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Foreword

Plant diseases cause billions of dollars in crop losses each year through-
out the world. Historically, uncontrolled plant disease epidemics have re-
sulted in great human suffering through famine and resultant social up-
heaval. Perhaps the best-known example is the Irish famine of 1846, in
which two million people died and many more emigrated from their home-
land. The famine was caused by the destruction of the potato crop, the staple
food in Ireland at that time, by Phytophthora infestans, the causal agent of
late blight disease. The efforts of early scientists such as De Bary, Speer-
schneider, and Kiihn to find the causes of late blight and other plant diseases
established plant pathology as a critical discipline in the struggle to prevent
catastrophic crop failure.

The science of plant pathology seeks to understand and work to manage
such devastating outbreaks of plant diseases. It describes (1) what causes
disease, (2) how pathogens interact with plants to cause disease, (3) how
diseases spread and develop into epidemics, (4) the scope of losses caused
by disease, and (5) disease management. It is a very broad field, incorporat-
ing plant anatomy, physiology, breeding and genetics, virology, bacteriol-
ogy, mycology, nematology, molecular biology, biochemistry, mathemat-
ics, computer modeling, and statistics. It is a daunting task indeed to pull all
of this together in one book.

Professor Vidhyasekaran has written an encyclopedia that describes the
breadth of subjects in the field of plant pathology. It will serve as a beginning
reference for students and professionals in plant pathology as well as allied
fields. Each section provides an overview of a given area, which will serve as
both an introduction and a starting point for further studies. It also compre-
hensively describes modern plant pathology. It includes classification of patho-
gens based on DNA analyses and protein patterns, molecular diagnostic tech-
niques, computer-aided decision support systems, remote sensing, digital image
analysis, microbial pesticides, plant activators, molecular marker-assisted
breeding, gene pyramiding, genetic engineering, in vitro breeding, and mo-
lecular plant pathology. Professor Vidhyasekaran and The Haworth Press are
to be commended for providing this excellent resource.

Sally A. Miller

Professor, Department of Plant Pathology

The Ohio State University

Ohio Agricultural Research and Development Center
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Preface

Globally, diseases cause heavy crop losses amounting to several billion
dollars annually. Some diseases have shattered the economies of nations.
Late blight of potato is known to be responsible for the Irish famine of 1845-
1847 when about two million people died because of starvation in Ireland.
Canker is the most serious disease in Citrus spp. and is widely prevalent in
Florida, Georgia, Alabama, Louisiana, South Carolina, Texas, and Missis-
sippi. Eradication programs have been initiated by several states since 1915.
By 1991, more than 20 million citrus trees were destroyed at a cost of about
$94 million. Still the Asiatic citrus canker is prevalent in several parts of the
United States. Disease management is still a challenging task, and plant pa-
thology is the most important subject in crop science. This encyclopedia
covers the entire field of plant pathology. It defines the numerous subjects
covered as well as describes them. It is designed to stand as a compendium
of current knowledge about the topics in plant pathology. This encyclopedia
will serve as a single, easy-to-use reference work including a full range of
subject areas associated with plant pathology. Each section in this encyclo-
pedia serves as a comprehensive overview of a given area, providing both
breadth of coverage for students and depth of coverage for research profes-
sionals.

This book provides the latest nomenclature and classification of bacte-
rial, fungal, viral, and phytoplasma pathogens and the systematic position of
each crop pathogen (more than 1,500 pathogens). It describes disease and
crop loss assessment models, remote sensing, digital image analysis, dis-
ease forecasting models, computer-aided decision support systems, and
plant clinics. The book consists of detailed sections on microbial pesticides,
induced systemic resistance, mycorrhiza, seed health testing, indexing
plant-propagation materials, a complete list of fungicides, ready-formulated
mixtures of fungicides, fungicide resistance, modern fungicide application
equipments, bactericides, and viricides. This comprehensive book on mod-
ern plant pathology describes classification of pathogens based on DNA
analyses and protein profiles, molecular diagnostic techniques, commercial
development of microbial pesticides, plant products and plant activators,
and novel breeding techniques using molecular marker-assisted selection

XVl
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and gene pyramiding. This book also describes molecular biology of plant-
pathogen interactions and host defense mechanisms and in vitro selection
and genetic engineering technologies. It also provides a list of plant pathol-
ogy terminology. It is unique in providing a complete list of diseases of all
major crops cultivated in tropics, semitropics, and temperate regions of the
world and the accepted names, synonyms, and anamorphic and teleo-
morphic names of pathogens (over 910 fungal, 315 viral, and 200 bacterial
pathogens) with authority. It is intended for a broad international audience
of graduate and undergraduate students, university faculty, public and pri-
vate sector research scientists, extension specialists, and development
workers engaged in plant protection. This book will be an indispensable re-
source for plant pathologists, mycologists, bacteriologists, virologists, bot-
anists, and graduate-level students in these disciplines.



1=

Birth and Development of Plant Pathology

Plant pathology is the science or study of plant diseases. The word “dis-
ease” means any impairment of normal physiological function of plants,
producing characteristic symptoms. A symptom is a phenomenon accompa-
nying something and is regarded as evidence of its existence. Disease is
caused by pathogen. A pathogen is any agent that can cause disease. Plant
pathology describes: (1) what causes disease, (2) how the disease is caused,
(3) how the disease spreads, causing epidemic, (4) how much loss the dis-
ease can cause, and (5) how to manage the disease.

HISTORY
Ancient History

Occurrence of diseases in plants has been recognized from ancient times.
Around 2000 B.C., from the Babylonian kingdoms, a disease called samana
in barley was mentioned in a farm almanac. Books of the Old Testament that
date to the eighth and fifth centuries B.C. contain references to the blasting
and mildew of crops as great scourges of humankind. In the third century
B.C., several Greek writings began to contain references to plant diseases. A
Greek named Cleidemus is often identified as the first plant pathologist and
grandfather of plant pathology according to McNew (1963). He made ob-
servations on diseases of grapes, figs, and olives. The Greek philosopher
Theophrastus (c. 372-c. 287 B.C.) was the first to study and write about dis-
eases of trees, cereals, and legumes. He is known as the father of botany.

A Roman author, Marcus Terentius Varro (116-27 B.C.) in his Rerum
Rusticarum mentions the god Robigus among the deities to be propitiated.
According to Varro, Robigus is the “rust god,” who had to be depended upon
to protect cereal crops from rust attack. Propitiatory ceremonies, the Robi-
galia, were performed in April or May each year when rust often first be-
came noticeable. Other gods such as Flora, Ceres (who protected grain
crops), Bacchus (grapes), and Minerva (olives) also had to be propitiated. In
his writing Historia Naturalis, Pliny the Elder (23-79 A.D.) described many

1
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control measures against diseases. He mentioned treating cereal seeds with
wine or a concoction of cypress leaf extract to control mildew. Palladius
(around fourth to fifth centuries) wrote about plant diseases in his De Re
Rustica. He described differences in the susceptibility of different cultivars
to diseases and suggested sanitation through removal of diseased plants.

A German, Gottfried von Franken (circa 1200 A.D.), in his Pelzbuch, sug-
gested control measures against cankers of cherry and other fruit diseases. A
chapter on grapevine diseases is found in the book titled Ruralium Com-
modorum Libri XII written by Petrus Crescentius (1230-1320) during the
thirteenth century. Kreuterbuch by German writer Jerome Bock (1498-
1554) contains an illustration of wheat plants affected by loose smut. Robert
Hooke (1635-1703) in England developed a microscope and described te-
liospores of Phragmidium mucronatum on rose in his book Micrographia,
which was written in 1665. In 1679, Marcello Malpighi (1628-1694) in his
Anatome Plantarum, described aecia of Gymnosporangium on hawthorn. In
1675, Dutch naturalist Antoni van Leeuwenhoek (1632-1723) discovered
bacteria while working with a microscope he had built.

Eighteenth Century

In 1705 Joseph Pitton de Tournefort (1656-1708), a French botanist, re-
ported in a journal article that fungi could reproduce by bodies similar to
seeds and could incite disease in plants under humid conditions in the green-
house. In 1727, Stephen Hales (1677-1761) from England published on
powdery mildew of hop. Henri Louis Duhamel du Monceau (1700-1782), in
France described Helicobasidium purpureum in 1728. The Italian Micheli
(1679-1737) published his book Nova Plantarum Genera in 1729 and intro-
duced the generic name Puccinia in his book. In 1753, Swedish botanist Ca-
rolus Linnaeus (1707-1778) developed the binomial system of nomencla-
ture in botany and published Species Plantarum. He included ten genera of
fungi in his book.

In 1755, French scientist Mathieu Tillet (1714-1791) added black dust
from bunted wheat to seed from healthy wheat and observed that bunt was
more prevalent in plants produced from such seed than from nondusted
seed. He showed the efficacy of seed treatment in the control of wheat bunt,
and he recommended washing seeds in lye, drying, sprinkling with lye, and
dusting with lime. This is the first seed treatment recommended to control
diseases. Fontana (1730-1805) from Italy described teliospores and uredo-
spores of wheat rustin 1767. In the same year, Tozzetti (1712-1783) from It-
aly described rust diseases. In 1774, Danish entomologist Johann Christian
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Fabricius (1745-1808) published a system of classification of fungal patho-
gens in which he arranged pathogens by classes, genera, and species.

Nineteenth Century

In 1801, Christian Hendrik Persoon (1761-1836) from France published
his book Synopsis Methodica Fungorum; this was the first reliable system-
atic account of fungi. Benedict Prevost (1755-1819) in 1807 gave the first
experimental proof that a fungus could cause disease in a plant. He recom-
mended copper sulfate as seed treatment to control bunt disease in wheat. In
1817, Thomas Andrew Knight (1759-1838) reported that sulfur controlled
scab (Venturia pirina) in pear trees. In 1821 Elias Magnus Fries (1794-
1878) published Systema Mycologicum providing classification of fungi.
John Robertson (1824) from Ireland showed that mildew (Sphaerotheca
pannosa var. persicae) is controlled by a mixture of sulfur in soapsuds. Con-
trol of peach leaf curl (Taphrina deformans) with lime and sulfur was dem-
onstrated by Knight in 1842. Miles Joseph Berkeley (1803-1889) in 1845
published papers on diseases of cereals and vegetables. In 1853, Heinrich
Anton De Bary (1831-1888) worked on smut and rust fungi, downy mil-
dews, and late blight of potato. He discovered two alternate hosts for the
rusts. Speerschneider (1857) proved that Phytopthora infestans was the cause
of potato late blight. Julius Gotthelf Kiihn (1825-1910) published the first
textbook of plant pathology in 1858.

Thomas Jonathan Burrill (1839-1916) was the first person to show that
bacteria can cause plant diseases, and in 1878 he described fire blight of
pear and other fruits. In 1884, Robert Koch (1843-1910) developed his pos-
tulates, which stipulate conditions for describing an organism as the cause
of a disease. In 1885, Alexis Millardet (1838-1902) developed Bordeaux
mixture as a fungicide. In 1886, Adolph Mayer (1843-1942) worked on mo-
saic of tobacco and called it mosaic disease of tobacco. He showed that the
causal agent was transmissible to healthy plants in juice extract. Smith
(1891) was working on peach yellows disease and reported that the causal
agent was contagious and was bud transmitted. In 1891, Joseph Charles Ar-
thur (1850-1942) identified wheat varieties resistant to scab disease. In
1892, Russian scientist Dmitrii Iosifovich Ivanowski (1864-1924) showed
that tobacco mosaic causal agent is filterable through bacteriological filters.
In 1898, Dutch scientist Martinus Willem Beijerinck (1851-1931) called the
causal agent “contagium vivum fluidum.” He used the word “virus” to de-
scribe the contagium. He demonstrated that it was graft transmissible. Jakob
Eriksson (1848-1931) discovered the physiologic races in rust pathogens in
1896.
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MODERN PLANT PATHOLOGY

During the twentieth century, plant pathology developed as a full-fledged
science. Biffin (1905) bred the first resistant host cultivar using Mendelian
principles. Allard (1914) partially purified tobacco mosaic virus (TMV).
Antigenic nature of plant viruses was discovered by Dvorak in 1928. In
1928, Purdy developed antiserum against viruses, according to Corbett
(1964). Holmes (1929) developed the TMV local lesion assay. Wendell
Meredith Stanley (1904-1971) obtained crystals of TMV in 1935 and re-
ceived a Nobel Prize for crystallizing TMV in 1946. Ernest Athearn Bessey
(1877-1957) authored the first American textbook of mycology, which was
published in 1936.

During the first 50 years of the century, most of the contributions in the
field of mycology were by traditional and taxonomically inclined mycolo-
gists. By midcentury, the approach had shifted from a traditional taxonomic
focus to one that stressed the biology of fungi (Sequeira, 2000). Fungal
physiology became a subject of great interest and host-parasite interactions
were studied in detail (Keen, 2000). In 1910, Lewis Ralph Jones (1864-
1945) suggested the role of pectic enzymes in plant disease development.
Subsequently, the role of enzymes and toxins in disease development has
been demonstrated. Several toxins were isolated and purified in the 1950s.
Meehan and Murphy (1947) identified a host-specific toxin from Helmin-
thosporium victoriae. Since then, several host-specific toxins have been
identified from various fungal pathogens.

In 1942, Harold Flor developed the gene-for-gene concept. Flor hypothe-
sized that the genes which condition the reaction of the host could be identi-
fied only by their interaction with specific strains of the parasite, while those
which condition pathogenicity in the parasite could be identified only by
their interaction with specific varieties of the host (Flor, 1942). Several dis-
ease-resistant genes have been identified. Newer techniques to develop du-
rable resistance have been initiated. The major breakthrough in this field is
successful cloning of resistance genes. Johal and Briggs (1992) cloned the
first disease-resistant gene in 1992. Molecular breeding for disease resis-
tance is the modern method of disease management. In 1998, Williamson
and his associates demonstrated that a single cloned disease-resistant gene,
Mi from tomato, confers resistance against a nematode and an insect (Rossi
et al., 1998).

Van der Plank (1963) published a book titled Plant Diseases—Epidemics
and Control; his work facilitated the rapid development of the field of epi-
demiology. Several disease-forecasting modules have been developed (Jones,



Birth and Development of Plant Pathology 5

1998). Rapid advances have been made in the field of virology. The pres-
ence of satellite viruses was first reported by Kassanis in 1962. In 1968,
Shepherd and his associates discovered that cauliflower mosaic virus is a
DNA virus (Shepherd et al., 1968). Satellite virus is dependent on its virus
for its replication. Satellite RNAs were first reported by Schneider in 1969.
In 1971, Diener described viroids. Several molecular diagnostic techniques
have been developed to detect plant diseases. Plant viral genomes have been
cloned (Boyer and Haenni, 1994). Transgenic plants expressing capsid pro-
tein of a virus were first developed in 1986 by Beachey and his co-workers
(Abel et al., 1986). Transgenic plants expressing satellite RNAs, viral repli-
case genes, and defective movement protein genes have all been developed
(Zaitlin and Palukaitis, 2000).

Molecular plant pathology has emerged as an attractive field in the latter
part of the century. In 1940, Muller and Borger proposed the phytoalexin
theory. Several signal molecules have been identified from pathogens and
host. Albersheim and his associates identified a highly active elicitor from a
fungal cell wall in 1984 (Sharp et al., 1984). Elicitor molecules, which are
the products of avirulence genes, have been characterized. The first aviru-
lence gene was cloned from Pseudomonas syringae pv. glycinea by Stas-
kawicz et al. in 1984. Several kinds of pathogenesis-related proteins have
been identified. Genes encoding them have been cloned, and transgenic
plants expressing them have been developed. In 1991, Broglie and col-
leagues developed transgenic plants expressing the PR-3 gene. More than
100 fungicides have been developed during the twentieth century. The de-
velopment of systemic fungicides with activity against broad spectrum of
fungal pathogens was a major breakthrough in the history of plant pathol-
ogy. Plant (defense) activators with simultaneous action against fungal, bac-
terial, and viral diseases have been identified. Biocontrol agents, which are
capable of inducing systemic resistance, have been developed as commer-
cial products and their efficacy in control of a wide range of diseases in
commercial farms has been demonstrated (Vidhyasekaran, 2001). All these
facets of modern plant pathology are described in detail in this book.

Plant pathology is now developing very rapidly. Plant pathologists are
using many modern tools such as gene cloning, genetic engineering, molec-
ular diagnostics, molecular-assisted breeding, remote sensing, digital imag-
ing, and molecular manipulation of signaling systems to develop both plants
with built-in resistance to pathogens and sustainable integrated disease
management systems in various cropping systems. This book describes all
of these novel approaches in the field of modern plant pathology.
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Bacteria

STRUCTURE OF BACTERIAL CELLS

Bacteria are primitive organisms classified as prokaryotes, with a primi-
tive type of nucleus lacking a clearly defined membrane. Most of the genetic
information in a bacterial cell is carried on a single chromosome with dou-
ble-stranded deoxyribonucleic acid (DNA) in a closed circular form. A
chromosome is the carrier of genes (the factors that control inherited traits).
Genes are deoxyribonucleic acids that are linked and aligned on the chro-
mosome. Chromosomes are located in the chromatin body of the bacteria.
In addition, some bacterial cells contain extrachromosomal DNA as plas-
mids. Plasmids are circular DNA molecules that are generally dispensable
and not essential for cell growth and division. However, they confer traits
such as antibiotic resistance or pathogenicity on the host organism. Plas-
mids replicate independently of the chromosomes and can pass from one
bacterial cell to another with ease. Some bacteria contain episomes, which
are also autonomous and dispensable genetic elements similar to plasmids.
Unlike plasmids, however, episomes can exist even as integrated with the
chromosome. Generally, the bacteria containing plasmids do not have
episomes and vice versa. Transposons, mobile DNA segments that can in-
sert into a few or several sites in a genome, are found in some bacteria.
Transposons are transposable genetic elements (the word transpose means
“alter the positions of” or “interchange”) that are capable of moving be-
tween prokaryotes and eukaryotes.

Bacterial cells have either no organelles or poorly developed organelles.
All bacteria except Streptomyces are unicellular. Bacteria are rod shaped,
round (spherical, ovoid, or ellipsoidal), or spiral (helices). All plant-patho-
genic bacteria are rod shaped. They measure 0.5-3.5 pum in length and 0.3-
1.0 pm in diameter. Each bacterial cell consists of a cell wall and a com-
pound membrane called the cytoplasmic membrane, which encloses the
cell’s protoplasm. Outside the cell wall is a slime layer. The slimy material
may remain firmly adhered as a discrete covering layer of each cell, or it
may part freely from the cell as it is formed. The former, a thick, well-devel-
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oped slime layer, is called a capsule, while the latter is called free slime.
Most plant-pathogenic bacteria have one or more flagella. Flagella may oc-
cur at one or both ends (polar flagella) or all over the surface of the bacte-
rium (peritrichous flagella). Flagella may allow some movement of the bac-
teria.

The bacterial cell wall is composed of a peptidoglycan. The peptido-
glycan is also called a mucopeptide or murein. Murein is composed of six
different components such as N-acetylglycosamine, N-acetylmuramic acid,
L-alanine, D-alanine, D-glutamic acid, and either L-lysine or meso-dia-
minopimelic acid. The rigid peptidoglycan layer is located between the cy-
toplasmic membrane and a multiple-tract layer. The multiple-tract layer is
composed of lipoprotein and lipopolysaccharide complexes. The external
multiple-tract layer, the rigid peptidoglycan layer, and the cytoplasmic
membrane constitute the bacterial envelope.

Immediately below the cell wall is the cytoplasmic membrane. The
membrane contains about 75 percent protein, 20 to 30 percent lipid, and
about 2 percent carbohydrate. The membrane is semipermeable and con-
trols the passage of nutrients and metabolites into and out of the cell. Be-
sides the cytoplasmic membrane, many bacteria possess other intracellular
membrane systems such as mesosomes or chondrioids. The mesosome
structure is formed by an invagination of the cytoplasmic membrane. Meso-
somes serve for compartmentalization and integration of biochemical sys-
tems.

Cytoplasm is the cell material within the cytoplasmic membrane. The cy-
toplasm can be divided into the area rich in ribonucleic acid (RNA), the
chromatinic area (nuclear area) rich in DNA, and the fluid portion with dis-
solved nutrients. Bacteria do not have a characteristic nucleus. They contain
bodies within the cytoplasm that are regarded as a nuclear structure and
DNA is confined to this area. Because it is not a discrete nucleus, it is called
a chromatin body.

Ribosomes are globular structures found in the cytoplasm. They are com-
posed of about one-third protein and two-thirds RNA. Ribosomes are desig-
nated 308, 508, 708, etc., depending upon their size. The size is determined
by the rate, measured in Svedberg units, at which a particle sediments when
it is centrifuged at high speed in an ultracentrifuge. Ribosomes that act in
clusters are called polyribosomes or polysomes. Polysomes may contain
three to 70 ribosomes depending upon the bacteria. Ribosomes are the sites
of protein synthesis.

Vacuoles are cavities in the cytoplasm that contain a fluid called cell sap.
As the cell approaches maturity, some of the water-soluble reserve food ma-
terials manufactured by the cell are dissolved in the sap. Insoluble constitu-
ents precipitate out as cytoplasmic inclusion bodies. Volutin, glycogen, and
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fat globules are common cytoplasmic inclusions. Volutins are metachro-
matic granules. They are found to localize in the vacuoles of mature forms.
They contain inorganic polyphosphate, lipoprotein, RNA, and magnesium.
They may serve as phosphate storage structures. Glycogen accumulates in
the cytoplasm at the ends of the cell in the form of granules. Lipids are found
in the cytoplasm of bacteria in the form of fat globules.

Fimbriae and pili are hairlike structures that are attached to the bacterial
cells as appendages. Fimbriae are common in plant-pathogenic bacteria.
Pili are considered to be sex organs. They mediate conjugation (mating) of
bacteria. They may also serve as adsorption organs for bacteriophages.

Actinomycetes are now classified as a group of bacteria. They produce
individual, small, bacteria-like spores and funguslike vegetative mycelium.

REPRODUCTION OF BACTERIA

The predominant mode of reproduction in bacteria is binary fission. The
bacterial cell divides into two daughter cells. This is an asexual process. A
transverse wall develops across the middle of the bacterial cell. When new
cell wall material has developed, the cells separate. During this process, the
DNA condenses into an amorphous mass, which elongates and becomes
dumbbell shaped before it divides into two equal pieces. These pieces serve
as the nuclei of the daughter cells. This process is repeated every 20 minutes
and the bacteria multiply in logarithmic proportion. However, the multipli-
cation of the bacteria is limited by the exhaustion of available nutrients
and/or the accumulation of toxic metabolic products.

Sometimes, bacteria may reproduce sexually by conjugation. Genetic
material of one cell is transferred to another cell during conjugation. The
two cells are genetically different. The donor cell transfers part of its ge-
nome (set of genes) to the recipient cell. Donor strains are designated F* or
Hfr (males, high frequency cells). The recipient strains are designated F-
(females). The F factor is called the sex factor. It is a type of episome.
Episomes are genetic elements that can exist in two alternative states: auton-
omous in the cytoplasm or incorporated in the chromosome. In the former
condition, the episome is free to multiply independently of cell division. In
the latter, it is replicated only when the chromosome is replicated. F factor
controls the ability of the cells to act as gene donors. In the process of conju-
gation, the donor cell injects a chromosomal thread into the recipient cells,
and the genes along this thread enter in a definite order, one after another, as
they occur in a particular donor strain. Conjugation is one type of genetic re-
combination. Genetic recombination refers to any process leading to the
formation of a new individual that derives some of its genes from one parent
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and some from another, genetically different, parent. The recipient cell,
which receives genes from a donor, is called a “recombinant.”

NOMENCLATURE OF BACTERIAL PATHOGENS

The nomenclature of plant bacterial pathogens has been revised in recent
years according to the International Code of Nomenclature of Bacteria
(ICSB, 1992). A list of all valid names of plant-pathogenic bacteria from
1864 to 1995 was published by Young et al. (1996). More than 330 bacterial
pathogens were listed. According to Schaad et al. (2000), the names of some
of these bacterial pathogens still need to be modified. Accepted names
(Young et al., 1996) of some important bacterial pathogens are provided
here. Names suggested by Schaad et al. (2000) are given within parentheses
and marked with an asterisk (*).

Apple fire blight: Erwinia amylovora (Burrill 1882) Winslow et al. 1920

Banana moko wilt: Ralstonia solanacearum (Smith 1896) Yabauuchi,
Kosako, Yano, Hotta, and Nishiuchi 1995

Bean bacterial brown spot: Pseudomonas syringae pv. syringae van Hall
1902

Bean common blight: Xanthomonas axonopodis pv. phaseoli (Smith
1897) Vauterin, Hoste, Kersters, and Swings 1995 (X. campestris pv.
phaseoli [Smith 1897] Dye 1978)*

Bean halo blight: Pseudomonas savastanoi pv. phaseolicola (Burkholder
1926) Gardan, Bollet, Abu Ghorrah, Grimont, and Grimont 1992 (P.
syringae pv. phaseolicola [Burkholder 1926] Young, Dye, and Wilkie
1978)*

Cabbage and cauliflower black rot: Xanthomonas campestris pv.
campestris (Pammel 1985) Dowson 1939

Citrus canker: Xanthomonas axonopodis pv. citri (Hasse 1915) Vauterin,
Hoste, Kersters, and Swings 1995 (X. campestris pv. citri [Hasse 1915]
Dye 1978)*

Citrus greening: Citrus greening organism (Nonculturable, phloem-
restricted, Gram-negative bacteria) Candidatus Liberobacter africanum
Jagoueix et al. 1994 and Candidatus Liberobacter asiaticum Jagoueix
etal. 1994

Citrus stubborn: Spiroplasma citri Saglio, L’ hospital, Lafleche, Dupont,
Bove, Mouches, Rose, Coan, and Clark 1986

Citrus variegated chlorosis: Xylella fastidiosa Wells, Raju, Weisburg,
Mandelo-Paul, and Brenner 1987
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Corn Stewarts disease (bacterial wilt): Pantoea stewartii (Smith 1898)
Mergaert et al., 1993

Cotton bacterial blight (black arm): Xanthomonas axonopodis pv.
malvacearum (Smith 1901) Vauterin, Hoste, Kersters, and Swings
1995 (X. campestris pv. malvacearum [Smith 1901] Dye 1978)*

Peach bacterial canker: Pseudomonas syringae pv. syringae van Hall
1902

Peach bacterial spot: Xanthomonas arboricola pv. pruni (Smith 1903)
Vauterin, Hoste, Kersters, and Swings 1995

Pear fire blight: Erwinia amylovora (Burrill 1882) Winslow, Broadhurst,
Buchanan, Krumwiede, Rogers, and Smith 1920

Plum bacterial canker: Pseudomonas syringae pv. syringae van Hall 1902

Plum bacterial spot: Xanthomonas arboricola pv. pruni (Smith 1903)
Vauterin, Hoste, Kersters, and Swings 1995

Potato bacterial wilt (brown rot): Ralstonia solanacearum (Smith 1896)
Yabauuchi, Kosako, Yano, Hotta, and Nishiuchi 1995

Potato blackleg and bacterial soft rot: Erwinia carotovora ssp. atroseptica
(van Hall 1902) Dye 1969, E. carotovora ssp. carotovora (Jones 1901)
Bergey, Harrison, Breed, Hammer, and Huntoon 1923, and E.
chrysanthemi Burkholder, McFadden, and Dimock 1953

Potato common scab: Streptomyces scabies (ex Thaxter 1892) Lambert
and Loria 1989

Potato ring rot: Clavibacter michiganensis ssp. sepedonicus
(Spieckermann and Kotthoff 1914) Davis, Gillaspie, Vidaver, and Har-
ris 1984

Rice bacterial blight: Xanthomonas oryzae pv. oryzae (Ishiyama 1922)
Swings, Van den Mooter, Vauterin, Hoste, Gillis, Mew, and Kersters
1990

Rice bacterial leaf streak: Xanthomonas oryzae pv. oryzicola (Ishiyama
1922) Swings, Van den Mooter, Vauterin, Hoste, Gillis, Mew, and
Kersters 1990

Soybean bacterial blight: Pseudomonas savastanoi pv. glycinea (Coerper
1919) Gardan, Bollet, Abu Ghorrah, Grimont, and Grimont 1992
(Pseudomonas syringae pv. glycinea [Coerper 1919] Young, Dye, and
Wilkie 1978)*

Tomato bacterial canker: Clavibacter michiganensis ssp. michiganensis
(Smith 1910) Davis, Gillaspie, Vidaver, and Harris 1984

Tomato bacterial speck: Pseudomonas syringae pv. tomato (Okabe 1933)
Young, Dye, and Wilkie 1978

Tomato bacterial spot: Xanthomonas vesicatoria (ex Doidge 1920)
Vauterin, Hoste, Kersters, and Swings 1995 (X. campestris pv.
vesicatoria [Doidge 1920] Dye 1978)*
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Tomato bacterial stem rot and fruit rot: Erwinia carotovora ssp.
carotovora (Jones 1902) Bergey, Harrison, Breed, Hammer, and
Huntoon 1923

Tomato bacterial wilt: Ralstonia solanacearum (Smith 1896) Yabauuchi,
Kosako, Yano, Hotta, and Nishiuchi 1995

CLASSIFICATION OF PLANT BACTERIAL PATHOGENS

Bacteria have been classified into various genera, families, suborders, or-
ders, subclasses, classes, divisions, and domains. These classifications are
based on numerical analyses, serology, membrane protein profiles, and
DNA analyses. In contrast to bacterial nomenclature, no “official” classifi-
cation of bacteria exists. Taxonomy remains a matter of scientific judgment
and general agreement. The classification given here is the one widely ac-
cepted by microbiologists (Euzeby, 2001). Bacteria are classified into do-
main or empire (suffix not covered by rules), division (suffix not covered by
the rules), class (suffix of the names of class is —ia), subclass (suffix
is —idae), order (suffix is —ales), suborder (-ineae), family (-aceae), and tribe
(-eae). The taxonomic categories of domain and division are not covered by
the rules of bacteriological code. The following 17 families include 28 gen-
era of plant-pathogenic bacteria:

Acetobacteraceae: Acetobacter, Gluconobacter

Bacillaceae: Bacillus

Burkholderiaceae: Burkholderia

Clostridiaceae: Clostridium

Comamonadaceae: Acidovorax

Corynebacteriaceae: Corynebacterium

Enterobacteriaceae: Erwinia, Pantoea, Pectobacterium,
Enterobacter, Serratia

Microbacteriaceae: Curtobacterium, Clavibacter, Rathayibacter

Micrococcaceae: Arthrobacter

Nocardiaceae: Nocardia, Rhodococcus

Pseudomonadaceae: Pseudomonas, Xylophilus, Rhizobacter

Ralstoniaceae: Ralstonia

Rhizobiaceae: Agrobacterium

Sphingomonadaceae: Rhizomonas

Spiroplasmataceae: Spiroplasma

Streptomycetaceae: Streptomyces

Xanthomonadaceae: Xanthomonas, Xylella
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The following 12 orders contain 17 families consisting of plant-patho-
genic bacteria:

Actinomycetales: Corynebacteriaceae, Microbacteriaceae,
Nocardiaceae, Streptomycetaceae

Bacillales: Bacillaceae

Burkholderiales: Burkholderiaceae, Ralstoniaceae,
Comamonadaceae

Clostridiales: Clostridiaceae

Enterobacteriales: Enterobacteriaceae

Entomoplasmatales: Spiroplasmataceae

Micrococcales: Micrococcaceae

Pseudomonadales: Pseudomonadaceae

Rhizobiales: Rhizobiaceae

Rhodospirillales: Acetobacteraceae

Sphingomonadales: Sphingomonadaceae

Xanthomonadales: Xanthomonadaceae

The following six classes contain 12 orders consisting of plant bacterial
pathogens:

Amoxyphotobacteria: Rhodospirillales
Bacilli: Bacillales
Clostridia: Clostridiales
Mollicutes: Entomoplasmatales
Proteobacteria:
Alpha subdivision: Sphingomonadales, Rhizobiales
Beta subdivision: Burkholderiales
Gamma subdivision: Enterobacteriales, Xanthomonadales,
Pseudomonadales
Schizomycetes: Actinomycetales, Micrococcales

Two divisions have been recognized to include some classes consisting
of bacterial pathogens:

Firmicutes—class Mollicutes (order Entomoplasmatales, family
Spiroplasmataceae, genus Spiroplasma).

Gracilicutes—class Anoxyphotobacteria (order Rhodospirillales,
family Acetobacteraceae, genus Gluconobacter)

Some bacteria have not been described in sufficient detail to warrant es-
tablishment of a novel taxon. These bacteria have been included in a new
category of indefinite rank called Candidatus (Murray and Schleifer, 1994).
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Candidatus is used to categorize prokaryotic entities for which more than
one sequence is available, but for which characteristics required for descrip-
tion according to the International Code of Nomenclature of Bacteria
(ICSB, 1992) are lacking. Candidatus Liberobacter africanum Jagoueix
et al.,, 1994, and C. L. asiaticum are the phloem-limited bacteria causing
greening disease of Citrus. They are members of the Alpha subdivision of
the Proteobacteria.

SYSTEMATIC POSITION OF CROP BACTERIAL PATHOGENS

The following is a list of bacterial genera that cause diseases in crops.
Systematic positions and names of important species in each genus are
given. The names of many bacterial species were changed recently (Young
et al., 1996; Euzeby, 2001). The most important plant pathogenic genus,
Pseudomonas, was reclassified into five different genera, including Pseudo-
monas, Burkholderia, Ralstonia, Acidovorax, and Acetobacter. The genus
Xanthomonas was reclassified into two genera, Xanthomonas and Xylo-
philus. The genus Erwinia was reassigned into four different genera: Er-
winia, Pantoea, Enterobacter, and Serratia. The genus Corynebacterium
was not recognized, but remains a valid synonym of the genera Curtobac-
terium, Clavibacter, Erwinia, Rhodococcus, Arthrobacter, and Rathayi-
bacter. The names of various bacterial species as recommended by Young
etal. (1996) are provided. Suggested modifications in the names of bacterial
species (Schaad et al., 2000) are marked with an asterisk (*). Valid syn-
onyms of some bacterial species are given as = (without asterisk).

Acetobacter—Tribe: Acetobactereae; Family: Acetobacteraceae; Order:
Rhodospirillales; Class: Anoxyphotobacteria; Division: Gracilicutes;
Domain: Bacteria

Acetobacter pasteurianus (Hansen 1879) Beijerinck and Folpmers
1916 = Pseudomonas pomi Cole 1959
Acidovorax—Family: Comamonadaceae; Order: Bukholderiales; Class:
Proteobacteria Beta Subdivision; Domain: Bacteria
Acidovorax avenae ssp. avenae (Manns 1909) Willems et al. 1992 =
Pseudomonas avenae ssp. avenae 1909
A. avenae ssp. citrulli (Schaad et al. 1978) Willems et al. 1992 = P,
avenae ssp. citrulli (Schaad et al. 1978) Hu et al. 1991

Agrobacterium—Family: Rhizobiaceae; Order: Rhizobiales; Class:

Proteobacteria Alpha subdivision; Domain: Bacteria
Agrobacterium rhizogenes (Riker et al. 1930) Conn 1942
A. rubi (Hildebrand 1940) Starr and Weiss 1943



Bacteria 19

A. tumefaciens (Smith and Townsend 1907) Conn 1942
= A. radiobacter (Beijerinck and van Delden 1902) Conn 1942
A. vitis Ophel and Kerr 1990
Arthrobacter—Family: Micrococcaceae; Order: Micrococcales; Class:
Schizomycetes; Domain: Bacteria
Arthrobacter ilicis (Mandel et al. 1961) Collins et al. 1982 =
Corynebacterium ilicis Mandel et al. 1961
Bacillus—Family: Bacillaceae; Order: Bacillales; Class: Bacilli; Division:
Firmicutes; Domain: Bacteria
Bacillus megaterium pv. cerealis Hosford 1982
Burkholderia—Family: Burkholderiaceae; Order: Burkholderiales; Class:
Proteobacteria Beta subdivision; Domain: Bacteria
Burkholderia caryophylli (Burkholder 1942) Yabuuchi et al. 1993 =
Pseudomonas caryophylli (Burkholder 1942) Starr and
Burkholder 1942
B. cepacia (ex Burkholder 1950) = P. cepacia (ex Burkholder 1950)
Palleroni and Holmes 1981
B. gladioli pv. gladioli (Severini 1913) Yabuuchi et al. 1992 = P,
gladioli pv. gladioli (Severini 1913)
Candidatus—Class: Proteobacteria Alpha subdivision; Domain: Bacteria
(Phloem-limited plant bacteria)
Candidatus Liberobacter africanum Jagoueix et al., 1994
Candidatus Liberobacter asiaticum Jagoueix et al., 1994
Clavibacter—Family: Microbacteriaceae; Suborder: Micrococcineae; Or-
der: Actinomycetales; Subclass: Actinobacteridae; Class:
Schizomycetes; Domain: Bacteria
Clavibacter michiganensis ssp. insidiosus (McCulloch 1925) Davis
et al. 1984 = Corynebacterium michiganense ssp. insidiosum
(McCulloch 1925) Carlson and Vidaver 1982
Clavibacter michiganensis ssp. sepedonicus (Spieckermann and
Kotthoff 1914) Davis et al. 1984 = Corynebacterium
michiganense ssp. sepedonicum (Spieckermann and Kotthoff
1914) Carlson and Vidaver 1982
Clavibacter xyli Davis et al. 1984
Clostridium—Family: Clostridiaceae; Order: Clostridiales; Class:
Clostridia; Domain: Bacteria
Clostridium puniceum Lund et al. 1981
Corynebacterium—Family: Corynebacteriaceae; Suborder:
Corynebacterineae; Order: Actinomycetales; Subclass:
Actinobacteridae; Class: Schizomycetes; Domain: Bacteria. In the re-
vised nomenclature, the bacteria belonging to the genus
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Corynebacterium were assigned to the genera Curtobacterium,
Erwinia, Rhodococcus, Arthrobacter, Clavibacter, and Rathayibacter.
Curtobacterium—Family: Microbacteriaceae; Suborder: Micrococcineae;
Order: Actinomycetales; Subclass: Actinobacteridae; Class:
Schizomycetes; Domain: Bacteria
Curtobacterium flaccumfaciens pv. betae (Keyworth et al. 1956)
Collins and Jones 1983 = Corynebacterium flaccumfaciens pv.
betae (Keyworth et al. 1956) Dye and Kemp 1977
Curtobacterium flaccumfaciens pv. flaccumfaciens (Hedges 1922)
Collins and Jones 1983 = Corynebacterium flaccumfaciens pv.
flaccumfaciens (Hedges 1922) Dowson 1942
Curtobacterium flaccumfaciens pv. poinsettiae (Starr and Pirone
1942) Collins and Jones 1983 = Corynebacterium flaccumfaciens
pv. poinsettiae (Starr and Pirone 1942) Dye and Kemp 1977
Enterobacter—Family: Enterobacteriaceae; Order: Enterobacteriales;
Class: Proteobacteria Gamma subdivision; Domain: Bacteria
Enterobacter dissolvens (Rosen 1922) Brenner et al. 1988 = Erwinia
dissolvens (Rosen 1922) Bukholder 1948
Erwinia—Family: Enterobacteriaceae; Suborder: Erwinieae; Order:
Enterobacteriales; Class: Proteobacteria Gamma subdivision; Domain:
Bacteria
Erwinia amylovora (Burrill 1882) Winslow et al. 1920
. carotovora ssp. atroseptica (van Hall 1902) Dye 1969
. carotovora ssp. betavasculorum Thomson et al. 1923
. carotovora ssp. carotovora (Jones 1901) Bergey et al. 1923
. chrysanthemi pv. chrysanthemi Burkholder et al. 1953 =
Pectobacterium chrysanthemi (Burkholder et al. 1953) Brenner
etal. 1973
chrysanthemi pv. dianthicola (Hellmers 1958) Dickey 1979
chrysanthemi pv. dieffenbachiae (McFadden 1961) Dye 1978
chrysanthemi pv. zeae (Sabet 1954) Victoria et al. 1975
herbicola pv. gypsophilae (Brown 1934) Miller et al. 1981
E. psidii Neto et al. 1988
E. quercina Hildebrand and Schroth 1967
E. rhapontici (Millard 1924) Burkholder 1948
E. tracheiphila (Smith 1895) Bergey et al. 1923
Gluconobacter—Family: Acetobacteraceae; Order: Rhodospirillales;
Class: Anoxyphotobacteria; Division: Gracilicutes; Domain: Bacteria
Gluconobacter oxydans (Henneberg 1897) De Ley 1961
Nocardia—Family: Nocardiaceae; Suborder: Corynebacterineae; Order:
Actinomycetales; Subclass: Actinobacteridae; Class: Schizomycetes;
Domain: Bacteria
Nocardia vaccini Demaree and Smith 1952
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Pantoea—Family: Enterobacteriaceae; Order: Enterobacteriales; Class:
Proteobacteria Gamma subdivision; Domain: Bacteria
Pantoea agglomerans (Beijerinck 1888) Gavini et al. 1989 =
Erwinia herbicola (Lohnis 1911) Dye 1964
P. ananas pv. ananas (Serrano 1928) Mergaert et al. 1993 = E.
ananas pv. ananas Serrano 1928
P. stewartii ssp. stewartii (Smith 1898) Mergaert et al. 1993 = E.
stewartii (Smith 1898) Dye 1963
Pectobacterium—Family: Enterobacteriaceae; Order: Enterobacteriales;
Class: Proteobacteria Gamma subdivision; Domain: Bacteria
Pectobacterium spp. are now synonyms of various Erwinia spp.
Pseudomonas—Tribe: Pseudomonadeae; Family: Pseudomonadaceae;
Suborder: Pseudomonadineae; Order: Pseudomonadales; Class:
Proteobacteria Gamma subdivision; Domain: Bacteria
Pseudomonas amygdali Psallidas and Panagopoulos 1975
P. caricapapayae Robbs 1956
P. cichorii (Swingle 1925) Stapp 1928
P. corrugata (ex Scarlett et al. 1978) Roberts and Scarlett 1981
P. fuscovaginae (ex Tanii et al. 1976) Miyajima et al. 1983
P. marginalis pv. alfalfae (Shinde and Lukezic 1974) Young et al.
1978
P. marginalis pv. marginalis (Brown 1918) Stevens 1925
P. meliae Ogimi 1981
P. savastanoi pv. glycinea (Coerper 1919) Gardan et al. 1992 = P,
syringae pv. glycinea (Coerper 1919) Young et al. 1978*
P. savastanoi pv. phaseolicola (Burkholder 1926) Gardan et al. 1992
= P. syringae pv. phaseolicola (Burkholder 1926) Young et al.

1978*

P. savastanoi pv. savastanoi (ex Smith 1908) Gardan et al. 1992 = P.
savastanoi*

P. syringae pv. antirrrhini (Takimoto 1920) Young, Dye, and Wilkie
1978

P. syringae pv. apii (Jagger 1921) Young, Dye, and Wilkie 1978

P. syringae pv. aptata (Brown and Jamieson 1913) Young, Dye, and
Wilkie 1978

P. syringae pv. atrofaciens (McCulloch 1920) Young, Dye, and
Wilkie 1978

P. syringae pv. atropurpurea (Reddy and Godkin 1923) Young, Dye,
and Wilkie 1978

P. syringae pv. cannabina (Sutic and Dowson 1959) Young, Dye,
and Wilkie 1978

P. syringae pv. castaneae Takanashi and Shimizu 1989

P. syringae pv. coronafaciens (Elliott 1920) Young, Dye, and Wilkie
1978
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P. syringae pv. delphinii (Smith 1904) Young, Dye, and Wilkie 1978

P. syringae pv. helianthi (Kawamura 1934) Young, Dye, and Wilkie
1978

P. syringae pv. lachrymans (Smith and Bryan 1915) Young, Dye,
and Wilkie 1978

P. syringae pv. maculicola (McCulloch 1911) Young, Dye, and
Wilkie 1978

P. syringae pv. mellea (Johnson 1923) Young, Dye, and Wilkie 1978

P. syringae pv. mori (Boyer and Lambert 1893) Young, Dye, and
Wilkie 1978

P. syringae pv. morsprunorum (Wormald 1931) Young, Dye, and
Wilkie 1978

P. syringae pv. oryzae (Kuwata 1985) Young et al. 1991

P. syringae pv. populans (Rose 1917) Dhanvantari 1977

P. syringae pv. passiflorae (Reid 1938) Young, Dye, and Wilkie
1978

P. syringae pv. persicae (Prunier et al. 1970) Young, Dye, and
Wilkie 1978

P. syringae pv. pisi (Sackett 1916) Young, Dye, and Wilkie 1978

P. syringae pv. sesami (Malkoff 1906) Young, Dye, and Wilkie 1978

P. syringae pv. striafaciens (Elliott 1927) Young, Dye, and Wilkie
1978

P. syringae pv. syringae van Hall 1902

P. syringae pv. tabaci (Wolf and Foster 1917) Young, Dye, and
Wilkie 1978

P. syringae pv. tagetis (Hellmers 1955) Young, Dye, and Wilkie
1978

P. syringae pv. theae (Hori 1915) Young, Dye, and Wilkie 1978

P. syringae pv. tomato (Okabe 1933) Young, Dye, and Wilkie 1978

P. syringae pv. ulmi (Sutic and Tesic 1958) Young, Dye, and Wilkie
1978

P. syringae pv. viburni (Thornberry and Anderson 1931) Young,
Dye, and Wilkie 1978

P. syringae pv. zizaniae (ex Bowden and Pereich 1983) Young et al.
1991

P. viridiflava (Burkholder 1930) Dowson 1939

Ralstonia—Family: Ralstoniaceae; Order: Burkholderiales; Class:

Proteobacteria Beta subdivision; Domain: Bacteria

Ralstonia solanacearum (Smith 1896) Yabauuchi et al. 1995 =
Pseudomonas solanacearum (Smith 1896) Smith 1914 =
Burkholderia solanacearum (Smith 1896) Yabauuchi et al. 1993



Bacteria 23

Rathayibacter—Family: Microbacteriaceae; Suborder: Micrococcineae;
Order: Actinomycetales; Subclass: Actinobacteridae; Class:
Schizomycetes; Domain: Bacteria

Rathayibacter rathayi (Smith 1913) Zgurskaya et al. 1993 =
Clavibacter rathayi (Smith 1913) Davis et al. 1984 =
Corynebacterium rathayi (Smith 1913) Dowson 1942

R. tritici (ex Hutchinson 1917) Zgurskaya et al. 1993

Rhizobacter—Family: Pseudomonadaceae; Suborder: Pseudomonadineae;
Order: Pseudomonadales; Class: Proteobacteria Gamma subdivision;
Domain: Bacteria

Rhizobacter dauci Goto and Kuwata 1988

Rhizomonas—Family: Sphingomonadaceae; Order: Sphingomonadales;
Class: Proteobacteria Alpha subdivision; Domain: Bacteria

Rhizomonas suberifaciens van Bruggen, Jochimsen and Brown 1990

Rhodococcus—Family: Nocardiaceae; Suborder: Corynebacterineae; Or-
der: Actinomycetales; Subclass: Actinobacteridae; Class:
Schizomycetes; Domain: Bacteria

Rhodococcus fascians (Tilford 1936) Goodfellow 1984 =
Corynebacterium fascians (Tilford 1936) Dowson 1942

Serratia—Tribe: Serratiaceae; Family: Enterobacteriaceae; Order:
Enterobacteriales; Class: Proteobacteria Gamma subdivision; Domain:
Bacteria

Serratia proteamaculans (Paine and Stansfield 1919) Grimont,
Grimont, and Starr 1978 = Erwinia proteamaculans (Paine and
Stansfield 1919) Dye 1966

Spiroplasma—Family: Spiroplasmataceae; Order: Entomoplastales;
Class: Mollicutes; Division: Firmicutes; Domain: Bacteria

Spiroplasma citri Saglio, L’hospital, Lafleche, Dupont, Bove, Tully,
and Freundt 1973

S. kunkelii Whitcomb et al. 1986

S. phoeniceum Saillard et al. 1987

Streptomyces—Family: Streptomycetaceae; Order: Actinomycetales;
Actinobacteridae; Class: Schizomycetes; Domain: Bacteria

Streptomyces scabies (ex Thaxter 1892) Lambert and Loria 1989

S. ipomoeae (Person and Martin 1940) Waksman and Henrici 1948

Xanthomonas—Family: Xanthomonadaceae; Order: Xanthomonadales;
Class: Proteobacteria Gamma subdivision; Domain: Bacteria

Xanthomonas albilineans (Ashby 1929) Dowson 1943

X. arboricola pv. juglandis (Pierce 1901) Vauterin et al. 1995 = X.
Jjuglandis pv. juglandis*

X. arboricola pv. populi (ex de Kam 1984) Vauterin et al. 1995 = X.
campestris pv. populi (ex de Kam 1984) Young et al. 1991
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X. arboricola pv. pruni (Smith 1903) Vauterin et al. 1995 = X.
Jjuglandis pv. pruni*

X. arboricola pv. corylina (Miller et al. 1940) Vauterin et al. 1995 =
X. juglandis pv. corylina*

X. axonopodis pv. alfalfae (Riker et al. 1935) Vauterin et al. 1995 =
X. campestris pv. alfalfae ((Riker et al. 1935) Dye 1978*

X. axonopodis pv. axonopodis Starr and Garces 1950

X. axonopodis pv. bauhiniae (Padhya et al. 1965) Vauterin et al.

1995 = X. campestris pv. bauhiniae (Padhya et al. 1965) Dye
1978%*
. axonopodis pv. begoniae (Takimoto 1934) Vauterin et al. 1995 =
X. campestris pv. begoniae (Takimoto 1934) Dye 1978*
. axonopodis pv. cajani (Kulkarni et al. 1950) Vauterin et al. 1995
= X. campestris pv. cajani (Kulkarni et al. 1950) Dye 1978*
. axonopodis pv. cassiae (Kulkarni et al. 1951) Vauterin et al. 1995
= X. campestris pv. cassiae (Kulkarni et al. 1951) Dye 1978*
. axonopodis pv. citri (Hasse 1915) Vauterin et al. 1995 = X.
campestris pv. citri (Hasse 1915) Dye 1978*
. axonopodis pv. clitoriae (Pandit and Kulkarni 1979) Vauterin
et al. 1995 = X. campestris pv. clitoriae (Pandit and Kulkarni
1979) Dye et al. 1980*

. axonopodis pv. coracanae (Desai et al. 1965) Vauterin et al. 1995
= X. campestris pv. coracanae (Desai et al. 1965) Dye 1978*

X. axonopodis pv. cyamopsidis (Patel et al. 1953) Vauterin et al.
1995 = X. campestris pv. cyamopsidis (Patel et al. 1953) Dye
1978*

X. axonopodis pv. desmodii (Patel 1949) Vauterin et al. 1995 = X.
campestris pv. desmodii (Patel 1949) Dye 1978*

X. axonopodis pv. desmodiilaxiflori (Pant and Kulkarni 1976)
Vauterin et al. 1995 = X. campestris pv. desmodiilaxiflori Pant
and Kulkarni 1976*

X. axonopodis pv. desmodiirotundifolii (Deasi and Shah 1960)
Vauterin et al. 1995 = X. campestris pv. desmodiirotundifolii
(Deasi and Shah 1960) Dye 1978*

X. axonopodis pv. dieffenbachiae (McCulloch and Pirone 1939)
Vauterin et al. 1995 = X. campestris pv. dieffenbachiae
(McCulloch and Pirone 1939) Dye 1978*

X. axonopodis pv. erythrinae (Patel et al. 1952) Vauterin et al. 1995
= X. campestris pv. erythrinae (Patel et al. 1952) Dye 1978*

X. axonopodis pv. glycines (Nakano 1919) Vauterin et al. 1995 = X.
campestris pv. glycines (Nakano 1919) Dye 1978*
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X. axonopodis pv. lespedezae (Ayres et al. 1939) Vauterin et al. 1995
= X. campestris pv. lespedezae (Ayres et al. 1939) Dye 1978*

X. axonopodis pv. malvacearum (Smith 1901) Vauterin et al. 1995 =
X. campestris pv. malvacearum (Smith 1901) Dye 1978%

X. axonopodis pv. manihotis (Bondar 1915) Vauterin et al. 1995 = X.
campestris pv. manihotis (Bondar 1915) Dye 1978*

X. axonopodis pv. patelii (Desai and Shah 1959) Vauterin et al. 1995
= X. campestris pv. patelii (Desai and Shah 1959) Dye 1978*

X. axonopodis pv. phaseoli (Smith 1897) Vauterin et al. 1995 = X.
campestris pv. phaseoli (Smith 1897) Dye 1978*

X. axonopodis pv. phyllanthi (Sabet et al. 1969) Vauterin et al. 1995
= X. campestris pv. phyllanthi (Sabet et al. 1969) Dye 1978*

X. axonopodis pv. poinsettiicola (Patel et al. 1951) Vauterin et al.
1995 = X. campestris pv. poinsettiicola (Patel et al. 1951) Dye
1978%*

X. axonopodis pv. rhynchosiae (Sabet et al. 1969) Vauterin et al.
1995 = X. campestris pv. rhynchosiae (Sabet et al. 1969) Dye
1978*

X. axonopodis pv. ricini (Yoshii and Takimoto 1928) Vauterin et al.
1995 = X. campestris pv. ricini (Yoshii and Takimoto 1928) Dye
1978%*

. axonopodis pv. sesbaniae (Patel et al. 1952) Vauterin et al. 1995

= X. campestris pv. sesbaniae (Patel et al. 1952) Dye 1978*

. axonopodis pv. tamarindi (Patel et al. 1951) Vauterin et al. 1995

= X. campestris pv. tamarindi (Patel et al. 1951) Dye 1978*

. axonopodis pv. vasculorum (Cobb 1894) Vauterin et al. 1995 = X.

campestris pv. vasculorum (Cobb 1894) Dye 1978%*

. axonopodis pv. vignaeradiatae (Sabet et al. 1969) Vauterin et al.
1995 = X. campestris pv. vignaeradiatae (Sabet et al. 1969) Dye
1978*

X. axonopodis pv. vignicola (Burkholder 1944) Vauterin et al. 1995

= X. campestris pv. vignicola (Burkholder 1944) Dye 1978*

X. axonopodis pv. vitians (Brown 1918) Vauterin et al. 1995 = X.
campestris pv. vitians (Brown 1918) Dye 1978*

X. bromi Vauterin et al. 1995 = X. campestris pv. bromi*

X. campestris pv. aberrans (Knosel 1961) Dye 1978

X. campestris pv. aracearum (Berniac 1974) Dye 1978

X. campestris pv. arecae (Rao and Mohan 1970) Dye 1978

X. campestris pv. argemones (Srinivasan et al. 1961) Dye 1978

X. campestris pv. armoraciae (McCulloch 1929) Dye 1978

X. campestris pv. arracaciae (Pereira et al. 1971) Dye 1978

X. campestris pv. asclepiadis Flynn and Vidaver 1990

MR X X
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X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.

azadirachtae (Desai et al. 1966) Dye 1978
betae Robbs et al. 1981

campestris (Pammel 1895) Dowson 1939
carissae (Moniz et al. 1964) Dye 1978
eucalypti (Truman 1974) Dye 1978
euphorbiae (Sabet et al. 1969) Dye 1978

X. campestris pv. fici (Cavara 1905) Dye 1978

X. campestris pv.
X. campestris pv.
X. campestris pv.
. campestris pv.
1974

. campestris pv.
1978

. campestris pv.
. campestris pv.

1978
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guizotiae (Yirgou 1964) Dye 1978

incanae (Kendrick and Baker) Dye 1978

leersiae (ex Fang et al. 1957) Young et al. 1991
mangiferaeindicae (Patel et al. 1948) Robbs et al.

musacearum (Yirgou and Bradbury 1968) Dye

nigromaculans (Takimoto 1927) Dye 1978
olitorii (Sabet 1957) Dye 1978

. campestris pv. papavericola (Bryan and McWhorter 1930) Dye

. campestris pv. passiflorae (Pereira 1969) Dye 1978

X. campestris pv. paulliniae Robbs et al. 1982
X. campestris pv. phormiicola (Takimoto 1933) Dye 1978
X. campestris pv. plantaginis (Thornberry and Anderson 1937) Dye

1978
X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.
X. campestris pv.
1978
X. campestris pv.
X. campestris pv.

raphani (White 1930) Dye 1978

sesami (Sabet and Dowson 1960) Dye 1978
syngonii Dickey and Zumoff 1987

viticola (Nayudu 1972) Dye 1978

vitiscarnosae (Moniz and Patel 1958) Dye 1978
vitistrifoliae (Padhya et al. 1965) Dye 1978
vitiswoodrowii (Patel and Kulkarni 1951) Dye

zingibericola (Ren and Fang 1981) Bradbury 1986
zinniae (Hopkins and Dowson 1949) Dye 1978

X. cassavae (ex Wiehe and Dowson 1953) Vauterin et al. 1995

X. cucurbitae (ex Bryon 1926) Vauterin et al. 1995

X. exitiosa (Gardner and Kendrick 1921) Schaad et al. 2000

X. fragariae Kennedy and King 1962

X. hederae (Arnaud 1920) Schaad et al. 2000

X. hortorum pv. hederae (Arnaud 1920) Vauterin et al. 1995 = X.
hederae pv. hederae Schaad et al. 2000*

X. hortorum pv. hortorum Vauterin et al. 1995
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X. hortorum pv. pelargonii (Brown 1923) Vauterin et al. 1995 = X.
hederae pv. pelargonii Schaad et al. 2000*

X. hyacinthi (Wakker 1883) Vauterin et al. 1995

X. melonis (Neto et al. 1984) Vauterin et al. 1995 = X. campestris
pv. melonis (Neto et al. 1984)*

X. oryzae pv. oryzae (Ishiyama 1922) Swings et al. 1990

X. oryzae pv. oryzicola (Fang et al. 1957) Swings et al. 1990

X. sacchari Vauterin et al. 1995 = X. albilineans Schaad et al. 2000*

X. theicola (Uehara et al. 1980) Vauterin et al. 1995 = X. campestris
pv. theicola (Uehara et al., 1980)*

X. translucens pv. arrhenatheri (Egli and Schmidt 1982) Vauterin
etal. 1995 = X. campestris pv. arrhenatheri Egli and Schmidt
1982*

X. translucens pv. graminis (Egli et al. 1975) Vauterin et al. 1995 =

X. campestris pv. graminis (Egli et al. 1975) Dye 1978*

. translucens pv. phlei (Egli and Schmidt 1982) Vauterin et al.
1995 = X. campestris pv. phlei Egli and Schmidt 1982*

. translucens pv. phleipratensis (Wallin and Reddy 1945) Vauterin
etal. 1995 = X. campestris pv. phleipratensis (Wallin and Reddy
1945) Dye 1978*

. translucens pv. poae (Egli and Schmidt 1982) Vauterin et al.

