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Viruses of potatoes and seed-potato production




The terrible famine in Ireland caused by disease epidemics in potatoes in the middle
of the last century may no longer be vivid in man’s memory. The task of combating
such diseases, however, must go on if we are to maintain and increase productivity
of this principal food crop. This is an essential part of our efforts to free the world

from hunger.
Dr A. H. Boerma

Director-General Food and Agriculture
Organization of the United Nations

s




Foreword

Eighty per cent of man’s food is cereals. Even so annual production of potatoes,
especially in Europe, is still considerable, roughly 220 million tons for the whole
world.

Many pests and diseases threaten the crop e.g. Colorado beetle, potato root eel-
worm, late blight and several virus diseases. Some viruses, such as potato viruses
X and S, may multiply in the plant without obvious symptom. Before 1945,
potato plants in the United States were almost all infected with potato virus X,
whose importance was discounted. Yet careful experiments there showed an aver-
age loss in yield of more than 10%.

Some other viruses give even greater losses. Potato leafroll virus and strains of
potato virus Y frequently reduce tuber yields by 50-80% . The average loss due
to all potato viruses has been estimated at 13%, which amounts to about 30 mil-
lion tons of valuable food each year. To avoid losses, seed potatoes should be
virus-free. As most potato viruses easily spread in the field, virus-free stocks must
be maintained carefully for the production of healthy seed potatoes. This is what
the General Netherlands Inspection Service for Field Seeds and Seed Potatoes
(NAK) is trying to do with help from research institutes. How we try to prevent
or even cure these virus diseases in the Netherlands will be explained in this book.

To select and produce healthy seed potatoes, we need information on virus
diseases, their early diagnosis, ways of inspection and on the way viruses are
spread in the field by man, insects, nematodes and any other vectors. Many
methods are now used commercially for the production of virus-free potato stocks.
They could not be obtained without close co-operation between research workers
and inspectors. Workers in many countries have expressed interest in the way we
in the Netherlands obtain and maintain our virus-free seed potatoes. Research
institutes and NAK are frequently asked to demonstrate and explain the methods
they use.

Research workers, especially from developing countries, often come to our
institutes for several months to learn our techniques. Virologists at the Institute
of Phytopathological Research (IPO) felt a need for a short compendium to guide
their foreign guestworkers. Our discussions with others showed the need for a
more comprehensive book collecting the experience of all scientists in the Nether-
lands concerned with potato virus diseases and with the production of virus-free
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potato stocks. Such a book should also be useful to the staff of inspection and
plant protection services, and to teachers and students at agricultural colleges.

The editors have been very fortunate to find a group of specialists willing and
able to write in such an outstanding way. Their work will be of inestimable value
to all those interested in the practice and theory of potato production.

Dr J. G. ten Houten
Director Institute of
Phytopathological Research,
Wageningen



Preface

This book outlines the techniques of growing seed potatoes with stress on virus
diseases and their control.

Experts have collected information on the growing of seed potatoes and its
scientific principles. They all work in the Netherlands and have quoted mainly
from experience there. Where necessary, they have indicated differences from
other countries. They have not attempted to review all the literature on their
topics but mention only books or articles that the reader may turn to for more
information. The text sometimes cites authors not listed under Further reading
but they can readily be traced in the listed literature.

Certain aspects have been ignored or only touched on: in particular fungal,
bacterial and nematodal diseases, some of which are important for production of
seed potatoes.

Symptoms of viruses are comprehensively surveyed.

In the literature, potato viruses and diseases appear under many synonyms. To
avoid confusion only a few are listed in Chapter 10. An authoritative guide is the
Commonwealth Mycological Institute’s list of Plant Virus Names (Martyn, 1968).
Except for good reason, we have held to names preferred by Martyn. For the
reader’s convenience a list of abbreviations used in this book is given on page 18.
Chapter 10 also includes photographs of some symptoms but cannot begin to
illustrate the great variation in symptom expression.

In other spheres too, terminology has sometimes proved difficult. Where pos-
sible, we have standardized terminology throughout the book but, particularly in
describing resistance, the terminologies of different specialists have proved not
completely reconcilable.

The percentages of yield reduction mentioned in this book are based on results
of trials where yields have been compared of virus-infected plants and healthy
ones. Sometimes the data do not fully agree with observations in practice (Chap.
12).

Diagnostic methods, for instance electron-microscopy (Chap. 6) and serology
(Chap. 7), are explained. As most antisera must be prepared with viruses in a
purified form, various methods are given for purification (Chap. 5). Such methods
are applicable anywhere. Other chapters describe conditions or practices special
to the Netherlands: Chapter 3 describes the relation between aphids and the
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spread of potato viruses in the Netherlands, and the philosophy behind present
Dutch practice. Ways of growing potatoes are given in Chapter 16 and rules of
field inspection and quality grading in Chapter 17.

Our book is no complete manual, but we hope that it may help in the growing
of healthy potatoes elsewhere in the world.

We thank: Agricultural University Fund for a grant;

Pudoc for the attractive presentation of the book, in particular Mr J. C. Rigg
and Mr R. J. P. Aalpol for their valuable help with the English and editing,
respectively;

Mr K. Boekhorst (Department of Virology, Agricultural University) for pre-
paring the drawings;

Mrs S. J. Nijveldt and Mr P. Piron for typing and retyping the manuscript;

Mr C. F. Scheffel, Mr C. A. Koedam (Institute of Phytopathological Research),
Mr G. Eimers (Department of Phytopathology, Agricultural University) and others
(named in figure captions) for the photographs.

The Editors
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1 Introduction to plant virology

J. P. H. van der Want

During the Nineteenth Century more and more diseases of man, animals and
plants were recognized as infectious, and were ascribed to microbes. Many of
these microbes were observed in the infected host by light-microscopy. Some were
cultured on artificial media.

Robert Koch formulated criteria that prove whether an organism causes an
infectious disease. These ‘Koch postulates’ are as follows.
1. The organism must be found in or on the affected tissue.
2. The organism must be isolated in pure culture.
3. The organism must evoke the same symptoms when re-introduced into the host
species from which it was obtained.
4. The organism must be found again in the artificially infected host.

