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PREFACE

Biosecurity roughly means “safe life” and involves a variety of measures
designed to prevent disease — causing agents from entering a region and there
being spread.

Food supplies are easy to disrupt and the provision of biosecurity at land-
land borders is especially challenging if trade is to be maintained and when
very few travellers are subjected to thorough inspection.

Within the context of the NATO sponsored workshop that was held in Kiev,
Ukraine during May 4-7, 2005, the pathogens were viruses that infect plants
and the region encompassed developing states on the verge of acceding into
the European Union. In publishing the papers presented at the workshop, we
take this opportunity to thank the sponsors including particularly the NATO
Science committee and also the contributors for making the discussions en-
tertaining and beneficial.

Under United Nations FAO auspices, the International Plant Protection
Convention aimed to secure common and effective activities against pests
and pathogens. Now, most countries party to that convention have laws and
regulations in place to sustain agricultural production under natural threat.
National plant protection services exist to inspect growing crops and impor-
tations and to determine when and how introduced pathogens might be eradi-
cated. The member states of the European Union, through their national [and
also the regional plant protection service (The European and Mediterranean
Plant Protection Organisation)], advise national governments and develops
specific protocols (identification, containment and eradication) that aim at
managing pests and pathogens in ways that have minimal impact on trade.
The processes are costly and inconvenient. Furthermore, success is not cer-
tain. For these and other reasons, the efficiency of established phytosanitary
systems are eroding and those who contributed at the workshop highlighted
deficiencies that are now in urgent need of remedy.

The savage action in New York and Washington in September 2001 and
the instances of anthrax delivery via the U.S. mail caused all types of po-
tentially offensive activity to be assessed or reassessed. Human pathogenic
viruses and micro organisms had been identified as of concern whether nat-
ural or modified/selected for enhanced virulence and pathogenicity. In some
nation states, export controls now exist for a range of vertebrate pathogens.
Furthermore, pathogens harmful to bees or the environment more generally
are all objects of national or international regulation. However, no similar list
of specific plant pathogens is yet internationally agreed despite the potentially
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viii PREFACE

very significant long-term economic impacts coupled with psychological and
social disruption.

With a few notable exceptions (e.g. use of a chemical toxin in Japan in
support of racial/ethnic/religious and political objectives), non-military hu-
man targets seems to have been very uncommon. Furthermore, major terrorist
groups have used “traditional” high explosives to obtain publicity and to en-
gender fear in communities that they seek to influence. This does not provide
reasonable grounds for complacency. Biological attacks on food supplies,
forests or natural vegetation have long been envisaged and must now be con-
sidered “likely”. Individuals and groups with regional political constituencies
are now competent to use a diverse range of pests and pathogens to support
their objectives. Living, self-replicating agents, notably viruses and micro or-
ganisms with lethal or debilitating outcomes, have been stockpiled and it is
generally acknowledged that state-sponsored programmes have “weaponised”
fungi (e.g. Puccinia graminis) active against plants grown for food. Addition-
ally, Sugar beet necrotic yellow vein virus and Plum pox virus have been
highlighted as candidate agents for use as weapons. Current technology can
modify viruses to enhance what nature has already selected. Furthermore, al-
though natural processes tend to result in a balance that moderates the impact
of'a pathogen in the interests of its persistence, that phenomenon has little rele-
vance when the targets are agricultural crops and not natural self-regenerating
populations.

Against this background, it is necessary to raise awareness in the global
scientific community without causing undue concern in the lay community. To
strengthen the position of scientists (and workers more generally), many nation
states impose “health and safety” regulations that cover diverse chemicals
and biological agents in line with national laws and also international treaty
obligations. Two Conventions under the aegis of United Nations agencies are
significant in this regard. The Convention on Biological Diversity was initially
signed by 150 government leaders at the 1992 Rio Earth Summit and provides a
framework for action bearing on sustainable development and trade. Support
for those very broad ranging activities is not universal but has increased
somewhat and currently the Convention has188 Parties (168 Signatures). In
2000, the Conference of the Parties to the Convention on Biological Diversity
adopted a supplementary agreement known as the Cartagena Protocol on
Biosafety. This protocol has a key role to play in matters of biosafety because
it seeks to protect biological diversity from potential harm resulting from
modern biotechnology (including risks posed by living (genetically) modified
organisms). The Protocol enables the establishment of a pool of experts to
facilitate the exchange of information. At present, the Cartagena Protocol on
Biosafety has 130 Parties (103 Signatures) — but, once again, not all states are
formally Party. It is notable that although the United States of America signed
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the Biodiversity Convention, that country is neither Party to the Convention
nor to the Biosafety Protocol!

Similarly, not all, nation states are party to the Convention on the Pro-
hibition of the Development, Production and Stockpiling of Bacteriological
(Biological) and Toxin Weapons and on Their Destruction [the Biological and
Toxin Weapons Convention (BTWC) for short]. The BTWC broadened the
terms of an existing Protocol for the Prohibition of the Use in War of Asphyx-
iating, Poisonous or Other Gases, and of Bacteriological Methods of Warfare
that had been signed at Geneva on June 17, 1925 and was signed at London,
Moscow and Washington in 1972. It has laudable aims and facilitates inter-
national contacts but offers considerable scope for “interpretation”. Thus, for
the sake of mankind, the signatory states sought to exclude the possibility
of bacteriological (biological) agents and toxins being used as weapons and
undertook never to develop, produce, stockpile or otherwise acquire or retain
microbial or other biological agents, or toxins in quantities that have no justi-
fication for prophylactic, protective or other peaceful purposes — or means of
delivery designed to use such agents or toxins. Importantly, each state party
to the BTWC agreed not to transfer any of these objects to any other state
and to consult one another and to destroy all agents, toxins and means of
their delivery while safeguarding the environment. Nevertheless, states party
to the BTWC retained rights to participate in the fullest possible exchange of
equipment, materials and scientific and technological information for the use
of bacteriological (biological) agents and toxins for peaceful purposes.

Not all signatories have enacted appropriate national legislation or operate
the same degree of health and safety regulation supported by inspection. There
is a constant but slow progression in activities to further the aims of these two
conventions and this activity is particularly obvious in the context of genet-
ically modified organisms. Thus, the members of the European Union have
agreed regulations (e.g. Directive 2001/18/EC) that require member states,
in accordance with the precautionary principle, to ensure that all appropri-
ate measures are taken to avoid adverse effects on human health and the
environment (including agricultural production) which might arise from the
deliberate releases of genetically modified organisms. Increasing the number
and variety of codes of conduct provides important opportunities for education
and training of workers including scientists and students in a variety of pos-
sible consequences. Undergraduate and postgraduate education programmes
(in academic and also industrial settings) can be followed in a climate that
supports consideration of ethical issues and helps to identify opportunities
for possible misuse of technologies that may be mainly studied because they
were expected to offer real potential benefits to society. Scientific research
inevitably gives rise to some unexpected findings and the full potential impli-
cations are not always appreciated by workers in small intellectually isolates
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teams. Fortunately, peer review prior to the funding of research, at later stages
in the development of a programme and subsequently during the publication
process all provide opportunities for broader appreciation of issues that bear on
novelty. There is a clear need for improved guidance to improve the effective-
ness of scientific oversight but it is still not easy to identify all issues pertinent
to potential uses of knowledge. To this end national academies of science and
publishers all have potential roles to play in the process and useful sources
are open for inspection (e.g. www.journals.asm.org/misc/Pathogens and
Toxins.shtml.; www.brad.ac.uk/acad/sbtwc/briefing/BP 15 2nd series.pdf.;
www.sgm.ac.uk/pubs/policy.cfm).

Notwithstanding current obligations under one or other of the conventions,
there are concerns that some nation states may be deliberately using students
and scientists in training to procure expertise. Furthermore, it is now very
easy for molecular geneticists to access scientific literature that describes
which genetic sequences have potential utility, can be synthesised and then
used to enhance pathogenicity. This scenario is not new but curtailment of
information flow (and people) touches on sensitive areas of civil rights and
traditional academic freedoms. The best protection against proliferation of
biological agents probably is transparency, but covert research in this context
is suspected to be not uncommon. Partly as a consequence, the potential
hazard to agriculture from biological agents is underrated and is allocated less
research support than issues directly bearing on human health. In discussion,
many issues were explored that are not reflected in this volume. Contributors
were anxious to avoid producing “a terrorist’s handbook™!
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A SHORT HISTORY OF WARFARE EMPHASIZING
THE BIOLOGICAL ASPECTS

Daphne J. Osborne*

1.1. Introduction

Denial of water or food once guaranteed success to an aggressor. If the effects
of such denial were fully reversible after capitulation and once the defeated
had fled, then the aggressor gained a considerable victory. There is a nice
example of this “reversible” activity in The book of Genesis, chapter 26.
Isaac, son of Abraham, lived and prospered in the land of the Philistines. This
did not please the Philistines, so they routinely blocked up the water wells of
the people of Isaac. In order to survive, the people of Isaac kept digging new
wells but the Philistine herdsmen attacked these too, so that eventually “the
people” of Abraham and Isaac were forced to leave that region. The Philistines
did rather well from this victory as they then unblocked all the old and the
new wells, none of which had suffered permanent damage.

It is not easy to distinguish terrorist action from warfare but the former
tends to be more or less localized and on the smaller scale. In this instance the
Philistine herdsmen seemed to have acted as terrorists who targeted a crucial
resource but with physical means—not biological. In any event, not all such
activity is so readily reversible.

In a historical context there are noteworthy examples of large-scale action
against food production with long-term impacts that were not immediately
reversible. Thus, in the first century BC, Carthage, in what is now modern
Tunisia, was an agricultural and trading area supplying much of the Middle
East with wheat and other foods. When the Romans defeated the Carthagini-
ans militarily in 145 BC (razing the city and exporting its occupants into
slavery) the victors then destroyed Carthage economically by spreading salt
over the land—a form of desertification that is said to have lasted at least
25 years. This activity was state-sponsored warfare and impacted on bio-
logical systems but did not depend on biological (replicating) agents. Thus,
the term biological warfare is not appropriate although chemical warfare
might be.

* Daphne Osborne died on June 16, 2006.

1

1. Cooper et al. (eds.), Virus Diseases and Crop Biosecurity, 1-8.
© 2006 Springer.



2 DAPHNE J. OSBORNE
1.2. Aspects of Biological Warfare—Some Early Examples

During the Middle Ages, attacks on castles or walled cities involved the deny-
ing of potable water and untainted food and, as a prelude, when armies faced
each other on the field of battle, noise (from drums) was employed to frighten
and intimidate opponents. If fresh water springs were within the city walls and
enough food had been stored, sieges could last for many months. But when the
water sources were outside the walls, then the aggressors polluted them with
dead animals making the water undrinkable and ensure the spread of sickness
within, whether or not food was still available. From earliest times, catapults,
as engines of war, were used to hurl dead and decomposing bodies inside a
fortress. When possible, those on the inside hurled the corpses out again onto
the besiegers. How far these polluting acts were effective for the introduction
of pathogens is not known partly because there were, at the same time diverse
conditions that favored the spread of preexisting pests and pathogens.

When the castle or city walls where finally breached by battering rams,
catapults or cannon, hostage taking, rape, looting, and the eventual destruction
by burning was frequent but the food supply was not usually a specific target
(not least because the victors needed food).

1.3. Plagues and Contagion

Until relatively modern times, natural plagues (such as locusts in Egypt, the
Black Death of Europe, and Potato Blight in Scotland and Ireland) were not
uncommon and were much feared because causes and remedies were un-
known. Although wild plants are reservoirs of viruses that threaten agricul-
tural or horticultural crops and some fearful human pathogens are recognized
as “emerging” from wild animal reservoirs (e.g. the agents of lethal influen-
zas and hemorrhagic fevers; Garrett, 1994; McCormick et al., 1996), many
plagues have ancient origins.

In many instances, the transmission of pathogens between plants or ani-
mals is still not fully understood and it was not until the Second World War
that manipulation of the transmission process became possible in a few sys-
tems. When the information was available, it became possible for one nation
deliberately to generate food shortages.

Even in ignorance of causation and transmission, human health was threat-
ened as early as 1346 when victims of plague (caused by Yersinia pestis) were
hurled into the city of Katta—one of the fortified Genoese sea ports on the
Crimean Coast—that was besieged by the Mongols. The Mongols themselves
inevitably risked infection but gained some psychological advantage over their
opponents.

Human pathogens causing smallpox, measles, or influenzas were inadver-
tently introduced with colonization of North America from the 15th century
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onward and the importation of slave workers from West Africa subsequently
introduced tropical parasites and pathogens (causing, for example, malaria or
yellow fever) with their mosquito vectors.

1.4. Intentional Introduction of Pathogens

The first reliably documented intentional use of biological agents for subjuga-
tion of indigenous communities occurred in North America during the siege
of Fort Pitt in 1763. British forces deliberately used as gifts, blankets, and
bedding already contaminated with smallpox scabs. The cost of the items in-
volved was later reimbursed by the British authorities with the approval of Sir
Jeffrey Ambherst, then commander in chief of the British Forces in America!

The British may well have used smallpox again as a weapon in the Ameri-
can Revolutionary War by identifying civilians with smallpox before sending
them to mingle with the opposing troops.

These events strongly suggest state sponsorship of biological warfare [see
also the Report of a Royal Society Study Group (1994) and Williams and
Wallace (1989)] but it is instructive to consider one aspect of state sponsored
chemical warfare that evolved from a “Good Cause.” At this point I became
personally associated with the activity in the late 1950s and 1960s.

1.5. Novel Aspects of Chemical Warfare

1.5.1. AFRICA

The tse-tse fly (Glossinia sp.) carries trypanosomes that are blood parasites
that cause sleeping sickness—both in man and animals—with particularly
devastating effects in tropical Africa. The flies depend for their survival upon
sucking blood and living under shade conditions provided by the trees and
shrubs that make up vast tracts of the African bush.

In 1921, it was first proposed that clearing the trees and shrubs around an
area that had been freed from the tse-tse would prevent re-invasion of the fly
into the land enclosed within. Initially, the clearance was done mechanically
with human labor but, in 1936, the trees were killed by applications of arsenic
pentoxide or other toxic chemicals. These approaches were only partially
successful but there were no further developments until 1949 when there was
a revolution in the development of selective herbicides in agriculture. Many
of the effective chemical compounds were synthetic analogues of the natural
plant hormone, auxin.

G.E. Blackman, the Professor of Agriculture in Oxford at that time, and
one of the discoverers of these synthetic auxin-like selective herbicides, sug-
gested to the Colonial Office in London that spraying an area of infested tse-tse
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bush with the auxin analogues might cause sufficient defoliation to make re-
gions unsuitable for the adult tse-tse but without actually destroying the trees.

In 1950, the Department of Agriculture in Oxford was commissioned by
the British Government to research the use of herbicides, arboricides, and
defoliants in a variety of Colonial contexts.

After some encouraging small-scale experiments in Kenya in 1951, the
whole area of land of the Waturi peninsular of Lake Victoria, was air-sprayed
with a diesel oil formulation of the butyl ester of 2.4.5-trichlorophenoxy-
acetic acid (the synthetic auxin)—called 245T for short. This chemical was
only moderately successful in eliminating tse-tse but the knowledge of how
to increase visibility in a tropical forest provided the basis for one of the
greatest anti-terrorist defoliation programs ever carried out by the United
States military in Vietnam. It came about in the following way.

1.5.2. MALAYA AND COUNTER INSURGENCY

In Malaya, acts of political terrorism became increasingly serious in the 1950s.
Insurgents, many infiltrating from the People’s Republic of China, were intim-
idating the local population and matters came to a head in 1952. The British
High Commissioner, Sir Henry Gurney traveling in his Rolls Royce out of
Kuala Lumpur, was assassinated by terrorists concealed in the dense foliage
of the forest trees bordering the road. The British response was to spray (with
the 245T) the vegetation on both sides of main roads. Trees were defoliated
for a sufficient length of time to reduce cover for terrorists and no more similar
assassinations took place (Osborne, 1968; Hallaway and Osborne, 1969).

1.5.3. MALAYA AND ECONOMIC TARGETS FOR CHEMICAL
WARFARE AGENTS

Plots of food plants hidden in the forests were targets for herbicides both
in Burma at the end of the Second World War and again in Malaya, where
insurgents grew rice and food plants in small forest clearings. Spray applica-
tions from aircraft were directed at these crops—not the human (insurgent)
population directly—and there are parallels now with the activities of drug
prevention agencies.

One of the most exciting and possibly successful anti-terrorist activities
was in anticipation of bio-terrorist acts targeting the valuable and vast rubber
plantations in Malaya. Short-lived spores disperse the fungal disease of leaves
caused by Dothidella ulei. After the Second World War, with the increase of
fast air travel, the British Government feared that insurgents would bring the
spores of D. ulei from South America (where the fungus was endemic), to
threaten Malaya’s (infection free) industry.



DEFOLIANT CHEMICALS IN WAR AND COUNTER INSURGENCY 5

The British knew that spraying 245T butyl ester would defoliate a rubber
tree within 10—-14 days without killing the tree, and such defoliation could
thereby eliminate the spread of any newly introduced disease agents. Stocks
of 245T butyl ester were kept in Malaya for many years to combat such an
attack—but in fact, such an attack never developed—or, if it was tried, it was
not successful.

It is important to appreciate here, that no long-term or deleterious toxic
effects were noted in Malaya after spraying with 245T and this raises the
question as to why similar chemical treatment by the USA in Vietnam had
devastating results.

1.6. Methods of 245T Synthesis

Synthesis of the most effective defoliant, 245T, (indeed all the biologically ac-
tive phenoxy acids) is via the chlorinated phenol condensed with chloroacetic
acid and then esterified with the appropriate alcohol (Figurel).

Depending upon the conditions of synthesis, dioxins are formed, par-
ticularly at high temperatures—and, during the synthesis of 245T, levels of
the very toxic dioxin 2,3,7,8-tetrachlorodibenzo-part-dioxin (TCDD) increase
(Milnes, 1971).

The first dioxins prepared in Germany in 1872 and preparation of TCDD
itself in 1957, led to the hospitalization of the laboratory workers involved
(Figure2).

Because phenoxy acetic acids in the United Kingdom were almost ex-
clusively used as selective herbicides on crops that humans would eventually
eat, the synthesis procedures were deliberately designed to minimize dioxins
levels. As aresult, TCDD was a very tiny component of the 245T in use before
the Vietnam War.

Cl o OH OCH,COOH
NaOH
Cl
cl MeOH cl
e e
cl 180°C Cl cl
Cl 50 atm Cl Cl
+
NaOH

Figure 1. Normal preparation of phenoxy acids. Synthesis of 2,4,5-T. For industrial preparation,
1,2,4,5-tetrachloro-benzene is hydrolyzed under basic conditions to 2,4,5-trichlorophenate.
2,4,5-T is formed in a subsequent reaction with chloroacetic acid (see above). Phenoxy acids
are then esterified with the appropriate alcohols
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NaOH
Cl Cl MeOH Cl ONa H® Cl OH
O — O —— JOL
Cl Cl 180 °C (¢]] Cl Cl Cl
50 atm
—> 245T
Cl (0) (¢]]
230 C CI: ::: :O: ::; :Cl
TCDD

Figure 2. Conditions of phenoxy acid synthesis with enhanced TCDD formation. The forma-
tion of Dioxin TCDD

For defoliating the jungles surrounding the Ho Chi Min trail, or man-
groves along the Mekong River in Vietnam, a different chemical composition
(Agent Orange) was used and purity of the active ingredient (245T) was not
considered to be necessary. The drive for quantity rather than quality of prod-
uct resulted in much greater amounts of TCDD and other dioxins in Agent
Orange than in formulations of 245T used in the United Kingdom.

1.7. Mangroves

The regeneration of mangroves along the river borders took a particularly long
time because mangroves undergo continuous development of the embryo from
the time of egg fertilization until the establishment of a new individual seedling
after the ripe and mature fruit has dropped into the river. Dehydration of the
fruit at any time stops DNA replication and kills the embryo within. As a re-
sult, attempts at reforestation with collected seed were generally unsuccessful
(Osborne and Berjak, 1997).

1.8. Changing Views on Biological Warfare

Although chemical and biological warfare against humans became [interna-
tionally] less acceptable during the Cold War years, assaults on economic
plants became increasingly appealing and, by 1969, it has been estimated
that the USA had stockpiled 30,000 tonnes of wheat stem rust (Puccinia sp.)
spores and a tonne of rice blast (Piricularia sp.) spores. The Soviet Union was
thought to have stockpiled wheat stem rust and pathogens for maize and rice
and it is suspected that Iraq developed a wheat smut bomb!! Plant pathogenic
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viruses and genetically modified microorganisms having enhanced expression
of innate (or extraneous) toxins and pathogens harmful to bees or fish are not
always explicit in the diverse lists of controlled agents but in many states
there are “catch-all” clauses in legislation and guidance notes governing the
production and distribution of agents with a potential for use as biological
weapons.

A deliberate use of microorganisms (or toxins derived from living or-
ganisms) to induce death or disease in plants may, theoretically, be carried
out with no direct harm to the human population. However, the targeting of
key agricultural industries is likely to undermine confidence and potentially
causes destabilization of a Government. The epidemic of foot and mouth dis-
ease in sheep and cattle in the United Kingdom during February 2001 directly
caused the postponement of national elections, had durable and very sub-
stantial cost implications and radically changed the patterns of farming. The
earlier (1967-1968) epidemic in the United Kingdom was estimated to have
had a direct cost of £35 million, largely attributed to compensation for slaugh-
ter, valuation, cremation/deep burial, and decontamination. The indirect costs
attributable to loss of income from the slaughtered animals and disruption of
production, marketing, and trade provide scope for wide divergence of view
but were in the region of £100 million.

There are real fears that pathogens which harm animals used for food or
draught have potential for use by terrorists but it is not so easy to introduce an
effective agricultural plant pathogen, whether fungal, bacterial, or viral. The
transmission dynamics are key but, in addition, plant pathogens are generally
sensitive to their environmental conditions and viruses often need specific
vector biotypes.

