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PREPOSITIONS
1. The present emphasis on the role of salicylic acid as a natural inducer of
pathogenesis-related proteins and systemic acquired resistance in virus-infected
tobacco leaves unjustifiably side-tracks the importance of increased ethylene
production in suchplants.
Enycdi,AJ., Yalpani,N.,Silverman, P.&Raskin, I. (1992). Localization,conjugation, and function of
salicylicacidintobaccoduringthehypersensitive reactiontotobaccomosaicvims.Proc. Natl.Acad.
Sei.USA89,2480-2484.
Malamy,J., Henning,J. &Klessig, D.F. (1992).Temperature-dependent inductionof salicylicacidand
its conjugates during the resistance response to tobacco mosaic virus infection. ThePlant Cell
4,359-366.

2. The error rate ofTaq polymerase used in the PCR, hasnot been evaluated in the
identification of subspecies in the wader birdspecies.
Wenink, P.W.,Smit, CJ.,Tilanus, M.GJ.,van Muiswinkel,W.B. & Baker,A.J. (1992). DNA-anaiyse:
achterdegrenzenvandebiométrie. Limosa65,109-115.
3. The limited success in the breeding programmes for resistance to TSWV can be
explained by the low number of resistance genes to tospoviruses in the plant
kingdom.
4. Searchforplantspecieswhichareimmunetotospoviruseswillbemorefruitful than
the continuous identification of newsusceptible species.
Sether,D.M.&deAngelis,J.D.(1992).Tomatospottedwiltvirushostlistandbibliography. Agricultural
ExperimentStation,Oregon State University, SpecialReport 888. 16pp.

5. The tospovirus isolate from Sechium edule Sw.has improperlybeen considered to
be a tomato spotted wilt virusisolate.
Silveira,Jr.,W.G. &deAvila,A.C.(1985). Chuchu(Sechium eduleSw.):Novahospedeira dovirusde
vira-cabeçadotomateiro (TSWV). Fitopatotogia Brasileira 10,661-665.

6. In studies to test the efficiency of non-persistently transmitted plant viruses, the
aphids should have the opportunity to shuttle between infected and non-infected
plants.
Peters,D.,Brooymans,E. &Grondhuis,P.F.M. (1989).Mobilityasafactor intheefficiency withwhich
aphids can spread non-peisistently transmitted viruses; a laboratory study. Proc Exper. &
AppLEntomoL, N.E.V.Amsterdam, 1,190-194.

7. Virologists are more concerned with the composition of buffers used to prepare
inocula thanwith the growth conditions of plants to be inoculated.
8. AfewcountrieshavegreaterchancestopreservetheirnaturalresourcesthanBrazil.
9. The Dutch postal service (PTT-Post) is more interested in tulips than in seedpotatoes.
10. The often used expression "third world countries"should definitely be banned.
11. The idea that Homo sapiens is a vegetarian, is in line with the concept that our
ancestors were originally fruit collectors.
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CHAPTER 1

INTRODUCTION

Tomato spotted wilt virus (TSWV) has been discovered in Australia in 1915
(Brittlebank,1919)andfound,thereafter, inmanyothercountriesin(sub)tropicalaswell
as in temperate climate zones. The virus causes severe outbreaks in a considerable
number of economicimportant crops (Illingworth, 1931;Costa, 1944;Choetal., 1989).
The virus vanished after the forties almost completely as the cause of serious diseases
in Western Europe. However, the spread of the Western flower thrips, Frankliniella
occidentalis Perg. over the Northern Hemisphere, revived the occurrence of TSWV in
the North American continent and in Europe, causing severe yield losses in many
vegetable and greenhouse crops (Zitter et al.,1989;Marchoux, 1990; de Àvila etal.,
1991;Stobbs, 1992;Vaira etal, 1992).
TSWV is exclusively transmitted by thrips in a persistent manner. The vector seems
to acquirethevirusonlyduringitslarvalstagesandbecomesinfective afterwards for its
wholelifespan (Sakimura, 1962;Paliwal, 1974;Choetal.,1988).The question whether
the virus does multiply or not in the vector has not been actualized yet (Ullman etal.,
1989).Atleasteightthripsspecieshavebeen described asavectorofTSWV(Sakimura,
1962;Paliwal, 1974;Kobatakeetal.,1984;Palmer etal, 1990).
Thecontrolofspottedwiltvirushasbeensofar extremelydifficult forseveralreasons.
Thisvirushasoneofthebroadest hostrangesamongplantviruses,infecting atleast550
plant species including mono- and dicots out of approximately 70 botanical families
(Peters, 1991, personal communication). Already more than hundred species are
recorded within the Solanaceae and Compositae. Control measures like roguing and
destruction of the thrips vector by insecticides proved to be very ineffective. Breeding
for resistance toTSWVhasmetverylittlesuccess (Hartmann, 1991). Alimitednumber
of resistance genes has been found which are often difficult to introduce into other
breeding lines or species. Recently, de Haan (1991) and Gielen etal.(i991) reported
geneticallyengineeredresistancetoTSWVinseveraltobaccolinesexpressingtheTSWV
N gene. In the future, this strategy may be used and extended to other economically
important crops.
TSWVareroughlyspherical,enveloped particlesrangingfrom 70-110nmindiameter

and are covered with knob-like surface projections (Black et al., 1963;Kitajima, 1965;
van Kammen et al., 1966; Milne, 1970; Francki & Grivell, 1970; Ie, 1971;Mohamed et
al., 1973; Paliwal, 1976). Purified virus preparations contain four to five structural
proteins, i.e. a protein of approximately 200 kilodalton (K) which has not been
characterized yet, two glycoproteins G l (78K) and G2 (58 K),and a 29 K nucleocapsid
protein (Mohamed et al., 1973;Tas et al., 1977a).
Thevirus particles accumulate inthe cavitiesofthe endoplasmatic reticulum (ER) and
most likely mature by budding of nucleocapsids through the ER membrane (Milne,
1970). Additional viral inclusions have also been detected in the cytoplasm of infected
cells (Best & Palk, 1964;Ie, 1964;Kitajima, 1965; Martin, 1964;Francki & Grivell, 1970).
Large clusters consisting of moderately dense staininggranular material with complexes
of dense aggregates, often arranged in chain or string-like structures, are observed.
These dense aggregates are formed by non-enveloped nucleocapsids (Ie, 1964, 1982;
Verkleij & Peters, 1983;Kitajima et al., 1992). In addition, elongated flexible filaments
or paracristalline rods canbe found which do not share any antigen associated with virus
particlesbut immunostain withantiserum against anon-structural protein (NSs) encoded
by the S RNA (Kormelink et al, 1991;Kitajima et al., 1992).
The genome ofTSWV consists of three single-stranded RNA segments, denoted large
(L), medium (M) and small (S).These RNA segments are complexed with nucleocapsid
(N) protein to form pseudo-circular nucleocapsid structures (van den Hurk etal.,1977;
Mohamed, 1981;de Haan et al., 1989; Peters et al., 1991).
Recently, the complete nucleotide sequence of the genome of a Brazilian isolate (BR01) has been elucidated. Among plant viruses,TSWV appears to have a unique genome
organization (de Haan etal.,1990;de Haan, 1991; de Haan etal., 1991;Kormelink et al.,
1992a, b and c) (Fig. 1).The L RNA (8897 nucleotides long) has a negative polarity and
contains a single open reading frame (ORF) corresponding with a translation product
of331.5K,which mayrepresent theviraltranscriptase (de Haan etal.,1991). Expression
of this genome segment occurs via the synthesis of a full-length mRNA (Kormelink et
al.,1992a).The M and SRNAs both havean ambisense codingstrategy, each containing
two ORFs. The M RNA is 4821 nucleotides long, encoding a nonstructural (NSm)
protein with a size of 33.6K in viral sense, and the precursor to the glycoproteins with
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Fig. 1-Structure andexpression ofthe TSWV BR-01 genome. Dataaretakenfrom de Haanetai, 1990,
1992, andKormelinketal., 1992c. Thehatchedareareferstonon-viralsequencesusedtoinitiatetranscription
of theviralmessengerRNAs.
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a predicted sizeof 127.4Kinviralcomplementarysense (Kormelink etal., 1992c).The
precursor oftheglycoproteins contains asequencemotif (RGD) whichischaracteristic
for cellular attachment domains (Kormelink etal., 1992c).
TheSRNAis2916nucleotideslong.Itencodesanon-structural (NSs)proteinof52.2
Kinviralsenseandtheviralnucleocapsid (N) protein of28.8Kinviral complementary
sense (de Haanetal.,1990).The proteins encoded byMandSRNA are expressedby
subgenomic mRNAs, transcribed from complementary strands, and initiated via a
process of cap-snatching (Kormelink et al.,1992a, b). The S and M RNA molecules
terminate most probably in the central intercistronic region, at a long stable A-U rich
hairpin (de Haan etal.,1990;Kormelink etal., 1992c).
All three genomic RNAs have complementary 3' and 5' endswhich can be folded ina
stablepanhandlestructurewhichmaybeinvolvedintheformation ofthepseudo-circular
nucleocapsids (Petersetal.,1991, deHaan, 1991;Kormelink etal., 1992b).
TSWVhas several biological properties bywhich it can be distinguished from other
viruses. It exhibits a wide range of virulence patterns in different plant species, which
makes identification of TSWV solely bysymptomatology possible, although sometimes
difficult. The virus can induce a wide variety of symptoms like mosaic, mottling, ring
spots, vein clearing, stem necrosis, leaf-distortion, flower breaking, wilting and even
latent infections.Thesymptomsareinfluenced bythehostvariety,timeofinfection, age
of the host, temperature and isolates involved. Mechanical transmission of the virus to
a selected hostrange provides areliableidentification ofTSWV.Petunia hybrida Vilm.
has been widely used as a test plant.The virus causes within two days small brown or
black local lesions on the inoculated leaves of this species (Francki & Hatta, 1981).
Alternatively, the virus may be identified by electron microscopy, due to its unique
morphologyandcharacteristicinclusionsinthecytoplasm.Extensionofsuchstudieswith
immunogold-labelled virus-specific antibodies canpreciselyconfirme theidentityof the
virusparticlesinextractsand thinsections(Petersetal., 1991;Kitajima etal., 1992).The
use of electron microscopy for detection and diagnosis is, however, restricted as this
approach istime consuming and only a limited number of samples can be examined.
Transmission bythrips,although auniqueproperty,hasnotroutinelybeen applied to
identify TSWV due to difficulties in handling these tiny and fragile insects and the
12

elaborate rearing techniques.
In the past, TSWV could poorly be detected serologically due to the conspicuous lack
of simple and sensitive serological techniques and to the difficulties in obtaining
sufficient amounts of pure antigen (Best & Hariharasubramanian, 1967; Feldman &
Boninsega, 1968;Tsakirides & Gooding, 1972;Joubert et al.,1974; Paliwal, 1976;Tas et
al., 1977b;Francki & Hatta, 1981).However, the possibilities to detect the virus reliably
in plants and thrips have dramatically been increased with the production of sensitive
antisera and the development of ELISA techniques ('Gonsalves & Trujillo, 1986;Choet
al., 1988;Huguenot etal.,1990;Wang & Gonsalves, 1990;Resende etal.,1991).The use
of other techniques as tissue blotting (Hsu & Lawson, 1991) hybridization with either
cDNA or riboprobes (Ronco et al, 1989; Huguenot et al., 1990; German & Hu, 1990;
Riceetal.,1990) and the polymerase chain reaction (de Haan, 1991)has been advocated
but are not yet widely applied in the identification and diagnosis of TSWV.
The first attempts to classify TSWV isolates were based on host responses (Norris,
1946). Five distinct "strains" were placed in three groups, while Best and Gallus (1953)
distinguished six"strains"bysymptom expression on three indicator hosts.These studies
have not been followed up as other descriptors were lacking. Hence, new isolates of
TSWV have poorly been described and clear proposals to classify TSWV in terms of
species and/or strains have not been made. Due to the lack of any useful defined
descriptor in the past, TSWV was first classified as the sole member of a monotypic
plant virus group (Ie, 1970;Matthews, 1982), a position which was almost unique in the
taxonomy of viruses. However, as detailed studies have revealed, the virus shares many
similarities with the arthropod-borne Bunyaviridae, such as the mode of transmission,
particle morphology and genome structure. As a result of these similarities, TSWV has
recently been placed into this family and classified therein as the sole member of the
newly created genus, Tospovirus (Francki et al., 1991).
In view of the worldwide spread of the virus, its ability to infect a high number of
plant speciesand itsoccurrence indifferent biologicalniches,taxonomiedifferences may
exist between the various isolates. Elucidation of the taxonomie relations between the
tospoviruses isnot only of taxonomical interest but also essential for resistance breeding
and understanding their epidemiology.
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Thepresent studywasaimedtoanalyzeanumber ofparameterswhichcouldbeused
to distinguish isolates by stable characteristics. For this purpose, a large number of
isolates from different geographical areas and crops were compared as to their
biological,serological andmolecular properties.Chapter 2describesthe differentiation
oftwentydifferent isolatesusingpolyclonalandmonoclonalantibodiesraisedagainstthe
nucleocapsid (N) protein of the Brazilian isolate BR-01. A comparative study on the
cytopathologyoftheseisolatesbyelectronmicroscopyisdescribedinChapter 3.Further
detailed analysesmadeontheserologicalpropertiesoftheseisolates,revealedthat three
serogroupscouldbedistinguished onthebasisoftheresultspresented inChapter 4and
5. Finally,based on comparisons of sequence data, the phylogenetic relations between
a selected set of isolates have been elucidated while a proposal for classification of
tospoviruses isdiscussed (Chapter 6).
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CHAPTER 2

SEROLOGICAL DIFFERENTIATION OF TWENTY ISOLATES OF
TOMATO SPOTTED WILTVIRUS

A.C. de Âvila, C. Huguenot, R. de O. Resende, E.W. Kitajima, R. W. Goldbach and
D. Peters

SUMMARY

Twenty tomato spotted wilt virus (TSWV) isolates were serologically compared in
ELISA employing five different procedures using a rabbit polyclonal antiserum against
nucleocapsid proteins (NuAbR),and mousemonoclonal antibodies (MAbs),two directed
to nucleocapsid proteins (Nl and N2) and four directed toglycoproteins (Gl to G4).All
antisera were raised against the TSWV - isolate TSWV-CNPH,. The 20 isolates were
differentiated into two distinct serogroups.Serogroup I consisting of 16isolates, strongly
reacted withNuAbR.The other four isolateswerepoorlyrecognized byNuAbR and were
placed inanother serogroup,designated II.Thepanel ofMAbs differentiated the TSWV
isolates into three serotypes. The 16 isolates forming serogroup I reacted strongly with
the MAbs generated and were identified as serotype I isolates. The four isolates which
made up serogroup IIwere split in twoserotypes II and III.The serotype IIisolates did
not respond or responded poorlywith the MAbs Nl, N2,and G3.The twoother isolates
placed in serotype III were recognized by Nl but not by N2 and G3. Two isolates
became defective after several mechanical passages and failed to respond or responded
very poorly with MAbs directed to glycoproteins. Our results show that ELISA
employing polyclonal and monoclonal antisera is a useful tool to differentiate TSWV
isolates and to detect defective forms. The results also strongly suggest that TSWV
nucleocapsid proteins are less conserved than glycoproteins.
This chapter has been published in a slightly modified version as: de Avila et al. (1990). Serological
differentiation of 20isolates of tomato spotted wiltvirus.Journal of General Virology71,2801-2807.
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INTRODUCTION
The spread ofFrankliniella occidentalis (Pergande) from theWestern part totherest
of the USA and into Canada and Europe has caused numerous outbreaks of tomato
spotted wilt virus (TSWV) in different crops in the field and in glasshouses (Peterset
al., 1991).AlthoughTSWVcaneasilybedistinguishedfrom otherplantviruses,methods
bywhich different isolates can readilybe characterized are not available. Identification
of the various isolates using symptoms in different indicator plants, as advocated by
Norris (1946)andbyBest &Gallus (1955),hasnotwidelybeen used.Also,serologyhas
not been explored extensively in the diagnosis and identification of TSWV and
differentiation of thevarious isolates since antisera produced against TSWVoften lack
therequired reliabilityorsensitivity(Paliwal,1974; Reddy&Wightman,1988;Tasetal.,
1977).Petersetal. (1991)havearguedthatserologicaltechniques,likeagargel diffusion
or ring tests applied in the past, are not suited for a sensitive detection ofTSWV.
ELISA techniques seem well suited to detect TSWV ashasbeen shown recently. A
polyclonal antiserum produced against a TSWV isolate from papaya (Gonsalvez &
Trujillo, 1986) detected TSWV in sap from infected plants. Cho et al. (1988) found
TSWV in individual infected thrips with ELISA using an antiserum against a TSWV
isolatefrom lettuce.Wang& Gonsalves(1990)compared30TSWVisolatesfrom several
countries and concluded that some non-USA isolates maybe categorized into distinct
serogroups.Recently,Sherwoodetal.(1989)reported theuseofamonoclonal antibody
(MAb)directed tothenucleocapsid protein inthedetectionoffiveTSWVisolates from
different hosts and geographically different areas.Polyclonal antisera against complete
virus,purified nucleocapsid protein and sixMAbs directed tothe nucleocapsid protein
or envelope glycoproteins have been produced by Huguenot et al. (1990). These
polyclonal antisera are very useful in the detection of TSWV (Resende, R. de O.,
unpublishedresults).Huguenotetal.(1990)comparedtheusefulness ofdifferent ELISA
procedures using MAbswith a molecular hybridization technique using riboprobes for
the detection of TSWV.The use of riboprobes and also of cDNA (Ronco etal., 1989)
has not yet widelybeen applied.
Here we report the results of a study on the serological identification and
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differentiation of 20 TSWV isolates employing five different ELISA procedures using
polyclonal and monoclonal antibodies.
METHODS
TSWVidentification andmaintenance
TwentyTSWV isolates from different hosts,climaticzones andgeographical regions
(Table 1) were identified on differential hosts and by electron microscopy as being
TSWV. All the isolates were maintained in Nicotiana rustica L. plants by mechanical
inoculation. The original isolates were stored in leaf tissue in liquid nitrogen.
Table1.Geographicalareasandhostsfrom which the TSWV isolates originated.

Isolate designation
Original*

Present*

CNPH,
B2
B3
Bl
B5
B6
B8
B13
B15
B16
Fi
Al
SI
A4
A5
Hl
H2
H3
H4
A7

BR-01
BR-02
BR-03
BR-04
BR-05
BR-06
BR-08
BR-13
BR-15
BR-16
SF-01
D-01
E-01
ZA-04
SA-05
NL-01
NL-02
NL-03
NL-04
YU-07

Country

Crop

Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil
Finland
Germany
Spain
South Africa
South Africa
The Netherlands
The Netherlands
The Netherlands
The Netherlands
Yugoslavia

Tomato
Tomato
Tomato
Pea
Tomato
Tomato
Tomato
Tomato
Tomato
Tomato
Tomato
Ranunculus
Sweet-pepper
Pea
Peanut
Impatiens
Tomato
Tomato
Chrysanthemum
Tobacco

C) Usedin thischapter, (#) usedin thefollowingchapters
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Purification of TSWV complete virus and nucleocapsid proteins
The virus was purified by the method described by Tas et al. {Wil) with one
modification. Prior to homogenization of the leaves, PMSF (Sigma) was added from a
0.2 M stock solution in isopropanol to the extraction buffer to a final concentration of
IMm.
The nucleocapsid purification protocol usedwasaccording to (D.Peters, unpublished
results). The method consisted of grinding 50 g of infected N. rustica leaves in the
extraction buffer (0.01 M Tris-HCl, 0.1 M sodium sulphite and 0.01 M EDTA pH 8.0)
1:4 (w/v). After a low speed centrifugation (1000 g), the supernatant was submitted to
a high speed centrifugation at 50,000 g for 30 min. The pellets were resuspended in
resuspension buffer (0.01 M Tris-HCl, 0.01 M sodium sulphite and 0.01 M EDTA, pH
7.9) containing 1% Nonidet P40. After another low-speed centrifugation at 8000g for
10min, the supernatant was centrifuged on a 30% sucrose cushion for 1h at 125,000g.
The pellet was resuspended in 0.01 M citrate buffer, pH 6.0, and subsequently
centrifuged in a 20-40 % sucrose gradient for 2 h at 190,000g. The nucleocapsid bands
were collected using a Uvicord III 2089 LKB fraction collector. The complete virus and
nucleocapsid protein concentration was estimated as described by Lowry et al. (1951).

Polyclonal and monoclonal antisera
Polyclonal antisera against complete virus, the purified nucleocapsid fraction and six
monoclonal antibodies prepared against the isolate CNPH, as described by Huguenot
etal. (1990) were used inthe serological tests.The monoclonal antibodies Nl (originally
designated (6.12.15),and N2 (2.9) are directed to nucleocapsid proteins,while the other
four, G l to G4 (3.22.6,7.22.6,6.7, and 7.22.1) are directed to the envelope glycoproteins
(Huguenot et al., 1990).

Biotinylation of MAb and preparation of enzyme-labelled streptavidin
Biotinyl N-hydroxysuccinimide (E.Y. Laboratories; 5mg/ml in 0.01 M NaHCO a ) was
mixed at a 1:25 (v/v) ratio with N l gammaglobulin containing ascitic fluid diluted 1:10
(v/v) in 0.01M NaCO a . The mixture was incubated for 4h at 25°C and the reaction was
stopped by adding 10 pA IM NH4C1 per ml (Zrein et al., 1986). Subsequently, the
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mixture was dialysed extensively in phosphate buffered saline (0.14 M NaCl, 1 Mm
KH 2 P0 4 , 8 Mm NajHPO,,, 2.5 Mm KC1)(PBS) at 4°C.
ELISA procedures
Twenty TSWV isolates were serologically compared using five different ELISA
procedures which are summarized inTable2.In alltheprocedures, the microtiter plates
(Nunc) were coated with antibodies in carbonate buffer, pH 9.6, overnight (200 jil/well).
The dilutions of the antibody stock solutions used in the several steps of the ELISA
procedures according to Huguenot etal. (1990) are indicated in Table 3.After coating,
the plates were incubated with200 |xlPBS,pH 7.4,containing 0.05%Tween 20 (PBS-T)
and 1% bovine serum albumin (BSA) per well for 30 min to block non-specific binding
sites.
Table2.ELISA procedures usedtodifferentiate TSWVisolates.

Summary of successive steps
Procedure

1
2
3
4
5

Coating

DAS*: CvAbR
DAS: NuAbR
TAS # : CvAbR
DAS: MAb
TASB: MAb

Antigen

Ag
Ag
Ag
Ag
Ag

Detecting Ab

Conjugate

MAb

CvAbR-PAL+
NuAbR-PAL
GAM/PAL
CvAbR-PAL
SAv-PAL

MAb B Nl

* Doubleantibodysandwich,
+ Seematerialandmethodsfor themeaningofacronyms
# Tripleantibodysandwich

In the following steps of the five procedures, the antigen and antibody solutions were
diluted in PBS-T and 100 JJLI samples were added per well. The plates were incubated
in each step at 37°C for 2 h and between each incubation step rinsed three times with
PBS-T.The antigens bound were detected byadding 100 |JL1 of p-nitrophenyl phosphate
at a concentration of 1mg/ml dissolved in 0.01M diethanolamine buffer, pH 9.6.An EL
312 ELISA reader (BIO-TEK Instruments) was used to measure the absorbance at 405
nm. Samples of sap from infected N. rustica leaves, purified virus and nucleocapsid
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preparations (100 |xl/well)were tested in duplicate in the ELISA plates and average
values are presented.
The reactivity of the different antisera with the TSWV isolates tested was studied in
five ELISA procedures in order to eliminate the possibility that procedure-specific
results were obtained. In procedures 1and 2, sap from infected plants was diluted 300fold and in the procedure 3, 4 and 5, 30-fold (Table 2). In each plate, samples of
purified TSWV-CNPH, isolate (150 ng/100 |j,l), or sap from a healthy N. rustica plant
as a negative control. The experiments described were repeated at least twice for all the
isolates, and six times for an isolate, representing each proposed serogroup.
In the ELISA procedures 1and 2,rabbit polyclonal antibodies (AbR) against complete
virus (Cv),or against nucleocapsid proteins (Nu) were used at a concentration of 1(i-g/ml
to coat the wells.The same antibodies conjugated to alkaline phosphatase (CvAbR-PAL
and NuAbR-PAL) were used in a concentration of 1 u.g/ml. In procedure 3, the wells
were coated with CvAbR at 2 u.g/ml.
The dilutions at which the sixMAbs were used are indicated in Table 3.The alkaline
phosphatase-labelled goat anti-mouse globulin (GAM-PAL) solution (Sigma) was used
at a 1/2000dilution.In procedures 4and 5,the sixMAbs were used for coating the wells
at dilutionsindicated inTable 3.After addingthe antigens,alkaline phosphatase-labelled

Table3.Dilutionsof theMAbs usedinexperimentsdescribed.

