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Tobacco rattle virus (TRV-K) was first identified in a symptomatic Gladiolus plant cultivated in Korea. 
We analyzed the TRV-K genome and compared its phylogeny with other TRV isolates. After constructing 
of a full-length genomic RNA2 strand clone, a complete sequence was generated from several overlap-
ping clones. The cloned genome was 3261 bases in length, identical to TRV-K, and had three open read-
ing frames. TRV-K had the highest sequence identity with the American isolate TRV-ORY. Sequence 
analysis of the RNA2 genome showed that TRV-K contains an intact 2a, 2b, and 2c coding sequence and 
an RNA1-related 3′ terminus, which is typical of TRV RNA2. Phylogenetic analysis revealed that TRV-K 
is in the same cluster as the American isolates and another Korean isolate, TRV-SK; however, it was in a 
different cluster than the European isolates.
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INTRODUCTION

The tobravirus genome is divided into two positive-sense, single-stranded RNAs 
(RNA1 and RNA2), which are encapsidated separately into rod-shaped particles. 
Tobacco rattle virus (TRV), the type species of this genus, infects many plant species 
and causes economically significant diseases in potato, tobacco, and ornamental bulbs 
[7, 8]. This virus is transmitted between plants by soil-inhabiting nematodes. This 
indicates a highly specific relationship between the virus and nematode [4, 8]. 
Previous studies of TRV showed that different isolates have very little sequence iden-
tity in the RNA2 region. The TRV RNA2 genome is 2–4 kb long and contains three 
or four open reading frames (ORFs) that encode viral coat proteins (CPs) and two or 
three ORFs related to the viral transmission process via nematodes [11, 13]. In the 
RNA2 3′ nontranslated region (NTR), partial or complete tobravirus RNA1 3′ coding 
sequences were present in many of the reported sequences. Both the 5′ and 3′ RNA2 
NTRs from various TRV isolates show considerable size and composition differen-
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ces [6]. The extreme RNA2 sequence variation between different tobraviruses makes 
it difficult to define the complete genome organization [8]. The present study was 
performed to determine the RNA2 nucleotide sequence of a TRV isolated from 
Gladiolus (TRV-K) in Korea [9] and to investigate its molecular characteristics and 
evolutionary status compared with other isolates in the molecular taxonomy. TRV-K 
co-infection with Bean yellow mosaic virus, Clover yellow vein virus, Broad bean 
wilt virus, and Cucumber mosaic virus was observed in leaf tissues of various symp-
tomatic gladiolus plants [9]. This is the first report characterization of this natural 
TRV infection identified in Gladiolus in Korea.

