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ABSTRACT 

Candresse, T., Saenz. P., García, J. A., Boscia, D., Navratil, M., Gorris, 
M. T., and Cambra, M. 2011. Analysis of the epitope structure of Plum 
pox virus coat protein. Phytopathology 101:611-619. 

Typing of the particular Plum pox virus (PPV) strain responsible in an 
outbreak has important practical implications and is frequently performed 
using strain-specific monoclonal antibodies (MAbs). Analysis in Western 
blots of the reactivity of 24 MAbs to a 112-amino-acid N-terminal 
fragment of the PPV coat protein (CP) expressed in Escherichia coli 
showed that 21 of the 24 MAbs recognized linear or denaturation-insen-
sitive epitopes. A series of eight C-truncated CP fragments allowed the 
mapping of the epitopes recognized by the MAbs. In all, 14 of them 
reacted to the N-terminal hypervariable region, defining a minimum of 

six epitopes, while 7 reacted to the beginning of the core region, defining 
a minimum of three epitopes. Sequence comparisons allowed the more 
precise positioning of regions recognized by several MAbs, including 
those recognized by the 5B-IVIA universal MAb (amino acids 94 to 100) 
and by the 4DG5 and 4DG11 D serogroup-specific MAbs (amino acids 
43 to 64). A similar approach coupled with infectious cDNA clone 
mutagenesis showed that a V74T mutation in the N-terminus of the CP 
abolished the binding of the M serogroup-specific AL MAb. Taken 
together, these results provide a detailed positioning of the epitopes 
recognized by the most widely used PPV detection and typing MAbs. 

Additional keyword: Sharka. 

 
Plum pox virus (PPV), the agent of the Sharka disease of stone 

fruits (peach, apricot, plum, ...), is the most detrimental virus 
affecting these crops (5,19,40) and is currently listed as a 
quarantine pathogen by most countries in the world. PPV is one 
of the best known potyviruses, with a wealth of information 
available, in particular, on its variability and on the existence of 
several strains. The majority of PPV isolates identified to date 
belong to one of two major strains, PPV-D or PPV-M (6,9), or to a 
strain resulting from a recombination between these two parent 
strains (PPV-Rec) (23). Several minor strains have also been 
identified, each represented by a limited number of isolates thus 
far: the El Amar (PPV-EA) (48), Cherry (PPV-SoC) (37,38) W 
(PPV-W) (29), and T (PPV-T) (45) strains. The discrimination be-
tween PPV strains is based on phylogenetic analyses and, there-
fore, on sequence differences. The coat protein (CP) sequence has 
been extensively used to discriminate PPV strains but other 
regions of the genome can also be used (22,23). 

PPV strains appear to have different biological properties or 
behavior in the field (6,8), with potential implications for the 
development of PPV epidemics and, therefore, for Sharka man-
agement. Therefore, the precise identification of the strain re-
sponsible for an outbreak is required by many national regula-
tions. Typing is generally achieved using polymerase chain 
reaction (PCR)-based approaches, such as strain-specific PCR 
assays (8,39), or using monoclonal antibodies (MAbs) (4). Many 

MAbs have been developed against PPV (2,3,16,28,34–36), and 
comparison of their reactivity toward a range of molecularly 
typed isolates led to the identification of a single MAb able to 
recognize all PPV isolates (MAb 5B-IVIA) (1,3,4) and of MAbs 
showing very good but not absolute specificity for isolates of the 
PPV-D or PPV-M strains (1–4,7). Despite this accumulated 
knowledge, there is currently only limited information on the 
types and distribution of epitopes on the PPV CP and no infor-
mation on the identity of the epitopes recognized by the widely 
used PPV-specific 5B-IVIA MAb or by strain-specific MAbs. 
Previously, Fernández-Fernández et al. (20) identified a number 
of immunogenic hotspots or preferential recognition sites (PRS) 
in the PPV CP using polyclonal antisera reactivity to short 
overlapping synthetic peptides (peptide scanning or PEPSCAN). 
Four of these were located in the N-terminal variable region of the 
CP, seven in the conserved core, and a single one in the variable 
C-terminal end. Similarly, PEPSCAN analysis has been used to 
identify binding regions for eight MAbs specific for the PPV-W 
strain and two MAbs with broader but incomplete reactivity 
toward PPV strains (16). 

Extensive or significant antigenic studies are available for 
several other potyviruses, including Johnsongrass mosaic virus 
(42,43), Zucchini yellow mosaic virus (ZYMV) (18,33), Clover 
yellow vein virus (27), Potato virus Y (14), or Bean yellow mosaic 
virus (24,25). These studies used different strategies to identify 
specific epitopes, including PEPSCAN analysis (18,43) or the use 
of CP or CP derivatives expressed in Escherichia coli (14,25,33), 
often in conjunction with CP sequence comparison between 
isolates showing differential reactivity. The general picture of 
potyvirus antigenicity which emerges is that epitopes with narrow 
specificity or virus-specific epitopes are located on the surface-
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exposed N- and C-terminal variable regions of the CP (42), while 
epitopes showing broad specificity and allowing the recognition 
of different viral species are located in the conserved internal core 
of the CP (31,43). In addition, the CP N-terminal region appears 
to be immunodominant (43). 

