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Abstract A new, widespread disease was recently

observed in soybean in the United States. The disease,

named Soybean vein necrosis, is manifested by intraveinal

chlorosis and necrosis, and has been found in almost all of

the 50 fields visited over a period of 3 years in the midwest

and midsouth part of the United States. A virus was iso-

lated from symptomatic material, and detection protocols

were developed. More than 150 symptomatic specimens

collected from seven US States were tested, and all were

found positive for the virus unlike 75 asymptomatic sam-

ples, revealing the absolute association between virus and

disease. Protein pairwise comparisons coupled with phy-

logenetic analyses indicate that the virus is a new member

of the genus Tospovirus.
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Introduction

Soybean [Glycine max (L.) Merr.] is one of the most

important crops in worldwide agriculture. There are several

viruses reported in the crop [1], many of which cause sig-

nificant losses worldwide, estimated to be well over two

million metric tons annually [2], whereas new virus diseases

are being identified continually [3–5]. The United States is

the leading producer of soybeans accounting for about one-

third of the world production with more that 30 million

hectares being planted and about 90 million ton being

harvested in 2009 [6]. Many viruses, including Alfalfa

mosaic, Soybean mosaic and Bean pod mottle are listed as

pests of great importance for the US soybean industry [7].

A disease with virus-like symptoms was observed in

soybean fields in Arkansas, Kansas, Missouri, Illinois,

Mississippi, Tennessee, and Kentucky. First symptoms

were observed in early June in Arkansas and Illinois and

were manifested as vein clearing. As the season progressed,

the affected areas became chlorotic or necrotic, and in

severe cases leaves died off (Fig. 1).

Immunological tests failed to identify an agent associ-

ated with the disease, and the possibility of a new virus

infecting soybean was investigated. Indeed, a new virus was

found in symptomatic material and detection protocols were

developed. Surveys in several states demonstrated that the

virus was present in all the samples showing typical disease

symptoms. The importance of soybean in worldwide agri-

culture in combination with the high prevalence of this virus

in major soybean production areas in the United States has

rendered its characterization essential.
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Materials and methods

Soybean virus testing

Samples showing soybean vein necrosis disease symptoms

were tested by ELISA for 16 viruses or virus groups at

Agdia, Inc. (Elkhart, IN). The viruses assayed were Alfalfa

mosaic virus, Bean pod mottle virus, Cowpea mosaic virus,

Cucumber mosaic virus, Impatiens necrotic spot virus

(INSV), Peanut stunt virus, Southern bean mosaic virus,

Soybean dwarf virus, Soybean mosaic virus, Tobacco

mosaic virus, Tobacco ringspot virus, Tobacco streak

virus, Tomato ringspot virus, Tomato spotted wilt virus

(TSWV), Watermelon mosaic virus-2, and Potyvirus group.

Nucleic acid purification

Double-stranded RNA (dsRNA) isolation from symptom-

atic soybean leaves was performed using a lithium salt

extraction protocol as described by Tzanetakis and Martin

[8] with the following modification: the digested nucleic

acids were bound to 20-ll silica milk (Sigma) in the

presence of ethanol (instead of CF-11 cellulose) and were

then eluted in 100 ll TE instead of being subjected to

ethanol precipitation. For detection purposes, the total

nucleic acid extraction protocol of Tzanetakis et al. [9] was

used.

Detection and geographic distribution

Purified nucleic acids were subjected to reverse transcrip-

tion using Maxima� reverse transcriptase (Fermentas)

according to the manufacturer’s instructions using virus-

specific primers, LdetR and SdetR (200 nM final concen-

tration) (Table 1). The purified nucleic acids made to 10%

of the total reaction volume. For PCR, two oligonucleotide

primer sets (Table 1) that amplify regions of the L (LdetF/

LdetR) and the S (SdetF/SdetR) RNAs (297 and 861

nucleotides, respectively) were optimized. The final con-

centration of the virus primers were 400 nM. The PCR was

Fig. 1 Symptoms associated with Soybean vein necrosis associated virus infection in early (a), mid (b) and late (c) season. (d) A severely

