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ABSTRACT 

Andrade, M., Sato, M., and Uyeda, I. 2007. Two resistance modes to 
Clover yellow vein virus in pea characterized by a green fluorescent 
protein-tagged virus. Phytopathology 97:544-550. 

This study characterized resistance in pea lines PI 347295 and PI 
378159 to Clover yellow vein virus (ClYVV). Genetic cross experiments 
showed that a single recessive gene controls resistance in both lines. Con-
ventional mechanical inoculation did not result in infection; however, 
particle bombardment with infectious plasmid or mechanical inoculation 
with concentrated viral inocula did cause infection. When ClYVV No. 30 
isolate was tagged with a green fluorescent protein (GFP) and used to 
monitor infection, viral cell-to-cell movement differed in the two pea 
lines. In PI 347595, ClYVV replicated at a single-cell level, but did not 

move to neighboring cells, indicating that resistance operated at a cell-to-
cell step. In PI 378159, the virus moved to cells around the infection site 
and reached the leaf veins, but viral movement was slower than that in the 
susceptible line. The viruses observed around the infection sites and in 
the veins were then recovered and inoculated again by a conventional 
mechanical inoculation method onto PI 378159 demonstrating that 
ClYVV probably had mutated and newly emerged mutant viruses can 
move to neighboring cells and systemically infect the plants. Tagging the 
virus with GFP was an efficient tool for characterizing resistance modes. 
Implications of the two resistance modes are discussed. 

Additional keyword: potyvirus. 

 
Resistance to potyviruses operates at any step of the viral 

multiplication cycle, and in many cases, is characterized by 
recessive resistance genes. For example, the recessive gene ya 
confers resistance to some isolates of Potato virus Y (PVY) by 
blocking cell-to-cell movement (1). Deom et al. (5) noted that the 
recessive gene eta in pepper plants confers resistance to Tobacco 
etch virus (highly aphid-transmissible) by interfering with virus 
production. The sbm1 resistance gene to Pea seedborne mosaic 
virus pathotype 1 in pea operates at a single-cell level, probably 
by blocking virus replication (12). The va gene resists PVY and 
restricts its cell-to-cell movement in tobacco plants (14). In pota-
to, the ra gene blocks the vascular transport of Potato virus A 
(PVA) by graft inoculation (9). 

Some recessive resistant genes to potyviruses in pea have 
already been identified, including mo that confers resistance to 
Bean yellow mosaic virus (BYMV) and Watermelon mosaic 
virus-2 (23), bcm that confers resistance to Bean common mosaic 
virus (17), pwv that confers resistance to Passionfruit woodiness 
virus (19), and wlv that confers resistance to White lupin mosaic 
virus (18). Further, the sbm1 (12), sbm2, and sbm4 (10) genes 
confer resistance to Pea seed-borne mosaic virus. Two recessive 
resistant genes, cyv and cyv-2, conferring resistance to Clover 
yellow vein virus (ClYVV) have also been reported (16). 

Dominant or semidominant genes have also been reported to 
resist infection by potyviruses. Dominant resistance genes, such 
as TuRB01 and TuRB02, have been found to confer resistance to 
Turnip mosaic virus (TuMV) in Brassica crops. The resistance 
mechanisms of TuRB01 are not well understood; however, TuMV 
can multiply on inoculated leaves of Brassica napus without de-
veloping a hypersensitive response (HR) (31). Collmer et al. (4) 
reported that the I gene, which confers resistance to Bean 

common mosaic virus in common bean (Phaseolus vulgaris), is 
not a dominant gene, but rather, is an incompletely dominant and 
dosage-dependent allele that develops a response varying from 
extreme resistance to HR or vascular necrosis. Dominant viral re-
sistance genes in potato have been described worldwide, with a 
large number of alleles providing resistance to various strains of 
PVY and PVA, and host responses ranging from extreme resis-
tance to HR (24). 

