
ABSTRACT 
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(TSWV) on Peanut in North Carolina and Virginia. (Under the direction of Marc A. Cubeta 
and George G. Kennedy.) 
 

 Exploring the genetic diversity and evolutionary history of plant viruses is critical to 

understanding their ecology and epidemiology.  Tomato spotted wilt virus (TSWV) is an 

ambisense RNA virus that infects over 1000 species of plants and has been shown to reassort 

its genome.  To further investigate this virus, maximum-likelihood and population genetics-

based methods were used to investigate the population structure, genetic diversity, and 

sources of genetic variation in field isolates of TSWV from peanut in North Carolina and 

Virginia.  Selected regions of the nucleocapsid, movement, and RNA-dependent RNA 

polymerase genes were amplified and sequenced to identify haplotypes and infer genetic 

relationships between isolates of TSWV with heuristic methods.  The haplotype structure of 

each locus consisted of one or two predominant haplotypes and more than 100 haplotypes 

represented by a single isolate.  No specific haplotypes or clades were associated with 

geographic area, peanut cultivar or year.  The population was panmictic at the regional level 

and high levels of genetic diversity were observed among isolates. There was evidence for 

negative selection acting upon each locus and maximum-likelihood analyses, which indicated 

that exponential growth was occurring in the population.  The results of compatibility 

analyses and the persistence of specific gene sequences in isolates collected over three field 

seasons suggest that recombination was occurring in the population.  Phylogenetic analysis 

supports that each locus has an independent evolutionary history. 

 Also, high diversity in viruses has been attributed to the occurrence of recombination 

and mutation.  To investigate recombination in TSWV, matrix compatibility and ancestral 



recombination methods were used to detect, quantify, and reconstruct the history of 

recombination in three genes of TSWV in isolates collected from three cultivars of peanut 

(Gregory, NC12C, and Perry) sampled in multiple years.  Site commonalities among the 

isolates collected from different cultivars were found in each gene where the majority of the 

recombination appeared to be occurring.  These corresponded to sequence near the 3′ 

terminus in the N and RdRP genes and to sequence near the 5′ terminus in the NSm gene.  

Between isolates collected from different peanut cultivars, the Gregory isolates 

proportionally had the most recombination occurring in the N gene and the RdRP genes, 

while the Perry isolates had the most recombination occurring in the NSm.  Recombination 

rates per site estimated for the N, NSm, and RdRP genes in the NC12C isolates were 

0.00934, 0.01559, and 0.00495, respectively. 
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ABSTRACT 

Exploring the genetic diversity and evolutionary history of plant viruses is critical to 

understanding their ecology and epidemiology.  In this study, maximum-likelihood and 

population genetics-based methods were used to investigate the population structure, genetic 

diversity, and sources of genetic variation in field isolates of Tomato spotted wilt virus 

(TSWV) from peanut in North Carolina and Virginia.  Selected regions of the nucleocapsid, 

movement, and RNA-dependent RNA polymerase genes were amplified and sequenced to 

identify haplotypes and infer genetic relationships between isolates of TSWV with heuristic 

methods.  The haplotype structure of each locus consisted of one or two predominant 

haplotypes and more than 100 haplotypes represented by a single isolate.  No specific 

haplotypes or clades were associated with geographic area, peanut cultivar or year of 

isolation.  The population was panmictic at the regional level and high levels of genetic 

diversity were observed among isolates. There was evidence for negative selection acting 

upon each locus and maximum-likelihood analyses indicated that exponential growth was 

occurring in the population.  The results of compatibility analyses and the persistence of 

specific gene sequences in isolates collected over three field seasons suggest that 

recombination was occurring in the population.  Phylogenetic analysis supports that each 

locus has an independent evolutionary history.  

 

INTRODUCTION 

 Plant viruses are a significant barrier to optimal worldwide crop production and can 

cause severe economic losses to growers (84).  This is due to viral disease symptoms that 
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lead to host plant death, yield loss and post harvest damage (3).  Tomato spotted wilt virus 

(TSWV) can infect over 1000 plant species (49) and has been estimated to cause annual 

losses of one billion US dollars(1).  In addition, high infection rates, which can be in excess 

of 90% of a field (15), have lead to TSWV long being ranked as one of the ten most 

economically destructive plant viruses (80).  Control of this virus is effected indirectly, 

through a multifaceted approach combining resistant varieties, crop cultural practices, and 

integrated pest management (11, 15, 60), but more effective management strategies could be 

facilitated by a better understanding of the population dynamics involved in the pathogenicity 

of this virus. 

 The TSWV genome has a single-stranded, tripartite RNA genome (6, 85).  The virion 

is spherical, 80-120 nm in diameter, with a lipid bilayer envelope containing viral-coded 

surface glycoproteins (31).  These characteristics place TSWV in the virus family 

Bunyaviridae, but the genome organization places TSWV in its own genus, where it is the 

type member (43).  The smallest segment, S (2.9kb), is ambisense and codes for the 

nonstructural protein, NSs, which is identified as a silencing suppressor (76), in the viral 

sense and the viral nucleocapsid protein, N, in the viral complementary sense (18).  The 

medium segment, M (4.8kb), is also ambisense and codes for the nonstructural protein, NSm, 

which is identified as the movement protein (40, 68, 69) in the viral sense and the precursor 

to the G1/G2 external glycoproteins, in the viral complementary sense (39).  The large 

segment, L (8.9kb), codes for the viral RNA-dependent RNA polymerase in the viral 

complementary sense (2, 10, 17). 
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 A previous study examined the population genetics of TSWV and found that 

populations of the virus were differentiated geographically on a global scale and presented 

evidence that positive selection favors divergence in different Tospovirus species (82). 

However, this study did not address whether similar structural characteristics are present in 

localized TSWV subpopulations.  The objective of this research was to characterize the 

genetic diversity and infer the phylogenetic history of TSWV in field isolates collected from 

symptomatic peanut (Arachis hypogaea) tissue in a localized geographical area. To better 

elucidate the evolutionary processes underlying populations of TSWV in a single plant host 

in a localized geographic region, we examined three regions of the TSWV genome in a 

multi-locus approach.  We used maximum-likelihood methods with estimations of population 

parameters to examine the similarity of evolutionary trends in the local and global TSWV 

populations including population subdivision, population growth, and evolutionary forces 

such as selection.  This study represents the most comprehensive examination of localized 

field populations in a single host collected over time on a member of the family 

Bunyaviridae. 

  

MATERIALS AND METHODS 

Isolates.  One hundred ninety-six isolates of Tomato spotted wilt virus (TSWV) from peanut 

(Arachis hypogaea L.) leaves exhibiting typical symptoms (e.g., ring spots, "rusting", 

stunting, shortened internodes, and bud necrosis) were used in this study (Table 1).  A 

hierarchical sampling strategy was deployed to collect leaf samples from one field of peanut 

in Bertie County, NC (77.1755° W, 36.1324° N) in 2005; one field each in Bertie County, 
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NC and Suffolk County, VA (76.6097° W, 36.7411° N) in 2006; and one field each in Bertie 

and Sampson Counties, NC (78.3318° W, 34.8462°N) and Suffolk County, VA in 2007.  

Geographically, these areas are nearly contiguous.  Quadrifoliate leaves were collected every 

4 weeks for 16 weeks from arbitrarily-chosen symptomatic plants during each year.  Five 

peanut cultivars were represented in the sample: NC_12C (32), Gregory (35), Brantley (34), 

Perry (33) and NC-V11 (90).  Each geographic area represented a different population in this 

study.  All leaf samples were transported from the field to the laboratory on ice in a cooler 

and were either processed for testing the same day or stored at 4°C.  Each leaf sample was 

tested with either a double antibody sandwich enzyme-linked immunosorbent assay (DAS-

ELISA) or Immunostrip (Agdia, Elkhart, IL) to determine the presence of TSWV. 

RNA Extraction.  Total plant RNA was extracted from each TSWV-positive leaf sample 

with either TRIzol Reagent (Invitrogen Corporation, Carlsbad, CA), RNeasy Plant Mini Kit 

(Qiagen, Valencia, CA) with 1% polyvinyl pyrrolidine in RLT buffer (64), or directly from 

leaf sap-saturated Immunostrips using the RNeasy Plant Mini Kit with 1% polyvinyl 

pyrrolidine according to the manufacturer’s protocol. 

RT-PCR and Sequencing.  Extracted RNA from each sample was used as a template for 

reverse transcription-polymerase chain reaction (RT-PCR) to generate complementary DNA 

(cDNA) for selected portions of the nucleocapsid (N), movement (NsM), and RNA 

dependent RNA polymerase (RdRP) genes of TSWV (81). A 720 bp fragment of the N gene 

was amplified with the S1976 forward primer (5′-

ACAGCTG(ACT)TTTTAAGCAAGTTCTG-3′) and the S2847 reverse primer  (5′-

AAGAAACGACTGCGG(AG)ATACA-3′). A 699 bp fragment of the NSm gene was 
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amplified with the M2 forward primer (5′- GAGCAATCAGTGC(AG)TCAGA-3′) and the 

M824 reverse primer (5’- CTTGCA(AG)GC(CT)TCAATGAATG-3’).  A 999 bp fragment 

of the RdRp gene was obtained in two independent amplifications with the L7541 forward 

primer (5′-CTCTGATAAATGATGCAT-3′) and L8250 reverse primer (5′-

(AG)GG(AG)CAATTGACATTCTT-3′); and the L7109 forward primer (5′-

T(AG)AGGCT(CT)CCTGAAGTAGG-3′) and L7750Y reverse primer (5′-

ATGTGGCATATGT(CT)CTGC-3′)  All oligonucleotide primers used in this study were 

synthesized by Integrated DNA Technologies, Inc.. (Coralville, IA).  cDNA was synthesized 

with AMV Reverse Transcriptase (Promega) using the reverse primer by the method of Law 

and Moyer (1990) (41).  PCR amplification was performed in a total volume of 25 µl with 

1X PCR buffer (Promega), 25 µM MgCl, 2.5 µM dNTPs (Promega), GoTaq® polymerase 

(Promega) and 10 µM of each forward and reverse primer for each locus with 2.5 µl of 

cDNA.  The cycles were: 94ºC for 10 min, followed by 40 cycles of 94ºC for 1 min, 55ºC for 

1 min, 72ºC for 1 min, and an extension at 72ºC for 10 min.  Amplified DNA was subjected 

to electrophoresis in 1% agarose and visualized with UV transillumination.  A 1 kb+ ladder 

(Promega) was used to determine size of the amplified product.  Amplified products were 

cleaned with either a QIAquick PCR Purification (Qiagen) or a PerfectPrep PCR Cleanup 96 

Kit (Eppendorf, Germany) according to the manufacturer’s protocol.  Sequencing reactions 

were performed with 3730 xl DNA Analyzers (Applied Biosystems, Foster City, CA) using 

Big Dye chemistry (version 3) at the Duke University Institute for Genomic Sciences and 

Policy DNA Sequencing Facility (Durham, NC). Forward and reverse chromatograms were 

aligned using Sequencher™ version 4.6 (Gene Codes Corporation, Ann Arbor, MI) and with 
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visual examination.  All sequences for each locus were submitted to GenBank (N accession 

numbers FJ234451-FJ234639, NSm accession numbers FJ234640-FJ234829, and RdRP 

accession numbers FJ261988-FJ262170). 

