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With the aim to characterize plant and viral factors in-
volved in the molecular interactions between plants and 
potyviruses, a Lettuce mosaic virus (LMV)–Arabidopsis 
thaliana pathosystem was developed. Screening of Arabi-
dopsis accessions with LMV isolates indicated the existence 
of a large variability in the outcome of the interaction, al-
lowing the classification of Arabidopsis accessions into 
seven susceptibility groups. Using a reverse genetic ap-
proach, the genome-linked protein of LMV, a multifunc-
tional protein shown to be involved in viral genome ampli-
fication and movement of potyviruses, was established as 
the viral determinant responsible for the ability to over-
come the resistance of the Niederzenz accession to LMV-0. 
Preliminary genetic analyses from F2 and recombinant in-
bred lines available between susceptible and resistant 
Arabidopsis accessions revealed the existence of at least 
three resistance phenotypes to LMV with different genetic 
bases. One dominant resistance gene, designated LLM1, in-
volved in blocking the replication or cell-to-cell movement 
of the LMV-0 isolate in the Columbia accession, was 
mapped to chromosome I and shown to be linked to the 
marker nga280. At the same time, genetic analyses of segre-
gating F2 populations were consistent with the restriction 
of the systemic movement of the LMV-AF199 isolate in 
Columbia being controlled by two dominant genes and 
with the complete resistance to all tested LMV isolates of 
the Cape Verde islands (Cvi) accession being conferred by 
a single recessive resistance gene. Sequencing of the eu-
karyotic translation initiation factor 4E genes from the dif-
ferent LMV-resistant Arabidopsis accessions showed that 
these factors are not directly involved in the characterized 
resistance phenotypes.  

The interaction between a plant and a virus may result in a 
number of biological situations, ranging from complete sys-
temic invasion of the plant, usually accompanied by symptoms 
(full susceptibility), to the inability of the virus to mount a pro-
ductive replication in the initially inoculated cells. A number of 
intermediate situations in which the virus is blocked more or 
less early in the plant invasion process also can be observed 
(Hull 2002). Knowledge of the plant and viral factors involved 
in the outcome of these interactions is crucial to further our un-
derstanding of the molecular determinism of key biological 
processes such as viral host range or plant resistance. Impor-
tant advances have been made in recent years in the under-
standing of the molecular biology of the interactions between 
potyviruses and their hosts (Revers et al. 1999). The genus 

Potyvirus is the largest of the plant virus genera and its mem-
bers cause severe losses to many crops (Shukla et al. 1994). 
Potyviruses are aphid transmitted and some of them are also 
seed borne. Their positive single-stranded RNA genome of ap-
proximately 10,000 nucleotides is polyadenylated at its 3� end 
and covalently linked at its 5� end to an approximately 25-kDa 
virus-encoded protein (VPg). The genome encodes a polypro-
tein which is matured by three virus-encoded proteinases into 
approximately 10 mature viral proteins (Riechmann et al. 
1992). In several host–potyvirus pathosystems, the VPg has 
been shown to be involved in overcoming host resistance genes 
or in the ability to infect specific host plants (Borgstrøm and 
Johansen 2001; Masuta et al. 1999; Rajamäki and Valkonen 
1999, 2002; Revers et al. 1999). This protein also has been 
shown to interact with the eukaryotic translation initiation fac-
tor eIF4E or its isoform eIF(iso)4E (Léonard et al. 2000; 
Schaad et al. 2000; Wittmann et al. 1997), which recently were 
shown to play an important role in the potyviral cycle and to be 
involved in recessive resistances to potyviruses in several hosts 
(Duprat et al. 2002; Lellis et al. 2002; Ruffel et al. 2002; V. 
Nicaise and S. German-Retana, unpublished data). Together, 
these results suggest that, in different potyvirus–plant patho-
systems, common viral and host factors repeatedly seem to be 
involved in determining the outcome of the interaction, under-
lying a conserved infection strategy in the genus Potyvirus, and 
support the hypothesis that plants carrying recessive resistance 
genes against viruses lack a function essential for a particular 
step of the viral cycle (Fraser 1992). This conserved strategy 
may, in turn, explain why recessive resistance genes represent 
approximately 40% of the known resistance genes to potyvi-
ruses (Provvidenti and Hampton 1992), whereas they represent 
only approximately 20% for other virus groups (Fraser 1992). 
However, up to now, only the eIF4E genes have been identi-
fied to have a direct role in the plant–potyvirus interactions. 

Among the numerous other resistance genes controlling 
potyvirus infection which have been characterized from a ge-
netic standpoint, only two dominant resistant genes, RTM1 and 
RTM2, restricting long-distance Tobacco etch virus (TEV) 
movement, have been cloned in Arabidopsis thaliana and 
shown to encode a jacalin-like protein (Chisholm et al. 2000) 
and a small heat shock-like protein (Whitham et al. 2000), re-
spectively. These resistant genes, specifically expressed in a 
sieve element (Chisholm et al. 2001), were shown to be spe-
cific for TEV because other potyviruses such as Potato virus Y 
(PVY), Tobacco vein mottling virus (TVMV), and Turnip mo-
saic virus (TuMV) are able to infect Arabidopsis accessions 
bearing these two genes (Martín Martín et al. 1999; Whitham 
et al. 2000). Whether the products of these RTM genes act di-
rectly or indirectly to block the long-distance movement of 
TEV still remains to be elucidated. Corresponding author: F. Revers, E-mail: revers@bordeaux.inra.fr. 
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In order to identify new viral and host factors involved in 
potyvirus–host interactions, the high genetic variability of A. 
thaliana (Alonso-Blanco and Koornneef 2000) and the molecu-
lar and biological variability of Lettuce mosaic virus (LMV) 
isolates (Krause-Sakate et al. 2002; Revers et al. 1997a) have 
been exploited to identify Arabidopsis or LMV genetic deter-
minants governing the interactions between these two partners. 
LMV is the causal agent of lettuce mosaic, one of the most 
devastating viral diseases in lettuce (Lactuca sativa) world-
wide (Dinant and Lot 1992). Genetic resistance against LMV 
in lettuce is based on the use of either of two allelic recessive 
resistance genes, mo11 and mo12 (Dinant and Lot 1992), re-
cently shown to correspond to allelic variants of the eIF4E 
gene (V. Nicaise and S. German-Retana, unpublished data). 
The recent emergence of LMV isolates, collectively named 
LMV-Most (Krause-Sakate et al. 2002), which combine resis-
tance-breaking and seed-transmission properties, has raised the 
question of the durability of such recessive resistance genes in 
crops and created the need for the identification of other resis-
tance sources against this virus. 