In this report, we identified regions of the PPV CP recognized 
by a number of PPV-specific MAbs, using 24 MAbs and a panel 
of PPV CP fusion proteins expressed in E. coli in combination 
with information on reactivity of a range of PPV isolates and 
sequence comparisons. These results pinpoint the sites reacting 
with the strain-specific MAbs or with the only PPV-specific MAb 
so far known to detect all PPV isolates. Preliminary and partial 
information on this research had been reported (10) and the 
results presented here narrow down the position of the various 
epitopes while, in many cases, identifying point mutations that 
directly affect the binding of the various MAbs. The peptide 
sequences identified in this work as recognized by the universal 
5B-IVIA and PPV-M-specific AL MAbs have been patented 
(patent number P201000347, March 2010). 

MATERIALS AND METHODS 

Virus isolates and MAbs. A PPV-D field isolate from Spain 
(isolate Llutxent 37-2) and a PPV-M isolate held in collection at 
INRA Bordeaux (PPV-10) were used to generate the PPV-D or 
PPV-M fusion proteins used in this study. With the exception of 
MAb 4B1D5 (INRA, Bordeaux, France), obtained following 
immunization with a PPV-M isolate, and MAb AL (CNR, Bari), 
raised against a PPV-D plus PPV-M mixture, all the MAbs used 
had been independently obtained following immunization with 
isolates belonging to the PPV-D strain (Table 1). The MAbs were 
used in Western blot experiments at the concentration optimized 
for their use in triple-antibody sandwich (TAS) enzyme-linked 
immunosorbent assay (ELISA), also known as double-antibody 
sandwich indirect ELISA (Table 1). In addition, three polyclonal 
antisera obtained at INRA Bordeaux were also used (Table 1). 
One rabbit antiserum was raised against purified E. coli maltose-
binding protein (MBP), which is expressed from the pMal-C2 
cloning vector (New England Biolabs). The two other antisera, 
PPV no. 100 and PPV no. 137, were obtained following 

immunization of rabbits with purified PPV particles of isolates 
belonging to the PPV-D and PPV-M strains, respectively. 

Expression of PPV CP fragments as MBP fusion proteins in 
E. coli. A 467-bp cDNA fragment corresponding to the 43  
C-terminal amino acids of the NIb protein and 112 amino acids 
(aa) from the N-terminal part of the CP (comprising the 92-aa-
long N-terminal variable part and the first 20 aa of the conserved 
core) was amplified by reverse-transcription (RT)-PCR using 
primers P4b and P3D (7) for the Llutxent 37-2 isolate and primers 
P4b and P3M (5′ ACATAGCAGAGACGGCACTC 3′) for the 
PPV-10 isolate, respectively. PCR conditions were those reported 
by Candresse et al. (7). The amplified fragments were purified by 
agarose gel electrophoresis and ligated in the SmaI site of pJK-
Km plasmid (32). Identity and integrity of the cloned PCR 
fragments was verified by sequencing and the cDNAs, excised 
from the pJK-Km vector using BamHI and EcoRI digestion, were 
subcloned in BamHI-EcoRI cut pMal-C2 expression vector (New 
England Biolabs). In this way, plasmids pMCL37-2 (PPV-D 
strain, Llutxent 37-2 cDNA) and pMCM-5 and pMCM-10 (PPV-
M, two different PPV-10 cDNAs differing by a point mutation 
and identified during sequence confirmation of the constructs) 
were obtained and their sequence again verified. The PPV cDNA 
sequences were inserted in frame, downstream of the E. coli MBP 
gene, thus providing for the expression of the PPV polypeptide as 
a C-terminal fusion to the MBP. 

Construction of a series pMCL37-2 derivatives allowing the 
expression of C-terminally truncated MBP-CP fusion pro-
teins. The PPV cDNA inserted in pMCL37-2 (GenBank acces-
sion number EU729745) was subjected to recurrent deletion using 
an exonuclease III-based kit (Erase-a-base; Promega Corp.). Eight 
recombinant plasmids were obtained, named pΔ1 to pΔ8, and 
their coding capacity verified by sequencing. The pΔ1 to pΔ8 
vectors direct the expression of fusion proteins containing the first 
108, 102, 89, 71, 64, 48, 43, and 30 aa, respectively, of the PPV 
CP (Fig. 1). 

Western blot analysis of the MAbs reactivity toward the 
MBP-CP fusion proteins. Induction of the synthesis of the 
various fusion proteins was performed as recommended by New 
England Biolabs. Briefly, exponential phase cultures of E. coli 
cells containing the appropriate vectors were induced by the 

TABLE 1. Name, laboratory of origin, form, and work dilution of the various polyclonal and monoclonal antibodies (MAbs) used in this study 

