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Three isolates of Cucumber mosaic virus (CMV) from
lily plants showing mesaic and distortion symptoms
were detected by reverse-transcriptase polymerase
chain reaction (RT-PCR) using primers specific to
Cucumovirus genus namely, LK-CMYV, LK4-CMY, and
LK5-CMYV. Restriction enzymes patterns of the RT-
PCR products revealed that the lily isolates belonged to
subgroup IA of CMYV. In terms of biological properties,
the lily isolates have highly similar but distinct
pathogenicity as reported in other lily strains and
ordinary strains of CMV. To characterize the molecular
properties, cDNAs containing coat protein (CP) gene
and 3' non-coding region (NCR) of RNA3 for the
isolates were cloned and their nucleotide sequences
were determined. The CP similarity (218 amino acids)
was highly homologous (>97 %) with that of subgroup 1
CMYV strains. However, an additional 20-nulcleotide
long segment was only present in 3' NCR of lily isolates,
which form an additional stem-loop RNA structure. By
using chimeric construct exchange ¢cDNA containing
3'NCR of LK-CMYV into the full-length ¢cDNA clone of
RNA3 of Fny-CMY, this additional segment may prove
to be significant in the identification and fitness of the
virus in lily plants. The pathology of zucchini squash
infected by F1F2L3-CMYV, a pseudorecombinant virus
was showed to change drastically the severe mosaic and
stunting symptom into a mild chlorotic spot on systemic
leave, compared with Fny-CMYV. To delimit the sequence
of RNA3 affected the pathology, various RNA3 chimeras
were constructed between two strains of CMYV. The
symptom determinants of F1F2L.3-CMV were mapped
to the positions amino acid 234, 239, and 250 in 3a
movement protein (MP). RNA3 chimeras changed the
sequences encoding three amino acids were resulted in
alteration of systemic symptom.
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Cucumber mosaic virus (CMV), a type species of the genus
Cucumovirus in the family Bromoviridae, is known to have
the largest host range among a number of plant viruses,
causing damage to more than 1,000 species of plants in 365
genera of 85 families (Palukaitis et al., 1992). CMV causes
disease in a wide variety of economically important crops,
such as ornamentals, worldwide because of its extensive
host range and mode of transmission (Palukaitis et al.,
1992; Tomlinson, 1987). In particular, CMV poses serious
damage to cultivated lilies singly or in combination with
other viruses, such as Lily symptomless virus (LSV) and
Lily latent virus (LiLV), in Korea and in other countries as
well (Loebenstein et al., 1995; Ryu et al., 2000; Ryu et al.,
2002).

CMV contains a tripartite genome of messenger-sense
single-stranded RNAs, designated RNA1, RNA2 and
RNA3 in order of decreasing sizes, those are encapsidated
in isometric particles of about 28 nm in diameter (Peden
and Symons, 1973). The RNAsl and 2, which encode la
and 2a proteins, respectively, are required for replication. A
2b protein, a new overlapping small protein, is most likely
expressed through subgenomic RNA4A (Ding et al., 1994)
and is involved in the long-distance movement of the virus,
as well as, in suppressing RNA silencing (Ding et al., 1995;
Li et al., 2002). Di-cistronic RNA3 encodes a movement
protein shown to be involved in cell-to-cell movement and a
coat protein expressed from subgenomic RNA4 (Palukaitis
et al., 1992). The 3'- terminal 270-nucleotide long CMV
RNA is highly conserved, with only 7-10% sequence differ-
ences throughout this non-coding region (NCR) between
any two RNAs (Itaya et al., 2002). These sequences form a
tRNA-like structure that provides the initial binding site for
viral RNA polymerases, which are necessary to synthesize
(=) RNA strand (Boccard and Baulcombe, 1993). The
precise mechanism that regulates the level of RNA accumu-
lation has yet to be identified, but the sequences of the 3
NCR could be involved (Duggal et al., 1992).

To date, a few reports on lily isolates of CMV have shown
that most of these isolates were quite different in terms of
host reactions by various indicator plants from that of
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typical CMV strains, e.g., some lily isolates only re-infect
lily plants (Chen et al., 2001; Choi et al., 2003b; Jung et al.,
2000; Ryu et al,, 2002). In this paper we report the
biological and molecular properties of CMV isolates from
each lily source, compared with that of the typical CMV
strains.

