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Abstract. In our effort to identify the causal agent(s) of strawberry pallidosis we found a single pallidosis
positive plant that did not give any amplicons after RT-PCR using primer sets representing multiple
regions of Strawberry pallidosis associated virus (SPaV) genome and failed to react with antibodies
directed against the recombinant coat protein (CP) of SPaV. DsRNA extracted from this plant showed a
similar pattern to that of SPaV indicating that another crinivirus may infect strawberry. Sequence
analysis of multiple cDNA clones corresponding to the heat shock 70 homolog gene (HSP70h) of the
unknown virus indicated that it was Beet pseudoyellows virus (BPYV). Analysis of the complete nucleo-
tide sequence of BPYV-strawberry revealed that this isolate has several distinct features when compared
to Cucumber yellows virus (CuYV), a cucumber strain of BPYV, including an entire ORF not found in
CuYV.

Key words: Beet pseudoyellows virus, Closterovirus, Crinivirus, dsRNA, nucleotide sequence, pallidosis,
strawberry, Strawberry pallidosis associated virus

Introduction

Closteroviruses have the largest genome of all
plant positive-strand RNA viruses, with genomes
close to 20 kbp in size [1]. The viruses in the family
are transmitted in a semi-persistent manner by
aphids (genus Closterovirus), whiteflies (genus
Crinivirus) or mealybugs (genus Ampelovirus) and
are generally phloem-limited [2]. Viruses in the
genera Closterovirus and Ampelovirus are mono-
partite while criniviruses have a divided genome.
Closteroviruses infect plants of agriculturally
important families such as Cucurbitaceae, Rosa-

ceae, Solanaceae, Compositae, Vitaceae and Rut-
aceae, causing significant economical losses [3].

Pallidosis is a disease of strawberry (Fragar-
ia · anannasa) first identified in 1957 [4] and may
be the first disease described being caused by a
Crinivirus [5]. Strawberry pallidosis associated virus
(SPaV), a putative causal agent of the pallidosis
disease was found in all but one of the 38 plants
used in studies to characterize that virus [5]. This
plant failed to give any positive results in RT-PCR
tests using oligonucleotide primers developed
against the HSP70h, coat protein (CP), minor coat
protein (CPm) and p28 genes of SPaV (Tzanetakis
and Martin, unpublished data) as well as tissue
blot immunoassay using polyclonal antibodies
derived against the recombinant major coat pro-
tein of the virus expressed in bacteria. The dsRNA
pattern of this single isolate (M29) gave a large
(�8 kbp) band and several others that most
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probably represent subgenomic RNAs of the virus.
The dsRNA pattern suggested that a second
crinivirus may be present in strawberry (Fig. 1).
We cloned and sequenced cDNA derived from
dsRNA from this plant and compared the se-
quences acquired against those found in GenBank.
The analysis indicated that the unknown virus had
close to 99% identity with the published sequence
of Beet pseudoyellows virus (BPYV) heat shock
protein 70 homolog (HSP70h) [6].

BPYV, the crinivirus with the largest host range
known today [7], was first identified in 1965 [8] and
infects plants in the temperate and subtropical
regions around the world [9]. The virus causes
yellowing diseases in plants belonging to the fam-
ilies Cucurbitaceae, Solanaceae and Chenopodia-
ceae among others [8], and is solely transmitted by
the greenhouse whitefly, Trialeuroides vaporario-

rum, with acquisition time of less than 1 h. The
whiteflies remain virulent for 6 days, making the
insect an excellent disseminator of the virus [7].

Recently, the complete nucleotide sequence of
Cucumber yellows virus (CuYV), a strain of BPYV
was published [10]. In this study, we present the
complete nucleotide sequence of a strawberry iso-
late of BPYV (BPYV-strawberry) which bears
unique features not found in CuYV, including an
additional ORF.