Haplotype, site compatibility and phylogenetic analysis of cDNA sequences.  A suite of 

nucleotide analyses programs, SNAP Workbench, was used in this study for phylogenetic 

and population genetics analyses of the sequence data (57).  Briefly, the sequences from each 

separate locus were aligned with ClustalW version 1.7 (79) and collapsed into haplotypes 

after removing insertions, deletions or infinite sites violations with SNAP Map (5). 

 Site compatibility matrices for each locus or population were generated using SNAP 

Clade (7).  Compatibility matrices were graphically illustrated using SNAP Matrix (7) and 

Inkscape version 0.45.1.  Matrices were examined for incompatible sites (8, 36) that were 

manually removed from the dataset using SNAP Combine (5).  The removal of incompatible 

sites is a prerequisite step needed for other analyses used in this study that assume no conflict 

in the data (4). 

 Maximum parsimony (MP) analysis was used to examine grouping of isolates by 

minimizing the number of mutations required to reconstruct the phylogeny.  MP analysis was 

performed for each locus with unweighted parsimony using PAUP* 4.0 (72).  The heuristic 

search was set for randomized branch swapping and 500 bootstrap replicates.  The maximum 

number of generated parsimony trees was set at 500 with no increases.  Bootstrap confidence 

limits were obtained with 500 replicates.  If more than one most parsimonious tree was 

generated, a strict consensus tree was inferred.  Maximum-likelihood (ML) analysis was 

performed by using the program ModelTest to select a best-fit nucleotide substitution model 
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based on hierarchical likelihood ratio tests (HLRT) and the Akaike Information Criterion 

(AIC) (56) in conjunction with PAUP* 4.0 (72).  ML calculates the likelihood of a predictive 

model producing the observed data (62), but relies on the investigator to provide a model of 

sequence evolution to improve the approximation of the evolutionary history of the 

population (52, 55).  When the choices of models differed, the AIC best-fit nucleotide 

substitution model was chosen (52) to provide the prior assumptions to infer each 

phylogenetic tree.  To reconstruct the phylogenetic tree, a quartet puzzling algorithm (70, 71) 

was applied under the maximum-likelihood criterion using PAUP* 4.0 (72).  The algorithm 

was modified according to parameters specified in the ModelTest AIC outfile for each locus.  

The number of puzzling steps was set to 1000 and quartets were evaluated using exact 

likelihood calculations.  All phylogenetic trees were visualized with Mega 4.0 (77). 

Neutrality and population subdivision.  The population mutation rate, theta (θW), was 

estimated from the number of segregating sites, S (86), and k, the average pairwise distance 

between sequences (75).  DnaSP version 4.50 (63) was used to estimate haplotype diversity 

(Hd) (45, 46) and calculate test statistics and p-values for Tajima’s D (74), Fu and Li’s F* 

and D* without an outgroup (23), Fu’s Fs (22) and Wright's FST, a measure of the proportion 

of the total genetic variance contained in a subpopulation relative to the total genetic variance 

(89).  The average number of pairwise differences per nonsynonymous site, dN, the average 

number of pairwise differences per synonymous site, dS, and their ratio, dN/dS (ω), were 

calculated for each locus using the counting method of Yang and Nielsen (93) as 

implemented in the YN00 program in PAML version 4 (91). 
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 To test for differentiation in the TSWV population, SNAP Map was used to generate 

files for Seqtomatrix which converts sequence data into a distance matrix.  The test 

PermtestK uses the molecular variation to test if two sampled localities are genetically 

different (30).  Hudson’s estimates of KS, KT, KST and Snn were used to determine the 

presence of subdivision in populations (29, 30). 

 

RESULTS 

Haplotype analysis and site compatibility of cDNA sequences.  A total of 2418 

nucleotides from the N, NSm and RdRP genomic regions of TSWV were amplified for each 

isolate and collapsed into haplotypes (Table 2).  The haplotype structure in each of the three 

loci consisted of one major haplotype, which contained the majority of isolates, and more 

than 100 minor haplotypes frequently represented by a single isolate (singleton haplotype).  

One hundred fifty haplotypes from 189 isolates were identified in the N gene, which had a 

haplotype diversity of 99.3%.  One hundred fifty-one haplotypes from 190 isolates were 

identified in the NSm gene, which had a haplotype diversity of 99.7%.  One hundred sixty-

seven haplotypes from 183 isolates were identified in the RdRP gene, which had a haplotype 

diversity of 99.9%.  The largest major haplotype for each locus contained 8.5%, 6.8%, 2.2% 

and of all isolates of the N, NSm, and RdRP gene sequences, respectively.  The NSm gene 

had the highest percentage, 29.4%, of haplotypes that contained more than a single isolate 

and the RdRP gene had the lowest percentage of 14.7%.  The RdRP gene had 156 singleton 

haplotypes while the N gene and NSm genes both had 135 singleton haplotypes each.  
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 The specific isolate composition of each haplotype differed for each locus with one 

exception: the only haplotype that was maintained across all three loci consisted of F22N7 

and F40N7, two isolates from NC_12C in Suffolk County, VA in 2007.  Haplotypes that 

contained more than one isolate and a mixture of isolate categories, such as collection year 

and geographical origin, were examined for patterns of association and frequency (Table 3).  

The major haplotype for the N (N1) and NSm (M144) loci contained isolates from each year, 

geographic area, and several cultivars.  In contrast, the major haplotype for the RdRP locus 

(R166) contained only isolates that were sampled from peanuts in Bertie County in 2007.  

Further examination of the relevant minor haplotypes for each locus showed similar breadth 

of diversity across isolate characteristics.  Two of the minor haplotypes of the N locus and 1 

of the NSm locus were found each collection year of the study.  One haplotype of the N locus 

and 2 of the NSm locus were found in each geographic area of the study.  Three haplotypes 

of both the N and NSm loci were found in at least three different cultivars during the study.  

In contrast, only 1 haplotype besides the major haplotype contained more than 1 cultivar or 

geographic area in the RdRP locus.  All other haplotypes in all three loci that were not 

singletons were not distinguished by differences in year, geographic area or cultivar. 

 The population statistics were determined for each locus and compared (Table 4).  

Nucleotide diversity was variable among the loci.  The genetic distances for the N and NSm 

were similar at 6.907 and 6.806, respectively, while the RdRP locus had the highest average 

pairwise distance of 13.035; this also serves as an estimate of the population mutation rate, θ 

(75).  Watterson’s estimates of average θ were approximately 5 times higher than Tajima’s 

estimate for each locus, which is indicative of over-inflation.  The genetic distances at 
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nonsynonymous sites between isolates were highest in the NSm gene (0.003), but similar for 

the N and RdRP locus at 0.0015 and 0.0019, respectively.  The genetic distances at 

synonymous sites between isolates were highest in the RdRP gene (0.0471), but similar for 

the N and NSm at 0.0335 and 0.0303, respectively.  The values of the dN/dS ratio, ω, were 

less than 1.0 for each locus (0.045, 0.099 and 0.039 for the N, NSm, and RdRP, 

respectively), which indicates negative selection on each locus (93). 

 When examining the site compatibility matrices for each locus, boundaries for 

partitions of distinct evolutionary history could not be determined because the sites of 

incompatibility did not appear to form any distinct patterns.  These sites represented areas of 

conflict in the data, which could be interpreted as possible different evolutionary branch 

histories.  They were removed from each locus alignment when performing phylogenetic 

analysis and neutrality testing, as required by model assumptions (4).  The N gene had 47 

incompatible sites removed, the NSm had 64 incompatible sites removed, and the RdRP had 

112 incompatible sites removed. 

Phylogenetic analysis of cDNA sequences.  Maximum parsimony (MP) analysis of the N 

gene showed unresolved comb structures where numerous branches radiated from the main 

branch with no definition of descent (Data not shown).  Bootstrap analysis indicated low 

support (< 70%) for the branching topology of the N and RdRP MP trees, but four branches 

of the NSm MP tree were supported (>94%) for groups containing isolates from the same 

geographic area.  No discernible pattern of association with geographic area, year or peanut 

cultivar was found for each locus.  Each MP tree showed some grouping characterized by 

geographic area and year, but most branches were examples of singleton haplotypes. 
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 The best-fit nucleotide models differed for the three loci.  The N gene was best 

modeled by the General Time Reversible model (GTR), which is characterized by all 

variable base, transition and transversion frequencies (61), with a gamma distributed rate 

variation of 1.4805 across sites.  The NSm gene was best modeled by the Tamura-Nei model 

(TrN), which is characterized by variable base frequencies, variable transition frequencies 

and equal transversion frequencies (78).  The gamma distributed rate variation was 0.9352 

across sites.  The RdRP is best modeled by the GTR with a 0.2936 proportion of invariable 

sites and a gamma distributed rate variation of 1.1497 across sites. 

 The ML quartet puzzling analysis revealed exponential population growth patterns for 

each locus (Figs. 1, 2, 3).  In all three loci, the branches were shortest when closest to the 

main trunk and subsequent branching of secondary nodes was lengthened when further away 

from the main trunk, which indicates exponential growth of the population (25).  The spatial 

structure of the isolate groupings in each locus was also weakly defined by geographic area, 

year, or peanut cultivar (25)and showed no characteristic grouping or clade formation 

pattern. 

