areas of production, e.g., Argentina and Brazil, and expanded production
and more frequent cropping of traditional areas, e.g., the United States and China.
During the past 25 years there has been less crop rotation and monoculture has
increased in many areas. Decreased rotation has resulted in increased disease
problems, and even in new soybean production areas in South America, there
have been enough crop cycles to promote an increase in soybean diseases.

More than 100 pathogens of soybean caused by viruses, bacteria, fungi,
and nematodes have been identified [1]. The importance of individual diseases
varies with geographic location; however, most diseases are found to some extent
in all soybean-producing areas. There are a few exceptions; soybean rust, which
is primarily a problem in Asia, has not been found in the north central U.S.
production belt, and stem canker, which is important in the Western Hemisphere,
is not considered important in Asia.

For the purposes of this chapter, biological control is nonchemical control
that includes variety resistance, cultural practices, and exclusion. Soybean pro-
duction has not relied on classic biological control involving the direct application
of a biological agent to control disease, although there are a few examples and
opportunities to incorporate classical methods with numerous soybean diseases.



Because of the large number of diseases of soybean, it is not possible to
discuss controls for each one; therefore, the most important diseases will be con-
sidered in this chapter. Disease loss estimates of the 10 top soybean-producing
countries [2] and additional information on diseases worldwide in 1998 provide
the best available assessment of the importance of diseases in each area of the
world.

The 10 most important diseases affecting world production in descending
order are:

1. Soybean cyst nematode (SCN) (Heterodera glycines Ichinohe)
2. Brown spot (Septoria glycines Hemmi.)
3. Charcoal root rot (Macrophomina phaseolina [Tassi] Goid)
4. Sclerotinia stem rot (Sclerotinia sclerotiorum [Lib.] de Bary)
5. Purple seed stain (Cercospora kikuchii [T. Matsu. and Tomoyosu]

Gardener)
6. Stem canker (Diaporthe spp.)
7. Viruses
8. Phytophthora root rot (Phytophthora sojae [Kaufmann and Ger-

deman]
9. Pod and stem blight (Phomopsis longicolla [Hobbs] and Diaporthe

phaseolorum [Cke. and Ell.] Sacc. var. sojae [Lehman] Wehm)
10. Sudden death syndrome (Fusarium solani f. sp. glycines [Roy])

Losses caused by SCN are more than double the next most important pathogen.
Certain diseases are important locally, and some are widely spread and increasing
in severity.

II. SOYBEAN CYST NEMATODE
(HETERODERA GLYCINES ICHINOHE)

A. Resistance

Resistant cultivars are used in the United States, China, Argentina, and Brazil
and are the main component of any management strategy. Resistance is controlled
by several single genes, some of which are closely linked. In addition to single
dominant and recessive genes, soybean varieties exhibit varying degrees of toler-
ance [3]. Linked single genes, tolerance, and variation in SCN screening popula-
tions add to the complexity of developing resistant cultivars; however, numerous
high-yielding resistant lines are now available. The main sources of resistance
in the United States are Peking, PI90763, PI89772, Cloud, PI209332, PI88788,
87631-1, and PI 437654. Resistance inhibits development and maturation of SCN
by preventing the establishment of a feeding site but does not prevent infection.
Both conventional and molecular methods are used to identify new genes for



resistance [5–8]. Plant introductions (PIs) and cultivars have been screened for
novel sources of resistance [4,8–10]. A cultivar is considered resistant if it has
90% fewer cysts than a susceptible control such as cv. Lee. Although resistance
is not complete, it is effective in reducing yield losses and reducing soil popula-
tions of SCN. Soybean cultivars differ in tolerance to SCN. Reproduction of SCN
occurs on roots of tolerant cultivars, but yield is not suppressed [11,12].

B. Management

Crop rotation with nonhosts is frequently used to control nematodes and other
crop pests. An excellent summary of current and potential management practices
for SCN has recently been published [13]. Rotation studies were initiated in North
Carolina shortly after SCN was identified there in 1954. Preliminary studies sug-
gested that nonhosts such as cowpea were effective in reducing damage [14]. In
Minnesota, moderate development of SCN occurred on adzuki bean and low levels
developed on peas [15]. Numerous additional experiments have been conducted
since that time, which included resistant varieties once they became available.
Certain resistant cultivars such as Bedford have been grown continuously without
increasing the soil populations of SCN; however, this practice was not recom-
mended [16]. More recently rotation of both resistant and susceptible cultivars
with a nonhost crop was found to produce higher yields. Rotation with corn im-
proved the yields of susceptible cultivars on SCN-infested soil [17]. This was
confirmed in a later study in a field infested with both Meloidogyne spp. and SCN
[18]. Crop rotation with corn, cotton, and rice is used in Brazil, and no-tillage
with a fall-spring cover crop is also recommended in Brazil [19], Argentina [20],
and the United States [21]. A 3- to 5-year rotation is recommended in China [22].

Balanced fertility levels will reduce crop stress and consequently the effects
of SCN. Application of fertilizer has not been adequately studied; however, foliar
deficiencies occur when plant roots are invaded by SCN. Application of potas-
sium chloride did not increase the yield of soybeans in SCN-infested soil but did
increase the foliar potassium content of the SCN-susceptible cultivar Essex [23].
Application of complete fertilizer, ammonium nitrate, superphosphate or muriate
of potash did not affect SCN numbers or yield in Alabama [24].

Organic amendments in the form of swine manure compared to NPK fertil-
izer with similar analysis were compared for effects on SCN populations and
soybean yields. The treatments were applied in-furrow, between rows, and broad-
cast prior to planting. SCN eggs and second stage juveniles were sampled before
planting, at midseason, and after harvest. Swine manure in-furrow reduced egg
hatch compared to the controls as indicated by midseason and final egg counts.
End-of-season egg densities were greater in soybean plots treated with manure
in-furrow, and yields were increased. Manure may have increased root growth
and subsequently increased reproduction of SCN later in the season [25].



Zinc ions have been shown to stimulate hatching of SCN [26]; however,
attempts to influence hatching in soil by addition of zinc have been unsuccessful.
Zinc was applied to corn at incremental rates in Iowa prior to planting soybeans.
Although commercial zinc sulfate fertilizer stimulated hatch in vitro, no response
was noted under field conditions possibly because the zinc ions were adsorbed
to clay particles [27].

The effect of planting date on yield loss caused by SCN may vary with
geographical location and soil temperature, which affect SCN activity. In Mis-
souri, yields of soybeans planted in late May were higher in 1985 than yields of
soybeans planted earlier or later. In 1986 there was no significant difference [28].
Early season cultivars planted late tend to reduce SCN soil populations compared
to long-season cultivars planted early [29].

Tillage practices have shifted from conventional or complete tillage to min-
imum or no-till. This shift has occurred for conservation and economic reasons,
and the effects of reduced tillage on plant diseases are still under investigation.
The effect of tillage on survival of SCN has not been resolved because there are
many factors involved such as the nematode population, soil type, crop sequence,
location, and varieties. Results from an 3-year tillage-rotation study suggest no-
till was positive or neutral to soybean yield early in the study but detrimental in
the final years of the study mainly because of weed problems. Numbers of SCN
fluctuated in an unpredictable manner from year to year but declined when a
nonhost was planted [30]. In another study, the effects of wheat, minimum tillage,
and no-tillage on SCN populations and yield of a susceptible soybean cultivar
were assessed. Tillage did not affect SCN populations as much as wheat residue,
which reduced SCN cyst populations at harvest. It was concluded that no-till
double crop soybean following wheat can reduce SCN numbers [31]. In a major
2-year study involving 18 sites in the north central U.S. states, it was concluded
that resistant soybean varieties increased yield at 88% of the sites, no-tillage plots
had higher yield than conventional tillage plots at 55% of sites in 1998, and SCN
populations did not increase with increasing row spacing [32].

C. Biological Control

SCN is one major pest of soybean that has generated significant research sur-
rounding biological control. A number of potential biocontrol organisms for
cyst nematodes have been identified, including fungi [33–36] and the bacteria
Pasteuria penetrans [37]. A summary of research and overview of the require-
ments for a successful SCN biocontrol agent have been suggested [38]. Most
researchers recognize the need to alter field conditions that could promote activity
of those agents already present in soybean fields rather than direct applications
of a new biocontrol agent.



Verticillium lecanii parasitizes eggs of SCN. In greenhouse experiments,
benomyl-resistant mutants significantly reduced SCN cyst numbers when applied
at a high rate in alginate prills [39]. Alginate prills may contribute to a suitable
delivery system because the fungus remains viable for extended periods [40]. V.
lecanii, an SCN sex pheromone (vanillic acid), and chemical analogs reduced mid-
season cyst counts compared to controls. In microplot tests at harvest, cyst numbers
were lowest with V. lecanii and with vanillic acid treatments. The treatments were
shown to have potential for inclusion in SCN management schemes [41].

A nonsporulating fungus (ARF18) isolated from soils in Arkansas and the
mid-central United States has received attention as an active parasite of SCN
cysts. The distribution in field soils and characterization of isolates of this fungus
were studied recently. Sterile ARF 18 was isolated from eggs and cysts in Ken-
tucky, Louisiana, Mississippi, and Tennessee. Isolates could be divided into two
groups by colony morphology and further characterized by restriction fragment
length polymorphisms (RFLPs) of mitochondrial DNA. One morphological group,
ARF18-C, was found to be more aggressive in parasitizing SCN eggs [42].

A number of major studies have been made to identify fungi associated
with SCN eggs, cysts, and juveniles. The fungi were isolated from SCN in field
soil in different areas of the United States [34,36,43,44], Columbia [45], and
Brazil [46].

Sixty-one species of fungi and 20 nonsporulating fungi were identified from
infective juveniles, eggs, or cysts in Tennessee under six cropping treatments
involving wheat double cropping and reduced or no tillage. Fusarium solani was
the most frequently isolated of 47 species infecting cysts. F. solani and F. oxy-
sporum were the most frequent of 20 species isolated from field females, and F.
oxysporum was more frequent isolated from greenhouse-grown females. Paecilo-
myces lilacinus was most common from eggs. The percentage of parasitized eggs
and females was similar for all treatments; however, incidence of P. lilacinus
increased with tillage (discing) and V. chlamydosporium increased with plough-
ing. A comparison of the fungal species isolated in this and previous studies
indicated that sites could differ in the kinds of fungi associated with cysts and
eggs, but many of the fungi overlapped in distribution. The authors point out
several factors to be considered, and the presence of the fungus does not ensure
it will be a successful biocontrol agent [44].

In Florida, 18 fungal species were evaluated for pathogenicity to eggs
of SCN on water agar. The highest potential for biocontrol activity was shown
by Verticillium chlamydosporium, Pyrenochaeta terrestris, and two sterile fungi.
Several other soil fungi were moderately pathogenic to eggs. In greenhouse tests,
plant weights and heights generally increased in soil treated with the fungi [36].
It was recently demonstrated that in vitro tests of biocontrol agents may not be
as suitable as heat-treated soil to evaluate aggressiveness [47].



In Brazil, F. solani, F. oxysporum, Stagnospora sp., and Gliocladium sp.
were found infecting eggs of SCN [46].

Pasteuria nishizawa is a very promising biocontrol agent, which was first
identified in Japan parasitizing Heterodera spp. [48], and cultures of Pasteuria
sp. were subsequently recovered from SCN field plots in Illinois [37]. Endospores
of the bacteria were only attached to SCN and not other nematodes in the samples,
indicating the bacteria may be species specific. Although Pasteuria spp. are obli-
gate parasites, new techniques for extracting and quantifying the organism will
facilitate future research [49].

The effect of delta-endotoxins from Bacillus sphaericus, B. thuringiensis
var. israelensis, and B. thuringiensis var. kurstaki on oviposition and juvenile
hatching was studied in Brazil. The egg production of SCN varied with the
amount of toxin of B. sphaericus applied to soil. This toxin also reduced hatching
of SCN in the absence of the host plant [50].

III. BROWN SPOT

A. Resistance

There are no known sources of resistance, but varieties differ in susceptibility
to Septoria glycines and efforts have been made to select better lines [51,52].
Regenerated soybean plants exposed to the host specific toxin from culture fil-
trates varied in response to the disease in the field. Disease development was
delayed in some lines for up to 5 weeks. In the next generation, only seed from
BSR201 continued to express resistance [53]. In another study, regenerated lines
from soybean calli had intermediate and susceptible responses. The heritability
of resistance (23%) was low. The progress in developing resistant lines using
these techniques is difficult but promising [54].

B. Management

In a maximum yield trial with surface irrigation, it was noted that disease severity
varied with genotype but not specifically plant type (determinant vs. indetermi-
nant). Yield increases were greater in 17 cm rows than 75 cm rows. With surface
irrigation, brown spot was considered an important component of yield. Yield
losses of between 7 and 21% were noted in a high-yield environment [55] and
14.1% when inoculated with Pseudomonas glycinea [56]. In inoculated plots
losses of 13–30% for the variety Wells and 16–22% for cv. Williams were ob-
served, while noninoculated plots had 8% yield loss [57].



IV. CHARCOAL ROT

A. Resistance

In the United States the soybean varieties Delta-Pineland 3478, Hamilton, and
Jackson II are considered moderately resistant and Davis and Asgrow 3715 are
considered tolerant to charcoal rot in field trials [61]. From studies involving
maturity groups II, III, IV, and V, SCN resistance, and planting date, it was
concluded that SCN-resistant varieties did not have higher yields than SCN-sus-
ceptible varieties when charcoal rot was present and later maturing cultivars that
were planted late had less disease and greater yields. The increased yield in later
cultivars was attributed to less heat and drought stress during the period of pod
fill. In Kansas, M. phaseolina colonization of maturity group V varieties was less
than in earlier varieties [62]. These results agree with a previous study that re-
sulted in reduced charcoal rot by planting full season varieties and found that
there was no advantage to planting blended soybean lines [63].

B. Management

Charcoal rot occurs in seedlings [58] and in dry soil [59]. The effect of tillage
on the incidence and severity of charcoal rot is unclear. Minimum or no-tillage
with a cover crop is recommended for control of charcoal rot in Brazil [19], but
the effect of tillage in the United States is unknown or inconclusive [21]. In
Tennessee, disc-tillage, no-tillage, and moldboard plough treatments were com-
pared for their effect on populations of M. phaseolina in soil and soybean roots.
At the conclusion of the experiment, there were higher populations of M. phaseo-
lina in the 0–7.5 cm layer of soil in minimum tillage plots than either the disc
or moldboard plough treatments. Root segments were equally infected in all treat-
ments, and there was no correlation between M. phaseolina population and yield
[64]. Tillage practices that conserve moisture in areas with limited rainfall may
reduce the incidence of disease by reducing stress.

The benefits of mycorrhizal associations with plants is well known. The
effect of arbuscular mycorrhizal fungi on H. glycines and M. phaseolina was
studied in SCN-infested and noninfested fields. In the presence of SCN, SCN-
susceptible varieties had an eightfold increase in colonization by M. phaseolina
compared to SCN-resistant varieties. There were no differences in charcoal rot
between resistant and susceptible varieties in the absence of SCN. SCN infection
and development contributed significantly to the severity of charcoal rot [65].

In general, charcoal rot will be reduced by any cultural practices that re-
duces stress on the soybean crop, especially during pod fill. Improperly applied
herbicides can contribute to stress and increase the severity of charcoal rot [66].
Rotation is recommended to reduce inoculum, but this practice will not eliminate



the disease because of the longevity of microsclerotia [60] and the potential for
reproduction on numerous hosts.

V. SCLEROTINIA STEM DECAY

A. Resistance

Soybean varieties differ in response to inoculation with S. sclerotiorum [68] and
in the incidence and severity of disease in the field; however, genes for resistance
have not been identified. At least six tolerant varieties are available in Argentina
[20]. In the north central soybean production area of the United States, S19-90
and Corsoy 79 are considered the most resistant varieties [68] and are used where
possible as resistant controls in most screening trials. NKD 19-90 (S19-90),
A2506, Colfax, and Corsoy 79 were rated most resistant in recent Illinois field
trials [69]. In the short-season area of Canada, Maple Arrow, Ace, Maple Presto,
and McCall were found most resistant [70]. Maple Presto and McCall were found
resistant in the northern United States [71]. Evaluation of resistance or tolerance
has been difficult because early-maturing cultivars frequently escape the disease
[72], so it is important to compare varieties with the same maturity requirements.
Varieties differ in the number of sclerotia produced per diseased plant and per
square meter, which could greatly affect inoculum levels in future crops [72].
Recently, a major project was initiated to screen plant introductions (PIs) and
varieties in several northern U.S. states for resistance to Sclerotinia stem de-
cay (C. Grau, University of Wisconsin, personal communication). Transgenic
soybeans containing the oxalate oxidase (OXO) gene from wheat have been de-
veloped which have higher resistance than S19–90 [73].

It has been suggested that widespread use of susceptible cultivars such
as Williams and A3127 in breeding programs may have contributed to disease
susceptibility in contemporary cultivars [69].

B. Management

Weed control in soybean fields is important because S. sclerotiorum has a very
broad host range [67]. Minimum or no-tillage can reduce losses from Sclerotinia
stem decay compared to complete tillage in soybean fields [21] perhaps by
exposing sclerotial inoculum to weather. Minimum tillage and a thick layer of
organic residue prevents emergence and elongation of the apothecial stipe in
Brazil [74,75]. Irrigation can influence the incidence of several soybean diseases.
Overhead irrigation during the flowering period increases the incidence of white
mold in soybean field trials [76]. In Brazil, overhead irrigation in seed production
fields has resulted in increased white mold and the spread of the disease with seed



(L. C. B. Nasser, Cerrados Agricultural Research Centre, EMBRAPA, Planaltina,
Brazil, personal communication).

The effect of row spacing on the incidence of Sclerotina stem rot has never
been completely defined. Mold increased slightly but not significantly as row
spacing decreased from 69 to 45 to 23 cm and yield increased [72]. In Wisconsin,
disease severity was greater at 25 and 38 cm than at 76 cm in 2 of 3 years and
yield was greater at 76 cm [76]. It appears that other factors affect the incidence
of mold more than row spacing.

Early-maturing cultivars tend to have less mold, possibly because there is
less canopy closure or a shorter flowering period. Planting high-yielding varieties
that mature early is a feasible method to avoid disease and the build-up of in-
oculum in the field [72]. This strategy is most useful when there are a range
of cultivars available that differ in maturity group and growing conditions allow
selection in planting date.

Crop rotation with nonhosts such as corn or small grain is an important
strategy to help reduce soilborne inoculum, although in short rotations this man-
agement strategy seldom eliminates the disease. Rotation with crops that are more
susceptible to white mold than soybean, such as dry edible bean or sunflowers,
should be avoided.

Although soybean seed infection by S. sclerotiorum has been known to
occur for some time [77,78], recent recognition of the extent to which seedborne
infection can occur has put new emphasis on this means of dispersal. Seed from
diseased fields may be accompanied by sclerotia or may have internal infection,
which is capable of establishing the disease in new areas. Seed infection was
found to range from 0.3 to 0.7% in Illinois depending on variety [79]. Sclerotia
were recovered from 71 of 81 seed lots suspected of being contaminated, and
internal seed infection ranged from 0.07 to 0.1% in another Illinois study [80].
Most infected seed fail to germinate, but sclerotia develop on the seed after plant-
ing. In field experiments, many sclerotia and some apothecia were produced after
infected seed was covered with soil. Treatment with a mixture of fungicide seed
treatments applied prior to planting can reduce the incidence of sclerotia by 98%
[81].

C. Biological Control

Sclerotinia stem rot is one of the few diseases of soybean that has good potential
for control involving application of a biological control agent. Because of a broad
host range and worldwide distribution, extensive research has been conducted
with numerous crops and Sclerotinia spp. Most results that focus on control of
the overwintering sclerotia are applicable to all crops. Numerous fungi have been
identified as potential biocontrol agents to reduce sclerotial inoculum in soil,
including Trichoderma harzianum [82–85]; Trichoderma spp. [86–88], Gli-



ocladium virens [88], Sporidesmium sclerotivorum (Teratosperma sclerotivora)
[89–93], Coniothyrium minitans [94–96], Talaromyces flavus [94], Epicoccum
sp. [97,98], Trichothecium roseum [85,99], and Erwinia herbicola [100].

The majority of biocontrol experiments have emphasized fungal agents ap-
plied to sclerotia and/or soil. In field plots, T. harzianum reduced germination
of sclerotia by 62% and increased soybean plant survival by 40% [82]. The re-
searchers detected chitinase and 1,3-glucanase produced by T. harzianum in a
medium with S. sclerotiorum as a sole carbon source. These results indicate the
fungus attacks sclerotia directly. In another study, involving soil and seed treat-
ments of cucumber and lettuce and soil applications of T. harzianum, it was
concluded that hyphal mycoparasitism of S. sclerotiorum occurred rather than
sclerotial parasitism [84]. T. harzianum may attack both sclerotia and mycelium
of S. sclerotiorum. Of seven fungi isolates from soil in India that inhibited growth
of S. sclerotiorum on agar plates, T. harzianum was the most promising in vitro.
Field application of the fungus in wheat bran culture reduced disease in peas and
increased yield. A mycelial preparation was more effective than spores [85]. T.
harzianum in alginate pellets readily colonized sclerotia in steamed soil rather
than untreated soil, at 25°C rather than at 15°C, and under more humid conditions.
Field inoculation was less effective in reducing sclerotia, possibly because of dry
weather [83].

In a recent study, Coniothyrium minitans was found to be worldwide in
distribution to 29 countries on all continents except South America. Seven colony
types were observed on PDA [101]. C. minitans has been successfully used as
a biocontrol agent applied to the field crops, sunflower [94], and beans, wheat,
and barley [96]. C. minitans was more effective in reducing the apothecial pro-
duction of S. sclerotiorum when applied directly to buried sclerotia than in fields
with a high population of those naturally distributed; however, numbers were
greatly reduced. The parasite also spread to sclerotia produced on the bean crop,
which would reduce the viability of future inoculum [96]. Application of biocon-
trol agent in a rotation year with the nonhosts wheat and barley could also be
effective. Once applied, C. minitans can establish control for at least 2 years [94].
Talaromyces flavus did not prove effective under irrigated conditions [96]. C.
minitans and/or Trichoderma spp. were implicated in the decline of disease for
6 and 5 years, respectively, in two fields monocropped with sunflower. Even the
annual addition of new sclerotia failed to increase disease [87]. A reduction in
sclerotia carpogenic germination and production of apothecia was noted in oil-
seed rape fields following application of C. minitans, but no disease control was
obtained [95].

Sporidesmium sclerotivorum is an obligate mycoparasite of sclerotia with
a broad distribution worldwide [89,102]. The fungus has reduced inoculum den-
sity of Sclerotinia spp. and appears to be effective at low application rates [89].
Comparison with other sclerotial mycoparasites indicated that S. sclerotivorum



and Teratosperma oligocladium were more effective than Dictyosporium elegans
and Coniothyrium minitans, which were more effective than Penicillium citri-
num, Talaromyces flavus, Trichoderma sp., and Gliocladium virens in reducing
numbers of sclerotia in soil [88]. S. sclerotivorum is stimulated to germinate in
the presence of sclerotia by a compound present in the melanized layer termed
sporigermin [103]. Sclerotia trigger germination in vitro as well as in soil [104].
In field trials with soybean, it was found that fall application of 20 spores/cm2

of soil had the potential to become a successful biological control for Sclerotinia
stem rot. Disease did not develop in the study area, but 15% plant infection
occurred outside the area. Autumn application of the agent was more effective
than spring application [93].

T. roseum has excellent potential as a biocontrol agent. Application of T.
roseum to sclerotia in soil completely inhibited germination after 30 days [85].
In another study T. roseum infected and destroyed sclerotia in dual cultures on
PDA, and 54 and 43% of sclerotia were destroyed in moist sand. Differences in
isolates were noted [99]. Considerable information and research has been con-
ducted around the microflora of petals and their potential use to reduce infection
by Sclerotinia ascospores. Filamentous fungi from bean and rapeseed petals were
applied to flowers up to 24 hours after inoculation with ascospores of S. scleroti-
orum. The most suppressive fungi included Alternaria alternata, Dreshslera sp.,
Epicoccum nigrum, Fusarium graminearum, F. heterosporum, and Myrothecium
verrucaria, but they did not provide consistent control in four field trials. Drechsl-
era sp. and E. nigrum significantly reduced white mold in one and two trials,
respectively [98]. In a similar manner, sterile culture filtrates from Epicoccum
purpurascens decreased severity of white mold on bean and increased pod yield
[97].

Erwinia herbicola inhibited ascospore germination and development of
white mold lesions in a bioassay but failed to reduce disease severity in the field
in western Nebraska. Low temperatures may have limited the ability of E. herbi-
cola to multiply to protect expanding blossoms of dry edible beans [100]. Most
biocontrol agents are greatly affected by environment. The effectiveness of E.
nigrum was the only one of several fungi studied that was independent of environ-
ment. Suppression of disease was most effective under conditions that were least
conducive for disease [105].

VI. CERCOSPORA BLIGHT AND PURPLE SEED STAIN

A. Resistance

Resistance to C. kikuchii has proven difficult to identify in greenhouse and field
trials. Differences among cultivars could be detected in the greenhouse and in
the field, but ranking of the cultivars was not similar [107]. In this study, latent



infection, foliar disease, and seed stain were evaluated in 17 cultivars in MG I-
IV. Leaves and pods were inoculated in growth room experiments. Field results
were based on natural inoculum. Foliar disease, latent infection, and seed infec-
tion were obtained in the greenhouse, but differences among cultivars were not
significant. Significant differences were noted in the field, but results varied by
year. Four susceptible cultivars were BSR 101, Amsoy 71, Hack, and Miami.
Resnick was resistant to foliar infection in both greenhouse and field trials. Inci-
dence of stained seed was not related to foliar rating in any cultivar [106,107].
In field trials conducted in 1980, cv. Tracy was the most resistant to foliar blight.
Lee 74 and Davis were almost as resistant. Bragg, Hood 75, and Forrest were
very susceptible [108]. Resistance to seed infection has been directly associated
with the length of interval between growth stage R7 and R8. A short interval
and rapid seed moisture loss results in less seed infection by C. kikuchii and
Phomopsis sp. [109,110].

B. Management

Since the fungus survives between crops on soybean debris and is a primary
source of inoculum [111], ploughing should be practiced where feasible. Re-
cently, weed hosts of the disease have been identified in Mississippi. Cocklebur,
morning glory, and sicklepod had latent infections, and spores from the infected
weeds caused infection on soybean seedlings [112]. Weed control is an important
mechanism to reduce inoculum. Use of disease-free seed can prevent introduction
of the disease to new fields and reduce seedling infections.

Since high relative humidity [113] and leaf wetness periods of 18 hours or
longer are required to establish foliar disease [114] and pod infection required
24 hours [115], overhead irrigation should be used with discretion to minimize
wet periods.

VII. DIAPORTHE-PHOMOPSIS COMPLEX

Diseases caused by Diaporthe-Phomopsis Complex cause severe losses in many
areas of the world. The complex can be divided into individual diseases as fol-
lows: seed decay caused by Phomopsis longicolla, pod and stem blight caused
by Diaporthe phaseolorum var. sojae, and stem canker caused by D. phaseolorum
var. caulivora and D. phaseolorum var. meridionalis. All of the fungi can cause
seed decay and poor germination. The pathogens are generally distinguished by
cultural characteristics on acidified PDA [1], but recently methods of molecular
identification and phylogenic grouping have been refined to separate members
of the complex [116].



A. Pod and Stem Blight (Phomopsis sp. or Diaporthe sp.)

1. Resistance

Some hard-seeded lines, e.g., D67-5677-1, are resistant to infection by Pho-
mopsis sp., but this may not be true for all hard-seeded lines. Part of the screen-
ing process utilized a pod injection technique that may be utilized in future
screening procedures [117]. Some sources of resistance in plant introductions
have been reported for Phomopsis seed decay and pod and stem blight [1]. Most
PIs that are reported resistant are resistant to both diseases. Resistance to both
diseases is present in PI 417479 [118]. Using classical backcrosses to suscepti-
ble parents, Agripro 350 and PI 91113, and progeny screening it was deter-
mined that resistance was due to two complementary dominant genes. Gene ex-
pression is strongly influenced by environment [118]. A restriction fragment
length polymorphism (RFLP) marker associated with the resistance in PI
417479 was recently identified, which should assist selection for Phomopsis
seed mold resistance [119].

Near-isogenic lines of cv. Clark that differed in stem termination, time of
flowering, and maturity were evaluated for susceptibility to Phomopsis longi-
colla. Determinate lines had 20% more infection and a 16% reduction in germina-
tion compared to indeterminate lines. Late flowering and maturity reduced infec-
tion by 48% and improved germination 97% compared to earlier lines. It was
concluded that early-flowering determinate cultivars could increase the risk of
seed mold in the mid-Atlantic area of the United States [120].

Observations of seeds with high amounts of infection by Phomopsis
phaseoli with a scanning electron microscope revealed that seeds with low infec-
tion (0–5%) had fewer pores and those with high infection (65–83%) had multi-
ple pores. In addition, seed with low infection had closed micropyles, and those
with high infection had open micropyles. Resistance to Phomopsis may be due
to mechanical mechanisms [121]. A comparison of two lines that differed in
susceptibility to Phomopsis seed decay indicated that pods and seeds of the sus-
ceptible variety were infected approximately one week before the resistant vari-
ety. The susceptible variety also had more stomata per mm2 and more trichomes
per mm2 than the resistant variety [122].

Resistance to seedborne disease has also been shown to relate to the length
of time required for the soybean variety to move from the R7 to R8 stages of
growth. Resistant genotypes take less time to complete the R7 stage and moisture
loss was greater than for susceptible genotypes. Infection of seed occurred as
moisture in pods and seeds decreased from 30–35% to 15–18% [123].

In North America, the incidence of Phomopsis seed mold is influenced by
planting date and maturity requirements of the variety. Six cultivars ranging from
MG 00 to IV were planted in April, mid-May, and early and late June in Lexing-
ton, Kentucky. P. longicolla–infected seed was greater than 30% when planting



occurred in April and May. Seed quality was improved with later planting of
early varieties or by planting full season varieties [124]. In another study in Por-
tageville, Missouri, early planting with early varieties resulted in greater Pho-
mopsis seed infection. A full season variety had less seed mold [125]. Similar
results were obtained in Arkansas, but it was noted that the seed mold–resistant
PI 417479 had low infection in all environments [126].

2. Management

Soil fertility is important to the health of soybean seed, and potassium ap-
pears to be an essential component. Increasing K fertilizer significantly in-
creased soybean yield and quality of delayed harvest soybeans in Texas. In-
creasing K reduced Phomopsis seed infection from 35% to about 1% in beans
harvested at maturity and in 2-week-delayed harvest seed infection was re-
duced from 52% to 28% in plots receiving no K fertilizer and 450 kg/ha,
respectively [127]. In another study, K fertilization decreased Phomopsis in-
fection in lower seeds by 23% and in upper seeds by 14%, but in some in-
stances germination and seed yield increases were not consistently evident
[128]. The levels of Ca in pod walls may also be important in preventing
Phomopsis seed mold [129].

Rotation with nonhosts is recommended to reduce pod and stem blight and
seed mold [1]. A number of weed hosts have been identified including Ambrosia
trifida, Xanthium strumarium, Euphorbia maculata, and Rumex crispus in the
United States [130], Amaranthus spinosus, Leonotis nepetaefolia, and Leonotis
sibiricus in Brazil [131], and others [132]. Rotation corps should be maintained
as weed-free as possible to reduce the carryover of inoculum.

Although no-till and minimum tillage has proven advantageous for soil and
moisture conservation, soybean debris left on the soil surface is a prime source
of inoculum for seed mold and pod and stem blight. In studies involving the
survival of fungi on crop debris over the winter in no-till with and without a
cover crop, the incidence of D. phaseolorum var. sojae was higher in soybean
debris in May than in preceding months [133]. Monoculture of soybeans and
minimum tillage results in the accumulation of inoculum.

Because Phomopsis-Diaporthe Complex is seedborne and can affect germi-
nation and stand, it is beneficial to have prior knowledge of seed infection prior
to planting. Recent advances in detecting asymptomatic infection have been de-
veloped with ultrasound analysis [134] and color classification using image analy-
sis [135]. Knowledge of the incidence of mold allows planning a strategy for
planting, e.g., overseeding, seed treatment, or different seed source. Detection of
pathogens and degree of infection by ELISA [136] in seed lots will facilitate
decision making by growers and seed dealers.



B. Northern and Southern Stem Canker

1. Resistance

D. p. var. caulivora produces a phytotoxin that is directly involved in symptom
production and pathogenicity [137]. In the United States, northern soybean culti-
vars are resistant to southern U.S. isolates of D. p. var. meridionalis. Resistance
in southern soybean germplasm is found in cv. Crockett and cv. Dowling, which
have the dominant genes for resistance Rdc3 and Rdc4, respectively. These genes
are distinct from the two dominant genes Rdc1 and Rdc2 found in cv. Tracy-M
[138].

2. Management

Adequate soil fertility is important in the control of stem canker. In a fertility
trial involving complete NPK, NH3NO4, PO4, and KO, application of any of
the four fertilizers reduced stem canker [24]. The incidence of stem canker in-
creases when plants are under stress; therefore, reduced plant populations to alle-
viate stress are recommended in Argentina to control stem canker [20].

Inoculum of stem canker overwinters on soybean debris; therefore, crop
rotation and full tillage will help to reduce sources of inoculum and disease. D.
phaseolorum var. caulivora has a broad host range on common weeds of soybean
fields. Numerous weeds were identified as hosts, although many were asymptom-
atic [139]. Hosts for southern stem canker D. phaseolorum var. meridionalis in
Brazil have been documented [140].

Few biological controls have been described for stem canker, but isolates
of Chaetomium globosum were evaluated for their effect on survival of D.
phaseolorum var. meridionalis colonized soybean stems. The antibiotic-produc-
ing strain suppressed sporulation more than the nonantibiotic strain under moist
conditions, but both isolates were effective under drier conditions. The antibiotic
strain reduced stem disease when applied as a seed treatment of soybean planted
in stem canker–infested soil [141]. This type of research should be expanded,
especially with the increases in minimum tillage and short rotations.

VIII. VIRAL DISEASES

Numerous viruses have been reported to cause disease in soybean under field
conditions; however, the severity and distribution of each virus varies consider-
ably [1]. Viruses such as soybean mosaic, tobacco ring spot, and bean yellow
mosaic are worldwide in distribution, but others are more local, such as black
gram mottle (Thailand), cowpea severe mosaic (Brazil, Puerto Rico, Trinidad,



and part of the United States), soybean yellow vein (Thailand), Indonesian soy-
bean dwarf (Indonesia, Thailand), African soybean dwarf (Nigeria), soybean
chlorotic mottle (Japan), and soybean severe stunt (Delaware) [1]. The estimated
yield losses caused by virus diseases doubled between 1994 and 1998. A signifi-
cant proportion of the increased loss has occurred in India—105,000 metric tons
in 1994 [2] to 438,500 metric tons in 1998 (J.A. Wrather, personal communica-
tion)—and the United States, where losses increased from 70,600 metric tons in
1994 to 250,600 metric tons in 1998 (J.A. Wrather, personal communication).
An increase in total production may be responsible for some of the apparent loss,
but it is evident that viral diseases are increasing in importance. Recent reports
indicate that five viral diseases are important in Argentina [20] and eight viruses
are important in China [22]. In both countries soybean mosaic virus (SMV) was
considered very important. Management of viral diseases depends on the charac-
teristics of each virus. The following examples will provide some insight into
the management of viral diseases.

A. Soybean Mosaic Virus

1. Resistance

Resistance to SMV is available in a number of lines and cultivars such as
PI96983, Ogden, York, Marshall, and Kwanggyo used to differentiate strains of
SMV. Recently, it was demonstrated that the individual genes in these lines were
alleles at the Rsv locus for SMV resistance [143]. The lines Buffalo and HLS
also contain single genes for resistance located on separate loci, but it is not
known if one of the loci is Rsv1 [144]. PI486355 contains two independent genes
for resistance, one of which is at the Rsv1 locus [145]. PI lines from China contain
genes at the Rsv1 locus and PI556950 may possess a nonallelic gene for resis-
tance [146]. Molecular marker techniques suggest that the lines Columbia, Holla-
day, Peking, Virginia, FF4-471, PI507403, and PI556949 may have novel genes
independent of Rsv1 [147]. Although these and other sources of resistance are
available [1], the existence of SMV strains prevents complete control of the virus
by resistance alone.

2. Management

Although seed transmission of SMV is generally low, plants infected early suffer
the greatest yield loss [142]. Seed coat mottling cannot be used as an indicator of
seed transmission, but varieties differ significantly in the rate of seed transmission
[148]. Use of varieties with low transmission rates will reduce the infection foci
for secondary spread of the virus. Using strain-specific monoclonal antibodies
it was demonstrated that field spread from a source was random in 1991 and
aggregated in 1992 and 1993 [149]. Field spread may be dependent on the activity



and numbers of aphid vectors, which can vary from location to location and year
to year. Studies have shown that aphids do not prefer mosaic-infected plants
based on color or odor over healthy plants, but they do not feed as long on SMV-
infected plants and therefore move more quickly to new plants, creating a greater
opportunity to transmit the virus, which is nonpersistent [150].

Since aphids are the primary vectors of SMV, intercropping to interfere
with movement of the vector has been an effective management strategy. SMV-
induced mottling was reduced from 4.01% in monocropped soybeans and 2.02
and 2.07% in soybeans intercropped with dwarf and tall sorghum, respectively.
Although yields were depressed with intercropping, this type of study should
be investigated more extensively [151]. Silver plastic strips are used in soy-
bean fields in China to confuse aphid landing [22]. Double-cropped soybeans
are planted late in the growing season, which increases SMV infection. Double-
cropping with SMV-resistant varieties in Kentucky resulted in no seed transmis-
sion and low seed coat mottling [152]. Fertility may also affect SMV infection.
In recent trials complete fertilizer or superphosphate up to 100 kg/ha decreased
the incidence of SMV in Alabama. Increasing the fertilizer rates to 150 and 200
kg/ha increased the incidence of SMV, as did lower rates of muriate of potash
[24]. Since SMV has a broad host range [1], weed control of potential hosts is
important, especially in the vicinity of seed production fields.

B. Tobacco Ringspot

1. Resistance

Plant introductions PI92713 and PI154194 are resistant to tobacco ringspot virus
(TRSV) [1]. Strains of TRSV affect cultivars differently [153]. In an initial
screening of 630 plant introductions, PI407287 was resistant when inoculated at
the seedling stage and 13 other introductions were somewhat resistant [154].

2. Management

Since seed transmission is very important in the spread of this disease, avoiding
diseased seed for planting is essential. In China, movement of seed from areas
with TRSV is prohibited by quarantine regulations [22].

C. Phytophthora Rot

Phytophthora rot caused by Phytophthora sojae was first observed in Indiana in
1948 and Ohio in 1951. The disease quickly became a major problem in the
Great Lakes Basin of North America, and the disease was a limiting factor in
soybean production for two decades. The disease is now found in North and
South America, Europe, Russia, China, Japan, and Australia [1]. It was found in



Argentina in 1978 but did not cause problems until the 1990s [20]. Phytophthora
rot was found in China in 1989 and has since been reported in several areas [22].
The disease is most severe on poorly drained, wet soils, but it can also cause
losses on lighter soils that are flooded.

1. Resistance

At present, 13 single dominant genes for resistance located at seven loci have
been identified to provide vertical resistance to P. sojae [1]. Rps 1-a was the first
resistance gene identified and used shortly after Phytophthora rot was identified
in the United States. In countries where Phytophthora rot has been recently diag-
nosed, Race 1, virulent on Rps 7, is commonly isolated [22,156,157]. Cultivars
with the Rps 1a gene for resistance reduced losses for approximately 10 years
in the United States and Canada before new races of the pathogen developed
[158]. The most commonly used resistance genes in the United States and Canada
are Rps 1-a, Rps1-c, and Rps1-k [159]. Many races of P. sojae recently identified
are virulent on Rps1-a and Rps1-c [155,160]. In addition, many isolates of P.
sojae have virulence against genes for resistance that have not been available in
local soybean varieties [155,159]. New genes for resistance will be required in
the future. New techniques using pod inoculation in the field will facilitate screen-
ing [161]. Recently, putative new genes or gene combinations have been recently
identified in soybean germplasm from China [162,163] and Japan [164]. The
southern Chinese provinces of Hubei, Jiangsu, and Sichuan appear to be valuable
sources of resistance [163]. Molecular techniques such as RFLP markers are uti-
lized more frequently to characterize resistance alleles to reduce the reliance on
traditional breeding techniques [165]. Markers are also being used to locate spe-
cific resistance genes [166,167]. Novel genes for resistance may be present in
the related Glycine sojae. Resistance was detected in G. sojae accessions using
new screening techniques [168].

The use of multirace resistance has been a valuable strategy in reducing
losses from P. sojae; however, this type of resistance is best utilized if combined
with disease tolerance or field resistance. Tolerance is the ability of the cultivar
to sustain infection but still produce adequate yields. It is not race specific. Toler-
ance was first used in the late 1970s in North America, but it was found to be
unstable under very wet conditions that favored the disease. Tolerance is still a
valuable tool and has been used successfully in Australia [151]. Tolerance is best
utilized if combined with race-specific resistance. Tolerance prevents major plant
loss if isolates of the pathogen shift to become virulent on the race-specific resis-
tance gene. Tolerance is best detected and evaluated in field trials [169,170].
Numerous tests for tolerance have been devised [171–173] with severe disease
pressure, but it is difficult to assess in laboratory and greenhouse trials [174,175].

In addition to tolerance and race-specific resistance that is detected by hy-
pocotyl inoculation, there is growing evidence supporting the concept of a set



of race-specific genes that function only in the roots of soybean cultivars. During
screening trials to detect tolerance with different races of P. sojae, it was deter-
mined that soybean reactions indicated some isolates differed in virulence and
pathogenicity and that tolerance was not universal [176]. Differences in root resis-
tance were more evident when a series of cultivars were screened with Race 1
and Race 10 of P. sojae. Based on plant survival, some varieties reacted similarly
to both races, some were intermediate, and a few had a clear differential response
to root inoculation [177]. Recent race surveys in Canada have produced isolates
that are virulent on hypocotyls of Rps1-k varieties but are avirulent on roots,
whereas other isolates are virulent on hypocotyls and roots of Rps1-k varieties
(T. Anderson, unpublished). This suggests that Phytophthora isolates have genes
for virulence and avirulence on roots of certain soybean cultivars.

2. Management

Minimum and no-tillage systems are conducive to Phytophthora rot because of
increased soil moisture and cooler conditions [1]. In a survey of P. sojae under
different tillage systems in Illinois, Indiana, Iowa, and Minnesota, P. sojae inocu-
lum was more prevalent in surface samples under minimum tillage conditions
than under conventional tillage. It was concluded that the possibility of damping-
off by P. sojae was greater under minimum tillage [178]. Phytophthora rot has
also been a problem in Argentina under minimum tillage [20].

Phytophthora rot is prevalent on fine-textured soils with poor drainage [1].
Soil compaction increased the prevalence of disease in a 2-year study in Illinois.
Emergence was less and disease incidence was significantly greater under com-
pacted conditions [179].

Application of muriate of potash increased the incidence of Phytophthora
rot, but application of complete fertilizer reduced the incidence of the disease in
northern Alabama [24]. In an Ontario, Canada, study, fertility increased root rot.
The incidence of Phytophthora rot averaged 3.2. 23.0, 32.3, and 41.3% diseased
plants at 0, 224, 448, and 672 kg/ha of 8-32-16 fertilizer, respectively [180]. In
the same study it was noted that the incidence of Phytophthora rot increased with
increasing distance from drainage tile, which agrees with an Australian study
that found field-resistant cultivars were not affected by saturated soil culture and
furrow irrigation. Susceptible varieties were killed in either system [181].

Seed treatments containing Actinoplanes missouriensis, A. utahensis,
Amorphosporangium auranticolor, Micromonospora sp., and Hyphochytrium
catenoides were evaluated in greenhouse experiments for their effect on Phytoph-
thora rot in naturally infested field soil. A. missouriensis, A. utahensis, and Mi-
cromonospora sp. improved stands of soybean cv. Corsoy, demonstrating that
application of biocontrol organisms to soybean seed could be effective [182].
Bacillus cereus (UW85)–treated seed improved the yields of a Phytophthora-
susceptible cultivar in five of five growing seasons. All cultivars regardless of



resistance had increased yield in one year with seed treatments when disease
pressure was high. Efficiency was influenced by the formulation of the treatment
[183]. Biological seed treatments such as Kodiak are commercially available.

IX. SUDDEN DEATH SYNDROME

Sudden death syndrome (SDS) has been reported from most states in the central
U.S. soybean production area, especially in the Mississippi river basin [1,184]
Argentina [20], Brazil [19], and Canada [185]. Losses in metric tons in 1998
were estimated as follows: Argentina, 147,200; Brazil 200,000; Canada, 1,800;
Paraguay 5,000; and the United States 900,600 (Wrather, personal communi-
cation). The total world losses doubled from 746,650 in 1994 (2) to 1,493,300
metric tons in 1998 (Wrather, personal communication), which suggests that this
recently reported disease is increasing in severity in the Western Hemisphere.
Yield losses vary considerably depending on the severity of infection, but yield
of soybean was 46.2% less in nonreplicated field samples from areas with high
and low incidence of SDS in Illinois [186].

The disease is caused by Fusarium solani f. sp. glycines, although confu-
sion with other F. solani isolates existed for some time [187].

A. Resistance

As with many soybean diseases, resistant cultivars offer the most economic
means of control; however, it has been difficult to assess resistance because of
high environmental interaction with disease development and the absence of con-
sistent uniform symptoms. Field resistance to SDS was identified in cvs. Forrest,
Jack, and Ripley [189]. Field resistance or rate-reducing resistance is expressed
over the growing season [188,189], so it is difficult or impossible to identify with
a one-time inoculation or rating. In addition, strains of the fungus may differ
with locality because cv. Ripley developed foliar and root symptoms following
inoculation with isolates from Ontario, Canada [185]. Some cultivars may have
tolerance to SDS because roots of Essex and Asgrow 5403 can be infected with-
out foliar symptoms [189]. Using DNA molecular markers, field resistance to
SDS was found to be associated with four quantitative trait loci [190,191]. Identi-
fication of resistance may be simplified by exposing calli of soybean cultivars
to culture filtrates of the pathogen. Discoloration of calli corresponded to field
response of the cultivars evaluated [192]. Novel genes for resistance may have
been found recently in plant introductions from China [193]. Determination of
the extent of root colonization was an effective way to identify resistance and
can be used in the absence of foliar symptoms [194].



B. Management

The disease tends to be more severe under cool wet conditions, and wet conditions
are necessary after planting to initiate infection, which may not be expressed as
foliar symptoms until later in the season. Improving field drainage and avoiding
excessive irrigation helps to reduce the incidence of SDS. Minimum tillage may
also contribute to disease severity because the practice leads to cooler soils with
greater moisture content than ploughed fields. Late planting combined with
increased tillage reduced foliar symptoms caused by SDS [195]. Delayed plant-
ing reduced SDS considerably in Kentucky [196]. Complete tillage and delayed
planting are a means of avoiding cool wet spring conditions.

Because SDS may be more severe in the presence of SCN [187,197], man-
agement practices to reduce SCN should help to control SDS. SCN-resistant vari-
eties and rotation with nonhosts should reduce SDS.

Since mung bean, green bean, lima bean, and cowpea can be hosts for F.
solani f. sp. glycines [198], they should be avoided as rotation crops; however,
there is evidence that the pathogen can survive in soil as chlamydospores regard-
less of cropping practices.

Some biological control experiments have been conducted with SDS. Fungi
isolated from the rhizosphere of healthy or mildly affected soybean plants in
areas with severe SDS were evaluated as potential biological control agents. In
greenhouse trials, 46 of 151 isolates had some control activity. The predominant
fungi that demonstrated control were F. solani and F. oxysporum. Field tests did
not result in significant control [199], but continued research in this area may
eventually prove rewarding.

X. SUMMARY

SCN is the most economically significant disease that affects soybean production
on a global basis. Reducing the losses caused by SCN requires an integrated
approach involving resistance and crop management. Long-term management of
SCN will be directly dependant on biological control by manipulation of the field
environment. More research is required on antagonists, nonhost crops, and soil
physical factors that suppress populations of SCN. It is also important to monitor
soybean production areas for SCN in order to initiate management practices be-
fore nematode populations become difficult to control. Among biological control
agents, antagonistic fungi and bacteria such as Pasteuria spp. appear very promis-
ing. Reviews of research on SCN in the United States [3] and Brazil [200] have
been published recently.

Septoria brown spot is considered the second most important disease of
soybean, but very little progress has been made in developing control programs.



Effective controls involving resistance from exotic sources may be necessary in
addition to agronomic practices to suppress disease development.

There are extensive opportunities to implement biological controls for Scle-
rotinia stem decay and for seedling and root diseases. A number of products have
been commercialized and many more organisms have potential as soil amend-
ments and seed treatments.

It is also noteworthy that significant information on soybean disease inci-
dence, epidemiology, and management worldwide has been published [1,201].
The series of World Soybean Research Conferences has provided a valuable fo-
rum for exchange of information among soybean pathologists.
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I. INTRODUCTION

Pressure to reduce dependence on chemicals to protect crops from pests combined
with increased regulation of pesticide registration has necessitated the develop-
ment of biological methods for agricultural pest management. It is particularly
important to employ integrated pest management (IPM) programs in high-value
cropping systems such as tomato, where reduced efficacy of chemicals and in-
creased regulations have reduced pest control options. This chapter will provide
a review of plant disease management tactics for tomato, which are not reliant
on synthetic chemicals, as well as information on specific biological control strat-
egies or agents when available.

Tomato (Lycopersicon esculentum Mill.) is in the family Solanaceae, which
is native to Peru, Ecuador, and Chile on the west coast of South America. Other
important plants in the family Solanaceae are pepper, potato, eggplant, and tobacco.
Domestication and cultivation of tomato first occurred in early Mexican civiliza-
tions. The tomato was introduced in Europe in 1544 but was thought to be poison-
ous because of its relationship to nightshade, belladonna, and mandrake [1].

Worldwide production of tomato has increased substantially during the last
30 years to more than 60 million metric tons [2]. In the United States, California,
Florida, Ohio, Indiana, and Michigan produce the most acreage of tomatoes, with
the entire U.S. crop being produced in Florida from November through May.
Consumption of tomatoes in the United States exceeds all vegetables except pota-
toes [1].

Tomato is classified as a diploid, self-pollinating, tender, herbaceous, pe-
rennial vegetable with an optimum mean growth temperature of 21–23°C (70–



75°F). The flower of tomato is perfect, possessing both male and female func-
tional parts. Fruit maturation from pollination to ripening varies from around 6–
10 weeks depending on environmental conditions and variety. Environmental
conditions can greatly influence growth rate, fruit set, yield, and quality of fruit
[2].

II. DISEASE MANAGEMENT PRACTICES

There are approximately 200 known diseases of tomato. Integrated pest manage-
ment programs for tomato include use of host resistance, pathogen exclusion,
eradication, and protection. Use of biological control agents for specific patho-
gens also has potential for success, provided that informed decisions are made
regarding optimization of growing conditions and cultural practices are utilized
to reduce disease incidence.

A. Resistant Varieties

Significant effort has gone toward the development of disease-resistant tomato
cultivars, resulting in cultivars suitable for a variety of environments, production
practices, and uses. Demand for high yields, fruit quality, and disease resistance
has resulted in hybrid cultivars that account for approximately 85% or more of
North American fresh market production [3]. The selection of cultivars that are
adapted to local conditions, or that are resistant to common pathogens, is impor-
tant in reducing disease. In this chapter, availability of resistant cultivars or the
status of research in developing resistance will be covered under sections for
specific diseases.

B. Fertility

The promotion of balanced plant growth and vigor will reduce disease incidence.
Optimal soil pH for tomato production is 6.0–6.5. Fertility management is impor-
tant to reduce damage to roots, which are primary infection sites for less aggres-
sive pathogens. Plants that are stressed due to low levels of potassium and calcium
can be more susceptible to infection by pathogens such as bacterial wilt [1].
Physiological abnormalities are often the result of nutrient deficiencies. Poor fruit
skin condition and soft fruit are the result of potassium deficiency. Poor fruit
development and root growth are associated with low phosphorus. Blossom end
rot is caused by a calcium deficiency and low levels of boron can result in tip
dieback, fruit russeting, and brittle stems [1]. Some pathogens like Fusarium wilt
can be managed by increasing the ratio of nitrate to ammonium nitrogen fertilizers
(see Sec. III.A.2).



C. Moisture

It is important that tomatoes be grown on well-drained soils. Periods of excessive
moisture in the soil can cause severe crop loss due to oxygen depletion and in-
creased disease incidence [4]. There are several irrigation systems commonly
used in tomato production, including overhead sprinkler, micro or drip, furrow,
level-basin, and subirrigation. Drawbacks of the different systems include in-
creased potential for foliar diseases with overhead irrigation and inadequate
drainage in subirrigation [4].

In order to reduce foliar pathogens, wider rows can be used to increase
airflow between the rows. Staking or trellising plants can improve overall produc-
tion and fruit quality by allowing more air movement through the canopy and
reducing incidence of foliar diseases. If overhead irrigation is used, it should be
applied early in the day to allow the foliage to dry before evening. Working in
the fields when leaves are dry will decrease the spread of waterborne pathogens.

D. Seed/Transplant Treatment

Reduction of pathogen inoculum in the field can be done by using certified dis-
ease-free seed or seedlings that have been inspected at all stages of production.
Physiological seed treatments such as seed priming have been used to quicken
seed germination and improve seedling survival [5]. During seed priming, the
seeds are placed under controlled environmental conditions in an aerated osmotic
solution of known water potential. This results in the imbibition of water and the
completion of early metabolic processes of germination short of the emergence of
the radicle. Osmotically priming seed requires specialized equipment and conse-
quently researchers have explored alternative methodology including solid matrix
priming [6]. With tomato seeds, combining matrix priming with Trichoderma
harzianum or T. koningii resulted in improved seedling emergence and reduced
incidence of damping-off [6].

Seed treatment is a practical delivery system for both fungal and bacterial
biocontrol agents. Biological control agents applied to seed have been shown to
protect seed in a variety of crops, as well as increase plant growth and vigor [7–
9]. Research indicates that the use of biological agents as seed treatments is valu-
able but provides more variable and less effective protection than chemical seed
treatments [10].

Most vegetables intended for transplanting, including tomato, are produced
in small-celled flats in commercial potting media that consist of sphagnum peat,
nutrients, and lime. For transplanted crops such as tomato, there exists an oppor-
tunity to introduce biocontrol agents into the transplant mix during the green-
house production phase. This practice gives the biocontrol agents a relatively
unchallenged time frame in which to colonize the rhizosphere and become estab-



lished before transplanting into the field. Recent work has shown that transplant
mixes amended with a formulated mixture of plant growth–promoting rhizobac-
teria (PGPR) increased transplant survival and yield of tomato in Florida under
heavy pressure from root-knot nematode and Fusarium root and crown rot
caused by Fusarium oxysporum f. sp. radicis-lycopersici (FORL) [11]. Field ex-
periments with naturally occurring populations of FORL were conducted to eval-
uate Trichoderma harzianum as a seed coating or as a wheat bran/peat prepara-
tion [12]. Trichoderma-treated plots had less disease and 26% higher yields than
control plots. T. harzianum populations were isolated from field-grown treated
plants up to 20 weeks after planting. The antagonist was detected at highest con-
centrations on the root tips, resulting in elimination of Fusarium spp. from those
segments of the root. Nemec et al. [13] found that T. harzianum delivered in the
transplant plug system effectively controlled Fusarium crown rot, and that Bacil-
lus subtilis delivered in this manner provided effective control of Phytophthora
in the field. Nemec [14] also found that isolates of Bacillus and Trichoderma
survived better in planting mixes than several other potential biocontrol agents
including species of Pseudomonas and Serratia. The survival of the Pseudomo-
nas isolates tested was greater when mixed with propagules of the fungus Glomus
intraradices.

