Chapter 2
Management of Virus and Viroid Diseases
of Crops in the Tropics

2.1 Introduction

Management of plant virus and viroid diseases is a matter of vital importance and
concern to the farmer, horticulturist, forester and gardener. It is well established that
the virus and viroid diseases in different crops cause enormous losses in terms of
quantity and quality of products (see Chapter-3 of Volume-I) (Sastry 2013b).
Because of the serious losses they cause to agriculture and horticulture, virus/viroid
diseases have acquired great importance in the realm of plant pathology and call for
effective management measures against them. These diseases are not amenable to
control by direct methods. Unlike fungicides and bactericides, no commercial viri-
cides have yet been developed. However a number of indirect control measures for
different crop plant-virus/viroid pathosystems suitable to varied agro ecosystems
have been developed with an aim to avoid the pathogen or to minimize their impact
on crop yields (Thresh 2003, 2006). As these diseases routinely cause systemic
infections and have very effective methods of transmission, preventing their spread
has become a complicated problem. Some diseases like Tobacco mosaic virus
(TMYV), Potato virus X (PVX), Cucumber green mottle virus (CGMMYV), Citrus
exocortis viroid (CEVd) and Potato spindle tuber viroid (PSTVd) are highly con-
tagious and affect large number of hosts belonging to several families.

2.2 Need for Diagnosis of Plant Virus and Viroid Diseases

An effective and applicable virus management strategy requires an accurate
diagnosis and understanding the life and disease cycle of etiological agents. Recent
developments in molecular techniques have revolutionized the field of diagnostics
in agriculture (see Chapter-5 of Volume-I) (Sastry 2013b). High detectability,
specificity, sensitivity and accuracy supported with simplicity, amenable to auto-
mation and low cost are the main characteristics of an ideal diagnostic strategy.
However, the virus disease diagnostic methods started with serodiagnosis which
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includes precipitin tests in liquid mode, gel diffusion tests, immuno electropho-
resis, agglutination tests, and radio immunology (Van Regenmortel 1982), which
were used as early as 1960s before the advent of nucleic acid-based tests, which in
recent years have become absolute and hence no advanced laboratory is following
them. However, if the reader is interested to have more information on the earlier
used techniques, one can go through the review articles and text books covering
the basic principles and protocols of different techniques (Van Regenmortel 1982;
Ahlawat 2010; Albrechtsen 2006; Sastry 2013b). The other techniques like bio-
logical, technological and economical perspectives of various techniques have
been reviewed in many publications (Schaad 1979; Clark 1981; Hawkes et al.
1982; Miller and Martin 1988; Singh and Sharma 1989; Chu et al. 1989; Hampton
et al. 1990; Duncan and Torrance 1992; Henson and French 1993; Khurana and
Garg 1993; Torrance 1995; Banttari and Khurana 1998; Louws et al. 1999; Schaad
et al. 2003; Craig et al. 2004; Khurana 2004; Akram et al. 2004; Jain et al. 2004a,
b; Rao and Maneesha Singh 2008). The objective of the present chapter is not to
cover all the details but to highlight the current status of various diagnostic
techniques and their applications in plant virology.

In Chapter-3 of Volume-I, the information presented indicates that enormous
yield losses both in quality and quantity of the produce varies depending on the
stage of infection, virus strain and host plant cultivar involved besides overarching
environmental factors. Almost all crop plants are raised for agricultural purposes
or for research through sowing the true seed or vegetative propagule. It is the
responsibility of the governmental agencies or seed companies or the farming
community to use the pathogen-free seed for sowing purposes since large numbers
of virus and virus-like diseases are transmitted through true seed/vegetative
propagules which serve as the primary source of infection to cause epidemics in
favorable agro-ecosystems.

2.3 Approaches for Virus and Viroid Diseases
Management

The term pandemic can be used to label epidemics that occur over large areas with
high levels of disease. The intensity of the virus and viroid diseases vary with the
virus/viroid strain involved, their mode of transmission, host variety involved and
environmental factors. Plant diseases usually matter when many plants or plant
parts (such as flowers, fruits or leaves) in a field, forest or region are infected.
“Intensity” is a general term that characterizes the magnitude of the disease or the
infection. The disease intensity varies from time to time and from location to
location during epidemics. An epidemics is the progress of disease in time and
space. Therefore, the typical goal of the virus/viroid disease management is to
maintain the intensity of the disease to a low level, but not necessarily zero.
There are essentially two approaches to manage virus and viroid diseases,
similar to other plant diseases. The first approach is to decrease the sources of
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infection (reservoirs) and secondly to minimize the rate of spread by following
some of the ways and means discussed in this chapter.

The particular choice of management strategies to follow depends on the nature
of the particular virus and viroid, but the decision to use the control measures
depends on the assessment of the economic risks involved in taking no action. This
decision is often a difficult one to make and is particularly so, where the nature and
magnitude of disease problems vary from season to season and where routine use
of expensive control measures are uneconomical. In these circumstances one needs
to develop methods which can be implemented on such occasions when monetary
benefits are likely to be achieved. Alternatively, new control measures may be
devised with low costs, so that their routine use can be justified in economic terms,
where by the value of the crop saved should exceed the cost of control measure
used. The recommended control measure should be sufficiently effective to reduce
the disease to an acceptable level and should be simple, environmentally safe, and
inexpensive to apply.

Many ingenious methods have been tried to manage virus/viroid diseases by
breaking the disease cycle at inoculum source, and interfering with transmission or
infection. The entire range of methods aimed at the control of plant virus and
viroid diseases is generally divisible into the following distinct categories
according to their nature and the subject is discussed in detail in order to under-
stand the various management measures:

Use of virus- or viroid-free propagules of crop plants
Phytosanitation in managing the virus and viroid diseases

Variation of the crop cultural practices

Cross protection

Control of vectors

Interfering with vector transmission

Breeding for disease resistance and development of transgenic plants
Quarantines

Integrated approaches

2.4 Use of Virus/Viroid-Free Vegetative Propagules
and True Seed

When the annual (vegetable, oil seeds, cereals, pulses etc.,) or perennial (fruit) crops
are established by using disease-free planting material with good genetic back-
ground, then the agriculturist can expect to achieve good yields from the crops. Even
after planting the disease-free material, if one does not follow the observations on
disease spread and subsequence precautionary measures, then also the expected
yield will not be achieved. Hence one has to take continuous steps for restricting the
spread of virus and virus-like diseases by cultural, chemical or biological means
which will help in reducing the vector populations, which are often responsible for
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spread of the virus diseases. Hence virus-free seed and subsequent vector man-
agement are the most effective input in achieving higher yields.

The improvement of seed has been a key component of increasing agricultural
productivity. Seed quality for production has several components: (1) physiolog-
ical-germination rate and initial vigor; (2) genetic-heritable traits and purity; and
(3) sanitary-presence of pests and diseases (Almekinders and Louwaars 1999).
Improved yields can come from more uniform and vigorous crop stands, clean
planting material free of pests and diseases and cultivars with greater regional
yield potential or resistance to key pests and diseases.

Approximately 90 % of all food crops in the world are propagated through
seeds (Schwinn 1994). The major concern of farmers since crop cultivation began
has been the procurement of good quality seed for planting and it is a basic input
requirement for increasing crop yields. There are many successful examples of
increasing productivity through improving the quality of the seeds by conventional
breeding to molecular breeding programmes (genetic engineering). Plant genetic
engineering has played a major role in increasing agricultural production.

Plant pathogens like fungi, bacteria, virus, and viroids are carried “in”, “on” or
“within” the seeds and as a result, these pathogens are responsible for causing
heavy crop losses. Nearly 231 virus and viroid diseases are seed-borne in different
plants (Sastry 2013a).

Seed health testing is an essential management tool for the management of
seed-borne and seed-transmitted pathogens and production of healthy seed con-
tinues to be an important activity through phytosanitary certification and quaran-
tine programmes in domestic and international seed trade. Hence the role of seed
testing in determining the seed quality was first initiated in Germany as early as
1869. Since then researchers were carried out in seed pathology and now there is
greater international co-operation in seed testing and certification activities.

Virus transmission through vegetative plant material and true seed provides an
ideal starting point for the establishment of a disease in field crops. Firstly, it
enables infection to occur at the earliest possible time in the development of the
young seedling, a factor that frequently governs the severity of virus infection in
an individual plant. Secondly, vegetative planting material infection results in
individual infected seedlings being scattered widely throughout a crop field, with
each infected seedling providing a virus reservoir for subsequent secondary spread
by vectors or contact.

The seed industry has a twofold responsibility in the area of seed health: To
deliver healthy seed to farmers and seed producers to respect Intellectual Property
Rights (IPR). Seed health issues are increasingly important in International Seed
Trade (IST). The economic significance of seed-borne pests and diseases including
virus diseases with the changing global scenario in the light of the General
Agreement on Trade and Traffic (GATT) is being worked out to the maximum.
Sanitary and Phyto Sanitary (SPS) issues in WTO are pressurizing the developing
countries to give special attention of seed health testing. Both International Seed
Testing Association (ISTA) and Seed Health Initiative-vegetables (ISHI-veg) are
involved in standardizing the techniques for the detection of seed-borne pathogens.
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It is the mission of these organizations to develop/secure the healthy seeds and
delivery to customers on a worldwide basis by the private sector. Under the
umbrella of ISHI, seed companies exchange information on seed-borne diseases
and jointly developing methods for their control.

Seed certification is a scientific and systematically designed, legally sanctioned
process for quality control of seeds through verification of seed sources, field
inspection of seed crop, supervision of post-harvest stages including processing,
packing, seed sampling, analysis, grant of certificate, certification tags, labels and
sealing.

2.4.1 Approved Seed Certification Standards

Seeds are the foundation to crop production, and seed health is related to food
production in various ways. Seed being the foundation of successful agriculture,
the demand for quality seeds of improved cultivars/hybrids is growing fast and
adoption of new technologies around the world by the farmers is happening at an
amazing pace. Therefore, production and supply of high-quality seed of improved
cultivars and hybrids to the growers are a high priority in agricultural growth and
development.

Governments are strongly encouraged to implement a predictable, reliable,
user-friendly and affordable regulatory environment to ensure that farmers have
access to high-quality seed at a fair price. In particular, FAO member countries are
participating in the internationally harmonized systems of the Organization for
Economic Cooperation and Development (OECD), the International Union for the
Protection of New Varieties of Plants (UPOV), the International Treaty on Plant
and Genetic Resources for Food and Agriculture (ITPGRFA) and the International
Seed Testing Association (ISTA). Participation in these systems will facilitate the
availability of germplasm, new plant cultivars and high-quality seed for the benefit
of their farmers, without which their ability to respond to the challenges ahead will
be substantially impaired. It is inevitable that governments need to develop and
maintain an enabling environment to encourage plant breeding and the production
and distribution of high-quality seed.

2.4.2 Stages of Seed Multiplication

Genetically pure, disease-free seeds are the prerequisite for a healthy, vigorous and
high yielding crop. There are three important stages of seed multiplication.
Nucleus seed also known as original parental material, is the product of sci-
entific breeding by crop breeders who evolved the cultivar/hybrids.
Breeder seed is the first and is the product of scientific breeding by crop
breeders who evolved the particular variety. Breeder seed (sexually/asexually
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propagating material) is directly controlled by the original plant breeder. The
production is also personally supervised by the breeder. It should possess the
maximum genetic purity (99.5-100 %). Breeder seed is made available in small
quantities for further multiplication. The agencies involved in the production of
breeder seeds are agricultural universities and agricultural research institutes in
every country.

Foundation seed is the progeny of breeder seed, and it is supervised and cer-
tified by the Seed Certification Agency. It should possess the minimum genetic
purity of 99 %. Expert handling is needed for producing foundation seed, and they
are produced on seed farms where specialists and facilities are available. Agencies
involved in the production of foundation seeds are the State Department of
Agriculture, Horticulture, State Seed Corporation and the State Farms Corpora-
tions of their respective countries.

Certified seed is the progeny of foundation seed and certified by the certification
agency. The agencies involved in the production of certified seeds are the State
Seed Corporation through their Registered Certified Seed Growers and the Private
Seed Companies. Its genetic purity is 98 % for cultivars/composites/synthetics,
and for cotton and castor hybrids, it is 85 %.

The seed should meet minimum standards of germination and purity prescribed
and labeled as per Seed Act 1966. Use of quality seed and planting material which
are free from seed-transmitted diseases including viruses contributes to the
enhancement in crop production by better realization of its own productivity
potential (to the extent of 20-25 % depending on the crop) and also by contrib-
uting to enhance the utilization efficiency of other inputs to the extent of another
20-25 %. Therefore, availability of good quality disease-free seeds of superior
cultivars/hybrids needs to be ensured for boosting the agricultural production. The
central seed certification board, department of agricultural and cooperation, min-
istry of agricultural, and Governments of every country, have prescribed disease
certification standards in foundation, and certified seed crops and are being
implemented by seed companies and other agencies concerned with seed
production.

2.5 Certification Schemes of Crops Having Virus/Viroid
Transmission Through True Seed

Certain crops like tomato, chilies, brinjal, tobacco, lettuce, rice etc., are raised in
nursery beds in micro/macro tunnels when the nursery is raised in a large scale by
the seed companies/international agricultural institutions (Fig. 2.1) and the seed-
lings are transplanted at the required stage. In majority of the Asian countries
tungro virus infection occurs in rice nursery through viruliferous leafthoppers
coming from outside. Even in African countries, rice seed beds are one of the
sources of inoculum for Rice yellow mottle virus (Traore et al. 2006). The nursery
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Fig. 2.1 Macro tunnels: Raising nurseries. Courtesy Francisco J. Morales (CIAT)

should be carefully observed for the visual viral symptoms and such plants should
be removal immediately whenever noticed. Suspected plants are to be tested
whether the crop is symptomless carrier (like Tomato yellow leaf curl virus in
certain Capsicum species), the nursery should be tested serologically by ELISA or
some other easy diagnostic techniques.

Crops like legumes (pea, French beans, soybean, cowpea, and peanut), cereals
(wheat, barley, sorghum, maize, etc.,) and cucurbits are raised by directly sowing
the true seed in the field either with or without ridges and furrows. Some of these
crops carry certain virus and viroid diseases through seed and certification schemes
to produce virus free-seeds are required. Agarwal and Sinclair (1996), Maude
(1996), Maury et al. (1998a), Albrechtsen (2006) and Sastry (2013a) have
reviewed the aspects of seed transmission related to seed certification. Some of the
crops where certification schemes are developed are discussed herein.

Among all the methods of obtaining healthy seed material, seed certification is
the most dependable and prudent measure which helps to maintain reasonable
health standards without affecting seed germination. Programmes against seed-
borne viruses must start at the basic level of germplasm collection available to the
plant breeder and continue through the subsequent development of varieties and
the increase of seed through breeder seed (pre-basic seed), foundation seed (basic
seed), registered seed (certified seed, 1st generation) and certified seed (2nd
generation).

Regular inspection of all propagation sources by qualified inspectors is nec-
essary if certification is to be meaningful. When virus-free material has been
obtained, its dissemination and utilization may present several difficulties for the
research center and for the nursery man. The problems are simplified if, as in
certain countries like USA, Europe, South America and Asia, all nurserymen
belong to an association which already collaborates with an official inspection



156 2 Management of Virus and Viroid Diseases of Crops in the Tropics

service in the operation of a certification scheme. It is then practicable to supply
nursery men according to their individual requirements with scion wood cut from
selected mother trees which can be virus-tested periodically. The future of these
certification schemes mainly depends on the continuous collaborative programmes
between propagators and research establishments. Some details of positive and
negative aspects in certification schemes for crops like lettuce, barley, beans, pea
and cowpea are briefly illustrated below:

(a) Lettuce

A field applicable seed certification programme of lettuce (Lactuca sativa) seed
production developed against Lettuce mosaic virus (LMV) was worked out by
number of workers. Grogan et al. (1952) developed a system in which lettuce seed
was produced from virus-free plants grown under glasshouse conditions. In iso-
lated areas, only the healthy plants were grown to maturity after roguing out the
infected plants. The tolerance levels of seed transmission varied from place to
place depending on the ecology and epidemiology of the virus disease.

Researchers in California (Zink et al. 1956; Wisler and Duffus 2000) and
Florida (Purcifull and Zitter 1971) have established that if seed transmission
exceeded 0.1 %, control was not satisfactory because of large winter and spring
aphid populations. In England, when lettuce seed with 0.1 % infection were sown
only 0.5 % of the plants were infected (Tomlinson 1962). It was observed that the
initial level of 1.6 % LMYV infection in lettuce seed reached to 29 %, whereas zero
starting infection reached only 3 % (Zink et al. 1956). The number of infected
lettuce seedlings emerging per acre at the 0.1 % rate would be 200/acre or 20,000
infected seedlings/100 acres (Greathead 1966). This is based upon an estimated
400,000 seeds/lb, planting 1 Ib/acre, and with 50 % emergence. Programmes in
both the Salinas Valley and Imperial Valley of California have, however, stressed
the use of seed which is double-tested-both by the seed companies and by a
committee of lettuce growers to show zero mosaic/30,000 seeds tested (Kimble
et al. 1975; Grogan 1980, 1983). This has reduced losses by an estimated
95-100 % resulting in considerable increase in yield and quality. In Florida, since
1974, the use of double indexed seed has eliminated LMV, a major limiting factor
in lettuce production (Zitter 1977). However during 1995, in Florida, due to non-
compliance with the lettuce mosaic certification rule 5B-38, an outbreak of LMV
in commercial lettuce production was noticed (Raid and Nagata 1996).

(b) Barley

In barley (Hordeum vulgare), Barley stripe mosaic virus (BSMV) which has no
biological vector, seed transmission is the major factor facilitating disease spread.
The simplest way of ameliorating the losses caused by this virus is by planting
uninfected seed. A seed certification programme to obtain barley seed free from
BSMV was attempted at Kansas (Hampton et al. 1957), Montana and North
Dakota in the U.S. (Carroll 1983). It began with the growing of samples of seed in
glass houses during late autumn and winter to select those which are most free for
further propagation. The control programme involved assaying seedlings for
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presence of BSMV by serology and roguing infected plants from certified seed
plots which lead to a significant reduction in the incidence of the virus. In 1972, a
zero tolerance for seed-borne BSMV was placed on all certified seed sold in
Montana and as a result, losses due to BSMV declined dramatically.

The certification scheme against BSMV in Montana involved inspection of
every barley field being considered for certification according to the field standards
published by the Montana Seed Growers Association and Montana State Uni-
versity. When a field intended for the production of registered or certified barley
seed was inspected for quality and purity, it was also carefully checked for plants
exhibiting symptoms of BSMV. One or two inspections of each field were made by
the Secretary-Manager of the Montana Seed Growers’ Association or the
Agronomist with the Montana Cooperative Extension Service, Bozeman-Montana
or a member of his staff. If infected plants were found in such a field, that field was
no longer eligible for certification. The barley harvested from an uncertifiable field
was usually sold for feed purposes. The second procedure of the certification
programme is the inspection of seed from each potentially certifiable barley field
by employing serological tests. At Montana, because of the implementation of
certification schemes, the percentage of virus infected seed lots declined appre-
ciably from 1967 onwards. At North Dakota, the certification scheme against
BSMYV resembled the Montana scheme, which involved both a procedure for
inspection of seed fields and seed lot examination. Only foundation seed deter-
mined by test to be BSMV-free was used to produce certified seed which was then
made available to growers.

It was reported that by 1971, for all practical purposes BSMV was eliminated in
North Dakota (Timian 1971). Similarly, at Montana, the two major barley cultivars
viz., Compana and Uniton, suffered losses of approximately 4 bushels/acre from
1953-1967 but by 1967-1970 these losses declined to 2 bushels/acre. Since 1970,
losses due to BSMV were reported to be about half a bushel per acre after using
the certified seed (Carroll 1980; Jackson and Lane 1981).

(c) Pea

Among the viruses infecting peas (Pisum sativum), Pea seed-borne mosaic
virus (PSbMV) has seed transmission up to 100 % and even 23 % of pea acces-
sions are infected in USDA collection (Hampton and Braverman 1979b). Because
of high seed transmission and potent aphid vectors, schemes to produce virus-free
seed were developed. In Canada, the mother plants in dry (field) pea breeding
programmes are propagated under aphid-free conditions and screened by visual
inspection and a serological assay based on SDS gel immuno-diffusion tests
(Hamilton and Nichols 1978). Subsequent seed increase plots are grown in iso-
lation in areas of Manitoba and Saskatchewan where populations of aphid vectors
are minimal. Before release to the commercial seed trade, the standing crop of a
new cultivar is inspected visually and samples of harvested seed (200 seed/50 1b)
are subjected to a growing on out test. Seedlings are examined and five randomly
selected seedlings are assayed for PSbMV by SDS gel immuno-diffusion. Virus-
free lots are then released to the Canadian Seed Growers Association or to SeCan,



158 2 Management of Virus and Viroid Diseases of Crops in the Tropics

a federal government agency for propagation in a seed certification programme.
However, no further testing for PSbMV is done. In USA, in the primary seed-
producing areas (Washington and Idaho), there is a zero tolerance for PSbMV-
induced symptoms observed during field inspections (10 days post-emergence and
10 days prior to harvest). Visual inspection is being supplemented by direct assay
of seed (200 seeds/seed lot irrespective of size of seed lot) and there is increasing
use of ELISA and other advanced diagnostic techniques for the testing of breeder
seed, seed from breeding lines and seed for commercial growers. Official certifi-
cation (phytosanitary certificate) of testing for PSbMV by ELISA is required for
shipment of pea or lentil seed from Washington and Idaho to Australia, New
Zealand or South Africa.

(d) Beans

Bean common mosaic virus (BCMV) in French beans (Phaseolus vulgaris) is
seed transmitted up to 83 % and economic yield losses are encountered, whenever
virus infected seed is used. Hence in the U.S. and Canada the certification pro-
gramme of field and garden bean against BCMYV is based only on field inspection
of the crop. These crops are not allowed to contain BCMV-diseased plants when
grown for foundation seed, 0.5 % mosaic diseased plants for registered seed and
1 % for certified seed (Anon 1971). In Brazil, bean lines are screened visually for
major virus diseases, primarily BCMV and apparently virus-free lines are
increased under insect-free conditions in greenhouses. In the next stage this seed is
multiplied under field conditions in arid regions of Brazil for two generations, with
periodic visual inspection for virus symptoms before being sold to certified seed
growers. Yield increases of about 30-100 % have been reported following the use
of such certified seed (Hamilton 1983).

(e) Soybean

In soybean (Glycine max), Soybean mosaic virus (SMV), Cucumber mosaic
virus (CMV) (also syn. for Soybean stunt virus), Tobacco ring spot virus (TRSV),
and Tobacco streak virus (TSV) are seed transmitted at higher percentage (up to
100 %) and are wide spread in occurrence. Despite the fact that SMV is present
and can cause serious damage wherever soybean is cultivated, there appears to be
no bonafide seed certification programmes against seed-borne viruses in this crop.
Two major soybean improvement programmes (INTSOY at the University of
Illinois, Urbana and the Asian Vegetable Research and Development Center,
Shanhua, Taiwan) are screening soybean lines for resistance to some strains but
neither of these agencies employed formal certification schemes. INTSOY has
eliminated SMV from a number of tropical soybean lines by roguing standing
crops and monitoring remaining plants by ELISA. Seed from such lines has been
exported to breeding programmes in other international institutes but the continued
maintenance of virus-free nursery becomes the responsibility of the recipient
breeding programmes (Hamilton 1983).
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(f) Cowpea

In cowpea (Vigna unguiculata), out of the 12 seed-borne viruses, Cowpea aphid
borne mosaic virus (CABMYV), Cucumber mosaic virus (CMV) and Cowpea
mottle virus (CPMoV) are highly seed-transmitted and are worldwide in distri-
bution. In Nigeria the International Institute of Tropical Agriculture (IITA) and the
Institute of Agricultural Research and Training IAR&T) at Ibadan, Nigeria are the
main centers for cowpea improvement and it is their policy to test cowpea lines
before being sent to other institutions for breeding purposes or for increase in other
parts of Nigeria. Samples of 1000 seeds are planted and the resulting seedlings are
examined visually for the presence of seed-transmitted viruses; differential hosts
and serological tests are used to facilitate further identification. Seed lots showing
2 % or more seed transmission are not distributed; those with less than 2 % seed
transmission are so indicated and the recipient is advised. Preliminary results
indicate that the ELISA may be applicable in detecting CPMoV in seedlings
(Hamilton 1983).

(g) Peanut

In peanut (Arachis hypogaea), Peanut stripe virus (PStV), now considered a
strain of Bean common mosaic virus (BCMV) and Peanut mottle virus (PeMoV)
are very important and seed transmission recorded for both the viruses was to the
extent of 8.5-30 %. In Georgia (U.S.), a seed certification programme against
PeMoV was successfully implemented (Kuhn and Demski 1975). Even against
PStV, a well worked out certification programme was framed in the U.S.
Inspection of the standing crop is the method used for detecting PStV infected
plants in peanut seed fields in Virginia, a major producer of peanut seed for
commercial peanut growers in Georgia, which demands zero tolerance for PStV.
Infected plants are rogued from seed fields. The effectiveness of the detection
system has been monitored by serological assays (ELISA) of suspicious plants;
correlation between diagnosis and confirmation has been essentially 100 %
(Demski and Lovell 1985). Even in Florida, Zettler et al. (1993) developed a
scheme for production of peanut seed free of PStV and PeMoV by using virus-
indexed greenhouse-grown seed.

2.6 Virus and Viroid Disease Transmission Through
Vegetative Propagules

A majority of the crops can also be vegetatively propagated which involves the
reproduction from vegetative parts of the plants. By in large, most fruit and some
ornamental/spices crops are propagated by one or another vegetative propagation
methods. From different specialized vegetative structures like runners, suckers,
tubers, bulbs, rhizomes and also by grafting and budding/micropropagation pro-
cesses the plants are propagated. Vegetatively propagated crops like potato,
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sugarcane, cassava, sweet potato, beet, taro, cocoyam, yam, onion, strawberry,
banana, citrus, apple, strawberry and certain ornamental plants are generally
multiplied continuously for many years and hence ample opportunities exist for the
introduction for one or more virus/viroid pathogens. The vegetative propagules
from such infected plants generally lead to reduced yields of subsequent plants.

2.6.1 Production of Virus-Free Plant Material

(a) Meristem-tip culture

New accessions released by the plant breeder may be virus-free initially but
later will become infected with one or more viruses if grown in an area where virus
sources and vectors are prevalent. The need for virus-free planting material has
become essential. To supply the healthy planting materials, certification schemes
have been developed. Special stocks that form the basis of certification schemes
are built up by propagating from single virus-free plants. Such virus-free plants
were identified by indexing on indicator hosts, serology, and by use of the
appropriate molecular test. In many instances, a new clone with good agronomical
and high yielding characters have been rejected due to virus infection of the stock,
and presently such cases can be rescued by the method of meristem-tip culture. By
removing a small (0.2-0.5 mm) piece of tissue from the meristematic area and
culturing on a nutrient medium, it can result in a pathogen-free plantlet for
regeneration. The explants sometimes are used from the apical dome, although in
most cases one to several leaf primordia of the sub apical region are also included.
The number of leaf primordia included depends upon the plant species, the sta-
bility of the virus being eradicated and the experience of the operator with respect
to root regeneration. Generally apical meristems without having leaf primordia,
have the highest probability of producing plant lets that are virus-free. However
apical meristems lacking leaf primordia have the lowest probability of surviving in
the culture medium.

Another aspect that warrants consideration is the effect of size of the explants
and the rate of contamination of culture units. The risk of infection by a virus also
increases with explant size. The elimination of the virus also depends on the
concentration of the virus in plant tissue and the physiological condition of the
mother plant from which a meristem has been isolated (Verma et al. 2004). Even
the choice of the culture medium selected is a key step in meristem tip culture
success. Besides the shoot tips, even root tissue is now considered to be suitable
organ for meristem tip culture, since root meristem has a high potential of cell
division. Hosokawa et al. (2004a, b) have produced virus-free plants of chrysan-
themum, petunia, cabbage and carnation when root tissue was used for meristem
tissue culture.

The combination of thermo- and chemo therapy in meristematic-tip culture
were tried throughout the world and have eliminated the virus pathogen and
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produced virus-free plant material of many species of vegetables, fruits and
ornamentals viz., potato (Mori 1971; Pennazio and Redolfi 1973; Faccioli 2001;
Wang et al. 2006a; Al-Taleb et al. 2011); sweet potato (Jeeva et al. 2004; Gichuki
et al. 2005; Ozturk et al. 2012); cassava (Kartha et al. 1974; Nair et al. 1979;
Hegde et al. 2005; Maruthi et al. 2013); sugarcane (Leu 1978; Cha-um et al. 2006;
Subba Reddy et al. 2011); peanut (Prasada Rao et al. 1995); impatiens (Milosevic
et al. 2011); garlic (Walkey et al. 1987); banana (Berg and Bustamante 1974);
chrysanthemum (Verma et al. 2004; Kumar et al. 2009); alstromeria (Chiari and
Bridgen 2002); Impatiens hawkerii (Milosevic et al. 2011); strawberry (Cieslinska
2003; Biswas et al. 2007); pear (Cieslinska 2002); Patchauli (Singh et al. 2009).

Through tissue culture even viroid-free plants were developed through meri-
stem tissue culture; examples include Potato spindle tuber viroid from potato
(Stace-Smith and Mellor 1970), Chrysanthemum stunt viroid in chrysanthemum
(Hosokawa et al. 2004b).

More information on meristem-tip culture can be obtained from review articles
and text book chapters (Kassanis and Posnette 1961; Hollings 1965; Nyland and
Goheen 1969; Mori 1971; Murashige 1974; Quak 1977; Walkey 1978; Wang and
Hu 1980; Kartha 1981; Bhojwani and Razdan 1983; Grout 1990; Spiegel et al.
1993; Knapp et al. 1995; Jayasinghe and Salazar 1997; Faccioli and Marani 1998;
Mink et al. 1998; Zilka et al. 2002; O’Herlihy et al. 2003; Laimer et al. 2006;
Zhang et al. 2006; Panattoni et al. 2013).

(b) Thermotherapy

The pre-treatment of donor plant to enhance virus eradication by thermotherapy
and chemotherapy has proven to be quite useful in achieving the maximum
number of virus-free plants. Most viruses either do not replicate or replicate poorly
in plants incubated at above 30 °C. Holding virus-infected plants continuously
near the maximum temperature will often result into virus-free plants. Develop-
ments over the last 20 years in research aimed at investigating the metabolic
processes involved in defense mechanisms of plants have suggested an interpre-
tation of the heat treatment effects according to new metabolic “pathways” trig-
gered by the natural antiviral response produced by the infected plant, with
particular reference to Virus-Induced Gene Silencing (VIGS) induced by the
presence of viral RNA in infected plants (Ruiz et al. 1998). RNA silencing was
described as such an effective defense as to constitute an immunity mechanism at
the genomic level and there is close relationship between temperature and RNA
silencing which seems to act as a means to increase the degradation of virus RNA
(Wang et al. 2008). Since Kunkel’s first report of the elimination of peach yellows
by dry heat and hot water, there have been several examples of eradication of
viruses from whole plants. Thermotherapy is used to eliminate virus and viroid
diseases from the infected budwood of fruit crops; some examples include, Citrus
tristeza closterovirus from citrus bud-wood (Cheema et al. 1999; Arif et al. 2005),
and Plum pox virus from plum, apricot and peach cultivars (Spiegel et al. 1995;
Polak and Hauptmanova 2009). Some of the examples where thermotherapy along
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with meristem tip culture has helped to obtain virus-free plants include garlic with
Onion yellow dwarf virus (Shiboleth et al. 2001); chrysanthemum with Chrysan-
themum virus B (Hakkart and Quak 1964); sugarcane with Sugarcane mosaic virus
(Waterworth and Kahn 1978; Balamuralikrishnan et al. 2002), and in pear with
Apple stem grooving virus and Apple chlorotic leaf spot virus (Wang et al. 2006a).

(c) Electrotherapy

Electrotherapy technique has been applied for the elimination of viruses from the
vegetative propagules and also from any part of the infected plant. Electrotherapy is a
simple method of virus eradication without the need to use any special or expensive
equipment. With this technique an electric current is applied to plant tissues in order
to disrupt or degrade viral nucleoprotein and thus eliminating its virulence.

Blanchard (1974) obtained virus-free tissues using 1-4 A of direct current
pulsed to 6500 V h™!, after 2-3 days. These studies established a basis for electric
current mediated elimination of plant RNA viruses. The use of electric current for
the production of virus-free plants has been reported for a number of crop plants
since the 1990s. In early studies of this kind, voltage of 500 V for 5-10 min was
applied to viral infected Cactanucia tree stakes showing mosaic symptoms from
which up to 90 % virus-free almond plants were obtained (Quacquerelli et al.
1980). This technique was first comprehensively employed for the elimination of
Potato virus X (PVX) from potato plants in which an electric current of 15 mA for
5 min led to 60—100 % elimination of PVX in various cultivars (Lozoya-Saldana
et al. 1996). Electrotherapy has also been used successfully for elimination of
Potato virus Y (PVY), Potato virus A (PVA), Potato virus S (PVS) and Potato leaf
roll virus (PLRV) (Pazhouhande and Mozafari 2001). Similar results were also
reported for the elimination of Onion yellow dwarf virus and leek yellow stripe
virus from garlic (Hernandez et al. 1997) and Banana streak virus from banana
(Hernandez et al. 2002). Even similar technique was also applied to cocoyam
(Xanthosoma sagittifolia) and grapevine (Vitis vinifera) for the elimination of
Dasheen mosaic virus and Grapevine leafroll virus, respectively (Igarza-Castro
et al. 2001; Guta et al. 2010).

Hormozi-Nejad et al. (2010) applied the electrotherapy technique to eliminate
BCMV by using an electronic current of 15 mA for 10 min. from infected nodal
cuttings of common bean and proved to be a most effective treatment. They have
also reported that nodal cuttings treated by electricity and then culturing in a
medium supplemented with Ribavirin (20 mg/l) resulted in greater elimination of
the viruses. It has been postulated that viral nucleoproteins may be denatured by
increasing temperature inside the tissue when exposed to electric current.

The electrotherapy technique can also be more effective in combination with
chemotherapy in eliminating PVY and PLRV (Dhital et al. 2008; Mahmoud et al.
2009). In addition, the DNA virus known as Tomato yellow leaf curl virus
(TYLCV) was successfully eliminated from tomato plants using electrotherapy
technique (Fallah et al. 2007).
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(d) Chemotherapy

Chemotherapy is the application of chemicals to an infected or diseased plant
that stops (i.e., eradicates) the infection. Although many attempts have been made
to utilize chemotherapy, few have been successful against plant virus and viroid
diseases.

The requirements of a useful antiviral chemical include abilities to inhibit
multiplication, spread, or symptom induction of the virus; be selective enough not
to harm the host; have broad-spectrum activity against a number of virus diseases;
move systemically in the host; and not have harmful effects on the environment.
Numerous compounds have been identified that inhibit the replication of plant
viruses. For example, the replication of TMV was inhibited by bitriazolyl com-
pounds (Xia et al. 2006), tylophorine B (Xia et al. 2006), phanantherene-based
tylophorine derivatives (Wang et al. 2010a), derivatives of thiadiazole acetamide
(Zhao et al. 2006), cyanoaweylate derivates (Chen et al. 2008) and racemic
phenanthroindolizidine alkaloids or pure alkaloids (Wang et al. 2010b). However
none so far identified is selective enough to be useful against virus diseases of
crops. Most inhibitory compounds are analogues of normal nucleoside or nucleic
acid base precursors of viral RNAs. One has to know what modifications affect
activity against virus multiplication and, in general, what types of alteration are
likely to be more successful. There are some early reports that compounds like
ribavirin and vidrabine were most promising against plant viruses (Schneider
1954). Even analogues like 2-azadenine, 8-azaguanine and 5-fluorouracil have also
showed plant virus inhibition (Gupta 1985).

Some of the compounds were used in vitro studies for virus elimination from
meristems, for example, Ribavirin (virazole) has inhibited virus multiplication of
CMV, PVY, PMV, LSV and TBV in tobacco, apple and lily (Long and Cassells
1986; Hansen and Lane 1985); Bamboo mosaic virus in bamboo (Chen and Lu
2000); Prunus necrotic ringspot virus in prunus species (Hansen 1984); Bean
yellow mosaic virus and Cucumber mosaic virus in gladiolus (Singh et al. 2007);
PVS, PVM, in potato (Griffiths et al. 1990). Even studies of Veelar et al. (1992)
indicated the inhibition of Ornithogalum mosaic virus in ornithogalum. In tobacco,
2-thiouracil was proved to be effective against PVY (Kassanis and Tinsley 1958).
Panattoni et al. (2007) have reported the effectiveness of tiazofurin and myco-
phenolic acid against Grapevine leaf roll associated virus 3 in grape explants.
Studies with the above cited chemicals as foliar spray and also incorporating in the
tissue culture medium have reduced the virus multiplication.

(e) Cryotherapy

The technique of cryotherapy of shoot tips has also been used to eliminate virus
and virus-like pathogens from the vegetatively propagated plants like banana and
temperate fruits (Wang et al. 2006a, b, 2009). In cryotherapy of infected shoot tips
were exposed briefly to liquid nitrogen (—196 °C). The cryotherapy results in a
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high frequency of virus-free regenerates. Thermotherapy followed by cryotherapy
of shoot tips can be used to enhance virus eradication.

In cryotherapy, plant pathogens such as viruses, phytoplasmas and bacteria are
eradicated from shoot tips by exposing them briefly to liquid nitrogen. Uneven
distribution of viruses and obligate vasculature-limited microbes in shoot tips
allows elimination of the infected cells by injuring them with the cryo-treatment
and regeneration of healthy shoots from the surviving pathogen-free meristematic
cells. Cryotherapy of shoot tips is easy to implement. It allows treatment of large
numbers of samples and results in a high frequency of pathogen-free regenerants.
Difficulties related to excision and regeneration of small meristems is largely
circumvented. To date, several pathogens in banana (Musa spp.), Citrus spp.,
grapevine (Vitis vinifera), Prunus spp., raspberry (Rubus idaeus), potato (Solanum
tuberosum) and sweet potato (Ipomoea batatas) have been eradicated using
cryotherapy. These pathogens include nine viruses (Banana streak virus,
Cucumber mosaic virus, Citrus tristeza virus, Grapevine virus A, Plum pox virus,
Potato leaf roll virus, Potato virus Y, Raspberry bushy dwarf virus, Sweet potato
feathery mottle virus and Sweet potato chlorotic stunt virus), Sweet potato little
leaf phytoplasma and Huanglongbing bacterium causing ‘citrus greening’. Cryo-
preservation protocols have been developed for a wide variety of plant species,
including agricultural and horticultural crops and ornamental plants, and can be
used as such or adjusted for the purpose of cryotherapy (Wang et al. 2009).

2.6.2 Production of Virus-Free Stock Material

For achieving the global food security, FAO has always recognizes the potential
contribution for achieving higher yields from virus-free planting materials. To
raise the healthy crops successfully for higher yields, quality developed planting
material (QDPM) is a prerequisite. The expert consultation group under the
guidance of FAO has developed programmes to guide the production of clean,
disease-free planting materials of vegetatively reproduced crops (FAO 2010;
Fajardo et al. 2010). These consultation groups have prepared QDPM protocols for
the easy monitoring of production practices and the distribution process of quality
planting material. Any QDPM scheme for plant multiplication must comply with
prevailing national seed regulations.

