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Preface

Nematology, Advances and Perspectives

During the 20th century, science and technology have developed in an
unparalleled manner. This is especially true for nematology. Since Cobb first
recognized nematology as an independent discipline during the early part of the
century, nematology has made unparalleled advances and become an integral
part of the biological sciences. The development of nematology is largely
attributed to the discovery of the importance of nematodes in agricultural
ecosystems and their impact on society. Nematodes are the most abundant and
diversified group in the animal kingdom, and four out of five animals on earth
are nematodes. Marine nematology has become an independent discipline and it
has been suggested that the secret of the natural history of our planet may lie in
the nematodes dwelling deep in oceans. Animal-parasitic nematodes have had
great impact on human heath and society throughout history. Soil nematodes
play important roles in organic degradation, mineralization, and food webs in
soil ecosystems. While most nematode species in soil are beneficial, some
species are important pathogens of plants and cause severe damage to crops.
Worldwide crop yield losses to nematodes have been estimated at
approximately $ 78 billion annually. The advances in nematology and related
disciplines, however, have drastically strengthened our ability to fight this
unseen enemy. Thus, over the past century, billions of dollars of crop losses
from nematode damages have been prevented.

One of the most exciting and important new fields of nematology includes
recent advances made in the use of nematodes as model organisms for basic
biological studies, especially in developmental biology, genetics, and cellular
and molecular biology. Using Caenorhabditis elegans as a model, scientists
have unraveled for the first time in history the complete genomic sequence of
DNA from a multicellular organism. Also, they have documented cellular
development from a single fertilized cell to a fully developed body.

Nematology is one of the most dynamic and exciting disciplines in the
biological sciences. It is impossible to cover every aspect of nematology in this
book. Furthermore, several topics in nematology reached their climax during



the past century, but interest has now ebbed. The major focus of this book is
on topics that have made remarkable advances in the latter part of the century
and currently are of primary research emphasis. These topics will relate mainly
to free-living, plant-parasitic, and entomopathogenic nematodes.

The following lists of chapters evolved after lengthy discussion and
consultation with fellow nematologists. We are pleased that so many renowned
nematologists with international reputations and experiences have responded
positively to the book proposal and agreed to make authoritative contributions.
It is overwhelming to have nematologists around the world making a
collaborative effort to produce a quality book. The book is to be published in
2004. Therefore, we shall consider it a memorial to the achievements in
nematology in the 20th century and as a beacon for future developments in
nematology during the new century. For many reasons, we believe that
nematology will become a primary focus in the agricultural sciences during the
new century. With the rapid growth of the world’s population, food and fiber
demands in the next century will increase tremendously. But the task for
nematologists is daunting in that funding, personnel in nematology, and
graduate education has been sharply curtailed. Also, with the suspensions and
phase-outs of many soil fumigants and nonfumigants and the threat for even
more suspensions in the foreseeable future, the challenges will become even
greater. Increased endeavors in nematode research will be essential to achieve
the sustained growth of agriculture in the 21st century.

The objective of this book is to summarize advances in nematology that have
been made during the 20th century and to provide perspectives for the
development of nematology in the next century. It is aimed at researcher and
graduate student communities. The international representation of the science
will be a key component of this book. It is our hope that the book will provide
a road map to the most important aspects of the science at this time and that it
will provide critical thoughts and ideas for researchers and graduate students to
carry forward into the next millennium.

The editors are indebted to the authors of the respective chapters for their
excellent contributions. We are grateful to the large number of scientists who
have provided valuable comments and suggestions during book proposal
discussion and reviews of each individual chapter manuscripts. Finally, we
express our gratitude to the Tsinghua University Press and CAB International
for fulfilling this endeavor.
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This Book Is Dedicated To

Pinsan Chen
For his 50 years of career in nematology

Pinsan Chen was born on 3 December 1927 in Mengcheng County, Anhui
Province, China. He received elementary, middle and high school education in
his hometown and began college education in 1947 in the Division of Plant
Pathology, Department of Agronomy, College of Agriculture, Nanjing
University, China. After graduation in 1952, he taught botany and plant
pathology in Agronomy Department, Beijing Mechanized Agricultural College.

In 1954, Pinsan accepted a research position at the Northern China Institute
of Agricultural Sciences (later the Chinese Academy of Agricultural Sciences)
focused on plant nematology, an area received little attention then in China.
Without formal training in nematology, he was a self-starter and quick learner.
With his insightful observations, he demonstrated that the causal organism of
millet nematode disease was Aphelenchoides sp. rather than Tylenchus sp. as
reported in literature.

In 1963, Pinsan designed first contemporary nematology laboratory in China
based on literature from UK, Russia, Japan, and USA. Soon, he examined
samples collected from crop fields, pastures, mountains, and wetlands. Based
on the preliminary observations, he speculated that all reported most important
plant-parasitic nematodes might exist in China, and proposed extensive
research and management. In the following years, his research was focused on
Aphelenchoides sp. on millet, A. besseyi on rice, Anguina tritici on wheat,
Ditylenchus sp. on sweet potato, and root-knot nematodes ( Meloidogyne spp. )
on peanut and vegetables.

In late 1978 after the country emerged from the Cultural Revolution, with
encouragement and support from senior scientists he restored the nematology
laboratory, which was almost destroyed during the Cultural Revolution. Two
years later, Pinsan recruited the first Master of Science degree student in his
laboratory. He designated his laboratory focusing on the biology and
management of root-knot and soybean cyst nematodes. In collaboration with
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scientists from other institutes and laboratories, Pinsan developed soybean cyst
nematode-resistant cultivars “Kangxian No. 17, “Kangxian No. 2”7, and
“Qingdao No.1”; and developed chemical control using Avermictin in nursery
soil treatment and Methyl-isofenphus in field crops. During 1980 —1996,
Pinsan and co-workers identified a number of important nematodes that
included eleven new records in China and three new species: Heterodera
sinensis, Meloidogyne fanzhiensis, and Pratylenchus artemisiae.

In his extensive career, Mr. Chen published more than 30 papers,
50 popular articles, and seven books. He advised and co-advised eight Master
of Science and two Ph.D. graduate students. He won one National
Technology Invention Award, one National Science Advance Award, and six
Provincial Science and Technology Advance Awards. Mr. Chen is currently a
Professor Emeritus at the Institute of Plant Protection, Chinese Academy of
Agricultural Sciences, Beijing, China.
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13 Plant Diseases Caused by Nematodes

Rosa H. Manzanilla-Lépez, Kenneth Evans and John Bridge

13.1 Introduction

The need for increased food and fiber production to meet the demands of a
growing world population and the realization that meeting those demands will
depend largely upon plant pest and disease control is now very clear. It is also
challenging, considering the “declining agricultural base” that has been
inherited from the 20th century ( Sequeira, 2000). Browning ( 1998)
considered that we are in the “Age of Plants” in which virtually every plant and
ecosystem has actual or potential value for food, fiber, aesthetic purposes or
support services.

Worldwide losses from biotic causes in various crops are estimated at: rice
51.4% , potatoes 41. 4%, coffee 40. 0%, maize 38. 3%, cotton 37. 7%,
wheat 34. 0%, soybeans 32. 4%, barley 29. 4% . Globally, these losses
average 42. 1% of attainable yield and the figure would be 69. 8% “if no
physical, biological, or chemical measures were used to protect crops”
(Browning, 1998; Oerke, et al., 1994).

The development of genetically engineered crop cultivars has caused concern
and also has led to a re-consideration of existing agroecosystems, resulting in
growing fears over the “health” of ecosystems and the “quality of food”
(e.g., pesticide-free and organic food production are seen as highly
desirable). Both of these concerns are re-shaping our way of dealing with plant
diseases, parasites, and pathogens. Traditional knowledge and agricultural
practices are being recalled and reviewed. New knowledge and ways of
exploiting new technologies are required as well as an emphasis on a more
holistic and ecological understanding of the nature of plant disease.

The development of genetics, cellular and molecular biology, and molecular
engineering during the 20th century has opened previously unimaginable
possibilities for manipulating biological processes at levels never before
conceived. However, the concept of simply inserting genes taken from one
organism into the genome of another may lull us into too comfortable a concept
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of how we may deal with plant diseases. This may lead us to disregard the
need for deeper knowledge of the mechanisms involved in the interactions
between plants and pathogens that might lead to identification of novel
bioactive compounds with potential for nematode management, such as
systemically acquired resistance (“SAR”) elicitors. This may, in turn, lead us
to ignore the problems of how to deal with artificially engineered organisms in
such systems and ensure their safe use in the future. Engineering plants for
resistance against nematodes by exploiting points of weakness in the host/
parasite relationship is already under way. Such developments should not stop
us from enquiring into and understanding the “nature of disease”, rather they
should encourage us to understand better how diseases, both old and new,
were and are produced, treated and managed. However, the research life of
any single nematologist could never be long enough to decipher all the enigmas
related to specific patterns or processes of disease!

In this chapter we will detail some of the main events that led to the
recognition of nematodes as disease agents and their place in agriculture, the
nature of diseases caused by plant-parasitic nematodes, and terminology related
to parasitism and disease. Diseases caused by nematodes will be divided into
sub-groups according to their habitat and parasitic habit ( sedentary, migratory,
endo- and ecto-parasitic nematodes) . The symptomatology associated with the
most important diseases and their impact on agricultural crops will also be
discussed.

13.2 The Development of Nematology and Recognition
of its Economic Importance

Nematology, as in other disciplines, started with a taxonomic approach but
research soon shifted to development of an understanding of the biology,
physiology, biochemistry, host-parasite interactions and, eventually, molecular
biology of nematodes. It is important to note that findings in disciplines such as
bacteriology, mycology, physics, virology, along with discoveries and
inventions in industry, had profound impacts on the routes that nematology
followed at the end of the 19th century and through the 20th century. These
discoveries aided our understanding of how nematodes cause disease, and this
has been further helped by new technologies in a step-by-step process.

The Caenorhabditis elegans genome project (http: //elegans. swmed. edu/)
has greatly increased public awareness of nematodes and research efforts on
their biology ( Bird and Opperman, 1998). In a similar way to its sister
disciplines ( plant pathology and crop protection), research on diseases caused
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by nematodes has been shaped by ideas, findings and technologies developed
through the centuries in different scientific disciplines. These started with
simple comparisons between healthy and diseased plants, moved on to
observations of symptoms with the naked eye and then powerful electron
microscopes, and eventually reached the molecular level of the mechanisms
responsible for causing disease. Thus, the old and new paradigms of pest
management in agriculture have been followed by nematologists in a search for
better and sustainable ways of managing agroecosystems for the production of
food and fiber, for the benefit of both present and future generations.

Because of their size, plant-parasitic nematodes have remained a little-known
group. The first formal reference to a plant-parasitic nematode was during the
18th century by Turbevill Needham, who discovered, in 1743, the riddle of the
“cockle” when he crushed a shrunken, blackened wheat grain and examined a
portion of it under his primitive microscope. In the cockle he discovered
aquatic animals, which he referred to as worms, eels or serpents. The worms
were Vibrio tritici = Anguina tritici. The 19th century saw more important
landmarks in the science of nematology and the recognition of the economic
potential of plant-parasitic nematodes. In 1859, Schacht described a serious
disease caused by a nematode that threatened the sugar industry of Germany.
The sugar beet nematode was named Heterodera schachtii by Schmidt in 1871,
and investigations on the control of this species dominated the nematological
scene in Europe from 1870 to 1910. Studies on its life history, habits,
distribution, etiology and methods of control were undertaken and probably the
first soil fumigation for nematode control was by Kiihn, when he applied
carbon disulfide in sugar beet nematode infested fields ( Thorne, 1961).

Cobb (1893), while investigating a disease of banana trees that occurred in
Fiji, found in the soil around the roots of affected trees a new species of
nematode that he named Tylenchus similis ( the burrowing nematode =
Radopholus similis). This species was found later in roots of sugarcane from
the Hawaiian Islands and diseased rhizomes of banana trees from Jamaica and
other countries. It also caused yellow disease of pepper ( Piper nigrum L.) on
the island of Bangka in Indonesia ( Van den Vecht, 1950). This disease
became an epidemic and resulted in reduction of the number of black pepper
vines on the island from 22 million to 2 million in about 20 years ( Hubert,
1957; Williams and Bridge, 1983). A similar situation occurred in Central
America in the late 1960s and 1970s when the Fusarium wilt-susceptible Gros
Michel banana was replaced by wilt-resistant Cavendish varieties, which
proved more susceptible to the nematode (O’Bannon, 1977).

The first specific mention of root-knot nematodes was by Cornu (1879),
when he described Anguillula marioni = Meloidogyne marioni, the causal
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agent of galls on the roots of Onobrychis sativa Scop. Some years later,
Goeldi (1887; published 1892) described the production of galls on roots of
coffee in Brazil by Meloidogyne exigua, in the process erecting the genus
Meloidogyne. Root-knot nematodes of the genus Meloidogyne are more widely
distributed than any other group of plant-parasitic nematodes and rank high on
the list of factors affecting the production of plants ( Sasser, 1977).

The acceptance of revolutionary new ideas in the 19th century brought within
grasp the potential to control disease in man, animals, and plants, and thereby
the opportunity to enhance the quality of life for all (Kelman, 1995). The first
reference to the pathogen concept was in 1876 in bacteriology. The original
definition was of a parasitic organism that causes disease in another organism
(Mountain, 1960a). Robert Koch and Louis Pasteur were key figures in
establishing the germ theory of disease. In 1882, Robert Koch postulated his
laws of pathogenicity and gave to pathology a sound and logical procedure for
investigating the bacterial diseases of man and animals (Koch, 1884). Just
after the turn of the century, Erwin F. Smith adapted these postulates to plant
pathology and they are still of fundamental importance in plant pathology and
nematology ( Mountain, 1960a). However, early 20th century leaders in
science and medicine did not all accept the possibility that the micro-organisms
present in the diseased tissue of plants and animals could be the causal agents
of the disease but, eventually, it was established that disease in plants could be
caused by parasitic micro-organisms. Nevertheless, it was only in the 1930s
that nematodes achieved serious recognition among the problems confronting
agriculture ( Thorne, 1961).

13.2.1 Nematodes as Pathogens and Vectors

The frequent lack of distinct symptoms means that nematode damage has often
been confused with soil structure or nutrition problems. Nematode problems
have occasionally been attributed to fungi and bacteria, their true nature only
being recognized later; e. g., the destructive “Stubby root” of vegetables in
Florida, which disconcerted research workers for many years until Christie and
Perry (1951) determined that Trichodorus christiei (= Paratrichodorus minor)
was the causal agent. This was the first time that this genus was recognized as
economically important ( Thorne, 1961). More recent examples include
Bursaphelenchus xylophilus, the pine wilt nematode. This was first shown to
be the causal agent of a devastating pine wilt disease in Japan as recently as
1971; the disease had been documented prior to that date but had not been
associated with a nematode ( Weischer and Brown, 2000).

Interactions of nematodes with other plant pathogens had already been
noticed by Atkinson in 1892. Infection by root-knot nematodes seemed to
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increase the incidence and severity of Fusarium wilt in cotton, laying the
historical groundwork for future studies of the role of plant-parasitic nematodes
in fungus diseases (Powell, 1963). Hunger (1901) showed that tomatoes were
attacked by Pseudomonas solanacearum (= Ralstonia solanacearum) in
nematode-infested soil, but remained healthy in nematode-free soil ( Pitcher,
1963).

Xiphinema index was confirmed as the natural vector of grapevine fanleaf
nepovirus in vineyards in California ( Hewitt, et al., 1958). This report
encouraged the search for other associations, revealing that longidorid and
trichodorid nematodes often transmit nepo- and tobra-viruses, respectively
(Brown, et al., 1995). As with plant virology, nematology has benefited
from the advent of the transmission electron microscope, which has helped in
the recognition and identification of viral particles on the mouthparts of
nematodes. Developments in immunology and ELISA also had great impact in
the diagnosis of viral diseases and have proved to be useful tools in
nematology.

13.3 The “Nature of Disease”

Nematology has used the terms and concepts developed in plant pathology to
describe the role that plant-parasitic nematodes play in plant diseases. At one
time, nematology publications were not held in particularly high regard by
plant pathologists, due to the misuse of plant pathological terminology by
nematologists trying to define plant-nematode relationships in particular diseases
(Mountain, 1960a).

Plant health describes the appearance and performance of green plants in the
absence of biotic and abiotic sources of stress — the stress that prevents the plant
from achieving its genetic potential over time ( Browning, 1998). Within plant
pathology, disease is defined as “The injurious alteration of one or more
ordered processes of energy utilization in a living system, caused by the
continuous irritation of a primary causal factor or factors. When a living system
is altered beyond its range of easy tolerance it is diseased as opposed to
healthy; if the system is pushed beyond its limits of absolute tolerance it will
die” (Bateman, 1978). A key element in disease is the chronic action of the
causal agent, in contrast to injury, which comes and goes suddenly.

The causes of plant disease include biotic entities, such as pathogens and
parasites, non-biotic entities such as viruses ( which obligatorily replicate in
their host), and abiotic nutritional disorders (e. g., mineral deficiency or
toxicity) and environmental factors that affect the normal physiological
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mechanisms of the plant and its homeostasis with the environment. Disease is
also a dynamic process with a series of events, each one often leading to the
next once pathogenesis has been triggered by the pathogen (Bos and Parlevliet,
1995). When plants are subject to sustained impairment by a pathogen (or
parasite), the pathogen drives the disease; if the pathogen dies, the plant may
recover. The severity of a disease is decided at the time of encounter between
host and parasite and by environmental conditions and ( for crops) man’s
activities. Host susceptibility and parasite aggressiveness determine whether or
not a host/parasite relationship is established, the grade of susceptibility being
determined by the genetics of both the host (i. e., cultivar) and parasite
(i.e., biotype, strain, race, pathotype, etc.).

The triangle of disease (host, plant and environment) is well known to
nematologists. With the inclusion of man this becomes a tetrahedron, which
helps us to explain the distinct interactions that may lead to the onset of disease.

Crop disease usually implies economic loss. However, yield ( which is of
prime interest for the farmer) is not considered in most disease definitions,
disease being defined mainly by biological and physiological considerations.
The diseased condition, especially the reduction in vitality, undermines the
plant’ s competitiveness. Non-specific growth reduction, early senescence,
premature death, and increased (or sometimes decreased) susceptibility and
sensitivity to other pathogens often result. The quality and quantity of yield
may also be reduced (Bos and Parlevliet, 1995).

Plant disease may be categorized according to the type of causal agent, the
tissues infected, the epidemic characteristics, tissue utilization, resistant
reactions, etc., all of which reflect perspectives of disease. In the case of
plant-parasitic nematodes, diseases have been categorized mainly according to
above- or below-ground symptomatology and parasitic habits.

13.3.1 Symbiosis, Parasitism, and Disease

Central to the issue of considering nematodes as agents of disease lies the
definition of terms such as symbiosis, parasitism, pest, pathogen, injury,
damage and disease. An accurate characterization of the relationships and
terminology used to define or describe the interaction between plant-parasitic
nematodes and their hosts is necessary for the characterization of plant disease
and its differentiation from other conditions.

The term symbiosis, in its widest sense, means the living together of two
phylogenetically unrelated species, and therefore includes all degrees of
parasitism, commensalism and mutualism. Parasitism is a widely used term in
plant pathology, entomology and nematology, but its interpretation varies.
Food deprivation dominates in most definitions: parasitism thus is the “partial
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or complete nutritional dependence of one organism or virus on the tissues of
another living organism” (Bos and Parlevliet, 1995). Alternatively “parasitism
is generally used to designate the relationship or association between
organisms, usually belonging to different species, in which one party, the
parasite, benefits from the other, the host” (Bateman, 1978). The common
statement that the parasite is “conferring no benefit in return” or that it is to the
detriment of the host is used to enable a distinction to be made between
parasitic and symbiotic relationships (Bos and Parlevliet, 1995). Parasitism
has a chemical basis and host and parasite exchange chemical substances,
which may frequently be of mutual benefit. Small numbers of sedentary plant-
parasitic nematodes can, under certain conditions, confer some benefit on their
host ( Pitcher, 1965). In these instances, a well-recognized host-parasite
relationship is more of a mutualistic relationship, if only for a short time or
within a specific range of population densities. Situations such as these justify
the use of symbiosis as an all-embracing term (Bird, 1975).

The concept to which plant pathologists have made most serious objection in
its application to nematodes is that of a pathogen. Well-adapted parasites do
not kill their hosts (although extreme parasite burdens may) whereas some
pathogens do. The term pathogen is often associated with the inoculation of
toxins or other chemical substances or compounds that induce a harmful
reaction in the host, which in time develops into symptoms, pathogenesis and
disease (all of which can occur in nematode infections). Pathogens usually
cause disease but parasites may or may not cause disease; if they do, then they
are considered pathogens as well. Sometimes, the demarcation between disease
and just injury or damage is so slight that many phytophagous nematodes have
been called indiscriminately “plant-parasitic” or “plant-pathogenic” nematodes
because they happen to have similar feeding habits. Although the habits may
seem the same, subtle distinctions may exist. Nematodes that feed on plants,
in common with other disease-producing agents, are often regarded as
pathogens in their own right, capable of producing a single, recognizable
disease. Frequently, such a concept is valid, but nematodes may also facilitate
the entry and establishment of plant-pathogenic fungi, bacteria and viruses,
especially in the case of “soil-borne” diseases (Pitcher, 1965).

Injury is the simple mechanical effect of a parasite or other harmful agent
upon the victim and elicits no other reaction than a wound-healing response.
Plants consumed by herbivores are food plants, rather than hosts. However, in
closer and more prolonged relationships between invertebrates (e. g., small
insects, mites, and nematodes) and plants, the victim, which this time does
act as a host, also may be “irritated” into a pathological reaction and
consequently become diseased. Disease is not the same as injury (from which
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plants may recover) and results from a continuous irritation (Bateman, 1978;
Bos and Parlevliet, 1995).

Any organism that is harmful, troublesome or destructive could be, and
often is, described as a pest, although the term is usually reserved for harmful
insects and other invertebrates. Cook and Evans (1987) considered plant-
parasitic nematodes to be pests rather than disease-causing pathogens like
bacteria, fungi, mycoplasmas and viruses ( Shaner, et al., 1992). Attributes
of pests include the capacity to cause an epidemic disease associated with high
mortality ( plague), destructiveness or noxiousness ( Bos and Parlevliet,
1995), examples of all of which can be found in plant-parasitic nematodes.

The onset and/or establishment of the host/parasite relationship (i. e., the
aggression by the parasite) are called attack. It may entail local or systemic
ingress or invasion and colonization of the host by the parasite, but does not
necessarily result in disease. Attack can lead to injury or gross damage and also
covers short-duration activity by insects or nematodes on food plants. The act
of attacking or the state of being attacked is a consequence of aggressiveness of
the parasite or phytophagous organism and of the susceptibility of the host or
victim, and does not necessarily result in disease. Host-parasite relationships
may be more characterized by the attack, i.e., the visible physical presence of
the parasite, rather than the resultant disease.

Some authors (e. g., Shaner, et al., 1992) consider that many nematodes
are primarily parasitic and secondarily pathogenic. In fact, plant-parasitic
nematodes should be considered as having a dual nature that may include both
states, with the balance capable of being shifted either way by biotic (e. g.,
host, number of nematodes) and abiotic factors ( soil, environmental
conditions). According to Yeates (1971), only in plant nematodes with
sedentary females do we find the truly parasitic state. He regards the various
migratory, ecto-and endoparasitic plant nematodes as a “highly adaptable
group of plant browsers”.

13.3.2 Physiology, Biochemistry, and Genetics in the
Understanding of Disease

Plant defense against nematodes includes pre-infection and post-infection
mechanisms. The first include the synthesis of toxic compounds ( phytoalexins)
and the hypersensitive reaction, with the subsequent death of cells next to the
nematode ( Mateille, 1994). Once the first barrier of defense is breached,
pathogenesis and post-infection mechanisms proceed. Nematodes affect plant
growth by breaking down cell structure, removing cell contents, disrupting
physiological processes, and modifying gene expression in the host.
Comparison of different feeding sites has led to the conclusion that nematodes
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may exaggerate normal cell function and metabolism rather than reprogramming
events (Jones, 1981). Symptom expression at the cellular, tissue and whole
plant level has been reviewed extensively ( Dropkin, 1969; Paulson and
Webster, 1970; Bird, 1974; Jones, 1981; Hussey, 1989; Mateille, 1994;
Williamson and Hussey, 1996). The nature of the changes may differ
according to the location of the parasite in the plant host and the influence of
other organisms and physical factors. The physiological causes of loss of host
biomass and yield include most of the major processes in the plant, including
respiration, photosynthesis, nutrient translocation and availability, water
relations and phytohormone balance, as well as having to satisfy the energy
demand of the nematode ( Mateille, 1994).

Photosynthesis can be affected in different ways and CO, fixation has been
studied on plants infected with Meloidogyne spp. (Bird and Loveys, 1975;
Loveys and Bird, 1973; Melakeberhan, et al., 1985, 1986, 1988; Wallace,
1974), or Globodera (Fatemy, et al., 1985; Franco, 1980). Changes in CO,
fixation have been attributed to a reduction in gas diffusion through stomata, or
to deficiencies of cytokinins or gibberellins ( Mateille, 1994).

Reduction in respiratory intensity has been reported, although it can be
related to a slowing of root growth rather than to actual physiological activity
(Mateille, 1994). Zacheo and Bleve-Zacheo (1987) and Zacheo and Molinari
(1987) identified the NADH cytochrome system as one of the metabolic
pathways more modified by nematodes (Mateille, 1994).

Nematodes influence amino acid and protein synthesis (Mateille, 1994) but
results from such studies do not help explain how nematodes cause these
changes. Lewis and McClure (1975) and Meon et al. (1978) showed that
roots infested with Meloidogyne had accumulations of proline in the galls.
Studies on Heteroderoidea ( Meloidogyne spp. and Heterodera spp.) have
demonstrated DNA and RNA synthesis in nematode feeding sites ( Bird, 1972;
Masood and Saxena, 1980; Singh, et al., 1984; Arya and Tiagi, 1985).
Raja and Dasgupta (1986) noted that mRNA de novo synthesis occurred in
Angola pods infected with Meloidogyne incognita, with synchronous synthesis
of macromolecules such as lignins, peroxidases and polyphenols. This proved
that nematodes cause the synthesis of additional types of RNA and gene
activation at a transcriptional level that leads to macromolecule synthesis.

Individual plants, and crops, may be regarded as assemblages of sources and
sinks, the last including new and expanding tissues, short-term, mid-term, and
permanent storage sites, which are commonly associated with yield. The
relationships between sources and sinks vary both temporally and spatially,
affecting the relationship between biomass production and yield. Whether a
crop is source- or sink-limited at specific growth stages is relevant to
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understanding yield development and realization, and is therefore relevant to
the reaction to disease (Gaunt, 1995). The use of radiotracer techniques has
allowed the concept to be developed that nematodes such as Meloidogyne act as
nutrient sinks (Bird, 1975; Jones and Northcote, 1972; McClure, 1977). At
the cellular level, cells modified by nematodes can act as strong sinks, but
“whether hormone-directed transport is involved is not clear” (Jones, 1981).
What is certain is that nutrients taken up by nematodes can be excreted into the
rhizosphere and there influence micro-organisms and even plant succession.

13.3.3 Plant-parasitic Nematodes and Yield Loss

Nematodes are major pathogens in their own right but their interactions with
other disease-causing agents make it difficult to measure their impact on yield
accurately, and the latest available large-scale estimates date from 1987 ( Sasser
and Freckman, 1987). The difficulties lie mainly in the design of suitable
experiments because of the many overlapping interactions involved ( Browning,
1998). Crop yield is the result of the interaction of biotic and abiotic factors
over time on the physiological processes in the plant. In understanding the
influence of plant-parasitic nematodes and associated organisms on host growth
and yield, it also is important to consider the phenology of the host-parasite
interaction. Yield loss is the culmination of many effects, and may even occur
without any visible symptoms (Bos and Parlevliet, 1995). Recent approaches
to understanding yield loss relationships include consideration of the effects of
diseases on key physiological processes related to growth and development
(Gaunt, 1995).