Neutrality and population subdivision.  The values for the Tajima’s D, Fu and Li’s D* and 

F*, and Fu’s Fs test statistics were significant and negative, which indicates significant 

deviation from neutrality (Table 5).  Hudson’s test statistics and Wright’s FST indicated that 

the population was panmictic (Table 6).  For all loci, the calculated value of Hudson’s Snn 

was close to 0.5 and not significant, which indicates no population differentiation.  

Calculations of Wright’s FST for the N, NSm and RdRP gene (the maximum value of 0.011 

for both the N and NSm genes, and 0.047 for the RdRP gene) indicated that the percentage of 
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genetic differentiation accounting for the total amount of genetic variation did not exceed 

11% in any comparison. 

 

DISCUSSION 

 Our sampling method used in this study was sufficient to obtain the maximum 

amount of genetic variation data with a minimum of sampling effort (21, 51).  The amount of 

genetic diversity found in our population from peanut in NC and VA is similar to that 

previously reported for global populations of TSWV (82) and other plant RNA viruses (24).  

In all three loci examined, there was one major haplotype and more than 100 minor 

haplotypes that were sampled from the population.  Similar population structures have been 

shown for other ssRNA plant virus populations such as Turnip yellow mosaic virus (24). 

 We also provide evidence that specific genes of TSWV can be sampled repeatedly 

from season to season.  In general, isolate composition for each haplotype was not restricted 

by geographic area, year or cultivar.  The major haplotypes for the N and NSm loci were 

found in each geographic area each sampled field season and in Sampson County after 

sampling for only one season.  This pattern suggests that there are segments of the genome 

which are persistent in the genetic population from season to season.  These segments are 

recombined with other segments during replication, such as in reassortment. 

 Our haplotype analysis measured the number of haplotypes, their frequency and 

diversity, and genetic distances within and between sequences (24).  According to Moury et 

al. (2006), these three parameters are required to accurately measure the genetic diversity of a 

viral population (42).  To calculate genetic distance, we used Tajima’s calculations of S, the 
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number of segregating sites, and π, the average number of nucleotide differences (73), 

because of a priori knowledge of the non-equilibrium state of the population (i.e. the 

occurrence of bottlenecks) (37, 38).  The most appropriate estimate of the population 

mutation rate, θ, for our data is Tajima’s estimate, which is based on the average number of 

pairwise distances (75).  Watterson’s estimate of θ (86) is based upon the number of 

segregating sites, which is influenced by the size of the current population, and can be 

inflated by the presence of numerous unique sequences (73).  Our data showed that 

Watterson’s estimates of θ were approximately five times greater than Tajima’s estimate.  

This is supported by numerous recent mutations indicated in our data by significant values of 

the neutrality tests and frequent occurrence of singleton haplotypes. 

 The measures of haplotype diversity, Hd, can range from zero, meaning no diversity, 

to 1.000, which indicates high levels of haplotype diversity (46).  For our data, Hd ranged 

from 0.993 to 0.999, indicating very high levels of diversity for each locus.  The RdRP locus 

showed the most diversity, based on the number of haplotypes (e.g., 167 haplotypes from 183 

isolates), their frequency in the population and the estimates of genetic distance.  Other 

studies of Tospoviruses have focused on the diversity of the N gene for strain identification 

(14, 16, 47, 48, 66, 94) or the NSs (13), but none have examined the RdRP region to measure 

its diversity.  The RdRP functions as a polymerase in the infected plant cell (10) and, in our 

data, appears to be under the same amount of purifying selection as the N and NSm loci, 

based on data from the neutrality tests and values of ω, the dN/dS ratio.  However, it could be 

that our data showed that RdRP has the most diversity because the higher numbers of 

segregating sites in the longer sequence lengths were creating more haplotypes when the data 
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was collapsed.  An interesting follow up study would be to test haplotype diversity of these 

loci is influenced by the number of nucleotides examined.  This should also include non-

coding regions of the TSWV genome to provide enhanced statistical benefits to the data 

analysis (62). 

 We have provided evidence that the population of TSWV is panmictic across the 

coastal plain region of North Carolina and Virginia.  We examined the data for the presence 

of subdivision in our samples through the use of Hudson’s test statistics, PermtestK and Snn, 

and the index for Wright’s FST (1969, 1978).  PermtestK is powerful when sample sizes are 

small, but it can be compromised when there are unequal sample sizes (30) whereas 

Hudson’s Snn is powerful at all sample sizes and diversities (29).  A value of the Snn statistic 

close to 1 indicates high subpopulation differentiation and a value less than or equal to 0.5 

indicates panmixia (29).  In our data, the value of the Snn statistic depended on the presence 

of conflict from incompatible sites or recombination in the data set.  In data without conflict, 

the Snn value was closer to 0.5.  In contrast, when conflict was present, the value ranged 

from 0.6 to 0.9, which suggested that the conflict influenced the subdivision results.  As a 

further check, we estimated FST as a measure of the genetic structure.  Its values can range 

from 0 to 1.000 and values of FST greater than 0.05 (5%) suggest a degree of differentiation 

among populations.  Our data showed that in data both with and without incompatible sites, 

the percentage of genetic differentiation accounting for the total amount of genetic variation 

was less than 11%.  We therefore concluded that the subdivision seen in our data was 

influenced by the recombination occurring in the population and was not a function of 

subspecies divergence.  The presence of subdivision in our sequence data with conflict 
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suggests that this subdivision has arisen more recently within each geographical population 

as recombination. 

 Estimates of the population summary statistics were similar in value across all loci, 

which could be possibly explained by the ecology of the virus population and sampling from 

a limited geographic area and a single host.  The levels of nucleotide diversity of the N gene 

sampled from our population is similar to other N gene studies with Cucurbit yellow stunting 

disorder virus (.002) and Sweet potato chlorotic stunt virus (.006) (24).  Nucleotide diversity 

calculations reported by Tsompana et al. (2005) were higher for their sampled N (0.024) and 

NSm (0.030) genes of TSWV.  This study was conducted on isolates from 10 different host 

plants, such as chrysanthemum and pepper, from 11 different geographic areas.  This global 

collection would be expected to show higher diversity due to the wide range of sampling.  A 

similar recent study from South Africa on TSWV N gene did not provide an estimate of 

haplotype or nucleotide diversity on a small sample of six isolates (67).  Therefore, it cannot 

be compared to our data; however, the authors state that their isolates exhibited low diversity 

based on sequence similarities and distance phylogeny methods.  While this is not sufficient 

for determining evolutionary relationships, their conclusions support the findings of localized 

evolution presented in this study. 

 We showed that the population is experiencing strong negative selection for each of 

the three genes, as has been shown in other TSWV studies (82). To further examine 

evolutionary forces acting on the populations of TSWV, four neutrality test statistics 

(Tajima’s D, Fu and Li’s D* and F*, and Fu’s Fs) were used in this study to examine the 

sequence data for departure from neutrality.  All of the Tajima’s D test statistics were 
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significant and negative, which is a strong indication that each of the three loci are 

experiencing population bottlenecks, where the population is severely limited by some event 

and only a few sequences start the new population (74).  Almost all D* and F* test statistics 

were significant and negative, which implies that background selection (22), in which strong 

negative selection suppresses variation in linked regions, and rapid population growth have 

both occurred.  Also, the large significant negative values of Fu’s Fs suggest that both 

genetic hitchhiking, which can happen when linked alleles become more common through 

positive selection, and rapid population growth have occurred in the population.  Fu’s Fs is 

also an indicator of the presence of recombination (22), which is consistent with the results of 

the compatibility matrices and our conclusions from the subdivision testing.  These results 

also strongly support our conclusions of population growth from our examination of 

haplotype diversity, population summary statistics and phylogenetic analysis. 

 As a further measure of selection, we calculated values for ω, a comparison of 

synonymous to non-synonymous nucleotide substitution rates.  This comparison detects and 

measures the selective pressure on encoded proteins.  We used the counting method of Yang 

and Nielson (2000) that is implemented in PAML, which takes into account the 

transition/transversions rate bias and the codon frequency bias while counting sites and 

differences (93).  This method of estimating the ω ratio has been shown to be the most 

reliable compared to other computations (92).  For our data, the calculation of the ω ratio for 

each gene was less than 1, which indicates strong negative selection acting on each locus 

(93), especially for the NSm gene.  These results also support the conclusions from the 

neutrality tests of strong negative selection acting on the loci.  Although our calculated 
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values of ω ratio for the N gene were lower than previous estimates of 0.221 published for 

TSWV (82), this could indicate that there is stronger selection in a more localized population 

than might be seen on a global scale.  There are a number of elements of the biology and 

ecology of TSWV that could possibly account for strong negative selection, such as 

population bottlenecking through vector transmission and host compatibility. 

 Parsimony and neighbor-joining (NJ) methods are traditionally used to reconstruct 

and infer phylogenetic relationships.  However, both of these methods have limitations which 

can be avoided by using maximum-likelihood (ML) methods.  Parsimony methods assume 

that shared characteristics are a result of common descent (26) and group resultant clades 

according to minimum numbers of mutations.  This method can produce numerous trees of 

equally parsimonious probability and cannot score different mutation rates on different 

branches (28).  For our data, we used parsimony trees as a preliminary investigation of clade 

formation and population structure, but not as a method of inferring evolutionary 

relationships.  Although our sampling should have been sufficiently dense, even when we 

removed conflict from our data unresolved polytomies occurred at the main branch, which 

prevented resolution of relationships between isolates. 

 Because the MP trees were not sufficient to infer phylogenies for each locus, ML 

analysis with a quartet puzzling algorithm was performed to estimate a majority rule 

consensus tree after determining the best-fit nucleotide model.  For our data, we found the 

best-fit nucleotide substitution rates models were different for each of our genes, which may 

indicate that each gene is experiencing different evolutionary forces.  It is possible that 

specific regions of each locus can have different evolutionary histories due to recombination 
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(36).  This seems likely because each gene encodes a protein that performs a different 

function in the ecology of the virus.  Using these best-fit models to construct a ML 

phylogenetic tree provides a more accurate way to model the population structure.  In 

general, there were several examples of minor incongruence between the MP and ML tree of 

each locus, but the general order of the tree branching was similar.  The topology of the 

generated ML trees can provide information for building a phylodynamic framework to 

characterize TSWV as a pathogen (25).  For our data, each locus ML tree shows evidence of 

exponential growth in a strongly selective environment. These conclusions are supported by 

our results from the neutrality tests and measurements of genetic diversity.  It is possible that 

the environment provides strong selection from the many different host plants and vectors 

that are known to harbor TSWV.  This selection and the high adaptability of the virus 

genome may be combining to drive TSWV genetic variability, as is seen in HIV and 

influenza populations (25).  As a result, TSWV demonstrates increased evasion of plant 

resistance in the field. 