1995 = X. campestris pv. poae Egli and Schmidt 1982

. vasicola pv. holcicola (Elliott 1930) Vauterin et al. 1995 = X.

campestris pv. holcicola Schaad et al. 2000*

. vasicola pv. vasculorum Vauterin et al. 1995 = X. campestris pv.

vasculorum (Cobb 1894) Dye 1978

. vesicatoria (ex Doidge 1920) Vauterin et al. 1995 = X. campestris
pv. vesicatoria (ex Doidge 1920) Dye 1978*

Xylella—Family: Xanthomonadaceae; Order: Xanthomonadales; Class:

Proteobacteria Gamma subdivision; Domain: Bacteria
Xylella fastidiosa Wells, Raju, Hung, Weisburg, Mandelco—Paul,
and Brenner 1987 (Xylem-limited fastidious plant bacteria)

Xylophilus—Family: Pseudomonadaceae; Suborder: Pseudomonadineae;
Order: Pseudomonadales; Class: Proteobacteria Gamma subdivision;
Domain: Bacteria

Xylophilus ampelinus (Panagopoulos 1969) Willems et al. 1987 =
Xanthomonas ampelina Panagopoulos 1969

e

e
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Fungi, Including Chromista and Protozoa

Fungi are the largest group of crop pathogens. Fungi belong to three
kingdoms: Fungi, Chromista, and Protozoa. The Kingdom Chromista in-
cludes the phylum Oomycota, which contains many plant-pathogenic fungi.
The Kingdom Protozoa consists of one phylum, Plasmodiophoromycota,
which contains crop pathogens. The Kingdom Fungi consists of four phyla:
Ascomycota, Basidiomycota, Zygomycota, and Chytridiomycota. Another
group, Mitosporic fungi, includes fungi that have not been correlated with
any meiotic states. This section describes the structure and reproduction of
all these fungal phyla. It also provides a complete list of crop fungal patho-
gens and their systematic positions.

THREE KINGDOMS CONTAINING “FUNGI”:
FUNGI, CHROMISTA, AND PROTOZ0OA

Fungi are the most important group of plant pathogens. Out of about
56,360 species of fungi, more than 8,000 species are known to cause dis-
eases in plants. Originally all fungi were classified as belonging to the King-
dom Fungi (= Eukaryota). Recently some fungi have been considered not to
belong to this kingdom and have been placed under the Kingdoms Chro-
mista and Protozoa. With advances in ultrastructural, biochemical, and es-
pecially molecular biology, the treatment of fungi as a single kingdom has
become untenable. The organisms so far called fungi are now established as
polyphyletic (i.e., with different phylogenies) and have to be referred to
three different kingdoms (Hawksworth et al., 1995): Fungi, Chromista, and
Protozoa. The Kingdom Fungi contains “true fungi”” while the Kingdoms
Chromista and Protozoa contain “pseudofungi.” The Kingdom Fungi con-
sists exclusively of fungi; the Chromista and Protozoa mainly comprise
nonfungal phyla. Chromista consists of three fungal phyla and Protozoa
consists of only four fungal phyla.

Fungi are organisms that are eukaryotic and heterotrophic. They develop
branching filaments (or more rarely are single-celled), reproduce by spores,
and their cell walls contain chitin and B-glucans. They are mostly nonflag-
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ellate. When present, the flagella always lack mastigonemes (i.e., surfaces
of flagella are not covered by hairlike processes). Chromista are organisms
that bear flagella with mastigonemes. Their cell walls contain cellulose and
glucan rather than chitin. Mycolaminarin is the energy storage molecule
found in Chromista. Protozoa are organisms that are predominantly unicel-
lular, plasmodial, or colonial. They are phagotrophic, i.e., they feed by in-
gestion, engulfing food. They are wall-less in the trophic state. They have
ciliary hairs that are never rigid or tubular.

OOMYCOTA
Classification of Oomycota

Three fungal (pseudofungal) phyla that belong to Chromista are Hypo-
chytriomycota, Labyrinthulomycota, and Oomycota. Among them, only
Oomycota consists of plant pathogens. There are more than 500 species in
Oomycota. These include so-called water molds and downy mildews. “Oomy-
cota” means “egg fungi” and refers to the large round oogonia (the struc-
tures containing the female gametes). Oomycota are oogamous, producing
large nonmotile gametes called “eggs,” and smaller gametes called “sperm.”
Oomycota were classified previously as fungi because of their filamentous
growth. However, Oomycota cell walls are not composed of chitin, as in the
fungi, but are made up of a mix of cellulosic compounds and glycan. The
nuclei within the filaments are diploid, with two sets of genetic information,
not haploid as in the fungi. The ultrastructure, biochemistry, and molecular
sequences of Oomycota suggest that they belong with Chromista. The free-
swimming spores that are produced bear two dissimilar flagella, one with
mastigonemes. This feature is common in chromists. Presence of the chemical
mycolaminarin in Oomycota is similar to that found in kelps and diatoms.
Hence, Oomycota have been placed in the Kingdom Chromista.

The phylum (division) Oomycota consists of nine orders: Olpidiop-
sidales, Peronosporales, Pythiales, Sclerosporales, Saprolegniales, Lepto-
midales, Myzocytiopsidales, Rhipidiales, and Salilagenidales. Only the or-
ders Peronosporales, Pythiales, Sclerosporales, and Saprolegniales contain
crop pathogens. Oomycota contains many important pathogens that have af-
fected the economies of many countries. In the order Pythiales, the family
Pythiaceae contains various Phytophthora and Pythium species that cause
several diseases in various crops. Phytophthora infestans causes late blight
in potato and tomato. Phytophthora citrophthora is the causal organism of
gummosis and foot rot diseases in Citrus. Phytophthora capsici causes
blight in pepper, P. cactorum incites crown and root rot in apple and peach,
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P. parasitica pv. nicotianae causes black shank in tobacco, and P. sojae
causes root and stem rot of soybean. Pythium debaryanum, P. ultimum, and
P. aphanidermatum cause damping-off of vegetables and fruit trees. Pyth-
ium arrhenomanes, P. graminicola, and P. tardicrescens cause root rot in ce-
reals.

In the order Peronosporales, the family Albuginaceae contains Albugo
candida (white rust of crucifers) and Albugo ipomoeae-panduranae (white
rust of sweet potato). In the order Peronosporales, the family Perono-
sporaceae contains Plasmopara viticola (downy mildew of grapevine),
Peronospora parasitica (downy mildew of crucifers), Pseudoperonospora
cubensis (downy mildew of cucurbits), and Bremia lactucae (downy mil-
dew of lettuce).

In the order Sclerosporales, the family Sclerosporaceae contains Perono-
sclerospora sorghi (downy mildew of corn and sorghum), Sclerospora
graminicola (green ear and downy mildew of corn), P. philippinensis (Phil-
ippine downy mildew of corn), and P. sacchari (sugarcane downy mildew).
In the order Sclerosporales, the family Verrucalvaceae contains Scleroph-
thora macrospora (crazy-top downy mildew of corn) and S. rayssiae var.
zeae (brown-stripe downy mildew of corn). In the order Saprolegniales, the
family Saprolegniaceae contains the crucifer black-root pathogen Aphano-
myces raphani and the pea root-rot pathogen A. euteiches.

According to FungalWeb (n.d.) <http://www.fungalweb.com>, Oomy-
cetes is recognized as a class by an international group of mycologists who met
in Copenhagen in October 1999. It consists of the orders Leptomitales, Perono-
sporales, Pythiales, Rhipidales, Saprolegniales, and Sclerosporales. The or-
ders Leptomitales and Rhipidales do not have any plant pathogens. The order
Peronosporales consists of the families Peronosporaceae (Peronospora, Plas-
mopara, Bremia) and Albuginaceae (Albugo). The order Pythiales consists
of the family Pythiaceae (Phytophthora, Pythium), the order Saprolegniales
consists of the family Saprolegniaceae (Aphanomyces), and the order Sclero-
sporales consists of the families Sclerosporaceae (Peronosclerospora, Scler-
ospora) and Verrucalvaceae (Sclerophthora).

Structure of Oomycota

The vegetative body of a fungus is called the mycelium. The mycelium is
the mass of hyphae that constitutes the thallus. Hyphae are filamentous
structures made of thin, transparent, tubular walls filled or lined with a layer
of protoplasm. Hyphae of Oomycota do not have septa and are called
coenocytic or aseptate. Oomycota produce spores both asexually and sexu-
ally. Oomycota produce sporangium, a saclike structure, on the somatic
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hyphae. Entire contents of sporangium are converted into motile zoospores.
Zoospores bear two dissimilar flagella, one with mastigonemes.

Sexual reproduction in Oomycota results in the union of two different
nuclei. The process of sexual reproduction consists of three distinct phases:

1. Plasmogamy—The two protoplasts form a union, bringing their nu-
clei close together within the same cell.

2. Karyogamy—The two nuclei fuse.
3. Meiosis—Nuclear fusion is followed by meiosis (reduction division).

Meiosis reduces the number of chromosomes to haploid. The sex organs of
fungi are called gametangia. The male gametangium is called antheridium
and the female gametangium is called oogonium.

The oogonium contains a multinucleate oosphere surrounded by a layer
of periplasm. The antheridium is small and club shaped. During reproduc-
tion, the antheridium comes into contact with the oogonium, develops a fer-
tilization tube, and penetrates the oogonial wall and the periplasm. The male
nucleus passes through the tube into the oosphere, unites with the female
nucleus, and forms a zygote. The zygote is transformed into an oospore by
the development of a thick cell wall. Oospores are resting spores that germi-
nate by producing a germ tube. Germ tubes may terminate in a sporangium
(as in the case of Phytophthora and Plasmopara) or the oospores may ger-
minate producing a vesicle (as in the case of Pythium and Albugo). Zoo-
spores are formed in the sporangium or in the vesicle by meiosis—the divi-
sion of oospore contents into a large number of uninucleate sections. Each
of the sections becomes a biflagellate zoospore.

In some Oomycota (as in the case of Phytophthora infestans), sexual
reproduction can occur between the oogonium and antheridium from two
different, sexually compatible mycelia (thalli). This condition is called het-
erothallism. In many other cases (as in the case of Pythium), sexual repro-
duction occurs between the oogonium and antheridium from the same
thallus. This condition is called homothallism.

PROTOZ0OA
Fungal Phyla in Protozoa

The Kingdom Protozoa includes four fungal phyla: Acrasomycota, Dicty-
osteliomycota, Myxomycota, and Plasmodiophoromycota. Only Plasmodi-
ophoromycota contains important crop pathogens. In this phylum, the order
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Plasmodiophorales contains the family Plasmodiophoraceae, in which two
important crop pathogens are included: Plasmodiophora brassicae, which
causes clubroot in various cruciferous plants (including cabbage), and
Spongospora subterranea, which causes powdery scab disease in potatoes.

Structure of Plasmodiophoromycota

The important character of Plasmodiophoromycota is the presence of
plasmodium. Plasmodium is a naked (wall-less) motile mass of protoplasm
with many nuclei that is bounded by a plasma membrane. Plasmodium
moves and feeds in amoeboid fashion (i.e., it engulfs food and feeds by in-
gestion). Plasmodiophoromycota produce resting spores that germinate and
produce zoospores. Zoospores swim in water droplets, encyst, penetrate the
host tissue, and develop into multinucleate plasmodium. The plasmodium is
cleaved into multinucleate portions. Each portion is surrounded by a mem-
brane and develops into zoosporangium. Zoospores are released outside the
host and can infect the host. Instead of developing into zoosporangia, some
plasmodia produce resting spores that are formed by the formation and cop-
ulation of gametes. Plasmogamy, karyogamy, and meiosis may follow and
resting spores are formed.

PHYLA IN THE KINGDOM FUNGI

The Kingdom Fungi encompasses large numbers of fungi. It consists of
four phyla, 103 orders, 484 families, and 4,970 genera (Hawksworth et al.,
1995). Several authors have tried to classify fungi. Barr (1992) and Hawks-
worth et al. (1995) divided Fungi into Ascomycota, Basidiomycota, Chytri-
diomycota, and Zygomycota. However, Barr (1992) called the Kingdom
Fungi as Eumycota. It is now accepted by FungalWeb (n.d.) that the King-
dom Fungi should have four phyla (divisions): Ascomycota, Basidiomy-
cota, Chytridiomycota, and Zygomycota. FungalWeb was created by an in-
ternational group of mycologists who met in Copenhagen in October 1999.
The Web site <http://www.fungalweb.com> provides a classification for all
fungal genera based on a combination of phenotypic and genotypic data.
Another group of fungi is called Mitosporic fungi. It was previously recog-
nized as Deuteromycetes or Deuteromycotina, or Fungi Imperfecti. Mito-
sporic fungi are an artificial assemblage of fungi that have not been corre-
lated with any meiotic states.
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ASCOMYCOTA

Structure of Ascomycota

Ascomycota are either single-celled (yeasts), filamentous (hyphal), or
both (dimorphic). Yeasts (order: Saccharomycetales) grow by budding or
fission. Hyphae of other Ascomycota (Euascomycetes) grow apically and
branch laterally. Yeasts are not important plant pathogens. Only Galacto-
myces, Geotrichum, Saccharomyces, and Zygosaccharomyces are known to
cause some minor disorders in crop plants. The Euascomycetes are charac-
terized by septate mycelium. The cross-walls that divide the hypha into cells
are called septa. During certain stages of fungal development, the mycelium
becomes organized into loosely or compactly woven tissues, as distin-
guished from the loose hyphae ordinarily composing a thallus. The loosely
woven tissue in which component hyphae lie more or less parallel to one an-
other is called prosenchyma. The compact woven fungal tissue consists of
closely packed, more or less isodiametric or oval cells resembling the paren-
chyma cells of higher plants, and this type of fungal tissue is called
pseudoparenchyma. Both prosenchyma and pseudoparenchyma compose
various types of vegetative (somatic) and reproductive structures of Asco-
mycota.

Stroma is usually made up of prosenchyma, whereas sclerotium is made
up of pseudoparenchymatous tissue. Both stromata and sclerotia are so-
matic structures of fungi. Stroma is a compact somatic structure that looks
like a mattress. On or in the stroma, fructifications (the structures containing
spores) are formed. Sclerotium is a hard and compact vegetative resting
structure that is resistant to unfavorable conditions. Fungi may overwinter
in the form of sclerotia. The mycelium of some fungi forms thick strands. In
such strands, the hyphae lose their individuality and form complex tissues.
The strands are called rhizomorph. The strands have a thick, hard cortex and
a growing tip that looks like a root tip.

Asexual Reproduction in Ascomycota

Ascomycota reproduce both sexually and asexually. Asexual reproduc-
tion is repeated several times in the life cycle of Ascomycota, whereas sex-
ual reproduction occurs only once per life cycle. Different types of asexual
reproduction have been reported in Ascomycota. The fungi may multiply by
fragmentation of hyphae. By this method, the hyphae break up into their
component cells, which behave like spores. These spores are called oidia or
arthrospores. When the cells become enveloped in a thick wall before they
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separate from one another or from other hyphal cells adjoining them, they
are called chlamydospores.

Yeasts reproduce by fission or budding. During fission, the cell is split
into daughter cells by constriction and formation of a cell wall. In the bud-
ding process, a small outgrowth (bud) is produced from a parent cell. The
nucleus of the parent cell divides and one daughter nucleus migrates into the
bud. The bud increases in size and ultimately breaks off, forming a new indi-
vidual.

Most Ascomycota reproduce by producing conidia. Conidia are pro-
duced at the tips or sides of hyphae. The specialized hypha, which bears
conidia, is called a conidiophore. Conidia are generally borne on conidio-
phores, which may be produced loosely and indiscriminately by the somatic
hyphae or grouped in various types of asexual fruiting bodies. Conidio-
phores may be simple or branched. They may look like somatic hyphae or
they may be provided with sterigmata (small hyphal branches that support
the conidia) or specialized branches on which they bear conidia.

Conidiophores may be organized into definite fruiting bodies in the case
of some fungi. The various fruiting bodies reported in Ascomycota include:

1. Pycnidium—A hollow, globose, or flask-shaped structure whose pseu-
doparenchymatous walls are lined with conidiophores.

2. Acervulus—An aggregation (mat) of hyphae (pseudoparenchyma) that
is subcuticular, epidermal, or deeper in origin and never entirely su-
perficial. From the mat, short, closely-packed conidiophores arise,
forming a bedlike mass.

3. Sporodochium—A cushion-shaped stroma covered with short conidio-
phores that are cemented together. The spore mass is supported by
these conidiophores.

4. Pionnote sporodochium—A minute sporodochium near the surface of
the substratum having no stroma. The spores form a continuous slimy
layer.

5. Synnema—A more or less compacted group of erect and sometimes
fused conidiophores bearing conidia at the apex only or on both the
apex and sides. In synnema, conidiophores may be cemented together
to form the elongated, spore-bearing structure. This structure may be
split in different ways near the apex, sometimes resembling a feather
duster.

Sexual Reproduction in Ascomycota

In most species in Ascomycota, the sex organs are ascogonium (the fe-
male gametangium) and antheridium (the male gametangium). The male
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nucleus passes from the antheridium into the ascogonium through a pore de-
veloped at the point of contact between the two gametangia. The asco-
gonium contains a slender structure called the trichogyne, which receives
the male nucleus. Male nuclei enter the ascogonium and, in many cases, pair
with ascogonial nucleus (plasmogamy). Fusion of nuclei (karyokamy) does
not take place immediately. The ascogonium produces a number of papillae.
The nuclei from the ascogonium begin to pass into these papillae one by
one. The papillae elongate into ascogenous hyphae. In this ascogenous
hyphae, a leading pair of nuclei appear, followed by a second pair.

The nuclei in the ascogenous hyphae and those still in the ascogonium
undergo simultaneous mitosis. Septa are formed and the tip cell of the
ascogenous hypha becomes uninucleate. Several other cells become bi-
nucleate. One nucleus in each binucleate cell of the ascogenous hyphae is
antheridial in origin while the other is ascogonial. One of the binucleate
cells of the ascogenous hypha elongates and bends over to form a crozier
(hook). The two nuclei in this hooked cell divide in such a way that their
spindles are oriented more or less vertically and parallel to each other, so
that two of the daughter nuclei—one from each spindle and, therefore, of
different origin—are close to each other at the end of the hook, while one of
the other two nuclei is located at the tip and one near the basal septum of the
hook. Two septa form, separating the hook into three cells. The tip and basal
cells are uninucleate, one containing an antheridial nucleus and one an asco-
gonial nucleus. The crook (hooked) cell is binucleate. The crook cell be-
comes the ascus and is called the ascus mother cell.

Karyokamy takes place in the ascus mother cell soon after the septa are
formed in the hook. The young ascus with its diploid zygote nucleus begins
to elongate. The zygote nucleus soon undergoes meiosis, resulting in four
haploid nuclei. The nuclei divide mitotically to form eight nuclei. Each nu-
cleus is enveloped by a wall and eight ascospores are formed. Each asco-
genous hypha branches and rebranches in various ways and produces a clus-
ter of asci. The saclike structure, which contains the ascospores, is called the
asci.

In most of Ascomycota, the asci are elongated and either club shaped or
cylindrical. The ascus has a single cavity in which the ascospores are
formed. Asci may be stalked or sessile. A definite layer of asci, whether na-
ked or enclosed in a fruiting body, is called the hymenium. Sterile, elongated
hairs called paraphyses are found between the asci in the hymenium. Asci
are categorized based on the structure of their walls—unitunicate or bituni-
cate. The wall of a unitunicate ascus consists of two thin layers. In the
bitunicate ascus, two distinct wall layers exist: a rigid outer and an extensi-
ble inner wall.
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With a few exceptions, Ascomycota produce their asci in fruiting bodies
called ascocarps. A few Ascomycota produce naked asci without any fruit-
ing body. Different kinds of ascocarps have been reported:

1. Cleistothecium—A completely closed ascocarp

2. Perithecium—A more or less closed ascocarp. At maturity, the peri-
thecium is provided with a pore through which the ascospores escape

3. Apothecium—An open ascocarp

4. Pseudothecium—An ascostromatic ascocarp in which asci are formed
in numerous unwalled locules (cavities) within the stroma. The stroma
itself forms the wall of the ascocarp.

In some Ascomycota, no antheridia are formed. However, nuclei reach
ascogonia by means of spermatia, microconidia, or conidia. Spermatia are
minute, sphaerical or rod-shaped, uninucleate, male sex cells that become
attached to the receptive organs (trichogynes or somatic hyphae) and empty
their contents into them. Spermatia are detached from the spermatiophore
(parent hyphae) and are carried by wind, water, or insects to receptive or-
gans. Microconidia are minute conidia that behave as spermatia, but are ca-
pable of germinating and giving rise to mycelium. Conidia and oidia may
also function as spermatia. In some Ascomycota, fusion of somatic hyphae
of two compatible mycelia takes place, and the nuclei migrate to the
ascogonia through septal perforations.

Classification of Ascomycota

There is considerable variation between the classification systems pro-
posed by several authors (Hawksworth et al., 1995). There is no consensus
about categories above order in the classification. According to Hawks-
worth et al. (1995), the following 46 orders have been recognized in Asco-
mycota: Arthoniales, Caliciales, Calosphaeriales, Coryneliales, Cyttariales,
Diaporthales, Diatrypales, Dothideales, Elaphomycetales, Erysiphales, Euro-
tiales, Gyalectales, Halosphaeriales, Hypocreales, Laboulbeniales, Lah-
miales, Lecanorales, Leotiales, Lichinales, Medeolariales, Meliolales, Micro-
ascales, Neolectales, Onygenales, Ophiostomatales, Ostropales, Patellariales,
Peltigerales, Pertusariales, Pezizales, Phyllachorales, Pneumocystidales,
Protomycetales, Pyrenulales, Rhytismatales, Saccharomycetales, Schizo-
saccharomycetales, Sordariales, Spathulosporales, Taphrinales, Teloschist-
ales, Triblidiales, Trichosphaeriales, Trichotheliales, Verrucariales, and Xy-
lariales. Among these orders, only a few contain crop pathogens. Important
crop pathogens belong to the following orders:
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Order Diaporthales, Family Valsaceae: Diaporthe, Gnomonia,
Endothia, Phoma, Valsa

Order Dothideales, Family Capnodiaceae: Capnodium

Order Dothideales, Family Elsinoaceae: Elsinoe

Order Dothideales, Family Leptosphaeriaceae: Leptosphaeria,
Ophiobolus

Order Dothideales, Family Lophiostomataceae: Trichometasphaeria

Order Dothideales, Family Mycosphaerellaceae: Mycosphaerella,
Guignardia, Sphaerulina

Order Dothideales, Family Myriangiaceae: Myriangium

Order Dothideales, Family Phaeosphaeriaceae: Phaeosphaeria

Order Dothideales, Family Pleosporaceae: Pleospora, Pyrenophora,
Cochliobolus, Leptosphaerulina, Setosphaeria

Order Dothideales, Family Venturiaceae: Venturia

Order Dothideales, Genera Incertae Sedis: Didymella

Order Erysiphales, Family Erysiphaceae: Blumeria, Sphaerotheca,
Erysiphe, Uncinula, Leveillula, Phyllactinia, Podosphaera

Order Eurotiales, Family Trichocomaceae: Emericella, Eurotium,
Talaromyces

Order Hypocreales, Family Clavicipitaceae: Balansia, Claviceps

Order Hypocreales, Family Hypocreaceae: Nectria, Calonectria,
Gibberella

Order Microascales, Familia Incertae Sedis: Ceratocystis

Order Microascales, Family Microascaceae: Microascus

Order Ophiostomatales, Family Ophiostomataceae: Ophiostoma

Order Phyllachorales, Family Phyllachoraceae: Phyllachora,
Glomerella, Polystigma

Order Protomycetales, Family Protomycetaceae: Protomyces

Order Sordariales, Family Ceratostomataceae: Arxiomyces (=
Ceratostoma), Scopinella (= Ophiostomella)

Order Taphrinales, Family Taphrinaceae: Taphrina

Order Xylariales, Family Xylariaceae: Hypoxylon, Xylaria,
Ustulina, Rosellinia

Ascomycota, Familia Incertae Sedis:

Familia Incertae Sedis—Hyponectriaceae: Physalospora,
Hyponectria, Monographella

Familia Incertae Sedis—Magnaporthaceae: Gaeumannomyces,
Magnaporthe

Familia Incertae Sedis—Phlyctidaceae: Phlyctis

Ascomycota, Familia Incertae Sedis, Genera Incertae Sedis:
Leptosphaerella
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According to FungalWeb, the phylum Ascomycota consists of three
subphyla (Pezizomycotina, Saccharomycotina, and Taphrinomycotina), sev-
eral uncertain orders (Ascomycota order uncertain), uncertain families
(Ascomycota families uncertain), and uncertain genera (Ascomycota gen-
era uncertain). The subphylum Pezizomycotina consists of several classes
such as Arthoniomycetes, Chaetothyriomycetes, Dothideomycetes, Dothi-
deomycetes uncertain, Eurotiomycetes, Lecanoromycetes, Lecanoromy-
cetes uncertain, Leotiomycetes, Pezizomycetes, Sordariomycetes, and Dothi-
diomycetes et Chaetothyriomycetes uncertain. Several Sordariomycetes
orders uncertain, Sordariomycetes families uncertain, and Sordariomycetes
genera uncertain are also included under Pezizomycotina. The class Dothi-
deomycetes contains three orders, Dothideales, Patellariales, and Pleosporales,
and the important families in these orders containing crop pathogens are
given here:

Order Dothideales, Family Dothideaceae: Dothidia

Order Pleosporales, Family Leptosphaeriaceae: Leptosphaeria,
Ophiobolus

Order Pleosporales, Family Lophiostomataceae:
Trichometasphaeria

Order Pleosporales, Family Pleosporaceae: Cochliobolus,
Pseudocochliobolus, Pleospora, Macrospora, Pyrenophora,
Leptosphaerulina

The class Dothideomycetes et Chaetothyriomycetes uncertain contains some
important pathogens:

Family Botryosphaeriaceae: Botyosphaeria

Family Elsinoaceae: Elsinoe

Family Mycosphaerellaceae: Mycosphaerella, Guignardia
Family Venturiaceae: Venturia

Dothideomycetes uncertain includes the crop pathogens Didymella and
Diapleela.

The class Leotiomycetes consists of the following important powdery
mildew fungi and other important pathogens:

Order Erysiphales, Family Erysiphaceae: Erysiphe, Uncinula,
Sphaerotheca, Blumeria, Leveillula, Phyllactinia, Podosphaera,
Microsphaera (powdery mildew fungi)

Order Leotiales, Family Dermateaceae: Diplocarpon, Tapesia

Order Leotiales, Family Sclerotiniaceae: Botryotinia, Sclerotinia
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The class Sordariomycetes contains many crop pathogens as follows:

Order Diaporthales, Family Melanconidaceae: Schizoparme,
Sydowiella

Order Diaporthales, Family Valsaceae: Diaporthe, Endothia,
Gnomonia, Valsa

Order Diaporthales Uncertain: Cryptonectria

Order Hypocreales, Family Bionectriaceae: Nectriella

Order Hypocreales, Family Clavicipitaceae: Balansia, Claviceps

Order Hypocreales, Family Nectriaceae: Nectria, Gibberella,
Calonectria

Order Microascales, Family Microascaceae Uncertain: Ceratocystis

Order Ophiostomatales, Family Ophiostomataceae: Ophiostoma

Order Sordariales, Family Ceratostomataceae: Ceratostoma

Order Sordariales Uncertain: Monosporascus

Order Xylariales, Family Clypeosphaeriaceae: Ceratostomella

Order Xylariales, Family Diatrypaceae: Eutypa

Order Xylariales, Family Hypoxylon: Rosellinia, Xylaria,
Hypoxylon

Class Sordariomycetes Orders Uncertain, Order Meliolales, Family
Meliolaceae: Meliola

Class Sordariomycetes Orders Uncertain, Order Phyllachorales,
Family Phyllachoraceae: Phyllachora

Order Sordariomycetes Families Uncertain, Family
Hyponectriaceae: Hyponectria, Physalospora, Monographella

Order Sordariomycetes Families Uncertain, Family
Magnaporthaceae: Magnaporthe, Gaeumannomyces

Order Sordariomycetes Genera Uncertain: Glomerella

BASIDIOMYCOTA

Structure and Reproduction in Basidiomycota

The phylum Basidiomycota consists of septate mycelium. The mycelium
of most Basidiomycota passes through three distinct stages of development,
the primary, the secondary, and the tertiary, before the fungus completes its
life cycle. The basidiospore germinates and grows into the primary myce-
lium, which is multinucleate in the initial stage. Septa develop and the pri-
mary mycelium becomes septate and uninucleate.
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The secondary mycelium originates from the primary mycelium. Its cells
are binucleate. Protoplasts of two uninucleate cells fuse without actual
karyogamy and binucleate cells develop (plasmogamy). The binucleate cell
thus formed produces a branch into which the nuclear pair migrates. The
two nuclei divide conjugately and the sister nuclei separate into two daugh-
ter cells, thus initiating the binucleate mycelium. In some fungi, the daugh-
ter cell formation occurs through clamp connection. Clamp connection is a
bridgelike connection in the secondary mycelium. The binucleate myce-
lium gives rise to the basidium in which karyogamy and meiosis occur. It is
similar to the ascogenous hyphae from which asci arise.

The tertiary mycelium is an organized tissue that composes the sporo-
phores. The cells of the tertiary mycelium are binucleate, with the sporo-
phores actually originating when the secondary mycelium forms complex
tissues.

The basidium, dikaryotic mycelium, and the formation of clamp connec-
tions are characteristics of Basidiomycota. In addition, septa of secondary
mycelium of some Basidiomycota are dolipore septa. This septum flares up
in the middle portion of the hypha, forming a barrel-shaped structure with
open ends.

The sexual structure of Basidiomycota is the basidium. The basidium
originates as a terminal cell of a binucleate hypha and is separated from the
rest of the hypha by a septum over which a clamp connection is generally
found. The basidium soon enlarges and becomes broader. The two nuclei
within the young basidium fuse (karyogamy). The zygote nucleus soon un-
dergoes meiosis, giving rise to four haploid nuclei. Four sterigmata arise at
the top of the basidium and their tips enlarge, forming the basidiospore ini-
tials. The four nuclei move through the sterigmata into the young basid-
iospores. Uninucleate basidiospores develop subsequently. Some Basidio-
mycota produce their basidia in highly organized fruiting bodies that are
called basidiocarps. However, the fungi causing rust and smut diseases do
not form any basidiocarps.

Asexual reproduction in the Basidiomycota takes place by means of bud-
ding, by fragmentation of the mycelium, and by the production of conidia,
arthrospores, or oidia. The rusts produce urediniospores, which are conidial
in origin and function. Smuts produce chlamydospores.

Classification of Basidiomycota
Hawksworth et al. (1995) recognized three classes in the phylum Basidio-

mycota: Basidiomycetes, Teliomycetes, and Ustomycetes. The class Basid-
iomycetes consists of 32 orders. The important orders, which consist of crop
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pathogens, are Agaricales, Atractiellales, Boletales, Cantharellales, Cerato-
basidiales, Ganodermatales, Hymenochaetales, Lachnocladiales, Poriales,
Schizophyllales, and Stereales. The important plant-pathogenic genera in-
cluded in these orders are given here:

Order Agaricales, Family Coprinaceae—Coprinus

Order Agaricales, Family Strophariaceae—Psilocybe

Order Agaricales, Family Tricholomataceae—Armillaria,
Armillariella, Baeospora, Clitocybe, Collybia, Crinipellis,
Flammulina, Marasmiellus, Marasmius, Mycena

Order Atractiellales, Family Chionosphaeraceae—Stilbum

Order Boletales, Family Coniophoraceae—Serpula

Order Cantharellales, Family Typhulaceae—Typhula

Order Ceratobasidiales, Family Ceratobasidiaceae—
Ceratobasidium, Oncobasidium, Thanatephorus

Order Ganodermatales, Family Ganodermateaceae—Ganoderma

Order Hymenochaetales, Family Hymenochaetaceae—Fomitiporia,
Hymenochaete, Phellinus

Order Lachnocladiales, Family Lachnocladiaceae—Scytinostroma

Order Poriales, Family Coriolaceae—Coriolus, Fomes, Fomitella,
Fomitopsis, Gloeophyllum, Heterobasidion, Hexagonia,
Hirschioporus, Laetiporus, Leptoporus, Oxyporus, Pycnoporus,
Perenniporia, Phaeolus, Pseudophaeolus, Pycnoporus,
Rigidoporus, Trichaptum, Trametes

Order Schizophyllales, Family Schizophyllaceae—Schizophyllum,
Solenia

Order Stereales, Family Aleurodiscaceae—Aleurodiscus

Order Stereales, Family Atheliaceae—Athelia, Butlerelfia

Order Stereales, Family Botryobasidiaceae— Waitea

Order Stereales, Family Corticiaceae—Corticium, Hypochnus,
Pellicularia

Order Stereales, Family Peniophoraceae—Peniophora

Order Stereales, Family Sistrotremataceae—Trechispora

Order Stereales, Family Steccherinaceae—Steccherinum, Irpex

Order Stereales, Family Stereaceae—Stereum

In the class Teliomycetes, many rust fungi are included. The important
pathogens in this class include:

Order Septobasidiales, Family Septobasidiaceae—Septobasidium,
Uredinella
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Order Uredinales, Family Coleosporiaceae—Coleosporium

Order Uredinales, Family Cronartiaceae—Cronartium

Order Uredinales, Family Melampsoraceae—~Melampsora

Order Uredinales, Family Mikronegeriaceae—Mikronegeria

Order Uredinales, Family Phakopsoraceae—Phakopsora,
Cerotelium, Dasturella, Monosporidium, Phragmidiella,
Uredopeltis, Uredostilbe, Angiopsora

Order Uredinales, Family Phragmidiaceae—Phragmidium,
Trachyspora, Frommea

Order Uredinales, Family Pileolariaceae—Uromycladium

Order Uredinales, Family Pucciniaceae—Puccinia, Uromyces,
Gymnosporangium, Chrysella, Chrysopsora, Peridiopsora,
Marvalia, Stereostratum

Order Uredinales, Family Pucciniastraceae—Pucciniastrum,
Hyalopsora, Melampsorella, Melampsoridium, Uredinopsis,
Melampsora

Order Uredinales, Family Pucciniosiraceae—Pucciniosira,
Trichopsora

Order Uredinales, Family Raveneliaceae—Ravenelia, Cystomyces,
Haploravenelia

Order Uredinales, Family Sphaerophragmiaceae—
Sphaerophragmium

Order Uredinales, Family Uropyxidaceae—Didymopsorella,
Tranzschelia, Uropyxis

Order Uredinales, Familia Incertae Sedis—Aecidium, Blastospora,
Cystopsora, Uredo, Hemileia, Physopella

The class Ustomycetes consists of the orders Exobasidiales, Graph-
iolales, Platygloeales, Sporidiales, and Ustilaginales, each of which contain
crop pathogens. The important crop pathogens in these orders include the
following:

Order Exobasidiales, Family Exobasidiaceae—FExobasidium

Order Graphiolales, Family Graphiolaceae—Graphiola,
Trichodesmium

Order Platygloeales, Family Platygloeacea—Cystobasidium,
Helicobasidium, Platycarpa

Order Sporidiales, Family Sporidiobolaceae—Leucosporidium

Order Ustilaginales, Family Tilletiaceae—Entyloma, Burrillia,
Neovossia, Urocystis, Tilletia, Tilletiella

Order Ustilaginales, Family Ustilaginaceae—Ustilago, Planetella,
Sorosporium, Sporisorium, Sphacelotheca, Tolyposporidium,
Tranzscheliella, Ustacystis, Pericladium
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According to FungalWeb (n.d.), the phylum Basidiomycota consists of
three classes (Hymenomycetes, Teliomycetes, and Ustilaginomycetes) and
several families uncertain and genera uncertain. The class Hymenomycetes
contains the orders Agaricales, Polyporales, Septobasidiales s.I. (s.I. stands
for sensu lato, “in the broad sense”), Tremellales, Tulasnellales, and Thele-
phorales. The important pathogens in this class are:

Order Agaricales, family Marasmiaceae—Armillaria

Order Polyporales, Family Fomitaceae—Fomes

Order Polyporales, Family Ganodermataceae—Ganoderma

Order Septobasidiales s.1., Family Cystobasidiaceae—
Cystobasidium

Order Tulasnellales, Family Ceratobasidiaceae—Ceratobasidium

In the class Teliomycetes, three orders consist of important crop patho-
gens:

Order Pucciniales, Family Coleosporiaceae—Coleosporium

Order Pucciniales, Family Cronartiaceae—Cronartium

Order Pucciniales, Family Melamsporaceae—Melampsora

Order Pucciniales, Family Phakopsoraceae—Cerotelium,
Phakopsora

Order Pucciniales, Family Phragmidiaceae—Phragmidium

Order Pucciniales, Family Pucciniaceae—Puccinia, Uromyces,
Gymnosporangium

Order Pucciniales, Family Pucciniastraceae—Melampsorella,
Melampsoridium

Order Pucciniales, Family Raveneliaceae—Ravenelia

Order Pucciniales, Family Sphaerophragmiaceae—
Sphaerophragmium

Order Pucciniales, Family Uropyxidaceae—Tranzschelia

Order Septobasidiales s.str. (s.str. stands for sensu stricto = “in the
strict sense”), Family Septobasidiaceae—Septobasidium,
Uredinella

The class Ustilaginomycetes consists of the orders Entylomatales, Exo-
basidiales, Tilletiales, Urocystales, Ustilaginales, and Microstromatales,
each of which include crop pathogens. The important crop pathogens in this
class are provided here:

Order Entylomatales, Family Entylomataceae—Entyloma
Order Exobasidiales, Family Exobasidiaceae—Exobasidium,
Graphiola
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Order Tilletiales, Family Tilletiaceae—Tilletia, Neovossia

Order Urocystales, Family Urocystaceae—Urocystis

Order Ustilaginales, Family Ustilaginaceae—Ustilago,
Tolyposporium

In the Basidiomycota families uncertain, one important crop pathogen,
Corticium is included in the family Corticiaceae. In the Basidiomycota gen-
era uncertain, the crop pathogen Hemileia is included.

CHYTRIDIOMYCOTA

The thallus of Chytridiomycota can be coenocytic, holocarpic (i.e., the
thallus is entirely converted into one or more reproductive structures),
eucarpic (i.e., reproductive structures form on certain portions of the thallus,
which continues to perform its somatic functions), monocentric (i.e., the
thallus radiates from a single point at which a reproductive organ such as the
sporangium is formed), polycentric (i.e., the thallus radiates from many
centers at which reproductive organs are formed), or mycelial. At least in
hyphal stages, the cell wall consists of chitin. The zoospores are mono-
flagellate, lacking mastigonemes or scales. An important crop pathogen be-
longing to the phylum Chytridiomycota is Synchytrium endobioticum, which
causes wart disease in potato. It possesses uniflagellate zoospores. Zoo-
spores swim in soil moisture and penetrate the epidermal cells of host tis-
sues, shedding their flagellum outside. The unicellular fungus grows in size
and the nucleus becomes greatly enlarged. After reaching a certain size, it
secretes a thick, golden-brown wall. The well-developed structure is called
prosorus. The prosorus germinates within the host cell. The cell wall of
prosorus ruptures and the proplast is surrounded by a thin hyaline mem-
brane. Repeated mitotic divisions of the nucleus take place, forming about
32 nuclei. Thin hyaline walls are formed in such a way as to divide the
prosorus into four to nine multinucleate segments. Nuclear division contin-
ues and about 300 nuclei are formed. Each prosorus portion develops into a
sporangium or a gametangium, depending on environment. The mass of
sporangia is called the sorus. If water is abundantly present, zoospores are
formed. If drought sets in, the motile cells that are released become plano-
gametes (motile gametes) instead of zoospores. The planogametes copulate
in pairs (fusion of naked gametes takes place) resulting in the formation of
biflagellate zygotes. The zygotes swim in soil moisture until they penetrate
epidermal host cells. Inside each host cell the zygote elongates and a heavy
wall is formed around it. It is now called resting sporangium. From the rest-
ing sporangium zoospores are formed.
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The phylum Chytridiomycota consists of five orders: Blastocladiales,
Chytridiales, Monoblepharidales, Neocallimastigales, and Spizellomycetales
(Hawksworth et al., 1995). The plant pathogens of Chytridiomycota include:

Order Blastocladiales, Family Physodermateaceae—Physoderma

Order Chytridiales, Family Chytridiaceae—Phlyctidium

Order Chytridiales, Family Synchytriaceae—Synchytrium

Order Spizellomycetales, Family Olpidiaceae—OIpidium

Order Spizellomycetales, Family Spizellomycetaceae—
Rhizophlyctis

Order Spizellomycetales, Family Urophlyctidaceae—Urophlyctis

ZYGOMYCOTA

The mycelium of Zygomycota is coenocytic (aseptate). The important
character of this phylum is the production of zygospores. A zygospore typi-
cally results from the fusion of two gamentangia. Zygospores differ from
the oospores of Oomycota in that the latter are derived from an oosphere.
Asexual reproduction in this phylum is by means of nonmotile (aplanate)
spores. Zygomycota includes only a few weak pathogens such as Rhizopus
and Mucor.

The mycelium of Rhizopus develops rhizoids (a short branch of a thallus
that looks like a root) at certain points of the mycelium. Directly above the
rhizoids, sporangiophores are produced. The top of the sporangiophores
becomes swollen and a sporangium develops. The central portion of the
sporangium is a columella (a sterile structure that is an extension of the
stalk). The peripheral zone is the spore-bearing portion of the sporangium.
Sporangiospores (aplanospores = nonmotile spores) are produced inside the
sporangium. Rhizopus is heterothallic (i.e., two different thalli are required
for sexual reproduction). When two opposite strains (+ and -) come in con-
tact with each another, progamentangia (before gamentagium) are formed.
A septum forms near the tip of each progamentagium, separating into two
cells (a terminal gamentagium and a suspensor cell). The walls of the two con-
tacting gamentagia dissolve at the point of contact and the two protoplasts
mix. Fusion of nuclei takes place. The cell wall of the fused gametangia
thickens and the resulting structure is called a zygospore. A sporangiophore
arises and develops into a sporangium, which is called a zoosporangium.
Aplanospores develop in the zoosporangium and are released into the ambi-
ent water droplets (Vidhyasekaran, 1993).

The phylum Zygomycota consists of two classes, Trichomycetes and
Zygomycetes (Hawksworth et al., 1995). Zygomycetes contains plant patho-
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gens and consists of seven orders: Dimargaritales, Endogonales, Entomo-
phthorales, Glomales, Kickxellales, Mucorales, and Zoopagales. Mucor-
ales contains crop pathogens, which include:

Order: Mucorales, Family Mucoraceae—Rhizopus, Mucor
Order: Mucorales, Family Cunninghamellaceae—Cunninghamella

According to the FungalWeb (n.d.), the order Mucorales does not contain
families.

MITOSPORIC FUNGI

Mitosporic fungi is an artificial assemblage of fungi in which sexually
produced spores such as ascospores or basidiospores are absent or presum-
ably absent. Mitosporic fungi produce conidia that are formed by mitosis.
Mitosporic fungi appears to lack a teleomorph (sexual stage [form]) and has
only an anamorph (asexual stage [form]). Mitosporic fungi also include
fungi in which both meiotic (sexual) and mitotic (asexual) reproductive
structures are absent. Mitosporic fungi cannot be assigned to families in the
accepted phyla. However, some of these fungi have been found correlated
with teleomorphs in the Ascomycota and Basidiomycota. Such fungi have
been placed in families of the corresponding Ascomycota and Basidio-
mycota phyla as Anamorphic families. For example, the asexual spores
(conidia) produced by Botrytis cinerea (a Mitosporic fungi which lacks a
sexual stage) are similar to the asexual spores produced by Botryotinia
fuckeliana (a fungus with both sexual and asexual stages, belonging to the
family Sclerotiniaceae, class Ascomycota). As such, Botrytis cinerea is
classified as Anamorphic Sclerotiniaceae. Numerous crop pathogens be-
long to Mitosporic fungi. Some important pathogens in this group are listed
here:

Anamorphic Amphisphaeriaceae—Pestalotiopsis
Anamorphic Botryosphaeriaceae—Diplodia, Fusicoccum
Anamorphic Capnodiaceae—Tripospermum

Anamorphic Clavicipitaceae—Ephelis

Anamorphic Corticiaceae—Rhizoctonia

Anamorphic Dermateaceae—Cylindrosporium
Anamorphic Dothideaceae—Septoria

Anamorphic Dothideales—Ascochyta

Anamorphic Elsinoaceae—Sphaceloma

Anamorphic Erysiphaceae—Ovulariopsis
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Anamorphic Hypocreaceae—Fusarium

Anamorphic Magnaporthaceae—Pyricularia

Anamorphic Melanconidaceae—~Melanconium

Anamorphic Mycosphaerellaceae—Cercospora, Phyllosticta

Anamorphic Phyllachoraceae—Colletotrichum

Anamorphic Pleosporaceae—Alternaria, Drechslera, Phoma,
Stemphylium, Exserohilum

Anamorphic Sclerotiniaceae—Botrytis

Anamorphic Sistrotremataceae—Phymatotrichopsis

Anamorphic Trichocomaceae—Aspergillus, Penicillium

Anamorphic Uredinales—Aecidium, Uredo

Anamorphic Valsaceae—Phoma, Phomopsis

Anamorphic Venturiaceae—Fusicladium

Anamorphic Xylariaceae—Dematophora

Mitosporic Fungi—Botryodiplodia, Cephalotrichum,
Cercosporidium, Chalara, Cordana, Corynespora, Fulvia,
Gloeosporium, Helminthosporium, Lasiodiplodia,
Macrophomina, Myrothecium, Pestalotia, Phaeoisariopsis,
Phyllostictella, Phymatotrichum, Rhynchosporium, Sarocladium,
Sclerotium, Thielaviopsis, Trichoconis, Verticillium

SYSTEMATIC POSITIONS OF CROP FUNGAL PATHOGENS
(INCLUDING CHROMISTA AND PROTOZOA)

The systematic positions of all crop fungal pathogens are given here fol-
lowing the classification of Hawksworth et al. (1995) and Wrobel and
Creber (1998). The positions of these fungi according to FungalWeb are
given within parentheses. The names of genera of fungi are also provided.
The names of species of crop pathogens with authority and the names of dis-
eases caused by them are provided in Chapter 30.

Acanthorhynchus—Hyponectriaceae, Familia Incertae Sedis, Ascomycota
(Hyponectriaceae, Sordariomycetes Families Uncertain, Ascomycota)

Achlya—Saprolegniaceae, Saprolegniales, Oomycota, Chromista
(Saprolegniaceae, Saprolegniales, Oomycetes, Chromista)

Acremonium—Mitosporic fungi

Acrocalymma—Anamorphic Lophiostomataceae

Acrocylindrium—Mitosporic fungi

Acrodontium—Mitosporic fungi

Acrophialophora—Mitosporic fungi

Actinonema—Mitosporic fungi
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Aecidium—Anamorphic Uredinales (Basidiomycota Genera Uncertain,
Basidiomycota Families Uncertain, Basidiomycota)

Akaropeltopsis—Micropeltidaceae, Dothideales, Ascomycota
(Micropeltidaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Albugo—Albuginaceae, Peronosporales, Oomycota, Chromista
(Albuginaceae, Peronosporales, Oomycetes, Chromista)

Aleurodiscus—Aleurodiscaceae, Stereales, Basidiomycetes,
Basidiomycota (Aleurodiscaceae, Hericiales, Hymenomycetes,
Basidiomycota)

Allantophomopsis—Mitosporic fungi

Alternaria—Anamorphic Pleosporaceae

Angiopsora—Phakopsoraceae, Uredinales, Teliomycetes, Basidiomycota
(Phakopsoraceae, Pucciniales, Teliomycetes, Basidiomycota)

Antennularia—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Aphanomyces—Saprolegniaceae, Saprolegniales, Oomycota, Chromista
(Saprolegniaceae, Saprolegniales, Oomycetes, Chromista)

Apiognomonia—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Apiospora—Lasiosphaeriaceae, Sordariales, Ascomycota (Apiosporaceae,
Sordariomycetes Families Uncertain, Ascomycota)

Apiosporina—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Apostrasseria—Anamorphic Phacidiaceae

Armillaria—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Marasmiaceae, Agaricales, Hymenomycetes,
Basidiomycota)

Armillariella—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Marasmiaceae, Agaricales, Hymenomycetes,
Basidiomycota)

Arthonia—Arthoniaceae, Arthoniales, Ascomycota (Arthoniaceae,
Arthoniales, Arthoniomycetes, Pezizomycotina, Ascomycota)

Arthrinium—Anamorphic Lasiosphaeriaceae

Ascochyta—Anamorphic Dothideales, Mycosphaerellaceae,
Leptosphaeriaceae

Aspergillus—Anamorphic Trichocomaceae

Asperisporium—NMitosporic fungi

Asteridiella—Meliolaceae, Meliolales, Ascomycota (Meliolaceae,
Meliolales, Sordariomycetes Orders Uncertain, Ascomycota)

Asteromella—Anamorphic Mycosphaerellaceae
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Athelia—Atheliaceae, Stereales, Basidiomycetes, Basidiomycota
(Atheliaceae, Basidiomycota Families Uncertain, Basidiomycota)

Aureobasidium—Mitosporic fungi

Baeospora—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Tricholomataceae, Agaricales, Hymenomycetes,
Basidiomycota)

Balansia—Clavicipitaceae, Hypocreales, Ascomycota (Clavicipitaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Beniowskia—Mitosporic fungi

Bipolaris—Anamorphic Pleosporaceae

Biscogniauxia—Xylariaceae, Xylariales, Ascomycota (Xylariaceae,
Xylariales, Xylariomycetidae, Sordariomycetes, Ascomycota)

Bitrimonospora—Sordariales, Ascomycota (Sordariales,
Sordariomycetidae, Sordariomycetes, Ascomycota)

Blumeria—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Blumeriella—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Botryodiplodia—Mitosporic fungi

Botryosphaeria—Botryosphaeriaceae, Dothideales, Ascomycota
(Botryosphaeriaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Botryotinia—Sclerotiniaceae, Leotiales, Ascomycota (Sclerotiniaceae,
Leotiales, Leotiomycetes, Ascomycota)

Botrytis—Anamorphic Sclerotiniaceae

Bremia—Peronosporaceae, Peronosporales, Oomycota, Chromista
(Peronosporaceae, Peronosporales, Oomycetes, Chromista)

Briosia—Mitosporic fungi

Butlerelfia—Atheliaceae, Stereales, Basidiomycetes, Basidiomycota
(Hyphodermataceae, Hymenochaetales s.l., Hymenomycetes,
Basidiomycota)

Byssochlamys—Trichocomaceae, Eurotiales, Ascomycota
(Trichocomaceae, Eurotiales, Eurotiomycetes, Ascomycota)

Calonectria—Hypocreaceae, Hypocreales, Ascomycota (Nectriaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Capitorostrum—Mitosporic fungi

Capnodium—Capnodiaceae, Dothideales, Ascomycota (Capnodiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Catacauma—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomycetes Orders Uncertain,
Ascomycota)
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Cenangium—ILeotiaceae, Leotiales, Ascomycota (Leotiaceae, Leotiales,
Leotiomycetes, Ascomycota)

Centrospora—Mitosporic fungi

Cephalosporium—Mitosporic fungi

Cephalothecium—Mitosporic fungi

Cephalotrichum—Mitosporic fungi

Ceratobasidium—Ceratobasidiaceae, Ceratobasidiales, Basidiomycetes,
Basidiomycota (Ceratobasidiaceae, Tulasnellales, Hymenomycetes,
Basidiomycota)

Ceratocystis—Familia Incertae Sedis, Microascales, Ascomycota
(Microascaceae Uncertain, Microascales, Hypocreomycetidae,
Sordariomycetes, Ascomycota)

Ceratomyces—Ceratomycetaceae, Laboulbeniales, Ascomycota
(Ceratomycetaceae, Laboulbeniales, Ascomycota Orders Uncertain,
Ascomycota)

Ceratophoma—Mitosporic fungi

Cercoseptoria—Mitosporic fungi

Cercospora—Anamorphic Mycosphaerellaceae

Cercosporella—Mitosporic fungi

Cercosporidium—Mitosporic fungi

Cerotelium—Phakopsoraceae, Uredinales, Teliomycetes, Basidiomycota
(Phakopsoraceae, Pucciniales, Teliomycetes, Basidiomycota)

Ceuthospora—Mitosporic fungi

Chaetosphaeropsis—Mitosporic fungi

Chalara—Mitosporic fungi

Chalaropsis—Mitosporic fungi

Choanephora—Choanephoraceae, Mucorales, Zygomycetes, Zygomycota
(Mucorales, Zygomycota)

Chondrostereum—Meruliaceae, Stereales, Basidiomycetes,
Basidiomycota (Meruliaceae, Meruliales s.str., Hymenomycetes,
Basidiomycota)

Chrysomyxa—Coleosporiaceae, Uredinales, Teliomycetes, Basidiomycota
(Coleosporiaceae, Pucciniales, Teliomycetes, Basidiomycota)

Ciboria—Sclerotiniaceae, Leotiales, Ascomycota (Sclerotiniaceae,
Leotiales, Leotiomycetes, Ascomycota)

Cladosporium—Anamorphic Mycosphaerellaceae

Clasterosporium—Anamorphic Magnaporthaceae

Clathridium—Amphisphaeriaceae, Xylariales, Ascomycota
(Amphisphaeriaceae, Xylariales, Xylariomycetidae, Sordariomycetes,
Ascomycota)

Claviceps—Clavicipitaceae, Hypocreales, Ascomycota (Clavicipitaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)
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Clitocybe—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Tricholomataceae, Agaricales, Hymenomycetes,
Basidiomycota)

Clypeoporthe—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Coccomyces—Rhytismataceae, Rhytismatales, Ascomycota
(Rhytismataceae, Rhytismatales, Leotiomycetes, Ascomycota)

Coccostroma—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomyctes Orders Uncertain,
Ascomycota)

Cochliobolus—Pleosporaceae, Dothideales, Ascomycota (Pleosporaceae,
Pleosporales, Dothideomycetes, Ascomycota)

Coleomyces—Mitosporic fungi

Coleosporium—Coleosporiaceae, Uredinales, Teliomycetes, Basidio-
mycota (Coleosporiaceae, Pucciniales, Teliomycetes, Basidiomycota)

Colletotrichum—Anamorphic Phyllachoraceae

Collybia—Tricholomataceae, Agaricales, Basidiomycetes, Basidiomycota
(Tricholomataceae, Agaricales, Hymenomycetes, Basidiomycota)

Coniella—Anamorphic Melanconidaceae

Coniothecium—Mitosporic fungi

Coniothyrium—Anamorphic Leptosphaeriaceae

Coprinus—Coprinaceae, Agaricales, Basidiomycetes, Basidiomycota
(Agaricaceae, Agaricales, Hymenomycetes, Basidiomycota)

Cordana—Mitosporic fungi

Cordyceps—Clavicipitaceae, Hypocreales, Ascomycota (Clavicipitaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Coriolus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Coriolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Corticium—Corticiaceae, Stereales, Basidiomycetes, Basidiomycota
(Corticiaceae, Basidiomycota Families Uncertain, Basidiomycota)

Corynespora—Mitosporic fungi

Coryneum—Anamorphic Melanconidaceae

Crinipellis—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Marasmiaceae, Tricholomataceae, Agaricales,
Hymenomycetes, Basidiomycota)

Cristulariella—Anamorphic Sclerotiniaceae

Cronartium—Cronartiaceae, Uredinales, Teliomycetes, Basidiomycota
(Cronartiaceae, Pucciniales, Teliomycetes, Basidiomycota)

Cryphonectria—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Cryptodiaporthe—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)
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Cryptospora—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Cryptosporella—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Cryptosporiopsis—Anamorphic Dermateaceae

Cryptosporium —Mitosporic fungi

Cunninghamella—Cunninghamellaceae, Mucorales, Zygomycetes,
Zygomycota (Mucorales, Zygomycota)

Curvularia—Anamorphic Pleosporaceae

Cycloconium—Anamorphic Venturiaceae

Cylindrocarpon—Anamorphic Hypocreaceae

Cylindrocladiella—Mitosporic fungi

Cylindrocladium—Anamorphic Hypocreaceae

Cylindrosporium—Anamorphic Dermateaceae

Cystopus—Albuginaceae, Peronosporales, Oomycota, Chromista
(Albuginaceae, Peronosporales, Oomycota, Chromista)