13.3.4 Strategies for Nematode Management

Correct diagnosis of a malady is the starting point for successful treatment, and
should be followed by a well-considered prescription by a trained professional.
However, the partition between biotic and abiotic causes of plant stress and the
complex interactions between them are poorly understood and it is frequently
difficult to effect specific diagnoses, prescribe treatments and implement
management programs ( Boyer, 1982; Browning, 1998). Traditionally, the
basic strategies for management of diseases have been exclusion ( quarantine),
prevention, eradication, protection, and genetic control. All of them have
been applied to nematodes with differing degrees of success. Quarantine
measures first started between 1920 and 1930, when the bulb and stem
nematode gained international importance because of its possible distribution
through narcissus, tulip, and other bulbs, and rigorous quarantine measures
against infested foreign bulbs were imposed by the USA (Thorne, 1961). At
present, species such as Globodera pallida, G. rostochiensis, Nacobbus
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aberrans, Anguina tritici, Bursaphelenchus xylophilus, Rhadinaphelenchus
cocophilus, Radopholus similis and others are subject to strict international
quarantines.

Prevention, eradication and protection have been possible through the use of
nematicides. Soil fumigants made it possible to demonstrate that elimination of
plant-parasitic nematodes frequently removed certain disease symptoms
formerly attributed to fungi and bacteria, and that nematodes were far more
important than previously had been suggested. The nematicidal properties of
chloropicrin were discovered in 1919, but it was results from Hawaii
(Godfrey, etal., 1934) that demonstrated the great potential of this compound
as a nematicide ( Thorne, 1961). This led in turn to the development of
agricultural machinery to make field-scale fumigation feasible. Later, more
compounds were shown to have nematicidal properties and became extensively
used, until increasing awareness of the environmental hazards that they posed
led to their withdrawal and demands for safer compounds for nematode control.
Until very recently, one of the easiest ways to persuade a farmer that yield
reduction was due to nematodes was to apply a nematicide to a demonstration
plot. Now that the use of methyl bromide and several other nematicidal
compounds has been banned it is getting harder to demonstrate nematode
damage and we need to develop alternative methods to persuade growers that
nematodes cause disease and yield loss. Also, data obtained with, for
example, fumigant nematicides are difficult to interpret because they affect
other disease-causing and beneficial organisms.

13.3.5 Genetics and Breeding for Resistance

As the 20th century progressed, new ideas, concepts, and even revolutions
(e.g., the Green Revolution) occurred in agriculture. The development of the
gene-for-gene concept by Flor (1955) had enormous impact on resistance
breeding programs and on ideas for the management of genetic attributes of
crops. However, a radical change in the concept of a gene has occurred in the
last 20 years and particularly in the post-genomics era. Nevertheless, gene and
product names are still associated with DNA sequences, which may code for
amino-acid products or have some regulatory role ( Skupski, et al., 1999).
The recognition of major diseases caused by nematodes led to the search for
sources of resistance in native host species. During this process, plant breeders
and nematologists have had to overcome biological difficulties encountered with
both host and parasite. Controlled genetic crosses with inbred populations of
Globodera rostochiensis have demonstrated the existence of a gene-for-gene
relationship between the H1 resistance gene in potato and a dominant virulence
gene in the pathogen ( Williamson and Hussey, 1996). Breeding for resistance
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in tomatoes to root-knot nematodes, M. incognita, started in the early 1940s.
High levels of resistance were found in Lycopersicon peruvianum L. (Mill.)
and tight linkages preventing the development of good fruit types were finally
broken by Gilbert and McGuire in 1956 in Hawaii ( Harlan, 1976). This
isolated the Mi gene, which, following the advent of molecular techniques,
was cloned during the 1990s and shown to mediate resistance against aphids
and nematodes, the first example of a plant resistance gene active against two
organisms of different phyla (Rossi, et al., 1998).

An increase in complexity of host — parasite interactions is often associated
with an enhanced capacity of the parasites to regulate host genes in their favor
(Sijmons, et al., 1994). Plant-parasitic nematodes had free-living ancestors
and, through different adaptive strategies, evolved from fungus-feeding habits
to sedentary endoparasitism. The essentially complete sequence of the
Caenorhabditis elegans genome was published in 1998 ( http: //elegans.
swmed.edu/) and the majority of genes identified to date in parasitic nematodes
have homologues in C. elegans (e. g., 60% of M. incognita genes).
According to McCarter et al. (2000), the most effective route to gene
discovery for nematode genomes is the generation of expressed sequence tags
(ESTs). These tags are single-pass reads from cDNA library clones.
Thousands of ESTs, approximately 300 —600 nucleotides in length, are
already available for five species of plant-parasitic nematodes ( McCarter,
et al., 2000).

13.4 Plant Diseases Caused by Nematodes

Plant-parasitic nematodes can be categorized in a number of different ways in
relation to their interactions with plants: (1) as named diseases; (2) by their
feeding types or parasitic behavior; (3) by the visible indications of the
nematode’s presence as a disease-causing organism; (4) as pathogenic agents;
(5) by their role in pathogenesis of interactions.

13.4.1 Named Plant Diseases Caused by Nematodes

Compared with other microorganisms, nematodes generally receive less
recognition as disease-causing organisms, and the assignment of specific
disease names to plant-nematode interactions is quite limited. Diseases are
more often given a name when specific damage symptoms are produced, for
example “ear cockle” of wheat or “red ring disease” of coconuts. Where the
nematode causes non-specific damage symptoms ( often a combination of
stunted growth, chlorosis, wilting, and poor yield), disease names often have
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not been given, even with nematodes of major economic importance. For
example, no actual disease name is given to the damage caused by the potato
cyst nematodes, Globodera spp., although in Mexico it has the local name
“liendrecilla”. Heterodera cajani, on the other hand, produces “pearly-root
disease” (Table 13.1).

Table 13.1 Named plant diseases caused by nematodes and associated organisms.

Disease Main crops affected | Causal nematodes/organisms
Bloat Onions Ditylenchus dipsaci
Black head Bananas Radopholus similis
Cauliflower disease (of . Aphelenchoides ritzemabosi + Coryne-
. Strawberries . .
strawberries) bacterium fascians
Meloidogyne spp., Pratylenchus spp.
Corchosis Coffee + Fusarium spp., Verticillium spp.,
Phialophora spp. , Gonytrichium spp.
Crimp (of strawberries)| Strawberries Aphelenchoides fragariae
Docking disorder Sugar beet Trichodorus spp. and Longidorus spp.
Dry rot Yams Scutellonema bradys
Ear cockle ‘Wheat Anguina tritici
False root-knot, rosary-| Beans, chilli pepper,

root, “ rosario ” or| potato, sugar beet, Nacobbus aberrans
“jicamilla” disease tomato
. Xiphinema americanum + Grapevine
G fanleaf G
rapevine fanleal rapes fanleaf virus (GFLV)
Kalahasti malady Groundnut Tylenchorhynchus brevilineatus
Mentek Rice Hirschmanniella oryzae
Mezquino de la papa Potato Meloidogyne chitwoodi
Miti-miti Taro Hirschmanniella miticausa
Molya Wheat, barley Heterodera avenae
imilis + . )
Panama disease Banana Radopholus stmzlzs' Fusarium oxyspo
rum f. sp. cubensis
Pearly- f pi
carly-root (of pigeon Pigeon pea Heterodera cajani
pea)
Pine wilt Pine Bursaphelenchus xylophilus ( vectored
by Monochamus alternatus)
Potato tuber rot Potato Ditylenchus destructor

Red ring

Coconut and other
palms

Rhadinaphlenchus cocophilus ( vectored
by Rhynchophorus palmarum)
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Continued

Disease Main crops affected Causal nematodes/organisms
Replant diseases Various plantation crops | Pratylenchus spp.
Rice white tip Rice Aphelenchoides besseyi
Slow decline Citrus Tylenchulus semipenetrans
Spraing Potato Paratrifhodoms, Trichodorus +

tobra-virus (TRV)
Spreading decline Citrus Radopholus similis
Tulip root Cereals Ditylenchus dipsaci
Ufra disease Rice Ditylenchus angustus
Voltaic chlorosis Groundnut Aphasmatylenchus straturatus
Yellow disease Groundnut Criconemella ornata
Yellow dwarf Soybean Heterodera glycines

Yellow ear-rot

Wheat Anguina tritici + Clavibacter tritici
(“Tundu” or “Tannan”) &

13.4.2 Feeding Types and Parasitic Behavior

Most plant-parasitic nematodes are minute and vermiform, ranging in size from
less than 0.2 mm ( Paratylenchus spp.) to over 12 mm ( Paralongidorus spp. ).
Among the anatomical structures and systems whose characters are important in
revealing and identifying a nematode feeding type are the stoma and alimentary
tract. Plant-parasitic nematodes possess a stylet whose characteristics can help
to identify them as members of the orders Dorylaimida, Triplonchida,
Tylenchida or Aphelenchida. There are two basic types of hollow stylet:
stomatostyle ( Tylenchida, Aphelenchida) and odontostyle ( Dorylaimida),
although solid stylets may occur in Trichodoridae ( Triplonchida). Three basic
types of esophagus are also recognized ( Table 13.2). Plant-parasitic
nematodes feed by inserting their stylet into plant cells and sucking out the
contents. Digestion of cell contents may be partially extra-corporeal as salivary
fluid can be exuded. Such fluids may also have a toxic or growth-modifying
effect on the plant tissues.

Tylenchida and Aphelenchida contain most of the plant-parasitic species.
Parasitic species also occur in the families Longidoridae ( Dorylaimida) and
Trichodoridae ( Triplonchida) and these include the nematode species that act
as vectors of plant viruses. Taxonomical classification may vary according to
authors or when new evidence of relatedness is provided by research, but what
is clear is that an “adaptive radiation” has occurred among plant-parasitic
nematodes. This has allowed them to exploit the different habitats and niches
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Table 13.2 Characteristics of stylet and esophagus of plant-parasitic nematodes.

Tylenchida Aphelenchida Dorylaimida
Stomatostyle Stomatostyle Odontostyle

Esoph ith thr arts: | Esoph: ith t
Esophagus with three parts: cor- SoP aglfs W ce parts SOPhagus Wi wo
us.  isthmus.  and  posterior corpus, isthmus, and poste- | parts: corpus and
Pus, ’ P rior bulb. Three esophageal | postcorpus. Three to

bulb. Three esophageal glands

glands

five esophageal glands

Outlet of dorsal esophageal gland
in the procorpus, usually close to
the knobs of the stylet

Outlet of dorsal esophageal
gland in the metacorpus, an-
terior to the valve

Outlet of glands close
to the body of the
glands

Metacorpus width less than 75%
of body width

Metacorpus width more than
75% of body width

Without metacorpus

Isthmus

Isthmus absent in Aphelench-
oididae

No isthmus

Esophageal glands in a bulb or
overlapping lobes

Esophageal glands in a bulb
(Paraphelenchidae) or in an

Postcorpus  widened

and elongated

overlapping lobe

provided by host plants and by interaction with other microorganisms, in both
the soil and above-ground environments (see Bird and Bird, 2001). Different
evolutionary strategies also encompass a wide range of migratory habits,
ranging from ectoparasites to endoparasites ( Table 13. 3). Ectoparasites remain
on the surface of the plant tissues and feed by inserting the stylet into cells that
are within reach. Stylet length ( short or moderately long) and strength
determine penetration depth, according to the softness or hardness of root
tissue. No specific host reaction is related to nematode feeding. Migratory
endoparasites (all stages) can completely penetrate the plant tissues, retaining
mobility and remaining largely vermiform as they move through and feed on
the tissues. Nematodes of this type often induce a plant response, migrate
between the soil and roots, and have moderately strong stylets. In sedentary
endoparasites, the stylet is small and delicate; the immature female or juvenile
nematodes enter the plant tissues where they develop a permanent feeding site,
become immobile and swell and become obese. Semi-endoparasites only
partially penetrate the roots, usually as juveniles or immature females. These
nematodes become immobile at a fixed feeding site and the projecting posterior
of the female body swells (e. g., Tylenchulus). Some nematodes behave as
facultative ecto-endoparasites ( Hoplolaimus and Helicotylenchus). They have a
robust stylet and may act as ecto- or endoparasites in what may be a step
towards leaving the soil environment and developing a greater dependence on
the root environment. Endoparasites ( whether migratory or sedentary) conduct
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Table 13.3 Plant-parasitic nematodes classified by parasitic habit.

Habit

Genera and species

Ectoparasites
Foliar

Ectoparasites that feed mainly on epidermal
plant cells of young leaves, stems, and flower
primordia, often enclosed by other foliage.
N. B. most of these species may also be
found within tissues (i. e., endoparasitically)

Root

1. Ectoparasites with short stylets feeding
mainly on outer epidermal and cortical cells
and root hairs

2. Ectoparasites with long stylets that can be
inserted deep into root tissues, often at grow-
ing tip. (Some become relatively immobile
for long periods)

Anguina, Aphelenchoides, Ditylenchus

Tylenchorhynchus, Trichodorus, Paratri-
chodorus, Helicotylenchus (some spp. )

Criconema,
Hemicri-

Belonolaimus, Cacopaurus,
Criconemella, Dolichodorus,
conemoides, Hemicycliophora, Longidorus,
Paralongidorus, Paratylenchus, Xiphinema

Migratory endoparasites
Above ground

Nematodes moving freely in tissues of stems,
leaves, flower primordia or seeds

Below ground
All stages of nematodes present, moving freely

within different tissues of roots, corms,
bulbs, tubers, and seed ( groundnuts)

Aphelenchoides, Bursaphelenchus, Dity-
lenchus, Rhadinaphelenchus

Aphasmatylenchus, Ditylenchus ( some
spp. ), Helicotylenchus (some spp.),
Hirschmanniella, Hoplolaimus, Pratylen-
choides, Pratylenchus, Radopholus, Rot-
ylenchoides, Rotylenchus (some spp. ),
Scutellonema

Sedentary endoparasites (all below ground)

Enlarged nematode bodies generally within
tissues. Different life stages present; females
become sedentary and obese. Enlargement of
tissues ( galling) can occur around nematodes

Achlysiella,  Globodera,
Meloidodera, Meloidogyne,
Punctodera, Cactodera

Heterodera,
Nacobbus,

Sedentary semi-endoparasites (all below
ground)

Different stages of nematode invade and
become partly embedded in root and sedentary;
posterior part of mature female projects from
root and becomes swollen

Rotylenchulus, Sphaeronema, Trophoty-
lenchulus, Tylenchulus
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most of their vital processes inside the roots ( except during the stages of
dispersion), their motility and feeding habits resulting in death of cells.
Migration through roots characterizes the first level of obligate endoparasitism
( Pratylenchus, Radopholus), the next stage being sessile endoparasitism. The
development of females that induce nurse cells and galls allowed the sedentary
habit to develop free of the necrotic reaction caused by the migratory habit.
Sedentary endoparasites are the pinnacle of Tylenchida parasitism, the second
stage juveniles (J2) and males being the only motile stages. Sedentary females
may be transformed into a cyst containing J2 within eggs ( Heterodera,
Globodera), or the females may be non-cyst-forming (Meloidogyne spp.). A
long co-evolution between parasites and their hosts tends to produce less
virulent reactions than those resulting from new encounters. A necrotic cell
reaction to an obligate parasite is regarded as a sign of an ill-balanced host-
parasite relationship and, in the form of hypersensitivity, may provide a
successful defense mechanism. The most complex host reactions, e. g., to
Meloidogyne spp., are not necrotic but represent well adjusted, if ultimately
harmful (when large numbers of nematodes invade), host-parasite relationships
(Pitcher, 1965).

The range of cell responses to feeding by plant-parasitic nematodes provides
some clues as to how the endoparasitic relationships evolved (Jones, 1981).
Surface feeders (e. g., Trichodorus) rapidly kill the cells they feed from.
Ectoparasites that cause root tip galls (e. g., Xiphinema) return repeatedly to
the galls to feed but kill those cells fed from. Gall cells nevertheless become
bi- or tri-nucleate and slightly enlarged. Tylenchulus induces and feeds from
nurse cells for most of its life cycle without killing them. Rotylenchulus
additionally induces limited wall breakdown to form a syncytium. Heterodera,
Nacobbus and Meloidogyne induce larger volumes of cytoplasm on which they
feed. Once nematodes can feed from host cells without killing them, the
females enlarge enormously and become sedentary, with a secure food supply
that allows increased egg production.

13.4.3 Indications of the Nematode’s Presence as a
Disease-causing Organism

Human needs for food and fiber are provided by only a few crops, and yield
loss statistics are available only for major crops, not for those of limited or
regional use. Such crops can be important staples, especially in developing
countries. Thus, although plant-parasitic nematodes may be reported in relation
to known diseases, their importance and potential threat remain ignored in
many other cases. Nematode damage to crops can be classified under different
schemes that allow, for practical purposes, unrelated taxa to be put together
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according to parasitic habit, affected crop, symptom expression, or major
pathogenic effect. This simplifies information in, for example, diagnostics,
where symptoms can be used as a rough guide to shorten a list of potential
disease agents. Useful summaries of the range of symptoms caused by
nematodes, accompanied by illustrations, can be found in Agrios (1997) and
in Shurtleff and Averre (2000).

13.4.3.1 Disease Expression

The most universal symptom of nematode disease in a plant is a reduction in
growth rate compared with that of a healthy plant, although light infestations
may stimulate growth, usually of the roots (Pitcher, 1965). Nematodes may
also stimulate plant callus growth in aseptic culture ( Sandstedt and Schuster,
1963, 1966a, b). Study of a disease proceeds from initial recognition of
symptoms and identification of the pathogenic agent to the means by which it is
brought about.

Symptoms may vary according to nematode parasitic habits and host-parasite
relationships, and other factors such as host age and physiological condition.
Symptoms in roots can range from microscopic to extensive lesions, from
shallow to deep necrotic areas, and can include gall formation, all of which
can affect root architecture and some of which may eventually weaken the
anchoring system severely (e. g., Radopholus similis on bananas). Affected
plants are yellowed and stunted, being distributed in circular to oval areas of
variable size in the field (“patches”), the longitudinal axis of the infested area
typically being in the direction of cultivation of the field ( Ayoub, 1980).
Symptoms can be divided into above ground and below ground. It is usually
necessary to examine roots and other plant tissues to establish a connection
between damage symptoms and nematodes. To be certain of the association,
nematodes have to be extracted from soil, roots or other material and identified
microscopically ( Shurtleff and Averre, 2000; Southey, 1986). Samples from
plants within patches of poor growth should be compared with samples taken
from plants outside the patches.

13.4.3.2 Above-ground Symptoms

Symptoms are essentially the same as those caused by any root damage that
interferes with the physical support and water and nutrient absorption systems.
Thus, they are often similar to mineral deficiencies, inadequate or excessive
water supply, and generally poor soils. Symptoms are usually more
pronounced if the plants are already affected by adverse growing conditions or
are being attacked by other pathogens. Plants growing under highly favorable
conditions may be heavily attacked by nematodes but show few, if any,

654



13.4 Plant Diseases Caused by Nematodes

symptoms above ground. Under such circumstances, nematodes reproduce

better and can represent a severe and hidden threat to succeeding crops. The

more important above-ground symptoms are:

1. Stunting, reduction in amount of foliage and progressive death ( die-

back) .

Poor yield.

Yellowing ( chlorosis) of leaves.

Wilting.

Early senescence.

Dropping of fruits and fruit malformation.

Leaves with dark green spots, angular or cuneiform in shape, with

interveinal discoloration and necrosis (e. g., Aphelenchoides ritzemabosi

on chrysanthemum leaves) .

Galls in stems, leaves and seeds of cereals and grasses (Anguina spp. ).

9. Twisting and white tips of leaves in rice (Aphelenchoides besseyi) .

10. Twisting of leaves and raised yellow lesions on stems and leaves
( Ditylenchus dipsaci on narcissi and onions) .

11. Twisted panicles and empty grains ( Ditylenchus angustus on rice).

12. Yellowing and collapse of palm leaves followed by rapid death; a red
necrosis in the vascular bundles of the stem forming a red ring
( Rhadinaphelenchus cocophilus in coconut and oil palm).

13. Yellowing and rapid death of pine trees ( Bursaphelenchus xylophilus) .

14. Distorted apical growth and “crimping” of leaves and inflorescence
(Aphelenchoides besseyi and Aphelenchoides fragariae on strawberry) .

Nk wn

®

13.4.3.3 Below-ground Symptoms

Below-ground symptoms are reflected above ground as an unspecified decline
of the plants due to reduced absorption of water and nutrients by the secondary
roots. Some species of root-knot nematodes induce qualitative and quantitative
changes in root exudates, such as a reduced concentration of amino acids,
increased concentration of sucrose, and a disappearance of glucose, threonine,
serine, histidine and citric acid (Wang and Bergeson, 1974).

Water movement also is affected by plant-parasitic nematodes, thereby
influencing the water potential of leaves, stomatal conductivity, transpiration
and root conductivity. Heterodera avenae, Tylenchorhynchus dubius and
Heterodera trifolii have all been shown to reduce total water intake ( Seinhorst,
1981). Root conductivity was reduced in bean plants infected with M. hapla
(Wilcox and Loria, 1986; Wilcox-Lee and Loria, 1987) and in potato plants
infected by Pratylenchus penetrans ( Kotcon and Loria, 1986). Globodera
rostochiensis caused mineral deficiency (N, P, K, and Mg) by affecting ion
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absorption and reduced water absorption due to poor root development ( Evans,
et al., 1977; Fatemy and Evans, 1986a, b). Calcium concentrations may
increase in response to reduced potassium uptake and dehydration ( Been and
Schomaker, 1986; Trudgill, 1980), or through disruption of the endodermis
by the nematodes (Price and Sanderson, 1984).

In leguminous crops, nitrogen uptake and nutrition also can be affected, but
it has not always been possible to relate yield loss to the reduced nodulation
caused by nematodes. Soybean lightly infected by Heterodera glycines can
compensate for reduced nodule production by increasing nodulation in
uninfected parts of the root system. However, enhanced supply of nitrate does
not compensate for the effects of reduced nodulation, thus suggesting that
complex mechanisms are involved in nitrogen assimilation after parasite attack
(Mateille, 1994). Nematodes can parasitize the nodules without damaging
their structural integrity, but bacterioids do not develop and eventually the
nodules atrophy ( Barker and Hussey, 1976; Ko, et al., 1984; Mateille,
1994). Although nematodes are generally detrimental to the symbiotic
interaction, M. hapla and P. penetrans can stimulate nodulation (Hussey and
Barker, 1976).

Below-ground symptoms caused by nematodes include:

1. Root system reduced in extent, especially the secondary feeder roots.
2. Abnormal root development:
a. Excessive branching of secondary roots (e. g., Meloidogyne hapla,
Pratylenchus spp. , Nacobbus aberrans) .

b. Overall root galling ( Meloidogyne spp., N. aberrans).

c. Roots with longitudinal necrotic areas ( Pratylenchus spp., Radopholus

spp., Hirschmanniella spp. ).
d. Swollen, hooked root tip galls ( Subanguina spp., Xiphinema spp,
Meloidogyne graminicola) .

e. Roots ending in rounded galls ( Longidorus spp. , Hemicycliophora spp. ).

f. Localized proliferation of lateral roots ( some Meloidogyne spp.,
Heterodera spp. ).

g. Dirty roots caused by accumulation of soil particles and root debris on
the roots ( Tylenchulus semipenetrans) .

h. Stubby roots, suppression of root growth ( Trichodorus spp.,
Paratrichodorus spp. ).

3. Roots with white, yellow or dark brown colored cysts ( Cactodera spp. ,

Heterodera spp., Globodera spp., Punctodera spp. ).

4. Internal rotting of tubers, bulbs and corms ( Ditylenchus spp. , Pratylenchus
spp., Scutellonema spp. ).
5. Galled or warty tubers of potato and yam ( Meloidogyne spp. ).
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6. Surface cracking of tubers such as potato, sweet potato, yam ( Ditylenchus
destructor, Scutellonema bradys, Pratylenchus coffeae, Meloidogyne spp.).

N

8. Brown and

Ditylenchus africanus) .
9. Fewer symbiotic nodules on leguminous hosts ( H. glycines, H.

goettingiana) .

Lesions on groundnut pods ( Pratylenchus spp., Criconemella spp. ).
shrivelled groundnut

seeds ( Aphelenchoides arachidis,

13.4.3.4 Seed/Planting Material: Symptoms of Nematode Damage

The spread of nematodes in planting material can lead to serious losses in the
mature crop, or in subsequent crops if the nematodes build up to damaging
levels only slowly. Many nematodes are spread by this means, mainly in
vegetatively propagated material ( tubers, corms, bulbs) or seedlings and

rootstocks.
(Table 13.4).

Very few nematodes are actually disseminated in true seed

Table 13.4 Detection of nematode symptoms in seed or planting material (adapted from

Bridge, 1987b).

Crop(s) Nematode( s) Symptoms of damage

Seeds

Wheat  (Triticum | Anguina tritici Black, misshapen seed galls
aestivum)

Beans ( Vicia faba)

Ditylenchus dipsaci

Shrivelled and discolored seeds,
times with “nematode wool” attached

some-

Onion (Allium cepa)| Ditylenchus dipsaci No observable symptoms; nematodes
emerge from soaked seed examined
microscopically

Rice (Oryza sativa) | Aphelenchoides No observable symptoms; nematodes

besseyi emerge from soaked seed examined
microscopically

Groundnut (Arachis | Aphelenchoides Shrivelled seeds, dark brown testas

hypogaea) arachidis,

Ditylenchus africanus

Tubers

Yam  (Dioscorea | Scutellonema bradys, | Internal, dark brown “dry rot” in periph-

spp- ) Pratylenchus coffeae, | ery of tuber, observed when tuber is cut

Radopholus similis

Meloidogyne spp.

or when epidermis is scraped away.
Whole tubers spongy to touch with sur-
face cracks

Knobbly tubers with internal necrotic spots
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Continued
Crop('s) Nematode( s) Symptoms of damage
Potato  (Solanum | Pratylenchus spp. Uneven tubers pitted with dark, dry nec-
tuberosum) rotic lesions
Meloidogyne spp. Watery tubers, swellings and lesions on
surface
Globodera spp. Cysts on tuber or in adhering soil ( diffi-
cult to see)
Nacobbus aberrans No observable symptoms. Lenticels with
spongy tissue
Bulbs

Onion, garlic
(Allium spp. ),

Ditylenchus dipsaci

Internal necrosis or rot of sets and cloves,
sometimes with “nematode wool” attached

Narcissi

Rhizomes

Ginger ( Zingiber | Meloidogyne spp. Light brown, watery, necrotic areas in
officinale) outer thizome, often in surface folds

Turmeric ( Curcuma

Radopholus similis
Radopholus similis

Small, sunken water lesions on surface

Shallow, water-soaked, brownish lesions

domestica) and rotting

Corms

Banana, plantain, | Radopholus similis, | Purple to dark brown necrotic lesions
abaca (Musa spp. ),| Pratylenchus coffeae, | throughout cortex of attached roots, and
enset ( Ensete spp.) | P. goodeyi similar lesions in outer tissues of corm

Taro (coco yam)

Helicotylenchus mul-
ticinctus

Hirschmanniella miti-

Purple to dark brown necrotic lesions in
periphery of cortex of attached roots

Internal red necrotic streaks and peripheral

( Colocasia escu- | causa rot

lenta)

Seedlings/transplants ( the following symptoms may be observed after uprooting)
Vegetables, rice, | Meloidogyne spp. Swelling or galls on roots

coffee, etc.

