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Plant viruses have movement protein (MP) gene(s) essential for cell-to-cell movement in hosts. Cucumber mo-
saic virus (CMV) requires its own coat protein (CP) in addition to the MP for intercellular movement. Qur pres-
ent results using variants of both CMV and a chimeric Brome mosaic virus with the CMV MP gene revealed that
CMYV MP truncated in its C-terminal 33 amino acids has the ability to mediate viral movement independently
of CP. Coexpression of the intact and truncated CMV MPs extremely reduced movement of the chimeric vi-
ruses, suggesting that these heterogeneous CMV MPs function antagonistically. Sequential deletion analyses
of the CMV MP revealed that the dispensability of CP occurred when the C-terminal deletion ranged between 31
and 36 amino acids and that shorter deletion impaired the ability of the MP to promote viral movement. This is
the first report that a region of MP determines the requirement of CP in cell-to-cell movement of a plant virus.

Plant viruses encode proteins that control their movement
from cell to cell. These proteins are called movement proteins
(MPs) and interact with the normal symplastic connections
between plant cells, the plasmodesmata, by modifying the plas-
modesmal structure and function. Consequently, the highly
regulated passage of small molecules through plasmodesmata
is altered to allow the passage of large nucleoprotein com-
plexes containing the viral genome (8, 28).

Some viruses, including Tobacco mosaic virus (TMV) and
Red clover necrotic mosaic virus, do not require the viral coat
protein (CP) for cell-to-cell movement. The MPs of these
viruses have a nucleic acid binding activity (10, 37), and an
MP-RNA nucleoprotein complex is thought to pass through
the modified plasmodesmata to adjacent uninfected cells (8,
26). Other viruses do not move from cell to cell in the absence
of viral CP. Cauliflower mosaic virus and Cowpea mosaic virus
are known to move as virus-like particles through tubules that
pass through plasmodesmata into neighboring cells. These tu-
bules are composed of MP (40, 49). Nepo-, Tospo-, and Faba-
viruses are also thought to move similarly with the tubule-
mediated mechanism. There are viruses that are considered to
move as a nucleoprotein complex different from virus particles
despite their requirement of viral CP for cell-to-cell move-
ment. Cucumber mosaic virus (CMV) is competent to induce
tubules protruding from infected protoplasts like the viruses
that move as virus-like particles (6). Nevertheless, no such
tubules have been found in planta by electron microscopy (3),
and mutants incapable of virion formation move successfully
from cell to cell (22, 44, 46).
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CMV is the type member of the genus Cucumovirus and is
one of the most common plant viruses of substantial agricul-
tural significance. CMV infects more than 1,000 species of
plants, shrubs, and trees and both monocots and dicots (41).
The genomic RNAs of CMV are designated as RNAs 1, 2, and
3, by diminishing size (39). All the RNAs have a cap structure
at the 5’ terminus. The 3’ portion of all the RNAs is also highly
conserved in virus-specific manner and can form a tRNA-like
structure that can be aminoacylated with tyrosine. RNAs 1 and
2, encoding the 1a and 2a proteins, respectively, are involved in
viral replication (18, 36). CMV RNA 2 encodes a second pro-
tein, 2b, which is translated from a subgenomic RNA, RNA
4A, and plays a role in systemic spread of the virus and viru-
lence determination, possibly by suppressing a host RNA si-
lencing mechanism (4, 14). RNA 3 encodes two proteins dis-
pensable for viral replication in protoplasts. The 5’-proximal
open reading frame (ORF) on RNA 3 is for the 3a protein, the
MP of CMV (15). The 3'-proximal ORF is for the CP that is
translated from a subgenomic RNA 4 (5).

We have investigated viral cell-to-cell movement mediated
by the CMV MP using chimeric viruses derived from Brome
mosaic virus (BMV), the type member of the genus Bromovi-
rus. CMV and BMYV are distantly related (42) and show many
similarities, including the size and form of virus particles (24,
50), genome organizations (1, 41), and the requirement of the
CP for cell-to-cell movement (7, 43). Our previous results
indicate that the wild-type (wt) CMV MP requires its cognate
CP to mediate cell-to-cell movement of the chimeric BMV
genome (34), while the CMV MP with a deletion of its C-
terminal 33 amino acids is able to mediate the movement of
the chimeric BMV genome in the absence of the CMV CP
(35). These suggest that the truncated CMV MP is different
from the wt one in the requirement of viral CP. In this study,
the difference in the CP requirement is characterized and the
antagonism between the wt and truncated CMV MPs is tested.
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Based on the results, the role of CP in the CMV MP-mediated
viral cell-to-cell movement is discussed.