 Because the topology of phylogenetic trees can also be affected by recombination, 

leading to errors in phylogeny inferences, we investigated if recombination was present in the 

populations.  If recombination is not addressed in phylogenetic analysis, it can negatively 

impact parameter estimation by overestimation and lead to incorrect inferences (4, 53).  

Furthermore, an assumption of neutrality testing is that the data contains no recombination 

(22, 23, 74).  Our method of detecting recombination with compatibility matrices is most 

effective in detecting recombination in sequences with high mutation rates (54) and we were 

able to detect recombination in all three of our genes, but not to quantify it.  While it is 
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currently unknown when in the TSWV infection cycle that recombination may take place, 

most recombination in viruses is assumed to occur during replication in the host (24).  The 

virus is transmitted by at least 10 species of thrips (50, 65, 87) in a persistent and circulative 

manner and it also replicates in its vector (83, 88) and secondary weed hosts (9, 12).  It has 

also been shown that TSWV can occupy plants at the same time as a closely related virus, 

Impatiens necrotic spot virus (27) and that reassortment does occur in the TSWV genome 

(58, 59).  Because of its ecology, it appears that TSWV has numerous opportunities to 

exchange genetic information with other strains or other viruses.  Therefore further 

investigation of the occurrence and rate of recombination for this virus is critical to correctly 

infer phylogenetic relationships and estimate population summary statistics. 

 Future evolutionary studies should consider including other loci, such as the NSs, 

which has been shown to be a gene silencing protein (76) and G1/G2, which have both been 

shown to interact with thrips vector gut cells (44).  Examining these genes under a similar 

sampling strategy could further elucidate important epidemiological patterns of the disease.  

It will also be critical to maintain a frequent collection of TSWV in the same localized areas 

to examine the range of evolutionary rates of heterochronous data, as has been done for other 

RNA plant viruses such as Rice yellow mottle virus (19, 20). 
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TABLE 1. Year of collection, geographic area, peanut cultivar and number of amplified 
nucleocapsid (N), movement (NSm), and RNA-dependent RNA polymerase (RdRP) 
fragments of 196 isolates of Tomato spotted wilt virus 

Year collected Geographic area  Peanut cultivar Locia 
   N NSm RdRP 

2005 Bertie County, NC Brantley 6 6 6 
  NC_12C 3 3 3 
  Unknown 13 12 10 
      

2006 Bertie County, NC NC_12C 22 22 17 
 Suffolk County, VA Gregory 5 7 7 
  Perry 12 12 12 
      

2007 Bertie County, NC Perry 36 36 36 
  NC_12C 8 8 8 
 Suffolk County, VA NC_12C 42 42 42 
 Sampson County, NC Gregory 32 32 32 
  NC-V11 10 10 10 

Total number of amplified genes for each locus 189 190 183 
a Total number of genes amplified from isolates used in this study 
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TABLE 2. Summary of the number of isolates, length of gene fragment, haplotype number, 
haplotype diversity, and haplotype frequencies of the nucleocapsid (N), movement (NSm), 
and RNA-dependent RNA polymerase (RdRP) loci of Tomato spotted wilt virus on peanut  

Gene na Lb Hc Hdd H percentagee # Singleton haplotypesf 

N 189 720 150 .993 29.1% 135 
       

NSm 190 699 151 .997 29.4% 135 
       

RdRP 183 999 167 .999 14.7% 156 
a Total number of isolates used for each locus 
b Total length of the sequence used for each locus 
c Total number of unique haplotypes in each locus 
d Measurement of haplotype diversity, ĥ= n(1-Σx 2

i )/(n-1) (Nei, 1987)  
e Total percentage of isolates that collapsed into a haplotype containing more than one isolate 
f Total number of haplotypes that contained only a single isolate 
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TABLE 3. Frequency of haplotypes in the nucleocapsid (N), movement (NSm), and RNA-
dependent RNA polymerase (RdRP) loci of Tomato spotted wilt virus that were distributed 
across different peanut cultivars in different geographical areas from 2005 to 2007 

  N 

  N1d N34 N60 N73 N95 N138 N145 

Yeara         

 2005 2 - - - 2 2 1 

 2006 4 - 1 - - 2 3 

 2007 10 2 1 4 - 2 2 

Areab         

 Bertie 8 - - 1 2 5 6 

 Suffolk 7 1 2 1 - 1 - 

 Sampson 1 1 - 2 - - - 

Cultivarc         

 NC_12C 12 1 1 1 1 3 3 

 Unknown - - - - 1 2 1 

 Gregory 1 1 - - - - - 

 Perry 3 - 1 1 - 1 2 

 NC-V11 - - - 2 - - - 
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Table 3. Continued 

NSm RdRP 

M49 M68 M70 M103 M105 M108 M131 M141 M144d R151 R166d 

           

- - - - - - 1 - 3 - - 

- 3 2 1 - - 1 1 6 - - 

4 1 1 1 2 2 4 3 4 2 4 

           

- - 1 1 1 - 2 2 10 1 4 

1 4 1 1 - - 1 2 2 1 - 

3 - 1 - 1 2 3 - 1 - - 

           

1 1 2 2 - - 2 1 6 1 1 

- - - - - - 1 - 3 - - 

2 - 1 - 1 1 2 1 1 - - 

- 3 - - 1 - - 2 3 1 3 

1 - - - - 1 2 - - - - 

a Isolate collection year  
b Geographical collection area 
c Peanut cultivar sampled 

      d Major haplotype for each locus 
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TABLE 4. Summary of the number of segregating sites, nucleotide diversity, and estimates 
of the population mutation rate of the nucleocapsid (N), movement (NSm), and RNA-
dependent RNA polymerase (RdRP) loci of Tomato spotted wilt virus on peanut 

Gene Sa kb πc nNd dNe nSf dSg ωh θWi θW/site 

N 176 6.907 0.010 565 0.0015 155 0.0335 0.045 30.26 0.042 
           

NSm 214 6.806 0.010 546 0.003 153 0.0303 0.099 36.76 0.053 
           

RdRP 335 13.035 0.013 794 0.0019 205 0.0471 0.039 57.919 0.058 
a Total number of segregating sites  
b Average number of nucleotide differences between sequences; Tajima’s estimate of the population mutation rate, θ   

c Average number of nucleotide differences per site  
d Number of nonsynonymous sites 
e Average number of pairwise differences of nonsynonymous sites 
f Number of synonymous sites 
g Average number of pairwise differences of synonymous sites 
h Ratio of dN/dS 
i Watterson’s estimate of the population mutation rate, θ 
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TABLE 5.  Summary of neutrality test statistic values for the nucleocapsid (N), movement 
(NSm), and RNA-dependent RNA polymerase (RdRP) loci of Tomato spotted wilt virus on 
peanut  

Gene Tajima’s D Fu and Li’s D* Fu and Li’s F* Fu’s Fs 
N -2.732* -7.183* -5.925* -20.614* 
     

NSm -2.739* -8.612* -6.776* -19.938* 
     

RdRP -2.766* -8.990* -6.966* -20.299* 
* = indicates a significant result, (p<.001) 
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Figure. 1.  Unrooted majority rules consensus tree of the N gene for 
isolates of Tomato spotted wilt virus obtained using nucleotide 
sequences without conflict.  The tree was based on the General Time 
Reversible (GTR) model with a gamma distribution rate of 1.4805 
across sites for quartet puzzling maximum-likelihood analysis.  Tree 
length = 0.218003 and overall likelihood was ln L= -1643.44.   
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Figure 2. Unrooted majority rules consensus tree of the NSm gene for 
isolates of Tomato spotted wilt virus obtained using nucleotide 
sequences without conflict.  The tree was based on the Tamura-Nei 
model (TrN) with a gamma distributed rate variation was 0.9352 
across sites for quartet puzzling maximum-likelihood analysis.  Tree 
length = 0.266179 and overall likelihood was ln L= - 1648.33. 
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Figure 3. Unrooted majority rules consensus tree of the RdRP gene for 
isolates of Tomato spotted wilt virus obtained using nucleotide 
sequences without conflict.  The tree was based on the General Time 
Reversible (GTR) model with a 0.2936 proportion of invariable sites 
and a gamma distributed rate variation of 1.1497 across sites for 
quartet puzzling maximum-likelihood analysis.  Tree length 
=0.347142 and overall likelihood was ln L= -2358.92.
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Abstract 

 

 Exploring the genetic diversity and evolutionary history of plant viruses is critical to 

understanding their ecology.  High diversity in viruses has been attributed to the occurrence 

of recombination and mutation.  Tomato spotted wilt virus (TSWV) is an ambisense RNA 

virus that infects over 1000 species of plants and has been shown to reassort its genome.  

Documenting recombination in this virus would allow quantification of recombination 

events, identification of areas prone to recombination, and to estimate population 

recombination rates.  To investigate recombination in TSWV, matrix compatibility and 

ancestral recombination methods were used to detect, quantify, and reconstruct the history of 

recombination in three genes of TSWV in isolates collected from three cultivars of peanut 

(Gregory, NC_12C, and Perry) sampled in multiple years.  Site commonalities among the 

isolates collected from different cultivars were found in each gene where the majority of the 

recombination appeared to be occurring.  These corresponded to sequence near the 3′ 

terminus in the N and RdRP genes and to sequence near the 5′ terminus in the NSm gene.  

Among isolates collected from different peanut cultivars, the Gregory isolates proportionally 

had the most recombination occurring in the N gene and the RdRP genes, while the Perry 

isolates had the most recombination occurring in the NSm.  Recombination rates per site 

estimated for the N, NSm, and RdRP genes in the NC_12C isolates were 0.00934, 0.01559, 

and 0.00495, respectively. 