In this study, screening of Arabidopsis accessions using 
three LMV isolates revealed the existence of a large variability 
in the outcome of LMV–Arabidopsis interactions. Viral and 
plant determinants of these interactions then were analyzed 
using reverse or forward genetic approaches.  

RESULTS 
Variability in LMV-AF199 susceptibility identified  
among Arabidopsis accessions. 

In order to determine whether A. thaliana is a host for LMV, 
35 accessions were inoculated manually with LMV-AF199, an 
isolate belonging to the LMV-Most group (Krause-Sakate et al. 
2002). After 3 weeks, no visible symptoms were observed on 
plants, either on the inoculated leaves or on noninoculated 
parts such as other rosette leaves or inflorescence tissues. In 
order to evaluate the possibility of symptomless infections, 
inflorescence tissues of all inoculated plants were analyzed by 
enzyme-linked immunosorbent assay (ELISA) using a rabbit 
antiserum raised against purified LMV (Table 1). Twenty-eight 
accessions presented high ELISA values (at least 10-fold the 
value of the mock-inoculated controls) and the presence of 
LMV in the systemically infected inflorescence tissues was 
confirmed both by back inoculation to susceptible lettuce 
plants and by reverse transcriptase-polymerase chain reaction 
(RT-PCR) amplification of the coat protein region of the LMV 
genome from total RNA extracts (data not shown). In contrast, 
seven accessions presented ELISA values similar to those of 
the mock-inoculated controls even when the ELISA was re-
peated 4 to 6 weeks postinoculation (wpi). Back-inoculation 
from all the ELISA-negative accessions to susceptible lettuce 
plants confirmed the absence of systemic LMV accumulation 
in these plants. 

In all accessions showing systemic LMV accumulation, in-
fection by LMV-AF199 was detected at 25 days postinocula-

tion (dpi) and even as early as 15 dpi in all plants of the acces-
sions La-0, La-er, Ler, Ler-0, Pog-0, Mh-0, Shahdara, C24, 
Ws, Bay-0, Sh-0, Tsu-0, and RLD. 

The possibility of seed transmission of LMV in Arabidopsis 
spp. also was examined. Approximately 200 15-day-old seed-
lings of the RLD, Ler, and Nd-1 accessions produced from 
seeds obtained from LMV-infected plants were analyzed by 
ELISA. All the ELISA were negative, demonstrating that LMV 
either is not seed borne in Arabidopsis spp. or is transmitted 
only at a very low rate, despite the fact that the virus was eas-
ily detected in seed pod tissues by ELISA (data not shown). 

In order to further characterize the resistance phenotype of 
the seven accessions for which LMV was not detected in up-
per, noninoculated parts, ELISA were performed on inoculated 
leaves at 15 dpi (Table 1). Two accessions, Cvi-0 and Cvi-1, 
seemed to be unable to accumulate LMV in the inoculated 
leaves because the ELISA values obtained for these plants 
were similar to those from mock-inoculated leaves. Upon 
back-inoculation from the inoculated leaves of these two ac-
cessions to susceptible lettuce, no symptoms were observed. In 
contrast, five accessions, Col-0, Col-3, Col-5, Wt-1, and Ll-0, 
were ELISA positive in inoculated leaves. Therefore, these re-
sults suggest that two levels of resistance control LMV-AF199 
infection in the Arabidopsis accessions tested. The first level of 
resistance, observed in the two Cvi accessions, seems to inhibit 
LMV multiplication or cell-to-cell movement and will be re-
ferred to as “local resistance”, whereas the second level, ob-
served in accessions Wt-1, Ll-0, Col-0, Col-3, and Col-5, cor-
responds to an inhibition of long-distance viral movement and 
will be referred to as “systemic resistance”. 

Variability in susceptibility to other LMV isolates  
among Arabidopsis accessions.�

In order to test whether the two levels of resistance observed 
against LMV-AF199 also were active against other LMV iso-
lates, selected Arabidopsis accessions were inoculated manu-
ally with LMV-0 and LMV-E, two well-characterized LMV 
isolates differing in their biological properties in lettuce 
(Revers et al. 1997a, 1997b), and with LMV-0-GUSclvHC and 
LMV-E-GUSHC, two GUS-tagged recombinant LMV isolates 
derived from LMV-0 and from LMV-E infectious cDNA 
clones, respectively (German-Retana et al. 2000; S. German-
Retana, unpublished data). Systemic LMV accumulation in in-
florescence tissues was determined by ELISA 3 wpi and local 
LMV accumulation in the inoculated leaves was determined by 
GUS histochemical staining assays 10 dpi. A global analysis of 
these results showed that Arabidopsis accessions could be clas-
sified into seven classes, based on their behavior upon inocula-
tion with the three LMV isolates used (Table 2). Both LMV-0 
and LMV-E were able to infect a more restricted set of acces-
sions than LMV-AF199, and all accessions showing resistance 
against LMV-AF199 also showed resistance to LMV-0 and to 
LMV-E, with the exception of Col accessions, in which a small 
percentage of plants repeatedly were observed to systemically 
accumulate LMV-E (Table 1). On the other hand, LMV-AF199 