The Koch postulates are still essential in the study of infectious disease. How-
ever another type of infectious agents was discovered and proved difficult to
establish as pathogens according to the Koch postulates.

1.1 The discovery of viruses

In the early days, pathologists called any agent of infectious disease ‘virus’, a
Latin word originally meaning a mucous excretion, pus or venom. Pasteur and
his team showed that bacteria and other microbes could be retained by passing
the liquids through filters of unglazed earthenware. Because of their candle-like
form, such filters were called filter candles. The microbes stuck in the wall of the
filter candles. The filterable agents that caused disease were first called ‘ultra-
virus’ or ‘filterable virus’ as they could pass through the extremely fine pores of
the filter candles, but the name was gradually abbreviated to ‘virus’. Thus ‘virus’
got a more restricted meaning than it originally had.

In 1892 Ivanowski published experiments in which the agent of a tobacco dis-
ease remained in the filtrate. Mayer had earlier called the disease ‘tobacco mosaic’
because of irregular patches of light and dark green tissue in leaves of affected
plants. Mayer had proved the disease to be transmissible by introducing sap from
a diseased plant into healthy ones with fine glass capillaries. Although Mayer did
not detect any microbes in infected tissue or in sap of diseased tobacco plants, he
argued that a bacterium evoked the disease. Ivanowski showed that the agent
passed through filter candles. But he thought, like Mayer, that nondescript bac-
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teria were responsible for the infectivity of the filtrate.

Beijerinck performed the same sort of filter experiments. In 1898 he postulated
that tobacco mosaic was caused by an infectious agent completely different from
pathogenic bacteria and fungi then known. He called the agent ‘contagium vivum
fluidum’, i.e. infectious living fluid dispersed in the sap of diseased tobacco plants.
Beijerinck concluded that the substance was infective because it could be trans-
mitted from plant to plant, living because it could increase when introduced into
the plant, and fluid because it could pass through the pores of the filter candle.
He also showed that the infective substance could be precipitated by ethanol,
retaining its infectivity, but that it was inactiviated by formaldehyde and boiling.
Beijerinck failed to culture it in artificial media.

Likewise for animal diseases, Loeffler & Frosch discovered, also in 1898, that
food-and-mouth disease of cattle could be transmitted by bacteria-free filtrates.
During World War I, Twort and d’Hérelle independently showed that even bac-
teria can be infected by such filtrates.

1.2 Virus diseases of potato in history

Many potato diseases are now known to be due to viruses. Horvath (1967) men-
tions 27 diseases and Martyn (1968) lists 33 types of virus, not counting the many
strains within some types but not all are proven viruses. Some may turn out to
be mycoplasma-like organisms. Many virus diseases of potato are worldwide but
some are local.

There is good evidence that virus diseases started to threaten the potato, soon
after it was introduced into Europe. Salaman (1949) states that in the middle of
the Eighteenth Century degeneration of potatoes occurred in England. This de-
generation was, as we now know, an infectious disease or rather a combination
of diseases. Gradually the incidence of these diseases increased as tubers from a
diseased crop were used as seed for the next. The most striking symptoms of
potato degeneration were curling of the leaves and severe reduction in yield. In
certain parts of England, curl increased so much that farmers feared extinction
of potatoes as a field crop. Clearly virus diseases were already of economic im-
portance in the early days of potato production. Farmers even then recognized
that certain areas were favourable for the production of ‘clean’ seed potatoes,
presumably because of the absence of virus vectors.

Likewise in Germany, France and the Netherlands degeneration of the potato
crop prevailed in the Eighteenth and Nineteenth Centuries. The degeneration was
ascribed either to a fatigue or deterioration of the crop by continuous vegetative
propagation or to unfavourable conditions of climate and soil. However, it was
not before the Twentieth Century that research elucidated the true cause of
degeneration as the effect of diseases provoked by viruses. Borchardt et al. (1964)
have reviewed losses caused by various potato viruses.

1.3 Early research on potato viruses
Because of their economic importance, potato viruses were among the first recog-
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nized. Some are now thoroughly studied and an extensive literature exists.

Appel (1906) first described potato leafroll, and thus distinguished it from the
complex of ‘curl’. Quanjer’s group found that potato leafroll, characterized by
necrosis of the phloem, was infective, being transmitted by grafting. As no fungus,
bacterium or other organism seemed to be responsible for the leafroll, they con-
sidered the disease to be viral. The properties of the virus remained long obscure
until Peters succeeded in revealing its shape and dimensions by electron-micro-
scopy some years ago.

Oortwijn Botjes studied the spread of PLRV in the field. In greenhouse trials,
insects, especially the green peach aphid Myzus persicae Sulz. transmitted the
virus from diseased to healthy plants. He established that M. persicae played a
major role in the spread of PLRV.

Orton distinguished other virus diseases involved in potato degeneration by
their symptoms. He described streak and mosaic diseases.

An interesting and important discovery by James Johnson (1925) was that sap
from apparently healthy potato plants induced virus disease in certain species of
plant. It was later understood that virus was actually present in the ‘healthy’
plants, which tolerated the infection without showing any symptoms. The dis-
covery of such latent virus infections has been of great significance for the pro-
duction of seed potatoes. Latent infection cannot be ignored as a symptomless
variety may be dangerous as a source of infection for a sensitive crop. Latent
virus infections of potatoes may be detectable only in other crops: K. M. Smith
showed that a strain of PVX producing virtually no symptoms in certain potato
varieties is harmful to tomato plants. When infected potato sap was introduced
into tomatoes, it caused a condition called ‘streak’.

1.4 Properties of viruses and their hosts

Infection. Before it can multiply, a virus must enter a living cell of a host. Dif-
ferent types of virus can do this in different ways. Purposeful introduction of
viruses into organisms is called inoculation. Certain viruses can be introduced by
mechanical transmission, e.g. by rubbing virus-containing sap onto the leaf or by
a plant infected with a virus touching a healthy plant. Other viruses require a
carrier organism called a vector, e.g. aphids. Most viruses can be transmitted by
grafting: graft-inoculation.

