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Tobamovirus and Dianthovirus Movement Proteins Are Functionally Homologous
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The movement proteins {(MPs) of tobacco mosaic tabamovirus (TMV) and red clover necrotic mosaic dianthovirus (RCNMVY)
enlarge plasmodesmata size exciusion limits, transport RNA from cell to cell, and bind nucleic acids in vitro. Despite these
functionaf similarities, they have no sequence homoiogy. However, they do appear to have simifar secondary structures.
We have used transgenic plants expressing either the TMV MP or the RCNMV MP, and a chimeric TMV that encodes the
RCNMY MP as its only functional MP gene, 1o demonstrate that the MPs of TMV and RCNMV are functionally homotogous.
Further, both TMV and RCNMV can act as helper viruses to allow the cell-to-cell movement of the heterologous movement-
defective viruses. These data support the conclusion that, despite other differences, such as particle morphology, host

range, and sequence, TMY and RCNMY share a common mechanism for cefi-to-cell movement.

INTRGDUCTION

The initial entry and replication of a plant virus in a
susceptible host are foliowed by movement of progeny
virus into adjacent uninfected cells, an active process
that is necessary for spread of infection. Movement of
virus progeny from celi to cell occurs through plasmodes-
mata, membrane-lined channels that traverse the plant
cell wall, and requires virus-encoded mavement proteing
(MPs) (reviewed by Hull, 1989; Atabekov and Taliansky,
1990; Maule, 1991; Deom ef af, 1992). Although MPs
have been identified in a number of different RNA and
DNA plant viruses, the mechanisms invelved in celi-to-
celi movement are still largely unknown. Several func-
tions have been attributed to viral MPs, most notably
those encoded by the single-siranded, positive-sense
RNA viruses, tobacco mosaic tebamovirus {(TMV) and red
clover necrotic mosaic dianthovirus (RCNMV), Both the
30-kDa TMV MP and the 35-kDa RCNMV MP have been
shown 1o increase plasmodesmaial size exciusion limits,
to transport RNA from cell to celt through plasmodes-
mata, and to bind singie-stranded nucteic acids /n vitro
{(Wolf et al, 1989; Citovsky sf al, 1990, 1992; Osman et
al, 1992, Giesman-Cockmeyer and Lommel, 1993; Fuji-
wara et al,, 1993). These two MPs appear to function in a
similar manner, but they share litlle sequence homoleogy.
However, secondary structural analysis suggests that
they do share several structural features, including a turn
domain, flanked by two hydrophobic regions, near the
amino-termini, and a hydrophilic domain at the carboxy-
termini {(Kendall and Lommel, 1992).
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At this time, there appear (0 be at least twao distinct
mechanisms for cell-to-cell movement: one that is depen-
dent on the viral capsid protein {CP) and cne that is
not {Maule, 1991; Deom et a/, 1992). Though these two
mechanisms appear to possess distinct features, the
ability of distantly related viruses to complement one
another's cell-io-cell movement function in nonhost
plants suggests that their MPs may also share certain
mechanistic features, such as interacting with host pro-
ieins and/or viral nucleic acids {Atabekov and Taliansky,
1990). Neither TMV nor RCNMV requires CP for cell-to-
cell movement, but these two viruses do differ in terms
of particle morphology, host range, genetic organization,
and gene expression sirategies.

The RCNMV genome is bipartite, composed of 3.98-
and 1.5-kb RNAs. The larger of the two RNAs, RNA-1,
encodes the viral polymerase and capsid proteins and
replicates independently in pretoplasts {Osman and
Buck, 1987; Paje-Manalo and Lommel, 1989). The smaller
RNA, RNA-2, is monocistronic and encodes the viral MP.
TMV, in contrast, has a single RNA genome of approxi-
mately 6.4 kb that encodes the polymerase, movement,
and capsid proteins (Fig. 1).

