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Cucumber mosaic virus (CMV) and tomato aspermy virus (TAV) are closely related cucumoviruses. We have
made pseudorecombinant viruses in which the RNAs 3 of these two viruses have been exchanged and recom-
binant viruses containing chimeric RNA 3 molecules, in which the coat proteins and the 3'-end regions of CMV
and TAV have been exchanged, giving rise to recombinants designated RT3 and TR3. The replication prop-
erties and the cell-to-cell and long-distance movement patterns of these pseudorecombinant and recombinant
viruses were examined in different hosts. All the viruses were able to replicate and accumulate RNA 4 in
protoplasts. The pseudorecombinants and the RIR2RT3 recombinant infected tobacco systemically, but the
R1R2TR3 recombinant was not detectable, even in the inoculated leaves. Comparison of the abilities of the
viruses to replicate in protoplasts and intact cacumber plants suggests that cell-to-cell movement factors are
also encoded by RNAs 1 and/or 2. Major determinants of symptom severity in Nicotiana glutinosa are localized
on the 3’ part of RNA 3, and in Nicotiana benthamiana, more severe symptoms were observed with the T1T2R3

strain than with the others tested.

Cucumber mosaic virus (CMV) and tomato aspermy virus
(TAV) are both members of the genus Cucumovirus. The ge-
nome organization of the different cucumoviruses is similar,
consisting of three mRNAs. RNAs 1 and 2 encode components
of the viral RNA replicase complex (12). RNA 2 also encodes
a protein (designated 2b) that recently was shown to be in-
volved in symptom expression and long-distance movement in
cucumber (8). RNA 3 encodes two proteins, the 3a protein,
which is a movement protein (MP) (7, 16), and the viral coat
protein (CP), which is translated from subgenomic RNA 4.

CMYV strains are classed in two subgroups that can be dis-
tinguished by their host range, symptomatology, serology, and
sequence similarity (for a review, see reference 22). Within
each subgroup, nucleotide sequences are more than 90% iden-
tical, while the differences between subgroup I and II strains
are greater, since they are on the order of 60 to 70% identical
(22). CMV and TAV differ in both host range and symptom-
atology (15). However, the degree of identity between different
segments of the TAV genome and subgroup I and II CMV
strains is similar to that between CMV subgroups (1). None-
theless, there is a clear difference in the compatibility of the
different genome segments that distinguishes TAV from both
CMV subgroups. All three genomic RNAs of subgroup I and
II CMV strains can be interchanged to create viable pseu-
dorecombinant viruses. In contrast, RNA 3 can be exchanged
between CMV and TAV (11) but not RNAs 1 and 2 (25).

Although considerable information has been obtained con-
cerning the genetic determinants of the pathological properties
of certain CMV strains, much less is known concerning the
differences in the pathological properties of TAV and CMV.
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Some distinguishing features were mapped to specific RNAs
by using a pseudorecombinant composed of RNAs 1 and 2 of
the V strain of TAV (V-TAV) and RNA 3 of a subgroup II
CMV strain, Q-CMV (11). They showed, in particular, that the
immunity of cucumber to V-TAV could be attributed to RNAs
1 and 2, since a pseudorecombinant composed of RNAs 1 and
2 of V-TAV and RNA 3 of Q-CMV (T1T2Q3) was also unable
to infect this host. However, they did not determine whether
this apparent immunity was due to the inability to replicate in
cucumber cells or to the lack of cell-to-cell movement. More
recently, Taliansky and Garcia-Arenal (31) have studied 1-
TAV, which differs from V-TAV in that it can spread within
the infected leaf on cucumber and is clearly distinguished from
CMV by the fact that 1-TAV is unable to infect cucumber
systemically. They showed that systemic spread of 1-TAV in
cucumber could be complemented by CMV CP.

In the present work, we have created reciprocal pseudo-
recombinants between a subgroup II strain of CMV (R-CMV)
and a strain of TAV (P-TAV) that has properties more like
V-TAYV than 1-TAYV, since, as shown below, it is unable to
spread within the inoculated leaf of cucumber. We have also
created recombinant strains, in which the RNA 3 is composed
of parts of P-TAV and R-CMV RNA 3. The different strains
created were used to map host range and symptomatology
determinants that distinguish these two viruses.

