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The RNA genome of a resistance-breaking isolate of Let-
tuce mosaic virus (LMV-E) was engineered to express the
jellyfish green fluorescent protein (GFP) or β-glucuroni-
dase (GUS) fused to the helper-component proteinase
(HC-Pro) to study LMV invasion and spread in suscepti-
ble and resistant lettuce cultivars. Virus accumulation and
movement were monitored by either histochemical GUS
assays or detection of GFP fluorescence under UV light.
The GFP- and GUS-tagged viruses spread systemically in
the susceptible lettuce cultivars Trocadero and Vanguard,
where they induced attenuated symptoms, compared with
the wild-type virus. Accumulation of the GFP-tagged virus
was reduced but less affected than in the case of the GUS-
tagged virus. Systemic movement of both recombinant vi-
ruses was very severely affected in Vanguard 75, a lettuce
cultivar nearly isogenic to Vanguard but carrying the re-
sistance gene mo12. Accumulation of the recombinant vi-
ruses in systemically infected leaves was either undetect-
able (GUS-tag) or erratic, strongly delayed, and inhibited
by as much as 90% (GFP-tag). As a consequence, and con-
trary to the parental virus, the recombinant viruses were
not able to overcome the protection afforded by the mo12

gene. Taken together, these results indicate that GUS or
GFP tagging of the HC-Pro of LMV has significant nega-
tive effects on the biology of the virus, abolishing its resis-
tance-breaking properties and reducing its pathogenicity
in susceptible cultivars.

Additional keywords: infectious cDNA, reporter-tagged poty-
virus, viral invasion.

Lettuce mosaic virus (LMV) is one of the most destructive vi-
ruses in lettuce and endive crops all over the world (Dinant and
Lot 1992). LMV isolates have been classified into four patho-
type groups according to their virulence on lettuce varieties car-
rying the three resistance genes mo11, mo12, and Mo2 identified
in Lactuca sativa (Pink et al. 1992a; Bos et al. 1994). The genes
mo11 and mo12 are recessive and are believed to be either

closely linked or allelic (Dinant and Lot 1992). They are de-
ployed worldwide and allow a reasonably effective control of
the disease, although resistance-breaking isolates have been re-
ported (Pink et al. 1992b) and constitute a threat to the lettuce
industry. Depending on the particular virus isolate/host cultivar
combination, the mo1 recessive genes result either in resistance
(absence of detectable virus multiplication as for example with
LMV-1 in mo12 containing cultivars) or in tolerance (systemic
virus accumulation but failure to induce symptoms as example
with the common isolate LMV-0) (Pink et al. 1992b; Revers et
al. 1997a). As for other potyviruses, the genome of LMV con-
sists of a positive-strand RNA of about 10 kb coding for a sin-
gle, large polyprotein processed by three virus-specific protein-
ases (Dougherty et al. 1990; Reichman et al. 1992). The
complete sequencing of the genomic RNA of an mo1 resistance-
breaking isolate (LMV-E) and of a common isolate (LMV-0)
revealed that there is 97% amino acid sequence identity between
these two isolates regardless of their large differences in patho-
genicity, resistance-breaking, and seed-transmission properties
(Revers et al. 1997b). Highly infectious cDNA copies of the
LMV-E genome have been constructed, with the full-length
cDNA placed under the control of the enhanced Cauliflower
mosaic virus (CaMV) 35S promoter and of the NOS terminator
(Yang et al. 1998).