Ascitic fluid dilution
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MAb

Subclass type

Coated

Detected

Biotinylated

Nl
N2
Gl
G2
G3
G4

IgGl
IgG2a
IgG2a
IgGl
IgGl
?

1/1000
1/1000
1/1000
1/1000
1/100

1/10000
1/10000
1/1000
1/1000
1/1000
1/1000

1/1000
-

ïyiooo

polyclonal antibody was used at 1 jig/ml in procedure 4, and biotinylated MAb Nl
(MAb B Nl) in procedure 5 was used to detect viral antigen. The biotin labelled
antibodies immobilized to the solid phase were detected with 5000-fold diluted
streptavidin-alkaline phosphatase conjugate (SAv-PAL).
Immunogold labelling of sections
To detect TSWV in situ using the available antisera we applied the immunogold
procedure described by van Lent etal. (1990). Leaf tissue from host plants systemically
infected with TSWV, was fixed with aldehyde and embedded in LR Gold medium 2 to
3 weeks after inoculation. Thin sections were treated with 1% BSA in PBS before
incubation in the specific antiserum, then gold-labelled with protein-A gold (pAg) and
examined after staining with uranyl acetate and lead citrate. Tissues from healthy plants
were used as control.

RESULTS
General characteristics of the monoclonal and polyclonal antibodies
TSWV is a plant virus which has many properties in common with viruses of the
family of arthropod-borne Bunyaviridae (de Haan et al., 1989a). To differentiate and
identify the isolates of TSWV, the same criteria which are used for the serological
differentiation of bunyaviruses (Bishop & Shope, 1979) may be applied to TSWV.
Serogroups and serotypes are defined bythereactionsbetween thenucleocapsid proteins
and antibodies in ELISA. A serogroup refers to antigenic relationships between
polyclonalantisera and thenucleocapsid protein ofthe different viruses.The designation
serotype is based on serological differences found with a panel of MAbs and the
nucleocapsid protein.
From the panel of six MAbs used in this study, Nl and N2 are directed to
nucleocapsid protein and react in ELISA with both, intact virus particles and purified
nucleocapsid protein. The other four MAbs, Gl, G2, G3 and G4 are most probably
directed to the envelope glycoproteins. They do not react in ELISA with purified
nucleocapsid protein but only with intact virus particles (data not shown).These MAbs
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label virus particles in situ with gold, but do not react with structures consisting of
nucleocapsids in dip preparations or nucleocapsid aggregates in situ (Kitajima etal.,
1992),thelatterbeingaccumulations ofnucleocapsids,whichdonot become enveloped
into virus particles (Ie, 1982;Chapter 3).
Serological differentiation of20TSWVisolates using sap from infected plants
Twentyisolates ofTSWVwerestudied usingfivedifferent ELISA procedures witha
polyclonal antiserum against the CNPH, isolate, a polyclonal antiserum against the
nucleocapsid (N) protein ofCNPH, andsixMAbs against theNand Gproteinsof this
isolate. All isolates tested reacted in the five procedures but responded in a
quantitatively different wayasshown in Fig. 1for the results usingprocedure 1.
Usingprocedures 1 and2,theanti-CNPH, serum (data notshown)and anti-Nserum
(Fig.1)differentiated theisolatesintotwoserogroups.Sixteenisolates,Bl,SI,A7, B15,
Al, HI, H2,H3,B2,A4,Fi,B5,B16,H4,B13and CNPH,,reacted stronglywithboth

B S A B A H H H B A F
1 1 7 1 1 12 3 2 4i
5

B B H B C B B A B C
5 1 4 1 N 3 6 5 8 v
6
3P
H

Fig.1 - Reaction of 20 TSWV isolatesusingsapfrom infectedplantsandapolyclonal antiserum against
CNPH1 nucleocapsidproteinandthedivision of these isolatesin twoserogroups. The A405 wasmeasured
15minaftersubstrate addition. Cv: complete virus; H:healthysap.
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antisera and may belong to one serogroup denoted I. The isolates B3,B6, A5, B8 were
poorly recognized by both antisera. Since these isolates reacted strongly with antisera
prepared to B3 and A5 nucleocapsid proteins (data not shown), they were placed in
serogroup II.
Clear differentiation of the TSWV isolates was obtained with procedure 3. Three
reaction patterns were discernible with the MAbs Nl and N2 by which three different
serotypes were distinguished (Fig. 2). The 16 TSWV isolates, forming serogroup I
reacted with MAb Nl as well as with MAb N2; thus the group I viruses form one
serotype, denoted I.The isolatesA5 and B8reacted strongly with MAb Nl but not with
MAb N2 (Fig. 2). The isolates B3 and B6 showed only a weak reaction with MAb Nl
and did not react with MAb N2. This serological differentiation did not change in
procedure 3, when the MAbs Nl and N2 were tested in a 1000-fold dilution instead of
10,000 fold. It is evident from these results that these MAbs are directed to different
epitopes on the nucleocapsid protein. Therefore, the four viruses have been placed into
two different serotypes; the isolates B3 and B6 are denoted serotype II viruses, and A5
and B8 as serotype III viruses.
The 16isolates (serogroup I) reacted stronglywith the MAbs G l and G3 (Fig.2).The
reaction profiles obtained with MAbs G2 and G4were identical to those with MAb G l
(data not shown). The division of the isolates B3,B6, A5 and B8 into two serotypes is
not supported by the reaction with the four MAbs reacting with the G proteins. These
isolates reacted stronglywith the three MAbs Gl, G2 and G4, whereas no reaction was
obtained with MAb G3 (Fig. 2).
The results obtained with the procedures 4and 5weresimilar to thosewith procedure
3, but the discriminative power of the latter was higher than that of the former two.

Serological differentiation of the TSWV isolates using purified antigens
To eliminate the possibility that the serological differences were due to the use of sap
as antigen source, the proposed serogrouping and -typing of CNPH 1( A5,B3,B6and B8
was studied using purified antigens. Attempts to purify the virus particles of isolates A5,
B3 and B6 using the procedure described by Tas et al. (1977) were unsuccessful.
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Fig. 2-Allocation of20TSWV isolatesinto threeserotypes usingsapfrominfectedplantsandfour MAbs,
twodirectedto nucleocapsidproteins (Nl andN2) and twotoglycoproteins (Gl and G3).The A405 was
measured1h aftersubstrateaddition. Cv: complete virus;H:healthysap.
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The nucleocapsid proteins from these isolateswerepurified, tested inELISA and used
to prepare antisera. Fig.3showsthat the nucleocapsid proteins of B3, B6,A5 and B8
(serogroup II) reacted poorlyinELISAwithnucleocapsid polyclonal antiserum against
CNPH,. Similar results aswith sap from infected plantswere obtained with the MAbs
Nl and N2(Fig.4).As expected, almost noreaction wasobservedwith the four MAbs
directed to theglycoproteinswhenthepurified nucleocapsid protein preparations were
usedasantigens.TheweakreactionofthenucleocapsidproteinofisolateA5withMAbs
directed toglycoproteinswasdueto aslight contamination withglycoproteinsasshown
byprotein gel electrophoresis (data not shown).The serological results did not change
(data not shown) when MAbs were used at a 10times higher concentration.
Detection ofTSWVdefective forms usinga panel ofMAbs
Theserologicalresultsareverystablebecausechangeswerenotobservedafter several
passages of most of the isolates in N. rusticaand other host plants. However, the
reaction ofthe isolatesH4,B13andH3changed considerably duringour studies. After
a number of passages,samples ofNicotiana benthamiana, N.rustica and tomato plants
infected with theisolatesH4and B13reacted withMAbsNl and N2,but did not react
or reacted onlyveryslightly with the four MAbs directed to glycoproteins (Fig.5).
Moreover, mechanical transmission of these isolatesbecame slightly more difficult and
attenuation of symptoms on N. rusticawas observed. Electron microscopy studies
revealed that complete virus particles were virtually absent in leaf-dip preparations. In
ultrathin sections, only dense masses characteristic of defective forms (Ie, 1982) were
observed. The dense masses were recognized as aggregates of nucleocapsids using
immunogold labellingtechniqueswithapolyclonalnucleocapsid antiserum (Fig.6).The
H3isolate alsoshowed adecreased reactivitywithMAbsdirected toglycoproteins after
several mechanical inoculations.In leaf-dip preparations afew complete virus particles
were still observed. Since the ratio of antigen that could be detected changed in favor
of a reaction with the antibodies directed to the nucleocapsid protein, wesuppose that
this isolate isin the process of becoming defective.
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Fig. 3-Reactionofcompletevirus (Cv), nucleocapsidproteinpreparations(Nu)and sap frominfectedplants
(S), with TSWV-CNPH1 nucleocapsidpolyclonalantiserum. Cv-CNPH, (ISOng), Nu-CNPH, (100 ng), Nu-B3
(100 ng), Nu-B6(100 ng), Nu-A5 (100 ng) and Nu-B8(25 ng). Thesap fromtheinfectedand healthyplants
was diluted300-fold. TheA405 was measured45minaftersubstrate addition. H:healthysap.

Cv:CNPH/100ng

^ffl Nu:CNPH/70ne

1 1 1 Nu:B3/100ne
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Fig. 4-Reaction ofpurifiedcomplete virus (Cv), andnucleocapsidpreparations(Nu)of CNPHV B3, B6, AS
andB8with MAbs Nl, N2,Gl, G2,G3andG4. TheA405 was measured 1 h aftersubstrate addition.
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Fig. 5-Detectionofdefectiveisolatesof TSWV inleafsapwith apanelofMAbs. TheNLr04aisolate was
obtainedafterafewmechanicalpassages ofH4 inNicotiana nistica. H4bwasobtained after10mechanical
transmissions ofH4inN. rustics. B13a, B13bandB13twere obtained aftertransmittingB13several times
through N. benthamiana, N. rustica andtomatoplantsrespectively. CNPH1 was usedasapositive control.
Cv: completeviruspreparation; H:healthysap.TheA405 wasmeasured 1 h aftersubstrate addition.

DISCUSSION
Owing to a lack of distinguishing methods, TSWV isolates have so far not been
differentiated by stable characteristics. In the past, TSWV has been distinguished by
symptomsontomatoes(Norris,1946)oronafewdifferential hostplants(Best&Gallus,
1955).Antisera haverarelybeen used tostudythe serological relationships of different
isolates ofTSWV.
Different ELISA procedures are often used to clarify and analyze the virus
serologically (Dekker etal.,1989).To study the serological relationships of theTSWV
isolates, five different ELISA procedures were used. The results obtained varied
quantitatively but not fundamentally. The sharpest discrimination was obtained with
procedure 3. In the present study, 20 TSWV isolates were differentiated into two
serogroups and three serotypes. Sixteen isolates, whichwere also not differentiated by
MAbsNl andN2,wereplacedinserogroupI (Fig.1).Fourisolateswhichwerepoorly
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Fig.6 - Mesophytcellof N. benthamiana infected withH4b-TSWV defectiveform showing onlya virusinducedinclusionofnucleocapsidaggregates(d)beinggold-labelledwithanti-nucleocapsidproteinantibodies.
A chloroplast (c)andmitochondria (m) are shown. Bar:0.2 nm.

recognized by the polyclonal antiserum against the N protein were placed in serogroup
II (Fig. 1).These isolates reacted differently withMAbs Nl and N2and were considered
to be members of two distinct serotypes, II and III (Fig. 2).
Wang & Gonsalves (1990) compared 30 TSWV isolates (most of which are from the
USA, a few from other countries) in various ELISA procedures using specific antisera
to the whole virion of their BL isolate, its nucleoprotein (26 K) and membrane protein
(78K).These authors, although finding variable resultswith 11 isolates,did not establish
either serogroups or -types. However, isolates with distinct nucleocapsid proteins were
found by Kameya-Iwaki et al. (1988) in a virus from watermelon, and by Law & Moyer
(1990) inavirusfrom Impatiens. The latter authors provided circumstantial evidence that
their isolates had to be placed in a different serogroup using the distant serological
relationship of the N protein as a criterion.
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Recently,TSWVhasbeenplaced inanewgenus ofthefamily Bunyaviridae (Francki
et al., 1991). The genome organization of the TSWV S RNA is identical to that of
phleboviruses and uukuviruses (Ihara etal.,1984;Simons etal.,1990; de Haan etal.,
1990). Several serological techniques have been used to differentiate the bunyaviruses
(Bishop & Beaty, 1988). The study of group-specific antigenic determinants on
nucleocapsid proteins has been successfully used in this family (Shope, 1985). Groupspecific antigenic determinants also occur in the nucleocapsid protein of TSWV as
shown bythe use of MAbs and polyclonal antiserum produced against the N protein.
The20isolatesweresplitintothreeserotypesbytwoMAbsagainsttheNprotein.These
resultssuggestthat thenucleocapsid proteinisnotahighlyconservedprotein ofTSWV.
Shope (1985)concluded that thenucleocapsid protein ofthephleboviruses,which form
another genus of the Bunyaviridae, is less conserved than Gl and G2 glycoproteins.
Serological relationships havenot yetbeen found betweenTSWVand thebunyaviruses
(Wangetal., 1988).
This study has shown that changes or differences in serological reactions can be
explained not only by serological differences, but also by misinterpretation due to the
generation of defective isolates (Figs.5 and 6) which mayarise duringthe subsequent
mechanical virus transfers. The panel of MAbs available appears to be a useful tool to
identify the defective isolates.
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CHAPTER3

COMPARATIVECYTOLOGICALANDIMMUNOGOLD
LABELLING STUDIES ONDIFFERENTISOLATESOF
TOMATOSPOTTEDWILTVIRUS

E.W.Kitajima, A.C.de Âvila,R. de O.Resende,R.W. Goldbach and D. Peters

SUMMARY

Ultrastructural changes in plant cells induced byinfection with 32different isolates
oftomatospotted wiltvirus(TSWV) werestudied.Most of theisolatesstudied showed
different macroscopical symptoms but caused similar cytopathological reactions.
Observed cytopathic effects included formerly described reactions asthe accumulation
of virus particles in the endoplasmic reticulum, and the formation of viroplasm and
aggregates, consisting of non-enveloped viral nucleocapsids in the cytoplasm. For two
isolatesvirusparticleswereconsistentlyabsentintissueofinfected plants.Inalmosthalf
of the isolates examined, inclusions were found which consisted of fibrous material,
either arranged in loose, irregular aggregates or forming paracrystalline arrays.
Immunogold analysis using antibodies to purified virus preparations or purified
nucleocapsid fractions of the isolatesBR-01and NL-04,demonstrated the presence of
nucleocapsid protein in virus particles, viroplasm and electron dense aggregates.
Antiserumtoviralglycoproteinlabelledonlyvirusparticles.Thefibrousstructures found
were not immunostained with antisera against either TSWV structural protein, but did
so with antiserum raised against anon-structural protein (NSs) encoded bySRNA. In
a few occasions, structures were observed which could be interpreted as images of a
budding process ofTSWV particles on possible Golgicomplex derived membranes.
Thispaper hasbeen published as:Kitajima etal. (1992).Comparative cytological and immunogold labelling
studies on different isolates of tomato spotted wiltvirus.J.SubmicroscÇytol. Pathol. 24,1-14.
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INTRODUCTION
Tomato spotted wilt virus (TSWV), an important crop damaging pathogen, recently
regained much interest not only because of its revived spread in the Northern
Hemisphere,butalsoforitspeculiarreplicationstrategyandtaxonomierelationshipwith
the Bunyaviridae, a family of animal viruses (Milne & Francki, 1984; de Haan etal.,
1989, 1990;Peters etal, 1991).
TSWV has a very wide host range and isspread in nature byseveral thrips species;
it has a lipid membrane bound, spheroidally shaped particle with a diameter of70-110
nm.Protein analysis reveals that at least 4 major polypeptides, a nucleocapsid protein
N (29 K), two glycoproteins, Gl (78K) and G2 (54 K), and a possible polymerase L
(120-200K)canbefound inthevirusparticles (Mohamed etal., 1973;Tasetal., 1977).
The genome consists of three different single stranded RNA segmentswithsizes of 8.9
(L RNA), 5.0 (M RNA), and 2.9 (S RNA) kilobases. The S RNA has an ambisense
character, containing the genes for the nucleocapsid (N) and a non-structural (NSs)
protein (de Haan et al.,1990;Kormelink etal.,1991).M RNA probably encodes the
viral membrane glycoproteins, while the L RNA, the sequence of which has recently
been elucidated, encodesaputativeproteinof331.5Kwhichmayhaveviralpolymerase
activity(deHaanetal., 1989,1991).Serologicalstudies,usingbothmono-andpolyclonal
antibodies, resolved distinct serogroups and serotypes among twenty isolates analyzed
sofar (de Avila et al., 1990). Repeated mechanical transmission generates defective
isolates, which have lost the capacity to form complete virus particles, possibly as a
consequence of a malfunctional MRNA (Ie, 1982;Resende etal., 1991).
ConcerningthecytopathologyofTSWVinfections,ithaswellbeen demonstrated that
virusparticlesaccumulateinthecisternae oftheendoplasmicreticulum (Kitajima,1965;
Francki & Grivell, 1970;Milne, 1970;Ie, 1971).In addition, formations of amorphous
matrix material in which aggregates of more electron dense material with a periodicity
of 5nm are embedded, aswell asaggregates of fibrous or thin rodlike appearance are
found inthecytoplasm (Franckietal., 1985;Law& Moyer,1990).Forsomeisolatesonly
dense masses and no virus particles at all were detected in infected plant tissue (Ie,
1982).
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So far, cytopathological studies have been limited to a single or a few isolates which
originated from distinct geographical regions,and occurred on a few plant species.Since
different isolates can cause distinct types of symptoms upon infection, a comparative
study may elucidate possible relations between the cytopathology and symptomatology.
In this paper we describe the results of an extensive study on the cytopathic effects of
a large number of isolates of TSWV found on different plant species and originating
from different geographical regions. This study was complemented by immunogold
analysis using different antisera to detect and locate the corresponding viral antigens
within the infected cell and the various virus-induced structures.
METHODS
Virus isolates
A collection of TSWV isolates was maintained in leaf tissues in liquid nitrogen, and
inoculated mechanically onto Nicotiana rustica L. cvAmerica (Table 1) when required.
In some cases, the plants in which the isolate was found, were kept under greenhouse
conditions.
Antisera
Polyclonal antisera to the Brazilian isolate BR-01, originally designated CNPH 1;
(Chapter 2),were prepared byinjecting rabbits with purified virus preparations (BR-01
antiserum), with purified nucleocapsid preparations (anti-N serum), with the G l
glycoprotein eluted from a SDS-polyacrylamide gel (anti-G serum) or the nonstructural
protein encoded by the S RNA (anti-NSs serum) (de Âvila et al., 1990; Resende et al.,
1991;Kormelink etal.,1991).Antisera prepared topurified virus (NL-04antiserum) and
of its purified nucleocapsids (anti-N NL-04 serum) of the TSWV isolate NL-04,
belonging to the same serogroup as BR-01 (de Âvila et al., 1990) were also used. The
monoclonal antibodies (MAb Gl, G2, G3 and G4) used were directed to the
glycoproteins and the MAb Nl and N2 to the nucleocapsid protein of BR-01 (de Âvila
et al, 1990; Huguenot et al., 1990).
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Table1.Theçytopathological effectsin cells ofplantsinfectedwithdifferentTSWVisolates*.

Isolates

D-01
BG-02
SA-05
BR-01
BR-02
BR-03
BR-05
BR-06
BR-08
BR-13
BR-13(env-)
BR-15
BR-19
BG-02
BG-03
BG-04
BG-05

Cytopathology #
NCA F

V

VP

+

+

+
+
+

+
+
+

+

+

+
+

+
+

+
+

+
+

+
-

+

+

+
+
+
+

+
+
+

+
+
+
+
+
+

Isolates

+
+
+
+
+
+
+
+

+
-

+

+
+
+

+

+
+

+

+

+

+

-

Cytopathology*
V

DK-01
SF-01
SF-03
NL-01
NL-02
NL-03
NL-04
NL-04(eni^)
NL-05
NL-06
NL-07
NL-08
NL-09
NL-10
NL-11
E-01
NL-12

+
+
+
+
+
+
+
-

+
+
+
+
+
+
+

+
+

VP NCA F
+

+

+
+

+

+
+
+

+
+

+

+
+

+

+
+
+
+
+

+
+

+
+

+

+
+
+

+

+
+
+
+

+

+

+

+

+
+

+
+

+
+

+
+

* The country from which these isolates originateis indicatedby the internationalcoding used for
automobiles. Thenumberreferstotheisolatestudied. *V: virusparticle, VP: viroplasmNCA: nucleocapsid
aggregate, F:inclusionof fibrous material, -: absenceand +: presence of the cytopathiceffects,env-:
morphologicallydefectiveparticle.