 

Keywords: Recombination; Ancestral recombination graph; TSWV 
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1. Introduction 

 

 RNA viruses are genetically heterogeneous and can exhibit wide intraspecies 

diversity (Moury et al., 2006).  The source of this inherent genetic diversity is most 

commonly attributed to mutation due to the errors in replication by RNA dependent RNA 

polymerase and reassortment between genetic segments of the viral genome (Jeger et al., 

2006).  Previous studies have provided compelling evidence for the occurrence of 

recombination in positive-sense RNA plant viruses such as Brome mosaic virus, Cucumber 

mosaic virus, and potato virus Y (Bonnet et al., 2005; Bruyere et al., 2000; Chare and 

Holmes, 2006).  However, in a survey of 79 sequence alignments, Chare et al. (2003) used 

phylogenetic incongruence, Sawyer’s runs tests, and informative sites tests to determine that 

homologous recombination is uncommon in negative-sense RNA viruses.  This study also 

included sequence analysis of the nucleocapsid gene of the plant virus, Tomato spotted wilt 

virus (TSWV), the type member of the genus Tospovirus in the family Bunyaviridae (Moyer, 

2000).  TSWV is a single-stranded, tripartite, ambisense RNA virus (Best, 1968; Van den 

Hurk et al., 1977) which has previously been shown to reassort its genomic segments (Qiu et 

al., 1998).  While the phylogenetic methods employed by Chare et al. (2003) determined that 

there was no evidence of homologous recombination in TSWV, another member of 

Bunyaviridae, the animal virus Hantaan virus, was found to exhibit characteristics of 

recombination within genome segments.  Given this evidence and because it is known that 
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TSWV adapts to host plant resistance by genome reassortment (Qiu and Moyer, 1999), we 

investigated the occurrence and frequency of homologous recombination in this virus. 

 In this paper, matrix incompatibility methods and ancestral recombination methods 

were used to detect and quantify recombination events in three gene regions of TSWV 

isolated from three different peanut cultivars.  The first objective of this research was to 

document recombination in the nucleocapsid (N) gene, the movement (NSm) gene and the 

RNA-dependent RNA polymerase (RdRP) gene, and determine if there were specific regions 

within each gene that would exhibit more recombination than other regions.  A second 

objective was to quantify the recombination in the isolates collected from cultivars with 

varying degrees of resistance, to determine if host resistance increased recombination 

occurring in the isolates.  The third objective of this research was to estimate an overall 

population recombination rate of each gene region in a single cultivar from a single 

geographic area to determine if there were different rates for each gene region. 

 

2. Materials and methods 

 

2.1 Isolates of Tomato spotted wilt virus 

  

 A sample of 97 isolates of Tomato spotted wilt virus (TSWV) from peanut (Arachis 

hypogaea L.) leaves exhibiting typical symptoms of TSWV (e.g., ring spots, "rusting", 

stunting, shortened internodes, and bud necrosis) collected from 2005-2007 were used in this 

study (Table 1).  The isolates represented a subsample of 196 isolates described previously 
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(Kaye et al., 2006; Kaye et al., 2008). The sample examined in this study consisted of 26 

isolates collected from a single location in Bertie County, NC (77.1755° W, 36.1324° N) 

from a single cultivar of peanut (NC_12C) over 2005-2007; 44 isolates collected from 

Suffolk County, VA (76.6097° W, 36.7411° N) and Bertie County, NC from a single cultivar 

of peanut (Perry) over 2006-2007; and 37 isolates collected from Suffolk County, VA and 

Bertie County, NC from a single cultivar of peanut (Gregory) over 2006-2007.  The cultivars 

Perry (Isleib et al., 2003) and NC_12C (Isleib et al., 1997) exhibit greater susceptibility to 

TSWV than Gregory (Isleib et al., 1999) when other crop production factors are considered 

(Hurt et al., 2003).  The data was partitioned by peanut cultivar. 

 

2.2 RNA Extraction, Reverse Transcription and cDNA Synthesis 

  

 Total plant RNA was extracted from each leaf sample with either TRIzol Reagent 

(Invitrogen Corporation, Carlsbad, CA), RNeasy Plant Mini Kit (Qiagen, Valencia, CA) with 

1% polyvinyl pyrrolidine in RLT buffer (Salzman et al., 1999), or directly from leaf sap-

saturated Immunostrips using the RNeasy Plant Mini Kit with 1% polyvinyl pyrrolidine 

according to the manufacturer’s protocol.  Extracted RNA from each sample was used as a 

template for reverse transcription-polymerase chain reaction (RT-PCR) to generate 

complementary DNA (cDNA) from the nucleocapsid (N), movement (NSm), and RNA 

dependent RNA polymerase (RdRP) genomic regions of TSWV (Tsompana, 2004). A 720 bp 

region of the N gene region was amplified with the S1976 forward primer (5′-

ACAGCTG(ACT)TTTTAAGCAAGTTCTG-3′) and the S2847 reverse primer (5′-
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AAGAAACGACTGCGG(AG)ATACA-3′). A 699 bp region of the NSm gene region was 

amplified with the M2 forward primer (5′- GAGCAATCAGTGC(AG)TCAGA-3′) and the 

M824 reverse primer (5’- CTTGCA(AG)GC(CT)TCAATGAATG-3’).  A 999 bp fragment 

of the RdRP gene region was obtained in two independent amplifications with the L7541 

forward primer (5′-CTCTGATAAATGATGCAT-3′) and L8250 reverse primer (5′-

(AG)GG(AG)CAATTGACATTCTT-3′); and the L7109 forward primer (5′-

T(AG)AGGCT(CT)CCTGAAGTAGG-3′) and L7750Y reverse primer (5′-

ATGTGGCATATGT(CT)CTGC-3′)  All oligonucleotide primers used in this study were 

synthesized by Integrated DNA Technologies, Inc.. (Coralville, IA). 

 cDNA was synthesized with AMV Reverse Transcriptase (Promega) using the 

reverse primer by the method of Law and Moyer (1990).  PCR amplification was performed 

in a total volume of 25 µl with a solution of 1X PCR buffer (Promega), 2.5 µM MgCl, 250 

µM dNTPs (Promega), GoTaq® polymerase (Promega) and 10 pmoles of each forward and 

reverse primer for each locus, with 2.5 µl of cDNA.  The reaction was initially denaturated at 

94ºC for 10 min, followed by 40 cycles of the following: 94ºC for 1 min, 55ºC for 1 min, 

72ºC for 1 min, then extended at 72ºC for 10 min.  Amplified DNA was subjected to 

electrophoresis in 1% agarose and visualized with UV transillumination.  A 1 kb+ ladder 

(Promega) was used to determine size of the amplified product.  Amplified fragments were 

cleaned with either a QIAquick PCR Purification (Qiagen) or a PerfectPrep PCR Cleanup 96 

Kit (Eppendorf, Germany) according to the manufacturer’s protocol.  Sequencing reactions 

were performed with 3730 xl DNA Analyzers (Applied Biosystems, Foster City, CA) using 

Big Dye chemistry (version 3) at the Duke University Institute for Genomic Sciences and 
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Policy DNA Sequencing Facility (Durham, NC). Forward and reverse chromatograms were 

aligned using Sequencher™ version 4.6 (Gene Codes Corporation, Ann Arbor, MI) and with 

visual examination.  All sequences for each locus were submitted to GenBank and are 

presented in Table 1. 

 

2.3 Compatibility and recombination analysis 

 

 A suite of nucleotide analyses programs, SNAP Workbench, was used in this study 

for analyses of the sequence data (Price and Carbone, 2005).  Briefly, the sequences from 

each locus were aligned with ClustalW version 1.7 (Thompson et al., 1994) and collapsed 

into haplotypes after removing insertions, deletions or infinite sites violations with SNAP 

Map (Aylor et al., 2006).  Site compatibility matrices for each locus of all isolates partitioned 

by cultivar were generated using SNAP Clade (Bowden et al., 2008).  Compatibility matrices 

were graphically illustrated using SNAP Matrix (Bowden et al., 2008) and Inkscape version 

0.45.1.  Matrices were examined for incompatible sites (Carbone et al., 2004; Jakobsen et al., 

1997).  For each locus of the NC_12C isolates only, we calculated γ, an estimator of the 

population mean recombination rate parameter, 2Nec, and the mean recombination rate per 

base3, using the program SITES version 1.1 (Hey and Wakeley, 1997).  This parameter 

assumes an infinite sites model for the data.  These isolates used for this calculation were 

collected from a single geographical area over three consecutive years.  The estimates of θ 

for each gene fragment were used with a base estimate of the neutral mutation rate, µ, of 1 x 

                                                 
3 This rate was calculated by dividing the estimate of γ by the number of base pairs included in the analysis. 
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10-3 substitutions per site per year (Jenkins et al., 2002) to estimate the effective population 

size, Ne, as θ = 2Neµ.  The estimate of Ne was used to algebraically estimate a value for c, the 

recombination rate per site per generation (Posada et al., 2002).  The mutation and 

recombination histories for the separate gene regions of the isolates from each cultivar were 

estimated using the heuristic algorithm kwarg in the program beagle (Lyngsø et al., 2005).  

Kwarg assumes both mutation and recombination coalesce backward in time, and results in 

an estimated minimal recombination history.  The resulting ancestral recombination graphs 

(ARGs) were visualized using GT MINER version 1.27, a component of SNAP Workbench 

(Carbone et al., 2007).  In order to compare the amount of recombination across each gene 

region and cultivars, we calculated the ratio of the number of inferred recombination events 

to the number of possible recombination sites given by KWARG output.  The ratios were all 

normalized to a lowest common denominator of 2.86 recombination sites to compare the 

number of recombination events between gene regions and between isolates collected from 

different cultivars. 

 

3. Results 

 

3.1 Compatibility and estimates of rates of recombination 

  

 For the isolates collected from each cultivar, the site compatibility matrices for each 

gene region indicated that there were incompatible sites in the consensus sequence (data not 

shown).  There were also no distinct patterns of recombination block partitioning in each of 
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the three genomic regions examined.  In the isolates collected from NC_12C, there were 2, 4 

and 8 incompatible sites in the N, NSm and RdRP gene regions, respectively.  In the isolates 

collected from Perry, there were 15, 12 and 21 incompatible sites in the N, NSm and RdRP 

gene regions, respectively. In the isolates collected from Gregory, there were 15, 10 and 25 

incompatible sites in the N, NSm and RdRP gene regions, respectively. 

