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Abstract The complete genome sequence of a novel
virus, provisionally named tobacco virus 1 (TV1), was
determined, and this virus was identified in leaves of
tobacco (Nicotiana tabacum) exhibiting leaf mosaic and
yellowing symptoms in Anhui Province, China. The gen-
ome sequence of TV1 consists of 15,395 nucleotides with
61.6 % nucleotide sequence identity to mint virus 1
(MV1). Its genome organization is similar to that of MV1,
containing nine open reading frames (ORFs) that poten-
tially encode proteins with putative functions in virion
assembly, cell-to-cell movement and suppression of RNA
silencing. Phylogenetic analysis of the heat shock protein
70 homolog (HSP70h) placed TV1 alongside members of
the genus Closterovirus in the family Closteroviridae. To
our knowledge, this study is the first report of the complete
genome sequence of a closterovirus identified in tobacco.

Introduction

Tobacco (Nicotiana tabacum) is an economically impor-
tant crop worldwide, particularly in China, and its pro-
duction is affected by several viruses [14]. Currently, more
than 30 viruses belonging to 13 genera of seven families
have been reported in tobacco, and infected plants can
exhibit symptoms such as mosaic, severe stunting, vein
banding, and mottle [7, 10, 22]. Early detection of known
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viruses and the identification and characterization of novel
viruses in tobacco are necessary to develop control
measures.

The family Closteroviridae includes plant viruses
characterized by filamentous particles varying in length
from 650 nanometers (nm) to over 2000 nm and a single-
stranded positive-sense RNA genome whose size varies
from 13 to 19 kilobases. The family Closteroviridae cur-
rently has four genera: Closterovirus, Ampelovirus, Crini-
virus and Velarivirus [11]. The genus Closterovirus
contains well-studied viruses such as beet yellows virus
and citrus tristeza virus, among others [11]. Chatzivassiliou
et al. reported the first case of a closterovirus isolated from
tobacco in Macedonia, Northern Greece. In this study, we
identified and characterized the complete genome of a
novel virus belonging to a new species in the genus
Closterovirus by sequencing small RNAs isolated from
symptomatic tobacco plants collected in Anhui Province of
China. To our knowledge, this is the first report of the
complete genome sequence of a closterovirus identified in
tobacco [6].

Plant material and extraction of total RNA
from tobacco leaves

Leaf samples were collected from several tobacco plants
(Nicotiana tabacum) of cultivar Yunyan 87 that were
grown in China and showed leaf mosaic and yellowing.
Leaf samples with similar symptoms were immediately
frozen in liquid nitrogen and stored at -80 °C until RNA
extraction. Symptomatic samples were pooled at random
for sequencing of sRNAs. Total RNA was extracted from
the frozen diseased leaves by homogenization with lysis
buffer (50 mM Tris-HCI, pH 8.0; 150 mM LiCl; 5 mM
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EDTA, pH 8.0; 5 % SDS). The supernatant was treated
twice with chloroform and precipitated with isopropanol,
followed by re-suspension in nuclease-free water. The
integrity of the RNA was verified in ethidium-bromide-
stained 1.2 % agarose gels after electrophoresis, and purity
was assessed by measuring the absorbance ratio (1.8-2.0)
at 260/280 nm using a Eppendorf BioPhotometer Plus
(Germany).

Provenance of virus material

A small RNA library was prepared from the total RNA and
sequenced using an [llumina HiSeq-2000 (BGI-ShenZhen,
China), yielding 20,372,426 clean reads with sizes between
18 and 28 nucleotides (nt). The small RNAs were assem-
bled into 9,943 contigs (length: 33-1484 nt) with a k-mer
value of 17 using Velvet [12, 24]. These contigs were
compared with the non-redundant nucleotide and protein
database of GenBank by BLASTn and BLASTX, respec-
tively. At the nucleotide level, 4,768 contigs showed
>90 % identity and >90 % coverage with the tobacco and
known viral sequences in GenBank by BLASTn, including
513, 246 and 122 sequences that were closely similar to
sequences present in cucumber mosaic virus, potato virus
Y and tobacco vein banding mosaic virus, respectively.
Exactly 44 out of the remaining 5,175 contigs with lengths
between 81 and 479 nt were identified by BLASTx (e-
value cutoff of 107%) to have distant similarities to mem-
bers of the family Closteroviridae. Forty-three of these
contigs showed highest similarity to mint virus 1
(NC_006944.1), and one contig showed highest similarity
to carrot yellow leaf virus (NC_013007.1). In order to
further characterize these 44 contigs, the genome of mint
virus 1 (MV1) was used as a reference to determine their
relative position and orientation. Reverse transcription
polymerase chain reaction (RT-PCR) and Sanger
sequencing were performed to join these contigs together
and confirm ambiguous nucleotides. The 5’ and 3’ ends of
the viral genome were obtained by RACE-PCR (TaKaRa
Biotechnology Dalian Co., Ltd) and Sanger sequencing.
ORFs were predicted using ORF Finder, while the con-
served domains/motifs were analyzed by SMART [13]. A
phylogenetic tree was constructed using MEGAS5 based on
the neighbor-joining algorithm with 1000 replicates [20].

Sequence properties
The complete genome of TV1 (KT203917) is 15,395 nt in
size and shares the highest nucleotide sequence identity of

61.6 % with MV1. It contains nine putative ORFs that are
similar to the analogously positioned ORFs in MVI
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(Fig. 1A). Neither the 193-nt-long 5° UTR nor 356-nt-long
3" UTR of TV1 showed significant sequence similarities to
any entries in the GenBank database.