We were interested in determining whether the MPs
of TMV and RCNMV are functionally homologous, despite
their lack of sequence homology. We have used several
appreaches, including complementation of movement-
defective viruses by MFP genes expressed in transgenic
plants, the creation of a chimeric virus in which the TMV
MP gene is replaced by the RCNMV MP gene, and, fi-
rially, helper virus complementation of movement-defec-
tive viruses. In allt of these experiments, the MPs of TMV
and RCNMV were able to provide cell-tc-cell movement
function to the heterologous {but movement-defective)
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virus, demonstrating their functicnal equivalence. These
data support the findings of secondary structural analy-
ses (Kendalt and Lommel, 1992) and also suggest that
despite other differences, such as particie morphology
and host range, TMV and RCNMV share a common
mechanism for cell-ta-cell mgvement,

MATERIALS AND METHODS
Plant transformations

The TMV and RCNMV MP genes were introduced into
Nicotiana benthamiana plants by Agrobacterium tumefa-
ciens-mediated gene transfer as previously described
(Horsch eral, 1985; Deom et al, 1987}, Transgenic plants
expressing the MP genes were selfed and the resulting
R; seeds were germinated and used in all experiments.
For transgenic plants expressing the TMVY MP gene, TMV
MP(+) plants, expression levels were determined by
Western blot analysis (see below).

RNA and virus inoculations

TMV-U1 (common strain) and U3/12MPfs, a mutant
strain of TMV that expresses a dysfunctional MP {Helt
and Beachy, 1991}, were propagated in Nicotiana taba-
cum cv. Xanthi and TMV MP{+) N. tabacum cv. Xanthi,
respectively (Deom et al, 1994). Tobamoviruses were
purified according to Gooding and Hiebert (1967). U3/
12MPfs, hereafter designated TMV-MPfs, expresses a
truncated MP 82 amino acids in length and fails to move
from cell to cell {Holt and Beachy, 1991}, Where indicated,
TMV or TMV-MPfs were dituted t¢ 20 pg/ml in 20 mAM
sodium phesphate buffer, pH 7.0, and inoculated onto
Carborundum-dusted leaves (Takahashi, 1956). Infec-
tious transcripts from full-length TMY or chimeric TMV
cDNA clenes were synthesized /n vitro as described
(Deom et af,, 1994),

RCNMV-infected tissue was ground in a mortar and
pestie in 20 mAM sodium phosphate buffer, pH 7.0, con-
taining Celite and used as inoculum either alone or in
the presence of 20 pg/mi of TMYV-MPfs. RCNMY RNA-
1 was transcribed from a Smal linearized template as
previously described (Xiong and Lommel, 1981; Gies-
man-Coockmeyer and Lommel, 1893). RNA from a 300-g!
reaction mix was diluted in GKP buffer (80 mM glycine,
30 mM KHPO,, pH 9.2, 1% Bentonite, 1% Celite} and
used to inoculate a total ot four leaves on two N ben-
thamiana cr N. tabacum cv. Xanthi plants.

Northern blot analyses

Total RNA from infected tissue was prepared for North-
ern blot analysis as described previously (Giesman-
Cockmeyer and Lommel, 1993). Blots were hybridized
with DNA fragments nick translated in the presence of
[a-P]dCTP (Maniatis et a, 1982). To detect the pres-
ence of the TMV MP gene, a 0.6-kb Hind\W - Cial fragment

or a 0.3-kb Bg/ll-Pwvull fragment was isclated from a
clone of the 3" half of TMV {pT3NA; Deom ef a/, 1994).
Similarly, a 0.5-kb Clal-3Sacl fragment was isolated from
pT3NA and used to detect the TMV CP gene. For RCNMYVY,
a 0.9-kb Neol-Xbal fragment isolated from pRC2IG-
B'Nco (Giesman-Cookmeyar and Lommel, 1993} was
used to detect the RCNMV MP gene and a 1.4-kb BamHl
fragment from pRC1IIG (Xiong and Lommel, 1831} was
used to detect the RCNMY CP gene. Before electrophore-
sis, ANAS were denatured for 1 min at 65° in RNA buffer
(0.5 ml deionized formamide, 0.17 ml 37% formaldehyde,
0.5 mi 8 M urea, .15 ml 0.5 M EDTA, pH 8.0, 0.25%
bromophenal blue, 0.26% xylene cyanol), Agarose gels
(1%) were subjected 1o electrophoresis at 40 mA for 1.5
hr. Gels were blotted onto nylon membranes (MSI, West-
boro, MA) in 20x S5C overnight and dried in vacuo for
2 hr at 80°.

