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A new disorder was observed on southern highbush blueberries in several south-eastern states in

the USA. Symptoms included irregularly shaped circular spots or blotches with green centres on

the upper and lower surfaces of leaves. Double-stranded RNA was extracted from symptomatic

leaves suggesting the presence of virus(es) possibly involved in the disease. Sequencing revealed

the presence of a novel RNA virus with a ~14 kb genome divided into four RNA segments.

Sequence analyses showed that the virus, for which we propose the name Blueberry necrotic ring

blotch virus (BNRBV), possesses protein domains conserved across RNA viruses in the alpha-

virus-like supergroup. Phylogenetic inferences using different genes placed BNRBV in a clade

that includes the Bromoviridae, the genus Cilevirus (CiLV) and the recently characterized

Hibiscus green spot virus (HGSV). Despite the strong genetic relationships found among

BNRBV, Cilevirus and HGSV, the genome of BNRBV contains three features that distinguish it

significantly from its closest relatives: (i) the presence of two helicase domains with different

evolutionary pathways, (ii) the existence of three conserved nucleotide stretches located at the 39

non-coding regions of each RNA segment and (iii) the conservation of terminal nucleotide motifs

across each segment. Furthermore, CiLV and HGSV possess poly(A)-tailed bipartite and tripartite

genomes, respectively, whereas BNRBV has a quadra-partite genome lacking a poly(A) tail.

Based on these genetic features a new genus is proposed for the classification of BNRBV.

INTRODUCTION

The USA is the world’s leading producer of blueberries
(Vaccinium spp.). In 2011, more than 248 000 Tons of
highbush blueberry (Vaccinium corymbosum) were pro-
duced (Geisler, 2012). The increasing consumer demand
for this highly valued berry has resulted in the development
of new cultivars adapted to areas where blueberry is not
native (Moore, 1994; Strik, 2006; Bañados, 2009). This
increase in acreage of blueberry has exposed the crop to
new pests and pathogens leading to the emergence of novel

diseases that challenge its commercial production (Martin
et al., 2009). Viruses have been a major concern to
blueberry growers in recent years. Prevalence of viral
diseases has been increased, in part, by the growers’ lack of
knowledge on best practices to avoid virus establishment
and spread (Martin et al. 2009, 2012). Among the most
common blueberry viruses reported in the main produc-
tion areas in North America are Blueberry shock virus,
reported in the Pacific North-west (MacDonald et al.,
1991), Nova Scotia, Canada and in Pennsylvania and New
York, USA (Gottula et al., 2012); Blueberry scorch virus
(Martin & Bristow, 1988; Wegener et al., 2006) and the
nematode transmitted viruses Tomato ringspot virus and
Tobacco ringspot virus, which are found sporadically in
most commercial areas in the USA (Fuchs et al., 2010). In
addition, blueberry mosaic and blueberry fruit drop
disorders, the latter being only reported in the Pacific

The GenBank/EMBL/DDBJ accession numbers for the dsRNA
sequence of Blueberry necrotic ring blotch virus are JN651148–
JN651151.
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North-west, have been observed in several commercial
fields. The presence of a negative-sense RNA virus in the
genus Ophiovirus has been associated with mosaic disease,
whereas the causal agent responsible for the fruit drop
disorder is still undetermined (Martin et al., 2012).

Recently, a new disorder has been observed on southern
highbush blueberries in several south-eastern states of the
USA. Affected plants showed irregularly shaped circular
spots or blotches with green centres on the upper and lower
surfaces of leaves. The symptoms were also accompanied by
premature defoliation in several locations. In the state of
Georgia, the initial distribution of the disease was limited to
very sporadic reports in 2006 and 2007, but in 2008 it was
found in multiple locations throughout the major blueberry
production areas in the state. The disorder was later
observed in Florida, Mississippi, South and North
Carolina, and has been considered as a potential yield-
limiting problem among some cultivars.