The jellyfish green fluorescent protein (GFP) and the bacte-
rial β-glucuronidase (GUS) protein markers have been widely
used to elucidate the role of virus-encoded genes and to follow
viral invasion of host plants (Dolja et al. 1992; Baulcombe et
al. 1995; Casper and Holt 1996). GFP has the advantage of
being strongly fluorescent, requiring no substrates or cofactors
to form the fluorescent molecule (Chalfie et al. 1994) and thus
having proved to be an appropriate, nondestructive technique
for the study of the spread of plant viruses during the process
of infection (Oparka et al. 1997). Through the use of the re-
porter-tagged potyvirus Tobacco etch virus (TEV-GUS), the
major steps in infection have been compared in resistant and
susceptible tobacco plants (Schaad and Carrington 1996). In
this study, the genome of LMV-E was engineered to express
either the GUS protein or the GFP, fused to the virus helper
component proteinase (HC-Pro). The recombinant viruses
were then used to study LMV-E infection in the susceptible
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lettuce cultivars Trocadero and Vanguard, and in the resistant
cultivar Vanguard 75, which carries the mo12 resistance gene.
The results demonstrated that tagging of the HC-Pro with ei-
ther GUS or GFP significantly affects the accumulation,
symptom severity, and resistance-breaking properties of LMV.

RESULTS

Infectivity and stability of the GUS- or GFP-tagged
viruses on susceptible lettuce plants.

It has previously been shown for TEV that insertion of the
GUS gene into the HC-Pro coding sequence immediately down-
stream of the cleavage site between P1 and HC-Pro does not
interfere with the P1 proteinase processing activity, nor with the
viral infectivity (Dolja et al. 1992). Therefore, an equivalent po-
sition (3 amino acids downstream of the cleavage site) was used
for the insertion of the GFP or GUS genes into the genome of
LMV. With an infectious construct in which the full-length
cDNA of LMV-E is under the control of an enhanced 35S pro-
moter and of the NOS terminator (Yang et al. 1998), the marker
genes were cloned in a suitable AatII restriction site corre-
sponding to the second and third amino acids of the LMV HC-
Pro. The structure of the two tagged LMV recombinants con-
structed in this way is presented in Figure 1.

Approximately 95% of lettuce plants (susceptible cultivar
Trocadero) inoculated by particle bombardment with the pa-
rental plasmid pLMV-E or with the recombinant plasmids
pLMVE-GFP and pLMVE-GUS became infected (as judged
by the appearance of symptoms). Upon sap inoculation of
healthy plants by the viruses derived from plasmid-inoculated
plants, the timing of the systemic infection process was found
to be the same for LMV-E and LMV-E-GFP, whereas a 2-day
delay was generally observed in the case of LMV-E-GUS.

Aphid transmission experiments indicated that LMV-E-GFP
was no longer aphid transmissible (not tested in the case of
LMV-E-GUS), a result that parallels the observation that
TEV-GUS also lost its aphid transmissibility (Dolja et al.
1992). However, a recombinant TEV tagged in a similar
fashion with a polyhistidine track still retains this property
(Blanc et al. 1999) and thus it is more likely that it is the size
or nature of the domain fused to the HC-Pro N-terminal end
that affects aphid transmissibility rather than the mere fact that
this region has been modified.

The stability of the tagged recombinants was tested in two
kinds of experiments. In the first experiment, serial passages
were performed every 2 weeks (GUS-tag) or every month
(GFP-tag) while in the second experiment, conducted in par-
allel, back inoculations were performed at timed intervals
from the same plant, to test the effect of a prolonged propaga-
tion of the tagged viruses on the stability of the insert. The
transfer of LMV-E-GFP from plant to plant at monthly inter-
vals resulted in very stable retention of GFP expression: even
following six consecutive passages, GFP was detected in all
inoculated plants. In contrast, prolonged propagation for 4
months in the same host plant resulted in the recovery of viral
isolates having lost the ability to express GFP fluorescence. In
the case of the GUS-tagged virus, recovery of isolates having
lost the ability to express GUS activity was observed earlier.
Indeed, such isolates were recovered within 3 months, either
in a given plant after prolonged infection or after a few 2-
week serial passages. The GFP insert in the LMV-E genome

therefore appears to be significantly more stable than the GUS
insert in the LMV or TEV genomes (Dolja et al. 1992).

Analysis of deleted variants derived from the GUS-
or GFP-tagged viruses.

