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ABSTRACT

Zhang, Y.-P, Uyemoto, J. K., Golino, D. A., and Rowhani, A. 1998. Nu-
cleotide sequence and RT-PCR detection of a virus associated with grape-
vine rupestris stem-pitting disease. Phytopathol ogy 88:1231-1237.

Grapevine rupestris stem pitting (RSP) is a graft-transmissible disease
of unknown etiology. We have characterized a virus associated with this dis-
ease. The entire genomic sequence (GenBank accession number AF026278)
consisted of 8,725 nucleotides excluding a poly(A) tail. Six open reading
frames (ORF) were found. ORF1 potentially encodes a polypeptide with
a methyltransferase domain, a papain-like proteinase domain, a helicase
domain, and a RNA-dependent RNA polymerase domain; ORF2, ORF3,

and ORF4 compose a triple-gene block; ORF5 encodes a coat protein; and
ORF®6 is located near the 3' end with unknown function. Sequence anal-

ysis indicated that the virus is most similar to apple stem-pitting virus and

may be alied with the carla- and potexviruses and grouped with other
viruses that infect woody hosts. A specific reverse-transcription polymerase
chain reaction (RT-PCR)-based detection method was developed. Among
62 grapevine sources known to be infected with rupestris sténgp
disease, 60 sources tested positive by RT-PCRoriynd3 healthy vines
tested, all were negative. The name grapevine rupestris stam-ats0-
ciated virus is proposed.

Grapevine rupestris stem pitting (RSP) is a graft-transmissible
disease first reported in Italy (10,22) and later recognized else-
where (2,13). The disease was found in Cdifornia in 1971 (24)
and was later reported in a high percentage of Mitis vinifera selec-
tions imported from western Europe and Australia (19).

RSP causes a dow decline in the growth of grapevines and, after
severa years, affected vines are reported to be smaller than healthy
ones. Limited research documenting these effects on different grape-
vine species and cultivars have been published, so it is difficult to
assess the magnitude of the effect of this disease on grape pro-
duction (12,17,18,39). Currently, RSP is detected by indexing on
V. rupestris cv. St. George. Symptoms include small pits on the
woody cylinder immediately below the inoculum chip bud, but
occasionally pits and grooves have occurred elsewhere on the
woody cylinder.

Various studies have been conducted to determine the causal
agent of RSP, In 1980, a closterovirus with 800-nm flexuous fila
mentous particles was isolated from one diseased grapevine (11),
but its relationship to RSP was not determined. Later, a double-
stranded RNA (dsRNA) species of 359 bp (0.24 % 28) was

analysis of replicase and coat protein amino acid sequences. Develop-
ment of a rapid reverse-transcription polymerase chain reaction (RT-
PCR) assay for its detection in infected vines is also presented.

MATERIALSAND METHODS

Virus sources and dsRNA isolation. The GRSPaV-infected
grapevines used in this study were own-rooted cuttings of the orig-
inal grapevines that had tested positive when indexed by graft-trans-
mission on the RSP indicatdf, rupestris cv. St. George. The prop-
agation was done because the original vineyard containing these
biologically indexed grapevines was being moved to a new site.
Healthy controls were comprised of 23 grapevines of diffévent
vinifera cultivars (all were negative when indexed on ‘St. George’)
and 20 hybrids derived from seedling populations from a rootstock
breeding program using diverdétis spp. (provided by M. A.
Walker, Department of Viticulture and Enology, University of Cali-
fornia, Davis). RSP is not known to be seedborne.

For cDNA cloning (described below), dsRNA was extracted
from bark scrapings of a known RSP-diseased grapeVimn(f-

isolated specifically from diseased grapevines (36). In additiorera cv. Cabernet Sauvignon) as described by Valverde (49). For

two dsRNA species of 5.3 x 4and 4.4 x 19Da were found to

RT-PCR assays, dsRNAs were extracted using a small-scale ex-

be associated with the disease (4). Walter and Cameron (50) aksaction procedure described elsewhere (54).