Table 1. Susceptibility of Arabidopsis thaliana to infection by Lettuce mosaic virus (LMV)-AF199a 

Accession or mutant� Local accumulationb Systemic accumulationc 

La-0, La-er, Ler, Ler-0, Pog-0, Mh-0, Shahdara, WS, Bay-0, Sh-0, Gre-0, C24, Chi-0, RLD, 
Tsu-0, Kas-1, Oy-0, Kin-0, Jl-1, St-0, In-0, Nd-0, Nd-1, Ge-1, Di-0, Vi-0, Zü-0, Aa-0 

+ + 

Wt-1, Ll-0, Col-0, Col-3, Col-5, Col-0 npr1-1, Col-0 pad4-1, Col-0 eds4-1, Col-0 ndr1-1, 
Col-0 etr1-1, Col-0 jar1-1 

+ – 

Cvi-0, Cvi-1 – – 
a + = LMV accumulation and – = no accumulation detected. 
b LMV accumulation in inoculated leaves as detected 10 days postinoculation by enzyme-linked immunosorbent assay (ELISA).  
c LMV accumulation in non inoculated inflorescence tissue as detected 3 weeks postinoculation by ELISA. 
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appears to be able to overcome local or systemic resistance ac-
tive against LMV-E or LMV-0 in a number of accessions. 
Among the accessions tested, only Nd-0 and Nd-1 differed 
clearly in their susceptibility towards LMV-E and LMV-0, in 
that systemic infection by LMV-E was detected 3 wpi in both 
accessions, whereas LMV-0 systemic infection was never de-
tected, even up to 6 wpi by ELISA, back-inoculation to suscep-
tible lettuce, or RT-PCR. The patterns of GUS histochemical 
staining of leaves of these Nd accessions after inoculation with 
LMV-E-GUSHC and LMV-0-GUSclvHC (Fig. 1) gave similar 
results, indicating that resistance to LMV-0 in Nd-0 and Nd-1 
was not related to a decrease in replication or to slow cell-to-
cell movement of this isolate. In the LMV-0- and LMV-E-re-
sistant accessions Di-0, Vi-0, Zü-0, Aa-0, Col-0, Col-3, Col-5, 
Cvi-0, and Cvi-1, no GUS activity was detected in inoculated 
leaves with either tagged virus, even upon stereomicroscope 
examination, which should have allowed the detection of sin-
gle-cell infection foci resulting from a blockage of cell-to-cell 
movement (subliminal infection) (Fig. 1). Similarly, no hyper-
sensitive-like lesions were observed at the macroscopic level 
(data not shown). 

Analysis of the LMV-GUS inoculated leaves from suscepti-
ble accessions revealed other differences, mostly in the number 
and size of the infection foci. Indeed, some accessions such as 
Ler presented very few GUS spots or GUS spots of relatively 
small size, whereas in other accessions, such as Mh-0, GUS 
spots were consistently both more numerous and larger (Fig. 
1). However, systemic infection was detected with a similar 
timing in all types of accessions (data not shown), suggesting 
that the number and size of infection foci in inoculated leaves 
does not directly control the kinetics of systemic infection.  

The LMV VPg is involved in systemic infection  
in the Nd accessions.�

To further analyze the molecular interactions between Arabi-
dopsis spp. and LMV, Arabidopsis accessions belonging to 
some of the classes described above were studied. The LMV 
molecular determinant responsible for the difference between 
LMV-E and LMV-0 in the Nd-1 accession first was analyzed 
by a reverse genetic approach using recombinants constructed 
from infectious LMV-0 and LMV-E cDNA clones (Redondo et 
al. 2001; Yang et al. 1998). The pair of recombinants, 0xbaE 
and Exba0 (Redondo et al. 2001), first was used to show that 
the 3� half of the LMV genome was involved in overcoming 
resistance to systemic invasion (Fig. 2). Because no LMV re-
combinants were available for this part of the genome, new 

recombinants were constructed (Fig. 2). Infectivity of these 
recombinant clones was assayed in susceptible lettuce and the 
recombinant regions were confirmed by RT-PCR and sequenc-
ing. Then, lettuce plants infected with the recombinants were 
used as source of inoculum to test the ability of these recombi-
nants to systemically infect Nd-1 plants. For each recombinant, 
ELISA were performed 3 wpi using inflorescence tissues from 
three inoculated Nd-1 plants tested individually. Each experi-
ment was repeated at least twice. ELISA-positive plants were 
analyzed by RT-PCR coupled with restriction fragment length 
polymorphism (RFLP) analysis of the amplification products 
to confirm the identity of the recombinants (data not shown). 
Only 0stafE, a LMV-0 clone carrying the LMV-E VPg, was 
able to overcome the Nd-1 resistance to LMV-0, whereas the 
symmetrical recombinant, Estaf0, and the other recombinants 
were not detected systemically in Nd-1. 

Similarly, an LMV-0 recombinant in which the VPg coding 
region was replaced by that from LMV-AF199 also was able to 
overcome the blockage in systemic movement observed in ac-
cession Nd-1 (data not shown), demonstrating that, for both 
LMV-E and LMV-AF199, the resistance-breaking determinant 
is localized in the viral VPg. 