Materials and Methods

Virus source and host range test. Three lily plants, Lilium
Oriental hybrid cv. Marcopolo, Lilium cv. Casa Blanca, and
Lilium lancitoium, showing severe mosaic and distortion
symptoms were used for isolation of viruses. Detection of CMV
from these plants was performed by RT-PCR with Cucumovirus-
genus specific primers (CPTALL-3/-5) (Choi et al., 1999). Fny-
CMYV was obtained from the Plant Virus GenBank (Seoul, Korea)
and used as a control. Three lily isolates of CMV (LK-CMV from
Lilium Oriental hybrid cv. Marcopolo, LK4-CMV from Lilium cv.
Casa Blanca, and LKS-CMV from Lilium lancitoium) were
biologically isolated from the plants and maintained in Nicotiana
benthamiana by mechanical inoculation. Eleven plants were used
for the host range test of each virus as listed in Table 1. The plants
inoculated with the viruses were grown in a greenhouse at 26°C
and symptom assessment was conducted for 4 weeks.

Virus purification and analysis of CP and 3'NCR. Virion
particles of lily isolates of CMV were purified from systemically
infected leaves of N. benthamiana according to the Choi et al.
(1999).

RT-PCR for LK-, LLK4-, and LK5-CMV was performed for
molecular characterization by the combination of a forward
primer (CPTALL-5) (Choi et al., 1999) and a reverse primer (5'-
GATCCTGCAGTGGTCTCCTTTTRGAGGCC-3") with Psi
site (in bold) and 19 nts (designated as CMV3ALL) or 10 nts
(named as 3ALL) identical to those at 3' end of Fny-CMV using

Table 1. Reactions of indicator plants infected by lily isolates of
Cucumber mosaic virus

Indicator plant LK- LK4- LKS-
CMV  CMV CMV
Nicotiana benthamiana -/M* -M -M
N. clevelandii —/mM —/CS —/CS
N. tabacum cv. Samsun N/- N/— N/
Samsun NN N/— N/- N/-
Xanthi-nc N/~ N/- N/-
N. glutinosa —/— —/— —/—
Cucumis sativus cv. Baekdadaki —/— —/— —/—-
Cucumis melo —/— —/— —/—
Cucurbita pepo cv. BlackBeauty +/— +— +/—
Sacheol +/— +/— +/—
Vigna unguiculata L/~ L/~ L/~

*Inoculated leaf/systemic leaf. CS = chlorotic spot; L =local legion;
mM =mild mosaic; M =mosaic; N =necrotic ringspot; —=no
symptom.

Titan one-tube RT-PCR system according to the manufacturers
instruction (Roche) (Choi et al., 2002a; Yoon et al., 2002). The
synthesized RT-PCR product was directly cloned to pGEM-T
easy vector (Promega), generating pLK-3NCR, plLK4-3NCR, and
pLK5-3NCR, respectively. Using these clones, nucleotide
sequencing of CP and 3'NCR was determined by dye-termination-
PCR based method (Sanger et al., 1977). The determined nucle-
otides and deduced amino acids of CP and 3'NCR for lily isolates
of CMV were analyzed with the type-strain, Fny-CMV (subgroup
IA), As-CMV (subgroup IB), Q-CMV (subgroup II), and other
previously reported Korean (Ly2-CMV and Li-CMV) and foreign
lily strains (LiCK3-, LiNB-, and LiTW-CMV (Chen et al., 2001)
by MagAlign CLUSTAL V in DNASTAR package (Madison,
US) and Genetic Computer Group sequence analysis software.
Construction and pathogenicity assay of chimeric RNA3. To
characterize biological property of LK-CMV in molecular level,
the full-length cDNAs of LK-CMV RNA3 was constructed from
purified viral RNA by previously described (Choi et al., 2002b;
Rizzo and Palukaitis, 1990). Briefly, the cDNA for RNA3 of LK-
CMV was synthesized at 42°C for 60 min using First-Strand
synthesis kit (BRL) in a 50 uL reaction mixture containing 100 ng
of purified viral RNA with CMV3ALL primer (5'-AATT-
CTGCAGTGGTCTCCTTTTRGAGGCC-3") containing Pstl
site (in bold) described above. For PCR, the oligonucleotide (5'-
AATCCTGCAGTAATACGACTCACTATAGTAATCTTACCAC
TGTGTGT-3' with BamHI (in bold), T7 RNA polymerase
promoter (underline), and 20 nt identical to those at 5' end of Fny
RNA3 were used with reverse primer. The PCR condition was as
follow: 94°C, 2 min (1 cycle); 94°C, 20 s, 55°C, 30 s, 68°C, 3 min
(5 cycles); 94°C, 20 s, 57°C, 30 s, 68°C, 3 min (25 cycles); 68°C,
20 min (1 cycle).
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Fig. 1. Schematic representation of chimeric 3NCR cDNA
between LK-CMV and Fny-CMV. Fny-RNA3 and LK-RNA3
sequences are represented by open and closed rectangles. The
conserved restriction enzyme sites are indicated by the line.
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Fig. 2. Detection of Cucumber mosaic virus from lily and analysis
of RT-PCR. (A) gel electrophoresis of RT-PCR product by
Cucumovirus-genus specific primers. Lane M, 1 Kb plus DNA
ladder (BRL); 1, LSV; 2, Tomato aspermy virus (KC strain); 3.
Lilium oriental hybrid cv. Marcopolo; 4, Lilium oriental hybrid
cv. Casa Blanca; 5, Lilium lancitoium;, 6. Fny-CMV; (B) Analysis
of synthesized RT-PCR from Fny-CMV (left) and LK-CMV
(right) using restriction enzymes. Lane M, DNA size marker
(BRL); 1, Aval; 2, EcoRl, 3, EcoRV; 4, Hincll; 5, Hind 11, 6, Sall;
7, Xhol.

