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Propositions

The use of multiple regression analysis to relate aphid species and potyvirus
spread can result in biologically meaningless negative coefficients, depending on
the combination of aphid species used.

This thesis
Garrett, G. (1988). Epidemiology - its scope and value. Acta Horticulturae 234:345-357

Beet mosaic virus (BtMV} has no economic importance above parallel 45N.
This thesis

The spread of BtMV in sugar beet can be related to the total migrating aphid
population rather than to a single aphid species.

This thesis

So far, too little attention has been given to the description of the spatial pattern
of vectored plant virus diseases, which is essential for modeling and simulation
activities, and for designing experiments and sampling programs for disease
epidemiology and management studies.

Campbell, C. L. and Madden, L. V. (1990). Introduction to plant disease epidemiotogy. John
Wiley & Sons.; New York; USA.

The relative efficiency factors used to estimate the contribution of a single aphid

species in the spread of Potato virus ¥ need to be re-evaluated.

De Bokx, I. A. and Piron, P. G. M. (1990). Relative efficiency of a number of aphid species in
the transmission of potate virus YV in The Netherlands. Netherlands Journal of Plant
Pathology 96:237-246. .

Sigvald, R. (1984). The relative efficiency of some aphid species as vectors of potato virus Y°
(PVY?). Potato Research 27:285-290.
Sigvald, R. (1992}). Progress in aphid forecasting systems. Netherfands Journal of Plant

Pathology 98 (Supplement 2):55-62.



6. The use of properly developed models, which incorporate experimentally
collected parameters, to predict the likely effects of certain control measures, can
improve decision making.

Jeger, M. §. and Chan, M. 5. (1995). Theoretical aspects of epidemics: uses of analvtical models

to make strategic management decisions. Canadian Journal of Plant Pathology 17:109-114.

7. The conclusion that a given plant species might be a natural reservoir of a virus is
premature as long as no transmission tests using the natural vectior have been
done.

Hofer, P.; Engel, M.; Jesle, H. and Frischmuth, T. (1997), Nucleotide sequence of a new
bipartite geminivirus isolated from common weed Sida rhombifolia in Costa Rica. Journal of

General Virology 78:1785-1790.

8. The knowledge on the spread of aphid transmitted plant viruses in temperate

regions can not be directly transposed to the tropics.

9. Music has fnagical powers. It even makes Dutch sound beautiful.
10. Those who are highly specialized in agricultural rescarch must not forget that the
solution for increasing food production might be in the extension of the size of

the hoe's handle.

11. The unforgettable mark that the Dutch left in Brazil, during their stay in the XVII
century, is their gene pool.

12. Rabbits share with human beings the taste for good food.

13. Everyone we meet in our lives has a purpose.
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Chapter 1

Introduction




1.1. The Potyviruses:

The genus Potyvirus, containing 82 definitive and over 100 possible members, is
the largest taxon within the family Potyviridae (Murphy et al, 1995). In addition, this
family comprises five other genera: Bymovirus, Ipomovirus, Macluravirus, Rymovirus and
Tritimovirus (http://www scri.sari.ac.uk/vit/ictvhome.html).

Patyvirus particles are flexuous filaments, 720 to 770 nm long. The virmus genome
consists of a single stranded, positive sense RNA (-10 kb) that contains a single open
reading frame coding for a large polyprotein, which is cleaved to produce at least nine
functional proteins. The coat protein varies in size between 30 and 35 kDa depending on
the species.

Most potyvirus species have a relatively narrow host range but their cumulative
host range embraces a large number of plants species, including species of economic
importance from several families such as Chenopodiaceae, Cucurbitaceae, Fabaceae,
Poaceae and Solanaceae. The symptoms in potyvirus-infected plants depend on the virus
and host species, and can be observed on the leaves, flowers, fruits, seeds, tubers and bulbs.
The growth of the infected plant is often retarded.

Viruses belonging to the genus Potyvirus are, under natural conditions, exclusively
transmitted by aphids (Homoptera: Aphididae) in a non-persisient manner. This mode of
transmission is characterized by acquisition and transmission access periods which last
seconds or minutes, and in which the epidermis and occasionally the parenchyma is
penetrated by the stylets. The absence of a latent or incubation period in the vector is an
additional characteristic of this type of transmission. The aphid usually looses the ability to
transmit the virus after the first or second probe or penetration (Berger et al., 1989; Chapter
2). Transmission is dependent upon two virus-encoded proteins, the helper component
protein and the coat protein. The role of these two proteins in the acquisition and
transrnission of the potyviruses is not yet fully understood (Gray, 1996; Nault, 1997).
Apparently, they are involved in the binding of the virions to the food canal and upper
alimentary track (Berger and Pirone, 1986), and in their release from the lining of the food
canal. The efficiency with which potyviruses are acquired or transmitted depends on aphid
species, virus species and its strain. High vector abundance, however, may compensate for
low transmission efficiency for some aphid species (Sigvald, 1992). The virus is usually
retained by the vector for a few hours, but, under certain conditions, a small proportion of
the aphids can retain the virus for 30 to 40 h. (Berger ef al., 1987). These long retention
periods can explain the spread of these viruses over long distances, as has been
demonstrated for Maize dwarf mosaic virus (Zeyen et al., 1987; Zeyen and Berger, 1990).

For some plant and potyvirus species, pollen and seed transmission have been
described as alternative mechanisms by which these viruses are spread (Shukla et al.,




1994). Infected seeds give rise to primarily infected plants in a crop. These plants will form
the initial inoculum source from which the virus can be spread. Pollen transmission occurs
less frequently, affecting mainly plants in the next year generation by infecting the embryo
in the newly produced seeds.