Amino acid sequence alignment of the VPg of the three 
LMV isolates (GenBank accession numbers X97704 for LMV-
0, X97705 for LMV-E, and AJ278854 for LMV-AF199) 
showed only three positions (2,121, 2,169, and 2,177) at which 
the LMV-0 sequence simultaneously differed from those of 
both LMV-E and LMV-AF199 (Fig. 3).  

Local resistance to LMV-0 in the Columbia accession  
is controlled by LLM1, a dominant resistance gene linked 
to the genetic marker nga280 on chromosome I. 

The Columbia accessions showed a local resistance against 
LMV-0 (Table 2). A number of resources for genetic mapping 
are available for this accession; therefore, the genetic analysis 
of this resistance was undertaken, using an F2 population and 
F9 recombinant inbred (RI) lines produced from a cross be-
tween Col-5 and Nd-1 (Holub and Beynon 1997) available 
from the Nottingham Arabidopsis Stock Center (NASC). 

To characterize the genetic basis of the LMV-0 local resis-
tance in Columbia, 96 plants of the F2 population were inocu-
lated with LMV-0-GUSclvHC and the inoculated leaves were 
analyzed 10 dpi by a GUS histochemical assay. Similarly, 71 
F2 plants were inoculated with LMV-0 and the inoculated 
leaves were tested by ELISA at 15 dpi. In both experiments, 
LMV-0 resistance segregated in a manner consistent with the 

Table 2. Comparison of susceptibility of Arabidopsis accessions and mutants to infection by various Lettuce mosaic virus (LMV) isolates 

 LMV-AF199 LMV-E LMV-0 

Arabidopsis accession Locala Systemicb Localc Systemicb Localc Systemicb 

La-0, La-er, Ler, Ler-0, Pog-0, Mh-0, Shadara + + + + + + 
Nd-0, Nd-1 + + + + + – 
Ge-1 + + + – + – 
Aa-0 + + – – – – 
Wt-1 + – + – + – 
Col-0, Col-3, Col-5 + – � � – – 
Col-0 mutantsd + – nt nt – – 
Cvi-0, Cvi-1 – – – – – – 
a LMV accumulation in inoculated leaves as detected 10 days postinoculation by enzyme-linked immunosorbent assay (ELISA); + = LMV accumulation 

and – = any LMV accumulation detected. 
b LMV accumulation in noninoculated inflorescence tissue as detected 3 weeks postinoculation by ELISA; + = LMV accumulation; – = no LMV 

accumulation detected; � = indicates a situation in which viral accumulation was detected but only in a small fraction of inoculated plants; nt : non 
tested. 

c LMV accumulation in inoculated leaves by GUS assay following inoculation with a GUS-tagged recombinant virus; + = LMV-GUS accumulation; – = 
no LMV-GUS accumulation detected; � = indicates a situation in which viral accumulation was detected but only in a small fraction of inoculated plants; 
nt = not tested. 

d The Col-0 mutants are npr1-1, pad4-1, eds4-1, ndr1-1, etr -1, jar1-1. 
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presence of a single dominant gene (71 resistant for 96 plants 
with LMV-0-GUSclvHC, �2 = 0.555 for a 1:3 segregation; 56 
resistant for 71 tested plants with LMV-0, �2 = 0.568). This 
resistance locus was named LLM1 (local resistance to LMV). 

In order to map LLM1, plants from the RI population were 
inoculated with both LMV-0-GUSclvHC and LMV-0 and 
tested in the same way as the F2 population. Of the 89 RI lines 
tested, 45 were resistant and 44 were susceptible. These data 
correspond to a ratio of the number of resistant versus suscepti-
ble lines of 1.02, which, again, is in agreement with a single 
gene model as suggested by the F2 population analysis. Using 
the molecular markers released on the NASC website and 
additional markers from J. Beynon (unpublished), a recombi-
nation analysis revealed that marker nga280 located on chro-
mosome I was linked to LLM1 with a recombination rate of 
12.5% between these two loci (Table 3). 

To analyze the mechanism of this LMV-0 resistance, Col-0 
mutants with altered defense responses in systemic acquired 
resistance (SAR) or R gene-mediated signaling defense path-
ways (Dangl and Jones 2001; Glazebrook 2001) were tested 
for their resistance to LMV-0 (Table 2). These included Col-0 
plants with a mutation in the NPR1 gene (npr1-1), which are 
unable to activate SAR and present enhanced disease suscepti-
bility (Glazebrook et al. 1996), and Col-0 plants with muta-
tions in genes belonging to the two known signaling pathways 
downstream of nucleotide binding site-leucine rich repeat 
(NBS-LRR) resistance genes NDR1 (ndr1-1), PAD4 (pad4-1), 
and EDS1 (eds4-1) (Glazebrook et al. 1996). In addition, Col-0 
jasmonate-resistant jar1-1 plants (Staswick et al. 1992) and 
Col-0 ethylene-insensitive etr1-1 plants (Bleecker et al. 1988) 
also were tested. Four plants of each mutant were inoculated 
with LMV-0 and LMV-0-GUSclvHC. GUS activity and ELISA 
were performed at 10 and 15 dpi for LMV-0-GUSclvHC- and 
LMV-0-inoculated leaves, respectively. Local resistance to 
LMV-0 was not compromised in any of these mutant plant 
lines; whereas, as a positive control in these experiments, the 
Ler plants inoculated in parallel all were infected successfully. 
These results support the hypothesis that the mechanism of lo-
cal LMV-0 resistance in the Columbia accession differs from 
those controlled by the well-characterized defense pathways of 
Arabidopsis spp. 