The disease was initially thought to be caused by a fungal
agent based on the characteristic necrotic ring symptoms.
However, tests failed to detect any fungal or bacterial
pathogens from symptomatic tissue. Furthermore, ELISA
and PCR results were negative for known blueberry viruses,
but the presence of dsRNA from several symptomatic leaf
samples suggested that a virus was associated with the disease.

In this paper, we present the complete nucleotide sequence,
genome organization and phylogenetic analysis of a novel
virus isolated from blueberry plants affected with necrotic
ring blotch in south-eastern states. The name Blueberry
necrotic ring blotch virus (BNRBV) along with the creation
of a new genus for its classification is suggested, based on
unique genomic features detailed in this report.

RESULTS

Double-stranded RNA pattern and genome
organization

DsRNA extracted from several symptomatic leaves migrated
as four RNAs with molecular masses of approximately 6, 4,
2.5 and 1.7 kbp (data not shown). This pattern was
consistently observed only in dsRNA preparations from
symptomatic tissue collected from different fields.

Sequencing revealed a genome comprising 14 153 nt of
RNA divided into four segments (NCBI GenBank accession
numbers JN651148–JN651151).

RNA 1 is 5906 nt long and contains a single ORF (frame
+1) spanning nucleotides 85 (AUG) to 5748 (UAA). The
putative 215 kDa protein (1887 amino acids) encoded by
this ORF contains methyltransferase (MTR; aa 125–425),
cysteine-protease (C-Pro; aa 643–732) and helicase (HEL;
aa 725–1586) domains, which are conserved across several
positive-sense (+) RNA viruses. RNA 2 is 3935 nt long
with a single ORF (frame +2) spanning nucleotides 347
(AUG) to 3781 (UAG). The putative 130 kDa protein

(1144 aa) encoded by this segment possesses conserved
domains for HEL (aa position 225–450) at the N terminus,
and RNA-dependent RNA polymerase (RdRp; aa position
700–1125) at the C terminus. RNA 3 contains 2588 nt and
comprises five ORFs (ORF 3a, 3b, 3c, 3d and 3e) coding
for small proteins with unknown functions. ORF 3a
(frame+1), at nucleotide positions 49 (AUG) to 228
(UGA), encodes a small polypeptide (59 aa) of 7 kDa.
ORF 3b (frame+1) spans nucleotides 418 (AUG) to 1218
(UAA) and codes for a 31 kDa protein (206 aa). ORF 3c
(frame+1) spans nucleotides 1237 (AUG) to 1813 (UAG)
encoding a 22 kDa protein (191 aa). ORF 3d (frame+3)
spans nucleotides 1659 (AUG) to 2438 (UAA) and codes for
a 28 kDa protein (259 aa). ORF 3e (frame+1), at
nucleotide positions 2083 (AUG) to 2328 (UAG), encodes
a 9 kDa protein (81 aa). The 1724 nt long RNA 4 contains a
single ORF spanning nucleotides 360 (AUG) to 1295
(UGA). This ORF encodes a 34 kDa protein (311 aa) with
motifs conserved in the 3A superfamily of virus movement
proteins (MP; aa position 20–240) (Melcher, 1990, 2000).
Fig. 1(a) shows a schematic representation of the genome
organization of BNRBV.

Phylogenetic relationships

Analysis of amino acid sequences derived from several
ORFs encoded by different RNA segments revealed
similarities to protein domains from viruses belonging to
the families Virgaviridae and Bromoviridae, but also to the
newly created genus Cilevirus (unassigned family) (Locali-
Fabris et al., 2006). BLAST searches at the amino acid level
on individual domains revealed that the MTR domain
contained several conserved motifs with invariant ‘hall-
mark’ residues found in members of the alpha-virus-like
supergroup (Rozanov et al., 1992). This domain was found
to be homologous to MTRs of members of the genus
Ilarvirus (Bromoviridae).

The analysis of the RdRp, located at the 39 terminus of
ORF 2, placed BNRBV in a clade that includes members of
the Virgaviridae, Citrus leprosis virus (CiLV: the type
member of the genus Cilevirus) and the newly character-
ized virus Hibiscus green spot virus (HGSV: proposed genus
Higrevirus).