Viruses, as well as other plant pathogens, can cause injuries, damages and losses in
crops. Injury refers to the visible and measurable symptoms caused by harmful organism;
damage is defined as the reduction in quantity or guality of the yield; and loss as the
reduction in financial return due to damage (Zadoks, 1987). Tomato spotted wilt virus
resistant lines of Capsicim chinense usually react with local lesions to virus inoculation,
while a systemic infection does not develop. This is an example of injury which does not
result in damage. Breeding lines resulting from this genotype, segregate with respect to this
character and formation of the local lesions are used as selection tool (Black et al., 1991;
Boiteux and Avila, 1994). As an example of damage, infection of propagative material can
be mentioned. Although infection of the virus in a current growing season will not affect
yield, the quality of the seed stock such as tubers, stems, bulbs or seeds can be reduced in
potato, sweet potato, and garlic, respectively (Fajardo et al., 1997, Pozzer et al., 1995;
Salazar, 1995). Loss can be primarily due to a reduction of yield as in production of
potatoes infected by Potato virus ¥ and melon infected by Papaya ringspot virus (Beukema
and van der Zaag, 1979; Dusi, 1992). Loss can also result from cosmetic damages
decreasing crop value such as fruit distortion in cucumber by Zucchini yellow mosaic virus
(Lisa and Lecoq, 1984). The effects of potyvirus infections on crops may vary from
absence of any discernible injury or damage to complete crop failure. The extent of loss
depends on the proportion of infected plants, the moment at which the crop becomes
infected, virus virulence, variety tolerance or resistance and climatic conditions, among
others.

1.2. The aphids vectors and the spread of potyviruses in annual crops:

The holacyclic life cycle of the aphids is presented here to provide a background for
understanding the role of various morphs in the spread of potyviruses. The aphids of most
species in the temperate climatic regions overwinter as eggs that hatich in early spring to
produce parthenogenic females which are designated fundatrices. These fundatrices
establish the first colonies on their winter or primary hosts. Depending on the host,
environmental conditions and species, these early colonies produce after some generations
winged (alate) parthenogenic females, which move to the secondary or summer hosts on
which wingless (apterous) females are produced. The populations, established on these
hosts, will produce again alatac, when the condition of the plant deteriorates. These alatae



may form new colonies of apterae on summer hosts. When the temperature drops and the
day length becomes shorter, alate males and females are formed, which migrate to the
winter host. The females parthenogenically produce oviparac which mate with the males
and lay eggs. For most aphid species, the winter and summer hosts are usually the same
plant species. However, some well known plant virus vectors like Myzus persicae, Aphis
Jabae and Rhopalosiphum padi have different winter and summer hosts. Complementary
information on life cycle of aphids, hosts and population dynamics can be found in Dixon
{1985), Eastop (1983), and Maramorosch and Harris (1981).

For epidemiological purposes, a distinction between colonizing and non-colonizing
aphid species is made. Potyviruses are transmitted in a non-persistent manner by both
colonizing and non-colonizing alatae in a process in which these aphids search for a
suitable host by sequentially probing on infected and heaithy plants. Contrary to non-
persistently transmitted viruses, semi-persistently and persistently transmitted viruses are
iransmitted in a process where the aphids feed on the host to acquire the virus and transmit.
Thus, only colonizing species are able to feed long enough on an infected host plant to
become infective.

Potyvirus diseases spread differently in annual, semi-perennial and perennial crops.
In annual crops, the spread of a potyvirus often follows the flight of transient aphids (this
point will be further discussed). Several cycles of transmission can occur in a growing
season {polycyclic epidemic) as the latent and incubation periods are short (1 to 3 weeks).
Annual crops consist of herbaceous plant species. Rapid multiplication of the virus
converts the infected plant into a virus source in one or two weeks following inoculation,
so that the virus may be transmitted in several cycles of infection during the season,
provided the presence of vectors. Such a polycyclic pattern, in the sense as defined by Van
der Plank (1963), is common for the spread of potyviruses in annual crops. Once a
potyvirus infection source is established, the virus can be spread by alatae resulting in a
clustered pattern of infected plants around the primary infected plant (Eckel and Lampert,
1993; Nemecek, 1993; Scott, 1985). These clustered patterns of infections in high density
crops (5 to 50 plants/m?) are, thus, related to the behavior of the aphids. Patch size and rate
of development depend on the crop in which the spread occurs.

Potyviruses spread more slowly in semi-perennial and perennial crops, which are
mostly wooden plant species with long life cycles. Latency and/or incubation periods
usually are in the order of weeks or months (Maison, 1975; Mineiu, 1971). The role of the
colonizing (non-transient) aphid species may be different from what is observed in annual
crops. Colonizing species will have time to build up a population of alatae in these crops
and contribute to the spread of the virus within the field when the populations reach high
density and start to disperse.




Several studies have been made to correlate the development of aphid populations
with the spread of certain potyviruses (Atiri, 1992; Eckel and Lampert, 1993; Garrett,
1988; van Hoof, 1977; Karl et al., 1983; Mora-Aguilera et al., 1992; Madden et al., 1987a
and b; Rivas Platero and Larios, 1994; Watson and Healy, 1953). The methods used varied
from a subjective comparison of the temporal pattern of spread with temporal trends of
aphid populations to muitiple regression analysis, in order to better understand the role of
certain aphid species in the spread of potyviruses and to develop more appropriate control
strategies. However, the diversity between the several pathosystems makes it difficult to
identify consistent and generally applicable relationships between vector population and
potyvirus spread. Even for the same pathosystem, the pattern of spread will differ between
different years as the aphid species population, the numbers in which they occur and the
climatic conditions vary. Subjective comparisons of the overlaying curves describing the
fluctuation of aphid populations and the rate of spread (Eckel and Lambert, 1993) suggest
that the spread of a potyviruses in different years is strongly correlated with aphid flights.