Cytospora—Anamorphic Valsaceae

Cytosporina—Mitosporic fungi

Dactuliophora—Mitosporic fungi

Dactylium—Mitosporic fungi

Dasyscypha—Hyaloscyphaceae, Leotiales, Ascomycota
(Hyaloscyphaceae, Leotiales, Leotiomycetes, Ascomycota)

Deightoniella—Mitosporic fungi

Dematophora—Anamorphic Xylariaceae

Dendrophoma—Mitosporic fungi

Deuterophoma—Mitosporic fungi

Diachea—Stemonitidaceae, Stemonitales, Myxomycota (Didymiaceae,
Physarales, Myxomycetes, Myxomycota)

Diapleela—Dothideales, Ascomycota (Dothideomycetes Uncertain)

Diaporthe—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Dibotryon—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Dictyochaeta—Anamorphic Lasiosphaeriaceae

Didymella—Dothideales Incertae Sedis, Ascomycota (Dothideomycetes
uncertain)

Didymosphaeria—Didymosphaeriaceae, Dothideales, Ascomycota
(Didymosphaeriaceae, Dothideomycetes et Chaetothyriomycetes Un-
certain, Ascomycota)

Dilophospora—Anamorphic Dothideales
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Dimeriella—Parodiopsidaceae, Dothideales, Ascomycota
(Parodiopsidaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Dinemasporium—Mitosporic fungi

Diplocarpon—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Diplodia—Anamorphic Botryosphaeriaceae

Diplodina—Anamorphic Valsaceae

Discohainesia—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Discostroma—Amphisphaeriaceae, Xylariales, Ascomycota
(Amphisphaeriaceae, Xylariales, Xylariomycetidae, Sordariomycetes,
Ascomycota)

Doratomyces—Mitosporic fungi

Dothidella—Polystomellaceae, Dothideales, Ascomycota
(Polystomellaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Dothiorella—Mitosporic fungi

Drechslera—Anamorphic Pleosporaceae

Elsinoe—Elsinoaceae, Dothideales, Ascomycota (Elsinoaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Entomosprorium—Anamorphic Dermateaceae

Entyloma—Tilletiaceae, Ustilaginales, Ustomycetes, Basidiomycota
(Entylomataceae, Entylomatales, Ustilaginomycetes, Basidiomycota)

Ephelis—Anamorphic Clavicipitaceae

Epichloe—Clavicipitaceae, Hypocreales, Ascomycota (Clavicipitaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Epicoccum—NMitosporic fungi

Erysiphe—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Erythricium—Hyphodermateaceae, Stereales, Basidiomycota
(Meruliaceae, Meruliales s.str., Hymenomycetes, Basidiomycota)

Eupropodella—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Eutypa—Diatrypaceae, Diatrypales, Ascomycota (Diatrypaceae,
Xylariales, Xylariomycetidae, Sordariomycetes, Ascomycota)

Exobasidium—Exobasidiaceae, Exobasidiales, Ustomycetes,
Basidiomycota (Exobasidiaceae, Exobasidiales, Ustilaginomycetes,
Basidiomycota)

Exserohilum—Anamorphic Pleosporaceae

Fabraea—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)
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Flammulina—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Tricholomataceae, Agaricales, Hymenomycetes,
Basidiomycota)

Fomes—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Fomitaceae, Polyporales, Hymenomycetes, Basidiomycota)

Fomitella—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Fomitaceae, Polyporales, Hymenomycetes, Basidiomycota)

Fomitiporia—Hymenochaetaceae, Hymenochaetales, Basidiomycetes,
Basidiomycota (Hymenochaetaceae, Hymenochaetales s.str.,
Hymenomycetes, Basidiomycota)

Fomitopsis—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Fomitopsidaceae, Polyporales, Hymenomycetes, Basidiomycota)
Frommea—Phragmidiaceae, Uredinales, Teliomycetes, Basidiomycota

(Phragmidiaceae, Pucciniales, Teliomycetes, Basidiomycota)

Fulvia—Mitosporic fungi

Fusarium—Anamorphic Hypocreaceae

Fusicladium—Anamorphic Venturiaceae

Fusicoccum—Anamorphoic Botryosphaeriaceae

Gaeumannomyces—Magnaporthaceae, Incertae Sedis, Ascomycota
(Magnaporthaceae, Sordariomycetes Families Uncertain, Ascomycota)

Galactomyces—Dipodascaceae, Saccharomycetales, Ascomycota
(Dipodascaceae, Saccharomycetales, Saccharomycetes, Ascomycota)

Ganoderma—Ganodermateaceae, Ganodermatales, Basidiomycetes,
Basidiomycota (Ganodermataceae, Polyporales, Hymenomycetes,
Basidiomycota)

Geastrumia —Mitosporic fungi

Geotrichum —Anamorphic Dipodascaceae

Gerlachia—Mitosporic fungi

Gibberella—Hypocreaceae, Hypocreales, Ascomycota (Nectriaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Gibellina—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomycetes Orders Uncertain,
Ascomycota)

Gilberetella—Gilbertellaceae, Mucorales, Zygomycetes, Zygomycota
(Mucorales, Zygomycota)

Gloeocercospora—Mitosporic fungi

Gloeodes —Mitosporic fungi

Gloeophyllum—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Fomitopsidaceae, Polyporales, Hymenomycetes, Basidiomycota)

Gloeosporium—Mitosporic fungi

Glomerella—Phyllachoraceae, Phyllachorales, Ascomycota
(Sordariomycetes Genera Uncertain, Ascomycota)
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Gnomonia—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Godronia—Leotiaceae, Leotiales, Ascomycota (Leotiaceae, Leotiales,
Leotiomycetes, Ascomycota)

Gonatobotrys—Anamorphic Ceratostomataceae

Graphiola—Graphiolaceae, Graphiolales, Ustomycetes, Basidiomycota
(Exobasidiaceae, Exobasidiales, Ustilaginomycetes, Basidiomycota)

Graphium—Anamorphic Ophiostomataceae

Greeneria—Mitosporic fungi

Griphosphaeria—Amphisphaeriaceae, Xylariales, Ascomycota
(Amphisphaeriaceae, Xylariales, Xylariomycetidae, Sordariomycetes,
Ascomycota)

Grovesinia—Sclerotiniaceae, Leotiales, Ascomycota (Sclerotiniaceae,
Leotiales, Leotiomycetes, Ascomycota)

Guignardia—Mycosphaerellaceae, Dothideales, Ascomycota
(Mycosphaerellaceae, Dothideomycetes et Chaetothyriomycetes Un-
certain, Ascomycota)

Gymnoconia—Phragmidiaceae, Uredinales, Teliomycetes, Basidiomycota
(Phragmidiaceae, Pucciniales, Teliomycetes, Basidiomycota)

Gymnosporangium—Pucciniaceae, Uredinales, Teliomycetes,
Basidiomycota (Pucciniaceae, Pucciniales, Teliomycetes,
Basidiomycota)

Hainesia—Anamorphic Leotiaceae

Halosphaeria—Halosphaeriaceae, Halosphaeriales, Ascomycota
(Halosphaeriaceae, Halosphaeriales, Hypocreomycetidae,
Sordariomycetes, Ascomycota)

Hansenula—Saccharomycetaceae, Saccharomycetales, Ascomycota
(Saccharomycetaceae, Saccharomycetales, Saccharomycetes,
Saccharomycotina, Ascomycota)

Haplobasidion—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Coriolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Helicobasidium—Platygloeaceae, Platygloeales, Ustomycetes,
Basidiomycota (Platygloeaceae, Septobasidiales s.1., Hymenomycetes,
Basidiomycota)

Helminthosporium—DMitosporic fungi

Hemileia—Incertae Sedis, Uredinales, Teliomycetes, Basidiomycota
(Basidiomycota Genera Uncertain, Basidiomycota Families Uncertain,
Basidiomycota)

Hendersonia—Mitosporic fungi

Hendersonula—Mitosporic fungi

Heterobasidion—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Echinodontiaceae, Hericiales, Hymenomycetes, Basidiomycota)
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Hetrosporium—Mitosporic fungi

Hexagonia—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Coriolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Hirschioporus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Coriolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Hormodendrum—Mitosporic fungi

Hyalothyridium—Mitosporic fungi

Hymenella—Mitosporic fungi

Hymenochaete—Hymenochaetaceae, Hymenochaetales, Basidiomycota
(Hymenochaetaceae, Hymenochaetales s.str., Hymenomycetes,
Basidiomycota)

Hymenula—Mitosporic fungi

Hypochnus—Arthoniaceae, Arthoniomycetes, Ascomycota
(Arthoniaceae, Arthoniomycetes, Pezizomycotina, Ascomycota)

Hypocrea—Hypocreaceae, Hypocreales, Ascomycota (Hypocreaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Hypomyces—Hypocreaceae, Hypocreales, Ascomycota (Hypocreaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Hyponectria—Hyponectriaceae, Familia Incertae Sedis, Ascomycota
(Hyponectriaceae, Sordariomycetes Families Uncertain, Ascomycota)

Hypoxylon—Xylariaceae, Xylariales, Ascomycota (Xylariaceae,
Xylariales, Xylariomycetidae, Sordariomycetes, Ascomycota)

Idriella —Mitosporic fungi

Irpex—Steccherinaceae, Stereales, Basidiomycetes, Basidiomycota
(Steccherinaceae, Hymenochaetales s.1., Hymenomycetes,
Basidiomycota)

Isariopsis—Mitosporic fungi

Itersonilia—Mitosporic fungi

Johncouchia—Anamorphic Septobasidiaceae

Junghuhnia—Steccherinaceae, Stereales, Basidiomycota
(Steccherinaceae, Hymenochaetales s.l. Hymenomycetes,
Basidiomycota)

Kabatiella—Mitosporic fungi

Kalmusia—Dothideales, Ascomycota (Dothideomycetes Uncertain,
Pezizomycotina, Ascomycota)

Khuskia—Ascomycota Incertae Sedis (Sordariomycetes Genera Uncer-
tain, Pezizomycotina, Ascomycota)

Kuehneola—Phragmidiaceae, Uredinales, Teliomycetes, Basidiomycota
(Phragmidiaceae, Pucciniales, Teliomycetes, Basidiomycota)

Kunkelia—Uredinales, Incertae Sedis

Kutilakesa—Mitosporic fungi
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Laetiporus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Phaeolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Lasiodiplodia—Mitosporic fungi

Leandria—Mitosporic fungi

Lepteutypa—Amphisphaeriaceae, Xylariales, Ascomycota
(Amphisphaeriaceae, Xylariales, Xylariomycetidae, Sordariomycetes,
Ascomycota)

Leptodontium—Mitosporic fungi

Leptoporus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Phaeolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Leptosphaeria—Leptosphaeriaceae, Dothideales, Ascomycota
(Leptosphaeriaceae, Pleosporales, Dothideomycetes, Ascomycota)

Leptosphaerulina—Pleosporaceae, Dothideales, Ascomycota
(Pleosporaceae, Pleosporales, Dothideomycetes, Ascomycota)

Leptothyrium—Mitosporic fungi

Leptotrochila—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Leucocytospora—Mitosporic fungi

Leucostoma—Valsaceae, Diaporthales, Ascomycota (Valsaceae,
Diaporthales, Sordariomycetidae, Sordariomycetes, Ascomycota)

Leucothallia- Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Leveillula—Frysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Libertella—Anamorphic Diatrypaceae, Xylariaceae

Limacinula—Coccodiniaceae, Dothideales, Ascomycota
(Coccodiniaceae, Dothideales, Dothideomycetes, Ascomycota)

Lophodermium—Rhytimataceae, Rhytismatales, Ascomycota
(Rhytimataceae, Rhytismatales, Leotiomycetes, Ascomycota)

Macrophoma—Mitosporic fungi

Macrophomina—Mitosporic fungi

Macrosporium—NMitosporic fungi

Magnaporthe—Magnaporthaceae, Incertae Sedis, Ascomycota
(Magnaporthaceae, Sordariomycetes Families Uncertain, Ascomycota)

Marasmiellus—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Marasmiaceae, Agaricales, Hymenomycetes,
Basidiomycota)

Marasmius—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Marasmiaceae, Agaricales, Hymenomycetes,
Basidiomycota)

Marssonina—Anamorphic Dermateaceae
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Massarina—Lophiostomataceae, Dothideales, Ascomycota
(Lophiostomataceae, Pleosporales, Dothideomycetes, Ascomycota)

Mauginiella—Mitosporic fungi

Melampsora—Melampsoraceae, Uredinales, Teliomycetes,
Basidiomycota (Melampsoraceae, Pucciniales, Teliomycetes,
Basidiomycota)

Melampsorella—Pucciniastraceae, Uredinales, Teliomycetes,
Basidiomycota (Pucciniastraceae, Pucciniales, Teliomycetes,
Basidiomycota)

Melanconium—Anamorphic Melanconidaceae

Melanospora—Ceratostomataceae, Sordariales, Ascomycota
(Ceratostomataceae, Sordariales, Sordariomycetidae, Sordariomycetes,
Ascomycota)

Meliola—Meliolaceae, Meliolales, Ascomycota (Meliolaceae, Meliolales,
Sordariomycetes Orders Uncertain, Ascomycota)

Meria—Mitosporic fungi

Microdochium—Anamorphic Hyponectriaceae

Micronectriella—Mycosphaerellaceae, Dothideales, Ascomycota
(Mycosphaerellaceae, Dothideomycetes et Chaetothyriomycetes Un-
certain, Ascomycota)

Microsphaera—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Moesziomyces—Ustilaginaceae, Ustilaginales, Ustomycetes,
Basidiomycota (Ustilaginaceae, Ustilaginales, Ustilaginomycetes,
Basidiomycota)

Monilia—Mitosporic fungi

Monilinia—Sclerotiniaceae, Leotiales, Ascomycota (Sclerotiniaceae,
Leotiales, Leotiomycetes, Ascomycota)

Moniliophthora—Mitosporic fungi

Monilochaetes—Mitosporic fungi

Monochaetia—Mitosporic fungi

Monographella—Hyponectriaceae, Familia Incertae Sedis, Ascomycota
(Hyponectriaceae, Sordariomycetes Families Uncertain, Ascomycota)

Monosporascus—Sordariales Incertae Sedis, Ascomycota (Sordariales
Uncertain, Sordariomycetidae, Sordariomycetes, Ascomycota)

Mucor—Mucoraceae, Mucorales, Zygomycetes, Zycomycota (Mucorales,
Zygomycota)

Myceliophthora—Anamorphic Arthrodermataceae

Mycena—Tricholomataceae, Agaricales, Basidiomycetes, Basidiomycota
(Favolaschiaceae, Agaricales, Hymenomycetes, Basidiomycota)

Mycocentrospora—Mitosporic fungi
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Mycoleptodiscus—Anamorphic Magnaporthaceae

Mycosphaerella—Mycosphaerellaceae, Dothideales, Ascomycota
(Mycosphaerellaceae, Dothideomycetes et Chaetothyriomycetes Un-
certain, Ascomycota)

Mycovellosiella —Mitosporic fungi

Myriogenospora—Clavicipitaceae, Hypocreales, Ascomycota
(Clavicipitaceae, Hypocreales, Hypocreomycetidae, Sordariomycetes,
Ascomycota)

Mpyriosclerotinia—Sclerotiniaceae, Leotiales, Ascomycota

Myrothecium—Mitosporic fungi

Mystrosporium—Mitosporic fungi

Naevia—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Nakataea—Mitosporic fungi

Nattrassia—Mitosporic fungi

Necator—Anamorphic Corticiaceae

Nectria—Hypocreaceae, Hypocreales, Ascomycota (Nectriaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Nectriella—Hypocreaceae, Hypocreales, Ascomycota (Bionectriaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Nematospora—Metschnikowiaceae, Saccharomycetales, Ascomycota
(Eremotheciaceae, Saccharomycetales, Saccharomycetes, Saccharo-
mycotina, Ascomycota)

Neocosmospora—Hypocreaceae, Hypocreales, Ascomycota (Nectriaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Neofabrae—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Neovossia—Tilletiaceae, Ustilaginales, Ustomycetes, Basidiomycota
(Tilletiaceae, Tilletiales, Ustilaginomycetes, Basidiomycota)

Nigrospora—Anamorphic Trichosphaeriales

Nummularia—Xylariaceae, Xylariales, Ascomycota (Xylariaceae,
Xylariales, Xylariomycetidae, Sordariomycetes, Ascomycota)

Oidiopsis—Anamorphic Erysiphaceae

Oidium—Anamorphic Erysiphaceae

Olpidium—Olpidiaceae, Spizellomycetales, Chytridiomycetes,
Chytridiomycota (Olpidiacae, Spizellomycetales, Chytridiomycota)

Omnidemptus—Magnaporthaceae, Incertae Sedis, Ascomycota
(Magnaporthaceae, Sordariomycetes Families Uncertain, Ascomycota)

Omphalina—Tricholomataceae, Agaricales, Basidiomycetes,
Basidiomycota (Tricholomataceae, Agaricales, Hymenomycetes,
Basidiomycota)
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Oncobasidium—Ceratobasidiaceae, Ceratobasidiales, Basidiomycota
(Ceratobasidiaceae, Tulasnellales, Hymenomycetes, Basidiomycota)

Oospora—Mitosporic fungi

Operculella—Mitosporic fungi

Ophiobolus—Leptosphaeriaceae, Dothideales, Ascomycota
(Leptosphaeriaceae, Pleosporales, Dothideomycetes, Ascomycota)

Ophiosphaerella—Phaeosphaeriaceae, Dothideales, Ascomycota
(Phaeosphaeriaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Ophiostoma—QOphiostomataceae, Ophiostomatales, Ascomycota
(Ophiostomataceae, Ophiostomatales, Sordariomycetidae,
Sordariomycetes, Ascomycota)

Ovulariopsis—Anamorphic Erysiphaceae

Oxyporus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Rigidiporaceae, Hymenochaetales s.1., Hymenomycetes,
Basidiomycota)

Ozonium—Mitosporic fungi

Paecilomyces—Anamorphic Trichocomaceae

Paracercospora- Anamorphic Mycosphaerellaceae

Paraphaeosphaeria—Phaeosphaeriaceae, Dothideales, Ascomycota
(Phaeosphaeriaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Patellaria—Patellariaceae, Patellariales, Ascomycota (Patellariaceae,
Patellariales, Dothideomycetes, Ascomycota)

Patellina—Mitosporic fungi

Pellicularia—Corticiaceae, Stereales, Basidiomycetes, Basidiomycota
(Corticiaceae, Basidiomycota Families Uncertain, Basidiomycota)

Peltaster—Mitosporic fungi

Penicillium—Anamorphic Trichocomaceae

Peniophora—Peniophoraceae, Stereales, Basidiomycetes, Basidiomycota
(Peniophoraceae, Basidiomycota Families Uncertain, Basidiomycota)

Perenniporia—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Perenniporiaceae, Polyporales, Hymenomycetes, Basidiomycota)

Periconia—Mitosporic fungi

Periconiella—Mitosporic fungi

Peronosclerospora—Sclerosporaceae, Sclerosporales, Oomycota,
Chromista (Sclerosporaceae, Sclerosporales, Oomycetes, Chromista)

Peronospora—Peronosporaceae, Peronosporales, Oomycota, Chromista
(Peronosporaceae, Peronosporales, Oomycetes, Chromista)

Pestalotia—Mitosporic fungi

Pestalotiopsis—Anamorphic Amphisphaeriaceae

Pestalozzia—Mitosporic fungi
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Pezicula—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Pezizella—I1 eotiaceae, Leotiales, Ascomycota (Thelebolaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Phacidiopycnis—Anamorphic Cryptomycetaceae

Phacidium—Phacidaceae, Leotiales, Ascomycota (Phacidaceae,
Leotiales, Leotiomycetes, Ascomycota)

Phaeoacremonium—Mitosporic fungi

Phaeocytosporella—Mitosporic fungi

Phaeocytostroma—Mitosporic fungi

Phaeoisariopsis—Mitosporic fungi

Phaeolus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Phaeolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Phaeoramularia—Mitosporic fungi

Phaeoseptoria—Mitosporic fungi

Phaeosphaerella—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Phaeosphaeria—Phaeosphaeriaceae, Dothideales, Ascomycota
(Phaeosphaeriaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Phaeosphaerulina—Dothioraceae, Dothideales, Ascomycota
(Dothioraceae, Dothideomycetes et Chaetothyriomycetes Uncertain,
Ascomycota)

Phakopsora—Phakopsoraceae, Uredinales, Teliomycetes, Basidiomycota
(Phakopsoraceae, Pucciniales, Teliomycetes, Basidiomycota)

Phellinus—Hymenochaetaceae, Hymenochaetales, Basidiomycetes,
Basidiomycota (Hymenochaetaceae, Hymenochaetales s.str.,
Hymenomycetes, Basidiomycota)

Phialophora—Anamorphic Magnaporthaceae

Phoma—Anamorphic Pleosporaceae

Phomopsis—Anamorphic Valsaceae

Phragmidium—Phragmidiaceae, Uredinales, Teliomycetes,
Basidiomycota (Phragmidiaceae, Pucciniales, Teliomycetes,
Basidiomycota)

Phyllachora—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomyctes Orders Uncertain,
Ascomycota)

Phyllactinia—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Phyllosticta—Anamorphic Mycosphaerellaceae

Phyllostictella—Mitosporic fungi

Phymatotrichopsis—Anamorphic Sistrotremataceae
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Phymatotrichum—Mitosporic fungi

Physalospora—Hyponectriaceae, Familia Incertae Sedis, Ascomycota
(Hyponectriaceae, Sordariomycetes Families Uncertain, Ascomycota)

Physarum—Physaraceae, Physarales, Myxomycota (Physaraceae,
Physarales, Myxomycetes, Myxomycota)

Physoderma—Physodermataceae, Blastocladiales, Chytridiomycota
(Physodermataceae, Blastocladiales, Chytridiomycota)

Physopella—Uredinales Incertae Sedis, Basidiomycota (Basidiomycota
Genera Uncertain, Basidiomycota Families Uncertain, Basidiomycota)

Phytophthora—Pythiaceae, Pythiales, Oomycota, Chromista (Pythiaceae,
Pythiales, Oomycetes, Chromista)

Pichia—Saccharomycetaceae, Saccharomycetales, Ascomycota
(Saccharomycetaceae, Saccharomycetales, Saccharomycetes,
Ascomycota)

Pilidiella—Mitosporic fungi

Pithomyces—Anamorphic Pleosporaceae

Plasmodiophora—Plasmodiophoraceae, Plasmodiophorales,
Plasmodiophoromycota, Protozoa (Plasmodiophoraceae,
Plasmodiophorales, Plasmodiophoromycota, Protozoa)

Plasmopara—Peronosporaceae, Peronosporales, Oomycota, Chromista
(Peronosporaceae, Peronosporales, Oomycetes, Chromista)

Platyspora—Hysteriaceae, Dothideales, Ascomycota (Diademaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Plenodomas—Mitosporic fungi

Pleocyta—Mitosporic fungi

Pleosphaerulina—Dothioraceae, Dothideales, Ascomycota
(Dothioraceae, Dothideomycetes et Chaetothyriomycetes Uncertain,
Ascomycota)

Pleospora—Pleosporaceae, Dothideales, Ascomycota (Pleosporaceae,
Pleosporales, Dothideomycetes, Ascomycota)

Podosphaera—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Polyporus—Polyporaceae, Poriales, Basidiomycetes, Basidiomycota
(Polyporaceae, Polyporales, Hymenomycetes, Basidiomycota)

Polyscytalum—Mitosporic fungi

Polystigma—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomyctes Orders Uncertain,
Ascomycota)

Potebniamyces—Cryptomycetaceae, Rhytismatales, Ascomycota
(Cryptomycetaceae, Rhytismatales, Leotiomycetes, Ascomycota)

Proventuria—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)



64 CONCISE ENCYCLOPEDIA OF PLANT PATHOLOGY

Pseudocercospora—Mitosporic fungi

Pseudocercosporella—Anamorphic Mycospherellaceae

Pseudocochliobolus—Pleosporaceae, Dothideales, Ascomycota
(Pleosporaceae, Pleosporales, Dothideomycetes, Ascomycota)

Pseudoepicoccum—Mitosporic fungi

Pseudoperonospora—Peronosporaceae, Peronosporales, Oomycota,
Chromista (Peronosporaceae, Peronosporales, Oomycetes, Chromista)

Pseudopezicula—IL eotiaceae, Leotiales, Ascomycota (Leotiaceae,
Leotiales, Leotiomycetes, Ascomycota)

Pseudopeziza—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Pseudophaeolus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Phaeolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Pseudoseptoria—Mitosporic fungi

Psilocybe—Strophariaceae, Agaricales, Basidiomycetes, Basidiomycota
(Strophariaceae, Agaricales, Hymenomycetes, Basidiomycota)

Puccinia—Pucciniaceae, Uredinales, Teliomycetes, Basidiomycota
(Pucciniaceae, Pucciniales, Teliomycetes, Basidiomycota)

Pucciniastrum- Pucciniastraceae, Uredinales, Teliomycetes,
Basidiomycota (Pucciniastraceae, Pucciniales, Teliomycetes,
Basidiomycota)

Pycnoporus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Coriolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Pyrenobotrys—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Pyrenochaeta—Anamorphic Lophiostomataceae

Pyrenopeziza—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Pyrenophora—Pleosporaceae, Dothideales, Ascomycota (Pleosporaceae,
Pleosporales, Dothideomycetes, Ascomycota)

Pyricularia—Anamorphic Magnaporthaceae

Pythium—Pythiaceae, Pythiales, Oomycota, Chromista (Pythiaceae,
Pythiales, Oomycetes, Chromista)

Ramichloridium—Mitosporic fungi

Ramularia—Anamorphic Dothideaceae

Ramulispora—Mitosporic fungi

Rhinocladium—Mitosporic fungi

Rhizoctonia—Anamorphic Corticiaceae, Ceratobasidiaceae, Otideaceae

Rhizomorpha—Fungi, Incertae Sedis

Rhizopus—Mucoraceae, Mucorales, Zygomycetes, Zygomycota
(Mucorales, Zygomycota)

Rhizosphaera—Anamorphic Venturiaceae
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Rhopographus—Phaeosphaeriaceae, Dothideales, Ascomycota
(Phaeosphaeriaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Rhynchosporium—Mitosporic fungi

Rhytisma—Rhytismataceae, Rhytismatales, Ascomycota
(Rhytismataceae, Rhytismatales, Leotiomycetes, Ascomycota)

Rigidoporus—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Rigidiporaceae, Hymenochaetales s.1., Hymenomycetes,
Basidiomycota)

Roesleria—Caliciales Incertae Sedis, Ascomycota (Ascomycota Genera
Uncertain)

Rosellinia—Xylariaceae, Xylariales, Ascomycota (Xylariaceae,
Xylariales, Xylariomycetidae, Sordariomycetes, Ascomycota)

Saccharomyces—Saccharomycetaceae, Saccharomycetales, Ascomycota
(Saccharomycetaceae, Saccharomycetales, Saccharomycetes,
Saccharomycotina, Ascomycota)

Salmonia—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Sarocladium—Mitosporic fungi

Schizoparme—Melanconidaceae, Diaporthales, Ascomycota
(Melanconidaceae, Diaporthales, Sordariomycetidae, Sordariomycetes,
Ascomycota)

Schizophyllum—Schizophyllaceae, Schizophyllales, Basidiomycetes,
Basidiomycota (Schizophyllaceae, Agaricales, Hymenomycetes,
Basidiomycota)

Schizothyrium—Schizothyriaceae, Dothideales, Ascomycota
(Schizothyriaceae, Dothideomycetes et Chaetothyriomycetes Uncer-
tain, Ascomycota)

Sclerophthora—Verrucalvaceae, Sclerosporales, Oomycota, Chromista
(Verrucalvaceae, Sclerosporales, Oomycetes, Chromista)

Sclerospora—Sclerosporaceae, Sclerosporales, Oomycota, Chromista
(Sclerosporaceae, Sclerosporales, Oomycetes, Chromista)

Sclerotinia—Sclerotiniaceae, Leotiales, Ascomycota (Sclerotiniaceae,
Leotiales, Leotiomycetes, Ascomycota)

Sclerotium—Mitosporic fungi

Scolecosporiella—Mitosporic fungi

Scolicotrichum—Mitosporic fungi

Scopulariopsis—Anamorphic Microascaceae

Scytalidium—Mitosporic fungi

Scytinostroma—ILachnocladiaceae, Lachnocladiales, Basidiomycetes,
Basidiomycota (Lachnocladiaceae, Lachnocladiales, Hymenomycetes,
Basidiomycota)
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Seimatosporium—Anamorphic Amphisphaeriaceae

Selenophoma—Mitosporic fungi

Septobasidium—Septobasidiaceae, Septobasidiales, Teliomycetes,
Basidiomycota (Septobasidiaceae, Septobasidiales s.str., Teliomycetes,
Basidiomycota)

Septocylindrium—Mitosporic fungi

Septogloeum—Mitosporic fungi

Septoria—Anamorphic Dothideaceae

Serpula—Coniophoraceae, Boletales, Basidiomycota (Boletaceae,
Boletales, Hymenomycetes, Basidiomycota)

Setosphaeria—Pleosporaceae, Dothideales, Ascomycota (Pleosporaceae,
Pleosporales, Dothideomycetes, Ascomycota)

Sitosporium—Mitosporic fungi

Solenia—Schizophyllaceae, Schizopyllales, Basidiomycota
(Schizophyllaceae, Agaricales, Hymenomycetes, Basidiomycota)

Sphacelia—Anamorphic Clavicipitaceae

Sphaceloma—Anamorphic Elsinoaceae

Sphacelotheca—Ustilaginaceae, Ustilaginales, Ustomycetes,
Basidiomycota (Ustilaginaceae, Ustilaginales, Ustilaginomycetes.
Basidiomycota)

Sphaerodothis—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomycetes Orders Uncertain,
Ascomycota)

Sphaeropsis—Mitosporic fungi

Sphaerostilbe—Hypocreaceae, Hypocreales, Ascomycota (Nectriaceae,
Hypocreales, Hypocreomycetidae, Sordariomycetes, Ascomycota)

Sphaerotheca—FErysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Sphaerulina—Mycospherellaceae, Dothideales, Ascomycota
(Mycosphaerellaceae, Dothideomycetes et Chaetothyriomycetes Un-
certain, Ascomycota)

Spilocaea—Anamorphic Venturiaceae

Spondylocladium—Mitosporic fungi

Spongospora—Plasmodiophoraceae, Plasmodiophorales,
Plasmodiophoromycota, Protozoa (Plasmodiophoraceae,
Plasmodiophorales, Plasmodiophoromycota, Protozoa)

Sporendonema—NMitosporic fungi

Sporisorium—DUstilaginaceae, Ustilaginales, Ustomycetes, Basidiomycota
(Ustilaginaceae, Ustilaginales, Ustilaginomycetes, Basidiomycota)

Sporobolomyces—Mitosporic fungi

Sporonema—Mitosporic fungi

Sporotrichum—Mitosporic fungi
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Stagonospora—Mitosporic fungi

Stagonosporopsis—Mitosporic fungi

Steccherinum—Steccherinaceae, Stereales, Basidiomycota
(Steccherinaceae, Hymenochaetales s.l., Hymenomycetes,
Basidiomycota)

Stemphylium— Anamorphic Pleosporaceae

Stenocarpella—Mitosporic fungi

Stereum—Stereaceae, Stereales, Basidiomycota (Stereaceae, Hericiales,
Hymenomycetes, Basidiomycota)

Stigmatea—Ascomycota, Incertae Sedis (Ascomycota Genera Uncertain)

Stigmina—Anamorphic Dothideales

Stilbum—Chionosphaeraceae, Atractiellales, Basidiomycetes,
Basidiomycota (Chionosphaeraceae, Basidiomycota Families Uncer-
tain, Basidiomycota)

Synchronoblastia—Mitosporic fungi

Synchytrium—Synchytriaceae, Chytridiales, Chytridiomycota
(Synchytriaceae, Synchytridiales, Chytridiomycota)

Tapesia—Dermateaceae, Leotiales, Ascomycota (Dermateaceae,
Leotiales, Leotiomycetes, Ascomycota)

Taphrina—Taphrinaceae, Taphrinales, Ascomycota (Taphrinaceae,
Taphrinales, Taphrinomycetes, Taphrinomycotina, Ascomycota)

Thanatephorus—Ceratobasidiaceae, Ceratobasidiales, Basidiomycetes,
Basidiomycota (Ceratobasidiaceae, Tulasnellales, Hymenomycetes,
Basidiomycota)

Thielaviopsis—Mitosporic fungi

Thryospora—Mitosporic fungi

Thyrostroma—Mitosporic fungi

Tilletia—Tilletiaceae, Ustilaginales, Ustomycetes, Basidiomycota
(Tilletiaceae, Tilletiales, Ustilaginomycetes, Basidiomycota)

Tolyposporium—Ustilaginaceae, Ustilaginales, Ustomycetes,
Basidiomycota (Ustilaginaceae, Ustilaginales, Ustilaginomycetes.
Basidiomycota)

Trachysphaera—Pythiaceae, Pythiales, Oomycota, Chromista
(Pythiaceae, Pythiales, Oomycetes, Chromista)

Trametes—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Coriolaceae, Polyporales, Hymenomycetes, Basidiomycota)

Tranzschelia—Uropyxidaceae, Uredinales, Teliomycetes, Basidiomycota
(Uropyxidaceae, Pucciniales, Teliomycetes, Basidiomycota)

Trechispora—Sistrotremataceae, Stereales, Basidiomycetes,
Basidiomycota (Sistrotremataceae, Basidiomycota Families Uncertain,
Basidiomycota)
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Trichaptum—Coriolaceae, Poriales, Basidiomycetes, Basidiomycota
(Steccherinaceae, Hymenochaetales s.1., Hymenomycetes,
Basidiomycota)

Trichoconis—Mitosporic fungi

Trichoconium—Mitosporic fungi

Trichoderma—Anamorphic Hypocreaceae

Trichometasphaeria—Lophiostomataceae, Dothideales, Ascomycota
(Lophiostomataceae, Pleosporales, Dothideomycetes, Ascomycota)

Trichothecium—Mitosporic fungi

Tripospermum—Anamorphic Capnodiaceae

Tubercularia—Anamorphic Hypocreaceae

Tunstallia—Ascomycota Incertae Sedis

Typhula—Typhulaceae, Cantharellales, Basidiomycetes, Basidiomycota
(Basidiomycota Genera Uncertain, Basidiomycota Families Uncertain,
Basidiomycota)

Ulocladium—Mitosporic fungi

Uncinula—Erysiphaceae, Erysiphales, Ascomycota (Erysiphaceae,
Erysiphales, Leotiomycetes, Ascomycota)

Uredo—Anamorphic Uredinales (Basidiomycota Genera Uncertain,
Basidiomycota Families Uncertain, Basidiomycota)

Urocystis—Tilletiaceae, Ustilaginales, Ustomycetes, Basidiomycota
(Urocystaceae, Urocystales, Ustilaginomycetes, Basidiomycota)

Uromyces—Pucciniaceae, Uredinales, Teliomycetes, Basidiomycota
(Pucciniaceae, Pucciniales, Teliomycetes, Basidiomycota)

Urophlyctis—Urophlyctidiaceae, Spizellomycetales, Chytridiomycetes,
Chytridiomycota (Urophlyctidiaceae, Spizellomycetales,
Chytridiomycota)

Ustilago—Ustilaginaceae, Ustilaginales, Ustomycetes, Basidiomycota
(Ustilaginaceae, Ustilaginales, Ustilaginomycetes. Basidiomycota)

Ustulilaginoidea—Mitosporic fungi

Ustulina—Xylariaceae, Xylariales, Ascomycota (Xylariaceae, Xylariales,
Xylariomycetidae, Sordariomycetes, Ascomycota)

Valsa—Valsaceae, Diaporthales, Ascomycota (Valsaceae, Diaporthales,
Sordariomycetidae, Sordariomycetes, Ascomycota)

Venturia—Venturiaceae, Dothideales, Ascomycota (Venturiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Veronaea—Mitosporic fungi

Verticillium—Mitosporic fungi

Waitea—Botryobasidiaceae, Stereales, Basidiomycetes, Basidiomycota
(Ceratobasidiaceae, Tulasnellales, Hymenomycetes, Basidiomycota)

Whetzelinia —Sclerotiniaceae, Leotiales, Ascomycota (Sclerotiniaceae,
Leotiales, Leotiomycetes, Ascomycota)
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Wilsonomyces—Mitosporic fungi

Xylaria—Xylariaceae, Xylariales, Ascomycota (Xylariaceae, Xylariales,
Xylariomycetidae, Sordariomycetes, Ascomycota)

Zimmermaniella—Phyllachoraceae, Phyllachorales, Ascomycota
(Phyllachoraceae, Phyllachorales, Sordariomycetes Orders Uncertain,
Ascomycota)

Zopfia—Zopfiaceae, Dothideales, Ascomycota (Zopfiaceae,
Dothideomycetes et Chaetothyriomycetes Uncertain, Ascomycota)

Zygophiala—Mitosporic fungi

Zygosaccharomyces—Saccharomycetaceae, Saccharomycetales,
Ascomycota (Saccharomycetaceae, Saccharomycetales,
Saccharomycetes, Saccharomycotina, Ascomycota)

Zythia—Mitosporic fungi
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Parasitic Flagellate Protozoa

In addition to pathogens, plant diseases are also caused by parasites.
Pathogens cause harmful deviation from normal functioning of physiologi-
cal processes, whereas parasites get their food from the plant. A parasite is
defined as an organism that lives in or on the cells of another organism and
obtains its food from the latter without necessarily causing disease symp-
toms (Strobel and Barash, 1990). However, they can cause disease symptoms,
probably by depleting host nutrients. The flagellated protozoa of the genus
Phytomonas and some Herpetomonas spp. are parasites of plants. The para-
sitism of protozoa occurs without any apparent pathogenicity (Dutra et al.,
2000). The parasites live mostly in the phloem and laticifers of infected
plants. Such parasites can also cause diseases of economic significance in
plantations of coconut, oil palm, cassava, and coffee (Dollet, 1984; Camargo,
1990). Parasites have been detected in edible fruits such as pomegranates,
peaches, guavas, and tangerines (Dutra et al., 2000). Phytomonas is the im-
portant genus causing diseases. The important diseases caused by Phyto-
monas are described here.

PHLOEM NECROSIS OF COFFEE

Phytomonas parasitizes coffee plants and causes phloem necrosis. The
parasitized coffee plants show a reduction in their starch reserves. The old-
est leaves turn yellow and prematurely fall. The new leaves are fewer and
smaller than on a healthy tree. They get paler until they yellow and then fall,
leaving bare branches. The diseased tree dies in three to 12 months. In the
acute form of the disease, only a few old leaves fall; the others lose
turgescence and hang limp without falling (Dollet, 1984). After two to three
weeks, the leaves turn brownish and necrotic. The roots also turn brown and
perish. Cytological examinations show hyperplasia of the phloem, produc-
ing sieve tubes three times smaller than normal. Browning of cells and de-
position of callose are seen. The vector of the disease is not known. Scale in-
sects may be involved in the transmission of the disease.
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HARTROT OF COCONUT

Hartrot of coconut is otherwise called lethal yellowing, bronze wilt, or
Coronie wilt. The earliest symptom is yellowing of the oldest leaves, fol-
lowed by yellowing of the younger leaves. The unripe coconuts may fall.
These nuts show internal browning of the husk and blackening of the
endocarp. The petioles of the oldest leaves break and necrosis starts in the
spear. The apical region of the crown rots, producing a foul odor. Two Pen-
tatomidae insects, Lincus croupius and L. styliger, are believed to transmit
the disease (Desmier de Chenon et al., 1983).

MARCHITEZ DISEASE OF OIL PALM

Early symptoms of Marchitez disease include browning of the leaflet
tips. The root system deteriorates, growth slows down, and fruit bunches be-
come dull and rot or fall. A Pentatomidae insect of genus Lincus may be the
vector of the disease. Insecticides reduce the spread of the disease.

Not much work has been done on Phytomonas, most likely because it
does not affect major crops and does not cause any significant economic
losses.
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Parasitic Green Algae

Algae that are parasitic on plants are known only among the phylum
Chlorophyta. Of those, only the genus Cephaleuros (family Trentepohli-
aceae order Trentepohliales) is known to cause diseases in economically
important crops. The diseases caused by Cephaleuros spp. are commonly
called red rusts or algal spots.

ECONOMIC IMPORTANCE

Cephaleuros virescens (= C. mycoidea) is known to cause diseases in
Citrus spp. (e.g., limes, lemons, oranges, grapefruit), mango, papaya, pe-
can, avocado, cacao, tea, coffee, pepper, oil palms, vanilla, litchi, sapota,
and guava. Cephaleuros virescens is prevalent in India, Indonesia, China,
Japan, Malaysia, Australia, the United States, Brazil, West Indies, and Af-
rica. In general, the alga affects perennial trees, not annual crops. It does not
cause economical losses in many crops. However, considerable losses in
tea, pepper, and Citrus spp. due to the alga have been reported.

DISEASE SYMPTOMS

Cephaleuros virescens infects the leaves, stems, and fruit of the trees.
Leaf infection can be seen on the lamina, veins, and petiole. Yellow-green
pinpoint specks appear on the upper leaf surface. Occasionally the specks
occur on the lower leaf surface. The algal thallus grows mostly subcuticular
and the cuticle imparts a glistening appearance to the early developmental
stage. As growth of the disc progresses, sporophores and sterile hairs de-
velop, both of which contain the orange pigment hematochrome. The algal
colony becomes velvety in texture and its color changes from green to or-
ange brown. The thallus often becomes slightly raised. Green islands
around the infection foci are common. The cell layers nearest to the alga die
and assume a corklike appearance. They may serve as a barrier to further al-
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gal penetration. Only a vigorous host is capable of producing an effective
barrier. The alga takes up water and minerals from the host by osmosis.

In tea leaves, an intercellular type of Cephaleuros infection is often seen.
A small purple translucent spot gradually extends from the upper to the
lower surface. On such lesions, fructifications of the alga can be seen on
both surfaces. Ultimately, the affected region dries and drops out leaving
holes in the affected leaves (shot hole pattern). In coffee leaves, the spongy
mesophyll cells enlarge, divide, and undergo considerable cell wall thicken-
ing. The alga appears to be completely isolated from the healthy tissue by a
continuous barrier of thick-walled cells (Joubert and Rijkenberg, 1971).

Stem infection by the algal parasite results in the appearance of dark gray
or purple lesions. These lesions assume the typical rusty red appearance
similar to those found in leaf infections. The bark becomes scaly and cracks.
Localized swelling is common at the site of infection. Lesions coalesce, of-
ten girdling the stem completely for a long distance. Young wood may die
due to infection. Affected branches are often stunted and bear fewer leaves,
which typically show signs of chlorosis and variegation. Fruit infections are
common on guava, citrus, tea, and avocado and coffee berries. Slightly
raised, irregularly shaped, dark green, brown, or black lesions appear on
fruits. The alga penetrates up to the superficial cell layers of the fruit only.

LIFE CYCLE

Cephaleuros spp. have a disclike thallus composed of symmetrically ar-
ranged cells that radiate dichotomously from the center to the periphery
(Joubert and Rijkenberg, 1971). The cells are elongated and sometimes bar-
rel shaped. The thallus cells at the margin are monolayered, whereas several
layers develop in the center of older discs. The algal filaments usually ex-
tend between the cuticle and the epidermis of host leaves or, more rarely, be-
tween the epidermis and palisade cells. Sometimes, the parasite penetrates
between the mesophyll cells of the leaf. The alga appears to extend by the
mechanical force of its expansion rather than by enzymatic dissolution of
host structures. A large airspace is found between the algal disc and the ne-
crotic epidermal cells of the host. Rhizoids arise from the thallus and extend
through the airspace to the underlying host cells. The rhizoids serve to an-
chor the thallus and furnish it with water and other substances from the host
(Vidhyasekaran, 1993).

Large, sessile, flask-shaped cells known as gametangia arise in the thallus.
In the presence of free water, these cells open by fissure and release swarm
spores. Eight to 32, but most commonly 16, biflagellate isogametes per
gametangium are found. Copulation takes place between two gametes
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either from the same gametangium or from different gamentangia. The re-
sulting zygote produces a dwarf sporophyte that bears a small, dehiscent
microsporangium. After meiotic division, four quardiflagellate microzoo-
spores are produced (Joubert and Rijkenberg, 1971). These microzoospores
rarely infect the host. The older algal discs produce hairlike initials at the
end of some of the radiating rows of cells. After rupturing the cuticle or epi-
dermis of the host, the hairlike initials differentiate into either setae or
sporangiophores, both of which are produced abundantly on the same thallus.
The sporangiophores terminate in a swollen apical cell from which many
lateral protrusions are subtended. Each protrusion develops into a zoospor-
angium attached to the apex by a pedicel. Under favorable conditions,
sporangia release zoospores through an ostiole. Zoospores are biflagellate,
and about 30 are produced from each sporangium. When the zoospore
reaches the host cell, it comes to rest. A supracuticular “primary disc” de-
velops as a result of repeated cross-wall formation in the zoospore after it
has come to rest. Buds develop from the undersurface of the primary disc
cells, penetrate the host leaf, and form a “secondary disc” in the plant tissue.
There are also reports that nearly all superficial thalli perish and that only
those zoospores that lodge in a crevice or abrasion succeed in infecting the
host (Wolf, 1930). The infection may be initiated by zoospores washed into
the stomata by rain. Zoosporangia are disseminated by the wind. Rain water
running over the surfaces of lesions and splashing onto new leaves may rap-
idly spread the zoospores. Hence, at the end of rainy season the disease be-
comes severe (Mann and Hutchinson, 1907).

DISEASE MANAGEMENT

Host debility is usually accompanied by an increased incidence and se-
verity of the disease, which can be significantly reduced by the application
of nitrogen and potassium. Disease incidence also can be reduced by pro-
viding proper soil drainage. All badly diseased or dead wood should be re-
moved. Pruning is recommended for citrus, tea, and cacao trees. Shade trees
and shelterbelts may serve as the primary sources of inoculum. Hence,
shade trees selected should not be alternate hosts for the algal pathogen. Irri-
gation may reduce the disease incidence by improving the vigor of the trees.
Fungicide sprays may reduce the algal infection. Bordeaux mixture is used
extensively in the control of algae. Copper oxychloride and cuprous oxide
can be sprayed to control the disease.
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Parasitic Higher Plants

Some plants are parasitic to other plants, depending upon them for food
and/or water. Such plants cause disease by taking away the nutrients of the
host. The important parasitic higher plants are Striga, Orobanche, Loranthus,
Cassytha, and Cuscuta.

STRIGA

Several Striga species parasitize crop plants. More than 30 species of
Striga have been reported in Africa (Berner et al., 1995). Three of these spe-
cies are endemic to Australia. Two species, Striga asiatica and S. gesner-
ioides, have been detected in the United States. Striga spp., which are also
called witchweed, affect many crops, including corn, sorghum, sugarcane,
rice, cowpea, and tobacco. Striga are characterized by opposite leaves and
irregular flowers with a pronounced bend in the corolla tube. They are obli-
gate parasites and will not develop without hosts. They are also root para-
sites that produce haustoria, food-absorbing outgrowths that graft with the
roots of the host. Striga spp. lack typical root hairs and root caps (Vidhya-
sekaran, 1993).

The seeds of Striga spp. are extremely small and require afterripening or
postharvest ripening before germination. Germination of seeds requires ex-
posure to an exogenous germination stimulant after an environmental con-
ditioning period in which the seeds imbibe water. Usually this stimulant is a
host-root exudate, but some nonhost-root exudates and synthetic com-
pounds can also stimulate germination of Striga seeds. The stimulant in the
root exudate has been identified as strigol. Strigol promotes the germination
of S. asiatica seeds at concentrations as low as 10-16 M. Ethylene, gibberel-
lins, cytokinins, and coumarins also stimulate the germination of Striga
seeds. After germination, endosperm nutrients can sustain the seedlings for
three to seven days in the absence of a host. If the seedlings do not attach to a
host and successfully establish a parasitic link within this period, they will
die. If a host root is in close proximity (2 to 3 mm) to a germinated Striga
seedling, chemical signals are exchanged that direct the seedling’s radicle to
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the host root, initiate haustorium induction, and result in the successful at-
tachment and establishment of xylem-to-xylem connections between the
parasite and host (Berner et al., 1995). One of these signals has been identi-
fied as 2,6-dimethoxy-p-benzoquinone, which may be the product of enzy-
matic degradation of the host root responsible for stimulating formation of
the parasite haustorium. Haustoria of parasitic plants are specialized organs
developed from parasite radicles prior to penetration. After successful at-
tachment, developing Striga plants grow underground for four to seven
weeks prior to emergence. Numerous parasitic attachments occur on the
same plant.

Striga absorb water and foodstuffs through their haustoria. Carbohydrate
and nitrogen of the host are utilized by the parasites. This process results in
sugar sink and nitrogen starvation in the host. Differential absorption of
phosphorous, potassium, sulfur, and iron by the infected host has also been
reported. Infected sorghum plants show 90 to 95 percent less cytokinins and
30 to 80 percent less gibberellins. A strong transpirational pull from host to
parasite is observed. High humidity inhibits the growth of Striga due to a re-
duced flow of materials from host to parasite. For the same reason, Striga
survive more often in dry soils. Striga strengthen the roots that are parasitized
and stimulate root production of the host (Vidhyasekaran, 1993).

Symptoms of parasitism resemble drought stress, nutrient deficiency,
and vascular disease. Infected plants become stunted with heavy yield pro-
duction. Parasites blossom and form fruits within three or four weeks of
emergence, producing several hundred thousand minute seeds per plant.
The seeds are dispersed by the wind, finally settling on the soil. Such seeds
may be viable for up to 14 years in soil.

Biological strains of Striga have been reported. S. gesnerioides isolates
from tobacco do not infect cowpea and the isolates from cowpea do not in-
fect tobacco. The Sorghum strain of S. hermonthica does not infect corn and
the corn strain of S. hermonthica does not infect sorghum. Cowpea cultivar-
specific races of S. gesnerioides have been reported also. Striga seeds are
often found mixed with crop seeds, and the contaminated crop seeds may
transmit the disease into a new area of the field. Hence, seeds should be ob-
tained only from Striga-free fields. Seed treatment by soaking seeds in an
aqueous solution with low amounts of imazaquin (an acetolactate synthase
[ALS] inhibitor that selectively interferes with inhibition of amino acid
biosynthesis by the parasite) effectively contols Striga infection in cowpea
(Berner et al., 1994). Crop varieties resistant to the parasites have been iden-
tified. Four cowpea cultivars, Gorom Local (SUVITA-2) from Burkina
Faso, 58-57 from Senegal, B301 from Botswana, and IT82D-849 from Ni-
geria, have been identified as resistant to S. gesnerioides. However, several
races of Striga are known in different countries and some of these resistant
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cowpea cultivars are susceptible to new races of S. gesnerioides (Berner
et al., 1995).

Some cultural practices may reduce parasite incidence. Soil mulching
with polyethylene film can be useful in controlling Striga seed germination.
Soil fumigation with methyl bromide kills Striga seeds. Soil injection of
ethylene gas is used in the United States to induce Striga seed germination
in the absence of a host crop. Trap crops, which stimulate germination but
do not support parasitism, can be grown to remove Striga from the infested
field. Cotton and peanut are trap crops for S. asiatica, and sudangrass is a
trap crop for S. hermonthica. Parasites should be pulled out and destroyed
before their seeds set. Weedicides such as 2,4-D and MCPA can be useful in
controlling Striga.

OROBANCHE

Orobanche is commonly called broomrape. Several species of Orobanche
attack crops, and at least seven species attack tobacco. Orobanche aegyptica
and O. cernua affect tobacco, sunflowers, melons, tomatoes, and broad-
beans. Tobacco is seriously affected by Orobanche in India, Pakistan, Rus-
sia, Mexico, Italy, Australia, New Zealand, and many Eastern European
countries. Orobanche is a minor parasite in the United States. It is an annual
fleshy flower plant, growing up to a height of about 12 inches. It has a cylin-
drical, thick, fleshy, whitish to purple stem. The stem bears scaly leaves that
end in spikes. It bears many tiny flowers that vary from purple to white in
color.

Itis an obligate parasite that carries no chlorophyll. The single stem is at-
tached to a tobacco root, ten or more of which can be carried by one tobacco
plant. Orobanche produces abundant minute seeds. The seeds remain dor-
mant in the soil for more than 20 years. Germination occurs only when the
seeds are close to the roots of plants that are able to provide necessary stimu-
lation. Stimulants in the root exudates have been identified as benzopyran
derivatives. Several growth regulators, such as ethylene, gibberellins, cyto-
kinins, and coumarins, also induce seed germination. Orobanche emerges
five to six weeks after tobacco is planted and as many as 50 shoots may be
found around a single plant. Affected plants are stunted and chlorosis of the
leaves is predominant. Orobanche shoots develop singly or in bunches, and
they are attached to host roots in a fragile manner by swollen cloves. They
grow quickly, sometimes rising above the height of the host plant. Some cul-
tural practices, such as hand weeding, may reduce parasite incidence.
Carum ajown, a trap crop for O. cernua, can be exploited for the control of
Orobanche. Methyl bromide fumigation and metham-sodium applied as a
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preplanting drench can reduce parasite incidence. Allyl alcohol, dazomet,
and methyl isothiocyanate are also effective in reducing the emergence of
Orobanche in the field.

LORANTHUS

Loranthus is a stem parasite that attacks orange, mango, guava, pome-
granate, mulberry, rubber, teak, sandalwood, rosewood, kapok, and casua-
rina trees. Loranthus has green leaves and small berries that are attractive to
birds. Birds eat the fruit and the seeds are defecated. The defecated seeds ad-
here to the branches due to their sticking properties. The seed coat is gelati-
nous and able to absorb water from rain, mist, or dew. This property pre-
vents the seed from perishing. The natural fall of berries from higher to
lower levels of the same host tree ensures a continuous infestation. The
seeds sprout in due course, growing into the host tissue by producing a hold-
fast. The holdfast may become as large as a tennis ball, completely sur-
rounding the branch. The tops of every infected branch die. Very few leaves
are formed, and losses ranging from 20 to 30 percent of the harvest have
been reported. For effective control, parasitized branches should be cut. To
kill the parasite, one hole is made by drilling at the bottom of the Loranthus
and a mixture of 7 g of copper sulfate and 1 g of 2,4-D is applied. Refined
diesel oil is also used. Forty percent emulsion of the diesel oil is prepared in
water containing 0.005 percent washing soap used as an emulsifying agent,
which is then sprayed on Loranthus.

CASSYTHA

The common species is Cassytha filiformis, which attacks several plants.
Itis a slender, threadlike, cylindrical herbaceous vine. Leaves are reduced to
mere scales. Cassytha covers other vegetation like a mantle. It attaches itself
to the host by means of haustoria. It has a spicy fragrance and produces fruit,
globose drupes that are one to two inches in diameter and covered by a
fleshy receptacle. Birds eat these fleshy fruits and seeds and distribute them.
Orange trees are often affected by this parasite. Cassytha should be re-
moved manually before it seeds.

CUSCUTA

Cuscuta is commonly called dodder. Dodder affects many crops, includ-
ing alfalfa, clover, and tobacco. Dodder is threadlike, with leafless stems
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that are yellow, orange, or greenish in color. Minute leaves, which are func-
tionless, are also seen in some species. Dodder vines usually appear as a tan-
gled mass of yellowish threads. Dodder seeds can germinate without exter-
nal root stimulation. The dodder first produces a rudimentary root system of
its own. However, if the aerial parts are unsuccessful in finding a host plant
within a few weeks, the vine dies. Dodder obtains water and nutrients from
the host plant through haustoria that are embedded in the stems of the host
plant. A close orientation of the vascular elements of the host and the para-
site is seen. Some dodders have traces of chlorophyll, and stomata can be
seen on the stem.

Dodder plants produce small white flowers and abundant seeds. The
seeds fall on the soil and germinate, producing tiny colorless seedlings that
evidence a spiral growth at the uppermost portions. These seedlings will
survive only for a short time if a host is not available. When a host is present,
the seedlings will attach to the host. After contact between the host and the
parasite is established, the portion of the seedling embedded in the soil grad-
ually shrivels and disappears. Parasitic plants can be manually removed. Fu-
migation of the tobacco seedbed with methyl bromide is recommended to
kill dodder seeds in tobacco cultivation.
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Parasitic Nematodes

Nematodes are a large group of invertebrates living in soil and water.
Some feed on higher plants and can cause diseases. Some plant parasitic
nematodes cause heavy crop losses. Cereal cyst nematode Heterodera
avenae, potato cyst nematode Globodora rostochiensis, and the root-knot
nematodes Meloidogyne javanica, M. incognita, and M. arenaria severely
affect several cereals and vegetables. Some nematodes cause damage in as-
sociation, with fungi such as Fusarium, Verticillium, Rhizoctonia, and Phy-
tophthora spp. causing wilt and root rots in several crops. In association
with bacterial pathogens such as Clavibacter tritici, the nematode Anguina
tritici causes diseases such as spike blight of wheat. Some nematodes such
as Xiphinema, Trichodorus, and Paratrichodorus serve as vectors of viruses
causing serious diseases in tomato, peach, strawberry, raspberry, grapevine,
pea, cowpea, and tobacco. Several nematicides have been developed, and
these broad-spectrum nematicides were highly effective in management of
nematode-related diseases. However, several effective nematicides have
been removed from the marketplace as the result of federal deregulation.
Research work has been intensified in developing nematode-resistant plants
exploiting single-gene resistance. Cultivars with vertical or horizontal resis-
tance have been developed, with more success with vertical resistance. Sev-
eral biocontrol agents have been identified, but their practical uses in the
field are yet to be demonstrated. All these aspects are described in this chap-
ter.