The production of virus-free stock material depends on the following activities.
(1) recognition of the virus diseases by studying their characteristics, (2) devel-
opment of reliable indexing methods to retrieve any existing healthy stock, (3)
establishment of clones of virus-free foundation stocks by employing different
techniques of chemo, thermo therapy, and tissue culture, (4) propagation of the
pathogen-free plants under maximum hygiene and distribution of the planting
material. If the nucleus seed/vegetative propagule of the healthy stock can be
obtained through the methods described earlier, then stocks can be multiplied and
kept healthy for an indefinite period. As early as 1961, Kassanis and Posnette have



2.6 Virus and Viroid Disease Transmission Through Vegetative Propagules 165

stated that about half of the viruses affecting vegetatively propagated plants could
be eliminated by heat treatment.

As plant propagators carefully select the best looking and excellent performing
plants for propagating new plants, they may knowingly or unknowingly avoid
many of the virus diseases. This visual selection process helps in diagnosis of the
diseased plants based on external visual symptoms.

2.6.3 National Certification System for Tissue Culture Plants
NCS-TCP in India

In India, the Department of Biotechnology (DBT), Govt. of India, under the
“Seeds Act, 1966 of the Ministry of Agriculture has established the National
Certification System for Tissue Culture Plants (NCS-TCP) for ensuring production
and distribution of quality tissue culture planting materials and to regulate its
genetic fidelity as prescribed (NCS-TCP 2008).

The Project Monitoring Unit (PMU), Biotech Consortium India Limited (BCIL)
is facilitating coordination among the various components and monitoring the
activities of Accredited Test Laboratories and Recognized Tissue Culture Pro-
duction Facilities. In India more than 70 commercial tissue culture production
units have been recognized by the Department of Biotechnology (DBT), Govt. of
India under the National Certification System for Tissue Culture Raised Plants
(NCS-TCP).

The work carried out at the NCS-TCP accredited centers located at Bangalore,
Coimbatore, Calicut, Trivandrum for developing virus-free plants was conducted
for the following crops: Banana, Citrus, Apple, Strawberry, Black Pepper, Car-
damom large, Cardamom small, Vanilla, Potato, Sugarcane, Alocassia, Alstrom-
eria, Anthurium, Asparagus, Caladium, Calla Lily, Carnation, Chrysanthemum,
Colacasia, Cordyline, Geranium, Gerbera, Ginger, Lily (Asiatic/Oriental lily),
Limonium, Orchids, Philodendron, Spathyphyllum and Syngonium. The virus,
viroid and virus-like diseases present in these crops were determined by using
protocols for ELISA, DIBA, RT-PCR and NASH.

In India even though several plant tissue culture laboratories are producing a
large number of tissue culture raised plants of commercial crops, primarily due to
limited facilities to perform tests to establish their quality and verification of their
virus-free nature, another agency was required to overcome this limitation. The
Department of biotechnology (GOI) has established a multi-institutional collabo-
rative programme with the goal of ensuring production of virus-free plants of
assured quality raised through tissue culture. The main center is at IARI, New
Delhi (India) with five satellite centers at NCL, Pune; Teri, New Delhi; IHBT,
Palampur; ITHR, Bangalore and Spic, Chennai.

The objectives of this project are: (1) to develop protocols for virus diagnosis
and quality testing for clonal fidelity, and (2) to ensure that tissue culture-raised
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plants are virus-free and of an assured quality. Tissue culture-raised plants are
tested for clonal fidelity using standard molecular marker techniques for DNA
fingerprinting such as RAPD, RFLP, AFLP, and SSR.

2.7 Success Stories of Production of Virus-Free Plant
Propagules

For any country to have a successful disease-free seed programme, two requirements
must be met: (i) healthy plants of the proper type basic plants as selected from a field
population of high-class seed, and (ii) the progeny of basic plants multiplied as
separate clones under very low infection pressure of the seed-borne pathogens to
provide pre-basic seed for further multiplication, to provide basic and certified seeds.

Crop plants have a greater potential for improved yield and quality when they
are free from harmful diseases. Stocks of the vegetatively propagated crops like
potato, sugarcane, cassava, sweet potato, beet, taro, cocoyam, yam, onion,
strawberry, blueberry, mulberry, banana and certain ornamental plants are multi-
plied continuously for many years have ample chances for infection with one or
more viruses/viroids and show a decline in growth and yield. Plant growers,
especially nursery men and horticulturists have greatly contributed to the spread of
these diseases inadvertently by using infected planting material (scions or root
stock). Because of the catastrophic losses they cause, intensive attempts were
made to produce pathogen-free planting material. The production and distribution
of virus-free propagating materials has proved highly successful in controlling
virus diseases in many crops and promise to be of wider application in others.
Cropley (1979) has provided the details of production and practical benefits of
virus-free propagating material of fruit crops. The term “virus-free” denotes
material found to be free from known virus and virus-like agents. The term is also
misused nowadays to label plants that have been treated to free them from some of
these viruses. Yet alternatives such as “virus tested” or “free from the following
viruses....” is appropriate. Prof. Hollings defined virus-free plants as “free from
the known and specified viruses for which tests have been done”. The majority of
the plants are raised through true seeds. More than two hundred and thirty one
(231) viruses and viroids are seed transmitted (Sastry 2013a). Similarly, whenever
a crop is multiplied through vegetative propagules like tuber, rhizome, stem piece,
runner, bulb, sucker, or corm, when these propagules are once infected with virus
and viroids, then these infectious pathogens are vertically carried to the next
generation through the vegetative planting materials. Exhaustive information is
available on how true seed and vegetative propagative plant materials can transmit
viruses, how these pathogens are diagnosed, and what procedures are required to
produce disease-free materials (Sastry 2013a, b). Additional information on seed-
borne viruses can be obtained from review and text book chapters (Neergaard
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1977a, b; Agarwal and Sinclair 1996; Maude 1996; Albrechtsen 2006; Sastry
2013a).

Some of the successful stories of meristem tip culture are found in crops like
sugarcane (Balamuralikrishnan et al. 2002; Mishra et al. 2010), potato (Faccioli
2001; Awan et al. 2007), sweet potato (Mervat and Ashoub 2009), cassava
(Wasswa et al. 2010).

Throughout the world, meristem tip culture technique is being used for pro-
duction of virus and virus-like diseases-free planting materials primarily for
vegetative propagated plants. In majority of the countries the responsibility of
production and distribution of the virus-free plant material lies on the state and
central governments. The researches carried out on number of crops to develop
virus-free plant materials and have proved that plant tissue culture with or without
chemo and thermotherapy, is one of the most popular and successful techniques
and is proved by the examples cited in Table 2.1.

For a number of crops, chemo- and thermo therapy along with meristem tip
culture has helped in the production of virus-free plants and this has been reviewed
by number of researchers (Kassanis and Posnette 1961; Nyland and Goheen 1969;
Mori 1971; Quak 1977; Kartha 1981; Mink et al. 1998; Faccioli and Marani 1998).

2.7.1 Certification Schemes

According to the European and Mediterranean plant protection organization
(EPPO), a certification scheme is defined as a system for the production of veg-
etatively propagated plants for planting, intended for further propagation or for
sale, obtained from nuclear stock after several propagation stages under conditions
ensuring that stated health standards are met. The filiation of the material is
recorded throughout the scheme.

Certification is also defined as a procedure whereby candidate mother plants, to be
used as source of material for propagation, must undergo required treatments to
secure trueness-to-type and freedom from all number of pathogens affecting the
crop, as specified by regulations officially issued, or endorsed, by competent gov-
ernmental agencies. There are two major kinds of certification viz., (1) voluntary and
(2) compulsory. In case of voluntary certification, there will be increased demand of
planting material from growers’, with known sanitary status in order to establish
their plantations, especially if such plants are long lasting woody plants. Voluntary
certification is regimented by regulations issued by a “certifying authority” i.e.,
usually a branch of the country’s Ministry of Agriculture or the equivalent, but the
implementation cannot be forcefully imposed. On the other hand, compulsory cer-
tification is enforced whenever the crops existence is threatened by pests, diseases
and other factors and it becomes essential to prevent the dissemination of destructive
pests and diseases at this juncture. The dispersal through propagative material may
establish an initial infection foci and further spread by an efficient vector or some
other effective means could cause heavy damage to the crop. Hence, the respective
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Table 2.1 Production of virus-free plants through tissue culture

Crop Virus Reference
Apple Apple mosaic virus Hanson and Lane (1985), Gabova (1989),
Yamana and Munakata (1991),
Bhardwaj et al. (1998)
Apricot Plum pox virus Koubouris et al. (2007)
Banana Cucumber mosaic virus Helliot et al. (2004)
Banana streak virus Kenganal et al. (2008)
Begonia Prunus necrotic ringspot virus Verma et al. (2005)
Black currant Raspberry ringspot virus Kolbanova et al. (2004)
Blueberry Blueberry scorch carlavirus Postman (1997)
Cassava Cassava brown streak virus Kaiser and Teemba (1979), Adejare and
Courts (1981), Ng et al. (1992),
Wasswa et al. (2010)
Indian cassava mosaic virus Vasanthi et al. (2001)
Chrysanthemum Chrysanthemum virus B Hakkart and Quak (1964)
Cucumber mosaic Kumar et al. (2009)
Tomato aspermy virus Kumar et al. (2009)
Citrus spp. Indian citrus ringspot virus Sharma et al. (2008)
Cymbidium Odontoglossum ringspot virus Freitas and Rezende (1998)
Dahlia Dahlia mosaic virus Sediva et al. (2006)
Garlic Garlic virus disease Bruna (1997), Ghosh et al. (1997),
Robert et al. (1998),
Ayabe and Sumi (2001)
Garlic mite-borne virus Bertaccini et al. (2004)
Onion yellow dwarf virus Shiboleth et al. (2001)
Grapevine Grapevine viruses Milkus et al. (2000)
Horseradish Turnip mosaic virus Uchanski et al. (2002)
Lily Lily symptomless virus Nesi et al. (2009)
Peanut Peanut mottle virus Chen and Sherwood (1991)
Pear Apple stem grooving virus Wang et al. (2006a)
Apple chlorotic leaf spot virus Cieslinska (2002), Wang et al. (2006a)
Pear viruses Tan et al. (2010)
Plum Prunus necrotic ring spot virus Janeckova (1993), Dziedzic (2008)
PPV, PDV Janeckova (1993)
Potato Potato virus Y Nascimento et al. (2003)
Potato viruses Faccioli and Colombarini (1991), Faccioli
(2001), Zaman et al. (2001), Nagib
et al. (2003), Fang et al. (2005), Awan
et al. (2007), Al-Taleb et al. (2011)
Shallot Onion yellow dwarf virus Fletcher et al. (1998)
Shallot latent virus Fletcher et al. (1998)
Strawberry Strawberry mottle virus Cieslinska (2003)
Strawberry viruses Biswas et al. (2007)
Sugarcane Sugarcane mosaic virus Waterworth and Kahn (1978), Ramgareeb

Sugarcane yellow leaf virus

et al. (2010)

Chatenet et al. (2001), Fitch et al. (2001),
Balamuralikrishnan et al. (2002),
Parmessur et al. (2002), Mishra et al.
(2010)

(continued)
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Table 2.1 (continued)

Crop Virus Reference

Sweet potato Sweet potato feathery mottle virus Love et al. (1989), Nagata (1991), Pozzer
et al. (1995), Chen et al. (2004), Jeeva
et al. (2004), Gichuki et al. (2005),
Mervat and Ashoub (2009)

Sweet potato leafcurl virus Green et al. (1992), Torres et al. (1996)
Taro Taro viruses Li et al. (2002)
Yam Yam viruses Mantell et al. (1979)

state and central governments have made certification as an integral part of sanitary
improvement programmes and is often the only way to curb certain devastating
diseases and pests of primarily woody crops. It is a long standing endeavor that must
continue indefinitely for attaining the desired health level of the crop continuously
for longer periods. Efforts by the research projects supported by government and
regional authorities are involved in majority of the countries. For example, the
bylaws generated by the directives promulgated in European Union member states
that the national certification schemes have been in operation for many years and
created the impact of using compulsory certification (Martelli 1992). Continuing
from 1998, Martelli and Walter (1998) have provided different virus certification
schemes of grapevines in detail.

Certification safeguards both the nursery man who sells vegetatively propagated
plant material and the grower who buys the nursery man’s products. Hence, cer-
tification schemes have been established to comply with official standards/regu-
lations set by the national and international authorities to guarantee the quality of
propagative material to trueness-to-type (genetic purity) and absence from speci-
fied pathogens in the micropropagated plants (Golino and Savino 2005). Usually, it
is a domestic program consisting of multiplication and distribution of plant
material that involves a combination of activities. The process basically involves
assessing the risks (pathogens and pests), selection of clean-planting material,
virus testing, micropropagation and tests for genetic fidelity. A certificate is only
provided to the plants that are produced as per the directive of the scheme.

Certification schemes depend on the objective of the program and vary con-
siderably depending on crops and countries. Initially, certification schemes orig-
inated as a method to control virus diseases in seed potatoes and tree crops (Anon
1992). In the absence of effective control strategies and host resistance, cultivation
of virus-free planting material has become the choice for growers and vigorously
promoted by the public and private agencies associated with welfare of agriculture
sector. Certification scheme usually involves several components to ensure success
of the program (Hollings 1965; Meijneke 1982; NCS-TCP 2008). Some of the key
components are: (i) standards that clearly define the purpose of certification and
protocols/guidelines for producing certified planting material; (ii) guidelines for
selection of mother-stocks to be used in the micropropagation program; (iii)
availability of reliable indexing methods for the detection of regulated and
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unregulated quarantine pests and pathogens; (iv) protocols and procedures for
production of virus-free planting material; (v) guidelines for maintaining the health
of mother-stocks and propagated material; (vi) guidelines for labeling planting
material for traceability; (vii) guidelines for national and international distribution
of planting material (viii) guidelines for infrastructure and technical competence;
and (ix) guidelines for supervision and monitoring compliance by the producers.

The systems of rules, regulations and check inspections designed for the pro-
duction of virus-free material, constitute crop certification schemes. Selection is a
basic step in programme for clean stock production. It determines that a specific
clone possesses the desirable growth and yield characteristics of the cultivar and
that the cultivar is correctly identified. Selection is the responsibility of horticul-
turists cooperating in the clean stock programme. It will be effective when all the
virus and viroid diseases are recognized. Indexing tests suggests that many cul-
tivars are wholly infected with one or more viruses and a successful program is
achieved when elimination of pathogens by methods like thermotherapy, che-
motherapy, cryotherapy, electrotherapy, and meristem tip culture. These methods
have enabled plants to be freed from more than two hundred viruses. Disease
recognition, indexing and therapy are the responsibility of plant virologists. The
recent reviews catalogue far more successes than failures.

2.7.2 Schemes for the Production of Certified Propagative
Material

Even though temperate region is the primary zone for cultivation of major fruit
crops like apple, grapevine, rubus, strawberry, citrus species, plum, peach apricot,
sweet cherry etc., and majority of these fruit crops are grown in certain parts of
tropics but to a very limited extent. These fruit crops are affected with number of
virus and viroid diseases which are responsible for severe yield losses and
resulting in early death of the plants. Production of healthy planting material
through certification schemes is the prime solution for success of cultivation of
these fruit crops. Since the experiments carried out in temperate region have
resulted in the production of healthy planting material by using techniques like
thermotherapy, chemotherapy and tissue culture and they are included in the text
to grew more clarity of the topic. In this chapter the certification schemes of
deciduous fruit trees, EMLA scheme for virus-free fruit trees, strawberry certifi-
cation programme and others were also discussed as the similar type of virus and
viroid diseases are occurring in some parts of tropics in certain fruit crops.

As suggested by EPPO, the Italian legislation foresees a certification by filia-
tions; the steps for multiplication are strictly linked allowing, in each stage of the
scheme, the identification of the original source of the material under propagation.
The following levels are considered for production of certified planting material.
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(a) Nuclear stock (prebasic plants)

This is the first step of the certification scheme. The prebasic plants must show,
varietal characteristics corresponding to those typical of that variety and must have
been found free from the major virus and viroid diseases. They are maintained in a
screen house, in containers with sterile growth medium, isolated from the soil.
Each plant must be checked for trueness to type during its’ vegetative stage. Each
single plant has to be tested for virus and virus-like organisms, according to the
specific annexes. Clonal origin must be identified by a number that must be
maintained throughout the propagative production and commercialization process.
Plants satisfying the above mentioned conditions are used for production of pre-
basic plant material.

(b) Propagation stock (basic plants)

Prebasic plant material is used for the production of basic plants. Basic plants
are maintained in a screen house and must satisfy the conditions described for
maintenance of prebasic plants. Material from these plants can be used as basic
material.

(c) Certified mother plants

Basic plant material is used for the production of certified mother plants. In
vitro micropropagation can be used to produce certified mother plants. Every year,
at least 10 % of these plants must be tested for virus and virus-like diseases
according to specific annexes. Mother plants for production of certified plant
material must be separated by at least 100 m from any other non-certified plant
material and maintained under continuous surveillance to control pests and dis-
eases and the soil must be free of virus transmitting nematodes. These plants are
maintained in open air under conditions ensuring freedom from reinfection and
trueness to the variety and are used for the production of certified plant material.

(d) Certified plant material

Certified plant material is used for production of certified plants. These are kept
in plots free of virus transmitting nematodes and separated at least 5 m from other
non-certified material plots. Certified plants are visually checked for harmful
organisms and diseases that impair quality, or any signs or symptoms thereof. The
nurseries are officially inspected by the responsible authority at least once a year.
The responsible authority issues the nursery men the appropriate number of labels
for individual labeling of certified plants. Rowhani et al. (2005) have reviewed
testing and certification schemes of Vitis and Prunus species.

Some of the outstanding examples of the crops where indexing and certification
schemes which have helped the rehabilitation of the crop industry are citrus bud
wood certification, stone fruit virus diseases certification, strawberry certification,
clear stock programme of grapes, avocado certification schemes, etc. Even for the
tuber crops like potato, sweet potato and beet root, the certification schemes are
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well worked out and are being implemented wherever these crops are grown. The
quality of these vegetative planting materials depends on its trueness to cultivar
type, its vigor and health. Each of these characters is amenable to a certain extent
to control by certification, which may be regarded as an administrative means of
quality control of planting materials. Based on the information provided in this
chapter, one will get the broader idea that the success of certification schemes
depends on the collaboration and coordination among different public and private
institutions whose goal is to improve the quality of propagative plant material and
has to be considered as a useful tool. Some of the widely adopted certification
schemes are as follows:

2.7.3 Certification Schemes of Economically Important
Crops

Since virus and viroid diseases cause heavy yield and economic losses, use of
virus-free planting material raised through different methods discussed above are
being used and are achieving satisfactory yields of the crops by managing the virus
and viroid diseases. In almost all countries, research carried out for production of
virus-free material have resulted in the development of different certification
schemes which are developed with the involvement of National and International
organizations. Some of the well-established certification schemes which are fol-
lowed in different countries are presented herein:

2.7.4 Virus Certification of Deciduous Fruit Trees

In general, virus diseases in perennial fruit crop plants, such as apples, peaches,
plums, raspberry etc. are potentially damaging. Viruses can remain latent,
spreading through an orchard and inflicting damage, often without the growers’
knowledge. Latent virus infection can produce small to moderate losses in fruit
production. Often growers can maintain the productivity of diseased orchards at a
profitable level by removing infected plant parts and replacing dead trees to limit
the spread of the virus. Sometimes, however, losses are severe, and an acute viral
infection can require tree removal.

Majority of the fruit crops like apple, peach, plum, strawberry, and raspberry
are very extensively grown in temperate countries and to a very limited area in
tropics. Since deciduous fruit crops occupy major areas in U.S., Canada, Europe,
Mediterranean Region, the certification schemes were developed. Producing virus-
free plants is important because viruses can stunt tree growth, reduce fruit yields,
produce deformed, off color foliage, and increase susceptibility to other diseases.
Virus-free trees grow faster, flower earlier and may be resistant to disease and
environmental stresses.
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In 1954, directors of U.S. Agricultural Experimental Stations established IR-2
supported by the regional research funds of the Hatch Act (US) and was officially
activated in July 1955. One of the major objectives of IR-2 project is to obtain
apparently virus-free valuable cultivars and clones of deciduous fruit trees, veri-
fying their freedom from viruses, maintaining them in isolated repositories, and
distributing small amounts of propagating materials to research or regulatory
scientists for research or release to industry (Fridlund 1968). Through this project
the generated virus-free plant materials have been distributed to 40 states, 5
Canadian provinces, and 40 other nations, the latter via the USDA in response to
requests from USDA-AID, FAO of the UN, and other agencies. The details of IR-2
project have been reviewed by Fridlund (1980).

In 1992, the programme was renamed as National Research Support Project 5
(NRSP-5). The only facility in the United States that tests for viruses in fruit trees
is the NRSP-5 which is located at the Washington State University Irrigated
Research and Extension Center in Prosser, Washington and implements the
nation’s virus protection program for all deciduous fruit trees. NRSP-5 is
responsible for providing sources of deciduous fruit tree propagation materials free
of virus and virus-like diseases. During 1997-2002 NRSP-5 also developed,
evaluated, and implemented new technologies for virus detection and the elimi-
nation of viruses and virus-like agents from commercially important cultivars
(NRSP-5 1997). Prior to the establishment of NRSP-5, viruses abounded in every
fruit-growing region in the US. It was responsible for providing sources of
deciduous fruit tree propagation materials free of virus and virus-like diseases. The
success of this project has resulted in a dramatic reduction in the incidence of viral
diseases. Cembali et al. (2003) have reported the benefit estimates to 3 economic
sectors-nurseries, producers, and consumers. The total benefits for all the 3 sectors
were approximately $227.4 million a year, or more than 420 times the cost of the
programme.

(a) Meristem-tip culture in deciduous fruit trees

For large scale production of virus-free planting materials of deciduous fruit
crops is being done by meristem tip culture. For production of planting materials,
virus-free mother plants, (root stocks and scion) are identified and tested regularly,
utilizing ELISA, PCR and other molecular techniques, wherever is applicable and
appropriate. Many samples from scion trees and layering beds or seed trees can be
tested each year due to the sensitivity and accuracy of these tests and the shorter
turnaround time to obtain the results.

Like the other crops discussed in this book, even the production of virus and
virus-like disease-free plants of deciduous crops were produced by meristem tip
culture from virus-free mother plants. This technique is widely used against crops
like apple (Hansen and Lane 1985; Gabova 1989; Yamaga and Munakata 1991);
stone fruits (Hadidi 1995). The general protocol of tissue culture used in the
production of virus-free deciduous plants is presented in Fig. 2.2.
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Fig. 2.2 General protocol for commercial production of virus-free deciduous fruit crops

In India also, virus-free certification programmes are designed to deal with
general virus and virus-like problems. Virus indexed mother stock blocks of trees
are established and these plants provide the nurseries with the basic materials used
in producing the certified plants are sold to orchardists. Virus indexed, healthy
material used as nuclear, foundation or registered mother block must be isolated
from non-indexed plants. This is done to prevent possible disease spread into the
virus tested material. Rouging of virus infected trees, when found, and the elim-
ination of other plants that may severe as virus reservoirs are important in
maintaining disease free mother blocks. In all planting stock certification pro-
grammes the basic procedures must be followed and adhered to by programme
particulars for such schemes to succeed (Bhardwaj and Thakur 1993; Handa and
Thakur 1999).

(b) Micrografting

Micrografting is an in vitro grafting technique and this procedure involves the
placement of a meristem tip or shoot tip explant onto a decapitated rootstock that
has been grown aseptically from seed or micropropagated (Hartmann et al. 2002;
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Zilka et al. 2002). The in vitro micrografting of apple and pear was successfully
achieved. A significant difference was noticed in apple micrografting success
while using in vitro micropropagated shoots as rootstocks (60 %) when compared
with the use of in vitro germinated seedlings (48 %). The same micrografting
success (60 %) was achieved for pear micrografting with both kinds of rootstocks.

Some tree fruit crops are either difficult to establish with in vitro culture from
excised meristems, or difficult to root. These conditions have been overcome
in Citrus (Nauer et al. 1983), Malus (Huang and Millikan 1980), and Prunus
(Deogratias et al. 1986) by ‘micrografting’ shoot tips or apical meristems onto
in vitro grown seedling rootstocks, which are later transplanted to soil after the
graft have become established. Pears, which grow easily from meristems, are
difficult to root. Under such cases the in vitro plants could be removed from tissue
culture when they had elongated to 1 cm and cleft-grafted onto potted seedlings.
Selecting rootstock seedlings with distinct leaf morphology and/ or color can help
differentiate micro grafts from rootstock sprouts. The advantage of this technique
is the small micrografted trees are a convenient way to exchange germplasm
between countries (Navarro et al. 1975).

(c) EMLA Scheme for virus-free fruit trees

At East Malling and Long Ashton research stations (UK), EMLA-certification
schemes were developed for apples, pears, raspberry, cherries etc. In 1960s the two
research stations set up the ‘EMLA Scheme’ so that virus-free material (free from
all known viruses) could be made available to the fruit industry. There are three
levels of certification ‘A’ and Special Stock (SS) for fruit free root stocks and the
third the ‘Elite’. S.S. Certification also applies to mother trees (Scion wood source)
and nursery trees of the most used commercial cultivars. The ‘A’ certificate is
mainly to ensure identity ‘trueness-to-variety’, but visible symptoms of diseases,
including viruses, can fail the stock. No isolation or source requirements have to be
met. The SS Scheme requires that mother trees and root stock stool-beds, layer
beds or hedges shall be: (1) without symptoms of virus/phytoplasma diseases and
with vegetative characters typical for the cultivar, (2) From an approved source
obtained through the Nuclear Stock Association, (3) Grown in isolation; 100 m for
plum and cherry Mother Trees and hedges (vulnerable to infection via pollen),
50 m for plum and cherry layer beds and stool beds of apple, pear and quince
within the isolation area all fruit trees are not eligible for certification and all
related species such as wild plum and hawthorn must be absent. (4) Grown on sites
where soil sampling has found no nematodes species known to be a virus vectors.
The source plants (2 above) are supplied by the research stations and are from
plants tested and found free from all detectable viruses. Root stock layer beds or
cutting hedges or mother trees can be used for 12 years, subject to satisfactory
health trees at 5 year intervals. The nursery trees may be entered for a special stock
certificate. These trees must be raised from special stock rootstocks and scionwood
from the nursery man’s own, special stock mother trees or ‘increase blocks’, or
rootstocks and scion wood obtained from the nuclear stock association (tree fruits).
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These SS nursery trees must be grown at least 25 m from non-special stock plants.
In the Elite scheme which was started in 1976, some nurseries were allowed to
propagate elite root stocks which can be supplied to the SS nurseries. This was
mainly because East Malling has not been able to provide source material in
sufficient quantity to meet the needs of SS nurserymen. At UK, nematode trans-
mitted diseases are major concern and schemes like Foundation strawberry, Elite
and strawberry, Elite and Special Stock Cherry, Elite and Special Stock plum, Elite
black current and A-plus and AA-hp were developed.

All the initial root stocks in the EMLA scheme was raised at East Malling and
over 80,000 root stocks being supplied in 1969, the first year of issue and by July
1979, over 400,000 have been supplied, including 114,000 MM 106 and 75,000
M. 9 apple root stocks. Even 6073 mother trees for scion wood have also dis-
tributed. This material was supplied to the nurseries within the Nuclear Stock
Association (Tree Fruits Ltd.) where it is propagated in isolation from virus-
infected material and sold under Ministry of Agriculture’s Special Stock (SS)
Certification.

In UK, field trials were conducted during 1972, on seven farms in Kent, rep-
resenting a range of soils and the observations for four cropping years, the EMLA
trees of cox orange on M.9 have cropped 40 % more heavily than non-EMLA
trees. In the same trials, the cox on MM-106 EMLA was slightly more vigorous
than the non-EMLA trees, but the cropping was virtually the same. The EMLA
material and the special stock certification scheme for fruit trees and root stocks
had improved the general health of the planting stock and had allowed the nursery
men to produce trees that were more consistent in quality and established more
uniformity.

In the European Union, where nearly 35 countries are associated, the European
plant protection organization (EPPO) plays an integral role in developing the
protocols and published certification schemes for fruit crops like grapevine, rubus,
strawberry, citrus species, plum, peach apricot, sweet cherry etc., in raising cer-
tified plant material. They also suggest the most reliable diagnostic tests against
virus and virus-like diseases (EPPO 1991, 1992, 1994). The general procedures
recommended for the production of certified virus-free plant material of deciduous
fruit crops in EPPO countries are being followed.

In Australia also, the control programme for apple virus diseases involves
indexing cultivars and root stocks and eventual distribution of clean stocks. Short
term measures include the annual examination of bud wood sources in the main
nurseries to ensure that cuttings are taken from symptomless trees (Shea 1964).
More information on the production of virus-free deciduous fruit crops plant-
material by different schemes and techniques is available in different review
articles of Moniau et al. (1977); Barba (1998); Mink (1998); Rowhani et al.
(2005).
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2.7.5 Strawberry Certification Programme

Strawberry plants are propagated through runners and also by micropropagation.
Depending on the variety and environmental factors, strawberry plants do not
induce distinct symptoms on foliage but considerable reduction is noticed both in
productivity and fruit quality. In almost all strawberry growing countries virus and
virus-like diseases are systemically infected and hence the pathogen is paused
from one vegetative generation to next. So to raise the disease-free stock plant,
virus elimination is a pre-requisite for successful strawberry production. The
certification schemes for production of virus free planting material are usually
organized and administered by government (National, State or Province) or gov-
ernment officiated bodies similar to other crops.

In the early years, the programme for the certification of strawberry plants was
based on virus testing, grafting/mechanical sap inoculation, indexing for viruses by
ELISA or other serological tests, virus-free plants multiplication in isolation and net
houses and distribution to the farmers as certified stock plants. Strawberry certifi-
cation scheme was developed by the Arkansas Agricultural Experiment Station in
cooperation with the Arkansas State Plant Board (Fulton and Seymour 1957).
Plants were raised in screen houses and multiplied through runners. During the
winter months the mother plants growing in the crocks of sand were indexed for the
presence of viruses. After no additional ‘daughter plants’ were to be collected from
a ‘mother plant’, use is made of runner grafts or runner to petiole grafts (Goheen
1955). In indexing each ‘mother plant’ at least 10 and often 25 or more grafts are
made and multiplied in screen houses. If obvious virus symptoms appear in any of
the indicator plants, the mother plant from which the grafted tissue is obtained is
discarded. The first year’s field increase of strawberry plants from the screen house
plants was produced by the Arkansas Agricultural Experiment Station at one or
more of its sub-stations. The stations are isolated from the commercial strawberry
production. These field plantings are subjected to inspections by inspectors. These
plants are sold to commercial growers as ‘Arkansas certified purple tag plants’.
Similarly ‘blue tag’ and ‘green tag’ plants are produced by growers. However, the
difference is that, in the case of certified blue tag plants’, the starting stock plants
used were from certified ‘purple tag stock’, and in ‘blue tag’ plants were used in
field production of ‘green tag’ plants. Strawberry plants produced under these
certification programmes are planted throughout Arkansas in a variety of situations.

Similar strawberry runner distribution scheme is operating in Oregon State.
Strawberry certification standards in this state are set up by a certification board at
Oregon State University which also operates a strawberry plant propagation
Centre. Indexing of each mother plant is accomplished by making three-leaf
petiole grafts, one known to be infected with mild mottle, one infected with vein
banding and the third one virus-free. This method reveals not only virus-free
infection but also the components of virus complexes (Dobie et al. 1958). Plants
passing this test are propagated and runners distributed to growers and co-oper-
ating institutions. No virus disease tolerance is allowed in the propagation center.
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However, for nurseries growing certified plants with extremely low tolerance up to
0.5-1 % infection is allowed.

In UK., schemes are developed for strawberry which is supervised by the
Ministry of Agriculture, Fisheries and Food (MAFF), virus-tested stocks are
propagated by commercial growers, with the Agricultural Development and
Advisory Service (ADAS) providing the technical support. In October 1953, the
Nuclear stock Association Ltd. (N.S.A.) was formed and the aim of the N.S.A. was
to take over from the National Agricultural Advisory Service the practical
responsibility of receiving virus-tested runners from East Malling Research Station
and multiplying them in isolation on a regular basis to meet the requirements of
plant raisers and fruit growers for replacement stocks. In this scheme, before
planting the crop the sites and the ground below adjacent hedges are sampled to
23 cm depth by ADAs advisors for the nematode vectors and the lands free from

Propagation of special stock strawberry plants tested plants from E.M. glass house

Foundation stock NSA gauze houses
Elite stock NSA isolated fields
Special stock Commercial propagators with one mile isolation Fruit growers

the nematode vectors only are utilized for the propagation of certified material.

East Malling Research Station retains the responsibility for maintaining the
virus-indexed mother plants of strawberry (the nucleus) and annually release about
12 cultivars, 50-200 plants of each cultivar, is made to N.S.A. for propagation as
foundation on stock by growers, who are appointed by N.S.A. and different stages
are represented in the table, and each stage is a single years propagation. The
schemes stipulate the conditions of production at each stage and periodic
inspections are made by MAFF Offices during the growing season.

(a) Meristem-tip culture for production of virus-free plantlets of strawberry

Meristem tip culture is unique technique to produce pathogen free planting
material and virus elimination is most important factor for successful strawberry
production. In this technique the runner tips of strawberry were used as explants
and cultured in liquid MS medium having required components. In liquid MS
medium, the meristem developed tiny shoots after 4-5 weeks. Before mass micro
propagation, the meristem derive plantlets were tested for virus detection by
serological techniques. The mass micro propagation of virus free plants was done
in MS medium containing BA and Kin. The micro shoots developed were isolated
and cultured on half strength of MS for root induction. Well-developed rooted
plantlets were planted in net house. The plantlets developed from meristem tip
culture were symptomless and fruit yield of meristem derived plants was more
than that of runner derived plants. More details for this procedure can be had from
articles of Spiegel (1998); Khanam et al. (1998); Biswas et al. (2007). The details
of micropropagation technique for production of virus-free strawberry are pre-
sented in Fig. 2.3.
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Fig. 2.3 Virus-free plant production in strawberry by micropropagation technique.
Source Laurence Bourrain, Ctifl

Laurence Bourrain and his associates in 2009 from Ctifl in vitro laboratory -
Bellegarde, France, have tested the strawberry mother plants (initial material)
against 5 viruses by ELISA and successfully produced virus-free strawberries
plants by micro propagation technique and have produced 400,000 plants by year
for nurseries.

(b) The future of fruit propagative certification schemes

The fruit tree ‘virus’ research over the past several years, is widely accepted by
the fruit industry and by scientists that ‘virus’ certification programs for deciduous
fruit tree in the US and Canada have been remarkably successful.

The combination of state and national plant quarantine laws, state certification
programs, grower education efforts, and continuing research and development by a
dwindling group of fruit tree researchers have combined to greatly reduce the
impact of ‘virus’ diseases of fruit trees. Because of changing consumer preferences
and the competition for new international markets, US and Canadian fruit growers
and nurseries will continue to find, test, and distribute many new fruit cultivars and
rootstocks. If quarantine and certification programs are not continued in combi-
nation with supportive research programs, one can except that future changes in
the fruit industry will create an environment for the resurgence of some of the
‘virus’ diseases that are currently viewed as unimportant.

2.7.6 Virus-Free Banana Production Certification

Some of the viruses that have been identified as pathogens in banana (Musa spp.)
are Abaca mosaic virus, a synonym for Sugarcane mosaic virus (SCMV), Banana
bract mosaic virus (BBMV), Banana bunchy top virus (BBTV), Cucumber mosaic
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virus (CMV), and Banana streak virus (BSV) (Jones 1991; Jeger et al. 1995;
Selvarajan and Balasubramanian 2008). Of these five viruses, SCMV is reported to
infect abaca (Musa textilis), which yields the Manila hemp of commerce in the
Philippines. The other four cause yield losses of considerable economic impor-
tance in various banana cultivars (Jones 2001a, b). Techniques like ELISA, PCR
and other molecular methods have been applied for detection of viruses in different
banana-growing countries (Shamloul et al. 1995; Geering and Thomas 1996; Ki-
ranmai et al. 1996; Wanitchakorn et al. 1997; Thomas et al. 1997; Delanoy et al.
2003; Selvarajan and Balasubramanian, 2008). Although propagation through the
use of sword suckers is practiced in certain countries, this process encourages
contamination by soil-borne pests and other pathogens. Hence plants raised
through tissue culture (TC) are being used in different countries. The stages
involved in shoot tip culture for banana micropropagation is presented in Fig. 2.4.
There are many added benefits in using TC plants: (1) they are more vigorous,
allowing for faster and superior yields; (2) more uniformity, allowing for better
marketing; and (3) can be produced in huge quantities in short periods of time,
allowing for faster and better distribution of existing and new cultivars, including
genetically modified banana. In other words, the TC technology can help banana
farmers to make the transition from subsistence farming to farming with income
generation.

Three techniques used to generate disease-free banana plants are by suckers,
macropropagation and micropropagation. Excellent information on this topic has
been provided by Singh et al. (2011) as practiced in the south Pacific zone and is
presented here.

The procedure for commercial macropropagation and micropropagation of
banana plantlets consists of four stages: culture initiation, bud multiplication,
plantlet regeneration and acclimatization in the nursery. A production program
producing millions of plantlets annually needs hundreds of thousands of suckers
for culture initiation each year. If suckers are obtained directly from the field, they
should be subject to virus indexing. Only those shown to be free of virus should be
used for culture initiation. However, virus indexing of such a large number of
samples is time-consuming and costly. The solution was to establish virus-free
foundation stock which could supply virus-free material for culture initiation. The
establishment and management of the virus-free foundation stock in different
Asian countries are as follows.

(a) Sucker propagation: There are two types of suckers: sword suckers with a
well-developed base, pointed tip and narrow leaf blades, and water suckers
with a smaller, less vigorous base, broad leaved and emerge in clumps.

Natural regeneration of cultivated bananas through suckers is very slow due to
hormone-mediated apical dominance of the mother plant. A plant produces only
5-20 suckers during its life time of 12—14 months. For accelerating the propa-
gation rate, suckers with growing buds or cut rhizomes called ‘bits’ and ‘peepers’
are used. Several good bits, each with a centrally placed germinating eye can be
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Fig. 2.4 Shoot tip culture for banana micropropagation: a sword sucker and explant; b shooting
after apical disabling; ¢ proliferation; d multiple shooting; e rooting; f nursery hardening; g young
tissue culture plantation; h field planted tissue culture banana at fruiting. Courtesy H. P. Singh
and R. Selvarajan

cut from an unbunched rhizome after trimming the roots. Selection of appropriate
mother plant for raising new propagules either through in vivo or in vitro methods
is important. About 1 kg uniformly sized rhizomes or bits, well-trimmed around
the growing sprout are the best starting material. Although immediate planting is
preferred, in some parts of India rhizomes are sun dried for 2-3 days after paring
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and pralinage treatment (trimmed of all roots, dipped in mud slurry and sprinkled
with a nematicide) and stored in shade for a week before planting.
Mother nursery block and selection of mother plants:

e Mother plant should be healthy, true to type and free from diseases and pests.

e Mother plants should be raised under roofless insect-proof shade netting of
sufficient height.

e Mother nursery must be located 500 m away from other banana plantations to
maintain purity and to avoid spread of virus diseases.

e Once indexed, the mother suckers can be maintained in a field or in concrete
rings with frequent decapitation to facilitate production of more axillary buds.
They also serve as explants for culture initiation.