To further evaluate the stability of the local LMV-0 resis-
tance in Columbia, Col-5 plants previously infected with Cu-
cumber mosaic virus (CMV) R strain, a virus belonging to the 
genus Cucumovirus and able to suppress posttranscriptional 

gene silencing (PTGS) (Lucy et al. 2000), were inoculated with 
LMV-0. As a control, CMV-infected plants of the Ler and Nd-1 
accessions also were inoculated with LMV-0. At 15 dpi, no 
systemic LMV-0 infection was detected in the CMV-infected 
Col-5 plants, whereas LMV was detected in CMV-infected Ler 
and Nd-1 plants (data not shown). Thus, CMV infection did 
not suppress resistance to LMV in the Columbia accession. 
Identical results were obtained when plants were inoculated si-
multaneously with LMV and CMV on the same or on different 
leaves (data not shown). To determine whether the block in lo-
cal LMV-0 accumulation results from the induction of a gen-
eral antiviral response, LMV-infected Col-5 and Ler plants 
were inoculated with CMV 15 days after LMV inoculation, 
and CMV accumulation was evaluated by ELISA 10 days later. 
All plants were found to accumulate CMV, indicating that 
LMV resistance does not affect the susceptibility of the Co-
lumbia accession to CMV. 

Given the LMV-0 infection phenotypes observed in the Col 
(local infection blockage) and Nd (systemic infection block-
age) parents, the possibility existed that fully susceptible plants 
could be recovered in the F2 or RI lines populations. In all, 10 
F2 plants and 10 RI lines, for which LMV-0 was detected by 
ELISA in inoculated leaves, were analyzed 3 wpi for systemic 
LMV-0 accumulation in inflorescence tissues. None of these 
plants were found to be systemically infected by LMV-0.  

Preliminary genetic analysis  
of the LMV-AF199 systemic resistance  
in the Columbia accession and of the LMV local resistance 
in the Cvi accession. 

The Columbia accession showed a systemic resistance to 
LMV-AF199, whereas the Cvi accession showed a local resis-
tance to this isolate as well as to the other LMV isolates tested. 
As a preliminary genetic analysis, two F2 populations pro-
duced from these accessions were analyzed. From the F2 popu-
lation (Col-5 × Nd-1) described above, 308 plants were inocu-
lated with LMV-AF199 and inflorescence tissue was analyzed 
by ELISA 3 wpi. Of these, 23 plants (7.5%) showed systemic 
accumulation of LMV-AF199, whereas the remaining 285 
plants (92.5%) were found resistant. These data are consistent 
with a segregation ratio expected for two nonlinked dominant 
loci independently conferring resistance (�2 = 0.76 for a 15:1 
segregation). In addition, this systemic resistance was evalu-
ated in the Col-0 mutant lines described above but was not 
affected in any of these lines (Table 1). 

Fig. 1. Lettuce mosaic virus-0-GUSclvHC multiplication in inoculated leaves of Arabidopsis accessions. GUS assays were performed 8 days 
postinoculation. Accession names are indicated under each leaf.  
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Plants of an F2 population produced by a cross between Cvi-1 
and Ler, an LMV-susceptible accession, were inoculated with 
LMV-AF199 and analyzed by ELISA at 3 wpi. Of 194 plants 
tested, 131 were susceptible (67.5%), suggesting that, in Cvi, 
the local resistance is controlled by a single recessive locus (�2 = 
5.78 for a 3:1 ratio). Mixed infections with CMV produced and 
analyzed as described above showed that the systemic resis-
tance in Columbia and the local resistance in Cvi are not sup-
pressed by a heterologous virus able to suppress PTGS, and 
that LMV-AF199 inoculations in Columbia and Cvi do not 
trigger a general antiviral defense effective against CMV (re-
sults not shown).  

Eukaryotic translation initiation factors eIF4E  
and eIF(iso)4E of Arabidopsis spp. are not directly involved 
in the resistance mechanisms against LMV identified  
in the Nd, Col, and Cvi accessions. 

Several recent studies have shown that the eukaryotic trans-
lation initiation factors eIF4E and eIF(iso)4E interact with the 
VPg of potyviruses (Léonard et al. 2000; Schaad et al. 2000; 
Wittmann et al. 1997) and have implicated these genes in re-
cessive resistance mechanisms active against potyviruses in 
Arabidopsis spp., pepper, and lettuce (Duprat et al. 2002; Lellis 

et al. 2002; Ruffel et al. 2002; V. Nicaise and S. German-
Retana, unpublished data). In order to investigate the possibil-
ity that the eIF4E genes are involved in the LMV resistance in 
Nd-1, in which the VPg is a resistance-breaking determinant or 
in the LMV recessive resistance in Cvi-1, the Nd-1 and Cvi-1 
eIF4E and eIF(iso)4E gene sequences were determined and 
aligned with those of other Arabidopsis accessions (GenBank 
accessions NM_117914 [Columbia eIF4E], AY086496 
[WS/Ler eIF4E], Y10548 [Ler eIF4E], NM_122953 [Columbia 
eIF(iso)4E], AY056630 [WS/Ler eIF(iso)4E], and Y10547 
[Ler eIF(iso)4E]). Alignment of all these sequences showed 
100% nucleotide sequence identity for each one of these genes. 
This absence of allelic variation suggests that the eIF4E and 
eIF(iso)4E genes from the Nd-1, Cvi-1, and Col-0 accessions 
are not the basis for the various forms of LMV resistance iden-
tified in this study.  