The cDNA spanning the region of insertion of the GFP or
GUS genes in the recombinant viruses having lost reporter
gene activity (hereafter named respectively LMV-E-∆GFP or
LMV-E-∆GUS) was amplified by reverse transcription–
polymerase chain reaction (RT-PCR) from 10 individual plant
samples. In all cases, a single, amplified fragment was ob-
tained. Following sizing on agarose or polyacrylamide gels
and restriction enzyme digestion analysis, it was demonstrated
that in all cases loss of the activity of the reporter gene was
associated with deletions in the introduced sequence as well
as in the adjoining HC-Pro coding sequence. Four amplifica-
tion products were selected and sequenced to map the deletion
endpoints. Two products (LMV-∆GFP1 and –∆GFP3) were
found to be identical in sequence and, therefore, are likely to
derive from the same deletion event. Figure 2 shows that these
four sequences analyzed lacked nucleic acid sequences en-
coding either 24 or 108 amino acids from the NH2-terminal
part of the HC-Pro and retained between 1 and 40 amino acids
of the GFP protein. The P1 coding region was unaffected in
all of the deletion mutants analyzed. As expected for a virus
expressing its genome as a polyprotein, all mutants main-
tained the genomic open reading frame. For the GUS deletion
mutants, only LMV-E-∆GUS3, which showed the largest de-
letion as estimated from the size of the RT-PCR amplified,
was sequenced. This mutant lacked the entire inserted se-
quence and had the largest deletion we could detect in the HC-
coding region (109 amino acids).

Symptoms and accumulation of the tagged viruses
on susceptible butterhead lettuce cultivar Trocadero.

The susceptible butterhead lettuce cultivar Trocadero inocu-
lated with LMV-E-GFP or with LMV-E-GUS developed attenu-
ated symptoms, compared with plants inoculated with LMV-E
(Fig. 3). Typically, LMV-E first induces a strong vein clearing
followed by the development of a severe stunting of the plants
accompanied by leaf deformation and a mosaic with occasional
necrosis (Fig. 3A,B). Both the GFP- and GUS-tagged viruses
induced a somewhat less intense vein clearing than the parental
virus. In the case of LMV-E-GUS, appearance of this initial
symptom was, on average, delayed by 2 days. The plants in-
oculated with the two tagged viruses then displayed typical mo-
saic symptoms (slightly more severe with LMV-E-GUS) but
failed to exhibit the severe stunting/leaf deformation or the ne-
crotic reactions observed on LMV-E–inoculated plants (Fig.
3C,D). In LMV-E-GFP–infected lettuce, the fluorescence was
completely superimposable to the vein clearing symptoms and,
in leaves developed later on, to the yellow-green areas of the
mosaic pattern (Fig. 4A,B). Therefore, the tagging of the HC-
Pro of LMV with either GUS or GFP appears to have a negative
effect on the pathogenicity of LMV-E on the susceptible butter-
head cultivar Trocadero. The symptoms of the GFP or GUS de-
letion mutants were usually comparable to those of the tagged
viruses and were clearly attenuated, compared with the wild-
type LMV-E virus (not shown).

The levels of accumulation of the tagged viruses and of
some of the deletants were evaluated by semiquantitative en-
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zyme-linked immunosorbent assay (ELISA) and compared with
the accumulation of wild-type LMV-E at 15 days and 30 days
post inoculation (dpi). As shown in Table 1, significant differ-
ences were observed both with the wild-type virus and between
the two tagged viruses. LMV-E-GFP accumulated to a level
comparable to that of LMV-E at 15 dpi but showed a clearly

reduced accumulation at 30 dpi. In contrast, the accumulation of
LMV-E-GUS was more significantly impaired, reaching only 26
and 6% of that of LMV-E at 15 and 30 dpi, respectively. The
deletion mutants accumulated to levels slightly higher (LMV-
E-∆GUS3) or lower (LMV-E-∆GFPs) than their parental
tagged GUS or GFP virus at 30 dpi in Trocadero (Fig. 5).