Western blot analyses

Fully expanded leaf tigsue (200 pg fresh weight) was
ground n 1.5-ml microfuge tubes with fitted pestles in 2
vol of ice-cold grinding buffer (100 mAM Tris—HCI, pH 8.0,
10 mM EDTA, pH 8.0, 5 mM DTT). The homogenates
were centrifuged at 15,000 g for 5 min to cbtain a crude
celi-wall pellet. The crude cell-wall fraction was sus-
pended in 2 vol of sample buffer {Laemmli, 1870}, boiled
for 3 min, and centrifuged at 15,000 g for 6 min. The
supernatant was analyzed for TMY MP, For detection of
TMY CP in transgenic A. benthamiana plants expressing
the RCNMV-MP and inoculated with TMV-MPis or TMV,
leaf tissue (200—-300 pg fresh weight} was ground In 1
vol of sample buffer and the homogenates were centri-
fuged at 10,000 g for 5 min. Supernatanis were separated
by sodium dodecyl sulfate {SDS)—polvacrylamide get
electrophoresis in 12.5% gels and blotted onto nitrocellu-
lose (Deom et &/, 1987). The TMV MP, TMV CP, and
RCNMV MP were detected using rabbit anti-TMV MP,
rabbit ant-TMV CP, or rabbit anti-RCNMV MP polyclonal
antisera, respectively. Goat anti-rabbit polycional anti-
serum, conjugated with alkaline phosphatase, was
used as the secondary antibody for visualization (Pro-
mega, Madison, WI, and Sigma Immunochemicals, St.
Louis, MQ).

Generation of a chimeric TMV containing the RCNMV
MP gene

A chimeric TMV was created by substituting the
RCNMV MP gene far a portion of the TMV MP gene.
The RCNMV MP gene plus 200 nucleotides of the 3’
untranslated region was excised from pRC2IG-5'Nco by
digestion with Ncol. The 3' recessed ends were filled
in with the Klenow fragment of Escherichia coli DNA
polymerase | and deoxynucleotides (Maniatis et al,
1982), and the DNA fragment was ligaied into the EcoRV
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FIG. 1. Schematic diagram showing construction of pTRCM. The full-
length ¢DNA of the TMV genomic RNA, pTMV, and darivatives are
under the transcriptional contrel of the T7 promoter. pTMVAM-RY has
been described (Gafny et a/, 1992) and is discussed under Materials
and Methods. The modified MP gene of pTMVAM-RV is shown. pTRCM
was constructed by inserting the RCNMY MP gene cDNA, plus 3'
flanking sequences, into the EcoRV site in pTMVAM-RV. Locations of
the QAS, origin of assembly site, and the coat protein subgenamic
promoter, CPSGP, are indicated. Numbers below the diagrams desig-
nate wild-type TMV nucleotide positions, while numbers above the
diagrams indicate RCNMV RNA-2 nuclectide positions. Black boxes
represent TMV sequences, open boxes represent TMV MP gene se-
quences, open hatched boxes represent the RCNMV MP gene, and
stippled boxes represent RCNMV untransiated nucleotide sequences
that flank the 3" terminus of the RCNMV MP gene.

site of pTMVAM-RV to ¢reate pTRCM (Fig. 1). pTMVAM-
RV is a TMV expression vector that has most of the &'
half of the MP gene sequence deleted (nucteotides
4924-56401), an EcoRV cloning site, and a modified start
codon (ATG — ACG) (Fig. 1). Transcripts from pTMVAM-
RV replicate only in initially infected cells and fail to move
from cell to cell (Gafny et al, 1992).

RESULTS

Generation and characterization of transgenic
N. benthamiana plants expressing the TMY MP

Transgenic N. benthamiana plants expressing the TMV
MP gene, under the transcriptional control of the cauli-
flower mosaic virus 363 promoter, were regenerated via
Agrobacterium-mediated  teaf disc  transformation
(Horsch et &/, 1985; Deom et a/, 1987). Nina transgenic
plant lines {R, seedlings) were analyzed by Western blot
analysis and found to express the TMV MP gene (data
not shown). Transgenic plant lines Npb11 and Nb16 ex-
pressed high levels of TMV MP, relative to the other
seven lines, and were chosen for further study. The seg-
regation ratio of R1 seedlings from line Nb11 wag 15
{MP(+}1:1 [MP(=]] and from line Nb1% was 3 [MP(4)]:1
[MP(--1], indicating that the MP gene was expressed from
either two loci {Nb11) or a single locus (Nb156}. Western
blot analysis indicated that the MP synthesized in
transgenic TMV MP(+) N. benthamiana plants comi-
grated with the TMV MP produced in transgenic TMV

MP(+) tobacco (N. tabacum cv. Xanthi line 277, Deom
et al, 1987), as well as MP produced in untransformed
tobacco and N. benthamiana plants infected with TMV
{data not shown).

