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Abstract Flexuous filaments, resembling flexivirus viri-

ons, were observed in partially purified blackberry prepa-

rations showing mild virus-like symptoms. Further tests

revealed the presence of a novel betaflexivirus that is

phylogenetically related to foveaviruses. The putative

virus-encoded proteins shared limited similarity with

orthologs of known members of the genus, indicating that

the virus, provisionally named Rubus canadensis virus 1

(RuCV-1), represents a novel member of the taxon. Results

of a survey in several U.S. states suggest that RuCV-1 is

not widespread in the blackberry germplasm.
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Blackberries and related berry fruit species in the genus

Rubus are susceptible to more than 30 known viruses and

several virus-like agents, many of which are associated

with a new disorder referred to as blackberry yellow vein

disease (BYVD) [10]. Members of several novel virus

species have been identified recently in plants displaying

BYVD symptoms (Sabanadzovic and Tzanetakis, unpub-

lished), including a new foveavirus, the subject of this

communication.

Flexiviruses (members of the families Alpha-, Beta- and

Gammaflexiviridae) from many plants and fungi have been

reported [1]. Members of the genus Foveavirus (family

Betaflexiviridae) are characterized by flexuous particles

that are 800 nm to over 1,000 nm long and 12-15 nm in

diameter, have narrow host ranges, and infect dicotyle-

donous woody plants [1, 9]. No vector is known for

members of any of the currently recognized species of this

genus. A new blackberry virus, referred to as Rubus

canadensis virus 1 (RuCV-1) was characterized at the

biological and molecular level. In addition, detection pro-

tocols have been developed and used to access the presence

of the virus in all major fresh-blackberry-producing areas

in the United States.

A smooth blackberry (Rubus canadensis) plant displaying

BYVD-like symptoms (transient mild mottling and vein

chlorosis) was used as the source for RuCV-1 characteriza-

tion. The sample, collected at Balsam Mountain in the Great

Smoky Mountains National Park, North Carolina, was des-

ignated as BM-01 and tested by DAS-ELISA using anti-

bodies specific for raspberry bushy dwarf virus (RBDV),

tobacco ringspot virus (TRSV), tomato ringspot virus

(ToRSV), tomato spotted wilt virus (TSWV), impatiens

necrotic spot virus (INSV), arabis mosaic virus (ArMV), and

cucumber mosaic virus (CMV), and it was also analyzed

using the ‘‘general’’ potyvirus test (Agdia Inc.).

The nucleotide sequence presented in this paper has been deposited in

the GenBank database under accession number JX277553.
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Partially purified preparations were also examined under

a transmission electron microscope for the presence of

virus. For this purpose, 25 g of leaf tissue was pulverized

in liquid nitrogen and mixed with extraction buffer (5x

v/w; TRIS-HCl 0.5 M, pH 8.2, containing 4% Polyclar AT,

0.5% Bentonite, 1% Triton X-100 and 0.2% 2-mercap-

toethanol) and concentrated by differential centrifugation

[14]. Pellets were resuspended in 1 ml of 0.1 M Tris-HCl

buffer, pH 7.5. Aliquots were negatively stained with 2%

uranyl acetate and viewed using a JEOL JEM100CXII

instrument.

Mechanical transmission was attempted by rubbing sap

from symptomatic leaves in 0.1 M phosphate buffer, pH

7.2 (10x v/w), or partially purified preparations as descri-

bed above onto cellite-dusted leaves of Chenopodium

quinoa, Nicotiana occidentalis, N. clevelandii, N. glutin-

osa, Cucumis sativus and Cucurbita pepo. Each plant

species was represented in four replications.

Double-stranded RNAs (dsRNAs) were isolated from

diseased samples using double phenol-chloroform extrac-

tion and CF-11 column chromatography. The sample was

treated with DNase, RNase and proteinase K prior to ran-

dom-primed cloning as described previously [12].