Fig. 1. Schematic representation of Lettuce mosaic virus resistance-breaking isolate (LMV-E) genome and tagged (green fluorescent protein, GFP; β-
glucuronidase, GUS) recombinants. Nucleotide and amino acid sequences modified in LMV-E-GFP and LMV-E-GUS with respect to wild-type LMV-E
are indicated below each diagram. Restriction endonuclease sites used for subcloning are shown above diagrams. Nucleotide sequences specifying re-
striction endonuclease recognition sites are indicated. Sequences corresponding to the reporter genes are indicated in italics. The genome organization of
LMV is indicated for each construct.
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In summary, GFP or GUS tagging of the HC-Pro of LMV-E
resulted in viruses showing less severe symptoms in the suscep-
tible butterhead cultivar Trocadero and with slightly (GFP-tag)
or severely reduced (GUS-tag) ability to accumulate in systemi-
cally infected leaves, especially at later infection times. The
overall pathogenicity of the recombinant viruses was thus af-
fected by these modifications. These results support those of
Guo et al. (1998), who showed that the incorporation of the
GUS gene into the Plum pox virus (PPV) genome affects the
ability of this potyvirus to infect Nicotiana clevelandii plants.

Symptoms and accumulation of the tagged viruses
in iceberg lettuce cultivars differing by the presence
of the mo12 resistance gene.

To analyze the effects of the mo12 tolerance/resistance gene
on the GFP- or GUS-tagged viruses, a pair of closely related

iceberg lettuce cultivars, Vanguard and Vanguard 75, was se-
lected. Vanguard 75 was derived from Vanguard by introgres-
sion of the mo12 resistance gene followed by six consecutive
backcrosses to recover a genotype as close as possible to the
original Vanguard type (Ryder 1979). Thus, although not
strictly isogenic for the resistance gene, these two cultivars are
very closely related and the presence of the mo12 gene is ex-
pected to be the major difference between them.

Similar to Trocadero, the susceptible cultivar Vanguard dis-
played severe symptoms when infected by LMV-E (not
shown). Systemic invasion of the plants was rapid, with
symptoms usually visible by 7 to 9 days following sap inocu-
lation. The symptoms initially included vein clearing, fol-
lowed by necrotic mosaic and severe stunting. In contrast, and
although LMV-E is a resistance-breaking isolate, systemic
invasion of the resistant cultivar Vanguard 75 was considera-

Fig. 2. Genetic map of Lettuce mosaic virus resistance-breaking isolate (LMV-E) deletion variants. Sequences missing from various deletion variants of
LMV-E-GUS and LMV-E-GFP analyzed are shown. Numbers indicate amino acid positions of the deletion endpoints in the green fluorescent protein
(GFP), β-glucuronidase (GUS), and helper-component proteinase (HC-Pro) sequences in the spontaneous mutants (e.g., in LMV-E-∆GFP4 the GFP
amino acid 15 is present but the HC-Pro amino acid 108 is absent). In LMV-E-∆GFP1 and LMV-E-∆GFP3, only the N-terminal methionine of GFP re-
mains, while in LMV-E-∆GUS3 all inserted sequences, including the additional AatII and SmaI sites, have been removed.
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bly slower, systemic movement and symptoms being first de-
tectable about 3 weeks post inoculation (not shown).

In Vanguard, the tagged viruses behaved essentially as in
Trocadero: early systemic movement (with a 2-day delay for
LMV-E-GUS), and strongly attenuated symptoms (not
shown). Accumulation of the tagged viruses reached levels
comparable to those observed in Trocadero by 30 dpi. How-
ever, viral accumulation at 15 dpi in Vanguard reached only
about 10% of the respective levels observed in Trocadero
(Table 1). Altogether, these results thus confirm and extend to
a different lettuce type, iceberg, the reduced pathogenicity ob-
served for the tagged viruses in the butterhead cultivar Tro-
cadero and in addition they indicate that the kinetics of viral
accumulation differ between the iceberg cultivar Vanguard
and the butterhead cultivar Trocadero.