Electron microscopy
Smallsamples ofleaf tissues fromN. rustica, tomato (Lycopersicon esculentum Mill.),
pepper {Capsicum annuum L.),Daturastramonium L.plants,mechanicallyinfected with
different TSWV isolates, or from Impatiens sp. and pepper plants, each of which was
naturally infected with one of the studied isolates,werefixedin a modified Karnovsky
fixative (2%paraformaldehyde and3% glutaraldehyde in0.05Mcacodylatebuffer, pH
7.2) for 2-3 h, postfixed in 1% OsO„ in the samebuffer, and embedded in Spurr's low
viscosity medium. Sections were cut in a LKB Ultratome V with a Diatome diamond
knife, stained with uranyl acetate and Reynold's lead citrate.
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Immunogold labelling
Forimmuno-electronmicroscopy,tissueswerefixedonlywithaldehydeandembedded
inLRGold aspreviouslydescribed (vanLentetal., 1990).Sectionsmounted ongoldor
nickel grids, were preincubated with 1% bovine serum albumin (BSA) in phosphate
buffered saline(PBS)for30min,andthentreatedwithspecificantiserum fortwohours.
The polyclonal antibody solutions (1 mg/ml) were usually diluted 500 or 1000 times,
while the monoclonal antibody suspensions (1mg/ml) were used at dilutions of 1:100.
The sections werethen exposed togold particlesof7or 15 nmindiameter, conjugated
with protein A whenpolyclonal antibodies wereused, andwithgold-labelled (15nmin
diameter)goatanti-mouseimmunoglobulin (from Johanssen),dilutedtoanODS20of0.1
- 0.2,when monoclonal antibodies were used (vanLent etal., 1990).
Sections from uninfected leaves of N. rusticaas well as from pelleted purified
nucleocapsid or intact virus particles of the BR-01 isolate were used as additional
controlsintheimmunolabellingexperiments.Examination ofthesectionsweremadein
a Philips CM12or Zeiss EM109electron microscope.
RESULTS
Comparative cytopathology of différent TSWVisolates
Roughly spherical, enveloped virus particles are always observed within membrane
bound cavities of the endoplasmic reticulum system in ultrathin sections of cells from
infected plants.Usually,several tomanyparticles occur inasinglecavity(Fig.1A),but
a few isolates often disperse their virus particles individually in a vesicle with distinct
membranes (Fig. IB). This maybe a stable characteristic for a givenisolate,but isnot
so for all members of the same serogroup. Numerous particles of SA-05 and BR-03,
serogroup II isolates (Table 2),are often arranged in a crystalline array within asingle
cavity(not shown),whereas theparticles ofBR-06and BR-08,alsoisolatesofthesame
serogroup, occur singlyin a vesicle (Fig. IB).
Practically, virus particles were found in all leaf cell types, e.g. trichoma, epidermis,
mesophyll and vascular parenchyma cells. They were also seen in xylem vessels
undergoing differentiation (Fig.2A)but seldominsievetubes (Fig.2B).Virusparticles
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were not found near or in the plasmodesmata, though the desmotubules were
continuouslyconnectedwithendoplasmicreticulum containingvirusparticles(Fig.2C).
Basically, all isolates studied exhibited similar cytopathic effects. Besides the
occurrence ofmaturevirusparticles,acommon feature ofinfected cellsisthe presence
of amorphous, moderately stained dense material to which will be referred to as
viroplasm (Fig.3A,B).Theyoccur nexttotheregionswherevirusparticles accumulate.
The viroplasms usually contain small complexes of electron dense material, often
arranged in apparent chains or strings (Fig. 3A, B). To these complexes has been
referred tointhepast asdense masses (Ie, 1982).They are usuallybetween30and120
nm in diameter and consist of rough cubic, circular or epiliptic profiles. They are
bordered byasmallzoneinwhichthedensityfades awayintotheviroplasm.Somecross
sectionsofthesecomplexesrevealeda5-6nmperiodicity,anobservationwhich confirms
earlier results (Ie, 1982).The amount of these complexes, which are considered to be
aggregates of nucleocapsids (Ie, 1982;Verkley &Peters, 1983) occurred invarying

Fig 1-Accumulationof virusparticlesin the cisternae of theendoplasmicreticulum of cellsinfected with
TSWV.(A) Accumulation ofparticlesbetween membranes ofacellinfectedwithisolate SA-04.(B)Single
particlesinapparentvesiclesinacell infectedwith BR-06. Bars:500 nm.
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amounts in the sectioned cells. They are rarely found in field isolates, but abundantly
when the same isolates have been maintained in the laboratory for longer periods and
being mechanically transmitted for several times.
In almost half of the isolates examined, inclusions with filamentous material were
found (Fig. 4). The filaments, about 10 nm thick with a flexous nature, form inclusions
in which they are packed either in an unarranged way (Fig. 4A) or in parallel arrays
(Fig. 4B). In two of the isolates examined (NL-07 and NL-08) the filaments were rigid,
rodlike, and formed criss-cross paracrystalline arrays (Fig. 4B, C); depending on the
plane of the section they could be seen as a series of dots, interspersed with lines (Fig.
4D). Similarly arranged filaments have also been described by de Âvilaet al. (1991) for
isolate E-01, designated C-TSWV by these authors, and by Law & Moyer (1990) for an
isolate from Impatiens. The inclusions formed bythese filaments differ in amount, when
related to that of the other structures. For some isolates very large numbers of fibrous
inclusions were found in infected cells,while for other isolates only small numbers were
occasionally seen in a minority of infected cells. The development of the filamentous
material might also be time and host dependent, because sometimes they could not be
found in samples of the same host, collected at different moments, and were consistently
absent in plants of other host species.
Immuno-labelling of thin sections
Immuno-gold antibodies wereused to analyzethe antigenic composition of the various
virus induced structures and to reveal their localization in the infected cells. These
studies were made on thin sections of cells infected with five virus isolates of serogroup
I and four viruses of serogroup II as characterized by de Âvila et al. (1990) (Table 2).
Most of the analyses described here below, were performed with BR-01 (serogroup I).
The specificity and reactivity of the antibodies were tested on purified virus and
nucleocapsid preparations (Fig. 5; Table 2). Polyclonal anti-N serum strongly labelled
sections of sedimented purified nucleocapsid fractions and purified virus particles (Fig.
5A, B), showing that these antibodies reacted with free nucleocapsid protein as well as
that assembled in virus particles. However, labelled antibodies against glycoprotein,
either mono- or polyclonal, reacted only with sedimented purified particles (Fig. 5C),
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Table2. Results of immunolabelling of thinsectionsusingpolyclonal antibodies and monoclonal to the
tomatospotted wiltvirus TSWV serogroupI isolatesBR-01 andNl^04.
Antibodies

TSWV

Serogroup I
BR-01

NL-04

®Induced
cytopath.
structures
V*

BR--01
NC
G

V
VP
NCA

++
++
++

++
++
++

+

V
VP

++
++
++

++
++
++

++

NCA
F

NL-04feni/.; VP
NCA
F

E-01

Polyclonal

V
VP
NCA
F

DK-01

V
VP
NCA
F
Serogroup I I , type I*
BR-03 V
VP
NCA

++
++

++
++

-

NL--04
V
NC

Gl

G2

BR-01
G3
G4

Nl

N2

_
-

++
++
++

+
++
++

+

+

+

+

-

-

-

-

++
++
++

++
++
++

+

+

+

+

-

-

-

-

_
-

++
++

++
++

+

+

+

+

-

++
++
++

++
++
++

+

+

+

+

-

-

-

-

-

-

0
0

0
0

0

0
0

0
0

0
0

0
0

0
0

0

0

0
0

0

0

0

0

0

0

0

0
0

0
0

0
0

.
-

_
-

_
-

-

-

-

-

-

-

+

+
++
++
++
++
++
++

++
++
++
++
++
++

+

-

-

+
+
+

+

+
V
VP
+
+
NCA
#
Serogroup I I , type I I
+
SA-05 V
VP
+
+
NCA

+
+

+

BR-06

+

-

+

+

+
+

-

F

V
VP
NCA
F

_
-

-

+
+
+

BR-08

NSs

Monoclonal

+
+
+

+
+
+

-

-

+

-

+

+

+

+

+

+

_
-

+
+

+
+

-

-

-

+
+

+
+

+

+

+

+

+

-

-

-

+

+

+

+

+

-

+
+

+
+

-

-

-

+
+
+

+
+
+

+

+

+

+

-

-

-

-

~

+

+

-

-

'V: purifiedvirus, NC:nucleocapsid fraction, G:glycoprotein, NSs:non-structural. ®V:virusparticles, VP:
viroplasm, NCA: nucleocapsid aggregates, F: inclusionof fibrous dense material, env.: morphologically
defectiveparticle, -:noimmunolabelling, +:weakto moderatepositiveand ++:stronglabellingbygold
particles, o:not done.*Serogroup division to theproposalbydeÂvilaetal. (1990).
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Fig 2 - Occurrence of TSWV
particles in various leaf cells.
(A) Low
magnification
micrograph ofaN. rusticaplant
infected with isolate SA-05
showinga xylem vessel (X) in
thefinalstageofdifferentiation.
Its contentisalmostcompletely
lysed, but groups of virus
particles (arrows) are still
identifiable. Most of the
surrounding parenchyma cells
areinfected. (B) Groupofvirus
particles(V) in the lumen ofa
sieve tube (ST) of a N. rustica
plant infected with isolateNL13. (C) Detail of a plasmodesmata connecting 2 parenchyma cells in a N. rustica leaf
infected with isolate BR-03.
Note a desmotubule(arrow) in
contact with an ER element
containingTSWVparticle.
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ƒ?£.3 - Cytopathology of TSWV leaf mesophyll infectedcells showing the quantitative differences in the
accumulationofvirusparticles, viroplasminterspersedwithstringsofnucleocapsidaggregates andinclusions
offibrousmaterial as seeninultrathinsections. (A) N. rusticainfectedwith isolateNL-12. Accumulation of
virusparticles(V) in theendoplasmicreticulumcistemaewithsomenucleocapsidaggregates(NCA),believed
to be formed by non-envelopednucleocapsids, and a smallaggregate of filamentous material(F). (B)
Accumulation ofalargeamountofnucleocapsid aggregates(NCA) embeddedinanamorphousmaterialof
moderatedensity, theviroplasm (VP),inaD. stramoniumleafcellinfectedwith isolate E-01. Aggregatesof
fibrousmaterial (F)occurin thelowerpartof the micrograph. Insetshowsdetailsofcrosssectionsofthese
fibrils, revealingtheirtubularform. Only a fewvirusparticles (arrowheads) are present.G:Golgicomplex;
L: lysosome; M:mitochondrion; P: chloroplast.
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Fig. 4-Differentaspects ofaggregateswithfibrousmaterialinducedbysomeisolates ofTSWV. (A)Large
complex offilaments(F)interspersed with nucleocapsid aggregates (NCA) inaN.rustica cellinfected with
isolateDK-01.(B)A largebundleofparallellyorientedfibers(F)inapallisadeparenchyma cellofN. rustica
infected withisolateSA-05.(C)Rigid, rodlikefibers(F), organized inlayers of criss-cross, paractystalline
arrays, inaparenchyma cellofN.clevelandiiinfectedwithisolate NL-07. Note thatvirusparticles (V)are
often somewhat oval shaped. (D)A large aggregate of rigid rodsinparacrystalline array (F)ina mesophyl
parenchyma cellofalocallesion inducedbyisolateNL-07inN. rustica. Rowsof alternatingdotsandlines
areobservable. M: mitochondrion; V:virusparticle.
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indicatingthattheglycoproteinsarevirtuallyabsentinthepurified nucleocapsid protein
extracts.Itisalsoevident that ahighnumber oflabelled antibodiestotheNproteinwas
associated with the core of the virus particles (Fig.5B) while the antibodies to the Gproteins were often associated with the outer regions of the particles (Fig.5C).
Analysisofultrathin sectionswithimmunogoldlabelled antisera against nucleocapsid
proteindemonstrates thepresenceofnucleocapsid protein invirusparticles,viroplasms
(VP) and the nucleocapsid aggregates (NCA; Fig. 6). Staining of high intensity was
obtained using antisera prepared to viruses of the same serogroup (Fig. 6A), but not
when antiserum to viruses of other serogroups was used (Fig. 6B; Table 2). This
observation indicates that viruses belonging to different serogroups could also be
discriminated usinggold labelled antibodies.
The inclusions consistingof fibrous material did not giveanypositiveresponse using
either antiserum to intact virus particles or anti-N sera (Fig. 6C, D), but they were
specifically tagged (Fig.6E)byantibodies against the52KNSsprotein encodedbythe
SRNA (Kormelinketal., 1991). GoldlabelledNSsantiserumdidnotimmunostainvirus
particles, viroplasm or nucleocapsid aggregates in ultrathin sections.
Antiserum, either polyclonal or monoclonal, to the glycoproteins only probed virus
particles in thin sections (Fig. 7). The MAbs (G1-G4) stained the virus particles less
intensive than anti-G serum (Fig.7A, B;Table2).
Morphogenesis
In approximately 5% of the sectioned cells, structures were found that could be
interpreted as intermediate stages of the morphogenetic process of TSWV particle
envelopment.Flattenedandcurvedvesicles,withdensematerialintheconcavesidewere
found in cytoplasmatic areas within or near viroplasm and the Golgi bodies (Fig. 8).
Whenthesestructureswerefound,theGolgibodiesalwayscontainedseveralsinglevirus
particles surrounded by a closelyposed membrane (double enveloped particles),while
alsosmooth-surfaced vesicleswerepresent intheneighborhood, forming adistinct and
differentiated areainthecytoplasm.Eventually,TSWV-containingendoplasmicreticulum
elements were also present in the surrounding area, and some of the small, viruscontaining vesicles appeared to be continuous withthem (Fig.8B).Despite thelow
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Fig. 5 - Immunogold-labelling of pellets of either purified nucleocapsids (A) or purified virus (B, C)
preparations from isolate BR-01 infected plants using antibodies to nucleocapsid protein or glycoprotein of
BR-Ol (A) Gold particles aremainly associated with nucleocapsid aggregates usinganti-Nprotein serum. (B)
Section of apellet of purified BR-01 virusparticles tagged with immunogold labelled with anti-N serum. (C)
Section of the same pellet immunostained with polyclonal anti-G serum. Labels occur only on the virus
particles.

frequency of these structures, they occurred in most of the cells studied whenever they
were observed ina giventissue sample.The possible involvement of the structures found
in the morphogenesis of TSWV particles has schematically been pictured in Fig. 9.
DISCUSSION
Examination of ultrathin sections of tissuesfrom plants infected withdifferent isolates
of TSWV revealed that essentially all isolates, despite great differences in their
macroscopical effects on plants, exhibit similar cytopathic effects. Virus particles
accumulate in the cavities of the endoplasmic reticulum, while several types of inclusions
occur inthe cytoplasm. Concerning apossible discrimation of the isolates studied, it may
be concluded that it is difficult to identify a given isolate by the way the virus particles
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accumulate,orbytheform and amount ofintracellular inclusionsinduced,andtorelate
these characteristics to symptom severity or the plant species infected. Only isolates
whicharemorphologicaldefect canbediscernedbythecompleteabsenceofintactvirus
particles (Ie, 1982;Resende etal, 1991).
Virusparticlesusuallyhad acircularprofile,butsometimesparticleswithanelliptical
profile wereobserved,especiallyinsamplesfrom plantsinfected withtheNL-07isolate.
Theparticlesizevariesbetween70and 110nm.Thesedimensions,whichhavealsobeen
measured in leaf dip as well as in purified preparations, may reflect the number of
nucleocapsids enveloped. Someparticles might contain morenucleocapsids and others
less than the three forming a complete genome.
Someconfusion existsinpreviousreportsonthedescription andnomenclature ofthe
inclusionswhichappear inthecytoplasmduringTSWVinfection.Termslikeviroplasm,
dense strands,diffuse masses or material, amorphous masses,denselystaininggranular
material, etc.are used (Kitajima, 1965;Milne, 1970;Francki &Grivell, 1970;Ie,1971,
1982). The following picture emerges from the studies by these authors and the one
reportedhere.Largeclustersconsistingofmoderatelydensestainingmaterialareusually
found in the cytoplasm. They are and will be coined in this report as viroplasms.
Immersedintheviroplasms,aggregatesofmoredenselystainedmaterial,often arranged
in chain or string-like structures, occur. These aggregates havebeen designated in the
past with different names as mentioned above and which have alsobeen described for
morphologically defective isolates (Ie, 1982). These aggregates mainly consist of
nucleocapsid material (Ie, 1982;Verkley &Peters, 1983;de Âvilaetal., 1991).
In addition, fibrous material,accumulating indifferent ways,occursin at least halfof
the isolates studied. These inclusions can readily be distinguished from the chain-like
accumulations of the nucleocapsid aggregates in the viroplasm by their fibrous nature.
The viroplasms immunostain with anti-N, but not with anti-G immunoglobulins, and
might represent focal accumulations of nucleocapsid material and replicating RNA
complexes.
The nucleocapsid aggregates react intensively withanti-N protein sera and not at all
with anti-G protein sera.Theyrepresent aggregates of nucleocapsid material which are
notenveloped orfail toacquireanenvelopeduringthereplication ofthevirus.Thismay
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Fig. 6 - Immunostaining of viral material in cells infected with different isolates of TSWV using anti-N and
anti-NSs serum. Intense gold labelling of the nucleocapsid aggregates (NCA) in cellsinfected with BR-01 (A)
and the almost absence of anylabel on BR-03 nucleocapsid aggregates (B) using anti-N serum of isolate BR01. (C) Labelling of viroplasm (VP) and virus particles (V) in a N. rustica cell infected with E-01 after
incubation with anti-N serum of BR-01. Note that the fibrous inclusions (F) arenot labelled. (D) Cell infected
with a defective form of isolate NL-04 (NL-Ol(env-)) and immunostained with anti-N serum of BR-01. Gold
particles are found on the nucleocapsid aggregates (NCA), but not on the fibrous inclusion (F). (E)
Immunostaining of a paracrystalline array of fibers (F) but not of virus particles (V) in cells infected with
isolate NL-07 with anti NSs serum.
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protein. (A) Labellingof BR-01virusparticles (V) of isolate BR-01but not of nucleocapsids aggregates
(NCA) withanti-Gserum.(B,C)Immunostainingofvirusparticles(V) ofisolateB-01,usingthemonoclonal
antibodies, Gl (B)orG4(C)directedagainstGprotein, respectively.F:fibrousinclusion;M:mitochondrion.

be caused by an unbalance between nucleocapsid and glycoprotein production, the
synthesis of defect glycoproteins, or even the absence of glycoproteins, caused by
mutations or deletions inthe MRNA (Verkleij &Peters, 1983;Resende etal.,1991).
Thesizesofthese aggregates areoften almost equaltothoseofthecompletevirus.This
might suggest that they are precursors of the nucleocapsids in mature virus particles.
However, this will probably not be the case as these free aggregates stain much more
intense than the core of thevirusparticles.
Thestructures formed bythefibrous materialdonotshare anyantigenic determinant
associated with the virus particle. They only reacted with serum against the nonstructural protein encoded bySRNA (Kormelink etal.,1991;Kitajima etal, 1992).
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Fig. 8 - Details of TSWV particles in a presumptive process of morphogenesis. (A) A general view of a
cytoplasmic area in a leaf mesophyl parenchyma cell of N. rustica infected with isolate BU-03. Groups of
double enveloped (DE) particles appear associated with viroplasm (VP). Arrow points to apair of budding
particles, detail of which can be seen in the inset. They seem to be small flattened vesicles arching due to the
association of dense material, presumably nucleocapsids, with the membrane in the concave side. NCA:
nucleocapsid aggregates; M:mitochondrion; P: chloroplast. (B) Viroplasm (VP) interspersed with double
enveloped (DE) particles and some few budding particles (arrows) in aparenchyma cell ofN. rustica infected
with isolate BU-03. Some DE appear to be fusing with endoplasmic reticulum (arrowhead). (C) Group of
budding particles (arrows) in a leaf parenchyma cell infected with isolate BR-08. Note the density of the
membranes (arrowheads) embedded in the viroplasm aswellas that of arching vesicles, (D, E) Details of the
presumptive budding of TSWV particles, in N. rustica leaf cells, infected with isolates NLrOl and BR-08
respectively.
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fig 9 - Schematic representation of three possible pathways of TSWV-morphogenesis as described in the
Discussion. NC: nucleocapsids; NCA: nucleocapsid aggregate; V: virus particles; VP: viroplasm; ER:
endoplasmic reticulum; DEP: double enveloped particle.

The function of this protein and the need of its accumulation in fibers has remained
unknown.
Mature virus particles were never seen in the plasmodesmata, confirming previous
observations, although desmotubules were connected with the ER cisternae of adjacent
cells, containing virus particles.Thus cell-to-cell spread of the TSWV infection probably
not involves enveloped particles but presumably free nucleocapsids. In this regard, the
enveloped particles occasionally seen in sieve tubes, and more frequently in xylem
vessels, are probably not relevant for the spread of infection throughout the plant as
such, as they could have no means to leave the vascular system.
Two serogroups have been distinguished using polyclonal antisera and a panel of
monoclonal antibodies against nucleocapsid protein or glycoprotein of isolateBR-01 (de
Âvila et al., 1990). Although not as clear as in ELISA tests, immunogold labelling
experiments lent convincing support for this proposed distinction. Monoclonal antibody
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G4, which did not react with particles of the isolates of serogroup II, also failed to react
in immunolabelling experiments (Fig.7C).A similar trend was noticed usingBR-01and
NL-04anti-Nsera.Viroplasm and nucleocapsid aggregatesincellsinfected by serogroup
I isolates were more strongly immunostained than those produced by serogroup II
viruses. This observation qualitatively confirms the separation of the different TSWV
isolates in serogroups as obtained byELISA (de Âvilaetal.,1990).The serum prepared
against glycoprotein G l didnot discriminate between isolatesofserogroup I and II.This
suggests that theglycoproteins are more conserved than the nucleocapsid proteins, a fact
previously noted in ELISA studies by de Âvila et al. (1990). Since this serum failed to
label virus particles in suspension (data not shown), it is likely that it might be directed
against some internal epitopes.
The way complete TSWV particles acquire their membrane remains an enigma.
Finding structures which can be interpreted as maturing particles is a rarity in TSWV
infection. Francki et al. (1985) argued that this might be due to the fact that the
envelopment is very short lived. Since the replication of the virus proceeds in various
stages in a cell and certainly in different cells it might be expected that maturing
particles will occasionally be found in some cells. In a few occasions during this study,
structures were observed which could be interpreted as having a function in the process
of maturation.
Figure9depicts diagrammatically three possiblematuration pathways occurring either
at the endoplasmic reticulum (ER) or Golgi derived membranes, and excludes de novo
formation of viral envelopes as inferred by Ie, (1971). In the first proposed pathway
nucleocapsids formed by a condensation of viral RNA with N protein bud through the
endoplasmic membrane and become enveloped with a glycoprotein-studded membrane
(Fig.9,step 1-3). Alternatively, the glycoproteins maymigrate to the Golgi complex for
additional changes in the polysaccharides before the nucleocapsids are enveloped (Fig.
9, step 4). In one pathway, supported by the structures shown in Fig. 8 and depicted by
step 5to 7inFig.9,the envelopment could take place on the Golgi derived vesicles. The
budding ofBunyaviruses, of whichTSWV isa member which will thus have evolutionary
relationships and many molecular properties and structures in common with this large
family of animal infecting viruses (Milne &Francki, 1984;de Haan etal.,1989),isknown
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to occur at the Golgi complex (Dubois-Dalcq et al., 1984; Schmaljohn & Patterson,
1990). Some of our micrographs seem to support this view, especially those depicting
small arches formed byflattened and curved vesicles with dense material in the concave
part (Fig.8D,E).These flattened vesicles mayform a double membraned vesicle during
the incorporation of nucleocapsids, resulting ina mature virus particle within averytight
vesicle (DEP). These vesicles would be equivalent to the so called double enveloped
TSWV and Punta Toro virus particles, respectively, described by Milne, (1970) and
Smith & Pifat (1982). Eventually, these virus containing vesicles could fuse together or
with the ER membrane, producing larger cavities with many particles. Finally, in the
third pathway the glycoproteins could be reinserted into the ER membrane after
maturation ofthepolysaccharides intheGolgisystem.Particleformation maythen occur
at ER membranes (Fig. 9, steps 8 and 9). Identification of the G l glycoprotein on the
endoplasmatic reticulum or Golgi-complexes may be indicative for the maturation
pathway of TSWV. However, experiments aimed to demonstrate the presence of
glycoprotein antigens on the membranes of the endoplasmic reticulum and Golgi
apparatus derived membranes,were unsuccessful. Itwasnoticed that,whenthese double
enveloped structures were found, they occurred in most of the cells studied. This
suggests that there might be some sort of synchrony in the maturation of the virus in a
number of cells. How such a synchrony can be achieved by the replicating virus is still
an open question.
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CHAPTER4