STRUCTURE OF NEMATODES

Most plant-parasitic nematodes are minute, vermiform animals. Their
bodies are elongated and threadlike (nema in Greek means “thread’) with-
out any segments. They are cylindrical, tapering at each end especially to-
ward the tail. Nematode females may swell to become spherical. The size of
plant-parasitic nematodes ranges from 0.2 to 10 mm and is commonly 0.5 to
1.5 mm. The basic body structure of nematodes consists of a flexible body
wall that is composed of cuticle, hypodermis, and somatic muscles. The
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wall surrounds a tubelike gut, which is made up of esophagus and intestine.
The body cavity between the gut and the body wall is usually regarded as a
pseudocoelom containing a pseudocoelomic fluid (Bird, 1981; Vidhyase-
karan, 1993).

The nerve system consists of a nerve ring that encircles the gut usually in
the region of the esophageal isthmus. Several nerves extend anteriorly and
posteriorly. An excretory duct opens to the exterior via an excretory pore.
The gut is an internal tube beginning at the oral opening and ending at the
ventrally placed anus in juveniles and females and at the cloaca in males
(Southey, 1982).

Females usually have a vulva in the midbody region with two reproduc-
tive tracts (didelphic) that are often opposed to each other (amphidelphic).
A single reproductive tract (monodelphic) is usually directed anterior to the
vulva (prodelphic), and the vulva is often located more posteriorly. When
only one fully formed reproductive tract is present, it may be opposed by a
pre- or postvulval sac (Southey, 1982). Males usually have a single or paired
testis, seminal vesicle, and vas deferens. The vas deferens opens into the
cloaca, which has a ventrally placed opening. Males usually have a pair of
copulatory spicules that lie in an invagination of the cloacal wall. Sclero-
tized structures such as a gubernaculum or lateral accessory pieces guide the
spicules.

The females lay eggs after copulation. The young ones are called larvae.
Nematodes typically moult four times to reach the adult stage (Vidhyase-
karan, 1993).

PLANT PARASITIC NEMATODES

The important parasitic nematodes are listed here. The crops affected by
these nematodes are given within parentheses.

Awl Nematodes

Dolichodorus spp. (Crops: celery, corn, crucifers, sorghum)
Dolichodorus heterocephalus Cobb (Crops: bean, celery, corn)

Bulb and Stem Nematode, Leaf and Stem Nematode

Ditylenchus dipsaci (Kiihn) Filipjev (Crops: alfalfa, bean, beet, corn,
oats, potato, rice, rye, tobacco)



Burrowing Nematode
Radopholus similis (Cobb) Thorne (Crop: corn)
Citrus Nematode
Tylenchulus semipenetrans Cobb (Crops: citrus, grape)
Crimp Nematode
Aphelenchoides besseyi Christie (Crop: rice)
Cyst Nematodes

Globdera pallida (Stone) Mulvey and Stone (Crop: potato)

G. rostochiensis (Wollenweber) Mulvey and Stone (Crop: potato)

G. solanacearum (Miller and Gray) Behrens = G virginiae (Miller
and Gray) Behrens (Crop: tobacco)

G tabacum (Lownsbery and Lownsbery) Behrens (Crop: tobacco)

Heterodera spp. (Crops: celery, wheat)

H. avenae Wollenweber (Crops: barley, corn, oats, rye, wheat)

H. carotae Jones (Crop: carrot)

H. cruciferae Franklin (Crop: crucifers)

H. filipjevi (Madzhidov) Stelter (Crop: barley)

H. glycines Ichinohe (Crops: bean, soybean)

H. hordecalis Andersson (Crop: oat, wheat)

H. latipons Franklin (Crops: barley, oats, wheat)

H. schachtii Schmidt (Crops: beet, cotton, crucifers)

H. trifolii Goftart (Crops: alfalfa, beet)

H. zeae Koshy et al. (Crop: corn)

Punctodera chalcoensis Stone et al. (Crop: corn, oat, wheat)

Dagger Nematodes

Xiphinema spp. (Crops: citrus, grape, strawberry)

X. americanum Cobb (Crops: alfalfa, almond, apple, apricot, bean,
corn, cotton, cucurbit, grape, oat, peach, pear, sorghum, straw-
berry, tobacco, wheat)

X. brevicolle Lordello and daCosta (Crop: mango)

X. diversicaudatum (Micoletzky) Thorne (Crop: rose)
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X. index Thorne and Allen (Crop: grape)

X. mediterraneum Lima (Crop: corn)

X. rivesi Dalmasso (Crops: almond, apple, apricot, peach, pear)
X. vuittenezi Luc et al. (Crop: apple, pear)

False Root-Knot Nematodes

Nacobbus aberrans (Thorne and Schuster) Sher (Crops: beet, po-
tato)
N. dorsalis Thorne and Allen (Crop: corn)

Foliar Nematode

Aphelenchoides ritzemabosi (Schwartz) Steiner (Crops: tobacco)

Grass-Root Gall Nematode

Subanguina radiciola (Greeff) Paramonov (Crop: wheat)

Lance Nematodes

Hoplolaimus spp. (Crops: bean, corn)

H. columbus Sher (Crops: soybean, corn, cotton, mango)
H. galeatus (Cobb) Thorne (Crops: corn, soybean)

H. uniformis (Crop: carrot)

Needle Nematodes

Longidorus spp. (Crops: alfalfa, beet, corn, citrus, grape)
L. africans Merny (Crops: cotton, sorghum)

L. breviannulatus Norton and Hoffman (Crop: corn)
Rotylenchulus spp. (Crop: alfalfa)

Pin Nematodes

Paratylenchus spp. (Crops: alfalfa, apple, bean, celery, crucifers, cu-
curbits, peanut, sorghum)

Paratylenchus hamatus Thorne and Allen (Crops: alfalfa, celery,
cotton)
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Pod Lesion Nematode

Tylenchorhynchus brevilineatus Williams = T. brevicadatus Hopper
(Crop: peanut)

Potato Rot Nematode
Ditylenchus destructor Thorne (Crops: beet, potato)
Reniform Nematodes

Rotylenchulus spp. (Crop: sorghum)
Rotylenchulus reniformis Linford and Oliveira (Crop: bean, cotton,
cucurbits, soybean, tobacco)

Ring Nematodes

Criconemella spp. (Crops: corn, cotton, cucurbit, grape, oat, sor-
ghum, wheat)

C. axesta (Fassuliostis and Williams) Luc and Raski (Crop: rose)

C. ornata (Raski) Luc and Raski (Crop: corn, peanut, soybean)

C. xenoplax (Raski) Luc and Raski (Crops: almond, apple, apricot,
peach)

Criconemoides ovantus Raski (Crop: bean)

Nothocriconemella mutabilis (Taylor) Ebsary (Crop: oats)

Root Nematode
Hirschmaniella oryzae (Soltwedel) Lucand Goodey (Crop: rice)
Root Gall Nematode
Subanguina radicicola (Greeff) Paramonov (Crops: barley, rye)
Root-Knot Nematodes
Meloidogyne spp. (Crops: alfalfa, apple, barley, beet, citrus, coffee,
corn, crucifer, cucurbit, grape, oat, pear, potato, rice, rye, sor-
ghum, strawberry, sugarcane, tomato, wheat)

M. arenaria (Neal) Chitwood (Crops: almond, alfalfa, apricot, ba-
nana, bean, peanut, peach, soybean, tobacco)
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M. artiellia Franklin (Crop: barley)

M. chitwoodi Golden et al. (Crops: alfalfa, barley, corn, oat, wheat)

M. hapla Chitwood (Crops: alfalfa, bean, carrot, peanut, potato,
rose, soybean, tobacco, strawberry)

M. incognita (Kofoid and White) Chitwood (Crops: alfalfa, almond,
apricot, banana, bean, corn, cotton, peach, potato, soybean, to-
bacco)

M. javanica (Treub) Chitwood (Crops: alfalfa, almond, apricot, ba-
nana, bean, peach, peanut, potato, soybean, tobacco, corn)

M. naasi Franklin (Crops: barley, oat, wheat)

Root Lesion Nematodes

Pratylenchus spp. (Crops: alfalfa, apple, barley, bean, beet, carrot,
celery, citrus, corn, cotton, cucurbit, oat, pear, potato, grape, sor-
ghum, soybean, sugarcane, tobacco, wheat)

P. brachyurus (Godfrey) Filipjev and Schuurmans-Stekhoven
(Crops: banana, corn, peanut, potato, tobacco)

P. coffeae (Zimmerman) Schuurmans-Stekhoven (Crops: banana,
peanut, strawberry)

P. crenatus Loof (Crop: corn)

P. goodeyi Sher and Allen (Crop: banana)

P. hexincisus Taylor and Jenkins (Crop: corn)

P. minyus Sher and Allen (Crop: wheat)

P. neglectus (Rensch) Filipjev and Schuurmans-Stekhoven (Crops:
alfalfa, corn)

P. penetrans (Cobb) Filipjev and Schuurmans-Stekhoven (Crops: al-
falfa, apple, bean, carrot, corn, peach, pear, potato, rose, straw-
berry, tobacco)

P. pratensis (de Man) Filipjev (Crops: crucifer, strawberry)

P. reniformia Linford and Oliveira (Crop: banana)

P, scribneri Steiner (Crops: corn, strawberry)

P. thornei Sher and Allen (Crops: corn, oat, wheat)

P. vulnus Allen and Jensen (Crops: almond, apricot, grape, peach,
rose)

P. zeae Graham (Crop: corn)

Seed and Pod Nematode

Ditylenchus destructor Thorne (Crop: peanut)
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Seed Gall Nematode
Anguina tritici (Steinbuch) Chitwood (Crops: rye, wheat)
Sheath Nematode

Hemicycliophora spp. (Crops: oats, soybean)
Hemicycliophora arenaria Raski (Crop: citrus)

Sheathoid Nematode
Hemicriconemoides mangiferae Siddiqi (Crop: mango)
Spiral Nematodes

Helicotylenchus spp. (Crops: alfalfa, corn, cotton, cucurbit, oat, sor-
ghum, soybean, sugarcane, tobacco, wheat)

H. dihystera Cobb (Crops: banana, bean)

H. multicinctus Cobb (Crop: banana)

Helicotylenchus nannus Steiner (Crop: rose)

Rotylenchus spp. (Crops: rose, sugarcane)

Scutellonema spp. (Crops: cotton, sugarcane)

S. cavenessi Sher (Crops: peanut)

Stem Nematode
Ditylenchus angustus (Butler) Filipjev (Crop: rice)
Sting Nematodes

Belonolaimus spp. (Crops: celery, corn, crucifers)

B. gracilis Steiner (Crop: peanut, soybean, strawberry)

B. longicaudatus Rau (Crops: bean, carrot, citrus, corn, cotton, cu-
curbit, oats, peanut, potato, sorghum, soybean, strawberry, to-
mato)

Stubby-Root Nematodes

Paratrichodorus spp. (Crops: alfalfa, beet, celery, citrus, corn, cot-
ton, potato, sorghum, tobacco, tomato, wheat)
P. christiei (Allen) Siddiqi (Crops: bean, corn)
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P. minor (Colbran) Siddiqi (Crops: corn, cucurbit, oat, sorghum)
Trichodorus spp. (Crops: beet, corn, potato, tobacco, tomato)

Stunt Nematodes

Merlinius spp. (Crops: bean, cotton, oat, tobacco)

M. brevidens (Allen) Siddiqi (Crops: barley, wheat)

Quinisulcius acutus (Allen) Siddiqi (Crops: corn, bean, rose)

Tylenchorhynchus spp. (Crops: alfalfa, bean, citrus, cotton, oat, rose,
sorghum, tobacco)

T. claytoni Steiner (Crop: cucurbit)

T. dubius (Butschli) Filipjef (Crops: barley, corn)

T. maximus Allen (Crop: barley)

Testa Nematode

Aphelenchoides arachidis Bos (Crop: peanut)

DISEASE SYMPTOMS

Most nematodes attack the roots of plants. They may be endoparasites
(i.e., they enter the root and lose contact with soil or a large part of their
body will be inside the root tissue) or ectoparasites (i.e., they are free living
in soil and intermittently feed on the epidermis of roots and root hairs near
the root tip). Meloidogyne, Heterodera, Globodera, Pratylenchus, Radoph-
olous, Rotylenchulus, Helicotylenchus, Criconemella, and Paratylenchus
are endoparasites. Paratrichodorus, Trichodorus, and Belonolaimus are
ectoparasites. Some nematodes, called foliage parasites, primarily infect
and damage the above-ground plant parts. These nematodes may survive in
the soil and/or host-plant residues. Under favorable conditions, the parasites
may crawl up the plant and attack young seedlings or mature plants. The
stem nematode Ditylenchus, the seed gall nematode Anguina, and the foliar
nematode Aphelenchoides belong to this category.

Symptoms of nematode-infested plants are mostly nonspecific. Patchy
yellow appearance, dieback symptoms, and slow decline are frequently ob-
served symptoms in the nematode-infested field. Above-ground symptoms
due to root parasites include stunting (poor growth and lack of vigor), yel-
lowing (probably due to nutritional deficiency), wilting, and reduced yield.
Foliage parasites may cause crinkled and distorted stems and leaves. The
growing points of seedlings may be killed by the nematodes (e.g., Anguina
tritici). The infected flower primordium develops into a gall, as in the case
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of seed galls caused by A. tritici. The stem-and-bulb nematode Ditylenchus
dipsaci causes necrosis and discoloration in stem and leaves. Lesions and
leaf spots appear due to feeding of Aphelenchoides. Leaf and stem galls are
produced by Anguina millefolii.

Some characteristic below-ground symptoms are induced by root-para-
sitic nematodes. These include the following:

Root Knots

A root knot is the formation of a hard mass of wood in the root. Galls
(swellings) may also be produced in the infested root. Meloidogyne forms
characterisic galls on the roots of many plants. Ditylenchus, Longidorus,
and Xiphinema may cause gall-like swellings on roots.

Stubby Root

Paratrichodorus induces stubby (short and broad) root, with elongated
swellings on root endings.

Root Lesions

These are typical injuries caused by the penetration and movement of
nematodes through the cortex of the root. The lesion nematode Prat-
vlenchus and the burrowing nematode Radopholus cause root lesions. Small
lesions are sometimes induced by the ring nematode Criconemoides.

Root Rots

Some nematodes may cause extensive damage to fleshy root tissues. This
may be followed by rotting, probably due to a secondary invasion by fungi
and bacteria. Ditylenchus destructor causes rotting of potato and beet roots.

Hairy Root

During feeding, some nematodes kill distal parts of the root by girdling.
The remaining portion of the root that is alive usually develops branch
rootlets. This abnormality is called hairy root, bearding, or witches’-broom.
Pratylenchus spp., Naccobus, and Meloidogyne hapla cause this type of
symptom.
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Root Surface Necrosis

Some ectoparasites may kill the surface cells of large areas, causing su-
perficial discoloration. Paratrichodorus may cause this symptom.

Devitalized Roots

Due to nematode feeding, the growth of root tips stops even though the
cells are not actually killed. These roots may produce branches, which in
turn stop further growth. Trichodorus causes the production of devitalized
roots.

Curly Tip

Sometimes a root injury caused by nematodes may retard elongation of
root tip and cause it to curl. Dagger nematode (Xiphinema) and root-knot
nematode (Meloidogyne) induce curly tip symptoms.

Coarse Root

Nematode infestation may inhibit the growth of lateral roots, resulting in
an open root system that has main roots without branches. This type of
symptom is called coarse root and is caused by Paratrichodorus and Bel-
anolaimus.

MANAGEMENT OF PARASITIC NEMATODES
Quarantine

Parasitic nematodes can be excluded from nonendemic areas that extend
beyond governmental boundaries where it is possible for quarantine person-
nel to examine them at a few entry points. Domestic quarantines have been
established in the United States to prevent the spread of the potato cyst
(golden) nematodes since 1941. All movement of plants, soil, etc., from
land still under cultivation on Long Island was rigidly controlled. The
United States Department of Agriculture (U.S.D.A.) Golden Nematode
Control Project prescribed stringent import controls to restrict the spread of
the nematode (Southey, 1982). Most European countries legislated to pre-
vent the spread of the potato cyst nematodes to apparently clean areas and to
prevent multiplication to damaging levels. In the Netherlands, Ditylenchus
dipsaci in flower bulbs was excluded by strict quarantine. The Dutch plant
health regulations require inspection of all bulb crops, and nematode-
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infested stocks must be given a prescribed hot-water treatment or be de-
stroyed.

Sanitation

Nematodes do not move more than a few inches per year of their own ac-
cord, and most spread is passive. Infested farm implements may spread the
nematodes to neighboring fields. Farm implements should be cleaned be-
fore taking them to new fields.

Use of Clean Seed

Some seeds may be contaminated with nematodes. Anguina tritici galls
are often found mixed with wheat seeds. Such seeds should be cleaned and
the galls should be eliminated.

Selection of Healthy Propagating Material

In plants that are vegetatively propagated, it is possible to eliminate nem-
atodes by selecting uninfected plants or parts of plants for propagation. The
banana rhizome rot nematode Radopholus similis spreads through suckers.
Hence, healthy suckers alone should be used for planting. In Florida, a state-
operated certifying program exists. It certifies the citrus planting material as
free from the citrus nematode Tylenchulus semipenetrans to exclude the
nematode from new citrus planting areas of the state (Duncan and Cohn,
1990).

Crop Rotation

Crop rotation may be beneficial in eliminating or reducing some nema-
tode populations in the field. Heterodera, Globodera, and Meloidogyne do
not survive in soil for long, and therefore can be controlled by proper crop
rotation. Aphelenchoides disappears in soil in about two months and hence
no crop rotation is needed to eliminate it. On the other hand, Ditylenchus
dipsaci persists in heavy soil for a long time and crop rotation does little to
reduce its population.

Soil Amendments
Soil amendments are commonly used to control nematodes. Manures,

compost, and oil cakes affect the population levels of plant-parasitic nema-
todes. Application of organic manures may enhance nematophagus fungi
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and antagonistic bacteria, and hence reduce the nematode infestation (Oka
and Yermiyahu, 2002). Application of chitin can also reduce nematode pop-
ulation. A commercial product (Clandosan) containing chitin and urea has
been registered in the United States. Chitin amendments may release am-
monia upon degradation at rates that can be nematicidal. Chitin application
may result in a buildup of chitinolytic organisms that may contribute to the
mortality of nematode eggs that contain chitin (Duncan, 1991).

Plants Inhibitory to Nematodes

Root exudates of some plants are inhibitory to nematodes. Tagetes erecta
reduces Pratylenchus infection through nematicidal action. Asparagus re-
duces Paratrichodorus christiei population. Crotolaria reduces Meloid-
ogyne population. White mustard reduces the potato cyst nematode. These
plants can be grown as an alternate crop or as an intercrop. Intercropping
will be more beneficial.

Trap Cropping

Trap cropping is one of the important components in the integrated nem-
atode management system. It is useful to control Globodera and Heterodera
spp. In this system, a crop that causes the nematodes to hatch is planted; if
the crop is a host plant it must be destroyed before the nematodes mature,
but if the larvae do not develop, the crop can be allowed to mature normally.
Oat is an efficient trap crop for Heterodera avenae, a nematode that attacks
wheat and barley. Oat should be ploughed in before the nematodes mature.

Biological Control

Several antagonistic organisms have been reported to be present in soil.
Several Pseudomonas spp. are antagonistic to the nematodes. Predacious
nematodes are common in soil. A large amount of organic matter is essential
to activate these biological agents for control of nematode infection. The
bacterium Pasteuria penetrans, nematophagus fungi Dactylella, Dactylaria,
and Arthrobotrys, and egg parasites such as Paecilomyces lilacinus are used
for the control of nematodes (Sayre and Walter, 1991). Mixtures of bio-
control agents enhance biological control of Meloidogyne javanica in to-
mato (Siddiqui and Shukat, 2002).
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Physical Methods

Infested soil can be sterilized with steam. Potato cyst nematodes are
killed by passing the steam into the soil through perforated pipes. Hot-water
treatment can be beneficial to control cyst nematodes in potato tubers.
Solarization using plastic mulches may help to reduce the nemetode popula-
tion (Salch et al., 1988).

Host Plant Resistance

Several resistant crop varieties have been developed against Ditylenchus,
Meloidogyne, Heterodera, and Globodera spp. using both dominant major
gene (qualitative) resistance and polygenic (quantitative) resistance. Resis-
tance in most of the developed resistant varieties is conferred by dominant
major genes. Major gene resistance may be more durable against nematodes
than against fungal and bacterial pathogens because nematodes disperse slowly
and reproduce at relatively low numbers. Hence, several nematode-resistant
varieties have been developed incorporating a single resistance gene (Dun-
can, 1991). Some genes confer resistance to more than one species of nema-
tode. A gene in tomato, Mi, confers resistance to Meloidogyne incognita, M.
Jjavanica, and M. arenaria. This gene has been incorporated into a large
number of tomato varieties with good agronomic characteristics. Growers
in California choose to use these resistant varieties rather than other means
to manage the nematodes (Duncan, 1991). The resistance gene Mi in tomato
has been cloned (Rossi et al., 1998), and another gene, Mi-9, has been char-
acterized (Ammiraju et al., 2003).

Chemical Control

Many fumigants are available to eradicate nematodes. Methyl bromide,
dichloropropene, dibromochloropropane, and metham-sodium can be in-
jected into the soil to eradicate nematodes. Some of the granules are known
to reduce the nematode population. Aldicarb, oxamyl, and carbofuran can
also be useful to reduce the nematode infestation. The following are the
nematicides available for management of nematodes.

Aldicarb (2-methyl-2-(methylthio) propionaldehyde O-
methylcarbamoyloxime); Temik (trade name); granules; used to control
free-living nematodes

Chloropicrin (trichloronitromethane); Pic-Clor, Chlor-O-Pic (trade
names); preplant soil fumigant
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Carbofuran (2,3-dihydro-2,2-dimethylbenzofuran-7-yl-methylcarbamate);
Furadan (trade name); granules and flowable formulations; soil appli-
cation

D-D (1,2-dichloropropane with 1,3-dichloropropene); Vidden D (trade
name); soil-injected nematicide; mixed formulations: D-D + methyl
isothiocyanate, D-D + chloropicrin

Dazomet (tetrahydro-3.5-dimethyl-1,3,5-thiadiazine-2 thione); Basamid,
Mylone (trade names); soil sterilant; used as preplant treatment in to-
bacco, turf seedbeds

Diazinon (O, O-diethyl O-2-isopropyl-6-methylpyrimidin-4-yl
phosphorothioate); Diazol, Basudin, Neocidol, Exodin, Diazitol,
Spectracide, Sarolex, Diagran (trade names); granules; effective against
many nematodes

Dibromochloropropane (1,2-dibromochloropropane); Nemagon,
Fumazone (trade names); emulsifiable concentrate and nonemulsifiable
concentrate; nematicidal soil sterilant used on citrus, grapes, peanuts,
deciduous fruit, cotton, and vegetables

Dichlofenthion (O-(2,4-dichlorophenyl) O, O-diethyl phosphorothioate);
Mobilawn, VC 13 Nemacide (trade names); nonsystemic nematicide;
controls noncyst-forming nematodes on turf and ornamentals; mixed
formulation: dichlofenthion + thiram

Dichloropropene (1,3-dichloropropene); Telone (trade name); liquid for-
mulation; nematicidal control in fruit, flower, and vegetable crops,
cotton, soybean, and peanut; effective against potato cyst nematode,
root-knot nematode in cucumbers and tomato, and stem nematode in
strawberry

Ethoprophos (O-ethyl S, S-dipropyl phosphorodithioate); Mocap, Prophos
(trade names); granules and emulsifiable concentrate formulations;
nonsystemic nematicide; controls nematodes in potato

Ethylene dibromide (1,2-dibromoethane); Dowfume, Bromofume,
Soilbrom, Soilfume (trade names); liquid formulation; mixed formula-
tions: Ethylene dibromide + chloropicrin, ethylene + methyl bromide

Fenamiphos (ethyl-4-methylthio-m-tolyl isopropylphosphoramidate);
Nemacur (trade name); granules and emulsifiable concentrate; sys-
temic nematicidal action; absorbed through leaves and roots and con-
trols ecto- and endo-parasitic nematodes; applied broadcast, in band,
in-the-row, by drench before or at planting time or to established plants

Fensulfothion (O, O-diethyl O-4-methylsulphinylphenyl
phosphorothioate); Dasanit, Terracur P (trade names); systemic and
contact action; soil application for nematicidal control of parasitic, sed-
entary, and free-living nematodes
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Metham-sodium (sodium methyldithiocarbamate); Vapam, VPM,
Trimaton, Maposol, Sistan (trade names); soil fumigant applied prior to
planting edible crops

Methyl bromide (bromomethane); Haltox, Terabol, Meth-O-Gas,
Dowfume, Brom-O-Gaz, Bercema (trade names); soil fumigant

Methyl isothiocyanate (isothiocyanatomethane); Trapex (trade name); soil
fumigant

Oxamyl (N,N-dimethyl-2-methylcarbamoyloxyimino-2-(methylthio)
acetamide); Vydate (trade name); granules and water-soluble liquid
formulations; systemic contact nematicide; uptake through leaves and
roots, transported in plants downward to the root

Terbufos (S-fert-butylthiomethyl O, O-diethyl phosphorodithionate);
Counter (trade name); granules

Thionazin (O-O-diethyl-O-pyrazin-2 yl-phosphorothionate); Nemafos,
Zinophos, Cynem, Nemaphos (trade names); granules, emulsifiable
concentrate formulations; controls free-living and plant-parasitic nema-
todes

Some nematodes act as vectors of viruses that cause serious diseases in
crops. They are described in Chapter 10.
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Phytoplasmas and Spiroplasmas

Phytoplasmas and spiroplasmas are bacteria that lack rigid cell walls.
They belong to the class Mollicutes. Phytoplasmas cannot be cultured,
whereas some spiroplasmas can be cultured. Both mollicutes are phloem
limited in plants and can be transmitted by leafthoppers. Spiroplasmas are
helical in shape. The structure of phytoplasmas and spiroplasmas, classifi-
cation of phytoplasmas based on their 16S rRNA gene sequences, and dis-
eases caused by them are described.

PHYTOPLASMAS
What Are Phytoplasmas?

Phytoplasmas are minute bacteria without cell walls. They inhabit phloem
sieve elements in infected plants. They cannot be cultured in artificial media
to date. They can pass through a bacteria-proof filter. They have been asso-
ciated with diseases in cereals, vegetables, fruit crops, ornamental plants,
and timber and shade trees.

Yellows are an important group of diseases and were once considered to
be caused by viruses. One disease, aster yellows, was first reported in 1902,
and it was considered a virus disease until 1967. Doi et al. (1967) reported
that particles in ultrathin sections of the phloem of plants affected by yel-
lows diseases, including aster yellows, resembled animal and human myco-
plasmas. The particles lacked rigid cell walls, were surrounded by a single
unit membrane, and were sensitive to the antibiotic, tetracycline. The term
mycoplasmalike organisms (MLOs) was used to refer to such causal organ-
isms of yellows diseases from 1967 to 1994. The name “phytoplasma’” was
introduced by the Phytoplasma Working Team at the Tenth Congress of the
International Organization for Mycoplasmology (Lee et al., 2000).

99
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Classification of Phytoplasmas

Despite several attempts during the past three decades, phytoplasmas
have not been cultured. Hence, phytoplasmas could not be classified based
on the traditional tests applied to cultured prokaryotes. Woese et al. (1980)
distinguished phytoplasmas (mycoplasmas) by analyzing highly conserved
rRNA gene sequences in prokaryotes. It has been suggested that the phyto-
pathogenic, mycoplasmalike organisms belong to the class Mollicutes. Four
major phylogenetic groups (clades) have been identified in the class Mol-
licutes: Mycoplasma hominis, M. pneumoniae, Spiroplasma, and Anaero-
plasma. Phylogenetic analyses of 16S rRNA and rp (ribosomal proteins)
gene operon sequences showed that phytoplasmas formed a large, discrete,
monophyletic clade within the expanded Anaeroplasma clade (Gundersen
et al., 1994). Within the phytoplasma clade, several distinct subclades
(monophyletic groups or taxa) have been identified based on the restriction
fragment length polymorphism (RFLP) of 16S rRNA and ribosomal protein
sequences (Lee et al., 2000). It has been suggested that the phytoplasma
clade should be distinguished at the taxonomic level of a genus, and each
subclade (corresponding 16S rRNA sequence) should represent a species.
However, the naming of new species in the class Mollicutes requires de-
scriptions of the species in pure culture. Phytoplasmas cannot be isolated in
pure culture, and the phenotypic characteristics used to describe mollicute
species are unattainable for uncultured phytoplasmas. Therefore, a provi-
sional classification system using the Candidatus category has been devel-
oped (Lee et al., 2000). Five Candidatus Phytoplasma species have been
recognized. The following is the classification of phytoplasmas based on
RFLP analysis of 16S rRNA and ribosomal protein sequences (Seemuller et
al., 1998; Lee et al., 2000):

Aster Yellows Group (16 Srl)

Subgroup 16SrI-A, 16Srl-A (rp-A): aster yellows (in China aster),
lettuce yellows, periwinkle little leaf, tomato big bud (Arkansas),
gladiolus virescence (Italy)

Subgroup 16SrI-B, 16StI-B (rp-B): aster yellows (in potato, carrot,
celery, clover), broccoli phyllody, chrysanthemum yellows, cab-
bage witches’-broom, onion virescence (yellows), mulberry
dwarf, eggplant dwarf, turnip virescence

Subgroup 16SrI-B, 16Sr-B (rp-K): hydrangea phyllody

Subgroup 16SrI-B, 16Sr-B (rp-L): maize bushy stunt

Subgroup 16SrI-C: strawberry green petal, clover phyllody, olive
witches’-broom
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Subgroup 16SrI-D: paulownia witches’-broom
Subgroup 16SrI-E: blueberry stunt

Subgroup 16SrI-F: apricot chlorotic leaf roll
Subgroup 16SrI-K: strawberry multiplier

Peanut Witches’-Broom Group (16SrlIl)

Subgroup 16SrII-A: peanut witches’-broom, sweet potato witches’-
broom, sunn hemp witches’-broom

Subgroup 16SrlI-B (Candidatus Phytoplasma aurantifolia): lime
witches’-broom

Subgroup 16SrII-C: cotton phyllody, soybean phyllody, faba bean
phyllody

Subgroup 16SrII-D: sweet potato little leaf

Subgroup 16SrlI-E (Candidatus Phytoplasma australasia): papaya
mosaic, papaya yellow crinkle, tomato big bud

X-Disease Group (16Srlll)

Subgroup 16SrlIII-A: peach X-disease, cherry X-disease

Subgroup 16SrIII-B: clover yellow edge (Canada), italian clover
phyllody

Subgroup 16SrIII-C: pecan bunch

Subgroup 16SrIII-D: goldenrod yellows

Subgroup 16SrIII-E: spirea stunt

Subgroup 16SrIII-F: milkweed yellows

Subgroup 16SrIII-G: walnut witches’-broom

Subgroup 16SrIII-H: poinsettia branching inducing

Coconut Lethal Yellows Group (16SrIV)

Subgroup 16SrIV-A: coconut lethal yellows
Subgroup 16SrIV-B: tanzanian coconut lethal decline

Elm Yellows Group (165rV)

Subgroup 16SrV-A, 16SrV-A (rp-A): alder yellows, elm yellows,
elm witches’-broom, rubus stunt

Subgroup 16SrV-B, 16SrV-B (1p-B): cherry lethal yellows

Subgroup 16SrV-B, 16SrV-B (rp-C): jujube witches’-broom

Subgroup 16SrV-C, 16SrV-A (rp-D): flavescence doree (grapevine)
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Clover Proliferation Group (16SrVI)

Subgroup 16SrVI-A: potato witches’-broom, alfalfa witches’-
broom, tomato big bud (California), clover proliferation

Subgroup 16SrVI-B: strawberry multiplier (Canada)

Unclassified: brinjal little leaf, willow witches’-broom

Ash Yellows Group (16SrVII)

Subgroup 16SrVII-A (Candidatus Phytoplasma fraxini): ash yel-
lows, lilac witches’-broom

Loofah Witches’-Broom Group (16SrVIII)
Subgroup 16SrVIII-A: loofah witches’-broom
Pigeon Pea Witches’-Broom Group (16SrIX)

Subgroup 16SrIX-A: pigeon pea witches’-broom
Unclassified: gliricidia little leaf, picris phyllody

Apple Proliferation Group (165rX)

Subgroup 16SrX-A: apple proliferation, hazel decline

Subgroup 16SrX-B: apricot chlorotic leaf roll, plum leptonecrosis,
European stone fruit yellows

Subgroup 16SrX-C: pear decline, peach yellow leaf roll

Rice Yellow Dwarf Group (165rXI)

Subgroup 16SrXI-A: rice yellow dwarf
Subgroup 16SrXI-B: sugarcane grassy shoot, sugarcane whiteleaf

Stolbur Group (165rXII)

Subgroup 16SrXII-A: pepper stolbur, tomato stolbur, grapevine yel-
lows (bois noir), celery yellows

Subgroup 16SrXII-B (Candidatus Phytoplasma australiense): Aus-
tralian grapevine yellows, papaya dieback)

Candidatus Phytoplasma japonicum: Japanese hydrangea phyllody
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Mexican Periwinkle Virescence Group (16SrXIII)

Subgroup 16SrXIII-A: Mexican periwinkle virescence
Subgroup 16SrXIII-B: strawberry green petal

Bermudagrass White Leaf Group (16SrXIV)
Subgroup 16SrXIV-A: bermudagrass white leaf
Symptoms of Phytoplasma Diseases

Phytoplasma diseases are characterized by several types of symptoms.
The important symptoms are:

Phyllody—floral parts transformed into green leafy structures

Virescence—the development of green flowers and loss of normal
flower pigments

Witches’-broom—proliferation (mass outgrowths) of the branches of
woody plants; proliferation of auxiliary shoots

Yellows—uniform yellow to almost white discoloration of leaves;
yellowing will be the conspicuous symptom in the diseased plant

Stunting—retardation of plant growth, small flowers, and leaves;
shortened internodes

Sterility—suppressed development of reproductive structures

Leaf curling—the distortion, puffing, and crinkling of a leaf result-
ing from the unequal growth of its two sides

Bushy stunt—diseased plant severely stunted; its shoots are
crowded, giving bushy appearance

Little leaf—in the diseased plants, the leaves are malformed into
tiny chlorotic structures

Leaf roll—plant leaves tend to curl

Big bud—the fruit bearing shoots become thick, dark green struc-
tures; fruits formed in infected plants become hard and woody

Dieback—death of twigs from the tip backward

Slender shoots—abnormal elongation of internodes resulting in
slender shoots

Reddening—predomination of red pigments

Blackening—blackening of tissues due to intensive necrosis

Transmission and Mode of Spread

Phytoplasmas are phloem-limited pathogens that are found in phloem
sieve elements. Phytoplasmas cannot be transmitted mechanically. Sap-
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sucking insects such as leathoppers and planthoppers can transmit phytoplas-
mas. These insects feed on phloem tissues, where they acquire phytoplasmas
and transmit them from plant to plant. Phytoplasmas may overwinter in
infected vectors. They may survive in perennial plants. No seed-borne phy-
toplasmas have been reported. However, phytoplasmas are spread by vege-
tative propagation through cuttings, storage tubers, rhizomes, or bulbs.
They can be transmitted also through grafts.

Disease Diagnosis

Because phytoplasmas cannot be cultured, their detection is difficult. The
presence of characteristic symptoms in diseased plants and subsequent ob-
servation of phytoplasma bodies in ultrathin sections were used to diagnose
phytoplasma diseases. Recently, several molecular probes have been devel-
oped to diagnose these diseases. Enzyme-linked immunosorbent assays,
immunofluorescence microscopy, DNA probes, Southern hybridization and
RFLP analysis of phytoplasma genomic DNA, and PCR assays using PCR
primers based on sequences of cloned phytoplasma DNA fragments have
been used to detect phytoplasma diseases (see Chapter 13 for details about
these techniques). The most useful method is the PCR method, which em-
ploys phytoplasma universal (generic) or phytoplasma group-specific olig-
onucleotide primers that are based on highly conserved 16S rRNA gene se-
quences.

Phytoplasma Disease Management

Disease-free planting material should be used for planting. Disease-
resistant varieties are available for protection against some diseases. Insect
vectors should also be controlled. Genetic engineering technology has been
exploited to develop transgenic plants that are resistant to phytoplasma. The
expression of antibodies in transgenic plants confers resistance to phyto-
plasma diseases (Chen and Chen, 1998).

SPIROPLASMAS

Spiroplasmas are wall-less prokaryotes that belong to the class Molli-
cutes (Kirkpatrick and Smart, 1995). They are helical prokaryotes that lack
arigid cell wall. Unlike phytoplasmas, some spiroplasmas can be cultured
(Daniels, 1983). Three plant-pathogenic spiroplasmas have been identified:
Spiroplasma citri, the causal agent of citrus stubborn and horseradish
brittleroot; S. kunkelii, the causal agent of corn stunt disease; and S. phoen-
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icium, a spiroplasma isolated from diseased periwinkle plants (Kirkpatrick
and Smart, 1995). Spiroplasma citri can be cultured, whereas S. kunkelli
cannot. Spiroplasmas, in common with phytoplasmas, are found only in
phloem sieve tubes (Bove, 1984). Spiroplasma citri has a genome size close
to 10° Daltons (Bove, 1984). The spiroplasma has been shown to contain
three DNA polymerases. Spiroplasmas carry only one (16S-rRNA) or two
rRNA operons (16S-23S-5 S rRNA), whereas bacteria such as Escherichia
coli and Bacillus subtilis have seven to ten rRNA operons.

Spiroplasma citri may be transmitted by the beet leathopper Circulifer
tenellus. Spiroplasma kunkelii is transmitted by the corn leathopper Dal-
bulus maidis and certain other Dalbulus and Baldulus species. Spiro-
plasmas can infect and multiply within the insects. Spiroplasmas can be de-
tected in many organs and tissues of infected insects. Spiroplasmas pass
from the insect gut lumen into the blood stream, passing through the endo-
plasmic reticulum. However, the transmission of spiroplasmas by insects
has not been convincingly demonstrated.

Important Diseases Caused by Spiroplasmas

Citrus stubborn: Spiroplasma citri has a wide host range. At least 15 fami-
lies of wild dicotyledonous and one family of monocotyledonous plants
have been recorded as hosts (Daniels, 1983).

Corn stunt: Spiroplasma kunkelli causes dwarfing of the plant, chlorotic,
distorted leaf margins, loss of apical dominance, and reduced flower size.
However, infected corn plants do not wilt and die.
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Viroids

Viroids are covalently closed, circular RNA molecules (Hammond and
Zhao, 2000). Viroids were the first circular RNAs to be discovered in nature.
These are the smallest known infectious agents (Elena et al., 2001). Potato
spindle tuber viroid was the first viroid reported, and it is widely prevalent
in different potato growing areas. Citrus exocortis viroid is widespread in
citrus production areas where trifoliate orange (Poncirus trifoliate) is used
as root stock (Guo et al., 2002). Hop stunt viroid has a wide range of hosts.
Mechanism of viroid pathogenesis in plants has been elucidated recently.
This chapter describes the viroids and viroid-like satellite RNAs (virusoids).

STRUCTURE OF VIROIDS

Viroids are nucleic acids that exist naturally with no protein coat. They
consist of ribonucleic acid (RNA). These miniviruses are the smallest
known causal organisms of infectious diseases. They are subviral, and their
size ranges from 246 to 388 nucleotides in length (Symons, 1991). The RNA
structure of viroids is different from transfer RNA (tRNA), ribosomal RNA
(rRNA), and messenger RNA (mRNA). Viroids were the first circular
RNAs to be discovered in nature; this feature differentiates them from other
RNAs (Reisner, 1991).

Important Viroids Causing Diseases
The following are viroids that cause diseases in important crops:

Apple scar skin viroid

Australian grapevine viroid

Avocado sunblotch viroid
Chrysanthemum chlorotic mottle viroid
Chrysanthemum stunt viroid

Citrus exocortis viroid

Coconut cadang-cadang viroid
Coconut tinangaja viroid
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Columnea pale fruit viroid
Cucumber pale fruit viroid
Grapevine viroid 1B

Grapevine yellow speckle viroid
Hop latent viroid

Hop stunt viroid

Potato spindle tuber viroid
Tomato apical stunt viroid
Tomato planta macho viroid

VIROID INFECTION PROCESS AND MANAGEMENT
Infection Process

The viroid RNA does not code for any genes. Viroid replication and
pathogenesis may depend completely on the enzyme systems of the host.
The viroid RNA is dependent upon the host for its replication as well as
intraplant movement. The functions necessary for propagation of the vi-
roids are derived completely from the host. The viroids are associated with
and replicate in either the nucleus or the chloroplasts of the plants (Zaitlin
and Palukaitis, 2000). They are replicated by host-encoded RNA polymer-
ases (Fels et al., 2001). They do not encode proteins. Viroids replicate
within the nucleus of infected cells without a helper virus. Viroids are trans-
ported into the plant nucleus, and typically potato spindle tuber viroid
(PSTV) possesses a sequence and/or structural motif for nuclear transport
(Woo et al., 1999). Phloem proteins may be involved in systemic transport
of viroids in the plants (Gomez and Pallas, 2001). Phloem protein 2, a
dimeric lectin, is the abundant component of phloem exudates of cucumber.
This protein interacts with the viroid RNA and facilitates the systemic
movement of hop stunt viroid (Owens et al., 2001).

Symptoms

Infection with viroids does not result in obvious macroscopic symptoms.
Common symptoms of viroid diseases include retardation of plant growth
and stunting. Potato plants infected with the potato spindle tuber viroid are
smaller than healthy plants. However, tuber symptoms are prominent. The
diseased tubers are spindle shaped. Citrus trees infected with the Citrus
exocortis viroid are stunted. Symptoms of the disease include scaling of the
bark below the graft union. Stunted trees crop well for their size, and the
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fruit is normal (Diener, 1979). Stunting is the important symptom of tomato
plants affected by the tomato bunchy top viroid, hop plants infected by the
hop stunt viroid, and chrysanthemum plants infected by the chrysanthemum
stunt viroid and the chrysanthemum chlorotic mottle viroid.

Mode of Spread

Viroids are highly contagious and mechanically transmitted. They are
spread by leaf contact. Viroids are spread also by contaminated planting and
cultivating equipments. They may be disseminated mostly as a result of cul-
tural operations through contaminated knives, tools, and hands. Some re-
ports indicate that viroids are transmitted by insects. Potato spindle tuber
viroid has been reported to be transmitted by aphids (Myzus persicae and
Macrosiphum euphorbiae), grasshoppers (Melanoplus spp.), flea beetles
(Epitrix cucumeris and Systena taeniata), tarnished plant bugs (Lygus
pratensis), larvae of the Colorado potato beetle (Leptinotarsa decemlin-
eata), and the leaf beetle (Disonycha triangularis). However, the transmis-
sion of viroids by insects is negligible, and mechanical transmission is more
important.

Viroid Disease Management

Because viroids are spread mechanically, disease-free planting materials
should be used for planting. Cutting knives and all planting and field equip-
ment should be cleaned scrupulously. Commercial cultivars with high resis-
tance to the diseases are lacking.

VIRUSOIDS (ENCAPSIDATED, VIROIDLIKE,
SATELLITE RNAS)

Some viruses contain a viroidlike satellite RNA in addition to a linear,
single-stranded molecule of genomic RNA. Such viroid-like satellite RNAs
are called virusoids. They show little sequence homology with viroids, but
they do show significant homology with the linear satellite RNA associated
with Tobacco ringspot virus. The virusoids in infected plants exist almost
solely as circular molecules, either free or encapsidated within virion of the
helper virus. This is in contrast to similarly sized satellite RNA of the 7o-
bacco ringspot virus that is found as both linear and circular single-stranded
molecules in vivo, but only the linear form is encapsidated (Symons, 1991).
Virusoids do not code for any polypeptides.
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Only four virusoids have been discovered (Symons, 1991). They are
found with the helper viruses, Lucerne transient streak virus (virusoid name
abbreviation: VLTSV, 324 nucleotides in length), Solanum nodiflorum mot-
tle virus (VSNMYV, 377 nucleotides in length), Subterranean clover mottle
virus (vSCMoV, 332 and 388 nucleotides in length), and Velvet tobacco
mottle virus (vVTMoV, 365 and 366 nucleotides in length).
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Viruses

Viruses are important groups of plant pathogens. Several viruses are
known to cause crop diseases, and 977 plant virus species have been offi-
cially or provisionally recognized (Fauquet and Mayo, 1999). Rice tungro
virus disease causes heavy losses in rice grown in different countries in Asia
(Azzam and Chancellor, 2002). Citrus tristeza virus disease has caused the
decline and death of close to 40 million trees grafted on sour orange
rootstocks in Spain and several million trees in other growing areas in the
Americas, Australia, and South Africa (Terrada et al., 2000). Tomato spot-
ted wilt virus causes significant yield losses in many food and ornamental
crops (Garcia et al., 2000). It was difficult to classify plant viruses into class,
order, family, genus, and species due to lack of knowledge of genetic rela-
tionships between viruses. Recently viruses have been grouped into genera,
based on molecular biological studies. A few families and an order have
been created. The virus infection process is now studied at the molecular
level, and the viral genes involved in the pathogenicity have been character-
ized. Insects, mites, fungi, protozoa, and nematodes serve as vectors of
viruses, and studies of their interaction help to develop integrated virus dis-
ease management technology. All these aspects are described in this chap-
ter.

STRUCTURE OF VIRUSES

Viruses are infectious agents that are not visible under the microscope
(i.e., they are submicroscopic) and are small enough to pass through a bacte-
rial filter. Viruses do not have a metabolism of their own and depend upon
living host cells for multiplication. They have only one type of nucleic acid,
either ribonucleic acid or deoxyribonucleic acid. Nucleic acids may be sin-
gle stranded (ss) or double stranded (ds), and may be single segmented or
with a few segments. The nucleic acids are enclosed in a coat of protein.
Some viruses may have an extra coat (envelope). The number of coat pro-
tein polypeptides may range from one to seven. The virus particles are of
different shapes and sizes. They may be elongated (rod shaped), as in the
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case of Tobacco mosaic virus; isometric (Cowpea mosaic virus); bacilli-
form (Alfalfa mosaic virus, Rice tungro bacilliform virus); spherical (Rice
tungro spherical virus); or geminate (i.e., arranged in pairs). Some viruses
have different particle types that differ in size or nucleic acids. Multipartite
(multicomponent, multigenome segments) viruses consist of two to four
single-stranded (ss) RNAs. Two RNA pieces occur in Tobacco rattle virus,
Bean pod mottle virus, and Pea enation mosaic virus, three RNA pieces oc-
cur in Cucumber mosaic virus and Prune dwarf virus; and four RNA pieces
occur in Alfalfa mosaic virus and Tomato spotted wilt virus. All RNA pieces
are needed for multicomponent virus infection.

The particle shape and size of important characterized viruses, number of
genome segments, nature of RNA or DNA, and number of coat protein
polypeptides of these viruses are provided here:

Alfalfa mosaic virus (AMV)—Bacilliform, 28-58 nm x 18 nm, 4 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Andean potato latent virus (APLV)—Isometric, about 29 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Andean potato mottle virus (APMV)—Isometric, about 30 nm, 2 genome
segments, linear sSRNA, 2 coat protein polypeptides

Arabis mosaic virus (ArMV)—Isometric, about 30 nm, 2 genome
segments, linear sSRNA, 2 coat protein polypeptides

Barley stripe mosaic virus (BSMV)—Rigid rod, 100-150 nm x 20 nm,
3 genome segments, linear sSRNA, 1 coat protein polypeptide

Barley yellow dwarf virus (BYDV)—Polyhedral, about 30 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Barley yellow mosaic virus (BaYMV)—Flexuous rod, 680-900 nm x 11
nm, 1 genome segment, linear sSRNA, 1 coat protein polypeptide

Barley yellow striate mosaic virus (BYSMV)—Bacilliform, 330 x 45 nm,
1 genome segment, linear sSRNA, 5 coat protein polypeptides

Bean common mosaic virus ( BCMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Bean golden mosaic virus (BGMV)—Geminate (arranged in pairs),
18 x 30 nm

Bean pod mottle virus (BPMV)—Isometric, about 30 nm, 2 genome seg-
ments, linear ssSRNA, 2 coat protein polypeptides

Bean rugose mosaic virus (BRMV)—Isometric, about 30 nm, 2 genome
segments, linear sSRNA, 2 coat protein polypeptides

Bean yellow mosaic virus (BYMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Beet leaf curl virus (BLCV)—Bacilliform, 225-350 nm x 45 nm,
1 genome segment, linear sSRNA, 5 coat protein polypeptides
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Beet mosaic virus (BtMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Beet western yellows virus (BWY V)—Polyhedral, about 30 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Beet yellow stunt virus (BYSV)—Flexuous rod, 600-2,000 nm x 12 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Beet yellows virus (BY V)—Flexuous rod, 600-2000 nm x 12 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Black raspberry latent virus (BRLV)—Isometric, 26-35 nm, 3 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Broad bean stain virus (BBSV)—Isometric, about 30 nm, 2 genome
segments, linear ssSRNA, 2 coat protein polypeptides

Broad bean true mosaic virus (BBTMV)—Isometric, about 30 nm,
2 genome segments, linear sSRNA, 2 coat protein polypeptides

Brome mosaic virus (BMV)—Isometric, about 29 nm, 3 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Carnation Italian ringspot virus (CIRSV)—Isometric, about 34 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Carnation latent virus (CLV)—Flexuous rod, 600-700 nm x 13 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Carnation necrotic fleck virus (CNFV)—Flexuous rod, 600-2000 nm x
12 nm, 1 genome segment, linear ssRNA, 1 coat protein polypeptide

Carnation ringspot virus (CRSV)—Isometric, about 34 nm, 2 genome
segments, linear sSRNA, 1 coat protein polypeptide

Carnation vein mottle virus (CVMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Carrot latent virus (CaLV)—Bacilliform, 220 x 70 nm, 1 genome
segment, linear ssSRNA, 5 coat protein polypeptides

Carrot red leaf virus (CaRLV)—Polyhedral, 25-30 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Carrot thin leaf virus (CTLV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Carrot yellow leaf virus (CYLV)—Flexuous rod, 600-2000 nm x 12 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Cauliflower mosaic virus (CaMV)—Isometric, 42-50 nm, 1 circular
genome segment, dsDNA, 1 coat protein polypeptide

Celery mosaic virus (CeMV)—Flexuous rod, 680-900 nm x 11 nm, 1 ge-
nome segment, linear sSRNA, 1 coat protein polypeptide

Cherry leafroll virus (CLRV)—Isometric, about 30 nm, 2 genome
segments, linear ssSRNA, 2 coat protein polypeptides

Chloris striate mosaic virus (CSMV)—Geminate (arranged in pairs),
18 x 30 nm
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Citrus leaf rugose virus (CiLRV)—Isometric, 26-35 nm, 3 genome
segments, linear sSRNA, 1 coat protein polypeptide

Citrus tristeza virus (CTV)—Flexuous rod, 600-2000 nm x 12 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Citrus variegation virus (CVV)—Isometric, 26-35 nm, 3 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Clover yellow mosaic virus (C1YMYV)—Flexuous rod, 480-580 nm x
13 nm, 1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Clover yellow vein virus (C1Y VV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Clover yellows virus (CYV)—Flexuous rod, 600-2000 nm x 12 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Cowpea aphid-borne mosaic virus (CABMV)—Flexuous rod, 680-900
nm x 11 nm, 1 genome segment, linear sSRNA, 1 coat protein
polypeptide

Cowpea mosaic virus (CPMV)—Isometric, about 30 nm, 2 genome
segments, linear sSRNA, 2 coat protein polypeptides

Cucumber mosaic virus (CMV)—Isometric, about 29 nm, 3 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Cymbidium mosaic virus (CybMV)—Flexuous rod, 480-580 nm x 13 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Glycine mottle virus (GmoV)—Isometric, about 34 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Grapevine fan leaf virus (GFLV)—Isometric, about 30 nm, 2 genome
segments, linear ssSRNA, 2 coat protein polypeptides

Lettuce mosaic virus (LMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Lettuce necrotic yellows virus (LNY V)—Bacilliform (enveloped), 360 x
52 nm, 1 genome segment, linear sSRNA, 5 coat protein polypeptides

Maize chlorotic dwarf virus (MCDV)—Isometric, about 30 nm, 1linear
genome segment, SSRNA

Maize mosaic virus (MMV)—Bacilliform, 240 x 48 nm, 1 genome
segment, linear sSRNA, 5 coat protein polypeptides

Maize streak virus (MSV)—Geminate, 18 x 30 nm, 2 circular genome
segments, SSDNA, 1 coat protein polypeptide

Muskmelon vein necrosis virus (MKVNV)—Flexuous rod, 600-700 nm
x 13 nm, 1 genome segment, linear sSSRNA, 1 coat protein polypeptide

Narcissus yellow stripe virus (NYSV)—Flexuous rod, 680-900 nm x
11 nm, 1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Oat blue dwarf virus (OBDV)—Polyhedral, 30 nm, 1 genome segment,
ssRNA
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Oat mosaic virus (OMV)—Flexuous rod, 680-900 nm x 11 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Oat striate mosaic virus (OSMV)—Bacilliform, 400 x 100 nm, 1 genome
segment, linear ssRNA, 5 coat protein polypeptides

Onion yellow dwarf virus (OYDV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Papaya mosaic virus (PapMV)—Flexuous rod, 480-580 nm x 13 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Papaya ringspot virus (PRSV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Parsnip mosaic virus (ParMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Pea early browning virus (PEBV)—Rigid rod, 180-215 nm x 22 nm and
46-114 nm x 22 nm, 2 genome segments, 2 linear ssSRNA, 1 coat pro-
tein polypeptide

Pea enation mosaic virus (PEMV)—Polyhedral, about 30 nm, 2 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Pea leafroll virus (PeLRV)—Polyhedral, 25-30 nm, 1 genome segment,
linear ssSRNA, 1 coat protein polypeptide

Pea seedborne mosaic virus (PSMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Pea streak virus (PeSV)—Flexuous rod, 600-700 nm x 13 nm, 1 genome
segment, linear ssSRNA, 1 coat protein polypeptide

Peach rosette mosaic virus (PRMV)—Isometric, about 30 nm, 2 genome
segments, linear sSRNA, 2 coat protein polypeptides

Peanut mottle virus (PeMoV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Peanut stunt virus (PSV)—Isometric, about 29 nm, 3 genome segments,
linear ssSRNA, 1 coat protein polypeptide

Peanut yellow mottle virus (PYMV)—isometric, about 29 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Pepino latent virus (PeLV)—Flexuous rod, 600-700 nm x 13 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Pepper mottle virus (PepMoV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Pepper veinal mottle virus (PVMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Plum pox virus (PPV)—Flexuous rod, 680-900 nm x 11 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Potato black ringspot virus (PBRV)—Isometric, about 30 nm, 2 genome
segments, linear ssSRNA, 2 coat protein polypeptides
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Potato leafroll virus (PLRV)—Polyhedral, 25-30 nm, 1 genome segment,
linear ssSRNA, 1 coat protein polypeptide

Potato virus A (PVA)—Flexuous rod, 680-900 nm x 11 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Potato virus M (PVM)—Flexuous rod, 600-700 nm x 13 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Potato virus S (PVS)—Flexuous rod, 600-700 nm x 13 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Potato virus X (PVX)—Flexuous rod, 480-580 nm x 13 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Potato virus Y (PVY)—Flexuous rod, 680-900 nm x 11 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Potato yellow dwarf virus (PYDV)—Bacilliform, 380 x 75 nm, 1 genome
segment, linear ssSRNA, 5 coat protein polypeptides

Prune dwarf virus (PDV)—Isometric, 26-35 nm, 3 genome segments,
linear ssSRNA, 1 coat protein polypeptide

Prunus necrotic ringspot virus (PNRSV)—Isometric, 26-35 nm,
3 genome segments, linear sSSRNA, 1 coat protein polypeptide

Raspberry ringspot virus (RRV)—Isometric, about 30 nm, 2 genome
segments, linear sSRNA, 2 coat protein polypeptides

Red clover necrotic mosaic virus (RCNMV )—Isometric, about 34 nm,
2 genome segments, linear sSRNA, 1 coat protein polypeptide

Red clover vein mosaic virus (RCVMV)—Flexuous rod, 600-700 nm x
13 nm, 1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Rice black-streaked dwarf virus (RBSDV)—Polyhedral, about 80 nm in
diameter, 10 genome segments, dSRNA, 5 coat protein polypeptides

Rice dwarf virus (RDV)—Polyhedral, about 70 nm in diameter, 12 ge-
nome segments, dsRNA, 7 coat protein polypeptides

Rice necrosis mosaic virus (RNMV)—Flexuous rod, 680-900 nm x
11 nm, 1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Rice ragged stunt virus (RRSV)—Polyhedral, about 50 nm in diameter,
10 genome segments, dsSRNA, 5 coat protein polypeptides

Rice transitory yellowing virus (RTY V)—Bullet shaped, 180-210 nm
x 9 nm, 1 genome segment, sSRNA, 4 or 5 coat protein polypeptides

Rice tungro bacilliform virus (RTBV)—Bacilliform, 100-300 nm in
length and 30-35 nm in width, 1 genome segment, circular dSDNA,
1 coat protein polypeptide

Rice tungro spherical virus (RTSV)—Polyhedral, about 30 nm in diame-
ter, 1 genome segment, 3 coat protein polypeptides

Rice yellow mottle virus (RYMV)—Polyhedral, about 30 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide
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Shallot latent virus (SLV)—Flexuous rod, 600-700 nm x 13 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Southern bean mosaic virus (SBMV)—Polyhedral, about 30 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Sowbane mosaic virus (SoMV)—Polyhedral, about 30 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Soybean dwarf virus (SoyDV)—Polyhedral, 25-30 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Soybean mosaic virus (SoyMV )—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Subterranean clover mottle virus (SCMoV)—Polyhedral, about 30 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Subterranean clover red leaf virus (SCRLV)—Polyhedral, about 30 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Sugarcane mosaic virus (SCMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Sweet clover necrotic mosaic virus (SCNMYV )—Isometric, about 34 nm,
2 genome segments, linear sSRNA, 1 coat protein polypeptide

Tobacco etch virus (TEV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Tobacco mosaic virus (TMV)—Rigid rod, about 300 nm x 18 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Tobacco necrosis virus (TNV)—Polyhedral, about 30 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Tobacco necrotic dwarf virus (TNDV)—Polyhedral, 25-30 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Tobacco rattle virus (TRV)—Rigid rod, 180-215 nm x 22 nm and
46-114 nm x 22 nm, 2 genome segments, 2 linear ssSRNA, 1 coat
protein polypeptide

Tobacco ringspot virus (TRSV)—Isometric, about 30 nm, 2 genome
segment, linear sSRNA, 1 coat protein polypeptide

Tobacco streak virus (TSV)—Isometric, 26-35 nm, 3 genome segments,
linear ssSRNA, 1 coat protein polypeptide

Tobacco vein mottling virus (TVMV )—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Tomato aspermy virus (TAV)—Isometric, about 29 nm, 3 genome
segments, linear ssSRNA, 1 coat protein polypeptide

Tomato black ring virus (TBRV)—Isometric, about 30 nm, 2 genome
segments, linear ssSRNA, 2 coat protein polypeptides

Tomato bushy stunt virus (TBSV)—Isometric, about 34 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide
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Tomato golden mosaic virus (ToGMV)—Geminate, 18 x 30 nm, 2 circu-
lar genome segments, ssSDNA, 1 coat protein polypeptide

Tomato mosaic virus (ToMV)—Rigid rod, about 300 nm x 18 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Tomato ringspot virus (TORSV)—Isometric, about 30 nm, 2 genome
segments, linear ssSRNA, 2 coat protein polypeptides

Tomato spotted wilt virus (TSWV)—Spherical, about 85 nm, 4 genome
segments, linear ssSRNA, 4 coat protein polypeptides

Tulip breaking virus (TBV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear ssSRNA, 1 coat protein polypeptide

Turnip mosaic virus (TuMV)—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

Turnip rosette virus (TRoV)—Polyhedral, about 30 nm, 1 genome
segment, linear ssRNA, 1 coat protein polypeptide

Turnip yellow mosaic virus (TYMYV)—Isometric, about 29 nm, 1 genome
segment, linear sSRNA, 1 coat protein polypeptide

Watermelon mosaic virus (WMYV )—Flexuous rod, 680-900 nm x 11 nm,
1 genome segment, linear sSSRNA, 1 coat protein polypeptide

Wheat chlorotic streak virus (WCSV)—Bacilliform, 355 x 55 nm,
1 genome segment, linear sSRNA, 5 coat protein polypeptides

Wheat yellow leaf virus (WYLV)—Flexuous rod, 600-2000 nm x 12 nm,
1 genome segment, linear sSRNA, 1 coat protein polypeptide

White clover mosaic virus (WCIMV)—Flexuous rod, 480-580 nm x
13 nm, 1 genome segment, linear ssSRNA, 1 coat protein polypeptide

MECHANISM OF PLANT VIRUS INFECTION

Viruses depend completely upon host cells for the supply of precursors,
energy, enzymes, and the structural machinery—in fact for all the infra-
structure except the coded message (virus nucleic acid)—for their replica-
tion. Thus, viruses are parasites at the genetic level. The infection process
consists of viral attachment and ingress of the viral genome into the host cell.
Plant viruses possess no capacity of their own to push through the plant cell
wall barrier in order to enter the cell. They can come in contact with the cy-
toplasm or reach the interior of the plant cell only through wounds caused
mechanically or by vectors (Zaitlin and Hull, 1987). Wounding damages the
cuticle and cell wall and/or breaks the trichomes to expose specific attach-
ment sites that differ from nonspecific attachment sites found on unabraded
cell walls (De Zoeten, 1995). The former exposes the cell membrane,
whereas the latter exposes the plasmodesmata. Plasmodesmata are abun-
dant in the cell walls of hairs and also between hair cells and underlying epi-
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dermal cells. In this way, virus particles become attached to the cell mem-
brane. The virus may enter the protoplasts by pinocytosis or endocytosis,
the process by which substances enter the cell from the exterior and pass
into the cytoplasm. Attachment of virus particles to plasmalemma induces
the plasmalemma’s invagination at the point of attachment. The neck of the
invagination closes, and the virus particle is imprisoned within an intra-
cytoplasmic vesicle.