cDNA cloning and sequence analysis. For cloning the major

recovered a dsRNA species of 5.5 ® D& and proposed dsRNA
analysis as a tool for the detection of RSP. Meng and Gonsalvesrtion of the virus genome sequence, cDNA was synthesized and
(35) reported on the nucleotide sequence of a virus associated wiloned from the dsRNA template using random primers and the
RSP and stated that the characterized virus was similar to ap@eiperscript 11 cDNA synthesis and plasmid cloning kit (Gibco
stem-pitting virus and potexviruses. BRL, Gaithersburg, MD) following the manufacturer’s recommen-
In this paper, we report the cloning, sequencing, and characterizdations. For cloning the-5and 3-end sequences, the virus-specific
tion of the genome of a virus associated with RSP, hereafter referrpdmer RSP1 (5TTTACAGACTGGATGTGAGT 3) and the oligo
to as grapevine rupestris stem-pitting—associated virus (GRSPa\Mi(T) primer (Clontech Labs Inc., Palo Alto, CA) were used, respec-
We have determined the genome organization of this virus and foutigiely, to prime cDNA syntheses. Thé-BCR primer (Clontech
it to be most similar to apple stem-pitting virus jlgylogenetic  Labs Inc.)/RSP1 and the virus-specific primer RSP7T{BCCC-
TTTCCATGCTAAATC 3)/CDS/3-PCR primer (Invitrogen Corp.,
Carlsbad, CA) were used to amplify the &d 3-end sequences,
respectively, using the Smart PCR cDNA library construction kit
(Clontech Labs Inc.). The synthesized cDNAs were cloned using
the original TA cloning kit (Invitrogen Corp.) following the manu-
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facturer’s recommendations. cDNA clones were sequenced (AGiame [ORF] 3 and the' egion of ORF5, respectively). All rea-
Prism 377 DNA sequencer; Perkin-Elmer, Foster City, CA) at thgents were from Gibco BRL unless otherwise stated. Purified
University of California, Davis, using both universal and virus-dsRNAs were used as a template, and the RT-PCR was performed
specific primers. Multiple overlapping clones were sequenced froras described previously (54) with the following modifications: 2 pl
both directions to ensure accuracy of the sequences. The sequermiethe dsRNA was denatured by incubating with 20 mM methyl-
were analyzed using the Wisconsin GCG software package (Gmercuric hydroxide (final volume of 9.15 pl) at room temperature
netic Computer Group, Madison, WI). for 10 min, and the entire 15-ul reverse transcription was used for
Sequence comparison and phylogenetic analysis. The 3- and  the PCR reaction.
3'-end sequences were compared with those of carlaviruses using-or direct-binding RT-PCR, leaf tissue was processed as de-
the PileUp program of GCG with a gap weight of 5 and a gagcribed previously (40). About 0.5 g of grapevine leaf sample was
length weight of 3. Phylogenetic analysis was also performed tground in 5 ml of extraction buffer (37) (500 mM Tris-HCI, pH
determine the relationship of GRSPaV to other filamentous plar@.3; 2% polyvinylpyrrolidone-40; 1% polyethylene glycol 6000;
viruses. A sequence of about 300 amino acids around the two cdré0 mM NacCl; and 0.05% Tween 20), and 50 pl of the homogenate
sequences (GxxXTxxxNT/S and GDD) of the putative RNA-de-was added to a 0.5-ml microcentrifuge tube and incubated at 37°C
pendent RNA polymerase, which is near the C terminus and irier 2 h. After incubation, the tube was washed with PBS-T (8 g of
cludes the eight conserved motifs described by Koonin (29), wasacCl, 0.2 g of KHPQ,, 1.15 g of NgHPQ,, 0.2 g of KCI, and
selected for the comparison. The following viruses were include@.05% Tween 20, pH 7.4) three times and air-dried. The reverse
in the analysis: apple chlorotic leaf spot trichovirus (ACLSV,transcription and PCR reagents were added to the tube, and RT-
D14996) (43), apple stem-grooving capillovirus (D14995) (51),PCR was conducted as above.
apple stem-pitting virus (ASPV, D21829) (27), beet yellows clos-
terovirus (X73476) (1), blueberry scorch carlavirus (BSV, L25658) RESULTS
(8), chrysanthemum virus B carlavirus (CVB, S60150) (32), citrus
tristeza closterovirus (U16304) (28), clover yellow mosaic potex- Nucleotide sequence and genome organization. The complete
virus (CYMV, D29630) (45), narcissus mosaic potexvirus (NMV,genome of GRSPaV was 8,725 nucleotides (nt) in length excluding
D13747) (55), papaya mosaic potexvirus (PMV, D13957) (44)a 3 poly(A) tail (GenBank accession number AF026278), as deter-
potato virus M carlavirus (PVM, X53062) (52), potato virus S carla-mined from multiple clones (total of 17 clones ranging from 0.4 to
virus (PVS, D00461) (33), potato virus X potexvirus (PVX0B44) 3.1 kb) sequenced in both directions. Theid noncoding region
(25), potato virus Y potyvirus (M95491) (48), tobacco etch potywas 60 nt in length and thé-8nd noncoding region was 140 nt
virus (M15239) (3), white clover mosaic potexvirus (WCIMV, in length based on the sequences obtained from multiple clones
X16636) (6), and tobacco mosaic tobamovirus (D13438) (26) dsaving the same'5and 3-end sequences. Both noncoding re-
the outgroup. The sequences were aligned using the PileUp prgions were similar to carlaviruses'{&nd sequence had 82,
gram with a gap weight of 2 and a gap length weight of 1. Thé6.7, and 80% similarities to that of PVM, PVX, and ASPV,
sequence alignment was then analyzed by PAUP (Phylogenetiespectively, and '3end sequence had 82, 63.6, and 70.9%
Analysis Using Parsimony) version 3.1.1 (lllinois Natural Historysimilarities to that of PVM, PVX, and ASPV, respectively, when
Survey, Champaign, IL). A phylogram was created using bootstraihe Gap program with a gap weight of 5 and a gap length weight
analysis of 100 replicates with 10 random additions per replicat@f 3 was used) (47).