The synthesized RT-PCR product of LK RNA3 was digested by
BamHI-Pstl enzymes and then purified by QUIAquick kit (QUI-
AGEN) prior to be cloned into pUCI18 digested with the same
restriction endnucleases, resulting in pLK3. Nucleotide sequences
(nts) for SNCR, 3a gene and intercistronic region of LK-CMV
RNA3 were determined using pLK3 clone by standard protocol
(Sambrook et al., 1989) and compiled with the nts of CP gene and
3'NCR determined previously.

To construct chimeric cDNA of 3' NCR between LK-CMV and
Fny-CMYV, the first pair of reciprocal chimeras was constructed
using Pstl-enzyme site located at downstream primer and the
Xhol site that is in 3' terminal region of CP gene between pLK3
and pFny309. The fragments digested by Xhol-Psfl restriction
endonucleases were purified from agarose gel using QIAquick gel
extraction kit (Quiagen) following the manufacturer's instruction.
The second pair of reciprocal chimeras was constructed using the
common BamHI site located at upstream of the T7 promoter and
the Sall site which is in CP gene. The third pair of chimeras was
constructed by exchanging a fragment using the above BamHI site
and Nhel site that is in the 3a gene (Fig. 2). The fourth pair of chi-
mera was synthesized by using Nhel site at the 3a gene and Sall
site at the CP gene. In virro transcripts were generated from these

RNA3 ¢DNA constructs; FLXho and LFXho (the X#ol recipro-
cals), FLSal and LFSal (the Sall reciprocals), FLNhe, and LFNhe
(the Nhel reciprocals) and FLNhe/Sal, LFNhe/Sal (Nhel-Sall
reciprocals).

These chimeric clones generated from pLK3 and pFny309 were
linearized at the 3' end of the inserted sequence using PstI, blunt-
ended, and was used as template. Full-length capped transcripts of
chimeric RNA3 from each chimeric clone were obtained by stan-
dard in vitro transcriptien system with T7 RNA polymerase
(Promega) in the presence of cap analog m’GpppG (New England
Biolabs), and mixed with transcripts of RNA1 and 2 of Fny-CMV
in equal volume to prepare inoculum at a concentration of 200-
500 ng/uL. Young tobacco plants were inoculated with 15 pL per
leaf dusted with Carborundum powder as described by Canto and
Palukaitis [3] prior to inoculation on the cotyledons of zucchini
squash (Cucurbita pepo cv. Black Beauty) plants.

Results and Discussions

Identification of causal viruses and host reactions. To
identify the CMV isolates from three diseased lily plants,
RT-PCR was performed using Cucumovirus-genus specific
primers. Approximately 970 base-pair (bp) fragments were
synthesized from the total RNAs of the lily samples (Fig.
2A). To determine their subgroups, RT-PCR products
containing CP gene of CMV were assayed by restriction
fragment length polymorphism (RFLP) using seven restric-
tion enzymes. Lily isolates seemed to belong to subgroup
IA (S-IA) by PCR-RFLP analysis (Fig. 2B), showing
characteristics similar to that of Fny-CMYV, a representative
strain of S-IA. RFLP analysis of each isolate showed
identical pattern, indicating that nucleotide sequences of
their genomic RNAs were highly conserved, in spite of
different isolation hosts.