 For isolates sampled from NC_12C, the estimated overall population mean 

recombination rate (γ) per gene region (2Nec) was 6.726, 10.898, and 4.945 for the N, NSm, 

and RdRP gene regions, respectively.  The mean recombination rate per site for the N, NSm, 

and RdRP gene region regions was 0.00934, 0.01559, and 0.00495, respectively.  This 

corresponds to a rate (c) of 1.81 x 10-3, 1.70 x 10-3, and 4.98 x 10-4 per site per generation for 

the N, NSm, and RdRP gene region regions of the NC_12C isolates, respectively. 

 

3.1.1 Recombination in the N region 

 

 The ARG for the N region of the NC_12C isolates (Fig. 1) indicated that haplotype 3 

(H3) was the sequence most closely related to the inferred ancestral haplotype, comprised of 

an isolate collected in 2007.  Recombination was deep in the evolutionary history of this gene 

in this set of isolates, with the deepest recombination event between sites 603 and 604 being 

common to 15 of the 19 haplotypes; subsequent mutational events resulted in the formation 

of 14 of these haplotypes. The remaining haplotype with this recombination event in its 

history (H16) possessed both mutation and three subsequent recombination events; one at 

603-604, one at 712-713, and finally one at 567-568. Four haplotypes had no recombination 
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in their histories (H3, H4, H6 and H18).  For this N gene region, all three of the 

recombination sites occurred in the last third of the sequence near the 3′ terminus. 

 Similarly, the ARG for the N gene region of the Perry isolates indicated that 

recombination was deep in the evolutionary history, with the deepest recombination event 

between sites 399-400 being common to 39 of the 41 haplotypes; subsequent mutational 

events resulted in the formation of 20 of these haplotypes (data not shown).  This site was the 

source of a total of three recombination events that occurred further back in the history of the 

isolates.  The next deepest recombination event between sites 282-283 was common to 5 of 

the 41 haplotypes, which all underwent at least two further recombination events before 

differentiating into haplotypes.  The recombination site 531-532 is the source of five 

recombination events that occurred more recently in the history of seven of the haplotypes.  

Seven of the other recombination sites occurred in the history only once and four occurred 

twice.  There was only one of 41 haplotypes that formed by mutation alone (H3), which was 

also the most closely related to the inferred ancestral haplotype and comprised of an isolate 

collected in 2007.  In total, there were 25 recombination events that were estimated to have 

occurred over 14 different sites, which equal a ratio of 5.10 recombination events to 2.86 

recombination sites when compared to all other isolates of the cultivars in all gene regions 

(Table 2).  A recombination event at site 712-713 occurred once in the isolates from NC_12C 

and twice in the isolates from Perry.  For this N gene region region, six of the fourteen 

recombination sites occurred in the last third of the sequence near the 3′ terminus. 

 Analysis of the ARG for the N gene region of the Gregory isolates indicated that none 

of the 34 haplotypes were differentiated solely by mutation (data not shown).  The ARG 
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indicated that the deepest recombination event occurring between sites 627-628 formed the 

haplotype structure of all 37 Gregory isolates in this analysis.  This site is the source of five 

recombination events throughout the haplotype history.  The recombination site 636-634 and 

site 394-395 were each the source of four recombination events throughout the history of the 

isolates.  The recombination sites 258-259, 266-267, and 558-559 were each the source of 

three recombination events.  Three of the other recombination sites each occurred in the 

history twice and six sites occurred only once.  There were 39 recombination events 

estimated to have occurred over 16 different sites, which equal a ratio of 6.97 recombination 

events to 2.86 recombination sites when compared to all other isolates of the cultivars in all 

gene regions (Table 2).  A recombination event occurred at site 282-283 once in isolates from 

both Perry and Gregory.  A recombination event occurred at site 531-532 five times in 

isolates from Perry and once in isolates from Gregory.  For this N gene region region, six of 

the sixteen recombination sites occurred in the last third of the analyzed sequence data near 

the 3′ terminus. 

 

3.1.2 Recombination in the NSm region 

 

 The ARG for the NSm gene region of the NC_12C isolates (Fig. 2) indicated that 

H20 was the most closely related to the inferred ancestral sequence with no mutations and 

comprised of an isolate collected in 2007.  Sixteen of the 23 haplotypes were formed through 

mutation alone.  The deepest recombination event that occurred between sites 312-313 was 

common to 5 of 23 haplotypes and subsequent mutation resulted in the formation of two of 
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these haplotypes.  This site is the source of two recombination events in the history of these 

isolates.  The sites 156-157, 183-184, and 517-518 were each the source of a single 

recombination event.  There were a total of five recombination events that occurred over four 

recombination sites, which equal a ratio of 3.57 recombination events to 2.86 recombination 

sites when compared to all other isolates of the cultivars in all gene regions (Table 2).  Two 

of the four recombination sites occurred in the first third of the analyzed sequence data near 

the 5′ terminus. 

 In comparison, the ARG of the NSm gene region of the Perry isolates indicated that 5 

of the 41 haplotypes had no recombination in their histories, but were differentiated by 

mutation (data not shown).  The haplotype most closely related to the inferred ancestral 

sequence had no mutations differentiating it and was comprised of an isolate collected in 

2007. The deepest recombination event between sites 491-492 was common to 36 of 41 

haplotypes.  This site is the source of two recombination events.  The recombination site 231-

232 and site 429-430 were each the source of three recombination events throughout the 

history of the Perry isolates.  Three of the other recombination sites each occurred in the 

history twice and eight sites occurred only once.  There were a total of 23 recombination 

events estimated to have occurred over 14 sites in the Perry isolates, which equal a ratio of 

4.70 recombination events to 2.86 recombination sites when compared to all other isolates of 

the cultivars in all gene regions (Table 2).  Five of the fourteen recombination sites in the 

Perry isolates occurred in the first third of the analyzed sequence data near the 5′ terminus. 

 The ARG of the NSm gene region of the Gregory isolates indicated that 17 of the 33 

haplotypes had no recombination in their histories, but were differentiated by mutation (data 
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not shown).  The haplotype most closely related to the inferred ancestral sequence had three 

mutations differentiating it and was comprised of an isolate collected in 2007.  The deepest 

recombination event between sites 429-430 was common to 12 of the 33 haplotypes.  This 

site is the source of two recombination events deep in the history of the Gregory isolates.  

The recombination site between sites 675-676 was the source of two recombination events in 

the history of two haplotypes.  The other 12 recombination sites were each the source of a 

single recombination event.  A total of 16 recombination events were estimated to have 

occurred over 14 sites in the Gregory isolates, which equal a ratio of 3.27 recombination 

events to 2.86 recombination sites when compared to all other isolates of the cultivars in all 

gene regions (Table 2).  A recombination event occurred once at sites 183-184 in both the 

NC_12C and Gregory isolates.  Another recombination event occurred at sites 312-313 twice 

in the NC_12C and once in the Gregory isolates.  A recombination event occurring at sites 

429-430 occurred three times in the Perry isolates and twice in the Gregory isolates.  A 

recombination event occurred once at sites 447-448 in both the Perry and Gregory isolates.  

Four of the fourteen recombination sites occurred in the first third of the analyzed sequence 

data near the 5′ terminus in the Gregory isolates. 

 

3.1.3 Recombination in the RdRP region 

 

 The ARG for the RdRP region of the NC_12C isolates (Fig. 3) showed that H5 was 

the most closely related to the inferred ancestral sequence and differed by a single mutation.  

This haplotype was comprised of an isolate collected in 2007.  Fourteen of the 25 haplotypes 
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had no recombination in their histories.  The deepest recombination event between sites 258-

259 was common to 9 of 25 haplotypes.  Three of the 9 haplotypes were subsequently 

differentiated by mutation and the rest resulted from at least one further recombination event.  

The recombination site between sites 858-859 was the source of recombination in the history 

of two haplotypes.  The other 6 recombination sites were each the source of a single 

recombination event.  A total of 10 recombination events were estimated to have occurred 

over 7 recombination sites, which equal a ratio of 4.08 recombination events to 2.86 

recombination sites when compared to all other isolates of the cultivars in all gene regions 

(Table 2).  Three of the seven recombination sites occurred in the last third of the analyzed 

sequence data near the 3′ terminus.   

 The ARGs for the Perry and Gregory isolates showed a higher level of evolutionary 

complexity compared to the NC_12C isolates (data not shown).  Both ARGs indicated that 

many recombination events were occurring throughout the evolution of the haplotypes, 

instead of a single major ancestral event.  For the Perry isolates, 2 of the 41 haplotypes have 

no recombination in their histories.  The haplotype most closely related to the inferred 

ancestral sequence had eleven mutations differentiating it and was comprised of an isolate 

collected in 2007.  There was no single recombination site that was common to all isolates; 

however, the recombination site between sites 777-778 was the source of six recombination 

events.  The recombination sites between sites 396-397, 468-469, 496-497 and 858-859 were 

each the source of three recombination events, with the rest of the sites each occurring only 

once or twice.  There were 44 recombination events estimated to have occurred over 25 sites 

which equal a ratio of 5.03 recombination events to 2.86 recombination sites when compared 
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to all other isolates of the cultivars in all gene regions (Table 2).  A recombination event 

occurring at sites 789-790 and 858-859 was present in both the NC_12C and Perry isolates. 

 For the Gregory isolates, 5 of the 35 haplotypes have no recombination in their 

histories.  The haplotype most closely related to the inferred ancestral sequence had two 

mutations differentiating it and was comprised of an isolate collected in 2007.  There was no 

single recombination event that was common to all isolates; however, the recombination site 

between sites 477-478 and 870-871 were each the source of five recombination events.  The 

recombination site between sites 918-919 was the source of four recombination events.  The 

recombination sites between sites 192-193, 489-490, 822-823, and 894-895 were each the 

source of three recombination events, with the rest of the sites each occurring only once or 

twice.  There were 59 recombination events estimated to have occurred over 31 sites which 

equal a ratio of 5.44 recombination events to 2.86 recombination sites when compared to all 

other isolates of the cultivars in all gene regions (Table 2).  A recombination event occurring 

at sites 489-490 occurred once in the NC_12C isolates and three times in the Gregory 

isolates.  A recombination event occurring at sites 268-269 occurred once in both the Perry 

and Gregory isolates.  A recombination event occurring at sites 783-784 occurred twice in 

the Perry isolates and once in the Gregory isolates.  A recombination event at sites 870-871 

occurred twice in the Perry isolates and five times in the Gregory isolates.  Finally, a 

recombination event occurring at sites 918-919 occurred once in the Perry isolates and four 

times in the Gregory isolates.  For the RdRP gene region of the Perry and Gregory isolates, 

fourteen sites out of 25 and twelve sites out of 31, respectively, of the recombination sites 

occurred in the last third of the 3′ terminus of the analyzed sequence. 
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4. Discussion 

 

 The primary objective of this research was to detect, quantify, and reconstruct the 

history of homologous recombination in three different genes of a sample of TSWV isolates.  