Branch swapping was done by the tree bisection and reconnectionSix ORFs were identified on one strand of the dsRNA (defining
method. Phylogenetically uninformative bases were excluded. the positive strand of the viral genome) using the frames program
Further comparisons of amino acid sequences of coat proteaf GCG (Fig. 1). ORF1 (nucleotides 61 to 6,546) potentially en-

were also made to the following viruses using the same prograroodes a polypeptide of 2,161 amino acids (calculsiteaf 244,207)
ASPV (D21829) (27), BSV (L25658) (8), CVB (S60150) (32), with sequence similarities to viral RNA-dependent RNA polymer-
CYMV (D29630) (45), cymbidium mosaic potexvirus (X62133) (9), ases (e.qg., it shared 63% amino acid identity with ORF1 of ASPV).
foxtail mosaic potexvirus (M62730) (5), helenium S carlavirusThe eight conserved replicase domains (29) and the core sequences
(D10454) (14), lily symptomless carlavirus (D43801) (46), lily X GxxxTxxxNT/S and GDD were located at nucleotide positions
potexvirus (X15342) (34), NMV (D13747) (55), PMV (D13957) 6,070 to 6,099 and 6,166 to 6,174, respectively. Methyltransferase
(44), PVM (X53062) (52), PVS (S45593) (15), PVX (D00344) (25),(41), helicase (20), and papain-like proteinase domains (21,31) pre-
WCIMV (X16636) (6), and ACLSV (M58152) (16) as the outgroup. sent in Sindbis-like viruses were also located in this polypeptide
The sequences were analyzed the same way as above, except \(FilJ. 2). The next three ORFs included ORF2 (nucleotides 6,577 to
a gap weight of 3 and gap length weight of 1. 7,242) with a potential to encode a polypeptide of 221 amino acids
PCR and virus detection. Oligonucleotide primers were de- (M, of 24,466); ORF3 (nucleotides 7,244 to 7,597) with a poten-
signed from sequences in different regions of the genome and marial to encode a polypeptide of 117 amino aciélls ¢f 12,883);
factured by Gibco BRL. Two primer pairs used were RSP2 forand ORF4 (nucleotides 7,518 to 7,760) with a potential to encode
ward primer (5 CAAGCATGCTCTTGGCAAC 3 and RSP21 a polypeptide of 80 amino acidsl(of 8,431). These three ORFs
reverse primer (SCCCTCTGGCGATTGAATTG 3 (both located had sequence similarities to the triple-gene block common to potex-
within the replicase gene); RSP13 forward priméiQBTACAG-  viruses, carlaviruses, ASPV, and some other plant viruses (e.g.,
GGACGGTACAAA 3) and RSP8 reverse primer (BCTTGCC-  they shared 40, 40, and 32% sequence identities to ORF2, ORF3,
TATCAGGGTTGAA 3) (located at the '3end of open reading and ORF4 of ASPV, respectively). ORF5 (nucleotides 7,770 to