Nacobbus aberrans

Pratylenchus spp. ,
Hirschmanniella spp. ,
Radopholus spp.

Heterodera spp.

Discrete swellings or galls on roots

Yellow or brown lesions on root surface

Spidery or distorted root growth some-
times with white specks ( females) on
roots of older seedlings
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Continued

Crop(s) Nematode( s) Symptoms of damage
Rootstocks
Grapevine, peach, | Meloidogyne spp. Galls on roots, sometimes accompanied
etc. by rotting

Pratylenchus spp. Brown lesions on root surface
Citrus Tylenchulus semipen- | Irregular, “dirty” roots with soil adhering

etrans to surface

13.4.4 Nematodes as Pathogens

In comparatively few cases have plant-nematode relationships been studied free
from the presence of all other organisms, work by Byars (1914) and Tyler
(1933) being amongst the earliest examples. As Mountain (1959, 1960b) has
pointed out, only in this way is it possible to be certain that a given plant
reaction is wholly due to parasitism by a nematode. The development of cell
and tissue culture techniques during the last century facilitated the study in vitro
of the onset and development of alterations and symptoms related to plant
diseases caused by nematodes. However, the challenge of culturing nematodes
in axenic conditions remains, leading Pitcher (1965) to state that “the bulk of
our present knowledge of plant-nematode relationships thus rests upon
somewhat insecure foundations”.

Pitcher (1963) recommended that due consideration be given to Koch’s
postulates in studies of nematode-induced disease, ensuring that the same
standards of purity of inocula applied to other pathogenic microorganisms are
applied to the nematode inoculum. “Nematodes added in the form of infested
roots or as an aqueous suspension with an uncontrolled surface microflora are
not simple nematodes but nematodes plus an unknown number of unknown
factors” ( Pitcher, 1963). No problem caused by nematodes has been fully
reproduced axenically, but there is convincing evidence from other
observations that many nematode species damage plants. However, important
conclusions, which confirm the pathogenic role of some plant-parasitic
nematodes, have been made from gnotobiotic root culture experiments
( Zuckerman, 1969; Zuckerman and Brzeski, 1965). According to
Oostenbrink (1969), the concept of pathogen and the relevance of Koch’s
postulates are disputable in diagnostic work with nematodes. Some of the
practical problems include the provision of optimal conditions in an artificial
environment, the use of appropriate inoculum dosage, and quantitative rather
than qualitative symptom evaluation. The formal application of Koch’s
postulates may lead to erroneous conclusions about the causal role of the

659



13 Plant Diseases Caused by Nematodes

nematode. Negative conclusions have been drawn because of inadequate
sampling or extraction techniques, because a damaging species occurred deeper
than the level of soil sampled, or because the wrong species was selected from
a mixture of nematodes. Inoculation experiments may fail for a number of
reasons, such as wrong soil type, unsuitable substratum or temperature and
humidity conditions. The inoculum is often insufficiently large to compensate
for such factors as the use of small containers, the aggregation of nematodes
along roots in natural soil, and the heavy mortality of inoculated nematodes
and nematode eggs in so-called quantitative extraction. The use of Koch’s
postulates is regarded more often as a “finishing touch than a trustworthy
guide” in the first stages of research ( Oostenbrink, 1969), but this can be
changed with increasing knowledge of nematode biology, better-planned
experiments, and more precise methodologies and techniques.

Sterile inoculation is not the only scientific method used in determining the
role of nematodes in plant disease. Oostenbrink (1969) gave general guidelines
to work on an unknown growth disturbance in searching for a causal
relationship. They include: (1) observation of feeding in siru of immobile
stages and aggregation of the nematodes in or around the affected plant organ;
(2) presence of specific local symptoms such as swellings, galls, lesions, stem
and root malformations; (3) association of non-specific symptoms of poor
growth in the field with high densities of one or more species of suspected
plant-parasitic nematodes; (4) significant correlation between severity of
damage and nematode densities; (5) complete cure by the use of nematicides
or other chemical compounds; (6) reproduction of local disease symptoms in
another soil where a particular plant was never grown before but where the
nematode population has built up on other plants; (7) correlation of severity of
symptoms with geometrically increasing non-sterile nematode inoculum on
whole plants grown with nematode-free soil; (8) the use of aseptic
monospecific inoculum of nematodes and of associated organisms, or various
mixtures of inoculum, on whole plants or plant tissue grown aseptically, may
help to show if the nematode itself acts as pathogen, incitant, concerter,
vector, modifier, deterrent, harmless feeder, antagonist of a pathogen or
growth stimulator of the plant.

13.4.5 The Role of Nematodes in Pathogenesis of Interactions

Plant-parasitic nematodes are often regarded solely as pathogens, capable of
producing a single, recognizable disease. Frequently, such a concept is valid
enough but nematodes also may facilitate the entry and establishment of other
plant pathogens. Often the nematode partner is affected, either to its benefit or
disadvantage, leading to the use of the terms “ interrelationships” and
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“interactions” with bacteria, fungi and viruses. Pitcher (1965) proposed
several mechanisms of interaction, which represent yet another classification of
the role of nematodes in soil-borne diseases. All plant-parasitic nematodes
wound plants to some degree, either by a simple micro-puncture or by
rupturing or separating cells. They may thereby either introduce a pathogen on
or within their bodies or aid the entry of a pathogen already present on the plant
cell surface. Pathogens “capable of self-establishing” once in contact with the
hosts use nematodes to carry them to fresh infection sites from infected tissue
on the same plant or from the soil and, less frequently, from plant to plant.
Occasionally, systemic effects whereby nematodes feeding on plants aid fungal
penetration at remote locations have been reported ( Corbett and Hide, 1971).
Virus vectors move from plant to plant, being the prime example of
“nematodes as vectors of pathogens incapable of self-establishment unless
introduced below the epidermis”, and fulfilling much the same role as
arthropod vectors of viruses above ground. Root infection cannot take place
without the aid of the nematode and, once established within the root, the virus
multiplies, usually becoming systemic throughout the plant. Some nematodes
may act as “providers of necrotic infection courts” by modifying the substrate
for the weaker, unspecialized pathogens, and providing them with a “food
base”, which reinforces their invasive potential. In this role, nematodes are
“modifiers of substrates”. This process may be simple or highly sophisticated.
In destroying chemicals antagonistic to pathogens, nematodes may ultimately
become “breakers of disease resistance”, impairing the host defense reactions
by which healthy plants would otherwise repel pathogens. Some nematodes are
considered to be “deterrents of plant disease”, by simply “grazing” on fungal
pathogens as in the case of Aphelenchus avenae (Mankau and Mankau, 1963)
but, in other situations, physiological changes may be involved.

13.4.5.1 Nematodes as Vectors of Plant Viruses

Nematodes are vectors of several harmful plant viruses. Under very favorable
circumstances a nematode can acquire a virus in feeding periods of an hour or
less and transmit equally rapidly. The viruses are widely distributed, although
few are recorded in the tropics. The nematode vector may remain infective for
several months, the period being longer in the genera Xiphinema and
Trichodorus than in Longidorus. Infectivity does not survive a molt and the
virus is not transmitted via the nematode egg. Two major virus groups are
carried only by nematodes in the orders Dorylaimida and Triplonchida:
1. Nematode-transmitted polyhedral viruses ( Nepoviruses). Species of
Xiphinema and Longidorus transmit the following viruses:

Xiphinema - Tomato ringspot (ToRSV), Cherry rasp leaf (CRLV), Peach
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rosette mosaic (PRMV), Grapevine yellow vein, Arabis mosaic ( AtMV),
Strawberry latent ringspot (SLRSV), Grapevine fanleaf (GFLV).

Longidorus - Artichoke Italian latent ( AILV), Tomato blackring (TBRV),
Peach Rosette mosaic (PRMV), Raspberry ringspot ( RRSV), Mulberry
ringspot (MRSV).

2. Nematode-transmitted tubular viruses ( Tobraviruses ). Species of
Trichodorus and Paratrichodorus are the vectors of Tobacco rattle (TRV), Pea
early-browning (PEBV), Pepper ringspot (PRV).

13.4.5.2 Interactions with Fungi and Bacteria

Disease complexes between nematodes and wilt-inducing and root-rot fungi are
well documented for several fungal and nematode genera. Fusarium oxysporum
and other Fusarium spp., Verticillium spp., Pythium spp., and
Cylindrocarpon spp. are examples of fungi that interact with nematodes,
mainly Meloidogyne spp., Pratylenchus spp., and Rotylenchulus reniformis.
There is frequently a synergistic effect on plant damage, although the effects of
the interacting organisms may be simply additive.

Interactions are also known to occur between the disease-causing bacteria
Clavibacter spp., Pseudomonas spp., and Agrobacterium spp., and species
of the nematode genera Meloidogyne, Pratylenchus, Anguina and Ditylenchus.
Two well-known examples of nematode-bacteria interactions are that of
Meloidogyne spp. and Pseudomonas ( Ralstonia) solanacearum causing
bacterial wilt of many crops (tobacco, potato, eggplant) and that of the ear
cockle nematode, Anguina tritici, and Clavibacter tritici ( Carlson and
Vidaver) Davis, Gillaspie, Vidaver, and Harris causing a disease in wheat
referred to as “yellow ear rot” or “tundu” in India ( Gupta and Swarup, 1972).

13.5 Root Gall Forming Species

Endo-and semi-endoparasitic nematodes of Tylenchida (e. g., Heteroderidae,
Meloidogynidae, Pratylenchidae, Hoplolaimidae, Tylenchulidae) and some
Dorylaimida ( Longidorus, Xiphinema) have evolved the ability to induce
changes in host cells to form feeding sites and sequester nutrients from the
vascular system of the host plants. However, the host also requires nutrients,
and delicate strategies have been developed by the nematodes in order to
maintain a metabolic balance as, if the feeding cells are damaged, the
nematodes (i. e., the sessile endoparasites) may die. The introduction of
substances by the nematodes, combined with the creation of a source-sink
arrangement, may cause cell modifications that tip the host physiological
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balance in a few critical pathways (Jones, 1981). Host cell changes include
enlarged nuclei and nucleoli, increased synthesis of cytoplasm and cell
organelles, reduction or loss of the vacuole, stimulation of intermediary
metabolism, RNA and DNA synthesis, and the enhancement of free amino
acid and solute levels. Thus, large volumes of active cytoplasm are accessible
to the adult nematodes. Transfer cell wall ingrowths are present when altered
cells are relatively isolated from neighboring cells (i. e., few plasmodesmatal
connections), but absent when plasmodesmata are numerous. The suggestion
that Meloidogyne giant cells possess a hydrogen ion efflux pump, solutes being
taken up via a proton-cotransport mechanism at the plasmalemma ( Jones,
1981), has been confirmed and such a pump is present between the apoplast
and the giant cells of M. incognita (Dorhout, et al., 1992). The origin of the
solutes is the vascular tissues, except for Tylenchulus, which apparently obtains
nutrients from symplastic cortical cells (Jones, 1981).

Hypertrophy (an increase in cell size) and hyperplasia (an increase in cell
numbers) are two of the most striking plant responses to nematode attack that
may or may not occur together in the feeding sites associated with sedentary
nematodes. One or both are involved in the production of galls by different and
even unrelated groups of plant-parasitic nematodes and hosts. Hyperplasia is a
feature of parasitism by Meloidogyne but not Heterodera. Hyperplastic tissue
constitutes the main bulk of a root-knot gall and is also found in the hooked
root tips induced by Xiphinema spp., and root and flower galls induced by
Ditylenchus and Anguina (Pitcher, 1965). _

Plant growth compounds are involved in gall production, but they may
originate from the nematodes. The compound is generally an auxin or a similar
molecule, and the kind of auxin in the gall varies according to the plant and the
nematode ( Orion, 1973; Viglierchio and Yu, 1968). It may even differ
between species of the same genus of nematode. Increased growth regulator
levels may result from increased synthesis or decreased degradation, and no
experimental distinction has been made between development and function of
modified cells ( giant cells or syncytia) and gall development with respect to
altered regulator levels ( Mateille, 1994). Cytokinins have been found in adult
nematodes, egg masses, and hatched juveniles ( Dimalla and van Staden,
1977), and higher levels of endogenous cytokinins have been reported in
susceptible tomato roots ( van Staden and Dimalla, 1977). Symptoms of
fasciation, comparable to those caused by an IAA, kinetin or gibberellin
hormonal imbalance, are reported on Lilium henry infected by D. dipsaci
( Stumm-Tegethoff, 1986).

The induction and development of feeding structures probably result from
interactions between effects of nematode secretions and their regulation of gene
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expression, but events linking these two phenomena have yet to be described.
Common features must be present in the process of induction of feeding
structures in different hosts. Meloidogyne incognita probably interacts with
fundamental aspects of the plant cell cycle as it can induce similar giant cells in
thousands of host species ( Sijmons, et al., 1994).

13.5.1 Root-knot Nematodes ( Overall Galling and Swelling
of Roots)

The species of the genus Meloidogyne Goeldi 1887, commonly known as
“root-knot nematodes ”’, are obligate endoparasites of great economic
importance, being among the major limiting factors in the production of field
and plantation crops, predominantly in the tropics but also in Europe and North
America ( Jepson, 1987; Siddiqi, 2000). The nature and morphology of
species of Meloidogyne is such that differences between species are generally
very small, with certain features being influenced by the host and environment
(Jepson, 1987). Identification is difficult and no single morphological
approach or single life-history stage feature can be used to distinguish all
species, although different approaches have been tested to resolve identification
(Barker, et al., 1985; Jepson, 1987), including molecular techniques.
Species identification is essential, particularly where more than one crop is
grown and Meloidogyne control is planned using rotation of susceptible and
resistant crops. Species identification is not in itself sufficient when
M. incognita and/or M. arenaria are present because these species exist as
races, which have different parasitic abilities. Because of their wide
distribution and broad host range, the species of major economic importance
are: M. incognita, sensu lato, M. javanica, M. arenaria and M. hapla.
Other species that are economically important, but with more restricted
distributions and host ranges, are M. graminicola, M. naasi, M. exigua,
M. acronea, M. chitwoodi, M. artiellia, M. decalineata, M. africana,
M. coffeicola, M. oryzae, and M. thamesi (Jepson, 1987).

13.5.1.1 Biology

The infective stage is the J2, which locates and penetrates a root to establish a
feeding site, usually within the pericycle and vascular tissues. A gall is formed
due to hypertrophy and hyperplasia of the root cells. Later, the J2 becomes
sausage-shaped and undergoes three further molts within the cuticle of the
second molt. The third (J3) and fourth (J4) stage juveniles do not have a
stylet and do not feed. The stylet reappears after the fourth molt. The female
feeds, becoming spheroidal, and starts laying eggs in a gelatinous matrix
secreted by the rectal glands. The gelatinous matrix has lytic properties that
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produce a cavity inside the galls, housing and protecting many of the eggs from
the external environment ( Orion, et al., 1987). Eggs hatch on exposure to
moisture in warm conditions. The vermiform male does not feed and females
may be parthenogenetic (mitotic or meiotic). During adverse conditions most
of the developing juveniles become males in many species ( Siddiqi, 2000).
Duration of the life cycle varies according to species and temperature
conditions.

13.5.1.2 Symptomatology and Pathogenesis

Above-ground symptoms are very general and non-specific, being similar to
those produced by mineral deficiency. Growth is reduced or even terminated,
resulting in stunted plants, premature leaf abscission, wilting, early
senescence, and reduced fruit production and yield loss. These symptoms are
due to root damage and interference with synthesis or translocation of the host
growth hormones, including cytokinins and gibberellins, which cause a
decrease in photosynthesis. Below-ground symptoms include galls, which are
initiated and produced in response to growth regulators, proteins and
glycoproteins introduced into the host from the subventral esophageal glands of
the feeding J2 (Jepson, 1987). Syncytia formed in the vascular system are
multinucleate, being formed by repeated mitosis of a single nucleus within the
same cell, the cells having dense cytoplasm and highly invaginated cell walls
(Huang and Maggenti, 1969; Jepson, 1987; Jones and Payne, 1978). There
is now good evidence that these cell wall modifications are due to
endoglucanase enzymes of plant, rather than nematode, origin ( Goellner, et
al., 2001). Vascular continuity is maintained by differentiated xylem and
sieve elements, and wall ingrowths facilitate solute transport from surrounding
cells to the giant cells. Final giant cell dimensions may reach 600 wm in length
by 200 wm in diameter. During cell enlargement, the cytoplasmic contents
increase greatly relative to the cell vacuole and cell appearance is similar to that
of actively growing meristematic cells. Nuclei become amoeboid and nuclear-
cytoplasmic exchange increases via numerous nuclear pores. Golgi bodies and
mitochondria are numerous, the distribution of endoplasmic reticulum is
relatively sparse, and the ground cytoplasm has many ribosomes and
polysomes, implying that much of the protein synthesis is directed to internal
metabolism rather than export (Jones, 1981). The syncytium is highly
specialized, resembling transfer cells, and its induction and maintenance
depend on continuous stimulation from the nematode (Bird, 1974).
Morphological changes in the root depend on the host and nematode species
involved, and include the amount, extent, and type of galling and, in selected
cases, the suppression of secondary roots and development of fine lateral roots
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around the infected area. Difficulties in detection may arise when dealing with
species that produce small galls, the general assumption being that root-knot
nematodes produce obvious galls. Also, confusion can be made with legume
nodules, although these may be rubbed off the root whereas galls produced by
Meloidogyne cannot be so dislodged (Jepson, 1987). Few species (e. g.,
M. incognita, sensu lato, M. javanica, M. arenaria, and M. hapla) produce
very large galls. Most other species produce small, discrete galls (e. g.,
M. graminis and M. oryzae) and some produce no galling at all
(M. aquatilisy. Galls of M. naasi are characteristically horseshoe-shaped or
spiral (Jepson, 1987). Rice root tips infected by M. graminicola or M. oryzae
produce a hooked root tip swelling ( Bridge, et al., 1990). The extent of
galling is related to species, the position of the female within the gall and mode
of reproduction. Gall size within a single species may depend on the plant host
involved. Amphimictic species have females predominantly external or only
partially embedded in the gall, to allow easy access for males (e.g.,
M. acronea), whereas those that are facultatively parthenogenetic have
females partially or completely embedded (e. g., M. graminicola). In
obligatory parthenogenetic species, the females are completely embedded
within large galls (e. g., M. incognita, M. javanica, and M. arenaria), and
virtually inaccessible to males.

13.5.1.3 Control

There are few specific control measures but many strategies can be used to
reduce damage, although there are no practical methods of completely
eliminating most species once they have become established in soil. Usually, a
combination of two or more strategies (i. e., rotation, fallow, resistant
varieties, removal of infested roots, etc.) represents the practical approach to
managing root-knot nematodes, chemicals being used only on a limited number
of high-value crops. Contaminated soil and infested seedlings are the most
common means of transferring root-knot nematodes to new fields. If seedlings
can be kept free of nematodes by raising them in clean seedbeds, considerable
yield advantage will ensue even when planted into infested fields, because
early damage is a very important factor limiting yield (Bridge, 1987a).

13.5.1.4 Differential Host Test

Care must be taken when selecting crops and varieties for rotation due to the
existence of races within certain species. The differential host test, developed
by the International Meloidogyne Project (IMP), is well documented ( Sasser
and Carter, 1985). It is designed for use with only four species (M. arenaria,
M. hapla, M. incognita, sensu lato, and M. javanica) to give a preliminary
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identification based on their usual response to cultivars of six hosts. The hosts
used are tobacco ( Nicotiana tabacum L. cv. NC95), cotton ( Gossypium
hirsutum L. cv. Deltapine 16), pepper ( Capsicum frutescens L. cv.
California Wonder), watermelon ( Citrullus vulgaris Schrad. cv. Charleston
Gray), peanut ( Arachis hypogea L. cv. Florunner), and tomato
(Lycopersicon esculentum Mill. cv. Rutgers). However, the test has well-
known limitations and, as races cannot be distinguished morphologically,
molecular diagnostic methods are under development.

13.5.1.5 Interactions

Meloidogyne spp. have been recorded in many disease associations, which
makes it the most important incitant genus. Fusarium spp. are the most
frequent partners, although each pathogen can cause disease without the other
and both can interact with other genera. There appear to be features in the
biology of both genera, possibly related to their common parasitism of vascular
tissues and features of their biochemistry, that may make them suitable for the
complex interactions involved (Pitcher, 1965).

13.5.2 False Root-knot Nematode (Discrete Overall
Root Galling)

The genus Nacobbus is endemic to the Americas. The species of economic
importance is N. aberrans, a polyphagous and important pest in sugar beet,
beans, chilli pepper, potato, and tomato ( Canto-Saenz, 1992; Costilla, 1985;
Inserra, et al., 1984). Yield losses vary according to crop but can reach 60%
in tomato and 80% in potato (Ramos, et al., 1998). The duration of the life
cycle is strongly influenced by temperature (Inserra, et al., 1983; Prasad and
Webster, 1967). All stages of development are migratory endoparasites but the
adult female becomes a sedentary endoparasite and deposits eggs in a gelatinous
matrix (Clark, 1967). The biology of N. aberrans shares some similarities
with Meloidogyne spp. (Souza and Baldwin, 1998). Galls are induced in the
root system and spindle-shaped syncytia (2 —3 mm in length) are formed
within the stele by wall digestion at pit fields and fusion by neighboring
protoplasts. Mitosis accompanies syncytium development, and cells divide
before being incorporated in the syncytium. Increases in cytoplasm content and
secondary vacuolation accompany cell expansion. Cell nuclei are enlarged and
mitochondria and Golgi bodies are numerous. Polysaccharide deposition
thickens cell walls and wall fragments. The stelar organization is badly
disrupted, vascular continuity being maintained by groups of xylem and
phloem cells. Numerous gall cells differentiate into wound-type sieve
elements. Starch granules are found in syncytia and gall cells, probably due to
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increased sucrose off-loading from the sieve elements. Numerous
plasmodesmata are found in pit fields between sieve elements and syncytial
cells (Jones, 1981).

Due to its broad host range and the existence of races, N. aberrans
populations have to be managed by integrated crop and pest management
programs that include three-year rotation schemes, trap crops, cultural
practices, and fertilization or composting ( Franco, et al., 1992). Nematicides
have been used to reduce soil populations and to protect tubers. Removal of
root debris after harvest is especially important as they are an important source
of infective stages.

13.5.3 Species that Cause Galling or Swelling of
Root Tips Only

According to Fortuner and Luc (1987), the development of elongated, rigid
stylets has been a recurrent characteristic within obligate ectoparasites belonging
to unrelated groups (e. g., Xiphinema, Longidorus, and Criconemella).
Similarly, the ability to induce galls in response to nematode feeding activity
occurs in phylogenetically unrelated groups, although the physiological
processes involved may differ or be characteristic of the host or nematode
species.

The symptoms caused by ectoparasitic nematodes such as Xiphinema spp.
include distinctive discoloration of roots, often a blackened appearance. A
marked reduction in root system size is due to destruction of feeder roots, the
remaining roots bearing numerous lesions that may lead to disintegration and
decay of the cortical tissue at various points (Cohn, 1975). Some Xiphinema
species (e. g., X. bakeri, X. diversicaudatum, and X. index) feed at root
tips, others (X. americanum and X. brevicollum) rarely do so. Some young
roots may have slightly swollen and curved tips (e. g., when attacked by X.
americanum, X. chambersi, and X. brevicollum), whilst other species (e. g.,
X. diversicaudatum on rose and other hosts) cause prominent terminal or
subterminal swellings on roots, which makes the tip curl (“curly tip” or “fish-
hook tip”). The size of the swellings may differ according to root age and
plant species and may even be lacking. The galls contain necrotic cells and
enlarged multinucleate cells produced from mitosis without cytokinesis. Root
pathology is similar for Longidorus and Xiphinema, with darkening of tissues,
cortical hyperplasia, lateral root proliferation and tip galling ( Hunt, 1993).
Both Xiphinema and Longidorus are capable of inserting their stylets to a
considerable depth into the plant tissue, depending on root diameter. The stylet
may reach the vascular tissues in young thin roots, whereas in older, thicker
roots it is inserted into the cortical parenchyma layers. Longidorus invariably
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feeds at root tips that transform into terminal galls (Cohn, 1975; Sijmons, et
al., 1994). Paralongidorus australis causes brown necrotic tips ( sometimes
hooked or curled) on primary roots of rice; secondary roots are shorter, often
having a forked appearance (Bridge, et al., 1990). Paralongidorus maximus
causes galling, distortion and stunting of the roots with necrosis and secondary
invasion by microbial pathogens ( see Hunt, 1993). The histopathology of
roots infected by Xiphinema and Longidorus has not been studied extensively.
However, cellular and tissue alterations due to feeding of Xiphinema spp.
include groups of dark suberized cells within the cortical parenchyma, an
underlying phellogen layer in the cortex, reduced size and activity of apical
meristems, and a marked hyperplastic response of cortical cells (Cohn, 1975).
A multinucleate condition of enlarged cortical cells also has been reported
(Cohn, 1975). Substances discharged during feeding by Longidorus and
Xiphinema may be responsible for triggering gall formation and other
biochemical alterations, such as increased levels of amino-acids,
carbohydrates, nucleic acids, phenols, and peroxidase activity (Cohn, 1975).
Secretions from the dorsal esophageal glands of Xiphinema liquefy the
cytoplasm and nucleoplasm of uninucleate cells before food withdrawal.
Neighboring cells become multinucleate and then show progressive but
prolonged degradation ( Sijmons, et al., 1994). Xiphinema spp. and
Longidorus spp. induce DNA and RNA multiplication, and binucleate cells
(Griffiths and Robertson, 1984) but, unlike the responses to feeding by
Xiphinema, the cells on which Longidorus has fed do not respond by
undergoing mitosis without cytokinesis ( Sijmons, et al., 1994).

Hemicycliophora arenaria is an ectoparasite found in large numbers in the
citrus rhizosphere and feeds at root tips, causing hyperplasia and the
development of spherical galls (Duncan and Cohn, 1990).

13.6 Species that Cause Gall and Lesion Formation on
Stems, Leaves, and Seeds

Galls and lesions are produced on aerial plant parts by Anguina,
Aphelenchoides, Ditylenchus, Bursaphelenchus, and Rhadinaphelenchus.
Subterranean seeds may be affected by Aphelenchoides and Ditylenchus but also
by species such as Pratylenchus brachyurus and Criconemella ornata.
Aphelenchids are predominantly free-living and mycetophagous nematodes in
habit. The most abundant and widely spread genera are Aphelenchus and
Aphelenchoides. Most species of Aphelenchoides are mycetophagous but a few
parasitize higher plants. Aphelenchoides arachidis reproduces readily on fungi
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and is clearly a facultative phytoparasite, but others such as A. ritzemabosi
usually have been regarded as obligate plant parasites. However, no injection
of glandular secretions occurs in Aphelenchus avenae or Aphelenchoides
bicaudatus before they ingest material from fungal hyphae (Hunt, 1993).

Aphelenchoides arachidis (the testa nematode) is a facultative endoparasite
of the seed, testa, pod shells, roots, and hypocotyl of groundnuts but it may
feed ectoparasitically on roots. The pods and seeds of groundnuts are produced
underground and invasion of A. arachidis occurs from the soil. Heavily
infested (freshly removed) seeds are light brown in color, with dark vascular
strands within the translucent testas. Dried seeds have wrinkled testas and are
darker brown. Nematodes are found mainly in the sub-epidermal
parenchymatous layer, and around the tracheids of the testa. The cell walls of
the sub-epidermal parenchyma are broken and the cells enlarged. The
epidermal layer of the seed coat is reduced and the basal tissue, including the
aleurone layer, is disorganized. Nematode-infested seeds had greater levels of
fungal infection ( Rhizoctonia solani, Sclerotium rolfsii, Macrophomina
phaseolina, and Fusarium spp.) than nematode-free seeds (McDonald, et al.,
1979).