The term infect itself covers entry and successful multiplication. Infected and
infection refer either to this initial process (successful entry) or the resulting state
(virus-bearing, virus-containing).

A host is a plant where a certain virus can multiply. Such a plant is susceptible.
A plant where the virus cannot multiply is insusceptible or extremely resistant.
Resistance can be qualitatively analysed from inoculation tests, e.g. in the field.
The potato’s behaviour towards viruses illustrates the whole range from complete
resistance (immunity) to extreme susceptibility.

In potato production, primary infection of a plant or tuber denotes that the
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virus entered the plant during the current season. Secondary infection is from a
(primarily or secondarily) infected tuber, i.e. initial infection occurred in the
previous season or earlier.

Disease. This is the usual but not invariable consequence of infection. If no
disease appears, infection is latent and the host is completely tolerant and is a
(symptomless) carrier. A virus disturbs metabolic processes in the host cell and
consequently the course of processes, such as growth, in the plant may be altered.
‘Such changes may eventually lead to the appearance of symptoms. Study of symp-
toms, symptomatology, is an essential preliminary for detection and recognition
of the disease, i.e. diagnosis. General descriptions of symptoms are contained in
Holmes (1964) and Bos (1970). Degree of sensitivity or tolerance of the host can
be assessed according to the symptoms. If the host is highly sensitive, symptoms
are severe. If the host is so sensitive that host cells die and the virus remains
localized, it is hypersensitive. Hypersensitivity gives the plant resistance in the
field (field resistance). If the host is more tolerant or less sensitive, symptoms are
milder. Symptoms depend partly on external conditions and may be masked by,
for instance, drought or lush growth.

A virus causing severe symptoms is virulent and one causing mild symptoms is
mild or attenuated. Diagnosis depends usually on either the collection of symp-
toms at one moment or even on their sequence. The plant may react to the virus
at or near the site of entry; the resulting symptoms are called local symptoms. If
the virus spreads throughout the plant, systemic symptoms appear, especially on
growing parts, which may be far from the site of entry.

Spread. Certain plant viruses need insects, usually leafhoppers or aphids, for
their dispersal in the crop. The biological relationship between vector and virus
proved to be various. Some viruses even multiply in cells of their insect vector;
thus there is no sharp demarcation between viruses of plants and of insects.

Certain viruses can pass in true seed from generation to generation but far less
commonly than by vegetative propagation, e.g. potato tubers. Such discoveries
established principles for epidemiology of plant viruses. There are at least two
groups of vectors involved in the transmission of soilborne viruses: nematodes and
zoospores of chytrid fungi. Often vectors are highly specific to particular plants
and viruses. Much about the biological relationships of these viruses and their
vectors remains to be solved.

Chemistry. Research on the nature of plant viruses was stimulated by Stan-
ley’s publication in 1935 of his work on the purification of TMV. He thought
that this virus, which he obtained in a crystalline form, consisted of protein only
but in 1937 Bawden and Pirie discovered that it contained a small amount of
nucleic acid. The viral nucleic acid proved to be the essential part of the virus
when in 1957 Gierer and Schramm showed that the nucleic acid from TMV
chemically freed from its protein remained infective, though less so than the
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original complete virus. Each virus is characterised by the form of nucleic acid it
possesses, being either ribonucleic acid (RNA) or deoxyribonucleic acid (DNA). It
is now generally accepted that either the RN A or the DNA is the virus’s genome:
it determines the genetic properties of the virus. Genetic properties include shape
and dimensions of the virus particles, serological properties of the protein coats,
infectivity and virulence and probably also vector relationships.

Cellular organisms contain both RNA and DNA. The RNA or DNA of viruses
may each be single-stranded or double-stranded. In viruses of animals and bac-
teria, all four kinds have been discovered. Most plant viruses seem to contain
single-stranded RNA. A few, such as clover wound tumour virus and rice dwarf
virus, possess double-stranded RNA. Recent studies by Shepherd’s group have
presented evidence that cauliflower mosaic virus has double-stranded DNA. Very
recently plant viruses (e.g. potato spindle tuber virus) have been found that
consist only of nucleic acid.

Viruses need the living cell for multiplication. Multiplication requires the ma-
chinery and metabolic functions of the cell. However biochemists have achieved
certain steps of the multiplication process in cell-free media. Most research has
been on bacteriophages but studies on plant viruses like TMV have been reported.

Virus strains. Like organisms, viruses have variants, generally called strains,
which originate by natural changes in the nucleic acid. Strains differ in many
ways, e.g. virulence, host range.

New variants of some plant viruses have been produced artificially in the
laboratory by treating pure virus strains with mutagens, e.g. nitrous acid.

Thung (1931) and Salaman (1933) independently found that tobacco plants
infected with a mild strain of TMV or PVX for as briefly as 5 days were immune
to a virulent strain but not to other viruses. This phenomenon is often called
cross-protection.

Shape and size. Viruses may be identified only partly by chemical properties.
The electron microscope is now indispensable in studying the size and shape of
virus particles. Although so important now as a research tool, it has not been
introduced in routine diagnosis. The first electron micrographs of viruses were
made with purified preparations but more recently methods were developed to
examine virus particles without purifying them. The ‘dip method’, originated by
Brandes, has been used with special success to establish the shape and dimensions
of many viruses quickly. This method leaves the particles in natural state. Im-
proved methods of fixing, embedding and ultrathin sectioning of plant tissues
have allowed virologists to see where virus particles are situated and what struc-
tures there are in the infected cell.

Virus particles differ in shape. They may be isometric (almost spherical)
or elongated: cylindrical with flat ends (rods), with rounded ends (bacilliform) or
with one rounded and one flat end (bullet-shaped). The elongated types may be
either straight or curved. Another type is flexuous and thread-like. In recent years,
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certain types of virus particles have proved to have an enveloping membrane.
Particles differ widely in dimensions between viruses but each type is almost
constant in shape and size between strains. Nowadays virologists agree that shape
and size must be considered in grouping viruses. Noteworthy is that some animal
viruses are very similar in form and dimensions to some plant viruses.