244 K 245K 4K

Fig. 1. Genome organization of the virus associated with grapevine rupestris stem-pitting disease. The genome is 8,725 nucleotides in length excluding a 3
poly(A) tail. Six open reading frames (ORF) were identified: ORF1 potentially encoding a polypeptide with a methyltransferase domain, a papain-like protein-
ase domain, a helicase domain, and a RNA-dependent RNA polymerase domain; ORF2, ORF3, and ORF4 compose a triple-gene block; ORF5, coat protein; and
ORF6, unknown function.
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8,549) had the potential to encode for a polypeptide of 259 amino

acids (M, of 28,160) and is apparently the coat protein gene. There  to potexviruses by coat protein homology (Fig. 4).

was 49% amino acid sequence identity with ASPV coat protein.
ORF6 (nucleotides 8,227 to 8,586) could potentialy encode a poly-
peptide of 119 amino acids (M, of 14,036), the function of which

is not known.

Phylogenetic analysis of GRSPaV. The putative replicase genes
of 19 filamentous viruses including GRSPaV were phylogenetically
compared and placed into their respective poty-, potex-, carler,
capillo-, tricho-, and closterovirus groups (Fig. 3). The same anal-
ysis was done for the putative coat protein genes of 18 viruses
with comparable sequence similarities (Fig. 4). In both analyses,
GRSPaV was most closely related to ASPV. Both viruses were
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grouped closer to carlaviruses by replicase homology (Fig. 3) and

RT-PCR detection and association with RSP. A RT-PCR assay
was developed to detect GRSPaV (Fig. 5) in grapevines. Among
the 62 RSP-positive grapevines tested, 56 and 36 vines were posi-

tive with primer pairs RSP2-RSP21 and RSP8-RSP13, respectively.
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Thirty-two RSP sources were found positive in common, while
twenty-four RSP sources were positive by only RSP2-RSP21 and

four RSP sources by only RSP8-RSP13. Overal, 60 of the RSP
sources tested positive. In these tests, healthy controls tested nega-

tive and included 23 V. vinifera cultivars (negative on ‘St. George’)
and 20 grape plants derived from a seedling population. Direct-
binding PCR (DB-PCR) of samples from five different RSP-

Fig. 2. Alignment of the predicted amino acid sequences of the conserved domains of open reading frame (ORF) 1 of grapevine rupestris stem-pitting—

associated virus (GRSPaV) and apple stem-pitting vifysThe putative methyltransferase domain common to Sindbis-like viruses (41).

Identical

(vertical lines) and similar (colons) residues are indicated. The distances from the beginning of the ORF are indicatesnhethén parentheses,
The putative papain-related thiol proteases of positive-strand RNA viruse$(2hg putative helicase domain (20); abdthe putative RNA-dependent
RNA polymerase domain (29).
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infected grapevines gave the same results as RT-PCR using puri-
fied dsRNAs as templates. Clarification of tissue extracts with 5%
chloroform and 5% butanol, before loading into microfuge tubes,
improved the sensitivity of DB-PCR detection.

DISCUSSION

Although the etiology of RSP is unknown, our results suggest
we have cloned and characterized an agent closely associated with
the disease. The virus was detected by RT-PCR assay in 60 of 62
known RSP sources. Only two RSP-positive plants tested negative
by RT-PCR assays. This inconsistency may have been due to (i)
the uneven distribution of the virusin the origina grapevine sources,
which could result in a healthy vine after propagation; (ii) the un-
even distribution of the virusin a vine, which could cause a false-
negative test result; (iii) the presence of yet another uncharacter-
ized virus causing stem-pitting symptoms; or (iv) a false positive
during biological indexing. We are currently investigating these
possihilities.

At this writing, GRSPaV aong with ASPV and cherry green
ring mottle virus (CGRMV) (53) are unclassified, i.e., not assigned
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to a virus group. Based on our phylogenetic analysis of replicase
and coat protein sequences, these viruses are more closely related
to each other than to members of the carla- and potexvirus groups.