Spread of potyvirus infections is generally associated with the flight of winged
aphids. The alatae of colonizing and non-colonizing species are considered the main
morphs responsible for virus spread (Madden et gl., 1987a). The infection pressure exerted
by the alate aphid population is the result of the number and location of virus sources
(within or outside the field), the number of aphids and their efficiency to transmit, which
will be affected by the susceptibility, age, mature resistance of the crop and climatic
conditions. The spread by apterous aphids, on the other hand, is restricted to movement
between leaves of the same plant or a few plants around the virus source.

The proportion of infectious aphids alighting in the field, coming from outside
sources, is expected to be very small, as for Bean vyellow mosaic virus (BYMV), a
potyvirus that spreads in legume pastures in a monocyclic pattern (Jones, 1993). The rate at
which the newly infected plants appear will be a function of the infection pressure. Due to
the short range of movement of the aphids and the short retention period of the virus by the
vectors, secondary spread (spread within the field from the primarily and secondarily
infected plants to healthy ones) is expected to play a major role in the spread within fields
than primary infection (infected propagated material or introduction of the virus by the
vector from sources outside the field). The virus will spread in several cycles in the crop
during the growing season. This characteristic of spread defines potyvirus infections in
herbaceous crops as polycyclic. The development of aphid populations within the crop has
little or no impact on the secondary spread of potyviruses (Atiri, 1992; Eckel and Lampert,
1993; Madden er al, 1987b; Watson and Healy, 1953). No correlation was found in these
studies between colonization of a crop by an aphid species and the spread of a non-

persistently transmitted virus.



Studies of the spread of these viruses in annual crops have generally a descriptive
nature (Almeida et al., 1994), using statistical or non-linear models (such as logistic or
Gompertz) to describe the temporal pattern of the epidemics (Rivas Platero and Larios,
1994; Dahal, 1992; Garrett, 1988). Spatial patterns have been described by distance class
analysis of diseased plants (Latorre, 1983; Jayasena and Randles, 1984) and atterpts have
been made to correlate aphid population with spread by multiple regression analysis
(Garrett, 1988).

1.3. Modeling studies involving non-persistently transmitted viruses:

A model is a simple representation of a system that contains elements to
characterize the system in a comprehensive manner (de Wit, 1995). Models can be useful
for a series of purposes regarding the spread of plant viruses (Mora-Aguilera er af., 1993,
Bertschinger ¢ al., 1993) and provide information on the effect of control measures such
as roguing, crop density, plant architecture, plant resistance, choice of planting time, use of
barriers, intercropping, or changes in environmental or variables such as temperature
(Ferriss and Berger, 1993; Jeger and Chan, 1995; Jeger et al., 1998; Nemecek ef al., 1994).
Models also allow for the evaluation of some parameters such as mode of transmission,
vector density and activity, vector behavior, transmission efficiency (Ferriss and Berger,
1993; Jeger et al., 1998; Madden et al., 1990; Marcus, 1991; Marcus and Raccah, 1986).
Modeling spread also helps to identify the limitations of available epidemiological data, as
well as the lack of information on important parameters to look for (Jeger and Chan, 1995).

Most modeling studies regarding the spread of potyviruses are, in general,
theoretical (Ferriss and Berger, 1993; Jeger et al., 1998; Marcus and Raccah, 1986). These
studies contribute to understand the effect of the mode of transmission on the spread of the
disease. Results of studies using field experimentation usually indicate a weak relationship
of spread with a few species and fail to explain differences in virus spread among different
fields {Mora-Aguilera et al., 1993). Some models are descriptive statistical models rather
than explanatory simulation models and do not attempt to associate spread with the
development of an aphid population (Marcus, 1990 and 1991). Few studies have been
published in which the parameterization of the models is based on experimentation and/or
field observations (Ruesink and Irwin, 1986).

The spread of viruses is a process depending on the interaction between the host
crop, the vectors, the virus sources and the environmental conditions. The quantification of
these relations is still a difficult task. Simulation models can be used to study these
interactions. Field studies on the spread of the disease are necessary in order to collect
actual data to test models. Also, a more directed study on the transmission of potyviruses



by aphids and on the infection development, under controlled conditions, can help to
elucidate specific aspects of the interaction between vector, virus, and host.

1.4. Beet mosaic virus (BtMV) and sugar beet:

Beet mosaic potyvirus (BtMV) is non—peréistently transmitted by several aphid
species, including Acyrthosiphon pisum, Aphis appi, A. fabae, Macrosiphum euphorbiae,
Metopolophium dirhodum, Myzus persicae, and Rhopalosiphum padi (Sylvester, 1952;
Chapter 2). As BtMYV is not seed-transmitted in sugar beet, its spread is entirely dependent
on aphids. Due to its transmission by transient vectors, control of the discase by
insecticides is expected to be rather inefficient, as has been shown for other potyviruses
(Eckel and Lampert, 1993; Loebenstein and Raccah, 1980; Raccah, 1986). Control of beet
mosaic disease by using resistant cultivars is also not optional as genetic resistance to
BtMYV is not reported.

Some studies have been made on the virusthost and virus/vector relationships
(Severin and Drake, 1948; Smrz, 1972; Summers et al., 1990; Sylvester, 1947, Sylvester,
1949; 1952). Basically, these studies were focused on those aspects, which are related to
vector propensity: aspects of transmission efficiency under controlled conditions (Irwin and
Ruesink,1986). These studies were made under laboratory conditions to evaluate the vector
ability of some aphid species, the optimal acquisition conditions, the retention of the virus
by apterae, and also the latency and incubation periods of the virus in the host. Knowledge
on the relationships between BtMV and its host and vectors under field conditions is
almost lacking and the spread of this virus has not been correlated with any specific aphid
species..