ClYVV belongs to the genus Potyvirus and is closely related to 
BYMV (30). Takahashi (27) constructed a highly infectious plas-
mid of ClYVV isolate No. 30 cDNA using a Cauliflower mosaic 
virus (CaMV) 35S promoter. Green fluorescent protein (GFP) 
cDNA was inserted between the P1 and helper component-
proteinase (HC-Pro) regions of the ClYVV genome (15) to 
monitor viral replication and movement in plants. This infectious 
cDNA construct has allowed characterization of resistance mecha-
nisms in legume plants. For example, Sato et al. (22) reported a 
single recessive gene called desc in Jolanda (a common bean 
line). Because no GFP fluorescence was observed at the single-
cell level when the infectious cDNA of GFP-tagged ClYVV was 
particle bombarded in Jolanda, desc probably operated to inhibit 
the translation or replication of the viral RNA. 

Here, we characterize resistance to ClYVV in pea plants using 
GFP-tagged virus. Based on the viral movement in plants, we 
found two different resistance modes in pea. 

MATERIALS AND METHODS 

Plant material, viruses, and plasmids. Pea lines (Pisum sati-
vum) were obtained from C. Coyne, U.S. Department of Agricul-
ture-Agricultural Research Service (USDA-ARS), Western 
Regional Plant Introduction Station, Washington State University. 
ClYVV/C3-S65T is isolate No. 30 of the ClYVV carrying the 
GFP cycle 3 mutant recovered from a single bacterial colony har-
boring plasmid pClYVV/C3-S65T as described by Sato et al. 
(22). ClYVV-Br is a mutant virus that breaks the resistance to 
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ClYVV in common bean cv. Jolanda and has been described by 
Sato et al. (22). The CS strain of BYMV was isolated from red 
clover in Hokkaido, Japan, and identified as BYMV based on the 
nucleotide sequence of the coat protein gene and serology (21, 
28). pE2113-ECFP carries cyan fluorescent protein (CFP) under 
the enhanced CaMV 35S promoter (22). ClYVV-Pst1/CP is also a 
No. 30 isolate of ClYVV, but has no insertion of GFP (15). 

Selection of resistant pea lines. In preliminary experiments, 
202 pea lines were screened by mechanical inoculation with 
ClYVV-Pst1/CP (15) followed by observation of symptom devel-
opment (20). Lines that showed no symptoms were selected as 
candidates for resistance (data not shown). About 31 selected pea 
lines were grown in chamber conditions (23°C for 18 h under 
fluorescent lights) and mechanically inoculated with ClYVV/C3-
S65T. Then, infection was identified by GFP detection and indi-
rect enzyme-linked immunosorbent assay (ELISA) from upper 
noninoculated leaves. 

GFP and enhanced CFP detection. An epifluorescence 
microscope (SZX-12; Olympus, Tokyo) equipped with a filter 
cube (SZX-MGFPA; Olympus; GFP and CFP filters) was used to 
detect GFP and enhanced CFP (ECFP) fluorescence. Pictures 
were recorded with a charge-coupled device camera (VB-6010; 
Keycence, Osaka, Japan). 

Indirect ELISA. Sample leaves were macerated in phosphate-
buffered saline (PBS)-Tween 20 (10 ml/µl) (0.01 M phosphate 
buffer, pH 7.0, with 0.05% Tween 20). The wells were coated 
with anti-ClYVV immunoglobulin G (from mouse) diluted 
1:10,000 in 200 µl of 0.05 M sodium carbonate (pH 9.6) and incu-
bated at 37°C for 2 h. After washing, 200 µl of sap was added and 
incubated at 4°C overnight. A second rabbit-derived antibody was 
added at a concentration of 1 µg/µl in 200 µl of PBS-Tween 20 
and incubated at 37°C for 4 h. Alkaline phosphatase conjugated 
goat anti-rabbit was added (Zymed Laboratories, San Francisco, 
CA) at a dilution of 1:10,000 in 200 µl of PBS-Tween 20 and in-
cubated at 37°C for 4 h. After addition of 200 µl of substrate 
solution (0.001 g of disodiumρ-nitrophenyl-phosphate hexahydrate 
in 1 ml of diethanolamine), ELISA values were read after 15 to 30 
min with optical density at 405 nm. 