1.9. Means of Delivering Pathogens

Agricultural crops are extensive and stationary and do not require very so-
phisticated targeting. Although largely beyond the scope of this chapter, it is
noteworthy that attempts to deliver plant pathogens sometimes seem bizarre
(e.g. bomblets holding spore-coated feathers that, on detonation, float down
onto crop fields, and paper balloons containing spores that would burst over
the enemies’ food plants). Nevertheless, it is very likely that any nation hold-
ing stocks of biological agents has adequate and tested means of delivery (see
Guillemin, 2005).

1.10. The Future

Biosecurity in a developing state of the expanded European Union is the
theme of this meeting and my quick survey suggests that there is a real threat



8 DAPHNE J. OSBORNE

from terrorists using approaches developed for warfare or for wholly benign
purposes. It is impossible for a scientist to anticipate all the uses to which
a discovery might be put; the inventor of the wheel could not anticipate its
use for transportation of artillery, rockets, planes, or bombs. Analogously,
the development of herbicides used for tse-tse fly management (and human
benefit) is far removed from the durable human harm that accompanied use of
Agent Orange in Vietnam. Since 1936, when the Japanese Army established
a unit with the innocuous title “Epidemic prevention and Water Supply Unit”
to develop biological warfare systems for use against people and also crops
(e.g. Williams and Wallace, 1989), states have stockpiled a range of biological
agents for the same purposes. I do not doubt that food and forest crops are
still targets. Delivery of the pathogens does not need much sophistication
or training. For the reasons outlined by Cooper, Cambra, and van der Vlugt
(this volume), it is by no means certain that even the most developed states
in Europe will be able to respond effectively to such challenges unless rapid
diagnosis is ensured and effective management follows a terrorist attack, from
whatever direction such assaults might arise.
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CROP VIRUSES AND VIRUS DISEASES:
A GLOBAL PERSPECTIVE

J. M. Thresh

2.1. Introduction

Viruses were distinguished as a separate group of plant pathogens in the
1890s, as a consequence of pioneering studies in Russia and the Netherlands
(Bos, 2000). They have since received much attention from plant pathologists
and more recently from molecular biologists. Nevertheless, the information
available on the distribution, prevalence, and importance of plant viruses and
the diseases they cause is still incomplete and any attempt to present a global
perspective is fraught with difficulties. The main problems are

e The very wide range of crops and agro-ecologies that must be considered
to provide a comprehensive overview of the global situation. Inevitably, the
overall research effort has been inadequate in relation to the magnitude of
the problems encountered.

 The patchy and irregular distribution of plant virologists and facilities in the
different regions of the world. In some countries there is a long tradition of
plant virology, utilizing well-equipped laboratories and trained personnel.
Other countries are in a much less satisfactory situation and the information
available is correspondingly limited or almost entirely lacking. Moreover,
there are language and cultural barriers to the dissemination of research
findings.

e The decreasing attention being given in recent years to the applied aspects of
plant virology. In many developed countries funds, personnel, and resources
are being withdrawn or diverted to molecular biology and biotechnology
because crop productivity and food production are no longer perceived as
a high priority. By contrast, research in developing countries is being cur-
tailed, in part because of a misconception by donors and policy-makers
that many of the findings already available are not being adopted or uti-
lized effectively by farmers. This is because of the failure or limitations of
extension services and the inadequate funds allocated.

e The lack of data on the prevalence of plant virus diseases and the losses they
cause. The commonly held view that losses have increased in recent decades
is plausible and supported by general observations in diverse agro-ecologies
and on many different crops. However, there are few data to confirm or deny
the supposition and enable an informed opinion.

9
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Despite these and other difficulties it is possible to make generalizations
and inferences on the status of plant viruses and virus diseases, as presented
in the following sections. These are relevant and apposite in any further dis-
cussion on the implications of enlarging the European Community and on the
importance of plant virus diseases and their possible role in bioterrorism.

2.2. Viruses as Plant Pathogens

Charles Darwin (1859) wrote in The Origin of Species “we see beautiful
adaptations everywhere and in every part of the organic world.” His comment
arose from observations on ectoparasites of birds, but applies equally to plant
pathogens. These are now known to comprise a very wide range of fungi,
bacteria, algae, protozoa, rickettsias, phytoplasmas, spiroplasmas, viruses,
and viroids.

Viruses and viroids are exclusively obligate parasites, with the simplest
structural and physicochemical features of all pathogens, yet they resemble
true living organisms in displaying great diversity, versatility, and adaptability
in exploiting varied habitats and different modes of perennation and spread.
Some notable features of plant viruses are listed below and many are also
characteristic of viroids. The latter are a separate group of sub-microscopic
systemic pathogens that are distinguished from viruses by their mode of repli-
cation, smaller genome, and lack of coat or other protein components.

« Plant viruses have limited ability to enter intact host cells and mainly depend
on insect, mite, nematode, or fungus vectors to gain entry.

* Viruses usually invade their host plants systemically from the initial entry
sites. Infections that remain localized in the roots or leaves can occur, but
seldom have very deleterious effects.

* Viruses usually persist throughout the life of systemically infected plants
and so pass to vegetative propagules and, in some instances, to a proportion
of the pollen and seed produced. Viruses are seldom eliminated naturally
from systemically infected plants and there is no recovery phenomenon
equivalent to the immunological response of mammals.

e Few plant viruses remain viable for long outside living tissues and their
survival is largely dependent on the availability of a continuous sequence
of hosts. Thus there are likely to be close co-evolutionary relationships
between viruses and their host plants. This possibility has received only
limited attention, although it is apparent that plant viruses are seldom lethal
to their host(s) and this would threaten their long-term survival.

» Some plant viruses can infect their insect vectors and so persist for long peri-
ods in vector populations, and in some instances through many generations,
even in the absence of susceptible host plants.
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e Viruses as obligate intracellular parasites largely avoid competition with
other microorganisms. However, important interactions occur between dis-
similar viruses and between different strains of the same virus. For example,
“dependent” viruses are known that are not transmissible by vectors in the
absence of a distinct “assistor” virus and a few “satellite” viruses only mul-
tiply in the presence of an appropriate unrelated “helper” virus. Moreover,
mild strains of virus usually protect plants from the severe effects of virulent
strains of the same or closely related virus species and this phenomenon
can be exploited to assess relationships and to provide an effective means
of control.

 Viruses can be spread widely by vectors or other means and sometimes
influence plant populations far beyond the usual range of gene flow in pollen
or seed (Thresh, 1983a). This is apparent from experience with cereal yellow
dwarf viruses that can be spread northwards over distances of hundreds
of kilometres by aphids dispersing from southern USA to cereal-growing
areas of the northern states and of Canada (Irwin and Thresh, 1988). There
is also evidence of a northward movement of cereal and other aphid species
from mainland Europe to Scandinavia (Wiktelius, 1977). Moreover, the
rice brown planthopper (Nilaparvata lugens) migrates even longer distances
from tropical and sub-tropical areas of South-East Asia, where rice is grown
throughout the year, to temperate areas of China and Japan where growth
is seasonal (Thresh, 1983a).

« Differences in host range and in the susceptibility or response of plants
to infection suggest that viruses act as selective, discriminating pathogens
that exert important ecological effects on competition within and between
species in natural plant communities and also in crop stands.

e The severity of the damage caused by viruses is seldom closely related
to virus content. Some viruses reach uniformly high concentrations yet
have barely detectable effects, whereas others that occur in much smaller
amounts, or mainly in phloem tissue are extremely damaging.

These distinctive features of plant viruses and viroids explain their great
economic importance. They also influence the “natural history” of viruses
and the population dynamics of the diseases they cause. Before discussing
these topics it is appropriate to consider some aspects of crop plants and the
habitats they provide as hosts of viruses and other pathogens.

2.3. Host Populations

Biologists considering the population dynamics of animal pests or weeds of
crops can utilize the experience and concepts derived by the many ecologists
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studying plants and animals in natural habitats. Crop pathologists seldom
have this advantage because there have been few quantitative studies of fun-
gal pathogens in natural stands of the type discussed by Dinoor and Eshed
(1987) from their experience in Israel. There is even less information on plant
pathogenic bacteria and viruses, which is a serious limitation of the litera-
ture. It has led to a biased “agrocentric” perspective in plant pathology that
has until recent decades largely overlooked the profound differences between
crops and wild vegetation (Browning, 1981). These differences are discussed
by Burdon and Shattock (1980), who emphasize how many crops are grown
in monoculture and more or less synchronously in dense, regular stands of
uniform genotype.

Virtually all published epidemiological data on virus spread were obtained
from observations on such plantings, and with a few notable exceptions there
has been an emphasis on particularly important diseases of mainly arable
crops. For this reason and because virus incidence is usually expressed in
percentages, there is a tendency to ignore the great differences between arable
and perennial tree crops in plant population per unit area and in the duration
and type of habitat they provide.

2.3.1. HOST DIVERSITY

A feature of the earliest forms of agriculture is that many different species were
exploited (Harlan, 1976). They included both herbaceous and woody species
of very diverse habit and growth characteristics. Initially, the crops grown were
those that originated within the region, but there has long been an extensive
traffic in plants, seeds, and vegetative propagules. This occurred during human
migrations and military campaigns and through the activities of missionaries,
explorers, colonialists, plant collectors, and commerce. One consequence has
been that many crops are now grown extensively far from their region of origin
and introduced crops predominate in several continents and are grown almost
exclusively in Australasia. This has been an important factor in enabling crops
to escape from co-evolved pathogens and arthropod pests, but has also led to
new disease problems as introduced hosts first encounter viruses that are
already established in indigenous species (Buddenhagen, 1977; Mitchel and
Power, 2003).

An important feature of traditional cropping systems is that there is ex-
tensive use of many landraces that were selected locally by farmers and often
grown in complex mixtures (Smithson and Lenné, 1996). Moreover, this form
of diversity was often supplemented by the common practice of incorporating
one or more intercrops (Trenbath, 1975). The implications of both varietal
and crop diversity have received considerable attention from researchers in
recent years as cropping systems have become specialized and increasingly
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dependent on a restricted range of cultivars that are usually grown singly and
without intercrops. The consequent loss of diversity is now seen as being
a serious flaw of modern practices, as it was important in providing crops
with a substantial degree of resilience that enabled farmers to overcome, at
least in part, the deleterious effects of pests, diseases, and other biotic or
environmental constraints. This is because tolerant crops and genotypes par-
tially compensate for the impaired growth of their more seriously affected
neighbors.

Attempts are now being made to exploit the benefits of diversity, although
this may not be readily compatible with the use of herbicides and other modern
cropping practices and the requirements of commercial markets for highly
uniform produce. Diversity is also being utilized in the search for virus- and
vector-resistant varieties and substantial collections of genotypes have been
assembled at the main International Crop Research Centers and elsewhere
(Thurston, 1977). The use of host plant resistance has obvious advantages
in controlling virus and other diseases compared with the use of pesticides
(Buddenhagen, 1983). It is particularly important to identify multiple types
of resistance for use in developing resistant varieties that are durable, in the
sense that they do not “break down” quickly or readily due to the emergence
of resistance-breaking virus strains (Harrison, 2002).

2.3.2. HOST GENETIC VULNERABILITY

There are many examples in the plant pathology literature of varieties that are
extremely susceptible to infection with a particular disease and which express
very severe symptoms. If such varieties are widely promoted and adopted
because of their quality or other favorable characteristics there is a risk that
serious disease outbreaks will occur (Thresh, 1990). A notable example oc-
curred when the high-yielding Indian variety of sugarcane NCo310 was intro-
duced to Queensland, Australia (Ryan, 1998). The variety was initially very
successful and so suitable for milling that it was soon grown almost exclusively
by many growers. However, a very damaging epidemic of Fiji disease virus
affecting sugarcane occurred in the 1970s in areas where hitherto it had been
of only limited importance. Additional control measures were introduced, but
the problem was not overcome until NCo310 was replaced by less susceptible
varieties.

An earlier example of genetic vulnerability occurred in Ghana and else-
where in West Africa where cacao production was based initially on plantings
of the introduced Amelonado variety from South/Central America (Thresh
et al., 1988). This variety was grown successfully for a time until it became
apparent in the 1930s and 1940s that it was extremely vulnerable to what be-
came known as Cacao swollen shoot virus. Millions of Amelonado trees died
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within 2 years of infection and more than 193 million have been removed by
the authorities in continuing attempts to restrict spread (Ampofo, 1997). More
recently, the farmer-selected Ebwanateraka variety of cassava was severely af-
fected during the 1990s epidemic of cassava mosaic disease in Uganda and
neighboring parts of western Kenya (Otim-Nape et al., 2000). The variety was
popular with farmers because it was high yielding and had other favorable
attributes and so it was being grown almost exclusively at the time in several
of the most important cassava-growing districts. The epidemic caused severe
food shortages and farmers responded by switching to other crops and to lo-
cal varieties of cassava that were less vulnerable than Ebwanateraka. Farmers
have also adopted the officially released mosaic-resistant varieties which now
account for a substantial part of the current production.

From these and other experiences there are obvious advantages to be
gained from a detailed evaluation of varieties under a wide range of conditions
and for several years, before they are recommended and adopted widely by
farmers. It is particularly important to avoid undue reliance on a single variety
or small group ofrelated varieties of similar genetic background. However, the
threat posed by hitherto seemingly minor diseases is not always appreciated
by farmers or researchers, or may become apparent only when a vulnerable
variety is introduced and grown extensively. There is also a reluctance by
breeders, agronomists, and horticulturists to discard productive high-yielding
genotypes because of defects that are regarded initially as unimportant. A
more stringent and enlightened attitude is required if current practices are to
be improved so as to avoid releasing additional unduly vulnerable varieties.
For this reason there are benefits of “negative selection” in crop improvement
programs, by which the most susceptible and least productive varieties and
breeding lines are discarded. This practice is adopted by breeders and also
intuitively by farmers, who may have little or no knowledge of the pathogen
involved. Much can be achieved in this way, even when there is no “positive
selection” for some form of host plant resistance.

2.3.3. HOST LONGEVITY

Many of the crops grown from seed are harvested within only a few weeks (e.g.
groundnut and lettuce) or months (e.g. brassicas and cereals) from planting.
Thus, there is only a restricted opportunity for viruses to become prevalent
and the only ones likely to be damaging are those that can spread rapidly or
persist very effectively between successive crops. The opportunity for spread
is greater in biennial crops and greatest with long-lived woody perennials
(Vanderplank, 1949). These include tree crops such as cacao, cherry, citrus,
coconut, grapevine, oil palm, peach, and walnut, for which the time-scale of
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epidemics is relatively unimportant. This is because they can develop over
many years and ultimately cause serious damage, even though annual spread
is slow and mainly localized (Thresh, 1983b).

2.3.4. VEGETATIVE PROPAGATION

The importance of host longevity as an epidemiological factor has been greatly
enhanced by the widespread adoption of vegetative propagation to provide the
usual planting material of many important woody and herbaceous crops. This
long-established practice may involve inter-grafting rootstocks and scions of
different species or variety and is likely to become increasingly important
with an extension of in vitro culture and micropropagation techniques.

Vegetative propagation greatly facilitates crop establishment and the ex-
ploitation of superior genotypes, but the epidemiological implications are
profound. This is because grafting is a very effective means of transmit-
ting viruses and of creating new virus/host combinations and virus mixtures.
Moreover, viruses and their vectors can be widely disseminated within or on
vegetative propagules into entirely new regions and over distances far greater
than those traversed by natural means. Virus-infected plants so introduced
into plantings become particularly dangerous foci of infection, as they occur
from the outset and tend to be randomly scattered, which facilitates further
spread (Thresh, 1983b). Furthermore, viruses may build up over successive
cycles of vegetative propagation, leading to the progressive degeneration of
stocks. This has long been familiar to potato and temperate fruit growers,
and also occurs with such tropical crops as avocado, banana, cassava, citrus,
pineapple, sweet potato, taro, and yams.

Viruses can ultimately become prevalent in vegetatively propagated crops,
even if the growth cycle is of short duration and virus spread is slow. Inevitably
there has been selection of virus-tolerant genotypes that grow and yield sat-
isfactorily, despite virus infection. Selection has occurred unwittingly with
many crops and it is notable that some temperate fruit cultivars have been
grown successfully for more than 100 years, even though all available clones
have become totally infected with one or more viruses. The practice of replac-
ing degenerated stocks of potato with healthier ones of new varieties from less
severely affected areas also emerged empirically and led to many subsequent
certification schemes in attempts to improve overall health status (Hollings,
1965).

2.3.5. HOST MOBILITY

Those comparing the epidemiology of plant and animal pathogens emphasize
the immobility of rooted plants compared with the mobility and complex social
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behavior of higher animals. This attitude is fully justified, as the differences
are indeed great and have a crucial impact on “contact rates” between host and
pathogen and the opportunities for virus spread. Nevertheless, there is a ten-
dency to underestimate the epidemiological significance of plant movement,
whether this occurs naturally or due to man.

Many viruses can be disseminated efficiently and far, in or on the seed of
crops, weeds or wild plants and this is particularly important in the epidemi-
ology of viruses with slow-moving ectoparasitic nematode vectors (Murant,
1981). Furthermore, there is an extensive and expanding traffic in crop seed,
seedlings, or vegetative propagules due to the activities of commercial grow-
ers, nurserymen, international companies, and researchers, and to the use of
regions with a favorable climate or cheap labor to produce plants and plant
material for export and sale for cultivation elsewhere.

Another aspect of plant mobility is the use of seed beds or nurseries to raise
plants for subsequent transplanting to wider spacings at cropping sites that
are sometimes remote from the source of the planting material. For example,
there is an extensive traffic in plants and plant material between Africa and
Europe and also from South/Central America to North America and Europe.
Virus spread can occur before or after transit and new or extended oppor-
tunities occur as the plants are handled, or when they become mixed during
collection, handling, grading, distribution, and transplanting. This facilitates
mechanical transmission and also disrupts any groups of infected plants so
that new “contacts” are established with healthy neighbors and further spread
occurs. Transplants are used widely with rice, tobacco, tomato, and many
other crops to make the most effective use of the land, irrigation water, and
growing seasons available. This may permit sequential cropping, or involve
raising plants in glasshouses or plastic structures before transfer outside. Such
practices are becoming increasingly widespread as methods of production be-
come specialized and this further exacerbates disease problems (Thresh, 1982;
Bos, 1992).

2.3.6. CROP GROWING SEASONS

Crops may be grown in continuous overlapping sequence in the lowland hu-
mid tropics, where the climate is suitable for growth throughout all or much
of the year. This enables viruses and their vectors to become endemic, in the
sense that they are always present and encounter few problems of survival or
perennation. Elsewhere, inadequate rainfall or low temperatures lead to sea-
sonal growth and there are distinct and sometimes prolonged breaks between
successive crop-growing seasons. Virus spread is then greatly restricted and
the severity of the dry season or of winters at higher latitudes has a crucial
influence on the prevalence of many vector-borne viruses. Such information
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can be utilized in forecasting disease epidemics based on pre-planting rainfall
or temperature records (Thresh, 1986).

Seasonal crops that are only briefly vulnerable and accessible may largely
escape infection, or become infected at such a late stage of growth that losses
are insignificant. Any serious outbreaks that develop are likely to be due
to viruses with exceptional epidemiological “competence,” using this term
for the ability of pathogens to sustain the continuous sequence of infection
necessary for their survival (sensu Crosse, 1967). This can be due to local
perennation, or the capacity to colonize and then exploit new habitats quickly
and sometimes from afar. The degree of competence required becomes less
when the natural growing season is prolonged, or extended by irrigation or
some form of protected cropping (Thresh, 1982). This facilitates the perenna-
tion of viruses and their vectors and can lead to serious problems, as apparent
from experience with tropical rice. The problems are particularly acute in
areas such as Bali, Indonesia, where rice is grown in mainly small plantings
and in overlapping sequence throughout the year. This maintains the cycle
of infection that is difficult to break and in these circumstances rice tungro
disease has become endemic. There is a similar situation with cassava in many
countries of sub-Saharan Africa and also where market garden and ornamental
crops are grown in sequence throughout the year.

2.4. Strategies of Virus Spread

Considering the great range of crop species and habitats, it is hardly surpris-
ing that there is equivalent diversity amongst viruses in host range, means
of spread, and perennation. Cereal yellow dwarf and several other important
viruses are “specialists” in an ecological sense, as they have a very restricted
host range amongst a few closely related species, or they are transmitted by
only one or a few vector species of the same taxonomic group. By contrast, Cu-
cumber mosaic virus and Alfalfa mosaic virus are examples of “generalists”
as they have a very wide host range, and are transmitted by many different
aphid species. Generalist viruses have less opportunity than specialists to
become closely adapted to particular hosts or vectors in ways that facilitate
survival.

Similar considerations could account for the great differences between
viruses in mode of spread by contact, through pollen and/or seed and by
arthropod, nematode, or fungus vectors. No one virus is known to be trans-
mitted by each of these routes and it is unlikely that the typically small viral
genomes can carry sufficient information for this to be possible. Thus each
virus utilizes only one or a combination of some of the possible modes of
spread to achieve an effective distribution of inoculum over short distances
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within plantings and also over greater distances between localities. This is of
great epidemiological importance in enabling viruses to reach and then exploit
new habitats as they arise (Vanderplank, 1963) The actual methods employed
greatly influence the pattern and sequence of virus spread, and hence the
overall dynamics of disease progress. They are discussed in detail elsewhere
(Thresh, 1974, 1978, 1983b) and are not considered further here.

2.5. The Different Types of Plant Virus Disease

Plant virus diseases can be grouped and categorized in different ways. For
example, this can be done according to the taxonomic status of the virus or
viruses responsible. Another approach is “operational” and based on the mode
of spread, type of vector and mechanism of transmission. For the purposes
of this paper a distinction is made between diseases caused by indigenous
viruses and those due to introduced “exotics.”