E. Crop Rotation

Sustainable crop management practices include the use of crop rotation. The man-
agement of many types of plant pathogens is often based on rotation to less
susceptible, nonhost, or pathogen-suppressive crops. Rotations including antago-
nistic plants have been reported to alter the soil microflora, enhance populations
of microorganisms known to be antagonistic toward pathogens, increase plant
growth, or induce systemic resistance in the host [15]. Yield reductions in con-
tinuous cropping systems have been correlated with increased populations of
pathogens. Adjustment of the root-soil environment and balance of microorgan-
isms present in the rhizosphere can positively influence plant growth [16]. Crop
rotation is often most effective against pathogens that attack only one crop.
Many pathogens of tomato such as the wilts and root rots have wide host ranges,
which makes crop rotation less likely to reduce disease. Recommendations
for rotation practices will be made, when available, in sections on individual
pathogens.

F. Organic Amendments

Increasing soil organic matter can help reduce plant stress by increasing the water
holding capacity of the soil. There have been many reviews of the effects of
organic amendments on soilborne pathogens, plant parasitic nematodes, and soil



microbial ecology [17–19]. Ammonia released from animal manures has been
widely reported to reduce survival and germination of some soilborne fungal
pathogens [20] and viability of plant parasitic nematodes [19]. Many plant metab-
olites released from debris after incorporation into soil are known to be pesticidal,
such as glucosinolates, which are hydrolyzed to release antimicrobial sulfur com-
pounds. Members of the Cruciferae plant family contain high levels of glucosino-
lates in their tissues, and effects of incorporation of crop residues on pathogenic
organisms have been investigated [21]. Plants in the family Compositae produce
insecticidal pyrethrin compounds as metabolites, and members of the genus Arte-
misia produce terpenoid compounds [21]. Antifungal volatile compounds includ-
ing allylisothiocyanate are found in many Brassica spp. [22]. Plant pathogens
such as Pythium spp. and Sclerotium rolfsii are more vulnerable to toxic effects
of volatile compounds than saprophytic soil microorganisms, which are relatively
insensitive [23,24].

Increasing soil organic matter also increases the populations of beneficial
microorganisms in the soil and reduces the populations of some tomato root
pathogens. Volatile compounds, such as alcohols and aldehydes, released from
organic matter can stimulate germination of fungal propagules and increase mi-
crobial activity in soil [25]. Increases in microbial activity in organic soils and
composts are often correlated with suppression of soilborne pathogens [23,24].
Reduction of diseases caused by S. rolfsii and Rhizoctonia solani have been corre-
lated with increases in soil enzyme activity in response to the addition of pine
bark to soil [26,27]. Species of Paecilomyces and Penicillium that compete with
pathogens by mycoparasitism and antibiotic production were the predominant
colonizers of amended soil in these studies.

G. Soil Solarization

Soil solarization has proven effective against some pathogens under certain envi-
ronmental conditions. Solarization is accomplished by covering the surface of
the soil with clear plastic film to trap solar radiation and accumulate heat levels
lethal to many plant pathogens, weeds, and nematodes. Soil is typically solarized
for 4 or more weeks in order to raise temperatures effectively to a depth of 45–
60 cm.

Solarization reduces the amount of pathogen inoculum in several ways,
including direct thermal destruction of propagules; shifts in populations and activ-
ity of soil microorganisms; changes in physical and chemical properties of soil;
and accumulation of volatile compounds produced by physical or microbial de-
composition of organic matter [28]. An induction of soil suppressiveness, which
prevents reestablishment of pathogens, has been reported following solarization
[29]. Increased soil populations of fluorescent pseudomonads and Bacillus spp.,
known for antibiotic production, may be an important factor in suppression of



pathogens in solarized soil [29]. Solarization has also been used successfully to
control Verticillium wilt of tomato (see below).

The use of organic amendments and fertilizers may be a way to improve
the effectiveness of solarization. Heating soil to a temperature of 45°C alone is
effective in reducing viability of some fungal pathogens, including S. rolfsii and
Pythium ultimum. However, heating soil amended with cabbage residue or com-
posted chicken manure has resulted in better control at lower soil temperatures
(38°C) [30,31]. Compost-amended soil reaches higher temperatures (2–3°C) un-
der the same conditions than nonamended soil, which may be an important factor
in improving control of organisms such as root-knot nematodes that are more
resistant to heat. Thermal conductivity, exothermic microbial activity, and evolu-
tion of volatile compounds in solarized amended soil may also contribute to in-
creased control of Meloidogyne incognita [32].

Some of the limits of solarization include the length of time that land must
remain out of production (4–6 weeks) and its dependency on the weather. Also,
solarization does not control many important pathogens such as root-knot nema-
todes in deep sandy soils and bacterial wilt caused by Ralstonia solanacearum
[33]. Solarization can contribute significantly to disease reduction by controlling
weeds that act as hosts to many tomato pathogens [34].

H. Sanitation

Sanitation practices such as the removal of diseased plant material from green-
houses and fields will lessen the amount of pathogen inoculum and reduce the
spread of disease. Knives, tires, and implements should be cleaned in a 0.5–1.0%
solution of quaternary ammonium chloride or other recommended disinfectants
after working in an infested field. Tomato stakes should be rinsed free of soil
and treated with a 10% bleach solution or can be disinfested by solarization.

III. BIOLOGICAL CONTROL

The majority of research on biological control of tomato pathogens has been on
soilborne fungal pathogens and nematodes. This is due, in part, to the extensive
host range of some of these organisms but mostly to the destructive potential of
these pathogens and their economic importance. It is also more difficult to manip-
ulate microbial populations in the phylloplane using inundative application of
biocontrol agents or practices such as organic amendments or crop rotation. In
many cases, foliar and fruit pathogens can be effectively controlled or reduced
by adjusting crop management practices such as plant spacing, sanitation, and
irrigation.



A. Epiphytic Fungal and Bacterial Pathogens

1. Anthracnose (Colletotrichum spp.)

Anthracnose is primarily a disease of ripe to overripe fruit and is most prevalent
on processing and garden tomatoes, due to the extended period of time the fruit
remains in the field. Anthracnose occurs in Asia, Europe, Africa, the East Indies,
and North America [35]. Initial symptoms may occur during green stages and
include small, circular, sunken, water-soaked lesions that spread to form a
soft internal decay. Lesions may be salmon colored with black microsclerotia
visible.

Reducing stress, reducing insect damage, and avoidance of overhead irriga-
tion will also reduce losses due to anthracnose [36]. Due to the wide host range
of this pathogen, weed control is extremely important and will reduce disease
incidence. Avoidance of excessive overhead irrigation and 2-year rotations to
nonsolanaceous crops are also recommended to reduce disease incidence [35,36].

2. Early Blight (Alternaria solani )

Early blight occurs in all tomato-producing regions. It is more destructive under
humid conditions, such as in the Southeast and middle Atlantic regions of the
United States, than under dryer conditions. Initial symptoms of early blight are
small brownish-black lesions on the older foliage that enlarge rapidly and produce
concentric rings. The tissue surrounding the spots may become chlorotic, and the
entire leaf may become chlorotic as the infection spreads [36]. Stem-infected
seedlings will usually die due to stem girdling. Fruit lesions may become exten-
sive, often covering the entire fruit. Infected fruit frequently drop and may result
in losses of up to 50% [36].

Control of early blight can be increased with the use of resistant cultivars,
long rotations, weed control, and proper fertilization to keep plants vigorous [37].
Resistance to early blight has been identified in Lycopersicon hirsutum, and at-
tempts are being made to breed this into commercial varieties [38].

3. Gray Mold (Botrytis cinerea)

Gray mold occurs wherever tomato is grown and consistently causes minor losses
with occasional major outbreaks in the field. Conditions for gray mold develop-
ment include cool temperatures and moisture. Gray mold occurs on all above-
ground plant parts and appears as fuzzy gray fungal growth from necrotic tissue.
In greenhouse-grown tomatoes, gray mold can be a serious problem due to high
relative humidity and free moisture present on the plant surfaces, which is re-
quired for conidial germination [39]. Poor air circulation will contribute to disease
severity. Acid soils should be limed to increase calcium in the plants and reduce
susceptibility to the pathogen.



Several saprophytic bacteria and fungi are reportedly effective biocontrol
agents against B. cinerea [40]. Trichoderma harzianum provided good control
of B. cinerea when the organisms were applied simultaneously, rather than being
applied once the infection was established [41]. Although disease was not reduced
once the infection was established, T. harzianum did reduce the amount of sporu-
lation from resulting lesions. Dik and Elad [42] tested Trichoderma harzianum
and Aureobasidium pullulans for efficacy against B. cinerea in greenhouse exper-
iments under different climatic conditions. Stem lesions and plant death were
reduced from 40 to 100%, and in some cases control was better than that provided
with the fungicides tolyfluanid and iprodione. Control of stem lesions and wilting
was better than control of symptoms on fruit.

Shtienberg and Elad [43] developed an integrated strategy for control of
Botrytis cinerea that incorporates weather forecasting to decide between spraying
a chemical fungicide or the biological control agent Trichoderma harzianum. This
integrated control strategy (BOTMAN, short for Botrytis manager) makes recom-
mendations for application of the biocontrol agents during environmental condi-
tions that are most favorable for survival and efficacy. The integrated strategy was
compared with weekly applications of fungicides. Results showed similar disease
control in both systems. Implementation of the integrated system would therefore
result in similar disease control, a reduction of fungicide use, and, consequently,
a reduction in the probability of the pathogen developing fungicide resistance.

The greatest damage by B. cinerea is fruit rot in the greenhouse, field, or
in shipment [44]. Treatment of fruit with heated water or air is effective in con-
trolling postharvest infection of B. cinerea [45]. Mari et al. [46] found that Bacil-
lus amyloliquefaciens had a fungistatic effect on B. cinerea on mature green
tomatoes stored at low temperature (10°C), and significantly reduced pathogen
growth during the first 7 days of storage.

4. Bacterial Spot (Xanthomonas campestris pv. vesicatoria)

Bacterial spot is present in all tomato-producing areas but is most serious in
tropical and subtropical regions. This disease is of minor importance in the United
States, with the exception of Florida, where it causes major yield and quality
reductions. All above-ground plant parts are affected. Foliar symptoms of bacte-
rial spot appear as brown, water-soaked, circular lesions usually less than 3 mm
in diameter. The lesion may appear elongated on the leaf margins. Sometimes
after a heavy rain, entire interveinal areas will become infected [36].

Early symptoms on the fruit appear as tiny black specks surrounded by a
slightly lighter area. As the lesion enlarges, it becomes brownish, scab-like,
slightly raised on the edges, and sunken in the middle. The epidermis eventually
ruptures and curls back. Bacterial spot lesions usually extend only as far as half-
way through the outer fleshy layer of the fruit [36].



Dissemination of the pathogen within the field is by rain, plant pruning, and
aerosols [47]. Only disease-free transplants should be used. Once this pathogen is
established in the field, it is difficult to eradicate. Fields should be rotated to
avoid pathogen carry-over on volunteers and crop residue. Bacteria may also be
perpetuated on contaminated seed [47].

5. Bacterial Speck (Pseudomonas syringae pv. tomato)

Bacterial speck occurs in tomato-growing regions worldwide but is only of im-
portance under high-moisture, low-temperature conditions. Foliar infection by
bacterial speck closely resembles bacterial spot. Fruit infection by bacterial speck
appears as numerous, tiny, brown lesions less than 1.5 mm in diameter that do
not extend below the epidermis of the fruit. Compared to a bacterial spot lesion,
lesions of bacterial speck on the fruit are more restricted in size, are not raised,
and do not cause the epidermis to rupture.

Bacterial speck is seedborne, and outbreaks are more severe during wet
growing seasons [36]. Bacterial speck can reduce yield, but its primary effect is
on fruit quality. Modification of irrigation practices including a decrease in over-
head irrigation can reduce losses. Use of clean, disease-free seed and transplants
will lessen disease incidence, which is difficult to control once established. Plant-
ing in the same field in consecutive seasons should be avoided and fields kept
free of weeds and volunteers [48]. Pseudomonas syringae pv. tomato can colonize
the surface of tomato plants and survive as an epiphyte for extended periods [49–
51]. This trait makes it possible to use nonpathogenic bacteria to compete with
the pathogen for colonization and infection sites. Reduction of bacterial speck
occurred in greenhouse tests in response to application of a nonpathogenic
transposon (Tn5) mutant of P. syringae pv. tomato. Applications of Kocide, pre-
ceding application of the nonpathogenic, copper-resistant mutant, resulted in
greater reduction in disease than either treatment alone [52] (Table 1). Fluorescent
pseudomonads have also been used to reduce bacterial speck in the field on both
young and mature plants. Fluorescent Pseudomonas spp. partially controlled bac-
terial speck with slightly better residual activity than copper compounds [53].

6. Bacterial Stem Rot (Erwinia caratovora subsp. carotovora)

Bacterial stem rot is considered of minor importance, but occasionally substantial
losses can occur. This disease occurs in the greenhouse and field, primarily on
pruned, staked, or trellised tomatoes. Initial symptoms of bacterial stem rot occur
at first fruit harvest and appear as a wilt. Eventually the pith disintegrates, causing
a hollow stem.

Erwinia caratovora subsp. carotovora also causes soft rot in many vegeta-
bles including tomato fruit. This bacterium is ubiquitous and requires a fresh
wound for infection, such as the removal of suckers or leaves. High relative



Table 1 Incidence of Bacterial Speck of Tomato Caused by Copper-Sensitive Strain
PT12 of Pseudomonas syringae pv. tomato After Treatment with Kocide 101 and
Coinoculation with Nonpathogenic Copper-Resistant Strains PT23.200 and PT23.201

Preinoculation Lesions per leafletc

treatment with
Inoculuma Kocide 101b Trial 1 Trial 2 Trial 3

PT12 � 115.0 a 23.6 a 5.2 a
� 10.0 c 5.4 c 2.4 b

PT12 � PT232.200 � 36.0 b 10.7 b 2.2 b
� 11.6 c 4.3 c 1.0 c

PT12 � PT23.201 � 19.6 c 3.6 c 0.6 c
� 4.8 d 1.4 d 0.3 d

a Inoculum concentrations were approximately 2 � 107 cfu/mL for PT12 and 5 � 108 cfu/mL for
PT23.200 and PT23.201.

b Kocide 101 was applied at the label rate of 2.4 g/L 1 day before bacterial inoculations.
c Mean of four leaflets from 12, 14, and 6 plants in trials 1, 2, and 3, respectively. Data were log-

transformed before statistical analysis. The values presented are antilogs of the transformed means.
Values followed by the same letter within a column do not differ significantly (p � 0.05) according
to the Student-Newman-Keuls’ test.

Source: Ref. 52.

humidity is required for the disease to develop. Sanitation is the most effective
way of controlling this pathogen [54].

B. Soilborne Fungal and Bacterial Pathogens

1. Fusarium Crown and Root Rot (Fusarium oxysporum f. sp.
radicis-lycopersici)

Symptoms of Fusarium crown rot (FORL) appear during cool season periods and
include marginal yellowing on the lower leaves and an initially slow to increas-
ingly rapid wilt that kills the plant. The lower stem exhibits vascular discoloration
and pith necrosis [36]. Resistant cultivars are not yet available.

Manipulation of mineral fertilizers can be effective in controlling FORL by
reducing pathogen growth [55], improving host defenses [56], or favoring indige-
nous populations of disease-suppressive bacteria [57]. Many fluorescent pseudomo-
nad rhizosphere bacteria produce 2,4-diacetylphloroglucinol (Phl) [58,59], a sec-
ondary metabolite that has been shown to be toxic to bacteria [60], fungi [58,60],
and nematodes [61]. Sharifi-Tehrani et al. [62] found a significant correlation be-
tween the amount of Phl produced on plates and the amount of protection those
strains provided against Fusarium crown and root rot. A seedling assay was devel-
oped to evaluate pseudomonads for suppression of Fusarium crown and root rot



in vitro, which provided results correlated with those from in vivo trials. Duffy
and Défago [63] found that zinc amendments improved biocontrol of Fusarium
crown and root rot by Pseudomonas fluorescens by 25%. Addition of minerals is
an inexpensive way to improve biocontrol by creating a more favorable environ-
ment for disease suppression by reducing pathogen activity in the soil.

An endophytic strain of the bacterium P. fluorescens was evaluated for
induction of resistance to FORL in tomato and was found to reduce colonization
and restrict pathogen growth to the outer root tissues and intercellular spaces
[64]. Typical host reactions included accumulation of electron-dense material in
epidermal and outer cortical cells and most intercellular spaces. Pseudomonas
chlororaphis strain PCL1391 was selected from over 70 bacterial isolates from
the rhizosphere of tomato screened for activity against FORL [65] (Fig. 1). The
biocontrol activity of this isolate was characterized at the molecular level and
found to be mediated through the production of phenazine-1-carboxamide (PCN)
through use of a PCN-negative mutant.

Figure 1 Root epidermis of a tomato seedling 3 days after inoculation. This region,
located approximately 1 cm under the stem, is covered by Pseudomonas fluorescens strain
WCS365. Numbers declined drastically down the root. Most bacteria are clearly covered
by a mucigel (semi-transparent) layer. The bar represents 10 µm. (From Ref. 65.)



One of the first studies evaluating use of microbial antagonists for control
of FORL under field conditions was performed in Florida by Marois et al. [66].
A mixture of three isolates of Trichoderma harzianum, one isolate of Aspergillus
ochraceus, and one isolate of Penicillium funiculosum were applied to field plots.
Disease incidence at harvest was 7% in antagonist-treated plots and 37% in un-
treated plots. The population of the pathogen in soil was also reduced from 600
propagules per gram to 200 propagules per gram in the antagonist-treated plots.
Sivan and Chet [67] found that Trichoderma harzianum provided effective con-
trol of Fusarium crown rot in Israel. In the United States. T. harzianum and Glo-
mus intraradices were found to control Fusarium crown and root rot in commer-
cial production fields in Florida [68].

Additional work with fungal antagonists of FORL include evaluation of the
mycoparasite Pythium oligandrum, which increased resistance to FORL in tomato
[69]. When tomato plants were previously inoculated with P. oligandrum, the fungus

Figure 2 Scanning electron micrographs of Pythium oligandrum hyphae interacting
with cells of Fusarium oxysporum f. sp. radicis-lycopersici in dual cultures. (A and B)
Controls grown in pure culture. (A) P. oligandrum (P) and (B) F. oxysporum f. sp. radicis-
lycopersici (F). Both fungi form a dense, branched mycelium (�1500; bar � 10 µm).
(C–F) Hyphal interactions in dual cultures 2, 3, 4, or 5 days after inoculation, respectively.
(C) Hyphae of both fungi appear closely intertwined with hyphae of F. oxysporum f. sp.
radicis-lycopersici. Contact between the fungi is apparently established through a thick
mucilage (arrowhead). Features of coiling are observed (arrow) (�1500; bar � 10 µm).
(D) Slight wall deformations are seen along the areas of contact (arrow) (�2400; bar �
5 µm). (E) Early signs of collapse shown by wrinkled cell surface (�2400; bar � 5 µm).
(F) Marked collapse and loss of turgor of some cells is observed (�2000; bar � 5 µm).
(From Ref. 69.)



showed strong antagonism in the rhizosphere and in planta towards FORL (Fig. 2).
In addition, inoculation with P. oligandrum induced structural and biochemical barri-
ers in host tissue that adversely affected pathogen growth and development.

Fungal wall fragments such as glucan, chitin, or chitosan oligomers have
been shown to be active inducers of plant defense responses also called elicitors
[70,71]. Benhamou and Thériault [72] demonstrated that tomato plants treated
with chitosan were protected against Fusarium crown and root rot. In further
studies, Benhamou et al. [73] showed that seed coating with chitosan in combina-
tion with substrate amendment increased resistance of tomato seedlings to FORL
attack. Resistance was correlated with restricted fungal growth in root tissue,
decreased pathogen viability, and accumulation of deposits in host cells (Fig. 3).
This work indicates that external application of chitosan stimulates the overall
plant defense system and is capable of reducing disease incidence of important
and aggressive soilborne pathogens such as Fusarium spp.

Further work to improve the control achieved with both biological agents
and elicitors of plant defense responses such as chitosan has been performed.
Combinations of chitosan and the endophytic bacteria Bacillus pumilus, a PGPR
known to induce defense reactions in plants, were evaluated for activity and cyto-
logical response in tomato challenged with FORL [74]. Bacterial treatment in-
duced enhanced physiological and biochemical changes at sites where the fungal
pathogen attempted penetration of the host cells. Combination treatments of chi-
tosan and B. pumilus were associated with restricted pathogen growth in root
tissue, decreased pathogen viability, and accumulation of callose-enriched cell
wall apositions on the inner cell wall surface in epidermal and outer cortical cells.

2. Fusarium Wilt (Fusarium oxysporum f. sp. lycopersici )

Symptoms of Fusarium wilt (FOL) include a stunting of infected seedling plants,
drooping and downward curving of older leaves, and plant wilt and death. Symp-
toms often become apparent on older plants between blossoming to fruit matura-
tion [36]. Early symptoms include chlorosis of older leaves, which often develops
on only one side of the plant. As the chlorosis progresses the plant will wilt
during the heat of the day [36]. The wilt progresses over a period of days until
the plant dries up and completely collapses. Extensive vascular browning which
extends up the stem and is noticable in the petiole scar is characteristic of this
pathogen. Soil pH near 7.0 reduces disease severity. Fusarium wilt can be man-
aged by increasing the ratio of nitrate to ammonium nitrogen fertilizers. Nitrates
raise soil pH, which reduces pathogen growth and increases host resistance to
phytotoxins like fusaric acid [55,56].

Natural suppression of Fusarium wilt has mainly been attributed to fluores-
cent pseudomonads and nonpathogenic Fusarium oxysporum isolates. Mecha-
nisms involved in disease suppression include microbial antagonism during the



Figure 3 Transmission electron micrographs of tomato root tissues from chitosan-
treated seeds (1 mg/mL) grown in chitosan-amended substrate (1 mg/mL) and inoculated
with Fusarium oxysporum f. sp. radicis-lycopersici. (A) Labeling of β-1,3-glucans with
a purified tobacco β-1,3 glucanase complexed to gold. The globules (GI) as well as the
material (AM) filling the intercellular spaces are specifically and intensely labeled. Scat-
tered gold particles are seen all over the host cell wall (HCW) (�24,000; bar � 0.5 µm).
(B and C) Labeling of phenolic and ligninlike compounds with a purified laccase com-
plexed to gold. (B) The globules (GI) are unlabeled while the dense aggregates (DA) are
heavily labeled. The host cell wall (HCW) is decorated by a significant number of gold
particles (�40,000; bar � 0.25 µm). (From Ref. 73.)

saprophytic phase of pathogen growth and induced resistance in the host during
the pathogenic phase [75–77]. A nonpathogenic F. oxysporum isolate which both
expressed microbial antagonism and induced resistance was more efficient sup-
pressing Fusarium wilt in commercial tomato production settings than isolates
that expressed only one mechanism [78].

Mao et al. [79] found that, in studies involving multiple soilborne patho-



gens, plant stand was increased to levels comparable to the noninfested control
plants with the addition of combinations of the biocontrol agents Gliocladium
virens and Burkholderia cepacia. In addition to Fusarium oxysporum f. sp.
lycopersici, soilborne pathogens in that study included Rhizoctonia solani,
Pythium ultimum, and Sclerotium rolfsii. When transplants were set out into field
plots infested with multiple pathogens, the combination of biocontrol agents
resulted in greater fruit yield in tomato than those obtained with either biocontrol
agent alone [79]. In tests evaluating nonpathogenic Fusarium spp., Trichoderma
spp., G. virens, P. fluorescens, and B. cepacia, for biological control potential,
Larkin and Fravel [80] found that isolates of F. oxysporum and F. solani collected
from a Fusarium wilt–suppressive soil provided the most consistent disease con-
trol. These isolates were also found to be effective in controlling Fusarium wilt
diseases of other crops including watermelon and muskmelon. Other organisms
tested also reduced disease but not as consistently as the nonpathogenic Fusarium
isolates. Penicillium oxalicum applied to roots as a biological agent for FOL
reduced disease in stem inoculated plants [81]. Due to inoculation techniques
that maintained physical separation of pathogen and antagonist, disease control
was attributed to induced resistance. A rapid method for evaluating biocontrol
potential was developed using Penicillium oxalicum as a biological control agent
for FOL [82]. This method consists of growing plants in flasks with nutrient
solution. Biocontrol agents and pathogens are added to the solution. Typical dis-
ease symptoms were observed and biocontrol effects were clear. Nutrient solution
consumption was correlated with disease parameters and proved to be an easy
method for quantifying disease severity. Further work showed that the timing
and application method of Penicillium oxalicum affected the level of suppression
of FOL [83]. Application of the biocontrol agent to tomato seedlings in seedbeds,
rather than to tomato seed, provided more effective disease suppression, which
was maintained for 60–100 days after transplanting.

3. Verticillium Wilt (Verticillium dahliae)

Verticillium wilt occurs in all tomato-growing regions but is favored by cool
conditions and neutral to alkaline soils [84]. This fungus has a very wide host
range, which includes many vegetables. Verticillium dahliae overwinters in plant
debris or soil as microsclerotia and can remain viable for up to 30 years. This
fungus is a poor competitor in soil and often invades plant tissue through wounds
and nematode feeding sites [84]. Soil solarization has proven effective in reducing
inoculum levels of V. dahliae while increasing populations of beneficial fungi
including Talaromyces flavus [85]. Exposure of microsclerotia to sublethal tem-
peratures during solarization, combined with increases in populations of thermo-
philic antagonists in soil, resulted in increased mortality of the pathogen and
suppression of Verticillium wilt [86]. Cultural control measures for Verticillium



wilt include resistant cultivars, crop rotation, and reducing nematode populations,
which reduces infection sites.

4. Rhizoctonia solani Diseases

Rhizoctonia solani Kuhn is commonly found in soils and causes some type of
disease on most cultivated plants. The fungus survives in soil and on dead plant
material, both of which serve to disseminate the pathogen. Rhizoctonia solani
causes a variety of diseases on tomato worldwide including damping-off, root
rot, stem canker, stem rot, and fruit rot. Damping-off can occur either pre-
emergence or postemergence in the greenhouse or field. Rhizoctonia root rot is
often more severe when plants have sustained damage by root-knot nematodes
or when under low-temperature stress. Providing plants with optimum growing
conditions and preventing injury and incidence of root-knot nematodes will lessen
susceptibility to Rhizoctonia. This pathogen is most aggressive under optimum
soil moisture. Both dry and waterlogged soil conditions inhibit fungal growth
[87].

Symptoms of damping-off include tip necrosis and/or reddish-brown le-
sions on the seedling. Postemergence symptoms include a dark constricted lesion
at the soil line that causes the plant to fall over. Root rot lesions are distinct and
dark in color. Basal stem canker or foot rot produces sunken reddish-brown le-
sions just below the soil line. Ripe tomatoes are more susceptible to fruit rot,
which occurs under warm, wet conditions and produces a brown rot that may
have alternating light and dark bands [87]. Fruit loss can be reduced by eliminat-
ing fruit contact with soil.

Asaka and Shoda [88] determined that iturin A and surfactin, two antibiot-
ics produced by the biological control agent Bacillus subtilis RB14, play an im-
portant role in the suppression of damping-off caused by R. solani. They found
that when plants were treated with culture broth of Bacillus subtilis RB14 without
the pathogen R. solani present, the growth of tomato plants was the same as that
of the control plants, indicating that the bacterium imparts no growth-enhancing
activity to the plant. This study indicates that treatment of soil with the culture
broth, cell suspension, or centrifuged culture broth is as effective as using the
biological control agent.

5. Pythium Diseases

Pythium spp., including P. aphanidermatum, P. myriotylum, P. arrhenomanes
Drechs., P. ultimum Trow, and P. debaryanum R. Hesse, cause several diseases
of young tomatoes including seed rot, preemergence and postemergence damping-
off, and stem rot. Symptoms include a soft, mushy rot of seed, which occurs before
radicle emergence, dark-colored, water-soaked lesions affecting the entire seedling



prior to emergence, and water-soaked lesions extending up the stem after seedling
emergence. Use of high-quality seed and growing plants under optimal tempera-
ture, moisture, and nutritional conditions will reduce incidence of Pythium dis-
eases. Excessive moisture and poor drainage should be avoided. Fruit rot can be
lessened by avoiding fruit contact with soil [89].

A variety of antagonsistic miocroorganisms have been used as seed treat-
ments to control Pythium damping-off [90–92]. Elad and Chet [93] found that
competition for nutrients between germinating oospores of P. aphanidermatum
and several rhizosphere bacteria was significantly correlated with disease sup-
pression in greenhouse trials. Their results indicate that the presence of bacteria
in the root zone of susceptible plants reduced the potential sites for establishment
of Pythium along the roots.

Van Dijk and Nelson [94] showed that the bacterium Enterobacter cloacae
can utilize seed exudate from a number of plant species, including tomato, as a
sole carbon and energy source reducing the stimulatory effect that those
compounds have on Pythium ultimum sporangia. This is an example of a biologi-
cal control agent indirectly affecting a pathogen by having an impact on com-
pounds produced by the host that are necessary for stimulation of the infective
propagule.

Another potential biocontrol agent against pathogenic Pythium spp. is the
nonpathogenic fungus Pythium oligandrum. The occurrence of large popu-
lations of this fungus has been correlated with soil suppressiveness to damping-
off caused by other Pythium spp. [95]. Rey et al. [96] provided a detailed
investigation of the interaction of P. oligandrum colonization and interaction
with tomato roots. That study showed the tomato root tissue was extensively
colonized by the fungus but showed no signs of necrotic symptoms (Fig. 4). Also,
that study noted the accumulation of osmophilic or electron dense chemi-
cal compounds in invaded and reacting cells considered to be phenolic in nature
(Fig. 4).

Tomato is a good candidate for use in exploring the genetic basis for host
interactions with biocontrol agents. This is due to tomato being a self-pollinated,
diploid plant that exists primarily as homogeneous, homozygous lines that have
been extensively mapped for inherited traits. Smith et al. [97] found differences
among tomato lines for both resistance to the pathogen and response to biological
control. The fact that the two traits were independent indicates that it may be
possible to combine them through breeding to improve disease suppression.
Smith et al. [98] went on to identify three quantitative trait loci (QTL) in to-
mato associated with disease suppression by the biological control agent Bacillus
cereus. Two of the QTL for disease suppression by B. cereus map to the same
locations as QTL for other traits, which suggests that the host effect on biocontrol
is mediated by different mechanisms.



Figure 4 Light micrographs of tomato (cv. Prisca) root colonized by P. oligandrum
48–72 hours after inoculation. Ep: Epidermal cell; F: fungus; H: hypha; Oo: oogonium.
(1) Many oogonia have developed over the root surface (arrows). Note that root invasion
with P. oligandrum is not associated with a necrotic reaction (�26). (2) Oogonia present in
an epidermal cell. Their external walls are ornamented with spines (double-headed arrows)
(�260). (3) Hyphae (double arrows) on the root surface stained blue by the immuno-
enzymatic treatment (oogonia are unstained). The hyphae form a loose mycelial network
over the surface (�260). (4) All root tissues, including the vascular stele, are invaded by
P. oligandrum. Host wall penetration is achieved by means of constricted hyphae (thick
arrows). Numerous hyphae appear like empty shells (thin arrows). Unlike on the root
surface, only few oogonia have developed within the root tissues (double arrows) (�65).
(From Ref. 96.)



6. Southern Stem Blight or Stem Rot (Sclerotium rolfsii )

Southern blight is a widespread disease among vegetables in the southern United
States. The first symptoms of this disease are wilting and chlorosis of the leaves.
Warm temperatures and high moisture following dry periods favor this disease.
To help control southern blight farmers should avoid planting in heavily infested
fields, deep plow before planting, and reduce cultivation after planting. Studies
in North Carolina showed that soil solarization combined with the biological
control agent Gliocladium virens reduced disease incidence by 49% the first sea-
son after solarization and 60% the second season [99].

7. Late Blight (Phytophthora infestans)

Early symptoms of late blight are blackish-purple water-soaked lesions on leaf
margins of lower leaves. Under humid conditions, a white spore–producing hy-
phal mass appears at the margin of the lesion on the lower leaf surface. Late
blight can be introduced on transplants or can be introduced into a tomato field
from infested potato or tomato fields as airborne spores. There are resistant culti-
vars available. Other control practices include isolating tomato and potato fields,
using disease-free transplants, and destroying potato cull piles [1].

8. Buckeye Rot (Phytophthora parasitica, P. capsici, and
P. drechsleri) and Phytophthora Root Rot (Phytophthora
parasitica and P. capsici)

Buckeye rot occurs in high-humidity, high–soil moisture conditions worldwide.
In the United States, the disease occurs most frequently in the southeast. Fruit
symptoms include a brownish rot at the point of contact with soil. Buckeye rot
lesions remain firm and smooth with a pattern of concentric rings. Fruit eventually
decay, while the foliage remains unaffected. Warm, wet conditions favor this
pathogen, which is spread by surface water and splashing rain. Heavy, poorly
drained soils should be avoided [100]. Phytophthora spp. have a broad host range,
including many weeds.

Phytophthora root rot is a major problem on tomatoes in California. Symp-
toms on roots include dry, water-soaked, dark brown lesions that may girdle the
roots and cause extensive decay. Root rot is more severe in compacted, poorly
drained soils. Dassi et al. [101] investigated the possible involvement of different
pathogenesis-related (PR) protein families in the biocontrol of P. parasitica by
the arbuscular mycorrhizal (AM) fungus Glomus mosseae. They found that al-
though the bioprotective effect of the AM fungus towards the pathogen was evi-
dent, PR proteins belonging to five common families of compounds were not
directly involved. Cordier et al. [102] used antibodies to label hyphae of Phy-
tophthora nicotianae var. parasitica to distinguish it from hyphae of the AM



fungus Glomus mosseae and found that precolonization by the AM fungus re-
sulted in decreased root damage by the pathogen.

9. Timber Rot (Sclerotinia sclerotiorum)

Timber rot is also known as white mold or Sclerotinia stem rot. Symptoms first
appear on the stem at flowering and may result in large portions eventually ap-
pearing bleached and dry [103]. Wide plant spacing and low plant density reduce
disease development by Sclerotinia sclerotiorum. Sclerotia may survive in soil
for 3–4 years. Coniothyrium minitans is a mycoparasite of S. sclerotiorum that
is found only in sclerotia and does not appear to be a plant pathogen. Application
of C. minitans onto crop debris infected with S. sclerotiorum has shown potential
to reduce disease carry-over [104].

10. Bacterial Canker (Clavibacter michiganensis subsp.
michiganensis)

Bacterial canker of tomato is a potentially devastating disease that occurs world-
wide. Symptoms of canker include downward turning of lower leaves, marginal
necrosis, wilting of leaflets, and systemic wilt of the plant. Elongated stem lesions
that form cankers may or may not appear. Fruit symptoms may not appear but
are distinctive, consisting of lesions with raised brown centers surrounded by a
white halo and often referred to as birds-eye spots [105].

Clipping or pruning of direct-seeded or transplanted tomatoes can result in
severe losses. The use of clean seed and transplants is the most effective way of
controlling this pathogen. This pathogen overwinters in soil, plant debris, weeds,
and volunteers and on tomato stakes. Rotation to a nonhost is advised if a field
becomes infested with canker [105].

11. Bacterial Wilt (Ralstonia solanacearum)

Bacterial wilt is a serious disease of tomato in warm, temperate, subtropical,
and tropical regions worldwide. This bacterium attacks more than 200 species
of cultivated plants and weeds in 33 families. The occurrence of bacterial wilt
in a field can range from sporadic to widespread and causes rapid plant death.
Characteristic symptoms of this disease include a rapid wilt and death of the
plant with no yellowing of the foliage [36]. Before wilting, plants may appear
stunted. The pith near the crown is often dark colored and water soaked. Bacterial
streaming may be evident upon cutting the stem at its base. Rapid wilting and
death, lack of chlorosis, and pith decay distinguish bacterial wilt from Fusarium
and Verticillium wilts.

The biology and epidemiology of bacterial wilt have been reviewed in de-
tail by Hayward [106]. This bacterium can survive in the soil for extended periods



of time without a host and enters the plant through any type of wound. Cultural
controls include avoiding planting seedbeds on infested land. Rotation to nonsola-
naceous crops may help but is only of limited effectiveness due to the wide host
range of the pathogen. Movement of water, soil, and equipment from infested
fields to noninfested fields should be avoided. Cultivars Venus and Saturn have
exhibited resistance in the United States, but this resistance has not always held
up in other areas. Resistant breeding lines developed outside the United States
include Rodade, Scorpio, Redlands Summertaste, Redlander, Kewada, Rosita,
Caribo, and Durable Shinburo [107].

The hypersensitive reaction (HR) is believed to be an important component
of disease resistance. In phytopathogenic bacteria, hrp (hypersensitive reaction
and pathogenicity) genes control the ability to cause disease and to elicit hyper-
sensitive reactions on resistant plants. Research has led to the isolation of hrp
mutants of pathovars of Pseudomonas syringae [108,109]. Hrp-mutants of
Ralstonia solanacearum have been described as potential biological control
agents of bacterial wilt of tomato. The ability of Hrp-mutants to protect against
invasion by pathogens is correlated with its aggressiveness in invading and colo-
nizing host tissue [110–112]. Mechanisms responsible for biological control by
these organisms include bacteriocin-mediated antibiosis within the rhizosphere
and plant tissues [112].

Studies performed to characterize the microhabitats of microbial communi-
ties in soil indicate that microhabitats conducive for growth differed among
strains of soil bacteria and that little competition existed between R.solanacearum
and other soil bacteria when their microhabitats differed [113]. These results
indicate that selection of potential biological control agents should include an
understanding of their ecological suitability for survival in the habitats that the
pathogen occupies.

C. Nematode Management

Nematodes often form disease complexes with other pathogens of tomato. Nema-
tode infestation can cause damage to roots that can result in water stress and
stunting and damage is often dependent on the population density of the pathogen
and the host’s ability to tolerate stress. Nematode-infested areas should be identi-
fied and isolated to avoid spreading inoculum with machinery and irrigation wa-
ter. Many vegetables including tomato, cole crops, beans, eggplant, cucumber,
muskmelon, watermelon, honeydew, okra, and pepper are susceptible to root-
knot nematodes (Meloidogyne spp.). This makes rotation difficult in vegetable
production areas. Although rotation to nonhost crops for more than a year may
reduce populations of root-knot nematodes it will not eliminate them. Rotation
with asparagus, corn, onions, garlic, small grains, cahaba white vetch and ‘nova’
vetch, crotalaria, velvetbean, soybean, and ryegrass reduce numbers of root-knot



nematode [114]. Crops grown in the southeastern United States that consistently
reduce populations of Meloidogyne spp. include sorghum-sudangrass and
bahiagrass [115]. French marigold (Tagetes patula), in a solid planting for a full
season, has been reported to decrease some species of root-knot nematodes but
is a host to the northern root-knot nematode.

There are some nematode-resistant tomato cultivars developed through tra-
ditional plant breeding. High soil temperature (�28–30°C) is a major limiting
factor for the use of resistance in tomato to root-knot nematodes (Meloidogyne
spp.) due to the breakdown in expression of the Mi gene resistance at high temper-
ature. Also, there are resistance-breaking biotypes of Meloidogyne spp. associated
with tomato. Evidence suggests that resistance genes other than the Mi gene
exist in exotic germplasm [116]. Ammati et al. [117] found stability of root-knot
nematode resistance under heat stress in several Lycopersicon genotypes. There
are also efforts to develop genetically engineered plants that would function as
trap crops by allowing the nematodes to enter the roots but not to reproduce.

Various materials have been used as soil amendments for nematode control
[19]. Mechanisms responsible for nematode suppression may differ for each
amendment used and can include release of toxic compounds such as hydrogen
sulfide, organic acids, and ammonia. Addition of organic amendments to soil can
also reduce nematode infestation by increasing populations of beneficial microor-
ganisms. Application of chitin or collagen, which are components of the gelati-
nous matrix produced by Meloidogyne spp., nematode egg shells, and cuticular
proteins, enhances the components of the microflora capable of utilizing those
compounds and often results in reduction of pathogenic nematode populations
[118–120]. Ground seed of castor, crotalaria, hairy indigo, and wheat were evalu-
ated for effects on populations of root-knot nematode on tomato [121]. Crotalaria
and hairy indigo added to soil at 2% almost completely suppressed egg mass
production of both M. javanica and M. incognita. In these studies, levels of
amendment rather than type of amendment had more effect on egg mass produc-
tion.

Rhizobacteria have been extensively investigated as nematode antagonists
for many years. Results using commercial formulations for nematode control
have been variable [17]. Several rhizobacteria, including Bacillus spp. [122], flu-
orescent pseudomonads [123], and Telluria chitinolytica [124], have been shown
to inhibit penetration of roots by Meloidogyne spp. and reduce galling. It has
been hypothesized that these bacteria may interfere with chemotaxis by blocking
receptors on the roots or by modifying host plant root exudates [122,123,125].
Oka et al. [126] found that the combination of a proteinaceous amendment, such
as peptone, and an ammonia-producing bacterium reduced galling by root-knot
nematode. Significant reduction in M. incognita gall incidence on tomato oc-
curred after seed treatment with the three rhizobacteria Bacillus cereus, Bacillus
subtilis, and Pseudomonas spp. [127]. An increase in seedling biomass, a reduc-



tion in galling caused by M. incognita, and a yield increase were observed with
one or more of the bacterial treatments.

Bacillus thuringiensis (BT) is a gram-positive bacterium that has been
widely used as a biological control agent for insects. BT has also been reported
to be lethal to plant parasitic nematodes in vitro [128,129]. In field trials, the BT
isolate CR-371 effectively controlled root-knot nematode on tomato and pepper
when applied as a drench [130]. Populations of reniform (Rotylenchulus reni-
formis) and lesion (Pratylenchus penetrans) nematodes also decreased in re-
sponse to application of BT indicating broad nematicidal activity. Due to the
small size of the stylet orifice and other natural body openings in plant parasitic
nematodes, it is likely that BT exotoxins are responsible for the nematicidal activ-
ity reported in these studies. A thermostable beta exotoxin from a BT strain has
proven to be nematicidal to Meloidogyne incognita and other soil nematodes
[128,129]. Delta endotoxins released into the soil upon lysis of bacterial cells
have also been implicated in nematode control.

Pasteuria penetrans is an obligate mycelial endosprore-forming bacterial
parasite of some parasitic nematodes including Meloidogyne spp. This bacterium
was first described as a protozoan and named Duboscquia penetrans [131]. After
closer observation using the electron microscope, it was determined to be a bacte-
rium and was designated as Bacillus penetrans [132]. Further study of the organ-
ism revealed its branched, filamentous vegetative thallus, which resembled an
actinomycete. This observation resulted in the renaming of the organism
Pasteuria penetrans [133]. Spores from isolates that attack Meloidogyne spp.
attach to the cuticle of second-stage juveniles in the soil and germinate after the
juvenile enters the root and initiates feeding. The pathogen enters the body of
the nematode by producing a germ tube, which penetrates the cuticle. The bacteria
then produces branched microcolonies, which give rise to daughter colonies that
proliferate throughout the body cavity of the nematode, interfering with normal
growth and reproduction [134]. Pasteuria penetrans is an extremely specific obli-
gate parasite that depends completely on its host for development. Experiments
by Bird [135] evaluating the effect of parasitism by P. penetrans on development
of Meloidogyne javanica indicated that a balance was struck between the parasite
and host nematode, which caused a minimal disturbance in the feeding and func-
tioning of the nematode while selectively destroying the nematode’s ability to
reproduce. Early trials by Stirling [136] confirmed that the incorporation of P.
penetrans into soil prior to planting tomatoes reduced galling and soil populations
of root-knot nematode to levels comparable to nematicide. In other studies,
Pasteuria penetrans was found to have no effect on nematode populations, gall-
ing, and yield in the first crop but did reduce populations and galling in successive
crops due to active multiplication in the soil [137]. Pasteuria penetrans is cur-
rently not commercially available due to difficulties in mass production of this
obligate pathogen.



The fungus Paecilomyces lilacinus, a common soil hyphomycete, is known
to parasitize nematode eggs [138,139]. Nematodes of the group Heteroderidae,
which deposit their eggs in a gelatinous matrix, are more vulnerable to attack by
egg destroying fungi such as P. lilacinus than the eggs of migratory parasites.
P. lilacinus suppressed root galling, number of egg masses, and egg hatch in
greenhouse experiments and increased yield of soybean in microplots in two
consecutive years without reapplication of the fungus the second year [140]. In
experiments on greenhouse tomatoes, plants inoculated with the fungus 4–6 days
prior to nematode inoculation had significantly lower gall indices than those
treated and inoculated at other times [141]. The integration of neem and other
oil-cakes as organic amendments with the application of P. lilacinus increased
parasitism of root-knot nematode females, egg masses, and eggs [142].

The endoparasitic fungus Meria coniospora has been reported to have effi-
cacy against root-knot nematodes [143]. This fungus grows well in culture and
produces abundant conidia on both infected nematodes and artificial substrates.
Meria coniospora is very aggressive, colonizing 15 of 17 nematode species tested
including Meloidogyne javanica and M. incognita. A Scytalidium-like fungus,
isolated from black egg masses of M. javanica on tomato roots, lowered the hatch
rate of juveniles in vitro [144]. Application of the fungus did not inhibit penetra-
tion of juveniles into tomato roots, but the nematode population in treated soil
was lower than in nontreated soil after one generation of nematodes.

The fungus Verticillium lecanii is another potential biological control agent
that has been extensively investigated for control of Meloidogyne incognita on
tomato [145,146] and other nematode/host combinations [147–149]. Various for-
mulations, including an alginate granule, of isolates of V. lecanii have been tested
against root-knot nematode on tomato with inconsistent results. Root drench ap-
plications of this fungus did not increase its efficacy against M. incognita on
tomato [146].

There has been substantial research on nematode-trapping fungi in recent
years. These fungi trap the nematodes in hyphal rings, or with a network of sticky
hyphal structures, and invade the body cavity, consuming its contents. Activities
of these fungi may be influenced by soil pH, moisture, and temperature, which
can limit their establishment and reproduction in agricultural soils. In general,
these fungi have limited competitive ability and slow rates of multiplication re-
sulting in inconsistent performance as biological agents in the field. Stirling et
al. [150] investigated the effects of formulations on Arthrobotrys dactyloides as
a control agent for Meloidogyne javanica. Formulations that had been subjected
to solid phase incubation prior to drying consistently reduced numbers of M.
juveniles in greenhouse experiments using field soil. In later field trials formula-
tions of A. dactyloides applied at 220–440 kg/ha reduced the number of nema-
todes present in roots 4–8 weeks after planting [151]. It was concluded that for-



mulations with greater biological activity are needed to achieve levels of control
comparable to chemical nematicides.

Studies on the effects of soil microfauna on populations of the nematopha-
gous fungi Hirsutella rhossiliensis and Monacrosporium gephyropagum indicate
that enchytraeids did not reduce populations of formulated nematode trapping
fungi [152]. However, these studies did indicate that organisms smaller that 20
µm do negatively affect establishment of these fungi in soils. Bacteria associated
with Arthrobotrys oligospora, called nematophagous fungus helper bacteria
(NHB), were found to enhance in vitro fungal activity against Meloidogyne maya-
guensis resulting in better nematode control and improved plant growth [153].

Entomopathogenic nematodes are commonly used for the control of various
insect pests. Steinernema glaseri and S. carpocapsae were studied by Bird and
Bird [154] for effects on populations of Meloidogyne javanica. Both Steinernema
and Meloidogyne are chemotactically attracted to CO2, which is given off by root
tips. It was found that the larger and more active Steinernema spp. outcompeted
M. javanica for space and consequently reduced the number of egg-laying Meloi-
dogyne females in tomato roots. It was also observed that the addition of S. glaseri
seemed to stimulate plant growth and that several less concentrated applications
were superior to a single concentrated dose for control of root-knot nematodes
and enhanced plant growth. Lewis and Perez [155] found that tomato seedlings
inoculated with Steinernema feltiae and Heterorhabditis bacteriophora had fewer
M. incognita eggs than roots inoculated with M. incognita alone.

D. Management of Virus Diseases

There are approximately 30 plant viruses that infect tomato. Virus diseases are
extremely difficult to control and can result in significant crop loss. Ten of the
most important viruses of tomato are vectored by aphids: five by whiteflies, two
by thrips, one by nematodes, and four by beetles, leafhoppers, or treehoppers
[156]. Disease incidence and severity vary due to the complex relationship that
exists among the virus, host, vector, and environment.

The most effective way to control viruses is to limit their spread. In general,
tomato viruses are spread by infected seed or transplants and insect feeding. It
is important to use certified virus-free seed or transplants and virus-resistant culti-
vars and to control weeds and insects around tomato fields. Weed control is espe-
cially important for control of tobacco etch virus, the primary source of which
is infected solanaceous weeds [1]. Soaps and oils can be used to control aphids
and thrips [1]. Reflective plastic mulches have been shown to delay the onset of
some virus diseases compared to black plastic [157].

Tomato spotted wilt virus (TSWV) is one of the most economically destruc-
tive viruses of tomato, often causing severe infection rates of 50–90% in some



vegetable crops [158]. This virus is found in regions with tropical climates
and is vectored by thrips [159]. Leaves typically become bronze and develop
dark spots. Plants may show evidence of stunting or irregular growth, and ripe
fruit may have chlorotic ring spots, although symptoms can vary [160]. Approxi-
mately 800 species of plants in 80 families are susceptible to TSWV. Predominant
vegetable and field crop hosts of TSWV include tomato, pepper, potato, tobacco,
lettuce, and peanut [161]. TSWV is difficult to control due to the high repro-
ductive rate and wide host range of the vector combined with the ability of
thrips to develop resistance to insecticides. The Sw-5 resistance gene in tomato
has provided some control of the virus [162] and can be combined with the
use of thrips-proof mesh that provides a barrier against the vector [163]. Diez et
al. [163] found that clean TSWV-resistant transplants performed best under the
protection of thrips-proof mesh but that mesh can enhance infection and
reduce yield if used in combination with susceptible cultivars under high disease
pressure. Adkins [164] provides a more complete review of recent research on
TSWV.

Tomato yellow leaf curl virus (TYLCV) is a whitefly (Bemisia tabaci)-
transmitted virus that is extremely devastating on tomato. TYLCV is a geminivi-
rus with a narrow host range affecting only a few species in six plant families,
which include Compositae, Leguminosae, and Solanaceae [165]. While many
hosts remain symptomless, tobacco and tomato are severely affected by TYLCV
[166]. Symptoms include weakening and stunting of the entire plant and flower
and fruit abscission. This virus can cause complete crop loss when infection
occurs before flowering. TYLCV occurs in many tropical and subtropical
regions and is spreading into new areas [166]. Use of resistant varieties is the
most effective way to manage this pathogen; however, only partially resistant
hybrids are commercially available [166]. In order to reduce sources of the
virus, clean planting material must be used and plants that serve as virus reser-
voirs such as tobacco, beans, and volunteer tomatoes should be eliminated [167].
In order to control the transmission of the virus, the vector must be controlled.
Biological control of B. tabaci in Mediterranean regions can be accomplished
using the parasites Encarsia formosa, Encarsia lutea, and Eretmocerus mundus
[168].

The ability of one virus strain to protect against infection by a second strain
of the same virus is known as cross protection. Practical use of attenuated strains
began 30 years ago and has become a widely used means of biological control
of tobacco and tomato mosaic virus in greenhouse tomatoes [169]. More recently,
alternative strategies have been developed using transgenic plants containing viral
coat protein genes and replicase-associated genes [170]. Transgenic plants have
been obtained that express the coat protein gene of TYLCV and show a high
positive correlation between the presence of the coat protein and disease reduc-
tion [171].



Plant growth–promoting rhizobacteria have been reported to act as in-
ducers of systemic resistance towards cucumber mosaic virus in tomato [172].
PGPR strains that induced protection in cucumber against the fungal path-
ogens Colletotrichum orbiculare and Fusarium oxysporum and the bacterial
pathogen Pseudomonas syringae pv. lachrymans, reduced disease severity in
cucumber mosaic cucumovirus (CMV)–susceptible tomato compared to the un-
treated control. This research also demonstrated that specific PGPR strains
have the potential of protecting various crops against multiple and diverse patho-
gens.

Experiments conducted over 5 years in Alabama and Florida evaluating
strains of PGPR for induction of resistance against CMV and whitefly-transmitted
tomato mottle virus (ToMoV) demonstrated a reduction in the incidence of viral
infection and an increase in tomato yield in PGPR-treated plants [173]. Tomato
mottle virus is a problem for transplant and field production of tomato in west-
central and southwest Florida [174]. These studies offer hope for control of
insect-transmitted diseases, such as viruses, using PGPR-mediated induced resis-
tance.

IV. SUMMARY

A greater understanding of the interaction between biocontrol agents, pathogens,
environmental conditions, and host plants is imperative if successful strategies
are to be developed to limit disease incidence without the use of chemical pesti-
cides. This information is necessary to improve performance of biocontrol agents
by lessening their chances of failure due to application during conditions unfavor-
able to their growth or under extremely high pathogen pressure that could be
reduced by cultural practices. Successful use of biological control will require
growers to adjust current crop management practices. The resulting integration of
biological control practices into a multifaceted management program will require
knowledge-based decisions by growers regarding ecological principals involving
the environment, host, pathogen, and biocontrol agent. A current list of commer-
cially available biological control agents is available through the USDA, ARS
Biological Control of Plant Diseases website [175].

REFERENCES

1. M Peet. Sustainable practices for vegetable production in the south, 2000. http:/ /
www.cals.ncsu.edu/sustainable/peet/IPM/disease/d mgmt.html.

2. EC Tigchelaar. Botany and culture. In: JB Jones, JP Jones, RE Stall, TA Zitter,
eds. Compendium of Tomato Diseases. St. Paul, MN: APS Press, 1991, pp 2–4.

www.cals.ncsu.edu


3. JC Watterson. Seed production. In: JB Jones, JP Jones, RE Stall, and TA Zitter,
eds. Compendium of Tomato Diseases. St. Paul, MN: APS Press, 1991, pp 4–5.

4. CD Stanley, CM Geraldson. Containerized transplant production. In: JB Jones, JP
Jones, RE Stall, TA Zitter, eds. Compendium of Tomato Diseases. St. Paul, MN:
APS Press, 1991, pp 5–8.

5. KJ Bradford. Manipulation of seed water relations via osmotic priming to improve
germination under stress conditions. HortScience 21:1105–1112, 1986.

6. GE Harman, AG Taylor. Improved seedling performance by integration of biologi-
cal control agents at favorable pH levels with solid matrix priming. Phytopathology
78:520–525, 1988.

7. A Sivan, I Chet. Biological control of Fusarium spp. in cotton, wheat and musk-
melon by Trichoderma harzianum. Phytopathol Z 116:39–47, 1986.

8. Y Chang, Y Chang, R Baker, O Kleifeld, I Chet. Increased growth of plants in the
presence of the biological control agent Trichoderma harzianum. Plant Dis 70:145–
148, 1986.

9. WL Chao, EB Nelson, GE Harman, HC Hoch. Colonization of the rhizosphere by
biological control agents applied to seeds. Phytopathology 76:60–65, 1986.

10. Y Hadar, GE Harman, AG Taylor. Evaluation of Trichoderma koningii and T. har-
zianum from New York soils for biological control of seed rot caused by Pythium
spp. Phytopathology 74:106–110, 1984.

11. N Kokalis-Burelle, EN Rosskopf, RA Shelby, DO Chellemi, CS Vavrina. Field
evaluation of amended transplant mixes and soil solarization for tomato and pepper
production. Phytopathology 89:41, 1999.

12. A Sivan, O Ucko, I Chet. Biological control of Fusarium crown rot of tomato by
Trichoderma harzianum under field conditions. Plant Dis 71:587–592, 1987.

13. S Nemec, LE Datnoff, J Strandberg. Efficacy of biocontrol agents in planting mixes
to colonize plant roots and control root diseases of vegetables and citrus. Crop Prot
15:735–742, 1996.

14. S Nemec. Longevity of microbial biocontrol agents in a planting mix amended with
Glomus intraradices. Biocontrol Sci Technol 7:183–192, 1997.