CHARACTERIZATION OFADISTINCTISOLATEOF
TOMATOSPOTTEDWILTVIRUS (TSWV)FROM
Impatiens sp. INTHENETHERLANDS

A.C. de Âvila, P. de Haan, E.W. Kitajima, R. Kormelink, R. de O. Resende, R.W.
Goldbach and D. Peters
SUMMARY
This paper describes the characterization of a distinct tomato spotted wilt virus
(TSWV)isolatefrom NewGuineaimpatiens{Impatienssp.)inTheNetherlands.Several
plant species responded in a hypersensitive wayto this isolate,denoted NL-07,but the
symptomsonImpatiens donotdiffer from thosecausedbyotherTSWVisolates.Except
that theSRNA isslightlysmaller, theproteinandRNA composition isidentical tothat
established for the isolates described. Comparative studies using ELISA, Western
blotting and immunogold labelling techniques clearly demonstrate that NL-07 has a
distinct nucleocapsid proteinfrom BR-01 (commontypeTSWV),BR-03andSA-05and
moreover it is very closely related to TSWV-I. Northern blot analysis, supporting the
serological data, revealed a lack of significant nucleotide sequence homology between
BR-01,NL-07andTSWV-I.CytopathologicalstudiesofNL-07displayedclustersofvirus
particles in the cisternae of the endoplasmatic reticulum together with paracrystalline
arrays of rigid rod-like fibers, formed by the non-structural protein. Our results show
that TSWV classification based on ELISA using monoclonal and polyclonal antibodies
against the nucleocapsid protein isstable and safe, even when deletions in the L RNA
segment occur or when the virus becomes morphologically defective. We propose to
name thisvirusImpatiens necrotic spot virus.
This chapter hasbeen published inaslightlymodified version as:deÂvila etal. (1992).Characterizationof
a distinct isolate of tomato spotted wilt virus (TSWV) from Impatienssp. inThe Netherlands.Journal of
Phytopathology134, 133-151.
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INTRODUCTION
Tomato spotted wilt virus (TSWV) is transmitted by several thrips species in a
persistent manner and hasoneof thebroadest host rangesamongplant viruses (Peters
etal., 1991).It causessevereoutbreaks inalargevarietyof cropsgrownintropical and
subtropical climaticzones.Interest for thisvirushasbeen evoked duetothe recent and
rapidspread ofthethripsFrankliniellaoccidentalisPerg.overtheNorthernHemisphere,
which isaccompanied with severe outbreaks ofTSWV infections.
TSWV contains four structural proteins: a nucleocapsid protein N (29 K), two
glycoproteins, Gl (78K) and G2(58K),and a largeprotein Lof approximately 200 K
(Mohamed et al., 1973, Tas et al., 1977). The viral genome consists of three single
stranded RNA molecules, denoted SRNA (2916nucleotides),MRNA (approximately
5000nucleotides) and L RNA (8897nucleotides) (de Haan etal.,1990;1991;Maisset
al., 1991).
Duetoitsmolecularcomposition,modeoftransmission,particlemorphology,genome
structure and coding strategy, TSWV has been classified within the Bunyaviridae as a
solemember inthe newlycreated genustospovirus (de Haanetal.1989a,Elliott,1990;
Franckietal., 1991).
Since there were indications of the presence of different strains of TSWV (Best &
Gallus, 1953;Best, 1968), serological differentiation of isolates is currently a topic of
intensiveresearch.Law&Moyer (1990)described aTSWV-likevirusdenotedTSWV-I,
with anucleocapsid protein,serologicallyunrelated to that ofthe commonTSWVtype.
cDNAclonestoTSWV-IS andMRNAdidnothybridizewiththecorrespondingRNAs
of the common type. Wang & Gonsalves (1990) compared 30 TSWV isolates from
several countries using ELISA. Out of these, 11 isolates could not consistently be
detected. They were not further classified in terms of serogroups or -types.A TSWV
classification usingpolyclonal and monoclonal antibodies against nucleocapsid protein
inELISAhasrecentlybeenproposed bydeÂvilaetal. (1990).Theseauthorswereable
to classify 20 TSWV isolates from several countries into two serogroups and three
serotypes using polyclonal and monoclonal antibodies.
Here we describe a newTSWV like isolate, NL-07, found in The Netherlands with
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completely different serological properties compared to BR-01, anisolate belongingto
serogroup I (de Âvila et al., 1990). Evidence is presented that NL-07 most likely
represents TSWV-I reported byLaw&Moyer (1990).
METHODS
Virus maintenance andhostrange
NL-07 was originally recovered from a naturally infected New Guinea impatiens
(Impatiens sp.) plant in a glasshouse in The Netherlands. Virus was maintained in the
originallyinfected plantandinaddition,storedinliquidnitrogen.NL-07waspropagated
inNicotianabenthamianaDomin.plants.TSWV-IwaskindlyprovidedbyDrJ.W.Moyer
(North Carolina State University).The other isolates used in this studywere BR-01, a
serogroup Iisolate,BR-03and SA-05,which arebothserogroup IIisolates (deÂvilaet
al., 1990). The characters refer to country codes used for cars and the digits to the
isolate from that country in our collection. Test plants were mechanically inoculated
usingextracts from infected N.benthamiana plantsin0.01Msodiumphosphate buffer,
pH 7.0, containing 1% sodium sulphite, after dusting the leaves with 500 mesh
Carborundum powder.
Nucleocapsid protein and RNA purification
Nucleocapsid preparations of NL-07 and BR-01 have been extracted using the
procedure described by de Âvila et al. (1990) with some slight modifications. Pellets
obtained after centrifugation on 30% sucrose cushions, were resuspended in 0.01 M
citrate buffer, pH 6.0, and centrifuged at 149,000g for 18h in gradients prepared by
mixingtwosolutions of25and50%ofCs2S04.Nucleocapsid bandswerecollected and
dialyzed three times against citrate buffer. The nucleocapsid material was finally
collectedintopelletsbycentrifugation, resuspended in0.01Mcitratebuffer, pH6.0,and
used in different studies.
Forantiserumproduction,thenucleocapsidbandscollectedfromtheCs^C^gradients
were centrifuged through a 20%sucrose cushion of 2ml at 189,000g for 3h.
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The nucleocapsid protein yield was estimated using the BIO-RAD Protein Assay.
RNA was extracted from nucleocapsid preparations after adding SDS to a final
concentration of 1% (w/v) followed byphenoland subsequent phenol/chloroform (1:1)
(v/v) extractions. The RNA was precipitated with ethanol and analyzed by
electrophoresis on 1.2% agarosegels.
Complementary DNAcloning (cDNA) andNorthern blot analysis
RNA was transferred from agarose gels to nitrocellulose membranes by capillary
blottingandhybridizedtosix32P-labelledcDNAprobesspecificforTSWVstrainBR-01
usingstandard methods (Maniatis etal.,1982).Three cDNA probes directed to the L
RNAwereused.One,designated 70,waslocatedat the5'endfrom nucleotide position
62to 1243.Probe 806waslocated from nucleotide position 3961to4455inthe central
region andprobe662wasdirected toanRNAstretchbetweenthenucleotides7032and
8878atthe3'end(Fig.6).cDNAprobepTSWV-vcORFisdirected toastretchbetween
the nucleotides 1982 to 2882 of the S RNA, comprising the complete N gene. Probe
PTSWV-514rangesfromnucleotides 13 to1605 coveringmostoftheNSsgene(deHaan
etal.,1990). One M RNA-specific cDNA clone of 600 bp (201) was also used in this
study.
Two other cDNA clones denoted pNL-07.1L (1.8 Kb) and PNL-07.2S (1 Kb),
corresponding to the L and S RNAs, of isolate NL-07 respectively were synthesized,
cloned and selected as described previously (de Haan etal., 1989b).
Antisera production
Purified nucleocapsid preparations of NL-07 containing 61, 123and 300mg protein
wereemulsifiedwithincompleteFreund'sadjuvant (1:1)(w/v)andinjected intradermally
into rabbits at two-weekly intervals. Two weeks after the last injection, blood was
collected several timesover aperiod offour months.An antiserum against theTSWV-I
nucleocapsid fraction waskindlysuppliedbyDrJ.W.MoyenTheproduction ofantisera
against the nucleocapsids of BR-01, BR-03and SA-05 have been described previously
(Huguenotetal., 1990;deÂvilaetal., 1990).Inelectronmicroscopical studiesserawere
used against purified nucleocapsids of isolates NL-07 and BR-03, against the Gl
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glycoprotein of BR-01 (Resende, R. de O., unpublished results) and against the nonstructural protein NSs of BR-01 (Kormelink et al., 1991).
Serological analysis
The IgG fractions of all antisera were partially purified and conjugated with alkaline
phosphatase as described by Avrameas (1969). The polyclonal antisera against
nucleocapsid proteins were used in a double antibody sandwich ELISA format (Clark
& Adams, 1977;Resende et al, 1991a).
Series of ten-fold diluted extracts of N. benthamiana plants infected with NL-07,
TSWV-I and BR-01and purified nucleocapsid protein preparations (10to1000ng) were
analyzed in this format.
A panel of six monoclonal antibodies of BR-01, two directed to the nucleocapsid
protein and four directed to the glycoproteins were included in this study using a triple
antibody ELISA format (Huguenot et al., 1990; de Âvila et al., 1990).
Nucleocapsid protein analysis
Purified nucleocapsid preparations of the TSWV isolates and extracts from healthy
and infected N. benthamiana plants were analyzed on SDS-PAGE 15%gels (Laemmli,
1970). Proteins were transferred to Immobilon-P transfer membranes (Millipore)
(Towbin et al., 1979) and treated with polyclonal antisera against the nucleocapsid
proteins of BR-01, NL-07,TSWV-I, BR-03 and SA-05.
Purified nucleocapsid preparations were mixed with dissociation buffer in a ratio of
1:1 (v/v).Plant extractswere ground in a 1:5 (w/v) ratiowith PBS-T (phosphate buffered
saline supplemented with 0.05% Tween 20) centrifuged for 2 min at 100g and mixed in
a 1:1 (v/v) ratio with dissociation buffer.
The IgG fraction of each antiserum and thegoat anti-mouse IgG alkaline phosphatase
conjugate (1 (xg/ml) were used in 1000-fold dilutions in PBS and incubated for 1h. The
bands were visualized using the alkaline phosphatase conjugate-nitroblue tetrazolium/5bromo-4-chloro-3-indolylphosphate (Sigma) system according to Leary et al. (1983).
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Electron microscopy
Leaf-dip preparations from infected plants were negatively stained with a neutral
solution of 1% uranyl acetate in water.
InimmunolabellingstudiesleaftissuewasembeddedinSpurr'smediumafter fixation
inmodified Karnovskyfixative, andpost-fixation inosmicacid.Thesectionsmadewere
stainedwithuranyl acetate andReynold'slead citrate.Theviralantigenswere detected
inthe aldehyde-fixed, LRGold-embedded sectionsofinfected leafmaterial (vanLentet
al., 1990)
RESULTS
Host rangeandsymptoms
Symptoms ofNL-07(Table 1and Fig.1A) onnaturally infected Impatiens sp.plants
consisted ofnecroticspots,often withconcentricnecroticringsonsomeyoungbut fullgrown leaves.However, most ofthe leaves remained symptomless.Stem necrosis could
be observed onsome infected plants.Except for Vigna unguiculata (L.)Walp.onwhich
NL-07 induced clearly distinct light brown local lesions, the symptoms noted did not
differ from those caused by other TSWV isolates.
Various solanaceous species were found to be susceptible to NL-07 and TSWV-I.
Mechanical inoculation of young N. benthamiana, Nicotiana clevelandii A. Gray and
Capsicumannuum L. plants resulted in necrotic and chlorotic local lesions on the
inoculated leavesfollowed byveinnecrosis,mosaicor mottlingand leaf-deformation on
full-grown leaves.The virus usually killed infected N. benthamiana plants within 12 to
14daysafter inoculation in a process in which the leaves apparently wilted (Fig. IB).
NL-07and TSWV-I onlyproduced locallesionson the inoculated leaves of allother
host plants tested including the solanaceous species Lycopersicon esculentumMill.,
Nicotianatabacum L.SamsumNNandPetuniahybridaVilm.PlantsofEmiliasonchifolia
(L.) DC. respond with local lesions on the inoculated leaves and a mosaic on
systemicallyinfected leaves(Table 1).Compared toTSWV-I,thesymptomsinducedby
NL-07 are identical,but usually slightly more severe (data not shown).
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Fig. 1 - (A) Impatiens sp. plant naturally infected with NL-07, a TSWV isolate found in The Netherlands.
(B) Nicotiana benthamiana plants mechanically inoculated with NL-07. From left to the right: healthy plant,
infected plants 8, 12 and 14days after inoculation.
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Table1.Symptomalogicalresponses ofseveralhoststoNL-07isolate.

Host plants

Amarantaceae
Gomphrena globosa L.
Balsaminaceae
Impatiens sp.
Chenopodiaceae
Chenopodium quinoa Wild
C.amaranticolor Coste & Reyn
Compositae
Emilia sonchifolia (L.) DC.
Zinnia elegans Jacq.(a)
Cucurbitaceae
Cucurbitasativus L. (b)
Leguminosae
Vignaunguiculata (L.)Walp.(c)
Solanaceae
Capsicum annuum L.(d)
Datura stramonium L.
Lycopersicon esculentum Mill.(e)
Nicotiana benthamiana Domin.
N. clevelandii A.Gray
N.glutinosa L.
N. rusticaL.
N. tabacum L.Samsum
N. tabacum L.SamsumNN
Petunia hybrida Vilm.(f)

Reaction on host plants*
local
systemic

NS,VN
CNR

SN

CL(pp)
NL(pp)
ChR
ChR

Mo
(VC,YM)

CS
NL
CS
CNR
CNR
NS
ChR
CNR
NS
CNR
CNR
NS

(Mo)
(CS)
VN, LD, D
VC, M, LD
VC, M, LD
(M)

NL (pp): pin-point necroticlesions;CL (pp):pin-point chlorotic lesions;ChR: chloroticrings; CNR:
concentric necrotic ring; CS:chlorotic spots; NS:necrotic spots;VC:veinclearing; VN:veinnecrosis; M:
mosaic;Mo:mottling; YM:yellowmosaic; LD:leaf-deformation; SN:stem necrosis; D:deathoftheplant;
(): erratic systemicinfection, (a) cultivarReuzenbloemig; (b) cultivarLangegeletros; (c) cultivarCalifornia
Blackeye; (d) cultivar Westlandsezoete;(e) cultivarMoneymaker; (f) cultivarPinkBeauty.

Protein analysis
SDS-PAGE experiments revealed that the N protein of NL-07 and TSWV-I have
molecular masses of approximately 28 K,which is slightly smaller than that of BR-01
(28.8K)(Fig.2).
Antisera produced to purified viruspreparations of BR-01 (data not shown) and to
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purified nucleocapsids of BR-01, BR-03 and SA-05 did neither react with extracts of
plants infected with the isolates NL-07 and TSWV-I (Fig. 3A), nor with nucleocapsid
preparations of these viruses (data not shown). Antisera produced to the nucleocapsid
proteins of NL-07 and TSWV-I reacted with extracts from plants infected with these
viruses in homologous as well as in heterologous ELISA experiments (Fig. 3B). Using
infected plant extracts or purified nucleocapsids the isolates BR-01, BR-03 and SA-05
did not react with antisera to the nucleocapsid proteins of NL-07 (Fig.3B) and TSWV-I
(data not shown). Antisera against purified virus preparations of NL-07 and TSWV-I
were not tested, as these viruses could not be purified using the method described by
Tas etal. (1977).The results obtained strongly suggest that the nucleocapsid proteins of
NL-07 and TSWV-I are serologically close related, but almost completely distinct from
those of BR-01, BR-03and SA-05.In addition, both isolates did not react with the panel
of monoclonal antibodies, directed to the nucleocapsid protein and to the membrane
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healthyplant.(A) Reaction withpolyclonalantisera againstnucleocapsidproteinofBR-0l", BR-0J and
&4-Û5**. (B) Reaction ofpolyclonalantisera againstNL-Of nucleocapsidprotein.TheAAOSwasmeasured
45minaftersubstrate addition.

68

glycoproteins of isolate BR-01(data not shown) (Huguenot etal., 1990;deÂvilaetal.,
1990).TheisolatesBR-03andSA-05gavepositivereactionswiththeseMAbs (deÂvila
et al, 1990). Extracts from plants infected with NL-07 and TSWV-I and purified
nucleocapsid protein preparations of these isolates reacted onWestern blots onlywith
antisera to purified nucleocapsids of NL-07 and TSWV-I (Figs. 4 and 5).However, a
very faint reaction was observed between NL-07nucleocapsid protein and antisera to
purified nucleocapsidpreparationsofSA-05andBR-03,indicatingtheexistenceofsome
common internal epitopes on the nucleoproteins of these isolates. On the other hand,
on Western blots the nucleocapsid proteins of NL-07 and TSWV-I did not cross-react
with antisera against nucleocapsid proteins of isolates BR-01, BR-03 and SA-05,
supporting the results from the ELISA experiments that these isolates have a
nucleocapsid protein which isdistinct from that of NL-07 and TSWV-I.
RNAanalysis
The estimated sizes of the genomic RNA segments of NL-07 and TSWV-I are
identical to that of BR-01(Fig.7).The differences observed on the mobility is due to
thesourceused (purified nucleocapsidsorviruspreparations) toextracttheRNA (data
not shown).The studied lines ofNL-07 and BR-01contain oneextra RNA segmentof
approximately 3000 nucleotides in length. Northern blot hybridization experiments
revealed that these RNA molecules represent a defective L RNA segment (Fig.7).
No nucleotide sequence homology couldbe detected between the MandSRNAsof
BR-01and NL-07 using 32P-labelled cDNA probes of BR-01and NL-07.A very faint
reaction with a small region in the middle of the L RNA segment was observed using
the BR-01probe 806 (Figs.7and8).
Electron microscopy
Inelectron microscopical studies,typicalTSWV-likeparticleswerefound in leaf-dip
preparations ofN. clevelandii plants infected with NL-07 (Fig.9A).In tissue sections,
aggregates of virus particles were observed in large amounts in the endoplasmic
reticulumcisternaeincellsofImpatiensplantsnaturallyinfectedbythisisolate(Fig.9B).
StudiesonthinsectionsofMclevelandii,infectedwithNL-07,showedthatvirusparticles
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and nucleocapsid aggregates,designated earlier asdensemasses (Ie, 1982),occurredin
mesophyl cells(Fig.9C).Paracrystalline arraysofrigid rod-likefiberswereobserved in
parenchyma leaf cells of the same host (Fig.9D).
Immunogold decoration studies
Immunogold decoration experiments supported the results obtained by ELISA,
Western and Northern blot studies. Gold label could onlybe detected in thin sections
ofplantsinfected withNL-07(Fig.10A)andTSWV-I(datanotshown),whenantiserum
againstNL-07nucleocapsid proteinwasused.However,antiserumagainstNSsofBR-01
strongly labelled the fibrous inclusions consisting of paracrystalline arrays in NL-07
infected cells.Thisindicatesthat thisprotein ofbothisolatesmayshowhighaminoacid
sequence homology (Fig. 10B,C).
Usingantiserum to BR-01nucleocapsid protein (Fig.IIA), onlyafewgold particles
were observed onthe dense aggregates and fibrous inclusionsincellsofplants infected
withNL-07,and inaddition,onlyafewparticleswerefound tooccur onvirusparticles.
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Antiserum against BR-03 nucleocapsid protein slightly reacted with the nucleocapsid
aggregates and notwiththe fibrous inclusions (Fig.IIB).Theseresults suggest that the
nucleocapsid proteins of NL-07 and BR-03 might have a weak amino acid sequence
homology.Although theantiserum against viruspreparations ofBR-01did not react in
ELISAwithNL-07andTSWV-I (data notshown),significant labellingofvirusparticles
occurred whensectionswereincubated withantiserum against theGl protein ofBR-01
isolatedfromSDS-polyacrylamidegels(Fig.11C). UsingthesameantiserumonWestern
blots, a faint reaction was observed at the Gl position with NL-07 and TSWV-I (data
not shown).These results suggest that some internal epitopes on Gl maybe conserved
between BR-01, NL-07 andTSWV-I.
DISCUSSION
Thisstudyclearlydemonstratesthat theTSWV-likeisolateNL-07found onImpatiens
sp.inTheNetherlands,isalmostidenticaltoTSWV-I,aTSWV-likevirusfromImpatiens
inthe USAdescribed byLaw&Moyer (1990).Bothisolatesdiffer inseveralproperties
from otherTSWVisolates,suchasBR-01, (deHaanetal., 1990),BR-03andSA-05(de
Âvilaetal, 1990).
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F/g: 9- Electronmicroscopicalstudiesofisolate NL-07.(A) Leaf dippreparation, negativelystained with
uranyl acetate, from aNicotiana clevelandiiplant infectedwithNL-07. TSWV-likeparticles occurin large
amountsin the extracts. (B) Virusparticles in the endoplasmatic reticulum cisternae of naturallyinfected
Impatienssp.(C)Particlesandnucleocapsidaggregates(D)inamesophylparenchymacellofN. clevelandii,
mechanicallyinfectedwithNL-07. (D)Paractystallinearrayofrigidrod-likefibers(F)inaN.clevelandiileaf
cellinfectedwith NL-07. M:mitochondrion; P:chloroplast. Bars: OJnm.
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Fig 10- Immune/labelling of viral productsin N. clevelandii cells infected withisolateNL-07.(A) Gold
labellingofthenucleocapsidaggregates(D)usingNL-07nucleocapsidproteinantiserum.F:fibrousinclusions;
V:virusparticles;P:chloroplast. (B,C)Goldlabellingof thefibrousinclusions(F),formingparacrystalline
arrays, usingantiserum towards theNSsprotein ofisolate BR-01.Immunolabellingwith goldparticles was
enhancedbysilverstaining. V:virusparticles; N:nucleus; P:chloroplast. Bars: OJnm.
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Fig. 11- Immunolabelling of
viralproductsincellsinfected
with isolate NL-07. (A)
Section incubatedwith antiserum against nucleocapsid
protein of BR-01. Practically
no label occurs on dense
aggregates (D) or fibrous
inclusions(F).Virusparticles
(V) areslightlylabelled. (B)
Immunolabelling withantinucleocapsidserumofBR-03.
A weaklabelling of thenucleocapsid aggregates occurs
(D), but not of the fibrous
inclusions(F).(C)Significant
labellinginvirusparticles(V)
only in sections incubated
with antiserum against the
Gl glycoprotein of BR-01.
Bar: 03 nm.
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Both NL-07 and TSWV-I induce similar symptoms on the host plants tested, but
notable differences werefound between these isolatesand BR-01 in terms ofsymptom
expression ona number ofplants,widelyaccepted astest plantsfor TSWV(Francki&
Hatta, 1981). Someofthesolanaceoushostsdonotreactwithsystemicinfection (Table
1)which meansthat moreplant species are hypersensitive for these novel isolates than
for the established strains.The cytopathology of NL-07 resembles that of TSWV (Fig.
9A,D)(Francki &Grivell, 1970).Nevertheless, some cytopathological differences were
observed between NL-07 and TSWV-I.Virus particles are almost completely absent in
TSWV-Iinfected cells(Law&Moyer, 1990;Urbanetal., 1991). Thisobservationshows
thatTSWV-I isamorphologically defective virus,aphenomenon previouslyreportedby
Ie (1982);de Âvilaetal.(1990) and Resende etal. (1991b).
ELISA studies demonstrated that the NL-07and TSWV-I nucleocapsid proteins are
serologically closely related but distinct from those of BR-01, BR-03and SA-05
(Fig.3A,B).DeÂvilaetal.(1990) proposed toclassify TSWVinserogroups according
totheirreactionwithpolyclonalnucleocapsidproteinantisera.Thenovelisolatesstudied
nowhave tobe considered asrepresentatives of anewserogroup,designated III,since
theydonotreact withnucleocapsid antiserum prepared toBR-01(aserogroupIvirus),
and to BR-03 and SA-05 (serogroup II viruses). In addition both viruses do not react
with two monoclonal antibodies directed to the nucleocapsid protein of isolate BR-01.
Theserologicaldifferences betweenthenucleocapsid proteinsoftheserogroupI,IIand
III isolates is confirmed by the results obtained in Western blotting and immunogold
labelling studies.
Our results on the nucleocapsid proteins confirm those reported by Law & Moyer,
(1990), who demonstrated in Western blotting studies that the N protein of TSWV-I
differed serologically completely from that of another isolate they studied.
Kameya-Iwakietal.(1988) reported aTSWV isolateinwatermelon and Hayatietal.
(1990) in Verbesina alternifolia with nucleocapsid proteins which were serologically
different from theother isolatesstudied bythese authors.Whether theseviruses canbe
classified inanyofthegroupsestablished bydeÂvilaetal. (1990)needsfurther studies.
The faint reaction of BR-03 and SA-05 nucleocapsid protein antisera with the
nucleocapsid protein of the serogroup III viruses inWestern blots (Figs.4,5) suggests
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that the nucleocapsid proteins of these viruses have some internal epitopes in common.
Immunogold decoration experiments indicatethat epitopes on theG l glycoprotein are
shared between NL-07, TSWV-I and BR-01. This is in agreement with the results
obtained by Law & Moyer (1990).
The N protein of the TSWV serogroup I isolates has a Mr of 28.8 K (de Haan et al.,
1990; Maiss et al., 1991).The N protein of the serogroup III isolates is approximately 1
K smaller as shown in SDS-PAGE co-migration studies (Fig. 2).The differences found
in the serological studies between the nucleocapsid protein of the isolates of serogroup
I and III is supported by the results of the Northern blot hybridization experiments.
Using32P labelled cDNA probes of BR-01and NL-07 differences could not be detected
between both isolates, except for a small region in the middle of the L RNA. Sequence
analysis studies have revealed that this region contains the putative polymerase amino
acid motifs (de Haan etal.,1991).The studies presented herefurthermore demonstrated
that the isolates NL-07 and TSWV-I are almost identical, except that NL-07 contains a
defective L RNA molecule of approximately 3000nucleotides long.Resendeetal.(1991)
demonstrated the presence of defective L RNAs insome linesof theBR-01isolate.Such
defective L RNA molecules were also detected in the lines of the isolates BR-01 and
NL-07 used in this study. The occurrence of defective L RNA segments in NL-07
indicates that the generation of defective L RNA molecules is not restricted to the L
RNA of serogroup I isolates.
Law & Moyer (1990) did not detect any homology between S RNA of TSWV-I and
their common typeTSWV comparing their TSWVisolates usingaSRNA-specific clone.
These results were confirmed in this study. We detected no homology between the N
gene of serogroup I and III viruses using BR-01 and NL-07 probes (Fig. 7, 8). In
addition, no hybridization could be detected between NL-07,TSWV-I and BR-01 using
a NSs probe (Fig.7).However, sequence analysis has shown that both serogroups share
considerable amino acid sequence homology of the NSs gene (data not shown). Also,
immunogold labellingexperimentsrevealed that thefibrous structures,induced byNL-07
(Fig. 10B,C) are recognized byBR-01NSs antiserum, indicatingthat thisprotein of both
isolates possesses significant homology in the amino acid sequences. These results have
been confirmed by Kormelink et al. (1991) in a study in which the NSs protein of the
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TSWV isolates NL-07 (denoted then H7), E-01 (SI) and BR-01 (CNPHl) were
characterized.
Law&Moyer (1990) demonstrated that aMRNA-specific cDNA clone ofTSWV-I
did not cross-hybridizewiththecommontype.Similarresultswereobtained byususing
a Mprobe instudies with NL-07 andTSWV-I and suggest that no extensivehomology
exists between the isolates of serogroup I and III.
Classification of TSWV isolates using antigenic determinants on the internal
nucleocapsid proteins seems to be stable and reliable (de Âvilaetal.,1990) and isnot
affected when isolates become morphologically defective or when defective L RNAs
appear.
Both viruses are so distinct from the serogroups I and II isolates that they can
consideredtobenewvirusspecies,forwhichthenameImpatiens necroticspotvirusmay
be used. A similar proposal has been made byLawetal.(1991).More molecular data
are required to answer the question whether they have tobe placed in a newgenus or
deserve a real place in the genustospovirus.
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CHAPTER 5