2.5.1. INDIGENOUS VIRUSES

These can be illustrated by reference to those causing diseases of three impor-
tant tropical food crops: rice, maize, and cassava. The main virus diseases of
each of the three crops are restricted in distribution to either one or two of the
three continents where the crop is grown widely(Table 1). The assumption is
that the virus or viruses responsible are indigenous and spread into the crop
from wild hosts, or remained associated with the crop as it was domesticated
from wild progenitors. For example, it is known that each of the three main
viruses of rice infects wild rice species, or other members of the Gramineae
from which spread occurred to rice when the crop was domesticated or in-
troduced from elsewhere. Each of the three rice viruses is restricted to one

TABLE 1. The regional distribution of the main virus diseases of rice,
maize, and cassava

Virus disease Africa Asia South/Central America

Rice hoja blanca - - +
Rice tungro

Rice yellow mottle
Maize streak

Maize rayado fino
Cassava mosaic
Cassava brown streak
Cassava frog skin

+ o+
+
[

|
|
+
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continent and their importance is likely to have increased during the 20th cen-
tury with an intensification of cropping practices. There is a similar situation
with cassava which was first introduced to Africa from South America in the
16th century and to India in the 18th century. Once in the Old World cassava
encountered indigenous cassava mosaic viruses that were already present in
Africa or Asia and these now cause serious problems (Swanson and Harrison,
1994). Maize was also transported by the Portuguese from South America to
Africa, where it first encountered Maize streak virus, which infects a wide
range of indigenous African grass species.

Groundnut rosette and several other African viruses have a similar evolu-
tionary “background” and this has important implications for those concerned
with crop improvement and crop protection projects. Inevitably, problems arise
when exotic germplasm is first introduced to a region for crop diversification
and plant breeding purposes and it is exposed to viruses not previously en-
countered and for which there is little or no inherent resistance. This has
been an important factor in cassava breeding programs in Africa and India
where little use has been made of South American genotypes because of their
vulnerability to Old World cassava mosaic viruses (Porto et al., 1994).

Another implication of the limited distribution of many viruses is the
importance of quarantine controls on the movement of plant material between
and sometimes within countries to prevent or at least decrease the risk of
further dissemination of viruses and their vectors. This need for effective
quarantine procedures is widely recognized, but not always easy to implement
because of technical problems and the difficulty in controlling the continually
increasing movement of people and plant material for trade, tourism and crop
improvement purposes. These trends and attempts to eliminate trade barriers
and statutory controls partially negate the improvements that have been made
in quarantine procedures due to the introduction of new and sensitive methods
of pathogen detection that also facilitate a greatly increased throughput of
samples.

The problems that have been encountered in enforcing quarantine con-
trols have led to the suggestion that they are of limited value because pests
and pathogens will eventually become established in all the areas where agro-
ecological conditions are suitable. However, this “inevitability concept” is
unduly pessimistic and there are cogent arguments for enforcing quarantine
controls to delay the introduction of pests and pathogens for as long as pos-
sible and to provide the opportunity to introduce resistant varieties and make
other contingency arrangements for use should the need arise (Hewitt and
Chiarappa, 1997; Kahn, 1989). These objectives have been promoted by the
UN Food and Agriculture Organization which has published guidelines for
the quarantine procedures to be used with some of the most important crops
(Frison and Putter, 1989).
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2.5.2. INTRODUCED VIRUSES

An inevitable consequence of the long history of traffic in plants and plant ma-
terial is that viruses and virus vectors have been introduced to completely new
areas. Many have become established and caused severe problems in areas
sometimes far from those where they originated. Sugarbeet curly top dis-
ease in the south-west region of USA provided an early example. Sugarbeet,
Sugarbeet curly top virus and the leathopper vector [Neoaliturus (formerly
Circulifer) tenellus], and many of the herbaceous weed hosts are all consid-
ered to have been introduced from the Old World. They are likely to have
been present in or on the fodder beet carried as animal feed on ships traveling
from the Mediterranean in the 19th century, or even earlier. Virus, vector, and
weed hosts thrived in the new environment and initially threatened the via-
bility of beet production in the region until curly top-resistant varieties were
introduced (Bennett, 1971).

Citrus tristeza virus causes an even more widespread disease as it has
been introduced in plants or in budwood to almost every country where Citrus
species are grown (Bar-Joseph et al., 1981). Serious losses have ensued, as
reported in Africa, the Americas, and Spain. Moreover, these losses continue
as new virus strains or aphid vectors reach new areas (see section 2.7. pp. 23—
24). Banana bunchy top virus has also been widely disseminated in vegetative
propagules and it has been reported recently for the first time in Pakistan,
Hawaii, and New Caledonia.

Many other viruses of vegetatively propagated crops including Solanum
potato, sweet potato, hop (Humulus lupulus), temperate and tropical fruits,
and ornamentals have a similarly wide distribution. This is due to the inad-
vertent traffic in infected propagules and despite the adoption of quarantine
controls. Similar problems arise with seed-borne viruses and this explains
the cosmopolitan distribution of several damaging viruses including Alfalfa
mosaic virus, Bean common mosaic virus, Cucumber mosaic virus, Soybean
mosaic virus, and Tomato mosaic virus. Tobacco mosaic virus also has a very
wide distribution due to the traffic in smoking and chewing tobacco. When
this is prepared from infected leaves the hands or clothing of farm workers
can become contaminated and transfer inoculum to crop stands during routine
cultural operations.

Tomato yellow leafcurl virus: Israel provides a particularly notable exam-
ple of a virus that has extended its geographic range in recent years. When
introduced to Spain it largely displaced the leafcurl virus of tomato that oc-
curred previously (Sanchez-Campos et al., 1999). The virus also spread to
the Dominican Republic which was attributed to the introduction of infected
seedlings from the Mediterranean (Polston et al., 1994). Infection has since
become prevalent in many other parts of Central and North America and has
caused serious losses.
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2.6. Cropping Systems

There is abundant evidence, and from different regions of the world, of the
way in which virus disease problems are influenced by the cropping practices
adopted (Thresh, 1982). These have changed repeatedly over the millennia
and continue to do so as agriculture has evolved from the initial phase of
hunting/gathering food to the adoption of the latest technological innovations.
The current situation is extremely complex because in some regions traditional
practices have been retained and there is a continued reliance on shifting “slash
and burn” cultivation, locally selected landrace varieties and animal traction
or human labor. Moreover, there is little or no use of artificial fertilizers,
pesticides, or herbicides and crops are usually grown in small areas and in
complex mixtures. In other areas the traditional practices of small-holder
subsistence farmers have been largely abandoned with the adoption of the
latest techniques by large-scale commercial enterprises. However, there are
also many areas in which a dual system of traditional and modern methods is
operated by different sectors of the farming community.

Some of the contrasting features of traditional and modern practices are set
outinTable 2. Many of the innovations have provided the opportunity to greatly
increase productivity in terms of land and labor requirements. Nevertheless,
there have also been undesirable consequences due to the increased risk of
pest and disease attack. Such problems attracted particular attention following
the outbreaks of rice brown planthopper (Nilaparvata lugens) and rice tungro
virus disease and other pests and diseases that were encountered in the 1960s
and 1970s during the early years of the “green revolution” in rice production in
South-East Asia (Thresh, 1989a). These and other problems were associated
with the increased intensity of production that was facilitated by improvements

TABLE 2. Contrasting features of traditional and modern methods of crop production:
adapted from Jones (1981)

Feature Traditional Modern

Fields Small, irregular Large, regular

Crop species Often intermixed Usually single

Cultivars Often intermixed, usually ~ Usually grown singly, usually specially
landraces bred

Propagules Own-grown or produced Usually specially bred, usually
locally purchased, seldom produced locally

Inorganic fertilizers Seldom used Used routinely

Herbicides/pesticides  Seldom used Often used

Rotations Much use of bush or Limited use of fallow

other fallow
Traction Mainly human/animal Mechanical
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in water supply and management and the introduction of new, dwarf, short-
duration, day length-insensitive varieties of rice that respond to applications
of nitrogenous fertilizer without lodging. It also became apparent that the use
and misuse of pesticides had led to an upsurge in populations of N. lugens
that previously had been regulated by natural enemies and largely unimportant
(Kenmore et al., 1984).

These developments stimulated intense international debate on the role of
cropping practices in facilitating disease spread and on the need to enhance
crop productivity without the concomitant disadvantages of increased dam-
age by pests and diseases. Attention was also drawn to the merits of varietal
diversity and on the most appropriate means of utilizing pesticides without
risk to the environment, natural enemies, or human health. The debate on
these issues has become even more cogent with the realization of the need to
meet the increased demands of a burgeoning human population and to do so
in a sustainable manner and despite a decrease in the rural work force due to
urban migration, industrialization, and the ravages of HIV/AIDS (Cockcroft,
2004). There are no easy solutions to these formidable problems and difficul-
ties, but plant virologists could make an important contribution by collabora-
tion with others concerned with crop protection, plant breeders, agronomists,
and horticulturists to devise effective means of exploiting the advantages of
technological innovations without incurring the losses now caused by virus
diseases.

2.7. Changes in Disease Prevalence

There are difficulties in assessing possible long-term changes in the occur-
rence and prevalence of virus diseases. This is due to the overall paucity of
survey data and also because of problems in interpreting reports of a com-
pletely “new” disease, or of the apparent “spread” of a known disease into a
new area. Such reports may be reliable and reflect a new development, or they
could simply be due to the acquisition of expertise, or of an effective means
of virus detection where none existed previously. Moreover, some now well-
known virus diseases were for long regarded as being due to other causes. Hop
nettlehead, black-currant reversion, apple mosaic, cereal yellow dwarf, rice
tungro, sugarbeet yellows, banana streak, and carrot motley dwarf diseases
are all examples of this type and there are others.

Despite these difficulties, there is abundant evidence from different agro-
ecological regions of big changes that have occurred in the distribution and
prevalence of several well-known diseases. Rice tungro disease in South-East
Asia is a particularly important example as discussed earlier. The emergence
of tungro and other diseases was influential in drawing attention to the hazards
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associated with an intensification of cropping practices. This was associated
with the displacement of many traditional locally selected landraces of rice
by a relatively small number of specially bred cultivars, some of which were
vulnerable to infection (Thresh, 1989a). Rice yellow mottle and maize streak
in many countries of sub-Saharan Africa and rice hoja blanca in South/Central
America are other diseases that have become prevalent following an intensi-
fication of cropping practices.

In Europe, there is clear evidence of the spread of Plum pox virus north-
wards and westwards from the Balkan countries that were known to be affected
in the early decades of the 20th century (Thresh, 1980). This expansion was
due to the activity of the aphid vectors and also to the inadvertent dissem-
ination of infected planting material. Consequently, there have been serious
problems in plum, peach, and other stone fruit crops and the virus has been
reported recently in the Americas (Gildow et al., 2004) and also in China.

Sugarbeet rhizomania is another virus disease known to have spread across
Europe from the southern areas that were first affected and it too has been
reported recently in North America (Asher, 1999). Spread has been facilitated
by the ability of the virus to remain infective for years in the resting spores of
the fungus vector (Polymyxa betae). The spores are carried in soil, on crop de-
bris, and along water courses and drainage channels and the spores can also be
disseminated in contaminated stocks of seed and seed potatoes. This is likely
to be the means by which the fungus-borne Rice stripe mosaic virus spread
from Africa and became established in South America (Morales et al., 1999)
The two barley mild mosaic viruses have similar epidemiologies and they
have also been transported widely across Europe in recent decades. Losses
in the UK have been enhanced because of changes in cropping practices and
the trend to sow early in the autumn rather than in the spring (Adams, 1991).

Other recent virus disease problems have been due to the movement of
virus vectors into new areas. The brown citrus aphid (Toxoptera citricidus)
is the most efficient vector of Citrus tristeza virus and its movement north-
wards in recent years from South America into the Caribbean region, Mexico,
and the southern states of USA has led to serious problems (Yokomi et al.,
1994). The aphid has been reported recently in Europe and now poses a
threat to citrus production in the Mediterranean region (M. Cambra, personal
communication).

Additional problems due to the introduction of vectors have occurred in
Australia and New Zealand, following the first reports of two legume aphids
in these countries (Ashby et al., 1979; Bishop et al., 1982). Moreover, the
soybean aphid (Aphis glycine) has been found recently for the first time in
North America (Onstad et al., 2005; Venette and Ragsdale, 2004) where it is
expected to enhance the spread of Soybean mosaic virus and other viruses
of soybean. Problems due to new introductions have occurred already in
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groundnut, tomato, and ornamental crops due to the continued spread of
the western flower thrips (Frankliniella occidentalis) from North America to
Europe and Australasia (Baker et al., 1993).

Such introductions are attributed to the continually increasing traffic in
plant material. This also accounts for the wide dissemination of the damaging
“B biotype” of the whitefly Bemisia tabaci (also known as B. argentifolia). It
is a direct pest and also a virus vector and severe disease problems caused by
whitefly-borne viruses have been encountered in tomato and other vegetable
crops in many Asian countries and also in South/Central/North America and
the Mediterranean Region (Brown and Bird, 1992; Brown, 1994; Morales
and Anderson, 2001). Control has been difficult, despite the widespread use
of insecticides which creates hazards to the environment and to human health.
Additional problems are that insecticide-resistant strains of B. fabaci have de-
veloped and natural enemies tend to be killed more readily than the whiteflies
targeted, which leads to a resurgence of vector populations.

These developments largely explain why whitefly-borne viruses have be-
come so important in recent years and in such a wide range of crops. However,
an additional reason is that particularly damaging virus strains or strain com-
binations have arisen. A notable example is the occurrence of the Uganda re-
combinant strain of East African cassava mosaic virus that is associated with
the current pandemic now affecting large areas of East and Central Africa and
causing very serious losses (Zhou et al., 1997; Otim-Nape et al., 2000). Other
novel recombinants have caused severe problems in cotton in Pakistan and in
tomato in Europe and the Americas (Padidam et al., 1999).

2.8. The Equilibrium Concept

Viruses as obligate parasites have complex inter-relationships with their
host(s), but a dynamic equilibrium is to be expected between pathogen vir-
ulence and host response if a virus is to survive in the long term without
annihilating its host(s). Clearly, an increase in the abundance and availability
of the host population will facilitate virus spread. Favorable environmental
conditions for virus and vector will enhance this effect and lead to an in-
creased risk of damage. However, the extent to which this occurs will depend
on the prevalence and vulnerability of the host population and the response
to infection. There may be periods when the virus causes little or no damage
and its survival is in jeopardy. At other times infection may be so prevalent
and damaging as to endanger the host.

The different factors involved and their inter-relationships are illustrated
diagrammatically inFigure 1, which shows how damage can be avoided by host
evasion, resistance, or tolerance, or some combination of these three features.
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Evasion
(time/space)

Resistance
(virus/vector) Tolerance

Figure 1. Diagrammatic representation of the ways in which plants avoid the harmful effects
of plant viruses by some combination of resistance, tolerance, and evasion in time or space.
Total reliance on evasion in time or in space is positioned at the apex. Similarly, total reliance
on resistance to the virus or vector is on the extreme left and reliance on tolerance is on the
extreme right. Combinations of any two of the three factors are positioned as appropriate along
one of the three sides. A combination of all three factors occurs within the triangle and is placed
according to their relative importance

Clearly, evasion in time or in space is not an option with long-lived perennials,
or with crops that are grown widely and intensively with little or no break
between seasons. Losses then become inevitable unless resistant or tolerant
varieties are grown, or other effective control measures are adopted. However,
the problem can be expected to abate if there is a decrease in host abundance,
or environmental conditions become less favorable and this can lead to cycles
of increasing and decreasing host populations associated with corresponding
cycles of disease prevalence (Buddenhagen, 1977). The outcome is a dynamic
equilibrium between “pathogen pressure” and host response(Figure 2).

Pathogen Host
“pressure” response

Figure 2. Diagrammatic representation of the dynamic equilibrium between pathogen “pres-
sure” and host response. The equilibrium is disrupted in favor of the pathogen if there is an
increase in virulence, or environmental conditions become more favorable for disease devel-
opment and vector multiplication. Conversely, the balance is tipped in favor of the host if it
becomes less abundant, or more dispersed, or more resistant to infection



26 J. M. THRESH

The “equilibrium concept” illustrated diagrammatically in Figure 2 is
consistent with the widely held view of ecologists that pests and diseases are
seldom prevalent or sustained in natural populations in which mutual adap-
tation and co-evolution can occur (Harper, 1977; Zadoks and Schein, 1979).
Moreover, the concept can be used to consider the impact of cropping prac-
tices and other features that contribute to an increased prevalence of disease.
On this view the introduction of new crops, viruses, or vectors, or of novel
host cultivars, virus strains, or vector biotypes, can be seen as “ecological per-
turbations” that disrupt the dynamic equilibrium between host and pathogen
until such time as mutual adaptation occurs and the equilibrium is restored.
Furthermore, it is apparent that one of the overall objectives of crop production
strategies should be to maintain the equilibria established in nature and adopt
means of enhancing crop production without the concomitant disadvantages.
When equilibria are disrupted they should restored with the least possible de-
lay. Clearly, these are demanding requirements but ones that must be achieved
if crop production is to meet the demands of an increasing human population
and it is to be done in an environmentally acceptable and sustainable manner.

2.9. Plant Viruses as Agents of Bioterrorism

In recent years attention has been given to the threat posed by the deliberate
introduction of plant pathogens not already present in a country, or of novel
and particularly aggressive strains of pathogens already present. The scope
for this form of bioterrorism and the risks posed are discussed in a recent
review (Madden and Wheelis, 2003) and by other contributors to this volume.
However, the risks are likely to be less than those posed by highly infectious
viruses, or other pathogens of humans or livestock (Gewin, 2003). Moreover,
wind-borne plant pathogenic fungi seem to present a greater threat than plant
viruses, that usually spread less rapidly and require an animal or fungus vector.

From the foregoing sections it is clear that plant viruses could be used
as agents of bioterrorism and that there are several possibilities of causing
severe outbreaks by inducing damaging ecological perturbations. One is to
introduce a virus or viruses to an area where they are not already present. This
requires considerable epidemiological knowledge on the current distribution
of suitably damaging viruses and on the possibility of establishing them in
the “target” region and of causing sufficiently severe losses to arouse serious
concern. Moreover, an effective means of “delivery” is required that enables
the viruses to establish quickly and soon become prevalent.

These are exacting requirements and ones that are not likely to be met by
viruses, other than those with effective fungus or arthropod vectors. Even with
these viruses a substantial amount of time, expertise, and extensive facilities
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would be required to build up adequate stocks of infective vectors for release
on a sufficiently large scale to ensure their establishment and rapid impact
over a wide area.

Another difficulty is that although plant viruses may cause substantial eco-
nomic damage they seldom have such devastating effects as to imperil food
security, livelihoods, and human health. This is particularly true in developed
countries which can compensate for any losses incurred by imports purchased
from elsewhere. Developing countries are at much greater risk because they
are more dependent on local produce for food supplies and on export crops
as an important source of family income, employment, and foreign currency
earnings. In all areas there are opportunities for terrorists to exploit the igno-
rance of the general public on plant pathological issues. This makes it easy to
provide misleading information and initiate unease and even panic or hysteria,
especially by targeting fresh fruit or vegetable crops intended for immediate
consumption.

Similar considerations apply to the other two possibilities of bioterrorism.
One is to introduce particularly damaging strains of a plant virus or viruses
that is/are already present, but having relatively benign effects. The scope
for adopting this approach is apparent from the devastation caused by the
recombinant strain of a cassava mosaic virus that appeared naturally and is now
causing food shortages in large regions of East and Central Africa (Otim-Nape
etal.,2000). Problems have also been caused by particularly virulent strains of
Citrus tristeza virus (Bar-Joseph etal., 1981) and by novel strains of Sugarcane
mosaic virus that seriously damage cultivars selected for their resistance to the
strain(s) occurring previously (Thresh, 1989b). Clearly, considerable expertise
will be required to select the most appropriate viruses for this approach and
to develop suitable strains by selection from those occurring naturally, or
following some sort of genetic manipulation.

The other possibilities are to introduce an entirely new vector or a novel
biotype of an existing vector. The consequence could be very damaging, as
evident from the apparent ease with which the western flower thrips, the brown
citrus, and other aphids and the “B-biotype” of B. tabaci have become estab-
lished recently in new areas (pp. 23—24). However, there is again a requirement
for expertise, rearing facilities, an effective means of introduction and suf-
ficient time for the vectors to become established and build up damaging
populations.

The various possibilities of bioterrorists deploying plant viruses or their
vectors against crops must be evaluated in relation to the possible alterna-
tives. These are to use fungal or bacterial pathogens of crops which are less
dependent than viruses on vector intermediaries and are more readily cultured,
stored, and disseminated. However, plant pathogens generally seem to pose
a lesser threat than pathogens of humans and livestock. These agents would
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undoubtedly have a greater and more immediate impact on public sentiment,
attitudes and actions, especially if reinforced by an effective propaganda cam-
paign designed to initiate panic and an irrational behavior and response.

2.10. Consequences of an Enlarged European Community

The creation and subsequent enlargement of the European Community has had
an important influence on national economies and the effects on agriculture,
agricultural research, the rural work force, and the trade in agricultural produce
have been particularly great. Additional changes will be inevitable following
any further enlargement by incorporating more countries of Eastern Europe.
This will lead to increased movement of people between countries for tourism
and also for trade. There will also be increased movement of seeds, plants,
and plant produce associated with the increased size of the community, the
wider range of produce and agro-ecologies available and the decrease in trade
and cultural barriers.

These changes will increase the risk of disseminating viruses and virus
strains, vectors, and vector biotypes to entirely new areas. This is apparent
from past experience in Europe and elsewhere and the risks will be greatly
increased because of the opportunity for movement between countries of
Western Europe and those to the east and especially those which have long-
standing links with western Asia and the Caucasus. There will be additional
consequences of the inevitable increase in international traffic in seeds and
vegetative propagules which means that there will be an opportunity to deploy
varieties in areas far from those in which they were selected and lead to possible
“new encounters” between hosts and pathogens.

A feature of the existing European Community is that individual countries
seek to exploit whatever advantages of physical environment, situation, labor
costs, or economy they possess to produce the most appropriate crops for sale
in the current highly competitive environment. Inevitably, this trend will con-
tinue in an enlarged community and lead to further changes in the distribution
of both agricultural and horticultural crops and in the means and intensity of
crop production. These developments and associated socio-economic changes
in the patterns of trade and crop utilization are likely to have an impact on
the prevalence of pests and diseases. It is important that such changes are
monitored so that any undesirable consequences can be mitigated to avoid
undermining the benefits of a more competitive agricultural economy.

