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Abstract The genome structure and organization of a
new and distinct caulimovirus that is widespread in dahlia
(Dahlia variabilis) was determined. The double-stranded
DNA genome was ca. 7.0 kb in size and shared many of
the features of the members of the genus Caulimovirus,
such as the presence of genes potentially coding for the
movement protein, the inclusion body protein, and the
reverse transcriptase (RT), and an intergenic region con-
sisting of a potential 35S promoter. However, the virus
differed from the previously described dahlia mosaic
caulimovirus and other known caulimoviruses in that the
aphid transmission factor (ATF) was absent and the puta-
tive coat protein contained a C-terminal deletion and was
fused in-frame with the RT. Sequence identity at the amino
acid level with known caulimoviruses including a previ-
ously reported caulimovirus from dahlia was low and
ranged from 32 to 72%. The absence of an ATF and the
highly divergent nature of the genomic sequence are
characteristics of this new caulimovirus that is widely
associated with dahlia.

Sequences reported here are available in GenBank under the
following accession numbers: EU096520, EU096521, EU096522,
EU096523, EU096524
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Dahlia mosaic caulimovirus (DMV) is an important viral
pathogen of dahlia (Dahlia variabilis) in the US and
several parts of the world. First reported from Germany in
1928, the virus is considered to be one of the most
important disease constraints affecting dahlias. DMV is a
member of the family Caulimoviridae, genus Caulimovi-
rus with a circular double-stranded DNA genome of
approximately 8 kb [23]. The symptomatology, propaga-
tive hosts and the role of various aphid species in virus
transmission have been reported [1, 4, 5]. The most
characteristic symptoms of the disease include mosaic and
vein-banding accompanied by stunting and leaf distortion.
Symptoms vary depending on the cultivar, and cultivars
with few or no symptoms are common. The economic
impact of the disease is due to its negative affect on the
quality and quantity of flowers produced by diseased
plants.

The physical map of a DMV isolate collected from
Portland, OR, USA (referred to as DMV-Portland in this
paper) has been reported [23], and its genomic sequence,
containing six open reading frames (ORFs), is available in
GenBank (GenBank accession numbers: AY309480,
AY309479, AY291588, AY291587, AY291586 and
AY291585). However, our surveys of dahlias to determine
the incidence of DMV revealed the overwhelming presence
of another caulimovirus, designated DMV-D10 that was
found to be distinct from DMV-Portland [17-21]. A partial
sequence of a caulimovirus isolated from dahlia samples
from the Netherlands (DMV-Holland) was recently repor-
ted [16]. To better understand the identity and taxonomic
position of the caulimoviruses associated with dahlia
mosaic, the genome structure and organization of the
DMV-D10 genome was deciphered and was compared to
those of DMV-Portland and other members of the genus
Caulimovirus.
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D10-infected dahlia plants were collected from the
Dahlia Trial Garden, Tacoma, WA, USA. Total genomic
DNA was extracted from infected dahlia leaves following a
modified Dellaporta method [22] as described previously
[21].

Initial cloning of the D10 genome was accomplished by
using primers V4739 (5-TGTCCACAAGGTCACTA-3')
and C5400 (5-TKTCRTTRCTRTGGTAATT-3') derived
from the conserved regions of the reverse transcriptase
(RT) gene of caulimoviruses. A 670-bp fragment was
amplified, cloned and sequenced. Based on the sequence
obtained, D10-specific primers were designed and the
entire genome was cloned by primer walking. The PCR
reactions included a final volume of 2 pl 10 x PCR buf-
fer, 0.2 pl Tag polymerase (Promega, Madison, WI, USA)
and a final concentration of 0.15 mM dNTPs, 2 mM MgCl,
and 0.6 pM of each primer in a total reaction volume of
20 pl. PCR amplification was performed in a DNA thermal
cycler (Bio-Rad, Hercules, CA, USA) programmed for
3 min at 94°C for initial denaturation and 50 cycles each
consisting of 30 s at 94°C, 20 s at T;;, and 1 min extension
per 1,000 bp product at 72°C, followed by a final extension
for 7 min at 72°C.