1.5 Virus-like disease agents
For many diseases, there is still only circumstantial evidence that they may be
caused by viruses. The agents may be transmissible to test plants by grafting, sap
or insects. No organisms, such as fungi, bacteria, nematodes or arthropods, have
been implicated. Yet neither has any virus been purified, chemically analysed or
detected by electron-microscopy. Such negative proof is dangerous. In 1967, the
Japanese workers Doi, Teranaka, Yora & Asuyama published electron micro-
graphs of mycoplasma-like organisms in the infected plants. American workers
found similar organisms. Descriptions from various countries now suggest that
mycoplasma-like organisms are associated with certain yellows diseases.
Mycoplasma is a group of minute organisms (100-1 000 nm) known from the
medical field to cause certain diseases in man and animals. Some occur in or-
ganisms without evoking symptoms. Others contaminate cell cultures. Certain
types of mycoplasma isolated from animals can be cultured on artificial cell-free
media. They pass through filter candles. Unlike bacteria and fungi, the cells have
no rigid wall but only a thin membrane. In plant diseases, mycoplasma-like or-
ganisms still have an uncertain role. Their existence has been established only by
electron-microscopy. Diseases evoked by them include aster yellows and clover
phyllody. Diagnosis and vector work suggest that they are associated with others
such as potato purple top wilt in North America, tomato big bud in Australia,
and potato stolbur in Europe.

1.6 Control and cure of virus diseases in potato

The easy spread of virus diseases in certain areas was the first impetus to produce
potatoes separately for seed and for food. The growing of potatoes for seed has
now become a highly perfected industry in some countries. Stock for seed must
be carefully maintained. As aphids spread PLRYV, Oortwijn Botjes suggested
potato tubers be harvested early to avoid infection when the aphid population
built up during the summer. The storage problems arising from this drastic change
in seed-potato production were soluble. Schemes for hygiene, for inspection of
crops and harvested tubers and for certification were developed in order to reduce
the number of infection sources in the crop.

For inspection and certification, rapid tests for potato viruses were essential,
especially for latent infections, in which the infected plant escapes attention when
inspected only visually. Van Slogteren introduced a routine serological test for
viruses to improve the quality of planting stock. Difficulties in the preparation
of antiserum against PVA caused de Bruyn Ouboter to discover PVS. Various
serological tests are now used in testing potato plants for some viruses.
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Virtually all efforts to keep potato crops as free as possible from viruses are
based on indirect control, i.e. methods which decrease the infection rate.

But can we cure old valuable cultivars that have become virus-infected? There
are indeed a few that have been cured of virus. Kassanis found that tubers from
plants with leafroll may be cured by storing them for several weeks at about
37.5°C. Another more general means of freeing potatoes from viruses is meristem
cuiture. Limasset’s team found that the virus concentration of tobacco stems in-
fected wich TMV decreased towards the apical meristem, which was free from
virus. This seems true also of other plant species (e.g. potato) infected with other
viruses. Apical meristems excised aseptically from infected sprouts and cultured
on artificial media may yield complete virus-free plantlets, which are later trans-
ferred to soil. In potato, a few small virus-free tubers may be produced, which
should be propagated virus-free and vector-free.
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2 Graft and mechanical transmission

J. A. de Bokx

Virus diseases are transmitted in various ways. The route of transmission governs
the natural spread. Only when it is known can a disease be produced experimen-
tally in order to trace the spread and to develop control methods.

In nature, viruses spread by contact or transfer in sap, known as mechanical
transmission (Section 2.3), by seed or pollen, by vectors such as aphids (Chap. 3),
thrips, leafhoppers, fungi (Section 4.2), nematodes (Section 4.3) and dodder
(Cuscuta). Vectors, especially aphids, are very important for potato viruses. For
experimental work, mechanical transmission is most important, but for viruses
that cannot be transmitted mechanically, grafting (Section 2.2) is commonly used.
First, however, a warning about hygiene is essential.

2.1 Hygiene

Contamination with viruses occurs in experimental greenhouses and in the open.
Even in greenhouses checked regularly by experts, stray infections break out from
time to time, perhaps by unintentional introduction of virus vectors (mostly
aphids) into the greenhouses or by inadequate hygiene if viruses that are sap-
transmissible are propagated in the greenhouse.

To avoid contamination in greenhouses, there are some general rules.

The greenhouse should be insect-free. Check plants regularly for insects
(aphids). If any plants are infested, they can be dipped in a 0.2% nicotine solu-
tion. As preventive, spray plants with systemic insecticide or fumigate them
regularly. Since aphid populations may become resistant to organophosphorus
compounds (i.e. systemic insecticides), avoid excessive spraying.

Although spraying with systemic insecticides takes less time, a nicotine solution
may be advisible, if the plants are to be used as virus sources in research on
insect transmission.

In the open, vectors cannot easily be prevented from spreading virus, except by
harvesting before they infect the plants (Chap. 14).

Viruses to be multiplied in greenhouses should be isolated. Some viruses, like
PVX and to some extent PVS, are so contagious, that hands or tools merely
touching diseased and healthy plants alternately may transmit the virus. Since
those viruses are stable in vitro, viruses attached to tools and agricultural ma-
chinery may remain long infective.
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Wash hands with soap and water if infected plants must be touched. Wash
tools and implements used for virus extraction (pestle, mortar, machine-crushers)
thoroughly with trisodium phosphate and soap. Dipping implements for 30 sec
in saturated aqueous calcium hydroxide or a 3% trisodium phosphate solution,
a mixture of 5% trisodium phosphate and 2.5% soap, 4% trisodium phosphate
and 16% soap, or a suspension of bentonite clay prevents them transmitting PVX.
Slightly less effective is mercuric chloride (1 : 1 000) or saturated sodium car-
bonate. Calcium hydroxide is slightly better than trisodium phosphate as a dis-
infectant for tools contaminated with PVX.

Dipping in 70% or absolute ethanol, flaming and then washing in rapidly
flowing water is also effective. Handle plants with clean virus-free hands and
tools. Prohibit smoking in greenhouses, since TMV may be transmitted from
smoking tobacco to tobacco plants.