DISCUSSION 

In this study, the high natural genetic variability of A. 
thaliana was exploited to establish an LMV–Arabidopsis 
pathosystem. Indeed, the screening of Arabidopsis accessions 
with three well-characterized LMV isolates, LMV-AF199, 
LMV-E, and LMV-0, revealed variability in the susceptibility 
to these isolates of the accessions tested. Approximately 80% 
of the accessions tested with LMV-AF199 were found to be 
fully susceptible; however, in all cases, the resulting systemic 
infections were found to be symptomless and to develop more 
slowly than infection in susceptible lettuce cultivars. Symp-
tomless and slower-infection phenotypes also were observed in 
Arabidopsis spp. with TEV, another member of genus Potyvi-
rus (Mahajan et al. 1998). In order to explain these differences 
in symptom expression and infection timing, several hypothe-
ses can be proposed. Because viruses need a panel of host fac-
tors for the different steps of their cycle in plants, one hypothe-
sis is that the affinity between hosts and viral factors provides 
a basis for genetic variation in the timing and extent of viral in-
fection. A second hypothesis is that one or some active defense 
responses are overcome less efficiently by the virus in different 
plant species, resulting in a delayed systemic infection. With 
regard to this second hypothesis, RNA silencing has been 
shown to be an antiviral defense system in higher plants 
against which various viruses, including potyviruses, have de-
veloped viral-encoded suppressors (Voinnet 2001). In the case 
of symptomless LMV and TEV infections in Arabidopsis spp., 
suppression of RNA silencing may be less efficient, resulting 
in the delayed and symptomless infection phenotype. This hy-
pothesis, however, is weakened by the mixed LMV–CMV in-
fections reported here, in which no beneficial effect of the 
presence of CMV could be noticed despite the known ability of 
CMV to suppress the RNA silencing defense pathway (Lucy et 
al. 2000). 

Among the resistant accessions, at least two different resis-
tance phenotypes were identified. The first phenotype (local re-
sistance) was characterized by an absence of detectable viral 
accumulation in inoculated leaves and the second (systemic re-
sistance) by a failure of LMV to accumulate in noninoculated 
tissues, likely to result from a blockage in long-distance viral 
movement. 

By a reverse genetic approach, the LMV VPg was identified 
as the viral determinant involved in overcoming the blockage 
in long-distance movement of LMV-0 in accession Nd-1. 
Among the three amino acid positions which differ between 
LMV-0 and the two others LMV isolates, LMV-E and LMV-
AF199, position 2,121 (Serine in LMV-0, Glycine in LMV-E 
and LMV-AF199) is located in the central region of VPg, in 
which several mutations associated with the ability to over-

 

Fig. 2. Schematic representation of the genome of Lettuce mosaic virus
(LMV) and of the LMV recombinants constructed between LMV-0 and
LMV-E. Coding regions are indicated in white and gray boxes for LMV-
0 and LMV-E, respectively. The positions of cleavage sites between the 
viral proteins are indicated by vertical lines. The name of each protein is 
indicated between the two LMV genomes. Restriction sites used to 
construct the recombinants are indicated at the top, with their position
along the LMV genome. The ability of each recombinant to infect 
systemically accession Nd-1 is indicated on the right; + indicates a 
positive systemic infection and – indicates no systemic infection 
detected.  
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come recessive resistances have been identified for several 
potyviruses, such as TEV (Schaad et al. 1997), TVMV (Nicolas 
et al. 1997), Pea seed-borne mosaic virus (Keller et al. 1998), 
PVY (Masuta et al. 1999), and Potato virus A (PVA) 
(Rajamäki and Valkonen 1999, 2002). As in the observations 
reported here, no effect on the cell-to-cell movement efficiency 
accompanied the systemic blockage of TEV in tobacco 
(Schaad et al. 1997) or of PVA in Nicandra physaloides 
(Rajamäki and Valkonen 1999) and in Solanum commersonii 
(Rajamäki and Valkonen 2002). However, the precise function 
of the VPg in these resistance mechanisms remains to be deter-
mined, as well as the identity of the host factor or factors 
involved. In the case of N. tabacum, segregation analysis in an 
F2 population indicated involvement of two nonlinked reces-
sive genes in the TEV resistance which have not yet been 
cloned (Schaad and Carrington 1996). In the Nd-1 accession, 
the genetic basis for LMV-0 resistance has not yet been estab-
lished, although the absence of systemic accumulation of 
LMV-0 in Col-5 × Nd-1 F2 and RI line plants suggests that this 
resistance could be a complex trait controlled by at least two 
genes. Sequence determination of the eIF4E and eIF(iso)4E 
genes and comparison with other Arabidopsis accessions sug-
gested that these host genes are not involved in this resistance 
to LMV-0. 

With the aim to identify the genetic bases and the resistance 
genes which control LMV infection in the various Arabidopsis 
accessions, genetic analyses of the local and systemic resis-
tance phenotypes observed were performed. For the local resis-
tance phenotype observed in Columbia with LMV-0, the 
genetic analysis revealed the involvement of one locus desig-
nated LLM1. The LMV-0 resistance locus LLM1, identified in 
Col-5, was mapped to chromosome I using Col-5 × Nd-1 RI 
lines, and was found to be linked to marker nga280. In the re-
gion between markers GAPB and genea, which flank nga280, 
several putative disease resistance genes were identified. Be-
cause of the dominant nature of LLM1 and of the local resis-
tance phenotype it confers, it is tempting to speculate that 
LLM1 corresponds to one of the NBS-LRR genes (Dangl and 
Jones 2001) belonging to the R gene cluster identified in this 
region of chromosome I. This hypothesis is strengthened by 
two observations: i) that this cluster contains RPP7 as well as 
homologues of RRP8 (locus AT1G53350) and RPP13 (locus 
AT1g59218), three resistance genes whose function is known 
to be independent of the well-known Arabidopsis resistance 
pathways controlled by PAD4, NDR1, and EDS1 (Glazebrook 
2001); and ii) that the function of LLM1 was shown here to be 
independent of these genes as well as of a number of other 
genes (NPR1) or mediators (salycilate, ethylene, and jas-
monate) involved in Arabidopsis resistance mechanisms. How-
ever, unambiguous identification of LLM1 as a classical R gene 
acting through the RPP7 signaling pathway clearly will require 
its identification through positional cloning or through a candi-
date gene approach. 