Name Origin Provided as Working dilution 

Anti PPV-D no. 100 INRA Bordeaux Polyclonal antiserum 1/5,000 
Anti PPV-M no. 137 INRA Bordeaux Polyclonal antiserum 1/5,000 
Anti MBP INRA Bordeaux Polyclonal antiserum 1/5,000 
4DB12 IVIA Valencia Purified MAb 0.1 µg/ml 
1EB6 IVIA Valencia Purified MAb 0.1 µg/ml 
4DG5 IVIA Valencia Purified MAb 0.1 µg/ml 
4DG11 IVIA Valencia Purified MAb 0.02 µg/ml 
5B-IVIA IVIA Valencia Purified MAb 0.1 µg/ml 
4DB7 IVIA Valencia Purified MAb 0.1 µg/ml 
4F4 IVIA Valencia Purified MAb 0.2 µg/ml 
3C6 IVIA Valencia Purified MAb 0.1 µg/ml 
4CB1 IVIA Valencia Purified MAb 0.2 µg/ml 
AL CNR Bari Ascites fluid 1/1,000 
B7C4 ISPAVE Roma Ascites fluid 1/25,000 
G10F8 ISPAVE Roma Ascites fluid 1/25,000 
4B1D5 INRA Bordeaux Ascites fluid 1/5,000 
4H7G4 INRA Bordeaux Ascites fluid 1/5,000 
4F4G11 INRA Bordeaux Ascites fluid 1/5,000 
2D2D4 INRA Bordeaux Cell culture supernatant 1/10 
4C5H8 INRA Bordeaux Cell culture supernatant 1/10 
2D2D7 INRA Bordeaux Cell culture supernatant 1/10 
03 RIVGB Olomouc Purified MAb 0.5 µg/ml 
04 RIVGB Olomouc Purified MAb 2 µg/ml 
06 RIVGB Olomouc Purified MAb 0.3 µg/ml 
07 RIVGB Olomouc Purified MAb 2 µg/ml 
08 RIVGB Olomouc Purified MAb 0.5 µg/ml 
4-11 RAC Changins Conjugated MAb 1/50 
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addition of 0.3 mM isopropyl-thio-galactopyranoside (IPTG). 
Following a 1.5-h incubation at 37°C with vigorous shaking, cells 
were harvested by centrifugation (3 min at 13.000 rpm, 4°C). 
Cells were resuspended directly in denaturing polyacrylamide gel 
electrophoresis (PAGE) loading buffer (125 mM Tris-HCl [pH 
6.8], 10% sodium dodecyl sulfate [SDS] and 25% β-mercap-
toethanol) and lysed by boiling for 5 min. Protein extracts were 
clarified (10 min of centrifugation at 13.000 rpm) and either used 
directly or stored at –20°C until used. Protein samples were 
separated on 10% PAGE gels and transferred by semi-dry blotting 
on nitrocellulose membranes (Hybond C Amersham or BA85 
Schleicher & Schuell). Following a rapid staining of the mem-
branes with Ponceau Red, the membranes were saturated by a 1-h 
incubation in RIA buffer (10 mM Tris-HCl [pH 7.5], 160 mM 
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton 
X100) supplemented with 1% gelatin. The membranes were then 
incubated for 2.5 h in RIA buffer plus gelatin containing appro-
priate concentrations of MAbs or polyclonal antisera. Following 
three 5-min washes in RIA buffer, the membranes were then 
incubated for 2 h in RIA buffer plus gelatin containing anti-mouse 
or anti-rabbit immunoglobulin G alkaline phosphatase-conjugated 
goat immunoglobulins (1:5.000 dilution; Sigma-Aldrich). The 
membranes were washed again three times in RIA buffer, equi-
librated in phosphatase reaction buffer (100 mM Tris-HCl [pH 
9.5], 100 mM NaCl, and 5 mM MgCl2). Detection was performed 
by incubating the membrane in phosphatase reaction buffer sup-
plemented with nitroblue tetrazolium at 75 µg/ml and 5-bromo-4-
chloro-3 indolyl phosphate at 50 µg/ml. The reaction was stopped 
by rinsing the membranes in water and drying them. 

Analysis of the reactivity of selected PPV isolates toward 
MAbs. PPV isolates were propagated in GF305 peach seedlings 
or in Nicotiana benthamiana plants in a level 3 biosafety contain-
ment greenhouse. The reactivity of the PPV isolates toward the 
MAbs was determined in TAS-ELISA as reported previously (7). 
Detection with anti-PPV polyclonal reagents in a double-antibody 
sandwich ELISA was performed in parallel, in order to confirm 
the infection status of the plant material used. 

Sequencing of the N-terminal CP region of PPV isolates and 
sequence comparisons. The genomic sequence corresponding to 
amino acids 1 to 112 of selected PPV isolates was determined as 
reported by Candresse et al. (7), following amplification with the 
P3D-P4b or P3M-P4b primer pairs. Multiple alignments of partial 
PPV CP amino acid sequences were performed using the ClustalX 
program (44), using sequences determined in this work, published 

sequences, and sequences present in databanks. Consensus se-
quences were determined manually for the PPV-D and PPV-M 
strains using ClustalX generated alignments corresponding to 58 
and 32 distinct sequences, respectively. 