15. R Vargas-Ayela. Nematode population dynamics and microbial ecology in a rota-
tion program with Mucuna deeringiana, and other crops: a biological control ap-
proach. PhD dissertation, Auburn University, Auburn, AL, 1995.

16. DP Breakwell, RF Turco. Nutrients and phytotoxic contributions of residue to soil
in no-till continuous-corn ecosystems. Biol Ferti Soils 8:328–334, 1990.

17. GR Stirling. Biological Control of Plant Parasitic Nematodes: Progress, Problems
and Prospects. Wallingford, Oxon, UK: CAB International, 1991.

18. HAJ Hoitink. Basis for the control of soilborne plant pathogens with composts.
Annu Rev Phyopathol 24:93–114, 1998.

19. R Rodriguez-Kabana. Organic and inorganic nitrogen amendments to soil as nema-
tode suppressants. J Nematol 18:129–135, 1986.

20. D Chun, JL Lockwood. Reduction of Pythium ultimum, Thielaviopsis basicola, and
Macrophomina phaseolina populations in soil associated with ammonia generated
from urea. Plant Dis 69:154–158, 1985.

21. FS Chew. Biological effect of glucosinolates. In: HG Cutler, ed. Biologically Ac-
tive Natural Products. ACS Symp Ser 380. 1988, pp 155–181.



22. HS Mayton, C Olivier, SF Vaughn, R Loria. Correlation of fungicidal activity of
Brassica species with allyl isothiocyanate production in macerated leaf tissue. Phy-
topathology 86:267–271, 1996.

23. Y Chen, A Gamliel, JJ Stapleton, T Aviad. Chemical, physical, and microbial
changes related to plant growth in disinfested soil. In: J Katan, JE DeVay, eds.
Soil Solarization. Boca Raton, Fl: CRC Press, 1991, pp 103–129.

24. RJ Cook, KF Baker. The Nature and Practice of Biological Control of Plant Patho-
gens. St. Paul, MN: APS Press, 1983, pp 1–539.

25. DA Pavlica, TS Hora, JJ Bradshaw, RK Skogerboe, R Baker. Volatile compounds
from soil influencing activities of soil fungi. Phytopathology 68:758–765, 1978.

26. N Kokalis-Burelle, R Rodriquez-Kabana. Effects of pine bark extracts and pine
bark powder on fungal pathogens, soil enzyme activity, and microbial populations.
Biol Control 4:269–276, 1994.

27. N Kokalis-Burelle, R Rodriquez-Kabana. Changes in populations of soil microor-
ganisms, nematodes, and enzyme activity associated with application of powdered
pine bark. Plant Soil 162:169–175, 1994.

28. J Katan. Soil solarization. In: I Chet, ed. Innovative Approaches to Plant Disease
Control. New York: John Wiley & Sons, 1987, pp 77–105.

29. A Gamliel, J Katan. Suppression of major and minor pathogens by fluorescent pseu-
domonads in solarized soil. Phytopathology 83:320–327, 1993.

30. A Gamliel, JJ Stapleton. Characterization of antifungal volatile compounds evolved
from solarized soil amended with cabbage residues. Phytopathology 83:899–905,
1993.

31. JJ Stapleton, A Gamliel. Feasibility of soil fumigation by sealing soil amended
with fertilizers and crop residues containing biotoxic volatiles. Proc. 24th Natl.
Agricultural Plastics Congr Am Soc Plasticulture, Raleigh, NC, 1993, pp 200–205.

32. A Gamliel, JJ Stapleton. Effect of soil amendment with chicken compost or ammo-
nium phosphate and solarization on pathogen control, rhizosphere microorganism
and lettuce growth. Plant Dis 77:886–891, 1993.

33. DO Chellemi, SM Olsen, DJ Mitchell. Effects of soil solarization and fumigation
on survival of soilborne pathogens of tomato in northern Florida. Plant Dis 78:
1167–1172, 1994.

34. CA Chase, TR Sinclair, DG Shilling, JP Gilreath, SJ Locascio. Light effects on
rhizome morphogenesis in nutsedges (Cyperus spp.): implications for control by
soil solarization Weed Science 46:575–580, 1998.

35. WR Stevenson, KL Pohronezny. Anthracnose. In: JB Jones, JP Jones, RE Stall,
TA Zitter, eds. Compendium of Tomato Diseases. St. Paul, MN: APS Press, 1991,
pp 9–10.

36. GW Simone. Disease control in tomato (Lycopersicon esculentum). In: GW
Simone, RS Mullin, eds. 1998 Florida Plant Disease Management Guide Vol. 3:
Fruit and Vegetables. 1998, pp 324–355. University of Florida, Gainesville, FL.

37. JP Jones. Early blight. In: JB Jones, JP Jones, RE Stall, TA Zitter, eds. Compendium
of Tomato Diseases. St. Paul, MN: APS Press, 1991, pp 13–14.

38. AF Nash, RG Gardner. Tomato early blight resistance in a breeding line derived
from Lycopersicon hirsutum PI126445. Plant Dis 72:206–209, 1988.

39. WR Jarvis. Managing diseases in greenhouse crops. Plant Dis 73:190–194, 1989.



40. Y Elad, J Köhl, NJ Fokkema. Control of infection and sporulation of Botrytis cin-
erea on bean and tomato by saprophytic bacteria and fungi. Europe. J Plant Pathol
100:315–336, 1994.

41. TM O’Neill, A Niv, Y Elad, D Shtienberg. Biological control of Botrytis cinerea
on tomato stem wounds with Trichoderma harzianum. Eur J Plant Pathol 102:635–
643, 1996.

42. AJ Dik, Y Elad. Comparison of antagonists of Botrytis cinerea in greenhouse-
grown cucumber and tomato under different climatic conditions. Eur J Plant Pathol
105:123–127, 1999.

43. D Shtienberg, Y Elad. Incorporation of weather forecasting in integrated, biologi-
cal-chemical management of Botrytis cinerea. Phytopathology 87:332–340, 1996.

44. RE Stall. Gray mold. In: JB Jones, JP Jones, RE Stall, TA Zitter, eds. Compendium
of Tomato Diseases. St. Paul, MN: APS Press, 1991, pp 16–17.

45. E Fallik, J Klein, S Griberg, E Lomaniec, S Lurie, A Lalazar. Effect of postharvest
heat treatment of tomatoes on fruit ripening and decay caused by Botrytis cinerea.
Plant Dis 77:985–988, 1993.

46. M Mari, M Guizzardi, M Brunelli, A Folchi. Postharvest biological control of grey
mould (Botrytis cinerea Pers.: Fr.) on fresh-market tomatoes with Bacillus amyloli-
quefaciens. Crop Prot 15:699–705, 1996.

47. JP Jones. Bacterial spot. In: JB Jones, JP Jones, RE Stall, TA Zitter, eds. Compen-
dium of Tomato Diseases. St. Paul, MN: APS Press, 1991, pp 26–27.

48. JP Jones. Bacterial speck. In: JB Jones, JP Jones, RE Stall, TA Zitter, eds. Compen-
dium of Tomato Diseases. St. Paul, MN: APS Press, 1991, p 27.

49. WG Bonn, RD Gitaitis, BH MacNeill. Epiphytic survival of Pseudomonas syringae
pv. tomato on tomato transplants shipped from Georgia. Plant Dis 69:58–60, 1985.

50. RW Schneider, RG Grogan. Bacterial speck of tomato: sources of inoculum and
establishment of a resident population. Phytopathology 67:388–394, 1977.

51. DR Smitley, SM McCarter. Spread of Pseudomonas syringae pv. tomato and role
of epiphytic populations and environmental conditions in disease development.
Plant Dis 66:713–717, 1982.

52. DA Cooksey, Reduction in infection by Pseudomonas syringae pv. tomato using
a nonpathogenic, copper-resistant strain combined with a copper bactericide. Phyto-
pathology 78:601–603, 1988.

53. JE Colin, Z Chafik. Comparison of biological and chemical treatments for control
of bacterial speck of tomato under field conditions in Morocco. Plant Dis 70:1048–
1050, 1986.

54. RE Stall. Bacterial stem rot. In: JB Jones, JP Jones, RE Stall, TA Zitter, eds. Com-
pendium of Tomato Diseases. St. Paul, MN: APS Press, 1991, pp 27–28.

55. JP Jones, AW Engelhard, SS Woltz. Management of Fusarium wilt of vegetables
and ornamentals by macro- and microelement nutrition. In: AW Engelhard, ed.
Soilborne Plant Pathogens: Management of Diseases with Macro- and Microele-
ments. St. Paul, MN:APS Press 1989, pp 18–32.

56. B Barna, ART Sarhan, Z Kiraly. The influence of nitrogen nutrition on the sensitiv-
ity of tomato plants to culture filtrates of Fusarium and to fusaric acid. Physiol
Plant Pathol 23:257–263, 1983.

57. WH Elmer, Association between Mn-reducing root bacteria and NaCl applications



in suppression of Fusarium crown and root rot of asparagus. Phytopathology 85:
1461–1467, 1995.

58. AM Fenton, PM Stephens, J Crowley, M O’Callaghan, F O’Gara. Exploitation of
gene(s) involved in 2,4-diacetylphloroglucinol biosynthesis to confer a new biocon-
trol capability to a Pseudomonas strain. Appl Environ Microbiol 58:3873–3878,
1992.
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I. INTRODUCTION

Apple is by no means a fundamental crop for human subsistence, and in many
instances it could be considered a superfluous addition to the diet. As such, pro-
duction historically has been dominated by countries with economic systems that
could provide investment income to establish orchards and a populace with suffi-
cient disposable income to purchase such a nonessential food item. As production
costs have become primary and transportation costs have waned as elements con-
tributing to the economic viability of production systems, there has been a shift
in the relative importance in the regions of apple production.

The production of apples is common to most regions of the world that
possess a temperate climate. Through the mid-1980s the Soviet Union was the
largest producer of apples, followed by the United States and China, both of
which produced in the order of 3.5 million metric tons per year [1]. Although
production has remained nearly flat in most of Europe, apple production in other
regions has climbed significantly and has been associated with changes in varietal
composition of that production. Chinese apple production has increased dramati-
cally during the past 20 years and now approaches or exceeds 20 million metric
tons annually [2]. During this expansion in apple production, a consistent reduc-
tion in the mainstream varieties, including Red and Golden Delicious along with
Cox’s Orange Pippin, has been observed, with a corresponding increase in market
share for newer varieties such as Fuji, Gala, and Braeburn.



Due to the availability of resources and difficulty in breeding pest resistance
into horticulturally acceptable cultivars, chemical measures have been the domi-
nant form of pest control employed in apple production systems. However, im-
pending and potential regulatory issues are driving interest in the development
of alternative control measures in production aspects ranging from the use of
preplant soil fumigants for the control of apple replant disease to the application
of fungicides for the control of postharvest rots. Another element leading the
drive toward formulating alternative pest control alternatives has been the ab-
sence of effective chemical control options. Control of fire blight has traditionally
relied on use of the antibiotic streptomycin, and control of gray mold was in
large part dependent on use of benzimidazole fungicides. In both instances, the
development of resistant pathogen populations and the absence of chemical con-
trols that are as effective as these predecessors has stimulated interest in the
formulation of integrated disease control systems.

Biological disease control would appear to have significant potential, in
terms of both environmental and economic issues, for incorporation into organic
and conventional apple production systems. Concern over the impact of chemical
pesticides used in production agriculture on environmental quality and human
health has, in some cases, led to a reevaluation of specific products by regulatory
agencies or, in the case of methyl bromide, an eventual ban in use. In addition,
recent difficult economic conditions have led to the adoption of organic farming
systems by some apple growers due to the potential for greater financial returns.
In the 1999 growing season approximately 2200 acres of apple orchard were
certified organic in Washington State. During the same period over 3500 acres
were in transition from conventional production practices to be certified organic
within 3 years [3]. Obviously, such systems rely more heavily on alternative pest
control practices and will benefit greatly from the development and implementa-
tion of effective biological disease control measures.

Biological control of insect pests has proven quite successful in apple.
However, with a few notable exceptions (e.g., fire blight and postharvest diseases
of apple), in comparison to annual crop production systems, there has been a
relative dearth of study on biological control as a disease management practice
in apple. In part, this may stem from the perennial nature of the crop and the
long-term nature of studies to investigate the efficacy of such control measures
in these systems.

Perennial cropping systems provide unique opportunities and impediments
to the use of biological measures in the control of plant diseases. As perennial
cropping systems such as apple are established through the use of clonal stock
rather than seed, these systems may possess multiple opportunities for the intro-
duction of biological agents during the process of plant establishment. Several
opportunities will exist in the nursery environment for the application of micro-
bial inoculants such as biocontrol rhizobacteria or mycorrhizal fungi. This is par-



ticularly applicable in those nursery operations where rootstocks and other propa-
gative materials are initially established in fumigated soils. Such an environment
will likely possess diminished microbial competition, and thus success in estab-
lishing the introduced microbial inoculant will be enhanced. An additional oppor-
tunity for introduction of biological control agents exists at the time of orchard
establishment and can take the form of direct soil incorporation or application
to the root system of planting stock.

Without question, a major obstacle to the effective utilization of biological
measures in apple production systems is the extended duration of the protection
period often required to achieve successful disease control. Implementation of
biological measures for the control of root diseases of established perennial pro-
duction systems provide unique barriers not typically found in annual production
systems. One such barrier is the postplanting introduction and establishment of
the biocontrol agent at the potential point of pathogen invasion. While such agents
could plausibly be introduced each year at planting in annual production systems,
successful introduction of a biological agent into the rhizosphere of a plant with
a long established microflora is not probable.

Control of aerial pathogens in perennial production systems in large part
is analogous to those methods and measures employed in annual production sys-
tems. The protection period varies with the host-pathogen system, but it does not
differ significantly with regards to foliar pathogens from annual cropping sys-
tems. A primary exception to this statement would be a variety of canker diseases
and pathogens, which induce systemic infections. In such an instance, the patho-
gen is dormant during a portion of the year but becomes active during some
period of each successive growing season. Again, this may be a hidden opportu-
nity such as those instances where applications during a dormant period may
provide effective control and the need to suppress an actively growing and repro-
ducing pathogen is made unnecessary. On the other hand, it is more often the
case that pathogens causing perennial cankers are internal to the host and effective
biological control will be difficult if not impractical.

In this chapter, the application of biological measures for the control of
some specific diseases of apple will be discussed. A wide disparity in develop-
ment of such methods exists among disease systems. Thus, the depth to which
individual diseases are discussed will vary in a similar manner.

II. FIRE BLIGHT

Fire blight is caused by the bacterium Erwinia amylovora and is a serious con-
straint to pome fruit production, including apple, in many regions of the world
[4]. The bacterium is capable of damaging virtually all plant tissues, causing
symptoms ranging from flower necrosis to stem girdling near the graft union of



trees. As a result, losses can range from reductions in the current year crop to
the death of mature trees in a single growing season. An artificially induced, but
certainly economic, concern is the market access barrier E. amylovora presents
for export of fruit from countries where the disease has been reported to countries
where the disease is absent. E. amylovora is reputedly the most intensively inves-
tigated bacterial plant pathogen [5]. During the past three decades some advance-
ment, particularly in the identification of active biological agents, has been at-
tained in the development of suitable measures for control of fire blight. Control
continues to be dependent upon an integrated management approach employing
strategies ranging from strict quarantine in regions where the bacterium is not
established to the prodigious use of antibiotics.

A first line of defense in the control of fire blight is the management of
inoculum potential in the orchard through the elimination of overwintering can-
kers during the dormant season and removal of active lesions during the growing
season [6]. Chemical control of fire blight has been dependent upon the use of
the antibiotics streptomycin and oxytetracycline or the application of copper com-
pounds. However, resistance to streptomycin among populations of E. amylovora
is common in many production areas where this compound has been employed
[7–9]. As a result, oxytetracycline and in some instances copper sprays have
been substituted. Control achieved with these measures is less effective, and po-
tential for the development of resistance to these compounds is evident [7], if
not likely, based on history of other bacterial pathogens [10,11]. Though other
antibiotics may prove effective for the control of fire blight [12], the current
concern over the impact of agricultural uses of antibiotics and resistance develop-
ment in human pathogens may preclude commercial application.

Resistance to E. amylovora is known to exist within apple germplasm
[13,14]. However, the use of such germplasm has not been extensive due to
difficulty in incorporating desired horticultural traits into such material. The re-
cent shift away from traditional cultivars such as Red Delicious toward more
susceptible varieties such as Fuji and Gala has intensified the problem. Rootstocks
resistant to E. amylovora have also been identified [15,16], but some of the more
common dwarfing rootstocks employed, such as M26, are among the most sus-
ceptible to fire blight. Recent advances in the transformation of apple hold sig-
nificant promise for over coming past deficiencies in merging resistance with
desirable horticultural traits in apple [17,18].

A. Biological Control with Bacterial Agents

Biological control of fire blight through the application of epiphytic bacteria has
been extensively studied, and numerous recent reviews have addressed the topic
[19–21]. Although progress has been made in developing control practices for
the management of fire blight, the inadequacies of such measures cited above



point to significant opportunities for the employment of alternative strategies.
One such element is the incorporation of biological control into an integrated
approach to the management of fire blight. Control of the blossom blight phase
of the disease is generally thought to be integral to effective management of fire
blight [21] as this serves as the primary means of entry to the host, and bacterial
ooze emanating from blossom infections is a source of inoculum contributing to
the secondary phase of disease development. As a result, attempts to develop
agents for the biological control of fire blight have focused on this phase of the
disease cycle.

Although significant obstacles continue to exist, biological control of the
blossom blight phase of fire blight has been obtained in the field [21–24], re-
sulting in the development of commercial biocontrol products (BlightBan A540;
a.i. Pseudomonas fluorescens strain A506, Plant Health Technologies, Boise, ID),
and has been utilized as an alternative or a complementary measure to the applica-
tion of antibiotics for disease control [25,26]. In the realm of biological control
research, such a history can only be looked upon as a success, even when consid-
ering the associated limitations of this control practice, which require continued
study to overcome.

Biological control of fire blight has focused on the use of bacterial agents
for suppression of epiphytic populations of E. amylovora that develop on blos-
soms. This is a critical step in obtaining effective biological control of fire blight
as populations of E. amylovora that develop on flower stigmas are subsequently
transported to the hypanthia where infection generally occurs [27]. Thus, bacteria
possessing the ability to effectively colonize flower stigmas are likely to be supe-
rior agents for biocontrol of fire blight, regardless of the mechanism employed
by the agent.

The majority of studies on the biological control of fire blight have focused
on the use of the bacterial ephiphytes Pantoea agglomerans (Erwinia herbicola)
and fluorescent Pseudomonas spp. The initial motivation for focus on these
groups is not clear, though the frequent isolation of P. agglomerans in concert
with E. amylovora from infected blossoms appears to have been a stimulus [28].
The focus on these bacterial groups has been warranted based on subsequent
studies on the composition and antagonistic potential of apple and pear blossom
and leaf microflora. In large scale in vitro screening tests, isolates from these
groups of bacteria were among the most effective in suppressing disease develop-
ment [29]. Likewise, representative isolates from Pantoea and Pseudomonas
were more effective in limiting populations of E. amylovora on the stigma of
crab apple blossoms [24] relative to isolates from other bacterial genera including
Bacillus and Arthrobacter. However, in field settings, P. agglomerans does not
appear to be a major component of the microflora of healthy apple or pear blos-
soms [30–32]. In contrast, fluorescent Pseudomonas spp. are a large component
of the microflora resident to the flowers of apple and pear. Regardless, numerous



studies have demonstrated the efficacy of strains from both of these bacterial
groups for control of fire blight when applied to blossoms prior to colonization
by E. amylovora [23–25,29].

B. Mechanisms of Biological Control

Bacterial strains applied for the biological control of fire blight employ several
different mechanisms ranging from preemptive colonization of susceptible tissues
to direct suppression of E. amylovora through the production of various metabo-
lites including antibiotics. Preemptive exclusion is an important, and in some
instances the dominant, mechanism by which bacterial antagonists suppress pop-
ulations of E. amylovora. Although P. fluorescens strain A506 inhibited coloniza-
tion of the stigma by E. amylovora when applied prior to inoculation of the patho-
gen, strain A506 failed to provide control when co-inoculated with the pathogen
[33]. It was proposed that the observed inhibition was the result of preemptive
utilization of a growth-limiting resource, though other factors including the in-
duced cessation of nectar secretion were not excluded.

A similar mechanism has also been reported to contribute to the inhibition
of E. amylovora by various isolates of P. agglomerans. Scanning electron micros-
copy studies have demonstrated that these bacteria colonize the same sites on
the stigmatic surfaces of apple [34] and hawthorn [35]. When P. agglomerans
(� E. herbicola) strain HL9N13 was applied to hawthorn flowers 24 hours prior
to inoculation with E. amylovora, the growth rate and final population of the
pathogen were suppressed, resulting in a significant reduction in disease inci-
dence [35]. In contrast to P. fluorescens strain A506, strain HL9N13 was able
to reduce populations of E. amylovora applied prior to or when co-inoculated
with the pathogen. This indicates that this strain of P. agglomerans prevented E.
amylovora colonization of the stigma by preemptive and competitive occupation
of colonization sites. Once occupation of the site was attained, the ability of
HL9N13 to limit multiplication of the pathogen was attributed to the depletion
of a growth-limiting resource.

In vitro inhibition of E. amylovora is a characteristic common to numerous
isolates of P. agglomerans [36,37]. Several studies have investigated antimicro-
bial compounds produced by strains of E. herbicola and have demonstrated that
these compounds are not uniform with regards to class (summarized in Ref. 19).
The same strain may have the potential to produce multiple antibiotics [38]. As
in other systems, gene disruption studies have demonstrated a definitive role of
antibiotic production in the ability of certain P. agglomerans strains to provide
biological control of E. amylovora. Vanneste et al. [39] demonstrated that an
antibiotic-deficient derivative of Eh252 generated through transposon mutagene-
sis was less effective than the parental strain in controlling fire blight. Although
antibiotic production contributes to biological control of E. amylovora, the fact



that some level of disease control is maintained indicates that other mechanisms,
including preemptive and competitive exclusion of the pathogen, function in the
efficacy of these P. agglomerans strains.

Recent studies have begun to address the development of alternative strate-
gies for the effective deployment of agents for the biocontrol of fire blight. As
occupation of the niche preferred by the pathogen is intrinsic to effective control
of fire blight, particular attention has been placed on the use of novel derivatives
of the pathogen as potential biological control agents.

One suggested strategy is the introduction of genes from E. herbicola
Eh252 involved in peptide antibiotic production into a nonpathogenic derivative
of E. amylovora [40]. Alternatively, the application of avirulent mutants of the
pathogen as biological control agents has been proposed [41]. Faize et al. [42]
examined the effect of a Hrp regulatory mutant and a secretory mutant of E.
amylovora for the ability to provide control of fire blight. It was found that the
regulatory mutant, but not the secretory mutant, suppressed multiplication of the
pathogen. It was suggested that control was achieved by induction of a host de-
fense response as the regulatory mutant stimulated two known plant defense re-
sponse enzymes but the secretory mutant had no such impact.

C. Integrated Strategies Utilizing Biological
Control Agents

The application of streptomycin for the control of fire blight has been an effective
means of disease control, but its continued utility is in question due to widespread
resistance development in the pathogen population [7–9]. Likewise, bacterial an-
tagonists typically fail to provide complete disease control under field conditions,
thus integrated strategies that employ the use of biocontrol agents in concert with
antibiotics would appear to be a desirable disease management strategy. Such a
scheme would require that the antagonist exhibit resistance to either of the two
antibiotics commonly employed for the control of fire blight—streptomycin and
oxytetracycline. Stockwell et al. [26] observed no difference in recovery of the
antagonists P. fluorescens A506 and a streptomycin-resistant mutant of P. ag-
glomerans strain C9-1 from apple blossoms when streptomycin was applied 2
and 7 days after the antagonists. Although application of oxytetracycline had a
negative impact on both bacterial strains, the impact was negligible if antibiotic
application was delayed until 7 days after application of the antagonists. Studies
conducted with P. fluorescens A506 in concert with antibiotic applications sug-
gest that the control achieved is likely to be additive in nature [25]. Although
integration of these control practices appears promising, effective use will con-
tinue to require attention to the timing of antagonist application, particularly in
regions where oxytetracycline is the only chemical alternative due to the presence
of a streptomycin-resistant pathogen population.



III. APPLE REPLANT DISEASE

Apple replant disease is widespread and has been documented in all of the major
fruit-growing regions of the world [43]. Replant disease of apple has been attrib-
uted to a variety of biotic and abiotic factors, but the fact that other fruit trees
planted in the same soil grow normally [44] and that soil pasteurization [45,46]
or fumigation [47,48] dramatically improves plant growth demonstrate that this
disease is primarily a biological phenomenon rather than the result of abiotic
factors. Replant disease is the primary biological impediment to the establishment
of an economically viable orchard on sites previously planted to apple. This dis-
ease is becoming an increasingly important problem as economics dictate shorter
orchard rotations and the availability of land suitable for orchard establishment,
but not previously planted to apple, becomes limited.

A variety of agents, some known pathogens and others generally considered
to possess a saprophytic habit, have been implicated as causal agents of apple
replant disease. The lesion nematode (Pratylenchus spp.) has been reported to
have a major role in apple replant disease in the eastern United States [47,49],
British Columbia [50], and Australia [51] but appears to have a less significant
role in the Pacific Northwest of the United States [52,53]. Several studies have
suggested a role for soilborne fungi in the etiology of apple replant disease
[46,48,54,55]. In a recent systematic study, a fungal complex was reported as
the dominant cause of apple replant disease [53]. Other studies have suggested
the possible involvement of bacteria [56] or actinomycetes [57,58] as potential
causal agents of replant disease, but the data implicating these organisms in the
disease etiology are tenuous.

A. Biological Control of the Causal Pathogen Complex

Contradictory information concerning the primary biological factors that contrib-
ute to apple replant disease has been a major impediment to the development of
biologically based measures for disease control. As multiple agents generally
contribute to disease development, failure to identify or target all components of
the causal pathogen complex will invariably lead to failure of a biological, or
any other, control strategy. In practice, development of biological controls for
apple replant disease has generally focused on the use of agents with activity
against individual elements of the pathogen complex with the goal of integrating
such agents with other control practices. Such an approach is likely to be the
only feasible manner to effectively use biological agents for the control of apple
replant disease.

A number of studies have demonstrated benefits resulting from rootstock
applications of bacteria to the subsequent growth of apple. These studies have
investigated both plant growth–promoting [59,60] and disease-suppressive rhizo-



bacteria [61–63]. Unfortunately, with few exceptions, these studies have been
observational in nature and mechanistic studies have been lacking. In general
these initial notable observations have not received subsequent investigation to
determine modes of action, efficacy under field conditions or feasibility as com-
mercial measures for disease control.

A diversity of bacterial species have been identified that suppress individual
causal elements of apple replant disease and enhance growth of apple in replant
orchard soils. Biological control of Phytophthora cactorum, which contributes
to replant disease [53] and can cause crown and collar rot of apple [1], has been
reported in response to application of Enterobacter aerogenes [64]. In the field,
such treatments resulted in increased tree growth and fruit yield [65]. When ap-
plied to infected tissues Pseudomonas spp. strain 3A17 was found to suppress
the expansion of lesions induced by P. cactorum [61]. In vitro inhibition of P.
cactorum by strain 3A17 was attributed to siderophore production by the bacte-
rium.

Bacillus subtilis strain EBW-4 was reported to have potential for control
of apple replant disease [62]. However, in apple seedling bioassays conducted
in the greenhouse, this bacterium enhanced growth of apple in pasteurized but
not nonpasteurized orchard replant soil when applied as a soil drench [62]. In a
field trial, the bacterium enhanced shoot growth of M.26 rootstock in replant
orchard soil, but whether this was due to a growth-promotion effect or disease
control was not ascertained. EBW-4 has been show to enhance tree growth in
subsequent field trials [66], but in the same trials soil fumigation failed to improve
tree growth. In the absence of analyses to determine pathogen suppression, these
findings reinforce the concept that growth promotion rather than disease control
was achieved in this instance.

Pseudomonas putida strain 2C8 was originally isolated from the roots of
apple grown in soil that had been in continuous wheat monoculture prior to or-
chard establishment [63]. This bacterial isolate was found to inhibit in vitro
growth of each element of the fungal complex reported to incite replant disease
in Washington State. In greenhouse trials, incorporation of strain 2C8 into the
soil profile significantly enhanced growth of M.26 rootstock in multiple apple
replant soils [63]. In field trials, root-dip application of strain 2C8 to Gala on
M.26 at planting resulted in an initial significant increase in shoot growth relative
to nontreated trees, but this difference was not maintained through the end of
the initial growing season (Table 1). Fumigation with methyl bromide, but not
root application of strain 2C8, significantly increased trunk diameter of Gala on
M.26 apple trees grown at two replant orchard sites (Table 2). Although strain
2C8 effectively controlled root infection by Rhizoctonia sp., root colonization
by Cylindrocarpon destructans, Phytophthora cactorum sp., and Pythium spp.
was not suppressed by application of this biocontrol strain. This may explain the
lack of a sustained positive growth response at these field sites.



Table 1 Average Shoot Length of Gala on M.26 Rootstock Established in Replant
Soils During Initial Year of Tree Growtha

Shoot length (cm)b

Treatment 27 June, 1998 13 July, 1998 30 August, 1998

Control 22.6a 24.2a 44.0a
MeBr fumigation 26.9b 30.4b 58.4b
Pseudomonas putida 2C8 27.2b 30.7b 43.6a

a Studies were conducted at the CV orchard, Orondo, WA.
b Means in the same column followed by the same letter are not significantly (p � 0.05) different

based on Fisher’s protected LSD test.

Caesar and Burr [59] identified two fluorescent pseudomonads and an en-
teric bacterium possessing the ability to promote growth of apple in replant soils.
Each of these bacteria demonstrated broad-spectrum antibiosis in vitro against a
number of fungi found to infect apple roots. However, the fact that these isolates
also promoted growth of apple in nonreplant soils suggested that the enhanced
growth did not solely result from disease control, but that other growth-promotion
effects were induced by the bacterial strains. Enhanced growth in replant soils
in response to application of these rhizobacteria was associated with a reduction
in root infection by Cylindrocarpon destructans, a fungal pathogen known to
contribute to apple replant disease [49,53].

Adequate development of endomycorrhizal relationships is essential to the
normal growth and development of apple [67–69]. Trees exhibiting symptoms
of apple replant disease typically are deficient in development of mycorrhizal
associations [70,71]. A number of studies have reported enhanced growth of apple

Table 2 Increase in Trunk Diameter of Gala on M.26 Apple
Trees After 2 Years of Growth in Replant Soils

Trunk diameter increase (mm)a

Treatment CV orchardb WVC orchard

Control 11.6a 8.1a
MeBr fumigation 14.1b 12.9b
Pseudomonas putida 2C8 10.3a 11.1ab

a Means in the same column followed by the same letter are not significantly
(p � 0.05) different based on Fisher’s protected LSD test.

b Studies were conducted at the CV and WVC orchards located in Orondo
and Wenatchee, WA, respectively.



in replant soils in response to root inoculation with a specific VA mycorrhizal
isolate [72]. However, as is common in studies of this disease syndrome, the
absence of sufficient microbial analyses prevents a determination as to whether
this was the result of disease control or enhanced plant nutrition.

B. Phytomanagement of Resident Microbial Antagonists

The use of cover crops in orchard management systems is not an uncommon
practice, although its application varies widely. Cover crops have been used as
a means to enhance subsequent nutrition of orchards established on replant sites
[73], as well as a cultural practice to suppress populations of the lesion nematode
in replant soils prior to replanting [74,75]. Crops related to nematode suppression
have been chosen on the basis of nonhost status or known nematicidal activity.
Use of cover crops in orchard systems as a means to exploit natural biological
control of the ecosystem through the enhanced activity of resident soil microbial
antagonists has not received extensive study.

Habitat manipulation through the maintenance of certain cover crops in
orchard ecosystems has been examined extensively as a means to manage various
insect pests [76,77]. Various cover crops have been used to harbor distinctive
complexes of natural enemies of orchard insect pests [78,79]. Recent studies
examined the use of wheat as a cover crop to enhance populations of resident
soil microbial antagonists that suppress activity of plant pathogenic fungi in apple
replant soils. Wheat was selected due to the observation that a wheat field soil
was suppressive to Rhizoctonia root rot of apple caused by an introduced isolate
of R. solani AG 5, but that soil from the same site planted to apple for 3 or more
years (replant soil) was conducive to disease development [80]. The fluorescent
pseudomonad population from wheat-field soil was dominated by isolates of
Pseudomonas putida that suppressed in vitro growth of various apple root patho-
gens. In contrast, Pseudomonas fluorescens bv. III and Pseudomonas syringae
dominated the fluorescent pseudomonad population from replant soil and the rhi-
zosphere of apple seedlings grown in these soils. In general the fluorescent pseu-
domonad isolates from apple replant soils lacked in vitro antifungal activity and
failed to provide biocontrol of R. solani AG 5.

In greenhouse trials, cultivation of replant soils with any of three wheat
cultivars was found to enhance growth of apple, and the increase in plant growth
resulted from a suppression in root infection by Pythium and Rhizoctonia spp.
[81]. The wheat cultivar Penawawa was superior to Eltan and Rely in ability
to enhance subsequent growth of apple seedlings in orchard replant soils. The
rhizosphere of apple seedlings grown in Penawawa cultivated replant soils pos-
sessed a fluorescent pseudomonad population that had a higher proportion of P.
putida isolates than did seedlings grown in the same soil cultivated to either Eltan
or Rely. These and additional studies [82] suggest that alterations in composition



of the resident fluorescent pseudomonad community, at least in part, contribute
to the reduction in disease severity achieved through cultivation of replant soils
with wheat prior to planting apple.

IV. POWDERY MILDEW

Powdery mildew of apple is caused by the biotrophic fungus Podosphaera leuco-
tricha. The disease is common wherever apple is grown and can be a significant
commercial problem in every stage of apple development, from reducing the
growth of nursery stock to causing fruit russetting [1]. In apple, the pathogen
overwinters in dormant buds, and infected buds may fail to develop new shoots
during the subsequent growing season. Conidia developing from overwintering
mycelium serve as the primary source of inoculum, and secondary spread of the
pathogen is incited by inoculum that develops from infection of young leaves,
blossoms or fruit. Ascospores of P. leucotricha are not believed to have a major
role in the disease cycle [1]; however, based on observations in the transport of
Podosphaera clandestina cleistothecia [83], it is possible that wind dispersal of
ascocarps may be involved in the long-distance transport of the pathogen.

Biological control of powdery mildews of various crop species has received
extensive examination. To date, all agents that have been reported to provide
biological control of powdery mildews have been fungal in nature. As powdery
mildews are biotrophs and typically do not require exogenous nutrients for germi-
nation and initial penetration, control through competition for nutrients is not a
viable strategy. Likewise, as exposure of the pathogen on the leaf surface after
spore germination is limited, control through antibiosis is not likely to be a suit-
able mechanism for disease control. As such, the greatest attention has been fo-
cused on the use of mycoparasites for the suppression of sporulation and dissemi-
nation of powdery mildews. These include Ampelomyces quisqualis [84–86],
Sporothix flocculosa [87], Tilletiopsis spp. [88,89], and Verticillium lecanii [90].
The mechanism of biocontrol for all of these fungi, with the exception of Tilleti-
opsis spp., has been established as hyperparisitism as these fungi possess the
ability to colonize the mycelium of powdery mildews and produce reproductive
structures. Antibiosis has been suggested as the mechanism by which Tilletioipsis
spp. inhibit sporulation of the cucumber powdery mildew [91].

The mycoparasite A. quisqualis isolate A-10 has been released as a com-
mercial product (AQ10TM) for the biological control of grape powdery mildew.
Several recent studies have examined the efficacy of this product for the biologi-
cal control of powdery mildew of apple. Application of AQ10 using various spray
schedule intervals failed to provide control of foliar infection and fruit russetting
by P. leucotricha in field trials conducted in Washington [92]. Although appar-
ently ineffective when utilized alone, the biofungicide has provided marginal



improvement of powdery mildew control when used in a well-integrated schedule
that employs effective fungicides or sulfur [93].

V. POSTHARVEST DISEASES

Apples account for a large proportion of the total fruit volume that is stored
for extended periods under controlled atmospheric conditions. Storage periods
extending for upwards of 10 months is not uncommon, resulting in fruit being
subjected to extended attack by numerous postharvest pathogens. Conservative
estimates suggest that losses attributable to postharvest decay of apples exceed
$4.4 million per year in the United States [94]. The major postharvest diseases
of apple include blue mold, bull’s-eye rot, grey mold, and Mucor rot, incited,
respectively, by Penicillium spp., Pezicula malicorticis, Botrytis cinerea, and
Mucor piriformis. Although upwards of 11 different species of Penicillium have
been implicated as causal agents of blue mold, P. expansum is by far the most
common and economically important species [1].

In most instances, postharvest pathogens gain access to susceptible apple
tissues and cause infection via entry through fruit surface wounds that are gener-
ated through the process of harvesting and postharvest handling. Alternatively,
some pathogens access susceptible tissues through natural openings such as lenti-
cels [1], or decay may be initiated in the sinus between the calyx and core cavity
[95]. Even a relatively small volume loss resulting from the activity of postharvest
pathogens can result in significant economic losses due to the accumulated mone-
tary inputs that have occurred during the growing, harvesting, and storing of this
crop.

Attention to fruit-handling practices in the field and during storage to re-
duce mechanical and physical injuries and management of controlled atmospheric
conditions can be effective techniques in reducing postharvest disease. However,
these methods do not ensure effective protection of stored fruit, and therefore,
postharvest disease control has traditionally been reliant on the use of synthetic
fungicides [96]. The effective use of such chemicals in control of postharvest
diseases of apple has become increasingly less reliable due to the development
of resistant populations among the target pathogens [97,98]. Perhaps even more
intensely than their use in the control of preharvest diseases, there exists consider-
able concern over the use of synthetic fungicides on fruits and vegetables in a
postharvest setting in general due to perceived or actual hazards to human health,
as well as the environment.

As the consumption of fruits and vegetables can be a source of direct inges-
tion of fungicides, the use of biological methodologies for the control of posthar-
vest diseases of apple has enjoyed significant attention, and even a modicum of
success, over the past two decades. Biological control of postharvest diseases in



general has been viewed more positively in the commercial sector due to the
perception of a greater potential for success than other systems. This is primarily
a function of the fact that such a setting possesses a controlled environment that
can be effectively managed to benefit the activity and survival of introduced
biocontrol agents.

A. Biocontrol Agents

The study and use of biological agents for the control of postharvest diseases of
apple was delayed in respect to other plant disease systems but has received
significant attention during the past two decades. The primary source of biological
agents for the control of postharvest pathogens has been the microbial community
resident to the phyllosphere and fruit surface of apple [99–101]. Bacteria and
yeasts or yeast-like organisms have been the most commonly employed agents
for the biological control of postharvest diseases of apple.

Several studies have identified bacterial agents for the control of posthar-
vest diseases of apple. A saprophytic strain of Pseudomonas syringae initially
found to control postharvest rots of pear, including gray mold, blue mold, and
Mucor rot [102], was subsequently shown to provide biological control of all
three pathogens on wounded Red and Golden Delicious apples in co-inoculations
with the individual pathogens [103]. The strain (P. syringae ESC-11) is currently
registered for postharvest application to apples and is marketed as the product
Bio-save 110 (formerly Bio-save 11) by EcoScience Corp. (Langhorne, PA). An
isolate of Burkholderia cepacia provided biological control of blue mold and
gray mold on Golden Delicious apples [104]. Bacillus subtilis applied to wounded
apples reduced fruit rot caused by B. cinerea, P. exapansum, and P. malicorticis
[105].

Successful biological control of numerous postharvest diseases of fruits
and vegetables has been obtained through the application of yeasts. In apple, a
diversity of yeasts have been studied for the biological control of postharvest
decays. Control of Penicillium expansum, Botrytis cinerea, and Mucor spp. on
apple has been reported in several studies using the yeasts Candida guilliermondii
[106], Candida oleophila [107], Cryptococcus laurentii [100], Kloeckera apicu-
lata [106], and Sporobolomyces roseus [108]. Rhodotorula glutinis provided bio-
logical control of bull’s-eye rot on Golden Delicious apples [105]. The yeast
Candida oleophila strain 182 has been commercialized as the postharvest biofun-
gicide Aspire (Ecogen, Inc., Langhorne, PA) for the control of Botrytis spp. and
Penicillium spp.

While biological control of postharvest diseases has been obtained through
the use of individual isolates, the application of strain mixtures has been pro-
moted. Fruit is submerged in dump tanks during the sizing and packing process
to reduce damage to fruit, and the solutions contained in these tanks invariably



harbor spores of various potential postharvest pathogens. In such an environment,
it is likely that the control of multiple pathogens will be necessitated, yet, relative
to other control methods including synthetic chemicals, biological control agents
typically possess a relatively narrow spectrum of activity. It has been shown in
certain soilborne disease systems that the effective control of one pathogen in a
complex often leads to increased plant damage due to the increased activity of
other pathogens that compete in the same niche [53,109]. Thus, it is plausible
that in the postharvest setting control of a single pathogen may simply favor
another. The application of multiple agents, which in concert expand the range
of biocontrol activity, is a means to avert such a circumstance.

Janisiewicz [110] found that a combination of an isolate of Pseudomonas
sp. in combination with Acremonium breve gave complete control of B. cinerea
and P. expansum on apple. A co-application involving the bacterial antagonist
P. syringae and the yeast S. roseus applied in equal biomass provided control of
blue mold that was superior to that obtained by treatment with the individual
agents applied separately using a biomass equivalent to that of the mixture [111].
A mixture of two Aureobasidium pullulans strains and an isolate of Rhodotorula
glutinis was superior to any of the strains applied individually in controlling decay
caused by B. cinerea, P. expansum, or P. malicorticis [105].

B. Mechanisms of Biological Control

Several of the same mechanisms implicated in the biological control of fire blight
have been shown to function in the ability of agents to provide biological control
of postharvest pathogens of apple. Mechanisms reported to contribute to biologi-
cal control include antibiosis, competitive exclusion, induced resistance in the
host, and production of hydrolytic enzymes.

Suppression of B. cinerea and P. expansum by Burkholderia cepacia is
reported to involve, in part, the production of the antibiotic pyrrolnitrin [112].
Isolates of Bacillus subtilis have been employed for the control of numerous
postharvest diseases of tree fruits [113,114]. Production of iturin peptides, which
possess a wide spectrum of antifungal activity, was determined to be the primary
mode of action of this bacterium [115].

Without question, competition is the most often cited mechanism in the
biological control of postharvest diseases, particularly in the interaction between
biocontrol yeasts and target fungal pathogens. The competitive interaction may
take different forms. Roberts [100] cited the preemptive utilization of carbon or
nitrogen sources as a plausible mechanism in the control of the gray mold patho-
gen B. cinerea by Cryptococcus laurentii. Nutrient competition has also been
cited as the operative mechanism in the control of blue and gray mold through
application of Sporobolomyces roseus [108]. An additional competitive mecha-
nism of biological control is the physical exclusion of the pathogen by yeasts that



rapidly colonize wound sites [100], and this preemptive exclusion may operate by
formation of a yeast EPS layer over the infection court [116].

Direct parasitism of fungal plant pathogens is a well-documented mecha-
nism in the biological control of various soilborne diseases by numerous species
of Trichoderma [117]. In contrast, there have been few reports of direct parasitism
functioning as a mechanism in the biological control of postharvest pathogens
of apple. Wisniewski et al. [118] observed direct attachment of the yeast biocon-
trol agent Pichia guilliermondii to mycelium of B. cinerea. This yeast was found
to produce high levels of β-1,3-glucanase activity in the presence of cell walls
of several fungal plant pathogens, and upon removal of the yeast cells from B.
cinerea hyphae degradation of cell wall was observed. Jijakli and Lepoivre [101]
found that the activity of exo-β-1,3-glucanase production by Pichia anomala was
enhanced in vitro when cell wall preparations of B. cinerea were supplied as the
sole carbon source. The β-1,3-glucanase was found to inhibit germ tube growth
of B. cinerea and induced leakage of cytoplasm and cell swelling.

β-1,3-Glucanase was detected on fruit treated with the biocontrol yeast and
application of a B. cinerea cell wall preparation to fruit treated with P. anomala
enhanced disease suppression. Although the relative role of this mechanism to
disease control has yet to be determined, these studies suggest that cell wall–
degrading enzymes may make a significant contribution to the suppression of
postharvest fungal pathogens.

Induced resistance is a well-documented phenomenon that operates through
the activation of the host plant’s own defense apparatus. This response is common
to a great number of crop-pathogen systems and can be elicited in a number of
different manners including the application of biological and chemical agents
[119,120]. Exploitation of this phenomenon in the control of postharvest diseases
has primarily focused on the use of various chemical and environmental applica-
tions as a means to elicit the resistance response in harvested fruits and vegetables
[121]. Droby and Chalutz [122] suggested that such a mechanism may operate
in the control of Penicillium digitatum by P. guilliermondii. They observed that
application of the yeast to wounds on different fruits resulted in enhanced ethyl-
ene production, though production of ethylene by the yeast was not detected
when cultured in vitro. As ethylene is reported to have a role in induction of the
resistance processes, it was proposed that induction of host resistance may operate
in the disease suppression resulting from yeast applications.

C. Postharvest Biological Control in a Preharvest Setting

The integration of other strategies with biological measures for the control of
postharvest diseases has received considerable attention. Such strategies may in-
clude the management of nutritional conditions to favor the antagonist [123], the
use of synthetic fungicides in concert with biocontrol agents [124], and altering



fruit storage conditions to ensure survival and activity of introduced biocontrol
agents [125]. Genetic modification of biocontrol agents to enhance their activity
is also a commonly raised option, though the general public concern over the
use of genetically modified organisms will likely preclude the implementation
of this alternative in the short term. Until rather recently, little attention has been
given to earlier phases in the crop production cycle that could significantly impact
control of postharvest diseases of apple.

There has been increasing interest in determining the practicality of
applying such agents in the field prior to harvest as a means to control postharvest
pathogens [126]. This interest emanates from the fact that infection of fruit by
postharvest pathogens may occur in the field prior to harvest [127] or as a result
of wounds created during harvest and handling but preceding the movement of
fruit into dump tanks where biocontrol agents have traditionally been applied.
The presence of biocontrol agents on the fruit surface during this period could
enhance control of initial infections that often occur in the field prior to the appli-
cation of agents in the packing house. This could result in a reduction in inoculum
production and further limit potential spread of the pathogen through the storage
facility. Such an approach would be dependent upon the prolonged survival of
the biocontrol agent at sufficient populations after application.

Biological control of postharvest diseases of apple in a preharvest setting
does appear to be a plausible option based on the limited studies conducted to
date. Application of either of two Trichoderma harzianum strains to the apple
cultivar Aroma in the field significantly reduced symptoms of bull’s-eye rot when
apples were stored at 4°C for up to 100 days [128]. Leibinger et al. [105] applied
combinations of the antagonists Aurobasidium pullans, Rhodotorula glutinis, and
Bacillus subtilis to Golden Delicious apple in the field in an attempt to control
the postharvest pathogens B. cinerea, P. expansum, and P. malicorticis. A combi-
nation containing two isolates of A. pullans and an isolate of R. glutinis was as
effective as the chemical fungicide used in the trial in suppressing postharvest
infections and fruit rot. These findings suggest that application of certain biocon-
trol agents that are a characteristic element of the resident microflora of apple
may be useful in reducing infection in the field and subsequent infections during
fruit storage.

VI. CONCLUSIONS

Biological control of certain target pests is currently a viable option in most apple
production systems in both the preplant and the postplant settings. Although the
use of biological control by commercial producers has focused primarily on man-
agement of insect pests, several factors including consumer preference, govern-
ment regulation, and pathogen resistance to chemical pesticides will lead to an



increased role for biological control in management of apple diseases. At present,
the most significant opportunities for successful use of biological control remain
in the management of fire blight and postharvest diseases as commercial biocon-
trol products are currently available. This will likely remain the case in the future
due to a lack of suitable acceptable alternatives for management of streptomycin-
resistant E. amylovora and the general unwillingness of consumers and regulators
to allow for continued use of chemical treatments on edible plant products.

In all probability, the use of biological control for preharvest applications
will necessitate integration with other management practices. Research that is
centered on the ecology of orchard ecosystems will be integral to the successful
implementation of biological control as a component of a systems approach to
disease management. This has been clearly demonstrated for the use of biological
control in the management of fire blight in apple. Efforts to develop an integrated
system employing antibiotics with biological agents for control of fire blight were
refined through extensive study of the phenology and ecology of the interaction
between host, pathogen, and biocontrol agent [25,26].

The management of orchard ground covers shows significant promise as a
means to induce or support natural biological control of insect pests, weeds, and
pathogens. The effective use of such a practice awaits extensive investigation of
the biological complexity intrinsic to these ecosystems. As an example, it has
been demonstrated that induction of a microbial community suppressive to re-
plant disease of apple in response to growing wheat occurs in a wheat cultivar–
specific manner [81; M. Mazzola, unpublished data]. Is the use of such an ap-
proach compatible with insect pest management, and if so, are the impacts uni-
form across wheat cultivars? Obviously, the questions to be raised are numerous
and include aspects beyond pest management, including possible adverse impacts
arising from competition and altered soil nutrient status. Thus, it is apparent that
extensive ecological research will be required in order to achieve optimum utili-
zation of the biological resources resident to orchard ecosystems for managing
diseases of apple.
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I. INTRODUCTION

Worldwide, postharvest losses of fruits and vegetables including citrus have been
estimated at 25%, much of which is due to fungal and bacterial infections. In
developing countries, postharvest losses are often severe due to the lack of ade-
quate handling and refrigerated storage facilities. Postharvest decay of citrus
fruits can be traced to infections that occur either between flowering and fruit
maturity or during harvesting and subsequent handling and storage [43]. In the
former case, preharvest infections are mainly caused by fungal pathogens such
as Phytophthora species, Colletotrichum gloeosporioides, Botrytis cinerea,
Diplodia natalensis, Phomopsis citri, and Alternaria citri. Stem-end infections



caused by Diplodia, Phomopsis, and Alternaria spp. remain quiescent until the
fruit becomes senescent during prolonged storage [43,67]. Infections initiated by
Phytophthora species occur during wet periods before harvest, and B. cinerea
infections can occur in the orchard and during storage. On the other hand, posthar-
vest infections that occur through surface wounds inflicted during harvest and
subsequent handling are mainly caused by wound pathogens such as Penicillium
digitatum, Penicillium italicum, Geotrichum citri-aurantii (� G. candidum), and
Trichoderma viride. Among the wound pathogens, green mold (P. digitatum)
and blue mold (P. italicum) account for most of the decay of citrus fruits world-
wide. Sour rot caused by Geotrichum citri-aurantii is the most rapidly spreading
postharvest disease and can be disastrous on fruit stored at temperatures above
10°C. Sour rot is most prevalent on lemon fruit, and the causal yeast-like fungus
grows very slowly below 10°C.

Although preharvest quiescent infections are difficult to control, posthar-
vest decay of citrus fruits are reduced by avoiding injury to the fruit during harvest
and subsequent handling, stringent sanitation practices, and maintaining the natu-
ral resistance of the fruit through the use of hormones, cold storage, and elimina-
tion of ethylene from the storage environment [43,102]. These beneficial prac-
tices, however, are usually not sufficient to completely protect harvested
commodities from infection. Currently, synthetic fungicides such as imazalil and
thiabendazole are the primary means of controlling postharvest diseases of citrus
fruits [42].

The global trend, however, is shifting towards reduced pesticide use
in agriculture in general and in postharvest in particular. Pesticide residues on
fruit and vegetables are a major concern to consumers and to the fruit and veg-
etable industry. With growing health and environmental concerns over pes-
ticide disposal and residue levels on fresh commodities, the development of
fungicide-resistant strains of postharvest pathogens, and the deregistration of
some of the more effective fungicides has generated a growing interest in the
development of safer alternatives that are effective and pose no risk to human
health and the environment. Currently, several promising biological approaches
that include antagonistic microorganisms, compounds of natural origin or that
are generally recognized as safe, and induced resistance have been proposed as
potential alternatives to synthetic fungicides for postharvest disease control.
Among the proposed alternatives, development of antagonistic microorganisms
has been the most studied, and substantial progress has been made in this area
[117].

The fundamental basis, the potential, and limitations of these strategies will
be presented with special references on citrus fruits. For more extensive coverage
of biological approaches for the control of postharvest decay, the reader is re-
ferred to previously published reviews [47,48,62,69,117,118,123].



II. MICROBIAL BIOCONTROL AGENTS

In recent years, research on the use of microbial biocontrol agents for the control
of postharvest diseases of fruits has gained considerable attention and has moved
from the laboratory to commercial application [117]. From these efforts, a large
source of information regarding the use of microbial biocontrol agents to control
postharvest diseases is now available [62,117]. The selection of putative micro-
bial biocontrol agents has been based mainly on the ability of antagonists to
rapidly colonize fruit surfaces and wounds, outcompete the pathogen for nutri-
ents, and survive and develop under a wide range of temperature conditions. A
simple and reliable screening technique for antagonists has been developed utiliz-
ing the wound site as a selective medium [116]. Utilizing these procedures and
other comparable protocols, several antagonistic bacteria, yeasts, and filamentous
fungi have been isolated and shown to protect a variety of harvested commodities,
including citrus and pome fruit, against postharvest decay [26,28,36,50,55,59,61,
75,92].

In laboratory studies, microbial antagonists Debaryomyces hansenii and
Pichia guilliermondii were shown to be effective in reducing decay of oranges,
lemons, and grapefruits caused by Penicillium digitatum and Penicillium italicum
[26,36,38,78]. Both antagonists also reduced the incidence of sour rot of lemon
caused by Geotrichum candidum, a disease that is not controlled by any of the
fungicides currently registered for postharvest use [26]. A reduction of decay of
citrus fruit caused by Penicillium digitatum was also reported with other antago-
nistic yeasts such as Saccharomyces cerevisiae [29], Candida sake [9], Candida
famata [8], Candida oleophila [26,40,78], and Candida saitoana [51,52]. Can-
dida saitoana, when used alone on early-season oranges and lemons, resulted in
40% less decay than in the water-treated control [51,52]. On late season oranges
and lemons, however, the decay incidence following Candida saitoana treatment
alone was approximately 20% less than in the water-treated control [51,52].

Control of green mold caused by Penicillium digitatum was also obtained
on citrus fruit with several Pseudomonas spp. [23,57,58,103] and Bacillus subtilis
[7,100]. In 1995, two Pseudomonas syringae strains were approved by the U.S.
Environmental Protection Agency (EPA) for postharvest use on citrus fruit. Re-
duction of green mold was also reported on citrus fruit treated with fungal antago-
nists including Aureobasidium pullulans [115], Myrothecium rorodum Streuden
[5], and Trichoderma viride [16].

The success of some of these microbial antagonists in laboratory and large-
scale studies has generated the interest of several agro-chemical companies in
the development and promotion of postharvest biological products for control
rots of fruits and vegetables. A number of microbial antagonists have been pat-
ented and evaluated for commercial use as a postharvest treatment. Currently,



four antagonistic microorganisms—two yeasts, Candida oleophila and Crypto-
coccus albidus, and two strains of the bacterium Pseudomona syringae—are
commercially available under the trade names ASPIRE, YieldPlus, and BIO-
SAVE-110, respectively.

A. Mode of Action

Although the biocontrol activity of antagonistic bacteria and yeasts has been dem-
onstrated on a variety of commodities, including pome and citrus fruits, the mode
of action of the microbial biocontrol agents has not been fully elucidated. In the
case of bacterial antagonists, it has been suggested that their biocontrol activity
may be in part associated with the production of antibiotics. The bacterial antago-
nist Pseudomonas syringae, which controls Penicillium molds of citrus fruit and
gray molds of pome fruit, produces an antibiotic, syringomycin, that inhibits the
germination of Penicillium digitatum [24,25]. When applied as a wound treat-
ment, syringomycin reduced decay of lemons and oranges caused by Penicillium
digitatum. Bull et al. [25] characterized syringomycin production of two of these
strains, ESC-10 and ESC-11, by the generation of syringomycin deficient mutants
by the disruption of syringomycin synthesis gene syrB by lacZ. Beta-galactosi-
dase activity, a measure of syringomycin production by the mutant strains, did
not increase when lemon or orange albedo extracts were added to the ESC-11
mutant, but did increase when added to the ESC-10 mutant. This provides some
evidence that syringomycin may have an active role in control of green mold,
because ESC10 more effectively controlled green mold than ESC11, and that
this antibiotic may be present at the infection court. Conclusive experiments eval-
uating the role of this antibiotic have not been done.