Neither LMV-E-GFP nor LMV-E-GUS (nor any of the de-
letion mutants) was able to induce detectable symptoms in the
resistant cultivar Vanguard 75, up to the end of the experi-
ments (2 months post inoculation). GUS staining or ELISAs
failed to reveal any systemic movement of LMV-E-GUS, at
any time point, except for two plants that displayed GUS ac-
tivity 3 weeks post inoculation in one particular experiment.
However, histochemical staining of inoculated leaves demon-
strated that LMV-E-GUS is able to multiply and move cell to

cell in this host because infection foci (2 to 3 mm in diameter)
were readily detected 7 to 13 dpi (Fig. 4D). Detailed analysis
of the number of blue cells in the lesions on inoculated leaves
at 36, 48, and 72 h post inoculation revealed that viral cell-to-
cell movement was significantly slower in Vanguard 75 than
in Vanguard. At all time points a statistically significant dif-
ference was detected between the number of blue cells per
lesion observed in Vanguard, compared with Vanguard 75,
with, at 48 h post inoculation, 20 ± 9 and 5 ± 2 blue cells per
lesion, respectively (Fig. 4E,F).

LMV-E-GFP was occasionally, but more often than LMV-
E-GUS, found to be able to move systemically in Vanguard
75. However, this systemic movement was very erratic and
only observed on a limited number of plants and not for each
experiment performed. In addition, when occurring, this
movement was extremely slow, usually becoming detectable
as low levels of fluorescence with a very limited distribution
on the leaf blades only at 5 to 6 weeks post inoculation (Fig.
4C). Fluorescence in these areas never increased in intensity
or in distribution upon further observation (not shown). The
accumulation level of LMV-E-GFP in those few plants show-
ing evidence of systemic movement ultimately reached around
13% of that of the LMV-E control at 2 months post inocula-
tion (Table 1).

Fig. 3. Symptoms induced by Lettuce mosaic virus resistance-breaking isolate (LMV-E), LMV-E-GUS (β-glucuronidase), and LMV-E-GFP (green
flurorescent protein) on the lettuce cultivar Trocadero. A, Trocadero plants infected with LMV-E (left), LMV-E-GFP (center), and LMV-E-GUS (right) at
20 days post inoculation (dpi). B, Trocadero plant infected with LMV-E at 20 dpi, showing characteristic severe stunting caused by this isolate. Com-
parison of symptoms induced on systemically infected leaves of Trocadero at 20 dpi by (C) LMV-E (two leaves on left) and LMV-E-GUS (right) and (D)
LMV-E (two leaves on left) and LMV-E-GFP (right).
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Fig. 4. Visualization under UV light of green fluorescent protein (GFP) fluorescence in LMV-E (Lettuce mosaic virus resistance-breaking isolate)-GFP-
infected lettuce (cvs. Trocadero or Vanguard 75) and visualization by β-glucuronidase (GUS) histochemical staining of infection foci of LMV-E-GUS in
inoculated leaves of lettuce cvs. Vanguard or Vanguard 75. A, Fluorescence limited to vicinity of veins in cv. Trocadero at 8 days post inoculation (dpi).
Observed fluorescence is superimposable to the vein clearing symptoms caused by the virus. B, Fluorescence expanding to leaf blade of cv. Trocadero at
15 dpi. Again, fluorescence is superimposable to yellow-green areas of the mosaic pattern. C, Representative example of occasional detection of GFP
fluorescence in systemically infected leaves of cv. Vanguard 75. Picture was taken at 6 weeks post inoculation. D, Infection foci on an inoculated leaf of
cv. Vanguard 75 at 13 dpi. E, Infection foci on an inoculated leaf of cv. Vanguard at 48 h post inoculation (hpi). F, Infection foci on an inoculated leaf of
cv. Vanguard 75 at 48 hpi. Bars = 200 µm.
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DISCUSSION

Reporter genes, and especially GFP and GUS, have been
incorporated with success into several viral genomes and used
as markers of viral infection (Oparka et al. 1997). In the case
of potyviruses, the seminal work of Dolja et al. (1992) demon-
strated the viability of a recombinant TEV engineered to ex-
press a GUS reporter protein as a fusion with the N terminus
of the HC-Pro and thus the feasibility of tagging some potyvi-
ral genomes. However, Guo et al. (1998) showed that the re-
combinant potyvirus PPV-GUS was viable only if an artificial
cleavage site specific for the NIa viral proteinase was intro-
duced between the GUS and HC-Pro protein.