In The Netherlands, sugar beet (Beta vulgaris L.) is cultivated in fields varying in
size from less than 1 to more than 10 ha. The total acreage is 115,000 ha every year with an
average yield of 55 ton rootstha (Centraal Bureau Statistiek, http://www.cbs.nl). Sugar beet
is sown in the end of March and the roots harvested from mid September to carly
December, and are transported to sugar processing plants.

Sugar beet/BtMV is a typical representative of an annual crop/potyvirus
pathosystem. Plant density varies from 7 to 10 p]ants/mz. The crop cycle lasts 7 to 9
months. The disease is polycyclic and vectored by several aphid species. Swdies on this
system can, therefore in several respects, be extrapolated to other annual crop/potyvirus
systems. BtMV and sugar beet were chosen as the model crop for the proposed studies for
the following reasons:

1. The virus is not seed-transmitted and its natural occurrence in the Netherlands is
extremely low. Hence, uncontrolled primary infections are very rare and therefore, field
experiments using intreduced inoculations are reliable;


http://www.cbs.nl

2. Symptoms evoked by the virus are clearly expressed and characteristic. Disease
progress is readily monitored by visual observation;

3. Crop losses resulting from BtMV infections are usually negligible, and infection does
not spread to other crops, which allowed us to work on fields without significantly
threatening nearby commercial crops.

1.5, Outline and scope of this study:

The spread of non-persistently transmitted viruses in a crop is known to depend on
many factors, such as the presence and number of virus sources, the genotype of the crop,
the occurrence of vectoring aphid populations, and cultivation practices. Basic parameters
describing the virus-vector-host relationship, such as vectoring efficiencies of different
aphid species, optimal acquisition conditions, retention of the virus by apterae, and latency
and incubation periods of the virus in plants have been comparatively well studied. Also,
the temporal development of disease from natural primary infections has been extensively
studied. Nevertheless, some aspects of potyvirus disease dynamics and impact on crop
growth are not well understood, especially the spatio-temporal spread of disease from
known sources under field conditions, and the impact on plant growth and crop
productivity.

At the onset of this project, the interactions between sugar beet, BtMV and one of
its vectors, M. persicae, were studied under controlled (laboratory) conditions, with the aim
to coliect data which would be instrumental for the correct interpretation of the data
obtained in the field experiments later {Chapter 2). The spatio-temporal spread of the virus
from deliberately infected source plants in the sugar beet crop was then studied. Since
inspection of nuinerous plants can be time consuming, a time-saving transect inspection
method was developed and its reliability compared to full inspection of sugar beet plots
(Chapter 3). The spread of potyviruses does not depend only on the availability of virus
sources, but also on the number of aphids in search for a new host and the dates at which
they make their flights. To evaluate the effect of these aphid flights, spread was analyzed
after introducing virus sources at different dates during the cropping season (Chapter 4).
The density of the crop plants constitutes another factor, which may affect the rate of
spread of infection. The proportion and the number of infected plants around primary
infection sources were analyzed in crops with different densities (Chapter 5). The extent by
which the soil is covered may be a stimulus for aphids to differentially spread the virus in
the plots with different plant densitics. The influence of soil coverage will also be
claborated in Chapter 5. It is generally assumed that BtMV does not affect yield
significantly. However, a study that simulated crop growth, based on the carbon balance of
the crop, taking into account the net photosynthesis in crops with different discase timing
and incidences, showed that a considerable reduction of yield can occur when disease



incidence is high early in the season (Chapter 6). Finally, the results obtained in this study
are discussed and placed into the context of other studies of the epidemiology and yield of
potyviruses (Chapter 7).
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Chapter 2

Beet mosaic virus: its vector and host
relationships’

|
' A.N. Dusi and D. Peters. Journal of Phytopathology (in press)



2.1. Abstract:

In order to understand the various factors which affect Beet mosaic virus (BtMV)
epidemics, different aspects of the relationships between this virus, its vectors and sugar
beet were studied. The latency and incubation periods, determined under growth chamber
and field conditions, responded inversely to the temperature and leaf growth rate. Field
infected plants could function as virus sources during the whole growing season. The virus
was transmitted by Acyrthosiphon pisum, Aphis fabae, Macrosiphum euphorbiae,
Metopolophium dirhodum, Myzus persicae and Rhopalosiphum padi. M. persicae could
retain the virus for at least 16 h. Alatac and apterae of M. persicae transmitted the virus
with the same efficiency, and in at least two consecutive probes. The proportion of infected
plants increased as a logarithmic function of the number of alatae of six aphid species used
in the arena tests.

2.2, Intreduction:

Beet mosaic virus (BtMV) is a non-persistently aphid-transmitted potyvirns
infecting mainly sugar beet and its close relatives. Only a limited number of studies have
been made with respect to the relationship between this virus and its host, sugar beet, and
vectors (Severin and Drake, 1948; Smrz, 1972; Summers ef al., 1990; Sylvester, 1947,
Sylvester, 1949 and Sylvester, 1952). Basically, these studies were performed with a few
aphid species, focusing on the probability of a single aphid to vector the virus under
controlled conditions. This property, defined by Irwin and Ruesink (1986) as vector
propensity, does not consider population behavioral aspects.

The aphid transmission of potyviruses is characterized by short acquisition and
transmission access periods. The aphids usually lose their inoculativity rapidly, although
the virus can, in some cases, be retained for 24 h (Zeyen and Berger, 1990).

The spread of potyviruses has been shown to occur mainly arcund foci (Shukla et
al., 1994), resulting usually in steep gradients. Thus, secondary spread occurs mainly over
short distances. Transmission over long distances is often attributed to the introduction of
the virus in the crops (primary spread) and has little impact on further development of an
epidemic.