MATERIALS AND METHODS

c¢DNA clones. Plasmids pBTF1, pBTF2, and pBTF3W contain the full-length
c¢DNAs of RNAs 1, 2, and 3, respectively, of the wt BMV (the KU?2 strain) (30,
31, 32). The plasmids pT7B3CKY3 and pB3C3a247T contain the full-length
c¢DNA of chimeric BMV RNA 3 with the genes of wt and the C-terminal 33
amino acid-truncated CMV MP, respectively (35). Plasmids pCY1-T7 and
pCY2-T7 (generous gifts from S. Kuwata, Meiji University, and M. Suzuki,
Yokohama National University) and plasmid pT7CKY3 contain the full-length
c¢DNAs of CMV-Y RNAs 1, 2, and 3, respectively (35, 46).

There is a Sall site in the 5'-proximal end of the CP ORF in either BMV or
CMV. Four bases (TCGA) within the Sall site were duplicated by T4 DNA
polymerase treatment after digestion with the enzyme in order to make CP-
defective variants of CMV RNA 3 and chimeric BMV RNA 3.

The RNA 3 variants of chimeric BMV and CMV with various lengths of
C-terminal deletions of CMV MP were created by PCR-based in vitro mutagen-
esis (20). A translational stop codon, TGA, was introduced at the appropriate
positions in the subcloned 124-bp region between the two Hpal sites in the CMV
MP gene by using synthetic oligonucleotides. After we confirmed that each
nucleotide substitution was successfully introduced without any undesired mu-
tations, we used the 124-bp Hpal fragment to replace the corresponding region
in pT7B3CKY3 or pT7CKY3. Variants with the 3-amino-acid deletion from the
CMV MP C terminus were created by the mutagenesis against the 566-bp region
between the Nhel and Sall sites in pT7B3CKY3 and pT7CKY3, since the codon
encoding the amino acid 277 is overlapped with the 3’-proximal Hpal site. The
Sall site exists at the 5'-proximal end of the CP gene of either BMV or CMV as
mentioned above. After we confirmed that the mutagenesis was successfully
done, we used the Hpal-Sall fragments with the stop codon (385 bp from the
chimeric BMV RNA 3 cDNA and 472 bp from the CMV RNA 3 cDNA) to
replace the corresponding regions in pT7B3CKY3 and pT7CKY3.

The chimeric BMV RNA 3 derivatives in which the CMV MP genes are in
tandem were created as follows. First, the BMV CP gene in the Nsil/Blnl-
introduced pBTF3W (34) was replaced with the CMV MP gene from pCMP-NX
(35) as described previously (33) to create pB3(CPtoCMP). The BglIl/EcoRI
fragments of pT7B3CKY3 and pB3C3a247T were replaced with the correspond-
ing fragment containing the CMV MP gene from pB3(CPtoCMP). The resulting
plasmids were designated pB3(Cmp/Cmp) and pB3(CmpDC33/Cmp), respec-
tively. On the other hand, the 124-bp Hpal fragment in pB3(CPtoCMP) was
replaced with that from pB3C3a247T to create pB3(CPtoCMPDC33). The Bg/II/
EcoRI fragments of pT7B3CKY3 and pB3C3a247T were replaced with the
corresponding fragment containing the CMV MP gene with mutation from pB3
(CPtoCMPDC33). The resulting plasmids were designated pB3(Cmp/CmpDC33)
and pB3(CmpDC33/CmpDC33), respectively.

Inoculation of plants and protoplasts. Chenopodium quinoa plants and pro-
toplasts were inoculated with in vitro transcripts synthesized from the plasmids
by T7 RNA polymerase after linearization with appropriate restriction endonu-
clease as previously described (34). In all cases, each inoculum contained an
RNA 3 variant of CMV or chimeric BMV, together with its cognate RNAs 1 and
2. Inoculation onto Nicotiana benthamiana plants was done as described else-
where (16).