Biolistic assay. To coat tungsten particles, approximately 1 µg 
of both pClYVV/C3-S65T and pE2113-ECFP (22) was mixed to-
gether into 30 µl of tungsten solution (50 mg/ml of Tungsten M-
20 P.N.75055, Bio-Rad Laboratories, Hercules, CA), 30 µl of  
1.25 M calcium nitrate (pH 10.5), and distilled water to a final 
volume of 100 µl. Approximately 250 µl of ethanol was added and 
then sedimented and suspended in 60 µl of ethanol (6). Particle 
bombardment was performed with a PDS-1000/He Particle 
Delivery System (Bio-Rad Laboratories) on three detached leaves 
from three different individuals of each line at the four-leaf stage. 
In addition, four individual plants of PI 378159 were particle 
bombarded with pClYVV/C3-S65T by particle gun developed by 
Gal-On et al. (6). 

Production of highly infectious ClYVV/C3-S65T inocula. 
ClYVV/C3-S65T propagated in broad bean (Vicia faba) was 
macerated in tissue (5 ml/g) in an extraction buffer (0.1 M Tris, 
pH 7.5, 0.05 M EDTA, and 1% mercaptoethanol) followed by the 
addition of 5% Triton X-100. The extract was treated by adding 
20% total volume of chloroform. The aqueous phase was centri-
fuged at 65,000 × g for 90 min, and the pellet was suspended in 
Tris buffer (0.01 M Tris, pH 7.5). The pellet from each 10 g of 
macerated tissue was concentrated in 1 ml of Tris buffer. 

The concentration of the concentrated viral inoculum was 
determined by indirect ELISA and compared with the inoculum 
used for conventional mechanical inoculation (0.1 g of tissue 
macerated in 1 ml of 0.01 M Tris, pH 7.0, and 1% mercapto-
ethanol). For that purpose, ClYVV/C3-S65T was purified as in 
Uyeda et al. (29) and suspended in 0.01 M phosphate buffer (pH 
7.0). The viral concentration was estimated spectrophotometri-
cally to be 280 mg/ml. This purified virus was used as a standard 

during the indirect ELISA procedure. The inoculum for conven-
tional mechanical inoculation was obtained at a concentration of  
6 µg/ml, and concentrated viral inoculum was obtained at a 
concentration of 1.5 mg/ml. And serial ×10 fold dilutions (150, 
15, and 1.5 µl/ml) were made from the concentrated viral inocu-
lum. 

Infectivity assay. In the resistant line PI 378159 and 
susceptible line Mametaro, three to four individuals were 
mechanically inoculated with the inocula for conventional 
mechanical inoculation and with concentrated viral inocula. For 
all plants, the inoculated leaf was scored by the absence or 
presence of GFP, as well as the number of infection sites. Plant 
infection was determined by GFP detection and the reverse 
transcription-polymerase chain reaction (RT-PCR) of total RNA 
from the upper noninoculated leaves. 

RT-PCR. Approximately 0.1 g of the youngest and most apical 
leaves was macerated in the extraction buffer (0.1 M Tris, pH 7.5, 
0.05 M EDTA, and 1% mercaptoethanol). This extract was then 
treated by adding 20% the total volume of chloroform followed 
by centrifugation. Into the aqueous phase, 20% polyethylene 
glycol-2.5 M NaCl was added for a final solution of 4%; this 
solution was centrifuged, and the precipitates were suspended in 
100 µl of Tris-EDTA (pH 8.0). Then, 500 µl of TRIzol (Invitro-
gen, Carlsbad, CA) was added, centrifuged, and the supernatant 
was treated with chloroform/isoamyl alcohol. Total RNA was pre-
cipitated in ethanol and suspended in distilled water. The cDNA 
was synthesized using cloned Avian myeloblastosis virus Reverse 
Transcriptase (Invitrogen) with an oligo dT primer (Takara Bio, 
Inc., Otsu, Japan) following the manufacturer’s specifications. 
The DNA was used as a template for PCR to amplify a 500-bp 
fragment within the coat protein using the primer pair 5′-
AATGTTGGTGAGCAACAA-3′ and 5′-CATACCCGACGT-
CTCTTTAG-3′ at the following conditions: 94°C for 5 min, 30 
cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 1 min, and final-
ly, 72°C for 5 min. The RT-PCR procedure was carried out in two 
independent experiments at 21 and 40 days after inoculation (dai). 