Control strategies of non-persistently transmitted viruses must take the various
epidemiological aspects inte account, as the control of vector populations is solely
ineffective (Harris and Maramorosch, 1977), and requires an understanding of the
interactions of the factors involved in their spread. Information on the latency and
incubation periods, the infectivity of sugar beet plants acting as source plants under
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different environmental conditions, the vector aphid species involved and other
virusfvector relationships form the basis for the comprehension of the whole
epidemiological process.

In this paper, we report the results of experiments designed to determine some
BtMV-vector and BtMV-host relationships. Several aspects of its transmission by the
different aphid species and morphs of M. persicae were evaluated. Also, the response of
the host to BtMV infections under controlled environment and field conditions, at different
times during the growth period of the crop were studied. The information obtained on both
virus-host and virus-vector interactions will grant a better insight into this pathosystem. A
better knowledge of the components goveming the epidemics is required to develop
computer simulation models, that can be used to understand the epidemiological processes
and control disease spread (Shukla et al., 1994),

2.3. Material and Methods:

2.3.1. Virus isolate and test plants:

In all experiments an isolate of BtMV, which was collecied some years ago from an
infected sugar beet plant, and designated “Wageningen’, was used. It was maintained on
sugar beet of the cv. Hilton by aphid inoculation. In all transmission studies, seedlings of
this sugar beet cultivar were used as indicator plants.

2.3.2, Aphids:

The beet colonizing aphid, Myzus persicae, was reared on Brassica napus L. subsp.
oleifera (oilseed rape} under greenhouse conditions at a temperature of 20 + 3 °C and a
photoperiod of 16 h. Cohorts of equally aged nymphs were produced by daily transfer of
mature apterae to fresh plants and kept in leaf cages (Van den Heuvel and Peters, 1989). To
avoid moulting during the experiments and consequently loss of inoculativity, only apteraec
adults were used in the experiments. Alatae of this species that naturally developed in the
same colonies were used in some studies.

Acyrthosiphon pisum, Aphis fabae, Macrosiphum euphorbiae, Metopolophium:
dirhodum and Rhopalosiphum padi were kindly provided by Dr. Hans van der Heuvel
(IPO-DLO, Wageningen). Clones of these species were maintained under climate chamber
cenditions at 15 °C with a photoperiod of 16 h, A. pisum and A. fabae were maintained on
Vicia faba, M. euphorbiae on Lactuca sativa and M. dirhodum and R. padi on Avena
sativa. Only alatae of these species were used. They were collected at the ceiling of the
cage, assuming that they had completed their teneral period (Van den Heuvel ef af,, 1994),
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2.3.3. Transmission tests:

Unless otherwise stated, the aphids were starved for 1 to 2 h prior to an acquisition
access period (AAP) of 5 to 10 min on an infected sugar beet plant (source). They were
then given an inoculation access period (IAP) of § to 20 h on healthy test plants by caging
them individually. The plants were then sprayed with pirimicarb to kill the aphids, placed
in a growth chamber at 24 °C and maintained for 2 weeks for symptom expression.

2.3.4. Transmission efficiency, latency, incubation and acquisition under field
conditions:

The field experiments were conducted in a commercial sugar beet crop (cv.
Univers) at Binnenhaven, Wageningen, during the growing seasons of 1996 and 1997. The
latency and incubation period of BtMV in these seasons were determined in sugar beet
plants inoculated at two week intervals.

2.3.4.1.Latency and incubation periods:

Ten beet plants were inoculated with BtMV by placing 10 viruliferous aphids on the
youngest expanding leaf, without cages or any other restriction. Starting five days after
inoculation, a leaf disc of 0.8 cm in diameter was daily collected from each inoculated leaf.
These samples were ground in '/y strength phosphate-buffered saline containing 0.5%
Tween-20 (0.5x PBS-T} (1:10 w/v), the extracts spotted onto a nitrocellulose membrane
and assayed by dotblot-ELISA for the presence of virus. The membranes were incubated
for 2 h in 2% non-fat milk powder in 0.5x PBS-T and then 2 h in 1 pg/m| anti-BtMV-IgG
(raised at the Department of Virology, Wageningen Agricultural University) in 2% healthy
sugar beet leaf sap prepared in 0.5x PBS-T. After washing the membranes 3 times in 5-min
steps with 0.5x PBS-T, they were incubated with 0.5 pg/ml goat anti-rabbit IgG
(GibcoBRL) in 0.5x PBS-T for another 2 h. The washing steps were repeated and
NBT/BCIP (Sigma) substrate (33 pl and 22 pl, respectively ) in 7.5 mi of 0.1 M Tris
buffer, pH 9.5, containing 0.1 M NaCl and 5 mM MgCl,, was added to develop the
reaction. The number of infected plants was determined in each set until three weeks after
inoculation,

2.3.4.2. The capacity of infected plants to act as virus sources;

The first set of the inoculated plants from the above experiment was tested for their
suitability to act as virus source for virus spread by aphids during the growing season.
Aphids were given an AAP of 5 to 10 min on leaf discs of 0.8 cm in diameter, collected at
intervals of 2 weeks, and tested on 15 to 20 plants, using 1 aphid/plant.

Also, leaf discs from 4 plants inoculated at 2-week intervals were collected after
symptom expression and assayed for their infectivity by aphid transmission. An infected
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sugar beet plant kept at 24 °C in a growth chamber was used as reference in the

measurements of the transmission efficiency. In all cases, only the youngest expanded leaf
showing symptoms were used to sample the leaf discs.

2.3.5. Determining the latency and incubation periods at different temperatures:

Sugar beet ‘Hilton' plants in their fourth leaf stage were aphid inoculated as
described above using 10 aphids/plant, and kept in growth chambers at 10, 15, 20 and 24
°C (four plants/treatment), respectively. Starting 4 days after inoculation, leaf discs were
daily collected from the inoculated leaves and tested by dot-blot ELISA for the presence of
BtMYV until symptom appearance. This experiment was repeated twice.