Analysis of RNA and protein. Northern, tissue-printing, and press blot hybrid-
izations were done as described previously (35). Probes used to detect BMV
RNAs (21) and CMV RNAs (35) were as described previously. The 2P radio-
active signals on the membrane were quantified with a digital radioactive imaging
analyzer (Fujix BAS 2000; Fuji Photo Film).

Electrophoresis and immunodetection of proteins extracted from protoplasts
and plant tissues were done as described previously (34, 35). Polyclonal rabbit
antiserum raised against BMV, CMV (35), or the CMV MP (a generous gift
from P. Palukaitis and 1. B. Kaplan) was used as the first antibody. The second
antibody used was alkaline phosphatase-conjugated goat anti-rabbit immuno-
globulin G.

RESULTS

The CMV MP with a deletion of the C-terminal 33 amino
acids do not require CP to mediate viral cell-to-cell movement.
Our previous results demonstrated that the wt CMV MP re-
quires its cognate CP to mediate viral cell-to-cell movement
(34). However, a chimeric BMV containing the gene of CMV
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MP from which the C-terminal 33 amino acids are deleted
(AC33-CMV MP) can move from cell to cell, although this
chimeric virus expresses the BMV CP instead of the CMV CP
(35). Also, a CMYV variant with the AC33-CMV MP gene can
move from cell to cell. Therefore, it was considered that viral
cell-to-cell movement was mediated by the AC33-CMV MP
independently of or cooperatively with either BMV CP or
CMYV CP. We first tested whether the BMV CP was required
for the movement mediated by the truncated CMV MP. The
CP-defective variant of chimeric BMV with the AC33-CMV
MP gene induced chlorotic lesions in inoculated C. quinoa
leaves. The lesions were indistinguishable from lesions induced
by the CP-intact chimeric BMV with the AC33-CMV MP gene
(Fig. 1A). Distribution of viral RNA in these leaves was ana-
lyzed by the press blot method. Although the size and number
of visible lesions were comparable between the two chimeric
viruses with the AC33-CMV MP gene (Fig. 1A and data not
shown), the CP-defective virus accumulated viral RNA to
lower level than the CP-intact virus (Fig. 1B). This is probably
due to the absence of RNA protection by the BMV CP since
the absence of CP resulted in approximately 10-fold decrease
of viral RNA accumulation in protoplasts (Fig. 2). Immunoblot
analysis with anti-BMV antiserum confirmed that the intact
BMYV CP did not accumulate either in the protoplasts or in the
leaves inoculated with the CP-defective virus (Fig. 3; data not
shown). The above results indicate that the AC33-CMV MP
functions in cell-to-cell movement of the chimeric virus inde-
pendently of the BMV CP. On the other hand, a CP-defective
variant, as well as a CP-intact variant, of the chimeric BMV
with the wt-CMV MP gene did not induce lesions in the inoc-
ulated C. quinoa leaves (data not shown). No viral RNA ac-
cumulation was detected in these leaves (Fig. 1B). However,
viral RNA accumulated in protoplasts infected by either CP-
intact or -defective variant to the level comparable to the
corresponding variants of the chimeric BMV with the AC33-
CMV MP gene (Fig. 2). Thus, it was confirmed that the wt-
CMYV MP alone does not function in cell-to-cell movement of
the chimeric BMV genome.