For the host range test, all lily isolates were mechanically
inoculated to indicator plants from systemic infected N.
benthamiana. Systemic infections were observed in N.
benthamiana and N. clevelandii, while local lesion was
found in Vigna unguiculata. There were no infections in
tobacco plants (N. tabacum cv. Samsun, N. tabacum cv.
Samsun NN, and N. fabacum cv. Xanti-nc), N. glutinosa,
Cucumis sativus cv. Baekdadaki, Cucumis melo, Cucurbita
pepo cv. Black Beauty, and Cucurbita pepo cv. Sacheol
(Table 1). Host reactions to the three isolates of CMV were
identical, and all the isolates have highly similar biological
properties (Table 1). Interestingly, results of their biological
analysis were similar to Ly2-CMV and Li-CMV (Jung et
al., 2000; Ryu et al., 2002). However, the pathology of LK-
CMYV is different from those of two CMV lily isolates, that
is, LK-CMV can not infect tobacco plant (cv. Xanthi-nc)
but Li-CMYV is able to infect this host plant systemically
(Ryu et al., 2002). Similarly, Ly?2 strain is not even detected
on inoculated cotyledons as well as systemic leaves in
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1 rTrccererrcccacalaltfccrcccecrcec[earcr[cr(e]rccc e e FNY-3NCR.SEQ
1 TTCCGTGTTCCCAGGACCCTCCCTCCA---TTTTTGGCGG LK3NCR.SEQ

1 TTCCGTGTTCCCAGGACCCTCCCTCCA--~-TTTTTGG|[T/GG LY2-3NCR.SEQ
1 TTCCAJTGTTCCCAGGACCCTCCCTCCA---TTTT[-]GGCGG LICK3NCR.SEQ
1 TTCCGTGTT[ICCAGGACCCTCCCTCCA---TTTTTGGCGG LINBINCR.SEQ
I TTCCAJTGTTCCCAGGACCCTCCCTCCA--~-TTTT]GGCGG LITWINCR.SEQ
41 calcelreacrreecacT[rarccTalllAAACTGTCTGARGT C[A] FNY-3NCR.SEQ
33 GAGCTGAGTTGGCAGTATTGCTACAAACTGTCTGAAGTCG LK3NCR.SEQ

38 GAGCTGAGTTGGCAGTATTGCTACAAACTGTCTGAAGTCG LY2-3NCR.SEQ
37 GAGCTGAGTTGGCAGTATTGCTACAAACTGTCTGAAGTCG LICK3NCR.SEQ
33 GAGCTGAGTTGGCAGTATTGCTACAAACTGTCTGAAGTC G LINB3NCR.SEQ
37 GAGCTGAGTTGGCAGTATTGCTACAAACTGTCTGAAGTCG LITW3NCR.SEQ

_——_——_——-I—-I

81 TAAII_; ———————— ]CTTT’I‘TGGGAACGGGT FNY-3NCR. SEQ
78 TTAAATCAGTGTGTCATTGTACACATTGTGGCGAACGGGT LK3NCR.SEQ

78 rraadrcacrerTercarTreracacAdT[AJTGECGAACGGGT LY2-3NCR. SEQ
77 TTA[GITCAGTGTGTCATTGTACACATTGTGGCGAACGGGT LICKINCR.SEQ
78 TTAAQTCAGTGTGTCATTGTACACATTGTGGCGAACGGGT LINB3NCR.SEQ
77 T 7 alg] TCAGTGTGTCATTGTACACAITGTGGCGAACGGGT LITW3NCR. SEQ

S

107 TGTCCATCCAGCTTACGGCTAAAATGGTCAGTCGTGGAGA FNY-3NCR. SEQ
118 TGTCCATCCAGCTTACGGCTAAAATGGTCAGTCGTGGAGA LK3NCR. SEQ

118 TGTCCATCCAGCTTACGGCTAAAATGGTCAGTCGTGGAGA LY2-3NCR. SEQ
117 TGTCCATCCAGCTTACGGCTAAAATGGTCAGTCGTGGAGA LICKINCR.SEQ
118 TETCCATCCAGCTTACGGCTAAAATGGTCAGTCGTGGAGA LINB3NCR. SEQ
117 TGTCCATCCAGCTTACGGCTAAAATGGTCAGTCGTGGAGA LITW3NCR. SEQ
uraarccaccccaglacalrlrracaallrcrecreacecfgcc[rT T FNy-3NCR. SEQ
158 AATCCACGCCAGTAGACTTACAAGTCTCTGAGGCACCCTT LK3NCR.SEQ