Construction and analysis of an infectious PPV-M strain 
isolate with a mutated CP. Based on sequence comparisons, the 
V74D mutation which replaces the valine at position 74 of PPV 
CP by an aspartic acid was identified as potentially affecting MAb 
AL reactivity. It was introduced in a PPV-M isolate using the 
pGPPVR/P308 PPV full-length infectious cDNA clone. This 
construct consists of the first 5′ 308 nucleotides of PPV-Rankovik 
(D strain) followed by nucleotides 309 to 9,786 of PPV-PS (M 
strain) (12,13). The mutation was created using the PCR-based 
mutagenesis method of Herlitze and Koenen (26). A first PCR 
was done using pGPPVR/P308 as template and oligo 267 (5′ 
GAACTGTGGTTTATGTC 3′) and the mutator oligonucleotide 5′ 
TTCCATAATCTCCAAAAG 3′ (the mutated nucleotide is in 
bold) as primers. The second PCR was carried out using the 
product of the first PCR and a BstBI (PPV nucleotide 8,376)-XbaI 
(in the polylinker at the end of the PPV sequence) fragment from 
pGPPVR/P308 as template, and oligo 267 and oligo 55 (5′ 
CTATGCACCAAACC 3′) as primers. The product of this second 
PCR was digested with Eco88I (PPV nucleotide 8,257) and SacI 
(PPV nucleotide 9,021) and inserted, together with an SalI-Eco88I 
(PPV nucleotides 7,633 to 8,257) fragment from pGPPVR/P308, 
between the SalI and SacI cloning sites of pUC19. Finally, an 
SalI-SacI (PPV nucleotides 7,631 to 9,021) from the resulting 
plasmid carrying the mutation was ligated with the BglI-SalI and 
SacI-BglI fragments from pGPPVR/P308, giving rise to 
pGPPVPSV74D. Following in vitro transcription of the mutated 
construct with the T7 Cap-Scribe kit (Roche), plants were rub 
inoculated as described (41) and the stability of the introduced 
mutation verified by sequencing of a cDNA fragment amplified 
from the viral progeny by immunocapture RT-PCR (47). Reac-
tivity of the mutated isolates toward selected MAbs was 
determined as described above. 

RESULTS 

Expression of partial PPV CP fragments as MBP fusion 
proteins in E. coli and analysis of their reactivity toward 
polyclonal and monoclonal anti-PPV antibodies. Partial cDNA 
fragments encoding the last 43 C-terminal amino acids of the NIb 
protein and the first 112 aa of the CP of two PPV isolates 

 

Fig. 1. Amino acid sequence of the part of the Plum pox virus (PPV) coat protein (CP) expressed as fusion proteins with the maltose-binding protein (MBP) in the 
various constructs used in this study. The partial (amino acids 1 to 112) CP sequence of the Llutxent 37-2 isolate which is expressed as an MBP fusion from 
construct pMCL37-2 is shown at the top of the alignment. The Q//A dipeptide cleavage site between the NIb protein and the CP is shown. The extent of the PPV
CP expressed from the various deleted constructs Δ1 to Δ8 is indicated below the Llutxent 37-2 sequence. Dashes indicate amino acids identical to the parental 
Llutxent 37-2 sequence. 
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belonging to the PPV-D or PPV-M strains were cloned in frame 
with the MBP coding sequence in the pMal-C2 expression vector. 
The CP region present in these constructs corresponds to the  
93-aa-long N-terminal variable part of the CP and to the first  
19 aa of its conserved core. Upon IPTG induction, E. coli cells 
harboring the recombinant plasmids expressed a fusion protein of 
the expected size of ≈70 kDa (54 kDa for the MBP plus 16.6 kDa 
for the PPV NIb-CP fragment). The PPV-D or PPV-M fusion 
proteins could readily be detected in Western blots using either an 
MBP-specific rabbit polyclonal antiserum or either one of two 
polyclonal antisera raised against purified particles of isolates 
belonging to the D or M strains (Table 2). In induced control cells 
containing the nonrecombinant pMal-C2 vector, the MBP anti-
serum detected only the MBP protein while no reactivity was 
observed using the anti-PPV sera (Table 2). 

The reactivity of the 24 MAbs toward the two fusion proteins 
was then similarly evaluated in Western blot assays. The results of 
a representative experiment, in which 5 MAbs were used to probe 
membrane strips on which the proteins extracts from cells 
containing either the pMCL37-2 construct or the nonrecombinant 
vector pMal-C2 had been transferred, are shown in Figure 2A. 
None of the MAbs showed reactivity toward proteins from cells 
containing the pMal-C2 vector. In contrast, in each case, the 
fusion protein was detected at the expected level (Fig. 2A). 
Additional protein bands of slightly faster electrophoretic 
mobility were also detected, probably representing partial deg-
radation products or proteins that had been incompletely trans-
lated. Such faster migrating bands were also observed upon 
detection using the anti-MBP or anti-PPV polyclonal reagents 
(not shown). 

In total, 20 of the 24 assayed MAbs detected the PPV-D-
derived fusion protein from the pMCL37-2 construct (Table 2). 
The only MAbs that failed to react with this protein were MAbs 
4F4, 3C6, and 4CB1 and MAb AL, which is known to be PPV-M 
specific (2). In contrast, only 13 of the 24 tested MAbs reacted 
with the PPV-M fusion protein expressed from the pMCM10 

TABLE 2. Reactivity of the various polyclonal and monoclonal antibodies (MAbs) used toward the full-length and deleted versions of the Plum pox virus (PPV)
partial coat protein (CP) fusion proteins expressed in Escherichia colia 

 PPV-D fusion proteinsb   

 
Reagent 

pMCL37-2 
(1–112) 

Δ1  
(1–108) 

Δ2  
 (1–102) 

Δ3  
 (1–89) 

Δ4  
 (1–71) 

Δ5  
 (1–64) 

Δ6  
 (1–48) 

Δ7  
 (1–43) 