Groundnut seeds can also be infected by Ditylenchus africanus ( previously
described as D. destructor), which produces symptoms very similar to those
caused by A. arachidis. Both species are endoparasitic, feeding on tissues of
the roots, pegs, hulls, and seeds. As with A. arachidis, developing pods are
invaded after fruiting pegs have penetrated the soil. Most nematodes occur in
the hulls and seed testas (Jones and de Waele, 1990; Wendt, et al., 1995).

Bursaphelenchus xylophilus (the pine wilt nematode) is the causal agent of a
devastating pine wilt disease. In 1981 the annual loss of timber in Japan was
estimated to be 2 million cubic meters, which approximates to some 10 million
trees ( Weischer and Brown, 2000). Pine wilt disease is the product of a
complex series of interactions and interrelationships, the nematode being the
causal agent of the disease, insects acting as dispersal agents for the nematode,
and fungi providing an alternative food source for the nematode. The first
disease symptoms are the cessation of resin production and transpiration.
Transpiration from the needles at first declines and then ceases altogether, and
the needles wilt and turn yellow. Initially, symptoms may be localized near the
site of infection, but eventually they spread to the crown of the tree ( Hunt,
1993; Malek and Appleby, 1984; Mamiya, 1983). Tree death can occur
30 —40 days after infection in warm climates but takes longer in cooler areas.
The major vectors are Monochamus alternatus Hope in Japan and M.
carolinensis Olivier in the USA (Hunt, 1993).

Red ring disease of the coconut palm ( Cocos nucifera L.) is caused by
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Rhadinaphelenchus cocophilus, transmitted by the palm weevil ( Rhynchop-
horus palmarum L.), but the nematode can also gain entry through the root
system. Disease is common in trees two and a half to ten years old, with
greatest incidence in those four to seven years old ( Griffith and Koshy, 1990).
A cross-section of the stem reveals an internal orange ring (2 —4 cm wide), at
a distance of 3 to 5 cm from the periphery. This ring normally extends the
whole length of the roots and stem and into the petioles, where it takes on a
crescent-like shape. Toxins are produced in the discolored area and there is
also a partial breakdown of the vascular system. The root cortices become
spongy in texture and assume a reddish-brown color. The lower leaves of
infected trees become yellow, starting at the tips of the distal pinnae and later
extending progressively downwards to the base of the pinnae and to the base of
the leaf. The yellowing is succeeded by browning and eventual death of the
leaf. The yellowing and browning subsequently spread to the other leaves and
the tree dies within 3 —4 months after the appearance of the first symptoms
(Fenwick, 1969). The larvae of the palm weevil become infested with the
nematode while feeding in infected trees, nematodes entering the haemocoel
via the gut tract; in adult weevils, nematodes can be found in the gut, body
cavity, and the ovipositor region. The nematodes are injected into the tissues
of the coconut tree when the adult insect deposits its eggs in leaf axils in the
crown of the tree. The nematodes first invade only parenchymatous tissue in
roots, stems, and leaves as intercellular parasites, but later they can be found
both intercellularly and intracellularly. Nematodes have never been found in
xylem vessels and the cause of the restriction of nematodes to the narrow band
or ring of necrotic tissue in stems has never been explained satisfactorily. There
is no report of any tree, once affected, having recovered. Control is based on
prevention and destruction of infested palm material and by the trapping and
killing of the weevil vectors ( Griffith and Koshy, 1990).

Mycetophagy is common in Anguinidae, but some genera are plant parasites
and cause the formation of well-defined galls, usually on above-ground parts
(leaves or flower structures) and exceptionally on roots (e. g., Subanguina
radicicola), in which the adults develop. Their stylets are short and delicate
(11 pm), and females may be enlarged but not globose or kidney-shaped.
Anguinidae are well adapted to above-ground plant parasitism but, even if gall
formation is considered an advanced stage of parasitism, some authors have
considered this niche as a blind alley when compared to evolutionary tendencies
in Tylenchida as a whole (Fortuner and Maggenti, 1987). Anguina and their
close relatives show more marked adaptation to parasitism than Ditylenchus
species.

The “ear-cockle” disease of wheat and barley is caused by Anguina tritici,
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which also vectors a bacterial disease (“yellow ear-rot”). The first symptom of
infection by A. tritici is an enlargement of the basal stem portion, near the soil
base. The emerging leaves are twisted and crinkled but straighten out later,
with faint ridges on the surface. Affected plants are dwarfed with a spreading
habit but may not show symptoms under very light infestations, even when a
few seed galls are produced in the ears; severely infested plants may die
without heading. Infested seedlings produce more tillers that grow faster than
normal plants. Short and broad ears emerge 30 —40 days earlier in diseased
plants, having very small or no awns on the glumes. Nematode galls replace
all or some of the grains. The production of a bright yellow slime or gum-like
substance on the abortive ears as well as the leaves is a characteristic feature of
yellow ear-rot disease. The infected spike is narrow and short with the wheat
grain partially or completely replaced by slime ( Swarup and Sosa Moss,
1990) .

Soil moisture facilitates the release of juveniles from the nematode gall in the
soil. Juveniles then move upward on the growing point of the germinating
plant. After penetrating the flower primordia, the juveniles develop into
adults, females being obese and sluggish. The life cycle is completed in 113
days, depending on temperature. Temperature, humidity, planting depth, and
gall source are major determinants in symptom expression ( Swarup and Sosa
Moss, 1990).

Histological changes caused by Anguina graminis on Festuca rubra
L. appear in the epidermis, parenchyma, and vascular bundles of the grass
blades ( Solov’eva and Kovalenko, 1980). Mature galls on Poa annua L.,
caused by S. radicicola, are characterized by a hyperplastic cortex that has five
to ten more cell layers than healthy cortical parenchyma, and the nematodes are
surrounded by multinucleate cells with necrotic walls ( Vovlas, 1983).
Subanguina radicicola causes root gall formation in graminaceous hosts
(barley, rye, Poa annua, and wheat). The root tips are invaded by the
juveniles, which cause the formation of galls. The galls gradually enlarge due
to increase in size of cortical and endodermal cells, the cortex gradually breaks
down and the cavities become filled with eggs, juveniles, and adults (Hooper
and Southey, 1978).

Another ectoparasite, Criconemella ornata, causes the “Yellow disease” of
groundnut. Roots, pods, and pegs growing in heavily infested soils can be
severely discolored, having brown necrotic lesions that appear superficial and
small but usually extend deep into tissues. Losses have not been well defined
but infestation reduces the numbers of lateral roots and reduces pod yield by
about a half. An interaction ( enhancement) occurs between C. ornata and
Cylindrocladium crotalariae (black rot, CBR) on CBR-susceptible Florunner
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but not on CBR-resistant cv. NC 3033 (Diomandé and Beute, 1981).

Considered as one of the most important pests of sugarcane in Indonesia,
Criconemella xenoplax, an ectoparasite, feeds continuously for up to eight
days from a single cortical cell, nutrients being withdrawn via a zone of
modified cytoplasm in intimate contact with the stylet tip orifice (the only part
not being covered by callose depositions). Plasmodesmata between the food
cell and surrounding cells are modified to facilitate solute transport for
consumption by the nematode ( Sijmons, et al., 1994).

13.7 Root Lesion Forming Nematodes

Modifications of plant tissues can be extreme, as in the gall formers, but
lesions, although apparently less extreme, can be very disruptive and
potentially destructive. Among the Tylenchida, the Pratylenchidae include
several genera with different levels of adaptation to migratory endoparasitism
and that are capable of causing lesions ranging from punctiform and superficial
in nature to deep, coalescent cavities. The physiology of parasitism and host-
parasite relationships involves an active role for nematode secretions and host
response. A transition from migratory endoparasitism, with several infective
stages (J2, J3, J4, adults) that produce necrotic reactions in roots (e. g.,
Pratylenchus, Radopholus), to a female sedentary endoparasitism with
syncytium induction and gall formation (i. e., Nacobbus) occurs within
Pratylenchidae (Luc, 1987).

Pratylenchus spp. cause mechanical destruction of root cells during their
migration through roots. They usually reside in roots, rhizomes or tubers but
may leave plant tissues and live for some time in the soil (Brodie, et al.,
1993). The nematodes feed on the parenchyma, inflicting extensive injury that
it is not confined to the cortex. Lesions can be gradually enlarged by
nematodes feeding at the periphery, and infestations can result in significant
plant growth reduction. Affected cells lose turgor pressure, the nucleus
increases in size, and cell death occurs (Zunke, 1990). Intracellular migration
kills cortical and adjacent cells, tannin deposition occurs, membrane integrity
is lost, and cell organelles degenerate, the effects being more pronounced in
the endodermis but extending into stelar cells ( Sijmons, et al., 1994;
Townshend, et al., 1989). Secondary invasions by other plant pathogens may
result in tissue necrosis and rotting ( Christie, 1959). Many species are
polyphagous and, according to Loof (1978), most species for which only one
(or a small number) of hosts are known are either rare or recently described
species. Host lists can be very long and P. penetrans is one of the most
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important pests in temperate agriculture, horticulture, tree and flower
nurseries, bulb fields, and orchards. It has also been associated with “pre-plant
disease” in Europe and America. In The Netherlands, P. penetrans causes a
potato sickness similar to that caused by Globodera rostochiensis, but it only
occurs where potatoes are grown for the first time. Affected plants are stunted,
dull, and dark, and flowering may be abnormally intensive. Later in the
season many rootlets are broken off, with dead tips. Early maturing potato
cultivars may die whilst late maturing cultivars suffer retarded growth from
which they may recover. Patches of diseased plants increase in size gradually
over the course of a few years (Loof, 1978). Pratylenchus spp. can infect
potato tubers, symptoms varying according to species from a scabby
appearance or sunken lesions ( P. scribneri) to wart-like protuberances
(P. penetrans), which vary from brown to black in color at harvest and turn
purple in storage ( Brodie, et al., 1993). Pratylenchus crenatus damages
grasses, cereals, vegetable crops and especially carrots, causing a kind of
“carrot sickness” with infested fields showing irregular patches of poorly
growing, thin, pale plants; the main root is small and often branched, the
other roots are short, with dead tips and brown lesions ( Loof, 1978).
Pratylenchus pratensis, P. loosi, P. brachyurus, and P. coffeae are important
pests of coffee. The last two species reduced the growth of Coffea arabica
L. cv. Mundo Novo seedlings and increased soluble sugars in the leaves of
infected plants (Inomoto et al., 1998). In Latin America, Pratylenchus spp.
have been associated with a disease complex in coffee known as “corchosis”
(Castillo, et al., 1992; Marban-Mendoza, 1989).

Radopholus similis (the burrowing nematode), has a wide host range and
geographical distribution, thus not only posing a threat in tropical and
subtropical countries whose national economies depend on export of agricultural
products, but also to many crops that are important in world commerce (e. g.,
the horticultural and ornamental industries). It has more than 250 known hosts,
but most research has been done on banana and citrus. Crop loss severity
depends on host susceptibility and environmental conditions ( O’ Bannon,
1977).

Nematode parasitism of banana is a serious problem and is widely distributed
throughout banana-producing areas. At least three genera and four species of
lesion forming nematodes ( R. similis, Helicotylenchus multicinctus,
Pratylenchus coffeae, and P. goodeyi) are pathogens of considerable economic
importance (Blake, 1969; Gowen and Quénéhervé, 1990). Other nematodes,
such as Meloidogyne spp., Rotylenchulus reniformis, and Hoplolaimus are also
common on banana. Radopholus similis is responsible for the greatest
worldwide losses and can reduce banana yields from 73 to 30 t/ha per year
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( Williams and Bridge, 1983). Radopholus similis causes extensive root
necrosis, bunch weight reduction, and toppling. Fruit yield can be suppressed
by as much as 50% within 3 —4 years of planting, and the number of uprooted
or blown-down plants may be increased by 60% (O’Bannon, 1977). The
species is introduced to virgin soils by planting infected rhizomes; these can be
disinfected before planting by paring or by immersion in hot water at 53 —55C
for 20 —25 min (O’Bannon, 1977). Nematodes gain entry into the rhizome
through roots, leaf attachment points, emerging buds, or directly from the
soil. In roots, most nematodes enter near the root tip, taking up a feeding
position between parenchyma cells in the cortex and causing contiguous cells to
separate. The size of the nucleus and nucleolus in the cells surrounding the
feeding nematode increases significantly but the amount of cytoplasm
decreases. Ultimately, the nucleus disintegrates, the primary cell wall
ruptures, a cavity forms and the nematode moves into the space. Nematodes
continue enlarging these cavities ( which may coalesce) by feeding on
peripheral cells and tunneling in the cortex. Hyperplasia and hypertrophy are
rare and necrosis usually is confined to cells lining cavities and tunnels and to
epidermal cells that have been injured during invasion. Lesions and cavities
extend from the cortex to the endodermis, which acts as a barrier to stelar
invasion. Migration of nematodes in the cortex and colonization of the lesions
by other parasites and saprophytes enlarge the lesions. The surface of the
invaded tissue is black, with the advancing margin typically reddish brown.
The rotting cortical tissue atrophies, and the stele is sometimes reduced to a
few short root stubs at the base of the corm. There is usually no early evidence
of damage on the surface of the banana roots, but reddish brown cortical
lesions may be present. Later, when extensive cavities are formed in the
cortex, one or more longitudinal cracks with raised margins become evident on
the surface of the roots overlying the lesion. Reproduction is amphimictic and
the life cycle from egg to egg spans 20 days or 25 days at 327C or 24C,
respectively. The males are morphologically degenerate in the esophageal
region and do not normally enter roots. The incidence of Panama wilt
( Fusarium oxysporum f.sp. cubense) is increased by the presence of
R. similis.

Two races of R. similis are recognized, one attacking banana only ( the
banana race), and the other attacking both banana and citrus (the citrus race).
The banana race has a more restricted host range than the citrus race. The two
are morphologically similar and have even been considered as sibling species
(Huettel, et al., 1984), but recent genetic and molecular studies demonstrated
that the citrus and banana races of burrowing nematodes are conspecific.
According to Kaplan et al. (2000) they should be considered as pathotypes of

675



13 Plant Diseases Caused by Nematodes

R. similis and not races, since the genetic basis of citrus parasitism in R. similis
remains unknown.

The citrus-parasitic burrowing nematode is only encountered on Florida’s
central ridge of deep sandy soils where it causes “spreading decline”, a severe
disease in which extensive tunneling is produced through root tissue.
Radopholus similis infestations suppress grapefruit yields by 50 —80% and
orange yields by 40 —70% . The rate of spread of decline in infested groves
can reach 15m/year. It is generally distinguishable from other major decline
diseases, such as citrus blight, in that large contiguous groups of trees are
affected and expansion of the affected area is rapid. Decline trees have sparse
foliage, particularly noticeable high in the canopy during the early stages of
disease development. Preventive measures are the most effective and economic
means of control. Management focuses on prevention of spread by the
certification of planting stock, sanitation and imposition of physical barriers,
cultural management practices, and the use of resistant and tolerant rootstocks
and nematicides (Duncan and Cohn, 1990).

Hirschmanniella species are mainly parasites of plants with an aquatic
growing phase. Some species are important parasites of rice, contributing to
crop yield losses estimated at 25% (Bridge, et al., 1990). Although there are
no obvious above-ground symptoms, growth retardation occurs and early
growth and tillering are especially decreased. Chlorosis of rice plants occurs
occasionally and flowering may be delayed. Invaded roots turn yellowish
brown and rot. The nematodes produce necrotic cavities and channels through
the cortex of the root ( Bridge, et al., 1990). Hirschmanniella miticausa
causes a corm taro ( Colocasia esculenta) disease known as “miti-miti” ( see
section 13.10).

The family Hoplolaimidae includes genera differentiated by short tails,
strong stylets, sclerotization of the cephalic region and esophageal glands
overlapping the intestine dorsally or ventrally (Fortuner, 1987). They are ecto-
or semi-endo- plant parasites, accomplishing part or all of their life cycle in the
soil. Depending on genus, host damage may include superficial lesions or even
the production of a syncytium (e. g., Rotylenchulus reniformis). Little is
known about their feeding activities. Helicotylenchus dihystera and H.
varicaudatus feed for many days on a single cell in cereal roots. The food cell,
located close to the stele and surrounded by a few cells with dense cytoplasm,
shows signs of increased metabolic activity without nuclear enlargement.
Feeding tubes are surrounded by an extensive membranous network and have
also been found in cortical cells modified by feeding of Scutellonema
brachyurus (Sijmons, et al., 1994). Few hoplolaimid species are considered
true endoparasites (e. g., Hoplolaimus spp., Scutellonema bradys, and
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Aphasmatylenchus straturatus). Other hoplolaimids are the so-called “spiral
nematodes” ( Helicotylenchus and Rotylenchus). Although common in soil and
root samples, the presence of these nematodes (even in large numbers) cannot
always be linked with pathogenicity (e. g., H. dihystera on tea; Campos, et
al., 1990), although they can be linked with stunting and root lesions (e. g.,
Helicotylenchus spp. on banana; Gowen and Quénéhervé, 1990). However,
spiral nematodes, especially H. multicinctus on banana, are of considerable
economic importance. Helicotylenchus multicinctus penetrates the epidermis
and feeds on parenchyma cells of the cortex. The cell cytoplasm contracts,
some cell walls may rupture and the nucleus may increase in size. In contrast
to R. similis, H. multicinctus forms few cavities and the histological changes
are confined to parenchyma cells beneath the epidermis ( Blake, 1969).

Most Helicotylenchus spp. are considered mild pathogens of little or no
economic importance, although hosts include sugarcane and various tubers and
corms. More than 30 species of Helicotylenchus have been recorded from the
rhizosphere of sugarcane, H. dihystera being the commonest and its
pathogenicity being demonstrated experimentally (Rao and Swarup, 1975).
They feed ectoparasitically or semi-endoparasitically in the root cortex causing
brownish red lesions, distortion and collapse of the cells, and blunt and
malformed primary roots with fewer lateral roots ( Spaull and Cadet, 1990).
Rotylenchulus reniformis, H. erythrinae, H. dihystera, and S. bradys have
been reported on cassava ( Manihot esculenta Crantz), their importance on this
crop only being exceeded by M. incognita, M. javanica, and P. brachyurus.
Their abundance, wide host ranges, and potential to interact with other
pathogenic organisms to develop disease complexes mean that intercropping of
susceptible hosts with cassava cannot be recommended ( Jatala and Bridge,
1990).

Aphasmatylenchus straturatus causes groundnut yield reductions of
30 -70%, and may cause total yield loss in pigeon pea ( Germani and
D’Héry, 1973). It is, therefore, a serious potential threat for groundnut and
other Leguminosae (CAB International, 1999).

13.8 Cyst-forming Nematodes

Members of the family Heteroderidae are among the most important plant-
parasitic nematodes in agriculture, especially in temperate zones (see Sharma,
1998). Cyst nematodes derive their common name from the swollen ( cyst-
like), endoparasitic female, which contains fully embryonated eggs inside its
body, protected by the hardened cuticle (Luc, et al., 1988). Females can be
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seen on the surface of the roots and have a whitish, pearled, brown or golden
color according to genus and cyst maturity. They are easily recovered from soil
(Shepherd, 1986). Penetration and establishment of juveniles generally occurs
in regions away from the root meristem (Endo, 1987). The first cells to be
affected may be in the cortex, endodermis, pericycle or vascular parenchyma.
The J2 invades the host roots and migrates intracellularly, toward the vascular
cylinder. The response of host cells to feeding is the formation of a syncytium,
which arises from breakdown of adjacent cell walls and not hyperplasia. A plug
of material forms around the stylet where it pierces the cell wall and extends as
a collar (“feeding tube”) into the cell cytoplasm, sealing the stylet in place;
the channel blocks after the stylet is withdrawn when the J2 changes feeding
position or molts. In H. schachtii, the feeding tube is produced from
secretions of the dorsal esophageal gland ( Sijmons, et al., 1994). Once
established at a feeding site, the J2 develops endoparasitically into J3, J4,
adult male or female through molts. Syncytia induced by male nematodes are
considerably smaller than those of females at a similar developmental stage
(Sijmons, et al., 1994). After their final molt, males leave the roots but adult
females continue to feed and develop inside roots. Stylet penetration after
molting occurs at a new site nearby, where a new plug forms around the stylet.
Increase in cytoplasmic organelles and secondary vacuolation is accompanied
by wall digestion at the pit fields and fusion of neighboring cell protoplasts.
The syncytium may reach 2 -3 cm in length. Cell expansion accompanies
incorporation into the syncytium, cell vacuoles are lost, nuclei and nucleoli
enlarge, and numerous mitochondria and Golgi bodies occur. Wall ingrowths
are laid down where a syncytium contacts vascular tissues and, as with root
knot nematodes, recent evidence suggests that these ingrowths form under the
influence of endoglucanase enzymes of plant rather than nematode origin
(Goellner, et al., 2001). As a syncytium extends, wall degradation occurs at
the extremities, the enzymes responsible for wall digestion being of plant
origin. As secondary thickening of the root proceeds, the cambial region that
has been replaced by the syncytium is lost, and a wedge-shaped region (i.e.,
in transverse section) pointing to the center of the stele is often seen to be
occupied by a syncytium. In heavy infections all four arcs of a tetrarch root
may be deformed with severe restriction of longitudinal water movement
(Jones, 1981).

The most important species for North American crops (Canada and USA)
are Globodera rostochiensis, G. pallida, G. tabacum, G. t. solanacearum,
Heterodera glycines, H. schachtii, H. cruciferae, H. trifolii, and H. avenae
(Miller, 1985). Species of known or potential economic importance elsewhere
in the world include: Cactodera cacti on cactus and cereals, Punctodera
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punctata on wheat, P. chalcoensis and H. zeae on maize, H. lespedezae on
lespedeza, H. leucilyma on Augustin grass, H. fici on figs, H. humuli on
hops, H. oryzicola and H. elachista on rice, H. sacchari on sugarcane and
rice, and H. carotae on carrot.

The potato cyst nematodes, G. pallida and G. rostochiensis ( see Marks and
Brodie, 1998) are found in virtually all potato growing regions of the world,
although G. pallida is notably absent from some areas, such as the USA. This
latter species is the more difficult to control as there are no cultivars with
complete resistance to this species and nematicides and rotation are less
effective than against G. rostochiensis. For these reasons, G. pallida is
becoming increasingly dominant where both species occur in intensive potato
production areas ( Evans and Haydock, 2000). In the UK, almost two thirds
of potato production land is infested with one or other (or both) of these
species, with 92% of infested land containing at least some G. pallida.
Annual costs due to these nematodes are estimated at almost £50 million in the
UK, and 300 million euros in Europe (Mulholland, et al., 1996).

Heterodera avenae affects wheat in most cereal-growing regions ( Meagher,
1977). Oats are actually less tolerant than wheat but encourage the build-up of
biological antagonists of the nematodes. Continuous high temperatures and soil
moisture do not favor survival of H. avenae and the severity of damage is
related to soil, climate, juvenile emergence patterns, soil temperature, long-
term survival, cultural practices, and host range. Increased leaching of
nutrients, particularly nitrogen, can intensify symptoms. Wheat yield losses
can reach 50% . Annual loss can be equivalent to US $70 million in Australia,
US $4.5 million in Europe and US $9. 6 million in India (CAB International,
1999). In the USA, because of its expected economic impact among exotic
pests, it ranks 16th with expected losses of US$132 million. In India and
Pakistan, H. avenae is the most important nematode pest of wheat and barley
and causes “molya disease” of wheat (Sharma, et al., 1997). Plants heavily
infested with the cyst nematode are stunted with reddish yellow leaves and
narrow leaf blades. The most severe damage results from nematode-fungus
interactions, Rhizoctonia solani being the most important species ( Meagher,
1977). In Australia, two eggs/g of soil represent the economic damage
threshold on wheat, but the threshold may be lower or higher in other
temperate areas. Pathotypes occur in H. avenae and serological techniques
have been used in diagnostics ( CAB International, 1999). Sources of
resistance are available in various species and cultivars of Hordeum, Triticum,
Secale, and Triticale (Rivoal and Cook, 1993). Rotation schemes ( resistant
and tolerant cultivars), control of grassy weeds, biological, cultural and
chemical control have been used to restrain populations to sub-threshold levels
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(CAB International, 1999). Heavy attack can be detected by remote sensing
techniques, using both visible and infrared images, and the infrared waveband
responsive to the disturbed transpiration that results from infection ( CAB
International, 1999; Caubel, et al., 1978; Lili, et al., 1991).

Soybean is one of the major world food sources and Heterodera glycines,
the soybean-cyst nematode (SCN), is considered a major threat for production
(Riggs and Wrather, 1992). SCN occurs as a series of “races” and at least
three recessive genes and one dominant gene control resistance. Rotation
schemes include one year with a non-host, one year with a resistant cultivar,
and one year with a susceptible cultivar. Quarantine costs from 1956 to 1972
reached US $9. 4 million in the USA (Riggs, 1977).

13.9 Root-shortening Nematodes

Belonolaimus longicaudatus (“sting nematode™) is a destructive, migratory
ectoparasite of numerous crops. It was first identified as a pathogen of cotton
(Gossypium hirsutum), by Graham and Holdeman (1953). Symptoms on
cotton roots include shrunken lesions along the root axis or at the root tip, but
also shortened or stubby root symptoms on “DPL 50 cotton (Crow, et al.,
1997, 2000a). This species increases the severity of Fusarium wilt of cotton
(Holdeman and Graham, 1954; Minton and Minton, 1966; Yang, et al.,
1976). Soil texture greatly influences its distribution and it is found
predominantly in sandy soils. If cotton production expands into this type of
soil, sting nematode may become a significant problem on this crop.
Experimentally, B. longicaudatus caused a 39% reduction in fine cotton roots
with as few as 10 nematodes/130 cm® of soil, and 70% reduction with as few
as 60 nematodes/130 cm® of soil. In the field, large populations ( > 100
nematodes/130 cm3) reduced yields to near zero (Crow, et al., 2000a). The
economic threshold for management varies between 2 and 5 nematodes/
130 cm® of soil, depending on the nematicide used (Crow, et al., 2000b).
Belonolaimus longicaudatus also occurs in 5% of Florida citrus orchards,
damaging citrus by feeding on root tips and greatly reducing the number of
fibrous roots. Relatively small populations (40 nematodes/dm’) can cause
stunted, chlorotic plants ( Kaplan, 1985). Root systems of infested trees
appear very coarse due to a reduction in the number of lateral roots and the
presence of swollen fibrous roots that also have terminal swellings as well as
multiple apices. The epidermis may slough off easily due to secondary
infection. Histological examination has shown several meristematic zones at
root tips with tissue disorganization that includes hyperplastic tissue, cavities,
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and extensive vascular formation. Cell disruption at the cavity borders results in
cytoplasm leakage into these spaces and suggests that these are the sites at
which the nematodes feed (Duncan and Cohn, 1990; Kaplan, 1985; Standifer
and Perry, 1960). Preplant soil fumigation and post-plant nematicide
treatments alleviate symptoms. Hot water treatment for 5 min at 49C has been
proposed as an eradication method for bare-root seedlings (Duncan and Cohn,
1990; Kaplan, 1985).

13.10 Bulb, Tuber, Rhizome, and Corm Diseases

Ditylenchus spp. are important migratory endoparasites of higher plants, but
some species feed on higher plants and/or fungi while the feeding habits of
others are unknown. Esophagus modifications, such as gland enlargement, are
possibly related to plant parasitism ( Fortuner and Maggenti, 1987). Species of
economic importance include D. dipsaci ( stem nematode), D. destructor
(potato tuber nematode), D. myceliophagus ( which destroys mushroom
mycelium), and D. angustus (which causes “Ufra” disease of rice).

