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A line of transgenic tobacco expressing the coat protein (CP) of potato virus X (PVX) was resistant against a broad
spectrum of PVX strains. Inoculation of leaves and protoplasts with PVX expressing the jellyfish green fluorescent protein
reporter gene revealed that this resistance mechanism suppressed PVX replication in the initially infected cell and systemic
spread of the virus. Cell-to-cell movement was also slower in the resistant plants. The resistance at the level of replication
was effective against wild-type PVX and also against movement-defective isolates with a frameshift mutation or deletion in
the CP ORF. However, the cell-to-cell movement defect of the mutant viruses was rescued on the resistant plants. Based
on these results it is proposed that the primary resistance mechanism is at the level of replication. q 1997 Academic Press

INTRODUCTION other than the CP open reading frame (ORF) (Swaney
et al., 1995) and against many types of virus, including

Virus resistance in plants containing viral CP trans- potexviruses (Mueller et al., 1995; Pang et al., 1996; Prins
genes may be mediated by the protein or the RNA prod- et al., 1996; Sijen et al., 1996). We refer to this RNA-
uct of the transgene (Baulcombe, 1996). Protein-medi- mediated process as homology-dependent resistance.
ated resistance relies on the ability of transgenic CP to From earlier studies it is known that a transgene based
interfere with functions of the viral CP that are essential on the CP ORF of PVX confers resistance to PVX (Hemen-
for the infection cycle. If the CP molecule has multiple way et al., 1988). This resistance is effective against RNA
functions, the resistance may operate at several levels. or virion inocula, indicating that PVX is suppressed at a
For example, the tobacco mosaic virus (TMV) CP pro- later stage in the infection cycle than virion disassembly.
duced in transgenic tobacco caused resistance against However, it was not known whether this resistance was
TMV by suppression of virion disassembly and viral vas- mediated by protein or RNA.
cular transport (Register and Beachy, 1988; Osbourn et In this report we describe an analysis that was de-
al., 1989; Wisniewski et al., 1990; Reimann-Philipp and signed to characterize the mechanism of PVX resistance
Beachy, 1993). Similarly CP-mediated resistance against in tobacco plants carrying PVX CP transgenes. Our find-
alfalfa mosaic virus (AlMV) operated at the level of virion ings suggest that the resistance was due primarily to
disassembly and, in some lines, at the level of viral RNA inhibition of PVX RNA replication in the inoculated cell.
replication (Taschner et al., 1994). Surprisingly, CP defects in mutant PVX could be comple-

RNA-mediated virus resistance, as in transgenic plants mented in part by inoculation to these PVX-resistant
containing the CP coding sequence of tobacco etch virus plants. We propose that these activities of the transgenic
(TEV) or potato virus Y (PVY), involves degradation of viral CP are related to the roles of the CP in the normal PVX
RNA species with a nucleotide sequence that is similar infection cycle.
to that of the transgene (Van der Vlugt et al., 1992; Lindbo
et al., 1993; Smith et al., 1994; Goodwin et al., 1996).

MATERIALS AND METHODSAlthough the first described examples of this RNA-medi-
ated resistance involved CP transgenes providing potyvi- Plasmids
ral resistance, it is now recognized that the same mecha-
nism can be targeted against parts of the viral genome Two binary plasmid constructs were prepared for

Agrobacterium-mediated transformation of tobacco leaf
discs. The plasmid pCPD44 contains the CP ORF and1 These authors contributed equally to the work described in this
3* untranslated region of the PVX genome (nucleotidespaper.
5606–6436) inserted between the cauliflower mosaic vi-2 To whom correspondence and reprint requests should be ad-

dressed. rus (CaMV) 35S promoter and the 260-bp polyadenylation
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77TRANSGENIC PLANTS RESISTANT AGAINST PVX STRAINS

signal of the nopaline synthase terminator of pROK2 (Jef- CPD44 and CPD3, derived from transformation experi-
ments using plasmids pCP3D44 and pCP3D3, respec-ferson et al., 1987). A four-step cloning procedure was

followed to introduce the PVX sequence into the binary tively, were collected for these studies.
vector. First, a partial PVX cDNA clone (pPVXF) con-