MATERIALS AND METHODS

TRV-K was originally isolated from the bulb of Gladiolus sp. infected once that 
showed notched leaves [9]. The virus source was obtained from samples deposited in 
the Plant Virus Genbank at Seoul Women’s University by Dr. M. U. Chang 
(Youngnam University) [10]. To confirm the viral symptomatology, Nicotiana sp. 
were used as host plants. Viral genomic RNA was extracted from purified virus par-
ticles by SDS-proteinase-K/phenol extraction followed by ethanol precipitation [8]. 
First strand cDNA was synthesized with reverse transcriptase (Superscript, Roche) 
using the R2TRV3 oligonucleotide (5′-GAGCATGCGGGCGTAATAACGCTTAC-
GT-3′), which is complimentary to the RNA2 3′-terminal nucleotides. The initial 
cDNA served as a template for full-length cDNA amplification by polymerase chain 
reaction (PCR) using Taq DNA polymerase (Roche) with an R2TRV5 upstream 
primer containing an SP6 promoter site (5′-GAGAGCTCATTTAGGTGACACTA-
TAGATAAAACATTGCACCTTTGGTG-3′) and an R2TRV3 reverse primer [2]. 
PCR was performed in a thermal cycler (BIO-RAD, USA) under the following condi-
tions: initial denaturation at 94 °C for 15 min followed by 5 PCR cycles of 30 s at 
94 °C, 30 s at 59 °C, and 3 min at 68 °C, then 10 PCR cycles of 30 s at 94 °C, 30 s 
at 60 °C, and 4 min at 68 °C, 10 PCR cycles of 30 s at 94 °C, 30 s at 61 °C, and 5 
min at 68 °C, and a final 10 min extension at 68 °C. PCR products containing TRV 
RNA2 were cloned into the pUC19 vector SacI/SphI site. Recombinant plasmids 
were amplified in Escherichia coli (strain JM109, Promega). The generated TRV 
RNA2 clone sequences and RT-PCR amplicons were confirmed based on their vari-
ous endonuclease digestion sites. Selected subclones containing different cDNA frag-
ments, generated by BamHI and HindIII digestion, were sequenced in both directions 
using the dideoxynucleotide chain termination method (Bionics, Korea). Multiple 
sequence alignment was performed on the experimentally determined nucleotide 
sequence and the deduced amino acid sequences using the MegAlign program 
(Lasergene 6, DNASTAR Inc.). Phylogenetic and evolutionary analyses were per-
formed using ClustalW and Mega 6 [12].
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RESULTS AND DISCUSSION

Nicotiana tabacum and N. clevelandii were inoculated with TRV-K, and symptoms 
were observed after 27 and 10 days, respectively (Fig. 1A, 1B). Symptom-bearing 
plants were verified for TRV-K infection by RT-PCR using the TRV diagnostic 
primer set (forward; 5′-GATGAAATTATGTCTCTGTATCG-3′ and reverse; 
5′-CCAGTATAGTACTTGTTCAATAC-3′). This produced the expected 800 bp PCR 
product (Fig. 1C). Full-length TRV-K RNA2 cDNA copies were amplified from viral 
RNA (Fig. 2A) by long-template (LT)-PCR and were cloned into an E. coli amplifica-
tion vector (Fig. 2B). Both the full-length RT-PCR product and its recombinant cDNA 
clone were validated by restriction fragment length polymorphism (RFLP) analysis 
using BamHI, EcoRI, HindIII, NciI, PstI, SacI, SalI, SphI, and XbaI. This fingerprint 

Fig. 1. Host plant symptoms of Tobacco rattle virus (TRV-K) infection and reverse transcription-poly-
merase chain reaction (RT-PCR) detection with TRV-specific primers. (A) Nicotiana tabacum “Samsun”, 
(B) Nicotiana clevelandii, (C) Lane M, DNA size marker; Lane 1, PCR product amplified from N. taba-
cum; Lane 2, PCR product from N. clevelandi; Lane 3, PCR product from TRV-infected tobacco leaf; 

Lane 4, healthy tobacco; Lane 5, TRV-K viral RNA

Fig. 2. TRV-K RNA1 and RNA2 electrophoresis. (A) Full-length TRV-K RNA2 cDNA clone and (B) size 
confirmation by digestion. (A) Lane M, RNA size marker; Lane 1, TRV viral RNA. (B) Lane M, DNA 
size marker; Lane 1, full-length cDNA PCR product; Lane 2, linearized full-length cDNA clone; Lane 3, 

digested insert cDNA and vector to confirm cloning
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was compared with the calculated fingerprint derived from GenBank’s TRV sequence 
information (Fig. 3). 

