
ABSTRACT 

TSOMPANA, MARIA. Molecular Evolution and Population Genetics of Tomato 
Spotted Wilt Virus (TSWV). (Under the direction of James W. Moyer.) 
 
 The overall goal of this dissertation research was to elucidate the molecular 

evolution and population genetics of Tomato Spotted Wilt virus (TSWV), at the species 

level and within individual isolates, and to develop a standardized diagnostic system 

that can be used to assign attribution to initial TSWV infections. Initially, using 

consensus sequence data from genes encoding five viral proteins we applied a 

multilocus molecular population genetic framework to characterize the genetic status 

and recent evolutionary history of the TSWV species. Our analysis provided the first 

demonstration of population structuring and species-wide population expansions for 

TSWV, attributed possibly to founder effects. Also, we identified positive selection 

favoring divergence between Tospovirus species and purifying selection acting at the 

species level to preserve protein function.  In addition, we were able to discover specific 

amino acid sites subject to positive selection within Bunyaviridae and to estimate the 

level of genetic heterogeneity of the TSWV species.  

 

 Subsequently, in order to characterize the population history and genetic 

structure of individual wild-type TSWV isolates, thirteen geographically and host-

diverse isolates were amplified, cloned and 516 clones were sequenced. Estimation of 

levels of genetic diversity and haplotype analysis revealed that natural TSWV isolates 

are highly heterogeneous viral populations that consist of one or more haplotypes with 



high frequency and an array of closely related rare haplotypes, some of which are 

defective. These viral populations exhibit a high transitional bias, attributed to the 

function of RNA-dependent RNA polymerase or an editing enzyme such as dsRAD. 

Also high levels of among-population differentiation were observed induced by 

geographic and/or host related factors. Demographic analysis based on tests of 

neutrality, gene genealogies and the coalescent revealed an excess of rare 

polymorphism and a shallow population genetic architecture consistent with a model of 

population growth for all analyzed TSWV isolates. 

 

 Finally, data from genes encoding two viral proteins (NSm and L) were used for 

analysis of optimal informational content and for phylogenetic analysis. Our research 

has identified partial sequence regions that contain similar phylogenetic information and 

perform as well as the complete NSm and RdRp genes, for branching points statistically 

supported (bootstrap value>50%). We propose a new advanced diagnostic system, 

which will use the NSm and RdRp local regions together with the N gene of TSWV to 

assign attribution to initial TSWV infections and prevent their spread to an epidemic 

form.  
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PREFACE 
 

 The overall goal of this dissertation research is to elucidate patterns in the 

evolutionary biology of Tomato Spotted Wilt virus (TSWV, Tospovirus) and to develop 

molecular markers or “signatures” for various natural populations of this viral species. 

The study of the variability in the genetic structure of TSWV virus populations is 

crucial for a better understanding of plant RNA virus evolution and plant-virus 

interactions. Additionally, it is relevant to the development of strategies for the long 

lasting control of TSWV virus-induced diseases in plants. Specifically, the following 

objectives are addressed in the proceeding research chapters: 

(1) Employ a multilocus molecular population genetic framework, using 

sequence data from genes encoding five viral proteins, to determine the genetic 

structure of TSWV viral populations, identify the evolutionary forces that shape them 

and estimate the level of variation within this viral species.  

 (2) Generate a standardized diagnostic system that can be routinely used to 

assign attribution to initial TSWV infections and prevent their spread to an epidemic 

form.  

 (3) Employ clonal sequence analysis, using sequence data from the TSWV N 

gene, to determine the population history and genetic structure of wild-type TSWV 

isolates. 

 



 xix

 Chapter one consists of an extended literature review on TSWV and plant RNA 

virus evolution. Chapters two through four are research summaries presented as 

manuscripts for publication. Chapter two addresses the first objective and consists of a 

manuscript published in the journal Molecular Ecology. Chapter three focuses on 

objective two and is a manuscript that is being prepared for submission to the journal 

Virus Research. Chapter four addresses the third objective and is a manuscript that is 

being prepared for submission to the Journal Genetics.  
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CHAPTER 1 

 

 

 

 

INTRODUCTION TO TOMATO SPOTTED WILT VIRUS (TSWV) AND PLANT 

RNA VIRUS EVOLUTION 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2

HISTORY OF TOMATO SPOTTED WILT VIRUS (TSWV) 

 

 The disease known, as “tomato spotted wilt” was first described in Australia in 

1919 (Brittlebank, 1919) and in 1930 it was shown to have viral etiology (Samuel et al., 

1930). Since then, viruses similar or identical to Tomato spotted wilt virus (TSWV) 

have caused severe epidemics in tropical, subtropical and temperate regions throughout 

the Northern hemisphere, and Asia (Goldbach and Peters, 1994).  

 

 At first, this taxon of plant viruses was categorized as a monotypic virus group 

consisting of a single virus (TSWV). In 1990 the placement and unique status of TSWV 

was significantly challenged with the report of Impatiens necrotic spot virus (INSV) 

(Law and Moyer, 1990). Thorough molecular biological studies of the virus revealed a 

taxonomic relationship with the Bunyaviridae, a recognized group of animal viruses 

which includes four distinct genera: Bunyavirus, Phlebovirus, Hantavirus and 

Nairovirus. As a result, the Tospovirus genus was established within the family 

Bunyaviridae. In addition, differences in nucleic acid homology, serological 

relatedness, and host range between isolates of TSWV offered sufficient evidence to 

warrant establishment of two distinct serogroups within the Tospovirus genus (Table 1) 

(Moyer, 1999). Subsequently, diversity within species has also been described at the 

molecular and biological level (Adam et al., 1993; de Avila et al., 1993). 
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 Although TSWV was originally associated with tomato (Lycopersicon 

esculentum), by the 1950’s it had one of the largest known host ranges of any plant 

virus. By 1998 the known natural and experimental host range exceeded 900 plant 

species and spanned both monocotyledonous and dicotyledonous plant species. TSWV 

was known by 1930 to be insect vectored by thrips (Samuel et al., 1930). It was not 

until mid-1960’s that the enveloped virion morphology was revealed and the molecular 

characterization and genome organization did not occur until after 1990 (Moyer, 1999). 

 

MOLECULAR BIOLOGY OF TSWV 

 

Virus structure and cytopathology 

 

 The morphology of TSWV is typical of members of the family Bunyaviridae 

(Figure 1): virions are 80-110 nm, quasispherical and are defined by a membranous 

envelope containing two viral–encoded glycoproteins designated G1 (78 kDa) and G2 

(58 kDa) (Mohamed et al., 1973). Particles are also composed of two other proteins 

including a putative 330 kDa replicase (L) (de Haan et al., 1991) and the 29 kDa N 

protein (de Haan et al., 1990). L protein is assumed to be the replicase (de Haan et al., 

1991) by sequence homology to other members of the Bunyaviridae and several copies 

of it are present in the virus particle. The glycoproteins are integral components of the 

membrane and form surface projections sometimes visible in electron micrographs 
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(Best, 1968). The N protein encapsidates the RNA within the particles, is the 

predominant protein that antisera recognize (Moyer, 1999), is hypothesized to control 

the switch from transcription to translation and functions in the replication complex 

(Kolakofsky and Hacker, 1991). These characteristics make it reasonable to assume that 

a significant change in the amino acid sequence of the N protein will not be tolerated.  

  

 Other structures of viral origin are also observed in infected cells composed of 

nonstructural (NSs and NSm) or structural proteins. The NSs protein accumulates in 

long fibrillar structures that associate as loose bundles (Figure 2) (Kormelink and 

Kitajima, 1991; Urban et al., 1991). NSm protein is detected in granular electron-dense 

inclusions. Also excess N protein is observed as electron-dense, granular material in the 

cytoplasm (Moyer, 2000). 

  

Genome structure 

 

 The Tospovirus genome is partitioned among three single-stranded RNA 

segments labeled L, M, and S in order of decreasing size (Figure 3) (de Haan et al., 

1989). Each segment is pseudocircular with a panhandle-like structure at the termini 

formed by base pairing of inverted complementary sequences (Adkins, 2000). There is 

an eight-nucleotide sequence (5′-AGAGCAAU-3′) conserved at the termini of each 
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segment of all tospovirus genome segments (de Haan et al., 1991; van Poelwijk et al., 

1997). 

 

 The intergenic regions (IGRs) of M and S RNA segments of TSWV are reported 

to be of variable lengths and are regarded as the most hypervariable regions of the 

genome. More specifically the 5′- and 3′- ends of the IGRs are conserved, separated by 

variable sequences, deletions and insertions that appear as gaps in alignments (Bhat et 

al., 1999; Heinze et al., 2001). A 33-nucleotide duplicate sequence occurring in the IGR 

of the S segment of some isolates has been correlated with loss of competitiveness in 

mixed infections of isolates with and without the duplication (Qiu et al., 1998). It has 

been suggested that the duplication in the IGR was original and deletions and insertions 

led to the existing shorter IGRs (Heinze et al., 2001). In addition, a stretch of 31nts was 

found in TSWV isolates that is conserved (Heinze et al., 2001). This area is 

characterized by a significantly higher GC-content, compared to the remaining S RNA 

IGR sequence. Generally, the intergenic region of the M and S segments is AU rich 

with a high inclination for base pairing and is thought to be involved in initiation and 

termination of transcription (Law et al., 1992). There is speculation that the termination 

of transcription is dictated by a conserved nucleotide sequence, CAACUUUGG, in the 

center of the S and M RNA IGR (Bhat et al., 1999) or that it is due to a secondary 

structure which is highly stabilized in the 31 nt region referred above (Heinze et al., 
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2001). Folding of the intergenic region of TSWV S RNA revealed a stable simple 

“hairpin” structure (Heinze et al., 2001).  

 

Genomic organization 

 

 The large RNA (L RNA) is approximately 9 kb and has a single open reading 

frame (ORF) in the viral complementary sense coding for a 330 kDa protein, which is 

the putative RNA-dependent RNA polymerase (de Haan et al., 1991). 

 

 Unlike the L RNA, both M and S RNAs have two ORFs in opposite polarity 

(ambisense). The M RNA is approximately 4.8 kb and encodes a 34 kDa protein in viral 

sense designated NSm, proposed to be involved in cell to cell movement (Storms et al., 

1995; Silva et al., 2001) and stimulation of tubule formation in protoplasts. The viral 

complementary sense ORF codes for the G1-G2 precursor protein (Kormelink et al., 

1992). Evidence for the involvement of the glycoproteins in thrips transmission is 

provided by the interaction of the glycoproteins with the proteins of the thrips vector 

(Bandla et al., 1998), the loss of thrips transmissibility of envelope-deficient mutants 

(Resende R et al., 1991) and the presence of a sequence motif that is characteristic for 

cellular attachment domains (Kormelink et al., 1992). The S segment is approximately 

3 kb and contains two ORFs in ambisense orientation separated by a large intergenic 

region. The ORF nearer the 5′-end of the RNA, codes for a nonstructural protein in the 
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viral sense designated NSs (54 kDa), which has RNA silencing suppressor activity and 

also affects symptom expression in TSWV-infected plants (Takeda et al., 2002; Bucher 

et al., 2003).   The ORF near the 3′-end is in viral complementary sense and encodes for 

the nucleocapsid protein (29 kDa) which encapsidates the viral RNA within the viral 

envelope (de Haan et al., 1990).  

 

Replication 

 

 Upon entry of the virus into a plant cell, virion RNA replication and virion 

assembly of TSWV occurs in the cytoplasm (Moyer, 2000). The viral-coded RdRp 

contained in the virion transcribes full-length viral complementary L RNA, which 

serves as a template for translation of RdRp. The S and M RNA segments exhibit a 

different translation strategy in that subgenomic RNAs can be detected for both ORFs 

in viral and viral complementary orientation (German et al., 1992; Adkins, 2000). These 

subgenomic RNAs have up to 20 nucleotides as an extension of the 5′ end. Virions are 

assembled in the cisternae of endoplasmic reticulum. Initially they are double-

membraned particles but soon become group of virions with a single membrane 

surrounded by another membrane (Moyer, 1999). 
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Host range and symptomatology 

 

 TSWV has one of the broadest host ranges of any plant-infecting virus. The 

virus infects over 900 plant species, which include both monocots and dicots (Moyer, 

2000). Important economic plants susceptible to TSWV include tomato, potato, 

tobacco, peanut, pepper, lettuce, papaya, and chrysanthemum (German et al., 1992). 

Other Tospoviruses have much narrower host ranges and thus the broad host range of 

TSWV is not characteristic of the genus (Daughtrey et al., 1997). 

 

 Symptoms caused by Tospoviruses are highly variable and of little diagnostic 

value. Necrosis on several plant parts, chlorosis, ring patterns, mottling, silvering, and 

local lesions are the most characteristic symptoms of TSWV (Mumford et al., 1996). In 

some instances, the disease can limit the feasibility of crop production (Daughtrey et al., 

1997). It is interesting, that sometimes symptoms may mimic symptoms and injuries 

caused by other biotic and abiotic stresses (Moyer, 2000). 

 

Detection and Diagnosis 

 

 TSWV has certain unique biological properties that are useful for diagnosis. 

This virus can be mechanically transmitted by gently rubbing inoculum on plants dusted 

with carborundum. Nicotiana glutinosa L., Chenopodium quinoa Wild., and garden 
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petunia give characteristic lesions that expand to form spots or concentric zones, 

sometimes followed by a lethal necrosis. Also TSWV can be identified with difficulty 

from other viruses, which do not belong to the Tospovirus genus, by electron 

microscopy of leaf-dip preparations or in thin sections of infected plants (Ie, 1982). 

 

 A turning point in TSWV detection and diagnosis came with the production of 

high quality polyclonal antisera and development of an enzyme-linked immunosorbent 

assay (ELISA) (Gonsalves and Trujillo, 1986). Additional techniques for TSWV 

identification are based on detection of viral-specific nucleic acids using riboprobes 

(labeled synthetic RNA transcripts) and cDNA probes (Huguenot et al., 1990). Last but 

not least, the polymerase chain reaction (PCR) is the most powerful technique for 

detecting small amounts of plant viral nucleic acids (Gilberstson et al., 1991). It 

involves the enzymatic synthesis of cDNA from viral RNA templates with reverse 

transcriptase, followed by amplification of the resulting product using oligonucleotides 

complementary to the viral nucleic acid. 

 

 Whatever technique is used, it is critical to select carefully the tissue for 

diagnostic tests. TSWV does not spread uniformly throughout plants that are “systemic” 

hosts. Thus, tissue should always be selected from symptomatic parts of the plant. 
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Transmission 

 

 TSWV is transmitted from plant to plant in nature by ten species of thrips 

(Ullman et al. 2002).  A distinctive characteristic of its infection cycle is that virus 

acquisition can only occur when thrips larvae feed on infected plants. Thus, initiation of 

the infection cycle can occur only when female adult thrips lay eggs on TSWV-infected 

leaves that are suitable for egg and larval development. Once acquired, TSWV is 

retained by thrips through molting, pupation, and emergence to the adult stage 

(Sakimura, 1963). The primary dispersal of TSWV is by adult thrips, which disperse 

widely, feed on many different plant hosts and may remain viruliferous for the 

remainder of their life. Evidence for replication of the virus in the insect vector is based 

on the accumulation of non-structural protein (NSs) (Kormelink and Kitajima, 1991) 

and the visualization of other inclusions in endothelial cells, muscle cells and the 

salivary glands (Moyer, 1999). TSWV can also spread by vegetative plant propagules 

but not through true seed. It can also be transmitted experimentally in infected tissue 

extracts. 

 

Control 

 

 TSWV ranks among the ten most detrimental plant viruses worldwide, with an 

estimated annual crop loss of over $1,000,000,000 for several crops (Prins and 
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Goldbach, 1998). Although a number of measures can be used to reduce losses to 

TSWV, none of the available management strategies is satisfactory (Ullman et al., 

1997).    Strategies focused on thrips control, have been virtually impossible due to thrips 

high fecundity, propensity to develop insecticide resistance and a host range that 

includes many TSWV-susceptible crops (Adkins, 2000). Some measure of control can 

be achieved using thrips-proof mesh tunnels in the field (Cho et al., 1998; Prins and 

Goldbach, 1998). 

 

 Cultural practices such as crop rotation with non-susceptible crops, prevention 

of planting TSWV-susceptible crops adjacent to each other, control of alternate TSWV 

vector-hosts, use of virus-free seedlings, reduced in-field cultivation to avoid movement 

of thrips from infected sources, planting dates and removal of cull piles can reduce but 

not eliminate TSWV’s incidence (Diez et al., 1999; Moyer, 2000). 

 

  Deployment of resistant cultivars has provided only temporary benefits, because 

TSWV is noted for its ability to rapidly overcome resistance (Latham and Jones, 1998; 

Roggero et al., 2002). Resistance against TSWV in tomato was first reported in 

Lycopersicon pimpinellifolium and is controlled by five genes (Samuel et al., 1930). 

Also the Sw-5 gene was identified in L. peruvianum (Cho et al., 1989) and was thought 

to be more stable and isolate specific (Smith, 1944). However, naturally occurring 

resistance-breaking isolates of TSWV have been recovered from tomato cultivars 
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containing the Sw-5 gene (Hoffmann et al., 2001). Single gene resistance is available 

for TSWV in a limited number of tomato and pepper cultivars (Stevens et al., 1992; 

Boiteux and de B Giordano, 1993). “Field” resistance has been reported for some 

peanut varieties (Culbreath et al., 1997; Mandal et al., 2002). Progress has been made in 

understanding  the genetic basis of the ability of TSWV to overcome single gene 

resistance by mapping determinants to specific segments of the TSWV genome and 

characterizing the selection process (Qiu and Moyer, 1999; Jahn et al., 2000; Hoffmann 

et al., 2001). 

 

 Pathogen-derived resistance (PDR) was regarded as a significant supplement to 

traditional strategies. Transgenic resistance to TSWV was first introduced into tobacco 

(Gielen et al., 1991) with the use of the N gene. In addition, NSm gene sequences also 

conferred resistance to TSWV (Prins et al., 1997).  

 

GENETICS AND EVOLUTION OF TSWV 

 

 It was as early as 1946, when Norris demonstrated the existence of five strains 

of TSWV which he separated from naturally occurring complexes from a single plant 

(Norris, 1946). In 1953, Best and Gallus separated from a single tomato plant six strains 

(Best and Gallus, 1953). Although, there was a difficulty in finding exact parallels 

between Norris’ and Best’s and Gallus’ strains, because of different experimental 
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conditions and the theoretical lack of a “pure” strain of TSWV, these two reports were a 

mere proof that TSWV occurs in nature as a heterogeneous mixture of stable isolates. In 

1954 and 1961 Best made the first attempt to explain the “cross protection effect” 

among TSWV strains with a new theory which implied transfer of character 

determinants from one virus particle to another (per se recombination) (Best, 1954, 

1961).  

 

Today, it is known that what Best was trying to describe was genome 

reassortment, responsible for the forming of new phenotypes from the mixture. 

Specifically, the tripartite genome organization of the family Bunyaviridae allows 

closely related viruses to exchange genetic information through the reassortment of 

whole genome segments to form a distinct isolate (Chao, 1994). W. P. Qiu et al in 1998 

were able to associate specific genome segments with viral phenotypes and to study 

factors influencing genome reassortment (Qiu et al., 1998). They generated reassortant 

isolates by coinoculating TSWV-D isolate, with TSWV-10 or TSWV-MD. 

Interestingly, the S RNA from TSWV-D was dominant over the S RNA from TSWV-

10, fact correlated with the presence of a net increase of 62nt, including a 33nt 

duplication in the IGR of the S RNA of the less competitive isolate. This duplicated 

sequence was highly conserved among isolates from the southeastern United States and 

an isolate from Bulgaria. In 1999, it was determined that genome reassortment is the 

mechanism of TSWV-adaptation to the TSWV N-gene-derived resistance (TNDR) and 
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that, elements from two or more segments of the genome are involved in suppression of 

the resistance reaction (Qiu and Moyer, 1999).  

 

The determinants of adaptation to resistance in tomato and tobacco have been 

mapped to the M segment and in pepper to the S segment. Overcoming the SW-5 gene 

in tomato was linked solely to the presence of the M RNA from a TSWV isolate, called 

TSWV-A. The ability of M RNA to overcome TNDR was modified by the L RNA and 

S RNA of TSWV-A (Hoffmann et al., 2001). In Capsicum annum (pepper), the Tsw 

gene conferring dominant resistance to TSWV was mapped to the distal portion of 

chromosome 10 (Jahn et al., 2000). It was also inferred that distinct viral gene products 

control the outcome of infection in plants carrying SW-5 and Tsw, and thus these loci 

are not recently derived from a common evolutionary ancestor. 

 

Phylogenetic analysis of TSWV 

 

 Phylogenetic analysis is based on the comparison of molecular sequences, with 

the assumption that genes diverge in sequence as they evolve from a common ancestor. 

It is thus, a reliable source of the evolutionary history of a virus. A limited number of 

phylogenetic studies have been done for TSWV. In 1998 Pappu et al, sequenced natural 

populations of TSWV infecting flue-cured tobacco in Georgia and inferred a high 

degree of sequence conservation among the N genes of the tobacco isolates, and those 
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reported from other parts of the world (Pappu et al., 1998). More interestingly, the 

Georgia (GA) isolates formed a distinct cluster that was clearly resolved from the rest of 

the TSWV isolates. In 1999 Bhat, A. I. et al, drew similar conclusions after the analysis 

of the TSWV M RNA IGR (Bhat et al., 1999). Again, phylogenetic analysis of the IGR 

sequences showed that all GA and Florida (FL) isolates are closely clustered and are 

distinct compared to TSWV isolates from other countries as well as from other 

Tospoviruses. Phylogenetic analysis of the N protein and the IGR of the S RNA of 

TSWV, also demonstrated clustering according to geographic origin of the isolates 

(Heinze et al., 2001). These independent analyses consistently revealed similarities at 

the molecular level correlated with the geographic origin of the isolates.  

 

MECHANISMS OF PLANT RNA VIRUS EVOLUTION 

 

Plant RNA viruses give the most remarkable paradigm of genetic variability 

attributed to: i) large population size; the number of viral particles in a given infected 

organism may be as high as 1012, ii) short generation time and iii) high replication time; 

a single infectious particle can produce on average 100,000 copies in 10h (Moya et al., 

2000). The driving forces for this rapid evolution of RNA viruses are believed to be: 

mutation, biased hypermutation (Domingo and Holland, 1994), recombination, gene 

reassortment (for multisegmented viruses) (Roossinck, 1997) and generation of 

defective interfering particles (DIs) (Domingo and Holland, 1994).  
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 Mutation is the process by which nucleotides that are not present in the template 

are incorporated in the daughter strand during nucleic acid replication and is thought to 

be the initial source of variation in populations (Garcia-Arenal et al., 2001). RNA 

viruses show extremely high mutation rates, because of lack of proofreading ability of 

their polymerases (Moya et al., 2000). Although, the mutation or error rate of viral 

RNA–dependent RNA polymerase (RdRp) has not been estimated for plant viruses, it 

has been measured for animal RNA viruses and it is approximately 10–4, or one error 

per genome per replication cycle (Roossinck, 1997). This is generally the accepted error 

rate of RdRps. Despite the fact that the error rates are conserved among all RNA 

viruses, the mutation frequencies, which refer to only those misincorporations that 

become established in a population, vary extremely for different viruses. It is important 

to differentiate between mutation rate and mutant frequency in the analyzed population 

(Lai, 1992). Major errors can result in the estimation of mutation frequency, if the 

mutational target is not representative, from uncertainties in the population history, or 

from the efficiency of selection against the mutant population (Garcia-Arenal et al., 

2001).  It is known that the greater the mutation frequency, the highest the ability for 

adaptation of the virus to new niches (i.e. hosts) (Roossinck, 1997). 