In vitro transcription and inoculation of tobaccotaining the 3* half of the PVX genome (Kavanagh et al.,
1992) was linearized with ApaI restriction enzyme and Infectious transcripts of PVX plasmids or the TMV
treated with nuclease Bal31. Second, a Bal31–SstI frag- cDNA clone pTB2 (Donson et al., 1991) were prepared
ment of approximately 700 bp (corresponding in size to using T7 polymerase and m7G(ppp)G cap analogue, as
the region from the 5* end of the CP ORF to the 3* end described previously (Chapman et al., 1992b). For some
of the PVX genome) was isolated and ligated to EcoRV – experiments a crude sap inoculum containing PVX viri-
SstI-linearized pUBS19 (a derivative of pUC19) (Murphy ons was prepared from systemically infected N. tabacum
and Kavanagh, 1988) to produce the plasmid pUBSD44 or N. clevelandii by homogenization of tissue in cold 50
in which the PVX cDNA extended 44 bp 5* of the coat mM borate buffer (pH 8.2). Extracts were filtered through
protein coding region. The PVX cDNA was excised from miracloth or spun at low speed and the supernatant was
pUBS19 by digestion with ClaI and SstI and ligated to used directly as a virion inoculum. Inocula of RNA were
the ClaI– SstI-linearized pICI9H (Marsh et al., 1984) to prepared by grinding fresh tissue in RNA homogenization
generate an intermediate plasmid. Finally the PVX cDNA buffer (Baulcombe et al., 1984) and by repeated extrac-
was isolated from the intermediate plasmid by digestion tions with phenol:chloroform. RNA was recovered by eth-
with BamHI and SstI and inserted into pROK2 cut with anol precipitation and resuspended in water for use in
the same enzymes. plant inoculations. All plants were mechanically inocu-

The binary vector pCPD3 contains nucleotides 5643 – lated in the presence of carborundum. The titer of the
6133 of the PVX genome inserted into the pROK2 vector. various inocula was assayed by inoculation of Cheno-
The PVX infectious clone pTXS (Kavanagh et al., 1992) podium amaranticolor which is a local lesion host of PVX.
was digested with TaqI enzyme and a fragment corre-
sponding to nucleotides 5643–6133 was ligated to an Inoculation of protoplasts and Northern analysis
AccI linearized pUC19 plasmid creating the plasmid

Protoplasts were prepared as described previouslypPVXTaq. An XbaI–StuI fragment derived from pPVXTaq
(Chapman et al., 1992b). Infectious transcripts were pre-was ligated to an XbaI–StuI-linearized pCPD44 creating
pared from 5 mg plasmid DNA in a 50-ml reaction and 10pCPD3.
ml was used for each separate inoculation. Electropora-The PVX.GFP and the PVX.GFP.DCP plasmids are
tion of plasmid transcripts was carried out as describedclones of PVX cDNA with the GFP gene inserted adja-
previously (Chapman et al., 1992b). Protoplasts were in-cent to a duplicated coat protein promoter and were
cubated in the dark for 24 hr after inoculation and RNAdescribed previously (Baulcombe et al., 1995). The
was extracted for Northern analysis in RNA homogeniza-PVX.GFP.DCP construct lacks most of the coat protein
tion buffer, as described above. Of total RNA, 1.5 mg wasgene up to nucleotide 6302 near the 3* end of the gene.
loaded per lane of a 0.9% w/v agarose formaldehyde gel.The PVX.GFP.FS plasmid contains a frameshift mutation
Electrophoresis and Northern analysis was conductednear the 5* end of the coat protein ORF. This construct
according to Sambrook et al. (1989). The membrane waswas prepared by restriction of PVX.GFP with NheI (nu-
probed with a 32P-labeled transcript of pTB2-CP in whichcleotide position 5663 in the PVX genome). The Klenow
the PVX CP ORF was substituted for the TMV CP ORFfragment of DNA pol I was used to fill in single strand
(Bendahmane et al., 1995). This probe hybridized to bothends of the restriction site and the plasmid was recircu-
TMV and PVX RNAs.larized by ligation. The presence of the frameshift muta-

tion was confirmed by sequence analysis.
ELISA

The level of PVX in infected plants was determinedTransformation and regeneration of tobacco
by indirect ELISA using a monoclonal antibody (MAC58)
specific for the coat protein of PVX (Torrance et al., 1986).Binary plasmids were mobilized from Escherichia coli