Ditylenchus dipsaci feeds upon parenchymatous tissue in stems and bulbs,
causing the breakdown of the middle lamellae of cell walls, swelling, and
distortion (Reed, et al., 1979; Bleve-Zacheo, et al., 1980). The life cycle
in onion plants is completed in 21 days at 157C; there are four molts, the first
within the egg. This species is able to survive, in a coiled, dry condition for
several years, mainly as fourth-stage juveniles. These juveniles tend to
aggregate on or just below the surface of heavily infested tissue to form clumps
of “eelworm wool”.

There are distinct races of D. dipsaci, some of which can interbreed to yield
progeny that may have different host preferences. DNA probes (Palmer, et
al., 1991), monoclonal antibodies ( Palmer, et al., 1992), and restriction
fragment length polymorphisms are used in race identification ( CAB
International, 1999). Important host crops for the different races include
flower bulbs (narcissi, tulips, and hyacinths), onion, garlic, oats, rye, field
beans, clover, lucerne, and strawberry. In narcissus bulbs, individual scales
are often heavily infested, starting from the neck of the bulb. Secondary
invasion of infested tissue by bacterial pathogens causes a typical “brown ring”
effect when the bulb is cut across. In the growing season the leaves from
infested bulbs often have small, lighter colored, swellings or “spickels”.
Infested bulbs rot when stored. Onion and garlic are very susceptible; seedlings
quickly become infested and affected tissue is swollen and distorted with
characteristic “bloat” symptoms. In oats and rye, the leaf bases of the main

681



13 Plant Diseases Caused by Nematodes

stem and tillers swell to give a swollen-base to the plant, a condition known as
“tulip root”. Heavily infested plants are usually stunted and often fail to
produce panicles. Infested plants of clover and lucerne are stunted, stems and
leaf petioles are often swollen, flower heads become infested, and the seed is
contaminated (Hooper and Southey, 1978).

Ditylenchus destructor is a migratory endoparasite of underground parts of
plants. Its host range includes at least 70 crops and weeds and it has a similar
number of fungal host species. It enters potato tubers through lenticels, causing
small white mealy spots below the surface that are only visible if the skin is
removed. Infested areas enlarge and coalesce, and light brown lesions may be
visible beneath the skin. As the infestation progresses, the tissues and the skin
become dry and papery, and secondary pathogens may gain entry. Ditylenchus
myceliophagus is a migratory parasite of economic importance because it
destroys the mycelium of cultivated mushroom ( Agaricus bisporus =
A. hortensis) .

“Miti-miti disease” is a rot of taro ( Colocasia esculenta) corms caused by
Hirschmanniella miticausa, which occurs in Pacific regions (Bridge, et al.,
1983). Foliar symptoms include wilting of the older leaves, which eventually
become chlorotic, while the new central leaf, instead of bending, remains
straight. Premature death occurs as a result of corm damage. Red streaks
radiating from the base of the corm are found throughout longitudinal sections
of the corms. “Soft root” in corms is invariably associated with this disease,
and the fungi Corticium solani, Pythium vexans, Fusarium solani, and
F. oxysporum have been isolated from affected areas (Bridge, et al., 1983;
Jatala and Bridge, 1990). Miti-miti renders the corm inedible and the disease
can be so devastating that, in parts of the Solomon Islands, the crop has been
almost entirely abandoned, particularly where it was continuously cultivated in
swamp pits. It is a quarantine pest in the Pacific Island countries and in SE
Asia (CAB International, 1999).

“Dry rot” disease of yam ( Dioscorea) tubers is caused by Scutellonema
bradys, the yam nematode, and Pratylenchus coffeae, both of which are
migratory endoparasites. The biology of S. bradys on yams has been described
and it is likely that the behavior of P. coffeae in yam tubers is generally similar
as symptoms are identical. Nematodes invade young tubers through the
growing points of tissues, alongside emerging roots and shoots, and through
roots and cracks or other damaged areas of the tuber skin (Bridge, 1972; Jatala
and Bridge, 1990). Intracellular feeding by the nematodes results in cell wall
rupture, loss of cell contents, and the formation of cavities. The nematodes are
mainly confined to the sub-dermal, peridermal, and underlying parenchy-
matous tissues in the outer 1 or 2 cm of tuber. They feed and reproduce in
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yams stored after harvesting. Cream and light yellow lesions below the tuber
outer skin occur first, spreading later into the tuber (2 cm depth or more).
Infected tissues become light brown and then turn dark brown to black,
external cracks appearing in the tuber skin. Patches of dark brown, dry rot
tissues are exposed when tuber parts flake off. Severe symptoms occur in
mature tubers especially during storage. Botryodiploidia theobromae, Fusarium
spp., and Erwinia spp. are among pathogens responsible for internal tuber
decay. Nematodes and fungi or bacteria are found together in the transitional
stage between dry rot and wet rot, but nematodes do not occur in the “late wet
rot” stage deep in the tuber (Jatala and Bridge, 1990). Dry rot of yams causes
a marked reduction in the quality, marketable value, and edible portions of
tubers. Dry rot followed by wet rot in stored yams causes losses as high as
80% to 100% . Small nematode populations produce discrete internal areas of
yellow necrotic tissues or dry rot. Populations exceeding 1000 nematodes/50 g
of tuber peelings are necessary to produce external symptoms, but populations
can exceed 300,000 nematodes/50 g of tuber peelings (Bridge, 1973). Hot
water treatment (50 —559C) for up to 40 min gives the best control without
damaging tubers. Chemical control has had some success but information on
the economics is lacking for large-scale usage (Jatala and Bridge, 1990).
Other nematodes reported from yam roots or tubers include Rotylenchulus
reniformis, Scutellonema clathricaudatum, and Helicotylenchus dihystera.

Rots of ginger rhizomes are caused by Meloidogyne incognita, Radopholus
similis, and Pratylenchus coffeae in different countries. Rhizomes infested with
M. incognita have water-soaked areas in the outer tissues, particularly in the
angles between shoots ( Koshy and Bridge, 1990). These infested rhizomes
serve as a source of infection and means of dissemination as nematodes remain
active in the harvested crop. Radopholus similis and P. coffeae produce similar
shallow, sunken, water-soaked lesions and, as migratory endoparasites,
produce large infection channels or galleries within the rhizomes. Hot water
treatment is one of the main recommended means of controlling nematodes in
ginger rhizomes. In another spice, turmeric ( Curcuma domestica), a similar
rot of rhizomes is caused by R. similis.

13.11 Nematodes that Reduce General Root Growth

In inoculation trials, Hemicriconemoides mangiferae has been shown to be
potentially damaging to mango seedlings at a population level of 6 nematodes/
cm® of soil. In sapodilla ( Manilkara sapota (L.) Royen), pathogenicity was
demonstrated at similar population densities (Cohn and Duncan, 1990).
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Xiphinema brevicollum and H. mangiferae are major pests of lychee ( Litchi
chinensis Sonn. ), causing a severe decline syndrome in South Africa. Above-
ground symptoms include bare twigs and branches, leaf chlorosis, leaf tip
burn, poor flowering, and excessive fruit drop. In some orchards up to 40%
of the trees may die. Severe stubby root symptoms and root darkening occur,
leading to loss of a large proportion of the total feeder root mass and
consequent interference in the uptake of nutrients and water. Xiphinema
brevicollum feeds more superficially, whilst H. mangiferae causes extensive
destruction of the cortical tissue and is therefore a more severe pathogen ( Cohn
and Duncan, 1990; Milne, 1982).

Reniform nematodes ( Rotylenchulus spp.) are sedentary root semi-
endoparasites that occur largely in tropical and subtropical latitudes.
Rotylenchulus reniformis appears to have the widest host range and has been
reported to reproduce on 86% of 364 plant species (Robinson, et al., 1997).
However, more than 50 crop or ornamental plants support little or no
reproduction and examples include barley, maize, onion, rice, several
Crotalaria species, and resistant cultivars of soybean. All Rotylenchulus
species have a similar life cycle. The J2 and following juvenile stages (J3 and
J4) retain the cuticle of the previous stages after molting and do not feed.
Males can be rare or absent in populations of some species. Immature females
partly penetrate the root cortex with the anterior third of their body and
establish a permanent feeding site in the stele, becoming sedentary and laying
eggs into a gelatinous matrix on the root surface. Life cycle length varies
according to species and temperature. In the absence of a host, vermiform
stages in the soil can remain in a state of arrested development indefinitely.
When a host is present, immature females penetrate roots perpendicular to the
long axis. The initial cell to be modified is usually an endodermal cell
(“prosyncyte”), although occasionally it can be one in the pericycle.
Expansion and wall degradation is most marked near the head of the nematode.
The replacement of cell vacuoles by active cytoplasm occurs in expanded cells
(a curved sheet of 100 —200 pericycle cells). Enlarged irregular nuclei are
found in the cells close to the nematode. Wall thickening occurs, but wall
ingrowths do not form where altered cells contact xylem or sieve elements. A
peg of material containing the stylet and a “feeding tube” projecting into the
cytoplasm mark the site of stylet penetration. There is no stimulation of
mitosis. Plasmodesmata are present between altered cells and neighboring
cells. There are clear anatomical differences in the feeding site induced by
Rotylenchulus macrodoratus (uninucleate giant cell) and syncytia induced by
other species, which also have different parasitic abilities ( Robinson, et al.,
1997) . InR. macrodoratus infection, the uninucleate giant cell develops from
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13.12 Worldwide Recognition

a cell of the endodermis, pericycle or vascular parenchyma. The cell vacuole is
replaced by cytoplasm with many organelles and secondary vacuoles. Wall
ingrowths typical of transfer cells are present. Root vascular organization is
distorted by enlargement of the giant cell, which contacts both xylem and sieve
elements and appears not to crush surrounding cells.

The altered cells or “nurse cells” at the feeding site of adult Tylenchulus
semipenetrans are situated in the root cortex. The head of the nematode is
located in an empty cortical cell, surrounded by 6 —10 nurse cells. They are
discrete cortical cells with enlarged nuclei and nucleoli and in which the central
vacuole is replaced by cytoplasm. No mitotic stimulation or cell enlargement
occurs.

Tylenchorhynchus dubius is among the most abundant and widespread of
phytophagous nematodes in Europe and is also recorded from other areas,
including North America and India. It possesses a short stylet and causes only
moderate perturbance of the protoplast within the cells on which it feeds.
Secretions are injected from the dorsal gland after perforation of the cell wall
but before ingestion, and these may pre-digest a zone of cytoplasm around the
inserted stylet tip ( Sijmons, et al., 1994). It has occasionally been reported as
a noxious plant parasite from countries in temperate as well as subtropical
zones, and has been associated with poor growth of cotton, field beans, oats,
grasses, spruce seedlings, wheat, turnip, millet, and sorghum ( Bridge,
1974). In combination with Phoma medicaginis, it induces black stem foot
disease in peas. Tylenchorhynchus dubius causes damage at densities that occur
normally in the field and therefore is a plant-parasitic nematode of potential
economic importance to which attention should be paid ( Sharma, 1971).

Most plant-parasitic species that have well-known roles as disease or damage
causing agents are listed in Table 13. 5.

13.12 Worldwide Recognition

The worldwide distribution of economically important plant parasites means that
they have played important parts in the economy of ancient civilizations, and
may have been wholly or partly responsible for related rapid deterioration of
soils. They may even have been responsible for land being abandoned for
agricultural purposes and the consequent migration of human populations
(Thorne, 1961).

Diseases caused by nematodes are usually correlated with the presence of
nematologists, so the distribution of nematologists gives us clues to the
importance that nematodes have had in the past and at present. However,
scarcity of nematologists may result in poor or wrong diagnosis, considering
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the broad spectrum of symptoms that are shared with other diseases not caused
by nematodes (i. e., yellowing, wilting, stunting, etc.). The importance of
nematodes is often overlooked because they are small, are concealed in soil,
and often do not cause specific symptoms. Lack of awareness of plant-parasitic
nematodes in soil can lead to the slow, invisible build-up and spread of
potentially pathogenic populations. Nematodes are frequently discarded as a
first option in diagnosis of plant disease, being ranked as less important than
fungi, viruses, and bacteria. Also, recognition of the importance of plant-
parasitic nematodes may be related to the value and importance of the crop
concerned in a particular region or country. This is partly why we have
amassed much information on species like potato cyst nematodes ( Globodera
rostochiensis and G. pallida), soybean cyst nematode ( Heterodera glycines),
and root-knot nematodes ( Meloidogyne spp.) in temperate zones, but not
much on the nematodes in subsistence agroecosystems.

Nematode pathology studies are less numerous than in other plant pathology
disciplines, the reason apparently being that plant nematologists are more
focused on the management of nematode populations than on understanding
pathological mechanisms or searching for the basis of susceptibility ( Mateille,
1994). We still know little or nothing of the feeding habits, hosts, and
pathogenicity of hundreds of species of stylet-bearing ( and, therefore,
potentially plant pathogenic) nematodes. Association of nematodes with
numerous plant diseases is now well recognized, especially those involved in
root rots of various types. These associations may present widely varying
symptoms because of the many factors involved. Vigor of host, species of
nematode, and cultural and climatic conditions combine with certain fungi and
bacteria to create the disease complex. The doctrine of specific etiology is
easier to work with in order to explain and understand plant disease, but nature
does not work with pure cultures. Questions and problems related to disease
etiology have been ( and still are) the bane of plant pathologists and
nematologists, ever since the establishment of the germ theory led to the
intensive investigation of the causes of disease (Powell, 1971) and disease
complexes (Powell, 1963). The “slow decline”, or “dieback”, of walnut,
cherry, prune, apple, citrus, and other orchard trees has been almost
invariably associated with large populations of Pratylenchus, Xiphinema,
Tylenchulus, Rotylenchulus, Meloidogyne, Criconemella, and other plant-
parasitic nematodes whose pathogenicity has been difficult to prove. Often
these species were indigenous and merely transferred from their native hosts to
the orchard trees on which they multiplied. Certain endoparasitic forms,
however, have been introduced through infested nursery stock, seedling
plants, tubers, bulbs, soil, and other agencies (Thorne, 1961).
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13.13 Future Perspectives

The development of a scientific method to prove the pathogenicity of plant-
parasitic nematodes and their role as disease agents has been a major
achievement in the discipline of plant nematology. To study, understand and
control disease, different approaches have been considered: holistic and
analytical, both strongly influenced by economic and scientific objectives that
are also linked to scientific philosophy.

Agricultural sicknesses are caused by both biotic and abiotic sources of stress
that limit the expression of the genetic potential of major world crops ( Boyer,
1982) . Despite our poor knowledge of how to partition the causes, there is still
confidence that we can improve yields, lower production costs, and improve
crop quality. This will be achieved by acknowledging soil properties and
recognizing weed, pest, and disease problems. The measurement of the spatial
distribution of nematode populations (and other factors) more accurately will
allow us to forecast yields through geographic information systems and perhaps
to use remote sensing and variable application rate technology to manage the
problems ( Strickland, et al., 1998). The application of site-specific
management technologies seems most promising for nematode problems
(Evans, et al., 2003).

At the beginning of the new millennium, many of the challenges related to
the causes of disease still remain, despite the tremendous advances that
immunological and molecular technologies have allowed us to make.
Elucidating the nature of nematode secretions and their biological activity is one
of the most intriguing and challenging areas of future research. Purification and
characterization of these secretions will enhance our understanding of the
molecular interactions that occur during pathogenesis (Hussey, 1989).

The generation of cDNA libraries and expressed sequence tags ( ESTs)
constitute a novel approach to isolate nematode parasitism genes. So far, the
only putative parasitism genes from plant-parasitic nematodes have been cloned
from the esophageal gland cells (Ding, et al., 1998; Lambert, et al., 1999;
Rosso, et al., 1999; Smant, et al., 1998). The identification of genes
encoding bioactive molecules from nematodes that initiate and maintain
successful parasitic interactions with host plants is another area of active
investigation, primarily by reverse-genetic approaches (Davis, et al., 2000).

The developmental regulation and the detailed characterizations conducted
with genes cloned from the esophageal gland cells of plant-parasitic nematodes
has made them good models for the analysis of gene structure, regulation, and
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function. Modifications of functional assays used for C. elegans genes are
being explored to develop methods to determine the function(s) of isolated
plant nematode parasitism genes but “proof of concept” for gene/protein
function is still difficult, due to lack of a functional mutant analysis and
complementation scheme ( Davis, et al., 2000). However, new insights are
being provided into the evolution of nematodes and their adaptation to
parasitism. The discovery that a gene expressed in the esophageal gland cells of
a plant-parasitic nematode is very similar to a bacterial gene lends support to
the hypothesis that parasitism genes in plant nematodes may have been
acquired, at least in part, by gene transfer from micro-organisms that inhabit
the same parasitic niche (Davis, et al., 2000).

Few diseases caused by plant-parasitic nematodes have been subjected to
such detailed study as those caused by root-knot and cyst nematodes. Increased
competition for the allocation of research funds has meant that research on
plant-parasitic nematodes has become increasingly restricted to the major
species attacking high value crops, and our knowledge of other nematode-
induced diseases remains limited. Thus, certain areas of research on plant-
nematode interactions are advancing at tremendous pace ( Hussey, 1989;
Davis, et al., 2000), whilst others are neglected. Worldwide, the study,
management, and treatment of major crop diseases shows wide variation in
knowledge, and a tremendous gap between the research approaches undertaken
in the developed and developing worlds. The first is deeply involved in
genomics and molecular engineering, whilst accurate diagnosis and
management strategies remain of prime importance for the second.
Agrochemicals (i. e., nematicides) are expensive and only considered for use
on very valuable crops in the developing world, so researchers are continuously
faced with a pressing need to develop inexpensive, and therefore, almost by
default, environmentally friendly control strategies. This is not usually because
of ecological awareness, but to overcome the low incomes of farmers and to
sustain production. How will we fill this gap?

Nematologists will require continuous feedback from agricultural sciences
and should ideally be exposed to diagnosis of diseases in the field. Some
diseases are tentatively linked with nematodes (e. g., “Platte Valley Yellows”
with spiral nematodes; May, 2000) but proof of pathogenicity is still awaited.
New diseases will be discovered, described, and characterized, but living
systems are integrated wholes whose properties cannot necessarily be reduced to
those of their constituent parts. Their essential or *“systemic” properties are
properties of the whole, which none of the parts have ( Capra, 1997). As
nematologists, we will need to recognize the necessity of a multidisciplinary,
integrated systems approach, including both agronomy and social science, if
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we want to overcome present (and future) limitations to crop production.
Genetic improvement of crops is considered the most viable approach to ensure
that food production keeps pace with the anticipated growth of the human
population, and should benefit from the use of molecular techniques to search
the germplasm of wild species for useful genes ( Browning, 1998; Tanksley
and McCouch, 1997).

Diseases can have devastating effects and cause famine, and we should not
forget that security of food supply is a priority for every country. Insufficient
appropriate research and badly planned disease management strategies can also
have devastating effects. Global warming will modify crop production and the
relative importance of present crop diseases. Also, new arable land and the
intensive exploitation ( mono-cropping) of previously localized crops will bring
new diseases into prominence. Improvement of management strategies to meet
the challenges that these changes will bring requires both broader and deeper
knowledge of crop disease. All involved in agriculture, not only researchers
but also administrators, decision makers, and policy makers, should recognize
the possible influence of plant nematodes on crop production and the
contribution that a research effort on these pathogens can make to the
development of the more intensive, yet sustainable, agriculture the world is
going to need (Sharma, et al., 1997).

“Biodiversity” in agroecosystems, ‘“sustainable management”, and “organic
farming” are recently introduced terms, but are already familiar to consumers,
who require scientists and producers to accomplish the practicalities of
achieving their philosophy. We must link these approaches and use them
effectively in future comprehensive schemes for disease management.

“A sustainable society is one that satisfies its needs without diminishing the
prospects of future generations” ( Brown, 1981).
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14 Virus Vectors

Derek J. F. Brown, Jingwu Zheng and Xueping Zhou

14.1 Introduction

Recognition that plant-parasitic nematodes can act as vectors of plant viruses is
a relatively new discovery, with most research in this discipline having been
done in Europe and North America. Transmission of plant viruses by
nematodes is remarkable as only 17 of approximately 350 species belonging to
the genera Longidorus, Paralongidorus, and Xiphinema (Family Longidoridae,
Order Dorylaimida), and 13 of approximately 70 species belonging to the
genera Paratrichodorus and Trichodorus ( Family Trichodoridae Order
Triplonchida) transmit a third of the described nepoviruses and all three
tobraviruses, respectively. Thus, of the approximately 4000 described
phytonematode species only 30, i.e., less than 1%, are virus-vectors. These
include seven Longidorus, one Paralongidorus and nine Xiphinema species as
natural vectors of 13 of the 38 known nepoviruses and nine Paratrichodorus
and four Trichodorus of the three tobraviruses. The vector nematode species
and their associated viruses occur worldwide and the diseases they cause in
fruit, vegetable, and ornamental crops are of substantial economic importance
(Weischer and Brown, 2000). The acquisition and transmission of viruses by
these nematodes is inextricably linked to their methods of feeding. Recently,
with the development of new techniques for studying nematode transmission of
viruses and the introduction of increasingly sensitive molecular biology methods
there is renewed and increasing interest worldwide in the study of nematode —
virus — plant interactions.

14.2 Historical Background

Plant diseases associated with soil, i.e., soil-borne, were first recognized in the
latter half of the 19th century, when healthy grapevines were shown to suffer
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from degeneration if grown in soil collected from old vineyards. Similarly,
tobacco plants became diseased when planted in soil collected from seedbeds of
particular farms. The infective agent causing the disease in tobacco was
reported as a contagium vivum fluidum, and considered quite different from
bacteria. This latter report is now accepted as representing the seminal paper in
the science of Virology ( Behrens, 1899). In the first quarter of the 20th
century, several plant diseases were attributed to soil-borne viruses and at that
time it was suggested that the phytonematode, Heterodera humuli, might be
responsible for nettle-head disease in hops in southern England. Shortly
thereafter this nematode was exonerated as the vector agent ( Brown and
Trudgill, 1997).

In the 1940s experimental transmission of swine influenza virus in pigs by
juveniles of the swine lungworm, Metastrongylus spp., was reported ( Shope,
1941). These findings stimulated researchers to investigate the possibility that
several soil-borne diseases might be transmitted by soil-inhabiting
phytonematodes. However, these diseases subsequently were proven not to be
transmitted by nematodes. Similarly, in 1958, tobacco and cucumber mosaic
viruses and carnation mottle virus were reported not to be transmitted by
phytonematodes belonging to the genera Helicotylenchus, Meloidogyne, and
Pratylenchus ( Santos, et al., 1997). Later that same year researchers
published a seminal paper providing unequivocal evidence that the soil-
inhabiting, ectoparasitic phytonematode Xiphinema index was a natural vector
of grapevine fanleaf nepovirus, present in vineyards in California (Hewitt, et
al., 1958). This initial discovery was quickly followed by additional reports
identifying phytonematodes as vectors of plant viruses, occurring mainly in
crops from North America and Europe. These reports stimulated researchers to
investigate the biology, ecology, life-cycle, distribution, and taxonomy of
these nematodes. Recent developments in molecular biology have provided
new approaches to study nematode-virus-plant interactions resulting in this
research discipline being increasingly used as a model system for investigating
the fundamental basis of nematode-pathogen interactions.

14.3 The Vector Nematodes and Their Feeding Processes

The complexity and subtlety of interactions between vector nematodes and their
associated viruses is not widely appreciated. Longidorid and trichodorid
nematodes are vermiform, soil-inhabiting ectoparasites that feed on an
extensive range of plant species. These nematodes have relatively long life
cycles (2 to 5 years) and most have slow rates of multiplication (Lamberti, et
al., 1975). Comprehensive descriptions have been published of the taxonomy
and biology of the most important virus-transmitting nematodes ( Decraemer,
1995; Hunt, 1993; Jairajpuri and Ahmad, 1992).
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14.3.1 Longidorids

Members of the Longidoridae are relatively long nematodes (2 —12 mm), each
having a long hollow feeding stylet (60 —250 um) that they use to feed deeply
within root-tips. During the feeding process viruses are acquired and
transmitted by the nematodes. The stylet has two parts ( Fig. 14.1). The
anterior section is referred to as the odontostyle, and is used to penetrate root
cells. The posterior section is referred to as the odontophore, and contains
nerve processes adjacent to the food canal that probably enable the nematode to
discriminate between sites deep within plant roots ( Robertson and Taylor,
1975). Muscles attached to the rear of the odontophore are used to protract it,
and this action can result in the odontostyle being almost entirely protracted due
to the length and rigidity of the odontophore. The esophagus is comprised of a
long narrow tube connecting the stylet and a large, muscular, cylindrical bulb.
The bulb contains three large gland cells. The dorsal gland cell, and its
associated gland nucleus, is connected by a duct to the food canal at the
anterior end of the bulb. The bulb provides a pumping action that is used
during the feeding process to force secretions from the dorsal gland cell forward
into the plant cell, and subsequently to withdraw plant cell contents and force
them into the gut. Unlike Longidorus, Xiphinema species have an extensive
duct system connected to the dorsal gland cell that can facilitate rapid ejection
of the secretions into the plant cell. The plant cell contents are pumped through
a one-way valve at the junction of the bulb into the nematode’s gut, against the
nematodes hydrostatic body-pressure. A pair of subventral gland ducts and
gland nuclei are situated approximately halfway along the bulb, and
occasionally a second pair of ducts, without gland nuclei, are present that open
into the posterior of the bulb. The subventral gland ducts open into the bulb
chamber and it is presumed that the gland cell contents are moved backwards to
be ingested during feeding (Wyss, 1975, 1977, 1981, 1987, 1999).

With the exception of members of the X. americanum group (Cohn, 1975),
feeding by most longidorids results in plant galls that contain large cells with
dense cytoplasm. Longidorid nematodes that induce root-tip galls have two
distinct feeding behaviors. In the most frequent feeding behavior the nematode
feeds on a column of progressively deeper cells. The content of each cell is
removed during short periods of ingestion, each lasting from several seconds to
several minutes. This activity is interspersed with very brief pauses lasting 1 to
10 s, and during these brief pauses the nematode probably injects dorsal gland
cell secretions into the cell, and when virus particles are being retained by the
nematode it is at this time that particles are transmitted into the plant. The
second, less common, type of feeding involves deep stylet insertion, followed
by 15 to 60 min inactivity, and then 1 to 3 h continuous ingestion ( Trudgill
and Robertson, 1982).
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Figure 14.1 Structure of the feeding apparatus of Longidorus and Xiphinema nematodes
showing the sites of retention of nepoviruses, and the glands and ducts in the
esophageal bulb (from Brown and MacFarlane, 2001).

Despite Xiphinema and Longidorus species feeding at root tips, and their
feeding resulting in the formation of enlarged root-tip galls, it is relatively
common to find mixtures of several species occurring together in the
rhizosphere of plant roots ( Taylor and Brown, 1976; Weischer and Brown,
2000). Consequently, there appears to be relatively little competition for food
between species, even from different genera. Also, a similar situation occurs
with trichodorid species.

Root-tip galls caused by X. index contain enlarged, multinucleate cells with
dense cytoplasm, and those caused by X. diversicaudatum contain increased
amounts of DNA, RNA and protein. Longidorus nematodes induce root-tip
galls containing enlarged, amoeboid-shaped cells that contain increased

720



14.3 The Vector Nematodes and Their Feeding Processes

amounts of DNA, but not multinucleate cells. A longidorid nematode feeding
for 1 h can remove a volume equivalent to approximately 40 root-tip cells,
including the cytoplasm and organelles. Also, in older root-tip galls the inter-
connecting walls of empty cells have been observed to be holed, believed to have
been caused by the secretions from the dorsal gland (Zacheo and Zacheo, 1995).