(b) Macropropagation: Macropropagation is an excellent option for producing
low cost quality planting material. This is a simple method because of the ease
of multiplication, by saving the cost of producing planting material and has the
potential of producing 50-60 shoots/sucker in 4-5 months. Macropropagation
is achieved by two methods and could be adopted either in the field conditions
(in situ) or in the nursery (ex situ). It involves decapitation, decortication and
hardening.

(c) Micropropagation: Micropropagation is the practice of rapidly multiplying
stock plant material to produce a large number of progeny plants under aseptic
conditions using modern plant tissue culture methods. Application of micro-
propagation in banana has the following advantage of rapid multiplication, the
need for limited mother stock, product uniformity, season independent pro-
duction, agronomic advantages, production of disease-free planting material,
and high financial returns.

(d) Decapitation: In this procedure, 46 month old plant is headed back, the
pseudostem is cut down and cross cuts incisions are made on the growing
meristem so as to stimulate the production of lateral buds. This method results
in the production of 9-15 uniform shoots/plant in a short span of time and is
highly suitable for small and marginal farmers whose requirements of planting
material are relatively low. Suckers of choice cultivars can be maintained in a
nursery either in a sawdust bed or in a big, bottomless concrete pot. The initial
planting material should preferably be certified as virus-free and multiplied at
farm level under an insect-proof net house.

(e) Decortication: The pseudostem of the mother corm or sword sucker is cut
transversely 2 cm above the collar region and then the apical meristem is
removed leaving a cavity of 2 cm diameter and 4 cm depth. This is done to
overcome apical dominance. Decapitation and decortication activate the lateral
buds to give rise to more side shoots. Generally, the corms that have already
flowered give better results than corms that have not yet flowered. Hence,
healthy corms left in the field after harvesting are also a potential explant both
for in situ and ex situ mass multiplication.
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(f) Ex situ mass multiplication: Sword suckers are pared partially (trimmed of all
roots and the outer surface scraped) and the growing points are excised out
with a sharp knife. These corms are surface sterilized by dipping in 0.3 %
Bavistin (carbendazim) for 15 min, allowed to dry for a day and then planted
in the initiation medium, usually comprised of rice husks or sawdust, though
the latter is much preferred.

(g) Secondary decortication: After 30-35 days from the first decortication, 3—4
buds emerge from the mother corm, depending on the cultivar. When the side
shoots attain a height of 15-20 cm with 3—4 leaves, secondary phase decor-
tication is done by heading back with a sharp knife followed by 3—4 transverse
cuts. This encourages production of multiple shoots. Third phase decortication
is again attempted after 20-25 days but with greater care as the shoot buds are
located nearby. Thus by the end of 140-150 days, a total of 50-60 shoots are
produced from a single sucker.

(h) Hardening: The lateral sprouts of 8-10 cm length are shifted to pro-trays
containing equal parts of cocopeat and vermiculite and after sufficient
watering left in a shade net facility (70 % shade) at 80-90 % relative
humidity. High humidity is achieved by intermittent misting. Sprouts are
usually maintained in the pro-trays for a period of 15-20 days and then shifted
to polythene bags of size 6/ x 4’ and thickness of 120 gauges for secondary
hardening. At this stage, the plants are maintained at 50 % shade and 40-50 %
humidity. Watering is done on alternate days and the plants are ready for field
planting in 30-45 days.

Once the plantlets are ready for shifting outside the laboratory, they are carefully
acclimatized to adapt to the greenhouse and later to less protected field conditions.
During hardening, the plantlets undergo physiological adaptation to changing
external factors like water, temperature, relative humidity and nutrient supply.

The plantlets from culture vessels/bottles are moved from the laboratory to a
room at ambient temperature and are kept open for 4—-6 days. Later they are shifted
to the greenhouse for primary hardening where they are first gently washed free of
agar medium. This is important as sucrose in agar encourages microbial growth.
Selected 8 cm shoots with 3—4 ramified roots are planted in individual micropots
in a portray. In places where weather is conducive (24-26 °C temperature and
more than 80 % humidity), the plantlets are hardened for 4-6 weeks in mini-sand
beds. During this period, 90-95 % humidity is maintained for the initial 6-8 days
under diffused light. The humidity is slowly reduced to 70 %, light intensity raised
to normal, and temperatures brought to 26 °C by the end of 6 weeks.

Structures used for primary hardening vary with the climatic conditions. These
can be highly sophisticated with UV-sterilized polysheet covering, multiple misting
options, thermal shade netting and auto-monitoring for light intensity, temperature
and humidity. On the other hand, the structures can be simple with polycarbonate
roofing, shade net on all sides with fogger capabilities. Temperature, RH and light
intensities are monitored manually using thermometer, hygrometer and lux meter,
respectively.
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Planting media for primary hardening range from sieved sand augmented with
nutrients to mixtures of cocopeat and soilrite with fine sand in equal proportions.
NPK nutrients are provided in liquid form on a weekly basis.

(i) Secondary hardening: After primary hardening for 5-6 weeks, the plantlets
are transferred from microplots to polybags. Base substrate is generally soil
and sand along with low cost materials like coir pith, sawdust or rice husks.
Organic manure is either in the form of farm yard manure or poultry manure. In
Maharashtra, India, press mud, a byproduct of sugar factories, has been found
to provide the best substrate for secondary hardening along with soil (Vasane
et al. 2006).

Plantlets from micropots are dipped in fungicide solution (0.1 % Bavistin) and
planted in polybags containing suitable substrate. Initially, these are maintained in
low light intensity shade nets and 70 % RH. The plants are hardened by gradually
increasing the light intensity and reducing RH (40 %). After 5-6 weeks the plants
are ready for field planting with 3—5 well-developed leaves and a good mass of
fibrous roots.

During both primary and secondary hardening, the stocks should be rogued for
variants at weekly intervals. These could include vegetative deformities like
dwarfism, leaf variegation, rosette foliage and leaf crinkliness. Other precautions
to be followed are:

e The rooting media should be completely free from pathogens.

e Water used for irrigating the plants should be free from pests and pathogens.

e Sample plants from each batch should be randomly virus indexed (at least 10
plants from each batch/explant).

e While shifting primary hardened plantlets, two longitudinal cuts should be given
to the micropots to facilitate further corm growth.

() In situ mass multiplication: In situ production of suckers is induced chemi-
cally by pouring 4 ml of 40 ppm benzyl aminopurine (BAP) into the decor-
ticated cavity and covering the individual mats with a mixture containing equal
parts of sandy loam and poultry manure to 5 cm above the ground level. Such
chemical induction of lateral buds could be done on the first generation suckers
and continued up to third generation suckers. This method leads to the pro-
duction of 45-50 shoots in a short span of months. The suckers are separated
from the mother corm and subsequently rooted in sterile soil medium under
intermittent misting.

(k) Shoot tip culture: The earliest reports of in vitro culture of bananas came
from Taiwan in the 1970s (Ma and Shii 1974; Ma et al. 1978). Protocols have
been standardized for in vitro propagation of a wide range of Musa species and
cultivars belonging to various ploidies and genomes (Sathiamoorthy et al.
1998).
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Shoot tips can be extracted from the pseudostem, suckers, peepers, lateral buds
or even small eyes which contain a shoot meristem (Jarret et al. 1985; Vuylsteke
and De Langhe 1985). Although all of them behave similarly under in vitro
conditions, peepers and sword suckers are preferred because of their ease of
handling and the minimum damage caused to the parent stool during their removal
(Singh et al. 2011). It is always better to collect the explants from flowering plants
so as to ascertain their trueness to type.

The steps followed for production of micropropagation-based banana planting
material are:

Selection of the mother plant and establishment of a mother block nursery.
Virus indexing of mother plant nursery.

Culture initiation.

Culture proliferation.

Roguing at various stages of proliferation.

Rooting and primary hardening accompanied by roguing.

Secondary hardening accompanied by roguing.

Fidelity testing and virus indexing at various stages of mass multiplication.

2.7.7 Citrus Bud Wood Certification

In almost all the citrus growing countries, certification schemes are followed for
the production of disease-free plant material, as almost all viruses and viroids
infecting Citrus species can increase and perpetuate in orchard plantings only
through the use of virus-infected buds. In California, the citrus variety improve-
ment program (CVIP) is part of an ambitious programme to maintain California’s
position of world leadership in research and development. Since 1958, the
objective of the project has been the “Development and maintenance of primary
sources of virus-free, true-to-name propagative material”, as implemented by
virologists of the University of California, the USDA, and the Nursery and Seed
Services of California Department of Food and Agriculture. The foundation bud
wood block at the University’s Lindcove Field Station (Davis), provides a reser-
voir of virus-free, true to-name citrus propagative material unmatched anywhere
else in the world.

Nauer et al. (1975) have included citrus selections and hybrids of nearly 354
into this programme. Since January of 1974, Lindcove Foundation block bud wood
has been available to the California citrus industry at a cost of 25 cents/bud and has
distributed over 34,000 buds. Until recently, any selection found to be virus
infected was eliminated from the programme. Since the advent of thermotherapy
(Calavan et al. 1972), tissue culture (Bitters et al. 1972) and shoot tip grafting
(Roistacher et al. 1976) the elimination of the diseases from the infected plants
made possible that a promising, but virus-infected selection, could be treated and
re-entered into the program when virus-free (Navarro 1993).
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Lee et al. (1999) and Lee (2004) have published the review articles on nursery
practices and certification programs for citrus bud wood and root stocks based on
their long standing experiments with the citrus crop.

In Florida, the citrus bud wood programme was initiated in 1951 and was made
a reality following recommendations of a standing committee of the Florida State
Horticultural Society in January 1953. The programme was administered under the
State Plant Board (SPB), later to become the Florida Department of Agriculture
and Consumer Services. In 25 years of operation, participating nursery men and
growers have produced 31,421,700 registered citrus trees, which represent 45 % of
the total grove trees of Florida. In a 1976 survey that included 40 Florida citrus
nurseries producing 95 % of the citrus trees in Florida, only two nurseries were not
associated with the bud wood programme (Youtsey 1978). A similar type of
scheme has been operated in Australia since 1928 under the New South Wales Co-
operative Bud Selection Society. In 1975, a new society (the N.S.W. Horticultural
propagation Society Ltd.) was constituted to replace the Co-operative Bud
Selection Society Ltd., to assume responsibility for the selection, maintenance and
distribution of horticultural propagation material to meet the needs of the citrus
industry (Fraser and Broadbent 1979). Since then this society has played a prime
role in the maintenance and supply of the virus-free citrus bud-wood material to
Australian growers.

In India, a bud wood certification scheme was launched by the Indian Council
of Agricultural Research (ICAR) at Poona, Ludhiana, Tirupathi and Kahi Kuchi
for different cultivars of citrus fruits i.e. Mosambi, Blood red, Jaffa, Sathgudi
oranges and Mandarins. Now at each center, certified bud wood is being produced.
Plants which are without visual disease symptoms and with high and regular
yielding characters are selected as candidate trees and indexed for important virus
and virus-like diseases. The presence of these diseases is tested by short term and
long term indexing. For the short term indexing procedure, the indicator hosts
express symptoms in a relatively short time frame and concludes in 10-12 months
after a parent (candidate) tree source is entered in to the programme. Long term
indexing is done for bud transmissible diseases (ie., Psorosis, Xylopsorosis and
Exocortis) on their respective indicator hosts and this takes about 3—4 years. Once
the candidate trees are found to be free from important diseases by indexing,
efforts are made to propagate them in a place reasonably isolated from the citrus-
growing belt and where the insect vectors of citrus viruses are not active. In
the first instance, the foundation block should be established by propagating the
budwood from the registered trees on suitable root stocks. Bud wood from
the foundation block is given to reliable nursery men to establish nurseries under
the direct supervision of the technical staff, and frequent indexing the trees in both
the foundation block and the mother block for important viruses. By implementing
this scheme, a constant supply of certified virus-free citrus plants for the growers is
made available on a commercial scale and this scheme is an extremely valuable
asset to the citrus industry both for production and research.

Mandarins (Citrus reticulata) in the Darjeeling Hills of India, were 16-90 %
infected with Citrus tristeza virus; subsequently Biswas et al. (2009) developed a
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certification scheme in which plants on rangpur lime and rough lemon root stocks
were produced in an insect proof greenhouse after indexing with molecular tests.
The certification clean stock program has helped in establishing healthy orchards
of mandarins in Darjeeling Hill area and 3-4 year old-grafted mandarin plants
were found to yield normal sized fruits.

2.7.8 Certification of Grapevine Planting Material

For grapes, programmes to produce clean stock, are based on aspects like vine
selection, disease recognition, indexing, therapy, registration and certification.
Selection is a basic step in the program for clean stock production. It determines
that a specific clone possesses the desirable growth and yield characteristics of the
cultivar and that the cultivar is correctly identified. Selection is the responsibility
of viticulturists cooperating in the clean stock programme. The programme is
effective only when all serious graft-transmitted diseases can be recognized.
Indexing tests must be able to establish that the mother vines are free from rec-
ognized diseases, even at the latent stage. Disease recognition, indexing and
therapy are the responsibility of plant virologists.

Calavan et al. (1970) described a rapid propagation technique for clean foun-
dation stocks of grapes by following heat treatment and indexing which takes about
18-30 months. After this a single 2-bud cutting from a clean stock plant will root in
sand at 28 °C within 1 month, and within 2 months it should have new growth
adequate for 10 green-bud cuttings consisting of a single bud each. The cuttings will
root in vermiculite under intermittent mist at 28 °C within 2 weeks. Secondary
green-bud cuttings can be taken from each daughter plant as it develops.

Grape cuttings are rooted in 15 x 21-inch flats (180 cuttings capacity). It is
important to keep the temperature of the vermiculite at 28 °C for best results. After
rooting, each cutting is transplanted to soil in a pot and kept in plastic, glass or
greenhouses at temperatures ranging from 21 to 35 °C to produce more green bud
cuttings. A new crop of green bud cuttings can be harvested from potted grape
plants at 2-month intervals provided optimal conditions for vegetative growth are
maintained. The potential of this technique is about 1,600,000 cuttings from one
foundation cutting per year.

Registration which is a step in the programme, assures maintenance of clean
mother plants and that provides for the increase of the disease-free nursery
materials. It regulates the planting site to assure freedom from disease and it
monitors the increase of stock by cooperating nursery men to assure propagations
only from disease-free mother plants. In California, the foundation seed and plant
material service of the University of California and the California Department of
Food and Agriculture manage the registration scheme. Certification is the last step
in the programme. Nursery stocks produced from registered sources by prescribed
procedures and certified by the Californian programme was first offered in 1960,
and since then 65 million certified plants have been grown and sold. According to
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California Department of Food and Agriculture, Nursery and Seed Service, 95 %
of all grapes sold in California in 1976 were of certified stocks (Goheen 1980). A
grapevine certification scheme in the European Union was well presented by
Martelli and Walter (1998) in their review article and also by Rowhani et al.
(2005).

Based on the method developed at the University of California (Davis), in which
healthy plants were raised from shoot tips taken from virus-infected plants grown in
a heat chamber at 100°F (Goheen et al. 1966). From New Zealand, Over de Linden
and Chamberlain (1970) treated 18 grape varieties ranging from 56 to 141 days and
the virus-free plants obtained were indexed negative in two-growing seasons. The
virus-free selected vines were increased rapidly by propagating from hard and soft
wood cuttings and when once sufficient material was available, it was released for
distribution. When a cultivar of particular value to the industry was identified, vines
were also sent to the Horticultural Department, Massey University (New Zealand)
which undertook to raise virus-free plants of the most important cultivars for sale to
vine growers. In 1968, ‘Pinot Meunier’, which had good commercial value was
made virus-free and released. In Romania, a scheme for the production of certified
grapevine propagating material was developed by Pop (1995).

Even from Hungary, Lazar et al. (2002) have developed certification pro-
gramme for production of grapevine virus-free propagation material. By following
the above cited certification schemes, research organizations of each country have
to develop mother blocks of virus-free scion and root stock cultivars that have to
be established in larger areas based on the national requirement.

2.7.9 Cassava Seed Certification Scheme

Cassava (Manihot esculenta), also referred to as manioc or tapioca, is propagated
routinely from hard-wood stem cuttings of the plant. The use of infected cuttings
for propagation is responsible for the high virus incidence in this crop. In Africa,
cassava is routinely infected with African cassava mosaic virus (ACMV), East
African cassava mosaic virus (EACMV), and South African cassava mosaic
virus (SACMYV) which are distinct species of circular-single stranded DNA viruses
that are whitefly-transmitted. In India and Sri Lanka Indian cassava mosaic virus
(ICMV) is prevalent in cassava. From many South American countries the pre-
vailing virus is Cassava common mosaic virus (CsCMV).

The basic approach for disease control that has been widely adopted with many
vegetatively propagated plants is reviewed by Hollings (1965). Attempts have
been made to promote use of virus free-stocks of cassava other than to meet the
requirements of plant health authorities responsible for regulating the movement of
vegetative materials between countries and continents. Initially virus-free material
of cassava has been produced by meristem tip culture and/or heat therapy and
“foundation” plants obtained in this way could then be subjected to rigorous tests
for virus detection, and such virus-free cassava plants can be maintained in insect-
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proof conditions to prevent contamination by vectors. There are also those who
advocate setting up expensive schemes for the production and distribution of virus-
free planting material of cassava similar to those used in developed countries for
potato and many horticultural crops. In India, Malathi et al. (1987) have recom-
mended the painting of the Cassava mosaic disease (CMD) affected plants so that
one can avoid the collection of virus-infected plants when cuttings are collected
from the mature plants which are usually leafless and seriously affected.

Nevertheless, there is abundant evidence from experience in Kenya, Cote
d’Ivoire and Uganda that a large improvement in the health status of the planting
material made available to farmers can be achieved by simply selecting cuttings
from symptomless plants and raising them at sites where there is little or no spread
by vectors and where roguing is practiced routinely. This was the approach
adopted in the 1980s in Kenya (Bock 1983) and Cote d’Ivoire (Fauquet et al.
1987), where substantial quantities of ACMV-free material were raised for use in
epidemiological trials. However, arrangements were not developed for more
extensive propagation and distribution to farmers on a large scale.

Virus-free planting material production schemes have been developed in
Uganda where there is a huge demand for planting material of improved virus-
resistant cultivars to replace the local, mainly susceptible ones that have been
severely affected during the epidemics (Otim-Nape et al. 1994; Thresh et al. 1994).
About 17,500 ha of virus-resistant material have been made available at various
propagation sites in different parts of the country and these were used to supply
ACMV-free cuttings to farmers. Three main approaches have been adopted in
building up this system of multiplication, involving institutions, groups of farmers
operating together and individuals (Thresh et al. 1998).

The protocol for the production of virus-free cassava planting material by using
tissue culture technique has been detailed in the FAO Plant Production and Pro-
tection Paper-195 (FAO 2010). Stems (about 1-2 m long) have to be stored as they
have been harvested from the field. Otherwise they can be cut to the proper size for
planting (about 20 cm long). To prevent dehydration during storage, it is recom-
mended that the stems be cut into planting stakes just prior to planting. Bunches of
long stems should be placed vertically on the ground, in shade (Fig. 2.5a), with the
apical portion of the stem up. Sometimes, farmers cover the stem bunches with
foliage remaining from the crop to further reduce dehydration of the stems. Ideally
stakes have from 5-7 nodes and are about 20 cm long (Fig. 2.5b). The storage area
should be shaded and offer high but not excessive relative humidity (about 80 %)
and moderate temperatures (20-30 °C). Stems should not be stored longer than
3 months under optimal conditions, preferably less than 1 month.

In certain cassava growing countries a virus-free cassava material was gener-
ated by using meristem tip culture with or without heat therapy. Virus-free plants
have been produced through meristem tip culture (Kaiser and Teemba 1979;
Adejare and Coutts 1981; Ng et al. 1992). Since meristematic regions in some
genotypes are not always invaded by plant viruses, it was possible to obtain a small
portion of virus-free plantlets from 0.2 to 0.5 mm meristem tips when cultured
in vitro. Heat therapy before meristem tip culture led to a greater proportion of
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Fig. 2.5 a Storage of selected stocks to be used for multiplication. b Selected cassava stakes
with adequate length and width and 5-7 nodes. Courtesy Ceballos, CIAT (2006), FAO (2010)

virus-free plants than meristem culture alone. At Central Tuber crops Research
Institute (CTRI), Trivandrum, India, a strategy involving testing the planting
material with ELISA and PCR for detection of virus pathogens followed by
meristem culture has proven to be a very successful method for mass scale pro-
duction of disease-free cassava planting material (Fig. 2.6).

As the application of tissue culture technology is constrained by high costs
making seedlings unaffordable, from Kenya (Ogero et al. 2012b), have achieved
success by using locally available fertilizers as alternative nutrient sources for
cassava micropropagation. A Low Cost Medium (LCM) whereby the conventional
sources of four Murashige and Skoog (MS) macronutrients have been replaced
with locally available fertilizers which were developed by Stanes Iodized
Microfood® from Osho Chemical Industries in Nairobi, as the alternative source of
micronutrients and modified conventional MS medium was used as the control.
Both media were supplemented with 30 g/l of table sugar and 3 g/l of gelrite. Two
cassava varieties, Muchericheri and KME 1 were regenerated on the two media.
Node, leaf and root formation patterns plus plant height have resulted in reduction
of 95.50 % in nutrient cost. The two cassava cultivars had a significantly
(p < 0.05) higher number of nodes on the conventional medium compared to
LCM. There were no differences in node formation by the two cultivars on the low
cost medium during both initiation and multiplication. KME 1 produced signifi-
cantly more leaves on the LCM compared to Muchericheri during both initiation
and multiplication. Acclimatization of plantlets was successful; hence, this pro-
tocol can be adopted in cassava regeneration (Ogero et al. 2012b). This technology
will help in virus-free production of planting materials in almost all cassava
growing countries.

At IITA, Ibadan, Nigeria, the Genetic Resources Center (GRC) conserves and
distributes cassava germplasm free of the viruses. Cassava germplasm was
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Fig. 2.6 Stages in the production of virus-free cassava planting materials. Courtesy Edison S,
CTRI

introduced or reintroduced into the in vitro system following a procedure that
combines heat treatment regeneration through meristem culture, virus indexing,
and selection of material that are negative to viruses. Virus-tested germplasm is
distributed to partners and stake holders following an internationally accepted
phytosanitary procedures. Information on cassava germplasm accessions and the
procedure to acquire germplasm from IITA is available at http://genebank.iita.org/
(Badara Gueve et al. 2013).

Even in Philippines, National Seed industry council of the Philippines has
recommended certain cassava varieties and Acedo and Labana (2008) have
developed rapid propagation technique for the released Philippines cassava cul-
tivars through tissue culture. In their field trails the meristem-derived cassava
plants produced higher yield with more and heavier storage roots than the field-
sourced planting materials. In addition, the former exhibited healthier plant strand
which resulted in more stakes for use in the succeeding planting season.

At Tanzania, the IITA institution is attempting to manage the spread of cassava
viruses (CMGs and CBSV) through clean seed system. This objective is currently
being vigorously pursued within the frame work of two Bill & Melinda Gates
Foundation-funded projects in Tanzania. One of these is focusing and development
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of the overall ‘clean’ seed system model, certification system and the establish-
ment of pre-basic ‘seed’ sites, whilst the second is exploring several strategies for
the sustainable commercialization of cassava ‘seed’ systems. If these approaches
are successful, they will offer great potential for application elsewhere in sub-
Saharan Africa, and are likely to have a significant and lasting impact in con-
trolling the effects of CMGs and CBSVs (Hermence et al. 2013).

2.7.10 Potato Seed Certification

Similar to other vegetatively propagated crops, potato has also received consid-
erable attention because of the importance of planting virus-free seed pieces, and
extensive and long-lived certification effort has been followed in many countries.
Potato seed certification was begun in Europe as early as 1900s, largely through
the efforts of Dr. Otto Appel in Germany (Appel 1934). Widely used methods in
building up healthy seed stocks of potato are tuber unit planting and tuber
indexing. In the former method, all seed pieces cut from each tuber are planted
consecutively in a row in the field. Periodic inspections are made during a season
and all infected plants are rogued. When one or more plants in a unit exhibit virus
symptoms, the entire unit is removed. In the latter system, a suitable piece bearing
one eye is removed from each tuber and planted in the greenhouse in the winter. If
the plant produced from the seed piece develops virus symptoms, then the
remaining second piece of the same tuber is discarded. In a comparative study of
the two methods, Richardson and Racicot (1951) did not find any marked differ-
ence in accuracy.

Slack and Singh (1998) have reviewed the seed potato certification programs
that are carried out in the US and Canada by applying integration technology for
production of virus-free potato cultivars in number of EPPO countries. EPPO
certification scheme for seed potatoes is intended to be used by National plant
protection organization. The Scheme compliments the existing UN/ECE standard
on the production and marketing of seed potatoes. The scheme has the aim of
providing seed potatoes that are free from important pests and diseases to many
countries and whose health status is attested by an official certificate. At all stages
of the scheme, care should be taken to maintain the characters of the originally
selected plants. Material imported from outside the EPPO region should also be
inspected and tested under quarantine for all EPPO quarantine pests of potato
according to the relevant EPPO phytosanitary procedures (EPPO/CABI 1996).
EPPO standards are distributed by the EPPO secretariat to all EPPO member-
governments.

In Great Britain, the potato certification scheme has led to a two to threefold
increase in yield. Tested foundation stocks which are virtually free of viruses are
grown in isolation in parts of Scotland that are unfavorable for aphid migration and
colonization (Todd 1961). High grade stocks are grown from this seed elsewhere
in Britain, in areas selected because of the low incidence of aphid vectors. The
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Agricultural Development and Advisory Service (ADAS) have undertaken the
responsibility of tuber-virus testing. This test estimates the level of severe viruses
(PVY and PLRV) in random samples of 100 tubers from potential seed stocks by
growing excised eyes in a glasshouse with supplementary light and heat during
winter months. Visual assessment of the resultant plant lets after 6 weeks of
growth gives a measure of the severe virus level in the stock (Hill 1977). In U.S.,
these certification programs are the responsibility of a state Department of Agri-
culture, a land grant university or a grower association with, in frequent cases,
cooperative agreements among the three agencies.

India is the largest potato producer in South west Asia and potatoes are grown
in diverse agro ecologies. Potato is grown both in the hills and in plains in summer
and autumn/winters, respectively. Nearly 82 % potato area is in the subtropical
plains where it is cultivated in the winter under short-day conditions. Nearly 10 %
potato area lies in the plateau region of south peninsular India and the remaining
8 % in the mountains. Potatoes in plateau and mountains are grown under long-
day conditions during summer and spring seasons, respectively. To effectively use
this natural phenomenon, indexing for virus-freedom is done in hills for the crop to
be raised in the plains and vice-versa. In the preliminary surveys it was observed
that areas above 2000 m in the northern temperate hills in a few pockets were the
most suitable for production of quality seed potatoes. During summer months in
these areas when the potato crops are generally grown, low temperature, high
velocity winds and frequent rains are unfavorable for the buildup of aphid pop-
ulations that are vectors for potato viral diseases. In view of this observation,
procedures were developed at Central Potato Research Institute (CPRI), Simla for
the production of disease-free stocks in the high hills. CPRI is the back bone of
potato seed production in India. Nearly 2500 tons of breeder seed are supplied
every year to different organizations for further multiplication for foundation and
certified seeds.

Based on the epidemiological studies on aphid vectors of potato viruses in
North-eastern hills of India, Shahid Ali et al. (2013) have reported the possible
ideal locations for potato seed production at the altitudes between 2000 and
2700 m viz., the Shillong Peak/Laitkor Mawri and Mawkriah West in Meghalaya;
Hilley Seed Potato Farm, Okhrey, Ribdy and Rawangla Seed Potato Farm in
Sikkim; Upper Wanghoo and Warjung villages in Arunachal Pradesh; Upper
Ukule Kigwema and Lower Ukhule Kigwema villages in Nagaland were identified
as ideal/suitable sites for quality potato seed production where aphid population
was recorded below the threshold level during the main cropping season.

(a) Maintenance of seed stocks of potato in India: Since a number of stages are
involved in the production of foundation seed, the degree of freedom from
viruses/phytoplasma diseases is regularly assessed by serological testing/visual
inspection in each stage during every year. The procedure adopted in the
maintenance of virus-tested foundation seed at Fagu/Jallundur/Mukteswar
(India) is as follows:
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Stage I: The healthy counter parts of a single eye plant lots showing freedom
from all the viruses/MLOs are subsequently planted in the field at the CPRI’s
nuclear seed station, Fagu (2700 m above sea level), where only materials
having passed through glasshouse tests are grown. Virus-tested tubers of each
single hill unit are separately planted in a row. Each plant is serologically tested
for viruses X and S, by taking a composite sample of one leaf from each stem.
The entire clone is destroyed even if a single plant is infected. The plants are
visually examined for other viruses and the diseased plants are rogued along
with the tuber formed.

Stage II: In the second stage, all the produce of a hill unit or a clone is sepa-
rately planted in a plot. For testing against potato virus X and S, two leaves from
each individual plant are taken and six leaves constitute a sample. Positive
serological reaction or visual symptom in any of the samples makes it obligatory
to rogue out the entire clone.

Stage III: The seed material of each clone selected under the Stage II is planted
in bulk virus infection in the third stage is to be determined serologically by
sample testing. Freedom from diseases and genetic purity is ensured by three
periodical field inspections and plant protection measures.

The virus-free nucleus stocks produced from Stage III are subsequently utilized
for the production of breeder’s seed at the Institute’s seed production centers at
Kufri, Mukteshwar in the hills and at the regional stations at Jullundur, Daurala,
Patna in the sub-tropical plains through ‘seed plot technique’. The basic seed is
supplied to the National Seeds Corporation and the State Agricultural Departments
of India for seed multiplication programme.

The seed potatoes produced from hill stations is insufficient for sowing in the
plains. So Pushkarnath and his colleagues by their intensive work from
1952-1960, after studying the epidemiology of the insect vectors in the sub-
tropical plains, developed a method called ‘Seed Plot technique’ (Pushkarnath
1959; Nagaich et al. 1969). Methods for briefing about the necessary changes,
through adaptation of seed plot technique are:

(1) For seed purposes, plant the crop (using disease-free seed) in the autumn as
early as possible, preferably by the first week of October;

(2) Plant at a close spacing and into a not too rich soil. This practice ensures a
larger percentage of seed size tubers;

(3) During the growing season, examine the seed plots at least twice and rogue
diseased plants;

(4) Towards mid-December, when the crop has tuberized, restrict irrigation and
later withhold it completely so that haulms wilt and fall over before the aphids
build up. If the crop is still green remove or kill the haulms;

(5) Harvest the stocks, store in a cool situation and later transfer the stocks to cold
storage to be used as seed in the subsequent autumn season.
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In India, the seed potatoes produced both in low temperature hills regions and in
sub-tropical plains during aphid-free period, are now being supplied to farmers
through seed agencies. Periodical post-harvest checking of stocks which are
introduced into the seed certification system is carried out both in the hills and
plains, so that disease-free stocks are supplied. During 2007, Kadian et al. have
reviewed the status of potato seed systems in Southwest Asia.

(b) Rapid potato seed multiplication: Many countries are now using different
rapid multiplication techniques in the potato seed multiplication like tissue
culture alone/micropropagation or in combination with different methods of
generating cuttings are being used successfully (Chandra and Dhingra 1990).
Bryan (1988) reported use of different multiplication techniques by different
countries. In most of the countries the in vitro material was being used to
produce basic nucleus disease-free material and further in vitro methods of
multiplication were employed to multiply the basic disease-free material. The
countries using these techniques are Colombia, Ecuador, Peru, Venezuela,
Argentina, Brazil, Sri Lanka, Thailand, Vietnam, Philippines, Costa Rica,
Mexico, Cuba, Korea, Bangladesh, Bhutan, India, Nepal, Pakistan, Indonesia,
Taiwan, New Columbia, Kenya, Madagascar, Bolivia, Chile, Uruguay,
Dominican Republic, Jamaica, Panama, Guatemala, Honduras, Burundi,
Rwanda, etc. However, by following some of the techniques discussed here,
majority of the potato growing countries have become self-sufficient in seed
potato production for their country or depending on some other country. The
rapid multiplication techniques are fast becoming important in developing
self-sufficiency in seed production.

The commercial application of tissue culture and micropropagation techniques
to the production and sale of seed potato products has been a successful propa-
gation (Addy 1988). More details of micropropagation as the alternative to
conventional propagation of potatoes is available (Chandra and Birhman 1994;
Naik and Chandra 1994). The same technique can be extended to other vegetable
crops propagated through vegetative propagules. Using the tissue culture tech-
niques for micropropagation, it is now possible not only to reduce the number of
field exposures but also to increase the rate of multiplication several fold. With
micropropagation, the propagation takes place in the laboratory under aseptic,
controlled conditions where in vitro potato plantlets are produced all year round in
a limited space and in completely disease-free laboratory environment. Also
vegetatively reproduced material can often be stored over a long period but on a
limited scale. In vitro plantlets need no attention between subcultures and there-
fore, there is no labor or material requirements for watering, weeding, and
spraying. Presently countries with commercial micropropagation are mainly
employing in vitro plantlets for the large scale production of basic starting
material. On the other hand, several problems are associated with the in vitro
plants. Plantlets have to be supplied seasonally as they cannot be stored for long
and are very labor intensive to produce, and are thus quite expensive.
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(c) Mini/micro tuber production: To obtain cheaper and cleaner propagules, a
compromise of the technology i.e., minituber technology was developed in
U.S. and later adopted in many other countries, in vitro plantlets are planted in
beds in a screen house (screens for aphids with sterilized soil), the plantlets
produce 3-6 tubers. These tubers, called minitubers, though are not as clean as
the laboratory in vitro plantlets yet are cleaner than the field produced tubers.
Thus one would start with 3—6 tubers instead of 1. This means enough savings
on the starting material to allow for 3—4 generations of multiplication instead
of 8-11 traditional generations (Najjar 1993).

Another way of overcoming such problems is by producing microtubers.
Almost all aspects of microtubers have been reviewed in detail (Chandra et al.
1988). Microtubers are small, in vitro produced tubers that are usually about the
size of a pea and are produced in sterile culture under controlled pathogen-free
conditions, thus they are disease-free (Chandra et al. 1992c; Randhawa and
Chandra 1990). Water, air and nutrients that come in contact with the potatoes are
sterile, and the test tube physically isolates the potatoes from all insects, patho-
gens, bacteria, fungi and viruses. Microtubers as being in vitro products are
generation ‘1’ or ‘pre-nuclear’.

The term microtuber refers to the in vitro status of the tubers and not to their
relative size. The range of microtuber size varies from 3 to 12 mm and the range of
microtuber weight varies from 40 to 140 mg depending on the concentration of
triadimefon, uniconazole, benzyl aminopurine used (Chandra et al. 1992c).
Microtubers, which are physiologically and morphologically identical to con-
ventional tubers although much smaller in size, integrate well with the current
practices as they store well and are easily handled and planted. Until recently, the
high cost of production prevented the commercial exploitation of microtubers in
the potato industry. The cost of production priced is out of reach for seed potato
growers and confined to their use for research. Some cheap methods for the
production have been developed (Chandra et al. 1992a, b, 1994), but even then
microtubers could not get a direct place in potato seed production system any-
where in the world. The established technology to mass produce microtubers and
at competitive prices was started at the University of Wisconsin-Madison when
Prof. Brent McCown and his co-worker Peter Joyce evolved the Microtuber
Multiplication System of potatoes (MMS) (Najjar 1993).

The MMS is a proprietary and patented system (USA Patent No. 5,047,343).
The principal concept of the process is in the production of microtubers with a
high multiplication rate in novel advanced bioreactors. Several different working
bioreactor designs have been developed and improvements are made regularly to
optimize their cost effectiveness. In the early stages of development, the two
different bioreactor systems were: System I, which utilizes small low cost biore-
actor and System II, which utilizes large, automated, reusable bioreactor.
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The MMS has three interconnected stages:

(1) the formation of a microtuber-shoot complex
(2) the elongation of the shoot axis; and
(3) the tuberization of the mass of shoot axis.

In the first stage, the bioreactor is charged with “seed” microtubers. These are
placed under conditions which stimulate the formation of several initial shoot axes.
The initial source shoots, which emerge from the microtuber explants, are then
induced to extensively branch and form a mass of short shoot “initials” which will
eventually produce microtubers. In the second stage, shoot elongation stage, each
of the shoots of the seed microtuber is allowed to develop into an independent axis.
To accomplish this, the microtuber shoot complex I is transferred to a medium and
environment which promotes the rapid growth of the potato shoots. This transfer
may be accomplished by physically transferring the microtuber shoot complex to a
different culture vessel or by changing the medium in the vessel. In the third,
tuberization stage, tuberization is achieved when numerous shoot axis have
developed to the point where they become physiologically independent of each
other while still being continuously sank in a growth medium. The elongated
shoots emerging from the shoot complex are tuberized by changing the medium
and the environment. The microtubers reach convenient harvest size within
2 months.

Presently, the result is that the original “Seed” microtuber is multiplied by this
process resulting in up to thirty or more daughter microtubers. The process is well
adapted for automation. Labor input is minimal and the process allows for the
manipulations to be done in one vessel with no labor beyond that of inserting the
original microtuber and harvesting the produced microtubers. Furthermore, costs
are very low as the system is simple and requires only a low cost growth
environment.

The firms dealing with potato micropropagation should give top most impor-
tance to : (i) delivery in time, (ii) prices should be reasonable and competitive,
(iii) consistently high quality plantlets, (iv) homogeneity and uniformity of plants,
(v) no mutations, and (vi) easy to acclimatize and to bring into production.

(d) Through meristem-tip culture: Through meristem-tip culture large number
of plants of different potato cultivars were developed throughout the world and
farmers are much benefited by this technique (Faccioli 2001; Zaman et al.
2001; Nagib et al. 2003; Nascimento et al. 2003). Even the technology of
commercial micropropagation has not changed much since the eighties
because of lack of automation of existing procedures. The flow chart of the use
of meristem culture and micropropagation in production of virus-free tubers/
mini tubers is given in Fig. 2.7.

The most reliable method of micropropagation is still by the division of axillary
shoots which requires a high input of manual labor at all stages. If commercialization
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Fig. 2.7 Use of meristem culture and micropropagation in production of virus-free tubers/
minitubers. Source CPRI (ICAR), India

of potato micropropagation has to be made, it is vital that production cost should be
decreased. One estimate suggests that a 50 % reduction in average cost would allow
the market to expanded to more than 10 times its current size, and that by decreasing
production costs by 90 %, the potential market would become 1000 times larger than
at present (George 1996). Micropropagation techniques have been introduced in
clonal selection systems in most countries in Europe to provide supposedly better
control of virus and bacterial diseases in the seed programme. It is also used in some
countries to try to get rid of quarantine diseases although, obviously, this will be
successful only if the chances of re-infection during multiplication in the field are
extremely small.