affected plant in late season

Table 1 Primers used to detect and obtain the genome of Soybean

vein necrosis-associated virus

Oligo name Sequence 50–30

Detection

LdetF GAGCCCATAAACCTGTCTGC

LdetR TGCCATGATGTGCTCAGATT

SdetF CTATCTATAACCAACAGAATCAAG

SdetR GATTAAACAGAAAACTCCTTTG

Sequencing

LRCext GCCTCGGGAAATTTAAGGGAGC

LRCint GCCCTCAGGTCATGGAATGAACG

LaF TTGTGTGTCAACATTTTCATTACT

LaR TCTCTTTGAAACTGTGACTGCC

LbF TAGTCTTCATGCTCATCAGATAA

LbR TAGCGGGTATATTTACATAATGAAAC

LcF GATCGGCACTTTGCTTGGAGA

LcR CAGGAATCTCTGATGACATCTCTA

LendF CCCTTCTGTTTCTTCGCAAATC

MRCext GAGACTCAGTGATAGGATTCTGG

MRCint CTCTCCATTGCTTTTCGGTATCA

MF TTCTTGTACTGCTCCTGGCTGT

MR TTGTGTAAGTTATTGTTCAGCA

MendF TAATAGAGGCATTGATAAATATACT

SRCext CAAATCTGCTGGAATCAATAAAT

SRCint TGTATCTATGACACATTTCTGGT

SF CAGGAAATGTTACTAGCATACAC

SR GCTAAAGTTGCATCTGTGCTG

SendF TTTCTCAAATTCTATGTCTTCTTCA

F forward primer (sense), R reverse primer (antisense)

290 Virus Genes (2011) 43:289–295

123



performed in a Mastercycler� (Eppendorf) using Taq

polymerase (Genscript) at a concentration of 0.25 ll

reaction consisting of 2-min incubation at 94�C followed

by 40 cycles of 30-s denaturation at 94�C, 10-s extension at

55�C, and 1-min extension at 72�C. The program termi-

nated with 10-min incubation at 72�C. The validity of the

tests was confirmed after sequencing at least 30 amplicons

for each primer set at the University of Arkansas

Sequencing Center. The geographic distribution of the

virus was studied by applying virus-specific RT-PCR tests

on 150 symptomatic and 75 asymptomatic samples col-

lected from 50 production fields and variety trials from

Arkansas, Tennessee, Illinois, Missouri, Kansas, Kentucky,

and Mississippi.

Genome characterization and phylogenetic analyses

DsRNA was used as template for shotgun cloning as pre-

viously described [10]. Sequences were compared with

those found in Genbank using BLAST [11], and those of

tospovirus origin were used to design oligonucleotide

primers to acquire the complete genome of the virus as

previously described [12; Table 1]. The end of the virus

segments were obtained after two-tailing reactions as pre-

viously described [13]. Genome assembly was performed

using CAP3 [14]. The complete virus sequences have been

deposited in Genbank under accession Nos HQ728385-7.

Sequence comparisons between the new virus proteins

and their orthologs were performed using MatGAT [15;

Table 2]. Additional in-silico protein analysis included the

identification of RNA-binding domains using BindN tool at

90% specificity [16]. The putative signal peptides, trans-

membrane domains, and glycosylation sites were predicted

using the SignalP 3.0 [17], TMHMM 2.0 [18], NetNGlyc

1.0, and NetOGlyc 3.1 [19]. For phylogenetic analysis,

the L RNA polyprotein and nucleoprotein amino acid

sequences were used. Analyses were performed using

ClustalW employing a neighbor-joining algorithm with

Kimura’s correction and bootstrap analysis consisting of

1000 pseudoreplicates [20]. Phylograms were visualized on

TreeView [21].

Results and discussion

Soybean vein necrosis symptoms were observed in all but

one of the 50 fields surveyed signifying the importance of

the disease and the need to study it. Although disease

symptoms have not been associated with any previously

described soybean viruses, testing for 16 viruses and virus

groups minimized the possibility of mixed infections with

synergistic effects resulting in leaf necrosis. No known

virus was found being consistently associated with vein

necrosis symptoms in these tests.

Shotgun cloning revealed the presence of a tospovirus

and a new endornavirus, endogenous dsRNA molecules

found in several plants, but never associated with disease

symptoms [22]. Notwithstanding the above, testing for the

endornavirus did not reveal any association between the

dsRNA molecule and disease (Tzanetakis, unpublished).