The virus may enter the cell by any one of the possible preexisting cell
mechanisms of nutrient uptake. Many invaginations of various sizes are nor-
mally present on the surface of plasmalemma of protoplasts, and the adsorp-
tion processes are most effective in these invaginations. The adsorbed virus
particles may enter the protoplast by closing the walls of invagination. The
resultant vesicle later may disintegrate to release virus particles into the cy-
toplasm. The adsorbed virus particles may also penetrate the protoplast by
the same type of electroosmotic forces responsible for transmembrane
transport of ions into the protoplast through plasmalemma.

Within a few seconds to minutes after entry of the virions (the complete
and infectious nucleoprotein particle of the virus) into the plant cell, un-
coating of virus particles (i.e., removal of the envelope and coat protein and
release of the viral genome) occurs. TMV particles often uncoat within 15
to 30 min after inoculation. Uncoating of Tobacco necrosis virus particles
commences immediately after end-on attachment to the cell walls of plants.
It has been shown by several researchers that uncoating of virus particles oc-
curs on the plant cell wall. Uncoating appears to be a nonspecific event.
Uncoating of the virus particles occurs not only on host plants but also with
equal efficiency on nonhosts. It has also been suggested that the uncoating
process may take place on the plasma membrane of pinocytic vesicles. The
virus particles uncoat and disappear from view from pinocytic vesicles
within a few minutes after their entry so that the viral genome, rather than
complete virus particles, enters the cytosol. According to some reports, the
uncoating process occurs intracellularly (i.e., in the cytoplasm). However,
this process has not been confirmed. It is most likely that this process occurs
outside of the cell (i.e., at an extracellular site).

The mechanism of uncoating is not yet fully understood (De Zoeten,
1995). Itis suggested that more or less complete virus particles pass through
the plasmalemma. During their passage, these particles may encounter low
ionic (Ca?*) strength and Ca?* ion gradients, the hydrophobic environment
of the plasmalemma, intracellular phospholipid membrane, or subcellular
low pH compartments. These conditions cause the virions to swell or lose
some protein subunits from the 5' end leader sequence so that partially
encapsidated virions enter the cytosol. There the ribosomes take over and
result in cotranslational disassembly. During translation, the ribosomes may
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extract or release RNA from the spherical capsid without disrupting the
capsid completely. The RNA may escape through a hole formed in the
capsid by removal of some capsid protein units.

RNA-dependent RNA polymerase has been detected in many plants, and
it may be involved in viral replication in infected host cells. This enzyme is
activated by virus infection. However, host polymerase may not be the com-
plete replicase needed for replication of a specific virus RNA (De Zoeten,
1995). A virus-coded polypeptide may associate with the host-specific en-
zyme to form a fully competent replicase (holoenzyme), which also pos-
sesses the needed specificity for viral RNA. Thus, a virus-encoded protein is
an integral component of the viral replicase. It is suggested that the com-
plete virus-specific replicase is constituted by two units, a host-coded part
and a virus-coded part. The virus-coded part is a virally coded polypeptide
that functions in template selection. For example, Turnip yellow mosaic vi-
rus RNA replicase is made up of two major subunits: A 115-kilodalton
(kDa) molecular weight subunit encoded by the viral genome and a host-
encoded 45 kDa unit that is different from the host’s RNA-dependent RNA
replicase.

Immediately after partial or complete uncoating, viral RNA directs the
synthesis of some early virus-specific proteins. One of these proteins is the
specific virus-encoded subunit of the polymerase complex, which is synthe-
sized within 1 to 10 minutes after inoculation. Replication of viral RNA in-
volves transcription of the virus (+) RNA into the complementary (—) chain
by the enzymes of the replicase system. The replication process starts from
the 3" end. Viral RNA acts as a template for the synthesis of complementary
strand. Thus viral RNA now exists as a double-stranded structure, the
replicative form (RF) of RNA. RF RNA is a full-length double-stranded
structure composed entirely of base pairs that is never infectious. The minus
strands of the initially dSRNA (RF RNA) are then released and act as tem-
plates for the synthesis of complementary plus strands of viral RNA (prog-
eny RNA) by again generating dsRNA structures, the replicative intermedi-
ate (RI). Progeny plus strands generated may further enter into any one of
the three routes of the virus replication cycle: act as mRNA and code for
coat protein synthesis (the translation step), be converted to double-stranded
RF RNA to provide more templates for synthesis of viral plus RNA, or be
encapsidated to produce virions. The assembly of nucleic acid and coat pro-
tein into virions is almost a spontaneous process when viral nucleic acid and
specific proteins meet.

The replication process may vary slightly from virus to virus. For viruses
with () strand RNA (such as Rhabdovirus), special mRNA has first to be
transcribed. In the case of double-stranded RNA viruses such as Reovirus,
each of the ten to 12 segments may produce its own mRNA. DNA viruses
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such as Caulimovirus use host polymerases for replication. All viruses have
to code for their specific replicase. Viral (+) RNA and complementary RNA
strands formed after transcription of the viral genome of some plant viruses
(Reovirus and Rhabdovirus) act as mRNA. This leads to the synthesis of vi-
rus-specific capsids and other proteins by translation of this mRNA. Two
types of ribosomes are present in plant cells: 80S cytoplasmic ribosomes
and 70S chloroplast and mitochondrial ribosomes. Plant viral mRNAs are
translated only on the 80S cytoplasmic ribosomes in several cases. Viral
proteins are formed on 80S ribosomes. Viral RNA may encode its specific
proteins in the midst of continuing synthesis of host proteins. Viruses have
only a few genes. Tobacco mosaic virus RNA carries information for at least
four proteins. The coat protein is encoded by the coat protein subgenomic
RNA. A second subgenomic RNA, I, RNA, encodes the 30 kDa protein.
Another subgenomic RNA, I; RNA, encodes a 50 kDa protein. These three
subgenomic RNAs occur on ribosomes and act as mRNAs (Mandahar,
1991).

Rice tungro bacilliform virus, a double-stranded DNA genome, has been
shown to have four open reading frames (ORFs). ORF I includes the gene
P24, which codes for a 24 kDa protein that may be associated with particle
assembly. The gene P72 in ORF II codes for a 12 kDa protein. The amino
acid sequence of the Rice tungro bacilliform virus ORF III product (P194)
has motifs suggestive of viral coat protein, aspartate protease, reverse tran-
scriptase, and ribonuclease H. P/94 is processed to give several products,
such as two coat proteins (37 kDa, 33 kDa), aspartate protease (21 kDa), re-
verse transcriptase (62 kDa), and ribonuclease H (55 kDa). ORF 1V consists
of the gene P46 and may be involved in controlling expression of the RTBV
genome (Hull, 1996).

The plant virus genome encodes a wide range of proteins. All viruses
produce replicases and coat protein(s), and most probably encode one or
more proteins that potentiate virus movement from cell to cell and long dis-
tances in the plant. Some viruses, which are transmitted by insects, fungi, or
nematodes, often produce helper proteins that aid in the acquisition of the
virus by the vector. Some produce proteases that cleave the polyprotein.
Cauliflower mosaic virus encodes a multifunctional protein from gene VI, a
major component of the inclusion bodies that accumulates in infected cells.
Gene VI may play a role in virus assembly in the determination of the host
range of the virus and the severity of the symptoms (Zaitlin and Palukaitis,
2000).

Self-assembly of viral particles involves recognition of the specific
genomic RNA by specific capsid protein subunits and the assembly of viral
RNA with its specific proteins to form complete virus particles. Empty
capsids are also formed in some cases. Extensive virus synthesis occurs, and
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complete virus particles gradually diffuse throughout the cytoplasm and ul-
timately lead to the formation of large virus aggregates or virus crystals.

Virus particles are synthesized in infected host cells and they spread from
cell to cell as well as long distances in host tissues. The molecular basis of
viral systemic movement has been studied in detail. Specific viral move-
ment proteins are involved in the transfer of viral infectious transcripts
through plasmodesmata (Lucas, 1993). While competency for viruses to
replicate is produced by wounding, competency to transport is induced by
virus replication itself. Movement proteins are produced during virus repli-
cation. These proteins open the gates, i.e., the plasmodesmata, for transport
of the virus (Deom et al., 1992).

Plasmodesma is a membrane-lined pore (approximately 60 nm in diame-
ter) through which passes a modified form of the endoplasmic reticulum,
termed the desmotubule or axial component. The axial component is contin-
uous with the endoplasmic reticulum of the neighboring cells, but does not
have an associated lumen. It exists as a lipidic cylinder. In such a situation,
cytoplasmic continuity would occur through the cytoplasmic annulus, or
sleeve, that is located between the plasma membrane and the axial compo-
nent. Void spaces within the cytoplasmic sleeve may have an effective diam-
eter of 1.5-2.0 nm. Because the particles of most plant viruses are either
icosahedral with a diameter of 18-80 nm, helical or filamentous rods (rigid
or flexuous with diameters ranging from 10-25 nm and lengths of up to
2.5 pum), their physical dimensions preclude their movement through un-
modified plasmodesmata (Lucas, 1993). Numerous researchers have pro-
vided electron microscopic evidence that plant viruses have the capability to
cause dramatic changes in plasmodesmatal structure within systemically in-
fected tissues (Esau, 1967; Roberts and Lucas, 1990; Lucas, 1993). Virions
have often been identified within the enlarged cytoplasmic “sleeve” of these
modified plasmodesmata. Their presence suggests that a viral encoded
product is involved in effecting these structural changes in the plasmo-
desmata. This product has been identified as a protein called “movement
protein.” A 30-kDa protein has been identified as the movement protein in
Tobacco mosaic virus. There are also reports that the virus coat protein is in-
volved in long-distance transport (De Zoeten, 1995).

INCLUSION BODIES

Inclusion bodies are commonly found in virus-infected plants. They are
either amorphous, crystalline, or granular structures found in the cytoplasm
or in the nucleus. They differ in structure and composition, according to vi-
rus. Some contain high concentrations of virus particles embedded in amor-
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phous material (e.g., Cauliflower mosaic virus). In cases of infection with
viruses such as Tobacco mosaic virus, the inclusion bodies consist of pure
virus in regular crystalline array. In cases of infection with Clover yellow
mosaic virus, the pure virus inclusion bodies are in banded array. Crystal-
line inclusion bodies are formed due to infection from some viruses belong-
ing to the genus Potyvirus (potyviruses). These bodies consist of protein
formed as a result of virus infection. Crystalline inclusion bodies consisting
of small, noninfectious nucleoprotein particles are found in plants infected
with Red clover vein mosaic virus. Granular inclusions caused by Bean yel-
low mosaic virus and some other potyviruses contain peculiar pinwheels,
scrolls, and rolls, consisting of newly formed protein together with abnor-
mal organelles. Thus, inclusion bodies consist of pure virus particles (viro-
plasm), virus-induced protein, or other material. These bodies can be de-
tected by taking freehand sections, staining the infected leaves, and viewing
under a light microscope.

SATELLITE VIRUSES, SATELLITE RNA,
AND DEFECTIVE INTERFERING VIRUSES

Satellite viruses were first reported by Kassanis in 1962. Satellite viruses
have a coat but a small genome. They are dependent on other viruses to sup-
ply replicase and other enzymes necessary for replication. They act as para-
sites of plant-parasitic viruses. A satellite virus has been reported as being
associated with Tobacco necrosis virus (Kassanis, 1962). The viruses are
not serologically related. TNV is often found alone and can multiply indefi-
nitely without causing the production of a satellite virus. However, the satel-
lite virus is entirely dependent on TNV for its multiplication. Both viruses
occur in the roots of apparently normal plants and are transmitted among
roots by the fungus Olpidium brassicae.

The first satellite RNA described was the satellite RNA of Tobacco ring-
spot virus (Schneider, 1969). Satellite RNA has no coat protein. It com-
pletely depends upon those viruses for multiplication. Viruses that help
multiplication of satellite RNA are called “helper viruses.” Satellite RNA
aggravates or reduces the symptom development. This type of association
has also been reported in Cucumber mosaic virus (Tien and Wu, 1991).
Sometimes satellite viruses also may have satellite RNAs. The satellite of
Tobacco necrosis virus has been shown to contain a small satellite RNA that
is dependent on Tobacco necrosis virus for replication and on the satellite
virus for encapsulation.
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Defective interfering viruses were first described in 1970 with an animal
virus (Zaitlin and Palukaitis, 2000). Several plant viruses in the family
Tombusviridae are now known to generate such RNAs during replication
(Rubio et al., 1999). In many cases, the viral symptoms are ameliorated
(Roux et al., 1991). However, in the case of Turnip crinkle virus, the defec-
tive interfering viruses are known to intensify viral symptoms.

CLASSIFICATION OF VIRUSES

Classification of plant viruses into class, order, family, genus, and spe-
cies has not been achieved, mostly due to the lack of knowledge of genetic
relationships among the viruses. It is now known that viruses are biological
entities that possess genes, replicate, interact with hosts, and are exposed to
selection pressure, thus specializing and evolving. Recent molecular bio-
logical studies have facilitated grouping the viruses into genera. A few fami-
lies have also been created to include related viruses. The formation of or-
ders is very much in preliminary stage, and only one order has been created
thus far. The classification of plant viruses into orders, families, and genera
was formulated and approved by the International Committee on Taxonomy
of Viruses (ICTV) in 1995 and is being updated continually. The Latinized
binomial system is not being followed for virus classification, unlike the
classification of fungi and bacteria. At present, only groups of viruses have
been recognized and these groups are provisionally given the status of the
possible genera without establishing families. Each genus, regardless of
whether it is a member of a family, will have its own name. The virus species
is a class of viruses consisting of a replicating lineage and occupying a par-
ticular niche. This definition was approved by Executive Committee of
International Committee on Taxonomy of Viruses in 1991 at Atlanta. Spe-
cies names are actually the vernacular name of the virus, indicating the com-
mon name of the plant and type of disease symptoms induced by the virus.
Virus names do not include the genus or group names. Van Regenmortel
(1999) provided guidelines for writing the names of species, genera, and
families of various viruses. The names of species, genera, and families
should be written in italics. The first word and proper noun in the name of
the species should be capitalized. Subsequent reference to the same virus
should be by the accepted acronym, which is not italicized. The ICTV’s list
of approved virus genera and important virus species included in each genus
(Mayo and Horzinek, 1998; Van Regenmortel et al., 1999) is given here.
Many viruses remain unclassified, and their names are also given.
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Genera of Plant Viruses and Names of Important Virus Species
in These Genera

Genus Alfamovirus: Alfalfa mosaic virus

Genus Alphacryptovirus : White clover cryptic virus 1, Beet 1 virus, Beet
2 virus

Genus Badnavirus: Banana streak virus, Cacao swollen shoot virus,
Piper yellow mottle virus, Rice tungro bacilliform virus, Sugarcane
bacilliform virus, Sweet potato leaf curl virus

Genus Betacryptovirus: White clover cryptic virus 2

Genus Bigeminivirus: Bean golden mosaic virus, Cassava African mosaic
virus, Cassava Indian mosaic virus, Cotton leaf crumple virus, Cotton
leaf curl virus, Dolichos yellow mosaic virus, Mungbean yellow mosaic
virus, Okra (bhendi) yellow vein mosaic virus, Pepper hausteco virus,
Potato yellow mosaic virus, Soybean crinkle leaf virus, Squash leaf
curl virus, Tobacco leaf curl virus, Tomato yellow leaf curl virus, To-
mato golden mosaic virus, Tomato Indian leaf curl virus, Tomato mot-
tle virus, Watermelon chlorotic stunt virus

Genus Bromovirus: Broad bean mottle virus, Cowpea chlorotic mottle
Virus

Genus Bymovirus: Barley mild mosaic virus, Barley yellow mosaic virus,
Oat mosaic virus, Rice necrosis mosaic virus, Wheat yellow mosaic vi-
rus, Wheat spindle streak virus, Barley mild mottle virus

Genus Capillovirus: Apple stem grooving virus, Citrus tatter virus,
Cherry A virus

Genus Carlavirus: Blueberry scorch virus, Carnation latent virus, Chry-
santhemum B virus, Hop mosaic virus, Cole latent virus, Cowpea mild
mottle virus, Poplar mosaic virus, Potato M virus, Potato S virus, Red
clover vein mosaic virus, Shallot latent virus, Passiflora latent virus,
Hop latent virus

Genus Carmovirus: Carnation mottle virus, Cowpeas mottle virus, Melon
necrotic spot virus, Pelargonium flower break virus, Turnip crinkle vi-
rus, Hibiscus chlorotic ringspot virus, Pelargonium line pattern virus,
Blackgram mottle virus, Narcissus tip necrosis virus

Genus Caulimovirus: Cassava vein mosaic virus, Cauliflower mosaic vi-
rus, Peanut chlorotic streak virus, Petunia vein-clearing virus, Straw-
berry vein-banding virus, Blueberry red ringspot virus, Carnation
etched ring virus, Figwort mosaic virus, Dahlia mosaic virus, Soybean
chlorotic mottle virus

Genus Closterovirus: Beet pseudo-yellows virus, Beet yellows virus, Cit-
rus tristeza virus, Cucurbit yellow stunting disorder virus, Grapevine
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corky bark-associated virus, Grapevine leafroll-associated virus,
Grapevine stem pitting-associated virus, Lettuce infectious yellows vi-
rus, Little cherry virus, Pineapple wilt-associated virus, Sweet potato
infectious chlorosis virus, Tomato infectious chlorosis virus, Beet yel-
low stunt virus, Sweet potato sunken vein virus

Genus Comovirus: Bean pod mottle virus, Bean rugose mosaic virus,
Bean severe mosaic virus, Broad bean stain virus, Cowpea mosaic vi-
rus, Cowpea severe mosaic virus, Potato Andean mottle virus, Red clo-
ver mottle virus, Squash mosaic virus

Genus Crinivirus: Sweet potato chlorotic stunt virus

Genus Cucumovirus: Cucumber mosaic virus, Peanut stunt virus, Tomato
aspermy virus

Genus Cytorhabdovirus: American wheat striate mosaic virus, Barley yel-
low striate mosaic virus, Festuca leaf streak virus, Lettuce necrotic yel-
lows virus, Strawberry crinkle virus, Cereal northern mosaic virus

Genus Dianthovirus: Carnation ringspot virus, Red clover necrotic mo-
saic virus

Genus Enamovirus: Pea enation mosaic virus

Genus Fabavirus: Broad bean wilt virus

Genus Fijivirus: Maize rough dwarf virus, Oat sterile dwarf virus, Rice
black-streaked dwarf virus, Sugarcane Fiji disease virus

Genus Foveavirus: Apple stem pitting virus

Genus Furovirus: Beet necrotic yellow vein virus, Beet soilborne virus,
Broad bean necrosis virus, Oat golden stripe virus, Potato mop-top vi-
rus, Wheat soilborne mosaic virus, Peanut clump virus, Rice stripe ne-
CTOSIS VIrus

Genus Geminivirus: Taino tomato mottle virus, Tomato yellow vein streak
virus, Sinaloa tomato leaf curl virus, Tomato greenhouse whitefly-
borne virus, Horse radish curly top virus, Tomato leaf curl virus

Genus Hordeivirus: Barley stripe mosaic virus

Genus Hybrigeminivirus: Beet curly top virus, Tomato pseudo-curly top
virus

Genus Idaeovirus: Raspberry bushy dwarf virus

Genus llarvirus: Apple mosaic virus, Asparagus 2 virus, Prune dwarf vi-
rus, Prunus necrotic ringspot virus, Spinach latent virus, Tobacco
streak virus, Citrus leaf rugose virus, Citrus variegation virus, Tomato
1 virus

Genus Ipomovirus: Sweet potato mild mottle virus

Genus Luteovirus: Barley yellow dwarf virus, Bean yellow dwarf virus,
Beet western yellows virus, Carrot red leaf virus, Cucurbit aphidborne
vellows virus, Groundnut rosette assistor virus, Potato leafroll virus,
Soybean dwarf virus, Subterranean clover red leaf virus, Beet mild yel-
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lowing virus, Bean leaf roll virus, Pepper vein yellows virus, Soybean
Indonesian dwarf virus, Strawberry mild yellow edge virus

Genus Machlomovirus: Maize chlorotic mottle virus

Genus Macluravirus: Narcissus latent virus, Maclura mosaic virus

Genus Marafivirus: Maize rayado fino virus, Oat blue dwarf virus

Genus Monogeminivirus: Chickpea chlorotic dwarf virus, Maize streak vi-
rus, Wheat dwarf virus, Tobacco yellow dwarf virus, Sugarcane streak
VIrus

Genus Nanavirus: Banana bunchy top virus, Coconut foliar decay virus,
Faba bean necrotic yellows virus, Subterranean clover stunt virus

Genus Necrovirus: Tobacco necrosis virus

Genus Nepovirus: Arabis mosaic virus, Artichoke Italian latent virus,
Cherry leafroll virus, Cherry rosette virus, Grapevine chrome mosaic
virus, Grapevine fanleaf virus, Hibiscus latent ringspot virus, Rasp-
berry ringspot virus, Satsuma dwarf virus, Strawberry latent ringspot
virus, Tobacco black ring virus, Tomato ringspot virus, Tomato black
ring virus, Cherry rasp leaf virus, Blueberry leaf mottle virus, Peach
rosette mosaic virus

Genus Nucleorhabdovirus: Maize mosaic virus, Raspberry vein chlorosis
virus, Sorghum stunt mosaic virus, Eggplant mottled dwarf virus

Genus Oleavirus: Olive latent 2 virus, Epirus cherry virus, Melon ourmia
VIrus

Genus Oryzavirus: Rice ragged stunt virus

Genus Phytoreovirus: Rice dwarf virus, Clover wound tumor virus

Genus Potexvirus: Bamboo mosaic virus, Cactus X virus, Cassava com-
mon mosaic virus, Clover yellow mosaic virus, Cymbidium mosaic vi-
rus, Foxtail mosaic virus, Hosta X virus, Lily X virus, Narcissus mosaic
virus, Papaya mosaic virus, Patchouli X virus, Potato aucuba mosaic
virus, Potato X virus, Strawberry mild yellow edge-associated virus,
Tulip X virus, Viola mottle virus, White clover mosaic virus

Genus Potyvirus: Abaca mosaic virus, Amazon lily mosaic virus, Arti-
choke latent virus, Asian prunus latent virus, Azuki bean mosaic virus,
Banana bract mosaic virus, Bean common mosaic virus, Bean yellow
mosaic virus, Beet mosaic virus, Blackeye cowpea mosaic virus, Car-
damom mosaic virus, Carnation vein mottle virus, Cassava brown
streak virus, Celery mosaic virus, Chilli veinal mottle virus, Clover yel-
low vein virus, Cowpea aphidborne mosaic virus, Dasheen mosaic vi-
rus, Datura Colombian virus, Garlic yellow streak virus, Johnsongrass
mosaic virus, Kalanchoe mosaic virus, Leek yellow stripe virus, Let-
tuce mosaic virus, Maize dwarf mosaic virus, Narcissus yellow stripe
virus, Onion yellow dwarf virus, Palm mosaic virus, Papaya leaf-dis-
tortion mosaic virus, Papaya ringspot virus, Passion fruit woodiness
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virus, Pea seedborne mosaic virus, Peanut chlorotic blotch virus, Pea-
nut mottle virus, Peanut stripe virus, Pepper severe mosaic virus, Pep-
per mottle virus, Pepper veinal mottle virus, Plum pox virus, Potato A
virus, Potato V virus, Potato Y virus, Radish vein clearing virus, Sor-
ghum mosaic virus, Soybean mosaic virus, Sugarcane mosaic virus,
Sweet potato feathery mottle virus, Sweet potato latent virus, Sweet po-
tato mild speckling virus, Tamarillo mosaic virus, Taro feathery mottle
virus, Tobacco etch virus, Tobacco vein mottling virus, Tulip breaking
virus, Turnip mosaic virus, Vanilla necrosis virus, Watermelon Moroc-
can mosaic virus, Watermelon mosaic 1 virus, Watermelon mosaic 2 vi-
rus, Welsh onion yellow stripe virus, Yam mosaic virus, Zucchini yel-
low fleck virus, Zucchini yellow mosaic virus

Genus Rhabdovirus: Beet leaf curl virus, Citrus leprosis virus, Orchid
fleck virus

Genus Rymovirus: Agropyron mosaic virus, Brome streak mosaic virus,
Garlic miteborne mosaic virus, Hordeum mosaic virus, Ryegrass mo-
saic virus, Wheat leaf streak virus, Wheat streak mosaic virus

Genus Satellivirus: Panicum mosaic satellivirus, Tobacco mosaic
satellivirus, Tobacco necrosis satellivirus

Genus Sequivirus: Dandelion yellow mosaic virus, Parsnip yellow fleck
Virus

Genus Sobemovirus: Bean southern mosaic virus, Blueberry shoestring
virus, Clover mottle virus, Lucerne transient streak virus, Olive latent
1 virus, Panicum mosaic virus, Rice yellow mottle virus, Sowbane mo-
saic virus, Subterranean clover mottle virus

Genus Tenuivirus: Maize stripe virus, Rice hoja blanca virus, Rice grassy
stunt virus, Rice stripe virus, Wheat Iranian stripe virus, Echinochloa
hoja blanca virus, Maize yellow stripe virus

Genus Tobamovirus: Cucumber green mottle mosaic virus, Paprika mild
mottle virus, Pepper mild mottle virus, Sunnhemp mosaic virus, Tomato
mosaic virus, Tobacco mosaic virus, Tobacco mild green mosaic virus,
Turnip vein-clearing virus

Genus Tobravirus: Pea early browning virus, Tobacco rattle virus, To-
bacco ringspot virus

Genus Tombusvirus: Tomato bushy stunt virus, Carnation Italian ringspot
virus, Oat chlorotic stunt virus, Artichoke mottled crinkle virus, Cymbi-
dium ringspot virus, Petunia asteroid mosaic virus, Cucumber necrosis
virus

Genus Tospovirus: Groundnut ringspot virus, Peanut bud necrosis virus,
Peanut yellow spot virus, Tomato spotted wilt virus, Tomato chlorotic
spot virus, Impatiens necrotic spot virus, Iris yellow spot virus



Viruses 129

Genus Trichovirus: Apple chlorotic leaf spot virus, Cherry mottle leaf vi-
rus, Grapevine berry inner necrosis virus

Genus Tymovirus: Turnip yellow mosaic virus, Melon rugose mosaic vi-
rus, Physalis mottle virus, Eggplant mosaic virus, Belladonna mottle
virus, Calopogonium yellow vein virus, Okra mosaic virus, Poinsettia
mosaic virus, Potato Andean latent virus, Sesbania mosaic virus

Genus Umbravirus: Carrot mottle virus, Groundnut rosette virus, Sun-
[flower yellow blotch virus

Genus Varicosavirus: Lettuce big-vein virus

Genus Vitivirus: Grapevine A virus, Grapevine B virus

Genus Waikavirus: Rice tungro spherical virus, Maize chlorotic dwarf
Virus

Unclassified viruses: Banana dieback virus, Banana mosaic virus, Bean
line pattern mosaic virus, Beet soilborne mosaic virus, Beet virus Q,
Black currant reversion associated virus, Black raspberry necrosis vi-
rus, Broad bean bushy dwarf virus, Citrus infectious variegation virus,
Citrus mosaic virus, Citrus ringspot virus, Citrus psorosis virus, Citrus
vein enation virus, East African cassava mosaic virus, Garlic A virus,
Garlic latent virus, Garlic X virus, Garlic yellow stripe virus, Grape-
vine fleck virus, Groundnut bud necrosis virus, Havana tomato virus,
Ipomoea crinkle leaf curl virus, Lettuce chlorosis virus, Papaya leaf
curl virus, Papaya lethal yellowing virus, Peach mosaic virus, Peanut
chlorotic fan-spot virus, Pepper vein banding virus, Pigeonpea sterility
mosaic virus, Raspberry leaf spot virus, Raspberry leaf mottle virus,
Rice yellow stunt virus, Sour cherry green ring mottle virus, Squash
vellow leaf curl virus, Sugarcane mild mosaic virus, Sugarcane yellow
leaf virus, Sunflower mosaic virus, Tomato chlorosis virus, Urd bean
leaf crinkle virus, Yam mild mosaic virus

Families of Plant Viruses

A few genera have been grouped into families. The recognized families
containing plant viruses are as follows:

1. Family: Bromoviridae
Genera: Alfamovirus, Bromovirus, Cucumovirus, Ilarvirus, Olea-
VIirus

2. Family: Bunyaviridae
Genera: Tospovirus (Other genera such as Bunyavirus, Nairovirus,
Hantavirus, and Phlebovirus are not plant viruses)

3. Family: Caulimoviridae
Genera: Badnavirus, Caulimovirus



130 CONCISE ENCYCLOPEDIA OF PLANT PATHOLOGY

4. Family: Comoviridae
Genera: Comovirus, Fabavirus, Nepovirus
5. Family: Geminiviridae
Genera: Mastrevirus (Subgroup I Geminivirus)
Curtovirus (Subgroup II Geminivirus)
Begomovirus (Subgroup Il Geminivirus)
6. Family: Partitiviridae
Genera: Alphacryptovirus, Betacryptovirus
7. Family: Potyviride
Genera: Bymovirus, Potyvirus, Rymovirus
8. Family: Reoviridae
Genera: Fijivirus, Oryzavirus, Phytoreovirus
9. Family: Rhabdoviridae
Genera: Cytorhabdovirus, Nucleorhabdovirus
10. Family: Sequiviridae
Genera: Sequivirus, Waikavirus
11. Family: Tombusviridae
Genera: Carmovirus, Tombusvirus

An Order That Contains Plant Viruses

Order: Mononegavirales
Family: Rhabdoviridae
Genera: Cytorhabdovirus, Nucleorhabdovirus

SYSTEMATIC POSITION OF IMPORTANT VIRAL PATHOGENS

Abaca mosaic virus—genus Potyvirus, family Potyviridae

Agropyron mosaic virus—genus Rymovirus, family Potyviridae

Alfalfa cryptic virus—unclassified

Alfalfa mosaic virus—genus Alfamovirus, family Bromoviridae

Amazon lily mosaic virus—genus Potyvirus, family Potyviridae

American wheat striate mosaic virus—genus Cytorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Apple chlorotic leaf spot virus—genus Trichovirus

Apple mosaic virus—genus Ilarvirus, family Bromoviridae

Apple stem grooving virus—genus Capillovirus

Apple stem pitting virus—genus Foveavirus

Arabis mosaic virus—genus Nepovirus, family Comoviridae

Artichoke Italian latent virus—genus Nepovirus, family Comoviridae
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Artichoke latent virus—genus Potyvirus, family Potyviridae

Artichoke mottled crinkle virus—genus Tombusvirus

Asian prunus latent virus—genus Potyvirus, family Potyviridae

Asparagus 2 virus—genus Ilarvirus, family Bromoviridae

Azuki bean mosaic virus—genus Potyvirus, family Potyviridae

Bamboo mosaic virus—genus Potexvirus

Banana bract mosaic virus—genus Potyvirus, family Potyviridae

Banana bunchy top virus—genus Nanavirus

Banana dieback virus—unclassified

Banana mosaic virus—unclassified

Banana streak virus—genus Badnavirus, family Caulimoviridae

Barley mild mosaic virus—genus Bymovirus, family Potyviridae

Barley mild mottle virus—genus Bymovirus, family Potyviridae

Barley stripe mosaic virus—genus Hordeivirus

Barley yellow dwarf virus—genus Luteovirus

Barley yellow mosaic virus—genus Bymovirus, family Potyviridae

Barley yellow striate mosaic virus—genus Cytorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Bean common mosaic virus—genus Potyvirus, family Potyviridae

Bean curly dwarf mosaic virus—genus Comovirus, family Comoviridae

Bean golden mosaic virus—genus Bigeminivirus

Bean leafroll virus—genus Luteovirus

Bean line pattern mosaic virus—unclassified

Bean mild mosaic virus—unclassified

Bean pod mottle virus—genus Comovirus, family Comoviridae

Bean rugose mosaic virus—genus Comovirus, family Comoviridae

Bean severe mosaic virus—genus Comovirus, family Comoviridae

Bean southern mosaic virus—genus Sobemovirus

Bean yellow dwarf virus—genus Luteovirus

Bean yellow mosaic virus—genus Potyvirus, family Potyviridae

Beet I virus—genus Alphacryptovirus, family Partitiviridae

Beet 2 virus—genus Alphacryptovirus, family Partitiviridae

Beet curly top virus—genus Hybrigeminivirus

Beet leaf curl virus—genus Rhabdovirus

Beet mild yellowing virus—genus Luteovirus

Beet mosaic virus—genus Potyvirus, family Potyviridae

Beet necrotic yellow vein virus—genus Furovirus

Beet pseudo-yellows virus—genus Closterovirus

Beet soilborne mosaic virus—unclassified

Beet soilborne virus—genus Furovirus

Beet virus Q—unclassified

Beet western yellows virus—genus Luteovirus
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Beet yellow stunt virus—genus Closterovirus

Beet yellows virus—genus Closterovirus

Belladonna mottle virus—genus Tymovirus

Black currant reversion associated virus—unclassified

Black raspberry necrosis virus—unclassified

Blackeye cowpea mosaic virus—genus Potyvirus, family Potyviridae

Blackgram mottle virus—genus Carmovirus, family Tombusviridae

Blueberry leaf mottle virus—genus Nepovirus, family Comoviridae

Blueberry red ringspot virus—genus Caulimovirus, family
Caulimoviridae

Blueberry scorch virus—genus Carlavirus

Blueberry shoestring virus—genus Sobemovirus

Broad bean bushy dwarf virus—unclassified

Broad bean mottle virus—genus Bromovirus, family Bromoviridae

Broad bean necrosis virus—genus Furovirus

Broad bean stain virus—genus Comovirus, family Comoviridae

Broad bean wilt virus—genus Fabavirus, family Comoviridae

Brome streak mosaic virus—genus Rymovirus, family Potyviridae

Cacao swollen shoot virus—genus Badnavirus, family Caulimoviridae

Cactus X virus—genus Potexvirus

Calopogonium yellow vein virus—genus Tymovirus

Cardamom mosaic virus—genus Potyvirus, family Potyviridae

Carnation etched ring virus—genus Caulimovirus, family Caulimoviridae

Carnation Italian ringspot virus—genus Tombusvirus

Carnation latent virus—genus Carlavirus

Carnation mottle virus—genus Carmovirus, family Tombusviridae

Carnation necrotic fleck virus—genus Closterovirus

Carnation ringspot virus—genus Dianthovirus

Carnation vein mottle virus—genus Potyvirus, family Potyviridae

Carrot latent virus—genus Nucleorhabdovirus

Carrot mottle virus—genus Umbravirus

Carrot red leaf virus—genus Luteovirus

Cassava African mosaic virus—genus Bigeminivirus

Cassava brown streak virus—genus Potyvirus, family Potyviridae

Cassava common mosaic virus—genus Potexvirus

Cassava Indian mosaic virus—genus Bigeminivirus

Cassava vein mosaic virus—genus Caulimovirus, family Caulimoviridae

Cauliflower mosaic virus—genus Caulimovirus, family Caulimoviridae

Celery mosaic virus—genus Potyvirus, family Potyviridae

Cereal northern mosaic virus—genus Cytorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Cherry A virus—genus Capillovirus
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Cherry leafroll virus—genus Nepovirus, family Comoviridae
Cherry mottle leaf virus—genus Trichovirus

Cherry rasp leaf virus—genus Nepovirus, family Comoviridae
Cherry rosette virus—genus Nepovirus, family Comoviridae
Chickpea chlorotic dwarf virus—genus Monogeminivirus

Chickpea virus—genus Luteovirus

Chilli veinal mottle virus—genus Potyvirus, family Potyviridae
Chrysanthemum B virus—genus Carlavirus

Citrus infectious variegation virus—unclassified

Citrus leaf rugose virus—genus Illarvirus, family Bromoviridae
Citrus leprosis virus—genus Rhabdovirus

Citrus mosaic virus—unclassified

Citrus psorosis virus—unclassified

Citrus ringspot virus—unclassified

Citrus tatter virus—genus Capillovirus

Citrus tristeza virus—genus Closterovirus

Citrus variegation virus—genus Illarvirus, family Bromoviridae
Citrus vein enation virus—unclassified

Clover mottle virus—genus Sobemovirus

Clover wound tumor virus—genus Phytoreovirus, family Reoviridae
Clover yellow mosaic virus—genus Potexvirus

Clover yellow vein virus—genus Potyvirus, family Potyviridae
Coconut foliar decay virus—genus Nanavirus

Cole latent virus—genus Carlavirus

Cotton leaf crumple virus—genus Bigeminivirus

Cotton leaf curl virus—genus Bigeminivirus

Cowpea aphidborne mosaic virus—genus Potyvirus, family Potyviridae
Cowpea chlorotic mottle virus—genus Bromovirus, family Bromoviridae
Cowpea mild mottle virus—genus Carlavirus

Cowpea mosaic virus—genus Comovirus, family Comoviridae
Cowpea severe mosaic virus—genus Comovirus, family Comoviridae
Cowpeas mottle virus—genus Carmovirus, family Tombusviridae
Cucumber green mottle mosaic virus—genus Tobamovirus
Cucumber mosaic virus—genus Cucumovirus, family Bromoviridae
Cucumber necrosis virus—genus Tombusvirus

Cucurbit aphidborne yellows virus—genus Luteovirus

Cucurbit yellow stunting disorder virus—genus Closterovirus
Cymbidium mosaic virus—genus Potexvirus

Cymbidium ringspot virus—genus Tombusvirus

Dahlia mosaic virus—genus Caulimovirus, family Caulimoviridae
Dandelion yellow mosaic virus—genus Sequivirus, family Sequiviridae
Dasheen mosaic virus—genus Potyvirus, family Potyviridae
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Datura Colombian virus—genus Potyvirus, family Potyviridae

Dolichos yellow mosaic virus—genus Bigeminivirus

East African cassava mosaic virus—unclassified

Echinochloa hoja blanca virus—genus Tenuivirus

Eggplant mosaic virus—genus Tymovirus

Eggplant mottled dwarf virus—genus Nucleorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Epirus cherry virus—genus Oleavirus, family Bromoviridae

Faba bean necrotic yellows virus—genus Nanavirus

Festuca leaf streak virus—genus Cytorhabdovirus, family Rhabdoviridae,
order Mononegavirales

Figwort mosaic virus—genus Caulimovirus, family Caulimoviridae

Foxtail mosaic virus—genus Potexvirus

Garlic A virus—unclassified

Garlic latent virus—unclassified

Garlic miteborne mosaic virus—genus Rymovirus, family Potyviridae

Garlic X virus—unclassified

Garlic yellow streak virus—genus Potyvirus, family Potyviridae

Garlic yellow stripe virus—unclassified

Grapevine A virus—genus Vitivirus

Grapevine B virus—genus Vitivirus

Grapevine berry inner necrosis virus—genus Trichovirus

Grapevine chrome mosaic virus—genus Nepovirus, family Comoviridae

Grapevine corky bark-associated virus—genus Closterovirus

Grapevine fanleaf virus—genus Nepovirus, family Comoviridae

Grapevine fleck virus—unclassified

Grapevine leafroll-associated virus—genus Closterovirus

Grapevine stem pitting-associated virus—genus Closterovirus

Groundnut bud necrosis virus—unclassified

Groundnut ringspot virus—genus Tospovirus

Groundnut rosette assistor virus—genus Luteovirus

Groundnut rosette virus—genus Umbravirus

Havana tomato virus—unclassified

Hibiscus chlorotic ringspot virus—genus Carmovirus, family
Tombusviridae

Hibiscus latent ringspot virus—genus Nepovirus, family Comoviridae

Hop latent virus—genus Carlavirus

Hop mosaic virus—genus Carlavirus

Hordeum mosaic virus—genus Rymovirus, family Potyviridae

Horse radish curly top virus—genus Geminivirus, family Geminiviridae

Hosta X virus—genus Potexvirus

Impatiens necrotic spot virus—genus Tospovirus, family Bunyaviridae



Viruses 135

Ipomoea crinkle leaf curl virus—unclassified

Iris yellow spot virus—genus Tospovirus

Johnsongrass mosaic virus—genus Potyvirus, family Potyviridae

Kalanchoe mosaic virus—genus Potyvirus, family Potyviridae

Leek yellow stripe virus—genus Potyvirus, family Potyviridae

Lettuce big-vein virus—genus Varicosavirus

Lettuce chlorosis virus—unclassified

Lettuce infectious yellows virus—genus Closterovirus

Lettuce mosaic virus—genus Potyvirus, family Potyviridae

Lettuce necrotic yellows virus—genus Cytorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Lettuce speckles mottle virus—genus Umbravirus

Lily X virus—genus Potexvirus

Little cherry virus—genus Closterovirus

Lucerne transient streak virus—genus Sobemovirus

Maclura mosaic virus—genus Macluravirus

Maize chlorotic dwarf virus—genus Waikavirus

Maize chlorotic mottle virus—genus Machlomovirus

Maize dwarf mosaic virus—genus Potyvirus, family Potyviridae

Maize mosaic virus—genus Nucleorhabdovirus, family Rhabdoviridae,
order Mononegavirales

Maize rayado fino virus—genus Marafivirus

Maize rough dwarf virus—genus Fijivirus, family Reoviridae

Maize streak virus—genus Monogeminivirus

Maize stripe virus—genus Tenuivirus

Maize yellow stripe virus—genus Tenuivirus

Melon necrotic spot virus—genus Carmovirus, family Tombusviridae

Melon ourmia virus—genus Oleavirus, family Bromoviridae

Melon rugose mosaic virus—genus Tymovirus

Mungbean yellow mosaic virus—genus Bigeminivirus

Narcissus latent virus—genus Macluravirus

Narcissus mosaic virus—genus Potexvirus

Narcissus tip necrosis virus—genus Carmovirus, family Tombusviridae

Narcissus yellow stripe virus—genus Potyvirus, family Potyviridae

Oat blue dwarf virus—genus Marafivirus

Oat chlorotic stunt virus—genus Tombusvirus

Oat golden stripe virus—genus Furovirus

Oat mosaic virus—genus Bymovirus, family Potyviridae

Oat sterile dwarf virus—genus Fijivirus, family Reoviridae

Okra (bhendi) yellow vein mosaic virus—genus Bigeminivirus

Okra mosaic virus—genus Tymovirus

Olive latent 1 virus—genus Sobemovirus
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Olive latent 2 virus—genus Oleavirus, family Bromoviridae

Onion yellow dwarf virus—genus Potyvirus, family Potyviridae

Orchid fleck virus—genus Rhabdovirus

Palm mosaic virus—genus Potyvirus, family Potyviridae

Panicum mosaic satellivirus—genus Satellivirus

Panicum mosaic virus—genus Sobemovirus

Papaya apical necrosis virus—genus Rhabdovirus

Papaya droopy necrosis virus—genus Rhabdovirus

Papaya leaf curl virus—unclassified

Papaya leaf-distortion mosaic virus—genus Potyvirus, family Potyviridae

Papaya lethal yellowing virus—unclassified

Papaya mosaic virus—genus Potexvirus

Papaya ringspot virus—genus Potyvirus, family Potyviridae

Paprika mild mottle virus—genus Tobamovirus

Parsnip yellow fleck virus—genus Sequivirus, family Sequiviridae

Fassiflora latent virus—genus Carlavirus

Passion fruit woodiness virus—genus Potyvirus, family Potyviridae

Patchouli X virus—genus Potexvirus

Pea early browning virus—genus Tobravirus

Pea enation mosaic virus—genus Enamovirus

Pea seedborne mosaic virus—genus Potyvirus, family Potyviridae

Pea streak virus—genus Carlavirus

Peach mosaic virus—unclassified

Peach rosette mosaic virus—genus Nepovirus, family Comoviridae

Peanut bud necrosis virus—genus Tospovirus, family Bunyaviridae

Peanut chlorotic blotch virus—genus Potyvirus, family Potyviridae

Peanut chlorotic fan-spot virus—unclassified

Peanut chlorotic streak virus—genus Caulimovirus, family
Caulimoviridae

Peanut clump virus—genus Furovirus

Peanut mottle virus—genus Potyvirus, family Potyviridae

Peanut stripe virus—genus Potyvirus, family Potyviridae

Peanut stunt virus—genus Cucumovirus, family Bromoviridae

Peanut yellow spot virus—genus Tospovirus, family Bunyaviridae

Pelargonium flower break virus—genus Carmovirus, family
Tombusviridae

Pelargonium line pattern virus—genus Carmovirus, family Tombusviridae

Pepper hausteco virus—genus Bigeminivirus

Pepper mild mottle virus—genus Tobamovirus

Pepper mottle virus—genus Potyvirus, family Potyviridae

Pepper severe mosaic virus—genus Potyvirus, family Potyviridae

Pepper vein banding virus—unclassified
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Pepper vein yellows virus—genus Luteovirus

Pepper veinal mottle virus—genus Potyvirus, family Potyviridae

Petunia asteroid mosaic virus—genus Tombusvirus

Petunia vein-clearing virus—genus Caulimovirus, family Caulimoviridae

Physalis mottle virus—genus Tymovirus

Pigeonpea sterility mosaic virus—unclassified

Pineapple wilt-associated virus—genus Closterovirus

Piper yellow mottle virus—genus Badnavirus, family Caulimoviridae

Plum pox virus—genus Potyvirus, family Potyviridae

Poinsettia mosaic virus—genus Tymovirus

Poplar mosaic virus—genus Carlavirus

Potato A virus—genus Potyvirus, family Potyviridae

Potato Andean latent virus—genus Tymovirus

Potato Andean mottle virus—genus Comovirus, family Comoviridae

Potato aucuba mosaic virus—genus Potexvirus

Potato leafroll virus—genus Luteovirus

Potato M virus—genus Carlavirus

Potato mop-top virus—genus Furovirus

Potato S virus—genus Carlavirus

Potato T virus—genus Trichovirus

Potato V virus—genus Potyvirus, family Potyviridae

Potato X virus—genus Potexvirus

Potato Y virus—genus Potyvirus, family Potyviridae

Potato yellow mosaic virus—genus Bigeminivirus

Prune dwarf virus—genus Ilarvirus, family Bromoviridae

Prunus necrotic ringspot virus—genus Ilarvirus, family Bromoviridae

Radish vein clearing virus—genus Potyvirus, family Potyviridae

Raspberry bushy dwarf virus—genus Idaeovirus

Raspberry leaf mottle virus—unclassified

Raspberry leaf spot virus—unclassified

Raspberry ringspot virus—genus Nepovirus, family Comoviridae

Raspberry vein chlorosis virus—genus Nucleorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Red clover mottle virus—genus Comovirus, family Comoviridae

Red clover necrotic mosaic virus—genus Dianthovirus

Red clover vein mosaic virus—genus Carlavirus

Rice black-streaked dwarf virus—genus Fijivirus, family Reoviridae

Rice dwarf virus—genus Phytoreovirus, family Reoviridae

Rice gall dwarf virus—genus Phytoreovirus, family Reoviridae

Rice grassy stunt virus—genus Tenuivirus

Rice hoja blanca virus—genus Tenuivirus

Rice necrosis mosaic virus—genus Bymovirus, family Potyviridae
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Rice ragged stunt virus—genus Oryzavirus, family Reoviridae

Rice stripe necrosis virus—genus Furovirus

Rice stripe virus—genus Tenuivirus

Rice tungro bacilliform virus—genus Badnavirus, family Caulimoviridae

Rice tungro spherical virus—genus Waikavirus, family Sequiviridae

Rice yellow mottle virus—genus Sobemovirus

Rice yellow stunt virus—unclassified

Ryegrass mosaic virus—genus Rymovirus, family Potyviridae

Satsuma dwarf virus—genus Nepovirus, family Comoviridae

Sesbania mosaic virus—genus Tymovirus

Shallot latent virus—genus Carlavirus

Sinaloa tomato leaf curl virus—genus Geminivirus, family Geminiviridae

Sorghum mosaic virus—genus Potyvirus, family Potyviridae

Sorghum stunt mosaic virus—genus Nucleorhabdovirus, family
Rhabdoviridae, order Mononegavirales

Sour cherry green ring mottle virus—unclassified

Sowbane mosaic virus—genus Sobemovirus

Soybean chlorotic mottle virus—genus Caulimovirus, family
Caulimoviridae

Soybean crinkle leaf virus—genus Bigeminivirus

Soybean dwarf virus—genus Luteovirus

Soybean Indonesian dwarf virus—genus Luteovirus

Soybean mosaic virus—genus Potyvirus, family Potyviridae

Soybean virus—genus Rhabdovirus

Spinach latent virus—genus Illarvirus, family Bromoviridae

Squash leaf curl virus—genus Bigeminivirus

Squash mosaic virus—genus Comovirus, family Comoviridae

Squash yellow leaf curl virus—unclassified

Strawberry crinkle virus—genus Cytorhabdovirus, family Rhabdoviridae,
order Mononegavirales

Strawberry latent ringspot virus—genus Nepovirus, family Comoviridae

Strawberry mild yellow edge virus—genus Luteovirus

Strawberry mild yellow edge-associated virus—genus Potexvirus

Strawberry vein banding virus—genus Caulimovirus, family
Caulimoviridae

Subterranean clover mottle virus—genus Sobemovirus

Subterranean clover red leaf virus—genus Luteovirus

Subterranean clover stunt virus—genus Nanavirus

Sugarcane bacilliform virus—genus Badnavirus, family Caulimoviridae

Sugarcane Fiji disease virus—genus Fijivirus, family Reoviridae

Sugarcane mild mosaic virus—unclassified

Sugarcane mosaic virus—genus Potyvirus, family Potyviridae
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Sugarcane streak virus—genus Monogeminivirus

Sugarcane yellow leaf virus—unclassified

Sunflower mosaic virus—unclassified

Sunflower yellow blotch virus—genus Umbravirus

Sunnhemp mosaic virus—genus Tobamovirus

Sweet potato chlorotic stunt virus—genus Crinivirus

Sweet potato feathery mottle virus—genus Potyvirus, family Potyviridae

Sweet potato infectious chlorosis virus—genus Closterovirus

Sweet potato latent virus—genus Potyvirus, family Potyviridae

Sweet potato leaf curl virus—genus Badnavirus, family Caulimoviridae

Sweet potato mild mottle virus—genus Ipomovirus

Sweet potato mild speckling virus—genus Potyvirus, family Potyviridae

Sweet potato sunken vein virus—genus Closterovirus

Taino tomato mottle virus—genus Geminivirus, family Geminiviridae

Tamarillo mosaic virus—genus Potyvirus, family Potyviridae

Taro feathery mottle virus—genus Potyvirus, family Potyviridae

Tobacco black ring virus—genus Nepovirus, family Comoviridae

Tobacco etch virus—genus Potyvirus, family Potyviridae

Tobacco leaf curl virus—genus Bigeminivirus

Tobacco mild green mosaic virus—genus Tobamovirus

Tobacco mosaic satellivirus—genus Satellivirus

Tobacco mosaic virus—genus Tobamovirus

Tobacco necrosis satellivirus—genus Satellivirus

Tobacco necrosis virus—genus Necrovirus

Tobacco rattle virus—genus Tobravirus

Tobacco ringspot virus—genus Tobravirus

Tobacco streak virus—genus Ilarvirus, family Bromoviridae

Tobacco vein mottling virus—genus Potyvirus, family Potyviridae

Tobacco yellow dwarf virus—genus Monogeminivirus

Tomato 1 virus—genus Illarvirus, family Bromoviridae

Tomato aspermy virus—genus Cucumovirus, family Bromoviridae

Tomato black ring virus—genus Nepovirus, family Comoviridae

Tomato bushy stunt virus—genus Tombusvirus

Tomato chlorosis virus—unclassified

Tomato chlorotic spot virus—genus Tospovirus

Tomato golden mosaic virus—genus Bigeminivirus

Tomato greenhouse whitefly-borne virus—genus Geminivirus, family
Geminiviridae

Tomato Indian leaf curl virus—genus Bigeminivirus

Tomato infectious chlorosis virus—genus Closterovirus

Tomato leaf curl virus—genus Geminivirus, family Geminiviridae

Tomato mosaic virus—genus Tobamovirus
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Tomato mottle virus—genus Bigeminivirus

Tomato pseudo-curly top virus—genus Hybrigeminivirus

Tomato ringspot virus—genus Nepovirus, family Comoviridae

Tomato spotted wilt virus—genus Tospovirus, family Bunyaviridae

Tomato yellow leaf curl virus—genus Bigeminivirus

Tomato yellow vein streak virus—genus Geminivirus, family
Geminiviridae

Tulip breaking virus—genus Potyvirus, family Potyviridae

Tulip X virus—genus Potexvirus

Turnip crinkle virus—genus Carmovirus, family Tombusviridae

Turnip mosaic virus—genus Potyvirus, family Potyviridae

Turnip vein-clearing virus—genus Tobamovirus

Turnip yellow mosaic virus—genus Tymovirus

Urd bean leaf crinkle virus—unclassified

Vanilla necrosis virus—genus Potyvirus, family Potyviridae

Viola mottle virus—genus Potexvirus

Watermelon chlorotic stunt virus—genus Bigeminivirus

Watermelon Moroccan mosaic virus—genus Potyvirus, family Potyviridae

Watermelon mosaic 1 virus—genus Potyvirus, family Potyviridae

Watermelon mosaic 2 virus—genus Potyvirus, family Potyviridae

Watermelon silvery mottle virus—genus Tospovirus, family Bunyaviridae

Welsh onion yellow stripe virus—genus Potyvirus, family Potyviridae

Wheat dwarf virus—genus Monogeminivirus

Wheat Iranian stripe virus—genus Tenuivirus

Wheat leaf streak virus—genus Rymovirus, family Potyviridae

Wheat soilborne mosaic virus—genus Furovirus

Wheat spindle streak virus—genus Bymovirus, family Potyviridae

Wheat streak mosaic virus—genus Rymovirus, family Potyviridae

Wheat yellow mosaic virus—genus Bymovirus, family Potyviridae

White clover cryptic virus 1—genus Alphacryptovirus, family
Fartitiviridae

White clover cryptic virus 2—genus Betacryptovirus, family Partitiviridae

White clover mosaic virus—genus Potexvirus

Yam mild mosaic virus—unclassified

Yam mosaic virus—genus Potyvirus, family Potyviridae

Zucchini yellow fleck virus—genus Potyvirus, family Potyviridae

Zucchini yellow mosaic virus—genus Potyvirus, family Potyviridae

SYMPTOMS OF CROP VIRUS DISEASES

Virus diseases are recognized by their symptoms. The important symp-
toms are: mosaic, chlorosis, mottle, yellows, ring spot, streak, stripe, vein
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band, fleck, line pattern, vein chlorosis, vein clearing, necrosis, reddening,
browning, blackening, wilt, etch, leaf rolling, leaf curling, curly top, leaf
crinkling, leaf distortion, fern-leaf, malformations, rugose, enation, big
vein, rosette, tumors, bud blight, flower color-breaking, dwarf, stunt, and
sterility. These symptoms are described in Chapter 11.

