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Stellingen

De efficiéntic van TSWV-acquisitiec kan niet gemeten worden na een
verwervingsperiode van 48 uur.

Rautista ef al., 1995. Potential of tomato spotted wilt tospovirus plant hosts in Hawaii as virus reservoirs
for transmission by Frankliniella occidensalis (Thysanoptera: Thripidae). Phytopathology 85: 953-958.

De aanwezigheid van "autophagic vacuoles” in middendarmepitheelcellen van met
TSWV geinfecteerde thripsen, bewijst niet dat TSWV pathogeen is voor de thrips

vector.

Ullman er al. 1995. Comparunentalization, intracellular transport, and autophagy of tomato spotted wilt
virus proteins in infected thrips cells. Phytopathology 85: 644-654.

Er bestaat geen verband tussen de schade die thripsen op planten veroorzaken en de
efficiéntie waarmee tospovirussen worden overgedragen.

Het gebruik van de begrippen persistent, semipersistent en nonpersistent in verband met
overdracht van plantevirussen door insekten, dient beperkt te worden tot de overdracht

door Homoptera en Thysanoptera.

Het evolutionaire succes van baculovirussen kan worden verklaard door hun vermogen

tot efficiénte recombinatie.

De conclusie van Mayer ef al., dat een veranderde locatie van het MRP eiwit in

hepatocyten verantwoordelijk is voor het canaliculaire transport defect in mutante TR

ratten, is onjuist.

Mayer et al., 1995. Expression of the MRP gene-encoded conjugate export pump in liver and its selective
absence from the canalicular membrane in transport-deficient mutant hepatocytes. The Journal of Celt
Biology 131: 137-150.
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De hoge mate van genetische verwantschap tussen SVDV (blaasjeszickte) en Coxsackie
B5 virus (humaan pathogeen) doet vermoeden dat de mens niet zo ver van het varken
afstaat.

Monlux et ai., 1975. Brain and spinal cord lesions in pigs inoculated with swine vesicular disease (UKG
strain) virus and Coxsackie virus BS. The American Journal of Veterinary Research 36: 1745-1749,

Thripsen kennen geen onderscheid tussen werkdagen en weekeinden.

Dat dameswaterpolo niet voor vol aangezien wordt, blijkt uit het feit dat deze tak van
sport, in tegenstelling tot herenwaterpolo, geen olympische sport is.

Bij de Nederlandse overheid dreigt de "gouden handdruk” een premie op incompetentie
te worden.

Gezien het arbeidsperspectief en salaris van gepromoveerden betekent de promotie
eerder een financiéle aderlating dan de weg naar het grote geld.

Religieus extreem fundamentalisme misbruikt het geloof als middel om het doel te
heiligen.

Ter ondersteuning van de anti-rook campagnes dient Sinterklaas zich te onthouden van
het vitdelen van chocolade sigaretten aan jonge kinderen.

Het is een Voor-recht om uit de Achter-hoek te komen.

Stellingen behorend bij het proefschrift:

Virus-vector relationships in the transmission of tospoviruses

Wageningen, 28 november 1995 Incke Wijkamp
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Chapter 1

Introduction

Tospoviruses

Tospoviruses are rated within the top ten of most devastating plant viruses, and because
of their importance they have been the subject of many reviews (Best, 1968; Francki and
Hatta, 1981; Francki et al., 1984; Reddy ef al., 1991b; Peters, 1991; German ef al., 1992;
Ullman et al., 1992a; Goldbach and Peters, 1994). The impact of tospoviruses is enormous,
mainly due to their extremely broad host range, which exceeds 650 different plant species
in more than 70 distinct botanical families (Goldbach and Peters, 1994), and their
worldwide distribution. In warmer climate zones many agricultural production areas on all
continents are implicated in tospovirus epidemics, while in areas with a temperate climate
the viruses often prevail in greenhouse cultivations.

The history of tospoviruses dates back to 1915 when the virus was found in tomatoes
(Brittlebank, 1919). The onion thrips, Thrips tabaci, was the first vector species described
and was for long believed to be the main vector. In the 1930s and 1940s the discase
incidence of tomato spotted wilt tospovirus (TSWYV) in Northern America and Western
Europe faded away almost completely. This decline of the disease has been attributed to an
effective control of T. rabaci. From 1980 on, however, a resurgence of TSWV occurred
in these areas which was preceded with a rapid expansion of the Western flower thrips,
Frankliniella occidentalis. The concealed way of life and short life cycle of this thrips
species, their ability to colonize many weed and cultivated plant species, their increased
tolerance to insecticides and the global trading of thrips-infested plant material are factors
which have contributed to the success and worldwide dispersion of F. occidentalis.

Tospoviruses form a genus within the family of the Bunyaviridae, a large family of
mainly arthropod-borne viruses (Elliot, 1990; Francki ef al., 1991). At least five species
have been distinguished within the genus Tospovirus, based on serological properties and
nucleotide sequence data (Table 1). The established species are TSWV (type species),
impatiens necrotic spot virus (INSV), tomato chlorotic spot virus (TCSV), groundnut



Table 1 Geographical distribution, host range and vectors of tospoviruses.

Tospovirus Geographical distribution Host Vector

Established species

Tomato spotted worldwide'® Monocots and Dicots, i.e.  F. fusca 'S
wilt virus (TSWV)! groundnut, tobacco, pea,  F. intonsa

Impatiens necrotic
spot virus (INSV)??

Tomato chlorotic
spot virus (TCSV)*

Groundnut ringspot
virus (GRSV)*

Watermelon silver
mottle virus (WSMV)?

Tentative species
Groundnut” bud

necrosis virus (GBNV)®
Peanut yellow

spot virus (PYSVY
Tospovirus (Onion)*

Tospovirus (Verbesina
alternifolia)®

U.S.A%, the Netherlands,’
Italy"', France'

Brazil™

South Africa, Brazil?,
Argentine'*

Japan', Taiwan®

India®

India, Thailand’

U.S.A. (Idaho, Oregon)®

USA’

tomato, potato, pepper,
lettuce, chrysanthemum,
cyclamen, Impatiens,
dahlia, gerbera

Ornamentals, i.e.
Impatiens, begonia,
dahlia, exacum, gloxinia

Tomato

Groundnut, tomato

Watermelon, other
cucurbits

Groundnut

Groundnut

Onion

Verbesina alternifolia

F. occidentalis "
F. schultzei "'®
T. palmi **

T. setosus

T. tabaci ¥

F. occidentalis 75

F. occidentalis V'
F. schultzei 7
F. intonsa ¥

F. occidentalis "
F. schultzei

7. palmi ¥

T. palmi ¥

S. dorsalis 77
F. schultzei 172

- no reported vector *: In literatore GBNV is also named peanut bud necrosis (PBNV),": F. schultzei later
correctly identified as 7. palmi (Palmer er al., 199, no transmission of GBNV by F. schuitzei and S. dorsalis
(Vijayalakshmi, 1994). References: ' Francki ef at., 1991, * Law and Moyer, 1990, * De Avila er al., 1992, * De
Avila er al., 1993a, ° Yeh and Chang, 1995, ® Reddy er al., 1992, " Reddy er al., 1991a, * Hall ef al., 1993, ?
Hayati e al., 1990, " Goldbach and Peters, 1994, ' Vaira et ai., 1993, '* Marchoux e al., 1991, © De Avila
et al., 1990, " Dewey et al., 1993, ¥ Kameya-Iwaki er al., 1984, '* Sakimura, 1963, '” Wijkamp et al., 19934,
1% Gardner et af., 1935, '* Samuel ef al., 1930, * Fujisawa ef af., 1988, # Pittman, 1927, 2 Wijkamp and Peters,

1993, ¥ DeAngelis ez al., 1994,  Yeh et al., 1992, ¥ Palmer er al., 1990, * Vijayalakshmi, 1994.



ringspot virus (GRSV) and watcrmelon silver mottle virus (WSMV). Tentative species
include groundnut bud necrosis virus (GBNV), peanut yellow spot virus (PYSV), a
tospovirus isolated from onion, which is serologically different from the previously
mentioned species and a virus from Verbesina alternifolia. The present knowledge about
the geographical distribution, host range and thrips vectors of the tospoviruses is
summarized in Table 1.