A further consequence of an enlarged European Community will be the
opportunity for closer international collaboration between countries which
historically have had only limited contact. Language and cultural barriers
will become less restrictive than previously and there will be increased scope
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for the interchange of experience, expertise, and research findings. Moreover,
countries in which there is no strong tradition of plant virology and a paucity of
facilities and expertise will be able to benefit from access to other European
countries which are in a more favorable position. Some of these countries
have had a long history of providing support for plant virology in develop-
ing countries of Africa and to a lesser extent East and South-East Asia and
South/Central America. This support has included the provision of facilities,
equipment, supplies, project funds and the opportunity for post-graduate train-
ing, post-doctoral fellowships, study tours, training courses, and sabbaticals.

There are well-established precedents that can be followed by an enlarged
European Community and it is important that this is done to make the best
use of the resources and skill available during a period when budgets are so
constrained that a duplication of facilities would be undesirable and difficult
to achieve. Inevitably there will be problems in funding an increased program
of international collaboration but there are good reasons for doing so and
great benefits to be gained.
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PLANT VIRUSES IN EUROPEAN AGRICULTURE:
CURRENT PROBLEMS AND FUTURE ASPECTS

René A.A. van der Vlugt

3.1. Introduction

Plant viruses are an important group of plant pathogens in agriculture world-
wide. In Europe, they cause considerable economic damage in different
crops including vegetables, grains, and ornamentals. As an example: in the
Netherlands the annual costs associated with Tulip mosaic virus in flower
bulbs culture are estimated at 9 million Euros. However, over the last 10-15
years this group of plant pathogens has received relatively little attention,
especially in comparisons to fungal pathogens and insects.

Several developments in European agriculture have contributed to this.
Over the last decades the general focus on agriculture has shifted from the
production of food and a contribution to the economy, toward the impact agri-
culture can have on the environment. Obviously this especially related to the
sometimes extensive use of chemicals to control plant pests and diseases. In
several countries this has initiated sometimes very ambitious national pro-
grams to reduce the applications of crop protection chemicals drastically. In
the Netherlands, the long-term crop protection program (MJP-G) aimed for
the period 1990-2000 a.o. at 50-90% reduction of emissions of plant pro-
tection products to the environment. Although ambitious, much progress has
been made in reaching these goals, basically through the application of new
and more efficient spraying techniques, new compounds and new cultural
practices in combination with integrated pest management (IPM). Also a bet-
ter training and education of farmers, extension officers, and other people
directly involved in disease management has contributed significantly. None
the less, despite the successes that have been achieved, the general perception
of the public toward agriculture has clearly shifted. From an essential role
in society and feeding the public after the Second World War toward a more
industrial role, the perception of agriculture of the public has become much
less positive. The whole debate and in general negative view of the public
on genetically modified organisms and crops as well as the concerns on food
safety have raised many questions about the environmental impact of agricul-
ture and has clearly shifted attention away from the economic necessity and
benefits of agriculture.
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In addition, there have been important changes in the financing of Euro-
pean agricultural research in the last 10—15 years. In many countries long-term
government funding has been reduced, sometimes dramatically, while private
funding by companies is becoming more and more important. Often this
results in a shift toward short-term projects and short-term goals. Direct bio-
logical or chemical control of plant viruses is impossible; therefore research
on these pathogens does not contribute directly to the political goals set in
national programs. At the same time much emphasis is placed on new tech-
nologies. Major improvements have been achieved especially at the molecular
level but this has been at the expense of epidemiology of plant virus diseases.
This has resulted in a significant reduction in the funding for plant virus re-
search, specific infrastructure such as glass houses and electron microscopes
and an alarmingly low number of plant virologists.

3.2. Stakeholders

Two groups are especially confronted with the impact of plant viruses in
agriculture.

The first group are the growers. Because of the heavy restrictions on pesti-
cide use, growers face increasing losses from insect feeding and virus vectors
such as aphids and white flies are particularly difficult to manage/ control.
Under an “integrated pest management” strategy, often partially relying on
natural enemies, a zero-tolerance policy becomes impossible. Because of these
problems growers suffer direct and indirect production losses and economic
damage.

The second group are the various national Plant Protection Organizations
(NPPO), in charge of phytosanitary control. International trade is still increas-
ing and a growing number of plant pathogens, pests, and viruses are placed on
quarantine lists. Phytosanitary regulations and measures necessary to control
plant viruses and other plant diseases are no longer national matters and need
to be addressed at the European level or even globally. The consequences can
be serious and the economic importance is such that these decisions need to
be carefully taken on the basis of sound scientific data. Unfortunately, because
of the limited funding of plant virus research projects, these scientific data,
especially on the host range, ways of transmission, impact on plants and crops
of plant viruses, are often either simply not available or seriously outdated.

There are a growing number of plant virus problems. Long recognized
viruses, like Potato virus X (PVX), Potato virus Y (PVY), Southern bean mo-
saic virus (SBMV) and many more, re-occur. In addition, new viruses like the
begomoviruses and the criniviruses are introduced with vectors. Every year,
viruses with novel properties are “discovered” in association with serious



THE FUTURE OF EUROPEAN PLANT VIROLOGY 35

damage to crops. Vector problems are increasing, durable, and reliable resis-
tance genes are lacking and new strains of virus are selected and overcome
resistance traits. An example is the appearance of new isolates of Tomato spot-
ted wilt virus (TSWV) that is able to overcome (=“break’) the SW5 resistance
gene in tomato. In addition, there is a lack of appropriate diagnostic technol-
ogy for fast and large scale applications and all this is set against a background
of insufficient epidemiological knowledge and experienced people.

3.3. Emerging New Viruses

Plant virus diseases are significant in view of European crop biosecurity.
This especially holds for developing regions or regions that have recently
gone through such a phase. In these regions the agricultural industry tends
to be very dynamic. The import and export of plant material and produce,
the movement of work forces and the introduction of new crops in the local
ecosystem often result in the rapid development of new virus diseases. The
development of effective phytosanitary control measures takes time; recogni-
tion of the problem, gathering epidemiological data, development of detection
techniques. Often plant viruses and their vectors move faster and can quickly
establish themselves. Eradication becomes virtually impossible and the risk
for further spread outside the affected regions is very real.

Almeria is an example of such an agricultural region which has recently
undergone a rapid development. Located at the south of Spain’s Mediterranean
coast it is close to North Africa. This region is nearly completely covered with
over 25,000 hectares of plastic houses positioned extremely close together
and this acreage is still expanding. There is year-round production of many
different, mainly vegetable crops such as tomatoes, cucumbers, melons and
French beans. Most of the production is concentrated on small family run
farms and in general because of the high density and year-round presence
of crops there are serious insect problems especially with whiteflies. In the
Almeria region, viruses cause serious economic losses estimated to be in the
range of several tens of millions of Euros annually and regularly new virus
problems emerge. Over the last 25 years, on average one new virus problem
occurred every year (Dirk Janssen, personal communication).

An important driving factor in the growing virus problems in the Almeria
region was the introduction of the whitefly species Bemisa tabaci which soon
there after replaced the pre-existing species (greenhouse whitefly) Trialeu-
rodes vaporarioum. The introduction of this new whitefly species led to a num-
ber of new virus problems. For instance Beet pseudo yellows virus (BPYV),
a virus of cucurbit crops and transmitted by 7. vaporariorum, was very
quickly almost completely replaced by Cucumber yellow stunting disorder
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virus (CYSDV) a new crinivirus transmitted by Bemisa tabaci. The occur-
rence of this new vector also led to the occurrence and rapid spread of new
viruses like Tomato chlorosis virus, also a crinivirus, and Cucumber vein yel-
lowing virus (CVYV), an ipomovirus. One of the latest in these new viruses
is Bean yellow disorder virus (BnYDV), a new and unknown crinivirus that
suddenly emerged in the Almeria region in 2003 (Segundo et al., 2004). Crop
losses of up to 100% have been reported for this virus.

Another example of a newly emerged virus which became a serious prob-
lem in a very short period of time is Pepino mosaic virus (PepMV). Early in
1999, an unidentified virus disease appeared in protected tomato crops in the
Netherlands. Biological studies, serological comparisons and sequence data
soon identified it as the tomato strain of PepMYV, a member of the genus Po-
texvirus (Van der Vlugt et al., 2000, 2002). These viruses are easily transmitted
mechanically. The only description of this virus (Jones et al., 1980) refers to
material collected in 1974 in Peru from Pepino plants (Solanum muricatum).
From this study it became apparent that PepMV virus can infect tomato, but
also potato and a number of other Solanaceous crops.

Since 2000, numerous findings of the virus have been reported world
wide and in some countries the virus has established itself. There are different
reports on virus damage but, generally, virus symptoms are few and slight
(small yellow spots on leaves) and vary with the cultivar. Some countries
however, also reported reduced fruit quality resulting in direct and significant
economic losses. At this moment in the EU the virus has a quarantine status on
seeds meaning that seed lots have to be 100% free of the virus which despite
sensitive diagnostics is something that might be hard to achieve. Unexpectedly
severe plant damage (necrosis of stems and leaves of infected plants) has
been associated with PepMV. These symptoms obviously directly influence
yield. At this moment it is not clear if the more severe symptoms are related
to environmental conditions, plant cultivars or possibly other strains of the
virus.

To study variability of the virus and to see whether possibly new isolates
of PepMV might be involved in the increased problems, different tomato iso-
lates from various sources were analyzed by RT-PCR in using three different
primer sets covering a total of 2500 nucleotides from the 5 and 3’ ends of
the PepMV RNA genome. PCR-products were subjected to sequence analysis
and comparison to the original tomato isolate from the Netherlands. Different
PepMYV isolates were included the analysis; the three necrotic isolates (Necl,
2, and 3), three isolates obtained from Chile (C1, 2, and 3), the Dutch tomato
type isolate and the original Pepino strain. Full-length sequences of a French
tomato isolate (Cottilon et al., 2002 Acc. no. AJ438767) and a Spanish tomato
isolate (Aguilar et al., 2002, Acc. no. AF484251) and two isolates from the
USA (US1 and US2; Maroon-Lango et al., 2003, Acc no’s AY509926 and
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Figure 1. Phylogenetic tree representing the relationships between the coat protein amino acid
sequences of isolates of Pepino mosaic virus. Pepino: original Pepino strain; Tom NL, Tom Fr,
Tom E = Dutch, French and Spanish isolates of the tomato strain respectively; Necl, Nec2,
Nec3 = necrotic isolates; C1, C2, C3 = Chile isolates; US1, US2 = US isolates

AY509927) were included in the sequence comparisons. A phylogenetic tree
of the alignment of the full coat protein amino acid sequences is shown in
Figurel; a similar tree results from the alignment of the amino acid sequences
of ORF3. All tomato isolates are highly homologous with overall sequence
similarities of over 96%. From these alignments it is also becomes clear that
the necrotic isolates are similar to the tomato isolates while the three isolates
from Chile group together with the US1 isolate. Remarkably the US2 isolate
clearly differs from all other isolates. This isolate only shares an overall se-
quence homology with the tomato type strain of around 80%. From these and
other analysis (unpublished) it has become clear that a number of different
isolates of PepMYV exist. At this moment however, it is not clear whether the
more severe symptoms reported are caused by new strains of the virus.

The question remains why a virus of which only one scientific reference
existed, suddenly “appeared” in Europe and developed into a serious (hard to
manage) world wide problem in a period of only 2-3 years. It is very likely
that the virus was already present in Europe before 1999 but had remained
unnoticed. Infected plants do not necessarily show distinct symptoms (espe-
cially not under high light conditions). Fruits from infected plants contain
high concentrations of the virus which spreads mechanically very easily and
can remain infectious outside the plant for several weeks. Infected tomato
fruits are likely to have played a role in the movement of the virus from the
natural habitat in South America to Europe and subsequent spread within
the European community.

This example simply demonstrates that a virus, when it escapes attention
and meets the proper conditions, can quickly become a serious phytosanitary
problem.
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3.4. Re-occurring Virus Problems

Not just newly emerging viruses cause serious problems but also old and well-
known viruses still account for significant economic losses. An example of
this is Potato virus Y. This virus already known for over 50 years is still a major
concern in seed potato production worldwide. The Netherlands is one of the
leading seed potato producers in the world with a production area exceeding
39,000 hectares and an annual production of over 900,000 tonnes. Seed potato
quality is graded in five classes (S, SE, E, A, and C) with an increasing
maximum allowed percentage of virus infection. Constant monitoring of virus
infection levels by regular field inspections and laboratory ELISA tests ensures
high quality levels of seed potato exports. A key factor in this quality system
is an aphid monitoring system. Using air suction traps and yellow water traps
the cumulative number of at least 10 different aphid species is determined.
When this cumulative number reaches a particular threshold, a mandatory
haulm destruction date for the seed potatoes is triggered. Failure to comply
with this haulm destruction date automatically leads to degradation of the
crop to a lower quality class.

The last few years have shown increasing levels of PVY infections in seed
potato lots. At the same time the number of aphids caught shows a gradual
decline. The increased levels of PVY mean declassification of seed potato
lots, resulting in direct economic damage. What is the explanation of this?
Has a shift in the aphid transmission efficiency of PVY occurred or has there
been a shift in PVY strains?

Experiments were performed in which four different Myzus persicae pop-
ulations were compared for their transmission efficiency with two PVY strains
(PVY-N and PVY-O). Each of the two PV strains was transmitted by each of
the four M. persicae clones to 50 Physalis floridana plants using one aphid per
plant. Ten days after inoculation, plants were assessed for typical symptoms
for either PVY-N (mosaic) of PVY-O (necrosis). The results were interesting.
Clear differences could be observed between each of the four M. persicae
clones in their efficiency to transmit PVY. Also clear differences could be
observed in the transmission efficiency of PVY-N and PVY-O (seeFigure 2).
These results clearly indicate that the transmission efficiency of PVY by M.
persicae is probably more complicated then generally assumed. PVY is trans-
mitted by a large number of other aphid species and it is probably safe to
believe that transmission efficiency by these other aphid species will be also
complicated.

Since 1984, a number of new PVY strains (e.g. PVY-NTN and PVYN-
Wilga) have been a reported from around the world. Of these, PVY-NTN is of
major concern since this isolate is reported to overcome resistance and causes
serious necrosis in infected tubers. To investigate whether a shift in PVY field
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Figure 2. Transmission efficiencies in absolute numbers of infected Physalis floridana plants,
for four field isolates of Myzus persicae (Mp) for PVY-N and PVY-O in comparison to laboratory
isolate Mp2 and Aphis frangulae (Af)

isolates or strains is responsible for the growing number of problems with
PVY atotal of 108 samples collected in 2003 from fields of the Dutch General
Inspection Service (NAK) were investigated.

ELISA analysis using PVY polyclonal and strain-specific monoclonal
antibodies showed that seven samples were healthy, 63 plants were infected
with PVY-N, 53 plants were infected with PVY-O or PVY-C, and three plants
were infected with a mixture of PVY-N and PVY-O/C. These results were
compared to similar analyses performed previously in 1978 and in 1994.
These results are summarized in Table 1.Interestingly, the percentage of each
of the three strains is different in each of the three years. Clearly the relative
concentration of each of the three PVY strains in the total population is not
stable and can vary considerably over time. For instance PVY-N, first observed
in 1959, was long believed to be the predominant strain in the Netherlands.
However, Table 1 clearly shows that the percentage of plants infected with

TABLE 1. Differences in % infections of the three different Potato virus
Y strains as determined in field samples from three different years

PVY-N PVY-O PVY-C
1978 56% 30% 7%
1994 18% 42% 27%

2003 68% 36% 0%
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TABLE 2. Strain specific sequence
differences between PVY-N and PVY-O at
the N-terminus of the CP. Q/G represents
the Nib/CP cleavage site. Sequence
differences are indicated in bold

PVY-N Q/GXoTXsQXsP

PVY-O Q/AXySXsPXsS

this strain can be as low as 18%, nearly 10% lower than PVY-C, a PVY strain
generally considered to be of no importance.

Field isolates collected in 2003 were also subjected to RT-PCR and se-
quence analysis. Three different PCR-primer sets were used to amplify the 3’
end of the PVY RNA covering the complete coat protein and 3’-nontranslated
region (3’-NTR). Alignment of the amino acids of the N-terminus of the viral
coat protein confirmed the previous grouping of the isolates as either PVY-N
or PVY-O on the basis of the ELISA results. All PVY-N isolates could clearly
be distinguished from the PVY-O isolates on the basis of specific amino acids
in particular positions in the N-terminus of the coat protein sequence (see
Table2).

A similar analysis was performed on PCR fragments obtained from the
3’-NTR. Previously it was shown that base pairing in this region can form
very distinct hairpin structures (Van der Vlugt et al., 1993). These hairpin
structures can be found in the 3’-region of all PVY potato strains but distinct
loop sequences distinguish between PVY-N and PVY-O (see Table3). A to-
tal of 19 PVY-N isolates and 17 PVY-O isolates, as determined by ELISA,
were compared for the loop sequences in the 3’-nontranslated region and
amino acid sequences in the N-terminal region of the coat protein. Of the 19
PVYN isolates two showed sequences in their stem loops typical of PVY-N
strains while 17 of these isolates had loop sequences typical of PVY-O. The
17 PVY-0 isolates all showed loop sequences typical of PVY-O. This clearly
indicates recombination events between PVY-N and PVY-O. These recombi-
nation events between different PV Y-strains have been reported and appear

TABLE 3. Loop sequences in the four stem loop structures in the
3’-nontranslated region that distinguish between PVY-N and PVY-O
strains. Typical sequence differences are indicated in bold

Loop 1 Loop 2 Loop 3 Loop 4

PVY-N TTTTGCA TTCCG TTCG TTCTG
PVY-O ATATGCA TTTCG TTCTG TTTCG
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to be fairly common. Both PVY-NTN and PVY-N-Wilga are reported to be
recombinants between PVY-N and PVY-O strains.

PVY can be considered an old virus still capable of causing new problems.
In this work most of the PVY-N field isolates were found to be recombinants
between PVY-N and PVY-O. From studies on PVY-NTN it has become clear
that recombination events in PVY occur frequently. Most likely viruses use
these recombination events to adapt themselves.

3.5. General Conclusions

Plant virus diseases have important economic impacts worldwide and knowl-
edge about their interactions with their hosts, vectors and other viruses is
essential if damage is to be minimized. In many regions (i.e. Africa, Euro-
pean states bordering the Mediterranean Europe and in South-America) the
problems with white flies and other virus vectors are increasing. Insufficient
knowledge of virus uptake and spread by vectors prevents the development of
adequate control measures. In Central Africa this has already led to the rapid
expansion of a new recombinant isolate of Africa cassava mosaic virus, a virus
spread by Bemisia tabaci that causes very serious crop losses in cassava, a
major food crop in that region.

Durable resistance to plant viruses is not always available in crop plants
and there is often the danger that a new virus strain, capable of overcoming
resistance traits evolves. Therefore many systems to control plant virus dis-
eases have been developed. Generally, these focus on preventing infections.
This means implementation of hygiene protocols and the use of clean seeds
and starting planting material. To enable this, adequate detection and identi-
fication methods are indispensable. Over the last 50 years very efficient and
cost-effective methods were developed that have proven their worth in both
small and large-scale testing schemes. The last ten years there is an increas-
ing interest in the development of new molecular-based tests like real-time
PCR and multiplex micro array systems, often with the aim of improving
sensitivity. Much research efforts and funds are diverted to this type of re-
search. Yet, despite the rapid technical developments, only a few of these tests
are implemented and none of them on a large scale. In comparison to more
conventional techniques the average price per test is still (too) high but also
the problems related with repeatable and reliable sample-extraction and the
high-throughput testing of large numbers of samples in a limited time are not
yet adequately solved.

There is still a need for reliable and easy-to-use methods virus tests like
ELISA. Robust and relatively easily up-scalable serological techniques allow
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large-scale indexing and quality control programs at very acceptable prices
while maintaining internationally accepted standards regarding sensitivity and
specificity. Employment of these techniques requires high-quality serological
diagnostics. Production of these antisera however, is becoming more and more
problematic, not just because of more strict regulations concerning the use
of live animals but mainly because the expertise needed to characterize, and
to purify the necessary viruses, is diminishing very fast. Few plant virology
groups nowadays are still capable of producing antisera of high enough speci-
ficity, in particular to new and uncharacterized viruses or to those viruses
which are not so easy to purify. New, often molecular-based techniques to
produce specific antisera-like phage display systems have still not yet lived
up to their promise and even monoclonal antibodies, despite their proven
track record in medical diagnostics are not commonly used in plant virus
diagnostics.

For the development of high-quality antisera as well as for the assessments
and quality-assurance of new diagnostics, well-defined and characterized plant
virus strains and isolates are indispensable. Many established and acknowl-
edged plant virus collections in which this reference material was maintained
are nowadays under serious threat, mainly for budgetary reasons. These col-
lections however play a key role in the identification and characterization of
new, and old, virus problems. They are also essential for the development and
validation of detection and identification methods and the development and
availability of “golden standards” required for validated and accredited diag-
nostic methods. In addition these collections form a condensation of valuable
knowledge on biological variability and host range information, including
typical symptomatology of virus strains. Especially this type of knowledge
and information, critical for the control of virus problems is under threat
to disappear. Classical virology is becoming more and more important, but
expertise in this area is diminishing.

The erosion of the phytosanitary science base is not restricted to the field
ofplant virology. This alarming trend prompted the European Plant Protection
Organization (EPPO) to publish the following statement.

3.5.1. PLANT HEALTH ENDANGERED—STATE OF EMERGENCY

The work of NPPOs relies on scientific expertise, but the services providing
this expertise increasingly lack staff, funds, and training.

The whole scientific basis of the phytosanitary field is quickly eroding.
Scientific fields which are vital for sustaining sound public policy are threat-
ened with extinction, because they are no longer in the forefront of science
priorities.
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The need for phytosanitary expertise, training, and research is substan-
tially and continuously increasing. The number and complexity of plant pest
problems increases every year, beyond existing expertise.

Unless urgent action is taken, indispensable expertise and scientific dis-
ciplines will irreversibly disappear, and NPPOs will be unable to do their
duty.

(http://www.eppo.org/MEETINGS/2004 __meetings/council presentations/
state_emergency.htm)

Plant virus diseases are still significant for crop biosecurity in a devel-
oping European community. The limited attention for maintaining a decent
knowledge infrastructure seriously threatens the European capability to deal
adequately with these plant pathogens. In the long run this may be a more seri-
ous threat to European agriculture then what is currently politically considered
obvious.
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SIGNIFICANT WAYS TO SPREAD PLANT VIRUS
DISEASES IN AGRICULTURAL ECOSYSTEMS:
IS AGROTERRORISM POSSIBLE?