DISTINCT LEVELS OF RELATIONSHIPS BETWEEN
TOSPOVIRUS ISOLATES

A. C. de Âvila, P. de Haan, M.L.L. Smeets, R. de O. Resende, R. Kormelink, E.W.
Kitajima, R.W. Goldbach, and D. Peters

SUMMARY

The taxonomie relations of a number of tospovirus isolates, collected in different
geographical areas and from different host plants, were studied. To delineate these
isolates, properties such as susceptibility of a limited range of host plants,
symptomatology,cytopathology,nucleocapsid composition,serologyoftheir nucleocapsid
proteins and nucleotide sequence homology were compared. The results show that
isolates which have previously been discriminated as members of three different
serogroups, should in fact be regarded as representatives of at least three distinct virus
species in the tospovirus genus.

Thischapterisinpressinaslightlymodified version as:deÂvila etal. (1992).Distinct levelsof relationships
between tospovirus isolates.ArchivesofVirology.
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INTRODUCTION
Tomato spotted wilt virus (TSWV) causes worldwide, but mainly in tropic and
subtropic regions, serious diseases in many agricultural, horticultural and ornamental
crops.Itistheonlyviruswhichisbiologicallytransmittedbythripsspecies(Peterset ai,
1991). The enveloped virus particles have a roughly, isometrical morphology with a
diameter of 70-110 nm.The virion contains four proteins: a nucleocapsid (N) protein
associated with three genomic RNA segments, two glycoproteins (Gl, G2) associated
withtheviralenvelopeandalarge(331.5K)proteinwhichhasbeenproposed tobethe
viral polymerase (de Haan etal.,1990; de Haan, 1991). Its genome consists of three
singlestrandedRNAmoleculesdenotedsmall(S)RNA(2916nucleotides),medium(M)
RNA (approximately 5000 nucleotides) and large (L) RNA (8897nucleotides).TheS
RNA encodes the N and a non-structural protein (NSs) in an ambisense gene
arrangement,whiletheLRNAencodingtheviralpolymerasehasanegativepolarity(de
Haan etal.,1990;de Haanetal.,1991;Kormelinketal.,1990).The MRNA codes for
the twoglycoproteins and presumably another non-structural protein (Kormelink etal.,
1992).
Based on its genome organization, TSWV has recently been classified as the sole
member ofthenewlycreated genus,Tospovirus, withintheBunyaviridae (Franckietal.,
1991).Thusfar, thevariousisolatesfound ininfected plantsandcropscouldnotreliably
be differentiated in strains or species usingbiological and morphological properties or
classical serology.Attempts byNorris (1946) and byBest and Gallus (1955) to classify
TSWVisolatesbystablesymptomcharacteristicshavenotbeenfollowed up,partlydue
to the lack of any other property to support this classification. Applying polyvalent
antisera and monoclonal antibodies to the N protein of the TSWV isolate BR-01, de
Âvilaetal.(1990,1992) distinguished three serogroups, denoted I,II and III.Members
of serogroup III deviate substantially from the serogroup I and II isolates in both
biologicaland serologicalproperties aswellasinnucleotidesequence homologyof the
Ngene.Hence,the serogroup IIIviruses are considered to form a separate species for
which the name Impatiens necrotic spot virus (INSV) has been proposed (Law etal.,
1991a,b and c;de Âvila etal.,1992;de Haan etal, 1992).
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In the present study, weshowthat serological and molecular properties can be used
to define criteria by which species can be discriminated within the genus Tospovirus.
With these criteria the taxonomical status of the seven selected isolates, previously
placed into three serogroups, willbe revised.
METHODS
Virus isolates, maintenance and nomenclature
ThetospovirusisolatesstudiedarelistedinTable1indicatingtowhichserogroupthey
belong (de Ävila etal.,1990, 1992) with their original designations and the new ones
usingthecountrycodefor automobileswhilethenumber refers totheisolatefrom that
country in our collection. However, SAhasbeen used for SouthAfrica instead of ZA.
Although NL-07 has already been recognized as a distinct virus, for which the name
Impatiensnecrotic spot virus has been proposed (Lawetal.,1991b, c; de Âvila etal.,
1992;de Haan etal.,1992),the notation NL-07willbe used throughout thisstudy.
The isolates in desiccated infected leaf material were stored in liquid nitrogen and,
whenrequired, recovered bymechanicalinoculation onNicotiana benthamiana Domin.
or NicotianarusticaL. using 0.01 M phosphate buffer, pH 7.0, containing 0.01 M
NaaSOa.
Studies on symptom expression
Symptom expression of the isolates was studied on a few plant species belonging to
sevenbotanicalfamilies (Table2).Theplantsweremechanicallyinoculatedusinginocula
from systemically infected N. rustica plants infected twoweeks before.
Antisera preparation, serological studies andimmunoblotting
Nucleocapsidfractions ofBR-01,E-01,BR-03,BR-06,SA-05,BR-08andNL-07were
extracted as described by de Âvila et al. (1991). Approximately 500 u.g of purified
proteinemulsified withincompleteFreund'sadjuvant (1:1)wasusedtoimmunizerabbits
with three intradermal injections at two-weekly intervals.Blood wascollected, starting
twoweeks after the last injection, over a period of four months.
85

Table 1.Serogrouping, notation and origin of the tospovirus isolates compared in this study.

Serogroup

Notation

Origin
Country

Host

I

BR-01
E-01

Brazil
Spain

tomato
pepper

II serotype I

BR-03
BR-06
SA-05
BR-08

Brazil
Brazil
South Africa
Brazil

tomato
tomato
groundnut
tomato

NL-07

Netherlands

Impatiens

serotype II

III

The isolates were analyzed in a double antibody sandwich ELISA format (DASELISA) (Clark & Adams, 1977). Serially diluted extracts (log 1.5 up to log 4.5) from
infected plants andpurified nucleocapsid preparations,containing5to100ngprotein/ml,
were used as antigen samples. An identical series of diluted extracts from healthy plants
was used as a negative blank in these assays. The isolates were also tested in a triple
antibody sandwich format (TAS-ELISA) using two monoclonal antibodies (MAbs)
directed tothe N protein of BR-01(Huguenot etal.,1990).In these tests,30-fold diluted
extracts from infected and healthy plants and 100ng/mlof purified nucleocapsid protein
were used as antigen preparations.
In addition, the isolates compared were analyzed by immunoblotting as described by
de Âvila et al. (1992) using antisera against native N protein and antisera against
denatured G l and N protein of the BR-01 isolate. Purified nucleocapsid preparations
and extracts from infected plants were used as antigen sources.Virus preparations were
obtained using the protocol of Tas et al. (1977).
Polyacrylamide gel electrophoresis
The molecular masses of the nucleocapsid proteins of all isolates studied were
estimated after analysis by electrophoresis on a sodium dodecyl sulphate (SDS)-15%
Polyacrylamide gel.
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Nucleocapsid profiles
Nucleocapsid pellets of the isolates BR-01, E-01, BR-03, SA-05 and BR-08 were
resuspended in 0.01 M sodium citrate buffer, pH 6.0, and centrifuged at 150,000g for
2.5 h in 20-40% sucrose gradients prepared with the same buffer (Peters et al., 1991).
The position of the nucleocapsid bands were recorded using an ISCO, model 185.

Electron microscopy
Electron microscopical studies were made on thin-sectioned N. rustica plant material
mechanically inoculated with BR-01, E-01, BR-03, BR-06, SA-05, and BR-08 as
described by Kitajima et al. (1992).
RNA extraction and Northern blot analysis
RNA was extracted from nucleocapsid preparations of each isolate after adding SDS
to a final concentration of 1% (w/v) followed by one phenol and two subsequent
phenol/chloroform (1:1) extractions and ethanol precipitation. The RNA extracts were
analyzed byelectrophoresis on 1% agarosegels,transferred to nitrocellulose membranes
by capillary blotting (Laemmli, 1970) and subsequently hybridized to
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P-labelled

tospovirus-specific cDNA fragments. To consider stringency conditions in heterologous
comparisons, the hybridizations were performed at 55,60 and 65°Cand the membranes
were washed in 2xSSC for 30 min, followed by another washing step for 20 min in
O.lxSSC containing 0.1%SDS.Two probes, complementary to certain regions in the S
RNA of isolate BR-01, were used: one probe (SI) corresponded to a stretch within the
NSs protein gene between nucleotides 12to 184,the other probe (S2) to astretch within
the N protein gene between nucleotides 2279 - 2885 of the S RNA (Kormelink et al.,
1992). Three, approximately 0.8 kb long N protein specific probes prepared by PCR
from the 3' ends of the S RNAs of BR-03, SA-05 and NL-07 were also included in this
study. These probes were denoted BR-03N, SA-05N and NL-07N, respectively. In
addition, a probe, PNL-07-2, derived from the 5' end of the NL-07 SRNA segment was
used. The homology of the L RNA of the isolates was studied using a BR-01 L derived
cDNA clone (PTSWV-331) ranging from nucleotide position 7212 to 8284 (de Haan et
al., 1991).
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Table 2.Symptomatological responses of several hosts to seven tospovirus isolates.
Host plants

Reaction on host
TSWV
BR-01

AMARANTACEAE
Gomphrena qlobosa L.
BALSAMINACEAE
Impatiens sp.
CHENOPODIACEAE
Chenopodium quinoa Wild
Ch. amaranticolor
Coste & Reyn
COMPOSITEAE
Emilia sonchifolia (L.)DC.
Zinnia eleqans Jacq. (a)
CUCURBITACEAE
Cucurbita sativus L.(t>)
LEGUMINOSEAE
Viqna unquiculata (L.)Walp (c)
Phaseolus vulgaris
Pisum sativum
Arachis h.ypoqaeaL.
SOLANACEAE
Capsicum annuum L. (d)
Datura stramonium L.
Lycopersicon esculentum Mill, (e
Nicotiana benthamiana Domin.
N. clevelandii A. Gray
N. qlutinosa L.
N. rustica L.
N. tabacum L.Samsum
N. tabacüm L.Samsum NN
Petunia hybrida Vilm. (f)
Physalis floridana Rydberg
Impatiens sp.

BR-03

E-01

I_**

5***

L

S

L

S

NL

-

NL

-

NL

-

NR

VC,Y

NR

VC,Y

VC
N(pp) _
N(pp) NR

N(pp) _
N(pp) -

NL
-

Mo
-

CS

Mo
Mo

CL

-

CL

-

CL
CL
NR
CR

Mo.LD

CL
CL
NR
CR
NR
CS
NR
NL
CS
NL
NR
NL
NL
-

NR
CS
NR
NL
CS
NL
NR
NL
NL
-

VC
Mo.B.W

Mo
Mo
C
Mo,B
VC.M.LD
M.LD
VN.LD
VC,M
VN.CS,M

VC
M,TN

CR

Mo.LD

VC
Mo,B,W

Mo
Mo
Mo
Mo.B

M
VN.M.LD
VN,M.LD

M
CS
VC
M
CR,M

N(PP) _
N(PP) "

CL
CL
CL
NR
CR
NR

Mo
Mo.LD

VC
Mo.B.W

Mo
Mo
N(PP) Mo
Mo.B
NR

e
s
NR
NL

e
s
NR
NR
NL
NL
-

L**: local;S***: systemic.
*B: bronzing; CL:chlorotic lesions; CS:chlorotic spots;CL(np)chlorotic lesions with
Mo: mottling; NL(b): necrotic local lesions (light-brown); W:wilting; H(pp): pin-point
VC: vein clearing; VN: vein necrosis; TN: top necrosis; Y:yellowing, (a)cv Renzenbloemig
(e)cv Moneymaker (f)cv Pink Beauty.

M.LD
VN.M.LD
VN.M.LD
VC.M
VC,M.LD
VC,M

Mo.VN
CR,Mo

plants *
isolates
SA-05

BR-06

BR-08

NL-07

L
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L

s

L

s

L

s
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-
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-
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-

NL

-
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CL
CL
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Mo.LD

CL
CL
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Mo.LD

Mo.LD

NL(b)
NL(b)

NR

Mo

CL
CL
NR
CR
NR
-

VC
Mo,B,W

Mo

N(pp) Mo
Mo,B
NR
VC.M.LD
e
s
M,LD
NR
VN.M.LD
NR
VC,M
NL
VC,M
NR
VC,Mo
NR

NL
NL
-

M
NR

N(PP) _
N(pp) -

Mo
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Mo.B.W

Mo
Mo
NR
N(pp) M
es Mo

e
s
NR
NL
NR
NR
NR
NL
NL
-

M,LO
VC.M.LD
M.LD(pp)

M
VC,Mo
VC,Mo

M
CR

es
e
s
NR
NR

VC
Mo.B W

Mo
Mo
M
Mo

VC,M LD
M,LD
VN,M LD

es
NR

M

NR
NL
NL
NR

M
Mo

VN,M, LD
VN,M D

NR

es
NS.VN
NR
NR
NL
NL
NR
NR
NL

_
NL
Mo
-

M.LD.D
VC.M.LD

NR.VN

M

-

NR.VN

necroticcentersD:deathoftheplant;LD:leaf-deformation;M:mosaic;
necrosis; HR: necrotic rings; NS: necrotic spots; SN: stem necrosis;
(b)cvLangegeletros(c)cvCalifornia Blackeye (d)cvWestlandseZoet
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RESULTS
Host rangeandsymptomatology
All plant species tested were susceptible to the seven isolates studied (Table 2).
ExceptNL-07,theisolatescouldnotbedifferentiated bythesymptomsinducedalthough
they differed inseverity and length of the incubation period. Theyinduced necrotic or
chlorotic spots and rings, followed by vein necrosis on the inoculated leaves of most
solanaceous hosts tested; amosaic, mottlingand leaf deformation appeared on the top
leaves followed by necrosis as the leaves of these hosts aged. Severe vein necrosis
occurred mainly on some hosts infected by BR-01, E-01, BR-03, BR-06 and BR-08
isolates which originated from tomato or pepper. Necrosis rarely occurred when the
solanaceous hosts were infected with SA-05, an isolate from groundnut. Remarkable
differences insymptomatology, however, werefound between these isolates andNL-07.
The latter isolate induced local lesions on the inoculated leaves ofDatura stramonium,
L. esculentum, Nicotiana tabacumL. "Samsun" and "Samsun NN", and failed to infect
thesespeciessystemically.NL-07developednumerouslocallesionsoninoculated leaves
of N. benthamiana and severe vein necrosis on young leaves. Plants died within two
weeks post-infection by a process that could be described as wilting induced by an
apparentlysystemicspreadofthevirus.Systemicinfections onCapsicumannuum L.and
N. rustica are occasionally caused by NL-07. Of the solanaceous hosts tested, Petunia
hybrida Vilm.reacted onlywithlocallesionsonleavesinoculated withallsevenisolates.
NL-07 induced only light brown local lesions on the inoculated leaves of Vigna
unguiculata (L.) Walp.whereasthe other isolatesinduced chloroticspots oninoculated
leaves followed by vein clearing, mottling and severe leaf deformation on full-grown
leaves.
All isolatestested induced dark brown necroticspots,often with concentric necrotic
rings, on the leaves of Impatiensplants while a number of leaves usually remained
symptomless. In addition, colour-breaking was noticed in the flowers. The symptoms
induced byNL-07were consistently found to be more severe.
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Cytopathology
Basically, all isolates studied exhibited similar cytopathological effects. In ultrathin
sections (Fig. 1), roughly spherical enveloped virus particles were observed within
membranebound cavities oftheendoplasmicreticulum system.Themature particlesof
mostisolatesoccurred asclustersinasinglecavity,withtheexceptionofthoseofBR-08
which were often found singlyin a vesicle.Aggregates of dense material representing
free nucleocapsids (NA) and inclusions offibrousmaterial (F),which contain the nonstructural protein (NSs) encodedbytheSRNA,werefound invaryingamountsincells
infected with all isolates studied. Nucleocapsid aggregates were rarely found in field
isolates but increased in amount after some mechanical transfers of the isolates. The
occurrenceoffibrousinclusionsseemedtobetimeandhostdependent astheycouldnot
be detected in samples collected at different times from some species, and were
consistently absent in plants of other host species.
Serological relationships
Serological relations between the isolates were studied in DAS-ELISA using serial
dilutions of purified N protein and of extracts from infected plants. Strongly positive
responseswereobtained withtheNprotein ofallisolates inhomologous reactions (Fig
2 A - F). No reaction was observed between the N protein of NL-07 and that of the
other isolates (Fig. 2F).The 100-fold lower response between the serogroup I and II
isolates and the absence of anyresponse with NL-07from serogroup III, confirms the
serological distinction previously made among the different serogroups. The 10-fold
lower responses between BR-03 or BR-06 on one hand and SA-05 and BR-08 on the
other (Fig.2B -E) confirm that theserogroup IIisolates canbe differentiated further
as has previously been shown (de Âvilaetal.,1990,1992).
Since similar results were found when serially diluted extracts from plants infected
with these isolateswere tested inDAS-ELISA, theobserved differences are not dueto
different virus concentrations in the plants (Fig.3).
The serological interrelationships were further tested using two MAbs, Nl and N2,
directed totheNprotein of BR-01.High responseswereobtained inreactionswith the
Nprotein of BR-01,whileno reaction wasobtained with BR-03,BR-06 andNL-07.
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w*V
Fig 1- Electron micrographs ofsixtospovirusisolatesin the cytoplasm ofleafmesophyll cells ofinfected
Nicotianarustica.Envelopedvirusparticles(V) coulabeobservedinvariousnumbers,sometimesinterspersed
withnucleocapsid aggregates (NA) orinclusions of fibrous material (F), BR-01(A), E-01(B),BR-03(C),
BR-06(D),SA-05(E),BR-08(F).M:mitochondrion, G:Golgi complex. Bars:0.5nm.
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Fig. 2-Comparison ofseventospovirusisolatesbyELISA usingadilutionseriesofNproteinasantigen and
polyclonalantisera (As)producedagainsttheNprotein ofeach isolate.A:BR-01As,B:BR-03As, C:BR-06
As, D:SA-05As, E:BR-08As andF:NL-07As Theabsorbance values (405nm) were measured 1h after
substrate addition.
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Fig. 4 • ELISA reactions of six tospoviruses using apanel of two monoclonal antibodies (Nl and N2) raised
to the N protein of isolate BR-01. Purified N protein samples (100ng) of each isolate were used as antigen
source. The identities oftospovirus isolates tested areindicated on the X-axis; the absorbance values (405 nm)
were measured 1h after substrate addition.

The isolates SA-05 and BR-08 only reacted with MAb Nl, but not with N2 (Fig. 4).
These results underline the previous conclusion that isolates BR-03 and BR-06 differ
distinctly from SA-05 and BR-08.
Western blot analysis confirmed and substantiated the resultsobtained inELISA (Fig.
5). The BR-01 and E-01 N proteins strongly reacted with the antiserum against the N
protein of BR-01, while only a faint reaction was observed with BR-03, BR-06, SA-05
and BR-08,and noreaction at allwithNL-07.The serological distinction between BR-03
and BR-06 isolates and the SA-05 and BR-08 isolates, all belonging to serogroup II,
could again be demonstrated in these studies (Fig. 5). As found with ELISA, the
antiserum to NL-07 N-protein showed only strongresponses in the homologous reaction
(Fig. 5, lane 7) and did not react at all with the N proteins of the other isolates, except
for SA-05 and BR-08, which gave a faint response (Fig. 5). Since both ELISA and
Western blot studies gaveidentical results it istherefore concluded that either technique
issuitable to differentiate the isolates usingantisera totheir N proteins.On the contrary,
when using an antiserum against denatured BR-01G l glycoprotein, the isolates studied
could not unequivocally be distinguished by Western blot (Fig. 6), suggesting that this
antigen is more conserved than the N protein.
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The apparent size of the G protein seems to vary from 78 to 82 K (Fig. 6). This
variation may, however, be caused by differences in glycosylation of this envelope
protein
Analysis of protein composition
On SDS-polyacrylamide gels, the N proteins of BR-01, E-01, SA-05 and BR-08
migrated slower than those of BR-03, BR-06 (Fig. 7) and NL-07 (de Âvila et al., 1992).
The migration rates correspond with a molecular mass of 29 K and 28 K, respectively.
The value of 29 K found, for the first isolates, matches rather well with the molecular
weights of the BR-01 N protein (28.8 K) as directly deduced from sequence data (de
Haan etal.,1990).However, the differences in molecular mass of theN protein does not
correspond with the serological partition of the isolates.
Nucleocapsid profiles
The sedimentation profiles of the nucleocapsids of each isolate extracted from N.
rustica displayed its own characteristic profile in sucrose gradients (data not shown).
Three nucleocapsid fractions were recognized after centrifugation of the nucleocapsid
material of BR-01, E-01,BR-03, SA-05 and BR-08.The top fraction contained S RNA,
the middle fraction M RNA and traces of S RNA, whereas the bottom fraction mainly
contained L RNA and readily detectable amounts of Sand M RNA (Peters etal.,1991).
When theisolateswere transferred several timesbymechanical inoculation, one or more
additional bands could be discerned in the gradient. These bands consisted of subgenomically sized, defective L RNA segments (Resende et al., 1991). Using the
extraction method described, it was not possible to extract the nucleocapsids of isolates
BR-06 and NL-07, and their profiles could therefore not be studied.
Northern blot analysis
All isolates contained the three genomic RNA segments characteristic of all
Bunyaviridae (Fig. 8). As they comigrated with the L, M, and S RNA of BR-01, thensizes are about 8.9 kb, 5.0 kb and 2.9 kb (de Haan, 1991). However, additional RNA
specimens, approximately 3.0 to 2.0 kb long, were found in RNA extracts of BR-01,
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Fig 8-Electrophoreticanalysis ofgenomicRNA ofseventospovirusisolates: isolate BR-01(lane1), E-01
(lane2), BR-03 (lane3), BR-06 (lane4), SA-OS (lane S), BR-08 (lane6) andNL07 (lane 7). Defective
interferingL RNA segmentsare indicated byopenupright triangles.