Disease symptoms on plants vary from chlorosis, mottling, stunting and wilting to
severe necrosis of leaf and stem tissue. Electron microscopical analysis of tospovirus
infected plant tissue demonstrates the presence of spherical 1ipid-bound particles which are
80-120 nm in diameter. In addition, specific cytopathic structures associated with tospovirus
infection are found. Depending on their structure and density they arc denoted viroplasms,
nucleocapsid aggregates or paracrystalline inclusions. (Kitajima er al., 1992). Purified
particles contain at least 4 structural proteins, the nucleocapsid protein (N) of 28.8
kilodalton (kD), the glycoproteins, G1 and G2 of 78 kD and 58 kD, respectively (Mohamed
et al., 1973; Tas et al., 1977), and a large protein (L) of 331.5 kD which represents the
putative viral RNA polymerase (van Poelwijk ef al., 1993). The genome consists of three
single stranded linear RNA segments denoted the S (small) and M (medium) RNA, which
have an ambiscnse arrangement, and the L (large) RNA, with a negative polarity. In
addition to the four structural proteins, two non-structural proteins, NSy, and NSg, are
encoded. The NS,, protein is involved in cell-to-cell movement of the virus (Kormelink ez
al., 1994; Storms et al., 1995), however, the function of the NS; protein sofar remains
unknown. The particle morphology, genome structure and expression strategy are depicted

in Figure 1.
Mechanisms of virus transmission

Tospoviruses are transmitted by a limited number of thrips (Thysanoptera; Thripidae)
in a persistent manner (Sakimura, 1962b). While the virus can be acquired only by the
larval stages, transmission is due almost exclusively to adult thrips. Larvae cannot transmit
the virus immediately after acquisition, but after a latent period of approximately 3 to 10
days. In order to classify the mechanism by which tospoviruses are transmitted, a short
description of the different modes of virus transmission by arthropods are given. To
overcome the epidermal cell walls of their hosts, plant viruses have developed a wide range
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Figure 1. Structure and strategy of gene expression of tomato spotted wilt virus. Data are taken from Kormelink
etal., 1992,



of systems which involve many types of transmitting agents or vectors (Matthews, 1991;
Hull, 1994), i.e. mechanical, vegetative propagation of plant tissue, seed, pollen, fungi,
nematodes and arthropods.

Biological transmission involves various forms of specificity between the virus and its
vector. Plant viruses are transmitted in either a non-circulative or circulative way by their
arthropod vectors (Table 2). Non-circulative transmission can be further classified as
nonpersistent or semipersistent based on retention of inoculativity and other characteristics.
Circulative transmission can be divided in propagative or nonpropagative based on the
multiplication or not of a particular virus in its vector (Lopez-Abella ez af., 1988).

Non-circulative viruses are acquired and inoculated via the maxillary food canal and
carried in the foregut (or possibly as extemnal stylet contaminants) during retention. An
ingestion-egestion mechanism is used to describe the process in which virus, retained in the
foregut lumen, is subsequently egested in the process of feeding and/or probing (Harris,
1977). Lopez-Abella and co-workers (1988) suggest that the basic difference between
nonpersistent and semipersistent transmission may be the tenacity with which virus can be
held in a transmissible state, and the titer in the foreguts of aphid and [eafhopper vectors.

Circulative nonpropagative and propagative viruses are acquired via the food canal,
passed through the cells of the gut, carried in the hemocoel, and inoculated with virus-laden
saliva via the maxillary saliva canal to the plant; an ingestion-salivation mechanism.
Nonpropagative viruses circulate in the vector, whereas propagative viruses multiply in both
plants and insects and can therefore be considered as both plant and insect viruses.

Virus transmission by beetles appears more complex. In general, beetle transmission
shares some characteristics with that of the semi-persistent transmission of plant viruses by
leathoppers (Wang er al., 1992). However, circulation of virus in the hemocoel does occur
in some beetle-virus combinations, but is not a prerequisite for transmission. Some beetle
transmitted viruses, injected into the hemocoel, can be transmitted by beetles (Sanderlin,
1973). Furthermore, the specificity is determined by regurgitant which has an inhibitory
effect on non-beetle transmitted viruses but not on beetle transmitted viruses (Gergerich and
Scott, 1991). Plant viruses which are transmitted by beetles are members of four groups,
i.e. the sobemo-, como-, tymo- and bromoviruses (Harris, 1981).

In another plant/virus/arthropod relation, the plant host is merely involved in the
transmission cycle as a transitory (circulative) reservoir of virus. In contrast to the above-
mentioned plant viruses, these viruses do not seem to replicate in plants but they propagate



Table 2 Vinus-insect relationships.

Non-circulative transmission

Nonpersistent

Semipersistent

Acquisition
Retention in vector

Latent peried

Transstadial passage of virus

Vector specificity

Barriers to cross in vector

Virus genes involved in vector
interaction

Site of interaction with vector

Viruses with helper-assisted
transmission

Insect vectors

Viruses

20 seconds to 5 minutes’
Few hours®

No?

Virus lost on moult?

Often many vector species
{>50)"

No barrier®

Interaction via capsid protein
{CP) only (cucumovirus) or both
virus particle and virus-encoded
helper component (HC)

(potyvirus)*??

Exoskeleton?, cuticle of
maxillary food canal and foregut

(potyvirus)’

Potyvirus (HC" separate)®

Aphid, mealybug, whitefly,”

Alfamovirus, carlavirus,
cucumovirus, fabavirus,
potyvirus®

Up to several hours!
1-4 days’

N¢?

Virus lost on moult®

Often some vector species
(<22

No barrier’

Interaction via both virus particle
and virus-encoded HC
(Caulimovirus)™

Exoskeleton®, behind cibarium
(PYFV)", cuticle (pre)-
cibarium, pharynx, up to fore-
oesophagus (MCDV)"

Caulimovirus (HC' separate)?,
waikavirus®"

Aphid, leathopper, whitefly,
mealybug 27,

Badnavirus'?, caulimovirus,
closterovirus, waikavirus,
(sequivirus), (trichovirus),
cucumber vein yellowing
virus*®

*: Two forms of helper component (HC): 1. HC encoded separately from the capsid protein (HHC separate),
References: ' Harrison and Murant, 1984, 2 Hull, 1994, * Raccah ez af., 1990, * Nault, 1994, * Wijkamp and
W Schmidt ef ai., 1994, "' Briddon ef al., 1990, '* Brault et al., 1995 " Murant et al., 1976, ** Childress and



Circulative transmission

Nonpropagative

Propagative

Acquisition
Retention in vector

Latent period

Transstadial passage of virus

Vector specificity

Barriers to cross in vector

Virus genes involved in vector
interaction

Site of interaction with vector

Viruses with helper-assisted
transmission

Insect vectors

Viruses

Several hours or longer™?
Many days to weeks'

Yes, mean LP range: 4-48
hours*

Virus not lost on moult*

Few vector species ( < 10)?

1. Gut walt barrier, 2. Salivary
gland barrier>®

Interaction via CP only (gemini-
virusy-"! ar HC (readthrough
protein of the capsid protein) is
involved {luteovirus,
enamovirus)>'?