The TRV-K RNA2 genome was 3261 nucleotides long. It contained three ORFs 
with a 22 kDa viral CP (2a), a 23 kDa protein (2b), and an 18 kDa protein (2c). In 
addition, there were sequences corresponding to a truncated 16 kDa protein similar to 

Fig. 3. Restriction fragment length polymorphism (RFLP) results of (A) the full-length cDNA PCR pro-
duct and (B) the TRV-K RNA2 clone. Lane M, DNA size marker; Lane 1, BamHI digest; Lane 2, EcoRI 
digest; Lane 3, HindIII digest; Lane 4, NciI digest; Lane 5, PstI digest; Lane 6, SacI digest; Lane 7, SalI 

digest; Lane 8, SphI digest; Lane 9, XbaI digest; Lane 10, full-length PCR product (A) or clone (B)

Fig. 4. Schematic representation of the TRV RNA2 genome organization from the TRV-K, TRV-ORY, and 
TRV-SK isolates. Boxes indicate ORFs and open boxes indicate truncated ORF. CP is the coat protein
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one located at the RNA1 3′ terminus (Fig. 4). Several isolates also contained a trun-
cated 1b gene ORF that was also situated at the RNA1 3′ terminus. This is possibly 
the result of RNA recombination [3]. The TRV-K 2c ORF appears to be unique. TRV-
ORY also has a unique 18 kDa protein, and the virus has been reported to be nema-
tode-transmissible [11] (Fig. 4). 

The TRV-K CP gene was 603 bp (200 amino acids). This is similar to the CP gene 
size in other known TRV isolates, which range from 591 to 633 bp (Table 1). TRV-K 
RNA2 CP exhibits variable sequence identity (43.0 to 100% on the amino acid level) 
with the 13 known TRV isolate CPs (Table 1). The TRV-K 5′ NTR nucleotide 
sequence was more conserved than the 250 bp 3′ NTR partial sequences. Analysis of 
TRV-K and TRV-ORY revealed that CP had 100% identity at the nucleotide and 
amino acid levels, and the whole RNA2 sequence had 99.7% identity (Table 1). The 
TRV-K RNA2 molecule had a shorter 2b ORF (23 kDa) than the equivalent TRV-
ORY RNA2 molecule (38 kDa). TRV-K appeared to contain a single nucleotide 
substitution that introduced an early stop codon (TAG), which was CAG in the TRV-
ORY 2b gene (data not shown). In a previous study on TRV-Ho, this early translation 
cessation is hypothesized to indicate that RNA2 molecules can acquire 3′ ends of 
various lengths while losing large portions of their RNA2-specific sequences [7]. 
There were considerable differences in the RNA2 genome sizes between TRV-K and 
another Korean isolate TRV-SK. The TRV-SK isolate lacked the 1b-related ORF, 
which made it shorter than the TRV-K isolate (Fig. 4). The 2b protein, together with 
the 2c protein, is responsible for nematodal virus transmission [5]. Thus, it allows the 
virus to be acquired by specific nematode species. 

Low RNA2 sequence identity was observed between TRV-K and several European 
isolates (Rostock, Tp01, PPk20, ON, PaY4, and TCM), with identities ranging from 
29.4% to 49.4% (Table 1). The conserved TRV-K 3′ NTR (250 bp) showed 99.8% 
sequence identity with TRV-ORY, whereas the TRV-SK isolate showed 42.9% iden-
tity (Table 1). While the TRV-SK isolate also originated from Korea, it was obtained 
from potato; therefore, some variability in RNA2 genome composition exists depend-
ing on the host plant and recombination. 

Phylogenetic trees of the TRV isolates and the Pea early browning virus (PEBV), 
a tobravirus outgroup, were constructed for the complete RNA2 genome sequences, 
both NTRs, and the CP amino acid sequences using the maximum likelihood method 
(Fig. 5). The trees generated were consistent with the unweighted pair group method 
results using both arithmetic mean and maximum parsimony comparisons (data not 
shown). The TRV isolates were clustered into two main groups (Fig. 5). Based on the 
RNA2 complete genome sequences, TRV-K was part of a cluster that included 
American isolates and the other Korean isolate, TRV-SK. The European isolates 
Ppk20, Rostock, Tp01, ON, PaY4, and TCM were phylogenetically distinct from 
TRV-K and clustered into a different group (Fig. 5A). The phylogeny derived from 
the CP analysis agreed well with the complete genome, except isolate PpK20 (Fig. 
5A, 5D). The results from the 5′ NTR phylogenetic tree showed that the TRV isolates 
could be divided in a manner similar to the complete RNA2 genome comparison (Fig. 
5B). In particular, PEBV appeared to be closely related to TCM, as observed by the 
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5′ NTR comparison. This finding agreed well with a previous report indicating that 
PEBV was closely related to TRV-TCM and other European isolates [6, 8].