Next, to investigate whether the AC33-CMV MP requires
CMV CP in CMV movement, a frameshift mutation was in-
troduced into the CP gene of a CMV variant harboring the
AC33-CMV MP gene that is able to move from cell to cell (35).
The CP-defective CMV variant with the AC33-CMV MP gene
induced necrotic lesions on the inoculated leaves (Fig. 4A).
The size of lesions induced by the CP-defective variant was
slightly larger than that by the CP-intact variant; the former
was approximately 0.5 to 1.3 mm and the latter was 0.3 to 0.7
mm in diameter at 7 days postinoculation (p.i.). Viral RNA in
these leaves was detected by press-blot analysis (Fig. 4B). On
the other hand, when the same frameshift mutation was intro-
duced into the CP gene of wt-CMV, the CP-defective CMV
did not move from cell to cell (Fig. 4B) as reported previously
(7, 46). Immunoblot analysis with anti-CMV antiserum con-
firmed that no intact CMV CP accumulated in the protoplasts
inoculated with these CP-defective variants (Fig. 3). The re-
sults demonstrated that CMV CP was dispensable for cell-to-
cell movement of the CMV variant with AC33-CMV MP gene.
The CP-defective variant accumulated viral RNA in infected
C. quinoa protoplasts, although the accumulation level was
lower than from the variant with the intact CP gene (Fig. 5).
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FIG. 1. The ability of wt- and AC33-CMV MPs to mediate cell-to-cell movement of chimeric BMV with or without expression of BMV CP in
C. quinoa leaves. (A) Symptom induced by the chimeric BMV variants with the gene of AC33-CMV MP in the presence (+) or the absence (—)
of BMV CP expression at 7 days p.i. (B) Press blotting analysis of C. quinoa leaves inoculated with chimeric BMV variants at 7 days p.i. Viral RNA
was detected by using a probe specific for the conserved 3" sequence of BMV RNAs. wt and AC33 denote the chimeric BMV variants harboring
the corresponding MP gene. + and — denote the variants that expressed and did not express BMV CP, respectively.

Further, the CP-intact or the CP-defective variant of CMV
with the AC33-CMV MP gene was tested for the ability to
systemically infect a host by analyzing viral RNA distribution in
N. benthamiana plants with the tissue-printing hybridization
technique. The CP-intact variant systemically infected the
plants while the infection by the CP-defective variant was lim-
ited to the inoculated leaves (data not shown), indicating that
the AC33-CMV MP is able to mediate viral systemic move-
ment, while the CP is necessary for the systemic but not for the
cell-to-cell movement.

Antagonism between the AC33- and wt-CMV MPs. To test
whether the AC33-CMV MP is antagonistic to the wt-CMV
MP, chimeric BMV RNA3 variants with two MP genes, each in
the position of the MP and CP ORFs, were constructed so that
the variants could express both wt and AC33-CMV MPs from
either the MP or the CP OREF of the viral genome (Fig. 6B and

C). Similar variants having two copies of the wt or the AC33-
CMV MP gene were also constructed as controls (Fig. 6A and
D). The resulting four variants were tested for their ability to
move from cell to cell in C. quinoa leaves. If the antagonism
occurred between the two MPs, the movement of the chimeric
viruses with the heterogeneous CMV MP genes should be
suppressed. We repeated these experiments three times with
four inoculated leaves in every experiment, and highly repro-
ducible results were obtained. One of the chimeric BMV vari-
ants in which the AC33-CMV MP and wt- CMV MP genes lay
at the position of MP and CP genes, respectively, induced two
to six lesions in every inoculated leaf (Fig. 6C). The other
chimeric BMV variant in which the two CMV MP genes lay at
the reverse position induced no symptoms (Fig. 6B). On the
other hand, a chimeric BMV variant with two AC33-CMV MP
genes induced more than 50 lesions in every inoculated leaf,
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FIG. 2. Northern hybridization analysis of C. quinoa protoplasts
inoculated with the chimeric BMV variants using a probe specific for
the conserved 3’ sequence of BMV RNAs. Total RNA was extracted
at 24 hours p.i. and analyzed. The positions of the chimeric BMV
genomic and subgenomic RNAs are indicated on the right. M, mock.
For other symbols, refer to the legend of Fig. 1.

while another chimeric BMV variant with two wt-CMV MP
genes induced no symptoms (Fig. 6A and D). Since a visible
local lesion requires infection of many cells by invading virus
(43), the symptomatic results are most likely to reflect the
ability of the variants to move from cell to cell, although we
failed to detect viral RNA accumulation in these infected
leaves by press blot hybridization (data not shown). Thus, these
results suggest that viral movement is strongly suppressed by
coexpression of wt- and AC33-CMV MPs. Similar level of
replication of the variants and the translation of MPs from the
replaced ORFs were confirmed by protoplast infection (Fig. 7).
Therefore, we concluded that the antagonism occurred be-
tween the wt- and AC33-CMV MPs.