In this study it is shown that both GFP and GUS proteins
can be fused to the HC-Pro of LMV-E without significantly
affecting the viability of the tagged viruses in susceptible cul-
tivars of lettuce. The GFP-tagged virus appears to be very sta-
ble since monthly passage for up to 6 months failed to initiate
the accumulation of deletion variants having lost the intro-
duced gene. However, prolonged infection of the same host
for 4 months led to the appearance of such variants, demon-
strating that the GFP-tagged LMV-E is not completely stable.
By comparison, the GUS-tagged virus proved to be somewhat
less stable, with deletions appearing sooner in the propagated
viral populations. These results, as well as the general struc-
ture of the deleted genomes recovered, are essentially similar
to those reported by Dolja et al. (1993) for TEV-GUS, with
two exceptions. First, the stability of the TEV-GUS tagged
virus appears to be even lower than that of LMV-E-GUS, de-
letion mutants of TEV-GUS being almost always recovered
following a 3- to 4-week infection period (Dolja et al. 1993).
Second, we found that three out of five deletion endpoints
clustered near nucleotide 325 of the LMV HC-Pro coding se-
quence (amino acids 108 to 109), suggesting that this region
behaved as a kind of deletion “hot spot,” a clustering not ob-
served by Dolja et al. (1993) in TEV-GUS.

The fact that all LMV-E deletion mutants were able to sys-
temically invade susceptible lettuce plants confirms that at
least the N-terminal 109 amino acids of the HC-Pro protein

are not essential for LMV replication and lettuce invasion.
These results confirm those obtained for TEV by Dolja et al.
(1993, 1997) and even increase the dispensable sequence in
HC-Pro by 3 amino acids, as seen on a sequence alignment
between TEV and LMV (not shown). However, these results
differ from those of Guo et al. (1998), who showed that PPV-
GUS deletions never affected the HC-Pro coding region, sug-
gesting that the N terminus of the HC-Pro may be essential for
PPV viability.

The stability of the GFP- and GUS-tagged viruses makes
them excellent candidates for the study of long-term infection
processes such as seed or pollen transmission. Sudarshana et
al. (1998) used such a GFP reporter system to follow the viral
infection process of Bean dwarf mosaic virus from the seed-
ling stage throughout the entire plant’s life cycle, and showed
that this virus infected flower, pod, and seed teguments in
common bean. Our preliminary results show that GUS or GFP
reporter activity can be detected in the floral parts of infected
lettuce or pea plants (S. German-Retana, T. Candresse, O. Le
Gall, and E. Redondo, unpublished).

One surprising finding was that, in addition to generally
lowering the viral fitness, tagging of the LMV-E genome af-
fected the viral pathogenicity and the ability of the virus to
overcome the mo12 resistance gene carried by the Vanguard 75
cultivar. This effect was macroscopically characterized by the
failure, contrary to wild-type LMV-E, to induce symptoms in
Vanguard 75, and by the erratic, delayed, and reduced ability
of the tagged viruses to systemically invade the resistant culti-
var. Currently, we cannot rule out the possibility that the sys-
temic movement of LMV-E-GFP occasionally observed in
Vanguard 75 could in fact be due to cell-to cell movement in
stem tissues. This negative effect of the tagging on resistance
breaking came as a surprise in view of recent findings impli-
cating the 3′ half of the genome of LMV in the breaking of the