158 AARTCCACGCCAGTAGACTTACAAGTCTCTGAGGCACCCTT LY2-3NCR.SEQ
157 ARTCCACGCCAGTAGACTTACAAGTCTCTGAGGCACCCTT LICK3NCR.SEQ
158 AATCCACGCCAGTAGACTTACAAGTCTCTGAGGCACCCTT LINB3NCR.SEQ
157 AATCCACGCCAGTAGACTTACAAGTCTCTGAGGCACCCTT LITW3NCR.SEQ
187 GAAACCATCTCCTAGGTTTCTTCGGAAGGACTTCGGTCCG FNY-3NCR.SEQ
198 GAAACCATCTCCTAGGTTTCTTCGGAAGGACTTCGGTCCG LK3NCR.SEQ

198 GAAACCATCTCCTAGGTTTCTTCGGAAGGACTTCGGTCCG LY2-3NCR.SEQ
197 GARACCATCTCCTAGGTTTCTTCGGAAGGACTTCGGTCCG LICK3NCR.SEQ
198 GAAACCATCTCCTAGGTTTCTTCGGAAGGACTTCGGTCCG LINB3NCR.SEQ
197 GAAACCATCTCCTAGGTTTCTTCGGAAGGACTTCGGTCCG LITW3NCR.SEQ
227 t16rac[crcraccacanlclereeracrrT[Cac[Gl6TACGGG TG FNY-3NCR.SEQ
238 TGTACTTCTAGCACAATGTGCTAGTTT-AGAGTACGGGTG LK3NCR.SEQ

238 TGTACTTCTAGCACAATGTGCTAGTTT-AGAGTACGGGTG LY2-3NCR.SEQ
237 TGTACTTCTAGCACAATGTGCTAGTTT-AGAGTACGGGTG LICK3NCR.SEQ
238 TGTACTTCTAGCACAATGTGCTAGTTT-AGAGTACGGGT G LINB3NCR.SEQ
237 TGTACTTCTAGCACAATGTGCTAGTTT-AGAGTACGGGTG LITW3NCR,SEQ
267(clcccccfcacrrrcerecaalge[crcclaaarceacacca FNY-3NCR. SEQ
277 TCCCCC-ACTTTCGTGGGG-CTT[TJCGCAAGGAGACCA LK3NCR. SEQ

217 TCCCCC-ACTTTCGTGGGG-clclrcclaT]aaceacacca LY2-3NCR. SEQ
216 TCCCCC-ACTTTCGTGGGG-CTTCCGCAAGGAGACCA LICK3NCR. SEQ
277 TCCCCC-ACTTTCGTGGGG-CTTCCGCAAGGAGACCA LINB3NCR. SEQ
276 TCCCCC-ACTTTCGTGGGG-CTTCCGCAAGGAGACCA LITW3NCR. SEQ