The translation products from RNA 4 accumulated to a
higher level than those from RNA 3 in protoplasts infected
with the variants having the heterogeneous set of CMV MP
genes (Fig. 7B, lanes 2 and 3). The difference in the ability to
induce lesions between the variants having the heterogeneous
set of CMV MP genes might be due to the timing lag of protein
expression. To test this possibility, the accumulation kinetics of
the MPs was examined in infected protoplasts every hour. MPs
translated from RNA 3 or RNA 4 were detectable at 8 h p.i.
and later (data not shown). We, thus, failed to detect difference
in the timing of translation due to the genetic position of the
two MP genes.

Mapping of the domain involved in the CP requirement for
viral cell-to-cell movement. The C-terminal 33-amino-acid re-
gion of CMV MP was predicted to be divided into three parts
based on the analysis by the method of Chou and Fasman (9)
(data not shown). From the prediction, a stop codon was in-
troduced into the CMV MP gene in both CMV RNA 3 and the
chimeric BMV RNA 3 with the CMV MP gene to create RNA
3 derivatives that express truncated CMV MP with deletions of
10, 19, and 25 amino acids from its C terminus. Northern
hybridization analysis of infected protoplasts revealed that
these variants accumulated progeny RNAs in C. quinoa pro-
toplasts (data not shown). However, when inoculated onto
C. quinoa plants, neither CMV nor the chimeric BMV variants
induced local lesions (Table 1). No accumulation of viral RNA
was detected in these leaves by press blotting hybridization
analyses (Table 1). The results did not change even when the
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concentration of these inocula increased up to threefold (data
not shown). The failure of the CMV variants, as well as of the
chimeric BMV variants, to move from cell to cell suggests that
the C-terminal deletions of 10, 19, and 25 amino acids abolish
the ability of the CMV MP to mediate viral cell-to-cell move-
ment, although the AC33-CMV MP promotes the movement.

To delimit the CMV MP regions involved in virus move-
ment, more CMYV variants with various sizes of the C-terminal
deletion in the CMV MP were created (Table 1). These vari-
ants all replicated similarly in C. quinoa protoplasts (data not
shown). The ability of the variants to move from cell to cell and
to induce local lesions is summarized in Table 1. In short,
CMYV variants moved from cell to cell if the C-terminal dele-
tion in CMV MP was from 33 to 36 amino acids, although the
degrees of movement were distinctive. When 31 or 32 amino
acids were deleted, a few local lesions were occasionally in-
duced in the inoculated leaves, although viral RNA was not
detected by press blotting analysis. Longer and shorter C-
terminal deletions abolished viral movement. It is noteworthy
that the function of CMV MP to mediate viral cell-to-cell
movement was abolished when only three amino acids were
deleted from its C terminus. A movement-incapable CMV
variant with the C-terminal deletion of 43 amino acids corre-
sponds to a CMV mutant that infects tobacco plants systemi-
cally (23). To test this, a CMV variant was created by the
manner identical to that for Kaplan’s mutant. This variant,
however, did not move from cell to cell and did not induce any
symptom in C. quinoa plants (data not shown).

The ability of the CMV MP with the various sizes of C-
terminal deletion to mediate cell-to-cell movement was also
tested in chimeric BMV. As with CMV variants, the chimeric
BMYV variants with the gene of truncated CMV MP moved
from cell to cell and induced local lesions in the inoculated
leaves when the C-terminal deletion was from 33 to 36 amino

BMV CMV
AC33 wt AC33 cCcmMVMP
+ - + - + - CP

Genome

x
7}
(<]

=

CMV CP
BMV CP

FIG. 3. Immunodetection of the CP of BMV and of CMV in in-
fected C. quinoa protoplasts at 24 hours p.i. BMV and CMV denote
the genomic background of RNA3 from which CMV MP was ex-
pressed. The positions of the CPs of CMV and BMV are indicated on
the right. For other symbols, refer to the legend of Fig. 1.
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FIG. 4. The ability of wt- and AC33-CMV MPs to mediate cell-to-cell movement of CMV with or without expression of CP in C. quinoa leaves.
(A) Symptom induced by the CMV variants with the AC33-MP gene in the presence (+) or the absence (—) of CP expression at 7 days p.i. (B)
Press blotting analysis of C. quinoa leaves inoculated with CMV variants at 7 days p.i. Viral RNA was detected by using a probe specific for the
conserved 3’ sequence of CMV RNAs. For other symbols, refer to the legend of Fig. 1.