PCR products of expected size were cloned using
pGEM-T (Promega, Madison, WI, USA) or TOPO TA
(Invitrogen, Carlsbad, CA, USA) cloning kits. Some PCR
products were sequenced directly after purification using a
QIAquick PCR purification kit (QIAGEN, Valencia, CA,
USA). The ca. 7-kb DMV-DI10 genomic DNA (Fig. 1a)
was cloned in six cloning steps (Fig. 1b). All clones were
derived from a single plant. In each step, two specific
primers were utilized for PCR amplification. Recombinant
plasmids were isolated [24] and were sequenced using M 13
forward and reverse primers, whereas PCR products were
sequenced using the specific primer pairs that were initially
used to obtain the PCR product. A minimum of two clones
were sequenced from each cloned region to verify
sequence data. Nucleotide sequences were determined
using the ABI Prism Sequencing System at the Molecular
Biology Core Laboratory of the Washington State Uni-
versity, Pullman, WA, USA.

Nucleotide sequences and their putative translation
products were compared to other caulimovirus sequences
available in GenBank [3] using BLASTN and BLASTX
[2]. Pairwise alignment of amino acid sequences to deter-
mine sequence identity and similarity were carried out
using the Needleman—Wunsch Global Alignment in
EMBOSS [14]. DNA fragments were assembled into
contigs, and the contigs were assembled to give a complete
genome sequence using ContigExpress (Vector NTI Suite
9.0.0). Amino acid sequence alignments and phylogenetic
analysis of each DMV open reading frame with ORFs of
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other caulimoviruses was done using CLUSTALW version
1.83 [28] and MEGA3 [10].

The D10 genomic sequence consisted of 7,046 bp with
five complete ORFs. The ORFs were numbered to corre-
spond to those found in members of other Caulimovirus
species. Interestingly, only part of the ORF corresponding
to the coat protein (CP) ORF found in other caulimoviruses
(ORF 1IV) was present in DMV-D10, and it was fused in-
frame with the ORF encoding the RT (ORF V). Therefore,
this ORF in DMV-D10 has been termed ORF IV/V.

Complete genomes of eight D10-like isolates from
various parts of the country were cloned and sequenced,
and there was more than 95% sequence identity among
them. The size of the DMV-D10 genome was comparable
to those of other known caulimoviruses, which range from
7.2 to 8.0 kb. The A + T composition of the genome was
66.4%, slightly higher than that of other known caulim-
oviruses, for which the A + T composition ranges from
60.0 to 64.6%. Percentage similarity of DMV-D10 proteins
to homologous proteins in other caulimoviruses ranged
from 25 to 74% (Table 1). Figure la is a graphical repre-
sentation of the DMV-DI10 genome, showing the
approximate location of each ORF discussed below.

Open reading frame I of DMV-D10 consisted of 990 bp
encoding the movement protein (MP). A putative transport
domain (GNLAYGKFMFTVY; amino acids 207-219),
identified in other caulimoviruses to be important for virus
cell-to-cell movement, was present within this region [7,
8]. Phylogenetic analysis showed that the MP of DMV-D10
was closest to that of figwort mosaic virus (FMV), whereas
the MP of DMV-Portland clustered with that of mirabilis
mosaic virus (MMV) (Fig. 2a).

The OREF II of caulimoviruses encodes an aphid trans-
mission factor (ATF). A homologous ORF was not
identified in DMV-D10. A smaller ORF found in the
DMV-D10 genome did not show any significant homology
with those available in GenBank. Previous studies on
caulimovirus ATF have identified the amino acid sequence
motif IXG, X being any amino acid, to be necessary for the
interaction between the ATF and virus particles for aphid
transmission [25]. The IXG motif is present in the ATF of
DMV-Portland, cauliffower mosaic virus (CaMV) and
carnation etched ring virus but absent in DMV-D10 ORF
1L

Open reading frame III of DMV-DI10 potentially
encodes a DNA binding (DNAD) protein. The DNADb has a
C-terminal proline-rich domain that is considered to be
necessary for its non-sequence-specific nucleic-acid-bind-
ing activity [9, 13, 27]. This ORF contains the coiled coil
structure that is conserved among caulimoviruses at the N-
terminus and was shown to assemble as a tetramer to form
a functional protein in planta [27]. The DNAb of DMV-
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Fig. 1 a Dahlia mosaic virus (a)
genome organization. The
double-lined closed circle
represents the viral genome (not
to scale). Lines with arrows
represent the various open
reading frames. ORFs I, 111, IV,
V and VI code for putative
movement protein, DNA
binding protein, coat protein,
reverse transcriptase and
inclusion body protein,
respectively. The aphid
transmission factor coded by
ORF III in caulimoviruses is
absent in the D10 genome. b A
linear representation of the
locations of the clones used in
the sequencing of the entire
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D10 DNAD formed a cluster with those of DMV-Portland,
MMV and FMV (Fig. 2b).