Glnter Adam

4.1. Introduction

The use of biological weapons is nothing new and has been practiced since
centuries to reach war aims and terrorize enemies (Rogers et al., 1999). In most
cases the targets were either wariors or their animals which they needed for
transport or fight. In these cases either pathogens of humans or animals were
set free deliberately or otherwise biotoxins were delivered in form of poisoned
food or drinkwater (see also Osborne, this volume). Rarely plant pathogens
were used and if, predominantly with the aim to cause shortage of food supply
resulting in famine.

However, when the causal connection between microbes and diseases of
humans, animals and plants became elucidated by the end of the 19th century,
this eventually led to the development of scientific research fields by their own
and the planned development of bioweapons started in several countries. In
most cases human and animal pathogens were weaponized, i.e. mass propaga-
tion, development of ways to deliver them, protection of the own troops and
formulations to favor the spread, as well as the virulence under non-favorable
conditions after delivery.

Due to the contagious nature of these pathogens also for the producer and
deliverer severe security measurements had to be applied, especially during
the mass propagation step.

This is where probably the idea, to use plant pathogens as weapons, arose
especially in a period where fungicides were more or less unknown and the
predictable production of crops for food supply from year to year was pretty
uncertain. Also global production of agricultural crops was still unknown and
mostly the strategy of states even in Europe was self-supply. Only under such
conditions a scenario like the “Irish Famine” during 1845-1850, caused by
the potato pathogen Phytophthora infestans,was possible. This is the most fa-
mous example for the drastic impact a plant pathogen might have. Today, with
the available resistant varieties, the possibilities to use highly effective plant
protection chemicals and global production of a very efficient agroindustry,
it appears highly unlikely that a scenario leading to another “Irish Famine”
is in the realm of possibility (see also Morozov and Taliansky, this volume).
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Plant pathogens against which no pesticides are available like plant viruses
offer an alternative and this chapter will try to evaluate the possibilities that
are visible from the increasing knowledge that has accumulated since the first
plant virus was identified a century ago.

4.2. The Scenarios for Agroterrorism Today

Agroterrorism as a new type of terrorism does not try to directly attack hu-
mans, but rather their food supply at the most vulnerable site within the farm
to fork chain, the farm itself. Agroterrorism, as it is discussed now, may use
pathogens of animal or zoonotic diseases which are really threatening agents.
Remembering the scenarios of foot and mouth disease where thousands of
animals were killed to eradicate the disease, or the delivery of anthrax spores
by mail, frightened people, undermined their trust into their governments and
caused significant financial damage. Access of terrorists to such pathogens
seems to be possible, however, is not easy and the propagation requires a
certain level of logistic which may not always be available. The use of plant
pathogens against crop plants is much easier. Access to these is rather simple,
the mass propagation is possible, even under low level laboratory conditions,
since no plant pathogen is infectious for humans. Since in our present agri-
cultural conditions monocultures are characteristic for production, they are
vulnerable for epidemic spread which under these conditions is predictable.
The establishment of an epidemic infection would almost certainly cause sig-
nificant damage. In addition the delivery of plant pathogens under these con-
dition appears to be easy and safe against immediate detection (Deen, 2000;
Shawn Cupp et al., 2004). This makes the conviction of responsible terror-
ists difficult if not impossible. In addition the reaction of the population of
an attacked country but also that of the world community may be much less
influenced by the harmless looking loss of crop plants than by dying animals
or even worse humans. So the damnation of the use of such weapons may
be milder and the response of the attacked country to the terrorists, if they
are identified, might be less aggressive. This is the reason why I avoid the
expression weapon in the subsequent sections and use agents instead. It is not
biological war that I am discussing here but simply terrorism in its worst.
Plant pathogens may be effective as terror agents in several ways
(Scholthof, 2003). The pathogens may damage or destroy the plants on the
field directly. They may also damage the yield by reduction of productivity or
by produced toxins that make the crops useless as food (Madden and Wheelis,
2003). With storage crops, like most of our cash crops, the damage may not
become visible prior to harvest, but developes later during storage like potato
tubers infected with PVYnrn (Weidemann, 1993). All above described effects
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destroy or damage the yield and may cause food shortage, thus having an im-
pact on the supply with healthy and sufficient agricultural products, however,
not immediately.

More important would be the expectable effects of plant pathogens on trade
with the agricultural products (Bergsten, 1994). Especially when regulated
pathogens are concerned, the importing countries will certainly restrict or
even forbid imports, especially when seed or propagation material is involved.
But also nonregulated pathogens may cause restrictions in trade and it will
certainly be very costly to regain the confidence of trading partners into the
safe production of healthy crops, not to speak about eradication costs if this
would be possible at all. So the damage caused by an agroterroristic attack
may, under optimal conditions, be multifold:

* reduced supply with spoiled food

« financial damage to the farmers

* trade restrictions

« cradication costs and

« increased costs for additional personal and diagnostics necessary to proof
eradication

In countries with an infrastructure for efficient monitoring of plant health,
and capable advisors that diagnose fast and correctly, the pathogen may be
detected early enough and proper countermeasures, for example spraying
crops with protection chemicals, may prevent epidemic spread and larger
damage. In contrary this means especially for developing countries where
food supply is already on a low level, high vulnerability. However, their small
scale production as well as growing of diverse crops creates a high biodiversity
in an agro-ecosystem that may prevent fast epidemic spread. In our extremely
intensive crop production on huge fields of up to hundred’s of hectars, leading
to reduced biodiversity in such ecosystems, it would rather favor fast spread
over large areas, making at least the financial damage significant.

4.3. What are the Agents of Concern and What May
be the Possible Damage?

Although it is almost impossible to make a complete list of plant pathogens
suitable as terror agents, an adhoc group, set up to develop a package of mea-
sures to control the agreement about B-weapons, has published a basic list of
pathogens that contains 16 plant pathogens(Table 1).

This list is by far not complete. Other committees have listed in addi-
tion more viruses like plum pox virus, sugar beet curly top virus and even
tobacco mosaic virus plus some more fungi like Phytophthora infestans and
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TABLE 1. Plant pathogens with a potential application as weapon

Pathogen Disease Crop plant

Colletotrichum coffeanum var. virulus Green berry anthracnose Coffee

Moycosphaerella pini Red band needle blight Pine trees
Erwinia amylovora Fireblight Pomaceous fruit trees
Ralstonia solanacearum Brown rot; bacterial wilt Potatos, tomatos
Puccinia graminis Black rust Cereals
Puccinia striiformis Striped rust Cereals
Pyricularia oryzae Rice blast Rice

Sugarcane Fiji virus Fiji disease Sugarcane
Tilletia indica Karnal bunt Wheat

Ustilago maydis Corn smut Maize
Xanthomonas albilineans Sugarcane leaf scald Sugarcane
Xanthomonas campestris pv. citri Cancer of citrus Citrus spec.
Xanthomonas campestris pv. oryzae Bacterial leaf blight Rice

Sclerotinia sclerotiorum White mold Salad
Peronospora tabacina Blue mold Tobacco
Claviceps purpurea Ergot Rey

From (Rogers et al., 1999).

Fusarium graminiforme (Kortepeter and Parker, 1999). The reasons why these
pathogens are listed vary, but many of them are known to spread fast in one
growing season over large areas and destroy affected crops. Their distribution
is either via spores by wind and rain, or via soil, surface-water, seed and also
a few insect vectors. Some of them are regulated pathogens for more than one
country.

My discussion about risks comes later, but some of the above mentioned
pathogens might serve here as examples to show the potential damage in-
volved. A good example is Ralstonia solanacearum. The bacterium became
introduced to The Netherlands probably by potatoes imported as industrial or
food crop. Normally these agricultural products are controlled less than seed
potatoes and thus the bacterium got into the abundand creeks and rivers where
a solanaceous weed, Solanum dulcamara, grows in contact with the surface
water. This weed is a latent host for the bacterium and once established there
it serves for a continuous supply of new bacteria into the water (Wenneker
et al., 1999). The transmission cycle became closed with farmers irrigating
their seed potato field with water from such rivers, where an eradication of
the bacterium is almost impossible. This desaster had cost the dutch potato
industry approximately 20 million dutch guilder per year since 1995, and this
bacterium is now excluding one Egyptian production site after the other from
the export of early potatoes to Europe.
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A vectorially transmitted plant virus has enforced in British Columbia,
Canada, the complete rooting out of sweet cherry trees in the Kootenay Valley
(Eastwell and Li, 1994). The same might happen when plum pox virus would
be deliberatly delivered in the plum, apricot and pear growing areas of the
USA. The “Irish Famine” caused by the epidemic spread of Phytophthora
infestans led in 5 years to the death of about 1 million people in and the
emigration of another million from Ireland. Another fungus, Bipolaris oryzae,
destroying rice yields, caused in only 2 years the death of 2 million Bengali
due to starvation.

So the impact of fungi and bacterial plant pathogens is well documented
and most attempts to weaponize plant pathogens have used pathogens from
these regna (Logan-Henfry, 2000).

But what about plant pathogenic viruses? The few that have been added to
various lists appear not very impressive. We live in Europe with plum pox virus
since centuries without an evident lack of supply with apricots, plums etc. By
proper spraying against aphid vectors, providing healthy planting material
and use of resistant or at least tolerant varieties the damage is marginal.
Tobacco mosaic virus is with us, world wide, since centuries and has neither
caused a shortage of tobacco nor of tomatoes or other vegetables although it
is established in every tobacco growing area in the world. This immediately
leads to the question.

4.4. Are Plant Viruses Really that Important?

When looking at the list of regulated pathogens of the European Union
(Anonymous, 2000) but also the USA, the number of plant viruses that ought
to be absent from imported goods is impressive and outnumbers most other
pathogens and pests. This is predominantly due to the quite efficient ways
these viruses have for dissemination, the new and modern ways of vegetative
propagation of agricultural crops and planting material, and the lack of any
useful viruzides in plant protection.

4.4.1. WHAT ARE THE PREREQUISITES FOR A PLANT VIRUS TO
BECOME A SUCCESSFUL AGENT IN AGROTERRORISM?

Belonging to the regulated pathogens does not necessarily is a must, although
it has certain advantages but also disadvantages. The biggest benefit of all
would be a broad host range especially in countries with seasonal growth
of agricultural crops. Its spread by one way or the other must be fast and if
possible difficult to intercept. The virus should also be able to survive outside
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aliving cell in an infectious state. The impact would be boostered by more than
one way to spread to new host plants as well as areas and the presence of natural
host plants that tolerate infection and serve as virus reservoir. Among the
above criteria the two of highest ranking, according to my judgement, would
be: Broad host range and spread without vector, where the later normally
implies highly stable virus particles that can survive for long terms outside
living cells. Only at third rank comes vectorial transmission but then mainly
soilborne which limits the vector species to nematodes or soilborne fungi.

From the terrorists point of view, the ideal virus must be easy to obtain
without tracing, easy to propagate to sufficient quantities and simple as well
as deliverable unrecognized.

4.4.2. WHAT IS NECESSARY TO ESTABLISH THEM IN AN ECOSYSTEM?

To establish a plant virus in an ecosystem needs more than what has been
mentioned above, because here the goal would be to introduce the pathogen
only once, like a “fire and forget” weapon. The more stealth character such
a pathogen has, the better. Taken the above considerations into account a
broad host range again is fine. Second if transmitted by vectors these must
be present and visit the original host plant as well as the targeted crops. The
climate ought to be favorable or niches must exist like continuous glasshouse
crops or weeds. Multiplier sites where the virus remains undetected if not
searched for intensively, can be mothergardens where rootstocks are produced
or scions for grafting. These sites are ideal for viruses of fruit trees, small
fruits and ornamentals, since plants in these places are seldom flowering,
fruit bearing or grown normally. Under these circumstances the presence of
viral infections might easily remain undetected since hardly any symptoms
become visible. Viruses unknown for a given area can therefore easily
imported into this production chain, however, it may take centuries until the
wanted effects become visible. Establishment, though as desirable as it may
be from the terrorist’s point of view, is much more difficult to predict and
achieve than the damage in one given season with its predictable parameters.
An example may be the introduction of new more virulent/aggressive isolates
of virus species already present. However, also their behavior as competitors
against the indigenous isolates is uncertain (see van der Vlugt in this volume).

4.4.3. WHAT IS NECESSARY TO SPREAD THEM EFFICIENTLY
IN AN ECOSYSTEM?

Efficient spread can either be from the first inoculation site after replication
and systemic invasion of primary hosts, or it can be delivery from the release
site by any other transportation system since plants normally do not move.
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Talking about first inoculation sites, a successful attack would mean many
of them to gain effects in one season. This would imply plenty of available
vectors in an optimal growth stage to acquire the virus and plenty of well suited
host plants in the surrounding. Soilborne vector transmission, however, does
not belong to the fast spreading ways and the crop rotation performed is
usually designed against it. Nevertheless there are examples given by Kiihne
(this volume) for fungus-transmitted soilborne viruses that successfully spread
in twenty years all over the wheat growing areas in Germany. Airborne vectors
or pollen transmission may be a way to gain distance faster but the percentage
of transmission is either low or easy to prevent.

Therefore vectorless transmission by contaminated irrigation water or hy-
droponic fluids that are recycled, appear to be the safest and best way to
spread efficiently and fast. However, huge amounts of preferably purified
virus would be necessary to initiate it. Delivery through irrigation with sur-
face water may be not efficient enough, but when looking at glass or plastic
houses with their huge areas for vegetable production in our climates and the
increasing use of non-soil substrates like rockwool through which a continu-
ous supply of nutrient solution is circulated, a very vulnerable site becomes
visible (see also van der Vlugt, this volume). Huge complexes of such green-
houses are producing almost 80% of our vegetables and small fruits and
there an attack with viruses would be easy, almost undiscovered and self-
propelling, since some crop plants stay under production more than half a
year, i.e. tomatos. Since only very few well educated agro-engineers are run-
ning such production sites, the initial attack may remain well be undiscovered
before a huge number of plants appear infected and the damage is unavoid-
able. Again, the highest damage and probability of success can be expected
with the stable, vectorless plant viruses that have also medium to large host
ranges.

But also vectorial transmission should not be underestimated. The recent
increase of Tomato spotted wilt virus problems in Europe was only possi-
ble with the introduction of the new polyphagus thrips vector Frankliniella
occidentalis during the 80s of the last century. Here an until then rare and
unimportant plant virus became a major problem due to the introduction of
a new vector, which is difficult to control. The combination of a plant virus
with an extremely large host range and a highly efficient new polyphagus
vector had significant effects on greenhouse production and on trade with
plant material due to restrictive import regulations worldwide. As outlined by
T. Kiihne (this volume) especially soilborne fungi acting as vectors for plant
viruses can be a serious threat. Their resting spores, when contaminated with
virus, are an effective way to disseminate a virus into a new ecosystem. It will
be very difficult to eradicate it and provided the proper hosts are grown in
such contaminated areas, spread would be predictable and difficult to control.
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4.5. Risk Analysis for Plant Virus Usage as Agroterror Agents
and Resulting Defensive Strategies

Considering the arguments given above, it appears that plant viruses are suit-
able agents for terroristic activities against agro-industry. I have tried to list
the advantages and disadvantages from a terrorist’s point of view. It becomes
quite clear that the successful use of plant viruses as a terror agent against
agro-industry requires quite a bit of effort, not only financial but also scientific
input and it has definitely not the same frightening effects as explosives or
bloodshed in a civilian surrounding.

In summary of what has been said about the suitability of plant viruses
in Table 2it can be stated that yes, plant viruses are suitable and have many
features that might make them attractive especially for low technology groups.
However, the scientific knowledge about the target, the compatibility of the
agents with the target, besides the capability to obtain, propagate and deliver
it appropriately are no trivial factors and might rather lead to the opinion they
have no practical terroristic value.

If however, a decision is made for plant viruses to be used as agents, what
possible choices are to be expected and what do we need to do in order to
avoid success? I have listed in Table 3qualities and features of plant viruses
that might favor their choice as agents. I, at least at the moment, do deny any
importance for genetically designed plant viruses since this is definitely no
low technology and in my opinion wasted money and time, with almost no
guarantee for success.

Not necessarily the unknown or absent plant viruses, normally listed as
regulated pathogens, are the interesting agents, at least for terrorist usage.

TABLE 2. Advantages and disadvantages of plant viruses to be used as terror agents

Advantages Disadvantages

Easy access Establishment in an ecosystem unreliable

Safe propagation to huge quantities Fast effects not always predictable

Broad host ranges Too many parameters influence success

Easy dissemination Resistant host plants are available

Difficult to eradicate The effects are not terrifying

Several ways of transmission The effects are slow

Good stability outside of cells Maybe still to complex as reliable agent

Many regulated pathogens Chemicals exist to interrupt all transmission
pathways

General detection methods not available
Ways of undetected delivery possible
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TABLE 3. What features make a plant virus attractive as terror agent?

Priority Features

1. Stable even under non-living conditions

2. Broad host range

3. Non-vector transmission possible by soil or water

4. Easy to propagate and purify to large amounts

5. Soilborne and transmitted by fungi

6. Already known to exist but maybe new isolate with higher virulence or resistance

breaking
New, hitherto unknown species
Difficult to diagnose

* =

Rather, the already indigenous ones are dangerous when introduced into mod-
ern production conditions, especially if new isolates with altered properties
can be selected like resistance breaking isolates or with altered virulence (see
also van der Vlugt in this volume).

It will be extremely difficult to guard the production sites of our cash
crops, may they be cereals, vegetables or fruits, against deliberate delivery into
distribution sites like irrigation or hydroponic systems. It may also be difficult
to monitor mothergardens from where the scions for grafting or rootstocks
are obtained against deliberate inoculations or even delivery with in vitro
propagated material that is contaminated with unknown or difficult to diagnose
viruses. This means, the risks associated with plant viruses are real. However,
I would indicate that the lists do not point into the right direction. It is in
most cases not the regulated pathogen, i.e. the unknown, for which we should
watch out in the first place, but rather the already present pathogens for which
the infection pressure is merely raised by an attack. This would have the
additional advantage, that the pathogens are already adapted to the ecosystem
and failures due to incompatibilities are excluded. Of course the unknown
should not be neglected, but to detect an unusual behavior of already present
viruses you need other precautious elements.

A network of plant inspection sites covering the complete country
coupled with an efficient and harmonized diagnosis for known endemic
viruses/pathogens would allow the detection of unusual behavior or outbreaks
in hot spots where a natural explanation for the epidemic is missing. This
should be accompanied by an efficient methodology to detect and identify the
unknown and might even trace the origin of the pathogen or determine it as
not natural. The USA is at present developing such a system on the basis of
microarrays made by Affymetrix (Beelosludtsev et al., 2004).
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SOIL-BORNE VIRUSES OF CROP PLANTS—POTENTIAL
AGENTS FOR BIOTERRORIST ATTACKS?

Thomas Kiihne

5.1. Introduction

According to a definition given by Madden and Wheels (2003) bioterrorism
is the intentional use, by any human agent other than uniformed military
personnel, of organisms (or their products) to cause harm (or death) to humans,
animals, or plants.

Since plants are the basis of nutrition, a massive attack on crop plants with
pathogens is likely to have severe consequences for humans and animals. We
have to consider crops as particularly vulnerable because they are

* susceptible to many pathogens

 grown in large areas (phenomenon of increasing field size in modern plant
production)

 impossible to protect (in a military sense)

e poorly monitored, and therefore infections can easily occur unobserved and
uncontrolled.

Thus, in a military sense, crop plants are soft targets.

There were numerous scientific discussions on this topic during the last
decade of the 20" century. Of course these activities were massively intensi-
fied after the disaster of 11 Sept. 2001 and the subsequent anthrax attacks in the
USA. As an example, in 2003 the Public Board of the American Phytopatho-
logical Society drew the following conclusion in a workshop raising the ques-
tion “Crop biosecurity—Are we prepared?””: “There is a general consensus that
the question is not if, but when, a plant disease that can significantly lessen the
quality or quantity of our food, feed, or fiber will be purposefully or naturally
introduced into the US. If we wish to assure the food security of our nation, the
current level of support for pathogen research, diagnostic assay development,
and preparation of response tactics will not suffice.” In consequence of this
statement a number of recommendations were given (http://www.apsnet.org/
members/ppb/PDFs/CropBiosecurity WhitePaper5-03.pdf).

On the other hand it is to mention that the threat caused by bioterrorism
is interpreted quite differently within the scientific community today. Many
specialists even on the human medical sector consider this subject as overes-
timated (Altman et al., 2005).
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TABLE 1. Soil-borne viruses and their vectors infecting crop plants

Crop plant Virus Vector

Barley Barley yellow mosaic virus Polymyxa graminis
Barley mild mosaic virus

Wheat, triticale, rye Soil-borne cereal mosaic virus
Soil-borne wheat mosaic virus
Wheat spindle streak mosaic virus

Sugar beet Beet necrotic yellow vein virus Polymyxa betae

Potato Tobacco necrosis virus Olpidium brassicae
Potato mop top virus Spongospora subterranea
Tobacco rattle virus Trichodorus spp.,

Paratrichodorus spp.

This paper aims to assess the potential threat by soil-borne virus diseases
to assurance of yield and product quality of important agricultural crops,
like wheat, barley, triticale, rye, sugar beet, and potato. Although the viruses
listed inTable 1 are well known as pathogens of high economic relevance the
question is whether these viruses have any potential to be used as agroterrorist
agents in Europe.

The listed viruses infecting cereals and sugar beet are exclusively transmit-
ted by Polymyxa graminis and P, betae. These are obligate soil-borne parasitic
micro organisms which can survive in soil as resting spores preserving the
incorporated viruses for many years in the absence of the host (Adams et al.,
1993; Huth, 2000; Kanyuka et al., 2003). This persistance coupled with the
lack of chemical control for these vectors makes the plant diseases caused
by those viruses very difficult for growers to control. Further characteristic
features of the soil-borne Polymyxa spp. are

e ubiquitous occurrence

e mass propagation even in a single plant

e chemical control measures are neither efficient nor acceptable for economic
and ecologic reasons

e specific interactions with the viruses in terms of uptake, preservation and
transmission

« viruliferous resting spores can easily spread within a partially infested field
and to uncontaminated fields in the process of soil cultivation and due to
soil adhering to farm machinery, respectively. Further, the resting spores
are easily transported by wind and surface water.