MC1022 into Agrobacterium tumefaciens strain LB4404 Four tobacco leaf discs were homogenized in 1 ml of
ELISA extraction buffer (PBX, 0.05% Tween 20, 2% polyvi-by triparental mating using E. coli HB101 containing

pRK2013 as the helper plasmid (Bevan, 1984). Transcon- nylpyrrolidone) and 5- or 100-ml samples were used for
this analysis. Plates were washed three times with PBSTjugant A. tumefaciens were selected on kanamycin (50

mg/ml) and streptomycin (500 mg/ml) and used to trans- (PBX, 0.05% Tween 20) between additions of antibody
solutions or plant sap extracts. Plant sap samples andform Nicotiana tabacum cv. Samsun NN leaf discs

(Horsch et al., 1985). Transformed shoots were regener- purified PVX virion standards were added to microtiter
plates precoated with anti-PVX rabbit polyclonal antibod-ated in MS medium. F1 and F2 progeny seed of lines
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78 SPILLANE ET AL.

ies (10 mg/ml) diluted 1:1000 in carbonate buffer (15 mM
Na2CO3 , 35 mM NaHCO3) and incubated at 47 overnight.
Anti-PVX sera, diluted 1:1000 in PBST containing 0.2%
BSA was added and the plates were incubated at 307 for
2 hr. Alkaline phosphatase-conjugated MAC58 diluted in
PBST containing 0.2% BSA was added, incubated for 2
hr at 337, and the microtiter plate was rinsed four times
in PBST buffer. Substrate (p-nitrophenol phosphate in
diethanolamine buffer, pH 9.8) was added to the microti-
ter plate, incubated at room temperature, and the ab-
sorbance was read at 405 nm. All solutions were as
specified by the manufacturers protocol for the ELISA
diagnostic kit (Bioreba A.G.) The lower detection limit by
ELISA in this analysis was approximately 0.4 ng PVX/mg
fresh tissue weight.

Immunosorbent electron microscopy

Samples of infected leaves were ground in 1:10 w/v
of phosphate buffer, pH 7.0. PVX antisera was diluted
1:1000 in phosphate buffer, pH 7.0, and 20-ml drops were
used to float carbon-coated gold grids (3.05 mm mesh).
Grids were incubated 1 hr at 25–357 and after washing
with phosphate buffer were floated on drops of extracted
samples, left overnight at 47, and subsequently washed
three times with phosphate buffer and once with water.
For electron microscopy the grids were stained with 2%
uranyl acetate.

RESULTS

CP transgenes confer broad spectrum resistance
against PVX

The tobacco cultivar Samsun NN was transformed with
either of two Ti plasmid constructs containing cDNA of
PVX isolate UK3 (PVXUK3) fused to the 35S promoter of
CaMV (Fig. 1A). The cDNA in the CPD3 construct extends
from 7 bases upstream of the PVX CP ORF to the 3*
end of the nontranslated region in the viral genome. The
CPD44 construct differs only in that there are 44 bases

FIG. 1. PVX resistance in line CPD3#4 (F1 progeny). Transgene5* of the CP ORF. Immunoblot analyses of extracts from
constructs shown in (A) comprised the 35S promoter of CaMV (35S),transformed tobacco lines confirmed that in these high
the CP ORF (positions 5650–6363) and adjacent regions of the PVX

CP expressing lines selected for further analyses, the genome (with the 5* and 3* untranslated regions shaded lighter than
transgenic PVX coat protein was approximately 0.1% of the translated region) and the nopaline synthase terminator (nos). The
the total soluble protein (C.S., unpublished data). numbers above the diagrams represent the 5* and 3* positions of the