 

 In finite populations with high mutation rates, a significant proportion of the 

mutants should be deleterious (Moya et al., 2000). If a population is asexual and small 

in size, mutation-free individuals become rare and can be lost by random genetic drift. 
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In that case, the mean fitness of the population will decrease with the steady 

accumulation of slightly deleterious mutations, a phenomenon described as “Muller’s 

ratchet” (Muller 1964). Many mutations of smaller effect have a greater impact on the 

survival of viral populations compared to a few mutations with a larger effect, because 

in the latter case selection will be more efficient in purifying deleterious load (Moya et 

al., 2000). 

 

 Biased hypermutation is characterized by the overdominance of one type of 

replacement (for example, A→G within a stretch of a DI of Vesicular stomatis virus, or 

U→C in a defective matrix gene of Measles virus in brain) (Domingo and Holland, 

1994). 

 

 Recombination clearly plays a significant role in the evolution of RNA viruses 

by generating genetic variation, reducing mutational load, and by producing new 

viruses (Worobey and Holmes, 1999). Recombination in viruses is analogous to 

recombination in meiosis. It is the process by which segments of genetic information 

are switched between the nucleotide strands of different genetic variants during the 

process of replication (Garcia-Arenal et al., 2001). This mechanism has been very 

important in the evolution of plant RNA viruses such as Luteoviruses, Nepoviruses, 

Bromoviruses and Cucumoviruses (Roossinck, 1997). Also plant pararetroviruses such 

as Caulimoviruses have demonstrated evidence for recombination. Recombination rates, 
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generally, can be high for RNA viruses, and factors such as the length of the analyzed 

region, sequence similarity between the recombinants, and presence of hot spots may 

affect the rate. 

 

 Early studies identified recombination events indirectly by isolating chimeric 

products that contained characteristic marker mutations from the parental RNAs. These 

were used to group RNA recombination as homologous or non-homologous (King, 

1988.). Homologous recombinants were those that were generated from two 

homologous RNAs and had junction sites located within similar sequences. Lai (Lai, 

1992) divided this grouping further into homologous or aberrant homologous 

recombinants. According to this classification, homologous recombinants were newly 

defined as containing no sequence alterations when compared to the parental molecules, 

while aberrant homologous recombinants contained modifications such as mismatch 

mutations, deletions, or insertions at or close to the junction site. Non-homologous 

recombinants were those generated by recombination between dissimilar viral genomes 

or between a viral genome and host RNA. This grouping of recombinants though, did 

not take into account the mechanisms leading to their generation. Nagy et al (Nagy and 

Bujarski, 1997), revisiting these classical definitions of recombination introduced three 

new groupings: similarity–essential recombination, similarity–non essential 

recombination and similarity–assisted recombination.  
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 Brome mosaic virus (BMV) represents a well-described model of RNA-RNA 

recombination system. Both homologous and non-homologous recombination events 

have been observed among different BMV RNAs (Nagy and Bujarski, 1992). Non-

homologous recombination for BMV requires short (30nt or longer) sequence 

complementarity between same sense RNA substrates (Bujarski and Nagy, 1994). 

Homologous crossover events were found to occur within short (15 to 60nt) similar 

sequences, giving rise to either precise or imprecise recombinants. It is believed that in 

this case, the nascent strand anneals to complementary sequences on the acceptor RNA 

strand before chain elongation is resumed by the replicase (Nagy and Bujarski, 1996). 

Further research revealed that homologous recombination events occurred within or 

close to short AU-rich sequences, and that the frequency of the recombination events 

was higher when less AU-rich sequences were located upstream of the AU- rich regions 

(Nagy and Bujarski, 1997). 

 

 Last but not least, several RNA viruses use reassortment (called also 

pseudorecombination), the exchange of genomic segments among different parents of a 

virus with segmented genome (Domingo and Holland, 1994), as a mechanism of 

evolution. This has been proposed as one of the sources of variation in RNA viruses, 

provided that mixed infections are very common among field isolates of plant viruses. 

For example, the tripartite genome organization of the family Bunyaviridae allows 

closely related viruses to exchange genetic information through the reassortment of 
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whole genomic segments to form a distinct isolate (Best, 1961). W. P. Qiu et al were 

able to build a system that associates specific genome segments with viral phenotypes 

and to study factors influencing genome reassortment (Qiu et al., 1998). In 1999, W.P. 

Qiu and Moyer determined that genome reassortment is the mechanism of TSWV-

adaptation to the TSWV N-gene-derived resistance (TNDR) and that, elements from 

two or more segments of the genome are involved in suppression of the resistance 

reaction (Qiu and Moyer, 1999). They reported that the genetic reservoir present in the 

heterogeneous TSWV virus populations combined with the reassortment mechanism 

provide conditions conducive for the rapid adaptation of virus populations to resistant 

host plants. Although, reassortment might be considered a rare event, its existence may 

confer a selective advantage such as adaptation to new hosts and expansion of the host 

range. More interestingly, there are cases where recombination and reassortment coexist 

(Drake et al., 1998).  

 

 DI RNAs are often found in experimentally passaged RNA viruses and are 

easily generated by very large population passages, but they are not generally found in 

natural viral isolates. Usually, DI generation results in loss of fitness, because it 

interferes with virus replication, probably by competition (Robinson et al., 1987). 

 

  Two major processes that determine the genetic structure of RNA virus 

populations are genetic drift and selection. Random effects occur during transmission of 
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genetic traits to new generations; this random process is called genetic drift and is a 

great source for evolution of viruses with segmented genome (Garcia-Arenal et al., 

2001). Selection is a directional process by which variants that are fittest in a certain 

environment will increase in frequency in the population (positive selection), whereas 

variants less fit will decrease their frequency (negative or purifying selection). The 

strength of negative selection may be less in non-coding regions of viral genomes or in 

non-coding subviral replicating RNAs. Positive selection is considered to be less 

frequent than negative selection and, in addition, evidence of positive selection may be 

difficult to derive from sequence data (Garcia-Arenal et al., 2001). It is difficult to 

differentiate between the effects of genetic drift and those of selection. 

 

QUASISPECIES THEORY 

 

 One of the most prevalent theories for the evolution of RNA viruses is the 

quasispecies theory by Eigen and Schuster (1977), according to which quasispecies is 

defined as a stationary (equilibrium) mutant distribution of infinite size, centered around 

one or a set of genotypes of highest fitness called master sequences (Eigen, 1971). The 

term equilibrium here refers to selective equilibrium or selective rating of all mutants 

that may appear (Domingo, 1985). If there is disequilibrium, a variant genome will 

overtake the previous average, leading to a new average or consensus population 

(Domingo and Holland, 1994).  
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 One of the most important notions of this theory is that selection does not apply 

to single individual molecular species (Eigen, 1996). Because of mutational coupling, 

the frequency of a given mutant also depends on the probability with which it is 

generated by mutation from other closely related variants and their frequencies. The 

consequence of this is that the individual sequence is no longer the unit of selection; the 

entire quasispecies is the target. Also, the master sequences continually generate 

mutants upon replication but maintain a stable frequency in the population rather than 

diverging and diffusing over neutral sequence space (Jenkins et al., 2001). Genetic drift 

formally seems not to operate in the quasispecies framework (Moya et al., 2000). The 

quasispecies model does not deny the existence of neutral mutations, but argues that the 

concept can be ignored for organisms with sufficiently small genomes, large population 

sizes, and high mutation rates, like RNA viruses (Jenkins et al., 2001). Furthermore, 

selection in such a system is a cooperative process described similar to a physical phase 

transition (Eigen, 1996). These phase transitions are connected to certain error 

thresholds.  The mutation rates depend on the sequence lengths as well as the fitness of 

the individual mutants. Thus, the population structure represents a fitness landscape. 

That’s why viruses with similar error rates behave differently; because of differences in 

their population structures.   

 

 There is a disagreement among scientists concerned with the applicability of the 

quasispecies theory in the evolution of RNA viruses. On the one hand, E. Domingo 

(Domingo, 2002) argues that real virus quasispecies often differ from the theoretical 
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quasispecies as initially formulated but this difference does not invalidate quasispecies 

as a suitable theoretical framework to understand viruses at the population level. He 

presents a variety of observations and developments that bear on the quasispecies nature 

of RNA virus populations, including the existence of thresholds for genetic and 

phenotypic expression, and the presence of memory genomes in viral quasispecies.  

 

 On the contrary, Holmes and Moya (2002) stimulates debate claiming that the 

quasispecies is a misleading description of RNA virus evolution. They argue in favor of 

a population genetic approach, placing the study of RNA viruses in the same footing as 

other organisms. In reality, Holmes and Moya do not challenge the theory itself but 

question whether the population structure it defines exists in nature. They argue that 

extensive genetic variability can also be derived from a model based on mutation and 

selection acting exclusively on single, independently evolving viral genomes, so long as 

mutation rates are high enough. They stress that the quasispecies theory ignores the 

critical effects of neutral sites. According to them, if an RNA virus genome contains 

neutral sites this would prevent the formation of a quasispecies because the virus 

population will not be able to cover all the available sequence space and thus genetic 

drift can occur. In a recent paper, it was shown by computer simulation that the 

quasispecies model may be inappropriate for many RNA viruses (Jenkins et al., 2001). 

This view was supported by analyzing sequences from VSV, which is considered a 

prototype RNA virus quasispecies.  
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 Interestingly, Eigen agrees that under realistic dynamical conditions, in which 

viruses have to fight reactions against the immune defense of the host, the conditions of 

the quasispecies theory may often not be fulfilled (Eigen, 1996). Nevertheless, the 

concept of quasispecies urged virologists to study viral evolution from a different stand 

point and underlined the significance of variation within the wild type distribution for 

evolutionary optimization. It would be of great importance if more research was 

accomplished, to test if neutral sites exist in other viral genomes and to look for 

evidence for selection acting at the level of the group.  
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Table 1. Tospovirus species generated during the International symposium in 

Tospoviruses and thrips, May 1998, Wageningen, Netherlands (Moyer, 1999). 

 
 

 

 

 

 

 

 

 

 

 

Serogroup Species Abbrev. 

Tomato spotted wilt Tomato spotted wilt virus TSWV 

 

 

Watermelon silver 

mottle 

 

 

Ungrouped 

 

 

 

 

  

Groundnut ringspot virus 

Tomato chlorotic spot virus 

Watermelon silver mottle virus 

Watermelon bud necrosis virus  

Groundnut bud necrosis virus 

Impatiens necrotic spot virus  

Chrysanthemum stem necrosis virus

Iris yellow spot virus 

Peanut chlorotic fan-spot virus 

Peanut yellow spot virus  

Physalis severe mottle virus  

Zucchini lethal chlorosis virus 

GRSV 

TCSV 

WSMV 

WBNV 

GBNV 

INSV 

CNSV 

IYSV 

PCFV 

PYSV 

PSMV 

ZLCV 
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Figure 1. Tospovirus virion structure: a) diagrammatic representation and b) electron 

micrograph of TSWV (pictures kindly provided by J.W. Moyer). 
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Figure 2. Ultrathin sections of Nicotiana Benthamiana leaf tissue systemically infected 

with TSWV (picture kindly provided by J.W. Moyer). 
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Figure 3. Genomic organization of TSWV. L, M, and S represent the three ss RNA 

genomic segments of the virus. L RNA (~9kb) encodes an RNA-dependent RNA 

polymerase in negative sense (-). M RNA (~4.8kb) encodes the NSm (+) protein and the 

G1-G2 (-) precursor glycoprotein. S RNA (~3kb) encodes the NSs (+) non-structural 

protein and the nucleocapsid protein, N (-). Both M and S RNAs are in ambisense 

orientation; ORFs of opposite polarity on the same genomic segment (diagram kindly 

provided by J.W. Moyer). 
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ABSTRACT 

 

RNA viruses are characterized by high genetic variability resulting in rapid 

adaptation to new or resistant hosts. Research for plant RNA virus genetic structure and 

its variability has been relatively scarce compared to abundant research done for human 

and animal RNA viruses. Here, we utilized a multilocus molecular population genetic 

framework to characterize the evolution of a highly pathogenic plant RNA virus 

(Tomato Spotted Wilt Virus (TSWV), Tospovirus, Bunyaviridae).  Data from genes 

encoding five viral proteins were used for phylogenetic analysis, and for estimation of 

population parameters, subpopulation differentiation, recombination, codon usage bias, 

divergence between Tospovirus species, and selective constraints on the TSWV 

genome. Our analysis has defined the geographical structure of TSWV, attributed 

possibly to founder effects. Also, we identify positive selection favoring divergence 

between Tospovirus species. At the species level, purifying selection has acted to 

preserve protein function, although certain amino acids appear to be under positive 

selection. This analysis provides the first demonstration of population structuring and 

species-wide population expansions in a multi-segmented plant RNA virus, using multi-

locus sequence-based molecular population genetic analyses.  It also identifies specific 

amino acid sites subject to selection within Bunyaviridae and estimates the level of 

genetic heterogeneity of a highly pathogenic plant RNA virus.  The study of the 
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variability of TSWV populations lays the foundation in the development of strategies 

for the control of other viral diseases in floral crops.  
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INTRODUCTION 

 

 RNA viruses are characterized by high genetic variability, attributed to error-

prone replication, high replication rates, short generation time and large population size 

(Moya et al. 2000). The high diversity of RNA viruses explains the emergence of new 

strains from old viruses and the ability to rapidly adapt to new or resistant hosts (Feuer 

et al. 1999). It is believed that the extent of viral variation is limited by the interaction 

of viral genes with plant proteins for the completion of an infection cycle (Schneider & 

Roossinck 2000). In plants, continuous and successful infection by RNA viruses results 

in great economic losses due to suppressed growth, yield and product quality 

(Daughtrey et al. 1997; Goldbach & Peters 1994; Moyer 2000).  The study of the 

variability in the genetic structure of plant RNA virus populations is crucial for a better 

understanding of plant virus evolution and plant-virus interactions. Additionally, it is 

relevant to the development of strategies for the long lasting control of virus-induced 

diseases in plants (Garcia-Arenal et al. 2001).  

 

 Research for plant RNA virus genetic structure and its variability has been 

relatively scarce compared to abundant research done for human and animal RNA 

viruses (Garcia-Arenal et al. 2001). The majority of studies in this field have been 

primarily phylogenetic/taxonomic in nature or describe levels of genetic diversity 

between isolates (Choi et al. 2001; Klaassen et al. 1995; Kofalvi et al. 1997; Miyanishi 
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et al. 1999; Pinel et al. 2000). A limited number of studies have examined population 

genetic structure using monoclonal antibodies and molecular markers (Albiach-Marti et 

al. 2000; Alicai et al. 1999; Aranda et al. 1993; Fraile et al. 1997; Kurath & Dodds 

1995; Lin et al. 2003; Rubio et al. 2001; Vives et al. 2002). Yet, very few studies 

actually use a sequence-based molecular population genetic framework to estimate 

population parameters (Arboleda & Azzam 2000; Ayllon et al. 1999; Azzam et al. 

2000a; Azzam et al. 2000b; Fargette et al. 2004; Fraile et al. 1996; Moya et al. 1993). 

Also, although factors that shape genetic structure such as founder effects and selection 

have been suggested (Albiach-Marti et al. 2000; Ayllon et al. 1999; Azzam et al. 

2000b; Choi et al. 2001; Hall et al. 2001; Kofalvi et al. 1997; Kurath & Dodds 1995), 

only a few cases have been rigorously tested (Fargette et al. 2004; Fraile et al. 1997; 

Guyader & Ducray 2002; Moury et al. 2002). Additionally, most studies either use a 

multilocus approach for a very small number of isolates or concentrate on one locus of 

the viral genome for a larger number of isolates, thus not being able to examine multi-

locus signatures of evolutionary events. 

 

Bunyaviridae is one of the largest RNA viral families, consisting of human, 

animal and plant pathogens. It consists of five distinct genera with tripartite, negative 

sense, single-stranded (ss) viruses: Bunyavirus, Phlebovirus, Nairovirus, Hantavirus 

and Tospovirus. Viruses in this family are distinguished by causing high mortality in 

their respective hosts. In addition, Tospo, Bunya, Phlebo, and Nairo viruses are 
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characterized by the ability to replicate in the mammal or plant as well as their insect 

hosts. The large number of viruses (>300) classified into Bunyaviridae is evidence of 

their evolutionary success and potential (Elliott 1996).  Viruses in the Tospovirus genus 

of Bunyaviridae infect plants and their thrips vector (Moyer 2000). Tospoviruses have a 

tripartite RNA genome, composed of a large L segment (~9kb) encoding an RNA-

dependent RNA polymerase in negative sense, the medium M segment (~4.8kb) 

encoding the NSm protein and the G1-G2 precursor glycoprotein in ambisense 

orientation, and the small S segment (~3kb) encoding the NSs non-structural protein  

and the N protein also in ambisense orientation (Fig. 1) (Moyer 1999). Tomato spotted 

wilt virus (TSWV) is the type member of the Tospovirus genus (Moyer 1999). TSWV is 

cosmopolitan and its host range exceeds 900 plant species, spanning monocots and 

dicots, and ten thrips species (Moyer 2000; Ullman et al. 2002). As a result, TSWV is 

among the most important plant pathogens in the world.  

 

Heterogeneity and rapid adaptability are two prominent phenotypic 

characteristics that distinguish TSWV from other plant viruses. Genetic reassortment 

(Qiu et al. 1998) and multiplication in their hosts increase prospects for genetic 

heterogeneity in TSWV populations. These attributes make TSWV a good model for 

addressing specific evolutionary questions, such as defining the genetic structure of 

viral populations and the factors that shape it. However, until now these aspects of 

evolutionary biology of TSWV have not been studied and cannot be determined by the 
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already available sequence data. Reported evolutionary TSWV, Tospoviruses and in 

general Bunyaviridae, research has focused on phylogenetic/taxonomic analysis or 

measures of genotypic variation (de Avila et al. 1993; Dewey et al. 1997; Heinze et al. 

2001; Pappu et al. 1998; Sironen et al. 2002; Yashina et al. 2003). Limited research 

indicates that some viruses in Bunyaviridae evolve through mutations, antigenic shift 

(reassortment and recombination) (Plyusnin 2002) and host switching (Bohlman et al. 

2002; Nemirov et al. 2002). There remains a need for statistically validated descriptions 

of the genetic structure of natural virus populations that can be used as the basis for 

investigation of the evolutionary forces acting on these viral species.  

 

Here we utilize a multilocus approach for a large number of host and 

geographically diverse isolates to study the genetic structure of a highly pathogenic 

plant RNA virus (TSWV) and elucidate potential factors that shape variation in this 

viral species. We suggest a metapopulation model for TSWV, with a defined 

geographical structure attributed possibly to founder effects. The model is supported by 

phylogenetic analyses, significant genetic differentiation between geographic groups of 

isolates, an overall lack of nucleotide variation and high haplotype diversity within 

subpopulations, and multilocus deviations from the neutral equilibrium model. This is 

the first time that founder effects and populations expansions have been demonstrated 

for a plant RNA virus using sequence-based analyses. In addition, we demonstrate 

positive selection favoring divergence between Tospovirus species, and identify specific 
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codon positions that are potential sites of positive selection pressure within the 

Tospovirus genus. We believe that identification of the selection pressures acting on the 

TSWV genome together with functional/structural data will reveal accurate estimates of 

the biological function of certain genes or pieces of genes.  
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MATERIALS AND METHODS 

 

Virus isolates and host plants 

 

 The twenty isolates sequenced in this study were obtained from a range of 

geographical locations both in the United States (California (CA), Colorado (CO), 

North Carolina (NC)) and Europe (Spain). They arose from a variety of host plants 

(seed and vegetatively propagated), both from greenhouse and field environments, in 

the time period 2000-02. Isolates from same locality have been collected at different 

times/years. Information about these isolates is provided in the Appendix I (Table A1). 

Stock cultures of all isolates were stored as infected Nicotiana benthamiana leaves at -

80◦C.  

 

RNA extraction, RT-PCR, and sequencing  

 

Total plant RNA was extracted from TSWV systemically-infected N. 

benthamiana leaves (Qiu & Moyer 1999), after the first mechanical inoculation. RNA 

extracts were used as template for reverse transcription-PCR (RT-PCR). Primers were 

designed, according to TSWV sequences published in GenBank, to amplify overlapping 

regions of the S and M RNAs. Primers and their corresponding annealing temperature 

are given in the Appendix I (Table A2). cDNA was synthesized in a 50-µl reaction 
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volume with AMV reverse transcriptase (Promega, Madison, WI) (Law & Moyer 

1990). PCR amplification was performed in a 50-µl reaction solution containing 1x Taq 

Buffer, 2.5mM MgCl2, 0.25mM dNTP (each), 0.4µM of the viral sense and 

complementary sense primer, with AmpliTaq DNA polymerase (Applied Biosystems, 

Foster City, CA) and 5 µl cDNA template. Thermal cycling reactions were carried out 

for 40 cycles of amplification, with each cycle consisting of 94◦C denaturation for 1 

min, annealing at different temperatures (see Appendix I, Table A2) for 1 min, 

extension at 72◦C for 1 min, with 94◦C for 10 min at the beginning and 72◦C for 10 min 

at the final step. PCR products were electrophoresed in 0.8% agarose and stained with 

ethidium bromide. Qiagen PCR purification columns (Qiagen, Inc. Valencia, CA) were 

used to purify the PCR products. Direct sequencing was carried out using BigDye 

terminator reactions (Applied Biosystems, Foster City, CA) run on an ABI 377 

automated sequencer. Nucleotide consensus sequences were assembled and edited using 

Vector NTi (InforMax Inc.) and aligned using ClustalX version 1.81 (Thompson et al. 

1997). Codon-based alignments were adjusted manually according to the amino acid 

sequence alignment using GENEDOC (Nicholas & Nicholas 1997). The sequences 

reported in this study have been submitted to GenBank (accession numbers AY744468-

AY744495). 
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Phylogenetic, population genetic and structural analysis 

 

Thirteen complete S and M RNA consensus sequences from 18 isolates, as well 

as G1-G2 consensus sequences of two additional isolates were obtained. Analyses were 

conducted using these sequences combined with 27 TSWV sequences from GenBank 

and 4 sequences previously sequenced from our laboratory (Appendix I, Table A1). 

Analyses were conducted separately for each coding region of the S and M RNAs. 

Overall for the NSs (1404 bp), N (777 bp), NSm (912 bp) and G1-G2 (3426 bp) we 

used 21, 41, 17 and 18 sequences respectively. Paup, version 4.0 beta 4 (Swofford 

2000) was used to construct phylogenetic trees using a maximum-parsimony criterion 

(branch and bound search, stepwise addition of sequences). Gaps were treated as 

missing characters and rooting was performed by the midpoint method. Neighbor-

Joining (NJ) phylogenies, based on the Kimura two-parameter distance matrix were 

generated by MEGA version 2.01 (Kumar et al. 1993). Bootstrap confidence limits 

were obtained by 1000 replicates.  

 

DnaSP version 3.51 (Rozas & Rozas 1999) was used to estimate Watterson’s 

estimator of θ (θw) (Watterson 1975), the average pairwise nucleotide diversity θπ 

(Tajima 1983), the haplotype diversity (H) and the effective number of codons (ENC). 

This program was also used to examine selection on proteins between viral species with 

the McDonald and Kreitman test of neutrality (McDonald & Kreitman 1991), and to run 
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Tajima’s D (Tajima 1989) and Fu and Li’s D* and F* (Fu & Li 1993) tests of 

neutrality.  

 

The NNPREDICT program was used to predict the secondary structure for each 

amino acid residue of the NSs, N and G1-G2 coding regions (Kneller et al. 1990).  

 

Tests of population differentiation 

 

Three independent statistical tests of population differentiation were run. 

Specifically, Permtest program (Hudson et al. 1992) was used to estimate KST test 

statistic of genetic differentiation, using NJ trees as input data. KST is equal to 1-KS/KT, 

where KS is a weighted average of the number of differences between sequences from 

subpopulations 1 and 2, and KT represents the average number of differences between 

two sequences regardless of their subpopulation. Under the null hypothesis (no genetic 

differentiation) we expect < KST > (observed value of KST) to be near 0 and so we reject 

the null if < KST> is supported by a small P value (<0.05). Also, small observed values 

of KS lead to rejection of the null hypothesis (P<0.05).  Additionally, DnaSP version 4.0 

(Rozas et al. 2003) was used to estimate Z and Snn tests statistics of genetic 

differentiation. Z is a weighed sum of Z1 and Z2, where Zi is the average of the ranks of 

all the dij,lk values for pairs of sequences from within locality i (Hudson et al. 1992). 