2,3.6, Determining the retention of BtMV in Myzus persicae:

Apterae adults were fixed to a copper wire using a water based paint to fix the wire
on the back of the aphid after the AAP and suspended freely in space at room temperature
(18 t0 22°C) for 1, 2, 4, 8, 16, 18 and 24 h. The aphids were prevented in this way to touch
any surface with their stylets during the period they were suspended. A drop of water was
used to release the aphids from the wire. Single aphids were then caged on seedlings to test
their inocutativity. The number of aphids tested increases with the length of the suspension
period, from 15 (1 h period) to 90 (12 to 24 h periods} to enhance the chance to get a
measurable level of transmission when the rate was low. Each treatment was repeated at
least twice. The seedlings were checked for disease symptom expression. Simultaneously,
apterae adults were kept in Petri dishes after the AAP for the same intervals as the
suspended ones and then transferred to the test plants. The inoculativity of the aphids in the
above described treatments was compared with aphids that were directly placed after the
AAP on test plants.

2.3.7. Inoculativity of alatae and apterae:

The effect of the AAP on the inoculativity of different morphs of aphids was
studied, Groups of 28 apterae were starved for 2 h and then given an AAP of 3t0 5, 5 to
10, 10 to 15 and 15 to 20 min, respectively. The aphids were transferred to test plants to
test their inoculativity.

The transmission efficiency of 28 alatae and apterae of M. persicae was compared
by testing their inoculativity in 2 replications. After a 5-10 min AAP, the aphids were
tested for their inoculativity.

The transmission of BtMV was also studied when specimen of both morphs could
acquire the virus in a single probe. Twenty-cight alatac and 27 apterae were starved for 2 h.
Each aphid was allowed to make a single probe on a virus source, while monitored under a
stereomicroscope, and then immediately transferred to test their inoculativity. It was
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assumed that the vector makes a probe when it touches the leaf surface with its proboscus
and places its antennae backwards (Tarn and Adams, 1982).

The frequency with which a viruliferous aphid can transmit BtMV, was determined
by starving a group of 16 apterae for 2 h and allowing them to make a single probe on a
virus source monitored under a stereomicroscope. Aphids were individually transferred in a
series of 2 to 5 test plants, on which they were allowed to make a single probe in each
transfer. They were caged for 12 h on the last plant of the series. The number of test plants
in each series varied due to the restless behavior of some individuais. In this case, the
number of test plants were smaller. The results of the above mentioned assays were
evaluated by the 7 test.

2.3.8. Transmission of BtMV by alatae under arena conditions:

Arena experiments were conducted according Fereres er al. (1993) and Labene et
al. (1993). In these experiments, the alatae could freely move between the virus source and
test plants and probe on them.

The aim of these experiments was to compare the efficiency by which different
species transmitted BtMV (Table 2.2). The winged adulis (20, 40 or 80 specimens) were
released in 40 x 50 x 60 cm cages containing a tray with 16 test and 4 infected plants in the
2™ leaf stage. The plants were sprayed after 24 h and kept at 24 °C for 2 weeks for
symptom expression. The capacity of each species to transmit was determined in 2 to 4
replications.

The efficiency at which M. persicae transmitted BtMV was evaluated by releasing a
gradually increasing number of alatae (i, 3, 9, 27 and 81 specimens) in cages, as described
above, containing a tray with 1 source and 30 test plants, in the 2™ leaf stage. The plants
were sprayed after 24 h and kept at 24°C for two weeks until symptom expression. A
similar experiment was repeated two times using three groups of 16 test and 4 source
plants in the 2™ leaf stage, on which 9, 27 and 81 aphids were released.

2.4. Results and Discussion:

2.4.1. Transmission efficiency, latency, incubation and acquisition under field
conditions:

In this study, the term latency is used to define the period between the inoculation
and the moment that the virus can be acquired by the vector, and the term incubation is the
period between inoculation and appearance of symptoms.

The symptoms in the test plants usually appeared 6 days after inoculation, starting
with a vein clearing and followed by a mosaic, leaf distortion and stunting. Several sugar
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beet cultivars were tested for their susceptibility, and since no differences were found, the
cv. Hilton was chosen as seeds of this cultivar were readily available.

2.4.1.1. Determining the latency and incubation period:

Preliminary experiments showed that as soon as the virus could be detected in the
plants, the virus could also be acquired by aphids. Thus, serology was used to determine
the latent period of the virus. Figure 1 shows the moment after inoculation at which the
first positive dotblot-ELISA was obtained (latent period) and the moment at which the first
infected plant exhibited symptoms (incubation period). The end of incubation period, in
general, occurs one day later than the latent period. Both showed the same trend during the
growing season and appeared to be correlated with the temperature. Shorter periods were
found when higher temperatures prevailed (meteorological data not shown). The overall
average time for 50% of the infected plants to accomplish the latency and incubation period
in the ficld was 13 and 15 days, respectively, As the age of the plant may affect the
susceptibility, the proportion of sugar beet plants that became infected was determined at
several moments during the growing season (Figure 2). Until the beginning of August, a
high percentage was infected, but decreased significantly in the middle of August and
September. The decrease of the susceptibility, late in the season, might be related to a
phenomenon known as ‘mature plant resistance’, which has previously been reported for
other potyvirus/host sysiems (Ferris and Jones, 1996; Sangar er 4l., 1988).