PVX genome that were present in the CPD3 or CPD44 constructs.F1 progeny of five CPD3 lines and four CPD44 lines
These constructs were transformed into tobacco. (B) and (C) show PVXwere screened for resistance to PVX by mechanical inoc-
resistance tests of the F1 progeny of CPD3#4. Plants of nontrans-

ulation with PVXUK3 . All of these lines showed some PVX formed (NT) tobacco (h) or line CPD3#4 (l, j, l) were inoculated
resistance that was manifest as either an absence or with crude sap extracts of plants infected either with PVXUK3 (B) or
a delay in symptom development and a reduced PVX PVXCP4 (C). Symptoms on the noninoculated leaves were monitored

daily. 15 (B) or 20 (C) plants were each inoculated with the sap samplesaccumulation in the upper leaves (Table 1). The most
either undiluted (l) or diluted to 1002 (j) or 1003 (h, l) in buffer. Theresistant line, the progeny of plant CPD3#4, was se-
titers of the PVXUK3 inocula diluted 1002 and 1003 were equivalent to

lected for further analyses of the resistance mechanism. 150 and 26 lfu, respectively, on local lesion host Chenopodium amaran-
The effect of PVX inoculum strength on the resistance ticolor. The titers of the PVXCP4 inocula diluted 1002 and 1003 were

mediated in these transgenic plants was assayed using equivalent to 103 and 37 lfu, respectively.
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TABLE 1 in a smaller proportion of the CPD3#4 plants than on
nontransformed control plants (Fig. 1C, Table 2). TheSusceptibility of F1 Progeny of Line CPD3
CPD3#4 plants were also resistant to other Europeanand CPD44 to PVXUK3 Infection
and South American subgroup isolates of PVX (Table 2).

Number of plants with These data demonstrate that the PVX resistance in line
systemic symptomsb

CPD3#4 is effective against a broad spectrum of PVX
isolates and confirms the earlier report (Hemenway etPlant linea 11 dpi 17 dpi
al., 1988) that the CP-mediated resistance against PVX

CPD3#3 0 10 is effective against both virion and RNA inocula.
CPD3#4 0 2c

CPD3#8 4 11 Resistance in line CPD3#4 blocks initial infection and
CPD3#13 7 13c

spread of PVX
CPD3#16 3 12

To characterize the mechanism of PVX resistance inCPD44#7 5 17c

line CPD3#4, a PVX vector construct (PVX.GFP) was in-CPD44#8 2 15
CPD44#20 1 15c oculated to plants from the F2 population. Expression of
CPD44#23 13 14 the jellyfish green fluorescent protein (GFP) from this

construct was used as a visual marker to identify the sitesNT 20 20
of initial virus infection and to monitor cell-to-cell and

a Nontransformed (NT) or carrying the CPD3 or CPD44 constructs. vascular transport of the virus (Baulcombe et al., 1995).
b Twenty F1 plants inoculated. The titer of the inoculum was the The pattern of GFP accumulation in the plants of

equivalent of 57 local lesion forming units (1fu) on Chenopodium ama-
CPD3#4 inoculated with PVX.GFP revealed that the PVXranticolor.
resistance mechanism operates at three levels. First,c ELISA of upper noninoculated leaves at 14 dpi revealed that the

asymptomatic leaves had significantly less virus than in the symptom- there was suppression of the initial infection. This level
atic leaves of nontransgenic plants (Spillane, unpublished data). In the of resistance was indicated in three replicate experi-
most extreme example, CPD3#4, there was no detectable PVX in the ments in which PVX.GFP was inoculated to nontrans-
upper asymptomatic leaves.

TABLE 2

three concentrations of PVXUK3 (Fig. 1B) that produced Resistance of Line CPD3#4 (F1 generation) against Different Strains
systemic symptoms on nontransformed plants by 5 – 6 of PVX
days postinoculation (dpi). In the F1 progeny of CPD3#4

Plant linea PVX strainb Infected plantscinoculated with an undiluted inoculum of PVXUK3 , the ini-
tial symptoms were delayed until 7 dpi or later. Only 70%

NT PVXUK3 10/10
of these plants displayed systemic symptoms by 20 dpi. CPD3#4 PVXUK3 3/10
With increasing inoculum dilutions of 1002 and 1003 (Fig. NT PVXCP4 (RNA) 20/20

CPD3#4 PVXCP4 (RNA) 3/201B), the proportion of CPD3#4 plants with symptoms on
NT PVXDY 10/10the upper leaves at 20 dpi was reduced to 50 or 10%,
CPD3#4 PVXDY 0/10respectively (Fig. 1B). These data demonstrate that the
NT PVXXS 10/10

resistance in line CPD3#4, like the CP-mediated resis- CPD3#4 PVXXS 3/10
tance against TMV (Powell et al., 1986), is more readily NT PVXHB 10/10