As we have shown (see genome organization), BNRBV
possesses two HEL domains: one at the 39 end of RNA 1
(HEL-1) and the second located at the 59 end of RNA 2
(HEL-2). Interestingly, the two HEL domains did not cluster
in the same clade. Instead, HEL-1 grouped with CiLV and
HGSV, sharing a common ancestor with tobamoviruses
(Virgaviridae), whereas HEL-2 showed a closer relationship
with members of subgroup 1 of the genus Ilarvirus
(Bromoviridae). Furthermore, searches for conserved motifs
revealed that HEL-1 contains motifs (I, II, III and V)
commonly found in members of the alphavirus-like
superfamily, whereas HEL-2 showed motifs (I and II) highly
conserved among members of the flavivirus-like superfamily
(Kadaré & Haenni, 1997). However, motif VI of HEL-2
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showed a higher level of conservation to motif VI of the
alphavirus-like group, which in turn, is more distant from
the corresponding motif in HEL-1 (Table 1). It is worth
noting that HEL-2 lacks motif V corresponding to either
supergroup of viral helicases.

It seemed clear that BNRBV, along with its closest relatives
(i.e. CiLV and HGSV) had resulted from recombination
events between tobamoviruses and ilarviruses, which are
significant representatives of two important plant virus
families, Virgaviridae and Bromoviridae, respectively.
Nevertheless, an evolutionary pathway that best described
the most recent radiation of these viruses was still
necessary. The identification of recombination break-
points, which provides deeper information about the
evolution of these viruses, was not possible due to the
high variability at the nucleotide level among these viruses.

In an attempt to reconcile the discrepancies found across

the MTR, HEL and RdRp domains, a phylogenetic tree was

constructed using the corresponding amino acid sequences

from representative members of the Virgaviridae and

Bromoviridae. The alignments produced for each domain

were concatenated and used for constructing a maximum-

likelihood phylogenetic tree using the WAG+G+I amino

acid substitution model (Whelan & Goldman, 2001). Two

trees were generated, one using BNRBV-HEL1 and the

second using BNRBV-HEL2. This analysis revealed that

BNRBV and the Bromoviridae represent a monophyletic

group when BNRBV-HEL1 was used (Fig. 2a). When

BNRBV-HEL2 was used, however, it was not possible to

generate a reliable tree. This was evidenced by the

unsupported bootstrap values (not shown). The analysis

of the MP placed BNRBV and members of the genus
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Fig. 1. Graphic representation (not to scale) of the genome organization of: (a) Blueberry necrotic ring blotch virus (BNRBV);
(b) Citrus leprosis virus (CiLV) and (c) Hibiscus green spot virus (HGSV). Conserved domains are indicated inside each box.
MTR: methyltransferase; C-Prot: cysteine protease; HEL: helicase; RdRp: RNA-dependent RNA polymerase; MP: movement
protein. Putative proteins are indicated according to their size and position in RNA 3. Black boxes at the 39 ends of BNRBV
genome represent the presence of secondary structures, compared to the poly(A) tails present on BNRBV and CiLV.

Table 1. Comparison of helicase (HEL) conserved motifs between Blueberry necrotic ring blotch virus (BNRBV) and the two
superfamilies (SF: alpha-like and flavi-like) of helicases

BNRBV-HEL-1, helicase domain from BNRBV RNA 1; BNRBV-HEL-2, helicase domain from BNRBV RNA 2. Capital letters in bold denote amino

acid residues homologous to the alpha-like superfamily. Italicized capital letters denote amino acid residues homologous to the poty/flavi-like

superfamily. Abbreviations: b, bulky hydrophobic residues (aliphatic or aromatic); u, bulky aliphatic residues; x, any residue.

SF Motif

I II III IV V VI

Alphavirus-like PGxGKS/T bbbDEb GDxxQ TbxxxQGxTbxxV bVAuS/TRH

Poty/flavivirus-like GSGKS/T bbbDExH TATPP ub2uPS TDbxExGuxbx TxxxxxQRxGRuGR

BNRBV-HEL-1 PGCGKT LLFDEA GDVMQ TIHEYQGLEAR TGISRH

BNRBV-HEL-2 GSGKT LLLDECH ADLSQ YALTRF
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Cilevirus in the same clade, which shared a common

ancestor with members of the Bromoviridae (Fig. 2b).