The null hypothesis of no genetic differentiation is rejected if the Z statistic is too small, 
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supported by a P value less than 0.05. Finally, Snn measures how often the nearest 

neighbors of sequences are found in the same locality (Hudson 2000). Snn test statistic 

values may range between one when populations from different localities are extremely 

differentiated to one-half in the case of panmixia. Statistical significance for all above 

tests was established using one thousand permutations. None of the tests of genetic 

differentiation makes assumptions about collection time of samples, and can thus be 

reliably used to test genetic differentiation of isolates collected at different time 

intervals. Also, DnaSp version 4.0 (Rozas et al. 2003) was used to estimate the 

coefficient of gene differentiation FST for all subpopulations and loci (Wright 1951). FST 

measures the amount of interpopulation diversity and takes values between zero and 

one.  

 

Test of recombination 

 

Variations in the estimation of phylogenies and detection of positive selection 

arise from perturbations due to recombination events. Detection of recombination 

events was carried out by the LDhat algorithm. LDhat implements a coalescent-based 

method to estimate recombination from gene sequences (McVean et al. 2002) based on 

Hudson’s (2001) composite-likelihood method (Hudson 2001), extended to allow for 

finite-sites mutation models. LDhat estimates the proportion of permutated data sets that 

have a composite likelihood equal to or greater than the original estimated (PLPT). The 
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null hypothesis is rejected if PLPT is less than a given threshold value (<0.05), and the 

alternative hypothesis of recombination is accepted.  

 

Identification of selection pressure  

 

The CODEML algorithm from the PAML package was used to test whether 

variable selective pressures occur on amino acids of the coding regions. This likelihood-

based approach identifies selection acting on specific codons. Statistical significance for 

the model is established using the likelihood-ratio test (Yang et al. 2000). We used 

comparisons between two sets of maximum-likelihood (ML) models to test for positive 

selection. These models assume dN/dS (ratio of the rate of nonsynonymous over the rate 

of synonymous substitutions) is constant across all lineages but varies across codons. 

The first comparison involved models M2 and M3 and the second models M7 and M8. 

Model M2, assumes codons are invariant (dN/dS=0), neutral (dN/dS =1), or have a 

floating dN/dS ratio estimated from the data. Model M3, assumes that codons have one 

of the three different dN/dS ratios estimated from the data, any of which can be >1 

(Twiddy et al. 2002). Model M7 utilizes a discrete beta distribution with 10 categories 

of 0≤dN/dS≤1. Finally, M8 uses a discrete beta distribution with one more category of 

dN/dS>1 (Guyader & Ducray 2002). If either M3 or M8 are statistically favored over M2 

and M7 respectively and depict codons with dN/dS>1, we conclude that positive 

selection has occurred (Twiddy et al. 2002).  
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RESULTS 

 

Phylogenetic analyses support geographical structuring for isolates of each ORF  

 

To examine patterns of genetic differentiation among isolates, phylogenetic trees 

were constructed using maximum parsimony from the nucleotide polymorphisms 

observed in NSs (21 sequences), N (41 sequences), NSm (17 sequences) and G1-G2 (18 

sequences) coding regions. None of the nucleotide sequences of haplotypes appears to 

represent an intragenic recombinant. Specifically, for all genes we estimated the PLPT 

value, which corresponds to the proportion of permutated data sets that have a 

composite likelihood equal to or greater than the original estimate.  The PLPT value for 

the NSs, N, NSm and G1-G2 genes were 0.36, 0.92, 0.93 and 0.60 respectively, and are 

not statistically significant (P>0.05).  

 

The NSs phylogenetic tree (Fig. 2), based on 21 sequences, delineated four 

geographic subpopulations; one from North Carolina, a second from Spain, a third from 

California and a fourth containing isolates from Bulgaria, Netherlands and Germany. 

Interestingly, the last subpopulation also included two isolates that have been collected 

in North Carolina (NC1 and NC3). The N gene phylogenetic tree (41 sequences) (Fig. 

3) uncovered five geographic subpopulations with isolates from: i) Georgia and North 

Carolina, ii) California, iii) Spain, iv) Japan and v) Bulgaria, Netherlands, and 
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Germany. The last subpopulation included again the two isolates collected in North 

Carolina and one isolate collected in South Africa.  

 

Analyses of M RNA were consistent with the analyses of S RNA coding 

regions. The NSm gene phylogenetic tree (17 sequences) (Fig. 4) uncovered four 

geographic subpopulations including isolates from: i) California, ii) North Carolina, iii) 

Spain and iv) Netherlands and Bulgaria. Finally, the G1-G2 gene phylogenetic tree (18 

sequences) (Fig. 5) yielded four subpopulations consisting of isolates from: i) North 

Carolina, ii) California, iii) Spain and iv) Netherlands. For both the NSm and G1-G2 

phylogenetic trees, again one isolate collected in North Carolina (NC3) clusters within 

the Netherlands/Bulgaria subpopulation. Each geographic subpopulation consists of 

isolates collected at different times indicating that time is not a factor affecting the 

geographic clustering of isolates. With the exception of the two isolates collected in 

North Carolina (NC1 and NC3), and one collected in South Africa all other isolates tend 

to cluster according to their geographic origin, and the affinities are consistent for all 

coding regions of S and M RNAs. The possible cause of the NC1, NC3 and South 

Africa clustering with the european isolates will be discussed later. 

 

 

 



 53

Significant genetic differentiation between geographic subpopulations for all coding 

regions of TSWV S and M RNAs  

 

To test if geographic isolates are genetically differentiated populations three 

independent statistical tests of population differentiation were applied (Hudson 2000; 

Hudson et al. 1992). The analysis focused on the largest geographic groups of isolates 

of each coding region, since the power of the tests increases as the subpopulation size 

also increases. The null hypothesis was rejected for the majority of comparisons, with 

all the test statistics (KST, KS, Z, and Snn) supported by P values less than 0.05 (Table 1).  

This indicates significant genetic differentiation between most geographic groups of 

isolates. Only in two cases (comparisons between North Carolina and Spain for NSm 

and G1-G2 genes) the Z test statistic was not significant.  

 

Additionally the coefficient of gene differentiation FST was used to estimate the 

extent of genetic differentiation between geographic isolates. The overall values of FST 

for the NSs, N, NSm and G1-G2 genes were 0.58, 0.66, 0.47 and 0.53 respectively 

indicating considerable genetic differences between geographic isolates. FST values 

calculated for each pair of geographic group of isolates for each gene are presented in 

Table 1. For the majority of pairwise comparisons FST values are high supporting 

population differentiation within the TSWV species. For example, the FST value for the 

NSs California/Bulgaria comparison is 0.79 indicating that most of the molecular 
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diversity is distributed among these geographic groups. Interestingly, in most cases 

where North Carolina isolates were compared against another geographic group (for 

example NSs: North Carolina/Bulgaria comparison and NSm: California/North Carolina 

comparison) the FST values are lower than all other comparisons. When pairwise 

comparisons were repeated using only the North Carolina isolates that did not cluster 

within the Bulgaria/Germany/Netherlands subpopulation the FST values were as high as 

in every other comparison (Table 1). This result together with the phylogenetic analyses 

presented before, suggests the occurrence of gene flow from the 

Bulgaria/Germany/Netherlands to the North Carolina subpopulation. The possible 

causes of gene flow will be discussed later. Overall, estimation of the test statistics of 

genetic differentiation and of the coefficient of genetic differentiation supports a 

defined geographical structure for TSWV.  

 

Levels and patterns of intraspecific polymorphism for TSWV 

 

The level of intraspecific polymorphism of TSWV was examined by estimating 

genetic diversity (θw and θπ) at all sites and silent sites only, for the NSs, N, NSm and 

G1-G2 coding regions using the same sequence data as above. The level of diversity for 

all coding regions can be seen in Table 2.  
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The patterns of molecular diversity were evaluated using Tajima’s D and Fu and 

Li’s D* and F* test statistics at segregating sites, and haplotype diversity and nucleotide 

diversity at all sites (Table 3). Tajima’s D and Fu and Li’s D* and F* statistics test the 

distribution of nucleotide polymorphisms in the genome. Negative Tajima’s D and Fu 

and Li’s D* and F* values indicate an excess of low frequency polymorphism caused 

either by background selection, genetic hitchhiking or population expansions. Because 

selection events such as genetic hitchhiking and background selection affect relatively 

small fractions of the genome, a multilocus trend of negative Tajima’s D and Fu and 

Li’s D* and F* test statistic values indicates that demographic forces are acting on the 

species (Hey & Harris 1999; Tajima 1989). For the majority of geographic groups 

across the genome values of Tajima’s D and Fu and Li’s D* and F* test statistics are 

negative (Table 3) indicating the occurrence of recent population expansions within the 

TSWV species.  

 

Levels of haplotype diversity and nucleotide diversity were also compared to 

determine if population expansions are taking place within the TSWV species. 

Nucleotide diversity estimates the average pairwise differences among sequences, and 

haplotype diversity refers to the frequency and number of haplotypes in a sample. 

Estimates of nucleotide diversity can range from 0.000 when no variation exists to 

0.100 under cases of extreme divergence between alleles, whereas haplotype diversity 

values may vary between 0.000 and 1.000 (Grant & Bowen 1998). The haplotype 
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diversity and nucleotide diversity values for all subpopulations across loci are presented 

in Table 3. In most cases, haplotype diversity values are high and nucleotide diversity 

values are low. Specifically, haplotype diversity values across loci range form 0.857 to 

1.000, and nucleotide diversity estimates range from 0.002 to 0.025. The elevated 

nucleotide diversity for the North Carolina subpopulation observed at the NSm and G1-

G2 genes may be due to introduction of distantly related alleles from the 

Bulgaria/Germany/Netherlands subpopulation, as also indicated by the phylogenetic 

analyses. Overall, the combination of high haplotype diversity and low nucleotide 

diversity demonstrated here is consistent with a model of recent population expansion 

events (Grant & Bowen 1998).  

 

Interspecific divergence between TSWV and Impatiens necrotic spot virus (INSV) 

 

 Neutral theory predicts that the ratio of silent to replacement substitutions 

should be the same for polymorphisms within species and fixed differences between 

species (McDonald & Kreitman 1991). Significant deviations from this expectation may 

lead to rejection of the null hypothesis of neutrality. This prediction forms the basis of 

the McDonald-Kreitman tests in Table 4. We compared intraspecific data from the NSs 

(21 sequences), N (41 sequences), NSm (17 sequences) and G1-G2 (18 sequences) 

coding regions using as interspecific data the INSV sequence with GenBank accession 

number X66972 (de Haan et al. 1992). Comparisons using one sequence as interspecific 
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data are routinely done and provide statistically reliable results. The total number of 

mutational events observed across TSWV and INSV revealed a significant excess of 

replacement fixed differences. Specifically, 266, 165, 132 and 503 replacement fixed 

differences were observed between the two species for the NSs, N, NSm and G1-G2 

coding regions, respectively (Table 4). Within species (TSWV) there was an excess of 

synonymous substitutions. These results are statistically significant (Fisher's Exact Test 

and G-test, P<0.05). 

 

Evidence of selection in TSWV genes 

 

CODEML algorithm from PAML (Yang et al. 2000) was used to highlight 

variable selective constraints exerted on the NSs, N, NSm and G1-G2 genes. The first 

comparison involved models M2 and M3 and the second models M7 and M8. Notably, 

differences were observed between the selective constraints exerted on the NSm gene 

and the NSs, N and G1-G2 genes. For the NSs and N coding regions, the models 

accounting for codons with a dN/dS value greater than 1 were significantly better 

(P<0.05) than those that do not account for a dN/dS>1 (Table 5). Change in NSs codon 

positions 458 (K→P or K→S) and 460 (A→T or A→G or A→D) were predicted to be 

driven by positive selection. Amino acid positions 10 (S→N), 174 (Y→T or Y→C), 

and 255 (T→A) in the N gene were under positive selection. In the G1-G2 coding 

region, comparison between models M2 and M3 did not favor any evidence for 
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positively selected sites, whereas comparison between M7 and M8 marginally did 

(P<0.05). The latter comparison predicted positive selection at sites 528 (I→A or I→V), 

530 (R→D or R→H or R→N) and 1002 (P→L or P→S). Neither of the models 

predicted positive selection for codon sites in the NSm ORF. 

 

Interestingly, all of the positively selected sites of the NSs, N and G1-G2 coding 

regions are predicted to reside either in helix or turn domains of the proteins. 

Specifically, for the NSs protein amino acid positions 458 and 460 are predicted to 

reside in a helix and turn protein domain, respectively. For the N gene, positively 

selected amino acids 10 and 255 are predicted to be part of helices, whereas codon 174 

resides in a turn. Finally, all positively selected sites of the G1-G2 coding region are 

found in turns. 



 59

DISCUSSION 

 

Using sequence data from genes encoding five viral proteins, we utilized a 

multilocus molecular population genetic framework to examine the evolution of a 

highly pathogenic plant RNA virus (TSWV). Our specific goals were to determine the 

genetic structure of TSWV, identify the evolutionary forces that shape it and estimate 

the level of variation within this viral species. The analysis has defined the geographical 

structure of TSWV, attributed possibly to founder effects. Also, we demonstrate 

positive selection favoring divergence between Tospovirus species. At the species level, 

purifying selection has acted to preserve protein function, although certain amino acids 

appear to be under positive selection.  

 

The phylogenetic analyses, together with the three independent tests of genetic 

differentiation and the estimation of FST reveal that TSWV has a defined geographical 

structure. Only two isolates from North Carolina (NC1 and NC3) and an isolate from 

South Africa deviate from this prediction, clustering closer to the isolate from 

Netherlands. It is possible that these “foreign” isolates were introduced to other 

countries or states through importation of infected plant material from Netherlands, 

which is a center of plant material propagation. It has to be pointed out that since North 

Carolina is the most well represented group, more exceptions like the ones noticed 

above may be identified if more isolates from other geographic areas are analyzed. All 
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analysed geographic subpopulations consist of isolates collected at different times/years 

indicating that time is not a factor affecting the geographic clustering of isolates. We 

thus demonstrate using a molecular population genetic framework that populations of a 

plant RNA virus are geographically structured. 

 

 Multilocus deviations from the neutral equilibrium model together with a 

combination of high haplotype diversity and overall lack of nucleotide diversity within 

individual geographic groups indicate the existence of population expansions within the 

genome of TSWV. The observed temporal loss of polymorphism within the 

subpopulations is expected following genetic drift, which accompanies bottleneck 

transmission (Novella et al. 1995). Evolutionary bottlenecks/founder effects may arise 

as a result of plant or vector associated selection (Bergstrom et al. 1999). Transmission 

bottlenecks by the thrips vector, may occur when only a few individuals are transmitted 

horizontally from one host to another in the initiation of an infection (Bergstrom et al. 

1999). The high specificity required between thrips and virus for replication and 

transmission may necessitate adaptation of TSWV to the specific thrips biotypes, which 

could explain the emergence of geographic variants. This is the first time that 

population expansions following a bottleneck event have been shown for a plant RNA 

virus, and suggests that the inferred differentiation between viral populations is due to 

demographic events.  
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The level of intraspecific polymorphism among coding regions of TSWV S and 

M RNAs has been estimated. Comparisons made with reported estimates of nucleotide 

diversity for other plant RNA viruses, such as Pepper mild mottle virus (0.018), 

Tobacco mild green mosaic virus (0.057), Yam mosaic virus (0.117), Wheat streak 

mosaic virus (0.031) and Rice yellow mottle virus (0.194) (Garcia-Arenal et al. 2001) 

demonstrate a relatively high TSWV genetic variability (πSilent ranged from 0.079 to 

0.113). The latter can be related to the wide host range of TSWV, which includes both 

insects and plants, and its distinct ability to be transmitted both by thrips, in a persistent 

manner, and by vegetative propagation of plants.  Comparisons between the TSWV 

genetic diversity and that of other animal RNA viruses, such as HIV and Influenza A 

(Sharp 2002), reveal a relatively lower level of heterogeneity for TSWV. This may be 

attributed to the additional selection pressure imposed to animal RNA viruses by the 

immune system. Finally, when comparisons are made among different species, TSWV 

exhibits a relatively higher level of nucleotide polymorphism. For example, Drosophila 

melanogaster diversity ranges from 0.00 to 0.009 (Aquadro 1992), which is 8- to 13-

fold more diverse at the DNA sequence level than humans (Zwick et al. 2000).  

Diversity of maize ranges from 0.0028 to 0.036 (Tenaillon et al. 2001).  The elevated 

levels of TSWV genetic diversity compared to other species may be attributed to the 

high mutation frequencies of RNA viruses.  
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At the species level there is evidence of high selective constraints, restricting 

recurrent evolution of the NSs, N, NSm and G1-G2 coding regions, although specific 

amino acids appear to be under positive selection. Strong selective constraints can be 

attributed to the key roles of the analyzed genes in viral functions. The NSs structural 

protein, has RNA silencing suppressor activity and it also affects symptom expression 

in TSWV-infected plants (Takeda et al. 2002). The N protein, that encapsidates the viral 

RNA within the viral envelope (Richmond et al. 1998), is the predominant protein that 

antisera recognize, functions in the replication complex, and in Bunyaviruses has been 

shown to control the switch from transcription to translation (Kolakofsky & Hacker 

1991). The G1 and G2 glycoproteins play an important role in maturation/assembly of 

virions in both plants and thrips and also in attachment to cell surface receptors (in 

thrips only) (Bandla et al. 1998).  

 

The NSm protein is encoded only by tospoviruses, representing presumably an 

evolutionary adaptation of the bunyavirus genome to plant hosts (Goldbach & Peters 

1994). This protein is involved in cell-to-cell movement (Kormelink et al. 1994) and 

stimulation of tubular structures both in protoplasts and insect cells (Storms et al. 1995). 

It is also involved in host range determination and symptomatology (Silva et al. 2001). 

Additionally, NSm specifically interacts with the TSWV N protein and binds ss RNA in 

a sequence-nonspecific manner (Soellick et al. 2000). NSm is the only protein where no 

evidence for positive selection was identified. If host plant species have any role in 
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TSWV evolution, we would expect to see positively selected sites on the NSm gene. 

The lack of positive selected sites on this gene may be an indication that host associated 

selection is not a major factor affecting TSWV evolution. Overall, this analysis 

confirms that within-species purifying selection is acting to maintain functional 

integrity. 

 

Additionally, we showed evidence for positive selection on specific amino acids 

of the NSs, N and G1-G2 genes. Prediction of the secondary structure for the proteins 

encoded by these genes indicates that all positively selected sites are part of helix or 

turn domains. The absence of structural data and a reverse genetics system for TSWV is 

a crucial limitation for the prediction of the impact of these amino acid replacements. 

These amino acid changes may affect the binding of the virus to cells and subsequently 

influence its pathogenicity. Although purifying selection is predominantly acting at the 

species level to preserve the function of the encoded proteins, positive selection is 

favoring divergence between Tospovirus species. For the four analyzed genes, NSs, N, 

NSm and G1-G2, we found that there are more amino acid replacement than 

synonymous substitutions between species.  Until now, species characterization within 

Bunyaviridae has been based on molecular characteristics and estimations of identity 

between sequences. Our current analysis confirms that TSWV and INSV are different 

species within the same family, and demonstrates that selection may be a key 

evolutionary factor leading to speciation between these viral groups.  
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In conclusion, TSWV displays geographic structuring of isolated populations 

that may have arisen by founder effects. We identified positive selection that favors 

divergence between Tospovirus species. At the species level, purifying selection has 

acted to preserve protein function, although certain amino acids appear to be under 

positive selection. This analysis provides the first demonstration of population 

structuring and species-wide population expansions in a multi-segmented plant RNA 

virus, using multilocus sequence-based molecular population genetic analyses.  This 

study also identifies specific amino acid sites subject to selection within Bunyaviridae 

and estimates the level of genetic heterogeneity of a highly pathogenic plant RNA virus.  

The study of the variability of TSWV populations lays the foundation in the 

development of strategies for the control of other viral diseases in floral crops. Taking 

into consideration the limited amount of population studies in Bunyaviridae, and in 

plant RNA virology overall we believe that this research will set the stage for similar 

studies for other plant and/or animal viruses. 
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      Table 1. Summary of test statistics and parameter estimates examined for population differentiation between geographic    

      isolates. 

 
 

Gene 
 
 
 

 
Comparison 

between 
geographic groups 

 

KST
a 

 

 
 

KS
a 

 

 
 

 
P-value 

 
 
 

 
Z a     

 
P-value

 
Snn

a 
 

P-value 
 

FST
b 

 
FST

b 

NSs CA vs Bulgaria 0.689 0.010 0.000* 15.789 0.003* 1.000 0.000* 0.785  
 NC vs Bulgaria 0.184 0.026 0.005* 13.047 0.004* 0.889 0.003* 0.277 0.758c 
 Spain vs Bulgaria 0.587 0.014 0.037* 5.500 0.046* 1.000 0.000* 0.770  
 CA vs NC 0.326 0.017 0.007* 18.020 0.005* 1.000 0.000* 0.430 0.680c 
 CA vs Spain 0.544 0.006 0.028* 10.452 0.036* 1.000 0.000* 0.738  

N GA vs CA 0.457 0.007 0.000* 32.585 0.000* 1.000 0.000* 0.630  
 GA vs Spain 0.394 0.009 0.004* 18.977 0.007* 1.000 0.000* 0.645  
 GA vs Japan 0.474 0.011 0.004* 19.443 0.007* 1.000 0.000* 0.662  
 GA vs Bulgaria 0.508 0.012 0.000* 31.711 0.000* 1.000 0.000* 0.651  
 CA vs Spain 0.590 0.003 0.008* 11.905 0.019* 1.000 0.000* 0.710  
 CA vs Japan 0.612 0.006 0.014* 12.000 0.011* 1.000 0.000* 0.700  
 CA vs Bulgaria 0.565 0.008 0.000* 23.367 0.000* 1.000 0.000* 0.712  
 Spain vs Bulgaria 0.427 0.011 0.005* 14.311 0.003* 1.000 0.000* 0.663  
 Japan vs Bulgaria 0.367 0.014 0.005* 15.162 0.005* 1.000 0.000* 0.559  

NSm CA vs NC 0.190 0.018 0.008 * 17.762 0.005* 0.909 0.002* 0.317 0.564c 
 CA vs Spain 0.487 0.009 0.045* 4.500 0.045* 1.000 0.000* 0.620  
 NC vs Spain 0.244 0.023 0.040* 11.333 0.270 0.875 0.000* 0.464 0.667c 

G1-G2 NC  vs CA 0.263 0.019 0.001* 25.162 0.001* 0.923 0.000* 0.434 0.620c 
 NC vs Spain 0.263 0.022 0.020* 17.714 0.126 0.900 0.000* 0.536 0.692c 
 CA vs Spain 0.474 0.015 0.045* 4.950 0.045* 1.000 0.000* 0.635  
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           Table 1. (Cont’d) 
 
                   
                

*P<0.05, determined using 1000 permutations. 

           aKST, KS, Z and Snn are test statistics of genetic differentiation.  
                 bFST examines the extent of genetic differentiation between geographic isolates. 
                 cFST

 re-estimated for pairwise comparisons including only the NC isolates that did not cluster within the    

            Bulgaria/Germany/Netherlands subpopulation   
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                          Table 2. Genetic variation of NSs, N, NSm and G1-G2  

                          coding regions measured by θw and θπ. 