Acquisition in hindgut via
receptor mediated endocytosis
{luteovirus)®

Luteovirus and enamovirus (HC*

integral)*

Aphid, leafhopper, whitefly,
mitellﬁ

Enamovirus, geminivirus,
luteovirus, rymovirus>'®

Several hours or longer'?
Weeks, throughout lifespan'”

Yes, mean LP range: 98-744
hours**

Virus not lost on moult®

Few vector species { < 10)?

1. Midgut infection barrier, 2.
Midgut escape barrier, 3.
Salivary gland infection barrier,
4, Salivary gland escape barrier,
5. Transovarial barrier*

Surface proteins interact with
receptor sites at various locations
{barriers).

{Rhabdovirus, tospovirus;
glycoproteins?)

Acquisition in gut, receptor-
mediated?®

No HC known®

Aphid, leaf- and planthopper,
thrips, piesmid*"

Cyto/nucleorhabdovirus,
fijivirus, marafivirus, oryzavirus,
phytoreovirus, tenuivirus,
tospovirus?

and 2. HC formed by readthrough of a weak stop codon on the coat protein (HC integral) (Hull, 94).
Peters, 1993, ¢ Gildow, 1987, 7 Ammar ef al., 1994a, * Ammar ¢ al., 1994b, * Chen and Francki, 1990,
Harris, 1989, ' Hunt, et ai., 1988, " Mandahar, 1990, 7 Proesler, 1980, '* Lockhart et ai., 1995.



in the insect and are, therefore, true insect viruses. Some of these viruses are detrimental
to the survival of their insect host (D’Arcy ef al., 1981) and consequently, vertical
transmission alone cannot maintain the pathogen in the host population and some mechanism
for horizontal transmission is necessary. Transmission to plants appears to be of primary
importance for the survival of these viruses. Examples are the leafhopper A virus (LAV)
(Ofori and Francki, 1985), Peregrinus-maidis reovirus (PgMV) (Falk et al., 1988) and
other reovirus-like viruses (Ammar et al., 1994b; Nakashima and Noda, 1995),
Rhopalosiphum padi virus (RhPV) (Williamson er a@l., 1989; Gildow and D’Arcy, 1988)
and Himetobi P virus (Guy et al., 1992),

Thrips

Besides vectoring tospoviruses, thrips generally infest a wide range of agricultural and
horticultural crops. In addition to causing direct feeding damage to many economically
important crops, they cause gall formation or vector microbial pathogens such as bacterial,
fungal and viral diseases, other than tospoviruses (Ananthakrishnan, 1980; Fermaud and
Gaunt, 1995). Some ilarviruses which are transmitted by thrips are prune dwarf virus
(PDV) (Greber et al., 1992), prunus necrotic ringspot virus (PNRSV) (Greber et al., 1991)
and tobacco streak virus (TSV) (Sdoodee and Teakle, 1993). Furthermore, maize chlorotic
mottle machlomovirus (MCMYV} (Jiang et @l., 1992), pelargonium flower break carmovirus
(PFBV) (Krczal et al., 1993), sowbane mosaic sobemovirus (SoMV) (Hardy and Teakle,
1992), sweet clover necrotic mosaic dianthovirus (SCNMV) (Hiruki ef al., 1989) and
tobacco ringspot nepovirus (TRSV) (Messicha, 1969) can also be transmitted by thrips. In
most of these cases the thrips functions as a vehicle to carry virus-infected pollen on the
outside of their bodies from one plant to another and virus is subsequently inoculated via
wounds in leaf cells caused by the feeding habits of thrips (mechanical, non-specific
transmission). However, transmission of TRSV and SoMV is demonstrated to occur also
in the absence of virus-infected pollen. The high stability and high concentration of virus
presumably contributes to its survival on the mouthparts of its vector and subsequent
transmission.

The biological transmission of tospoviruses involves a more specific relation between
the virus and its vector. Thus far eight thrips species have been reported as vectors of the
tospoviruses (Table 3). Most species are highly polyphagous species with an extensive



Table 3 Geographical distribution and hast range of reported tospovirus vectors.

Thrips species

Geographical distribution

Host

Frankliniella fusca Hinds'
(tobacco thrips)

Frankliniella intonsa Trybom™
(flower thrips)

Frankliniella occidentalis Pergande’
(western flower thrips)

(alfalfa thrips)

(California thrips)

Frankliniella schultzei Trybom®
(cafton bud thrips)
(comman blossom thrips)

Scirtothrips dorsalis Hood®
(chilli thrips)

(Assam thrips)

(yellow tea thrips)

Thrips palmi Kamy’
(melon thrips)

Thrips setosus Moulton®

Thrips tabaci Lindeman’
(onion thrips)

Widespread throughout North
America and Mexico'"

Palaearctic, widespread
throughout, Europe, CIS, Asia,
Also reported from U.S5.A, India®"?

Widespread throughout

North and Central America, Europe
Hawaii and New Zealand. Also
reported from Asia, CIS, Africa
and Australia, Argentina’'-?

Tropics, widespread throughout
South America, Caribbean, Africa
Australia, Pacific and Asia. Also
reports from Florida, temperate
zones {introduced); The Netherlands,
Italy,Great Britain (incidentally)"

Tropics, widespread throughout
Asia, Australia and Pacific'*

Tropics, widespread throughout Asia,
Northern Australia, Pacific, Carribean,
and Central America. Also reported

from Florida, Guyana, Venezuela, Sudan

and Nigeria. Temperate zones (intr.};
The Netherlands and Finland'>'®

Japan and Korea®"™

Worldwide, widespread on all
continents'”

Common in grasslands,
groundnut, tobacco, cotion*

Polyphagous (flowers),many
vegetables and omamentals,
clover, alfalfa?

Polyphagous (flowers), many
fruits, vegetables,
ornamentals and seed

crops, cotton'™!-1%

Polyphagous (flowers), cotton,
sorghum, groundnut, pigeon
pea, mung bean, chilli, onion
tomato, composite crops'®

Polyphagous, acacia, chilli,
castor, rubber, tea, groundnut,
soybean, tamarind, asparagus,
fruit and fruit trees'*™

Polyphagous, cucurbits,
Leguminosaeand solanaceous
hosts, cotton 19151220

Polyphagous, tea, watermelon,
cucumber, cowpea, soybean,
tomato, sweet pepper, dahlia
strawberry, narcissus®

Polyphagous, onion, cabbage,
tobacco, cotton, vegetables
and omnamentals'®®

References: ' Sakimura, 1963, 2 Umeya et al., 1988, ? Wijkamp ez al., 1995a, * Gardner ef al., 1935, * Samuel
et al., 1930, * Amin ef af., 1981, 7 Yeh et al., 1992, * Kobatake et al., 1984, ® Pittman, 1927, '* Palmer et al.,
1992, ' CAB, 1993, ' Dal Bd ef ai., 1995, Vierbergen and Mantel, 1991, '* CAB, 1986, * CAB, 1992, ¢
Cermeli and Montagne, 1993, 7 CAB, 1969, '* Bradsgaard, 1989, '* Walker, 1994, » Talekar, 1991.



geographical distribution.