14.3.2 Trichodorids

Trichodorid nematodes penetrate plant root cells using their onchiostyle, a
modified, dorsally convex, mural tooth with a solid tip. The esophagus
consists of a long narrow tube that expands posteriorly to form a spatulate
bulb, which contains one dorsal, two anterior ventrosublateral, and two
posterior ventrosublateral glands (Fig. 14.2). Trichodorids feed on root hairs,
and on epidermal cells adjacent to the zone of elongation at root tips. The

Cheilostome

Onchiostyle

Protractor
muscles

Nerve ring

Anterior
subventral
gland & nuclei

Basal bulb
Dorsal gland
& nucleus

Posterior
subventral —
gland & nuclei

Oesophagus site of virus retention

Valve— |
Intestine—

Trichodorid

Figure 14.2  Structure of the feeding apparatus of trichodorid nematodes showing the
sites of retention of nepoviruses, and the glands and ducts in the esophageal bulb
(from Brown and MacFarlane, 2001).
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feeding of trichodorids has been intensively studied with the aid of time-lapse
cinephotography and computer-enhanced video imaging (Wyss, 1981, 1987).
The process consists of five phases: exploration, puncturing of the cell wall,
injection of glandular secretions, ingestion, and finally, withdrawal from the
cell. To feed, the nematode presses its lips firmly against the cell wall, the
stoma is drawn forward, and using rapid thrusting (6/s) of the onchiostyle to
perforate the cell wall. This procedure takes approximately 1 minute. The
nematode, after penetrating the cell wall, repeatedly thrusts (1/s) its
onchiostyle through the puncture hole to a depth of 2 pm to 3 wm. Glandular
secretions are injected into the cell and these, in combination with the stimulus
of repeated thrusting of the onchiostyle, induce rapid aggregation of cytoplasm
at the penetration site. Nuclei lying nearby migrate towards the feeding site and
begin to lose their granulated appearance, appearing empty within a short time.
Some of the secretions injected into the cell harden rapidly to form a feeding
tube through which the aggregated cytoplasm, and usually also the nucleus, are
extracted and ingested (Wyss, 1981, 1987).

14.4 The Nematode-transmitted Viruses

Plant viruses transmitted by nematodes belong to two taxonomic groups and
have worldwide distributions. The 38 known nepoviruses have isometrical
particles, whereas the three tobraviruses have tubular shaped particles. The
three tobraviruses are each transmitted naturally by trichodorid nematodes.
However, only one third of the nepoviruses are known to have longidorid
nematodes as vectors, with the mode of transmission of the remaining two-
thirds being through infected seed, pollen, or unknown.

Nepoviruses and tobraviruses have bipartite genomes, with each of the parts
containing single-stranded RNA (Figs 14. 3 —14. 5). The larger molecule,
RNA-1, in nepoviruses carries the genetic determinants for host-range, some
types of symptom expression in herbaceous hosts and seed transmissibility. The
smaller molecule, RNA-2, carries the determinants for serological specificity
(coat protein), nematode transmissibility, and other types of symptom
expression in herbaceous hosts. In tobraviruses, each of the two RNAs
contains genetic determinants for symptom expression, and the smaller RNA-2
contains determinants for serological specificity and vector transmissibility.
Both RNAs of nepoviruses, but only the RNA-1 of tobraviruses, are apparently
associated with plant infectivity ( Hanada and Harrison, 1977; Harrison and
Murant, 1978; Harrison and Robinson, 1981, 1986; Harrison, et al., 1974;
MacFarlane, et al., 1996; Ploeg, et al., 1993b).
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RNAT1 7342nt

VPg
[ 46K ] 88K [ 24K ] 94K
Protease  Nucleotide Cysteine RNA polymerase
cofactor  binding protease

(helicase)

RNA2 3774nt
56K

Movement  Coat protein

Figure 14.3 The genome structure of grapevine fanleaf nepovirus, detailing the
function, where known, and the approximate size in kDa ( =K), of each of the
proteins produced by cleavage of the two polyproteins. VPg is a peptide
covalently bound to the 5’ terminus of each of the viral RNAs (from Brown and
MacFarlane, 2001).

TRV-SYM (6791nt)
134K/MT-H 194K/Rep 29K/1a 16K/1b
] :I B D
13K
PEBV-SP5 (7073nt)
141K/MT-H 201K/Rep 30K/1a
. | ]
12K/1b
PepRSV-CAM (6828nt)
136/MT-H 195/Rep 29K/1a
. | .
12K/1b

Figure 14.4 The genome structure and number of nucleotides of the RNA-1 of tobacco
rattle virus (TRV) isolate SYM, pea early-browning virus (PEBV) isolate SP5,
and pepper ringspot virus ( PepRSV) isolate CAM. The relative size in kDa
(= K) and name of each protein is given: Mt, methyltransferase domain;
H, helicase domain; Rep, RNA-dependent RNA polymerase: #, a leaky
translation termination codon. The la and 1b genes of PEBV and PepRSV
overlap, and similarly the 1b and 13K genes of TRV overlap ( courtesy of
N. Vassilakos, SCRI).
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14.5 The genome structure and number of nucleotides of the RNA-2 of seven
tobacco rattle virus ( TRV) isolates, two pea early-browning virus ( PEBV)
isolates, and one pepper ringspot virus ( PepRSV) isolate. The relative size in
kDa ( = K) and name of each protein is given: CP, coat protein; @, a partial or
truncated gene. The line in bold denotes sections derived from the RNA-1 from
recombination. The five TRV and the PEBV isolates each have their CP and the
2b proteins intact, and therefore may be assumed to be transmissible by vector
nematodes. Viruses Tp Ol and TpAS56 were each isolated after transmission by
individual Trichodorus primitivus nematodes, PpK20 after transmission by a single
Paratrichodorus pachydermus, and PaY4 after transmission by a single P.
anemones. Isolates On and SP were isolated from an onion and a spinach plant,
respectively, however the vector species has not been identified for either virus.
The PepRSV isolate does not carry a 2b gene, and therefore is assumed not to be
transmissible by vector nematodes (courtesy of N. Vassilakos, SCRI).



14.4 The Nematode-transmitted Viruses

Nepoviruses and tobraviruses transmitted by nematodes are primarily
pathogens of wild plants, and most are seed transmitted, which is important in
their ecology for survival and persistence (Murant, 1983). These viruses have
large natural and experimental host ranges, with tobacco rattle virus having the
most extensive host range of any plant virus known. Many of the nematode
transmitted viruses, particularly tobacco rattle virus, occur naturally as a range
of serological and/or symptomatological variants ( Harrison and Robinson,
1981, 1986). The major serological variants, especially of tobraviruses, have
different nematode species as their natural vectors ( Brown, et al., 1989b;
Ploeg, et al., 1991, 1992).

The taxonomy of nepoviruses is based principally on serological classification
and to a lesser extent on physico-chemical properties. Only 23 of the 38
nepoviruses apparently are serologically unrelated to other members of the
genus, and the genus has been subdivided into two, three or four groups based
on physico-chemical property differences. Nucleotide sequence data of the coat
protein gene of strawberry latent ringspot virus, which is one of two
nepoviruses transmitted by X. diversicaudatum, has shown that this virus is
more distantly related to others than previously thought (Harrison and Murant,
1996). It seems probable that genetic sequence data will increasingly be used
in the classification of plant viruses, including nepo- and tobraviruses.

The three tobraviruses, pea early-browning ( PEBV), pepper ringspot
(PepRV), and particularly tobacco rattle (TRV), occur naturally as numerous
serologically distinguishable strains. Serological affinities between the strains
have not been fully investigated, but nucleic acid hybridization techniques
using cDNA copies of unfractionated viral RNA separated 15 strains of
tobraviruses into three distinct groups corresponding to PEBV, PepRV and
TRV (Harrison and Robinson, 1986; Robinson and Harrison, 1985).

Pseudo-recombinant nepo- and tobraviruses have been successfully produced
in the laboratory with RNA-1 or RNA-2 molecules being exchanged between
different strains of the same virus. Such exchanges have not been successful
when the RNAs came from different viruses. Several natural tobravirus
recombinants have been identified, each of which had the pathogenicity of
TRV and the serological properties of PEBV.

Several isolates of PEBV and TRV have been genetically sequenced and full-
length cDNA viral copies produced without compromising infectivity and vector
transmissibility. The ability to successfully engineer and genetically manipulate
tobraviruses has resulted in these viruses and their associated vector nematodes
providing a powerful model system with which to investigate the viral genetic
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determinants of vector transmissibility ( see Section 14. 10. 2). Also, plants
expressing selected segments of the tobravirus genome have been shown to
have quantitative resistance to mechanical infection of tobraviruses, but vector
transmission of the virus overcame the transgenic resistance (Ploeg, et al.,
1993a; Visser, 2000).

14.5 Transmission Criteria and Procedures

14.5.1 Ciriteria for Demonstrating Nematode Transmission
of Viruses

During the 1960s and 1970s substantial research effort was directed in
identifying natural associations between nematodes and viruses. Subsequently,
it became apparent that a number of these reports contained insufficient or
inadequate evidence to justify the conclusion that the reported nematode species
was a virus vector. A set of criteria, based on substantial experience gained by
researchers at the SCRI working on virus-vector nematodes and their associated
viruses, were established during the 1980s and used for assessing reports of
longidorid nematodes transmitting nepoviruses ( Trudgill, et al., 1983).
Subsequently, these criteria were adapted for application with trichodorids and
tobraviruses ( Brown, et al., 1989b). The criteria are: (1) infection of the
bait plant must be demonstrated; (2) experiments should be done with hand-
picked nematodes; (3) appropriate controls should be included to show
unequivocally that the nematode is the vector; (4) the nematode should be
fully identified; and (5) the virus should be fully characterized. Two thirds of
reports of associations between nepo- and tobraviruses and longidorid and
trichodorid species, respectively, were found not to fulfill these criteria
(Trudgill, et al., 1983; Brown, et al., 1989b).

14.5.2 Virus Transmission Test Procedures

Laboratory and glasshouse experiments to investigate transmission of nepo- and
tobraviruses by longidorid and trichodorid nematodes, respectively, are subject
to several factors that can influence the final results. Therefore, specialized
techniques and methods were established to investigate the interactions between
nematodes and their associated viruses. To establish if a nematode is a vector
of a virus the nematode must: (1) ingest virus from a virus source plant;
(2) retain virus particles that subsequently can be released into the bait plant;
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(3) the virus must infect the bait plant, and of particular importance; and
(4) all other potential sources of virus infection must be excluded. Specialized
techniques for studying virus transmission by longidorid and trichodorid
nematodes that fulfil these criteria have been established and provide the means
for effectively assessing each stage of the transmission process ( Santos, et al.,
1997; Taylor and Brown, 1997). The tests involve the use of individual or
small numbers of nematodes placed in plastic capsules or small pots, and
temperature-controlled boxes or chambers to reduce moisture and temperature
fluctuations. Root-tip galls induced by longidorid nematodes feeding on virus
source plants and bait plants can be counted to assess the feeding activity of the
nematodes. Crushing whole nematodes and examining the resultant suspension
by immunosorbent electron microscopy can be used to determine the proportion
of nematodes ingesting virus from the source plants. Alternatively, with
Longidorus spp. the resultant suspension can be rubbed directly onto suitable

Figure 14.6 A slightly oblique cross-section at the junction of the stoma and the anterior
part of the guide sheath in a male Longidorus elongatus nematode showing
particles (arrowed) of raspberry ringspot nepovirus associated with the odontostyle
and the guide sheath, and in crystalline form in the lumen of the stoma (from
Brown and Trudgill, 1997).
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indicator plants to produce an infection in the plant. Tobacco rattle virus can be
detected in suspensions of individual trichodorids using a reverse transcription
and polymerase chain reaction (RT-PCR) method (Boutsika, et al., 2000).
These methods detect virus present in the nematode gut, but are largely
ineffective for detecting virus retained in the nematode head. Therefore,
detection of virus by these methods is not indicative that the virus is
transmissible by the nematode. Specifically retained virus particles may be
detected by electron microscope examination of ultra-thin sections through the
specific sites of retention in vector species (Fig. 14.6). Also, virus can be
detected in intact heads of nematodes using an indirect immunofluorescent
technique (Fig. 14.7) (Wang and Gergerich, 1998). Immunogold labeling
techniques with appropriate antisera can be used to confirm the identity of
virus-like particles observed in ultrathin sections (Fig. 14.8) (Karanastassi, et
al., 2000).

Figure 14.7  Photomicrograph of immunofluorescent labeling of tobacco ringspot
nepovirus present at the specific site of retention in the esophageal tract of
Xiphinema americanum ( courtesy of Drs. S. Wang and R. C. Gergerich,
Department of Plant Pathology, University of Arkansas, Fayetteville, Arkansas,
USA).
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Figure 14.8 A transverse section through the pharyngeal region of a female
Paratrichodorus anemones nematode showing immunogold labeling of particles of
tobacco rattle virus isolate PaY4 at the site of retention in the vector (courtesy of
E. Karanastasi, SCRI).

14.6 Vector and Virus Associations

Most vector species are indigenous to Europe and North America, an exception
being L. martini that is associated with mulberry ringspot virus in Japan.
Several Longidorus and Xiphinema species, and their associated viruses have
inadvertently been transported by human activity from their areas of origin to
other regions such as Australasia and North America, e. g. X. diversicaudatum
with arabis mosaic virus (ArMV) and X. index with grapevine fanleaf virus
(GFLV). Trichodorid nematodes are also widely distributed in Europe and
North America with several species associated naturally with tobacco rattle
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virus (TRV), the most widespread of the tobraviruses. Again, these viruses
and vectors have been dispersed through human activity to other countries such
as Japan, New Zealand, and Brazil. However, pepper ringspot virus ( PepRV)
appears to be endemic to Brazil, where it is vectored by P. minor, and the
third tobravirus, pea early-browning (PEBV), occurs only in localized areas in
northern Europe and North Africa (Brown, 1989; Taylor and Brown, 1981).

It is now generally accepted that nepo- and tobraviruses are naturally
associated with wild plants and have developed specific relationships with
nematode species that function as their vectors. Because of their limited
mobility, nematode populations tend to be localized in discrete territorial
enclaves in which they become specifically associated with viruses through
interdependent ecological factors. Wider distribution occurs when viruses and
vectors become associated with cultivated plants, which provide the means for
their long distance dissemination in plant material and soil through human
activity (Brown, et al., 1994b). In most situations nepovirus and tobravirus
infections in the field are apparent only in crop plants in which symptoms are
relatively severe and, in some instances, induce plant death. By contrast,
infection of wild plants is usually symptomless, indicating an ecologically
balanced association. Likewise, many longidorid and trichodorid vector species
have a wide host range among wild plants, but apparently their feeding causes
little appreciable damage whereas the growth of crop plants is often impaired by
nematode feeding ( Taylor and Brown, 1997).

14.6.1 Nepoviruses and Their Vector Longidorids

14.6.1.1 Arabis Mosaic (ArMYV)

ArMV was described from a single Arabis plant growing in a glasshouse in
England (Smith and Markham, 1944). It was not until 16 years later that it
was shown to cause yellow dwarf disease in red raspberry (Cadman, 1960),
the disease subsequently being identified in several European countries. The
virus also causes mosaic and yellow crinkle of strawberry, and diseases of
varying severity in cucumber, grapevine, narcissus, rose, sugar beet and white
clover (Brown and Trudgill, 1989). In Belgium, Britain, and the Czech
Republic ArMV causes “bare bine”, “nettlehead”, and “severe split leaf
blotch” in hop resulting in substantial yield loses and, in association with
Prunus necrotic ringspot and prune dwarf ilarviruses, induces a form of
“European rasp leaf” of cherry (Taylor and Brown, 1997).

Several isolates of ArMV differ in their respective biological characteristics,
i.e., resistance breaking of red raspberry cultivars, nematode transmissibility
(Brown, 1986¢; Jones, et al., 1989; Taylor, et al., 1966). Four
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serologically distinguishable strains of the virus occur: (1) the type strain;
(2) a strain from woodland in southern England (Clark, 1976); (3) a strain
infecting hop in southern England ( Valdez, et al., 1974); and (4) a strain
causing a yellowing disease in barley cv. Express in western Switzerland
(Ramel, et al., 1995). Each of these strains of ArMV has been found
naturally associated with its vector, X. diversicaudatum.

Under the regulations of the European Community Plant Health Directive,
ArMV is listed as a quarantine organism with an Annex designation of II/A2,
and is also entered in the quarantine list of the North American Plant Protection
Organization. The virus has been reported infecting plants outside Europe in
Australia, Canada, Japan, New Zealand, and South Africa. Most reports refer
to the virus having been identified in plants imported from Europe, but in New
Zealand the vector is also present at several discrete localities ( Brown and
Trudgill, 1997; Taylor and Brown, 1997).

14.6.1.2 Artichoke Italian Latent (AILV)

AILV was described from infected artichoke crops ( Cyanara scolymus)
growing near Bari, southeastern Italy, where this crop was first established,
and subsequently in the neighboring provinces of Brindisi and Foggia
(Majorana and Rana, 1970; Roca, et al., 1975a, 1975b). The vector is
L. apulus. Interestingly, a serologically distinguishable strain was found to
infect artichoke in western Greece, and is transmitted by L. fasciatus. In Italy
the virus also causes ringspot disease in chicory, however depending on the
artichoke cultivar the virus may infect the plant symptomlessly, or produce a
generalized yellowing in the foliage, or stunting of the infected plant ( Rana
and Roca, 1973, 1975; Roca, et al., 1982; Vovlas and Roca, 1975).

14.6.1.3 Cherry Rasp Leaf (CRLYV)

CRLYV was described by Nyland (1961), but Bodine and Newton (1942) first
reported the disease it causes in cherry trees in North America. The leaves of
affected cherry trees have enations on their underside, appearing as leafy
outgrowths. The disease symptoms usually first appear on the lower leaves
from where the disease slowly spreads, sometimes causing death of affected
spurs and branches producing an open, bare appearance in the affected tree.
The virus also causes flat-apple disease in apple (Parish, 1977), has been
recovered from balsam, dandelion, peach, and plantain ( Hansen, et al.,
1974), and from red raspberry plants imported into Scotland ( Jones and
Badenoch, 1982), which represents the only report of the occurrence of the
virus outside North America. Although CLRV causes “rasp leaf disease” in
cherry in North America a similar disease in cherry trees in Europe, referred to
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as “European rasp leaf” is caused by mixed infections of raspberry ringspot
(RRSV), or ArMV, in association with Prunus necrotic or prune dwarf
ilarviruses ( Cropley, 1961).

The vector of CRLV has been reported as X. americanum (Nyland, et al.,
1969), but with subsequent taxonomic revision of the nematodes belonging to
the X. americanum group ( see Section 14. 7. 1) the correct identification of the
vector species requires to be confirmed.

Under the regulations of the European Community Plant Health Directive
CRLYV is listed as a quarantine organism with an Annex designation of I/Al. It
is also entered in the quarantine list of the Interafrican Phytosanitary Council,
and as an Al quarantine organism with the European and Mediterranean Plant
Protection Organization.

14.6.1.4 Cherry Rosette (CRYV)

CRYV was found affecting cherry trees in the Arth region of Switzerland, and is
transmitted by L. arthensis (Brown, et al., 1994a). The virus, which has not
been fully characterized, causes a steady decline in vigour with accompanying
leaf symptoms such as distortion, enations, rosetting, and “oil-flecking” in
which the leaves appear to have been contaminated with drops of oil, and
eventually the affected tree dies.

A similar disease has been reported affecting cherry trees in the nearby
Basleland region of Switzerland, but in this instance the virus is RRSV
transmitted by L. macrosoma ( Buser, 1990; Klingler, et al., 1985).

14.6.1.5 Grapevine Fanleaf (GFLYV)

GFLV and its vector nematode, X. index, occur in most viticultural regions
worldwide. It is believed that the virus, through infected planting material,
and the vector in soil in which grapevine was transported, has been spread
from their center of origin in the Caucuses and ancient Persia ( Hewitt, 1970).
Interactions between isolates of GFLV and different cultivars of grapevine
rootstocks and fruiting scions result in the occurrence of a wide range of
symptoms, e.g., chromogenic “yellow mosaic disease”, fanleaf in which the
leaf veins are abnormally spread giving the leaf a fan-like appearance, leaf
enations, leaf veinbanding, “flat trunk disease”, and “pitting disease” of bark
and wood.

In most viticultural areas worldwide X. index has been recorded associated
with the spread of GFLV, however in Central Europe and the Palatinate region
of Germany there is circumstantial evidence that X. wvuitfenezi may also be a
vector of the virus (Rudel, 1985). Also, in Israel X. iraliae has been reported
as a vector of GFLV (Cohn, et al., 1970).
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14.6.1.6 Mulberry Ringspot (MLRY)

MLRYV has been reported only from Japan where it is transmitted by L. martini
and causes a disease in mulberry ( Yagita and Komuro, 1972).

14.6.1.7 Peach Rosette Mosiac (PRMYV)

PRMV was first identified causing a disease in peach trees in Michigan, USA
in 1917, and is restricted in its distribution to the Great Lakes area of USA
(Klos, 1976). Early formed leaves on infected peach trees show distortion and
chlorotic mottling, internodes are shortened producing a rosette appearance,
and defoliation is delayed. The virus also infects grapevines causing a delay in
the breaking of over-winter dormancy, late and uneven bloom, leaf deformity
and mottling, and small and uneven clusters of fruits. The virus also infects
blueberry.

The vector of PRMV has been reported as X. americanum (Klos, et al.,
1967), but with subsequent taxonomic revision of the nematodes belonging to
the X. americanum group (see Section 14.7.1), the correct identification of
the original vector species needs to be confirmed. In laboratory experiments X.
americanum sensu stricto, X. californicum and X. rivesi transmitted the virus
(Brown, et al., 1994c). Longidorus diadecturus was reported as the vector of
PRMV occurring in a single peach orchard in Ontario, Canada. However, X.
americanum sensu stricto were also present and transmitting PRMV at the site
(Eveleigh and Allen, 1982). This single report of L. diadecturus transmitting
PRMV remains unsubstantiated; consequently the species is not considered a
vector (Taylor and Brown, 1997). In a vineyard in the Niagara peninsula,
Ontario, Canada specimens of X. rivesi were recovered from soil collected
from the rhizosphere of grapevines infected with PRMV ( Stobbs and van
Schagen, 1996).

14.6.1.8 Raspberry Ringspot (RRSV)

RRSV occurs as two major serotypes, the “English” serotype being transmitted
by L. macrosoma and the “Scottish” serotype by L. elongatus. Paralongidorus
maximus is the vector of an atypical strain of the virus that infects grapevines in
the Palatinate region of Germany (Jones, et al., 1994). The virus was
recognized as causing a lethal disease of raspberry in Scotland in 1922, but was
not characterized until the 1950s ( Cadman, 1956). In Scotland the virus
occurs as several minor serological variants, frequently several occurring
together in raspberry plantations in association with their natural vector. The
“Scottish” serotype was identified as causing “spoon-leaf” in red currant in The
Netherlands (Maat, et al., 1962). In central and northern Europe the virus

733



14 Virus Vectors

has been recorded causing diseases, with leaf symptoms such as curling,
ringspots, stunting, and yellowing, in blackberry, cherry, gooseberry,
grapevine, narcissus, raspberry, strawberry, and numerous wild plants.

Under the regulations of the European Community Plant Health Directive,
RRSV is listed as a quarantine organism with an Annex designation of II/A2.
Also, it is listed as an A2 quarantine organism by the European and
Mediterranean Plant Protection Organization, and is listed as a quarantine
organism by the North American Plant Protection Organization.

14.6.1.9 Strawberry Latent Ringspot (SLRSYV)

SLRSV was first identified from strawberry plants growing in southern
England, and X. diversicaudatum was shown to be the natural vector ( Lister,
1964). Serologically distinguishable strains of the virus have been found
associated with olive, raspberry, and peach in northern Italy. The virus from
peach was transmitted consistently, but at a low frequency, by X.
diversicaudatum from Italy, and only sporadically by nematodes from
populations from other European countries, New Zealand, and the USA
(Brown, 1985). A report of X. coxi transmitting the virus (Putz and Stocky,
1970) is considered to be of doubtful validity, with the nematode possibly
having been misidentified.

14.6.1.10 Tobacco Ringspot (TRSV)

TRSV is one of four North American nepoviruses transmitted by nematodes.
The virus is widespread in North America, occurring in many wild and
cultivated plants. Typically, the virus causes concentric patterns of chlorotic
and necrotic tissues in leaves of tobacco plants, bud-blight in soybean, necrotic
ringspot in blueberry, ringspot in cucurbits, and other symptoms in these hosts
include leaf mottling and malformation, and general stunting of the plants. The
virus has also been found causing diseases in American spearmint, anemone,
blackberry, crocus, cherry, elderberry, grapevine, geranium, and has been
recovered from ash and dogwood trees. The virus occurs as several
serologically distinguishable strains and has been shown in laboratory
experiments to be transmitted by X. americanum sensu stricto, X.
californicum, X. intermedium, X. rivesi, and X. tarjanense (Brown, et al.,
1994c, 1996). Unlike most nepoviruses, TRSV has been reported to be
transmitted by vectors such as aphids, grasshoppers, Tetranychus spider mites,
thrips, and tobacco flea beetles (Dunleavy, 1957; Komuro and Iwaki, 1968;
Messieha, 1969; Schuster, 1963; Thomas, 1969), however, these reports
require confirmation.

The potato calico strain of TRSV was reported as being transmitted by
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X. americanum sensu lato, but unequivocal evidence of its association with
vector nematodes was not provided (C. E. Fribourg and P. Jatala, in Jones
1981). Subsequently, it was considered to represent a new Nepovirus, potato
black ringspot virus (PBRSV), occurring in several regions in South America
(Smith, et al., 1992).

TRSV is listed under the regulations of the European Community Plant
Health Directive as a quarantine organism with an Annex designation of I/Al.
It is also entered as an Al quarantine organism with the European and
Mediterranean Plant Protection Organization.

14.6.1.11 Tomato Black Ring (TBRYV)

TBRYV occurs as two major serotypes, the “English”, or “German”, serotype
being transmitted by L. attenuatus and the “ Scottish” serotype by L.
elongatus. The “English/German” serotype occurs as several minor variants
that differ in their efficiency of transmission by their vector nematode ( Brown,
et al., 1989a). The virus has a wide host range, is seed-transmitted in 25
species belonging to 15 botanical families ( Murant, 1983 ), and causes
economically important diseases in crops such as artichoke, asparagus, bean,
cabbage, celery, grapevine, leek, lettuce, lucerne, onion, peach, potato,
raspberry, strawberry, sugar beet, swede, turnip and tomato. The virus is
widespread in Europe, western Russia, and also recorded from Canada,
Brazil, India, Japan, Kenya, and the USA. Many of these records, however
refer to detection of the virus in plant material imported from Europe.

The virus is listed as a quarantine organism by the North American Plant
Protection Organization, and has an II/A2 designation under the regulations of
the European Community Plant Health Directive.