CPD3#4 PVXHB 1/10overcome by high titer inocula.
NT PVXP5 10/10To test the strain specificity of the PVX resistance, the
CPD3#4 PVXp5 1/10F1 progeny of line CPD3#4 were inoculated with various
NT PVXS6 20/20

isolates of the serologically distinct subgroups of PVX CPD3#4 PVXS6 3/20
from Europe and South America (Torrance et al., 1986).

a The plant lines were nontransformed tobacco (NT) or the CPD3#4These subgroups represent the known extremes of PVX
transgenic line.CP sequence variation: the CP ORFs of isolates in the

b The titers of the RNA inocula were standardized at the equivalent ofSouth American subgroup are 78% similar to the CP ORF
91–121 1fu on Chenopodium amaranticolor except when the inoculum

of PVXUK3 at the nucleic acid level and 86% similar at the was PVXS6 for which the titer was equivalent to 250 1fu. The inocula were
protein level (Santa Cruz and Baulcombe, 1995). At the all sap (virion) extracts of infected plants, except for PVXCP4 , which was

an RNA inoculum. PVXCP4 , PVXHB , and PVXDY are South American subgroupnucleotide level the isolates in the European subgroup
strains; the other isolates are all of the European subgroup.are all more than 95% similar to PVXUK3 in the CP ORF

c Number of infected plants/number of plants inoculated. Nontrans-
(Santa Cruz and Baulcombe, 1995). After inoculation with formed (NT) and transgenic plants of line CPD3#4 were maintained for
RNA or virions of a South American isolate, PVXCP4 , the 15 dpi and the presence of PVX in the upper leaves of infected plants was

determined by symptoms.symptoms of PVX infection developed more slowly and
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long distance movement of PVX.GFP within 16 dpi, as
indicated by the symptoms or distribution of GFP de-
tected by UV illumination. All of the nontransformed
plants were systemically infected with PVX.GFP within
that period. This suppression of long distance movement
was more complete than in the experiments that em-
ployed the F1 progeny of CPD3#4 (Fig. 1 and Tables 1
and 2). We attribute this higher resistance to the higher
transgene copy number and more uniform segregation
of the transgenes in the F2 generation. The F2 plants
were also uniformly resistant against nonrecombinant
(wild-type) PVX (CS and DCB, data not shown).

Suppression of PVX accumulation in protoplasts of
line CPD3#4

PVX.GFP was inoculated to protoplasts to determine
whether the PVX resistance in the F2 generation of line

FIG. 2. PVX.GFP inoculated to F2 progeny line CPD3#4. (A) The
average number of GFP infection foci per leaf of nontransgenic (NT)
and transgenic tobacco (line CPD3#4) after inoculation with PVX.GFP.
Error bars refer to standard errors of 5 replicate samples. Similar data
were reproduced in two other experiments. (B) The diameters of infec-
tion foci (number of epidermal cells) measured during the first five dpi
with PVX.GFP RNA on NT (h) or line CPD3#4 (j). Each value repre-
sents the average of ten measurements. Similar data were generated
from four replicate experiments and with virion as well as RNA inocula.

genic and transgenic plants. In each experiment at 5 – 7
dpi there were, on average, five- to sixfold fewer sites of FIG. 3. PVX resistance in protoplasts of line CPD3#4. PVX.GFP cDNA
infection on the transgenic plants than on nontransgenic constructs (A) were transcribed in vitro to produce infectious RNA.

Each ORF in the PVX cDNA is indicated as a boxed region with theplants (Põ 0.05) (Fig. 2A). The second level of resistance,
Mr of PVX-encoded proteins indicated (K, kDa). GFP indicates the ORFrevealed by the rate of expansion of PVX.GFP foci in
of the green fluorescent protein and CP the coat protein ORF. Theinoculated leaves, was suppression of cell-to-cell move-
out-of-frame region of the CP ORF in the frameshift mutant PVX.GFP.FS

ment. In nontransgenic plants, PVX.GFP had spread is shown as a shaded region. (B and C) Northern analysis of RNA
across an average of 13.4 cells by 5 dpi, whereas in line that was extracted from protoplasts of transgenic (CPD3#4) and

nontransgenic (NT) tobacco. The cells were either mock inoculatedCPD3#4 the virus moved two- to threefold slower and
(O) or were inoculated with PVX.GFP (PVX), PVX.GFP.DCP (DCP),was confined to significantly smaller (P õ 0.005) regions
PVX.GFP.FS (FS), or TMV. The probe in (B) detected genomic (gRNA)of 5.0 cells in diameter (Fig. 2B).
and subgenomic (sgRNA) species. The probe in (C) detected the nega-