Fig. 3. Sequence alignment of 3'NCR of RNA3 between lily isolates and Fny strain of CMV. A box represents the.additional 20 nts
forming a loop-stem structure only found in the lily isolates of CMV. Bolded line indicates the conserved sequences in 1‘11y isolates, which
be predicted a stem-loop structure by mfold program (http:/www.bioinfo.rpi.edu/applications/mfold/old/ma/form1.cgi). The RNAs 3 of
CMV strains used in the study are as follow: Fny [28, D10538], LK [in this study, AJ495841), Ly2 [19, AJ296154], LiCK [6, AJ131616],
LiNB [6, AT131618] and LiTW [6, AJ131619].
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squash plant (Jung et al., 2000). However, LK-CMYV is able
to replicate on the inoculated and move to adjacent cells
(called cell-to-cell movement), although inhibition of
systemic movement for LK-CMV causes blockage of
systemic infection in squash plant. Additionally, HL-CMV
from Japanese lily plant has been partially characterized,
and its pathology resembles with our lily isolates (Masuta et
al., 2002). It appeared that the highly conserved sequences
of genomic RNA for lily isolates of CMV containing very
similar biological propertics were due to vegetative propa-
gation of lily bulbs or host specificity (Carrere et al., 1999;
Chen et al., 2001; Wong et al., 1999). Hence, it can be noted
that lily isolates of CMV could not infect some common
systemic hosts, such as tobacco and squash, unlike most
subgroup-IA strains.
Sequence analysis of CP and 3'NCR of lily isolates of
CMV. To characterize the lily isolates in the molecular
level, RT-PCR covering CP gene and 3'NCR was carried
out in lily isolates of CMV from purified RNA, using
CPTALL-5 and 3ALL primer (Fig. 1; Materials and Methods).
The expected RT-PCR product was synthesized (data not
presented) and directly cloned into pGEM-T easy vector
(Promega). The selected clones of each virus were sequenced.
The sequence variations of CP and 3'NCR were demon-
strated with other representative strain of each subgroup.
Based on the analysis of sequence alignment, there was 90-
99% homology of amino acid in CP region and 74-96%
similarity of nucleotide in 3'NCR. The CP of each isolate
was composed of 218 amino acids like other strains, while
3NCRs of the isolates consisted of 311 nucleotides,
somewhat longer than those of other strains. The sequence
analysis of CP and 3'NCR indicated that the variations in
coding or non-coding region among CMYV isolates might
have caused the diversity within the CMV subgroups
(Schneider and Roossinck, 2001). However, it can be noted
that most lily isolates in Korea are highly homologous to
other lily isolates of distinct geographical origin, as well as,
those isolated from ornamental varieties (Fig. 3). Intere-
stingly, multiple alignments of 3'NCR showed that all the
isolates from lily contained about 20 short nucleotides
conserved highly, compared to that of Fny-CMV (Fig. 3).
Since 3'NCR of CMV consisted of RNA-RNA hybrid-
formation resulting to stem-loop structure similar to cellular
tRNA can be formed tRNA-like structure, which is necessary
for efficient replication, minus-strand initiation and synthesis
by the CMV replicase (Boccard and Baulcombe, 1993;
Canto and Palukaitis, 1998; Fraile et al., 1997), the
secondary structure of 3NCR of Fny RNA3 and LK-CMV
is estimated by computer-aid RNA analysis. A unique
region consisting of 20 nucleotides found in 3NCR of LK-
CMV was and able to form an additional stem-loop
structure and that the residual secondary RNA structure of