Experiments were undertaken to detetrmine if
transgenic TMV MP(+) Nb15 plants would complement a
TMV MP mutant, TMV-MPfs, which contains a frameshift
mutation in the MP gane. TMV-MPfs is defective in cell-
to-cell movement, but replicates as well as wild-type TMV
in infected tobacco leaves (Holt and Beachy, 1981). Simi-
lar frameshift mutants in the MP gene of TMV-L have
been shown to replicate normally in tobacco protoplasts
(Meshi et al., 1987)}. Seedlings of untransformed N. ben-
thamiana and transgenic TMV MP(+) Nb15 were inocu-
lated with TMV or TMV-MPfs. Disease induced by TMV
in N. bentharniana plants and transgenic TMV MP(+)
Nb15 plants was identical both in the rate at which it
developed and in symptom severity. Typical sysiemic
symptoms, vein clearing and leaf yellowing, appeared at
4 days postinoculation (dpi) and were severe by 6 to 9
dpi. M. benthamiana plants infected with TMV exhibited
severe stunting and developed stem necrosis, followed
by wilting and death, by 12 to 14 dpi {Fig. 2, plant D).
Similarly, systemic symptoms appeared at 4 dpi on
transgenic TMV MP{-+) Nb15 plants inoculated with TMV-
MPfs and were severe at 10 to 14 dpi. Transgenic TMV
MP(+) Nb15 plants inoculated with TMV-MPfs were se-
verely stunted and eventually developed stem necrosis,
followed by wilting and death at 18 1o 21 dpi (Fig. 2, plant
E). As expected, no disease sympioms were observed
in mock-inoculated N. benthamiana (Fig. 2, plant A), in
mock-inoculated Nb1b plants (Fig. 2, plant C), in untrans-
formed N. benthamiana inoculated with TMV-MPfs (Fig.
2, plant B), or in Nb1b plants that segregated MP(—)
inoculated with TMV-MPfs (data not shown). Also, no
virus was detected in extracts from inoculated leaves
either by Western blot analysis for TMV CP or by infectiv-
ity assays on hypersensitive tobacco (N tabacum cv.
Xanthi NN) (data not shown). To confirm that disease
symptoms observed on transgenic TMV MP{+} Nb15
piants inoculated with TMV-MPfs did not result from con-
tamination with wild-type TMV, extracts from inoculated
and uninoculated infected leaves were inoculated onto
two hypersensitive tobacco lines, N, tabacum cv. Xanthi
NN and transgenic TMV MP{+) N. tabacum cv. Xanthi
NN {Deom et al, 1991). Transgenic TMV MP(+) hyper-
sensitive tobacco expresses functional TMV MP and
complemeants TMV straing lacking functional MP genes.
Lesions developed by 2 dpi on transgenic TMV MP(+)
hypersensitive tobacco plants, but failed to develep on
untransformed hypersensitive tobacco {data not shown),
indicating that the MP gene expressed in transgenic TMV
MP{+) Nb1b plants complemented the nonfunctionat MP
gene in TMV-MPfs and that neither contamination by
wild-type virus nor recombination with the transgene had
ocecurred.
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FIG. 2. Transgenic TMV MP{+) N. benthamiana plams express functional MP. Transgenic TMV MP(+) and untransformed N. benthamiana plants
inoculated with either TMY or TMV-MPfs are shown at 21 dpi. {A) Mock-inoculated, uniransformed plant; {B) TMV-MPfs-inoculated, untransformed
plant; (C) mock-inoculated TMV MP{+) plant; (D) TMV-inoculated untransformed plant; (B} TMV-MPfs-inoculated TMY MP{+) plant.