Materials and Methods

Plant Material

A strawberry plant from Maryland initially
thought to be infected with an isolate of SPaV, was
the only isolate of a pallidosis study not infected
with SPaV [5]. We re-grafted the M29 plant onto
indicator plants F. vesca (‘‘UC-4’’ or ‘‘UC-5’’) and
F. virginiana (‘‘UC-10’’ or ‘‘UC-11’’). F. virginiana
plants showed typical pallidosis symptoms
including leaf marginal chlorosis and cachexia
(data not shown) while F. vesca plants remained
asymptomatic. Thus, the plant was positive for
pallidosis, based on the symptoms in indicator
plants. After determining the presence of BPYV by
cloning and sequencing from dsRNA template
purified from the original M29 strawberry plant,
the isolate was transferred to Nicotiana benthami-
ana using the whitefly vector of the virus, Trial-
euroides vaporariorum, as a vector.

cDNA Synthesis and Cloning

Initial dsRNA extraction was performedwith tissue
from the M29 isolate as described previously [11].
After confirmation of infection of the plant with
BPYV, dsRNA was extracted from Nicotiana
benthamiana plants infected with the M29 isolate.
Unless otherwise stated all enzymatic reactions de-
scribed hereafter were performed using products of
Invitrogen Corp. (Carlsbad, CA), according to the
manufacturer’s recommendations. cDNA was syn-
thesized as described previously [12] using the
Thermoscript� reverse transcriptase and was sub-
sequently adenylated at the 30 ends using Taq
polymerase (1 unit), for 15 min at 72�Candpurified
utilizing the rapid PCR purification system (Marli-

BPYV SPaV ToCV

Fig. 1. DsRNA pattern of three Criniviruses, BPYV, SpaV and

ToCV. The genomic sizes (top band) represent RNA 1 and

RNA 2 and are close to 8 kbp for BPYV and SpaV and for

ToCV (actual size unknown but larger than BPYV and SpaV).

The size of the subgenomics is similar but the abundance of the

different subgenomics varies between the viruses.
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gen Biosciences, Ijamsville, MD) prior to cloning.
The products were then ethanol-precipitated,
resuspended in 8 ll water and cloned into the pCR4
TOPO vector. Plasmids were purified, digested with
Eco RI (New England Biolabs, Beverly, MA) and
analyzed using agarose gel electrophoresis.

Amplification of BPYV Genome

Template for RT-PCR reactions was either
dsRNA extracted as described above or ssRNA
extracted using the Hughes and Galau method
[13]. The original cDNA synthesis cloning pro-
vided sequence data that contained more than
14 kb of the viral genome but there were not a
sufficient number of clones to build contigues
other than nucleotide regions from approximately
1200–1800 and 4000–5600 of RNA 1 as well as
nucleotide regions from about 60–1600 and 5000–
7400 of RNA 2 which were assembled from clones
derived from cDNA synthesis. These regions were
represented by at least three clones per site. All the
primers used for PCR amplification were devel-
oped after alignment of at least two cDNA clones.
Reverse transcription was performed as described
above while for PCR we used the Platinum Taq
polymerase. The PCR program consisted of ori-
ginal denaturation for 5 min at 94�C followed by
40 cycles of 30 s at 94�C, 30 s at 50 or 55�C
annealing, depending on the primer melting tem-
perature and extension of 1–2 min at 68�C
depending on the length of the amplified fragment.
The reaction concluded after a final extension step
at 68�C for 15 min. Each fragment was amplified
twice and cloned into the pCR4 TOPO vector.

Sequence contigs were assembled after
sequencing the PCR products; two clones in both
directions using the Ml3 forward and reverse
primers and clones of the original cDNA cloning
reaction where applicable. For amplification of the
30 ends of the virus we poly-adenylated dsRNA
[14] and performed the reverse transcription step as
described [12] utilizing random nucleotide hexa-
mers and an oligo thymidine primer. Amplification
of the 30 ends was performed twice using the same
parameters as above. For amplification of the 50

termini we used two approaches. We developed
oligonucleotide primers from the minus-strand
sequence of the viral dsRNA and utilized the poly-
adenylated dsRNA as template and two individual

primers with the oligo thymidine primer. We also
employed 50 rapid amplification of cDNA ends
(RACE) using ssRNA extracted as above as the
reaction template. Each of the 50 terminus ampli-
fication reactions was performed once.

Nucleotide Sequencing and Phylogenetic Analysis

All sequencing reactions were performed at the
Macrogen Inc. facilities (Seoul, Korea) using an
ABI 3700 DNA sequencer. The assembly of the
virus genome was performed utilizing the Clu-
stalW software (European Bioinformatics Institute
http://www.ebi.ac.uk/clustalw/). The search for
transmembrane domains in BPYV encoded pro-
teins were performed using the TMHMM Server
version 2.0 for prediction of transmembrane heli-
ces in proteins (http://www.cbs.dtu.dk/services/
TMHMM/). The ORFs where verified using both
the NCBI ORF finder (http://www.ncbi.nlm.nih.
gov/gorf/gorf.html) and the gene finder in viruses
at http://www.softberry.com. The amino acid
comparisons of the crinivirus ORFs were per-
formed utilizing Vector NTI suite 6 (Informax,
Bethesda, MD) For the RNA secondary structure
prediction to investigate 30 UTRs structure we
used the software at http://www.genebee.msu.su
(A.N. Belozersky Institute of Physico-Chemical
Biology, Moscow State University). For identifi-
cation of conserved domains the software at the
protein motif website (Conserved Domain Archi-
tecture Retrieval Tool-hrtp://www.ncbi.nlm.nih.
gov/Structure/lexington/lexington.cgi?cmd=rps)
was used.