14.6.1.12 Tomato Ringspot (ToRSV)

ToRSV is the most economically important and widespread nematode
transmitted virus in North America. The virus occurs as several serologically
distinguishable strains and in laboratory experiments was shown to be
transmitted by X. americanum sensu stricto, X. bricolensis, X. californicum,
X. intermedium, X. rivesi, and X. tarjanense ( Brown, et al., 199%c,
1996). The virus has been reported from several countries outside North
America, including several European countries, New Zealand, Russia, but
these records mainly refer to detection in imported plant material. In Japan,
ToRSV was recovered from narcissus, and shown to be transmitted by a local
population of the X. americanum group (Iwaki and Komuro, 1974). The virus
reputedly occurs locally in former Yugoslavia, and in Chile the virus is
spreading in a plum orchard where it is transmitted by X. americanum group
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nematodes (J. C. Magunacelaya, pers. comm. ). The virus has a wide host
range infecting plants belonging to 35 families ( Carusso and Ramsdell, 1995)
and causes diseases in numerous important crops such as almond, apple,
blueberry, cherry, cucumber, Gladiolus, grapevine, Hydrangea, nectarine,
peach, Pelargonium, plum, raspberry, strawberry, and tobacco. Disease
sympioms range from “yellow blotch-curl”, yellow mosaic, “yellow vein”,
ringspots, and distortion on leaves, to stem pitting and graft union necrosis in
fruit trees.

The virus has an I/Al designation under the regulations of the European
Community Plant Health Directive, and whilst listed as an A2 quarantine
organism by the European Plant Protection Organization it has an almost Al
status for fruit in Europe ( Smith, et al., 1992). The Interafrican Phytosanitary
Council consider ToRSV to be of quarantine significance.

14.6.2 Tobraviruses and Their Vector Trichodorids

14.6.2.1 Pea Early-Browning (PEBYV)

PEBV occurs only in northern Europe and North Africa in association with its
vector trichodorid nematode species. The virus infects leguminous crops such
as broad bean, lucerne, and Phaseolus bean, but is only of economic
importance in pea crops in which it causes severe stunting and premature death
of plants. Seed transmission is an important mode of dispersal of the virus in
pea crops, with up to 25% of seed being infected in crops in The Netherlands,
whereas in Britain only 1 to 2% infection in seed was recorded (Bos and Van
Der Want, 1962; Harrison and Robinson, 1986).

14.6.2.2 Pepper Ringspot ( PepRSV)

PepRSV has only been recorded from Brazil where it is transmitted by P.
minor and was found causing diseases in crops such as artichoke, pepper, and
tomato ( Chagas and Silberschmidt, 1972; Silberschmidt, 1962).

14.6.2.3 Tobacco Rattle (TRV)

TRV is the most widespread and economically important member of the
Tobravirus genus. The virus occurs worldwide as a range of serologically
distinguishable strains, with each strain being transmitted by only one, or a
few, trichodorid species. The virus has the widest host range of any plant
virus, infecting many wild and cultivated plants. Many weed species are
symptomlessly infected, whereas TRV disease symptoms in crops range from
yellowing and necrosis in leaves, to color break in flowers, and necrotic arcs
(the disease being commonly referred to as “spraing” in Europe, and “corky
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ringspot” in North America) in the tuber flesh in potato ( Harrison and
Robinson, 1981, 1986).

14.7 Geographical Distribution

Whilst agricultural activities have resulted in the widespread dissemination of
several vector nematode species, the geographical distributions of most
longidorid and trichodorid nematodes are nevertheless established relative to
ecological factors, on a geological timescale. Concurrently, specific
associations become established between some of the species and their
respective nepo- and tobraviruses.

Nematode taxa that are recognized today are considered to have derived from
a widespread taxon, which split as the continents separated to their present
geographical position ( Ferris, 1983). From a comparison of taxonomic
characteristics of longidorid genera, Coomans (1985, 1996) suggested that
Xiphinema originated in Gondwana, and had spread to Laurasia before the
break-up of Pangaea. Longidorus and Paralongidorus are considered to have
originated in Southeast Africa and India, when these two areas were still
united, and a later spread to Laurasia was followed by a main speciation of
Longidorus in the Holarctic region, especially in Europe. Although taxonomic
characteristics have been used to identify distinct groupings of trichodorid
species ( De Waele, et al., 1982; Loof, 1975) these do not indicate
evolutionary directions or centers of origin. However, the present distribution
of trichodorids is broadly the culmination of the influence of changing
geological events. Human influence on the geographical distribution of species
is relatively small, probably being mainly manifest in outlier populations, and
the dispersal of a species over large distances, such as worldwide dissemination
of X. index with grapevine from its presumed center of origin in Iran (Persia).

The most recent major geological event that has influenced nematode
distribution is the glaciation that occurred approximately 11, 000 years ago.
During this period large tracts of northern Europe were covered in an extensive
ice-sheet with a permafrost area extending southwards from the ice-sheet
(Fig. 14.9). Thus, the current distribution of plant parasitic nematode species
in northern Europe has been established only during the last approximately
10,000 years. This has resulted in Europe of a marked decrease, south to north,
in species richness ( Topham and Alphey, 1985), with the present northern
limit of several species being clearly demarcated. For example, L. macrosoma
is uniformly distributed throughout France and the Low Countries but does not
extend northwards beyond southern England. This northern boundary has been
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Figure 14.9 The approximate extent of the ice sheet (lighter stippling) and permafrost
region (darker stippling) of the last ice-age, c. 11, 000 year before present,
superimposed on present day Europe.

correlated with the mean July 15C isotherm, implying that the species has
certain ecological temperature requirements (Boag, et al., 1991). Also, it has
been suggested that L. macrosoma populations which survived the period of
glaciation were unable to spread northwards because of the destruction of the
deciduous forests, which had provided hosts for the species during the bronze
and iron ages (Dalmasso, 1970; McNamara and Flegg, 1981). A population
of L. macrosoma collected from a raspberry plantation in southern England was
successfully maintained on raspberry in an outdoor plot at Dundee, eastern
Scotland (unpublished data). Therefore, this species would appear to have
potential to extend its northern range of distribution in the UK if introduced to
appropriate biotopes. Xiphinema diversicaudatum 1is widely distributed in
Europe, however the species has a clearly demarcated northern boundary in
Scotland for which there are no obvious climatic or edaphic reasons ( Topham
and Alphey, 1985). The frequency of occurrence of the species suggests that
its slow northerly diffusion has not yet been completed. Although these
interpretations of geographical distribution are highly conjectural, they
nevertheless indicate some of the ecological parameters that influence speciation
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within the broad ranges of ancestral species. Unfortunately, little is known
about the ecological requirements of the majority of longidorid and trichodorid
nematodes and elucidation of speciation and species diversity has currently to
be approached on the groupings of morphometric characters.

Western Europe appears to be a region of well-established nematode species
and with relatively gradual change in distribution and speciation. However, the
eastern Mediterranean countries present a complexity of longidorid and
trichodorid species that possibly reflects the geological history of the region,
with the formation, during the Miocene, of microcontinents movement
between the major plates of Africa and Eurasia ( McKenzie, 1970, cited in
Topham and Alphey, 1985).

The present geographical distribution of Xiphinema and Longidorus species
in Europe and the Mediterranean region ( Alphey and Taylor, 1986; Brown
and Taylor, 1987) has been quantitatively analyzed by Navas et al. (1990).
Two main groups of species, the European-Atlantic and the Mediterranean
groups, were recognized by Navas et al. (1990). Furthermore, these authors
considered the distribution of Xiphinema species to be a relatively recent
dispersion process, with the pleisochoric limits of the genus in the southern
Mediterranean region and that of Longidorus, with a relatively early dispersal,
in the northern Mediterranean and southern European countries. In a more
detailed appraisal of the distribution of Longidorus species in
Euromediterranea, Navas et al. (1993) identified the centers of distribution of
32 species within distinctive geographical regions ( chorological units). They
hypothesized, inter alia, that after glaciation the founder species L.
intermedius, L. africanus, and L. congoensis were the origin of dispersive
speciation throughout much of Euromediterranea.

Longidorids and trichodorids present in North America are largely distinct
from those species present in Europe and other continents. Also, there is an
apparent paucity of Longidorus species in North America, as compared with
more than 50 species reported from Europe. In North America, of the ten
species reported only seven are probably indigenous; the three others have been
introduced with planting material. This compares with more than 50 species
reported from Europe. In contrast, 38 species of Xiphinema have been
identified in North America, of which more than half have probably been
introduced compared with at least 60 species in Europe ( Robbins, 1993;
Robbins and Brown, 1991). However, the apparent paucity in North America
of the long bodied, i.e., greater than 2 mm, Xiphinema and Longidorus this
spece species has been partly attributed to inappropriate nematode extraction
procedures having been employed. Thus, it seems probable that many new
species will be discovered in this region in the future (Robbins, 1993; Robbins
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and Brown, 1991).

The apparent effectiveness with which some species have been widely
dispersed by human activities or by natural means indicates that the nematodes
have genetic and ecological flexibility, e. g., wide host range, adaptability to
a range of soil types, and reproduction sustained over a broad temperature
range. It may be expected that isolation of populations in diverse biotopes
would result in reproductive isolation and hence the establishment of new
species. When Brown and Topham (1985) examined X. diversicaudatum
specimens that were obtained from populations widely distributed throughout
the world they found morphological and morphometric differences between
populations, but they did not regard these differences as sufficient to
distinguish populations as separate species. Subsequently, this conclusion was
validated when it was demonstrated that many of these populations could
interbreed successfully with a population from Scotland (Brown, 1986a).

Dalmasso and Berge (1983) presented a hypothetical model to explain
evolution in the Longidoridae in which populations of ancestral amphimictic
forms ( species) could be affected by inbreeding resulting in complete
homozygosity, subsequent facultative meiotic parthenogenesis with a resulting
loss of males, and finally mutations giving rise to “clonal” species. These
“clonal” species would be morphologically similar within species complexes.
Several such groups are evident today. For example, populations of X. coxi
from Florida, USA, were identified as being distinct from those in Europe
( Dalmasso, 1970; Taylor and Brown, 1976), with Sturhan ( 1984 )
recognizing two species, X. pseudocoxi and X. coxi, the latter being divided
into two subspecies (Brown and Taylor, 1987). Morphometric differences
between dispersed populations have also been noted in L. elongatus, L.
profundorum and L. vineacola. Such differences also should be considered in
relation to their effect on the efficiency of virus transmission, as has been
demonstrated with populations of X. diversicaudatum (Brown, 1985, 1986c;
Brown and Taylor, 1981; Brown and Trudgill, 1983) and in populations of X.
americanum sensu lato ( Griesbach and Maggenti, 1989). However, there is
no evidence that a difference in the ability of nematodes to transmit virus
provides a basis for distinguishing species or populations of a vector.

14.7.1 The Xiphinema americanum Group

During the last century the most widespread longidorid occurring in North
America was identified as X. americanum. However, a taxonomic reappraisal
of populations previously identified as X. americanum resulted in 15 new
species being described to give a complex of 25 morphologically similar,
parthenogenetic species ( Lamberti and Bleve-Zacheo, 1979). Currently 20 of
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the 51 putative species comprising the X. americanum group have been
described from specimens originating from North America ( Robbins, 1993;
Robbins and Brown, 1991).

Lamberti et al. (2000) recently provided a comprehensive review of the
occurrence and geographical distribution of X. americanum group species, and
included a series of polytomous keys to facilitate an initial practical means for
establishing a preliminary identification of species reported from the major
geographical areas. These authors acknowledge that further morphological and
molecular research will result in several of the species becoming junior
synonyms. Also, they anticipate that nematologists worldwide will contribute
to this process, with the final objectives being to establish a list of valid species
and a practical morphological identification key that will receive international
acceptance.

Halbrendt and Brown (1992, 1993) reported that several X. americanum
group populations from Europe have four juvenile stages, which is considered
typical for Nematoda, but that populations from North America have only three
such stages. These North American populations are vectors of three North
American nepoviruses ( Brown et al., 1993, 1994c). Using Restriction
Fragment Length Polymorphism with 16 populations of X. americanum group
nematodes, Vrain (1993) distinguished four groups of populations representing
X. americanum, X. rivesi, X. pacificum/X. californicum and X. bricolense.
Lamberti and Ciancio (1993) studied the morphometrics of 49 populations of
39 species attributed to the X. americanum group and by hierarchical cluster
analysis placed the populations into five subgroups. The X. americanum
subgroup they suggested consisted primarily of North American species;
X. pachtaicum subgroup mainly of European species; X. lambertii subgroup
mainly of Asian species; X. brevicolle subgroup, comprising seven species
that have a cosmopolitan distribution, and the X. taylori subgroup containing
only two species, one each from Europe and North America.

14.8 Persistence of Nematode Populations and Viruses

A characteristic of nematode transmitted viruses is their persistence at sites for
long periods, even in the absence of virus infectable crop hosts. This is
dependant on both the survival of the vector population, particularly in
situations where the soil is cultivated and where crops are rotated, and on the
presence of virus-infected weed seeds and/or perennial plants. A study of two
populations of X. diversicaudatum spanning 30 years provided data on some of
the ecological factors involved.
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In 1961 the distribution of a population of X. diversicaudatum was mapped
in an undisturbed, mixed woodland at Geesecroft, southern England ( Harrison
and Winslow, 1961) and in 1966 and 1967 that of another population in an
arable field at Gilliesfaulds, eastern Scotland ( Taylor and Thomas, 1968).
Resampling at Geesecroft in 1991 revealed the horizontal distribution of the
nematode population to have remained virtually unchanged in the intervening
years (Taylor, et al., 1994). A reduction in the numbers of nematodes, by
two thirds from levels detected in 1961, was believed to have resulted from a
serious rainfall deficit in preceding years. This being compounded by the
increased density of the woodland canopy that had reduced the weed flora, and
hence the hosts for nematodes in the upper soil layers that were sampled. At
Gilliesfaulds, the nematode infestation was presumed to have originated in a
hedge bordering the eastern perimeter of the field and when sampled in 1966,
and again in 1967, had spread about 35 meters into a raspberry crop cv.
Malling Jewel (Fig. 14.10(A)). By 1991, the pattern of infestation could still
be related to that evident in 1967, but had become scattered into sub-
populations with some spread westwards into the remainder of the cultivated
area (Fig. 14.10(B)). Continuous cultivation and change in crops during the
intervening years would be expected to have some adverse effect on the
nematodes as well affecting their horizontal distribution. The largest sub-
population recorded in 1991 was in a grass strip at the northern part of the field
that, since 1986, had provided a good host for the nematode and an
undisturbed habitat.

In 1966 the raspberry crop at Gilliesfaulds was infected with SLRSV but not
ArMV, to which it is immune, although the latter virus was detected in several
weed species. In 1991, after several crop rotations including the planting of
SLRSV-immune raspberry cv. Glen Moy in 1987, only ArMV was detected in
soil samples and in some weed species ( Taylor, et al., 1994). The virus was
present as two strains, differing in the severity of symptoms induced in
herbaceous plants, indicating that the natural weed bank is an efficient reservoir
for preserving nepoviruses and their variants that occur naturally. Weed seed
transmission of nepo- and tobraviruses has been well documented as providing
an alternative strategy for virus persistence in nature with up to 100% of seed
from an infected mother plant being infected and capable of survival in soil for
many years (Murant, 1983).

The existence of two variants of ArMV with a population of X.
diversicaudatum is an example of a strategy for the survival of nematode
transmitted viruses in nature. Other examples of several variants of a virus
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Figure 14.10 The distribution of Xiphinema diversicaudatum in a raspberry plantation at
Gilliesfaulds, eastern Scotland: (A) as determined during 1967 (data from Taylor
and Thomas, 1968); (B) as determined during 1991; ( +) occurrence of arabis
mosaic nepovirus as detected from soil bait tests (after Taylor, et al., 1994).

occurring naturally together with a vector population have been reported for
ArMV and X. diversicaudatum from strawberry in Norway; RRSV and L.
elongatus from raspberry in eastern Scotland (Jones, et al., 1989) and TRV
with T. cylindricus and P. pachydermus in pasture in eastern Scotland (Ploeg,
et al., 1992). The appearance of resistance-breaking strains of a virus in new
crop cultivars is also an indication of the reservoir of virus variants that exist in
nature allowing viruses to adapt to a changing ecological environment, e. g.,
the MX and Lloyd George strains of RRSV can infect Malling Exploit and
Lloyd George raspberry cultivars, respectively, which are immune to the type
strain of the virus (Jones, et al., 1989; Murant, et al., 1968).
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14.9 Virus and Vector Interactions

14.9.1 Specificity

The soil environment imposes many constraints on the behavior of nematodes.
It effectively isolates populations, and as the nematodes are relatively immobile
they are able to expand their colonization of a biotope by only a few
centimeters annually. Consequently, there is considerable inbreeding that
results in increased homozygosity within the population. In such a conserved
environment, viruses would tend to develop highly specific associations with
their vectors. Specificity of transmission is most evident in the European
context, where a particular virus, or a serologically distinct strain, can be
transmitted by one species but not by another. For example, ArMV is
transmitted by X. diversicaudatum but not by any other species tested, Scottish
strains of RRSV and TBRYV are transmitted by L. elongatus but English strains
of these viruses by L. macrosoma and L. attenuatus, respectively, and a strain
from grapevine in Germany (Jones, et al., 1994) by P. maximus, and
apparently not by L. macrosoma. Specificity of transmission is also evident
with TRV with many of the strains associated with different vector species
(Ploeg, et al., 1992).

In North America, X. americanum has been implicated as a natural vector of
CRLV, PRMV, TRSV, and ToRSV (Breece and Hart, 1959; Fulton, 1962;
Klos, et al., 1967; Nyland, et al., 1969) and X. rivesi and X. californicum
as vectors of ToRSV (Table 14.1) (Forer, et al., 1981; Hoy, et al., 1984).
This indicates little specific transmission of ToRSV by several members of the
X. americanum group and that X. americanum is unusual in being a vector of
each of the four indigenous North American nematode-transmitted nepoviruses.
Some of this apparent lack of specificity may be a result of uncertainty in
species identification prior to a reappraisal of the taxonomy of the X.
americanum group ( Lamberti and Bleve-Zacheo, 1979) and of the
characterization of the specific virus strains transmitted. However, Brown and
Halbrendt (1992) and Brown et al. (1993, 1994c) using individual nematodes
from three populations of X. americanum sensu stricto, X. bricolense, X.
californicum and X. rivesi showed that X. americanum, X. californicum and
X. rivesi transmitted CRLV, TRSV and two strains of ToRSV but that X.
rivesi transmitted the viruses more frequently. Xiphinema bricolensis
transmitted only ToRSV. These data confirm a relative lack of specificity
between North American nematode-transmitted nepoviruses and some of their
vectors.
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Table 14.1  Specific associations between Longidorus, Paralongidorus, and Xiphinema
virus-vector nematode species and Nepoviruses.
Vector species Virus Acronym | Reference
ichoke Itali latent
L. apulus artichoke  talianfatent | 17 v Rana and Roca, 1973
(Italian strain)
L. arthensis cherry rosette disease CRDV Brown et al., 1994a
tomato black ring
L. att 1 TBRV Harrison, 1964
affenuatus (German/English strain) arrison
be i t
L. elongatus rasp rry . FNESPOL | RRSV Taylor, 1962
( Scottish strain)
tomato - black ring | rppy | Harrison et al., 1961
(Scottish strain)
L. fasciatus artichoke ‘Itahan latent AILV Roca et al., 1982
( Greek strain)
L. macrosoma raspbe.rry . ringspot RRSV Harrison, 1964
(English strain)
L. martini mulberry ringspot MRSV Yagita and Komuro, 1972
P. maximus raspberry | InSSPOL | pRSV | Jones et al. , 1994
(German grapevine strain)
X. i
amerzcatzum cherry rasp leaf CRLV Nyland et al., 1969
(senso lato™)
peach rosette mosaic PRMV Klos et al., 1967
tobacco ringspot TRSV Fulton, 1962
tomato ringspot ToRSV Breece and Hart, 1959
X. i
umerwfmur*n* cherry rasp leaf CRLV Brown and Halbrendt, 1992
( sensu stricto™ ™)
tobacco ringspot TRSV Brown and Halbrendt, 1992
tomato ringspot ToRSV Brown and Halbrendt, 1992
X. bricolense tomato ringspot ToRSV Brown and Halbrendt, 1992
X. californicum cherry rasp leaf CRLV Brown and Halbrendt, 1992
tobacco ringspot TRSV Brown and Halbrendt, 1992
tomato ringspot ToRSV Hoy et al., 1984
X. diversicaudatum | arabis mosaic ArMV Jha and Posnette, 1959
strawberry latent ringspot | SLRSV Lister, 1964
X. index grapevine fanleaf GFLV Hewitt et al., 1958
X. intermedium tobacco ringspot TRSV Brown et al., 1996
tomato ringspot ToRSV Brown et al., 1996
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Continued
Vector species Virus Acronym | Reference
X. italiae grapevine fanleaf GFLV Cohn et al., 1970
X. rivesi cherry rasp leaf CRLV Brown and Halbrendt, 1992
tobacco ringspot TRSV Brown and Halbrendt, 1992
tomato ringspot ToRSV Forer et al., 1981
X. tarjanense tobacco ringspot TRSV Brown et al., 1996
tomato ringspot ToRSV Brown et al., 1996

* Unequivocal identification of species not available or prior to the review of the X. americanum-group
by Lamberti and Bleve-Zacheo (1979).

#* Species identification determined by using individual nematodes in virus transmission studies ( Brown
and Halbrendt, 1992; Brown et al., 1994c).

Martelli and Taylor (1989) speculated that vector populations widely
separated geographically might be expected to differ in their ability and
efficiency to transmit viruses. This could result from ecological pressure on the
virus to adapt to its plant host, whereby if the dominant host were an annual,
or short term perennial, selection pressure for frequent ( = efficient)
transmission would be selected to ensure survival of the virus; whereas with
long term perennials, such as fruit trees, such pressure would be much less and
relatively infrequent ( = inefficient) transmission by vectors might result.
Ecologically driven selection pressure can be presumed to be more likely in
disturbed (cultivated) than in undisturbed habitats. Viruses are also subject to
selection pressure because of the changing flora, as well as biological
modifications in the nematodes, and evidence for this may be assumed from the
range of virus strains that occur. For example, the type British strain of
SLRSV is efficiently transmitted by several geographically disparate populations
of X. diversicaudatum, i.e., 80 to 100% of nematodes from these populations
transmit virus, but only infrequently by populations from France, Italy and
Spain, i.e., less than 10% of the nematodes transmit the virus. Conversely,
serologically distinguishable strains of SLRSV from Italy were transmitted
only, and infrequently by a population of the vector from Italy ( Brown 1985;
Brown and Taylor, 1981; Brown and Trudgill, 1983).

Recently, specificity of transmission of serologically distinguishable strains
of tobraviruses with trichodorid nematodes has been demonstrated (Ploeg, et
al., 1992). Tobraviruses occur naturally as a range of serotypes, which in
Europe have been shown to be transmitted each by a different nematode
species, e. g., isolates of the PRN serotype of TRV from Britain, Sweden and
the Netherlands are transmitted only by P. pachydermus. In North America,
where only Paratrichodorus species have been reported as vectors of TRV, it is
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uncertain if specificity of transmission occurs with TRV isolates and
populations/species of ( para) trichodorid nematodes.

14.9.2 Sites of Retention

Electron microscopy has provided evidence for the sites of virus retention in
nematode vectors. In Longidorus species the virus particles are apparently
adsorbed in a single layer to the inner surface of the odontostyle, and in
L. elongatus particles of RRSV or TBRV may also be located between the
odontostyle and the guiding sheath ( Taylor and Robertson, 1969). In contrast,
Xiphinema vectors have nepovirus particles specifically associated with the
cuticular lining of the odontophore and the esophagus ( Taylor and Robertson,
1970a). In trichodorid vectors TRV particles are retained in association with
the lining of the food canal from the anterior region of the esophostome to the
esophago-intestinal valve, but are not attached to the onchiostyle ( Taylor and
Robertson, 1970b).

Specificity of the virus/vector association, which probably developed during
a long association of the vectors with their associated viruses, implies at its
simplest a “gene for gene” type of recognition process. Although in many
instances the same part of the coat protein appears to be crucial for both
specificity of retention and antibody recognition, this is not so for all nematode
and virus associations. For example, a population of L. attenuatus from
Britain transmitted two serologically distinguishable British isolates of TBRV
much more efficiently than two isolates from Germany ( Brown, et al.,
1989a), implying that efficiency of transmission is correlated more strongly
with geographic origin than antigenic relatedness. Nevertheless, more
substantive serological differences are usually associated with differences in the
vector species. Thus, two serologically distinct strains of artichoke Italian
latent nepovirus from Italy and Greece are transmitted by L. apulus and
L. fasciatus, respectively ( Table 14.2). Similarly, the German and Scottish
serotypes of TBRV are transmitted specifically by L. attenuatus and
L. elongatus, respectively. The Scottish and English serotypes of RRV are
transmitted most efficiently by L. elongatus and L. macrosoma, respectively,
but each species can transmit the other virus, albeit less efficiently.

14.9.3 Acquisition and Release of Virus Particles

Brown and Weischer (1998) defined seven distinct processes involved in
successful transmission of viruses by nematodes. Three of these involve
interactions between the virus and the vector nematode, with the relative
efficiency of each determining the final efficiency of transmission of the virus.
The three processes are: (1) adsorption of virus particles at the sites of retention
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Table 14.2  Specific associations between Paratrichodorus and Trichodorus virus-vector
nematode species and Tobraviruses.

Vector species Virus Acronym | Reference
P. allius tobacco rattle TRV Ayala and Allen, 1968
- i BV i
P. anemones pea early-browning PE Harrison, 1967
tobacco rattle TRV Hoof, 1968
P. hispanus tobacco rattle TRV Brown and Weischer, 1998
P. minor pepper ringspot PepRSV | Salomao, 1975
(syn. P. christiei)| tobacco rattle TRV Walkinshaw et al., 1961
P. nanus tobacco rattle TRV Cooper and Thomas, 1970
1y-| i PEBV Hoof, 1962
P. pachydermus pea early-browning oof, 196
tobacco rattle TRV Gibbs and Harrison, 1964b
P. porosus tobacco rattle TRV Ayala and Allen, 1968
P. teres pea early-browning PEBV Hoof, 1962
tobacco rattle TRV Hoof, 1964
P. tunisiensis tobacco rattle TRV Roca and Rana, 1981
T. cylindricus tobacco rattle TRV Hoof, 1968
. pea early-browning PEBV Gibbs and Harrison, 1964a
T. primitivus
tobacco rattle TRV Sanger, 1961
T. similis tobacco rattle TRV Cremer and Schenk, 1967
T. viruliferus pea early-browning PEBV Gibbs and Harrison, 1964a
tobacco rattle TRV Hoof et al., 1966

in the vector during ingestion of food; (2) retention of the particles until the
nematode next feeds; and (3) release of at least some of the particles during
egestion of esophageal gland secretions when the nematode next feeds. Also, it
is possible that a few as yet undefined plant factors may be involved in some
instances as X. index can acquire GFLV from mechanically infected
Chenopodium quinoa plants, but subsequently it is only when the nematodes
feed on grapevine that transmission occurs ( Trudgill and Brown, 1980).
Consequently, it appears that the root cells of C. gquinoa fed upon by the
nematode are unable to support establishment of infection by the virus, or the
plant lacks a factor involved in the release of the virus particles from within the
vector.

It has been shown with X. diversicaudatum that the ability of this species to
transmit its associated viruses is genetically inherited, involving the capability
of the nematode to specifically retain virus particles. Nematodes from a
Scottish population of X. diversicaudatum, which were highly efficient as
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vectors, were crossbred with those from an Italian population, which were
inefficient vectors. The F1 progeny were more efficient as vectors than
nematodes from the original Italian population, but much less so than those
from the Scottish population. The F2 were more efficient than the F1 progeny,
but were not as efficient as nematodes from the Scottish population ( Brown,
1986b), with the low efficiency of transmission being associated with the
nematodes’ inability to adsorb virus particles at the site of retention ( Brown
and Trudgill, 1983).