Complementation of cell-to-cell movement of RCNMV
RNA-1 by transgenic N. benthamiana plant lines
expressing the TMV MP gene

To determine whether the TMV MP could functionally
substitute for the RCNMV MP, RCNMV RNA-1 was me-
chanically inoculated onte transgenic TMV MP(+) Nb11
and Nb15 plants, as well as untransformed N. benthami-
anag plants, and observed for the appearance of symp-
toms an the ingculated and uninoculated leaves. As a
positive control, wild-type RCNMV (RNA-1 and RNA-2)
was also incculated onto &l three plant lines. RCNMV-
1 is capable of independent replication in protoplasts,
but in plants cannot move out of the initially inoculated
cell and cause an infection in the absence of RNA-2 and
the RCNMY MP (Osman and Buck, 1987, Paje-Manalo
and Lommel, 1988). The wild-type RCNMY induced
ringspots on inoculated leaves after 4 dpi and necrosis
and mosaic symptoms on systemic leaves by 6 to 7 dpi.
No difference in the rate or severity of symptoms was
observed on ihe transgenic plant lines when compared
to the untransformed N. benthamiana plants inoculated
with RCNMV (data not shown), On transgenic TMV MP(4)
Nb11 and Nb16 plants inoculated with RCNMV RNA-1,
symptoms were observed on the inoculated leaves by
10 dpi, but were never cbserved on the uninoculated
leaves, The symptoms, three to five slowly expanding
ringspots per leaf, were deiayed in the rate of appear-
ance and were less severe than those induced by wild-
type RCNMV. No symptoms were observed on the un-
transformed N, benthamiana plants. Total RNA was pre-
nared frem the inoculated and uninoculated leaves of the
infected plants and analyzed by Northern blot analysis for

the presence of RCNMV RNA-1 and RNA-2. As can be
seen in Fig. 3, RNA-1 was detected in the inoculated
leaves from transgenic TMV MP(+) Nb11 and Nbi15
plants inoculated with RCNMV BNA-1, but was not de-
tected in the inoculated leaves of untransformed N. ben-
thamiana planta. The amount of RNA-1 detected in the
transgenic plants incculated with RNA-1 is approximately
10-feld lower than in planis infected with the wild-type
virus (Fig. 3). RNA-1 was not detected in the uninoculated

Nb  Nb11  Nbi5
M1WT'M1WTM1WT

FIG. 3. TMY MP{+} N. benthamiana piants facilitate cell-tc-cell move-
ment of RCNMV RNA-1. A Northern blot analysis of total RNAs extracted
from transgenic TMV MP{+) or untransfaormed N. benthamiana plants
inoculated with either RCNMY RNA-1 or wild-type RONMV (RNAs 1
and 2) is shown. Lanes marked M, mock-inoculated; langs marked 1,
inoculated with RCNMY RNA-1; lanes marked WT, RCNMV-inoculated.
The first three lanes contain RNAs isolated from the inoculated leaves
of untransiormed N. benthamiana plants. The middie group of three
lanes contain RNAs isolated frem the inoculated leaves of transgenic
ThMV MP{+) Nb11 plants. The three rightmost lanes contain RNAs iso-
lated from the inoculated leaves of transgenic TMV MP{+) Nb15 plants.
Total RNA (80 ugy was loaded onto each lane of a 1% agarose gel,
excepl for lanes marked WT, in which only 10 ug was loaded. After
being subjected to electrophoresis, the RNAs were transferred 1o nylon
membrane. The blot was probed with the RCNMY CP and MP gene
sequences to detect RCNMYV RNAs 1 and 2, respactively,
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FIG. 4. Transgenic RCNMV MP{+) plants complement the cell-to-
cell movament defect of TMV-MPis. A Western Blot analysis of tissue
extracted from BRCNMVY MP{+) and untransformed N. benthamianag
plants inoculated with either TMV (20 pg/ml) or TMV-MPfs {20 pg/ml)
is shown. Hornogenates from 50 pg of fresh-weight teaf tissue were
centrifuged at 10,000 g for 6 min. The supernatants were subjected to
SDS—-polyacrylamide gel electrophoresis in a 12.5% gel and blotted
onto nylon membrane. The biol was probed with poivelonal amiserurn
against the TMV CP, Lanes marked |, tissue from inoculated leaves;
lanes marked 3, tissue from uninoculated leaves. Lanes containing
tissue from untransformed plants are labeted MP{—) and from
transgenic plants expressing the RCNMVY MP gene are labeled MP{+).
inoculum used is indicated above the lanes, mock, TMVY, or TMV-MPfs.

leaves of any of the three plant lines inoculated with
RNA-1 alone (data not shown). This suggests that the
TMV MP is able to provide the cell-to-cell movement
function for RCNMY RNA-1 in trans, but does not facilitate
long-distance movement into uninoculated leaves.