MODE OF TRANSMISSION OF VIRUS DISEASES
Mechanical Transmission

Some viruses pass directly from plant to plant when their leaves rub to-
gether. Mechanical transmission will occur if virus concentrations in plant
sap and virus stability are high. Tobacco mosaic virus, Tomato mosaic virus,
Cucumber green mottle virus, Tobacco necrosis virus, and Potato virus X
are easily transmitted by mechanical contact. Viruses also may spread by
sticking on the clothes and hands of workers and equipment. For example,
mowing machines spread White clover mosaic virus and Red clover mottle
virus.

Transmission by Grafting

Grafting is a common practice in horticultural crops. Viruses may pass
through grafting. Citrus tristeza virus is transmitted by this method.

Transmission Through Vegetative Propagation Material

Viruses normally invade the host systemically and hence all plant parts
contain the virus. Rhizomes, tubers, corms, bud woods, and stem cuttings
are the common vegetative propagation materials and they may serve as
sources for virus infection. Banana bunchy top virus is transmitted mostly
through suckers. Potato virus Y, Potato virus X, and Potato virus T are trans-
mitted through potato seed tubers.

Transmission Through Seed

Several viruses are found in immature seed coats, which consist of the in-
teguments and nucellar remnants, and in the periplasm. Because the seed
coat and periplasm are part of the mother plant, they may become infected
due to systemic invasion by the viruses. Viruses do not survive desiccation,
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and during maturation of the seed coat, they perish. Because there is no vas-
cular contact between the embryo and mother plant, viruses cannot move to
the embryo from the seed coat. However, some viruses, such as Tobacco
mosaic virus, are highly stable, and the seed coat contamination with these
viruses may lead to seed transmission. However, this is rare.

Most seed transmission of viruses occurs through the embryo only. Both the
embryo and endosperm are formed within the embryo sac after fertilization
and lack direct connection and cellular contact with the mother plant through
plasmodesmata. Hence, a virus from the mother plant cannot move to the
embryo after fertilization. Embryo infection can occur only when the
mother plant is infected before the production of gametes or before cyto-
plasmic separation of embryonic tissue. Infection after flowering does not
lead to transmission through seed or pollen. Viruses that cannot pass beyond
the phloem (e.g., viruses that are transmitted by phloem-feeding insects)
will not be seedborne. The important viruses that are transmitted by seed
(Jackson et al., 1989; Mink, 1993; Johansen et al., 1994) include the follow-
ing:

Barley—Barley stripe mosaic virus

Bean—Bean common mosaic virus, Bean pod mottle virus, Bean
southern mosaic virus, Bean yellow mosaic virus

Broad bean—Broad bean mottle virus, Broad bean stain virus,
Broad bean wilt virus

Corn—Maize chlorotic dwarf virus, Maize dwarf mosaic virus,
Maize mosaic virus

Cowpea—-Blackeye cowpea mosaic virus, Cowpea aphidborne
mosaic virus, Cowpea mild mottle virus, Cowpea mosaic virus,
Cowpea severe mosaic virus

Lettuce—Lettuce mosaic virus

Lucerne—Lucerne latent virus, Lucerne transient streak virus

Melon—Melon necrotic spot virus

Mungbean—Mungbean mosaic virus

Muskmelon—Muskmelon necrotic ringspot virus

Oat—QOat mosaic virus

Pea—Pea early-browning virus, Pea enation mosaic virus, Pea
seedborne mosaic virus

Peanut—Peanut clump virus, Peanut mottle virus, Peanut stripe
virus, Peanut stunt virus

Soybean—=Soybean mosaic virus

Sunflower—Sunflower mosaic virus

Tobacco—Tobacco etch virus, Tobacco mosaic virus, Tobacco rattle
virus, Tobacco ringspot virus, Tobacco streak virus
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Tomato—Tomato aspermy virus, Tomato black ring virus, Tomato
bushy stunt virus, Tomato spotted wilt virus, Tomato ringspot virus

Urdbean—Urdbean leaf crinkle virus

Watermelon—Watermelon mosaic virus

Wheat—Wheat streak mosaic virus, Wheat striate mosaic virus

Transmission Through Pollen

Some viruses are known to be transmitted through pollens. Prunus ne-
crotic ringspot virus and Prune dwarf virus in stone fruits, Blueberry shock
virus and Blueberry leaf mottle virus in blueberry, Cherry leafroll virus in
walnut, Raspberry bushy dwarfvirus in raspberry, and Tobacco streak virus
in many crops are transmitted from plant to plant through pollens. Insects
may move virus-contaminated pollen to flowers on healthy plants. Pollen-
feeding insects, such as thrips which thrive in the pollen receptors of flow-
ers, may create wounds needed for the mechanical transmission of viruses
to nongametophytic tissues (Mink, 1993).

Transmission by Insects

Several insects transmit virus diseases. The transfer is not merely me-
chanical, and the relationship between virus and vector is complex. Some
mechanically transmissible viruses are not transmitted by insects. Me-
chanically transmitted viruses such as Tobacco mosaic virus, Potato virus X,
and White clover mosaic virus are not transmitted by insects. Virus trans-
mission by insects is highly specific. Viruses transmitted by leathoppers are
not transmitted by aphids. Strains of one virus may have different insect
species for their transmission. Insects have different kinds of mouthparts
and ways of feeding. Insects such as beetles and caterpillars have biting and
chewing mouthparts. They eat away the leaf pieces and damage the plants
severely. Cells that are touched by the insects’ mouthparts are destroyed. Vi-
ruses coming through these mouthparts cannot establish on the leaves, and
hence transmission is rare among the biters and chewers. However, some vi-
ruses, such as Southern bean mosaic virus, Broad bean stain virus, Radish
mosaic virus, Turnip yellow mosaic virus, and Cowpea mosaic virus, are
transmitted by beetles.

The majority of insects that transmit viruses have piercing and sucking
mouthparts. Aphids and leathoppers, for example, have these kinds of
mouthparts. Aphids make initial, brief sap-sampling probes between epi-
dermal cells or into them. However, aphids take up food from phloem ves-
sels only. They need several minutes to hours to penetrate between plant
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cells rather than through cells to finally reach the phloem. The mouthparts
of leathoppers are most robust compared to aphids. They penetrate the plant
cells and reach the phloem within a few minutes. In the phloem, sap flows
under pressure and will pass up into the insect’s food canal. Hence, leaf-
hoppers transmit viruses found in the phloem of infected plants. Thrips have
rasping and sucking mouthparts. They feed by grasping open the epidermal
cells or by rasping them and sucking up their contents. Thus, thrips can
transmit viruses found in epidermal cells also.

The virus-vector relationship varies widely depending upon the duration
of the virus in the vector (persistence). In the case of persistent viruses, the
virus may simply circulate through the body of the vector or it may propa-
gate. Hence, this relationship can be classified as (1) noncirculative nonper-
sistent, (2) noncirculative semipersistent, (3) circulative nonpropagative,
and (4) circulative propagative transmission.

Noncirculative Nonpersistent Transmission

Aphids transmit viruses mostly from and into the host’s parenchyma.
The virus is acquired and inoculated during a brief feeding period of a few
seconds to some minutes, mostly during probes. Aphids become infective
immediately after virus uptake. Persistence in the vector is very brief. In ex-
ceptional cases, infectivity persists up to 40 hours when the vector has no
access to plants after acquiring the virus. These viruses are “styletborne.”
Hence, the transmission is noncirculative nonpersistent. The transmission is
of low specificity. Aphids, which are not pests and do not colonize on the
crop, but merely probe the surface for a palatable host, can also transmit the
viruses efficiently (Vidhyasekaran, 1993).

Circulative Nonpropagative (Persistent) Transmission

Viruses taken up by the vector enter the alimentary canal, pass through
the gut wall, circulate in body fluid (haemolymph), and contaminate the sa-
liva. After a latent period, the insect becomes infective at the next feeding.
Infectivity is lost at moulting. Such uptake and inoculation happens only af-
ter long feeding times, usually after 15 minutes. Viruses are acquired from
the phloem of vascular bundles. Persistent transmission is associated with
highly specific virus-vector relationships. Certain viruses are spread by a
single vector species or a biotype, and even individuals may differ in effi-
ciency as vectors. Leafthoppers generally transmit viruses in a persistent
manner.
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Circulative Propagative (Persistent) Transmission

Certain viruses are propagated inside the insect body and may last until
death. Even transovarial transfer of the viruses through insect eggs is found
in leathoppers. Wheat striate mosaic virus, Rice dwarfvirus, and Rice stripe
virus are transmitted in this manner. Such viruses can persist in populations
without access to susceptible hosts. Once infective, the insects transmit the
virus to healthy plants throughout their life period.

Semipersistent Viruses

Semipersistent viruses can be transmitted mechanically with some diffi-
culty. Viruses are taken up from the phloem by insects as they feed. The
viruses are adsorbed and gradually eluted from the line of pharynx. They are
then transmitted through ejection or egression at the start of subsequent
feeding. Beet yellows virus is transmitted this way.

Infection of Insect Vectors

Harmful effects of some plant viruses on insect vectors have also been re-
ported. The planthopper Laodelphax striatellus, which transmits Rice stripe
virus, is infected by the virus itself. Individuals from eggs laid by infective
planthoppers die prematurely, if they hatch at all. The mortality of nymphs
is also high, particularly in the first and second instars.

The following is a list of viruses transmitted by various insects:

Aphids

Banana bunchy top virus—Pentalonia nigronervosa
Bean yellow mosaic virus—Myzus persicae

Beet yellow net virus—Myzus persicae

Beet yellow stunt virus—Nasonova lactucae

Beet yellows virus—Myzus persicae, Aphis fabae

Bean common mosaic virus—MYyzus persicae

Broccoli necrotic yellows virus—Brevicoryne brassicae
Carnation necrotic fleck virus—Myzus persicae

Carrot latent virus—Semiaphis heraclei

Carrot yellow leaf virus—Semiaphis heraclei

Celery yellow spot virus—Hyadaphis foeniculi

Citrus tristeza virus—Toxoptera citricidus, Aphis gossypii
Clover yellows virus—Aphis craccivora
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Cotton anthocyanosis virus—Aphis gossypii

Cucumber mosaic virus—Myzus persicae

Groundnut rosette assistor virus—Aphis craccivora

Lettuce necrotic yellows virus—Hyperomyzus lactucae

Lucerne enation virus—Aphis craccivora

Pea enation mosaic virus—Acrythosiphon pisum, Aulacorthum
solani

Pea seedborne mosaic virus—Macrosiphum euphorbiae, Myzus
persicae, Acyrthosiphon pisum, Aphis craccivora,
Rhophalosiphum padi, Aphis fabae, Macrosiphum rosae,
Aulacorthum solani, Phorodon cannabis, Semiaphis dauci,
Brevicoryne brassicae

Peanut mottle virus—Myzus persicae

Peanut stunt virus—MYyzus persicae

Physalis mild chlorosis virus—Myzus persicae

Raspberry leaf curl virus—Aphis rubicola

Raspberry vein chlorosis virus—Aphis idaei

Sonchus yellow net virus—Aphis coreopsidis

Sowthistle yellow vein virus—Hyperomyzus lactucae

Soybean mosaic virus—Aphis craccivora, Myzus persicae

Strawberry crinkle virus—Chaetosiphon fragaefolii

Strawberry mild yellow edge virus—Chaetosiphon fragaefolii

Subterranean clover stunt virus—Aphis craccivora

Tobacco vein distorting virus—MYyzus persicae

Tobacco yellow net virus—Myzus persicae

Tobacco yellow vein assistor virus—Myzus persicae

Tomato yellow net virus—Myzus persicae

Wheat yellow leaf virus—Rhopalosiphum padi

Leafhoppers

American wheat striate mosaic virus—Endria inimica

Cereal chlorotic mottle virus—Nesoclutha pallida

Maize streak virus—Cicadulina mbila

Oat striate mosaic virus—Graminella nigrifrons

Potato yellow dwarf virus—Aceratogallia sanguinolenta, Agallia
constricta

Rice transitory yellowing virus—Nephotettix apicalis

Tobacco yellow dwarf virus—Orosius argentatus

Wheat dwarf virus—Psammotettix alienus
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Planthoppers

Barley yellow striate mosaic virus—Laodelphax striatellus

Colocasia bobone disease virus—Tarophagus proserpina

European wheat striate mosaic virus—Javesella dubia, J. pellucida

Maize mosaic virus—Peregrinus maidis

Maize rough dwarf virus—Peregrinus maidis

Maize sterile stunt virus—Sogatella kolophon, Peregrinus maidis

Northern cereal mosaic virus—Terthron albovittatus, Ukanodes
sapporona, U. albifascia, Muellerianella fairmairei, Laodelphax
striatellus

Oat sterile dwarf virus—Dicranotropis hamata, Javesella discolor,
J. dubia, J. obscurella, J. pellucida

Rice black-streaked dwarf virus—Ukanodes sapporona,
U. albifascia, Laodelphax striatellus

Rice grassy stunt virus—Nilaparvata lugens

Rice hoja blanca virus—Sogatodes cubanus, S. oryzicola

Rice stripe virus—Ukanodes sapporona, U. albifascia, Laodelphax
striatellus

Sugarcane Fiji disease virus—Perkinsiella saccharicida, P. vastatrix

Thrips

Impatiens necrotic spot virus—Thrips tabaci

Peanut bud necrosis virus—Thrips tabaci

Peanut yellow spot virus—Thrips tabaci

Tomato spotted wilt virus—Thrips tabaci, Frankliniella spp.
Watermelon silvery mottle virus—Thrips tabaci

Whiteflies

Bean golden mosaic virus—Bemisia tabaci
Cucumber yellows virus—Trialeurodes vaporariorum
Mungbean yellow mosaic virus—Bemisia tabaci
Tomato golden mosaic virus—Bemisia tabaci
Tobacco leaf curl virus—Bemisia tabaci

Tomato yellow dwarf virus—Bemisia tabaci

Tomato yellow leaf curl virus—Bemisia tabaci
Tomato yellow mosaic virus—Bemisia tabaci
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Mealybugs

Cacao swollen shoot virus—Delococcus tafoensis, Dysmicoccus
brevipes, Ferrisia virgata, Maconellicoccus ugandae, Paracoccus
sp., Paraputo anomalus, Planococcoides njalensis, Planococcus
sp., Planococcus citri, Planococcus keyae, Pseudococcus
concavocerarii, Pseudococcus hargreavesi, Pseudococcus
longispinus, Tylococcus westwoodi

Grapevine virus A—Pseudococcus longispinus

Beetles

Andean potato latent virus—Epitrix sp.

Bean mild mosaic virus—Diabrotica undecimpunctata, Epilachna
varivestis

Bean pod mottle virus—Ceratoma trifurcata, Diabrotica balteata,
D. undecimpunctata, Colaspis lata, Epicanta vittata

Bean rugose mosaic virus—Cerotoma ruficornis, Diabrotica
balteata, D. adelpha

Broad bean mottle virus—Acalymma trivittata, Diabrotica
undecimpunctata, Colaspis flavida

Broad bean stain virus—Apion vorax, A. aestivum, A. aethiops,
Sitona lineatus

Cowpea mosaic virus—Epilachna varivestis, Ceratoma arcuata,
C. atrofasciata, C. variegata, Diabrotica adelpha, Diabrotica
virgifera, Acalymma vittatum. Systena sp., Diphaulaca meridae

Maize chlorotic mottle virus—QOulema melanopa, Chaetocnema
pulicaria, Systena frontalis, Diabrotica undecimpunctata,
D. longicornis, D. virgifera

Radish mosaic virus—Epitrix hirtipennis, Diabrotica
undecimpunctata, Phyllotreta striolata

Rice yellow mottle virus—QOulema dunbrodiensis, Cryptocephalus
chalybeipennis, Cryptocephalus nigrum, Monolepta flaveola,
Monolepta hamatura, Sesselia pusilla, Chaetocnema abyssinica,
Chaetocnema kenyensis, Chaetocnema pulla, Dactylispa bayoni,
Dicladispa paucispina, Dicladispa virdicyanae, Trichispa sericea

Southern bean mosaic virus—Cerotoma trifurcata, Epilachna
varivestis, Atrachya menetris, Acalymma vittata

Squash mosaic virus—Diabrotica balteata, D. undecimpunctata,
D. longicornis, D. virgifera, Acalymma vittata, A. thiemei,
A. trivittata, Epilachna chrysomelina

Turnip yellow mosaic virus—Phyllotreta spp., Psylliodes spp.,
Phaedon cochleariae



Viruses 149

Lace Bugs
Beet leaf curl virus—Piesma quadratum
Plant Bugs
Spinach blight virus—Lygus protensis
Earwigs
Turnip yellow mosaic virus—Foficula auricularia
Lygacid Bugs
Centrosema mosaic virus—Nysius sp.
Flies (Leafminer)

Sowbane mosaic virus—Liriomyza langei (mechanical transmission)
Tobacco mosaic virus—Liriomyza langei (mechanical transmission)

Grasshoppers

Potato virus X virus—Melanoplus differentialis
Treehoppers

Tomato pseudo-curly top virus—Micrutalis malleifera
Transmission by Mites

Mites belong to the class Arachnida and order Acarina. Mites have punc-
turing and sucking mouthparts. Eryophid mites commonly transmit viruses.
Eryophid mites are elongate and tiny, about 0.2 mm long. They are invisible
to the naked eye and often hide between hairs of leaves and in buds. They do
not have much movement and are carried by the wind. They have slender
styles with which they puncture epidermal cells. The two pads at the tip of
the rostrum help in bringing saliva to the stylets and in sucking up plant sap.
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Spider mites (Brevipalpus spp.) also transmit viruses. The important virus
diseases transmitted by mites include:

Agopyron mosaic virus—Abacarus hystrix
Cherry mottle leaf virus—Phytoptus inaequalis
Citrus leprosies virus—Brevipalpus obovatus
Coffee ringspot virus—Brevipalpus phoenicis
Fig mosaic virus—Eriophyes ficus

Onion mosaic virus—Eriophyes tulipae

Peach mosaic virus—Phytoptus insidiosus
Ryegrass mosaic virus—Abacarus hystrix
Wheat spot mosaic virus—Eriophyes tulipae
Wheat streak mosaic virus—Eriophyes tulipae

Transmission by Nematodes

Some nematodes belonging to the genera Longidorus, Xiphinema, Tri-
chodorus, and Paratrichodorus are known to transmit viruses. Nematode-
borne viruses are retained in the vector, including the guide-sheath lining of
the odontostyle in Longidorus, the lumen of the odontophore, the esophagus
in Xiphinema, and the entire pharynx and esophagus in Trichodorus. Nema-
todes, which have life spans of about two years, retain virus for long
periods. The following are viruses transmitted by nematodes:

Arabis mosaic virus—Xiphinema diversicaudatum, X. coxi,
X. bakeri

Brome mosaic virus—Xiphinema diversicaudatum

Carnation ringspot virus—Xiphinema diversicaudatum

Cowpea mosaic virus—Xiphinema basiri

Grapevine fanleaf virus—Xiphinema index, X. italae

Pea early-browning virus—Paratrichodorus pachydermus, P. teres,
P. anemones, Trichodorous viruliferus

Peach rosette mosaic virus—Xiphinema americanum,
Criconemoides xenoplax

Prunus necrotic ringspot virus—Longidorus macrosoma

Raspberry ringspot virus—Longidorus elongatus, L. macrosoma,
L. elongates

Strawberry latent ringspot virus—Xiphinema diversicaudatum,
X. coxi

Tobacco rattle virus—Paratrichodorus anemones, P. nanus,
P. pachydermus, P. teres, P. cylindricus, Trichodorus sparsus,
T. viruliferus
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Tobacco ringspot virus—Xiphinema americanum
Tomato black ring virus—Longidorus attenuatus, L. elongatus
Tomato ringspot virus—Xiphinema americanum, X. brevicolle

Transmission by Fungi (Including Protozoa)

Some soilborne fungal (including Protozoa) pathogens transmit plant vi-
ruses. Olpidium (belonging to Chytridiomycota, Fungi), Polymyxa, and
Spongospora (belonging to Plasmodiophoromycota, Protozoa) are pathogens
of crop plants. The zoospores of these fungi are released from the host, carry
the virus, and transmit it to susceptible hosts during the infection process. In
some cases, plant viruses are carried on the outside of the fungi. Some ex-
amples include Tobacco necrosis virus and Cucumber necrosis virus. Vi-
ruses such as Lettuce big vein virus are found inside the zoospores. These
viruses persist for years in viable resting sporangia. Transmission by fungi
can be of two types: nonpersistent and persistent transmission. The follow-
ing are viruses transmitted by fungi, including protozoa:

Barley yellow mosaic virus—Polymyxa graminis
Beet necrotic yellow vein virus—Polymyxa betae
Cucumber necrosis virus—Olpidium radicale

(= O. cucurbitacearum)
Lettuce big-vein virus—Olpidium brassicae
Oat mosaic virus—Polymyxa graminis
Potato mop-top virus—Spongospora subterranea
Rice necrosis mosaic virus—Polymyxa graminis
Soilborne wheat mosaic virus—Polymyxa graminis
Tobacco necrosis virus—Olpidium brassicae
Tobacco stunt virus—Olpidium brassicae
Wheat mosaic virus—Polymyxa graminis
Wheat spindle streak mosaic virus—Polymyxa graminis
Wheat yellow mosaic virus—Polymyxa graminis

Transmission Through Soil and Water

Some viruses, such as Tobacco mosaic virus and Tomato mosaic virus,
are highly stable and retain infectivity within soil for a long time. They may
survive in diseased plant debris and infect plants grown in infested soil.
Similarly, Cucumber green mottle mosaic virus survives in water. These vi-
ruses are transmitted mechanically (Vidhyasekaran, 1993).
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Transmission Through Dodder

Dodder (Cuscuta sp.) is a chlorophyll-less parasitic plant. It grows and
entwines its yellowish stem around the stems of host plants. It produces haus-
toria, penetrates the host’s vascular bundles, and forms natural bridges be-
tween diseased and healthy plants. Viruses from diseased plants pass through
dodder stems and enter healthy plants. Most viruses can be transmitted
through dodder plants, although a natural transmission of virus diseases has
not been reported.

VIRUS DISEASE DIAGNOSIS

Virus disease diagnosis is important to plan for effective disease manage-
ment. Several immunological methods have been developed to diagnose vi-
rus diseases, including agglutination tests, precipitation tests, immuno-
diffusion tests, enzyme-linked immunosorbent assays (ELISA), double
antibody sandwich assays (DAS-ELISA), imunofluorescent tests, and im-
munosorbent electron microscopy (ISEM). Many diagnostic methods based
on the nucleic acids of viral pathogens are also widely used, including re-
striction fragment-length polymorphisms (RFLPs), polymerase chain reac-
tions (PCR), nucleic acid hybridization dot-blot tests, cDNA probes, reverse
transcription-PCR (RT-PCR), inverse PCR, arbitrarily primed PCR (AP-
PCR), and DNA amplification fingerprinting (DAF) tests. For more informa-
tion about these tests, see Chapter 13.

IMPORTANT CROP DISEASES CAUSED BY VIRUSES
The following are economically important virus diseases of major crops:

Banana bunchy top: genus Nanavirus, Banana bunchy top virus

(BBTV)

Barley yellow dwarf: genus Luteovirus, Barley yellow dwarf virus
(BYDV)

Barley yellow mosaic: genus Bymovirus, Barley yellow mosaic virus
(BaYMV)

Citrus tristeza: genus Closterovirus, Citrus tristeza virus (CTV)

Cucumber mosaic: genus Cucumovirus, Cucumber mosaic virus
(CMV)

Pea seedborne mosaic: genus Potyvirus, Pea seedborne mosaic virus
(PSbMV)
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Peach necrotic ring spot: genus llarvirus, Prunus necrotic ringspot
virus (PNRSV)

Plum pox (= Sharka): genus Potyvirus, Plum pox virus (PPV)

Potato leafroll mosaic: genus Luteovirus, Potato leafroll virus
(PLRV)

Potato leafrolling: genus Carlavirus, Potato virus M (PVM)

Potato mild mosaic: genus Potyvirus, Potato virus A (PVA)

Potato mop-top: genus Furovirus, Potato mop-top virus (PMTV)

Potato rugose mosaic: genus Potyvirus, Potato virus Y (PVY, strains
O, N, and C)

Potato stem mottle (spraing disease): genus Tobravirus, Tobacco
rattle virus (TRV)

Potato virus X: genus Potexvirus, Potato virus X (PVX)

Rice grassy stunt: genus Tenuivirus, Rice grassy stunt virus (RGSV)

Rice tungro: genus Badnavirus, Rice tungro bacilliform virus (RTBV),
and genus Waikavirus, Rice tungro spherical virus (RTSV)

Tobacco mosaic: genus Tobamovirus, Tobacco mosaic virus (TMV)

Tomato mottle: genus Bigeminivirus, Tomato mottle virus (ToMoV)

Tomato spotted wilt: genus Tospovirus, Tomato spotted wilt virus
(TSWV)
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Common Disease Symptoms

Common names of diseases are always based on their key symptoms.
These symptoms are described here.

anthracnose: A characteristic lesion, which is a circular to angular, some-
times irregular sunken spot with grayish-black center and yellow margin in
leaves, stems, and fruit (e.g., grapevine anthracnose).

areolate mildew: Mildew growth in the area between veins on a leaf (e.g.,
cotton areolate mildew).

big vein: A condition in which veins become enlarged (e.g., Lettuce big
vein virus disease).

black scurf: Black flaky or scaly matter adhering to the surface of a plant
part (e.g., black scurf of potato).

blackening: Intensive necrosis that leads to blackening of tissues (e.g., Po-
tato black ringspot virus disease).

blast: A disease that kills plants suddenly (e.g., rice blast).

blight: A plant disease characterized by withering and shriveling without
rotting (e.g., late blight of potato).

blister blight: A bubblelike elevation on the surface of a diseased leaf that
results in withering and shriveling of the leaf (e.g., tea blister blight).

boll rot: Decay of boll, a fruit of plants such as cotton. Boll consists of a
rounded capsule containing the seeds (e.g., cotton boll rot).

brown rot: A condition in which decaying tissues turn brownish (e.g., po-
tato brown rot).

browning: Cell death leads to necrosis, which leads to the browning of tis-
sues (e.g., Pea early browning virus disease).

bud blight: Necrosis of buds (Groundnut bud blight virus disease).
157
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bud rot: Decay of buds (e.g., bud rot of coconut).

bunchy top: Leaves arise in clusters, giving a rosette appearance at the top
(e.g., Banana bunchy top virus disease).

bushy stunt: The diseased plant is severely stunted and its shoots are
crowded, giving a bushy appearance (e.g., Tomato bushy stunt virus disease).

canker: A corky outgrowth formed on leaves, twigs, and fruit (e.g., citrus
canker).

charcoal rot: Decaying tissues turn charcoal (black) in color (e.g., corn
charcoal rot).

chlorosis: Yellowing or whitening may be distributed in the entire plant due
to a partial failure of chlorophyll development in leaves and other plant
parts, causing more or less uniform discoloration (e.g., Tomato chlorosis vi-
rus disease, Lettuce chlorosis virus disease).

club root: Roots are malformed into clublike structures due to a thick,
fleshy growth of roots. The root tips are malformed, leaving the basal por-
tions of the root mostly normal (e.g., club root of cabbage).

collar rot: Decay of the collar region of seedlings at the postemergence
stage (e.g., tobacco collar rot).

crown gall: Abnormal outgrowth or swelling produced due to hyperplasia
and hypertrophy of host cells (e.g., crown gall of several crops, such as ap-
ple, peach, and pear).

crown rot: Rotting of the crown that may spread to the root (e.g., oat crown
rot).

curly top: Inward rolling of the leaves with puckering and blisterlike eleva-
tion (e.g., Beet curly top virus disease).

damping-off: Rotting and collapse of seedlings at soil level or prevention
of seedling emergence (e.g., damping-off of vegetables and tobacco).

dieback: Death of diseased plant organs, especially stem or branches, from
the tip backward (e.g., eutypa dieback of grape).

downy mildew: Fungal growth that appears as a coating of soft, fine hair on
the surface of the host (e.g., downy mildew of grapevine).

dry rot: Putrefactive decomposition of tissues (e.g., dry root rot of citrus
and peanut).
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dwarf: Plant growth is stunted due to disease (e.g., rice yellow dwarf dis-
ease).

ear rot: Decay of the ear of a cereal plant that contains the seeds, grains, or
kernels (e.g., corn diplodia ear rot).

enation: Small outgrowths on leaves, especially on veins and stems (e.g.,
Pea enation mosaic virus disease).

etch: Desiccation of superficial tissue (epidermal cells) (e.g., Tobacco etch
virus disease).

false smut: Individual grains of the panicle are transformed into greenish
spore balls. At first, the spore balls are smooth and yellow and are covered
by a membrane. When the membrane bursts, the color of the ball becomes
orange, yellowish green, or greenish black. The surface of the ball cracks
subsequently. When the balls are cut open, the innermost layer is yellowish,
the next layer is orange, and the outermost layer is greenish (e.g., false smut
of rice).

fern-leaf: Reduced development of the leaf blade in proportion to the
midrib leads to fern-leaf development (e.g., Asparagus fern-leaf virus dis-
ease).

fire blight: Diseased blossoms turn brown or black and exhibit a burnt ap-
pearance (e.g., fire blight of apple).

fleck: Small discolored parts are sharply bordered but circular (e.g., Parsnip
vellow fleck virus disease).

flower color-breaking: Mosaic or variegation of petals of flowers (e.g., Tu-
lip color-breaking virus disease).

foot rot: Decay of the basal portion of a plant (e.g., rice foot rot).

freckle: A small brownish spot or small area of discoloration; a freckle is
smaller than a spot (e.g., banana freckle).

fruit rot: Decay of fruit (e.g., strawberry alternaria fruit rot).

gray mold: A condition in which infected blossoms and fruit become
coated with the fine gray fruiting stalks and spores of the fungal pathogen
(e.g., gray mold [Botrytis cinerea] of strawberry).

green ear: The floral parts of the ear of a cereal plant are transformed into a
green leafy structure; in the spikelet, the glumes, lemmae, paleae, stamens,
and pistil are all transformed into green leafy structures (e.g., green ear of
pearl millet).
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gummosis: Secretion of gum as a symptom of the disease (e.g., citrus gum-
mosis).

head rot: Decay of the head of plants such as sunflowers, which consists of
fertilized inflorescence with developed seeds and grains (e.g., sunflower
head rot).

kernel rot: Decay of kernels (e.g., corn fusarium kernel rot).
leaf blight: The entire leaf may be blighted (e.g., northern corn leaf blight).

leaf blotch: Irregular, large, discolored, usually black spots (e.g., leaf
blotch of barley).

leaf crinkle: Wrinkles form in the infected leaf (e.g., Turnip crinkle virus
disease).

leaf crumple: The infected leaf appears crushed, forming wrinkles or
creases (similar to marks produced by folding) (e.g., cotton leaf crumple).

leaf curl: Leaf margins turn downward and come together at the bottom, ex-
posing the middle upper surface of the leaf blade; the disease results in the
downward curling of leaves; the distortion, puffing, and crinkling of a leaf
resulting from the unequal growth of its two sides (e.g., Tobacco leaf curl
virus disease).

leaf roll: A condition in which the leaf tends to roll (e.g., Potato leafroll vi-
rus disease).

leaf spots: Several types of spots are seen in infected leaves. Water-soaked
spots are common in bacteria-infected leaves; circular, cylindrical, irregu-
lar, or angular spots are common in fungus and bacteria-infected leaves
(e.g., sigatoka leaf spot of banana).

line pattern: Infected leaves show an arrangement of repeated lines (e.g.,
Pelargonium line pattern virus disease).

little leaf: In diseased plants, the leaves are malformed into tiny chlorotic
structures (e.g., little leaf of eggplant).

mosaic: Infected leaves show various shades of green and yellow areas that
are usually irregularly angular, but sharply delimited. Mosaic is character-
ized by a patchy variation of normal green color (e.g., Tobacco mosaic virus
disease).

mottle: Diffusely bordered variegation (differently colored spots), i.e., a
pattern of white patches in leaves and other plant parts, that results from the
failure of chlorophyll to develop in certain cells. Mottle is an arrangement of
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spots or confluent blotches of different shades, as of the surface of marble
(e.g., Tomato mottle virus disease, Bean pod mottle virus disease).

necrosis: A symptom in which cells die in patches (e.g., Rice necrosis virus
disease).

phyllody: The floral parts are transformed into green leafy structures (e.g.,
phyllody of sesamum).

powdery mildew: Fungal growth seen as a powdery growth on the host’s
surface (e.g., wheat powdery mildew).

Pox: Infected leaves show various types of mottling, which consist of light
green to yellowish-green blotches. The fruits are poxed (i.e., pustules form
on the skin) (e.g., Plum pox virus disease).

red rot: Decaying tissues appear reddish in color (e.g., sugarcane red rot).
reddening: Red pigments predominate (e.g., Carrot red leaf virus disease).
rhizome rot: Decay of rhizome (e.g., turmeric thizome rot).

ringspot: Infected leaves show ringlike circular spots (e.g., Groundnut
ringspot virus disease, Carnation ringspot virus disease, Citrus ringspot vi-
rus disease).

root rot: Root decay leads to wilting in plants. In the field, a sudden and
complete wilting of the plants is seen. The major difference between wilt
and root rot is the discoloration of the stem. When the bark of plants is re-
moved, black streaks can be seen extending upward to the branches and
downward to the lateral roots. Root rot, which also leads to wilting, is char-
acterized by root decay (e.g., corn pythium root rot, cotton black root rot).

rosette: Rosetting (decoration resembling a rose) is formed due to impeded
internodal expansion at the stem tips; crowding of the foliage excessively in
the form of a rosette (e.g., Groundnut rosette virus disease).

rot diseases: Decay of tissues. Several types of rot symptoms are seen in
Crops.

rugose: The growth of veinal tissue is retarded (e.g., Bean rugose mosaic
virus disease).

rust: Rustlike pustules (small elevated spots resembling pimples). Several
types of rust diseases are known and they are referred to by the color of their
pustules: Brown rust (brown [leaf] rust of wheat), black rust (black [stem]
rust of wheat), yellow rust (yellow [stripe] rust of wheat), and white rust
(white rust of crucifers). When pustules are arranged in linear rows between
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the veins of the leaf, the rust is called stripe rust (stripe rust of wheat). In
the case of leaf rust, rust pustules are seen mostly on leaves (leaf rust of
wheat). In the case of stem rust, rust pustules are seen mostly on stems
(stem rust of wheat).

scab: The surface of affected tissues becomes rough and the affected sur-
face is raised due to an abnormal proliferation of cells in the epidermis. The
surface has a rusty appearance that is deeply pitted with corky wounds (e.g.,
apple scab).

scald: Affected plants show lesions, which appear to be similar to the scald-
ing caused by hot water. Such lesions are mainly bleached and may be partly
translucent (e.g., barley scald).

shot hole: Leaf spots in which the necrotic (spot) regions drop out, leaving
holes in the affected leaves (e.g., peach Stigmina shot hole).

silver leaf: A condition in which infected leaves show a metallic luster (e.g.,
plum silver leaf).

smut: Black sooty masses of fungal spores that cover the affected plant
parts. Several types of smuts are seen, including covered kernel smut: smut
sori replacing grains of plants (e.g., covered kernel smut of sorghum); long
smut: smut sori are covered by a fairly thick membrane and are much lon-
ger than the other smuts; they are cylindrical in shape (e.g., long smut of
pearl millet); loose smut: smut sori are covered with a fragile membrane,
which breaks easily at the time of spike emergence from the host, exposing a
powdery mass of spores (e.g., loose smut of wheat); covered smut: smut
sori are covered with a thick membrane, which resists easy rupturing (cov-
ered smut of oats); flag smut: smut sori occur on the leaf blade, leaf sheath,
and culm (flag smut of wheat); head smut: the entire earhead is converted
into smut sori (head smut of corn); kernel smut: symptoms appear only on
mature grains; minute black pustules or streaks bursting through the glumes
are seen; sometimes the entire grain is replaced by a powdery, black mass of
smut spores (e.g., kernel smut of rice); and leaf smut: smut sori are formed
in infected leaves (leaf smut of rice).

soft rot: Soft, water-soaked, irregular lesions appear on tubers, rhizomes,
fruits, vegetables, and other storage organs. These lesions are more or less
superficial, but soon spread and cover the inner tissues. Lesions lead to rot-
ting of storage organs (e.g., soft rot of potato).

sooty mold: Masses of fungal black spores that stick to the leaf surface,
making the foliage appear black and ugly (e.g., sooty mold of citrus, mango,
sapota, and guava).
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spindle tuber: A condition in which the tubers of affected plants are elon-
gated (spindle shaped) (e.g., Potato spindle tuber viroid disease).

spotted wilt: Bronze markings appear on the upper surface of young leaves,
and the markings extend from the leaf blade down to the petiole and stem,
resulting in wilting of the stem (e.g., tomato spotted wilt).

stalk rot: Decay of plant stalks (e.g., corn bacterial stalk rot).

stem bleeding: Exudation of sap or resin from an infected stem (e.g., coco-
nut stem bleeding).

stem gall: Abnormal outgrowth in the stem (coriander Protomyces stem
gall).

stem rot: Decay of stem tissues (e.g., rice stem rot, crucifers sclerotinia
stem rot).

stenosis: In diseased plants, the leaves are highly reduced in size and clus-
tered along the stem (e.g., cotton stenosis).

sterility: Suppression of development of reproductive structures. Diseased
plants do not produce seeds, fruit, stamens, or pistils (e.g., pigeonpea steril-
ity mosaic disease).

storage rot: Decay of storage organs (e.g., corn aspergillus ear and storage
rot).

streak: Mosaic in leaves along veins, which looks like a streak (e.g., 7o-
bacco streak virus disease).

stripe: A long band of mosaic pattern along the parallel veins of a leaf (e.g.,
Peanut stripe virus disease).

stunt: Retardation of plant growth due to disease (e.g., Peanut stunt virus
disease).

tumors: Swellings on stems or roots (e.g., Sweet clover root tumor virus
disease).

vein band: A broad dark-green band along the veins. The rest of the lamina
surface shows chlorosis (e.g., Strawberry vein banding virus disease).

vein chlorosis: Chlorosis is restricted to tissues adjoining the veins in
leaves (e.g., Raspberry vein chlorosis virus disease).

vein clearing: A clearing or chlorosis of the tissue in or immediately adja-
cent to the vein (e.g., Petunia vein-clearing virus disease).
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wilt: In the early stages of wilting, yellowing of leaves is seen. A flaccid or
drooping condition of the plant due to disease, wilting may be due to a short-
age of water, an impeded supply of nutrients, or excessive transpiration
(e.g., cotton fusarium wilt, banana fusarium wilt, crucifers verticillium
wilt).

witches’-broom: Abnormal proliferation (mass outgrowths) of the branches
of woody plants due to disease (e.g., witches’-broom of potato).

yellows: Uniform yellow to almost-white discoloration of leaves; yellowing
will be the conspicuous symptom in the diseased plant. Yellow pigments
may predominate in infected plants (e.g., crucifers aster yellows, Beet yel-
lows virus disease).
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Crop Disease Assessment

Crop disease assessment is otherwise called phytopathometry. It involves
the measurement and quantification of crop diseases. Accurate disease as-
sessment will help in predicting the development of epidemics and in devel-
oping a decision support system for timing the application of fungicides to
control diseases. Diseases are assessed by different methods, based on the
type of disease symptoms and their relationship with yield loss. Remote
sensing and image analysis are important tools in disease assessment.

DISEASE INCIDENCE ASSESSMENT

A disease is assessed either as a percentage of disease incidence or as dis-
ease severity. Disease incidence is calculated as follows:

Percentage disease incidence =
(number of infected plants/total number of plants assessed) x 100

Assessment of disease incidence will be useful for measuring systemic in-
fections, which may result in total plant loss. Virus diseases such as rice
tungro, barley yellow dwarf, and banana bunchy top, and fungal diseases
such as loose smut of wheat and barley and sugarcane smut are assessed by
estimating disease incidence. Some fungal pathogens may not cause sys-
temic infection, but may cause total crop loss. Wilt diseases such as
Fusarium wilt of tomato, Panama wilt of banana, and Fusarium wilt of
chickpea cause total losses and these diseases are assessed as percentage of
disease incidence. Monosporascus wilt of melons is assessed as percentage
of wilt incidence (Cohen et al., 2000).

Percentage of disease incidence is calculated also for some leaf spot and
fruit spot/rot diseases. Brown spot of pear, which is caused by Stemphylium
vesicatarium, is assessed by recording the number of leaves that show leaf
spots out of ten leaves of four shoots per tree (Llorente et al., 2000). The
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brown spot disease incidence was also recorded as a percentage pear fruit
infection (Llorente et al., 2000). Diseases such as damping-off and some
root rots in which total losses occur are assessed by percentage of disease in-
cidence.

DISEASE SEVERITY ASSESSMENT

Disease severity is generally calculated as follows (Cooke, 1998):
Disease severity = (area of diseased tissue/total tissue area) x 100

Disease severity is assessed by allotting a grade value (category value or
scale value) depending upon the area of infection. The severity scale is
fixed, mostly based on the disease’s effect on yield loss. Disease severity is
usually assessed using either descriptive or pictorial keys. Standard dia-
grams illustrate the developmental stages of a disease on simple units (e.g.,
leaves, fruits) or on large composite units such as branches or whole plants.
Such standard diagrams are derived from a series of disease symptom pic-
tures, which may be in the form of line drawings, photographs, or preserved
specimens (Cooke, 1998). Pictorial disease assessment keys are available
for measuring disease severity on a range of hosts using the principle of
standard area diagrams (Cooke, 1998). Standard area diagrams are prepared
using graph paper outlines. Planimeters, electronic scanners, and image
analyzers are used to assess the area of infection. Lesion areas can be deter-
mined by computer-assisted image analysis (Timmer et al., 2000).

Disease severity is assessed by using arbitrary categories. Horsfall and
Barratt (1945) proposed a logarithmic scale for the measurement of plant
disease severity, in which 12 grades were allotted according to the leaf area
diseased, keeping 50 percent as a midpoint. These categories were devel-
oped taking into account the fact that the human eye apparently assessed
diseased areas in logarithmic steps, as stated by the Weber-Fechner law for
visual acuity (for appropriate stimuli, visual response is proportional to the
logarithm of the stimulus). This law has several steps in the scale around 50
percent infected area and decreasing steps at both ends of the scale. How-
ever, many modifications have been made to this scoring system, mostly
based on the possible yield loss due to each grade and each type of symp-
tom. Grading systems consisting of five grades (1, 2,3,4,and 5 or 0, 1, 2, 3,
and 4) or nine grades (1, 3, 5, 7, and 9 or 0 to 9) are commonly used. Citrus
greasy spot caused by Mycosphaerella citri was assessed using a 0-to-5
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scale (Timmer et al., 2000). Greasy symptoms on the top ten leaves of each
plant were rated on a scale of

0 = none

1 =1 to 5 percent

2 =6to 10 percent

3 =11 to 15 percent

4 =16 to 20 percent

5 = more than 20 percent

of the leaf surface area affected by the disease (Timmer et al., 2000).
Monosporascus disease in cucumber was assessed using a 1-to-5 scale
(Bruton et al., 2000) as follows: 1 = healthy with no lesions or discoloration
on hypocotyls, 2 = slight discoloration, 3 = moderate discoloration and/or
with lesions, 4 = moderate maceration, and 5 = severe maceration. Bacterial
spot (Xanthomonas campestris pv. vesicatoria) of bell pepper was assessed
using a 0-to-9 rating scale in which

0 = no diseased leaves

1 =<1 percent leaf area diseased

2 =21to 10 percent leaf area diseased or defoliated

3 =11 to 20 percent leaf area diseased or defoliated

4 =21 to 35 percent leaf area diseased or defoliated

5 =36 to 50 percent leaf area diseased or defoliated

6 =51 to 65 percent leaf area diseased or defoliated

7 = 66 to 80 percent leaf area diseased or defoliated

8 = 81 to 99 percent leaf area diseased and very few leaves (one to

three) remaining on plant

9 = complete defoliation (plant dying or dead) (Romero et al.,

2001)

Foliar symptoms of sudden death syndrome of soybean caused by Fusar-
ium solani f. sp. glycines are assessed on a 0-to-9 scale based on (different
types of symptoms) the percentage of leaf area that is chlorotic, necrotic, or
defoliated as follows (Luo et al., 2000):

0 = no detectable leaf symptoms

1 =1 to 10 percent chlorotic or 1 to 5 percent necrotic

2 =10 to 20 percent chlorotic or less than 10 percent necrotic
3 =20 to 40 percent chlorotic or 10 to 20 percent necrotic
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4 =40 to 60 percent chlorotic or 20 to 40 percent necrotic

5 = greater than 60 percent chlorotic or greater than 40 percent
necrotic

6 = up to one-third premature defoliation

7 = one-third to two-thirds premature defoliation

8 = greater than two-thirds premature defoliation

9 = plants are prematurely dead

Brown spot of pear was measured by calculating the severity of infection.
Measurements were performed on ten leaves of four shoots per tree. Disease
severity per shoot was calculated according to a scale index based on an ap-
proximate lesion number per leaf corresponding to O (none), 1 (1 to 5 le-
sions), 2 (6 to 25 lesions), and 3 (more than 25 lesions) (Llorente et al.,
2000).

Shaner and Buechley (1995) developed a leaf blotch severity scale based
on the position of leaves of wheat plants. The top leaves, particularly the top
two leaves, contribute to grain yield in cereals. The scoring system was
based on corresponding yield loss. Hence, Shaner and Buechley (1995)
scored the top four leaves (flag leaf, flag leaf-1 [the leaf immediately below
the flag leaf], flag leaf-2 [the leaf below flag leaf-1], and flag leaf-3 [the leaf
below flag leaf-2]) of tillers into different category values. Flag-3 leaves
with 0 to 5 percent severity were given the scale value of 1, 5 to 20 percent
(scale value 2), 20 to 40 percent (scale value 3), 40 to 70 percent (scale value
4), 70 to 90 percent (5), 90 to 100 percent (scale value 6), and 100 percent
(scale value 7). Contrarily, flag-2 leaves with 1 to 10 percent disease sever-
ity were given the scale value of 4, 10 to 25 percent (scale value 5), 25 to 75
percent (scale value 6), 75 to 100 percent (scale value 7), and 100 percent
(scale value 8). Flag-1 leaves with O to 1 percent disease severity were given
scale value of 5, 1 to 10 percent (scale value 6), 10 to 50 percent (scale value
7), 50 to 90 percent (scale value 8), 90 to 100 percent (scale value 9), and
100 percent (scale value 9.5), and flag leaves with 1 to 20 percent disease se-
verity were given a scale value of 8, 20 to 90 percent (scale value 9), and 90
to 100 percent (scale value 9.5). Mean severity was calculated from the av-
erage of the four leaves of each tiller, based on midpoint values for each
range. Mean severity (P) is calculated from the scale value (S) according to:
P =-0.38253 — 0.69435 S + 1.17499 S2 (R? = 0.999).

Disease severity is also calculated by measuring the height up to which
infection spreads in an infected plant (vertical disease progress). Rice
sheath blight (Rhizoctonia solani) disease intensity is measured using a rel-
ative lesion height percentage as follows: The highest point a lesion is seen
in a plant (cm)/plant height x 100 (Vidhyasekaran et al., 1997). In this case,
it has been shown that the relative lesion height corresponds to yield loss.
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DISEASE INDEX

Data from both percentage of disease incidence and disease severity with
different scale values are often used to assess the disease index (Llorente
et al., 2000; Luo et al., 2000). Disease index is calculated as follows: Dis-
ease incidence percentage x Disease severity scale -+ the maximum severity
scale (Luo et al., 2000). Disease index is also calculated as the mean grade
value (totaling grade values of all the examined plants and dividing them by
number of the examined plants) x 100 + maximum grade value (Cooke,
1998). A brown spot of pear disease index was calculated by adding the
scale index of each leaf in a tree and dividing the sum obtained by 3 (the
maximum level of severity) and the number of leaves assessed per shoot
(Llorente et al., 2000). The disease scale can be recalculated to a percentage
severity value called the disease index (Nilsson, 1995).

AREA UNDER DISEASE PROGRESS CURVE (AUDPC)

Disease severity is also measured by calculating the area under disease
progress curve (Romero et al., 2001). Bacterial spot (Xanthomonas axono-
podis pv. vesicatoria) of bell pepper was assessed by using a 0-to-9 rating
scale. The AUDPC was then calculated (Romero et al., 2001). For the pro-
cedure to calculate AUDPC, see Chapter 14.

REMOTE SENSING

Another disease assessment method involves aerial photography and
photogrammetry using infrared film or color filter combinations. Remote
sensing and digital image analysis are methods of acquisition and interpre-
tation of measurements of an object without physical contact between the
measuring device and the object. The term remote sensing is restricted to in-
struments that measure electromagnetic radiation reflected or emitted from
an object (Nilsson, 1995). The instruments record radiation in various parts
of the electromagnetic spectrum: Ultraviolet (UV, 10-390 nm), visible (390-
700 nm), near infrared (NIR, 770-1300 nm), infrared (IR, 1300-2500 nm),
etc. The human eye records three visual spectral ranges: Red, green, and
blue. However, sensitivity to red over 650-700 nm is only slight. The human
eye cannot detect the infrared spectrum. The amount of reflected light (radi-
ance) as a percentage of incoming light (irradiance) is called the reflectance
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factor. If the radiance from a healthy leaf is measured by a radiometer, sub-
stantially high reflectance can be seen in NIR at 750-1100 nm. NIR reflec-
tance decreases greatly when a diseased leaf is viewed due to the reduction
in chlorophyll and xanthophylls caused by infection (Nilsson, 1995). A rel-
ative decrease in NIR reflectance may indicate the disease severity. Aerial
photography using infrared film helps to detect disease incidence.

Remote sensing for detecting and estimating the severity of plant dis-
eases is used at three levels above the crop canopy (Cooke, 1998). Handheld
multispectral radiometers or multiple waveband video cameras are used at
the lowest altitude (within 1.5 to 2.0 meters above crop height). At 75 to
1500 m, aerial photography is used. At the highest altitude, satellite imagery
is employed utilizing satellites orbiting 650 to 850 km above the Earth’s sur-
face. Handheld multispectral radiometers or multiple waveband video cam-
eras are useful to assess diseases in the greenhouse and in the field. Aerial
infrared photography is useful at field level. Satellite imagery is used for
disease surveillance in large areas or regions of the Earth. Aerial IR photog-
raphy was successfully used in the 1970s for surveillance of southern corn
blight (Helminthosporium maydis) epidemic in the United States.

DIGITAL IMAGE ANALYSIS

Digital image analysis is being used to assess various plant diseases. Dig-
ital image analysis includes analysis of satellite images, aerial photographs
and videographs, nucleic magnetic resonance images, and images in elec-
tron microscopy. Image processing reduces the total information to a man-
ageable amount. Aerial IR color photographs can be enhanced and color-
coded to facilitate visual interpretation of the distribution and severity of
diseases in fields (Nilsson, 1995). Blazquez and Hedley (1986) made com-
puter-aided spectrophotometric measurements of 35 mm color IR film of
late blight infection in tomato fields. This technology has vast potential for
making rapid assessments of plant diseases.
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Crop Disease Diagnosis

Disease diagnosis is very important for developing effective strategies
for disease management. Without diagnosis, there can be no disease man-
agement. Crop disease diagnosis is an art as well as a science (Holmes et al.,
2000). The diagnostic process involves the recognition of symptoms (which
are associated with disease) and signs (which are not outwardly observable)
and requires intuitive judgment as well as the use of scientific methods. Sev-
eral conventional techniques are followed to diagnose disease incidence.
These techniques include visual inspection and recognition of symptoms
and isolation and examination of crop pathogens using microscopy. Such
techniques are time-consuming and may not be able to detect latent infec-
tions. Several diagnostic assays have been developed for early and rapid di-
agnosis. These include immunoassays, nucleic acid probe-based methods,
and PCR-based techniques. The use of these techniques in the diagnosis of
fungal, bacterial, viral, viroid, and phytoplasma diseases is described here.

DIAGNOSIS BASED ON DISEASE SYMPTOMS

Some pathogens produce characteristic symptoms that can be easily rec-
ognized in the field. Fungal diseases such as powdery mildews, rusts,
downy mildews, and smuts show characteristic symptoms. Some bacterial
diseases such as canker and crown gall can be recognized based on symp-
toms. A few virus diseases produce characteristic symptoms such as bunchy
top, rosette, witches’-broom, phyllody, and flower color-breaking. Diseases
should be diagnosed at early stages of their development, so that epidemics
can be effectively prevented. The early stages of many diseases are incon-
spicuous and it may not be feasible to make a rapid visual assessment until
the level of disease is sufficiently high. Further, even at advanced stages of
symptom development, some diseases cannot be recognized with certainty.
For example, symptoms such as chlorosis, mosaic, leaf drooping, yellow-
ing, dwarfing, stunting, necrosis, root rots, wilts, fruit rot, dieback, leaf
blight, and bud rot can be caused by several types of fungal, bacterial, viral
and phytoplasma pathogens. In these cases, the appearance of fruiting bod-
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ies of the pathogens on leaf, stem, and fruit surfaces must be checked. How-
ever, sporulation of the pathogen occurs only at a very late stage of infection.
Sometimes saprophytes may develop on these lesions, making diagnosis a
difficult task. Hence, the pathogen has to be isolated in pure culture and
identified using a microscope. Sometimes selective media may be required
to isolate pathogens and induce sporulation for identification. Many fungal
pathogens grow slowly in media and may be lost too readily for identifica-
tion. If the pathogen is a bacterium, virus, or phytoplasma, more compli-
cated tests have to be conducted to identify them. Several biochemical tests
must be conducted to identify bacterium. Routines for extraction and purifi-
cation of viruses require professional proficiency and skill. In fact, conven-
tional plant-pathological techniques need high expertise for routine identifi-
cation. In the case of latent infections in vegetative planting materials,
seeds, and fruit, conventional methods may not be useful to diagnose infec-
tion.

DIAGNOSIS BY IMMUNOLOGICAL TECHNIQUES

Immunodiagnostic assays provide a fast method of confirming visible
symptoms as well as detecting pathogens that cannot be easily identified by
other methods. They permit early detection of plant pathogens and accurate
identification of pathogens. Because many fungicides are specific only to
certain pathogens or groups of pathogens, immunodiagnosis will be useful
in the selection of the most appropriate treatment. Viruses, bacteria, and
fungi (especially those spreading as a sterile mycelium) can be readily de-
tected by these methods.

Immunoassays depend on the development of antibodies specific to the
particular pathogen. Cells of living animals, particularly mammals, have the
ability to recognize binding sites on proteins, glycoproteins, lipopolysac-
charides, and carbohydrate molecules that are not present in their bodies
(i.e., foreign to that animal). Such molecules, known as antigens, stimulate
the immune system of the animal and this leads to the production of specific
antibodies, each of which specifically recognizes and binds to its comple-
mentary antigen. The role of an immunoassay is to reveal the presence of
specific complexes between the antibody and an antigen that are unique to
the pathogen (Fox, 1998). The antibodies produced in an animal body can
recognize the microbial antigen, which is present on cell walls or found at-
tached with them. In other words, the antibodies can recognize the plant
pathogen by recognizing the antigen specific to the pathogen. In principle,
immunoassays are based on the fact that antibodies react specifically with
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the homologous antigen. However, the reaction is not easy to detect. Several
techniques have been developed to exploit this reaction in immunoassays.