The terminal 3′ noncoding sequences found in several strains are hypothesized to 
be derived from RNA1. According to a BLAST nucleotide search, TRV-K has 
sequences derived from RNA1, similar to TRV-ORY (Fig. 4). This RNA2 recombined 
region in many TRV isolates can have a length greater than 1 kb and can include 
partial or complete gene copies of RNA1-encoded 1a, a movement protein, and/or 1b, 
a cysteine-rich protein [1, 6]. Recombination may also occur among different PEBV 
tobraviruses. Therefore, the TRV-K RNA2 3′ NTR is thought to contain recombined 
RNA1 genes and genes encoding nematodal transmission-proteins, thus providing 
evidence for an evolutionary step within the natural habitat. Additionally, the 3′ NTR 
phylogeny showed a conserved sequence among the TRV isolates, which indicates 
that all the TRV isolates diverged from PEBV without significant grouping (Fig. 5C).

Fig. 5. Molecular phylogenetic analyses of various RNA2 regions from 14 TRV isolates and Pea early 
browning virus (PEBV), a tobravirus outgroup. Trees were calculated using the neighbor-joining method. 
The tree is drawn to scale with branch lengths measured as the number of substitutions per site. 
Evolutionary analyses were conducted using the MEGA6 program. A phylogenetic tree indicating the 
relationship between (A) the complete RNA2 genomes of TRV isolates and PEBV, (B) the RNA2 5′ 

nontranslated region (NTR), (C) the RNA2 3′ NTR, and (D) the RNA2 coat protein
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TRV-K and TRV-ORY both contained an identical 3261 nucleotide RNA2 
sequence. The 3′ terminal region of these isolates derived from RNA1, but differed 
with regard to the exact ORF 2b sequence and size. This discrepancy was also 
reported for Rostock and Tp01 isolates. Those isolates share 98% identity in the 5′ 
NTR; however, one is recombinant and has a duplicate 3′ terminal 1b gene, whereas 
the other is not recombinant [8]. The differing size and genetic variability of RNA2 
suggest that tobraviruses possess an adaptation mechanism to infect new hosts by 
varying conditions at different infection stages [8]. Interestingly, the TRV-Ho isolate 
contains one RNA1 genome and two different RNA2 genomes. Moreover, different 
RNA2 species co-infecting the same Hosta plant were shown to have different 
genome sizes as a result of deletions, recombinations, and reassortments [7]. TRV-
SYM, isolated in England from spinach, also showed a unique genome organization 
containing three unknown ORFs upstream of the CP gene [1]. 

Here, we have described the genome properties of recombinant TRV-K RNA2, 
isolated in Korea. We suggest that a specific 2b protein segment is redundant. 
Alternately, the 3′ terminal deletions in the 2b gene may be advantageous for the 
virus, particularly regarding replication. This suggestion is based on the presence of 
identical 3′ termini in both the RNA1 and RNA2 molecules, which is considered 
advantageous for virus replication [7]. Rapid TRV RNA2 composition changes dur-
ing serial passages may generate various mutants with different deletions following 
cognate RNA1 recombination [4]. Additionally, spontaneous RNA2 deletion mutants 
arise rapidly after a single mechanical transfer [14]. Our next step will be to deter-
mine whether functional TRV-K 2b protein is translated at the predicted size and 
whether passage by mechanical inoculation will result in RNA2 deletion accumula-
tion.
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