Table 1. Accumulation of LMV-E-GUS and LMV-E-GFPa

Cultivar and dpi

Trocadero Vanguard 75 Vanguard

Tag 15 30 15 30 60 15 30

LMV-
E-GFP

96 ± 21 27 ± 7 NDb ND ND or
13 ± 1c

13 ± 3 34 ± 11

LMV-
E-GUS

26 ± 7 6 ± 3 ND ND ND 2 ± 0.2 7*

a Accumulation of β-glucuronidase (GUS) and green fluorescent protein
(GFP) tagged viruses is expressed as a percentage of accumulation of
Lettuce mosaic virus resistance-breaking isolate (LMV-E). Samples
were collected from developmentally equivalent, noninoculated,
symptomatic leaves of the lettuce cultivars Trocadero, Vanguard 75,
and Vanguard at 15, 30, or 60 days post inoculation (dpi). For each
variant, virus levels were determined by enzyme-linked immunosorb-
ent assay (ELISA) in at least three samples from individual infected
plants except (*) where only one plant could be tested. Number of
plants tested for each lettuce cultivar varied between 4 and 12.

b Not detected.
c Usually, there was no systemic infection but occasionally LMV-E-GFP

did move systemically; value given corresponds to one such experi-
ment in which movement was observed in two plants.

Fig. 5. Accumulation of the green fluorescent protein (GFP) and β-
glucuronidase (GUS) deletion mutants in Trocadero plants. For each
deletion mutant, accumulation is expressed as percentage of accumula-
tion of tagged virus from which it is derived. Levels of LMV-E (Lettuce
mosaic virus resistance-breaking isolate)-GFP deletion mutants were
determined by semiquantitative enzyme-linked immunosorbent assay
(ELISA) in three samples from individual plants while ∆GUS 3 level
was determined in four samples from individual plants. All samples
were collected from developmentally equivalent, noninoculated, symp-
tomatic leaves at 30 days post inoculation.
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mo1 resistance genes (E. Redondo, O. Le Gall, and T. Can-
dresse, unpublished) and the fact that the behavior of TEV
toward the V20 resistant tobacco variety was not affected by
GUS tagging (Schaad and Carrington 1996).

Analysis of the behavior of the deletion variants derived
from the tagged viruses indicated that they too were severely
affected in their ability to move systemically or to induce
symptoms in Vanguard 75, indicating that deletion of 24
amino acids of the HC-Pro N terminus (LMV-E-∆GFP1) is
sufficient to cause this effect. Histochemical staining of LMV-
E-GUS–inoculated leaves showed that the recombinant virus
is still able to move cell to cell in Vanguard 75, although at a
reduced rate, compared with the situation in the susceptible
variety Vanguard. A similar analysis could not be performed
for LMV-E-GFP due to the high background fluorescence in-
duced in lettuce leaves by the inoculation procedure. How-
ever, the occasional systemic movement of the tagged virus
observed in Vanguard 75 indicates that, like LMV-E-GUS,
LMV-E-GFP is still able to replicate and move cell to cell in
the resistant cultivar.

Two hypotheses can be proposed to explain the observed
inhibition of systemic movement of the tagged viruses. The
general reduction in fitness observed for the tagged viruses
(reduced ability to replicate, accumulate, and move cell to
cell) could culminate in a partial block in the viral systemic
movement. The alternate hypothesis, consistent with the
known involvement of the HC-Pro region in long-distance
movement in potyviruses (Cronin et al. 1995), is that the tag-
ging of the HC-Pro specifically affected its ability to perform
a function crucial for systemic movement in the resistant host.
To the best of our knowledge, these results represent the first
evidence for a host genotype-specific effect of modifications
of the HC-Pro protein on the ability of a virus to move long
distance. Further work is clearly needed to gain a better un-
derstanding of the mechanisms involved and to distinguish
between these two hypotheses.