The replacement of basic plants by pathogen-tested in vitro plantlets or mini-or
microtubers is an attempt to improve the standard of health of the starting material
and there by the overall quality of the seed. Clearly, the success of this replacement
depends on the standard of health of the basic plants and on the chances of
re-infection with tuber-borne pathogens during the field multiplication. A valid
reason or reasons to combine traditional clonal selection with micropropagated
material must include : (i) improvement of the quality of the pre-basic seed, (ii)
ridding the crop of quarantine disease, (iii) rapid multiplication of given cultivar for
which a large quantity of seed is needed in a short time period, and (iv) reducing the
production cost of pre-basic seed.
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2.7.11 Sweet Potato Production of Clean Plant Material

Virus diseases are also one of the limiting factors for obtaining higher yields and in
almost all countries, healthy sweet potato plant material was produced by fol-
lowing chemo-, thermotherapy and tissue culture. Some of the successful virus-
free production methods are discussed herein. As early as 1989, Love et al. have
developed meristem-tip culture and virus indexing method for producing health
sweet potato plants.

Introduction and availability of clean sweet potato planting materials of
improved sweet potato cultivars is the perquisite to realizing high root yield.
Accessibility of these materials to farmers is dependent on multiplication and dis-
tribution of clean planting materials in larger quantities. Supplying planting mate-
rials from research has not met the demand by farmers because sweet potato like
other vegetative plants has a low multiplication ratio. The objective of basic seed
production was to establish sweet potato seed nurseries to act as source of nuclear
planting materials for secondary multiplication by farmers, NGOs and CBOs.

Different procedures that are followed for the production of virus-free sweet
potato planting material in some of the countries are described here in detail.
Sweet potato vines for planting should come from actively growing and disease-
free plants. The vines can be:

o Shoot tip cuttings: These are the best parts for propagation as the meristematic
cells are still actively dividing and hence grow faster and more vigorously. The
tips should be 10-15 cm long. These should be planted vertically with two-
thirds of the vines inserted in to the soil.

e Three to four node cuttings: These are mostly used when there is inadequate
planting material from the shoot tips. These are also planted vertically, with
two-thirds of the cutting inserted into the soil.

e Two-node cuttings: Two-node cuttings usually have 1 or 2 leaves intact. The
leaves initiate photosynthetic activity before other leaves are formed. Two-node
cuttings are also planted vertically, with one node in the soil. However, these
cuttings require high humidity and this is provided by covering the beds with
plastic sheeting suspended 80 cm over the beds. The sheeting is removed once
80 % of the cuttings have sprouted.

Water the beds before planting and plant the cuttings vertically, at
10 cm x 10 cm, with leaves outside the soil. After planting make sure to water the
plants.

Although tubers can also be planted they are not commonly used as seed as they
can also be consumed and take longer to sprout than vine cuttings. Hence, the use
of node cuttings is preferred.

During 2004/2005 seasons, in anticipation of food shortages due to drought, the
Tanzania government directed that each household had to grow drought tolerant
crops particularly cassava, sweet potato and sorghum. The Lake Zone Agricultural
Research and Development Institute (LZARDI) responded by multiplying and
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Fig. 2.8 Protocol for virus-free sweet potato planting material production. Courtesy Robert
Mwanga and Segundo Fuentes; FAO (2010)

distributing sweet potato planting materials to farmers for secondary multiplica-
tion. This activity was done in collaboration with district councils in areas where
the sweet potato project is operating (McKnight project), and the areas included
Misungwi, Meatu, Sengerema and partially the Kwimba districts.

Robert Mwanga and Segundo Fuentes have provided the protocol for the rapid
multiplication of healthy sweet potato seed material (FAO 2010) and the infor-
mation is provided in the Fig. 2.8.

Officially released cultivars that were multiplied and distributed from sweet
potato seed nurseries at LZARDI, Ukiriguru were ‘Simama’, ‘Jitihada’, ‘Vumilia’,
‘Mavuno’ and ‘Sinia’. Other orange-flesh cultivars that have been “on farm tested”
for acceptability between 2002 and 2004 include ‘Kakamega’, ‘Carrot Dar’ and
‘Zapallo’. All the planting materials that were distributed were further multiplied in
communal nurseries in order to increase the number of beneficiaries. A total of
225,450 vines were distributed.

Xiansong (2010) has developed a technique which helps in rapid production of
virus-free sweet potato planting materials. Even from Kenya, Ogero et al. (2012a)
have developed a low cost tissue culture technology in which there was 96.9 %
reduction in the cost of the nutrients used in the media preparation. This technique
may boost the production of disease-free seedlings.

2.7.12 Sugar Beet Certification Scheme

Among the viruses affecting the sugar beet crop are Beet curly top virus, Beet
mosaic virus, Rhizomania (Beet necrotic yellow vein virus), Beet soil-borne
mosaic virus and Beet western yellows virus are important. Collectively they are
important and are responsible for heavy yield losses when plants are affected at an
early stage.
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Sugar beet is cross-pollinated by wind or insects. Pollen normally sheds over a
period of weeks; therefore the chances of contamination due to out-crossing are
prolonged. The sugar beet seed fields must be isolated from fields of other culti-
vars, are same cultivar to purify requirements of certification, and fields of swiss
chard, spinach beet and garden beet at least by 5 m at mother root production
stage; and by 1600 and 1000 m, at seed production stage for foundation seed and
certified seed stage, respectively.

(a) Methods of Seed Production:

There are two methods of producing sugar beet seed.

1. In situ methods of producing sugar beet seed.
2. Transplanting method (Steckling method).

In the over-wintering method the crop is over-wintered in the field and the crop
flowers in situ after the necessary thermal induction. In the steckling method, the
selected stecklings (roots) are lifted at the end of the first season and stored in
shallow trenches for over-wintering. These stecklings are replanted to produce
seed in the following spring. Before replanting, one-third of the root tip is chopped
and the top is also removed so as to retain about 10 cm of top leaves.

In Great Britain this scheme is most effectively implemented. Farmers are
provided with stecklings grown in suitable isolation, and thoroughly inspected
throughout the season. An evaluation is made at the end of October. The plant
population is estimated by counting the plants in one meter lengths of row at
twenty random positions, counts of diseased plants are made from twenty 10-m
lengths of row and the percentage of infection is calculated. More than 10 %
results in condemnation; less than 1 % for certification. Cases falling between 1
and 10 % are subject to arbitration (Hull 1952).

2.7.13 Virus-Free Yam Planting Material

The principal viruses infecting yam (Dioscorea spp.) are Cucumber mosaic virus
(CMV), Dioscorea bacilliform virus (DBV), Dioscorea latent virus (DLV), and
Yam mosaic virus (YMV). These viruses are widely distributed and cause con-
siderable yield losses. The systemic nature of yam potyviruses and badnaviruses
makes it unlikely that virus-free planting material could be derived from nodal
cuttings or from any other vegetative part of the plant. Since the perpetuation of
desirable agronomic characteristics is of prime importance, it is necessary to
obtain virus-free material by apomictic means. These considerations led to the
development of a methodology for apical meristem tip culture in yam (Mantell
et al. 1979).
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The methodology, developed in the Yam Virus Project (Mantell et al. 1978;
Mantell 1980), is outlined below:

1. Source plants-grown for 4—6 months under 16-h day length

2. Tissue selected-nodal segments 5-15 mm of vine containing 1 or 2 axillary
buds and 2-8 mm of petiole

3. Growth medium-based on Murashige and Skoog basal medium plus mineral
salts

4. Implant nodal segments in the medium with axillary buds uppermost; incubate

under lights (1200-1400 1x) at 27 £ or & 2 °C for 20-30 days

. Repeat 4 as needed to give required number of plantlets

. Allow plantlets to form 6—10 nodes

. Transfer plantlets to 9-cm plastic pots and incubate for 30 days

. Transfer plants to 11 x 18 cm black plastic bags

. Plant out in protected area in the field-screened gauzehouse

O 0 3 O\ W

For further details of the techniques utilized, refer to Malaurie (1998).

Towards the end of the project when virus-free planting material became
available, a brief study showed that the use of the new “seed” material could lead
to yield increases of at least 30 %.

FAO/IBPGR has released the technical bulletin covering guidelines for the safe
movement and transfer of yam germplasm for both seed and vegetatively propa-
gative material (Brunt et al. 1989).

2.7.14 Seed Programmes for Sugarcane

In sugarcane a seed programme based on pathogen elimination has been developed
by Indian Institute of Sugarcane Research, Lucknow, India (Singh 1977). The
process of virus elimination is gradual and stalks of disease-free seed canes are
built-up and available to meet the seed requirements of the cultivars to the farming
community.

Integrated disease management through a three-tier seed nursery programme is
being followed in many sugar factories in India. This programme involves pro-
duction of disease-free seed material through heat therapy. The programme con-
sists of three stages: (1) foundation seed, (2) certified seed and (3) commercial
seed (Singh 1977). The seed material employed for raising foundation seed is
obtained from a nucleus seed with 100 % genetic purity. The seed materials are
subjected to aerated steam therapy (AST) or moist hot air treatment (MHAT) and a
foundation nursery is raised. The crop raised from the foundation seed will provide
seed for raising certified seed. Good quality certified seed is used for raising
commercial seed. No heat treatment is given while raising certified/commercial
seed. The nursery fields are inspected at regular intervals and diseased clumps are
rogued out to keep the nurseries free from disease. The permitted limits of grassy
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shoot (phytoplasma) and other virus diseases incidence is 0 % at the foundation
nursery and 0.5 % in certified and commercial seed.

Rigorous seed selection to eliminate even incipient infections, seed treatments,
field sanitation, control of vectors and certification before distribution, are the
main tools proposed to be employed. The planting material will be given heat
treatment for nucleus seed plots only. It will ensure freedom for ratoon stunting
and grassy shoot. Adequate precautions are to be taken to check for secondary
infection with these diseases in multiplication plots. Seed plots will remain under
constant surveillance for potential secondary infection.

This programme envisages the establishment of 10—15 nucleus seed plots of
1-2 ha each in each factory zone. Crops from these nucleus plots will be used to
plant first seed multiplication plots which in turn will provide planting material for
the second seed multiplication plots. From here it will be distributed to progressive
cultivators (who can be local seed men). The program will be continuous.

The commercial seed thus raised is distributed to farmers for commercial
planting. This system ensures a continuous supply of disease-free seed material to
farmers in the sugar factory zone, and this programme is successful in managing
the disease in different states.

In recent years, some of the government and private agencies are mass multi-
plying the sugarcane seedlings through tissue culture and supplying to the formers
for cultivation in many countries including India.

2.7.15 EPPO’s Certification Schemes for Ornamental Plants

The European and Mediterranean plant protection organization (EPPO) is a
regional organization established according to the international plant protection
convention. More details about EPPO have been included in the earlier chapter.
EPPO is very much involved in the global efforts to harmonize phytosanitary
measures. Several EPPO member governments have developed certification
schemes for ornamental crops for raising the healthy (disease and pest free)
planting material and to promote the trade. Since 1985, the EPPO panel on
“Certification of ornamental” has developed the schemes for the five ornamental
crops viz., (1) Carnation (2) Pelargonium (3) Lily (4) Narcissus and (5) Chry-
santhemum. In each crop, different virus and virus-like diseases along with other
pests were identified by different techniques and healthy planting material was
produced by chemo, thermo and tissue culture techniques depending on the
requirement of the crop. Some of the definitions used in the production of vege-
tatively propagated plants proposed by EPPO are as follows.

(a) Basic material

Propagation-stock material from all but the last stage of propagation stock, that
satisfy the recommended certification standards, are certified for sale. According to
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the number of stages of propagation stock, there may be several grades of basic
material.

(b) Candidate nuclear stock

Any plant that may become or may be propagated to produce nuclear stock is
included in this grouping. Testing for specified pests is required before the plant
can be accepted as nuclear stock. Until testing is complete and negative, the plant
remains candidate nuclear stock.

(c) Certification scheme

System for the production of vegetatively propagated plants for planting,
intended for further propagation or for sale, obtained from nuclear stock after
several propagation stages under conditions ensuring that stated health standards
are met. The filiation of the material is recorded throughout the scheme.

(d) Certified material

Propagating material from the last stage of propagation stock and satisfying the
recommended certification standards and are certified for sale is addressed here. In
the case of plants that are sold grafted onto rootstocks, the rootstocks must also be
at least of the last stage of propagation stock, and the plants must be held under
approved conditions between grafting and sale. Certified material may, according
to the plant concerned, be referred to more specifically as, for example, certified
plants, certified cuttings, certified bulbs, etc.

(e) Classification scheme

System for the production of vegetatively propagated plants for planting
intended for further propagation or for sale, obtained from selected candidate
material after one or several propagation stages under conditions ensuring that
stated health standards are met. Different classes may be defined according to the
inspections and tests used, the tolerance levels applied and the precautions taken.
The filiation of classified material is not considered.

(f) Filiation

The line of descent by vegetative propagation from a defined parent plant
applies here.

(g) Nuclear stock

Plants individually tested by the most rigorous procedure in a certification
scheme and found free from specified pests. All such plants must be maintained at
all times under strict conditions ensuring freedom from infection. According to the
crop concerned, plants propagated from nuclear-stock material may remain
nuclear stock provided that they do not leave the nuclear-stock conditions. In the
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case of plants that are maintained by grafting onto rootstocks, the rootstocks must
also be nuclear stock.

(h) Nuclear-stock material

Propagating material derived from nuclear stock, which may be further prop-
agated without change of ownership, or certified for sale as pre-basic material.

(i) Pre-basic material

Nuclear-stock material which satisfies the recommended certification standards
and are certified for sale is covered here.

(j) Propagation stock

Plants derived from nuclear stock, propagated and maintained under conditions
ensuring freedom from infection. Pathogen freedom is checked by appropriate
procedures. Propagation may be done in a number of successive stages under
different approved conditions. The plants are then known as propagation stock I,
propagation stock II, etc. There may be several generations within each of these
stages, provided that the plants do not leave the approved conditions. The number
of stages and/or generations allowed within propagation stock is generally limited
and will depend on the crop concerned. In the case of propagating material which
is maintained by grafting on a rootstock, the rootstock should be at least of the
corresponding stage of propagation stock.

(k) Propagation-stock material

Propagating material derived from propagation stock, which may be further
propagated without change of ownership, or certified for sale as basic or certified
material, according to the stage of propagation stock concerned.

(1) Outline of requirements

EPPO Certification Schemes describe the steps to be followed for the pro-
duction of vegetatively propagated planting material of a particular cultivated
plant, whose health status is attested by an official certificate. Certification and
classification represent distinct alternative approaches to the production of healthy
planting material. In a typical certification scheme, the certified material is des-
cended by not more than a fixed number of steps from individual plants each of
which is tested and found free from pests, and is then maintained and propagated
under rigorous conditions excluding recontamination. In a classification scheme,
the classified material is descended by one or more steps from material which, as a
population, meets certain health standards and is maintained and propagated under
conditions minimizing recontamination. In both cases, however, health status is
attested by an official certificate. Which of the approaches is appropriate for a
given cultivated plant depends on considerations of cost and resources, health
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status required, practical possibilities for testing, rate of recontamination, value of
the final material.

EPPO Certification Schemes give details on the selection, growth and main-
tenance of the candidate material and on the propagation of the material in several
stages under conditions ensuring that stated health standards are met. Appropriate
checks on specified pests are specified throughout the scheme. Information is
provided, as necessary, on relevant pests, cultural practices, inspection and testing
methods, recommended certification standards.

Krczal (1998) has provided information on the important virus and virus-like
diseases of different ornamental plants and their diagnostic techniques in his
review article on virus certification of ornamental plants and the European strat-
egy. More details on certification schemes on ornamental crops can be obtained
from OEPP/EPPO Bulletin, Vol. 23 of 1993.

2.7.16 Bulb Inspection Service Scheme

About 8 % of the flower bulb production of the crops like lily, dahlia, gladiolus, iris,
hyacinth, crocus, tulips, daffodil etc., from the Netherlands is exported to the
countries like West Germany, Sweden, France, England and USA. On the basis of
available knowledge and practical experience, a provisional certification scheme has
been set up by the bulb inspection service of the Netherlands, similar to the one in
operation for seed potatoes. Phytosanitary regulations of the importing countries
require both a field inspection and an export inspection; and in addition to satisfying
these phytosanitary regulations, bulbs intended for export must also meet the quality
requirements of the Danish Government. The strict field and shed inspection for
which the growers have their own fully qualified Bulb Inspection Service working in
close cooperation with national plant protection service. The field inspection of the
crop is done jointly, which will help for locating and roguing out the virus inspected
plants which are spotted based on symptoms on flowers and leaves. The inspection
will also be done at the exporters shipping rooms. The accuracy and expertness, with
which field and export inspections are performed, constitute the determining factors
for the risk taken in the exportation of these flower bulbs. The plant protection
service of the Netherlands is conscious of this responsibility. Van Os (1980) has
reviewed the different aspects of production testing and certification of virus-free
plant materials of bulbous crops in the Netherlands.

2.7.17 Performance of Virus-Free Plants

In general the performance of almost all crops raised from virus-free plants is quite
satisfactory. Ever since meristem tip culture method is developed, several workers
have obtained virus-free specimens from virus-infected clones of a number of
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vegetatively propagated species valuable in horticulture and agriculture. It is of
greater importance as the cultured plantlets usually retain the genetical charac-
teristics of the parent clones. In general plants, regenerated from meristem tips
show no more genetical variation than those produced by conventional methods of
vegetative propagation.

In Northern Ireland potato cultivars “King Edward” and “Arran Victory”
which were completely virus infected were made virus-free through tissue culture
by Kassanis (1957). Through field trials, it was found that the average yield of
healthy stock was 10 % more than the old stock and, in 1965, it was calculated that
the annual benefit to UK agriculture was £2 million and the tubers were more
uniform in size. Gregorimi and Lorenzi (1974) also freed the Italian cultivar San
Michele from unknown viruses and obtained 60 % more yield. Gippert and Sch-
melzer (1973) observed that virus-free Pelargonium zonale plants cultured from
meristem tips were more vigorous than untreated plants and produced 20-30 %
more cuttings. In addition to the increased rooting capacity of these cuttings, there
was also about 35 % increase in total production. In England, all the commercial
varieties of Rhabarber (Rheum rhaponticum) were widely infected with viruses.
In 1968, Walkey could isolate virus-free stocks by means of meristem-tip culture.
A 60-90 % increase in yield of petioles was observed as compared with virus-
infected plants. Walkey et al. (1974) produced virus-free cauliflower clones with
higher seed yielding quality.

Wang JiXuan et al. (2000) have studied the growth and fruit production of virus-
free apple cv. Fuji, Gold Spur, Tian Huangku and Ralls were investigated for
8 years. Compared with control trees, the height, crown and trunk diameter of
virus-free trees increased by 6.4-16 %, 9.8-15.9 % and 8.9-17.4 %, respectively,
while the number of new branches and total new branch length per tree increased by
12.7-24.4 % and 23.1-40.6 %, respectively. The fruit bearing of biennial virus-free
Gold Spur, triennial virus-free Fuji, and triennial and 4-year-old virus-free Ralls
reached 60, 48, 62.5 and 97.5 % respectively, while the corresponding virus-
infected trees reached 16.7, 16, 0 and 12.5 %, respectively. The number of fruits in
the virus-free Tian Huangkui, Gold Spur and Fuji was higher by 41.6, 54.7 and
45 %, respectively, than those of the virus-infected trees. The fruits of virus-free
Fuji, Gold Spur and Ralls were 8.8-22.3 % harder than those of the virus-infected
fruits. The ascorbic acid, total sugar and acid, and anthocyanins in fruits of virus-
free trees were higher than those of the virus-infected trees. In India, a number of
private companies are involved in production of virus-free plants of banana, sug-
arcane, papaya, etc. and some of the farming community is using them for planting.
At the present time, the extensive use of meristem-tip culture techniques throughout
the world for eliminating virus pathogens and are achieving higher yields with
virus-free plant material of many cultivars of vegetables, fruits and ornamentals.

Conclusions

In seed certification schemes, precautions should be taken by restricting the
regions for raising the seed lots along with the protective measures during the
cropping period. If these precautions are not taken according to seed health
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certificate requirements, then (1) proper crop stand as expected by seed analysis
will not be achieved; and (2) the disease will develop and lead to total devastation
of the crop resulting in deterioration in the quality of seeds and consequently, their
market value. If the diseased seed is distributed within the country or sent to other
countries, these seed-borne virus diseases are further disseminated. The seed after
harvest should be carefully analyzed by applying some of the advanced virus
diagnostic techniques as described in Chapter-5 of Volume-I, to decide whether
the seed samples in question should be released for use or rejected. For additional
source of information for seed certification the reader can refer to Maury et al.
(1998b); Albrechtsen (2006) and Sastry (2013a).

2.8 Production and Use of Virus-Free Transplants

The production season should begin with the virus-free transplants. This can be
accomplished by purchasing or producing the required crop transplants in isolated
areas away from production fields or in poly houses. The greater the distance
between production areas and nurseries, the lower the incidence of virus-infected
transplants will be. The systemic insecticide application to the soil at the time of
seed sowing followed by foliarly applied insecticidal sprays will further reduce the
insect vector population, so that virus-free nurseries can be maintained. These
nurseries should be raised in the net houses or where net-house facilities are not
available, then within muslin cloth cages.

Mukhopadhyay (1984) has reviewed the role of rice nursery beds in the spread of
virus diseases. Seed beds raised by the cultivators in plots before the land preparation
operations has resulted in high virus incidence as the source of virus inoculum was
from the stubbles and cereal weed hosts. In some countries due to availability of
irrigation source, rice is grown three times in a year. Because of the extension
technology availability, in almost all countries, the rice nursery is raised in isolation
or in poly houses/net houses along with granular and foliar insecticidal applications.
In a number of developed and under developed countries the farmers, research
scientists, seed companies and plant nurseries are raising their required seedlings
(tomato, brinjal, capsicum, onion, tobacco, papaya, ornamentals, etc.) in net houses/
poly houses with frequent insecticidal applications. Through this technology
involves slightly higher expenses, the advantage is that the crops can be raised to
maturity in open fields and supplemented with suitable plant protection measures.

2.9 Need for Managing the Virus Diseases

In almost all tropical countries, virus and viroid diseases are responsible for heavy
yield losses due to death of plants at a very early stage. Depending on the virus
inoculum load and vector population, the infection may be at the early to late
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Fig. 2.9 Field view of virus and viroid diseases of vegetable and fruit crops

stages of the crop development. The impact of virus and viroid diseases under field
conditions in some of the crops like tomato, papaya, sweet orange, and coconut are
shown in the Fig. 2.9.

Various techniques of producing the virus-free crop plants were discussed in the
early part of this chapter. The primary goal of any agriculturist will be planting/
sowing of virus-free seed/vegetative propagules in the fields for achieving the
higher yields to feed the hungry population. We know that even though healthy
planting material is used, under field conditions, the spread of the virus takes place
through insect and non-insect vectors as well as by other means. Under favorable
conditions, the extent of disease incidence in major crops can be as high as
80-90 %, and this has disturbed the economy of some countries (Table 2.2).

Perusal of Table 2.2 clearly indicates that the virus diseases have disturbed the
livelihood of residents in a number of tropical countries. Research has been con-
ducted throughout the world to manage virus diseases that are spread by vectors, and
control measures have addressed improved cultural practices, vector management,
using resistant plant material and other aspects, including quarantine. It is a well
established fact that healthy planting materials and subsequent IPM application in
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Table 2.2 Economic crop losses due to certain viruses

Virus Crop Countries Loss
African cassava mosaic Cassava Africa $2000 millions
virus
Barley stripe mosaic virus Barley Montana $30 million
Barley yellow dwarf virus Barley UK £6 millions
Wheat UK £5 millions
Beet yellows virus Sugar beet UK £5-50 millions
Cacao swollen shoot virus Cacao Ghana £3,650000 millions
Cassava brown streak virus Cassava Malawi US $5-7 millions
Cassava mosaic virus Cassava Sub-Saharan 2 x 10°US $
Africa
Cassava Uganda US $60 million
Citrus tristeza virus Citrus World-wide £9-24 millions
Cocoa Swollen shoot virus Cocoa Sub-Saharan 1.9 x 103 (number of trees
Africa eradiated)
Cotton leaf curl virus Cotton Pakistan $5 billion
Groundnut bud necrosis Groundnut Asia US $89 millions
virus
Groundnut rosette virus Groundnut Sub-Saharan 1.56 x 108 US $
Africa
Potato leaf roll virus Potato UK £30-50 millions
Rice hoja blanca virus Rice S. America $9 millions
Rice ragged stunt virus Rice SE Asia $140 millions
Rice tungro viruses Rice SE Asia $1500 millions
Rice yellow mottle virus Rice West Africa 3.3 x 10° tons
Tomato yellow leaf curl Tomato Dominican $10 million
virus Republic
Yellow mosaic virus Legumes India $30 million

Source Sastry (2013b)

majority of the crops in almost all countries showed that virus-free planting materials
yielded two to three times more than those infected with the virus.

Generally the entire range of methods employed to manage plant virus and
viroid diseases are divided into the following distinct categories: (a) Phytosani-
tation in managing the virus and viroid diseases; (b) Variation of the crop cultural
practices; (c) Cross protection; (d) Control of vectors; (e) Interferring with vector
transmission; (f) Breeding for disease resistance and development of transgenic
plants; (g) Quarantines; (h) Integrated approaches.

2.9.1 Phytosanitation in Managing the Virus and Viroid
Diseases

Phytosanitation approach helps in decreasing the number of foci of infection from
which further virus spread can occur. Some of the methods which are widely used
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are avoidance, roguing/eradication of virus reservoirs, plant remains, field sani-
tation, soil management and others.

(a) Avoidance

Planting site selection is an important first step in establishing a production
area, and can be an important tactic for disease avoidance. In general, the con-
ditions under which disease development is favored or hosts are predisposed to
disease development should be considered. Likewise, production areas in which
hosts might be predisposed to disease development should be avoided.

The importance of using disease-free planting materials cannot be overstated,
and any measure that facilitates their production and utilization would be useful.
For example, clean nursery stock and budwood schemes are hallmarks of suc-
cessful citrus programs. Vegetative propagules can harbor bacteria, fungi, nema-
todes, viruses and viroids, and it is with them that many economically important
pathogens are moved and established. Tissue-culture plantlets should be used
whenever possible, as they are free of virus and viroid pathogens when they are
produced from indexed mother plants. Only in rare cases are tissue-culture
plantlets are not safe. In India, some farmers are regularly using tissue culture
generated banana and sugarcane for their cultivation and getting higher yields.
Many diseases of perennial crops originate in propagation nurseries, and soil-borne
diseases whose symptoms are not readily apparent can be most problematic.

The new plantings should not be located near old plantings. For example, new
tomato, capsicum, leafy crops or cucurbits or any other vegetables should not be
grown nearby old fields having the same or another susceptible crop harboring virus
and viroid diseases. Removal of the earlier crops of either tomato, capsicum, cotton,
tobacco, cereals, brassicas, cucurbits or any other crop, should be enforced imme-
diately after the harvest. Since the older plants are not ideally suited for insect vector
multiplication, insects will leave in search of better quality hosts and enhance the
chances for virus movement to adjacent or nearby young susceptible plantings.

(b) Eradication of virus reservoirs

This principles aims at eliminating a pathogen after it is introduced into an area,
but before it has become well established or widely spread. It can be applied to
individual plants, seed lots, fields or regions, but generally is not effective over
large geographic areas. If pathogen exclusion has failed or if this is not possible,
other strategies are needed. These measures are diverse, always more expensive
than pathogen exclusion, and seldom entirely effective. Although the goal of
eradication is to reduce occurrence to zero, in practice these measures are most
often rate limiting. When there are significant reservoirs of inoculum, alternative
hosts are removed from plantations and destroyed. Disease pressure is usually
reduced in such cases, especially when pathogen host ranges are limited. The
effectiveness of removing alternative hosts depends on their size and the patho-
gen’s mobility. For example in Cyprus in a relatively isolated regions, the spread
of Tomato yellow leaf curl virus was successfully controlled by eradicating in the
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spring the primary inoculum sources in over wintered tomato, before emergence of
whiteflies. In three consecutive years when this measure was under taken, primary
virus spread to spring plantings was almost completely prevented, while further
secondary spread to summer plantings was below 5 % as compared with 40-50 %
in previous years (Ioannou 1987). In Southern region of Western Australia,
Mackie et al. (2002) have eradicated Potato spindle tuber viroid, which was
noticed on tomato in one of the isolated hydroponic green house. The action
involved was destroying the tomato infected crop and decontamination of green
houses and surrounding areas by which action in the other hydroponic tomato
crops were completely free from PSTVd infection.

(c) Roguing

Roguing infected plants is a key strategy which is widely used especially if the
crop plant is the primary or sole source of inoculum. For example, bunchy top of
banana caused by Banana bunchy top virus can be managed only if affected plants
are identified frequently, removed from plantations, and destroyed.

Sometimes it may be worthwhile to remove infected plants from a crop. If the
spread is occurring rapidly from sources outside the crop, roguing the crop will
have no beneficial effect. If virus spread is relatively slow and mainly from within
the crop, then roguing may be worthwhile, especially early in the season. Even with
a perennial crop, if a disease spreads slowly, roguing and replanting with healthy
plants may maintain a relatively productive stand. A study of the distribution of
infected plants within the field using the formula developed by Vander plank (1963)
will give an indication as to whether spread within the crop is taking place.

In certain situations, roguing may increase disease incidence by disturbing
vectors on infected plants (Rose 1974). In many crops, newly infected plants may
be acting as sources of virus for further vector infection before virus symptoms can
be seen.

Roguing or removing diseased plants based on the symptoms from the host
population in glasshouses or fields is the oldest method of control and usually the
first practice to be tried. The removal of infection sources by roguing out infected
plants is another important line of defense against air-borne virus diseases. For
viruses which cause few or no noticeable symptoms, roguing based on external
symptoms can be difficult. In such cases it is desirable to support inspection and
roguing by laboratory tests. This however, can be effectively applied only with
some virus diseases and especially where plants are young and the vector popu-
lation and the disease incidence is not too high. It is futile for viruses with fast and
efficient mode of transmission like TMV in tomato and tobacco (Wolf 1933).
However, with some other contact transmitted viruses, such as Barley stripe
mosaic virus, the spread in two barley cultivars was reduced from 85 to 12 % and
46 to 0 % by early roguing (Inouye 1962). In most countries commercial growers
rogue out the infected plants in seed-beds in crops like lettuce and brassicas. Zink
et al. (1957) found that roguing Lettuce mosaic virus infected plants just once soon
after thinning had no effect on disease incidence at harvest (81.7 %), presumably
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Fig. 2.10 Roguing of Lettuce mosaic virus infected plants in lettuce fields. Courtesy T. A. Zitter

because much spread has already occurred, but roguing twice or three times
reduced the incidence i.e. from 73 to 45 and 36 %; and 17 to 9 and 6 %,
respectively in two field trials and three hoeings were very effective (Fig. 2.10). In
the past, roguing was usually done by laboriously digging or pulling out infected
plants and removing them from the field.

Since hand roguing involves financial commitment, Barnes (1959) demon-
strated that spraying a mixture of diesel oil and growth regulating compounds like
dichloropropane-dichloropropane (D-D) on the diseased seed-potato plants would
rapidly kill the foliage and also resulted in the least amount of regrowth from the
seed pieces or tubers. This method was most efficient and less costly than hand
roguing. Zink et al. (1957) used diesel oil mixture with parathion to rogue lettuce
crops, and it was slightly more effective than hoeing, probably because aphids
were killed, whereas aphids on hoed plants might move to nearby healthy ones.
Regarding cost, roguing an acre three times with oil required approximately 6.5
man hours and roguing three times by hoeing required approximately 5 man hours.
Zink et al. calculated that labor wages at the rate of 82 cents/h, the cost of labor
would be approximately $5.33 to rogue an acre three times with oil and $4.10 to
rogue three times by hoeing. The former method would cost somewhat more
because of the added cost of the oil.

Roguing is practiced generally in perennial fruit crops; however, encouraging
results were also obtained in the annual vegetable crops like tomato and okra,
among tuber crops like cassava, potato, beet, sweet potato, and ornamentals like
tulips and carnations. At Uganda, in sweet potato improved plant growth and higher
tuber yields were achieved by early roguing the Sweet potato virus disease (SPVD)
infected sweet potato vines (Bua et al. 2009). In rice also roguing was recom-
mended as a tactical control measure for tungro virus disease (Tiongco et al. 1998).
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From Uganda, Gibson et al. (2004) have reported that roguing of infected sweet
potato cuttings infected with virus diseases within 1 month of planting has
decreased the virus incidence. It was observed that sweet potato virus diseases
(SPVD) spreads more rapidly in the unrogued plots than the plots rogued. Roguing
1 month after planting did not provide any additional decrease in SPVD spread.
Regular roguing of infected plants has been effective in the control of African
cassava mosaic virus in cassava in trials carried out in tropical Africa (Robertson
1987), but the method is not widely used. In Tanzania, roguing of Cassava brown
streak virus disease has been followed by 46 % of the farmers, by which the virus
incidence was reduced (Thresh et al. 1998). Also in Western Kenya Obura et al.
(2003) reduced the spread of East African cassava mosaic virus spread by rouging
infected plants. The role of phytosanitation in African cassava mosaic virus
control has been reviewed by Thresh et al. (1998).

Most of the successful eradication schemes have been in tree crops which are
perennial in nature. Among the factors that dictate success are: (1) relatively small
numbers of infected trees and infection foci; (2) low rate of natural spread; (3) good
data on extent and of distribution of infection; (4) rapid, reliable and inexpensive
diagnostic procedures for the virus and virus-like disease detection, and (5)
resources for rapid and extensive surveys and tree removal.

One of the most successful examples of disease control by roguing of infected
crop plants has been the reduction in incidence of the Banana bunchy top virus
(BBTV) in bananas in eastern Australia (Cann 1952). Over 90 % of banana pro-
duction had ceased in New South Wales between 1922 and 1925 due to BBTV and
in 1927 the Department of Agriculture destroyed all plantations and permitted
their replanting with virus-free suckers in 1928. Strict regulations were made with
regard to movement of plants in and between all banana-growing areas and fre-
quent inspections were made to locate the diseased plants. If infected plants were
spotted, then %2 pint of kerosene was poured into the central leaf and allowed it to
trickle down round the leaf bases. After few hours, the plants were dug up and
chopped into pieces (Simmonds 1934). Herbicides such as 2, 4-D when syringed
into the base of the pseudostem, were shown to be a quick and effective means of
killing unwanted bananas. The incidence was reduced to one plant in 2000 in 1948
or only 1/12 the number found in 1937. In 1952, only 15 infected plants were
noticed per 100 acres. The cost of the control was about £ A 28,000/year, approx.
$62,000 (Cann 1952). Within about 10 years, the campaign was effective to the
point where BBTV was no longer a limiting factor in production. Dale (1987) and
Dale and Harding (1998) attributed the success of the scheme to the following
main factors: (1) absence of virus reservoirs other than bananas, together with a
small number of wild bananas; (2) knowledge that the primary source of virus was
planting material, and that spread was by aphids; (3) cultivation of the crop in
small, discrete plantations, rather than as a scattered subsistence crop; (4) strict
enforcement of strong government legislation; and (5) co-operation of most
farmers. Dale (1987) and Sharma (1988) have reviewed the various aspects of
bunchy top disease of banana.
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In Honduras, the combination of insecticidal treatment and roguing was rec-
ommended against another important disease of banana, namely banana mosaic
caused by CMV (Adam 1962). Each farm was inspected three times a year and
infected plants were sprayed with nicotine along the plants with in 25 acres
adjoining it. Then the infected plants and the 80 plants around the diseased plants
were dug out, chopped up and sprayed with Malathion. The 25 acres were sprayed
again 20 and 40 days later. The re-growth of these cleared areas was checked and
no replanting was done for at least 6 months. Cucurbits and some solanaceous
crops were abandoned to grow either in between or nearby the banana crop. This
ambitions program had decreased the incidence of mosaic on a 14,000 acre
plantation, from about 21 infected plants/1000 acres in 1956 to 0.1 in 1960, and
prevented its introduction on to any new farms.

In Egypt, BBTV was eradicated by treating infected suckers with 0.12 %
Chitosan (El-Dougdoug et al. 2009). Another example where the impact of
roguing was noticed is the occurrence of ‘Foorkey’ disease of large cardamom
(Amomum subulatum). This viral disease which is transmitted by the aphid
Pentalonia nigronervosa, can affect nearly 50 % of the crop. The disease has been
controlled in three valleys of Darjeeling district (India) by injecting diseased
rhizomes with Agroxonone (liquid 2, 4-D) herbicide. The leaves turn brown and
withered in 10-15 days and clumps died in 4-5 weeks, and these were then rouged
out and replaced with 1 year-old healthy seedlings. Simultaneously the plantations
were sprayed with 0.04 % Folidol E605 at regular intervals of 3—4 weeks to
control the aphid vector (Chattopadhyay and Bhowmik 1965). Similar procedure
was followed even for ‘Katte’ disease of small cardamom (Elettaria cardamomum)
which is also transmitted by P. nigronervosa.

Roguing of diseased sugarcane plants is still important for reducing the inci-
dence of mosaic in the field in the early stages, but the usual practice of digging the
entire seed piece of planted stock is not practical in sugarcane fields. However,
Koike and Tippett (1972) have recommended roguing with 2 applications of
herbicides either Erbon or Glytoc at an interval of 52 weeks.

In Ghana and Nigeria, roguing programme was started to control Cacao swollen
shoot virus (CSSV) of cocoa, which is transmitted by mealy bugs. Experience has
shown that when only those trees, found with symptoms during the routine
inspections were removed, control was unsatisfactory and uneconomic, resulting
in eradication of only smaller out breaks. In larger outbreaks where infected trees
tend to be more numerous which were scattered were often missed and remain as
source of infection. Considerable efforts were made to persuade farmers to follow
the control measures. Massive publicity campaigns were mounted and compen-
sation was paid for the removal of trees and for satisfactory replanting. Money was
paid based on the area of trees destroyed and replanted or on a per tree basis.
Initially, replanting did not need to be on the treated area, but this led to the
migration of farmers to previous unexploited new areas. In an attempt to conserve
the industry in the eastern region of Ghana, the replanting grants were increased
provided that the treatment area was replanted and farmed to a prescribed standard.
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The eradication campaign started in 1946 was interrupted for a while in 1948
because of political disturbances and also due to the repercussions from the
farmers. However; since 1949 it continued at a steady pace. Up to June 1957,
63 million trees had been removed. In the eastern province of Ghana, there has
been evidence of a leveling off at about 215,000 trees a month. Approximately
20,000 men were involved and the total cost of the operation was huge. Due to
intensive researches, techniques have improved over the years and the education of
the farmers had its effect on growers’ cooperation. The efficacy of control mea-
sures is improved by removing both the obviously infected trees and the adjacent
apparently healthy ones, i.e. an average of ten trees were destroyed for every one
obviously infected.

In Ghana, during 1962, the organization responsible for a campaign was dis-
banded and cutting out which was left to individual farmers, virtually stopped.
Again in 1967, cocoa production division was established and was responsible for
the eradication programme. To avoid complication of paying compensation to
many small farmers, a scheme was introduced for the treated farms to be replanted
and maintained for 3 years before being handed back to the farmer. This policy has
been supplemented by two large schemes supported by the World Bank for
replanting cocoa in affected areas. Legg (1979) reported the achievement of cut-
ting-out diseased plants in minimizing the disease spread. Only 4.2 % of the trees
were removed from 3 ha of the cultivar Amelonado in 6 years and only 1.1 % of
the trees were removed in 9 years from 13 ha of Amazon cocoa.