Two different methods of virus adsorption, retention and release may be
utilized by vector nematodes. Virus particles are retained in the esophageal
tract of Xiphinema nematodes, and in the broadly similar pharyngeal tract of
trichodorid nematodes, whereas in Longidorus species the particles are retained
in the odontostyle region (Figs 14. 1, 14.2). There is evidence that specific
recognition occurs between vector Xiphinema and trichodorid nematodes and
their associated viruses, possibly involving an interaction of complimentary
molecules at their point of contact. A discontinuous layer of carbohydrate-
staining material lines the esophageal tract of X. diversicaudatum and X.
index, and in X. diversicaudatum ArMV and SLRSV particles were adsorbed
only where this layer occurred. Also, ArMV particles, but not those of
SLRSV, were observed to be enveloped by a “cloud” of this material
(Robertson and Henry, 1986a). In P. pachydermus the entire lining of the
pharyngeal tract was observed to be covered with a layer of carbohydrate-
staining material ( Robertson and Henry, 1986b). Secretory products released
from the ducts of the larger esophageal glands possibly are the origin of
carbohydrate-staining material observed in these nematodes ( Robertson and
Henry, 1986a, b). Virus retention in Xiphinema and trichodorid nematodes
may therefore involve interactions between carbohydrate moieties in the
nematodes’ esophageal and pharyngeal tracts, respectively, and surface
structures of the virus capsids.

Upon completion of feeding Xiphinema nematodes retract their odontostyle
and appear to use several pulsations of their esophageal bulbs to clean the
esophageal tract of residual food (Hunt and Towle, 1979; Trudgill, 1976;
Wyss, 1977). These nematodes do not have a mechanism with which to fully
ingest or egest such secretions, therefore residual secretions probably remain
within the esophageal tract and it is these that account for the carbohydrate-
staining layer observed in Xiphinema and trichodorid nematodes. Similarly,
this may account for the presence of a “mucus-like” layer reported associated
with virus retention in several nematode species ( McGuire, et al., 1970;
Raski, et al., 1973; Taylor and Robertson, 1969, 1970a, b).

Surface charges on virus particles interacting with oppositely charged areas
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associated with the cuticle lining the feeding apparatus of virus-vector species
provides an alternative hypothesis for virus retention by nematodes ( Harrison
and Roberts, 1968; Raski, et al., 1973; Taylor and Brown, 1981; Taylor
and Robertson, 1970a). The cuticle associated with the odontostyle region in
nematodes is similar to external cuticle, whereas that associated with the
esophageal and pharyngeal tracts represents internal cuticle, with each of these
two cuticle types having differential isoelectric points ( Inglis, 1966 ).
Cationized ferritin labeling of the odontostyle region in L. elongatus revealed a
strong negative charge associated with the surface of the odontostyle and the
lining of the lumen ( Robertson, 1987), and thus with Longidorus species
surface charges may determine the specific retention of virus particles.

Whereas virus transmission is related to the ability of the vector species to
retain virus particles there is one example where an apparent lack of
dissociation of virus particles from the site of retention results in the nematode
being an inefficient vector. Particles of the Scottish and the English serotypes
of RRSV are efficiently adsorbed at the site of retention in L. macrosoma, but
this species only transmits the English serotype. The nematodes’ inability to
transmit the Scottish serotype appears to be a consequence of a lack of
dissociation of virus particles from the site of retention ( Taylor and Robertson,
1975; Trudgill and Brown, 1978).

During feeding, virus-vector nematodes pump esophageal gland secretions
forward through the esophageal tract into the root cell. These secretions are
considered the principal means by which specifically adsorbed virus particles
are injected into the cell. Virus particles may be released from the site of
retention in the vector by changes in pH in the esophageal or pharyngeal tracts
or the odontostyle region induced by the presence of the secretions.
Alternatively, the secretions may contain specific effector molecules, i. e.,
proteases that induce release.

14.10 Vector-virus Interactions Involved in Vector
Transmission

Nepoviruses express their genomes by proteolytic processing of polyproteins,
whereas tobraviruses express theirs using subgenomic messenger RNA. Pseudo-
recombinant isolates of nepo- and tobraviruses have been produced in the
laboratory, with the RNA-1 of one isolate being combined with the RNA-2 of a
different isolate of the same virus. Virus transmission studies using pseudo-
recombinant isolates have revealed that the RNA-2 segment of the viral genome
determines vector transmissibility. For example, L. elongatus, the natural
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vector of isolates of RRSV belonging to the Scottish serotype, readily
transmitted a pseudo-recombinant isolate in which the RNA-2 was derived from
the Scottish strain but only infrequently transmitted an isolate containing the
RNA-2 from an English strain ( Harrison, et al., 1974). Similarly, L.
elonagtus transmitted only a pseudo-recombinant containing the RNA-2 derived
from a Scottish strain of TBRV, as the Scottish and German strains of TBRV
have L. elongatus and L. attenuatus, respectively, as their natural vectors
(Harrison and Murant, 1978). Similar experiments with pseudo-recombinants
of TRV, and of PEBV, and trichodorid nematodes have revealed that the
vector transmissibility of tobraviruses is associated with the RNA-2 of these
viruses ( Brown, et al., 1995; MacFarlane, et al., 1995; Ploeg, et al.,
1993b).

The RNA-2 of nepo- and tobraviruses encodes several proteins, including the
coat protein ( CP) that has an obvious role in nematode transmission as it
provides one of the two points of contact between virus and vector, the other
being associated with the vectors feeding apparatus. However, a tobravirus
isolate prepared by replacing the CP gene of PEBV isolate SP5, with that of
TRV isolate PpK20 was not transmitted by 7. primitivus or by P.
pachydermus, the natural vectors of PEBV isolate AS5S6 and TRV isolate
PpK20, respectively. From this result, it was concluded that vector
transmission of tobraviruses was not determined exclusively by the CP, and
that other genes encoded by the RNA-2 were probably involved in vector
transmissibility of tobraviruses as well (MacFarlane, et al., 1995). This may
also occur with nepoviruses.

14.10.1 Virus Particle Structure

Nepoviruses have isometric particles of approximately 28 nm diameter, but the
composition of the particles differs between the viruses. Most nepoviruses
transmitted by nematodes each has only a single CP of 56 to 60kDa molecular
masses, e.g., ArtMV, AILV, PRMV, RRSV, TBRV, TRSV, and ToRSV.
However, two others that also are transmitted by longidorid nematodes,
SLRSV and CRLV, have two and three CPs, respectively (29. 4 kDa and
42.6 kDa; and 26 kDa, 23 kDa and 21 kDa) (Mayo and Robinson, 1996).
Nematode transmissibility is not correlated with particle composition as X.
diversicaudatum is the natural vector of ArMV and SLRSV, and CRLYV,
TRSV and ToRSV are each transmitted by the three species, X. americanum,
X. californicum, and X. rivesi.

Late during infection of a plant, or after purification, the CP contained in
particles of TBRV were found to be reduced in size, resulting from a removal
of 9 amino acid base pairs on the C-terminus of the CP ( Demangeat, et al.,
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1992). These results may be indicative of this region being exposed on the
surface of the protein where it could interact with nematode surfaces involved
in virus retention. An amino acid motif (VQV or VPV) is conserved at the
N-terminus of the small capsid protein of SLRSV, and the CP of ArMV, both
viruses being naturally transmitted by X. diversicaudatum (Kreiah, et al.,
1994). However, a similar motif is not present in the CP of GFLV, RRSV,
TRSV, and ToRSV, these viruses being transmitted by other longidorid
species. This motif may be analogous with a DAG motif present in potyvirus
CPs, which is involved in transmission of these viruses by aphids ( Blanc, et
al., 1997; Harrison and Robinson, 1988). A study of the crystal structure of
TRSV revealed several surface-located loops, and two regions of the capsid
surface whose sequence is conserved among nine different nepoviruses
( Chandrasekar and Johnson, 1998). However, there was no correlation
apparent between particular amino acid motifs and the respective vectors of the
viruses. Also, alignments of capsid protein sequences revealed that the VQV
peptide is not generally conserved, and that a “protruding” C-terminal peptide,
as present in TBRV, does not occur in all nepoviruses.

Similarities exist between different nepoviruses in part of the RNA-2 encoded
polyprotein that is N-terminal to the CP. The viruses TBRV and RRSV, each
transmitted by Longidorus species, are similar in this region. Similarly, GFLV
and ToRSV, each transmitted by Xiphinema species, are similar in this region.
However, although each pair of viruses shares similarities in this region, no
such similarity exists between the pairs of viruses (Mayo, et al., 1995). This
protein may be involved in cell to cell movement, and thus there could be a
similarity with potyviruses in which the helper protein (HC-Pro) involved in
aphid transmissibility of these viruses also affects virus movement in the plant
(Maia, et al., 1996).

Detailed investigation of viral determinants of vector transmission of
nepoviruses requires site-specific mutagenesis of infectious cDNA clones of
viruses. The only such clones available have been constructed for GFLV, but
data have not been published on their transmissibility by nematodes ( Viry, et
al., 1993). However, several tobravirus isolates have been fully sequenced,
and stable, infectious cDNA clones produced that are being used to examine
the genetic determinants of vector transmissibility encoded by the viruses.

The particle structure of tobacco mosaic tobamovirus has been
comprehensively studied (Namba, et al., 1985), and amino acid sequence
alignment of CPs of tobraviruses with that of tobacco mosaic virus has revealed
that the CP subunits of all these viruses fold similarly. Tobravirus CP subunits
form a tight helical array with their N- and C-termini located on the external
surface of the viral particle (Goulden, et al., 1992). The C-terminal domains
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of tobraviruses are larger than that present in tobacco mosaic virus and in
PepRSV it is unstructured, presumably extending outwards from the surface of
the virus particle. It was suggested that this “protruding” flexible domain could
be involved in the specific attachment of the virus particle to sites of retention
in the vector ( Mayo, et al., 1995), and subsequently evidence has been
obtained confirming the role of these sequences in vector transmissibility of
tobraviruses (see Section 14.10.2). However, a gap of 5 to 7 nm between the
surface of TRV particles and the cuticle lining the pharyngeal tract in vector
trichodorids had been measured using transmission electron microscopy
(Robertson and Wyss, 1983). This gap is too wide to be bridged by tobravirus
CP C-terminal peptides of only 22 ( TRV isolate PpK20) to 38 (PepRSV)
amino acids. Consequently, Brown et al. (1995) suggested that other “non-
structural” proteins (2b and 2c) known to be encoded by the RNA-2 of
nematode transmitted tobravirus isolates might act as a bridge to link the
C-terminal peptide to the carbohydrate-staining material lining the nematodes’
pharyngeal tract.

14.10.2 Viral Determinants Involved in Vector Transmission of
Tobraviruses

Infectious, nematode transmissible, viral cDNA clones of PEBV and TRV
have enabled investigation of the genetic determinants of vector transmissibility
encoded by tobraviruses. Data from the pseudo-recombinant tobravirus isolates
suggest that vector transmissibility is determined by the RNA-2 segment of the
bipartite genome. The complete sequence of the RNA-2 of three TRV and one
PEBV nematode-transmitted isolates have been determined ( Hernandez, et al. ,
1995; MacFarlane and Brown, 1995; MacFarlane, et al., 1998; N.
Vassilakos, pers. comm. ), and these RNAs encode the CP and additionally
two or three other proteins (2b, 2c and 9 K).

Deletion of, or within, the flexible C-terminal domain of the CP of PEBV
isolate TpAS6 abolished, or greatly reduced, respectively, transmissibility of
the virus by 7. primitivus (MacFarlane, et al., 1996). Similar results have
been obtained with TRV, thus this part of the tobravirus CP is intimately
involved in vector transmissibility of the virus. Mutations made to the three
other genes encoded by the PEBV RNA-2 also affected vector transmissibility
of the virus, with the 2b protein (29 kDa) being found to be essential for
vector transmission whereas disruption of either the 2c (23 kDa) or 9 kDa
genes reduced the frequency of, but did not necessarily eliminate, vector
transmission (Fig. 14.12).
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Figure 14.11  Schematic representation of the possible adsorption and release of
tobravirus particles at the site of retention in the esophageal tract of trichodorid
nematodes. When feeding on a virus infected plant the nematode ingests virus
particles, and possibly also viral encoded proteins that interact with the viral
capsids and with the site of virus retention in the vector. The helper component
forms a “bridge” between the capsids and the esophageal cuticle in the vector,
thus specifically anchoring virus particles at the site of retention. When the vector
next feeds it pumps esophageal gland secretions into the plant cell and proteases
(p) present in these secretions cleave the “bridge”, thus releasing the virus
particles that are then available to be carried in the secretions into the plant cell to
establish infection.

With TRV isolates PpK20 and PaY4, naturally transmitted by
P. pachydermus and P. anemones, respectively, the RNA-2 encodes the CP,
2b and 2c proteins, but not the 9 K protein. Laboratory virus transmission
experiments with PpK20 and P. pachydermus have revealed that the CP and 2b
(29 kDa) proteins are essential for vector transmission, whereas the 2c
(32 kDa) protein is not involved in nematode transmission of the viruses
(Fig. 14.13) (Hernandez, et al., 1997). Similar results have been obtained
with TRV isolate PaY4 and P. anemones (N. Vassilakos, pers. comm. ). It
has yet to be determined if the involvement/non-involvement of the 2c protein
in nematode transmissibility of PEBV and TRV is a function of the viruses, or
the vector nematode species. Trichodorus primitivus transmits TRV isolate
TpOl and PEBV isolate TpA56, and the RNA-2 of each of these viruses
encodes the CP, 2b, 2c, and a 9 K protein. Intriguingly, these results suggest
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Figure 14.12 Transmissibility by Trichodorus primitivus of wild type and a full-length
infectious cDNA clone of pea early-browning virus isolate TpA56, and of several
mutant viruses derived from the cDNA clone. Removal of the posterior section of
the protruding peptide, a flexible C-terminal domain, on the coat protein
eliminated vector transmissibility, whereas removal of the anterior section
reduced, but did not eliminate, vector transmissibility. A frame-shift in the 9 kDa
open reading frame (ORF) reduced vector transmissibility, and a frame-shift 23
kDa and in the start codon of the 9 kDa ORFs, and deletions in, or of, the 9
kDa, 29 kDa and 23 kDa ORFs each eliminated vector transmissibility.

that with these two viruses the nematode, 7. primitivus, is selecting the
number and type of genes encoded by the viruses that are required for
successful vector transmission.

Although progress is being made in understanding the genetic determinants of
vector transmission encoded by tobraviruses there is as yet no insight of how
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Figure 14.13 Transmissibility by Paratrichodorus pachydermus of wild type and a full-
length infectious cDNA clone of tobacco rattle virus isolate PpK20, and of several
mutant viruses derived from the cDNA clone. A frame-shift in the 29 kDa open
reading frame (ORF) and deletions in, or of, the 32 kDa ORF, and a putative
6 kDa ORF each eliminated vector transmissibility. Replacement of the coat
protein of TRV isolate PpK20 with that of TRV isolate PLB, a non vector-
transmissible isolate, also eliminated vector transmissibility.

these genes facilitate nematode transmission. Current speculation is that the
tobravirus 2b and 2c proteins interact physically with the virus particle to
facilitate retention of the particles in vector nematodes, as occurs with
potyvirus helper protein during transmission by aphids (Gray, 1996). Support
for such speculation has recently been proposed by Visser and Bol (1999) who
demonstrated, using the yeast 2-hybrid system, that there is an interaction
between the CP and 2b proteins of TRV isolate PpK20. Thus, as speculated by
Brown et al. (1995), when virus-vector nematodes ingest virus particles they
simultaneously ingest viral-encoded protein(s), i. e., the 2b and 2c viral
proteins. These proteins may act as helper components by forming a bridge to
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link the C-terminal peptide to the carbohydrate-staining material lining the
nematodes’ pharyngeal tract. Subsequently, when the nematode next feeds it
pumps esophageal gland secretions into the cell and these secretions induce
release of the particles. This may occur through the action of proteases
contained in the secretions cleaving the carboxy-terminal domain of the

Figure 14.14 Application of a PCR assay with four rDNA primers, derived from ITS-
sequences, to reliably distinguish individual Paratrichodorus anemones, P.
pachydermus, Trichodorus primitivus and T. similis. Lanes from left ( primers in
parenthesis): (1) 1Kb plus DNA ladder; (2) P. anemones (664A-ITSB);
(3) P. pachydermus (664A-ITSB); (4) P. pachydermus (ITSA-665A); (5) T.
primitivus (664A-ITSB); (6) T. primitivus (ITSA-665A); (7) P. anemones +
P. pachydermus (664A-1TSB); (8) P. pachydermus + T. primitivus (ITSA-
665A); (9) P. anemones + P. pachydermus (664A-ITSB); (10) 1Kb plus
DNA ladder (courtesy of K. Boutsika, SCRI).
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tobravirus particle, which would not adversely affect the virus (Mayo, et al.,
1993), and thus release the virus particle from the specific site of retention
within the vector (Fig. 14.11).

Increasing interest worldwide of virus transmission by nematodes will
undoubtedly result in the identification of new virus and vector associations.
Current methods for controlling diseases caused by viruses transmitted by
nematodes largely rely on application of highly toxic chemicals used for
suppressing vector nematode populations. Societal pressure to reduce, and
even to eliminate, the use of such chemicals makes fundamental studies of the
mechanisms determining nematode transmission of viruses an essential
prerequisite to facilitate identification of novel disease suppression strategies.
Also, development of more rapid and sensitive molecular-based methods for
detecting and identifying virus-vector nematode species ( Fig. 14.14)
(Boutsika, et al., 2000), and their associated viruses, will provide potential
for more efficiently targeting existing chemical treatments, or alternative
resistant crop cultivars.
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15 Physiological Interactions between Nematodes
and Their Host Plants

Haddish Melakeberhan

15.1 Introduction

As soil-inhabiting microscopic invertebrates, plant-parasitic nematodes
parasitize below ground (root) and above ground ( shoot) plant tissues in
habitats ranging from the driest to the wettest and from the coldest to the hottest
climates (Norton, 1978). They parasitize their hosts as ecto- (anterior body
portion embedded), migratory endo- ( body fully embedded), or sedentary
endoparasites (body fully or partly embedded or not embedded at all). Types
of cellular damage at the feeding sites include destructive (host cells killed),
adaptive ( cells modified), or neoplastic ( cells modified and undergo new
growth) changes. Root-lesion ( Pratylenchus spp.), cyst ( Heterodera and
Globodera spp.), and root-knot ( Meloidogyne spp.) nematodes represent the
three respective feeding behaviors ( Dropkin, 1989). Unlike ectoparasites
and migratory endoparasites, cyst and root-knot nematodes ( sedentary
endoparasites) must maintain active feeding sites at all times in order to grow
and reproduce ( Sijmons, et al., 1994; Williamson and Hussey, 1996).
Otherwise, the nematodes die.

Symptoms at the cellular, tissue, and whole plant level have been reviewed
extensively (Bleve-Zacheo and Melillo, 1997; Bird, 1974; Dropkin, 1969a;
Golinowski, et al., 1997; Hussey, 1989; Hussey and Williamson, 1998;
Jones, 1981; Melakeberhan and Webster, 1993; Seinhorst, 1961; Webster,
1967; 1975). Although damage to a plant may differ, depending on the
location of the parasite in the plant host and the influence of other organisms
and physical factors, plant-parasitic nematodes break down cell structure and
consume cell contents. The disruption of the root system by the destructive,
adaptive, and neoplastic feeding behaviors interferes with the physiological
processes involved in water and nutrient relations and the phytohormones
originating in the root ( primary factors), thereby creating a cascade effect on
chlorophyll synthesis, photosynthesis and respiration in the shoot ( secondary
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factors). The combination of these primary and secondary effects leads to
diminished plant productivity and poor growth compared with uninfected plants.

Whether or not plant-parasitic nematodes have destructive, adaptive, or
neoplastic feeding behaviors, they cannot be distinguished by the symptoms of
leaf chlorosis or stunted growth. Visible symptoms, however, are a function of
interactions taking place from the sub-cellular to the ecosystem level. This
chapter reviews the physiology of plant-nematode relationships at the organismal
and higher levels of interactions, with an emphasis on the basic and applied
aspects related to nematode-energy requirements, water-relations, nutrient
uptake, CO, exchange, and plant growth regulators.

15.2 Effects of Nematodes on Energy Demand

In addition to causing root destruction, all plant-parasitic nematodes consume
cell contents ( Atkinson, 1985; Williamson and Hussey, 1996). The amount
of energy consumed by a nematode depends on individual nematode size, its
reproductive potential, and host status ( Atkinson, 1985; Melakeberhan and
Ferris, 1988). Given their size and sedentary endo-parasitism, cyst and root-
knot nematodes are more dependent on the host and likely to have greater
energy demands than migratory nematodes (Reversat, 1987; Melakeberhan and
Ferris, 1988). Cyst and root-knot nematodes have been shown to divert
significant amounts of photosynthate ( Bird and Loveys, 1975; McClure,
1977; Melakeberhan, et al., 1990) or nutrients ( Bockenhoff and Grundler,
1993; Bockenhoff, et al., 1996; Dorhout, et al., 1983; 1988) to their
feeding sites. However, nematode size seems to be influenced by host status.
For example, an adult M. incognita female grew up to 32 pg and laid (310 +
126) eggs in a susceptible compared with 29 g and (195 +92) eggs per
female in a resistant grape ( Vitis vinifera L.) cultivar ( Melakeberhan and
Ferris, 1988). The bigger nematode size associated with the susceptible versus
the resistant cultivar has been attributed to a more rapid photosynthate
translocation to the nematode feeding site in the former than in the latter
cultivar ( Melakeberhan, et al., 1990). Similar nematode size differences
between susceptible and resistant hosts have been reported on cotton and other
crops (Jenkins, et al., 1995; Powers, et al., 1991; Powers and McSorley, 1993).

The cost to the host of supporting a single M. incognita from second-stage
juvenile to the end of oviposition was 1.176 calories on a susceptible and
0. 834 calories on a resistant grape cultivar (Melakeberhan and Ferris, 1988).
One calorie is equivalent to approximately 0. 213 mg plant dry weight or
0.4 mg CO, (Melakeberhan and Ferris, 1988). If the nematode energy demand
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Figure 15.1 The effects of water, complete Hoagland solution (HS) and HS without
nitrogen ( HS-N) on: (A) the number of Heterodera glycines eggs per cysts,
(B) percent white cysts per gram fresh root”, and (C) amount of nitrate in soil
from an H. glycines susceptible ( Tracy M) soybean cultivar 26 days after
inoculation with 15,000 eggs per 800 cm® of soil. From Melakeberhan (1999b).

Data are means of four replications (( A) and (B)). Because nematode
treatments did not affect soil nitrate, data in (C) are means of eight replications
per treatment. The nutrient treatments are indicative of soil conditions and show
the levels of nutrients that influence the host-parasite interaction in favor of the
plant.

Bars followed by the same letters within the same frame and shade are not
statistically different according to Tukey’s range test (P > 0.05).

Y As cysts develop, the color changes from white to yellow to dark brown. The
presence of more white cysts in the optimum nitrogen treatment shows that H.
glycines develops more slowly than under nitrogen-deficient conditions.
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is proportional to its size ( Atkinson, 1985; Melakeberhan and Ferris, 1988),
it is fair to assume that cyst nematodes (including H. glycines) may consume
more energy from their hosts than do root-knot nematodes because of the
smaller size of the latter. The slower growth and decreased reproductive
potential of H. glycines in a susceptible cultivar grown in nutrient rich than in
the same cultivar grown in nutrient-deficient conditions ( Fig. 15. 1)
(Melakeberhan, 1999b), suggests that the nematodes may not be getting
enough energy to grow.

One of the questions that arises is “can nematode energy demand be
alleviated by manipulating nutrient stress?” If nematode energy demand is
proportional to size, the answer seems to be “yes” for some nematodes. Recent
studies have shown that H. glycines grows more slowly and lays fewer eggs per
female when plants are grown in nitrogen-rich than nitrogen-deficient
conditions (Fig. 15.1 (A), (B)) (Melakeberhan, 1999b). This suggests that
energy demand can be decreased and perhaps manipulated in order to alleviate
nematode-induced stress.

15.3 Nematodes and Water-relations

15.3.1 Effects of Nematodes on Water Uptake

While the degree to which nematodes affect water-relations may vary with the
type of host-parasite interaction, nematodes invariably affect water uptake. For
example, decreases in water uptake have been demonstrated for Globodera
rostochiensis on potato (Evans, et al., 1977; Fatemy and Evans, 1986a;
1986b), M. incognita ( Alam, et al., 1975), M. javanica (Meon, et al.,
1978), and Rotylenchus reniformis (Islam and Alam, 1975) on tomato, and
Tylenchorhynchus brassicae ( Alam and Saxena, 1975) on cauliflower and
cabbage. Depending on the intensity of infection and root size and age,
substantial time may elapse before the appearance of effects of root-parasitic
nematodes on water uptake, root and stomatal conductance, and wilting
( Melakeberhan and Webster, 1993; Wilcox-Lee and Loria, 1987). For
example, Bursaphelenchus xylophilus girdles Pinus spp. trunks ( Tamura, et
al., 1987) by cavitation ( Kuroda, 1989; Kuroda, et al., 1988), which
blocks water translocation (Ikeda and Susaki, 1984; Ikeda, et al., 1990)
distal to the location of nematode inoculations ( Melakeberhan, et al., 1991).
Consequently, the plant fails to photosynthesize normally ( Melakeberhan and
Webster, 1990), loses turgor, wilts and dies (Mamiya and Tamura, 1977;
Melakeberhan, et al., 1991). Melakeberhan et al. (1991) showed that the
water-splitting complex of photosystem II activity of Scots pine shoots decline
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within 24 h and wilting 3 days after inoculation of B. xylophilus, indicating
that water-relations may be one of the primary physiological effects of
nematodes.

15.3.2 Gross Physiological Changes and Management
Implications

Water shortage is probably the abiotic factor most limiting for plant growth
(Boyer, 1985). Decreased water availability resulted in decreased nutrient
uptake and translocation of solutes, decreased chloroplast activity,
decomposition of proteins and nucleic acids, and increased hydrolytic enzymes
(Colhoun, 1973; Schoeneweiss, 1975). Most of these physiological processes
result from irreversible changes ( Ayres, 1984), and it is logical to expect that
nematode infection further accelerates any effects of water shortage. While
varying with plant species, the effect of water shortage on the aforementioned
physiological processes is influenced by daily fluctuations of temperature and
sunlight under field conditions (Boyer, 1985). For example, tomato is very
sensitive to water stress levels of below —6 bars ( —0.6 MPa) ( Atherton and
Rudich, 1986). It is entirely possible that tomato plants growing at —0.3 and
—0.4 MPa of tissue water potential may appear normal visually, still suffering
a level of water stress that is critical to the performance and development of a
plant when infected with nematodes. At 20C and 65% radiation reaching full
canopy, c¢. 585 calories/cm’ are required to evaporate 1 cm® of water
(Atherton and Rudich, 1986). It is expected that a plant will experience some
level of water stress during its development and that daily fluctuations are
accelerated by high temperature ( Fiscus, 1975; Hsiao, 1973; Hsiao, et al.,
1976). Most nematode water-relations studies to date have focused on cause-
and-effect relationships. In order to more completely understand the effect of
nematode-induced water shortage on host physiology, however, it is necessary
to venture beyond cause-and-effect relationships, to separate abiotic from biotic
stresses, and to quantify their additive or interactive effects on plant growth.

15.4 Nematodes and Nutrient-relations

15.4.1 Effects of Nematodes on Nutrient Uptake

Regardless of feeding behavior, plant-parasitic nematodes disrupt nutrient
uptake and create an imbalance of macro- and most micro-nutrients
( Melakeberhan, 1997a). Yellowing, stunting, and poor growth are
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