The transmission of tospoviruses by thrips may be explained by the feeding habits and
structure of the mouthparts of phytophagous thrips. Based on external morphology the
stylets of leaf feeding thrips are classified as piercing-sucking structures (Chisholm and
Lewis, 1984). During feeding, individual plant cells are punctured with the mandible and
emptied by ingestion of cell contents through a feeding tube formed by the maxillary stylets
(Hunter and Ullman, 1989). During this feeding process, tospovirus particles are ingested.
‘When acquired by larvae, virus can be transmitted by second larval instars and adults after
circulation and replication in the vector (Ullman et al., 1993; Wijkamp et al., 1993;
Wijkamp and Peters, 1993). Larvae cannot transmit the virus immediately, but after a latent
(incubation) period of several days transmission occurs. Inoculation occurs during probes
in which cells are not extensively damaged because successful inoculation of tospovirus
requires intact cells for initiation of the infection process. Virus is transstadially passed in
the thrips and retained for life. Adult thrips do not acquire the virus (Sakimura, 1962b;
Ullman et al., 1992b) and virus is not transmitted to the progeny (Wijkamp ef al., 1995b).

The general life cycle of phytophagous thrips is explained by that of F. occidentalis.
The duration of the life cycle varies with abiotic factors and host plants. Eggs are inserted
singly by the female into leaf or petal tissue in an incision made by the saw-like ovipositor.
After approximately 3 days, the eggs hatch into larvae. The insect passes through two larval
stages. The duration of the L1 stage is 1-2 days and that of the L2 stage 2-4 days. Old
second stage larvae stop feeding and usually move into the soil or leaf litter to pupate. The
prepupal stage requires 1-2 days and the pupal stage 2-3 days. Prepupae and pupae do not
feed. The adults after emergence resume feeding and are readily dispersed by flying or
wind currents (Bredsgaard, 1989).

Populations of most thrips species are bisexual but females often predominate. Female
thrips are always diploid and males haploid (arrhenotoky). Virgin females produce only
male offspring, whereas fertilized females produce mostly females and fewer males from
non-inseminated eggs. In contrast, reproduction in species without males can only be by
female to female parthenogenesis (thelotoky). Sometimes both reproduction mechanisms are
found or the insect changes from thelotoky to arrhenotoky (Lewis, 1973).
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Scope of investigation

At the onset of this research, information on virus-vector relations for tospoviruses and
thrips, and the description of transmission parameters was limited. Experiments described
in this thesis were carried out to elucidate these parameters. The process of tospovirus
transmission by thrips can be divided in different phases. The period in which the virus is
acquired by immature stages is followed by the period in which the virus can be inoculated
onto host plants. The duration of the acquisition access period and inoculation access period
was studied and related to the efficiency of virus transmission {(Chapter 2). In addition, the
susceptibility of different plant species to TSWV and the applicability of leaf disk assays
in transmission studies were investigéted (Chapter 3). Since tospoviruses circulate through
the thrips body, virus transmission is characterized by a latent period (LP). In this period
the vector is not able to infect a plant. The LP was measured quantitatively by serial
transfers and expressed as the median latent period LPy, (Chapter 4). To gain further insight
in the mechanism of virus transmission, the fate of virus in the vector was investigated. The
titers of two viral proteins, the nucleocapsid (N) and a non-structural protein (NS;), were
analyzed in thrips which were sampled at several moments after acquisition. The results
obtained showed convincingly that the virus replicated in thrips. This conclusion was
supported by in situ localization studies to elucidate the sites where virus replicated in the
vector (Chapter 5). Virus multiplication in the vector may possibly cause deleterious effects
and consequently alter the bionomics of the thrips infected. Possible effects of virus
infection were analyzed by comparing the developmental time, reproduction rate and
survival of virus exposed and non-exposed thrips (Chapter 6). Vector competence and
transmission efficiency may give more insight in epidemiology and spread of the
tospoviruses. These parameters were investigated in the transmission of four different
tospovirus species by four thrips species. Finally, the transmission of tospovirus mutants,
which were generated upon virus maintainance by mechanicat inoculation, was studied in
order to analyze the intrinsic properties of the virus which may influence thrips transmission
{Chapter 8).
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Chapter 2

Transmission of tomato spotted wilt virus by Frankliniella occidentalis; median
acquisition and inoculation access period

SUMMARY

To quantify the transmission of tomato spotted wilt virus (TSWV) by F. occidentalis,
two parameters, i.e. the median acquisition access period (AAP;) and median inoculation
access period (IAPg) were determined. The median values were established using
transmission rates obtained after AAPs and in IAPs which both ranged from 3 to 2560 min.
An AAP,, of 67 min was found when larvae acquired virus from TSWV-infected Impatiens
plants. IAP;s of 59 or 133 min, respectively, were calculated when petunia or D.
stramonium leaf disks were used 10 test the inoculation efficiency of viruliferous thrips. The
virus could successfully be acquired and inoculated in periods of 5 min. Transmission
reached an optimum after an AAP of 21.3 h (AAP,,) and in an IAP of 42.7 h (IAP,,).
These results show that TSWY can efficiently be acquired and transmitted by F.
occidentalis in short feeding periods.

This chapter will be published in a slightly modified version as: Ineke Wijkamp, Fennet van de Wetering, Rob
Goldbach and Dick Peters. Transmission of tomato spotted wilt virus by Frankliniella occidentalis; median
acquisition and inoculation access period. Ann. Appl. Biol., submitted.
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INTRODUCTION

Tospoviruses are transmitted by several species of thrips (Thysanoptera: Thripidae) and
cause worldwide serious diseases in various economically important crops. Significant yield
losses in agricultural crops and ornamentals such as tomato, pepper, lettuce,
chrysanthemum and impatiens are the result of infections by tomato spotted wilt virus
(TSWYV), the type species of the Tospovirus genus and other tospoviruses (Goldbach and
Peters, 1994). The worldwide expansion of Frankliniella occidentalis Pergande, an efficient
vector of TSWV (Wijkamp et al., 1995a), the resistance of this vector to pesticides and its
ability to colonize many plant species are the main reasons for outbreaks of TSWV and
other tospoviruses.

Thrips are piercing-sucking insects which feed by emptying cells (Ullman et ai., 1992a).
Sensory structures on the mouthcone and within the alimentary canal may determine feeding
activity and behavior which will subsequently determine virus acquisition or transmission.
Only larval thrips can acquire tospoviruses (Ullman et al., 1992b), while second stage
larvae and adult thrips can transmit the virus after propagation (Wijkamp ef al., 1993,
Wijkamp and Peters, 1993). Quantitative analysis of transmission characteristics of TSWV
enables better understanding of virus epidemiology. Both tenure time on host plant and the
period required by the vector to acquire or inoculate the virus are factors determining the
spread of these viruses. The acquisition access period (AAP) and inoculation access period
(IAP) are parameters which can be used to quantify transmission. Varying minimum
acquisition and ingculation thresholds for tospoviruses have been reported, which range
from 5 min to longer periods (Razvyazkina, 1953; Sakimura, 1962b; Reddy et al., 1983,
Vijayalakshmi, 1994). However, longer access periods are usually required for more
efficient transmission. Contrary to minimum access periods which represent exiremes,
median values for AAP and IAP are ecologically more significant and can statistically be
analyzed more reliably than minimum values.

In this report, we describe the influence of access periods on the acquisition and
inoculation efficiency of TSWV by F. occidentalis and present the determination of the
median acquisition access period (AAP,;) and inoculation access period (IAPy;) from these
transmission data.
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MATERIALS AND METHODS

Virus isolate, rest plants and thrips

In all transmission studies, the Brazilian TSWV isolate BR-01 (De Avila er ai., 1993a)
was used. Impatiens sp. plants, used as virus source plants for acquisition of TSWV by
thrips larvae, were infected 2 to 3 weeks after sowing by single viruliferous adults of F.
occidentalis. The plants were grown in a greenhouse at approximately 22 °C (light/dark:
16/8 h) for symptom development. Leaf disks were cut from 3 to 6 weeks old healthy
Petunia x hybrida Hort. Vilm.-Andr. ’Blue Magic’ and Datura stramonium L. plants.