acids, although the degrees of movement were distinctive (Ta-
ble 1). In contrast to the case of CMV, however, the chimeric
BMYV with a deletion of either 31 or 32 amino acids in the
CMV MP C terminus induced no symptom, but press blotting
analyses of the inoculated leaves showed accumulation and
unusual distribution of viral RNA. The shape of RNA signals
reproducibly looked like a trail of a comet (data not shown).
The difference in the shape of signals should reflect the differ-
ence in the localization of virus RNA. Further studies are
required to determine the distribution of these variants. The
chimeric BMV variants competent for cell-to-cell movement
had the CP gene of BMV but not of CMV, suggesting that the
CMV MP with C-terminal deletion ranging from 31 to 36
amino acids can promote viral cell-to-cell movement indepen-

dently of viral CP. The independence from CP of viral move-
ment mediated by the CMV MP with those C-terminal dele-
tions was further confirmed by the ability of the CP-defective
CMYV variants to move from cell to cell and to induce lesions
in the inoculated leaves (Table 2). Although viral RNA was not
detected in the leaves inoculated with the CP-defective CMV
variants having a deletion of 31 or 32 amino acids in the C
terminus of the MP, local lesions with pinpoint size were in-
duced on the inoculated leaves (data not shown).

DISCUSSION

This study demonstrates that the CMV MP truncated in its
C terminus can promote viral cell-to-cell movement indepen-
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FIG. 5. Northern hybridization analysis of C. quinoa protoplasts
inoculated with the CMV variants using a probe specific for the con-
served 3’ sequence of CMV RNAs. Total RNA was extracted at 24
hours p.i. and analyzed. Positions of CMV genomic and subgenomic
RNAs are indicated on the right. The bands with no indication are like-
ly RNA 4A. M, mock. For other symbols, refer to the legend of Fig. 1.

dently of CP. The CP-independent viral movement occurs
when the deletion length was within 31 to 36 amino acids. To
our knowledge, this is the first report to show a region of MP
that determines the requirement of CP in cell-to-cell move-
ment of a plant virus.

The functions of CMV MP have been compared with those
of TMV MP, the best-characterized virus MP. The two MPs
share the abilities to (i) traffic through plasmodesmata (19, 48),
(ii) increase plasmodesmal size exclusion limit (15, 48), (iii)
bind single-stranded nucleic acids in vitro (10, 27), and (iv)
complement their respective movement-deficient mutants (13,
23). In contrast to these similarities, CMV MP cannot promote
viral cell-to-cell movement without its cognate CP, although
TMV MP can. Replacement of both MP and CP genes is
required to make a movement-competent chimeric virus with
wt-CMV MP gene (34). In contrast, movement-competent chi-
meric viruses can be made by replacing the MP gene with that
of TMV in dianthovirus and hordeivirus (17, 45). In addition,
CMV MP expressed in transgenic plants cannot promote a
movement-defective variant of TMV (12). These indicate that
the wt-CMV MP lacks one or more functions in the absence of
the CMV CP compared with the TMV MP.

As shown in this study, CMV MP comes to promote cell-to-
cell movement of CMV and chimeric BMV independently of
viral CP by deletion of the C terminus. This suggests that the
truncated CMV MP is comparable to TMV MP in the inde-
pendence of CP in movement function. However, the C-ter-
minal region of the MP is conserved among all strains of CMV
whose sequences have been published to date in the Gene-
Bank, EMBL, and DDBJ databases. This suggests that the
C-terminal region has a biological significance necessary for
the CMV life cycle. Indeed, a CMV variant with AC33-CMV
MP gene does not move as efficiently as wt-CMV (35).

On the other hand, we have reported that a chimeric BMV
with the AC33-CMV MP gene moves efficiently to induce chlo-
rotic lesions comparably to wt BMV in their size and number
(34) and that another chimeric BMV with both the CMV MP
and CP genes moves less efficiently than wt BMV (35). In
addition, when the BMV MP and CP genes were replaced with
the AC33-CMV MP and CMV CP genes, respectively, the
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resulting chimeric BMV moved more efficiently than the chi-
meric BMV with wt-CMV MP and CMV CP (unpublished
results). These results indicate that AC33-CMV MP can pro-
mote more cell-to-cell movement of the chimeric BMV ge-
nome than CMV movement equipment composed of wt-CMV
MP and CP. Therefore, the two kinds of CMV equipment for
cell-to-cell movement different in regard to the involvement of
the CP show different specialties with respect to the genomes
of CMV and chimeric BMV.