Aside from the replicase (MTR-HEL-RdRp) and the MP,

the only BNRBV putative protein that was found to have
orthologues was that encoded by ORF 3c. Interestingly, this

small protein (p22) showed similarities to proteins of
comparable size from its closest relatives CiLV (p24),

Ligustrum ringspot virus (LRV; p24) and HGSV (p23).
Position-specific iterated BLAST (PSI-BLAST) searches were

able to detect one additional orthologue, a deduced amino

acid sequence from Drosophila melanogaster clone
IP15837p (a clone generated by the Berkeley Drosophila

Genome Project) (max. identity 29 %; e-value 6e-54). Fig.
2(c) shows phylogenetic relationships between BNRBV-p22

and its only known homologues. The function of this
protein is unknown. Analysis using the PSIPRED program
showed similar secondary structure patterns for BNRBV-
p22 and viral homologues, suggesting a possible similar
function (Fig. S1, available in JGV Online).

Non-coding terminal regions

Non-coding regions (NCRs) ranged from 84 to 359 nt and
from 150 to 429 nt at the 59 and 39 termini, respectively.
Homopolymeric tracts consisting of mainly poly(T) and
poly(A) were observed along the 39 NCRs (data not
shown). The A-T content at the 39 NCRs, including the
homopolymeric tracts, was 70 % for RNA segments 1, 2
and 3, and 63 % for RNA 4. The conserved sequence
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59-CACAAAT was found at the 59 terminus of all segments,
whereas the nucleotides CG-39 were conserved at the 39

terminus, with RNA 1 and RNA 2 sharing two additional
bases at the 39 end (-ATCG-39). No poly(A) tail was found
at either RNA segment. Instead, nucleotide alignments of
39 NCRs revealed the presence of three conserved stretches
arranged in a similar fashion across the four RNA
segments. RNA 3, however, showed less conservation for
these nucleotide motifs (Fig. 3). Although these nucleotide
motifs did show the propensity to form secondary structures
of the stem–loop type (Fig. S2), none of the predicted
structures had a canonical tRNA-like conformation or
typical hairpin type pseudoknots, as found in other viruses
(Rietveld et al., 1982, 1983; Pleij et al., 1985; Rudinger-
Thirion et al., 2006). Therefore, aminoacylation of viral
tRNA-like ends in protein synthesis, as shown for Brome
mosaic virus and other plant viruses (Dreher et al., 1989;
Goodwin et al., 1997) might be a remote possibility.
However, the RNA motifs may still play a role in genome
activation through the binding of other viral proteins, e.g.
CP, to the stem–loop structures, as has been the case for ilar-,
alfamo- and idaeoviruses among others (Olsthoorn et al.,
1999; MacFarlane & McGavin, 2009).

Detection

Leaves from 63 individual plants of southern highbush
blueberry that exhibited symptoms of necrotic ring blotch
disease from North Carolina, Georgia and Florida were
positive in the reverse transcription-PCR (RT-PCR) based
detection assay developed for BNRBV. At the same time,
over 200 plants that were asymptomatic and collected from
several nurseries, tested negative for BNRBV using the
same assay. The correlation between detection of BNRBV
by RT-PCR and symptoms in plants from across several
states suggests that this is indeed the causal agent of the
disease.

DISCUSSION

A new blueberry virus associated with necrotic ring blotch
symptoms (Fig. S3) has been identified and named
Blueberry necrotic ring blotch virus (BNRBV). After the
first report in 2006, the virus was detected in several
symptomatic highbush blueberry cultivars in south-eastern
states of the USA showing severe foliage damage and

potentially lowering yields. This study presents the complete
genome sequence of BNRBV and describes genomic features
that support the creation of a new genus for its classification.

The genome comprised ~14 kbp of RNA divided into four
segments. BLAST searches revealed that BNRBV proteins
had similarity to proteins encoded by several RNA viruses
belonging to the Virgaviridae and Bromoviridae – positive-
sense (+) single-stranded RNA viruses.