 

 
 

Gene 
 

θπ total
a
 

 
θπ silent

a
 

 
θw total

b
 

 
θw silent

b
 

 
NSs 0.034 0.091 0.037 0.091 
N 0.024 0.079 0.043 0.132 

NSm 0.030 0.113 0.036 0.131 
G1-G2 0.031 0.104 0.042 0.133 

 

 

a θπ is estimated by the average pairwise difference among sequences in a sample.  
b θw is a function of both the number of polymorphic sites and the number of sequences 

in a sample. 
a, b θπ and θw were calculated based on the total number of sites (θπ total and θw total) as 

well as on the silent sites only (θπ silent and θw silent). 

 
 

  

 
 
 
 
 
 
 
 



 77

Table 3. Summary of parameter estimates and test statistics examined for demographic 

trends. Numbers in parentheses are standard deviations of estimates. 

 

 
 

Gene 
 
 

Geographic 
Group 

 

 
Tajima’s 

Da 
 

 
Fu & Li’s 

 D* b 
 

Fu & Li’s 
F* b 

 

H 
 
 

θπ total
c 

 
 

NSs CA -0.495 -0.705 -0.725 0.952 (0.096) 0.006 (0.001) 
 Bulgaria -0.532 -0.714 -0.734 1.000 (0.126) 0.017 (0.003) 
       

N GA -1.000 -1.116 -1.220 0.944 (0.070) 0.010 (0.002) 
 CA -1.524* -1.609* -1.732* 0.857 (0.137) 0.002 (0.001) 
 Bulgaria -1.645* -1.779* -1.948* 1.000 (0.063) 0.013 (0.002) 
       

NSm CA 0.304 0.304 0.323 1.000 (0.126) 0.008 (0.002) 
 NC -1.169 -1.266 -1.366 1.000 (0.096) 0.025 (0.011) 
       

G1-G2 NC -1.569* -1.722* -1.884* 1.000 (0.063) 0.023 (0.011) 
 CA 0.228 0.228 0.248 1.000 (0.126) 0.010 (0.002) 

 

 

 

*0.05<P<0.10 
aTajima’s D compares the nucleotide diversity π with the proportion of polymorphic 

sites, which are expected to be equal under selective neutrality.  
bFu and Li’s D* test statistic is based on the differences between the number of 

singletons (mutations appearing only once among the sequences) and the total number 

of mutations. The F* test statistic is based on the differences between the number of 

singletons and the average number of nucleotide differences between pairs of 

sequences. 
cθπ total is estimated by the average pairwise difference among sequences in a sample, 

based on all sites.  
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 Table 4. Examination of selection on proteins between viral species (TSWV and INSV)  

 with the McDonald and Kreitman test for NSs, N, NSm and G1-G2 coding regions. 

 
 
 

 
Gene 

 
FSa 

 
FRa 

 
PSb 

 
PRb 

 
Fisher's 

 
G test 

 

 
G-Williams 

 
G-Yates 

 
NSs 221 266 101 63 0.0* 0.0 * 0.0 * 0.0 * 
N 126 165 94 40 0.0 * 0.0 * 0.0 * 0.0 * 

NSm 123 132 88 23 0.0 * 0.0 * 0.0 * 0.0 * 
G1-G2 495 503 347 118 0.0 * 0.0 * 0.0 * 0.0 * 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

 

* P<0.05. 
a FS and FR correspond to the number of fixed synonymous and replacement substitutions 

between species, respectively. 
b PS and PR correspond to the number of polymorphic synonymous and replacement 

substitutions within species (TSWV), respectively. 
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           Table 5. Comparison of the different ML models used in the NSs, N, NSm 

           and G1-G2 analyses for detection of positive selected amino acid sites. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

* The models that allow for adaptive evolution (M3 or M8) are statistically favored at    

the 95% confidence level. 
a Reported values of dN/dS are based on the discrete (M3) ML model, which is the most 

sensitive in identifying positive selected sites.     

                                                     
 
 
 

 
Gene 

 
 
 

M2 vs 
M3 

 
 

M7 vs 
M8 

 
 

 
Positively 
selected  

sites 
 

Amino acid 
Changes 

 
 

dN/dS
a 

 

 

 
NSs 14.663* 15.238* 458 K → P  0.367 

    K → S  
   460 A → T  
    A → G  
    A → D  

N 8.092* 11.586* 10 S → N 0.221 
   174 Y → T   
    Y → C  
   255 T → A  

NSm 0.002 0.598 none none 0.082 
G1-G2 2.570 6.398* 528 I → A  0.137 

    I → V  
   530 R → D  
    R → H  
    R → N  
   1002 P → L   
    P → S  
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Figure 1. Genomic organization of TSWV. L, M, and S represent the three ss RNA 

genomic segments of the virus. L RNA (~9kb) encodes an RNA-dependent RNA 

polymerase in negative sense (-). M RNA (~4.8kb) encodes the NSm (+) protein and the 

G1-G2 (-) precursor glycoprotein. S RNA (~3kb) encodes the NSs (+) non-structural 

protein and the nucleocapsid protein, N (-). Both M and S RNAs are in ambisense 

orientation; ORFs of opposite polarity on the same genomic segment. 
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Figure 2. Parsimony phylogenetic tree (branch and bound search, stepwise addition of 

sequences) constructed from nucleotide polymorphisms observed at the NSs gene (21 

sequences). Values on branches indicate number of polymorphisms separated by 

inferred intermediate haplotypes. 
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Figure 3. Parsimony phylogenetic tree (branch and bound search, stepwise addition 

of sequences) constructed from nucleotide polymorphisms observed at the N gene 

(41 sequences). Values on branches indicate number of polymorphisms separated by 

inferred intermediate haplotypes. 
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Figure 4. Parsimony phylogenetic tree (branch and bound search, stepwise addition 

of sequences) constructed from nucleotide polymorphisms observed at the NSm gene 

(17 sequences). Values on branches indicate number of polymorphisms separated by 

inferred intermediate haplotypes. 
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Figure 5. Parsimony phylogenetic tree (branch and bound search, stepwise addition 

of sequences) constructed from nucleotide polymorphisms observed at the G1-G2 

gene (18 sequences). Values on branches indicate number of polymorphisms 

separated by inferred intermediate haplotypes. 
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CHAPTER 3 

 

 

 

 

AN ADVANCED DIAGNOSTIC SYSTEM FOR TOMATO SPOTTED WILT VIRUS 

(TSWV)-INDUCED EPIDEMICS 

 

 

 

 

 

 

 

 

This chapter consists of a paper in preparation for submission to the journal Virus 
Research. 
This paper will be co-authored with J. Abad and J.W. Moyer (Department of Plant 
Pathology, North Carolina State University, Raleigh). 
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ABSTRACT 

 

 Tomato Spotted Wilt virus (TSWV) (Bunyaviridae) has a tripartite ss RNA 

genome, organized on one negative sense ss RNA and two ambisense ss RNA 

molecules. TSWV has a broad host range, infecting over 900 plant species, ten thrips 

species and is a major economic problem worldwide. Due to the rapid ability of TSWV 

for adaptation and the efficiency of thrips as vectors of the virus, no available 

management strategy is completely satisfactory. The goal of this study was to generate a 

standardized diagnostic system that can be routinely used to prevent or contain TSWV 

epidemics. Data from genes encoding two viral proteins were used for analysis of 

optimal informational content and for phylogenetic analysis. Our research has identified 

partial sequence regions that contain similar phylogenetic information and perform as 

well as the complete NSm and RdRp genes, for branching points statistically supported 

(bootstrap value>50%). In addition, we have designed and tested primers that amplify 

specifically the NSm and RdRp local regions. We propose a new advanced diagnostic 

system, which will use the NSm and RdRp local regions together with the N gene of 

TSWV to assign attribution to initial TSWV infections and prevent their spread to an 

epidemic form. Additionally, this system will allow advance warning of likely virus 

epidemics by testing representative leaf samples for TSWV in nurseries and other plant 

propagation facilities in a fast and accurate way. It can be used in concert with the 

traditional prophylactic and control measures for TSWV for effective management of 
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this highly-pathogenic viral species. Also, we envision that use of the identified local 

regions will enhance phylogenetic reconstruction, the study of variability of natural 

TSWV populations, and population genetic analysis by focusing on the representative 

portions of the TSWV genome.  
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INTRODUCTION 

 

 Tomato Spotted Wilt virus (TSWV), the type member of Bunyaviridae, was first 

reported in Australia in 1919 (Brittlebank, 1919). Subsequently it was discovered that 

the virus is transmitted by thrips in a persistent manner (Pittman, 1927). TSWV has a 

broad host range, infecting over 900 plant species, including monocots, dicots and ten 

thrips species (Ullman et al., 2002). TSWV has a tripartite ss RNA genome, composed 

of the large (L) segment (~9kb) encoding an RNA-dependent RNA polymerase (de 

Haan et al., 1991; Adkins et al., 1995), the medium (M) segment (~4.8kb) encoding the 

NSm protein and the G1-G2 precursor glycoprotein (Kormelink et al., 1992), and the 

small (S) segment (~3kb) encoding the NSs non-structural protein  and the nucleocapsid 

protein, N (de Haan et al., 1990) (Figure 1).  

 

 Since the mid-1980's, TSWV emerged as a major economic problem in many 

areas of the world, including the southeastern United States (Peters et al., 1996). The 

estimated annual crop loss from TSWV is over one billion dollars, placing it among the 

ten most detrimental plant pathogens in the world (Prins and Goldbach, 1998).  The 

emergence of TSWV as a worldwide pathogen, has been attributed to spread of the 

western flower thrips (Frankliniella occidentalis), global movement of virus-infected 

plant material (Peters et al., 1996) and the rapid ability of the virus to adapt to new 

hosts and overcome resistance (Qiu et al., 1998; Qiu and Moyer, 1999). It is 
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hypothesized that the high heterogeneity of TSWV natural populations provides the 

genetic reservoir for rapid adaptation of the virus to new or resistant hosts.   

 

 Although a number of measures can be used to reduce losses to TSWV (Jones, 

2003), none of the available management strategies is completely satisfactory (Ullman 

et al., 1997).  This together with the ability of the virus for rapid adaptation (Qiu et al., 

1998) and the efficiency of thrips as vectors of TSWV, necessitate the accurate 

characterization of the isolates causing TSWV outbreaks as an efficient measure for the 

control and/or prevention of TSWV epidemics. In our previous research, using data 

from genes encoding five viral proteins (NSs, N, NSm and G1 and G2) we 

demonstrated that TSWV has a defined geographical structure and thus correlated the 

way of clustering of isolates with their geographic origin (Tsompana et al., 2004). Our 

results were based on a multilocus sequence-based population genetics framework. 

Interestingly, using this information we identified two TSWV isolates collected in 

North Carolina (NC) and one in South Africa originated from Europe. These findings 

provided the basis for an advanced diagnostic system that could assign attribution to 

TSWV epidemics and be used as a measure for their control or prevention. The 

limitation of this system is that it requires sequencing of whole coding regions, which 

can be expensive and time-consuming when a large number of isolates are examined 

simultaneously. However, arbitrary selection and sequencing of smaller genomic 
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regions will not guarantee the representation of evolution of the whole TSWV species 

and may lead to misinterpretation of results and wrong inferences (Martin et al., 1995).  

 

 In this report, we have identified and tested partial sequence regions that contain 

similar phylogenetic information to the complete NSm and RdRp gene sequences.  To 

do that, eight L RNA, three partial NSm and five partial RdRp sequences have been 

generated. In addition, we have designed and tested primers that amplify specifically the 

identified partial regions. We propose a new advanced diagnostic system, which will 

use the latter partial regions together with the N gene of TSWV to assign attribution to 

initial TSWV infections and prevent their spread to an epidemic form. Additionally, this 

system will allow advance warning of likely virus epidemics by testing representative 

leaf samples for TSWV in nurseries and other plant propagation facilities in a fast and 

accurate way, overcoming the inadequacies of serology. We also believe that use of the 

identified local regions together with the N gene, will strengthen TSWV phylogenetic 

reconstruction, the study of variability of natural TSWV populations, and will save 

time, effort and resources by focusing only on a representative portion of the genome.  

 



 91

MATERIALS AND METHODS 

 

Virus Isolates 

 

 The eight L RNA, three partial NSm and five partial RdRp sequences generated 

in this study were obtained from isolates from geographical locations both in the United 

States (California (CA), NC) and Europe (Spain) (Table 1 and 2). Isolates originated 

from various host plants, both from greenhouse and field environments, in the time 

period 2000-03. Stock cultures of all isolates were stored as infected Nicotiana 

benthamiana leaves at -80◦C.  

 

RNA extraction, RT-PCR, and sequencing  

 

Total plant RNA was extracted from TSWV systemically-infected N. 

benthamiana leaves after first passage using the SV Total RNA Isolation System 

(Promega, Madison, WI), according to the manufactures’ protocol. RNA extracts were 

used as template for reverse transcription-PCR (RT-PCR). Primers were designed, 

according to TSWV sequences published in GenBank, to amplify overlapping regions 

of the L RNA segment (Appendix I, Table A3) and to span optimal local regions 

(positions 7-706 and 7150-8149) for the NSm and RdRp genes respectively (Table 3 

and Figure 1). RT-PCR, electrophoresis, purification and sequencing of PCR products 
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were carried out as before (Tsompana et al., 2004). Nucleotide consensus sequences 

were assembled, edited and aligned as before (Tsompana et al., 2004).  

 

Identification of optimal regions for phylogenetic analysis 

 

 Analyses were conducted using eight RdRp sequences generated in this study, 

combined with three TSWV sequences from GenBank and eleven sequences previously 

sequenced from our laboratory (Table 1). Overall for the RdRp (8,640 bp) and NSm 

(912 bp) we used 9 and 13 sequences, respectively. The set of sequences analyzed was 

reasonably representative of the genetic variability of TSWV, since sequences 

originated from isolates from different localities and host plants, collected at different 

times/years. A heuristic method (Martin et al., 1995) was applied using program OSA 

(Optimal Sequence Analysis, http://www.tdi.es/programas/osa-i.htm) to identify partial 

sequence regions that contain similar phylogenetic information to that of the complete 

NSm and RdRp gene sequences.  This method estimates the divergence in the 

informative content, that is defined as the relative differences between the distance 

matrices obtained using the total gene sequence and the distance matrices obtained 

using only shorter regions of the gene (Nunez et al., 2001). Cut off values were 

obtained by 1000 bootstrap replicates.  
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Phylogenetic analysis  

 

 Neighbor-Joining (NJ) phylogenies, based on the Kimura two-parameter 

distance matrix were generated by MEGA version 2.01 (Kumar et al., 1993). Total trees 

for the NSm and RdRp genes were constructed using the isolates in Table 1. Also, trees 

for the NSm and RdRp local gene regions were constructed using the isolates in Table 1 

and additional isolates sequenced in this study and from GenBank (Table 2). Bootstrap 

confidence limits were obtained by 1000 replicates. Nodes with less than 50% bootstrap 

support were collapsed. 

 

 

 

 

 

 

 

 

 

 

 



 94

RESULTS 

 

Informative regions within NSm and RdRp gene sequences of TSWV 

 

 Using a heuristic program applied by the program OSA, we were able to identify 

partial sequence regions of NSm and RdRp that contain similar phylogenetic 

information to that of the respective complete gene sequences.  For the NSm gene the 

most informative window of 700nt length started from nucleotide positions 1 to 213 

(nucleotide one corresponds to the first nucleotide of the NSm coding region). That 

means that nucleotide regions 1-700, 2-701, 3-702 and so on, contain similar 

phylogenetic information and may be used instead of the total sequence of the NSm 

gene (912 bp). For RdRp, optimal regions started from positions 7149-7163 and 7213-

7214 for 1000 nt length (numbering starts from the first nucleotide of the RdRp coding 

region). We designed primers to span optimal local regions (positions 7-706 and 7150-

8149) for the NSm and RdRp genes, respectively (Table 3 and Figure 1). These primers 

amplified successfully isolates originating from different geographic regions, hosts and 

time periods (Figure 2).  
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Accurate recovery of topology using local optimal gene regions 

 

 To asses the validity of our results NJ trees were constructed for total and local 

regions of the NSm and RdRp genes. Figures 3a and 3c show the phylogenetic trees 

obtained for the entire NSm and RdRp coding regions for isolates in Table 1. Figures 3b 

and 3d show the trees obtained for windows 700 and 1000 nucleotides long, spanning 

positions 7-706 and 7150-8149, for the NSm and RdRp genes respectively; for the latter 

phylogenetic trees we used additional isolates sequenced for this study and from 

GenBank (Table 2). Numbers at the branching points represent bootstrap values. As 

expected, branch lengths were different when the local region was used to reconstruct 

the phylogenetic relationship of the isolates; however, the original topology was 

recovered accurately. In only two cases branches swapped their position (isolates 

HAW-2 and CA-7, NSm gene) at branching points not statistically supported (bootstrap 

value<50%) (Figure 3a). This suggests that the predicted local regions can be expected 

to perform as well as the total region of the NSm and RdRp genes, for branching points 

statistically supported (bootstrap value>50%).  

 

 Specifically, the phylogenetic tree derived from the 700 nt NSm local region 

delineated three independent geographic subpopulations consistent with our previous 

research (Tsompana et al., 2004): i) one from Europe including isolates SPAIN-2, 

SPAIN-1, BULG-5, and NETH, ii) a second from California (isolates CA-3, CA-8, CA-



 96

4, CA-5, CA-6 and CA-7) and iii) a third from North Carolina (isolates NC-6, NC- 8, 

NC-12, NC-13,  NC-7, NC-5, NC-4). Similarly, the phylogenetic tree derived from the 

1000 nt RdRp local region uncovered distinct subpopulations from North Carolina, 

California and Europe. Interestingly, using the local regions of NSm and RdRp we were 

able to confirm the European origin of the NC-3 isolate (Tsompana et al., 2004). 
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DISCUSSION 

 

 In this report we propose a new advanced diagnostic system, which will use 

partial NSm and RdRp regions to assign attribution to initial TSWV infections and 

prevent their spread to an epidemic form. Additionally, this system will allow accurate 

and fast testing of representative leaf samples for TSWV in nurseries and other plant 

propagation facilities, thus providing advance warnings of likely virus epidemics.  Use 

of the local regions will also advance research on the variability of natural TSWV 

populations, TSWV phylogenetic and population genetic analysis by focusing on the 

representative portions of the genome. 

 

 Specifically, using a heuristic approach we were able to identify partial sequence 

regions of NSm and RdRp that contain similar phylogenetic information to that of the 

respective complete gene sequences.  Construction of total and local phylogenetic trees 

for the NSm and RdRp genes revealed that the predicted local sequence regions (7-706 

and 7150-8149 for NSm and RdRp respectively) can be expected to perform as well as 

the total region of the NSm and RdRp genes, for branching points statistically supported 

(bootstrap value>50%). Same results have been shown for the VP1 region of the foot-

and-mouth disease virus (FMDV) (Martin et al., 1995; Nunez et al., 2001). The 

inconsistency of the applied method for branching points not statistically supported is 

expected, since such points do not support any kind of phylogenetic inference reliably.  
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 We suggest that our diagnostic system includes the N gene of TSWV RNA, 

which exhibits the geographic structure of TSWV isolates as reliably as the other 

coding regions of the genome (Tsompana et al., 2004). Use of genes from different 

genomic segments will detect traces of recombination or reassortment events that can 

cause perturbations in phylogenetic reconstruction. Although no evidence for 

recombination has been found so far for TSWV (Tsompana et al., 2004), studies with 

lab isolates have demonstrated that TSWV reassorts readily and it uses this mechanism 

to overcome resistance in plants (Qiu et al., 1998; Qiu and Moyer, 1999). Primers for 

the amplification of the N gene, the smallest gene of the genome, are already available 

(Tsompana et al., 2004). Strictly, the accuracy of the system can be guaranteed only if 

the variability of the sequences tested is comparable to the reference dataset. Our 

reference dataset is reasonably representative of the genetic heterogeneity of TSWV 

since it includes isolates from different geographic regions (California, North Carolina, 

Spain, Hawaii, Bulgaria, Netherlands and Japan), different hosts (chrysanthemum, 

dahlia, tobacco, pepper, and tomato) and time points; thus we expect it to perform well 

in most cases. 

 

 An example of the usefulness of sequencing and phylogenetic analyses of the 

NSm and RdRp local regions is illustrated by the results obtained in this study. 

Previously, using whole sequences of the N, NSs, NSm and G1-G2 genes and taking 

into account the geographic structure of TSWV, we identified the European origin of an 
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isolate collected in North Carolina (NC-3). Interestingly, use of the local regions of 

NSm and RdRp demonstrated the same result and confirmed that the proposed system 

can be used for accurate identification of the geographic origin of TSWV isolates. 

Using the local NSm and RdRp regions we demonstrated the North Carolina origin of 

isolates NC-12 and NC-13 and the California origin of isolate CA-8. Ideally, the N gene 

of these isolates should be sequenced in addition to confirm their geographic origin. 

Besides, use of the local RdRp region indicated that isolate CA-9 collected in California 

may also have a European origin. To confirm the origin of CA-9 the NSm local region 

and N gene have also to be sequenced.  

 

 Introduction of new TSWV isolates into a specific geographic area, through 

transfer of infected plant material or thrips transmission, can result in severe epidemics. 

This can be due to a higher virulence of the introduced isolate compared to the 

established viral subpopulation or lack of the respective resistant alleles in the local 

hosts. Using our proposed advanced diagnostic system, plant pathologists will be able to 

identify the geographic source of an initial TSWV infection and prevent its spread to an 

epidemic form.  This will undoubtedly save money and time. The results will be more 

complete, if our proposed diagnostic system is used together with the traditional 

prophylactic and control measures for TSWV (Jones, 2003) as an integrated viral 

management program.  
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 Additionally, use of the local NSm and RdRp regions together with the N gene 

of S RNA will permit accurate and fast taxonomic characterization of viral samples 

overcoming the limitations of serology (cross-reaction of antibodies between closely 

related viruses and need for antibody against the virus of interest).  This will allow 

advance warning of likely virus epidemics by testing representative leaf samples for 

TSWV in nurseries and other plant propagation facilities in a fast and accurate way. In 

nurseries the need for control is even more crucial, since the growing conditions leave 

plants vulnerable to TSWV and the infection is not usually evident until the seedlings 

are sold and planted elsewhere (Jones, 2003). Early identification of TSWV infection in 

such facilities will prevent dissemination of infected plant material to many other farms 

and will thus reduce the possibility of a severe viral epidemic.  

 

 Also, the local regions together with the N gene of S RNA can be used to 

advance phylogenetic reconstruction for TSWV. So far most TSWV phylogenetic 

analyses have focused either on non-coding regions of the genome (S and M RNA IGR) 

or the N gene (Pappu et al., 1998; Bhat et al., 1999; Pappu et al., 2000; Heinze et al., 

2001) for historical reasons. Use of the N gene alone does not guarantee representation 

of the evolution of the TSWV species. Also, use of non-coding regions for phylogenetic 

inference is not generally preferred, since alignment of such portions of the genome is 

usually error-prone due to the high number of insertion and deletion events and the 

inability to proofread the alignments at the amino acid level. Focusing on representative 
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portions of the genome (NSm and RdRp local regions) together with the N gene will 

allow reliable TSWV phylogenetic reconstruction, in a faster and cheaper way. Finally, 

use of the NSm and RdRp local regions will permit the efficient use of techniques such 

as sequencing, RFLP and others for the study of variability in natural TSWV 

populations. The study of the variability of TSWV populations is essential for 

understanding the mechanisms of TSWV adaptation to resistant or new hosts.  

 

 In conclusion, TSWV management has been problematic due to the rapid ability 

of the virus to adapt to new or resistant hosts and the efficiency of the thrips as vectors 

of the virus. However, the severity of TSWV infections, especially in vegetable 

seedling nurseries, protected situations, and outdoor intensive vegetable productions 

necessitates the use of effective control measures for TSWV. Our proposed 

standardized system, which uses the N gene of S RNA and two local regions from the 

NSm and RdRp genes, can be used to assign attribution to initial TSWV infections and 

prevent their spread to an epidemic form. Additionally, this system will allow advance 

warning of likely virus epidemics by testing representative leaf samples for TSWV in 

nurseries and other plant propagation facilities in a fast and accurate way. We believe 

that use of the proposed system together with the traditional prophylactic and control 

measures for TSWV will result in an effective management of this viral species. Also, 

use of the identified local regions together with the N gene, will permit better 

phylogenetic and population genetics analyses for this virus. Studies in variability and 
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in general evolutionary biology of other RNA viruses may also benefit from focusing 

on the most representative portions of the genome, overcoming the problem of high 

evolutionary noise of RNA sequences (Martin et al., 1995). 
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Table 1. Tomato Spotted Wilt virus isolates used for identification of optimal local  

regions. 