Cultures of virus-free F. occidentalis were reared on bean pods {Phaseolus vulgaris L.
*‘Prelude’) at 27 (£0.5) °C and 16 h photoperiod (light/dark: 16/8 h). The colony was
started with adults collected from a greenhouse infestation in The Netherlands, To obtain
uniformly aged larvae, fresh bean pods were placed in the thrips colonies for egg
oviposition. After 24 h beans were taken from the colonies afier removal of infesting thrips,
cleaned, and placed separately at 25 °C. Larvae of O to 12 h old emerging from bean pods

were used for experiments.

Virus detection by enzyme-linked immunosorbent assay (ELISA)

The antigen titer was determined by ELISA in leaf extracts from Impatiens sp. plants
used as virus source for acquisition. This assay was also used to confirm the infection of
leaf disks of petunia and D. stramonium after the inoculation by F. occidentalis in the AAP
and TAP experiments. The extracts were prepared by grinding leaf tissue at a ratio of 15
mg per ml of PBS-T {(0.14 M NaCl, 1 mM KH,PO,, 8 mM Na,HPO,, 2.5 mM KCl and
0.05% Tween-20). Leaf disks from healthy plants were used as controls. Polyclonal
antiserum, raised against the nucleocapsid (N) protein (anti-N serum) of the TSWYV isolate
BR-01 was used in a double antibody sandwich ELISA (DAS-ELISA) format as described
previously (Wijkamp and Peters, 1993).

Individual thrips were analyzed by cocktail-ELISA, with amplification of the enzyme
reaction, for their N protein content as described previously (Wijkamp et al., 1993) with
one modification; individual thrips were ground in 80 pl of sample buffer (2%
polyvinylpyrrolidone (M, about 44000) and 0.2% ovalbumin in PBS-T) and mixed with 20
gl of 2.5 pg/ml anti-N conjugate of the TSWYV isolate BR-01 isolate in the same buifer.
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The extract was incubated overnight at 4 °C and assayed as described. Absorbance values
were read on a EL 312 ELISA-reader (Bio-Tek Instruments Greiner BV, Alphen aan de
Rijn, the Netherlands) at 492 nm. The absorbance values were corrected for blank values
read for wells that contained only sample buffer in the sample incubation step.

Determination of the median acquisition access period (AAPs;)

Systemically infected leaves of Impatiens sp. which showed comparable high virus titers
in a dilution series in ELISA were used for acquisition feeding. The leaves were cut in 4
pieces which were divided at random in leaf cages (Tashiro, 1967) as to minimize effect
of different virus titers in the leaves. First instar larvae of F. occidentalis, 0-12 h old, were
confined to the surface of these leaf pieces and allowed to feed for 5, 10, 20, 40, 80, 160,
320, 640 or 1280 min. In addition, on¢ group of larvac spent their whole larval
development on virus-infected material to determine the maximum transmission rate. First
instar larvae, caged on virus-free Impatiens leaves, served as blanks. After the AAPs, the
larvae were transferred to healthy D. stramoenium leaves to complete their development.
After emergence, the aduits were tested individually for virus transmission on petunia leaf
disks (diameter: 13 mm) in 1.5 ml Eppendorf tubes in 3 successive IAPs of 48 h as
described previcusly (Wijkamp and Peters, 1993). All experiments with thrips were
performed at 25 (4-0.5) °C with a 16 h photoperiod (light/dark: 16/8 h). After each IAP,
the leaf disks were incubated at 27 °C in 24 well plates (Costar Europe Ltd.,
Badhoevedorp, the Netherlands), while floating on water for the development of local
lesions (Wijkamp and Peters, 1993). The percentage of leaf disks that developed virus
symptoms was regarded as a measure for the transmission efficiency. For each acquisition
period an average of 20 adults were used and the experiment was repeated 5 times. The
transmission percentages were transformed by adjusting the maximum transmission rate at
100% in order to correct for virus-exposed thrips which did not transmit virus. The period
at which maximum transmission occurred was denoted the optimum acquisition period
(AAP,,). The median acquisition access period (AAPs) was estimated by log-probit
analysis of transmission percentages (Sylvester, 1965). The AAP;, and its 95% fiducial
limits were calculated by the method of Finney (1962). Data were processed and analyzed
with the POLO-PC computer program (LeOra Software, 1987).

At the end of the IAPs on petunia, the adults were collected and stored at -70 °C to be
assayed for their N protein content in ELISA in order to quantitatively establish the relation
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between virus transmission and N protein content of each individual. ELISA values for
single thrips were classified as either positive or negative, i.e. thrips which gave readings
higher than the readings from average healthy control thrips plus 3 times standard deviation
were considered to be positive, those with lower readings were negative.

Determination of the median inoculation access period (IAP,)

To obtain viruliferous thrips for studies on the IAP,, first instar larvae of F.
occidentalis (0-12 h old) were confined to the surface of systemically infected Impatiens sp.
leaves in cages for 72 h. After acquisition, larvae were transferred to healthy D.
stramonium leaves to complete their development. After emergence, adulis were tested
individually for virus transmission on petunia leaf disks as described in the AAP
experiments. Thrips transminting virus to petunia leaf disks were selected to determine the
IAP;;.

The viruliferous adults were allowed to inoculate either leaf disks (diameter: 6 mm) of
petunia or D. stramonium in 1APs of 5, 10, 20, 40, 80, 160, 320, 640, 1280 or 2560 min.
Thrips were starved for 2 h prior to the inoculation periods. This preliminary fasting may
increase and equalize the feeding activity especially during short inoculation feedings. After
the IAPs, the leaf disks were incubated for 6 days at 27 °C in 24 well plates, while floating
on water for the development of either local lesions on petunia or the infection in D.
stramonium disks, which remain symptomless. ELISA was employed to confirm infection
in leaf disks of both plant species. The percentage of disks which scored positive in ELISA
was used to calculate the transmission efficiency. An average of 22 adults were tested per
IAP and the total experiment was repeated 3 times. The median inoculation access period
(IAP,,) was estimated by log-probit analysis of transmission percentages as described for
the determination of the AAP,

RESULTS

Determination of the median acquisition access period (AAP;,)

To determine the relation between acquisition access period and transmission efficiency,
F. occidentalis larvae, confined for different AAPs to virus-infected Impatiens leaf pieces,
were transferred to healthy D. stramonium leaves to complete their development. After
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Figure 1. The mean efficiency and associated standard errors in the transmission of tomato spotted wilt virus
(TSWV) by Frankliniella occidentalis as a function of the acquisition access period (AAP), Virus was acquired
from Dlmpatiens sp. and the teansmission by adults was tested on petunia leaf disks.

emergence, the adults were tested individually for virus transmission to petunia leaf disks.
The percentage infected leaf disks was plotted as a function of the length of the AAP
(Figure 1). An average of 8.2% of the thrips, which were given an AAP of 5 min, was
already able to transmit virus; this period was denoted the minimum AAP (AAP,,). The
number of petunia disks that became infected increased with the length of the AAP given
to the larvae, the highest rate (56.2%) was found when the larvae fed for 21.3 h (1280 min)
on infected leaves. This AAP can therefore be considered as the optimum acquisition access
period (AAP,,). In comparison, a transmission rate of 50.1% was obtained when the thrips
spent their whole larval life period on virus-infected material. The highest transmission rate
was transformed to 100% and the AAP;; and the 95% fiducial limit were estimated by log-
probit analysis, The average AAP;, was found to be 67 min with 95% fiducial limits of 39-
113 min (Table 1).

Antigen titer in viruliferous and non-viruliferous thrips
To establish the relationship between transmission and antigen titer in the thrips, the
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Table 1. Transmission of tomato spotted wilt virus (TSWV) by F. accidentalis.