As experiments revealed crop rotation measures or continuous growing
of virus resistant varieties for up to 3 years in infested fields do not produce
a measurable decline in soil virus populations (Adams et al., 1993).

What is the current situation for the indicated pathosystems?
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1983 1986

Figure 1. Occurrence of the yellow mosaic viruses (BaMMV and BaYMV) of barley in
Germany (courtesy of W. Huth)

5.2. Cereal Crops

5.2.1. WINTER BARLEY—BAYMYV, BAMMV

The first report on the occurrence of the yellow mosaic disease of winter
barley in Europe was given for Germany (Huth and Lesemann, 1978). In the
following years the disease was detected in many other European regions,
too (Lapierre, 1980; Hill and Evans, 1980; Maroquin et al., 1982, Proeseler
et al., 1984; Langenberg and Van der Wal, 1986; Fantakhun et al., 1987;
Rubies-Autonell et al., 1995; Katis et al., 1997). It has been also described
in several Asian countries (Kashiwazaki et al., 1989; Chen et al., 1996; Lee
et al., 1996). The infectious agents are Barley mild mosaic virus (BaMMV)
and Barley yellow mosaic virus (BaYMYV) that both cause identical symptoms
in barley plants regardless of a single or mixed infection. In Germany they have
spread very rapidly over large areas after the first detection in 1978(Figure 1;
Spaar et al., 2002).

Yield losses of >50% may occur when susceptible barley crops are grown
on severely infected soils (Plumb et al., 1986; Adams and Hill, 1992). More-
over infected plants are significantly more sensitive to extended periods of
black frost, which can lead even to almost total crop loss (Huth, 1988). There-
fore, the only opportunity to control the disease and to impede further spread
of viruliferous resting spores was breeding of resistant barley varieties. For
more than 20 years one recessive gene, designated »ym4, that confers com-
plete immunity against BaMMV and BaYMYV has been extensively used in
breeding for resistance against these viruses in Europe, where the majority
of resistant commercial barley cultivars carry this gene (Graner and Bauer,
1993; Stein et al., 2005). However, in the late 1980s another pathotype of
BaYMYV, BaYMV-2, which is able to overcome rym4-controlled resistance,
was detected in Germany and the United Kingdom and later in several other
European countries (Adams, 1991; Hariri et al., 1990; Huth, 1989; Steyer
et al., 1995). The reason for the qualitative change in pathogenicity has not
yet been finally resolved, but it was shown recently that the ability to overcome
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TABLE 2. Mapped resistance genes against barley yellow mosaic
virus disease (from Werner et al., 2003, mod.)

Resistance to

. BaYMV

Resistance B

gene Chromosome 1 2 BaMMV

ryml 4HL X X X

rym2 7HL X X X

rym3 SHS X X

rym4 3HL X X

rym5 3HL X X X

rymé 3HL X*

rym7 1HS X

ryms8 4HL X X

rym9 4HL X

ryml0 3HL X X

ryml 1 4HL X X X

rymil2 4HL X X X

ryml3 4HL X X X

Rym4%® 6HS X X X

ryml5 6HS X X X
SHS X X X

Rym16'® 2HL X X X

* Japanese Strains.

the rym4-mediated resistance correlates with a single substitution at nu-
cleotide position 4094 (VPg coding region) of RNA1 leading to exchange
of amino acid lysine in BaYMV-1 to arginine in BaYMV-2 at position 1307
of the polyprotein (Kiihne et al., 2003). The spontaneous appearance of the
new pathotype shortly after introducing barley varieties harboring the rym4
gene into practice once more reflects the fundamental disadvantage of mono-
genic resistances. By evaluating barley germplasm up to now eight indepen-
dent genetic loci distributed over the barley genome have been identified that
confer mostly recessive resistance to either one or several strains of this virus
complex (Table2). They are available to be taken over into breeding programs.

As areaction to spontaneous formation of BaYMV-2 several new varieties
carrying the rymJ5 gene instead of rym4 have been developed and registered
over the last years. But again, shortly after their introduction into practice
first reports appeared, this time on BaMMYV isolates breaking this type of
resistance (Hariri et al., 2003; Habekuss et al., 2005). As genome analyses
revealed substitutions of single amino acid residues in the RNA1 encoded
VPg protein seem to be responsible for the altered biological behavior of the
new pathotype (Kanyuka et al., 2004; Habekuss et al., 2005).
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Does the ability of both viruses to quickly overcome monogenic resis-
tances of barley in combination with the extreme persistance of infectious
BaMMYV and BaYMYV in resting spores of the ubiquitous vector P graminis
make them suitable objects for agroterrorist attacks?

Under natural conditions the two viruses are exclusively transmitted by
their fungal vector. Zoospores of P graminis are motile but can actively move
in soil only over very short distances. This keeps the areas of virus-infected
plants always restricted to those parts of a field which are infested with virulif-
erous populations of P graminis. Primary infestation of so far non-affected
fields would be possible only by massive contamination of soil with vir-
uliferous resting spores. To achieve a massive contamination a large scale
production of root powder (dried grinded roots) from previously infected bar-
ley plants is needed, which would be extremely laborious and time consuming
and therefore cannot be regarded as a realistic strategy. But even under the as-
sumption that this logistic problem could be solved to a certain extent one had
to pass several cycles of growing the host plant in freshly contaminated soil to
gain a high infection pressure. Therefore, significant negative effects on pro-
duction of winter barley—as a possible aim of an agroterrorist action—could
be achieved only with a tremendous input in work and time. Nevertheless,
using such a strategy it would be at least theoretically possible to spread the
viruses unnoticed over large areas. This approach would be not specific for
the yellow mosaic viruses of barley but valid for any soil-borne virus that is
kept infectious inside resting spores of its vector.

As already mentioned above numerous sources of resistance to BaMMV
and/or BaYMYV have been identified in barley germplasm over the last 25 years
(Table 2). In principle, all these resistance genes are available for breeders to-
day. Up to now only two genes, the allelic rym4 and rym3, have been utilized
in approved cultivars and both resistances have been already overcome by new
pathotypes of BaYMV and BaMMYV. With the aim to solve this well known
problem of low durability of monogenic resistance, breeding programs to pyra-
midize different resistance genes, i.e. to combine them in a single genotype,
have been started. The aim is to generate a broader base of resistance to a single
virus which will significantly reduce the selection pressure on the pathogen by
decreasing the probability that just one spontaneous mutation in the genome
of the attacking agent may be already enable it to overcome plant defense.

A second aspect has to be noted in this context. The first detection of patho-
type BaYMV-2 which overcomes the »ym4 mediated resistance was already
in 1987 (Huth, 1989). Despite the fact that until the year 2000 this gene was
the only source of resistance in the assortments of barley cultivars in Europe a
rapid spread of this pathotype into other areas has not been observed, neither
in Germany nor in France and the UK. The main reason for this phenomenon
is probably the significantly lower fitness of BaYMV-2 in comparison to the
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original isolate BaYMV-1. After mechanical inoculation of barley seedlings
under controlled conditions the infection rate of the resistance breaking patho-
type is 2—3 times lower than that of BaYMV-1. Symptom expression of plants
infected with BaYMV-2 is clearly delayed. After co-inoculation of susceptible
barley plants with both BaYMV-1 and BaYMV-2, the standard isolate repli-
cates normally while RNAT1 of pathotype BaYMV-2 can be hardly detected
(Kiihne et al., 2003).

Results of investigations on relative fitness of the resistance (rymJ) break-
ing BaMMYV isolates from France and Germany are awaited, but it is now
possible to state that the two yellow mosaic viruses of winter barley are not
ideal agents for any bioterrorist.

5.2.2. WHEAT, TRITICALE, RYE—SBCMW, SBWMV, WSSMV

In Europe these crop species may become infected by the following econom-
ically important soil-borne viruses:

e Soil-borne cereal mosaic virus
e Soil-borne wheat mosaic virus
o Wheat spindle streak mosaic virus

Recently another virus named Aubian wheat mosaic virus has been de-
tected in wheat plants in France. It is assumed to be transmitted by P graminis
but this has not been experimentally proved (Hariri et al., 2001).

SBCMYV and SBWMYV are serologically very closely related to furoviruses
which induce identical disease symptoms in their host plants. A few years ago
when their unambiguous differentiation became possible on base of nucleotide
sequence data of the bipartite genomes (Koenig et al., 1999) it turned out that
the virus disease of winter wheat (7. aestivum, T. durum) which has been
known in Italy and France already for many years and in UK since 1999 is
actually caused by SBCMV but not by SBWMYV as assumed in the past. Under
natural conditions both SBCMV and WSSMV frequently occur together in
infected plants. While SBCMYV can easily be detected by ELISA from early
spring through the whole vegetation period the bymovirus WSSMYV can be
reliably detected only in the short period when plants just start to grow after
the winter period (Kastirr et al., 2005a).

In contrast to the situation in Italy, France and England with wheat as the
predominantly affected crop the three soil-borne viruses cause most damage to
rye and triticale in countries like Germany, Denmark, and Poland (Huth, 2002).
Even total yield losses have been observed under unfavorable conditions.

SBCMYV was first detected in Europe more than 20 years ago (Proeseler
et al., 1982) but at that time still regarded as SBWMYV. In Germany it has not
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been an object of intensive research until the late 1990s when it became clear
that the virus is already widely distributed in areas characterized by intensive
production of rye and triticale. This picture very much resembles the process
ofrapid spreading of BAMMYV and BaYMV in the barley growing areas about
two decades ago.

In 2002 a first report on occurrence of the closely related SBWMYV in
Southwest Germany was given. This isolate is characterized by a high viru-
lence and an almost identical genome sequence to the Nebraska strain previ-
ously described in the US (Koenig and Huth, 2003). The latter was not to ex-
pect because different isolates of SBCMV and SBWMYV display considerable
genetic diversity, respectively, while in contrast, the genome of bymoviruses
is much less variable. Despite this pronounced genetic diversity significant
differences in the biological properties of the furovirus isolates have not been
observed so far (Koenig et al., 1999; Koenig and Huth, 2000; Koenig et al.,
2002).

Can SBCMV, SBWMYV and WSSMYV seriously threaten the production of
wheat, triticale, and rye?

In wheat, sources of resistance against the furoviruses have been known
for several years. They have been successfully introduced into breeding pro-
grams and an increasing number of resistant cultivars has been developed and
registered over the last 10 years. Fortunately, in many instances this resis-
tance is tightly linked to a remarkably reduced susceptibility against WSSMV
(Hariri et al., 1987; Huth, 2002). The genetic background of the observed re-
sistance of wheat to the two furoviruses and the bymovirus has been attributed
to various mechanisms including

* Reduced virus accumulation and spread within roots (Hariri et al., 1987,
Driskel et al., 2002)

¢ Reduced movement of virus from roots to shoots and leaves, the tissues for
massive virus multiplication (Myers et al., 1993; Carroll et al., 2002)

e Reduced virus accumulation in leaves (Himmel et al., 1991).

Inheritance of SBWMV resistance has been studied for several com-
mercial wheat varieties with contradictory results. A single dominant gene
(Modawi et al., 1982), two genes (Barbosa et al., 2001) or even three genes
(Nakagawa et al., 1959) have been proposed to control this resistance. Ac-
cording to Kanyuka et al. (2003) the resistance to SBCMV in one UK wheat
variety is controlled by a single gene.

In case of WSSMV many sources of resistance have been identified in
commercial wheat varieties and wild Triticum species. The resistance is gen-
erally described as qualitative in nature and controlled by more than one gene
(Khan et al., 2000). Plants are not immune to the virus (Cunfer et al., 1988;
Carroll etal., 2002). WSSMYV resistance probably acts by limiting distribution
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of the virus in the root system and/or subsequent virus transport from roots
into the tillers.

In case of rye and triticale all current varieties are susceptible to the virus
complex. However extensive evaluation programs are running particularly in
Germany and Poland to screen genetic resources for resistance to the above
mentioned soil-borne viruses. First promising results have been obtained re-
cently (Kastirr et al., 2005b).

Considering the previously outlined specific aspects of virus transmission
by P graminis and the fact that in case of wheat, as the most important
cereal crop, sources of resistance to SBCMW, SBWMYV, and WSSMV are
available and have been already transferred into modern cultivars which have
confirmed their efficiency in large scale production one can clearly conclude
that none of the three viruses is useful as an effective agent for agroterrorist
activities.

5.3. Sugar Beet—BNYVV

The so-called Rhizomania-Virus (Beet necrotic yellow vein virus, BNYVV)
is the economically most important among a number of different soil-borne
viruses that can infect sugar beet. It is transmitted by the parasitic organism
Polymyxa betae which is morphologically indistinguishable from P grami-
nis. The virus can infect all types of beet, dramatically reducing root and
sugar yields (up to 80%) in susceptible varieties (Giltrap et al., 2002). The
disease was first officially recorded in Italy in 1952. Since then it has spread
to most areas in the Northern hemisphere where sugar beet is grown and it
is very widespread in Continental Europe. A survey in 2000 indicated that
in Western Europe alone, 700,000 hectares of sugar-beet crop were infected.
The Netherlands, France, and Germany are particularly badly affected by rhi-
zomania, with estimated 70%, 46%, and 35% respectively of their land in
beet production in that year (Giltrap et al., 2002). Characteristic symptoms
are expressed mainly on roots and depend on the severity of the infection.
Where infection is severe, roots remain very small, growth of the main tap
root ceases and proliferation of laterals (root “bearding”) occurs. The most
specific symptoms associated with rhizomania are seen when the root is cut
vertically. Root vascular elements are thickened and discolored and tumerous
outgrowths occur at the site of lateral root proliferation.

Up to now three different types of BNYVV have been detected (Koenig
etal., 1997; Koenig and Lennefors, 2000). The so-called A type is widespread
in Europe as well as in the US, China, and Japan. Type B is geographically
more restricted and occurs frequently in Germany, France and the UK. The
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P type which seems to be more aggressive than the A and the B types has
so far been found in Europe only in a small area around the French town of
Pithiviers. It resembles the A type but contains a fifth RNA species whereas
other isolates are characterized by four genomic components. A characteristic
feature of BNYVYV is the pronounced sequence stability of the various parts
of the genome. They are highly conserved and exceptionally stable among
isolates of A, B, and P type.

Despite yield losses of up to 80% in susceptible beet cultivars BNYVV
cannot be considered a potential agroterrorist agent because

« viruliferous vector populations are already present and widespread in almost
all European sugar beet growing areas.

« similar to soil-borne cereal viruses, large scale effective contamination of
so far “healthy” areas with virus containing resting spores of P. betae is not
a realistic scenario.
the latent period between a potential purposeful initial introduction and the
symptom development is long. Experience has shown that at least two or
three crops of beet have to be grown from the time infection is introduced
into field for the soil inoculum levels to build up sufficiently to cause sig-
nificant economic harm, i.e. obvious symptoms in beet crops (Giltrap et al.,
2002).
during the last 10 years breeders have developed a whole spectrum of va-
rieties (including transgenic genotypes) showing resistance (tolerance) to
rhizomania (Scholten and Lange, 2000). The conventional resistance is a
single major gene resistance controlled by the gene Rz originating from the
American cultivar “Holly.” Since 1995 this gene has been solely the basis of
resistance in sugar beet cultivars throughout Europe and the US. It confers
tolerance to the virus, i.e. leads to reduction in multiplication of BNYVV
in lateral roots and reduced movement of the virus into the main tap root
where infection is most damaging. As a consequence a significantly lower
proportion of viruliferous resting spores are produced in the root of partially
resistant than in susceptible cultivars.

« the problem with the P type of BNYVYV, presently known in France but
liable to be more widespread for the reason given above, that is highly
aggressive and able to cause significant damage to sugar beet cultivars with
“Holly” resistance is going to be solved. Recently in France a new cultivar
was registered which possesses a second resistance gene different to Rz.

* resistance to the vector that is expressed in wild beet species Beta procum-
bens and B. patellaris has been difficult to incorporate into agronomically
acceptable cultivars, but efforts are continuing in this area (Scholten and
Lange, 2000).
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5.4. Potato

In 2003 only 0.9% of the total agricultural area in the EU countries was used
for production of potatoes, which is even less than for cultivation of sugar
beet (1.5 %) (http://europa.eu.int/comm/agriculture). Because less than 50%
of harvested tubers were directly used for human consumption, potato cannot
longer be regarded as a main agricultural crop. Nevertheless, it has kept its
traditional, very specific role and its high value as a staple food for many
people, particularly in central and east Europe.

Therefore, a massive terrorist attack leading to extreme yield losses and/or
tremendous decline in tuber quality could have significant psychological con-
sequences that might be expressed as a general concern and a feeling of
uncertainty within large groups of consumers. An example of dramatic social
effects resulting from the epidemic occurrence of a single pathogen in potato
fields is well known from history. In 1845 many potato fields in Ireland sud-
denly became severely infected. Many of the potatoes were found to have gone
black and rotten and their leaves had withered. About half of the potato crop
was destroyed. In the subsequent years almost the entire crop had been wiped
out. With the massive rotting of harvested tubers people almost totally lost
the basis of nutrition (“Irish Famine™). As a result about 1 million people died
from hunger and a significant part of the population had to leave the country to
survive (http://www.wesleyjohnston.com/users/Ireland). At that time potato
was grown in Ireland almost in monoculture, which is completely different
to the current situation in any European country and the infectious agent was
not a virus but Phytophthora infestans, which is still regarded as the most
important pathogen for potato. The majority of the numerous viruses infect-
ing potato plants are naturally transmitted by aphids; only the three following
species have soil-borne vectors:

o Tobacco necrosis virus (TNV) /Olpidium brassicae
e Potato mop top virus (PMTV) /Spongospora subterranea
e Tobacco rattle virus (TRV) / trichodorid nematodes.

What are the characteristic features of these viruses?

54.1. TNV

The virus particles are very stable in soil after release from infected plants.
They are not incorporated in resting spores of O. brassicae but are becoming
adsorbed onto the surface membrane of motile zoospores being on their way
to host plant roots (Campbell, 1996). Virus gains entry into root cell following
encystment of fungal zoospores. The virus induces typical symptoms on tubers



SOIL-BORNE VIRUSES 65

but not on leaves. It is not transmitted to plants grown from infected tubers.
As the virus has not gained any economic relevance yet it clearly cannot serve
as an effective agroterrorist agent.

54.2. PMTV

Potato mop top virus is transmitted by the plasmodiophorid vector S. sub-
terranea, which in contrast to the Polymyxa species itself is much more
pathogenic to its host plant and responsible for the powdery scab disease
in potato tubers. The virus PMTYV, a cause of spraing, is a persistent prob-
lem in potato crops in many potato production systems worldwide, including
northern and central Europe (Jones, 1988). It causes rust colored rings, arcs
and flecks in tubers of susceptible varieties infected during the growing sea-
son, and yellow chevrons and shortening of internodes of stems of plants
grown from infected tubers. Symptoms can significantly vary depending on
the cultivar and the environmental conditions (Kurppa, 1989). The reported
effects of a PMTYV infection on potato tuber yield range from no influence on
total yield and dry matter content (Nielsen and Molgaard, 1997) to losses of
up to 20 % (Van de Graaf et al., 2003). As tuber quality is generally affected
by the virus and sources of resistance have still not been incorporated into
modern potato cultivars, more effective control methods for both powdery
scab and PMTYV are needed in future. But despite the still lacking resistance
the economic relevance of the two diseases is much too low to regard the
corresponding pathogens as potential agroterrorist agents.

5.4.3. TRV

The virus which is transmitted by several species of Paratrichodorus and
Trichodorus nematodes is the second of the two viruses that can cause spraing
symptoms in potato. They appear as arcs and lines of cork necrotic tissue in
the tubers and may render entire crops unmarketable at relatively low levels of
symptom expression (Brown and Sykes, 1973). Depending on environmental
and other conditions symptom expression can be highly variable. In addition
to tubers, also leaves and shoots of infected plants may be affected up to a
virtually total failure to produce daughter tubers (Robinson et al., 2004). TRV
has a notably wide host range, infecting over 100 plant species in nature,
including potato and a number of other important crop plants, like tobacco,
sweet pepper, gladiolus, or tulip. Once established at a site, TRV and its vector
nematodes are very difficult to control or eradicate without use of fumigant
soil treatments that are currently environmentally unacceptable.

Because the bipartite virus genome is highly variable a large number of
strains and serotypes is known. For many years it was thought that the primary
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effects of TRV were visible spraing symptoms and that the virus was generally
self-eliminating from seed potato stocks. By the procedure of consequent vi-
sual control of seed potato lots for typical spraing symptoms the uncontrolled
distribution of the virus could be successfully prevented in the past. But as
recent results demonstrated, some potato cultivars can become persistently
systemically infected with TRV without developing spraing symptoms and
such plants can serve as sources for virus acquisition by vector nematodes.
Stocks of these cultivars can become chronically infected and show negative
effects on yield and quality. The most evident phenotypic effects are a signif-
icant decrease in tuber size, accompanied by a large increase in tuber number
and also a notable degree of secondary growth resulting in misshapen tubers
(Dale et al., 2004). From the phytopathological point of view these new find-
ings are very important, because they make obvious that the visual control of
seed material for presence of TRV does not suffice anymore. However, a large
scale production and distribution of TRV-infected but symptomless tubers to
farmers in order to purposefully carry the virus into virus free regions, would
be definitely a non-realistic scenario for an agroterrorist activity.

Therefore, I conclude that none of the above-mentioned soil-borne viruses
has much, if any, potential to be used as a bioweapon—even with expensive
and time-consuming genetic modification for enhanced pathogenicity.
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GENOMIC APPROACHES IN VIRUS DIAGNOSTICS A
PERSONAL ASSESSMENT OF REALITIES WHEN FACED
WITH VIRUSES IN A PLANT BIOSECURITY CONTEXT

Tan Cooper

6.1. Introduction

During the past 30 years, most plant pathogenic viruses and viroids have been
characterized in terms of their base sequence. A few, such as viruses in the
family Luteoviridae, were harder to crack than others but recently yielded
to this approach (e.g. Huang et al., 2005). With the primary base sequences
of these viruses determined, it was possible to infer relationships but also to
identify the positions of functional units. Additionally, it was often possible
to unravel the complex interactions in time and space involved with genome
expression. Thus, because of their relatively small genome sizes, viruses were
in the vanguard of what has come to be grouped under the generic title “omic”
technologies; the word “transcriptomics” was not used to describe these early
technological thrusts but might be now.