 

 
 

Isolate 

 

Locus 

 

Host 

 

Source 

 

 

Date Acces. No. 

 

CA-4 NSma chrysanthemum CA  01/08/2002c NAe 

CA-5 NSma chrysanthemum CA  01/08/2002c NA 

CA-6 NSma, 

RdRpb 

chrysanthemum 

 

CA 

 
01/08/2002c NA 

 

CA-7 NSma, 

RdRpb 

dahlia 

 

CA 

 
03/22/2002c NA 

 

NC-1 RdRpb dahlia NC 06/20/2001c NA 

NC-3 RdRpb dahlia NC  03/27/2002c NA 

NC-4 NSma, 

RdRpb 

tobacco 

 

NC  

 
05/29/2002c NA 

 

NC-5 NSma, 

RdRpb  

tobacco 

 

NC 

 
05/31/2002c NA 

 

NC-6 NSma, 

RdRpb 

pepper 

 

NC  

 
06/05/2002c NA 

 

NC-8 NSma tomato NC 05/28/2002c NA 

SPAIN-2 NSma, 

RdRpb 

tomato 

 

Spain 

 
06/12/2001c NA 

 

BULG-5 NSm tobacco Bulgar. 01/18/1991d X93603 

NETH NSma dahlia Netherl. 08/23/1997d AF208497 

JAP-4 NSm N/A Japan 02/09/1998d AB010996 

HAW RdRp N/A Hawaii 12/17/2001d AY070218 

HAW-2 NSma tomato Hawaii 11/26/1999d AF208498 
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Table 1 (Cont’d) 
 

 

 

 
         e Sequence has not been submitted to GenBank. 

a Previously sequenced by our laboratory (Tsompana et al., 2004).  
b Sequenced in this study. 
c Date TSWV sample was collected..  

d Date TSWV sequence was submitted to GenBank (collection date was not available). 
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Table 2. Additional Tomato Spotted Wilt virus isolates used to test the accuracy of the 

proposed system. 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Previously sequenced by our laboratory (Tsompana et al., 2004).  
b Sequenced in this study. 
c Date TSWV sample was collected. 

 

 

 

Isolate 

 

Gene 

 

Host 

 

Source 

 

 

Date 

CA-3 NSma  chrysanthemum CA 11/21/2000c 

CA-8 NSmb (7-706 bp) 

RdRpb (7150-

8149 bp) 

aster 

 

 

CA 06/25/2003c 

CA-9 RdRpb (7150-

8149 bp) 

pepper 

 

CA 06/23/2003c 

NC-3 NSma dahlia NC  03/27/2002c 

NC-7 NSma  tobacco NC 05/27/2002c 

NC-12 NSmb (7-706 bp) 

RdRpb (7150-

8149 bp) 

pepper 

 

 

NC 

 

 

07/09/2002c 

NC-13 NSmb (7-706 bp) 

RdRpb (7150-

8149 bp) 

pepper 

 

 

NC 

 

 

05/30/2002c 

NC-14 RdRpb (7150-

8149 bp) 

broad bean 

 

NC 

 
06/17/2002c 

SPAIN-1 NSma tomato Spain 06/12/2001c 
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Table 3. Synthetic oligonucleotides used for RT- PCR of NSm and RdRp local regions. 
 
 
 

 

Primer pairs 

 

Sequence 5'→3' 

 

NSm gene   

Pair: M2 GAGCAATCAGTGC(A or G)TCAGA 

        M899 GCTTCTC(A or G)CTGTT(T or C)CCTTTAG 

  

RdRp gene  

Pair: L7051 (A or T)TAT(A or G)A(A or C)AACGTGAACTC 

        L7750 ATGTGGCATATGTCCTGC 

Pair: L7541 CTCTGATAAATGATGCAT 

         L8250 (A or G)GG(A or G)CAATTGACATTCTT 
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Figure 1. Genomic organization of TSWV. L, M, and S represent the three ss RNA 

genomic segments of the virus. L RNA (~9kb) encodes an RNA-dependent RNA 

polymerase in negative sense (-). M RNA (~4.8kb) encodes the NSm (+) protein and the 

G1-G2 (-) precursor glycoprotein. S RNA (~3kb) encodes the NSs (+) non-structural 

protein and the nucleocapsid protein, N (-). Both M and S RNAs are in ambisense 

orientation; ORFs of opposite polarity on the same genomic segment. Arrows indicate 

the local NSm (7-706 bp) and RdRp (7150-8149 bp) regions that represent the 

variability of the total NSm and RdRp genes.  
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Figure 2. Amplification of TSWV NSm and RdRp local regions. One µl of each PCR 

product has been loaded on a 0.8% agarose gel as following: 1) 1 kb ladder, 2) water 

(negative control) (region NSm 2-899), 3) NC-12 (region NSm 2-899), 4) NC-13 

(region NSm 2-899), 5) NC-14 (region NSm 2-899), 6) CA-9 (region NSm 2-899), 7) 

CA-8 (region NSm 2-899), 8) water (negative control) (region RdRp 7051-7750), 9) 

NC-12 (region RdRp 7051-7750), 10) NC-13 (region RdRp 7051-7750), 11) NC-14 

(region RdRp 7051-7750), 12) CA-9 (region RdRp 7051-7750), 13) CA-8 (region RdRp 

7051-7750), 14) water (negative control) (region RdRp 7541-8250), 15) NC-12 (region 

RdRp 7541-8250), 16) NC-13 (region RdRp 7541-8250), 17) NC-14 (region RdRp 

7541-8250), 18) CA-9 (region RdRp 7541-8250), and 19) CA-8 (region RdRp 7541-

8250). Additional information for isolates is provided in Table 2.  

 
 

1     2    3    4   5    6    7    8    9  10  11  12  13  14   15  16  17  18   19   
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Figure 3. Neighbor-Joining trees derived from the NSm and RdRp gene sequences: a) 

tree corresponding to the total NSm gene, b) tree derived from the 700 nt region (7-706 

bp) of the NSm gene including additional isolates sequenced in this study and from 

GenBank, c) tree corresponding to the total RdRp gene and d) tree derived from the 

1000 nt region (7150-8149 bp) of RdRp gene including additional isolates sequenced in 

this study and from GenBank. Bootstrap values were obtained by 1000 replications and 

nodes with less than 50% support were collapsed. Grey boxes indicate geographic 

subpopulations. 
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a) 
 

 
 
 
 
b)  
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c) 
 

 
 
 
 
 
d) 

 

           

 NC-4 
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 CA-6 
 CA-7 
 HAW 
 SPAIN-2 
 NC-3 
 NETH 

100

100

100

100

100

100

 NC-4 
 NC-12 
 NC-6 
 NC-5 
 NC-13 
 NC-14 
 CA-6 
 CA-7 
 CA-8 
 HAW 
 SPAIN-2 
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 NETH 
 CA-9 

99

99

98

93

67

100

55

93

79

66

53 
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CHAPTER 4 

 

 

 

 

DEMOGRAPHIC HISTORY AND GENETIC STRUCTURE OF WILD-TYPE 

TOMATO SPOTTED WILT VIRUS (TSWV) ISOLATES  

 

 

 

 

 

 

 

 

 
This chapter consists of a paper in preparation for submission to the Journal Genetics. 
This paper will be co-authored with I. Carbone, J. Abad and J.W. Moyer (Department 
of Plant Pathology, North Carolina State University, Raleigh). 
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ABSTRACT 
 
 
 Tomato spotted wilt virus (TSWV) is a leading plant viral pathogen, infecting 

more than 900 plant species and causing major economic problems worldwide. 

Important characteristics of TSWV are the ability for genetic reassortment, rapid 

adaptation to new or resistant hosts and multiplication in its thrips vector. Here we 

present data on nucleocapsid gene variation within individual wild-type isolates of this 

viral species. In total, thirteen geographically and host-diverse TSWV isolates were 

amplified, cloned and 516 clones were sequenced, to infer the recent evolutionary 

history and genetic status of individual wild-type TSWV isolates. Estimation of levels 

of genetic diversity and haplotype analysis, reveal that natural TSWV isolates are 

highly heterogeneous viral populations that consist of one or more haplotypes with high 

frequency and an array of closely related rare haplotypes, some of which are defective. 

Examination of the total number of substitution events exhibits a transitional bias for all 

analyzed TSWV isolates, attributed to the function of RNA-dependent RNA 

polymerase or an editing enzyme such as dsRAD. Also high levels of among-population 

differentiation were observed induced by geographic and/or host related factors. 

Demographic analysis based on tests of neutrality, gene genealogies and the coalescent 

reveals an excess of rare polymorphism and a shallow population genetic architecture 

consistent with a model of population growth for all analyzed TSWV isolates. Our 

findings have implications with regard to the pathogenesis of this virus, are relevant for 

designing alternative control strategies against this detrimental viral species and 
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improve our knowledge on the prevailing factors that direct the evolution of RNA 

viruses.  
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INTRODUCTION 

 

 RNA viruses are characterized by high genetic variability, attributed to error-

prone replication, high replication rates, short generation time and large population size 

(Domingo and Holland, 1997). Recombination, segment reassortment (for 

multisegmented viruses) and generation of defective interfering particles also generate 

new genetic variability for these viral species (Domingo and Holland, 1994). The high 

genetic diversity of RNA viruses results in the potential for generation of genetically 

diverse populations within single virus isolates (Domingo and Holland, 1994). The 

existence of single RNA viral isolates as complex mutant distributions, allows them to 

adapt rapidly to a new environmental condition or selective regimen, through selection 

from preexisting variants of the mutant spectrum that have a higher fitness value in the 

new conditions (Coffin, 1995; Domingo, 1996). However, there is a specific error 

threshold necessary for an RNA virus to survive and adapt, above which the virus 

reaches a condition known as error catastrophe, equivalent to genetic meltdown 

(Domingo and Holland, 1994). Demonstrating and understanding the population 

structure and evolutionary capacity of single RNA virus isolates is essential for the 

prediction of the emergence of new viral pathogens and resistance-breaking variants as 

well as for the development of long lasting control of virus-induced diseases in plant 

and animal systems. 
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 Excellent but relatively limited research has focused on understanding the 

heterogeneous nature of single plant RNA virus isolates (Ayllon et al., 1999; Kong et 

al., 2000; Schneider and Roossinck, 2000; Naraghi-Arani et al., 2001; Rubio et al., 

2001a; Rubio et al., 2001b; Schneider and Roossinck, 2001; Vigne et al., 2004), 

compared to abundant research done for human and animal RNA viruses (de la Torre 

and Holland, 1990; Ganeshan et al., 1997; Carrillo et al., 1998; Mao et al., 2001). 

Tomato spotted wilt virus (TSWV), the prototype of the genus Tospovirus of the family 

Bunyaviridae, represents an exceptional model system for studying plant viral 

evolution, due to its distinct molecular and biological characteristics (Moyer, 1999, 

2000). TSWV has a tripartite single-stranded RNA genome, composed of the large (L) 

segment encoding the viral polymerase, the medium (M) segment encoding the NSm 

protein and the precursor of two glycoproteins (G1 and G2), and the small (S) segment 

encoding the NSs non-structural protein and the nucleocapsid protein, N (Figure 1) 

(Moyer, 2000).  

 

 The N protein, encapsidates the viral RNA within the viral envelope (Richmond 

et al., 1998) and in Bunyaviruses has been shown to control the switch from 

transcription to translation (Kolakofsky and Hacker, 1991). TSWV is cosmopolitan, its 

host range exceeds 900 plant and ten thrips species, and causes major economic 

problems in many areas of the world (Moyer, 2000; Ullman et al., 2002).  Prominent 

characteristics of TSWV are the ability for genetic reassortment, rapid adaptation to 
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new or resistant hosts and multiplication in its thrips vector (Qiu et al., 1998; Qiu and 

Moyer, 1999). Recently, using consensus sequences from a variety of geographically 

and host-diverse TSWV isolates, collected at different time intervals, we applied a 

multilocus population genetic framework to examine the evolution of this viral species. 

Results support a distinct TSWV geographical structure and the occurrence of species-

wide population expansions (Tsompana et al., 2004).  

 

 Herein we continue evolutionary research for TSWV by focusing on the genetic 

structure and population history of individual TSWV isolates. To evaluate these aspects 

of evolutionary biology of TSWV, the N gene from thirteen wild-type isolates was 

amplified, cloned and multiple clones were sequenced. Results reveal that TSWV 

isolates exist in nature as populations of heterogeneous viral RNA genomes, consisting 

of one or two master sequences with high frequency in the population and an array of 

closely related rare alleles. Additionally, our analysis provides the first demonstration of 

genome-defective clones for the S RNA genomic segment of natural TSWV isolates, 

uncovering a possible biological importance for these clones. Examination of the total 

number of substitution events exhibits a transitional bias for all analyzed TSWV viral 

isolates, indicating that the RNA-dependent RNA polymerase or a cellular editing 

enzyme may be contributing to the evolution of TSWV. Analysis of genetic 

differentiation demonstrates that TSWV isolates are genetically distinct with levels of 

genetic variability controlled by geographic and/or host related factors. Also, 



 121

demographic analysis based on tests of neutrality, gene genealogies and the coalescent 

reveals a population history of genetic bottlenecks followed by population expansion 

for all analyzed viral isolates. Our findings on the population structure and demographic 

history of natural TSWV isolates have implications with regard to the pathogenesis of 

this virus and are relevant for designing alternative control strategies against this 

detrimental viral species. 
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MATERIALS AND METHODS 

 

Virus isolates and host plants 

 

 The thirteen TSWV isolates sequenced in this study were collected from 

naturally infected host plants from thirteen different counties of North Carolina (Table 

1, Figure 2). The isolates were collected the same time period (2002) so that we could 

eliminate the effect of time in their genetic variation. Stock cultures were stored as 

infected original tissue leaves at -80◦C. We considered a TSWV isolate as a viral culture 

obtained from a single infected host plant.  

 

RNA extraction, RT-PCR, cloning and sequencing 

 

Total plant RNA from 175 µl of supernatant was extracted from systemically 

infected leaves using the SV Total RNA Isolation System (Promega, Madison, WI), 

according to the manufactures’ protocol. Ten µl of RNA were used as template for 

reverse transcription (RT) with SuperScript II reverse transcriptase as prescribed by the 

manufacturer (Invitrogen, Carlsbad, CA). RT reactions were primed with primer S2767 

(GCTCTAGAGCCATCATGTCTAAGGTTAAGCTCAC) (Qiu et al., 1998). Five µl 

cDNA template were used for PCR amplification in a 50-µl reaction solution containing 

1x Easy-A reaction buffer, 0.25mM dNTP (each), 100 ng/µl of the viral sense and 
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antisense primer, and Easy-A high-fidelity PCR cloning enzyme (Stratagene, La Jolla, 

CA). Thermal cycling reactions were carried out for 20 cycles of amplification (94◦C 

denaturation for  1 min, 50◦C annealing for  1 min, 72◦C extension for  3 min) using 

primers S1983 (CCCTCGAGGCTTTCAAGCAAGTTCTGCG) and S2767 for the 

amplification of the TSWV N gene (Qiu et al., 1998). PCR products were 

electrophoresed in 0.8% agarose and stained with ethidium bromide. DNA Clean and 

Concentrator-5 columns (Zymo Research, Orange, CA) were used to purify and 

concentrate the PCR products. In addition, control reactions were done using an in vitro 

transcript of TSWV to establish the level of error introduced by the experimental 

method. In vitro transcription was carried out using the Riboprobe Combination 

System-SP6/T7 (Promega, Madison, WI) according to the manufactures’ directions. 

Purified PCR products were cloned into the PGEM-T easy cloning vector (Promega, 

Madison, WI), followed by transformation into Escherichia coli JM109 competent 

cells. Sequencing was carried out using BigDye terminator reactions (Applied 

Biosystems, Foster City, CA) run on an ABI 377 automated sequencer. Sense and 

antisense strands were sequenced with plasmid-specific primers (SP6long and T7long). 

Thirty-eight to forty clones from each isolate and one-hundred-one clones from the RT-

PCR control were sequenced.  
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Data analysis 

Within-isolate analysis 

 

Nucleotide sequences corresponding to the N gene (777bp) of TSWV S RNA 

were assembled, edited and aligned as before (Tsompana et al., 2004). All polymorphic 

sites were confirmed by visual inspection of chromatograms. Changes between the 

consensus sequence of each isolate and the clones were recorded as mutations. When 

multiple mutations occurred adjacent to each other in the same viral clone, they were 

calculated as one mutational event. Mutations occurring in more than one clone, of an 

isolate, at the same nucleotide position were considered as unique mutational events, for 

the estimation of the maximum mutation frequency (Arias et al., 2001). This type of 

mutation frequency is estimated when statistical comparisons are desired to be done, 

and equals to the total number of mutations observed divided by the total number of 

bases sequenced for each isolate (Arias et al., 2001). Statistical comparisons between 

the maximum mutation frequency of the RT-PCR control and each of the isolates were 

done using a χ2 test.  

 

DnaSP, version 4.0 (Rozas et al., 2003) was used to estimate the number of 

segregating sites s, the average pairwise nucleotide diversity (θπ±SD) (Tajima, 1983), 

and the haplotype diversity (H±SD). SNAP Map (Aylor et al., 2004; Carbone et al., 

2004) was used to collapse sequences into unique haplotypes for each isolate 
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individually, and to characterize base substitutions as phylogenetically informative or 

uninformative and as transitions or transversions. Also TREE-PUZZLE, version 5.2 

(Schmidt et al., 2002; Schmidt and von Haeseler, 2003) was used to estimate the 

expected transition/transversion (Ts/Tv) ratio. The model of substitution used for the 

Ts/Tv estimation was the HKY85 (Hasegawa et al., 1985), determined by the program 

FindModel (http://hcv.lanl.gov/content/hcv-db/findmodel/findmodel.html).  

 

Collective analysis of  isolates 

 

 SNAP workbench version 1.0, was used to implement a number of summary-

statistic methods for the collective analysis of the thirteen TSWV isolates (represented 

by 516 clones) sequenced in this study (Carbone et al., 2004; Price and Carbone, 2004). 

This workbench provides a single graphical user interface that coordinates a series of 

other population genetic programs and ensures that the assumptions of each method are 

not violated (Price and Carbone, 2004).  

 

            Initially, the cDNA sequences of the 516 clones that correspond to the N gene 

(777bp) of TSWV S RNA were aligned using CLUSTALW, version 1.7 (Thompson et 

al., 1994). Sequences were collapsed into unique haplotypes (n=187) using SNAP Map 

(Aylor et al., 2004; Carbone et al., 2004) as above. Phylogenetic analysis was done with 

Phylip, version 3.5c (Felsenstein, 1993) using an unweighted maximum-parsimony 
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criterion (heuristic search). Because the analysis yielded more than one equally 

parsimonious trees, a strict consensus tree was inferred. TREEVIEW, version 1.6.6 was 

used to view and edit the strict consensus parsimony tree (Page, 1996). SNAP Clade 

and SNAP Matrix (Carbone et al., 2004; Markwordt et al., 2004) were used to generate 

and graphically illustrate compatibility matrices for all subsets of haplotypes that share 

a common ancestor in the strict consensus parsimony tree. This method examines the 

overall support among polymorphic sites of the DNA sequences and is useful for visual 

identification of regions of genomic sequence undergoing reticulate evolution or 

recurrent mutational events (hot spots) (Jakobsen et al., 1997). Thus, the compatibility 

analysis provides a priori inferences on sites that violate the infinite-sites model. 

 

Test of population differentiation according to host and locality 

 

To test for population differentiation Seqtomatrix (Hudson et al., 1992a) was 

used to convert the SNAP Map sequence file, with all the collapsed haplotypes (n=187), 

to a distance matrix and Permtest (Hudson et al., 1992a) was used to test for population 

subdivision among sequences from different localities (n=13) or plant hosts (n=4). 

Permtest is a nonparametric permutation method based on Monte Carlo simulations that 

estimates Hudson’s test statistics (KST, KS and KT). KST is equal to 1-KS/KT, where KS is a 

weighted average of the number of differences between sequences from within 

population 1 and 2, and KT represents the average number of differences between two 
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sequences regardless of their population. Under the null hypothesis of no genetic 

differentiation we expect <KST> (observed value of KST) to be near 0, supported by P 

value <0.05. Also, small observed values of KS lead to rejection of the null hypothesis 

(P<0.05). Statistical significance was evaluated using one thousand permutations.  

 

DnaSP, version 4.0 (Rozas et al., 2003) was used to estimate Wright’s fixation 

index (FST) (Wright, 1951) for populations from different localities or plant hosts. FST 

equals to 1-(Hw/Hb) (Hudson et al., 1992b), where Hw and Hb are the mean number of 

pairwise nucleotide differences between sequences from within populations and 

between populations, respectively. This summary statistic assumes an infinite-sites 

model. To investigate the relationship between FST values and geographic distance we 

used graphic and regression analysis implemented in Microsoft Excel.  

  

Population dynamics 

 

DnaSP, version 4 (Rozas et al., 2003) was used to perform Tajima’s D (Tajima, 

1989b), Fu and Li’s D* and F* (Fu and Li, 1993), and Fu’s Fs (Fu, 1997) tests of 

neutrality for all sites of each viral isolate. These summary statistics examine the 

frequency spectrum of alleles in a sample, to detect deviations from neutrality or from a 

Wright-Fisher population model that can be attributed to demographic or selective 

processes. Because all tests of neutrality rely stringently on the infinite-sites model and 
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the assumption of a panmictic population, analysis was restricted within individual 

isolates and SNAP Combine (Aylor et al., 2004; Carbone et al., 2004) was used to 

exclude sites in alignments that had more than two segregating bases. The significance 

of Fu’s Fs was evaluated via coalescent simulations in DnaSP using 10,000 runs, the 

number of segregating sites calculated from the data and the option of no 

recombination.  

 

Also DnaSP, version 4 (Rozas et al., 2003) was used to estimate Tajima’s D test 

statistic and the number of segregating sites separately for the nonsynonymous and 

synonymous dataset of each isolate. Subsequently the ∆D (synonymousD-

nonsynonymousD) value was calculated. These estimates were used as input in the 

program heterogeneity test, which is used to examine statistically significant differences 

in Tajima’s D between synonymous and nonsynonymous mutations (Hahn et al., 2002). 

Statistical significance was established using 1000 iterations of the algorithm and a two-

tailed test. Sites violating the infinite-sites model were excluded as above.  

 

 The Metropolis-Hastings Markov Chain Monte Carlo genealogy sampler 

implemented by the program FLUCTUATE (Kuhner et al., 1998) was used to obtain 

maximum likelihood estimates of the exponential population growth rate g. Positive 

values of g indicate exponential population growth whereas negative values indicate 

population shrinkage. Simulations were done using an initial estimate of the population 
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mutation rate θw calculated from the data (Watterson, 1975), an initial estimate of g 

equal to 100, randomly-inferred genealogy and the Ts/Tv ratio estimated using TREE-

PUZZLE. The search strategy included 10 short chains of 5000 steps each and 5 long 

chains of 25,000 steps, with sampling increments of 20. θw was held constant at the 

initial estimated value, to avoid the problem of extremely flat likelihood surfaces 

encountered with very fast-growing populations such as viruses (organisms with starlike 

phylogeny).  
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RESULTS 

 

cDNA sequence analysis of individual TSWV isolates 

 

 To measure the amount of genetic variability of each isolate we used the 

parameters maximum mutation frequency and percentage of mutated clones. Maximum 

mutation frequency refers to the number of bases that differ from the consensus 

sequence divided by the total number of bases sequenced. For its estimation multiple 

substitutions occurring at the same nucleotide position and deletions are counted 

equally as independent mutational events. The percentage of mutated clones equals the 

total number of mutated clones divided by the total number of clones sequenced for 

each viral population. For all isolates the observed values of maximum mutation 

frequency and percentage of mutated clones demonstrate a high amount of genetic 

variability. The level of variation observed is significantly higher compared to that of 

the RT-PCR control (in most cases P<0.001, Table 1), demonstrating that very low 

nucleotide variation was added as an artifact of the experimental method.  It is 

important to note that the actual experimental mutation frequency is much lower (6.7 x 

10-5), when we exclude error introduced by in vitro transcription (6 x 10-5) (Brakmann 

and Grzeszik, 2001) that does not occur in the studied natural TSWV isolates. Isolates 

0213702 and 0215401 showed the highest level of genetic variation equal to 1.19 x 10-3. 