It is known that a nonfunctional MP expressed in transgenic
plants confers resistance to multiple viruses by inhibiting their
cell-to-cell movement (2, 11, 25, 29). The inhibitory effect on
virus movement has been considered due to antagonism be-
tween competent and incompetent MPs. The chimeric BMV
variants containing both wt- and AC33-CMV MP genes were
remarkably inferior in cell-to-cell movement to the variant
containing two AC33-CMV MP genes. This suggests antago-
nism between wt- and AC33-CMV MPs. Therefore, it is most
likely that these MPs share common functions, although the

A wt wt

B wt AC33
T H 1

C AC33 wt D AC33 AC33

T H 1

FIG. 6. Symptoms on C. quinoa leaves inoculated with the chimeric
BMV variants with two CMV MP genes in RNA 3. Photographs were
taken at 7 days p.i. The combinations of the CMV MPs in the inocu-
lated chimeric RNA 3’s are wt-wt (A), wt-AC33 (B), AC33-wt (C), and
AC33-AC33 (D), respectively. Schematic diagrams of the inocula are
shown above the photographs. Lines, noncoding regions derived from
BMYV RNA 3. Open boxes, wt-CMV MP gene; boxes with closed area,
AC33-CMV MP gene.
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FIG. 7. Protoplast infection of the chimeric BMV variants with two CMV MP genes in RNA 3. (A) Northern hybridization analysis at 24 hours
p-i. using a probe specific for the conserved 3’ sequence of BMV RNAs. Positions of the chimeric BMV genomic and subgenomic RNAs are
indicated on the right. Since these variants have no CP gene, strong signals near the bottom in each lane are considered as degraded viral RNA.
(B) Immunodetection of the wt- and AC33-CMV MP at 24 h p.i. Positions of those proteins are indicated on the right. The combinations of CMV
MP genes in the chimeric RNA 3s are wt-wt (lane 1), wt-AC33 (lane 2), AC33-wt (lane 3), and AC33-AC33 (lane 4). For easy visualization of these
inocula, see the schematic diagrams in Fig. 6. M, mock. For symbols, refer to the legend of Fig. 1.

wt-CMV MP is dominant negative in the absence of the CMV
CP.

Sequential deletion analysis of the CMV MP C terminus
revealed that the CMV MPs with truncation ranging from 31 to
36 amino acids are able to promote viral movement indepen-
dently of viral CP. The wt-CMV MP is also able to promote
viral movement in the presence of the CMV CP. However, the
C-terminal deletion of fewer than 31 amino acids abolishes the
ability of the CMV MP to mediate viral movement even in the

TABLE 1. Ability of wt and truncated CMV MPs to promote viral
movement in inoculated leaves of C. quinoa

No. of deleted
amino acids from
the CMV MP
C terminus

0 (wt)
3

CMV Chimeric BMV

Symptom  Distribution of

Symptom  Distribution of
induction”  viral RNA?

induction®  viral RNA?

+++

Lol+ 4 I+
L+ ++ 1
I+ + o+ 41

presence of the CMV CP. These results indicate that the CP
requirement in cell-to-cell movement of CMV is conferred by
the C terminus of the MP and, further, that the participation of
the CP in cell-to-cell movement is regulated in a highly com-
plicated manner. A similar complex relationship between the
size of C-terminal deletion and the competence of the MP to
promote viral movement has been observed in the MP of
Cowpea chlorotic mottle virus, a member of the genus Bromo-
virus (38). The existence of CP affects the movement, although
this virus does not require the CP for cell-to-cell movement.
The complicated results from the sequential deletion analysis
may suggest that the C terminus of MP of these viruses affects
the conformation of the protein.