Production of Polyclonal Antibodies

Rabbits, rats, mice, sheep, or goats are used to produce antibodies. For
the production of antibodies to fungal pathogens, mycelia (obtained from
sterile cultures grown in the laboratory) are freeze dried. They are then finely
ground with a pestle and mortar and used as antigens. Surface washings
from fungal mycelia are also used as antigens. These antigens are emulsified
with an equal volume of an adjuvant, such as Freund’s complete adjuvant
for the first injection and Freund’s incomplete adjuvant for the second or
subsequent injections. Other types of adjuvants such as Quil A are also
used. Bacterial antigens can be prepared by first killing the bacteria with
heat or formalin and then suspending them in phosphate-buffered saline.
The bacterial cells are disrupted by grinding, sonication, or enzyme action
to produce soluble cytoplasmic antigens. Virus antigens can be prepared
from infected host tissues by differential centrifugation or precipitation with
ammonium sulfate.

These antigens (otherwise called immunogens) are then injected into
rabbits (or other animals) to induce complementary antibodies. The antigen
emulsion is injected under the skin at the back of the neck of the animals.
One or more booster injections with the emulsion are given several weeks
after first injection. Antiserum is obtained by taking blood from the ears of
rabbits or from the tail veins of mice.

Antibodies have a basic common structure, which consists of two heavy
and two light chains held together by disulfide bonds. However, they differ
in the ability of their tips to bind to sites on different “foreign” protein,
glycoprotein, lipoprotein, lipopolysaccharide, and carbohydrate molecules
(antigenic substances). Such antigenic substances stimulate the animals’
immune systems to produce an assortment of specific antibodies, each of
which specifically recognizes and binds almost exclusively to its comple-
mentary epitope (antibody reaction site) on the antigen. This interaction be-
tween an antibody and an antigen depends on pairing of an individual
epitope of the antigen in three dimensions between the contours of the tips
of the side chains of a particular antibody. Several antigens have been de-
tected in viral, bacterial, and fungal pathogen preparations. The antisera
raised against these antigens may contain a mixture of antibodies directed
toward various epitopes of the pathogens. These antisera, which contain
polyclonal antibodies, are called “polyclonal antisera.”
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Production of Monoclonal Antibodies

Kohler and Milstein (1975) were the first to produce monoclonal anti-
bodies. Monoclonal antibodies (MCAs) recognize a single epitope only and
can therefore differentiate between related pathogens. Monoclonal antibod-
ies that are specific at genus, species, pathovar, and strain levels are avail-
able. MCAs are homogenous and therefore free from the variability com-
mon to polyclonal antisera. Once a hybridoma cell line is obtained, an
endless supply of the same MCA can be produced. The method of prepara-
tion of monoclonal antibodies is given here:

An antigen (immunogen) is prepared from cultures of fungal and bacte-
rial pathogens or from the sap of virus-infected plants as described for the
preparation of polyclonal antibodies. Mice, usually females of the BALB/c
strain, are immunized by intraperitoneal injection with the antigen prepara-
tion. The preparation is given at about two week intervals until antiserum
from trial bleeds gives a high titer against the immunogen. The final booster
injection is given without an adjuvant about three to four days before fusion.
The mice are killed and their spleens are removed. B-Lymphocytes are iso-
lated from the spleens of immunized mice. Meanwhile, a potentially im-
mortal line of myeloma cells is obtained from an animal similar to the ani-
mal used for immunization (mostly mouse), subcultured, and grown for
fusion with the spleen cells to form hybridoma cells. Viable spleen cells are
mixed at a ratio of 1:10 with viable myeloma cells. This cell mixture is
washed by centrifugation at 60 g for 10 min and the pellet loosened by tap-
ping the tube. One ml of polyethylene glycol 4000 (PEG 4000) is then
added dropwise over a period of 1 minute to the pellet, stirred for another
minute, and slowly diluted by the addition of a tissue culture medium.
Dulbecco’s modified Eagle’s medium is generally used as a tissue culture
medium. Penicillin-streptomycin solution, L-glutamine (200 mM), phenol-
red solution, and controlled processed serum replacement are added to the
medium. The cells are washed and resuspended in fresh HAT (hypoxanthine,
aminopterin, thymidine) medium (a selective medium made by supplement-
ing the complete tissue culture medium with 0.01 M hypoxanthine, 0.0016 M
thymidine, and 0.00004 M aminopterin) and dispensed into 96-well tissue
culture plates. The plates are kept in an incubator at 37°C with 5 percent
CO,. After ten to 16 days, aliquots of the supernatant are removed from the
wells containing clones and screened by ELISA (enzyme-linked immuno-
sorbent assay). Only hybridomas producing antibodies specific to the anti-
gen are saved and grown on a large scale in vitro. Selected hybridoma cells
are grown in bulk. The antibodies are purified on a sepharose column. Once
a useful MCA has been generated, the selected hybridoma cells can be im-
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mortalized by storing them in liquid nitrogen. Whenever needed, MCAs can
be produced indefinitely and in unlimited quantities.

Both polyclonal and monoclonal antibodies are used in various immuno-
diagnosis techniques.

Agglutination Test

This test can be carried out in slides or in test tubes. In the slide agglutina-
tion test, drops of antigen and diluted antiserum containing antibodies are
mixed together on a glass microscope slide. Agglutination is observed by
eye or microscope (if ambiguous). In the test-tube agglutination test, the an-
tigens are mixed with antibodies in test tubes, and the aggregation of anti-
gens and antibodies is monitored with a binocular microscope.

Precipitation Test

In this test, aliquot dilutions of antigen are layered over equal volumes of
antiserum diluted in normal serum in capillary, or other small tubes. The test
is regarded as positive if there is precipitation at the interface (Fox, 1998).
When the antigens are layered over the antibodies, the antigens are precipi-
tated out of solution by the antiserum when antigen and antibodies are re-
lated.

Latex-Agglutination Test

In this test, the antibodies are first adsorbed onto the much larger latex
particles and mixed with the antigen preparation (sap of diseased tissues).
An opalescent suspension containing antigen particles will settle out, pro-
ducing a clear supernatant by granulation or flocculation in a positive test.

Ouchterlony Immunodiffusion Test

In this test, a petri dish containing 1 percent agar is used. A central well
(usually 0.5 cm in diameter), surrounded by several satellite wells, is cut
into the agar. The antibody is placed on the central well, whereas the antigen
is placed on surrounding wells. The antibodies and antigens are allowed to
approach each other by diffusion in agar. In the positive test, a precipitin
band, usually visible to the naked eye, forms at the leading edge where dif-
fusing antigen and antibody molecules meet.
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Immunoelectrophoresis

By this method, mixtures of antigens are separated before immuno-
diffusion. A narrow trough is cut in a layer of thin gel parallel to an electric
current that passes close to the antigens along the length of the gel. Each an-
tigen moves in a separate wave at a characteristic rate according to its dis-
tinct charge. As a result, proteins separate into bands. Once the proteins have
separated sufficiently, the current is switched off and antiserum is added to
the trough cut in the gel. Precipitin arcs composed of complexes of antibod-
ies and antigens form where the individual electrophoresced antigens have
reached.

Antigen-Capture Indirect ELISA

Infected plant sap is used as an antigen. Many variations of ELISA exist,
such as antigen-capture indirect ELISA, direct sandwich ELISA, double an-
tibody sandwich ELISA (DAS-ELISA), triple antibody sandwich ELISA,
and F(ab'),-based ELISA.

In the antigen-capture indirect ELISA method, the wells are coated with
the antigen. The remaining sites are blocked by a blocking agent, and a spe-
cific primary antibody is added. A secondary antibody-enzyme conjugate
binds to the primary antibody. This is followed by the addition of an enzyme
substrate leading to a colored product in proportion to the concentration of
pathogen. This methodology involves coating immunoplates with the anti-
gen and then centrifuging them at 600 g for 5 min at 4°C. The plates are post-
fixed by incubation of 100 pL per well of 0.25 percent glutraldehyde solu-
tion for 5 to 7 min at room temperature. The fluid is flicked off by inverting
the plate, and the plates are washed three times with either tris-buffered sa-
line (TBS) Tween (TBST) or phosphate-buffered saline (PBS) Tween (PBST)
followed by a short period of drying by laying the plates on a paper tissue.
About 200 ng blocking solution (2 percent casein in either TBST or PBST)
is absorbed to the remaining sites in the well for 1 h at room temperature.
After one washing, the antibody in TBST or PBST is added at 50-100 pL
per well. After 1 to 2 h incubation at 37°C and three further washings,
antimouse immunoglobulin IgG alkaline phosphatase conjugate diluted in
TBST or PBST containing casein (2 percent) is incubated for 1 to 2 h at
37°C (50-100 pL per well). The excess fluid is removed by flicking the
plate, followed by washing with TBST or PBST for three to five times.
Phosphatase tablets are freshly dissolved in diethanolamine (DEA) buffer,
pH 9.6, and this substrate solution is pipetted into the wells. Substrate con-
version is quantified by measuring absorbance at 405 nm with a plate reader
(after at least 30 min incubation in the dark at 37°C).



Crop Disease Diagnosts 179
Direct Sandwich ELISA

In the direct sandwich ELISA method, 96-well immunoplates are coated
with the specific antibody (polyclonal or preferably monoclonal antibody)
and incubated successively with the antigen containing sample followed by
a second enzyme-labeled specific antibody that is directly conjugated with
an enzyme. This leads to a colored product in proportion to concentration of
pathogen.

Double Antibody Sandwich ELISA

In the double antibody sandwich ELISA method, a specific capture anti-
body is immobilized onto a solid surface (Huttinga, 1996), such as the wells
of a microtiter plate. The infected plant tissue sample is added, and unbound
material is washed away. Bound antigen is detected by the addition of a de-
tecting antibody that has been conjugated with an enzyme, and unbound
material is again washed away. The presence of the detecting antibody is de-
termined through the addition of a substrate for the enzyme. The amount of
color that develops is proportional to the amount of antigen present in the
sample. The intensity of the color can be recorded by automated equipment
(Miller, 1996).

Triple Antibody Sandwich ELISA

In the triple antibody sandwich ELISA method, a specific antibody pro-
duced in one animal species is bound to the solid substrate (96-well plates),
while a second specific antibody produced in another animal species binds
to the bound antigen. The “sandwich” is detected by an antibody-enzyme
conjugate that binds to the second antibody (Miller, 1996).

F(ab'),-Based ELISA

In F(ab'),-based ELISA, F(ab'), fragments from target-specific antibod-
ies are used as the capture reagent. A specific second antibody produced in
the same animal species binds to antigen already bound to the F(ab"), frag-
ments. The sandwich in turn is detected by the addition of a general detect-
ing antibody-enzyme conjugate that reacts specifically with the Fc portion
of the second antibody (Miller, 1996).
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Dipstick ELISA

ELISAs can be carried out on membranes made of nitrocellulose, nylon,
or other materials. In the dipstick assay, nitrocellulose dipsticks surface-
coated with a capture antibody are used. Dipsticks on which specific MCAs
have been bound are dipped into the test specimen, allowing ELISA reac-
tions to occur in situ. Flexible plastic dipsticks are quick and easy to use in
the field to test sap squeezed onto the coated surface. Any pathogen (partic-
ularly viruses) present is entangled and detected following incubation with
the antibody-enzyme conjugate, washing, and then the substrate, further
washing, and finally the stopping solution. If the specified pathogen is pres-
ent, the dipstick becomes colored, whereas if free of pathogen it remains
colorless.

Dot-Blot ELISA

In this assay system, ELISA reactions are carried out on nitrocellulose
membranes. A drop containing the specific monoclonal antibody is ab-
sorbed as a “dot,” onto which a drop of the test sample is later added and
blotted (Fox, 1998).

Direct Tissue Blot Immunoassay

This assay is also called tissue print ELISA, immunoprinting, or direct
tissue print immunoassay. In this assay, stems and leaf petioles are cut with a
razor blade, and the cut surface is pressed gently and evenly to the nitro-
cellulose membrane. These blots are allowed to dry for 10 to 30 min, incu-
bated with the monoclonal antibodies for 2 h, and rinsed with PBST buffer
for 10 min. The blots are labeled with an enzyme conjugate, goat antimouse
Ig (H+ L), for 1 to 2 h at 37°C, rinsed with PBST-polyvinylpyrrolidone
(PVP) buffer, and rinsed again with TTBS (20mM tris (hydroxymethyl)
aminomethane, 500 mM sodium chloride, and 0.05 percent Tween 20), each
for 10 min. The blots are incubated with freshly prepared NBT-BCIP (nitro-
blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate in sodium carbon-
ate buffer) substrate for 5 to 20 min. After stopping the reaction by putting
the blots in water in a petri dish, the blots are observed under a light micro-
scope. Development of an area with an intense purple color located at
phloem tissue cells is considered a positive reaction (Lin et al., 2000).
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In Situ Immunoassay (ISIA)

In this assay, sections 100 to 200 puM thick are cut from stems, petioles, or
veins of diseased plants. The sections are transferred to 24-well plastic
plates and fixed with 70 percent ethanol for 5 to 10 min. After the alcohol is
removed using a pipette, the sections are incubated with specific mono-
clonal antibodies for about 30 min. The sections are washed with PBST-
PVP for 5 to 10 min, and incubated with enzyme-labeled secondary anti-
bodies (alkaline phosphatase conjugated goat antirabbit IgG) at 37°C for 30
to 60 min. The sections are washed again with PBST-PVP and with TTBS
buffer. Sections are then incubated with freshly prepared NBT-BCIP sub-
strate mixture for 5 to 15 min. After stopping the reaction by removing the
substrate solution, the sections are transferred to a glass slide and observed
under a light microscope. The development of a purple color in the phloem
tissue cells is considered as a positive reaction (Lin et al., 2000).

Recombinant Enzyme-Linked Immunosorbent Assay

In this assay, monoclonal antibodies are subcloned from hybridoma cell
lines and expressed in Escherichia coli as single-chain variable fragment
antibody (scFv) fusion proteins. The scFv technology allows the cloning of
variable genes from preexisting monoclonal antibodies’ cell lines, linking
them with a flexible peptide as an scFv. These constructs are expressed in
bacteria as soluble proteins or fused with the capsid proteins of filamentous
bacteriophages. In addition, antibody genes are expressed fused with other
proteins such as alkaline phosphatase or with amphipathic helices (Terrada
et al., 2000).

Phage Display Technology

Recombinant antibody technology, in combination with phage display
technology, provides a useful approach for the production of target-specific
antibodies without the use of laboratory animals and time-consuming im-
munization protocols (Griep et al., 2000). Recombinant antibodies are
raised from a human combinatorial antibody library. Helper phages, which
contain the entire phage genome but lack an efficient packaging signal, are
used to “rescue” phagemids from the combinatorial library. When both the
helper phage and single-chain variable fragment encoding the phagemid
vector are present within the same bacterium (e.g., Escherichia coli), phages
are assembled that carry scFv-antibodies (phage antibodies [PhAbs]) on
their surface and contain the scFv-encoding phagemid vector. Consequently,
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within PhAbs, the genotype and phenotype are linked. To select for antigen
specificity, PhAbs rescued from the combinatorial antibody library are al-
lowed to bind to immobilized target antigens (panning). Washing removes
PhAbs that lack affinity for the target antigens. Bound PhAbs are eluted, and
selected PhAbs are applied to three sequential rounds of panning to further
enhance the percentage of target-reactive PhAbs (Griep et al., 2000). PhAbs
are selected to major structural proteins of the test virus. The scFv-encoding
genes are retrieved and expressed in E. coli as ready to use antibody-enzyme
fusion proteins. After subcloning, the encoding DNA sequences in the ex-
pression vector pSKAP/S, which allowed the scFvs to be expressed as alka-
line phosphatase fusion proteins. The antibodies are used as coating and de-
tecting reagents in a DAS-ELISA (Griep et al., 2000).

Latex-Protein A Agglutination Assay

In this assay, inert particles such as latex beads are used to detect anti-
gen/antibody complexes. Protein A, a cell surface protein from Staphylo-
coccus aureus that binds nonspecifically to the heavy chains of mouse and
rabbit IgG antibodies, is used to link the particles coated with the specific
antibodies by shaking the two together. Samples of plant extracts are tested
by incubation with coated particles. If the test pathogen is present in the
sample, the antigens form bridges linking the particles together, resulting in
agglutination.

Immunofluorescence

Two methods of immunofluorescence are used to diagnose plant dis-
eases. In the direct immunofluorescence method, specific antibodies bound
to their target antigens are detected by using second antibodies conjugated
with fluorescent dyes such as fluorescein isothiocyanate (FITC) or rhoda-
mine isothiocyanate. Fluorescence, indicating the presence of the target an-
tigen, is visualized microscopically. The microscope should have a special
device for fluorescence using ultraviolet light (fluorescence microscopy). In
direct immunofluorescence, the fluorescent dye is conjugated directly to the
specific antibody (Salinas and Schots, 1994). Usual protocols involve ex-
traction of the pathogen fraction from the tissue of individual or composite
plants that is fixed to a well of a multiwell glass microscope slide by flaming
or acetone treatment. Fixed preparations are stained directly by conjugated
antibody or by the indirect procedure in which the primary antibody is not
conjugated but a secondary conjugated antibody is bound to the primary one
(De Boer et al., 1996).
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Immunosorbent Electron Microscopy

This assay system is mostly used for the diagnosis of virus diseases.
Electron microscope grids coated with carbon strongly adsorb protein, and
when they are floated on a drop of antiserum containing antibodies to the
pathogen, the antibodies become attached. The grids are then floated on a
drop of the sap of an infected plant. After staining, the pathogen (particu-
larly virus particles) adsorbed to the antibodies can be seen under a trans-
mission electron microscope.

Immunosorbent Dilution-Plating Technique

In this method, bacterial pathogens are trapped on antibody-coated petri
dishes or inoculation rods so they can be incubated on selective media. Any
unbound bacteria are removed by washing. The colonies that form are de-
tected by drying the agar and staining by immunofluorescence.

Western Blotting

This technique involves the transfer of proteins or glycoproteins on
polyacrylamide gels electrophoretically onto a membrane or solid phase
and the probing of such membrane-bound antigens with a specific antibody
solution, based on the covalent binding of the antibody and its antigen (Fox,
1998). In the electrophoresis, different proteins move apart to form distinct
bands. The larger molecules migrate more slowly than the smaller mole-
cules. The protein in these bands can be transferred by blotting to a strip of
porous nitrocellulose material. Afterward, specific polyclonal or mono-
clonal antibodies are used to bathe nitrocellulose for about an hour. An
enzyme/substrate system (phosphatase or peroxidase conjugate), similar to
an ELISA reaction, is also used to locate the position of bound antibodies
(Fox, 1998).

Immunogold Assay

In the immunogold assay, following the electrophoresis of proteins on
SDS polyacrylamide gel, proteins are transferred to a nitrocellulose mem-
brane. Monoclonal antibody specific to a protein of the test pathogen is con-
jugated to gold particles and applied on the nitrocellulose membrane. The
signal appears as a band and can be visualized on the membrane directly.
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Radioimmunoassay

In the radioimmunoassay method, the protein is transferred to a nitro-
cellulose filter after electrophoresis, and a monoclonal antibody is added to
it. MCA binds to a specific protein, and a radioactive detector antibody is
added. The band is visualized indirectly by preparing an autoradiograph.

NUCLEIC ACID PROBE-BASED METHODS

Both DNA and RNA probes are used for crop disease diagnosis. DNA is
double-stranded and the two strands are held together via specific hydrogen
bondings between the base pairs. Pairing occurs with great specificity: Ade-
nine (A) pairs only with thymine (T), and guanine (G) only with cytosine
(C). The interaction of the two single-stranded molecules is known as hy-
bridization. Several physical conditions can denature the DNA into single
strands. High temperature and strongly alkaline pH denature double-stranded
DNA. By manipulating the physical conditions, a strand can anneal with an-
other strand of the target DNA. Nucleic acid hybridization, or reassociation,
is a process by which complementary single-stranded nucleic acid anneals
to double-stranded nucleic acid. This process occurs because of the hydro-
gen bonds between the two strands of the DNA. The pairing can also take
place between DNA and RNA or RNA and RNA, and the pairing can occur
between adenine (A) and uracil (U) in RNA instead of thymine (T) in DNA
and guanine (G) and cytosine (C). Single-stranded DNA and RNA can act as
probes. A diagnostic nucleic acid probe may be defined as a nucleotide se-
quence, labeled with a reporter molecule, that is able to identify a target
pathogen within a test sample by selectively hybridizing to the complemen-
tary sequence present within a microorganism’s DNA (De Boer et al., 1996).
Nucleic acid probes are sequences of nucleic acids that are labeled with a
marker and used to detect complementary nucleic acid sequences in a sam-
ple. Probes, which can be either DNA or RNA, range in size from 15 to sev-
eral thousand base pairs (bp). Hybridization protocols usually require the
probe or target sequence to be immobilized on a solid surface, but the reac-
tion can also occur in solution or in situ. The probe-target hybrids are visual-
ized using autoradiography, colorimetric assays, or chemiluminescence.

Hybridization Formats
Nucleic acid hybridizations may be performed in solution or on a solid

support. In a solid-support format, the target nucleic acid from the pathogen
to be detected is immobilized on a nitrocellulose or nylon membrane. DNA
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is first cut into fragments by a restriction enzyme, often followed by gel
electrophoresis and denaturation (Southern, 1975). RNA is usually trans-
ferred by a similar technique known as Northern blotting. After it has been
blotted onto the support, the target nucleic acid is fixed by baking or cross-
linking under UV light. The labeled probe hybridizes to the target DNA. Af-
ter the excess unbound probe has been removed by washing, the hybrid is
detected by a suitable assay (Fox, 1998). The diagnostic probes are labeled
with radioisotopes, primarily 32P. Nonradioactive methods are also avail-
able for labeling DNA probes. Nonradioactive probes may be labeled enzy-
matically or chemically. Biotin, a vitamin, is commonly used for labeling,
and the modified nucleotide is biotin-11-dUTP. Probes attached to biotin
bind to avidin (a protein) extremely tightly. As a result, a more effective
complex of many enzyme molecules can be produced by binding enzymes
first to biotin and then to avidin, around which they cluster (Fox, 1998). The
steroid digoxigenin may be employed in a similar way with antidigoxigenin
enzymes for labeling. Sulfonation of cytosine residues by sulfite was one of
the first hapten-based labeling systems (De Boer et al., 1996). The probe is
detected using a monoclonal antisulfonate antibody followed by an alkaline
phosphatase-conjugated antimouse IgG antibody. Another method of chemi-
cal labeling involves photobiotin, a compound in which biotin is bound to
aryl azide by a linker arm. In the presence of light, aryl azide is converted
into an aryl nitrene moiety that reacts with nucleic acid. Oligonucleotides
are most efficiently labeled chemically by a reactive amine. A detectable
group, such as alkaline phosphatase or horseradish peroxidase, is added to
the amino-oligonucleotide after synthesis (De Boer et al., 1996).

Many commercial nucleic acid-based tests employ the sandwich assay,
in which adjacent sections of the target nucleic acid are hybridized by two
probes. One is the capture probe, which by hybridization links the target to
the solid support to which this probe is already bound. The other probe is la-
beled with a reporter group, which may be a fluorescent molecule, an en-
zyme, or a radioactive atom that hybridizes with an adjacent section of the
target nucleic acid. The reporter group with a fluorescent molecule can be
readily distinguished, even in minute amounts (Fox, 1998).

Dot-Blot Diagnosis

When an extract or cell sap believed to contain the target nucleic acid is
dotted on a filter, the method is called dot-blot. Dot-blot is a routine spot hy-
bridization method. In this method, the DNA is not cut by restriction en-
zymes and fractioned. The DNA is applied as a small drop of sap extracted
from an infected plant directly onto a nitrocellulose sheet. The DNA is then
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dried and hybridized with the probe in a sealed plastic bag using a buffer ex-
tract (Maule et al., 1983). The nucleic acid is loaded into a multisample vac-
uum manifold, which is used to spot it onto the membrane.

Colony Blot

Colony blot can be useful to detect bacteria in infected tissues. Dilutions
of the bacteria from an infected tissue are grown on nitrocellulose filters
placed on suitable agar media. After incubation, the nucleic acids are simul-
taneously released and denatured with alkali or by incubation in a micro-
wave oven. The filter is then washed and baked prior to hybridization as a
colony.

In Situ Hybridization Assay

In this assay, host tissue sections are fixed to a microscope slide and ex-
posed to probe DNA. In another type of assay, sections of cut plant tissue are
pressed against the nitrocellulose filter, which is then treated with alkali to
denature the DNA and the tissue print is fixed on the filter. Hybridization re-
veals the presence of the pathogen.

PCR-Based Methodology

The polymerase chain reaction provides a powerful and rapid technique
to exponentially amplify specific DNA sequences by in vitro DNA synthe-
sis (Henson and French, 1993). Three essential steps to a PCR include
(1) melting the target DNA, (2) annealing two oligonucleotide primers to
the denatured DNA strands, and (3) extending the primer via a thermostable
DNA polymerase. Newly synthesized DNA strands serve as targets for sub-
sequent DNA synthesis since the three steps are repeated up to 50 times. The
specificity of the method derives from the synthetic oligonucleotide prim-
ers, which base-pair to and define each end of the target sequence to be am-
plified (Henson and French, 1993).

PCR uses a thermostable Thermus aquaticus (Tag) DNA polymerase to
synthesize DNA from oligonucleotide primers and template DNA. The tem-
plate DNA may be genomic, first-strand cDNA, or cloned sequences.
Primers are designed to anneal to complementary strands of the template
such that DNA synthesis initiated at each primer results in replication of the
template region between the primers.

The PCR involves three distinct steps governed by temperature. DNA,
primers, deoxynucleotides, buffer, and 7aq polymerase are combined in a
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microcentrifuge and overlaid with mineral oil. The tube is placed in a
thermocycler programmed to repeat a set of short incubations at predeter-
mined temperatures. In the first step, the template DNA is denatured to sep-
arate the complementary strands. This is done at 95°C for 5 minutes. In the
second step, the mixture is held at an annealing temperature to allow the
primers to hybridize to their complementary sequences. This is done at 55°C
for 1 min. A PCR primer may comprise two regions, a 3' (priming) region
and a 5' (variable) region. The most important region in determining the effi-
ciency of annealing and subsequent DNA synthesis during the PCR is the 3'
region, which should be perfectly complementary to the template sequence.
The priming region should normally be 20 to 25 bases long. The Tag poly-
merase stabilizes these base-paired structures and initiates DNA synthesis.
In the last step, the reaction is heated to about 72°C for 1 to 5 minutes. This
process leads to a Taq polymerase-directed DNA synthesis. The cycle is re-
peated by keeping the reaction tubes in a thermal cycler for more than 20
times. In the first cycle each template gives rise to a newly synthesized com-
plement. Thus, the number of copies of the target region is doubled. Simi-
larly, in each subsequent cycle, the DNA concentration corresponding to the
target region is almost doubled. About 20 cycles of PCR would produce
100-fold amplification of the target DNA.

Initially, very low numbers of DNA molecules can be multiplied enor-
mously by PCR. Only a few nanograms of the initial template DNA is nec-
essary for amplification. Both dsDNA and ssDNA can be amplified by PCR.
It is possible to amplify RNA by reverse transcription (RT) into a cDNA
copy by RT-PCR. Synthetic oligonucleotides (primers) that are complemen-
tary to the end sequences can be produced. Because the PCR process does
not depend on the use of purified DNA, the host tissue extract can also been
used for diagnosis.

The PCR product is analyzed by agarose gel electrophoresis. The PCR
product from a defined band can be recovered from agarose gel. The DNA
generated in a PCR can be reamplified and used for sequencing. DNA se-
quencing reactions are performed using commercially available kits of T7
polymerase or Sequenase.

RAPD (random amplified polymorphic DNA) PCR is an important diag-
nostic tool. Oligonucleotides of arbitrary sequence are used as primers for
amplification. Shorter sequences on the order of 100 to 1,000 base pairs are
most efficiently amplified and easily resolved by agarose electrophoresis.
Hence, DNA sequences within a few hundred base pairs are usually chosen
as primer annealing sites. In these cases, pairs of sequences complementary
to the primer may be close to one another and arranged with 3' ends pointing
toward one another. Under these circumstances, annealing of the primer to
the target genome will result in the production of an amplified fragment af-
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ter appropriate thermal cycling. RAPD PCR with DNA of infected plant tis-
sues is performed as follows: In a microcentrifuge tube, genomic DNA (25
to 50 ng), deoxynucleoside triphosphate (ANTP) (200pum), primer (200
pmol), PCR buffer (100 mM Tris-HCI [pH 8.3], 500 mM KCI, 15 mM
MgCl,, 1 mg/mL gelatin, 0.1 percent Tween-20, 0.1 percent NP), and 1 unit
Taq polymerase are mixed, spun briefly, and overlaid with 50 pL. mineral
oil. Forty-five PCR cycles are performed at 94°C for 1 min, 35°C for 1 min,
and 72°C for 2 min. The reaction mixture (10 puL) is run through a 1 percent
agarose gel in tris borate ethylene diamine tetra-acetic acid (TBE) buffer
(89mM Tris, 89 mM boric acid (pH 8.3), 2.5 mM EDTA [ethylene diamine
tetra-acetic acid]).

Any DNA or RNA sequence that is specific for a particular organism can
be used for detection of that organism. Potential targets specific to patho-
gens include specific sequences from mitochondrial DNA fragment, patho-
gen-specific plasmid sequences, and short, interspersed repetitive elements
present in bacteria. Ribosomal genes and the spacers between them possess
conserved as well as variable sequences, and can be amplified and se-
quenced with universal primers based on their conserved sequences. Genes
for 5.88S, 18S, and 26S (28S) fungal nuclear ribosomal RNA genes (rDNA)
are used as primers (Henson and French, 1993).

Considerably greater sequence variation is found in the internal tran-
scribed spacer (ITS) regions between the rRNA genes within an rRNA re-
peat unit (rDNA). Even more sequence differences are in the nontranscribed
spacer (NTS) regions between the rDNA repeat units, and still more are in
the intergenic spacer regions or noncoding sequences that occur within the
rDNA repeat unit of some fungi (Henson and French, 1993). Any organism
that has rDNA repeats may be specifically detected by selecting primer se-
quences based on variable spacer regions.

Immuno-PCR and Immunocapture PCR

Disease diagnosis methods that combine antibody binding and PCR are
highly sensitive and can detect microbial antigens in addition to their nu-
cleic acids. In the immuno-PCR method, a DNA fragment is molecularly
linked to antigen-antibody complexes. Protein A and streptavidin portions
of the linker molecule bind the antibody and DNA, respectively. Antigen
present in a sample binds the specific antibody, which, in turn, binds the
linker molecule. The latter is bound to a nonspecific, biotin-labeled DNA
sequence that is subsequently amplified by PCR. Immuno-PCR is 105 times
as sensitive as the enzyme-linked immunosorbent assay for the detection of
antigen (Sano et al., 1992).
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Immunocapture PCR is another sensitive diagnostic assay. Whereas immuno-
PCR requires the antigen-specific antibody only, immunocapture PCR re-
quires the antigen-specific antibody and nucleic acid sequence information
from the microbe being detected.

Immunocapture-Reverse Transcription-Polymerase Chain Reaction
(IC-RT-PCR)

In a typical IC-RT-PCR assay, PCR tubes are rinsed in PBST, soaked in
ethanol for 15 min, and air dried. The tubes are coated with the specific virus
antiserum in a coating buffer (15 mM Na,COj3; 35 mM NaHCO;; 3 mM
NaNj;; pH 9.6) for 3 h at 37°C. The tubes are washed three times with PBST
and blotted dry on a tissue. They are placed at —70°C for at least 10 min and
the contents thawed at 94°C for 2 min to disassemble the antibody-bound vi-
rus and free the viral RNA from the protein coat. A total of 50 pL. of RT-
PCR mix (4 uL of 5x first-strand reverse transcription buffer; 2 pL of DTT;
2.6 pL of dNTP; 0.1 uLL of RNasin RNase inhibitor; 0.25 pL of SuperScript
RNase H- Reverse Transcriptase; 3 pL of 10 x PCR buffer; 4.2 pLL of 25 mM
MgCl,; 1 pL of reverse primer; 0.5 pL of forward primer; 0.2 pL of Tag
polymerase; and 32.75 pL of nuclease-free water) as added to each tube.
The tubes are then treated as follows: 37°C for 1 h, 94°C for 2 min (35 cycles
of 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s), and 72°C for 10 min. Fol-
lowing RT-PCR, the products are assessed by electrophoresis in 1.5 percent
agarose gels and stained with ethidium bromide (Gillaspie et al., 2000).

Repetitive-Sequence-Based Polymerase Chain Reaction (Rep-PCR)

Rep-PCR is based on PCR-mediated amplification of DNA sequences
located between specific interspersed repeated sequences in microbial ge-
nomes. These repeated elements are termed BOX, REP, and ERIC elements.
Amplification of the DNA sequences between primers based on these re-
peated elements generates an array of different-sized DNA fragments from
the genomes of individual strains. The separation of these fragments on
agarose gels yields highly specific DNA fingerprints that can be either visu-
ally compared or subjected to computer-assisted pattern analysis (McDon-
ald et al., 2000). The rep-PCR is useful in the identification of bacterial
pathogens and disease diagnosis (Louws et al., 1999). Some fungal patho-
gens can also be identified by this technique (Jedryczka et al., 1999).



190 CONCISE ENCYCLOPEDIA OF PLANT PATHOLOGY

DIAGNOSIS OF CROP FUNGAL DISEASES

Several fungal pathogens survive in vegetative propagating materials and
may serve as the primary inoculum source for the spread of the disease.
Early diagnosis of the inoculum may help in eradicating the disease in the
field. As many fungicides are specific only to certain pathogens or groups of
pathogens, early diagnosis will be useful in the selection of the most appro-
priate treatment. Current detection of pathogenic fungi is based on visual in-
spection of characteristic symptoms. When sporulation is present, general
confirmation can be made by light microscopy (Miller, 1996). The pathogen
may be isolated by transferring diseased plant tissue to an agar medium in
petri dishes. Sometimes a selective medium may have to be used. A bio-
assay is required to test the pathogenicity of isolates, particularly when
closely related saprophytic species are common.

Several immunoassays have been developed to diagnose fungal diseases.
Immunoassay kits are commercially available to detect species of Rhizoc-
tonia, Phytophthora, and Pythium and Septoria nodorum (= Stagonospora
nodorum), S. tritici, and Pseudocercosporella herpotrichoides (Miller, 1996).
Tilletia controversa in wheat, Phytophthora fragariae in strawberry, and
Rhizoctonia spp. in poinsettia are detected by DAS-ELISA (Miller, 1996).
Indirect ELISA assays are used to detect Spongospora subterranean in po-
tato (Harrison et al., 1994), Colletotrichum acutatum and Phytophthora spp.
in strawberry, Leptosphaeria maculans in canola, and Fusarium oxysporum
f. sp. narcissi in narcissus (Miller, 1996). Verticillium dahliae in potato is
detected by immunofluorescence assays (Miller, 1996).

Gaeumannomyces graminis in wheat can be detected by Southern blot
with cloned mitochondrial DNA labeled with 32P or digoxigenin as a probe
(Bateman et al., 1992). Phytophthora capsici, P. cinnamomi, and P. palmi-
vora can be detected by PCR and dot-blot with an rDNA ITS (internal tran-
scribed spacer) probe, labeled with 32P (Lee, White, et al., 1993). Phytoph-
thora parasitica and P. citrophthora can be detected by dot-blot with cloned
chromosomal DNA, as a probe labeled with 32P (Goodwin, English, et al.,
1990; Goodwin, Kirkpatrick, et al., 1990). Southern blot with cloned chro-
mosomal DNA as a probe, labeled with biotin, is useful in detecting P. infes-
tans (Moller et al., 1993).

Fusarium culmorum can be detected by Southern blot with cloned
genomic DNA as a probe, labeled with digoxigenin (Koopmann et al.,
1994). Leptosphaeria maculans in rapeseed can be detected using RAPD-
PCR with amplified chromosomal DNA as a probe, labeled with digoxi-
genin (Schafer and Wostemeyer, 1994). Dot-blot with cloned total DNA as a
probe, labeled with 32P is used to detect Pyrenophora teres and Pyreno-
phora graminea (Husted, 1994). Slot-blot with cloned genomic DNA as a
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probe, labeled with 32P will be useful to detect Pseudocercosporella herpo-
trichoides in cereals (Nicholson and Rezanoor, 1994). Pythium ultimum can
be detected by PCR and dot-blot using rDNA ITS as a probe, labeled with
digoxigenin (Levesque et al., 1994).

Botrytis cinerea infection in pear stems can be detected by plating stem
halves on a selective medium and by ELISA, which is a more sensitive
method (Meyer et al., 2000). The PCR assay is highly sensitive and repro-
ducible as a tool for the detection and identification of fungi when species-
specific primers are carefully selected. Several fungal pathogens have been
detected using this method, including Verticillium spp., Fusarium spp.,
Rhizoctonia oryzae, Gaeumannomyces graminis, Magnaporthe poae, Lep-
tosphaeria korrae, and Phiolophora gregata (Fouly and Wilkinson, 2000).

Nuclear rDNA of fungi consists of small and large subunits, a 5.8S re-
gion, and an internal transcribed spacer region(s). Each subunit and region
base sequence is variable among the genera and species of fungi. This vari-
ability can be used to detect fungal pathogens. For example, the ITS region
of Gaeumannomyces is highly variable among its species and less variable
among its varieties. However, the small subunit of nuclear rDNA is dis-
tinctly variable among the varieties of G. graminis. This small subunit of
nuclear rDNA (18S rDNA) is used for the detection of G. graminis varieties
using PCR amplification (Fouly and Wilkinson, 2000). A PCR-based diag-
nostic assay has been developed to detect Rhynchosporium secalis in barley
(Lee et al., 2001). RAPD analysis is useful to characterize P. infestans iso-
lates from potato and tomato (Mahuku et al., 2000). Species-specific prim-
ers were designed based on sequence data of a region consisting of the 5.8S
RNA gene and internal transcribed spacers 1 and 2 of R. secalis (Lee et al.,
2001). An oligonucleotide primer set, RS8 and RS9, was used in detecting
R. secalis. This primer amplified a 264 bp fragment from the DNA of all R.
secalis isolates. This is used to detect R. secalis in infected barley tissues
(Lee et al., 2001). A species-specific PCR has been developed to detect
black sigatoka and yellow sigatoka leaf-spot pathogens in banana (Johanson
etal., 2000). The Rep-PCR technique is used to detect species of Fusarium,
Stagonospora, Septoria, Tilletia, and Leptosphaeria (Jedryczka et al., 1999;
McDonald et al., 2000).

DIAGNOSIS OF CROP BACTERIAL DISEASES

Several diagnostic techniques have been developed to diagnose fire
blight of apple and pear. The available methods include isolation of the
pathogen on the semiselective media of Miller and Schroth, Crosse and
Goodman agar, or crystal violet-cycloheximide-thallium nitrate (CCT) agar
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(Merighi et al., 2000). A minimal medium 2-copper sulfate agar was devel-
oped to specifically identify Erwinia amylovora (Bereswill et al., 1998).
Isolation followed by pathogenicity tests will also be useful to detect the
pathogen. Miller (1983) described an immunofluorescent microscopic method
for the detection of E. amylovora. The double-antibody sandwich indirect
enzyme-linked immunosorbent assay (DASI-ELISA) was developed to de-
tect the pathogen (Gorris et al., 1996). An analysis of fatty acid methyl es-
ters by gas chromatography (GC-FAME) is also used to detect E. amylovora
(van der Zwet and Wells, 1993). E. amylovora can be detected by nested
PCR, PCR dot-blot, and reverse-blot hybridization methods (McManus and
Jones, 1995). PCR techniques are extensively used to detect the bacterium
(Bereswill et al., 1995; Guilford et al. 1996). A PCR-ELISA was developed
by Merighi et al. (2000) to detect the pathogen. A PCR-based method de-
tected E. amylovora effectively in pear (Sobiczewski et al., 1999). A Rep-
PCR technique is used to identify several bacterial pathogens (Louws et al.,
1999).

An immunofluorescence test is used to detect Clavibacter michiganensis
subsp. michiganensis in tomato, C. michiganensis subsp. sepedonicus in po-
tato, and Erwinia chrysanthemi in carnation (De Boer et al., 1996). ELISA
is useful in detecting C. michiganensis subsp. michiganensis in tomato, C.
michiganensis subsp. sepedonicus in potato, E. chrysanthemi in carnation,
Pantoea stewartii in carnation, Xanthomonas campestris pv. campestris in
cabbage, and Pseudomonas savastanoi pv. phaseolicola in bean (De Boer et
al., 1996). X. translucens pv. undulosa in wheat and X. vesicatoria in pepper
and tomato are detected by dot immunoassay (De Boer et al., 1996).

Nucleic acid probes have been employed to detect some bacterial patho-
gens. A dot-blot assay has been employed to detect Erwinia carotovora,
Xanthomonas axonopodis pv. citri, X. axonopodis pv. phaseoli, Pseudomo-
nas syringae pv. tomato, and Clavibacter michiganensis subsp. michi-
ganensis. Colony blot assay is used to detect Agrobacterium tumefaciens, E.
amylovora, Pseudomonas savastanoi pv. phaseolicola, and P. syringae pv.
morsprunorum (De Boer et al., 1996). PCR is used to detect A. tumefaciens
(Dongetal., 1992), Clavibacter michiganensis subsp. sepedonicus (Schnei-
der et al., 1993), Ralstonia solanacearum (Seal et al., 1992), and X. axono-
podis pv. citri (Hartung et al., 1993). PCR and RFLP-based techniques are
useful in detection of A. vitis in grape (Burr and Otten, 1999).

DIAGNOSIS OF CROP VIRAL DISEASES

A number of different serological techniques have been developed for
detecting Citrus tristeza virus (CTV). These include ELISA (Rocha-Pena
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and Lee, 1991), sodium dodecyl sulfate (SDS)-immunodiffusion (Gransey
et al., 1978), immunoelectron microscopy, radioimmunosorbent assay (Rocha-
Pena and Lee, 1991), immunogold assay, Western blot assay (Rocha-Pena
and Lee, 1991), dot immunobinding assay (Rocha-Pena et al., 1991), direct
tissue blot immunoassay (Lin et al., 2000), and in situ immunofluorescence
(ISTF) (Brlansky et al., 1988). Specific monoclonal antibodies produced by
hybridoma technology are used for ELISA. In spite of the high serological
variability of CTV, a mixture of two monoclonal antibodies (3DFI and
3CAS) is able to detect all CTV isolates tested. These antibodies were pat-
ented in 1984 and are considered an international reference for CTV diag-
nosis. With these commercially available monoclonal antibodies, approxi-
mately 2 million samples have been analyzed since 1990 (Terrada et al.,
2000). Lin et al. (2000) developed an in situ immunobioassay that does not
use fluorescent dyes. This assay is a simple and specific procedure that de-
tects CTV in infected citrus plants in about 2 h.

Terrada et al. (2000) obtained single-chain variable fragment antibodies
that bind specifically to CTV from the hybridoma cell lines 3DF1 and
3CAS. These scFv were genetically fused with dimerization domains as
well as with alkaline phosphatase, and diagnostic reagents were produced
by expressing these fusion proteins in E. coli cultures. The engineered anti-
bodies were successfully used for CTV diagnosis in citrus plants by tissue
print ELISA and DAS-ELISA. The fully recombinant ELISAs were as spe-
cific and as sensitive as conventional ELISAs performed with the parental
monoclonal antibodies (Terrada et al., 2000).

ELISA and Western blots using monoclonal antibodies are recommended
to identify grapevine leafroll-associated viruses. The monoclonal antibod-
ies of these viruses are commercially available (Monis, 2000). High-quality
polyclonal antisera have been raised against several members of the genus
Tospovirus including Tomato spotted wilt virus, Groundnut ringspot virus,
Tomato chlorotic spot virus, and Watermelon silverleaf mottle virus, and
Impatiens necrotic spot virus. These antisera are now widely applied for
Tospovirus detection with the aid of a DAS-ELISA (Griep et al., 2000).
Polyclonal antisera, although widely used in routine diagnosis, are available
in limited amounts, and their specificity varies from batch to batch. The an-
tisera are being replaced by monoclonal antibodies, which can be produced
indefinitely. Several monoclonal antibodies against tospoviruses have been
developed. Griep et al. (2000) used recombinant antibody technology in
combination with phage display technology to produce Tomato spotted wilt
virus-specific antibodies. A panel of recombinant single-chain variable an-
tibodies against the N protein and G1 and G2 glycoproteins of TSWV was
retrieved from a human combinatorial scFv antibody library using the phage
display technique. Antibodies were obtained after subcloning the encoding
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DNA sequences in the expression vector pSKAP/S, which allowed the
scFvs to be expressed as alkaline phosphatase fusion proteins. An antibody,
N56-AP/S, at a concentration of 0.1 pg/ml, can detect as little as 1 ng of N
protein of TSWV in a DAS-ELISA. The CL (mouse light-chain) ZIP
(leucine zipper) fusion protein of scFv N56 was an effective coating and de-
tecting reagent in a DAS-ELISA or detection of TSWYV (Griep et al., 2000).

ELISA is commonly used to detect Peanut stripe virus and Peanut mottle
virus in peanut seed and vegetative tissues. Gillaspie et al. (2000) developed
an immunocapture reverse-transcription polymerase chain reaction (IC-RT-
PCR) for detection of peanut virus diseases. Peanut tissue slices were ex-
tracted in a buffer and centrifuged, and a portion of the supernatant was in-
cubated in a tube that had been coated with an antiserum to either PStV or
PeMV. Following immunocapture of the virus, the tube was washed and the
RT-PCR mix (with primers designed from conserved sequences within the
capsid region of each virus) was placed in the same tubes. The IC-RT-PCR
method was more sensitive than ELISA in the detection of peanut viruses
(Gillaspie et al., 2000). Prunus necrotic ringspot virus, Prune dwarf virus,
and Apple mosaic virus affect stone-fruit (plum, almond, apricot, cherry,
and peach) trees. Nonisotopic molecular hybridization and multiplex re-
verse-transcription polymerase chain reaction methodologies have been de-
veloped to detect all these viruses simultaneously (Saade et al., 2000). For
multiplex RT-PCR, a degenerate antisense primer was designed and used in
conjunction with three virus-specific sense primers. The amplification effi-
ciencies for the detection of the three viruses in the multiplex RT-PCR reac-
tion were identical to those obtained in the single RT-PCR reactions for indi-
vidual viruses (Saade et al., 2000). RT-PCR is the most sensitive test for the
detection of Banana bract mosaic virus (BBrMV) in banana plants followed
by the F(ab'), indirect DAS-ELISA and IC-PCR (Rodoni et al., 1999).

The coat protein gene of Grapevine rupestris stem pitting-associated vi-
rus (GRSPaV) was amplified with primers based on a completely se-
quenced GRSPaV isolate. The protein expressed in Escherichia coli was
used to raise an antiserum in rabbit. This antiserum was used to detect the
virus in infected grapevine extracts by dot immunobinding (by spotting on
polyvinyl difluoride membranes) or by Western blot. ELISA was ineffective
in detecting the virus in grapevine (Minafra et al., 2000). Hailstones et al.
(2000) developed a specific seminested RT-PCR assay that detects Citrus
tatter leaf virus in citrus trees. The sensitivity of the assay is at least 500
times greater than that of ELISA-based methods and allows detection di-
rectly from field trees.
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DIAGNOSIS OF VIROID DISEASES

Bidirectional electrophoresis is used to test chrysanthemums for the
chrysanthemum stunt viroid. Molecular hybridization methods are also
used to detect this viroid (Dinesen and van Zaayen, 1996). Primer pairs and
nucleic acid preparations were used with RT-PCR to detect peach latent mo-
saic viroid (PLMVd) from stone fruits (Osaki et al., 1999). PCR methods
are useful in detecting hop stunt viroid in hops, apple scar skin viroid and
pear rusty skin viroid in apple and pear, citrus exocortis viroid in citrus, and
grape viroids in grapes (Henson and French, 1993).

DIAGNOSIS OF PHYTOPLASMA DISEASES

Phytoplasmas are detectable microscopically in phloem by means of
Dienes’ stain (Sinclair et al., 1996). The DAPI (4',6-diamidino-2-phen-
ylindole-2HCL) test is more useful in the diagnosis of phytoplasmas (See-
miiller, 1976). DAPI binds to DNA and causes it to fluoresce under UV. When
longitudinal sections of twigs, petioles, or small roots of ash yellows-affected
Fraxinus and Syringa trees are treated with DAPI and examined with a fluo-
rescence microscope, phytoplasmal DNA appears as blue-white fluorescent
specks or aggregations in sieve tubes, whereas normal sieve tubes remain
dark (Sinclair et al., 1996). The DAPI test is considered nonspecific because
DNA of any organism fluoresces under the test conditions.

Several DNA-based techniques are available to detect phytoplasmas.
PCR is highly useful in detecting several phytoplasmas. PCR primers that
are commonly used are based on sequences in the 16S ribosomal RNA gene
that are common to all phytoplasmas, but do not occur in plants (Lee,
Hammond, et al., 1993). A DNA segment of characteristic size is amplified
from any phytoplasma. The organism is then identified by using this ini-
tially amplified DNA segment as a template for further PCRs using primers
that amplify DNA from only particular phytoplasmas. These primers are
based on nucleotide sequences between the positions of the first primer pair
on the 16S rDNA (Lee et al., 1994).

In another method, the initial PCR product is subjected to restriction
fragment length polymorphism (RFLP) analysis, in which the amplified
segment is digested with certain restriction endonucleases and separated
into fragments by gel electrophoresis. Phytoplasmas in different groups
have different RFLP profiles (Guo et al., 2000). Ash Y phytoplasmas can be
distinguished from others by RFLP analysis of 16S rDNA with the restric-
tion enzyme Alul (Lee, Hammond, et al., 1993).
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Phytoplasmas can be diagnosed by means of DNA hybridizations using
probes that hybridize to group-specific sequences. Immunological tests
were developed to identify phytoplasmas. Monoclonal antibodies to peach
eastern X-disease agent have been developed and their use in disease detec-
tion has been demonstrated (Lin and Chen, 1985). Immunocapture PCR
tests have also been developed to diagnose phytoplasma diseases (Sinclair
et al., 1996).

PLANT CLINICS AND DIAGNOSTIC
SERVICE LABORATORIES

Several plant clinics have been set up in the United States and many other
countries, and they play an important role in crop disease diagnosis. Plant
clinics exist typically as part of a plant pathology department of a state’s
land grant university, as a part of a state’s department of agriculture, or as a
private or commercial service. Clinics operate throughout North America as
the primary source of diagnostic information and as the primary focal point
for the submission of plant-disease specimens (Barnes, 1994). Extension-
university-supported clinics and state department of agriculture clinics rep-
resent the backbone of disease diagnostic services. These clinics routinely
use ELISA-based diagnostic procedures and PCR technology. Many clinics
routinely use highly technical diagnostic procedures. The clinics provide
clients with an accurate diagnosis, and the diagnostic report is sent by mail,
fax, phone, modem, or computer network.

Several diagnostic service laboratories were established in the United
States since the 1970s. They charge a nominal fee for diagnosis. Plant dis-
ease clinics have an instructional component, whereas diagnostic service
laboratories simply diagnose plant diseases (Barnes, 1994).

DIGITALLY ASSISTED DIAGNOSIS

Diseases are recognized mostly by visual disease symptoms. Photo-
graphic images of plant disease symptoms and signs can be useful in diag-
nosis. Modern telecommunications systems permit individuals to share
high-resolution digital images among multiple locations within seconds
(Holmes et al., 2000). These digital-imaging and digital-image transfer
tools are used for crop disease diagnosis. Digitally assisted diagnosis per-
mits long-distance consultation and accurate diagnosis of plant disease
problems. In the United States, the University of Georgia introduced in
1997 the Web-based delivery system for digitally assisted diagnosis, and



Crop Disease Diagnosts 197

they named it Distance Diagnostics through Digital Imaging (DDDI).
County extension offices are provided with a computer, digital camera, dis-
secting and compound microscopes, and have access to the DDDI system.
In cases in which the disease shows unique symptoms, adequate back-
ground information is available, and a high quality digital image is ob-
tained, accurate diagnosis can be made within minutes with the help of ex-
perienced technicians. It is now possible for the grower to send and receive
images from anywhere in the world, including fields, using cellular modems
(Holmes et al., 2000). Several Web sites, which describe digitally assisted
diagnostics programs, are now available: <http://www.dddi.org>, <http://
ddis.ifas.ufl.edu/>, <http://cf.uwex.edu/ces/ag/disdiag>, <http://www.ent.
iastate.edu/rdi>, <http://www.ca.uky.edu/agcollege/plantpathology/PPAExten/
digiimag.htm> (Holmes et al., 2000).
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Assessment of Disease Progress

Epidemiology is the science that describes the progress of a disease as it
becomes epidemic. Depending on the rate of disease progress, diseases are
broadly classified as simple interest and compound interest diseases. Sev-
eral models have been developed to describe the progression of these two
kinds of diseases. The area under disease progress curve (AUDPC) provides
a valid statistical description of disease progress data.

WHAT IS EPIDEMIOLOGY?

A widespread temporary increase in the incidence of an infectious dis-
ease is called an epidemic. A plant disease is described as epidemic when
the amount of disease present increases rapidly from a low level to a high
one. This is in contrast to an endemic disease, which is a disease established
in moderate or severe form in a defined area. For an endemic disease, the
disease level remains almost constant.

The study of epidemic diseases is known as epidemiology. Epidemiology
describes the rapid multiplication of the invading pathogen and the subse-
quent increase in disease levels within a large population of plants that have
no immunity, but varying levels of resistance, to the particular pathogen.
Epidemiology comprehensively analyzes the interaction between the con-
stituents of the disease triangle: the host, the pathogen, and the environ-
ment.

Epidemiology is concerned with diseases in populations, that is, with
host populations interacting with pathogen (or vector) populations. Epide-
miology describes the host population and pathogen population and the ef-
fect of the environment on these populations. The primary goal of epidemi-
ology is to understand the factors that influence disease development,
develop efficient disease management strategies, and reduce losses due to
diseases (Van der Plank, 1963; Leonard and Fry, 1986; Manners, 1993;
Campbell, 1998).
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DISEASE PROGRESS CURVE

The amount of disease present on the plant varies with time, and a rapid
increase in disease incidence and severity with time indicates development
of an epidemic. The progress of a disease may be assessed as disease inci-
dence (proportion of diseased plants in a plant population) or as disease se-
verity (proportion of diseased tissue in a plant). When the results are plotted
against time, the curve obtained is commonly S-shaped. This curve is
known as the progress curve of the disease.

Van der Plank (1963) classified diseases into two kinds, based on the dis-
ease progress curve: simple interest diseases and compound interest dis-
eases. In simple interest diseases, only one cycle of infection and inoculum
production per growing season occur (i.e., they are monocyclic). These dis-
eases are called simple interest diseases because the rate of disease increase
follows simple interest pattern. Simple interest diseases are initiated from a
given inoculum quantity at the beginning of the disease cycle and multiply
once per season, usually to leave a legacy of a much higher quantity of
inoculum in the soil or on planting material in readiness for the next sea-
son’s crop. In these diseases, the amount of inoculum is constant throughout
the season, even though the number of plants infected or the plant tissue area
affected may rise. Examples for these diseases include wilts, some root rots,
and internally seedborne smut diseases, such as loose smut of wheat.

In compound interest diseases, cycles of infection and inoculum produc-
tion occur repeatedly, and thus many disease cycles occur during a growing
season (i.e., they are polycyclic). Compound interest diseases multiply rap-
idly in a season with several generations of spore production. These dis-
eases are called compound interest diseases because the disease increase
follows the pattern of a bank’s compound interest calculation. Examples for
these diseases include rusts, powdery mildews, and other foliar diseases.

Van der Plank (1963) developed two biological models, a monomolec-
ular model and a logistic model, for describing the progression of simple in-
terest and compound interest diseases. The monomolecular model describes
simple interest diseases, whereas the logistic model describes compound in-
terest diseases. The monomolecular model can be written as:

=)
dt
where dy/dt is the absolute rate of disease increase, k is the rate parameter,
and y is the proportion of increase at time (7). The maximum value that y can
reach is assumed to be 1. The model assumes that the absolute rate of dis-
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ease increase is proportional to the amount of healthy tissue remaining at
any given time.
The logistic model can be written as
dy
—=ky(l1-y).
o= h(-y)
In this case, the absolute rate of disease increase is assumed to be propor-
tional to the amount of disease and of healthy tissue present.
Another important model developed to describe the disease progress
curve is the Gompertz model. It is written as

L 1 y[(1n(k)) ~1n()]

where rg is the rate of increase specific to the Gompertz model, & is the max-
imum level of disease, y is the disease at time of observation, and ¢ is the time
interval being considered, and the symbol In indicates natural logarithm.

These three models are often used in a linearized form. The disease prog-
ress curves are transformed to a linear form with the assumption that the
maximum amount of disease, (y,,,x = k), is 100 percent or proportionally
1.0. Linear regression analysis is then used to provide estimates of the initial
amount of disease (y,) and the apparent rate of increase (r). The appropriate-
ness of a model for describing disease progress data is then judged by good-
ness-of-fit criteria, including the magnitude of the coefficient of determina-
tion (R?) and mean square error (MSE) (Campbell, 1998).

Linear models are more useful than nonlinearized models (e.g., the
monomolecular, logistic, and Gompertz models) because the software is
able to perform linear regression analysis quite easily. However, software
for nonlinear regression is now available. The fitting of linear and nonlinear
regression models is based on the same idea, i.e., choosing parameter esti-
mates that minimize the sums of squared errors. Since fewer assumptions
are made with nonlinear regression analysis, this analysis is preferred for
disease progress data (Campbell, 1998).