The lowest level of genetic variation was observed for isolate 0216901 and equals 4.18 
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x 10-4. Overall, the observed mutation frequencies are within the range estimated for 

other RNA viruses (10-3 to 10-5) (Domingo and Holland, 1994).  

 

 Also, analysis of the haplotype structure showed that in most cases each TSWV 

isolate consists of one predominant haplotype sequence (the consensus) with the highest 

frequency in the population, and a number of rare haplotypes with very low frequency. 

The haplotype frequency of the consensus sequence, within each isolate, ranged 

between 38% and 73% and the number of haplotypes ranged between 11 and 23. In one 

case, isolate 0215401 with the lowest consensus haplotype frequency (38%) consists of 

a second haplotype with also high frequency in the population (18%). The number of 

polymorphic sites between the consensus of each isolate and each of the haplotypes 

ranged between one and nine, demonstrating the existence of closely related alleles 

within the viral populations. 

 

 The majority of observed mutations within the TSWV isolates were 

substitutions, with the exception of seven deletion events (Table 2). Specifically, for 

isolate 0213501 one haplotype had a single base deletion at nucleotide position 377 and 

a second haplotype had an amino acid deletion at amino acid position 206. Also, isolate 

0213702 consisted of three haplotypes with a single base deletion at nucleotide sites 6, 

112, and 773 respectively and one haplotype with a double-deletion event at nucleotide 

sites 505 and 506. Finally, isolate 0215401 consisted of one haplotype with a single 
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base deletion event at nucleotide position 775. Also, four stop codons appeared in the 

data due to mutations at nucleotide positions 522, 412, 79, and 637 of a haplotype of 

isolate 0215106, 0213501, 0215102 and 0215401 respectively. Close examination of 

the total number of substitution events demonstrates a transitional bias for all analyzed 

TSWV isolates, in particular A→G and U→C transitions (Table 2). It is important to 

note that polymorphisms in the data have been confirmed by sequencing both strands of 

each viral clone and by visual inspection of chromatograms. 

 

Collective cDNA sequence analysis of TSWV  isolates 

 

 A total of 516 clones (400,932 bp) were sequenced for the thirteen wild-type 

TSWV isolates and were collapsed into 187 haplotypes. 205 substitution events were 

observed among all analyzed viral populations. Parsimony phylogenetic analysis with 

heuristic searching, using the 187 haplotypes, resulted in four equally parsimonious 

trees. The unrooted strict consensus tree is shown in Figure 3. Each of the thirteen 

distinct clades delineated in the strict consensus tree had a shallow population genetic 

architecture, consisting of one or two prevalent haplotypes and a number of rare 

haplotypes that were removed a few mutations away from the common haplotype(s) 

(starlike genealogy). Clades A through M consisted of haplotypes representing clones of 

isolate 0214403, 0216901, 0213502, 0217902, 0213702, 0215401, 0214401, 0213501, 

0215106, 0215102, 0213701, 0213703 and 0219101 respectively. Interestingly, clade C 



 133

also included a haplotype representing a clone from isolate 0219101 and 0213502. 

Overall, the observed shallow haplotype divergence within individual clades is 

consistent with a model of a recent genetic bottleneck and subsequent population 

growth or a complete selective sweep, which would explain the occurrence of gene 

genealogies stretched near the external nodes and compressed near the root (Tajima, 

1989a; Slatkin and Hudson, 1991; Nielsen, 2001).  

 

 SNAP clade was used to identify regions of the DNA sequence that show 

incompatibilities due to recombination or recurrent mutation. The analysis was 

performed for all clades in the strict parsimony tree. Identification of incompatibilities 

in the data was necessary for the subsequent implementation of population genetic 

models that assume no recombination or an infinite sites model, such as the tests of 

neutrality and the estimation of some of the population parameters. There was no 

evidence for distinct recombination blocks in the entire data set. Additionally no 

incompatibilities were observed within individual clades of the strict parsimony 

consensus tree (Figure 3), with the exception of clade G that had six incompatible sites 

due to recurrent mutational events. Incompatibilities due to recurrent mutational events 

were observed deeper in the phylogeny when more than one clades were examined 

collectively. Specifically, a limited amount of homoplasy was observed in the clade 

combinations J-K-L and I-K-L, whereas a significant amount of homoplasy was 



 134

observed it the clade combinations: i) I-J-K-L-M-A-B, ii) I-J-K-L-M-A-B-C, iii) E-F 

and v) D-E-F (Figure 3).  

 

Test of population differentiation according to host and locality 

 

To test for population subdivision among sequences from different localities (13 

populations) or plant hosts (4 populations) we estimated Hudson’s test statistics (KST 

and KS) (Hudson et al., 1992a). The null hypothesis of no genetic differentiation was 

rejected for both types of analyses. Specifically, for the test of population differentiation 

according to plant host the overall value for KST and KS was 0.220 and 6.400 (P<0.0001), 

respectively. For the test of population differentiation according to locality the values 

for KST and KS were 0.875 and 1.028 (P<0.0001), respectively. These results indicate 

significant genetic differentiation between some or all of the examined geographic and 

plant-host populations.  

 

Additionally Wright’s fixation index FST was used to estimate the extent of 

genetic differentiation between populations from different locality or plant-host. The 

overall value of FST according to plant-host and locality was 0.459 and 0.883, 

respectively. This result indicates that a significant amount of genetic diversity is 

distributed among host groups and an even higher amount is distributed among 

geographic groups of isolates. FST values calculated for pairwise comparisons among the 
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thirteen geographic and four host populations are presented in Tables 3 and 4. Pairwise 

comparisons among host groups support high genetic differentiation between the Broad 

bean and the other three host populations (Pepper, Tomato, and Tobacco) (Table 3). 

Interestingly, the FST analysis according to locality supported population differentiation 

among all geographic groups of isolates, with values ranging from 0.721 to 0.930. The 

linear relationship between FST and geographical distance for comparisons between all 

populations was extremely weak (r2=0.009, β= 0.876), indicating that the model of 

isolation-by-distance does not describe the observed pattern of dispersal of TSWV 

isolates in North Carolina.  

 

Historical population dynamics  

 

 Tajima’s D, Fu and Li’s D* and F*, and Fu’s Fs test statistics were used to 

evaluate deviations from the neutral-equilibrium population model (Tajima, 1989b; Fu 

and Li, 1993; Fu, 1997; Ramos-Onsins and Rozas, 2002). Under neutrality D, D* and 

F* have an expected value of approximately 0, whereas positive values demonstrate an 

excess of intermediate frequency polymorphism (old mutations) which may be the 

result of population subdivision, population shrinkage or over-dominance selection 

(Simonsen et al., 1995; Fu, 1996). Negative values of these test statistics suggest an 

excess of low frequency polymorphism (young mutations) that may arise due to 

background selection, hitchhiking (rapid fixation of an advantageous allele) or  
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population growth (Fu, 1997). Also, negative values of Fu’s Fs test statistic show an 

excess of low frequency polymorphism in the absence of population subdivision (Fu, 

1997; Ramos-Onsins and Rozas, 2002). If only Fu and Li’s test statistics are significant 

this indicates that background selection is the most likely explanation for the observed 

pattern of nucleotide polymorphism in the data (Fu, 1997). If only Fu’s Fs is significant 

this indicates population growth or genetic hitchhiking (Fu, 1997; Ramos-Onsins and 

Rozas, 2002). All populations examined in this study, had significant negative D 

(ranging from -2.640 to -2.278), D* (ranging from -5.118 to -4.133), F* (ranging from -

5.046 to -4.158) and Fs (ranging from -22.111 to -9.788) values (Table 5). These results 

suggest the presence of an excess of low frequency polymorphism within the analyzed 

TSWV isolates that can be attributed either to demographic (population expansion) or 

selective (hitchhiking and background selection) processes.   

 

 To further differentiate between homogeneous (i.e. population expansion and 

selective sweeps) and heterogeneous (i.e. purifying selection/background selection) 

processes shaping the genetic variation within individual isolates we used the 

heterogeneity test (Hahn et al., 2002). This test is used to examine statistically 

significant differences in Tajima’s D between synonymous and nonsynonymous 

mutations and is based on the premise that under selective neutrality the distribution of 

nonsynonymous and synonymous mutations is expected to be proportional across a 

genealogy (Hahn et al., 2002). Homogeneous processes generate an excess of low 
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frequency polymorphism (negative Tajima’s D) and have equal effects on all type of 

mutations, whereas purifying selection creates an excess of low frequency 

polymorphism at nonsynonymous sites only. The estimates of Tajima’s D for 

synonymous and nonsynonymous datasets and the values for the heterogeneity test are 

provided in Table 6. In most cases, Tajima’s D was significantly negative for the 

synonymous and nonsynonymous class of data. The statistical test for heterogeneity did 

not detect differences in the magnitude of D between the two classes suggesting that a 

homogeneous process such as population expansion or a complete selective sweep is 

responsible for the excess of low frequency polymorphism within the analyzed isolates.  

 

We also compared the level of haplotype diversity (H) and nucleotide diversity 

(θπ) to determine if the observed excess of low frequency polymorphism has arisen due 

to demographic or selective events. Nucleotide diversity estimates the average weighted 

sequence divergence among sequences and can vary between 0.000 when no variation 

exists to 0.100 under cases of deep divergence between alleles. Haplotype diversity 

represents the frequency and number of haplotypes in a sample and can range between 

0.000 and 1.000 (Grant and Bowen, 1998). The haplotype diversity and nucleotide 

diversity values for all isolates are presented in Table 5. In most cases, haplotype 

diversity values are high and nucleotide diversity values are low. Specifically, 

haplotype diversity values ranged form 0.479 to 0.837, and nucleotide diversity 

estimates range from 0.00084 to 0.00213. Overall, the combination of high haplotype 
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diversity and low nucleotide diversity demonstrated here is consistent with a model of 

recent population bottlenecks followed by rapid population growth and accumulation of 

mutations (Grant and Bowen, 1998; Lawton-Rauh et al., 2004).  

 

The program FLUCTUATE (Kuhner et al., 1998) was used to obtain maximum 

likelihood estimates of the exponential population growth rate g. For all analyzed 

isolates the estimates of g were positive, reflecting a population history of exponential 

growth (Table 7). Results indicate that isolate 0213701 from Dare County has 

experienced the highest growth rate.  

 

 

 



 139

DISCUSSION 

 

 In this study the N gene from thirteen TSWV isolates obtained from naturally 

systemically infected host plants from North Carolina was amplified, cloned and 

multiple clones were sequenced to thoroughly characterize the genetic structure and 

population history of single TSWV viral isolates. Research has demonstrated that clonal 

sequence analysis provides an experimentally valid protocol for the characterization of 

mutant spectra, given that a number of precautions are taken (Smith et al., 1997; Arias 

et al., 2001; Malet et al., 2003).  In our experiments, the coat protein of TSWV was 

amplified using an excess amount of viral RNA and cDNA to prevent partial 

amplification of the viral populations. Also errors were reduced during RT-PCR by 

using a high-fidelity reverse transcriptase, a proofreading polymerase and a limited 

number of thermal cycles (twenty). Our established level of experimental error (1.27 x 

10-4) is significantly lower compared to the level of genetic variability observed in the 

viral isolates, indicating that very low nucleotide variation was added as an artifact of 

the experimental method. In reality the estimated experimental maximum mutation 

frequency is overly conservative since it includes additional error introduced by in vitro 

transcription. Excluding this error (6 x 10-5) (Brakmann and Grzeszik, 2001) the actual 

experimental mutation frequency is much lower (6.7 x 10-5), demonstrating the high 

fidelity experimental conditions used for the generation of the TSWV viral populations.   
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  Estimation of the maximum mutation frequency and the percentage of mutated 

clones, together with haplotype analysis demonstrated that wild-type TSWV isolates 

represent highly heterogeneous viral populations that consist of one or more haplotypes 

with high frequency in the population and an array of closely related rare haplotypes. 

The existence of single TSWV viral isolates, in nature, as highly variable mutant 

spectra may partially explain the ability of TSWV to adapt rapidly to new or resistant 

hosts and to cause yearly severe epidemics. This extended genetic heterogeneity may 

provide the virus with a genetic reservoir for easy and fast adaptation to new niches, via 

selection from preexisting variants that have a higher fitness value in new 

environmental conditions, as has been suggested for other RNA systems (Domingo and 

Holland, 1994). Overall these analyses show that TSWV, an ambisense plant RNA 

virus, resembles other positive sense plant RNA viruses that exist in nature in the form 

of complex mixtures of different but closely related variants (Schneider and Roossinck, 

2000; Naraghi-Arani et al., 2001; Schneider and Roossinck, 2001). Also, our results are 

consistent with findings on the heterogeneous nature of isolates of other animal viruses 

within the family Bunyaviridae (Plyusnin et al., 1995; Plyusnin et al., 1996; Feuer et 

al., 1999).  

 

 Analysis of the character of mutations within the individual TSWV viral 

populations, demonstrated the presence of population-defective clones consisting of 

deletions and/or stop codons. Defective genomes have also been identified for other 
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RNA viruses, such as Bluetonge virus (Bonneau et al., 2001), Tula virus (Plyusnin et 

al., 1996), and Foot and mouth disease virus (Arias et al., 2001). Evidence suggests that 

defective viruses can modulate viral replication in vitro, or affect the establishment of 

persistent infection (Wang et al., 2002). Also, it is possible that the defective sequences 

represent minority genomes of the mutant spectrum that have an adaptive advantage 

under different environmental conditions (Ruiz-Jarabo et al., 2000) or simply are 

evolutionary dead ends. Defective forms of TSWV have been previously identified, that 

affect the normal expression of the M RNA G2 structural glycoprotein of laboratory 

isolates (Verkleij and Peters, 1983). The present analysis provides the first 

demonstration of defective genomes for the S RNA genomic segment of natural TSWV 

isolates, uncovering a possible biological importance for these clones. 

 

  Close examination of the total number of substitution events demonstrated a 

transitional bias for all analyzed TSWV viral isolates, in particular A→G and U→C 

transitional events. This is consistent with transition biases shown for other RNA 

viruses and specifically other viruses within the Bunyaviridae family (O'Hara et al., 

1984; Cattaneo, 1994; Domingo and Holland, 1994; Plyusnin et al., 1996; Feuer et al., 

1999). Abundance of transitions over transversions is expected from the 

misincorporation tendencies of RNA-dependent RNA polymerase (Domingo et al., 

1978; Kuge et al., 1989; Schneider and Roossinck, 2000). Also it has been proposed 

that the double-stranded-RNA (ds-RNA) adenosine deaminase editing enzyme, ds 
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RAD, is responsible for A→G or U→C hypermutations of viral RNA genomes 

(Cattaneo, 1994). dsRAD deaminates adenosine into inosine, which is converted into 

guanosine during the process of reverse transcription. This enzyme has been suggested 

to degrade ds RNA in conjunction with inosine-RNase, as a cellular antiviral defense 

mechanism (Scadden and Smith, 1997). It is thus plausible that dsRAD or a similar 

cellular editing enzyme introduces the observed transitions and thus contributes to the 

evolution of TSWV.  

 

  Analysis of genetic differentiation according to locality indicated that all 

geographic populations are genetically distinct. Geographic factors affecting the level of 

genetic diversity of individual TSWV isolates could include local climatic conditions, 

topography, microflora, different biotypes of the thrips-vector or weeds (TSWV 

overwinters in weed plants). However, inspection of the North Carolina topographic 

map (Figure 2) suggests that topography might not be a crucial geographic factor, since 

TSWV isolates sampled from areas with same landscape are still genetically 

differentiated. Interestingly, a correlation analysis between genetic (FST) and geographic 

distance suggested that the model of isolation-by-distance, which explains genetic 

differentiation as a consequence of gene flow declining over distance, does not describe 

the observed pattern of dispersal of TSWV isolates in North Carolina.  This result 

though should be considered with extreme caution since the studied isolates have been 
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sampled from areas with close proximity to each other and it is possible that a bigger 

range of geographic distances could generate different results.  

 

  Also, analysis of genetic differentiation according to host indicated that the 

Broad bean population is genetically distinct compared to the other three host 

populations (Tomato, Tobacco, and Pepper). Because only in the case of the Broad bean 

population the effects of host and geography are confounded, someone could argue that 

this population is genetically differentiated due to its distinct locality instead of its host 

origin. However, this hypothesis is very unlikely since the Broad bean population 

originated from Lenoir County which is in close proximity to other sampling areas in 

North Carolina (Figure 2). A more plausible explanation would be that hosts from 

different plant families have a different effect on the level of genetic variability of 

TSWV, since Broad bean belongs to Papilionaceae whereas tomato, tobacco and 

pepper belong to the family Solanaceae. This hypothesis is intriguinging, as it would 

suggest that TSWV has been adjusting its level of genetic variability according to its 

plant-host in order to achieve successful levels of infection and survival. Overall, the 

current analyses demonstrate that wild-type TSWV isolates are genetically distinct viral 

populations, with levels of genetic variability controlled by geographic and/or host 

related factors.    
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 To distinguish between the similar effects of selective and demographic 

processes (Nielsen, 2001) on the TSWV genealogy  various analyses were done 

including tests of neutrality, heterogeneity test, estimation of haplotype and nucleotide 

diversity and phylogenetic analysis. Results suggest that TSWV isolates have histories 

compatible with a model of population bottlenecks followed by population expansion. 

Further examination of this hypothesis suggests that this expansion is consistent with 

the exponential growth model. Rate heterogeneity and population subdivision can also 

mimic population expansions (Fu, 1997) and invalidate demographic analyses based on 

tests of neutrality that assume panmixia and an infinite-sites model. However, these 

hypotheses cannot explain the observed pattern of nucleotide polymorphism in our data  

since analysis was based on individual TSWV isolates that constitute single panmictic 

populations and sites violating the infinite-sites model were excluded. Also, under rate 

heterogeneity and population subdivision we expect positive Tajima’s D values (Mes, 

2003) that were not observed. In addition, methods that do not rely on the assumption of 

panmixia (joint estimation of levels of haplotype diversity and nucleotide diversity and 

phylogenetic analysis) suggested that the population of TSWV has expanded. These 

results are also, consistent with our previous findings on the effect of demographic 

factors on the nucleotide diversity of TSWV (Tsompana et al., 2004) and with current 

epidemiological data. Thus the most parsimonious explanation for the presence of an 

excess of low frequency polymorphism within individual TSWV isolates is population 

growth.  
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In summary, our analyses indicate that natural TSWV isolates are highly 

heterogeneous viral populations that consist of one or more haplotypes with high 

frequency and an array of closely related rare haplotypes, some of which can be 

defective. These populations exhibit a high transitional bias attributed to the 

misincorporation tendencies of RNA-dependent RNA polymerase or to the function of 

an editing enzyme such as dsRAD. They are genetically distinct with levels of genetic 

variability controlled by geographic and/or host related factors. Also, genetic patterns 

within individual TSWV isolates are compatible with a model of past cycles of genetic 

bottlenecks followed by population expansion, in agreement with recent 

epidemiological data. Overall, the results presented here will be useful for 

understanding the process of evolution and adaptation of individual TSWV isolates, 

especially with the availability of reverse genetics. Our findings can be used for 

modeling evolution following a major selective disturbance such as extended passaging 

through plant host, thrips vector or major changes in plant species.  The study of the 

variability and changes in  the genetic  structure of TSWV populations is essential for the 

development of strategies for the control of serious plant viral diseases and improves 

our knowledge on the prevailing factors that direct the evolution of RNA viruses.   

 

 

 

 



 146

ACKNOWLEDGEMENTS 

 

 We would like to acknowledge K. Bonneau, A. Lawton-Rauh, I. Novella, M. 

Roossinck and E. Domingo, for their indispensable help with some of the analysis done 

for the sequence data. This work was supported in part by the Cooperative Agreement 

grant from the USDA-ARS and by the American Floral Endowment grant. 

 

 



 147

LITERATURE CITED 

Arias, A., Lazaro, E., Escarmis, C., and Domingo, E. (2001). Molecular intermediates 
of fitness gain of an RNA virus: characterization of a mutant spectrum by biological and 
molecular cloning. Journal of General Virology 82, 1049-1060. 
 
Ayllon, M.A., Rubio, L., Moya, A., Guerri, J., and Moreno, P. (1999). The haplotype 
distribution of two genes of Citrus tristeza virus is altered after host change or aphid 
transmission. Virology 255, 32-39. 
 
Aylor, D., Price, E.W., and Carbone, I. (2004). SNAP combine and map. Distributed 
over the internet, http://snap.cifr.ncsu.edu, Department of Plant Pathology, North 
Carolina State University. 
 
Bonneau, K.R., Mullens, B.A., and MacLachlan, N.J. (2001). Occurrence of genetic 
drift and founder effect during quasispecies evolution of the VP2 and NS3/NS3A genes 
of bluetongue virus upon passage between sheep, cattle, and Culicoides sonorensis. 
Journal of Virology 75, 8298-8305. 
 
Brakmann, S., and Grzeszik, S. (2001). An error-prone T7 RNA polymerase mutant 
generated by directed evolution. ChemBioChem 2, 212-219. 
 
Carbone, I., Liu, Y.-C., Hillman, B.I., and Milgroom, G. (2004). Recombination and 
migration of Cryphonectria hypovirus 1 as inferred from gene genealogies and the 
coalescent. Genetics 166, 1611-1629. 
 
Carrillo, C., Borca, M., Moore, D.M., Morgan, D.O., and Sobrino, F. (1998). In vivo 
analysis of the stability and fitness of variants recovered from foot-and-mouth disease 
virus quasispecies. Journal of General Virology 79, 1699-1706. 
 
Cattaneo, R. (1994). Biased (A I) hypermutation of animal RNA virus genomes. 
Current Opinion in Genetics and Development 4, 895-900. 
 
Coffin, J.M. (1995). HIV population dynamics in vivo: implications for genetic 
variation, pathogenesis, and therapy. Science 267, 483-489. 
 
de la Torre, J.C., and Holland, J.J. (1990). RNA virus quasispecies populations can 
suppress vastly superior mutant progeny. Journal of Virology 64, 6278-6281. 
 
Domingo, E. (1996). Biological significance of viral quasispecies. Viral Hepatitis 
Reviews 2, 247-261. 



 148

Domingo, E., and Holland, J.J. (1994). Mutation rates and rapid evolution of RNA 
viruses. In: The evolutionary biology of viruses (ed. S. S. Morse), pp. 161-184. Raven 
Press, New York. 
 
Domingo, E., and Holland, J.J. (1997). RNA virus mutations and fitness for survival. 
Annual Review of Microbiology 51, 151-178. 
 
Domingo, E., Sabo, D., Taniguchi, T., and Weismann, C. (1978). Nucleotide sequence 
heterogeneity of an RNA phage population. Cell 13, 735-744. 
 
Felsenstein, J. (1993). PHYLIP (Phylogeny Inference Package) version 3.5c. 
Distributed by the author. Department of Genetics, University of Washington, Seattle. 
 
Feuer, R., Boone, J.D., Netski, D., Morzunov, S.P., and St Jeor, S.C. (1999). Temporal 
and spatial analysis of Sin Nombre virus quasispecies in naturally infected rodents. 
Journal of Virology 73, 9544-9554. 
 