Complementation of cell-to-cell movement of TMV-
MPfs by transgenic M. benthamiana plant lines
expressing the RCNMV MP gene

N. benthamisna plant lines expressing the RCNMV
MP gene were generated by Agrobacterium-mediated
transformation and shown 1o facilitate the cell-to-cell
movement of RCNMY RNA-1 (Vaswhongs and Lommel,
1995). Howevar, the transformed lines failed to facilitate
long-distance movement of RCNMV RNA-1,

Transgenic N. benthamiana plants expressing the
RONMY MP, designated pGA482-3bK (RCNMV MP(+)
plants), as weall as control RCNMY MP(—) plants, were
inoculated with TMV-MPfs tc determine whether the
RCNMV MP was able to functionally complement the
defective TMV MP genea, Wild-type TMV was also inocu-
lated onte untransformed and transgenic RCNMV MP(+)
N. benthamiana plants as a positive control. Symptoms
appeared on plants inoculated with the wild-type TMV
as described ahove, and no differences in disease symp-
toms were observed between the transgenic and un-
transformed plant lines, TMV-MPfs-induced symptoms
on transgenic RCNMY MP{+) plants were essentially
identical to those induced by wild-type TMV on either
transgenic RCNMV MP(+) or MP(-) plants. Symptoms
were observed on the inoculated leaves at 2 dpi and on
the uninoculated teaves at 4 dpi. No symploms were
detected on untransformed plants. The presence of the
TMV CP in inoculated and uninoculated leaves of
transgenic RCNMV MP{+) plants inoculated with TMV-
MPfs was confirmed by Western blot analysis (Fig. 4).

As expected, no TMV CP was delected in leaf tissue
from untransformed plants inoculated with TMV-MPfs.
These data indicate that the RCNMY MP is able 1o pro-
vide the cell-to-cell movement function in trans for the
movement-defective TMV-MPfs and that the RCNMV MP
does not interfere with the encapsidation or long-dis-
tance movement of TMV,

Infectivity of a chimeric TMV containing the RCNMV
MP gene

To further test the ability of the RCNMV MP to provide
the cell-to-cell movement fupciion for TMY, a chimeric
TMV, designated TRCM, was constructed that contains
the RCNMV MP gene. Infectious transcripts generated
in vitro from pTRCM and pTMV (Fig. 1) were inoculated
onto M. benthamiana and tcbacco plants. TRCM tran-
scripts systemically infected both M. benthamiane and
tobacco, although systemic symptoms induced by TRCM
on tobacco were both less severe and slower 10 appear
(3- to 4-day delay) than symptoms induced by TMV tran-
scripts {data not showny}. /r1 vitro transcripts frcm pTRCM
and pTMV were inoculated onto opposite haif leaves of
hypersengitive tobacco to compare lesion development.
Lesions induced by TRCM appeared at 3 dpi, while those
induced by TMV appeared at 2 dpi. In addition, lesions
induced by TRCM increased in diameter at a slower rate
than those induced by TMV. By & dpi, lesions induced
by TRCM were 58% the diameter of lesions induced by
TMV (data not shown}, suggesting that the RCNMY MP
is less efficient than the TMV MP at facilitating cetl-to-
cell movement in tobacco. The amount of TRCM virions
purified from systemically infected leaves of tobacco at
21 dpi was 0.80 mg/g fresh weight compared 10 4.5 mg/
g fresh weight for TMV. Total RNA extracted frem system-
ically infected leaves of TRCM-infected tobacco was ana-
lyzed by Northern bict analysis. As can be seen in Fig.
B, the plants infected with TRCM were not contaminated
with TMV. The TRCM genome is 677 nuclectides larger
than the wild-type TMV genome. As expected, the TRCM
genomic and MP subgenomic RNAs are larger than
those of wild-type TMV (Fig. 5). Following purification of
TRCM from systemically infected tobacco leaves, cDNA
1o the MP gene sequence was cbtained by reverse tran-
scripticn and pelymerase chain reaction and sequenced.
The initial RCNMVY MP construct present in TRCM was
stably maintained in the systemically infected tobacco
plants. These data demonstrate that the RCNMV MP is
able 10 provide the cell-to-cell movement function for a
movement-defective TMV not only in trans, but also in
cis as part of the TMV genome,