The monophyletic origin of viral RdRps (Koonin et al.,
1993; Ahlquist 2006) makes this protein the starting point
to determining evolutionary relationships among plant
RNA viruses. In BNRBV, the RdRp, encoded by RNA 2,
showed a close phylogenetic relationship to CiLV, LRV
(Cilevirus) and HGSV (proposed genus Higrevirus) (Locali-
Fabris et al., 2006; Melzer et al., 2012) (Fig. S3). BNRBV
RNA1 encodes a large protein with MTR and HEL (HEL-1)
domains. In agreement with the RdRp, analyses of these two
domains showed a close relationship between BNRBV, CiLV
and HGSV (MTR and HEL sequences were not available for
LRV at the time this paper was being prepared) with motifs
conserved across members of the ‘alphavirus-like’ super-
family. An interesting finding worth mentioning was that
the phylogenetic reconstruction of the MTR placed the clade
containing BNRBV, CiLV and HGSV closer to members of
the Bromoviridae. By contrast, the analysis of the HEL-1
clustered them in a clade with members of the Virgaviridae
(Fig. S4), suggesting a possible chimeric ancestry for these
viruses, which may have occurred from recombination
between species of the Bromoviridae and Virgaviridae. The
analysis of the concatenated domains involved in virus
replication, however, revealed that BNRBV is closer to the
Bromoviridae (Fig. 2a). Furthermore, a putative 22 kDa
protein (p22) encoded by ORF 3c of BNRBV showed 24 %
identity to CiLV 24 kDa protein (p24), 12 % to LRV 24 kDa
protein (p24) and 24 % to HGSV 23 kDa protein (p23).
Interestingly, the deduced amino acid sequence from D.
melanogaster clone IP15837p (Berkeley Drosophila Genome
Project) showed 29 % identity with BNRBV putative p22 (e-
value 6e-54), being the only non-viral orthologue found in
the database (Fig. 2c). No putative function has been
identified for this small polypeptide.

The analysis of the MP revealed homology to the 3A class
of MPs, being related most closely to members of the
Cilevirus (Fig. 2b). HGSV, on the other hand, was shown to
have a triple gene block (TGB)-type of MP, encoded by
three contiguous ORFs in RNA 2 (Melzer et al., 2012). This

Fig. 3. Alignment of 39 non-coding regions (NCRs) of Blueberry necrotic ring blotch virus (BNRBV). Shaded areas indicate
nucleotides conserved across the four segments. Nucleotides in bold type indicate motifs conserved in at least two RNAs.
Numbers denote the amount of non-conserved nucleotides between conserved stretches.
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finding reveals a determinant genetic feature that distin-
guishes BNRBV and HGSV.

Another genetic feature that distinguishes BNRBV from its
closest relatives is the presence of three stretches of
nucleotides highly conserved across the 39 NCRs of RNA
1, RNA 2 and RNA 4. These motifs are arranged in a
similar fashion in each segment and were partially
conserved in RNA 3 (Fig. 3). Cilevirus and HGSV on the
other hand, do not contain these conserved nucleotide
motifs. Instead, their genomes are characterized by the
presence of poly(A) tails at their 39 termini.

Analysis of RNA secondary structure on the conserved
stretches did not yield a canonical tRNA-like conformation
or typical hairpin type pseudoknots, found in other viruses
(Rietveld et al., 1982, 1983; Pleij et al., 1985; Rudinger-
Thirion et al., 2006). However, stem–loop structures were
inferred from the nucleotide stretches suggesting involve-
ment in virus replication or transcription, as shown for
other viruses (Buck, 1996; Sit et al., 1998; Dreher, 1999;
Olsthoorn et al., 1999; Sullivan & Ahlquist 1999; Koev et al.,
2002; Laforest & Gehrke 2004; MacFarlane & McGavin,
2009).