The third level of resistance led to suppression of long tive-strand RNA of PVX. Both probes detected minor RNA species in
distance movement through the vascular system: in none mock-inoculated samples (r) that are due to nonspecific hybridization

with host RNA.of the more than fifty F2 CPD3#4 plants tested was there
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FIG. 4. GFP infection foci on leaves of nontransgenic (NT) or CPD3#4 leaves inoculated with PVX.GFP (7 dpi), PVX.GFP.FS (14 dpi), or PVX.GFP.DCP
(14 dpi). The leaves were photographed under UV light. The right hand panels show immunosorbent electron microscopy of virus particles isolated
from the infection foci. The scale bar in these electron micrographs is 0.5 mm.

CPD3#4 was due to suppression of virus accumulation artefact due to the condition of the protoplasts of line
CPD3#4.within initially infected cells. Northern analysis of proto-

plast RNA extracted at 24 hr postinoculation revealed The protoplasts of line CPD3#4 were also inoculated
with two mutant viruses, PVX.GFP.FS and PVX.GFP.DCPthat the positive strand RNA of PVX.GFP accumulated

in nontransgenic protoplasts (Fig. 3B, lanes 7 and 8). (Fig. 3A). The PVX.GFP.FS mutant has a frameshift muta-
tion at the beginning of the coat protein ORF while mostHowever, in the protoplasts of line CPD3#4, PVX.GFP

RNA failed to accumulate to detectable levels (Fig. 3B, of the CP ORF is deleted in PVX.GFP.DCP (Baulcombe
et al., 1995). The mutant viral RNAs accumulated at sub-lanes 17 and 18). There was also suppression of

PVX.GFP negative strand RNA accumulation (Fig. 3C, stantially lower levels in the CPD3#4 protoplasts than in
protoplasts of a nontransgenic plant (Fig. 3B, lanes 3–6lanes 3 and 4 compared with lanes 7 and 8), indicating

that PVX replication in CPD3#4 protoplasts was inhib- compared with lanes 13–16). Thus, the CP mutations
had no effect on the resistance observed in protoplastsited. In contrast, TMV RNA accumulated to similar or

slightly higher levels in the protoplasts of line CPD3#4 of line CPD3#4. Since neither of these mutant viruses
would produce CP, this result shows that resistance does(Fig. 3B, lanes 9, 10, and 19). From this control it can be

ruled out that the low accumulation of PVX.GFP was an not require the CP of the inoculated virus. Similarly, be-
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cause PVX.GFP.DCP was strongly suppressed in proto- (Angell and Baulcombe, 1997). These data showed that
transgenic lines expressing the 3* noncoding region ofplasts of CPD3#4, it is concluded that the resistance

does not require sequence similarity between the CP the PVX RNA as part of a defective PVX genome were
not resistant against PVX. It is therefore more likely thatORF of the inoculated virus and the transgene.
the resistance in line CPD3#4 is protein- rather than

PVX CP produced in line CPD3#4 complements a CP RNA-mediated. Consistent with this proposal are the ob-
defect in mutant PVX servations (Fig. 1 and Table 2) that the resistance in

line CPD3#4 is different from the RNA-mediated andNeither the PVX.GFP.DCP nor the PVX.GFP.FS mu-
homology-dependent virus resistance associated withtants can move out of the inoculated cells of non-
transgene silencing: it is associated with high level ex-transgenic tobacco (Baulcombe et al., 1995). However,
pression of the CP transgene, whereas homology-depen-after inoculation to line CPD3#4, these mutant con-
dent resistance is associated with low level transgenestructs produced expanding GFP infection foci (Fig. 4).
expression; it is effective against a broader spectrum ofThe rate of expansion was similar to that of the foci
PVX strains than homology-dependent resistance; it isproduced when PVX.GFP was inoculated to line CPD3#4
overcome by high titer inocula, whereas homology-de-(Fig. 4 and data not shown). Using immunosorbent elec-
pendent resistance is effective against high titer inocula.tron microscopy, PVX-like particles were identified in leaf