3'NCR for LK-CMV was identical with that of Fny-CMV
(data not shown). Therefore, to know whether the stem-
loop structure formed by the additional 20 nts of 3'NCR of
LK-CMV affected biological properties, the reciprocal
chimeras of 3'NCR between Fny-CMV and LK-CMV were
generated from cDNA clones, transcribed and mixed with
transcripts RNA1 and RNA2 derived from cDNA clones of
pFnyl09 and pFny209, resulting in FLXho-CMV and
LFXho-CMV, respectively. Then, these chimeric viruses
were inoculated to tobacco plant before inoculation to
cotyledons of squash plants. The systemic symptom in
zucchini squash induced by FLXho-CMV was similar
severity of symptom to wild-type Fny-CMV (data not
shown). Moreover, viral RNAs of FLXho-CMV were
accumulated in the similar amount as that of Fny-CMYV in
both inoculated cotyledons and systemic leaves (data not
shown). This sequence was still maintained in 3’'NCR of
chimeric construct during infection by direct-sequencing of
RT-PCR product. These results indicated that the inability
of lily isolates to cause symptoms in tobacco and some
cucurbitaceous plants may be responsible for the encoded
viral proteins rather than the RNA structure or sequence
itself within tRNA-like structure found in 3'NCR of LK-
CMV. However, it is interesting to note that this additional
sequence of 20 nt inserted in the 3'NCR of RNA3 may be
significant in host adaptation by recombination event
leading to mutant viruses. Recently, Masuta et al. (2002)
reported the natural recombinants of lily CMVs between S-
1A and S-IB based on the sequence analysis of RNA3 of
geographically isolated origins. They also suggested the lily
isolates of CMV have evolved from common progenitor. In
addition, RNA recombination is common for CMV, as
suggested by Canto et al. (2001). They reported that
generated recombinant CMV RNAs in transgenic tobacco
expressed full-length RNA1 of CMV. The recombination
events of CMV RNAs were observed in restricted 3NCR
regions by the combination of RNA1 and 3, or RNA1 and
RNA2, but not RNA2 and RNA3. Nonetheless, recombi-
nant viruses seldom occur frequently in nature, mainly on
reduced fitness (Fraile et al., 1997). Based on the sequence
analysis of 3'NCR on both S-I and S-II strains, only the lily
isolates contained this additional sequence in 3'NCR. In
alstroemeria, various sizes of nucleotide sequences that
originated from RNA2 and RNA3 were inserted into
3'NCR of CMV by recombination (Chen et al., 2002). In
tobacco plants, only non-recombinant sequences were
generated, but the outcome was opposite in alstromeria,
which suggested that these recombined RNA2 and 3
segments increased the biological fitness of CMV in
alstromeria. Thus, the 20 nts segment found in 3'NCR of
CMV lily isolates may be an adaptation product generated
to escape the defense responses in the host plants, such as
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'__ Chlorotic spot
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Fny RNA3 Severe mosaic
LFSal —-{::l—_—— Chlorotic spot
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Fig. 4. Localization of sequences in CMV RNA3 specifying the
phenotypes of CMV strains on zucchini squash. The transcripts
derived from cDNA clones of RNA3 clones containing various
RNA3 chimeras were mixed with RNA1 and RNAZ2 transcripts of
Fny-CMV and were inoculated to tobacco plants. Virus from
infected tobacco was inoculated to squash cotyledons. The
systemic symptoms were checked 7 dpi. RNA3 transcripts were
derived from the following plasmids to generate the correspond-
ing viruses (in parentheses): pLK-CMV3 (LK-CMV); pFny309
(Fny-CMV); pLFSal (LFSal-CMV); pFL3Sal (FLSal-CMV);
pLFNhe (LFNhe-CMV); pFLNhe (FLNhe-CMV); pLFNhe/Sal
(LFNhe/Sal-CMV); pFLNhe/Sal (FLNhe/Sal-CMV). LK-CMV
RNA3 sequences are indicated by open rectangles and Fny-CMV
RNA3 sequences are indicated by filled rectangles. The amino
acids at 3a protein positions 168, 234, 239 and 250 are indicated.

RNA silencing. Interestingly, the other chimeric LFXho-
CMYV is able to infect squash plants systemically and
induce different symptom on upper leaves from Fny-CMV.
Thus, we analyzed for this phenomenon using various
RNA3 chimeras in detail.

Pathogenicity test of chimeric RNA3. Some reports
suggest that viral proteins encoded by RNA3 of CMV are
severity and determinant symptom in various hosts (Li et
al., 2001; Palukaitis et al., 1992; Zhang et al., 1994). To
reveal viral determinant for systemic symptom of squash
plants generated by LFXho-CMV, we once synthesized
RNA3 transcript of LK-CMYV with RNAT1 and 2 transcripts

LFNhe/Sal FLNhe/Sal

Fny

F1F2L3

Fig. 5. Systemic symptoms on zucchini squash inoculated with
CMVs containing RNA3 chimeras between LK-CMV and Fny-
CMV. The used virus strains are indicated the lower or the upper
hand of each segment.

of Fny-CMYV using each full-length cDNA clones, resulting
in FIF2L3-CMV, which inoculated to zucchini squash.
Interestingly, a pseudorecombinant F1F2L3-CMV could
infect on squash plants systemically, similar to LFXho-
CMV. But wild-type LK-CMV was unable to infect squash
plant systemically (Fig. 5). Moreover, the severity of
systemic symptoms induced by F1F2L3-CMYV in squash
plants were drastically changed severe mosaic into chlorotic
spot, compared to symptom produced by Fny-CMV (Fig.
5). These results indicate that pathogenicity determinant(s)
of LK-CMYV is not located on RNA3, but on RNA1/2 or on
both RNAs in squash. However, we want to delimit which
sequences within RNA3 of LK-CMV determine the induc-
tion of a chlorotic spot symptom on systemic leaves of
zucchini squash.