Access period (min) Transmission {%)"
Impatiens sp.”
AAP,..° 5 832432
AAP,, 1280 56.2 + 8.1
AAP,, 67 (39-113)
Petunia®
IAP,,* 5 6.3+£23
IAR,, 2560 100.0
IAP,, 59 (44-77)
D. stramonium’®
1A, ¢ 5 16.7 + 0.0
IAP,, 2560 100.0
IAP, 133 (82-232)

* Transmission efficiency represents the mean percentage + standard error. AAP experiments were performed
5 times, IAP experiments 3 times.
Thrips larvae acquired TSWV from Impatiens sp.
 The shortest AAP and JAP tested were 5 min, these periods were denoted AAP,,;, and IAP ;. respectively.
¢ TSWYV was transmitted by adult thrips to leaf disks of petunia or D. stramonium, respectively. Only thrips
which were able to transmit virus were selected for inoculation studies.
¢ In parenthesis; fiducial limits of the AAP, or IAP,,.
adults which were tested on petunia leaf disks for virus transmission, were individually
ground in sample buffer to assay the amount of N protein by ELISA. Thrips could be
divided into three groups on basis of transmission data and ELISA readings (Table 2}. The
first group of thrips consisted of individuals which transmitted virus to petunia leaf disks
and in which viral antigen could readily be detected by ELISA (petunia positive; ELISA
positive). These results showed that the length of the acquisition period had no effect on
the N protein content of viruliferous thrips; hence transmitting thrips which acquired virus
in AAPs of different lengths exhibited similar ELISA readings. The second group of thrips
did not transmit virus, however, each individual contained viral antigen as was concluded
from the positive ELISA readings (petunia negative; ELISA positive). Several ELISA
positive thrips were found, especially after AAPs of 80 min and longer, demonstrating that
virus was acquired and virus replication may have occurred, though resulting in lower titers
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Table 2. Virus content of adult thrips expressed as average ELISA values plus standard deviations. Virus was
acquired by larvae in acquisition access pericds (AAP) of different lengths on virus-infected fmpatiens leaves.
Transmission by adults was tested on petunia leaf disks.

AAP Transmigters™® Non-transmitters™*

{min} ELISA-positive ELISA-negative
s 0.435 £ 0.179 0.137 (2 0.011 £ 0.005 (98}
10 0.552 + 0.128 0.185 (3 0.005 1 0.004 (97)
2¢ 0.489 + 0.187 0.037 (» 0.003 + 0.004 (O7)
40 0.439 £ 0.128 0.184 £ 0.034 (6) 0.007 £+ 0.006 (94)
80 0.456 + 0.110 0.160 + 0.098 (37) 0.018 + 0.006 (63)
160 0.483 £ 0.104 0.173 £ 0.127 (42) 0.021 + 0.004 (58)
320 0.434 + 0.195 0.118 £ 0.027 (14 0.019 + 0.006 (86)
640 0.490 + 0.121 0.186 + 0.123 (72) 0.011 + 0.003 (28)
1280 0.477 + 0.186 0.261 + 0.157 (100) - (0)
2560 0.446 + 0.160 0.079 + 0.075 (&9 0.018 + 0.006 (36)

* The minimum threshold values for ELISA-positive thrips in ELISA consisted of average ELISA values of
healthy thrips plus 3 times standard deviation; all readings above this threshold were considered positive in
ELISA, readings below this value were considered negative.

" All ELISA readings for transmitting adults were positive.

Non-transmitting thrips were divided in ELISA-positive or ELISA-negative individuals. Values in parenthesis

represent the percentage of non-transmitting thrips which are positive or negative in ELISA, respectively.

than those of transmitting thrips. The third group of thrips did not transmit virus either and
ELISA values were comparable to those found for healthy thrips (petunia negative; ELISA
negative). The majority of thrips after AAPs from 5 to 40 min scored negative in ELISA
indicating that no virus was acquired.

Determination of the median inoculation access period (IAPs,)

To determine the relation between the inoculation access period and transmission
efficiency, viruliferous adults of F. occidentalis were allowed to feed for different IAPs on
either petunia or D. stramonium leaf disks. The percentage of infected disks was plotted as
a function of the length of the IAP (Figure 2). An IAP of 5 min already resulted in the
infection of 6.3% or 16.7% of the petunia or D. stramonium leaf disks, respectively. This
period was denoted the minimum IAP (IAP,). Transmission increased with increasing
lengths of the IAPs. A transmission rate of 100% was reached when viruliferous thrips had
access 1o leaf disks for 42.7 h (2560 min) which can be considered as the IAP,,. The IAP,
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Figure 2. The mean efficiency and associated standard errors in the transmission of tomato spotted wilt virus
(TSWYV) by Frankliniella occidentalis as a function of the inoculation access period (IAP). The IAP was either
on petunia or D. stramonixm.

and the 95% fiducial limits (FLs) for viruliferous adults were estimated by log-probit
analysis and were found to be 59 mun (FLs: 44-77 min) on petunia leaf disks and 133 min
(FLs: 82-232 min) on D. stramonium, respectively (Table 1}. The IAP;, values on the two
test plants differed significantly (P<0.05).

Use of ELISA to verify TSWV transmission to leaf disks

Infection of leaf disks of petunia resulted in the formation of local lesions within 3 days,
allowing easy screening of transmission. Leaf disks of D. stremonium, however, remained
symptomless and therefore ELISA was used to demonstrate infection of these disks 6 days
after the start of the inoculation feeding periods. Leaf disks which gave readings higher
than the average healthy control plus 3 times standard deviation were considered to be
positive and those with lower readings to be negative. The average ELISA readings and the
standard deviations for leaf disks of petunia and D. srramonium are presented in Figure 3.
A 100% correlation was found between petunia disks showing local lesions and positive
ELISA readings. A few petunia disks exhibited less definite lesions, but 95% of those leaf
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disks scored positive in ELISA. The efficient transmission and the development of high
virus titers in leaf disks from both the local lesion host (petunia) and the systemic host (D.
stramonium) showed that leaf disks formed suitable substrate in transmission studies of
tospoviruses by thrips.

2.00
Leaf disks:
TSWV-infected //T
Lo - Healthy /
S
< o7 /& /
0.50 | / /
0.00 ///_—'-_l % —

Petunia D. stramonium

Figure 3. Average ELISA values and standard errors for leaf disks of petunia and Datura stramonium, using
antiserum to the nucleocapsid protein of tomato spotted wilt virus (TSWV). Extracts of leaf disks after inoculation
by thrips which scored higher than the average healthy control plus 3 times standard deviation were considered
1o be positive, those with lower readings were considered negative.

DISCUSSION

In the present study, two parameters, i.c. the AAP;; and the IAP;;, were established in
the transmission of TSWV by F. occidentalis. Although quantitative studies on virus
acquisition and transmission have been performed for several propagative viruses, this is
the first report of median acquisition and inoculation access periods for a propagative virus.
Since median access periods have been established for circulative, non-propagative viruses,
these parameters can be compared to median values of these viruses. The values found for
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the AAP,;, and IAP,, for potato leafroll luteovirus (PLRV) and Myzus persicae were 12 h
and 45-105 min (Peters, 1986), respectively. For chickpea chlorotic dwarf geminivirus
(CCDYV), transmitted by the leathopper Orosius orientalis, an AAP, and AP, of 8.0 h and
2.3 h were found. A comparison demonstrates that the [APys for TSWV transmission were
in the same range, whereas the AAPs, was considerably shorter as those for circulative-
nonpropagative viruses. The relatively short AAPs, for TSWV may be explained by smaller
amounts of virus required to convert the vectors into transmitters, It can be expected that
replication of virus in the vector results in a decreased dose-dependency for transmission
compared to circulative-nonpropagative viruses where transmission increases linearly with
the acquired dose, which either may be obtained by an increased acquisition access period
(Paliwal and Sinha, 1970; Sylvester, 1980, Fargette et al., 1982) or by increased virus
concentrations during a finite acquisition peried (Van den Heuvel et al., 1991).