Results and Discussion

Closteroviridae is a very diverse virus family. The
genome size and the genes encoded by members of
the family varies greatly from that of Citrus tris-
teza virus [15] to CuYV [10]. The general organi-
zation of BPYV-strawberry resembles that of
other sequenced criniviruses [16–19]. The overall
nucleotide identity to CuYV for RNA 1 is 91%
while for RNA 2 it reaches 98%, while the amino
acid identities range from 94% to 100% (Table 1).
Both RNAs of BPYV-strawberry have the same
first 11 nucleotides while there is 91% nucleotide
identities in the last 156 nucleotides at the virus 30

UTRs which from stem-loops (data not shown)
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that may be a signal for the viral polymerase and
facilitate replication [20].

RNA 1 of BPYV-strawberry consists of 8007
nucleotides and encodes three ORFs (Fig. 2). The
first ORF of RNA1 starts at nucleotide 244 and
terminates at nucleotide 6054. It encodes a protein
of 1936 amino acids and the estimated molecular
weight is 221 kDa. The overall amino acid identity
with the CuYV strain is 94% (95% similarities). It
encodes a multifunctional polyprotein with cyste-
ine/papain protease, methyltransferase and heli-
case motifs found in all closteroviruses [2]. Protein
database search revealed that the cysteine protease
is encoded in the N0 terminus of the polyprotein,

followed by the methyltransferase domain while
the helicase domain is encoded in the C0 terminus
of the protein.

The first major difference between BPYV-
strawberry and CuYV is a 147 nucleotides inser-
tion at nucleotide 3355, after the termination of
the methyltransferase domain (Fig. 2). The nucle-
otide identities between CuYV and BPYV-straw-
berry before the insertion is 86% while after it, it
reaches 94%. The polyprotein has two transmem-
brane domains in the region between the methyl-
transferase and helicase (amino acids 1194–1216
and 1298–1320) that could be the anchors for
localization of the protein in the vesicles as previ-
ously shown for Beet yellow virus [21]. The termi-
nation signal for the 1a ORF is UUUGA which is
also found in Lettuce infectious yellow virus
(LIYV), Sweet potato chlorotic stunt virus (SPCSV)
and (SpaV) (Tzanetakis I.E., unpublished data),
while Cucurbit yellow stunting disorder virus
(CYSDV) terminates with UUUAG [19]. In all the
case the three uridines found near the stop codon
of ORF 1a, may accommodate the þ1 ribosomal
frameshift by which the viral polymerase is ex-
pressed, a novelty found only in closteroviruses
among all plant viruses. ORF 1b, the viral poly-
merase, starts at nucleotide 6052 and terminates at
nucleotide 7570. It contains the signature RNA
polymerase active site GDD motiff and its
molecular weight is 58 kDa. All criniviruses have
the sequence: LVSGDDSLIFS – in the active site

Table 1. Amino acid identities and similarities (in parenth-

esis) between the polypeptides encoded by the strawberry

isolate of BPYV compared to CuYV isolate of BPYV,

CYSDV, SPCSV and LIYV ORFs

Gene/virus CuYV CYSDV SPCSV LIYV

1a 94 (96) 34 (50) 36 (51) 29 (45)

RNA1 1b

(RdRp)

98 (98) 61 (74) 62 (78) 55 (71)

RNA1 p6 – – – –

p9 97 (100) 12 (29) 16 (30) 31 (36)

HSP70h 99 (99) 62 (79) 63 (79) 49 (68)

p6 100 30 (43) – –

p59 98 (99) 39 (55) 38 (54) 32 (48)

p10 100 28 (42) 29 (39) 28 (29)

CP 99 (99) 40 (52) 29 (39) 26 (37)

CPm 97 (98) 26 (46) 23 (37) 19 (27)

p26 98 (98) 25 (46) 17 (35) 14 (29)

Fig. 2. Schematic representation of the genome organization of BPYV. The different shading indicates the main differences

BPYV, CuYV and other criniviruses. The sizes of the ORFs are not to scale.
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of the polymerase while most closteroviruses have
the consensus VSGDDSLI.