Both TMV and RCNMYV can act as helper virusas to
facilitate the cell-to-cell spread of movement-
defective viruses

Virug spread from cell to cell may depend not only
on the presence of a viral MP, but also on interactions
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FIG. 5. Northern blot analysis of viral RNA from uninoculated leaves
of tobacco plants mock inoculated, inoculated with TMV, or inoculated
with TRCM transcripts. Total RNA was extracted from uninoculated
leaves at 21 dpi, electrophoresed through 1% agarose containing form-
aldehyde, and transferred to nitrocellulose {Deom et &/, 1987). Total
RNA (5 ng) was loaded onto each lane. The inoculum is indicated at
the top of each lane. (A) Detection of TMV RNA in uninoculated leaves
from TMV-infected tobacco using a nick-translated, **P-labeled cDNA
comprising a portion of the TMV MP gene {nucleotides 4988—-5236)
not present in TRCM. (B) Detection of TRCM RNA in uninoculated
leaves from TRCM-infected tobacco using a nick-translated ¥P-labeled
cDNA comprising the RCNMY MP gene (not present in TMV). G indi-
cates TMV genomic RNA (left) and TRCM genomic RNA (right). MP
indicates TMV-MP mRNA (left) and TRCM-MP mRNA (right).

between other viral gene products, although such inter-
actions have not yet been characterized (Delong and
Ahlquist, 1992; Taliansky et a/l., 1992: Atabekov and Tali-
ansky, 1990). This complicates much of the data obtained
from helpervirus experiments. Nevertheless, as a final
test of the abilities of the RCNMV and TMV MPs to func-
tionally substitute for one another, two helper-virus ex-
periments were conducted. Movement-defective TMV-
MPfs was coinoculated with wiid-type RCNMV anio A
benthamiana plants and RCNMV RNA-1 was coinocu-
lated with TMV on beth N. benthamiana and tobacco
plants. After the appearance of symptoms on the inocu-
lated leaves, total RNA was extracted from both inocu-
lated and uninoculated leaf tissue and analyzed by Narth-
ern blot analysis for the presence of the movement-de-
fective viruses. As seen in Fig. 8, both TMV-MPfs and
RCNMV RNA-1 were detected in the inoculated leaves of
the plants coinfected with the respective helper viruses,
RCNMV and TMV. This suggests that both RCNMV and
TMV can act as helper viruses to provide cell-to-cell
movement., However, neither heiper virus was able to
facilitate long-distance movement of the defective vi-
ruses into unincculated leaves. In contrast, the inability
of TMV to facilitate long-distance movement of RCNMV
RNA-1 may be due to the requirement of both RCNMVY
RNAs 1 and 2 for virion formation and long-distance
movement (Fig. 6B).

DISCUSSION

We have shown that the MPs of TMV and RCNMV are
functionally homologous. The most dramatic example of

this was the generation of a chimera between TMV and
RCNMV, TRCM, in which the TMV MP was replaced by
the RCNMV MP. Interestingly, this chimera systemically
infected both A, benthamiana, a normal systemic host
for both TMV and RCNMV, as well as tobacco, a systemic
hast for TMV, but not RCNMVY. RCNMV moves from cell
1o cell in the Xanthi cultivar of tobaceoe and induces symp-
toms on the inoculated leaves, but the wild-type virus
fails to move long distance. Therefore, the blockage to
leng-distance movement of RCNMV in tobacco is a func-
tion of virus sequences and components other than the
RCNMV MP. Our results are consistent with the findings
of De Jong and Ahlguist {1982}, who were able 10 create
a viable hybrid between icosahedral cowpea chlorotic
mottie bromovirus (CCMV) and the rod-shaped sunn-
hemp mosaic tobamovirus (SHMV) by substituting the
SHMV MP gene for the CCMV 3a gene.

De long and Ahlquist (1892) hypothesized that the via-
bility of the CCMV—-SHMV hybrid implies that the move-
ment protein of SHMV does not require any viral-specific
interactions to facilitate cell-tc-cell movement. This con-
clusion is especially significant when considering the
fact that SHMV cannot complement defects in cell-to-cell
movement of CCMV in a common host cowpea (De Jong
and Ahlguist, 1982). Similarly, our findings that the chi-
mera, TRCM, is able to move not only cell to cell, but
also long distance, 10 cause a systemic infection in A
benthamiana and tchacco, suggests that virus-specific
interactions between the TMV MP and cther virus-en-
coded factors during infection are probably not essential.