For this study, isolates sampled from different peanut cultivars with varying levels of host 

plant resistance were partitioned to minimize confounding factors that may originate from 

cultivar effects.  This experimental approach provided us with a unique opportunity to 

estimate the number and placement of recombination events within a phylogenetic 

framework without a larger dataset that would be computationally intensive and prohibitive 

for currently available computer algorithms.  Our secondary objective was to compare the 

levels of TSWV recombination in two susceptible and one field-resistant cultivar of peanut to 

identify any correlations between the amount of recombination in the virus and expected 

level of disease resistance of the cultivar.  Our third objective was to estimate the 

recombination rate population parameter for TSWV in a single cultivar from a single 

geographic area over multiple years to ensure uniformity of isolate characteristics and reduce 

the effects of local ecological variables on rate estimates.  While recombination in other 

RNA plant viruses has been examined previously (Bonnet et al., 2005; Bruyere et al., 2000; 

Hu et al., 2007), this question has not been addressed fully for TSWV. 

 In this study, three previously well-characterized and physically unlinked regions of 

the TSWV genome were sequenced and examined for homologous recombination. 

Phylogenetic analyses also showed that the growth rates and topologies of maximum-



 59

likelihood trees were not the same between genes and the differing haplotype groupings in 

current analysis suggest different evolutionary histories for each of the genes (data not 

shown).  For these reasons, the gene regions were analyzed separately, as it has been shown 

that combining datasets with different histories can lead to erroneous phylogenetic inferences 

(Posada and Crandall, 2002; Wiens, 1998).  To detect recombination in the gene regions, we 

used matrix incompatibility methods, which highlight sites with different evolutionary 

histories, to find specific sites in the sequence data that provided some evidence that 

recombination had occurred (Jakobsen et al., 1997; Posada and Crandall, 2001).  Although 

no explicit recombination blocks were identified within any gene region, we were able to 

distinguish and quantify the incompatible sites in each gene region matrix.   

 For the first objective, we examined the sequence data to evaluate whether there were 

regions that exhibited more recombination than others.  In the N gene region, all 

recombination events exhibited by the NC_12C isolates occurred in a specific region of the 

sequence near the 3′ terminus.  While the Perry isolates had a recombination site in common 

with the NC_12C isolates, both Perry and Gregory isolates exhibited other recombination 

sites in different regions of the sequence.  However, 36% of all sites for the Perry isolates 

and 25% of all sites for the Gregory isolates were located in the same 3′ terminus region as 

the NC_12C sites, which may suggest that this area of the sequence is a common area for 

recombination to occur.  In the NSm gene region of the NC_12C isolates, 50% of the 

recombination is occurring in the region specifically located in the first third of the analyzed 

sequence data near the 5′ terminus.  In the Perry and Gregory isolates, the recombination 

sites of the NSm gene region occurred along the entire region; however, 29% of the sites 
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were located in the same region as the NC_12C isolates in the first third of the analyzed 

sequence data near the 5′ terminus for both cultivars.  This sequence area has also previously 

been shown to contribute to rapid “resistance-breaking” in commercial tomato crops 

(Hoffmann et al., 2001) as a direct result of reassortment in the TSWV genome (Qiu et al., 

1998; Qiu and Moyer, 1999).  In the RdRP gene region, although many recombination events 

are occurring throughout the sequence of all isolates from each cultivar, 56%, 60%, and 39% 

of the recombination sites for the NC_12C, Perry and Gregory isolates, respectively, were 

located in the last third of the sequence near the 3′ terminus.  Furthermore, the highest 

number of shared recombination sites among the three cultivars (7), was found in this gene 

region, with five of those sites located near the 3′ terminus.  The differences in amount and 

location of recombination sites could be influenced by local ecological effects on the TSWV 

genome, but the trend supports our hypothesis that there are specific regions in each gene 

where recombination occurs. 

 For the second objective, we compared the amount of recombination found in isolates 

collected from three cultivars by using a ratio of the number of recombination events to a 

common lowest number of recombination sites.  The Gregory and Perry isolates had the most 

recombination occurring in the N gene compared to their respective NSm and RdRP genes.  

Furthermore, the Gregory isolates had the most recombination occurring in this region of all 

the other isolates, which would suggest that more recombination occurs in cultivars with 

higher levels of field resistance.  However, in the NSm gene region, the Perry isolates 

showed the most recombination occurring in this gene region compared to the NSm gene 

region of both the NC_12C and Gregory isolates.  A plausible explanation for the lowest 
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amount of recombination in the NSm gene region for the Gregory isolates could be that the 

particular sequence in this gene region was already successful in overcoming cultivar field 

resistance.  Any further recombination in the gene region may have lost the advantageous 

sequence, leading to decreased representation of disadvantageous sequences in the 

population sampled in this field-resistant cultivar.  Finally, the RdRP gene region exhibited 

the most complex reconstructed history for all isolates.  All of the ARGs for the RdRP gene 

region show numerous mutations after recombination events separating the haplotypes of the 

isolates of each cultivar which suggests that the incompatible sites arising in the RdRP gene 

region could be a product of older recombination events.  Interestingly, this gene region was 

the proportionately most recombined gene region out of all three gene regions for the 

NC_12C isolates.  Furthermore, this gene region is also the proportionately most recombined 

RdRP gene region in the Gregory isolates out of all isolates.  This evidence supports that the 

most recombination is occurring in the most field-resistant cultivar, Gregory. 

 To further characterize the recombination in each gene region, our third objective was 

to estimate a separate rate of recombination for each gene region.  We used isolates of a 

single cultivar (NC_12C) collected over multiple years from a single geographical region 

(Bertie County, NC) to estimate the population recombination rate for each region.  In this 

study, rates for each of the three gene regions were estimated based on conservative 

estimates of the neutral mutation rate, µ, of 1 X 10-3 substitutions per site per generation 

(Jenkins et al., 2002).  The neutral mutation rate for all types of viruses has been estimated 

from values of 1 x 10-3 to 1 x 10-8 (Duffy and Holmes, 2008), but an estimate for riboviruses 

is, on average, 0.76 per genome per replication (Drake and Holland, 1999).  The factors that 
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influence these rates have been attributed to viral polymerase errors, nucleotide substitutions 

from host cellular enzymes, and recombination (Duffy and Holmes, 2008).  Rates of 

recombination for TSWV have not been previously reported but are necessary for comparing 

to other plant viruses, such as Cauliflower mosaic virus, a dsDNA plant virus which was 

estimated to have a recombination rate of 2 x 10-5 to 4 x 10-5 per genome per replication 

(Froissart et al., 2005).  Also, estimated rates of recombination frequency per base for Brome 

mosaic virus and Cucumber mosaic virus, both ss(+)RNA plant viruses, range from 8.1 x 10-2 

to 18.5 x 10-2 and from 1.0 x 10-4 to 1.0 x 10-8, respectively (García-Arenal et al., 2001).  For 

the NC_12C subsample of TSWV, our estimates of the recombination rate were an order of 

magnitude or two lower than the dsDNA virus, but in the same range as the ss(+)RNA 

viruses.  However, the analyzed sequence length and similarity, as well as areas of frequent 

recombination, may affect this estimate (García-Arenal et al., 2001). 

 While the estimates of the overall population mean recombination rate and mean 

recombination rate per site suggest that the NSm gene region would have the highest 

incidence of recombination for the NC_12C isolates, the estimated recombination rate per 

site per generation was lower than the N gene region estimate, which had the highest.  This 

corresponds to the N and NSm gene region observed ratios of recombination events to 

recombination sites in the NC_12C isolates.  It could be that the previously reported lower 

selection pressure on the NSm gene region (Kaye et al., unpublished), while still significant, 

allowed more recombination to take place and for its effects to remain in the population, 

although recombination may have taken place more slowly over the course of viral 

replication.  The RdRP gene region of the NC_12C isolates had the lowest estimates of the 
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overall population mean recombination rate, mean recombination rate per site, and estimated 

recombination rate per site per generation of the three gene regions, which suggests that most 

of the haplotype diversity in these isolates is due to recent mutation instead of recombination.  

This does not correspond to the RdRP gene region observed ratio of recombination events to 

recombination sites in the NC_12C isolates.  Although the RdRP gene region is under a 

similar selection pressure as the N gene region (Kaye et al., in preparation), recombination 

incidence appears to be severely constrained by selection and the configuration of the ARG 

suggests that recombination is maintained in the RdRP sequence when it does occur.  This 

suggests that there may have been a shift in selection pressure upon this gene region over 

time and could explain the results of the difference in ratio. 

 Examination of isolates collected from three different peanut cultivars has lead to the 

detection and quantification of recombination occurring in three genes of TSWV.  We have 

identified a common area in each gene where the majority of the recombination is occurring.  

These areas corresponded to sequence near the 3′ terminus in the N and RdRP genes and to 

sequence the 5′ terminus in the NSm gene.  Future studies may also examine entire genomes 

of multiple strains for a more expanded accounting of mutation and recombination sites and 

patterns.  Also, because it is known that these cultivars exhibit different levels of resistance 

to TSWV in the field (Hurt et al., 2003), we examined the incidence of recombination in 

isolates of each cultivar for comparison.  The Gregory isolates proportionally had the most 

recombination occurring in the N and RdRP gene regions out of all isolates of the three 

cultivars, while the NC_12C isolates had the most recombination occurring in the NSm gene 

region.  This suggests that the most recombination is occurring in the most field-resistant 
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cultivar.  Future studies may want to include isolates from a range of other cultivars of 

peanut that exhibit a range of susceptibility to determine whether trends of recombination 

frequency may occur.  Finally, we estimated recombination rates for each of the three gene 

regions in a single cultivar, NC_12C.  We found that although the recombination in the N 

gene region may be affected by strong negative selection (Kaye et al., unpublished) that 

constrains which regions of the sequence recombine, recombination may be occurring in this 

gene region the most frequently per generation.  Recombination in the NSm gene region may 

also be constrained to certain areas by negative selection, but it may be occurring at the 

highest overall rate per site.  The recombination in the RdRP appears to be the most 

constrained and the least frequent of all the gene regions for the NC_12C isolates, but ARG 

results suggest that the recombined sequence may be retained in the isolate population.  This 

study examined selected regions of the genome based on phylogenetic optimality criterion 

(Tsompana et al., in review); future studies may want to use an entire gene or RNA sequence 

to reflect a rate estimate that considers all parts of the genomic regions. 