Concerning the local resistance to all LMV isolates tested in 
Cvi, the F2 population analysis suggests that a single recessive 
locus is involved in the resistance phenotype. In addition, se-
quence comparisons of both eIF4E genes in several Arabidop-
sis accessions, including Cvi, revealed a complete identity 
between all alleles, therefore excluding the role of these initia-
tion factors in the resistance to LMV in Cvi. These results sug-
gest that the susceptibility allele at this locus is either another 
host factor required for the successful completion for the poty-
virus cycle or a negative regulator of resistance. Alternatively, 
it cannot be ruled out at this point that transcriptional, transla-
tional, or posttranslational defects of one or the other of the 
eIF4E isoforms could be involved in LMV resistance. Analysis 
of RI lines produced from a cross between the LMV-suscepti-

ble accessions Ler and Cvi (Alonso-Blanco et al. 1998) should 
confirm the involvement of such a recessive resistance gene 
and facilitate its mapping and cloning. 

The genetic basis of the systemic resistance to LMV-AF199 
in Columbia seems more complex because a two-gene model is 
proposed. This resistance does not involve a macroscopically 
visible hypersensitive response or a known resistance pathway, 
and is not affected by CMV infection, an unrelated virus which 
is able to suppress RNA silencing (Lucy et al. 2000). This re-
sistance system appears to be similar to the one which inhibits 
long-distance movement of TEV in Col-3 (Mahajan et al. 
1998, Whitham et al. 2000). In this accession, at least two 
dominant genes, RTM1, which encodes a jacalin-like protein 
(Chisholm et al. 2000), and RTM2, which encodes a small, heat 
shock-like protein (Whitham et al. 2000), are involved in TEV 
resistance. RTM1 was mapped near the top of chromosome I 
(Mahajan et al. 1998) and RTM2 near the top of chromosome 
V (Whitham et al. 1999). A more detailed genetic analysis of 
the systemic resistance to LMV-AF199 in Columbia should 
clarify whether the RTM loci are involved in this resistance. 

To conclude, the data reported here support the idea that 
screening of Arabidopsis accessions with different potyviruses 
can reveal different sets of genes for which co-evolution be-
tween each virus and Arabidopsis accessions has led to the 
establishment of a virus-specific infection phenotype. Indeed, 
LMV interactions with Arabidopsis accessions are different 
from those of two other well-studied potyviruses, TEV (Mahajan 
et al. 1998) and TuMV (Martín Martín et al. 1999), in this plant 
species. Thus, genetic and molecular analysis of such patho-
systems, coupled with the wealth of genetic and genomic 
resources now available for this plant, provide a very powerful 
means to identify viral and host factors governing potyvirus–
host interactions.  

 

Fig. 3. Amino acid sequence alignment of the genome-linked protein of 
isolates Lettuce mosaic virus (LMV)-0, LMV-E, and LMV-AF199. Bold 
and italicized amino acids are positions at which the sequences of both 
LMV-E and LMV-AF199 differ from that of LMV-0. Hyphens indicate 
identical amino acids.  
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MATERIALS AND METHODS 

Plant materials, virus, and inoculation. 
Seed of all Arabidopsis accessions, RI lines, and mutants 

were obtained from NASC, except Bay-0 and Shahdara (gift 
of O. Loudet, INRA, Versailles, France), RLD (gift of C. 
Robaglia, CEA, Cadarache, France), the ndr1-1 mutant (gift 
of B. Staskawicz, University of California, Davis, U.S.A.), 
the F2 Col-5 × Nd-1 seed (gift of Y. Marco, INRA, Toulouse, 
France), and the F1 Cvi × Ler seed (gift of M. Koornneef, 
Wageningen University, The Netherlands). The lettuce cv. 
Trocadéro, turnip (Brassica rapa), and Nicotiana tabacum 
cv. Xanthi were used to propagate LMV isolates, TuMV, and 
CMV, respectively. All plants were grown under greenhouse 
conditions (16-h day length, 18 to 25°C) and maintained in 
insect-proof cages after inoculation. Mechanical inoculation 
of 4- to 5-week-old Arabidopsis plants was performed as 
previously described (Revers et al. 1997a). Plants were re-
inoculated on different leaves 3 to 5 days later to ensure 
infection. The LMV isolates LMV-0, LMV-E, and LMV-
AF199 used in this study have been described by Revers and 
associates (1997a and b) and Krause-Sakate and associates 
(2002).  

ELISA, RT-PCR, and GUS assay. 
ELISA was performed as described by Revers and associates 

(1997a). An ELISA result was considered as positive when its 
value was at least three times the healthy controls value. RT-
PCR was performed using the primers NIb and P4 as described 

by Revers and associates (1999), from semipurified total RNA 
preparations (Bertheau et al. 1998). 

Histochemical GUS staining was performed as described by 
German and associates (2000).  