MATERIALS AND METHODS

Viruses and plants. R-CMV (14) and P-TAV (26) have been described pre-
viously. The pseudorecombinant virus containing RNAs 1 and 2 of P-TAV and
RNA 3 of R-CMV (T1T2R3) was created as described by Peden and Symons
(23), by mixing extensively gel-purified viral RNAs. The other pseudorecombi-
nant virus, as well as those containing chimeric RNA 3, were created by using
infectious in vitro transcripts. Virus isolates were propagated in Nicotiana taba-
cum L. cv. Xanthi nc plants. The viruses were purified as described by Lot et al.
(19). RNA was extracted from purified virions with phenol and sodium dodecyl
sulfate. Different Nicotiana species (N. tabacum L. cv. Xanthi nc, N. benthamiana
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Domin., N. clevelandii Gray, and N. glutinosa L.), cacumbers (Cucumis sativus L.
cv. Marketer or Straight eight), and Chenopodium quinoa Wildd. plants were
grown either in the greenhouse or in a growth chamber (14 h of light at 21°C and
10 h of darkness at 16°C).

Recombinant plasmids, generation of mutants, chimeric recombinants, and in
vitro transcription. Plasmids with cDNA clones corresponding to the full-length
RNA 1 (pR1), RNA 2 (pR2), and RNA 3 (pR3) of R-CMV were synthesized
exactly as described by Hayes and Buck (13) and cloned into pUCI13. The
sequence of pR3 has been described elsewhere (4). The recombinant plasmid
containing the cDNA clone of the full-length RNA 3 of P-TAV (pT3) has been
described previously (26). An Ndel restriction site was introduced into pT3 and
PR3 just preceding the start codon of the CP gene. The oligonucleotides 5'CA
CACACTCTCATATGGCCCAAA3' (corresponding to nucleotides [nt] 1215 to
1237) and 5'TTTGTCCATATGCACACTGAG3’ (complementary to nt 1215 to
1235) (modified nucleotides are underlined) were used, respectively, for oligo-
nucleotide-directed mutagenesis of pT3 and pR3 as described by Kunkel et al.
(17) by using a Muta-Gene kit (Bio-Rad). Mutants were identified by sequencing
DNA in the regions of interest. The resulting clones were designated pT3/Nde
and pR3/Nde. The pair of reciprocal chimeras was constructed by using the
common Ndel site and the BamHI site that is beyond the 3’ end in the cDNA
clones. The resulting clones will be referred to as pTR and pRT. Thus, pTR
contains the 5’ noncoding region, the MP gene, and the intergenic region of pT3,
as well as the CP gene and the 3’ noncoding region of pR3, while pRT is the
converse of pTR, with the 5" part of pR3 and the 3’ part of pT3. All the different
plasmids (pR1, pR2, pR3, pT3, pR3/Nde, pT3/Nde, pRT, and pTR) were di-
gested with BamHI, prior to transcription in vitro as described previously (26).

Plant inoculation. Fully expanded cotyledons of 10-day-old cucumber seed-
lings were lightly dusted with celite and rub inoculated with purified viral RNAs
or in vitro transcripts. Similarly, Nicotiana and Chenopodium plants were inoc-
ulated at the three (N. tabacum and N. benthamiana)- or six (N. clevelandii and
Chenopodium)-leaf stage. Different total viral RNAs were inoculated at 100
pg/ml in 50 mM Na,HPO,, pH 8.6. For inoculation with RNA transcripts, 2 to
5 pg of each transcript was used per plant in 50 mM Na,HPO,, pH 8.6. Recom-
binant viruses were tested under confinement conditions in accordance with
national regulations.

Preparation and transfection of protoplasts. Protoplasts were isolated from
fully expanded cotyledons or mature leaves of cucumber plants or fully expanded
N. tabacum leaves and purified in K3 medium containing 0.4 M sucrose, as
described by Nagy and Maliga (20). Protoplast transfection with RNA transcripts
was carried out as described by Saunders et al. (28). Briefly, 400 wl of a protoplast
suspension of 5 X 10° protoplasts/ml was electroporated with 2 to 5 wg of each
transcript.