Genome level characterization of a tiny number of cellular organisms that
are virus hosts is now approaching completeness (if there can really be such a
thing given the biodiversity among individuals in biological systems). Only a
few green vascular plants (e.g. rice, poplars, brassicas, wheat, tomatoes, ara-
bidopsis) are currently under investigation in this way. Nevertheless, drawing
upon experience gained in vertebrate or microbial systems, it is beginning
to be possible to develop new insights into the activities of plant proteins,
including enzymes, produced when genes are active under particular condi-
tions (metabolomics/proteomics). Predictably, viruses elicit in infected plants
the expression of special genes. Interestingly, different viruses trigger the ex-
pression of common genes (e.g. Whitham et al., 2003). The very expensive
robotics that lie at the heart of “omic” technologies could be applied to the
simultaneous testing of many samples against a diverse range of targets. How-
ever, this would be something of a sledgehammer to crack a nut and I will
now consider a number of detection approaches that seem to be more likely.

Genomic knowledge about humans is valued because it enables more
focused treatment than hitherto. However, there are concerns that such infor-
mation enables the targeting of pathogens into particular genotypes (ethnic
groups). I am presently of the opinion that knowledge of plant genomics
(gene location, function and control) is much too fragmentary to be similarly
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exploited in the near future. There has undoubtedly been a very substantial
investment in a range of plant “omic” technologies and it is conceivable that
the knowledge obtained may expose new ways to increase the economic im-
pact of specific pathogens on plants. However, I do not intend to speculate on
how this might be achieved.

Building on genomic information, gene delivery systems derived from
viruses that infect vertebrates have been made to expand therapeutic options
through the provision of essential genes and products that the host lacks
(e.g. Nathwani et al., 2004; Edelstein et al., 2004). Such gene vector systems
may lend themselves to accidental or deliberate use for the enhancement of
pathogenicity in vertebrates (Jackson et al., 2001) and other contributors at this
meeting are likely to indicate parallel opportunities that exist with genetically
modified plant infecting viruses.

If faced with exotic or hitherto uncommon viruses (whether natural or
manufactured), it seems to me that the most likely tools for routine use for di-
agnosis or detection will target genomes. The rise of genome-based detection
technologies has been accompanied by a decline in usage of other methods;
some that were popular have been totally eclipsed.

6.2. Electron Microscopy and Bioassay Systems

In 1986 (Jones and Torrance), a notable electron microscopist (Ian Roberts),
wrote “electron microscopy continues to play a vital role in plant virology.” At
least in a diagnostic context, this is no longer true. It is undoubtedly very sat-
isfying for a virus pathologist to “see” the size and shape of a virus in suspect
samples and this information may give taxonomic clues that inform manage-
ment opportunities. However, knowledge about the external appearance of
virions has only limited value. Electron microscopes are expensive to buy and
maintain and are no longer normally operated even in the best-equipped virus
laboratories. Their place as pieces of sophisticated and expensive “must have”
equipment for detection/ diagnosis is now occupied by robots for standard-
ized nucleic acid characterization and discrimination; automated fluorescence
sequencing, micro array handling and “real time” polymerase chain amplifi-
cation (e.g. Mackay et al., 2002). Although unquestionably useful, biological
systems for virus recognition are being sidelined because of time and cost.
Bioassays that depend upon grafting of materials under test into (particularly
woody) indicator plants have almost completely “had their day.” However,
other biological assay systems, such as the manual inoculation of plants with
extracts from other plants or through the use of vectors, remain valuable—
despite the often hard to justify cost in terms of labor, time, maintenance and
management of appropriate glasshouses.
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6.3. Current Practice-A Case Study

I picked the following from current literature to show what was recently done
in a diagnostic context. Electron microscopy was not mentioned in the work
which concerned the detection of Turnip mosaic virus in rthubarb (Rheum hy-
bridum) in Alaska. In itself, this record is exceptional (and I hope pertinent)
only in so far as Alaska has few crops and I suspect very few specialist “virolo-
gists.” When faced with a virus-like disease in rhubarb, Robertson and lanson
(2005) described serological tests as the primary diagnostic screen but also
the use of manual inoculation of plants with sap extracts to show pathogen
transmissibility. The clinching tests were made using extracted nucleic acid
from the plants under test. Thus, suspicious leaf tissue was first tested using a
“shop bought” indirect enzyme-amplified immuno assay kit from Agdia Inc.
and a panel of reagents detecting a range of potyviruses. Confirmatory tests
used a kit of sera from the same company to reveal strong evidence for a spe-
cific potyvirus—turnip mosaic virus. Then, total RNA was extracted from the
foliage, purified using a kit from Qiagen Sciences and assayed using reverse
transcription and polymerase chain amplification (Mullis, 1990) with primers
specific for the suspected virus. Amplified sequences were characterized and
checked against databases to reaffirm the suspicion.

In the following, I have not attempted to cover in equal depth all of the
diagnostic methods that have been reported to be useful for plant viruses. |
consider that a sufficient number of the plant virus detection systems were
described in the book edited by Jones and Torrance (1986) for that compi-
lation to be an appropriate and adequate introduction to the prior art. As a
consequence, | have deliberately not described some methods (e.g. diagnosis
through recognition of ds RNA) even though they have specific utility (e.g.
Gibbs et al., 1996). I have concentrated on the pros and cons of “genomic”
approaches to detection/diagnosis.

6.4. Mainly Enzyme Amplified Immunoassays

A diverse range of serological methods is in use for detection/diagnosis but
enzyme-amplified immunoassays are routine and seem unlikely to be eclipsed
in the near future. Cooper and Edwards (1986) reviewed much of the relevant
literature but numerous other reports of modifications (often very trivial) in
this technology burden library shelves.

Despite the technical simplicity of radioimmune assays and their poten-
tial for measurement, increased awareness of the health hazards associated
with radionuclides contributed to a decline in the popularity of this approach.
Their place is occupied by a family of methods that exploit amplification
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systems in which enzymes act on chromogenic, chemiluminescent, or fluo-
rogenic substrates. None of these is constrained to any important extent by
signal generation or detection and many have been reliably automated. As a
consequence, the methods have readily lent themselves to use in large scale
testing programs. Although antigenic detection is based on only a small part
of the total genomic coding capacity of a target virus and the process may be
confounded by reversible antibody-antigen interactions, such assays have be-
come routine except when the target pathogen lacks protein (as with viroids).
Nevertheless, their future is not secure because only a narrow spectrum of
sera is available and the range does not seem to be increasing in step with the
diversity of potential hazard.

I think it is worth emphasizing that not all of the economically important
viruses have had sera prepared against them. For some, there are only minute
amounts “for research purposes only.” Given the extremely limited quantities
of appropriate antisera and the increasing cost of regulation in animal rearing
facilities, I consider that the future of serological detection systems is some-
what threatened. Hybridoma lines that secrete potentially unlimited amounts
of monoclonal antibodies have very substantial “set up” costs and are only
available for a few dozen of the plant pathogenic viruses that are subjects in
crop improvement programs and thereby have guaranteed markets. Whereas
human health justifies substantial (speculative) investment, plant diagnostics
are often judged to serve only a minuscule boutique market and this is reflected
in the range of tools available “of the shelf.”

6.5. Detection Systems that Target Specific Nucleic Acid Sequences

Detection systems that target specific nucleic acid sequences currently hold
prime of place in the repertoire of the diagnostician because of their versatility,
throughput, and efficiency. However, sensitivity and sophistication comes at
a cost that is hard to bear generally and effective co-operation with a central
laboratory or even a research facility in another country may be crucial if there
is to be a rapid and appropriate response to an unexpected phytopathological
event.

Using protocols developed from systems first used for the detection of
viruses in animal cells (e.g. Brandsma and Miller, 1980), nucleic acid hy-
bridization has often been used separately for the detection of viruses or
viroids in plants. Whether on a solid surface or in solution, detection requires
hybridization of target with a labeled probe of complementary base sequence
(Gould and Symons, 1983). When radioisotopic labels are used, there is ample
published evidence that shows methods based on nucleic acid hybridization
are acceptably sensitive for the detection of single-stranded RNA.
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6.6. Polymerase Chain Reactions (PCR)

The PCR is a synthesis that uses two oligonucleotide primer sequences hy-
bridized to target strands of opposite polarity and flanking a region of interest
in the target genome. A repeating series of cycles involving template de-
naturation, primer annealing, and extension facilitated by DNA polymerase
results in the exponential increase of segments defined by the 5’ terminal
bases in the primers. The method that was invented by Mullis and colleagues
(e.g. Mullis, 1990) initially used the Klenow fragment of DNA polymerase |
from Escherichia coli but the availability of thermostable enzymes from ther-
mophilic organisms has transformed the protocols and facilitated automation
(Saiki et al., 1988). Whereas products of PCR were once analyzed by gel
electrophoresis, many modifications in detection technology now exist; prod-
ucts may be used for nucleic acid hybridization with a standard, for direct
sequencing, for cloning or as a diagnostic probe in hybridization. Whatever
the end use, these approaches requires either new work or that the genomic
nucleotide sequences of the viruses, viroids, etc. to have been lodged in pub-
lic databases. Internet accessible resources enable PCR optimization and even
group discussions (McCann, 1999) but the design of oligomeric primers is
absolutely limited by the sequence data available and it is naive to assume that
all viruses that have been characterized are described in the public literature.
Analogously, not all genomic data obtained from organisms is in the public
domain.

Polymerase chain amplification that has hybridization at its heart now leads
the field in virus detection—whether for amplifying DNA or RNA (when base
sequences are copied [= reverse transcribed] as a prelude to the amplification
step; RT-PCR). The technologies are popular and draw upon developments
in genetics of plants, people, and microbes but often need to be tailored to
particular use. Furthermore, viruses that have extensive sequence diversity
among isolates or which integrate in their host genomes (e.g. Harper et al.,
1999) create problems for PCR amplification/detection that may be hard to
surmount.

6.7. Variations on the PCR Theme

RT-PCR, in various forms, has been used successfully to detect and to differ-
entiate between viruses at the family, genus, species or isolate levels and has
often been reported to enable virus detection when serological or biological
methods failed. The general approach has been claimed to be several-fold more
sensitive than enzyme amplified immunoassays or nucleic acid hybridization
for virus detection (Olmos et al., 1997) and there are a bewildering array
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of opportunities for future refinement. However, specific PCR protocols are
not a universal technofix and need to be optimized for each new problem.
Thus, commercial RNA extraction systems may, in some instances, facili-
tate sample preparation (e.g. Stevens et al., 1997; MacKenzie et al., 1997)
but should not be assumed to be satisfactory in all. Furthermore, cells differ
in the readiness with which viral nucleic acids are released and also in the
abundance of inhibitory chemicals (e.g. Thomson and Dietzgen, 1995). Phe-
nolics or polysaccharides in woody tissue, tubers, or old and tough foliage
may be a nuisance (Newbury and Possingham (1979) that may or may not
be eliminated by sample dilution or through the use of commercial products
such as GeneReleaser (BioVentures Inc.). Alternatively, generally reliable but
expensive commercial column systems (e.g. Rneasy from Qiagen) have be-
come routine where “time is money.” Inhibitors of reverse transcription or
polymerase enzymes can be avoided by capturing virions non-specifically on
plastic or more specifically with antisera before attempting the amplification.
Indeed, when sera are freely available, immunocapture PCR (e.g. Wetzel etal.,
1992) may be the detection approach of choice. Primer oligonucleotides can
be rationally identified when numerous genome sequences have been deter-
mined in the target and when specific regions (of greatest variability and least
homology or target specificity or vector specific coding or antigenicity) can
be identified. Selection of a presumed stable sequence of bases such as form
the polymerase coding region may be a good first objective when seeking to
design a primer oligomer but even that coding sequence may be prone to vary
and turn out to be unusable. There is sometimes merit in using mixtures of
primer sequences in which the nucleotides at one or a few positions differ
deliberately to represent a conserved sequence of bases in the target. Unfor-
tunately, these do not always work because of unintended amplifications of
host components and the inevitable diminution in sensitivity. Combinations
of primers can be useful for simultaneous detection/differentiation of different
viruses (e.g. Bariani et al., 1994) or the simultaneous amplification of different
target regions in a common template. Gibbs and MacKenzie (1997) designed
primer pairs that amplified 17 virus species in the Potyviridae and analogous
broad reactivity has been attained for use when seeking other viruses such as
closteroviruses (Tian et al., 1996), geminiviruses (Rybicki and Hughes, 1990)
or luteoviruses (Robertson et al., 1991). These approaches undoubtedly have
value for screening purposes but viral genome characteristics can also be
investigated after PCR; either through use of many primers each targeting
different parts of a genome or as a result of repeated amplification of cDNA
ends. Entire genomic sequences can be determined in specific pathological
contexts (e.g. Revers et al., 1997) and unexpected insertions can clearly be
revealed by direct sequencing of PCR products.
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6.8. Being Prepared; Back to the Future

In 2002, when signing the Homeland Security Act into federal law, President
G.W. Bush said “we can neither predict nor prevent every conceivable at-
tack.” In that speech he was mainly concerned with direct attacks on human
health but his opinion would have been no less appropriate in the context of
indirect/economic impacts. Biological attacks on food supplies, forests, or
natural vegetation have been envisaged for many years and must be consid-
ered “likely.” That potential hazard is given much less publicity (and research
funding) than issues of human or animal health probably because, on past
experience, farm animals and humans are more likely direct targets than crop
plants—especially if engineered pathogens with supernatural pathogenicity
attributes provide the means of damage.

The issues raised by the possibility that plant pathogenic viruses will be
used as weapons calls for enhanced scrutiny of plant populations, recognition
of abnormal incidence or severity of disease and training of people in aspects
of “green” plant pathology-an area that has been of declining interest in recent
years. There is a need for sensitive detection, characterization and diagnosis
if the most appropriate countermeasures are to be operated. Furthermore, if
harm is to be minimized, rapid response teams are desirable for mobilization in
the hope that they can effectively assess the situation and assemble information
about uncommon/unusual/wholly new pathogens/diseases.

A few early warning systems are in place but past experience suggests
that national phytosanitary services may not be well prepared to react quickly
to uncommon (even though “expected” events). Co-ordinated activity from
staff in a national body should provide the continuity and expertise to ad-
dress the actual cause of a possible new disease. Given appropriate support
from the field they should assess whether the cause of an increase in inci-
dence is linked to enhanced dispersal of a previously recognized pathogen
or intensified cropping or weather patterns- or to something substantially
new. In addition, they should determine whether the causal agent (virus or
other) is infectious and whether it falls within the established range of natural
variation. Nucleic acid analysis that reveals a novel juxtaposition of genetic
elements may indicate something more sinister but this is likely to be un-
covered only after time-consuming and costly effort—a potentially harmful
economic impact in itself. In the first instance, absolute quality assurance and
cost-effectiveness is not crucial but if containment or ideally eradication is
to be attempted, detection methods should be available that are specific, sen-
sitive and rapid. Furthermore, there is a need to know the pattern of disease
spread in the field-giving hints about possible vectors and their management.
Thus, there is a need (perhaps even an urgent need) to monitor growing plants
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including crops and to establish reporting systems that respond to unusual
observations having regard to the history of past virus infections/vectors. At
one level there is a need to alert forestry workers and environmentalists to
keep their eyes open to changes in their landscape but grower education is
key with the aim of encouraging regular inspections and reporting. Clearly
the farmers and horticulturalists must be given knowledge of all aspects of
normal crop production; varietal variation and management. This informa-
tion was absorbed passively (by immersion and diffusion) by their forebears
who walked and personally weeded in fields rather than drove and sprayed
mechanically (and pre-emergence). I think that sensitization and training of
field workers is crucial but that effort must be complemented by strengthened
“political” willingness to respond effectively and rapidly to unusual events
if they are not to be preludes to damaging epiphytotics. In the past, issues
of “trade” and other political considerations have undoubtedly been respon-
sible for delaying effective action. When urgent drastic action would have
been appropriate, months or years of debate were allowed before stable doors
were closed—by which time horses had bolted. Rates of pathogen spread
vary and the insidious “slow burn” epiphytotic may have more long-term
economic impact than an eyecatchingly explosive pattern of spread. As a con-
sequence, there is a need for diligence “to nip the problem in the bud”—if
possible.

6.9. Conclusion

Reagents for use in PCR technologies are costly, unstable and some must be
made “to design and for order.”” Furthermore, there are substantial costs at-
tributable to laboratory supply and management to eliminate contamination
if PCR assays are to be delivered at the highest standards of reliability and
reproducibility. Almost inevitably, because of the hardware and personnel,
the technologies that use bioinformatics and genomics to support virus de-
tection are more likely to be centralized than dispersed in areas where crops
are grown and where suspicious “new” diseases may be introduced. Battery
powered portable thermocycling instruments (e.g. RAZOR from Idaho Tech-
nology) are starting to be offered for sale and may find a use but, for the
well funded central laboratory, ultrafast “real time” PCR instrumentation is
increasingly the “norm”. One supplier (Applied Biosystems) claims to deliver
in approximately 25 minutes results of PCR tests after fully automated robotic
loading of 96 well or larger format plates. Thus, the tests and data handling
systems are available but proponents of new technological opportunities such
as the “molecular beacons” which fluoresce when bound to a target sequence
(e.g. Tyagi et al., 1998) do not always give appropriate prominence to the
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realities of development time, sample preparation time and also the substan-
tial “licence” costs attributable to proprietary tools. What may be tolerated
in human medicine normally cannot be considered in the context of plants.
Nevertheless, hospitals may have underused “real time” PCR facilities and
may be prepared to share them but there will be an inevitable learning curve
while the staff in the hospital lab adapts their technology.
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MOLECULAR METHODS FOR DETECTION
AND QUANTITATION OF VIRUS IN APHIDS

Mariano Cambra, Edson Bertolini, Antonio Olmos, and Nieves Capote

7.1. Introduction

Following the introduction of a hitherto uncommon or wholly novel virus into
acrop itis necessary to do three things: to identify the target, to manage spread,
and (ideally) to eliminate sources of inoculum. Here, we have contrasted a
number of approaches that have value for these purposes. In any geographic
region (whether “developing” or “developed”) it is crucial to be prepared for
the unexpected and to have developed a range of technologies that enable these
objectives to be addressed. Aphids provide the means of spread for most of
the viruses that threaten crops in Europe (indeed worldwide) and it is clearly
prudent to have well-proven means for detecting viruses in these vectors
(Ng and Perry, 2004). The benefits of detection and quantitative determi-
nation of the number of virions carried by a single aphid concern multiple
topics ranging from basic studies on virus replication process to epidemi-
ological studies (Fabre et al., 2003). An accurate evaluation of the number
of virions used to challenge (by graft, mechanical, or vector inoculation)
the resistance of plants obtained from conventional breeding programs or
after genetic manipulation, will be essential in a near future (Olmos et al.,
2005). Provided that reliable quantitative means can be devised and focused
on RNA or DNA targets in single insects, a number of key questions can be an-
swered. In the particular case of aphids, these questions include the following:
(a) is the efficiency of transmission of “nonpersistent” viruses by a given insect
related with the amount of acquired virus (b) what proportion of the viruses
are able to infect plants after different vector feeding periods? (c) what is the
relationship between the number of viruses detected in a single aphid and
the percentage of virus transmission? (d) what is the number of aphids car-
rying viral-targets that land and feed on a single plant? (e) is the number of
viruliferous aphids captured in a given ecological area directly related with
the number of infected hosts (inoculum) present in the same area? (f) are all
biotypes of aphids actually vectors? etc. For the control of viruses transmitted
by aphids, these and other issues are expected to key.

A number of features contribute to the success of aphids as vectors of
plant viruses. These include (a) their polyphagous nature (migratory habits)
that allows them to visit and feed on a wide range of plant species, facilitating
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the spread of viruses that infect a large number of plant hosts, (b) the ability
to undergo parthenogenesis (rapid generation of large numbers of individu-
als), and (c) the possession of a stylet capable of piercing plant cell walls and
delivering viruses into a host cell (Ng and Perry, 2004). In addition, basically
three factors determine the viral incidence in field: (a) the number of im-
migrant winged aphids and the timing of colonization, (b) their viruliferous
state, and (c) the dynamics of the secondary epidemic spread (e.g. Plumb,
1990). Thus, the assessment of infectivity of aphids appears to be one of the
most important factors to evaluate the spread and epidemics of aphid-borne
viruses and for development of any decision-making system to improve viral
control strategies (Fabre et al., 2003; Marroquin et al., 2004).

The viruliferous state of aphid species was, at first, indirectly assessed by
observation of symptoms in plants and by experimental assays of transmis-
sion (Pirone and Harris, 1977). The development of the serological ELISA
technique (Clark and Adams, 1977) revolutionized diagnostics in plant virol-
ogy and, from the beginning, was successfully applied to detect circulative
(propagative and nonpropagative) and noncirculative (semipersistent and non-
persistent) aphid-transmitted plant viruses (Gera et al., 1978; Denéchere et al.,
1979; Clarke et al., 1980; Du Plessis and Von Wechmar, 1981; Cambra et al.,
1981). However, when not propagative, the low concentration of viruses in
single aphids was close to the normal limit of reliable detection by ELISA.
In the last decade, due to its high sensitivity, conventional PCR and reverse
transcription coupled to PCR in a single step involving reverse transcription
(RT-PCR) is a molecular method frequently used for the detection of plant
viruses. Different PCR or RT-PCR variants including immunocapture (with
plant extracts) (Wetzel et al., 1992; Nolasco et al., 1993) or print/squash-
capture PCR (with immobilized targets on paper) (Olmos et al., 1996, 1997)
enable the detection of minute quantities of DNA or RNA targets. Neverthe-
less, when targets are at very low concentration and/or the samples (plant
material or insects) contain PCR inhibitors, more sensitive detection can be
achieved by seminested or nested-PCR. These techniques enhance sensitivity
but greatly favor the risk of contamination with amplicons when two different
tubes are used in the subsequent reactions. To avoid this problem, nested-PCR
in a single closed compartmentalized Eppendorf tube was proposed (Olmos
et al., 1999). Usually the PCR products are detected by gel electrophoresis
but colorimetric detection of PCR products, in membrane or on plastic mi-
crotiter plates, has been successfully employed to increase sensitivity and to
facilitate the interpretation of results (McManus and Jones, 1995; Bertolini
etal., 2001).