As & helper virus, RCNMV facilitated cell-to-cell move-
ment of TMV-MPfs rather poorly and did not allow long-
distance movement at all (Fig. 6). It is possible that the
RCNMV MP does not have as high an affinity for heterolo-
gous viral RNA in vivo, especially in the presence of the
RCNMV genomic RNA and other RCNMVY components.
Alternatively, the replication of TMV-MPfs may have been
down-regulated because of the coincident RCNMYV infec-
tion. Indeed, the level of TMVY-MPfs detected in the inocu-
lated leaves was approximately 2—-5% that of the wild-
type RCNMV, and this may in part explain the failure tc
detect TMV-MPfs in the uninoculated leaves (Fig. 6B).
When TMV-MPfs is inoculated on transgenic N. ben-
thamiana plants expressing the RCNMV MP, the level of
cell-to-cell and long-distance movement, based on the
levels of TMV CP detected, is indistinguishable from that
of the wild-type TMV (Fig. 4). This supports the notion
that the presence of the wild-type RCNMV helper virus
inhibits either the movement or the replication of TMV-
MPfs, but that the RCNMV MP itself does not.

Cell-to-cell movement of RCNMV RNA-1, facilitated
both by TMV helper virus infection and by the transgeni-
cally expressed TMV MP in N. benthamiana plants, was
less efficient than that seen during a wild-type RCNMV
infection (Figs. 3 and 6). This is distinct from the situation
described above because the transgenic plants express-
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FIG. 6, TMV and RCNMV can act as helper viruses to provide cell-tc-ceil movement of movement-defective viruses. A Northarn blot analysis of
tissue from N. benthamiana and tobacco plants infected with TMV and RCNMY BRNA-1 or RCNMVY and TMV-MPfs. Total RNA {20 ug) isolated from
the inoculated (1) and uninoculated (8) leaves of infected plants was loaded onto a3 1% agarose gel and transferred to a nylon membrane. The blot
was probed with gither RCNMV CP and MP gene sequences (from RNAs 1 and 2, respectively) (A} or TMV CP sequences (B). incculum used is
indicated at the bottom of lanes, RCNMV + TMV-MPfs or TMY + RCNMV RNA-1. Host plant, N. benthamiana {Nb) or N. tabacum cv. Xanthi (XT),
is indicated at the top of lanes. In (A}, the relative positions of RCNMY RNAs 1 and 2 are indicated. In (B), the positions of TMV genomic and

subgenomic {sg) RNAs are indicatad.

ing the TMV MP do nct fully complement the absence
of the RCNMV MP, whereas the transgenic piants ex-
pressing the RCNMV MP fully restere celi-to-cell move-
ment and systemic infection to TMV-MPfs. One explana-
tion for this may be that RCNMV has mcre stringent
requirements for celi-to-cell movement than TMV. For
example, there may be virus-specific interactions be-
tween the RCNMV MP and the viral genome, which are
required for movement It is also possible that the
RCNMV MP affects the level of viral replication, perhaps
by interacting with the replicase or replication complex.
However, this seems unlikely, since it has been reported
that RCNMV RNA-1 can replicate to wild-type levels in
the absence of RNA-2 in cowpea, N. benthamiana, and
tobacco protoplasts (Osman and Buck, 1987; Paje-Ma-
nalo and Lommel, 1989).

The failure of the TMV helper virus, as well as the
transgenically expressed TMV MP, t¢ allow the long-
distance movement of RCNMV RNA-1 in M. benthamiana,
in contrast, is confounded by the findings that RCNMV
virion formation and CP accumulation require the pres-
ence of RCNMV RNAs 1 and 2. CP neither accumuiated
nor formed virions in the absence of RNA-2, suggesting
that both RCNMV RNA-1 and RNA-2 are required for en-
capsidation and long-distance movement, When RCNMV
RNA-1 was coinoculated with a mutant RNA-2 that does
not express a functional MP, long-distance movement of
RCNMV was cbserved in transgenic plants expressing
the RCNMY MP, but not in untransformed A. bentharmi-
ana plants or in control plants transformed with the ex-
pression vector alone. This supports the hypotheses that
virion formation cannot accur in the absence of RNA-2

and that it is required for long-distance movement
(Vaewhongs and Lommel, 19395},
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