NL-07 and SA-05,respectively.Northern hybridization studies revealed that these RNA
molecules represented deletion-containing, defective derivatives of the L RNA segment
(Resende etal., 1991).The differences in migration rates ofS RNAs found between the
isolates (Fig. 8) were possibly due to the source (purified virus particle preparations or
nucleocapsid extracts) from which the viral RNA was extracted and hence reflect the
difficulty of completely removing the N protein during the RNA extraction.
The hybridization studies revealed significant divergence in sequence homologies
between the N genes of the isolates studied (Fig.9).These studies show that the probe
to the N gene of BR-01 (probe S2) weakly detected the N gene of the serogroup II
viruses, while probes derived from the N genes of serogroup II viruses (probes BR-03N
and SA-05N) did not, or only very weakly, recognize the BR-01 N gene (Fig. 9). No
homology was detected between the N gene of NL-07 and those of the serogroup I and
II viruses.
Almost similar results were obtained testing the NSs region of these viruses with
probes, S2 and PNL-07-02, corresponding with the NSs genes of BR-01 and NL-07,
respectively (Fig.9).These results demonstrate that the NSsgenes of these isolates have
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to&P-labelledDNA fragments. (A) HybridizationusingprobesS2,BR-03N, SA-05NandNL07N,which are
specificfortheNgenesoftheisolatesBR-01, BR-03, SA-05andNI^07,respectively. (B)Hybridization using
probes SI andPNLr07-2, both derivedfrom the non-structuralgene (NSs) of isolates BR-01and NL07,
respectively. The DNA probe PTSWV-331 isL RNA specific andderivedfrom the BR-01isolate. BR-01
(lanes1, S,9,13),BR-03(lanes2,6,10, 14), SA-05(lanes3,7, 11,IS) andNLr07(lanes4, 8,12, 16).

divergedataslightlylowerratethanthenucleocapsidgene.Thisconclusionissupported
byimmuno-decoration studies (Kitajima etal, 1992;Kormelink etal., 1991).
Alsoalargedivergencemaybeexpectedfor theLgeneastheBR-01 L RNA-specific
probe, PTSWV-331,did not hybridizewiththe L RNA segments of the other isolates.
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DISCUSSION
In this study seven different tospovirus isolates, previously placed into three
serogroups on the basis of ELISA studies (de Âvila etal.,1990, 1992;Kitajima etal.,
1992), have been further compared at the level of host range, symptom induction,
cytopathology, serology, nucleocapsid composition, and Western and Northern blot
analyses.Allplant speciestested were susceptible for the isolates compared. However,
isolate NL-07, a serogroup III member, produced only local lesions on the inoculated
leaves of most solanaceous species tested, whilethe other isolatessystemically infected
these species (Table 2).Differences inhostresponse canbe used asa criterion, though
certainly not as an ultimate one, to recognize isolates belonging to serogroup III.
Differences in the local lesions produced by NL-07 and the other isolates on V.
unguiculata canlikewisebeused asacriterion todistinguish serogroupIIIisolates from
those in serogroups I and II. Since symptoms of tospoviruses can attenuate during
mechanicaltransfers (Resendeetal., 1991),ormaychangeduetopointmutationsashas
been shown for tobacco mosaicvirus (Knoor &Dawson, 1988),the use of symptomsis
not without risk in the classification of viruses. The nucleocapsid composition of the
isolates,asrevealedbytheprofiles obtainedafter centrifugation ofpurified preparations
onsucrosegradients,showsthateachisolatesedimentsinacharacteristicpattern (Peters
et al.,1991). This patterns can not be used as a taxonomical criterion as the isolates
within a serogroup show a large variety of patterns.
The ELISA and Western blot analysis using polyclonal antisera to the N protein of
the different isolates and monoclonal antibodies raised against the Nprotein of BR-01
confirm the earlier results of de Âvila etal. (1990, 1992) which demonstrated that the
tospovirusescanbe divided intothreeserogroups,oneofthem contained twoserotypes
(Figs. 2, 4). The serogroups were defined by antigenic differences between the
nucleocapsid proteins of different viruses using polyclonal antisera, and serotypes by
antigenicdifferences between theNproteins ofviruseswithinaserogroupusingMAbs.
The absence of anyserological cross-reactivity between the N protein of NL-07 and
those of the other isolates suggests a large divergence between these N proteins. This
conclusion is also supported by the lack of any detectable cross-hybridization between
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BR-01 (serogroup I) andNL-07(serogroupIII) Ngeneprobes.Sequencedatarevealed
that the Nprotein of BR-01(de Haan etal., 1990) and those ofNL-07 (de Haan etal.,
1992) and TSWV-I (Lawetal.,1991a,c) which is almost identical to NL-07 (de Âvila
etal.,1992;de Haan etal.,1992) share an overall identity of 67%in their amino acid
sequences.These serological and molecular studies provide sufficient data to consider
theserogroupIandIIIviruses asdifferent specieswithinthegenusTospovirus, denoted
as tomato spotted wilt virus andImpatiens necrotic spot virus,respectively (Lawet al.,
1991a,b and c;de Âvilaetal., 1992;de Haanetal., 1992).In addition, the serogroupI
and II viruses are less distinct. Using ELISA, the N protein of these isolates are
consistently at least 100fold less reactive in heterologous reactions (Fig.2).Moreover,
one of the two MAbs produced to the N protein of BR-01 does not react with two
isolates of serogroup II,whileboth do not react with the other two studied isolatesof
this serogroup II (Fig.4).These observations, confirmed byWestern blot analysis(Fig.
5), prompted deÂvila etal.(1990) to distinguish twoserotypes in serogroup II (Table
1). Although it is clear from the present study that the serogroup II isolates do not
belongtothespeciesTSWVandINSV,itremainstobeestablished whether, serogroup
II represents one or two additional tospovirus species.This means that sequence data
are required to distinctively classify the taxonomieposition of these isolates.
Theserological datausingantiseraagainstdenatured Gl glycoprotein (Fig.6)andthe
results obtained byimmunogold decoration of thevirus particles (deÂvila etal., 1992;
Kitajima etal.,1992), show that this protein is more conserved than the nucleocapsid
proteinswithinthegenusTospovirus, anobservationalsofound forthegenusPhlebovirus
(Shope, 1985;Pifat etal.,1988).A similar conclusion has alsobeen madebyLawetal.
(1991a).
The present study clearlyshowsthat most phenotypictospovirus characteristics such
as cytopathology, nucleocapsid composition and sizes of RNA segments are genusspecific and cannot, thus, be used to define species. Other characteristics such as
nucleotide sequencesofcertaingenes,aminoacidsequences orderivativesthereof such
as serology are required to distinguish possible species.Distinction of tpspoviruses on
the basis of N protein sequence divergence may provide a reliable approach. The N
protein, part of the replication complex, has a central function during the infection in
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regulating the switch from transcription to replication, and encapsidating genomic and
anti-genomic RNA (Beaton & Krug, 1984, 1986).Thus we anticipate that this protein,
serving in different processes and showing significant diversity, will be useful in
establishing strains and species in the tospoviruses on the base of its serology and
primary sequences.
After some mechanical transfers aggregates consisting of nucleocapsid protein are
discerned in the infected cells. Since they lack a membrane envelope it is difficult to
reconcile that they are transmitted bythrips.In addition, transmission experiments with
lines consisting of morphological defective isolates were unsuccessful (data not
published). These defects either caused by internal deletions in the L RNA or by
morphological defects do not affect the serology using N-protein antisera or species
relationships.
Although notfully characterized, other tospovirusisolatescurrentlyreported asTSWV
may turn out to be new species. For instance, two viruses isolated from groundnut,
denoted as groundnut bud necrosis virus (Chanekar etal., 1979;Reddy etal., 1992) and
peanut yellow spot virus (Reddy et al., 1991) are likely candidates for new species.
Another one maybe watermelon silver mottle virus,since thisvirus appears serologically
different from TSWV (Kameya-Iwakiet al., 1988).Likewise, a tospovirus isolated from
Verbesinaalternifolia (Hayati etal., 1990) seems to lack anyserological relationship with
TSWV and INSV.Thorough studies,however, inwhich these isolatesare compared with
well characterized TSWV and INSV isolates have thus far not been reported.
In conclusion, our results show that various tospovirus isolates can be differentiated
by serological and molecular hybridization studies.The clear and consistent differences
observed among the isolates studied indicate that different species exist within the
tospoviruses.For aconclusiveclassification, however,sequencedata ofappropriate genes
or genome segments are required.
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CHAPTER6

CLASSIFICATIONOFTOSPOVIRUSESBASEDONPHYLOGENY
OFNUCLEOPROTEIN GENESEQUENCES

A.C. de Âvila, P. de Haan, R. Kormelink, R. de O. Resende, R.W. Goldbach and D.
Peters

SUMMARY

Thenucleotidesequences ofthenucleoprotein (N)genesofseventospovirusisolates
representing three serogroups were determined and used to establish phylogenetic
parameters todelineatespecieswithintheTospovirusgenusoftheBunyaviridae.Ahigh
sequence divergence (55.9% homology on nucleotide level) was observed between
isolates of serogroup I (tomato spotted wiltvirus,TSWV) and isolates ofserogroupIII
(Impatiens necrotic spot virus, INSV). The serogroup II isolates take an intermediate
position.Their Ngeneshave a75% homologywiththe Ngenes of serogroup I isolates
and 57%with those of serogroup III isolates.Whereas the isolates within serogroup I
or serogroup III showed almost identical sequences, the twoisolates BR-03andSA-05
ofserogroupIIsignificantly divergedfrom eachother (82.1%sequencehomology).The
resultsobtained supporttheconclusionthat,inadditiontothespeciesTSWVandINSV,
boththeserogroupIIisolatesBR-03andSA-05havetobeconsideredasdistinctspecies
within the genus Tospovirus for which the names tomato chlorotic spot virus and
groundnut ringspot virus are proposed respectively.

Thischapter isinpressinaslightlymodified version as:deÂvila etal. (1993).Classification of tospoviruses
based onphytogenyof nucleoprotein genesequences.Journal of General Virology.
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INTRODUCTION
Virusisolatesdescribed astomatospottedwiltvirus(TSWV)causeworldwideserious
diseases in many crops and infect a considerable number of different plant species
(Peters et al., 1991). Whereas in the past TSWV infections were mainly found in
(sub)tropical regions,devastating outbreaks also occurred in non-solanaceouscrops in
theNorthern Hemisphere inthe lastdecade.Thisexpansion iscaused bythe spread of
the thripsFrankliniella occidentalis (Perg.),an efficient vector ofTSWV,overthe USA
and Canada, and its subsequent invasion inEurope (Cho, 1986;Marchoux, 1990;Vaira
etal., 1992).
VirusparticlesofTSWVisolatesarespherical (70to 110nmindiameter)withalipid
membrane coveredwithsurface projections formed byglycoproteins.Theviralgenome
consistsofthreelinearsinglestranded RNAsegments,denoted L,MandS,complexed
withnucleocapsid protein (N) and presumablywithaviral transcriptase.The complete
nucleotidesequenceshavebecomeavailableforthegenomeoftheBrazilianisolate(BR01).TheLRNA(8.9kb)isofnegativepolarityandencodesaputativeRNApolymerase
of 331.5K(deHaan etal.,1991).The twoother genomicRNAs use ambisense coding
strategies.TheMRNA (4.8kb) codesfor aprecursor tothe twoenvelope proteins Gl
(78 K) and G2 (58 K) and a non-structural protein denoted NSm (Kormelink etal.,
1992a, b). The S RNA (2.9 kb) encodes the N protein (28.8 K) and another nonstructural protein (NSs,52.4K) (de Haan etal.,1990;Kormelink etal., 1991).
Based on the detailed knowledge of the BR-01isolate,TSWV hasbeen classified as
a solemember of the newlycreated genus Tospovirus within thefamily of Bunyaviridae
(Francki et al.,1991). In view of the worldwide spread of tospovirus isolates, able to
infect a high number of plant species (more than 500 are reported), one mayquestion
whether thesevirusisolatesdonot showenoughvariation toconsiderthemasbelonging
to more than one single virus species. De Âvila etal. (1990, 1992a, b) indeed showed
thataselectionof20isolatesoriginatingfrom different geographicalareasandcropscan
be divided intothree distinct serogroupsusingpolyclonal antibodies directed totheirN
proteins.MostisolatesstudiedbelongtoserogroupI,includingtypeisolateBR-01.The
serogroupIisolatesreacted onlyweaklywithantibodiestoserogroupIIviruses,andnot
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at all with antibodies raised against serogroup III viruses. This serogroup consists of
almost completely identical isolates from Impatiens plants in the USA (TSWV-I,Law &
Moyer, 1990,Law etal.,1991) and inThe Netherlands (NL-07, de Âvila etal.,1992a, de
Haan et al., 1992) differing entirely from the serogroup I and II viruses in a serological
way (Law & Moyer, 1990; Law et al., 1991; de Âvila et al, 1992a, b). Therefore,
serogroup III isolates are being considered asbelongingto adifferent species,which was
denotedImpatiens necrotic spot virus (INSV),whileserogroup Imayrepresent a species
for which the name tomato spotted wilt virus should be reserved. Furthermore,
serogroup II splits into two distinct serotypes (de Âvila et al., 1990), both of which
possibly represent an additional species. Other distinct TSWV-like isolates have been
found in groundnut (Chanekar et al., 1979; Reddy et al., 1991, 1992) and watermelon
(Kameya-Iwaki et al., 1988) but their relationship with the serogroup I, II and III have
not fully been characterized yet.
To establish criteria to define the taxonomie status of the various tospoviruses into
species, the nucleotide sequences of their N genes and their amino acid composition of
seven isolates, preliminary classified into three serogroups, were determined and
compared.
METHODS
Virus isolates
Isolate BR-03 was collected from tomato in Brazil, and SA-05, kindly supplied by
Dr G. Adam (Braunschweig, FRG), isolated by Dr. Pietersen from groundnut in South
Africa. Both isolates, classified as serogroup II members (de Âvila et al., 1991, 1992b)
were multiplied inNicotiana rustica L. var. America. RNA was extracted from purified
nucleocapsids as described previously (de Haan et al., 1989; de Âvila et al., 1990).
Complementary DNA clones and nucleotide sequence analysis
Complementary DNA (cDNA) was synthesized according to Gubler & Hoffman
(1983). The RNA was primed by a synthetic oligonucleotide (5'-CCCGGATCCTGCAGAGCAATTGTGTCA-3') containing a BamHI site, complementary to the first 15
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nucleotides at the 3' end of S RNA which is conserved between isolate BR-01 and
isolate NL-07 (de Haan etal., 1992).Double-stranded cDNA was made blunt-end with
T4 DNA polymerase and subsequently digested with BamHI, resulting in BamHI/blunt
cDNA fragments. These fragments were cloned inpUC19 plasmidvectors,digested with
BamHI and Smal (Yanisch-Perron etal., 1985).The specificity of clones was confirmed
by Northern blot hybridization (data not shown). Clones covering the N gene of BR-03
and SA-05 were selected and their nucleotide sequences determined with alkalinedenatured plasmid DNA as templates, using either the standard M13 forward and
reverse sequencing primers (Zhang et al., 1988) or synthetic oligonucleotides
complementary to previously determined sequences. Sequence alignments were
performed using the GCG Wisconsin software package (Devereux et al., 1984).

RESULTS
Molecularcloningandsequence analysis ofthe Ngenes oftheisolates BR-03and SA-05
Sequences of the N genes of various serogroup I and III isolates have previously been
been reported (de Haan et al., 1989;Maisset al., 1991;Law & Moyer, 1991).To obtain
sequence information oftwodistinct serogroups IIisolate (BR-03from Brazil and SA-05
from South Africa) their N genes were cloned. Using a specific primer complementary
to the 3'-termini of the genomic S RNA of BR-01 or NL-07, several cDNA clones of
BR-03 and SA-05 isolates, approximately 1 kb long, containing the complete coding
regions of the respective N proteins were obtained. Sequence determination of these
clones revealed that for both isolates the N gene ranged from nucleotide 153 to 942
(numbered from the 5' end of the vc strand (Fig. 1), corresponding with a N protein of
258 amino acid residues and a molecular weight of 28,677 K (BR-03) or 28,836 K (SA05). Both these figures and their homologywith the predicted products of the N protein
gene of isolate BR-01(see below) confirm that the cloned sequences represented the N
genes of the respective isolates. An alignment of the N gene sequences of serogroup II
isolates, BR-03 and SA-05, with those of serogroup isolate BR-01 and serogroup III
isolate NL-07 is presented in Fig. 1.
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Divergence among S RNA sequences of different tospovirus isolates
The determined nucleotide sequences of the S RNA of BR-03 and SA-05 were
compared with those ofBR-01(TSWV) and NL-07(INSV).The alignment shown inFig.
1 reveals that only the first fifteen nucleotides at the 3'-termini are fully conserved. The
remaining part ofthe3'noncodingsequence showsaremarkable lower homology.In this
region (till the start of the N gene) the serogroup II isolates display a homology of 65.8
(BR-03) to 70.9% (SA-05) with serogroup I and only46to 47%with serogroup III.The
homology in the 3' non-translated region of the S RNA of serogroup I and III isolates
was also estimated at 50.7% (de Haan et al., 1992). On the other hand, the sequence
homology of this region is highly conserved (99%) among isolates within serogroup I or
III,whereas it isless conserved between the two serogroup II isolates (88.1%, Fig. 1and
Table 1).
The same conclusions, as derived from the noncoding region, can be drawn from the
translated region within the various determined S RNA sequences, i.e. the N gene,
showing similar levels of divergence and conservation between and within serogroups,
respectively (Fig. 1 and Table 1).
Divergence among N protein sequences of different tospovirus isolates
Sincethe serogrouping of tospoviruses (de Âvilaetal.,1990,1992a,b) has been based
on analyses using poly- and monoclonal antibodies directed to the N protein, it is
worthwhile to determine whether this grouping fits with the rates of divergence in the
N protein sequences. Moreover, this sequence divergence can possibly be used as a
molecular parameter, and thus a true phylogenetic criterion for the classification of
tospoviruses into species and strains. To this end an alignment was made of the newly
determined serogroup II N protein sequences with those of previously published
sequence data from serogroup I isolates BR-01, Haw (from Hawaii) and L3 from
Bulgaria (de Haan etal.,1990;Maissetal.,1991; German, personal communication) and
NL-07 (Law et al., 1991;de Haan etal., 1992).The alignment is shown in Fig.2 and the
calculated percentages of sequence homology in Table 1.
The N protein sequences of the two serogroup II isolates was for 76.4 (BR-03) to 78.2
% (SA-05) homologous to all serogroup I isolates; the latter showing 99% or more
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Table1. Nucleotide andaminoacidsequencehomologies(%) ofthe3 endoftheSRNA moleculesof four
tospovirusisolatesencodingtheNprotein.

Tospovirus isolates
BR-01

BR-01

BR-03

SA-05

'65.8
#
74.2
*76.4

70.9
75.9
78.2

50.7
55.9
55.4

88.1
82.1
81.0

46.0
57.6
56.0

BR-03

SA-05

NL-07

47.0
57.3
54.0

C)% ofnucleotidesequencehomologyaty non-codingregionoftheSRNA. (#)% ofnucleotidesequence
homologyof theNgene.($)% ofaminoacidsequence homologyof theNprotein.

homologytoeach other.Thehomologiesintheproteinsequencesisconsiderablylower
(56-54%) between serogroup II and serogroup III isolates, and is of the same level as
the homologiesbetween serogroup I and III N protein sequences (Table 1).As found
for theNgene,also theNprotein sequences ofboth serogroups II isolates significantly
diverged, showingonly81% homology.Despitethisclear distinction,both serogroupII
isolates are serologically closer related to each other than to the isolates of the other
serogroups (De Avilaetal.,1991; 1992b).
Finally,examination ofthe alignment oftheNprotein sequences (Fig.2) ofthe three
serogroups reveals that four main domains in the N proteins are highly conserved
particularly between residues 51 and 204.Analysis of the N proteins showed that two
hydrophilic domains arelocated between the residues 30to 40and 160to 190,respecFig.1 -Alignment of theS end of the S RNA molecules carrying the N gene of four tospovirus isolates
representing threeserogroups. Nucleotidesarenumberedfrom theS endof thevcstrand. The nucleotide
sequencesoftheisolatesTSWV-L3andTSWV-Haw(serogroupI)andTSWV-I(serogroupJII)arenotshown
sincetheyarealmostidentical to thatofBR-01(serogroupI) andNL07 (serogroupIII), respectively. The
asterisks* indicatetranslationalstartandterminationcodons. Dotsrepresentinggapsareintroducedtoreach
anoptimal alignment. TheS terminal consensussequence is underlined.
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ALIGNMENTOFTHE3' ENDSOFTHESRNAMOLECULESOFDISTINCTTOSPOVIRUS SPECIES
1
TSHV BR-01 AGAGCAAUcG UGUCAauuuU guguucAuAc CullAacAcuCAgucuuAcAA AucaucAcAU UaagAaccUa AgaAAcgACu gCgggauaCa gaguugcacU
SA-05
AGAGCAAUuG UGUCAauuuU au.ucaAaAa CcUAauAcuC AgcaauAcAA AucaucAcAU UaacAggaUa AguAAcgACc gCggucuaCa guguugcacU
BR-03
AGAGCAAUuG UGUCAauuuU au.ucaAaAa CaUAcuAcuC AgcaacAcAA AucaucAcAU UgccAggaUa AguAAcgACu gCggucuaCa gagucguacU
INSV NL-07 AGAGCAAUuG UGUCAcgaaU ...auaAcAu CaUAuaAucC AaagcuAgAA AcugaaAaAU UacaAauuUu AccAAauACu aCuuuaacCg caaguacuaU
Consensus AGAGCAAU-G UGUCA U
A-A-C-UA--A—C A
A-AAA
A-AUU — A — U - A--AA—AC- -C
C
U
101
*
TSHV BR-01 UUcgcAccUU GAguuacaUa cggucaaAgc auauaAcAac Uuuuacgauc AucAUGucuA AgGuuAAGcU cACuAagGAa AgCAUugUug cuuUguUgAC
SA-OS
UUcucAccUU GAaucuuaUc ucucgagAaa ggucuAgAuc Uaaacuacc.AccAUGucuA AgGucAAGcU cACaAaaGAa AaCAUugUcu cucUuuUgAC
BR-03
UUcuuAccUU GAaucacaUc ucucgagAgc ggucuAgAuc Uacacugcca AaaAUGucuA AgGucAAGcU cACcAgaGAg AaCAUuaUcu cucUucUaAC
INSVNL-07 UUaguAauUU GAacacuuUa agcuuuaAag uuaguA.Aag Ucagcagauc AagAUGaacA AaGcaAAGaU uACcAagGAg AaCAUagUca agcUuuUgAC
Consensus U U — A — U U GA
U
A
A-A-U
A - - A U G — A A-G—AAG-U -AC-A--GA-A-CAU—U
U—U-AC