Detection of nonpersistently transmitted viruses is the most problematic
due to the very low titer of these viruses [formerly named stylet-borne viruses
(Pirone, 1964)] in aphid vectors. There are few reports demonstrating the
feasibility of detecting nonpersistently transmitted viruses in individual aphid
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vectors using PCR-based assays (Singh et al., 1996, 2004; Olmos et al, 1997,
Singh, 1998; Nie and Singh, 2001; Cambra et al., 2004), but the information
provided to date was only qualitative. Real-time quantitative RT-PCR is gain-
ing acceptance as a sensitive method for nucleic acids detection because it
allows a large dynamic range of target quantitation (see also Cooper, this vol-
ume). The method has been applied to quantify RNA viruses in aphid species
(Fabre et al., 2003; Schneider et al., 2004; Olmos et al., 2004, 2005) opening
new possibilities in plant virology and epidemiology.

7.2. Aphid Monitoring

In addition to the classical direct sampling of established aphid colonies on the
young leaves or shoots, several trapping methods have been used in surveys
to determine or to evaluate the aphid species present or visiting an orchard or
a plantation. These methods included the conventional suction traps (Taylor,
1955), water traps (Moericke, 1951), sticky fishing-line traps (Labone et al.,
1983), and the sticky tree or shoot method using glue-covered bait leaves or
shoots/budsticks (Avinent et al., 1993; Cambra et al., 2000). The latter one
is the most efficient way for estimating and predicting the numbers of aphids
(winged adults) landing on the plants or visiting young shoots and leaves,
according to Hermoso de Mendoza et al. (1998) and Derron and Goy (1998).

The sticky shoot method has been extensively used for monitoring aphid
species in adult trees (Marroquin et al., 2004; Cambra et al., 2004). Young
shoots (15-20 cm long) are sprayed with an adhesive glue (Souverode aerosol,
Scotts France SAS), detached after 7 or 10 days, and new sticky shoots pre-
pared in trees to complete the scheduled period of survey. The removed sticky
shoots with aphids stuck on the surface of the leaves are placed in turpentine
to dissolve the glue and then the aphids washed in soapy water to remove
the solvent. The collected aphid species are kept in 70% alcohol for later
identification and counting.

7.3. Sample Preparation (Viral Nucleic Acids Extraction from Aphids)

The identified aphid species can be analyzed for detection of viral targets as
above recommended. The first step is the extraction of the viral targets from
individual aphids or for multiple aphid species together. The extraction of tar-
gets can be performed by a detergent solution (Singh, 1999), by conventional
methods of nucleic acids extraction after extracts preparation (Mehta et al.,
1997; Naidu et al., 1998; Fabre et al., 2003) or after immobilization of viral
targets on paper (Olmos et al., 1996, 1997) or in nitrocellulose membranes
(Singh et al., 2004).
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The squashing of aphid species onto paper avoids the preparation of ex-
tracts and any consequential release of plant or insect inhibitors as well as
potential contamination problems. In addition, the immobilization of targets
on paper is simpler and much faster than extractions and can be used with
quarantine viruses without risks. The paper harboring printed or squashed
aphid species can be stored for a long time before being used or mailed, thus
allowing their preparation directly in the field if needed (Olmos et al., 1996).

The presence of viral targets in individual aphid species can be assessed
from fresh as well as from previously captured individuals stored in alcohol
and/or squashed on paper (Marroquin et al., 2004).

7.4. Recommended Protocols for Amplification of Viral RNA Targets
of Nonpersistent and Semipersistent Viruses from Aphids

7.4.1. RI-NESTED-PCR IN A SINGLE CLOSED TUBE

Detailed description of RT-nested-PCR in a single closed tube protocol can be
obtained from Olmos et al. (2003). Briefly, the method is based in the use of
a 0.5 ml Eppendorf tube compartmentalized with the end of a 200 ul plastic
tip (Olmos et al., 1999). The cocktail for reverse transcription and external
amplification is dispensed in the bottom of the Eppendorf tube. The internal
cocktail is dispensed into the plastic tip where it remained due to capillarity.
After the first amplification the tube is vortexed and centrifuged to mix the
cocktail contained in the cone tip with the products of the RT-PCR.

The method has been successfully applied for Plum pox virus (PPV) and
Citrus tristeza virus (CTV) detection (Olmos et al., 1999).

7.4.2. REAL-TIME RT-PCR

Real-time quantitative RT-PCR assay based on Tagman chemistry (Fabre etal.,
2003; Olmos et al., 2005) seems to be more sensitive than intercalating dye
SYBR Green I for detection and quantitation of RNA targets from the non-
persistently transmitted PPV (Olmos et al., 2004).

Samples quantitation can be reported as copies of amplified virus targets
per cell, per gram of tissue, per copy of some other target, etc. When only
relative changes are important (for instance, comparison of gene expression
level), the quantitation is made relative to a housekeeping gene, because the
absolute number of copies is unnecessary. However, for systems in which ab-
solute changes in copy numbers are important, as in viral load determination,
careful use of controls is critical. Quantitation by external standards is de-
nominated absolute quantitation and results in an actual number of DNA



VIRUS DETECTION IN APHIDS 85

molecules. Standard curves may be derived from DNA or transcript targets.
To evaluate the suitability of external standards for quantitation it is necessary
to verify the amplification efficiencies of standards and unknown samples to
minimize under/overestimation of input template copy numbers (Rasmussen,
2001; Tichopad et al., 2003).

The sensitivity afforded by real-time RT-PCR was 100 times higher than
RT-nested-PCR and 1,000 times higher than DAS-ELISA and conventional
RT-PCR. The quantities of PPV-RNA targets detected (by real-time RT-PCR)
in a single aphid ranged from 40 to more than 2 x 103 units (Olmos et al.,
2005). Other authors (e.g. Fabre et al., 2003) investigating Barley yellow dwarf
virus in its vector Rhopalosiphum padi have described obtaining a sensitivity
ofreal-time PCR which was assessed to be between 10 and 1,000 times greater
than RT-PCR and ELISA assays, respectively.

7.5. Conclusion

The detection of virus-associated targets in aphids that are capable of trans-
mitting viruses is crucial not only for the study of viral replication but also for
the optimization of control strategies. Molecular methods targeting nucleic
acids are required for a sensitive detection of the viruliferous state of aphid
species. RT-PCR methods has been applied to a wide variety of virus families
(Naidu et al., 1998; Vercruysse et al., 2000; Singh et al., 2004), nevertheless
more sensitive methods are required for accurate detection of semipersistently
and nonpersistenly transmitted viruses. Variants of RT-nested-PCR have been
successfully applied for the detection of minute quantities of viral targets
(Olmos et al., 1999; Marroquin et al., 2004).

However, the information available to date has been only qualitative. Real-
time quantitative RT-PCR is now known to be particularly sensitive for the
detection of viral nucleic acid in aphid species (Fabre et al., 2003; Olmos
et al., 2005). It has been demonstrated the possibility of quantitation from
fresh individual aphids as well as from aphids previously captured on traps
and squashed on paper, without the need of previous RNA extraction. These
combined technologies (direct squash capture and real-time target amplifi-
cation) open possibilities for a better understanding of the role of vectors in
spreading nonpersistently transmitted viruses.
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THE USE OF MONOCLONAL ANTIBODIES IN PLANT
PROTECTION AND FOR STUDYING VIRUS-INDUCED
PATHOGENIC PROCESSES

Tatyana N. Erokhina

8.1. Introduction

Since the development of hybridoma technology (Ko6hler and Milstein, 1975),
monoclonal antibodies (mAbs) produced by the technique of somatic cell
hybridization have been widely used in plant virology for diagnostics (e.g.
Halk et al., 1982; Hsu et al., 1983; Jordan and Hammond, 1991; D’ Arcy et al.,
1989; Massalski and Harrison, 1987; Erokhina et al., 1993; Erokhina, 1995),
antigenic analysis, and epitope mapping (e.g. Andreeva et al., 1994; Comman-
deur et al., 1992; Koenig et al., 1990; van den Heuvel et al., 1990; Erokhina
et al., 2001; Gorshkova et al., 2003) or subcellular localization of viruses and
viral proteins (e.g. Lesemann et al., 1990; Bandla et al., 1994; MacKenzie and
Tremaine , 1988; Liu et al., 1999; Erokhina et al., 2001; Yelina et al., 2005).
mAbs against plant viruses were first produced in the early 1980s to mem-
bers ofall the major groups of plant viruses (van Regenmortel,1984). The main
advantages of mAbs in comparing with polyclonal antisera are as follows:

1. Large quantities of standard antibody preparations can be produced for
reference purposes but such large scale production is not possible with
polyclonal antisera.

2. Specificity and uniformity: the molecular homogeneity of mAbs ensures
that only one antigenic determinant (epitope) of the virus is analyzing at
one time; mAbs can distinguish epitopes unique to virus strain or common
to a virus group. If two strains of virus differ in only one epitope, the corre-
sponding mAb will possess a superior discriminatory capacity compared
to a polyclonal antiserum. Thus, provided that appropriate resources are
applied, it is possible to make very fine distinctions between closely related
virus isolates/strains in a reproducible manner.

3. Efficiency of material use in immunization: the very small quantities for
immunization of mice and producing mAbs.

There are disadvantages: the production of mAbs is both expensive and
time-consuming. Furthermore, some mAbs do not work in certain assays
formats. Importantly, mAbs raised against viral proteins expressed in bacteria
often fail to recognize protein in planta.
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8.2. Experience with Barley Yellow Dwarf Virus

There are several groups of viruses where individual members or strains have
common epitopes. In this case using mAbs for strain and/or virus diagnosis
can be hampered. For example, in the Iuteovirus group, tests with Barley yel-
low dwarf virus (BYDV) have shown high cross-reactivity between different
type/strains (e.g. D’ Arcy etal., 1989; Erokhina et al., 2002). Multiple sequence
alignments of 10 luteovirus coat proteins showed that they contained similar
or identical amino acids in many areas, suggesting a reason why there are so
many cross reactions among anti-luteovirus mAbs (Mayo and Ziegler-Graff,
1996).

8.3. Some Uses for mAbs

mAbs are useful tools to study the antigenic structure of viral structural and
non-structural proteins. Virus epitopes are usually classified into “contin-
uous” and “discontinuous.” “Continuous” epitopes are composed of linear
sequence of a polypeptide, whereas “discontinuous” epitopes are formed by
amino acids that assembled together by folding of polypeptide chains (van
Regenmortel, 1990). Some information about the location of epitopes can
be obtained by testing mAbs reactivity with synthetic peptides, fusion pro-
teins, or mutant strains, and by visualizing binding in the electron microscope.
Using the Pepscan technique (Geysen et al., 1987), continuous epitopes have
been identified by the reactions of mAbs with short (4—8 amino acids) pep-
tides in the linear sequence of viral protein. In this way in the Beet yellows
virus (BYV) replicase 1a protein mAbs obtained against methyltransferase
(MT) domain of la protein, reacted with three different octapeptides. mAbs
4A2 and 4AS5 reacted with sequence SRLLENET (amino acids, aa 686—692
amino acids), mAbs 2A4 with SREQLVEA (aa 750-757), and 3C5, 4B4, 4C5
recognized TMVTPGEL (aa 806-813) octapeptide (Erokhina et al., 2001). In
addition, mAb 1C4 raised against helicase (HEL) domain of 1a protein reacted
with three overlapping peptides, KFQEDDPFE, QEDDPFRS, and DDPFRSEN,
whereas mADb 1D1 reacted with only the latter two. Obviously, the sequences
DDPF and DDPFRS (aa 2493-2496 and 2493-2498) are thus the likely re-
spective epitopes. It should be noted, however, that the actual size of an epitope
may be larger than revealed by Pepscan analysis, and that the amino acids sur-
rounding the key epitope in the native protein may influence its reactivity
(van Regenmortel, 1992; Commandeur et al., 1994). Using the data from
peptide scanning and computer-assisted predictions of secondary structure
in the BYV MT and HEL proteins, we showed that the amino acid string
SRLLENET is located within a amphipathic alpha-helix, which appears to
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be largely buried in the protein globule. By contrast, the epitope TMVTPGEL
overlaps with a predicted hydrophobic beta-strand and is probably buried in
the protein globule. Furthermore, the SREQLVEA epitope appears to be lo-
cated in a hydrophilic loop, and is predicted to be exposed. DDPF epitope is
located between conserved subdomains HEL V and VI; but is exposed on the
BYV HEL protein molecule. Failure of 1C4 mAbD to detect on immunoblots
any proteins of Citrus tristeza virus (CTV) (Erokhina et al., 2000) may be due
to the change of DDPF to DTPF in the CTV HEL domain.

Two mAbs, specific to TGBp3-GFP fusion protein, presented an inter-
esting case of mAb specificity when 2D5 mAb epitope, revealed by Pep-
scan analysis, has been showed consists from six C-terminal residues of GFP
(shown in bold) and two N-terminal residues of TGPp3 protein: ELYKGSMA
(Gorshkova et al., 2003).

Rat mAbs to Beet necrotic yellow vein virus (BNYVV) were used to
identify three different epitopes on the surface of virus particles (Lesemann
et al., 1990). One group of mAbs reacted with antigenic determinants along
the entire length of the particles, whereas a second and third group of mAbs
reacted with determinants on the opposite extremities of the particles.

Knowledge of intracellular localization of viral proteins provides impor-
tant clues as to the functions of these proteins and mechanisms of their interac-
tion with cell components. There are a few reports only of the use of mAbs to
detect and localize viral proteins in plant cells (Wieczorek and Sanfacon, 1993;
Erokhina et al., 2001; Zinovkin et al., 2003; Erhardt et al., 2005). Wieczorek
and Sanfacon located putative movement protein of Tomato ringspot virus
(TRSV) in Nicotiana clevelandii. This protein was associated with tubular
structures in/or near cell wall. It was done using immunogold labeling (IGL)
technique with mAbs raised against putative movement protein of TRSV. The
authors presumed that this protein is involved in the cell-to-cell movement of
the virus and that this movement might take place via the formation of tubular
structures.

The new data concerning subcellular localization of BY'V replicative pro-
teins were obtained using mAbs against MT, HEL, and papain-like proteinase
(PCP) domains of BYV ORF la polyprotein. Firstly, these proteins were
detected on immunoblots of the infected Tetragonia expansa plants as 63,
100, and 66 kDa products, respectively (Erokhina et al., 2000; Zinovkin
et al., 2003). But little was known about the subcellular localization of BYV
replicative-associated proteins. Closteroviruses caused of formation “BY V-
type” vesicles formed by membranes of unknown origin. These structures
are either discrete vesicles of ca. 100 nm, each delimited by double mem-
brane, or clusters of single-membrane vesicles surrounded by a common outer
membrane (Esau and Hoefert, 1971; Lesemann, 1988). The vesicles contain
interior networks of fine fibrils interpreted as double-stranded nucleic acid.
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The gold particles were mostly found associated with the outer surface of
BY V-type vesicle membranes and the cytoplasmic matrix between but not
within the vesicle lumens (Erokhina et al., 2001). This fact, and observation
of'the virions and ribosomes in the cytoplasmic matrix between the aggregates
of vesicles, prompted Esau and Hoefert (1971) to propose that these may be
the sites of BYV multiplication. Erokhina et al. (2001) and Zinovkin et al.
(2003) provided electron microscopic evidence that the closterovirus PCP
and replicative-associated proteins are associated with the BY V-type vesicle
membranes. It is known that replication of positive-strand RNA viruses of
animals and plants is connected with vesicles or spherules derived from vari-
ous membranous organelles of the cell (Buck, 1996). Co-localization of PCP
with closterovirus replication-associated proteins agrees with its involvement
in RNA accumulation (Peng and Dolja, 2000). However, the possibility that
the BYV leader protein is also involved in fleeting interactions with other
cell compartments and/or virus products to perform activities such as long-
distance transport (Peng et al., 2003) cannot be excluded.

8.4. Antibody-Based Resistance

Antibody-based resistance is a novel strategy for generating resistance to
viruses. Decades ago it was shown that mAbs can neutralize the infectivity
of viruses. This approach has been improved by the development of recombi-
nant antibodies (rAbs) (Hiatt et al., 1989; Diiring et al., 1990). Antibody-based
resistance seems uniquely flexible as a tool to protect crop plants because the-
oretically inhibitory antibodies can be generated to any virus or viral protein
involved in pathogenesis. This strategy has been advanced by the progress in
understanding the mechanism of plant diseases and the identification of many
proteins critical to virus infection, replication, and spread. The first steps to-
ward the generation of virus-resistance plants require mAbs cloning, efficient
mAbs expression, antibody stabilization, and targeting to appropriate cellu-
lar compartments. Cloning of antibody-encoding genes from hybridoma cell
lines requires of mRNA isolation, cDNA generation, and polymerase chain
reactions (PCR). Cloned recombinant full-size antibodies can be converted
into Fab or F(ab), fragments. Furthermore, monovalent single-chain antibod-
ies (scFv) that have the variable domains linked by a short polypeptide linker,
can be constructed from the original antibody (Bird et al., 1988). In addition,
fusion proteins can be generated, for example by genetic coupling of a scFv
gene to a toxin or enzyme.

During last 15 years, secretory antibodies (Ma et al., 1995), full-size
antibodies (Van Engelen et al., 1994; Voss et al., 1995; Baum et al., 1996),
Fab-fragments (De Neve et al., 1993), scFv fragments (Owen et al., 1992;
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Tavlodoraki et al., 1993; Boonrod et al., 2004), bispecific scFvs (Fisher et al.,
1999), and single domain antibodies (Benvenuto et al., 1991) have been ex-
pressed in leaves, roots, and seeds of tobacco, potato, rice, wheat, or Ara-
bidopsis plants. Furthermore, targeting of rAbs has been shown for differ-
ent compartments of plants including the cytosol, the endoplasmic reticulum
(ER), and the intercellular space (Schillberg et al., 2001; Boonrod et al., 2004)
(Table 1).

It has been shown that signal peptides (SP) are necessary for directing the
light and heavy chains into the ER of plant cells (Hiatt et al., 1989), where
they are folded and assembled. Signal sequences from mouse, plants, and
yeast (De Neve et al., 1993; Hein et al., 1991; Hiatt et al., 1989; Ma et al.,
1995; Van Engelen et al., 1994; Voss et al., 1995) have been used successfully
to target rAbs to the required cell compartment. Correct cleavage of the signal
sequences has been shown by N-terminal sequencing of the immunoglobulin
chains (Hein et al., 1991) and assembled antibodies have been detected in the
ER by IGL (Diiring et al., 1990).

Although the maximum level of antibody accumulation depends on the
plant species, on the properties of the antibody itself, and on the tissue, it may
conclude that full-size antibodies and Fab fragments are accumulated at high
levels (more than 0.1% of total soluble protein (TSP) upon secretion by adding
an N-terminal ER signal sequence. For the scFv fragments the highest levels
(1-5% of TSP) are obtained when they are retained in the ER by adding
an N-terminal signal sequence and a C-terminal KDEL retention signal
(Schouten et al., 1996). The low accumulation level of secreted scFv frag-
ments could be improved by fusing a camel long-hinge region with a murine
IgM CH4 domain (Schouten et al., 1997) or by making bispecific single-chain
antibodies (Fisher et al., 1999). In conclusion, for immunomodulation of tar-
get molecules present in the apoplast, IgGs or Fabs are the best option. For
immunomodulation in the ER, scFv fragments are the best choice; however
IgGs and Fabs can also be used.

A novel approach of plantibodies is an immunomodulation (Jaeger et al.,
2000). Antigen-antibody interaction in vivo could result in modulation of the
antigen activity. Binding of the antibody on the substrate or ligand-binding site
of an enzyme or receptor blocks interactions between enzyme and substrate or
between receptor and ligand by competitive inhibition. Pathogen-specific rAbs
can be targeted to the cellular compartment where the pathogen inactivates
by binding to its surface or to proteins necessary for its spread or replication.
The potential of rAbs to interfere with the infection of a plant virus was
demonstrated in 1993 (Tavladoraki et al., 1993). In this case, the expression
of a cytosolic scFv against coat protein of Artichoke mottled crinkle virus
(AMCYV) in transgenic tobacco caused a reduction in viral infection and a
delay in symptom development. This result supported the hypothesis that
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transgenically expressed antibodies or antibody fragments recognizing criti-
cal epitopes on structural or non-structural proteins of invading viruses may
interfere with viral infection and confer viral resistance. Most plant viruses
are RNA viruses that replicate in the cytosol. As such, the highest resistance
is expected by targeting the antibody to this cell compartment. Zimmermann
etal. (1998) have evaluated and compared protection of tobacco plants against
Tobacco Mosaic Virus (TMV) infection by the expression of a TMV virion-
binding scFv fragment in the cytosol and apoplast. Though much higher accu-
mulation levels were obtained for the scFv targeted to the apoplast, the most
dramatic reduction of necrotic local lesion numbers was observed in plants
accumulating scFv fragments in the cytosol. Infectivity could be reduced by
more than 90%. Moreover, several plant lines showed inhibition of systemic
virus spread.

In another study, a scFv fragment specific to the coat protein of BNYVV
was produced in transgenic N. benthamiana (Fecker et al., 1997). The scFv
was produced in the cytosol or targeted to the apoplast by an N-terminal signal
sequence. No scFv proteins could be detected in the cytosol. The apoplast-
targeted scFv seemed, by unknown reasons, to be retained in the ER. Upon
infection of these plants, the average time needed for infection symptoms to
appear was longer in the scFv-producing plants than in non-producing control
plants. In addition, the scFv-producing plants were partially protected against
the pathogenic effects exerted by the virus in the late stages of infection. It is
surprising that the scFv proteins targeted to the secretory pathway were able
to interfere with cytosolic replication of the virus. Possibly higher degrees of
resistance might have been obtained when the scFv would have been able to
accumulate in the cytosol.

8.5. Conclusion

Plantibody-based approaches are one of the most recent innovations in the field
of molecular techniques for the analysis and manipulation of virus infection
and plant cellular pathways. The resistance against plant-pathogenic viruses
can be obtained, and activity of anti-virus agents can be targeted although it
should be said that