Earlier work characterized the role of the antibiotic pryrrolnitrin, produced
by Burkolderia (Pseudomonas) cepacia, on the suppression of postharvest patho-
gens. Both the bacterium and its antibiotic were shown to control decay of apples,
pears, and citrus fruit [60,103]. This antibiotic may have a role in suppression
of decay by this antagonist, but conclusive experiments quantifying its role have
not been done. Smilanick and Dennis-Arrue [103] found that Penicillium digita-
tum isolates with very high levels of pyrrolnitrin resistance were still partially
controlled on citrus fruit by Pseudomonas cepacia application. In other host-
pathogen combinations, some pyrrolnitrin-production–deficient mutants retained
all of their biocontrol capacity [68] or lost some or all of their effectiveness
[86]. Reduction of postharvest decay by an antibiotic produced by a microbial
antagonist has also been reported on peaches [53]. The antibiotic, iturin, is pro-
duced by the antagonist, Bacillus subtilis.

In addition to producing antifungal compounds, the bacterial antagonists
Bacillus subtilis, Pseudomonas cepacia, and Pseudomonas syringae are able to
outcompete pathogens for nutrients and space in fruit wounds, thus suggesting a



multicomponent mode of action. In citrus and pome fruits, Pseudomonas cepacia,
Pseudomonas syringae, and Enterobacter cloacae were shown to rapidly and
extensively colonize fruit wounds [55,60,62,103,104,121], thereby possibly pre-
venting the establishment of a nutritional base for the pathogen. The implication
of nutrient and space competition in the mode action of bacterial antagonists is
indirectly supported by the fact that their biocontrol activity is dependent on the
concentration of the antagonist propagules and is partially or completely reversed
by the addition of exogenous nutrients [62,121].

On the other hand, antagonistic yeasts have been selected mainly on the
basis that they do not produce an antibiotic in vitro. Competition for nutrients
and space is believed to be the major component of the complex mode of action
of antagonistic yeasts [36,39,50,122]. In citrus fruits, the biocontrol potential of
Pichia guilliermondii at the wound site could be easily reversed by the addition
of exogenous nutrient [36]. Application of a low amount of glucose to citrus
wounds that had been treated with P. guilliermondii and challenge-inoculated
with Penicillium italicum increased the incidence of decay [36]. Involvement of
nutrient competition in the mode of action of microbial antagonists is also indi-
rectly supported by the close relationship between the performance of an antago-
nist and fruit physiology.

In most commodities, the protective effect of antagonists often declines with
an increase in fruit ripeness. With lemon fruits, the ability of Pseudomonas cepacia
to prevent lesion development caused by Penicillium digitatum was shown to di-
minish with an increase in fruit maturity as indicated by changes in tissue coloring.
Pseudomonas cepacia was shown to be more effective in controlling decay on
green lemons than on yellow lemons [103]. A similar phenomenon also was re-
ported on oranges and lemons where the microbial antagonist Candida saitoana
was shown to be more effective in controlling decay on early-season fruits than
on late-season fruits [51,52]. Implication of the host physiology in biocontrol activ-
ity of microbial antagonists was also observed in pome fruits treated with antago-
nistic yeasts and bacteria [62,92]. The decline in biocontrol activity of microbial
antagonist with the onset of ripening is believed to be due to the increase in nutrient
availability as a result of biochemical changes associated with ripening.

In most reports on biological control of postharvest diseases of fruits, a
quantitative relationship has been demonstrated between the concentration of the
antagonist applied in the wound and the efficacy of the biocontrol agent
[36,60,62,79,121], thus indicating also a role for space competition. On orange
and pome fruit, the biocontrol activity of microbial antagonists has been shown
to increase with increasing levels of microbial antagonists and decreasing levels
of the pathogen inoculum [26,62,79,92]. In general, microbial antagonists are
most effective in controlling postharvest decay when applied at 108 cfu/mL
[36,50,61,79,92]. Often no control of decay was observed when antagonistic
yeasts were applied at 105 cfu/mL.



The efficacy of microbial agents is also dependent on their ability to multi-
ply in fruit wounds and reach a critical level to avoid the establishment of the
pathogen in the fruit wounds. In fruit wounds, the antagonistic yeasts Pichia
guilliermondii, Debaryomyces hansenii, Cryptococcus laurentii, Aureobasidium
pullulans, Candida spp., and Sporobolomyces roseus have all been shown to
multiply abundantly and form a matrix of yeast cells that cover the cell layers
ruptured during wounding [36,38,50,51,55,61,92,101,112]. When applied in cit-
rus fruit wounds, the antagonist population often shows an initial increase after
6 hours and within 24 hours; the population size usually increases by nearly 10-
fold and stabilizes thereafter [23,36,38,51,52]. A comparable growth pattern has
also been observed with antagonistic bacteria and other yeasts on pome fruit
[50,61,62,101]. This may result in a reduction of available nutrients and thus a
reduction in pathogen spore germination and hyphal development. With a mutant
strain of Candida oleophila that exhibited no biocontrol activity, its population
size in fruit wounds remained unchanged with time [122,124].

Beside nutrient and space competition, antagonistic yeasts have been shown
to directly parasitize major postharvest pathogens [39,50,122]. Pichia guillier-
mondii and Debaryomyces hansenii, when co-cultured with Botrytis cinerea,
strongly attached to hyphae of B. cinerea, causing swelling and, in extreme cases,
complete disruption of the hyphal-wall structure. Hyphal surfaces appeared con-
cave and partial degradation of the fungal-wall was observed at attachment sites
[122]. Attachment was blocked when the yeast cells or the pathogen hyphae were
exposed to compounds that affect protein integrity or respiratory metabolism,
thus indicating a lectin-type recognition [122]. The partial degradation of B. cin-
erea cell walls by Pichia guilliermondii was attributed to its tenacious attachment
to hyphal walls in conjunction with its production of β-1,3-glucanase [122].
Pichia guilliermondii produced high levels of β-1,3-glucanase activity when co-
cultured on various carbon sources or on cell walls of several fungal pathogens
[122]. A similar attachment pattern has been observed with antagonistic yeast
Candida saitoana when co-cultured with B. cinerea [50]. When B. cinerea was
allowed to grow for 16 hours before adding C. saitoana, the yeast cells attached
tightly to Botrytis hyphae despite extensive rinsing with distilled water. The same
attachment pattern also was observed in fruit wounds. Yeast cells attached to the
hyphal cell walls of Botrytis cinerea caused swelling and the disruption of hyphal
wall structure [50].

III. INDUCED RESISTANCE

Strengthening the endogenous defense capabilities of plants has been advanced
as a promising strategy for crop protection, and several active microbial and
chemical elicitors have been identified and shown to protect a variety of plants



[70–72,95,97,113]. Upon infection or treatment with elicitors, plant tissue often
reacts by activating a highly coordinated biochemical and structural defense sys-
tem that helps ward off the spread of pathogens [17,31,34]. Induced defense
reactions can be restricted to tissue close to the site of the stimulus or can be
expressed systematically throughout the tissue. Site-restricted biochemical and
structural defense responses include the rapid death of cells referred to as a hyper-
sensitive reaction, the reinforcement of the cell wall by deposition of lignin, cal-
lose, and hydroxyproline-rich glycoproteins, and the accumulation of phytoalex-
ins [10,12,20]. Host defense responses expressed systematically involve the
synthesis and accumulation of proteinase inhibitors and antifungal glucanohydro-
lases such as chitinase, chitosanase, and β-1,3-glucanase [15,17,31,34].

Among the diverse biochemical defense responses, glucanohydrolases such
as chitinase, chitosanase, and β-1,3-glucanase have received considerable atten-
tion because they are considered to play a major role in induced resistance of
plants against invading pathogens [15,95,97,99]. Chitinase and β-1,3-glucanase
are known to hydrolyze fungal cell walls, and in combination they have been
shown to inhibit the in vitro growth of several pathogenic fungi [96,98]. The
insertion of a chitinase gene in tobacco and canola plants was shown to enhance
disease resistance [19]. In several plant-pathogen interactions, the induction and
accumulation of PR proteins including chitinase and β-1,3-glucanase is often
correlated with the onset of induced resistance [70,71,95,111,113].

Phytoalexins, antimicrobial secondary metabolites, are synthesized de novo
in tissue area close to the site where infection occurs or the elicitor is applied
[10,34]. Phytoalexins show a wide diversity in structure and biogenetic origin
and are predominately phenylpropanoids, isoprenoids, and acetylenes. Their im-
plication in disease resistance has dominated most studies of active defense re-
sponses and a large body of evidence supports a disease resistance function for
phytoalexins [10,34]. Activating biochemical defense responses in harvested tis-
sue through prestorage treatment with innocuous elicitor(s) soon enough and in
sufficient magnitude could be a promising strategy of enhancing disease resis-
tance and consequently prolonging fruit storage life. The systemic nature and
persistence of antifungal hydrolases in plant tissue upon elicitation could be of
significant importance in retarding the resumption of quiescent infections, which
typically become active when tissue resistance declines.

In recent years, considerable attention has been paid to induced resistance
in harvested commodities as an important manageable form of fruit protection.
This interest has been generated by basic and applied research, which demonstrate
that fruits can be rendered resistant by artificially turning on their natural defense
mechanisms [118]. The reported control of postharvest diseases of pome and
citrus through prestorage treatment with fungal cell wall fragments [1], chitosan
[44–46], and UV-C light [81,110] bears witness to the validity of induced resis-
tance as a novel and promising approach for postharvest disease control.



A. UV-C radiation

Among the elicitors, non-ionizing UV-C (190–280 nm) radiation has been the
most extensively studied, and substantial progress has been made in this area
[37,81,93,110]. Prestorage treatment of a variety of commodities, including citrus
fruit, with UV-C radiation has been shown to reduce decay, and this has been
attributed to UV-mediated induction of disease-resistance rather than to its germi-
cidal effect [81,93,110]. In oranges and lemons, UV-C treatment triggered a grad-
ual development of tissue resistance to infection by Penicillium digitatum that
coincide with the induction of phenylalanine ammonia lyase (PAL) activity, a key
enzyme in the phenylpropanoid pathway, and the accumulation of the phytoalexin
scoparone [27,37,93]. In grapefruit, PAL activity showed a transient increase in
the first hours after UV treatment, peaking at 24 hours after treatment [27,37].
Immunoblottng analysis using citrus chitinase and β-1,3-glucanase antibodies
showed that UV irradiation of citrus fruit induced the accumulation of a 25 kDa
chitinase protein [87].

Lers et al. [73], using differential display, isolated and cloned a cDNA
representing an mRNA that accumulated in grapefruit peel upon UV irradiation.
Sequence analysis revealed that this cDNA represents a gene encoding for an
isoflavone reductase–like protein. In UV-C–treated grapefruit, the onset of the
resistance was often found to coincide the maximal accumulation of the isofla-
vone reductase–like protein transcript. Induction of disease resistance by UV-C
treatment also has been reported in soybean [18], peach fruit [110], and carrot
[81] and attributed to the induction and accumulation of phytoalexins. Mercier
et al. [81] showed a relationship between the level 6-methoxymellen and the
resistance of carrot slices to infection by Botrytis cinerea and Sclerotinia scleroti-
orum. Concentration of 6-methoxymellen in UV-treated carrot exceeded the ED50

necessary for the inhibition of Botrytis cinerea.
UV-C–mediated resistance is highly dependent on the physiological matu-

rity of the fruit. In grapefruit, oranges, and lemons, UV-C treatment appeared
more effective in reducing decay on early-season fruits than on late-season fruits
[27,37]. Similar observations were reported in tomato fruit where UV treatment
was more effective in reducing Rhizopus soft rot in mature green and breaker
stage tomato than in the ripe red tomatoes [74]. In carrot, UV-induced resistance
against B. cinerea was shown to decrease with the increased physiological age
of the tissue [81]. This was probably associated with the decreased ability of
tissue to synthesize inhibitory compounds in response to UV treatment.

In most commodities tested, UV treatment triggered a gradual development
of nonpersistent tissue resistance. Challenge inoculation of citrus with P. digita-
tum at different times following UV-C treatment showed that the resistance oc-
curred within 24–48 hours after UV treatment and decreased afterward [27]. In
citrus fruit stored at 20°C, the reduction of lesion development in response to UV-



C treatment lasted for up to 7 days, after which resumption of lesion development
occurred [37]. A similar trend was observed in lemon fruit [13,14], indicating
the need for a lag period for the establishment of a resistance state.

B. Bioactive Elicitors

Several bioactive compounds derived from plants and microbes have been shown
to induce disease resistance [35,70,76,91]. Induction of disease-resistant re-
sponses has been observed with chitosan application in a variety of harvested
commodities. Chitosan, a β-1,4-glucosamine polymer that is found as a natural
constituent in the cell wall of many fungi, is produced from chitin of arthropod
exoskeletons that has been deacetylated to provide sufficient free amino groups
to render the polymer readily soluble in diluted organic acids. Chitosan is known
to interfere with the growth of a wide range of fungi [3,44–46,56] and activate
defense mechanisms in plant tissues [35,44,46,63]. This dual activity gives chito-
san great potential as an antifungal preservative for fresh horticultural commodi-
ties.

In laboratory tests, chitosan treatment controlled postharvest decay caused
by Botrytis cinerea, Penicillium expansum, Penicillium digitatum, and Penicil-
lium italicum on a variety of fruit [49]. The control of decay by chitosan appears
to be due to the interplay between the antifungal and eliciting properties of chito-
san. In vitro, chitosan was shown to be inhibitory to major postharvest pathogens,
presumably by interfering with fungal membranes [44,45]. The inhibitory effect
of chitosan has also been observed in planta. On bell pepper, chitosan treatment
adversely affected the potential of Botrytis cinerea to initiate infection and caused
severe cellular damage to invading hyphae [46]. In addition to interfering directly
with fungal growth, chitosan induced the accumulation of β-1,3-glucanase and
chitinase and elicited the formation of various structural defense barriers in sev-
eral postharvest commodities [44,46]. Expression of defensive reactions by chito-
san treatment seems to be implicated in the restriction of fungal infection. This
was indirectly supported by the fact that ingress of the pathogen was limited to
epidermal cells ruptured during wounding [46].

Plant growth regulators (jasmonic acid and gibberelic acid), signal trans-
duction compound (salicylic acid), and polypeptides such as harpin have been
shown to induce disease resistance in several harvested commodities [2,41,76,
91]. Prestorage treatment of lemons fruits and celery with gibberellic acid reduced
the incidence of decay and delayed the breakdown of constitutive inhibitors such
as marmesin in celery [2]. Induction of the accumulation of preformed antifungal
compounds was also observed in avocado fruits stored under high CO2 [89]. The
increased levels of diene in CO2-treated avocado fruit is believed to be due to
an increase in concentration of epicatechin, an endogenous inhibitor of lipoxygen-
ase, a key enzyme in the metabolism of the antifungal diene.



Jasmonates are believed to play an important role as signal molecules in
plant defense responses. They have been shown to accumulate in plant tissue
in response to elicitor treatment [35,83] and to activate putative defense genes
[54,76,125]. Jasmonates have been shown to protect potato and tomato plant
from infection [30] and reduce decay of harvested commodities such strawberry,
pepper, grapefruit, and roses [41,82,80]. At a concentration of 10 µmol/L methyl
jasmonate and jasmonic acid effectively reduced decay of cold-stored grapefruit
caused by Penicillium digitatum [41]. This concentration also reduced the per-
centage of fruits exhibiting chilling injury symptoms after 6 weeks of storage at
2°C and 4 additional days at 20°C. Since no direct effect of jasmonates on the
fungus was found, it is suggested that jasmonates probably reduced postharvest
decay indirectly by enhancing the natural resistance of the fruit at high and low
temperatures.

C. Microbial Elicitors

Induction of disease resistance following treatment with microbial inducers has
been demonstrated in a number of crops and shown to provide a protection against
a wide range of pathogens [66,70,71,113]. In harvested commodities, the induc-
tion of disease resistance by microbial antagonists has been inferred but not
clearly demonstrated since no attempt was made to separate the antagonistic ac-
tivity of the yeasts from the fruit-mediated disease suppression [39,50]. Antago-
nistic yeasts have been shown to induce several biochemical defense responses
in harvested commodities. Treatment of lemon wounds with Pichia guilliermon-
dii was shown to enhance the production of the phytoalexin scoparone [93]. Arras
[8] showed that scoparone accumulation could be 19 times higher when the antag-
onist Candida famata was inoculated 24 hours prior to Penicillium digitatum and
only four times higher if inoculated 24 hours after the pathogen. Induction of
defense responses by antagonistic yeast was also reported in apple fruit. The
antagonist yeast Candida saitoana was shown to induce chitinase and cause depo-
sition of papillae along host cell in apple tissue [50].

In apple wounds Aureobasidium pullulans caused a transient increase in
β-1,3-glucanase, chitinase, and peroxidase activities starting 24 hours after treat-
ment and reaching maximum levels 48 and 96 hours after treatment. Wounding
also triggered an increase in β-1,3-glucanase, chitinase, and peroxidase activity;
however, the level of increase was markedly lower than that detected in yeast-
treated fruit [59]. Induction of disease-resistance was also reported in avocado
fruits treated with nonpathogenic endophytic mutant of Colletotrichum magna
[90]. The mutant strain was shown to penetrate the peel of avocado fruits and
prevent anthracnose symptoms caused by Colletotrichum gloeosporioides by ac-
tivation of various host-defense responses.

Although the implication of induced disease resistance in the mode of ac-



tion of microbial antagonists remains to be determined, the observed accumula-
tion of chitinase, β-1,3-glucanase, and scoparone in yeast-treated tissue suggests
a putative involvement of these biochemical defense responses in the biocontrol
activity of the antagonists.

It is quite possible that yeast-mediated defense reactions played a support-
ing role in restricting fungal spread. The ability of the antagonistic yeast to out-
compete the pathogen for nutrient and space can be anticipated to render the
pathogen more susceptible to host antifungal hydrolases and secondary metabo-
lites.

D. Prestorage Heating

Prestorage heating holds potential as a nonchemical method for control of post-
harvest diseases by directly inhibiting pathogen growth, activating the natural
resistance of the host, and slowing down the ripening process. Control of posthar-
vest diseases by heat treatment has been reported for a number of fruits and
vegetables [13,14,32,65]. On citrus fruit, control of postharvest pathogens by
a brief hot water treatment has been evaluated repeatedly and was in common
commercial use before fungicides were introduced [43]. It is particularly effective
for the control of brown rot, caused by Phytopthora spp. [67], and partially suc-
cessful for the control of green and blue molds because the temperature of the
hot water required to completely control these diseases occasionally injures fruit
[88]. Hot water is less effective for stem-end decay or sour rot, because these
infections are more resistant to heat than the fruit. Suppression of green mold
occurs only at high humidity during thermal treatments [21]. The risk of sour
infections by Geotrichum citri-aurantii may increase because this fungus grows
rapidly at this temperature [43].

In South Africa and Israel heat treatment of citrus fruit has been imple-
mented successfully on a commercial scale [33,88]. De Villiers et al. [33] showed
that packhouse dipping of fruit at temperatures of 36 and 40°C for 1–5 minutes
effectively reduced postharvest decay of citrus while maintaining fruit quality.
Porat et al. [88] showed that exposure of grapefruit to hot water brushing treat-
ment for a short period of time (20 s) at temperatures of 56, 59, and 62°C reduced
decay development caused by Penicillium digitatum. Hot water brushing treat-
ment at 56°C for 20 seconds reduced development of natural decay on different
citrus cultivars such as Minneola tangerines, Shamouti oranges, and Star Ruby
grapefruit by 45–55% after 6 weeks of storage at the appropriate temperature.
Heat treatment can have other positive impacts as well. Rodov and coworkers
[94] showed that brief hot water treatments improve the resistance of citrus fruit
to subsequent chilling injury; presumably, storage temperatures could be reduced,
and this would affect the benefits of delayed senescence and further reductions
in decay losses.



Beside directly interfering with the pathogens, heat treatment has been
shown to induce disease resistance in harvested tissue. In lemons it induced the
accumulation of the phytoalexin scoparone and increased tissue resistance to in-
fection [13,14]. In spite of interesting possibilities emerging with prestorage heat-
ing, the sensitivity of many harvested crops to heat treatment and the energy
required for the treatments may prove to be a liability.

IV. NATURAL COMPOUNDS

A wide variety of plant- and animal-derived compounds are known to be fungi-
cidal, and some have been shown to be effective in reducing postharvest decay
of fruit and vegetables [47]. Essential oils, volatile substances, and extracts from
various plants have been shown to inhibit radial growth of major postharvest
pathogens such as Botrytis cinerea, Penicillium expansum, and Monolinia fructi-
cola [120]. There have been several attempts to use essential oils and volatiles
of plant origin for the control of postharvest decay [77,85,114,120]. Reduction
of decay by extracts and volatiles from plants have been reported in citrus fruit
[105], strawberry [85,114], sweet cherry [77], and apple fruit [109]. Limited ex-
posure of fruit to benzaldehyde, acetaldehyde, or 2-nonanone reduced the inci-
dence of decay without causing tissue damage [77,114]. In addition, fumigation
with acetaldehyde appeared to enhance the quality attributes of several posthar-
vest commodities [84,85].

A common natural product, ethanol, was evaluated by Smilanick and co-
workers [105]. A brief immersion in a solution containing ethanol at 10% wt/
vol or more at 44°C or higher reduced green mold incidence by 80% or more
on lemons without significant injury to the fruit. However, the effectiveness of
ethanol treatment was less than that of a similar brief immersion in heated sodium
carbonate (3% wt/vol) solution, particularly when the fruit were held in storage
long periods, and it has not been implemented commercially.

Reduction of postharvest decay of fruits was also observed with organic
acid preservatives (sorbate, acetate, and benzoate) and medium-chain fatty acids
[4,6]. For instance, treatment of citrus fruits with sorbic acid was shown to be
effective in controlling green mold caused by Penicillium digitatum [43], and,
when heated, it will partially control sour rot caused by Geotrichum citri-aurantii
[64]. The inhibitory effect of organic acid preservatives is highly dependent upon
their dissociation constant. Since the pKa value of most acids is between 3 and
5, they are generally most effective at low pH values. The inhibitory effect of
organic acids has been attributed to the depression of intracellular pH and the
alteration of membrane permeability.

Some active oxygen species are potent biocides, and two, hydrogen perox-
ide and ozone, have been evaluated for postharvest use on citrus fruit. Immersion



in hydrogen peroxide solutions (5–15% wt/vol) achieved significant but modest
reduction in green mold incidence on lemons, but the risk of injury to the fruit
was high [106]. Ozone, applied either in air or water, does not stop infections
from developing from inoculated wounds on citrus fruit. Ozone at low concentra-
tions (0.3–1 ppm or less) in the storage room atmosphere does, however, retard
the sporulation of many pathogens on the surface of lesions that do develop, and
control of sporulation is of some value to reduce spore contamination in storage
rooms and packing houses [108]. Ozone also oxidizes ethylene, and ethylene
reduces storage life by accelerating senescence that exacerbates decay problems.
Some commercial facilities have implemented the use of ozone, and more practi-
cal applications of ozone use will develop as ozone generation equipment im-
proves and regulatory issues about its use are resolved [106].

V. ENHANCEMENT OF BIOCONTROL EFFICACY

Although the currently proposed biological control approaches, including the use
of antagonistic microorganisms, natural fungicides, and induced resistance, have
been shown to reduce postharvest diseases, each comes with limitations that can
affect their commercial applicability. When used as a stand-alone treatment, none
of the advanced biological control approaches has been shown clearly to consis-
tently offer an economically sufficient level of disease control that would warrant
its acceptance as a viable alternative to synthetic fungicides. For instance, induced
resistance via prestorage treatment with elicitors provides only temporary protec-
tion, and the level of control is intricately affected by the physiological status of
tissue. The ability of harvested commodities to respond to elicitor treatment,
thereby becoming resistant to infection, declines with the onset of fruit ripening.
This may represent a major setback since the resistant state of the fruit to decay
could not be maintained or activated during the ripening stage. A stage when
the fruit undergoes the most desirable biochemical changes from the consumer’s
standpoint. Furthermore, there is the possibility that the deliberate activation de-
fense reaction may result in an accumulation of undesirable compounds espe-
cially secondary metabolites. As to plant- and animal-derived bioactive com-
pounds, their performance level is generally lower than synthetic fungicides, and
instances of phytotoxicity have been reported especially with essential oils and
volatile compounds.

Currently available microbial antagonists confer only a protective effect
that diminishes with ripening and provide no control of previously established
infections [51,52,92,103,104,119]. Under commercial conditions, antagonistic
microorganisms often confer a level of control lower than synthetic fungicides
[22,40,119]. In large-scale tests on Navel and Valencia oranges, biocontrol prod-
ucts such as ASPIRE and BIOSAVE-100 often provide a level of control equiva-



lent to synthetic fungicides only when combined with a low doses of synthetic
fungicides [22,40]. For instance, Candida oleophila in combination with 200 mg/
mL of thiabendazole controlled citrus decay at the level equivalent to the com-
mercial fungicide treatment and reduced the variability often observed when us-
ing the antagonistic yeast alone [22,40].

Similar results were reported on apple fruits treated with a combination of
Cryptococcus infirmo-miniatus with 264 mg/mL thiabendazole [28]. The inabil-
ity of antagonists alone to offer the level of control comparable to synthetic fungi-
cides has been attributed in part to their inability to eradicate incipient infections
that occur during and after harvest [22,38,40,119]. Since infection of fruit can
occur either prior to or during harvest and subsequent handling, biological prod-
ucts are expected to protect wounds and also eradicate previously established
infections in a manner similar to synthetic fungicides.

Recent attempts to overcome the variable performance and augment the
efficacy of existing biological approaches led to the development of a com-
bination of complementary biological approaches for additive and/or synergistic
effects. For instance, CaCl2 has been shown to enhance the performance of
several antagonistic yeasts in controlling postharvest decay of a variety of
fruits. On pome fruit, the addition of CaCl2 was shown to increase the protective
effect of some antagonistic yeasts and also greatly reduce the populations of
yeasts required to give effective control [79,124]. The potential of CaCl2 as
an additive, however, has not been studied extensively in citrus because the
interference of CaCl2 at the recommended concentration (2–4%) with packhouse
waxes. The biocontrol activity of microbial antagonists was also shown to be
enhanced by carbonate salts [51,52,107]. Smilanick and coworkers [107] showed
that control of green mold on oranges was maximized when dip treatments in
sodium carbonate or bicarbonate were followed by the application of Pseudomo-
nas syringae strain ESC10, the active ingredient in the postharvest biological
control BioSave products. Similar results were also observed with lemon fruits
pretreated with sodium carbonate prior to treatment with Candida saitoana
[51,52].

Biocontrol activity of microbial antagonistic on citrus and pome fruit
was also shown to be augmented by addition of nitrogenous (l-asparagine and
l-proline) compounds and 2-deoxy-d-glucose, a sugar analog [51,52,61]. When
applied in fruit wounds before inoculation, the combination of C. saitoana
with a low dose of 0.2% (w/v) 2-deoxy-d-glucose was more effective in control-
ling decay of apple, orange, and lemon caused by B. cinerea, P. expansum, and
P. digitatum than either C. saitoana or 2-deoxy-d-glucose alone [51,52]. The
level of control obtained from the combination of C. saitoana with 2-deoxy-d-
glucose on lemon and orange fruit was similar to that of imazalil, a common
fungicide with worldwide usage. The effectiveness of the combination of C. sai-
toana with 0.2% 2-deoxy-d-glucose appears to stem from the interplay of the



biological activity of C. saitoana and the antifungal property of 2-deoxy-d-
glucose.

A similar protective effect was also reported in apple and pear fruit treated
with a combination of Pseudomonas syringae or Sporobolus roseus and 2-deoxy-
d-glucose when applied before inoculation [61]. In addition to protecting citrus
and apple fruit from infection, the combination of C. saitoana with 2-deoxy-d-
glucose was also effective against infections established up to 24 hours before
treatment. When applied within 24 hours after inoculation, the combination of
C. saitoana with 0.2% 2-deoxy-d-glucose resulted in a level of control of green
mold of oranges and lemons equivalent to imazalil treatment. No apparent control
of blue mold of apple and mold of oranges and lemons was observed when C.
saitoana or 2-deoxy-d-glucose were applied within 24 hours after inoculation
of the fruit with Penicillium digitatum. The observed curative activity of the
combination of C. saitoana with 2-deoxy-d-glucose represents a substantial im-
provement over existing microbial biocontrol products.

Recently, we have developed a biocontrol product termed ‘‘a bioactive
coating’’ that consists of a unique combination of an antagonistic yeast with
chemically modified chitosan [51,52]. This combination makes it possible to ex-
ploit the antifungal property of chemically modified chitosan and the biological
activity of the antagonist yeast. In laboratory studies, the biocontrol activity of
C. saitoana against decay of apple, lemon, and orange caused by Botrytis cinerea,
Penicillium expansum, and Penicillium digitatum was markedly enhanced by the
addition of glycolchitosan [51,52]. Under semi-commercial conditions, the bioac-
tive coating was superior to C. saitoana and glycolchitosan in controlling decay
of oranges (Washington navel, Valencia, Pineapple, and Hamlin) and Eureka
lemons, and the control level was equivalent to that with imazalil [51,52]. On
apple fruit, depending on the apple variety used, the bioactive coating was compa-
rable or superior to thiabendazole in reducing decay. Unlike C. saitoana, which
showed poor performance on late-season fruit, the bioactive treatments offered
consistent control of decay on Washington navel oranges and Eureka lemons in
early and late seasons.

Enhancement of microbial biocontrol agents has been also reported with
physical additives such as curing and heat treatments [11,58,110], ultraviolet light
[110], and modified or controlled atmosphere (MA/CA) and cold storage
[75,112]. The efficacy of Pichia guilliermondii against Penicillium digitatum in-
creased when orange fruits were stored at optimal low storage temperature under
controlled atmosphere [75]. Integrating UV-C radiation with antagonistic yeast
was shown to enhance the performance of the yeast and provide a level of control
equivalent to synthetic fungicides [110]. Huang et al. [58] demonstrated that bio-
control of green mold using Pseudomonas glathei could be enhanced when heat
was applied to retard conidia germination of Penicillium digitatum while simulta-
neously stimulating bacterial multiplication.



VI. CONCLUSIONS

Among the proposed alternatives, development of microbial antagonists has re-
ceived most of the attention, and presently a number of microbial antagonists
are commercially available for the control of postharvest decay. If we are to
maximize, however, the biocontrol potential of microbial antagonists, a more
fundamental understanding of their mode of action, the microecology, their com-
patibility of postharvest commercial practices, and the effect of host physiology
on their biological activity is imperative. Similarly, the potential of naturally
occurring biocides as specific biofungicides for the control of postharvest decay
will depend on our ability to develop safe and effective formulations that have
no undesirable effects on the quality attributes of harvested products.

Success with the induction of resistance in several harvested commodities
by treatment with biotic and abiotic elicitors suggests potential for this technology
for the reduction of postharvest diseases. More effective methods of harnessing
the endogenous defense capabilities of fruits and vegetables through prestorage
treatment with elicitors should ultimately emerge as we learn more about [1] the
biological activity of elicitors, [2] the regulation of defense genes associated with
the induced resistance in harvested tissue and their role in resistance, [3] the
signal transduction pathways that link the host perception with the expression of
defense genes required to ward off infection, and [4] the temporal regulation of
defense response genes in relation with the physiological changes that occur in
harvested tissue. As more is learned about the function and regulation of disease
resistance genes in harvested tissue, it will be possible to engineer the expression
of complex resistance genes in postharvest commodities. Since most harvested
commodities are more susceptible to infection as they approach the ripening
stage, the use of developmentally regulated promoters to drive the expression of
defense genes could be a useful approach. This could confer disease resistance
at specific stages when the fruits are most susceptible to infection. Such an ap-
proach will be possible once organ-specific and developmentally regulated pro-
moters are available.

As we learn more about the fundamental basis underlying the protective
effect of microbial antagonists, bioactive compounds, and induced resistance,
more effective methods of formulating, applying, and combining complementary
biological approaches for additive and/or synergistic effects will emerge. So far
the results obtained with the different combination of biological products demon-
strate the potential of this multifaceted approach as a viable alternative to syn-
thetic fungicides. Such biological strategies should also be expected to have
greater stability and effectiveness than approach utilizing single biological agents.
The complexity of the mode of action displayed by combined alternatives should
make the development of pathogen resistance more difficult and present a more



highly complex disease-deterrent barrier than an approach relying on a single
biological agent.

REFERENCES

1. NK Adikaram, AE Brown, TR Swinburne. Phytoalexin induction as a factor in the
protection of Capsicum annum L. fruits against infection by Botrytis cinerea Pers.
J Phytopathol 122:267, 1988.

2. U Afek, N Aharoni, S Carmeli. Increased celery resistance to pathogens during
storage and reducing high-risk psoralen concentration by treatment with GA3. J
Am Soc Hort Sci 120:562–565, 1995.

3. CR Allan, LA Hadwiger. The fungicidal effect of chitosan on fungi of varying cell
wall composition. Exp Mycol 3:285–287, 1979.

4. AB Al Zaemey, N Magan, AK Thompson. Studies on the effect of fruit-coating
polymers and organic acids on growth of Colletotrichum musae in vitro and on
postharvest control of anthracnose of bananas. Mycol Res 12:1463–1468, 1993.

5. DJ Appel, R Gees, MD Coffey. Biological control of the postharvest pathogen
Penicillium digitatum on Eureka lemons. Phytopathology 12:1595, 1988.

6. DK Arora, KG Mukerji, EH Marth. Handbook of Applied Mycology. Vol. 3. New
York: Marcel Dekker, 1991.

7. G Arras, G D’Hallewin. In vitro and in vivo control of Penicillium digitatum and
Botrytis cinerea in citrus fruit by Bacillus subtilis strains. Agric Mediter 124:56–
61, 1994.

8. G Arras. Mode of action of an isolate of Candida famata in biological control of
Penicillium digitatum in orange fruits. Postharvest Biol Technol 8:191–198, 1996.

9. G Arras, P Sanna, V Astone. Biological control of Penicillium italicum of citrus
fruits by Candida sake and calcium salt. Proc 49th Int Symposium Crop Prot 62:
1071–1078, 1997.

10. JA Bailey, JW Mansfield. Phytoalexins. New York: John Wiley & Sons, 1982.
11. R Barkai-Golan, JP Douglas. Postharvest heat treatment of fresh fruits and vegeta-

bles for decay control. Plant Dis 75:1085–1090, 1991.
12. RC Beier. Natural pesticides and bioactive compounds in foods. Rev Environ Con-

tam Toxicol 113:47–137, 1990.
13. S Ben-Yohoshua, B Shapiro, JJ Kim, J Sharoni, S Carmeli, Y Kashman. Resistance

of citrus fruit to pathogens and its enhancement by curing. In: R Goren, K Mendel,
eds. Proceedings of the Sixth International Citrus Congress, Tel Aviv, Israel. Phila-
delphia: Balaban Publishers, 1988, pp 1371–1379.

14. S Ben-Yehoshua, V Rodov, JJ Kim, S Carmeli. Preformed and induced antifungal
materials of citrus fruits in relation to the enhancement of decay resistance by heat
and ultraviolet treatments. J Agric Food Chem 40:1217–1221, 1992.

15. T Boller. Hydrolytic enzymes in plant disease resistance. In: T Kosuge, EW
Nester, eds. Plant-Microbe Interactions. Vol. 2. New York: Macmillan, 1987, pp
385–402.



16. AD Borras, RV Aguilar. Biological control of Penicillium digitatum by Tricho-
derma viride on postharvest citrus fruits. Intl J Food Microbiol 11:179–184, 1990.

17. DJ Bowles. Defense-related proteins in higher plants. Annu Rev Biochem 59:873–
907, 1990.

18. MA Bridge, WL Klarman. Soybean phytoalexin, hydroxyphaseollin, induced by
ultraviolet irradiation. Phytopathology 63:606–609, 1972.

19. K Broglie, I Chet, M Holliday, R Cressman, P Biddle, S Knowlton, CJ Mauvais,
R Broglie. Transgenic plants with enhanced resistance to the fungal pathogen Rhi-
zoctonia solani. Science 254:1194–1197, 1991.

20. GE Brown. Host defenses at the wound site on harvested crops. Phytopathology
79:1381–1384, 1989.

21. GE Brown. Development of green mold in degreened oranges. Phytopathology 63:
1104–1107, 1973.

22. GE Brown, M Chambers. Evaluation of biological products for the control of post-
harvest diseases of Florida citrus. Proc Fla State Hort Soc 109:278–282, 1996.

23. CT Bull, JP Stack, JL Smilanick. Pseudomonas syringae strains ESC-10 and ESC-
11 survive in wounds on citrus and control green and blue molds of citrus. Biol
Control 8:81–88, 1997.

24. CT Bull, ML Wadsworth, KN Sorenson, J Takemoto, R Austin, JL Smilanick.
Syringomycin E produced by biological agents controls green mold on lemons.
Biol Control 12:89–95, 1998.

25. CT Bull, ML Wadsworth, TD Pogge, TT Le, SK Wallace, JL Smilanick. Molecular
investigations into the mechanisms in the biological control of postharvest diseases
of citrus. IOBC Bull 21:1–6, 1998.

26. E Chalutz, CL Wilson. Postharvest biocontrol of green and blue mold and sour rot
of citrus by Debaryomyces hansenii. Plant Dis 74:134–137, 1990.

27. E Chalutz, S Droby, CL Wilson, M Wisniewski. UV-induced resistance to posthar-
vest diseases of citrus fruit. J Phytochem Photobiol 15:367–374, 1992.

28. T Chand-Goyal, RA Spotts. Biological control of postharvest diseases of apple and
pear under semi-commercial and commercial conditions using three saprophytic
yeasts. Biol Control 10:199–206, 1997.

29. LH Cheah, TB Tran. Postharvest biocontrol of Penicillium rot of lemons with in-
dustrial yeasts. Proceedings of the 48th New Zealand Plant Protection Conference,
1995, pp 155–157.

30. Y Cohen, U Gisi, T Niderman. Local and systemic protection against Phytophthora
infestans induced in potato and tomato plants by jasmonic acid and jasmonic methyl
ester. Phytopathology 83:1054–1062, 1993.

31. DB Collinge, AJ Slusarenko. Plant gene expression in response to pathogens. Plant
Mol Biol 9:389–410, 1987.

32. HM Couey. Heat treatment for control of postharvest diseases and insect pest of
fruit. Hortscience 24:198–201, 1989.

33. EE De Villiers, K Van Dyk, SH Swart, JH Smith, L Korsten. Potential alternative
decay control strategies for South African citrus packhouses. Proceedings of the
8th Congress of the International Society of Citriculture, 1996, pp 410–414.

34. RA Dixon, M Harrison. Activation, structure, and organization of genes involved
in microbial defense in plants. Adv Genet 28:165–180, 1990.



35. SH Doares, T Syrovets, EW Weiler, CA Ryan. Oligogalacturonides and chitosan
activate plant defense genes through the octadecanoid pathway. Proc Natl Acad
Sci USA 92:4095–4098, 1995.

36. S Droby, E Chalutz, CL Wilson, ME Wisniewski. Characterization of the biocontrol
activity of Debaryomyces hansenii in the control of Penicillium digitatum on grape-
fruit. Can J Microbiol 35:794–800, 1989.

37. S Droby, E Chalutz, B Horev, L Cohen, V Gaba, CL Wilson, ME Wisniewski.
Factors affecting UV-induced resistance in grapefruit against the green mold decay
caused by Penicillium digitatum. Plant Pathol 42:418–424, 1993.

38. S Droby, R Hofstein, CL Wilson, ME Wisniewski, B Fridlender, L Cohen, B Weiss,
A Daus, D Timar, E Chalutz. Pilot testing of Pichia quilliermondii: a biocontrol
agent of postharvest diseases of citrus fruit. Biol Control 3:47–52, 1993.

39. S Droby, E Chalutz. Mode of action of biocontrol agents for postharvest diseases.
In: CL Wilson, ME Wisniewski, eds. Biological Control of Postharvest Diseases
of Fruits and Vegetables—Theory and Practice. Boca Raton, FL: CRC Press, 1994,
pp 63–75.

40. S Droby, A Cohen, B Weiss, B Horev, E Chalutz, H Katz, M Keren-Tzur, A Shach-
nai. Commercial testing of Aspire: a yeast preparation for the biological control
of postharvest decay of citrus. Biol Control 12:97–100, 1998.

41. S Droby, R Porat, L Cohen, B Weiss, B Shapirom, S Philosoph-Hadas, S Meir.
Suppressing green mold decay in grapefruit with postharvest jasmonate application.
J Am Hort Sci 124:184–188, 1999.

42. JW Eckert, JM Ogawa. The chemical control of postharvest diseases: deciduous
fruits, berries, vegetables and roots/tuber crops. Annu Rev Phytopath 26:433–469,
1988.

43. JW Eckert, IL Eaks. Postharvest disorders and diseases of citrus fruits. In: W
Reuther, EC Calavan, GE Carman, eds. The Citrus Industry. Berkeley: University
of California Press, 1989, pp 179–260.

44. A El Ghaouth, J Arul, J Grenier, A Asselin. Antifungal activity of chitosan on two
postharvest pathogens of strawberry fruits. Phytopathology 82:398–402, 1992.

45. A El Ghaouth, J Arul, A Asselin, N Benhamou. Antifungal activity of chitosan on
post-harvest pathogens: induction of morphological and cytological alterations in
Rhizopus stolonifer. Mycol Res 96:769–779, 1992.

46. A El Ghaouth, J Arul, C Wilson, N Benhamou. Ultrastructural and cytochemical
aspects of the effect of chitosan on decay of bell pepper fruit. Physiol Mol Plant
Pathol 44:417–432, 1994.

47. A El Ghaouth, C Wilson. Biologically based technologies for the control of posthar-
vest diseases. Postharvest News Inf 6:5–11, 1995.

48. A El Ghaouth. Biologically based alternatives to synthetic fungicides for the control
of postharvest diseases. J Indust Microbiol Biotechnol 19:160–162, 1997.

49. A El Ghaouth. Manipulation of defense systems with elicitors to control postharvest
diseases. ACIAR Proc 80:131–135, 1998.

50. A El Ghaouth, C Wilson, M Wisniewski. Ultrastructural and cytochemical aspect
of the biocontrol activity of Candida saitoana in apple fruit. Phytopathology 88:
282–291, 1998.

51. A El-Ghaouth, J Smilanick, E Brown, A Ippolito, CL Wilson. Application of Can-



dida saitoana and glycolchitosan for the control of postharvest diseases of apple
and citrus fruit under semi-commercial conditions. Plant Dis 84:243–248, 2000.

52. A El-Ghaouth, J Smilanick, M Wisniewski, CL Wilson. Improved control of apple
and citrus fruit decay with a combination of Candida saitoana with 2-deoxy-D-
glucose. Plant Dis 84:249–253, 2000.

53. RC Gueldner, CC Reilly, PL Pusey, CE Costello, RF Arrendale, RH Cox, DS Him-
melsbach, FG Crumley, HG Cutler. Isolation and identification of iturins as antifun-
gal peptides in biological control of peach brown rot with Bacillus subtilis. J Agric
Food Chem 36:366–370, 1988.

54. H Gundlach, MJ Muller, TM Kutchan, MH Zenk. Jasmonic acid is a signal trans-
ducer in elicitor-induced plant cell cultures. Proc Natl Acad Sci USA 89:2389–
2393, 1992.

55. ML Gullino, C Aloi, M Palitto, D Benzi, A Garibaldi. Attempts at biocontrol of
postharvest diseases of apple. Med Fac Landbouw Rijksuiv Gent 56:195, 1991.

56. S Hirano, C Itakura, H Seino, Y Akiyama, I Nonaka, N Kanbara, T Kawakami.
Chitosan as an ingredient for domestic animal feeds. J Agric Food Chem 38:1214–
1217, 1990.

57. Y Huang, BL Wild, SC Morris. Postharvest biological control of Penicillium digita-
tum decay on citrus fruit by Bacillus pumilus. Ann Appl Biol 120:367–372, 1992.

58. Y Huang, BJ Deverall, SC Morris. Postharvest control of green mold on oranges
by a strain of Pseudomonas glathei and enhancement of its biocontrol by heat treat-
ment. Postharvest Biol Technol 3:129–137, 1995.

59. A Ippolito, A El-Ghaouth, CL Wilson. Control of postharvest decay of apple fruit
by Aurobasidium pullulans and induction of defense responses. Postharvest Biol
19:265–272, 2000.

60. W Janisiewicz, L Yourman, J Roitman, N Mahoney. Postharvest control of blue
mold and gray mold of apples and pears by dip treatment with pyrrolnitrin, a metab-
olite of Pseudomonas cepacia. Plant Dis 75:490–494, 1991.

61. W Janisiewicz. Enhancement of biocontrol of blue mold with nutrient analog 2-
deoxy-D-glucose on apples and pears. Appl Environ Microbiol 60:2671–2676,
1994.

62. W Janisiewicz. Biocontrol of postharvest diseases of temperate fruits: challenges
and opportunities. In: J Boland, LD Kuykendall, eds. Plant-Microbe Interactions
and Biological Control. New York: Marcel Dekker, 1998, pp 171–198.

63. FD Kendra, D Christian, LA Hadwiger. Chitosan oligomers from Fusarium solani/
pea interactions, chitinase/β-glucanase digestion of sporelings and from fungal wall
chitin actively inhibit fungal growth and enhance disease resistance. Physiol Mol
Plant Pathol 35:215–223, 1989.

64. H Kitagawa, K Kawada. Effect of sorbic acid and potassium sorbate on the control
of sour rot of citrus fruits. Proc Fla State Hort Soc 97:133–135, 1984.

65. DJ Klein, S Lurie. Postharvest heat treatment and fruit quality. Postharvest News
Inf 2:15–19, 1991.

66. JW Kloepper, S Tuzun, JA Kuo. Proposed definitions related to induced disease
resistance. Biocontrol Sci Technol 2:349–351, 1992.

67. LJ Klotz. Color Handbook of Citrus Diseases. University of California, Berkeley,
1973.



68. J Kraus, JE Loper. Lack of evidence for a role of antifungal metabolite production
by Pseudomonas fluorescens Pf-5 in biological control of Pythium damping-off of
cucumber. Phytopathology 82:264–271, 1992.

69. L Korsten, EE De Villiers, FC Wehner, JM Kotze. A review of biological control
of postharvest diseases of subtropical fruits. ACIAR Proc 50:172–185, 1994.

70. J Kuc. Immunization for the control of plant disease, In: D Homby, ed. Biological
Control of Soil-borne Plant Pathogens. Oxfordshire, UK: C.A.B International,
1990, pp 355–373.

71. J Kuc, N Strobel. Induced resistance using pathogens and nonpathogens. In: E
Tjamos, G Papavisas, eds. Biological Control of Plant Diseases. New York: Plenum
Press, 1992, pp 295–303.

72. K Lawton, L Friedrich, M Hunt, K Weymann, H Kessmann, T Staub, J Ryals.
Benzothiadiazole induces disease resistance in Arabidopsis by activation of the
systemic acquired resistance signal transduction pathway. Plant J 10:71–82, 1996.

73. A Lers, S Burd, E Lomnaniec, S Droby, E Chalutz. The expression of grapefruit
gene encoding an isoflavone reductase-like protein is induced in response to UV
irradiation. Plant Mol Biol 36:847–856, 1998.

74. J Liu, C Stevens, VA Khan, JY Lu, CL Wilson, O Adeyeye, MK Kabwe, PL Pusey,
E Chalutz, T Sultana, S Droby. Application of ultraviolet-C light on storage rots
and ripening of tomatoes. J Food Prot 56:868–872, 1993.

75. S Lurie, S Droby, L Chalupowicz, E Chalutz. Efficacy of Candida oleophila strain
182 in preventing Penicillium expansum infection of nectarine fruits. Phytoparasit-
ica 23:231–234, 1995.

76. GD Lyon, T Reglinski, AC Newton. Novel disease control compounds: the poten-
tial to immunize plants against infections. Plant Pathol 44:407–427, 1995.

77. J Mattheis, R Roberts. Fumigation of sweet cherry (Prunus avium ‘Bing’) fruit
with low molecular weight aldehydes for postharvest decay control. Plant Dis 77:
810–814, 1993.

78. RG McGuire. Application of Candida guilliermondii in commercial citrus coating
for biocontrol of Penicillium digitatum on grapefruits. Biol Control 3:1–7, 1994.

79. RJ McLaughlin, ME Wisniewski, CL Wilson, E Chalutz. Effect of inoculum con-
centration and salt solutions on biological control of postharvest diseases of apple
with Candida sp. Phytopathology 80:456–461, 1990.

80. SS Meir, S Philosoph-Hadas, S Lurie, S Droby, G Akerman. Reduction of chilling
injury in stored avocado, grapefruit, and bell pepper by methyl jasmonate. Can J
Bot 74:870–874, 1998.

81. J Mercier, J Arul, R Ponnampalam, M Boulet. Induction of 6-methoxymellein and
resistance to storage pathogens in carrot slices by UV-C. J Phytopathol 137:44–
55, 1993.

82. HE Moline, JG Buta, RA Saftner, JL Maas. Comparison of three volatile natural
products for the reduction of postharvest decay in strawberries. Adv Strawberry
Res 16:43–48, 1997.

83. H Nojiri, M Sugimori, H Yamane, Y Nishimura, A Yamada, N Shibuya, O Ko-
dama, N Murofushi, T Omori. Involvement of jasmonic acid in elicitor-induced
phytoalexin in suspension-cultured rice cells. Plant Physiol 110:387–392, 1996.

84. O Paz, HW Janes, BA Prevost, C Frenkel. Enhancement of fruit sensory quality



by postharvest applications of acetaldehyde and ethanol. J Food Sci 47:270–276,
1991.

85. E Pesis, I Avissar. Effect of postharvest application of acetaldehyde vapour on
strawberry decay, taste and certain volatiles. J Sci Food Agr 52:377–385, 1990.

86. WF Pfender, J Kraus, JE Loper. A genomic region from Pseudomonas fluorescens
Pf-5 required for pyrrolnitrin production and inhibition of Pyrenphora tritici-
repentis in wheat straw. Phytopathology 83:1223–1228, 1993.

87. R Porat, A Lers, S Dori, L Cohen, B Weiss, A Daus, CL Wilson, S Droby. Induction
of chitinase and β-1,3-endoglucanase proteins by irradiation and wounding in
grapefruit peel tissue. Phytoparasitica 27:233–238, 1999.

88. R Porat, A Daus, B Weiss, L Cohen, E Fallik, S Droby. Reduction of postharvest
decay in organic citrus fruit by a short hot water brushing treatment. Postharvest
Biol Technol 18:151–157, 2000.

89. D Prusky, RA Plumbey, I Kobiler. Modulation of natural resistance of avocado
fruits to Colletotrichium gloesporiodes by CO2 treatment. Physiol Mol Plant Pathol
39:325–334, 1991.

90. D Prusky, S Freeman, RJ Rodrigues, NT Keen. A nonpathogenic mutant strain of
Colletotrichium magna induces resistance to C. gloesporiodes in avocado fruits.
Mol Plant-Microbe Interact 7:326–333, 1994.

91. D Qui, ZM Wei. Effect of messenger on gray mold and other fruit rot diseases.
Phytopathology 90:62, 2000.

92. RG Roberts. Biological control of gray mold of apple by Cryptococcus laurentii.
Phytopathology 80:526–530, 1990.

93. V Rodov, S Ben-Yehoshua, R Albaglis, D Fang. Accumulation of phytoalexins
scoparone and scopoletin in citrus fruits subjected to various postharvest treatments.
Acta Hort 381:517–523, 1994.

94. V Rodov, S Ben-Yeoshua, R Albagi, DQ Fang. Reducing chilling injury and decay
of stored citrus fruit by hot water dips. Postharvest Biol Technol 5:119–127, 1995.

95. J Ryals, U Neuenschwander, M Willits, A Molina, HY Steiner, M Hunt. Systemic
acquired resistance. Plant Cell 8:1809–1819, 1996.

96. A Schlumbaum, F Mauch, U Vogeli, T Boller. Plant chitinases are potent inhibitors
of fungal growth. Nature 324:365–367, 1986.

97. M Schroder, K Hahlbrock, E Kombrink. Temporal and spatial patterns of β-1,3-
glucanase and chitinase induction in potato leaves infected by Phytophthora in-
festans. Plant J 2:161–172, 1992.

98. MB Sela-Buurlage, AS Ponstein, B Bres-Vloemans, LO Melchers, P Van den EL-
zen, BJC Cornelissen. Only specific tobacco chitinases and β-1,3-glucanases ex-
hibit antifungal activity. Plant Physiol 101:857–863, 1993.

99. L Sequeira. Induced resistance: physiology and biochemistry. In: R Alan, ed. New
Directions in Biological Control Alternatives for Suppressing Agricultural Pests
and Diseases. New York: Liss Inc, 1990, pp 663–678.

100. V Singh, BJ Deverall. Bacillus subtilis as a control agent against fungal pathogens
of citrus fruit. Trans Br Mycol Soc 83:487–490, 1984.

101. PA Shefelbine, RG Roberts. Population dynamics of Cryptococcus laurentii in
wounds in apple and pear fruit stored under ambient or controlled atmospheric
conditions. Phytopathology 80:1020, 1990.



102. RL Shewleft. Postharvest treatment for extending the shelf life of fruits and vegeta-
bles. Food Technol 40:70–80, 1986.

103. JL Smilanick, R Dennis-Arrue. Control of green mold of lemons with Pseudomonas
species. Plant Dis 76:481–485, 1992.

104. JL Smilanick, R Denis-Arrue, JR Bosch, AR Gonzales, DJ Henson, WJ Janisiewicz.
Biocontrol of postharvest brown rot of nectarines and peaches by Pseudomonas
species. Crop Prot 12:513–520, 1993.

105. JL Smilanick, DA Margosan, DJ Henson. Evaluation of heated solutions of sulfur
dioxide, ethanol, and hydrogen peroxide to control postharvest green mold of lem-
ons. Plant Dis 79:742–747, 1995.

106. JL Smilanick, C Crisosto, F Mlikota. Postharvest use of ozone for decay control.
Perishables Handling Qu 99:10–14, 1999.

107. JL Smilanick, DA Margosan, F Mlikota, J Usall, IF Michael. Control of citrus
green mold by carbonate and bicarbonate salts and the influence of commercial
postharvest practices on their efficacy. Plant Dis 83:139–145, 1999.

108. DH Spalding. Effects of ozone atmospheres on spoilage of fruits and vegetables
after harvest. Agricultural Research Service, Washington, DC: USDA Marketing
Research Report No. 801, 1968.

109. GJ Stadelbacher, Y Prasad. Postharvest decay control of apple by acetaldehyde
vapor. J Am Soc Hort Sci 99:364–369, 1974.

110. C Stevens, VA Kahn, JY Lu, CL Wilson, A El Ghaouth, E Chalutz, S Droby. Low
dose UV-C light as a new approach to control decay of harvested commodities.
Recent Res Develop Plant Pathol 1:155–169, 1996.

111. L Sticher, B Mauch-Mani, JP Metraux. Systemic acquired resistance. Annu Rev
Phytopathol 35:235–270, 1997.

112. D Sugar, RG Roberts, RJ Hilton, TL Reghetti, EE Sanchez. Integration of cultural
methods with yeast treatment for control of postharvest decay in pear. Plant Dis
78:791–795, 1994.

113. LC Van Loon, PA Bakker, MJ Pieterse. Systemic resistance induced by rhizosphere
bacteria. Annu Rev Phytopathol 36:453–483, 1998.

114. SF Vaugh, GF Spencer, S Shasha. Volatile compounds from raspberry and straw-
berry fruit inhibit postharvest decay fungi. J Food Sci 58:793–796, 1993.