Avoid contact between plants by spacing them adequately or by separating
them with screens of plastic foil or, even better, screens of wire gauze (Fig. 1).
Neither must hands nor equipment, like water hoses, touch the plants.

Fig. 1. Screens of wire gauze
used to prevent mechanical
transmission in greenhouses.
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Steam soil and pots. If the soil is used more than once or even if it is fresh,
it may contain infected material, like small potato tubers or virus vectors. Fresh
soil may contain soilborne viruses and their vectors. Earthen pots should be
steamed, plastic pots must be washed with water and soap or a mixture of triso-
dium phosphate and soap, and rinsed with water.

Use seed potatoes of suitable size because machinery cannot be disinfected if
many tubers have to be cut before planting (Chap. 16). To avoid spread of sap-
transmissible viruses, the safest way to grow seed potatoes in the open is to start
from healthy tubers. As long as there is no source of virus, adjoining plants
cannot infect one another.

2.2 Grafting

Grafting is the attachment of plant parts, usually stems or buds, called the
scion, to another plant, called the stock or rootstock, in such a way that tissues
fuse and continue to grow. Success depends on intimate contact between the
cambia of the stock and scion.

Market-gardeners use grafting, especially of woody plants, to combine the
properties of a stock and scion, which may be of different varieties, species or
genera, and sometimes even of different families. Tobacco, tomato and potato
can be grafted onto one another.

For artificial transmission, grafting was used long before mechanical means and
even before viruses were known. Some viruses, such as PLRV, and agents like
that of tomato stolbur, cannot be transmitted by sap and therefore grafting is
essential for research and in some countries for routine detection. Grafting is
useful also for studies on the sensitivity of varieties to different strains of viruses,
including sap-transmissible viruses.

Virologists can use grafting at any season. Successful transmission depends on
the properties of the virus and on the graft union. A virus like PLRV that is
probably restricted to the vascular system can be transmitted only when the vas-
cular tissues have united, whereas a virus present in parenchyma is easier to
transmit, depending only on union of cortex or medulla, and highly contagious
viruses, like PVX and TMV, need only the mechanical contact between scion and
stock. To detect PLRYV, the stock is a very sensitive variety like ‘Claudia’ and the
scion is from the plant to be tested. Equally viruses can be transmitted from stock
to scion.

Transmission by grafting is reliable only if the virus is systemic. If the virus is
irregularly distributed, as is TRV in potato stems and tubers, it often fails.

2.2.1 Methods and materials

Methods of grafting used in horticulture are reviewed by Garner (1967). For
transmission between potatoes and other hosts, virologists commonly use crown
or side-cleft (or wedge) grafting of stems onto a rootstock and core (or plug)
grafting of tubers. Transmission by stem grafting seems more successful than by
tuber grafting.
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Fig. 2. Side-cleft grafting (A) and crown-cleft grafting (B) of potato onto Nicotiana
glutinosa.

Crown-cleft grafting. Select a scion of the same diameter as the stock or less.
With a disinfected sharp knife or razor blade, cut the scion’s base into a wedge
(Fig. 2B). For herbaceous plants, the blade must be thin to avoid bruising of
delicate tissues; normal razors are usually much too thick to cut well. Lop off the
apex of the stock and split the top. Insert the scion in the split so that the cambia
are in contact on at least one side. Speed for each operation and disinfection of
instruments before and after are essential. Tie the graft with waxed cloth, adhesive
tape, raffia, rubber bands or self-sealing crepe rubber. Raffia is widely used,
since it is cheap, strong and pliable when wet. Rubber bands, which we use in
our laboratory, deteriorate in sunlight and should be covered with tin foil.

If the graft needs support and the stems are hollow, insert a rod of wood into
the union. Otherwise insert the graft in a tube. Any tying must be gentle to avoid
constriction of succulent tissues. Unlike woody stems, the graft does not usually
need sealing with wax or paraffin.

Cut back leaves of the scion and keep the graft in a humid propagating chamber
or even in a closed plastic bag to prevent wilting.

Side-cleft grafting. 1If the top of the stock must be retained intact, side-cleft
grafting can be used. The technique differs from crown grafting in the following
details. Cut the base of the scion so that one face of the wedge is longer than the
other (Fig. 2A). Cut a notch of the same angle, about 20°, in the side of the stock
so that a large area of stock and scion are in contact. After the graft has taken,
the top of the stock may be lopped off.
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Fig. 3. Core grafting of potato tubers. Virus source (A), plug of virus source (B) to be
inserted into healthy tuber (C) and plug with an eye of a healthy tuber, to be planted
as a control (D).

Fig. 5. Equipment for keep-
ing melted paraffin at constant
temperature.
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Core grafting. Infected tuber tissue is implanted in another tuber (Fig. 3).
With a sharp disinfected cork borer (Fig. 4), remove a core containing an eye
from a healthy tuber. Replace it with a core without an eye from a diseased tuber
taken with a slightly bigger borer (e.g. 13 mm diameter against 11 mm). The
larger diameter means that some pressure is needed to insert it but ensures close
contact. Cover the graft by dipping it in a mixture of paraffin wax of low melting
point (42°C) and bees’ wax kept at 85°C (Fig. 5). Plant all three objects: grafted
tuber, diseased tuber and the healthy core. The healthy core acts as a control for
the absence of viruses.

2.2.2  Testing varieties for field resistance to PVA, PVX and PVY
Potatoes are sometimes hypersensitive and therefore field-resistant to some viruses
transmissible by sap or aphids, especially PVA, PVX and PVY (Section 10.2.2
Strains). Hypersensitivity (field resistance) to PVA is confined to certain varie-
ties. Reaction to PVX differs also between strains, so that one variety can be
hypersensitive (field-resistant) to one strain but sensitive (susceptible) to another.
Varieties can be tested for hypersensitivity by graft-inoculation. If they are
hypersensitive, PVA or certain strains of PVX evoke top necrosis (Fig. 6). Sap
inoculation hardly ever evokes top necrosis.
Response of sprouts to PVA seldom kills the plant. If symptoms in the tops are
not clear, those in tubers may be decisive. Parallel to severity in the tops (necrosis),
they range from a few small internal spots, through widespread necrosis and mal-

Fig. 6. Top necrosis in ‘Ambassadeur’ after grafting a core infected with PVX into the
tuber.