Portions of the viral genome generated by shotgun

sequencing were mapped and served as a template for

designing specific primers in order to fill the sequence gaps

between adjacent clones. The 3’-terminal sequences were

obtained using 3’ RACE, whereas the 5’ end of the genome

was obtained using RLM-RACE (Ambion). Sequence data

were assembled and analyzed using Lasergene software

(DNAStar Inc, Madison, WI). Once assembled, the genome

of the virus was then re-sequenced from numerous clones

generated by virus-specific RT-PCR in order to ensure at

least fivefold nucleotide coverage. Comparisons with

sequences available in the GenBank database were per-

formed using BLAST [2] and ClustalW2 [16]. Conserved

domains in putative products of the virus genome were

identified using CDD [8], Pfam [5] and TMHMM [7]. For

phylogenetic analysis, amino acid sequences were aligned

using MUSCLE [4]. Trees were generated by the neighbor-

joining method [13], applying the JTT matrix and pairwise

gap deletion options implemented in MEGA 5.05 [15].

Branches with less than 50% bootstrap support were col-

lapsed, as they were considered untrustworthy.

In order to assess the incidence of the virus in all of the

major fresh-market blackberry areas in the United States,

total RNAs were extracted from a total of 230 samples of

cultivated and wild blackberries collected in Arkansas,

Georgia, Mississippi, North and South Carolina and Ten-

nessee, using an RNeasy Plant Mini Kit (QIAGEN), or the

protocol described by Tzanetakis et al. [18]. Nucleic acids

were reverse-transcribed and subjected to PCR using sev-

eral sets of primers (Table S1).

Sample BM-01 gave negative results in DAS-ELISA for

all of the viruses tested. As ascertained by transmission

electron microscope observations, partially purified prep-

arations contained flexuous filamentous particles with an

estimated length of ca. 800-820 nm (Fig. 1B). These par-

ticles exhibited surface patterns with visible cross-banding

reminiscent of flexivirus virions [9]. In mechanical trans-

mission trials, independent of the source of inoculum used,

none of inoculated plants developed symptoms one month

post-inoculation. The absence of latent infections was

ascertained by electron microscope observations of leaf

dips from inoculated test plants and RT-PCR tests using a

‘‘flexivirus-specific’’ test [3].

dsRNA analysis showed the presence of multiple high-

molecular-weight molecules (Fig. 1C). Shotgun cloning

and sequencing of reverse-transcribed dsRNAs showed the

presence of clones originated from known blackberry

viruses: blackberry virus S (BlVS) [11], blackberry yellow

vein-associated virus (BYVaV) [17] and black raspberry

necrosis virus (BRNV) [6] (data not shown). Co-infection

of these three viruses in the original source was further

confirmed by virus-specific RT-PCR tests. Nevertheless,

analysis of additional clones revealed the presence of

sequences that are distantly related to apple stem pitting

virus (ASPV) and extant betaflexiviruses, which was in

agreement with the TEM observations.

The complete sequence of the virus included all of the

‘‘foveavirus-like clones’’ obtained from shotgun cloning,

strongly suggesting that the virions seen under the electron

microscope belonged to RuCV-1. The genome consists of

8,328 nt excluding the polyA tail and contains five open

reading frames (ORFs) – a genomic structure similar to that of

foveaviruses (Fig. 2). The 63-nt-long 5’ non-coding region

starts with the octanucleotide GAAAAAC1-8, which is highly

similar (7 of 8 nucleotides identical) to those of other fove-

aviruses (i.e., Asian prunus virus 1 [APV1] and grapevine

rupestris stem pitting-associated virus [GRSPaV]).