115. CL Wilson, E Chalutz. Postharvest biological control of Penicillium rots of citrus
with antagonistic yeasts and bacteria. Sci Hort 40:105–112, 1989.

116. CL Wilson, ME Wisniewski, S Droby, E Chalutz. A selection strategy for microbial
antagonists to control postharvest diseases of fruits and vegetables. Sci Hort 40:
105–112, 1993.

117. CL Wilson, ME Wisniewski. Biological Control of Postharvest Diseases of Fruits
and Vegetables—Theory and Practice. Boca Raton, FL: CRC Press, 1994.

118. CL Wilson, A El Ghaouth, S Droby, E Chalutz, C Stevens, JY Lu, VA Kahn, J
Arul. Potential of induced resistance to control postharvest diseases of fruits and
vegetables. Plant Dis 78:837–844, 1994.

119. CL Wilson, ME Wisniewski, A El Ghaouth, S Droby, E Chalutz. Commercializa-
tion of antagonistic yeasts for the biological control of postharvest diseases of fruits
and vegetables. J Indust Microbiol Biotechnol 46:237–242, 1996.

120. CL Wilson, A El Ghaouth, J Solar, J, M Wisniewski. Rapid evaluation of plant



extracts and essential oils for fungicidal activity against Botrytis cinerea. Plant Dis
81:204–210, 1997.

121. ME Wisniewski, CL Wilson, W Hershberger. Characterization of inhibition of Rhi-
zopus stolonifer germination and growth by Enterobacter cloacae. Can J Bot 67:
2317–2323, 1989.

122. ME Wisniewski, C Biles, S Droby, R McLaughlin, CL Wilson, E Chalutz. Mode
of action of the postharvest biocontrol yeast, Pichia guilliermondii. I. Characteriza-
tion of the attachment to Botrytis cinerea. Physiol Mol Plant Pathol 39:245–258,
1991.

123. ME Wisniewski, CL Wilson. Biological control of postharvest diseases of fruits
and vegetables. Recent Adv Hort 27:94–98, 1992.

124. ME Wisniewski, S Droby, E Chalutz, Y Eilam. Effect of Ca�2 and Mg�2 on Botrytis
cinerea and Penicillium expansum in vitro and on the biocontrol activity of Candida
oleophila. Plant Pathol 44:1016–1024, 1995.

125. Y Xu, PL Chang, D liu, ML Narashima, KG Raghothama, PM Hasegawa, RA
Bressan. Plant defense genes are synergistically induced by ethylene and methyl
jasmonate. Plant Cell 6:1077–1085, 1996.



14
Biological Control of Turfgrass Diseases

W. Uddin and G. Viji
Pennsylvania State University, University Park, Pennsylvania

Management of turfgrass diseases is one of the most difficult challenges that turf
managers routinely experience in the production and maintenance of high-quality
turf in golf courses, landscapes, sod production, and athletic fields. An effective
disease management program involves significant efforts and costs especially in
the golf course industry. Traditionally, the turfgrass industry has been heavily
dependent on fungicides as the primary means of disease control. Although most
fungicides labeled for selected diseases usually provide satisfactory controls for
a number of diseases, this often does not offer all the solutions for disease man-
agement. Application of certain fungicides can often result in new sets of prob-
lems in the development of disease control strategies. Some of the most undesired
effects of fungicide applications are development of resistance in the pathogen
population, nontarget effects of the particular compound used, and the phytotox-
icity. While use of fungicides remains a significant component of a turfgrass
health management system, there is a growing trend in the turfgrass industry
towards promoting environmental stewardship. Significant advances have been
made in the golf course industry in the development of educational programs for
turf managers that entail the adaptation of various principles and practices in
integrated turfgrass disease management.

There has been tremendous interest in the development of various biologi-
cal control strategies that can be incorporated into a broader integrated disease
management spectrum. Because of the positive attributes that fungicides currently
hold, it is unlikely that biological control methods could be used as an alternative
to replace fungicides in the turfgrass industry in the foreseeable future. However,
biological control is increasingly considered as part of an integrated disease man-
agement approach by the turfgrass industry for a number of reasons that include:



Augmenting fungicide use
Reduction of nontarget effects and increased microbial diversity in soil
Improved formulation, shelf life, and methods of delivery of biocontrol

agents
Enhancement of root and foliar growth of turf
Good public relations for the golf course industry and recreational facilities

There are four general approaches to the biological control of foliar and
root diseases of turfgrasses:

1. Application of specific microbial inoculants on turfgrass foliage or in-
corporation of the antagonists into the soil

2. Application of complex microbiota in natural organic substrates (or-
ganic amendment) into the soil to increase microbial diversity

3. Use of organic fertilizers and biostimulants to enhance root growth
4. Inoculation of potential endophytes in turf species for establishing dis-

ease resistance

I. MICROBIAL INOCULANTS IN DISEASE SUPPRESSION

Several genera and species of bacteria have been reported to be effective biologi-
cal control agents for root and foliar diseases of turfgrasses. The mechanisms
by which pathogens are suppressed include antibiosis, competition, parasitism,
predation, and induced resistance [6]. Antagonism is further defined as ‘‘active
opposition’’ that results from the production of substances by one organism that
are toxic to other organisms, such as production of antibiotics that causes lysis
or death of the latter [99] and, additionally, from competition for food, oxygen,
and space [6]. Siderophores produced by bacteria deprive pathogens of iron, thus
suppressing their growth [121]. The ability of microorganisms to lyse pathogens
by degrading cell wall components can also serve as a powerful tool for biological
control [67].

Microbial inoculants for turfgrass disease control consist of beneficial mi-
croorganisms that are part of the microbial community found in the turfgrass soil,
rhizosphere, thatch, or plant residue [110]. The goals of using microbial inocu-
lants in the management of turfgrass diseases are [1] to isolate the organisms
from their natural substrate in the soil or aboveground plant parts, [2] to identify
their antagonistic or competitive abilities against pathogens, and [3] to increase
their population in the laboratory using artificial media and introduce them into
the soil or on the foliage of turf to inhibit the growth and reproduction of the
pathogen. Once they are introduced to the soil or turf canopy, they must not only
survive and adapt to the new environment, but also continuously multiply and
remain viable throughout the growing season, especially during the period when



pathogens remain active. The high number of biocontrol agents in the soil or
phyllosphere of turf is of paramount importance in achieving the desired level
of disease control [51]. The shelf life of the microbial inoculant is a major factor
that influences the efficacy of an inoculant product. The product should possess
a reasonably long shelf life—turf managers are accustomed to the extended shelf
lives of synthetic chemical preparations, which can be used for the entire growing
season or longer.

In addition to competing with other soil microbes, antagonists require opti-
mum environmental conditions such as temperature, moisture, pH, and other soil
factors for their growth and proliferation. Survival of the antagonists and their
ability to tolerate direct exposure to environmental stresses including ultraviolet
(UV) radiation and low water availability largely influence their success or failure
in field conditions. Pigments produced by bacteria are considered to be responsi-
ble for increasing tolerance to UV radiation [5]; various Pseudomonas species
produce siderophores, which are considered to be important for tolerance to UV
exposure. Strains of Pseudomonas aeruginosa are known to produce siderophores
and salicylic acid, and their beneficial effects on plant growth are pronounced
even when plants are subjected to suboptimal conditions and unfavorable climatic
conditions [27].

Several genera and species of bacteria, fungi, and actinomycetes serve as
expedient inoculants for various turfgrass diseases. Evaluation of the effective-
ness of microbial inoculants for disease suppressiveness begins with in vitro labo-
ratory assays, followed by growth chamber, greenhouse, and field studies, pro-
vided the organisms remain effective throughout the series of tests. Only a few
laboratory and greenhouse studies end up being tested in the field; therefore,
information on efficacy for turfgrass disease control in the field is much more
limited.

Certain microbial agents have also been used in the management of turf-
grasses for improved availability of fertilizers for plants [88], reduction of thatch
layer [66], and control of insects [119]. Application of Xanthomonas campestris
pv. poaannua as a biological agent for control of weeds such as annual bluegrass
has been tested. Some biotypes of X. campestris have afforded up to 82% control
of annual bluegrass [53,131]. Ecosoil Systems (San Diego, CA) is developing
this bacterium as a biocontrol agent for annual bluegrass control for golf courses.
However, there has been an increased interest in the use of microbial inoculants
for turf disease management as they are produced and marketed in various formu-
lations with improved delivery systems. Success in the identification of new or-
ganisms that exhibit significant control of various root and foliar diseases in the
past two decades has also contributed to the rising interest in biological control
in the turfgrass industry. In 1997, Bio-Trek22G, marketed by Wilbur-Ellis Co.,
Fresno, CA, was the first product approved by the U.S. Environmental Protection
Agency (EPA) and registered for use in turfgrass disease management.



A. Bacterial Antagonists

Bacterial antagonists are the most widely used microbes in a turfgrass manage-
ment system. Among the various species tested against turfgrass pathogens, Pseu-
domonas species and members of the Enterobacteriaceae are significantly more
efficient than heterotrophic bacteria.

1. Pseudomonas spp.

Several Pseudomonas species are known to inhibit the growth of a number
of fungal pathogens and suppress turfgrass diseases. One of the most widely
recognized bacteria currently used in the turfgrass industry for its biocontrol
potential is a Pseudomonas aureofaciens strain commonly known as TX-1
[116]. This bacterium was originally isolated from the thatch layer of a creeping
bentgrass from Texas. The antifungal activity of this bacterium is reportedly
due to its metabolite, phenazine-1 carboxylic acid, which is effective against
Sclerotinia homoeocarpa (dollar spot), Bipolaris sorokiniana (spring leaf
spot), and Magnaporthe poae (summer patch) [91]. This bacterium, marketed
under the trade name Spot-less, has gained tremendous popularity among
golf course superintendents in several regions of the United States because
of its suppressive quality for turfgrass diseases when delivered through the
Bioject system (Ecosoils, Inc., San Diego, CA). Formulations of Burkholderia
casidae, Bacillus subtilis, and Pseudomonas fluorescens have also been shown
to suppress brown patch, although the level of suppression afforded did not
equal the commercially acceptable quality standards for golf course turfs and
putting greens in particular [28]. The efficacy of certain fungicides has been
reported to be increased by application of P. aureofaciens to turf, where dis-
ease is managed by specific fungicides. Application of P. aureofaciens to turf
has been shown to significantly increase dollar spot control achieved using the
fungicides cyproconazole and propiconazole [114]. A number of subscribers in
the turfgrass industry claim that timely application of P. aureofaciens through
the Bioject system initiated early in spring prevents dollar spot from recurring
during the season.

Pseudomonas fluorescens is another species that has good biological con-
trol potential in turfgrass disease management. Strains of P. fluorescens are
known to be antagonistic to Sclerotinia homoeocarpa and to have disease-sup-
pressive activity for dollar spot of Kentucky bluegrass and creeping bentgrass
(Agrostis palustris Huds.) [4,45,98]. In a study, preventive application of several
P. fluorescens strains on Kentucky bluegrass (Poa pratensis L.) provided signifi-
cant suppression of dollar spot [45]. A strain of antibiotic-producing P. fluo-
rescens has also been shown to inhibit mycelial growth of S. homoeocarpa in
vitro and also significantly suppressed the disease on Kentucky bluegrass and
creeping bentgrass infested with the fungus [98]. Antagonism and disease sup-



pression by P. fluorescens with respect to other foliar diseases of turfgrasses
are inconclusive. Several strains of P. fluorescens were reported to be highly
antagonistic to Drechslera poae and D. dictyoides, providing good control of
spring leaf spot or melting out of Kentucky bluegrass [98]. However, some strains
of P. fluorescens did not provide satisfactory control for spring leaf spot of Ken-
tucky bluegrass caused by Bipolaris sorokiniana, which is closely related to D.
poae [45]. Although strains of P. fluorescens were reported to be antagonistic to
M. poae, significant suppression of summer patch disease of Kentucky bluegrass
by this bacteria was observed in greenhouse tests, but not in field studies [113].
However, strains of P. fluorescens have been reported to be effective in the sup-
pression of take-all patch (Ophiobolus patch) caused by Gaeumannomyces gram-
inis var. avenae in the greenhouse [125] and field studies [7], conforming with
earlier reports of antagonism and disease suppression by fluorescent pseudomo-
nads on take-all patch of wheat [22,99,106,107,120,124]. Species of fluorescent
pseudomonads appear to play a major role in the remission of the central zone
of take-all patch in take-all decline phenomenon in turf. A study on creeping
bentgrass greens indicated that the percentage of fluorescent Pseudomonas spe-
cies were progressively higher in the rhizosphere bacterial population beginning
from the asymptomatic area at the edge of the turf to the center of the patch
where regrowth of the turf was in progress [65,101]. Among the population of
fluorescent Pseudomonas species quantified, the number of antagonists for G.
graminis var. avenae was reportedly higher in the rhizosphere of the recolonized
zone of the take-all patch than in the asymptomatic area outside the patch; how-
ever, no details on the identity of these fluorescent pseudomonads were provided.
In a different study, significant reduction of take-all patch on Penncross and Penn-
eagle creeping bentgrasses was achieved 2 weeks after inoculation with three
unidentified strains of Pseudomonas [64].

Pseudomonas aeruginosa, which is a plant growth-promoting bacterium
[47] and a siderophore [46] and salicylic acid producer [13], also has great poten-
tial for the control of turfgrass diseases. Strains of P. aeruginosa isolated from
spent mushroom substrate have been found to be highly antagonistic to Pyricula-
ria grisea, Sclerotinia homoeocarpa, Rhizoctonia solani, R. cerealis, and Fu-
sarium culmorum in vitro [117]. Additionally, these strains of P. aeruginosa pro-
vided satisfactory disease control when evaluated for efficacy and timing of
application to control gray leaf spot (blast disease) of perennial ryegrass turf
[118]. In this controlled environmental chamber study, bacterial isolates provided
a level of control that was comparable to that of propiconazole, but significantly
lower than that of azoxystrobin. All three application intervals tested at 1-, 3-, and
7-day intervals prior to pathogen inoculation with the bacterial strains provided
significant disease suppression (Table 1). A comparison of disease severity for
plants maintained in controlled-environment chambers and an outdoor setting
showed no significant differences in the efficacy of P. aeruginosa under those



Table 1 Effects of Timing of Application of Pseudomonas aeruginosa (Days Prior
to Inoculation with Pyricularia grisea) on Incidence and Severity of Gray Leaf Spot
on Perennial Ryegrass Turf

Incidence (%) Severity (0–10 index)

Treatment Day 7 Day 3 Day 1 Day 7 Day 3 Day 1

B12 34.5 b 31.8 b 26.4 b 3.1 b 3.0 b 2.5 bc
B15 35.7 b 32.5 b 30.8 b 3.3 b 2.9 b 2.7 b
B38 33.6 b 27.1 b 25.9 b 3.1 b 2.8 b 2.7 b
Propiconazole 22.8 c 26.3 b 8.4 c 2.6 bc 2.5 bc 2.3 bc
Azoxystrobin 12.3 d 10.6 c 8.5 c 2.1 c 1.9 c 1.7 c
Control 72.0 a 72.9 a 75.2 a 7.3 a 7.6 a 7.9 a

Numbers followed by different letters within a column are significantly different ac-
cording to Student-Newman-Keul’s test (p � 0.05).

conditions. Further, the biocontrol activity of the bacterial isolates was not com-
promised by exposure to UV radiation.

Other pseudomonads such as P. lambergii and P. putida-fluorescens have
also been reported to be antagonistic to certain turfgrass pathogens. Strains of
P. lambergii were found to be highly antagonistic to B. sorokiniana, reducing
disease severity of dollar spot and melting-out of Kentucky bluegrass when
sprayed with the bacterial suspension [45]. Antagonism and suppression of the
disease by P. putida-fluorescens has been documented only for take-all patch in
turfgrasses [123–125]. In these studies, a significant inhibition of mycelial growth
in vitro and a substantial reduction of take-all patch of creeping bentgrass were
observed after inoculation of bacteria and the pathogen into the sterilized soil.
Complete recovery of the infected turf in 6 weeks clearly indicates the highly
antagonistic nature of P. putida-fluorescens to G. graminis var. avenae and persis-
tence of the bacterium in the soil for several weeks [124]. Several species of
Pythium are important pathogens causing foliar blight or root dysfunction in turf-
grasses. Not much has been explored about biocontrol of Pythium-induced dis-
eases by pseudomonads as in other diseases discussed earlier; however, one report
indicated that a few strains of unidentified Pseudomonas species isolated from
thatch and soil were suppressive to Pythium aphanidermatum, which causes foliar
blight of turfgrasses [79].

2. Enterobacter cloacae

Enterobacter cloacae is one of the most important microbial inoculants tested in
depth for its biological control properties against a number of soilborne pathogens
[29,38,41,69,76,81,96,97,108]. It is an effective microbial antagonist with high



Table 2 Suppression of Dollar Spot on a Creeping Bentgrass/Annual Bluegrass
Putting Green with Strains of Enterobacter clocaea

1988 1989 1989

Spots Controlc Control Control
Strain per plotb (%) Rating 1d (%) Rating 2d (%)

Untreated 41 — 5.0 — 5.0 —
Uninoculated CMSe 35 14.6 3.6 28.0 5.2 0.0
EcCT-501 15 63.4 2.8 44.0 5.4 0.0
EcH-1 28 31.7 4.8 4.0 4.0 20.0
E1 31 24.4 4.4 12.0 3.0 40.0
E6 39 4.9 4.0 20.0 4.4 12.0
E1-R6 23 43.9 NT — NT —
E6-R8 38 7.3 NT — NT —
EcH-1-R8 NTf — 3.8 24.0 4.6 8.0
EcCT-501-R3 NT — 3.8 24.0 4.6 8.0
LSD (p � 0.05) 18 1.6 1.9

a Inoculated into a mixture consisting of 25% cornmeal and 75% fine sand. Applied as a topdressing
at the rate of 465 cm3/m2.

b Number of infection centers per plot area. Ratings assessed 64 days after application.
c Based on a percentage of the disease severity in untreated plots.
d Rating scale: 1 � 10% of plot area diseased; 10 � 100% of plot area necrotic. Rating 1 taken 32

days after application; rating 2 taken 55 days after application.
e CMS � Cornmeal/sand mixture.
f NT � Not tested.
Source: Ref. 76.

disease suppressiveness against several turfgrass diseases. Reduction of dollar spot
in bentgrass putting greens by use of E. cloacae as a microbial inoculant in soil
was clearly demonstrated in a study in New York [76]. In this study, application
of cornmeal and sand mixtures fortified with strains of E. cloacae on creeping
bentgrass putting greens naturally infested with Sclerotinia homoeocarpa provided
satisfactory control of dollar spot (Table 2). Monthly application of a strain of
the bacterium provided up to 63% disease control, which was comparable to the
fungicides iprodione and propiconazole. Disease suppression was reportedly more
effective when E. cloacae was applied preventively rather than curatively. Persis-
tence of this organism in thatch was outstanding, as indicated by continuous sup-
pression of the disease for up to 2 months and the high recovery rates of the
organism for over 3 months following the application. As a single species, E.
cloacae may have a much broader biological control spectrum than several other
bacterial inoculants for control of turfgrass diseases. Strains of E. cloacae have also
been shown to be antagonistic to two other turfgrass fungal pathogens, Pythium
aphanidermatum and Magnaporthe poae, which belong to two distinct phyla, Oo-



mycota and Ascomycota, respectively. Tissue culture plate assays and controlled
environment chamber studies indicated that strains of E. cloacae significantly sup-
pressed Pythium foliar blight of perennial ryegrass [79]. In the tissue plate assays,
disease suppression provided by strains of E. cloacae was significant on 3-day-old
ryegrass seedlings, whereas disease severity on plants generated from E. cloacae–
treated seeds and sand medium did not differ from that of the seedlings from
noninoculated controls. In controlled environment chambers, one of the E. cloacae
strains used in tissue plate assays provided control of Pythium foliar blight on 7- to
10-week-old ryegrass similar to that of the fungicide metalaxyl and noninoculated
control plants. There was significant variability among the strains of E. cloacae
in this study, and it was hypothesized that the variability might have been due to
suppression specificity among enterobacterial antagonists of Pythium species. The
suppression specificity of E. cloacae may be explained by a direct relationship
between growth inhibition of Pythium with binding of E. cloacae cells to hyphae
of Pythium ultimum [84]. The same strains of E. cloacae that provided satisfactory
control for Pythium foliar blight [79] have been shown to be effective against
Magnaporthe poae, which causes summer patch disease of Kentucky bluegrass
[113]. In this study, little or no inhibition of M. poae by strains of E. cloacae was
observed; however, in a growth chamber study up to 31% control of summer patch
was provided by the bacterium. In the field experiments, one strain provided up
to 56% control of the disease. As in Pythium blight, there was significant variability
among the strains of bacterium in suppression of summer patch.

3. Other Bacteria

Other bacteria that provide various levels of disease suppression in a turfgrass
system include Xanthomonas maltophilia, X. campestris, Serratia marcescens,
Serratia species, Streptomyces species, and Bacillus sp. Significant suppression
of summer patch disease of Kentucky bluegrass by strains of X. maltophilia,
species of S. marcescens, and Bacillus sp. [54,55] and spring leaf spot of tall
fescue (Festuca arundinacea Schreb.) by strains of Stenotrophomonas maltophi-
lia (� Xanthomonas maltophilia) [130] have been well documented. In one study,
suppression of summer patch by strains of X. maltophilia was outstanding, pro-
viding over 70% control of the disease [55]. Timing of application of the bacteria
to turfgrass rhizosphere was also significant (Table 3). No suppression of the
disease was evident when the bacterial suspension was applied during the time
of planting after inoculation with M. poae; however, significant reduction of the
disease was observed when bacterial suspension was applied 1–4 weeks after
planting the grass. Suppression of the disease was influenced by bacterial concen-
tration. Delivery of the suspension at 109 or 1010 cfu/mL provided significantly
less disease control than did 108 cfu/mL. Persistence of X. maltophilia in soil may
be of great practical value in summer patch disease management, as indicated by



Table 3 Effect of Timing of Bacterial Application on Suppression of Summer Patch
on Kentucky Bluegrass cv. Baron

Disease ratingb

Inoculation timea Xanthomonas maltophilia Serratia marcescens

Expt. 1 0 3.1 2.9
1 2.1* 2.5*
2 2.2* 2.8
3 2.4* 2.3*
4 2.0* 1.9*
Untreated check 3.2 3.2

Expt. 2 0 2.6 2.9
1 1.7* 2.1
2 1.8* 2.1
3 1.9* 1.9
4 1.6* 1.7*
Untreated control 2.7* 2.9

a 0 � time of planting; 1 � 1 wk after planting; 2 � 2 wk after planting; 3 � 3 wk after planting;
4 � 4 wk after planting; untreated control � fungal-inoculated plants not treated with bacteria.

b Disease ratings based on a 9-point logarithmic scale.
* Significant difference compared to untreated control plants.
Source: Reprinted from Soil Biol Biochem 27:1479–1487 (1995), Kobayashi et al. Isolation of the
chitinolytic bacteria Xanthomonas maltophilia and Serratia marcescens as biological control agents
for summer patch disease of turfgrass. With permission from Elsevier Science.

recovery of the bacterium from nonrhizosphere and rhizosphere soils 35 days
after infestation of the soil. Although monitoring of X. maltophilia population
dynamics in the soil beyond a 35-day study period was apparently not conducted
in this study, such a monitoring system for an extended period would reveal
valuable information regarding the fitness of the bacterium in a turfgrass system.
In the same study, the efficacy of S. marcescens in suppressing summer patch of
Kentucky bluegrass was relatively less than that of X. maltophilia. Additionally,
recurrence of the disease was greater in turf treated with S. marcescens than that
with X. maltophilia. Suspension of S. marcescens at a concentration of 109 cfu/
mL provided the best control of summer patch. Persistence of S. marcescens in
soil appeared to be higher than X. maltophilia, as indicated by recovery assays
of nonrhizosphere and rhizosphere soils. Despite the lower efficacy of S. marces-
cens than X. maltophilia, application of Serratia spp. in summer patch disease
control may still be of practical value. This is clearly demonstrated by achieve-
ment of over 80% disease control following drenching of the soil with strains of
Serratia sp. in summer patch–affected Kentucky bluegrass turf [54]. This study
also confirms an earlier report that this antagonist showed adaptation and persis-



tence in the soil. Bacillus sp. also provided over 60% disease control, but, its
persistence in soil was reportedly poor.

Phylloplane bacteria have also been implicated as antagonists of plant
pathogens [24,30,60]. Strains of X. campestris isolated from phylloplane of pe-
rennial ryegrass (Lolium perenne L.) have been reported to exhibit biocontrol
properties against Drechslera dictyoides that causes leaf blight (net blotch) of
perennial ryegrass [4]. The inhibitory effects of X. campestris on D. dictyoides
were indicated by delayed germination of conidia, reduced rate of germ-tube
elongation, and plasmolysis of hyphae of D. dictyoides cultures. A substantial
reduction in the number of necrotic blades of perennial ryegrass was also ob-
served. Filamentous bacteria such as species of Streptomyces have also been
shown to suppress various turfgrass diseases such as spring leaf spot, dollar spot,
brown patch, and Pythium root rot [45,94,102].

B. Fungal Antagonists

Fungal antagonists are also important biological control agents of turfgrass dis-
eases. In recent years, there has been increasing interest in the utilization of fungi
as potential biocontrol agents in the turfgrass industry. Disease-suppressive an-
tagonists include fungi from a wide range of phyla. While some are phylogeneti-
cally distant from their target turfgrass pathogens, others are closely related to
the pathogens, which often turns out to be avirulent strains of the same species
of a specific pathogen. Among all the disease-suppressive fungi previously identi-
fied, two extensively studied inoculants for the biological control of turfgrass
diseases are Typhula phacorrhiza [10,12,58,59,73,83] and species of Tricho-
derma [35,36,39,62,63,73,86,92,93,103]. Additionally, Acremonium sp., Fu-
sarium heterosporum, Gaeumannomyces spp., Gliocladium virens, and Laetis-
eria spp. have been shown to suppress various turfgrass diseases [11,26,32,33,39,
42,43,126–129].

1. Typhula phacorrhiza

Introduction of microbial inculants with extended periods of survival in the turf-
grass system has been a major focus of research in the management of gray
snow mold caused by Typhula incarnata and T. ishikariensis. In such cool season
diseases, use of fungicides is generally limited to preventive application prior to
snowfall as the pathogens are active during the period of extended snow cover.
However, use of microbial inoculants in management of cool season turfgrass
diseases has been a challenge because of the importance of survivability of the
newly introduced organisms when subjected to low-temperature environment in
soil and the turf canopy. In the early 1980s, a low-temperature–tolerant fungus,
T. phacorrhiza, closely related to gray snow mold pathogens, isolated from the
thatch layer of Kentucky bluegrass was effectively used to suppress the disease



on creeping bentgrass [12]. In this study on creeping bentgrass greens, application
of wheat grains colonized by T. phacorrhiza showed up to 70% reduction in gray
snow mold disease severity. Percent reduction of the disease seemed to vary with
the density of T. phacorrhiza–infested wheat grains. A grain density of 100 g/m2

provided 44% disease reduction, whereas 200 g/m2 reduced the disease up to
70% on golf greens. In another study, application of T. phacorrhiza–infested
cereal grains to gray snow mold–affected turf provided significant reduction in
gray snow mold severity, sped up recovery rate of the affected grass, increased
the number of sclerotia of the antagonist, and decreased the number of sclerotia
of the pathogens in thatch [58]. Additionally, studies on interactions between
hyphae of T. phacorrhiza and isolates of T. incarnata and T. ishikariensis sug-
gested that the mechanism of disease suppression by T. ishikariensis was not
hyperparasitism or cellular lysis induced by an antibiotic or by hyphal contact
[12]. A nutrient-mediated reduction in the suppression of growth of T. incarnata
and T. ishikariensis on culture medium exposed to T. phacorrhiza further sug-
gested that the mechanism of suppression was possibly due to competition for
nutrient and colonization of the substrate.

2. Trichoderma Species

Species of Trichoderma are antagonistic to a number of foliar and root pathogens
of turfgrass and are known to be to effective biocontrol agents against various
turfgrass diseases [39,40,62,63,86]. One of the most extensively studied Tricho-
derma species is T. harzianum. Currently, T. harzianum is a commercially avail-
able biocontrol agent as Bio-Trek 22G. This fungus is antagonistic to several
turfgrass pathogens and has strong rhizosphere competence [40]. Studies have
shown that commercial formulations of T. harzianum provide significant control
of brown patch, dollar spot, and Pythium root diseases of bentgrass [62,63]. Ap-
plication of T. harzianum (107 cfu/g soil) to soil of creeping bentgrass greens
provided disease control up to 68, 50, and 87% in turf affected by dollar spot,
brown patch, and Pythium root rot, respectively. Further field studies on the sup-
pression of dollar spot indicated that monthly application of granular or peat-
based formulations of T. harzianum reduced initial disease severity by as much
as 71% and delayed disease development up to 30 days on bentgrass greens. One
of the most desirable attributes of this organism is its ability to persist in the
rhizosphere of creeping bentgrass. Monthly application of T. harzianum has been
effective in maintaining populations at levels of nearly 106 cfu/g of thatch and
soil. The fungus was also shown to overwinter at population levels between 105

and 106 cfu/g of soil and thatch which was adequate to achieve a significant level
of biological control. A significant increase in the population of Trichoderma
spp. in soil and thatch was observed after the application of T. harzianum to
turf. A similar trend in increase of species of Trichoderma population after the



application of T. harzianum was observed in bentgrass–annual bluegrass mix
golf greens [92]. In another study, a significant suppression of brown patch on
creeping bentgrass (80% control) was achieved following the application of co-
nidial suspension of Trichoderma sp. to turf. Isolates of T. harzianum are also
antagonistic to Typhula incarnata, the gray snow mold pathogen. Severe inhibi-
tion of the germination of T. incarnata in soil by T. harzianum has been well
documented [39]. Another species of Trichoderma that is a potentially good bio-
control agent for turfgrass diseases is T. hamatum [36,93]. The fungus is highly
antagonistic to isolates of Pythium apanidermatum and P. ultimum, the pathogens
of foliar blight disease. The mechanism of suppression of the foliar blight patho-
gens by T. hamatum appears to involve hyperparasitism [93]. Species of Trichod-
erma such as T. konigii and T. viridae are also potentially effective biocontrol
agents against certain turfgrass pathogens. The antagonism of these fungi to the
gray snow mold pathogen, T. incarnata, is extremely high with complete inhibi-
tion of sclerotial germination on potato-dextrose agar, sterilized soil, and natural
soil [39].

3. Other Fungi

A number of avirulent strains of turfgrass pathogens such as Rhizoctonia solani,
binucleate Rhizoctonia species, Rhizoctonia-like fungi, and Gaeumannomyces
graminis and its anamorph Phialophora species are suppressive to turfgrass
diseases caused by their virulent counterparts and other unrelated fungi
[11,26,32,33,112,126,128,129]. A significant reduction of severity of Rhizoctonia
blight (brown patch) of tall fescue, normally maintained as tall-cut turf, has been
achieved by application of the mycelia of the binucleate Rhizoctonia to tall fescue
plants [129]. Suppression of the disease was reportedly associated with reduced
growth of Rhizoctonia solani in the presence of the binucleate isolate. A similar
suppression of Rhizoctonia blight was also observed on close-cut bentgrass turf
maintained as putting greens [11]. Similarly, several avirulent strains of take-all
pathogen, G. graminis var. graminis, G. graminis var. tritici, G. graminis var.
avenae, Phialophora radicola var. radicola, and P. radicola var. graminicola
have been shown to be suppressive to the virulent strains. A study in Australia
indicated that a complete control of take-all patch (Ophiobolus patch) on bent-
grass was achieved following the incorporation of these avirulent fungi into soil
at the time of planting the grass [26]. Suppression of take-all patch appears to
vary with volumes of take-all suppressive soil and the strain of G. graminis from
which the suppressive soil was developed. Control of the disease by suppressive
soil at 20 mm depth developed from the mycelia of G. graminis var. avenae was
greater than that at 5 or 10 mm depth. There was an obvious trend in the effective-
ness of disease suppression with increase in depth up to 20 mm, the level that
provided almost complete control of the disease. Suppressive soil developed from



G. graminis var. graminis also provided similar control; however, it did not ap-
pear to be as effective as the soil developed from G. graminis var. avenae. Fur-
ther, a high frequency of recovery of avirulent strains of P. radicicola from nu-
merous golf and bowling greens have also been reported in a survey conducted
in four states in Australia. In a study in the United Kingdom, a high population
of P. radicicola was reportedly present in grasslands, and it was hypothesized
that the population build-up in high pH soils restricted the growth of the take-
all pathogen, thus leading to less prevalence of the disease [26]. Other fungi that
are potentially effective biocontrol agents for turfgrass diseases are Acremonium
sp., Fusarium heterosporum, Gliocladium virens, Laetiseria arvalis, and Actino-
mycetes [33,42,43,111,112].

II. APPLICATION OF COMPOSTS AS DISEASE-
SUPPRESSIVE SOIL AMENDMENTS

Composts, sewage sludge, and organic fertilizers are three primary organic wastes
that have disease-suppressive characteristics, protecting plants from pathogens.
Although composts have been used to control fruit and vegetable diseases, their
application in the management of turfgrass diseases has been extensively investi-
gated only in recent years. Because recreational turfgrasses are subjected to exten-
sive wear and tear, they are made vulnerable to various diseases and soil compac-
tion. These problems can be addressed without chemical application by using
composts as top dressings and soil amendments. Composts, when formulated,
are rich in beneficial microbes and nutrients, thereby stimulating turf growth and
development, in addition to increasing resistance to the most common diseases,
such as dollar spot and brown patch. The physical, chemical, and biological prop-
erties of composts, as well as their maturity level and composting method, affect
suppression of diseases. The activity of antagonists in compost is also dependant
on the nutrients present [49]. Composted yard waste trimmings are high in K,
P, Ca, Mg, total carbon-to-nitrogen ratio, and nitrate nitrogen concentration
[34]. Immature composts are not suppressive to pathogens, but as composts
mature, they are fully recolonized by mesophilic bacteria, heterotrophic fungi,
as well as actinomycetes, which consistently induce suppression to diseases [15–
17,21,34,50,56]. Various oligotrophic Pseudomonas species in composts are
known to be effective root colonizers of Pythium ultimum [57], while Bacillus
subtilis are effective is supressing Pythium species and various other soilborne
pathogens [89,90]. Recent studies have shown that Pseudomonas aeruginosa iso-
lated from spent mushroom substrate are effective in controlling gray leaf spot of
perennial ryegrass when tested in controlled environmental chamber experiments
[117,118]. These isolates afforded significant reduction of the disease when ap-
plied as foliar sprays. Another study has indicated that strains of actinomycetes



isolated from Pythium-suppressive composts were effective in reducing Pythium
root rot in greenhouse conditions [111]. In addition, fungal antagonists such as
species of Trichoderma are also suppressive to Rhizoctonia solani [82].

Suppression of specific diseases by the antagonists depend on the effective
colonization of specific biocontrol agents against a particular pathogen
[56,57,74,75,77,78,82,90]. Various investigators have shown that elevated levels
of microbial activity result in increased competition between the compost-inhab-
iting microbial populations and the pathogen P. graminicola, since components
of root exudates are essential for the germination of Pythium propagules and
mycelial growth [17,37,70,115]. Application of composts to turf promotes the
population of antagonistic microorganisms that interfere with the activities of
the pathogenic fungi [71], and turf managers are increasingly interested in using
composts as top dressing applications based on its proven success in suppressing
turf diseases.

Alleviating soil compaction is a persistent problem in landscape manage-
ment as compacted soil impedes turf establishment, thus making it vulnerable to
diseases. Traditional methods such as reseeding or resodding are expensive, and
in recent years turf managers have started using composts amended with wood
chips or aged crumb rubber in order to alleviate soil compaction, improve root
penetration and turf establishment, and enhance resistance to diseases. A research
study conducted at a golf course in Colorado Springs, Colorado, has shown that
turf grown in soil amended with compost requires 30% less water, fertilizer, and
chemicals [1]. It has also been observed that applications of composts on putting
greens in late fall suppresses Typhula blight in addition to protecting the surface
from winter ice and freezing damage [71].

The use of various kinds of composts as starting material has yielded prom-
ising results and suppression of turf diseases including Typhula blight, Rhizocto-
nia blight, Pythium blight, Pythium root rot, red thread, summer patch, necrotic
ring spot, and other diseases (Table 4). The preventive and curative applications
of compost as top dressings provide disease control on putting greens of creeping
bentgrass and annual bluegrass mix to a level comparable to fungicide iprodione
in reducing dollar spot disease [80]. Dollar spot was also found to be significantly
reduced with application of composted materials such as sewage sludge [23]. A
study has shown that composted municipal sludge applied as top dressings was
effective in suppression of brown patch on tall fescue [87]. Amending sand-based
greens with municipal biosolid compost, brewery sludge compost, or peat is
known to suppress Pythium root rot [72]. These amendments afforded complete
control of the disease 6 months after incorporation, and the suppression was re-
tained for up to 4 years. Composted municipal biosolid topdressing fortified with
Trichoderma hamatum and Flavobacterium balustinum have also been shown to
significantly suppress dollar spot on creeping bentgrass [36]. Several diseases
caused by soilborne pathogens are suppressed in containers amended with com-



Table 4 Amendments for Turfgrass Disease Control

Maximum level
of control

Amendment Diseases controlled observed (%)a

Municipal and industrial sludges
Activated sewage sludge Dollar spot 99
Composted municipal biosolids Brown patch 42

Dollar spot 40
Pythium root rot 63
Red thread 51
Typhula blight 70

Composted brewery sludge Brown patch 25
Dollar spot 15
Pythium root rot 68
Red thread 36
Typhula blight 70

Uncomposted natural organic fertilizers
Animals and plant meals Brown patch 75

Dollar spot 74
Necrotic ring spot 96
Pythium root rot 56
Red thread 57
Typhula blight 0

Animal manures
Composted cow or horse manure Brown patch 25

Dollar spot 73
Pythium root rot 31
Red thread 9
Typhula blight 55

Composted poultry litter Brown patch 75
Dollar spot 55
Necrotic ring spot 86
Pythium root rot 94
Red thread 79
Typhula blight 15

Other
Composted yard waste Brown patch 39

Dollar spot 5
Red thread 0

Spent mushroom compost Brown patch 25
Dollar spot 0
Red thread 0

Reed-sedge peat Pythium root rot 68

a Percentages represent the maximumvalues published. Considerablevariation in suppressiveness exists
among different compost feedstocks, different batches of the same feedstock, and at different sites.

Source: Ref. 73.



posted hardwood bark [14,25,68,109]. Species of Trichoderma and Gliocladium
are known to be most effective for control of soilborne pathogens in bark com-
post, while in addition a variety of bacterial antagonists such as Pseudomonas
putida, Flavobacterium balustinum, and Xanthomonas maltophilia also play a
role [49].

With the increase in biological control of turfgrass diseases in recent years,
composted organic amendments using feedstocks and food waste have also been
investigated for disease suppressiveness. Composts from a variety of feedstocks
have been tested to suppress seedling and root diseases of creeping bentgrass
caused by Pythium graminicola [21]. In field experiments, these composts afforded
a significant level of suppression even when disease pressure was high. Populations
of actinomycetes, fluorescent pseudomonads, and fungi were found to be increased
in animal manures [3]. Besides these types of composts, natural organic fertilizers
such as Ringer Compost Plus, Ringer Greens Restore, and Sustane significantly
suppress the severity of dollar spot [80]. A similar study conducted on creeping
bentgrass (Agrostis palustris) green and Kentucky bluegrass (Poa pratensis) over
a 3-year period showed that Ringer Greens Super and Ringer Turf Restore signifi-
cantly suppressed dollar spot [61]. In contrast, in another study it was observed
that amendments with organic fertilizers did not influence the growth rate, nitrogen
uptake, or suppression of brown patch on Rebel tall fescue and Tifway Bermu-
dagrass. Turf Restore amended with Trichoderma viride, Bacillus spp., and actino-
mycetes was not beneficial when tested in the greenhouse for a period of 72 days
[88]. The reason for the contradictory results between these two studies may be
the insufficient period of time allowed in the latter.

Efforts to commercialize the controlled process of inoculating composts
with specific antagonists and market them as a pest control product is underway
[48]. The success of utilization of composts depends on the consistency of the
level of disease suppression achieved. A major challenge in the use of composts
is the variation in the disease control capacity with respect to different batches,
various environmental conditions, and sites tested. Although numerous assays
have been developed to reduce variability in the physical and chemical properties
of composts [52], methods to assess microbial aspects and disease suppressive-
ness have not yet been determined.

III. ENDOPHYTES IN TURFGRASS SYSTEMS

Endophytes are long considered to be mutualistic with their host plants; hence,
the term ‘‘defensive mutualism’’ has been used [19]. Most endophytes belong
to phylum Ascomycota in the family Clavicipitaceae, and they are common in
many grasses [20,122]. Tall fescue and perennial ryegrass (Lolium perenne L.)
are the most widely known cool season turfgrass species that host endophytes.
Only certain genera of these fungi, such as Epichloë and Neotyphodium (syn.



Acremonium), associated with cool season grasses, are transmitted by seeds.
However, species of Balansia found in warm season grasses are not seed-trans-
mitted [95]. Therefore, development of endophyte-enhanced turfgrass varieties
is more practical in tall fescue and perennial ryegrass than warm season grasses,
and most research related to the effects of endophytes on host fitness involves
endophyte-associated tall fescue and perennial ryegrass [44,104]. Grasses with
endophytes are reportedly more aggressive [2,9,110], and they resist attack by
insect and fungal plant pathogens more effectively than noninfected grasses
[18,100,105]. A study on Chewings fescue, creeping fescue, and hard fescue turf
indicated that the grasses inoculated with endophytes developed significantly less
dollar spot disease than noninoculated grasses [18]. It has been also suggested
that specific endophyte isolates from fine fescue have a high degree of inhibition
against Sclerotinia homoeocarpa (dollar spot) and Pyricularia grisea (gray leaf
spot) [95]. Further, in laboratory studies, chemical extracts from endophyte-asso-
ciated Chewings fescue seeds strongly inhibited the growth of S. homoeocarpa,
suggesting a chemical basis for resistance in endophyte-associated turf. Antifun-
gal activity by several species of Neotyphodium (syn. Acremonium) on a number
of turfgrass pathogens, including Bipolaris sorokiniana (Helminthosporium leaf
spot), Colletotrichum graminicola (foliar anthracnose/basal rot), Limonomyces
roseipellis (pink patch), Rhizoctonia zeae (Rhizoctonia sheath spot), and R. cere-
alis (yellow patch), has also been documented [44,104]. Work on the use of
endophytes in turfgrass disease management is still in the early stages of develop-
ment. Turfgrasses hold an advantage over forage grasses in the use of endophytes
in plant health management as there is no animal toxicity concern especially in
golf courses and athletic fields.

IV. ROLES OF PLANT GROWTH PROMOTERS

Extensive research on the use of plant growth–promoting bacteria (PGPR) in
enhancing plant growth and yields of many commercial and agricultural crops
has been conducted [8,31,85]; however, research on use of PGPRs on turf has
not been conducted. These organisms have been shown to serve as plant growth
promoters by enhancing indole acetic acid synthesis in plants and promoting root
development. The bacterium Azosporillum brasilense is currently being evaluated
by university researchers and certain commercial organizations for its effect
on turfgrass growth and development and protection against certain pathogens.

V. THE FUTURE

Apart from these alternatives to control turf diseases, recent advances in biotech-
nology have led to the development of transgenic turf species and genetically



engineered biocontrol agents that exhibit fitness to survive and establish in ad-
verse environmental conditions. Efficient management of beneficial microbes will
provide solutions to management of foliar and root diseases and help maintain
healthy turf. Creeping bentgrass cultivars that tolerate the nonselective herbicide
glufosinate (Finale) and cultivars with improved resistance to dollar spot and
brown patch are being developed by researchers at Rutgers and Michigan State
University [28]. Genetically engineered and transformed turf cultivars that will
require smaller amounts of pesticides and fertilizers are likely to be commercially
available in the foreseeable future.
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The reduction of fungicides available for use in agriculture in the United States
[1] is a point of concern for producers. The primary concern about the use of
fungicides is the production of carcinogenic residues in food. As a result, the use
of biological control and other ecologically based pest-management practices has
become one of the driving forces in the recent development of pest sciences.
Despite the amount of resources and time invested in this area, biological control
is still far from our early expectation that it would play a major role in integrated
pest management (IPM). In this chapter we discuss the role of biological control
in IPM and the theoretical and practical considerations of implementation of bio-
logical control in IPM.

I. IPM AND BIOLOGICAL CONTROL

IPM is the use of a combined set of strategies and practices aimed to keep pests
at levels under the economic damage threshold. The term IPM, coined by ento-
mologists in the mid-1960s, was developed in order to reduce the risks associated
with excessive use of pesticides and to preserve the ecological balance [2]. As
pointed out by Jacobson [3], this approach presumed that pests, like insects, were
easy to quantify and detect—two factors that did not apply to most of the known



plant pathogens. From the view of systems science, IPM is a system dealing
with hosts, pathogens, environments, and socioeconomic components. Biological
control is one element of the system.

Many definitions have been proposed to describe ‘‘biological control’’ in
plant pathology (see Chapter 1). All of them imply an interaction between micro-
organisms and the host.

II. FACTORS LIMITING BIOLOGICAL CONTROL AS SOLO
MEASURES IN PRODUCTION

The factors that limit development and use of biological control measures as
major or solo measures for the control of plant diseases at a commercial level
can be divided into two groups: biological and ecological aspects of control and
aspects associated with economical and social interests.

A. Biological Considerations

Many potentially good biocontrol agents cannot be moved from the experimental
phase to a commercialization phase due to impractical dosage recommendations,
limited or inconsistent control efficacy, inadequate delivery systems, and incom-
patibility with current production methods. A better understanding of the ecologi-
cal and epidemiological relationship between microorganisms and new delivery
systems that will carry fungal strains with enhanced fungicide resistance will help
close the gap between experimental results and commercial use of biopesticides.

An example of how combining knowledge of the biology and the ecology
of a parasite and its host can help solve the problem of unrealistic dosages was
presented by Adams and Fravel [6]. Sporidesmium sclerotivorum is a parasite
that attacks the sclerotia of many species of the genus Sclerotinia. In a previous
study, Adams and Ayers [7] had demonstrated the great parasitic ability of S.
sclerotivorum and its potential as a biocontrol agent of Sclerotinia minor, the
causal agent of lettuce drop. They achieved their goal by spraying spores of S.
sclerotivorum on the soil surface and then incorporating them at a rate of 2300
kg/ha. Adams and Fravel [6] considered the natural distribution of sclerotia in
the soil and the fact that most of the newly formed sclerotia were clustered in
plant residues and decided to apply the spore suspension directly on infected crop
residues before their incorporation in the soil. By doing so, the probability of S.
sclerotivorum contacting its sclerotial host increased dramatically. Economical
control levels were achieved with as little as 2 kg of inoculum per hectare. The
same principle was successfully applied by del Rio [8] to control Sclerotinia stem
rot of soybean. It was demonstrated that ‘‘timing and placement of the biocontrol



agent are often more important to the success of control than the population size
of the biocontrol agent’’ [9].

Specificity in the relationship between antagonists contributes to the stabil-
ity of the ecosystem. However, too much specificity can inhibit overall protection
of plants in other environments. Papaya ringspot virus (PRSV), considered a
major pathogen in papaya-producing areas, can be successfully controlled by
cross protection using the mild strain PRSV HA 5-1 in Hawaii [10]. However,
plants protected with the Hawaiian strain failed to protect against 11 other sero-
logically related strains of the virus from diverse geographical regions [11].

New delivery methods and fungicide-resistant biocontrol agents are being
developed. Longer shelf life is required to make biopesticides attractive to farm-
ers or to industry. Germination of conidia of Coniothyrium minitans, formulated
as Contans (Prophyta), remains over 70% for up to one year when stored at 5°C.
However, if no refrigeration is provided, germination will sharply decline after
4 months. Under the same circumstances fungicides have a shelf life of a few
years. The combination of peat with a previous formulation of Trichoderma har-
zianum–based wheat bran [12] has extended the shelf life of this mycoparasite
to one year at 23°C [13]. In the same way, delivery of Trichoderma koningii as
a seed coat on pea resulted in improved activity against Pythium ultimum com-
pared to soil incorporation of the parasite [14].

Although the use of fungicide-resistant strains as biocontrol agents is now
standard [15], development of such strains is not always an easy task and may
require the use of mutational agents [16,17] or genetic engineering [18,19]. It is
not surprising, then, that more than two thirds of the biopesticides available
worldwide contain bacteria or yeasts as active ingredients [20].

B. Theoretical Consideration for Implementation Success

The chance of the success of implementing a biological control measure in IPM
is theoretically related to the establishment and growth of the population of a
biological control agent. Of the two mechanisms utilized by biological control
agents, competing with resources for growth [21] and parasitism [22], the proba-
bilities of success with implementation are determined by different factors. For
the first case, the ability to compete with pathogens, such as Rhizoctonia and
Fusarium, growth is important, and the chance of success is determined by the
available resources of a system. For a pathosystem with limited resources, the
more competitive the biological control agents are, the more likely they will
succeed, as indicated by a low infection level. When resources for growth are
unlimited, the use of competitive-type agents in such a system would likely be
unsuccessful. The relationship between available resources and competition is
illustrated in Figure 1. The amount of infection in a competitive environment is
a function of the amount of available resources. If there is no competition for



Figure 1 Theoretical relationship between level of infections and amount of resource
for growth of a plant pathogen and a biological control agent in a competitive environment.

resources from biological control agents, the pathogen population builds up
quickly and, consequently, the infection level increases exponentially. When the
competition for resources is strong and the pathogen is not a good competitor
with the control agent, the pathogen population will have a reduced growth rate
and, consequently, a relative lower inoculum density. Correspondingly, the level
of infection increases slowly with the availability of resource, indicating a higher
chance of success.

The resource-infection relationship can be further used to determine the
relationship between probability of successful implementation and competitive-
ness of biological control agents. In a pathosystem with limited resources avail-
able for population growth, the probability of successfully implementing a bio-
logical control agent to reduce disease infection is an exponential relationship.
The greater the competitiveness, the higher the disease reduction is likely to be.
When the competitiveness reaches a level where the pathogen population can no
longer compete for resources to grow, maximum control will be achieved.

C. Social, Practical, and Economic Aspects

A combination of economics, lack of appropriate protocols, and complex govern-
ment regulations makes the registration of a biopesticide a difficult process. After
the discovery of a new potential candidate for biological control, exhaustive eco-
logical and biological studies are conducted. Studies are first conducted under
controlled environments, and later in small experimental fields. After several
years and hundreds of thousands of dollars, some excellent candidates may be



ready for larger-scale field trials; however, most of these will not be scaled-up.
On the researcher’s side, the lack of funding and the generalized idea that scale-
up trials are not their responsibility partly explain this problem [23]. On the in-
dustry side, the small market potential typical of biocontrol agents, due to the
specificity of its antagonism, present an inconvenience that may be impossible
to overcome [24]. It has been argued that scientists usually do not know about
the registration process and of the agencies involved [25]. The Environmental
Protection Agency (EPA) regulates the registration process for all pesticides in-
tended for use in agriculture in the United States. Under the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA) regulated by the EPA, biologically
based pesticides are considered in the same category as chemical pesticides and,
therefore, must submit results of extensive toxicological tests as a requisite for
their registration. Tests are conducted in specialized laboratories and may cost
up to $200,000. Each agent and each intended use of that agent is subject to a
separate registration. If toxicological tests designed to evaluate chemical pesti-
cides are also used for biocontrol agents, the practice cannot be justified, consider-
ing the specificity of most biocontrol agents and the small niche in which they
will be used as commercial products [30]. A lengthy registration period can dis-
courage small companies [31], while late release of a biopesticide due to exces-
sive regulatory procedures could result in loss of the marketing window for those
that persevere [32].

Some of the problems identified in this section can be solved by a coopera-
tive effort between the partners involved. Efforts towards a more friendly registra-
tion procedure are already being developed by the EPA. However, more decisive
support from commodity groups and funding agencies should be provided for
long-term projects working to scale up potential biopesticides.

1. Production Systems

Implementation of biological control practices in an IPM system varies from crop
to crop. The practice depends to a great extent on the intensity of the production
system in which the control is applied, the feasibility of its implementation, the
availability of alternate practices, and the value of the crop to be protected. Crop-
ping systems that rely heavily on pesticide use, like vegetables and ornamentals,
will experience more problems with fungicide-resistant strains of plant pathogens
and increasing disease control costs. The adoption of biological alternatives to
chemical control in these systems will be greatly influenced by how effectively
they compare to the chemical option, including degree of control and cost, and
by how well they fit into production systems [4]. Less intense production systems,
like those for corn, soybeans, and small grains, also have a smaller margin of
profitability. Therefore, farmers in these domains may be more interested in
longer-term solutions to their pest problems than in immediate but certainly more



expensive and temporary ones. A sample of measures more easily adopted by
producers in this domain includes crop rotation, monoculture, and use of green
manure [5]. Perennial crops offer the greatest chance for development of IPM
practices because of their more stable and undisrupted ecosystems.

Crops can be a significant limiting factor to the sustainability of the popula-
tion of a biological control agent. To maintain the population of a control agent
at equilibrium, the agroecosystem must have conditions favorable for agent sur-
vival and growth. The survival rate is less important than the growth rate for a
perennial crop, than in a rotational cropping system. In the latter system, focusing
on the winter period, the equilibrium is a function of overwintering capability,
or winter survival. For a perennial crop, which shares a greater similarity with
undisturbed ecosystems, the biological control agent would be able to maintain
a population similar to that in a natural ecosystem. Implementation of a biological
control in such a system has greater chance of success, as we illustrate with
examples below. The yearly occurrence of a disease and the lagging effects of
biological control on the disease are summarized in Figure 2. The more favorable
the winter conditions to a control agent are, the higher the survival rate and greater
the sustainability of its population may be.

An opposite case is exemplified by annual rotation cropping systems that
have multiple crops. Such systems are highly perturbed/managed by farming
practices. Uncertainty arises as to the sustainability of the population of biological
control agents when rotation takes place. In a rotation system, the population of

Figure 2 Multiseasonal dynamics of pathogen populations and timing and lagging ef-
fects of biological control agents on the pathogen population.



plant pathogens may build up in a favorable year, to be followed by an increase
in the biological control agent. Subsequent changes in crops in the system will
be followed by a rapid decline of the pathogen population and associated biologi-
cal control agent. Due to the time lag effects, the biological control population
will always be behind its host population and, therefore, will barely sustain its
population above threshold levels over years. However, the population of a bio-
logical control agent that competes with the pathogen for resources may not be
reduced by rotation as much as a parasitical agent.

2. The IPM Threshold and Implementing Biological Control

The IPM threshold is an important dimension in determining the success of imple-
menting a biological control as a major measure in a production system. When
a biological control is taken as a major measure, it may be effective in suppressing
the development of the pathogen population from a view of population dynamics.
However, the level of suppression may not be practically acceptable because it
may not be below an economic threshold. This is especially true for high-value
horticultural crops that have low tolerant threshold values for disease damage.
In high-value crops, few successful examples of biological control measures have
been demonstrated as major means in managing preharvest diseases. The lagging
growth of the biological control agent compared to its pathogen population prede-
termines that the pathogen population will always reach a threshold level ahead
of the control agent.

For example, Sclerotinia sclerotiorum, which has a wide host range, at-
tacking both low- and high-value crops, can be reduced by Sporidesmium sclero-
tivorum. The fungus produces large amounts of conidial spores that infect the
sclerotia of S. sclerotiorum. As a result, the infected sclerotia lose their ability
to germinate and produce apothecia. This biological control agent was tested in
California for controlling lettuce drop caused by S. sclerotiorum with limited
success because minor infections can destroy the whole value of a lettuce head.
While used for controlling Sclerotinia stem rot of soybean, a low-value crop, this
control agent appears to have greater potential for large-scale application [8]. It
is now being studied for the control of Sclerotinia rot of other low-value crops,
such as of sunflower (C. Martinson, personal communication).