Seven (I, Ia, II, III, IV, V, VI) conserved sequence motifs
have been identified in viral helicases, including the
‘Walker A’ and ‘Walker B’ (motif I and motif II) implicated
in NTPase/helicase activity (Gorbalenya & Koonin, 1993;
Koonin et al., 1993; Morozov & Solovyev, 2003). The
presence of specific residues at these motifs was shown to
delineate three virus superfamilies: ‘alpha-like’, ‘poty-flavi-
like’ and ‘picorna-like’ (Kadaré & Haenni, 1997). In
BNRBV, two separate HEL domains were identified.
HEL-1, encoded at the 39 end of RNA 1, contains four
(I, II, III and V) of the seven motifs, with high levels of
conservation with those of the ‘alpha-like’ group. HEL-2,
encoded at the 59 end of RNA 2, shows two motifs (I and
II) highly conserved to members of the ‘poty-flavi-like’
group. Furthermore, residues corresponding to motif VI of
the ‘alpha-like’ group were conserved at a higher level in
HEL-2, whereas HEL-2 lacked motif V. At this point, it
remains unclear whether both HEL domains are required
for replication and complement each other’s omitted
motifs (i.e. motif VI in HEL-1 and motif V in HEL-2).

In order to elucidate the origin of both HEL domains in
BNRBV, phylogenetic analyses were performed using a
large group of both replicative and TGB-related helicases.
Bootstrap values did not support nodes from which HEL-2
had radiated (not shown). The analysis using only the
replicative helicases showed that HEL-1 was closer to the
Virgaviridae, whereas HEL-2 was closer to the Bromoviridae
(Fig. S4).

It should be noted that there are four important findings
that rule out the possibility that the two helicases belonged
to two different viruses or that they are the product of
‘artificial recombination’ by mixing and matching samples.
First, and perhaps the most conclusive finding is that the

helicases are not closely related, which suggests they are
from distinct lineages. In fact, helicase conserved motifs,
including ‘Walker A’ and ‘Walker B’, were present in both
BNRBV helicases. Second, RNA 2 that codes the second
helicase starts with the nucleotide sequence 59-CACAAAT,
which is present at the 59 end in each of the four genomic
segments of BNRBV. Third, the 39 NCR of RNA 2 contains
the three nucleotide stretches conserved at 39 NCRs across
all segments. Such conserved nucleotide stretches were not
present anywhere else in the genome of BNRBV. Fourth,
each helicase could be amplified from RNA extracts from
BNRBV infected plants, demonstrating that there was no
‘artificial recombination’ during the cloning process.

Nevertheless, the only cases where RNA viruses encode two
separate helicase domains have been those of viruses with
the TGB movement mechanism. Therefore, the presence of
a second helicase domain in the BNRBV genome is unique.
To our knowledge, it represents the first case where a virus
with a 3A-type of MP encodes two helicase domains. It
appears that before the radiation of BNRBV, Cilevirus and
HGSV, their common ancestor possessed both movement
mechanisms, and that one became defective or extinct,
resulting in a survival constraint to these viruses that led to
the adaptation of a movement mechanism different from
co-infecting ancestral viruses.

Furthermore, the genome of BNRBV is organized in four
RNA segments (quadra-partite) whereas CiLV and HGSV
are composed of bi-partite and tri-partite genomes, respect-
ively (Locali-Fabris et al., 2006; Melzer et al., 2012) (Fig. 1).

In summary, differences in genome organization, the lack
of poly(A) tail, the existence of conserved nucleotide
elements at 39 NCRs, and the presence of a second
replicative-like helicase domain suggest that BNRBV
represents a new genus, phylogenetically related but
distinct from cileviruses (CiLV, LRV, Passion fruit green
spot virus) and HGSV. The name Blunervirus is proposed
for this new genus.

METHODS

Plant material. Symptomatic tissue (cultivars: ‘Star’ and ‘O’Neal’)

was collected from several commercial fields in Alabama, Georgia,

Florida, Michigan, and North and South Carolina during the summer

of 2009. The virus genome sequence was determined from samples

collected in Georgia and RT-PCR for virus detection was performed

from individual leaves collected at multiple locations.