Analysis of plants and protoplasts. The lesions on Chenopodium plants were
examined 6 days after inoculation. Total RNA was extracted from 200 mg of
fresh tobacco leaf tissue 6 days (inoculated leaves) or 14 to 20 days (systemic
leaves) after inoculation, as described by White and Kaper (32). About 100 ng of
RNA was denatured with formaldehyde and formamide, electrophoresed in
formaldehyde-containing agarose gels, and blotted onto nylon membranes (27).
Northern blot analysis was performed with random-primed, 3?P-labelled DNA
fragments isolated from pT3, pR3, and pR3/Nde. Different specific probes were
as follows: for the MP gene of R-CMV, the Kpnl-Hpal fragment of pR3 (nt 610
to 920); for the CP gene of R-CMV, the Ndel-HindIII fragment of pR3/Nde (nt
1225 to 1530); for the R-CMV 3’ terminus, the Nrul-BamHI fragment of pR3 (nt
1930 to 2207); for the MP gene of P-TAV, the Scal-Ncol fragment of pT3 (nt 690
to 1025); for the CP gene of P-TAV, the XbalI-Dral fragment of pT3 (nt 1220 to
1645); for the P-TAV 3’-terminus, the Sphl-BamHI fragment of pT3 (nt 1894 to
2222).

RESULTS

Construction of CMV and TAV RNA 3 derivatives and eval-
uation of their infectivity. We have generated two mutants
(pT3/Nde and pR3/Nde) in order to have a common Ndel
restriction site at the same position in pT3 and pR3. This site,
at the beginning of the CP coding sequence, was chosen as
least likely to interfere with replication of RNA 3 or synthesis
of RNA 4 (3). The infectivity and biological properties of in
vitro transcripts derived from the mutated clones were the
same as those of the wild-type clones (not shown). The mutant
clones, pT3/Nde and pR3/Nde, were used to construct two
chimeric clones, pRT3 and pTR3. The replication efficiencies
of the different mutants and recombinants coinoculated with
R1 and R2 in vitro transcripts were tested in N. tabacum
protoplasts. When Northern blots prepared with total RNAs
extracted 24 h after transfection were hybridized with probes
specific for the 3’ portion of RNAs 3 and 4 of R-CMV or
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FIG. 1. Northern blot analysis of progeny viral RNA in total RNAs of to-
bacco protoplasts. Protoplasts were transfected with in vitro transcripts from
c¢DNA clones of R-CMV RNAs 1 and 2, together with transcripts from cDNA
clones pT3/Nde, pR3/Nde, pTR, and pRT. Protoplasts were also either mock
transfected or transfected with viral RNAs purified from plants infected with
P-TAV or R-CMV. (A) Results with a probe specific for the 3’ end of TAV RNA
3; (B) results with a probe specific to the 3’ end of CMV RNA 3. The positions
of RNAs 1, 2, 3, and 4 are indicated.

P-TAV, the expected hybridization patterns were observed
(Fig. 1). Although the stoichiometry of RNAs 3 and 4 varied in
different experiments, in all cases both RNAs were replicated
in protoplasts transfected with the different mixtures of in vitro
transcripts (R1R2R3/Nde, R1R2T3/Nde, R1R2RT3, and
R1R2TR3), showing that the recombinant RNA 3 molecules
could be replicated normally. However, as is often the case, the
levels of viral RNAs in transcript-transfected protoplasts were
much lower than those in protoplasts transfected with viral
RNAs extracted from infected plants. The small RNA hybrid-
izing with the probes can be attributed to RNA 5, composed of
the 3’-terminal nucleotides of RNAs 2 and 3 (2).