Δ8  
 (1–30) 

pMCM10 
(1–112)c 

 
pMal-C2d 

Anti-MBP + + + + + + + + + + + 
PPV-D no. 100 + + + + + + + + + + – 
PPV-M no. 137 + + – – – – – – – + – 
4DB12 + + + + + + + + + + – 
B7C4 + – + – + + + + + + – 
G10F8 + – + – + + + + ± + – 
1EB6 + + + + + + + + + – – 
03 + + + + + + + + + – – 
08 + + + + + + + + + – – 
06 + + + + + + + + – – – 
04 + + + + + + + + – – – 
4DG5 + + + + + + – – – – – 
4DG11 + + + + + + – – – – – 
07 + + + + + + – – – + – 
4DB7 + – + + + + – – – + – 
4-11 + + + + – – – – – + – 
5B-IVIA + + + – – – – – – + – 
4B1D5 + + + – – – – – – + – 
4H7G4 + + + – – – – – – + – 
4F4G11 + + + – – – – – – + – 
4C5H8 + + + – – – – – – + – 
2D2D4 + + ± – – – – – – + – 
2D2D7 + ± – – – – – – – – – 
AL – – – – – – – – – + – 

a  Three MAbs (4F4, 3C6, and 4CB1) failed to react against any of the fusion proteins assayed. 
b Position on the PPV-D CP sequence of the CP amino acids present in each fusion protein are given in parentheses. 
c  PPV-M-specific fusion protein. 
d  Maltose-binding protein (MBP) expressed from the nonrecombinant vector. 

 

Fig. 2. Western blot detection of fusion proteins containing partial Plum pox 
virus (PPV) coat protein (CP) sequences using monoclonal antibodies (MAbs).
A, Detection of the pMCL37-2 fusion protein, containing amino acids 1 to 
112 of the PPV CP, using several MAbs. For each MAb indicated above the 
figure, equal amounts of induced Escherichia coli cells lysates were loaded on 
the gel. The left lane in each set corresponds to cells containing the pMCL37-
2 construct, the right lane to cells containing the nonrecombinant pMal-C2 
vector. The position of the two recombinant proteins as evaluated by Ponceau 
Red staining of the membrane is indicated on the left. B, Detection of fusion 
proteins containing deletions in the PPV CP part using the 4DB7 MAb. Equal 
amounts of induced E. coli cells lysates were loaded on each lane of the gel. 
Lane 1, nonrecombinant pMal-C2 vector; lane 2, pMCL37-2; lanes 3 to 7, con-
structs Δ2 to Δ6. The position of the pMCL37-2 protein is shown on the left. 
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construct (Table 2). However, the PPV-M-specific AL MAb 
readily detected this protein (Table 2). 

Reactivity of the MAbs toward an ordered series of C-
terminally truncated fusion proteins in the CP domain. A 
series of eight additional constructs was derived from the 
pMCL37-2 plasmid by recurrent exonuclease III deletion. The 
pΔ1 to pΔ8 vectors direct the expression of fusion proteins 
containing the first 108, 102, 89, 71, 64, 48, 43, and 30 aa, 
respectively, of the PPV CP (Fig. 1). All eight fusion proteins 
could be successfully detected using the anti-PPV-D polyclonal 
antiserum no. 100. Remarkably, the anti-PPV-M no. 137 serum 
only detected the protein expressed from the construct with the 
smallest deletion, pΔ1 (amino acids 1 to 108 of the PPV CP), 
while larger deletions abolished detection of the resultant fusion 
proteins (Table 2). 

The reactivity of the 20 MAbs recognizing the pMCL37-2-
derived protein was then evaluated against all eight truncated 
proteins. The results obtained are summarized in Table 2 and the 
results of a representative experiment involving MAb 4DB7 are 
presented in Figure 2B. As can be seen, this MAb reacted with the 
proteins derived from the pΔ2 to pΔ5 (amino acids 1 to 64) 
constructions but completely failed to react with that derived from 
the pΔ6 construct (amino acids 1 to 48). Given that the MAbs are 
very likely to recognize linear epitopes, the reactivity pattern 
toward the series of C-terminally truncated fusion proteins allows 
the positioning of the epitopes recognized by the various MAbs 
along the PPV CP sequence (Table 3). In total, the 20 MAbs 
assayed can be classified in at least six reactivity groups, based on 
their recognition pattern toward the truncated fusion proteins. 
Surprisingly, three MAbs (B7C4, G10F8, and 4DB7) failed to 
react with the Δ1 fusion protein and two of those (B7C4 and 
G10F8) also failed to react with the Δ3 fusion protein. Despite 
this, all three MAbs showed clear reactivity with the Δ2 protein as 
well as with proteins with more extensive deletions than the Δ3 
one (Table 2; Fig. 2B). We have no explanation for this 
observation. 

Identification of an amino acid mutation affecting the bind-
ing of the PPV-M-specific AL MAb. In the course of the pro-
duction of the PPV-M fusion protein, two different cDNA clones 
were obtained and inserted in the pMal-C2 vector, yielding the 
pMCM5 and pMCM10 constructions. Parallel analysis of the 
corresponding proteins indicated that the pMCM5-derived one 
failed to react with the PPV-M specific AL MAb (result not 
shown). Sequencing of the PPV cDNA in the pMCM5 construct 

revealed only two point mutations compared with that in the 
pMCM10 construct, V74D and D79G (Fig. 3E). Analysis of the 
sequence of the Ab-Tk isolate, which also fails to react with the 
AL MAb (7), showed three unique mutations in the same region: 
V61I, P63S, and P69D (Fig. 3E). 