Overdl, the genome of GRSPaV is most similar to that of ASPV.
The 5 and 3' noncoding regions of GRSPaV and the replicase
amino acid sequences were most similar to those of the carlavi-
ruses (Fig. 3). On the other hand, analysis of coat protein amino
acid sequences showed GRSPaV and ASPV to be more closely re-
lated to potexviruses (Fig. 4). The different evolutionary subgroup
relatedness to potex- or carlaviruses was obtained by phylogenetic
andlysis of different viral genes. This could be due to different levels
of sequence conservation in the genomic loci. Alternatively, it could
mean that the two genes were derived from separate sources by a
process of recombination among the progenitors of GRSPaV. The
analysis of replicase sequences may be a better indicator of its evo-
Iutionary relationships, since the viral replicase is the most con-
served among positive-strand RNA virus genes (30).

The GRSPaV genome was cloned from a dsRNA that was 8.7 kbp
in length. This size is different from that of other previously re-
ported RSP-associated agents (4,50). The genome was organized
into six ORFs. Based on similarities to other viruses or conserved
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Fig. 3. Phylogram of replicase sequences showing the relationship of grapevine rupestris stem-pitting—associated virus to other filamentous plant viruses. It was
generated by PAUP analysis of an alignment of about 300 amino acids around the two core sequences of the replicasdaumgrtgrd®n of GCG. The
numbers above the branches indicate the bootstrap confidence values.
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motifs, ORF1 was tentatively identified as encoding a polyprotein
with a methyltransferase domain, a NTP-binding helicase domain,
and a RNA-dependent RNA polymerase domain, which are com-
mon to replication-associated proteins. A papain-like proteinase
common to positive-strand RNA viruses and might be involved in
polyprotein processing was also located within this polyprotein
(21). ORF2, ORF3, and ORF4 were identified as a putative triple-
gene block, which is conserved among carlaviruses and potexvi-
ruses (42), and also barley stripe mosaic hordeivirus (23), beet ne-
crotic yellow vein furovirus (7), Nicotiana velutina mosaic virus
(38), ASPV (27), and CGRMV (53) and believed to be involved
in virus cell-to-cell movement in plants (6). ORF5 was identified
as a putative coat protein gene. The function of ORF6 is unknown.
The position of this ORF on the genome resembled that of the last
ORF in the carlaviruses. Even so, the sequence of ORF6 did not
show as much similarity to carlaviruses as is present among carla-
virusesin general.

The broad distribution of RSP in grapevines worldwide may be
partially due to weak symptom expression in most cultivars, the
relatively recent discovery of the disease, and the reliance on
woody indicators with a 2-year incubation period. The PCR-based
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Fig. 5. Reverse-transcription polymerase chain reaction detection of grapevine ru-
pestris stem-pitting—associated virus (GRSPaV) with primer pairs RSP2-RSP21
and RSP8-RSP13. The products were electrophoresed on a 1% agarose gel. Lane
1, 1-kb DNA ladder (Gibco BRL); lanes 2 and 3, samples from GRSPaV-infected
grapevines; lane 4, sample from a healthy grapevine tested using primer pair RSP2-
RSP21; lanes 5 and 6, samples from GRSPaV-infected grapevines; and lane 7,
sample from a healthy grapevine tested using primer pair RSP8-RSP13.
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Fig. 4. Phylogram of coat protein sequences showing the relationship of grapevine rupestris stem-pitting—associated virus with apple stem-pitting virus, carlavi-
ruses, and potexviruses. It was generated by PAUP analysis of an alignment of coat protein amino acid sequences usmgrg&iletd GCG. The num-

bers above the branches indicate the bootstrap confidence values.
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detection technique described here will greatly facilitate rapid
detection of GRSPaV in field-grown grapevines. Results from RT-
PCR assays showed a high correlation (96.7%) between RSP dis-
eased sources and detection of GRSPaV. RT-PCR products from
five different vines were sequenced and confirmed to be of spe-
cific vira origin with 82- to 99%-nt identities to the sequenced
clone. Sequence differences between the RT-PCR products and
the clone, and also, the differences between detection efficiencies
by primer pairs RSP2-RSP21 and RSP8-RSP13 may indicate the
existence of different strainsin different grapevines.

Although we have isolated and characterized a virus from a
RSP-infected vine and established a good correlation between this
virus and the disease by RT-PCR, more research is required to
clearly establish a causal relationship.
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