Inoculation on detached leaves. To preserve the F1 plants to 
obtain progeny seeds, two leaves were cut out and used for the 
inoculation test. Mechanically inoculated leaves were kept under 
chamber conditions in a petri dish with a moisture filter paper. 
The GFP fluorescence was monitored from 3 to 7 dai. 

Cleaved amplified polymorphic sequence assay. To confirm 
successful crossing between susceptible and resistant lines, the 
isolated genomic DNA from parental and crossed lines was iso-
lated using DNAzol reagent (Invitrogen) and subjected to cleaved 
amplified polymorphic sequence (CAPS) assay. The primer pair 
5′-CTGGTTGGTCCTTCCTTATTTTAC-3′ and 5′-AACGGATA-
AAGAGTGACAAGAACC-3′ (8) amplified a fragment of ap-
proximately 500 bp. The amplified DNA was further restricted 
with the restriction enzyme AfaI. Polymorphism was assayed 
using agarose gel electrophoresis. 

RESULTS 

Identification of resistance to ClYVV in pea. A total of 202 
lines randomly selected from the USDA-ARS germ plasm re-
sources information network were mechanically inoculated, and 
symptom development was observed for about 2 weeks. Lines 
that showed no symptoms were selected, and further inoculation 
tests were conducted. Resistance to ClYVV was found in 31 lines. 
These lines were then screened for systemic infection by mechani-
cal inoculation using GFP-tagged virus. The following 28 pea 
lines showed resistance to ClYVV/C3-S65T: PI 116843, PI 
162909, PI 163125, PI 163129, PI 164548, PI 169603, PI 184131, 
PI 269810, PI 269816, PI 272175, PI 272194, PI 340130, PI 
347295, PI 347477, PI 356973, PI 356974, PI 356080, PI 356986, 
PI 356991, PI 356992, PI 357292, PI 378158, PI 378159, PI 
429853, PI 476410, PI 505111, W6-15451, and W6-15452. GFP 
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fluorescence was detected on the inoculated leaves of susceptible 
lines, such as Mametaro and PI 250438, approximately 3 to 4 dai 
and on the upper leaves approximately 7 to 10 dai. At 14 dai, 
ELISA was conducted on the upper noninoculated leaves of all 
lines to examine ClYVV infection. No viral infection was de-
tected by ELISA. 

Progeny analysis of crosses between resistant and suscep-
tible lines. The susceptible pea line PI 250438 used as a male 
parent was crossed with six resistant lines (PI 162909, PI 347295, 
PI 356986, PI 378158, PI 378159, and PI 459853). The crossing 
experiments showed that all F1 plants were susceptible to viral 
infection, indicating a recessive resistance to ClYVV/C3-S65T in 
those lines (Table 1). The CAPS assay indicated that all plants 
were successfully crossed. PI 347295 and PI 378159, representing 
each of the two resistance modes and described in the next 
section, were chosen for further genetic experiments. Suscepti-
bility was determined by ELISA of noninoculated leaves. Suscep-
tible and resistant plants were segregated at 3:1, respectively, in 
F2 progenies, indicating that a single recessive gene governs 
resistance to ClYVV (Table 2). 

To verify whether the results of inoculation on detached leaf 
agree with the results of the inoculation on entire plant, 20 out of 
100 F2-population plants were randomly selected. Leaves were 
detached and inoculated with ClYVV/C3-S65T. At the same time, 
the plants were also mechanically inoculated with ClYVV/C3-
S65T. In PI 347295 and PI 378159, inoculation of the detached 
leaf and the whole plant agreed perfectly with the results on entire 
plant. For the next experiments, all plants used were parental 
individuals from original stock donated by the USDA-ARS. 