Double-stranded RNA extraction. Batches of 10 g of fresh leaf tissue

were powdered in liquid nitrogen and dsRNA was extracted using a

lithium salt-based protocol described by Tzanetakis & Martin (2008)

and recovered by cellulose CF-11 chromatography (Morris & Dodds,

1979). The dsRNA was treated with RNase T1 from Aspergillus oryzae

(Sigma-Aldrich) and DNase 1 from bovine pancreas (Sigma-Aldrich)

under high salt conditions to remove single-stranded RNA and dsDNA,

respectively. After the digestions, the dsRNA was washed, purified on

CF-11 cellulose columns and precipitated with EtOH. The dsRNA was

analysed at room temperature by electrophoresis on a 1.5 % agarose gel,

stained with ethidium bromide and visualized with a UV light.
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cDNA synthesis, cloning and sequencing. Purified dsRNA was
denatured and used as the template for reverse transcription (RT)
following the methodology described by Tzanetakis et al. (2005). The

random primer 59-GCCGGAGCTCTGCAGAATTCNNNNNN-39 was
used to generate first-strand cDNA (Froussard, 1992). Briefly, a mixture

containing the purified dsRNA and primers was denatured with
CH3HgOH at room temperature for 30 min. Then, a second mix,
containing reverse transcription buffer, DTT, dNTPs and Maxima

Reverse Transcriptase (Fermentas) was added to the denaturant mix
and incubated for 1 h at 50 uC. The reaction was terminated by heating

at 85 uC for 10 min and subsequently amplified by PCR using the
anchor primer 59-GCCGGAGCTCTGCAGAATTC-39 (Froussard,
1992). The PCR products were cloned into the Strataclone pSC-A-

amp/kan vector (Agilent Technologies) and sequenced on an ABI
3730XL DNA analyser by Macrogen (Seoul, Korea).

Detection. Detection primers were developed to amplify a 560 bp
fragment of a conserved region of the polymerase gene (F: 59-

GGTTTCGACACCTCGGCATG-39 R: 59-CCAGCTGCCCTTGAGA-
CTTRTC-39). Total RNA or viral dsRNA was heat denatured at 95 uC
for 5 min and reverse transcribed by Maxima Reverse Transcriptase

(Fermentas) in a total volume of 25 ml. After denaturing the
transcriptase, 2.5 ml of cDNA was used in a total of 25 ml of PCR
mix. The PCR was performed as follows: one cycle of initial

denaturation at 94 uC for 4 min, 40 cycles of denaturation for 30 s
at 94 uC, annealing for 30 s at 57 uC, extension for 45 s at 72 uC and a

final extension for 10 min at 72 uC. PCR products were analysed by
electrophoresis through ethidium bromide-stained 2 % agarose gels in
1X Tris-phosphate-EDTA (TPE) buffer.

High throughput sequencing and sequence assembly. The
Illumina deep sequencing platform was implemented to obtain viral

genomic reads randomly generated using the primer 59-GCCG-
GAGCTCTGCAGGTACCNNNNNN-39 from dsRNA as described

above (bases in bold type represent KpnI restriction site). Random
fragments were PCR-amplified using the anchor primer 59-
GCCGGAGCTCTGCAGGTACC-39 and subsequently digested by

KpnI at 37 uC for 24 h.

Digested products were fragmented with NEBNext dsDNA

Fragmentase (New England BioLabs) according to the manufacturer’s
instructions. NEBNext DNA Sample Prep Master Mix Set 1 (New
England Biolabs) was used to prepare DNA fragments for Illumina

sequencing. Illumina sequencing compatible adapters/5Phos/GATC-
GGAAGAGCGGTTCAGCAGGAATGCCGAG and 59-ACACTCTTT-

CCCTACACGACGCTCTTCCGATC*T together with PCR amplifica-
tion primers 59-AATGATACGGCGACCACCGAGATCTACACTCT-
TTCCCTACACGACGCTCTTCCGATC*T and 59-CAAGCAGAAGA-

CGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTT-
CCGATC*T (Integrated DNA Technologies) were used. Cluster
generation was performed by the Center for Genome Research and

Biocomputing (CGRB) at Oregon State University (Corvallis, OR,
USA) following the manufacturer’s recommendations. Two 80 bp and

two 160 bp single read lanes were sequenced on an Illumina GAIIx
sequencer (Illumina) by the CGRB. Resulting reads were assembled
using software programs Velvet (Zerbino & Birney, 2008), AbySS

(Simpson et al., 2009) and Edena (Hernandez et al., 2008). Contigs
generated from optimized assemblies from the three different programs

were further assembled using CAP3 software (Huang & Madan, 1999).