In Nigeria, until 1950, only diseased trees of cocoa were removed. Thresh
(1959) recommended removal of all trees within 4.5, 9 or 13.5 m of out breaks of
fewer than 6, 6-50 or 50-200 trees respectively, followed by regular inspection of
the peripheral trees. Farmers were persuaded to remove the ring of trees around
infected trees as well. For a period of 2 years, all the outbreak areas were inspected
every 2 months until no further infected trees were found during a period of
2 years. Thresh and Lister (1960) used ‘coppicing’ technique to determine the
distribution of latent and unrecognized infection around naturally infecting out-
breaks of cocoa. Chopping techniques involve the cutting down the trees to a foot
or so from the ground. The new flush will express the symptoms if the tree is
infected. All the apparently healthy trees within 30 yards of eighty outbreaks of
various sizes were coppiced. With this method relatively few healthy trees are
being destroyed compared with the farmer system of treating all the out breaks to a
minimum distance of 30 yards. However, coppicing needs to be done at the advent
of the dry season, if regeneration is to be successful, so its use is limited. Though
in certain text books, roguing method is mentioned as example for effective control
of CSSV, but control based only on “cutting out” campaigns has not been
achieved due to several factors including political and socio-economic problems.

A model has shown that extensive eradication will control Citrus tristeza virus
(CTV). An analytical model of the virus disease dynamics with roguing only in the
post-infectious category confers no advantage. At low contact rates, roguing only
when plants became infectious is sufficient to eradicate the disease but at high
contact rates, roguing latently infected as well as infectious plants is advisable.
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Fig. 2.11 Roguing as a management tactic for PBNV control demonstrated in Tamil Nadu,
India. Courtesy IPM CRSP: Sue Tolin; R. A. Naidu; G. Karthikeyan

The model indicates that eradication is achievable with realistic roguing intensities.
In Israel, an eradication programme was carried out in citrus against CTV using the
combined “indicator-EM” method. About 160,000 tests were made and 134,159
and 140 infected trees out of 40,000, 60,000 and 58,000 test trees were found in the
year 1971, 1972 and 1973, respectively (Bar-Joseph et al. 1974). Annual indexing
around infection centers has shown a substantial reduction in the proportion of
trees infected since the programme began.

Field trials were conducted under IPM CRSP: Global theme on plant virus
diseases, against Peanut bud necrosis virus (PBNV) management in tomato crop
by roguing in Tamil Nadu have clearly indicated that roguing helps in decreasing
the PBNV incidence with increased yields Fig. 2.11.

A model of plant virus disease dynamics in perennial tree crops was developed
(Chan and Jeger 1994) and analyzed to evaluate roguing (removal of diseased
trees) and replanting with healthy trees as a disease control strategy. When applied
to the published data for three important virus diseases-citrus tristeza, banana
bunchy top and plum pox-it was concluded that roguing and replanting could
contribute to the eradication of a disease if economically viable, and that
continuing operations could certainly maintain disease below economically dam-
aging levels (Jeger and Chan 1995).

(d) Plant remains

Plant remains in the soil, or attached to structures such as greenhouses, may
harbor a mechanically transmitted virus and act as a source of infection for the
next crop. With a very stable virus such as TMV, general hygiene is very
important for control, particularly where susceptible crops (e.g., tobacco, tomato,
eggplant, chilli pepper) are grown in the same area every year. ToMV may be very
difficult to eliminate completely from greenhouse soil using commercially prac-
ticable methods of partial soil sterilization (Broadbent et al. 1982). A major
development has been the replacement of soil by sand/peat substrates that are
renewed every year.
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(e) Field sanitation

When a crop is grown in the same or adjacent fields in consecutive years, the
infected volunteer plants serve as one of the major sources of disease inoculum as
well as for the vector. The role of volunteer plants virus epidemiology is well
established in crops like potato, sugar beet, groundnut, wheat and onion. Diseased
potato tubers and sugar beet roots escaped while harvesting or dropped from
lorries carrying beet and potato to the processing factories during transit, put out
new growth early in season and provide inoculum for the viruses like Potato leaf
roll, Potato virus Y and Sugar beet yellows. It was suggested that it would take
5-6 years to eliminate volunteer potatoes from a field in which potatoes had been
grown (Doncaster and Gregory 1948). The volunteer potatoes in the cereal crops
like wheat were rarely aphid-infested and the incidence of the virus disease
remained steady, but when another crop of potatoes was grown, the volunteers that
were infested by aphids served as an important source of virus. In Britain, all the
cereal crops, which usually follow potato crops, were treated with herbicides
which destroy ground creepers, together with the weeds and there will be no longer
a danger of virus spread (Heathcote 1973). Lutman (1979) reported the control of
volunteer potatoes in the autumn in cereal stubbles. After cereal harvest many of
the volunteer potato plants present in two winter barley crops continued to grow
even after cereal harvest. Aminotriazole (200 g/l with 16.5 % ammonium thio-
cyanate) applied to this regrowth resulted in 50-69 % fewer potato plants
emerging in the year following treatment. Glyphosate (360 g/l) gave better control
averaging 72 % in one experiment and 88 % in another. Recommendations for the
optimum control of ground creepers are that the fields should be timely cultivated,
not ploughed and planted with winter barley; and treatment with glyphosate or
aminotriazole herbicides in cereal stubbles.

The small roots of sugar beet which escape the harvesting or fall from the root
cleaning machinery may survive mild winters, particularly if buried in the soil
(Wallis 1967). Wild beets or beets escaped from cultivation and growing on the
edges of arable fields, on clamp sites, along fence rows, ditch banks and in waste
areas, served as sources of infection of beet viruses in Europe (Broadbent et al.
1960) and Washington (Wallis 1967; Howell and Mink 1971). The beets found in
refuse (tare) piles and infected volunteer beets in second year beet fields are
important overwintering sources for Beet western yellows virus (BWYV) (Wallis
1967). Further studies also revealed the role of volunteer sugar beets in most years
are the primary source of early season inoculum for both Beet mosaic and Beet
western yellows viruses (Howell and Mink 1971). In England, volunteer carrot
plants from roots left in the field or carrot crops left in the field during winter,
harbor Carrot motley dwarf virus (CMDV) during mild winters (Dunn and Kirkley
1966). Carrot crops grown in central Washington also grown near diseased vol-
unteer carrots had high incidence of Carrot thin leaf virus (CTLV) and CMDV
(Howell and Mink 1977). Roguing of volunteer onion plants infected with Onion
yellow dwarf virus in the spring before seedling emergence was cited as a practical
programme that growers could follow to reduce the incidence of this disease
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(Louie 1968). Roguing of volunteer plants of turnip infected with Turnip mosaic
virus was recommended for successful turnip growing (Laird and Dickson 1972).

Self-sown plants of wheat in North America help in completing the disease
cycle of Wheat streak mosaic virus transmitted by a mite vector, Aceria tulipae.
These volunteer wheat plants carried the virus and also serve as the breeding place
for the vector population. Effective control was achieved by destroying early
volunteer wheat and weeds present in and around the fields and also by avoiding
overlapping crops (Slykhuis 1955; Staples and Allington 1956).

Another example where the virus survives in the root remnants of diseased
plants is of Grapevine fanleaf virus in grapes. The transmission tests with its
nematode vector, Xiphinema index, indicated that this virus survives up to
4', years in the diseased root remnants, and because of this factor, the replanting
of healthy plant material will also become infected. A break of at least 5 years
before replanting vines was needed to decrease the virus incidence (Thorne and
Allen 1950; Hewitt et al. 1962).

From Sudan, Tarr (1951) reported that during the early years of cotton growing,
the plants were cut at soil level after harvest. Summer rains or watering resulted in
heavy ratoon growth and most of the ratoon growth was found to be infected with
Cotton leaf curl virus. The ratoon growth was reduced by cutting the plants below
the soil level but hand pulling the plants soon after cotton harvest is also very
effective in reducing the disease. Even leaving the ground fallow or at least not
irrigated for a minimum of one season after a cotton crop also allowed substantial
control of the disease. Mechanical cutting or pulling will be equally effective and
less laborious.

Klesser and Le Roux (1957) recommended the removal of all volunteer peanut
plants whether diseased or not, to check the epidemics of Peanut mosaic virus in
some districts of South Africa. From eastern Africa, Bock (1973) noticed a 20 %
Peanut mottle virus incidence from the seeds of diseased plants left in the soil. The
roguing of these diseased plants should be followed for 2 months after planting.
Demski (1975) reported that in Georgia, the source of Peanut mottle virus for the
soybean crop was infected volunteer peanut crop and the disease incidence was
reduced by destroying the volunteer plants.

From Australia, Garrett and McLean (1983) illustrated an unusual case of high
incidence of insect-transmitted viruses in brassica fields, which was due to the
presence of a nearby previously infected crop that had not been removed.
Broadbent et al. (1951) have recommended that for successful management of
Lettuce mosaic virus, in addition to the use of virus-free seed, the growers should
cultivate lettuce fields in discrete blocks rather than allowing them to be scattered
throughout the farm. They also recommended that lettuce crop residues should be
ploughed in as soon as possible after harvest to eliminate the source of virus
inoculum to the newly planted crops. In the tropics, crop residues of legumes,
tomato, and okra, where the geminiviruses cause economic losses, would benefit
from the early season removal of crop residues to reduce the virus inoculum source
for subsequently planted crops, that are grown continuously throughout year under
irrigated or nonirrigated conditions.
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(f) Soil management

Managing the air-borne viruses is easy when compared with soil-borne nem-
atode/fungus transmitted viruses. Generally fallowing measures are recommended
for the control of soil-borne virus diseases. But as some of the nematodes live for
long periods and also some fungal vectors survive as resting spores, a short period
of fallow will not necessarily decrease the vector populations. Fallowing of the
land is not economical and small land holders do not implement this practice.
Encouraging results are available, wherein the soil-borne diseases are minimized
by crop rotation of non-susceptible hosts of virus/vector. For example, French and
Wilson (1976) demonstrated that the incidence of Tobacco rattle virus (TRV) in
potatoes, which is transmitted by Trichodorus spp. tend to decrease as the increase
in the number of barley crops grown in the 3 years prior to potato sowing. Sim-
ilarly the outbreaks of Wheat mosaic virus, transmitted by soil-borne fungal vector
Polymyxa graminis can be minimized when four crops of maize, oat or soybean
were grown between wheat crops (Koehler et al. 1952).

Crop rotation has also given encouraging results in grapes against Grapevine
fan leaf virus and its vector Xiphinema index. As this nematode vector has a
narrow host range, Vuittenez (1970) reported that a fallowing period of 10 years
before replanting of grapes in the infested soil was necessary. However, such a
long period without a grapevine crop is not practicable. In the south of France, the
population of X. index disappeared almost entirely within 2 years after thoroughly
pulling out the old vines followed by cultivation of lupine, lucerne and cereals for
7 years before replanting (Dalmasso 1971; Dalmasso et al. 1972a, b). In Cali-
fornia, Hewitt et al. (1962) and Raski et al. (1965) have shown that both root
pieces and X. index could be found living up to 4-5 years after the vines were
removed and concluded that a successful grapevine replanting in infested soil is
possible only after a gap of 5 years. At Delaware, even in case of soybean crop,
Soybean severe stunt virus (SSSV) transmitted by nematode vector, Xiphinema
americanum, was reduced by crop rotation for 2 years of continuous corn or grain
sorghum, wheat followed by soybean or 2-year fallow reduced both nematode
vector density in the soil and SSSV severity (Evans et al. 2007).

Lengthy crop rotation does not always work well against all nematode vectors.
Calvert and Harrison (1963) noticed that Tomato black ring spot virus and its
nematode vector Longidorus elongates persisted through a 4 year rotation of non-
susceptible plants and affected susceptible leeks and onions in the following year.
Harrison and Hopper (1963) also extracted L. elongates nematodes even after
29 months incubation at room temperature, in dark, from a light loam soil which
did not had any living roots.

Throughout the world, the use of plastic sheets for solarization to control the
soil-borne fungal vectors has been attempted. In India, at ICRISAT (Hyderabad),
Reddy and his associates during 1991 used layers of transparent polythene
sheeting for solarization. The well cultivated soils which were profusely irrigated
prior to the treatment were covered with polythene sheeting for at least 70 days
during the summer months. They noted reduced incidence of Indian peanut clump
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virus which is transmitted by the soil-borne fungus Polymyxa graminis. The
economics of this practice was not established (Reddy 1991).

Even by following special cultivation methods, the soil-borne vector may be
effectively reduced. For example, Oostenbrink (1964) demonstrated that the
population of Trichodorus flevensis was reduced from 1210 to 160/1 cc of soil by
mixing soil with a rotary cultivator.

(g) Hygienic measures

Hygiene deals with measures directed towards decontamination of plant
material, storage rooms, packing material and tools, and established rules of
conduct to prevent virus/viroid spread. Diseases for which no definite vectors are
known, Tobacco mosaic virus (TMV), Potato virus X (PVX), Potato spindle tuber
viroid (PSTVd) and Citrus exocortis viroid (CEVd), can be spread while handling,
pruning or by contact with infected plant debris or contaminated implements. The
maximum contact spread occurs in crops like tomato, tobacco, potato, chilli/
capsicum, cucumber, and several ornamental crops which are grown under glass
houses, which are frequently handled during normal cultural operations. The
following measures will help to reduce the disease spread and it is generally
practiced by commercial growers and their employees in some countries.

For some mechanically transmitted viruses, and particularly for TMV or
ToMV, human activities during cultivation of a crop are a major means by which
the virus is spread. Once TMV or ToMV enters a crop such as tobacco or tomato,
it is very difficult to prevent its spread during cultivation and particularly during
the cultural operations. These viruses survive for a long periods and are very
difficult to manage once the crop is infected, in either the field or in net houses.
However, one of the management measures consists of treatment of implements
and washing of the hands. For this, Broadbent (1963) recommended a 3 % solution
of trisodium orthophosphate. Workers’ clothing may become heavily contami-
nated with TMV and thus spread the virus by contact. TMV persisted for over
3 years on clothing stored in a dark enclosed space (Broadbent and Fletcher 1963),
but was inactivated in a few weeks in daylight. Clothing was largely decontami-
nated by dry-cleaning or washing in detergents with hot water.

While TMV is the most stable of the mechanically transmitted viruses, others
can be transmitted more or less readily on cutting knives and other horticultural
tools. These include CymMYV, PVX and PSTVd. These mechanically transmitted
agents may be a particular problem in glasshouse crops, where lush growth, close
contact between plants, high temperatures and frequent handling are important
factors in facilitating virus transmission.

Since mechanical transmission is an important means whereby viroids are
spread in the field, decontamination of tools and hands is an important control
measure. However, this presents difficulties because of the stability of viroids to
heat and many decontaminating agents as normally used. Brief exposure to 0.25 %
sodium or calcium hypochlorite is probably the best procedure (Garnsey and
Randles 1987). One of the earliest and most effective methods for the control of
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viroids has been the avoidance of sources of infection. This method has been
particularly successful for vegetatively propagated crops susceptible to viroids,
such as potatoes and chrysanthemums. This success is probably due to the absence
of vectors in the field apart from humans.

It is found difficult to free sap-engrained hands with TMV. The best recom-
mendation is washing hands in 3 % solution of trisodium orthophosphate and then
scrubbing well with soap and water, but this does not always eliminate the virus
present under the nails (Broadbent 1963). Even wetting the worker’s hands with
skimmed milk is also recommended for reducing the TMV contamination in
tomato fields (Hare and Lucas 1959). Similarly, very high TMV incidence was
noticed in experimental plots of bell pepper at Indian Institute of Horticultural
Research (I.LI.LH.R.), Bangalore (India) due to indiscriminate handling of healthy
and infected plants during breeding work by using the contaminated forceps,
needles and brushes (Sastry, unpublished).

Besides heat sterilization, various chemicals and detergents have also given
encouraging results in preventing the contamination through farm implements. In
an experiment conducted at Victoria (Australia), it was observed that transmission
of TMV, through implements was reduced from 95 to 4 % when they were washed
with 10 % trisodium orthophosphate and 12 % with reconstituted skimmed milk
(Zitter 1991). Mulholland (1962) recommended that TMV contaminated cutting
knifes can be sterilized by a 10 % trisodium orthophosphate solution with a little
detergent by filling the hollow plastic handles with this solution and allowing to
trickle slowly over the blades. Most of the viruses infecting orchids and gladioli
spread through the contaminated knives while removing the flower spikes.
Franklin (1966) sterilized the contaminated knife blades with viruses infecting
orchids, by drawing them across a moist sponge in the neck of a bottle containing
2 % formaldehyde and 2 % sodium hydroxide.

Although many new products are available for the decontamination of cutting
tools used to prevent the spread of TMV in test petunia plants, some surprising
results were found for establishing the most effective treatments (Lewandowski
et al. 2010). Two “old standbys”, a 20 % (wt./vol.) solution of nonfat dry milk
plus 0.1 % Tween 20 or a 1:10 dilution of household bleach (0.6 % sodium
hypochlorite) completely eliminated TMV-transmission in petunias.

It is also established that TMV spreads from one crop to the next on the
contaminated trellis wires. Nitzany (1960) reported that trellis wires from the
infected fields stored in a shaded store, retained infectivity for 1% to 4 months. He
found that the virus is inactivated by dripping contaminated trellis wires in 1 %
formalin for 5 min or 5 % of soap solution for 10 min or 0.1 % caustic soda
solution. Detergent or washing-soap solutions were only satisfactory if the wires
were immersed in high concentrations of the solutions for a long time.

Winter-Nielsen (1972) observed that a tractor which passed from a PVX-infected
potato field into one free was capable of infecting the plants the first 150 m that it
passed through this field. Donald and Bonde (1954) also observed similar trans-
mission of PSTVd and percentage of transmission ranged from 4-13 in three
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cultivars. Washing the machinery thoroughly with the earlier mentioned virus-
inactivating detergents before it is taken into the healthy crop is recommended.

Even under protected cropping where the crops are continuously raised inside
glass or wire mesh houses and in virus experimental glasshouses, occasionally
high incidence of virus diseases is noticed as the glasshouse structures are com-
monly contaminated. Even small fragments of infected leaf debris either on the
benches or floor can serve as a source of virus inoculum. Through washing of glass
or wire mesh houses with a disinfectant when they are empty between crops will
help to get rid of the contamination.

Like some of the viruses which are highly contagious, the majority of viroid
diseases are also spread by contaminated hands and implements. Roistacher et al.
(1969) reported the transmission of CEVd by hands. Fingers rubbing over freshly
cut stems of various exocortis-affected citrus cultivars and then rubbing over
young emerging sprouts on 20 healthy Etrog citron stems, resulted in 14 infected
plants. Care should be taken in pulling young sprouts by hand rather than rubbing.

Similar to plant viruses, even contamination of the viroid diseases from imple-
ments were eliminated by using disinfectants and heat treatments. In Germany,
Timmerman et al. (2001) have tested the efficiency of several disinfectants to
eliminate the contamination of viroid diseases. They reported the efficient disin-
fection by MENNO-Florades (Menno-Chemie-GmbH, Norderstedt, Germany) by
selection of different concentrations of the disinfectant and various times of incu-
bation. In these tests, PSTVd was eliminated by using the effective combination: 2 %
of disinfectant while incubating for 1 min or alternative 3 % for 30 s. They have
effectively controlled the contamination of viroid disease from contaminated-tools
and tables by using the above discussed chemicals (Timmerman et al. 2001).

By using heat treatment some of the viroid diseases were eliminated from
contaminated farm implements. Freytag (1965) sterilized the knives by keeping
them hot by an attached propane torch. CEVd disease of citrus, is also readily
transmitted by contaminated clippers, knives and pruners and tools remain con-
taminated for as long as 8 days. Similarly, Peach latent mosaic viroid in stone
fruits also transmitted through contaminated blades (Hadidi et al. 1991). Garnsey
and Jones (1968); Garnsey and Weathers (1972) found that a solution of 2 %
formaldehyde plus 2 % sodium hydroxide effectively decontaminates the grafting
tools. Subsequently, Roistacher et al. (1969) recommended that transmission on
contaminated knife blades was prevented by 1 s dipping in a solution of household
bleach (containing 5.25 % hypochloride) with enough water to make 1 gal. The
corrosive action of the bleach on tools was avoided by dipping in a mixture of 1
part of vinegar, 3 parts of water and 2 tea spoons of emulsifiable oil per pint of
mix. Heating contaminated blades for 4-6 s in a flame of a propane torch or
flaming blades dipped in 95 % alcohol failed to inactivate the exocortis viroid.
Garnsey and Whidden (1971) also found that house hold bleach (5 %) or form-
aldehyde plus 2 % sodium hydroxide decontaminates the knife blades. They also
noticed that exocortis viroid transmission is prevented by 10 % bromodine for
5 min in 2 % sodium hydroxide or 10 % trisodium orthophosphate and also by
dipping in fresh milk.
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2.10 Avoidance of Sources of Infection/Inoculum

It is obvious that there will be no virus problem if the crop is free of virus when
planted and when there is no source of infection in the field, or none near enough
to allow it to spread into the crop.

The extent to which it will be worthwhile to attempt to eliminate sources of
infection in the field can be decided only on the basis of the detailed information of
such sources and of the ways in which the virus is spreading from them into a crop.
Eradication as a control measure has been reviewed by Thresh (1988) and erad-
ication schemes directed against CSSV and CTV are described by Ollennu et al.
(1989) and Garnsey et al. (1998).

(a) Living hosts for the virus

Living hosts as sources of infection may include: (1) perennial weed hosts,
annual weed hosts in which the virus is seed transmitted, or annual weed hosts that
have several overlapping generations throughout the year; (2) perennial orna-
mental plants that often harbor infection in a mild form. For instance, gladioli are
often infected with BYMYV that can spread to adjacent annual legume crops (Hull
1965); (3) unrelated crops; (4) plants of the same species remaining from a pre-
vious crop (these may be ground keepers, as with potatoes, or seedling volunteers);
and (5) seed crops of biennial plants that may be approaching maturity about the
time the annual crop is emerging.

In theory it should be possible to eliminate most of such sources of infection. In
practice it is usually difficult and often impossible, particularly in cropping areas
that also contain private gardens. Private household gardens and adjacent farms in
temperate and subtropical regions often contain a diverse collection of plants,
many of which can carry economically important viruses. It is usually difficult or
impossible to control such gardens effectively. In tropical countries, the diversity
of cropping makes control of living sources of infection very difficult.

The extent to which attempts to remove other hosts of a virus from an area will
depend greatly on how large the host range of the virus is in nature. It may be
practicable to control alternative hosts where the virus has a narrow host range
(OYDV infecting onion), but with others, such as CMV and TSWYV that have very
wide host ranges, the task is usually impossible.

The natural host range of Sugarcane mosaic virus (SCMV) is restricted to
members of Poaceae. A number of cultivated and wild grasses which serve as
natural reservoir of SCMV have been identified. Of these, corn and sorghum are of
most importance for SCMV spread to sugarcane as they are planted in areas
adjacent to sugarcane. Eradication of these hosts at frequent intervals during the
cropping season yields good results.

(b) Role of weeds in virus incidence

The importance of weeds in crop cultivation is well known, as they not only
compete with the crop plants for nutrients, moisture and solar energy, but also
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harbor pests and diseases. The weed host’s role in the occurrence and spread of
plant virus, viroid, or phytoplasma diseases is an integral part of the ecological
aspect of virus transmission, and has been understood throughout the world. The
majority of plant viruses that infect economic crops have weed hosts which are
widely distributed along irrigation channels, ditches, road sides, in plantations,
orchards, by the side of railway tracks, in fallow lands and in neglected crops. The
viruses present in these weed hosts serve as the primary source of inoculum and
they spread to economic crops by vectors. Infected perennial weeds are more
dangerous than annuals as they serve as virus source for long periods. Virus
diseases are primarily introduced in to a crop by man planting infected seed/plant
material or by vectors who acquire virus from other infected crop plants/weeds/
wild hosts. Wherever the planting material is healthy, the virus inoculum source
will usually be from the weed hosts or from other infected economically important
crops. The epidemiology of these diseases in a given area is a highly complex
phenomenon, involving a number of weed hosts, commercial crops, different
vectors and agro-climatic conditions. The chances for the outbreak of the disease
epidemics will be more in an area where abundant virus-infected weeds harbor and
support the fast multiplication of the particular vector.

Wild plants are often infected with different viruses and act as a bridge for
further spread into cultivated crops. For some virus diseases the wild plants may
belong to the same family or completely unrelated family. For example, in Africa
the virus causing Cacao swollen shoot disease infects a species belonging to a
different genera in the case of Cola acuminata (the cola nut) of the same family as
the cacao (Sterculiaceae), but can also infect a genus from a completely different
family such as the silk cotton tree (Ceiba pentandra), belonging to the family
Malvaceae. Similarly, Konate et al. (1995) have reported that Okra leaf curl virus
occurs naturally on wild hosts like Sida acuta in Burkina Faso.

In almost all rice growing countries in South East Asia, tungro caused by Rice
tungro spherical virus (RTSV) and Rice tungro bacilliform virus (RTBV) is a major
threatening problem which is transmitted a leathopper in a semi-persistent manner.
The virus cannot persist in the leathopper vector for more than 5 days and it is not
transmitted through seeds or soil (Ling 1972). Rice again does not usually remain in
the field through all the months of a year. In rice-rice rotation, there is always a crop
free period between the two cropping seasons. How then does tungro survive? Does
it positively interact with weeds and other allied plants? Wathankul (1964) in
Philippines observed natural infection of RTV in Eleusine indica, Hemartharia
compressa, Echinochloa crusgalli and E. colonum, Polypogon monspeliensis,
Sorghum halepense and Sporobolus tremulus. Mukhopadhyay (1980), however,
found natural infection in Echinochloa colonum, when it was collected from a field
where tungro chronically occurred. He did not find any infection in E. colonum
collected from the fields where disease occurred occasionally.

Rivera et al. (1969) observed RTV symptoms in Dactyloctenium aegypticum,
Eragrostis tenella, Ischinum gogossum, Leersia hexandra, Oryza barthii, O. offici-
nalis, O. ridley, O. rufipogon, Paspalum scroboculatum, Setaria glauca, Sorghum
vulgare and Triticum aestivum. They however, could not find easy recovery of the
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virus from these plants and they also could not confirm the infection of E. colonum.
The role of weed hosts in RTV epidemiology was also studied by Mishraetal. (1973);
Rao and Anjaneyulu (1978); and Tarafder and Mukhopadhyay (1979, 1980).

The epidemiological studies suggest that a few weeds and wild rice have the
potentiality to carry the virus under the forced situation of the repeated appearance
of the disease and under improperly managed field conditions.

In many regions, investigation of the begomovirus(es) involved and their bio-
logical properties have revealed that these diseases are caused by locally adapted
viruses with narrow host ranges, often with the susceptible crop plant being the
primary host. This has led to development and implementation of regional crop or
host-free periods as a management strategy. This practice involves not growing the
susceptible crop plant, usually for a period of 2-3 months, thereby disrupting
continuous cropping patterns. This can result in a dramatic reduction in virus
inoculum in the agroecosystem and, in some cases, a reduction in the insect vector
population. Gilbertson (2011) has recommended two successful applications of a
host-free period for managing tomato-infecting begomoviruses in developing
countries with tropical environments.

It is clear from the above mentioned facts that weeds serving as hosts for both
virus and vectors, and pose a great threat to the economy of important crops grown
nearby. Therefore, it is necessary to establish the biological relationship between
weed, virus/phytoplasma and vector for a clear understanding the manner of the
spread of the disease. This will form a sound basis for devising control measures
against weed hosts and vectors, thereby helping to minimize the incidence of virus
diseases and reduce economic losses to the bare minimum.

(c) Reducing virus incidence by weed management

Successful elimination of the weeds by various means has helped in reducing
the epidemics of many economically important virus diseases. Manual eradication
of weeds can be followed if it is in a limited population and when labor is cheap,
and is generally done while raising nurseries. In small plots, weeds are pulled and
destroyed or occasionally ploughed; however, it is impracticable to follow this
procedure when the crops are grown extensively. Under field conditions there have
been some spectacular achievements in limiting the spread of viruses from weed
hosts to economically important crops around the world. For example, in Florida,
southern celery mosaic virus (CMV strain) was eliminated by eradicating Com-
melina nudiflora, which is a perennial weed host for this virus (Townsend 1947).
In Australia, the incidence of Lettuce necrotic yellow virus on lettuce was reduced
from 75.6 to 6 % by eliminating Sonchus oleraceus, which is a host for both virus
and vector by spraying the herbicide diquat around the field (Stubbs et al. 1963).
Herbicidal sprays 1-2 months before planting helps to maintain the crops free of
weeds. In the Yakima valley of Northwest of U.S., increase in the yield of sugar
beet crops by about 3.8 tones/ha was the result of decreasing the Beet western
yellows virus incidence by destroying the weeds in the drainage ditches (Wallis
and Turner 1969). In some sugarcane growing countries, volunteer plants like
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sorghum, maize and other graminaceous hosts are destroyed to check the Sugar-
cane mosaic virus source (Louie 1980; Shukla and Teakle 1989).

Crop rotation measures also help in decreasing the disease spread, if weed hosts
responsible are annuals and do not transmit virus through seed. Crop rotation will
not prevent the survival of viruses in seed transmitted viruses since the infected
weed seeds often remain dormant along with infectious virus for long periods.

In Simla (India) Nagaich et al. (1972) found the application of herbicides like
Stam F either alone or in combination with Eptam, to be effective in checking the
infection and spread of PVX in potato seed plots provided initial stocks are of
acceptable health standards.

Chemical control of weeds hinges on the property of a given herbicide to affect
only a given weed or group of weeds. Some herbicides can affect healthy and
virus-infected plants differently. Adsuar (1961) reported that sprays of Simazine
intensifies the chlorosis and other symptoms of Sugarcane mosaic virus-infected
plants without affecting the healthy sugarcane crop. Ulrychova and Blattny (1961)
also observed similar results in TMV-infected tobacco plants. The use of herbi-
cides to bring out the masked or latent infections for easier detection can be of help
in roguing programmes, if percentage of infection is low. Herbicidal applications
have both merits as well as inadequacies. Predominant factors that limit herbicidal
use are injury to non-target crops resulting from spray drifts and persistence of
herbicidal residues in soil.

From the above information it is understood that many viruses have weed or
wild hosts that act as foci of infection from which there is spread of viruses into or
within crops and also breeding point for vectors. For example, the initial distri-
bution of Maize dwarf mosaic virus is often associated with patches of the
perennial grass weed, Sorghum halepense, that occur commonly within and around
crop stands (Damsteegt 1976). Similarly, the common compositae weed Tridax
procumbens, is the host of the aphid-borne virus or viruses that cause ringspot and
leafcurl diseases of sunflower in eastern and southern Africa (Theuri et al. 1987).
These examples emphasize the importance of adopting effective weed control
measures, not only to avoid competition, but also to eliminate sources of virus
inoculum and vector breeding foci. The advantages to be gained are also apparent
from experience with Cacao swollen shoot virus in the western region of Ghana,
where many of the outbreaks in cocoa are associated with the understory forest tree
Cola chlamydantha (Attafuah 1965). These trees are indigenous hosts of the virus
from which spread occurs to nearby cacao and these wild hosts are removed when
outbreaks are treated during the eradication campaign. There have been also
restrictions on cultivation of okra and malvaceous ornamentals in the Gezira
irrigation scheme in the Sudan, as these plants are known to be hosts of Cotton leaf
curl virus and the whitefly vector Bemisia tabaci (Tarr 1951). Such measures are
likely to be more widely applicable, but they are difficult to enforce in sub-Saharan
Africa where little attempt is made to control virus diseases by removing weed or
alternative hosts.
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(d) Inter-seasonal carryover of virus

A few weeds of wild rice and the intact stubbles of susceptible cultivars have
the potentiality for providing the virus in the field for the inter-seasonal carryover
of RTV.

Field studies revealed that the nursery beds may perform a key role in the
perpetuation of the virus. The virus may remain in the infected intact stubbles. Seed
beds are usually raised by the cultivators in nearby plots before the land preparation
operations for transplanting. As soon as seedlings grow, viruliferous leafthoppers
may move from the stubbles to the seedlings. Upon transplanting these seedlings,
the field may receive the initial inoculum. The studies made by Mukhopadhyay
(1980) have suggested that the pathway of the carryover of the virus is from
infected stubbles/standing crop to nursery beds then to transplanted crop. Rice
yellow mottle virus is another important virus disease of rice in Africa. The primary
infection source is the rice seed beds and Traore et al. (2006) have recommended
raising rice nurseries in protected conditions as the prerequisite. In Nigeria also,
Rice yellow mottle virus (RYMYV) survives between seasons in rice stubbles. Even
the virus was also transmitted when rice roots from infected plants became inter-
twined with non-infected plants. Hence the presence of virus infected rice roots
increases the incidence of RYMV. Leaf contact from closely spaced plants aids in
virus spread under field conditions (Abo et al. 2013). Similarly in Sudan, Cotton
leaf curl virus, which is transmitted by whiteflies, will spread from infected cotton
plants that regenerate from stumps of the previous year’s crop (Tarr 1951).

2.11 Variation of the Crop Cultural Practices

Manipulations and variations of cultural practices which are simplest, that an
agriculturist can employ, offer a wide measure for decreasing the incidence of
virus diseases, but have limitations imposed by different growing seasons and crop
requirements. Cultural management of virus and viroid diseases includes any
modification in the production of the crop that lowers the disease incidence by
reducing or eliminating the vector population or inoculum sources. In this section
of discussing cultural management, the production practices that act directly on the
vector/agent responsible for the disease spread, like insecticide application, bio-
logical control and genetic control are excluded. Cultural management includes a
diverse set of practices including the following: sanitation which leads to the
destruction of alternate habitats acting as sources of infection, plant density, crop
rotation and fallow, crop planting date, trap cropping, fertilizer use and harvesting
time. Sanitation is the removal and destruction of crop residues which act as source
of inoculum. Destruction of alternate habitats and hosts is usually aimed to
eliminate the weed, wild hosts etc., crop rotation entails changing the crop in sub-
sequencing planting and crop fallow involves suppressing all plant growth on a
field for a production season. Both practices can disturb the normal life cycle of the
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virus/viroid disease, thereby reducing its vector population or inoculum source and
the infection. These measures are aimed in eliminating the sources of the inoculum
within and outside the field and also in reducing the vector population or by
changing their feeding behavior. Use of virus-free seeds and/or propagative organs
results in minimizing primary infection. This can be complemented by removal of
sources of infection in and around the crop, removal of plant remains from a
former season and, if necessary, creation of a time gap between crops and/or space
gap between plots. These operations will reduce the numbers of viruliferous
insects that reach the crop. When addressing these two approaches, cultural
practices can be grouped into two categories: (1) elimination of sources of inoc-
ulum, and (2) controlling the disease in the field. More information on the role of
cultural practices in plant virus disease management has been reviewed by number
of researchers (Zitter and Simons 1980; Cohen and Berlinger 1986; Hilje et al.
2001; Thresh 2003; Rao et al. 2006; Hooks and Fereres 2006).

In this section, attempts are made to reduce the disease spread by avoiding the
vectors or by creating an atmosphere which is not congenial for their feeding or
multiplication. Based on the epidemiological studies, attempts are also made to
break the disease cycle for minimizing the disease incidence. Depending on the
vector activity, it is also possible to select the safe periods for raising healthy
crops. This aspect is discussed under the following sub-heads:

(a) Isolation by distance

Overwintered biennial and perennial crops are generally harbored with many
virus and viroid diseases and they may spread to nearby first-year fields of the
same crop or susceptible crop. When successive crops are grown adjacent to old
ones during high vector periods, these diseases spread to the new crops and reach
epidemic proportions. The spread of these diseases tend to decrease with
increasing distance from foci of infection. The minimum distance for adequate
isolation is difficult to determine because much depends on the type of virus and
vectors involved, wind direction and vector population and other factors. It is
known that aphids and leaf and planthoppers can be blown hundreds of miles,
sometimes from one continent to another, even across oceans. Effective control is
possible especially against stylet-borne viruses by this isolation technique, as they
would cease to be viruliferous during prolonged flights and sometimes they will
settle on non-susceptible hosts and lose the virus after probing; whereas for per-
sistent viruses, as the viruliferous vectors can transmit throughout their life after
acquiring the virus, role of isolation plays more minor role. Around outbreaks of
many virus diseases, there will be a distance beyond which spread will be so
infrequent or so unimportant that it can be disregarded. This distance has been
termed as the “horizon of infection” (Vander plank 1949). Where land availability
and other factors permit, isolation of planting from a large source of aphid-borne
infection might give a useful reduction in disease incidence. As early as 1921,
Robbins has observed the rare occurrence of beet mosaic in fields which were
1 mile away from the infected beets.
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In California, Shepherd and Hills (1970) successfully minimized the aphid-
borne Beet mosaic virus and Beet yellows virus by planting the new sugar beet
fields at different distances, and the amount of mosaic disease decreased para-
bolically with distance. The incidence of early disease in each case was very much
reduced when 10 miles distance was maintained from the inoculum sources. At
greater distances, yellows infection continued to fall off at a constant rate (1.5 %/
mile) whereas mosaic virus decreases much more rapidly reaching essentially zero
at 13 miles from the inoculum source. A minimum of 15-20 miles between beet
crops was necessary to prevent the spread of Beet yellows virus. Thus, isolation of
beet fields from a large source of beets infected with two viruses markedly reduced
infection. Similarly, in majority of countries production of virus-free seed potatoes
is frequently carried out in areas that are well separated from crops being grown
for food. Distances may be controlled by legislation, and the planting of home
garden potatoes forbidden within prescribed area. Some of the crops in which the
diseases were reduced by isolation technique are discussed below.

Broadbent et al. (1951) demonstrated an effective control measure against
Lettuce mosaic virus by growing early lettuce crops in one area and the next series
in the other areas, about half a mile away, and not returning to the first area until
all the plants had been harvested or destroyed. Only 0.3 % disease incidence was
noticed in these crops as compared to 60 % incidence in the neighboring farms.
Successful control of Southern celery mosaic virus (strain of CMV) was achieved
by isolating the celery crop by 240 ft away from the weed source in which case the
crop was 100 % virus-free. Even the crops at 75 and 120 ft distance, disease from
the inoculum source has 12 and 4 % virus incidence, while the plants at 3-30 ft
away from the weed source had 85-95 % incidence (Wellman 1932).

In Louisiana, Martin and Kantack (1960) found that internal cork of sweet
potato, an aphid transmitted virus disease could be managed by isolating the plants
at least 100 yards from infected crops. Incidence in isolated crops averaged 1 % at
harvest and 3-9 % after storage, compared with 11-23 % incidence in non-iso-
lated areas and 18-58 % after these had been stored. Even at Uganda, from
NAARI, Gibson et al. (2004) have observed that sowing sweet potato crop from
early sown infected crop given by such short distances as 15 m will considerably
decreases the spread of Sweet potato feathery mottle virus in susceptible sweet
potato cultivars. From Washington, Hampton (1967) observed maximum inci-
dence of Bean yellow mosaic virus (BYMV) up to 31 % in bean crop nearby virus
infected red clover fields. BYMYV infection levels among bean plants decreased to
less than 1 % at distances of 100-200 ft on the upwind side and 750-900 ft. on the
downwind side of the red clover. From central Washington, Howell and Mink
(1977) reported that carrot seed fields less than 2 miles from root fields the inci-
dence of Carrot thin leaf virus was 20-52 %, while the incidence ranged 0-2 % in
fields grown more than 2 miles away from root crops.