A full-length infectious PPV cDNA (PPVR/P306, with the CP 
of the PS isolate which belongs to the M strain) was mutagenized 
to incorporate the V74D mutation present in the pMCM5  
cDNA. Analysis of the progeny of this recombinant clone, 
pGPPVPSV74D, confirmed the stability of the introduced muta-
tion and demonstrated that it abolishes recognition by MAb AL 
(Fig. 3E). 

DISCUSSION 

The 24 MAbs used in this study had been developed inde-
pendently in six different laboratories following immunization 
with purified virus particles and have all been selected for reac-
tivity in TAS-ELISA assays. In all, 21 of the 24 MAbs reacted in 
western blots against fusion proteins containing amino acids  
1 to 112 of the PPV CP. Of those, only 2D2D7 has a binding site 
that can be unambiguously mapped using the deleted fusion 
proteins to the part of the fusion protein corresponding to the 
conserved core of the CP (amino acids 93 to 112), while binding 
to this region is also a possibility for a further six MAbs (5B-
IVIA, 4B1D5, 4H7G4, 4F4G11, 4C5H8, and 2D2D4). Therefore, 
in total, a minimum of two-thirds of the reacting MAbs had bind-
ing sites in the variable N-terminal region of the CP, confirming 
the immunodominant nature of this region (43). Given the avail-
able information on the reactivity patterns of the various MAbs 
(1,4,7) (Table 2; Fig. 3), it can be estimated that, at minimum, 10 
epitopes are located in the N-terminal region while, at minimum, 
2 epitopes (potentially 4) are located in the conserved core part, 
further confirming this analysis. A similar picture is provided 
concerning the N-terminal CP region of PPV-W by Croft et al. 
(16), who identified a total of eight potential epitopes through the 
use of a panel of 10 MAbs obtained following immunization with 
a bacterially expressed N-terminal fragment of the PPV-W CP. 

Of the three MAbs which failed to react with the fusion 
proteins, one (4CB1) is known to have a specificity spectrum 
restricted to non-aphid-transmissible isolates (3), while another 
(4F4) is reported to have a very narrow specificity (1,3). There-
fore, it is not surprising that they failed to react with the 
pMCL37-2- or pMCM10-encoded proteins. Taken together, the 

TABLE 3. Deduced binding regions along the Plum pox virus (PPV) partial coat protein (CP) for the various monoclonal antibodies (MAbs) and mutations 
affecting this bindinga 

MAb Binding regionb Restricted binding regionc Affected by mutationsd Potentially affected by mutationsd 

4DB12 1–30 6–18 Δ13–27, D11G na 
B7C4, G10F8 1–30 6–18 Δ13–27, D11G D11N, P15S, I16N 
1EB6 1–30 4–12 D11G, D11N na 
03, 08 1–30 1–12 … R4K, E7D 
06, 04 24–43 na na na 
4DG5, 4DG11 42–64 48–62 Q55R T58I, K59R 
07 42–64 na na na 
4DB7 42–64 42–52 L45P F49L, P51S 
4-11 65–89 na na na 
5B-IVIA 83–102 94–100 na na 
4B1D5, 4H7G4, 4F4G11, 4C5H8 83–102 na na 84A, 84S, L88V, N90R, 92R, R93K, S101T 
2D2D4 83–102 na na na 
2D2D7 95–108 na na S101T, 106S 
AL na 67–81 V74D, P69S D79G 

a Abbreviation: na = not applicable. 
b  Derived from the reactivities of the various MAbs against the Δ1 to Δ8 fusion proteins and assuming an 8-amino-acid (aa)-long binding region potentially 

extending within the sequence of the largest nonreacting fusion protein. 
c  Derived assuming an 8-aa-long binding region incorporating mutations known to affect the binding of the monoclonal. 
d  Numbering of the mutations according the PPV-D CP sequence. Mutations are noted with respect to the PPV-D CP consensus sequence, except for the AL MAb 

data, for which mutations are noted in respect to the PPV-M consensus, and for some mutations in the PPV-EA or PPV-SoC sequences, which are simply noted
by the position in the alignment and the amino acids present in the divergent PPV isolates sequences. 
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results obtained unambiguously show that the vast majority of the 
MAbs used in this study are able to recognize denatured PPV CP 
polypeptides and, therefore, are highly likely to recognize linear 
epitopes on this protein. 

Linear epitopes are generally considered to have a size in the 
range of 5 to 7 aa (46), an evaluation confirmed by the good 
reactivities observed by Shukla et al. (43) using octapeptides and 
by the identification of two minimal epitopes in ZYMV CP of 5 

 