Plants of several different species (N. tabacum, N. clevelan-
dii, N. benthamiana, and C. quinoa) were infected with the
chimeric and control in vitro RNA transcripts. When inocu-
lated with R1 and R2 transcripts on the different hosts, the
T3/Nde and R3/Nde controls and the RT3 chimera were reg-
ularly found to be infectious, showing symptoms on the inoc-
ulated leaves of Chenopodium and on the inoculated and sys-
temically infected leaves of the Nicotiana species, while we did
not observe any sign of infection with in vitro transcripts of the
TR3 chimera on the different hosts in at least three indepen-
dent inoculation assays using different templates and different
transcription reactions. In addition, the preparation of RIR2TR3
that replicated in protoplasts (Fig. 1) was not infectious on in-
oculated plants. The Northern analysis of the RNA extracted
from inoculated leaves of N. tabacum confirmed this observa-
tion (Fig. 2). No viral RNA was detected in plants infected with
the R1R2TR3 transcripts, while we could detect the appropri-
ate RNAs in all other infected plants. In the tobacco plants
infected with the RIR2RT chimeric virus, RNA 4 consistently
accumulated to lower levels than RNA 3. The ratio of the
amount of RNA 3 to the amount of RNA 4 was the same after
virus purification. When plants were inoculated with in vitro
transcripts in the experiments described above, symptoms were
not expressed consistently. Much clearer results were obtained
when virus purified from plants inoculated with the transcripts
was used as inoculum. Thus, the different viruses were purified
from N. tabacum plants, and the RNAs extracted from purified
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FIG. 2. Northern blot analysis of viral RNA in the inoculated leaves of
N. tabacum plants. Total nucleic acids were extracted from the leaves of tobacco
plants inoculated with in vitro transcripts from cDNA clones of R-CMV RNAs
1 and 2, together with in vitro transcripts from ¢cDNA clones of pT3/Nde,
pR3/Nde, pTR, and pRT. (A) P-TAV 3a MP-specific probe; (B) P-TAV CP-
specific probe; (C) R-CMV 3a MP-specific probe; (D) R-CMV CP-specific
probe. The positions of RNAs 3 and 4 are indicated.

viruses were used to inoculate several host species, as de-
scribed below and summarized in Table 1.

Inoculation of N. tabacum and N. benthamiana plants. The
symptoms induced on N. fabacum by the two parental strains
were relatively similar, with etch on the inoculated leaves and
a diffuse mosaic on systemic leaves. Similar results, with minor
differences in the intensity of mosaic, were observed with the
other strains: R1R2T3/Nde, T1T2R3, and R1R2RT3 (results
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not shown). On N. benthamiana, the symptoms induced by
R-CMYV and P-TAV were similar—mild mosaic and moderate
stunting—although TAYV induced leaf distortion that was not
observed with the other strains. With the strains R1R2T3/Nde
and R1R2RT3, symptoms similar to those observed with the
wild-type R-CMV were induced. In contrast, plants inoculat-
ed with the strain TIT2R3 exhibited much more severe stunt-
ing. Northern analysis of the viral RNA in the infected plants
showed that similar levels were present with all strains (not
shown); thus, the more severe symptoms observed with TIT2R3
are not due to increased virus.

Inoculation of N. glutinosa plants. N. glutinosa is particularly
interesting for testing the strains under study, since the symp-
toms induced by CMV and TAV are clearly different on this
host. R-CMV causes mosaic, leaf blistering, and severe stunt-
ing, while P-TAV causes a milder mosaic, little or no leaf
blistering, and no stunting (Fig. 3). The symptoms induced by
the pseudorecombinant T1T2R3 had the same general appear-
ance as those of plants infected with R-CMV, while the pseu-
dorecombinant R1R2T3/Nde induced symptoms similar to
those of P-TAV, showing that the severe stunting observed
with R-CMV is due to RNA 3. The plants inoculated with the
recombinant R1R2RT3 also expressed mild symptoms, quite
similar to those of P-TAV. Since this strain differs from R-
CMV only by the CP gene and 3’ noncoding region of RNA 3,
this suggests that this part of CMV RNA 3 is essential for
inducing severe stunting on this species.