Similar type of decreased virus incidence due to growing in isolation were also
noticed in crops like potato against viruses and phytoplasmas (Rykova 1977);
Papaya against papaya viruses (Wolfenbarger 1966) and chillies against Pepper
vein banding mosaic virus. In each instance, diseases tend to decrease with
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increasing distance from the source and accounted for gradients of infection that
are a very common feature in many crops (Thresh 1976). In Zambia, it has been
reported that the incidence of Potato virus Y (PVY) in green pepper was low when
the crop was grown in fields isolated from other solanaceous crops (Ndunguru and
Kapooria 1999). From these examples it is clear that there are great differences
between diseases in the amount and distance of spread, but many gradients have
the same curvilinear shape. The incidence of disease usually decreases steeply near
the source and less steeply at greater distances, to reach zero or a low background
level. However, gradients may be flattened near the source due to multiple
infections (Gregory 1948). Gradients also tend to become flatter with time as
secondary spread occurs, or following an increase in the number of particularly
active vectors.

The definition of isolation also covers the meaning of separation of the crop
plants from the infected source. Uozumi and Nishimura (1971) reported that TMV
infection persisted in soil even after 20 months after removal of the diseased plants
and also in dried debris virus may survive higher temperatures (Bartels 1955;
Broadbent et al. 1965). Due to continuous growing of tomatoes or other suscep-
tible crops in the glasshouses, disease incidence will increase yearly due to con-
taminated soil. It can be isolated with polyethylene sheeting and the plants can be
grown in a suitable compost above this (Wheeler 1961).

But the isolation technique cannot always be generalized against all crops as
many factors can influence virus spread. Some insect vectors are strong and active
and will be viruliferous over a long period or even lifelong. The resulting gradients of
infection tend to be shallow, diseased plants being scattered widely over a large area.
The spectacular wind-assisted flights of the leathopper vector of Sugar beet curly top
virus result in very shallow disease gradients over many miles to and from ephemeral
weed hosts in the desert foothills of mountain ranges in California and neighboring
south western states (Bennett 1971). Flights over low ranges of hills and for several
miles along valleys are referred to as ‘local’. Migrations of 30—60 miles are common
place and spread of curly top virus and/or its vector have been traced beyond
398 miles (Bennett 1967; Fulton and Romney 1940). Wind-associated flight is a
regular feature of many aphid species and other insect species (Johnson 1969).

Virus and viroid diseases in woody perennials are difficult to infect and their
spread is very slow when compared to annual crops. For example, in a typical
orchard in California, Citrus tristeza virus spread to an average of two citrus trees a
year for each infected one already present (Dickson et al. 1956). In the case of
cocoa, young trees support few mealy bugs and there was little spread of Cocoa
swollen shoot virus until the branches form a continuous interlocking canopy
(Strickland 1951a, b; Cornwell 1958). In general, reasonable wide spacing between
the plants and isolation between the orchards will hamper the movement of vectors
and impedes virus spread. Thresh (1964) observed that blackcurrant plants will be
free from mites and reversion when planted at least 100 m in isolation from the old
plantings and the new plantations remained healthy for many years.

The above-cited examples clearly indicate that the spread of non-persistently
transmitted viruses tend to be very localized around primary foci of infection,
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whether these are within or alongside crops. Sugar beet mosaic virus, for example,
was mainly restricted to plantings within 100 yards of seed crops (Watson et al.
1951). Nearby wild or garden sources of infection are also important in the epi-
demiology of virus diseases of celery (Wellman 1935, 1937; Walkey and Cooper
1971); pepper (Simons 1956; Simons et al. 1956); cucurbits (Nelson and Tuttle
1969; Adlerz 1972a, b); lettuce (Tomlinson and Carter 1970; Tomlinson and
Walker 1973) and many other crops (Duffus 1971). Growing the crops in isolated
areas away from the old infected crops or from foci of infection will help to
minimize disease spread of several non-persistently transmitted viruses to a neg-
ligible extent.

(b) Cages, barriers, border and cover crops

Physical barriers such as fine-mesh screens have been used in Mediterranean
countries since 1990 to protect crops from virus diseases (Berlinger and Mordechi
1996; Berlinger et al. 2002; Cohen and Antignus 1994). For example, in tomato
whitefly transmitted TYLCV was successfully reduced by using houses covered
with 50-mesh screens which have decreased dramatically the number of invading
whiteflies into net or greenhouses. When combined with a few insecticide sprays,
the incidence of TYLCV in the covered structures was only 1 %, while in control
(unscreened greenhouse), infection was up to 100 % (Berlinger and Mordechi
1996). Even the trials conducted by Diez et al. (1999) to manage the TSWV in
tomato by using cultivars ['RDD’, carrier of the Sw5 gene, which confers resis-
tance to tomato spotted wilt virus (TSWV); ‘Pitihue’, tolerant to the virus; and the
susceptible cultivar Rutgers]. The pre-inoculated three tomato cultivar plants with
viruliferous thrips were subsequently transplanted either into the open field or in
tunnels 10 x 5 m, protected with a mesh of 14 x 10 threads/cm. ‘Rutgers’
exhibited severe systemic symptoms regardless of treatment and a high number of
plants died. The level of infected plants remained low when protective measures
were applied to seedlings of ‘Pitihue’ and acceptable yields were obtained. In open
air cultivation, where seedling infection was severe, <20 % of ‘RDD’ plants
became infected and high yields were obtained; protected cultivation did not
reduce yield. Although the percentage of infected plants was higher when culti-
vated under mesh, the yield of all three cultivars was greater than in the open field.
The environment created under mesh stimulated growth, neutralizing the effect of
the infection. The results were positive in reducing the disease incidence when the
clean TSWYV resistant transplants were raised under thrips proof mesh houses. On
the other hand when susceptible tomato cultivars were grown under mesh, the
TSWYV infection was enhanced and observed reduced yields.

In recent years, insect-exclusion screening (IES) (screen barrier) has been
successfully used against fruit crops like banana, grapes and papaya to manage the
leaf hopper-transmitted phytoplasma diseases. For example, in Australia Walsh
et al. (2006) controlled the leaf hopper vector of papaya phytoplasma disease by
covering the papaya plants with IES. When the effectiveness of IES was compared
with systemic insecticide (imidacloprid) treatments, and the non-treated control,
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the net-covered trees had significantly fewer phytoplasma symptoms. Even
Minnini (2007) stated that insect exclusion screening is the only method to
maintain phytoplasma-free vine yards. Production of clonal or mother plants have
to be covered continuously with IES to maintain the plants free from leaf hopper
vectors. Another example is that, in Taiwan papaya is grown was protected against
aphid vectors of Papaya ring spot virus by netting and was effective in producing
marketable fruits, because late infection which occurs when the net was removed
after fruiting, resulted in little damage to the fruit yield (Kiritani and Su 1999).
A similar approach can be extended to exclude the other insect vectors of viruses
infecting other crops in the tropics. Since fruit crops are long duration and also use
of nets is costly, not much information is available on this aspect.

From Israel, Cohen and Marco (1979) achieved considerable reduction in the
incidence of PVY and CMV in peppers by covering the plant rows with nets of
different colors. Complete prevention of the spread of these two viruses was
achieved, whereas in unprotected control plots virus incidence reached 35-100 %.
Zimmerman (1979) has also tested the use of nets by covering the potato plots and
observed very low percentage (0-3 %) of Potato leafroll virus incidence as
compared to 12-48 % in the untreated plots. Hanafi et al. (2003) have demon-
strated that 10 x 20 threads/cm screens were quite effective in capturing the
whitefly vectors and in turn reducing the TYLCV incidence in tomatoes. A
combination of net covering and insecticidal sprays almost completely prevented
the leaf roll spread. At Yemen, reduction in Bemisia tabaci-transmitted Tomato
leaf curl virus to 3.4 % was observed by covering the tomato crop for a period of
65 days (Alshami et al. 2008). Lower incidence of stylet-borne viruses was
observed when a potato crop was surrounded by 10 rows of cabbage or mustard,
than when no border crop was used or when corn, wheat or rice was used, as a
border crop (Duriat et al. 1990). The mustard and cabbage crops trapped signifi-
cantly more aphids (M. persicae) than the other crops.

Raising the crops in greenhouses/net houses has been attempted to reduce the
vector population and to raise the healthy crop. Krishnakumar and Eswara Reddy
(2006) reported that incidence of TOLCV was 86.72 and 42.50 % in open field during
September—March and June—December respectively; whereas in greenhouse, virus
incidence was 30.68 and 16.67 %. ToLCV has also contributed to 20.05-22.50 %
yield loss under protected cultivation as compared to 26.51-33.50 % in open field
depending on time of infection. There was least incidence of PVY and CMV when
bell pepper was grown under greenhouse conditions (unpublished data).

Due to the high cost involved and as the nets could not be used for many times,
attempts were made to use tall plants to protect the crops from the insect vectors.
Fast growing taller species which are economical and were tried against many
diseases. One should raise the barrier crops which are not alternate host plants for
virus and vector multiplication; hence monocot plants were tried as barriers for
dicot crops. The barrier or border crops should be selected carefully so that no
adverse effects like competition by the protection crop or dangerous pest and
disease development should result.
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Several kinds of crops like wheat, maize, sorghum and pearl millet were tried as
barrier crops when the main crop was of dicot family against non-persistent aphid-
borne viruses in different crops like chilli, pepper, potato, French beans, soybean and
lupines and were effective in reducing the virus incidence under field conditions.
More information can be had from the review article of Hooks and Fereres (2006).

A tall cover crop will sometimes protect an under sown crop from insect-borne
viruses. For example, cucurbits are sometimes grown intermixed with maize.
Broadbent (1957) found that surrounding cauliflower seedbeds with quite narrow
strips of barley (about three rows 0.3 m apart) could reduce virus incidence in
seedlings to about one-fifth. Barley is not susceptible to crucifer viruses. Many
incoming aphids were assumed to land on the barrier crops, feed briefly, and either
stay there or fly off. If they then land on the Brassica crop they may have lost the
non-persistent virus they were carrying during probes on the barrier crop. Under
field conditions, main spread of the virus and virus-like diseases takes place
through vectors, which bring the inoculum from outside sources. More than
80 years earlier, the farmers have made many attempts to restrict the entry of
vectors into the crops by using barriers of either plants or muslin cloth screens.
Generally valuable crop materials are maintained or multiplied in insect proof
glass or net house, which is a expensive way of growing plants; however it
excludes birds and mammals, including men who are not conversant with the
precautions needed. In recent years, crops like tomato, capsicum, brassicas,
cucurbits, strawberries and flower crops are grown in glass or net houses in several
countries. Sufficient care is taken to check the insects, mites, glasshouse whiteflies
and aphids generally infest the crops grown and are being controlled by insecti-
cidal sprays. Frequent sprays are required to make the cages insect proof. In the
earlier years, wire mesh or plastic sheets or cloth screens are used as barriers to
protect the crops from the incoming air-borne vectors. Linn (1940) found that the
introduction of mosaic disease in lettuce from weed sources was reduced to 12 %
from 35 % by using 1.8 m high cloth screens. In Argentina, mosaic-free seed of
lettuce was obtained by raising the crop under insect proof cage houses (Crnko
1969). Large cages prevented Tulip breaking virus spread (35.2 % reduction).
Further, roguing of infected tulips reduced the incidence to a very low level.
Gibson and Plumb (1976) reported that the eriophyid mite vectors of Rye grass
mosaic virus were excluded from ryegrass by covering plots with polyethylene
film house ventilated by filtered air. The Korean scientists found that tunnels of
No. 200 mesh (13.5 lines/mm) blue plastic screen, placed over rows of Chinese
cabbage greatly reduced Turnip mosaic virus symptoms and dramatically
increased yields (Paul Daly and Bruce Tomkins 1995).

These barrier crops are more effective for protecting the crops from the stylet-
borne viruses rather than persistent viruses. As in the case of the former group for
most of the time, the aphids loose the virus after probing the barrier crops for a
brief period. Normally these will fly over the crop plots when they leave the barrier
crop because they fly upwards towards the brightest light, but if they subsequently
land once again on barriers, the chances of these becoming non-viruliferous is
increased. The same principle applies to cover crops also. For example, by
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alternating 3 rows of barley with 12 rows of brassica seedlings, Cauliflower mosaic
virus incidence was reduced by 80 % (Broadbent 1957). The barriers when
effective were sown at the same time as the brassica seed between every 12 rows
of seed bed, with single cross rows of cereal at intervals in long seed beds. Hull
(1952) reported that French sugar beet growers were using 1-m wide barriers of
maize, oats, hemp or sunflower around 20 x 5 m beds of beet stecklings. The
incidence of beet yellows under barley cover was 12 %, when compared with
100 % in open bed. Bonnemaison (1961) also recommended that plots with 2 rows
of maize and 3 rows of sunflower, curtailed to about 21 % of infected plants, while
unscreened plots had 56 %. In another experiment on plot size, unscreened areas
had 54 % yellows affected plants and those with barriers for every 5, 10, and 15 m
distance, had 28, 31 and 36 % disease incidence, respectively. Heathcote (1968)
found that two rows of mustard or barely acted as cover crop for sugar beet
stecklings against yellows virus. The disease incidence was 1.3 and 0.1 % in
barley and mustard cover crops, respectively while the open beds had 7.2 %
incidence. However, the use of mustard as cover crop is discouraged because it
enhances the risk of attack by downy mildews. But Hansen (1950) recommended
barley barrier rows at more than 7 yards distance to isolate the clamped beet from
the other inoculum sources, for successful beet cultivation. In Capsicum spp. the
virus (PVY, TSWV) spread was effectively decreased by growing the barriers of 3
rows maize and 2 rows of cowpea. The barriers were sprayed every 7 days and the
plots every 15 days with 1.5 % Folidol. Yield was considerably increased and
virus incidence was generally less than the untreated plots. In Florida, Simons
(1957, 1958, 1960) demonstrated that barrier crops of sunflower and other barriers
(beans, corn or cucumber) were effective in reducing the spread of aphid-borne
viruses viz. Pepper vein banding mosaic virus and PVY in pepper, celery and
tomato from the infected weed host, Solanum nigrum. Barriers around pepper plots
45 m from a weed source did not prevent but decreased and delayed infection by
about 10 days. Mohammad Roff and Ho (1991) reported that maize as a border
crop was found effective in reducing the vector population in chilli. Sunflower
barriers around pepper plots, 150 ft from the source recorded 63 % infection in the
fifth week, compared to 95 % in plots without barriers. A low single barrier of
38 cm high was nearly as effective as single 3 m wide strips of non-susceptible
crops such as beans, corn or cucumber. In number of countries CMV infection in
chilli has been reduced by sowing barrier crops like maize, sunflower, sesame,
sorghum or Pennisetum americanum around chilli plot (Deol and Rataul 1978;
Avilla et al. 1996; Fereres 2000). From south Florida, Simons (1960) has reported
that the primary spread of PVY from the weed host to pepper was decreased to
50 % by a row of sunflower around three sides of the plots, 70 % by a 50 ft barrier
of beans and by 85 % when beans were sprayed weekly with parathion. After
6 weeks, all the plants within sunflower barriers were infected, as before, but those
with bean barriers had one third less diseased and those within sprayed barriers had
only half as many as unprotected ones. Gay et al. (1973) obtained low incidence of
cowpea viruses by pearl millet border crop, sprayed with insecticides like disul-
foton, ethoprop etc. Cauliflower mosaic virus incidence in the seed beds of
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broccoli was reduced by surrounding with a barrier crop of kale or barley even
when the seed beds were only 5 yards away from infected plants (Jenkinson 1955).
The same virus incidence in the seed beds of brassica was reduced by growing
3-row band of barley between every 12 rows of seed beds, with single cross rows
of cereal at intervals in long seed beds and both barley and brassica crops could be
sown simultaneously (Broadbent 1957). From Japan, Hidaka (1960) recommended
growing of sunflower (Helianthus annus) between the source of inoculum and
tobacco, which acts as a barrier against aphid flights, for reducing the PVY spread.
Inter-planting barley in between tobacco has reduced the virus spread.

The spread of yellows viruses in sugar beet was reduced by growing the beet
stecklings under barley in their first year (Hull 1965). Toba et al. (1977) also
reported that the incidence of aphid-borne viruses in muskmelon was reduced by
the barrier crop of wheat, but crops like radish and swiss chard as barriers for
muskmelon were unsuitable as they provided undesirable competition and served
as hosts for aphids. Keener (1956) also reported that barrier crops of maize or
alfalfa around tomato crop has reduced the Beet curly top virus incidence by
preventing the leaf hopper vector Circulifer tenellus into the tomato crop. As these
barrier crops contribute in isolating the crops from the old infected crops/ weeds, is
being practiced in seed certification schemes. For example in Victoria (Australia)
in the seed certification scheme of Phaseolus bean, crops like maize or other tall
barriers, 30 m wide are used to subdivide bean seed crops over 2 ha in any area
submitted to inspection for certification (Bartha 1963). There is a little evidence to
support or deny the merits of inter-cropping as a means of avoiding virus disease
problems because epidemiology trials are usually done with single crops and
varieties. During 2006 Hooks and Fereres, have reviewed the use of barrier crops
to guard crops from aphid borne non persistent viruses. For example in Kenya,
Ramkat et al. (2008) have reported negative results on the role of inter-cropping in
reducing the Tomato spotted wilt virus in tomato. Tomato—maize inter-crop pro-
duced the lowest fruit weights and marketable yield in 2004 and 2006, while yield
of onion with kale and maize as inter crops were not significantly different in their
mono crops and there was no impact on TSWV incidence in the treatments.

(c) Effect of strip cropping

A candidate strip crop plant has qualities such as serving as cover crop or
improving soil fertility and more importantly emit semiochemicals, some of which
(allelochemicals) could act as attractant, repellent or toxins to targeted insects or
the pathogens they vector. This strip cropping technology helps in attracting pests
away from the target crops and adding valuable biodiversity to the agro-ecosys-
tem. Thus strip crops are plant stands that are setup to attract, divert, intercept and,
or retain targeted insects or the pathogens they vector so as to reduce damage to
the main crop (Shelton and Badenes-Perez 2006). This technique is less expensive
and if economic crops are grown the yields, also will generate revenue.

Keeping this in view Ewusie et al. (2010) have conducted field trials at Ghana by
using cassava as the main crop and strips of cotton hybrid and Jatropha were grown
in five rows each on all sites of cassava. They have studied Bemisia tabaci, whitefly
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population which is the major vector for majority of the Geminiviruses. They have
recorded significantly fewer number of whitefly both adults and nymphs in
Jatropha strip crop, on the other hand on cotton strip crop and also on cassava, the
whitefly population were a higher level. Similar trend was noticed with whitefly
population in sticky trap counts. The objective was to identify the potentiality of
selected strip crops in managing whitefly (Bemisia tabaci) population and it clearly
indicates that strip cropping of jatropha can be a viable management strategy for the
control of Bemisia tabaci populations in cassava production. The studies on dif-
ferent strip croppings with various virus-host combinations may results an effective
management strategy against virus disease spread.

(d) Effect of mixed cropping on virus incidence

Magee (1967) reported that by cultivating bananas under coconuts, the inci-
dence of bunchy top disease can be reduced as this treatment reduces the aphid
vector, Pentalonia nigronervosa populations, when compared to banana plants
grown in nearby open fields. Even Ahohuendo and Sarkar (1995) also showed that
intercropping cassava (Manihot esculenta) with maize, cowpea, and peanut
reduced the population size of the whitefly, Bemisia tabaci Gennadius and the
associated African cassava mosaic virus (ACMV) disease. Bean grown with
maize, the incidence of bean common mosaic decreased (van Rheenen et al. 1981)
similarly, Cassava mosaic viruses when cassava was intercropped with sorghum or
cowpea, the virus incidence was reduced (Page et al. 1999; Fondong et al. 2002).

(e) Use of bait crops

In some of the field crops, certain crops are used as bait for the vectors to check
the virus spread. For example, Delfosse et al. (2002) reported that Peanut clump
virus incidence can be minimized by using pearl millet as bait crop. These are
planted soon after the onset of monsoon preferably under irrigation and uprooted
in 3 weeks after germination. This permits the infection by Polymyxa graminis but
not the development into sporosori by which virus inoculum load is reduced.

(f) Effect of barrier cropping on viruses

The exact mechanisms that reduce the number of virus infected plants in crops
with protector plants are little understood. It has been suggested that insects flying
over areas with several plant species will have several inappropriate landings on
the wrong host plants. The tendency is then to leave the general area completely.
Likewise, it has been reported that during their host-recognition phase, if aphids
determine they have alighted on an unsuitable host, they immediately resume
flight. This flight may take an aphid out of the vicinity of a crop field. Further,
because their ability to transmit non-persistent viruses is lost soon after acquiring a
virus, aphids may lose the ability to transmit a virus while searching for suitable
host plants.

When aphids search for a host plant, they commonly lose their ability to
transmit a virus after making a few brief probes on a healthy or non-susceptible
protector plant. If aphids then alight and feed on a susceptible cash crop, there will
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Table 2.3 Effect of barrier plants on certain insect transmitted plant viruses

Crop Virus Barrier plant Country Reference
protected  targeted
Chilli CMV Maize, sorghum, India Anandam and
sunflower Doraiswamy (2002)
CMV Sunflower, sorghum India Deol and Rataul (1978)
sesame, pearl-millet
CVMV Maize, brinjal Malaysia Hussein and Samad
(1993)
Cowpea  CpBMV  Pearl millet, maize India Sharma and Varma
(1984)
French BCMV Sorghum, maize, okra, India, Van Rheenen et al.
beans sunflower, Netherlands (1981), Dhanju et al.
amaranthus (1995)
Green GBNV Pearl millet India Sreekanth et al. (2004)
gram
Lupine BYMV Cereal Australia Jones (1993)
Okra YVMV Maize India Singh et al. (1979b), Pun
et al. (2005)
Potato PLRV Wheat, mustard Bangladesh Mannan (2003)
Radish PVY Wheat, oat, barley India Usha Sharma et al. (2005)
Tomato TLCV Maize India Sastry et al. (1974)

be no opportunity for virus transmission, because the virus particles might have
been removed from their mouthpart while probing the protector plant.

There are some more examples from U.S., Germany, Spain, India and Australia
where barrier crops of cereals were tried against viruses like Watermelon mosaic
virus 1 (strain of PRSV), Cucumber mosaic virus, Potato virus Y, Bean common
mosaic virus, Bean yellow mosaic virus and Soybean mosaic virus, and details are
given in the Table 2.3.

The examples cited above clearly indicate that barrier or border crops are quite
effective against stylet-borne viruses. Researchers have also conducted experi-
ments with persistently transmitted viruses by aphids, whiteflies and leafthoppers,
in different crops as discussed below.

Several field experiments have shown that barrier cropping can be successfully
used to lessen the occurrence of insect transmitted virus diseases and resulting in
increased crop yields. In addition to their potentiality to reduce the severity of
aphid-borne non-persistently transmitted viruses, barrier plants have also helped to
reduce the diseases of persistently transmitted viruses. For example, Heathcote
(1968) found that rows of mustard (Brassica juncea) or barley intercropped with
sugar beet (Beta vulgaris) could reduce the occurrence of Beet mild yellowing
virus (BMYV), a virus transmitted in a persistent manner. In Bangladesh, Mannan
(2003) has reduced the incidence of Potato leaf roll virus in potato fields by using
wheat as border crop. Page et al. (1999) found that intercrops of beans and millets
reduced the occurrence of Maize streak virus (MSV) transmitted by leathoppers,
Cicadulina spp., in maize. During 2004, Coutts et al. have found that a 15 m-wide
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barrier of cabbage could delay infection and reduce spread of Tomato spotted wilt
virus in lettuce (Lactuca sativa L.). In India, growing tall barrier crops viz., pearl
millet, sorghum or maize around the field of groundnut or cowpea, the incidence of
Tobacco streak virus, whose transmission by thrips in a persistent manner was
reduced as the barrier crops have protected against the alighting of thrips on the
main crops (Prasada Rao et al. 2003a, b).

In India, border cropping of okra plants with maize has reduced the incidence of
Okra yellow vein mosaic virus transmitted by the whitefly B. tabaci (Singh et al.
1979b; Pun et al. 2005). Similarly, the incidence of Tomato leaf curl virus
transmitted by B. fabaci was reduced by border cropping with maize (Sastry et al.
1974).

There are several aspects of aphid behavior that makes them manageable by the
barrier cropping strategy, much of which centers on their flight activity while
searching for a suitable plant for colonization, feeding, and reproduction.

(1) During flight, aphids respond strongly to visual stimuli and locate host plants
by contrasting the soil background with the green color of plant foliage.
Therefore, the greater the percentage of plant coverage in a crop field, the
lower the probability an aphid will land in that field.

(2) Plant infection with non-persistently transmitted viruses usually starts at the
crop edges, because aphids entering a field tend to land on the field perimeter
first. Thus, if protector plants are grown around the perimeter of a cash crop,
aphids may initially probe the protector plants instead of the cash crop and
clean the virus off their mouthpart while probing the protector plants.

(3) Aphids cannot distinguish hosts from non-host plants until after landing on a
leaf surface and examining it with their mouthparts. Their initial behavior after
landing on a plant is to walk over the surface of the leaf while testing it.
During the test phase, aphids make brief, shallow exploratory probes with their
mouthparts. Thus any virus particle on their mouthparts can be released into a
protector plant.

(4) This behavior, whereby aphids probe and/or feed on non-host plants, has
important implications in designing disease management strategies. During
host-seeking, aphids may spend a significant amount of time and energy
assessing unacceptable host plants in habitats of plant mixtures, and they
would therefore allocate less energy to colonizing and feeding on the host
crop. Thus, several behavioral aspects of aphids suggest that they may be
managed by using protector plants.

In some of the crops, depending on the vector involved, monoculture has
resulted increased virus incidence as compared to intercropping. For example, Van
Rheenen et al. (1981) found that growing beans with maize resulted in less inci-
dence of Bean common mosaic, when compared with monoculture stands. Even
Fargette and Fauquet (1988) and Fondong et al. (2002) have observed reduction in
African cassava mosaic virus when cassava was grown as an intercropping with
maize/or cowpea.
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(g) Role of plant density on virus incidence

Plant density also affects virus incidence and very interesting observations on
the effect of plant spacing on the spread of virus diseases in crops have been made
by several authors. It has been observed that closer spacing generally reduces the
number of infections per unit area; this method requires a higher seeding rate. The
planting rate should be such that it should cover the soil without reducing the yield
due to competition. The mathematical relationships of size of plants and spread of
systemic diseases have been discussed by Vander plank (1947). He observed that
as an approximation, in cases where disease is brought from outside the crop, the
proportion of infected plants is proportional to their size, provided the proportion
is small. Size is defined as the catchment zone of the invading insects which is
considered to be inversely proportional to the number of plants per unit area. Even
in cases where a systemic disease spreads within a crop, the rate of infection is
proportional to the size of the healthy plants. When the percentage of infection is
low, systemic diseases could be controlled by close planting, which reduces the
size of plants and increases the number per unit area. When the percentage of
infection is high, control is more difficult, but is still possible if infection strikes
when plants are small. Young rapidly growing plants are highly susceptible to
virus infection than older plants. As the young plants are generally light yellow in
color, the vectors are attracted and also young plants provide a more suitable diet
for developing vectors. Examples where decreased infection occurs with increased
plant age exist in peppers against CMV (Simons 1957), potato against Potato leaf
roll virus (Knutson and Bishop 1964), sugarcane infected with Sugarcane mosaic
virus (Abbott 1961), soybean infected with Peanut mottle virus (Demski and Kuhn
1975); groundnut infected with Groundnut rosette virus (Adipala et al. 1998);
barley infected with Barley yellow dwarf virus (Slykhuis et al. 1959); Pineapple
infected with TSWV (Linford 1943) and Pineapple wilt virus (Singh and Sastry
1974); Sugar beet curly top virus in tomato (Shapovalov et al. 1941); Pigeonpea
sterility mosaic virus in pigeonpea (Ramakrishnan 1963) and Cowpea vein
banding mosaic virus in cowpea (Sharma 1975).

In addition to above cited examples, increased plant density/close spacing has
been found to reduce losses in other crops like groundnuts, sugar beets, field beans,
cowpea, tomato, bell pepper, okra etc. (Clarke 1937; Linford 1943; Shapovalov
et al. 1941; Blencowe and Tinsley 1951; Jameson and Thomas 1954; A’Brook
1964; Way and Heathcote 1966; Heathcote 1970, Ghanekar 1980; Gill et al. 1982;
Chowfla and Parmar 1995; Aliyu and Balogun 2011). Losses from air-borne
(vector) viruses have been shown to be less if the plants are densely spaced than if
widely spaced. As early as 1928, Harper observed the phenomena of close spacing
aiding in decreased disease incidence in groundnut against rosette disease (as
quoted by Hull 1964). The more plants present in unit area, the smaller will be the
proportion of infected plants by the same number of viruliferous aphids (Aphis
craccivora). Generally, the subsequent virus spread within the crop will be very
little, after introduction of Groundnut rosette virus by the winged aphids. In South
Africa peanut cultivators delay the weeding operations which help in covering the
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soil and also helps in increasing the plant density, which is a favorable factor for
reducing the rosette disease incidence (Storey 1935). A’Brook (1964) by his
several experiments confirmed the earlier work and observed that the dense
plantings had few or no aphid-infested plants after 80 % ground cover was
achieved, and more aphid colonies were noticed in thinned plantings. For this
reasons suggested by Kennedy et al. (1961) were checkerboard effect i.e. contrast
between bare earth and crop, which resulted in a differential alighting response,
alatae tending to settle on plots with a more ‘broken pattern’ such as encountered
at lower plant densities. Aphids are thought to be attracted by the brown and green
checkerboard of bare soil and widely spaced plants, more than by the uniform
green of a more closely sown crop. Other possible cause of aphids becoming fewer
may be due to the density of host plants which increases moisture and cooler air
which is unfavorable for aphid movements, and their predators are being more
effective in dense crops. Hull (1964), Kousalya et al. (1971) and Davies (1976)
also obtained the less rosette disease incidence with increased plant population. In
Malawi, Farrell (1976) compared the results of plant density and inter-sowing of
beans in groundnut crop against rosette disease. In two trails during 1966-1967,
the spread of virus in groundnut inter-sown crop with beans (Phaseolus vulgaris L.)
was less than the crop with high plant density, comprising plant populations equal
to the number of groundnut plants and to the total number of crops in the inter-
sown crop. Davies (1976) stated that high plant density with 134 kg seed/ha
instead of 67 kg or 100 kg seed/ha followed by Menazon spray at a rate of 294 g
a.i./ha four times at 10-day intervals further reduced the rosette incidence and the
yields were highest at the highest plant densities.

Hull (1969) also observed that Beet mild yellowing virus (BMYV) incidence
was minimized by higher sugar beet plant populations. The BMYV was more
prevalent in sparsely planted sugar beet crops than when the ground was well
covered. The percentage of plants with BMYV was inversely related to the plant
population during the years 1965-1968, but the number of infected plants per unit
area differed little between treatments except that they were fewest where the plant
stand was dense. This is mainly because as the denser foliage provides an envi-
ronment unsuitable for aphids to multiply and on a percentage basis, a given
number of viruliferous aphids will infect similar percentage in denser planting.

Heathcote (1972) demonstrated that with increase in beet plant density ranging
from 7,000 to 18,000 plants/acre, the percentage of plants with yellows disease
usually decreased from 30.8 to 9 %. Considerable decrease in the incidence of
virus diseases with higher seed rates within the row and by decreasing the row
width was observed in the sugar beet crops and brassica seed beds, wherein the
viruses were introduced from outside by the vectors (Blencowe and Tinsley 1951;
Broadbent 1957).

In addition to increased plant density, treatments like use of resistant/tolerant
cultivar, insecticidal sprays, planting 2 plants/hill, close planting and later thin-
ning, weeding etc., have also reduced the virus incidence in certain crop plants.
For example, by close planting and later thinning out the diseased plants will help
in reducing disease incidence. This method has been suggested as a practical
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measure of control for the Tomato spotted wilt virus of tomato and tobacco in
South Africa (Vander plank and Anderssen 1944; Vander plank 1947). They
calculated that if the incidence of the disease was 50 % with single plant spacing,
it would decrease to 9 % by transplanting 2 plants/hill and 1 % by three, if the
distance from the hills as not altered. Broadbent (1948) and Reestman (1960) also
advocated the dense planting and thinning later to reduce virus infection in
potatoes. Way and Heathcote (1966) also observed that by increasing the density
of planting of field beans, the Pea leaf roll virus incidence was greatly reduced.
They recorded that the number of aphids per plant and per acre was inversely
related to plant density. In Uganda, highplant density of groundnut cultivar ‘Igola-
1’ significantly reduced groundnut rosette virus and aphid vector infestation
(Adipala et al. 1998).

In certain fruit crops the higher plant density factor is also used to accommodate
more plants per unit area in crops where in the viruses do not affect the fruit size and
quality. Cohen (1968) proposed the use of exocortis viroid as a possible agent to
produce dwarf citrus trees. Exocortis diseased trees were stunted but often continue
to produce fruit with no apparent deterioration of the trees. Cohen believes that a
close replanting of exocortis viroid infected trees may produce more fruits than
standard size tree plantings. As originally proposed by Cohen (1968) and Mendel
(1968), the use of viroids as a means of producing dwarfed citrus trees has been
under continuous investigation (Long et al. 1972; Stannard et al. 1975; Bevington
and Bacon 1977; Castle 1978; Duncan et al. 1978; Bacon 1980; Broadbent et al.
1992; Perez et al. 1992; Semancik et al. 1997, 2002; Stuchi et al. 2007; Vidalakis
etal. 2007, 2010), and reviewed by Hutton et al. (2000) and Semancik (2003). More
details on cross protection are discussed later in this chapter.

High-density planting is not a new concept for citrus. Older groves in Italy,
Spain, Algeria and Israel had free densities ranging up to 988 and in some cases
1483 trees/ha.

The use of transmissible small nuclear ribonucleic acids (i.e. TsnRNA-IIIb syn.
Citrus dwarfing viroid) reduces tree volume, enhances fruit size and increases the
yield per canopy volume (CV) of sweet orange (Citrus sinensis) on trifoliate
(Poncirus trifoliata) root stock in the absence of any other symptoms (Polizzi et al.
1991; Albanese et al. 1996; Semancik et al. 1997, 2002). Reduced height and CV
induced by TsnRNA-IIIb for Clementine trees (C. clementina) on trifoliate root-
stock have also been reported (Verniere et al. 2002, 2004).

Stannard et al. (1975) estimated the reduction of canopy surface area (CSA) and
yield of Parent Washington navel orange on P. trifoliata rootstock treated with the
Australian dwarfing budline ‘3538 (later found to contain the viroid species
CDVD-IIIa) at 36.5 and 22.4 %, respectively while the yield per CSA increased by
6.5 % (Broadbent et al. 1992). Albanese et al. (1996) in Italy estimated the
reduction of CV and yield of Valencia orange trees on P. trifoliata rootstock
treated with TsnRNA-IIIb at 54 and 37 %, respectively while the yield per CV
increased by 32.5 %.

The term ‘transmissible small nuclear ribonucleic acids’ (TsnRNAs) describes
well-characterized viroid RNA species that do not induce any pronounced disease
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syndromes in specific citrus hosts, but rather act as regulatory genetic elements
modifying tree performance. The CV of 13-year-old navel orange trees (Citrus
sinensis) on Poncirus trifoliata rootstock treated with TsnRNA-IIIb was reduced
by 45 and 53.5 % in standard density (6 m x 6.7 m) or high-density
(3 m x 6.7 m) plantings, respectively. The total yield of eight consecutive har-
vests was not affected significantly by the TsnRNA-IIIb treatments or the two
planting densities. However, the yield per land surface unit (Y/LSU) was almost
doubled (increased by 97.5 %) for the high density plantings over the standard
density plantings of the untreated controls. The Y/LSU of the TsnRNA-IIIb-treated
navel orange trees in the standard-density planting was reduced by 32.7 %. The
TsnRNA-IIIb-treatment in both planting densities concentrated significantly more
fruit production (approximately 60 %) in the economically advantageous middle
canopy height zone (0.6-2.4 m) in comparison with the untreated controls (35 %).
Fruit grade, size, appearance, organoleptic characteristics or time of maturation of
the TsnRNA-IIIb-dwarfed navel trees were not significantly different between the
two planting densities and the controls. Fruit with higher commercial value was
produced in the TsnRNA-IIIb-dwarfed navel trees in the high-density planting by
3.9 and 4.6 % over the TsnRNA-IIIb or controls in standard-density planting,
respectively. The increase in Y/LSU and fruit value for the TsnRNA-IIIb-treated
navel trees in the high-density plantings in combination with the reduced man-
agement cost of dwarfed trees could result in substantial higher profits for a
commercial grove despite the higher establishment cost of high-density plantings.

The reduction of tree height and the accompanying alternation in the profile of
fruit production could have important economic and practical benefits. For
example, orange harvesting rate is dependent upon tree height, yield and fruit size.
For the same yield and fruit size, the predicted harvesting rate was increased per
picker of 1 box/h for an approximate decrease of 1.8 m in tree height (Whitney
et al. 1995). It has also been estimated that while harvesting oranges 25.7 % of the
pickers’ time was unproductive. The majority of the unproductive time (62.7 %)
was spent in positioning and climbing the ladders (Jutras and Coppock 1958). In
the same study, it was also estimated that the picking rate was 67.2 % faster when
picking oranges from the ground than when picking from a ladder. Having fruit
production optimized on a restricted canopy zone of a compact citrus tree also has
potential benefits for mechanical harvesting (Jutras and Coppock 1958; Fridley
1977; Whitney et al. 1995).

(h) Breaking the disease cycle

Continuous cultivation of particular crop in a locality will lead to disease
epidemics after some years. Breaking of disease cycle is possible by having a crop-
free period prior to the main crop against viruses and vectors which have restricted
host range. In India, Pigeonpea sterility mosaic virus spreads through mite, Aceria
cajani and the host range of both virus and vector is restricted to pigeonpea only.
But the virus survives due to volunteers and ratoon cropping and this disease

can be successfully eradicated by removal of volunteers at least for one season
(Ramakrishnan 1963). For a successful cotton crop, okra was forbidden in Sudan
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for at least 2 months before or 1 month after cotton was sown, as the Cotton leaf
curl virus perpetuates on this host (Tarr 1951).

In Philippines, a 2 month break in rice planting has significantly reduced the
tungro disease incidence (Chancellor et al. 2006). Some other field experiments
have indicated that staggered planting contributes to increased tungro incidence
(Cabunagan et al. 2001; Loevinsohn 1984). In south Sulawesi, Indonesia, stag-
gered planting was thought to be a major cause of tungro problems and regulations
were introduced to synchronize planting during periods when vector populations
were relatively low (Sama et al. 1991).

In the Marshlands district near Christchurch (New Zealand), onion growing was
hampered due to Onion yellow dwarf virus (OYDV). Seeding of onions was
prohibited and removal of all unharvested bulbs and shallots was enforced. This
resulted in virtual eradication of (OYDV) from that area (Chamberlain and Baylis
1948).

In south Florida, celery is said to grow 13 months of the year because spring
seedbeds are already established to produce transplants for use in the fall, before
the spring celery crop is completely harvested. Generally the isolation of seed beds
and the mature crop is not maintained. Besides this, celery transplants grown by
one grower often sold to other area growers or transplanted to different farming
operations in central Florida, where virus later occurred. These factors during 1972
were responsible for the appearance of Celery mosaic virus in all ten farms in
south Florida, which accounted for nearly 10,000 acreages of celery. Due to these
enormous losses the celery growers voluntarily imposed a celery-free period, so
that the maturing celery crop would not overlap with the new seed beds. After
1975 season, only two farms sustained losses which occurred late in the season and
no incidence was noticed in the next year (Zitter 1977).