2.4.1.2. The capacity of infected plants to act as virus sources:

The efficiency at which the virus is transmitted from inoculated plants just after the
incubation period was determined. The virus could be acquired from all plants sampled.
The proportion of infected plants varied from 0.05 to 0.13 when field infected plants were
used as a source, and 0.33 to 0.60 using growth chamber plants. In addition, the efficiency
at which the aphid acquires the virus from plants inoculated in the beginning of the season
was also determined. The values oblained ranged from 0.02 to 0.05 for field infected
plants, and from 0.13 to 0.30 for growth chamber plants. The results show that all infected
plants in the field can function as virus source during the whole season. However, the
transrnission efficiency from these plants was lower than from plants kept in the growth
chamber. This lower efficiency may be related to a lower concentration of virus in the field
plants as found for potato virns Y {de Bokx er al, 1978) and turnip mosaic virus
{Yamamoto and Ishii, 1981). The virus titer in the field plants was not determined.
However, the dot-blot ELISA reaction showed that the samples from field plants produced
spots with lower intensity than the growth chamber plants, indicating higher BtMV titers in
the latter plants
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Figure 2.1. Latency and incubation periods of BtMV in sugar beet plants in the field in 1996 and 1997.
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Figure 2.2. Transmission efficicncy of BtMV ta sugar beet by M. persicae under field conditions in 1996 and
1997.

2.4.2. Effect of temperature on the latency and incubation periods:

The disease cansed by BIMV is polycyclic in the concept of van der Plank (1963),
i.e., virus spread occur within the field in several cycles during the development of the
epidemic from the first sources established. The latter infected plants (secondary sources)
play a major role in this epidemiological process. The shorter the latency period, the faster
the epidemic can develop, as more sources become available in a smaller period for the
spread of the virus. As shown in this study, the length of the latency and incubation periods
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increased with decreasing temperatures (Table 2.1). Similar observations were also made
under field conditions. The latency and incubation periods were shorter during the surnmer
months. Their length varied according to the average temperature of the particular year
(data not shown), The variation in the latency and incubation periods is also related to the
phenology of the crop. At low temperatures, the rate of leaf growth decreases, whereas no
growth occurs below 7°C (Milford and Riley, 1980). Plants kept at 10°C for 4 weeks did
not develop any symptom. Upon incubation of these plants at 22°C, symptoms appeared
within 2 days on the developing leaves and virus could be detected by dot-blot ELISA.
Leaf growth resumes after transferring them from low to high temperatures (Milford and
Riley, 1980). These resulls demonstrate that the development of infection and the
replication of virus is strongly correlated with the growth of the plant.

2.4.3. Retention of BtMYV in Myzus persicae:

Retention of the virus after acquisition was determined after suspending individual
aphids on a copper wire or keeping them in a Petri dish for different periods. The first
group of aphids was prevented, in this way, to touch their stylets to any surface while those
in the Petri dish could. According to the ingestion-egestion transmission hypothesis
(Harris, 1977), probing on solid surfaces could lead to a loss of inoculativity, due to the
egestion of saliva, which is prevented by suspending the aphids. The aphids kept in the
Petri dishes, during which they could touch the surface, lost rapidly the capacity to transmit
the virus in the first 4 h. The suspended aphids lost their inoculativity at a lower rate in the
first four hours. After this period, both groups of aphids show a similar decrease in the
residual inoculativity, which persists at least for another 12 h or more (Figure 3). These
different rates, by which the inoculativity is lost, can not be explained by the ingestion-
egestion of the virus, but by a differential release of the virus from the helper protein-virus
complexes. These complexes may dissociate at two, but different, rates or at different
places in the food canal. The persistence of some capacity to transmit after a rapid drop of
inoculativity has also been explained by a long viability of the helper protein-PVY
complex in M. persicae (Collar et al., 1997). Working with maize dwarl mosaic virus
{MDMYV), virus was retained as long as 70 h, under certain conditions (Berger et al., 1987).
Previous studies on the persistency of BtMV in the vector showed that the ability to
transmit lasted at least 12 h (Karl and Giersemehl, 1977) for apterae kept in a glass vial.
This long retention can explain the transport of the non-persistently transmitted viruses
over long distances and the introduction of diseases in new areas as has been reported for
several potyvirnses (Zeyen et al., 1987} and may be significant for epidemiologicat studies
of these viruses (Zeyen and Berger, 1990).

23



Table 2.1. Latency and incubation periods of BEMV in sugar beet incubated at different temperatures in
a growth chamber at 24 °C. Results are the mean of 2 replications, followed by the standard error of the

mean.
Temperature (°C) Latency (days) Incubation (days)
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Figure 2.3. Transmission efficiency of BIMV to sugar beet by M. persicae when the stylet were either or not

prevented, for some time after the AAP, to touch an inert surface.

2.4.4. Infection potential of alatae and apterae:

The transmission efficiency of M. persicae after AAPs varying in lengths, did not
differ statistically (values ranging from 6/28 to 8/28, infected/test plants, p=0.94). When a
5-10 min AAP was given to the alatae and apterac M. persicae, a statistically significant
difference in transmission efficiency was observed between both morphs (23 and 20 out of
28 apterae, and 14 and 13 out of 28 alatae, p<0.01). However, when the transmission
effictency was determined in single probe experiments, the vector potential of both morphs
did not differ statistically (10 out of 28 alatae and 6 out of 27 apterae transmitted, p=0.42),
indicating that their potential to vector BtMV is similar, From these laboratory results, the
retention and sequential transmission under field conditions can be inferred. The alatae
were more restless in the single probe experiments and rarely probed in the first minutes
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after being placed on a leaf. Their main behavioral pattemn is to walk and fly from the leaf
rather than to probe. The apterae, on the other hand, immediately probed on the leaf in the
first moments, leading to the acquisition of the virus during the AAP. These behavioral
differences between the different morphs resulited in different transmission efficiencies
when alatae and apterae were given the same AAP.