MATERIALS AND METHODS

Plasmid constructions.
The plasmid p70SLMVE contains an infectious, full-length

cDNA copy of LMV-E RNA under the control of the en-
hanced CaMV 35S promoter and of the NOS terminator (Yang
et al. 1998). For simplicity, it is referred to as pLMV-E
throughout the text. The plasmid pBIN-m-gfp5-ER was a gen-
erous gift from J. Haseloff (MCR, Laboratory of Molecular
Biology, Cambridge, UK) and contains the gene m-gfp5-ER,
encoding a modified Aequorea victoria GFP with better ex-
pression and fluorescence in plants (Kirby et al. 1996). This
plasmid was used to amplify the GFP gene and introduce
flanking AatII and SmaI sites at both ends of the GFP se-
quence. Since the GFP was to be expressed as a fusion to the
HC-Pro of LMV, the initiation methionine was preserved but
the termination codon removed during amplification. Follow-
ing AatII digestion, the amplification product was then incor-
porated into the AatII site of plasmid pJKK45, which contains
nucleotide positions 1 to 2389 of LMV-E cDNA, to give
plasmid pJKK45gfp. The AatII site at position 1419 in LMV
cDNA, which was used for cloning, corresponds to the second
and third codons of the HC-Pro coding sequence. The fused
LMV cDNA sequence was inserted into pLMV-E as an RsrII-

BstEII fragment (LMV nucleotides 386 to 2375). The plasmid
obtained was named pLMVE-GFP. Following maturation of
the HC-Pro N terminus by the P1 proteinase, the GFP fusion
protein expressed should contain the first 3 amino acids of the
HC-Pro, a Pro-Gly dipeptide corresponding to the SmaI site,
the entire GFP coding sequence, another Pro-Gly dipeptide,
and finally the entire sequence of the HC-Pro except for the
very first amino acid (Fig. 1). An identical strategy was used
to construct a GUS-tagged LMV-E, with the exception that no
SmaI sites were introduced and that the methionine initiation
codon was removed during the initial GUS gene amplification
(Fig. 1). The resulting plasmid was named pLMVE-GUS.

Inoculation of plants.
LMV isolates were propagated under containment glass-

house conditions on lettuce (Lactuca sativa) plants of cvs.
Trocadero, Vanguard (both with no known resistance gene), or
Vanguard 75 (harboring the mo12 resistance gene). Mechani-
cal inoculation of young lettuce plants was performed as pre-
viously described (Revers et al. 1997a). When purified re-
combinant plasmids were used as the inoculum, particle
bombardment was conducted with a Helios Gene Gun (Bio-
Rad, Ivry sur Seine, France) with 1-µm gold microcarriers,
also as previously described (Yang et al. 1998). Routinely, 100
ng of purified plasmid was used per inoculation.

GUS assays and detection of green fluorescence.
Histochemical assays for GUS activity were conducted

following a protocol slightly adapted from Jefferson (1987).
Vacuum was used to infiltrate the GUS staining solution sup-
plemented with 0.2% (vol/vol) Triton X-100 in leaf fragments.
Development of the colorimetric reaction was routinely per-
formed overnight at 37°C. The size of the infection entry
points on inoculated leaves was estimated with a light micro-
scope as the number of GUS-positive cells counted in a plane
disk just below the epidermis.

GFP fluorescence was detected visually in whole plants
with a 100 W, hand-held, long-wave UV spot-light (Model B-
100; UV Products, Upland, CA).

Quantification of viral accumulation.
The relative viral concentrations were estimated by semi-

quantitative ELISA with a rabbit anti-LMV polyclonal antise-
rum, kindly provided by Hervé Lot (INRA-Avignon, France).
ELISAs were conducted according to Clark and Adams
(1977). Alternatively, in some experiments, the viral RNA was
quantitated by dot blot hybridization with a 32P-labeled, in vi-
tro transcribed cRNA probe as described by Brault et al.
(1993).

RT-PCR analysis of recombinant virus progeny.
The cDNA spanning the region containing the introduced

genes in the recombinant LMV isolates was amplified by RT-
PCR with crude leaf extracts as the starting material. The
first-strand primer (01963M) was complementary to nucleo-
tides 1963 to 1943 within the HC-Pro coding region, while the
second-strand primer (01317P) corresponded to nucleotides
1314 to 1331 within the P1 coding region. The size of the am-
plified products was determined by either agarose or poly-
acrylamide gel electrophoresis. Following restriction enzyme
analysis, amplification products derived from revertant viruses
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having lost the introduced genes were sequenced directly
without cloning (Eurogentec, Seraing, Belgium).
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