III. COMMERCIAL EXAMPLES OF BIOCONTROL
PRACTICES AS SOLO MEASURES

A few diseases are currently controlled on a commercial level by a single biologi-
cal control practice or agent. These include crown gall in grapes and other fruit
trees, citrus tristeza on citrus, papaya ringspot on papaya, and chestnut blight. In



the first three cases, the practice does not interfere with regular cropping practices.
In the latter, a specific control measure was added to normal operational practices.

Biological control of crown gall is, without doubt, the best known and most
successful example of a commercially implemented biological control measure.
Control of Agrobacterium tumefaciens by its relative Agrobacterium radiobacter
strain K84 [33] is achieved by immersing the roots of seedlings into a bacterial
suspension before transplanting them in the fields. A. radiobacter actively colo-
nizes the roots of the treated seedling, preventing infection by A. tumefasciens.
A. radiobacter produces a bacteriocin called agrocin, which is thought to be re-
sponsible for the antagonistic affect [34]. K84 does not control all species of
Agrobacterium that produce galls in plants, but new strains are being studied that
may confer greater protection [35,36]. Commercial formulations of A. ra-
diobacter include Galltroll-A, Nogall, Diegall, and Norbac 84C [20].

Citrus tristeza is caused by a closterovirus [37] that is transmitted by aphids.
Since its arrival in Brazil, citrus tristeza virus has posed a threat to the citrus
industry by killing millions of trees in less than 20 years. In 1961, a program to
use a cross-protection virus was initiated [38]. After exhaustive screening, six
mild strains of the virus were identified as good candidates for the program.
Artificial inoculation of these strains produced mild symptoms on plants and
reduced yield, but also protected the plants from a more severe strain. It is thought
that the mild strain interferes with reproduction of the more severe one [39].
Currently, citrus plantations in South Africa, Australia, and Brazil are protected
by this biocontrol method [40]. The same principle has been successfully applied
to protect papaya plantations in Hawaii against papaya ringspot virus [10,41] for
several years.

Chestnut blight is a devastating disease caused by the fungus Cryphonectria
parasitica. Wind- and insectborne mycelium or ascospores are responsible for
dissemination of this pathogen in the field [42]. Mixtures of hypovirulent strains
are packed in tubes and inserted in holes around an active canker [42]. Canker
healing occurs within the next few years. Although hypovirulence has worked
very well in Europe, efforts to use it in the United States have failed. Among
probable explanations for this are the more susceptible nature of the chestnut
species predominant in America, a higher variability of the pathogen population,
which makes the identification of compatible strains more difficult, and the differ-
ences between naturally occurring dsRNA from Europe and America [42].

Another example of a commercial biocontrol agent used as an alternative
method for disease management is Kodiak. Kodiak (Bacillus subtilis strain
GB03) is used for the prevention of Rhizoctonia root rot in peanuts and cotton
and is applied as a seed treatment. Currently more than 60% of the cotton crop
planted in the United States is treated with Kodiak [43,50]. Root colonization by
B. subtilis GB03 reduces disease incidence and contributes to a healthier root
development. B. subtilis is applied to the seeds along with fungicides [44,45].



IV. BIOLOGICAL CONTROL AS AN IMPLEMENT OF IPM

The IPM philosophy embraces sustainability and reduced environmental impact
of agricultural production systems. Biological control in many ways is at the
center of this philosophy. The pathogen-specific ‘‘silver bullet’’ approach [25]
should give way to a more holistic approach, where plant health is preserved by a
combination of cultural practices that enhance microbial diversity. These cultural
practices can include the use of ‘‘silver bullets’’ if necessary. Some of the
disadvantages of biological control agents mentioned earlier in this chapter,
like complete control levels and specificity of control, can be overcome by
the comnation of several other methods. The integration of different disease-
control methods will prevent or reduce the possibility of disease out-
breaks.

The dynamic nature of a pathosystem also predetermines the implementa-
tion of biological control measures in an IPM program. For some systems, a
built-in control measure is effective and sustainable, and for other systems short-
term inputs may be more effective. In many pathosystems, the frequency of de-
structive epidemics is low. Systems with a low frequency of pest outbreaks are
economically efficient and sustainable if a built-in disease- or pest-management
component is the basis for preventative pest control. For instance, in the United
States and China, destructive epidemics of wheat rusts occur in approximately
4-year cycles as influenced by El Niño events [26]. From 1949 to 1990 only
four major outbreaks occurred [27]. Management of diseases cannot depend on
chemical control due to their unpredictable nature and cannot be justified by low
crop price. Resistance has been effectively used as a built-in and preventative
disease-management component in the pathosystem.

In pathosystems with equilibrium maintained by built-in pest-management
components, we can classify those components into two groups: balancers and
controllers. The controllers are single factors that have critical and major roles
in system dynamics, e.g., an effective disease-resistance gene built in to the host
crops. The effects of balancers on equilibrium are collective and secondary, with
many balancers interacting through different pathways. Often a group of balanc-
ers function collectively to sustain the balance of the system over a longer period
of time. Few examples of biological control used for disease management are
below this level. However, many biological control agents are naturally effective
balancers in agroecosystems. In a system that has a low disease epidemic fre-
quency, implementation of a biological control measure aimed at developing a
built-in preventative component is ecologically feasible and practical. However,
because the population of a control agent often cannot be established early enough
at a threshold level, as discussed previously, biological control measures would
be less likely to play a solo major role, but would rather assume a complementary
role in balancing the system.



A. Resistant Varieties

This is a built-in component of an IPM system; the best way to control a pest
is through the use of resistant or tolerant cultivars. Resistant cultivars not only
contribute less pollution to the ecosystem, they do it at a very low cost. Traditional
breeding programs have produced a number of cultivars that express different
levels of resistance to a number of plant pathogens, but with the aid of molecular
techniques, new avenues for production of resistant materials have opened. Iden-
tification of resistance genes with the aid of linked molecular markers is currently
underway in a number of crops. Transgenic cultivars with pathogen-derived resis-
tance, like the papaya cultivars SunUp and UH Rainbow, which have the gene
encoding for production of coat protein from PRSV [10], are being released. New
varieties with enhanced ability to foster general or selective microbial coloniza-
tion of its roots, or phylloplane, will also be available in the future [28]. Non-
transgenic cultivars with resistance to several pathogens are also available in a
large number of crops. The combined use of selected cultivars and biocontrol
agents can provide better disease control than the use of any of them alone [29].

B. Solarization

Solarization is the destruction or decimation of populations of microorganisms
in the soil by heat build-up [46]. A synergistic effect can be achieved [47], re-
sulting in higher levels of protection. Chemical fumigation alone can produce the
opposite result, allowing for a rapid colonization of treated areas by the pathogen
intended to be eradicated [48].

C. Chemicals

Fungicide resistance is now considered a desired characteristic for a biological
control agent [15], and therefore incompatibility with fungicides will no longer
be a limitation for the adoption of biocontrol agents in the future. At the same
time, improved activity has been observed when certain biopesticides are used
in combination with paraffin oil [29,49]. The use of bacterial strains in seed treat-
ments provides another avenue to circumvent the fungicide incompatibility issue
[50].

D. Cultural Practices

Numerous cultural practices have been described as having a positive impact on
the reduction of disease levels in different crops and production systems. The



combined use of biopesticides and cultural practices that enhance the overall
health of the plants and favor growth of natural enemies will increase the efficacy
of the biopesticides [51]. The implementation of these methods in a production
system [52] may result in healthier crops and a less polluted environment.

V. SYSTEMS APPROACH FOR IPM IMPLEMENTATION

A systems approach has been used in the quantitative study of all biological
sciences, including plant pathology. The approach is a powerful tool for the im-
plementation of biological control in integrated pest management because this
approach was used to develop the theoretical basis of IPM framework. The sys-
tems approach originated from the study of the dynamics of large, complicated
systems. The approach allows an understanding of such systems, which were
traditionally incomprehensible quantitatively with conventional approaches [55].
The analytical power of systems science has been greatly enhanced by combining
computer science with system simulation. Now this approach is being used to
study almost any large system, such as ecosystems and engineering systems.
Importantly, the application of different techniques of a systems approach enables
us to predict quantitatively the effects of individual components on a system. In
a complicated IPM system, this predictive power is very useful in understanding
the function of individual biological control measures/agents.

Like any ecosystem, a pathosystem is an open system consisting of numer-
ous interacting components. Epidemiologists have used a systems approach to
develop simulation disease models and used them to evaluate disease-control
strategies in different IPM systems. A recent example is the nematode epidemiol-
ogy model by Been et al. [56] and Been and Schomaker [57] for potato nematode
management in the Netherlands. In disease management, the function of a resis-
tant host as one component in a pathosystem has been evaluated using this ap-
proach. Similarly, other modeling approaches can be applied to study the control
efficacy of a biological control agent and how the control agent being one compo-
nent interacts with many biotic and abiotic components in a complicated system
[58,59]. With this approach, we can address the following questions quantita-
tively: (1) how a biological control agent interacts with the host plant, (2) how
the agent interacts with plant pathogens, and (3) how parameters of the agent
(competitiveness or dose-response) determine the probability of implementation
success. We can also explore the effects of important environmental variables
such as temperature, moisture, and soil pH on control efficacy. Such study enables
us to predict the future development of and increase the success of implementing
a control measure into IPM.

Sustainability of control agents, defined here as the ability to maintain the



population level of the control agent, is a key factor in the efficacy of biological
controls in IPM implementation. In a natural unperturbed ecosystem, the popula-
tion equilibrium of a biological control agent is a function of survival and growth
[54,55]. The sustainability of the control agent in a pathosystem is a function of
the following multifactors: the growth and survival rates of the agent and the
environmental conditions in which the specific biological control is implemented.
Figures 3 illustrates these relationships with simplified schemes.

To have sustainable control of pathogen populations, maintaining a popula-
tion of biological control agents around equilibrium over a long term with mini-
mum inputs is desired. Little is known about the long-term dynamic of a pathosys-
tem, especially with regard to biological control. Periodicity of climate affects
disease epidemics, consequently influencing the population sustainability of bio-
logical control agents in IPM implementation. Disease fluctuations have been
attributed to climate cycles, and epidemiological studies have clearly shown a
link between climate cyclic patterns and disease outbreak patterns [26]. Long-
term climate cycles influence the sustainability of parasitic biological control
agents as measured against IPM threshold levels of certain diseases. Long-term
records of agricultural systems show the fluctuating nature of plant diseases, an
indication that plant pathogen populations are very dynamic as well. Wheat rust
in China, for example, has a cycle of 3–4 years, associated with El Niño events
[27,53]. Since the population of a control agent builds up in association with the
periodic outbreaks of pathogen populations, the cyclical nature of climate may

Figure 3 Theoretical relationship between probability of sustainability and biocontrol
agent growth rate or survival rate. Growth rate has a more pronounced effect compared
with survival rate.



produce a cyclical activity for biological control agents and, consequently, influ-
ence the sustainability of biological control when implemented in an IPM system.
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Biocontrol Agents in Signaling
Resistance
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I. DISEASE SUPPRESSION THROUGH INDUCED
SYSTEMIC RESISTANCE

The mechanisms by which biological control agents suppress disease comprise
competition for nutrients, notably iron, production of antibiotics, and secretion
of lytic enzymes, as well as inducing resistance in the plant [1,2]. The former
three mechanisms act primarily on the pathogen by decreasing its activity,
growth, and/or survival and require the biocontrol agent and the pathogen to
be in close proximity. Because microorganisms with biocontrol properties and
soilborne pathogens are both attracted to the rhizosphere, where root exudates
and lysates provide a nutritious environment, antagonism between biocontrol
agents and pathogens occurs locally. Such interactions may be favored by both
the biocontrol agent and the pathogen growing preferentially over anticlinal walls
of root epidermal cells [3]. However, pathogenic fungi such as Fusarium oxy-
sporum f.sp. lini and f.sp. raphani grow towards root apices and penetrate through
the tips that emerge virtually sterile from beneath the root cap (4; H. Steijl, T.
van Welzenis, J. van den Heuvel, and L. C. van Loon, unpublished). Hence, those
Fusarium wilts are among the diseases most difficult to control effectively and
reliably by antagonistic microorganisms.

Induced resistance is a plant-mediated mechanism and can only be demon-
strated unequivocally when the biocontrol agent and the pathogen never contact
each other. Thus, induced resistance acts at a distance and can protect plants
systemically. This elicitation of a systemically enhanced defense capacity is vari-
ously denoted as systemic acquired resistance (SAR) or induced systemic resis-



tance (ISR) and can result from stimulation by either biotic or abiotic agents.
SAR/ISR is relatively easily demonstrable with rhizobacteria as biocontrol agents
that remain confined to the roots but protect plants against disease caused by a
foliar pathogen. It is most difficult to prove when biocontrol fungi tend to colonize
plant tissues systemically, and special measures are necessary to ensure that con-
tact between the biocontrol agent and the pathogen is avoided. Systemic resis-
tance induced by nonpathogenic, root-colonizing bacteria was first conclusively
demonstrated in 1991 by van Peer et al. [5] in carnation and Wei et al. [6] in
cucumber. Carnation cuttings were rooted on a substratum of rock wool and
bacterized by pouring a suspension of a rifampicin-resistant derivative of Pseu-
domonas fluorescens strain WCS417 (WCS417r) over the roots. One week later,
plants were stem-inoculated with F. oxysporum f.sp. dianthi between the first
and second pair of leaves. As a result of root colonization by WCS417r, the
number of wilted plants of the carnation cv. Pallas was reduced on an average
from about 50% to 20% and in a single experiment with cv. Lena from 69% to
38%. Strain WCS417r could not be isolated from stem tissue, indicating that
protection was plant-mediated [5]. Cucumber was protected against anthracnose,
caused by Colletotrichum orbiculare, after seeds had been bacterized with 6 of
94 rhizobacterial strains tested. Treatment with these strains reduced both the
number and the size of anthracnose lesions after challenge inoculation of the
foliage with the fungus. None of the bacterial strains was recovered from surface-
disinfected petioles on the day of challenge with C. orbiculare, clearly suggesting
that systemic resistance had been induced [6].

In cucumber, systemic resistance against anthracnose could also be induced
by several isolates of nonpathogenic fungi that were isolated from zoysiagrass
rhizospheres. The fungal isolates were introduced into autoclaved potting me-
dium in which surface-disinfected seeds were sown. After 21 days the seedling
leaves were inoculated with C. orbiculare. The rhizosphere fungi did not colonize
the aerial portions of the plant, indicating that the disease suppression observed
was the result of induction of systemic resistance [7,8]. In other investigations
ISR was demonstrated by using plants with split-root systems in which the bio-
control agent and the pathogen remain physically separated from each other. Col-
onization of one part of the root system of watermelon by selected isolates of
nonpathogenic F. oxysporum protected the plants against Fusarium wilt when
the other part was challenge inoculated with F. oxysporum f.sp. niveum [9]. Under
similar conditions, nonpathogenic F. oxysporum isolate Fo47 and Penicillium
oxalicum suppressed Fusarium wilt in tomato by inducing systemic resistance
against pathogenic F. oxysporum f.sp. lycopersici [10,11]. Cordier et al. [12]
likewise demonstrated that the arbuscular mycorrhizal fungus Glomus mosseae
induces systemic resistance in tomato against Phytophthora parasitica. Also, the
fungal biocontrol agents Trichoderma harzianum and Trichoderma hamatum,
which are capable of antagonizing sensitive pathogenic fungi by producing antibi-



otics and lytic enzymes, have been reported to induce systemic resistance in to-
mato, lettuce, pepper, bean, and tobacco against grey mold, caused by Botrytis
cinerea [13], and in radish against leaf spot caused by Xanthomonas campestris
pv. armoraciae [14].

Most research on microbially induced systemic resistance has been con-
ducted with rhizobacteria, however. Apart from carnation and cucumber, rhizo-
bacteria-mediated ISR has been conclusively demonstrated in Arabidopsis, bean,
radish, tobacco and tomato and shown to be effective against fungi, bacteria,
viruses, and insects. Where investigated, ISR was shown to require a threshold
population of the biocontrol agent, above which little further increase in protec-
tion is evident. Moreover, a time interval is necessary between application of the
inducer and the onset of protection of the plant, indicating that the plant needs
time to reach the induced resistant state [2].

The ability of nonpathogenic rhizobacteria and fungi to induce systemic
resistance appears to be fairly common but by no means general. Resistance-
inducing biocontrol agents must express a specific determinant that is recognized
by plant roots and elicits a response that culminates in an enhanced defensive
capacity throughout the entire plant. Such systemic induction requires not only
local perception of the stimulus, but also its transport or the transport of a mobile
signal that is generated as a result of local stimulus perception. Moreover, the
mobile signal, in turn, must be transduced at the sites where resistance is ex-
pressed (Fig. 1). Phenomenologically, the situation resembles both the wound
response and pathogen-induced SAR [15,16], except that in those responses plant
tissues start reacting to various forms of cellular damage, whereas in biocontrol
agent–induced systemic resistance generally no deleterious effects of the induc-
ing microorganism on the plant are visible.

II. HISTOLOGY OF THE INDUCED RESISTANT STATE

Histological investigations at the light and electron microscopic levels have at-
tempted to relate the induced resistant state to tissue alterations that might provide
clues as to the mechanism of ISR. Adventitious roots from Agrobacterium rhizo-
genes–infected pea (Ri T-DNA transformed roots) were inoculated in vitro with
Bacillus pumilis strain SE34, a bacterium that protects cotton roots against F.
oxysporum f.sp. vasinfectum [17]. Whereas in nonbacterized roots the pea patho-
gen, F. oxysporum f.sp. pisi, multiplied abundantly through much of the tissue
including the vascular stele, in prebacterized roots pathogen growth was restricted
to the epidermis and the outer cortex. In these prebacterized roots typical host
reactions included strengthening of epidermal and cortical cell walls and deposi-
tion of wall appositions containing large amounts of callose as well as phenolic
compounds. No induction of visible host defense reactions was evident in bacte-



Figure 1 Representation of the stages in systemic resistance induced by rhizobacteria
or nonpathogenic soilborne fungi.

rized pea roots before challenge with the pathogen, when a large number of bacte-
ria had grown on the root surface and displayed the ability to colonize some
intercellular spaces in the epidermis and the outer cortex. Because differences in
defensive responses became evident only after challenge, it appears that the in-
duced state constitutes a sensitization of the plant to respond more effectively to
pathogen attack [18,19].

Essentially similar results were obtained when in vitro Ri T-DNA trans-
formed pea roots were treated with the biocontrol bacterium P. fluorescens strain
63-28R and challenged with Pythium ultimum [20] or when in vivo tomato plants
were bacterized with the same bacterial strain and subsequently infected with
F. oxysporum f.sp. radicis-lycopersici [21]. Noninfected, 63-28R–treated tomato
plants showed no symptoms, and their root systems appeared healthy. Bacteria
grew actively at the root surface and colonized some host epidermal cells and
intercellular spaces in the outermost root tissues. Apparent preservation of cell
wall architecture, as shown by regular patterns of cellulose and pectin over the



walls adjacent to the areas of bacterial colonization, provided evidence that wall-
degrading lytic enzymes were not, or only very slightly, produced by the endo-
phytic bacteria once inside the plant. A slight accumulation of electron-opaque
substances along the epidermal cell walls and/or within the invaded intercellular
spaces, as well as slight deposition of β-1,3-glucan in the host cell walls, pointed
to some discrete host reactions that resemble defense responses. It thus appears
that the perception of the bacteria by the roots leads to a minimal activation of
wall-associated defenses, effectively priming the plant to respond faster and to
a higher extent upon subsequent challenge inoculation.

Similar observations suggested that the mycoparasitic fungus Pythium oli-
gandrum also has the potential to induce plant defense reactions in tomato roots
challenged with F. oxysporum f.sp. radicis-lycopersici [22,23]. Pythium oligan-
drum was able to penetrate the root epidermis without extensive host wall degra-
dation and, subsequently, ramified in all root tissues by inter- and intracellular
growth. This implied that at least small amounts of cell wall hydrolytic enzymes,
such as pectinases and cellulases, were produced to locally weaken or loosen the
host cell walls, thereby facilitating spread into root tissues. However, the invading
hyphae were structurally altered as evidenced by the frequent occurrence of
empty fungal shells in the root tissues. Moreover, Pythium ingress in the root
tissues was associated with host metabolic changes, leading to the elaboration
of structural barriers at sites of potential fungal penetration. These observations
indicate that the plant reacted defensively to invasion by Pythium oligandrum.

Similar formation of physical and chemical barriers at sites of potential
fungal entry were detected in cucumber plants that reacted more rapidly and more
efficiently to infection by pathogenic Pythium ultimum when pretreated with the
endophytic biocontrol bacterium Serratia plymuthica strain R1GC4 [24]. A non-
pathogenic strain of F. oxysporum, able to induce systemic resistance in tomato,
likewise triggered typical defense reactions, such as wall appositions, intercellular
plugging, and intracellular osmiophylic deposits [25]. Both Pseudomonas corru-
gata strain 13c and Pseudomonas aureofaciens strain 63-28 increased levels of
phenylalanine ammonia-lyase (PAL), peroxidase, and polyphenoloxidase in cu-
cumber roots, which peaked 2–4 days after root treatment. Similar experiments
were done with split-root systems, which demonstrated that the induction of
higher enzyme levels was systemic. Analysis of the peroxidase isoenzymes
showed that the bacteria specifically induced an increase in one acidic isoform
[26]. Similarly, upon root inoculation with the biocontrol agent Trichoderma har-
zianum, peroxidase and chitinase activities increased in both the roots and the
leaves of treated cucumber seedlings, indicating that the fungus stimulated de-
fense reactions in the plant [27]. In contrast, no histological differences were
apparent in tomato stems in which resistance was induced by Penicillium oxali-
cum, as evidenced by reduced cambial loss upon challenge inoculation with F.
oxysporum f.sp. lycopersici [28]. Similarly, no cell reactions were observed in



mycorrhizal tomato root systems, but upon challenge with Phytophthora parasit-
ica, accumulation of phenolics and plant cell defense responses were augmented
[12].

III. ROLE OF SALICYLIC ACID IN INDUCED RESISTANCE

A. Pathogen-Induced SAR

Phenotypically, biocontrol agent–induced systemic resistance and pathogen-
induced SAR are similar in that both develop as a result of the interaction of
the plant with a microorganism and the resulting enhanced defensive capacity is
expressed both locally and systemically against a broad spectrum of attacking
organisms. Pathogen-induced SAR is a general phenomenon that occurs as a
result of limited infection by a pathogen, notably in incompatible interactions
that lead to a hypersensitive reaction. However, necrosis is not a prerequisite for
pathogen-induced resistance, indicating that the signaling pathways leading to
tissue necrosis, on the one hand, and induced resistance, on the other hand, are
distinct. Nevertheless, hypersensitive necrosis contributes to the level of SAR
attained [29]. Pathogen-induced SAR is triggered by elicitors that are involved
either in specific gene-for-gene resistance or in the nonspecific elicitation of de-
fense reactions. As a result, salicylic acid (SA) is produced as a signal and induces
the resistant state. The role of SA has been established on the grounds that exoge-
nous application of SA or its functional analogues 2,6-dichloroisonicotinic acid
(INA) and benzothiadiazole (BTH) mimic pathogen-induced SAR by inducing
resistance in many plant species towards the same broad spectrum of pathogens
[16,30]. Endogenous accumulation of SA occurs both locally and, at lower levels,
systemically concomitant with the development of SAR. Moreover, plants trans-
formed with the NahG gene do not accumulate SA and do not develop SAR in
response to biological or chemical inducers of SAR. The NahG gene encodes
SA-hydroxylase, which converts SA into catechol, a product that does not induce
resistance. The experiments with NahG-transformed plants indicate that SA is an
essential signaling molecule in SAR induced by avirulent pathogens. Moreover,
NahG-containing plants are more susceptible to a variety of fungal, bacterial,
and viral pathogens [31].

SA can be synthesized from either cinnamic acid [32] or chorismic acid
[33], and the regulation of its synthesis has not been clarified. Neither its mode(s)
of action nor the molecular mechanism of resistance induction has been eluci-
dated [34]. Although SA may be transported from locally infected leaves, it does
not appear to be the primary long-distance signal for systemic induction [35,36].
Nevertheless, its presence is required for SAR to be expressed. Indeed, local
application of SA to individual plant leaves does not lead to systemic induction
of resistance unless SA can be transported out of the leaf to other plant parts



[37]. However, when applied to roots SA appears to be readily absorbed and
transported throughout the plant, and acquired resistance is manifested systemi-
cally. Exceedingly low concentrations of SA applied to the roots of radish and
bean have been reported to induce systemic resistance against Fusarium wilt and
grey mold, respectively [38,39]. The higher levels of SA in plants expressing
SAR suggest that an amplifying step is required for induced resistance to be
manifested. Although exogenous application of SA can mimic the induction of
resistance by pathogens, additional plant signals must play a role and the nature
of the endogenous mobile signal is still unknown.

Associated with SAR triggered by either endogenous regulators or exoge-
nous application of SA is the accumulation of pathogenesis-related proteins
(PRs). PRs have been defined as plant proteins that are induced in pathological
and related situations [40] and currently comprise 14 protein families [41]. Induc-
tion of at least some families of PRs occurs invariably in plants with necrotizing
infections. Particularly appearance of the SA-inducible PR-1 type proteins is gen-
erally taken as a marker of the induced resistant state. Some of the PR families
are β-1,3-glucanases and chitinases and are capable of hydrolyzing fungal cell
walls. Other PRs have less well characterized antimicrobial activities or unknown
functions. The association of PRs with SAR suggests an important contribution
of these proteins to the enhanced defensive capacity of induced tissues. However,
none seem to act against viruses, which, nevertheless, are also effectively pro-
tected against.

B. Rhizobacterium-Mediated ISR

To determine whether biocontrol agent–induced resistance is not only phenotypi-
cally but also mechanistically similar to pathogen-induced SAR, induced plants
can be analyzed for the presence of specific PRs, and induction of resistance can
be compared in untransformed and NahG-transformed plants. As described
above, some biocontrol agents elicit increases in PR-type enzymic activities, sug-
gestive of a pathway involving SA similar to that triggered by avirulent patho-
gens. At least 8 of the 10 major PRs induced in tobacco in response to pathogens
causing hypersensitive necrosis were found in plants grown in soil containing
Pseudomonas fluorescens CHA0, which suppresses necrotic lesion formation on
leaves inoculated with tobacco necrosis virus (TNV) [42]. Similarly, when
transgenic tobacco plants were assayed for induction of β-glucuronidase (GUS)
activity under the direction of the tobacco PR-1a promoter, out of 10 rhizobacter-
ial strains previously demonstrated to induce systemic resistance in cucumber,
Bacillus pumilis strain T4, Pseudomonas putida strain 89B-61, Serratia marces-
cens strain 90-166, and Burkholderia gladioli strain IN-26 significantly enhanced
GUS activity. The ability to enhance GUS activity was associated with reduction
of symptoms of wildfire disease caused by Pseudomonas syringae pv. tabaci



upon root bacterization by any of these four strains. Neither enhanced GUS activ-
ity nor reduction of symptoms of wildfire disease were noted with three control
bacterial strains [43]. However, increased GUS activity was observed locally
when the four inducing strains were infiltrated in leaves, and only strain T4 in-
creased GUS activity in the leaves when it was applied as a soil drench. In con-
trast, Enterobacter asburiae strain JM-22, which did not induce resistance in
cucumber when applied as a soil drench, did induce protection against wildfire
disease in tobacco and also induced GUS activity in the leaves. Thus, the systemic
induction of resistance against wildfire disease by application of any of the five
strains to plant roots was associated with systemically enhanced GUS expression
by two of these strains only.

Local induction of plant defense responses by rhizosphere bacteria or fungi
has been observed upon leaf infiltration or stem inoculation, whereas upon root
treatment such metabolic changes are often not apparent. Thus, a Pseudomonas
aureofaciens strain induced symptoms of a hypersensitive response on bean coty-
ledons [44]. Similarly, out of 15 rhizobacteria tested, 9 strains of the genus Pseu-
domonas and two Serratia strains induced a hypersensitive response and the pro-
duction of phytoalexins in wounded bean cotyledons and hypocotyls [45].
Inoculation of bean hypocotyls with nonpathogenic binucleate Rhizoctonia
species induced systemic resistance against pathogenic Rhizoctonia solani or
Colletotrichum lindemuthianum but also increased peroxidase, β-1,3-glucanase,
and chitinase activities [46]. Such observations indicate that at least some rhizo-
bacterial and fungal species have limited pathogenic activity when applied to
aboveground plant parts.

No accumulation of PRs was found in either leaves or roots of radish with
systemic resistance induced by P. fluorescens WCS417r [47,48], and neither were
PR mRNAs or proteins apparent in Arabidopsis leaves upon root bacterization
with the same rhizobacterial strain [49,50]. Similarly, Pseudomonas aeruginosa
strain 7NSK2–induced resistance in tobacco was not associated with PR-1 ex-
pression [51]. Together, these results suggest that some rhizobacterial strains
induce resistance by a SA-dependent mechanism, whereas others act indepen-
dently of SA. This conclusion has been corroborated by experiments with SA-
nonaccumulating NahG plants, even though the situation has turned out to be
complex. P. fluorescens WCS417r, as well as Pseudomonas putida WCS358r,
induced systemic resistance in NahG Arabidopsis to the same level as in untrans-
formed plants, demonstrating that SA is not involved in ISR elicited by these
strains [49,50]. In contrast, P. aeruginosa 7NSK2–induced systemic resistance
was abolished in NahG tobacco [51] and tomato [52], indicating that ISR trig-
gered by this rhizobacterial strain does depend on in planta SA accumulation,
even though the marker gene for SA-dependent SAR, PR-1, is not activated.
Conversely, Serratia marcescens 90-166, which activated the PR-1a promoter in
the leaves of transgenic PR-1a-GUS tobacco [43], induced systemic resistance



against wildfire disease equally well in NahG and in untransformed tobacco, rul-
ing out an involvement of SA in the induction [53]. These results clearly indicate
that the presence or absence of PR gene activation by these rhizobacterial strains
is not a reliable parameter for determining whether the mechanism of resistance
induction is SA-dependent or SA-independent.

Direct measurements of SA in leaves of tobacco plants grown in soil con-
taining resistance-inducing P. aeruginosa 7NSK2 mutant KMPCH (which is de-
ficient in production of the siderophores pyoverdin and pyochelin but can produce
SA [see below]), increased free SA levels about 50% over the level in control
plants, while amounts of bound SA were similar. A similar increase in free SA
was detected in the rhizosphere of bean plants grown in soil with KMPCH. These
increases seem sufficient to activate the SAR pathway [39], even though they
are too low to activate PR gene expression [49,54]. In cucumber split-root sys-
tems, when P. corrugata 13 and P. aureofaciens 63–28 induced systemic resis-
tance against Pythium aphanidermatum, SA accumulated up to sixfold in bacte-
rized root parts and up to fourfold in distant roots on the opposite side. However,
in this system exogenously applied SA failed to induce local or systemic resis-
tance against a challenge infection by Pythium in planta [55]. This suggests that
SA is not a primary causative factor in ISR in cucumber against Pythium.

IV. BACTERIAL DETERMINANTS OF ISR

A. Structural Components and Metabolic Compounds

On the one hand, the rhizobacterial strain should produce one or more ISR-elic-
iting compounds; on the other hand, the plant should possess a matching receptor
and an inducible defense pathway downstream of it that activates the induced
resistant state upon recognition. In the systemic resistance induced by P. fluo-
rescens strains WCS374 and/or WCS417 in carnation, radish, tomato, and Arabi-
dopsis, heat-killed bacteria, bacterial cell walls, or purified outer membrane lipo-
polysaccharide (LPS) were as effective in inducing systemic resistance as were
live bacteria [50,56–58]. These observations provided original proof that ISR
was not the result of a bacterial metabolite that might be transported through the
plant and affect the activity of a pathogen upon contact. Rather, specific bacterial
components must be perceived by the plant. In radish, the bacterial LPS appeared
to act as an inducing determinant. In agreement with this finding, bacterial mu-
tants that lacked the O-antigenic side chain of the LPS (OA�) did not induce
resistance in radish. Cell wall preparations of WCS417r likewise induced resis-
tance in Arabidopsis. However, WCS417 OA� still induced resistance, indicating
that another determinant of WCS417r also acts as an inducer of resistance in
Arabidopsis. Similarly, P. putida WCS358, as well as its LPS, triggered ISR,
but WCS358 OA� retained the capacity to induce systemic resistance. Therefore,



like WCS417r, WCS358r must possess additional inducing determinants. Be-
cause LPS may be contaminated by flagella, purified flagella of WCS358r were
also tested. Like LPS, the flagella induced resistance, and so did a mutant lacking
flagella (P. A. H. M. Bakker, B. W. M. Verhagen, and I. van der Sluis, unpub-
lished). Collectively, these results indicate that flagella, while capable of eliciting
ISR, were unlikely to be the sole determinant in LPS preparations, and the O-
antigen of LPS must be perceived by the plant independently from the perception
of the flagella.

The O-antigenic side chain of LPS consists of repeated oligosaccharide
moieties. Such oligosaccharides may resemble fungal elicitors that activate plant
defenses [59] and may be perceived by similar types of receptors that are likely
to be present in the plasma membrane of the root cells. So far, putative receptors
for bacterial LPS have not been characterized in plants, and the mechanism of
perception and coupling to induced resistance signaling remains unclear. In con-
trast, plant cells have been shown to possess a highly sensitive perception system
for bacterial flagellins, the major structural protein of the flagella. Recognition
occurs through perception by the plant of the most highly conserved domain
within the N-terminus of the protein [60]. Sensitivity to flagellin in Arabidopsis
is associated with the expression of a putative receptor kinase containing leucine-
rich repeats and sharing structural and functional homologies with known plant
resistance genes and with components involved in the innate immune system of
mammals and insects [61]. Such results imply that the perception of bacterial
flagella by plant roots might directly activate a signaling pathway involved in
activating resistance responses. Bacterial components involved in antagonizing
pathogens in the rhizosphere might also act in inducing resistance. Lytic enzymes,
particularly glucanases, can liberate endogenous elicitors from plant cell walls,
as has been shown for, e.g., β-1,3-glucanase in soybean [62]. The biocontrol
strains P. fluorescens 89B-61 and Enterobacter asburiae JM22 were endophytic
in cotton, and although they did not induce marked cellular alterations upon inter-
nal colonization, they did hydrolyze wall-bound cellulose [63]. However, no bac-
teria that trigger ISR and remain confined to the root surface have been shown
to act through this mechanism.

Antibiotics can be toxic not only to pathogenic fungi and bacteria, but also
to plant cells. Such toxicity may cause localized necrosis, leading, in turn, to
systemically induced resistance. A transformant of P. fluorescens CHA0 that
overproduced pyoluteorin and 2,4-diacetylphloroglucinol protected tobacco roots
significantly better against black root rot, caused by Thielaviopsis basicola, than
the wild-type strain, but drastically reduced the growth of the tobacco plants and
was also toxic to sweet corn and cress [42,64]. There was no correlation between
the sensitivity of the pathogens to the antibiotics and the degree of disease sup-
pression by the overproducing strain. It seems, therefore, that resistance was in-
duced, indicating that plants that are sensitive to antibiotics may be induced as



a result of their toxic action. Rhizobacteria and fungi may also produce plant
hormones than can affect plant growth and development as well as plant re-
sponses [65]. Notably, ethylene reduces root elongation while stimulating produc-
tion of phytoalexins, synthesis of PRs, and strengthening of plant cell walls upon
elicitation of plant defense responses [66,67].

B. Iron-Regulated Metabolites

Iron availability not only influences microbial antagonism by determining the
extent of competition through siderophore production, but has also been found
to be a major factor in the induction of systemic resistance by rhizobacteria.
Pyoverdin siderophore production was implicated in the induction of systemic
resistance against TNV in tobacco by P. fluorescens CHA0. The level of resis-
tance induced was partially abolished when plants were bacterized with the sider-
ophore-minus (sid�) mutant CHA400 instead of with CHA0 [42]. Purified pseu-
dobactin siderophore of P. putida WCS358 induced resistance in Arabidopsis,
but its sid� mutant was still as effective as the wild type, confirming the presence
of multiple resistance-inducing determinants in this strain. In radish, the pseu-
dobactin siderophore of P. fluorescens WCS374r, but not of P. putida WCS358r
or P. fluorescens WCS417r, induced resistance against F. oxysporum f. sp. ra-
phani. The sid� mutant of WCS374 still induced resistance, however, allegedly
as a result of LPS acting as the inducing determinant. In the presence of ample
available iron, when siderophore production is suppressed, the OA� mutant did
not induce resistance. In contrast, under conditions of low iron availability the
OA� mutant induced the same level of systemic resistance as the wild-type strain,
and the level of resistance attained was greater than under iron-sufficient condi-
tions (Fig. 2). This enhanced resistance induction was also evident in the sid�

mutant, suggesting that an additional iron-regulated factor might be involved.
Similar results were obtained for strain WCS417, suggesting that the same situa-
tion might apply [38].

Under iron-limited conditions, certain rhizobacterial strains such as P. flu-
orescens CHA0, can produce SA as an additional siderophore [68,69]. Thus, it
has to be considered that resistance-inducing bacteria may either activate SA-
dependent induced resistance by triggering the SAR pathway in the plant, or
themselves secrete the signaling compound SA in the rhizosphere. The induction
of systemic resistance in tobacco to TNV by strain CHA0 might be fully ex-
plained by the production of SA by this strain, the more so because CHA0 also
induced PRs in tobacco. Moreover, root colonization of the plants by either the
wild-type strain or its sid� mutant CHA400 caused up to fivefold increases in
SA in the leaves [70]. Introduction of the SA-biosynthetic gene cluster pchDCBA
from P. aeruginosa strain PAO1 [33] under the control of a strong constitutive
promoter into strain CHA0 increased the production of SA in the rhizosphere of



Figure 2 Disease incidence in radish grown in soil containing Fusarium oxysporum
f.sp. raphani without rhizobacteria (control) or in the presence of Pseudomonas fluo-
rescens WCS374 or its pseudobactin siderophore-minus (sid�) or O-antigenic side chain
lacking (OA�) mutants, under iron limitation (10 µM EDDHA added) or with ample iron
supply (10 µM EDDHA complexed with excess Fe). Different letters indicate statistically
significant differences of p � 0.05.

tobacco but did not further increase protection against TNV. In contrast, introduc-
tion of the genes into the non–SA-producing strain P3 made this poor biocontrol
agent an effective inducer. Although NahG plants were not tested, these results
are consistent with bacterially produced SA acting as the inducing factor [70].

The induction of systemic resistance in bean against Botrytis cinerea and
in tobacco against tobacco mosaic virus (TMV) by P. aeruginosa 7NSK2 was
found to be iron-regulated. Under iron limitation 7NSK2 produces three sidero-
phores: pyoverdin, pyochelin, and SA [71]. Both pyoverdin-negative mutants and
mutants lacking both pyoverdin and pyochelin induced resistance in bean and
tobacco, whereas mutants deficient in SA production did not. Bacterization of
NahG tobacco plants with either the wild-type strain or its mutants did not induce
systemic resistance to TMV, demonstrating that the resistance induced by 7NSK2
in tobacco, and probably also in bean, is dependent on bacterially produced SA
[51,72]. It appeared that nanogram amounts of SA produced by the rhizobacteria
are already sufficient to trigger the plant-mediated resistance response, probably
through the induction of SA biosynthesis in the plant [39]. However, 7NSK2-
induced resistance was not associated with PR-1 expression [51]. Because SA is
a precursor of pyochelin, it cannot be excluded that bacterially produced SA is
converted to pyochelin and that pyochelin acts as the inducing determinant.

A comparable situation may exist in the systemic resistance induced by
P. fluorescens WCS374r against F. oxysporum f.sp. raphani in radish. Both P.
fluorescens WCS374r and WCS417r are capable of producing SA in vitro under
iron-limiting conditions, whereas P. putida WCS358r is not. These capacities
correlate well with their ability to induce systemic resistance in radish [38,73].



However, no accumulation of PRs was apparent in either roots or leaves of bacte-
rized plants. Cloning of the SA-biosynthetic locus of WCS374r revealed it to
contain four open reading frames with homologies to bacterial isochorismate syn-
thase, 2,3-dihydroxybenzoate AMP-lyase, histidine decarboxylase, and choris-
mate pyruvate-lyase (pmsCBAE), respectively. This SA-biosynthetic locus was
found to be co-expressed with genes involved in the synthesis of the siderophore
pseudomonine, which contains both a salicylate and a histamine moiety [74]. It
is possible that in the rhizosphere histidine is provided in root exudates, where-
upon SA is quickly incorporated into pseudomonine. Because under those condi-
tions no free SA would be secreted by the bacterium, it can be assumed that SA
is not involved in the induction of systemic resistance in radish by WCS374r.
Similarly, SA produced by the biocontrol strain Serratia marcescens 90-166 is
not the primary determinant of ISR in cucumber and tobacco. This strain, while
capable of producing SA under low-iron conditions, induced resistance to wildfire
disease in both untransformed and NahG tobacco. Bacterial mutants that did not
produce detectable amounts of SA retained ISR-eliciting activity against C. orbi-
culare in cucumber, and an ISR-minus mutant still produced SA in vitro [53].
A siderophore may be involved, because fertilization of the plants with ferric
iron significantly reduced the level of ISR in cucumber to C. orbiculare.

V. ARABIDOPSIS THALIANA AS A MODEL TO STUDY
RHIZOBACTERIA-MEDIATED INDUCED SYSTEMIC
RESISTANCE

A. Signal Transduction

1. SA-Independent Signaling

At least in those instances where no accumulation of PRs is associated with ISR
and ISR was fully maintained in NahG plants, an SA-independent pathway must
be operative. The existence of such a SA-independent pathway was first demon-
strated in Arabidopsis, which was adopted as a model to study the signaling
pathway(s) involved in rhizobacteria-mediated ISR [49]. In this model P. fluo-
rescens WCS417r was used as the inducing agent, because this strain had been
demonstrated to trigger ISR in several plant species, e.g., carnation [5], radish
[73], and tomato [11]. Colonization of Arabidopsis roots by WCS417r bacteria
was found to protect against different types of pathogens, including the bacterial
leaf pathogens Pseudomonas syringae pv. tomato DC3000 and Xanthomonas
campestris pv. armoraciae, the fungal root pathogen Fusarium oxysporum f.sp.
raphani, and the oomyceteous leaf pathogen Peronospora parasitica. WCS417r
induced ISR without systemic activation of PR genes (49,50; J. Ton and C. M.
J. Pieterse, unpublished) and without a concomitant increase in SA levels [75].



Figure 3 (A) Relative disease index of Arabidopsis ecotype Columbia (Col-0), trans-
formant NahG and mutants treated with different bacterial strains and chemical inducers
of systemic resistance and challenged with virulent Pseudomonas syringae pv. tomato.
(B) Signal-transduction pathway leading to rhizobacteria-mediated induced systemic resis-
tance in Arabidopsis.

Moreover, NahG plants developed normal levels of ISR after colonization of the
roots by ISR-inducing WCS417r [49] (Fig. 3A) or WCS358r [50]. Similarly, the
SA induction–deficient mutants sid1-1 and sid2-1 [76] expressed normal levels
of induced resistance in response to ISR-inducing rhizobacteria (C. M. J. Pieterse,
unpublished), providing compelling evidence that, in contrast to pathogen-in-
duced SAR, rhizobacteria-mediated ISR in Arabidopsis functions independently
of SA. As a consequence, SA-dependent resistance responses were not activated
upon bacterization of the roots with WCS417r [54]. Therefore, ISR-expressing
plants are unlikely to be protected against pathogens that are resisted exclusively
by an SA-dependent defense mechanism. Indeed, WCS417r-mediated ISR was
found to be ineffective against turnip crinckle virus (J. Ton, unpublished), which
is a pathogen that is resisted by Arabidopsis ecotype Dijon through a defense
response that is dependent on SA but not on jasmonic acid (JA) and ethylene
[77].

2. Jasmonic Acid– and Ethylene-Dependent Signaling

Studies on mutants and transgenics of Arabidopsis and other plant species, such
as tobacco and soybean, revealed that besides SA, JA and ethylene play a key



role in the regulation of plant defenses, because blocking the response to either
of these hormonal compounds can render plants more susceptible to certain
pathogens and even insects. For instance, mutants that are affected in JA biosyn-
thesis or signaling are more susceptible to pathogens such as Pythium mastopho-
rum [78], Pythium irregulare [79], and P. syringae pv. tomato [80], as well as
to insect herbivory [81,82]. Similarly, ethylene-insensitive tobacco plants trans-
formed with a mutant etr1-1 gene from Arabidopsis lost their ability to resist the
soilborne pathogen Pythium sylvaticum [83]. Similar results were obtained with
ethylene-insensitive soybean plants, which developed more severe symptoms in
response to Septoria glycines and Rhizoctonia solani [84]. Furthermore, ethylene-
insensitive Arabidopsis mutants exhibit enhanced susceptibility to the necro-
trophic fungal pathogens Alternaria brassicicola and Botrytis cinerea [85,86] and
to the bacterial leaf pathogens Erwinia carotovora pv. carotovora [87] and P.
syringae pv. tomato [80].

To investigate the possible role of JA and ethylene in the signaling pathway
controlling rhizobacteria-mediated ISR in Arabidopsis, Pieterse et al. [80] tested
the JA response mutant jar1-1 and the ethylene response mutants etr1-1 and ein2
for their ability to express ISR. Both types of mutants were unable to develop
ISR against P. syringae pv. tomato in response to bacterization of the roots with
WCS417r (Fig. 3A), indicating that both JA and ethylene are involved in the
ISR signaling pathway. Like treatment with WCS417r, application of methyl
jasmonate (MeJA) or the ethylene precursor 1-aminocyclopropane-1-carboxylate
(ACC) was effective in inducing resistance against P. syringae pv. tomato in
wild-type (Fig. 3A), as well as NahG plants. MeJA-induced protection was
blocked in jar1-1 and etr1-1 plants, whereas ACC-induced protection was af-
fected in etr1-1 plants, but not in jar1-1 plants, indicating that components from
the JA response act upstream of the ethylene response in the ISR pathway [80]
(Fig. 3B). Whereas in rhizobacterially mediated ISR JA and ethylene appear to
act sequentially, a concerted action of JA and ethylene has been described for
other defense-related responses. For instance, JA and ethylene are acting together
in activating proteinase inhibitor gene expression in tomato in response to
wounding [88]. Similarly, induction of the plant defensin gene Pdf1.2 in Arabi-
dopsis requires concomitant activation of both the JA- and ethylene-response
pathway [89].

To further investigate the roles of JA and ethylene in the ISR signaling
pathway, the levels of these signaling molecules were determined in plants upon
root bacterization. In plants grown in soil containing WCS417r, neither the JA
content nor the level of ethylene evolution was altered in systemically resistant
leaves [75,90]. Also, at the site of application of ISR-inducing rhizobacteria the
levels of JA and ethylene did not change [75,90], indicating that rhizobacteria-
mediated ISR is not based on the induction of changes in the biosynthesis of
either of these signal molecules.

By using the Lox2 co-suppressed transgenic line S-12, additional evidence



was obtained that an increase in JA production is not required for the induction
or expression of ISR. Transgenic S-12 plants, which are affected in the production
of JA in response to wounding [91] and pathogen infection [75], developed nor-
mal levels of ISR in response to treatment with WCS417r [75], demonstrating
that plants are capable of expressing ISR in the absence of increased JA levels.
These results seem to suggest that the JA and ethylene dependency of ISR is
based on an enhanced sensitivity to these hormones, rather than on an increase
in their production.

3. The Role of NPR1 in ISR Signaling

Although pathogen-induced SAR and rhizobacteria-mediated ISR follow distinct
signaling pathways in Arabidopsis, they are both blocked in the regulatory mutant
npr1-1 (for nonexpresser of PR genes) [80,92] (Fig. 3A). NPR1 (also called
NIM1 or SAI1) was originally discovered as a key regulatory protein that func-
tions downstream of SA in the SAR pathway [92–94]. Recently, several research
groups provided evidence that, upon induction of SAR, NPR1 activates PR-1
gene expression by physically interacting with a subclass of basic leucine zipper
protein transcription factors that bind to promoter sequences required for SA-
inducible PR gene expression [95–97]. Elucidation of the sequence of ISR-signal-
ing events revealed that NPR1 also functions downstream of the JA and ethylene
response in the ISR pathway [80]. This suggests that NPR1 is required not only
for the SA-dependent expression of PR genes that are activated during SAR, but
also for the JA- and ethylene-dependent activation of so far unidentified enhanced
defensive responses resulting from rhizobacteria-mediated ISR. The mechanism
underlying the divergence of the SAR and the ISR pathway downstream of NPR1
is not known. Possibly, interactions of pathway-specific proteins with NPR1 are
involved.

4. Application of Rhizobacteria to Roots or Leaves Triggers
the Same ISR Pathway

Similar to root application, infiltration of leaves with ISR-inducing WCS417r
bacteria induces protection against P. syringae pv. tomato in noninfiltrated leaves
[49]. To test whether infiltration of leaves with ISR-inducing rhizobacteria trig-
gers the same signaling pathway as root application, Arabidopsis genotypes Co-
lumbia (Col-0), NahG, jar1-1, etr1-1, and npr1-1 were tested for their ability to
express ISR against P. syringae pv. tomato after pressure infiltrating three lower
leaves with ISR-inducing WCS417r bacteria. Leaf infiltration and root applica-
tion of WCS417r were similarly effective in eliciting ISR in wild-type Col-0
plants. SA-nonaccumulating NahG plants also developed a statistically significant
level of ISR after leaf induction. In contrast, mutants jar1-1, etr1-1, and npr1-1
did not express ISR after infiltration of the leaves with ISR-inducing WCS417r



bacteria [75]. Moreover, infiltration of three lower leaves per plant with WCS417r
or WCS358r resulted in a significant level of protection against P. syringae pv.
tomato in the nontreated leaves, whereas WCS374r did not induce resistance.
These results are in full agreement with those obtained after application of
WCS417r, WCS358r, or WCS374r bacteria to the roots [50,80] (Fig. 3A) and
demonstrate that ISR-inducing rhizobacteria trigger the same systemic signaling
pathway when applied to either roots or leaves.

5. ISR Requires Ethylene-Dependent Signaling at the Site
of Induction

Knoester et al. [90] tested a set of well-characterized Arabidopsis mutants that
are affected at different steps in the ethylene-signaling pathway for their ability
to express ISR. None of the mutants developed ISR against P. syringae pv. tomato
after treatment of the roots with WCS417r, confirming that an intact ethylene-
signaling pathway is required for the expression of ISR. Mutant eir1-1, which
is insensitive to ethylene in the roots but not in the shoots, was able to mount
ISR when WCS417r was infiltrated into the leaves, but not when the bacteria
were applied to the roots. If ethylene signaling were required only for the systemic
expression of ISR at the site of challenge inoculation, eir1-1 plants should de-
velop normal levels of ISR in the leaves after application of WCS417r to the
roots. However, this was not the case. Therefore, one can postulate that ethylene
signaling is required at the site of application of the inducer and may be involved
in the generation or translocation of the systemically transported ISR signal [90]
(Fig. 3B).

B. Molecular-Genetic Analysis

1. Search for ISR-Related Genes in Arabidopsis

The state of pathogen-induced SAR is characterized by the concomitant activa-
tion of a set of PR genes. In SAR-expressing plants, PR gene products accumulate
systemically to levels from 0.3 to 1% of the total mRNA and protein content [98].
However, although some PRs possess antimicrobial activity, a causal relationship
between accumulation of PRs and the broad-spectrum resistance characteristic
of SAR has never been convincingly demonstrated [99]. Of many defense-related
genes tested in Arabidopsis (e.g., the well-characterized SA-inducible genes PR-
1, PR-2, and PR-5, and JA- and/or ethylene-responsive genes Lox1, Lox2, Atvsp,
Pdf1.2, Hel, ChiB, and Pal1, none were found to be upregulated in plants express-
ing ISR, either locally in the roots, or systemically in the leaves [54] (Fig. 4).
Moreover, neither standard differential screening of a cDNA library of WCS417r-
induced plants nor 2D-gel analysis of proteins from induced and noninduced
plants yielded significant differences [100]. Thus, in contrast to SAR, the onset



Figure 4 Expression of defense-related genes in ISR-expressing Arabidopsis leaf tissue
after challenge inoculation with P. syringae pv. tomato. ISR was induced by growing the
plants in soil containing WCS417r. Leaves of control-treated plants and leaves expressing
ISR were harvested 0 and 1 day after inoculation (dpi). The box with the asterisk shows
potentiation of the Atvsp gene in ISR-expressing tissue.



of ISR is not associated with major changes in gene expression. Nevertheless,
ISR-expressing plants are clearly more resistant to different types of pathogens.
Therefore, plants must possess as yet undiscovered defense-related gene products
that contribute to their broad-spectrum disease resistance.

In a search for ISR-related genes, a large collection of Arabidopsis lines
containing enhancer-trap Ds transposons with a promoterless β-glucuronidase
(GUS) reporter gene [101] was screened. One enhancer-trap line showed local
GUS activity in the roots upon colonization by WCS417r (K. M. Léon-Klooster-
ziel, unpublished). The roots of this line showed a similar expression pattern after
treatment with the ethylene precursor ACC, indicating that this line contains a
transposon insertion in the vicinity of an ethylene-inducible gene that is upregu-
lated in the roots upon colonization by WCS417r. There are several candidate
genes in the vicinity of the enhancer-trap Ds transposon, one of which encodes
a thaumatin-like protein with homology to tobacco PR-5 and tomato osmotin (K.
M. Léon-Kloosterziel, unpublished). However, the role of this gene in ISR re-
mains to be elucidated.

2. Potentiation of JA-Dependent Responses in Plants
Expressing ISR

Potentiation is expressed as a faster and stronger activation of defense responses
of induced plants after infection with a challenging pathogen and can make the
plant react more effectively to an invading pathogen. This phenomenon has been
observed in different plant systems. For instance, carnation plants expressing
WCS417r-mediated ISR produce significantly more phytoalexins upon stem in-
oculation with F. oxysporum f.sp. dianthi [5]. This enhanced phytoalexin produc-
tion may contribute to limiting ingress of the pathogen in ISR-expressing plants.

To investigate whether phytoalexins are involved in ISR in Arabidopsis,
plant mutants impaired in the biosynthesis of the Arabidopsis phytoalexin cama-
lexin were tested for their ability to express WCS417r-mediated ISR. Mutants
pad1-1, pad2-1, pad3-1, and pad4-1 showed wild-type levels of ISR against P.
syringae pv. tomato after root bacterization with WCS417r (Fig. 3A), indicating
that at least in this particular plant-pathogen combination phytoalexins do not
contribute to the enhanced level of resistance (C. M. J. Pieterse, unpublished).

Potentiation has been demonstrated at the level of gene expression as well.
For instance, tobacco plants exhibiting pathogen-induced SAR showed enhanced
expression of PR-10 and Pal genes upon challenge with a pathogen [102]. Simi-
larly, SAR-expressing Arabidopsis plants accumulated enhanced levels of PR-1,
PR-2, and PR-5 transcripts after challenge [54]. Because rhizobacteria-mediated
ISR is not associated with increased production of either JA or ethylene, potentia-
tion of JA- or ethylene-dependent defense responses points to an important role
in ISR. If the JA and ethylene dependency of ISR is based on enhanced sensitivity



to these signal molecules, one would expect that ISR-expressing plants react
faster or more strongly to pathogen-induced JA or ethylene production.

To clarify this point, van Wees et al. [54] studied the expression of the JA-
responsive genes Atvsp, Pdf1.2, Lox2, and Pal1 and the ethylene-responsive
genes Hel and ChiB in control and ISR-expressing plants after challenge with P.
syringae pv. tomato. In noninduced control plants, pathogen infection induced
the expression of all genes tested. In challenged, ISR-expressing plants, only
Atvsp displayed an enhanced level of expression in comparison to challenged
control plants (Fig. 4). The expression of the other JA-responsive genes and the
expression of the ethylene-responsive genes was not potentiated, suggesting that
ISR is associated with the potentiation of a specific set of JA-responsive genes.
The mechanism and the significance of this phenomenon in induced broad-spec-
trum resistance is still unknown.