Inoculation of cucumber protoplasts and plants. When viral
RNAs purified from the five strains were used to transfect
cucumber cotyledon protoplasts, no differences in the amount
of RNA could be observed 1 day after transfection, showing
that all of the different viral RNAs were replicated efficiently
(Fig. 4A). Similar results were obtained with protoplasts iso-
lated from mature cucumber leaves (data not shown). Cotyle-
dons of cucumber plants were also inoculated with the same
purified viral RNAs. Only the virus strains containing the first
two RNAs of CMV could be detected in the inoculated cu-
cumber cotyledons (Fig. 4B), and local lesions were observed
only on the cotyledons of the same plants. This suggests that
the inability of P-TAV to spread in the inoculated cotyle-
dons can be attributed to RNAs 1 and/or 2. Moreover, sys-
temic symptoms and viral RNA in the systemic leaves were
detected only in plants infected with R-CMV (data not
shown). Since the sole difference between R1R2R3 and
R1R2RT3 lies within the 3" half of RNA 3, this suggests that
the CP gene of P-TAV is inefficient for long-distance move-
ment in cucumber.

TABLE 1. Symptoms induced by wild-type, pseudorecombinant, and recombinant viruses

P-TAV“ R-CMV T1T2R3/Nde RI1R2T3/Nde R1R2RT3 R1R2TR3
Plant Nde Nde Nde Nde
- e e e e e

N. tabacum Mosaic? Mosaic Mosaic Mosaic Mosaic —

N. glutinosa Mosaic Mosaic, blistering, Mosaic, blistering, Mosaic Mosaic —
stunting stunting

N. benthamiana Mosaic, distortion, Mosaic, stunting Mosaic, strong Mosaic, stunting Mosaic, stunting —
stunting stunting

Cucumber — Local and systemic —

mosaic

Local mosaic Local mosaic —

¢ TAV-derived and CMV-derived RNA 3 sequences are indicated by thick lines and thin lines, respectively.
® Only systemic symptoms are shown for the three Nicotiana species. All in vitro transcripts were able to replicate normally in N. tabacum protoplasts.

¢ —, absence of detectable infection.
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FIG. 3. Typical symptoms elicited on N. glutinosa by R-CMV, P-TAV, R1IR2T3/Nde pseudorecombinant virus, TIT2R3 pseudorecombinant virus, R1R2RT3

recombinant virus, and mock inoculation (F) (3 weeks after inoculation).

DISCUSSION

After inoculation of Chenopodium and different Nicotiana
species with TR3 and RT3 in vitro transcripts in the presence
of R1 and R2 transcripts, we were able to detect only the
R1R2RT3 recombinant strain, either in the inoculated leaves

of Chenopodium and N. tabacum or in the systemically infected
leaves of N. tabacum. Thus, the R1R2TR3 recombinant virus is
able to replicate in initially infected cells, as shown by the
protoplast experiments, but is deficient in cell-to-cell move-
ment in a common host of CMV and TAV. This was unex-
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FIG. 4. Northern blot analysis of progeny viral RNA in total RNAs of trans-
fected protoplasts and inoculated plants of cucumber. Viral RNAs purified from
N. tabacum plants infected with strain RIR2R3/Nde, R1R2T3/Nde, R1IR2RT3,
P-TAV, or T1T2R3 were used to transfect cacumber cotyledon protoplasts and
to inoculate cucumber seedling cotyledons. The blots were hybridized with a
mixed probe, specific to the 3’ ends of both R-CMV and P-TAV. The positions
of RNAs 1, 2, 3, and 4 are indicated. (A) Cucumber cotyledon protoplasts
transfected with purified viral RNA. A lane with RNA from mock-transfected
protoplasts and one with 50 ng of purified R-CMV RNA are also shown. (B)
Cucumber cotyledons inoculated with purified viral RNA. Lanes with RNA from
mock-inoculated cotyledons are also shown.