The putative fusion protein 1a/1b has a molec-
ular weight of 276 kDa. Another major difference
between CuYV and BPYV-strawberry is the

presence of an additional ORF on RNA 1 (Fig. 2).
This ORF encodes for a 54 amino acid peptide
with hydrophobic residues found in transmem-
brane proteins and has a molecular weight of
6 kDa. This 6 kDa ORF does not show any

Fig. 3. Alignment of HSP70h proteins of BPYV-strawberry with the HSP70h of six other criniviruses. HSP70h accession nos.

BPYV NP 940788, CuYV NP 821143, SpaV AAO 92347, SPCSV NP 689401, CYSDV NP 851572, ToCV AAD 01790, LIYV NP

619695.
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relationship with other viral proteins in the Gen-
Bank database when doing a BLASTp search and
has no significant relationship to any protein in the

database. The transmembrane domain spans from
amino acids 29–46. This is the first of two such
peptides encoded by BPYV-strawberry.

Fig. 3. Continued
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RNA 2 of BPYV-strawberry is 7904 nucleotides
in length and has 8 ORFs (Fig. 2) in contrast to
most criniviruses sequenced to date which encode 7
ORFs. All viruses of the family encode an array of
five genes which are thought to be involved in cell-
to-cell and long distance movement, which are
found in RNA 2 of criniviruses [22,23]. The first
ORF of BPYV-strawberry RNA 2 and one of the
genes involved in closterovirus movement is a small
hydrophobic protein similar in position and motifs
to small hydrophobic proteins that all closterovi-
ruses encode [2]. The starting codon is found in
position 250 and termination signal at nucleotide
480. This peptide has molecular weight of 9 kDa.
The transmembrane helix starts at amino acid 37
and terminates at amino acid 57. This larger than
CuYV ORF 1 of RNA 2 is due to an additional
cytosine found at position 285. The BPYV-straw-
berry peptide has a very strong transmembrane
motif in contrast to that of CuYV which does not
possess such motifs according to the software we
utilized for the analysis. The next ORF which starts
at nucleotide 697 encodes the 554-amino acid
HSP70h gene of the virus (Fig. 3). The HSP70h
gene has been shown to be associated with virions
and plasmodesmata [24–26] for BYV, and is the
second gene involved in viral movement. Down-
stream of the HSP70h there is a 53-amino acid
encoding ORF. This ORF is homologous to ORFs
in CYSDV (GenBank Accession No NP 851573)
and SPaV (Tzanetakis and Martin, unpublished
data) with 49% amino acid similarities in each case.
This gene has homology to the C-terminus of Little
cherry virus-1 HSP70h with 28% similarities. The
C-terminus of the heat shock protein superfamily is
involved in substrate recognition [27] and one can
only speculate on the function of this ORF. The
fourth ORF starts at position 2536 and terminates
at position 4089 encoding a gene of 59 kDa. This
gene is also needed for virus movement and has
recently been found associated with virions of BYV
[21], being essential for assembly of the virions.
RNA2 ORF 5 encodes a protein of 10 kDa. This is
a gene that is found only in criniviruses and its’
function is still unknown. The next two genes of
RNA 2 of BPYV-strawberry encode the two CP of
the virus. The major CP encapsidates �95% of the
genome while the CPm protects the remaining 5%
[28], tentatively the 50 end of the genome [29]. The
major CP gene starts at nucleotide 4309 and en-

codes a protein of 252 amino acids with molecular
weight of 28 kDa. The CPm of the virus begins at
nucleotide 5057, 10 nucleotides before the termi-
nation signal for the CP, and is the virus largest
gene after the 1a ORF, encoding a protein of 657
amino acids and 75 kDa. The last ORF of BPYV-
strawberry RNA 2 encodes a protein of 230 amino
acids and molecular weight of 26 kDa starting at
7027 and terminating at nucleotide 7719.

The diversity between BPYV strains is striking
with the insertion of 49 amino acids in ORF la
and the additional ORF in RNA1 found in the
strawberry strain reported here compared to
CuYV. We hope to further investigate the diversity
of BPYV, by sequencing additional strains of the
virus and identifying potential differences among
them.
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