Fig. 3. Local alignment of Plum pox virus (PPV) coat protein (CP) sequences and reactivity of the isolates considered with various monoclonal antibodies
(MAbs). Except for specific isolates, the sequences shown are consensus sequences for the PPV-D and PPV-M major phylogenetic groups. Amino acid positions 
fully conserved among all PPV-D or all PPV-M isolates are indicated in bold while amino acids conserved between the PPV-D and PPV-M consensus are shaded 
in gray. When applicable, amino acids identical between the PPV-El Amar, PPV-SoC, or PPV-W isolates and those conserved between the PPV-D and PPV-M 
consensus are also shaded. Isolates for which the PPV-D consensus is relevant appear above the PPV-D/PPV-M pair, while PPV-M-related and other non-PPV-D 
sequences appear below the PPV-M sequence. Amino acids of specific PPV-D or PPV-M isolates identical to the relevant consensus are indicated by dashes. Gaps 
introduced in the alignments are indicated by asterisks. The sequences are numbered on top; numbers refer to the PPV-D CP sequence. Reactivities with the
various MAbs are indicated on the right. When applicable, the end of the CP part present in the relevant Δ1 to Δ8 construct is indicated by a slash in the alignment.
A, Alignment of amino acids 1 to 30, corresponding to the region present in the Δ8 construct. The deletion in the non-aphid-transmissible isolates is indicated by 
italics in the PPV-D consensus and by Δ signs in the PPV-NAT sequence. B, Alignment of amino acids 30 to 64. Amino acids 30 to 48 are present in Δ6 while 
amino acids 30 to 64 are present in construct Δ5. C, Alignment of amino acids 72 to 102, corresponding to constructs Δ3 (amino acids 1 to 89) and Δ2 (amino 
acids 1 to 102). D, Alignment of amino acids 80 to 112, corresponding to constructs Δ3 (amino acids 1 to 89), Δ2 (amino acids 1 to 102), Δ1 (amino acids 1 to 
108), or the complete pMCL37-2 (amino acids 1 to 112) sequence. E, Alignment of amino acids 60 to 90. 
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and 7 aa, respectively (18). Integrating the possibility that 
epitopes may span the deletion sites of the Δ1 to Δ8 truncated 
fusion proteins and using a conservative size of 8 aa for an 
epitope, a tentative positioning of the binding sites recognized by 
the various MAbs is presented in Table 3. 

For most of the MAbs used in this study, significant infor-
mation about their reactivity toward a large panel of PPV isolates 
is available through the results of a PPV ring test performed in the 
frame of a COST-88 concerted action (1) and in other workshops 
(4) or, for the 4DG5, 4DG11 (PPV-D-specific), and AL (PPV-M-
specific) MAbs, through the results reported by Candresse et al. 
(7). Additional sequence information was developed during the 
course of this work (Fig. 3) for two isolates, RdF (Rouge de 
Fournès, belonging to the PPV-D strain, accession no. EU729746) 
and Ab-Tk (Abricotier Turquie, belonging to the PPV-T strain, 
accession no. AY677115) (21,45), which had previously been 
shown to behave abnormally in MAb-based PPV strain-typing 
assays (7). Similarly, the reactivity of some the MAbs toward the 
PPV-Ab-Tk isolate was determined (Fig. 3). 

For isolates differing in their MAbs reactivity pattern, local 
sequence comparisons of the binding region identified by their 
reactivity toward the series of fusion proteins are shown in Figure 
3A to D. These comparisons allow refinement of the epitope 
mapping and, in some cases, identification of key amino acids 
directly affecting the binding of the MAbs (Table 3). They also 
allow an estimation of the number of epitopes recognized in a 
given binding region. 

For four of the six MAbs targeting the amino acid 1 to 30 
region (as demonstrated with their reactivity with the Δ8 protein), 
no reactivity was detected toward the PPV Ab-Tk isolate (Fig. 
3A), whereas these MAbs are known to broadly react with the 
vast majority of PPV-M and PPV-D isolates (1,4,7). In the 1 to 30 
region, the Ab-Tk isolate differs from the PPV-M consensus by 
two mutations, D11G and T16I, and the T16I mutation is ob-
served in the PPV-D consensus, eliminating it as a candidate. 
Thus, the D11G mutation, which affects the first amino acid of 
the DAG triplet, is in all likelihood responsible for the lack of 
reactivity of MAbs 4DB12, G10F8, B7C4, and 1EB6 toward the 
Ab-Tk isolate (Table 3). Mapping of the binding region of these 
MAbs around the DAG triplet is confirmed for MAbs 4DB12, 
G10F8, and B7C4 by their known lack of reactivity with the PPV-
NAT isolate (1,4), a D strain isolate characterized by a large de-
letion encompassing amino acids 13 to 27 and, therefore, affect-
ing the last G residue of the DAG triplet (Fig. 3A). Additional 
confirmation was obtained for MAbs 1EB6 and 4DB12 by 
PEPSCAN analysis, which revealed binding to three overlapping 
peptides sharing the EVDAGK (amino acids 9 to 14) region using 
a mixture of these two MAbs (M. R. Fernández-Fernández and  
J. A. García, unpublished results). Therefore, MAbs 1EB6, 03, 
and 08, which are not affected by the amino acid 13 to 27 deletion 
found in PPV-NAT, have binding sites that can be mapped to the  
1 to 12 region of the CP, a region which can be further narrowed 
to positions 4 to 12 in the case of 1EB6, given the negative effect 
on its binding of mutations at position 11 of the CP, again 
affecting the DAG triplet. In total, 20% (4 of 20) of the MAbs 
recognizing the PPV N-terminal CP fusions have a binding site 
including amino acids of the DAG triplet. Interestingly, none of 
the MAbs analyzed by Croft et al. (16) appears to have reactivity 
toward this region, a fact that could potentially be linked to the 
immunization strategy used to obtain these MAbs, which involved 
a bacterially produced CP N-terminal fragment. Identification of 
MAbs with a similar specificity, including an intact DAG triplet, 
had previously been reported but with the conclusion that a 
conformational rather than a linear epitope was involved (30). 