100

200

201
T S W BR-01 aCAaggcaaa gaccUuGAgU UUGAgGAAga uCAgAaucug GuagCaUUCA AcUUcaagac uUUuUgucug gAaAAcaucG AccagAUcaA GAAgAUGAgc
SA-05
uCAaucugag gaugUuGAgU UUGAaGAAga cCAgAaccag GuugCaUUCA AcUUuaagac uUUuUgucag gAaAAucuuG AccugAUuaA GAAaAUGAgu
BR-03
uCAggcugga gaaaUcGAgU UUGAaGAAga uCAaAucaag GcuaCaUUCA AcUUcgaaga cUUuUgcgga gAaAAucuuG AuucaAUcaA GAAaAUGAgc
INSV NL-07 uCAaucugau uccuUaGAaU UUGAgGAAac uCAaAaugaa GgguCuUUCA AuUUcacuga cUUcUuuacc aAcAAccguG AaaagAUucA GAAcAUGAcu
Consensus -CA
U-GA-U UUGA-GAA
CA-A
G — C - U U C A A-UU
UU-U
A-AA
GA
A U — A GAA-AUGA—

300

301
TSHV BR-01 guuauuUCaU GucUgaCaUU CcUaAAgAAU cGuCAgagcA UaAUGAagGU uaUuAAgcaa agcGAuUUuA CuUUUGGuaa aaUuACcAUa AAgAAaAc.
SA-05
aucacuUCaU GuuUgaCuUU CuUgAAgAAU cGcCAaagcA UcAUGAaaGU ugUgAAacaa aguGAuUUuA CuUUUGGcaa ggUcACgAUa AAgAAaA...
BR-03
auuaccUCaU GuuUgaCuUU CcUgAAaAAU cGcCAgagcA UcAUGAaaGU ugUgAAccuu uguGAuUUuA CcUUUGGgaa aaUcACaAUc AAaAAgA...
INSV NL-07 acugcaUCcU GccUauCcUU CcUcAAgAAU aGgCAaucuA UaAUGAgaGU caUuAAgagu gcuGAcUUcA CuUUUGGauc agUcACaAUu AAgAAaAcua
Consensus
UC-U G — U — C - U U C-U-AA-AAU -G-CA AU-AUGA-GU —U-AA
GA-UU-A C-UUUGG
U-AC-AU- AA-AA-A—

400

401

500

TSHV BR-01
UUC aGacAGgaUU GgaGgcAcuG AcAUGACcUU CaGAAGgCUU GAUagcuUGa UcAGgGUcag gCUugUuGaa ...gaaAcuG ggAAuucuga
SA-05
aUUC aGagAGggUU GaaGcuAaaG AcAUGACuUU CaGAAGgCUU GAUagcaUGa UaAGaGUgaa aCUcaUaGaa ...gagAcuG caAAcaauga
BR-03
aUUC uGgaAGggUU GgaGcuAauG AuAUGACuUU CaGAAGgCUU GAUagcaUGa UaAGaGUuaa gCUgaUuGaa ...gaaAcuG gaAAagcaga
INSV NL-07
gaaacaaUUC aGaaAGagUU GggGucAauG AuAUGACuUU CcGAAGaCUU GAUgcaaUGg UgAGaGUuca uCUugUuGga augauaAagG acAAuggauc
Consensus
UUC -G--AG—UU G—G—A—G A-AUGAC-UU C-GAAG-CUU GAU
UG- U-AG-GU— -CU—U-G
A—G —AA501
600
TSHV BR-01 gaauCUcaaU acuaucAaau cuAagaUUgC uuccCAuCCU uUgaUucaag CcUAuGGauU acCucucgau GAUgcaAAgU CugugagacU uGccaUaaUg
SA-05
gaauCUugcU aucaucAagg caAaaaUUgC cuccCAuCCU uUggUccaag CuUAcGGgcU gcCuuuggac GAUgcaAAaU CugugagacU uGccaUaaUg
BR-03
aaacCUugcU auuaucAagu cuAagaUUgC cucuCAuCCU cUugUucaag CuUAuGGucU gcCucugaca GAUgcaAAgU CuguaaggcU uGccaUaaUg
INSV NL-07 ugcuCUgacU gaagcuAuaa auAgccUUcC aaguCAcCCU cUgaUugccu CaUAuGGucU ugCaaccaca GAUuugAAaU CcugugucuU gGgugUucUc
Consensus
CU—U
A — —A—UU-C
CA-CCU -U—U
C-UA-GG--U — C —
GAU—AA-U C —
-U - G — U - - U -

601
TSHV BR-01 cUgGGAGGuA GcuUaCCUCU uAUuGCuUCa GUugauAgcu UuGAgAUgau cagugUugUc uugGCuAUaU AuCAgGAUgc aaAAuacaag GAccUcGGgA
SA-05
cUuGGAGGuA GuaUcCCUCU cAUuGCuUCu GUugacAguc UcGAaAUgau cagugUugUu cuuGCcAUaU AuCAaGAUag ucAAguacag GAguUaGGgA
BR-03
cUaGGAGGuA GuaUcCCUCU gAUuGCuUCu GUggacAgcu UuGAaAUgau cagcaUcaUc cuuGCcAUaU AcCAaGAUgc uaAAuauaaa GAucUuGGaA
INSV NL-07 uUaGGAGGaA GucUuCCUCU gAUaGCaUCu GUacugAauu UuGAaAUagc ugcacUagUu ccgGCuAUuU AuCAaGAUgc uaAAcauguu GAgcUuGGaA
Consensus -U-GGAGG-A G—U-CCUCU -AU-GC-UC- GU
A — U-GA-AU
U—U
GC-AU-U A-CA-GAU
AA
GA-U-GG-A

700

701
T S W BR-01 UcGAcccaaa gAAGUaugaC ACcAAgGAaG CcuUaGGaAA aGUuUGCACu GUgCUgAAAA GCAAAGcAUu UgaaAUGaAu gaaGaucAgg ugaagAAgGg
SA-05
UuGAaccaac uAAGUacaaC ACuAAgGAaG CucUgGGgAA gGUuUGCACu GUgCUgAAAA GCAAAGgAUu UacaAUGgAu gauGcacAag auaacAAaGg
BR-03
UuGAaccuuc gAAGUauaaC ACuAAaGAaG CuuUaGGaAA aGUcUGCACu GUgCUgAAAA GCAAAGgAUu UacaAUGgAu gaaGagcAag ugcagAAaGg
INSV NL-07 UuGAcauguc uAAGUuuagC ACuAAaGAgG CagUuGGgAA aGUgUGCACa GUuCUaAAAA GCAAAGgAUa UagcAUGaAc ucuGuugAaa uuggcAAgGc
Consensus U-GA
AAGU
CAC-AA-GA-G C-U-GG-AA -GU-UGCAC-GU-CU-AAAA GCAAAG-AU- U — A U G - A
G—A—
AA-G-

800

801
TSHV BR-01 gAAAgAgUAU GCugcuAUAC UuAgcuCcaG cAaUCCuAAu GCUAAaGGga guguUGCuAU GGAacAuUAC AguGAaacuC UUaacaaguU cUAugaaAUG
SA-05
gAAAgAaUAU GCuaagAUAC UcAguuCuuG cAaUCCcAAu GCUAAgGGaa gcauUGCuAU GGAcuAuUAC AguGAcaauC UUgagaaguU cUAugaaAUG
BR-03
gAAAgAaUAU GCuacaAUAC UcAgcuCuuG CAaUCCuAAu GCUAAaGGaa gcauUGCuAU GGAacAuUAC AguGAgcauC UUgacaaauU cUAugcaAUG
INSV NL-07 uAAAcAaUAU GCagauAUAC UaAaggCuuG uAgUCCgAAa GCUAAaGGac uugcUGCaAU GGAccAcUAC AaaGAagggC UUacauccaU uUAcagcAUG
Consensus -AAA-A-UAU GC
AUAC U - A — C — G -A-UCC-AA- GCUAA-GG
UGC-AU GGA-A-UAC A — G A
CUU
U-UA AUG

900

901
*
TSHV BR-01 UUcgggGuuA aaAagcAggc aaaacucgca GaacuUgcuUgA
SA-05
UUuggaGucA agAaagAggc caagauugcu GguguUgcaUaA
BR-03
UUcggaGuaA ggAaagAagc caaaauuuca GguguUgcaUgA
INSV NL-07 UUuaauGcuA cuAuugAuuu ugggaaaaau GauucUauuUaA
Consensus UU
G—A — A — A
G
U — U -A

1000
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ALIGNMENTOFTHENPROTEINSOFDISTINCT TOSPOVIRUS SPECIES
l
TSHV BR-OlHsKvKlTkEs
TSWV L3 HsKvKlTkEs
TSHV Haw HsKvKlTkEs
SA-05
HsKvKlTkEn
BR-03
HsKvKlTrEn
INSVNL-07HnKaKlTkEn
INSVI HnKaKiTkEn
Consensus H-K-K-T-E-

IvaLLTQgkd
IvaLLTQgkd
IvaLLTQgkd
IvsLLTQsed
IlsLLTQage
IvkLLTQsds
IvkLLTQsds
I--LLTQ—

lEFEEdQnlv
lEFEEdQnlv
lEFEEdQnlv
vEFEEdQnqv
1EFEEdQ1ka
lEFEEtQneg
lEFEEtQneg
-EFEE-Q—

aFNFktFde
aFNFktFcle
aFNFktFcle
aFNFktFcqe
tFNFedFcge
sFNFtdFftn
sFNFtdFftn
-FNF-F—

NldqlkkMsv
NldqlkkHsv
NldqlkkHsi
NldllkkHsi
HldsIkkMsl
NreklqnMtt
NreklqnHtt
N—I--H-

ISCLtFLKNR
ISCLtFLKNR
1SCUFUNR
tSCLtFLKNR
tSCLtFLKNR
aSCLsFLKNR
aSCLsFLKNR
-SCL-FLKNR

QSIHkVlkqs
QSIHkVlkqs
QSIHkVlkqs
QSIHkVvkqs
QSIHkVvnlc
QSIHriHksa
QSIHrViksa
QSIH-V

DFTFGktTIK
DFTFGklTIK
DFTFGktTIK
DFTFGkvTIK
DFTFGklTIK
DFTFGsvTIK
DFTFGsvTIK
DFTFG--TIK

Kt...SdRig
Kt...SdRlg
Kt...SdRlg
Kn...SeRve
Kn...SgRvg
KtrnnSeRvg
KtrnnSeRvg
K-—S-R-

100
gTDHTFRRLD
aTDHTFRRLD
aTDHTFRRLD
akDHTFRRLD
anDHTFRRLD
vnDHTFRRLD
vnDHTFRRLD
--DHTFRRLD

101
TSHVBR-Ol sMRVrLve. etgnsenLnt IksklaSHPL IqaYGLpldO aKSvrlaintGGS1PLIASVdsfEmisvVL AIYQDakykd LGIdpkKyDT kEAlGKVCTV
TSWV L3 sllRVrLve.etgnsenLnt IksklaSHPL IqaYGLpldOaKSvrLaimLGGS1PLIASV dsfEmisvVL AIYQDakykd LGIdpkKyDT kEAlGKVCTV
TSHVHaw sllRVrLve.etgnsenLnt IksklaSHPL IqaYGLpldO aKSvrLaimL GGS1PLIASV dsfEmisvVL AIYQDakykd LGIdpkKyDT rEAlGKVCTV
SA-05
SBiRVkLle.etannenLal ikaklaSHPL vqaYGLpldD aKSvrLaimL GGS1PLIASV dslEmisvVLAIYQDsqvqe LGIeptKynT kEAlGKVCTV
BR-03
sniRVkLle.etgkaenLal iksklaSHPL vqaYGLpltO aKSvrLaimL GGSiPLIASV dsfEmlsiiLAIYQDakykd LGIepsKynT kEAlGKVCTV
INSV NL-07amvRVhLvgm IkdngsaLtealnslpSHPL lasYGLattD IKScvLgvlL GGSIPLIASV InfEiaalpLAIYQDakhve LGIdmsKfsT kEAvGKVCTV
INSVI
amvRVhLvgm IkdngsaLte ainslpSHPL lasYGLattD IKScvLgvlL GGSIPLIASV InfElaalvLAIYQOakhve LGIdmsKfsT kEAvGKVCTV
Consensus — R V - L
L
I-SHPL — Y G L — D -KS--L—L GGS-PLIASV — E
LAIYQD
L G I — K - - T -EA-GKVCTV
201
TSHV BR-Ol LKSKafeHne
TSHVL3 LKSKafeHne
TSHVHaw LKSKafeHne
SA-05
LKSKgftHdd
BR-03
LKSKgftHde
INSV NL-07 LKSKgysHns
INSVI
LKSKgysHns
Consensus L K S K — M —

dqvkKgKeYA
dqvKKgKeYA
dqvkKgKeYA
aqdnKgKeYA
eqvqKgKeYA
velgKaKqYA
velgKaKqYA
K-K-YA

alLsssnPnA
alLsssnPnA
alLsssnPnA
kILsssnPnA
tILsscnPnA
dILkacsPkA
dILkacsPkA
-IL-—P-A

KGsvAHehYs
KGslAHehYs
KGslAHehYs
KGslAHdyYs
KGslAHehYs
KGlaAHdhYk
KGlaAHdhYk
KG—AH--Y-

EtLnkfYeHF
EtLnkfYeHF
EtLnkfYeHF
DnLekfYeHF
EhLdkfYaHF
EgLtslYsHF
EgLtslYsHF
E-L—Y-HF

200

262
gvkkqaklaela
gvkkqakltela
gvkkqakltela
gvkkeaklagva
gvrkeakisgva
natidfgkndsi
natidfgkndsi

Fig2-AlignmentoftheNproteinsequencesofseventospovirusisolatesrepresentingthreeserogroups.Dots
are introduced toreach optimalalignment
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Fig. 3 -Putativephylogenetictreeoftospovirusesbasedon the homology(%)of the nucleotidesequence of
thenon-coding(A) and codingregion (B)of the Ngene encodedby theSRNA segment, and aminoacid(C)
homology(%) of the nucleocapsidprotein.
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tively.Ahighlyconserved hydrophobic domainwasidentified inthemiddle (125to160
residues).It isnoteworthy that theposition ofthemethionine residues inthe Nprotein
ofallisolatesstudied areconserved andthatmainlyalphahelixforming aminoacidsare
present.
DISCUSSION
Traditionally, the classification of Bunyaviridae has mainly been based on serology,
which resulted ina categorization ofthesevirusesintoserogroups andserotypes (Elliot,
1990).Followingthisclassification, andusingtheantigenicpropertiesofthenucleocapsid
protein three serogroups (I toIII) havethus far been recognized within the Tospovirus,
agenusoftheBunyaviridae (Franckietal., 1991).SincetheInternational Committeeon
Taxonomy of Viruses has recently introduced thespecies concept invirus taxonomy,it
is important to define criteria to delineate species and to avoid the use of less
discriminative concepts such as serogroup and -types. In this paper the nucleotide
sequences of the N protein gene of two serogroup II isolates, BR-03 and SA-05,have
beendetermined and comparedwiththoseofserogroupIandIIIisolatesastoestablish
discriminative and phylogenetic criteria to define tospovirus species.The crucial role
played by this protein in processes as regulating the switch from transcription to
replication, functioning inthereplication complexand encapsidatinggenomicand antigenomic RNA (Beaton & Krug, 1984; 1986) support its selection to define taxonomie
criteria for tospoviruses.
The phenotypic and molecular characteristics of the serogroup I and III isolates are
basically somuch different (Table 1,Law&Moyer, 1990;Lawetal.,1991;de Haanet
al., 1992;deÄvilaetal., 1992a)andtheir Nproteinsequencesdivergedtosuchanextent
(55.4% homology) that these two groups can certainly be defined as two different
species.SerogroupIcontainstheoriginaltomatospottedwiltvirusisolatesincludingthe
typeisolateBR-01(deÂvilaetal., 1990)and therefore wepropose toemploythename
TSWVtoreplacethetermserogroupI(Table2).TheisolatesofserogroupIIIrepresent
a second species, recently proposed asImpatiens necrotic spot virus (INSV) (Law &
Moyer, 1990;Lawetal., 1991,1992;deÂvilaetal., 1992a,b;deHaanetal., 1992).With
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respect to serogroup II isolates it wasevident from serological studies that they differ
notifiable from TSWV and INSV (deÂvilaetal.,1992b).Their taxonomiestatus could
not unequivocally be clarified due to overlapping phenotypic characteristics, like host
range, symptom expression and cytopathology. Serology using monoclonal antibodies
against the N protein showed that these isolates could be divided into two serotypes.
Analysis of the nucleotide sequences of the Ngene, the amino acid sequence of theN
protein, and the nucleotide sequences of the untranslated 3' end regions of the S
segment showed that thesesequences are 82.1,81and 88.1%homologousbetween BR03 (serotype I) and SA-05 (serotype II) (Table 1). Although the rate of divergence
between these two isolates isless than between TSWV and INSV isolates,we propose
to consider them astwodistinct species.Thisproposal issupported bythe observation
that the N genes within the TSWV and INSV species, with isolates originating either
from Brazil,HawaiiandBulgariaorfrom theUSAandTheNetherlands,haveanalmost
100%nucleotide homology.The twonovelspeciesmaybenamed tomato chloroticspot
virus (TCSV) and groundnut ringspot virus (GRSV) for the serotype I (BR-03) and II
(SA-05) viruses,respectively (Table2).
Other, not fully characterized, tospoviruses are currently reported as possible new
species (Chanekar etal.,1979;Kameya-Iwakietal., 1988;Reddyetal., 1991,1992) but
clarification of their taxonomieposition awaits further studies.
It is noteworthy that the similarity in N proteins among the three serogroups (now
species) ofthe Tospovirus genusishigher thanamongserogroupsoftheBunyavirus and
Phlebovirus genera. The Nproteins of sixviruses representing three serogroups in the
genusBunyavirus show an overall sequence similarity of 40%,whereas a homology of
80% or more occurred within a serogroup (Elliot, 1990). The Phlebovirus genus N
proteinsshowadivergencewhichratesfrom 54to30%amongserogroups,and ahigher
relatedness withinasingleserogroup (Simonsetal., 1990;Giordietal., 1991).However,
the amino acid homology of the Hantavirus genus N proteins varies from 61 to83%
(Arikawa etal.,1990;Stohwasser etal.,1990).Thesevalues resemble those now found
for the Tospovirus genus. The similar homologies found in both genera might be
explained bystronger constraints on the evolution of the Nprotein genes.
The limited number ofvectors used bytospoviruses (Sakimura, 1962) and the non116

Table 2.Proposedspecies within thegenusTospovirus (Bunyaviridae).
Origin

Sero-

Isolate

Country

Host

group type

Species

BR-01

Brazil

Tomato

I

tomato spotted wilt1
(TSWV)

BR-03

Brazil

Tomato

II

SA-05

South
Africa

Groundnut II

TSWV-I
NL-07

USA
Impatiens
Netherlands Impatiens

III

I

tomato chloroticspot2
(TCSV)

II

groundnut ringspot3
(GRSV)
Impatiens necrotic spot4
(INSV)

W deHaan etal. (1990);deÂvilaetal. (1990) &deÂvilaetal. (1990,1992b)®deÂvilaetal. (1990, 1992b)
<"> Lawetal. (1991, 1992); deÂvila etal. (1992a, b); deHaan etal. (1992).

biological transmission of the hantaviruses between rodents and humans (GonzalesScarano &Nathanson, 1990) maybe oneof these constraints.The viruses ofthe other
twogenera,Bunyavirus andPhlebovirus, displaying higher divergence in the Nprotein,
are transmitted by vector species belonging to different families or orders such as
mosquitoes,Culicoides,phlebotominesandticks(Gonzales-Scarano &Nathanson,1990;
Peters,1991).
TheBunyaviridae are classified intofivegenerabased ontheir mode of transmission,
codingstrategy and composition ofthe3' and5'endterminalsequences (Franckietal.,
1991). The viruses, within the four genera consisting of viruses infecting animals, are
basically classified into antigenicgroups usinghemagglutinin andneutralizing antigenic
determinants present on virus glycoproteins and complement fixation associated with
nucleocapsidprotein(Gonzales-Scarano&Nathanson,1990).Theseserologicaldata,and
alsomolecular datafound for some,support theexistenceofseveralvirusspecieswithin
eachgenusofthisfamily (Gonzales-Scarano &Nathanson, 1990;Elliot, 1990).However,
parameters or criteriabywhichspecies could taxonomicallybedistinguished withinthe
four genera, as nowproposed for tospoviruses, still await to be formulated.
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CHAPTER7