31



formation, to death of some eyes.

PVX evokes more rapid and widespread necrosis in tops, usually destroying
them. Yield of tubers is sometimes very low and necrosis may spread during
storage to Kkill all eyes.

2.2.3 Advantages of inoculation by tuber grafting

1. Tuber grafting is an easy routine.

2. Tubers can be inoculated when field work is impossible in winter and early
spring.

3. As long as the plug contains virus, the tuber is almost always infected.

4. Grafted tubers do not require special culture. They can be planted in the open
in normal conditions.

5. Symptoms in plants from grafted tubers are usually typical of secondary infec-
tion. If the virus is slow to reach foliage, symptoms of primary infection appear
first. Sap inoculation (Section 2.3.1) does not always evoke clear symptoms in the
season of infection.

6. A hypersensitivity reaction to PVA, PVX and PVY can easily be tested.

2.3 Mechanical transmission
Many viruses are stable in vitro. Expressed plant juices remain infective, so that
viruses pass from plant to plant by touch or are transferred on tools, machinery,
clothing or animals. Presumably they enter healthy plants through wounds caused
during tending of plants. Such viruses are called sap-transmissible. PVX is par-
ticularly contagious; PVY less so. Some epidemiological data are available on
PSTV, PVS and PVX. Data are lacking on PVA and PVM. PLRV and myco-
plasma-like agents (e.g. tomato stolbur) are not sap-transmissible. To produce
healthy clones of seed potatoes (Chap. 17) sources of contagion must be removed
by regular inspection and laboratory tests (Chap. 7, 8 and 9). Machinery used on
ware potatoes should never be used on seed potatoes.

In research and testing, potatoes can be mechanically inoculated with sap-
transmissible viruses by rubbing them with virus-containing sap and an abrasive.

2.3.1 Inoculation with sap
Donor plant. For diagnosis, take inoculum from the suspect potatoes or plants.
In research on host range or in virus purification, select a herbaceous donor that
produces much virus quickly and that can be grown from seed. Systemically in-
fected plants are better than locally infected ones. ‘White Burley’ tobacco is a
good donor for PVA, PVX, PVY, TNV and TRV; Nicotiana glutinosa for
PAMYV; tomato for PVM. For PVS, only potato has so far proved suitable and
must be first checked for stray virus. Capsicum annuum for PVY and Cheno-
podium spp. for PVS have proved less suitable, perhaps because of inhibitors.
Extraction of inoculum. ILeaves usually contain more virus than other parts.
Tobacco infected with TRV by nematodes contains virus only in roots for a long
time, so that roots should be used rather than leaves.
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If only a little inoculum is needed, express sap from leaves with pestle and
mortar. For larger amounts, use a mincer and squeeze the macerated tissue
through cheesecloth. For routine testing of many samples, use a power-driven
crusher (Section 8.2, Fig. 29). Disinfect all equipment before and after use.

Storage of inoculum. For diagnosis or research on host range, use fresh
inoculum. Otherwise dry the leaves in a desiccator at 4°C and store at 4°C.
Samples with PVX or PVY remain infective for at least 15 years (McKinney
et al., 1965); PVM and PVS for at least 12 months. PVA rapidly loses its in-
fectivity.

Sap-transmissible stable viruses are safer maintained in sap stored at —20°C
or in dry material than in living hosts.

Application of inoculum. To allow entry of virus, make small wounds by
rubbing leaves with an abrasive, nowadays usually carborundum (silicon carbide)
of 300-500 mesh, either alone or mixed with inoculum. Apply inoculum with
forefinger, a brush, plastic sponge, pad of cotton wool or glass spatula. Instead
of sap, crushed infective leaves may be applied directly.

For routine work, pressure spraying has also been used.

2.3.2 Spread by contact or transfer

In epidemiology of contagious viruses, mechanical transmission is significant in
spread by contact between plants or by carriage on hands, clothing, implements
or animals.

Transmission between potato tubers or sprouts. In a heap of healthy and
virus-diseased tubers, virus can be transmitted from diseased to healthy ones,
particularly if the tubers are sprouting. Damage to the sprouts or skin of the
tubers creates a means of entry for virus. PVX does not seem to be transmitted
by handling of tubers.

If tubers are cut before planting, as customary, for instance, in Egypt, Iran,
Canada and the United States, the knife or cutting machine may be an excellent
means of transmission. PSTV and PVX are transmitted readily by pricking or
cutting diseased and healthy tubers or sprouts alternately. The highest percentage
transmission is by pricking or cutting from sprout to sprout. Under commercial
conditions, bruising on the grader allows transmission of PVX but not of PVYXN.
Transmission of PVS has not been tested in this way. In the greenhouse, PVX
and PVYN can be transmitted from tuber to tuber and from sprout to sprout.
However the tubers are inoculated under optimum conditions, with a surplus of
inoculum and an abrasive.

Transmission between leaves or roots. In greenhouses, PVX is readily trans-
ferred, especially when plants carrying PVX are grown close to healthy plants.
Routine care, such as watering, stringing and cutting leaves, favours transmission
by hands, clothing or equipment touching diseased and healthy plants alternately.
A crop can be completely infected in a growing season.
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In certain trials, wind was simulated by a ventilator which worked continuously
for 2 weeks. Even when the haulms of potato carrying PVX or PVYN just
touched healthy ones, all plants became infected in the greenhouse. In similar
trials, 16% of heaithy tobacco plants were contamined with PVYN when they
were briefly in contact with infected ones.

Potato plants grown in the open can be infected by virus carried on man,
implements, animals or plant material. By walking twice through fields with
PVX-bearing plants, 26% of plants may be infected against 3% in untrodden
fields. Incidence obviously depends on how often the field is walked on. Walking
was more harmful in wet than in dry weather.