In most of the tomato growing countries TMV is one of the major constraints
for successful cultivation as the old infected root debris is infectious even 2 years
after the soil is covered. Crop rotation is one of the ways of freeing soil from TMV
satisfactorily, as the root debris and virus is eventually destroyed by fungi and
bacteria in cultivated soil. Jones and Burnett (1935) observed that tomatoes
planted in glasshouses within 5 weeks of clearing diseased plants became infected,
while those planted after rotation with other crops for a 6 month period between
tomato crops remained healthy. Reports from the East Malling Research Stations,
Kent indicated that better and more permanent success could be achieved by
cultural means involving the provision of hop-free intervals of 2 years against
Arabis mosaic virus (ArMV-H). This could be done either by bare-fallowing or by
planting virus-immune hosts (‘break crops’). During the hop-free interval the
vectors gradually lose their infection either by moulting or presumably, by erosion
or inactivation or the virus particles adhering to the cuticular esophageal lining. If
conditions allow the grower to apply hop-free break periods for minimum
19-20 months, a permanent control would result, provided that care was taken to
ensure that ArMV-H was not reintroduced in the field. Further research may allow
the hop-free interval to be reduced to little over a year, virtually halving the loss of
crop resulting from a 2-year break. Fallowing techniques are less likely to succeed
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with other strains of ArMV which have a wider weed host range and would
therefore demand a much more rigorous fallow regime (Crosse 1976).

(i) Effect of priming on virus disease incidence

Poor crop establishment is a major problem in many areas of the world, par-
ticularly for subsistence farmers in rainfed and poorly-irrigated environments.
‘On farm’ seed priming-soaking seeds, usually overnight, before sowing-is a
simple technology that farmers can use to improve crop establishment and increase
yield. It has been tested, developed and refined in a range of crops, countries and
agro-environments using a combination of in vitro, on-station and farmer-partic-
ipatory research and regularly increasing yields. In addition, priming has been
associated with increased disease resistance in some crops and can also be used as
a vehicle to alleviate some micronutrient deficiencies. Since 1990, on-farm
priming of seeds of a range of tropical and sub-tropical crops has been tested as a
means to promote rapid germination and emergence and to increase seedling vigor
and hence yield (Harris 2004).

In Pakistan, Rashid et al. (2004a, b) have reported that soaking (priming) of
mungbean seed for 8 h before sowing has enhanced the germination and vigor of
the plants. The effect of priming seed before sowing on the incidence and severity
of infection of mungbean (Vigna radiata (L.) Wilczek) with Mungbean yellow
mosaic virus (MYMV) was investigated in a replicated, large-plot trial in 2002.
They have recorded that primed seeds germinated and emerged faster and more
completely, resulting in the establishment of 45 % more plants per unit area than
non-primed seeds. However, subsequent mortality during the growth cycle in both
treatments reduced this to a small, non-significant difference between treatments at
final harvest. Symptoms of MYMYV infection were assessed using a visual scoring
index (VSI). More than 70 % of the non-primed plants had exhibited severe viral
symptoms whereas only 14 % of the primed plants were similarly affected. These
marked differences between priming treatments in the incidence and severity of
disease were reflected in the components of yield. Primed crops produced 80 %
more above-ground biomass (3.3 vs. 1.9 t/ha), 264 % more pod yield (1.0 vs.
0.28 t/ha) and 415 % more grain (0.36 vs. 0.07 t/ha) than did non-primed crops.
From Bangladesh Musa et al. (2001) have reported the effect of priming in
chickpea where significant reduction in collar rot incidence caused by Sclerotium
rolfsii. The information on the priming treatment in disease control is very meager.
Hence further studies have to be carried out to test the role of priming in managing
of plant pathogens in different pathogen-host combinations, as the results so far are
quite encouraging.

(j) Effect of sowing and harvesting dates

Plants are often more susceptible at certain stages of development and they are
susceptible to virus and virus-like diseases in the seedling stage when high vector
population exists and crops become resistant with advanced age, resulting in less
susceptibility to the virus and the vector. The correct choice for time of planting
has been a major concern of farmers throughout history. However, based on long
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standing experience, farmers themselves have identified the period to avoid the
virus or other diseases.

Adopting planting dates so as to avoid exposing young plants to infection at
times when the largest numbers of viruliferous insectvectors are likely to occur is
often practiced. Seeding time is important for reducing yield losses, manipulation
of sowing and harvesting dates also affect the virus diseases which are carried by
air-borne vectors. Adjusting the planting time based on the vector migration i.e.
avoidance of vectors by sowing late if vector migrates early and vice-versa. The
manipulation of planting or harvesting dates depends mainly on the environmental
factors which have direct effect on vector population and also the growth of the
plants. As the climatic factors and season vary from one country to another, the
vector population and disease incidence also vary similarly. Epidemiological
studies conducted at each place will help to fix the date of planting or harvesting
based on vector flights. In many crops early plantings decreased the disease
incidence as the plants become older and more resistant when the insect vector
invaded the crop. The period of maximum vegetative growth should not coincide
with the period of maximum vector activity because plants infected when flow-
ering or fruiting suffer less than those infected when younger. Some of the positive
virus management results are seen for groundnut rosette (Wallace and Murphy
1938; Hansen 1950; Smartt 1961); Tomato spotted wilt virus in peanut (Culbreath
et al. 2003); Barley yellow dwarf virus in wheat (McKirdy and Jones 1997); Sugar
beet curly top in sugar beet (Hull 1952); Sugar beet yellows virus in sugar beet
(Bennett 1960); Bean mosaic virus in common bean (Fajardo 1930); and Lettuce
mosaic virus in lettuce (Kemper 1962).

Available information regarding sowing and harvesting dates for virus disease
management in different crops is furnished below.

In groundnut, early sowing decreased the incidence of Groundnut rosette virus
in several African countries (Reddy 1991; Sreenivasulu et al. 2008). Under Tas-
manian conditions, autumn sowing of broad beans (Vicia faba) not only maxi-
mized potential yield, but it also greatly reduced the incidence of Subterranean
clover red leaf virus (SCRLV). The yield losses in broad beans due to SCRLV in
1972/1973 were 31, 30, 61 and 8 % in plots sown in May, July, September and
November, respectively (Johnstone and Rapley 1979), Whereas under Sudanese
conditions, October sowing of broad bean is effective against Sudanese broad bean
mosaic virus. When sowed in October, November and December yields were
1387; 494 and 50 kg, respectively (Abu Salih et al. 1973).

In India, thrips-transmitted Groundnut bud necrosis virus (GBNV) and Tobacco
streak virus (TSV) in peanut and sunflower, respectively are economically
important. The experimental results indicated that in southern India early sowing
in Kharif (rainy) season, GBNV would be reduced in peanut (Reddy 1991; Reddy
et al. 1983). At Solan (northern India) the incidence of Pepper mosaic virus
complex was less (21-28 %) in the bell pepper plants when planted between 25th
April and 10th May, while it was 88 % when the crop was planted on 9th July
(Chowfla and Parmar 1995). The same virus incidence was less in mungbean sown
in second 2 weeks of May to first half of June in summer and late sowing in spring



2.11 Variation of the Crop Cultural Practices 247

has reduced GBNV and its thrips vector (Reddy et al. 1983; Sreenivasulu et al.
2008). In northern India, GBNV on the other hand, incidence in groundnut was
high when sown on 10th May (Thira et al. 2004). In Central India, in potato crop
high temperature (30-35 °C) and dry weather during September—October favor
thrips activity to the maximum extent and thus potentially cause higher incidence
of the GBNYV incidence. In the crops planted after October 15th, low activity of
thrips and thus low GBNV incidence occurred. Therefore, potato planting after the
end of October is helpful in reducing the disease incidence by avoiding crop
exposure to thrips vectors (Somani et al. 2007).

Based on the studies carried out at NBPGR regional center Hyderabad, India, by
Sreekanth et al. (2002) it could be inferred that early or timely (second week of May
to first 2 weeks of June) sowing of green gram in Kharif and late October sowing in
Rabi would help in containing the thrips infestation and PBNV incidence. The usual
sowing dates in rice fallows and summer sowings need not be disturbed. However,
irrespective of sowing date, the maximum 7. palmi population build-up coincided
with the beginning of flowering stage of the crop phenology.

Sunflower crop sowing in post-rainy season (September onwards) was found to
be beneficial for minimizing the necrosis disease caused by TSV (Shirshikar
2003). In India, the incidence of the whitefly-transmitted YVMV was less in okra
crop sown in June when compared to July sowings (Gill et al. 1982).

In both Syria and Egypt, faba bean crops planted early in September are often
severely attacked leading to 100 % fava bean FBNYV infection. In such cir-
cumstances, farmers plough the crop under and replant another crop. Delaying
sowing until October or November often resulted in lower levels due to virus
infection, most probably due to the reduced vector populations and activity. More
studies are still required to establish the most suitable sowing date.

Broadbent et al. (1957) demonstrated that early planting and harvesting of seed
potatoes will reduce the leafroll, mosaic and spindle tuber infections, but tuber
yields were low and uneconomic. Earlier Hansing (1943) and Bagnall (1953) also
found that early harvesting was not an economical control measures against yellow
dwarf and PVY, respectively. Whereas Bankina (1976) reported that harvesting
7-14 days after the beginning of the mass aphid flight protected plants from
repeated infection by Potato virus X and M more effectively than harvesting at the
beginning of leaf drying with early harvest yields decreased by 13—30 %, but in the
following year there was an increase of 8—11 %. Early harvest increased the number
of seed potatoes (25-125 g wt.) and the content of starch and dry matter. In the
potato cv. Majestic planting in mid-August had reduced the leaf roll virus incidence
to 6 %, instead of late June during which the disease incidence was 80 % (Cadman
and Chambers 1960). In India, based on the population of the green peach aphid
(Myzus persicae) potato planting and harvesting dates were manipulated. Aphids
normally appear July-August in the northern hills and during December—January in
the plains. The crops raised during summer in the hills and during autumn in the
plains approach maturity before the appearance of the high aphid population and
consequently produce was healthier. Growth of virus-free potatoes in the Indian
Gangetic plains during aphid-free period (October-December) is demonstrated by
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Pushkarnath (1959) and this is known as “Seed plot technique”. Towards the mid-
December, when the crop has tuberized well, the haulms should be destroyed before
viruliferous aphids colonise the healthy crop (Pushkarnath et al. 1967; Nagaich
et al. 1969). In many parts of Europe and America, potato seed production is based
partly on early haulm destruction, before virus brought into healthy crops by aphids
dispersing in late summer from diseased plants (Salzmann 1953; Munster 1958;
Kabierson 1962; Wright and Hughes 1964). In the Netherlands, based on the aphid
flight, the warning will be given to the farmers to destroy the haulms within
3-5 days so that healthy seed potatoes were multiplied.

In Australia, carrot crops free from Carrot motley dwarf virus were produced by
delaying sowing until spring dispersal of its vector Cavariella aegopodii was over
(Stubbs 1948). Lettuce crop was successfully grown in Germany without severe
losses with LMV by sowing in March, which comes to maturity by June, before
the large populations of M. persicae developed, while the June to August grown
crop was severely infected due to maximum vector population (Kemper 1962). In
Taiwan, Chen (1980) has observed that brown planthopper (Nilaparvata lugens),
the vector of Rice wilted stunt virus, populations were not found during December
through May and no rice plants were found to be infected with this virus and the
viruliferous insects were detected first in June and July.

In Bangladesh, Rashid et al. (2008) studied the effect of different dates of
planting time on prevalence of TYLCV and whitefly vector in tomato crop. They
have observed that the percentage of TYLCV incidence in different dates of
planting time (from mid October 2000 to mid-September 2001) of tomato cv.
BARI Tomato 4. They have also studied the epidemiological aspects at 45, 60 and
75 DAP on virus incidence and vector population in tomato. The highest TYLCV
incidence (%) was observed at 75 DAP during the period of March and April, 2001
planting followed by May, 2001 planting, but the lowest TYLCV incidence (%)
was found in November, 2000 planting followed by December, 2000 planting. A
strong correlation was obtained between the incidence of TYLCV and number of
whitefly in tomato plants. Even in India similar type of results were reported by
Sastry et al. (1978) and Saikia and Muniyappa (1989) in TLCV infection in
tomato.

Based on the activity of the soil-borne vectors like nematodes and fungi, the
sowing and harvesting dates were recommended for certain crops. In Nebraska, the
spread of Wheat streak mosaic virus (WSMV) was decreased by delaying sowing
of winter wheat until early September when the previous wheat crop has been
harvested and the destruction of volunteer wheat plants carrying the vector, Aceria
tulipae at least 3 weeks before wheat is planted (Slykhuis 1955; Staples and
Allington 1956 and Slykhuis et al. 1957). A direct correlation between sowing
times and infection by WSMYV in wheat has been observed by Dimov and Stefanov
(1975). The incidence was highest in early sowings (5-25 %) and the lowest in
those made between 20th October and 5th November.

Maize rough dwarf virus (MRDV) is another economically important virus
disease transmitted by planthoppers like Javesella pellucida, Loadelphax strai-
tellus, Calligypona marginata, Peregrinus maidis and Sogatella vibix and occurs
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in most of the maize growing countries. In Milan (Italy), Zaragoza (Spain), Tel
Aviv (Israel) and Prague (Czechoslovakia), the mere delaying of maize planting
dates until such time as the seedlings will emerge from the soil when the mean air
temperature exceeds 24 °C, resulted in reduction of MRDYV incidence to negligible
proportions. In Israel, maize trial fields sown during the last week of May 1959,
and 1960, suffered not more than 3 % infection as compared to 45 % infection in
adjacent fields of the same cvs., but planted in mid-April (Harpaz 1961). It is
mainly because the vector of this disease does not breed on maize crop and remain
in low numbers during the hot weather from May onwards. It has since become
common practice in Israel not to plant maize before the last week of May instead
of previous custom of planting early in season as possible, normally during April.
Also in Italy, it has long been known that early planted maize fields are likely to be
affected by the disease to a much greater extent than late sown ones. Thus,
Grancini (1958) stated that in northern Italy maximum infection usually occurs in
maize fields planted during second half of May and the first 2 weeks of June.
Maize sown at the end of June and later will as a rule evade infection and end up
with only very low percentage of MRDV incidence. In keeping with the same
principle of evading infection by proper adjustment of the planting date, Blattny
et al. (1965) in Czechoslovakia suggested advancing the sowing of maize to the
month of May instead of the normal practice of planting in June. In this manner the
emergent maize seedlings will precede and thus avoid the massive migration
flights of the plant hopper vectors of this disease, which begins in June and goes on
to the end of August.

In Africa, African cassava mosaic virus (ACMV), transmitted by whitefly
Bemisia tabaci is the primary threat to the successful cultivation. From the Ivory
Coast, Fargette et al. (1994) reported that maximum spread of ACMV occurred
between November to June when the maximum temperature was present; small
increase in disease was noted between July to October when the minimum tem-
perature occurred. In Israel, processing tomatoes are transplanted in the field in the
early spring, usually the end of March or the beginning of April and are harvested
3 months later. Tomato yellow leaf curl virus (TYLCV) normally spreads during
the late summer and autumn and corresponds to the whitefly population which
peak from September to November. Processing tomatoes are harvested prior to the
built up of large whitefly populations when incidence of TYLCV-infected plants is
lower and impact on yields is minimum (Polston and Lapidot 2007).

The above cited examples clearly indicate the possibilities of minimizing the
disease incidence in different crop plants by adjusting the planting and harvesting
times (Table 2.4). These dates will vary from place to place as the vector behavior
depends on the environmental factors like temperature, humidity, rainfall etc.
Manipulating the planting and harvesting dates based on vector flights coupled
with insecticidal application will greatly help to raise healthy crops successfully.
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2.12 Cross-Protection in Crop Plants

Cross-protection offers a promising strategy for biological control of plant viruses.
It is well known that attenuated strains of viruses are being successfully used as
vaccines for preventing various human and animal diseases. In plants also, cross-
protection by a milder strain against a virulent strain of the same virus offers some
opportunity for virus disease control. In nature most of the viruses and viroids exist
in various strain forms and they can be isolated and differentiated based on
serology and reactions on differential hosts. It is known that if a plant is already
infected with one virus strain, it resists infection by different strains of the same
virus. This phenomenon was first demonstrated by McKinney (1929) and he
observed that tobacco plants infected with a strain that produced light green
mosaic, showed no change in symptoms when challenge inoculated with a yellow
mosaic strain.

Cross-protection is the “deliberate use of a mild or attenuated virus strain to
protect against economic loss by the severe strain of the same virus”. In recent
years, there has been some interest to use this phenomenon as means of protection
against severe strains to minimize yield losses under field conditions. For cross-
protection as a method of control, the knowledge of strain interrelationships is of
particular interest. Viruses vary widely with respect to the number of strains that
occur under natural conditions.

Different strains of viruses were isolated in crops like citrus, apple, banana,
papaya, cocoa, tomato, sugarcane, turnip, etc. and were tested for cross protection,
which have given either partial or incomplete protection. It is generally accepted
that either partial or complete protection occurs between closely related strains,
provided that the interfering strain is systemically established in the plant before
challenge inoculation with severe strain. Partial or complete cross protection may
be seen in plants in which the first virus is incompletely invaded and also depends
on the order and method by which the two viruses are introduced and on the
relatedness of the virus isolates.

2.12.1 Theories to Explain Cross-Protection

In the absence of well-defined immune system in plants as compared with that
found in animals, the basic resistance towards cross protection and its use in control
may originate in our total ignorance of its mechanism. The proposed mechanisms
explaining the phenomenon of cross protection are: (1) precursor exhaustion theory,
(2) competition for sites of infection in the cell, (3) antibody theory, (4) adsorption
theory, and (5) genetic recombination theory. More details are furnished in reviews
of Fulton (1986), Sherwood (1987), Gonsalves and Garnsey (1989), Gonsalves
(1989), Fuchs et al. (1997), Lecoq (1998), Fraser (1998), Gal-on and Shiboleth
(2006), Tripathi et al. (2008), Ziebell and Carr (2010) and Zhou and Zhou (2012).
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2.12.2 Mechanisms of Cross Protection in Plants

The mechanisms underlying the cross-protection are not fully understood, how-
ever, posttranscriptional gene silencing (PTGS) is considered to be functionally
involved in the cross-protection (Ratcliff et al. 1997, 1999). PTGS as a defense
mechanism against viruses in plants is mediated by virus-derived small interfering
RNAs from 21 to 24 nucleotides long (Baulcombe 2005; Meister and Tsuchl 2004;
Voinnet 2005).

Recently, a computational estimation system to predict potential targets for
PTGS was developed (Xu et al. 2006). Nakazono-Nagaoka et al. (2009) using this
estimation system, have predicted the presence of putative effective small inter-
fering RNA segments in the M11 genome (both negative and positive senses) and
analyzed whether corresponding interfering RNA segments exist in the challenge
virus genome. In fact, numerous interfering RNA segments commonly recognized
in the genome of M11 and in each of the challenge viruses were generally con-
sistent with the cross-protection effects observed in their studies. With the esti-
mation system for potential RNA segments for PTGS, 876 putative interference
RNA segments were recognized in the M11 genome (positive senses). Of the 876
RNA segments, 866 were found in the genome of the parental isolate IbG. When
MI11 and the gladiolus isolates Gla and G1 that M11 completely cross-protected
against were compared, 447 and 411 common interference RNA segments were
found, respectively, even though G1 was molecularly and biologically the most
distantly related to M11 among the three gladiolus isolates. In contrast, less than
100 common interference RNA segments were found between M11 and non-
gladiolus isolates, against which M11 provided partially cross-protection. The CS
isolate, which is the most distantly related to M11, shared only 10 RNA segments.
CIYVV-No30, a virus distinct from BYMYV but was partially protected against by
M11, shared two RNA segments with M11. WMV-Pk, against which M11 did not
cross-protect, had no target segments with M11. Similar results were obtained
from the analysis for negative sense RNA. These results support the idea that
PTGS is involved in cross-protection (Nakazono-Nagaoka et al. 2009).

2.12.3 Practical Use of Cross-Protection

The effectiveness of cross protection in crops like citrus, banana, papaya, cocao,
passion fruit, peach, apple, tomato etc. were tried in different countries under field
conditions with varying degrees of success. The following is a brief review of this
phenomenon in different crops.

(a) Citrus

Among the virus diseases infecting Citrus spp. Citrus tristeza virus (CTV) is
prevalent and economically very important. This is not a very complex disease,
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since it is caused by a single virus, but exists in nature in the form of numerous
strains. There are three general types of tristeza which can cause tree decline.
McClean (1977) described the three types of decline induced by tristeza: (1) the
necrosis of the phloem cells in the sour orange rootstock just below the bud union
causing girdle and death of trees; (2) seedling yellows tristeza-strains of tristeza
which induce a seedling yellows reaction in certain seedlings such as lemon,
grapefruit or sour orange; and (3) stem pitting tristeza which induces stem pitting
in the scion or rootstock of lime, grapefruit or sweet orange.

Strains of tristeza: The existence of strains of tristeza virus, some of which
cause mild symptoms and others severe symptoms has been demonstrated (Grant
and Costa 1951; Grant 1959; Capoor and Rao 1967; Balaraman 1981, 1987;
Tanaka et al. 1968). In most instances strainal differences have been recognized by
differences in the behavior of lime seedlings. Grant (1959) distinguished three
strains as mild (T1), strong (T2) and severe (T3) of CTV. Similarly, Capoor and
Rao (1967) from India, and Omori and Matsumoto (1972) from Japan were able to
identify three different strains based on key lime reactions. In India Balaraman and
Ramakrishnan (1977, 1979a) isolated six strains denoted as very mild (S1), mild
(52), moderate (S3), moderately severe (S4), severe (S5) and severe with corky
veins (HD) based on parameters like height, vein clearing, stem and root weight
and girth.

Cross protection experiments: These experiments with mild strains of tristeza
were reported from several laboratories on potted glasshouse plants (Grant and
Costa 1951; Olson 1958; Stubbs 1961, 1964; Giacometti and Araujo 1965; Capoor
and Rao 1967; Tanaka et al. 1968). However, the cross protection trials under the
field conditions were limited. During 1946, U.S. Department of Agriculture and
Institute Agronomic, Brazil started a co-operative research project. In the State of
Sao Paulo, the cultivation of citrus cultivars like ‘Pera’ sweet orange, Galego lime
and grape fruit have become increasingly difficult because of severe tristeza
strains. Grant and Costa (1951) presented the initial evidence that the presence of
mild tristeza strain offered some degree of protection against severe strains. Costa
et al. (1954) working with several stionic citrus combinations inoculated with mild
and severe tristeza strains as well as with comparable non-inoculated plants,
observed that after 3 years of exposure in the field, grape fruit and West Indian
lime scions on sweet orange root stocks infected with the mild strains grew slightly
better than when infected with the severe strain. It was also noticed that the
symptoms shown by naturally infected plants tended to be severe, indicating that
severe strains were present in the natural tristeza virus complex. Muller and Costa
(1968, 1972, 1977, 1979) reported the protective effect of 45 mild isolates in ‘Pera’
sweet orange, ‘Galego’ lime and ‘Ruby red’ grape fruit scions on three different
root stocks i.e. Rangpur lime, Caipira sweet orange and Cleopatra mandarin.
Strong or intermediate reactions in ‘Galego’ lime scions were noticed with 40
isolates and they were inadequate for preimmunization. The other 5 isolates, all
from ‘Galege’ lime sources, induced mild symptoms and conferred good protec-
tion in preimmunized scions, compared with the non-inoculated controls exposed
to natural infection. In the 1972 observations revealed that 2 of these 5 isolates
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provided outstanding protection. Trees immunized with them made apparently
normal growth and with the highest yield. ‘Pera’ sweet orange plants, preimmu-
nized with each of 3 mild strains out of the 45 selected originally, were able to
grow satisfactorily in the area where they have been exposed to infection with
severe CTV strains present in infected surrounding trees. Plants cross protected
with many other selected mild isolates also performed better than the controls, but
not as well as the five best. As the immunized plants of ‘Pera’ sweet orange and
Galezo lime trees are performing well in field tests, in Brazil beginning in 1977,
about 5 million cross-protected trees had been planted with the sweet orange
predominating. By 1980 the number of cross protected ‘Pera’ sweet orange trees
exceeded eight millions. Greenhouse and field tests have shown that protection
given to citrus scions by inoculation with mild CTV isolates was not broken down
by super inoculations with the vector or by field exposure to natural populations of
the vector for long periods. Large scale propagation of cross protected ‘Para’ sweet
orange by budding has revealed almost no breakdown in protection in successive
clonal generations. Currently, most of the ‘Para’ budwood used in the State of Sao
Paulo is derived from the original preimmunized material produced in the virus
department of the Institute Agronomico deCampinas. In India, cross protection of
tristeza on acid lime field trials were also tried (Balaraman 1987; Balaraman and
Ramakrishnan 1979a, b, 1980; Sharma 1989).

Citrus exocortis viroid (CEVd) has been shown to exist in a number of strains
based on differences in the severity, type of scaling, period of incubation and
degree of stunting in root stock plantings of rangpur lime and in citrus trees on
P. trifoliate root stock (Calavan and Weathers 1959; Fraser and Levitt 1959; Salibe
and Moreira 1965; Rodriguez et al. 1974). Fraser and Levitt (1959) have reported
dwarfness in citrus trees on trifoliate orange root stock without the association of
scaling symptoms. Similar types of symptoms were also most prevalent in
Washington navel orange and Marsh grape fruit trees and were reproduced in
progeny trees (Fraser et al. 1961). The possible commercial use of citrus trees
dwarfed by some strains of exocortis has been developed from the experimental
plantings initiated by the Citrus Improvement Committee (CIC) of the New South
Wales, Department of Agriculture, Australia.

Bevington and Bacon (1978) and Duncan et al. (1978) have reported the effect of
time of inoculation with exocortis mild strain on both Navel and Valencia oranges
and also on other root stocks. Trees inoculated in the nursery stage were the most
dwarfed, while in trees inoculated in the field 1, 2, 3 or 5 years later were less
dwarfed. At 10 years of age, trees on P. trifoliate inoculated in the nursery showed
a 50 % reduction in canopy surface area. The effect on Carrizo citrange, Troyer
Citrange and Rangpur (C. reticulate var. austere hybrid) was not as pronounced.
With the citranges, a 25 % reduction in canopy surface area was observed at
10 years of age, whereas with Rangpur lime an 18 % reduction had been observed
(Bevington and Bacon 1978). Where trees on P. trifoliate and citrange were
inoculated with a dwarfing budline that causes butt scaling (exocortis mild strain)
on P. trifoliate, canopy surface area was reduced by approximately 70 and 50 %,
respectively (Stannard et al. 1975; Bevington and Bacon 1978).
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In Brazil, Rodriguez et al. (1974) have studied the effect of six mild and two
severe strains of exocortis on the yield of 5 year old Hamilton orange on Rangpur
lime over a 4 year period. The average production of the trees affected with the
mild strains reached 68.4 kg/tree during this period, which was essentially the
same as the healthy controls (68.3 kg). On the other hand, trees affected by severe
exocortis produced fruits 59.1/tree, 13.1 % less than the protected plants.

The experimental results of Duncan et al. (1978) with dwarfed (immunized) and
uninoculated navel and Valencia orange trees on P. trifoliate, confirms the high
production potential of dwarf trees when planted at high density. Because of the
reduction in tree size, the yield per tree was also reduced. However, there was a
loss of production efficiency as the reduction in yield was proportional to the
reduction of the canopy surface area. Inoculation had no adverse effects on fruit
size and quality. Encouraging results were also obtained with exocortis strains in
the field trials at Lake Alfred and Fort Pierce (Florida) involving C. sinensis ‘Pine
apple’ and “Valencia’, C. reticulate ‘Dancy’ and C. paradise “Marsh’ and ‘Ruby’
trees on the three susceptible root stocks plus rough lemon and orange root stocks
for comparison (Castle 1987).

The mild strain virus induced dwarf trees have obvious advantages as compared
to larger vigorous ones in terms of greater production per hectare, especially in the
early years following establishment. The other advantages are reduced harvesting
costs, because of little or no ladder work is necessary; better pest and disease
control through more efficient spraying and lower spraying costs because less
expensive equipment can be used. High density plantings make more efficient use
of inputs such as irrigation, fertilizers and herbicide, and are capable of high early
production and economic returns. Planting of dwarf trees might be a desirable
alternative to plantings of vigorous trees that require annual hedging. In large scale
field trials conducted in New South Wales since 1961 to commercialize the
technology of using exocortis mild strains, a good response was received from
engaged citrus growers.

(b) Passion fruit

FPassion fruit woodiness virus (PWV) causes woodiness, pimpling and pocking
of the fruit. In Queensland (Australia) during 1932 the commercial life of a passion
fruit plantation had dropped to a low production level in just 2 years due to
woodiness virus (Simmonds 1959). Before the disease became well established
vines had been productive for up to 8 years. McKnight (1953) put forward a strain
complex hypothesis for this virus and suggested the possibility of obtaining of
mild strain immunity. Simmonds (1959) conducted cross protection experiments in
field with two mild strains (10 and 15) and a virulent strain (16). In second and
third year of vines carrying a mild strain, they showed marked superiority over
those carrying a severe strain as accessed in terms of number, weight and size of
fruits free from woodiness symptoms. He had demonstrated the possibility of
inoculating the passionfruit vines with mild strains of Queensland woodiness virus
which would protect them from severe strain infection under natural conditions.
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The mild strains apparently remained mild through successive transfers over a
5 year period. He observed only 4 % of the immunized plants were infected with
severe strain, in contrast to 88 % of severe strain infection in the control treatment.
Similar work on passion fruit woodiness virus was reported by Greber (1966) who
worked on commercial plantations in central Queensland. In this area, the disease
caused terminal necrosis of shoots, severe stunting and severe commercial loss.
Greber used P. edulis seedlings which were infected by mild strains of the virus
following a petiole graft technique. After symptoms appeared these plants were
challenged by virulent tip blight isolate which was grafted to the mild strain-
inoculated seedlings. From this work there was a strong indication of protection of
inoculated plants by the mild strain. However this method does not seem to have
been widely adopted.

(c) Banana

The existence of at least two distinct strains of Banana bunchy top virus has been
demonstrated by Magee (1948). While investigating sporadic causes of apparent
recovery from the disease in the “Viemana” (local name for Cavendish banana in
Fiji) in Australia and Fiji, Magee found that the plants in question had not recovered
but contained a strain of the virus so mild in its effect on the plant that symptoms
were hard to discern; however, the characteristic green streaking could be detected
and it was shown that the plants were highly resistant to infection by the typical
form of the virus. The recovered plants were more difficult to infect by the transfer
of viruliferous aphids than healthy plants i.e. as if they had acquired resistance to
the virus, but if large numbers of viruliferous aphids were used, the partially
recovered plants develop normal severe symptoms within the usual incubation
time; in these plants, however, after the emergence of five or six yellowed leaves,
normal green leaves again began to appear, indicating that cross-immunity was
incomplete in banana. By suitable feeding tests it was shown that the plants did not
carry the severe (normal) strain of the virus and under natural conditions in the field,
transmitted no disease at all to their neighbors. Their growth was virtually normal
and they appeared to bear normal bunches, but contributed a poor yield. For reasons
which are discussed here, it would be highly desirable to have information on a
detailed and rigorous comparison of yield of healthy and infected plants. The origin
of plants so affected is not general known, but Magee observed a stool in Fiji of
which one vigorous sucker showed mild symptoms, while all others were severely
infected. This suggests that the mild strain in a non-infective mutant which confers
a high (though not absolute) resistance against infection by the normal type virus.
Presently, no resistant cultivars are available and no effective control exists other
than phytosanitary measures. Experiments on the cross protection deserves proper
attention as a possible control measure.

(d) Cocoa

In Ghana, Ivory Coast, Nigeria and Sierra Leone, Cocoa swollen shoot virus
(CSSV) is a menace to the economic stability. There are many diverse strains of
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this virus (i.e., IA, IB and IC). The virulent strain (IA) predominates and causes
various types of leaf chlorosis, root necrosis, root and stem swellings and die-back
in Amelonado trees, which are usually killed within 2-3 years. The avirulent strain
(IB) is not lethal and rarely causes leaf symptoms, although swellings are often
pronounced, but they do not cause appreciable yield reduction. Strain IC caused no
swellings and shows motley leaves. This strain has a pronounced debilitating effect
on most trees, the leaf canopy becomes thinner and yield is reduced. The existence
of mild form of strain IB was also found in apparently healthy trees found sur-
viving on cocoa farms devastated by swollen shoot disease. Clones developed
from such trees did not suffer when attempts were made to infect them with
virulent strain IA by grafting (Posnette 1945, 1947). Crowdy and Posnette (1947)
in their immunity studies between the three strains found a variable response from
tree to tree and temporary remission when graft inoculation with IA. The pro-
tection appeared to be more effective against the insect inoculation than against
graft transmission. It seems likely that there are two factors to consider in inter-
preting this delaying effect; the distribution of the virus in the plant tissues and the
concentration of the virus. The results of the yield and immunization field trial
involving three acres showed a greater protective effect by 1B against virus 1A
infection, when the interval between the respective inoculations was 6 months
than when it was 1 year, and this may indicate a fall in the concentration of strain
1B after 6 months. This decrease in concentration was suggested also by the leaf
symptoms of strain 1B, which occurred only on one flush of leaves, while sub-
sequent flushes were symptomless (Posnette 1947). Strain 1C conferred no pro-
tection against strain 1A and it may be unrelated virus. Regarding yield
performance, strain 1A reduced yield by 50 % in the first year after inoculation
and killed the trees in the second year, whereas strain 1B had no appreciable effect
on yield.

Posnette and Todd (1955) carried out field trials to test the ability of mild strain
to protect mature trees against infection with virulent strains allowed to spread
naturally by mealy bugs and to ascertain the effect of the mild strain on yield of
mature trees. During a 3 year field trial period in which 273 trees out of 387
(c70 %) previously uninfected trees became severely diseased, only 35 out of 416
(c8 %) trees initially infected by the mild strain showed severe symptoms. Five
years after infection with the mild strain, trees were yielding 1 pod/tree more than
in the year they were infected, whereas the decrease in yield on trees infected with
the virulent strain was 16 pods/tree.

Investigations into mild strain cross-protection therefore started with this con-
viction. Earlier observations by Posnette and Todd (1955) indicated that mild strain
of CSSV could protect cocoa against the effect of the severer strains, was thus
reviewed and pursued further. Ollennu et al. (1989, 1999) have studied the cross
protection of CSSV with CSSV N1 and CSSV 365B isolates, which are capable of
protecting cocoa plants from the adverse effects of the virulent 1A type isolates
(Ollennu et al. 2003). Current data from mild-strain cross-protection studies has
shown two progenies of cocoa, T85/799 x T79/501 and T85/799 x Pa7/808, to be
suitable for use in the mild strain cross-protection work (Domfeh et al. 2009).
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This result reaffirmed the reported high yielding nature of T85/799 x Pa7/808 in
the presence of CSSV N1 mild strain (Ollennu and Owusu 2003). It is envisaged
that this mode of control would be most suitable only in the “areas of mass
infection” in the eastern and western regions of Ghana, where the disease is so
widespread (Dzanini-Obiatey et al. 2010).

From Ghana, Ollennu et al. (1996) have reported that mild strains of CSSV
confer some protection against the severe strains available when tested in the field
(Hughes and Ollennu 1994). However, the degree of protection offered so far is not
economically feasible and further research is needed.

(e) Sweet potatoes

Sweet potato feathery mottle virus (SPFMV) exists wherever the crop is grown
and causes russet crack and skin distortion of the sweet potato roots and yield
losses of 20-50 %. Yamasaki et al. (2009) have tested the SPFMV mild strain
10-01 which has given the highest yields. When sweet potato cuttings were
inoculated with mild strain the russet crack symptoms were much reduced.

(f) Potatoes

As early as 1933, Salaman demonstrated that a mild strain of Potato virus X
(PVX) provided protection against super infection with a virulent strain of PVX in
potatoes. Even Webb et al. (1952) showed that cross protection against the phloem
limited virus Potato leaf roll virus (PLRV) could be achieved by infection with the
aphid vectors.

(z) Papaya

In Taiwan, mild strains of Papaya ringspot virus, PRSV HA 5-1 and PRSV-HA
6-1, were first tried in large-scale field plots (Wang et al. 1987; Yeh et al. 1988;
Yeh and Gonsalves 1994). In preliminary results, plants pre-inoculated with the
mild strains did not show complete protection against the severe strain in the field,
but did show a delay in the severe effects of the challenge virus. Although this
degree of protection was insufficient for plants under severe disease pressure,
economical returns could be obtained by isolating orchards as much as possible
and by roguing out severely affected trees until the flowering period. About
100-200 ha of papaya were protected by PRSV HA 5-1 from 1985 to 1991 (Yeh
and Gonsalves 1994) (Fig. 2.12). Currently, the mild strain is sparsely used,
mainly because it does not provide consistent economic returns to the farmers. The
failure of PRSV HA 5-1 to completely protect against PRSV in Taiwan is due to
differences between the mild strain and the wild-type virus, as shown by green
house experiments (Tennant et al. 1994). Similarly, these mild strains (PRSV HA
5-1 and 6-1) did not provide good field protection against PRSV strains in
northeast Thailand (Gonsalves 1998). In India Badak et al. (2006) have tried cross
protection principle against PRSV in Maharashtra area, but did not achieve sat-
isfactory results.
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Fig. 2.12 Cross protection in
Papaya against PRSV (Left
Control, Right Cross
protected papaya plants).
Source The American
Phytopathological Society
(APS)

-

The mild strains performed much better in Hawaii, presumably because the
strains had been derived from a Hawaiian PRSV isolate. A series of field experi-
ments were conducted with the Hawaiian Solo cultivars line 8, Kamiya, and Sunrise
on the island of Oahu (Ferreira et al. 1992; Mau et al. 1989; Pitz et al. 1994). These
studies showed that mild strain PRSV HA 5-1 gave good protection against the
local strains, although PRSV HA 5-1 produced noticeable symptoms on leaves and
fruit, with the degree of symptom severity markedly dependent on the cultivar.
Cultivars line 8 and Kamiya were the least affected and could be grown econom-
ically, but Sunrise was too severely affected in fruit appearance. Protection of line 8
has been the most successful (Mau et al. 1989). Field trials were conducted with
cross protected papaya plants at Oahu, Hawaii during 1993 and partial success was
achieved. By using cross protected papaya plants, the growers have obtained lower
yields, but more consistent and predictable crops for a known period of time. Thus
the growers avoid the wild swings in production often associated with crop failures
due to high virus levels. The last-resort approach of cross protection is its adopted to
produce a crop economically with acceptable yields of grade A quality. It was also
observed that the mild protecting strain does not reduce fruit quality as measured by
brix or sugar content for the important cultivars grown in Hawaii (‘Line 8°, ‘X-77’,
‘Kamiya’, and ‘Sunrise’). However, cross protection has not been widely adopted
on Oahu, Hawaii, for several reasons: (a) the adverse effects of the mild strain on
Sunrise and to a lesser extent on Kamiya, (b) cross protection requires extra cultural
management and care, and (c) the reluctance of farmers to infect their trees with a
virus. The positive and negative aspects of cross protection against PRSV have been
reviewed by Gonsalves (1998) and Tripathi et al. (2008).