To explain the resistance and mutant-complementa-extracts of line CPD3#4 inoculated with PVX.GFP.DCP
tion phenotypes of line CPD3#4 we propose, as sug-or the PVX.GFP.FS (Fig. 4). We could rule out that the
gested originally by Hemenway et al. (1988), that themobile, encapsidated virus was a product of recombina-
transgenic CP interacts with the viral origin of assemblytion between the transgene RNA and the mutant virus
(OAS) located in the 5* part of the PVX genome (Sit etbecause RT-PCR analysis revealed only the mutant PVX
al., 1994). If PVX moves between cells as virions, asRNAs in extracts of line CPD3#4 (data not shown). There-
suggested previously (Allison and Shalla, 1974; Chap-fore, we conclude that the transgenic CP in line CPD3#4
man et al., 1992a; Oparka et al., 1996), this interactioncomplemented the CP mutations in the inoculated PVX.
would rescue the cell-to-cell movement defect of the PVXHowever, there was no long distance movement of the
CP mutants. Encapsidation would also sequester RNA,mutant isolates in any of the inoculated plants of line
leaving a reduced pool of positive strand PVX RNA avail-CPD3#4.
able for replication. In addition, the interaction would
block translation of the 5* ORF of the PVX genome thatDISCUSSION
encodes the PVX RNA polymerase (Huisman et al., 1988).
Both the reduced availability of positive strand RNA andIn this description of line CPD3#4 we have confirmed

that plants carrying PVX CP transgenes are resistant the block on RNA polymerase translation would result in
low levels of PVX replication and accumulation in initiallyagainst PVX. In addition, we have shown that the PVX

resistance was effective against a broad spectrum of infected cells and protoplasts.
An attractive feature of this model is that a single inter-PVX strains (Fig. 1 and Table 1), was expressed in the

lines with the highest levels of CP transgene expression action, between the CP and the OAS, accounts for the
reduced initial infection by PVX and the complementation(CS and TAK, unpublished data), and could be overcome

by concentrated inocula (Fig. 1). The primary level of of movement phenotypes of the CP transgenic line. Fur-
thermore, the detection of PVX particles in extracts ofresistance (i.e., suppression of PVX accumulation in the

initially infected cells), was reflected in the fewer initial line CPD3#4 inoculated with the mutant PVX provides
direct evidence that the proposed interaction of the CPinfection sites on leaves and in the low level of PVX.GFP

replication in protoplasts of the resistant plants. There and OAS was taking place in these plants (Fig. 4).
The resistance at the level of long distance movementwas also suppression of PVX movement in the resistant

plants affecting both cell-to-cell and long distance of PVX is outside the scope of this model. One likely
explanation invokes suppression of long distance move-spread.

In principle the resistance mechanism in line CPD3#4 ment as a secondary consequence of the reduced PVX
replication in the PVX-resistant line. Alternatively therecould be either protein- or RNA-mediated. However, if

the resistance is RNA-based, it must involve the 133 could be separate resistance mechanisms affecting long
distance movement and PVX replication. These alterna-nucleotide residues from the 3* noncoding region of the

PVX genome. This is the only RNA that is common to tives are currently under investigation.
In practical terms the CP-mediated resistance mecha-both the transgene RNA and to the mutant PVX.GFP.DCP

that was prevented from replicating in the protoplasts of nism described here has both advantages and disadvan-
tages relative to other types of pathogen-derived resis-line CPD3#4 (Fig. 3). We consider that this small region

of RNA is unlikely to confer the strong resistance that we tance against potexviruses. It has broader spectrum effi-
cacy than the highly strain-specific homology-dependenthave described here (Fig. 3) based on previous results
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W. G. (1996). Genetic and biochemical dissection of transgenic RNA-resistance in plants with a replicase transgene (Mueller
mediated resistance. Plant Cell 8, 95–105.et al., 1995) but a narrower range than the resistance in

Hemenway, C. L., Fang, R. X., Kaniewski, W. K., Chua, N. H., and Tumer,
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