Deletion of the C-terminal three amino acids in CMV MP is
sufficient to impair viral movement. This suggests that the
full-length C terminus is required to mediate viral cell-to-cell
movement in a movement mechanism supported with CMV
CP. Similarly, the MP of Alfalfa mosaic virus (AIMV), a mem-

TABLE 2. Ability of truncated CMV MP to mediate viral
movement in C. gquinoa in the absence of CMV CP

Local lesion induction

No. of deleted RNA
amino acids No. Avg diam” distribution®
(mm) *= SD
36 +++ 0.95 £ 0.15 +
35 ++ 0.60 = 0.10 +
34 ++++ 1.45 = 0.85 +
33 +++ 2.00 = 1.00 +
32 + 0.45 = 0.10 -
31 ++ 0.55 = 0.15 —

“ Symptom induction was estimated from the results of three independent
experiments and scored as follows: ++++, >50; +++, 21 to 50; ++, 11 to 20;
and +, 1 to 10 (lesions per leaf induced on average). —, no lesion appeared; *,
A few lesions appeared in one or two experiments.

? RNA distribution was estimated from press blotting hybridization of three
independent experiments. + and — indicate detection and no detection of viral
RNA, respectively. =, viral RNA was successfully detected but in an unusual
fashion.

“The number of local lesions was estimated from the results of three inde-
pendent experiments and was scored as follows: ++++, >50; +++, 21 to 50;
++, 11 to 20; and +, 1 to 10 (lesions per leaf induced on average).

b Average diameter of local lesions with the standard deviation from the
results of three independent experiments.

¢ RNA distribution was estimated from press blotting hybridization of three
independent experiments; + and — indicate detection and no detection of viral
RNA, respectively.
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ber of the genus Alfamovirus belonging to the family Bromo-
viridae, is rendered nonfunctional by a deletion of the C-ter-
minal three amino acids (47). AIMV is considered to move as
virus-like particles via tubular structure, and a similar C-ter-
minal deletion interfered with tubule formation by the MP
(51). While the CMV MP also has an ability to induce tubules
on the surface of infected protoplasts, a mutation impairing the
ability to assemble tubules does not affect the systemic spread
of CMV in tobacco and N. benthamiana (6). Therefore, al-
though it is uncertain whether the C-terminal deletion of the
CMV MP impairs the ability for the tubule formation, it is not
likely that the impaired ability to assemble tubules affects the
local spread mediated by the CMV MP.

Our results reveal that the C-terminal deletion more than 37
amino acids impairs the ability of the CMV MP to promote
viral movement as well as local lesion induction. Kaplan et al.
(23) have reported a CMV mutant with the C-terminal dele-
tion of 43 amino acids in the MP that infects tobacco system-
ically. The mutation was maintained in the progeny virus in the
systemically infected leaves. To the contrary, our correspond-
ing variant of CMV constructed identically with the previous
report of Kaplan et al. (23) did not move from cell to cell. The
reason for the different results is not clear, although the CMV
strains used in these studies are not identical. Since a variant of
chimeric BMV with the gene of the CMV MP truncated in its
C-terminal 43 amino acids is also unable to move from cell to
cell, 1-amino-acid difference in the sequence of the truncated
CMV MP might cause the different results. Alternatively, there
might be a second-site mutation in the movement-competent
CMV mutant.

Coexistence of the CMV CP with the CMV MP can mediate
the cell-to-cell movement of heterogeneous as well as homo-
geneous viral genomes (34). As discussed above, the wt-CMV
MP alone is considered nonfunctional. However, it is sug-
gested that the MP itself and/or the putative MP-viral RNA
complex are altered by the existence of the CP, although the
mechanism remains unclear. A likely possibility is that the
CMV CP interacts with the wt-CMV MP. The interaction
might be mediated by the C terminus of the wt-CMV MP.
However, our preliminary study on the interaction between
these proteins in vitro failed to detect the binding of CP to the
C terminus of the CMV MP (unpublished data). Further ex-
periments are needed to clarify how the CP is involved in CMV
movement.

Since a positive correlation has been seen between viral
movement and the induction of local lesions in C. quinoa
leaves, the lesions appearing on the leaves should reflect
viral cell-to-cell movement and amplification (references 34,
35, and 43 and the present study). The local lesions also
appear on the leaves inoculated with either CMV or chi-
meric BMV variants that did not express viral CP (Fig. 1, 4,
and 7). This indicates that the CPs of BMV and CMV are
dispensable for local lesion induction in C. quinoa. Similar
observations have been reported in necrotic reaction in C.
amalanticolor, in which viral movement from initially in-
fected epidermal cells, and not the simultaneous expression
of the MP and the CP of CMV in the cells, is required for
the induction of cell death (6).
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