We created a series of reciprocal chimeras between the
c¢DNA clones of LK-CMV RNA3 and Fny-CMV RNA3
(Fig. 4). A pair of reciprocal chimeras was constructed
using the common Sall site, 1297 nucleotides from 5' end
of LK-CMV RNA3, and 1293 nucleotides from 5' end of
Fny-CMV RNA3. In vifro transcripts of these chimeras
(LFSal and FLSal) were combined with the transcripts of
Fny RNA1 and RNA2, and then inoculated onto zucchini
squash. All of them induced a severe mosaic and stunt
symptom on the systemic leaves like Fny-CMV. It indicated
that the symptom determinant was likely to locate in MP.
Thus, we constructed a second pair of chimeras by using
the common Nhel site in 3a gene, 641 nucleotides from 5'
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end of LK-CMV RNA3, and 641 nucleotides from 5' end of
Fny-CMYV RNA3, in order to determine whether the SNCR
or the 3a gene contained the sequences eliciting the
chlorotic spot symptom. In vitro transcripts were generated
from these reciprocal RNA3 cDNA chimeras, LFNhe and
FLNhe, separately mixed together with transcripts of Fny
RNAL1 and 2, and then inoculated onto zucchini squash.
The systemic symptoms of zucchini squash infected by
either of these chimeras were indistinguishable from those
induced by Fny-CMYV, indicating that the sequenced of
symptom determinant were located between Nhel site and
Sall site of RNA3. Therefore, FLNhe/Sal and LFNhe/Sal, a
third pairs of chimeras, were constructed by exchanging
fragments of between Nhel site of 3a gene and Sall site of
CP (there is no sequence variations in the CP gene upstream
of the Sall site.) Squash plants inoculated with viruses
containing RNA3 derived from between the Nhel and Sall
sites of pLK3 and pFny309 were showed that the zucchini
squash plants infected by virus containing chimeric RNA3
of FLNhe/Sal-CMV were induced mild chlorotic symptom
that was indistinguishable from those induced by F1F2L3-
CMV (Fig. 5). Similarly, LFNhe/Sal-CMYV, chimeric virus
that contained a cDNA fragment of Fny RNA3 induced
severe symptoms on zucchini squash that were indistin-
guishable from those induced by Fny strain. RT-PCR
products representing chimeric RNA3 ¢cDNA clones were
synthesized from total RNA extracted from the infected
plants and the genotype of each of chimeras was confirmed
by sequencing. There were only three amino acids differ-
ences of amino acids encoded between the Nhel-Sall sites
of LK- and Fny-CMY, at position 234, 239, and 250 (Fig.
4). Therefore, the amino acids at position 234, 239, and 250
in the 3a protein of LK-CMV RNA3 are important for
determining symptoms of F1F2L.3- and F1F2F3-CMV on
zucchini squash.

Mutations at one or more of four positions within MP
gene of Brome mosaic virus resulted in modification of
symptom and compatibility with a new host (De Jong et al.,
1995; Fujita et al., 1996). In zucchini squash, it has been
demonstrated previously that the 3a sequences of Sny-
CMV engendered reduced virus movement in squash
cotyledons (Kaplan et al., 1997), a restriction of systemic
infection and in some cases, a hypersensitive response. In
addition, these sequences encoding at position amino acid
51 and amino acid 240 in 3a gene induced the high
accumulation of the 3a protein and enhanced distribution of
the virus in tobacco (Gal-On et al., 1996). These results
suggested the sequences encoding the two amino acid
determinants at position 51 and 240 of 3a gene for Sny
strain affected indirectly or directly play a role in virus-host
interaction(s) implicated in host range. Recently, Choi et al.
(2003a) reported that RNA2 was involved for systemic

infection of lily isolate of CMYV, and this was responsible
for the poor efficiency of virus movement.

The sequences containing the amino acid 234 in MP are
necessary for CMV movement consisting of RNA binding
domain (positions 209-236) and the sequences containing
the amino acid 239 and 250 in MP are dispensable for

- CMYV movement (positions 237-279) (Kaplan et al., 1995;

Li et al., 2001; Zhang et al., 1994). Therefore, the sequences
encoding amino acid 234 may be responsible for the
alteration of symptom in zucchini squash, via modification
of MP function(s) to promote the ability of RNA binding or
entry into vasculature for systemic infection (Itaya et al.,
2002; Li et al., 2001). A model has been proposed for the
movement of CMV RNA into sieve elements (Blackman et
al., 1998). This model suggested that the association with
RNA-MP was critical for cell-to-cell movement with the
interaction of CP. Therefore, the alteration of sequences in
MP, such as nucleic acid biding domains, seems to affect
the cell-to-cell movement, which may produce the slow and
mild symptom expression in zucchini squash.

It is of interest that how virus movement is involved in
pathogenicity connected with 3a MP to facilitate CMV
systemic symptom.
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