Characterization of resistance using GFP-tagged ClYVV. 
Sato et al. (22) reported that recessive resistance in Jolanda bean 
was caused by inhibition of the viral replication step. Using 
particle bombardment of pClYVV/C3-S65T, which carries GFP, 
we found no GFP fluorescence at the single-cell level. To deter-
mine whether the resistance mode in pea is similar to that in 
Jolanda bean, a particle bombardment experiment was conducted. 

For this experiment, pClYVV/C3-S65T and p2113-ECFP (con-
trol) were mixed together and coated to tungsten particles, and 
then particle bombarded to detached leaves of parental resistant 
pea lines. In lines PI 162909, PI 347295, and PI 429853 at 1 dai, 
fluorescence was detected under the GFP and ECFP filters at the 
single-cell level; however, no movement to other cells occurred, 
even at 9 dai. In contrast, at approximately 3 dai, GFP fluores-
cence spread to neighboring cells in PI 356986, PI 378158, and PI 
378159 and reached the leaf veins at 7 dai (Fig. 1). The number of 
infected sites varied from 50 to 60 per leaf and did not differ 
among the pea lines (data not shown). 

To determine whether ClYVV can replicate in PI 347295 or 
whether observed fluorescence was caused by translation of viral 
RNA driven by the CaMV 35S promoter, concentrated viral 
inocula derived from pClYVV/C3-S65T were mechanically 
inoculated on detached leaves of PI 347295, PI 378159, and 
Mametaro. In PI 347295, GFP fluorescence was detected at the 
single-cell level at 3 dai; however, GFP fluorescence never spread 

to surrounding cells, even at 9 dai. Thus, we concluded that 
ClYVV/C3-S65T can replicate only at a single-cell level. In PI 
378159, GFP fluorescence was observed at 3 dai; fluorescence 
subsequently spread to neighboring cells, reaching the veins at  
10 dai. In Mametaro, the results were very similar to the particle 
bombardment assay (Fig. 2). When the same concentrated viral 
inocula were used to inoculate PI 378159, four out of five inocu-
lated plants showed GFP fluorescence on noninoculated leaves 
(data not shown). This indicates that PI 378159 could be infected 
when concentrated viral inocula were used or mutant viruses 
could appear if the plant is infected with ClYVV/C3-S65T. In 
order to test whether viruses in the systemically infected leaves of 
PI 378159 is the mutant virus or not, PI 378159 plants were 
inoculated with concentrated viral inocula. Three individuals were 
systemically infected with those inocula (Table 3). Two individu-
als became infected when the most concentrated inoculum was 
used (1.5 mg/ml), as determined by presence of GFP fluorescence 
on inoculated leaves at 4 dai and on the upper leaves at 19 dai. In 
another individual inoculated with inoculum (150 mg/ml), GFP 
was detected on upper leaves very late at 33 dai. In contrast, in the 
susceptible line Mametaro, in all concentrations, GFP fluores-
cence was detected on inoculated leaves at 2 dai and on upper 
leaves at 5 dai. The viruses present on the systemically infected 
leaves of PI 378159 were recovered and then their crude extracts 
were directly used for conventional mechanical inoculation on PI 
378159. In all three, recovered viruses could infect systemically. 
Because the wild-type virus cannot infect PI 378159 by conven-
tional mechanical inoculation, it was suggested that they are 
mutants that can break the resistance in PI 378159. 

Analysis of the virus movement in PI 378159. Four indi-
viduals of PI 378159 were particle bombarded with pClYVV/C3-
S65T by a particle gun. In three individuals, GFP development on 
the inoculated leaves occurred as expected, spreading cell-to-cell 
and reaching the veins. Unexpectedly, GFP spread toward the 
upper noninoculated leaves around 12 dai. To examine whether 
viruses present in systemically infected leaves are a wild type or 
mutants, the leaves showing GFP fluorescence from individual 
plants were used for mechanical inoculation to broad bean plants. 
And then the infected broad bean leaves were used for mechanical 
inoculation to PI 378159. Three out of six plants infected after 
inoculation of two viruses recovered from two different indi-
viduals, and five out of six were infected after inoculation of a 
virus culture recovered from one individual. This indicates that 
those viruses are mutants that overcome the resistance in PI 
378159. 