3. Identification of a Novel Locus (ISR1) Controlling
Rhizobacteria-Mediated ISR

Previously, Leeman et al. [73] and van Wees et al. [50] provided evidence that
the expression of rhizobacteria-mediated ISR varies with the host/rhizobacterium
combination by showing that radish and Arabidopsis plants respond differentially
to a set of ISR-inducing Pseudomonas spp. strains: radish developed ISR against
F. oxysporum f.sp. raphani after colonization of the roots by WCS417r or
WCS374r, but not in response to WCS358r, whereas Arabidopsis was responsive
to WCS417r and WCS358r, but not to WCS374r (see Fig. 3A). Although both
radish and Arabidopsis possess the machinery to express rhizobacteria-mediated
ISR and both WCS374r and WCS358r are able to trigger this response, they
clearly fail to do so in the radish/WCS358r and the Arabidopsis/WCS374r com-
binations. Also within plant species, differential induction of ISR has become
evident. In Arabidopsis most ecotypes, e.g., Columbia and Landsberg erecta,
develop ISR in response to treatment with WCS417r, but ecotypes RLD and
Wassilewskija (Ws) are nonresponsive [50,103]. This suggests that specific rec-
ognition between the plant and the ISR-inducing rhizobacterium is required for
the elicitation of ISR.

In a genetic approach to identify ISR-related genes, 10 ecotypes of Arabi-
dopsis were screened for their potential to express ISR and SAR against P. syrin-
gae pv. tomato [103]. All ecotypes tested developed SAR. However, of the 10
ecotypes RLD and Ws did not develop ISR after treatment of the roots with
WCS417r. This WCS417r-nonresponsive phenotype was associated with a rela-
tively high susceptibility to P. syringae pv. tomato, which was apparent as both
a higher proliferation of the pathogen in the leaves and more severe disease symp-
toms. Genetic analysis of the F1, F2, and F3 progeny of a cross between the
WCS417r-responsive ecotype Col-0 and the WCS417r-nonresponsive ecotype



RLD revealed that both the potential to express ISR and the relatively high level
of basal resistance against P. syringae pv. tomato are monogenic, dominant traits
that are genetically linked. The corresponding locus, designated ISR1, was
mapped between CAPS markers B4 and GL1 on chromosome III. Neither respon-
siveness to WCS417r nor the relatively high level of basal resistance against P.
syringae pv. tomato was complemented in the F1 progeny of crosses between
RLD and Ws, indicating that both ecotypes are affected in the same locus.

Interestingly, mutants jar1-1 and etr1-1, which are affected in their re-
sponse to JA or ethylene, respectively, show the same phenotype as ecotypes
RLD and Ws in that they are both unable to express WCS417r-mediated ISR
and show enhanced susceptibility to infection by P. syringae pv. tomato [80].
Analysis of the ethylene responsiveness of RLD and Ws revealed that both eco-
types show a reduced sensitivity to ethylene that co-segregates with the recessive
alleles of the ISR1 locus [104]. Therefore, it was hypothesized that the Arabi-
dopsis ISR1 locus encodes a novel component of the ethylene-response pathway
that plays an important role in disease-resistance signaling.

VI. PLANT PHYSIOLOGICAL AND ECOLOGICAL ASPECTS
OF INDUCED RESISTANCE

A. Plant Growth and Defense Against Different Types
of Attackers

Constitutive expression of pathogen-induced SAR and PRs in Arabidopsis cpr
mutants has invariably been associated with reduced plant growth. This suggests
that maintenance of the state of SAR imparts a metabolic burden on the plant.
The induction of systemic resistance in tobacco by P. fluorescens CHA0, which
is also associated with the accumulation of PRs, likewise reduces plant growth
[42]. In contrast, many other rhizobacterial strains that can induce resistance pro-
mote plant growth and are hence called plant growth–promoting rhizobacteria
(PGPR). Thus, P. fluorescens WCS417 was found to stimulate growth of Arabi-
dopsis by 33% [105]. The mechanisms of plant growth promotion by rhizobact-
eria are only poorly understood [65] and may, or may not, be linked to disease-
suppressing properties. However, the absence of major changes in gene expres-
sion of plants induced by most PGPR implies only minimal metabolic costs as
compared to plants expressing SAR. The level of resistance induced by rhizobact-
eria is always quantitatively less than SAR induced by necrotizing pathogens
[103]. The general absence of PRs in the former and their presence in the latter
type of induced resistance, together with the established antipathogen activities
of at least some among the PRs, indicates that PRs could be responsible for the
higher level of induced resistance with SAR and tissue necrosis [99].

Evidence is accumulating that components from SA-, JA-, and ethylene-



dependent defense pathways can affect each other’s signaling. SA and its func-
tional analogs 2,6-dichloroisonicotinic acid and benzothiadiazole suppress JA-
dependent defense gene expression [54,106–110], possibly through the inhibition
of JA synthesis and action [111]. SA inhibits the JA-dependent wound response,
whereas JA has been reported to both stimulate and reduce SA-dependent resis-
tance responses [110,112–114]. Cross-talk between different signal transduction
pathways is thought to provide great regulatory potential for coordinating multi-
ple resistance mechanisms in varying combinations and may help the plant to
prioritize the activation of a particular defense pathway over another
[15,105,115–117]. Such cross-talk between signaling pathways leads to conflict-
ing outcomes with respect to induced resistance to pathogens, which depends
primarily on the SA pathway, and to herbivorous insects, which activate the JA
pathway [116,118,119].

Since ISR and SAR share the regulatory factor NPR1, the question was
raised as to what extent the JA-dependent ISR pathway and the SA-dependent
SAR pathway interact. Recently, van Wees et al. [120] investigated possible an-
tagonistic interactions between both pathways. Simultaneous activation of both
pathways resulted in an additive effect on the level of induced protection against
P. syringae pv. tomato. No enhanced level of protection was evident in Arabi-
dopsis genotypes that are blocked in either the ISR or the SAR response. Expres-
sion of the SAR marker gene PR-1 was not altered in plants expressing both ISR
and SAR compared to plants expressing SAR alone, indicating that the SAR and
the ISR pathway are compatible and that there is no significant cross-talk between
these signaling pathways. Furthermore, plants expressing both types of induced
resistance did not show elevated levels of Npr1 transcripts. Apparently, the con-
stitutive level of NPR1 is sufficient to facilitate simultaneous expression of both
SAR and ISR. It was hypothesized that the enhanced protection in plants express-
ing both types of induced systemic resistance is established through parallel acti-
vation of complementary, NPR1-dependent defense responses that are both active
against P. syringae pv. tomato.

B. ISR and Crop Protection

The level of protection afforded by rhizobacteria-mediated ISR is seldomly more
than 50% reduction in disease severity or the numbers of diseased plants, which
corresponds to at most a 50% increase in crop yield. Chemical crop protection
is usually cheaper and far more effective [121,122]. Therefore, for biocontrol
to become economically competitive, its reliability and effectiveness must be
improved. Such improvements can be envisaged when ISR is employed in combi-
nation with other strategies for suppressing disease. For instance, reducing the
activity of a pathogen by microbial antagonism will weaken its pathogenic poten-
tial and inhibit it even more when it encounters a host plant in which the defensive



capacity is enhanced through the induction of systemic resistance. In several
cases, application of combinations of rhizobacterial strains with different mecha-
nisms improves disease suppression. Moreover, under conditions in which single
strains may fail to reduce disease, combinations are likely to afford at least protec-
tion by the other strain(s). In the protection of radish against F. oxysporum f.sp.
raphani, strains P. putida RE8 and P. fluorescens RS111a each suppressed the
percentage of wilted plants by about 50%. Both strains are able to induce systemic
resistance in radish, but may also possess additional antagonistic mechanisms.
Disease suppression by the combination of RE8 and RS111a was significantly
better as compared to the single strains [123]. Similar results were obtained in
the combination of the resistance-inducing strain RE8 and P. putida WCS358
[124]. Suppression of Fusarium wilt of radish by WCS358 does not involve ISR
[73] but occurs through siderophore-mediated competition for iron [125]. Similar
additive effects have been found in the suppression of damping-off of tobacco
seedlings inoculated with Pythium torulosum, Pythium aphanidermatum, or Phy-
tophthora parasitica, when treatment with Bacillus cereus strain UW85 was com-
bined with SA-induced SAR [126]. Combination of ISR-inducing rhizobacteria
with biocontrol fungi is another option for improving crop protection. Indeed,
co-inoculations of rhizobacteria and antagonistic fungi suppressed Fusarium wilt
in flax, tomato, and radish under conditions in which their efficacies or population
densities were too low to do so on their own [127,128].

Relatively little attention has been given to combining biocontrol agents
with low doses of chemical crop protectants. However, when a resistance-induc-
ing biocontrol agent is not sensitive to the chemical compound used, in combina-
tion they may act synergistically, such that substantially lower doses of the chemi-
cal are needed to achieve a similar level of disease control. Such approaches may
substantially decrease the inputs of toxic chemicals into the environment while
maintaining adequate levels of crop protection.
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22. N Benhamou, P Rey, M Chérif, J Hockenhull, Y Tirilly. Treatment with the myco-
parasite Pythium oligandrum triggers induction of defense-related reactions in to-
mato roots when challenged with Fusarium oxysporum f.sp. radicis-lycopersici.
Phytopathology 87:108–122, 1997.

23. P Rey, N Benhamou, E Wulff, Y Tirilly. Interactions between tomato (Lycopersi-
con esculentum) root tissues and the mycoparasite Pythium oligandrum. Physiol
Mol Plant Pathol 53:105–122, 1998.
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111. SH Doares, J Narváez-Vásquez, A Conconi, C Ryan. Salicylic acid inhibits synthe-
sis of proteinase inhibitors in tomato leaves induced by systemin and jasmonic acid.
Plant Physiol 108:1741–1746, 1995.

112. KA Lawton, SL Potter, S Uknes, J Ryals. Acquired resistance signal transduction
in Arabidopsis is ethylene independent. Plant Cell 6:581–588, 1994.
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I. INTRODUCTION

Economically important agricultural, horticultural, and ornamental crop plants
are attacked by various soilborne and foliar pathogenic fungi, resulting in billions
of dollars in cumulative crop losses. Currently, the most widely used control
measure for suppressing these diseases is the use of fungicides. However, prob-
lems encountered, such as development of resistance by pathogen to fungicides,
inability of seed-treated fungicides to protect the roots of mature plants, rapid
degradation of the chemicals, and a requirement for repeated applications, have
given impetus to alternative disease-control measures. Other factors leading to
increased interest in alternatives include the increasing cost of soil fumigation,
lack of suitable replacements for methyl bromide, and public concerns over expo-
sure to fungicides. Both the agriculture and agri-food sectors are now being ex-
pected to move toward environmentally sustainable development, while main-
taining productivity. These concerns and expectations have led to renewed
interest on the use of ‘‘biologically based pest-management strategies.’’ One ap-
proach to such biologically based strategies is the use of naturally occurring and
environmentally safe biocontrol agents (BCAs) such as plant growth–promoting
rhizobacteria (PGPR) and fungi, used alone or in conjunction with integrated
pest-management (IPM) strategies.

Plant pathogens and some BCAs have co-evolved over time, establishing
specific modes of co-existence. Biological control could be either to enrich the



Table 1 Commercial Biocontrol Products Used for Plant Disease Management Worldwide

Biocontrol Target Type of Manufacturer/
Trade name agent pathogen/disease formulation Delivery/Application Distributor

AQ10 Biofun- Ampelomyces Powdery mildew Water-dispersible Spray Ecogen, Inc., 2005
gicide quisqualis granule Cabot Blvd. West,

M-10 Langhorne, PA
19074

P.O. Box 4309, Jeru-
salem, Israel

Bio-Fungus (for- Trichoderma Sclerotinia, Phytophth- Granular, wettable After fumigation in- De Cuester, Meststof-
merly Anti- spp. ora, Rhizoctonia so- powder, sticks, corporated in soil, fen NV, Belgium
Fungus) lani, Pythium spp., and crumbles sprayed or injected Forstsesteenweg 30,

Fusarium, Verti- B-2860 St.-Katel-
cillium ijne-Waver, Bel-

gium
Aspire Candida oleo- Botrytis spp., Penicil- Wettable powder Postharvest to fruit as Ecogen, Inc., 2005

phila I-182 lium spp. drench, drip, or Cabot Blvd. West,
spray Langhorne, PA

19074
P.O. Box 4309, Jeru-

salem, Israel
Binab T Trichoderma Wilt, take-all, root rot, Wettable powder Spray, mixing with Bio-Innovation AB,

harzianum and internal decay and pellets potting substrate, Bredholmen, Box
(ATCC of wood products as paste painting 56, S-545 02, ALG-
20476) and and decay in tree on tree wounds, in- ARAS, Sweden
Trichoderma wounds serting pellets in Henry Doubleday Re-
polysporum holes drilled in search, Associa-
(ATCC wood tion Sales, Ltd., Ry-
20475) ton on Dunsmore,

Coventry, CV8
3LG, UK
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Biofox C Fusarium oxy- Fusarium oxysporum, Dust or alginate gra- Seed treatment or S.I.A.P.A., Via Vito-
sporum (non- Fusarium monili- nule soil incorporation rio Veneto 1 Gal-
pathogenic) forme liera, 40010, Bolo-

gna, Italy
Bio-save 100 Pseudomonas Botrytis cinerea, Peni- Frozen cell concen- Pellets, postharvest, EcoScience Corp.,
Bio-save 1000 syringae cillium spp., Mucor trated pellets to fruit as drench, Produce Systems

ESC-10 pyroformis, Geotri- dip, or spray Div., P.O. Box
chum candidum 3228, Orlando, FL

32802
Bio-save 110 Pseudomonas Botrytis cinerea, Peni- Frozen cell concen- Pellets, postharvest to EcoScience Corp.,

syringae cillium spp., Mucor trated pellets fruit as drench, Produce Systems
ESC-11 pyroformis, Geotri- dip, or spray Div., P.O. Box

chum candidum 3228, Orlando, FL
32802

BlightBan A506 Pseudomonas Frost damage, Erwinia Wettable powder Bloom time spray of Plant Health Technol-
fluorescens amylovora, and rus- the flower and fruit ogies, 926 E. Santa
A506 set-inducing bact- Ana, Fresno, CA

eria 93704
Cedomon Pseudomonas Leaf stripe, net blotch, Seed treatment Seed dressing BioAgri AB, P.O.

chlororaphis Fusarium spp., spot Box 914, Dag Ham-
blotch, leaf spot, marskjolds, 180
and others SE-751 09, Upp-

sala, Sweden
Companion Bacillus subtilis Rhizoctonia, Pythium, Liquid Drench at time of Growth Products,

GB03 Fusarium, and Phy- seeding and trans- P.O. Box 1259,
tophthora planting or as a Westmoreland

spray for turf Ave., White Plains,
NY, 10602
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Table 1 Continued

Biocontrol Target Type of Manufacturer/
Trade name agent pathogen/disease formulation Delivery/Application Distributor

Conquer Pseudomonas Pseudomonas tolassii Liquid Spray Mauri Foods, 67 Ep-
fluorescens ping Rd., North

Ryde, Australia Syl-
van Spawn Labora-
tory, West Hills
Industrial Park, Kit-
tanning, PA 16201

Contans Coniothyrium Sclerotinia scleroti- Water-dispersible Spray Prophyta Biologischer
minitans orum and S. minor granule Pflanzenschutz

GmbH, Insel-
strasse 12, D-
23999 Malchow/
Poel, Germany

Deny (formerly Burkholderia Rhizoctonia, Pythium, Peat-based dried Applied to seeds with Stine Microbial Prod-
Blue Circle, cepacia Fusarium, and dis- biomass from a sticking agent in ucts, 6613 Haskins,
Precept) (Pseudomo- ease caused by le- solid fermenta- planter box (aque- Shawnee, KS

nas cepacia) sion, spiral, lance, tion; aqueous sus- ous suspension for- 66216
type Wis- and sting nematodes pension mulation is for use
consin in drip irrigation or

as a seedling
drench)
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Epic Bacillus subtilis Rhizoctonia solani, Dry powder Added to a slurry; Gustafson, Inc., P.O.
Fusarium spp., Al- mix with a chemi- Box 660065, Dal-
ternaria spp., and cal fungicide for las, TX 75266
Aspergillus spp. commercial seed
that attack roots treatment

Fusaclean Fusarium oxy- Fusarium oxysporum Spores, microgra- In drip to rock wool; Natural Plant Protec-
sporum (non- nule incorporate in pot- tion, Route d’Artix
pathogenic) ting mix; in row B.P. 80,64150, No-

gueres, France
Galltrol-A Agrobacterium Crown gall caused Petri plates with Bacterial mass from AgBioChem, Inc., 3

radiobacter by Agrobacterium pure culture one plate in one Fleetwood Ct.,
Strain 84 tumefaciens grown on agar gallon of nonchlo- Orinda, CA 94563

rinated water; sus-
pension applied to
seeds, seedlings,
cuttings, roots,
stems, and as soil
drench

Intercept Pseudomonas Rhizoctonia solani, Soil Technologies
cepacia Fusarium spp., Corp., RR 4, Box

Pythium spp. 133, Fairfield, IA
52556

Kodiak, Kodiak Bacillus subtilis Rhizoctonia solani, Fu- Dry powder; usu- Added to a slurry Gustafson, Inc., P.O.
HB, Kodiak sarium spp., Al- ally applied with mix for seed treat- Box 660065, Dal-
AT ternaria spp., and chemical fungi- ment; hopper box las, TX 75266

Aspergillus spp. cides treatment
that attack roots

KONI Coniothyrium Sclerotinia scleroti- Granules Incorporated into soil BIOVED, Ltd., Ady
minitans orum and S. minor or soilless mix gra- Endre u. 10, 2310

nule Szigetszentmiklos,
Hungary
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Table 1 Continued

Biocontrol Target Type of Manufacturer/
Trade name agent pathogen/disease formulation Delivery/Application Distributor

Monitor SD Trichoderma Soilborne plant patho- Seed dresser Seed dressing M/s Agriland Biotech
spp. gens Pvt. Ltd.36, Indus-

trial Estate, Savli,
Baroda, India

Monitor WP Trichoderma Soilborne plant patho- Wettable powder Soil application M/s Agriland Biotech
spp. gens Pvt. Ltd. 36, Indus-

trial Estate, Savli,
Baroda, India

Mycostop Streptomyces Fusarium spp., Al- Powder Drench, spray or Kemira Agro Oy,
griseoviridis ternaria brassi- through irrigation Porkkalankatu 3,
strain K61 cola, Phomopsis system P.O. Box 330,

spp., Botrytis spp., 00101 Helsinki,
Pythium spp., and Finland
Phytophthora spp.
that cause seed,
root, and stem rot,
and wilt disease

Nogall, Diegall Agrobacterium Agrobacterium tumifa- Washed plates; cul- Root dips Bio-Care Technology
radiobacter ciens ture suspensions Pty. Ltd., RMB

1084, Pacific High-
way, Somersby,
NSW 2250, Aus-
tralia
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Norbac 84C Agrobacterium Crown gall caused Aqueous suspension Root, stem, cutting New BioProducts,
radiobacter by Agrobacterium containing bacte- dip, or spray Inc., 4737 N.W.
strain K84 tumefaciens rial cells, methyl Elmwood Dr., Cor-

cellulose, and vallis, OR 97330
phosphate buffer
(refrigerate)

Paecil (also Paecilomyces Various nematode Dry spore con- Seedling or soil Technological Innova-
known as lilacinus spp. centrate drench tion Corporation
Bioact) Pvt. Ltd., Innova-

tion House, 124
Gymnasium Dr.,
Macquarie Univer-
sity, Sydney NSW,
2109, Australia

Phagus Bacteriophage Pseudomonas tolaasii Bacterial suspension Natural Plant Protec-
tion, Route d’Artix
B.P. 80, 64150 No-
gueres, France

Polygandron Pythium oligan- Pythium ultimum Granule or powder Seed treatment or Vyskumny ustav ras-
drum soil incorporation tlinnej [Plant Pro-

duction Institute],
Bratislavsk cesta
122, 921 68 Pies-
tany, Slovak Re-
public

Primastop Gliocladium ca- Pythium spp., Rhizoc- Wettable powder Drench and incorpo- Kemira Agro Oy,
tenulatum tonia solani spp., ration Porkkalankatu 3,

Botrytis spp., Didy- P.O. Box 330,
mella spp. 00101 Helsinki,

Finland
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Table 1 Continued

Biocontrol Target Type of Manufacturer/
Trade name agent pathogen/disease formulation Delivery/Application Distributor

Protus WG Talaromyces Verticillium daliae, V. Water-dispersible Soil or seed treat- Prophyta Biolgischer
flavus, isolate albo-atrum, and Rhi- powder con- ment, soil drench, Pflanzenschutz
V117b zoctonia solani taining asco- root dip application GmbH, Insel-

spores strasse 12, D-
23999 Malchow/
Poel, Germany

Rhizo-Plus, Bacillus subtilis Rhizoctonia solani, Water-dispersible As suspension for KFZB Biotechnik
Rhizo-Plus FZB24 Fusarium spp., granule seed treatment, soil GmbH, Glienicker
Konz Alternaria spp., drench, dip, and ad- Weg 185, D-12489

Sclerotinia, Verticil- dition to nutrient Berlin, Germany
lium, Streptomyces solutions
scabies

Root Pro Trichoderma Rhizoctonia solani, Fungal spores Agent is mixed into Mycontrol Ltd., Alon
harzianum Pythium spp., Fu- mixed with peat growing media at Hagalil M.P. Nazer-

sarium spp., and and other organic time of seeding or eth Elit 17920, Is-
Sclerotium rolfsii material transplanting rael

RootShield (also Trichoderma Pythium spp., Rhizoc- Granules or wetta- Granules mixed with Bioworks, Inc., 122
sold as Bio- harzianum tonia solani, Fu- ble powder soil or potting me- North Genesee St.,
Trek T-22G) Rifai strain sarium spp. dium; powder Geneva, NY 14456

KRL-AG2 mixed with water
(T-22) and added as a soil

drench
Rotstop, P.g. Phlebia gigan- Heterobasidium anno- Spores in inert Spray, chain saw oil Kemira Agro Oy,

Suspension tea sum powder Porkkalankatu 3,
P.O. Box 330,
00101 Helsinki,
Finland
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Serenade Bacillus subtilis Powdery mildew, Wettable powder Spray AgraQuest, Inc., 1105
downy mildew, Cer- Kennedy Place,
cospora leaf spot, Davis, CA 95615
early blight, late
blight, brown rot,
fire blight, and
others

Shakti SD Bacterial spp. Soilborne diseases of Powder Seed dressing Sangam Bio-Dynamic,
field crops Panoli, Gujarat,

India
Spot-Less Pseudomonas Dollar spot, anthrac- Liquid Overhead irrigation; Eco Soil Systems,

aureofaciens nose, Phythium can only be used Inc., 10740 Thom-
strain Tx-1 aphanadermatium, with the BioJect mint Rd., San

michrochium patch Automatic Fer- Diego, CA 92127
(pink snow mold) mentation System

SoilGard (for- Gliocladium Damping-off and root Granules Granules are incorpo- Thermo Trilogy, 9145
merly Glio- virens GL-21 rot pathogens espe- rated in soil or soil- Guilford Road,
Gard) cially Rhizoctonia less growing media Suite 175, Colum-

solani and Pythium prior to seeding bia, MD 21046
spp.

Star-T WP Trichoderma Soilborne pathogens Wettable powder Seed and soil Sangam Biodynamic,
spp. of field crops, wilt 46, GIDC, Panoli,

of sugarcane, gum- Gujarat, India
mosis of citrus

Supresivit Trichoderma Various fungi Borregaard BioPlant,
harzianum Helsingforsgade

27B, DK-8200 &
Arhus N, Denmark
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Table 1 Continued

Biocontrol Target Type of Manufacturer/
Trade name agent pathogen/disease formulation Delivery/Application Distributor

System 3 Bacillus subtilis Seedling pathogens Dust Seed treatment in Helena Chemical Co.,
GB03 and planter box 6075 Poplar Ave-
chemical nue, Suite 500,
pesticides Memphis, TN

38119
T-22G, T-22 Trichoderma Pythium spp., Rhizoc- Granules or dry Granules added in- Bioworks, Inc. (for-

Planter Box harzianum tonia solani, Fu- powder furrow with granu- merly TGT, Inc.),
(also sold as Rifai strain sarium spp., and lar applicator, by 122 North Genesee
Bio-Trek) KRL-AG2 Sclerotinia ho- broadcast applica- St., Geneva, NY

meocarpa tion to turf, mixed 14456
with greenhouse
soil, or by mixing
powder with seeds
in planter box, or
in commercial seed
treatment slurry

Trieco Trichoderma Rhizoctonia spp., Pyth- Powder Dry or wet seed, tu- Ecosense Labs (I)
viride ium spp., Fusarium ber, or set dressing Pvt. Ltd., 11/B

spp., gray mold or soil drench Tiwari Industrial
Estate, Ram
Mandir Rd., Gore-
gaon (W), Mum-
bai—400 104,
India
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Trichodex Trichoderma Primarily Botrytis cin- Wettable powder Spray Makhteshim Chemi-
harzianum erea, also Collec- cal Works, Ltd.,

torichum spp., Ful- P.O. Box 60, Beer
via fulva, Monilia Sheva, Israel
laxa, Plasmopara
viticola, Pseudope-
ronospora cuben-
sis, Rhizopus stolon-
ifer, Sclerotinia
sclerotiorum

Trichopel, Tri- Trichoderma Armillaria, Botryo- Agrimm Technolo-
choject, Tri- harzianum sphaeria, Chondro- gies, Ltd., P.O.
chodowels, and T. viride sternum, Fusarium, Box 13-245,
Trichoseal Nectria, Phytophth- Christchurch, New

ora, Pythium, Rhi- Zealand
zoctonia

Trichoderma Trichoderma Rhizoctonia solani, Incorporated into Mycontrol, Ltd., Alon
2000 (for- sp. Sclerotium rolfsii, soil or potting Hagalil M.P. Nazer-
merly ‘‘TY’’) Pythium spp., Fu- medium eth Elit 17920, Is-

sarium spp. rael
Victus P. fluorescens Aqueous suspension Sylvan Spawn, Kittan-

NCIB 12089 of fermenter ning, PA
broth

Source: http:/ /www.barc.usda.gov/psi/bpdl/bpdlprod/bioprod.html and personal contacts of the authors.
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native BCAs by specific cultural practices such as the use of organic amendments
or by using introduced BCAs. Introduction of BCAs for the control of plant
diseases has been practiced in agricultural fields since at least 1927 [1]. Over the
intervening years, from hundreds of biological control agents identified as poten-
tial candidates, only a few have been formulated for commercial use against
various diseases (Table 1). Of these, only about 5% of BCAs have actually
achieved their aim [2]. This large gap between research and successful industrial
exploitation is due to several factors [3,4], one of which is the lack of logical
comprehensive testing of BCAs, which is the focus of this chapter.

A comprehensive testing program helps in an in-depth analysis of a candi-
date BCA to bring out its strengths, weaknesses, and opportunities, thereby aiding
in proper selection and deployment of BCAs for exploitation of their potential.
It will also help to bring out the essential criteria for a BCA such as mode of
action, environmental tolerance, speed of action, and persistence. The steps in-
volved in the development of a successful BCA are depicted in Figure 1. Testing
must begin with the identification of the BCA and continue up to the commercial
product. In this chapter an effort has been made to give an overview of various
aspects of BCA testing.

Figure 1 Steps involved in the development of a formulation of a biocontrol agent.



II. COMPREHENSIVE TESTING

For identification of a successful BCA, standard methodologies for isolation,
screening, and mode of action of BCAs have been well documented [5]. Identifi-
cation of an effective BCA requires thorough testing protocols at different stages.
For convenience, testing at different stages has been spread over three interfaces:
BCA-pathogen-crop, BCA-industry-extension, and BCA-regulatory. The critical
tests that a BCA must undergo at each interface are discussed below.

A. BCA-Pathogen-Crop Interface

The BCAs exhibit different modes of action, and hence, a good testing program
should elucidate all the mechanisms involved in the biocontrol activity of the
BCA. Apart from biocontrol ability, the BCAs possess other traits such as rhizo-
sphere competence, tolerance of fungicides, saprophytic competitive ability, abil-
ity to tolerate high and low temperatures, adaptability to different edaphic condi-
tions, etc. These traits are useful for an otherwise good BCA as they help in the
establishment of the BCA in a given agro-ecological region. A comprehensive
testing program could be elaborative and cumbersome but is nevertheless crucial.
Several protocols have been developed for the identification of a BCA, which
can be broadly classified as in vitro and greenhouse and field tests.

1. In Vitro Testing

A compilation by Anjaiah [6] shows that the pseudomonads exhibit different
modes of interactions such as competition, production of siderophores (pyover-
din), and antibiotics (hydrogen cyanide, oomycin A, pyoluteorin, pyrrolnitrin,
2,4-diacetyl phloroglucinol, phenazine 1-carboxylic acid, and pyocyanin) and in-
duce resistance. Similarly, fungal BCAs also exhibit several modes of biocontrol
ability such as mycoparasitism, competition, production of hydrolases, and antibi-
osis [7]. All the in vitro tests have been designed for identification/selection of
potential BCAs and elucidate biocontrol mechanisms of known BCAs. For in-
stance, methods such as dual culture, sclerotial parasitization, and soil tube meth-
ods are useful for identifying the mycoparasitism and competition phenomena.
Under simulated conditions BCAs are checked for volatiles and nonvolatiles to
comprehend the production of cell wall–degrading enzymes and antibiotics. Test-
ing for rhizosphere competence and competitive saprophytic ability, tolerance of
antibiotics, and adaptability to different edaphic conditions will help in character-
izing the BCAs for their other desirable traits. These in vitro tests have been
successfully used against all groups of BCAs. Some of the frequently used meth-
ods are briefly described here.



Dual Culture. This technique, also known as biculture, cross culture, or
paired culture [8], has been extensively used for preliminary screening of large
populations of fungal, bacterial, and actinomycetous BCAs. In principle, the
pathogen and the BCA should be allowed to interact in a petri dish under optimum
conditions for both the pathogen and the BCA. The inhibition is recorded either
in the form of the inhibition zone produced or the overgrowth of the pathogen by
the BCA (Figs. 2 and 3). The antagonistic effects are scored in different patterns
depending on the BCA to be evaluated against a pathogen [9–12]. To test the
killing of the pathogen, agar discs are cut from the different zones of interaction
between the BCA and the pathogen and are plated on differential media [13].

Production of Volatiles and Nonvolatile Inhibitory Compounds. Many of
BCAs produce chemicals that are inhibitory to the pathogens. These chemicals
can either be volatile or be released into the medium (nonvolatile). Dennis and
Webster [14,15] have developed methods for studying the production of volatile
and nonvolatile inhibitory compounds by the BCA. Many individuals have used
these methods with modifications wherever required [12,13]. While testing for
the production of volatiles, the pathogen and the BCA are inoculated on individ-
ual petri dishes. The pathogen is then exposed to the BCA by removing the lid
of the plate and inverting the dish over the petri dish inoculated with the BCA.
Such plates are generally sealed with parafilm. Observations are recorded on the
inhibition of the growth of the test pathogen. To test for nonvolatiles, the BCA
is inoculated on sterile cellophane membrane spread over the medium in a petri
dish. When BCA covers the cellophane membrane, the membrane is carefully
removed and the test pathogen is introduced in the same petri dish. The inhibition
of growth is a measure of the nonvolatile chemicals released by the BCA into
the medium. Care should be taken to maintain both positive and negative controls
to avoid erroneous conclusions.

Sclerotial Parasitization. Often plant pathogens survive in the form of
sclerotia to overcome adverse climatic conditions. Parasitization of sclerotia by
a BCA would be quite useful in reducing potential inoculum. Tests could be
conducted in the laboratory or in greenhouses under controlled conditions for
assessing the ability of a BCA to successfully infect and kill sclerotia. In petri
dishes, the sclerotia are first exposed to the BCA for a specified time and then
the BCA is allowed to grow on the sclerotia. Subsequently, the BCA is differen-
tially killed and the viability of sclerotia is checked. Alternatively, the sclerotia
can be buried in sterilized sand in the petri dish and then inoculated with the
suspensions of antagonists. Effective strains would macerate and kill the sclerotia
and, hence, could be used as a measure of the efficacy of the BCA [16]. Köhl
and Schlösser [17,18] observed variability in the efficacy among the isolates of
Trichoderma spp. against the sclerotia of Botrytis cinerea. The efficacy also var-
ied with the temperatures at which the tests were conducted. Desai and Schlösser



Figure 2 Dual culture technique for evaluation of isolates of Trichoderma against As-
pergillus flavus causing aflatoxin contamination in peanut (Arachis hypogaea).



Figure 3 In vitro antagonism of Psuedomonas fluorescens (PNR1) against different
soilborne plant pathogens. (From Ref. 6.)

[19] tested 44 isolates of Trichoderma spp. and found that only 14 could infect
and kill all the sclerotia inoculated, 13 could kill only some of the sclerotia, and
17 did not affect the sclerotial viability. Sclerotia of Rhizoctonia solani on potato
tubers were inactivated by the BCA Verticillium biguttatum [20].

Competitive Saprophytic Ability. Competitive saprophytic ability (CSA)
is essential for survival of a BCA under varied climatic conditions, especially in
the absence of a pathogen in and around rhizosphere. CSA can be tested by the



colonization potential of the BCA of the organic matter available in the rhizo-
sphere. The test is simulated in vitro by infesting sterilized and unsterilized soils
with the BCA and incubating dried stem pieces of cotton or wheat, or other
substrates are incubated in these soils. The colonization of these substrates by
BCAs is assessed at regular intervals [21]. A CSA index can also be calculated
to compare BCAs using the following formula:

CSA index � �
i�1

N

[ln(1/1 � Ci )/(ti )(logPi )]/n

where C is the frequency of isolation of a specific strain of BCA from the seg-
ments of organic matter, t is the time of incubation, P is the population density
of conidia added to the soil, and n is the number of treatments.

Köhl et al. [22] evaluated four BCAs for suppression of sporulation of
Botrytis cinerea and found that Ulocladium atrum survived varied microclimatic
conditions.

Rhizosphere Competence. The competitiveness of BCAs with other soil
inhabitants in colonization of root surfaces of the host plants is termed as rhizo-
sphere competence (RC). An index for measuring RC of Trichoderma spp. as
used by Ahmad and Baker [23]:

RC index � �
i�1

N

[log (Pi � 1)ln(Di � 1)]/n

where P is the population density per mg of rhizosphere soil, D is the root depth,
and n is the total root length.

Recent studies show that RC is significantly influenced by the elucidation
of specific recognition phenomena among the BCA, the pathogen, and species
as well as the physiological stage of the crop plant. This phenomenon was demon-
strated among antagonists against the phytopathogenic nematodes of velvet bean
(Mucuna deeringiana), castor bean (Ricinus communis), sword bean (Canavalia
ensiformis), and Abruzzi rye (Secale cereale) [24]. Significant variations in rhizo-
sphere of these crops were reported in their total bacterial counts and in the
populations of spore forming-bacteria, fungi, coryneform bacteria, and chitino-
lytic fungi and bacteria. Nautiyal [25] screened 256 bacterial strains, each repre-
senting different morphological types, for their biocontrol activity against Fu-
sarium oxysporum f.sp. ciceri, R. bataticola, and Pythium spp. under greenhouse
conditions. The purpose was to identify a superior biocontrol strain of Pseudomo-
nas spp. (NBRI9926P3) coupled with RC. Occasionally, situations arose where
there would be a very good BCA that lacked rhizosphere competence or there
were highly rhizosphere competent strains with very poor biocontrol ability. In



such cases, molecular biology tools, such as protoplast fusion, can be used to
bring together desirable traits [26].

Sensitivity to Chemicals. Several fungicides, nematicides, and bacteri-
cides are used to manage various groups of pathogens either as seed treatments
or through soil application. A BCA tolerant of these chemicals may integrate
well into pest-management strategies for cost-effective plant protection. Here,
the chemicals would provide good short-term seed protection, and the BCA
would provide long-term root protection. Desai and Schlösser [27] observed that
all 17 isolates of Trichoderma spp. belonging to nine species aggregates were
sensitive to carbendazim and procloraz with the exception of T. piluliferum,
which was able to tolerate procloraz. However, T. piluliferum did not possess
good biocontrol ability against S. rolfsii. Nautiyal [25] was able to isolate a spon-
taneous rifampicin-resistant (Rifr) derivative of Pseudomonas spp. (NBRI9926),
showing a growth rate and membrane protein composition comparable to the
wild type coupled with rhizosphere competence in chickpea. Papavizas and Lewis
[28] have induced stable benomyl tolerance through UV mutation in strains of
T. viride that have also possessed a high level of biocontrol ability.

Production of Hydrolases and Antibiotics. Testing for production of hy-
drolases and antibiotics will help in the characterization of BCA and thus deploy
them in a systematic way. Several fungal BCAs, including species of Tricho-
derma and Verticillium, are known to produce a battery of hydrolases such as
chitinase, glucanase, polygalacturonase, protease, and mannase, which help in
the maceration of cell walls of those plant pathogens causing death [29–31]. In
the rhizosphere of wheat, strain 2-79 produces the antibiotic phenazine-1-carboxy-
lic acid as its primary means of suppressing take-all disease [32]. Pleban et al.
[33] found chitinolytic activity in a strain of B. cereus showing antibiosis against
Macrophomina phaseolina, while Sela et al. [34] characterized a collagenolytic
and proteolytic enzyme from B. cereus that damaged the cuticles of Meloidogyne
javanica. Inhibitory furanone, identified as 3-(2-hydroxypropyl)-4-(2-hexa-
dienyl)-2(5H)-furanone, was isolated from the culture filtrate of T. harzianum
that inhibited the growth of microorganisms [35].

Induction of Resistance. Apart from the direct action against plant patho-
gens, many antagonists, especially bacterial BCAs, induce resistance in the plant
system by signaling host defense mechanisms. Some of the enzyme systems were
also common for production of phytoalexin in plants and antibiotic production
in pseudomonads that suppressed take-all of wheat caused by Gaeumannomyces
graminis var. tritici. The antibiotics (phenazine and phloroglucinol) produced
by these bacteria played a significant role in both plant defense and ecological
competence [36]. In an aseptic hydroponic system, T. harzianum (T-203) assisted
in strengthening the epidermal and cortical cells of cucumber seedlings. Wall



appositions contained large amounts of callose, while peroxidase and chitinase
activities were triggered within 72 hours of infection. Since all these activities
are related to defense mechanisms, it was concluded that the fungus helps in the
induction of such responses to protect from pathogenic microbes [37].

Other Desirable Traits. In addition to the above traits, testing the BCAs
for other desirable traits such as growth on different substrates, production of
different survival structures (chlamydospores, sclerotia, spores, hyphal frag-
ments), tolerance of different ambient and edaphic conditions (high and low tem-
peratures; soil-moisture deficit stress, soil salinity, soil alkalinity, soil acidity,
water-logged conditions) could be useful for not only their characterization but
also their need-based deployment. Köhl [13] observed that only selected strains
could tolerate extreme temperatures. BCAs may respond differentially to varied
soil conditions. A soil-moisture deficit beyond �4.54 bars affected sporulation
of T. viride, but not T. harzianum [38]. The antagonistic potential of Trichoderma
spp. against Fusarium udum was not greatly altered by changing the environmen-
tal conditions. However, it was maximal at 35°C � 2 and pH 6.5 over a wide
range of C/N ratios [39].

2. Greenhouse and Field Testing

The performance of a BCA could be specific either to location or to a pathogen.
Alternatively, a few BCAs can perform across locations and against more than
one pathogen [40]. In both situations, tests must be conducted thoroughly to as-
sess the actual potentiality of a BCA so that it can be maximally exploited, and
several methods are available for such evaluation. Of several BCA isolates, only
a few may qualify for greenhouse and field testing. The main objectives of green-
house and field testing are to:

1. Select active BCAs that control a spectrum of plant pathogens
2. Evaluate selected BCAs under a set of environmental conditions
3. Evaluate test formulations and application methods

Once the objectives of screening are clear, screening in greenhouse and
field should ensure enough and known plant pathogen population to induce suffi-
ciently high disease pressure. These tests are also influenced by choice of BCA,
testing environmental conditions, choice of cultivars, type of formulation, appli-
cation method, and method and time of disease assessment. Simulation of testing
situations gives an opportunity for the effective evaluation of a BCA. In all these
cases, the BCA can be applied as seed treatments or directly to the soil. Soil
application would be highly effective and cost effective in cases of transplanted
crops where the nurseries would be protected and during which time the BCA
could establish on the roots, thus protecting the crop even after transplanting
[41]. The method of application of a BCA depends on the type of pathogen to



be managed, the stage of crop to be protected, the nature and spread of disease
in a region, and the climatic conditions of the region. An attempt has been made
here to discuss the principle behind testing of a BCA.

Under greenhouse conditions, isolates of Trichoderma and Gliocladium
were evaluated for the management of root rot and stem rot of groundnut caused
by R. solani and S. rolfsii [42]. The BCA was applied as seed treatment delivered
in a wheat-bran sawdust preparation. Similarly, for the management of root rot
of pepper caused by Phytophthora capsici, Sid Ahmed et al. [43] used alveolar
trays containing 2:1 mixture of peat and sand for the evaluation of efficacy of T.
harzianum. These trays were planted with pepper plants and incubated in growth
chambers. In greenhouse tests, of several geocarposphere bacteria, seven isolates
significantly reduced colonization of peanut pods by A. flavus [44]. An inoculated
flat test has been devised [45] to assess the suppressive effect of total soil mi-
croflora against R. solani. The seeds of test plants were surface-sterilized with
sodium hypochlorite (0.5%) and densely sown into nontreated test soil filled in
shallow trays. Test fungus pathogenic to test plant was introduced in one corner
of the tray, and then the spread of the disease was monitored. Kay and Stewart
[46] applied four BCAs as a soil amendment (sand:bran:fungal homogenate, 1:
1:2) at the rate of 0.1% wheat bran/g dry soil in a soil-box method for the man-
agement of S. cepivorum, which causes white rot of onions. Although all BCAs
provided various levels of disease control equivalent to the fungicide (procymi-
done 0.5 g a.i./100 g seed) treatment, Cheatomium globosum and Trichoderma
spp. were more effective. Successful biocontrol of S. rolfsii with cultures of Tri-
choderma spp. has also been reported [42,47]. Dinakaran et al. [48] and Sankar
and Jeyarajan [49] used BCAs as seed dressers for the management of root rot
of sesamum caused by R. bataticola. The endophytic Bacillus spp. B. cereus, B.
subtilis, and B. pumilus protected cotton seedlings against R. solani in the green-
house by 51, 46, and 56%, respectively [50]. Similarly, 72, 79, and 26%, reduced
incidence of S. rolfsii in bean seedlings was achieved when inoculated with B.
subtilis, B. cereus, and B. pumilus, respectively. P. chitinolytica was found to be
effective in greenhouse, screen house, and micro plot tests against M. javanica on
tomatoes [51]. Biocompetitive and nontoxigenic Aspergillus parasiticus (NRRL
13539) was introduced into the soil by sprinkler to inhibit toxigenic Aspergillus
flavus and thus reduce aflatoxin contamination in peanuts [52]. In field trials, two
bacterial isolates, 91A-539 and 91A-599, suppressed colonization of peanut pods
by A. flavus [44].

B. BCA-Industry-Extension Interface

The commercialization of a BCA is significantly influenced by the consistent
performance, persistence, safety, stable formulation, application method, viable
market size, preferably low costs of production, and preferably low capital costs.



At the BCA-industry-extension interface, testing is required for large-scale multi-
plication of the BCA, development of formulations, evaluation of their efficacy,
demonstration of the benefits of using biopesticides to the end users, and assess-
ment of the performance of the technology and its refinement back in the labora-
tory. For undertaking these activities, a strong network of scientist-industry-
extension-farmer is required. A few efforts made so far in this direction are dis-
cussed below.

1. Formulation Development

For industries to commercialize such technologies, they need model studies for
the large-scale multiplication of a BCA, which include a suitable and inexpensive
medium, method of fermentation (solid or liquid), type of formulation (wettable
powder, liquid, granular), nature of filler material, delivery systems, optimum
storage conditions of the product, and information on shelf life. Often, dusts
contain about 5–10% colony-forming units (cfu) of BCA by weight, wettable
powders might have 50–80% cfu, granular formulations might contain 5–20%
cfu, and liquid formulations about 10–40% cfu (S. Desai, personal communica-
tion). The testing protocols must consider the optimum formulation type as well
as concentration of BCA. Certain specific conditions might increase the efficacy
of a formulation. Addition of organic acids to T. koningii formulations and poly-
saccharides and polyhydroxyl alcohols to T. harzianum increased the activity of
the BCAs [53].

Gangadharan et al. [54] found that tapioca rind, tapioca refuse, and well-
decomposed farmyard manure formed good substrates for the mass production
of T. viride and T. harzianum. A prototype fermentation system developed by
Papavizas et al. [55] could be successfully used for fungal BCAs. This system,
however, does not take care of all optimum conditions but can still help in the
preliminary evaluation of certain conditions, such as finding a suitable medium
for the mass multiplication of fungal BCAs. Vermiculite-based fermenter bio-
mass of formulation with an initial population of 205 � 106 cfu/g stored in milky
white bags showed an exponential phase up to 30 days (309 � 106 cfu/g). Further
temperature of 20–30°C was optimum for the storage of the formulation at which,
even after 75 days, the product contained 206–271 � 106 cfu/g [56]. Sankar and
Jeyarajan [49] used similar techniques to develop seed dressing formulations of T.
viride, T. harzianum, and Gliocladium virens for management of Macrophomina
phaseolina, in sesamum. To overcome the barriers of the commercial use of phen-
azine-producing pseudomonads, Slininger et al. [32] optimized the culture condi-
tions, physiological state, and associated metabolites on the biocontrol ability of
pseudomonads. A fermenter biomass containing 24- to 48-hour-old cells had
longer drying survival rate, but shorter shelf life. Similarly, methylcellulose-water
formulations retained better viability.



2. Quality Control and Quality Assessment

One of the major bottlenecks for the widespread adaptation of the BCAs in pro-
duction systems is development of reasonable quality control steps. Unlike the
chemical formulations, there have been no stringent guidelines for maintaining
good quality standards. Biological control is a very complicated natural phenome-
non, and it requires a thorough understanding of the process for maintaining
required order of quality and to design required regulations.

A number of criteria have to be fulfilled to develop a high-quality BCA
product such as maintenance of a pure culture, good mass multiplication facilities,
optimum formulation practices, and appropriate storage conditions. Contami-
nated cultures and bad fermentation and formulation conditions would lead to
growth of other microbes, thus reducing the final optimal population counts of
the BCA. For instance, solid-state fermentation, though simple and easy, is a
potential source of cross-contamination as it is often difficult to maintain sterile
conditions. Products formulated using such biomass fail to give expected results
and also show variations between batches. On the contrary, liquid fermentation
can offer production of pure biomass for formulation. Another concern as to the
maintenance of quality involves the emergence of many entrepreneurs who do
not possess the required facilities and so market spurious products in the name
of biocontrol agents. Although biological control helps in managing some patho-
gens, such practices will lead to a loss of faith of farmers in biological control.
These problems can be overcome if proper care is taken to establish good fermen-
tation and formulation facilities and stringent regulatory systems are in place.

3. Technology Demonstration, Assessment, and Refinement

To develop a BCA through rigorous testing protocols as suggested above for
each of the BCA formulations developed, its utility has to be demonstrated under
field conditions. Such demonstrations need a good team of subject matter special-
ists who can interact with the growers and get feedback so that the technology
is assessed as to its impact and refined to suit the exact needs. In general, there
is reluctance to use any new technology. Hence, for its acceptance and widespread
use, a proven BCA needs to be demonstrated among progressive farmers who
are generally enthusiastic. They, in turn, become models for others and thus can
spread the technology at a faster pace. Based on this principle, under the aegis
of Indian Council of Agricultural Research, an innovative project, the Technology
Assessment and Refinement-Institute Village Linkage Program, has been initi-
ated. Each of the research centers involved adopts several villages and demon-
strates the technologies as per the need of the farmers. Then the team interacts
with the beneficiaries, gets feedback, refines the technology, and again brings the
method to the farmers who will use it. Where the technology has been useful, it
has been immediately accepted by the farmers. These beneficiaries are trained



at the research centers and in their own fields. These farmers then transfer the
technologies to their colleagues.

C. BCA-Regulatory Interface

With the growing demand for the use of biopesticides, several nations, including
the United States, Canada, and India, are developing guidelines for the regulated
use of the biopesticides. At the regulatory level, testing protocols should empha-
size the criteria for the registration of BCA as biopesticides, the legal aspects of
registration, safe handling of the antagonists, and mechanisms to monitor the
introduced microbes. Strains of BCA would be treated as pesticides, and thus,
while processing for registration, special care should be taken to generate need-
based toxicological data to reduce costs. The image on BCAs has always been
that they are eco-friendly. Hence, while considering the registration of biopesti-
cides, care must be given to show that the formulations will not be harmful to
mammals over time. For instance, Trichoderma has been considered to be an
opportunistic human pathogen. Larson et al. [57] reported that T. viride spores
at relatively high concentrations (0.1–2 mg/mL) triggered histamine release from
bronchoalveolar lavage cells. T. viride has been on the biological warfare list of
some countries in category C (S. Desai, personal communication).

1. Environmental Risk-Assessment Studies

The assessment of the environmental impact of a chemical molecule can take 7–
8 years and cost several million dollars. Less information is required for the
registration of BCAs because they are generally considered bio-safe, unlike
chemicals. This evaluation cost is one of the major factors in the commercializa-
tion of BCAs. A well-designed regulatory process prevents the introduction of
BCAs or BCA products that are potentially dangerous to the environment, thus
allowing the release of all useful products without any unwarranted delays. The
environmental impact studies vary depending on whether the BCA is indigenous
or not, a natural isolate or genetically modified, a known pathogens of crops,
humans, and other mammals, and according to its activity spectrum.

To assess the potential possible risks due to continuous usage of microbial
pesticides or their products in a given environment, suitable risk-assessment stud-
ies are required. Once applied under field conditions, these BCAs are expected
to establish in that region and may spread to nontarget regions over a period of
time. The risks of microbial biocontrol agents to human health and to the environ-
ment should be identified as a basis for appropriate regulation of these beneficial
organisms [58]. These guidelines were developed in the United States, Canada,
and other countries after a series of deliberations. In India regulations were re-
cently developed and are being further revised to suit the local federal require-



ments. In any case, the basic function of these regulations is to monitor and
regulate the use of microbial pesticides to obviate any damage to mammals so
that the basic purpose of the eco-friendly nature of these formulations is defeated.
Consultation among technical specialists, manufacturers, users, academics, con-
sultants, regulators, and public interest groups gives a balanced approach while
formulating these procedures.

Agriculture and Agri-Food Canada have given a detailed account of the
efforts being made in Canada for developing a four-tier testing procedure used
for the assessment of risk of the microbial pesticides and their products.

2. Monitoring of BCA

After BCAs are successfully introduced and established in the soil, they should
be monitored at regular intervals to understand what their population dynamics
are and, in turn, their influence on the ecological niche. Such monitoring will
also help regulatory authorities in making certain crucial policy decisions for
either promotion or withdrawal of the formulations. While a good formulation
strategy helps in the successful introduction of a BCA on plant surfaces, the
ability of BCAs to efficiently occupy plant surfaces determines the method of
monitoring. Production of pili and attachment of fluorescent pseudomonads to
corn roots [59] and agglutination of P. putida and root colonization to suppress
Fusarium wilt of cucumber [60] could be used for measuring indirectly the estab-
lishment of BCA on plant surfaces. Alternatively, monitoring could also be done
with the help of marker traits that are either inherent to the BCA or induced by
different mechanisms. Papavizas and Lewis [28] induced benomyl resistance in
Trichoderma as their method of monitoring. With the help of rifampicin resis-
tance, DalSoo et al. [61] monitored and studied the population dynamics of Bacil-
lus spp. and P. fluorescens (antagonistic to G. graminis var. tritici) in the rhizo-
sphere and spermosphere of wheat. Nautiyal [25] used a natural mutant of
Pseudomonas with rifampicin resistance for similar purposes. Some of the com-
monly used marker genes may also be introduced into BCA so that they can be
easily monitored over time. Cook et al [62] introduced the LacZY system into
P. fluorescens 2–79 for purposes of monitoring the populations of the antago-
nist and take-all disease suppression in wheat. The highest population was ob-
served 14 days after planting, declining thereafter by five orders of magnitude
to 103/g root at harvesting 326 days after planting.

III. COMPATIBILITY TESTING

The success of a BCA depends on its compatibility with other disease-manage-
ment systems. This requires holistic testing of BCA in combination with other



disease-management practices in a systems approach. Once the BCA is found
to be compatible, it can be successfully integrated with the integrated disease-
management modules for each cropping system. Csinos et al. [63] evaluated the
compatibility of Trichoderma spp. with fungicides for the management of S. rolf-
sii in groundnut. Similarly, in a pot study Sankar and Jeyarajan [64] found that
Gliocladium and Trichoderma were compatible with Azospirillum. T. harzianum,
Rhizobium, and carbendazim were successfully integrated for the management
of stem rot of peanuts caused by S. rolfsii [65]. Addition of T. harzianum up to 5%
resulted in 92% protection without affecting nodulation. Combination of either
Trichoderma or Gliocladium with fungicides like carboxin or metalaxyl protected
crop plants against S. rolfsii, R. solani, F. oxysporum f.sp. ciceris, and other
soilborne pathogens [66–68]. Elad et al. [69] used a combination of T. harzianum
and dicarboximide for successful control of Botrytis cinerea in cucumbers. How-
ever, the alternation of BCA with fungicides was shown to be more effective
than mixtures. Integration of T. harzianum with a sublethal dose of methyl bro-
mide (300 kg/ha) and soil solarization yielded a maximum control of Fusarium
crown and root rot of tomato caused by F. oxysporum f.sp. radicis-lycopersici
[70]. This also resulted in increased populations of BCA. Ordentlich et al. [71]
integrated T. harzianum with captan to protect potato tubers against V. dahliae
by reducing disease incidence and increasing potato yield by 15.7% under field
conditions. Application of Bacillus subtilis, Bradyrhizobium japonicum, and Glo-
mus fasciculatum used either alone or in combination increased shoot dry weight,
number of nodules, phosphorus content, and reduced nematode multiplication
and wilting index [72]. The BCAs earlier identified were integrated into an IDM
module for the management of leafspots and rust [73] in which one spray of
either colony-forming units of Penicillium islandicum or Verticillium leccanii or
their culture filtrates was both beneficial and compatible with other components
such as a spray each of fungicides and 2% neem leaf extract. More emphasis
should be placed on such studies to explore the compatibility of BCAs with other
options as it not only averts failure of a BCA in a given crop but will also increase
the viability of the biocontrol option in crop production systems.

IV. INTRA- AND INTERNATIONAL NETWORK

The importance placed on biocontrol research in the recent past has been quite
significant across the globe. However, there has been a wide gap in the quality
of research among laboratories. Laboratories with good facilities have been able
to make significant contributions, whereas those with minimum facilities have
not been able to make a dent in this area of research. Biocontrol systems are
often region or location specific, but to understand and sort out bottlenecks many
basic studies need to be conducted. It is this situation that calls for strong intra-



and international collaboration, as a collaborative mode of work will help re-
searchers from resource-poor laboratories to generate data required at well-
equipped laboratories. With the large-scale adoption of information dissemination
through superhighways, global communication has become cheap, quick, and
fast. Several dedicated web sites are posting regularly updated information about
biocontrol. At these web sites, facility has also been created for online discussions
and posting of newsletters to the users. Professional societies can take the lead
in organizing a network to properly manage and disseminate this information to
the end users so that scarce resources are properly utilized to optimize returns.