Minimum values for the acquisition and inoculation of tospoviruses have been published
before, however, these data vary widely. In the present study with F. occidentalis acquiring
TSWYV from Impatiens a minimum AAP of 5 min was found, the same threshold was also
found for acquisition of groundnut bud necrosis virus (GBNV) by Thrips palmi from
groundnut (Vijayalakshmi, 1994). Minimum values of 30 min were observed for Thrips
tabaci on Nicotiana rustica (Razvyazkina, 1953) and Frankliniella schultzei on groundnut
(Reddy et al., 1983) transmitting TSWV and GBNV, respectively. For circulative virus
transmission by insects, the probability of transmission generally increases with the length
of the AAP until all insects that are able to do so have acquired the virus. Sakimura
(1962b) found a minimum AAP for T. tabaci of 15 min and the percentage of plants that
became infected increased with the length of the feeding period, being 4% with 15 min,
33% with 1 hour, 50% with 1 day and 77 % with 4 days feeding. In the present experiments
an increasing transmission rate is also evident but the AAP,, is noticeably shorter and is
reached within 21.3 h. Qur results are in good agreement with those reported by
Vijayalakshmi (1994) who found an AAP,, of 24 h for the transmission of GBNV by T.
palmi.

The present study shows that high transmission rates can be reached after short AAPs,
F. occidentalis acquired virus from Impatiens very efficiently as was concluded from
previous experiments which showed that immediately after an AAP of 12 h high amounts
of viral antigen were present in the thrips larvae (Wijkamp et af., 1995a), which resulted
in high transmission rates (Wijkamp and Peters, 1993). Several factors govern the
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acquisition of virus from infected plant tissue (German et al., 1992). Host suitability for
the thrips and distribution of infected cells in the leaf tissues determine the amount of virus
ingested from a particular plant host. Uniform distribution of the virus in leaves is of major
importance for efficient acquisition as the possibility to ingest virus will increase, especially
when short AAPs are employed. Importance of a regular distribution of tospovirus in leaves
has been shown by Ullman and co-workers (1992a) who demonstrated that more ELISA
positive larvae were found with higher antigen titers when D. stramonium was used as
acquisition host as compared to Arctium lappa. Although both plants species exhibited
similar high virus titers, D. stramonium leaves displayed an uniform virus distribution
whereas a more patchy distribution was found in A. Jappa leaves as shown by direct tissue
immunoblotting.

When adults were assayed for their content of N protein in ELISA, some non-
transmitting F. occidentalis were found to exhibit higher titers than healthy thrips (Table
2), especially at longer acquisition periods, suggesting that after acquisition some replication
of virus occurred, though not sufficiently to pass the threshold at which virus could be
transmitted. Alternatively, the virus may not have reached the proper tissues (e.g. the
salivary glands) for successful transmission. Since transmitting thrips exhibited comparable
virus titers irrespective of the length of the AAP, a dose dependency, as found for
circulative non-propagative viruses (Van den Heuvel et al., 1991) appeared not to occur.

Inoculation of TSWV will occur during short probes in which little or no cell contents
will be ingested and the cells are not extensively damaged. It can safely be assumed that
inoculation of tospovirus requires intact cells for initiation of the infection process. In the
present study, 5 min is sufficient to establish virus infe~tion at a low transmission rate. A
similar threshold has also been found for T. tabaci on N. rusticq (Razvyazkina, 1953).
However, Vijayalakshmi (1994) found a considerably longer minimum IAP (1 h) in the
transmission of GBNV by T. palmi to groundnut. Longer IAPs are usually required for
more efficient transmission (Amin et al., 1981; Allen and Broadbent, 1986; Mau et al.,
1991; Sakimura, 1962b, 1963). As can be expected, the transmission increased with the
length of 1IAP, reaching an optimum after approximately 42 h. This was also observed for
GBNYV transmission by T. palmi to groundnut (Vijayalakshmi, 1994) where maximum
transmission rates were obtained with an IAP of 2 days.

The rate of transmission may also be influenced by feeding responses of the thrips to
the plant host and susceptibility of this plant species to the virus. The difference in the

24



IAP,, on petunia or D. stramonium may be explained by different feeding preferences of

F. occidentalis. Both plant species seem to be equally susceptible to virus infection as can
be concluded from Figure 2 which shows equal percentage of infected leaf disks for both
plant species at longer IAPs. At shorter IAPs, however, transmission to D. stramonium is
less efficient which may be explained by a difference in feeding preference. Observations
on feeding behavior indicate that adults feed more readily on D. stramonium than on
petunia. Efficient feeding will result in ingestion of cell contents and fewer shallow probes,
whereas on petunia increased shallow probing may increase virus transmission.

Study of parameters involved in the host-virus-vector relationship are essential in
understanding the epidemiology and spread of tospoviruses. Transmission characteristics
of TSWYV by F. occidentalis show that acquisition and inoculation occurs in short periods,
which has implications for virus epidemiology. The larvae have to acquire small virus doses
to become viruliferous and dispersing adult thrips may only need short inoculation periods
to spread the virus. Moreover, a decreased host suitability for thrips may result in increased
movement of thrips thereby causing increased virus spread.
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Chapter 3

Differential susceptibilities between leaf disks and plants in the transmission of
tomato spotted wilt virus by Frankliniella occidentalis to TSWV hosts and
transgenic plants

SUMMARY

The efficiency by which tomato spotted wilt virus (TSWV) was transmitted to plants and
leaf disks by the vector Frankiiniella occidentalis, was analyzed. The virus was efficiently
transmitted to Datura stramonium, Impatiens sp. and tobacco plants, i.e. 60-100% of the
plants became infected when 1-3 viruliferous thrips were confined per plant for a period
of 3 days. However, lettuce exhibited a lower susceptibility since only 25% of the test
plants were infected when challenged by 10 viruliferous thrips per plant for 3 days. In
contrast, complete resistance was found when transgenic tobacco plants, expressing the
nucleocapsid protein of TSWYV, were challenged with up to 10 viruliferous thrips per plant,
whereas all non-transgenic control plants were infected when 5 viruliferous thrips per plant
were used. To improve and accelerate the transmission studies, the applicability of leaf
disks in these studies was tested. Leaf disks of 16 different plant species appeared to be
highly susceptible. Infection rates ranging from 51.6 to 95.0% were obtained when one
viruliferous adult was placed singly on these leaf disks for a period of 24 h. The leaf disk
assay was also employed to screen resistance of transgenic plants expressing the
nucleocapsid protein of TSWV, One transgenic fomato line displayed complete immunity
whereas a second line appeared to be susceptible. For the transgenic tobacco line, positive
ELISA reactions were found for a few leaf disks (7.3%) suggesting that some virus
replication did occur. However, the ELISA readings for these disks were significantly lower
than those for leaf disks of non-transgenic controls. Finally, the significance of the use of
leaf disks and test plants in virus-vector studies is discussed.