Detection protocols were developed and used to assess the

presence of the virus in a wide geographic area, including

major soybean-producing areas in the United States. All the

150 samples with typical soybean vein necrosis symptoms

tested positive with two oligonucleotide primer sets, tar-

geting different virus segments. Seventy-five asymptomatic

plants from fields with the disease did not yield any

amplicons. This perfect association of virus and symptoms

Table 2 Amino acid identities and similarities between Soybean vein necrosis associated virus (SVNaV) and tospovirus orthologs

WSMoV CaCV GBNV TZSV CCSV MYSV IYSV TSWV INSV

LRNA

Polyprotein 28.2 (44.9) 28.9 (45.1) 33.9 (53.3) 27.5 (44.0) 30.1 (47.5) 28.6 (45.4) 27.6 (43.2) 33.9 (53.3) 37.5 (57.4)

MRNA

NSm 21.2 (42.4) 24.6 (43.9) 24.9 (44.5) 13.4 (30.8) 13.7 (32.1) 23.6 (42.1) 24.2 (42.4) 33.6 (36.7) 35.5 (50.2)

Gn/Gc 22.4 (39.7) 21.5 (39.0) 22.3 (39.9) 21.4 (38.6) 21.7 (39.8) 21.0 (39.9) 21.5 (39.4) 21.5 (42.4) 24.9 (44.2)

55RNA

NSs 11.8 (25.5) 11.1 (26.6) 10.5 (25.9) 8.3 (21.4) 7.8 (20.7) 9.2 (19.2) 10.8 (27.3) 8.0 (18.5) 7.6 (23.4)

N 30.5 (51.3) 30.2 (52.7) 32.2 (52.2) 32.1 (52.7) 32.5 (60.0) 33.6 (52.3) 33.7 (55.7) 34.1 (58.9) 33.6 (59.5)

Identities are listed with similarities given in parentheses. Virus species and Genbank accession numbers used in comparison are as follows:

Tomato spotted wilt virus (TSWV: NC_002050, NC_002051, NC_002052); Impatiens necrotic spot virus (INSV: NC_003625, NC_003624,

NC_003616); Groundnut bud necrosis virus (GBNV: NC_003614, NC_003620, NC_003619); Watermelon silver mottle virus (WSMoV:

NC_003843, NC_003841, NC_003832); Capsicum chlorosis virus (CaCV: NC_008302, NC_008303, NC_008301); Melon yellow spot virus
(MYSV: NC_008307, NC_008306, NC_008300); Tomato zonate spot virus (TZSV: NC_010491, NC_010489, NC_010490); Calla lily chlorotic
spot virus (CCSV: FJ822962, FJ822961, AY867502); and Iris yellow spot virus (IYSV: FJ623474, FJ361359, FJ713700, AF001387)

NSm M RNA non-structural protein, Gc/Gn glycoproteins, NSs S RNA non-structural protein, N nucleoprotein
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indicates that the virus is likely the cause of the disease,

and thus, the name Soybean vein necrosis-associated virus

(SVNaV; Fig. 2) is proposed.

The SVNaV was fully sequenced, which revealed several

typical and atypical characteristics for the members of the

genus Tospovirus. All the SVNaV segments have the highly

conserved Tospovirus 50 terminal sequence (AGAGCA1–6)

predicted to be crucial as replication and transcription signals

[23]. SVNaV L RNA is 9010 nucleotides (nt), the longest

among the sequenced tospoviruses. Similar to the other

tospoviruses, the first and the last 19 nts are complementary,

leading to the circularization of the molecule by the forma-

tion of a pan-handle structure [24; Fig. 2]. SVNaV L RNA

has a single open reading frame (ORF) in the negative

orientation starting at nt 8980 and terminating at nt 185

encoding for a putative polyprotein of 336 KDa. Typical

RNA-dependent RNA polymerase (RdRp) domains (fingers,

palm, and thumb) forming an open ‘‘U-shape’’ crevice and

conserved sequences reported in the family Bunyaviridae,

and other segmented negative-strand viruses, were identified

in the protein [25]. Motif A (DXXKWS)539–544, and motif C

(SDD)665-667 are present in the palm domain, being involved

in divalent metal–cation binding [26]. Mutation of the Asp in

the two motifs (motif A: D539 and motif C: D667) abolished

polymerase activity in Bunyamwera virus [27]. The Gly528

conserved in almost all viral RdRp, is present in motif

B (QGXXXXXSS)527–535 [28] and may, because of its

mobility, play a crucial role in RNA binding. Lys712 (motif

D) is presumably involved in catalytic activity of the enzyme

because of its proximity in the tertiary structure of the protein

to motif A Asp539 as determined for Lassa fever virus [26].