Other models employed less frequently to assess the disease progress
data include the Weibull, Richards, and Gaussian models. These models are
used to calculate the rate of disease increase, and in some cases meaningful
and more or less constant r values can be obtained. However, in many cases
frequent changes in r values occur due to large fluctuations in environmen-
tal factors. Data on environmental factors have not been incorporated in
these models for analysis.

Many limitations exist in using the Weibull, Richards, and Gaussian
models. For example, they may not be sufficient to describe all disease pro-
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gress curves. If the weather becomes unfavorable for disease development
during the course of an epidemic, a plateau may occur within the disease
progress curve. When new flushes of host growth due to agronomic factors
occur, the disease progress may decline. These models can be useful in
regions where weather conditions are reasonably constant throughout the
period under examination, and where no appreciable number of leaves or
plants are added or removed.

The disease progress curves are useful to assess the development of an
epidemic. In the long run, a high rate of interest is more important than a
large balance in the bank today (Van der Plank, 1963). Similarly, a high rate
of increase (7) will contribute to an epidemic. A modest decrease in r may
prevent an epidemic.

AREA UNDER DISEASE PROGRESS CURVE (AUDPC)

The area under disease progress curve (AUDPC) is an alternative method
that provides a valid statistical description of disease progress data. AUDPC
is the amount of disease integrated between two times of interest, and is cal-
culated without regard to curve shape (Campbell, 1998). It is a valid
descriptor of an epidemic under the hypothesis that injury to a host plant is
proportional to the amount and duration of the disease. AUDPC is calcu-
lated by using the following formula:

AUDPC=2[(}C,~+1 +x,)/2](1,,, 1)
i=1

where x; = proportion tissue affected (disease intensity) at the ith observa-
tion, ¢ = time (days) after inoculation at the ith observation, and n = total
number of observations.  is the sum of areas of all of the individual trape-
zoids or areas from i to n — 1. i and i + 1 represent observations from 1 to n
(Shaner and Finney, 1977).

If the epidemic duration differs, AUDPC values are normalized by divid-
ing the AUDPC by the total area of the graph (= the number of days from in-
oculation to the end of the observation period x 1.0). The normalized
AUDPC is referred to as “relative AUDPC.” Units for AUDPC are days —
proportion or days — percent, depending upon the measure of disease inten-
sity. Relative AUDPC has no units. Greater frequency of disease assess-
ments over time result in a more accurate estimate of AUDPC than when
only a few assessments are made.
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APPARENT INFECTION RATE

The apparent infection rate is useful in assessing the disease in the field.
It is calculated as follows (Van der Plank, 1963):

r=1/t, —t,log [x,(1=x,)/ x,(1-x,)]

where x = the proportion of disease at any one time, x; = the amount of dis-
ease present at time #;, x, = the amount of disease present at time f,, = time
during which the infection has occurred, e = base of natural logs, and r = the
average infection rate/apparent infection rate.
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Factors Involved in Disease Increase

Several environmental factors are involved in the temporary widespread
increase in fungal and bacterial diseases (i.e., epidemic). The life of a fungal
pathogen may be divided into sporulation, dispersal (removal, transport,
and deposition), germination, infection, and incubation phases. Environ-
mental factors involved in all phases of the fungal life cycle are discussed.
Environmental factors affecting bacterial spread and infection are also de-
scribed.

ENVIRONMENTAL FACTORS AFFECTING SPORULATION

Sporulation of fungal pathogens in the host appears to be influenced by
weather factors. The production of ascospores of Mycosphaerella citri on
citrus leaves is greatest from March to July, and few ascospores are produced
thereafter in Florida (Timmer, Roberts, et al., 2000). Moisture, temperature,
humidity, and light influence sporulation. Asexual spores (pycnidiospores)
of Septoria tritici are important in the epidemiological development cycle
of the pathogen in wheat. The production of pycnidiospores is strongly de-
pendent on moisture and temperature (Verreet et al., 2000). Sigatoka (yellow
Sigatoka) and black leaf streak (black Sigatoka) pathogens (M. musicola
and M. fijiensis, respectively) produce conidia abundantly in wet weather or
in dew on the surface of leaf lesions (Burt et al., 1999). Sporulation of the
apple sooty blotch pathogens Peltaster fructicola and Leptodontium elatius
was greatest at relative humidities of 97 to 99 percent (Johnson and Sutton,
2000). The optimum temperature for sporangial production of Phytoph-
thora palmivora on a citrus fruit surface was 24°C, with sporangial produc-
tion decreasing rapidly at higher or lower temperatures (Timmer, Zitko, et
al., 2000). A few sporangia were produced with 18 h of fruit wetness, and
numbers increased as the duration of wetness increased to 72 h (Timmer,
Zitko, et al., 2000). Sporulation on soybean root surfaces infected with
Fusarium solani f. sp. glycines is more frequent during or immediately fol-
lowing high moisture in soil (Roy, 1997). Temperature and moisture influ-
ence the apothecium production of Sclerotinia sclerotiorum, the stem rot
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pathogen of soybean. High light intensity favors the development of apothe-
cia (Sun et al., 2000). Moderate temperatures (14 to 28°C) combined with
high relative humidity (>90 percent) are conducive to conidial production of
Claviceps sorghi (Bandyopadhyay et al., 1998). Sporulation of Pseudo-
cercosporella herpotrichoides, the wheat eyespot pathogen, may occur
within the temperature range 1 to 20°C, with an optimum temperature of
5°C (Fitt et al., 1988). Sporulations of the peanut leaf spot pathogens Cer-
cospora arachidicola and Phaeoisariopsis personata occur on lesions, and
sporulation is favored by high relative humidity (about 100 percent RH) and
temperatures ranging from 24 to 28°C. Sporulation increases with increased
wet period duration (Jacobi et al., 1995). Temperature and wetness duration
have the greatest effect on inoculum production of Botrytis cinerea, the
strawberry gray mold pathogen. The optimum temperature for sporulation
in dead leaf tissue is 18°C, and sporulation increases with longer wetness du-
ration (Sosa-Alvarez et al., 1995).

ENVIRONMENTAL FACTORS AFFECTING SPORE RELEASE

The spore dispersal phase of the pathogen life cycle has three stages: re-
moval, transport, and deposition. Rain, wind, humidity, and temperature
may play important roles in spores release from the host surface. Conidia of
the wheat powdery mildew pathogen Erysiphe graminis may be removed
from infected leaves by wind gusts or by acceleration forces as leaves flap in
the wind. They may also be removed by raindrops, through puff or tap
mechanisms. As a raindrop spreads out on a dry leaf, it generates a puff of
air that may remove dry conidia. The impact (tap) of the raindrop on the leaf
may also release dry spores as kinetic energy is transferred to the leaf. Dry,
airborne conidia of E. graminis are a common component of air spora dur-
ing dry summer weather in the United Kingdom (Fitt and McCartney,
1986).

Pycnidiospores of Septoria nodorum are generally produced in muci-
lage, which prevents their removal from infected wheat plants by wind.
However, during rainy weather, the first raindrops dissolve the mucilage to
leave a spore suspension that is prone to splash dispersal by subsequent
raindrops (Fitt and McCartney, 1986). Lighter or shorter rainfalls enhance
the removal of urediniospores of the wheat leaf (brown) rust pathogen
Puccinia triticina from wheat leaf surfaces (Sache et al., 2000). Ascospores
of the sigatoka pathogen Mycosphaerella fijiensis are produced on older ba-
nana leaves in perithecia sunken into leaf tissues. Under wet conditions,
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spores are released and are dispersed by air. Rainfall, combined with a high
temperature, may lead to peaks of ascospore release (Burt et al., 1999).

The release of large numbers of conidia of the citrus brownspot pathogen
Alternaria alternata from citrus leaves was triggered by sudden drops in rel-
ative humidity or by simulated rainfall events. Vibration induced the release
of low numbers of conidia (Timmer et al., 1998). The release of ascospores
of Anisogramma anomala was monitored over a six-year period in Euro-
pean hazelnut orchards in the United States. The ascospores that were re-
leased were correlated with the amount of precipitation (Pinkerton et al.,
1998). A suction-impaction mini-spore trap was developed to study the
effect of light initiation and decreasing relative humidity (RH) on spore re-
lease of the lettuce pathogen Bremia lactucae in a controlled environment.
Three light periods (from 0400 to 1600, 0600 to 1800, and 0800 to 2000 h,
circadian time) at a constant RH of 99 to 100 percent were used for studying
the effect of light initiation on spore release (Su et al., 2000). Only a few
spores were released during the dark periods. Spore release increased
sharply after the initiation of light periods and reached a maximum 1 to 2 h
after light initiation. When relative humidity (RH) decreased from 100 to 94
percent two hours before light initiation, spore release increased within 1 h.
These results suggest that both light initiation and reduction in RH can trig-
ger spore release of B. lactucae (Su et al., 2000).

The release of ascospores of the grapevine powdery mildew pathogen
Uncinula necator was monitored under natural conditions in France during
afive-year period (Jailloux et al., 1999). Ascospore release always began af-
ter bud burst and generally ended before blossoming. Ascospore release
was always associated with a rainfall higher than 2 mm, a wetting duration
greater than 2.5 h, an average temperature generally above 11°C, and a daily
mean temperature sum from November 1 to the first ascospore release
above 1100°C (Jailloux et al., 1999). The release of ascospores of the sour
cherry black knot pathogen Apiosporina morbosa was dependent on rainfall
and temperature, but not on the duration of wetness (McFadden-Smith et al.,
2000). Byrne et al. (2000) showed that fluctuations in relative humidity (ei-
ther positive or negative) increase the release of conidia of Oidium sp. in
poinsettia under greenhouse conditions in the United States. Watering re-
sulted in an immediate increase (25 percent) followed by a rapid decrease in
RH (32 percent) beginning 1 to 2 h later. Conidial release increased by about
89 percent within 3 h following greenhouse watering (Byrne et al., 2000).
Cool, wet weather in the fall and spring provides conditions conducive to
ascospore release of Sclerotinia sclerotiorum, the cabbage stem rot patho-
gen (Hudyncia et al., 2000).
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ENVIRONMENTAL FACTORS
AFFECTING SPORE DISPERSAL

Wind and rain are the important factors involved in spore dispersal.
Urediniospores of Puccinia triticina are responsible for epidemics of leaf
rust. The spores are wind-borne. Local dispersal of urediniospores within a
wheat canopy from an infection focus occurs most efficiently (dispersal to
greater distances before becoming deposited) when the wind direction is
perpendicular to the wheat rows, rather than when it is parallel to them. The
resistance of wheat plants creates a turbulence that tends to lift spores into
the airspace just above the canopy and keeps them suspended for a longer
period of time. This may allow the spores to travel further before settling
back into the canopy and being deposited on the tissues of wheat plants or
the soil beneath them (Kramer and Eversmeyer, 2000). Light rain is able to
wash airborne Puccinia triticina spores from the atmosphere and deposit
them on wheat leaves. However, violent or extended rain events inhibit fur-
ther spore production and removal for more than six hours. Rain can clear
out the spore load in the atmosphere within 50 minutes. Susceptible trap
plants exposed during violent rain events are much less infected by rain than
those sheltered from rain, indicating that rain is able to wash off spores al-
ready deposited on leaves by incidental raindrops (Sache et al., 2000). Thus,
rainfall patterns may decide the spread of the spores.

The urediniospores of the wheat stem rust pathogen Puccinia graminis f.
sp. tritici are carried long distances by the wind. In the United States, it has
been reported that the spores can travel more than 1,000 miles in about two
days. Spores from Texas spread throughout the Midwest and into Canada
annually (Roelfs, 1985). Rust spores are carried by wind from Australia to
New Zealand. In India, urediniospores from South India are carried through
cyclonic wind to North India, crossing thousands of miles; the path is called
Puccinia path. Seasonal rain in India washes the spores from the atmosphere
and deposits them on wheat leaves.

Venturia inaequalis, the apple scab pathogen, survives the winter in dis-
eased apple leaves on the ground. Pseudothecia and ascospores develop in
these fallen leaves. Ascospores produced on diseased leaves in the leaf litter
are released into the air at ground level from ascus. The great majority of as-
cospores are propelled less than 1 cm into the air. Once airborne, they are si-
multaneously transported downwind by the horizontal motion of the wind
and diffused vertically by turbulent fluctuations. A portion is also deposited
on the vegetation and ground. Spore concentration decreases rapidly with
height above the ground and with increasing downwind distance from a
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source. The rapid decrease of ascospores in the air with increasing distance
and height is due to wind shear, turbulent diffusion, and losses due to wash-
out by rain. The ascospores are deposited onto plant surfaces either by rain-
drops containing ascospores or by impaction and sedimentation of asco-
spores that are contained in the air (Aylor, 1998). Rain plays a major role in the
long-distance (several km) transport of ascospores. Rain tends to reduce the
effect of spore dilution in the vertical direction because raindrops sweep
through the entire column of air containing spores and bring the spores to the
ground (Aylor, 1998). The effect of rain on ascospore dispersal was further
studied in Italy in detail (Rossi et al., 2000). Rain events were the only oc-
currences that allowed ascospores to become airborne. A rain event is a
period with measurable rainfall of >0.2 mm/h lasting one to several hours,
uninterrupted or interrupted by a maximum of two dry hours (Rossi et al.,
2001). In the absence of rain, dew is insufficient to allow ascospores to disperse
into the air. In some cases, rain events did not cause ascospore dispersal, in-
cluding when rain fell at night and was followed by heavy dew deposition
that persisted some hours after sunrise (Rossi et al., 2001). The intensity of
rain may determine the amount of spores dispersed. A rain density of 30 mm/h
results in significantly greater rain-splash dispersal of Colletotrichum acu-
tatum spores infecting strawberry (Ntahimpera et al., 1999).

The pycnidiospores of the glume blotch pathogen Stagonospora nodor-
um (Septoria nodorum) are dispersed by rain splash from lower infected
leaves to successively higher (younger) leaves (De Wolf and Francl, 2000).
Vertical and horizontal spread of conidia of Septoria tritici, a wheat patho-
gen, takes place through the kinetic energy of striking raindrops. Dispersal
and infection takes place when total precipitation exceeds 10 mm within
three days, or total precipitation exceeds 5 mm over two days, and there ex-
ists a continuous three-day-long leaf wetness period (Verreet et al., 2000).
The conidia of the banana sigatoka pathogen Mycosphaerella fijiensis are
dispersed by water droplets to other leaves (Burt et al., 1999).

MEASUREMENT OF SPORE DISPERSAL

The accuracy of a spore dispersal model depends, to a large extent, on the
quality of the experimental data on which it is based or with which it is
tested. Spore samplers (spore traps) are used for estimating the number of
airborne or splash-borne spores. Different types of spore samplers are avail-
able. Spore samplers may collect spores on dry, sticky surfaces or in liquids.
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They may be passive, collecting the spores that reach them, or volumetric,
sampling a known volume of air. The following are important spore traps.

Dry samplers:
Passive spore traps—Horizontal slide, vertical cylinder, volumetric
cylinder
Volumetric spore traps—Burkard, Cascade impactor, Rotorod, Hirst
Liquid samplers:
Passive spore traps—Funnel
Volumetric spore traps—Cyclone, Impinger

In the horizontal slides and volumetric cylinders, spores are collected on
a surface coated with an adhesive such as Vaseline, on which spores do not
germinate. In Hirst and Burkard spore traps, air is sucked into the traps at a
controlled rate and impinged onto a sticky surface moved by a clockwise
mechanism past the orifice. Thus, the number of spores per unit volume of
air at any given time can be calculated.

The Cascade impactor is similar to the Burkard trap in its function. The
Rotorod sampler consists of a U-shaped rod attached at its midpoint to the
shaft of a small, battery-operated electric motor. The surface of the rod is
covered with a Vaselined strip of transparent cellophane, which can be
stripped off and mounted. From the area of the strip and the speed of rota-
tion, the volume of air sampled can be calculated. In Cyclone and Impinger
spore traps, spores are impacted by air suction into the samplers.

Living plants are also used as spore traps. The number of pustules devel-
oped on plants exposed for a given time (usually 24 h) and then returned to a
clean air chamber for incubation are counted to assess the spore load in the
air. A mobile nursery containing seedlings of the differential hosts for the
pathogen is exposed in the field for a suitable time, and the plants are re-
moved to optimum concentrations for incubation in a spore-proof glass-
house. The physiologic races to which any pustules belong are then re-
corded.

The choice of spore sampler depends on biological factors such as the
mode of spore spread, spore size, and spore concentration in the air. When
sampling above crops, it is necessary to use an inertial sampler to collect dry
airborne spores. Vertical cylinders, Burkard traps, and Hirst traps collect
many more spores per square centimeter than horizontal slides. Because
impaction efficiencies of small spores are small, a volumetric sampler
(Burkard, Hirst, Cascade impactor, Rotorod) will sample spores better than
a passive vertical cylinder, particularly at low concentrations and low wind
speeds.
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Venturia inaequalis ascospores (measuring 14 x 7 pm) can be collected
more easily using Burkard and Rotorod samplers than using sticky cylin-
ders. However, simple cylinders are appropriate samplers for spores such as
those of Erysiphe graminis, which are large (30 x15 um), present in high
concentrations, and dispersed at high wind speeds. Volumetric suction sam-
plers may underestimate concentrations of the largest pathogen spores, such
as those of Helminthosporium and Alternaria, and the cylinders may be
better samplers for them.

In choosing samplers for spores carried in splash droplets, the size of the
droplets is more important than the size of the spores themselves. The range
of particle sizes to be sampled is greater than those of dry airborne spores.
Spore-carrying droplets may be 10 to 1,000 um in diameter, and different
samplers may be required for the efficient sampling of different sizes of
droplets. Spores of many splash-borne pathogens are mostly carried in large
ballistic droplets. Samplers appropriate for dry airborne spores are gener-
ally unsuitable for collecting large spore-carrying droplets because the
spores can be washed off vertical sampling surfaces. Horizontal slides (un-
der rain shields to prevent wash off), funnels (draining into beakers), and
impingers collect more such spores. Slides probably lose some spores
through runoff. Funnels collect most spores, but the liquid samples require
concentration before spores can be counted. The impinger collects more
spores per square centimeter than the funnel, but requires power to operate
its suction pump. Small, airborne spore-carrying droplets, which are gener-
ally present in low concentrations, would not be collected efficiently by
samplers with horizontal sampling surfaces near ground level. Volumetric
suction samplers, such as impingers or high volume cyclone separators, are
more appropriate.

The positioning of spore samplers (traps) in the field depends on the po-
sition of the source of spores, the mode of spore dispersal (especially
whether spores are airborne or in ballistic splash droplets), and the type of
samplers used. The number of spores of Erysiphe graminis collected by suc-
tion samplers, which measure the airborne spore concentration, decreased
rapidly with height above a barley crop (Bainbridge and Stedman, 1979).
Similarly, the numbers of spores collected on horizontal slides (mostly by
impaction) increased. This increase was due to the increase in wind speed
with height, and these differences between samplers illustrate that it is im-
portant to understand the sampling characteristics of a device before inter-
preting the results it gives (Bainbridge and Stedman, 1979). All three sam-
pler types, i.e., suction samplers, vertical cylinders, and horizontal slides,
collected fewer spores when positioned further upwind or downwind of the
barley crop. Such decreases in the number of spores collected with a dis-
tance, or spore dispersal gradients, are extremely important in disease
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spread and in epidemiological models. The upwind gradient was steeper
than the downwind gradient, which is usually the case for airborne spores.
Splash-dispersed spores usually show a steep gradient, both with height
above and with distance away from a source (Bainbridge and Stedman,
1979).

Therefore, for measurement of background airborne spore concentra-
tions, samplers should be placed above and away from active sources of
spores. For measurement of spore dispersal gradients, they should be close
to the source, particularly when splash-dispersed spores are being studied.
With ground-level sources, samplers must be near the ground. When spore
dispersal within crops is of interest, they should be positioned so that there
is minimum disturbance to the crop, although there must be some gap
around the sampler so that infected leaves do not rub against it.

The decreases in the concentrations of spores with distance from and
height above a strip of infected plants suggest the existence of spore dis-
persal gradients. The decreases in spore concentration with distance away
from a source result in spore deposition gradients as portions of the spore
clouds are deposited on the ground or crops. These gradients are important
in determining the rate of spatial spread of epidemics.

DISEASE GRADIENTS

Although disease progress curves represent disease development in time,
disease gradients represent disease development in space. The nature of a dis-
ease gradient in any one disease depends on the dispersal method adopted by
the pathogen and on the nature and stage of development of the host. A dis-
ease gradient will occur when the primary source of infection is a focus.
This may consist of what is virtually a point source, such as a single lesion,
of an area, a patch of disease within a crop, or of virtually a line, such as a
hedgerow. When the source is uniformly distributed over a crop, as is the
case with a cloud of spores blown by the wind from a large, distant source,
no gradient will occur.

Various equations have been used to describe disease gradients (Mundt,
1989). The following two formulae are widely used.

The inverse power law: y =as — b
The negative exponential law: y = ae — bs

For these formulae, y is the amount of disease at a distance (s) from the
source, a is a function of the total disease amount, b is the slope of the line,
which is obtained when the data are transformed (using a log — log or log —
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linear transformation) to obtain an approximation to a straight line, and e is
the basis of logarithms.

Gradients for some dry airborne spores fit the power law model better
than the exponential model, while data for others fit an exponential model
better. Such gradients are always steep. When multiple foci occur, the analy-
sis of disease spread is complex (Mundt, 1989).

ENVIRONMENTAL FACTORS AFFECTING SPREAD
OF BACTERIAL PATHOGENS

Xanthomonas axonopodis pv. citri, the citrus canker bacterial pathogen,
appears in rainwater running over the surfaces of lesions and splashing onto
new shoots. The pathogen enters the host tissues through stomata or wounds.
Storms such as typhoons or hurricanes encourage outbreaks of citrus can-
ker. Rainstorms favor distant dispersal of the bacteria. The pathogen can be
dispersed in small raindrops also. Disease spread is independent of wind di-
rection because rain-splash dispersal and rapid development of secondary
foci of disease prevail. In contrast, windblown rain is responsible for the
highly directional spread from a disease focus in the orchard. Subsequent
spread from secondary loci is rapid and in many directions (Graham and
Gottwald, 1991). Young citrus canker lesions rapidly exude up to 105-100
colony forming units per lesion within hours after wetting. Wind-driven rain
and water-soaking of tissue appear to be essential for dissemination and in-
gress of bacteria and for epidemic development of citrus canker.

In the case of rice bacterial blight caused by Xanthomonas oryzae pv.
oryzae, bacterial cells ooze from fresh lesions whenever dew or rain occurs.
The drops dry to become minute beads that easily fall into water in the field.
The bacteria are carried by irrigation water from field to field. Splash dis-
persal of the pathogen has been demonstrated (Mundt et al., 1999).

ENVIRONMENTAL FACTORS AFFECTING INFECTION
AND DISEASE DEVELOPMENT

The severity of citrus Alternaria leaf and fruit spot disease is positively
related to the amount of rainfall, duration of leaf wetness, and average daily
temperatures (Timmer et al., 1998). Moisture appears to be a critical ele-
ment in favoring Tilletia indica infection of wheat kernels. Teliospore ger-
mination requires at least 82 percent relative humidity and, preferably, free
water. Several rainy days during the flowering stage favor disease incidence.
The longer the period of high relative humidity and rainy weather, the greater
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the number of seeds infected. Moisture at the time of flowering is the most
critical factor in establishment of the disease (Bonde et al., 1997).

Wetness duration, temperature, and light conditions determine the epi-
demic of wheat stripe rust (Puccinia striiformis) disease. Rain events also
determine disease incidence. Light and short rainfall enhances disease inci-
dence, whereas heavy violent and extended rain events decrease disease
incidence (Vallavieille-Pope et al., 2000). Under high temperature and pro-
longed leaf wetness periods, infection by Mycosphaerella fragariae be-
comes severe in strawberry. The number of lesions on young leaves in-
creases gradually from 5 to 25°C and decreases sharply from 25 to 30°C.
The optimal temperature for infection is 25°C. But for most temperatures, a
minimum of 12 h of leaf wetness is necessary for infection (Carisse et al.,
2000).

Relative humidity and rainfall appear to contribute to the development of
wheat leaf and glume blotch disease epidemics (De Wolf and Francl, 2000).
Leaf wetness periods of more than 48 h and relative humidity greater than
98 percent result in epidemics of the disease caused by Seproria tritici in
wheat (Verreet et al., 2000). The optimal temperature of pycnidiospore ger-
mination is in the range of 22 to 24°C. Infection is high at a temperature be-
tween 16 and 21°C. Around 7°C, infection is inhibited (Verreet et al., 2000).
The optimal temperature for development of potato common scab disease
(Streptomyces scabies) is about 20°C. Low soil moisture increases disease
incidence. Soil characteristics can greatly affect the severity of potato scab.
Scab is most severe in soils with a pH of 5.2 to 7.0 (Loria et al., 1997).
Ascospores of Monosporascus cannonballus germinate in cucurbit rhizo-
sphere. Optimum germination occurs at temperatures ranging from 25 to
35°C. The ascospore population within 500 pm of a root is capable of ger-
mination and subsequent penetration of cantaloupe roots. The fungus multi-
plies in the root tissues and brownish lesions appear (Stanghellini et al.,
2000). Rainfall greater than 10 mm and a maximum temperature greater
than 5°C during this favorable period can result in peach leaf curl (Taphrina
deformans) disease incidence (Giosue et al., 2000). Daytime vapor pressure
deficit and nighttime temperature have the greatest effect in strawberry
flower infection by Botrytis cinerea. Infection is favored by low day vapor
pressure deficit and high night temperature (Xu et al., 2000).

The optimum temperature for germination of conidia of Cercospora
arachidicola, the peanut early leaf spot pathogen, is 19 to 25°C, and the
conidia require free water for germination. Periods of leaf wetness exceed-
ing 10 h and minimum temperatures during the wetness period above 21°C
are the most crucial conditions for early leaf spot disease development
(Jacobi et al., 1995). High relative humidity favors development of pear leaf
scab caused by Venturia pirina. The length of the dry period reduces disease
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severity. No scab lesions occur if leaves are dry for more than 12 h (Villata
et al., 2000b). Disease severity increases with increasing leaf wetness dura-
tion. The optimum temperature for infection is 20°C (Villata et al., 2000a).
When the winter is cold and rainy, the onset of V. pirina epidemics occurs
earlier in the season, and disease intensity reaches the highest levels. In
warm and less rainy winters, the onset of epidemics is delayed and the epi-
demic is less extensive (Sobreiro and Mexia, 2000).
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Forecasting Models

Several disease-forecasting models were created to help develop deci-
sion support systems for timing chemical applications to control fungal and
bacterial diseases. The important forecasting models developed are de-
scribed here.

A model is any representation of an object, system, or idea in some form
other than that of the entity itself. Models are by necessity limited sections
of reality, having some but not all of the properties of real-life situations.
Models are seldom complete, and modeling is an iterative (repetitive) pro-
cess in which the model provides a closer and closer approximation of real-
ity with each successive iteration. Thus, a model is never an end point in it-
self (Teng, 1985).

TYPES OF MODELS

Analytic Models

Different types of epidemic models exist, including analytic, simulation,
empirical, and hybrid models. Analytic models are used to analyze epidem-
ics on a theoretical basis without taking into consideration the effects of ex-
ternal variables. They are mathematical models that attempt to describe epi-
demics as a whole by single mathematical equations. They are also called
statistical models or biological models. Statistical models are mathematical
formulas with parameter values that have been chosen to adequately de-
scribe disease progress for specific data sets, but lack a precise biological in-
terpretation. Weibull, Richards, Gompertz, and Gaussian models are also
mathematical models. Biological models are also mathematical models but
are based on prior assumptions about the mechanism of disease increase.
Monomolecular and logistic models are biological models. These models
are mostly theoretical or simple regression models. They are also called
“synthetic models” by Van der Plank (1984).
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Simulation Models

Simulation is the process of designing a model of a real system and con-
ducting experiments with this model for purposes of either understanding
the behavior of the system or evaluating various strategies for the operation
of the system (Teng, 1985). Simulation models try to mimic observed epi-
demics or certain aspects, such as spore dispersal, that are influenced by
measured meteorological conditions (Hau, 1990). Simulation models are
generated by creating conditions for the development of epidemics and car-
rying out experiments on different aspects of disease increase. In the simu-
lation approach, differential equations are composed by considering the life
cycle of fungal pathogens, by compartmentalizing the various components
of the life cycle (e.g., sporophores, spores, dispersed spores, lesions), and by
specifying the rates of change of each variable (Leonard and Fry, 1986). For
example, a simulation model to analyze the epidemiology of potato late
blight was developed (Bruhn and Fry, 1981). Both the number of lesions and
the mean surface area of lesions in each age class were simulated in re-
sponse to the environment, host factors including cultivar resistance, and
fungicide application. The simulation model included the deposition and
weathering rate of the fungicide chlorothalonil, the fungicide application
method and dosage, interactions with plant growth and architecture, and en-
vironmental effects such as rainfall. Simulation models are concerned only
with particular, or a set of particular, behaviors and hence may not be suited
for the development of theories concerning the real system.

Empirical and Hybrid Models

These models are based on actual experiments and observations and not
on theory or simulation. Empirical models are complex models that attempt
to mimic many environmental factors and other influences.

Hybrid models that combine analytic and simulation approaches are also
being developed.

SPECIFIC MODELS
Potato Late Blight Forecasting Models

Several models were developed to forecast late blight of potato (Phy-
tophthora infestans). The earliest forecasting model was developed by van
Everdingen (1926). The model is based on four criteria known as “Dutch
rules.” The Dutch rules prescribe the following conditions to indicate the
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time to apply control measures against the disease: the occurrence of dew
for at least four hours at night, a minimum temperature of 10°C, a mean
cloudiness on the next day of 0.8 or more, and at least 0.1 mm of rain in the
following 24 h. The Dutch rules were initially used in the United Kingdom.
Beaumont (1947) modified these rules to state that when there are two days
with a minimum temperature not less than 10°C and relative humidity not
below 75 percent, the growers in the vicinity should begin routine spray pro-
grams. These two days were recognized as the Beaumont period, and it be-
came the standard blight warning system in the United Kingdom until the
mid 1970s.

“Irish rules,” formulated by Bourke (1953), prescribe the following crite-
ria to be satisfied for an outbreak of late blight: a humid period of at least
12 h with the temperature at least 10°C and relative humidity (RH) 90 per-
cent or above (conditions favorable for sporangia formation), and free mois-
ture on the leaves for a subsequent period of at least 4 h (conditions favor-
able for germination and reinfection). If there is no rainfall, the alternative
requirement is for a further 4 h beyond the initial 12 h with an RH of at least
90 percent.

Smith (1956) came out with another model describing the critical two
days to forecast the late blight epidemic. Temperature and humidity require-
ments of disease development have been deduced after several years of
studies, and have been incorporated into Smith periods. A Smith period is
defined as two consecutive days (ending at 0900 hours) when the tempera-
ture has not been less than 10°C and the relative humidity has been above
90 percent for at least 11 hours of each day. In the United Kingdom, Smith
periods are used to forecast disease incidence. Notifications of Smith peri-
ods are issued by the Agriculture Development Advisory Service (ADAS)
of the British government and communicated through television, bulletins,
and farming press.

In the United States, a computerized forecast called BLITECAST was
developed (Krause et al., 1975). It is based on temperature and relative hu-
midity thresholds. Data required for BLITECAST include daily maximum
and minimum temperatures, the number of hours when relative humidity is
equal to or above 90 percent, the maximum and minimum temperature dur-
ing the period when RH is 90 percent and above, and the daily rainfall figure
to the nearest 1 mm. The program is available on microcomputer, which is
coupled to a weather data logger. The system is available in the potato field
itself. BLITECAST advises not only the date to begin spraying, but also the
timing of subsequent applications.

In Denmark, Hansen et al. (1995) developed a forecasting model called
NEGFRY. The model takes into account cultivar susceptibility, emergence
date, and irrigation to advise on the date of first fungicide application and
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timing of subsequent sprays. The BLITECAST system was modified by in-
corporating host resistance and fungicide weathering, and this system was
called SIM-CAST (Fry etal., 1983). SIM-CAST uses a decision rule similar
to that of BLITECAST, i.e., accumulating disease severity values, but does
not forecast the occurrence of the first spray (Grunwald et al., 2000). The
SIM-CAST system was equally effective when compared to BLITECAST
(Hijmans et al., 2000). Similar systems have been reported in several Euro-
pean countries. The BLITECAST system can also be used in tomato to fore-
cast late blight in this crop.

Tomato Early Blight Forecasting Models

A forecaster of Alternaria solani on tomato (FAST) was developed to
identify periods when environmental conditions are favorable for early
blight development and provide an efficient fungicide application schedule
(Madden et al., 1978). Daily weather data (maximum and minimum air tem-
perature, hours of leaf wetness, maximum and minimum temperature dur-
ing wet periods, hours of relative humidity more than 90 percent, and daily
rainfall) are used for forecasting. FAST consists of two submodels: the dew
model and the rain model. Each submodel calculates a daily rating of the se-
verity of risk of an early blight outbreak. The dew model is based on the du-
ration of wet periods and average air temperature during the wet periods.
The hours of leaf wetness and mean air temperature during the wet period
are combined to derive disease severity (S) values. The S values are rated
daily from zero (conditions unfavorable for A. solani spore formation) to
four (conditions highly favorable for spore formation). The rain model uses
average air temperature for the last five days, total hours during the past five
days with RH >90 percent, and total rainfall for the past seven days to calcu-
late disease severity rating values from zero (conditions unfavorable for A.
solani spore formation and infection) to three (conditions highly favorable
for spore formation and infection) (Gleason et al., 1995). The forecasting
program analyzes daily environmental data and maintains a record of the
(1) total of all S values (TS) since the beginning of the growing season,
(2) seven-day cumulative severity value (CS) calculated by totaling S values
for the past seven days, and (3) five-day cumulative rating value (CR) calcu-
lated by totaling R values for the past five days. The first early blight spray
application is recommended when TS reaches a “critical level” of 35 and the
plants are in the field for at least five weeks. Subsequent fungicide applica-
tions are scheduled when CS or CR equal or exceed prespecified critical
limits (Madden et al., 1978). The program was computerized for rapid and
accurate analyses. The FAST system has resulted in lower fungicide appli-
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cation than is used in commercial fields, without sacrificing disease control
and crop yield (Gleason et al., 1995). The FAST system has been modified
during the past two decades because of feedback from the field and fine-
tuned. A modified FAST program called TOM-CAST (Tomato Forecaster)
has been developed (Gleason et al., 1995). In this system, the disease sever-
ity values (DSVs) are calculated solely on the basis of the dew model of
FAST. Another departure from the FAST model is to sum DSVs, after the
first fungicide spray, from the date of the last spray rather than over a five- or
seven-day time window as in FAST (Gleason et al., 1995). TOMCAST can
be used, not only for early blight prediction, but also to advise growers when
to apply fungicides to control anthracnose and Septoria leaf spot. Use of the
forecasting model TOM-CAST results in lower fungicide application and
results in high quality fruit (Hong et al., 2000).

Apple Fire Blight Forecasting Models

An American predictive model, MARYBLYT, predicts the occurrence of
fire blight. The predictive criteria used for blossom blight are: (1) accumula-
tion of at least 110 degree hours >18.3°C starting at full pink in apples;
(2) an average daily temperature of >16.6°C; (3) a wetting event with 0.25
mm rain on the day before or wetness of >6 hours; and (4) flowers must be
open with petals intact. All four conditions need to be fulfilled on the same
day for an infection event to occur. These predictions match observed fire
blight incidences (Gouk et al., 1999). This model has been used for the past
18 years in the United States and it accurately predicted the occurrence of
blossom blight in orchards.

Another predictive program, FireWork, implements MARYBLYT rules
using software written in Delphi 4 for Windows 95 and Windows NT. The
program is driven by weather data stored in the Orchard 2000 weather data-
base. This program is accessible to farmers for orchard management deci-
sions about antibiotic spray timing (Gouk et al., 1999). Several other fire
blight prediction models are available. Three fire blight predictive models,
MARYBLYT, Cougarblight (Smith’s model), and the Mean Temperature
Line model, were compared to predict fire blight incidence in California.
The models accurately predicted low fire blight potential during the suscep-
tible bloom period (Holtz et al., 1999). Rain events during this period were
associated with cold temperature, which reduced disease potential. Warm
rain (>16° C) favors disease incidence (Holtz et al., 1999).

An automated weather and fire blight model system was developed and
is currently being used by farmers in Pennsylvania. Simulated weather data
available for past, present, and future weather events are interfaced with dis-
ease models. The weather information is provided as both “observed” and
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“forecast” for specific farm locations. In addition, the growers receive daily
fire blight alerts, which include a record of the fire blight infection risk for
the previous days in the month and a seven-day forecast of the fire blight
risk. The growers receive simulated weather reports and daily disease risk
alerts for fire blight via e-mail or fax. It was reported that the growers found
the simulated weather and fire blight alerts useful (Travis et al., 1999).
Billing (1980) developed a system in Europe to predict when outbreaks
of fire blight would likely be found in the field. The method is based on ex-
perimental studies of the growth rate of E. amylovora in vitro and historical
fire blight outbreaks in southeast England. This model determines the po-
tential doubling of bacteria (PD) from daily maximum and minimum tem-
peratures. The PD values are used to determine the duration of an incubation
period. The incubation period is completed and infection should be appar-
ent in the field when the PD value accumulated from an infection day ex-
ceeds a certain threshold determined by temperatures and rainfall (Billing,
1980). This system was further modified and Billing’s Revised System
(BRS) and Billing’s Integrated System (BIS95) were developed (Billing,
1999). BIS95 aims to assess risks during the growing season, including low
and high incidence risks. For simplicity, degree day sums are used in this
BIS95 system. Following a warm period, wetting of flowers by dew is suffi-
cient for infection. When temperatures are high (>27°C), blossom infection
may occur without wetting. Degree day sums above a temperature of 13.0°
have provided good guidance on times when, following infection, early
signs of disease may be seen. The critical degree day sum for apple blossom
blight is suggested to be >47 (Billing, 1999). BIS95 provides rules based on
both weather data and field infection data. The efficacy of both MARYBLYT
and BIS95 systems were compared for their relative efficacy in prediction of
fire blight in Hungary and Turkey. Both the MARYBLYT and BIS95 sys-
tems were equally useful in providing guidance for obtaining daily results
about the progress of different infection events, including symptom devel-
opment, and for making decisions on control. The Cougarblight Fire Blight
Risk Assessment Model was developed in the Northwest United States to
address the daily fire blight infection risk in orchards (Smith, 1999). Host
susceptibility, relative pathogen presence, and potential growth rate of bac-
terial colonies on stigma were all addressed prior to potential flower wet-
ting. This model is successfully used by growers in the Pacific Northwest.

Citrus Postbloom Fruit Drop and Anthracnose Forecasting Model
The citrus postbloom fruit drop and anthracnose (Glomerella cingulata)

forecasting system was developed in Florida (Timmer and Zitko, 1993). The
most important parameters in disease prediction were the number of af-
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fected blossoms already on the tree (inoculum availability) and rainfall dur-
ing the previous five days. Timmer and Zitko (1993) developed the follow-
ing equation to predict the disease 3 to 4 days in advance:

y=-7.5+ 128 (TD)” + 0.44 (R x 100) *2

where y = predicted percentage of flowers affected, TD = total number of
flowers affected on 20 trees, and R = rainfall total (mm) for the last five
days. Sprays should be applied when more than 20 percent disease is pre-
dicted. Model-based decisions on fungicide applications result in reduced
disease, large increases in fruit production, and elimination of unnecessary
sprays (Timmer and Zitko, 1996).

Grapevine Downy Mildew Forecasting Models

Several forecasting models have been developed to predict downy mil-
dew (Plasmopara viticola) epidemic in grapevine. The prediction systems
were based on a detailed simulation of the disease cycle (Park et al., 1997),
simplified models of one or more components of the disease cycle that can
be used to predict a relative risk of disease development (Ellis et al., 1994),
or empirical models based on long-term climatic conditions, with little di-
rect appraisal of the disease cycle (Vercesi et al., 1994). Some of these pre-
diction systems (such as EnviroCaster) are sold commercially as electronic
predictive systems (Ellis et al., 1994). An electronic warning system based
on models for the infection of leaves of the American grape, Vitis lam-
brasca, production of sporangia by P. viticola in lesions, and sporangial sur-
vival has been found to be useful to plan strategies for control of the disease
(Madden et al., 2000).

Wheat Tan Spot Forecasting Model

De Wolf and Francl (2000) developed a model to predict wheat tan spot
(Pyrenophora tritici-repentis) epidemic. A leaf wetness period of more than
ten hours and precipitation of more than 3.4 mm are highly correlated with
the tan spot epidemic. Leaf wetness duration and precipitation predicted
validation cases of tan spot with about 72 percent accuracy in a sensitive
analysis of single independent variable disease forecasting models (De Wolf
and Francl, 2000). When the leaf wetness duration variable was withheld
from the disease-forecasting model, prediction accuracy on validation cases
decreased by 20 percent compared to the full model.



232 CONCISE ENCYCLOPEDIA OF PLANT PATHOLOGY
Wheat Septoria Forecasting Model

A Septoria forecasting model (Septoria-Timer) was developed (Verreet
etal., 2000). The Septoria-Timer is placed in the crop at the beginning of the
vegetation period. The equipment consists of a sensor for the detection of
leaf surface wetness and a datalogger. From the subsequent information, the
starting point for Septoria tritici infections is calculated on the basis of a
leaf wetness period of more than 98 percent. The result is then shown via an
easily read display. After a Septoria warning is given, the initial outbreak
has to be diagnosed and quantified. If both criteria for infection are fulfilled
(warning given by the Septoria-Timer and an initial infection >50 percent
disease incidence), a fungicide application is recommended (Verreet et al.,
2000).

Peanut Early and Late Leaf Spot Forecasting Models

A peanut early leaf spot disease (Cercospora arachidicola) forecasting
system (Early Leaf Spot Advisory) was developed in Georgia in 1966 using
the duration of relative humidity >95 percent and the minimum temperature
during the high humidity period (Jensen and Boyle, 1966). This system was
later computerized and designated as 81-ADV. This system has been used
successfully in Virginia. A second advisory system (89-ADV) was devel-
oped in Virginia and has replaced the 81 ADV. A survey showed that 94 per-
cent of peanut growers in Virginia used the 89-ADV system (Phipps, 1993).
A predictive system using an EnviroCaster weather monitoring station and
microprocessor was developed for late leaf spot (Phaeoisariopsis person-
ata). This model is based on the accumulation of hours of leaf wetness. An-
other model, AU-Pnuts advisory was developed by Auburn University in
Alabama in 1995 (Jacobi et al., 1995). The model was developed to sched-
ule initial and subsequent fungicide applications for control of both early
and late leaf spots of peanut. The advisory uses the number of days with pre-
cipitation greater than 2.5 mm and National Weather Service precipitation
probabilities to predict periods favorable for development of early and late
leaf spot.

Strawberry Gray Mold Forecasting Models

Three forecasting systems for strawberry gray mold (Botrytis cinerea)
have been developed (Xu et al., 2000). The models were developed to relate
fungal inoculum and weather conditions to the incidence of flower infec-
tion; by inoculum only, by weather variables only, and by both inoculum
and weather variables. Models using weather variables only gave more ac-
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curate predictions than models using inoculum only. Models using both
weather variables and inoculum gave the best predictions, but the improve-
ment over the models based on weather variables only was small. Hence,
models based on weather variables (low day vapor pressure deficit and high
night temperature) will be highly useful in prediction of the disease (Xu
et al., 2000).

Pear Brown Spot Forecasting Model

A forecasting model (BSPcast) was developed for the prediction of pear
brown spot (Stemphylium vesicarium) (Llorente et al., 2000). This forecast-
ing system is based on an empirical model. In this model, daily wetness du-
ration (W) and mean air temperature during wetness periods (7) are used to
compute a daily disease severity (S) according to the following equation:

Log,((8)=-1.70962 + 0.0289T + 0.04943W +
0.00868TW — 0.002362W2 — 0.00023872W

Since the maximum daily disease severity predicted by the equation is
3.7942, relative daily infection risk (R) is calculated as:

R =5/3.7942

Therefore, R ranged from O to 1. The three-day cumulative daily infection
risk (CR) was computed by totaling R values for the past three days and was
used as an action threshold for spraying fungicides.

Mango Anthracnose Forecasting Models

Two predictive models were developed to predict mango anthracnose
(Colletotrichum gloeosporioides). Fitzell et al. (1984) studied the require-
ments of temperature and wetness duration for the production of dark
appressoria from conidia applied to detached young mango leaves under
laboratory conditions. They obtained the following equation:

Y=1InP/qg=-16.114 + 1.120T - 0.022572 + 1.0862 In ¢

Where P = percentage of conidia forming dark appressoria, 7= temperature
(C), t=wetperiod (h), and g = 100 — P. The symbol In indicates natural loga-
rithm. This system was built into a microprocessor-based forecasting sys-
tem (Fitzell et al., 1984). Infection levels were estimated from temperature
and wetness duration following at least 0.2 mm of rain. If the model pre-
dicted that 10, 20, or 40 percent of conidia would form dark appressoria, it
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would indicate that low, medium, or high levels of anthracnose infection, re-
spectively, would occur (Fitzell et al., 1984). A similar system was devel-
oped by Dodd et al. (1991). This system differs from the previous model, in
that it was developed using combined data from fruit and leaf inoculations
and includes relative humidity in addition to wetness and temperature
(Arauz, 2000).

Corn Stewart’s Wilt Forecasting Model

A predictive system to forecast corn Stewart’s disease (bacterial wilt)
was developed in the United States. Epidemic development of the disease is
correlated with winter temperatures. Epidemics develop following rela-
tively mild temperatures. A winter temperature index is calculated by add-
ing the mean temperatures (expressed as °F) for December, January, and
February. When the winter temperature index is less than 90, it is predicted
that there will not be any disease incidence and there is no need for applica-
tion of insecticides. If the temperature index is 90 to 100, the disease sever-
ity may be intermediate, and if the temperature index is more than 100, the
disease severity will be severe. This predictive system works well in various
areas of the United States (Pataky et al., 2000).
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Biological Control—Microbial Pesticides

Biological control using microbial pesticides has become important in
recent years. Introduced microbial biocontrol agents (as opposed to a natu-
ral population of microbes) are called “microbial pesticides” according to
the Environmental Protection Agency (EPA) (Harman, 2000). Several mi-
crobial pesticides are now commercially available. Fungal, bacterial, and
viral biocontrol agents are available. They effectively control fungal, bacte-
rial, and viral diseases. Modes of action of these biocontrol agents are de-
scribed. Conditions favorable for effective action of them in controlling dis-
eases are also discussed.

TRICHODERMA

Trichoderma species are the most important biocontrol agents. Many
have been developed as commercial products. In 1999, retail sales of a prod-
uct (Topshield and Rootshield) based on a single strain of T harzianum,
strain T-22, totaled around 3 million dollars in the United States (Harman,
2000). Commercial production of Trichoderma has been reported from
France, New Zealand, Sweden, Poland, Denmark, Russia, Israel, Bulgaria,
China, and India. There are many constraints in developing Trichoderma as
biocontrol agents. Trichoderma colonizes in the spermosphere effectively,
but they normally do not survive well in the rhizosphere. Trichoderma spp.
achieve only transitory localized dominance of the rhizosphere, and these
are active in only some soils and seasons (Deacon, 1994). Hence, Tricho-
derma species are likely to be effective for seed and seedling diseases, but
not against diseases of a mature crop. However, crop losses will be greater
when mature crops are affected, and seed and seedling diseases can be ef-
fectively controlled by seed treatment with chemicals at a very low cost.
Under such conditions, the use of Trichoderma spp. will be limited. Another
important constraint is that 7richoderma spores are quiescent and inactive
in soil. Hence, Trichoderma strains cannot be added as spores. It may be
easier to mass multiply fungi in the form of spores.
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Several technologies were recently developed to make use of Tricho-
derma in the control of soil-borne diseases of crops at different maturity
stages. Trichoderma harzianum strain T-22 with rhizosphere competence
was developed by protoplast fusion technology (Harman, 2000). Rhizo-
sphere competence is defined as the ability of a microorganism to grow and
function in the developing rhizosphere. Strains that were fused were T-95 of
T. harzianum, a thizosphere competent mutant produced from strain T-12.
T-12 was more capable of competing with spermosphere bacteria than T-95
under iron-limiting conditions; both were strong biocontrol agents. Some
strains of Trichoderma, such as the strain T39, can induce systemic resis-
tance, and such strains can induce resistance against diseases at any stage of
the crop (De Meyer et al., 1998). Technology to apply Trichoderma in the
form of actively growing germlings instead of spores was developed to ob-
tain an active population of Trichoderma in soil to control soil-borne patho-
gens.

Formulations of Trichoderma

Liquid media based on molasses and molasses yeast have been used
widely for the production of Trichoderma. The addition of complex organic
materials, such as V8 juice, yeast extract, or protease peptone, increased
conidial production in 7. harzianum. The addition of osmotica such as poly-
ethylene glycol improved conidial production of 7. harzianum and resis-
tance of conidia to desiccation (Whipps, 1996). Trichoderma harzianum
has been produced in diatomaceous earth granules impregnated with 10 per-
cent molasses. Spores, cells, or biomass are concentrated directly from lig-
uid media by centrifugation and filtration. Biomass may be dried, milled,
and incorporated into a range of dusts, alginate granules, pellets or prills,
wettable powders, emulsifiable liquids or gels. Talc formulations, kaolin-
based microgranules, and alginate pellet, prill, or granule formulations are
available.

Conidia of Trichoderma are added to a bran-sand mixture, and after one
to three days of incubation, this germling preparation is added to soil where
colony-forming units of the antagonists continue to increase. This method
provides a means of achieving an active population of antagonists in the
soil. A medium supplemented with ground corn cobs was developed for
applying T. koningi in the field (Latunde-Dada, 1993). Alternatively, a fer-
menter biomass of Gliocladium and Trichoderma spp. was added to a ver-
miculite-bran mixture moistened with 0.05 M HCI. After drying, the prepa-
ration can be remoistened with 0.05 M HCI and germlings produced as
before (Lewis et al., 1991).
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Seed-coating formulations have also been developed. A liquid coating
formulation comprises a suspension of aqueous binder (pelgel or polyox—
N-10), finely ground solid particulate matter (Agro-Lig or muck soil), and
the biocontrol agent (Taylor et al., 1991). This is sprayed onto seeds in a
tumbling drum. Agro-Lig has chemical and physical characteristics favor-
able for the growth of Trichoderma. This type of formulation was very ef-
fective in the control of damping-off of cucumber caused by Pythium (Tay-
lor et al., 1991). Adding compounds to the seed coating that specifically
enhance growth of Trichoderma is highly beneficial. Inclusion of specific
polysaccharides and polyhydroxy alcohols improves biocontrol activity of
Trichoderma (Nelson et al., 1988).

Method of Application of Trichoderma

Mathre et al. (1999) stated that nearly all commercialized microorgan-
isms rely upon application of the antagonist “directly and precisely to the in-
fection court” when and where needed. Seed treatment is the most effective
method (Mathre et al., 1999). Seed-coating formulations will be useful.
Seed priming is also recommended. Seed priming is the process in which
hydration of the seed is controlled to a level that permits pregerminative
metabolic activity to take place without emergence of the radicle. Two prim-
ing systems are available. Osmopriming utilizes aerated aqueous solutions
of salts or polyethylene glycol, generating osmotic potential in the primary
solution. Solid matrix priming (SMP) involves the use of moist, porous
solid materials, such as powdered coal or peat, generating matric potential.
Combining SMP with Trichoderma spp. for control of seedling diseases has
been used successfully on a wide range of plants (Harman et al., 1989).

Actively growing germling populations can be applied to soil. Tricho-
derma can be applied as granules or as a drench. A single application of
T. harzianum T-22 as RootShield granules in a greenhouse provided protec-
tion of a tomato crop against Fusarium crown and root rot of the mature
crop. An in-furrow drench was more effective in both root colonization and
disease control than a seed treatment (Harman, 2000).

In crops that are transplanted, the granules can be applied in the nursery.
Tomatoes were grown in a potting mix containing the granular formulation
of T. harzianum T-22, which permitted roots to become colonized, and then
transplanted to the field. This treatment reduced Fusarium crown and root
rot at the harvest of mature fruit (Datnoff et al., 1995). Trichoderma can also
be applied as a spray. Trichoderma harzianum T-22 is effective in the con-
trol of fruit and foliar diseases when applied as a spray to these plant parts.
T-22 should be applied at least once every 10 days when disease pressure is
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high, because it cannot extensively grow on and colonize newly formed leaf
tissues. The fungus colonizes grape or strawberry flowers and immature
fruits (Harman, 2000). Diseases controlled by foliar spray include powdery
mildews of Catharanthus and pumpkins, Botrytis cinerea on strawberry,
downy mildew of snapdragons, and turf-grass pathogens such as Rhizoc-
tonia solani and Pythium spp. (Harman, 2000).

Bumble bees (Bombus impatiens) and honey bees (Apis mellifera) have
been used to deliver Trichoderma to the flowers of crop plants. Bees exiting
the hive pass through a device that requires them to come into contact with
Trichoderma products containing these spores. They subsequently deliver
substantial amounts of Trichoderma harzianum T-22 or similar fungi to the
strawberry or other flowers. This method of delivery was more effective
than spray applications for control of B. cinerea and has proven effective
over several years and trials as standard chemical applications (Kovach
et al., 2000; Harman, 2000).

Time of application of Trichoderma is also important. Trichoderma can
be overwhelmed by heavy disease pressure. Therefore, 7. harzianum may
be used strictly as a preventative measure; it cannot cure infections. Tricho-
derma is less effective against systemic diseases than against more superfi-
cial ones. It cannot control existing diseases, and so a good systemic fungi-
cide must be used if diseases already exist. In conditions of high or very
high disease pressure, T-22 should be used as part of an integrated chemical-
biological system. A combination of chemical treatment with Trichoderma
will be highly effective in the control of diseases. A tank mix with chemical
fungicides or an alternating spray with chemical fungicides is the ideal
method of application of Trichoderma (Harman, 2000). A combination of
ozone fumigation and 7. harzianum treatment was on par with the standard
methyl bromide treatment, and the combination was significantly better
than either 7. harzianum alone or ozone fumigation alone in control of
strawberry root diseases (Harman, 2000).

A single strain of Trichoderma may not be sufficient to be effective under
all conditions and against all diseases. Mathre et al. (1999) suggested that
almost invariably, a different agent might be needed for each disease. Cook
(1993) stated that biological control is widely recognized as being highly
disease-specific. He advocated an approach to biological control that uses
mixtures of numerous agents for each disease. A mixture of Trichoderma
spp. has been developed as commercial formulations. 7. harzianum + T.
polysporum (Binab—T) and T. harzianum + T. viride (Trichodowels) are
the important complex products (Whipps, 1996). Trichoderma has been
combined also with other biocontrol agents. The combination of 7. har-
zianum T-22 and the mycorrhizal fungus Glomus intradices was more effec-
tive than either organism alone (Datnoff et al., 1995). There are also reports
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that a single strain of Trichoderma may be capable of controlling diverse
pathogens under diverse conditions (Chet, 1987; Harman, 2000).

Diseases Controlled by Trichoderma

Trichoderma has been reported to control Rhizoctonia, Fusarium, Phy-
tophthora, and Pythium diseases in many crops, tomato root and crown rot,
pumpkin and Catharanthus powdery mildews, gray mold (Botrytis cinerea)
of strawberry, root rots of several crops caused by Macrophomina phaseo-
lina, wheat take-all caused by Gaeumannomyces graminis var. tritici, Scler-
otinia and Verticillium diseases of fruit trees, Armillaria mellea infection in
trees, Dutch elm disease (Ceratocystis ulmi), Chestnut blight (Endothia
parasitica), silver leaf disease of trees (Chondrostereum purpureum), and
stem and root rot of pine (Heterobasidion annosum) (Harman et al., 1989;
Nelson et al., 1988; Maplestone et al., 1991; Whipps, 1992, 1996; Datnoff
et al., 1995; Nemec et al., 1996; De Meyer et al., 1998; Elad et al., 1999;
Howell et al., 1999; Burns and Benson, 2000; Harman, 2000).

Mycoparasitism of Trichoderma

Trichoderma spp. may control diseases caused by various fungal patho-
gens by their various types of actions. Their modes of action include myco-
parasitism, antibiosis, induced resistance, competition for nutrients or space,
and inactivation of the pathogen’s enzymes. Mycoparasitism involves tropic
growth of the biocontrol agent toward the target fungi, lectin-mediated coil-
ing of attachment of Trichoderma hyphae to the pathogen, and finally attack
and dissolution of the target fungal cell wall by activity of enzymes, which
may be associated with physical penetration of the cell wall. More than 20
separate genes may be involved in mycoparasitism. Trichoderma produces
ten different chitinases and several -1,3-glucanases and proteases. The im-
portance of chitinases produced by the antagonist has been demonstrated in
several ways. A 42-kDa endochitinase is induced before 7. harzianum co-
mes into contact with Botrytis cinerea (Zeilinger et al., 1999). A strain of T.
harzianum deficient in the ability to produce endochitinase had reduced
ability to control B. cinerea (Woo et al., 1999). Endochitinase was disrupted
or overproduced in T virens, and the resulting strains were found to have de-
creased or increased biocontrol activity, respectively (Back et al., 1999).
Expression of endochitinase from 7. harzianum in transgenic apple in-
creases resistance to apple scab (Bolar et al., 2000). The endochitinase gene
from Trichoderma confers resistance in many other transgenic plants
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(Lorito etal., 1998). Contradicting reports state that chitinase may not be in-
volved in an antagonistic action of Trichoderma. 