 

5. Conclusions 

 

 Our analyses support the following four conclusions: 1) homologous recombination 

occurs in each of the three genes of TSWV, 2) there are specific regions for recombination in 

each gene, 3) the amount of recombination differs in each gene for isolates sampled from 

each peanut cultivar, and 4) each gene has a unique incidence and rate of recombination in 

the NC_12C isolates. 
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Table 1. Year of collection, cultivar, isolate number and accession numbers of amplified 
nucleocapsid (N), movement (NSm), and RNA-dependent RNA polymerase (RdRP) 
fragments of 97 isolates of Tomato spotted wilt virus. 
Year collected Cultivar Isolate AN Na AN Nsmb AN RdRPc 

2005 NC_12C     
  L1N5 FJ234541 FJ234640 FJ262056 
  L2N5 FJ234482 FJ234709 FJ262002 
  L3N5 FJ234461 FJ234690 FJ262077 

2006      
 NC_12C     
  L1N6 FJ234562 FJ234714 FJ262074 
  L2N6 FJ234487 FJ234744 FJ262076 
  L3N6 FJ234538 FJ234669 FJ261998 
  L4N6 FJ234485 FJ234641 FJ262013 
  L5N6 FJ234532 FJ234671 FJ261991 
  L6N6 FJ234531 FJ234668 FJ262014 
  L7N6 FJ234577 FJ234693 FJ262070 
  L8N6 FJ234451 FJ234773 FJ262154 
  L10N6 FJ234537 FJ234739 FJ262149 
  L15N6 FJ234493 FJ234817 FJ262005 
  L16N6 FJ234465 FJ234772 FJ262153 
  L18N6 FJ234474 FJ234713 FJ262025 
  L19N6 FJ234459 FJ234682 FJ262084 
  L20N6 FJ234466 FJ234819 FJ262042 
  L23N6 FJ234529 FJ234678 FJ262083 
 Gregory     
  F1G6 FJ234581 FJ234735 FJ262138 
  F2G6 FJ234582 FJ234737 FJ262139 
  F5G6 FJ234527 FJ234750 FJ262092 
  F6G6 FJ234525 FJ234751 FJ262091 
  F7G6 FJ234526 FJ234752 FJ262090 
 Perry     
  F2P6 FJ234607 FJ234768 FJ262096 
  F3P6 FJ234560 FJ234774 FJ262152 
  F4P6 FJ234551 FJ234829 FJ262051 
  F7P6 FJ234476 FJ234659 FJ262028 
  F10P6 FJ234519 FJ234828 FJ262017 
  F11P6 FJ234518 FJ234827 FJ262016 
  F13P6 FJ234606 FJ234770 FJ262097 
  F15P6 FJ234569 FJ234683 FJ262062 

2007      
 NC_12C     
  L1N7 FJ234464 FJ234746 FJ262089 
  L2N7 FJ234471 FJ234748 FJ262003 
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Table 1. Continued 
  L3N7 FJ234601 FJ234824 FJ262162 
  L4N7 FJ234467 FJ234699 FJ262068 
  L5N7 FJ234559 FJ234711 FJ262079 
  L6N7 FJ234453 FJ234649 FJ262088 
  L8N7 FJ234578 FJ234647 FJ262032 
  L9N7 FJ234624 FJ234776 FJ262135 
 Perry     
  L1P7 FJ234634 FJ234762 FJ262099 
  L2P7 FJ234516 FJ234740 FJ262148 
  L3P7 FJ234574 FJ234661 FJ262050 
  L4P7 FJ234609 FJ234790 FJ262114 
  L5P7 FJ234506 FJ234688 FJ262170 
  L6P7 FJ234548 FJ234813 FJ262027 
  L7P7 FJ234534 FJ234670 FJ261993 
  L8P7 FJ234490 FJ234708 FJ262069 
  L9P7 FJ234509 FJ234652 FJ262048 
  L10P7 FJ234530 FJ234657 FJ262082 
  L11P7 FJ234499 FJ234766 FJ262054 
  L12P7 FJ234543 FJ234653 FJ262031 
  L13P7 FJ234572 FJ234732 FJ262066 
  L14P7 FJ234580 FJ234777 FJ262058 
  L15P7 FJ234452 FJ234686 FJ262040 
  L16P7 FJ234635 FJ234733 FJ262101 
  L17P7 FJ234515 FJ234663 FJ262023 
  L18P7 FJ234483 FJ234715 FJ262075 
  L19P7 FJ234600 FJ234734 FJ262163 
  L20P7 FJ234468 FJ234717 FJ262004 
  L21P7 FJ234595 FJ234694 FJ262165 
  L22P7 FJ234523 FJ234665 FJ262085 
  L23P7 FJ234539 FJ234662 FJ261989 
  L24P7 FJ234633 FJ234745 FJ262106 
  L25P7 FJ234504 FJ234720 FJ262142 
  L26P7 FJ234565 FJ234722 FJ262161 
  L27P7 FJ234462 FJ234725 FJ262124 
  L28P7 FJ234561 FJ234821 FJ262006 
  L29P7 FJ234546 FJ234644 FJ262057 
  L30P7 FJ234455 FJ234726 FJ262157 
  L31P7 FJ234637 FJ234783 FJ262100 
  L32P7 FJ234517 FJ234814 FJ262036 
  L33P7 FJ234591 FJ234825 FJ262008 
  L34P7 FJ234553 FJ234684 FJ262087 
  L35P7 FJ234638 FJ234723 FJ262111 
  L36P7 FJ234457 FJ234685 FJ262046 
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Table 1. Continued 
 Gregory     
  M1G7 FJ234590 FJ234710 FJ262102 
  M2G7 FJ234507 FJ234701 FJ262117 
  M3G7 FJ234588 FJ234704 FJ262141 
  M4G7 FJ234557 FJ234795 FJ262144 
  M5G7 FJ234613 FJ234755 FJ262131 
  M6G7 FJ234505 FJ234721 FJ262063 
  M7G7 FJ234592 FJ234789 FJ262049 
  M8G7 FJ234627 FJ234803 FJ262118 
  M9G7 FJ234564 FJ234676 FJ262134 
  M10G7 FJ234585 FJ234765 FJ262119 
  M11G7 FJ234563 FJ234718 FJ262160 
  M12G7 FJ234579 FJ234800 FJ262110 
  M13G7 FJ234626 FJ234796 FJ262125 
  M14G7 FJ234632 FJ234757 FJ262093 
  M15G7 FJ234583 FJ234764 FJ262120 
  M16G7 FJ234552 FJ234691 FJ262107 
  M17G7 FJ234614 FJ234792 FJ262109 
  M18G7 FJ234619 FJ234760 FJ262105 
  M19G7 FJ234586 FJ234712 FJ262021 
  M20G7 FJ234617 FJ234778 FJ262086 
  M21G7 FJ234478 FJ234786 FJ262094 
  M22G7 FJ234602 FJ234782 FJ261997 
  M23G7 FJ234571 FJ234729 FJ262167 
  M24G7 FJ234587 FJ234780 FJ262127 
  M25G7 FJ234636 FJ234788 FJ262121 
  M26G7 FJ234568 FJ234823 FJ262169 
  M27G7 FJ234629 FJ234805 FJ262122 
  M28G7 FJ234625 FJ234793 FJ262123 
  M29G7 FJ234494 FJ234677 FJ262159 
  M30G7 FJ234622 FJ234798 FJ262104 
  M31G7 FJ234610 FJ234791 FJ262115 
  M32G7 FJ234620 FJ234759 FJ262113 

a Accession numbers for the nucleocapsid (N) gene;b Accession numbers for the movement (NSm) gene;c Accession 
numbers for the RNA-dependent RNA polymerase (RdRP) gene 
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Table 2. The ratios of the number of inferred recombination events to the number of possible 
recombination sitesa for the nucleocapsid (N), movement (NSm), and RNA-dependent RNA 
polymerase (RdRP) fragments of NC_12C, Perry, and Gregory isolates of Tomato spotted 
wilt virus.  

Gene NC_12C Perry Gregory 
N 3.81 5.10 6.97 

NSm 3.57 4.70 3.27 
RdRP 4.08 5.03 5.44 
a The numbers displayed in the table correspond to the number of inferred recombination events.  All are 
against the lowest common denominator of 2.86 recombination sites 
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Figure 1. Ancestral recombination graph (ARG) for the N gene region.  The yellow dot at 
the top represents the inferred ancestral sequence for the sample isolates.  The numbers 
along the branches indicate the number of mutational events that occurred in the 
formation of each haplotype.  The ‘S’ and ‘P’ correspond to the suffix and prefix of each 
recombination block that form the subsequent recombination event in the blue oval.  The 
numbers in the blue ovals represent the site where the recombination break occurred in 
the sequence.  The red ovals indicate the relative positions of each haplotype in the 
inferred history. 
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Figure 2. Ancestral recombination graph (ARG) for the NSm gene region of the NC_12C 
isolates.  The yellow dot at the top represents the inferred ancestral sequence for the 
sample isolates.  The numbers along the branches indicate the number of mutational 
events that occurred in the formation of each haplotype.  The ‘S’ and ‘P’ correspond to 
the suffix and prefix of each recombination block that form the subsequent recombination 
event in the blue oval.  The numbers in the blue ovals represent the site where the 
recombination break occurred in the sequence.  The red ovals indicate the relative 
positions of each haplotype in the inferred history.
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Figure 3. Ancestral recombination graph (ARG) for the RdRP gene region of the NC12C 
isolates.  The yellow dot at the top represents the inferred ancestral sequence for the 
sample isolates.  The numbers along the branches indicate the number of mutational 
events that occurred in the formation of each haplotype.  The ‘S’ and ‘P’ correspond to 
the suffix and prefix of each recombination block that form the subsequent recombination 
event in the blue oval.  The numbers in the blue ovals represent the site where the 
recombination break occurred in the sequence.  The red ovals indicate the relative 
positions of each haplotype in the inferred history.