Motif E (EFXSE)721–725 is involved in cap scavenging and

has endonuclease activity [28]. Region F, the NTP-binding

site, is subdivided into three domains; F1: (KX)451–452, F2:

(KXQR)459–462, and F3:(TXXDRXIY)463–470 [29]. Several

RNA-binding domains participating in the formation of

the RNA replication complex and maintaining nucleo-

tides in specific positions were identified, including

TSSSGSK2900–2906 and KWSKPKKKKKPKAKPKKSKK

KHNK2908–2931, at the C-terminus of the protein [30].

The M RNA is 4955 nt and similar to the L segment, the

end sequences are complementary; however, instead of

the 19 nt in the L RNA, the first and the last 27 nts form

the pan-handle structure, with two mismatches [31; Fig. 2].

The segment codes an ORF in the positive, and one in the

negative orientation. ORF1 initiates at nt 58 and terminates

at nt 1008 coding for a non-structural protein (NSm) of

36 kDa. The protein is probably involved in cell-to-cell

movement, as the highly conserved LXDX40G motif of the

‘‘30 K movement protein superfamily’’ was identified in

several orthologs [32–34], but SVNaV has an Ile instead of

Leu at the beginning of the motif (IXDX40G165–208). The

‘‘P/D-L-X motif’’ and phospholipase A2 catalytic site,

though present in some tospovirus NSm including TSWV,

Groundnut bud necrosis virus (GBNV), Chrysanthemum

stem necrosis virus (CSNV), and Tomato chlorotic spot

virus (TCSV), are absent from the SVNaV ortholog. A

glycosylation site was predicted at N195. ORF2 starts at nt

4863 extending to nt 1276 and codes for the precursor of

the virus glycoproteins. As secretory proteins, the trans-

portation of the mature glycoproteins from the cytosol to

the endoplasmic reticulum may be directed by a signal

peptide, such as the one predicted to be cleaved from the

N-terminus of the protein. The 26 amino acid (aa) peptide

primarily comprises basic and hydrophobic amino acids.

The putative signal cleavage –or the mature proteins

Fig. 2 a Genome organization of Soybean vein necrosis associated

virus. M RNA non-structural protein (NSm); glycoproteins (Gc/Gn); S

RNA non-structural protein (NSs); and nucleoprotein (N). b Hybrid-

ization of the untranslated region termini of the genomic RNAs (L, M,

S) of Soybean vein necrosis-associated virus using mfold [31].

Arrows point to mismatches found in the stems at the termini of the

molecules
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(Gn/Gc), predicted after alignment of tospovirus orthologs,

is found between Cys378 and Ser379 yielding the 43-kDa-

Gn and 91-kDa-Gc [35]. N-Glycosylation sites of Gn were

predicted at N25, N229, and N343, whereas the three trans-

membrane domains are located between aa 6–28, 317–339,

and 349–371. The RGD Gn domain, predicted to play a

critical role in virion–cell attachment was found at posi-

tions 29–31 [35, 36]. A series of conserved domains

present in Tospovirus Gcs are also present in the SVNaV

ortholog, including a highly conserved Lys702, a motif

consisting of T-X-T714-716, followed by CTGXC730–734

and TSXWGCEEXXCXAXXXGXXXGXC754–776 [36]. A

transmembrane domain is found among Gc aa 77–99,

leaving a long aa tail inside the virus particle. N-glyco-

sylation modifications are predicted at three positions: N5,

N20, and N171 whereas no O-glycosylation site was pre-

dicted in either of the glycoproteins.

The S RNA is 2603 nt, has the first and the last six

nucleotides complementary, and similar to the other two

RNAs, its untranslated region is highly structured (Fig. 2).

Similar to the M RNA, the S RNA encodes one ORF each

in the positive and negative orientations. ORF1 initiates at

nt 59 and terminates at nt 1381 encoding a 50-kDa non-

structural protein (NSs), a putative-silencing suppressor

[37]. The conserved GK178–179 motif is present in the

Walker motif A, where K179 is believed to interact with the

ATP/ADP phosphate [38]. The SVNaV NSs Walker

motif B (DEXX148–151) is located upstream motif A, sim-

ilar to Watermelon silver mottle virus (WSMoV), GBNV,

and Capsicum chlorosis virus. The conserved DE148–149 is

presumably involved in Mg2? binding and ATP hydrolysis.