Construction of LMV recombinants. 
Construction of the two recombinants 0xbaE and Exba0 has 

been described by Redondo and associates (2001). For the re-
combinants 0hindE, 0sphiE, Estaf0, and 0stafE, restriction 
sites (Fig. 2) were used to exchange the different regions be-
tween full-length infectious clones of LMV-0 and LMV-E. Par-
ticle bombardment was used to infect lettuce seedlings with 
these full-length cDNA constructs, as described by Redondo 
and associates (2001). Infected lettuce plants were further used 
as the source of inoculum for the inoculation of Arabidopsis 
plants. Identity of each recombinant was checked by RT-PCR 
(Revers et al. 1997a), using semipurified total RNA prepara-
tions as described above and primers chosen to flank the junc-
tion regions of the exchanged fragments. The identity of the 
recombinants finally was determined by RFLP analysis or 
sequencing of these amplified fragments.  

Cloning of the eIF4E and eIF(iso)4E cDNA  
from the Cvi and Nd-1 accessions. 

Total RNAs were extracted from 100 to 200 mg of rosette 
leaf tissues using TRI Reagent (Sigma-Aldrich, St Louis). To-
tal cDNAs were synthesized from 5 µg of total RNAs using 15 
units of AMV Reverse Transcriptase (Amersham Biosciences, 
Uppsala, Sweden) and 1 µM oligo-dT in 50 µl, incubated for 1 h 

Table 3. Percent recombination between molecular markers and Lettuce mosaic virus (LMV) resistance genes in Col-5 x Nd-1 recombinant inbred lines 

Chromosome, 
marker 

 
Position (cM)a 

 
Col-5/Nd-1b 

 
Ratioc 

Recombinant lines/total lines  
for LLM1d 

 
Recombination (%) for LLM1e 

I      
nga59 2.90 42/50 0.84 36/85 36.7 
nga63 11.48 41/52 0.79 39/86 41.5 
SO392 46.71 51/42 1.21 36/86 36.0 
gapB 61.21 49/32 1.53 23/75 22.1 
nga280 83.83 36/50 0.72 16/80 12.5 
genea 88.90 30/57 0.53 24/81 21.12 
adh 117.52 25/66 0.38 40/84 45.5 

II      
m246 11.03 30/48 0.63 40/72 62.5 
PhyB 34.45 37/54 0.69 40/85 44.4 
gpa1 48.9 32/32 1.00 35/58 76.1 
nga361 63.02 39/55 0.71 38/87 38.8 
T9J23 92.0 42/49 0.86 35/84 35.7 

III      
nga126 16.35 22/72 0.31 45/87 53.6 
nga162 20.56 39/55 0.71 43/87 48.9 
MMJ24 48.45 51/42 1.21 49/87 64.5 
nga707 78.25 53/38 1.39 45/84 57.7 
nga112 87.88 37/28 1.32 33/60 61.1 

IV      
T18A10 1.0 56/35 1.60 47/84 63.5 
nga8 26.56 59/34 1.73 45/86 54.9 
g3883 64.15 41/34 1.20 33/69 45.8 
nga1107 104.73 43/50 0.86 37/86 37.8 

V      
nga225 14.31 42/33 1.27 36/71 51.4 
CA72 29.6 49/42 1.17 44/85 53.7 
nga139 50.48 43/45 0.96 42/82 52.5 
nga76 68.4 43/39 1.10 41/77 56.9 
mi61 98.19 31/49 0.63 45/75 75.0 
MUD21 131.20 60/31 1.94 37/84 39.4 

a Position obtained from the Nottingham Arabidopsis Stock Centre website.  
b Each fraction represents, for a given marker, the number of lines showing the Col-5 phenotype versus the number of lines showing the Nd-1 phenotype. 
c Calculated ratios of the fractions from the previous column. 
d Number of lines for which a recombination event was detected between a given marker and the LMV-0 resistance gene LLM1. 
e Percent recombination calculated using the equation r = R/2(1 – R) (Haldane and Waddington 1931), where R is the calculated ratio from the previous 

column. 
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at 42°C. PCR amplification was performed using 5 µl of total 
cDNAs in 50-µl reactions containing 0.5 units of Extra-Pol I 
Taq ADN polymerase (Eurobio, Les Ulis, France), using 1 µM 
of oligonucleotide primers. The primers 5�AGAAAGAGAAG-
CAGTTCGGAGAAACAATG (the nucleotides underlined 
show the first codon of the coding region) and 5�AATGCAAA-
GATTTGAGAGGTTTCA (the nucleotides underlined show 
the stop codon) were used to amplify the complete coding 
region of eIF4E, and the primers 5�CAGAAGAAAACTCAA-
CTGCGAAGAATATG and 5�TCTGGCTTCACACTCGTTT-
CTTCA were used to amplify the complete coding region of 
eIF(iso)4E. The cycling conditions were 20 s of denaturation at 
92°C, 30 s of annealing at 54°C, and 1 min of elongation at 
72°C after an initial denaturation at 95°C for 2 min using an 
iCycler thermal cycler (Bio-Rad Laboratories, Hercules, CA, 
U.S.A.). The pGEM-T Easy vector system (Promega Corp., 
Madison, WI, U.S.A.) was used to clone PCR products. Auto-
mated DNA sequencing of at least three clones of each construct 
or of noncloned PCR products was performed at Qbiogene (Evry, 
France). 

The nucleotide sequences were compared with other A. 
thaliana eIF4E and eIF(iso)4E retrieved in GenBank using the 
program Blast (Altschul et al. 1990) and aligned using 
ClustalW (Thompson et al. 1994), which generates and uses a 
distance dendrogram (Saitou and Nei 1987) to construct multiple 
sequence alignments.  
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