Fu, Y.X. (1996). New statistical tests of neutrality for DNA samples from a population. 
Genetics 143, 557-570. 
 
Fu, Y.X. (1997). Statistical tests of neutrality of mutations against population growth, 
hitchhiking and background selection. Genetics 147, 915-925. 
 
Fu, Y.X., and Li, W.H. (1993). Statistical tests of neutrality of mutations. Genetics 133, 
693-709. 
 
Ganeshan, S., Dickover, R.E., Korber, B.T., Bryson, Y.J., and Wolinsky, S.M. (1997). 
Human immunodeficiency virus type 1 genetic evolution in children with different rates 
of development of disease. Journal of Virology 71, 663-677. 
 
Grant, W.S., and Bowen, B.W. (1998). Shallow population histories in deep 
evolutionary lineages of marine fishes: insights from sardines and anchovies and 
lessons for conservation. Journal of Heredity 89, 415-426. 
 
Hahn, M.W., Rausher, M.D., and Cunningham, C.W. (2002). Distinguishing between 
selection and population expansion in an experimental lineage of Bacteriophage T7. 
Genetics 161, 11-20. 
 
Hasegawa, M., Kishino, H., and Yano, T. (1985). Dating of the human-ape splitting by 
a molecular clock of mitochondrial DNA. Journal of Molecular Evolution 22, 160-174. 
 



 149

Hudson, R.R., Boos, D.D., and Kaplan, N.L. (1992a). A statistical test for detecting 
geographic subdivision. Molecular Biology and Evolution 9, 138-151. 
 
Hudson, R.R., Slatkin, M., and Maddison, W.P. (1992b). Estimation of levels of gene 
flow from DNA sequence data. Genetics 132, 583-589. 
 
Jakobsen, I.B., Wilson, S.R., and Easteal, S. (1997). The partition matrix: exploring 
variable phylogenetic signals along nucleotide sequence alignments. Molecular Biology 
and Evolution 14, 474-484. 
 
Kolakofsky, D., and Hacker, D. (1991). Bunyavirus RNA synthesis: genome 
transcription and replication. Current Topics in Microbiology and Immunology 169, 
143-159. 
 
Kong, P., Rubio, L., Polek, M., and Falk, B.W. (2000). Population structure and genetic 
diversity within California Citrus tristeza virus (CTV) isolates. Virus Genes 21, 139-
145. 
 
Kuge, S., Kawamura, N., and Nomoto, A. (1989). Strong inclination toward transition 
mutation in nucleotide substitutions by poliovirus replicase. Journal of Molecular 
Biology 207, 175-182. 
 
Kuhner, M.K., Yamato, J., and Felsenstein, J. (1998). Maximum likelihood estimation 
of population growth rates based on the coalescent. Genetics 149, 429-434. 
 
Lawton-Rauh, A., Robichaux, R.H., and Purugganan, M.D. (2004). Morphological 
divergence and differential gene flow in the Hawaiian silversword alliance adaptive 
radiation (Asteraceae). Evolution, submitted. 
 
Lloyd, B.D. (2003). Intraspecific phylogeny of the New Zealand short-tailed bat 
Mystacina tuberculata inferred from multiple mitochondrial gene sequences. Systematic 
Biology 52, 460-476. 
 
Malet, I., Belnard, M., Agut, H., and Cahour, A. (2003). From RNA to quasispecies: a 
DNA polymerase with proofreading activity is highly recommended for accurate 
assessment of viral diversity. Journal of Virological Methods 109, 161-170. 
 
Mao, Q., Ray, S.C., Laeyendecker, O., Ticehurst, J.R., Strathdee, S.A., Vlahov, D., and 
Thomas, D.L. (2001). Human immunodeficiency virus seroconversion and evolution of 
the hepatitis C virus quasispecies. Journal of Virology 75, 3259-3267. 
 



 150

Markwordt, J.D., Doshi, R., and Carbone, I. (2004). SNAP Clade and Matrix. 
Distributed over the internet, http://snap.cifr.ncsu.edu, Department of Plant Pathology, 
North Carolina State University. 
 
Mes, T.H. (2003). Demographic expansion of parasitic nematodes of livestock based on 
mitochondrial DNA regions that conflict with the infinite-sites model. Molecular 
Ecology 12, 1555-1566. 
 
Moyer, J.W. (1999). Tospoviruses (Bunyaviridae). In: Encyclopedia of Virology (eds. 
Webster R and Granoff A), pp. 1803-7. Academic Press, London.  
 
Moyer, J.W. (2000). Tospoviruses. In: Encyclopedia of Microbiology (ed. Hull R), pp. 
592-7.  Academic Press, London.  
 
Naraghi-Arani, P., Daubert, S., and Rowhani, A. (2001). Quasispecies nature of the 
genome of Grapevine fanleaf virus. Journal of General Virology 82, 1791-1795. 
 
Nielsen, R. (2001). Statistical tests of selective neutrality in the age of genomics. 
Heredity 86, 641-647. 
 
Novella, I.S., Zarate, S., Metzgar, D., and Ebendick-Corpus, B.E. (2004). Positive 
selection of synonymous mutations in Vesicular stomatis virus. Journal of Molecular 
Biology 342, 1415-1421. 
 
Nowak, M.A. (1992). What is a quasispecies? Trends in Ecology and Evolution 1, 118-
121. 
 
O'Hara, P.J., Nichol, S.T., Horodyski, F.M., and Holland, J.J. (1984). Vesicular 
stomatitis virus defective interfering particles can contain extensive genomic sequence 
rearrangements and base substitutions. Cell 36, 915-924. 
 
Page, R.D.M. (1996). TREEVIEW: an application to display phylogenetic trees on 
personal computers. Computer Applications in the Biosciences 12:357-358. 
 
Plyusnin, A., Cheng, Y., Lehvaslaiho, H., and Vaheri, A. (1996). Quasispecies in wild-
type tula hantavirus populations. Journal of Virology 70, 9060-9063. 
 
Plyusnin, A., Vapalahti, O., Lehvaslaiho, H., Apekina, N., Mikhailova, T., 
Gavrilovskaya, I., Laakkonen, J., Niemimaa, J., Henttonen, H., Brummer-
Korvenkontio, M., and Vaheri, A. (1995). Genetic variation of wild Puumula viruses 
within the serotype, local rodent population and individual animals. Virus Research 38, 
25-41. 



 151

Price, E.W., and Carbone, I. (2004). SNAP: Workbench management tool for 
evolutionary population genetic analysis. Bioinformatics PMID: 15353448. 
 
Qiu, W., and Moyer, J.W. (1999). Tomato Spotted Wilt Tospovirus adapts to the TSWV 
N gene-derived resistance by genome reassortment. Phytopathology 89, 575-582. 
 
Qiu, W.P., Geske, S.M., Hickey, C.M., and Moyer, J.W. (1998). Tomato spotted wilt 
Tospovirus genome reassortment and genome segment-specific adaptation. Virology 
244, 186-194. 
 
Ramos-Onsins, S.E., and Rozas, J. (2002). Statistical properties of new neutrality tests 
against population growth. Molecular Biology and Evolution 19, 2092-2100. 
 
Richmond, K.E., Chenault, K., Sherwood, J.L., and German, T.L. (1998). 
Characterization of the nucleic acid binding properties of tomato spotted wilt virus 
nucleocapsid protein. Virology 248, 6-11. 
 
Rozas, J., and Rozas, R. (1999). DnaSP: an integrated program for molecular population 
genetics and molecular evolution analysis, version 3. Bioinformatics 15, 174-175. 
 
Rozas, J., Sanchez-DelBarrio, J.C., Messeguer, X., and Rozas, R. (2003). DnaSP, DNA 
polymorphism analyses by the coalescent and other methods. Bioinformatics 19, 2496-
2497. 
 
Rubio, L., Abou-Jawdah, Y., Lin, H.X., and Falk, B.W. (2001a). Geographically distant 
isolates of the crinivirus Cucurbit yellow stunting disorder virus show very low genetic 
diversity in the coat protein gene. Journal of General Virology 82, 929-933. 
 
Rubio, L., Ayllon, M.A., Kong, P., Fernandez, A., Polek, M., Guerri, J., Moreno, P., 
and Falk, B.W. (2001b). Genetic variation of Citrus tristeza virus isolates from 
California and Spain: evidence for mixed infections and recombination. Journal of 
Virology 75, 8054-8062. 
 
Ruiz-Jarabo, C.M., Arias, A., Baranowski, E., Escarmis, C., and Domingo, E. (2000). 
Memory in viral quasispecies. Journal of Virology 74, 3543-3547. 
 
Scadden, A.D., and Smith, C.W. (1997). A ribonuclease specific for inosine-containing 
RNA: a potential role in antiviral defence? European Molecular Biology Organization 
Journal  16, 2140-2149. 
 



 152

Schmidt, H.A., Strimmer, K., Vingron, M., and von Haeseler, A. (2002). TREE-
PUZZLE: maximum likelihood phylogenetic analysis using quartets and parallel 
computing. Bioinformatics 18, 502-504. 
 
Schmidt, H.A., and von Haeseler, A. (2003). Maximum-Likelihood Analysis Using 
TREE-PUZZLE. In: Current Protocols in Bioinformatics (eds Baxevanis AD , Davison 
DB,  Page RDM, Stormo G, and Stein L, Unit 6.6, Wiley and Sons, New York. ISBN 0-
471-25093-7. 
 
Schneider, W.L., and Roossinck, M.J. (2000). Evolutionary related sindbis-like plant 
viruses maintain different levels of population diversity in a common host. Virology 74, 
3130-3134. 
 
Schneider, W.L., and Roossinck, M.J. (2001). Genetic diversity in RNA virus 
quasispecies is controlled by host-virus interactions. Journal of Virology 75, 6566-6571. 
 
Simonsen, K.L., Churchill, G.A., and Aquadro, C.F. (1995). Properties of statistical 
tests of neutrality for DNA polymorphism data. Genetics 141, 413-429. 
 
Slatkin, M., and Hudson, R.R. (1991). Pairwise comparisons of mitochondrial DNA 
sequences in stable and exponentially growing populations. Genetics 129, 555-562. 
 
Smith, D.B., McAllister, J., Casino, C., and Simmonds, P. (1997). Virus "quasispecies": 
making a mountain out of a molehill? Journal of General Virology 78, 1511-1519. 
 
Su, B., Fu, Y., Wang, Y., Jin, L., and Chakraborty, R. (2001). Genetic diversity and 
population history of the Red Panda (Ailurus fulgens) as inferred from mitochondrial 
DNA sequence variations. Molecular Biology and Evolution 18, 1070-1076. 
 
Tajima, F. (1983). Evolutionary relationship of DNA sequences in finite populations. 
Genetics 105, 437-460. 
 
Tajima, F. (1989a). The effect of change in population size on DNA polymorphism. 
Genetics 123, 597-601. 
 
Tajima, F. (1989b). Statistical method for testing the neutral mutation hypothesis by 
DNA polymorphism. Genetics 123, 585-595. 
 
Thompson, J.D., Higgins, D.G., and Gibson, T.J. (1994). CLUSTAL W: improving the 
sensitivity of progressive multiple sequence alignment through sequence weighting, 
position-specific gap penalties and weight matrix choice. Nucleic Acids Research 22, 
4673-4680. 



 153

 
Tsompana, M., Abad, J., Purugganan, M., and Moyer, J.W. (2004). The molecular 
population genetics of the Tomato spotted wilt virus (TSWV) genome. Molecular 
Ecology, In press. 
 
Ullman, D.E., Meideros, R., Campbell, L.R., Whitfield, A.E., and Sherwood, J.L. 
(2002). Thrips as vectors of Tospoviruses. Pp. 113-140 in R. Plumb, ed. Advances in 
Botanical Research, Volume 36. Elsevier Science Ltd. 
 
Verkleij, F.N., and Peters, D. (1983). Characterization of a defective form of Tomato 
Spotted Wilt Virus. Journal of General Virology 64, 677-686. 
 
Vigne, E., Bergdoll, M., Guyader, S., and Fuchs, M. (2004). Population structure and 
genetic variability within isolates of Grapevine fanleaf virus from a naturally infected 
vineyard in France: evidence for mixed infection and recombination. Journal of General 
Virology 85, 2435-2445. 
 
Wang, W.K., Lin, S.R., Lee, C.M., King, C.C., and Chang, S.C. (2002). Dengue type 3 
virus in plasma is a population of closely related genomes: quasispecies. Journal of 
Virology 76, 4662-4665. 
 
Watterson, G.A. (1975). On the number of segregating sites in genetical models without 
recombination. Theoretical Population Biology 7, 256-276. 
 
Wright, S. (1951). The genetical structure of populations. Annals of Eugenics 15, 323-
354. 
 
 
 
 
 
 
 
 
 
 
 
                                               



154 

 
 

Table 1. Genetic variation in TSWV natural viral populations. 
 
 

Isolate Host Origin % Mutated clones 
(no. mutated/total 

no.) 

No. of 
mutations/no. of 
bases sequenced

Maximum 
mutation frequencya 

RT-PCR control Dahlia In-vitro transcript 10 (10/101) 10/78,477 1.27 x 10-4 b 
      
0216901 Broad 

Bean 
NC- Lenoir Co. 28 (11/40) 13/31,080 4.18 x 10-4** 

      
0219101 Pepper NC-Montgomery Co. 33 (13/40) 24/31,080 7.72 x 10-4* 
0215106 Pepper NC-Greene Co. 30 (12/40) 15/31,080 4.83 x 10-4* 
      
0213502 Tomato NC-Lee Co. 33 (13/40) 18/31,080 5.79 x 10-4* 
0213703 Tomato NC-Duplin Co. 28 (11/40) 15/31,080 4.83 x 10-4* 
0213501 Tomato NC-Moore Co. 50 (19/38) 27/29,526 9.15 x 10-4* 
0213702 Tomato NC-Lincoln Co. 58 (23/40) 37/31,080 1.19 x 10-3* 
0213701 Tomato NC-Dare Co.  40 (16/40) 16/31,080 5.15 x 10-4* 
      
0214401 Tobacco NC-Jones Co. 40 (16/40) 23/31,080 7.40 x 10-4* 
0214403 Tobacco NC-Pamlico Co. 32 (12/38) 16/29,526 5.42 x 10-4* 
0217902 Tobacco NC-Haywood Co. 40 (16/40) 19/31,080 6.11 x 10-4* 
0215102 Tobacco NC-Wayne Co. 45 (18/40) 20/31,080 6.43 x 10-4* 
0215401 Tobacco NC-Wilson Co. 63 (25/40) 37/31,080 1.19 x 10-3* 
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Table 1 (Cont’d) 

 
a Multiple substitutions at the same nucleotide position and deletions are all counted equally in determining the 

maximum mutation frequency. Comparisons between the maximum mutation frequency of the RT-PCR control and 

each of the viral populations were tested for statistical significance using a χ2 test.  
b The actual experimental mutation frequency is lower (6.7 x 10-5), when we exclude additional error introduced due to 

in vitro transcription (6 x 10-5) (Brakmann and Grzeszik, 2001). 
*  P <0.001, ** P <0.005 
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Table 2. Number and character of mutations within TSWV natural viral populations. 
 
 

Isolate Total no. 
of 

mutations

Substitutionsa 
 

d       ts       tv 

Transitions (%) 
 

A→G    U→C     G→A    C→U 

 
 

ts/tv
b 

0216901 13 0 11 2 36.5 54.5 0.0 9.0 5.65 
0219101 24 0 23 1 30.5 39.0 17.5 13.0 22.22 
0215106 15 0 12 3 42.0 33.5 25.0 0.0 3.01 
0213502 18 0 17 1 47.0 47.0 6.0 0.0 16.93 
0213703 15 0 15 0 47.0 27.0 20.0 7.0 29.88 
0213501 27 2 24 1 46.0 29.0 12.5 12.5 22.06 
0213702 37 4 30 3 50.0 37.0 7.0 7.0 14.07 
0213701 16 0 15 1 60.0 27.0 7.0 7.0 14.05 
0214401 23 0 17 6 41.0 29.5 12.0 18.0 2.67 
0214403 16 0 15 1 53.0 27.0 7.0 13.5 14.98 
0217902 19 0 17 2 41.0 41.0 12.0 6.0 16.93 
0215102 20 0 16 4 44.0 31.0 6.0 19.0 5.00 
0215401 37 1 35 1 20.0 69.0 9.0 3.0 21.08 

 
 ad is deletions; ts is transitions; tv is transversions.  
   bts/tv is the expected transition-transversion ratio which corresponds to the ratio of actually occurring transitions to         

    actually occurring transversions taking into account nucleotide frequencies in the alignment. 
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             Table 3. FST values calculated for pairwise comparisons among the 4 host populations of TSWV. High FST values  

             are indicated in bold. 

 
 

Population Broad Bean Pepper Tomato  Tobacco 

Broad Bean  0.752 0.553 0.652 

Pepper   0.295 0.318 

Tomato    0.135 
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   Table 4. FST values calculated for pairwise comparisons among the 13 geographic populations of TSWV. 

  
Population Moore Jones Haywood Montgomery Lee Lenoir Wayne Duplin Dare Greene Pamlico Wilson Lincoln 

Moore  0.769 0.861 0.896 0.910 0.930 0.897 0.906 0.904 0.907 0.893 0.876 0.910 

Jones   0.830 0.885 0.901 0.926 0.884 0.896 0.894 0.868 0.878 0.859 0.905 

Haywood    0.844 0.867 0.909 0.837 0.855 0.851 0.856 0.817 0.803 0.885 

Montgomery     0.881 0.894 0.815 0.833 0.829 0.834 0.791 0.866 0.906 

Lee      0.930 0.882 0.896 0.893 0.897 0.874 0.881 0.917 

Lenoir       0.895 0.909 0.906 0.910 0.889 0.909 0.924 

Wayne        0.821 0.817 0.823 0.766 0.864 0.908 

Duplin         0.721 0.844 0.790 0.875 0.916 

Dare          0.838 0.785 0.873 0.914 

Greene           0.792 0.875 0.916 

Pamlico            0.855 0.906 

Wilson             0.874 
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 Table 5. Summary of parameter estimates and summary test statistics based on variation in the N gene of TSWV.  
 

 
 

Isolate 

Parameter estimatesa 

 

   l         n      s              H                   θπ 

 
Tajima’s D 

statisticb 

 
Fu and Li’s 
D* statisticc 

 
Fu and Li’s 
F* statisticc 

 
Fu’s Fs  
statisticd 

0216901 777 40 13 0.479 (0.099) 0.0008 (0.0002) -2.456** -4.740* -4.708* -12.831*** 
1219101 777 40 23 0.550 (0.097) 0.0015 (0.0006) -2.614*** -5.068* -5.018* -11.249*** 
0215106 777 40 12 0.512 (0.097) 0.0009 (0.0002) -2.278** -4.133* -4.158* - 9.788*** 
0213502 777 40 18 0.550 (0.097) 0.0012 (0.0003) -2.571*** -5.118* -5.046* -14.036*** 
0213703 777 40 15 0.479 (0.099) 0.0010 (0.0003) -2.510*** -4.911* -4.861* -11.587*** 
0213501 777 38 23 0.730 (0.082) 0.0017 (0.0003) -2.578*** -4.955* -4.919* -21.279*** 
0213702 777 40 30 0.779 (0.071) 0.0021 (0.0003) -2.640*** -4.884* -4.880* -22.111*** 
0213701 777 40 15 0.645 (0.089) 0.0010 (0.0002) -2.467** -4.480* -4.500* -20.008*** 
0214401 771e 40 21 0.645 (0.089) 0.0015 (0.0003) -2.554*** -4.952* -4.905* -15.680*** 
0214403 777 38 16 0.538 (0.100) 0.0011 (0.0003) -2.528*** -4.886* -4.850* -12.855*** 
0217902 777 40 18 0.645 (0.089) 0.0012 (0.0002) -2.535*** -4.743* -4.736* -17.911*** 
0215102 777 40 18 0.701 (0.082) 0.0013 (0.0002) -2.498** -4.369* -4.426* -19.662*** 
0215401 777 40 22 0.837 (0.051) 0.0020 (0.0003) -2.332** -4.692* -4.612* -18.273*** 

 

al is the sequence length; n is the sample size; s is the number of segregating nucleotide sites; H is the haplotype diversity; 

θπ is Tajima’s estimator for nucleotide diversity estimated by the average number of pairwise differences among sequences 

in a sample, all sites considered (Tajima, 1983). Values inside parentheses represent standard deviations. *0.01<P<0.05; 

**0.001<P<0.01; ***P<0.001. 
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 Table 5 Cont’d  

 
bTajima’s D compares two measures of genetic variability: θπ, which is based on average heterozygosity and is influenced 

most by intermediate-frequency variants and θw which is based on the total number of segregating sites and is influenced 

most by low-frequency variation (Tajima, 1989b). Under neutrality D has an expected value of approximately 0 and 

variance approximately 1.  
cFu and Li’s D* test statistic is based on the differences between the number of singletons (mutations appearing only once 

among the sequences) and the total number of segregating sites (Fu and Li, 1993). The F* test statistic is based on the 

differences between the number of singletons and the average number of nucleotide differences between pairs of 

sequences. Under neutrality D* and F* have an expected value of approximately 0 and variance approximately 1. 

dFu’s Fs test statistic is based on the haplotype frequency distribution conditional the value of θ (Fu, 1997). The 

significance of Fu’s Fs test statistic was evaluated via coalescent simulations in DnaSP using 10,000 runs, the number of 

segregating sites calculated from the data and the option of no recombination.  
eSNAP Combine (Aylor et al., 2004; Carbone et al., 2004) was used to exclude six sites in the 0214401 alignment that 

violated the infinite sites model; i.e. sites that had more than two segregating bases. 

 



161 

 

 

Table 6. Tajima’s D estimated for synonymous and nonsynonymous mutations. 

 

Isolate Synonymous 
class 

Non-synonymous  
class 

Heterogeneity  
testa 

0216901 -2.101* -2.180** P = 0.97 
0219101 -2.389** -2.373** P = 0.96   
0215106 -1.880* -2.041* P = 0.91 
0213502 -2.348** -2.246** P = 0.95 
0213703 -1.487 (NS) -2.457** P = 0.37 
0213501 -2.018* -2.481** P = 0.58 
0213702 -2.373** -2.452** P = 0.93 
0213701 -2.003* -2.288** P = 0.75 
0214401 -1.880* -2.497** P = 0.52 
0214403 -2.180** -2.300** P = 0.88 
0217902 -2.180** -2.333** P = 0.85 
0215102 -1.716 (NS) -2.360** P = 0.58 
0215401 -1.725 (NS) -2.408** P = 0.43 

 
       aThe heterogeneity test examines statistically significant differences in Tajima’s D between synonymous and  

      nonsynonymous mutations. 

     *0.01<P<0.05; **P<0.01. 
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            Table 7. Estimates of exponential population growth rate g for TSWV  

isolates calculated using FLUCTUATE (Kuhner et al., 1998). 

 

Isolate θw
a g 

0216901 0.0039 (0.0015) 2399.32 
0219101 0.0070 (0.0024) 148.68 
0215106 0.0036 (0.0014) 1405.58 
0213502 0.0054 (0.0020) 901.69 
0213703 0.0045 (0.0017) 1056.98 
0213501 0.0071 (0.0025) 946.94 
0213702 0.0091 (0.0031) 865.00 
0213701 0.0045 (0.0017) 2364.03 
0214401 0.0064 (0.0023) 958.39 
0214403 0.0049 (0.0018) 1040.70 
0217902 0.0054 (0.0020) 1255.77 
0215102 0.0054 (0.0020) 1239.10 
0215401 0.0067 (0.0023) 1694.69 

 
a θw is Watterson’s estimator for the per-site population mutation rate based on the number of segregating sites (Watterson, 

1975). θw was held constant at the initial estimated value, to avoid the problem of extremely flat likelihood surfaces in our 

analysis. Values inside parentheses represent standard deviations. 
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Figure 1. Genomic organization of TSWV showing the three ss RNA genomic segments 

of the virus. L RNA encodes an RNA-dependent RNA polymerase in negative sense (-). 