Open reading frames IV and V of DMV-D10 occur as a
single ORF due to the absence of a stop codon for ORF IV.
The ORF IV of DMV-D10 consists of 100 aa representing
only the amino terminal part of the viral CP, in contrast to
ca. 480 aa ORF IV for known caulimoviruses. DMV-D10
does not have a conserved motif identified in other caul-
imovirus CPs, which include a RNA-binding domain that is
consistent with a cysteine motif or “zinc finger”
(CX,CX4HX4C) [8]. Only part of this conserved motif
(HX4C) could be seen in the DMV-D10 sequence as HY-
ANECP (aa 708-714). Furthermore, DMV-D10 CP also
lacked a lysine-rich core upstream of the cysteine motif
that was found in other caulimoviruses. The percentage
amino acid sequence identity of DMV-D10 CP with other

1880 bp

2000 bp

caulimovirus CPs was low (5.8-7.7%), and the DMV-D10
formed a clade with that of DMV-Portland (Fig. 2c¢).
Open reading frame V encodes a polyprotein containing
all of the motifs conserved in caulimovirus replicases.
These motifs include aspartic protease, RT and ribonucle-
ase H (RNase H). The amino acid sequence YVDTGASLC
(aa 820-828) in DMV D-10 was similar to the putative
protease domain reported in other caulimoviruses [7, 8§,
29]. A conserved amino acid sequence representing the RT
domain of caulimoviruses was present in DMV-DI10 as
YVDDIIVF (aa 1161-1168) [7, 8]. Amino acid sequences
IIETDASNDFWG (aa 1307-1318), EEVCRYTSGSFK (aa
1329-1340) and EHLEGSKNVLADCL (aa 1413-1426) in
DMV-D10 are homologous to the RNase H motifs reported
in other caulimoviruses [26]. The amino acid sequence
identity of DMV-D10 with other caulimovirus polyproteins

Table 1 Percentage identity and percentage similarity of dahlia mosaic virus—D10 open reading frames (ORFs) to other caulimoviruses

Genus Caulimovirus ORF 1 ORF III ORF IV ORF V ORF VI

Dahlia mosaic virus (DMV-Portland) 37.0 (53.0) 35.2 (50.8) 6.9 (11.6) 54.4 (64.8) 29.3 (40.1)
Cauliflower mosaic virus 41.7 (57.1) 25.9 (47.4) 7.5 (11.4) 58.3 (71.2) 18.6 (28.4)
Carnation etched ring virus 36.0 (49.5) 27.7 (33.0) 8.5 (11.3) 60.3 (71.5) 19.1 (31.8)
Figwort mosaic virus 39.4 (53.4) 32.8 (50.4) 7.2 (11.6) 70.1 (79.2) 26.6 (36.3)
Horseradish latent virus 39.3 (54.6) 35.9 (45.0) 7.3 (10.5) 56.2 (68.0) 19.1 (29.0)
Mirabilis mosaic virus 35.7 (51.7) 31.3 (45.5) 6.5 (12.7) 62.7 (73.0) 26.0 (37.3)
Strawberry vein banding virus 24.8 (41.6) 21.6 (32.1) 6.2 (11.9) 46.3 (58.8) 18.2 (29.6)

Percentage similarities are listed within brackets
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Fig. 2 Phylograms drawn from (a) ORF 1
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ranged from 40 to 70%. The phylogram based on the
protein sequences showed clustering of DMV-D10 with
FMV, while DMV-Portland formed a cluster with MMV
(Fig. 2d).