PVX adheres to the clothing or boots of men who walk in the field, such as
the grower, roguer or inspector. Since PVX remains infective, man can spread
it a considerable distance. The rate of transmission of PVX from diseased to
healthy plants by contact is not exactly known, since infection in a field might
be caused by contact between plants but also by transfer to plants by animals.
In Scottish experiments the spread of PVX was observed over a period of 4 years
in several crops of ‘Majestic’, containing about 1% of infected plants. In crops
isolated from external sources of infection, the number of infected plants roughly
doubled from year to year. Similar results were obtained in Germany. In ‘Flava’
and ‘Ackersegen’ crops, the proportion of PVX-infected plants increased from
3.5 and 5% to 8.5 and 13.9%, respectively, in a year.

In French trials, PVS hardly spread in ‘Bintje’. PVS-infected plants increased
from 3.4% to only 3.9% in a growing season. But according to other reports,
PVS may increase from 5% to 20% in a season. The figures are only illustrative
and would depend on susceptibility of the variety, virulence of the strain, nutrient
status of the crop, spacing between rows and distance between plants.

In Dutch trials, PVYX was hardly transmitted in the open by contact.

Apparently transmission by contact is more frequent in greenhouses than in
the open. Plants in greenhouses are juicy and brittle and probably contain more
virus than those outdoors.

In the United States, ridging ploughs and tractor wheels have been shown to
transmit PSTV and PVX. The equipment was first driven through some rows of
‘Saco’ or ‘Katahdin’ that were all infected with PSTV and PVX, respectively.
The contaminated machinery was used in plots with healthy potato plants. In-
dexing showed that 31% of ‘Katahdin’ and 65% of ‘Green Mountain’ was in-
fected with PSTV. PVX was even more effectively transmitted. Virus transmission
was positively related to severity of haulm damage. If crops were tilled and ridged
before haulms were large, plants were hardly damaged and very little of either
virus was transmitted.

Transmission of PVX by root contact has been reported from Germany. A few
healthy potato plants were infected by root contact with adjoining diseased plants.
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3 Aphids: their life cycles and their role as virus vectors

-

D. Hille Ris Lambers

Aphids transmit virus by inserting the hair-like stylets of their mouthparts into a
virus-diseased plant and later into another plant.

In general an aphid cannot or can hardly identify its host at a distance. It has
to insert its stylets into the plant. For this probing only the epidermis need be
penetrated. If the outcome of probing is satisfactory, the aphid may try to feed
and then the particular aphid species must drill to the phloem. Whereas probing
takes seconds, reaching the phloem takes half an hour or more. Even on satis-
factory hosts, feeding need not ensue from probing and the aphid may move to
another piant and probe again.

Viruses differ in their relationship to aphids. Some, like PLRV seem to be
picked up only by feeding aphids. An aphid, once infected, remains viruliferous
and the virus is called ‘persistent’. The virus seems to pass from the intestine to
the haemolymph or blood, and thence to the salivary glands, so that the term
‘circulative’ virus is also used. After ingestion of the virus, many hours elapse
before the aphid can infect other plants; this lag is the retention or circulation
period. There is evidence that some persistent viruses multiply in their vector.

Non-persistent viruses, like PVY and PVA are acquired by probing, i.e. in
seconds. The aphid can immediately infect another plant by probing, but soon
loses its infectiviness either by probing healthy plants or in the course of time,
usually about an hour. The part of the aphid whence virus is transmitted seems
to be at or near the tip of the stylets. Hence the other name stylet-borne viruses.
During moulting, the stylets, and therefore the transmissible virus, are lost with
the skin. For obscure reasons, deeper probing seems to diminish the chance that
an aphid becomes infective.

Clearly a persistent virus can only be transmitted by species of aphid that
accept the virus’s host as food. For PLRYV this limits potential species of vector
to nine or ten species, of which only two, Myzus persicae Sulzer (in several
German papers incorrectly called Myzodes persicae), the green peach aphid, and
Myzus ascalonicus Doncaster, the shallot aphid, seem to be significant vectors.

Because aphids sooner or later try to probe anything, all species of aphid should
be suspected of transmitting non-persistent viruses, whether or not they can live
on the virus host. So for non-persistent onion yellow dwarf virus, 59 out of 63
aphids listed proved to be vectors, but only one or two of these species could
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live on onion. There is every reason to assume that a similar situation exists for
non-persistent potato viruses. Negative results in the laboratory need not mean
that the aphid cannot transmit such a virus in the field: it is well-nigh impossible
to make an aphid probe twice within a given time a plant it does not like. But
in experiments imitating field conditions I have shown that such an aphid as
Rhopalosiphum padi L., which feeds only on a few Prunus spp. and many
Gramineae, is an efficient vector of PVY. In practice all aphids can be assumed
to be vectors of non-persistent potato viruses because most specimens of aphid
caught in suction traps or in Moericke traps are of species like Myzus persicae,
Aphis fabae Scop., Aphis nasturtii Kltb., and Rhopalosiphum padi, which are all
proved vectors of these viruses.

Laboratory experiments have shown that in almost all aphid vector species, all
larvae or nymphs and wingless (apterous) and winged (alate) viviparous females
can transmit the virus. Yet many observations in potato fields showed that there
was rarely a correlation between numbers of wingless aphids in fields, and spread
of virus in those fields. There was, however, a correlation between trapped flying
aphids above a field and the amount of virus spread in a field. Thus the wingless
larval and adult aphids played a minor role in virus spread. I found in 1937-8
that very frequent eradication of the aphid population with nicotine sprays did
not reduce spread of PVY and PLRYV in the plots, almost certainly because the
probing of passing winged aphids was uninfluenced (Chap. 14). PostWar experi-
ments with PVY and systemic insecticides showed that intensive sprays preventing
aphid development did not materially reduce virus spread. The insecticides did not
interfere with probing by migrating winged aphids. Therefore in the field, it is
the winged aphids that usually transmit virus. But if plants are roughly handled
during, for instance, roguing and weeding, virus may be spread considerably by
wingless aphids falling off the plants. The difference between wingless aphids and
winged aphids in virus spread may be merely a difference in their movement
between plants.

For a general review on the subject I refer to the excellent article by Swenson
(1968) which lists nearly all the relevant literature. The paper of Leclant (1968)
covers about the same field and provides other references.