(h) Grapevine
In France, Komar et al. (2008), have tried the efficacy of cross-protection for

mitigating the impact of Grapevine fanleaf virus (GFLV) on grapevines (Vitis
vinifera) by using mild strains. Test vines consisted of scions grafted onto
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rootstocks that were healthy or infected by mild protective strains GFLV-GHu or
Arabis mosaic virus (ArMV)-Ta. Challenge GFLV infection via the nematode
Xiphinema index was monitored over 9 consecutive years in control and ArMV-Ta
cross-protected vines. Results were consistent with a significantly reduced chal-
lenge infection rate in cross-protected vines compared with control vines, more so
in those protected with GFLV-GHu (19 vs. 90 %) than with ArMV-Ta (40 vs.
65 % in field A and 63 vs. 90 % in field B, respectively). However, the two mild
strains significantly reduced fruit yield by 9 % (ArMV-Ta) and 17 % (GFLV-
GHu) over 8 years and had a limited effect on fruit quality. Therefore, in spite of
offering a great potential at reducing the incidence of challenge field isolates,
cross-protection with natural mild protective strains GFLV-GHu and ArMV-Ta are
not attractive for the control of GFLV because of the negative impact on yield.

(i) Apple

The use of mild strains to protect apple trees against the effects of virulent
strains of Apple mosaic virus (ApMV) and Apple chlorotic leaf spot virus (AC-
LSV) were well worked out in different countries. From Kent, Posnette and
Cropley (1952, 1956) showed that mild strains of ApMV would protect trees of
different apple cultivars against the effects of severe strains. They also studied the
yield differences due to mild and severe strains during 1950-1956 and obtained
much higher yields in mild strain-infected plants when compared with severe
strain inoculated plants. In New Zealand, Chamberlain et al. (1964) have also
demonstrated the usefulness of mild strains. They found that trees infected with
severe strains of mosaic could be regenerated by top working the trees with graft
wood carrying a mild strain. Such trees grew much more vigorously, cropped
earlier and more heavily than comparable trees that were top-worked with either
healthy graft-wood, or with graft wood infected with a severe strain. In Denmark,
Thomsen (1975) tried cross protection experiment in 12 cultivars of apple against
ApMV. The symptom development depended on the apple cultivar and the virus
strain and varied from year to year and among trees of the same cultivar. Results
from the cross-protection tests with a mild strain showed that varieties ‘Graasten’
and ‘Spartan’ were completely protected from the virulent strain of the virus.

Work at Summerland by Welsh (1964) has shown that certain clones of some
apple cultivars are tolerant to viruses causing fruit symptoms and that this tolerance
can be graft-transmitted to sensitive clones of the same cultivar. Buds from a clone
of ‘Mclntosh’, tolerant to leaf pucker virus, would induce tolerance in sensitive
clones of this cultivar if grafted into the sensitive clones before the infector buds
were grafted into the sensitive clone. Fruit and leaf symptoms in ‘Spartan’ apple
causes by leaf pucker virus were eliminated by top-working with a ‘Golden Deli-
cious’ clone, and symptoms caused by ring russeting virus in ‘Spartan’ were
eliminated by grafts of a “Winesap’ clone. Welsh concluded that this suppression of
symptoms was caused by an interfering virus or viruses in the tolerant clones.

In France, Marenaud et al. (1976) isolated mild strains of ACLSV and tried
their utility in cross protection. They isolated M1 and GR2 strains from apple and
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In 21 and P 328 strains from prunus and plum. They tried cross protection tests on
ACLSV and line pattern symptoms were noticed on Malus platycarpa and bark
split on Prunus domestica P 707. The results of the cross protection greatly
depended on the host plant and the nature of the strains. On M. platycarpa no cross
protection was observed and line pattern symptoms did develop with whatever the
strain combination was tested. On the contrary, inoculation of P. domestica P 707
with a mild strain (unable to induce bark split symptoms) always prevented the
plant from developing symptoms when super infected with a strain which normally
induces severe bark split symptoms. Protection was only observed with the mild
strains CR2 and In 21. In their studies total protection appeared when the mild
strain was inoculated 1 year before the severe strain treatment. Two years after the
infection more than 60 % of the trees inoculated with CR2 and P 863 expressed
severe symptoms but they disappeared the following year. When both mild and
severe strains were simultaneously inoculated, the results were more irregular and
the degree of protection was low.

() Soybean

Kosaka and Fukunishi (1993, 1994) have developed attenuated virus strains of
Soybean mosaic virus (SMV) derived from low temperature treatments of infected
plants. They have observed protection against SMV infection in soybeans when
immunized with attenuated strain.

(k) Tomato

Tomato mosaic, a disease caused by Tobacco mosaic virus (TMV) is eco-
nomically important in almost all tomato growing countries. Yield losses can be as
high as 23 % and fruit quality is also often affected (Broadbent 1964). Although
the use of a mild strains to protect the plants against more virulent strains was
suggested by Kunkel (1934), the technique had not been widely adopted by tomato
growers until Rast (1972, 1975) from the Netherlands, demonstrated the com-
mercial benefits of inoculating crops with the avirulent TMV strain MII-16.
Growers in the Isle of Wight (UK) were the first to adopt cross protection and a
normal fairly severe strain of Tomato mosaic virus was used for inoculation in the
seedling stage. The proportion of unsalable and poor quality fruit was reduced
from about 30 to 3 % in 1965. These results lead to the idea that the benefit gained
from seedling infection would be greater if a mild strain of TMV could be used,
that would provide protection from more severe strains. Rast (1972, 1975), isolated
an almost symptomless mutant using the nitrous acid mutagenic technique, which
gave sufficient protection to five strains of TMV, when challenge inoculated. One
of the effects observed on tomato plants following early infection with MII-16, was
a temporary check of growth which delayed flowering and fruit set, and so it was
necessary to advance the sowing date by about a week to compensate for this. He
found that plants inoculated at the seedling stage with MII-16 yielded better than
those inoculated at the same growth stage with the parent strain. Upstone (1974)
reported that in 27 trials in the UK, plants inoculated with the Rast’s MII-16 strain,
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on an average yielded 5 % more than the un-inoculated plants. The value of cross
protection as a control measure against TMV infection in glasshouse tomatoes has
been well established in different countries like Denmark (Paludan 1975); France
(Migliori et al. 1972); U.K. (Evans 1972; Fletcher and Rowe 1975; Channon et al.
1978); Israel (Zimmerman and Pilowsky 1975); Belgium (Vanderveken and
Coutisse 1975); The Netherlands (Rast 1972, 1975; Buitelaar 1974); Japan
(Oshima et al. 1965; Goto et al. 1966; Nagai 1977; Oshima 1981); New Zealand
(Mossop and Procter 1975); German Democratic Republic (Schmelzer and Wolf
1975) and the U.S. (Ahoonmanesh and Shalla 1981).

Pepino mosaic virus (PepMV) is another economically important virus in
solanaceous crops like tomato, chillies, and capsicum, especially when grown
under glass house/net house conditions. The large scale application of attenuated
strains of PepMV has been attempted by a number of workers (Schenk et al. 2010).
In the field trials, the yield losses were reduced by the challenge inoculation of
attenuated strain of PepMV and the virus accumulation levels and also the
symptom severity were also reduced. In Japan Sayama et al. (1993) have tested
satellite-containing attenuated strain of Cucumber mosaic virus for tomato pro-
tection under field conditions.

(1) Cucurbits

Lecoq et al. (1991) have isolated a mild strain which is a variant of Zucchini
yellow mosaic virus (ZYMV-MK) which induced mild foliar mottle without
symptoms on fruits and is a poor aphid transmitted isolate. ZYMV-WK reduced the
marketable fruit production of zucchini squash only slightly when plants were
infected at the seedling stage. In field trials conducted in France in 1988 and 1989,
ZYMV-WK proved to be very efficient in protecting two cultivars of zucchini squash
from severe ZYMYV under intense disease pressure. Increase in weight of marketable
fruit in cross-protected plots was up to 14.7 times that in unprotected plots.

In Taiwan also Wang et al. (1991) have observed effective cross protection in
cucumber, melon and squash crops against severe strain of Zucchini yellow mosaic
virus (ZYMV) by using the mild strain of ZYMV-WK from France. Yields of
marketable fruit were 2.2 and 40 times greater than those of control plants under
moderate and high disease pressure conditions, respectively. In subsequent studies
Wang et al. (1991) have used four different mild strains of ZYMV and under
greenhouse conditions, 50 days after challenge inoculations, full protection was
observed against mechanical inoculation in melon for ZYMV-CT and ZYMV-FR
and 80 % for ZYMV-FL and ZYMV-TW. In cucumber and squash, the effec-
tiveness of cross protection against the four severe strains varied from 50 to 90 %.
In all three crops, cross protection was most effective against ZYMV-FR, from
which ZYMV-WK was derived. Conversely, the lowest effectiveness of cross
protection was for the local strain, ZYMV-TW. In conclusion, mild strains
selected from local severe strains in the area may provide better cross protection.
In cucumbers, Kosaka et al. (2006) observed the effectiveness of an attenuated
ZYMV on protecting severe infection with ZYMV in cucumbers. Even in
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cantaloupe in the US, Perring et al. (1995) have effectively achieved higher yields
and effective ZYMYV control by using ZYMV-WK strain against severe strain. At
Hawaii, Cho et al. (1992) have commercialized ZYMYV cross protection for zuc-
chini production and achieved higher yields.

(m) Broad bean

In Japan, protection was observed in broad bean against severe strain of Bean
yellow mosaic virus (BYMV). Cross protection was complete against BYMV
isolates from gladiolus but incomplete against BYMYV isolates from other hosts
(Nakazono-Nagaoka et al. 2009).

(n) Yam

Fuji et al. (2000) have selected an attenuated strain of Japanese yam mosaic
virus (JYMV) and have proven the effectiveness of attenuated strains in protecting
yam plants against severe strains of JYMV.

Conclusion

The commercial use of mild strains to protect crops under field conditions is not
widely practiced except in few crops like citrus, tomato, passion fruit etc (Muller
and Rezende 2004). The reluctance of scientists and growers in using this tech-
nique is due to their fear that either the primary mild virus may regain potency and
virulence or subsequent field infection by one or more viruses unlike the primary
virus might result in a virus-complex diseases increase as the number of viruses in
the complex increases. Such effects have already been demonstrated with virus
combinations in fruit trees such as Prune dwarf virus and Raspberry ring spot
virus, which cause severe raspberry leaf diseases. Another drawback is that even
inoculation with a mild strain will cause reduction in yield by about 5-10 %. It
would be premature to attempt the use of mild strains in commercial gardens until
much more data is available on yield losses and unless the virus is slow spreading.

Sometimes a mild strain isolated from a particular cultivars of a crop may not
behave in the same manner in other economically important cultivars. Hence the
crop protected with the mild strain may provide virus inoculum for another crop in
which the same mild strain might be severe. There are also reports that all the mild
strains may not give protection against severe strains of the same virus. Examples
exist for some PVY strains in tomato (Silberschmidt 1957), a Tobacco veinal
necrosis strain in Physalis floridana (Richardson 1958), a Beet western yellows
virus strain in Capsella (Duffus 1964) etc. Even Muller and Costa (1968) have
reported that mild strains of CTV collected from para sweet orange and grape fruit
cultivars, induced severe reactions on the Galego lime test plants. Some isolates
that were mild for ruby red grape fruit scion induced strong stem pitting symptoms
on the para sweet orange. As the prevalence of the strains varies from place to
place and also with different host varieties, distributing the immunized plants to
different parts of the country is not advisable. It is better to use the strains isolated
from that particular locality.
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In India in 1974 field trials, when experiments using immunized Kagzi lime
seedlings with mild strains of tristeza were conducted, there was no change in the
strain behavior even after 7 years (Balaraman 1981; Balaraman and Ramakrishnan
1979a, b). Nearly 6 lakhs of immunized seedlings were distributed to six states in
India. Even though the mildest strains available may diminish the crop yield, this
must be weighed against the probability of death or crippling from virulent strains.
Nevertheless, when crops are virtually certain to become infected with virulent
strains because of the activity of vectors soon after planting, and when effective
resistance is unknown in commercially acceptable cultivars, the value of mild
strain protection seems to be irrefutable.

2.13 Vector Control

There are number of aerial insect vectors like aphids, leafthoppers, planthoppers,
thrips, mealybugs, beetles, and mites which spread the viruses very fast because of
their flight advantage and lighter body weight. In a majority of these vectors, they
are being carried out by wind to shorter and longer distances and hence very high
incidence of virus diseases are caused by these vectors. On the other hand, the
spread of the viruses which are transmitted by soil-borne vectors like nematodes
and fungi is very slow. Hence the management measures against insect-borne
viruses and soil-borne viruses are different.

Before management of virus spread by vectors is attempted, it is necessary to
identify and have available information about the population dynamics of the
vector, for which basic brief information was provided in Chapter-4 of Volume-1.
The vector may be an occasional visitor or a regular colonizer on the main crop.
Furthermore, some aphid species are more efficient vectors than others. For CMV,
Aphis gossypii is proven to be efficient vector, even though more than 10 other
aphid species are known to transmit. Similarly, Myzus persicae is the most efficient
vector for potato viruses, though there are other aphid vectors available in the field.
In the case of CTV, the brown citrus aphid (Toxoptera citricida) is a much more
efficient vector of CTV than is the melon aphid (A. gossypii).

Since the viruses are causing heavy yield and economic losses and the vectors
are playing pivotal role in spread of the viruses, maintaining the healthy crops for
higher yields, demands vector control. The various measures followed in vector
control are being discussed.

As far as spread of virus within the crop is concerned, favorable ecological
factors need to exist for maximum spread to occur. Generally the spread of a virus
transmitted non-persistently are difficult to control with an insecticide treatment as
would occur with virus diseases spread in a semipersistent or a persistent manner. In
the latter cases the insect requires a fairly long feeding period on an infected plant,
thus allowing time for the insecticide to be effective. Hence in number of field trials
conducted in different places and countries, encouraging results were not achieved
in reducing the spread of viruses like PVY, LMV and CMV in different vegetable
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crops. Some examples of where encouraging results were achieved in virus man-
agement by insecticidal or other chemical applications are discussed in detail. The
spread of the persistently-transmitted PLRV in potato crops was substantially
reduced with the appropriate application of insecticides, but reduction in the spread
of PVY was not (Burt et al. 1964; Webley and Stone 1972).

Their results emphasized the importance of early spread in the season by
winged aphids and the need for plants to be made lethal for aphids as early as
possible. For example, in okra the incidence of the whitefly-transmitted Okra
yellow vein mosaic virus was reduced to 57.97 % by spraying the pearl millet
barrier crop with Achook (a neem product) (Kalita 2003).

The effectiveness of systemic insecticide treatment in controlling the non-
persistently transmitted PVY in tobacco varied by season, and was probably
dependent on climatic factors that affected the numbers and movement of the
aphid vectors (Pirone et al. 1988).

The disease forecasting data is an important factor in the economic use of
insecticides. Sometimes a long-term program of insecticide use aimed primarily at
one group of insect vectored viruses will help in the control of another virus. Thus,
the well-timed use of insecticides in beet crops in England, aimed mainly at
reducing or delaying the incidence of yellows diseases (Beet yellows virus and
Beet mild yellowing virus), has also been a major factor in the decline in the
importance of Beet mosaic virus, a potyvirus infecting the same crop (Heathcote
1978). A warning scheme to spray against the vectors of beet yellows viruses was
initiated in the UK in 1959 and is based on monitoring populations of aphids in
crops from May until early July (Dewar and Smith 1999).

2.13.1 Insecticides

Insecticides are often effective against the spread of persistently aphid-transmitted
viruses like PLRV but not against the spread of non-persistently aphid-transmitted
viruses. Sometimes, use of conventional insecticides even increases the incidence
of the virus within the crop, presumably due to increased probing’s by the agitated
vector. Non-persistently aphid-transmitted viruses are transmitted quickly even by
the short duration probings of less than a minute by the vector. Consequently, only
the newer classes of insecticides, called synthetic pyrethroids, which can quickly
knock down the vector, hold some promise. The pyrethroid, 4 cyhalothrin (Karate,
ICI) application gave maximum control of the aphid vectors Macrosiphum
euphorbiae and Myzus persicae and halved the incidence of PVY (Loebenstein
et al. 2001).

Since the natural spread of CTV in citrus orchards is attributed to aphids, aphid
control is sometimes suggested as an approach to reduce CTV problems. Aphid
vector suppression has not been practiced in commercial citrus, and is not con-
sidered an effective strategy except, perhaps, in a citrus nursery. Unlike direct
aphid feeding damage which requires large infestations to cause damage, even a
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small number of winged aphids may transmit virus infections. However, under
specific circumstances vector control may have more potential than previously
recognized.

If aphid control is based on insecticides applied to protect healthy trees, these
must be extremely potent and kill the aphid quickly enough to prevent transmis-
sion. Long-term chemical control is difficult because citrus is a perennial crop and
any control must continue year after year. In temperate regions, CTV spread is
seasonal, and is concomitant with flushes of new growth in spring and fall. Under
subtropical or tropical regions, new short growth is continuous as long as rainfall
or irrigation is sufficient. Therefore, maintaining aphid control with insecticides is
expensive, requires repeated applications, and has deleterious effects on the
environment and non-target organisms. Control of the brown citrus aphid may
actually be easier to achieve since the aphid reservoir is confined to citrus.

While the use of insecticides for general long-term control of aphids to prevent
CTV spread does not appear realistic, there are situations where chemical control
could be effective for the short term. For example, chemical suppression of a new
and limited infestation of the brown citrus aphid may be useful to contain it until
its distribution is known and the potential to eradicate or contain it are evaluated
and quarantines can be imposed. While protecting healthy plants from inoculation
with CTV by aphids is difficult, application of an insecticide to inoculum source
trees could help to prevent aphid spread of CTV to nearby healthy plantings. This
strategy may be useful in conjunction with eradication or suppression programs to
limit further spread until infected trees can be removed, especially if the infected
trees are localized. If it can be determined that spread of CTV in some regions is
sporadic and only occurs during short periods which can be defined then a single
properly-timed insecticide application may be useful to slow further spread.

Pineapple mealybug wilt associated-virus can be managed by controlling
mealybug vector and ants. Dipping of planting material is recommended rather
than by spraying the growing plant with an organo-phosphorus insecticide
(Vilardebo 1955).

2.13.1.1 Role of Insecticides in Vector Control

A wide range of insecticides are available for the control of insect pests on plants.
To prevent an insect from causing direct damage to a crop, it is necessary only to
reduce the population below a damaging level. Further, insects like aphids, thrips,
leathoppers, beetles, whiteflies etc., also act as virus transmitting agents or vectors
and depending on favourable situation heavy crop losses were also encountered in
different virus-host combinations. Management of insect vectors to prevent
infection by viruses is a difficult problem, as relatively few winged individuals
may cause substantial spread of virus. Contact insecticides would be expected to
be of little use unless they were applied very frequently. Persistent insecticides,
especially those that move systemically throughout the plant, offer more hope for
virus control. Viruses are often brought into crops by winged aphids, and these
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may infect a plant during their first feeding, before any insecticide can kill them.
When the virus is non-persistent, the incoming aphid while feeding, can rapidly
loses infectivity anyway, so that killing it with insecticide will not make much of a
difference to infection of the crop from outside. On the other hand, an aphid
bringing in a persistent virus is normally able to infect many plants, so that killing
it on the first plant will reduce spread. Persistently transmitted virus whose spread
depends predominantly on colonizing aphid species which require long acquisition
and inoculation feeding periods for becoming efficient vectors, and their spread
should theoretically be controlled efficiently by using systemic aphicides against
the virus vector. The efficacy of vector control by chemical means is governed by
the persistence of the aphicide in the plant and the time intervals at which they are
applied. Systemic insecticides have been shown to reduce the incidence of per-
sistently-transmitted viruses.

In the majority of the tropical countries, use of insecticidal sprays are an
effective means for controlling aphid populations but they do not act fast enough to
prevent inoculation of those viruses that, like CMV and PVY, are transmitted
during the brief probing phase on the host plant. However, properly applied
treatments can reduce disease incidence by killing the aphid before it has time to
move to another plant. In practice, the efficacy of insecticide sprays is greatly
reduced because: (i) viruliferous aphids are dispersed and survive long enough to
transmit the virus, and (ii) the low aphid specificity of CMV transmission allows
aphids either to acquire from or to transmit the virus to plant species on which they
probe but do not feed. Effective aphid control and consequential low disease
incidence can be achieved if winged aphid forms are kept at low levels. In several
instances it has been observed that CMV and PVY epidemics correlate positively
with extraordinary high aphid movement. In temperate regions like those of the
Mediterranean basin, this usually occurs after mild winters or after high spring
rainfall followed by rapid temperature increase. The conditions greatly favour
reproduction within aphid colonies that rapidly reach a crowded stage leading to
emergence of numerous winged forms. Such colonies often develop on weeds that
can be virus reservoirs for CMV, PVY and other viruses, and therefore their
destruction is a valid means for controlling and preventing virus outbreaks. More
details on vector transmission can be obtained from Chapter-4 of Volume-I (Sastry
2013b).

The use of systemic insecticides such as imidacloprid (Gaucho 480) as a seed-
dressing was effective at experimental level in reducing the incidence of BYDV in
wheat (Gray et al. 1996); Tomato yellow leafcurl virus in tomato (Ahmed et al.
2001) and Sugarcane mosaic virus in sorghum (Harvey et al. 1996). Field trials in
soybean conducted by Magalhaes et al. (2009) with seed treatment of imidacloprid
at the rate of 62.5 g a.i./kg seed offered reasonable protection from mosaic virus
disease for 2-3 months after sowing and this treatment has proved to be eco-
nomical and less hazardous to the environment. Imidacloprid has both contact and
systemic properties and affects various aphid species and had greatest effect on the
fecundity of aphids rather than adult mortality; a reduction in the overall popu-
lation of aphids developing on the crop would be beneficial in reducing secondary
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spread of the virus from infection foci. Even Castle et al. (2009) have reduced the
incidence of Cucurbit yellow stunt disorder virus (CYSDV), a crinivirus trans-
mitted by whitefly vector Bemisia tabaci, in cantaloupes (Cucumis melo) by the
use of imidacloprid alone and in combination with thiamethoxam to reduce high
densities of eggs and nymphs of the whitefly vector and CYSDV incidence. Even
Watermelon bud necrosis virus (WBNV) incidence in watermelon was effectively
minimized by seed dressing and foliar spray of imidacloprid (Kamanna et al. 2010;
Rajasekharam 2010). Krishnakumar et al. (2006a) observed that imidacloprid seed
treatment was significantly superior only up to 25 DAS to control thrips carrying
WBNV. Even tuber treatment with imidacloprid was effective for control of potato
stem necrosis disease which is caused by thrips-transmitted Peanut bud necrosis
virus (Khurana et al. 2000).

In India, the sunflower necrosis disease caused by pollen-borne Tobacco streak
virus (TSV), whose transmission is assisted by thrips was reduced by the seed
treatment with imidacloprid (5 g/kg seed) followed by three sprays with Confidor
200 SL (0.05 %) at 15, 30 and 45 days after sowing (Shirshikar 2008).

Since TSV is major factor limiting sunflower production, extensive trials with
more treatment combinations were tried. For example, at Hyderabad (India) during
2009-2011 field trials were conducted revealed that management of TSV in
sunflower was effective by integrated approach involving seed treatment with
thiamethoxam and three sprays of thiamethoxam at 15, 30 and 45 days after
sowing along with 3 rows of border crop of sorghum. The next effective treatment
was seed treatment with imidacloprid and three sprays of imidacloprid along with
3 rows of border crop of sorghum. Both of the treatments have reduced the
incidence of TSV to 3.8 and 4.7 %, respectively as compared to 21.2 % in the
control. Even the thrips population was reduced viz., 0.56 and 0.70 thrips/plant
compared to 4.06 thrips/plant in the control. Due to the effective treatments the
increase in sunflower seed yield over the control ranged from 20.5 to 41.2 %.
These most effective treatments not only reduced TSV infection and thrips pop-
ulation, but also increased the yields (Bhat Bharati et al. 2012).

The feasibility and applicability of carbofuran (systemic insecticide) as seed-
lings dips to protect crops like tomato from Tomato leaf curl virus (TLCV) has
been found to be effective. Sastry (1989) has observed reduction in whitefly
transmitted Tomato leaf curl virus with seedling dip in carbofuran liquid alone and
also in combination with oil sprays has reduced TLCV under field conditions. In
Greece, Chatzivassiliou (2008) has reported that TSWV incidence in tobacco was
reduced by the soil drench application of carbofuran (Furadan 35 SC) @ 400 ml/
10 ha through irrigation water and recorded reduced thrips vector population and
in turn disease incidence. The additional application of Malathion as foliar sprays
@ 75-100 ml/100 1 of water further reduced virus incidence. The final incidence
of tobacco plants with TSWV infection fluctuated from 10-20 % in Virginia
tobacco crops, whereas in the control crop it was 60 and 85 % in 2004 and 2005
respectively. In Africa, Maize streak virus (MSV) transmitted by leathopper
Cicadulina mbila was significantly reduced by application of carbofuran granules
to the furrows @ 0.2 g a.i./m at the time of sowing (Drinkwater et al. 1979). Even



2.13  Vector Control 269

carbofuran applied as a seed dressing at 0.80 and 1.04 g a.i./kg seed suppressed
Cicadulina populations. Carbofuran pesticide was also reportedly better than
conventional spray treatments with endosulfan at 31 and 45 days after emergence
of maize plants or aldicarb in granules at 0.3 g/m in controlling MSV vectors
(Drinkwater et al. 1979). Mzira (1984) reported that application of carbofuran
effectively reduced the rate of MSV disease by 10 times in the treated plots.

Around the globe a number of researchers and farmers have used an innu-
merable number of different liquid insecticides (either contact or systematic)
against different virus-host combinations under field conditions and encouraging
results were achieved. In most countries, there are no crops which have not been
sprayed with insecticide and in some instances the frequency of insecticidal sprays
was every 5-7 days. Some of the examples where virus incidence and vector
populations were reduced by insecticidal spray are: YVMYV in okra (Sastry and
Singh 1973a, b; Dahal et al. 1992). Okra mosaic virus and Okra leaf curl virus in
okra (Lana 1976), Mesta yellow vein mosaic virus in Mesta (Hibiscus cannabinus)
(Seetharam et al. 2011); Mungbean yellow mosaic virus in mungbean (greengram)
(Agarwal et al. 1979; Borah 1995). Indian cassava mosaic virus in cassava
(Saraswathi et al. 2002); Peanut bud necrosis virus in mungbean (Sreekanth et al.
2003) and potato (Somani et al. 2007); Mungbean yellow mosaic virus in mung-
bean (Ghosh et al. 2009); Pigeonpea sterility mosaic virus in pigeonpea (Rathi
1979) and Subterranean clover red leaf virus in broad bean crops (Johnstone and
Rapley 1981). More information on role of insecticides in managing the plant virus
diseases can be obtained from the review articles of Perring et al. (1999), Castle
et al. (2009).

Carbofuran in granular form @ 1.5 kg a.i/ha was effective in reducing the
Tomato leaf curl virus incidence in chillies and tomatoes (Singh et al. 1979a;
Sastry et al. 1976). Rice tungro virus disease was minimized by the application of
carbofuran (Shukla and Anjaneyulu 1980). In glass house studies, Palaniswamy
et al. (1973) have observed that besides carbofuran, even aldicarb granules were
proved to be quite effective and accounted for 90 % whitefly mortality within
2 days of caging. Soil application of methyl phosphoro-dithioate (Furatox 10G) @
1.5 kg/ha was shown to be superior in reducing YVMYV incidence and whitefly
incidence in okra (Khan and Mukhopadhyay 1985). Pigeonpea sterility mosaic
virus (PPSMV) was minimized by organophosphorus chemicals and seed dressers
(carbofuran, aldicarb) (Rathi 1979; Reddy et al. 1990; Nene 1995). Soil applica-
tion of carbofuran and aldicarb (Temik 10G) or as foliar sprays (oxythoquinox,
kelthane, dinocap, monocrotophos, metasystox) (Ghanekar et al. 1992; Rathi
1979) were also successfully used to manage mite-transmitted PPSMV of redgram.
In a number of vegetables and ornamentals the insecticidal application was also
proved to be effective. For example, insecticide application either directly to the
soil or as seedling drenches just before transplanting, potentially offers promise in
reducing thrips vector populations and suppressing TSWYV spread (Seaton et al.
1997). Even in southwest Australia, Coutts and Jones (2005) have reported that
drenching plants with two systemically active neo-nicotinoid insecticides (thia-
methoxam and imidacloprid) just before transplanting or to soil around plants
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reduced the spread of TSWYV by thrips. Coutts and Jones (2005) demonstrated that
imidacloprid drench treatments applied to lettuce seedlings suppressed the inci-
dence of TSWV by 80-92 %. Csinos et al. (2001a) have also managed TSWV in
tobacco with imidacloprid application. In recent years, spinetoram, acetamiprid,
flonicamid, spirotetramat etc., are widely used for controlling the major vector of
TSWYV, the western flower thrips (F. occidentalis) in a number of countries
(Culbreath et al. 2003; Pappu et al. 2009).

2.13.1.2 Role of Pyrethroids in Vector Control

Pyrethroids, the new type of insecticides quickly knock down the insect vectors
like whiteflies, aphids, leafhoppers, thrips etc. For example, Perrin and Gibson
(1985) have recorded reduction in PVY incidence by controlling the aphid vectors
Macrosiphum euphorbiae and Myzus persicae by use of pyrethroid (Karate: ICI,
PP 321 ICI). The field trials conducted at Australia, in barley and wheat crops
against Barley yellow dwarf virus (BYDV) by application of synthetic pyrethroid
insecticides, alpha-cypermethrin or beta-cyfluthrin before flag leaf emergence at
rates as low as 12.5 g a.i./ha, has decreased spread of BYDV by 75 % and
increased grain yields by up to 41 %. Effective reduction of aphid vector Rho-
palosiphum padi was also recorded. Seed dressing with imidacloprid (70 g a.i./ha)
followed up by foliar sprays of alpha-cypermethrin (25 g a.i./ha) gave excellent
control of BYDV (McKirdy and Jones 1996). Even Perrin and Gibson (1985) have
reduced Barley yellow dwarf virus with the same pyrethroid. In Kenya, virus
incidence in seed potato was reduced by spraying the pyrethroid bifenthrin (2.4 1
a.i./ha) which suppressed the aphid populations to very low level (Olubayo et al.
2010). Raccah (1985) has used the combination of mineral oils and pyrethroids for
the control of non-persistently transmitted viruses and obtained effective reduction
in virus incidence.

While working on rice tungro virus disease management, Satapathy and
Anjaneyulu (1984) have reported that cypermethrin was proved to be very
effective in controlling the leathopper vector, Nephotettix virescens which was
killed within 7 min after releasing an insecticide-treated plant. Subsequently,
Bhaktavatsalam and Anjaneyulu (1984) have noticed decamethrin to be effective
in having excellent insecticidal activity. In subsequent studies Anjaneyulu et al.
(1994) have concluded that decamethrin plus bufrofaziu and tralomethrin were
equally effective as that of cypermethrin and decamethrin and vector population
and tungro disease incidence in rice were possibly correlated. Besides, effectively
reducing the aphid-borne and leafthopper transmitted viruses, pyrethroids were also
proved to be effective against thrips vectors. Pappu et al. (2000) have provided the
evidence by managing the spread of Tomato spotted wilt virus in flue-cured
tobacco by the application of acibenzolar-S-methyl and imidacloprid.



2.13  Vector Control 271
2.13.1.3 Control of Nematode Vectors

Nematode genera viz., Xiphinema, Longidorus, Paratrichodorus, and Trichodorus
transmits virus diseases like Grape fanleaf, Raspberry ringspot, Pea early
browning and Tobacco rattle viruses. The two major groups of nematode-vectored
viruses are nepoviruses with isometric particles and tobraviruses with straight
tubular particles. Six species of Xiphinema Cobb and five of Longidorus (Mic-
oletzky) Filipjev (Nematoda, Longidoridae) are implicated in transmission of the
15 known nepoviruses, and five species of Trichodorus Cobb and seven of Par-
atrichodorus Siddiqi (Nematoda, Trichoridae) transmit two known tobraviruses
(Lamberti 1981a). Nematode transmitted viruses cause heavy yield losses in a
number of fruit and vegetable crops, and viruses like Grapevine fan leaf, Cherry
leaf roll, and Tobacco rattle, are very important in many temperate regions of the
world. Others such as Tomato black ring, Raspberry ringspot, Arabis mosaic,
Strawberry latent ringspot and Pea early browning viruses are confined largely to
Europe. Still others like Peach rosette mosaic, Tobacco ringspot, and Tomato
ringspot viruses are seen only in North America. Viruses like Pea early browning,
Pepper ringspot, and Tobacco ring spot infect a large number of vegetable crops.

The chemical treatments for nematode control are most effective when the soil
preparation, timing, and method of application are done meticulously according to
label requirements. Soil to be treated should be cultivated deeply to break up layers
that prevent vertical diffusion of the product, residues of the previous crop should
be removed, and soil clods that may be protecting nematodes should be broken up.

Chemicals have apparently given satisfactory control of soil-borne viruses of
grapevines in the shallow soils of France (Vuittenez 1957, 1958, 1960). A number
of interacting abiotic and biotic factors affect efficiency of nematode control. All
nematode vectors of plant viruses are ectoparasites and therefore are readily
exposed to chemicals in the soil. Soil disinfection with fumigant nematicides
provides a quick method of eliminating the nematode vectors. One of the early
experiments was done in Burgundy by Vuittenez (1958, 1960, 1961). Laboratory
tests had shown that X. index is less sensitive to 1,2-dibromo-3-chloropropane
(DBCP). Application of 1,200-2000 l/ha of fumigants containing 1,3-dichloro-
propene (DD) (Raski and Lear 1962) eradicated Meloidogyne incognita to a depth
of 2 m in the field. Laboratory tests indicated that a 100 % kill of second stage
larvae of M. incognita would require a 3-day exposure to 2.5 pg of DD/g of dry
soil (Abdalla et al. 1974). The same doses should be enough to control 99.9 % of
all stages of X. index (McKenry and Thomason 1974). Larvae of X. index seem to
be less sensitive than adults to methyl bromide; 27 h exposure to 600 ppm is
required to kill larvae, compared with 43 h exposure for adults (Brown 1978). All
stages of X. index were totally killed with 530, 350, and 50 ppm of methyl bromide
and exposure times of 24 h, 3 days, and 21 days, respectively (Abdalla and Lear
1975). Carbon disulfide and methyl bromide in shallow applications gave no
satisfactory results. Soil fumigation with DD stimulates the growth of the newly
planted grapevines (Vuittenez 1960; Bruckbauer 1969a, b) but the real cause of
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this stimulation is not known. Application of DD at 800 1/ha reduces the nematode
population up to a depth of 180 cm (Sharma and Swarup 1982).

Nonfumigant nematicides such as aldicarb and oxamyl seem to have nemato-
static rather than nematicidal action. At certain doses, these agents temporarily
affect nematode behavior by delaying egg hatching, reducing motility, or prevent
feeding and therefore are effective only on crops with a short period of suscep-
tibility to a virus (Lamberti 1981b).

The efficiency of a nematicide is greatly influenced by its movement and
persistence in the soil. The toxicant must reach the nematode and be exposed long
enough to absorb a lethal dose. Generally, the organophosphates such as fenam-
iphos are most effective at temperatures above 25 °C, while the carbamates, such
as aldicarb and oxamyl, at temperatures below 20 °C. Fumigants, on the other
hand, move through the soil primarily in the gaseous phase, when diffusion is at
least 1,000 times faster than in the water phase. Clay soils are the most difficult soil
type to treat because pores are very small and cracking occurs during drought.
Fumigants tend to diffuse upward, especially when the deep soil layers are com-
pacted or water-saturated and are not retained in clay or other coarse soils long
enough to be effective.

A nematicide must be thoroughly diffused to control nematode vectors of plant
viruses. Viruliferous X. index have been found to a depth of 2 m in old vineyards
in southern Italy and 3.6 m in California. The largest populations however are
generally located at depths between 0.3 and 0.6-0.8 m.

High doses of DD completely killed plant parasitic nematodes to a depth of 2 m
in California. McKenry (1978) suggested that lethal doses are possible to a depth
of 0.75-1.5 m when the rate of application is selected on the basis of soil structure,
moisture, and temperature, which are the factors affecting diffusion of fumigants
into the soil. Methyl bromide moves first by mass flow and, therefore, disperses
faster in the soil, especially downward; injection to 0.75-0.8 m was lethal to
nematodes to a depth of 2.44 m (Abdalla et al. 1974).

2.13.2 Chemical Control of Fungal Vectors

Soil inhabiting fungal vectors belonging to chytridiomiomycota members (Olpidium
virulentus [a noncrucifer strain of O. brassicae sensu lato], O. bornovanus) trans-
mits Mirafiori lettuce big-vein virus (MLBVYV), Tobacco necrosis virus, Tobacco
necrosis satellite virus and Cucumber necrosis virus; and Plasmodiophorid members
(Polymyxa graminis, P. betae, Spongospora subterranea) transmits Barley mild
mosaic virus, Barley yellow mosaic virus, Peanut clump virus, Soil-borne wheat
mosaic virus, Beet necrotic yellow vein virus (BNYVV) and Potato mop-top virus
(PMTV). Thick walled resting spores are formed inside the roots and young tubers.
Depending on the occurrence of favourable conditions, the resting spores germinate
and release the primary zoospores and the zoospores penetrate the fresh root hairs
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and begin the life cycle. For more details of fungal vector transmission refer to
Campbell (1996) and Chapter-4 of Volume-I. (Sastry 2013b)

The first record of chemical control of a fungal vector of a virus is established in
1956 and since then sufficient information is available for controlling soil-borne
vectors of plant viruses by chemical application. In a number of countries, hor-
ticultural crops are now cultivated in various soilless substrates irrigated with
nutrient solution, hydroponic systems, which may or may not be recirculated. This
is an ideal environment for many zoosporic fungi and most of the viruses trans-
mitted by Opidium virulentus, O. brassicae and O. radicale have been found
causing damage in such environments. For example in the UK, MLBVYV started to
cause major problems in lettuce grown by the re-circulated nutrient film technique
in 1978 and on some holdings 100 % virus infection of crops was observed.
Laboratory experiments following these outbreaks identified chemicals controlling
the zoospore stage of O. virulentus (O. brassicae) (Tomlinson and Faithfull 1979).
Chemicals like copper (4 pg/ml), zinc (10 pg/ml), and the fungicide carbendazim
(as Bavistin WP, a wettable powder containing 50 % (w/w) carbendazim; BASF)
have been shown to be effective in vector control. Further tests showed that a
“blank” formulation of Bavistin containing only surface active agents (surfac-
tants) was equally effective in killing zoospores. This led to tests on a range of
surfactants of which Agral, Centrimide, Deciquam 222, Ethylan CPX, Hyamine
1622, Monoxol/OT and sodium lauryl sulphate were found to be toxic to zoospores
at concentrations of 1-10 pg/ml. A commercial trial was subsequently carried out
with Agral (non-ionic liquid containing 90 % (v/v) alkyl phenol ethylene oxide
condensate: ICI Plant Protection Division) added at a concentration of 20 pg/m