V. CHARACTERIZATION AND CATALOGUING
OF BCA STRAINS

For a successful biocontrol program, effective BCAs have to be identified de-
pending on their efficacy, abundance, and ease of handling. A systematic charac-
terization of morpho-physiological traits, molecular markers, biocontrol ability,
and other desirable traits is a basic requirement for proper maintenance of the
germplasm of BCAs. Other desirable traits may include rhizosphere competence,
tolerance to commonly used pesticides, tolerance to high- and low-temperature
stresses, sustainability to varied edaphic conditions, compatibility with other ben-
eficial microorganisms used for crop productivity enhancement, and competitive
saprophytic ability. Such characterization could be both qualitative and quantita-
tive, depending on the trait. In recent years attempts have been made at detailed
characterization of BCAs. Kloepper et al. [24] analyzed and characterized 50
randomly selected bacterial strains for various physiological traits associated with
rhizosphere competence, including chitinolytic activity, gelatin hydrolysis, pro-
duction of hydrogen cyanide, starch hydrolysis, phenol oxidation, siderophore
production, and production of antifungal compounds. These strains were isolated
from the seedlings and mature plants of soybean, velvet bean, rye, and castor
that demonstrated antagonism toward phytopathogenic nematodes. The signifi-
cant differences among the strains and crop species emphasize the need for such
characterization in other crop-pathogen-BCA systems as well. A sterile hyaline
basidiomycete (SHB) was found to be a good candidate BCA against Thielavi-
opsis basicola, the cause of black hull of groundnuts, exhibiting several modes
of action [74]. Lorito et al. [75] attributed the highest level of antifungal activity
to a combination of all four fractions of a 1,3-β-glucosidase and an N-acetyl-β-
glucosaminidase, an endochitinase, and a 1,4-β-chitobiosidase, isolated from the
culture filtrate of T. harzianum, against B. cinerea. ED50 (50% effective dose)
values were as low as 1.6 µg/mL for the inhibition of conidial germination and
1.7 µg/mL for the inhibition of germ tube elongation of the surviving spores.
The degree of antifungal activity also varied with combinations of enzymes. Simi-



larly, a biomimetic system was used to demonstrate the molecular basis for the
interaction between S. rolfsii and T. harzianum [76]. In this method, the presence
of purified lectin, isolated from S. rolfsii, on the surface of inert nylon fibers
specifically induced mycoparasitic behavior in T. harzianum forming tightly ad-
hering coils, appressorium-like bodies, and hyphal loops. Numerical analysis of
15 isolates of T. harzianum, based on 82 morphological, physiological, and bio-
chemical characters and 99 isoenzyme bands, revealed that the isolates formed
four distinct groups. Representative sequences of the ITS 1 and ITS 2 regions
in the ribosomal DNA gene cluster confirmed this distribution, and antagonist-
specific populations displayed similarities between levels and specificities of bio-
logical activity and the numerical characterization groupings [77]. Schickler et
al. [78] differentiated each of the three strains of T. harzianum based on a unique
electrophoretic pattern of three to five different chitinases. Electrophoretic karyo-
typing using contourclamped homogeneous field (CHEF) electrophoresis and
randomly amplified polymorphic DNA analysis was used for grouping 10 isolates
of T. harzianum into six distinct groups according to their capacity for biocontrol
of plant pathogens [79]. These groups further exhibited intragroup compatibility
and intergroup incompatibility. Based on phylogenetic analysis of the ITS1 se-
quences, 17 strains of Trichoderma were classified into four groups, namely T.
harzianum–T. hamatum complex, T. longibrachiatum, T. asperellum, and T.
atroviride–T. koningii complex [80]. Further, the correlation between different
genotypes and potential biocontrol activity was studied under dual culture of
17 BCAs in the presence of the phytopathogenic fungi Phoma betae, Rosellinia
necatrix, Botrytis cinerea, and Fusarium oxysporum f. sp. dianthi on three differ-
ent media types. Many of these findings were discovered in isolation and there-
fore may only apply to specific cases. If these findings are confirmed under differ-
ent crop production systems, they could be generalized. This would help not only
in optimizing scarce resources but also in avoiding duplication of efforts.

VI. REGISTRATION OF BCAs

A range of BCAs containing bacteria and fungi as active ingredients are now
commercially available in many countries for the control of fungal and bacterial
diseases (Table 1). The regulatory requirements have been generally favorable
and less stringent for BCAs than chemicals. Registration of BCAs with a federal
or central regulatory agency is mandatory before its release to end users (i.e.,
growers). In recent years, a number of countries have introduced their own indi-
vidual registration requirements to address the nature and distinct characteristics
of microorganisms. This has led to higher regulatory demands in individual coun-
tries. Europe follows the OECD definition of biopesticides, i.e., including phero-
mones, insect and plant growth regulators, plant extracts, transgenic plants, and



microorganisms [81]. In the United States, the U.S. Environmental Protection
Agency (EPA) regulates biological pesticides or biopesticides. The generic and
product-specific data requirements for biological pesticides appear in Title 40,
Part 158, of the Code of Federal Regulations (CFR). A complete description of
all data requirements and study protocols for biological pesticides is presented
in the Pesticide Assessment Guidelines, Subdivision M: Guidelines for Testing
Biorational Pesticides [82]. In China, the Institute for the Control of Agrochemi-
cals, Ministry of Agriculture (ICAMA), is the authority for biopesticides registra-
tion. The government of India, in its notification of 8-15/99-CIR, dated
02.08.1999, has allowed for the registration of two types of biopesticides under
section 9(3) of the Insecticides Act of 1968, provisional and regular. Canadian
and U.S. regulatory agencies have taken a common approach and interpretation
of results on the harmonization of guidelines in semiochemicals and pheromones.
This is a welcome approach, and extending this harmonization on a global scale
would do much to foster implementation of BCAs. International harmonization
and a uniform set of rules would not only lower costs, but also encourage re-
searchers and industrial partners in the rapid development of innovative biocon-
trol approaches for the development of sustainable agriculture.

VII. FUTURE DIRECTIONS

The growing concerns in recent years about the environment, coupled with lack
of viable solutions for pathogens such as Sclerotium and Aspergillus, which are
taking heavy tolls on crops, offer the basic impetus for research and development
of BCAs. For the development of one chemical pesticide, millions of dollars can
be spent, whereas developing biopesticides is often treated as a small-scale indus-
try. Such lack of parity is not only because of a lack of vision by industries but
also because of the failure of the research and extension wings to work in a well-
knit network mode for technology assessment and refinement. In the years to
come, biological control will certainly be a mainstay in commercial agriculture.
However, concerted input from all active participants will be required. Differ-
ences in effectiveness and reliability of strains may be encountered between field
trials and investigators [83]. If such findings are neglected, the probability of
success of a final product will be in jeopardy. Basic research on the identification
of recognition phenomena [84] will definitely help in developing more precise
testing protocols. The abundant information available through the internet has to
be properly managed for deriving maximum benefits and optimizing resource
management. Biocontrol has reached the limelight after a long gestation period.
However, if this momentum is to be maintained, a few essential and immediate
needs must be dealt with:



Development of protocols for rapid and differential detection of the plant
pathogens and BCAs in the host system that facilitate reliable compre-
hensive testing of BCAs.

Establishment of a data bank of BCA strains and of a system to facilitate
the exchange of information among workers

Encouraging interdisciplinary collaborations to pursue the process of for-
mulation of a successful BCA

More inflow of funds for international collaborations to fill the existing
wide gap and develop more efficient testing systems

Establishment of good, broad-based and functional network at micro- and
macro-levels that enable all biocontrol scientists and others to work in
harmony in a cropping systems mode and understand the intricacies of
formulating the crop protection schedules that include BCA as one of
the components

A regular survey and surveillance to help in the identification of natural
BCAs for their exploitation in IPM modules

Encouraging farmers who adopt biocontrol and thus obtain better feedback
on technology assessment and refinement

Development of stringent quality-control and quality-assessment protocols
with hassle-free and easy-to-adopt registration requirements
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I. INTRODUCTION

Effective biological control of pests or diseases relies on the successful establish-
ment and maintenance of a threshold population of suppressive organisms on the
planting material, the soil or more generically the matrix, below which their effi-
cacy is impaired or insufficient. So far, few biological control agents have
achieved success under field conditions. Among the hundreds of organisms iden-
tified as potential biological pest control agents, only very few have resulted in
providing commercially acceptable control of pests/diseases. Varying degrees of
efficacy have been achieved in the laboratory, greenhouse, or even small plot
trials with different preparations and varying levels of performance have been
noted. Reviews have attributed this variability in performance to factors such as
stability or poor viability, sensitivity to UV light, desiccation, and fluctuating
environmental conditions [1]. Scientific literature has also noted that some of
these disadvantages were minimized or even overcome by the addition of selected
ingredients and by preparing the final product in a form that is specific to the
pest/disease-crop complex. Most of the successes in formulations of biological
preparations and our current knowledge base has resulted from diligent studies
on very few biologically active microorganisms such as Bacillus thuringiensis



(Bt), Bacillus subtilis, Trichoderma harzianum, and Metarrhizium anisopliae and
are now being applied to the newer active ingredients.

The key objective of a formulation is to deliver an optimal dose of the
agent at the optimal site and time. This apparently simple objective is, in princi-
ple, identical to the formulations of chemical active ingredients where significant
advances in control release technologies have been developed. However, in the
production of biological formulations, many additional obstacles have to be over-
come, mainly due to the fact that the active ingredient itself, in most instances,
is a living entity. In addition to the requirements for good physical properties for
the final product, the biological pesticide is expected to maintain a functional
living agent. Manufacturing of a biological product for commercial use necessi-
tates large-scale production of the active organism mediating biocontrol, includ-
ing fermentation. Unlike a chemical active ingredient, the development of a sta-
ble, active biological product begins from the selection of the production process
and can be a fully integrated process. It is important to define the expectations,
conceptualize the specific formulation, and identify multiple viable processes
even while evaluating the biological manufacturing options. Unfortunately, these
aspects have received very little attention, and only limited research has been
carried out on biomass, fermentation, and delivery of microbes for the control
of pathogens and pests. Although the stability and persistence of biocontrol agents
is an essential attribute, the prolonged persistence of biocontrol agents could lead
to selection for resistance in pathogen/pests and may be commercially unaccept-
able. Additionally, there are significant differences in the performance character-
istics and desired attributes of a soil-applied vs. foliar biological product. The
performance of biocontrol agents applied to the soil may depend largely on physi-
cal and chemical characteristics of soil, pH, moisture, temperature, as well as
their ability to compete with the native microflora. Similarly, environmental fac-
tors such as temperature, moisture or dew period, protection against UV irradia-
tion, and desiccation influence biological control in the phyllosphere [2]. The
above-ground parts are often directly exposed to harsh climatic conditions that
could be hostile to microorganisms and may be significantly different from the
rhizosphere, which is generally considered more conductive to the survival of
microbes, especially with regard to its structure, ecology, and nutrient status [3].
Also, the compatibility of the biocontrol agent with existing cultural practices
and chemical control methods is an important criterion for successful use in
formulation [4]. A good formulation should take into account all the above pa-
rameters and is expected to demonstrate its superiority over its nonformulated
counterpart.

Devisetty et al. [5] provided an in-depth review of the various approaches
to biopesticide formulations, with particular reference to Bt-based products.
Burges [6] published a treatise on the formulation of microbial pesticides and
succeeded in highlighting the importance of this area of research for commercial-



izing biological products. This chapter will summarize the vast volume of work
carried out in this important field and briefly review the use, development, and
application of formulations of bacteria, fungi, virus, nematodes, and insects for
disease and pest management from a biologist’s perspective rather than that of
a formulation chemist.

II. FACTORS INFLUENCING BIOCONTROL

The main function of a formulation is to facilitate the deployment of biocontrol
agents on commercial scale and transfer its application from laboratory to field
conditions. This may involve the optimization of factors such as stability upon
storage, increasing persistence, protection from harmful environmental factors,
and enhancing the activity at the target site [7] and is best determined by sub-
jecting potential organisms to greenhouse or prefield trials.

The two most important abiotic factors that can affect the viability and
consequently the efficacy of a living biological entity on the leaf surface are UV
light and temperature. UV light can result in more than 50% damage in microbial
agents as in the case of the crystalline toxins of the biological insecticide B.
thuringiensis [8]. Bailey et al. [9] observed that the commercial Bt product used
to control apple moth caused by Epiphyas postvittana lost more than half of its
activity within a day on vine plants when the leaf surface was fully exposed to
light. The same bacterium applied to shaded leaves showed survival of �60%
after 2 days’ exposure to sunlight. Stilbene-based optical brighteners have there-
fore been used as additives in formulations to protect microorganisms from the
damage caused by UV exposure. Use of these additives was reported to also
provide a 214-fold increase of virulence in baculoviruses [10]. Tinopal, Phorwite,
Intrawhite, Leucophor, uric acid, folic acid, 2-hydroxy-4-methoxy-benzophe-
none, p-aminobenzoic acid, 2-phenylbenzimidazole-5-sulfonic acid, and dyes
such as Congo red, methyl blue, safranin, brilliant yellow, and buffalo black have
been used as UV protectants. In combination with high temperature, exposure
to UV resulted in a drastic decrease in the activity of Metarrhizium flavoviride,
causing up to 80% reduction in germination at 50°C [11,12]. Temperature plays
a pivotal role in determining the metabolic activity of microbes.

The survival of a potential biological antagonist and its efficacy in mediat-
ing pest/disease control depends largely on the type of material used in the devel-
opment of the formulation. Use of polymers for formulating biocontrol agents
has been extensively explored [13]. Alginates are copolymers that contain 1,4-
linked β-d-mannuronic and α-l-galuronic acid in different proportions [14]. Oil
coating of alginate-formulated bacteria, fungi, and nematodes improved survival
of biocontrol agents. The nematode Subanguina picridis survived in such a for-
mulation for 9 months when stored at �20°C [15]. Additives may also contribute



to increased survival of microbes in formulations. The loss in viability of bacteria
associated with powdered formulations may be overcome by additions of sucrose
and trehalose. These were reported to enhance viability by protecting membranes
and proteins in intact bacteria during a freeze-drying process by replacing water
molecules in the lipid bilayer [16].

Desiccation is a common problem encountered during the development of
formulations, especially in the case of fungal antagonists such as Metarrhizium
spp. and Beauveria spp. Tolerance to desiccation may be achieved by preparation
of invert emulsions. Substances such as mineral oil, paraffin, and lecithin when
added reduce evaporation of water from the formulations. Suspension in oil also
excludes oxygen from the organisms and prevents respiration. Oils are more suit-
able for formulating lipophilic conidia and could eliminate the need for other
wetting or spreading agents or stickers. Oil formulations may also help the perfor-
mance of a product by facilitating adhesion of fungal spores to the insect cuticle
and thus improve efficacy by aiding transport of spores into membranous folds
on the insect body, where conditions are more conducive for spore germination
and host infection [17]. Oil also seems to have cutinophilic properties that allow a
larger number of conidia to penetrate the mouthparts of the insects. It is, however,
important to note that some oils may have negative effects on formulations, as
in the case of coconut oil, which seems to hinder the activity of B. bassiana [18].
Dried conidia of M. flavoviride stored in oil formulations, however, showed
longer shelf life than dried powder–based formulations. This can be, in fact,
prolonged by the incorporation of silica gel [19,12]. The addition of silica gel
to oil formulations of M. flavoviride conidia also greatly increased temperature
tolerance [20].

III. APPLICATION OF BIOLOGICAL FORMULATIONS
TO THE PLANT SYSTEMS

An ideal formulation is expected to facilitate the delivery of the living biocontrol
agent in its active state, at the right place, at the right time. While the formulated
microbial products must be effective at the site of action and compatible with
agronomic practices, they should be easy to apply to and adhere to plant parts
such as seeds, tubers, cuttings, seedlings, transplants, and mature plants or be
available in the soil medium.

Biological formulations applied to seeds greatly help deliver the agents to
the spermosphere of plants, where, in general, extremely conducive environments
prevail. The agents are therefore provided an excellent opportunity to survive,
multiply, persist, and exercise control of soilborne pathogens [21]. With increased
interest in limiting the use of pesticides and the need to deliver the active ingredi-



ents as close to the target as possible, this approach continues to receive consider-
able attention from academic and commercial users [22]. Significant advances
in seed treatment technology have been accomplished in the past few years,
thanks to commercial organizations such as Gustafson, Inc. (Plano, TX), and the
approach is an attractive means for introducing biological control agents into the
soil-plant environment, as these introduced organisms are offered the selective
advantage to be the first colonizers of plant roots. At the time of planting, the
formulated product can be used directly (powders, liquids) without stickers. Com-
mercial formulations of the actinomycete Streptomyces griseoviridis (Kemira Oy,
Finland) used to control soilborne diseases is dusted onto the seeds prior to plant-
ing. Much of the work on seed treatment has been carried out on Bacillus subtilis
strains as in the case of the commercial product Kodiak, used for control of
Rhizoctonia and Fusarium in cotton and peanut. Several bacterial inoculants, as
in the case of Burkholderia (formerly Pseudomonas) cepaciae, have been formu-
lated as liquid inoculum preparations and applied to seeds prior to or at the time
of planting. Several other gram-negative bacterial antagonists have been evalu-
ated for potential commercial use (e.g., Pseudomonas fluorescens used in Dag-
ger G by Ecogen, Langhorn, PA); however, in many instances stability issues
have impeded large-scale commercial acceptance of many of these strains. Seeds
can also be precoated with dry powder or treated with liquid-based formulations
of microbes. The microbes survive on such precoated seeds [23]. Additives are
used to prolong the survival of microbial agents applied to seeds. The commonly
used additives include gum arabic and xanthan gum, even though they were not
able to provide an adequate degree of survival. Alginate hydrogel, used as a seed
encapsulation material, maintains the entity in a viable state and protects it from
other stresses. Soil treatment is preferred when biocontrol agents are too sensitive
to desiccation. The antagonistic agents establish a high population in the soil,
making them suppressive to the disease. Niche exclusion also becomes operative
in such cases, as the increase in number of the introduced microbes renders essen-
tial nutrients unavailable to soil pathogens and other less beneficial microflora
[24]. Several species of Trichoderma have also been formulated extensively, us-
ing cellulosic carriers and binders and modern thin-film coating techniques, in
an attempt to introduce them into the rhizosphere regions of seedlings to protect
them from diseases such as Rhizoctonia solani and Pythium ultimum. However,
the major limitation of fungi as seed coatings remains that they do not colonize
the rhizosphere as readily as the bacterial agents.

Liquid formulations can be applied to foliar parts of the plants for control
of insect pests. Liquid-based formulation of B. thuringiensis has been used to
control lepidopteran pests on forest, cotton, and several other agronomic and
fruit/tree crops [25,26]. Ultra-low-volume (ULV) applications by air using high-
potency formulations such as emulsifiable suspensions (ES) or soluble concen-



trates (SC) have been developed for forestry applications. Development of high-
potency, cost-effective formulations with good suspension properties and good
stability have contributed substantially to the successful global adaptation of bio-
logical insecticides in forestry. Additives such as stickers, spreaders, adjuvants,
and emulsifiers in foliar sprays facilitate adhesion of microorganisms on plant
tissues [27]. Such additives are essential for application to certain monocot plants
(e.g., rice and sugarcane). The recent introduction of the dry flowable (DF) formu-
lations for Bt strains is a significant step in this direction. Formulations of DiPel

DF and XenTari DF overcome the stability limitations of liquid formulations and
have enabled preparations of high-potency preparations with excellent suspension
properties for control of lepidopteran pests.

The formulated organism or biological product may also be directly applied
to plant roots in the form of a root dip, spray, drip, or flood application for control
of soil pests and diseases. This is primarily applicable in the control of fungal
diseases caused by pathogens such as Fusarium, Pythium, or Rhizoctonia, deliv-
ery of insect-parasitic nematodes, and for the management of plant parasitic nem-
atode populations in agricultural soils. In all the above instances, the objective of
the formulation is to stabilize and preserve the active ingredient and to distribute it
evenly in the rhizosphere. Formulation ingredients targeted to protect the viable
propagules such as spores may also be required. Uniform lateral and horizontal
distribution in the soil matrix is the most important goal when the target is a soil
pest, such as a nematode. Edaphic factors, such as soil type, pH, conductivity,
cation exchange capacity (CEC), rainfall, etc., play a significant role in the effi-
cacy of such a soil-applied product. In the case of the soil-applied nematicide
DiTera, emulsifiable suspension has been used successfully to deliver the killed-
microbial product for commercial nematicide treatments on cole crops and grapes
[28].

IV. CANDIDATES FOR BIOLOGICAL CONTROL

A. Bacteria

Bacteria have attracted enormous attention as agents for biocontrol, particularly
since they are easy-to-handle, generally stable, aggressive colonizers of the rhizo-
sphere or phyllosphere and inherently possess a quick generation time. They are
also known to affect life cycles of different plant pathogens or pests by diverse
mechanisms including the production of extracellular metabolites and intracellu-
lar proteinaceous toxins. In general, spore-forming bacteria (e.g., Bacillus spp.)
survive to a greater extent even in harsh environments, compared to the non–
spore-forming bacteria. Among the Bacillus spp., the ones that have attracted the
most attention are B. thuringiensis and B. subtilis.



Bacteria may be formulated in either a dormant or a metabolically active
state. They are easily mass-produced using a liquid fermentation process, al-
though in some cases they may be more amenable to semisolid or solid-state
fermentation. Components of the fermentation medium as well as the growth
conditions are critical to both biomass and secondary metabolite production. De-
veloping a final formulation usually requires processing of the fermentor broth
and addition of components that stabilize and/or enhance the activity of the active
ingredients. The end product can be a liquid or a solid formulation [23].

Liquid formulations may be oil, aqueous, or polymer-based. Aqueous for-
mulations (AS) may require several additional components, such as stabilizers,
stickers, surfactants, coloring agents, antifreeze compounds, and additional nutri-
ents [24,29,30]. Oil-based formulations (ES) may involve blending a processed
ferment with a mineral- or vegetable-based oil carrier and emulsifiers to allow
dilution in water. Oil-based formulations reduce evaporation of droplets and
allow for ultra-low-volume aerial application.

Dry formulations, which include wettable powders (WP), dry flowables
(DF), granules (G) and wettable/water-dispersible granules (WG, WDG), can be
produced through processes such as spray-drying, freeze-drying, or air-drying
with or without the use of a fluidized bed. Wettable and dry granules are generally
produced by adding binders, dispersants, wetting agents, and water to the dried,
powdered fermented matter in a granulator. The extra processing steps in produc-
ing a dry formulation, however, increase manufacturing costs but could result in
lower shipping costs due to reduced weight. Inert carriers such as fine clay, peat,
vermiculite, alginate, and polyacrylamide beads may be used to develop dry for-
mulations. The carrier facilitates delivery of the necessary concentration of viable
cells in the most optimal physiological state. The carriers should be inexpensive,
nontoxic, and contain an adequate number of viable propagules while protecting
the biological control agent from adverse environmental conditions in order to
be commercially viable. Other components such as diatomaceous earth, clay, talc,
vermiculite, cellulose (carboxymethyl cellulose), and polymers (xanthan gum)
have also been added to bacterial formulations [31]. Polyacrylamide and sodium
alginate polymers are used for the immobilization of bacteria [32].

B. thuringiensis can be relatively easily produced in liquid fermenters, but
production conditions strongly influence the quantitative and qualitative attributes
of the final product. A few Bt-based products (DiPel, XenTari, BioBit, Jave-
lin, Thuricide) make up over 90% of the commercial biopesticides used today
[33]. The bacterium produces delta-endotoxin protein, which is toxic to several
insect species belonging to Lepidopera, Coleoptera, and Diptera. This bacterial
active ingredient has received the most attention in terms of innovative ap-
proaches in formulations and has been formulated in liquids (both aqueous and
oil-based), wettable powders, granules, and dusts [5,34]. In these products the



additives help improve stability and enhance flowability characteristics. Since the
proteinaceous toxin in the Bt cell needs to be ingested, attempts have been made
to enhance the efficacy of Bt preparations using phagostimulants [35] and syner-
gists of Bt toxins. Additionally, Bt genes encapsulated in nonliving Pseudomonas
fluorescens (e.g., MVP from Mycogen) have also been developed as commercial
insecticides.

Many bacterial agents have been widely used in the area of plant disease
suppression. B. subtilis–based seed treatment, such as Quantum-4000, Kodiak,
and Epic, have been available for use on legumes, vegetables, cotton, and orna-
mentals to control diseases caused by pathogens such as Rhizoctonia and Fu-
sarium. A biological fungicide against gray mold based on B. subtilis (Serenade)
was recently approved for commercialization by the U.S. EPA. In China, Bacillus
sp. has been used to enhance yield of rice, wheat, corn, sugar beet, cabbage, and
rapeseed [36]. Several additional products based on B. subtilis are also being
developed by commercial organizations around the world.

The formulation should provide a protective habitat for the introduced bac-
terium, thereby improving its potential for survival and successful colonization.
While Bacillus-based organisms may be inherently more stable, some gram-nega-
tive bacterial species such as Pseudomonas need special preservative systems.
Vidhyasekaran and Muthamilan [37] have developed a talc, peat, vermiculite,
kaolinite, lignite, and farmyard manure–based formulation in which P. fluo-
rescens strains survive for up to 240 days of storage. A methylcellulose:talc base–
formulated P. fluorescens strain 7–14 survived for 10 months (at 4°C) and af-
forded 68.5% reduction in the rice blast disease; a similar formulation of P. putida
V14i maintained the bacterium in a viable state for up to 10 months and afforded
60% suppression of rice sheath blight in the field [38,39].

Other bacterial products for disease control include Agrobacterium radio-
bacter, which has been commercially available in Australia, New Zealand, and
the United States for the control of crown gall disease, as a concentrated liquid
formulation or as a moist peat-based product [40]. These formulations are sus-
pended in water before application to seeds and cuttings as dip, spray and/or
drench. Streptomyces griseoviridis (Mycostop produced by Kemira Oy, Finland)
is used against many fungal pathogens and is available in several countries of the
world as a wettable powder used for control of root diseases caused by Pythium,
Fusarium, and Phomopsis. Liquid- or peat-based formulations of Burkholderia
cepacia is also being used in the control of fungal pathogens like Phytophthora,
Pythium, and Fusarium.

Bacteria are able to affect nematode life cycles in virtually all soils because
of their constant association in the rhizosphere. A large number of rhizobacteria
are known to reduce nematode populations, and important genera include Agro-
bacterium, Alcaligenes, Bacillus, Clostridium, Desulfovibrio, Pseudomonas, Ser-
ratia, and Streptomyces [41]. Obligate bacterial parasites such as Pasteuria pene-



trans, not commercially manufactured at this point, can reduce nematode
reproduction by their parasitic behavior while the nonparasitic rhizobacterial spe-
cies reduce nematode populations by preferentially colonizing the rhizosphere of
the host plant or by producing nematoxic metabolites. Commercial formulations
of B. cepacia prepared as wettable powders, water-dispersible granules, or emul-
sifiable suspensions are also being evaluated for control of nematodes like Glo-
bodera rostochiensis, Meloidogyne incognita, Heterodera glycines, and Belono-
laimus longicaudatus.

B. Fungi

The major fungal species used in biocontrol are Trichoderma harzianum, Gli-
ocladium virens, Tilletiopsis pallescens, and Pseudozyma flocculose [42].
Many root and foliar fungal pathogens such as Rhizoctonia, Pythium, Botrytis,
and the powdery mildew fungus [40,42,43] are known to be controlled by these
fungi.

Different approaches exist for the development of fungal formulations.
These include drying the fragmented mycelium [44], obtaining a mycelium pellet
[45], encapsulation of spores or mycelia in starch or alginate [46,47], and coating
of dry spores onto grain/bran [48]. Some fungal spores germinate rapidly in wa-
ter. Also, aqueous preparations generally promote contaminant growth. There-
fore, the use of liquid formulations is not preferred. Alternatively, dust and wetta-
ble powder formulations are more useful. Trichoderma harzianum exhibits better
growth and delivery when formulated in diatomaceous earth with 10% molasses
for the control of Sclerotium rolfsii in peanuts [49]. Considerable work has been
focused on Trichoderma and Gliocladium as agents of biocontrol against other
fungi, due to the relative ease of their isolation, culturing, and fermentation [24].
Commercial formulations of T. harzianum have been prepared by mixing the
fungal biomass grown in solid medium with diatomaceous earth preparations
such as Celite.

Environmental conditions such as temperature and moisture are impor-
tant for the survival of fungal biocontrol agents. Several adjuvants and amend-
ments are used to enhance fungal spore germination. Formulating fungal bio-
control agents using corn oil as an adjuvant significantly enhances bioactivity,
reducing the dew period requirement from 12 to 2 hours and its spray volume
requirement from 500 to 5 L/ha [50]. Surfactants are used in formulations to
wet the plants by reducing surface tension. Surfactants also aid the dispersal of
fungal spores in a spray-droplet mix. However, the selection of an appropriate
surfactant is critical as should not inhibit spore germination. Tween-20, non-
oxyphenol, and sorbitol ester are common surfactants used with fungal agents
[2]. The use of suitable inert emulsions for fungal formulations applied to leaf
surfaces provides a favorable environment for germination [51]. The addition



of vegetable oil as an emulsifier is reported to enhance the efficacy of fungal
agents [52].

The commercial fungal formulations developed to date are dusts, granules,
pellets, and wettable powders, ready to use as a suspension in water. Solid sub-
strates commonly used to formulate fungi are sand, vermiculite, grain bran, corn-
meal, and wheat kernels [2,51]. Fungi like Colletotrichum truncatum, Alternaria
cassiae, and Fusarium lateritium have been formulated in liquid inoculum, wheat
gluten, wheat flour, and kaolin [53]. The wheat matrix–based formulation
‘‘pesta’’ is applied to the soil. Alginate was used to develop formulations of
Gliocladium virens for control of root-infecting fungi in pot culture plants [24].
Postharvest application of a shellac latex and a dissolved shellac ester formulation
on grapefruits supported significantly high populations of the yeast Candida oleo-
phila (a biocontrol agent of Penicillium digitatum) throughout a 4-month storage
period at 13°C [54]. Field trials conducted over 4 years revealed that monthly
applications of a peat-based granular formulation of T. harzianum reduced initial
dollar spot disease severity by 71% and delayed disease development of Sclero-
tinia homoeocarpa by up to 30 days in creeping bent grass (turf grass) [55].
Pelletized alginate formulations of Typhula phacorrhiza containing kaolin clay
supported over 70% survival of the organism at 4°C after 64 weeks. Field plots
treated with this formulation were protected to a great extent against Typhula
incarnata infecting turf grass [56]. Gliocladium virens applied to snap beans at
planting state as a wheat bran alginate pellet formulation reduced preemergence
and postemergence damping-off disease [57].

Fungal formulations approved for commercial use include those of Ampelo-
myces quisqualis, G. virens, Fusarium oxysporum (nonpathogenic), Conio-
thyrium minitans, Candida oleophila, T. harzianum, and Phlebia gigantea.
Mycoinsectides are Metarrhizium spp., Beauveria bassiana, B. brongniartii, Pae-
cilomyces fumosorosens, and Verticillium lecanii. The commercial alginate for-
mulation of G. virens (GL-21) is available in the U.S. market as GlioGard. More
recently, a granular formulation named SoilGard was introduced for the control
of damping-off disease [58].

Fungal biocontrol agents, such as Metarrhizium flavoviride and M. ani-
sopliae used in the control locusts, Beauvaria bassiana used to control whiteflies,
beetles, and locusts, and Verticillium lecanii used against aphids [59] have also
been well studied. Strains of M. flavoviride are known to be more virulent against
African grasshoppers and locusts than those of B. bassiana [60]. These fungi
applied as dusts, wettable powders, and emulsions amended to traps, baits, or
soil are effective in bringing about pest control [61–64]. They are formulated with
corn starch, oil, UV protectants, and sunlight blockers such as clay to improve and
ensure control under field conditions [46,65,66].

Fungi or fungal metabolites have potential as biocontrol agents against



nematodes. A large number of fungi are known to trap or prey on nematodes—
the most important are Paecilomyces, Verticillium, Hirsutella, Nematophthora,
Arthrobotrys, Drechmeria, Fusarium, and Monacrosporium [67]. The nematode
trapping fungus Arthrobotrys dactyloides has been formulated in glucose corn
steep with kaolin and vermiculite as carriers. Treatment of field soils with this
granulated powder demonstrated a 57–96% reduction in nematode galls in tomato
[68]. Novel formulations of the Myrothecium verrucaria–based nematicidal
product DiTera include a water-dispersible granule (WDG) for application to
turf and ornamentals and an oil-based emulsifiable suspension (ES) commercially
used in drip and flood irrigation application on grapes.

C. Viruses

Viruses are mainly used for the biological control of insect pests. Several viruses
are pathogenic to insects and over the past few years have found commercial
applications in several key markets. Among the 16 families of viruses are patho-
genic to arthropods, the baculoviruses have generated the greatest interest as po-
tential biocontrol agents against insect pests belonging to Lepidoptera, Hymenop-
tera, and Coleoptera. Baculoviruses are specific in their host range, do not infect
beneficial insects, and persist in the environment, providing long-term control of
insect pests. Some of the key products include Spod-X (against beet armyworm,
Spodoptera exigua) and Gemstar (against cotton bollworm, Helicoverpa zeae).
Baculoviruses are also used for foliar application against forest pests [69,70].
Although several baculoviruses have been registered for use as microbial control
agents, only a few are currently used on a commercial basis. In addition to the
fact that the utility of insect-specific viruses is primarily limited by the length of
time they take to kill, their performance can be substantially influenced by their
susceptibility to UV radiation. While the bacterial pathogens of insects (e.g., B.
thuringiensis) cause cessation of feeding within a few hours of consumption, in
the case of baculovirus, it may take 3–4 days after ingestion for mortality to
occur. Additionally, in vivo manufacturing of these microbial pesticides, while
quite feasible in small-scale ‘‘cottage’’ industries, raises considerable quality-
control issues and batch-to-batch variability in large-scale commercial produc-
tion. Also, considerable manual labor may be required in maintaining insect colo-
nies and collecting the insect-derived viral particles.

Baculoviruses are most conveniently formulated in the form of concen-
trated wettable powders (WP). Since the viruses are obligate parasites of insects,
the virus particles are produced in vivo in the insect body; the viral particles are
collected from the insect cadavers, mixed with water and stored under refrigera-
tion. These water-based formulations can be used in field trials and for non-
commercial applications [69]). The viral liquid or solid base formulation products



usually include stickers, spreaders, antioxidants, and UV-protectant dyes, such
as acridine yellow, alkali blue, and mercurochrome [71]. The addition of stilbene
brighteners to the formulation enhances its efficacy against gypsy moth (Lyman-
tria dispar) [72]. Natural compounds such as skim milk powder are also used
as surfactants.

In spite of the limitations, Baculoviruses in general have demonstrated high
levels of insect control when properly used. However, commercial use of these
biological agents has not gained popularity, primarily due to production and qual-
ity-control concerns. More recently, genetically modified Baculoviruses con-
taining novel toxins have been developed and are being tested. These engineered
products may help enhance their activity, making the insect more susceptible or
reducing its feeding, thus reducing crop damage. Several successful field trials
on cotton and lettuce have been conducted with a wettable powder formulation
of Autographa californica nucleopolyhedrovirus (AcNPV), containing a recom-
binant gene of an insect-specific venom component from the Algerian scorpion
(Androctonus australis, Hector). This strain could effect greater levels of control
of the tobacco budworm pest Heliothis virescens and Trichoplusia ni pest in
cabbage [73] than the chemical standards. Gypsy moth nuclear polyhedrosis virus
(LdMNPV) formulated with an enhancing adjuvant, Blankophor BBH, resulted
in significant control of larval populations of gypsy moth (Lymantria dispar L)
on foliar spray–treated trees [74]. Stilbene-derived brighteners greatly enhance
the infectivity of a number of baculoviruses. The death of larvae exposed to
virus formulated with Tinopal LPW was significantly greater when compared
to larvae inoculated with the virus alone. Analysis of the results of eight indepen-
dent field trials in Mexico and Honduras revealed a significant positive relation-
ship between log virus dose and percentage mortality observed in S. frugiperda
larvae [75]. As newer strategies for genetically engineered baculoviruses emerge,
newer approaches to releasing and preserving the recombinant organism and the
toxins will have to be developed.

D. Nematodes

Most entomopathogenic nematodes have been isolated from naturally infected
insects. Members of two families of nematodes, namely, Steinernematidae and
Heterohabditidae, are thought to be important agents of biocontrol. These nema-
todes can be produced by fermentation, have a wide host range, and normally
kill the host insects within 24–48 hours. Such nematodes are maintained either
by repeated subcultures in susceptible insect larvae or by cryopreservation in
liquid N2 [76]. Nematodes may be mass-produced either within insect hosts or
by liquid fermentation techniques. Significant progress in in vitro mass produc-
tion and formulation of insect-parasitic nematodes has been accomplished in re-



cent years, and several commercial products were introduced into the market-
place. The nematode must be kept alive and in good condition before, during,
and after application. Understanding the factors that limit nematode life cycle,
the ecology of the target pest, and improved application technology have resulted
in the development of products applicable to niche markets. Generally the nema-
tode products are stored under refrigeration until used and applied either late in
the afternoon, at night, or on overcast days to avoid drying and to minimize
the harmful effects of ultraviolet radiation. One effective means of applying the
nematode is through the irrigation system. It may be applied by spray applicator,
and irrigated immediately after application.

Formulations of nematodes and their application have, met with limited
success. They have been applied only on a small scale, in small gardens or glass-
house crops; a few products have seen their utility in the control of mole crickets
in the Florida Turf. Nematode formulations are usually developed in moist carrier
substrates such as peat, vermiculite, polyether polyurethane sponge, and cedar
shavings, which provide interstitial spaces to facilitate gas exchange. The sponge-
based storage needs to be squeezed into water before application, while other
carriers can be applied directly to the soil as mulch. Nematodes may also be
formulated by encapsulation with calcium alginate [77]. Commercially the cal-
cium alginate sheets spread a plastic screen to trap nematodes, and the nematodes
are released from the alginate gel matrix by dissolving it in water with the help
of sodium citrate [78]. Nematodes have also been formulated in polyacrylamide
gels, flowable gels, and wheat flour [78–80], though these are less preferred than
alginate gels. Water-dispersible granules composed of cellulose, lignin, silica, and
clay–encased materials containing thick nematode suspension and dried by spray-
ing onto roller pans to yield fine dry powders may be the ideal kind of formulation.
Such a formulation ensures the availability of oxygen and prevents excessive
water loss, facilitating the maintenance of nematodes in a viable state [81].

The easiest way to deliver nematodes for biocontrol is to apply them di-
rectly to the soil. They may also be applied via water channels, sprinklers, and
drip irrigation channels. Nematodes can also be applied as a foliar treatment.
However, they should be applied under stringent conditions such as high humidity
(ideally early in the mornings or late in the evenings), as nematodes are very
sensitive to desiccation and heat. Foliar applications of nematodes such as Stein-
ernema carpocapsae have been successfully used in the control of beet army-
worms and serpentine leaf miners [82,83]. They have been formulated in different
materials, such as vermiculate, peat, clay, activated charcoal, alginate, and
gel-forming polyacrylamide with additives like UV protectants and stored in
anhydrobiotic form [78]. An enhanced nematode formulation containing an
antidesiccant can be used in the control of a cotton foliage pest, Earias insulana
[84].



E. Insects and Mites

Isolation of potential insect enemies, their production, delivery, and application
systems are important for the commercialization of biological control mediated
by insects. Biological control requires a balance between predator and prey popu-
lation for successful pest control. Many insects including predacious mites,
wasps, and lacewings are known to be effective biocontrol agents against aphids,
spider mites, European red mites, leafhoppers, whiteflies, bollworm, navel
orangeworm, peach twig borer, and many other pests. Two major families of
thrips—Aleolothripidae and Phlaeothripidae—are predacious on aphids, mites,
thrips, and whiteflies.

Unfortunately, the use of insects as biocontrol agents has not gained com-
mercial importance, mainly because of difficulties in mass production, inadequate
packaging facilities, and the high frequency with which these insects must be
released in order to effect significant levels of pest control. Rather than formula-
tion for stability, commercial development efforts on this group of insects have
focused more on the packaging/delivery mechanism. The release of adult insects
for biocontrol is preferred, as they require less protection from environmental
factors than do the other stages. Also, adults would be ready for reproduction
immediately after release, and therefore their multiplication and sustenance in
the field would be taken care of. Hence, optimal delivery devices such as sticky
strips containing insect stages for release in greenhouses or field plots have been
developed. Compared to nematodes and microorganisms, larger organisms like
insects require more sophisticated methods of storage. Cold storage is ideal for
storing insects for a few weeks to months. Chrysoperla carnes diapause adults
can be stored with reduced mortality for more than 6 months at 5°C [85]. Safe
shipment boxes with facility to control temperature and humidity to prevent des-
iccation and freezing may also be needed for insect shipment.

The immature stages of insects, especially eggs, may be ideal for use in
formulations. The enclosure of eggs of the green lacewing Chrysoperla within
a nonpoisonous adhesive was developed as an effective method of delivery [86].
Traps are perhaps best placed to release egg parasitoids or even adult insect for
use in biocontrol programs. Both pheromone and visual traps are employed for
the release of Aphytis melinus used against the citrus red scale pest Aonidiella
aurantii [87]. Epidinocarsis lopezi was released to combat the cassava mealy
bug in tropical Africa by dropping vials containing adult wasps from airplanes
[88]. Neoseiulus (Amblyseius) barkeri mites were used to control broad mite and
flower thrips and small insects on pepper [89].

The order Hymenoptera (wasps) includes more parasitoids than any other
order of insects. Trichogramma spp. are commercially available and have been
released for pest control in forests [90,91]. Predaceous mites like Ipheseius degen-



erans and Euseius tularensis, when released, survived well on citrus plants and
reduced citrus thrips (Scirtothrips citri) populations in greenhouse and commer-
cial nurseries. These treatments also improved citrus tree height and leaf number
when compared to trees that received treatment with the insecticide abamectin
[92]. Tydeid mite, Orthotydeus lambi, suppressed the development of grape pow-
dery mildew on wild and cultivated grapes [93].

V. CONCLUSIONS

Biological control offers an environment-friendly alternative to the use of chemi-
cals and pesticides for suppressing plant pests and diseases. Yet growers continue
to prefer the use of chemicals to biological agents. While quick knock-down may
be the immediate goal, it is widely believed that this trend is mainly due to the
fact that the use of biological agents requires a thorough understanding of the
organism and the environment in which the agent will function. The success of
these agents in bringing about high levels disease suppression that match their
chemical counterparts depends largely on the development of effective, stable,
easy-to-handle yet economical formulations. Except in very unique circum-
stances, biological control or biotechnology-derived methods have not yet been
able to completely replace the use of chemicals. Even though the U.S. EPA has
approved more than 175 biological active ingredients, the biopesticides occupy
a very small percentage of the global agrochemical market [94]. Biological con-
trol is a slow process and offers a narrow, specific spectrum of activity compared
to the use of chemical. However, it should be noted that this weakness itself
confers the primary advantage to biocontrol as a safer alternative by minimizing
the possibilities of resistance development.

The development of any formulation should take into account the econom-
ics, including the production and formulation costs. The formulation should be
amenable for application to both phylloplane and rhizosphere, depending on the
pathogen/disease to be controlled. Shelf life is a very important parameter to be
considered in the development of a formulation, because most products will have
to be stored for long periods of time before they can be marketed and later applied.
The minimal requirement of one year of stability could be a challenge to most
biocontrol agents. Biological safety, including effects on the environment and
nontarget organisms, is also an important attribute.

Though numerous organisms with the potential to be biological control
agents are discovered each year, formulating these organisms effectively will be
the key to their successful use. Living organisms must be handled carefully in
order to maintain their viability throughout processing, storage, and application.
Unlike chemical pesticides that begin to degrade after application, biocontrol



agents need to survive and possibly proliferate at their point of application. Exten-
sive research on the biology of control agents continues to be carried out by many
academic groups; considerable efforts have been applied at the field research and
commercial levels. In spite of this, in many instances their performance under
field conditions may be diminished due to low viability and biological activity.
Biological control of pests and diseases is still in its infancy and not yet accepted
as a stand-alone treatment in many segments of the agriculture industry. Intensive
precommercial formulation research and diligent assessments can avoid several
pitfalls and minimize failures in the search for suitable organisms to be used in
commercial products.

Along with specificity of the biological control agents comes the need for
unique agents for controlling different pests or diseases. Different environments
and ecological niches may require different strains or differing formulations. It
becomes necessary to optimize biological control and to choose agents that oper-
ate via several modes and suppress a wide range of disease-controlling strains.
The use of combinations of microbes with different mechanisms could be an
approach to improve efficacy and consistency of biological control. The trend
towards integrated pest management, increased concerns about food safety, and,
more recently, the integration and combination of transgenic technology in mod-
ern agriculture require due consideration. Biological control is an option; formu-
lation technology must be considered an essential tool that optimizes the activ-
ity, versatility, and utility of this option while maximizing the return to the
grower.

Note: Mention of a commercial product, trade name, or manufacturer does
not constitute an endorsement by the authors.
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I. INTRODUCTION

Historically, research in biocontrol has yielded discoveries of both fundamental
biology and solutions for practical problems in agriculture. Advances on both
fronts will be furthered by a better understanding of the complex ecology that
surrounds the disease-retardant interactions of microorganisms and plants. The
emerging tools of modern biology afford increasingly sophisticated approaches to
dissect the multichannel dialogue among the plants, pathogens, biological control
agents, and microbial communities that provide the biological context for disease
and its suppression. As these research avenues are pursued, new principles of
organismal interactions and community function and new strategies for deploy-
ment of biocontrol agents will emerge.

To realize the practical potential of biocontrol for agricultural production,
it will be imperative to unite knowledge of mechanistic interactions with an ap-
preciation of the complexity of the agroecosystem. Understanding the recogni-
tion, signaling, and cooperative and antagonistic interplay between the biological
partners will lead to strategies to direct the outcome of the interaction more pre-
cisely and consistently. Knowledge of the events leading to disease control may
suggest modifications in the timing, placement, and formulation of the biocontrol
agent to achieve maximum disease control. Similarly, that knowledge may indi-
cate situations in which certain biocontrol agents will not be successful and may
thus lead to wiser choices to tailor the agent to the physical, chemical, and biologi-
cal context into which it will be introduced.

The future research challenges in biocontrol move beyond the suppression
of plant disease to include impacts on human health and registration processes.



Research will be needed to address the safety of biocontrol agents, as well as
their efficacy, to avoid public health disasters, allay concerns of the general pub-
lic, satisfy regulatory agencies, and promote commercial acceptance.

II. FUNDAMENTAL BIOLOGY

Research on biocontrol has been an important vehicle for expanding our knowl-
edge of environmental microbiology. Through biocontrol research, new anti-
biotics have been identified, the basis for mycoparasitism has been elucidated,
and mechanisms of nutrient competition among microbes have been empirically
substantiated. Future research in biocontrol is likely to contribute to our knowl-
edge of fundamental biology in microbial community function. Specifically, the
structure of microbial communities, signaling among members of the community
and from the community to plants that serve as hosts for them, and the basis for
mutual dependence among members of microbial consortia will be key areas for
study.

In the field, biocontrol agents must be effective in a complex biological
milieu. The leaves, flowers, seeds, and roots on which biocontrol agents must
suppress the action of pathogens are teeming with other microorganisms. The
communities on these surfaces are in flux, influenced by cycles of moisture, tem-
perature, light, and jetties of air or water. Thus, the biocontrol agent must contend
with a complex physical environment that is constantly changing the biological
environment that provides both assistance and competition to the biocontrol
agent.

Despite the importance of microbial communities on plant surfaces, much
biocontrol research has ignored their influence by studying biocontrol in labora-
tory settings with much simpler microbial communities than occur in the field.
While this choice has led to the precise dissection of mechanisms of biocontrol
that could not have been delineated so clearly in a more complex environment,
the cleanliness of the lab setting is certainly not a reasonable approximation of
the field environment. It is no surprise, therefore, that many biocontrol experi-
ments have produced divergent results in the lab and field. The microbial commu-
nities on plant surfaces may be a key to understanding the discrepancies between
lab and field results. If we are to understand the network of events that cooperate
to effect disease suppression, then we must begin to understand the community
context in which the key events occur. This context is difficult to study, and
improved methods are needed. Thus, the future of biocontrol research must in-
clude experimental strategies to understand the interaction of the biocontrol agent
and the community into which it is introduced and in which it is expected to
function.



A. Community Dynamics

The first step in understanding community function is to describe the membership
of the community. Some studies have provided an inventory of rhizosphere or
phyllosphere communities in the presence and absence of a biocontrol agent.
However, no study to date has followed community dynamics over the time scale
that is relevant to a microorganism—minutes or hours. Such detailed studies
are largely beyond today’s technology for tracking either cultured organisms or
molecular markers for uncultured communities. However, it may be the commu-
nity fluctuations that occur over short intervals that determine the outcome of
biocontrol applications. Consequently, it is imperative that the next phase of inno-
vation in microbial detection includes developing the capacity to monitor commu-
nity dynamics on a bacterial time scale.

B. Community Signaling

A second key area for future study is signaling among members of the microbial
community and between the community and the plant host. The last decade has
cracked open the fascinating arsenal of molecules that constitutes the language
of microbes. Studies of biocontrol agents revealed that microbes use a variety
of molecules to carry on functions as diverse as inciting defense responses in
plants and sensing their own population densities. Perhaps one of the notable
surprises that provides a directional signal for future research is that quorum-
sensing molecules can be shared among members of different species. Communi-
cation among microbes within a community with small molecule signals could
be the unifying element that makes the community an entity that enables the
members of the community to know their place and their jobs. A substantial
research effort in chemical communication in communities is likely to reveal that
a cornucopia of chemical messages play a role in biocontrol by enabling the
biocontrol agent to sense its surrounding, change the behavior of its competitors
or cooperators, or alter the plant’s defenses (see Chapter 16) or its contribution
of carbon or other nutrients to the nutritional base available to the community.

C. Microbial Consortia

Biocontrol usually involves the isolation, culturing, and application of a single
microorganism. And yet, most organisms live in close association with other
species that provide services for them, including nutrient production and waste
removal. It may, therefore, be unrealistic to expect many organisms to perform
optimally in terms of growth, spread, and antagonism against a pathogen without
providing the members of the community on which they depend. Biculture or



dual culture (see Chapter 17) has often been thought to be successful because of
the combined effects of the biocontrol agents on the pathogen, but it is also possi-
ble that the two microorganisms provide direct benefit to each other. An under-
standing of community functions in terms of interdependence of microorganisms
may provide insight into all microbial communities and may suggest mixed inoc-
ula for biocontrol that will be more effective than single cultures.

III. APPLICATIONS

The yield of commercial products spawned by the modest amount of biocontrol
research supported by public and private agencies is impressive compared to the
number of fungicides that have resulted from the massive, multibillion dollar
investment in fungicide research led largely by the agrichemical companies. The
reputation of biocontrol, however, is that few agents work reliably or as well as
their synthetic chemical counterparts. It is likely that the frequency of failure of
biological versus chemical experimental agents is no different. The difference
may be that chemical agents have been tested largely by private companies and
many of their results have remained confidential; their reports to the scientific
community mostly deal with the successful chemicals that become products. In
contrast, biological agents have been tested mostly by public sector scientists
who publish or discuss with colleagues the results of both successful and unsuc-
cessful trials. A record of success and safety is the only means to reverse the
reputation of biocontrol, and to achieve this record the practical issues discussed
here must be addressed.

A. Formulation Challenges

Even among those biocontrol agents that have successfully made the difficult
transition from lab to field conditions, the record for transfer from experimental
field conditions to on-farm use has been abysmal. Many agents that perform
spectacularly, in some cases as well as the best synthetic pesticide, under con-
trolled conditions demonstrate little or no efficacy under agricultural production
conditions. A significant barrier appears to be survival of the biocontrol agents
when they are fermented, formulated, and applied in scale. Under experimental
conditions, it is feasible to prepare the inoculum within 24–48 hours of planting,
whereas under production conditions the inoculum often must survive transporta-
tion on seed or in packages. An area of future research that will have important
implications is the formulation of biocontrol agents to facilitate storage and trans-
port to the site of use. Gains have been made in this area by providing stabilizing
and nutritional agents for fungi and bacteria in the formulations (see Chapters
17 and 18) as well as in the use of species that produce hearty resting structures



such as spores, but more progress in this area is needed to expand the acreage
and types of crops in which biocontrol can be used reliably.

B. Safety

Biocontrol has long been touted as a safe alternative to synthetic pesticides. Re-
cent developments in human health challenge this assertion. The elevation of
importance of opportunistic human pathogens in recent years has led to public
concern about the widespread use of certain bacteria and fungi in agriculture.
The emergence of immune-compromising infectious diseases and the increase in
organ transplants, which are accompanied by temporary or long-term immune
suppression to prevent tissue rejection, have made opportunistic pathogens a
more visible threat to human health. Many biocontrol agents are—or are closely
related to—opportunistic pathogens. Examples of biocontrol organisms of ques-
tionable safety abound. Pseudomonas aeruginosa, a biocontrol agent of gray leaf
spot on turf (see Chapter 14) is a virulent opportunistic pathogen infecting surgi-
cal wounds and severe burns. Burkholderia cepacia, a highly successful biocon-
trol agent of pea root rot and other diseases, is associated with opportunistic lung
infections of patients with cystic fibrosis. Trichoderma viride is an opportunistic
human pathogen and is on the biological warfare list in some countries (see Chap-
ter 17). Bacillus cereus, a biocontrol agent of soybean damping-off and root rot,
is a known food toxicant and is closely related to B. anthracis, the causal agent
of anthrax and a focus of biological warfare threats. The microbiological question
that emerges in each of these cases is whether the strains used for biocontrol are
in fact pathogenic to humans or whether they simply fall in the same species as
a known pathogen. Given the variation of strains within a species and the state
of confusion in microbial taxonomy today, this question is not easy to answer.
The epidemiological questions that require attention center around the signifi-
cance of agricultural use of these organisms in exposure of immunocompromised
people to these agents. Some of the bacteria are so abundant in the environment
that it is possible that exposure to natural populations, which cannot be controlled,
far exceeds the exposure likely to result from agricultural applications except to
people working in production facilities or on farms that use these products.

The human safety issue may present some of the most important unad-
dressed questions in biocontrol research. If left unanswered, the concerns may
block public acceptance, registration, and adoption of biocontrol agents. If a seri-
ous threat exists, even with one of the many biocontrol agents on or near the
marketplace, ignoring these risks could lead to highly visible human infections
associated with the use of biocontrol agents. The results of such a disaster would
be personal tragedy as well as indelible damage to the reputation of all biocontrol
agents. It is in the interest of public safety as well as the continuance of biocontrol
research for researchers in the area to take an interest in and encourage the



environmental/medical/epidemiological studies that will answer the critical
safety questions.

C. Cost

The challenges of formulation and safety testing generate substantial costs associ-
ated with the development of biocontrol agents for the marketplace. This presents
a paradox for the industry: while biocontrol has long been lauded as more specific
and targeted than synthetic pesticides, it is difficult to justify the costs of develop-
ment for a narrow market, which is the natural outcome of a finely targeted agent.
Therefore, the market pressures push the industry toward broad-spectrum biocon-
trol agents that suppress a spectrum of diseases on many large acreage crops.
Certainly not all biocontrol agents on or near the market meet these criteria, but as
regulations become more stringent, performance expectations higher, and safety
issues more visible, the economic pressures will increase, driving the industry
further in this direction. Interesting questions arise from the predicted movement
of development of biocontrol agents toward common diseases of widely grown
crops. If biocontrol agents are used on massive acreages, will the selection pres-
sure for pathogens that are resistant to, or overcome the effects of, the biocontrol
agent be increased, thereby shortening the effective life span of the product? Is it
biologically feasible to find single organisms that are adapted to diverse locations,
agroecosystems, and environmental conditions? Are there ecological events
unique to large-scale application of microorganisms that might lead to concerns
for environmental safety? The answers to these questions will reveal important
biological principles as well as provide guidance for the development of biocon-
trol as a significant aspect of modern agricultural practice.

IV. CONCLUSION

By most definitions, biocontrol is an applied field of research involving the human
use of a microorganism to enhance crop productivity. But the research generated
by the desire to use this practice in agriculture has revealed fascinating biology
and led to copious fundamental discoveries. The opportunity to conduct such
basic research is coupled with a responsibility to solve the practical problems
that prevent the successful deployment of many biocontrol agents. Future trends
in biocontrol research will unite fundamental biology with the quest for solutions
that will make biocontrol integral to the safe and wise management of every
agroecosystem.
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