The first ORF included 2038 codons and coded for a

putative polypeptide of 231.6 kDa. This polyprotein, which

is presumably involved in virus replication (REP), con-

tained conserved motifs of methyltransferase (aa 43-356),

2OG-Fe(II) oxygenase (aa 801-902), OTU-like cysteine

protease (aa 950-1031), peptidase C23 (aa 1054-1142),

viral helicase 1 (aa 1227-1497) and RNA-dependent RNA

polymerase (aa 1613-1970). The entire polyprotein shared

highest level of identical aa (43%) with the putative

foveavirus APV1, followed by other foveaviruses including

GRSPaV and peach chlorotic mottle virus (PCMoV), both

of which had an amino acid sequence that was 42% iden-

tical to that of RuCV-1. The protein also showed similar-

ities to capilloviruses (i.e., hop latent virus [HpLV] and

blueberry scorch virus [BlScV]) at a lower level (35-39%

identical residues).
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Analysis of the products encoded by ORFs 2-4 showed

the presence of typical motifs of triple gene block (TGB)

movement proteins. The putative proteins are 239, 116 and

67 aa long. The 27.2-kDa TGB1 contains conserved motifs

of the RNA viral helicase 1 superfamily, whereas TGB2

(12.1 kDa) and TGB3 (7.6 kDa) are characterized by two

(aa position 10-29 and 71-93) and one (aa 4-23) trans-

membrane domains, respectively. Whereas the TGB1

protein is more similar to the ASPV ortholog, the GB2

protein is more closely related to carlavirus- than fovea-

virus-encoded proteins. The 7-kDa TGB3 protein was most

similar to the peach soothy ringspot virus ortholog (52%

identical amino acids).

The 3’-proximal ORF is the 261-aa CP cistron, with an

estimated molecular mass of 28.6 kDa. The size of the

putative protein differs significantly from that of ASPV

(ca. 44 kDa). Indeed, this product was most similar to

those of several recognized or tentative foveaviruses (i.e.,

33% identity to apricot latent virus [ApLV] and APV1) and

a number of potexviruses (i.e., 32% identity to potato virus

X [PVX]). The protein contains conserved motifs with a

putative role in salt-bridge formation that are present in

filamentous viruses as well as several motifs that are con-

served in all foveaviruses (Fig. S1).

In phylogenetic analysis performed on the ORF1 poly-

protein RuCV-1 grouped together with recognized and

putative foveaviruses, forming a distinct clade among the

betaflexivirus lineage of flexiviruses (Fig. 3A). Similar

topology was obtained using the maximum-likelihood

algorithm (not shown). However, in trees constructed using

the CP, RuCV-1 grouped closely with APV1 in a lineage

including representatives of several genera belonging to the

families Alpha- (Potexvirus, Mandarivirus, etc.) and

Betaflexiviridae (i.e., Citrivirus, Carlavirus, unassigned

species in the family, etc.) (Fig. 3B). Incongruence in

phylogenies observed between REP and CP proteins sug-

gest their different evolutionary pathways.

RT-PCR tests were developed in order to understand the

incidence/importance of this virus in blackberries affected

by BYVD, a disease caused by virus complexes [10]. To

1 2 3 

A B C

Fig. 1 A. Mild chlorosis/vein clearing observed on smooth black-

berry plants. B. Partially purified preparation from RuCV-1 sources

showing the presence of filaments resembling flexivirus virions. The

bar represents 100 nm. C. Complex profile of double-stranded RNAs

extracted from RuCV-1-infected samples (lane 3) compared with

molecular references: grapevine leafroll-associated virus 2 and peanut

stunt virus (lanes 1 and 2, respectively)
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Fig. 2 Genome organization of Rubus canadensis virus 1 compared to

some members of the families Alpha- and Betaflexiviridae: apricot stem

pitting virus (ASPV; genus Foveavirus, family Betaflexiviridae), potato

virus M (PVM; genus Carlavirus, family Betaflexiviridae), potato virus

X (PVX; genus Potexvirus, family Alphaflexiviridae). Boxes depict

putative ORFs. Red boxes depict the ORF encoding the putative viral

replicase: yellow, triple gene block; green, coat protein; and blue,

nucleic-acid-binding protein. Abbreviations: M = methyltransferase,

A = AlkB, O = OTU-like peptidase, P = protease, H = helicase, and

R = RNA-dependent RNA polymerase (color figure online)
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minimize the possibility of false negatives because of

possible sequence diversity, each sample was tested with

several primer sets in independent experiments. Never-

theless, RuCV-1 was detected in only one additional plant

out of the 230 samples tested, indicating that it is not

involved in blackberry yellow vein disease. This sample

(also smooth blackberry) was collected close to the BM-01

location. Sequencing of the PCR product revealed 98%

identity to the original isolate.