For the 4DB7, 4DG5, and 4DG11 MAbs, which are charac-
terized by recognition of the Δ5 but not of the Δ6 protein, closely 
related PPV isolates showing differential reactivity are also 
available (Fig. 3B). In the case of 4DB7, reactivity is lost in 

isolate PPV 3.3 RB/Mp15, a variant initially selected upon 
individual aphid transmission (1). This isolate shows two 
mutations in the binding region identified, L45P near the end of 
the Δ5 protein and Q55R in the region specific of the Δ6 protein. 
However, several isolates recognized by MAb 4DB7 also possess 
the Q55R mutation (Fig. 3B), identifying the L45P mutation as 
the one responsible for the lack of reactivity of the PPV 3.3 
RB/Mp15 isolate. Further confirmation of this identification is 
provided by the sequence of another PPV-D isolate, PPV-30 (17), 
which is not recognized by 4DB7 and shows an L45F mutation 
affecting the same amino acid. PEPSCAN analyses have con-
firmed amino acids 45 to 52 as the target of the 4DB7 MAb  
(M. R. Fernández-Fernández and J. A. García, unpublished data). 

In the case of the two PPV-D-specific MAbs, 4DG5 and 
4DG11, several isolates belonging to the D strain but failing to 
react had been identified (7). All of these are characterized by the 
same Q55R mutation. In addition, Candresse et al. (7) have also 
shown that, despite belonging to the M strain, the Ab-Tk isolate 
was detected by the PPV-D-specific MAbs. Sequence analysis 
around the 55 position shows that it is unique among PPV-M 
isolates in having a double I58T and R59K mutation which makes 
it identical to the PPV-D consensus sequence (Fig. 3B). 

The 5B-IVIA MAb is the only PPV-specific MAb known to 
recognize all PPV isolates identified to date (1,4,7). Its reactivity 
even extends to the widely divergent PPV-EA (48), PPV-SoC 
(37), and PPV-W (29) strains. It reacts with the Δ2 but not with 
the Δ3 fusion protein (Table 2), positioning its binding site around 
amino acids 83 to 102 (assuming an epitope of eight amino 
acids), in contrast to a previously erroneous mapping in the amino 
acid 72 to 89 region (10). In this region, a single protein motif is 
fully conserved between the PPV-D and PPV-M consensus and 
the sequences of the divergent isolates (Fig. 3C). It is the 
DRDVDAG sequence, corresponding to positions 94 to 100 of the 
PPV-CP. This mapping is confirmed by analyses showing that 
PEPSCAN peptides sharing the RDRD sequence (amino acids 93 
to 96) are recognized by the 5B-IVIA MAb (M. R. Fernández-
Fernández and J. A. García, unpublished results). In this context, 
it is noteworthy that the RDRD sequence has been successfully 
used as an epitope tag recognized by the 5B-IVIA by Cervera et 
al. for the tagging of heterologous proteins (11). Several other 
MAbs obtained at INRA Bordeaux (4H7G4, 4F4G11, 4C5H8, 
and 4B1D5) have the same reactivity pattern as 5B-IVIA toward 
the fusion proteins (Table 2) but fail to react with the El Amar and 
SoC isolates (Fig. 3D). Mutations L88V or N90T in the case of 
the El Amar isolate and R93K or S101T in the case of the SoC 
isolate are likely to be responsible for the lack of reactivity of 
these isolates. 

Using a PEPSCAN analysis and polyclonal antisera, 
Fernández-Fernández et al. (20) identified 13 PRS on the PPV CP. 
Six of those (four in the N-terminal region and two in the core) 
fall in the region analyzed in the study reported here. Most of the 
binding sites identified here are compatible with the PRS. 
However, it is noteworthy that close to one-third (6 of 20) of the 
reacting MAbs analyzed here and one-fifth (2 of 10) of the MAbs 
analyzed by Croft et al. (16) can be mapped to a minimal 1 to 18 
region which was not recognized as a PRS using polyclonal 
antisera (20). 

Finally, mutagenesis of a full-length PPV infectious clone 
allowed the unambiguous demonstration that a V74D mutation 
abolishes the binding of the only known PPV-M-specific MAb 
(MAb AL) (2,10). The P69S mutation in isolate Ab-Tk is likely to 
explain the lack of reactivity of this isolate with the AL MAb. 
Assuming an 8-aa length of the epitope, these indications allow a 
tentative positioning of the AL-binding region to within amino 
acids 67 to 81 of the CP. 

The combined use of E. coli-expressed PPV CP fragments and 
sequence comparisons between isolates differing in their reac-
tivities has allowed a tentative mapping of 14 epitopes recognized 
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by 21 MAbs, including the widely used 5B-IVIA (polyvalent), AL 
(PPV-M-specific), 4DG5, and 4DG11 (PPV-D-specific) MAbs. 
Further refining of the binding positions identified would require 
additional work using different approaches, such as PEPSCAN 
(18,43) or mutagenesis of infectious clones. The results obtained 
provide a comprehensive vision which will be useful for the 
understanding of abnormal reaction patterns with widely used 
detection reagents and which could form the basis for the devel-
opment of new detection or typing MAbs, using peptide 
immunization (15) targeting precise immunogenic regions of the 
PPV CP or in the development of epitope tags that could be of use 
for the recognition of any recombinant protein (11). 
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