3.1 Life histories of some relevant aphid species

3.1.1 Myzus persicae

How virus is spread in the field depends on aphid biology. Out of doors in the
Netherlands, M. persicae, the green peach aphid, overwinters almost exclusively
as eggs. Satisfactory primary hosts, i.e. host plants on which the aphids success-
fully overwinter as eggs, are Prunus persica, peach and nectarine, P. serotina,
American bird cherry and P. tenella, dwarf almond. Eggs are laid on many other
Prunus spp., but the emerging larvae do not survive. On adequate hosts the eggs
hatch between mid March and early May and the larvae develop into wingless,

37



mostly pink, females, the fundatrices, with short legs and antennae. These cause
a leaf-curl in which the midrib is curved into a spiral, and in these curled leaves
the fundatrices produce larvae which again become females, reproducing in the
same way. If the population density in these curled leaves is low, all larvae of the
2nd generation develop into wingless females. But often winged females appear
by the second generation, i.e. in the first weeks of May in the south of the Nether-
lands. The third generation matures from the second half of May, and it is usually
almost completely winged, as a result of the dense population. By thinning the
population, the production of winged specimens can be postponed until at least
the 9th generation.

The winged females fly away; remaining wingless females are usually exter-
minated by predators. Peach aphids are sensitive to colour or rather to light of
certain wavelenghts. A newly moulted alate aphid is not repulsed by blue or
ultraviolet light and tries to fly straight upwards. After flying or moving by other
means for some time, blue or ultraviolet light becomes repulsive. As yellow or
green are attractive, the aphids then land and probe. Because flight is slow, of the
order of 1 m/sec, wind will usually carry aphids far from their starting point.
They are known to have survived flights of nearly 1500 km, and have been
caught over 3 000 m above ground. To take off, they must have a certain environ-
mental temperature as well as light. Take-off has been observed at 15.5°C air
temperature but 17°C is more likely to induce flight. Rain and strong wind may
prevent or, at moderate wind speeds, postpone take-off. Once in flight, wind speed
has no influence.

The first, long, flight is rarely the last, even when the right host is found. Under
favourable conditions, such as frequent variation in light intensity from passing
clouds, and warmth, alates may take off whenever the sun comes out and land
when it clouds over, up to ten times per hour. This restlessness is also reflected
in the small groups of larvae on several acceptable host plants each derived from
one spring migrant of the peach aphid, rather than the full complement of
progeny on one plant. A few days after the initial flight, the flight muscles are
resorbed and flight becomes impossible.

Winged M. persicae born on a primary host can successfully colonize many
kinds of plants, sometimes even vigorously growing shoots of other Prunus spp.,
though this is rare. The normal summer, or secondary, hosts are herbaceous, and
potato is one of them. After probing, the migrants may deposit young larvae,
which develop into wingless females. When the population has multiplied enough,
larvae begin to develop into winged rather than wingless females. So from mid
June or later, with rising aphid density, a higher and higher proportion of winged
females is produced on potato and other secondary hosts, and they behave like
the first migrants from the winter hosts. They colonize other plants of the same
or other summer hosts and produce larvae that grow into wingless aphids.

In the autumn the pattern changes. With short days or rather long nights,
cold and a sufficiently high density, winged females are produced which do not
colonize summer hosts but only a primary host. On its leaves the females deposit
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pale-greenish larvae that after a moult turn reddish, and develop into brick-red
wingless females with thick calves on their hind legs. They are called oviparae
and lay eggs that must be fertilized. The winged males develop on the summer
hosts and, if they land on primary hosts, they copulate with oviparae, which then
lay eggs, initially pale-greenish, on branches, often near buds or on rough parts
of the bark. The fertilized eggs soon turn black and overwinter. The return flight
to primary hosts begins about mid September and may go on till the end of
November, as long as conditions are suitable for flight. Not all aphids leave the
secondary hosts. If a suitable food supply remains, wingless females continue to
be produced slowly and can survive mild frosts. In exceptionally mild winters, the
live aphids can survive in the open. I have observed such colonies a few times on
turnips until the beginning of March but they died out. All the evidence suggests
that this manner of overwintering of peach aphids in the open is in the Nether-
lands insignificant. But live aphids commonly overwinter in shelter, in green-
houses, on ornamentals in houses, on stored flower bulbs, and sometimes on
stored potatoes or mangolds and produce winged females long before migrants
fly from the three Prunus spp.

Strains of M. persicae occur that have lost the capacity to produce oviparous
females. They are common in greenhouses in winter, but can colonize potato in
spring and summer. Some of these strains are highly resistant to organophos-
phorous insecticides.

In summary M. persicae has three main periods of long flight during the year.
1. In spring from primary host to secondary host.

2. During dispersal from secondary host to secondary host.

3. In autumn from secondary to primary host.

Certainly in spring flight and dispersal and maybe also in autumn flight, winged
aphids after one long flight may take off several times and fly short distances.

3.1.2  Other aphid species
Some other known, and often very numerous, vectors of potato viruses have a
similar life cycle but do not overwinter in the Netherlands as live aphids. Aphis
fabae, black bean aphid, overwinters as eggs on Euonymus spp. and has many
different secondary hosts, though it does not do well on potato. Its summer flight
almost coincides with that of peach aphid. A phis nasturtii, buckthorn potato aphid,
formerly known as Aphis rhamni, overwinters as eggs on Rhamnus cathartica
and less successfully on Frangula alnus from which it migrates to many secondary
hosts including potato, where it can proliferate. In summer only a few migrants
are produced, even at high density. Rhopalosiphum padi, bird cherry aphid, over-
winters as eggs on Prunus padus, and on the ornamentals P. virginiana and P. te-
nella. It passes the summer on Gramineae, is a well known vector of barley
yellow dwarf virus, and transmits PVY. But it cannot live on potato.

Myzus ascalonicus, the shallot aphid, has a very simple life cycle. It cannot
produce oviparae and males, and overwinters only as viviparae, killed by severe
frost unless sheltered. Though its principal hosts in nature are Caryophyllaceae,
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