Because all the viruses recovered from systemically infected 
leaves of PI 378159 were resistance-breaking mutants, we next 
tested whether viruses on particle-bombarded leaves are mutant. 
Based on the GFP fluorescence phenotype of the particle-
bombarded leaves of PI 378159, viruses were excised as follows: 
eight excisions at 5 dai from GFP fluorescence present in multiple 
cells around infection site (parenchyma cells) and 10 excisions at 
8 dai from GFP fluorescence present in the veins (vascular tissue) 
were used for mechanical inoculation to broad beans plants once 

TABLE 2. Segregation analysis of resistance in F2 progenies from the cross with PI 250438 

Lines  Susceptible Resistant Total χ2 Goodness of fit, P = 0.05 

PI 347295 76 24 100 0.053 0.80 < P < 0.90 
PI 378159 74 26 100 0.053 0.80 < P < 0.90 

TABLE 1. F1 progenies from the cross between resistant lines with susceptible PI 250438 demonstrated that the resistance is a recessive character  

Resistant lines  PI 162909 PI 347295 PI 356986 PI 378158 PI 378159 PI 429853 
Infection of F1 plantsa  10/10 9/9 7/7 11/11 15/15 10/10 
a Number of infected plants/number of plants tested by green fluorescent protein detection. 
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for propagation and then to PI 378159. The results showed that 
viruses in all the infection sites, except for two in the parenchyma 
cells, contained resistance-breaking mutants that infect systemi-
cally (Table 4). 

Reaction of PI 347295 and PI 378159 inoculated with 
different isolates of ClYVV and with BYMV. As reported by 
Masuta et al. (15), the insertion of GFP in ClYVV did not affect 
the spread of the virus in susceptible plants. However, Germana-

 

Fig. 1. Particle bombardment on Clover yellow vein virus (ClYVV) resistant pea lines with pClYVV/C3-S65T. Approximately 1 µg of pClYVV/C3-S65T carrying 
green fluorescent protein (GFP) and pECFP-2113 carrying cyan fluorescent protein (CFP) were coated together in tungsten particles. They were then particle 
bombarded onto detached leaves of pea lines PI 347295, PI 378159, and Mametaro. An epifluorescence microscope with GFP and CFP filters was used to detect
the fluorescence. All plants and detached leaves were maintained in chamber conditions (23°C with 18 h of fluorescent light). 
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Retana et al. (7) showed that a resistance-breaking strain of 
Lettuce mosaic virus E tagged with GFP was unable to break 
resistance. To examine whether tagging of the virus decreased its 
infectivity, three to five plants were inoculated with ClYVV-

Pst1/CP that contained no GFP insertion. Lines PI 347295 and PI 
378159 were resistant and Mametaro was susceptible to ClYVV-
PstI/CP, showing that the insertion of GFP in ClYVV did not 
affect the host response (Table 5). 

 

Fig. 2. Mechanical inoculation on resistant pea lines with concentrated viral inocula. Detached leaves from PI 347295, PI 378159, and Mametaro were inoculated 
with Clover yellow vein virus (ClYVV)-C3/S65T (1.5 mg/ml). An epifluorescence microscope with a green fluorescent protein (GFP) filter was used to detect the 
fluorescence. All plants and detached leaves were maintained in chamber conditions (23°C with 18 h of fluorescent light). 

TABLE 3. Reaction of PI 378159 and Mametaro inoculated with concentrated viral inocula of Clover yellow vein virus (ClYVV)-C3/S65T 

 PI 378159 Mametaro 

 Inoculated leaves  Upper leaves Inoculated leaves Upper leaves 

Inocula Number of sitesa Infectivityb Number of sitesa Infectivityb 

Concentrated      
1.5 mg/ml 0.3 2/3 18 3/3 

10-fold dilutions of above     
150 µg/ml – 1/3 12 3/3 
15 µg/ml – 0/3 4 3/3 
1.5 µg/ml – 0/3 1 3/3 