pected, since the MP and the CP of much more distantly
related viruses (tobamo- and bromoviruses) can be exchanged
to create viable recombinant viruses (6). However, if for to-
bamo- and bromoviruses, functional CP is not strictly required
for cell-to-cell movement (5, 9, 30), the requirement for both
functional 3a MP and CP in cucumoviruses is more stringent.
Among the various CMV RNA 3 mutants tested (3, 29, 31),
only one RNA 3 mutant, bearing a small deletion from CP
amino acid position 15 to 40, was able to move within the
inoculated leaves of tobacco plants (29), whereas insertion of a
single amino acid between residues 23 and 24 of the CP pre-
vented movement within inoculated cucumber leaves (31). It
has also been shown recently that the 2a protein may play a
role in cell-to-cell movement of CMV (21). So it is possible
that the efficient spread of cucumoviruses from the initially
infected cells may require specific interactions among several
cucumoviral proteins, 2a, 3a MP, and CP. In this case, the
inability of R1R2TR3 to infect plants could be due to improper
interaction among the 3a MP of P-TAV, the 2a protein, the CP
of R-CMV, and finally, the recombinant viral RNA itself.
Clearly, further study is required to elucidate the interactions
among the protein and RNA determinants of cell-to-cell move-
ment of cucumoviruses.

In cucumber protoplasts, P-TAV and the T1T2R3 pseu-
dorecombinant, which were otherwise unable to invade the
inoculated leaves of cucumber plants, replicated with the same
efficiency as R-CMV, R1R2T3, and R1R2RT3, which were all
able to infect at least the inoculated leaves of cucumber. Since
R-CMV and P-TAV can infect cucumber cells while T1T2R3
cannot spread within the inoculated leaves, this suggests that
functions encoded by CMV RNAs 1 and/or 2 are essential for
cell-to-cell spread in this species. This could perhaps be related
to the previous observations that functions encoded by CMV
RNA 1 are involved in both the localization of the N strain of
CMV in tobacco (18) and the rate of cell-to-cell movement in
zucchini (10). Despite the fact that they carry a functional 2b
gene, which plays a role in the long-distance movement of
CMV in cucumber (8), the R1IR2T3 and R1R2RT3 strains
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cannot infect cucumber plants systemically, although they do
so in other species where viral RNA is encapsidated and mi-
grates normally in the noninoculated leaves. One possible ex-
planation would be that the TAV capsid is unable to interact
with some component(s) specific to cucumber, preventing mi-
gration from the infected cotyledons. This is consistent with
the observation that the CMV capsid can complement systemic
spread of TAV in cucumber (31).

Comparison of the abilities of the different strains to induce
distinctive symptoms on the three Nicotiana species tested here
shows clearly that RNA 3, and in particular the part including
the CP gene, plays a role in determining the nature and gravity
of symptoms that distinguish CMV and TAV (Table 1). In
particular, the CMV CP gene appears to be a prime determi-
nant of the stunting induced by R-CMV on N. glutinosa. How-
ever, since Ding et al. (8) have shown that the 2b gene product
is necessary to induce stunting in this species by a closely
related CMV strain (Q-CMV), both the 2b gene and the CP
gene would be necessary to induce stunting, but since the 2b
gene is present in TAV as well as CMV, in the comparison
carried out here the CP gene is the distinguishing factor.

The striking result obtained with inoculations of N. ben-
thamiana was the observation of symptoms that were worse
with the T1T2R3 strain than with the others. Although TAV-
CMYV pseudorecombinant strains have not been described in
nature, it is reasonable to expect that they could exist. This is
suggested by the results of Perry and Francki (24), who have
shown in coinoculation experiments that, in the presence of
TAV RNAs 1 and 2, CMV RNA 3 has a competitive advantage
over TAV RNA 3. It is also pertinent that a naturally occurring
pseudorecombinant of CMV and peanut stunt cucumovirus
has recently been described (33). It would be of interest to
create further recombinant strains, in order to determine in
more detail which part of CMV RNA 3 is involved in symptom
worsening, since this would allow evaluation of whether the
potential for recombination in plants expressing a CMV CP
gene on infection with TAV could lead to novel virus variants
that could have more severe effects on certain host plants.
From a biosecurity perspective, it is also of note that the TR3
recombinant RNA 3 was unable to go beyond infection of
initially infected cells, suggesting that at least this recombinant
would not be expected to survive if it occurred in the field.
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