The ORF-VI of DMV-DI10 encodes the viral inclusion
body (IB) protein. Phylogenetic relationships among the
IBs of caulimoviruses showed clustering of DMV-Portland
and MMV, while DMV-D10 did not form a single cluster
with any of the representative caulimoviruses (Fig. 2e). An
amino acid sequence motif, GLTKYIY, that is well con-
served in other caulimoviruses was also seen in DMV-D10
(aa 1717-1723) [7, 8].

The ORF-VII of DMV-D10 encodes a 73-aa protein
following a 990-nucleotide intergenic region between ORF
VI and ORF VII. A similar ORF is present in all known
caulimoviruses, but functional proteins have not been
found in infected plants [30].

The large intergenic region between ORFs VI and VII of
DMV-D10 contains a putative 35S promoter homolog. The
TATA box as well as the conserved residues TC around the
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BRRY

PCSY

TATA box, and the TGACG motif upstream of the histone
genes and the CaMV 35S promoter [6] were also found in
DMV-D10. However, a CAAT box that was found
upstream of the TATA box in the 35S promoter of CaMV
was not found in the DMV-D10 sequence.

The genome organization, sequence relationships and
phylogenetic analysis of DMV-D10 suggested that it is a
member of a distinct species within the genus Caulimovi-
rus. DMV-D10 was found to be the most prevalent DMV
sequence in dahlias in the US [20, 21]. While the overall
genome organization of DMV-D10 shared the features
common among known members of in the genus Caulim-
ovirus, major differences are the truncated CP that is fused
with the RT and the absence of the gene coding for the
ATF.

Despite extensive sequencing of numerous D10-like
isolates from several parts of the country, the gene coding
for the ATF could not be found in the genome. Absence of
the gene coding for the ATF could be explained by the fact
that DMV-D10 is seed transmitted at a very high frequency
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and could be detected in pollen [19]. Moreover, nearly
100% of the samples collected from several parts of the US
and Europe were positive for D10 [20]. This widespread
occurrence of D10 suggests the possibility of the integra-
tion of the D10 sequence in the host plant genome. Our
studies showed that D10 could exist as an endogenous
pararetrovirus [18]. There is also a possibility that the ATF
of DMV-Portland may act in trans and facilitate virus
transmission in instances where there are mixed infections.
Dahlia is primarily vegetatively propagated, and the loss of
ATF may be an indication of the influence of cropping
procedures on the evolution and selection of DMV. A
similar loss of aphid transmission after consecutive
mechanical inoculations was reported for cucumber mosaic
virus [15]. Leclerc et al. [12] showed that the C-terminal
half of the CaMV CP is important for virus transmission
through its interaction with the C-terminus of the ATF. It
remains to be seen if the observed deletion of the C-ter-
minal part of the CP in the D10 genome along with the
absence of the ATF could affect the transmissibility of D10
by aphids. In contrast, the N-terminus of the CP was
reported to be critical for viral infection in CaMV [11].
Severe symptoms were present in plants infected with only
D10, supporting the critical role of the amino terminal part
of the CP in the infection process by DMV-D10. An
infectious DNA clone of D10 would facilitate studies on
structure-function relationships. Despite our repeated
attempts, no virions could be seen in either partially puri-
fied virus preparations or leaf dip preparations. This could
be explained by the lack of a complete ORF IV, suggesting
that functional CP molecules may not be synthesized in
D10-infected cells. Whether this unique organization is a
result of viral evolution brought about by continuous
vegetative propagation of dahlias is of particular interest.
The possibility of a satellite, extra genomic DNA or a
helper virus that could code for the complete CP and ATF,
although not known for caulimoviruses, however, could not
be ruled out.

Studies on CaMV suggest that nucleic acid binding
activity is the major function of the ORF III protein product
and that it is related to aphid transmission via its interaction
with ATF [13]. However, other reports have shown that the
ORF III protein product is essential for infectivity within
the plant host [9]. Therefore, it is possible that in DMV-
D10, where ATF appears to be absent, the ORF III product
potentially plays a role in virus infectivity in dahlia. DM V-
D10 appears to be closely related to DMV-Portland and
FMV when considering the phylogenetic relationships
based on sequence relationships of ORFs I, IV and V.
Overall, the complete molecular characterization of the
DMV-D10 genome provides evidence of the existence of at
least two distinct caulimoviruses that are associated with

dahlia mosaic and highlights the need for developing
management options for these viruses.
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