CONCLUDINGREMARKS

Tomatospottedwiltvirus(TSWV)hasbeenconsidered foryearstoform amonotypic
plant virusgroup, not related to anyother taxonomiegroup of plant viruses.Based on
themorphological andmolecular properties asdetermined inour laboratory duringthe
past four years, the virus has been identified as a member of the Bunyaviridae, a large
family of viruses thus far onlyregarded to infect animals.SinceTSWV is unique in its
propertytoinfectplants,ithasbeenplacedintoanewlycreatedgenus,calledTospovirus
(Franckietal., 1991).AsTSWVoccursworldwide,usingseveralthripsspeciesasvector
(Sakimura,1962;Best,1968)and-moreover-infecting animpressivehostrange,itmay
be wondered whether all TSWV isolates belong to a single virus species. This thesis
reportsstudiesaimedtoanalyzeandtoestablishanumberofpossible,buttaxonomically
stabledescriptorstoclassify thevariousisolatesfrom different geographicalregionsand
cropsbytheirphenotypicandmolecular characteristics.Suchaclassification isrequired
to analyze the ecology and epidemiology of tospoviruses and to sustain resistance
breeding in susceptible crops.
The first attempts to classify TSWV isolates were based on host responses. Some
isolates were differentiated into strains evoking different symptoms on a series of
indicator plants.Thisclassification hasnot beenfollowed upin thepast due to thelack
of other descriptors. However, this situation has drastically been changed with the
development ofreliablyserologicalmethods,theproduction ofspecificandhightittered
antisera, and the elucidation of the nucleotide sequences of thegenome.
Like for the other genera within the Bunyaviridae, serological parameters can be
applied todelineate antigenicgroupswithin the Tospovirus genus.The results reported
in this thesis show that the nucleocapsid (N) protein represents a useful parameter to
discriminate between tospoviruses in serological studies, using either polyclonal or
monoclonal antibodiesdirected tothisprotein.Thusthreedistinct serogroups (I,IIand
III) could be distinguished (Chapters 2,4 and 5),while,based on different reactivities
with monoclonal antibodies, two serotypes (I and II) could be recognized within
serogroup II. Most phenotypic tospovirus characteristics such as host range, symptom
expression, particle morphology, cytopathogenicity, morphology of inclusion bodies,
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nucleocapsid composition and sizes of RNA segments turned out to be genus specific
and could, therefore, not be used to differentiate species unambiguously (Chapters 3, 4
and 5). The serogroup I and II isolates evoke systemic infections on most solanaceous
species tested, whereas serogroup III viruses induce necrotic symptoms in these hosts,
which remain either restricted to the inoculated leaves or expand into the neighboring
parts followed by death of the plant. This difference in symptom response is more of
epidemiological than of taxonomical interest.
However, the absence of any serological cross-reactivity between the viruses of
serogroups I and III justifies to consider them as different species. This conclusion is
backed by the sequence divergence of their N protein sequence (55.4% amino acid
sequence homology). The serogroup III viruses are therefore proposed to represent a
novel species for which the nameImpatiens necrotic spot virus (INSV) has been coined,
while for serogroup I, comprising the most detailed studied Brazilian isolate BR-01, the
name tomato spotted wilt virus has been reserved (Chapter 4).
The serogroup II isolates do not onlysignificantly differ from serogroups I and III but
also exhibit intra-group variation within the serogroup. They could be split into two
serotypes usingtwomonoclonal antibodies directed totheNprotein ofthe isolate BR-01
(Chapters 2 and 5).Analysis of the S RNAs of BR-03 (serotype I) and SA-05 (serotype
II) showed that the N genes, and non-translated 3' regions are only homologous for 82.1
and 88% (Chapter 6). A homology of 81% was found for the N proteins of these two
isolates. These values are significantly lower than the identity of 99% or more of the N
genes of isolates which belong to one of the other two serogroups. This strong
conservation of sequences among isolates belonging to serogroup I or serogroup II
justifies to consider the serotype I and II isolates of serogroup II also as two different
species for which the names tomato chlorotic spot virus (TCSV) for the isolate BR-03
(serotype I) and groundnut ringspot virus (GRSP) for the isolateSA-05(serotype II) are
coined (Chapter 5). The complete absence of any protection against these viruses in
transgenic tobaccolineswhich are highlyresistant toTSWV supports this conclusion (de
Haan et al, 1992).
The proposed taxonomy of the tospoviruses is thus mainly based on the divergence of
the N protein sequence as established byserology and/or sequence determination of the
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Ngene.Thisseemstobethemostreliableandfeasible approach toclassifytospoviruses
asthis protein indeed displays a clear divergence.An additional advantage of selecting
the N protein for taxonomie purpose, is that identification is still possible even when
eventually an isolate becomes morphologically defective during its maintenance under
laboratory conditions, i.e. does not produce glycoproteins (Resende et al.,1991), or
generate defective interfering L RNA (Resende etal., 1992).
TherateofNproteinsequencedivergenceamongthedifferent tospovirus serogroups
issignificantly lower than within thePhlebovirus andBunyavirus genera (Simonsetal.,
1990;Giordi etal.,1991; Elliot, 1990)but iscomparable to the Nsequence divergence
found within the genusHantavirus (Arikawa etal.,1990;Stohwasser etal.,1990).One
plausible explanation for these discrepancies is that viruses of the Phlebovirus and
Bunyavirus genera are transmitted by vector species belonging to different dipteran
families such as the Psychodidae (sandflies), Culicidae (mosquitoes) and
Ceratopogonidae (bitingmidges) andanacarianfamilyIxodidae(ticks)whichmayhave
ledtodistinct adaptationsandtherefore further divergence.Alongthislinetheevolution
of the tospoviruses would be more restricted as they can only pass through a limited
number of thrips species during their transmission. The niche of hantaviruses is also
narrow astheir occurrence isrestricted to rodentswhilethey are transmitted in aspinoff process by contact to human beings.
However, it remains difficult to explain why tospoviruses developed the existing
variations in their Nprotein sequence duringtheir evolution.Thisvariation may reflect
thebiovariation needed tocovertheirverybroadhostrange,comprisingalargenumber
ofboth mono-and dicotyledons.Thus far more than550plant species,belonging to at
least 70 families, have been reported to be susceptible to tospoviruses (Peters,
unpublished data).Manybelongtothe Compositae andSolanaceae.However, asINSV
causesusuallynecroticresponsesonthesolanaceousspecies,thenumberofsolanaceous
species involved in the spread of this virus will be limited. The niche of this species
seems to consist of other plant species, e.g those used as ornamentals (Vaira etal.,
1992). The host range of the other two proposed species, TCSV and GRSV, greatly
overlaps with the host range of TSWV (Chapter 5).
Analysisoftheglobaldistribution ofthetospovirusesshowsthattheisolatesbelonging
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to serogroup I (i.e. the species TSWV), wherever collected, are serologically almost
identical.TheINSVisolatesType-IandNL-07(Chapter 4),originatingfromintheUSA
andTheNetherlands,respectively,andanumberoflesswellcharacterizedINSVisolates
found in France and Italy are also serologically indistinguishable. Finding of virtually
identicaltospovirusesworldwidemaymeanthat no"OldWorld"or"NewWorld"isolates
canbe distinguished, asfound for theArenaviridae.Thusfar, the spread ofTCSV and
GRSV seemstoberestricted tothe (sub)tropics astheyhaveonlybeen found inBrazil
andSouthAfrica. Finally,groundnut seemstobe anallopathichost for tospoviruses.In
the USA, TSWV seems tobe the most abundant virus in this crop (Mitchell &Smith,
1991),whilegroundnut ringspotvirusisfoundinSouthAfrica.InIndia,groundnuthosts
budnecrosisvirus(GBNV),whichpresumablyrepresentsanadditionalothertospovirus
species (Reddyetal., 1992). Theprevalence ofdifferent tospovirusesingroundnut may
be explained bythe different thrips speciesprevailing in groundnut in these countries.
GBNVistransmittedbyThripspalmiKarny(Palmer etal., 1990),whereasFrankliniella
fiiscaHinds seemstobethe mainvector ofTSWVingroundnutsintheUSA (Mitchell
&Smith,1991). NoinformationisavailableonthethripsspeciestransmittingTCSVand
GMSV.
Althoughnotfullycharacterized,othertospovirusisolatescurrentlyreportedasTSWV
may turn out to be further new species in the genus Tospovirus.A serological
comparison showed that GBNV is serologically unrelated with TSWV and INSV,
confirmingtheideathatGBNVisindeedanothertospovirusspecies(Reddyetal., 1992).
Other noveltospovirusesmayincludewatermelonsilvermottlevirus(WSMV)(KameyaIwakietal., 1988;Yeh etal., 1992) and a tospovirus isolate from Verbesiana alternifolia
(Hayati etal.,1990). Finally, peanut yellow spot virus (PYSV) may represent another
species (Reddy etal.,1991).Detailed studies, inwhich all these isolates are compared
with the more thoroughly studied specieshave thus far not been reported.
Thepresent studydemonstrates thatTSWVisnotthesolemember oftheTospovirus
genus, but that several species make up this genus (Chapter 6). The proposed
classification for tospoviruses based on phenotypic characteristics and molecular
parameters (primarily sequence data ofthenucleocapsid gene) canbeused to describe
the taxonomieand phylogenetic relationsbetween the tospoviruses.
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SAMENVATTING
Het bronsvlekkenvirus van de tomaat, dat in het Engels "tomato spotted wilt virus"
(afgekort: TSWV) wordt genoemd, iseenwereldwijd voorkomend plantepathogeen. Het
veroorzaakt - met name in de tropen - veel schade aan een groot aantal gewassen. Het
viruswordt uitsluitend door tripsen verspreid. Recentelijk ishetvirusveel aandacht gaan
trekken nadat de Californische trips,Frankliniellaoccidentalism ëën van de belangrijkste
vectoren van dit virus, zich isgaan verspreiden over het noordelijk halfrond, en wellicht
zelfs over de gehele wereld, vanuit de westelijke staten van de Verenigde Staten van
Amerika.
Het ontbreken vangoede antisera enmoleculaireinformatie heeft lange tijd een goede
classificatie van dit virus in de weg gestaan. Dit leidde er toe dat het virus aanvankelijk
ineenmonotypische plantevirusgroep werd ondergebracht. Op grond van morfologische
eigenschappen, wijze van overdracht en genoomstructuur is het virus thans
ondergebracht bij de Bunyaviridae, een grote familie van diervirussen die biologisch
veelal door tal van insecten en teken overgebracht worden. Vanwege het afwijkend
gastheerbereik (planten in plaats van dieren) isTSWV binnen deze familie in een apart
genus (Tospovirus) ondergebracht.
De virusdeeltjes hebben een diameter van 70 tot 110 nm. Zij bestaan uit drie
nucleocapsiden omgeven door een lipidemembraan. Deze membraan bevat twee viraal
gecodeerde glycoproteinen, G l en G2, genoemd. Het genoom bestaat uit drie
enkelstrengs lineaire RNA segmenten, die S (small), M (medium) en L (large) RNA
worden genoemd en met het nucleocapside eiwit de drie nucleocapsiden vormen.
Op grond van het grote waardplantenbereik van TSWV en het vermogen te worden
overgebracht door verschillende tripssoorten mag verwacht worden dat er een grote
variatie tussen verschillende isolaten van dit virus kan bestaan.Tot voorkort washet niet
mogelijk om de diverse isolaten op welke manier dan ook te onderscheiden. Dit
proefschrift beschrijft een studie waarin het onderscheiden en classificeren van TSWV
isolaten centraal stond. Kennis van de variabele eigenschappen waarin TSWV isolaten
kunnen verschillen is niet alleen louter van taxonomisch belang maar ook essentieel om
tot een gerichte en verantwoorde bestrijding van het virus te komen, zijn epidemiologie
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te leren kennen en over de juiste toetsen te kunnen beschikken in de veredeling van
resistente gewassen.
Allereerst iser een analysegemaakt van een twintigtal verschillende TSWVisolaten,
gebruikmakend van een polyklonaal antiserum dat bereid was tegen gezuiverde
nucleocapside-eiwit (N)preparatenvaneenTSWV-isolaatuitBrazilië (BR-01),entwee
monoklonale antisera tegen ditzelfde eiwit.Uit deze studie bleek (Hoofdstuk 2) dat de
getoetste isolaten in twee serogroepen uiteen vielen. Zestien van de twintig isolaten
vertoonden eenzelfde reactie met de gebruikte antilichamen (serogroep I).De overige
vier isolaten reageerden slechts zwakmethet BR-01antiserum.Tweevandeze isolaten
reageerden met geen van beide monoklonalen, de twee andere slechts met een van
beiden. Deze vier isolaten werden in een tweede serogroep (serogroep II) met twee
verschillende serotypen,I enII,ondergebracht. Dezestien serogroep Iisolaten diemet
BR-01anti-N-serum reageerden, worden -omdat demeeste inhet veld op tomaten en
peper zijn gevonden -verder als isolaten vanTSWV aangeduid.
Inhetderdehoofdstuk wordenderesultatenvaneencytopathologischestudieaaneen
dertigtal TSWV isolaten beschreven. Dunne weefselcoupes van geïnfecteerd
plantemateriaalwerdenbestudeerd doormiddelvanelektronenmicroscopieenimmunogoud analyse.Tussen deverschillende isolatenwerdenincytopathologisch opzicht geen
principiële verschillen gevonden. Naast de virusdeeltjes die meestal in clusters in de
cisternaevanhetendoplasmatischreticulumvangeïnfecteerde cellenvoorkomen,worden
inhetcytoplasmaookelektronenmicroscopischdichteaggregatenenfibrillairestructuren
aangetroffen. Deaggregatenblekenondermeeruitnucleocapside-eiwittebestaan,terwijl
de fibrillaire structuren, die in verschillende vormen voorkomen, specifiek reageerden
metantiserategenhetnon-structureleeiwit(NSs)datdoorhetSRNAgecodeerdwordt.
In het vierde hoofdstuk zijn debiologische eigenschappen beschreven van een sterk
afwijkend Nederlands isolaat (NL-07),dat echter groteovereenkomst vertoont met een
isolaat dat in de VerenigdeStaten vanAmerika door Lawen Moyer (J.Gen.Virol. 71:
933-938,1990)isbeschreven.DitNederlandse isolaat reageerdetotaalnietmethetvoor
serogroep I of serogroep II specifieke antiserum. Op grond van deze serologische
resultaten wordt dit isolaat als een nieuw tospovirus beschouwd, waarvoor de naam
"Impatiens necrotic spot virus"(INSV) isgekozen. Dit virusverschilt echter niet alleen
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serologischvanserogroepIenII,maarookinhaar reactieopwaardplanten.INSVgeeft
vaaksystemischeinfecties opbepaalde plantesoorten diealssierplanten,bijv.Impatiens,
gebruiktworden.Echter demeestenachtschadeachtigen dievaaksystemischmetTSWV
reageren geven na infectie met INSV locale necrotische vlekjes op het geïnoculeerde
blad.In eengeringaantalsoorten breidendezeinfecties zichuittot plantedelen dieaan
het geïnoculeerde blad grenzen, waarna de plant meestal afsterft.
Debiologische en demoleculaire eigenschappen vanhet Braziliaanse isolaat BR-03,
enhetZuid-Afrikaanse isolaatSA-05,diealsvertegenwoordigersvandebeideserotypen
in serogroup II worden beschouwd, worden in het vijfde hoofstuk beschreven. De
reacties vandeze isolaten verschillen op diversewaardplanten in principe niet vandie,
welke door de serogroep I virussen veroorzaakt worden. Ook met betrekking tot een
aantal andere eigenschappen, zoals deverhoudingwaarin de nucleocapsiden onderling
voorkomen,werdengeenverschillengevondendievoorclassificatiebruikbaarwaren.De
conclusies zoals die op grond van serologische analyses in het tweede hoofdstuk zijn
getrokken,werden bevestigd inexperimenten, waarin antisera tegen het nucleocapsideeiwit van elk van deze isolaten gebruikt werden. In deze studie waarin genoemde
isolaten, maar ook andere serotype I- en II isolaten werden getoetst, konden deze
serotypenduidelijk vanelkaaronderscheidenworden.BovendientoondenNorthernblot
hybridisatie experimenten aan dat het RNA van deze isolaten in geringe mate met
nucleïnezuur probes van BR-01 reageerden. Ook onderling bleek het RNA van de
serotypeIisolatenduidelijkvandeserotypeIIisolatenteverschillen.Opgrondvandeze
bevindingenwerd gesuggereerd dat devirussen dietot eenvandezeserotypenbehoren
alsvertegenwoordigers van een aparte virussoort moet worden aangemerkt.
In het laatste hoofdstuk (Chapter 6) wordt aangetoond dat de twee verschillende
serotypen uit serogroep II opbasisvan deverschillen tussen de nucleocapside eiwitten
inderdaad alstwee verschillende virussoorten beschouwd moeten worden. Vergelijking
vandenucleotidenvolgorden toondeaandatertussendenucleocapside-eiwit(N)genen
vandeisolaten uitserogroupI (TSWV)enIII (INSV) eenhomologievanslechts55.9%
bestaat. Voor deserogroepII isolatenvertoont ditgenmeer homologie metdeNgenen
van deserogroep Iisolaten (75%homologie) danmet dievandeserogroepIII isolaten
(56% homologie). Terwijl de isolaten uit serogroep I of uit III onderling nagenoeg
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dezelfde Ngensequentieblijken tehebben,wijken dievandeserogroepIIisolatensterk
van elkaar af (82% homologie). Deze resultaten ondersteunen de conclusie dat de
serotype I en II isolaten als twee verschillende virussoorten opgevat moeten worden.
Voor deze twee nieuwe virussoorten worden de namen "tomato chlorotic spot virus"
(TCSV, serotype I) en "groundnut ringspot virus"(GRSV, serotype II) voorgesteld.
Als resultaat van dezestudie kunnen wenaast TSWV thansdrie additionele soorten
in het genus Tospovirus onderscheiden. Hoogstwaarschijnhjk zullen andere afwijkende
isolatendietotnutoedoor andereauteursminder diepgaandzijnbestudeerd, zoalshet
groundnut bud necrosis virus en het watermelon silver mottle virus te zijnertijd ook als
aparte soorten aan dit genus toegevoegd kunnen worden.
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RESUMO
"Tomatospotted wiltvirus"(TSWV),denominado noBrasil comovirus de vira-cabeça
do tomateiro (VCT), apresenta uma distribuiçâo mundial e tem sido responsâvel por
enormesprejuizos nostrópicos emvariasculturasimportantes. Atualmente este éo virus
de maior importância econômica em hortaliças no Brasil. Nos Ultimos anos VCT tem
recebido grande atençâo a nivel de pesquisa em todo o mundo, principalmente após a
introduçâo noHemisfério Norte da espécie de tripesFrankliniellaoccidentalis Perg., que
rapidamente disseminou o VCT nessa regiäo.
Devido, à falta de anti-soro com boa sensibilidade e poucas informaçôes a nivel
molecular, até recentemente, a posiçâo taxonômica do VCT se manteve confusa e
inconsistente. Este virus foi primeiramente classificado no grupo de vira-cabeça do
tomateiro tendo o mesmo como ünico representante. Atualmente, tomando como base
as suas caracterîsticas morfológicas, modo de transmissâo e organizaçâo do genoma, o
VCT esta classificado como parte de uma grande famîlia de virus animais denominada
Bunyaviridae. Esta famflia é representada por cinco gêneros cuja grande maioria é
transmitida biologicamente por varias espécies de insetos, acarîdeos, roedores, etc. No
caso do VCT, cujo cîrculo de hospedeiras serestringe somente à plantas, este virus esta
classificado em urn gênero especîfico denominado Tospovirus.
O VCT apresenta partfculas quaseisométricas comdiametrovariando entre 70-110nm
circundadas por uma membrana de lipîdeos. Externamente o virus contém duas
glicoproteînas denominadas, respectivamente, G l e G2. O genoma do virus consiste de
très fitas simples de RNA denominadas L, M e S, que associadas com uma outra
protema (28 K) codificada pelo S RNA, formam os nucleocapsfdeos.
Este virus apresenta um dos mais amplos cîrculo de hospedeiras entre os virus de
plantas, sendo transmitido por, pelo menos, oito espécies de tripes. Portanto, sendo um
virus com tamanha diversidade biológica e encontrado nos mais diversos nichos
ecológicos, é de se esperar uma larga diversidade entre os isolados de VCT.
Esta tese tem como objetivo principal explorar avariabilidadeexistente entre isolados
do VCT definindo parâmetros biológicos, serológicos e moleculares que possam
caracterizar esta ampla diversidade. Tal conhecimento é importante, nâo somente do
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ponto de vista taxonômico, como também estabele as bases para o entendimento da
epidemiologia do virus, identificaçâo e desenvolvimento de variedades resistentes.
As primeiras anâlises serológicas foram feitas com diversos isolados de vira-cabeça
provenientes de varias regióes do mundo, utilizando-se anticorpos policlonais e
monoclonais contra a protema de nucleocapsïdeo do isolado BR-01 (capftulo 2).
Baseando-senadivergência destaprotema,doisserogruposforam identificados. Dos20
isoladosestudados,16foram agrupadosemumûnicoserogrupodenominado serogrupo
I.Os quatroisolados restantes tiveramfraca reaçâo cruzada comoanti-soro policlonal
proveniente do isolado BR-01. Dentre eles, dois nâo reagjram com ambos anticorpos
monoclonais e os demais com somente um deles. Estes quatro isolados foram entâo
agrupadosemumoutroserogrupo (serogrupoII),subdivididoemdoisserotipos(IeII),
utilizando-se o painel com dois monoclonais. Os isolados do serogrupo I representam
o VCT e sua maioria foi encontrada em plantas solanâceas como tomate e pimentâo.
O capftulo 3descreve umestudo citopatológico de30isolados deVCT.Preparacöes
ultra-finas de tecido de plantas infectados foram estudados a nfvel de microscopia
eletrônica e imunomarcacäocom ouro.Basicamente osdiversos isolados nâo puderam
ser diferenciados, pois apresentaram efeitos citopatológicos muito semelhantes.
Particulas virais, normalmente agregadas em vesïculas, foram sistematicamente
encontradas na cisterna do retfculo endoplasmâtico de células infectadas. Além disto,
dois tipos de inclusöes puderam ser observadas no citoplasma.A primeira consiste de
material densamente agregado,quereprésenta proteinalivredenucleocapsïdeo.Outra
inclusâo viral, formada por estruturas fibrilares, présentes em diferentes formas,
representam a proteina nâo estrutural (NSs) codificada pelo S RNA, uma vez que
reagem especificamente com anti-soro para esta protema.
O capftulo 4descreve a caracterizaçâo de umisolado holandês de vira-cabeça (NL07), originado de Impatienssp. Os resultados mostraram quer este virus é idêntico a
outro descrito na mesma hospedeira nos Estados Unidos (Law & Moyer, 1990, J. of
Gen.Virol.,71:933-938).Oisoladoholandês (NL-07),anfvelserológico,nâoapresentou
nenhuma reaçâo cruzada com os anti-soros dos isolados pertecentes aos serogrupos I
e II. Com base nos resultados serológicos e moleculares (capftulo 6), este isolado foi
proposto como uma nova espécie de virus no gênero Tospovirus denominada como
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"Impatiensnecrotic spot virus"(INSV).Talvirusternsidoencontradoprincipalmente em
urn grande numero de espécies ornamentais e dificilmente infecta sistemicamente
solanâceas, mantendo-se restrito asfolhas inoculadas.Tal limitaçâo a nîvelde cïrculo de
hospedeiras confirma-se pelo fato do INSV ser naturalmente detectado somente em
plantas ornamentais, apesar da mesma espécie de tripes Frankliniella occidentalis
transmitir com eficiência VCT e INSV.
A caracterizaçâo biológica e molecular de dois tospovirus, um brasileiro e outro sulafricano (BR-03 e SA-05), respectivamente classificados nos serotipos I e II (serogrupo
II), é discutida no capïtulo 5. Os resultados mostraram que estes isolados sâo
biologicamente muito semelhante ao VCT. A comparaçâo do padrâo de RNA e
protefnas dosvirusmostraram serparâmetrosnâo adequados paraa discriminaçâo entre
isolados. Entretanto, as anâlises serológicas anteriormente descritas no capïtulo 2
puderam ser reconfirmadas utilizando-seanti-soros contra a proteïna de nucleocapsîdeo
especffico para cada isolado dentro de cada serogrupo. Os isolados nos très serogrupos
apresentam uma divergência significativa na proteina de nucleocapsîdeo, e portanto,
mostrou-se como melhor parâmetro para définir espécies de virus dentro do gênero
Tospovirus. O estudo serológico dos isolados BR-03 (serotipo I) e SA-05 (serotipo II),
mostrou que os mesmos nâo somente divergem entre si como também com relaçâo aos
serogrupos I (VCT) e III (INSV).A anâlisemolecular destes isolados, atravésda técnica
"northern blot"utilizando-se sondas de cDNA especïficas para ogene de nucleocapsîdeo
de cada isolado dos diferentes serogrupos e tipos,confirmou as divergências serológicas
encontradas na proteina de nucleocapsîdeo.
Finalmente, o capïtulo 6 define os dois isolados représentantes dos serotipos I (BR03) e II (SA-05) como duas novas espécies de virus no gênero Tospovirus. Estudo
comparativo das sequências dosgenes que codificam para a proteina de nucleocapsîdeo
nos diversos isolados pertencentes aos serogrupos I (VCT) e III (INSV), mostrou que
ambos serogrupos apresentam uma baixa homologia a nîvel de aminoâcidos (55.9%).
Portanto tais isolados sâo considerados duas espécies diferentes de virus denominadas
de VCT e INSV. Praticamente 100% de homologia foi observada entre os isolados
pertencentes a estasduas espécies de virus.Noentanto,osisolados dentro do serogrupo
II mostraram resultados diferentes. Os isoladosBR-03eSA-05apresentaram homologia
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deaminoâcidosdeapenas82%entresi.Esteserogrupomostrousergeneticamentemais
relacionado comoserogrupo I (75% dehomologia deaminoâcidos) doque emrelaçâo
ao serogrupo III (56% de homologia). Estes resultados deram suporte à conclusâo de
que os isolados présentes nos serotipos I e II (serogrupo II) sâo de fato duas novas
espécies devirussendopropostos osnomes"tomato chloroticspotvirus"paraoisolado
BR-03e "groundnut ring spot virus"paraSA-05.
Além das quatro espécies de virus descritas neste trabalho, outros isolados de
tospovirus,aindanâocompletamentecaracterizados como"groundutbudnecrosisvirus"
e "watermelon silver mottle virus",provavelmente representarâo novas espécies dentro
do gênero Tospovirus.
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