Lokesh et al. [39] have recently reported NSs to be a

biofunctional enzyme: its NTPase activity hydrolyzes ATP

required by Dicer to process and unwind siRNA. It also

functions as phosphatase removing the phosphoryl group

from the 50 end of dsRNA, making it unidentifiable by

Dicer. The issue of the SVNaV NSs employs the same

strategy and functions as an RNA-silencing suppressor

remains to be studied. ORF2 spans from nt 2533 to 1700,

encoding for a putative nucleoprotein (N) of 31 kDa. N

may be essential for RNA synthesis together with the L

RNA polyprotein [30]. Similar to the TSWV ortholog, the

C-terminal motif KKDGKGKKSK264–273 was predicted

to bind RNA [40], whereas other discrete amino acids,

including PSN7–9, RK51–52, RY54–55, and KK73–74 may

Fig. 3 Unrooted phylograms using the amino acid sequences of a the L

RNA polyprotein and b the nucleoprotein of Soybean necrosis-

associated virus (SVNaV), and other members of the genus Tospovirus.

Abbreviations and Genbank accession numbers (Polyprotein in plain

text, nucleoprotein in italics): TSWV, Tomato spotted wilt virus,

D10066, NP_049361; INSV, Impatiens necrotic spot virus, X93218,

NP_619709; GBNV, Groundnut bud necrosis virus, AF025583,

NP_619701; WSMoV, Watermelon silver mottle virus, AF133128,

NP_620771; CaCV, Capsicum chlorosis virus, DQ256124, YP_717
923; MYSV Melon yellow spot virus, AB061774, YP_717921; TZSV,

Tomato zonate spot virus, EF552435, YP_001740044; CCSV, Calla lily

chlorotic spot virus, FJ822962, AAW58115; IYSV, Iris yellow spot
virus, FJ623474, ACN62253; PCFSV, Peanut chlorotic fan-spot virus,

AAC99405; WBNV, Watermelon bud necrosis virus, ADD83166;

ZLCV, Zucchini lethal chlorosis virus, AAF04198; PYSV, Peanut
yellow spot virus, AAB94022; TCSV, Tomato chlorotic spot virus,

AAL07433; GRSV, Groundnut ringspot virus, AAM47011; ANSV,

Alstroemeria necrotic streak virus, ACZ18222; MSMTV, Melon severe
mosaic tospovirus, ABX72231; PRTV, Polygonum ringspot tospovirus,

ABO31117; and TNRV, Tomato necrotic ringspot virus, ACK99533.

The bootstrap values are based on 1000 pseudoreplicates, and the

support of under 70% is not shown, being considered as unreliable. Bars
represent 0.1 amino acid changes per site

b

Virus Genes (2011) 43:289–295 293

123



interact with the virus RNAs to prevent premature termi-

nation caused by base pairing of the newly synthesized

RNA strands and to protect it from degradation [30].

The SVNaV is a distinct member of the genus Tospo-

virus, as it shares minimal similarity with any of the

established species in the genus—all SVNaV proteins

exhibit less than 40% aa identity to their orthologs. Many

of the characteristic tospovirus protein motifs were iden-

tified in the SVNaV orthologs, whereas certain unique

features, such as the very large polyprotein and the inverted

Walker motif in NSs, add to the complexity of the genus.

When SVNaV is compared to other tospoviruses using the

L RNA polyprotein-RdRp, the hallmark gene for any virus

evolution study and an excellent predictor of tospovirus

phylogeny [41], it becomes evident that the virus occupies

the phylogenetic space between the New and Old World

tospoviruses, forming a new clade in the genus (Fig. 3).

Because of lack of significant number of completely

sequenced Tospovirus polyproteins, the nucleoprotein was

also used for assessing the phylogenetic placement of

SVNaV. The virus position in Tospovirus evolution stands,

but more clades emerge, with the most pronounced being

that of Peanut chlorotic fan-spot/Peanut yellow spot viruses.

These two viruses are not fully characterized, and thus, their

phylogenetic placement remains uncertain.

Tospoviruses cause significant losses and inferior quality

of produce in vegetables, legumes, and ornamentals among

other crops around the world. Some members of the family

(i.e., TSWV and INSV) infect both dicots and monocots with

host ranges that exceed several hundred species causing

losses in the range of billions of US dollar [42, 43]. The

prevalence of disease and virus in almost all the fields visited

makes it a potential threat to the soybean industry.

While this article presents the molecular characteriza-

tion of SVNaV, a virus found to be in perfect association to

Soybean vein necrosis, fulfillment of Koch postulates is

needed before proving that it is the causal agent of the

disease. We are taking up the study on the biologic char-

acterization and epidemiology including potential vectors,

alternative hosts, and genetic diversity, aspects of the virus

biology that will help us better understand the disease and

assist in the implementation of disease-control strategies.
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