M RNA encodes the NSm (+) protein and the G1-G2 (-) precursor glycoprotein. S RNA 

encodes the NSs (+) non-structural protein and the nucleocapsid protein, N (-). Both M 

and S RNAs are in ambisense orientation; ORFs of opposite polarity on the same 

genomic segment. The black thick line underlines the area of the genome sequenced in 

this study. 
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Figure 2. a) County and b) topographic map of North Carolina indicating the localities 

from which TSWV isolates were collected (red dots). Map pictures were taken from the 

following websites: http://county-map.digital-topo-maps.com/north-carolina.shtml 

(county map) and http://fermi.jhuapl.edu/states/maps1/nc.gif (topographic map). 
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Figure 3. Unrooted strict consensus parsimony tree inferred using 187 haplotype 

sequences from the N gene of TSWV. Each of the thirteen clades is characterized by a 

capital bold letter and unique color. Clades A, B, C, D, E, F, G, H, I, J, K, L, and M 

consist of haplotypes corresponding to clones of isolates 0214403, 0216901, 0213502, 

0217902, 0213702, 0215401, 0214401, 0213501, 0215106, 0215102, 0213701, 

0213703, and 0219101 respectively (for detailed information on haplotype identity see. 

Clade C includes haplotype H124 (indicated with red arrow) which represents a clone 

from isolate 0219101 and 0213502. Limited amount of homoplasy due to recurrent 

mutational events was observed in clade G and in the clade combinations J-K-L and I-

K-L, whereas a significant amount of homoplasy was observed in the clade 

combinations: i) I-J-K-L-M-A-B, ii) I-J-K-L-M-A-B-C, iii) E-F and v) D-E-F.  
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Table A1. Tomato Spotted Wilt isolates used for the experiments in Chapter 2. 

 
 

Isolate 

 

Locus Host Collect. area Acces. No. 

 

Date 

CA-1 NSs, N aster Californiaa AY744468 12/08/2000d 

CA-2 NSs, N buttercup Californiaa AY744469 11/21/2000d 

CA-3 NSs, N, 

NSm, G1-G2 

chrysanth. 

 

Californiaa 

 

AY744470 

AY744481 

11/21/2000d 

CA-4 NSs, N, 

NSm, G1-G2 

chrysanth. 

 

Californiaa 

 

AY744471 

AY744482 

01/08/2002d 

CA-5 NSs, N, 

NSm, G1-G2 

chrysanth. 

 

Californiaa 

 

AY744472 

AY744483 

01/08/2002d 

CA-6 NSs, N, 

NSm G1-G2 

chrysanth. 

 

Californiaa 

 

AY744473 

AY744484 

01/08/2002d 

CA-7 NSs, N, 

NSm, G1-G2 

dahlia 

 

Californiaa 

 

AY744474 

AY744485 

03/22/2002d 

CO NSs, N falso lulo Coloradoa AY744475 01/31/2001d 

NC-1 NSs, N dahlia N.Carolinaa AY744476 06/20/2001d 

NC-2 NSs, N peanut N.Carolinaa AY744477 07/18/2001d 

NC-3 NSs, N,  

NSm, G1-G2 

dahlia 

 

N.Carolinaa 

 

AY744478 

AY744486 

03/27/2002d 

NC-4 NSm, G1-G2 tobacco N.Carolinaa AY744487 05/29/2002d 

NC-5 NSm, G1-G2 tobacco N.Carolinaa AY744488 05/31/2002d 

NC-6 NSm, G1-G2 pepper N.Carolinaa AY744489 06/05/2002d 

NC-7 NSm, G1-G2 tobacco N.Carolinaa AY744490 05/27/2002d 

NC-8 NSm, G1-G2 tomato N.Carolinaa AY744491 05/28/2002d 

NC-9 G1-G2 pepper N.Carolinaa AY744494 06/07/2002d 

NC-10 G1-G2 pepper N.Carolinaa AY744495 05/30/2002d 

NC-11 NSs, N  peanut N.Carolinab AF020659 08/23/1997e 

SPAIN-1 NSs, N,  

NSm, G1-G2 

tomato 

 

Spaina 

 

AY744479 

AY744492 

6/12/2001d 

SPAIN-2 NSs, N,  

NSm, G1-G2 

tomato 

 

Spaina 

 

AY744480 

AY744493 

6/12/2001d 
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Table A1 (Cont’d)     

 

Isolate 

 

Locus Host Collect. area Acces. No. 

 

Date 

SPAIN-3 N N/A Spainc X94550 12/28/1995e 

BULG-1 NSs, N  

 

tobacco 

 

Bulgariac 

 

AJ418777 

(AJ297610) 

08/18/2000e 

BULG-2 NSs and N tobacco Bulgariac AJ418778 11/05/2001e 

BULG-3 NSs, N  

 

tobacco 

 

Bulgariac 

 

AJ418779 

(AJ297608) 

08/18/2000e 

BULG-4 NSs, N  

 

tobacco 

 

Bulgariac 

 

AJ418780  

(AJ297609) 

08/18/2000e 

BULG-5 NSs, N,   

NSm 

tobacco 

 

Bulgariac 

 

D13926 

(X93603) 

01/18/1991e 

BULG-6 N  tomato Bulgariac AJ296598 07/29/2000e 

BULG-7 N  hippeastrum Bulgariac AJ296601 07/29/2000e 

BULG-8 N  dahlia Bulgariac AJ296602 07/29/2000e 

GER NSs , N  

 

lysimachia 

 

Germanyc 

 

AJ418781 

(AJ297611) 

08/18/2000e 

NETH NSs, N,  

NSm, G1-G2 

dahlia 

 

Netherlandsb 

 

AF020660, 

AF208497 

08/23/1997e 

BR N  tomato Brazilc D00645 1990e 

SA N  potato South Africac AJ296600 07/29/2000e 

IT N tomato Italyc Z36882 08/22/1994e 

HAW-1 N N/A Hawaiic X61799 09/01/1991e 

HAW-2 NSm, G1-G2 tomato Hawaiib AF208498 11/26/1999e 

JAP-1 N chrysanth. Japanc AB038342 02/13/2000e 

JAP-2 N chrysanth. Japanc AB038341 02/13/2000e 

JAP-3 N N/A Japanc AB010997 02/09/1998e 

JAP-4 NSm, G1-G2 N/A Japanc AB010996 02/09/1998e 

GA-1 N tobacco Georgiac AF064474 05/07/1998e 

GA-2 N tobacco Georgiac AF064473 1996f 

GA-3 N tobacco Georgiac AF064472 05/07/1998e 
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Table  A1 (Cont’d)     

 

Isolate 

 

Locus Host Collect. area Acces. No. 

 

Date 

GA-4 N tobacco Georgiac AF064471 05/07/1998e 

GA-5 N tobacco Georgiac AF064470 05/07/1998e 

GA-6 N tobacco Georgiac AF064469 05/07/1998e 

GA-7 N pepper Georgiac AF048716 02/17/1998e 

GA-8 N peanut Georgiac AF048715 02/17/1998e 

GA-9 N tomato Georgiac AF048714 02/17/1998e 

 
 a TSWV isolate sequenced for this study.  

b TSWV isolate previously sequenced by our laboratory. 
c TSWV sequence from GenBank. 
d Date TSWV sample was collected..  

e Date TSWV sequence was submitted to GenBank (collection date was not available). 
f Date paper containing the sequence was published (collection date was not available). 
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Table A2. Synthetic oligonucleotides used for RT- PCR of S and M RNA and 

corresponding annealing temperature. 

 
 

Primer pair Sequence 5'→3' Temp.◦C 

S RNA   

Pair: S1 CCTCTAGAAGAGCAATTGTGTCAa 50 

        S154 AGATGCAGTTGATCCCCAGACTGAA  

Pair: S1 CCTCTAGAAGAGCAATTGTGTCA 50 

        S691 TGGCTTGAAACTGTACAGCCATTCA  

Pair: S574 GTCTTGTGTCAAAGAGCATACCTATAA 50 

         S1433 TGATCCCGCTTAAATCAAGCT  

Pair: S1275 b CACTTGAATGTCTTCC 45.5 

        S2067 b  GGAAGTATTGCTATGG  

Pair: S1983 b  CCCTCGAGGCTTTCAAGCAAGTTCTGCG 55 

        S2767 b  GCTCTAGAGCCATCATGTCTAAGGTTAAGCTCAC  

Pair: S2500 GGCTCCAATCCTGTCTGAA 44 

        S2916 GGGGTACCAGAGCAAT  

Pair: S2739 CCTTAGTGAGCTTAACCTTAGAC 44 

        S2916 GGGGTACCAGAGCAAT  

MRNA   

Pair: M1M CCTCTAGAAGAGCAATCAGTGC 55 

        M108 GTCAACATTTTGAGTTCAACAGCC  

Pair: M1 AGAGCAATCAGTGCATCAGAAATATACCTATTATACA 55 

        M743 CACTACCAAAAGAAACCCC  

Pair: M490 TTCCAGGATTGTGATATG 40 

        M821 TTAGAGGTATAACCATAC  

Pair: M658 GAAGATGAACAACACCCC 40 

        M1393c TATGTTAATGAAAGATACAA  

Pair: M944c  TCAGTTGAAGAGGAAGA 41 

        M1393c  TATGTTAATGAAAGATACAA  

Pair: M1315 CTGTGACAAGCATCTTC 45.5 

        M2109 GGTTTAGAGCAAATATCAG  
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Table A2 

 

(Cont’d) 

  

Primer pair Sequence 5'→3' Temp.◦C 

Pair: M1922 CCGCATAGAAGACAGCC 55 

        M2665 TACAGGAAACTGCGACAC  

Pair: M2565 ACCAAGCTTCTTCACATCC 46 

        M3320 TTTATGTTCCAGGCTGTCC  

Pair: M3206 GTGCCAAAGATACTCTCTATG 46 

        M3920 CTGAGGAAATGTTGGATGG  

Pair: M3832 GCAATCTCTGACTCTTT 46 

        M4595 ATGATGATTCTGCTGAG  

Pair: M4479 GTATCTGACGGGTTCCAGG 55 

        M4821 AGAGCAATCAGTGCAAACAAAAACCTTAATCC  

Pair: M4671 CAGAACTCAGGGCAATTGTG 48 

        M4821M GGGGTACCAGAGCAAT  
 

 
 

 

 
 

 

 

 
 
  
 
 
 
 
 
 
 
 
 
 

aUnderlined regions of primers correspond to added restriction sites to the primer 

sequence. 
bPrimers designed by Qiu et al. 1998. 
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Table A3. Synthetic oligonucleotides used for RT- PCR of L RNA. 
 
 
 

Primer Pair Sequence 5'→3' 
L 1PRL CCTCTAGAAGAGCAATa 
L 141 CTTATGTAAATCCAAAGC 
  
L 1  AGAGCAATCAGGTAACAA 
L 360 CAGCTCTCCAAAAATGTC 
  
L 1  AGAGCAATCAGGTAACAA 
L 960 ATCACCTAAGATTCCTCT 
  
L 601 GTCGATGCCAGGACTGAA 
L 1559 GGGCTATTATAAATAACC 
  
L 1203 AAAAATAGAGCCAAAAGC 
L 2157 CAGTACTGAATCTTGAAT 
  
L 1699 AGTATCAAAGTTGAGAGA 
L 2617 CTATATCTTTATTTTTCAGCG 
  
L 2250 AGGTTTAATGGTGGCTGA 
L 3042 AGGCATCATATAAATAGC 
  
L 2842 CGTAATGGAATCAAAAAAC 
L 3720 CTGTTTTACAAGGTCATA 
  
L 3362 GTACTGATGAGATAATAG 
L 4320 TTCATTTTCCCCAAAAGT 
  
L 4050 CACAATCACGTCTTACAA 
L 4847 GCAAAAGGTATAACTTCA 
  
L 4561 TTTTCAAGCTCATCTCTG 
L 5505 TATCATTATGTCATGGAC 
  
L 5161 AGAGGAACTCTGGAAGAA 
L 6113 TTAGAATTGCTAAAAGCC 
  
L 5776 GTAAATCTAGTTATCAAGG 
L 6720 TTCATCTTGTTCTTCAGT 
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Table A3 (Cont’d) 
 

 

Primer Pair Sequence 5'→3' 
L 6361 CAAGATATGAACTTAGAG 
L 7097 CATACATCGGAATTCACA 
  
L 6721 TCAGGAAATTATGTCTCT 
L 7692 CAAGCTTTAATCAATTGG 
  
L 7322 ATGAACATCCGGGATACC 
L 8295 TCTAAGCTGTCAGCTATC 
  
L 8002 GAAATGTATGAAGGTTTG 
L 8767 TTGTTTTAGGCTAAGTAG 
  
L 8640 TGAAGAAGAAGACACAGA 
L 8881 GGGGTACCAGAGCAAT 

 

 

aUnderlined regions of primers correspond to added restriction sites to the primer 

sequence. 
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 APPENDIX II 

 

 

 

 

RT-PCR ANALYSIS OF TOMATO SPOTTED WILT VIRUS NUCLEOCAPSID 

PROTEIN WITH THE EPPENDORF® CMASTER® RTPLUSPCR SYSTEM 

 

 

 

 

Maria Tsompana, and M. Arun Kumar  

 

 

 

This chapter consists of an application note published as: 
M. Tsompana, and M. A. Kumar (2004). RT-PCR Analysis of Tomato Spotted Wilt 
Virus Nucleocapsid Protein with the Eppendorf® cMaster® RTplusPCR System. In 
press. 
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INTRODUCTION 

 

 Tomato spotted wilt virus (TSWV) is the type member of the genus Tospovirus 

of the family Bunyaviridae (Moyer, 1999). TSWV is cosmopolitan, its host range 

exceeds 900 plant species, spanning monocots, dicots (Moyer, 2000) and ten thrips 

species and is among the most important plant pathogens in the world. TSWV has a 

tripartite ss RNA genome, composed of the large (L) segment (~9kb) encoding an 

RNA-dependent RNA polymerase, the medium (M) segment (~4.8kb) encoding the 

NSm protein and the G1/G2 precursor glycoprotein, and the small (S) segment (~3kb) 

encoding the NSs non-structural protein and the nucleocapsid protein, N. The N protein, 

that encapsidates the viral RNA within the viral envelope (Richmond et al., 1998), is 

the predominant protein that antisera recognize. It functions in the replication complex, 

and in Bunyaviruses has been shown to control the switch from transcription to 

translation (Kolakofsky and Hacker, 1991). Herein we demonstrate for the first time the 

adaptation of the Eppendorf cMaster RTplusPCR system for the amplification of the 

TSWV N gene from fourteen host and geographically diverse viral isolates, using one-

step reverse transcription-PCR (RT-PCR) reactions. Overall the Eppendorf cMaster 

RTplusPCR system performs well with small amounts of target material providing 

specific and robust amplifications, for viral isolates with different host (plant) and 

geographic origin. Besides, the one-step RT-PCR reactions save time and are ideal for 

cases where many viral isolates or viral genes have to be amplified.  
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MATERIALS AND METHODS 

 

Virus isolates and host plants 

 

 The fourteen isolates amplified in this study were obtained from California 

(CA), and North Carolina (NC). They arose from a variety of host plants from field 

environments, in the time period 2002-03. Information about these isolates is provided 

in Table 1.  

 

RNA extraction and RT-PCR 

 

 Total plant RNA was extracted from wild-type TSWV-infected plant leaves 

using standard commercial RNA isolation reagents. RNA extracts were used as 

template for one-step RT-PCR. Primers were designed, according to TSWV sequences 

published in GenBank, to amplify a 777 nt fragment of the N gene of S RNA (Qiu et 

al., 1998). RT-PCR was performed in a 50-µl reaction solution containing RTplusPCR 

Buffer with Mg+2, dNTP mix, cMaster RT enzyme, prime RNase inhibitor solution, 

viral sense and  antisense primers,  cMaster PCR enzyme mix and 10 µl RNA template 

(Table 2.) Thermal cycling reactions were carried out for 40 cycles of amplification as 

described in Table 2. In addition, control reactions were done for 20 cycles of 

amplification as described in Table 2 using an in vitro transcript of cloned  TSWV 
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sequences. In vitro transcription was carried out using the Riboprobe® Combination 

System-SP6/T7 (Promega, Madison, WI) according to the manufactures directions.  

 

RESULTS AND DISCUSSION 

 

 Herein the Eppendorf cMaster RTplusPCR system was adapted for the 

amplification of plant viral RNA with one-step RT-PCR reactions. The fourteen viral 

isolates amplified in this study were obtained from a variety of naturally infected host 

plants from California (CA) and North Carolina (NC). The amplified region represented 

the coat protein (N gene, 777nts) of TSWV (Fig. 1). Results of the amplifications can be 

seen in Figure 1. The intensity differences of the amplified products can be attributed to 

individual differences in initial concentration of the viral RNA. The Eppendorf cMaster 

RTplusPCR system provided specific and robust amplifications of the low 

concentration viral templates, in an extremely short amount of time. Besides, the 

amplified products were cloned for further analysis  without any problems (data not 

shown).  

 

 In conclusion, the Eppendorf cMaster RTplusPCR system performs well with 

low concentrations of target material and allows the fast and specific amplification of a 

large number of isolates.  
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Table 1. TSWV isolates amplified in this study 

 
 

 
RNA Origin  Host 
RT-PCR 
Control 

In vitro transcript Dahlia 

   
0317703 CA (Gilroy) Pepper 
0317702 CA (San Luis Rey) Aster 
   
0215703 NC (Sampson Co) Pepper 
0215803 NC (Wayne Co) Pepper 
0214402 NC (Pender Co) Tobacco 
0214401 NC (Jones Co) Tobacco 
0217902 NC (Haywood Co) Tobacco 
0213501 NC (Moore Co) Tomato 
0213502 NC (Lee Co) Tomato 
0213702 NC (Licoln Co) Tomato 
0213703 NC (Duplin Co) Tomato 
0213701 NC (Dare Co) Tomato 
0213601 NC (Pamlico Co) Potato 
0214103 NC (Pamlico Co) Potato 
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Table 2. One-step RT-PCR reactions 
 
 
 
Preparation 
Components Volume  Final Con 
dNTP mix (each 10mM) 1.0 µl 200 µM 
Forward primer (20 µM) 1.0 µl 0.4 µM 
Reverse primer (20 µM) 1.0 µl 0.4 µM 
RTplusPCR buffer with 25mM 
Mg+2 

5.0 µl 1x 

RNase inhibitor (0.5 µg/µl) 0.5 µl 5 ng/µl 
cMaster RT enzyme (15 U/µl) 0.5 µl 0.15 U/µl 
cMaster PCR enzyme mix (5 U/µl) 0.5 µl 0.05 U/µl 
RNase-free water 30.5 µl  
Template (viral RNA) 10.0 µl*  
Total volume  50.0 µl  
*For the control (in vitro transcript) only 1.0 µl was used, adjusting adequately the volume of water. 
 
 
Program parameters of the one-step RT-PCR 
Step Temp. Duration 
cDNA synthesis 50◦C 50 min 
Initial denaturation 94◦C 3 min 
Denaturation 94◦C 15 s 
Annealing 50◦C 20 s 
Elongation 68◦C 45 s 
Cooling 4◦C Hold 
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Figure 1. Amplification of the TSWV N gene with the the cMaster RTplusPCR system 

from viral isolates of different sources. 5 µl of amplified product were loaded on a 1% 

agarose gel in the following order: 1) 1kb ladder, 2) Water (Negative control), 3) in-

vitro transcript (positive control). Viral Isolates: 4) 0215703, 5) 0215802, 6) 0213601, 

7) 0214103, 8) 0213701, 9) 0213501, 10) 0213502, 11) 0213702, 12) 0213703, 13) 

0217902, 14) 0214402, 15) 0214401, 16) 0317702 and 17) 0317703. 
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APPENDIX III 
 

 

 

 

PRIMERS FOR THE AMPLIFICATION AND SEQUENCING OF THE IMPATIENS 

NECROTIC SPOT VIRUS (INSV) S RNA GENOMIC SEGMENT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This appendix consists of research undertaken the first six months in Dr J.W. Moyer’s 
laboratory as a preparation for my actual research project. 
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 The Tospovirus genus of Bunyaviridae has been considered as a monotypic 

virus group consisting of a single virus (Tomato spotted wilt virus, TSWV). In 1990 the 

placement and unique status of TSWV was significantly challenged with the report of 

Impatiens necrotic spot virus (INSV) (Law and Moyer, 1990). INSV has a tripartite ss 

RNA genome, composed of the large (L) segment (~9kb) encoding an RNA-dependent 

RNA polymerase (van Poelwijk et al., 1997), the medium (M) segment (~4.8kb) 

encoding the NSm protein and the G1/G2 precursor glycoprotein (Law et al., 1992), and 

the small (S) segment (~3kb) encoding the NSs non-structural protein  and the 

nucleocapsid protein, N (Law et al., 1991; de Haan et al., 1992). The virions of this 

viral species are quasispherical (Daughtrey et al., 1997). 

 

 INSV is vectored only by the western flower thrips (WFT) and has a wide host 

range. This virus is currently the most commonly encountered threat within greenhouses 

with flower crops. Hosts of INSV include: cineraria, ranunculus, impatiens, New 

Guinea impatiens, cyclamen, exacum, begonia, primula, gloxinia, tomato and pepper 

(Daughtrey et al., 1997). Gloxinia is regarded the most acutely sensitive flower crop to 

INSV (Daughtrey et al., 1997). Symptoms of INSV infections mimic extremely those 

caused by TSWV and cultural or environmental problems (Daughtrey et al., 1997). 

Control measures against INSV are directed at virus exclusion, using virus-indexed 

propagation material, and elimination of spread.  Here the focus is on elimination of the 
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resident population of thrips and on discarding all of the INSV-symptomatic plant 

material from the production area (Daughtrey et al., 1997).  

 

 Despite the increasing interest into the evolutionary biology of plant RNA 

viruses, research for INSV genetic structure and its variability has been absent. This can 

be attributed to the limited amount of sequence data available for this viral species. 

Herein, we designed primers that cover the whole INSV S RNA genomic segment and 

can be used for its successful amplification and sequencing (Table 1). The primers have 

been tested for amplification and sequencing of a variety of virus isolates (i.e. from 

salvia, garden impatiens, impatiens, and primrose) and performed well. Limited amount 

of sequence data has been generated for the INSV S RNA and is available under 

request. Currently, other members of J.W. Moyer’s lab are continuing this research 

project  to decipher the evolutionary biology of INSV. 
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Table A1. Synthetic oligonucleotides used for RT- PCR of INSV S RNA and 

         corresponding annealing temperature. 

 

 
 

aUnderlined regions of primers correspond to added restriction sites to the primer 

sequence. 

 

Primer Pair Sequence 5'→3' Temp.◦C 

S 1PRM TCGCATGCTCCTCTAGAAGAGCAATa 61.7 
S 223 GTCTTGCTCCTGGAGTCAGAATA 57.4 
   
S 1PRM TCGCATGCTCCTCTAGAAGAGCAAT 61.7 
S 639 CATGAACACTTCTGGTAGGAGAAA 56.1 
   
S569 TGATGTCAAGTATTCAAACAACCAATC 56.2 
S1387 GCTTTCAAAACATCCTCTGATCTAGG 57.3 
   
S1309 TCCAGATGCCCGATTGGAAA 57.9 
S2141 GCAATGGACCACTACAAAGAAGG 57.5 
   
S2033 CAAACCAAGCTCAAATCTCT 51.8 
S2734 TCTTTACCAACAACCGTGA 52.5 
   
S2626 GTGAAGTCAGCACTCTTAATGAC 54.9 
S2992  GGGGTACCAGAGCAAT 50.9 
   
S2754 CCCTTCATTTTGAGTTTCCTC 52.6 
S2992  GGGGTACCAGAGCAAT 50.9 