Contigs were subjected to BLASTX and BLASTP searches to obtain a
reference sequence. The closest virus species in the GenBank was used

for sequence alignment and orientation purposes. Sequence gaps were
filled in after PCR amplification using specific primers developed
from previously known sequences.

The 59 and 39 termini were obtained by poly(A) tailing (Ambion,
USA) of the 39 ends of dsRNAs, as described by Isogai et al. (1998),

followed by RT-PCR using primers developed to known sequences near
the ends and oligo dT. To reconfirm the first (59 end) and last (39 end)
bases of each segment, a 39 blocked DNA oligonucleotide was ligated to
both 39 ends of the dsRNAs using T4 RNA ligase 2 (New England
Biolabs) followed by RT-PCR using its complementary primer and
specific primers for each end as described (Attoui et al., 2000).

Phylogenetic reconstruction and protein analysis. The phylo-
genetic analysis comprised three steps. First, conserved motifs were
identified for each protein (or domain) analysed in this study (i.e.
MTR, HEL, RdRp, MP and unknown BNRBV protein p22) using
BLAST searches. Second, amino acid sequences from several RNA
viruses containing conserved domains for each protein were aligned
using MUSCLE (Edgar, 2004) and subsequently subjected to amino
acid substitution models prediction. This analysis was performed
using maximum-likelihood (ML) by MEGA 5.0 (Tamura et al., 2011).
Models with the lowest Bayesian information criterion scores were
regarded as the ones that describe the evolutionary substitution
pattern the best. Third, evolutionary relationships, based on the
model obtained previously, were computed by MEGA software version
5.0 (Tamura et al., 2011) using the ML method with bootstrap test
(1000 replicates) (Efron 1982; Felsenstein 1985; Saitou & Nei, 1987).
In order to increase the reliability of the phylogenetic inference,
highly divergent regions were manually removed prior to the
phylogenetic analysis (Lake 1991; Swofford et al. 1996).

Amino acid sequences corresponding to the MTR, HEL and RdRp
were concatenated and phylogenetic relationships analysed as a whole
based on the best amino acid substitution model common to all three
domains.

For the MP, partial or full amino acid sequences of the 3A type of MP
corresponding to viruses of the genera Dianthovirus and Tombusvirus
(Tombusviridae), Furovirus (Virgaviridae) and Umbravirus were
included, based on distant genetic relationships found between their
MPs and those from members of the Bromoviridae (An et al., 2003;
Rochon et al., 2012). In addition, MPs of two tentative members of
the genus Cilevirus: Passion fruit green spot virus and Ligustrum
ringspot virus were included in the phylogenetic analysis. It is
important to note that HGSV lacks an orthologous 3A type of MP;
consequently, it was not included in this phylogenetic reconstruction.

GenBank accession numbers of the amino acid sequences used for the
alignments and phylogeny are presented in Table S1.

Protein secondary structure predictions for BNRBV p22, CiLV p24 and
HGSV p23 were made using the PSIPRED program which performs a
reliable inference of the protein structure using the amino acid
sequence alone. Confidence levels in the predictions, on a scale of zero
to unity, are shown for each motif in the predicted structure (McGuffin
et al., 2000).

Analysis of non-coding regions (NCRs). In order to predict stem–
loops and tRNA-like secondary structures at the 39 terminal NCRs,
the ScanSE version 1.21 software (Lowe & Eddy, 1997) and RNA fold
program, included in the ViennaRNA Package 2.0 (Lorenz et al.,
2011) were used.
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