Crude extract     
6 µg/ml – 0/3 8 3/3 

a Average number of infection sites in six to eight inoculated leaves.  
b Number of infected plants/reverse transcription-polymerase chain reaction-assayed plants. 
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Sato et al. (22) described a mutant strain of ClYVV (ClYVV-
Br) that was able to overcome the resistant gene desc in common 
bean cv. Jolanda. However, the strain was unable to overcome 
resistance in PI 347295 and PI 378159 (Table 5). BYMV is 
closely related to ClYVV (30) and was once classified as the 
same virus (11). PI 347295 and PI 378159 were resistant and 
susceptible to BYMV, respectively (Table 5). The above results 
indicate that tagged ClYVV is an efficient tool for identifying and 
characterizing resistance in pea plants. 

DISCUSSION 

Since Baulcombe et al. (2) introduced GFP techniques to 
monitor viral infection in the genome using Potato virus X, many 
papers have described the use of GFP for monitoring viruses. 
Tagging a virus with GFP is particularly useful in understanding 
resistant mechanisms, and cell-to-cell and systemic movements of 
the virus (3,13,25,26). Previously, we successfully used a GFP-
tagged virus to analyze resistance to ClYVV infection in bean cv. 
Jolanda (22). Here, direct monitoring of viral replication and 
movement by GFP fluorescence revealed two different resistance 
modes in pea. In PI 347295, the virus replicated on a single-cell 
level, but could not spread to neighboring cells. In PI 378159, the 
virus spread to surrounding cells, reached the veins, and executed 
vascular transport (Fig. 1). 

Identified recessive resistance mechanisms to potyviruses operate 
either by inhibiting viral replication, as in the eta (5), sbm1 (12), 
and desc (22) genes, or by blocking the cell-to-cell movement, as 
in va (14) and ya (1). For sbm2, the resistance mechanism 
operates by blocking viral replication or cell-to-cell movement 
(10). The resistance mechanism of line PI 347295 was similar to 
the above cases in which recessive resistance operates at a cell-to-
cell movement step. However, resistance in PI 378159 was not 
caused by complete inhibition of viral replication or blocking of 
the cell-to-cell movement, but rather by a slowing of these events. 

In the initial screening of pea lines by conventional mechanical 
inoculation with crude sap, all resistant lines showed no GFP 

fluorescence, even on inoculated leaves. However, many infection 
sites were detected on the inoculated leaves of resistant pea lines 
when infectious cDNA was introduced by a particle bombardment 
method. Table 4 shows that once ClYVV establishes infection, 
mutants emerge at a high rate during multiplication of the virus in 
neighboring cells around the infection site allowing the virus to 
move systemically. Particularly, all 10 virus cultures recovered 
from 10 different excisions from vascular tissue were able to 
move systemically in PI 378159. This agrees with inoculation 
using concentrated viral inocula (Table 3), in which all viruses 
that reached the vascular system were resistance-breaking mutants. 

Because susceptible pea could be infected with 1.5 µg/ml of the 
virus, far below the concentration required for infection in PI 
378159, that line is still considered to be resistant to ClYVV. This 
discrepancy reflected differences in the susceptibility of pea to the 
two inoculation methods. Introduced plasmids continuously tran-
scribed enough viral RNA to establish infection in PI 378159. 
Thus, we conclude that ClYVV cannot establish infection by 
mechanical inoculation on both lines, PI 347295 and PI 378159. 
However, in PI 347295 when ClYVV establishes infection by 
particle bombardment or by highly infectious inocula, the resis-
tance operates by not allowing the virus to move cell-to-cell. In 
contrast, when ClYVV establishes infection in PI 378159, the 
resistance operates by preventing transportation to the vascular 
system, but this resistance is very easy to break and mutants 
appear in the veins that later move systemically to the upper non-
inoculated leaves. 

Provvidenti (16) reported two recessive genes, cyv and cyv-2, 
that are resistant to ClYVV. It is unknown whether these are the 
same genes as those described here. We are currently determining 
whether resistance genes present in PI 347295 and PI 378159 are 
identical to either cyv or cyv-2. 
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