The first successful transmission does not always occur in the first probe of the
alatac or apterac. Mosl of the transmissions occurred in the 1* probe (7/16), followed by
the 2™, 3* and the 4™ probes (5/16, 3/16 and 1/16, respectively). The probability of
successful transmission decreases after each subsequent probe. The aphids tested made 1
(14 out of 16 aphids) or 2 (2 out of 16 aphids) infective probes. For other potyviruses
(Berger et al., 1989), more infective probes have been reported. Visual assessment of the
probing does not necessarily prove that the actual acquisition or transmission occurred.
Also, it should be noted that the probability to acquire virus also depends on the presence
or absence of virus particles in punctured cells as substantiated by the work of Collar et af.
(1997). The fact that apterae aphids have the tendency to transmit the virus at higher
efficiencies than the alatae when allowed to freely probe on a virus source can be
associated with their probing behavior. As alatae tend to be more restless, the lower
number of probes they make will consequently result in a lower number of infective
punctures. The lack of transmission in the first or second probe might be due to the fact
that the aphids do not always transmit the virus during a probe. The average transmission
efficiency in this test was 40% for both alatae and apterae. This average ranged from 20 to
50 % for M. persicae in the other assays described in this work.

2.4.5. Transmission of BtMV by alatae aphids under arena conditions:

A. pisum, M. euphorbiae, M. dirhodum and R. padi, although they do not colonize
sugar beet, can transmit BtMV and be more efficient than the colonizing species M.
persicae and A. fabae (Table 2.2). In the test, in which 40 alatae were release in a cage, the
transmission rate for each species significantly differed from each other as shown in % test.
The transmission of potyviruses by non-colonizing aphid species has previously been
reported (Katis and Gibson, 1984; Peters et al., 1990; Severin and Drake, 1948; Summers
et al, 1990) and corroborates the notion that non-colonizing aphid species play an
important role in the epidemiology -of potyviruses. The transmission efficiency as
determined in arena tests is a reliable parameter to measure the vector propensity (Irwin
and Ruesink, 1986). This test allows the vector to behave more naturally (Yuan and
Ullman, 1996), and the results can give a better indication of the epidemiological role of
the aphids, rather than the purely efficiency measurements obtained through controlled
aphid transfers. The transmission efficiency increased with the number of alatae M.




Table 2.2. Proportion of BEMV infected sugar beet plants inoculated by an increasing number of

aphids of different species in arena tests. Proportions are the average of the replications.

Number of aphids/cage
Aphid species 20 40 80
(n=3)' (n=4), (n=2)
Acyrthosiphon pisum 0.44 nt nt
Aphis fabae 0.25 nt 0.06
Macrosiphum euphorbiae nt’ 0.50 nt
Metapolophium dithodum nt 0.02 0.02
Myzus persicae 0.23 0.19 0.34
Rhopalosiphum padi nt 0.00 0.13
! Number of replications.
2 Significant diffevence among the tested species by the ¥ test at p=0.05.
*at - not tested
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Figure 2.4, Transmission efficiency of BIMV to sugar beet by alatae M. persicae under arena test
conditions. In experiment ! (exp.1), 1 source and 30 test plants was used, and in experiment 2 (exp. 2)

there were 4 source and 16 test plants. Exp. 2 data are the average of 2 replications.

persicae (Figure 4). The difference in the transmission efficiencies between the two
experiments are due to the higher source/test plant ratio in the second one.

Based on the results of these tests, it is concluded that studies on the epidemiology
of BtMV must take into account that 1) susceptibility is related to crop phenology; 2) rate
of secondary spread is related to the temperature, as the latent and incubation periods
increase inversely with the temperature; 3) transmission is expected to occur in the first
hour after virus acquisition; 4) long distance spread can take place; and 5) rate of spread
depends on aphid species and their number, and not on the capacity of the aphid to colonize
the crop.
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Chapter 3

Evaluation of a time saving transect
sampling method to assess the spatio-
temporal spread of Beet mosaic virus




3.1. Abstract:

In three replicated field trials in 1995 and 1996, the spatio-temporal spread of
BtMV around artificially inoculated source plants was studied. The progress of the
disease was monitored by scoring and mapping all plants within 4.6 m from the source
over a period of four months at one to two week intervals. The development, in shape
and size, of these patches was characterized by the final number of plants showing
symptoms, estimated parameters for a logistic equation describing disease progress, the
disease gradient and the average distance of plants showing symptoms from the scurce.
The resulting paiches of diseased plants were circular. The incidence of disecase
decreased with distance from the source according to a exponential decay function. All
the above descriptions of patch development were also determined, using only
information about plants on two diagonal transects, crossing the center of each patch.
The transect method, when applied in the field takes only 10% as much time as a full
survey of plot, but is less precise. The results of full and transect counts were compared
using ANOVA 1o investigate whether the lower precision of this transect method could
be compensated for by using a higher number of replications. These comparisons show
that the transect method gives reliable information for estimating the number of plants
showing symptoms and the inflection point of the disease progress curve. To analyze
the disease gradient and the size of the patch the transect method requires a 6 fold
increase in the number of replications to reduce variance to the level achieved with a
full survey, although the overall pattern of the patch could be recognized. It is
concluded that, even though a higher number of replications is required, the proposed
transect method results in a considerable saving of time in epidemiological field studies
of BIMV.

3.2. Introduction:

Beet mosaic virus (BtMV) is a member of the Potyvirus genus of the Potyviridae
family, containing 82 definitive and at least 100 possible members
(http://www.scri.sari.ac.uk/virfictvhome.html) which are transmitted by aphids in a non-
persistent manner (Shukla ez l., 1994). BtMV is transmitted by several aphid species
(Sylvester, 1952), Since it is not seed-transmitted in sugar beet, the first infections
originate from sources outside the crop. The secondary spread by aphids alighting in the
crop may result in a clustered pattern of infected plants around the primary sources
{Eckel and Lampert, 1993; Scott, 1985). Resident aphids are believed to play a minor
role in this process.
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