This chapter will be published in a slightly modified version as: Incke Wijkamp, Rob Goldbach and Dick Peters.
Differential susceptibilities between leaf disks and plants in the transmission of tomato spotted wilt virus by
Franklinieila occidentalis to TSWV hosts and transgenic plants. J. Phytopath., submitted.
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INTRODUCTION

Tospoviruses cause diseases in many economically important crops in the field and in
greenhouses throughout the tropical, subtropical, and temperate climate zones. More than
650 plant species in at least 70 families have been reported as susceptible to these viruses
(Goldbach and Peters, 1594). The type species of the tospoviruses is tomato spotted wilt
virus (TSWV). Significant yield losses caused by TSWV are found in crops such as tomato,
tobacco, pepper, lettuce, chrysanthemum and Impatiens sp. Furthermore, many weed
species, which can serve as virus reservoirs, are implied in the disease cycle of TSWV
under field conditions (Kobatake er al., 1984; Cho ¢t al., 1986; Johnson er al., 1995).

The western flower thrips Frankliniella occidentalis Pergande, which has at present, a
worldwide distribution, is a major pest on a wide range of greenhouse and field crops.
Besides its pest status it is the main vector of TSWV (Wijkamp ez al., 1995a). Mainly due
to its resistance to insecticides, routine sanitary measures are not adequate to limit TSWV
incidence which emphasizes the need for other control strategies. One option is breeding
for resistance against TSWV. High levels of TSWV resistance in tobacco and tomato have
recently been obtained by transforming plants with the nucleoprotein gene of TSWV (Gielen
et al., 1991; De Haan ef al., 1992; Prins ef gl., 1995; Ultzen er al., 1995).

Tospoviruses are transmitted by thrips (Thysanoptera: Thripidae) in a propagative
manner (Ullman e al., 1993; Wijkamp et al., 1993). Currently, eight different thrips
species are known to transmit these viruses (Wijkamp ef al., 1995a). When virus is
acquired by young larvae it can be transmitted by second larval instars and adults (Wijkamp
and Peters, 1993). Quantitative studies on virus acquisition and transmission have shown
that virus can be transmitted when thrips were allowed short acquisition and inoculation
feeding periods on TSWV-infected leaves. The median acquisition and inoculation access
periods in the transmission of TSWV by F. occidentalis were 67 min and, depending on
the host used, 59 or 133 min (Wijkamp et al., 1995c¢).

TSWYV hosts display differences in susceptibility to infection upon mechanical or thrips
inoculation (Allen and Broadbent, 1986; Allen and Matteoni, 1991). Studies with test plants
which display a low susceptibility will result in low transmission rates, and consequently,
an underestimation of vector capacity of thrips. Cho et al., (1988) found a poor correlation
between the TSWYV titers in individual thrips and the ability of these thrips to transmit; the
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majority of thrips that were TSWV-positive did not transmit. To obtain better correlations,
it is favorable to use highly susceptible plant species in virus-vector studies by which an
optimal analysis of vector capacity will be achieved. Recent studies on the transmission of
several tospoviruses by thrips have shown that leaf disks of Petunia x hybrida 'Blue Magic’
provide an excellent tool in thrips transmission studies (Wijkamp and Peters, 1993;
Wijkamp et al., 1995a,b,c).

Here, we report studies on the differential susceptibility of test plants and leaf disks in
transmission studies with viruliferous F. occidentalis. Leaf disks of petunia 'Blue Magic’
were used to select viruliferous thrips. Subsequently, selected thrips were confined in
different numbers to several TSWV hosts and transgenic plants, expressing the nucleocapsid
protein gene of TSWV, in order to evaluate the susceptibility of these plants to TSWVY
transmission by F. eccidentalis. The results were correlated with those obtained with leaf
disks. On basis of the results presented in this study, the application of leaf disks or test
plants in virus-vector studies and in screening methods for host resistance against

tospoviruses is discussed.

MATERIALS AND METHODS

Thrips, virus isolate and test plants

Virus-free F. occidentalis were reared on bean pods (Phaseolus vulgaris L. *Prelude’)
at 27 (£0.5) °C and 16 h photoperiod (light/dark: 16/8 h). The colony was started with
adults collected from a greenhouse infestation in the Netherlands. To obtain cohorts of
uniformly aged larvae, fresh bean pods were placed in thrips colonies for egg oviposition.
After 24 h, the pods were collected from the colonies after removal of infesting thrips and
placed at 25 °C. Larvae, 0 to 12 h old, which emerged from the bean pods were used in
the experiments.

In all transmission studies, the Brazilian TSWV isolate BR-01 was used (De Avila er
al., 1993a). Datura stramonium L. plants were used as virus source plants for acquisition
of TSWV by thrips larvae. These plants were infected by single viruliferous adults of F.
occidentalis 2 1o 3 weeks after sowing.

Test plants of D. stramonium, Impatiens sp., Lactuca sativa ’Isabel’, Nicotiana
tabacum, "SR1’ and transgenic line 'SR 1-12" which were challenged by viruliferous thrips,
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were 2 to 3 wecks old at the start of the experiment. Transgenic tobacco line *SR1-12°,
expressing the TSWV nucleoprotein gene (Gielen ef al., 1991), is resistant to TSWV when
inoculated mechanically or by thrips (De Haan et ai., 1992).

The leaf disks used in the transmission studies were cut from 3 to 7 weeks old host
plants. The following plants species were used: Arachis hypogaea L. (groundnut),
Chenopodium quinoa Wild, Capsicum annuum L. *Westlandse Zoet’ (sweet pepper),
Cucumis sativas L. (cucumber), D. stramonium, Dendranthema grandiflora Tzvelev
’Majoor Bosshardt’ (chrysanthemum), Impatiens sp., L. sativa ’lsabel’ (lettuce),
Lycopersicon esculentum Mill. 'Radja’ (tomato), Nicotiana benthamiana Domin. , Nicotiana
rustica L., N. tabacum *SR1’ (tobacco), Petunia x hybrida Vilm. 'Blue Flash’, Pefunia x
hybrida 'Blue Magic’, P. vulgaris 'Prelude’ (french bean) and Vicia faba L. (broad bean).

In studies on the susceptibility of leaf disks of transgenic plants, transgenic and non-
transgenic tobacco and tomato plants of 2-4 weeks old served as sources for leaf disks. For
tobacco, N. tabacum 'SR1’ and the transgenic line *SR1-12’ were used. For tomato, L.
esculentum hybrid 'Radja’ and the two transgenic 'Radja’ hybrids, '698/Radja’ and
*815/Radja’, were selected. Hybrid '815/Radja’ displays complete immunity, whereas
*698/Radja’ demonstrates intermediate resistance upon mechanical inoculation of test plants
(Ultzen et ai., 1995). All plants were grown in a greenhouse at approximately 22 °C
(light/dark: 16/8 h).

Virus detection by enzyme-linked immunosorbent assay (ELISA)

ELISA was employed to determine the antigen titer in extracts from plants, leaf disks
and thrips. Extracts of plants and leaf disks were prepared by grinding leaf tissue at a ratio
of 15 mg per ml of PBS-T (0.14 M NaCl, 1 mM KH,PO,, 8 mM Na,HPQ,, 2.5 mM KCI
and 0.05% Tween-20). Extracts from healthy plants were used as controls. Polyclonal
antiserum raised against the nucleocapsid (N) protein (anti-N serum) of the TSWV isolate
BR-01 and conjugate (anti-N conjugate) were used in a double antibody sandwich ELISA
{DAS-ELISA) format as described previously (Wijkamp and Peters, 1993).

Plants and leaf disks from transgenic plants expressing the N protein of TSWV were
screened for virus infection using antisera raised against the membrane glycoproteins (G)
and non-structural protein (NSg) of TSWV. The monoclonal antibody G1 to the
glycoproteins of TSWYV isolate BR-01 (formerly CNPH1) (Huguenot et al., 1990) was used
in a triple antibody sandwich ELISA (TAS-ELISA) as described by De Avila et al., (1990).
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