ORFla and ORFI1b code for replication-associated
proteins [9]. ORFla encodes a multifunctional 280-kDa
polyprotein, which contains conserved domains of papain-
like leader protease (L-PRO, pfam05533), methyltrans-
ferase (MTR, pfam01660), and helicase (HEL, pfam01443)
[13]. The RNA-dependent RNA polymerase (RdRp) is
encoded by ORF 1b and shares 83 % identity with that of
MV1. This ORF1b-encoding protein is potentially expres-
sed via a +1 ribosomal frameshift from the stop codon
UAG of ORFla, as occurs in some other members of the
family Closteroviridae [1, 16]. The quintuple gene block
(QGB), which is conserved in members of the family
Closteroviridae, comprises of ORFs 2-6. One hydrophobic
protein of 65 aa (7.3 kDa; p7) that is encoded by ORF2 (nt
9,010-9,207) is predicted to contain a transmembrane
domain (aa residues 7-29) and plays an important role in
cell-to-cell movement as both a signal and an anchor for
insertion into the membrane [18]. ORF3 (nt 9,211-11,028)
putatively encodes a 605-aa (67.1-kDa) HSP70 homologue
protein (HSP70h) that is predicted to play significant roles
in both function of tail assembly and cell-to-cell movement
[4]. ORF4 (nt 11,029-12,672) of TV1 encodes a putative
CP homolog protein of 547 aa (62.3 kDa; CPh). The CPh
may function together with hsp70h and CPm in tail
assembly and cell-to-cell movement [17]. ORF5 (nt
12,635-13,285) and ORF6 (nt 13,336-13,962) encode a
putative minor coat protein of 216-aa (24 kDa; CPm) and a
putative major coat protein of 208 aa (22.9 kDa; CP),
respectively. Based on analogy to studied closteroviruses,
the CP is predicted to encapsidate most of the helical
nucleocapsid, while the CPm together with hsp70h and
CPh putatively encapsidate a small portion of the 5° end
(the viral “tail”) [2, 5, 19, 21], which is involved in virion
assembly and cell-to-cell movement [3, 8]. The remaining
genes in TV1 are ORF7 (nt 13,971-14,489) and ORFS8 (nt
14,486-15,040). ORF7 encodes a putative systemic trans-
port protein of 172 aa (19.4 kDa; p19) [8], while ORF8
encodes a putative protein of 184 aa (21.4 kDa; p21) that
contains a P21-like domain (pfaml11757), which may
function in suppression of RNA silencing [9, 23].

Comparisons between the amino acid sequences enco-
ded by the TV1 genome and four other closteroviruses
showed that each protein of TV1 has the highest predicted
amino acid sequence similarity to its counterpart MV1
(Table 1). In addition, a phylogenetic tree using HSP70h
amino acid sequences was constructed using MEGAS5
based and the neighbor-joining algorithm to investigate the
relationship between TV1 and other members of the family
Closteroviridae. The tree placed TV1 alongside members
of the genus Closterovirus and closest to mint virus 1
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Fig. 1 (A) Schematic representation of the genome organization of
tobacco virus 1 (TV1). L-PRO, proteinase; MTR, methyl transferase;
HEL, helicase; RdRp, RNA-dependent RNA polymerase; p4, 4-kDa
protein; HSP70h, heat shock protein 70 homolog; CPh, coat protein
homolog; CPm, minor coat protein; CP, coat protein; p19, 19.4-kDa
protein; p21, 21.4-kDa protein. (B) A phylogenetic tree, constructed

Table 1 Similarities (percentage) between the amino acid sequences
encoded by the genes in the TV1 genome and their counterparts in
several closely related closteroviruses: beet yellows virus (BYV),

Lettuce chlorosis virus (YP 003002358.1)

by the neighbour-joining method using MEGA 5, showing the
relationship between TV1 and some members of the family
Closteroviridae based on HSP70h. Accession numbers and virus
names are given directly in the phylogenetic tree. Values at the nodes
show the bootstrap values from 1000 replicates, and the bars represent
the evolutionary distances

carrot yellow leaf virus (CYLV),mint virus 1 (MV1) and grapevine
leafroll-associated virus 2 (GLRaV-2)

Virus ORFla ORF1b P7 Hsp70 CPh CPm CP P19 P21

MVl 48.89 81.84 57.58 65.62 53.04 53.04 46.15 25.89 39.78
CYLV 33.60 63.81 20.00 48.70 34.70 37.17 31.92 13.13 22.90
BYV 26.48 56.84 26.15 44.72 8.01 — 27.23 10.38 23.66
GLRaV-2 23.94 57.20 15.38 39.04 — 30.94 30.62 13.87 15.38
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(Fig. 1B). In conclusion, this study confirms the presence
of tobacco virus 1 (TV1) in leaves from a tobacco plant in
Anhui province of China. Considering that the sequence
similarities of all taxonomically relevant proteins (i.e.,
RdRp, HSP70h and CP) between the studied virus and
recognized closteroviruses are far below the species
demarcation threshold proposed by the Closteroviridae
Study Group [15], we propose this virus to be representa-
tive of a new species in the genus, for which we propose
the name “Tobacco virus 1”.
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