The results of this study indicate that RuCV-1 is a novel

virus in the genus Foveavirus, family Betaflexiviridae, as it

shares common traits with members of this taxon. Putative

RuCV-1 particles observed in purified preparations of the

original host fit perfectly with the morphology and size of

foveavirus virions [1]. In addition, failure to transmit the

virus mechanically is in agreement with the general char-

acteristics of viruses in this taxon, which have been

reported to be transmitted with difficulty (ASPV or ApLV)

or not at all (GRSPaV) [1, 9]. Regarding the plant host, as

with other foveaviruses, RuCV-1 infects a woody dicoty-

ledonous species. The morphological and biological simi-

larities to extant foveaviruses were further confirmed by

their similar genome organization and phylogenetic rela-

tionships. Furthermore, the number of identical residues in

both taxonomically relevant genes (RdRp and CP) in

comparison with other foveaviruses is below the species

demarcation threshold proposed by the Betaflexiviridae

Study Group [1], confirming that RuCV-1 is bona fide

novel foveavirus. RuCV-1 appears not to be widespread in

wild or cultivated Rubus germplasm, and it is not
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Fig. 3 Phylogenetic trees constructed based on the sequences of the

entire replication-associated polyproteins a or the coat proteins b of

RuCV-1 and members of several genera belonging to the families

Alpha-, Beta- and Gammaflexiviridae. Numbers on branches indicate

percentage of support out of 1000 bootstrap replications. Branches

with less than 50% bootstrap support were collapsed. Genera

belonging to the family Alphaflexiviridae are indicated by ‘‘ ’’,

those of the family Betaflexiviridae, by ‘‘ ’’, and those of the family

Gammaflexiviridae, by ‘‘r’’. The complete names, abbreviations, and

accession numbers of viruses used in phylogenetic analysis are as

follows: aconitum latent virus (AcLV, NC_002795), apple chlorotic

leaf spot virus (ACLSV, NC_001409), apple stem grooving virus

(ASGV, NC_001749), apple stem pitting virus (ASPV, NC_003462),

apricot latent virus (ApLV, NC_014821), asian prunus virus 1 (APV1,

FJ824737), blueberry scorch virus (BlScV, NC_003499), botrytis

virus F (BotV-F, NC_002604), botrytis virus X (BotV-X,

NC_005132), cherry green ring mottle virus (CGRMV,

NC_001946), cherry mottle leaf virus (CMLV, NC_002500), cherry

necrotic rusty mottle virus (CRMNV, NC_002468), citrus leaf blotch

virus (CLBV, NC_003877), garlic virus X (GarV-X, NC_001800),

grapevine berry inner necrosis virus (GINV, NC_015220), grapevine

rupestris stem pitting-associated virus (GRSPaV, NC_001948),

grapevine virus A (GVA, NC_003604), grapevine virus B (GVB,

NC_003602), grapevine virus E (GVE, NC_011106), hop latent virus

(HpLV, NC_002552), Indian citrus ringspot virus (ICRSV,

NC_003093), lily symptomless virus (LSV, NC_005138), lolium

latent virus (LoLV, NC_010434), peach chlorotic mottle virus

(PCMoV, NC_009892), potato virus M (PVM, NC_001361), potato

virus S (PVS, NC_007289), potato virus X (PVX, NC_001455),

Sclerotinia sclerotiorum debilitation-associated RNA virus (SSDaRV,

NC_007415)
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associated with blackberry yellow vein disease. Neverthe-

less, identification of natural infections of RuCV-1 adds to

the current knowledge on blackberry viruses and widens

the spectrum of virus taxa reported from this genus of

plants.
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